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Abstract

Polyhydroxyalkanoates (PHA) are a natural polymer synthesized by many
microorganisms which have physical-chemical characteristics similar to conventional plastics,
and therefore becomes a viable alternative to petrochemical based plastics. PHA production
through mixed microbial cultures (MMCs) has been studied as an alternative to pure cultures,
since they do not require sterile conditions and can be fed with cheaper substrates (such as agro-
industrial waste), decreasing the operational costs.

This study was focused on the valorization of brewer’s spent grain (BSG), through PHA
production using MMCs which requires a three-step process: an anaerobic acidogenic
fermentation step, where BSG is converted into volatile fatty acids (VFA); a aerobic step,
performed in a sequencing batch reactor (SBR) where PHA accumulating bacteria are selected,
and finally the accumulation step, to produce and achieve the maximum PHA content.

In order to optimize the acidogenic fermentation using BSG hydrolysate different organic
loading rates (30 and 50 gCOD/L) and pH (5, 5.5 and 6) were tested. Fermentation products
profile changed with different conditions applied, allowing the manipulation the PHA composition
with specific characteristics. The yield of fermentation products varies between 0.6 and 0.9 gCOD-
FP/gCOD-S. The PHA accumulating bacteria selection and PHA accumulation were studied using
a VFA-rich effluent from an anerobic solid waste fermentation reactor. In the SBR different organic
loading rates were tested. With the increase in the OLR, PHA storage rate increased, as well as
the storage yield, reaching a maximum of 0.33+£0.08 CmmolPHA/CmmolX.h and 0.91 + 0.24
CmolPHA/CmmolFP, respectively. PHA accumulation allowed to reach a maximum PHA content

of 41% with a 50% of hydroxybutyrate and 50% of hydroxyvalerate composition.

Keywords: Polyhydroxyalkanoates (PHA); Brewer’s spent grain (BSG); Mixed microbial cultures

(MMCs); Acidogenic fermentation; Sequencing batch reactor (SBR)






Resumo

Os polihidroxialcanoatos (PHA) s&do polimeros naturais, sintetizados por muitos
microrganismos, que possuem caracteristicas fisico-quimicas semelhantes aos plasticos
convencionais tornando-se numa alternativa viavel a estes. A producdo de PHA através de
culturas microbianas mistas (CMMs) tem sido estudada como uma alternativa as culturas puras,
uma vez que nao requerem condicdes estéreis e podem ser alimentadas com substratos mais
baratos (como residuos agroindustriais), diminuindo os custos operacionais.

Este estudo foi focado na valorizacao da dreche da cerveja, através da producdo de PHA
usando CMMs que requer um processo composto por trés etapas: uma etapa de fermentagéo
acidogénica anaerobica, onde a dreche é convertida em acidos gordos volateis (AGV); um passo
aerdbico, realizado num sequencing batch reactor (SBR) onde as bactérias que acumulam PHA
sdo selecionadas e, finalmente, a etapa de acumulacéo, para se produzir e atingir o teor maximo
de PHA.

Para estudar a fermentacéo acidogénica utilizando o hidrolisado de BSG foram testadas
diferentes cargas organicas (30 e 50 gCODI/L) e pH (5; 5,5 e 6). O perfil dos produtos de
fermentacdo muda com as diferentes condi¢des aplicadas, o que permite a manipulagdo da
composicao do PHA e por sua vez as caracteristicas especificas do polimero. O rendimento dos
produtos de fermentacao varia entre 0.6 and 0.9 gCOD-FP/gCOD-S. Em seguida, a sele¢édo de
bactérias acumuladoras de PHA e a acumula¢édo de PHA foram estudados usando um efluente
rico em AGV de um reator de fermentacdo anaerébio de residuos solidos. No SBR, cargas
organicas distintas foram testadas. Com o aumento da carga organica, aumenta também a taxa
de armazenamento de PHA, assim como o rendimento de armazenamento, atingindo 0,33 + 0,08
CmmolPHA/CmmolX.h e 0,91 + 0,24 CmolPHA/CmmolFP, respectivamente. A acumulacdo de
PHA permitiu atingir um teor maximo de PHA de 41% com uma composi¢cdo de 50% de

hidroxibutirato e 50% de hidroxivalerato.

Palavras-chave: Polihidroxialcanoatos (PHA); dreche de cerveja; Culturas microbianas mistas

(CMMs); Fermentacgdo acidogénica; Sequencing batch reactor (SBR)
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1. Introduction

1.1. Problem

In recent years there it was observed a population increase, which led to an increase of the
industry in order to ensure the population needs, and which consequently caused an increase in
the quantity and variety of waste generated. At the same time, there has been a growing reliance
on materials derived from crude oil, including plastic. Both aspects contribute not only to a more
polluted world but also to the expenditure of non-renewable resources. (Hopewell et al., 2009;
Manahan, 2017)

These problems, may have several solutions, but both can be minimized through the
production of bioplastics from agro-industrial waste, as demonstrated by Braunegg et al., 1998.

Bioplastic production has emerged as an alternative to conventional plastics having similar
characteristics. Bioplastics are biodegradable, biocompatible, non-toxic and can be produced
from waste, thus contributing to circular economy (Abid et al., 2018; Reddy et al., 2003; Reis et
al., 2011).

The concept of circular economy aims at reducing environmental impacts and resource
use by maximizing the service of the material by resource. In this case extend the viability of the

waste generated by the industry for the production of bioplastic (Tisserant et al., 2017).

1.2. Plastics

Since the beginning of the plastic industry (1950), it is almost unthinkable to imagine our
daily routine without plastics.(Geyer et al., 2017) Indeed this polymeric material is present in our
daily routine, due to its strength, lightness, resistance, low cost and durability. Moreover it
presents the ability to be molded into a variety of products that can be used in several industries,
such as, packaging, building and construction and automotive (figure 1.1) (Hopewell et al., 2009;
PlasticsEurope, 2017).

Regarding to the recovery of plastic, in 2016 and for the first time, recycling (31.1%)
exceeded the landfill (27.3%) (PlasticsEurope, 2017). However the majority of plastics are
nondegradable and even the degradable ones may persist for a considerable time, accumulating
in the natural environment and contaminating soils and water resources representing a growing
concern (Thompson et al., 2009). Furthermore, plastics also represents a problem to the marine

environment, due to their accumulation and consequent effect on marine life (Reddy et al., 2003).
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Figure 1.1: Plastics converter demand main market sectors (PlasticsEurope, 2017)

The problem of excess and accumulation of plastic is that most of them are derived from
petrochemicals produced from fossil oil and gas, which not only contributes to increased pollution
but also the depletion of non-renewable natural resources (Hopewell et al., 2009). Nevertheless
has been increasing public concern regarding the environment and climate change. This has
pressing governments, compannies and researchers to start developing sustainable alternatives

such as production of biodegradable plastic through sustainable feedstocks (Reddy et al., 2003)

1.3. Agro-industrial residues

The population increase led to an increase on food and agriculture industries and
consequently to an increase in waste production (Vandamme, 2014). If these agroindustrial
wastes are not properly treated they can lead to environmental, animal and human health
complications (Sadh et al., 2018).

Most of these residues, such as 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 are waste with high organic fraction making them
a viable option for various applications such as production of polyhydroxyalkanoates (PHAS).
Some of these residues have carbohydrates that are not used by some mixed cultures, however
a pre-treatment of these residues, such as fermentation, allows the transformation of
carbohydrates into volatile fatty acids (VFAS) that are precursors of the production of bioplastics
(Reis et al., 2011; Sadh et al., 2018).

Since the substrate used for PHA production using mixed culture represents 40% of the
production cost (Dias et al., 2006; Salehizadeh et al., 2004) their selection is an important factor
in order to optimize the production of the bioplastic by cost reduction and recovery of waste.
(Salehizadeh et al., 2004).

Comparing different agroindustrial wastes (table 1.1), the brewery's spent grains (BSG)
obtained from beer industry presents a combination of high amounts of hemicellulose sugars and

proteins. Beer is the fifth most consumed drink in the world and BSG represents about 85% of



the total waste from beer industry (Roberto, 2006; Simate et al., 2011). So BSG are an excellent
residue for several applications, such as energy production, animal feed or PHA production.
(Carvalheiro et al., 2004; Lamghari et al., 1998; Mussatto, 2014; Rabelo et al., 2011).

Table 1.1: Composition of diverses agro-industrial wastes

Composition (g/kg dry weight
Agricultural - (gfkg dry weight)
Reference
by-products -
Hemicellulo A .
Cellulose se Lignin Protein
Rice Straw 434 229 172 NR (Mussatto, 2014)
Sugar cane (Rabelo et al.,
molasses 384 232 250 NR 2011)
Spent Coffee 86 367 NR 136 (Mussatto, 2014)
. (Lamghari et al.,
Fruit pulp waste 75 69 343 513 1998)
Brewery’s spent 219 296 217 246 (Carvalheiro et al.,
grains 2004)

NR: Not reported
1.3.1. Brewer’s spent grain

In the brewing process, the main ingredients used are malt, water, yeast and hops.

Firstly the barley grains are hydrated with water to promote the synthesis and activation of
the enzymes that act in the malt hydrolysis process. Then the hydrated grains are dried and
designated as malt. Malt is crushed to break the beans that will be heated from 37° to 78° slowly
in water to convert the malt into fermentable sugars and the proteins into peptides and amino
acids, through the action of the previously activated enzymes. At the end of this stage we get
brewery’s spent grains (BSG) mixed with the wort (liquid fraction), which are separated by
filtration. The wort is subjected to the remaining brewing process, which includes boiling,
fermentation and maturation, where other by-products are also obtained. However, , BSG
represents about 85% of the total by-products produced (Mussatto 2014; Mussatto 2005;
Roberto 2006).

As BSG is derived from the wort formation and is the largest by product from brewing
process representing about 85% of the total by-products produced. BSG composition may vary
depending on the variety of grains used, when it was harvested, the conditions used for malting
and mashing, the type and amount of the adjuncts added in mixture with the barley malt when the
wort is formed. (Mussatto 2014; Mussatto 2005; Roberto 2006).

In general, BSG is a lino-cellulosic material, rich in proteins (about 30% of total proteins
are composed of essential amino acids and the remaining 70% by non-essential amino acids)

and fibers (hemicelluloses, cellulose and lignin), which represent about of 20% and 70% of its



composition, respectively. Hemicellulose and cellulose are essentially composed of sugars,
mainly xylose, arabinose and glucose. Lignin contains various polyphenolic components, in
particular ferulic, p-coumaric, syringic, vanillic and p-hydroxybenzoic acids. Beside proteins and
fibers, BSG can also contain vitamins such as biotin, folic acid, thiamine and riboflavin and some
minerals such as silicon, phosphorus, calcium, colbate, copper, iron, magnesium, potassium and
sulfur (Gupta et al 2010; Mussatto 2014).

Due to the high moisture content, organic nature and high fermentable sugars content,
BSG presents a rapid degradation at room temperature (about 7 to 10 days) and their prolonged
exposure to air favors the proliferation of microorganisms, causing loss of nutrients and the
formation of toxic products harmful to the environment. It is therefore important that this waste is
treated or used for various applications (Gupta et al 2010)

Due to its composition, BSG can have several areas of application such as, feed and food,
energy production, chemical processes and biotechnological processes (Table 1.2)
(Mussatto,2014).



Area

of

aplication

Aplication

Animal feed

Table 1.2: Main areas of application of BSG (Mussatto, 2014

Description

Animal feeding is currently the main application of BSG. It is excellent for use in feeding cows, since is rich in
protein and fiber and when combined with urea as a source of nitrogen, allows complete nutrition to the animals.
Promotes the increase of milk production and the decreases of the fat content without affecting the fertility of animals.
Its use has also been studied for other animals, such as pigs, fish and birds.

Feed and Food

Human diet

The use of BSG in the human diet is one of the possible applications, and the most studied has been the use of
BSG in bakery products. However it is necessary to control the amount used, in order to avoid the browning and

unwanted flavors.
Due to the nutritional values, BSG also has health benefits, such as lowering cholesterol, diabetes and relieving

constipation and diarrhea.

Food aplications

BSG has phenolic compounds (essentially ferulic and p-coumaric) that have a remarkable application in human
health, since it reduces the incidence of diabetes and cancer. Moreover can have antioxidants, anti-inflammatory and
anti-allergic effects. The incorporation of BSG into food avoids the use of synthetic compounds.

Energy production

Thermochemical
Conversion

BSG can also used to generate energy from thermochemical conversion, using processes such as pyrolysis and
combustion. However it is necessary to pay special attention to emission of particles and toxic gases that can occur
using these techniques, so whenever possible to avoid or minimize these situations.

Biogas production

The anaerobic fermentation of BSG allows the production of biogas with a composition rich in methane and carbon
dioxide and some traces of hydrogen and water vapor. This process is composed of two stages, a acidogenic stage
in which macromolecules are converted to volatile fatty acids and methanogenic stage in which microorganisms
convert acetate to methane.




Area

of
aplication

Aplication

Ethanol production

Description

In recent years ethanol has been studied as alternative fuel. BSG is considered a promising raw material due to its
composition rich in hemicellulose and celulose that are needed to ethanol production.

Extraction
Of
valuable compounds

The use of chemical processes such as hydrolysis (with different conditions) and solvent extraction allow the
extraction of value-added compounds, such as sugars, lignin and antioxidant phenolic compounds.

Paper production

Due to the presence of fiber in BSG has been studied to use in the manufacture of paper towels, cards and coasters.

Chemical processes

Adsorbent material

The use of BSG as an adsorbent is another very promising application. BSG can be used to adsorb heavy metals,
as well as, dyes from wastewater. It can also be used for the production of activated carbon that has an adsorption
capacity like commercialized products, and may have several applications, among which the treatment of waters and
gases.

Substrate
for
microorganism

BSG can be used as a substrate for the growth of microorganisms and in turn enzyme production. However it is
necessary to take into account that its water content must be reduced in order to prevent its rapid degradation.

Extraction
of
valuable compounds

Through biotechnological processes such as enzymatic hydrolysis, it is possible extractvaluable compounds from
BSG, such as sugars and hydroxycinnamic acids. This method has the advantage of not produce toxic effluents.

Biotechnological processes

Fermentation processes

BSG's fermentation processes give rise to value-added products, as ethanol or biogas. There is also the possibility
of producing VFAs through fermentation, which are precursors of bioplastic production, such as
polyhydroxyalkanoates.




1.4. Bioplastics

According to European Bioplastics, bioplastic is a bio-based and/or biodegradable product,
which means that it is derived from biomass or renewable resources and whose microorganisms
available in the environment are able to convert into natural substances, as water and carbon
dioxide (European Bioplastics, 2017).

Bioplastics can be divided in three groups: bio-based; biodegradable and bio-based and
biodegradable (European Bioplastics, 2017). The first one are plastics derived from biomass or
renewable resources but can not be biodegradable such as polyethylene (PE), polyethylene
terephthalate (PET) and Nylon 11 (NY11). The bioplastics biodegradable are based on fossil
resources but can be degraded by microorganisms, which is the case of Polycaprolactone (PCL)
and polybutylene adipate terephthalate (PBAT). Finally, bio-based and biodegradable are
produced from biomass or renewable resources, and are biodegradable such as polylactic acid
(PLA), polyhydroxyalkanoates (PHA), polybutylene succinate (PBS) and starch blends (European
Bioplastics, 2017; Tokiwa et al., 2009).

The use of bioplastics allows the reduction of the use of fossil oil dependency and,
greenhouse gas emissions. Also the increase of resource efficiency through a circular economy
is possible since waste is used for its production. In this way plastics do not become waste after
use, since they re-enter the economy circular system as valuable technical material or biological
nutrients (European Bioplastics, 2017). Only in 2017 were produced 2.05 million tonnes of
bioplastic and it is expected that this value will increase in next years, which leads to the creation
of many jobs (23 000 jobs in Europe, 2017) (European Bioplastics, 2017).

The polyhydroxyalkanoates are an example of a natural polymer that are synthesized by
many microrganisms. PHA are accumulated intracellularly up to high levels and can be used by
microorganisms as a source of energy under stress conditions. In addition, PHAs have physico-
chemical characteristics similar to conventional plastics, and therefore they become a viable

alternative to petrochemical based plastics (Reddy et al., 2003).

1.5. Polyhydoxyalkanoates

Polyhydroxyalkanoates are polyesters composed of several units of hydroxyalkanoates
(Figure 1.2) synthesized by many organisms and internally accumulated as carbon and energy
reserves (Reddy et al., 2003). PHA accumulation can occurs up to 90% of biomass dry weight in
the presence of excess carbon and limitation of other nutrients such as nitrogen, oxygen or
phosphorus (Verlinden et al., 2007).
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Figure 1.2: General chemical structure for polyhydroxyalkanoate (PHA). n, number of carbon
atoms in the linear polyester structure; R1 and R2, variable hydrocarbon side chains.(Reis et
al.,2011)

There are more than 150 hydroxyalkanoate monomers which generate PHA with different
properties and chemical composition (homo-or copolymer). In general PHA are water insoluble,
but soluble in chloroform and other chlorinated hydrocarbons. , have good resistance to ultra-
violet and to hydrolytic degradation and they are biocompatible, biodegradable and notoxic
therefore suitable for medical applications (Junyu et al., 2017). Furthermore sinks in water,
furthering anaerobic biodegradation (leads to the production of methane instead of carbon
dioxide). (Abid et al., 2018; M. Reis et al., 2011).

In structural terms PHAs can be divided into three groups depending on the number of
carbons in their main chain: short-chain-length (SCL) PHAs, , whose monomers contain from 3
to 5 carbon atoms, medium-chain-length (MCL) PHAs, formed by monomers with 6 to 14 carbon
atoms and long-chain-length (LCL) PHAs with more than 14 carbons atoms (less known and
studied) (Abid et al., 2018)

Poly(3-hydroxybutyrate) (P(3HB)) is the most PHA known and studied. Despite P(H3HB)
have a good thermoplastic properties, they also present high crystallinity (55-80%) and originate
plastics that are
extremely stiff and brittle with poor impact strength (Reis et al., 2011). However these properties
can be greatly improved by the introduction of different monomers in order to mimic the
characteristics of conventional plastics, such as polypropylene (with greater flexibility, around
400%). Table 1.3 presents the comparison of the physical properties of P(3HB) and copolymers
with polypropylene. It is possible to see that the physical properties of PHA depend mostly on the
constituent monomers and that copolymers presents physical properties more similar with

polypropylene. (Akaraonye et al., 2010)



Table 1.3: Comparison of the physical properties of P(3HB) and copolymers with polypropylene
(Akaraonye et al., 2010)

Meltin trancs;‘ilsgr? Young’s Elongation to Tensile
0 0,
Temperature (°C) temperature (°C) modulus (GPa) break (%) strength (MPa)
P(3HB) 180 4 35 5 40
P(3HB-co-
20% 3HV) 145 -1 1.2 50 20
P(3HB-co-
16% 4HB) 150 -7 - 444 26
P(3HB-co-
10% 3HHx) 127 -1 - 400 21
P(3HB-c0-6%
3HD) 130 -8 - 680 17
Polypropylene 176 -10 1.7 400 34.5

1.5.1. Biosynthesis of PHA

The synthesis of PHA occurs under conditions of excess of carbon and limitation of other
nutrientes and as all biopolymers they are synthesized by enzymatic processes (Verlinden et al.,
2007).

The main enzymes involved in PHA biosynthesis are -ketothiolase (phaA), acetoacetyl-
COA redutase (phaB), PHA synthase (phaC) and 3-hidroxyacyl-acyl carrier protein-coenzime and
there are three main pathways for PHA synthesis (Figure 1.3) (Rehm & Steinbu, 1999). Briefly, in
the first metabolic pathway (pathway 1), two acetyl-coA generated by the carbon source are
converted to acetoacetyl-coA by the enzyme B-ketothiolase. Then acetoacyl-coA redutase
convert acetoacetyl-coA to 3-hydroxybutyryl-CoA which is converted into PHB under the catalysis
of PHA synyhase. Pathway 2 implies in situ fatty acid synthesis cycle which produce R-3-
Hydroxyacyl-ACP from acetyl-coA. 3-Hydroxyacyl-acyl carrier protein-coA turn R-3-hydroxyacyl-
ACP into R-3-hydroxyacyl-CoA which transformed by phaC to PHA. Finally, pathway 3 involves
B-oxidation cycle to obtain R-3-hydroxyacyl-CoA (from fatty acids) which like pathway 2 is
converted to PHA through action of phaC (Braunegg et al., 1998; Chen et al., 2015).

Thus depending on the carbon source and/or the microorganisms, different metabolic

pathways may be followed and different types of PHA can be produced.
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Figure 1.3: Three main pathways related to the biosynthesis of PHA. Adapted from Chen et
al, 2015

1.6. Bacterial culture for PHA production

The production costs of bioplastics when comparing with petroleum-based plastics is the
main obstacle for its industrialization, since 1kg of PHB has a cost of 9 € while 1kg of petroleum-
based plastics has a cost of 1 € (Reis et al., 2003). This difference is due to the high cost of the
substrate and high downstream processing costs when using pures cultures (Reis et al., 2003).
For that reason the use of mixed cultures allows to decrease the costs since the microorganisms
are able to use cheaper substrates (e.g. agroindustrial wastes), and also have the capacity to

adapt to the changes of the substrate and avoids the need of sterile (Salehizadeh et al., 2004).

1.6.1. Pure cultures

In the last years the industrial production of PHA is carried out using pure cultures such as
Ralstonia eutropha (Dennis et al., 1998), Alcaligenes latus (Wang et al., 1997), and Burkholderia
sacchar (Rocha et al., 2008), and is performed in a two stages process. The first stage requires
a carbon and nutrients source for the growth of bacteria, the second stage is limiting on an
essential nutrient, promoting PHA accumulation. However it is an expensive process due to the
high cost of sterile conditions,to the high fermentation costs (mainly due to the price of the
substrate) and downstream processing costs (Dias et al., 2006; Laycock et al., 2013; Reis et al.,
2011)

Recombinant strains for cost-effective PHA production have been studied in order to
develop microorganisms which possess rapid growth and high cell density, and also are capable
of using various substrates and whose polymer purification process is more simples (Dias et al.,
2006). For exemple, recombinant Escherichia coli harboring R. eutropha can accumulate about
80-90% of its dry cell weight (Dias et al., 2006).



Although pure cultures exhibit high PHA yields, this process can not compete directly with
the conventional plastics process, since the use of sterile conditions and the requirement of
refined substrates (carbohydrates) such as molasses and glucose increase the cost of

production(Reis et al., 2011).

1.6.2. Mixed cultures

PHA production through mixed microbial cultures (MMCs) has been studied as an
alternative to pure cultures, since they do not require sterile conditions and can be fed with
cheaper substractes (such as agro-industrial waste), which allow to decrease the production costs
(Reis et al., 2011).

The PHA production requires a three-step process: An anaerobic acidogenic fermentation
step, where the organic matter from agroindustrial waste is converted into VFAS; a aerobic step ,
performed in a sequencing batch reactor (SBR) and where the culture is selected (PHA
accumulating bacteria) using the fermented effluent feed ; the third designated accumulation,
where the culture (purge from the previous step) is fed with successive concentrated pulses of
fermented effluent in order to achieve the maximum of PHA content (Bem et al., 2016; Dionisi et
al., 2004; Queiros et al., 2014; Villano et al., 2013).

1.6.2.1. The Acidogenic Fermentation Stage

The traditional anaerobic fermentation is composed of three stages: (1) substrate
hydrolysis; (2) acidogenic fermentation (the organic content of the feedstock is converted into
VFAs) and (3) methanogenesis. However the VFAs produced in stage 2 can also be used as
precursors for the production of PHA by MMCs (Liu et al., 2012; Tamis et al., 2015).

Tipically organics copounds from agro-industrial wastes are converted to lactic acid,
propionic, acetic, butyric and other fermentation products (M. Reis et al., 2011). So depending on
the feedstock, the operacional conditions, such as temperature, pH and organic loading rate
(OLR), different compositions of VFAs are obtained, which consequently varies the amount of HB
and HV precursors. (M. Reis et al., 2011; Tamis et al., 2015). It is important to study these

variations when it is desired to obtain a polymer having a specific composition of HB and HV.

1.6.2.2. The culture selection and PHA accumulation

The culture selection of PHA accumulating bacteria can be carried out by at least two types
of strategies: aerobic and anaerobic cycles and feast and famine cycles. (Laycock et al., 2013;
Villano et al., 2013).

The first time there was observed PHA accumulation using MMC was by polyphosphate
accumulating organisms (PAOs) and glycogen accumulating organisms (GAOs) through
anaerobic and aerobic cycles(Reis et al., 2003; Serafim et al., 2008). In the anaerobic phase

carbon is consumed by PAOs that release phosphates as energy source for PHA accumulation.
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Meanwhile GAOs gain energy by degrading the internal glycogen to convert the VFAs into PHA.
In the aerobic phase, microorganisms use PHA as energy source to replenish glycogen and
polyphosphates and also for their growth and maintenance. The change between these phases
creates a driving force in bacteria for the storage of the alternative energy source (Dai et al., 2007;
Reis et al., 2003; Serafim et al., 2008). Although it is possible to accumulate PHA from these
organisms, they present low productivities (Dai et al., 2007).

The other strategy for PHA accumulation, and the most used, is to subject MMCs to two
different phases of carbon supply, known as feast and famine cycles, under aerobic conditions.
In the feast phase the microorganisms are supplemented with excess external carbon, promoting
the storage of the polymer. The famine phase is reached when the culture has already consu