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Resumo 
 

 

 

 

Os Polihidroxialcanoatos (PHA) são bio-poliésteres que podem ser sintetizados por 

microrganismos a partir de fontes renováveis. Estes biopolímeros são termoplásticos, com 

características semelhantes às do polipropileno e polietileno, com a vantagem de serem 

totalmente biodegradáveis e biocompatíveis, permitindo um ciclo de vida sustentável. Desta 

forma apresentam um elevado potencial de substituição dos polímeros convencionais derivados 

da indústria petro-química. 

Os PHAs são sintetizados por um elevado número de bactérias, como reservas intracelulares de 

carbono, acumuladas na forma de grânulos intracelulares. Esta capacidade tem sido explorada 

pela indústria biotecnológica com vista à produção e comercialização em grande escala destes 

biopolímeros. Contudo, actualmente os custos de produção dos PHAs são ainda muito elevados 

para serem considerados concorrentes dos plásticos de síntese química. A produção industrial 

destes polímeros tem sido realizada por fermentação com culturas microbianas puras de estirpes 

bacterianas naturais ou recombinantes e a partir de substratos de custo elevado. Como 

alternativa, surge o recurso a culturas microbianas mistas (não são necessárias condições de 

esterilidade), que permitem a utilização de substratos de baixo custo e apresentam, desta forma, 

vantagens que poderão reduzir os custos e viabilizar a produção de PHAs a nível industrial. 

Neste trabalho foram desenvolvidas estratégias a fim de melhorar, em termos de produtividade, 

o processo de produção de PHAs por culturas mistas a partir de melaço fermentado. Este 

processo inclui três etapas: (1) fermentação acidogénica do melaço a ácidos orgânicos voláteis, 

(2) selecção de culturas em organismos acumuladores de PHAs em fome/fartura usando melaço 

fermentado e (3) a produção de biopolímero pelas culturas seleccionadas na segunda etapa e o 

melaço fermentado produzido na primeira.  

Na primeira fase, foi investigado o efeito do pH na etapa de selecção de forma a verificar se 

existiria uma influência directa (pela imposição de pH mais elevado) ou indirecta (associado à 

precipitação de estruvite) no crescimento de biomassa. Em condições de pH controlado foi 

demonstrado que houve um aumento na concentração de biomassa, com a conservação da 

resposta de acumulação pela cultura, no reactor de selecção e nos ensaios de acumulação 

subsequentes. Foi também demonstrado que apesar de ocorrer a precipitação de estruvite no 

SBR, com e sem pH controlado, não houve limitação de micronutrientes e desta forma foi 

observado que o efeito directo do pH é a causa da limitação do crescimento de biomassa. Após a 

investigação deste efeito, desenvolveram-se estratégias para aumentar capacidade de 

crescimento de biomassa no SBR, através do aumento da carga orgânica, sem prejudicar o 

desempenho de acumulação da cultura. Contudo, devido a variações na concentração do 
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substrato afluente, não foi possível determinar o efeito da carga orgânica na produtividade em 

biomassa do SBR na segunda etapa do processo. 

De forma a conceber uma razão de volume adequada entre as etapas de selecção e de produção 

de PHA, com vista à integração das três etapas do processo, foram avaliados os efeitos 

independentes da diluição da biomassa e da diluição do meio exausto do SBR na regulação da 

resposta de acumulação. Foi demonstrado que há um impacto na resposta de acumulação que é 

independente do grau de enriquecimento da cultura, bem como do efeito de adaptação 

fisiológica da cultura e que está associado à concentração celular e/ou competição pelo 

substrato. Aparentemente quando o inoculo está diluído e o substrato é abundante a cultura 

parece preferir crescer, por outro lado, quando o inoculo é mais concentrado e o substrato 

menos abundante parece haver preferência pela acumulação de PHAs. Estes resultados são 

consistentes com um mecanismo de regulação que discrimina a concentração celular face ao 

ambiente da cultura, um exemplo deste tipo de mecanismo é o fenómeno de quorum sensing. 

Finalmente, foram estudadas diferentes estratégias com o objectivo de aumentar a produtividade 

da etapa de acumulação de PHA. Foram realizados ensaios de acumulação em modo fed-batch 

com uma estratégia de alimentação por controlo de pH na qual se promoveram três fases: (1) 

crescimento celular; (2) ausência de adição de substrato de carbono; e (3) acumulação de PHA. 

Em comparação com os resultados obtidos num ensaio de produção realizado com alimentação 

contínua (em fed-batch), foi possível demonstrar que devido ao tempo total necessário e aos 

conteúdos máximos de PHA nas células terem sido inferiores a produtividade volumétrica nos 

primeiros ensaios foi inferior. Foi ainda avaliado o efeito de uma possível troca de substratos de 

carbono na resposta de acumulação da cultura e na composição do polímero. Os resultados 

obtidos foram inconclusivos e prematuros sobre o impacto da troca de substratos no 

desempenho de acumulação da cultura. Em relação à composição do polímero, os resultados 

foram semelhantes nos ensaios com melaço e soro de leite fermentado demonstrando que os 

diferentes perfis de ácidos gordos voláteis dos dois substratos fermentados não tiveram efeito 

nas porções de hidroxibutirato e hidroxivalerato. 
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Abstract 
 

 

 

 

Polyhydroxyalkanoates (PHA) are bio-polyesters that can be biosynthesized by microorganisms 

from renewable sources. These biopolymers are thermoplastic materials with similar 

characteristics to those of polypropylene and polyethylene, and with the advantage of being 

fully biodegradable and biocompatible, allowing a closed loop and sustainable life cycle. 

Therefore, they have high potential in the replacement of conventional polymers derived from 

petro-chemical industry. 

PHAs are synthesized by a large number of bacteria as intracellular reserves of carbon and 

energy that are accumulated as intracellular granules. This ability has been investigated for the 

production and commercialization at large-scale of these biopolymers by biotechnological 

industry. However, at present the PHA production costs are still too high to this polymers be 

considered as competitors of the chemically synthesized plastics. The industrial production of 

PHAs has been performed so far by microbial fermentation of natural or recombinant bacterial 

strains using expensive chemically-defined feedstocks. Alternatively, the use of mixed 

microbial cultures seems attractive since non-sterile conditions are required and the use of cheap 

feedstocks is allowed. These advantages reduce the costs and may assist the PHA production in 

an industrial level. 

In this study, strategies were developed to improve the PHA production process from sugar 

molasses in terms of productivity using a three-stage process comprising: (1) anaerobic 

fermentation of sugar molasses to produce volatile fatty acids; (2) PHA accumulating culture 

selection under ADF conditions; and (3) PHA production using the selected cultures and the 

clarified fermented molasses. 

On a first phase, the effect of pH control in the culture selection stage was assessed in order to 

verify whether a direct effect (due to higher pH imposition) or an indirect effect (due to possible 

struvite precipitation) could have a negative impact on the culture's growth capacity. It was 

demonstrated that the SBR operated with controlled pH, led to the doubling of the reactor 

biomass concentration, without any loss of PHA storage efficiency, both in the culture selection 

and enrichment stage and in the subsequent batch accumulation stage. It was also demonstrated 

that although struvite precipitation very probably occurred in the SBR, with and without pH 

control, the growth limitation was likely due to a direct effect of pH since the micronutrients 

never reached limiting concentrations. Once the culture was acclimatized to operation with pH 

control, it was made an attempt to increase the organic loading rate by increasing the influent 

substrate concentration in order to continue to increase the pressure for a higher cell growth 

without any impairment of the PHA storage capacity. However, it was not possible to assess the 



 

- IV - 

 

effect of the organic load increase in SBR´s cell productivity due to the occurrence of variations 

on the influent substrate concentration.  

In an attempt to design the adequate volume ratio between the selection and PHA production 

stages, aiming to the integration of the process, the independent effects of biomass and exhaust 

SBR´s supernatant dilution on the regulation of the PHA storage response were investigated. 

The results seem to indicate that there may be a PHA storage regulation mechanism able to 

discriminate responses based on cell concentration and or competition for substrate that was 

independent of culture´s enrichment degree and physiological cell adaptation effect. Apparently, 

it seems that in conditions with a poorly concentrated inoculum and high substrate availability, 

the culture response would privilege cell proliferation, whereas in conditions with higher 

biomass concentration and lower substrate availability, the culture response would privilege 

PHA storage. These results are consistent with a regulation mechanism that discriminates cell 

concentration against the culture environment. An example of such mechanism is the quorum 

sensing phenomenon. 

At last, this study was focused on the third stage of the process with the aim to evaluate the 

MMC PHA production performance under different fed-batch feeding strategies. It was used a 

feeding strategy controlled by pH-stat that allowed promoting three phases during the 

accumulation tests: (1) cell growth, (2) with no carbon substrate supply, and (3) PHA 

accumulation. When the results were compared with those obtained using a continuous feeding 

strategy in on a current fed-batch assay, it was demonstrated that due to the total time required 

and lower maximum PHA content in cells, the volumetric productivity in the first experiments 

was negatively affected. The effect of a possible feedstock shift on culture´s PHA storage 

response was also assessed. The results that concern the feedstock shift impact on culture 

accumulation performance were inconclusive and premature. However, the results regarding the 

polymer composition were similar when sugar molasses and cheese way was used as feedstock. 

These results have demonstrated that the portions of hydroxybutyrate and hydroxyvalerate were 

not affected when diferent fermented substrates with different volatile fatty acids profiles were 

used. 
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Abbreviations 
 

 

 

 

ADF – Aerobic Dynamic Feeding, also designated as “feast and famine” 

CSTR – Continuous Stirred Tank Reactor 

C/N/P – Carbon to nitrogen to phosphorus ratio 

F/F – Feast to Famine ratio 

FISH- Fluorescence in Situ hybridization  

F/M – Feed to microorganism ratio (Cmmol VFA/Cmmol VSS)  

GC- Gas chromatography  

HAc – Acetic acid 

HB – Hydroxybutyrate 

HBut – Butyric acid 

HLac – Lactic acid 

HProp – Propionic acid 

HV – Hydroxyvalerate 

HVal – Valeric acid 

HPLC- High Performance Liquid Chromatography  

HRT – Hydraulic Retention Time 

mcl-PHA- Medium chain length polyhydroxyalkanoates  

MMC- mixed microbial cultures  

Mw- molecular weight  

OUR – Oxygen Uptake Rate 

OLR – Organic loading rate 

PA – polyamide (nylon) 

PBAT – polybutylene adipate-co-butylene terephthalate 

PBS – polybutyrate succinate 

PBSA – polybutyrate succinate-co-adipate\ 

PBSAT – polybutylene succinate-co-adipate terephthalate 

PBSL – polybutyrate succinate-co-lactade 

PBT – polybutyrate terephthalate 

PC – polycabonate 

PCBS – poly(l-cystine bisamide-g-sulfadiazine) 

PCL – polycaprolactone 

PE – polyethylene 

PEIT polyetheylene-co-isosorbite terephthalate 
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PET – polyethylene terephthalate 

PG – propylene glycol, 1,2-propanediol 

PHA – Polyhydroxyalkanoate 

PHAi represents PHA at the beginning of a pulse or SBR feast phase 

PHAmax represents PHA at the end of SBR feast phase or batch accumulation test 

PHB or P(3HB)-polyhydroxybutyrate or poly 3-hydroxybutyrate  

P(HB-co-HV) or P(3HB-co-3HV)- Poly (3-hidroxybutyrate-co-3-hidroxyvalerate) or Poly 

(hidroxybutyrate-co-hidroxyvalerate)  

PLA – polylactide, polylactic acid 

PTA – terephtalate acid 

PTMAT – polytetramethylene adipate terephthalate 

PTT – polytrimethylene terephthalate 

PP – polypropylene 

PS – polystyrene 

PTI – polytrimethylene isophthalate 

PTN – polytrimethylene naphthalate 

PUR – polyurethane 

PVAc – polyvinyl acetate 

PVC – polyvinyl chloride 

PVOH – polyvinyl alcohol 

qP – Specific polymer storage rate, in Cmmol PHA/Cmmol X.h 

-qS – Specific substrate uptake rate, in Cmmol VFA/Cmmol X.h 

SBR – Sequencing Batch Reactor 

SRT – Sludge Retention Time 

scl-PHA- Short cahin length polyhydroxyalkanoates 

TPS – thermoplastic starch 

TPU – thermoplastic urethane 

VFA – Volatile Fatty Acid 

VSS – Volatile Suspended Solid 

VSSmax – Volatile Suspended Solids at the time of maximum polymer accumulation 

X – Active Biomass 

Xi – Initial active biomass concentration 

YCO2/VFA – Respiration yield, in Cmmol CO2/Cmmol VFA 

YPHA/VFA – Polymer storage yield, in Cmmol PHA/Cmmol VFA 

YX/VFA – Growth yield, in Cmmol X/Cmmol VFA 

μ – Specific growth rate in h-1 
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Chapter 1 
 

 

General Introduction 
 

 

 

1.1. Motivation 
 

In the last century synthetic plastics have emerged to be among the most needed material in our 

daily life. They have gradually replace glass, wood, metals and other constructional materials in 

many industrial and domestic applications due to their favorable mechanical and thermal 

properties (Cain, 1992; Poirier et al., 1995; Lee, 1996; Ojumu et al., 2003).  

These petroleum-based products are very stable in harsh conditions especially against the attack 

of chemical degradation and microbial decomposition, thus rendering them durable, highly 

resistant and with a very long life span in the environment. Because of their persistence in our 

environment the accumulation of plastic wastes is evident all over the world. Natural 

ecosystems such as rivers, lakes and mangroves are polluted with these recalcitrant materials. 

This has concerned the communities which are now more sensitive to the problems associated 

with conventional petroleum-derived plastics in the global environment. 

Much effort is being directed to minimize the negative impact due to the excessive use of 

synthetic plastics. However, the increased cost of solid waste disposal as well as the potential 

hazards from plastics incineration, such as dioxin emission from PVC, do not assist to provide a 

solution for plastic wastes management problem (Ojumu et al., 2003; Loo and Sudesh, 2007). 

Consequently, for the past two decades, there has been a growing public and scientific interest 

regarding the use and development of biopolymer materials as an ecologically useful alternative 

to plastics, which must still retain the desired physical and chemical properties of conventional 

synthetic plastics (Bichler et al., 1993; Lee, 1996; Amass et al., 1998; Muller et al., 2001). 

Biodegradable polymers emerge as eco-friendly materials that offer solution for the existing 

grave problems of plastic waste management, and since these ecological plastics can be made 

from renewable resources, they can help to prevent the depletion of fossil fuels.  

A number of biodegradable plastic materials as polyhydroxyalkanoates (PHAs), polylactides, 

aliphatic polyesters, polysaccharides, and the copolymer or blends of these, have been 

successfully developed over the last years to meet specific demands in various fields and 

industries (Byrom, 1991; Chang, 1994; Lee and Chang, 1994; Lee, 1996).  
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PHAs are commercial attractive candidates to replace synthetic polymers in industry due to their 

remarkable similarities in structural and chemical properties. These polyesters of 

hydroxyalkanoic acids are naturally produced by a wide range of bacterial organisms as energy 

reserve materials under unbalanced condition of substrates. They are non-toxic, biocompatible, 

biodegradable (totally degraded to water and carbon dioxide under aerobic conditions and to 

methane under anaerobic conditions by micro-organisms in soil, lake water, sewages and sea 

water) thermoplastics that can be produced from renewable sources. They have high degree of 

polymerization, are highly crystalline, optical active and isotactic (stereochemical regularity in 

repeating units), piezoelectric and insoluble in water (Lee, 1996; Reis et al., 2003).  

The versatile properties of PHAs make them suitable for a wide range of applications in several 

areas as a partial substitute for non biodegradable synthetic polymers. However the inherent 

high cost of PHAs production has been the greatest obstacle for this change to happen 

(Steinbüchel and Fuchtenbusch, 1998). In this way, although PHAs are already industrially 

produced, their commercialization remains limited to high-value applications.  

Usually the PHA industrial production employs pure cultures of microorganisms under aseptic 

process conditions and requires refined feedstocks. These processes requires expensive 

equipment and high energy consumption, making current industrial PHA production based on 

pure cultures unfavorable in an economically and sustainable point of view. Furthermore, the 

use of raw materials that are based on agro-food crops (such as sugars and corn steep liquor) 

puts a pressure on food prices and deforestation since agro-based PHA production processes 

compete with food industry for raw materials, which results in a poor social and environmental 

sustainability. 

Exploring ways to develop PHAs production from locally available and renewable carbon 

sources such as agricultural and industrial wastes/surplus would be of economic interest 

considering the gains that would result from PHA application. Current research is aimed at 

improving PHA production in view of process commercial viability. In the last decade, research 

has focused on the development of alternative production processes aiming to substantially 

decrease PHA production costs. Such alternative processes include the use of genetic/metabolic 

engineering strategies to increase productivity and/or facilitate PHA extraction, low cost 

substrates based on agro-industrial wastes and by-products and that of mixed microbial cultures 

(MMC), requiring lower investment and operating costs due to the use of open systems which 

do not require sterile conditions (Albuquerque, 2009).  

MMC systems have demonstrated a good potential for PHA production reaching high specific 

productivities, with polymer yields on substrate and maximum PHA contents similar to those 

attained by pure cultures (Serafim et al., 2004; Johnson et al., 2009; Albuquerque et al., 2011). 

However, these systems still report low cell concentrations, arising from the culture selection 

under growth limiting conditions, which limit the process volumetric PHA productivity. Most 
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studies on MMC PHA-accumulating culture selection reactors (operated under Feast and 

Famine conditions) report cell concentrations lower than 10 g/L of volatile suspended solids 

(Serafim et al., 2004; Bengtsson et al., 2008; Johnson et al., 2009; Beccari et al., 2009; 

Albuquerque et al., 2007, 2010), whereas, in pure culture fermentations, values above 100 g/L 

are often reported (Lee et al., 1999).  Thus, one of the main challenges of MMC PHA 

production processes today is ensuring that high selective pressures (and thus high PHA storage 

potential) can be attained in parallel with higher biomass production capacities, and being able 

to do so even using complex feedstocks as carbon source.  

On the other hand, selecting an appropriate substrate is an important issue in the optimization of 

PHA production. Furthermore, raw materials account for 40–50% of the total operating costs 

(Meesters, 1998; Wegen et al., 1998). Since the cost of the carbon sources may account for 70–

80% of the raw materials, the price of PHAs can be substantially reduced if cheap organic 

substrates, such as waste materials from agriculture and food industry are used (Reis et al., 

2003). The various cheap carbon sources investigated include cheese whey, wastewater from 

olive mills, molasses, starchy wastewater and palm oil mill effluent (Marangoni et al., 2002; 

Lapointe et al., 2002; Pozo et al., 2002). The utilization of open mixed microbial cultures 

facilitates the use of mixed substrates since the microbial population can adapt continuously to 

changes in substrate composition (Reis et al., 2003). Furthermore, in PHA production by mixed 

cultures, the selection of microorganisms occurs on the basis of its high capacity for PHA 

storage. Therefore, the selection is based on ecological principles rather than making use of 

sterile conditions, as in industrial biotechnology processes. However, most of the available 

carbohydrate-rich agro-industrial waste/surplus feedstocks cannot be directly converted to PHA 

by aerobic mixed cultures since, unlike pure cultures, mixed cultures do not store carbohydrates 

as PHA (but rather as glycogen). Therefore, MMC PHA production from carbohydrate-rich 

based feedstocks requires a previous anaerobic fermentation step to convert the sugars present 

in such streams into volatile fatty acids which can be effectively used as precursors for PHA 

synthesis (Reis et al., 2003). 

Albuquerque et al., (2007)  have developed a three-stage PHA production process by mixed 

cultures from a surplus feedstock, sugar molasses, comprising: (1) acidogenic fermentation of 

carbohydrate-rich feedstocks to produce mixtures of short-chain fatty acids (VFA); (2) a culture 

selection or biomass production stage where an open culture system is used to select 

microorganisms based on PHA storage efficiency: a high selective pressure for PHA storage is 

applied through the use of alternate Feast and Famine (FF) periods; and (3) the PHA production 

stage where the selected population is fed with the fermented feedstock to accumulate PHA up 

to the culture’s maximum capacity. The culture selection and enrichment in PHA accumulating 

organisms performed in a sequencing batch reactor (SBR) is the core of this process and 

depends to the conditions imposed on the reactor. 
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Later, Albuquerque et al., (2010) have assessed the effect of the influent substrate concentration 

(30-60 Cmmol VFA/L) on the selection of a PHA storing MMC using fermented sugar 

molasses. They have reported that at a higher carbon substrate concentration (60 Cmmol 

VFA/L), resulted in a growth limitation effect associated with a lack on micronutrient in the 

fermented feedstock and in a high operating pH. It was assumed that the poor micronutrient 

concentration (e.g. magnesium and phosphate) in the fermented molasses feedstock and the 

possible struvite precipitation associated with the use of uncontrolled (high) pH may have 

resulted in a growth limitation at higher influent substrate concentrations (particularly during 

the famine period). Such growth limitation prevented biomass concentration from increasing as 

a result of increased organic loading and consequently caused the F/F ratio to be dependent of 

the influent substrate concentration. Based on these achievements, the aim of this work was to 

study possible strategies to increase the three stage PHA production process volumetric 

productivity in both the biomass selection and PHA production stages.  

 

 

1.2. State of the art 
 

1.2.1. What are bioplastics and how they can reshape the plastics industry? 

 

A wide variety of synthetic plastics have been applied in countless products, replacing metal, 

wood, natural rubber, and other materials because they offer advantages over alternative 

materials: Plastics are very versatile, very light, durable, cheap, water resistant and transparent 

to name just some of the advantages. Polymer production has been a base industry in developed 

countries since the early twentieth century (Koller et al., 2009). About 260 million tons of 

plastics are produced worldwide each year and the per capita consumption of plastics in North 

America and Western Europe is estimated at about 100 kg per year (Johnson, 2010). 

The fact that conventional plastics are based on fossil feedstock, making them non sustainable 

products, and the world’s growing population have contributed to an increasing mineral oil 

consumption, which may result in its accelerated depletion as a natural resource (Okada, 2002). 

Another problem is the environmental pollution resulting from the disposal and accumulation of 

large amounts of polymeric materials in landfills, in oceans, and elsewhere in the environment, 

which may take many years to decompose even though, some plastics are reused, recycled or 

burned for energy recovery. Hence, together with the world’s growing environmental 

awareness, the desired durability of plastic materials constitutes a disposal problem.  In the case 

of for example food packaging some plastics will only be used for a few days before they are 

disposed, but if not recycled or burned, these packaging materials may still exist in the 

environment 100 years later. Especially for short‐term applications the use of biodegradable 



Chapter 1 – General Introduction 

- 5 - 

 

materials such as bioplastics would clearly be beneficial in an environmental context (Koller et 

al., 2009; Johnson, 2010).  

The term bioplastics encompasses a whole family of materials which are biobased, 

biodegradable or both. Biobased means that a significant proportion of the carbon in the 

bioplastic product comes from renewable raw materials (EB, 2011). There are two major 

advantages of biobased plastic products compared to their conventional versions: they save 

fossil resources and reduce green house gases emissions. Within this context, the search for a 

material that is durable while in use and degradable after its disposal has led to the emergence of 

biodegradable plastic -  materials that decompose into carbon dioxide and water as the final 

result of the action of microorganisms such as bacteria and fungi (Karlsson & Alberton, 1998). 

These add on properties of certain types of bioplastics offers additional ways for recovery at the 

end of a product’s life.  The biodegradability of plastics stems from their chemical structure. It 

does not depend on the origin of the used raw material. Various degradation mechanisms are 

available, depending on the environment – compost, soil, water, anaerobic digestion, to name 

but a few. Details of environmental and time requirements must be provided, as biodegradation 

can vary considerably in different environments (EB, 2011).  

 

 
 
Figure 1 - Current and emerging (partially) bio-based plastics and their biodegradability (Shen et al., 2009). 

 

In the last few years it has become increasingly clear that a very broad range of plastics can be 

produced fully or partially from biomass and that these plastics can be tailored to be fully or 

partially biodegradable (Figure 1) (Shen et al., 2009). 
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Biodegradable, biobased plastics: These include starch blends made from thermo-plastically 

modified starch and other biodegradable polymers, and polyesters such as polylactic acid (PLA) 

or polyhydroxyalkanoate (PHA). Unlike cellulose materials (regenerate-cellulose or cellulose-

acetate), they have only been available on industrial scale for the past few years. They are 

primarily used for short-lived products such as packaging. This large area of innovation of the 

plastics industry is continuing to grow through new biobased monomers such as succinic acid, 

butane diol, propane diol or fatty acid derivatives.  

Biodegradable, fossil-based plastics: This comparatively small group is mainly used in 

combination with starch or other bioplastics. Their biodegradability and mechanical properties 

improve the application-specific performance of the starch and other bioplastics. These bio-

degradable plastics are currently still made in petrochemical production processes. In the future, 

they will at least partially be able to be made from renewable resources (EB, 2011).  

Biobased polyolefines and PET: Commodity plastics PE, PP and PVC can also be made from 

renewable resources – often from bioethanol biofuel. Bio-PE is already being produced on a 

large scale. Bio-PP and bio-PVC will follow. The partially biobased polyester PET is used both 

for technical applications and for packaging (mainly for bottles). As the value-added chain only 

requires adaptation at the outset, and as the products are identical to their fossil versions, they 

are also referred to as ‘drop-in’ bioplastics. The period from development to commercialization 

has therefore been shortened considerably (EB, 2011).  

 

 

 

 

 

 

 

 

 

 

 
Figure 2 – Biopolymers market diversity and production capacity in the year 2010 (European Bioplastics, 

University of Applied Sciences and Arts Hanover, 2011). 

Biobased engineering plastics: This is a large group with many specific polymers, including 

biobased polyamide (PA), polyester (e.g. PTT, PBT), polyurethane (PUR) and polyepoxide for 

the most diverse uses. Typical technical applications are textile fibres (seat covers, carpets), 
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foams for seating, casings, cables, hoses, building components, covers to name but a few. The 

operating life is usually several years, such that they are referred to as durables.  

Biodegradable bioplastics materials and products have been on the European market for more 

than two decades (EB, 2011). The current market is characterized by high growth and strong 

diversification (Figure 2).  

With growing numbers of materials, applications and products, the number of manufacturers, 

converters and end-users increases steadily. Significant financial investments have been made 

into production and marketing to guide and accompany this development. Legal framework 

conditions provide incentives for the use of bioplastics in several countries worldwide, 

providing stimulus to the market (EB, 2011).  

Among the various biodegradable polymer materials, polyhydroxyalkanoates (PHAs) provide a 

good fully degradable alternative to petrochemical plastics (Salehizadeh & Loosdrecht, 2004). 

 

 

1.2.2. Polyhydroxyalkanoates (PHA) as a promising group of bioplastics for 

the future 

 

Polyhydroxyalkanoates are polyesters that can be produced from renewable sources (bio-based) 

with thermoplastic properties similar to those of conventional polyolefins, with the advantage of 

being biodegradable and biocompatible (Albuquerque et al., 2010). Such biopolymers follow a 

closed loop bio-based-to-biodegradable (B2B) life cycle (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - Closed loop life cycle from bio-based to biodegradable bioplastics (EB, 2011). 
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The use of waste products as carbon sources in the optimization of PHA production presents the 

advantage of simultaneously enabling a decrease in disposal costs and the production of value-

added products (Castilho et al., 2009). These complex feedstocks, which consist of 

wastes/surplus streams with high organic fraction, include sugarcane and beet molasses, cheese 

whey effluents, plant oils, swine waste liquor, vegetable and fruit wastes, effluents of palm oil 

mill, olive oil mill, paper mill, pull mill, and hydrolysates of starch (e.g., corn and tapioca), 

cellulose, and hemicellulose. Another advantage of using waste streams rather than e.g. sugars 

as a substrate for the production of PHAs is that competition with food production is avoided 

(Johnson et al., 2009).  

 

1.2.2.1. PHA biopolymers 

 Chemical structure 

 

The first PHA to be identified was poly(3-hydroxybutyrate) [P(3HB)] from Bacillus 

megaterium (Lemoigne, 1926). It was only after another half century that Wallen and 

Rohwedder (1974) identified PHAs from sewage sludge with different monomer units: 3-

hydroxyvalerate (3HV) and 3-hydroxyhexanoate (3HHx) (Castilho et al., 2009). Until recently, 

over 150 different types of hydroxyalkanoate (HA) monomers have been identified, being 

synthesized by about to 300 bacterial species (Reis et al., 2011). Figure 4 shows the general 

chemical structure of PHAs (a) and PHB (b),  which is the most abundant PHA family member 

and is distinguished by n=1 and R is a methyl group (Coats et al., 2006). 

PHA molecular weights varies in the range 1x10
4
 to 3x10

6
 Da (Reis et al., 2011) and this is 

dependent on the microbial species that produces the polymer and culture conditions, such as 

pH and type and concentration of the carbon source (Anderson et al., 1992; Akaraonye et al., 

2010). 

 

 
Figure 4 – General chemical structure of PHA monomers that constitutes polymer macromolecules (a) and 

chemical structure of PHB monomer (b). R: variable hydrocarbon side chain (PHB: R= CH3; P(3HV): 

R=C2H5; P(4HB): R=H); n: number of carbon atoms in the linear polyester structure (indicating the length of 

the backbone of the building block; PHB and P(3HV): n=1; P(4HB): n=2); x: number of repeating units in the 

polyester chain (Koller et al., 2009). 

 

Depending on the length of their monomers, PHAs can be classified as short-chain-length 

(SCL) or medium-chain-length (MCL) polymers. The first group includes polyesters containing 
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monomers that are C4 or C5 hydroxyalkanoic acids, such as P(3HB), poly(3- hydroxyvalerate) 

[P(3HV)] or the copolymer P(3HB-co-3HV). The second group includes those polymers formed 

by monomers equal to or longer than C6, usually existing as copolymers of two to six different 

types of 3-hydroxyalkanoic acid units (Kim and Lenz, 2001). The most familiar examples of 

copolymers are poly-(3HB-co-3HV) and P(3HBco-4HB). Poly-(3HB-co-3HV) consists of (R)-

3-hydroxybutyrate (3HB) and (R)-3-hydroxyvalerate (3HV), forming an ethyl group as a side 

chain. Poly-(3HB-co-4HB) is composed of (R)-3-hydroxybutyrate and 4-hydroxybutyrate 

(4HB), which is the most common chiral PHA building block (Koller et al., 2009). 

The main members of the PHA family are: 

- poly(3-hydroxybutyrate), P(3HB), generic formula with R=1 (methyl); 

- poly(3-hydroxyvalerate), P(3HV), generic formula with R=2 (ethyl); 

- poly(3-hydroxyhexanoate), P(3HHx), generic formula with R=3 (propyl); 

- poly (3-hydroxyoctanoate), P(3HO), generic formula with R=5 (pentyl); 

- poly(3-hydroxydecanoate), P(3HD), generic formula with R=7 (heptyl); and 

- the medium-chain-length poly(3HOd), generic formula with R=15. 

Copolymers of PHAs vary in the type and proportion of monomers, and are typically random in 

sequence. Poly(3-hydroxybutyrate-co-3-hydroxyalkanoate)s have co-polymer content varying 

from 3–15 mol % and chain length from C7 up to C19 (Shen et al., 2009). 

 

 Physic-chemical properties and polymer biodegradability 

 

PHAs have attracted commercial interest as plastic materials because their remarkable 

similarities in physical properties with synthetic polymers such as polypropylene and have the 

additional benefit of being entirely biodegradable (Reis et al., 2003; Akaraonye et al., 2010), 

biocompatible (Lee, 1996a) and having potential therapeutic value (Sudesh et al., 2000b; Pisco, 

2008). Mechanical properties of PHAs vary considerably from hard crystalline to elastic. The 

chain length of the monomer influences polymer hydrophobicity, melting point, glass transition 

temperature and degree of crystallinity which broadens its applications (Table 1) (Crank et al., 

2004; Castilho et al., 2009).  

The most well-known copolymer, Poly(3HB-co-3HV) copolymers possess improved 

mechanical properties due to an increase in impact strength, toughness and flexibility, caused by 

the incorporation of 3HV units in the polymer chains. The physicochemical characteristics of 

these copolymers are strongly dependent on the 3HV content. The melting temperature 

decreases significantly with an increase of 3HV fraction in the copolymer. These monomers 

incorporation does not affect the degradation temperature, thus allowing an easy processing. 

The mechanical properties are also strongly correlated with the average molecular weight of the 

polymer. A polymer with a longer chain length is more resistant to mechanical forces. The 
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incorporation of different monomers other than 3HV, like 3-hydroxyhexanoate (3HH), 3-

hydroxypropionate (3HP) and 4-hydroxybutyrate (4HB), tends to decrease further the 

crystallinity and, consequently, the glass transition temperature, further improving the 

mechanical properties (Reis et al., 2003; Khanna and Srivastava, 2005; Pisco, 2008).  

 
Table 1 – Comparison of the physical properties of scl-PHAs and mcl-PHAs with polypropylene (Adapted 

from Akaraonye et al., 2010)  

Properties scl-PHAs mcl-PHAs Polypropylene 

Crystallinity (%) 40-80 20-40 70 

Melting point (ºC) 53-80 30-80 176 

Density (g cm
-3

) 1.25 1.05 0.91 

Tensile strength (MPa) 43 -04 20 34 

Glass transition temperature (ºC) -148 -4 -40 -150 -10 

Extension to break (%) 6-1000 300-450 400 

UV light resistant Good Good Poor 

Solvent resistant Poor Poor Good 

Biodegradability Good Good None 

 

The major advantage of PHAs is that the physical properties can be altered by changing the 

bacterial source of the polymer and the corresponding fermentation conditions used. Special 

growth conditions of microorganisms and the type of the provided substrate allows inclusion of 

additional chiral monomers and functional groups to suit particular applications (Akaraonye et 

al., 2010). Many waste streams from agriculture, such as cane and beet molasses, cheese whey, 

plant oils and hydrolysates of starch (e.g., corn, tapioca), cellulose and hemicellulose are 

potentially useful substrates for PHA production (Lee, 1996b; Pisco, 2008). 

The property that distinguishes PHA from petroleum based plastics and that is perhaps the most 

interesting is their biodegradability (Reddy et al., 2003). These biopolyesters are inert, water-

insoluble, not affected by moisture and indefinitely stable in air (Ojumu et al., 2004). However, 

they can be degraded to water and carbon dioxide (or methane, under anaerobic conditions) by a 

large variety of microorganisms when disposed in many ecosystems, such as soil, sewage, and 

sea and lake water (Lee, 1996a). The degrading microorganisms produce extracellular PHA-

depolymerases, which convert the polyesters into water-soluble oligomers and monomers that 

are used as a carbon source by the organisms (Reddy et al., 2003). Biodegradation is dependent 

on a number of factors such as microbial activity of the environment, and the exposed surface 

area, moisture, temperature, pH, molecular weight (Boopathy, 2000). For PHA, polymer 

composition and crystallinity also assume importance (Lee, 1996b). The nature of the monomer 

units also has been found to affect degradation. Copolymers containing PHB monomer units 

have been found to be degraded more rapidly than either PHB or 3HB-co-3HV copolymers. 

PHAs are compostable over a wide range of temperatures even at a maximum of around 60 ºC 

with moisture levels at 55%. Studies have shown that 85% of PHAs were degraded in seven 
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weeks (Johnstone, 1990; Flechter, 1993). PHAs have been reported to degrade in 

aquaticenvironments (Lake Lugano, Switzerland) within 254 days even at temperatures not 

exceeding 6 ºC (Reddy et al., 2003; Castilho et al., 2009). 

 

 Applications of polymers produced from PHAs 

 

According to Lafferty et al. (1988), the possible applications of bacterial PHA are directly 

related with their properties such as biological degradability, thermoplastics characteristics, 

piezoelectric properties, and depolymerization (Punrattanasin, 2001). The primary applications 

areas in which PHAs features meet some market needs are: medical and pharmaceutical, 

agricultural and commodity packaging (Lee, 1996a; Punrattanasin, 2001; Ojumu et al. 2004). 

Medical and pharmaceutical: Some possible applications of bacterial PHAs within the medical 

and pharmaceutical industries are primarily connected with their biodegradability and 

biocompatibility. Fixation and orthopedic applications include sutures, meniscus regeneration 

devices, fixation rods, bone plates and one fracture fixation (Martin and Williams, 2003). The 

advantage of using biodegradable plastics during implantation is that it will be biodegraded, i.e., 

the need for surgical removal is not necessary (Punrattanasin, 2001). PHAs can also be used in 

the fabrication of three-dimensional, porous, and biodegradable heart valve scaffolds 

(Akaraonye et al., 2010). 

Agricultural applications: The use of PHAs in agriculture is very promising due to their 

capacity to be biodegraded in soil. They can be used as a new source for small molecules that 

have potential applications as biodegradable solvents and as carriers for long term slow release 

of insecticides and herbicides or fertilizers (Lee, 1996a; Akaraonye et al., 2010). They can also 

be employed as seedling containers and plastic sheaths protecting saplings, biodegradable 

matrix for drug release in veterinary medicine, and tubing for crop irrigation (Punrattanasin, 

2001).  

Commodity packaging: PHAs had received European approval for food contact use in 1996 to 

open opportunities in food service and packaging industry, e.g. food packages, bags and 

containers (Jain et al., 2010). They can also be easily used for manufacturing disposable 

everyday articles such as shampoo bottles and cosmetic containers materials (Hocking & 

Marchessault, 1994). Similar applications as conventional commodity plastics include the 

disposable items, such as razors, utensils, diapers, feminine hygiene products, cups and paper 

coatings (Reddy et al., 2003). Other practical applications of PHAs include insecticides, 

herbicides or fertilizers (Jain et al., 2010). 

PHAs have a wide list of other applications that can replace petroleum-based plastics results in 

the generation of toxic and recalcitrant waste materials. For instance, these polymers are 

considered as a source for the synthesis of chiral compounds (enantiometrically pure chemicals) 
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and are raw materials for the production of latex paints. PHA can be easily depolymerised to a 

rich source of optically active, pure, bi-functional hydroxy acids (Akaraonye et al., 2010). 

 

1.2.2.2. PHA as microbial storage reserves  

 

PHAs are usually accumulated intracellularly as 

granule inclusions (Figure 5), according to 

Byrom, (1996) about 8 to 13 granules per cell 

having diameter range of 0,2 to 0,8m, by 

prokaryotic microorganisms (eubacteria and 

archaea) as carbon and energy reserves or 

reducing-power storage materials (Choi and 

Lee, 1999a; Steinbüchel and Lütke-Eversloh, 

2003).  

These polymers are synthesized by a group of 

enzymes, PHA synthases, when there is an 

essential growth-limiting component such as 

nitrogen, phosphate, sulphur, oxygen, 

magnesium or potassium in the presence of 

excess carbon source (electron donor and acceptor availability are separated) (Koller et al., 

2008; Anderson and Dawes, 1990; Castilho et al., 2009). The granules water-insolubility and 

high molecular weight exerts negligible osmotic pressure to the bacterial cell, which makes it an 

ideal storage material (Sudesh et al., 2000a; Pisco, 2008). It was shown that the bacteria 

containing PHA storage materials would be able to survive during starvation period compared 

to those without PHA as this energy-reserve material slows down the cell autolysis and 

subsequently its mortality (Chee et al., 2010). 

The production of different PHA using natural isolates and recombinant bacteria from 

renewable carbon sources is presented in Table 2. Among the more than 250 different natural 

PHA-producers, only a few bacteria have been used for the biosynthesis of PHA. These include 

Alcaligenes latus, B. megaterium, C. necator and P. oleovorans, which are capable of utilizing 

various carbon sources including plant oils or wastes to produce PHA (Chee et al., 2010). C. 

necator has been the most extensively studied and commonly used bacterium for PHA 

production. However, there are some limitations associated with the use of natural PHA-

producers which usually harbor native machinery for polymer degradation and are often hard to 

lyse, making the recovery of PHA difficult (Reddy et al., 2003). For industrial production of 

PHA, it is desirable to develop strains that can reach high final cell density in a relatively short 

period of time and produce high PHA content from simple, inexpensive substrates (Khanna et 

Figure 5 - Transmission Electron Microscopy 

image of W. eutropha PHB granules. Bar: 0.5 m 

(Tian at el., 2005). 
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al., 2005). Thus, genetic engineering serves as a powerful tool in the development of strains that 

can produce PHA from inexpensive renewable resources efficiently. Genetically engineered 

bacteria such as recombinant strains of Escherichia coli, which produce PHA containing 3HB, 

3HHx and 3HO monomers from soybean oil and a recombinant strain of C. necator harboring 

the Aeromonas caviae PHA synthase gene, which produces P(3HB-co-3HHx) from palm oil 

have been developed (Loo et al., 2005; Fonseca et al., 2006). 

 
Table 2 - Bacteria used for production of PHA from plant oils and wastes (Chee et al., 2010). 

 

 Mechanisms and metabolism for PHA synthesis by bacteria 

 
The metabolism for PHA synthesis is well established for pure microbial cultures, while only 

few metabolic studies were reported for mixed cultures (Pereira et al. 1996; Lemos et al. 2006, 

2007). It is assumed that PHA metabolism in mixed cultures is similar to that reported for pure 

cultures using the same carbon substrate. Knowledge of the metabolic pathways involved in 

PHA synthesis allows to anticipate the polymer composition (which relates to the polymer 

structural and mechanical properties and therefore to possible applications) and to carry out 

material balances based on this knowledge metabolic models of PHA production by mixed 

Strains PHA type Substrates 
PHA 

content  
(wt %) 

Ref. 

Alcaligenes latus DSM 1124 P(3HB) Soya waste, malt waste 33,71 (Yu et al., 1999) 

Burkholderia sp. USM (JCM 15050) P(3HB) 
Palm oil derivatives, fatty acids,   
glycerol 

22- 70 (Chee et al., 2010) 

Comamonas testosteroni MCL-PHA 
Castor oil, coconut oil, mustard oil,   
cottonseed oil, groundnut oil, olive 
oil, sesame oil 

79-88 (Thakor et al., 2005) 

Cupriavidus necator P(3HB) Bagasse hydrolysates 54 (Yu et al., 2008) 

Cupriavidus necator H16 P(3HB-co-3HV) 

Crude palm kernel oil, olive oil,   
sunflower oil, palm kernel oil, 
cooking oil, palm olein, crude palm 
oil, coconut oil + sodium 
propionate 

65-90 (Lee et al., 2008) 

Cupriavidus necator DSM 545 P(3HB) Waste glycerol 50 
(Cavalheiro et al., 
2009) 

Recombinant Cupriavidus necator P(3HB-co-3HHx) 
Palm kernel oil, palm olein, crude 
palm oil, palm acid oil 

40-90 (Loo et al., 2005) 

Recombinant Escherichia coli 
P(3HB-co-3HHx-co-
3HO) 

Soybean oil 6 
(Fonseca et al., 
2006) 

Pseudomonas aeruginosa IFO3924 mcl PHA Palm oil 39 
(Marsudi et al., 
2006)  

Pseudomonas aeruginosa NCIB 
40045 

mcl PHA Waste frying oil 29 
(Fernandez et al., 
2005) 

Pseudomonas guezennei biovar. 
tikehau 

mcl PHA Coprah oil 63 
(Simon-Colin et al., 
2008) 

Thermus thermophilus HB8 
P(3HV-co-3HHp-co-
3HN- co-3HU) 

Whey 36 
(Pantazaki et al., 
2009) 
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cultures in AN/AE processes (reviewed by Oehmen et al. 2007) or in aerobic processes 

(reviewed by Dias et al. 2006, 2008) were developed (Serafim et al., 2008). 

Storage of PHA occurs when microbial cells are unable to grow at the same rate at which they 

can take up the carbon substrate. This growth restriction can be caused by limited availability of 

an external factor, such as nitrogen, phosphorus, sulphur or oxygen, or by an internal decline in 

anabolic enzyme levels or activity (reviewed by Reis et al., 2011). 

Feedstock used for PHA production is generally enriched in organic acids and/or sugar-based 

compounds. Organic acids are transported across the cell membrane and activated to the 

corresponding acyl-coenzyme A (acyl- CoA) or, for glucose, breakdown through glycolysis till 

acetyl-CoA (Serafim et al., 2008). The simplest pathway for polymer production can be 

exemplified by the one present in Cupriavidus necator which use the Entner-Doudoroff 

pathway for carbohydrate catabolic degradation, resulting in the production of pyruvate, 

energy (ATP) and reducing equivalents (NADH). The pyruvate is then converted to acetyl-

CoA, which enters the tricarboxylic acid (TCA) cycle. In the TCA cycle, oxidation into CO2 

occurs concomitantly with the generation of anabolic precursors and additional energy (GTP) 

and reducing equivalents (NADH, NADPH, FADH2). Finally, with oxygen serving as final 

electron acceptor, reducing equivalents are consumed to produce ATP during oxidative 

phosphorylation (Albuquerque, 2009). 

Under growth-limiting conditions, instead of being oxidized to CO2, acetyl-CoA can be 

converted into P (3HB) (Figure 6 (a)). For instance, if protein synthesis slows down due to lack 

of an external nitrogen source, NADH and NADPH will accumulate in the cell. Their higher 

concentration will inhibit citrate synthase and isocitrate dehydrogenase (two TCA cycle 

enzymes), which will cause de TCA cycle to slow down and direct acetyl-CoA to P (3HB) 

synthesis (Dawes and Senior, 1973). Initially, two units of acetyl-CoA are joined into 

acetoacetyl-CoA by 3- ketothiolase (PhaA). Acetoacetyl-CoA is then reduced by the NADPH 

dependent acetoacetyl-CoA reductase (PhaB) into (R)-3-hydroxybutyryl-CoA, which is 

subsequently incorporated into the polymer chain by PHA synthase (PhaC). Due to the stereo 

specifity of the enzymes involved, all microbially synthesized HB monomers are in the (R) 

configuration (Suddesh et al., 2000)  

When a mixture of substrates is present, the overall polymer composition reflects the 

combination of the different substrates used by the culture. For scl-PHA, the substrates used are 

mainly short-chain volatile fatty acids (VFAs) such as acetate, propionate, butyrate and valerate, 

which were used in the experimental work of this thesis. The specificity of PHA synthase, the 

enzyme involved on the polymerization of the precursors, determines the type of PHA 

produced, either scl-PHA or medium-chain length polyhydroxyalkanoates, mcl-PHA (Rehm, 

2003; Serafim et al., 2008). Acetate and propionate are transported across the cell membrane 

and activated to the corresponding acyl-CoA molecules. Acetyl-CoA will serve as precursor for 
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P3HB, while propionyl-CoA can be decarboxylated to acetyl-CoA to form P3HB, using 2 units 

of acetyl-CoA, or to form P3HV, combining one unit of acetyl-CoA with one unit of propionyl-

CoA. Two other short chain fatty acids – butyrate and valerate – can be used as precursors for 

PHA synthesis. These two acids can be incorporated directly, as 3-hydrobutyril-CoA and 3-

hydroxyvaleryl-CoA, which are polymerised respectively as P3HB and P3HV, or they can be 

broken down through the b-oxidation pathway to form shorter chain fatty acids, which will 

serve as precursors for PHA synthesis as described above (Figure 6 (c)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Three other metabolic pathways can be used to originate precursors for PHA synthesis generally 

involved on the production of mcl-PHA. Longer-chain length fatty acids can be broken down by 

β-oxidation to produce these polymers (Figure 6 (d)). Another pathway, de novo fatty acids 

synthesis, can produce intermediates for PHA production. After glycolysis, sugars such as 

glucose can be drifted for the production of malonyl-acyl carrier protein (malonyl-ACP). Again, 

if the (R)-3-hydroxyacyl-ACP intermediate is converted to the corresponding (R)-3-

Figure 6 - Different metabolic pathways involved in PHA synthesis from sugars, through glycolysis (a) or de 

novo fatty acid biosynthesis (b), fatty acids, directly (c) or through fatty acid b-oxidation (d), and alkanes, 

through alkane oxidation (e) (Albuquerque, 2009). 
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hydroxyacyl-CoA monomer (by transacylase), PHA synthesis can occur. Also, the enoyl-ACP 

intermediate can be converted to the corresponding fatty acid (by thioesterase) and further 

oxidized (β-oxidation) for PHA synthesis (Serafim et al., 2008). The third possible pathway is 

the oxidation of alkanes to the corresponding alkanoate, which can be activated to the 

corresponding acyl-CoA molecule, which can in turn be used in PHA synthesis (Figure 6 (e)). 

PHA production requires both ATP, for acid activation, and reducing equivalents, NADPH, for 

the conversion to the hydroxyacyl-CoA molecule. Under aerobic conditions these compounds 

can be derived from partial respiration of the carbon substrate. Under anaerobic conditions, in 

particular for glycogen accumulating organisms, both ATP and reducing equivalents are derived 

from glycogen catabolism through glycolysis (Albuquerque, 2009). 

 

1.2.2.3. PHA production from mixed microbial cultures  

 

The attempt to develop a more cost effective process as led to a rising interest on open mixed 

cultures. Mixed cultures are microbial populations of unknown composition, selected by the 

operational conditions imposed on the biological systems to produce a specific product of 

interest (Dias et al., 2006; Pisco, 2008).  

The principle of mixed culture biotechnology is based on natural selection and competition 

rather than on genetic or metabolic engineering (Kleerebezem et al., 2007). Selective pressure 

for a desired metabolism is applied on a diverse inoculum by choosing the substrate and 

operating conditions of the bioreactor in an appropriate way, i.e. to engineer the ecosystem 

rather than the organisms (Johnson, 2010).The operational conditions are optimized in order to 

select microorganisms with a high PHA storage capacity.  

Several studies have described use of MMCs in waste treatment converting raw sewage to 

usable products (e.g. biological wastewater treatment plants, composting facilities and anaerobic 

digesters) and partly for the production of bioenergy (biogas), metals (biohydrometallurgy) or 

traditional fermented foods (Johnson, 2010).  

The use of mixed microbial cultures allows the use of cheap or even free substrates such as 

industrial wastes or by-products, further decreasing input costs, since the microbial population 

can continuously adapt to changes in substrate (Reis et al., 2003). PHA storage by mixed 

microbial cultures is not induced by nutrient limitation (but by an internal growth limitation). 

This is particularly advantageous if industrial waste feedstocks containing compounds of 

undefined composition are used (Albuquerque, 2009). Moreover, the use of mixed culture 

biotechnology offers several advantages compared to pure culture biotechnology (Table 3) 

(Johnson, 2010): reactors are operated under unsterile (non axenic) conditions leading to lower 

energy and equipment costs, a risk of strain degeneration and contamination does basically not 

exist, the technology is not protected by patents, and reactors could be operated in a continuous 
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fashion which contributes to a further reduction of production costs and of process control (Reis 

et al., 2003; Serafim et al., 2004).  

 
Table 3 - Comparison between different strategies for industrial PHA production optimization based on 

laboratory scale results (Adapted from Green et al., 2010) 

Method of 
Optimization 

Issue Addressed Demonstrated Benefits 

Mixed 
Microbial 
Utilization   

-Approx. 11% of total production costs  
-Aeration and sterilization requires increased 
reactor maintenance  
-Lack of diversity of input nutrients   

-No need for sterilization  
-High PHA production through optimization of 
nutrient input  
-Utilization of cheap, diverse nutrient sources   

 Low Cost 
Substrate 
Utilization   

 -38% of total production costs  
-High Input investment deters large scale 
production   

 -Optimization with acetate (10% less expensive) -
40x less nitrogen needed -Utilization of industrially 
abundant substrates-glycerol   

  Genetic 
Engineering   

 -Increasing product yields, generating larger 
revenue from each fermentation   

  -70,5% increase in PHA content compared to wild 
type from protein over-expression  
-400-fold increase in PHA yield compared to wild 
type with mutated phaC  

 

 

 

1.2.3. Biotechnological approaches for PHA production from mixed 

microbial cultures 

 

1.2.3.1. Feast and Famine principle 

 

Activated sludge with significant PHA storage capacity was observed in aerobic wastewater-

treatment plants (WWTPs) where selectors for bulking control were introduced. This process 

configuration creates periods of excess (feast) and lack (famine) of external carbon substrate. 

The imposition of transient external substrate availability is currently known as ‘aerobic 

dynamic feeding’ (ADF) or Feast and Famine (FF) regime (Figure 7).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 - Aerobic dynamic feeding cycle. PHA: Polyhydroxyalkanoate; VFA: Volatile fatty 

acid; : Specific growth rate. Adapated from Reis et al., (2011). 
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It is widely accepted that PHA storage occurs when growth is restricted (Anderson and Dawes, 

1990). The growth limitation that drives substrate uptake towards PHA storage can be either of 

an external or internal nature. If it is caused by absence of a nutrient or electron acceptor, that is, 

by lack of oxygen, nitrogen or phosphorus, it is an external limitation. If it is caused by 

insufficient RNA or enzymes required for growth it is considered an internal limitation. 

Regarding the activated sludge systems operated under FF conditions, it was proposed that these 

were subjected to an internal growth limitation arising from the alternate substrate availability, 

which compelled the organisms to a physiological adaptation (Beccari et al., 1998; 

Albuquerque, 2009).  

Fewer enzymes are required for PHA storage and, therefore, this metabolic process can occur at 

a much faster rate than cell growth, thus providing the cells with a means of rapidly consuming 

the available external substrate. The need for physiological adaptation (replenishment of 

intracellular compounds required for growth), following each starvation period, is considered 

the main mechanism triggering for PHA storage by microorganisms subjected to FF conditions 

(Beccari et al., 1998). After the external carbon substrate is depleted, the internal PHA reserves 

serve as carbon and energy sources for cell growth and maintenance. In this way, a competitive 

advantage exists for microorganisms that are quicker to store the substrate and reuse it for 

growth. Thus, operating conditions and substrates that select for the storage also cause 

enrichment in the MMC of best storing microorganisms (Reis et al., 2011). This allows for the 

selection of cultures with a high and stable capacity of PHA production during feast and good 

capacity to grow on PHA during famine phase (Albuquerque, 2009).   

 

1.2.3.2. Mixed microbial cultures characterization 

 

One critical factor on the development of a competitive process for PHA production with MMC 

is the selection of organisms with high storage capacity. Therefore, it is mandatory to monitor 

the population dynamics and to assess for different groups of organisms, in terms of PHA 

storage and cell growth kinetics (Lemos et al., 2008). Currently, the characterization of 

organisms responsible for PHA accumulation selected under ADF conditions is still somewhat 

limited, with a high bacterial diversity being reported for most of these systems (Reis et al., 

2011). In terms of general morphology, these conditions are known to select for flock 

forming bacteria over filamentous organisms (Albuquerque, 2009). 

Dionisi et al. (2005, 2006) reported the use of denaturing-gradient gel electrophoresis (DGGE) 

to characterize the evolution of the microbial community relative to the time of reactor 

operation. These authors used denaturing gradient gel electrophoresis (DGGE) and performed a 

16S rRNA (ribosomal ribonucleic acid) clone library to characterize the evolution of the 

microbial community with high storage capacity. From the 100 clones obtained, the most 
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important organisms belonged to the Betaproteobacteria (Thauera, Alcaligenes, Comamonas, 

Achromobacter), but also several Alphaproteobacteria (Xantobacter, Curtobacterium) and 

Gammaproteobacteria (Kluyvera, Pseudomonas, Acinetobacter) were present.  The Thauera 

genus was assumed to be responsible for the PHA accumulation, although neither the 

abundance of this microorganism in the analysed sludge nor its involvement in PHA storage 

was confirmed in situ (Lemos et al., 2008). 

A different approach was employed by Serafim et al.(2006). An SBR´s culture enriched on 

acetate showed high abundance of bacteria from the genera Thauera and Azoarcus (at SRTs of 1 

and 10 days), and also from Amaricoccus sp (only for the 10 d SRT). Amaricoccus sp were also 

highly abundant in an SBR enriched with propionate, which also contained lesser amounts of 

Thauera and Azoarcus (Serafim et al., 2006; Lemos et al., 2008). The quantification of the 

different microbial species was carried out by fluorescence in situ hybridization (FISH), which 

in combination with Nile Blue post FISH-staining enabled to confirm these organisms as PHA 

producers.  

 

1.2.3.3. Three-stage sequential process for PHA production by MMC from 

wastes feedstocks  

 

 

 

Mixed microbial cultures PHA production from surplus feedstocks is based on a 3- stage 

process comprising (Figure 8): (1) acidogenic fermentation of carbohydrate-rich feedstocks to 

produce mixtures of short-chain fatty acids (VFA); (2) a culture selection or biomass production 

stage where an open culture system is used to select microorganisms based on PHA storage 

efficiency: a high selective pressure for PHA storage is applied through the use of alternate 

Feast and Famine (FF) periods; and (3) the PHA production stage where the selected population 

is fed with the fermented feedstock to accumulate PHA up to the culture’s maximum capacity 

Figure 8 - Three-step PHA production process from waste/surplus based feedstocks by mixed cultures.  

Adapted from Albuquerque, 2009. 
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has been thoroughly established at lab-scale using either chemically defined media 

supplemented with synthetic VFA (Beccari et al., 1998; Beun et al., 2002; Dionisi et al., 2004; 

Serafim et al., 2004; Johnson et al., 2009) or using real waste/surplus-based feedstocks (eg. 

fermented molasses – Albuquerque et al., 2007, 2010, 2011; fermented paper mill effluents – 

Bengtsson et al., 2008; fermented olive oil mill effluents – Dionisi et al., 2005, Beccari et al., 

2009; and a number of domestic and industrial wastewaters, as reviewed by Serafim et al., 

2008) (Albuquerque et al., 2011). 

The physical separation of the culture enrichment and PHA production stages allows for the 

optimization of the process, as different optimal conditions were shown to be required in each 

step (Johnson et al., 2009). PHA produced in the accumulation step is then extracted and 

purified (Albuquerque et al., 2009). 

Mixed cultures submitted to ADF conditions do not store carbohydrates as PHAs but rather as 

glycogen (Carta et al., 2001). In this way, carbohydrate-rich raw materials requires a previous 

acidogenic fermentation in order to transform the sugars of the complex substrates into organic 

acids, such as VFA, which can be effectively stored as PHAs by mixed microbial cultures. The 

resultant fermented feedstock can be later used in both the selection and accumulation steps. 

 

 Acidogenic fermentation 

 

The acidogenic fermentation is the initial phase of the anaerobic digestion of organic 

compounds to methane and carbon dioxide (i.e., biogas): soluble organic compounds are 

fermented into organic acids, such as acetic, propionic, butyric, and lactic acid, and other 

fermentation products, such as alcohols and hydrogen. Insoluble compounds have to be 

hydrolyzed prior to being fermented and the rate of hydrolysis may be limiting the rate of the 

overall acidogenic fermentation. Methanogenic activity can be prevented by using low HRT, 

low temperature, low pH, or a combination of the different approaches (Reis et al., 2011). 

The fermentation products composition was shown to be greatly dependent on operating 

conditions such as pH, HRT, temperature and hydrogen partial pressure (which can be 

controlled through the sparging flow rate) (reviewed by Albuquerque, 2009). These operating 

parameters have to be tuned in order to maximize the VFA conversion yield and to control the 

composition of the produced VFA mixture. Indeed, the VFA mixture made available to the 

PHA-storing microorganisms will influence the PHA composition, which in turn affects their 

physical and mechanical properties. This means that it is important to establish predictable 

relations between process conditions applied to the acidogenic fermentation of specific 

feedstocks and the VFA production. 

A three-stage process for PHA production from sugar cane molasses was developed by 

Albuquerque et al., (2007). The process consisted of molasses acidogenic fermentation; 
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selection of PHA-accumulating cultures under ADF conditions either with acetate or fermented 

molasses; and PHA batch accumulation using the enriched sludge and fermented molasses as 

carbon source. The culture selected with acetate showed a slightly higher PHA accumulation 

performance (0.62 Cmmol HA/Cmmol VFA versus 0.59 Cmmol HA/Cmmol VFA). The PHA 

accumulation rates were much higher for the culture selected with acetate (0.23 to 0.37 

CmmolHA/Cmmol X h against 0.12 to 0.14 CmmolHA/Cmmol X h) (Albuquerque et al., 

2007).  

In the molasses fermentation step, the effect of pH on the organic acids profile and productivity 

was evaluated. The acids produced during fermentation were acetic, propionic, butyric, valeric 

and residual lactic acid. Their relative proportion varied according to the pH value during 

fermentation. It was observed that the organic acids distribution had an influence on the 

polymer composition and yield (copolymers 47-69 HB:31-53 HV were obtained).This result 

indicates that polymer composition may be manipulated by controlling the operating pH in the 

acidogenic reactor (Albuquerque et al., 2007). 

 

 PHA-accumulating culture selection 

 

The second step makes use of the ecological role of PHA as a storage polymer in order to enrich 

a mixed culture capable of producing high amounts of PHA (Johnson, 2010). 

The efficiency of the culture selection stage (operating conditions resulting in high selective 

pressure for PHA-storing organisms) is determinant for the PHA accumulation performance 

obtained in the subsequent production stage (Reis et al., 2011). The aim of this step is to obtain 

a culture highly enriched in organisms with high and stable PHA storage capacity. This means 

that most, if not all, the selected microorganisms should have a high PHA storage capacity. 

Microorganisms presenting low storage capacities have a negative impact not only on the 

productivity of the final accumulation stage but also on the downstream processing, increasing 

the PHA extraction costs. Moreover, stability of the PHA composition over reactor time of 

operation is also highly desirable (Albuquerque, 2009). 

To date, open mixed cultures have been enriched in PHA-storing organisms up to 80–90% of 

overall biomass, showing high PHA content and specific PHA productivity in the final 

production stage. However, a culture with a diversified population can be more robust and better 

fit to adapt to fluctuations in operating parameters and feedstock composition. A diverse 

consortium of PHA-accumulating organisms is a better aim for eco-biotechnology than a 

monoculture (Reis et al., 2011). The principle of eco‐biotechnology is based on natural selection 

and competition rather than on genetic or metabolic engineering (Kleerebezem et al., 2007). 

Selective pressure for a desired metabolism is applied on a diverse inoculum by choosing the 

substrate and operating conditions of the bioreactor in an appropriate way, i.e. to engineer the 



Chapter 1 – General Introduction 

- 22 - 

 

ecosystem rather than the organisms. Mixed culture fermentation can for example be directed 

towards different products depending on the chosen pH (Johnson et al., 2009). 

The second aim of the selection stage is to produce the enriched culture for the following 

accumulation stage at the highest possible rate (i.e., biomass volumetric productivity). Indeed, 

despite the high specific storage rates and fairly high PHA contents and storage yields of 

enriched mixed cultures compared to pure culture fermentations, average MMC PHA 

volumetric productivity still falls short that of pure cultures. In fact, the use of FF conditions to 

carry out culture selection (limiting the culture’s primary metabolism) causes low cell densities 

in the SBR, and eventually in the subsequent batch production reactor, thus limiting the 

volumetric productivity of the PHA accumulation stage. To increase the volumetric productivity 

of the process, higher cell densities should be used both in the second and third stage (Reis et 

al., 2011). However, in order to increase the volumetric productivity of mixed culture PHA 

production processes, the enrichment stage should be designed not only to optimize the PHA 

storage performance of the selected culture, but also to maximize the reactor’s biomass 

concentration. Studies on the effect of these operating parameters on cellular concentration are 

less abundant, and studies on the optimization of the enrichment stage based on the two criteria 

(maximizing PHA storage capacity and biomass concentration) are scarce (Dionisi et al., 2006; 

Dias et al., 2007; Albuquerque, 2009). One of the main objectives of this thesis was to evaluate 

the controlled pH effects on biomass growth and culture´s PHA storage capacity.  

The selection of microbial cultures that could attain a high growth rate without impairment of a 

high storage capacity would allow the reactor to be operated at higher cell concentration, thus 

allowing the subsequent accumulation stage to be carried out with a more concentrated biomass 

inoculum (Reis et al., 2011). 

 

 PHA accumulation stage 

 

The function of PHA production step is to evaluate the maximum PHA storage capacity of the 

enriched culture that was selected in the previous stage. In this way, its efficiency strongly 

depends on the storage capacity of the selected culture.  

PHA production can be carried out with an external limitation: no nutrient are available in this 

step (N,P or Mg) or with no external limitation (Dionisi et al., 2005). 

The most important parameters to evaluate the efficiency and practical interest of this stage 

are the maximum PHA cell content, specific/volumetric productivities and polymer 

composition. These parameters are conditioned by the operating conditions, meaning that 

they need to be adjusted to suit the polymer final application.  

Strategies for optimization of PHA content and specific productivity in the final production 

stage were followed by several authors by changing either the enrichment stage operating 
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conditions – thus attempting to improve the storage capacity of the selected culture – or the 

accumulation stage operating parameters. 

The feeding regimen can be performed by pulse feeding or by continuous feeding through 

controlled pH. These two feeding strategies have been tested in order to overcome inhibition by 

the substrate and to evaluate their effect on polymer composition reaching 65 and 89 % PHA 

contents, respectively (Serafim et al., 2004; Johnson et al., 2009) 

Different carbon to nutrients ratio have been tested in order to limit growth and maximize 

storage in this production stage. It has been shown that, although PHA storage yields and rates 

are increased by decreasing the amount of ammonia available, a residual amount of ammonia 

seems to be necessary for PHA storage (Serafim et al., 2004; Bengtsson et al., 2007). 

Dionisi et al. (2005) studied the effect of pH on PHA batch accumulation for a culture enriched 

at pH 7.5 with a mixture of acetate, propionate and lactate. In this study, optimum polymer yield 

was obtained at pH 8.5, a pH slightly higher than the enrichment pH. The yield decreased 

sharply for lower pH but also for pH significantly higher than that used during the enrichment 

(pH 9.5 and 10.5). As a general remark, optimal PHA production in the accumulation stage 

appears to occur at the same or slightly higher pH than that used in the enrichment reactor 

(reviewed by Albuquerque, 2009). 

The PHA production stage end with the polymer recovery. This downstream process is greatly 

dependent on PHA content: the lower the value the higher the polymer extraction costs. Several 

methods for PHAs recovery have been developed. The most common is the extraction of PHAs 

with organic solvent such as chloroform, dichloroethane, propylene carbonate and methylene 

chloride. However, the large amount of solvent required and the toxic nature of the chemical 

compounds used in the extraction makes this method economically and ecologically 

unattractive. 

 

1.2.3.4. Factors that affects mixed cultures selection under FF conditions 
 

The influence of several reactor operating conditions (Table 4) such as sludge retention time 

(SRT), hydraulic retention time (HRT), pH, temperature, cycle length, organic loading rate 

(OLR), feed carbon to nitrogen ratio (C/N) as well as feedstocks that regulate the culture’s 

response during feast phase, thus influencing the selective pressure in favor of PHA-storing 

organisms, have been recently investigated by a number of authors (Johnson et al., 2009, 2010; 

Albuquerque et al., 2007, 2010; Villano et al., 2010; Beccari et al., 2009; Dionisi et al., 2005; 

Bengtsson et al., 2010). 
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Table 4 – Common values of operating parameters used for PHA accumulating culture selection in mixed 

culture processes (Reis et al., 2011). 

 

Operating parameter Range 

Related to reactor operating parameters 

Sludge retention time (SRT) 1–20 day 

Hydraulic retention time (HRT) 1–3 day 

Length of SBR cycle 2–12 h 

pH 7–9.5 

Temperature 20–30 °C 

Operation mode 
SBR or two continuous reactors  
sequentially disposed 

Related to feedstock 

Organic loading rate 1.8–31.25 g-COD l
−1

 day
−1

 

Substrate concentration 0.9–31.25 g-COD l
−1

 

C/N ratio 9–120 g C g N
−1

 

Resultant from both feeding and reactor parameters 

F/F ratio 0.1–1.15 

 

 Sludge retention time (SRT) 

 

The effective growth rate of a culture is given by the reciprocal of the sludge retention time 

(SRT). It can be assumed that a higher growth rate (lower SRT) will result in a higher fraction 

of the substrate being used for growth, and therefore in a lower storage yield. Beun et al. (2002) 

confirmed this assumption, but only for SRTs lower than 2 days. It was observed and supported 

by a metabolic model that at an SRT higher than 2 days, and for specific acetate uptake rates 

over 0.3 Cmol/CmolX.h, the yield of PHB from acetate under excess nutrients was constant and 

thus was independent of the specific growth rate. Below this threshold value of 2 days, the PHB 

storage yield and productivity decreased sharply with the SRT (reviewed by Albuquerque, 

2009).  

 

 Feast to Famine ratio (F/F) 

 

Under FF conditions the microorganisms that are able to store the substrate during the initial 

feast phase have a competitive advantage over the other microorganisms, as they can use the 

stored polymer as an internal carbon source in the famine phase (Dionisi et al., 2007) 

The F/F ratio can be varied in an SBR by changing the OLR and/or the influent substrate 

concentration. The mechanism through which the F/F ratio affects the selective pressure for 

PHA-storing microorganisms is related to a decrease of the internal growth limitation that is 

necessary to induce PHA storage. If the famine phase is not long enough to ensure such an 

internal limitation, then the microorganisms will be better fit to grow when supplied with 

external carbon source and will, therefore, accumulate less PHA (Reis et al., 2011). 
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Most studies reported in the literature were carried out in a lower OLR range. Under such 

conditions the FF was always established and the biomass exhibited a good storage response 

(reviewed by Dionisi et al., 2007). High F/F resultant from either higher OLR/influent substrate 

concentration or shorter cycles can cause a partial or complete loss of the physiological 

adaptation, which will cause the substrate uptake to be driven predominantly toward cell 

growth. Under these conditions of high F/F ratios, the competition among microorganisms will 

not be based on the PHA storage rate and yield, since both PHA-storing and non-storing 

microorganisms will be able to grow unconstrained during the feast periods, and thus, the 

selective pressure favoring the best storing microorganisms will be partially lost (Reis et al., 

2011). 

 

 C/N ratio 

 

Many waste streams that are suitable substrates for mixed culture PHA production are nutrient 

limited and may need to be supplemented to allow sufficient growth of PHA accumulating 

bacteria (Johnson et al., 2010).  

The C/N ratio used in the selection stage will not only affect the ratio of carbon driven toward 

PHA storage versus growth during feast but also affect the growth yield during the famine 

phase. Under excess of nutrient (with nutrients present throughout the full FF cycle), the 

selected culture will be able to effectively use the intracellularly stored polymer to grow during 

the famine phase of the SBR cycle, thereby also obtaining a higher famine phase growth yield. 

Under these conditions, PHA-storing organisms will have two major competitive advantages 

over other organisms: the faster rate of substrate uptake during feast enables them to rapidly 

deplete the limitedly available carbon substrate, while the presence of nutrients throughout the 

full cycle offers the possibility of growth at an almost constant rate (using the intracellular 

polymer) (Johnson et al., 2009). The higher biomass yield resulting from the use of excess 

nutrient conditions in both FF phases will increase the overall volumetric productivity (Reis et 

al., 2011). 

The carbon to nutrients feeding conditions used to operate the enrichment reactor may also 

determine the culture’s storage versus growth response in subsequent batch accumulation. Batch 

experiments have shown that, in the range of 0 to 40 mg N/L, the growth yield increased 

proportionally with ammonia concentration while the storage yield decreased (Serafim et al., 

2004). Johnson et al., (2010) have investigated the influence of different degrees of carbon and 

nitrogen limitation on the performance of an acetate‐fed feast‐famine sequencing batch reactor 

(SBR) employed to enrich PHA storing bacteria.  They have concluded that for the microbial 

selection and biomass production stage of a PHA production process carbon limitation seems 



Chapter 1 – General Introduction 

- 26 - 

 

thus favorable and nutrient deficient wastewaters may consequently require supplementation 

with nutrients for the selection of a stable PHA storing biomass with a high storage capacity. 

 

 Temperature 

 

Temperature effects on PHA storing cultures enriched with a FF strategy have hardly been 

studied. Krishna and van Loosdrecht (1999) investigated the influence of temperature on 

acetate‐fed FF cultures and found a strong influence on the kinetics of the process (Johnson, 

2010). The impact of the temperature on PHA storage is particularly relevant when aiming at 

using industrial wastewaters, which are produced at a wider temperature range than communal 

wastewaters (Johnson et al., 2009). 

Johnson et al., (2009) have investigated the short‐ and long term temperature effects on 

polyhydroxybutyrate (PHB) producing mixed cultures enriched under feast and famine 

conditions at temperatures of 15ºC to 35°C. The authors reported that long term temperature 

changes influenced not only the reaction rates but also the selective pressure on SBR. At lower 

temperatures (15°C) the feast phase was longer due to a lower rate of acetate uptake and the 

culture followed a strategy of direct growth on acetate rather than on PHB.  

The SBR temperature was found to be an important factor to consider when designing a mixed 

culture PHA production process. 

 

 pH 

 

In the majority of the studies performed with mixed cultures under ADF conditions, was 

verified that if not controlled the pH tends to increase during the feast phase (as a result of 

organic acid take up) and then stabilize (Albuquerque, 2009). 

Villano et al., 2010 have investigated the effect of pH, over the range from 7.5 to 9.5, on 

polyhydroxyalkanoate (PHA) production by mixed cultures enriched in a (SBR) using a mixture 

of acetate and propionate. They have found higher polymer production rates and yields were 

observed when the pH was controlled at 7.5 and that those parameters have decreased as pH 

increased to 9.5. 

Serafim et al., (2004) showed that during the aerobic dynamic feeding process, PHB production 

was higher when pH was not controlled than when controlled at 7.0 or 8.3, because when the 

pH was not controlled only 12% of the substrate was used for energy and the highest fraction 

(88%) was used for storage and growth, whereas at pH 7.0, 44% of the substrate was used for 

cell energy and about 56% was diverted for polymer storage and growth. It was also reported 

that biomass activity and corresponding storage rates were maximal in the pH range 7.5–8.5, but 

were significantly high (in the range 70%–80% of the rate at pH 7.5) also at pH 6.5 and 9.5. 
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 Organic loading rate (OLR) and influent substrate concentration 

 

Substrate consumption and storage rates in activated sludge are usually very low since the 

microbial biomass is not very active when grown at high sludge age and low OLR. In order to 

produce storage biopolymers at high rates in activated sludge, PHA-synthesizing bacteria need 

to be enriched under more appropriate OLRs and carbon sources (Dionisi et al., 2005) 

The OLR can be increased either by increasing the influent substrate concentration while 

maintaining the influent flow rate constant or by maintaining influent substrate concentration 

constant but increasing influent flow rate. The increase on the influent substrate concentration 

can result in decreased substrate uptake rate (due to inhibition) and therefore in a longer feast 

phase and shorter famine period (if cycle length is kept constant). In the other way, an increase 

on the influent flow rate in a SBR can be obtained by increasing the number of SBR cycles per 

day. In this case, since the influent substrate concentration is kept constant, so will the specific 

rate of substrate uptake. Therefore, with a higher biomass concentration and similar specific 

rate, the volumetric rate will be higher allowing the feast phase length to decrease in proportion 

to the decrease of the total cycle length, and therefore F/F ratio should not be altered. However, 

if the increase of biomass concentration is not proportional to the increase in organic loading 

rate, volumetric rates may not increase enough (even if specific rates are maintained) to ensure 

that the resulting F/F ratio is not affected by the increase on OLR (Albuquerque, 2009). 

The effect of inhibition by higher substrate concentrations can be determinant for the 

enrichment reactor performance. If OLR is increased by increasing feed concentration, substrate 

inhibition might play an important role on the performance at higher OLRs. 
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1.3. Thesis scope 
 

 

I. Improvement of the selection stage performance:  

 

The process developed by Albuquerque et al (2007, 2010) was able to select a culture highly 

enriched in PHA storing organisms (88% storing organisms/total population) with high 

production potential (78% g PHA/g TSS) and high specific PHA storage rate (up to 0.5 Cmol 

PHA/CmolX.h). However, volumetric productivity of this process (< 1 g PHA/L/h) is currently 

limited by the low biomass productivity of the selection stage (which is also the biomass 

production stage since the 3rd stage is operated under nutrient limitation): < 0.5 g VSS/L/day. 

Several studies on MMC PHA production processes focused on the investigation of the impact 

of OLR on PHA culture selection in an attempt to increase process biomass productivity 

(operation at high OLR and low SRT). Albuquerque et al., (2010) also studied the impact of 

OLR through increased influent substrate concentration and observed that a high OLR had a 

negative impact on the PHA storage response (similar results to Dionisi et al 2006). 

Furthermore, they showed that with the increase in influent substrate concentration, although no 

inhibition by substrate was observed, VSS concentration did not proportionally increase. The 

authors hypothesized a growth limitation at the higher loading resulting either from: 1) the 

higher pH observed at the higher loading (because pH was left uncontrolled) or 2) resulting 

from limitation by Mg associated with struvite precipitation (often observed in aerobic systems 

at high pH). 

 

Thus the first objective of this work was to investigate the effect of pH in order to: 

 Verify whether a direct or indirect effect of pH on biomass concentration was observed; 

 Determine whether such effect is due directly to the imposition of higher pH or it is an 

indirect effect associated with the precipitation of struvite; 

The investigation of these effects may allow the development of strategies to: 

 Increase SBR cell concentrations and biomass production capacity through the increase 

of the applied OLR without impairing the culture’s PHA storage performance. 

 

 

II.  Promote the integration of the three stages, in designing the adequate volume ratio 

between the selection and PHA production stages 

 

The reactor volume in the PHA production stage depends on the VSS concentration attained in 

the selection stage and on fermented stream VFA concentration. Both these influent streams 

need to be as concentrated as possible in order to use a compact reactor volume in the 
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production stage (this helps in the biomass recovery stage, decreases the cost of the unit 

operations required to dry the biomass plus less water is wasted).  

Several assays aimed at determining the best volume ratio between selection and production 

were carried out using different biomass dilution upon production stage inoculation (work not 

included in this thesis) and the results obtained indicated a possible effect of the biomass and/or 

medium dilution in the PHA storage response observed. 

 

Given these arguments, the next objective proposed was: 

 Evaluate the independent effects of biomass dilution and exhaust SBR´s supernatant 

dilution on the regulation of the PHA storage response. 

 

 

III. Development of strategies aiming at increased PHA production productivity (3rd 

stage): 

 

 Evaluate the MMC PHA production performance under different fed-batch feeding 

strategies. 

 Assess the effect of a possible feedstock shift on culture´s PHA storage response, and in 

the process yield and polymer composition. 
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Chapter 2 
 

 

 

Improvement of productivity in MMC PHA production process: 

Effect of pH control on biomass growth capacity and PHA 

storage performance 
 

 

 

2.1. Introduction 
 

At present PHAs are industrially produced using pure microbial cultures and pure, generally 

expensive, substrates. An alternative approach is the use of mixed microbial culture, using 

non‐sterile waste streams as substrate and open reactors. However, the mixed culture PHA 

production process requires optimization to the achievement of higher cellular PHA contents 

and to be competitive with pure culture processes. 

MMC PHA production from surplus feedstocks is based on a 3- stage process comprising: (1) 

acidogenic fermentation of carbohydrate-rich feedstocks; (2) a culture selection or biomass 

production stage where an open culture system is used to select microorganisms based on PHA 

storage efficiency; (3) the PHA production stage where the selected population is fed with the 

fermented feedstock to accumulate PHA up to the culture’s maximum capacity. 

Highly enriched mixed culture systems have been successfully selected through the imposition 

of conditions resulting in high selective pressure for a PHA storage response (Jonhson, et al., 

2009; Albuquerque et al., 2010). These systems allowed obtaining cultures with very high PHA 

storage capacity (max content, yield and production rate), able to reaching in batch production 

assays maximum PHA contents similar to those of pure cultures (up to 78% from fermented 

feedstocks and 92% from synthetic feeds). However, a remaining bottleneck of MMC PHA 

production processes is their low volumetric productivity. Although very high specific rates are 

observed in highly enriched MMC PHA production systems (0.5 g PHA/g X.h, for fermented 

molasses, (Albuquerque et al., 2010), and up to 1.2 g PHA/g X.h, (Johnson et al., 2009) for a 

culture selected with acetate), the cell concentrations reported remain quite low (Serafim et al., 

2008; Reis et al., 2011). 

In the culture selection stage, the selective pressure is maximized through the imposition of a 

low Feast to Famine length ratio (F/F) combined with excess nutrient conditions (Johnson et al., 

2010, Albuquerque et al., 2007, 2010), while in the batch production stage a strong nutrient
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limitation is used to maximize the channeling of carbon substrate toward PHA, in order to reach 

a higher maximum PHA cell content (the latter is an important parameter since it has a high 

impact on the downstream processing costs).  This means that in the final production stage, cell 

growth is not allowed and thus, the cell volumetric productivity of the 3-stage process (which 

subsequently determines the PHA volumetric productivity) is determined by the growth rate and 

cell concentrations reached in the second stage. In theory, if an open culture system is 

successfully operated to select for a culture with high PHA storage capacity, it’s cell 

productivity may then be increased by increasing the applied organic loading rate.  

Different SBR operating parameters have been reported to affect the cell productivity as well as 

the selective pressure for PHA storage under ADF conditions, namely solids retention time 

(SRT), organic loading rate (OLR), carbon to nutrients ratio (C/N), feast and famine ratio (F/F), 

pH and Temperature. Ammonia concentration and the relative duration of the feast and famine 

phases, Feast to Famine (F/F) ratio and ORL have been reported as key factors (reviewed by 

Albuquerque et al., 2010). 

The effective specific growth rate of a culture is given by the reciprocal of the SRT. Thus, 

biomass production capacity can be increased through the use of lower SRT and/or higher OLR. 

It has been reported that the need to maintain a low F/F to ensure a high selective pressure for 

fast PHA storing organisms often limits the applied organic loading rate. Indeed, a F/F not 

higher that 0.3-0.4 has to be established in the selection stage (preferably even lower than 0.2) 

in order to enrich the biomass in microorganisms with high storage capacity (Dionisi et al. 

2006; Albuquerque et al., 2010; Reis et al., 2011).  

The effect of the applied OLR on the selective pressure for PHA storage is not yet sufficiently 

understood. Reports have clearly shown that increasing the OLR can cause the F/F ratio to 

increase thus compromising the culture‘s PHA storage response (Dionisi et al., 2007; 

Albuquerque et al., 2010). However, the reason for this is not fully understood. If the OLR is 

increased by increasing the substrate concentration supplied per cycle, the increase of the F/F 

can be easily explained by inhibition by the substrate, which will cause the feast phase length to 

increase. This could be prevented by increasing the OLR through the influent flow rate rather 

than through the influent substrate concentration. In theory, the OLR could be increased freely 

(as long as influent substrate concentration is kept bellow inhibiting values) without affecting 

the F/F ratio, since cell concentrations should increase proportionally to the applied OLR, thus 

maintaining the volumetric substrate uptake rates which determine the length of the feast phase 

and consequently the F/F. However, an increase of the F/F (with subsequent compromise of the 

PHA storage response) associated with an increase of the OLR has been observed even when 

inhibition by the substrate was not observed (Albuquerque et al., 2010). In fact, up to date, the 

highest organic loading rate (OLR) reported for the selection stage has been 20 g COD.L-1.d-1 
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(Dionisi et al., 2006) and reports for cultures with very high storage capacity are in even lower 

ranges (60 – 120 Cmmol VFA/L.d, Albuquerque et al., 2010, Johnson et al., 2009). 

In order to develop a strategy for MMC PHA production process intensification, the growth 

limitation constraining mixed cultures selected under FF conditions was investigated in this 

study. The object is to demonstrate the possibility of increasing SBR cell concentrations through 

the increase of the applied OLR without impairing the culture’s PHA storage performance. 

 

 

2.2. Materials and Methods  
 

2.2.1. Experimental setup 

 

The experimental work was conducted in three bench-scale reactors and a hollow fiber 

membrane filtration module as first described in Albuquerque et al., (2007) (Figure 9). The 

molasses acidogenic fermentation (stage 1) was carried out in a continuous stirred tank reactor 

(CSTR) operated under anaerobic conditions. The reactor effluent was clarified by 

microfiltration and the clarified fermented molasses were used as a feedstock for culture 

selection and PHA batch accumulation. Selection of a PHA accumulating culture (stage 2) was 

carried out in a Sequencing Batch Reactor (SBR) subjected to Feast and Famine conditions 

(FF). PHA accumulation (stage 3) was carried out in a batch reactor inoculated with sludge 

from the culture enrichment SBR and fed with clarified fermented molasses produced in stage 1.  

 

2.2.1.1. Continuous Acidogenic Fermentation Reactor 

 

The anaerobic acidogenic CSTR (working volume of 1140 ml), was operated under the 

conditions reported in Albuquerque et al. (2007, 2010): pH 6, 30 ºC, HRT kept at 10h and 

influent substrate concentration of 10 g sugars /L (344 Cmmol/l). The anaerobic reactor was fed 

with sugar cane molasses composed mainly of sucrose (62%), and fructose (38%). A mineral 

nutrients solution, supplemented with ammonia and phosphate (NH4Cl and KH2PO4), was added 

separately to the reactor. The sugars in the molasses were fully exhausted (> 99% consumption) 

and converted into VFA, namely acetate (60%), propionate (10%), butyrate (25%) and valerate 

(5%). The effluent was withdrawn by overflow and clarified using a filtration setup composed 

of a peristaltic pump and a microfiltration hollow fiber membrane module.  

The clarified effluent was kept at 4 ºC prior to its use as a feedstock for PHA-accumulating 

culture selection or in PHA batch accumulation assays. 

Samples were taken periodically to analyze the VFA concentration in the out stream. 
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2.2.1.2. PHA-accumulating culture selection reactor operating conditions 

 

The reactor type used for the biomass enrichment and production step was a sequencing batch 

reactor (SBR) with a working volume of 800 ml and operated using the conditions described in 

Albuquerque et al. (2010), as this type of reactor is ideal to achieve the dynamic conditions of a 

feast‐famine regime in a continuous way.  SBR cycles were 12 hours long and consisted of four 

discrete periods: feeding (5 min); aerobiosis (feast and famine) (11 h); settling (45 min) and 

withdrawal (10 min) as shown in Figure 10. Two peristaltic pumps were used to feed the SBR 

(200 mL/cycle of fermented molasses and 200 mL/cycle of mineral medium) and to withdrawal 

the exhausted medium (400 mL/cycle) after settling. The purge was done manually by removing 

190 mL of active biomass with a syringe at the end of famine phase. During the feeding period, 

the reactor remains only with agitation and without aeration. All components of the SBR were 

controlled by a computer system coordinated by the in-house developed software (BioCTR 

based on the LabView platform) that continuously acquired pH and pO2 data. 

Feed solution (diluted fermented molasses) that was kept at 4 ºC in a refrigerated vessel and a 

mineral nutrients solution, containing both ammonia and phosphate (NH4Cl and KH2PO4), were 

simultaneously added to the reactor, keeping the C/N/P ratios at 100/8/1. Thiourea was also 

added to this feedstock in order to inhibit nitrification.  

Figure 9- Three-Stage PHA production process from sugar cane 

molasses using a system composed of an anaerobic CSTR 

operated in continuous mode and an aerobic SBR operated 

under FF conditions (Adapted from Albuquerque at al. (2007) 

and Pisco (2008)). 
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Air was supplied through a ceramic diffuser and stirring (using magnetic stirring) was kept at 

400 rpm. The reactor stood in a temperature-controlled room (23 – 25 ºC). 

 

 

     

 
Figure 10 – SBR reactor and a scheme of the different stages during one operation cycle. 

The hydraulic retention time (HRT) was of 1day and the sludge retention time (SRT), 10 days. 

 The goal of this study was to improve biomass production in the SBR, particularly through an 

increase in applied OLR. It had been previously observed that increasing the OLR by a 2-fold 

(60 to 120 Cmmol VFA/L.d) did not result in a proportional increase in biomass produced 

(Albuquerque et al., 2010). Two hypothesis were suggested by the authors for the observed 

growth limitation: (1) a decreased growth rate associated with inhibition by the higher pH 

reached in the SBR operated at the higher OLR (since the SBR was operated with uncontrolled 

pH and thus pH variation in the SBR depended directly on the loading in organic acids); (2) a 

possible micronutrient limitation (PO4 or Mg) caused by struvite precipitation induced by the 

high pH attained. Both hypotheses are associated with the pH shift observed in SBR cycles 

operated with uncontrolled pH. 

In this study, pH control was imposed as a means of preventing either effect. SBR was thus 

operated at an OLR of 90 Cmmol VFA/L.d, (demonstrated point of operation, described in 

Albuquerque et al., 2010) firstly with uncontrolled pH and then with controlled pH for a period 

of 200 days. During this second period, the pH was adjusted to 8.0 ± 0.1 using a pH controller 

connected to a peristaltic pump that added a 2 M HCl solution. 

Once, the culture was acclimatized to operation with pH control, the OLR was then increased - 

to 120 Cmmol VFA/L.d (through an incease in influent substrate concentration) – in order to 

assess the impact of increasing OLR under controlled pH operating conditions (that is, without 

the impact associated with either struvite precipitation or exposition to a high pH, over one unit 

difference to starting pH).   

The reactor performance was evaluated through studies of one to two cycles per week. For each 

monitored cycle, samples were taken every 10 minutes during the first 30 of the reaction phase, 
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and then at a time interval between samples of 20 minutes until the end of the feast phase and 

then every hour until the end of the cycle. About 6 ml of mixed broth were taken at each 

sampling point and were distributed through eppendorfs. These were centrifuged at 12000 rpm 

for 5 min and the supernatant was transferred to a 5 ml sample tube. Both solid and liquid 

samples were frozen. Solid samples were then lyophilized for posterior PHA analysis. Liquid 

samples were analyzed for VFAs and ammonia. Samples for VSS determination (5 mL of broth) 

were taken in the beginning, at the end of the feast phase and at the end of the cycle. 

 

2.2.1.3. PHA accumulation experiments 

 

The aerobic batch accumulation experiments were carried out in a glass reactor of 800 ml, (with 

a working volume of 600 mL) operated in batch mode.  The reactor was inoculated with SBR 

enriched culture (collected at the end of famine phase) and fed with clarified fermented 

molasses produced in stage 1. 

The pH of diluted fermented molasses solution used in kinetic assays was adjusted to 8 before 

the reactor feeding. The reactor with a working volume of 600 mL was kept in a temperature 

controlled room (23-25 ºC). Air was supplied to the reactor through a ceramic diffuser and 

stirring (400 rpm) using magnetic stirring. At the beginning of the experiments and carbon 

(fermented molasses) were added to the reactor. During these assays pulse feeding was 

performed as a means of preventing inhibition by the substrate which has been previously 

reported for this feedstock at about 90 Cmmol VFA/L (Albuquerque et al., 2010). In order to 

perform the pulse feeding procedure, the system had to be stopped and the biomass had to be 

sedimented to discard a certain volume of supernatant (depending on the total volume in the 

reactor at that time) that would be replaced by the same amount of fresh fermented molasses. 

This feeding process was done as quickly as possible to avoid PHA consumption in-between 

pulses. The measurement of the pH and PO2 parameters enabled the detection of the end of 

carbon substrate consumption, through an inflexion in pH profile (from increasing fast to steady 

or slightly decreasing) and a sudden rise in DO level. Once that occurred, a new pulse of 

substrate was supplied to the reactor. Proximity to the saturation level (maximum PHA cell 

content) was indicated by an increase in pulse duration since the culture will decrease substrate 

uptake rates close to the PHA saturation level (as PHA storage becomes product inhibited). In 

order to maximize PHA storage, assays were carried out without any nutrient supplementation. 

However, in both cases, a non-negligible residual ammonia concentration was present in the 

fermented molasses, which resulted in ammonia concentrations per pulse of approximately 4-6 

Nmmol/L.  
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Samples were taken during the pulses to follow the course of the kinetic reactions. The 

procedure is the same of one SBR´s cycle.  Samples to determine VSS were taken in the 

beginning and at the end of each carbon pulse. 

 

2.2.1.4. Analytical procedures  

 

 Dry cell weight 

Biomass concentration, determined in all experimental assays, was evaluated using the volatile 

suspended solids (VSS) procedure described in standard methods (APHA, 1995). A 4.5 mL 

volume of mixed broth was taken and vacuum filtered through a Whatman glass microfiber 

filter (GPC with a 1.2 μm pore). The filter was left overnight in a greenhouse at 100ºC and then 

was weighed giving the weight of the dry biomass plus the filter. After that for VSS 

determination, the filter was put in a muffle at 550ºC during 3h and then was cooled down in a 

vacuum desiccator prior to weighing giving the value of ashes. VSS was calculated by the 

difference between the filter weight of 24h at 100ºC and the weight of 3h at 550ºC. 

 

 Volatile fatty acids (VFAs) 

 

Volatile fatty acids – namely acetate, propionate, butyrate and valerate – concentrations were 

determined by high performance liquid chromatography (HPLC) using a Merck- Hitachi 

chromatographer equipped with a BioRad Aminex HPX-87H 300 mm x 1.8 mm column with 

guard column, a UV detector set at a wavelength of 210 nm and a run time of 35 min. An 

H2SO4 0.01N solution was used as run eluent at a flow rate of 0.6 ml/min and the operating 

temperature was 50oC. The organic acids concentrations were calculated through calibration 

curves in the range of 25 to 1000 mg/l. Liquid samples were unfrozen and filtered through 0.2 

μm Whatman filters before injection. To the samples, already in the filters, 50 μl of eluent were 

added to adjust their pH. If dilution of the samples was necessary, it was done with the run 

eluent. 

 

 Polyhydroxyalkanoates (PHAs) 

 

Polyhydroxyalkanoates were determined by gas chromatography using the method described in 

Albuquerque et al., 2011. Lyophilized samples were weighted in glass tubes and to each was 

added 1 ml of acidic methanol (20% H2SO4) and 1 ml of internal standard solution (heptadecane 

0.808 mg/ml in chloroform). The samples were kept in a thermoblock at 100ºC for 3.5h. After 

cooling, 0.5 ml of deionised water was added to each sample for extraction. The water was 

mixed by agitating the glass tubes in a vortex for 1 min. The organic phase of each sample 
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(methylated monomers dissolved in chloroform) was extracted to vials with molecular sieves 

(0.3 nm pore) for water absorption and injected into a gas chromatograph coupled to a Flame 

Ionization Detector (GC-FID Varian CP-3800). A ZBWax-Plus column was used at a flow rate 

of 1ml/min. Split injection at 280ºC with a split ratio of 10 was used. The oven temperature 

program was as follows: 40ºC; then 20ºC/min until 100ºC; then 3ºC/min until 175ºC; and finally 

20ºC/min until 220ºC. The detector temperature was set at 250ºC.  

Hydroxybutyrate and hydroxyvalerate concentrations were calculated using two calibration 

curves, one for hydroxybutyrate and one for hydroxyvalerate, using standards (0.1–2 mg/ml) of 

a commercial P(HB-HV) (88% / 12%) from Sigma and corrected using a heptadecane internal 

standard (concentration of approximately 1mg/ml). Standards had the same treatment as the 

samples. 

 

 Ammonia 

 

Ammonia concentration was determined using an ammonia gas sensing combination electrode 

(Thermo Orion 9512). The samples were unfrozen and 20 μl of ISA (Ionic Strength Adjuster) 

composed of NaOH 5M, disodium EDTA 0.05M, 10% methanol with color indicator solution 

were added to 1 ml of sample. The electric potential was measured 5 minutes after the addition 

of the ISA solution. A calibration curve was obtained with NH4Cl standards (0,01 – 10 

Nmmol/l). 

 

2.2.1.5. Microbiological analysis 

 

 Fluorescence in situ hybridisation (FISH) 

FISH technique protocol was conducted according to Aman (1995). This technique is used to a 

qualitative analysis in order to characterize the mixed microbial culture community.  

The procedure consists in some important steps which are: biomass fixation, sample application 

and dehydration, probe hybridization and slides washing, mounting slides and observation. 

 

Biomass fixation 

 

In this work fixation with 4% paraformaldeyde, most suitable for Gram-negative cells, was 

used. For Gram-positive cells the sample fixation is prepared with etanol.  

Samples were taken (at different SBR operating conditions) and centrifuged during 5 min at 

3000 rpm after that the supernatant was discarded. The pellet was resuspended in a phosphate 

buffer solution (PBS) and centrifuged again at 3000 rpm during 5 min. This washing step was 

repeated for three times. After the last washing, the supernatant was discarded and 600 μl of 



Chapter 2 – Improvement of productivity in MMC PHA production process: Effect of pH control on 
biomass growth capacity and PHA storage performance 

 
 
 

- 39 - 

 

PBS were added to the pellet which was resuspended and finally added to an eppendorf 

containing 900 μl of 4% PFA. The mixture in the eppendorf was agitated in the vortex and was 

incubated for 1h in the fridge at 4ºC. 

After incubation the cells were centrifuged during 5 min at 3000 rpm, the toxic supernatant was 

discarded into an appropriate vessel and the pellet was finally resuspended in 600 μl of PBS and 

600 μl of ice-cold absolute ethanol and stored at -20ºC.  

 

Sample application and dehydration 

Fixed samples were applied in a specific FISH microscope slide containing 8 to 12 wells 

surrounded to a hydrophobic material (e.g. teflon) in order to avoid the mixture between 

different samples and allowing the observation of various samples in one time. 

Homogenized samples were applied to the wells (3 to 30 μL in each well, depending on the 

biomass concentration) and left to dry in the oven at 46ºC during 10 to 15 min. The cells on the 

slide were then dehydrated in an increasing ethanol series of 50, 80 and 98% ethanol (3 min. 

each one). After this step the slide was left to dry on air or through compressed air. 

 

Probe hybridization and slides washing 

Four buffers for hybridization at 46
o

C were prepared in eppendorfs with 20%, 30% and 35% of 

stringency with the solutions and volumes described in Table 5: 

 
Table 5 - Solutions and amounts necessary to prepare the hybridization buffer. 

Formamide 
(%) 

H2O Milli Q 

(L) 

NaCl 5M 

(L) 

Tris-HCl 

(L) 

SDS 

(L) 

Formamide 

(L) 

20 1198 360 40 2 500 

30 998 360 40 2 600 

35 898 360 40 2 700 

40 798 360 40 2 800 

 

 

To each well were applied 8L of hybridization buffer, and the rest was dropped into one paper 

bed in a hybridization chamber to keep it with the same hybridizing atmosphere. 

To each well containing the hybridization buffer, were applied 1L of the selected probe (Table 

6), then the slide was put into the 50mL Falcon tube in the horizontal position (Figure 11) and 

was placed in the oven at 46ºC for 1.5 to 3h. 

 In the mean time of hybridization, a washing buffer was prepared in 50 mL Falcon tubes with 

different volumes of NaCl 5M; Tris-HCl 1M; EDTA 0,5M Milli Q Water and SDS 10% 

depending on the stringency required. This washing buffer was placed in a bath to reach 48ºC 

before washing the slides.  
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In the washing step, the slide was placed inside the falcon tube containing the washing solution 

and then was kept in a bath at 48ºC for 10-15 min. After this step, the slide was washed with 

refrigerated water (4ºC) and then dried with compressed air. 

An equimolar mix of the EUB338-I, EUB338-II and EUB338-III probes (EUBmix) was applied 

to ensure the visualization of all bacteria in culture. In order to identify subdivisions inside the 

group of Proteobacteria it was used specific probes which hybridize the classes of 

Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria, since these three classes 

were already been identified as the most abundant in PHA production systems using mixed 

cultures. 

It was also used specific probes that hybridize genera Azoarcus, Thauera (which belongs to 

class β) and Paracoccus (class α), thus allowing a more detailed analysis of the selected culture 

composition. These three genera were found to be abundant in SBRs operated under ADF 

conditions using VFAs mixture at different loading rates (Dionisi et al., 2005; 2007; Lemos et 

al., 2008; Albuquerque et al., 2010). 

 
Table 6 - Details on the probes used for FISH. 

 

 

 

 

 

Probes Sequence Target References 

EUBmix: 
EUB338-I  
EUB338-II  
EUB338-III 

 
GCTGCCTCCCGTAGGAGT 
GCAGCCACCCGTAGGTGT 
GCTGCCACCCGTAGGTGT 

Bacteria domain 
most Bacteria 

Planctomycetales 
Verrucomicrobiales 

Aman et al., 1990; Daims et 
al., 1999 

ALF969 TGGTAAGGTTCTGCGCGT Alphaproteobacteria Oehmen et al., 2006 

BET42a GCCTTCCCACTTCGTTT Betaproteobacteria Manz et al.,1992 

GAM42a GCCTTCCCACATCGTTT Gammaproteobacteria Manz et al.,1992 

AZO644 GCCGTACTCTAGCCGTGC Azoarcos Hess et al., 1997 

THAU832 TGCATTGCTGCTCCGAAC Tauera Loy et al., 2005 

PAR651 ACCTCTCTCGAACTCCAG Paracoccus Neef et al., 1996 

Slide Teflon cover 

Well Paper bed 

Figure 11 - Hybridization chamber. 
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Mounting slides  

 

To the dried slide was applied a few drops of Vectashild and a cover slip was put above to cover 

all wells. The Vectashild excess was cleaned with a paper tissue and a nail polish was applied to 

the boards of the cover slip to prevent it to move away from the slide and prevent immersion oil 

to combine with Vectashield. 

 After this, the slide was ready to observe in the fluorescence microscope or to store for a later 

view at -20ºC protected from light. 

 

2.2.1.6. Calculation of kinetic and stoichiometric parameters 

 

The cellular PHA content was calculated as a percentage of VSS on a mass basis:  

     
   

   
          

     

     
  

were VSS includes active biomass (X) and PHA.  

Active biomass was calculated by subtracting PHA from VSS. 

In both SBR operation cycles and batch production assays, nutrients were available for 

simultaneous cell growth and PHA storage. Thus, specific rates of substrate uptake and PHA 

storage were determined considering a varying active biomass concentration. The maximum 

specific substrate uptake (-qS in Cmmol VFA/Cmmol X.h) and PHA storage rates (qP in Cmol 

PHA/Cmol X.h) were determined by adjusting a linear function to the experimental data of 

VFA fraction per active biomass over time and PHA fraction per active biomass over time (fVFA 

and fPHA, respectively), which were respectively calculated by dividing the experimental values 

obtained for VFA and PHA concentration over time divided by the active biomass concentration 

estimated over time. Active biomass concentration was estimated based on the initial X 

calculated from VSS and PHA concentrations and on the ammonia uptake uptake curve. 

Similarly, the maximum specific growth rate () observed during the feast phase of SBR cycles 

was estimated by adjusting a linear function to the fraction on new biomass synthesized per 

active biomass (fX) plotted over time. Finally, the maximum specific rate of PHA consumption 

during the famine phase (-qPHA in Cmmol PHA/Cmmol X.h) was determined by adjusting a 

linear function to the fraction of PHA per active biomass plotted over time during the famine 

phase. 

VFA concentration corresponds to the sum of the concentrations of the four different acids 

present in the fermented molasses (VFA, in terms of Cmmol/L, are equal to HAc, HProp, 

HBut, HVal in Cmmol/L).  

PHA concentration (in Cmmol/L) corresponds to the sum of HB and HV monomers 

concentrations (in Cmmol/L).  
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The yields of PHA on substrate (YPHA/VFA) and cell growth on substrate (YX/VFA) were 

calculated for the feast phase of SBR cycles by dividing either the amount of PHA formed 

(ΔPHAfeast) or that of new active biomass synthesized (ΔX) by the total amount of organic acids 

consumed (ΔVFAfeast), respectively.  

 

         
          

         
      

         

         
   

 

The ΔPHAfeast was estimated using the variation of PHA concentration over time (using the 

PHA cell content determined by GC and corresponding VSS values), while the ΔXfeast was 

determined based on the variation of ammonia concentration observed over time (ΔNH4feast).  

In batch accumulation assays PHA and cell growth yield on substrate were calculated using the 

same approach as for the feast phase of SBR cycles. 

The feast / famine ratio (F/F) is the ratio between the length of feast and that of the famine 

phase in one cycle. 

The feed to microorganisms (F/M in Cmmol VFA/ Cmmol VSS) ratio is expressed between the 

initial VFA concentration fed to the reactor and the VSS concentration at the beginning of the 

feast phase.  

The material mass balance for a given accumulation cycle can be represented by: 

Y = YP/S + YX/S + YCO2/S 

The global yield (Y) accounts for all the carbon recovered from the material mass balance 

(it is 1 if all the carbon is recovered. 

 

 

2.3. Results and Discussion 
 

The main objective of this study was to assess the possibility to increase biomass growth 

capacity of MMC PHA production in SBR through an increase in OLR without negatively 

impacting on PHA storage response. It has been generally reported that high OLR may result in 

higher F/F ratios and subsequently in loss of PHA storage response. 

The goal of increasing biomass production through increased OLR was thus attempted in this 

study in two steps. First, in order to avoid high pH values and its negative consequences, 

controlled pH was established at 8.0 in the SBR reactor operated with an OLR of 90 Cmmol 

VFA/L.d (the already established point of operation). This would serve, on one hand, to prevent 

a pH rise to possibly growth-inhibiting values and it could also serve to prevent eventual 

struvite precipitation and consequently micronutrient depletion. 
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At this stage the effect of pH control on the selection efficiency and biomass production 

capacity of an MMC PHA enrichment was assessed.  

Then, having successfully acclimatized the culture to pH controlled conditions, OLR was 

increased in order to assess whether under controlled pH higher cell concentration could be 

obtained in response to the increase in OLR. 

 

2.3.1. Effect of pH control on cell growth and PHA storage response  

 

An aerobic SBR reactor operated under FF conditions enriched with a culture that has 

demonstrated selection efficiency and enhanced PHA storage capacity was used to investigate 

the pH control effect on culture response. 

The performance of the selected culture was monitored over time of reactor operation in terms 

of cell growth and PHA accumulation. SBR cycles were characterized by monitoring VFA and 

ammonia uptake as well as PHA and biomass production. The yields of growth and polymer 

production on substrate were calculated for the feast phase of each SBR cycle monitored and are 

represented in Figure 12. 

Two cycles, representing the previous stable conditions with an OLR of 90 Cmmol VFA/L.d, 

were characterized in the period that preceded the change to controlled pH as a reference to 

further transient conditions. Albuquerque et al., (2010), reported that the culture selected under 

these conditions showed the best PHA-storing capacity since it reached a maximum PHA 

content of 74.6% in an accumulation assay which was the best result obtained so far with this 

substrate. 

The pH control was established at 8.0 in SBR from day 15 on of this study. The culture 

response to this change was observed by an increase of foaming in the reactor and by a decrease 

in culture settling properties, which led to a severe loss of solids during the withdrawal period. 

This led to a decrease in the imposed SRT of 10 days and in the consequently lower VSS 

concentration (to as low as 2 g VSS/L) observed in the two first characterized cycles after the 

switch to controlled pH (days 19 to 25 in Figure 12). On day 21 it was observed that due to the 

decrease in cell concentration, volumetric substrate uptake rates decreased causing the feast 

phase length to increase and the famine phase length to decrease, with consequent increase of 

the resultant F/F ratio (Figure 12, A). Thus it was observed a negative impact on the PHA 

storage response as indicated by a decrease in the maximum PHA cell content reached per 

cycle, as well as on PHA storage rate and yield. However, the lower SRT also enabled a rapid 

renewal of the culture, thus restoring stable conditions about 10 days after (day 34 in Figure 12).  

After all the negative consequences (as foaming, biomass loss and an unstable SRT) had 

subsided, VSS concentration began to increase, reaching concentrations as high as 8 g VSS/L 
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about 30 days after the shift to controlled pH (day 41 in Figure 12). This represented a 2-fold 

increase in cell concentration relative to the value obtained in SBR operated without pH control, 

which can be associated with the achieved yields of polymer production on substrate and 

growth that have also increased (0,45 – 0,68 Cmmol PHA/Cmmol VFA before controlled pH to 

0,72 – 0,79 Cmmol PHA/Cmmol in the period between days 34 to 47). In addition with the raise 

in cell growth at the period right after the controlled pH initiation it was also observed an 

increase in the maximum PHA content to values closer to those obtained at the beginning 

without pH control (day 19 to 34 in Figure 12). 

From day 34 on, a slight decrease in the maximum PHA content values was again noted. 

However, during this period, the corresponding PHA concentrations have increased (30 - 45 

Cmmol PHA / L in the two cycles without pH control to 56 Cmmol PHA / L on day 47). It was 

also observed an increase in the PHA yield on substrate and in the PHA storage rate during the 

same period (day 34 to 47 in Figure 12). Thus, it is likely that the decrease in maximum PHA 

content does not represent a loss of PHA storage response but, instead, it can be explained by an 

increased consumption of PHA during the famine phase. Consequently, the initial value of PHA 

content was lower in day 47 compared to values obtained on days 34 and 41. 

It was also observed lower ΔPHA values (%) at days 41 and 47 when compared to those 

observed in SBR operation without pH control (9,7 – 10,7% and 14,0 – 13,8% respectively). 

This was due to the fact that substrate concentration remained constant when cell concentration 

increased which resulted in a decrease in F/M ratio to lower values compared to those obtained 

initially without pH control. 

Between days 34 to 47 the results show a great increase of biomass concentration (3,2 – 2,4 g 

VSS/L without pH control to 4,8 – 7,8 g VSS/L) with no loss of efficiency in PHA storage. It 

should be noted that although cell growth yield has slightly increased, its relative PHA storage 

yield on substrate was not affected (it even showed a small increase from 0,45 – 0,69 to 0,72 – 

0,79 Cmmol PHA / VFA Cmmol). This can possibly be explained by the decrease in cellular 

maintenance requirements since high pH values require a greater availability of energy to 

maintain physiological stability of the cells, which are not achieved with controlled pH (Villano 

et al., 2010).  
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Figure 12 – (A): F/F ratio (h/h) of the characterized SBR operating cycles during this study; (B) Performance over time (max PHA content and VSS attained at the end of the 

feast phase and storage and growth yields on VFA) of the PHA-accumulating culture selected under ADF conditions and fed with a fermented molasses feedstock. The 

distinct SBR´s operating conditions are in evidence by the different background colors. 
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The observed increase in VSS concentration from day 34 until day 47, resulted in a decrease in  

F/M ratio to values closer to those observed during the initial phase without pH control and in a 

subsequent decrease in the feast phase and F/F ratio (as 0,11 on day 47, Figure 12). The PHA 

storage rate (0,34 Cmmol PHA/Cmmol X.h) has also slightly increased during this period to 

higher values than those obtained in the preliminary phase of this study (0,19 – 0,32 Cmmol 

PHA/Cmmol X.h). This higher storage rate is associated with lower F/F.  

Between the cycles of days 34 to 47 the obtained values of feast phase cell growth are quite 

close to those obtained without controlled pH in the SBR as well as the values of the overall 

growth cycle yield (feast + famine phases) that ranged 0,24 – 0,26 Cmmol X/Cmmol VFA to 

0,32 – 0,26 Cmmol X/Cmmol VFA, on days 34 and 41 respectively. The fact that during this 

period the increase in the overall cycle, growth yield was not maintained can be explained by an 

ammonia limitation. Since the biomass concentration significantly increased and the C/N ratio 

was kept constant (C/N=12), during the periods with and without pH control, it was observed 

that ammonia began to be fully consumed even before the cycle of feast and famine was over. 

Residual ammonia concentration at the end of feast dropped from 1,4 on day 34 to 0,4 Nmmol / 

L on day 41 (Figure 13, (C) on left). As a result, an increasing amount of polymer was left 

unconsumed after famine (18,8 and 15,2% for cycles on days 34 and 41, respectively) since a 

nitrogen source was no longer available for growth on intracellular polymer during famine. 

Johnson et al., (2010) reported that the polymer serves as an internal carbon source and 

therefore needs to be considered when judging whether a culture is nitrogen or carbon-limited. 

Due to the absence of ammonia during the famine phase, PHA was probably consumed for 

maintenance processes only during this phase with a consequent growth limitation. 

On day 47, the feast phase cell growth yield was 0,19 Cmmol X/Cmmol VFA, which is 

comparatively lower than those observed on days 34 and 41 (0,24 and 0,27 Cmmol X / Cmmol 

VFA). The SBR cell concentration is also lower in this day cycle than in the previous two that 

were nitrogen limited. This can be explained by the fact that on day 47 a lower substrate 

concentration was supplied (45 Cmmol VFA/L), relative to the previous two cycles (52 – 54 

Cmmol VFA/L). Thus, if cycles on days 34 and 41 were nutrient limited, this last cycle was 

carbon limited.  

The results of day 47 (Figure 13, (D) on left) also show that ammonia was not depleted at the 

end of the famine phase (3,0 Nmmol/L) and that the global growth yield of 0,39 Cmmol 

X/Cmmol VFA was 50% higher relative to the overall growth yields observed without pH 

control (0,24 – 0,26 Cmmol X/Cmmol VFA). This means that at this cycle a higher cell growth 

is occurring during famine, indicating that the previously stored PHA was used for continued 

growth in this phase. 
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Figure 13 – SBR operated (A) without pH control. Day 0; (B) after pH control with a transient response. High F/F ratio and 

low cell concentration with PHA and nutrients being consumed during famine. Day 25; (C) with a stable response but with 

nitrogen limitation. Day 41 (D) Low F/F ratio and high cell concentration with excess nutrients still available in famine. Day 47. 

On the right : FF cycles profiles showing VFAs and ammonia uptake with biomass growth and PHA storage. Dashed lines 

represent the end of the feast phases. Legend: 

On the left: Correspondent micronutrient (PO4-P and Mg) specific concentration profiles. 
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At this point it was already possible to confirm the positive effects of pH control on both cell 

productivity and PHA storage response. However, the cause of the cell growth limitation was 

still remaining unclear whether it was due to the direct effect of pH or whether the observed 

effect was an indirect effect, possibly associated with struvite precipitation, causing 

micronutrients to become unavailable. 

 

2.3.1.1. Micronutrient unavailability as the possible origin of cell growth 

limitation 

 

In order to elucidate the later hypothesis, PO4-P and Mg concentration profiles were followed in 

SBR operation cycles without and with pH control for days 1, 25, 41 and 47 (Figure, A, B, C 

and D on right, respectively) which represent the main different responses of culture during the 

period that has already been mentioned above. It was observed a decrease in nutrients 

concentration along all the cycles. However, neither of these micronutrients seems to be fully 

depleted.  

This can demonstrate that the possible precipitation of Mg and phosphate as struvite in the SBR 

cycle without controlled pH, does not affect their availability since their residual concentration 

at the end of cycle does not seem to be at limiting levels. Limiting concentrations reported in the 

literature for phosphate and magnesium are in the range of 0.1 mM and 50 μM respectively 

(Sheata et al.,1971). The residual concentrations of phosphate and magnesium in the four 

analyzed cycles were all above these values.  

Thus, it was found that the direct effect of pH on the culture metabolism/kinetics is the cause of 

the different performances occurred with and without controlled pH. 

In this study it can be hypothesized, that by working with uncontrolled pH, the microbial 

community is continuously subjected to transient conditions of pH environment. Meaning that, 

since the initial pH of the cycle is near at 8.0, a selective pressure is imposed for 

microorganisms with optimum pH around this value. However, when pH gradually increases 

over the operation cycle, the microorganisms will be gradually deviate from their optimum pH, 

causing their cell growth rates to decrease. 

Chua et al. (2003) studied the effect of pH on the PHA storage response of an SBR operated 

under FF using acetate as carbon source. The authors reported that the sludge acclimatized 

under pH 7 and 8 conditions exhibited similar PHA production capability. However, the authors 

did not report whether any effect was observed on cell concentration or on cell growth rate. 

On other way, Villano et al. (2010), investigated the effect of the pH on the second enrichment 

stage of the PHA producing process (7,5; 8,5 and 9,5) in a SBR operated under FF conditions 

and fed with a mixture of acetate and propionate as carbon source. The authors observed a very 
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slight increase in cell concentration at the higher pH (2.4 g VSS/L) relative to the cell densities 

observed at pH 7.5 and 8.5, which were approximately 2.2 g VSS/L. As for PHA production, 

both storage rate and yield (related to the feast phase) decreased as pH increased. This may 

indicate that a higher fraction of substrate is used for cell growth since the PHA storage yield 

had decreased. These authors also observed a decrease in PHA storage efficiency when 

conducting a pH shift from 8.5 in the selection stage to 9.5 in the production stage. The authors 

suggest that this is possibly explained by the higher maintenance requirements necessary for a 

culture enriched at pH 8.5 to adapt to a pH environment of 9.5. This confirms the importance in 

the use of steady pH, which proved be a contributing factor to the observed increase in biomass 

productivity. 

 

2.3.1.2. C/N ratio adjustment for cell growth pressure maintenance 

 

The first step of this study which consisted in culture acclimatization to pH controlled 

conditions was achieved at this stage. However, it was found necessary to adjust the C/N ratio 

in order to avoid possible nitrogen limitation and to maintain the cell growth pressure. Thus, 

from day 60 on, a new C/N ratio was established (C/N=6) by increasing the initial ammonia 

concentration from 3.75 Nmmol/L to 7,5 Nmmol/L.  

In the first analyzed cycle after this change, the initial substrate concentration was higher than 

the cycle before, which resulted in a feast length increase. Consequently The PHA storage 

response was negatively affected by a significant decrease in the PHA storage yield on substrate 

and in the PHA storage rate.  

In the next two cycles (day 69 and 76, Figure 12), the influent substrate concentration suffered a 

considerable decrease which conducted to an F/F ratio decrease, causing an internal growth 

limitation that favors the PHA storage. In these cycles, cell concentration is higher than the 

previous period although was observed that the growth yield was lower (0,16 and 0,35 Cmmol 

X/Cmmol VFA). This can reflect a growth increase during famine by the stored polymer 

consumption, which is also observed by the ammonia variation between feast and famine 

phases.  

A period of unfavorable events happened after the cycle of day 76 and this resulted in a loss of 

operational stability required for this study. Thus, a new cycle was characterized only one 

month after that period, but the negative effects of the operational instability on SBR were still 

evident (day 106, Figure 12). In fact, the observed global yields which corresponds to the sum 

of the cell grow and PHA storage yields have precipitously decreased (0,94 – 0,97 to 0,34 

Cmmol/Cmmol VFA). This can possibly be explained by an increase in cell maintenance 

requirements in order to restore the metabolic balance. Moreover, at this period the influent 
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substrate concentration was somewhat below the desired concentration (45 Cmmol VFA/L). 

This led to a undesired C/N ratio (with the maintenance of the higher ammonia concentration) 

that only favored cell growth and the PHA storage pressure began to be lost. 

 

2.3.1.3. The strategy to increase the pressure to a higher growth rate 

 

After the period in which the C/N ratio was adjusted and the unfavorable events have occurred, 

it was intended to increase the OLR by increasing the substrate concentration to 120 Cmmol 

VFA/L.d in order to assess whether this change would result in a higher cell concentration 

under pH control. However, there were very significant variations in influent substrate 

concentrations when compared with the designed concentrations. The associated errors have 

floated from 37% - 10% below the stipulated value and 9% above in the second analyzed cycle 

of this period. These errors should be related with incorrect dilutions of the fermented molasses 

substrate or with the VFAs consumption on the storage vase before being fed to the reactor. 

These variations in influent substrate concentration have impacted on the F/F ratio promoting, 

as consequence, kinetic, stoichiometric and physiological effects on culture response. 

In this type of SBR operation the length of the feast phase depends directly on the volumetric 

substrate uptake rate, which is determined by the influent substrate concentration, active 

biomass concentration and specific rate of substrate uptake. It may be expected that increasing 

the influent substrate concentration (at constant HRT) should result in a corresponding increase 

of the reactor cell concentration, and therefore, if kinetic effects are not constraining the specific 

rate of substrate uptake, a proportional increase of the volumetric rates of substrate consumption 

should be observed (Albuquerque et al., 2010). 

In this phase, when a higher substrate concentration was used, the feast phase growth yield 

decreased and in the opposite way the storage yield increased due to a higher fraction of 

substrate being channeled toward storage. Thus, it can be assumed that higher substrate 

concentrations have a kinetic effect of growth inhibition which consequently negatively affected 

the specific rate of substrate uptake and increased the feast length. On the other hand, it was 

observed that lower substrate concentrations could have a limiting kinetic effect on culture 

response which also induces to a decrease on the specific rate of substrate uptake and 

consequently raises the F/F ration by the increase on feast length.  

At lower influent substrate concentrations, the substrate availability decreases and consequently 

the growth declines. In these cases the real OLR on the reactor was lower than the designed 

which consequently promoted a decrease on cell concentration. When the culture with a lower 

concentration is fed again with a high influent substrate concentration, the fest length raises as a 

consequence of the stoichiometric that substrates concentration variation had promoted. 
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The raise of feast length as consequence of both kinetic and stoichiometric effects resulted in a 

shorter famine which had reduced the physiologic adaptation effect that occurs during this 

phase. That is, the famine phase may have not been long enough to ensure the decrease of 

growth cofactors to the point of limiting growth and favoring storage in the following feast 

phase. As a result, the selected population may have become enriched in both PHA-storing and 

non-storing organisms. 

The impact of stoichiometric and kinetic effects on the F / F induces a highly dynamic response 

that results on serious changes in PHA storage response. When a critical point is reached, the 

system becomes highly instable and the physiologic impact (observed immediately in the 

subsequent cycle) has a great influence on selection and the selective pressure for PHA storage 

considerably declines. 

Considering all these constrains, it was concluded that during the last period of this study the 

operational conditions of the system were not stable and it was not possible to assess the effect 

of OLR increase on culture growth/storage response. However, it was possible to assume that 

this parameter has a great influence on SBR selection operational conditions. As a result, when 

real influent substrate is used it is necessary to proceed to a rigorous monitoring and control of 

the organic loading that is fed into the reactor. 

 

2.3.2.  Microbial characterization of mixed PHA-accumulating cultures by   

FISH  

 

Fluorescence in situ Hybridization (FISH) was used as a qualitative technique in order to 

characterize the microbial population enriched under ADF conditions in the SBR during the 

time of this study (time line in Figure 12). This analysis was intended to determine the changes 

on culture bacterial composition that are resultant on the effects of pH control and increase of 

the organic load rate (OLR).  

The obtained results with FISH analysis are summarized in Table 7. The first sample was taken 

about a month and a half before the start of controlled pH.  At that time, the main composition 

of the PHA accumulating biomass belonged to the classes Alphaproteobacteria and 

Betaproteobacteria, more specifically to the genera Thauera and Paracoccus (Table 7). The 

kinetic results for that period showed that the enriched culture had a high PHA storage capacity 

which is justified with the confirmed presence of species within these two genera that are 

described as PHA-accumulating microorganisms. 
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Table 7 - Qualitative analysis of the microbial population enriched under ADF conditions in a SBR, through 

FISH technique 

 

 

 

 

 

 

 

 

 

 

 

The second characterized sample was collected about one month after the change of SBR 

operation to pH control, since it was observed a steady accumulation response, which means 

that the adaptation period to the new conditions was over passed. At this time the dominant 

microorganisms were belonging to Azoarcus and Thauera genera, thus reflecting the higher 

presence of class Betaproteobacteria species. The genus Paracoccus was detected in very low 

amount, as well as the bacteria of Alphaproteobacteria and Gammaproteobacteria classes. In 

this period, it was observed that the storage yield and the cell concentration both increased 

demonstrating that the SBR operating conditions were exerting a good selective pressure on 

biomass enrichment thus obtaining a culture with a stable accumulation capacity. 

Eleven days after the new C/N ratio adjustment, a qualitative analysis of the mixed culture was 

again performed. In this analysis the probes that hybridize the species of Alphaproteobacteria, 

Betaproteobacteria and Gammaproteobacteria classes were not used. It was observed an 

increase of Azoarcus bacteria during this period, when compared to the period before in which 

pH control was already set. The presence of Thauera and Paracoccus bacteria were detected in 

smaller amounts as previously observed. These results are illustrated in Figure 14.  

Since these microorganisms are described as PHA-accumulating bacteria, this shows that the 

operational conditions applied to the SBR during that period were favoring a good selective 

pressure. The next analyzed sample was taken after the occurrence of operational instability in 

SBR that was still reflected in the obtained results of the days 106 and 113 of this study. Thus, 

eleven days after the 113 day cycle  a qualitative analysis of the selected culture was again 

performed. It was observed a very significant change in the composition of the mixed culture 

population, once the bacteria of Azoarcus genera which were present with abundance in the 

previous period have showed no hybridization signal. It was also observed a high increase of 

Thauera bacteria, however Paracoccus cells were not identified. At this time, the selected 

culture in SBR could possibly have a lower PHA-accumulation capacity relatively to the 

Days α β γ AZO THAU PAR 

-34 +++ ++ – – ++ ++ 

36 + +++ (+) ++ + (+) 

71 
   

+++ + (+) 

124 (+) +++ – – +++ – 

228 (+) +++ – + +++ – 

Negative signal: –                 Low signal: +                                High/very high signal: +++ 

Sporadic signal: (+)              Moderate/high signal: ++ 
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previously analyzed periods. However, there’s no kinetic data corresponding to this phase 

available to justify this argument. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The last analyzed sample through FISH technique was taken almost about two and a half 

months after the OLR change to 120 Cmmol VFA/L.d and 14 days after the last kinetically 

characterized cycle of this study (Figure 12, cycle of day 214). It´s important be noted that the 

F/F ratio of this last cycle was very high, which could be related with the low existence of PHA-

accumulating bacteria in the selected culture at that time. However, the qualitative results show 

that there was a slight increase of Azoarcus species, relatively to the previous sample, with 

Thauera species prevailing in majority without the presence of Paracoccus cells.  Thus, these 

results prove the existence of PHA-accumulating bacteria at this period. 

The change on SBR operating conditions as pH control; C/N ratio adjustment and OLR increase 

had a great impact on the enriched culture composition, thus conditioning different PHA storage 

performances. In this study, the main consequence of the operational changes is particularly 

EUBmix AZO344 AZO/EUB 

THAU832 THAU/EUB 

PAR651 PAR/EUB EUBmix 

EUBmix 

Figure 14 – FISH detection of the dominant PHA accumulating organisms. First column: hybridization with 

EUBmix probes; Second column: hybridization with specific probes identifying the genera Azoarcus, 

Thauera and Paracoccus; Third column: overlay of EUBmix with specific probes. The pictures are 

artificially colored by a software (EUBmix – green flurochrome FTIC; specific probes – red flurochrome Cy3 

and the overlay is represented in yellow). Magnification of 1000x. 
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reflected by the inconstant presence of Azoarcus and Thauera species. Meaning that a mixed 

PHA-accumulating culture has an uniform community signature but depending on the selection 

operating conditions, the same types of bacteria are present in different amounts. 

As already reported in literature (Lemos et al., 2008), the application of diverse operating 

conditions, such as the medium pH, the organic loading rate, the C/N ratio and the sludge 

retention time, have a great influence in the successful enrichment of a PHA-accumulating 

population. 

 

2.3.3. Effect of pH control on subsequent batch PHA storage performance 

 

In order to evaluate possible differences in PHA storage profiles of the selected cultures with 

and without controlled pH were performed two batch accumulation experiments. 

The first assay was carried out five days before the first cycle characterized in Figure 12 with 

biomass from the SBR operated without pH control and the second was performed 50 days after 

the change of SBR operational conditions to controlled pH. In both experiments the batch 

reactors were inoculated with the same amount of sludge collected from the SBR at the end of 

the famine phase and both were fed in with multiple pulses of fermented molasses (7 pulses of 

60-80 Cmmol VFA/L were supplied in both experiments). These batch tests were 

performed without pH control in order to compare the two selected cultures only in terms of the 

enrichment efficiency in SBR. Moreover, in a real work environment, this may represent an 

advantage associated to process costs reduction through the elimination of chemical reagents 

used to pH control. The two batch tests were carried out under the presence of ammonia since, 

the fermented molasses produced in first stage of the process contained residual concentrations, 

which resulted in initial concentrations of 1 – 2 Nmmol/L per pulse. The presence of 

ammonium had a negative effect on the maximum PHA content preventing the culture to reach 

the saturation point. In this way, in these accumulation experiments, biomass growth occurred 

in simultaneous with PHA storage and this causes the dilution of PHB through biomass growth. 

After the addition of some pulses, growth rates become higher than the PHA production rates 

leading to a dilution of the cellular PHB content of the culture which starts to decrease although 

the saturation level has not been achieved. This explains why cell concentrations continue to 

increase with time (up to 17,84 g VSS/L in the first test and 18,04 g/L in the second test, Figure 

15, B) when PHA cell contents starts to decline. Consequently, it was not possible to reach the 

maximum storage capacity of these two cultures. 

With the obtained results it was possible to observe that accumulation and growth profiles of the 

two cultures were quite similar (Figure 15). The maximum PHA content reached was 59,5% at 
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13,7h and 54,3% were reached at 8,2h for the cultures selected without and with pH control 

respectively (initial contents were similar, about 4 – 5%). 

 

 

 

Figure 15 - Batch PHA production assays carried out with the cultures selected with and without pH control in 

terms of (A) maximum PHA content and (B) VSS concentration. 

 

PHA storage yield were in the range of 0.65 – 0.71 Cmmol PHA/Cmmol VFA for the first test 

carried out with the culture selected without pH control (until the maximum PHA content was 

reached)  and 0.57 – 0.65 Cmmol PHA/Cmmol VFA for the second assay performed with the 

culture enriched with pH control. The obtained cell growth yields show in a same way a slight 

difference in both batch accumulation assays (0.26 – 0.34 Cmmol X/Cmmol VFA and 0.18 – 

0.22 Cmmol X/Cmmol VFA those obtained with the cultures selected without and with pH 

control). 

The highest growth yields and lower storage yields were obtained with the culture enriched with 

pH control which is in agreement with the higher cell density obtained in the same assay. In this 

way, the enrichment pH seems to affect the culture’s growth ability and since this assay was 
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performed without nutrient limitation, a lower PHA yield obtained does not represent a 

disadvantage in this situation. These results are consistent with those obtained for the storage 

rates which shows higher values in the assay performed with the selected culture under pH 

control relative to the observed in the first assay without controlled pH (0.17 – 0.27 Cmmol 

PHA/Cmmol X.h and 0.16 – 0.20 Cmmol PHA/Cmmol X.h, respectively).  

Although the used cultures in each accumulation experiments were selected with close or 1 unit 

higher pH values (the first with pH values varying from 8.85 – 9.55, and the second at pH 8) in 

both cases the biomass maintained the ability to remove the substrates and to store PHA 

showing a similar storage capacity. This is in agreement with reported by Dionisi et al., (2005) 

and Villano et al., (2010) which verified that the substrate removal rate and the PHA production 

rate were higher at the same pH as for SBR enrichment. When the polymer accumulation stage 

is held near the optimum pH value (the same value, or up to 1 unit higher than that used in SBR 

enrichment), the PHA storage efficiency seems to be higher, although the production assay was 

carried out without pH control, the accumulation efficiency of the culture selected with 

controlled pH at 8.0 used in this experiment was not affected. 

 

 

 

2.4. Conclusions 
 

 An improvement on biomass concentration with a high storage response was achieved when 

the selection reactor of the PHA-accumulating culture was operated under feast and famine 

conditions with pH controlled at 8.0 (2,7 –  4,9 g VSS/L.h) relative to the SBR operated with 

uncontrolled pH (1,6 – 1,9 g VSS/L.h);  

 

 Thought struvite precipitation in the SBR operated without pH control occurred, the 

observed growth limitation was likely due to a direct effect of pH since neither Mg nor PO4 

reached limiting concentrations whether with or without controlled pH; 

 

 During the last period of this study the operational conditions of the system, were not stable 

due to variations in influent substrate concentration being thus not possible to assess the 

effect of OLR increase on culture growth/storage response; 

 

 The variations in influent substrate concentration have impacted on the F/F ratio promoting, 

as consequence, kinetic, stoichiometric and physiological effects on culture response; 
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 It was possible to assume that the OLR has a great influence on the SBR operating 

conditions and consequently, when real influent substrates are used it is necessary to proceed 

to a rigorous monitoring and control of the organic load that is fed into the reactor; 

 

 The mixed microbial PHA-accumulating culture studied has a specific community signature 

but depending on changes in SBR operating conditions, the different bacterial populations 

are present in different proportion, thus conditioning different PHA storage performances. In 

this study, those changes have resulted in the presence of Azoarcus and Thauera species in 

different abundance throughout the operation period, as well as punctual increase in 

Paracoccus associated with periods of drastic influent substrate concentration variation;  

 

 Since residual ammonia concentration was present in the fermented molasses the batch PHA 

accumulation assays were carried out without a nutrient limitation, thus occurring biomass 

growth in simultaneous with PHA storage. Consequently, it was not possible to infer the 

maximum storage capacity of these two cultures. However, very similar profiles were 

obtained of PHA content and cell concentration over time (59,5% and 54,3%). 
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Chapter 3 
 

 

 

Influence of biomass concentration and feed to microorganism 

ratio on the observed PHA storage response: Possible regulation 

mechanisms associated with cell proliferation? 
 

 

 

 

 

3.1. Introduction 
 

A mixed culture PHA production process from wastes/industrial by-products consists of a 

three‐stage process: acidogenic fermentation of the feedstock; PHA accumulating culture 

selection using dynamic feeding (feast and famine periods) to impose a selective pressure 

making use of the ecological role of PHAs as a storage polymer; and a production stage in 

which the culture enriched in the second step is subjected to continuous presence of the carbon 

source, usually under growth limiting conditions, in order to maximize the cellular PHA content 

attained. Although the last two stages are physically separated, they still are intrinsically 

connected since, the selection stage not only assures the culture enrichment (meaning that the 

culture selected is dominated by efficient PHA-storing organisms), but also produces the 

biomass that is required for the third step. Furthermore, the conditions imposed in the selection 

reactor will also impact on the physiological state of the cells harvested to conduct the 

production assay.  

It can thus be said that the conditions used to operate the culture selection reactor need to be 

such as to: (1) generate enough waste/excess sludge to be used in the batch PHA accumulation 

assays; (2) ensure microbial enrichment and (3) impose such conditions that at the time cells 

harvested, their physiological state is consistent with a maximum rate storage response. 

In strictly operational terms, it is important to point out that the volume ratio between the two 

reactors (V accumulation reactor/V selection reactor) should be designed so that enough biomass 

is generated to inoculate the batch reactor at the highest possible biomass concentration that is 

without dilution from the selection reactor to the batch reactor. 

In the system of study, in which the culture selection reactor SRT is 10 d (excess sludge 

generated is therefore 1/10
th
 of reactor volume) while batch assays last no longer than 1 day, it 

means that: (1) either a volume ratio of 0.1 is applied (that is a production reactor at a 1/10
t



 

- 60 - 

 

Chapter 3 – Influence of biomass concentration and feed to microorganism ratio on the observed 
PHA storage response: Possible regulation mechanisms associated with cell proliferation? 

volume of the selection reactor) or (2) the enriched biomass needs to be diluted from the 

selection to the production stage. The selection reactor volume needs to be designed so that the 

excess sludge generated is enough to inoculate the batch reactor without dilution. This would 

mean that the volume ratio between the two reactors would need to match the SRT/HRT ratio of 

the enrichment process (in this case, a factor of 10), or as a consequence the second stage will 

be operated at lower cell concentrations than those observed in the SBR. Since it has been 

extensively reported in the literature that FF operated SBRs cell concentrations are fairly low (a 

maximum of 6 g/L was reported by Dionisi et al., 2006), such further dilution is particularly 

critical to the process volumetric productivity. 

Previous work on optimization of the PHA batch accumulation conditions, namely cell 

concentration, has indicated (although results were not conclusive) that dilution of the reactor 

medium from one stage to the next can have an impact on the observed storage response. 

However, it was not clear whether the observed impact was in fact due to the imposed biomass 

dilution or to that of any required trace molecule or element present in the SBR supernatant.  

It has been reported a common occurrence in bacteria, of signaling mechanisms that govern 

physiological and morphological responses to changes in cell density. These signal transduction 

processes are called Quorum sensing. This sensing mechanism, is based on the production, 

secretion, and detection of small signaling molecules, whose concentration correlates to the 

abundance of secreting microorganisms in the vicinity. When the signal concentration reaches a 

threshold, the ‘quorum’ is understood to be present, and the communicating microorganisms 

undertake a coordinated change in their gene-expression profiles. As a result, they initiate 

complex activities which would not have been beneficial at smaller numbers, such as secretion 

of virulence factors, initiation of biofilm formation, sporulation, competence, mating, root 

nodulation, bioluminescence, and production of secondary metabolites (Bassler and Losick 

2006). 

Microbial communities communicating via quorum sensing employ various chemical signals to 

supervise their surrounding environment, alter genetic expression and gain advantage over their 

competitors. 

Considering these arguments, in this study a controlled experiment was designed to assess the 

impact of biomass dilution and that of medium dilution with the aim of assessing whether a 

direct impact of cell concentration on PHA storage response could be clearly demonstrated thus 

allowing to formulate the hypothesis of an eventual QS mechanism involved in the regulation of 

PHA storage in FF selected cultures. 
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3.2. Materials and Methods  
 

3.2.1. Experimental setup and rational of experiments 

 

An experiment was designed to evaluate the independent effects of cell concentration dilution 

and exhaust supernatant dilution the PHA storage response observed in two consecutive SBR 

operation cycles, in order to infer on the possibility of an eventual regulation of the PHA storage 

response. 

 

 
Figure 16 – Diagram of the used experimental setup. 

BD: Biomass dilution; MD: Medium dilution; SBR: Sequencing batch reactor. 

 

 

In a first stage, two reactors (BD – Biomass dilution and MD – Medium Dilution) each with a 

working volume of 500 mL were set up. The SBR reactor was operated as a control (Figure 16) 

under the same operational conditions described in Materials and Methods of Chapter 2. The 

BD and MC reactors were inoculated with SBR sludge collected at the end of the previous cycle 

famine phase (right before the beginning of the assay). Biomass was settled and supernatant 

recovered so that different volumes of concentrated biomass and exhaust supernatant were used 

to inoculate the two reactors. In the BD reactor biomass concentration aimed was about half of 

that of the SBR control cycle (whereas a supplementation with exhaust supernatant would allow 

for a medium dilution similar to that observed between two consecutive SBR cycles, that is half 

of exhaust medium and half of fresh fermented molasses), whereas corresponding to half the 

reactor volume was added. In this way, the SBR culture was the most concentrated and the BD 

was the more diluted. In the MD reactor, biomass concentration aimed as similar to that of the 
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control SBR, although in fact they were slightly different, and the exhaust supernatant from the 

previous cycle was diluted to half (that is the new cycle in the MD reactor was started with ¼ of 

supernatant, whereas in the control SBR and BD reactor the usual ½ were used. 

The assay was started as all regular SBR operation cycles with the addition of a single pulse of 

clarified fermented molasses supplemented with ammonia and phosphate (C/N/P at the ratios of 

100/8/1). The fermented molasses solution (of about 180 Cmmol VFA/L) was added in different 

volumes as to make up initial reactors concentrations of 45 Cmmol VFA/L (SBR and BD) and 

30 Cmmol VFA/L (MD).  

Following this first cycle, the reaction was stopped, biomass decanted, supernatant withdrawn 

and new cycles started and monitored. During this second phase, only the biomass and medium 

from the BD reactor were reused. The goal of this second stage was to assess whether, by 

supplementation with SBR exhaust supernatant, PHA storage activity could be resumed back to 

initial values. The two reactors were then renamed BD 1 and BD 2 and were inoculated with 

BD sludge collected in the previous famine phase (Figure 16). A higher volume of biomass was 

added to BD 2, resulting in a more diluted culture in BD 1 reactor. The assay was started like in 

first stage with a pulse of fresh feed solution (of about 180 Cmmol VFA/L) supplemented with 

ammonia and phosphate. The BD 2 reactor was fed with a solution of fermented molasses 

complemented with SBR exhaust medium while BD 1 was fed with new fresh medium 

supplemented with ammonia and phosphate. The fermented molasses solution was added in 

different volumes as to make up initial reactors concentrations of 30 Cmmol VFA/L (BD 2) and 

60 Cmmol VFA/L (BD 1). The different VFA initial concentrations used aimed at keeping a 

constant F/M in experiments where different cell concentrations were targeted. 

In both stages the reactors were kept in a temperature controlled room (23-25 ºC) and the air 

was supplied to the reactors through a ceramic diffuser and stirring at 400 rpm using magnetic 

stirring. A full operational cycle was characterized in five reactors in order to evaluate the 

cultures performance.  Samples were taken every 10 minutes in the beginning until 30 minutes, 

and then the time interval between samples increased to 20 minutes until the end of feast and 

then to 1 hour until the end of the cycle. Samples for VSS determination (5 mL of broth) were 

taken in the beginning, at the end of the feast phase and at the end of the cycle. 

 

3.2.2. Analytical Procedures and Calculations 

 

All calculations of kinetic and stoichiometric parameters of PHA production and the analytical 

procedures like the determination of biomass, ammonia, and VFA and PHA concentrations, as 

well as the biomass recovery procedure were performed as described in Chapter 2. 
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3.3. Results and Discussion 
 

Taking into account the obtained results of the previous chapter, it was found that the 

establishment of stable operating conditions in the selection reactor is extremely important to 

ensure a good selective pressure and consequently a good accumulation response.  

Although the selection and accumulation stages of this system are physically separated and 

serve different purposes, these two stages are dependent since the volume of biomass that is 

necessary for the accumulation assay is determined by the volume ratio of the two reactors and 

by the amount of generated sludge in the selection stage. Consequently, any disturbance on the 

first system will have consequences on the second. Thus, in order to achieve a true integration 

of the process, the desired initial conditions of the accumulation stage, namely the biomass and 

substrate concentrations must be determined through an adjustment of the operating conditions 

in the previous step. On previous work concerning the optimization of the third stage conditions 

(results not shown), were performed PHA accumulation batches with different initial biomass 

concentrations which has indicated that the culture accumulation response was lower in the 

assays with diluted biomass concentrations. However, it was not clear whether the observed 

impact on the storage response was due to the biomass dilution or that of any required trace 

molecule present in the selection reactor supernatant.  

In this section, a set of experiments was designed to assess a possible impact of either cell 

concentration, cell concentration dilution (relative to previous cycle) or medium dilution 

(concentration of a trace element or molecule required for the observed PHA storage response) 

on the PHA storage response observed during the feast phase of FF operated SBRs. The goal 

was to repeat through a scientific and systematic approach a previous accidental observation 

which had indicated that dilution from the selection to the accumulation reactor negatively 

impacted on the observed storage response. The controlled study may allow identifying an 

observable impact on the PHA storage response associated with biomass dilution that is 

independent of the enrichment, and of the physiological adaptation effect. This would allow 

hypothesizing on an eventual regulation mechanism associated with cell proliferation, and thus 

possible with the occurrence of Quorum sensing signaling in FF selected consortiums.  

Figure 17 shows operation cycles of the five assays on the experiment which illustrates the 

PHA-accumulating performance of the cultures under different cell concentration and medium 

dilutions. In the first stage, the obtained results illustrate great variations on the performance of 

the same selected culture in terms of PHA accumulation, of cell growth and substrate 

consumption. 
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Figure 17 – Operation cycles of the five assays on the experiment 

illustrating the PHA-accumulating cultures performance under the 

established conditions.  Dashed lines mark the end of feast phases.  

Legend:  

PHA storage increased 

due to N limitation 
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Table 8 - Stoichiometric parameters of the five assays performed with different initial biomass and medium 

dilutions. 

 
SBR BD MD BD 1 BD 2 

F/M  
(Cmmol VFA/ Cmmol VSS) 

0,24 1,13 0,39 1,21 0,30 

Initial VSS  
(g/L) 

4,00 1,02 1,90 1,18 2,20 

YPHA/VFA  
(Cmmol PHA/ Cmmol VFA) 

0,38 0,05 0,46 0,16 0,46 

YX/VFA  
(Cmmol X/Cmmol VFA) 

0,65 0,58 0,54 0,80 0,33 

qSmáx  

(Cmmol VFA/Cmmol X.h) 
0,12 0,61 0,11 0,22 0,24 

qPmáx 

 (Cmmol PHA/Cmmol X.h) 
0,04 0,04 0,08 0,02 0,06 


(Cmmol /Cmmol.h) 

0,05 0,23 0,05 0,10 0,07 

 

The SBR and MD assays showed typical cycle profiles, with the polymer being produced along 

with VFAs consumption and ammonia being still available at the end of the feast phase. On the 

other hand, the BD cycle profile was quite particular. A short initial period of high rate VFA 

consumption and PHA storage was observed (until 1,6h of cycle), followed by a slowdown on 

VFA uptake rate and on PHA production profile, during which a predominantly growth 

response was observed (with ammonia and VFA being consumed). At the point of 

approximately 4h, after nitrogen starvation, the PHA storage rate increased again until the 

maximum PHA content was reached by VFAs depletion. This profile suggests that the substrate 

is being mostly directed to cell growth instead of being directed to PHA storage. In the BD 

assay the specific growth rate was much higher and the storage yield on substrate uptake was 

lower when compared with the other two assays, which support the previous hypothesis (Table 

8). These observations also suggest that lower cell concentrations had a negative impact on 

PHA storage response. Although all three cycles SBR, BD and MD were carried out with the 

same biomass in terms of enrichment and cell physiological state, a different response was 

observed in the assay carried out with the lowest biomass concentration. At this stage, the 

impact of medium dilution was discrete since the culture response to growth/storage in the 

assays of the SBR and with MD was rather close.  

The second stage of the experiment was performed in order to further understand whether the 

culture´s response (of the BD assay) would be the same when subjected to different F/M ratio 

conditions. The profile of the BD 1 assay resembles the previous test performed with the 

biomass more diluted (BD) in which the culture´s response was driven to cell growth. At the 

beginning of the BD 1 cycle, it’s possible to observe that an unusual slowdown on PHA 

accumulation also occurred with a long feast phase (Figure 17). However, the second assay (BD 

2) shows a certain recovery of the feast and famine typical profile (maximum VFA uptake and 

PHA storage rates at the beginning of the cycle). The feast phase was much shorter, with the 
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substrate consumption being driven both to storage and growth. In this test, the F/M ratio was 

lower than the one in the BD 1 assay. 

The performance of the selected cultures obtained with different biomass and medium dilutions 

was monitored in terms of PHA storage and cell growth, over the initial VSS concentration and 

the applied F/M ratio in order to demonstrate the previous assumptions. 

Looking at the results of the growth and storage yields as function of the initial VSS (Figure 18, 

A), it´s possible to observe that the storage yield on substrate uptake increases along with the 

VSS concentration (in between 1 – 2 g/L) and, on the opposite, the growth yield seem to 

decrease in this range of concentrations. It’s also important to note that the specific growth rate 

and the specific substrate uptake rate are higher when the correspondent VSS concentration is 

lower, and an opposite trend is observed to the specific PHA accumulation rate. These 

considerations support the assumption that the biomass dilution has an impact on culture´s 

response. The growth response seems to be favored when the biomass is more diluted and the 

storage response is favored by the opposite. These results are consistent with the existence of a 

mechanism that regulates the storage function that is associated to cell concentration or with the 

competition for carbon substrate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 – Effect of initial biomass concentration and feed/microorganism ratio on 

storage/growth response of FF SBR selected culture. 

A 
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The results obtained with an initial VSS concentration of 4g/L (correspondent to the SBR test) 

show some discrepancy in comparison with those of other tests. However, these results could be 

related to other effects, like the culture being limited by oxygen, instead of being related to the 

effect of a higher biomass concentration.  

Regarding the same results of the growth and storage yields as function of the F/M ratio (Figure 

18, B) is possible to speculate on the effect of both the medium and biomass dilution on 

culture´s response. It’s even more evident that in the two assays performed with a higher F/M 

ratio, due to biomass dilution (BD and BD 1), the growth response is favored rather than storage 

being observed in these cases that the substrate uptake rate and the growth rate as also the 

growth yields was higher when compared with the other tests (Table 8). On the other hand, 

when the F/M ratios were lower, due to medium dilution, the storage yields were higher as also 

the specific PHA production rates meaning that the storage was favored. These results were 

obtained in the BD 2 test, which culture was fed with the exhaust medium from SBR, and also 

in the MD assay performed in the first stage. In these two tests it’s important to note that the 

obtained storage yields were quite similar, and that despite the initial biomass concentration has 

been somewhat higher in the BD 2 test than in the MD assay, the storage response was favored 

in the same way. This means that the cell concentration plays the major rule on the regulation of 

the culture´s response. Another aspect that verifies this consideration is that the BD 1 and BD 2 

assay were run at very different VSS values and this could have been the main cause of the 

different responses observed. 

The observed impact of regulation on the first stage of this experiment seems to continue 

throughout the next operation cycles. This is particularly relevant in terms of culture selection 

because it suggests that deviations to the targeted point of operation in one SBR cycle can have 

repercussions that continue on following operation cycles. Since there is not enough time passed 

for an effect on enrichment to take place, the sole possibilities include a direct impact on the cell 

physiological state or an impact on regulation mechanisms for specific metabolism functions 

(eg. cell growth or PHA storage). The impact observed on the second consecutive cycle (BD 1 

and BD 2 assays), after insuring a long famine phase to resume the physiological adaptation 

effect, rather suggests an impact associated with a regulation mechanism.  

 

 

3.4. Conclusions 
 

As concluding remarks it can be stated that an apparently higher growth response for assays 

with lower initial VSS concentrations and/or higher F/M ratio and inversely a higher PHA 

storage response for assays with higher initial VSS concentration and/or lower F/M ratio was 

observed. This seems to suggest that in conditions with a poorly concentrated inoculums and 

high substrate availability, the culture response would privilege cell proliferation, whereas in 
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conditions with higher biomass concentration and lower substrate availability (that is higher 

competition for substrate), the culture response would privilege PHA storage. These 

observations were independent of enrichment degree (this was the same for all assays) and 

physiological adaptation effect (all cultures were exposed to similar famine periods prior to the 

assays), thus seem to indicate that there may be a PHA storage regulation mechanism able to 

discriminate responses based on cell concentration and or competition for substrate. Such a 

mechanism would be consistent with a phenomenon such as QS.  

However, the observations do not allow concluding whether QS mechanisms are present in the 

system of study, but does clearly indicate a regulation mechanism based on or indirectly 

associated with cell concentration, which serves to formulate the actual hypothesis of QS and is 

enough to serve as a driver for further studies aiming at directly measuring QS molecules. 
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Chapter 4 
 

 

Strategies for optimization of the PHA production stage  
 

 

 

4.1. Introduction 
 

Several agro-industrial streams are currently being studied as feedstocks for PHA production 

(reviewed by Reis et al., 2011). Two examples of these complex feedstocks, are sugarcane 

molasses and cheese whey effluents which were used as carbon substrate in this study. These 

substrates are seasonal and their availability can be variable. Thus, it is important to assess the 

MMC response when fed with different agro-industrial feedstocks in the PHA production stage 

than those used in the previous selection stage.  

Most of the available waste/surplus feedstocks cannot be directly converted to PHA since 

MMCs do not store carbohydrates as PHA but rather as glycogen. Consequently, it is necessary 

a previous anaerobic fermentation stage to convert their organic content into VFAs. A three-

stage process was used for PHA production by mixed cultures from sugar cane molasses, 

comprising: (1) continuous molasses acidogenic fermentation, (2) selection of a PHA-

accumulating culture and (3) batch PHA accumulation using the enriched culture and the 

fermented molasses thus produced (Albuqerque et al., 2010). The physical separation of the 

culture selection and PHA production stages allows for the optimization of the process, as 

different optimal conditions were shown to be required in each stage (Reis et al., 2011). 

The operating conditions of the selection reactor that promotes a high selective pressure for 

PHA-storing organisms are determinant for the PHA accumulation performance obtained in the 

subsequent production stage. The second stage of the PHA production process have two main 

goals, being the first to obtain from activated sludge a culture highly enriched in organisms that 

are highly adapted to FF, and with high and stable PHA storage capacity. Secondly, is to 

produce the enriched culture for the following accumulation stage at the highest possible rate. In 

Chapter 2 it was found that the pH and OLR are two key parameters to achieve this goal.  

Despite MMC FF systems have demonstrated a good potential for PHA production reaching 

high specific productivities, with polymer yields on substrate and maximum PHA contents 

similar to those attained by pure cultures these systems still present lower performances than 

pure culture fermentations in terms of volumetric productivity. In fact, the use of FF conditions 

to carry out culture selection causes low cell densities in the SBR, and eventually in the
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subsequent batch production reactor, thus limiting the volumetric productivity of the PHA 

accumulation stage. Most studies on MMC PHA-accumulating culture selection reactors 

(operated under FF conditions) report cell concentrations lower than 10 g/L of volatile 

suspended solids, whereas, in pure culture fermentations, values above 100 g/L are often 

reported (reviewed by Albuquerque et al., 2011). This results from the conditions of alternate 

substrate availability under which culture selection is carried out, and that limit the culture’s 

primary metabolism. To increase the volumetric productivity of the process, higher cell 

densities should be used both in the second and third stage. Developing strategies to improve 

volumetric productivity of MMC PHA production processes is essential to make this process 

competitive with that of pure cultures. 

PHA production by pure cultures is generally performed on fed-batch mode with two distinct 

phases. Firstly, a cell growth phase is promoted in order to maximize the biomass production 

and in the second phase, the culture is subjected to an external nutrient limitation in order to 

endorse PHA production. Fed-batch mode is one of the best methods of achieving a high cell 

density containing the highest possible amount of PHA. As an example, in the fed-batch 

production of PHA from Alcaligenes latus, a maximum specific growth rate was achieved 

compared with the one during batch fermentation with the same organism (0,265 h
-1

 and 0,075 

h
-1

, respectively) (Akaraonye et al., 2010). A DO-stat feeding strategy was employed during the 

active growth phase without any nitrogen limitation. This preceded the PHA production phase 

enhanced by nitrogen limitation. However, in this strategy cell growth and PHA accumulation 

needs to be balanced to avoid incomplete PHA accumulation or premature termination of the 

fermentation at low cell concentration. 

The main obstacle to use this feeding strategy in PHA production with MMC is the possible 

reduction or lost of the fast storage response that is associated to FF systems. It was verified in 

chapter 1 that the F/F ratio has a great impact on culture response during the selection stage and 

that consequently will affect its performance in the accumulation stage. During the famine phase 

physiological adaptation of the microbial culture occurs being an important driving force for 

PHA storage. This fact is supported by Albuquerque et al., (2010) study on kinetic and 

physiological effects contribution to the selection principles imposed on the MMC PHA 

production system, at different influent substrate concentrations and different F/F ratios. They 

have performed six PHA accumulation assays feeding the SBR culture with fermented molasses 

at 3 influent substrate concentrations (30, 45 and 60 Cmmol VFA/L, maintaining the C/N/P). 

Three assays were carried out with sludge that had endured 9 h of famine and the others with 5 

h of famine. It was observed that in the 3 assays with a longer famine phase, the ammonia 

uptake showed a short lag phase. In addition, higher PHA production rates and lower specific 

cell growth and substrate uptake rates were observed in the same assays.  
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Both facts were due to the need of the microbial cells to physiologically adapt to growth 

conditions following a long starvation period (some replenishment of one or more intracellular 

compounds required for growth is necessary before the cells can start growing again) that 

resulted in a growth limitation which favored PHA storage.  

The study discussed in this Chapter was developed with the intention to build up strategies 

aiming at increase the PHA production productivity. To this purpose, pH-stat fed-batches were 

performed subjecting the cultures selected and enriched on SBR through a cell growth phase 

that preceded a famine phase to promote an internal growth limitation favoring the PHA 

accumulation. 

 It was also intended to assess the effect of a possible feedstock shift on culture´s PHA storage 

response, and in the process yield and polymer composition. 

 

 

4.2. Materials and Methods  
 

4.2.1. Experimental setup 

 

The experimental system consisted of three bench-scale reactors (acidogenic fermentation 

CSTR, culture selection SBR and batch reactor for PHA accumulation assays) and a hollow 

fiber membrane filtration module (used for fermented molasses clarification following the 

acidogenic fermentation step) as described in materials and methods of Chapter 2. The batch 

accumulation assays described in this Chapter were carried out in several different batch 

reactors (500 mL to 2L volume) using excess sludge from the SBR. Several carbon feedstocks 

were tested, namely the same fermented molasses used to feed the selection reactor, an alternate 

fermented feedstock (fermented cheese whey) and chemically-defined VFA mixtures. Table 9 

summarizes the operating conditions used in each test. 

Two sets of batch tests were carried out. The first set of batch tests (A1, A2 and B1) aimed at 

assessing the possibility to increase the volumetric productivity of MMC PHA accumulation 

through a fed-batch strategy. The goal was to introduce a growth stage to promote cell growth 

either in simultaneous or prevailing over PHA accumulation and then to apply not just an 

external limitation as is usually the case for fed-batch studies using pure cultures, but to impose 

famine conditions in order to force the culture into the physiological state that results in 

maximum PHA storage rate. 
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Cell growth Famine PHA production 

Table 9 - Summary of PHA accumulation tests operating conditions. 

 

 
Type of 

feedstock 
pH control 

Operational 

conditions of 

feeding 

Influent substrate 

concentration 

(Cmmol/L) 

Influent ammonia 

concentration 

(Nmmol/L) 

A1 
VFA 

mixture * 
Yes (8.0) 

pH-stat/ famine 

phase/ pH-stat 
60 

13,29 (then 

variable) 

A2 
VFA 

mixture * 
Yes (8.0) 

pH-stat/ famine 

phase/ pH-stat 
60 2,18 (then variable) 

B1 
VFA 

mixture* 
Yes (8.0) pH-stat 60 

no ammonia 

supplementation 

C1 
Fermented 

molasses 
No Pulse feeding 60, per pulse 

no ammonia 

supplementation 

C2 
Fermented 

whey 
No Pulse feeding 60, per pulse 

no ammonia 

supplementation 

* VFA solution composition: Hac/Hprop/Hbut/Hval in fractions of 30/20/30/20 Cmol/100 Cmol VFA 

 

Two different C/N were tested to promote cell growth (C/N = 4,5 and C/N = 27,5 in assays A1 

and A2 respectively). In both cases, following 24 hours under continuous feeding of C and 

nutrients, a famine period of 12 hours was imposed, and then a third continuous feeding stage 

was applied under nutrient limiting conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

As a third test was carried out (B1) consisting of a single phase accumulation of PHA under 

nutrient limiting conditions. In this the usual strategy for PHA accumulation with mixed 

cultures was used as reference for the possible improvement to be gained from the fed-batch 

strategy used in tests A1 and A2.  

 

 

Figure 19 – Timeline of the operational reactor feeding strategy in A1 and 

A2 fed-batch PHA accumulation assays. 

 Period of 24 hours 

 Carbon and nutrients 

supplied 

 pH-stat feeding 

 Period of 12 hours 

 Absence of carbon and 

nutrients inducing internal 

growth limitation  

 

 Until the maximum PHA 

storage being achieved 

 Nutrient limiting conditions 

 pH-stat feeding 
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 Continuous feeding PHA production assays aiming at an increase on volumetric 

productivity 

 

Tests A1, A2 and B1 were carried out in 2L reactors (Figure 20) inoculated with the SBR 

enriched culture which was collected at the end of the famine phase with an initial working 

volume of 1L, operated in fed-batch mode – a first pulse was supplied and then continuous 

feeding was maintained through pH control using the feed solution as acid control solution. The 

reactors were kept in a temperature controlled room (23–25 ◦C). Aeration was supplied through 

a diffuser at 400 ml/min. Mechanical agitation was kept at 300 rpm pH was controlled.  

 

 

Figure 20 – Experimental setup of A1, A2 and B3 PHA production tests. 

 

There were performed three PHA production assays carried out in a continuous feeding strategy 

(A1, A2 and B1). The first two assays were performed, at the beginning, with a continuous 

pulse of feed solution containing a high carbon and nitrogen concentration for cell grow, 

followed by a long famine with no substrate addition and finally a pulse of feed solution without 

nitrogen supply was continuously fed to the reactor.  The third test (B1) was performed without 

the time interval of famine phase, in which, none substrate and nitrogen were supplied and 

following the continuous feeding since the beginning. The reactors were fed with chemically 

defined media (1000 Cmmol VFA/L) simulating the fermented molasses effluent and were 

operated with pH control.  

At the beginning of these assays a pulse of substrate was added to the initial volume of biomass 

in order to start the consumption reactions, after that, automatic feed via pH control was 

established. When the substrate capture occurs the pH of the medium increases, so it was set a 

pH point at 8 in the system that allowed to gradually add the synthetic VFA solution to the 

reaction volume. This strategy was meant to keep the addition of new substrate controlled by 

the substrate uptake rate, thereby keeping the substrate uptake and PHA storage close to 

maximum rates. The limit accumulation was achieved when the pH stabilizes and consequently 

the addition of substrate ends.  
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The carbon substrate used in the PHA production assays with this feeding strategy was a VFA 

mixture chemically defined for the reason that real fermented substrates have diluted 

concentrations to be used this way.   

Samples to determine the VFA, PHA and ammonia concentrations were taken during the time 

of the production batches.  Samples to determine VSS were taken in the beginning, at the end of 

the assays and between large intervals of time.  

 

 PHA accumulation assays using two distinct feedstocks  

 

The second set of batch tests aimed to evaluate the effect of a possible feedstock shift on 

culture´s PHA storage response, and in the process yield and polymer composition. This study 

was carried out in two reactors with a working volume of 600 mL inoculated with cultures 

enriched in the SBR using clarified fermented molasses as substrate (Figure 21). This study has 

a great interest particularly through the industrial point of view since the commercial 

availability of the real feedstock is dependent on their production seasonality.  

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
Figure 21 - Experimental setup of C1 and C2 accumulation assays. 

 

At the beginning of the experiment, a 60 Cmmol/L pulse of clarified fermented molasses and 

fermented cheese whey were added to each reactor (C1 and C2).  Feed pH was adjusted to 8.0 

before reactor feeding. This assay was performed in pulse wise feeding mode under 
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uncontrolled pH as described in PHA accumulation experiments in Chapter 2. In order to 

maximize PHA storage, assays were carried out without any nutrient supplementation. 

However, in both cases, a non-negligible residual ammonia concentration was present in the 

fermented substrates. The reactors were kept in a temperature controlled room (23-25 ºC). Air 

was supplied through a ceramic diffuser and stirring (400 rpm) using magnetic stirring. Samples 

were taken during the pulses to follow the course of the kinetic reactions. Samples to determine 

VSS were taken in the beginning and at the end of each carbon pulse. 

 

4.2.2. Biopolymer recovery 

 

Biopolymer recovery was performed at the end of each batch accumulation assay in order to 

accomplish a qualitative test. The fermented broth was centrifuged during 15min at 9000 rpm to 

separate the biomass of the exhausted supernatant. The concentrated biomass cake was then 

washed, filtered and lyophilized to completely remove all water content. Lyophilized biomass 

was later suspended in chloroform and was left to dissolve in a temperature controlled room at 

37ºC for a period of 3 days. The chloroform solution was then filtered to remove all non 

dissolved biomass and used to fill glass Petri dishes. At last, chloroform was evaporated from 

the Petri dishes to allow polymer recovery in the form of a thin film. 

 

 

 

 

 

 

  
Figure 22 - Obtaining the polymer by chloroform evaporation. 

 

4.2.3. Analytical Procedures 

 

All analytical procedures like the determination of biomass, ammonia, and VFA and PHA 

concentrations were conducted as described with details in materials and methods of Chapter 2, 

as well as the biomass recovery procedure. 
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4.2.4. Calculation of Kinetic and Stoichiometric parameters of PHA 

Production 

 

The sludge PHA content was calculated as a percentage of VSS on a mass basis  

%   =
   

   
          

     

     
  

 where VSS includes active biomass (X) and PHA.  

Active biomass was calculated by subtracting PHA from VSS. 

The maximum specific substrate uptake (-qS in Cmmol VFA/Cmmol X.h) and PHA storage 

rates (qP in Cmmol PHA/Cmmol X.h) were determined by adjusting a linear function to the 

experimental data of VFA fraction per active biomass and PHA fraction per active biomass 

(fVFA and fPHA, respectively), which were calculated by dividing the experimental values 

obtained for VFA and PHA concentration over time divided by the active biomass concentration 

over time. 

VFA concentration corresponds to the sum of all the organic acids concentrations (VFA, in 

terms of Cmmol/l, is equal to HAc, HProp, HBut, HVal in Cmmol/l). PHA concentration (in 

Cmmol/l) corresponds to the sum of HB and HV monomers concentrations (in Cmmol/l). 

The yields of PHA (YP/S in Cmmol PHA/Cmmol VFA) and active biomass (YX/S in Cmmol 

X/Cmmol VFA) on substrate consumed were calculated by dividing the amount of PHA formed 

or the active biomass formed by the total amount of organic acids consumed, respectively. 

 

 

4.3. Results and Discussion 
 

4.3.1. Feeding strategies to improve PHA production stage productivity 

 

As it was stated above, the current issue on MMC PHA accumulation assays is the lower 

performances accomplished when compared to pure culture fermentations in terms of 

volumetric productivity. In order to surpass this issue, higher cell densities should be used.  

In this study, three fed-batch tests (A1, A2 and B1) were performed aiming at achieving a 

strategy to improve volumetric productivity of MMC PHA accumulation. It was intended in 

assays A1 and A2 to introduce an initial growth stage to promote cell growth and then to impose 

famine conditions in order to subject the culture to an internal growth limitation followed by an 

accumulation phase with external substrate limitation aiming at achieve the maximum PHA 

storage rate. The B1 accumulation assay was performed with nutrient starvation as standard 

conditions to be possible to compare the different strategies.  

The MMC PHA accumulation performances are illustrated in Figure 23. 
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Figure 23 – PHA production profiles. A1 and A2 : Fed-batch accumulation 

assays with continuous feeding and ammonia supplemented; B1: Fed-batch 

continuous feeding accumulation assay with an imposed ammonia 

limitation.  

Legend: 
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Table 10 – Stoichiometric parameters and polymer composition obtained in the three production experiments. 

 

 

  

 

  

 

 

 
C/N ratio Phases 

Initial 
VSS 
(g/L) 

Final 
VSS 
(g/L) 

Initial 
PHA 
(%) 

Final 
PHA 
(%) 

PHA conc. 
(Cmmol/L) 

PHA 
composition 

(%HB:%HV) 
YPHA/VFA

1.
 YPHB/VFA

1. YPHV/VFA
1. YX/VFA

2. qs
3. qp

3. 
(h

-1
) 

A1 4,5 

Growth 2,79 2,95 5,00 18,88 16,28 46:54 0,19 0,09 0,10 0,39 0,34 0,10 0,20 

Famine 2,55 - 9,58 - 11,84 42:58 0,07 0,03 0,04 0,23 0,10 0,01 0,02 

Storage 5,40 5,75 3,57 28,4 42,89 53:47 0,33 0,17 0,16 0,43 0,54 0,01 0,02 

A2 25,7 

Growth 1,74 3,68 5,01 4,80 12,74 55:45 0,22 0,11 0,11 0,47 0,31 0,10 0,17 

Famine 5,87 - 3,36 - 9,40 68:32 0,05 0,03 0,02 0,45 0,07 0,05 0,03 

Storage 5,24 6,52 17,26 39,82 81,47 49:51 0,40 0,19 0,21 0,42 0,72 0,25 0,19 

B1 
no ammonia 

supplemented  
1,84 3,61 2,20 51,02 24,40 76:24 0,23 0,17 0,06 0,16 0,33 0,12 0,07 

1. The yields of polymer production on substrate were calculated by the reason between the PHA formed in each phase of the assays A1 and A2 and the VFA 

consumed during the same period. In assay B1 the total yield of polymer production on substrate was calculated by the reason between all PHA formed and 

all VFA consumed (YPHA/VFA expressed in Cmmol PHA/Cmmol VFA). 

2. The yields of cell growth on substrate were calculated by the reason between the biomass formed in each phase of the assays A1 and A2 and the VFA 

consumed during the same period. In assay B1 the total yield of cell growth on substrate was calculated by the reason between all biomass formed and all 

VFA consumed (YX/VFA expressed in Cmmol X/Cmmol VFA). 

3.  –qs and qp are the average specific rates of substrate uptake and PHA storage calculated throughout the experiments (–qs and qp in Cmmol VFA /Cmmol 

X.h) and Cmmol PHA /Cmmol X.h, respectively). 
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Different profiles were obtained in the three assays, being evident in A1 and A2 the three 

imposed stages. It is possible to observe that in A1 and A2 assays the substrate and nutrients 

consumption are mainly driven to growth in the period until 20 hours thus characterizing the 

cell growth stage. This is also supported by the high growth yields on substrate uptake and 

specific growth and substrate uptake rates obtained in both tests during this period (Table 10).  

When the growth profiles on A1 and A2 assays are compared it is possible to affirm that the 

growth response was more pronounced in A2 test. This could be verified by the higher growth 

yield on substrate uptake (0,47 Cmmol X/Cmmol VFA) that was obtained, although the specific 

growth rate is slight lower in the A2 test (Table 10). The specific substrate uptake rate was 

higher in A2 assay as well as the storage yield on substrate uptake. This fact and the lower VSS 

values obtained in the beginning of the famine period on A1 assay (2,55 and 5,87 g/L, for A1 

and A2 respectively) show that the growth/storage response of the culture supplied with the 

higher C/N ratio (25,7) was the best of these two assays.  

An advantage associated with the fed-batch production operating mode, is that the substrate is 

always available throughout the assay, allowing the specific polymer storage rate and the 

specific substrate uptake rate being always close to maximum values. Thus, regardless of the 

used C/N ratio any substrate or nutrient limitation does not occur. However, in this case the 

higher C/N ratio seems to favor the growth response of the A2 culture during the first phase 

imposed. The substrate was supplemented with ammonia to promote the cell growth phase 

along with PHA storage and that was well accomplished in both tests, particularly in A2.  

It was only characterized one point in the beginning of the famine period. But considering the 

results of the first point at PHA accumulation period it can be assumed that the previously 

stored polymer was used for continued growth in this phase, since the initial VSS of this point 

are two times superior to that observed in the beginning of famine in both assays (Table 10). 

The stored polymer consumption during cell growth can explain the differences observed in 

polymer composition between the distinct phases. 

The profiles of PHA accumulation phases in assays A1 and A2 showed some aspects that 

should be considered. As it was stated before, a possible reduction or loss of the fast storage 

response could occur when the culture is subjected to a short famine period but in A1 and A2 

tests this phase had the sufficient length (although it is not optimized) to promote the culture 

storage response. However, at the beginning of the PHA accumulation phase the ammonia that 

was not consumed in the early stage was present in high concentrations (23,2 and 23,8 

Nmmol/L in A1 and A2 assays respectively). Thus, the substrate consumption was being 

directed to storage along with cell growth. Only when ammonia was almost completely depleted 

(at about five hours after the beginning of the accumulation stage) the PHA storage had 

overcome cell growth (Figure 23).  
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In the accumulation phase of A1 and A2 tests was observed an increase on storage yields after 

the famine period which were higher than the observed in the B1 assay. This means that the 

famine phase allowed the culture to recover the storage response but somehow the effect of cell 

memory was slightly lost since the specific storage rates were always below to the ones 

obtained at the growth phase.  

In terms of maximum PHA content, the highest value was achieved in B1 assay at 29h (51% of 

PHA content). The values obtained in the tests A1 and A2 were approximately 28% and 40% 

respectively but it’s important to notice that the accumulation period of these two assays had an 

8h length and at the first 5 h, the high concentrations of ammonia have impaired storage.  

The two first tests achieved better results in terms of kinetics (higher specific rates of substrate 

uptake and PHA storage as the production yields at the accumulation period, Table 10). 

However, when the three assays are compared based on its total productivity, the test A1 is the 

one with the lowest result. In this assay, a volumetric productivity of 5,53 mg PHA/L.h was 

observed at 52h (in the end of the assay), which is a much lower value relatively to the 

volumetric productivities obtained in the other two tests,  23,44 mg PHA/L.h in the assay A2 at 

51h and 29,37 mg PHA/L.h at 29h in the test B1. Two important aspects in fed-batch assays are 

the initial VSS concentration and the dilution resultant from the continuous supply of fresh 

medium. In the first assay, the lower initial VSS concentration and the lower maximum PHA 

content reached are the cause of the lower productivity. 

The main advantage of the feeding strategy in the two first assays, when successfully achieved, 

is a higher initial VSS concentration at the beginning of the storage phase, which in assay A2 

was almost five times higher to that observed in the third test, having a great impact on its 

volumetric productivity. However, it was not achieved a positive balance in the two first 

production tests due to the total time that was necessary to accomplish all the phases and due to 

the maximum PHA contents achieved which were quite below of the third test. This 

consideration advocates that the best strategy to follow in PHA accumulation assays is the 

utilization of the biomass directly after the selection stage of the process. Therefore, as stated in 

Chapter 2, the increase in SBR cell concentration is an important step to follow. Moreover, it’s 

important to consider the volume ratio between the stages of selection and production (as 

demonstrated in Chapter 3) which would also have an impact on the volumetric productivity of 

the accumulation stage. 

Given these arguments, if the initial VSS concentration in the B1 assay was higher it would be 

the best strategy to follow in further PHA production batches since in this test a higher 

maximum PHA content was achieved in a shorter time when compared to the first two tests 

(considering the time that encompasses the three phases of tests A1 and A2).  

The feeding strategy imposed in the two first assays had successfully promoted the three distinct 

phases. In the first phase a higher cell concentration was achieved along with PHA storage 
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which was consumed after in the famine phase. In the third phase, after the internal polymer cell 

content has been depleted the cultures successfully recovered it´s storage capacity, with the 

specific substrate uptake and production rates being relatively high. The great disadvantage of 

this strategy is the total time elapsed along the three stages. 

Considering the PHA composition, in all cases copolymers of hydroxybutyrate and 

hydroxyvalerate were obtained but with different portions of HB and HV (Table 10). The 

highest portion of HV was achieved in tests A1 and A2 in which the composition of the 

accumulated polymer is almost equally divided by both co-polymers. In the assay B1 the HB 

was still the major component of the co-polymer produced (approximately 80 %). 

Albuquerque et al., (2011) have reported that the substrate VFA profile has a great impact on 

PHA composition. In this study, the VFA feedstock had the same composition in the three 

assays (VFA profile: Acetate, Propionate, Butyrate and Valerate in fractions of 30/20/30/20 

Cmmol/100 Cmmol VFA) so these differences in PHA composition are mainly due to the 

applied feeding strategy in each test. The greatest differences are between the B1 test and 

the other two assays meaning that the PHA production metabolic pathways that were 

activated in the first assays are different to those activated in the third accumulation test.  

Given these aspects, the feeding strategy choice is made not only considering the results on 

productivity but also the results on PHA composition that will serve the polymer final 

application. 

 

4.3.2. Impact of feedstoks shift on PHA production 

 

Aiming to accomplish a PHA production process more economic and sustainable, the use of 

industrial wastes/surplus as feedstock is a good choice. However, the commercial availability of 

these sub-products can be restricted by its production seasonality. The use of different industrial 

wastes, depending on its availability, emerges as an option to surpass this restriction. Thus, it 

seems relevant to evaluate the effect of a possible feedstock shift on culture´s PHA storage 

response, and in the process yield and polymer composition. In this study it was intended to 

evaluate the MMC accumulation response which was selected and enriched using fermented 

molasses as substrate by using fermented cheese whey as feedstock in the production stage. 

As was happened before in the accumulation tests described in Chapter 2, residual ammonia 

was present in the fermented molasses produced in the acidogenic fermentation stage (3 – 5 

Nmmol/L). In consequence, as it can be seen on culture´s PHA accumulation profile (Figure 24, 

C1) biomass growth has occurred along with PHA storage, thus the polymer content in the 

biomass initially increased and then remained roughly constant preventing that the saturation 

level could be reached. This means that the biomass had progressively lost its storage capacity 

due to acclimatization to a prolonged “feast” phase. In this assay the biomass concentration 
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increased along with the cell PHA content reaching the concentration of 8,0 g VSS/L. On the 

other hand, in assay C2 the biomass seemed to be in relatively constant concentrations during 

all assay (4,5 g VSS/L) (Figure 24, C2). Since the culture fed with fermented molasses was not 

subjected to a strong nutrient limitation, the maximum PHA accumulation content reached at 

13h is much lower to the expected value being far from the maximum storage capacity of the 

culture (Table 10). Given these unexpected results, it was not possible to compare the 

accumulation response of the cultures as they are not subject to the same conditions. However 

from the analysis of the results obtained in test C2 it can be seen that the culture accumulation 

response was in the range of the expected. The maximum PHA content reached was 36% at 11h 

with a global PHA production yield on substrate of 0,44 Cmmol PHA/Cmmol VFA. 

It had been previously shown by Albuquerque et al. (2007, 2011) that were not reported 

significant variations in terms of PHA yield on substrate, maximum PHA content and polymer 

composition at the accumulation stage when using both fermented molasses (with different 

VFA profiles) and synthetic VFA mixtures simulating the fermented molasses as feedstocks. 

This suggests that the impact of the feedstock VFA profile on culture accumulation performance 

is probably due to matrix acclimatization. 
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Figure 24 – PHA production profiles of the pulse feeding batch accumulation assays. 

C1: Fermented molasses used as feedstock. C2: Fermented cheese whey used as feedstock. 

Legend:  
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In order to better understand the effects of the feedstock shift it was necessary to perform 

another set of production tests with the culture selected and enriched in fermented cheese whey. 

This would be helpful to comprehend whether the impact on culture performance would be 

associated with biomass acclimatization at the selection stage. If that was the case, it could be 

hypothesized that when subjecting the culture to the new feedstock at the selection stage, the 

acclimatization phase would occur in a short period of time and at the production stage its 

associated effect would be over passed. 

Regarding the polymer composition, the results are similar in both tests. It can be assumed that 

the different VFA profiles of the two used feedstocks didn’t impact on polymer composition. 

The main component of the accumulated co-polymers is the hydroxybutyrate even though the 

culture that was fed with fermented whey shows the highest HB percentage in PHA 

composition, since, the major fraction of its VFA profile is acetate. In the same way, with 

fermented molasses, the acetate and butyrate were present in larger fractions resulting in a lower 

percentage of HV components.  

 
Table 11 - Polymer composition and stoichiometric parameters obtained with the respective substrate VFA 

composition of the used feedstock. 

 

 

 

 

 

 

4.4. Conclusions 
 

The main conclusions on MMC PHA production performance under different fed-batch feeding 

strategies was as follows: 

 

 The feeding strategy of the two first assays was successfully designed. The promotion of a 

cell growth phase was well accomplished, being achieved better results in the assay A2 

which was operated with a higher C/N ratio. After the imposed famine phase, both cultures 

have successfully recovered it´s storage capacity, although the effect of cell memory was 

slightly lost and this affected the quick kinetic response that is a trait in FF systems.  

 

Assay 
Fermented 
substrate 

VFA profile1. 
Max. PHA content 

(%) 
PHA composition 

(%HB:%HV) 
-qs

2. qp
2. YPHA/VFA

3. 

C1 
Sugar cane 
molasses 

27/08/59/06 30 91:09 0,39 0,17 0,42 

C2 
Cheese 
whey 

67/13/17/03 36 94:06 0,48 0,18 0,44 

1. VFA profile: acetate, propionate, butyrate and valerate in fractions of  Cmmol/100 Cmmol VFA 

2. –qs and qp are the average specific rates of substrate uptake and PHA storage calculated throughout the 

experiments (–qs and qp in Cmmol VFA /Cmmol X.h) and Cmmol PHA /Cmmol X.h, respectivly). 

3. Total yields of polymer production on substrate were calculated by the reason between all PHA formed and all VFA 

consumed (YPHA/VFA expressed in Cmmol PHA/Cmmol VFA). 
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 The main disadvantage of the feeding strategy adopted in the two first tests was the total 

time elapsed that when compared with the third assay was much higher. This fact in 

combination with the lower values of maximum PHA contents that were reached (28% and 

48% in A1 and A2 assays respectively) have negatively affected the volumetric productivity 

in these assays.  

 

 It was verified that the feeding strategy impacts on PHA composition. In the two first tests, a 

higher portion of HV was achieved being the composition of the accumulated polymer 

almost equally divided by both co-polymers (approximately 50% HB: 50% HV). In the assay 

with continuous feeding, the HB fraction was the major component of the co-polymer 

produced (approximately 80% HB: 20% HV). 

 

The main conclusions on the effect of a possible feedstock shift on culture´s PHA storage 

response were as follow: 

 

 The culture of the assay performed with fermented molasses was unable to reach the 

maximum PHA accumulation content due to the simultaneous occurrence of storage and 

growth promoted by the presence of ammonia. Given these results, it was not possible to 

compare the cultures performance when subjected to different feedstocks, although the 

culture fed with fermented cheese way reached a maximum storage content of 36%.   

 

 Copolymers with different HB/HV percentage ratios were obtained (91% HB:09% HV with 

fermented sugar molasses and 94% HB:06% HV with fermented cheese whey as feedstock). 

These results indicate that despite the substrate VFA profiles of the two used feedstocks 

being different it not showed an impact on polymer composition. 

 

 In order to better understand the effects of the feedstock shift it was necessary to perform 

another set of production tests with the culture selected and enriched in fermented cheese 

whey. 
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Future work 
 

 

 

 

The prospects for further improvement include: 
 

 Concerning the selection stage of the process is important to establish a strategy aiming to 

increase the pressure for a higher cell concentration in the SBR with controlled pH, without 

causing the F/F ratio to increase thus compromising the selective pressure for PHA 

accumulation. The organic loading rate can be increased further than 90 Cmmol VFA/L.d by 

increasing the influent substrate concentration. Thus it’s necessary to investigate a way to 

proceed to a rigorous monitoring and control of the organic load that is fed into the reactor, 

due to the use of real influent substrates in this process, for the establishment of a stable 

performance. Moreover, the SRT can also be decreased by steps to as low as 1 day, aiming at 

increasing cell productivity, but in the same way, keeping a high pressure for PHA storage. 

 

 With the intent of designing the adequate volume ratio between the selection and PHA 

production stages, it is necessary to further investigate the effects of cell concentration and 

medium dilution on the regulation of the PHA storage response. In this work it was 

demonstrated the occurrence of a regulation mechanism based on or indirectly associated 

with cell concentration. This could be consistent with the quorum sensing mechanism, but 

for this hypothesis to be verified new assays would have to be designed in which procedures 

to quantify the existence of this phenomenon would have to be developed. Moreover, it is of 

major interest repeat the experiment described in Chapter 3 keeping the F/M ratio constant in 

order to better understand the independent effects of cell concentration and or competition 

for substrate. 

 

 Regarding a possible feedstocks shift, due to their seasonality, it is important to investigate 

the effects associated with fermented cheese whey (different VFA profile) on culture 

performance and PHA composition in the stages of culture selection and acidogenic 

fermentation. In order to better understand whether this impact would be associated with 

biomass acclimatization at the selection stage it is necessary to perform another set of 

production tests with the culture selected and enriched in fermented cheese whey. 
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