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SUMMARY

Polyhydroxyalkanoates (PHAs) are microbial storage polymers accumulated by many
different prokaryotes as an intracellular carbon and energy reserve. The properties of
the polymer make PHA an interesting bioplastic that is fully biodegradable. Moreover,
the monomers could serve as chiral building blocks for the production of biochemicals,
or be esterified and used as a biofuel.

Currently, PHA is commercially produced using pure cultures and well-defined sub-
strates. To reduce the cost of PHA production and allow broad application, microbial
enrichment cultures could be used. This eliminates the need for axenic conditions and
allows the use agro-industrial waste streams as substrate, contributing to the develop-
ment of a circular economy. The process for waste-based PHA production by micro-
bial enrichment cultures comprises four steps: (1) acidogenic fermentation of the waste
stream, (2) enrichment of a PHA-producing culture, (3) production of the PHA, and (4)
recovery of the product. The first step aims to convert the waste organic carbon, pri-
marily carbohydrates, to more suitable substrates for PHA production, primarily volatile
fatty acids (VFAs). In the second step, the microbial community is enriched in bacteria
with a high PHA productivity. This step is generally performed in a sequencing batch
reactor (SBR) operated under feast-famine conditions, as intermittent substrate avail-
ability creates a competitive advantage for bacteria that store substrate inside their cell.
Once a stable culture is obtained, the SBR will operate as a biomass production step for
step three: maximization of the culture’s PHA content.

A strong selective pressure for PHA-producing bacteria can be established by oper-
ating the SBR at an SRT of 1 d, feast-famine cycles of 12 h, and a temperature of 30°C.
Microbial enrichment cultures obtained under these conditions, fed with acetate or lac-
tate, have been reported to accumulate more than 8 Cmol PHA per Cmol active biomass
(>87 wt.%). These PHA contents are comparable to those obtained using pure cultures,
and the kinetic properties of the enrichment cultures are better.

The aim of this thesis was to investigate scale-up aspects of the PHA production
by microbial enrichment cultures. A translation of the laboratory process to industrial
application raises new questions concerning the impact of (variable) wastewater com-
position and process design. Chapter[2]and 3} therefore, focus on the fate of different
constituents of an acidified waste stream, and the second part (Chapter of the thesis
focusses on alternative process configurations. Chapter[I]provides a general introduc-
tion to the topic and describes the research preceding this thesis.

vii



viii SUMMARY

Chapter[2jassesses the suitability of butyrate as substrate for poly(3-hydroxybutyrate)
(PHB) production. Two SBRs were operated: one fed with butyrate, and another fed
with a mixture of acetate and butyrate (1:1 Cmol). In both reactors Plasticicumulans
acidivorans dominated the enrichment culture. The biomass-specific carbon uptake
rate and PHB yield were significantly higher on butyrate than on acetate. Due to the
reduced respiration requirements for butyrate, as much as 90% of the carbon was con-
verted to PHB. This resulted in a doubling of the specific PHB production rate. When
both substrates were available P acidivorans strongly preferred the uptake of butyrate.
Only after butyrate depletion acetate was taken up at a high rate. The molar substrate
uptake rate remained the same, suggesting that uptake or activation of the substrate is
the rate-limiting step. The results indicate that for optimized waste-based PHA produc-
tion the pre-fermentation step should be directed towards the production of butyrate.

Acidified waste streams will also contain compounds that are not suitable for PHA
production. The presence of these compounds leads to the co-enrichment of non-PHA-
storing bacteria. Their impact on the overall PHA production process is investigated in
Chapter [3] using a simple substrate mixture of acetate and methanol (1:1 Cmol). The
enrichment culture was dominated by P. acidivorans (40%) and Methylobacillus flagel-
latus, an obligate methylotroph that cannot store PHA. The presence of the non-storing
population reduced the maximum PHB content of the culture from more than 80 to 66
Wwt.% (>5 to 2.3 Cmolpyg-Cmolx™!). When ammonium was supplied during the accu-
mulation step — to mimic a nitrogen-rich waste stream — P, acidivorans still accumulated
large amounts of PHB, but unrestricted growth of the methylotrophic population further
reduced the maximum PHB content. Other strategies than ammonium limitation should
be developed to reduce the size and impact of non-storing populations. Upon acetate
depletion, 80% of the dosed methanol remained in the reactor liquid. The inclusion of a
solid-liquid separation step directly after depletion of the VFAs would allow the selective
removal of substrates unsuitable for PHA production from the SBR.

Chapter[d]explores the feasibility of combining the enrichment and production step
in a single reactor. Harvesting PHA-rich biomass directly from the SBR reduces capital
cost, but may increase downstream-processing cost if the PHA content is significantly
reduced. Operating the SBR at a volume exchange ratio of 0.75 (18 h cycles, 1 d SRT)
allowed the production of biomass with 70 wt.% PHB (2.8 Cmolpyg-Cmolx™!) in a single-
step process from acetate. By increasing the exchange ratio to 0.83 (20 h cycles), the
PHB content of the harvested biomass increased to 75 wt.% (3.6 Cmolpyp-Cmolx ™), but
the operational stability decreased. When operating the SBR at these high exchange
ratios, bacteria have to increase their growth rate and external substrate is available
for relatively long periods. This allows the establishment of larger flanking populations
and negatively affected the kinetic properties of P acidivorans. The PHA storage rate,
yield, and capacity of the culture were compromised. Although maximizing the volume
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exchange ratio is a suitable strategy to produce large amounts of PHA in the SBR, it does
not ensure the enrichment of a culture with superior PHA productivity.

The feast-famine conditions of the SBR can also be established using two or more
continuous stirred-tank reactors (CSTRs) in series, with partial biomass recirculation.
The use of CSTRs offers several advantages, but will result in distributed residence times
and a less strict separation between feast and famine conditions. Chapter[5|describes a
set of mathematical models, developed to predict the growth of P acidivorans in compe-
tition with a non-storing heterotroph. The models were used to investigate the impact of
various process and biomass-specific parameters on the enrichment of PHA-producing
bacteria in feast-famine SBR and staged CSTR systems. Simulations showed that in
the 2-stage CSTR system the selective pressure is significantly lower than in the SBR,
and strongly dependent on the chosen feast-famine ratio. To study the effect of res-
idence time distribution and the resulting distributed bacterial states, both a macro-
scopic model considering lumped biomass and an agent-based model considering indi-
vidual cells were created. Although the macroscopic model overestimates the selective
pressure in the 2-stage CSTR system, it provides a quick and fairly good impression of
the reactor performance. To strengthen the competitive advantage of PHA-producing
bacteria, the number of CSTRs in series should be increased.

The impact of continuous carbon supply, and thereby the continuous presence of
residual substrate, on the enrichment of PHA-producing bacteria was investigated ex-
perimentally in Chapter[6] Two SBRs were operated. In the first reactor, the substrate
(acetate) was dosed continuously and Zoogloea sp. was enriched. The culture accumu-
lated PHB upon exposure to excess carbon, but the PHB production rate and storage
capacity (53 wt.%, 1.3 Cmolppp-Cmolx 1) were one-fifth of that observed for enrichment
cultures in a standard, pulse-fed SBR dominated by P. acidivorans. In the second reactor,
half the acetate was dosed at the beginning of the cycle and the other half continu-
ously. Having a true feast phase, the enrichment of P acidivorans was not impeded
by the continuous supply of acetate, and the culture accumulated 85 wt.% PHB (6.6
Cmolpyg-Cmolx™!). This shows that for the enrichment of bacteria with a superior PHA-
producing capacity periodic substrate excess — a true feast phase — is essential, while
periodic substrate absence — a true famine phase - is not. The possibility to apply less
strict famine conditions is a prerequisite for the use of a 2-stage CSTR system, but also
has strong advantages for scale-up of the SBR process itself.

Chapter[7|summarizes and integrates the main findings. Although further optimiza-
tion and fine-tuning of the process will be required, especially for the acidogenic fermen-
tation step, the major obstacle for industrial implementation is currently the application
development.






SAMENVATTING

Polyhydroxyalkanoaten (PHA's) zijn microbiéle opslagpolymeren die door vele ver-
schillende prokaryoten worden opgehoopt in de cel als koolstof- en energiereserve. De
eigenschappen van de polymeer maken PHA interessant als, volledig biologisch afbreek-
baar, bioplastic. Bovendien zouden de monomeren gebruikt kunnen worden als chirale
bouwstenen voor de productie van chemicalién, of worden veresterd en gebruikt als
biobrandstof.

Momenteel wordt PHA commercieel geproduceerd met behulp van reinculturen en
gedefinieerde substraten. Om de kosten voor PHA-productie omlaag te brengen en brede
toepassing mogelijk te maken, zouden ook microbiéle verrijkingsculturen gebruikt kun-
nen worden. Dit neemt de noodzaak voor steriele omstandigheden weg en maakt het
gebruik van agro-industriéle afvalstromen als substraat mogelijk, wat bijdraagt aan de
totstandkoming van een circulaire economie. Het proces voor PHA-productie uit af-
valstromen met behulp van microbiéle verrijkingsculturen omvat vier stappen: (1) aci-
dogene fermentatie van de afvalstroom, (2) verrijking van een PHA-producerende cul-
tuur, (3) productie van de PHA, en (4) opwerking van het product. De eerste stap be-
oogt de organische koolstof in de afvalstroom, voornamelijk koolhydraten, om te zetten
naar geschiktere substraten voor PHA-productie, voornamelijk korte vetzuren (VFAs). In
de tweede stap wordt de microbiéle populatie verrijkt in bacterién met een hoge PHA-
productiviteit. Deze stap wordt doorgaans uitgevoerd onder feast-famine-omstandighe-
den in een sequentiéle batch reactor (SBR), aangezien de afwisselende aan- en afwezig-
heid van substraat een competitief voordeel biedt aan bacterién die substraat opslaan
binnen hun cel. Zodra een stabiele cultuur is verkregen, zal de SBR dienen voor de
productie van biomassa voor stap drie: het maximaliseren van het PHA-gehalte van de
cultuur.

Een sterke selectiedruk voor PHA-producerende bacterién kan worden bereikt door
de SBR te draaien bij een slibverblijftijd van 1 dag, feast-famine-cycli van 12 uur en
een temperatuur van 30°C. Voor microbiéle verrijkingsculturen verkregen onder deze
omstandigheden, gevoed met azijn- of melkzuur, is gerapporteerd dat ze meer dan 8
Cmol PHA ophopen per Cmol actieve biomassa (>87 wt.%). Dergelijke PHA-gehalten
zijn vergelijkbaar met die bereikt in reinculturen, en de kinetische eigenschappen van
de verrijkingsculturen zijn beter.

Het doel van dit proefschrift was opschalingsaspecten van de PHA-productie door

Xi
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microbiéle verrijkingsculturen te onderzoeken. De vertaling van het lab-proces naar
industriéle toepassing doet nieuwe vragen rijzen met betrekking tot het effect van (varia-
bele) afvalwatersamenstelling en procesontwerp. Hoofdstuk[2|en[3|richten zich daarom
op het lot van de verschillende bestanddelen van een verzuurde afvalstroom, en het
tweede deel (Hoofdstuk[4}6) van het proefschrift richt zich op alternatieve procescon-
figuraties. Hoofdstuk[1]geeft een algemene introductie tot het onderwerp en beschrijft
het onderzoek dat voorafging aan dit proefschrift.

Hoofdstuk [2| beoordeelt de geschiktheid van boterzuur als substraat voor de pro-
ductie van poly(3-hydroxybutyraat) (PHB). Er zijn twee SBR’s gedraaid: één gevoed met
butyraat, en een ander gevoed met een mengsel van acetaat en butyraat (1:1 Cmol).
In beide reactoren domineerde Plasticicumulans acidivorans de verrijkingscultuur. De
biomassa-specifieke koolstofopnamesnelheid en PHB-opbrengst voor butyraat waren
significant hoger dan voor acetaat. Door de lagere dissimilatiebehoefte voor butyraat
werd maar liefst 90% van de koolstof omgezet in PHB. Dit resulteerde in een verdubbe-
ling van de specifieke PHB-productiesnelheid. Wanneer beide substraten beschikbaar
waren, verkoos P acidivorans sterk de opname van butyraat. Pas nadat alle butyraat
opgenomen was, werd ook acetaat op een hoge snelheid opgenomen. De molaire sub-
straatopnamesnelheid bleef gelijk, wat suggereert dat de opname of activatie van het
substraat de snelheidsbepalende stap is. De resultaten geven aan dat voor een optimale
productie van PHA uit afvalstromen de pre-fermentatiestap gestuurd zou moeten wor-
den naar de productie van boterzuur.

Verzuurde afvalstromen zullen ook verbindingen bevatten die niet geschikt zijn voor
PHA-productie. De aanwezigheid van deze verbindingen leidt tot de co-verrijking van
bacterién die geen PHA ophopen. Hun invloed op het algehele PHA-productieproces
is onderzocht in Hoofdstuk [3] met behulp van een eenvoudig substraatmengsel van
acetaat en methanol (1:1 Cmol). De verrijkingscultuur werd gedomineerd door P, acidi-
vorans (40%) en Methylobacillus flagellatus, een obligate methylotroof die geen PHA kan
opslaan. De aanwezigheid van de niet-accumulerende populatie verlaagde het maxi-
male PHB-gehalte van de cultuur van meer dan 80 naar 66 wt.% (>5 naar 2.3 Cmolppsg:
Cmolx™'). Wanneer tijdens de accumulatiestap ammonium werd gedoseerd — om een
stikstofrijke afvalstroom na te bootsen — hoopte P, acidivorans nog steeds grote hoeveel-
heden PHB op, maar onbeperkte groei van de methylotrofe populatie deed het maxi-
male PHB-gehalte verder dalen. Andere strategieén dan het beperken van ammonium
zouden moeten worden ontwikkeld om de grootte en invloed van niet-accumulerende
populaties te beperken. Op het moment dat alle acetaat opgenomen was, resteerde
in de reactorvloeistof nog 80% van de gedoseerde methanol. Het invoegen van een
scheidingsstap (vloeistof - vaste stof) direct nadat de VFA’s zijn opgenomen, zou het
mogelijk maken om substraten die niet geschikt zijn voor PHA-productie selectief uit
de SBR te verwijderen.



SAMENVATTING xiii

Hoofdstuk [4] verkent de haalbaarheid van het combineren van de verrijkings- en
productiestap in één enkele reactor. Het oogsten van PHA-rijke biomassa direct uit
de SBR verlaagt de kapitaalkosten, maar zou tot hogere opwerkingskosten kunnen lei-
den indien het PHA-gehalte significant lager wordt. Door de SBR te draaien bij een
uitwisselingsvolume van 75% (18-uurs cycli, 1 dag slibverblijftijd) was het mogelijk om
biomassa met 70 wt.% PHB (2.8 Cmolpyg-Cmolx 1) te produceren in één enkele proces-
stap vanaf acetaat. Door het uitwisselingsvolume te verhogen naar 83% (20-uurs cycli),
nam het PHB-gehalte van de geoogste biomassa toe tot 75 wt.% (3.6 Cmolpyg-Cmolx 1),
maar daalde de operationele stabiliteit. Wanneer de SBR draait bij zulke grote relatieve
uitwisselingsvolumes, moeten bacterién hun groeisnelheid verhogen en is het externe
substraat beschikbaar over relatief lange periodes. Dit laat de vorming van grotere zij-
populaties toe en had een negatief effect op de kinetische eigenschappen van P, acidivo-
rans. De PHA-opslagsnelheid, -opbrengst en -opslagcapaciteit van de cultuur daalden.
Hoewel het maximaliseren van het relatieve uitwisselingsvolume een geschikte strategie
is om grote hoeveelheden PHA te produceren in de SBR, zorgt het niet voor de verrijking
van een cultuur met superieure PHA-productiviteit.

De feast-famine-omstandigheden van de SBR kunnen ook bereikt worden met twee
of meer continue geroerde tankreactoren (CSTR’s) in serie, met gedeeltelijke recirculatie
van de biomassa. Het gebruik van CSTR’s biedt meerdere voordelen, maar zal ook re-
sulteren in verblijftijdspreiding en een minder strikte scheiding tussen feast- en famine-
omstandigheden. Hoofdstuk 5| beschrijft een set rekenkundige modellen, ontwikkeld
om de groei van P, acidivorans in concurrentie met een niet-accumulerende heterotroof
te voorspellen. De modellen zijn gebruikt om het effect van diverse proces- en biomassa-
specifieke parameters op de verrijking van PHA-producerende bacterién te bestuderen.
De simulaties lieten zien dat in het tweetraps CSTR-systeem de selectiedruk significant
lager is dan in de SBR en sterk afthankelijk is van de gekozen feast-famine-verhouding.
Om het effect van verblijftijdspreiding en de resulterende spreiding in de toestand van
individuele bacterién te bestuderen, is zowel een macroscopisch model gemaakt, dat
de biomassa als geheel beschouwt, als een agent-baseerd model, dat individuele cellen
beschouwt. Alhoewel het macroscopische model de selectiedruk in het tweetraps CSTR-
system overschat, geeft het een snelle en redelijk goede indruk van de reactorprestaties.
Om het competitieve voordeel van PHA-producerende bacterién te versterken, zou het
aantal CSTR’s in serie verhoogd moeten worden.

Het effect van continue koolstofdosering, en daarmee de continue aanwezigheid van
residueel substraat, op de verrijking van PHA-producerende bacterién is experimenteel
onderzocht in Hoofdstuk|6] Er zijn twee SBR’s gedraaid. In de eerste reactor, werd het
substraat (acetaat) continu gedoseerd en werd Zoogloea sp. verrijkt. De cultuur hoopte
PHB op bij blootstelling aan een overmaat koolstof, maar de PHB-productiesnelheid
en -opslagcapaciteit (53 wt.%, 1.3 Cmolpyg-Cmolx™!) waren éénvijfde van dat waarge-
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nomen voor verrijkingsculturen in een gewone, puls-gevoede SBR gedomineerd door
P acidivorans. In de tweede reactor werd de helft van de acetaat gedoseerd aan het
begin van de cyclus en de andere helft continu. Met het hebben van een echte feast-
periode, werd de verrijking van P, acidivorans niet gehinderd door de continue toevoer
van acetaat, en de cultuur hoopte 85 wt.% PHB (6.6 Cmolpyg-Cmolx ') op. Dit laat zien
dat voor het verrijken van bacterién met een superieure PHA-productiecapaciteit de
periodieke overmaat aan substraat — een werkelijke feast-periode — essentieel is, terwijl
de periodieke afwezigheid van substraat — een werkelijke famine-periode — dat nietis. De
mogelijkheid om minder strikte famine-omstandigheden toe te passen, is een vereiste
voor het gebruik van het tweetraps CSTR-system, maar heeft ook belangrijke voordelen
voor het opschalen van het SBR-proces zelf.

Hoofdstuk 7] recapituleert en integreert de belangrijkste bevindingen. Hoewel ver-
dere optimalisatie en afstemming van het proces nodig zal zijn, met name voor de acido-
gene fermentatiestap, is de ontwikkeling van toepassingen momenteel het belangrijkste
obstakel voor industriéle implementatie.
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Bioplastics Magazine 7, 22-24.



2 1. INTRODUCTION

Fine Chemicals Réduce
o Food re.
,§’ & Feed e-use
&)
> Materials !
vz?"e' & Chemicals Material Recovery
Fuels Energy Recovery

Power & Heat Disposal

Figure 1.1: Pyramids depicting the added value of biobased products and the waste hierarchy.

1.1. RESOURCE RECOVERY

Production of waste is a sign of inefficiency. The amounts of waste generated in our agro-
industrial production chains are nevertheless enormous. Effective reclamation and val-
orization of these organic residues is one of the main challenges towards the establish-
ment of a sustainable society. Many organic waste streams are variable in composition
and strength, too heterogeneous to allow the direct recovery of valuable compounds,
and too wet to allow efficient thermochemical processing by combustion, gasification,
or pyrolysis (Pham et al.,[2015). Microorganisms possess the ability, though, to convert
the multitude of (complex) molecules in these residues to products that are easier to
recover.

In the naturally-occurring anaerobic digestion process, microbial communities hy-
drolyze organic matter to the monomeric building blocks, then convert these to organic
acids and alcohols, and, ultimately, to biogas —a mixture of methane and carbon dioxide
(Agler et al., | 2011; Kleerebezem et al.,[2015). Anaerobic digestion is widely applied — at
domestic as well as industrial scale — to recover energy (heat and/or power) from manure,
sewage sludge, the organic fraction of municipal solid waste, or wastewater, for example
(Kleerebezem et al., 2015). However, the economic value of biogas is low.

The organic acids and alcohols, produced as intermediate products of the anaerobic
digestion process, could also be used for the production of higher added value products,
such as polyhydroxyalkanoates (PHA) or medium-chain fatty acids (Agler et al., 2011;
Kleerebezem et al., 2015). Depending on the nature of the waste stream — the size and
fraction of readily fermentable organic matter, for example — the recovery of these mate-
rials and chemicals is to be preferred over the recovery of energy, from an economic as
well as a sustainability perspective (Figure[L.1).

The research program “Waste to Resource” (W2R) of the Dutch Technology Foun-
dation STW aimed to develop biotechnological processes for the conversion of organic
waste to renewable resources. The research described in this thesis was part of this pro-
gram and aimed to further develop the production of PHA from acidified, agro-industrial
waste streams.
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1.2. POLYHYDROXYALKANOATES

PHAs are microbial storage polymers. They are accumulated by many different prokary-
otes as a carbon and energy reserve, and can be stored in large amounts (up to 90%
of the cell dry weight) in granules inside the cell (Figure (Anderson and Dawes,
1990; |Steinbiichel, 1991} Tan et al., 2014). PHA is synthesized when excess carbon is
present during intermittent substrate feeding, or when microorganisms are exposed to
a nutrient or oxygen limitation (Reis et al.,|2003; Steinbtichel,1991).

Chemically, PHA is a polyester of hydroxy fatty acids and over 90 different hydrox-
yalkanoate monomer units have been identified (Steinbiichel and Valentin) 1995). The
type of monomer formed depends on the available substrate and the type of PHA syn-
thase the microorganism possesses. Based on the substrate specificity of the different
PHA synthases, PHAs are divided in two classes: PHAs comprising monomers of 3-5
carbon atoms are called short-chain-length (scl) PHAs, and PHAs with monomers of 6-14
carbon atoms are called medium-chain-length (mcl) PHAs (Anderson and Dawes, |1990;
Lee} [1996). The common structure of all these PHAs is shown in Figure[L.3p.

The most abundant PHA is poly(3-hydroxybutyrate) (PHB) (Figure [1.3p). PHB was
firstly isolated and characterized by the French microbiologist Maurice Lemoigne in
1926 (Lemoigne; 1926). Its material properties are similar to those of polypropylene (PP,
Figure[1.3d): both polymers have a compact helical structure, a glass-transition temper-
ature (Tg) around 0°C, and a melting temperature (T,) between 170 and 180°C (Ander-
son and Dawes} 1990}/ Lee} 1996). PHB has a better UV resistance than polypropylene, but
is highly crystalline (60-80%) and therefore relatively stiff (Anderson and Dawes, |1990;
Lee,|1996). The most important drawbacks of PHB are, however, its brittleness and poor
melt stability - PHB decomposes at approximately 200°C (Lee, |1996).

The polymer properties can be improved by the inclusion of other monomer units,
such as 3-hydroxyvalerate (HV, Figure [1.3c) (Anderson and Dawes)} [1990). HV is syn-
thesized when the substrate contains volatile fatty acids (VFAs) with an odd number
of carbon atoms - i.e., propionate or valerate. The random copolymer of 70 mol% 3-
hydroxybutyrate (HB) and 30 mol% 3-hydroxyvalerate (HV) has a lower crystallinity (30-
40%) and lower melting temperature (143°C) than the homopolymer PHB (Anderson and
Dawes, 1990; Lee, |1996). This yields a less stiff, more tough polymer.

The described properties make PHA an interesting bioplastic that — besides being
produced from renewable resources - is fully biodegradable and the only bioplastic com-
pletely synthesized by microorganisms (Chen, 2009). PHAs are applied for packaging
and for disposable or compostable items such as razors, cups, and bags (Chen, 2009;
Lee, [1996). Furthermore, they are used in the medical field as drug delivery carriers
or medical implants such as sutures, cardiovascular patches, stents, or orthopedic pins
(Chen}2009; Lee}|1996;|Luef et al.,[2015). As HB monomers and oligomers naturally occur
in human blood and tissue, PHB is considered biocompatible (Anderson and Dawes,
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Figure 1.3: (a) General structural formula of PHA. The number of monomers in the polymer (n) ranges from

100-30,000 (Steinbiichel] [1991). (b) Structural formula of poly(3-hydroxybutyrate) (PHB), where x= 1 and R =
CH3. (c) Structural formula of poly(3-hydroxyvalerate) (PHV), where x =1 and R = CoHs. (d) Structural formula

of polypropylene (PP).

1990 1996). PHB and other PHAs are even investigated as a feed supplement for
(aquatic) animals (Defoirdt et al., 2009).

The interest for PHA is broader than just the use of the polymer though. Due to
the stereospecificity of the PHA synthases all monomers of the PHA polymer are in the
R-configuration (Anderson and Dawes), 1990} [1996). The enantiomerically pure hy-
droxyl fatty acid monomers could, therefore, serve as chiral building blocks for the pro-
duction of various fine chemicals (Chen}[2009). PHB can be converted — via crotonic acid
- to n-butanol (Schweitzer et al.,2015) or acrylic acid and propylene (Spekreijse et al.,
, for example. Moreover, the PHA monomers could be esterified with methanol to
hydroxy fatty acid methyl esters and used as a biofuel (Chen,[2009;|Zhang et al.,2009).

1.3. CONVENTIONAL PHA PRODUCTION

At this moment, PHA is commercially produced by a handful of companies, located
mainly in China (e.g., Ecomann Biotechnology, TianAn Biologic Materials, and Tianjin
GreenBio Materials) and the USA (e.g., Metabolix and MHG) (Chanprateep, 2010;|Chen)
2009). The PHA is produced using pure cultures of, generally, wild type Cupriavidus
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necator — formerly Ralstonia eutropha (Vandamme and Coenye, 2004) — or recombinant
Escherichia coli (Chen} 2009; |Choi and Lee} [1999). These microorganisms are grown
on well-defined substrates such as glucose and propionic acid, and accumulate large
amounts of PHA (75-90 wt.%) (Chen, 2009; /Choi and Lee, [1999).

The use of expensive, pure substrates and the need for sterile operation result in a
high price for PHA. PHA is currently still 2-5 times more expensive than comparable
petroleum-based plastics (Chanprateep) 2010; |Choi and Lee} 1999; [Jacquel et al., [2008;
Reis et al.} 2003). For specific applications — e.g., in the medical field — the superior
biocompatibility and biodegradability of PHA justify the higher price (Luef et al., 2015).
In many other cases, the high price hampers broad application (Choi and Lee,|1999; Reis
et al.,2003). Moreover, the use of pure glucose for large-scale bioplastic and/or biofuel
production competes with food and feed production (Chanprateep}|2010).

1.4. MICROBIAL COMMUNITY ENGINEERING

Many researchers have investigated the use of cheap substrates, such as organic waste,
as a way to reduce the cost of PHA (Chanprateep, 2010; Khosravi-Darani et al., 2013;
Koller et al.,|2010). Conventional pure culture processes require sterilization of the re-
actor and liquid streams entering the process, and are therefore not suitable for waste-
based PHA production. To eliminate the need for axenic conditions, the natural function
of PHA as storage polymer can be exploited to enrich open microbial communities in
bacteria that have a high PHA storage capacity. By creating a selective environment
in which PHA-producing bacteria thrive, an inherently stable culture can be obtained.
Such a culture can be cultivated on agro-industrial waste streams, in a simple, non-
sterile reactor (Figure[1.4) (Reis et al.},[2003). This reduces the raw material cost, equip-
ment cost, and energy cost for PHA production — making PHA a more economical and
sustainable bioplastic.

One example of a selective environment in which PHA-producing bacteria have a
competitive advantage is found in the enhanced biological phosphorus removal (EBPR)
process, with its alternating anaerobic and aerobic periods (van Loosdrecht et al.}|1997;
Reis et al., 2003; Serafim et al., |2008). As substrate is fed during the anaerobic period,
the availability of electron donor and (external) electron acceptor is separated. Biomass
growth during the anaerobic period is thus prevented, but specific groups of bacteria —
the phosphate-accumulating organisms (PAOs) and glycogen-accumulating organisms
(GAOs) - are able to secure the supplied substrate inside their cell by storing it as PHA
(Reis et al.} [2003; |Serafim et al., |2008). The energy (ATP) required for this is provided
by the hydrolysis of previously stored polyphosphate — for the PAOs - or glycogen - for
the GAOs (Reis et al., 2003; Serafim et al.} 2008). When the aerobic period commences,
the external carbon has been depleted. Only bacteria that stored substrate inside their
cell can use this for growth, maintenance, and replenishment of their polyphosphate
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and glycogen pools. PHA-producing bacteria will thus outcompete bacteria that did not
store substrate during the anaerobic period.

The amount of PHA that PAOs and GAOs can accumulate anaerobically depends on
the amount of polyphosphate or glycogen that they stored during the preceding aerobic
period and is generally less than 40 wt.% (Reis et al., 2003; |Serafim et al., 2008). The use
of microaerophilic instead of strictly anaerobic conditions may increase the maximum
PHA content, but this requires very strict oxygen control (Satoh et al.,{1998). Another way
to reach higher PHA contents is to include an accumulation step under aerobic, nutrient-
limited conditions (Bengtsson)}2009;|Serafim et al.,|2008). Bengtsson|(2009) reported the
accumulation of 60 wt.% PHA when applying this strategy to a GAO-dominated culture.
A maximum PHA content of 60 wt.% is, however, still low compared to the PHA contents
reached in pure cultures and will give rise to high downstream-processing cost (Chen,
2009; (Choi and Lee} [1999). Moreover, part of the substrate will always be used for the
synthesis of glycogen rather than PHA, which reduces the product yield (Reis et al.,[2003).

The research described in this thesis follows a more promising approach, which is
based on the observed accumulation of PHA in aerobic wastewater treatment plants (van
Loosdrecht et al.,|1997; Reis et al.}|2003; |Serafim et al., 2008). In these systems, intermit-
tent substrate availability — having alternating periods of substrate presence (feast) and
absence (famine) — creates a competitive advantage for PHA-producing bacteria (Reis
et al.,[2003;/Serafim et al.}2008). During the feast phase, when excess substrate is present,
bacteria can use the substrate either for growth or storage. The storage of (volatile) fatty
acids as PHA is fast and involves only a few enzymatic steps (Figure[1.5) (Lee} 1996; Reis
et al.,|2003;|Serafim et al.,|2008). Bacteria can therefore use PHA storage to quickly adjust
their substrate uptake capacity to the increased carbon availability, before, or without,
enlarging their growth machinery (van Loosdrecht et al., 1997} Reis et al.,|2003). During
the subsequent famine phase no external carbon source is available, but bacteria that
stored PHA can continue their growth (Figure[1.6). Bacteria that quickly store substrate
as soon as it becomes available can thus balance their growth rate over the cycle, and
have a competitive advantage over bacteria that grow merely during the —relatively short
—feast phase (van Loosdrecht et al., 1997} Reis et al., 2003;|Serafim et al.;|2008).

Various researchers investigated the use of a feast-famine regime, or aerobic dynamic
feeding (ADF), as enrichment strategy for the production of PHA from fermented waste
streams of the paper and food industry (Albuquerque et al., |2010b; Bengtsson et al.|
2008b; |Coats et al.,|2007; Dionisi et al.}|2005a} Jiang et al., 2012 Tamis et al.;[2014a). For
several of these microbial enrichment cultures, maximum PHA contents between 70 and
80 wt.% have been reported (Albuquerque et al., [2010b; liang et al.}2012; Tamis et al.}
2014a). These values are comparable to those obtained using pure cultures, while they
are obtained using waste rather than a well-defined substrate (Figure[1.4) (Chen}2009).
Moreover, the kinetic properties of the enrichment cultures — the biomass-specific PHA
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Figure 1.4: Comparison of the conventional process for PHA production (using pure culture biotechnology)
and the studied, non-axenic process for PHA production (using microbial enrichment cultures).

production rates, for example — are better than those of the pure cultures (Reis et al.
2003).

1.5. PHA PRODUCTION BY MICROBIAL ENRICHMENTS

The overall process for non-axenic PHA production from organic waste comprises four
steps (Figure : (1) acidogenic fermentation of the waste stream, (2) enrichment of
a PHA-producing culture, (3) production of the PHA, and (4) recovery of the product
(Dionisi et al., |2004; Serafim et al., |2008). The first or acidogenic fermentation step
(Bengtsson et al.,[2008a; Temudo et al., 2007) aims to convert the waste organic carbon,

primarily carbohydrates, to a mixture of volatile fatty acids (VFAs). These acids are more
suitable substrates for PHA production than the original carbohydrates
[2008a} [Reis et al.,[2003) and will be used as such in the following two steps.

In the second step, an open microbial community is enriched in bacteria with a high

PHA storage capacity. This enrichment step is performed in a sequencing batch reactor
(SBR) operated under the feast-famine regime described in the previous section
let al., |2004; [Reis et al., [2003). At the start of each cycle, substrate is fed to the reactor
(Figure[1.6). The bacteria compete for this substrate based on their maximum biomass-
specific substrate uptake rate and use the substrate for growth and/or PHA storage
12003). After substrate depletion —i.e., during the famine phase — bacteria may use
their stored PHA for growth and maintenance (Figure[L.6). Before new substrate is fed

to the reactor and another feast phase starts, part of the bacteria is removed from the
SBR. In this way, the biomass concentration in the reactor is controlled and it is assured

that only bacteria that grow fast enough can survive in the system (Dionisi et al., 2004).

By repeating this feast-famine cycle, the microbial community is gradually enriched in
PHA-producing bacteria, whereas non-PHA producers are washed out.
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Adapted from Reis et al (2003).
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Figure 1.7: Schematic overview of the process for PHA production by microbial enrichment cultures.

Once a stable culture is obtained, the SBR will be operated as a biomass production
step and the excess sludge — removed at the end of each cycle — used in step three:
maximization of the PHA content of the biomass in a (nitrogen-limited) fed-batch re-
actor (Dionisi et al.,2004; Johnson et al.;2009a). Under growth-limiting conditions and
the continuous supply of carbon the bacteria will saturate their storage capacity and

produce up to nine times their own dry weight of PHA (Jiang et al.}|2011c;Johnson et al.,

2009a).
The produced PHA is extracted from the cells and further purified in the fourth and fi-
nal step of the process. The extraction methods can roughly be divided in two categories:

either the PHA is solubilized (e.g., solvent extraction) or the non-PHA cell material is

solubilized (e.g., digestion by surfactants) (Jacquel et al., 2008). The optimal isolation

and purification method will have to be chosen in view of the envisioned application
and corresponding product requirements with respect to purity and molecular weight.

1.6. PRIOR RESEARCH

The key to successful non-axenic PHA production is the enrichment of bacteria with a
superior PHA productivity, i.e., a high PHA storage capacity and high PHA storage rate.

In 2009, Johnson et al.| (2009a) reported the enrichment of a microbial culture producing
89 wt.% PHB from acetate in 7.6 h. This was by far the highest PHA content reported
for a microbial enrichment culture (Johnson et al., [2009a} [Serafim et al.l [2008) and an

important breakthrough.

Two important differences between the enrichment strategy ofJohnson et al.|(2009a)
and that of other researchers (e.g., /Albuquerque et al., [2007; Bengtsson et al., [2008b;
[Serafim et al.,|2004) are the applied solids retention time (SRT) and the temperature. As a

shorter SRT should lead to higher conversion rates, higher yields, and less inert biomass,
[Johnson et al.| (2009a) applied an SRT of 1 day rather than the more common activated
sludge-based SRT of 7-10 days. The length of a feast-famine cycle was comparable (12

h), which means that the number of cycles per SRT was greatly reduced and bacteria had

to double each cycle in order to stay in the system (Johnson et al.,2009a). This requires
the storage of significant amounts of PHA (up to 56 wt.%) during each feast phase
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et al.},|2011a; Johnson et al.}|2009a). Also the higher temperature used by Johnson et al.
(2009a) — 30°C instead of 20-25°C — contributed to a general increase of the conversion
rates. However, it affected in particular the microbial species that was enriched. The
culture was dominated by a novel bacterium, Plasticicumulans acidivorans, that was
later shown to have an optimal growth temperature of 30°C (Jiang et al., 2011d). Ata
temperature of 20°C but otherwise identical operational conditions, Zoogloea sp. was
enriched (Jiang et al.,2011a). This organism has a significantly lower PHA storage ca-
pacity (72 wt.%) and biomass-specific PHA production rate (Jiang et al.,2011a).

The enrichment strategy applied by [Johnson et al.| (2009a) - i.e. operating the SBR
at a short SRT (1 d), feast-famine cycles of 12 h, and a temperature of 30°C — has been
validated with a study on non-axenic PHA production from lactate (Jiang et al.,|2011c).
The use of a different substrate (lactate) had a direct impact on the microbial community
structure, but did not affect the functionality of the enrichment culture. The culture
accumulated more than 90 wt.% PHA in 6 h: the best result reported for a bacterial cul-
ture in terms of both final PHA content and biomass-specific PHA production rate (Jiang
et al.} |2011c). Also when using a mixture of acetate and lactate (Jiang et al., [2011c) or
acetate and propionate (Jiang et al.,)2011b), high PHA contents (>80 wt.%) were reached
within several hours. Overall, the establishment of a general and strong selective pres-
sure for bacteria with a high PHA productivity was confirmed. This opened the way for
further development of the process for non-axenic PHA production from agro-industrial
waste streams.

1.7. SCOPE AND OUTLINE OF THIS THESIS

The aim of this thesis was to investigate scale-up aspects of the PHA production by
microbial enrichment cultures. A translation of the laboratory process — developed and
studied by Johnson|(2010) and Jiang (2011) — to industrial application raises new ques-
tions concerning the impact of (variable) wastewater composition and process design,
for example.

The first part (Chapter 2-3) of this thesis focusses on the fate of the different con-
stituents of an acidified, agro-industrial waste stream. Detailed knowledge on the im-
pact of individual substrates, alone and in combination with others, on the microbial
community structure and kinetics of PHA production enables the prediction of waste
stream suitability and optimization of the PHA production process. Besides the ac-
etate, propionate, and lactate already studied (Jiang et al.,2011b}c; Johnson et al.,|2009a),
butyrate can be a major product of acidogenic fermentation (Bengtsson et al., | 2008a;
Reis et al.,[1991} [Temudo et al}}[2007). Chapter[2]assesses the suitability of butyrate as
substrate for PHA production. As butyrate has a 40% higher theoretical product yield
and lower oxygen requirements than acetate (Shi et al.,1997), butyrate may be preferred
over acetate as substrate.
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Fermented organic waste streams typically also contain compounds that are less
suitable for PHA production. The presence of these compounds leads to the co-enrich-
ment of non-PHA-storing bacteria that will lower the overall PHA content of the culture
(Albuquerque et al., 2007;|Jiang et al.}|2012; Morgan-Sagastume et al., 2010). In Chapter
3] the impact of these non-PHA-storing bacteria on the overall PHA production process
is investigated using a simple substrate mixture of acetate and methanol.

The second part (Chapter 4-6) of this thesis focusses on alternative process configu-
rations. As described in section[1.5} the process for non-axenic PHA production gener-
ally comprises four steps: acidogenic fermentation of the waste stream, enrichment of
a PHA-producing culture, production of the PHA, and recovery of the product. Chapter
[4]explores the feasibility of combining the enrichment and production step. Harvesting
PHA-rich biomass directly from the reactor used for enrichment of the microbial culture
reduces capital cost, but may increase downstream-processing cost if the PHA content
is significantly reduced. By increasing the volume exchange ratio of the reactor, the
PHA content at the end of the feast phase may reach sufficiently high levels (Jiang et al.}
2011a).

Although the SBR commonly used for the enrichment of PHA-producing cultures is a
highly convenient system at small scale, its discontinuous nature requires relatively large
buffer volumes and pumping capacity. Furthermore, there is a large difference between
the oxygen transfer rate required during the feast and famine phase of the SBR cycle.
These issues inhibit an economic scale-up of the process, and could be addressed by
establishing the feast-famine conditions in two or more continuous stirred-tank reactors
(CSTRs) in series, with partial biomass recirculation. The use of such a staged CSTR
system facilitates the inclusion of a solid-liquid separation step between the feast and
famine reactor(s), and thus their independent design. It will also result in distributed
residence times and a less strict separation between feast and famine conditions, though
- two factors that may significantly affect the selective pressure for PHA-producing bac-
teria.

Chapter 5 describes a set of mathematical models, developed to predict the growth
of P acidivorans — as model PHA producer — in competition with a non-storing het-
erotroph. The models are used to investigate the impact of various process and biomass-
specific parameters on the enrichment of PHA-producing bacteria in feast-famine SBR
and staged CSTR systems. Both a macroscopic model considering lumped biomass and
an agent-based model considering individual cells were created in order to study the
effect of distributed residence times and the resulting distributed bacterial states.

In Chapter [6] the impact of continuous carbon supply, and thereby the continuous
presence of residual substrate, on the enrichment of PHA-producing bacteria is investi-
gated experimentally. Two SBRs with an additional, continuous feed stream were oper-
ated. In the first, all substrate was dosed continuously to remove the selective pressure
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for PHA-producing bacteria. In the second, the leaching of substrate — as it will occur in
a staged CSTR system —was mimicked by dosing half of the substrate at the beginning of
the cycle and the other half continuously.

Chapter [7]summarizes and integrates the main findings of the studies presented in
Chapter 2-6. In addition, it discusses some remaining issues and provides recommen-
dations for further research.



BUTYRATE AS PREFERRED
SUBSTRATE FOR PHB
PRODUCTION

In this study, the suitability of butyrate as substrate for polyhydroxyalkanoate (PHA) pro-
duction by microbial enrichment cultures was assessed. Two sequencing batch reactors
were operated under feast-famine conditions: one fed with butyrate, and another with
mixed acetate and butyrate. The obtained results were compared to previous results with
acetate as sole substrate. In all three reactors Plasticicumulans acidivorans dominated the
enrichment culture. The carbon uptake rate and PHA yield were significantly higher on
butyrate than on acetate, resulting in a higher PHA production rate. When both substrates
were available the bacteria strongly preferred the uptake of butyrate. Only after butyrate
depletion acetate was taken up at a high rate. The molar substrate uptake rate remained
the same, suggesting that substrate uptake is the rate-limiting step. The results show
that for optimized waste-based PHA production the pre-fermentation process should be
directed towards butyrate production.

Published as: L. Marang, Y. Jiang, M.C.M. van Loosdrecht, and R. Kleerebezem. 2013. Butyrate as preferred
substrate for polyhydroxybutyrate production. Bioresource Technology 142, 232-239.
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2.1. INTRODUCTION

Polyhydroxyalkanoates (PHAs) are microbial storage polymers accumulated by many
different groups of bacteria as an intracellular reserve of energy and carbon (Steinbtichel,
1991). The chemical properties of the polymer are similar to those of petrochemical plas-
tics like polypropylene, and PHA is already commercially available as a fully biodegrad-
able bioplastic. The interest for PHA is broader than just its use as a biopolymer though
(Chen, 2009). The methyl esters of its monomers could be used as a biofuel. Moreover,
since the polymer is enantiomerically pure, its hydroxy fatty acid monomers could serve
as chiral building blocks for the production of all kinds of biochemicals (Chen), 2009).

The use of cheap substrates, such as organic waste, has been investigated by many
researchers as a way to reduce the production cost of PHA (Khosravi-Darani et al., {2013}
Koller et al.} [2013). Pure culture processes require however sterilization of the reactor
and liquid streams entering the process. To eliminate this need for axenic conditions —
and lower the energy and equipment cost — microbial enrichment cultures can be used
(Albuquerque et al., 2010b; Bengtsson et al., 2008b; Dionisi et al., 2005a; Jiang et al.}
2012). These enrichments of natural bacteria are obtained from activated sludge by sub-
jecting the microbial community to feast-famine conditions, thus generating a compet-
itive advantage for bacteria that store substrate inside their cell as a reserve (Reis et al.}
2003). In 2009, Johnson et al.[(2009a) reported the enrichment of a culture producing
89 wt.% PHA from acetate in 7.6 h. This still is the highest PHA content reported for a
microbial enrichment culture on volatile fatty acids (VFAs). The culture was dominated
by Plasticicumulans acidivorans — a microorganism with high specific substrate uptake
rates for a wide range of VFAs, including butyrate (Jiang et al.,[2011d).

Butyrate is an interesting substrate for PHA production for two reasons. First, it has
a high theoretical product yield. The stoichiometric yield of PHA on butyrate is 0.94
Cmol-Cmol!, which is 40% higher than the yield on acetate (Shi et al.,|1997). Second,
and more important, butyrate is produced in large amounts during acidogenic fermen-
tation of organic waste streams. The presence of butyrate in, e.g., fermented sugar cane
molasses, olive oil mill effluents, paper mill wastewater, waste activated sludge, or food
waste has been reported by various researchers (Albuquerque et al.,|2007; Beccari et al.,
2009; |[Bengtsson et al., |2008a)b} [2010; Dionisi et al.} |2005a; Jiang et al., 2012; Morgan-
Sagastume et al), [2010; Rhu et al.,2003). Nevertheless, PHA production from butyrate
has hardly been studied. Long-term experiments on the production of PHA from bu-
tyrate are limited to microbial enrichments on fermented waste (Albuquerque et al.}
2007}/2010b}/2013; Bengtsson et al.}|2010; Jiang et al.},2012). Due to the complexity of the
substrate and the resulting microbial community, these results are not conclusive. The
two reports found on experiments with pure butyrate or defined VFA mixtures, Lemos
et al. (2006) and Jiang et al. (2012), report the conversion by non-adapted communities
only.
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The aim of this study was to assess the suitability of butyrate as substrate for PHA pro-
duction by microbial enrichment cultures. Detailed knowledge on the impact of butyrate
on the composition of the microbial community and the kinetics of PHA production en-
ables the prediction of waste stream suitability and optimization of the PHA production
process. To study the production of PHA from butyrate two sequencing batch reactors
(SBRs) were operated: one on sole butyrate and one on a 1:1 Cmol mixture of acetate
and butyrate. These enrichment cultures were compared to a similar PHA-accumulating
enrichment culture on acetate.

2.2. MATERIALS AND METHODS

2.2.1. SBR FOR ENRICHMENT OF A PHA-PRODUCING CULTURE

A double-jacket glass bioreactor with a working volume of 2 L (Applikon, Netherlands)
was used to enrich and maintain the PHA-producing microbial community. The basic
setup and operation of the reactor were the same as described by Johnson et al.[(2009a).
The reactor was operated as a non-sterile SBR with 12 h cycles, each consisting of a start
phase (5 min), feeding phase (10 min), reaction phase (685 min), and effluent phase
(20 min). Since there was no settling phase, the solids retention time (SRT) equaled the
hydraulic retention time (HRT), and both were 1 day. The air flow rate to the reactor was
set to 0.2 Lymin! using a mass flow controller (Brooks Instrument, USA). The total gas
flow rate through the reactor was increased to 1.4 Ly-min! by partial recirculation of
the off-gas. The temperature in the reactor was controlled at 30+1°C, and the pH was
maintained at 7.0+0.1 by the addition of 1 M HCI and 1 M NaOH. Controlling of the
pumps, stirrer, airflow, temperature, and pH was done by a biocontroller (Biostat Bplus,
Sartorius Stedim Biotech, Germany).

The culture previously enriched on acetate byJohnson et al.| (2009a) had been main-
tained for comparison. Biomass from this enrichment culture, highly dominated by P
acidivorans (Figure [2.1), was used as inoculum for both SBRs operated in this study.
Except for the carbon source, the medium composition was the same as described by
Johnson et al.|(2009a). During each cycle 1 L of fresh medium was dosed into the reactor.
The carbon source herein was either sodium butyrate (9.5 mM) or a mixture of sodium
acetate and butyrate (11 and 5.5 mM respectively). The other chemical compounds in
the medium were: 6.74 mM NH,4Cl, 2.49 mM KH,PO4, 0.55 mM MgS0,4-7H,0, 0.72 mM
KCl, 1.5 mL-L™ trace elements solution according to |Vishniac and Santer| (1957), and 5
mg-L! allylthiourea (to prevent nitrification).

The enrichment cultures were considered stable, or at stable operational performance,
when the length of the feast phase and the ammonium concentration at the end of the
cycle had become constant for at least 5 days. Once a stable culture was obtained cycle
experiments were conducted to characterize the operational performance of the SBR
and to generate the data required for process modeling. In addition, biomass from the




16 2. BUTYRATE AS PREFERRED SUBSTRATE FOR PHB PRODUCTION

SBR was collected for accumulation experiments and analysis of the microbial commu-
nity structure.

2.2.2. FED-BATCH REACTOR FOR PHA ACCUMULATION

To evaluate the PHA storage capacity of the obtained enrichment culture, accumula-
tion experiments were performed in another double-jacket glass bioreactor (Applikon,
Netherlands) operated as a non-sterile fed-batch reactor. The reactor, with a working
volume of 2 L, was operated at the same aeration rate, pH, and temperature as the SBR.
At the beginning of each experiment the reactor was filled with 1 L biomass from the
enrichment SBR, and 1 L of carbon- and ammonium-free medium (otherwise the same
composition). In this way growth in the fed-batch reactor was limited by the amount
of ammonium remaining from the preceding SBR cycle. The production of PHA was
initiated by feeding a pulse of 60 mmol of the substrate (mixture) on which the culture
had been enriched. Further carbon source was continuously supplied to the reactor
via pH control, using a 1.5 M solution of the substrate’s acid (i.e., butyric acid or a 1:1
Cmol mixture of acetic and butyric acid) instead of the 1 M HCl solution used in the SBR
(Johnson et al.,2009a). When necessary a few drops of antifoam B (Sigma-Aldrich) were
added. After 10 h the experiments were stopped.

2.2.3. ANALYTICAL METHODS

During the cycle and accumulation experiments the reactor was monitored closely by
both online (dissolved oxygen, temperature, pH, acid and base dosage, off-gas O, and
CO») and offline (substrate, ammonium, TSS, PHA) measurements.

Samples taken to determine the substrate and ammonium concentration in the reac-
tor were immediately filtered with a 0.45 um pore size filter (PVDF membrane, Millipore,
Ireland) to remove the biomass. The ammonium concentration in the supernatant was
determined spectrophotometrically using a commercial cuvette test kit (Hach Lange,
Germany). The organic acid concentrations in the supernatant were analyzed using a
high-performance liquid chromatograph (HPLC) with a BioRad Aminex HPX-87H col-
umn and a UV detector (Waters 484, 210 nm). The mobile phase, 1.5 mM H3PO, in
Milli-Q water, had a flow rate of 0.6 mL-min! and a temperature of 59°C.

The biomass concentration in the reactor was measured as total suspended solids
(TSS). The samples were collected in 15 mL tubes with five drops of formaldehyde (37%)
to stop all biological activity and centrifuged at 4500 rpm (3850g) for 10 min. After
removing the supernatant and pre-freezing the samples (-20°C) the samples were freeze-
dried overnight (-40°C, 10°! atm). Subsequently, the PHA content of the freeze-dried
biomass was determined using a gas chromatograph (Agilent 6890N, USA) equipped
with a flame ionization detector (FID) and a HP-INNOWax column. A detailed descrip-
tion of the procedure can be found elsewhere (Johnson et al.},2009a). The PHA content of
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Figure 2.1: DGGE gel and FISH microscopic photographs. (A) DGGE gel of PCR-amplified 16S rRNA gene
fragments from the enrichment cultures on acetate (lane labeled Ac), butyrate (Bu) and mixed acetate and
butyrate (AcBu). SmartLadder (Eurogentec) was loaded in the lane labeled with M. The bands labeled with
B1-3 were excised and re-amplified for microbial identification. Previous analyses have shown that the bands
just above B1-3 also belong to P acidivorans (Jiang et al.,|2011a). (B, C, D) Fluorescence microscopy images of
the enrichment cultures on acetate, butyrate, and mixed acetate and butyrate, respectively. The general probe
mixture EUB338I-III (Cy5) was used to indicate all bacterial species. The probes BET42a (FLUOS) and UCB823
(Cy3) were used to indicate the presence of, respectively, betaproteobacteria and P acidivorans. In order to
minimize erroneous hybridizations the unlabeled probe GAM42a was used to compete with the BET42a probe.
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Table 2.1: Oligonucleotide probes for FISH analysis and primers for PCR-DGGE analysis used in this study.

Code Function Sequence (5’-3’) Specificity Reference

EUB3381 Probe gct gee tee cgt agg agt Bacteria Amann et al.|(1990}
EUB3381I1  Probe gca gcc acc cgt agg tgt Bacteria Daims et al.|(1999]
EUB3381II Probe gct gece acc cgt agg tgt Bacteria Daims et al.|(1999)
BET42a Probe gec ttc cca ctt cgt tt Betaproteobacteria Manz et al.|(1992)
GAM42a Probe gcc tte cca cat cgt tt Gammaproteobacteria |Manz et al.|(1992)

UCB823 Probe cct ccc cac cgt cca gtt P acidivorans Johnson et al. |(2009a]
341F-GC Primer cctacg gga ggc agcag®  Bacteria Schifer and Muyzer|(2001)
907R Primer ccgtca att cmt ttg agt tt  Bacteria Schifer and Muyzer|(2001)

* Contains GC-clamp (5’-cgcccgecegegecccgegeccgtecegecgecccegeccg-3’) at the 5” end of the prime}.

the cells, expressed as the weight percentage PHA of TSS, was calculated using pure PHB
(Sigma-Aldrich, CAS 26063-00-3) as standard, and benzoic acid as internal standard. The
determined PHA content was subtracted from the TSS to obtain the concentration of ac-
tive biomass in the reactor. The biomass composition was assumed to be CH; gO¢ 5Ng 2
and its molecular weight 25.1 g-Cmol! (including ash).

2.2.4. MICROBIAL COMMUNITY ANALYSIS

In order to analyze the microbial composition of the enrichment cultures by DGGE,
biomass samples were collected from the SBR and washed with TE buffer. The genomic
DNA was extracted using the Ultra Clean Soil DNA extraction kit (MoBio Laboratories,
USA) and subsequently used as template DNA in the PCR. 16S rRNA gene fragments of
the different community constituents were obtained using a “touchdown” PCR program
with the primers 341F-GC and 907R (Table (Schafer and Muyzer, 2001). The 16S
rRNA gene amplicons were loaded onto 8% polyacrylamide gels with a denaturing gradi-
ent from 20% to 70% DNA denaturants (100% denaturants is a mixture of 5.6 M urea and
32% formamide) (Schifer and Muyzer, [2001). The DNA was visualized by UV illumina-
tion after staining with SYBR® Safe, and photographed with a digital camera. Individual
bands were excised from the gel with a sterile razor blade and incubated overnight in
50 uL water at 4°C. Re-amplification was performed using the same primer pair (Ta-
ble and the PCR products were sequenced by a commercial company (Macrogen,
South Korea). The sequences have been stored in GenBank under accession numbers:
KC311782-KC311784.

In addition to the DGGE analysis, FISH was performed on biomass samples from
the SBR. A detailed description of the procedure can be found inJohnson et al.| (2009a).
The probes used in this study are listed in Table[2.1] They were all commercially synthe-
sized and 5’ labeled with either FLUOS or one of the sulfoindocyanine dyes Cy3 and Cy5
(Thermo Hybaid interactive, Germany).
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2.2.5. DATA TREATMENT AND MODELING

The online and offline data collected during the cycle and accumulation experiments
were corrected for effects of sampling, the addition of liquids, and inorganic carbon dis-
solution, according to the approach proposed byjJohnson et al. (2009b). After correcting
the data using Microsoft Excel, carbon and electron balances were setup to assess the
accuracy of the measurements.

The corrected measurement data were evaluated using a metabolic model to deter-
mine the biomass-specific reaction rates (gs max, #max» GPHB,max, 7aTp) and other kinetic
parameters (a, k, fgy). A model published by/Jiang et al.[(2011b) — describing the produc-
tion of PHA from mixtures of acetate and propionate — was adjusted to describe the PHA
production from mixtures of acetate and butyrate in different ratios. Using these sub-
strates the homopolymer polyhydroxybutyrate (PHB) is produced. Table[2.2Jsummarizes
the reactions that were considered in the model. Balances of the conserved moieties
(NADH, ATP, AcCoA) in these reactions were used to derive the maximum stoichiometric
yields (Table[2.3). The yields are expressed as functions of the efficiency of the oxidative
phosphorylation (§) and the fraction of butyrate in the total substrate uptake (fgy in
Cmol-Cmol™). The efficiency of the oxidative phosphorylation was assumed to be 2.0
mol ATP/mol NADH for all enrichments in this study.

The kinetic equations in the metabolic model are the same as those described by
Jiang et al.|(2011b). A minor difference is the maximum specific substrate uptake rate
(gs,max), which is now expressed in mol-Cmolt-h!. The maximum specific substrate
uptake rate in Cmol-Cmol™!-h™! can be calculated from the actual fg, using Eq.

gsmol = (4xasmax)l (2 fipu) 2.1)

The metabolic model was written in Matlab™ (Mathworks, USA), where the built-

in function odel13 was used to solve the differential equations and fmincon was used

to minimize the sum of the squared relative error (SSQRE) between the measured and

modeled data. For each of the compounds (acetate, butyrate, biomass, PHB, NH,*, CO2,

and O;) the SSqRE was calculated according to Eq. These squared relative errors

were subsequently multiplied by their weight factor, and summated to yield the overall

error. The weight factor was set to one for all compounds except for the substrate, and in

the cycle experiments also for the ammonium, which had a weight factor of ten to reflect
the reliability of the measurements.

t C;ﬂeasure(t) _ Cl{nodel(t) 2
SSqRE; =) 2.2)

) Cl_meusure(t)

During the experiments the enrichment cultures showed a stable operational per-
formance. This implies that the net amount of biomass and PHB formed during each
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Table 2.2: Reactions considered in the metabolic model on a carbon-mole base (adapted fromJohnson et al.,
2009b). The efficiency of the oxidative phosphorylation () was assumed to be 2.0 mol ATP/mol NADH for all
enrichments in this study.

Reaction Stoichiometry
1. Acetate uptake, activation 1 HAc + 1 ATP — 1 AcCoA
2. Butyrate uptake, activation 1 HBu + 0.75 ATP — 1 AcCoA + 0.5 NADH
3. Catabolism 1 AcCoA — 1 CO;, + 2 NADH
4. PHB production 1 AcCoA +0.25 NADH — 1 PHB
5. Anabolism 1.267 AcCoA + 0.2 NH3 + 2.16 ATP —
1 CH1.300,5N0_2 +0.267 COZ +0.434 NADH
PHB consumption 1 PHB + 0.25 ATP — 1 AcCoA + 0.25 NADH
Oxid. phosphorylation 1 NADH + 0.5 O, — § ATP

cycle equals the amount of biomass and PHB removed at the end of the cycle. The final
concentration of biomass and PHB in the reactor can therefore be calculated from the
SRT, the cycle length, and the initial concentration (Jiang et al., 2011b). To ensure this
stable performance when modeling the cycle experiments an additional error (Eq.
was defined and minimized, together with the squared relative errors, using fmincon.

9 2
(C;)(’ll)del(tend) —2x C;{nodel(to)) + (C;’))’ll_l}ld}el(tend) — 2% CL"I—??}EI(IO)) (2.3)

2.3. RESULTS AND DISCUSSION

2.3.1. CULTURE ENRICHMENT AND MICROBIAL CHARACTERIZATION

Two SBRs were operated in this study. The first (SBR 1) was fed with sodium butyrate as
sole carbon source, and the second (SBR 2) with a 1:1 Cmol mixture of sodium acetate
and butyrate. After reaching stable operational performance the length of the feast phase
was in both reactors shorter than in the acetate-fed reactor: 20 min in SBR 1 and 25 min
in SBR 2 versus 38 min in the acetate-fed SBR (Table[2.4).

The same microorganism was enriched using respectively acetate, butyrate, and their
mixture as substrate. Both DGGE analysis of PCR-amplified 16S rRNA gene fragments
and FISH microscopic images confirmed the predominance of P acidivorans (Figure
. Band B2 and B3 were excised, re-amplified, sequenced, and compared to the se-
quences stored in GenBank (NCBI) using the nBLAST algorithm. Both derived sequences
showed 100% similarity to that of P acidivorans.

2.3.2. SBR PERFORMANCE ON BUTYRATE

To evaluate the performance of SBR 1 in detail and to determine the biomass-specific re-
action rates, the dynamic change of several compounds was evaluated through multiple
cycles. The results of one representative cycle measurement and the consecutive model-
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Table 2.3: Stoichiometric yields derived from the metabolic reactions (Table and balances for the
conserved moieties (NADH, ATP, AcCoA), expressed as a function of the efficiency of the oxidative
phosphorylation (§) and the butyrate fraction in the total substrate uptake rate (fg, in Cmol-Cmol ).

Feast phase
Growth Y([g,zu)?max: 0-25-fpu—5-0-fpu+31.6 Y({;‘?l'max:— 1.11- fp, +12.84
e 20'6+2-5'f3u+5'6'f3u*10 ” 8'6+f3u+2'6'f3u*4
Yfeast,mux _ _20'5 +2.5 'fBu +5 '5'fBu —-10 Yfeast,mux - 02
xS 21-6+21.6 NX ’
5_fBu_2‘((5‘]01?14"'4 feast,max 36_9‘fBu
PHB production Y/ °%5max - Y, i =-
p CO2PHB = 8 54 fr 126 fpu—4 02,PHB 64-0+8- fpy+16-8- fp, —32
Yfeast.max_ 8'6+f3u+2'5'f3u*4
PHB,S - 9.6
Maintenance Yoo = -1 VS @M 20,25 fy+ 1
t,
Y] oat M = 2.5 40.25 fpu+0.5-8 fpu—1
Famine phase
i 241-15-8 i 10.77
Growth Yfamme,mux — Yfamma,mux -
co2x 225625 ozx 9-6-1
famine,max 225-6-25 famine,max
Y =—— Y, =-0.2
X,PHB 210-6+216 Nx
Maintenance famine,max -1 famine,max =1.125

CO2,PHB

Yfamine,max

Arpers =0.25-2.25-5

02,PHB
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Table 2.4: Overview of observed variables, and model-derived yields and biomass-specific rates in the SBR and
fed-batch reactor. The yields for the accumulation experiments were determined over the first 4.5 h only. For
some parameters of SBR 2 two values are presented. In the cycle experiments the left value describes the first
part of the feast phase (0-10 min) and the right value the second part of the feast phase (10-25 min). In the
accumulation experiments the left value describes the first hour and the right value the following 3.5 h, when

the butyrate consumption had become limited by its dosage.

SBR 1 SBR 2 SBR 3
Butyrate Acetate/Butyrate Acetate
This study This study Jiang et al.|(2011c)
SBR/cycle experiment i -
Observed
Length feast phase [min] 20 25(10/15) 38
PHB max. feast [Wt.%] 57 54 52
Model-derived
Ypip seest [Cmol-Cmol '] 0.93 0.91/0.66 0.67
Yy sfeast [Cmol-Cmol!] 0.01 0.00 / 0.00 0.00
Yoz, €2t [Cmol-Cmol '] 0.06 0.08 / 0.33 0.33
Yoo sfeast [mol-Cmol '] 0.19 0.19/0.25 0.25
Yx ppypfamine [Cmol-Cmol '] 0.67 0.67 0.67
Yoz, prpmine [Cmol-Cmol ] 0.33 0.33 0.33
fBu [Cmol-Cmol™!] 1.00 0.90 / 0.00 0.00
s, max [mol-Cmol!-h!] 1.67 1.84 2.19
s, max [Cmol-Cmol !-h!] 6.66 6.70 / 3.68 4.38
Hmax [Cmol-Cmol -h!] 0.07 0.01 0.00
k [Cmol'3-Cmol1/3-h1] -0.18 -0.17 -0.16
maTp [mol-Cmol*-h!] 0.00 0.00 0.00
Fed-batch/accumulation experiment
Observed
PHB max. acc [wt. %] 88 88 88
Time PHB max. [h] 8.9 9.0 9.2
Time PHB >80 wt.% [h] 3.4 3.5 4.2
Model-derived
Ypip s [Cmol-Cmol!] 0.89 0.91/0.75 0.61
Yy s2¢ [Cmol-Cmol '] 0.04 0.02/0.03 0.04
Yco2,5%¢ [Cmol-Cmol!] 0.07 0.07 /0.21 0.35
Y02,5% [mol-Cmol '] 0.21 0.20 / 0.24 0.27
fBu [Cmol-Cmol '] 1.00 0.97 / 0.48 0.00
GPHB,max [Cmol-Cmol !-h!] 3.64 3.72 1.74
Hmax [Cmol-Cmol *-h!] 0.08 0.06 0.09
MATP [mol-Cmol-h1] 0.00 0.00 0.00
a - 1.00 1.00 1.31
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ing are shown in Figure[2.2b and Table[2.4] During the feast phase butyrate was taken up
quickly: gs,max €qualed 6.7 Cmol-Cmol!-h'!. This is an increase of 50% compared to the
maximum specific uptake rate previously reported for P acidivorans on acetate (Jiang
et al., 2011c). Virtually all of the consumed carbon was converted to PHB (Ypyp s = 0.93
Cmol-Cmol™) and at the end of the feast phase the PHB content of the cells reached
57 wt.%. Only a minor fraction of the consumed substrate was used for growth (Yx s =
0.01 Cmol-Cmol'!) or respired to carbon dioxide (Y¢o2,s = 0.06 Cmol-Cmol™). Since less
substrate was respired to carbon dioxide, the oxygen consumption per carbon-mole of
substrate was also lower for butyrate than for acetate: 0.19 vs. 0.25 mol-Cmol™. However,
due to the increased specific carbon uptake rate, the specific oxygen uptake rate did not
change. During the famine phase, when all external substrate had been depleted, the
accumulated PHB was degraded and used for biomass synthesis and maintenance.

To indicate the accuracy of the measurements carbon and electron balances were
setup over the complete cycle experiment. On average 99% (+4.4) of the carbon in the
substrate could be found back as active biomass, PHB, or carbon dioxide. Of the elec-
trons present in the substrate on average 97% (+3.8) was traced back in the active biomass,
PHB, and oxygen consumption.

2.3.3. SUBSTRATE PREFERENCES: SBR PERFORMANCE ON AN ACETATE BU-
TYRATE MIXTURE

The substrate uptake pattern in SBR 2 (Figure[2.2c,d) showed that the uptake of butyrate
was strongly preferred over that of acetate. While both substrates were present in the
medium, butyrate accounted for 82% of the substrate (mole based) taken up, whereas
its fraction within the total substrate mixture was only 0.33 mol-mol!. As a result of the
prevalence of butyrate uptake during the first ten minutes of the feast phase, the kinetic
behavior of the enrichment culture (Table[2.4) closely resembled that of SBR 1. The spe-
cific substrate uptake rate was 1.8 mol-Cmol™-h'!, which lies between the values found
for the culture on sole butyrate (SBR 1: 1.7 mol-Cmol!-h'1) and sole acetate (Jiang et al.,
2011c: 2.2 mol-Cmol '-h!). The fraction of butyrate in the total carbon uptake (fg,) was
0.90 Cmol-Cmol!, leading to a specific butyrate uptake rate of 6.0 Cmol-Cmol -h"! and a
specific acetate uptake rate of only 0.67 Cmol-Cmol !-h"!. A major share of the consumed
substrate (0.91 Cmol-Cmol!) was converted to PHB, and the remaining carbon (0.08
Cmol-Cmol!) was respired to carbon dioxide. The contribution of growth to the total
substrate consumption was negligible.

Due to the difference in uptake rate, butyrate was depleted before acetate. Immedi-
ately after butyrate depletion the acetate uptake rate increased strongly, implying that
butyrate competes with the acetate. A similar preference for butyrate was observed by
Albuquerque et al.|(2013) for an enrichment culture on fermented sugar cane molasses,
and by[Jiang et al.| (2012) for an enrichment culture on fermented paper mill wastewater
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Figure 2.2: Results for the cycle experiments on acetate (Ac), butyrate (Bu), and mixed acetate and butyrate
(AcBu). Data for the cycle experiment on acetate was adapted from (2011c). The symbols represent
measured data, the lines modeled data. In addition a close-up of the measured substrate uptake in the SBR on
mixed acetate and butyrate is shown (Close-up). The black asterisks indicate the total amount of VFAs in the
reactor (in mmol), which decreases almost linearly as indicated by the dashed line and its R? value.
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dominated by the same microorganism, P, acidivorans. There butyrate accounted for
90% of the substrate (mole based) taken up, whereas its fraction in the total substrate
was 0.62 mol-mol!.

During the second part of the feast phase acetate was the only external substrate.
The maximum specific substrate uptake rate remained 1.8 mol-Cmol!-h’}, resulting in a
specific acetate uptake rate of 3.7 Cmol-Cmol !-h!. This is more than five times as high
as during the first part of the feast phase. Around two-third of the consumed carbon was
converted to PHB and the remaining carbon (0.33 Cmol-Cmol!) was respired to carbon
dioxide. Growth still hardly contributed to the total substrate uptake. At the end of the
feast phase the intracellular PHB content reached 54 wt.% of the TSS. The accumulated
PHB was used for growth and maintenance during the famine phase.

Again, carbon and electron balances were setup to indicate the accuracy of the mea-
surements in the cycle experiment. On average 95% (+3.4) of the carbon in the sub-
strate was found back as active biomass, PHB, or carbon dioxide. Of the electrons in
the substrate 96% (+1.7) could be traced back in the active biomass, PHB, and oxygen
consumption.

2.3.4. CARBON VERSUS SUBSTRATE UPTAKE

Interestingly, the maximum specific substrate uptake rate (gsmax) of the enrichment
culture in SBR 2 was 1.8 mol-Cmol!-h’! throughout the feast phase, independent of
the prevalence of either butyrate or acetate uptake (Figure [2.2[d). [Albuquerque et al.
(2013) and Jiang et al.| (2012) reported that the substrate uptake rate decreased signifi-
cantly after butyrate had been depleted. As in many other papers on PHA production
by microbial enrichment cultures (e.g., Albuquerque et al.}[2007; [Bengtsson et al., [2010;
Jiang et al.} 2011b} [Lemos et al., |2006) the specific substrate uptake rate was expressed
as Cmol-Cmol!-h'l. Also in this study the specific carbon uptake rate, and PHB pro-
duction rate, showed an immediate and strong decrease after the depletion of butyrate.
When expressed as mol-Cmol™!-h™!, however, the substrate uptake rate remained con-
stant throughout the feast phase. Based on the reported specific uptake rates of individ-
ual VFAs, the same holds for, e.g., the microbial enrichment culture of Albuquerque et al.
(2013).

The fact that the molar substrate uptake rate remains constant when butyrate gets
depleted — whereas the oxygen uptake rate increases and the PHB production rate de-
creases — suggests that uptake or activation of the substrate is the rate-limiting process.
In combination with the increasing acetate uptake rate after butyrate depletion this im-
plies that acetate and butyrate share a transporter or coenzyme A transferase, with a
higher affinity for butyrate.
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2.3.5. PHA ACCUMULATION

To evaluate the PHB production rate and capacity of the enrichment cultures, fed-batch
accumulation experiments were performed. The measured and modeled results of these
experiments are shown in Figure[2.3|and Table During the experiments the carbon
source (i.e., butyric acid or mixed acetic and butyric acid) was continuously supplied
to the reactor via pH control. As the prevention of growth, for example by limiting the
ammonium, has been reported to be a prerequisite to obtaining high PHB contents
(Bengtsson et al., 2008b; [Johnson et al., 2010; |Serafim et al., [2004), the presence of am-
monium was limited to the small amount remaining from the preceding SBR cycle.

During the first 4.5 h of the accumulation experiment on sole butyrate (SBR 1), am-
monium was still present in the reactor and the kinetic behavior was highly similar to
that in the feast phase of the SBR. The high product yield and carbon uptake rate resulted
in a maximum specific PHB production rate (qpyg max) 0f 3.6 Cmol-Cmol!-h'!, which is
twice the value reported for acetate (Jiang et al.,2011c). As a result, the intracellular PHB
content reached 83 wt.% in only 3.4 h.

Also during the first hour of the accumulation experiment on mixed acetate and
butyrate (SBR 2) the conversions were dominated by butyrate uptake and highly similar
to those described for the feast phase of the SBR. The maximum specific PHB production
rate (gpuB,max) Was 3.7 Cmol-Cmol!-h'!, and the intracellular PHB content reached 74
wt.% within this first hour. After the first hour the butyrate concentration in the reactor
reached zero, and its consumption became limited by the dosage of new substrate. As a
result, the butyrate fraction in the total substrate uptake (fg,) dropped from 0.97 to 0.48
Cmol-Cmol!. In correspondence with that the product yield (Ypug,s) decreased to 0.75
Cmol-Cmol™! and the fraction of respired carbon (Ycoz,s) increased to 0.21 Cmol-Cmol!.
Both yields are the average of those observed for acetate and butyrate individually (Table
2.4).

Both the enrichment culture on sole butyrate and the enrichment culture on mixed
acetate and butyrate reached a maximum PHB content of 88 wt.% after 9 h. This is the
same as previously reported for the enrichment culture on acetate (Jiang et al., 2011c)
and was to be expected since all three cultures were dominated by the same bacterial
species.

Although the amount of ammonium was limited, it remained present in the medium
for 4.5 h. During that period the PHB content of both enrichment cultures reached
already 83-85 wt.% of the TSS. This result suggests that, when butyrate is the dominant
substrate, the presence of ammonium is less detrimental to achieving a high PHB con-
tent than presumed for acetate-fed cultures. Results presented by|Dionisi et al.[ (2005b)
and Johnson et al.| (2010) also show that initially similar amounts of PHB were accumu-
lated in experiments with and without ammonium present. Only after this first period
of 1 or 2 h an increasing fraction of the substrate was used for growth instead of PHB
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Figure 2.3: Results for the accumulation experiments on butyrate (Bu) and mixed acetate and butyrate (AcBu).
The symbols represent measured data, the lines modeled data.

production if ammonium was available. Therefore, as long as the specific PHB pro-
duction rate is high enough, the presence of ammonium does not necessarily impede
obtaining a high intracellular PHB content. This broadens the range of organic waste
streams suitable for PHA production by microbial enrichment cultures, and specifically
by P, acidivorans. Further research on this topic is required to obtain a conclusive answer
on the impact of ammonium on the accumulation of large amounts of PHA.

To evaluate the accuracy of the measurements during these accumulation experi-
ments, carbon and electron balances were setup. During the first 4.5 h, i.e., while am-
monium was present in the reactors, on average 99% of the consumed carbon (+4.3
for SBR 1 and +1.4 for SBR 2) could be found back as active biomass, PHB, or carbon
dioxide. For SBR 1, on average 97% (+6.4) of the electrons present in the consumed
substrate was traced back in the active biomass, PHB, and oxygen consumption during
this period. For SBR 2, 99% (+1.1) of the electrons was traced back. The gap in the
carbon and electron balance was however increasing with time and became significant
(<90% recovery) during the second half of the accumulation experiments. This may
have arisen from the production of an unknown extracellular compound. Analysis of
the broth liquid by HPLC showed emerging, unidentified peaks at 13.4, 14.5, and 25.6
min (data not shown).

2.3.6. BUTYRATE AS PREFERRED SUBSTRATE FOR PHB PRODUCTION

The ideal substrate for PHB production should yield a microbial enrichment culture with
a high maximum PHB content, a high specific PHB production rate, and a high product
yield. The enrichment cultures on butyrate had all three. The dominant bacterial species
in these cultures, P acidivorans, can accumulate up to 89 wt.% PHB (Johnson et al.,
2009a), which is still the highest PHB content reported for a microbial enrichment on one
or more VFAs. The maximum specific PHB production rate was significantly higher on
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butyrate than on acetate due to the increased carbon uptake rate, and because as much
as 90% of the carbon in the substrate was converted to PHB. This high yield of PHB on
butyrate results from the lowered need for ATP to convert butyrate to PHB (per Cmol).
Where the conversion of acetate to PHB requires NADH, the conversion of butyrate to
PHB generates NADH. The NADH generation during PHB production from butyrate is
almost sufficient to generate the required ATP, resulting in reduced respiration require-
ments for butyrate as compared to acetate. This makes that, in order to optimize the PHB
production process, the acidogenic pre-fermentation step should be directed towards
the production of butyrate, for example by adjusting the pH and retention time.

Several researchers have reported a clear shift in the product distribution of acido-
genic fermentation around pH 6 (Albuquerque et al., [2007; Reis et al., 1991} Temudo
et al.} 2007; |Zoetemeyer et al., |[1982). Below pH 6 mainly butyric and acetic acid are
produced. At higher pH values the concentration of butyric acid decreases, whereas
the concentration of acetic acid and ethanol increases (Temudo et al.,[2007;|Zoetemeyer
et al., 1982). The transition from the production of longer chain VFAs to that of short
VFAs with increasing pH was also observed for valerate and propionate (Albuquerque
etal.,[2007;Reis et al.,|1991). Hence, the organic waste should ideally be pre-fermented at
a pH around 5.5. This will not only promote the production of butyrate, but also prevent
the growth of methanogens and reduce the need for alkaline addition. For chemostat
systems, a short retention time (<10 h) has also been reported to enhance the production
of butyric acid (Bengtsson et al. [2008a} Reis et al.} [1991; |Zoetemeyer et al., [1982). By
shortening the retention time the reactor size can be reduced. It may however lower
the degree of acidification, another crucial parameter for optimization of the PHB pro-
duction process (Jiang et al., 2012). Determination of an optimal retention time for the
production of VFA-rich product streams with a high butyrate fraction will therefore be
necessary.

2.4. CONCLUSION

The results of this study show that butyrate is a highly suitable substrate for the produc-
tion of PHB by microbial enrichment cultures. The product yield and specific carbon
uptake rate are significantly higher for butyrate than for acetate, resulting in a doubling
of the specific PHB production rate. Butyrate is therefore preferred over acetate as sub-
strate for PHB production. Future work should aim at maximizing the butyrate yield over
the acetate yield from organic waste fermentations.

NOMENCLATURE

a exponent of the PHB inhibition term [-]
6 efficiency of the oxidative phosphorylation [mol ATP/mol NADH]
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IMPACT OF NON-STORING
B1OMASS ON PHA PRODUCTION

The use of enrichment cultures for polyhydroxyalkanoate (PHA) production from sub-
strate mixtures such as wastewater inevitably results in the establishment of a non-PHA-
storing population besides the PHA-producing bacteria. This reduces the maximum PHA
content that can be established, and increases downstream-processing costs. The aim of
this study was to investigate the impact of non-storing biomass on the PHA production
process. A microbial culture was enriched in a sequencing batch reactor fed with acetate
and methanol. Methanol served as model substrate for compounds unsuitable for PHA
production. The enrichment was dominated by Plasticicumulans acidivorans, a known
PHA producer, and Methylobacillus flagellatus, an obligate methylotroph that cannot
store PHA. As expected, the presence of the non-storing population lowered the maximum
PHA content of the culture, from more than 80 to 66 wt.%. To mimic a nitrogen-rich waste
stream, additional accumulation experiments were performed with continuous supply
of carbon and ammonium. In these experiments P. acidivorans still accumulated large
amounts of PHA, but unrestricted growth of the non-storing, methylotrophic population
reduced the maximum overall PHA content to 52 wt.%. Besides ammonium limitation,
other strategies to restrict the fraction of non-storing biomass should be developed. The
mixture of acetate and methanol is a useful model substrate for the development of such
strategies.

Published as: L. Marang, Y. Jiang, M.C.M. van Loosdrecht, and R. Kleerebezem. 2014. Impact of non-storing
biomass on PHA production: An enrichment culture on acetate and methanol. International Journal of
Biological Macromolecules 71, 74-80.
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3.1. INTRODUCTION

Polyhydroxyalkanoates (PHAs) are storage polymers accumulated by a large variety of
bacteria as an intracellular reserve of carbon and energy (Steinbiichel,1991). The chemi-
cal properties of the polymer make it an interesting, biodegradable bioplastic. Moreover,
the methyl esters of its monomers could be used as a biofuel (Chen}2009), and, since the
polymer is enantiomerically pure, its hydroxyl fatty acid monomers could serve as chiral
building blocks for the production of various biochemicals (Chen, |[2009).

The commercially available PHA is generally produced using pure cultures of Ral-
stonia eutropha or recombinant Escherichia coli, and glucose and propionic acid as sub-
strate (Chen}2009). The use of enrichment cultures of natural bacteria and waste organic
carbon as substrate forms a more sustainable and economical alternative for PHA pro-
duction (Reis et al.;|2003). Organic waste streams (possibly fermented) typically contain
a mixture of compounds that are highly suitable for PHA production - e.g., volatile fatty
acids (VFAs), lactate and glycerol — and compounds that are less suitable. The presence
of the latter category compounds leads to the co-enrichment of non-PHA-storing bac-
teria that will lower the overall PHA content of the culture, as reported by, e.g., |Albu-
querque et al.| (2007), Jiang et al|(2012) and [Morgan-Sagastume et al. (2010). If the final
PHA content becomes too low, increased downstream-processing cost may undo the
cost reduction achieved by using a cheaper substrate and open, continuously operated
bioreactors.

For an optimized PHA production process it is important to understand the exact
impact of these non-PHA-storing populations, and develop strategies to reduce their
impact on the overall PHA content of the culture. The aim of this study was to inves-
tigate the impact of non-storing biomass on the overall PHA production process, using
a simple substrate mixture to mimic the agro-industrial waste stream. To that end, a
sequencing batch reactor (SBR) operated under feast-famine conditions was fed with a
mixture of acetate and methanol. Methanol was used as model substrate for compounds
that do not give rise to PHA production in a feast-famine process. PHA production
from methanol has been reported for both pure cultures of Methylobacterium species
(Bourque et al., 1992} Kim et al., 1996} Yezza et al.,|2006) and microbial enrichment cul-
tures (Dobroth et al., 2011} [Mockos et al.} [2008), but only under nutrient-limited con-
ditions and only relatively small amounts. There is no report on microbial enrichment
cultures storing industrially relevant amounts of PHA on methanol. Since methanol is a
toxic compound (Bourque et al.;|1992;Yezza et al.,|2006) the impact of this compound on
the kinetic behavior, i.e., growth and PHA production, of Plasticicumulans acidivorans
was studied as well.
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3.2. MATERIALS AND METHODS

3.2.1. SBR FOR ENRICHMENT OF A PHA-PRODUCING CULTURE

To enrich and maintain the PHA-producing microbial culture, a double-jacket glass biore-

actor with a working volume of 2 L (Applikon, Netherlands) was used. The basic setup

and operation of the reactor were the same as described by Johnson et al.| (2009a). The

reactor was operated as a non-sterile SBR with 12-h cycles, each consisting of a start

phase (5 min), feeding phase (10 min), reaction phase (685 min), and effluent phase

(20 min). The exchange volume was 1 L and there was no settling phase, so the solids
retention time (SRT) equaled the hydraulic retention time (HRT) and both were 1 day.

The air flow rate to the reactor was set to 0.2 Ly-min™

using a mass flow controller
(Brooks Instrument, USA). The total gas flow rate through the reactor was increased
to 1.4 Ly-min! by partial recirculation of the off-gas. The temperature in the reactor
was controlled at 30+1°C using a thermostat bath (Lauda, Germany), and the pH was
maintained at 7.0+0.1 by the addition of 1 M HCI and 1 M NaOH. Controlling of the
pumps and pH was done by a biocontroller (ADI 1030, Applikon, Netherlands).

Aerobic activated sludge from the municipal wastewater treatment plant Kraling-
seveer in Rotterdam (Netherlands) was used to inoculate the SBR. During each cycle 1 L
of fresh medium was dosed into the reactor. The carbon source herein was a mixture of
sodium acetate and methanol (13.5 and 27 mM respectively). The other chemical com-
pounds in the medium were: 6.75 mM NH,4Cl, 2.49 mM KH,POy, 0.55 mM MgSO,4-7H, 0,
0.72mM KCl, 1.5 mL-L! trace elements solution according to|Vishniac and Santer{(1957),
and 5 mg-L! allylthiourea (to prevent nitrification).

The enrichment culture was considered stable, or at stable operational performance,
when the length of the feast phase and the concentration of total suspended solids (TSS)
at the end of the cycle had become constant for at least 5 days. After several weeks of
stable operation cycle experiments (in duplicate) were conducted to characterize the
operational performance of the SBR. In addition, biomass from the SBR was collected
for accumulation experiments and analysis of the microbial community structure.

3.2.2. FED-BATCH REACTOR FOR PHA ACCUMULATION

To evaluate the PHA storage capacity of the obtained enrichment culture, accumulation
experiments were performed, in duplicate, in another double-jacket glass bioreactor
(Applikon, Netherlands) operated as a non-sterile fed-batch reactor. The reactor, with
aworking volume of 2 L, was operated at the same aeration rate, pH, and temperature as
the SBR. At the beginning of each experiment the reactor was filled with 1 L biomass from
the enrichment SBR, and 1 L of carbon- and ammonium-free medium (otherwise the
same composition). The production of PHA was initiated by feeding a pulse of the sub-
strate mixture on which the culture had been enriched: 25 mmol sodium acetate and 50
mmol methanol. Further carbon source was continuously supplied to the reactor via pH
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control, using a solution of 1.5 M acetic acid and 1.5 M methanol instead of the 1 M HCl
solution used in the SBR (Johnson et al.} 2009a). In the nitrogen-limited experiments,
no further ammonium was supplied and microbial growth was limited by the amount
of ammonium remaining from the preceding SBR cycle. During the two nitrogen-excess
experiments, ammonium (0.56 M) was dosed along with the acetic acid and methanol in
a C:N ratio of 8. When necessary a few drops of antifoam B (Sigma-Aldrich) were added.
After 8 h the experiments were stopped.

3.2.3. ANALYTICAL METHODS

During the cycle and accumulation experiments the reactor was monitored closely by
both online (dissolved oxygen, temperature, pH, acid and base dosage, off-gas O, and
CO») and offline (substrate, ammonium, TSS, PHA) measurements.

Samples taken to determine the substrate and ammonium concentration in the reac-
tor were immediately filtered with a 0.45 um pore size filter (PVDF membrane, Millipore,
Ireland) to remove the biomass. The ammonium concentration in the supernatant was
determined spectrophotometrically using a commercial cuvette test kit (Hach Lange,
Germany). The acetate concentration was analyzed using a high-performance liquid
chromatograph (HPLC) with a BioRad Aminex HPX-87H column and a UV detector (Wa-
ters 484, 210 nm). The mobile phase, 1.5 mM H3PO, in Milli-Q water, had a flow rate of
0.6 mL-min"! and a temperature of 59°C. The methanol concentration was determined
using a gas chromatograph (Thermo Scientific Focus GC, USA) equipped with a flame
ionization detector (FID) and a HP-INNOWax column. Pentanol was used as internal
standard.

The biomass concentration in the reactor was measured as TSS. The samples were
collected in 15 mL tubes with five drops of formaldehyde (37%) to stop all biological
activity and centrifuged at 4500 rpm (3850g) for 10 minutes. After removing the su-
pernatant and pre-freezing the samples (-20°C) the samples were freeze dried overnight
(-40°C, 107! atm). Subsequently, the PHA content of the freeze-dried biomass was deter-
mined using a gas chromatograph (Agilent 6890N, USA) equipped with a flame ioniza-
tion detector (FID) and a HP-INNOWax column. A detailed description of the procedure
can be found elsewhere (Johnson et al.,|2009a). The PHA content of the cells, expressed
as the weight percentage PHA of TSS, was calculated using pure PHB (Sigma-Aldrich,
CAS 26063-00-3) as standard, and benzoic acid as internal standard. The determined
PHA content was subtracted from the TSS to obtain the concentration of active biomass
in the reactor. The biomass composition was assumed to be CH; §Og 5Np.2 and its molec-
ular weight 25.1 g-Cmol™! (including ash).
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3.2.4. DATA TREATMENT AND CALCULATIONS
The gathered online and offline data were corrected for effects of sampling, the addi-
tion of liquids, and inorganic carbon dissolution, according to the approach proposed
by [Johnson et al.| (2009b). After correcting the data using Microsoft Excel, carbon and
electron balances were setup to assess the accuracy of the measurements.

Average biomass-specific rates (g-rates) during the feast and famine phase were cal-
culated from the change in a compound’s concentration (c;) over a certain period and
the average biomass concentration (cy) during this period, as shown in Eq.

n

a=(3 Ci(tn+1) — ci(tn)
C g 05 (ex (tne1) + ex ()

[ (ty — t1) 3.1

An estimate of the PHA content in P, acidivorans specifically (PHAp,) was obtained
from the measured overall PHA content (PHA,y,;) and the fraction of P acidivorans in
the overall biomass (fp,,) using Eq. previously published by|Jiang et al.|(2012).

PHAOther —PHApa. - PHAOther + PHApPG. - fpa. — PHAOher * fPa.
-1
PHApq —PHApq - foa. + PHAother - (fra.)

PHAota1 = — (3.2)

3.2.5. MICROBIAL COMMUNITY ANALYSIS

In order to analyze the microbial composition of the enrichment culture, biomass sam-
ples were collected from the SBR and fed-batch reactor, and washed with TE buffer.
The genomic DNA was extracted using the Ultra Clean Soil DNA extraction kit (MoBio
Laboratories, USA) and subsequently used as template DNA for PCR-DGGE (biomass
samples SBR) or qPCR (samples fed-batch reactor).

For identification of the different community constituents by DGGE, 16S rRNA gene
fragments were obtained using a “touchdown” PCR program with the primers 341F-
GC and 907R (Table (Schafer and Muyzer;, 2001). The 16S rRNA gene amplicons
were loaded onto 8% polyacrylamide gels with a denaturing gradient from 20% to 70%
DNA denaturants (100% denaturants is a mixture of 5.6 M urea and 32% formamide)
(Schafer and Muyzer, 2001). The DNA was visualized by UV illumination after stain-
ing with SYBR® Safe, and photographed with a digital camera. Individual bands were
excised from the gel with a sterile razor blade and incubated overnight in 50 uL water
at 4°C. Re-amplification was performed using the same primer pair (Table and the
PCR products were sequenced by a commercial company (Macrogen, South Korea). The
sequences have been stored in GenBank under accession numbers: KJ198897-KJ198899.

During the accumulation experiments the relative abundance of P acidivorans in the
total enrichment culture (fp,) was analyzed by qPCR. The extracted genomic DNA was
amplified using two primer pairs: 518F/907R and 518F/UCB823R (Table3.1). The first
was used to quantify the total amount of bacteria in the samples, and the second to
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Table 3.1: Oligonucleotide probes for FISH analysis and primers for (q)PCR analysis used in this study.

Code Function Sequence (5’-3’) Specificity Reference

EUB3381 Probe gct gee tee cgt agg agt Bacteria Amann et al.|(1990]
EUB33811  Probe gca gcc acc cgt agg tgt Bacteria Daims et al.|(1999)
EUB3381II Probe gct gee acce cgt agg tgt Bacteria Daims et al.|(1999)
UCB823 Probe cct ccc cac cgt cca gtt P acidivorans |Johnson et al.|(2009a)
341F-GC Primer cct acgg gag gca gecag* Bacteria Schéfer and Muyzer|(2001}
518F Primer cca gca gec geg gta at Bacteria Muyzer et al.|(1993)

907R Primer ccgtca att cmt ttg agt tt  Bacteria Schéfer and Muyzer|(2001)
UCB823R  Primer cct ccc cac cgt cca gtt P acidivorans |Jiang et al.|(2011a)

* Contains GC-clamp (5’-cgcccgeegegeccecgegeccgtececgecgececeegeecg-3’) at the 5’ end of the primer.

quantify P acidivorans. The qPCR was performed with the iQ™ SYBR® Green Supermix
Kit (Bio-Rad, USA). Each reaction system was composed of 10 uL. SYBR® Green Master-
mix, 0.2 uL forward primer, 0.2 uL reverse primer, 0.4 uL. DNA template, and 9.2 pL H,O.
The PCR program comprised: 5 min at 95°C, 40 cycles of 30 s at 94°C, 30 s at 57°C and
1 min at 72°C, followed by a final elongation step for 10 min at 72°C, and termination
at 4°C. DNA of P, acidivorans was used to make calibration curves for both primer pairs,
relating the SYBR® fluorescence signal to the amount of DNA.

In addition to the PCR-DGGE and qPCR, FISH was performed to validate the results.
A detailed description of the procedure can be found in [Johnson et al.| (2009a). The
probes used in this study are listed in Table They were commercially synthesized
and 5’ labeled with either FLUOS or the sulfoindocyanine dye Cy5 (Thermo Hybaid in-
teractive, Ulm, Germany). The general probe mixture EUB338I-1II was used to visualize
all bacteria in the sample, and the specific probe UCB823 to indicate the presence of
P acidivorans. Post-staining with Nile blue A was performed to identify the bacterial
species involved in PHA synthesis (Johnson et al.,2009a).

3.3. RESULTS

3.3.1. CULTURE ENRICHMENT AND CHARACTERIZATION

The SBR was fed with a 1:1 Cmol mixture of sodium acetate and methanol, and operated
at an SRT of 1 day and a cycle length of 12 h. The reactor was operated for 4.5 months (=
135 SRTs). Few cycles after inoculation with activated sludge, the typical feast-famine
profile of dissolved oxygen (DO) was established. The feast phase was characterized
by a stepwise increase of the DO (Figure 3.I). When the reported experiments were
performed - during the last month of operation - the first increase was observed after
36 (+3) min, when acetate was depleted. The second increase, caused by the depletion
of methanol, followed roughly 1.5 h later: after 125 (+8) min. These values reflect the
strongly different acetate and methanol uptake rate in the system. The small standard
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deviations for the length of the feast phases (only 7%) demonstrate the operational sta-
bility.

During the first 36 min of the feast phase, the average biomass-specific substrate
uptake rate was 1.7 Cmol-Cmol ™' -h™!. Acetate — taken up much faster than the methanol
— accounted for 83% of the carbon consumption during this period. Around half of the
consumed carbon (49%) was converted to PHA, and the PHA content of the overall cul-
ture reached 30 wt.%. Besides for PHA production a significant fraction of the substrate
was used for growth (11%) and another 30% of the substrate was traced back as carbon
dioxide.

The second part of the feast phase was characterized by fast growth. The only exter-
nal substrate available was methanol: 80% of the initially dosed methanol still remained
in the reactor liquid and was taken up at an average specific rate of 0.3 Cmol-Cmol !-h!.
This was similar to its uptake rate during the first part of the feast phase. In addition,
PHA started to be degraded. The simultaneous growth on PHA and methanol led to an
increase of the average biomass-specific growth rate and 44% of the total ammonium
consumption occurred during this period (Figure 3.1). After methanol depletion, i.e.
during the famine phase, only the growth on stored PHA continued and the average
specific growth rate dropped to 0.02 Cmol-Cmol !-h™!.

Analysis of the enrichment culture by FISH and DGGE (Figure [3.2a,b) showed the
presence of two dominant bacterial species: Plasticicumulans acidivorans (band 2, 100%
similarity) and Methylobacillus flagellatus (band 1, 98.6% similarity). The first has been
found in several PHA-producing enrichment cultures on acetate before (Johnson et al.,
2009a; Jiang et al., 2011bjajc) and can produce up to 89 wt.% PHA. It was isolated and
characterized by Jiang et al.| (2011d), and cannot use methanol as carbon and energy
source. The second, M. flagellatus, is an obligate methylotroph using the ribulose mono-
phosphate (RuMP) pathway for carbon assimilation (Chistoserdova et al.,2007). It has a
high biomass yield and growth rate compared to methylotrophs using the serine cycle,
but cannot store PHA (Baev et al., [1992; |Chistoserdova et al., |2007; Follner et al., [1993),
as confirmed by post-staining with Nile blue A (Figure[3.2c). Band 3 is likely an artifact
(Schéfer and Muyzer, 2001) and yielded a noisy sequence identical to that of band 1.

3.3.2. SHORT-TERM EXPERIMENTS WITH SINGLE SUBSTRATES

To determine if the kinetics of P acidivorans are affected by methanol, duplicate short-
term cycle experiments with sole acetate were performed (Figure [3.3p). The specific
acetate uptake rate (1.2 Cmol-Cmol !-h!) was comparable to that during a normal cycle
and after 35 min the acetate was depleted. The overall PHA content reached 29 wt.% at
this point. Different from a normal SBR cycle, when both acetate and methanol are fed,
little growth was observed. Of the dosed carbon, 66% was found back in PHA, 33% in
carbon dioxide, and only 2% in active biomass. After acetate depletion, the accumulated
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Figure 3.1: Results of a cycle experiment during normal operation of the SBR. The acetate present in the reactor
(Cmmol) is represented by red squares, methanol (Cmmol) by pink diamonds, active biomass (Cmmol) by
black triangles, ammonium (mmol) by green asterisks, and PHB (wt.%) by yellow circles. The blue line displays
the dissolved oxygen level (%) in the reactor liquid.

Figure 3.2: DGGE gel and FISH microscopic photographs of the enrichment culture on mixed acetate and
methanol. (a) DGGE gel of PCR-amplified 16S rRNA gene fragments from the enrichment culture in lane
1. SmartLadder (Eurogentec) was loaded in lane II. The bands labeled 1-3 were excised and re-amplified for
microbial identification. (b) Fluorescence microscopy image of a sample taken from the SBR at the end of the
feast phase. The biomass was stained with a FLUOS-labelled probe for Eubacteria (EUB338I-11I, green) and
Cy5-labelled probe for P acidivorans (UCB823, blue). (c) An overlay of a phase contrast image and fluorescence
microscopy image of the same field post-stained with Nile blue A to indicate the presence of PHA.
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Figure 3.3: Results of short-term cycle experiments using sole acetate (Ac) or sole methanol (MeOH) as
substrate. The acetate present in the reactor (Cmmol) is represented by red squares, methanol (Cmmol) by
pink diamonds, active biomass (Cmmol) by black triangles, and PHB (wt.%) by yellow circles. The blue line
displays the dissolved oxygen level (%) in the reactor liquid. The dashed, grey line shows the dissolved oxygen
level in the reactor liquid during a normal cycle of the SBR (see Figure.

PHA was used for biomass synthesis.

Similarly, two short-term cycle experiments were performed with sole methanol (Fig-
ure ). Like in a normal SBR cycle, methanol was consumed in 137 min, at an aver-
age specific uptake rate of 0.4 Cmol-Cmol'-h'!. No PHA formation was observed: all
methanol was directly used for growth and maintenance. After methanol depletion,
biomass formation stopped and the respiration rate dropped to around 5% of its initial
value. Growth or maintenance on PHA was considered negligible, since the overall PHA
content at the start of the experiment was less than 1 wt.%.

These short-term experiments with sole acetate and sole methanol confirmed that
the kinetic behavior of the overall culture was a summation of two separate popula-
tions: a PHA-producing population on acetate and a non-PHA-storing population on
methanol. This has previously also been observed for a microbial enrichment culture on
mixed acetate and lactate (Jiang et al., [2011c). In that case both populations did store
PHA.

3.3.3. PHA MAXIMIZATION IN PRESENCE AND ABSENCE OF AMMONIUM

To evaluate the PHA production rate and capacity of the enrichment culture, fed-batch
accumulation experiments were performed. Initial experiments were performed under
N-limited conditions, while the carbon source, 1.5 M HAc and 1.5 M MeOH, was contin-
uously supplied to the reactor via pH control. The acetate concentration in the reactor
was thus maintained at 14 (+1) mM, while the methanol concentration slowly increased
from 25 to 45 mM at the end of the experiment. During the first hour of the experiment,
the small amount of ammonium remaining from the preceding SBR cycle was consumed
and used for biomass synthesis (Figure[3.4). After that, only a limited increase in active —
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i.e. non-PHA - biomass was observed. After 6 h, a maximum PHA content of 66 wt.% was
obtained in the overall culture (Figure[3.5). The production of PHA was fully ascribed
to P acidivorans. Although methanol consumption accounted for almost a quarter of
the total carbon uptake, Nile blue A staining confirmed that the methylotrophic popula-
tion did also not accumulate PHA under nutrient-limited conditions (data not shown).
Based on the theoretical yields for growth on methanol (0.66 Cmol-Cmol}, van Dien
and Lidstrom), 2002) and growth via PHA on acetate (0.45 Cmol-Cmol!, Johnson et al.,
2009b) the fraction of P acidivorans in the enrichment culture (fp;) was estimated at
0.4 Cmol-Cmol ™. This value was consistent with the FISH (Figureand 3.6) and qPCR
results (Figure[3.7). Assuming that the fraction was constant throughout the experiment,
due to the ammonium limitation, the PHA content of P, acidivorans could be calculated
using Eq. As shown in Figure[3.5|by the red, dashed line, the final PHA content in P
acidivorans was around 83 wt.%.

To mimic the use of a nitrogen-rich waste stream additional accumulation exper-
iments were performed in which ammonium was dosed together with the carbon, in
a C:N ratio identical to that in the SBR feed (8 Cmol-mol™!). Due to the presence of
ammonium in the feed, its supply to the reactor via pH control did not fully maintain
the acetate concentration in the reactor: it slowly decreased from 14 mM to almost zero
when the experiment was stopped after 7 h. The methanol concentration in the reactor
initially increased slightly, from 25 to 27 mM, as also observed during the N-limited
accumulation experiments. After 2 h, the methanol concentration started to decrease, to
2 mM when the experiment was stopped. In these N-excess experiments, the maximum
PHA content of the overall enrichment culture was lower and reached earlier: 52 wt.%
after 4 h (Figure 3.5). Afterwards the amount of PHA in the reactor kept increasing.
As shown in Figure P acidivorans still accumulated large amounts of PHA under
N-excess conditions and the absolute amounts of PHA accumulated during both exper-
iments were comparable. That the PHA content of the culture started to decrease after 4
h, was due to unrestricted growth of the methylotrophic population: the methanol and
ammonium uptake rate (mol-h'!) increased over time, while the acetate uptake rate was
more or less constant (Figure.

The fraction of P acidivoransin the overall culture (fp, ) was analyzed by qPCR through-
out both sets of accumulation experiments (Figure[3.7). Where under N-limited condi-
tions the fraction of P acidivorans was more or less constant, this clearly decreased under
N-excess conditions. This was consistent with the FISH results (Figure[3.6).

3.4. DISCUSSION

3.4.1. P acidivorans UNAFFECTED BY PRESENCE METHANOL
The experiments in this study showed that P acidivorans was unaffected by the presence
of methanol at concentrations of 15 to 45 mM. The cycle experiments with sole acetate
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Figure 3.4: Results of a representative accumulation experiment with acetate and methanol under N-limited
and N-excess conditions, respectively. The cumulative consumption of acetate (Cmmol) and carbon (acetate
plus methanol, Cmmol) is represented by grey crosses and black asterisks, respectively. The cumulative
production of PHA is represented by yellow circles, PHA and active biomass by green triangles, and PHA, active

biomass and carbon dioxide by blue circles.
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Figure 3.5: Accumulation of PHB, as weight percentage of TSS, in the overall culture under N-limited (black
diamonds) and N-excess conditions (grey triangles). The dashed, black line indicates the estimated PHB
content in P acidivorans under N-limited conditions — these values were calculated using Eq. and assuming
a constant fp, of 0.4 Cmol-Cmol™!. Shown data are the average of duplicate experiments, with error bars
indicating standard deviations.
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Figure 3.6: FISH microscopic photographs of the enrichment culture on mixed acetate and methanol. The
samples were taken at the end of an accumulation experiment under N-limited (a) and N-excess conditions
(b), respectively. The biomass was stained with a Cy5-labelled probe for Eubacteria (EUB338I-III, blue) and
FLOUS-labelled probe for P, acidivorans (UCB823, green).
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Figure 3.7: Relative abundance of P, acidivorans in the total biomass during accumulation experiments under
N-limited (black diamonds) and N-excess conditions (grey triangles), as determined by qPCR. Shown data are

the average of duplicate experiments, with error bars indicating standard deviations. The dashed lines indicate
the trend.
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(Figure [3.3p) and mixed acetate and methanol (Figure gave similar results: under
both conditions the dosed acetate was consumed in around 36 min. This is also the same
as reported for previous enrichment cultures on acetate, dominated by P acidivorans
(Johnson et al.,|2009a; |Jiang et al.,2011a)c). To allow comparison of the specific acetate
uptake rate and maximum PHA content of P acidivorans during an SBR cycle, it has to be
taken into account that P, acidivorans forms only part of the total culture. If the overall
specific acetate uptake rate (1.4 Cmol-Cmol!-h"!) and PHA content (30 wt.%) measured
during the SBR cycle are corrected for the estimated fraction of P acidivorans in the total
biomass (40%), an estimated specific acetate uptake rate of 3.5 Cmol-Cmol!-h™! and
PHA content of 52 wt.% are found for P, acidivorans specifically. Both values are highly
similar to those reported in previous, P, acidivorans dominated, enrichment cultures on
acetate (Johnson et al.,2009a; Jiang et al., {201 1alc).

3.4.2. FEAST-FAMINE SELECTS NON-STORING METHYLOTROPHS

Although the presence of methanol did not affect the PHA production by P, acidivorans,
the enriched methylotroph in this study, M. flagellatus, did not store PHA. M. flagellatus
is an obligate methylotroph that uses the RuMP pathway for carbon assimilation. The
production of PHA from methanol has been associated with facultative methylotrophs,
using the serine cycle for carbon assimilation (Follner et al., {1993} Pieja et al., |[2011). It
is to be disputed whether it is possible to enrich these PHA-producing methylotrophs
in an SBR operated under true feast-famine conditions, i.e. when the competition is
purely based on substrate uptake rate. The serine cycle includes a carboxylation step,
where in the RuMP pathway all carbon is assimilated at the level of formaldehyde (Chis-
toserdova and Lidstrom, [2013). This difference makes that methylotrophs using the
RuMP pathway have a 30% higher theoretical biomass yield (Anthony, 1978; van Dien
and Lidstrom} 2002) and a significantly higher growth rate than those using the serine
cycle (Schrader et al.}|2009). Since the serine cycle is likely the rate-determining step in
both methylotrophic growth and PHA production (Smejkalova et al., 2010), these organ-
isms cannot increase their substrate uptake rate (gs) by diverting the methanol to the
synthesis of PHA instead of biomass. This is unlike P acidivorans, which can take up and
store acetate much faster than it can use it for growth. The reported maximum specific
growth and substrate uptake rate of Methylobacterium extorquens, a well-known PHA-
producing methylotroph, are 0.2 Cmol-Cmol!-h"! and 0.4 mol-Cmol!-h’!, for example
(Bourque et al.,|1995; Peyraud et al.,|2011). This organism will easily be outcompeted by
M. flagellatus, which can reach a specific growth rate of 0.7 Cmol-Cmol !-h™! (Baev et al.,
1992) and therefore at least double the substrate uptake rate.

The enrichment of PHA-producing methylotrophs has been reported, for example
by Dobroth et al.[(2011) and Mockos et al.[(2008). In both enrichment cultures the avail-
ability of an essential growth nutrient was limited: feast-famine conditions alone were
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reported insufficient to induce PHA production. Similarly, |Pieja et al.| (2011) and |Pfluger
et al.| (2011) studied the selection of PHA-producing methanotrophs, and reported the
use of N as sole nitrogen source, copper limitation, a low DO and low pH as ways to
select for type II, PHA-producing methanotrophs. Although such additional measures
are no problem when using a (virtually) single substrate, the limitation of an essential
growth nutrient might be neither possible nor desired when using a real waste stream,
containing many different compounds with different uptake rates. It remains to be eluci-
dated if it is possible to select for PHA-producing methylotrophs without compromising
the selection pressure for other PHA-producing bacteria when using a complex substrate
mixture, like wastewater.

3.4.3. IMPACT AMMONIUM ON PHA MAXIMIZATION

Various researchers have reported the prevention of growth, for example by ammonium
limitation, as essential to obtain high intracellular PHA contents (Bengtsson et al.,[2008b}
Johnson et al.,2010; |Serafim et al.,|2004). The presence of ammonium indeed reduced
the maximum PHA content of the culture from 66 wt.% to 52 wt.%, but this reduction was
due to growth of the non-storing, methylotrophic population: the fraction of P acidi-
vorans in the total biomass was shown to decrease significantly during accumulation
experiments with excess ammonium (Figure[3.7). P, acidivorans itself accumulated large
amounts of PHA (>80 wt.%) under both N-limited and N-excess conditions. Previous
experiments with a PHA-producing enrichment culture on butyrate already suggested
that also without nutrient limitation P, acidivorans stores large amounts of PHA (Marang
et al.;[2013). In those experiments 83-85 wt.% PHA was obtained while ammonium was
present in the reactor. We, therefore, suggest that the negative effect of ammonium avail-
ability during the accumulation step can merely be ascribed to unrestricted growth of the
non-storing population and not to behavior of P, acidivorans under these conditions. In
other words, in the case of microbial enrichment cultures obtained under feast-famine
conditions, nutrient limitation is not a prerequisite for obtaining a high PHA content, but
a way to restrict the growth of non-storing bacteria. If the final fraction of non-storing
bacteria in the culture can be restricted in a different way, the presence of ammonium in
itself is not a problem and high PHA contents can still be obtained.

3.4.4. REDUCING THE NON-STORING POPULATION

In previous reports on the co-enrichment of non-storing bacteria on waste and the re-
sulting reduction in overall PHA content (Albuquerque et al., |2007; Jiang et al., 2012;
Morgan-Sagastume et al.,2010), optimization of the pre-fermentation step, i.e. increas-
ing the fraction of VFAs, has been proposed as strategy to reduce the non-storing pop-
ulation. Depending on the waste stream it may not always be possible to achieve full
organic carbon conversion to VFAs. Additional strategies will, therefore, be necessary.
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Such a strategy could be the inclusion of a concentration step directly after depletion of
the compounds suitable for PHA production (VFAs, lactate, etc.). It was observed in this
study that when acetate was depleted, 80% of the dosed methanol still remained in the
reactor liquid. If a solid-liquid separation step would be included at this point, partial
discharge of the supernatant can remove a large part of the remaining external substrate
- methanol - from the system. Thus reducing the availability for and thereby the size of
the methylotrophic population. Since less methylotrophic biomass is formed, the next
cycle less methanol will be consumed. This strategy enables the selective removal of
substrates unsuitable for PHA production, and is currently being investigated in our lab.
The simple substrate mixture of acetate and methanol is a useful model substrate for the
development of such strategies.

3.5. CONCLUSION

The enrichment culture on acetate and methanol was dominated by two bacterial species:
P acidivorans, a known PHA producer, and M. flagellatus, an obligate methylotroph.
PHA production by P, acidivorans was not impeded by the presence of methanol, but
the presence of a non-storing, methylotrophic population reduced the PHA content of
the overall culture. Especially when ammonium was present during the accumulation
experiments, unrestricted growth of the methylotrophic population caused a significant
reduction of the overall PHA content. For successful PHA production from fermented
waste streams, strategies to restrict the size of the non-storing population need to be
developed. The simple substrate mixture of acetate and methanol is a useful model
substrate for the development of such strategies.

NOMENCLATURE
G concentration of compound i [(C)mmol-L]
fra. fraction P, acidivorans in the total active biomass [Cmol-Cmol 1]
PHAoumer  PHA content of the flanking microbial population (g-gl]
PHAp,, PHA content of P acidivorans lg-g]
PHA;,;s;  PHA content of the total biomass lggl]

gi average biomass-specific production rate of compoundi [(C)mol-Cmol!-h™!]







COMBINING THE ENRICHMENT
AND ACCUMULATION STEP

The process for non-axenic polyhydroxyalkanoate (PHA) production from organic waste
generally comprises three steps: acidogenic fermentation of the waste stream, enrichment
of a PHA-producing culture, and production of the PHA. This study assesses the feasibility
of combining the enrichment and production step. Harvesting PHA-rich biomass directly
from the sequencing batch reactor (SBR) used for enrichment of the microbial culture
reduces capital cost, but may increase downstream-processing cost if the PHA content is
significantly lowered. Operating an acetate-fed SBR at a volume exchange ratio of 0.75 (18
hcycles, 1d SRT) allowed the production of biomass with 70 wt. % poly(3-hydroxybutyrate)
(PHB) in a single-step process. By increasing the exchange ratio to 0.83 (20 h cycles) the
PHB content of the harvested biomass increased to 75 wt.%, but the operational stability
decreased. SBR operation at these high exchange ratios makes that bacteria have to in-
crease their growth rate and external substrate is available for relatively long periods. This
allows the establishment of larger flanking populations and negatively affected the kinetic
properties of Plasticicumulans acidivorans, the predominant organism. Maximizing the
volume exchange ratio is, therefore, a suitable strategy to produce large amounts of PHA in
the SBR, but does not ensure the enrichment of a culture with superior PHA productivity.

Published as: L. Marang, M.C.M. van Loosdrecht, and R. Kleerebezem. 2016. Combining the enrichment and
accumulation step in non-axenic PHA production: Cultivation of Plasticicumulans acidivorans at high volume
exchange ratios. Journal of Biotechnology 231, 260-267.
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4.1. INTRODUCTION

Polyhydroxyalkanoates (PHAs) are microbial storage polymers accumulated by many
different prokaryotes as an intracellular carbon and energy reserve (Steinbtichel, [1991;
Tan et al.}2014). The chemical properties of the polymer make it an interesting bioplastic
that is fully biodegradable (Chen, 2009). Moreover, the PHA monomers could serve as
chiral building blocks for the production of various biochemicals, and the hydroxy fatty
acid methyl esters could be used as a biofuel (Chen, |2009).

The commercially available PHA is generally produced using pure cultures of Cupri-
avidus necator — formerly Ralstonia eutropha (Vandamme and Coenye)} [2004) — or re-
combinant Escherichia coli, and glucose and propionic acid as substrate(Chen, [2009).
To reduce the production cost of PHA and allow broad application, various researchers
investigated the use of open microbial communities and waste organic carbon as sub-
strate (Albuquerque et al.,|2010b;|Bengtsson et al.,2008b;|Coats et al.,2007;|Dionisi et al.}
2005a; Jiang et al.,2012). The process for non-axenic PHA production from organic waste
consists of three steps: (1) acidogenic fermentation of the waste stream, (2) enrichment
of a PHA-producing culture, and (3) production of the PHA (Dionisi et al.} [2004; |Ser-
afim et al.} 2008). The first or acidogenic fermentation step (Temudo et al., 2007) aims
to convert the waste organic carbon, primarily carbohydrates, to a mixture of volatile
fatty acids. These acids are a more suitable substrate for PHA production (Reis et al.,
2003) and will be used as such in the following two steps. In the second step, an open
microbial community is enriched in bacteria with a high PHA storage capacity. This
enrichment step is performed in a sequencing batch reactor (SBR) operated under feast-
famine conditions, as intermittent substrate availability creates a competitive advantage
for bacteria that store substrate inside their cell as a reserve (Reis et al., 2003). Once a
stable culture is obtained, the SBR will be operated as a biomass production step and
the excess sludge used in step three: maximization of the PHA content of the biomass
in a (nitrogen-limited) fed-batch reactor (Johnson et al.,|2009a). PHA contents of 70-80
wt.% have been reported for the production of PHA from fermented waste streams like
molasses and paper or food industry effluents (Albuquerque et al., 2010b; Jiang et al.}
2012} |[Tamis et al.,[2014a). The highest PHA contents reported for microbial enrichment
cultures are around 90 wt.% and were obtained when using sole acetate or lactate as
substrate (Jiang et al., 2011c;[Johnson et al.,[2009a).

PHA-rich biomass could also be harvested directly from the enrichment reactor (Diori-
isi et al., |2007; Reis et al., |2003). During the feast phase of each SBR cycle, external
substrate is taken up and stored as PHA before it is used for growth. At the end of the feast
phase, part of the PHA-rich biomass could be harvested. Eliminating the separate accu-
mulation step (step 3) reduces the capital cost, but may lead to increased downstream-
processing cost as the maximum PHA content obtained in the SBR is generally much
lower (=50 wt.%) than that obtained after the fed-batch accumulation step. Jiang et al.
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(2011a) demonstrated that the PHA content at the end of the feast phase increases if
the number of cycles per solids retention time (SRT) is reduced. When they operated
the SBR at a volume exchange ratio of 0.5 (12 h cycles and 1 d SRT), 53 wt.% PHA was
accumulated during the SBR cycle. At a volume exchange ratio of 0.75 (18 h cycles), up
to 71 wt.% PHA was accumulated (Jiang et al.,2011a). Operating the SBR at a maximized
volume exchange ratio might, therefore, lead to sufficiently high PHA contents and allow
areduction in capital cost that outweighs increased downstream-processing costs.

The aim of this study was to assess the feasibility of combining the enrichment and
accumulation step in non-axenic PHA production. To that end, an aerobic SBR inocu-
lated with activated sludge was operated at a volume exchange ratio of 0.75, and later
0.83. The reactor was fed with acetate, and broth removal took place at the end of the
feast phase in order to harvest biomass rich in poly(3-hydroxybutyrate) (PHB). To pro-
mote growth on stored PHB, the dosage of carbon and nutrients was uncoupled: growth
nutrients, including ammonium, were supplied after the effluent phase. The effect of
these operational conditions on the enrichment and kinetic performance of Plasticicu-
mulans acidivorans (Jiang et al., 2011d) was studied.

4.2. MATERIALS AND METHODS

4.2.1. SBR FOR CULTURE ENRICHMENT AND PHB PRODUCTION

The enrichment and maintenance of a PHB-producing culture and the production of
PHB were performed in a single double-jacket glass bioreactor with a working volume of
2 L (Applikon, Netherlands). The reactor was operated as a non-sterile SBR with, initially,
18-h cycles. The exchange volume was 1.5 L, resulting in a volume exchange ratio of 0.75
and hydraulic retention time (HRT) of 1 day. As there was no settling phase, the SRT
equaled the HRT. To allow the harvest of PHB-rich biomass, biomass was withdrawn
from the reactor at the end of the feast phase. Each SBR cycle consisted of a carbon
feed phase (15 min), reaction phase (125 min), effluent phase (20 min), nutrient feed
phase (15 min), and second reaction phase (905 min). During the carbon feed phase
150 mL concentrated sodium acetate solution (0.83 M) was dosed into the reactor. After
the effluent phase, the reactor was refilled with 1.35 L fresh medium comprising 5.82
mM NH,C], 2.77 mM KH,POy, 0.62 mM MgS0O,4-7H,0, 0.80 mM KCl, 1.67 mL-L! trace
elements solution according to Vishniac and Santer| (1957), and 5.5 mg-L! allylthiourea
(to prevent nitrification).

The reactor was equipped with a stirrer with three standard geometry six-blade tur-
bines, operated at 900 rpm. The air flow rate to the reactor was set to 0.5 Ly-min™!
using a mass flow controller (Brooks Instrument, USA). The total gas flow rate through
the reactor was increased to 3.0 Ly-min’! by partial recirculation of the off-gas. The
temperature in the reactor was controlled at 30+1°C using a thermostat bath (Lauda,
Germany), and the pH was maintained at 7.0+0.1 by the addition of 1 M HCl and 1 M
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NaOH. Controlling of the pumps, stirrer, airflow, temperature, and pH was done by a
biocontroller (Biostat Bplus, Sartorius Stedim Biotech, Germany).

Aerobic activated sludge from the municipal wastewater treatment plant Kraling-
seveer (Rotterdam, Netherlands) was used to inoculate the SBR. The reactor was op-
erated for almost 4 years and cleaned once or twice a week to remove biofilm from the
walls, electrodes, and other submerged reactor parts. The performance was monitored
online by the length of the feast phase, which can be derived from the dissolved oxygen
profileJiang et al.|2011c| Periodically, samples were collected to determine the biomass
and PHB concentration at the end of the feast phase, and cycle experiments were con-
ducted to characterize the enrichment culture in more detail. Moreover, biomass was
collected from the SBR for accumulation experiments and analysis of the microbial com-
munity structure.

After 3 years and 4 months of continuous operation, the cycle was prolonged to 20
h and the volume exchange ratio increased to 0.83 — maintaining an HRT and SRT of 1
day. The new SBR cycle consisted of a carbon feed phase of 17 min, reaction phase of 223
min, effluent phase of 18 min, nutrient feed phase of 17 min, and second reaction phase
of 925 min. The carbon feed consisted of 167 mL concentrated sodium acetate solution
(1.25 M), and after the effluent phase 1.50 L fresh medium (unchanged composition)
was added. The reactor was operated at 20-hour cycles for 6.5 months and monitored as
before.

4.2.2. FED-BATCH REACTOR FOR ACCUMULATION EXPERIMENTS

To evaluate the maximum PHB storage capacity of the enrichment culture, accumu-
lation experiments were conducted in a similar double-jacket glass bioreactor (App-
likon, Netherlands) operated as a non-sterile fed-batch reactor. At the beginning of each
experiment the reactor was filled with 1.5 L effluent from the SBR, and 0.5 L carbon-
and ammonium-free medium (otherwise the same composition). If the effluent did not
contain residual acetate, the production of PHA was initiated by feeding a pulse of 60
mmol sodium acetate. Further carbon source was continuously supplied to the reactor
via pH control, using a 1.5 M acetic acid solution instead of the 1 M HCI solution used
in the SBR (Johnson et al.,2009a). As the ammonium concentration in the effluent was
zero, microbial growth was prevented throughout the experiment. When necessary a
few drops of antifoam B (Sigma-Aldrich) were added and after 10 h the experiments were
stopped.

4.2.3. ANALYTICAL METHODS

During cycle and accumulation experiments the reactor was monitored closely by both
online (dissolved oxygen, temperature, pH, acid and base dosage, off-gas O, and CO,)
and offline (acetate, ammonium, TSS, PHB) measurements.
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Samples taken to determine the acetate and ammonium concentration in the reactor
were immediately filtered with a 0.45 pm pore size filter (PVDF membrane, Millipore,
Ireland) to remove the biomass. The ammonium concentration in the supernatant was
determined spectrophotometrically using a commercial cuvette test kit (Hach Lange,
Germany). The acetate concentration was analyzed using a high-performance liquid
chromatograph (HPLC) with a BioRad Aminex HPX-87H column and a UV detector (Wa-
ters 484, 210 nm). The mobile phase — 1.5 mM H3PO, in Milli-Q water — had a flow rate
of 0.6 mL-min! and a temperature of 59°C.

Samples taken to determine the total suspended solids (TSS) and PHB concentration
in the reactor were collected in 15 mL tubes with five drops of formaldehyde (37%) to
stop all biological activity. The samples were centrifuged for 10 min at 4500 rpm (3850g)
before removing the supernatant and freezing the samples (-20°C). The samples were
subsequently freeze-dried for 24 h (-40°C, 104 atm) to yield the TSS. The PHB content of
the freeze-dried cells was determined using a gas chromatograph (Agilent 6890N, USA)
equipped with a flame ionization detector (FID) and a HP-INNOWax column. A detailed
description of the procedure can be found elsewhere (Johnson et al., |2009a). The PHB
content, expressed as the weight percentage PHB of TSS, was calculated using pure PHB
(Sigma-Aldrich, CAS 26063-00-3) as standard, and benzoic acid as internal standard. The
determined PHB content was subtracted from the TSS to obtain the concentration of
active biomass in the reactor. The biomass composition (excl. PHB) was assumed to be
CH; §0¢.5Np.2 and its molecular weight 25.1 g'Crnol'1 (including ash).

4.2.4. DATA TREATMENT AND MODELING

The data collected during cycle and accumulation experiments was evaluated according
to the approach proposed by [Johnson et al.| (2009b). The gathered online and offline
measurements were corrected for the air pressure and effects of sampling, the addition
of liquids, and inorganic carbon dissolution. After correction, carbon and electron bal-
ances were setup to assess the accuracy of the measurements. On average 96% (+5)
of the carbon and 99% (+6) of the electrons present in the substrate could be traced
back in the active biomass, PHB, and carbon dioxide production or oxygen consump-
tion. Finally, the corrected data was evaluated using a metabolic model to determine
the biomass-specific reaction rates and other kinetic parameters. The metabolic re-
actions, stoichiometry, and kinetic equations can be found in Johnson et al.| (2009b).
The efficiency of the oxidative phosphorylation (P:O ratio) was assumed to be 2.0 mol
ATP/mol NADH. The half-saturation constants for acetate (Ka.) and ammonium (Ky) —
both acting merely as a switch function — were set to 0.2 Cmmol-L™! and 0.0001 mmol-L,
respectively.

The initial data treatment was performed in Microsoft Excel. The metabolic model
was written in Matlab™ (Mathworks, USA), where the built-in function odel 13 was used
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to solve the differential equations and fmincon was used to minimize the sum of the
squared relative error (SSqQRE) between the measured and modeled data. For each com-
pound (acetate, biomass, PHB, NH4*, CO2, and O,) the SSqRE was calculated according
to Eq. These squared relative errors were subsequently summated to yield the overall
error.

t C(neasure(t)_cgnodel(t) 2

SSqRE; =) | —

s Cimodel(t) (4.1)

4.2.5. MICROBIAL COMMUNITY ANALYSIS

In order to analyze the microbial community structure by PCR-DGGE, biomass sam-
ples were collected from the SBR and washed with TE buffer. The genomic DNA was
extracted using the Ultra Clean Soil DNA extraction kit (MoBio Laboratories, USA) and
subsequently used as template DNA. 16S rRNA gene fragments of the different com-
munity constituents were obtained using a touchdown PCR program with the primers
341F-GC and 907R (Table[d.I) (Schifer and Muyzer,2001). The 16S rRNA gene amplicons
were loaded onto 8% polyacrylamide gels with a denaturing gradient from 20 to 70%
DNA denaturants (100% denaturants is a mixture of 5.6 M urea and 32% formamide)
(Schéfer and Muyzer, 2001). The DNA was visualized by UV illumination after stain-
ing with SYBR® Safe, and photographed with a digital camera. Individual bands were
excised from the gel with a sterile razor blade and incubated overnight in 50 pL water at
4°C. Re-amplification was performed using the same primer pair (Table[4.1) and the PCR
products were sequenced by a commercial company (BaseClear, Netherlands). The se-
quences have been stored in GenBank under accession numbers: KT634309-KT634310.

In addition to the PCR-DGGE analysis, FISH was performed to confirm the predom-
inance of P acidivorans on a more regular basis. A detailed description of the procedure
can be found in[Johnson et al.[(2009a). The general probe mixture EUB338I-III was used
to visualize all bacteria in the sample and the specific probe UCB823 to indicate the
presence of P acidivorans. The probes (Table were commercially synthesized and
5’ labeled with respectively FLUOS and the sulfoindocyanine dye Cy5 (Thermo Hybaid
interactive, Germany).

4.3. RESULTS

4.3.1. CULTURE ENRICHMENT AND MICROBIAL CHARACTERIZATION

The SBR operated in this study — serving the simultaneous enrichment of a PHB-pro-
ducing culture and production of PHB - was fed with acetate as model substrate. It
was, initially, operated at a volume exchange ratio of 0.75 (i.e. 18 h cycles and 1 d SRT).
The typical feast-famine response established immediately after inoculation with acti-
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Table 4.1: Oligonucleotide probes for FISH analysis and primers for PCR-DGGE analysis used in this study.

Code Function Sequence (5’-3’) Specificity Reference

EUB338 1 Probe gct gec tec cgt agg agt Bacteria Amann et al.|(1990]
EUB3381I  Probe gca gcc acc cgt agg tgt Bacteria Daims et al.|(1999)
EUB3381II Probe gct gec acc cgt agg tgt Bacteria Daims et al.|(1999)
UCB823 Probe cct ccc cac cgt cca gtt P acidivorans |Johnson et al.|(2009a}
341F-GC Primer cctacg gga ggc agcag*  Bacteria Schéfer and Muyzer|(2001)
907R Primer ccg tca att cmt ttg agt tt  Bacteria Schéfer and Muyzer (2001}

* Contains GC-clamp (5’-cgcccgecgegecccgegeccgteecgecgeccccgeeeg-3') at the 5” end of the primer.
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Figure 4.1: Performance of the SBR during the final six months of operation at 18 h cycles. Black diamonds
indicate the length of the feast phase (min), grey triangles the PHB content of the harvested biomass (wt.% of
TSS). The grey asterisks on the x-axis indicate when cycle and/or accumulation experiments were conducted.

vated sludge, but the feast phase length remained relatively long and variable (5.5+0.9
h) throughout the first months of operation (not shown). After eight months the feast
phase length had decreased to around 180 min. It took almost two years (23 months),
though, to reach a stable and final feast phase length of 128 (+12) min. During the 16-
month operational period thereafter, the reactor performance remained stable. Figure
[4.1]shows the feast phase length during the last six months of operation.

Analysis of the microbial community structure by FISH after 9 and 20 months of
operation showed that the enrichment culture was dominated by P, acidivorans (Figure
[4.2a,b). Small but not negligible fractions of other bacteria were also present, especially
in the first sample. At the end of the stable operational period, the continued predom-
inance of P, acidivorans was confirmed by PCR-DGGE analysis (Figure [4.2, band B1,
99.8% similarity).




54 4. COMBINING THE ENRICHMENT AND ACCUMULATION STEP

a . M| 18" 20"
50 um

EUB338mix

(!

g
Bl B2

20 ym

EUB338mix

Figure 4.2: FISH microscopic photographs and DGGE gel. (a,b) Fluorescence microscopy images of the
enrichment culture after respectively 9 months (40x magnification) and 20 months (100x magnification)
of reactor operation at 18-h cycles. The biomass was stained with a FLUOS-labeled probe for Eubacteria
(EUB338I-1II, green) and Cy5-labeled probe for P acidivorans (UCB823, blue). (c) DGGE gel of PCR-amplified
16S rRNA gene fragments from the enrichment culture collected during operation at 18 h (lane 18" and 20 h
cycles (lane 20). SmartLadder SF (Eurogentec) was loaded in lane M. The bands labeled B1-2 were excised
and re-amplified for microbial identification. Previous analyses have shown that the bands just above B1-2
also belong to P, acidivorans (Jiang et al.}2011a).

4.3.2. SBR PERFORMANCE AT 18-HOUR CYCLES

To evaluate the kinetic performance of the enrichment culture in detail, multiple cy-
cle experiments — covering the feast (10) and/or famine phase (4) - were conducted
throughout the final 16-month operational period. Table gives an overview of the
main observed and model-derived variables that were obtained, while Figure[4.3|shows
the results of a single, representative feast and famine experiment.

The maximum biomass-specific acetate uptake rate (gac,max) of the culture was 2.15
(+0.17) Cmol-Cmol!-h’!. The consumed acetate was primarily stored as PHB (Ypyp ac
= 0.59 Cmol-Cmol!) and at the end of the feast phase the PHB content reached 70+1
wt.%. To promote the growth on stored PHB, growth nutrients — including ammonium -
were supplied after the feast phase and nitrogen availability during the feast phase was
limited. Direct growth on acetate was not prevented since the ammonium concentration
reached zero only shortly before substrate depletion. The maximum biomass-specific
growth rate on acetate (Umax) Was found to be 0.12 (+0.03) Cmol-Cmol!-h'! (Table.
Five percent of the consumed carbon was traced back as active biomass (Yxac = 0.05
Cmol-Cmol™!) and around 30% of the total ammonium consumption occurred during
the feast phase.

After 140 minutes, 75% of the broth liquid was removed from the reactor — to harvest
the PHB - and replaced by fresh medium. In the period between substrate depletion and
fresh nutrient supply (+0.5 h) already a slight reduction in the PHB content was observed
(1-2 wt.%, data not shown). After nutrient supply, the accumulated PHB was rapidly
degraded and used for biomass synthesis. The initial biomass-specific growth rate was
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Figure 4.3: Results of a cycle experiment during normal SBR operation at 18 h cycles. The symbols represent
measured data, the lines modeled data.

around 0.2 Cmol-Cmol!-h!, but this slowed down as the intracellular PHB content de-
creased towards 3+1 wt.% at the end of the cycle. The average biomass-specific growth
rate during the famine phase was 0.07 Cmol-Cmol™h"! (Table[4.2).

4.3.3. SBR PERFORMANCE AT 20-HOUR CYCLES

After 39 months of operation the volume exchange ratio of the reactor was increased
to 0.83 (i.e. 20 h cycles and 1 d SRT). The reactor was not re-inoculated with activated
sludge and no clear adaptation period was observed (Figure[4.4). The feast phase length
and its variability increased considerably: throughout reactor operation (6.5 months) the
feast phase length was 354+40 min. Analysis of the microbial community structure by
PCR-DGGE (after 2 months, Figure[4.2k) and FISH (after 6 months, not shown) showed
that P, acidivorans remained the predominant microbial species. The sequence derived
from band B2 (Figure ) showed 99.8% similarity to that of P acidivorans.

As before, cycle experiments — covering the feast (6) and/or famine phase (3) — were
conducted to evaluate the kinetic parameters of the enrichment culture. The results of a
representative feast and famine experiment are shown in Figure[4.5} and an overview of
the observed and model-derived variables is given in Table[4.2] The acetate was taken up
slower than in the first, 18 h setup: the maximum biomass-specific acetate uptake rate
(gac,max) was only 1.34 (+0.14) Cmol-Cmol!-h"l. Nevertheless, the consumed acetate
was largely stored as PHB (Ypppac = 0.56 Cmol-Cmol!) and upon substrate depletion
the PHB content reached 75+3 wt.%. The nitrogen availability during the feast phase
was limited and ammonium got depleted after roughly 3 h. Despite the absence of
ammonium during a significant part of the feast phase, the role of biomass growth in-
creased: 40% of the overall ammonium consumption occurred during the feast phase.
The biomass yield (Yx ac) and maximum specific growth rate on acetate (tmax) increased
slightly to 0.07 Cmol-Cmol ™! and 0.14 (+0.02) Cmol-Cmol!-h"!, respectively.

The effluent phase started 4 h after the start of the cycle. At that point, not all acetate
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Table 4.2: Overview of observed variables, and model-derived yields and biomass-specific rates during normal
SBR operation and accumulation experiments. The presented average values and standard deviation for the
SBR are based on the results of at least three experiments. The accumulation experiments were performed in
duplicate.

SBR 1 SBR 2 SBR 3
12 h cycle 18 hcycle 20 h cycle
Jianget al.|(2011c) This study This study
SBR operation/Cycle experiments )
Observed
Length feast phase [min] 38 128 +12 354 +40
Length feast phase [% of CL] 5 12+1 30+3
PHB max. feast [wt. %] 52 70+1 75+3
PHB max. feast ~ [Cmol-Cmol™'] 1.3 2.8+0.2 3.6+0.6
Model-derived (feast)
Yprpac et [Cmol-Cmol'] 0.67 0.59 +0.01 0.56 = 0.02
Yy acteast [Cmol-Cmol™!] 0.00 0.05 +0.01 0.07 +0.02
Ycozaciest [Cmol-Cmol!] 0.33 0.36 +0.00 0.37+0.01
Ghcmax [Cmol-Cmol™-h™!] 4.38 2.15+0.17 1.34 +0.14
max ot [Cmol-Cmol!-h!] 0.00 0.12 +0.03 0.14 +0.02
mprpleast [mol-Cmol™-h!] 0.00 0.00 +0.01 0.00 +0.01
Model-derived (famine)
k [Cmol*3-Cmol M/3-h!] -0.16 -0.17 £0.01 -0.14 +0.02
pfamine max. [Cmol-Cmol'-h] 0.14 0.20 + 0.04 0.20 + 0.06
pfamine average [Cmol-Cmol!-h™!] 0.06 0.07 +0.01 0.08 +0.01
mprptamine [mol-Cmol-h!] 0.00 0.00 + 0.00 0.01 +0.01
Accumulation experiments
Observed
PHB max. acc [Wt.%)] 88 86+ 1 83+1
PHB max. acc [Cmol-Cmol ] 8.3 7.1+04 59+0.3
Time PHB max. (h] 9.2 10-12 11-14
Time PHB >80 wt.% (h] 4.2 4-5 6-7
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Figure 4.5: Results of a cycle experiment during normal SBR operation at 20 h cycles. The symbols represent
measured data, the lines modeled data.

had been consumed yet and the PHB content of the harvested biomass was 73+3 wt.%.
As afterwards the reactor was being refilled with ammonium-rich medium, the remain-
ing acetate was used for PHB production as well as fast biomass growth (Figure [4.5).
Once the acetate had been depleted, stored PHB was degraded and used for biomass
synthesis. The maximum and average biomass-specific growth rate during the famine
phase were, respectively, 0.2 and 0.08 Cmol-Cmol !-h"!. At the end of the famine phase
the PHB content had decreased to 9+4 wt.%. This is somewhat higher than observed in
the 18 h setup (this study) or previous studies (Jiang et al., 2011a), and suggests that the
growth rate on PHB has approached its maximum.
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of P acidivorans (Johnson et al.,|2009a).

4.3.4. PHB STORAGE CAPACITY

In addition to characterization of the normal SBR performance at 18 and 20 h cycle
length, the maximum PHB storage capacity of the enrichment culture was determined in
fed-batch accumulation experiments. Part of the SBR effluent was transferred to another
bioreactor, where additional carbon source (acetic acid) was supplied via pH control.
As the ammonium concentration in the SBR effluent was zero, these experiments were
conducted under ammonium-limited conditions. Figure[4.6shows the accumulation of
PHB during duplicate feast and accumulation experiments with biomass from the SBR
operated at 18 and 20 h cycles, respectively.

Biomass harvested from the 18 h setup had a maximum PHB storage capacity of 86+1
wt.% (Table[4.2). This is slightly lower than the PHB storage capacities previously re-
ported for P acidivorans predominated enrichment cultures (88-89 wt.%) by, e.g., John-
son et al.| (2009a) and Jiang et al.| (2011c). The maximum PHB content reached in the
culture enriched at 20 h cycles was further reduced: 83+1 wt.% after 11 h or more. Aside
from the lowered maximum PHB content, the PHB production rate also decreased con-
siderably. Where the culture enriched at 18 h cycles still accumulated 80 wt.% PHB in
4-5 h, the culture enriched at 20 h cycles required 6-7 h to reach this level (Figure[4.6|and
Table[4.2).
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4.4. DISCUSSION

4.4.1. ENRICHMENT PROGRESS

The enrichment of P, acidivorans in an acetate-fed SBR operated at 18 h cycles and 1
d SRT has been studied once before. [Jiang et al.| (2011a) reported a feast phase length
similar to that observed in this study, namely 137 min. However, contrary to the long
enrichment period in the present study (23 months), they reached this feast phase length
within a few weeks after inoculation with activated sludge. The fast stabilization of their
system may well be ascribed to the bioaugmentation with 1% P, acidivorans predomi-
nated biomass. The inoculated biomass originated from an enrichment reactor (SBR,
12 h cycles, 1 d SRT, 30°C) that had been running for several years and for which the
gradual increase of the culture’s kinetic performance has also been reported (Johnson
et al.,|2009a). Johnson et al| (2009a) presented three accumulation experiments — con-
ducted after respectively 2, 7, and 16 months of operation — that show a clear increase
of the biomass-specific PHB production rate and the PHB storage capacity over time.
Furthermore, the feast phase was reported to last 50 min (Johnson et al., [2009a), while
later a feast phase length of 38 min has been reported for the same enrichment culture
(Jiang et al.}|2011c).

The timescale of the current enrichment period (2 years), together with the contin-
ued predominance of P acidivorans (Figure and significant reduction of the feast
phase length, suggests that the enrichment process involved more than just the wash-
out of flanking populations. To explain the reduction of the feast phase length from
180 to 128 min solely by the wash-out of bacteria, the flanking population should have
formed at least 30% of the culture. Assuming that the flanking population is competing
with P, acidivorans for the acetate at around half the biomass-specific rate of P, acidivo-
rans, more than 50% of the culture should have consisted of bacteria other than P, acidi-
vorans. Although other bacteria were present (roughly 10%, Figure [4.2,b), the flanking
population was not large enough to fully explain the long feast phase lengths. The ki-
netic properties of P acidivoransitself — especially its maximum biomass-specific acetate
uptake rate — will likely have changed as well. In the future, analysis of the genome
and/or gene expression of P acidivorans in biomass samples collected throughout the
enrichment period may reveal what changed and provide more insight into possible
cellular adaptation occurring alongside the microbial selection.

4.4.2. IMPACT OF THE EXCHANGE RATIO

As the SBR was operated at higher volume exchange ratios, the relative feast phase length
increased significantly. In previous acetate-fed SBRs that were dominated by P. acidivo-
rans and operated at volume exchange ratios between 0.04 and 0.50 (i.e., 1-12 h cycles)
the feast phase occupied around 5% of the total cycle (Figure[d.7) (Jiang et al.,[2011ajc).
At an exchange ratio of 0.75 (18 h cycles) the relative feast phase length increased to 12%.
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This was observed in the present study as well as in the study by|Jiang et al. (2011a). SBR
operation at an exchange ratio of 0.83 (20 h cycles), finally, resulted in the presence of
external substrate during 30% of the cycle (Figure[4.7jand Table[4.2). The increase of the
relative feast phase length along with an increase of the volume exchange ratio or cycle
length is partially due to the increased substrate-to-biomass (F/M) ratio. Assuming a
constant biomass-specific substrate uptake rate (gac,max), the relative feast phase length
will increase as shown by the dashed line in Figure[4.7] However, as the biomass-specific
substrate uptake rate of the enrichment culture decreased (Table[4.2), the actual increase
was more pronounced — especially for the highest exchange ratio.

Compared to the SBR previously operated at 12 h cycles (Jiang et al.,|2011c) the spe-
cific substrate uptake rate in the 18 h setup was roughly half, and that in the 20 h setup
only one-third (Table[4.2). Just as for the speed of the enrichment process (section[4.4.1),
the flanking population alone (roughly 10%) cannot explain these differences. There is
no conclusive answer as to why the substrate uptake rate of P acidivorans decreased so
much, though. Cellular stress caused by elevated acetate concentrations (up to 100 mM)
or the storage of large amounts of PHB (up to 75 wt.%) forms one possible explanation,
but no specific indications for this were found. The overall substrate uptake rate was
still reasonably constant throughout the feast phase and the small increase could well be
explained by biomass growth (Figure[4.3Jand[4.5). The repeated storage of large amounts
of PHB may also have affected the size of the bacterial cells. The cell-size has previously
been reported to increase significantly during the accumulation of PHB (Jiang et al.,
2011c; [Pedros-Alio et al., [1985). An increased cell-size will reduce the specific surface
area and may thus result in a lower biomass-specific substrate uptake rate.

Another possible explanation for P acidivorans’ decreased substrate uptake rate is
the increased growth rate. In contrast to the growth in a continuous stirred-tank reactor
(CSTR), the average growth rate () in an SBR does not simply equal the dilution rate.
Instead, the average growth rate of the culture increases with the applied cycle length or
volume exchange ratio — at the same SRT (u = In[1/(1-CL/SRT)]/CL). To prevent being
washed-out, the average growth rate of a culture in an SBR operated at 20 h cycles has to
be 55% higher than in a similar SBR operated at 12 h cycles. While increasing the volume
exchange ratio, increasing growth rates were indeed observed for the feast as well as the
famine phase (Table[4.2). The average growth rate during the famine phase, for example,
increased from 0.06 Cmol-Cmol-h™! in the 12 h setup to 0.07 and 0.08 Cmol-Cmol!-h™!
in the 18 and 20 h setup, respectively. The increased growth rates reduce the cellular
overcapacity that can be used for PHB production and may affect the overall biomass-
specific substrate uptake rate.

4.4.3. HIGH EXCHANGE RATIO AS ENRICHMENT STRATEGY
Jiang et al.| (2011a)previously suggested that the number of cycles per SRT should be
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minimized to enrich bacteria with a high PHA storage capacity. Operating the SBR at
higher volume exchange ratios — increasing the F/M ratio — leads to higher maximum
PHA contents in the SBR itself. This was observed in the present study, as well as by
Jiang et al,| (2011a) and |Valentino et al.| (2014). However, it does not necessarily select
for the highest PHA storage capacity or for a higher substrate uptake and PHA produc-
tion rate. Although [Jiang et al.| (2011a) reported increasing rates for SBRs operated at
cycle lengths increasing from 1 to 12 h, the specific substrate uptake rate in the SBR
operated at 18 h cycles was considerably lower again — just as in this study (Table[4.2).
Moreover, Valentino et al.| (2014) reported decreasing uptake and storage rates for SBRs
operated at increasing cycle lengths (2-8 h). For successful PHA production, both high
biomass-specific rates and a high PHA storage capacity are important. Maximization of
the volume exchange ratio is, therefore, a suitable strategy for the production of PHA-
rich biomass in the SBR, but not necessarily the best strategy to enrich a microbial cul-
ture with a superior PHA productivity. At very high volume exchange ratios, bacteria will
have to increase their growth rate and external substrate will be available for growth for
a relatively long period (Section(4.4.2).

4.4.4. FEASIBILITY OF COMBINING ENRICHMENT AND ACCUMULATION

Operating the SBR at a high volume exchange ratio (0.75) allowed the production of
biomass with 70 wt.% PHB in a single-step process from acetate. The reactor was oper-
ated for more than three years and already before the final 16-month operational period
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biomass with a high PHB content could be harvested (66-70 wt.%, not shown). The PHB
content reached upon substrate depletion was lower than the theoretical maximum that
can be calculated from the applied volume exchange ratio (79 wt.%, Figure (Jiang
et al.,|2011a). The calculation is based on the assumption that growth and maintenance
during the feast phase can be neglected, while in reality biomass growth did occur. As
a result, the PHB yield decreased (Table and lower PHB contents were obtained
(Figure [4.7). Still, the PHB content of the harvested biomass ranks among the higher
values reported for non-axenic PHB production (Jiang et al.}2012;|Serafim et al.,{2008).

All in all, it does not seem feasible to produce much more than this 70 wt.% PHA
when omitting the accumulation step. The PHB content of the harvested biomass was
increased up to 75 wt.% by further increasing the volume exchange ratio, but this re-
duced the operational stability (Figure[4.4). Moreover, fermented organic waste streams
— containing also compounds that are less suitable for PHA production — will ultimately
be used as substrate. This will lead to the co-enrichment of non-PHA-storing bacteria
and thereby to a reduction of the culture’s PHA content (Jiang et al., 2012 [Tamis et al.}
2014a).

Depending on the intended application and required product purity, recovery of the
PHA may still be economically feasible (Koller et al.,|2013). However, besides the lower
PHA content, combining the enrichment and accumulation step in a single reactor also
showed other drawbacks: the storage rate, yield, and capacity of the enrichment culture
were severely compromised (Table[4.2) and the existing imbalance in the oxygen transfer
required during the feast and the famine phase — becoming apparent from the typical
dissolved oxygen profile for feast-famine systems (Jiang et al.,|2011c) — was enlarged. As
biomass is withdrawn from the reactor after the feast phase, the reactor contains least
biomass during the period with the lowest biomass-specific oxygen uptake: the famine
phase. To guarantee an efficient and robust PHA production process and the enrichment
of a culture with a high productivity, the initial SBR setup with 12 h cycles and 1 d SRT
(Johnson et al.,, |2009a) seems more optimal. To save on the equipment cost, the feast
and accumulation step could be combined in a single reactor, while the growth on stored
PHA is facilitated in a separate famine reactor.

NOMENCLATURE
k rate constant for PHB degradation [Cmol!/3-Cmol1/3-h 1]
Hmax maximum biomass-specific growth rate [Cmol-Cmol!-h!]
MATP biomass-specific ATP requirement for maintenance [mol-Cmol-h]
Gacmax maximum biomass-specific substrate uptake rate [Cmol-Cmol!-h!]

Yij modeled actual yield of compound i on j [Cmol-Cmol™!]



MODELING THE COMPETITION IN
FEAST-FAMINE SYSTEMS

Although the enrichment of specialized microbial cultures for the production of PHA is
generally performed in sequencing batch reactors (SBRs), the required feast-famine condi-
tions can also be established using two or more continuous stirred-tank reactors (CSTRs)
in series with partial biomass recirculation. The use of CSTRs offers several advantages,
but will result in distributed residence times and a less strict separation between feast and
famine conditions. The aim of this study was to investigate the impact of the reactor
configuration, and various process and biomass-specific parameters, on the enrichment
of PHA-producing bacteria. A set of mathematical models was developed to predict the
growth of Plasticicumulans acidivorans — as a model PHA producer — in competition with
a non-storing heterotroph. A macroscopic model considering lumped biomass, and an
agent-based model considering individual cells were created to study the effect of residence
time distribution and the resulting distributed bacterial states. The simulations showed
that in the 2-stage CSTR system the selective pressure for PHA-producing bacteria is signifi-
cantly lower than in the SBR, and strongly affected by the chosen feast-famine ratio. This is
the result of substrate competition based on both the maximum specific substrate uptake
rate and substrate affinity. Although the macroscopic model overestimates the selective
pressure in the 2-stage CSTR system, it provides a quick and fairly good impression of the
reactor performance and the impact of process and biomass-specific parameters.

Published as: L. Marang, M.C.M. van Loosdrecht, and R. Kleerebezem. 2015. Modeling the competition
between PHA-producing and non-PHA-producing bacteria in feast-famine SBR and staged CSTR systems.
Biotechnology and Bioengineering 112 (12), 2475-2484.
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5.1. INTRODUCTION

Polyhydroxyalkanoates (PHAs) are microbial storage polymers accumulated by many
different groups of bacteria as an intracellular carbon and energy reserve (Steinbiichel,
1991). The chemical properties of the polymer make it an interesting bioplastic that is
fully biodegradable (Chen, 2009). Besides the use as a bioplastic, the PHA monomers
could serve as chiral building blocks for the production of various biochemicals, and the
hydroxy fatty acid methyl esters could be used as a biofuel (Chen,2009). To reduce the
production cost —and allow broad application - various researchers investigated the use
of open, microbial communities for the production of PHA from organic waste streams
(Albuquerque et al.,2010b; Bengtsson et al.,[2008bj/Coats et al.,|2007;Dionisi et al.,[2005a;
Jiang et al., 2012). By applying feast-famine conditions the communities can be enriched
in PHA-producing bacteria (Reis et al., 2003). Using a single fatty acid as substrate,
Johnson et al.| (2009a) and [Jiang et al.[ (2011c) thus enriched microbial cultures with a
superior storage capacity of up to 90 wt.% PHA. If more complex substrate mixtures are
used, such as fermented molasses or paper mill wastewater, maximum PHA contents
range from 70 to 80 wt.% (Albuquerque et al.}|2010b;Jiang et al.,|2012).

In the past year, results of the first pilot studies on PHA production by microbial
enrichment cultures have been published (Anterrieu et al., [2014; Morgan-Sagastume
et al.,2014; Tamis et al.,|2014a). These pilot facilities were directly based on the systems
used in the lab, and all comprised a sequencing batch reactor (SBR) of a few hundred
liters for the enrichment of PHA-producing bacteria. Although the SBR is a very conve-
nient system at small scale, the discontinuous nature of the SBR - the periodic feed and
discharge — requires relatively large buffer volumes and pumping capacity. Moreover,
the large difference between the oxygen transfer rate required during the feast phase
and the famine phase of the SBR cycle — becoming apparent from the typical dissolved
oxygen profile for feast-famine systems (Jiang et al.,|2011c) — leads to intrinsic scale-up
problems with respect to aeration. The high oxygen requirements during the feast phase
determine the reactor design, while during the significantly longer famine phase the
requirements are much lower.

Alternatively, feast-famine conditions can be established using two or more contin-
uous stirred-tank reactors (CSTRs) in series, with a partial biomass recycle (Reis et al.}
2003). Such a staged CSTR system has a continuous in- and effluent stream, and a feast
and famine phase separated in space instead of time. The physical separation facilitates
the inclusion of a solid-liquid separation step between the feast and famine reactor,
allowing the independent design of the feast and famine reactor(s) and the selective
removal of substrates unsuitable for PHA production (Marang et al.} [2014). However,
in a 2-stage CSTR system with excess substrate availability in the first reactor (i.e., feast
conditions), the subsequent, second reactor will have a small, continuous inflow of sub-
strate. This will result in substrate-limited conditions, but not in the absence of external
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substrate. And, while the SBR is an ideal plug flow reactor, a staged CSTR system intro-
duces distributed residence times and consequently distributed bacterial states (Gujer,
2002; |Schuler, [2006). Both factors may affect the selective pressure for PHA-producing
bacteria. Experimental research on the use of staged CSTR systems for PHA production
is limited to that of Bengtsson et al.| (2008b) and |Albuquerque et al.[(2010a). Although
the latter reported the feast-famine ratio and residual carbon concentration in the feast
reactor as essential factors for the effective enrichment of PHA-producing bacteria, an
in-depth discussion on the differences between the SBR and staged CSTR system, and
the impact on the process performance is lacking.

The aim of this study was to investigate the impact of the reactor configuration, and
various process (e.g., feast-famine ratio) and biomass-specific parameters (e.g., sub-
strate uptake rate and affinity), on the enrichment of PHA-producing bacteria. To that
end, a mathematical model simulating the growth of Plasticicumulans acidivorans — as
a model PHA producer - in competition with a non-storing heterotroph has been devel-
oped for both SBR and staged CSTR systems. Besides a macroscopic model considering
lumped biomass, an agent-based model considering individual (groups of) cells was
created to study the effect of residence time distribution, and the resulting distribution
in intracellular PHA content.

5.2. MODEL DESCRIPTION

5.2.1. METABOLIC MODEL

The metabolic reactions considered in this study (Table[5.1) were adapted from the model
published by[Johnson et al.[(2009b). The six reactions involved are as follows: (1) acetate

uptake and activation to acetyl-CoA, (2) catabolism, (3) polyhydroxybutyrate (PHB) pro-

duction, (4) biomass synthesis, (5) PHB degradation, and (6) oxidative phosphorylation.

Balances of the conserved moieties (ATP, NADH, acetyl-CoA) in these reactions were

used to derive the maximum stoichiometric yields (Table[5.2). To simplify the model,

acetate was considered to be the sole substrate and the efficiency of the oxidative phos-

phorylation (§) was assumed to be 2.0 mol ATP/mol NADH for all microbial species in

the model.

To model the kinetics of growth and PHB production in a 2-stage CSTR system, a
new set of kinetic equations was required (Table Eq. [5.1H5.8). SBR systems have
a distinct feast phase — with presence of excess substrate — and famine phase — with
absence of external substrate. The period of limiting substrate availability is negligible,
and the simultaneous uptake of external substrate and degradation of PHB is, therefore,
not considered in existing models (Dias et al.,[2005} Johnson et al.,|2009b). In a 2-stage
CSTR system with excess substrate availability in the first or “feast” reactor, the second or
“famine” reactor will have a small, continuous inflow of substrate. Under the resulting
substrate-limited conditions, bacteria are likely to grow on their stored PHB and com-
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Table 5.1: Reactions considered in the metabolic model on a carbon-mole base (adapted fromJohnson et al.,
2009b). The efficiency of the oxidative phosphorylation (§) was assumed to be 2.0 mol ATP/mol NADH for
both species in the model.

Reaction Stoichiometry
1. Acetate uptake, activation 1 HAc + 1 ATP — 1 AcCoA
2. Catabolism 1 AcCoA — 1 CO; + 2 NADH
3. PHB production 1 AcCoA + 0.25 NADH — 1 PHB
4. Anabolism 1.267 AcCoA + 0.2 NH3 + 2.16 ATP —

1 CH1'300‘5N0_2 +0.267 C02 +0.434 NADH

5.  PHB consumption 1 PHB + 0.25 ATP — 1 AcCoA + 0.25 NADH
6. Oxid. phosphorylation 1 NADH + 0.5 0, — § ATP

pete for the remaining external substrate. Rather than using a conditional statement to
switch between two different sets of kinetic equations, as used by|Dias et al.| (2005) and
Johnson et al|(2009b), the here proposed kinetic model (Table[5.3) consists of a single set
of kinetic equations and uses a Monod-like switch function (c;/(cj+Kj)) for the gradual
transition between the use of external (acetate) and internal substrate (PHB). The acetate
uptake rate (Eq. and PHB degradation rate (Eq. are considered to be rate deter-
mining, while the PHB production rate (Eq. follows from the amount of acetate not
used for growth (Eq. or maintenance (Eq. [5.4). To prevent the over-accumulation
of PHB, a PHB inhibition term is incorporated in the definition of the substrate uptake
rate. To limit the impact of this term at moderate PHB contents, the exponent of the PHB
inhibition term (a) is set to 3.0 (Table[5.2). This value is based on previous accumulation
experiments with P, acidivorans (Jiang et al., 2011c; Marang et al.,[2013), indicating that
the substrate uptake and accumulation of PHB is linear up to PHB contents of at least 70
wt.%.

When neither external nor internal substrate is available, the assumed, constant main-
tenance requirement (marp) will give rise to biomass decay: a negative growth rate and
ammonium release. For the non-PHB-producing bacteria, biomass decay — an inversion
of the growth reaction (Table — is explicitly defined (my, Eq. 5.12). For bacteria
that do produce PHB, biomass decay is defined implicitly: as a result of ceasing PHB
degradation (Eq. and continued maintenance requirements (Eq. [5.5), the growth
(Eq. and ammonium uptake rate (Eq. will become negative. In the proposed
model, biomass decay will also occur when in absence of external substrate the ammo-
nium availability becomes limited (despite possible presence of PHB). This situation is
unlikely to occur when modeling a feast-famine reactor system for the enrichment of
PHB-accumulating bacteria.
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Table 5.2: Overview of the model input: process values and biomass-specific parameters.

Parameter Description Value
Process parameters
HRT hydraulic retention time 24 h
recycle/volume exchange ratio 0.5 -
f:f ratio feast-famine ratio (for 2-stage CSTR only) 0.065 h-h'!
OLR organic loading rate 2.25 Cmmol-L'!h!
C:Nratio carbon-to-nitrogen ratio 8 Cmol-mol™!
A\ working volume (largest) reactor 2 L

Stoichiometric yields ?

YpHB Ac PHB yield on acetate 0.67 Cmol-Cmol™!

Yxac biomass yield on acetate 0.47 Cmol-Cmol!

Yxpup biomass yield on PHB 0.67 Cmol-Cmol™!

Ynx yield of ammonium on biomass 0.20 mol-Cmol!

Yarpac yield of ATP on acetate 3.00 mol-Cmol™!

Yarppug  yield of ATP on PHB 4.25 mol-Cmol™!
Kinetic parameters P acidivorans®

GAc,max maximum biomass-specific acetate uptake rate 3.5 Cmol-Cmol !-h™!

pmax maximum biomass-specific growth rate 0.1 Cmol-Cmol !-h™!

MATP biomass-specific ATP requirement maintenance  0.001  mol-Cmol!-h™!

frHBmax  Mmaximum fraction of PHB on active biomass 8.5 Cmol-Cmol™!

a exponent of the PHB inhibition term 3.0 -

k rate constant for PHB degradation 0.16  Cmol"/3-Cmol’!/3-h’!

Kac half-saturation constant for acetate 0.3 Cmmol-L!

Ky half-saturation constant for ammonium 0.001 mmol-L™!

Kinetic parameters non-PHB-storing heterotroph

Umax maximum biomass-specific growth rate ¢ 0.47  Cmol-Cmol!-h!
MATP biomass-specific ATP requirement maintenance  0.001  mol-Cmol!-h!
Kac half-saturation constant for acetate 0.1 Cmmol-L!

Ky half-saturation constant for ammonium 0.001 mmol-L!

2 derived from the metabolic reactions (Tablel5.lj and balances of the conserved moieties
b hased on experimental data reported byJohnson et al.|(2009a) and|Jiang et al.|(2011c)
¢ based on kinetic data for Acinetobacter spp. (Hao and Chang;|1987)
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Table 5.3: Kinetic model for P acidivorans (Eq. 5.8) and the non-storing heterotroph (Eq. 5.13). In
absence of (internal and external) substrate, the ATP required for maintenance is supplied by biomass decay.
For P acidivorans this is implicitly defined in Eq.

Process Biomass-specific rate equation
P acidivorans
c a
Acetate uptake Gac=qu"- Ac . (1 - (ffnlﬁ) ) (5.1)
KAC +Cac PHB
CAc CN
Growth on acetate = . 5.2
Hac ”AC KAc+CAc KN+CN ( )
degra
Growth on PHB UPHB = (_qPHB - mpHB) -Yx.puB (5.3)
m c
Maintenance on acetate Mac = ATP | ZAc (5.4)
Yarpac Kac+cac
m c
Maintenance on PHB MmpHB = ATP . ( - Ac ) (5.5)
Yarprus Kac+cac
PHB production qggg = (ch _ Hac mAc) -YpuB, Ac (5.6)
Yx ac
. degra 2/3 CN CAc
PHB degradation =k- - (1= 5.7
& Tpin (feizz) Ky +cn ( Kac+cac 6D
Ammonium uptake qn = (Hac+ ppus) - Ynx (5.8)
Non-PHB-storing heterotroph
HAc
Acetate uptake Gac= + My (5.9)
Yx Ac
Growth on acetate Pac = P _ G N (5.10)
¢ KAc+CAc KN+CN
m c
Maintenance on acetate Mac = ATP | CAc (5.11)
Yarpac Kac+cac
Biomass decay mx = nare_ Yx ac+ (1 o G (5.12)
Yarpac Kac+cac

Ammonium uptake qn = (Hac—mx)- Yy x (5.13)
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5.2.2. MICROBIAL SPECIES

The model considers the competition between two types of bacteria: a PHB producer
and a non-storing heterotroph. Plasticicumulans acidivorans was used as model PHB
producer. This bacterium accumulates large amounts of PHB and has previously been
enriched in multiple SBR systems fed with acetate or wastewater and operated under
feast-famine conditions (Jiang et al., [2011c; Johnson et al., [2009a; [Marang et al., [2013;
Tamis et al.}2014a). Most of the required kinetic parameters have been reported in these
studies: the maximum specific acetate uptake rate (gacmax, 3.5 Cmol-Cmol!-h), the
maximum specific growth rate on external substrate (Umax, 0.1 Cmol-Cmol!-h'}), the
maximum fraction of PHB (fpHp max, 8.5 Cmol-Cmol™!), and the rate constant for PHB
degradation (k, 0.16 Cmol'/3-Cmol*/3-h'!). The specific ATP requirement for mainte-
nance (mprp) was generally found to be low and assumed to be 0.001 mol-Cmolt-h'! in
this study. The half-saturation constants for acetate (Kac) and ammonium (Ky) have not
been determined previously. Since they play a minimal role in SBR systems, hypothetical
values — chosen to avoid numerical problems and acting merely as switch function —
have been used before (Johnson et al.,|2009b). For ammonium, which should be present
in excess throughout the operation of the reactor, this approach can be maintained and
the half-saturation constant (Ky) was set to 0.001 mmol-L'!. In an attempt to measure
the half-saturation constant for acetate (Kac), an enrichment culture predominated by
P acidivorans was fed with acetate at half its maximum acetate uptake rate (data not
shown). The residual acetate concentration in the reactor was found to be below the
detection limit of the HPLC (<0.5 Cmmol-L1), and the half-saturation constant K. was,
therefore, assumed to be 0.3 Cmmol-LL. Table gives an overview of all values used
for the kinetic description of P, acidivorans.

The second organism is a hypothetical, non-storing heterotroph. Although PHB stor-
age is a common bacterial trait (Steinbtichel, [1991), the accumulation of PHB by this
organism was assumed to be negligible. This reduces the kinetic model to Eq.
(Table[5.3). The specific substrate uptake rate (Eq. was defined as the sum of the
acetate required for growth (Eq. and maintenance (Eq.[5.11). In absence of external
substrate, the ATP required for maintenance is supplied by biomass decay (Eq. [5.12).
The kinetic parameters of the non-storing heterotroph were partially based on literature
data for the genus Acinetobacter. Bacteria of this genus are common, fast-growing or-
ganisms in soil, water and activated sludge systems (Towner, 2006; Wagner et al., 1994).
Supported by experimental data on the growth of Acinetobacter spp. at 30°C (Hao and
Chang,|1987), the maximum specific growth rate (tmax) Was set to 0.47 Cmol-Cmol!-h!.
The ATP requirement for maintenance (marp) was assumed to be the same as for P
acidivorans (Table[5.2). The same holds for the half-saturation constant for ammonium
(Kn), which acts merely as switch function. The non-storer’s half-saturation constant for
acetate (Kac) was assumed to be slightly lower than that of P acidivorans, and set to 0.1




70 5. MODELING THE COMPETITION IN FEAST-FAMINE SYSTEMS

Cmmol-L!. This value is similar to that used in, for example, ASM3 (Guijer et al.} 1999).

5.2.3. MACROSCOPIC MODEL SBR

Matlab™ (Mathworks, USA) was used to simulate the competition between PHB-producing

and non-PHB-producing bacteria. The frequently studied setup ofJohnson et al.|(2009a)
served as reference scenario: a fully aerobic SBR with a working volume of 2 L, operated
at a hydraulic retention time (HRT) of 1 day and feast-famine cycles of 12 h, that is, at
a volume exchange ratio of 0.5. There is no biomass retention. The temperature in the
reactor is controlled at 30°C and the pH at 7.0. The organic loading rate (OLR) is 2.25
Cmmol-L'"-h™! and the carbon to nitrogen ratio (C:N ratio) in the feed 8 Cmol-mol™.
The feeding of fresh medium and removal of broth are both modeled to occur instanta-
neously.

At the start of a simulation, the microbial community is composed of a 50/50 mix-
ture of the two bacterial species: P acidivorans (with an intracellular PHB content of
1 Cmol-Cmol!) and the other, non-storing heterotroph. The development of the re-
actor is simulated over a period of 480 h (40 cycles), tracking the amount of acetate
(Ac), ammonium (XN), PHB-accumulating biomass (Xp, ), non-storing biomass (Xogher)
and PHB (PHB) in the reactor over time. To do so, a mass balance is set up for each
of these compounds. Since, outside the feeding and effluent phase, an SBR is simply
a batch reactor, the mass balances contain no transport terms but only the microbial
conversions (Table[5.3). The macroscopic model uses a lumped biomass concentration,
assuming that all bacteria within one species have the same composition. The built-in
function ode45 was used to solve the differential equations. The general structure of the
macroscopic model for the SBR system is as follows:

I. Define process and biomass-specific parameters (Table[5.2)

II. Setinitial conditions

e No substrate (Ac) or ammonium (NN) present.

e 5 Cmmol Xp,, 5 Cmmol Xgher, and 5 Cmmol PHB.
III. Run simulation

 For 40 cycles:

— Feed substrate and ammonium: 54 Cmmol Ac and 6.75 mmol N.

— Solve mass balances (Eq. 5.18) over a period of 12 h.
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dAcldt=—Xpa.-Gac,pa. — Xother * 4 Ac,0ther (5.14)
dXpa.ldt=Xpa. - (lacpa. + 1HPHBPa) (5.15)
AXother!dt = Xother - (Hac,0ther = Mx,0ther) (5.16)
APHBIAt= Xpa. (a0 pa ~ Toienba) (5.17)
dN/dt=—-Yy x - (dXpaldt+dXomer!dt) (5.18)

- Broth removal: half the amount of each compound in the reactor.

IV. Create output

e Total amounts of Ac, N, Xp,., Xother, and PHB in the reactor over time.

5.2.4. MACROSCOPIC MODEL STAGED CSTR SYSTEM

The macroscopic model for a 2-stage CSTR system is largely similar to that for the SBR.
The first important difference is the fact that the CSTR setup consists of two reactors
instead of one. Hence, the ratio between the residence time in the first and the second
reactor (feast-famine ratio) is added as process parameter (Table. In combination
with a fixed working volume (2 L) of the largest, that is, famine reactor, the working
volume of the feast reactor and the influent, effluent and recycle flow rates (i.e., to and
from the famine reactor) can be calculated. The amount of acetate, ammonium, PHB-
accumulating biomass (Xp,,), non-storing biomass (Xoer) and PHB is recorded for both
reactors (1 and 2) individually. The size and composition of the initial microbial com-
munity is the same as for the SBR but distributed over the two reactors: at the start of a
simulation 5% of the community resides in reactor 1. Where it was assumed that in the
SBR no substrate or ammonium was present at the start of a simulation, it was assumed
that in the 2-stage CSTR initially 5 Cmmol acetate is present in reactor 1, and 5 mmol
ammonium is present in reactor 2.

The second difference is that the process is fully continuous instead of a series of
batches. This means that the mass balances can be numerically solved over the full sim-
ulation period (480 h), without discontinuities like the feeding of substrate and removal
of broth in an SBR. As a result of the two differences, the mass balances (Eq.
are doubled (one set for each reactor) and extended with transport terms (Qin:Cijin —

QoutCi,out)-
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5.2.5. AGENT-BASED MODEL STAGED CSTR SYSTEM

To be able to take the residence time distribution and the resulting distribution in intra-
cellular PHB content into account, the biomass has to be modeled as individual (groups
of) cells. Each individual is described by four variables: location (reactor 1 or 2), time
to leave the current reactor (h), amount of active biomass (Cmmol), and amount of
stored PHB (Cmmol). Other than the consideration of individual cells, the macroscopic
and agent-based model are kept similar: the process and biomass-specific parameters,
kinetic equations, initial conditions, and mass balances are identical. Different is the
way the mass balances are solved: like in the model of Johnson et al. (2009b), a sim-
ple first-order method with a fixed step size (0.005 h) is used to obtain the amounts of
acetate, ammonium, PHB-accumulating biomass, non-storing biomass and PHB in the
reactor over time. The full program code is found in Appendix[Al The general structure
of the agent-based model is given below.

L. Define process and biomass-specific parameters (Table[5.2)

e (Calculate reactor volumes.

e Calculate influent, effluent, and recycle flow rates.
II. Setinitial conditions

¢ Create 5,000 individuals of P acidivorans: all consist of 0.001 Cmmol biomass
and 0.001 Cmmol PHB, 5% is located in reactor 1 and 95% in reactor 2. For
each individual, the time spent in the current reactor is randomly assigned
from an exponential distribution with the average residence time of the reac-
tor as mean.

e Similarly, create 5,000 individuals of the non-storing heterotroph (no PHB).

e Total amounts reactor 1: 5 Cmmol Ac, 0 mmol N, 0.25 Cmmol Xp,, 0.25
Cmmol Xper, and 0.25 Cmmol PHB.

¢ Total amounts reactor 2: 0 Cmmol Ac, 5 mmol N, 4.75 Cmmol Xp,, 4.75
Cmmol Xgpiher, and 4.75 Cmmol PHB.

III. Run simulation

 For ¢ =0 until 480 h (in steps of 0.005 h):
— For each individual:

o Run kinetic conversions, update properties of the individual, and
determine impact on the overall amounts of Ac, N, Xp,., X0ther, and
PHB.

¢ Ifitis time to leave the reactor:
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- Split individual in equal parts of =0.001 Cmmol biomass (if large
enough).

- Randomly discard 50% of the individuals leaving reactor 1.

- Move individual(s) to the other reactor and assign a new “time to
leave”.

- Determine impact on the overall amounts of Xp, , Xother, and PHB.

— Update overall amount of Ac, N, Xp4, Xother, and PHB in both reactors at
L.

IV. Create output

¢ Total amounts of Ac, N, Xp,., Xother, and PHB in the reactors over time.

¢ Final composition microbial community (properties of each individual at ¢ =
480 h).

5.3. RESULTS

5.3.1. COMPETITION IN THE SBR AND 2-STAGE CSTR SYSTEM
Simulation of the growth of P acidivoransin competition with a non-storing heterotroph
confirms the strong selective pressure for PHB-producing bacteria in the feast-famine
SBR system. Starting from a 50/50 mixture of PHB-producing and non-PHB-producing
bacteria, the predicted fraction of P acidivorans in the total biomass rapidly increases
to 1.0 Cmol-Cmol™ (Figure[5.1). Since the introduction of new bacteria is not included
in the model, all non-storing bacteria will eventually be washed out. The feast-famine
conditions are reflected in the seesaw pattern of the fraction P, acidivorans in the reactor.
During the feast phases, P acidivorans is outgrown by its competitor and the fraction in
the total biomass decreases. During the famine phases, only P acidivorans can grow,
using its stored PHB as substrate, and the fraction in the total biomass increases again.
Also in the 2-stage CSTR system P, acidivorans is predicted to win the competition
with the non-storing heterotroph and dominate the reactor, but it takes much longer
to reach this (Figure [5.I). To be able to compare different reactor configurations, the
predicted time (h) for P acidivorans to reach 95% of the total active biomass is used as
a measure for the selective pressure. If the setup consists of multiple reactors, as in the
staged CSTR system, the fraction of P, acidivorans in the last reactor is used. In the SBR,
P acidivorans is predicted to reach 95% of the total biomass in 78 h. In the 2-stage CSTR
system, the macroscopic model predicts that P acidivorans requires twice this time: 164
h. This suggests that the selective pressure for PHB-producing bacteria is significantly
reduced.
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Figure 5.1: Fraction of P, acidivorans in the overall biomass (Cmol~Crnol'1) over time, as modeled for the SBR
(black), 2-stage CSTR (red, feast-famine ratio 0.065 h-h'!), and 3-stage CSTR system (blue, feast-famine ratio
0.075 h-h1). The solid lines represent data obtained by the macroscopic model, the dashed line data obtained
by the agent-based model. The time (h) needed for P, acidivorans to reach 95% of the total biomass was used
as a measure for the selective pressure.

5.3.2. IMPACT OF THE FEAST-FAMINE RATIO

The selective pressure for PHB-producing bacteria in the 2-stage CSTR system is strongly
dependent on the chosen feast-famine ratio, that is, the ratio between the residence time
of the feast reactor and the famine reactor (Figure[5.2). Figure shows the develop-
ment of P acidivorans in a 2-stage CSTR system operated at its optimal feast-famine
ratio: 0.065 h-h™!. This value is similar to the feast-famine ratio predicted and observed
for the SBR system (Jiang et al., 2011c; |Johnson et al.}2009a). If the average residence
time of the feast reactor is shorter, not all acetate will be consumed (Figure . The
residual acetate will end up in the famine reactor and allow growth on external substrate
throughout the process. If the residence time is longer, the leaching of acetate to the
famine reactor is prevented but the acetate concentration in the feast reactor becomes
limiting (Figure [5.2). As a result, the competition for substrate is no longer primarily
based on the maximum specific substrate uptake rate (gac,max) of the bacteria but also,
increasingly, on the substrate affinity (Kac).

Based on experimental results also |Albuquerque et al.| (2010a) reported the feast-
famine ratio as an important factor for the effective enrichment of PHA-producing bac-
teria. In that study, the 2-stage CSTR system was operated at a feast-famine ratio of
0.22 h-h'l. Although higher than the optimal feast-famine ratio found in this study,
the applied feast-famine ratio was again similar to that of the comparable SBR system
(Albuquerque et al., [2010b). Operation at a higher feast-famine ratio (0.50 h-h™!) re-
sulted in carbon-limited conditions in the feast reactor and did not effectively enrich
PHA-producing bacteria.
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Figure 5.2: Impact of the feast-famine ratio (h-h™1) on the selective pressure for P acidivoransin a 2-stage CSTR
system. The black, filled and open diamonds represent the time (h) needed for P, acidivorans to reach 95% of
the total biomass, as predicted by the macroscopic and agent-based model, respectively. The corresponding
residual acetate concentration in the feast reactor (Cmmol-L1) is plotted as a grey dashed line.

A third reactor could be added to ensure excess substrate conditions in the feast
reactor and, at the same time, prevent leaching of substrate to the famine reactor. For
a 3-stage CSTR system where the feast reactor is split in two equal, smaller reactors, the
optimal feast-famine ratio is 0.075 h-h™! — that is, a residence time ratio of 0.038:0.038:1.
Compared to the 2-stage CSTR system, such a 3-stage system improves the selective
pressure for PHB-producing bacteria by 14%. The macroscopic model predicts that the
time P, acidivorans needs to reach 95% of the overall biomass is reduced from 164 to 140

h (Figure[.1).

5.3.3. IMPACT OF THE RESIDENCE TIME DISTRIBUTION

So far, the results were obtained from simulations with macroscopic models, assuming
that all bacteria within one species are identical. However, in an ideal CSTR the res-
idence times of individual cells are exponentially distributed (Danckwerts)|1953). For
a famine reactor with an average residence time of 11.3 h this means that 11% of the
bacteria resides in the famine reactor for more than the average residence time of the
overall system (24 h). If the residence time distribution and the resulting distribution
of intracellular PHB contents are taken into account, it is predicted that P acidivorans
needs 204 h to reach 95% of the total biomass: the selective pressure for PHB-producing
bacteria in a 2-stage CSTR system is further reduced than predicted by the macroscopic
model (Figure[5.1). The overestimation of the competitive advantage of PHB-producing
bacteria by the macroscopic model is due to an overestimation of the growth on stored
PHB in the famine reactor. Figure[5.3|shows the development of the culture as predicted
by the macroscopic and the agent-based model. The agent-based model predicts a lower
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concentration of P acidivorans biomass and higher concentration of PHB for the famine
reactor. The cause of this becomes apparent from Figure[5.4} showing the distribution of
the intracellular PHB content of P, acidivorans in the feast and famine reactor. The cells
in the feast reactor contain a wide range of intracellular PHB contents, but only a minor
fraction contains extremely low or high amounts of PHB. In the famine reactor, a major
fraction of the P, acidivorans cells (46%) contains virtually no PHB and will, therefore,
not contribute to the overall PHB degradation rate. This reduces the overall growth rate
in the famine reactor.

5.3.4. PARAMETER SENSITIVITY ANALYSIS

To evaluate the impact of assumptions and uncertainties in the input values on the
model outcome, a parameter sensitivity analysis was performed for all three models
(Figure [5.5). The original value of each of the kinetic parameters in Table [5.2] was in-
creased and decreased by 20% to determine the impact on the selective pressure. As
to be expected for feast-famine systems, the maximum specific substrate uptake rates
of P acidivorans (qac,max) and the non-storing heterotroph (directly related to its pmax)
are the most important parameters in both the SBR and the 2-stage CSTR system. In the
latter a reduction in the ratio between the maximum acetate uptake rate of P acidivorans
and that of the non-storing heterotroph has a disastrous impact on the time needed
for P acidivorans to reach 95% of the total biomass (Figure[5.5). This suggests that the
modeled 2-stage CSTR system is operating close to the limit for a successful enrichment
of P acidivorans.

The impact of the half-saturation constants for acetate (Kac) is highly different for
the two types of systems. In the SBR the impact on the model outcome is negligible,
whereas in the 2-stage CSTR system a 20% change in the K. value for either of the two
species results in a similar in- or decrease of the selective pressure (10-25%). Like for the
substrate uptake rate, changing one of the K. values induces a change in the K ratio
between P, acidivorans and the non-storing heterotroph. This change in the K ratio is
the main cause of the impact shown in Figure[5.5] If the K. values of the two species are
simultaneously in- or decreased by 20% the effect on the selective pressure is less than
3% for all three models (data not shown).

A third parameter of significance is the rate constant for PHB degradation (k). In both
systems a lower value for k reduces the selective pressure (Figure[5.5). Since the PHB
degradation is rate-determining for the growth of P acidivorans, a minimal value for k
is needed to ensure the full conversion of stored PHB to biomass in the famine phase
or reactor. Once above this value, cells in an SBR do not benefit from a further increase
of the rate constant k, since the length of the famine period is fixed. In a 2-stage CSTR
system, there is a continuous in- and outflow of PHB and an increased rate constant k
— that is, an increased conversion of PHB to biomass — will reduce the outflow of PHB.
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Figure 5.3: Development of the acetate, biomass, and PHB concentrations (Cmmol-LY) in the feast (top) and
famine reactor (bottom) over time, as predicted by the macroscopic model (dashed lines) and agent-based
model (solid lines) for a 2-stage CSTR system operated at a feast-famine ratio of 0.065 h-h"!. The acetate
concentration is shown in red, the biomass concentration of P, acidivorans in black, the non-storing biomass
concentration in green, and the PHB concentration in orange.
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Figure 5.4: Distribution of the intracellular PHB content (Cmol-Cmol’l) over the individuals of P acidivorans
in the feast (top) and famine reactor (bottom) of the 2-stage CSTR system in Figure at the end of the 480 h
simulation period.
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Therefore, the cells do benefit from a higher PHB degradation rate (Figure|5.5).

The parameter sensitivity analyses of the macroscopic and agent-based model for
the 2-stage CSTR system give a comparable outcome (Figure[5.5). The slightly elevated
impacts predicted by the agent-based model are, at least partially, inherent to the model
itself. The model outcome will differ for each simulation due to the random cell dis-
charge and sampling of individual residence times from an exponential probability dis-
tribution. Ten simulations of the 2-stage CSTR system with the agent-based model yielded
an average and standard deviation of 204+4 h for the time needed until P acidivorans
reaches 95% of the total biomass. This variation largely explains the changed impacts, as
simulations for the parameter sensitivity analysis were run just once.

5.3.5. SUBSTRATE UPTAKE RATE AND SUBSTRATE AFFINITY

Motivated by the outcome of the parameter sensitivity analysis, the impact of the Kxc
ratio and g ratio between P, acidivorans and its competitor was studied in more detail
(Figure 5.6). The filled and open symbols in Figure show, respectively, the results
obtained by varying the parameter value for P acidivoranswhile keeping the value for the
non-storing heterotroph constant, and vice versa. The impact of the absolute parameter
values is thus illustrated by a divergence between the two.

In the SBR, neither the ratio between the half-saturation constant for acetate (Kac)
of P acidivorans and the non-storing heterotroph nor the absolute parameter value has
a significant impact on the selective pressure (Figure[5.6). In the 2-stage CSTR system,
both the K ratio and the absolute K values do play a role. When the substrate affinity
of P acidivorans is significantly lower than that of its competitor — at K. ratios above 4
— the predictions become clearly dependent on the absolute parameter values. Higher
Kac values make that a larger fraction of the total substrate will be competed for based
0N Gac,max/ Kac instead of primarily gac,max. At high Ka ratios, high absolute values for
K will thus enhance the negative impact on the selective pressure for PHB-producing
bacteria.

Absolute parameter values play a minimal role in the impact of the ratio between
the maximum substrate uptake rate (gac,max) of P acidivorans and its competitor. The
competitive advantage of P acidivorans over the non-storing heterotroph obviously in-
creases with an increasing ga. ratio. At high ratios the impact on the selective pressure is,
however, limited. Only when the ga ratio approaches its lower limit, the time needed for
P acidivorans to reach 95% of the total biomass increases rapidly (Figure[5.6). As a result
of the K ratio, the lower limit for the 2-stage CSTR system lies at a higher g ratio than
for the SBR system.
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5.4. DISCUSSION

5.4.1. THE COMPETITIVE ADVANTAGE OF PHB-PRODUCING BACTERIA
The timescale at which P acidivorans is predicted to be enriched in the SBR system is
similar to that experimentally observed. When starting the simulation with 0.1 instead of
50% P acidivorans, the model predicts that P acidivorans predominates the SBR system
after 259 h (11 SRTs). In previous research a stable feast phase length was observed
within 15 SRTs after inoculation (Jiang et al., 2011c). Detailed experimental data for
the 2-stage CSTR system is currently unavailable. However, Albuquerque et al.| (2010a)
reported that the storage yield and maximum storage capacity decreased after transfer-
ring the enrichment culture from an SBR to a comparable 2-stage CSTR system. This
supports the reduction in selective pressure predicted by the model.

The reduced competitive advantage of PHB-producing bacteria in the 2-stage CSTR
system is due to the half-saturation constants for acetate (Kac). Figure 5.6|clearly illus-
trates that, where the microbial competition in the SBR is based solely on the maximum
substrate uptake rate (qac,max) Of the bacteria, in a 2-stage CSTR system also the half-
saturation constant K. plays an important role. Since experimental values for the K
of P acidivorans are lacking, it forms one of the most important unknowns in the model.
If the substrate affinity of P acidivorans would be comparable to that of its competitor,
the selective pressure in a 2-stage CSTR system will not be compromised and suffice to
enrich PHB-producing bacteria. If it would be significantly lower though, the impact of
K will have to be reduced. Increasing the number of CSTRs in series will narrow the
residence time distribution and give rise to a (dispersed) plug flow. As shown in Figure
and expected from the fact that the SBR is an ideal plug flow reactor, this will reduce
the impact of the half-saturation constant and strengthen the competitive advantage of
PHB-producing bacteria.

The maximum specific substrate uptake rate (gac,max) and half-saturation constant
for acetate (Kac) of both species, P acidivorans and the non-storing heterotroph, are
crucial for the model outcome. Continued research should provide more information
on the identity of the close competitors of P acidivorans, and the missing gacmax and
K values. In order to validate the model, the here presented modeling results can be
used to design lab-scale experiments with the staged CSTR system.

5.4.2. MACROSCOPIC VERSUS AGENT-BASED MODELING

The different prediction by the macroscopic and agent-based model (Figure is due
to non-linearity in the PHB kinetics. As PHB is an intracellular compound, it is only
accessible to a specific cell. In the case of non-first-order kinetics, the result obtained
by adding up the behavior of individual cells will, therefore, differ from that obtained
by assuming an averaged biomass composition (Gujer, [2002;|Schuler, 2005). In the pre-
sented model, such non-linearity is found in the PHB inhibition term of the substrate
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uptake and the 2/3" reaction order for PHB degradation (Table Eq. 5.1 and 5.7).
If the kinetic description for PHB degradation is replaced by a first-order reaction and
the PHB inhibition term eliminated, the macroscopic and agent-based model predict
that P acidivorans reaches 95% of the total biomass in the 2-stage CSTR system after 190
and 200 h, respectively. The small, remaining difference between the two models (5%)
can be ascribed to the random sampling of cell residence times and applied integration
method.

Although the macroscopic model overestimates the growth on PHB in the famine
reactor, and thereby the selective pressure, the applied kinetic equations are still quite
close to linear and the macroscopic model provides a good impression of the reactor
performance. The parameter sensitivity analysis (Figure showed that the macro-
scopic and agent-based model predict a similar impact for the various biomass-specific
parameters. The same is observed for the process parameters: studying the impact of the
feast-famine ratio on the selective pressure for PHB-producing bacteria resulted in dif-
ferent values when the macroscopic or agent-based model was used, but the shape and
optimum of the curve were highly similar (Figure[5.2). Considering that the agent-based
model is computationally much more demanding — where the macroscopic model runs
a simulation (480 h) in 17 s, the agent-based model takes 17 h on the same computer —
the added value of the agent-based model for these kind of general evaluations seems
limited.

5.4.3. IMPLICATIONS FOR WASTE-BASED PHA PRODUCTION

The successful production of PHA from organic waste using microbial enrichment cul-
tures requires a robust process and strong selective pressure for PHA-producing bacte-
ria. The SBR system has clear advantage over the 2-stage CSTR system on both criteria.
Fermented organic waste streams typically comprise volatile fatty acids but also, for
example, lactic acid and ethanol (Temudo et al.}|2007;|Zoetemeyer et al., 1982). The use
of these different compounds for the production of PHA has previously been shown to
result in the enrichment of distinct microbial communities (Jiang et al.,2011c). If waste
is used as substrate, the importance of an optimized feast-famine ratio in the staged
CSTR system (Figure makes that the optimal feast-famine ratio needs to be set for
each of the enriched species. This requires a plug flow system. Rather than the tem-
poral plug flow in an SBR, this could be a spatial plug flow reactor with partial biomass
recirculation. Such a plug flow reactor would, just like the 2-stage CSTR system, allow
a truly continuous process and the separation of periods with highly distinct oxygen
requirements over different reactors.
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5.5. CONCLUSION

The model predicts that both the SBR and the staged CSTR system are selective for PHA-
producing bacteria, but the selective pressure in the 2-stage CSTR system is significantly
lower than in the SBR. While microbial competition in the SBR is based solely on the
maximum substrate uptake rate, in the staged CSTR system it is based on both the max-
imum substrate uptake rate and substrate affinity. For an accurate description of the
staged CSTR system, individual (groups of) cells need to be considered. However, for
general evaluations the macroscopic model — considering lumped biomass — is accurate
enough.

NOMENCLATURE (SUBSCRIPTS)

Ac acetate

N ammonium

Other non-storing hetertroph

Pa. Plasticicumulans acidivorans
X active biomass



ENRICHMENT OF
PHA-PRODUCERS UNDER
CONTINUOUS SUBSTRATE SUPPLY

To enrich polyhydroxyalkanoate (PHA) producing microbial communities, generally, a
feast-famine regime is applied. Here we investigated the impact of continuous substrate
feeding on the enrichment of PHA-producing bacteria in two sequencing batch reactors
(SBRs). In the first reactor, the substrate (acetate) was dosed continuously and Zoogloea
sp. was enriched. The culture accumulated PHA upon exposure to excess carbon, but
the PHA production rate and storage capacity (53 wt.%) were one-fifth of that observed
for enrichment cultures in a standard, pulse-fed SBR dominated by the PHA producer
Plasticicumulans acidivorans. In the second reactor, half the acetate was dosed at the
beginning of the cycle and the other half continuously. Having a true feast phase, the
enrichment of P. acidivorans was not impeded by the continuous supply of acetate and
the culture accumulated 85 wt.% PHA. This shows that for the enrichment of bacteria
with a superior PHA-producing capacity periodic substrate excess — a true feast phase —
is essential, while periodic substrate absence — a true famine phase — is not.

Under review at New Biotechnology: L. Marang, M.C.M. van Loosdrecht, and R. Kleerebezem. Enrichment of
PHA-producing bacteria under continuous substrate supply.
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6.1. INTRODUCTION

Polyhydroxyalkanoates (PHAs) are microbial storage polymers, accumulated by many
different prokaryotes as an intracellular carbon and energy reserve (Steinbiichel, [1991;
Tan et al., [2014). They are synthesized when excess carbon is present during intermit-
tent substrate feeding, or when the microorganisms are exposed to a nutrient or oxygen
limitation (Reis et al., 2003; |Steinbtichel, 1991). The chemical properties of the polymer
make PHA an interesting bioplastic that is fully biodegradable (Chen, |2009). Moreover,
the PHA monomers could serve as chiral building blocks for the production of various
biochemicals and the hydroxy fatty acid methyl esters could be used as a biofuel (Chen,
2009).

The natural function of PHA as storage polymer can be exploited to enrich open,
microbial communities in bacteria that have a high PHA storage capacity (Johnson et al.}
2009a). Intermittent substrate availability — as achieved in a sequencing batch reactor
(SBR) with a feast-famine regime — creates a competitive advantage for bacteria that
quickly store substrate inside their cell during the feast phase and use this to grow during
the famine phase (Reis et al,, [2003). The enriched microbial culture can be used to
accumulate large amounts of PHA in a separate step: biomass from the enrichment
SBR s transferred to a (nitrogen-limited) fed-batch reactor where the PHA content of the
biomass is maximized (Johnson et al.}2009a;|Serafim et al., 2008). PHA contents up to 90
wt.% have been reported for microbial enrichment cultures fed with carboxylic acids like
acetate or lactate (Jiang et al.,[2011c; Johnson et al.,|2009a). These values are comparable
to those obtained using pure cultures of natural PHA producers — Cupriavidus necator
(Vandamme and Coenye,|[2004), for example — or recombinant Escherichia coli, while the
kinetic properties of the enrichment cultures are better than those of the pure cultures
(Chen, 2009).

The use of microbial enrichment cultures eliminates the need for axenic fermen-
tation conditions (Reis et al.} [2003). The fact that the reactor and the liquid streams
entering the process do not have to be sterile, allows the use of waste organic carbon
as substrate instead of the glucose used in pure culture processes (Chen, 2009). As a way
to significantly reduce the production cost of PHA and allow broad application, various
researchers investigated the use of microbial enrichment cultures for the production of
PHA from fermented waste streams of the paper and food industry (Albuquerque et al.|
2010b;Bengtsson et al.,|2008b; |Coats et al., 2007; Dionisi et al., 2005a; Jiang et al.,[2012).

The discontinuous nature of the enrichment SBR - the periodic feed and discharge
- requires relatively large buffer volumes and pumping capacity. Furthermore, there is
a large difference between the oxygen transfer rate required during the feast and famine
phase of the SBR cycle, which becomes apparent from the typical dissolved oxygen pro-
file for feast-famine systems (Jiang et al., 2011c). These issues inhibit the economic scale-
up of the process, and could be addressed by establishing the feast-famine conditions in
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two continuous stirred-tank reactors (CSTRs) in series, with a partial biomass recycle
(Marang et al., 2015} Reis et al.,[2003). Such a 2-stage CSTR system has a continuous in-
and effluent stream, and a feast and famine phase that are separated in space instead
of time. The physical separation facilitates the inclusion of a solid-liquid separation
step between the feast and famine reactor, and thus allows the optimal design of both
reactors. However, as a result of the feast conditions (i.e., excess substrate availability)
in the first reactor, small amounts of substrate will continuously enter the second or
‘famine’ reactor. This may affect the selective pressure for PHA-producing bacteria: the
competition for the substrate leaching to the ‘famine’ reactor will not merely be based
on the maximum substrate uptake rate of the bacteria (gs max) but also on their substrate
affinity (Kg).

Experimental research on the enrichment of PHA-producing bacteria in a 2-stage
CSTR system is limited to that of Bengtsson et al.|(2008b) and Albuquerque et al.| (2010a),
and does not answer how the chosen reactor configuration affects the microbial compe-
tition. In a previous study (Marang et al., |2015) a mathematical model was developed
to investigate the impact of a 2-stage CSTR system and the leaching of substrate on the
competition between PHA-producing and non-PHA-producing bacteria. The substrate
affinities (Kg) of the main microbial species were identified as important, but also at that
stage unknown (Marang et al.,[2015). a

The aim of the current study was to experimentally investigate the impact of contin-
uous carbon supply, and thereby the continuous presence of residual substrate, on the
enrichment of PHA-producing bacteria. To that end, two SBRs were operated. In the
first, the substrate (acetate) was dosed continuously, throughout the cycle. This removes
the selective pressure for PHA-producing bacteria. In the second reactor, the leaching of
acetate — as it will occur in a 2-stage CSTR system — was mimicked by dosing half of the
substrate at the beginning of the cycle (creating a true feast phase) and the other half of
the substrate continuously (creating a ‘famine’ phase with extra substrate supply). For
both enrichment cultures the kinetic properties, PHA storage capacity, and dominant
organism were determined.

6.2. MATERIALS AND METHODS

6.2.1. CULTURE ENRICHMENT IN A SEQUENCING FED-BATCH REACTOR
The enrichment and maintenance of the two microbial cultures was performed in double-
jacket glass bioreactors with a working volume of 2 L (Applikon, Netherlands). The
reactors were operated as a sequencing fed-batch reactor (SFBR): a sequencing batch
reactor with a continuous feed stream. The length of the SFBR cycle was 12 h and each
cycle consisted of a influent phase (10 min), reaction phase (695 min), and effluent phase
(15 min). The exchange volume was 1 L, resulting in a hydraulic retention time (HRT) of
1 day. As there was no settling phase, the solids retention time (SRT) equaled the HRT.



88 6. ENRICHMENT OF PHA-PRODUCERS UNDER CONTINUOUS SUBSTRATE SUPPLY

Both reactors were equipped with a stirrer with two standard geometry six-blade tur-

bines, operated at 750 rpm. The air flow rate to the reactor was set to 0.5 Ly-min™!

using
a mass flow controller (Brooks Instrument, USA). The total gas flow through the reactor
was increased to 1.0 Ly-min™! by partial recirculation of the off-gas. The temperature in
the reactor was controlled at 30+1°C using a thermostat bath (Lauda, Germany), and the
pH was maintained at 7.0+0.1 by the addition of 1 M HCI and 1 M NaOH. Controlling
of the pumps, stirrer, airflow, temperature, and pH was done by a biocontroller (Biostat

Bplus, Sartorius Stedim Biotech, Germany).

During the influent phase 1.0 L fresh medium was dosed into the reactor. The medium
comprised 9.0 mM NH,4Cl, 2.49 mM KH,POy, 0.55 mM MgS0O4-7H»0, 0.72 mM KCI, 1.5
mL-L! trace elements solution according to [Vishniac and Santer (1957), and 5 mg-L™!
allylthiourea (to prevent nitrification). In the first setup (SFBR100) the medium did not
contain a carbon source. Instead, carbon was supplied throughout the SFBR cycle via
the continuous feed stream: a concentrated sodium acetate solution (0.74 M) dripping
into the reactor at 100 mL-day™!. In the second setup (SFBR50) half of the carbon was
supplied continuously, whereas the other half was dosed during the influent phase. To
maintain an organic loading rate of 3 Cmmol-L'!-h"!, the acetate concentration of the
continuous feed stream in SFBR50 was reduced to 0.37 M and the composition of the
medium extended with 18 mM sodium acetate.

Aerobic activated sludge from the municipal wastewater treatment plant Harnasch-
polder (Delft, Netherlands) was used to inoculate the SFBRs. The inoculum was bioaug-
mented with +1% (w/w) P acidivorans dominated biomass (Marang et al., [2016). The
reactors were operated for 3-4 months and cleaned once a week to remove biofilm from
the walls, electrodes, and other submerged reactor parts. The enrichment progress was
monitored by regular microscopy and biomass sampling to determine the total sus-
pended solids (TSS) and poly(3-hydroxybutyrate) (PHB) concentration. For the second
setup (SFBR50), the performance of the enrichment culture was also monitored online
by identifying the length of the feast phase, which can be derived from the dissolved
oxygen profile (Jiang et al., 2011c).

After obtaining a stable operational performance, (fed-)batch experiments were con-
ducted to evaluate the kinetic properties of the enrichment culture. During these experi-
ments the reactor was monitored closely by both online (dissolved oxygen, temperature,
pH, acid and base dosage, off-gas O, and CO;) and offline (acetate, ammonium, TSS,
PHB) measurements. The analytical procedures for the offline measurements have been
described in detail by Marang et al.[(2016).

6.2.2. FED-BATCH REACTOR FOR ACCUMULATION EXPERIMENTS

To evaluate the maximum PHB storage capacity of the enrichment cultures, accumu-
lation experiments were conducted in a similar double-jacket glass bioreactor (App-
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likon, Netherlands) operated as a non-sterile fed-batch reactor. The same stirring speed,
aeration rate, pH, and temperature were applied as in the SFBR. At the beginning of
each experiment the reactor was filled with 1 L effluent from the SFBR, and 1 L carbon-
and ammonium-free medium (otherwise the same composition). In this way, microbial
growth in the fed-batch reactor was limited by the amount of ammonium remaining
from the previous SFBR cycle. The production of PHB was initiated by feeding a pulse
of 40 mmol sodium acetate. Further carbon source was continuously supplied to the
reactor via pH control (set to pH 7.0+0.1), using a 1.5 M acetic acid solution instead
of the 1 M HCI solution used in the SFBR (Johnson et al., 2009a). Thus, non-limiting
acetate concentrations (10-30 mM) could be maintained throughout the experiment.
When necessary a few drops of antifoam B (Sigma-Aldrich) were added and after 12 h
the experiments were stopped.

6.2.3. DATA TREATMENT AND MODELING

The data collected during (fed-)batch experiments was corrected and evaluated accord-
ing to the approach proposed by Johnson et al. (2009b). The accuracy of the measure-
ments was assessed by setting up carbon and electron balances: on average 100% (+3)
of the carbon and 103% (£5) of the electrons present in the substrate was traced back in
the active biomass, PHB, and carbon dioxide production or oxygen consumption. Fur-
thermore, a metabolic model was fitted to the corrected, experimental data to identify
the kinetic parameters (e.g., biomass-specific conversion rates). The metabolic model
was written in Matlab™ (Mathworks, USA) and has been described by Marang et al.
(2016). To account for simultaneous acetate uptake and PHB degradation during the
‘famine’ phase, the metabolic reactions, stoichiometry, and kinetic equations previously
published by|Marang et al.| (2015) were used. The biomass-specific carbon dioxide pro-
duction and oxygen consumption rate were calculated from the other specific rates and
the respective stoichiometric yields for carbon dioxide and oxygen — i.e., similar to the
equation for ammonium uptake in Marang et al|(2015). As in Marang et al.| (2016),
the efficiency of the oxidative phosphorylation (P:O ratio) was assumed to be 2.0 mol
ATP/mol NADH, and the half-saturation constants for acetate (Ks) and ammonium (Ky)
—both acting merely as switch function — were set to 0.2 Cmmol-L'! and 0.0001 mmol-L!,
respectively. When modeling the batch/cycle experiments, the PHB inhibition factor
(Marang et al.,|2015) was removed from the kinetic expression for acetate uptake as the
PHB content remained well below its maximum.

6.2.4. MICROBIAL COMMUNITY ANALYSIS

In order to analyze the microbial community structure, biomass samples were collected
from the SFBR for PCR-DGGE and fluorescence in situ hybridization (FISH). The used
primers and probes are listed in Table[6.1}
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Table 6.1: Primers for PCR-DGGE analysis and oligonucleotide probes for FISH analysis used in this study.

Code Function Sequence (5’-3’) Specificity Reference

341F-GC Primer cctacg gga ggcagcag*  Bacteria Schifer and Muyzer|(2001)
907R Primer ccgtca att cmt ttg agt tt - Bacteria Schifer and Muyzer|(2001)
EUB338 1 Probe gct gec tee cgt agg agt Bacteria Amann et al.|(1990}
EUB33811  Probe gca gcc acc cgt agg tgt Bacteria Daims et al.|(1999)
EUB3381II Probe gct gee acc cgt agg tgt Bacteria Daims et al.|(1999)
BET42a Probe gcc tte cca ctt cgt tt Betaproteobacteria Manz et al.|(1992)
GAM42a Probe gcc tte cca cat cgt tt Gammaproteobacteria |Manz et al.|(1992)

UCB823 Probe cct ccc cac cgt cca gtt P acidivorans Johnson et al.|(2009a]

* Contains GC-clamp (5’-cgcccgecgegecccgegeccgteeegeecgecceegeeeg-3’) at the 5" end of theiprimer.

For the PCR-DGGE analysis, 16S rRNA gene fragments of the different community
constituents were obtained as described by Marang et al. (2016). The PCR products were
sequenced by a commercial company (BaseClear, Netherlands) and the sequences have
been stored in GenBank under accession numbers: KX424708-KX424710.

FISH was used to verify the results of the PCR-DGGE analysis. A detailed description
of the procedure can be found in Johnson et al.| (2009a). The general probe mixture
EUB338I-III was used to visualize all bacteria in the sample, the probe BET42a to indi-
cate the presence of Betaproteobacteria, and the specific probe UCB823 to indicate the
presence of P acidivorans. In order to minimize erroneous hybridizations the unlabeled
probe GAM42a was used to compete with the BET42a probe.

6.3. RESULTS AND DISCUSSION

6.3.1. CULTURE ENRICHMENT UNDER CONTINUOUS FEEDING

The first reactor operated in this study (SFBR100) was a sequencing fed-batch reactor
where all substrate (acetate) was supplied via the continuous feed stream. Due to the
continuous feeding, feast-famine conditions were not established. Throughout the cycle
the acetate concentration was below the detection limit of the HPLC (<0.5 Cmmol-L'})
and the PHB content of the enrichment culture was low (<1 wt.%). To monitor the
enrichment process, biomass samples were regularly observed under the microscope.
This showed that after the inoculation with activated sludge the microbial diversity de-
creased steadily. Within two weeks, the culture was dominated by a rod-shaped and a
filamentous bacterium (not shown). The latter eventually washed out.

After 3.6 months of operation (cycle #217), the microbial community structure was
analyzed in detail by PCR-DGGE (Figure[6.1f). The dominant bands (B1 and B2) were
excised, re-amplified, sequenced, and compared to the sequences stored in GenBank
(NCBI). The first band (B1) showed more than 99% similarity to an unknown bacterium
from the Rhodocyclaceae family. Using the ARB software (Ludwig et al., |2004) it was
determined that it belongs to an uncultured cluster at the root of the Thauera, Azoarcus,
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and Zoogloealineages. The second and most pronounced band (B2) showed 100% simi-
larity to Zoogloea oryzae. FISH confirmed the predominance of Betaproteobacteria. The
general probe for this class, BET42a, hybridized with the vast majority (=95%) of the cells
in the sample (Figure[6.1b, cycle #227). The general probe for Betaproteobacteria does,
however, not differentiate between Zoogloea and other bacteria from the Rhodocyclaceae
family. Based on cell morphology the culture seemed to consist of predominantly one
species: a significant second population could not be distinguished.

In activated sludge systems, continuous feeding and limiting substrate concentra-
tions have frequently been linked to sludge bulking and the enrichment of filamentous
biomass (Chudoba et al.,|1973a;|Martins et al.}|2003; van Niekerk et al.,|1987; Verachtert
et al.,|1980). The filamentous bacteria have been assumed to have lower half-saturation
constants for substrate (Ks) than floc-forming bacteria (Chudoba et al.,|1973b) and/or
win the competition by protruding into the bulk liquid (Martins et al., 2003). Other
than, for example, [Verachtert et al.| (1980) observed for a continuously-fed reactor on
acetate, filamentous bacteria washed out from the system described here. The pre-
dominance of Zoogloea sp. rather than filamentous bacteria may be explained by the
relatively short SRT applied in this study (1 day). [van Niekerk et al.| (1987) showed with
defined co-culture experiments that at higher dilution rates (=1 d'!) Zoogloea ramigera
outcompetes the filamentous organism Type 021N. Another possible explanation is the
operation at a relatively high temperature (30°C). Krishna and van Loosdrecht (1999)
studied the impact of temperature (15-35°C) on substrate storage and sludge settleability
in an SBR with slow acetate feeding - like in this study the acetate concentration was
always below the detection limit. At temperatures above 25°C, they found that Zoogloea
species dominated the enrichment culture. More recently, also |Cavaillé et al.| (2016)
reported the enrichment of Zoogloea sp. in a carbon- and phosphorus-limited CSTR
on acetate, operated at 25°C and a dilution rate of 3 dt.

6.3.2. KINETIC PROPERTIES OF THE CONTINUOUSLY-FED CULTURE

To determine kinetic properties like the maximum biomass-specific substrate uptake
rate (gs,max) and maximum biomass-specific growth rate (imax) of the enrichment cul-
ture (SFBR100), batch experiments were conducted where the acetate was dosed at once.
These experiments were conducted in a separate bioreactor operated at the same aera-
tion rate, pH, and temperature as the SFBR. At the beginning of each experiment the
reactor was filled with 1 L effluent from the SFBR and 1 L fresh medium comprising 36
mM sodium acetate in addition to the nutrients specified in section|6.2.1

Table[6.2|gives an overview of the main parameters that were identified. The bacteria
— cultivated under limiting substrate concentrations — responded to the presence of ex-
cess substrate with the storage of PHB (Figure[6.2). The maximum biomass-specific sub-
strate uptake rate (gsmax) of the culture was 0.61+0.07 Cmol-Cmol!-h"! and the dosed
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Figure 6.1: DGGE gel and FISH microscopic photographs. (a) DGGE gel of PCR-amplified 16S rRNA gene
fragments from the cultures enriched under continuous feeding (SFBR100, lane I) and semi-continuous
feeding (SFBR50, lane II-III). The samples loaded in lane II and IIT were collected, respectively, before (cycle
#39) and after (cycle #77) the feast phase length shortened to less than half an hour. SmartLadder SF
(Eurogentec) was loaded in lane M. The bands labeled B1-3 were excised and re-amplified for microbial
identification. (b, c¢) Fluorescence microscopy images of the final cultures enriched in SFBR100 and
SFBR50, respectively (40x magnification). The biomass was stained with a Cy5-labeled probe for Eubacteria
(EUB338I-1II, blue), Cy3-labeled probe for Betaproteobacteria (BET42a, red), and FLUOS-labeled probe for P
acidivorans (UCB823, green).

acetate (72 Cmmol) was taken up in around 200 minutes. A major fraction of the con-
sumed acetate was stored as PHB (Ypugs = 0.53 Cmol-Cmol’!) and at the end of the
feast phase the PHB content reached 44+1 wt.%. Besides the storage, almost 10% of the
acetate was found back as active biomass (Yx s = 0.09 Cmol-Cmol™!). This is significantly
more than previously observed for enrichment cultures in a standard, pulse-fed SBR
(Jiang et al.,[2011c}a) (Table[6.2).

After acetate depletion, the accumulated PHB was degraded and used for biomass
synthesis. The biomass-specific growth rate increased from 0.05+0.01 Cmol-Cmol !-h™!
on acetate (Uac,max) to, initially, 0.15+0.02 Cmol-Cmol!-h"! on PHB. After 12 h, the ex-
periment was stopped. The active biomass had almost doubled and the intracellular
PHB content had decreased to less than 3 wt.% of the TSS. The average biomass-specific
growth rate during the famine phase was 0.05 Cmol-Cmol"!-h’! (Table.

6.3.3. CULTURE ENRICHMENT UNDER SEMI-CONTINUOUS FEEDING

The second reactor operated in this study (SFBR50) was a sequencing fed-batch reactor
where half of the substrate was supplied via the continuous feed stream and the other
half dosed during the influent phase at the beginning of the cycle. As a result of the
continuous feed stream, a strict famine phase was absent. Nevertheless, the typical
dissolved oxygen pattern observed for pulse-fed SBRs (Jiang et al., 2011c) established
only a few cycles after inoculation with activated sludge. The intermittent periods with
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Table 6.2: Overview of observed variables, and model-derived yields and biomass-specific rates during normal
reactor operation and (fed-)batch experiments. The presented average values and standard deviations are
based on duplicate experiments (n=2) performed after obtaining a stable operational performance. The
average feast phase length (SFBR50) is based on the final 30 cycles of operation (n=30, Figure[6.3). The yields
for the accumulation experiments were determined over the first 4 h of the experiment. As the metabolic
model did not properly fit the experimental data for SFBR50 (Figure[6.4) values with lower reliability have been

italicized.
SFBR 100 SFBR 50 Standard SBR
This study This study Jiang et al.|(2011c)
Normal reactor operation ) -
Observed
Length feast phase [min] - 27+1 38
PHB min. cycle [Wt.%] 1+0 1+0 4
PHB max. cycle [wt. %] 1+0 37+1 52
PHB max. cycle  [Cmol-Cmol!] 0.01+0.00 0.68+0.01 1.3
Batch/Cycle experiments
Model-derived
Ypup seest [Cmol-Cmol™] 0.53 +0.02 0.58 +0.00 0.67
Yy gfeast [Cmol-Cmol™] 0.09 +0.01 0.06 + 0.00 0.00
Ycop,s™east [Cmol-Cmol '] 0.37 £0.00 0.36 +0.00 0.33
5, max [Cmol-Cmol'-h] 0.61 % 0.07 2.84+0.11 438
HAcmax [Cmol-Cmol'-h!] 0.05 +0.01 0.16 £ 0.01 0.00
mMATP [mol-Cmol!h!] 0.01 £ 0.01 0.01+0.01 0.00
k [Cmol*/3-Cmol */3-h1] -0.23 £0.02 -0.33+0.01 -0.16
pfamine may  [Cmol-Cmol!-h7] 0.15 +0.02 0.18 + 0.00 0.14
pfamine average [(Cmol-Cmol™-h!] 0.05 + 0.00 0.05 + 0.00 0.06
Accumulation experiments
Observed
PHB max. acc [wt.%] 53+1 85 +0 88
PHB max. acc [Cmol-Cmol!] 1.3+0.0 6.6+0.2 8.3
Model-derived
Yppp,s2°¢ [Cmol-Cmol ] 0.50 £0.03 0.61 +£0.01 0.61
Yx s [Cmol-Cmol ] 0.10+0.01 0.04+0.01 0.04
Yco2,52 [Cmol-Cmol ] 0.41+£0.01 0.35+0.00 0.35
GPHB,max [Cmol-Cmol!h!] 0.28 +0.04 1.44 +0.09 1.74




94 6. ENRICHMENT OF PHA-PRODUCERS UNDER CONTINUOUS SUBSTRATE SUPPLY

80

B [e2)
o o

NH;*, cum. O, [mmol]

Ac, X, PHB, cum. CO, [Cmmol];
N
o

T T T T T T b

0 120 240 360 480 600 720
time [min]
m Acetate 4 Biomass PHB x Ammonium +cum.CO, x cum. O,

Figure 6.2: Results of a representative batch experiment with biomass from the continuously-fed reactor
(SFBR100). The symbols represent measured data, the lines modeled data.

excess and limited carbon availability will be referred to as, respectively, the feast and
‘famine’ phase.

The length of the feast phase — as derived from the dissolved oxygen pattern — rapidly
decreased to about one hour and seemed to stabilize around this value (Figure. PCR-
DGGE analysis of a biomass sample collected during this period (Figure[6.1j, cycle #39)
revealed that the microbial community structure was similar to that in the continuously-
fed reactor (SFBR100). Afterwards — over the course of more than twenty cycles —the feast
phase shortened further (Figure[6.3). Once the length of the feast phase had reduced
to less than half an hour, analysis of the microbial community structure by PCR-DGGE
was repeated (Figure[6.1j, cycle #77). The sequence derived from the dominant band
(B3) showed 99.8% similarity to that of P acidivorans, and previous analyses had shown
that the band just above B3 also belongs to this organism (Jiang et al.,2011a). FISH
microscopy later confirmed the predominance of P acidivorans (Figure[6.1k, cycle #150).
A vast majority (=95%) of the cells hybridized with the specific probe for P acidivorans
(UCBB823), while almost no Betaproteobacteria were found. At stable operational condi-
tions, the length of the feast phase was 27+1 min. During the feast phase the PHB content
of the cells increased from about 1 to 37+1 wt.% (Table[6.2and Figure[6.3).

These enrichment results show that the absence of a strict famine phase does not
impede the enrichment of P acidivorans. Although half of the dosed substrate was taken
up under substrate limited conditions, the enrichment was as effective as when all sub-
strate was dosed in the feast phase (Jiang et al.,|2011c; [Johnson et al., 2009a). P acidi-
vorans degraded its stored PHB and used it for biomass synthesis, concomitant with the
consumption of acetate. The fact that P acidivorans was the sole dominant organism,
shows that it was able to successfully compete for the acetate at low concentrations.
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Figure 6.3: Performance of SFBR50 over the full operational period (3 months). The black diamonds indicate
the length of the feast phase (min), the grey triangles the PHB content obtained at the end of the feast
phase (wt.% of TSS). The asterisks on the x-axis indicate when cycle and/or accumulation experiments were
performed.

These observations are different from those of Martins et al| (2003), who also studied
the impact of acetate leaching in open systems and already observed a change in the

microbial community structure (i.e., the growth of filamentous biomass) when just 20%
of the acetate was leached to the ‘famine’. A major difference between the two studies
is the applied SRT: 1 versus 10 days. Also in our study the competitive advantage of
P acidivorans was reduced, though. The reduction of the feast phase length (Figure
was more gradual than observed in previous, pulse-fed SBRs (Jiang et al., 2011cja).
Moreover, when all substrate had to be taken up under substrate limited conditions —
i.e. in SFBR100 — Zoogloea sp. was enriched (Figure [6.1). The enrichment of Zoogloea
sp. rather than P, acidivorans under continuous feeding may be explained by the con-
siderably smaller cell size of the first (Jiang et al.,[2011a) (Figure[6.1). The larger specific
surface area of Zoogloea sp. may well account for a lower half-saturation constant for
substrate (Ks).

6.3.4. KINETIC PROPERTIES OF THE SEMI-CONTINUOUSLY-FED CULTURE
Cycle experiments were conducted to evaluate the performance and determine the bio-
mass-specific conversion rates of the semi-continuously-fed enrichment culture (SFBR50).
During these experiments the SFBR was closely monitored by online (e.g. off-gas O, and
COy) and offline (acetate, ammonium, TSS, and PHB) measurements. The results of the
experiments and consecutive modeling are shown in Table[6.2]and Figure[6.4}

The maximum biomass-specific substrate uptake rate (gs max) of the culture was 2.84
+0.11 Cmol-Cmol !-h"l. The majority of the pulse-fed acetate was stored as PHB (Ypyg,s
= 0.58 Cmol-Cmol™!) and at the end of the feast phase, after 27+1 min, the PHB con-
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tent reached 37+1 wt.% (Figure[6.4). Besides the conversion to PHB, six percent of the
pulse-fed acetate was converted to biomass (Yx s = 0.06 Cmol-Cmol!) and the remaining
36% respired to carbon dioxide (Table . Overall, the culture’s response to excess
substrate availability lay in between that observed for the culture enriched under fully
continuous feeding (SFBR100) and that observed for previous cultures enriched in a
standard, pulse-fed SBR (Jiang et al.}2011c). The biomass-specific substrate uptake rate
in SFBR50 was almost five times as high as the uptake rate in SFBR100, but still lower
than in the standard, pulse-fed SBR (Table[6.2). Similarly, the PHB yield - the fraction of
substrate stored as PHB during the feast phase — was higher than in the continuously-fed
reactor, but lower than in the standard SBR. Although the PHB yield was slightly reduced,
the lower PHB content found at the end of the feast phase in SFBR50 (37 wt.% vs. 52
wt.% in the SBR) is primarily explained by the fact that at that point only half of the total
substrate has been dosed. When the intracellular PHB content is expressed in Cmoles
PHB per Cmol active biomass, it shows very clear that the PHB content in SFBR50 is
roughly half that observed for the pulse-fed SBR: 0.68 vs. 1.3 Cmol-Cmol™! (Table .
The fact that only half the substrate has been dosed also causes the reduced feast phase
length, in spite of the lower biomass-specific substrate uptake rate in SFBR50.

The applied metabolic model (Marang et al.,2015) could well describe the feast phase
and uptake of the first 36 Cmmol acetate. However, it did not completely fit the ex-
perimental data for the ‘famine’ phase (Figure[6.4). Initially, the PHB degradation rate
and resulting biomass growth rate are overestimated, while later during the ‘famine’
phase the PHB degradation and biomass growth rate are underestimated (Figure [6.4).
Under strict famine conditions, the degradation of PHB is generally considered to be the
rate-limiting step. The biomass-specific PHB degradation rate (gprs) has been shown to
depend solely on the PHB content of the cell (fpyg) (Beun et al.}|2002) and is therefore
defined as gpyg = k-fpus®’® in both the model applied in this study (Marang et al.,[2015)
and other models (Johnson et al.}[2009b; Reis et al.;2003). Using this kinetic description,
the PHB degradation will be fastest right at the start of the famine phase, when the PHB
content is the highest. Over the course of the famine phase, the specific PHB degradation
and biomass growth rate will decrease due to the reducing PHB content of the cells.
The PHB degradation in SFBR50 would be better described by a sigmoid curve, though
(Figure[6.4). Likely, the degradation of PHB is no longer the true rate-determining step.
At the start of the ‘famine’ phase, when there is a relatively large amount of both acetate
and PHB available for growth, the bacteria may reach their maximum biomass-specific
growth rate (umax). For a correct description of the simultaneous uptake of acetate and
degradation of PHB, additional experiments and a revision of the kinetic model will be
required.
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Figure 6.4: Results of a representative cycle experiment during normal operation of the semi-continuously-fed
reactor (SFBR50). The symbols represent measured data, the lines modeled data.

6.3.5. MAXIMAL PHB CONTENT

To evaluate the PHB production rate and maximum storage capacity of the two enrich-
ment cultures, fed-batch accumulation experiments were conducted. During these ex-
periments the availability of ammonium was limited to that remaining from the previous
SFBR cycle (+2 mmol) and the ammonium got depleted in 2-4 h (Figure[6.5). Carbon
(acetate), on the other hand, was available in excess and additional carbon continuously
supplied to the reactor via pH control (Johnson et al.,|2009a).

The culture enriched under semi-continuous feeding and dominated by P, acidivo-
rans (SFBR50) accumulated large amounts of PHB (Figure [6.6). The PHB content of
this culture reached more than 80 wt.% in just 4 h, which is similar to what has been
reported for P acidivorans when it was enriched in a standard SBR (Jiang et al., 2011c).
The maximum PHB content — 85+0 wt.% — was obtained after 12 h. This is slightly lower
than the maximum storage capacity reported for P, acidivorans (89 wt.%) (Johnson et al.}
2009a). The difference could be due to the presence of a flanking population or change
in the kinetic properties of P acidivorans itself. Both would be in agreement with the
slightly reduced biomass-specific substrate uptake and PHB production rate observed
for SFBR50 (Table[6.2).

It had already been observed during batch experiments (Figure that the culture
enriched under continuous feeding (SFBR100) produces PHB when it is exposed to ex-
cess carbon. The culture — enriched in Zoogloea sp. — accumulated 50 wt.% PHB in 12 h
(Figure|[6.6). Thereafter the PHB content increased little further: the next morning PHB
contents of 53+1 wt.% were found (Table . Also other researchers have reported the
accumulation of PHB during batch experiments with bacteria that have been cultivated
or enriched under carbon-limited conditions (Dionisi et al.,2006; [Martins et al., 2003}
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Figure 6.5: Results of a representative accumulation experiment with biomass from the continuously-fed
reactor (SFBR100) and semi-continuously-fed reactor (SFBR50), respectively. The symbols represent measured
data, the lines modeled data.

van Niekerk et al.}[1987). As PHB storage is a common bacterial trait (Steinbtichel, [1991),
it is not surprising that the absence of a selective pressure for PHB production does not
result in the absence of a storage response. However, it did result in a dramatically
lowered PHB production rate and storage capacity: both were only one-fifth of that
observed for SFBR50 (Table and Figure[6.5). The biomass-specific PHB production
rate in SFBR100 was 0.28+0.04 Cmol-Cmol!-h™!, versus 1.44+0.09 Cmol-Cmol™*-h™! in
SBFR50. And the final amount of stored PHB was only 1.3 Cmol per Cmol active biomass,
instead of the 6.6 Cmol-Cmol ™! accumulated in SEBR50.

6.3.6. IMPLICATIONS FOR INDUSTRIAL IMPLEMENTATION

The results of this study clearly show that the absence of a true famine phase does not
impede the enrichment of bacteria with a superior PHA-producing capacity. Despite the
continuous supply of acetate, the enrichment culture in SFBR50 was dominated by P
acidivorans and accumulated up to 85 wt.% PHB. This suggests that the SBR-based cul-
tivation, as normally applied for the enrichment of PHA-producing bacteria, can readily
be converted to a 2-stage CSTR system — where true famine conditions will be absent
as well (Albuquerque et al., 2010a; Marang et al., 2015). The possibility to apply less
strict famine conditions also has strong advantages for scale-up of the SBR process it-
self. Feeding substrate throughout the cycle reduces the need for buffer volume and
alkalinity, as the dosage of the acidic substrate no longer outruns the consumption.

6.4. CONCLUSION

For the enrichment of bacteria with a superior PHA-producing capacity, periodic sub-
strate absence — a true famine phase - is not strictly necessary. This offers important
operational flexibility compared to when a strict, pulse-fed SBR system would have been
required, and enables an economic scale-up of the non-axenic PHA production process.
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Figure 6.6: Production of PHB (wt.% of TSS) during accumulation experiments with biomass enriched in
SFBR50 (black diamonds) and SFBR100 (grey triangles). The filled and open symbols represent results
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with P acidivorans dominated biomass enriched in a pulse-fed SBR (Jiang et al.;|2011c).

To assure a high PHA production rate and high PHA storage capacity, periodic substrate
excess — a true feast phase — remains essential.

NOMENCLATURE
k rate constant for PHB degradation [Cmol!/3-Cmol1/3-h ']
Ks half-saturation constant for substrate [Cmmol-L!]
HAc,max maximum biomass-specific growth rate on acetate [Cmol-Cmol '-h'1]
pfamine biomass-specific growth rate during the famine phase [Cmol-Cmol!-h!]
MATP biomass-specific ATP requirement for maintenance [mol-Cmol!-h!]
grHBmax Maximum biomass-specific PHB production rate [Cmol-Cmoll-h™!]
qs,max maximum biomass-specific substrate uptake rate [Cmol-Cmol'-h™1]

Yi; modeled actual yield of compoundion j [Cmol-Cmol ']
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7.1. WASTEWATER COMPOSITION

The aim of this thesis was to investigate scale-up aspects of the PHA production from
agro-industrial waste streams by microbial enrichment cultures. The intended use of
an (acidified) waste stream as substrate requires knowledge on the fate of the different
constituents in order to allow the selection of suitable waste streams and optimization of
the process, in particular the pre-fermentation of the organic waste. Three biologically
important groups of compounds were investigated: carbon sources that are - to differ-
ent extends — suitable for PHA production, carbon sources that do not give rise to PHA
production, and nutrients (specifically nitrogen).

7.1.1. THE IDEAL SUBSTRATE

The ideal substrate for PHA production yields a microbial enrichment culture with a high
maximum PHA content, a high biomass-specific PHA production rate, and a high prod-
uctyield. The enrichment cultures on butyrate (Chapter[2) showed the best performance
on these criteria. The cultures were dominated by P, acidivorans — an organism that can
accumulate up to 9 Cmol PHB per Cmol active biomass (Johnson et al.}[2009a) and was
also enriched on other VFAs, like acetate (Johnson et al.}|2009a) and propionate (Jiang
et al.,2011b). Its ability to convert different VFAs enables the production of the copoly-
mer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), which is important when
aiming at the use of PHA as a bioplastic. The biomass-specific uptake rate of P acidi-
vorans for butyrate was 50% higher than for acetate: 6.7 vs. 4.4 Cmol-Cmol'-h™! (Table
[2.4). Furthermore, only a minor fraction of the substrate was used for growth or respired
to carbon dioxide. The high observed product yield (0.93 Cmol PHB/Cmol butyrate)
resulted from a minimal ATP requirement to convert butyrate to PHB. The generation of
NADH during PHB synthesis from butyrate (Figure[1.5) is almost sufficient to generate
the required ATP and reduces the respiration requirements for butyrate as compared to
acetate. Together, the high substrate uptake rate and high product yield caused a dou-
bling of the biomass-specific PHB production rate. During accumulation experiments
the PHB content of the culture reached already 83 wt.% (5.8 Cmolpy-Cmolx™!) in 3.4 h
(Chapter[2).

Based on the stoichiometric product yield and oxygen requirement for PHB pro-
duction from lactate (Table[7.1), lactate is in theory also a highly suitable substrate for
PHB production — ranking somewhere in between acetate and butyrate. A study by
Jiang et al.| (2011c) showed that Plasticicumulans lactativorans (Jiang et al., 2014) was
enriched when using sole lactate as substrate. This organism has an extraordinary PHB
storage capacity (92 wt.%, 13.5 Cmolpyg-Cmolx™') and a high biomass-specific PHB pro-
duction rate. However, when using a mixture of acetate and lactate, a co-culture of P
acidivorans - taking up the acetate — and Thauera sp. — taking up the lactate — was en-
riched. Thauera sp. has a significantly lower biomass-specific PHB production rate (0.96
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Table 7.1: Overview of the stoichiometric yields and experimentally determined rates and yields for PHB
production from acetic, butyric, and lactic acid.

Acetic acid Butyric acid Lactic acid
Jiang et al.|(2011c) Chapte Jiang et al.|(2011c)
Stoichiometric yields i i
YpHB,s [Cmol-Cmol ] 0.67 0.94 0.74
Y02,p1B [mol-Cmol!] 0.38 0.20 0.23
Yco2,pHB [Cmol-Cmol ] 0.50 0.06 0.35
Observed
Dominant species P acidivorans P acidivorans P lactativorans Thauera sp.
PHB max. feast [wt. %] 52 57 53 48
PHB max. acc [wt.%] 88 88 92 81
PHB max. feast [Cmol-Cmol™!] 1.3 1.6 1.3 1.1
PHB max. acc [Cmol-Cmol™!] 8.3 8.3 135 5.1
Model-derived
Accumulation step
GruBmax  [Cmol-Cmol'-h1] 1.74 3.64 2.07 0.96
Ypus,s [Cmol-Cmol™!] 0.61 0.89 0.63 0.64

Cmol-Cmol!'-h'!) and PHB storage capacity (81 wt.%, 5.1 Cmolpyg-Cmolx™!) (Jiang et al.,
2011c). This result illustrates the importance of these experiments and suggests that
within a complex substrate mixture, such as an acidified agro-industrial waste stream,
lactate will not be the best substrate.

Overall, to optimize the PHA production process, the acidogenic pre-fermentation
step should be directed towards the production of butyrate rather than acetate or lactate.
When aiming at the use of PHA as a bioplastic — i.e. the production of PHBV - the
synthesis of a certain, constant fraction of VFAs with an odd number of carbon atoms
(propionate and/or valerate) should also be ensured. The production of alcohols should
be avoided. Although ethanol gives rise to the accumulation of PHB, the product yields
(Ypus,s) reported for batch experiments with ethanol are low (Beccari et al.}|[2002;|Tamis
et al.,2014a). Moreover, Tamis et al.| (2014a) reported the accumulation of a significant
amount of non-PHA storage compounds.

7.1.2. NON-PHA SUBSTRATES

Besides the organic acids suitable for PHA production, (fermented) organic waste streams
will also contain compounds that are more slowly degraded and do not contribute to the
accumulation of PHA. Although the pre-fermentation step aims to convert as much of
the organic carbon as possible to organic acids, it will rarely be possible to achieve a
full conversion to VFAs. The impact of these more slowly degradable, non-PHA sub-
strates was investigated in Chapter |3} using methanol as a model-substrate. Feeding
the SBR with acetate and methanol in a ratio of 1:1 Cmol led to the co-enrichment of
a non-PHA-storing population, growing on methanol, that reduced the maximum PHA




104 7. CONCLUSIONS AND OUTLOOK

content of the culture from more than 80 to 66 wt.% (>5 to 2.3 Cmolppp-Cmolx ') (Figure
B.5). When ammonium was present during the accumulation step, unrestricted growth
of the non-storing, methylotrophic population further reduced the maximum overall
PHA content (52 wt.%, 1.3 Cmolpyg-Cmolx ™).

Other than optimizing the pre-fermentation step and restricting growth during the
accumulation step, additional strategies to reduce the size and impact of the non-PHA-
storing population may be required. The experiments in Chapter [3|showed that upon
acetate depletion (after 36 min), 80% of the initially dosed methanol still remained in
the reactor liquid. The depletion of methanol followed roughly 1.5 h later (after 125 min).
The inclusion of a concentration step directly after depletion of the compounds suitable
for PHA production (VFAs, lactate, etc.) would allow the removal of a large part of the
remaining external substrate. The selective removal of substrates unsuitable for PHA
production from the enrichment reactor will reduce the availability for and thereby the
size of the non-PHA-storing population.

The strategy was successfully further investigated by Korkakaki et al.| (2016b), who
showed that, depending on the timing and discharge volume, 60% of the methanol could
be removed from the system. This increased the fraction of P acidivorans in the enrich-
ment culture from 40 to 63%.

7.1.3. THE ROLE OF NUTRIENT LIMITATION

The prevention of growth by limiting the availability of an essential nutrient (e.g. ni-
trogen or phosphorus) is often presented as a prerequisite to obtain high PHA contents
(Bengtsson et al., 2008b; Johnson et al., [2010; |Serafim et al.,|2004). However, when bu-
tyrate (Chapter[2) or lactate (Jiang et al.,[2011c) was used as substrate, the cultures ac-
cumulated 83-85 wt.% PHB (6 Cmolpyp-Cmolx™!) before the ammonium got depleted.
Accumulation experiments with the enrichment culture on acetate and methanol under
nitrogen-limited and nitrogen-excess conditions (Chapter[3) also indicated that P acidi-
vorans accumulated large amounts of PHB (>5 Cmolpyp-Cmolx™!) despite the presence
of ammonium. The reduced PHB content could be ascribed to unrestricted growth of
the non-PHA-storing population. Under nitrogen-excess conditions, the maximum PHB
content (52 wt.%, 1.3 Cmolpyg-Cmolx!) was reached after 4 h. Afterwards, the amount
of PHB in the reactor kept increasing, but the overall PHB content started to decline

(Figure[3.4/and[3.5).

Nutrient limitation is therefore not a strict prerequisite to obtain a high PHA content,
but merely a strategy to restrict the impact of growth by the non-PHA-storing population.
If the PHA production rate is high enough and the accumulation step can be ended in
time, the presence of ammonium does not impede obtaining a high PHA content. This
broadens the range of organic waste streams suitable for PHA production by microbial
enrichment cultures, and specifically by P, acidivorans. In the case of a nitrogen-rich
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waste stream, alternative strategies —such as discussed in section[7.1.2]- could be applied
to reduce the size and impact of the non-PHA-storing population. Further research
on the impact of ammonium on PHA accumulation and the use of nitrogen-rich waste
streams is required and has been performed by, e.g.,|[Korkakaki et al.[(2016a).

7.2. PROCESS DESIGN

The common, batch-wise operation of lab and pilot reactors (Albuquerque et al.,[2010b;
Anterrieu et al,, [2014; [iang et al., 2012} Morgan-Sagastume et al., 2014} Tamis et al.,
2014a) creates a highly dynamic process with a distinct feast and famine phase. These
two periods have highly different oxygen requirements, and the uncoupling of dosage
and uptake of substrate causes a high usage of chemicals for pH control. Moreover, the
periodic feed and discharge will require relatively large storage volumes and pumping
capacity to treat a continuous wastewater stream. Alternative process configurations
were investigated where, e.g., the number of process steps was reduced (Chapter [4) or
the feast-famine conditions were established in a continuous system (Chapter[5).

7.2.1. COMBINING THE ENRICHMENT AND ACCUMULATION STEP

The process for non-axenic PHA production generally comprises four steps (Figure[1.7).
To reduce capital cost, the feasibility of combining the enrichment and accumulation
step in a single reactor was assessed in Chapter[d] Operating the SBR at a high volume ex-
changeratio (0.75, i.e. 18 h cycles and 1 d SRT) allowed the production of biomass with 70
wt.% PHB (2.8 Cmolpyp-Cmolx™!) in a single-step process from acetate. It does not seem
feasible to obtain much higher PHB contents when omitting the accumulation step. By
increasing the exchange ratio to 0.83 (20 h cycles), the PHB content of the harvested
biomass increased up to 75 wt.% (3.6 Cmolpgg-Cmolx 1), but the operational stability
decreased (Figure [4.4). And the intended use of an acidified organic waste stream as
substrate will result in the co-enrichment of non-PHA-storing bacteria and thereby a
reduction of the culture’s PHA content.

Maximizing the volume exchange ratio is a suitable strategy for the production of
PHA-rich biomass in the SBR, but does not ensure the enrichment of a microbial culture
with a superior PHA productivity. When operating the SBR at these high exchange ratios,
bacteria have to increase their growth rate and external substrate will be available for
relatively long periods (Section[4.4.2). This allows the establishment of larger flanking
populations and negatively affected the kinetic properties of P acidivorans. The PHA
storage rate, yield, and capacity of the enrichment culture were severely compromised
(Table .

Rather than reducing capital cost by combining the full enrichment and accumula-
tion step, the feast and accumulation step could be combined in a single reactor, while
the growth on stored PHA is facilitated in a separate famine reactor. The steps requir-
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ing a high oxygen transfer rate are thus combined in one reactor. The famine phase,
which has much lower oxygen requirements, could be performed at a higher biomass
concentration in a small, second reactor. The inclusion of a solid-liquid separation step
between the feast and famine reactor simultaneously allows the independent design of
both reactors and the selective removal of substrates unsuitable for PHA production as
proposed in section|7.1.2

7.2.2. A STAGED CSTR SYSTEM

The use of a staged CSTR system for the enrichment of PHA-producing bacteria ad-
dresses several scale-up issues: the in- and effluent stream will be continuous, the sub-
strate dosage will be in balance with the uptake, and the feast and famine phase — with
their different oxygen requirements — will be physically separated. The separation be-
tween feast and famine conditions will become less strict, though — especially in a 2-
stage CSTR system. Simulations of the growth of P acidivorans in competition with
a non-storing heterotroph (Chapter[5) confirmed that in the 2-stage CSTR system the
selective pressure for PHA-producing bacteria is significantly lower than in the SBR, and
strongly dependent on the chosen feast-famine ratio (Figure [5.1]and[5.2). To increase
the selective pressure, a third reactor could be added that ensures excess substrate con-
ditions in the feast reactor and prevents leaching of substrate to the famine reactor. The
importance of minimizing the substrate leaching to the famine reactor depends on the
(relative) substrate affinities of P acidivorans and its competitors (Figure [5.6). These
values are, however, not known. The impact of continuous substrate availability on the
enrichment of PHA-producing bacteria was, therefore, investigated in Chapter|g]

When the substrate (acetate) was dosed continuously, substrate had to be taken up
under limited conditions and the competition was based on substrate affinities. This
removed the selective pressure for PHA-producing bacteria. The enrichment culture
became dominated by Zoogloea sp. (Figure[6.1), which indicates that P, acidivorans has
a lower substrate affinity than its competitors, as was assumed in the model (Chapter
. When half of the substrate was dosed continuously and the other half at once, feast
conditions were established but strict famine conditions remained absent. This mim-
icked the leaching of substrate as it will occur in a 2-stage CSTR system. Even though
half of the dosed substrate had to be taken up under substrate-limited conditions, P
acidivorans dominated the enrichment culture (Figure[6.1). The absence of a significant
second population indicated that P acidivorans was able to successfully compete for
the acetate at low concentrations. It degraded its stored PHA and used it for biomass
synthesis concomitant with the consumption of acetate. These results suggest that the
current SBR-based cultivation can be readily converted to a 2-stage CSTR system.

A second factor that affects the selective pressure for PHA-producing bacteria in a
staged CSTR system is the distribution of the residence times, and consequently the dis-
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tribution of bacterial states. The developed agent-based model (Chapter[5land Appendix
[A) showed that cells in the feast reactor contain a wide range of intracellular PHA con-
tents, but only a minor fraction contains extremely low or high amounts of PHA. In the
famine reactor, a major fraction of P acidivorans (46%) contained virtually no PHA and
does, therefore, not contribute to the overall PHA degradation rate (Figure . Again,
increasing the number of CSTRs in series could strengthen the competitive advantage of
PHA-producing bacteria, as it would narrow the residence time distribution.

Both the modeling results (Chapter[5) and the experimental data obtained from the
SBRs with a continuous substrate supply (Chapter[6) indicated that the competitive ad-
vantage of P acidivorans in a 2-stage CSTR system will be reduced, but remains present.
The use of an acidified organic waste stream, comprising multiple compounds in varying
concentrations, will, however, complicate setting the optimal feast-famine ratio. For
a robust PHA production process by microbial enrichment cultures a (dispersed) plug
flow system will be preferable. Rather than the temporal plug flow in an SBR, this could
be a spatial plug flow reactor with partial biomass recirculation. Such a plug flow reac-
tor would just like the 2-stage CSTR system, allow a truly continuous process and the
separation of periods with highly distinct oxygen requirements over different reactors.

7.2.3. OXYGEN

As the PHA is produced aerobically, the maximum volumetric productivity of the reactor
will be determined by the oxygen transfer rate (OTR) that can be achieved. The high
biomass and product concentrations reported for pure culture processes (Chen), [2009)
are a result of the relatively low biomass-specific rates. In our microbial enrichment
cultures the biomass-specific rates are much higher. Consequently, the maximal allowed
biomass concentration during the feast or accumulation step will be lower. There is
no intrinsic difference between the oxygen requirements of a pure and an enrichment
culture, so the maximum volumetric productivities will be similar. The capital cost per
cubic meter of reactor will be much higher for pure cultures (stainless steel reactors)
than for microbial enrichment cultures (open tanks), though.

Being a determining factor, oxygen is a recurring subject throughout this thesis —
although none of the experiments were optimized for their volumetric productivity. The
oxygen needed to produce a gram of PHA can be reduced by properly selecting your
substrate. PHB synthesis from butyric acid was shown to require almost 50% less oxygen
than from acetic acid, for example (Chapter[2|and Table[7.1). Moreover, the oxygen con-
sumption for non-PHA processes should be reduced by eliminating non-storing pop-
ulations and removing substrates unsuitable for PHA production from the enrichment
reactor before they are taken up (Chapter[3). The reactor’s oxygen transfer capacity may
also be used more optimally. For example, by feeding part of the substrate continuously
(Chapter[6) or by combining the steps with a high oxygen demand - the feast and ac-
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cumulation - rather than the feast and the famine in a single reactor (Chapter[4). In the
current SBR process, the high oxygen requirements during the feast phase determine the
reactor design, while during the significantly longer famine phase the requirements are
much lower. The physical separation of the feast and famine phase can also be achieved
with the use of a staged CSTR system (Chapter|[5).

7.3. TOWARDS INDUSTRIAL IMPLEMENTATION

The research presented in this thesis was part of a larger STW project aimed at devel-
oping the overall production chain for waste-based PHA from microbial enrichment
cultures. Within this project also the acidogenic fermentation step (Tamis et al.,|2015),
the downstream process (Jiang et al., 2015), the use of PHA as bioplastic, and the use
as chemical building block (Spekreijse et al.} [2015, 2016) were investigated. Moreover,
life cycle and techno-economic analyses (Fernandez-Dacosta et al., [2015} [2016) and a
first pilot study (Tamis et al., 2014a) were performed. The pilot plant comprised two
anaerobic reactors to acidify effluent from the Mars candy bar factory, a 200 L SBR for
the culture enrichment, and a 200 L fed-batch reactor for the PHA production step.
After anaerobic fermentation, the VFA fraction of the wastewater was on average 0.64
gCOD/gCOD. The enriched PHA-producing microbial culture was dominated by P, acidi-
vorans and accumulated 70 wt.% PHBV (of VSS) in the production step (Tamis et al.,
2014a). Although further optimization and fine-tuning of the process will be required,
especially for the acidogenic fermentation step, these are promising results.

The major obstacle for successful industrial implementation is, currently, the appli-
cation development. When aiming at the use of PHA as bioplastic, the focus is often on
replacing polypropylene (PP). PHA shares properties with PP, but is a different polymer.
Especially at the early stage of large-scale, waste-based PHA production by microbial
enrichment cultures, one should aim at simple applications, where one can truly ex-
ploit properties that make PHA different. The amount of PHA produced when treating
agro-industrial waste streams will also be of a different scale than PP production. When
developing applications one should, therefore, look for on-site or close-by applications
in particular. The application of PHA as platform chemical is still at the research stage.
Such non-plastic applications definitely deserve attention, though.

7.4. SUGGESTIONS FOR FUTURE RESEARCH

Over the past two decades, the enrichment and accumulation step of non-axenic PHA
production have been extensively studied by various research groups. With the first pilot
studies published (Anterrieu et al., 2014; Morgan-Sagastume et al., 2014} [Tamis et al.,}
2014a), the scale-up aspects investigated in this thesis, and the recent work by|Korkakaki
(2017) on nitrogen-rich waste streams, many important topics have been covered.
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Regarding the optimization of the PHA production process by directing the pre-fer-
mentation step towards specific fermentation products, it might still be worth to deter-
mine the impact of ethanol and valerate — alone and in a mixture with acetate — on the
enrichment of PHA-producing bacteria. Ethanol is a common fermentation product and
known to give rise to PHB production. It should likely be avoided as substrate, though, as
simultaneously other (storage) compounds are produced (Tamis et al.,|2014a). Valerate
is usually a minor fermentation product. However, it might be preferred over propionate
for the synthesis of HV monomers, like butyrate is preferred over acetate for the synthe-
sis of HB (Chapter. In that case, the synthesis of valerate should be optimized, for
example by adjusting the pH (Albuquerque et al., 2007; |Reis et al.,{1991).

The developed model for staged CSTR systems (Chapter[5) should still be validated
with (lab-scale) experiments. The experiments with continuous carbon supply in Chap-
ter@]already revealed that the equation used for PHB degradation (gpys = k- prBZ/ 3) does
not properly describe the degradation of PHB in presence of external substrate (Figure
[6.4). Likely, the bacteria reached their maximum biomass-specific growth rate and PHB
degradation was no longer the rate-determining step. A new kinetic description should
be developed. Also, because the current expression is based on the assumption that
during an SBR cycle the biomass concentration is constant (Tamis et al., 2014b). When
the SBRis operated at 12 h cycles and 1 d SRT, this is not a valid assumption — the biomass
will double each cycle. Nevertheless, the formula generally fitted the PHB degradation.

Besides for the validation of the model, in general, more experiments with the staged
CSTR system will be required. A CSTR system with just two stages is most practical to
investigate at lab-scale and would scientifically be interesting to study. The investigation
of a (dispersed) plug flow system, with more reactors in series, will be more relevant
in view of industrial implementation and should be realized in an industrial setting, at
pilot-scale, rather than in the lab.

Not related to the development of the non-axenic PHA production process, but at
a more fundamental level, it may be interesting to analyze the genome and/or gene
expression of P acidivorans in biomass samples collected during the enrichment period.
The timescale of the enrichment period in Chapter[4] (2 years), together with the contin-
ued predominance of P acidivorans and significant reduction of the feast phase length,
suggests that the enrichment process involved more than just the wash-out of flanking
populations. The kinetic properties of P acidivorans itself — especially its maximum
biomass-specific acetate uptake rate — will likely have changed as well. Similarly, John-
son et al. (2009a) reported the gradual increase of the biomass-specific PHB production
rate and PHB storage capacity over the course of many months. Analysis of the genome
and/or gene expression of P acidivorans over time may reveal what changed and provide
more insight into possible cellular adaptation alongside the microbial selection.

Finally, the main character of this thesis, Plasticicumulans acidivorans, is not only a
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highly interesting organism for the production of PHA by microbial enrichment cultures,
but could also be interesting for pure culture processes or the genetic modification of
others. Studying its genome, gene expression, or metabolome could reveal what makes
that P acidivorans has such a high specific substrate uptake rate and stores such large
amounts of PHA, or how its dynamic metabolism is regulated, for example.
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A. PROGRAM CODE AGENT-BASED MODEL 2-STAGE CSTR SYSTEM

function ABModel 2CSTR 201411

clear

clc

global recycle_ratio RT_feast RT_famine ...

Pa_qgS_max Pa_gX_max Pa_mATP Pa_alfa Pa_k Pa_K_S Pa_K_N Pa_fPHB_max ...
other_gX_max other_mATP other_K_S other_ K N ...

Y_PHB_S Y_X_S Y_X_PHB Y_N_X Y_ATP_S Y_ATP_PHB

HRT = 24;
recycle_ratio = 0.5;
V_2 = 2;
ff_ratio = 0.065;
OLR = 2.25;
CN_ratio = 8;
Pa_qgS_max = 3.5;
Pa_gX_max = 0.1;
Pa_mATP = 0.001;
Pa_alfa = 3.0;
Pa_k = —-0.16;
Pa_K_S = 0.3;
Pa_K_N = 0.001;
Pa_fPHB_max = 8.5;
other_gX_max = 0.47;
other_mATP = 0.001;
other_K_S = 0.1;
other_K_N = 0.001;
Y_PHB_S = yieldl(2.0);
Y_X_S = yield2(2.0);
Y_X_PHB = yield3(2.0);
Y_N_X = 0.20;
Y_ATP_S = yield4(2.0);
Y_ATP_PHB = yield5(2.0);
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RT_feast = ff_ratio/(1l+ff_ratio) * recycle_ratio*HRT;

RT_famine = recycle_ratio*HRT — RT_feast;
f_recycle = V_2/RT_famine;
f_total = 1/(1-recycle_ratio)*f_recycle;
f_feed = f_total — f_recycle;
f_waste = f_feed;
V.1 = RT_feast*(f_recycle+f_waste);
cS_feed = OLR * (V_1 + V_2/(l-recycle_ratio)) / f_feed;
cN_feed = ¢S_feed / CN_ratio;
storers = zeros(5000,4);
storers(1:5000,3:4) = 0.001;
storers(1:250,1) =1;
storers(251:5000,1) = 2;
parfor i = 1:5000
if i <= 250
storers(i,2) = random('exp',RT_feast);
else
storers(i,2) = random('exp',RT_famine);
end
end
nonstorers = zeros(5000,4);
nonstorers(1:5000,3) = 0.001;
nonstorers(1:250,1) =1;
nonstorers(251:5000,1) = 2;
parfor i = 1:5000
if i <= 250
nonstorers(i,2) = random('exp',RT_feast);
else
nonstorers(i,2) = random('exp',RT_famine);
end
end
X_Pal = 0.25;
P1 = 0.25;
X_Pa2 = 4.75;
P2 = 4.75;
X_othl = 0.25;
X_oth2 = 4.75;
S1 = 5.00;
N1 = 0.00;
S2 = 0.00;
N2 = 5.00;
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A dt = 0.005;
T = (0:dt:480)"';
tpoint = 1;

zeros(96001,10);
[S1 N1 X_Pal X_othl P1 S2 N2 X_Pa2 X_oth2 P2];

Y(1,:)

for t = dt:dt:480

if t == round(t)

disp(t)
end
sum_dS1 =0; sum_dS2 = 0;
sum_dN1 =0; sum_dN2 = 0;
sum_dX_Pal = 0; sum_dX_Pa2 = 0;
sum_dX_othl = 0; sum_dX_oth2 = 0;
sum_dP1 =0; sum_dP2 =0;

for k = [1,2,6,7]
if Y(tpoint,k) < @
fprintf('At t = %g h, compound %d got negative!\n', t,k);
end
end

nr_Pa
nr_Other

= length(storers);

= length(nonstorers);
cS1
cN1
cS2
cN2

Y(tpoint,1)/V_1;
Y(tpoint,2)/
Y(tpoint,6)/
Y(tpoint,7)/

_1;
_2;

2;
for i = 1:nr_Pa

if storers(i,l) ==1
[X PHB dS1 dN1 dX_Pal dP1] = ...
Pa_convert(storers(i,3),storers(i,4),dt,cS1,cN1);

sum_dS1 = sum_dS1 + dS1;
sum_dN1 = sum_dN1 + dN1;
sum_dX_Pal = sum_dX_Pal + dX_Pal;
sum_dP1 = sum_dP1 + dP1;

storers(i,3) = X;
storers(i,4) = P

elseif storers(i,1l) == 2
[X PHB dS2 dN2 dX_Pa2 dP2] = ...
Pa_convert(storers(i,3),storers(i,4),dt,cS2,cN2);

sum_dS2 = sum_dS2 + dS2;
sum_dN2 = sum_dN2 + dN2;
sum_dX_Pa2 = sum_dX_Pa2 + dX_Pa2;
sum_dP2 = sum_dP2 + dP2;
storers(i,3) = X;

storers(i,4) = PHB;

end
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if t > storers(i,2) -

[new indiv dX_Pal dP1 dX_Pa2 dP2] = Pa_move(storers(i,:),dt);

sum_dX_Pal = sum_dX_Pal + dX_Pal;
sum_dP1 = sum_dP1 + dP1;
sum_dX_Pa2 = sum_dX_Pa2 + dX_Pa2;
sum_dP2 = sum_dP2 + dP2;
storers(i,:) = indiv(1:4);

storers = [storers; new];
end
end

for i = 1:nr_Other

if nonstorers(i,1l) ==
[X dS1 dN1 dX_othl] = Other_convert(nonstorers(i,3),dt,cS1,cN1);

sum_dS1 = sum_dS1 + dS1;
sum_dN1 = sum_dN1 + dN1;
sum_dX_othl = sum_dX_othl + dX_othl;

nonstorers(i,3) X;

elseif nonstorers(i,1l) == 2
[X dS2 dN2 dX_oth2] = Other_convert(nonstorers(i,3),dt,cS2,cN2);

sum_dS2 = sum_dS2 + dS2;
sum_dN2 = sum_dN2 + dN2;
sum_dX_oth2 = sum_dX_oth2 + dX_oth2;

nonstorers(i,3)
end

X;

if t > nonstorers(i,2)

[new indiv dX_othl dX_oth2] = Other_move(nonstorers(i,:),dt);

sum_dX_othl
sum_dX_oth2

sum_dX_othl + dX_othl;
sum_dX_oth2 + dX_oth2;

nonstorers(i,:) indiv(1:4);

nonstorers = [nonstorers; new];
end

end

Y(tpoint+l, 1) Y(tpoint, 1) + (f_feedxcS_feed f_recyclexcS2 ...

+
— (f_recycle+f_waste)*cS1 + sum_dS1)x*dt;
+
+

Y(tpoint+l, 2) Y(tpoint, 2) + (f_feedxcN_feed + f_recyclexcN2 ...
— (f_recycle+f_waste)x*cN1 sum_dN1)x*dt;
Y(tpoint, 3) + sum_dX_Pal *dt;

Y(tpoint, 4) + sum_dX_othlxdt;

Y(tpoint+l, 3)
Y(tpoint+l, 4)
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Y(tpoint+l, 5) = Y(tpoint, 5) + sum_dPl *dt;
Y(tpoint+l, 6) = Y(tpoint, 6) + (f_recyclex(cS1-cS2) + sum_dS2)x*dt;
Y(tpoint+l, 7) = Y(tpoint, 7) + (f_recyclex(cN1-cN2) + sum_dN2)x*dt;
Y(tpoint+1l, 8) = Y(tpoint, 8) + sum_dX_Pa2 xdt;
Y(tpoint+l, 9) = Y(tpoint, 9) + sum_dX_ oth2xdt;

Y(tpoint+1,10) Y(tpoint,10) + sum_dP2 *dt;

tpoint = tpoint + 1;

for i = nr_Pa:-1:1
if storers(i,1l) == 0
storers(i,:)=[1;
end
end

for i = nr_Other:-1:1
if nonstorers(i, 1)
nonstorers(i,:)= [],
end
end

end

save('preliminaryresult.mat')

Y(:,1: 5)./V_1;
Y(:,6:10)./V_2;

Y_conc_feast
Y_conc_famine

conc_feast_end
conc_famine_end

Y_conc_feast(end,:);
Y_conc_famine(end, :);

disp('Determined flow rates, reactor volumes, and concentrations:');

fprintf('\n HRT = %#6.3g h', HRT) ;
fprintf('\n recycle ratio = %#6.3g h', recycle_ratio);
fprintf('\n rt feast = %#6.39 h', RT_feast);
fprintf('\n rt_famine = %#6.3g h', RT_famine);

fprintf('\n\n V_ feast = %#6.3g ', V_1);

fprintf('\n V_ famine = %#6.39 1', V_2);

fprintf('\n\n f_ feed = %#6.3g 1/h', f_feed);

fprintf('\n f_recycle = %#6.3g 1/h' f_recycle);

fprintf('\n f waste = %#6. 3g l/h\n\n , f_waste);

disp('Composition feed:');

fprintf(' cS_feed = % 6.3g Cmmol/1', cS_feed);

fprintf('\n cN_feed %#6 .39 mmol/l\n\n', cN_feed);

disp('Final concentrations feast reactor:');

fprintf(' cS. 1 = %#6.3g Cmmol/1l', conc_feast_end(1));

fprintf('\n cN 1 = %#6.3g mmol/1', conc_feast_end(2));

fprintf('\n <X Pa 1 = %#6.3g Cmmol/l"', conc_feast_end(3));

fprintf('\n cX_ other_1 = %#6.3g Cmmol/l', conc_feast_end(4));

fprintf('\n cPHB 1 = %#6.39 Cmmol/l\n\n ,conc_feast_end(5));

disp('Final concentrations famine reactor:');

fprintf(' ¢S 2 = /#6 3g Cmmol/1', conc_famine_end(1));

fprintf('\n cN_2 = %#6.39 mmol/l' conc_famine_end(2));

fprintf('\n <X Pa 2 = %#6.39 Cmmol/l' conc_famine_end(3));

fprintf('\n <X other 2 = %#6.3g Cmmol/l', conc_famine_end(4));

fprintf('\n cPHB 2 = %#6.39 Cmmol/1\n', conc_famine_end(5));

figure

set (0, 'DefaultAxesColorOrder',[1 00; 611; 000; 6010; 110],...
'‘DefaultAxesLineStyleOrder','—|-.")

plot(T,Y_conc_feast, T,Y_conc_famine)



A. PROGRAM CODE AGENT-BASED MODEL 2-STAGE CSTR SYSTEM 131

set(gca, 'XTick',0:48:480)

set(gca, 'XTickLabel',{'0","",'96","","192","",'288","'","'384","'",'480'})

set(gca, 'YTick',0:5:30)

set(gca, 'YTickLabel',{'0"','5",'10",'15",'20",'25","'30"})

xlabel('\bfTime (h)")

ylabel('\bf(Cmmol/1)")

legend('cS feast', 'cN feast', 'cX_{Pa} feast', 'cX_{other} feast',
'cPHB feast', 'cS famine', 'cN famine', 'cX_{Pa} famine', ...
'cX_{other} famine', 'cPHB famine', 'Location', 'NorthEastOutside')

pbaspect([3 2 2])

saveas(gcf, 'Reactor _Development.pdf"')

fPHB_feast
fPHB_famine

[1;
[1;
for i = 1:1length(storers)
if storers(i,1) ==
fPHB_feast (end+1)

elseif storers(i,l) ==
fPHB_famine (end+1)

storers(i,4)/storers(i,3);

(I S]

storers(i,4)/storers(i,3);
end
end

x_hist = 0.05:0.1:7.95;

hist_feast = hist(fPHB_feast,x_hist);
hist_famine = hist(fPHB_famine,x_hist);
nr_feast = length(fPHB_feast);
nr_famine = length(fPHB_famine);

histt_feast
histt_famine

hist_feast./nr_feast .x100;
hist_famine./nr_famine .x100;

figure

bar(x_hist,histt_feast, 'barwidth',1)

set(gca, 'XLim', [0 81)

set(gca, 'YLim', [0 10])

set(gca, 'YTick',0:1:10)

set(gca, 'YTickLabel',{'0", """, 2,4, e, 0,18, 1, 110'})

xlabel('PHB content feast reactor (Cmol_{PHB}/Cmol {X})', 'FontWeight', 'bold"')
ylabel('# individuals of \it{P. acidivorans} (%)', 'FontWeight', 'bold"')
pbaspect([3 2 2])

saveas(gcf, 'PHB Distribution Feast.pdf')

figure

bar(x_hist,histt_famine, 'barwidth',1)

set(gca, 'XLim',[0 8])

set(gca, 'YLim', [0 50])

set(gca, 'YTick',0:5:50)

set(gca, 'YTickLabel',{'0","","10","",'20","",'30","","40","",'50"'})

xlabel('PHB content famine reactor (Cmol_{PHB}/Cmol_{X})', 'FontWeight', 'bold')
ylabel('# individuals of \it{P. acidivorans} (%)', 'FontWeight', 'bold')
pbaspect([3 2 2])

saveas(gcf, 'PHB Distribution Famine.pdf")

descr = {'HRT (h)"; 'recycle ratio'; 'rt_feast (h)'
‘rt_famine (h)"'; 'V_feast (1)'; 'V_famine (1)'
'f_feed (1/h)"'; 'f_recycle (l/h)"'; 'f_waste (1/h)’
'cS_feed (Cmmol/1)'; 'cN_feed (mmol/1l)'; 'cS_1 (Cmmol/1)';
'cN_1 (mmol/1)"'; 'cX_Pa_1 (Cmmol/1)'; ‘'cX_oth_1 (Cmmol/1)'
'cPHB_1 (Cmmol/1)'; 'cS_2 (Cmmol/l)'; "cN_2 (mmol/1)"';
'cX_Pa_2 (Cmmol/1)'; 'cX_oth_2 (Cmmol/1)'; 'cPHB_2 (Cmmol/1l)'};
xlswrite('Results.xlsx', descr, 'Overview', 'Al:A21');
xlswrite('Results.xlsx', HRT, 'Overview', 'Bl');
xlswrite('Results.xlsx', recycle_ratio, 'Overview', 'B2')

Xxlswrite('Results.xlsx', RT_feast, 'Overview', 'B3')
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Xxlswrite('Results.xlsx', RT_famine, 'Overview', 'B4');
xlswrite('Results.xlsx', V_1, 'Overview', 'B5');
xlswrite('Results.xlsx', V_2, 'Overview', 'B6');
xlswrite('Results.xlsx', f_feed, 'Overview', 'B7');
xlswrite('Results.xlsx', f_recycle, 'Overview', 'B8');
xlswrite('Results.xlsx', f_waste, 'Overview', 'B9');
xlswrite('Results.xlsx', cS_feed, 'Overview', 'B10');
xlswrite('Results.xlsx', cN_feed, 'Overview', 'Bll');
xlswrite('Results.xlsx', conc_feast_end', 'Overview', 'B12:B16');
xlswrite('Results.xlsx', conc_famine_end', 'Overview', 'B17:B21');
headl = {'time' 'S1' 'N1' 'X_Pal' 'X_othl' 'P1'

'S2! 'N2' 'X_Pa2' 'X_oth2' 'P2';

'h! 'Cmmol' 'mmol' 'Cmmol' 'Cmmol' 'Cmmol'

‘Cmmol' 'mmol’ 'Cmmol' 'Cmmol' 'Cmmol'};
Xxlswrite('Results.xlsx', headl, 'Total amountsl', 'Al:K2')
xlswrite('Results.xlsx', T, 'Total amountsl', 'A3:A65003')
xlswrite('Results.xlsx', Y, 'Total amountsl', 'B3:K65003')
xlswrite('Results.xlsx', headl, 'Total amounts2', 'Al:K2')
Xxlswrite('Results.xlsx', T(65001:end), 'Total amounts2', 'A3:A35003')

xlswrite('Results.xlsx', Y(65001:end,:), 'Total amounts2', 'B3:K35003")

head2 = {'#' 'location' 'RT' 'X' 'PHB'; '' '' 'h' 'Cmmol' 'Cmmol'};
nr_storers = l:length(storers);

xlswrite('Results.xlsx', head2, 'Storers end', 'Al:E2')
xlswrite('Results.xlsx', nr_storers', 'Storers end', 'A3:A20003")
xlswrite('Results.xlsx', storers, 'Storers end', 'B3:E20003')

nr_nonstorers = 1l:length(nonstorers);

xlswrite('Results.xlsx', head2, "NonStorers end', 'Al:D2')
xlswrite('Results.xlsx', nr_nonstorers', 'NonStorers end', 'A3:A20003")
xlswrite('Results.xlsx', nonstorers, 'NonStorers end', 'B3:D20003')

save('result.mat")

end

function Y_PHB_S = yieldl(delta)

Al = [-1 0 0 delta;...
0 2 -0.25 -1;...
1 -1 -1 0;...
1 0 0 0];

bl = [0; 0; 0; 11;

x1 = Al\bl;

Y_PHB_S = x1(3) / x1(1)

end

function Y_X_S

yield2(delta)

A2=1[-1 0 -2.16 delta;...
0 2 0.434 -1;...
1 -1 -1.267 0;...
1 0 0 0];

b2 = [0; 0; 0; 11;

x2 = A2\b2;
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Y_X_S = x2(3) / x2(1);
end

function Y_X PHB = yield3(delta)

A3 =[]0 -2.16 -0.25 delta;...
2 0.434 0.25 -1;...
-1 -1.267 1 0;...
0 0 1 0];
b3 = [0; 0; 0; 1];
x3 = A3\b3;

Y_X_PHB = x3(2) / x3(3);
end

function Y_ATP_S = yield4(delta)

Ad =10 2 -1;...
1 -1 0;...
1 0 0];

b4 = [0; 0; 1];

x4 = A4\b4;

Y_ATP_S = (delta*x4(3) — x4(1)) / x4(1);
end

function Y_ATP_PHB = yield5(delta)

A5 = 2 0.25 -1;...
-1 1 0;...
01 0];
b5 = [0; 0; 11;
x5 = A5\b5;

Y_ATP_PHB = (delta*x5(3) — 0.25%x5(2)) / x5(2);
end

function [X PHB dS dN dX_Pa dP] = Pa_convert(X,PHB,dt,cS,cN)

global Pa_gS_max Pa_gX_max Pa_mATP Pa_alfa Pa_k Pa_K S Pa_K_N Pa_fPHB_max ...
Y_PHB_S Y_X_S Y_X_PHB Y_N_X Y_ATP_S Y_ATP_PHB

qsS = Pa_qgS_max * cS/(Pa_K_S+cS) * (1 — ((PHB/X)/Pa_fPHB_max)”"Pa_alfa);
m_S = Pa_mATP/Y_ATP_S * ¢S/ (Pa_K_S+cS);

m_PHB = Pa_mATP/Y_ATP_PHB * (1 — cS/(Pa_K_S+cS));

gx_S = Pa_gX_max * cN/(Pa_K_N+cN) * cS/(Pa_K_S+cS);

gP_prod = Y_PHB_S * (qS — gX_S/Y_X_S — m_S);

gP_cons = Pa_k * (PHB/X)"~(2/3) * cN/(Pa_K_N+cN) * (1 — cS/(Pa_K_S+cS));
gX_PHB = Y_X_PHB * (—gP_cons — m_PHB);

ds =-qS * X;

dN = —(gX_S + qX_PHB)*Y_N_X * X;
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dX_Pa = (gX_S + gX_PHB) * X;
dp = (gP_prod + gP_cons) * X;
X = X + dX_Paxdt;
PHB = PHB + dP  xdt;

end

function [X dS dN dX_oth] = Other_convert(X,dt,cS,cN)

global other_gX_max other_mATP other_K_S other_ K N ...
Y_X_S Y_N_X Y_ATP_S

gxX_s = other_gX_max * cN/(other_K_N+cN) * cS/(other_K_S+cS);
m_S = other_mATP/Y_ATP_S * ¢S/ (other_K_S+cS);

m_X = other_mATP/Y_ATP_S *(1 — cS/(other_K_S+cS)) * Y_X_S;
qsS = gX_S/Y_X_S + m_S;

ds =-qS * X;

dN = —(gX_S — m_X)*Y_N_X * X;

dX_oth = (gX_S — m_X) * X;

X = X + dX_othxdt;

end

function [new indiv dX1 dP1 dX2 dP2] = Pa_move(indiv,dt)

global recycle_ratio RT_feast RT_famine

new = 1[I
nr_new = 1;
dX1l_new = 0; dP1l_new = 0; dX2_new = 0; dP2_new = 0;
dx1 =0; dP1 =0; dx2 =0; dP2 =0;

if indiv(3) > 0.002

nr_new = floor(indiv(3)/0.001);
indiv(3) = indiv(3)/nr_new;
indiv(4) = indiv(4)/nr_new;

for i = 1:(nr_new-1)
new(i,1:4) = indiv(1:4);

if new(i,1) ==
if random('unif',0,1) > (l-recycle_ratio)

new(i,1l) = 2;
new(i,2) = new(i,2) + random('exp',RT_famine);
dX1l_new = dXl_new — new(i,3)/dt;
dPl_new = dPl_new — new(i,4)/dt;
dX2_new = dX2_new + new(i,3)/dt;
dP2_new = dP2_new + new(i,4)/dt;
else
new(i,1l) = 0;
dXl_new = dXl_new — new(i,3)/dt;
dP1l_new = dPl_new — new(i,4)/dt;
end
elseif new(i,1) == 2

new(i,1) = 1;
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new(i,2) = new(i,2) + random('exp',RT_feast);

end
end

for i = (nr_new-1):-1:1
if new(i,1) ==
new(i,:)=[1;
end
end

end

if indiv(l) ==
if random('unif',0,1) > (l-recycle_ratio)

indiv(1l) = 2;
indiv(2) = indiv(2) + random('exp',RT_famine);
dXx1 = dX1_new — indiv(3)/dt;
dpP1 = dPl_new — indiv(4)/dt;
dx2 = dX2_new + indiv(3)/dt;
dP2 = dP2_new + indiv(4)/dt;
else
indiv(1l) = 0;
dx1 = dX1l_new — indiv(3)/dt;
dP1 = dP1l_new — indiv(4)/dt;
dx2 = dX2_new;
dP2 = dP2_new;
end

elseif indiv(1l) == 2

indiv(1l) = 1;

indiv(2) = indiv(2) + random('exp',RT_feast);
dx1 = 1indiv(3) *nr_new/dt;

dP1 = 1indiv(4) *nr_new/dt;

dx2 = —indiv(3) *nr_new/dt;

dpP2 = —indiv(4) *nr_new/dt;

end
end
function [new indiv dX1 dX2] = Other_move(indiv,dt)

global recycle_ratio RT_feast RT_famine

new = [1;
nr_new = 1;
dXl_new = 0; dX2_new = 0;
dx1 =0; dXx2 =0;

if indiv(3) > 0.002

nr_new = floor(indiv(3)/0.001);
indiv(3) = indiv(3)/nr_new;
indiv(4) = indiv(4)/nr_new;

for i = 1:(nr_new-1)
new(i,1l:4) = indiv(1:4);

if new(i,1) ==1
if random('unif',0,1) > (l-recycle_ratio)
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new(i,1l) = 2;
new(i,2) = new(i,2) + random('exp',RT_famine);
dX1l_new = dXl_new — new(i,3)/dt;
dX2_new = dX2_new + new(i,3)/dt;
else
new(i,1l) = 0;

dX1l_new = dXl_new — new(i,3)/dt;

end
elseif new(i,1) == 2
new(i,1l) = 1;
new(i,2) = new(i,2) + random('exp',RT_feast);

end

end

for i = (nr_new-1):-1:1
if new(i,1) ==
new(i,:)=[1;
end
end

end

if indiv(1l) ==
if random('unif',0,1) > (l-recycle_ratio)

indiv(1l) = 2;
indiv(2) = indiv(2) + random('exp',RT_famine);
dXx1 = dX1l_new — indiv(3)/dt;
dx2 = dX2_new + indiv(3)/dt;
else
indiv(1l) = 0;
dX1 = dX1_new — indiv(3)/dt;
dX2 = dX2_new;
end
elseif indiv(1l) == 2
indiv(l) = 1;
indiv(2) = indiv(2) + random('exp',RT_feast);
dX1 indiv(3) *nr_new/dt;

dx2 —indiv(3) *nr_new/dt;
end

end
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