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Preface

Due to the possibility that petroleum supplies will be exhausted in the next decades
to come, more and more attention has been paid to the production of bacterial plas-
tics including polyhydroxyalkanoates (PHA), polylactic acid (PLA), poly(butylene
succinate) (PBS), biopolyethylene (PE), poly(trimethylene terephthalate) (PTT),
and poly(p-phenylene) (PPP). These are well-studied polymers containing at least
one monomer synthesized via bacterial transformation.

Among them, PHA, PLA and PBS are well known for their biodegradability,
whereas PE, PTT and PPP are probably less biodegradable or are less studied in
terms of their biodegradability. Over the past years, their properties and applica-
tions have been studied in detail and products have been developed. Physical and
chemical modifications to reduce their cost or to improve their properties have been
conducted.

PHA is the only biopolyester family completely synthesized by biological
means. They have been investigated by microbiologists, molecular biologists, bio-
chemists, chemical engineers, chemists, polymer experts, and medical researchers
for many years. PHA applications as bioplastics, fine chemicals, implant biomateri-
als, medicines, and biofuels have been developed. Companies have been estab-
lished for or involved in PHA related R&D as well as large scale production. It has
become clear that PHA and its related technologies form an industrial value chain
in fermentation, materials, feeds, and energy to medical fields.

In this monograph, Dr. Yaacov Okon and his lab focus their attention on PHA as
energy and intracellular carbon storage compounds that can be mobilized and used
when carbon is a limiting resource. They describe the phenomena of intracellular
accumulation of PHA, which enhances the survival of several bacterial species
under environmental stress conditions imposed in water and soil, such as
UV-irradiation, salinity, thermal and oxidative stress, desiccation, and osmotic
shock. The ability to endure these stresses is linked to a cascade of events concomi-
tant with PHA degradation and the expression of the genes involved in protection
against damaging agents.

Dr. Sang Yup Lee reviews the strategies for the metabolic engineering of PHA
producers, genomic and proteomic studies performed to understand the PHA bio-
synthesis in the context of whole cell metabolism and to develop further engineered
strains. Finally, he suggests strategies for systems metabolic engineering of PHA
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producers, which will make it possible to produce PHA with higher efficiencies and
to develop tailor-made PHAs by systems-level optimization of metabolic network
and establishment of novel pathways.

Drs. Martin Koller and Gerhart Braunegg suggest that facilities for the produc-
tion of biopolymers, biofuels and biochemicals should be integrated into existing
production lines, where the feedstock directly accrue as waste streams, to save costs
on transportation. They point out that the utilization of waste streams for production
of value-added products not only enhances the economics of such products, but also
provides the industry with a strategy to overcome disposal problems.

Dr. José M. Luengo found that unusual polyhydroxyalkanoates (UnPHAs) con-
stitute a particular group of polyoxo(thio)esters belonging to the PHA family,
which contain uncommon monomers. He classifies the UnPHAs into four classes
and discusses some of their characteristics and biotechnological applications.

Despite some successes in PHA production by plants, Drs. Yves Poirier and
Stevens Brumbley believe production of PHA in crops and plants remains a
challenging project. The challenges for the future are to succeed in the synthe-
sis of PHA co-polymer with a narrow range of monomer composition, at levels
that do not compromise plant productivity, and to find methods for efficient and
economical extraction of polymers from plants. These goals will undoubtedly
require a deeper understanding of plant biochemical pathways and advances in
biorefinery.

Dr. Manfred Zinn focuses on the production of medium-chain-length poly[(R)-
3-hydroxyalkanoates] (mcl-PHAs) in pseudomonads. He reviews the biosynthesis
of mcl-PHA in high cell density cultures that is economically very important..

Dr. Isao Noda has been working on the family of PHA called Nodax™ that
consists of (R)-3-hydroxyalkanoate comonomer units with medium size chain side
groups and (R)-3-hydroxybutyrate. Because of the unique design of their molecular
structure, the Nodax™ class PHA copolymers have a set of useful attributes,
including polyolefin-like thermo-mechanical properties, polyester-like physico-
chemical properties, and interesting biological properties. Therefore, a broad range
of industrial and consumer product applications are anticipated.

Drs Tadahisa Iwata and Toshihisa Tanaka succeeded in obtaining strong fibers,
using two new ways of drawing techniques, from microbial PHA polyesters pro-
duced by both wild-type and recombinant bacteria. The improvement in the
mechanical properties of the fibers is due not only to the orientation of molecular
chains but also to the generation of a planar zigzag conformation. They present the
processing, mechanical properties, molecular and highly-ordered structure, enzy-
matic degradation, and bioabsorption of strong fibers and nanofibers produced from
microbial polyesters.

Drs. Philippe Guérin, Estelle Renard and Valérie Langlois found that all polyes-
ters are susceptible to degradation by simple hydrolysis to some extent. The degrada-
tion rate is highly dependent on the chemical structure and material crystallinity. One
way to obtain more hydrophilic PHA is to introduce specific functions in the macro-
molecular side chains. The combination of bioconversion and organic chemistry
allows modulating the physical properties of these bacterial polyesters as solubility,
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hydrophilic/hydrophobic balance, and water stability in the perspective of biomedical
applications.

Drs. K. Jim Jem, Johan F. van der Pol and Sicco de Vos calculated lactic acid
derivatives back to the equivalent amount of original lactic acid, and they concluded
that the total global market volume in 2008 is estimated at around 260,000 metric
tons of lactic acid (calculated at 100% concentration) for traditional applications
(excluding PLA). They claim that today more than 95% of lactic acid produced is
derived from biological sources (e.g. sucrose or glucose from starch) by microbial
fermentation, which typically produces the L(+) form of lactic acid.

Besides lactic acid, Dr Jun Xu opines that increasing demand on biodegradable
poly(butylene succinate) (PBS) will open a new market for succinic acid produced via
microbial fermentation. He reviews the synthesis of succinic acid, PBS polymerization,
crystalline structure, thermal and mechanical properties, and biodegradability.

Polyethylene is an important engineering material. It has been traditionally pro-
duced through the ethylene polymerization process. Ethylene can be produced
through steam cracking of ethane, steam cracking of naphtha or heavy oils, or etha-
nol dehydration. With the increase in oil prices, bio-ethylene, produced through
ethanol dehydration, is a more important production route for ethylene. Based on
the ethanol dehydration chemistry principle, Dr. He Huang describes the research
and development progress on catalysts and the process of ethanol dehydration to
form ethylene.

Poly(trimethylene terephthalate) (PTT) fiber, as a new type of polyester, has
been characterized by much better resilience and stress/recovery properties than
poly(ethylene terephthalate) (PET) and poly(butylene terephthalate) (PBT). Dr
Dehua Liu proved that PTT is highly suitable for uses in fiber, carpet, textile, film,
and engineering thermoplastic applications. With this in mind, his lab has devel-
oped highly efficient fermentation technology based on glycerol for 1,3-propandiol
(PDO) which is a monomer of PTT.

Benzene cis-diols, namely, cis-3,5-cyclohexadien-1,2-diols abbreviated as
DHCD, can be used for synthesis of poly(para-phenylene) (PPP), which is a mate-
rial with high thermal stability and electricity conducting ability when doped.
Several types of bacterial dioxygenases, that can catalyze the conversion of aro-
matic compounds to their corresponding cis-diols, which can be polymerized to
form PPP, are discussed.

With the support of the above experts, we are able to offer the readers up-to-date
information on the bacterial plastics. We are grateful to the authors who have con-
tributed these excellent chapters. Our thanks also go to Springer for publishing this
monograph, especially to Jutta Lindenborn for all his/her effort in helping us.

Finally, I (George Guo-Qiang Chen) would also like to thank my wife Sherry
Xuanming Xu and daughter Jenny Jiani Chen for supporting my effort to bring out
this monograph.

Beijing George Guo-Qiang Chen
and Miinster Alexander Steinbiichel
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Abstract Polyhydroxyalkanoates (PHA), poly(lactic acid) (PLA), poly(butylene
succinate) (PBS), polyethylene (PE), poly(trimethylene terephthalate) (PTT),
and poly(p-phenylene) (PPP) are the best studied polymers containing at least one
monomer synthesized via bacterial transformation. Among them, PHA, PLA, and
PBS are well known for their biodegradability, whereas PE, PTT and PPP are probably
less biodegradable or have been less studied in terms of their biodegradability. Over
the past few years, their properties and applications have been studied in detail, and
products have been developed. Physical and chemical modifications to reduce their
cost or improve their properties have been conducted. Throughout this book, you
will find more a detailed description of these bacterial plastics.
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1 Introduction

Over the past few years, bio-based plastics have been developed rapidly owing to
rising petroleum prices and many environmental concerns related to plastic pollution.
Increasingly, reduction of carbon dioxide emissions has become another reason for
promoting bio-based plastics amid the worldwide financial tsunami.

Generally speaking, bio-based plastics include starch-based plastics, protein
(soybean protein) based plastics, and cellulose-blended plastics. They can also be
blended with conventional plastics such as polyethylene (PE), polypropylene (PP), and
poly(vinyl alcohol). However, such bio-based plastics are only partially biodegradable.
The residual petroleum-based plastics remain as broken pieces, creating additional
pollution. In addition, these plastics have intrinsic thermal and mechanical weaknesses,
and they are now discouraged for applications.

To produce bio-based plastics completely resembling conventional plastics, bacteria
are employed to make the building blocks for plastic polymers from renewable sources,
including starch, cellulose, fatty acids, and whatever bacteria can consume for growth.

So far, the following building blocks can be produced microbially for polymer-
ization purposes: hydroxyalkanoic acids with many structural variations, lactic acid,
succinic acid, (R)-3-hydroxypropionic acid, bioethylene produced from dehydration
of bioethanol, 1,3-propanediol, and cis-3,5-cyclohexadiene-1,2-diols from microbial
transformation of benzene and other chemicals. They have been successfully used
for making various bacterial plastics.

In this chapter, we will give an overview of these bacterial plastics.

2 Monomers of Bacterial Plastics Synthesized
by Microorganisms

Six types of monomers produced by microbial fermentation are the most common
bio-based polymer building blocks (Fig. 1). Among them, hydroxyalkanoates have
rich structural variations, n can be 0-5, and R can be alkyl to benzyl. However,

R 0
| AJ\ COOH o
H CH
OH
o Nt Son H3C%\OH HO
Hy H

(@]
Hydroxyalkanoates D, L-lactic acids Succinic acid
- OH
HZC—CHZ HO/\/\OH OH
Bio-ethylene 1,3-Propanediol cis-3,5-cyclohexadien-1,2-diols

Fig. 1 Most common bio-based polymer building blocks for bacterial plastics
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hydroxyalkanoates normally do not appear as monomers alone; they mostly exist
as polyhydroxyalkanoates (PHA). Unless specially required, monomer hyrdoxyal-
kanoic acids will not be produced by microorganisms. However, with use of genetic
engineering and low- or high-pH incubation, various hydroxyalkanoates can be
produced (Chen and Wu 2005a)

3 Polymerization of the Bacterial Plastics

Except for polymerization of hydroxyalkanoates, which is conducted in vivo, all
other monomers are polymerized in vitro by chemical reactions, leading to the
formation of PHA, poly(lactic acid) (PLA), poly(butylene succinate) (PBS), PE,
poly(trimethylene terephthalate) (PTT), and poly(p-phenylene) (PPP) (Fig. 2).

4 Comparison of Bacterial Plastics

Although these plastics are bio-based, their properties are very similar to those
of traditional petroleum-based plastics. Like PE based on bioethanol (leading to
bioethylene), they are exactly the same as petroleum-based PE (Table 1)

4.1 Thermal Properties and Mechanical Properties

PHA have the most diverse structural varieties, resulting in the most variable melting
temperature (7 ), glass-transition temperature (Tg), and thermodegradation tem-
perature (Td(S%))’ ranging between 60 and 177, =50 and 4, and 227 and 256°C,
respectively (Steinbiichel 1991; Doi et al. 1995; Wang et al. 2009; Spyros and
Marchessault 1996; Galegoa et al. 2000). The mechanical properties include a very
flexible Young’s modulus, an elongation at break ranging from 2 to 1,000%, and a
tensile strength of 17-104 MPa (Table 1).

R % o o
(‘:H o
\{\0/ ten %Of \/\o%
H, CHs S
PHA PLA PBS
H, H c“) — T|) H, H, H
A [ o2 T2 T2
ety Lo bblon ()4
PE PTT PPP

Fig. 2 Most common bio-based polymer molecular structures
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In comparison, the low-cost PLA is brittle with an elongation at break of 5.2-2.4%,
yet its tensile strength is the highest among these bacterial plastics, ranging from 49.6
to 61.6 MPa, together with a Young’s modulus of 384-481 MPa (Suyatma et al. 2004;
Zenkiewicz et al. 2009; Aji et al. 2005; Zhang and Sun 2004; Maiardo et al. 2003;
Ljungberg and Wesslen 2002; Table 1). A T, of 60°C has been a weak point for PLA
application as articles made from PLA change shape at this temperature. In this case,
a more diversified PHA seem to be more useful.

PBS has T and T, ranging between 116 and 147, —33 and 37, and 227 and
256°C, respectlvely, dependlng on the copolymer composition ratios. T, ., of PBS
is constant at 353°C (Jin et al. 2000a; Shibata et al. 2006; Kim et al. 2001; Velmathi
et al. 2005; Gan et al. 2001). Young’s modulus, the elongation at break, and the
tensile strength of PBS are around 268 MPa, 175%, and 25 MPa, respectively. In
addition, PBS is quite thermostable, with a T ., of 353°C. This is a quite flexible
material with considerable strength for many apphcations (Table 1).

PE based on bioethanol has the same characteristics as petroleum-based PE, it
also has a high elongation at break of 298%, with a T, of 33.4°C. The bio-PE can
be used in the same way as petroleum-based PE (Zhao et al. 2005; Yeh et al. 2000;
Liu et al. 2002; Luyta and Geethamma 2007; Wei et al. 2006).

Two half-bio-based and half-petroleum-based polymers are PTT and PPP. PTT
is a reasonable elastic material (159% elongation at break; Chiu and Ting 2007;
Pisitsak and Magaraphan 2009), with the highest Young’s modulus among all
bacterial plastics mentioned here, whereas PPP is a very brittle polymer withouta 7 .
Owing to its brittle property, one cannot obtain the Young’s modulus, elongation
at break, and tensile strength of PPP. PPP, like other electricity-conducting poly-
mers, is difficult to process. Modification to change the PPP structure is
needed to increase its application potential (Li et al. 2008a, b; Ballard
et al. 1988).

4.2 Molecular Weights

PHA have the most diverse structural varieties, resulting in the most variable
molecular weights, ranging from 10x10* to 10x10°, with a polydispersity of 1.2-6.0
(Table 1; Steinbiichel 1991; Doi et al. 1995; Wang et al. 2009; Spyros and
Marchessault 1996; Galegoa et al. 2000). In contrast, it was not so easy to get a
high M for PLA: normally, PLA has M  ranging from 5x10* to 50x10*, with a
polydispersity of 1.8-2.6 (Suyatma et al. 2004; Zenkiewicz et al. 2009; Aji et al.
2005; Zhang and Sun 2004; Maiardo et al. 2003; Ljungberg and Wesslen
2002). With PBS, M of 3x10*-20 x10* have been achieved with a wide poly-
dispersity of 2.0-6.3 (Jin et al. 2000a; Shibata et al. 2006; Kim et al. 2001;
Velmathi et al. 2005; Gan et al. 2001). For bio-PE, the same M can be obtained as
for petroleum-based PE since their polymerization processes are exactly the same
(Zhao et al. 2005; Yeh et al. 2000; Liu et al. 2002; Luyta and Geethamma 2007,
Wei et al. 2000).
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The synthesis of PTT with a low M_ of 3.8x10* to achieve the above-mentioned
manageable thermal and mechanical properties has been reported (Table 1; Chiu
and Ting 2007; Pisitsak and Magaraphan 2009). Therefore, it may not be necessary
to make PTT with a super-high M . In addition, since PPP has a highly crystallized
structure, M cannot affect its thermal and mechanical properties much (Li et al.
2008a, b; Ballard et al. 1988).

4.3 Biodegradability

Enzymes and microorganisms such as bacteria and fungi are involved in the degrada-
tion of both natural and synthetic plastics (Gu et al. 2000; Table 2). The biodegradation
of bacterial plastics proceeds actively under different soil conditions according to their
different properties. PHA is one of the natural plastics. Microorganisms which can
produce and store PHA under nutrient-limited conditions can normally degrade and
metabolize it when the carbon or energy source is limited (Williams and Peoples 1996;
Table 2). The biodegraded product of poly(3-hydroxybutyrate) is (R)-3-hydroxybutyric
acid (Doi et al. 1992), whereas extracellular degradation of poly[(R)-3-hydroxybu-
tyrate-co-(R)-3-hydroxyvalerate] yields both (R)-3-hydroxybutyrate and (R)-3-
hydroxyvalerate (Luzier 1992). The degradable PHA monomers are watersoluble and
small enough to passively diffuse through the cell wall. They can also be metabolized
by B-oxidation and the tricarboxylic acid cycle of many organisms to produce carbon
dioxide and water under aerobic conditions (Scott 1999; Sun et al. 2007).

Abiotic hydrolysis is the most important reaction for initiating the environmen-
tal degradation of synthetic polymers (Gopferich 1997) such as PE (Gu 2003), PTT
(Heidary and Gordon 1994), PLA, and their copolymers (Hiltunen et al. 1997,
Nakayama et al. 1996). The degradation of most synthetic plastics in nature is
slower than that of natural polyesters. This process involves environmental factors,
followed by the action of microorganisms in their surroundings (Albertsson et al.
1994; Cruz-Pinto et al. 1994).

PLA is fully biodegradable under the composting condition in a large-scale
operation with temperatures of 60°C and above (Pranamuda and Tokiwa 1999).
PBS is hydro-biodegradable and begins to biodegrade via a hydrolysis mechanism.
Hydrolysis occurs at the ester linkages, which reduce the polymer molecular
weights, allowing for further degradation by many more microorganisms (Aamer
et al. 2008). Biodegradation of PE occurs via two mechanisms: hydro-biodegradation
and oxo-biodegradation (Bonhomme et al. 2003).

4.4 Structural and Property Modification

Bacterial plastics have some weaknesses that need to be addressed. Modification of
their structures can normally bring about the expected results. Chemical and physical
modifications are commonly adopted to improve their properties (Table 3).



Introduction of Bacterial Plastics PHA, PLA, PBS, PE, PTT, and PPP

(0007) 19899H pue
UPDIN (9 00T)
Te 39 11 “(0002)

Ansnpur ATejI[Iuu 9y} ul SIase|

J[Ioneg pue UOSHIA J1owAjod pue soporp Sumrue-1ysry QUON BJEP QATIR[AI ON ddd

(1002) Te 1 SOSSAUIRY M ‘SI0JOUUOD (1002) ‘T8 312 I[N “(L661) ADUID]IP

yenyD ‘($007) ‘T8 10 o1u0md[R ‘sonsejdowrioy) ‘Te 30 e1e3eN ‘(S661) T8 10 sndoziyy <4231 snjpsiadsy
uay) ‘(Z007) ‘T ¥e Suex  Sumeduiue ‘swifly ‘so[nxa) ‘raquy jodie)  NIM (086]) QuIAg pue Jueny L4219DqOAYIL Y “WNi0dSoydLL ] L1d

Sooq (1002) T& 10

[1o 10jow ‘sadid oFeureip pue eIopouQ-epewex ‘(+007) SIA winupss1o1]dudls wnjoruag

(8002) Te 10 uone3Lur ‘sko) ‘wyyy Jurdeyoed pooy ‘T8 39 ue[in “(9007) ‘T8 10 £42qQqna SN22020poyy
WY ‘(G961) I8 12 BUOA ‘$9[110q Iojem pue 1w ‘sSeq dnNse[d ueAlS ‘(6007) ‘T 30 pepeHq (S1SUD]21540q SNJJ1ODqLAdLY ad

(9007) Suep S[eLI)eWw SUDLOAOPIID

pue 997 “(L007) ‘T8 1R [BOIPAW ‘S[eLI)eW Wl [eIN)[noLIde SPUOWDULOY) $1422IN]S
eneyq (6007) ‘[e 1w nry ‘S19q1J ‘QIBMUSIP ‘S[eLIdjeW SuISeyorq (6661) Te 12 BANSBY]  SDUOWIOPNISY S1PIIDJ S2U2S1DIY sqad

s3eq jsodwroo (6861) Te 12

(9002) PUE ‘SWIY Yo[nW ‘SI9ZI[NIS) pue prezmyng “(6661) ‘18 10 Aouiajop

suondQ [ear3oj0og sopronsad 10J SwaIsAs asea[al eHWOL, “(6661) BMD[OL, pue sndoziyy ‘s142.1q snjjong

pue JIuou0dyq paurelsns apnjour syoyIew a[qrssod epnuweueld (L66]1) Te 10 ¢ds sisdojpjookury ‘110fonbou
-3urpoAoar sonse[q 190 ‘s3uneod 1oded pue Juideyoed  epnweueld (9661) [B 10 SQLIOL,  WNIIOIUD ‘DULIOfIJIUOW WNLIDSTL] vV1d

SIOLLIED JSBI[I SNIP P[[0NUOD wind11nqo12ov WNIPLISO])

10} pue Sp[OjJeds SurreauIsua SWNUINI0q WNIpLIISo])

anss1) 10 [eLIdjew e sk ‘sponpoid (1002) ssupaauikjodapoutiay |

Qua13Ay reuosiad sqesodsip pue ‘I8 32 proZ-noqy ‘(+007) 011212321408

(L00?) 'Te 1 diiyg S901AQP [edIpaw ‘suoneordde ‘Te 30 uowoy (L661) ‘T8 10 (S1DIID[ SAUISDIIY
‘(9 ‘eCO0T7) nA\ pue usy) [eImnouISe ‘sferiojew Juideyoed BIY (CH61) ‘T8 19 ossoIpuaf $10uS10U12] SDUOWOPNIS] VHd
SQJUAIRJOY suoneorddy SQOUAIRJY 9peI3opoIq 0) SWSTURIIOOIIIA sonserd
suoneorddy AnqqepeiSeporg  [BHRI0RY

sonserd [eue)oeq jo suoneorjdde owos pue sonseld [e11910eq ) 9peISIp 01 pajtodar sWSIUBSIOOIIN T dqeL



yoreys onserdworoyy g4 ‘(oprxo aualAyio)Ajod 074 ‘(duoroejordes-2)Kjod 7H4

(9661) Te 32 Sueny

“(L661) 'Te 12 sprempg “(L661)

Joaueres (Q9661) Te 1
uos1adng ‘(8961 ) Te 10 uosidng

G.-Q. Chen

(S002) Te W HeAR “(S00T)

Te 30 treger “(6007) Joydedng
pue ueydinryf (L00T) Te 10
uny “(Z007) Yy pue reypeN

(9002) e
ued ‘($00¢) Suex pue Suoyyz
(9 ®8000) T8 R I'T
“(L00T) 'Te 10 eperey
(€002 'Te 10 BNIQ)
(8002) 'Te 10 Jowey

(L002) M181eD

(L00T) T8 12 onT “(9007)
Te 39 BISIAL “(0002) ‘e 10
weyeIn “(0002) e 32 B[[PAY

(10zeqIed [Auta-p)Ajod 1owkjodod
Sumrnuo-onjq—je[o1a oy} Surpuorg
s1owose[d onsejdowriay) pue
‘srowkjod onsejdoway) SuLoouidud
snoydiowe ‘srowAjod onsejdourioy)
Sureour3ua auryeIsA1o Jurpnjour
‘sterIojewr 2ouewIojrad-ysiy
dojoaap 03 s19)sak[od yitm papuag

144 pue ‘@reuoqredLjod ‘yoress

se yons ‘senadoid [eorueyoow pue

Kyutp[eisAIo st Ajrpowr 0} pappe
sonse[d SureauiSus pue 9[qepeidoporg

srowAjodod

edipe pue (S4.L) yorels ‘urajord

‘0dd ‘V71d se yons ‘spunodwod pue
$19)s9A10d 1930 Y)IM PIpUR[q A[[BIQUD)

QrenIo [AyioLn

pue ‘[031q10s ‘[0IdIA[S sk yons

s1ozronserd 1ySrom Ie[nod[ow Mo[
pue ‘s19)sak[od 1910 ‘YoIes Yim pua[g

Jeydsoyd winioresin pue ssejsolq

se yons ‘soponaed orue3iour ym
UA? ‘“YHJ JO sedA) aouarajjip pue
“10d ‘V'1d ‘S19qy [eImIeU yiim Spudg

(0002)

Te 19 BAOYUSAES “(S661)

nx pue oeq ‘(661) e 10
Surr “(7661) ‘Te 19 IPAAIEYD)

(2002) nO
(9002) "Te 10 1M “(L00T)
“Te 39 udyD “(9007) ‘I8 12 09§

(8661) "Te 10 owres[eq

(#002) 'Te 32 ung “(+007)
D{smazselAje]\ pue anouy

(100T ‘P *2‘Q0002)

“Te 30 ulf ((€007) ‘e 10 uimIeq

(5002)
“Te 30 yoardsod ‘(£007)
e 39 uayD “(€00T) ‘T8 19 uodf

(L00?) 19YoNqUING pue
Bied “(L002) T8 19 4o
‘(€002) T8 19 17 *(8002)

e 19 np “(6002) T8 19 WdYD

squa[Auayd paymnsqnsun

pUE ‘SPIOE JTU0IOQ QUIZUIGOWOI]q

paymnsqnsun ‘uajAuayd paymnsqnsun

ynm 1owkjodod wopuer ay) ‘ordwrexe
10§ ‘uvonmmnsqns [ented yym srowkjodo)

sjun [09K[3
QUIIAYIQ puUE ‘PIOB J10ZUAqAX03d-d
‘arereyydost Qua[AyiowiLy ‘pIoe J198qIS
se yons ‘sproe ordipe 1oyjo jo uonetodioouy
(euojorjoirdes-3)Ajod
-g-qd-q-ou1k)sKjod pue rowkjodod
0dd-q-dd st yons ‘9[quuasse-j[9s pue
9[qepeI3apolq FJ Yew auoqyorq
qd ot syuaw3as rejod jo uonesodioouy
s1owA[0dod }001q (Seurddns AuIAINg-4
‘1-00-9pereyiydare)
Qua[AyI9)Atod se yons ‘sonrodoid sy
aao1dwir 01 pasn u22q sey uonezuRwAjodo)

srowAjodod

Jo0[qn[AW pue O0[qL) Y0[qIp
apnpour srowk[odod }00[q paseq-y1d

VHd

1) Jo UOMBZI[RUOTIOUN] PIOR JT[AX0GIED

pue [Ax0IpAy pue ‘uoneprxoda

‘SUDUI[-SSOIO ‘UOTJBULIONYD ‘SUOT)ORAT
Sunyess pue uonezuowAiodos yoorg

ddd

LLd

dd

sdd

VI1d

VHd

RERIEYEIEN|

UONBIIPOW [BIISAYJ

RERIEYCIEN|

UONBIIPOW [BITWAYD)

uonedyyipow Ayredoid pue [einjonng

sonserd
[eudloRg

sonserd [erajoeq oy jo uonesyipow Auradord pue [eimponng ¢ Aqel,



Introduction of Bacterial Plastics PHA, PLA, PBS, PE, PTT, and PPP 9
4.4.1 Chemical Modification

A number of studies were made to produce structural alterations along the chain of
bacterial plastics to improve the properties, among which copolymerization has
been of primary interest (Aamer et al. 2008; Baki and Steinbiichel 2007; Hossein
et al. 2008; Grimsdale and Miillen 2006; Table 3).

PHA chemical modification can be done via block copolymerization and grafting
reactions, chlorination, cross-linking, epoxidation, hydroxyl and carboxylic acid
functionalization, etc. (Chen et al. 2009; Wu et al. 2008; Li et al. 2003; Loh
et al. 2007). A common approach to confer toughness to PLA is the use of a
flexible monomer or macromolecules for copolymerization with lactide to form
PLA-based random or block copolymers. Reported PLA-based block copolymers
include diblock, triblock, and multiblock copolymers, such as poly(L-lactic acid)
(PLLA)—polycaprolactone (Jeon et al. 2003), poly(ethylene glycol)-PLLA
(Chen et al. 2003), poly(trimethylene carbonate)-PLLA (Tohru et al. 2003), and
PLA-PBS-PLA.

PBS is one of the members of the family of biodegradable aliphatic polyesters.
A number of copolymerization attempts have been made to improve its properties
(Darwin et al. 2003; Jin et al. 2000b, c, d, 2001). For example, Jin et al. (2000b, c)
introduced phenyl units into the side chain of PBS, leading to better biodegradabil-
ity of the copolyesters. Jung et al. (1999) successfully synthesized new PBS copo-
lyesters containing alicyclic 1,4-cyclohexanedimethanol.

Wilt et al. (1994a, b) copolymerized terephthalic acid with aliphatic diols and
diacids. Incorporation of trimethylene isophthalate (Seo et al. 2006), p-cetoxyben-
zoic acid (Ou 2002), and ethylene glycol (Chen et al. 2007; Wei et al. 2006) into
the macromolecular structure of PTT improved the mechanical or thermal perfor-
mances of PTT.

One way to modify PPP is to prepare copolymers with only partial substitution.
Jing et al. (1994) prepared a random copolymer (Chaturvedi et al. 1992) with 33%
of unsubstituted phenylene units by copolymerization of the substituted and unsub-
stituted bromobenzene boronic acids. Copolymers (Tanigaki et al. 1996) with
alternating substituted and unsubstituted phenylenes were obtained by Stille (Bao
and Yu 1995; Savenkova et al. 2000) or Suzuki coupling, both resulting in reduction
of brittleness of PPP.

4.4.2 Physical Modification

The advantage of blending bacterial plastics with other polymers is to offset the
relatively high cost and to further improve the physical properties, tailoring the
plastic to a specific performance—cost profile (Table 3).

Blending PHA with high or low molecular weight molecules helps improve their
material properties. It also helps to reduce production costs (Savenkova et al. 2000).
PHA blended with natural fibers were found to have some improvements in their
mechanical properties (Avella et al. 2000; Urakami et al. 2000). PHA composites
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containing inorganic phases help enhance the mechanical properties of PHA, affect-
ing the degradation rate and bioactivity (Misra et al. 2006). PLA is often blended
with starch to increase biodegradability and to reduce costs. However, the brittleness
of the starch—PLA blend is a major drawback in many applications. To remedy this
limitation, a number of low molecular weight plasticizers, including glycerol, sorbitol,
and triethyl citrate, have been used (Cargill 2007). PBS is generally blended with
other compounds, such as starch (themoplastic starch) and adipate copolymers [to
form poly(butylene succinate-co-butylene adipate)], to make its use economical.
PBS has excellent mechanical properties and can be applied in a range of end appli-
cations via conventional melt processing techniques (Aamer et al. 2008).

Readily biodegradable compounds such as starch are added to a PE matrix to
enhance the degradation of the carbon—carbon backbone of PE (Griffin 1977, Pan
et al. 2006). The biodegradability of starch—PE blends and chemically modified
samples of blends has been investigated (Johnson et al. 1993; Bikiaris et al.
1998). Similar to PE, PTT that are blended with polyesters to develop high-
performance materials chiefly include crystalline engineering thermoplastic
polymers (ETPs), amorphous ETPs, and thermoplastic elastomers (Nadkarni and
Rath 2002; Run et al. 2007; Krutphan and Supaphol 2005; Jafari et al. 2005;
Yavari et al. 2005). Also, blending is a useful method for tuning the emission from
substituted PPP. Salaneck and coworkers found that blending a violet-blue-emitting
copolymer with a blue—green emitter (Birgerson et al. 1996a, b; Salaneck 1997).
Edwards et al. (1997) reported that blending with poly(N-vinyl carbazole) pro-
duced a redshift in the emission wavelength, with the maximum moving (Huang
et al. 1996).

4.5 Applications

Global interest in bacterial plastics is very high because of their uses as packaging
materials (Chen 2009), in medical devices (Chen and Wu 2005b), in disposable
personal hygiene products, and as agricultural mulching films as a substitute for
synthetic polymers such as PP and PE (Ojumu et al. 2004; Lee 1996; Table 2). PHA
have been exploited as bioplastics, fine chemicals, implant biomaterials, medicines,
biofuels, and even for improving the robustness of industrial microorganisms and
regulating bacterial metabolism (Chen 2009; Takaku et al. 2006). The applications
for PLA are mainly as thermoformed products such as drink cups, take-away food
trays, containers, and planter boxes. The PLA material has good rigidity, allowing
it to partially replace polystyrene and PET in some applications. Applications
include mulch film, packaging film, bags, and ‘flushable’ hygiene products (Aamer
et al. 2008).

PTT has been targeted for use as carpet fibers. Its combination of stain resistance
and resilience with basic polyester features extends its use to other markets, includ-
ing textiles, films, and now engineering thermoplastics (Chuah 2004; Chen et al.
2004). Bio-PE will mainly penetrate the existing petro-PE market for use as plastic
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bags, milk and water bottles, food packaging film, toys, irrigation and drainage
pipes, and motor oil bottles (Aamer et al. 2008).

PPP is one of the most important classes of conjugated polymers and has been
the subject of extensive research, particularly as active materials for light-emitting
diodes (Mitschke and Béauerle 2000; Li et al. 2008a, b) and polymer lasers
(McGehee and Heeger 2000).

5 Conclusion and Future Perspectives

The marketing potential for PHA, PLA, PBS, PE, PTT, and PPP and possibly others
that come from reactions involving bacteria is getting more and more mature.
Throughout this book, you will learn many more details about their production and
applications. In the future, cost and effectiveness will also be a very important factor
deciding the marketing success of these plastics.

Blending of the above-mentioned bacterial plastics 1:1 or 1:2 may bring
about more improvements in their properties. Involvement of starch or cellulose
that can bring down the cost of the bacterial plastics should be an area to which
attention should be paid. The rapid expansion of PLA applications has shown
how important cost is for the success of a bio-based polymer. In the end, it is not
easy to convince customers to pay more for environmental reasons if they have a
cheaper choice.
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Abstract Polyhydroxyalkanoates (PHA) produced by many bacteria have been
investigated by microbiologists, molecular biologists, biochemists, chemical
engineers, chemists, polymer experts, and medical researchers over the past many
years. Applications of PHA as bioplastics, fine chemicals, implant biomaterials,
medicines, and biofuels have been developed. Companies have been established or
involved in PHA-related R&D as well as large-scale production. PHA synthesis has
been found to improve the robustness of non-PHA-producing microorganisms and
to regulate bacterial metabolism, leading to yield improvement for some bacterial
fermentation products. In addition, amphiphilic proteins related to PHA synthesis
including PhaP, PhaZ, and PhaC have been found to be useful for achieving protein
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purification and even specific drug targeting. It has become clear that PHA and its
related technologies are forming an industrial value chain ranging from fermentation,
materials, and energy to medical fields.

1 Introduction

Polyhydroxyalkanoates (PHA), a family of biopolyesters with diverse structures,
are the only bioplastics completely synthesized by microorganisms. PHA can be
synthesized by over 30% of soil-inhabiting bacteria (Wu et al. 2000). Many bacteria
in activated sludge, in high seas, and in extreme environments are also capable of
making PHA. In the last 10 years, PHA have been developed rapidly to find applications
in various fields (Fig. 1) (Chen 2009a).

PHA have rich properties depending on the structures (Figs. 2, 3). Homopolymers,
random copolymers, and block copolymers of PHA can be produced depending on the
bacterial species and growth conditions. With over 150 different PHA monomers
being reported, PHA with flexible thermal and mechanical properties have been
developed (He et al. 1999). Such diversity has allowed the development of various
applications, including environmentally friendly biodegradable plastics for packaging
purposes, fibers, biodegradable and biocompatible implants, and controlled drug

. w_'ﬂ? -

Fig. 1 Applications of polyhydroxyalkanoates (PHA) in various fields (Chen 2009a)
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What is Polyhydroxyalkanoates (PHA)?

n PHA has 150 monomers reported

& ———1 PHAGranules

3HB 3HV 3HHx 3HO 3HD 3HDD

Medium-chain length

Short chain PHA PHA

Common PHA monomers

Fig. 2 Common PHA monomer structures. Short-chain-length monomers: 3-hydroxybutyrate
(3HB), 3-hydroxyvalerate (3HV). Medium-chain-length monomers: 3-hydroxyhexanoate (3HHx),
3-hydroxyoctanoate (3HO), 3-hydroxydecanoate (3HD), 3-hydroxydodecanoate (3HDD)

Properties of PHA
(e Thermoplastics
N e Biodegradable
F -« - * Biocompatible
r- 4 ¢ Piezoelectrical
¢ Brittle to elastic

e Can have functional groups
e Mw 20,000 to 30 millions D
e Chiral monomers

e Can be molecularly designed
¢ Non-linear optically active

e Hydrophobic

\_* Gas not permeable

Fig. 3 Common properties of PHA

release carriers (Chen 2009a), PHA monomers can also be used to develop biofuels,
drugs, or chiral intermediates. Oligomers of PHA were reported to be nutrients for
animals (Tasaki et al. 1999).
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Owing to these developments, microbial PHA has formed an industrial value
chain ranging from industrial fermentation, materials, medicine, and biofuels to
fine chemicals. More and more applications are the subject of intensive research.
Globally, more than 20 companies have been established to commercialize these
developments (Chen 2009a; Fig. 1).

In this chapter, we will discuss the above-mentioned aspects of PHA.

2 Biosynthesis of PHA

PHA can be synthesized either by chemical means or by biological approaches
(Kemnitzer et al. 1993; He et al. 1999). Biosynthesis of PHA leads to much a higher
molecular weight compared with that achieved with chemical methods. However,
biosynthesis of PHA does not allow much control over the monomer structures in
the PHA polymers; the specificity of PHA polymerase (or PHA synthase) will
influence the monomers incorporated into the polymers (Chen et al. 2004). Since
biosynthesis of PHA is conducted by microorganisms grown in an aqueous solution
containing sustainable resources such as starch, glucose, sucrose, fatty acids, and even
nutrients in waste water under 30-37 °C and atmosphere pressure, it is considered
as more environmentally friendly and sustainable, especially when petroleum as a
nonsustainable resource is being depleted quickly, and plastics or fuels based on
petroleum show the same trend.

2.1 Biochemistry and Molecular Biology of PHA Synthesis

PHA biosynthesis has been well studied over the past many years. Acetyl-CoA is
the key component to supply the 3-hydroxyalkanoyl-CoA of different lengths as
substrates for PHA synthases of various specificities (Fig. 4, Table 1). In addition,
3-hydroxyalkanoyl-CoA can also be supplied from -oxidation of fatty acids of
different chain lengths (Fig. 4). Many genes encoding various enzymes are directly
or indirectly involved in PHA synthesis (Table 1).

So far, biosynthesis of PHA can be summarized in eight pathways (Fig. 4, Table 1).
The first pathway involves the three key enzymes [-ketothiolase, NADPH-dependent
acetoacetyl-CoA reductase, and PHA synthase encoded by genes phaA, phaB,
and phaC, respectively. Ralstonia eutropha is the representative of this pathway.
An associated pathway involving PHA degradation catalyzed by PHA depolymerase,
dimer hydrolase, 3-hydroxybutyrate dehydrogenase, and acetoacetyl-CoA synthase helps
regulate PHA synthesis and degradation. The associated pathway was found in strains
of Aeromonas hydrophila, Pseudomonas stutzeri, R. eutropha, and Pseudomonas
oleovorans (Sudesh et al. 2000).
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The second PHA synthesis pathway (pathway II) is related to fatty acid
uptake by microorganisms. After fatty acid -oxidation, acyl-CoA enters the PHA
monomer synthesis process. Enzymes including 3-ketoacyl-CoA reductase,
epimerase, (R)-enoyl-CoA hydratase/enoyl-CoA hydratase I, acyl-CoA oxidase
(putative), and enoyl-CoA hydratase I (putative) were found to be involved in
supplying the PHA precursor 3-hydroxyacyl-CoA for PHA synthesis. Pseudomonas
putida, Pesudomonas aeruginosa, and A. hydrophila are able to use pathway II to
synthesize medium-chain-length (mcl) PHA or copolymers of (R)-3-hydroxybutyrate
(R3HB) and (R)-3-hydroxyhexanoate (PHBHHX).

Pathway III involves 3-hydroxyacyl-ACP-CoA transferase (PhaG) and malonyl-
CoA-ACP transacylase (FabD), which help supply 3-hydroxyacyl-ACP to form
PHA monomer 3-hydroxyacyl-CoA, leading to PHA formation under the action of
PHA synthase (Sudesh et al. 2000; Zheng et al. 2005; Taguchi et al. 1999).

Pathway IV uses NADH-dependent acetoacetyl-CoA reductase to oxidize (S)-
(+)-3-hydroxybutyryl-CoA. A high ratio of NADPH to NADP+ could enhance the
delivery of the reductant to nitrogenase in Rhizobium (Cicer) sp. strain CC 1192
(Chohan and Copeland 1998). This could also favor the reduction of acetoacetyl-
CoA for poly[(R)-3-hydroxybutyrate] (PHB) synthesis.

Pathway V uses succinic semialdehyde dehydrogenase (SucD), 4-hydroxybutyrate
dehydrogenase (4hbD), and 4-hydroxybutyrate-CoA:CoA transferase (OrfZ) to
synthesize 4-hydroxybutyryl-CoA for forming 4-hydroxybutyrate-containing PHA.
Pathway V was reported in Clostridium kluyveri (Valentin and Dennis 1997).

Pathway VI employs putative lactonase and hydroxyacyl-CoA synthase to turn
4,5-alkanolactone into 4,5-hydroxyacyl-CoA for PHA synthesis (Valentin and
Steinbiichel 1995). Pathway VII is based on the putative alcohol dehydrogenase
found in A. hydrophila 4AK4. In pathway VII, 1,4-butanediol is oxidized to
4-hydroxybutyrate, then to 4-hydroxybutyryl-CoA for 4-hydroxybutyrate-
containing PHA synthesis (Xie and Chen 2008). Pathway VIII turns 6-hydroxy-
hexanoate into 6-hydroxyhexanoate-containing PHA under the actions of eight
enzymes (Table 1).

2.2 Prokaryotic PHA

Most PHA have been produced by prokaryotic microorganisms, including bacteria
and archaea, although transgenic plants were reported to produce PHA (see
Poirier and Brumbley 2009). Still, oligomers of PHA were reported to be
discovered in eukaryotes, including many tissues and blood of human and animals
(Reusch 1989). The functions of prokaryotic PHA were found to be related to
carbon and energy storage as well as enhanced survival under environmental
stress conditions (Castro-Sowinski et al. 2009). We humans exploit the fast
growth of prokaryotes for our benefit to mass-produce PHA for applications
as both bioplastics and biofuels. So far, all applications related to PHA are
prokaryotic ones.
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2.2.1 Homopolymer PHA

PHB was the first homopolymer PHA to be discovered. There have been very few
studies related to other non-PHB homopolymers, including poly(4-hydroxybu-
tyrate) (PAHB) (Steinbiichel et al. 1994), poly[(R)-3-hydroxyvalerate)] (PHV)
(Steinbiichel and Schmack, 1995), poly[(R)-3-hydroxy-co-(R)-5-phenylvaleric
acid] (Anderson et al. 1990), poly[(R)-3-hydroxyhexanoate] (Anderson et al. 1990),
poly[(R)-3-hydroxyheptanoate] (Anderson et al. 1990; Chung et al. 1999; Wang
and Chen 2009), poly[(R)-3-hydroxyoctanoate] (PHO) (Anderson et al. 1990), and
poly[(R)-3-hydroxynonanoate] (Anderson et al. 1990; Chung et al. 1999). Many of these
have not yet been fully characterized. Recently, the author’s laboratory succeeded in
producing poly[(R)-3-hydroxyundecanoate] and poly[(R)-3-hydroxydecanoate]
(unpublished results). PHA homopolymers ranging from four to ten carbon
atoms in length (or called C,~C,; PHA homopolymers) have been produced. More
homopolymers should be developed in the future.

Among these homopolymers, PHV can form solution-grown single crystals with
a unique crystal and lamellar structure; this is very attractive for crystallography
studies (Iwata and Doi 2000).

2.2.2 Copolymer PHA

In most cases, bacteria produce PHB. Also in many cases, short-chain-length
(scl) PHA copolymers are synthesized consisting of C, and C,, including poly[(R)-
3-hydroxypropionate-co-(R)-3-hydroxybutyrate] (Shimamura et al. 1994),
poly[(R)-3-hydroxybutyrate-co-4-hydroxybutyrate] (Saito et al. 1996), poly[(R)-3-
hydroxybutyrate-co-(R)-3-hydroxyvalerate] (PHBV) (Alderete et al. 1993), and
poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyvalerate-co-4-hydroxybutyrate]
(Zhao and Chen 2007). Many Pseudomonas spp. are able to accumulate mcl PHA
copolymers containing C~C,, monomers. Typical mcl PHA are poly[(R)-3-hy-
droxyhexanoate-co-(R)-3-hydroxyoctanoate-co-(R)-3-hydroxydecanoate] and
poly[(R)-3-hydroxyhexanoate-co-(R)-3-hydroxyl-octanoate-co-(R)-3-hydroxyde-
canoate-(R)-3-hydroxydodecanoate](Lageveen et al. 1988). Recently, the author’s
laboratory succeeded in producing poly[(R)-3-hydroxydecanoate-(R)-3-hydroxy-
dodecanoate)] (unpublished results).

Copolymers of scl and mcl PHA possess useful and flexible mechanical proper-
ties; they are the preferred materials for application development. A successful
example is the PHBHHXx that was produced on an industrial scale (Chen 2009b).
US-based Procter & Gamble has trademarked scl and mcl PHA copolymers of C
and C—C , as Nodax™ (Noda et al. 2009).

4

2.2.3 Block Copolymer PHA

Pederson et al. (2006) synthesized PHA-containing block copolymers in Cupriavidus
necator (also called R. eutropha) using periodic substrate addition. PHB segments
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were formed during fructose utilization. Pulse feeds of pentanoic acid resulted in
the synthesis of (R)-3-hydroxyvalerate (3HV) monomers, forming PHBV random
copolymer. A combination of characterization techniques applied to the polymer
batches strongly suggests the presence of block copolymers. Analysis of thermody-
namically stable polymer samples obtained by fractionation by differential scan-
ning calorimetry and nuclear magnetic resonance spectroscopy indicates that
approximately 30% of the total polymer sample exhibits melting characteristics and
nearest-neighbor statistics indicative of block copolymers. Rheology experiments
indicate additional mesophase transitions only found in block copolymer materials.
In addition, dynamic mechanical analysis shows extension of the rubbery plateaus
in block copolymer samples, and uniaxial extension tests result in differences in
mechanical properties (modulus and elongation at failure) expected of similarly
prepared block copolymer and single polymer type materials.

McChalicher and Srienc (2007) showed that films consisting of block copoly-
mers retained more elasticity over time with respect to films of similar random
copolymers of comparable composition. Two PHBV films containing either 8 or
29% 3HV exhibited a quick transition to brittle behavior, decreasing to less than
20% elongation at fracture within a few days after annealing. Conversely, the block
copolymer samples had higher than 100% elongation at fracture a full 3 months
after annealing. Because block copolymers covalently link polymers that would
otherwise form thermodynamically separate phases, the rates and degrees of crys-
tallization of the block copolymers are less than those of the random copolymer
samples. These differences translate into materials that extend the property space
of biologically synthesized scl PHA.

Wu et al (2008) succeeded in producing PHB—poly(D,L-lactide) (PLA)—poly
(e-caprolactone) triblock copolymers using a low molecular weight methyl-PHB
oligomer precursor as the macroinitiator through ring-opening polymerization with
D,L-lactide and e-caprolactone. The triblock copolymers exhibited flexible properties
with good biocompatibility.

2.3 Eukaryotic PHA

PHB has been found to be a ubiquitous component of the cellular membranes of
plants and animals (Reusch et al. 1992). The investigation of PHB distribution in
human plasma using chemical and immunological methods found that PHB con-
centrations were highly variable: total plasma PHB ranged from 0.60 to 18.2 mg 17!,
with a mean of 3.5 mg 17!, in a random group of 24 blood donors.

In plasma separated by density-gradient ultracentrifugation, lipoproteins consti-
tuted 20-30% of total plasma PHB, 6-14% was very low density lipoproteins
(VLDL), 8-16% was low-density lipoproteins (LDL), and less than 3% was high
density lipoproteins (HDL; Reusch et al. 1992). The majority of plasma PHB
(70-80%) was found in protein fractions of density greater than 1.22 gml.
Western blot analysis of the high-density fractions with anti-PHB F(ab’)2 identified
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albumin as the major PHB-binding protein. The affinity of albumin for PHB was
confirmed by in vitro studies which demonstrated transfer of “C-PHB from chlo-
roform into aqueous solutions of human and bovine serum albumins. PHB was less
tightly bound to LDL than to other plasma components; the polymer could be iso-
lated from LDL by extraction with chloroform, or by digestion with alkaline
hypochlorite, but it could not similarly be recovered from VLDL or albumin.
The wide concentration range of PHB in plasma, its presence in VLDL and LDL
and its absence in HDL, coupled with its physical properties suggest it may have
important physiological effects.

PHB of 130-170 monomer units is usually associated with other macromole-
cules by multiple coordinate bonds, or by hydrogen bonding and hydrophobic
interactions (Reusch 1992). This conserved PHB has been isolated from the plasma
membranes of bacteria, from a variety of plant tissues, and from the plasma mem-
branes, mitochondria, and microsomes of animal cells.

PHB synthesis using genetic engineering approaches was reported in some
plants, including switchgrass (Somleva et al. 2008), sugarcane (Purnell et al.
2007), sugar beet (Menzel et al. 2003), tobacco (Lossl et al. 2005), flax
(Wrobel et al. 2004), Arabidopsis thaliana (Kourtz et al. 2005), rape, and corn
(Poirier 2002).

3 Microbial Synthesis of PHA Monomers

Various enantiomerically pure (R)-3-hydroxyalkanoic acids (RHA) can be conve-
niently prepared by depolymerizing the biosynthesized PHA. De Roo et al. (2002)
produced the chiral RHA and RHA methyl esters via hydrolytic degradation of
PHA synthesized by pseudomonads. They first hydrolyzed the recovered PHA by
acid methanolysis and then distilled the RHA methyl ester mixture into several
fractions. Subsequently, the RHA methyl esters were saponified to yield the cor-
responding RHA with final yields of the RHA up to 92.8% (w/w).

3.1 PHA Monomers Produced by Microorganisms

Lee et al. (1999) demonstrated that R3HB could be efficiently produced via in vivo
depolymerization by providing the appropriate environmental conditions. In their
study with the strain Alcaligenes latus, they found that lowering the pH to 3—4 induced
the highest activity of intracellular PHB depolymerase and blocked the reutilization of
R3HB by the cells. Ren et al. (2005) suspended PHA-containing P. putida cells in
phosphate buffer at different pH. When the pH was 11, the degradation and monomer
release was the best. Under this condition, (R)-3-hydroxyoctanoic acid and (R)-3-
hydroxyhexanoic acid were degraded with an efficiency of over 90% (w/w) in 9 h.
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To produce extracellular chiral (R)-3-hydroxyacyl acids (3HA) by fermentation,
a novel pathway was constructed by expressing tesB gene encoding thioesterase II
into P. putida KTOYO1, which was a PHA synthesis operon knockout mutant.
A 0.35 gl! 3HA mixture consisting of (R)-3-hydroxyhexanoate (3HHx), (R)-3-
hydroxyoctanoate, (R)-3-hydroxydecanoate (3HD), and (R)-3-hydroxydodecanoate
(3HDD) was produced in shake-flask study using dodecanoate as the sole carbon
source. Additional knockout of fadA and fadB genes encoding (R)-3-ketoacyl-CoA
thiolase and (R)-3-hydroxyacyl-CoA dehydrogenase in P. putida KTOYOI led to
the weakening of the B-oxidation pathway. The fadBA and PHA synthesis operon
knockout mutant P. putida KTOY07 expressing fesB gene produced 2.44 g1~ 3HA,
significantly more than that of the B-oxidation intact mutant. The 3HA mixture
contained 90% 3HDD as a dominant component. A fed-batch fermentation process
carried out in a 6-1 automatic fermentor produced 7.27 gl extracellular 3HA con-
taining 96 mol% fraction of 3HDD after 28 h of growth. For the first time it became
possible to produce 3HDD-dominant 3HA monomers (Chung et al. 2009).

3.2 The Application of PHA Monomers
Jor Synthesis of Other Polyesters

Finally, the diverse PHA monomers are a rich pool for novel polymer synthesis
(Taguchi et al. 2008; Rieth et al. 2002). Copolymerization of PHA monomers with
commercially available polymer monomers will generate limitless new copolymers.
This is an area that has not yet started to attract attention, possibly owing to the high
cost of PHA monomer production. However, copolymer of lactide and 3-hydroxy-
butyrate (3HB) has recently been reported, signifying the start of the PHA monomer-
based new polymer era.

4 Application of PHA

4.1 PHA as Packaging Materials

PHA were initially used to make everyday articles such as shampoo bottles and
packaging materials by Wella (Germany) (Weiner 1997). PHA were also developed
as packaging films mainly for uses as shopping bags, containers and paper coatings,
disposable items such as razors, utensils, diapers, feminine hygiene products, cos-
metic containers, and cups as well as medical surgical garments, upholstery, carpet,
packaging, compostable bags and lids, or tubs for thermoformed articles by Proctor
& Gamble, Biomers, Metabolix, and several other companies (Clarinval and
Halleux 2005; Mikova and Chodak 2006).

PHB fibers with high tensile strength were prepared by stretching the fibers after
isothermal crystallization near the glass-transition temperature (Tanaka et al. 2007).
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Increasing the time for isothermal crystallization of PHB fibers resulted in a
decrease in the maximum draw ratio. Yet the tensile strength of PHA fibers
increased remarkably when the isothermal crystallization time was prolonged to
more than 24 h. The tensile strength of low molecular weight drawn fibers was
higher than that of high molecular weight fibers. PHB fibers stretched after isother-
mal crystallization had the oriented a-form crystal with the 2(1) helix conformation
and the B-form with the planar zigzag conformation.

Vogel et al. (2007) attempted to use reactive extrusion with peroxide as a com-
fortable pathway for improvement of the crystallization of PHB in a melt spinning
process. They succeeded in improving the crystallization in the spinline and of the
inhibition of the secondary crystallization in the fibers. Those processes overcame
the brittleness of PHA and created very strong fibers with promising applications.

4.2 PHA as Biomedical Implant Materials

Only several PHA, including PHB, PHBV, PAHB, PHBHHX, and PHO, are available
in sufficient quantities for application research (Hrabak 1992; Byrom 1992; Chen et al.
2001). This is why most of the application research, including tissue engineering
and controlled drug release, is based on the above-mentioned PHA.

Over the past 20 years, PHA and its composites have been used to develope
devices including sutures, suture fasteners, meniscus repair devices, rivets, tacks,
staples, screws (including interference screws), bone plates and bone plating
systems, surgical mesh, repair patches, slings, cardiovascular patches, orthopedic
pins (including bone filling augmentation material), adhesion barriers (Dai et al.
2009), stents, guided tissue repair/regeneration devices, articular cartilage repair
devices (Wang et al. 2008a, b), nerve guides (Bian et al. 2009), tendon repair
devices, atrial septal defect repair devices, pericardial patches, bulking and filling
agents, vein valves, bone marrow scaffolds, meniscus regeneration devices, ligament
and tendon grafts, ocular cell implants, spinal fusion cages, skin substitutes, dural
substitutes, bone graft substitutes, bone dowels, wound dressings, and hemostats (Chen
and Wu 2005). The changing PHA compositions also allow favorable mechanical
properties, biocompatibility, and degradation times within desirable time frames
under specific physiological conditions (Abe et al. 1995; Chen and Wu 2005).

In another study (Cheng et al. 2006a) it was shown that 3HB (0.02 gml™") promoted
cell proliferation in cultured 1929 cells plated at high cell density (1x 103cells/
well) but not at lower cell densities. Although 3HB did not affect cell cycle progres-
sion, it significantly inhibited cell death. 3HB treatment prevented necrosis, reducing
cell membrane permeability 4 h following serum withdrawal from the medium, and
for all subsequent time points. 3HB that promotes proliferation of L929 cells in
high-density cultures by preventing apoptotic and necrotic cell death makes biode-
gradable polymers containing hydroxybutyrate, such as PHBHHX, attractive candi-
dates for tissue engineering applications, especially those requiring the regeneration
of large numbers of cells.
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Cheng et al. (2006b) found that PHBHHx microparticles (0.005-0.10 gI") pro-
moted murine fibroblast L.929 cell proliferation and elevated intracellular calcium
concentrations. Ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid
inhibited PHBHHXx-microparticle-induced cell proliferation by chelating the extra-
cellular Ca?* and blocking the PHBHHX particle-induced intracellular Ca** concen-
tration increase. Transwell experiments demonstrated that PHBHHx microparticles
stimulated fibroblast proliferation when separated from cells by a 0.4-um filter as
effectively as when applied directly to cells. Since the PHBHHx microparticles had
a diameter of 75 um, the stimulatory effect of PHBHHXx particles on cell growth was
attributed to degradation products smaller than 0.4 um in diameter. The trophic
effect of these microparticles is consistent with our previous reports demonstrating
good biocompatibility for PHBHHXx.

Oligo[(R)-3-hydroxybutyrate]s (OHBs; less than 14 kDa) existing in various
organisms. They can form complexes with inorganic polyphosphates, nucleic acids,
and proteins. OHBs are also the degradation products of PHB in vivo. Sun et al. (2007)
prepared OHB (M 2,000), oligo[(R)-3-hydroxybutyrate-co-4-hydroxybutyrate]
(O3HB4HB, M, 2,100, 6 mol% 4-hydroxybutyrate), oligo[(R)-3-hydroxybutyrate-
co-(R)-3-hydroxyhexanoate] (OHBHHx, M 2,800, 12 mol% 3HHx), and mcl
oligo[(R)-3-hydroxyalkanoate]s (M, 2,400, 71.2 mol% 3HD) via methanolysis of
corresponding PHA polymers. The cells grew well in low-concentration (5 mg 1)
liposomes containing the oligomers. Different cytotoxicity was exhibited after
more oligomers (more than 20 mg 17') had been transported into the cells. The
inhibition was decreased stepwise from OHB to OHD, as the monomer chain length
increased. Compared with OHBHHx and OHD treatment, more cells arrested in GO/
G, phase, and died, probably induced by OHB and O3HB4HB. However, the cell
death can be suppressed by R3HB released from the oligomers. It can be concluded
that the more flexible chain combined with R3HB units had better biocom-
patibility and bioabsorbability. This can be a guide to select and develop new tissue
engineering materials.

Besides, Ca’ influx was also observed under a confocal laser scanning micro-
scope in cells after transfection with oligomers—liposomes. It was presumed that not
only OHB but also other OHA can form calcium channels in phospholipid bilayers,
and can be incorporated into plasma membranes and had Ca* transport activity.

With successful approval of PAHB as an implant biomaterial by the FDA (http://
www.tepha.com), more PHA-based biomaterials are expected to go into clinical
trials soon. With the diversity of PHA materials, one can expect the PHA to become
a family of bioimplant materials with rich applications.

4.3 PHA as Drug Delivery Carriers

Homopolymers and copolymers of lactate and glycolate are widely used in commer-
cially available sustained release products for drug delivery. However, lactate and
glycolate copolymers are degraded by bulk hydrolysis; hence, drug release cannot be
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fully controlled (Pouton and Akhtar 1996). In the early 1990s, PHA became candi-
dates for use as drug carriers owing to their biodegradability, biocompatibility, and
degradation by surface erosion (Gould et al. 1987). PHA used as a drug carrier was
reviewed in 1989 by Koosha et al (1989). The potential of matrices produced by
direct compression of PHBV for oral administration has been proven with the bene-
fits of simplified processing over alternative sustained release technologies (Gould
et al. 1987). Increasing the polymer molecular mass caused an increased rate of sul-
famethizole release from irregularly shaped PHB microparticles (Brophy and Deasy
1986). When the in vitro release and the in vivo release of the anticancer agent lomus-
tine from PHB and PLA microspheres as potential carriers for drug targeting were
compared, it was found that drug was released from the PHB microspheres faster
(Bissery et al. 1985). Incorporation of ethyl esters or butyl esters of fatty acids into
the PHB microspheres increased the rate of drug release (Kubota et al. 1988).

So far only PHB and PHBV have been studied for controlled drug release. It is
expected that other PHA family members with diverse properties will bring more
controlled release properties for the drug release field. This is still an area remaining
to be exploited.

PHA granule binding protein PhaP is able to bind to hydrophobic polymers
(Wang et al. 2008b). A receptor-mediated drug-specific delivery system was devel-
oped in this study based on PhaP (Fig. 5). The system consists of PHA nanopar-
ticles, PhaP, and ligands fused to PhaP. The PHA nanoparticles were used to
package mostly hydrophobic drugs, PhaP fused with ligands produced by over-
expression of their corresponding genes in Pichia pastoris or Escherichia coli was able
to attach to hydrophobic PHA nanoparticle. At the end, the ligands were able to pull
the PhaP-PHA nanoparticles to the targeted cells with receptors recognized by the
ligands. It was found in this study that the receptor-mediated drug-specific delivery

Specific Drug Targeting System based on PHA
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Fig. 5 PHA- and phasing-based specific drug delivery systems (Wang et al. 2008b)
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system ligand—PhaP-PHA nanoparticles was taken up by macrophages, hepatocel-
lular carcinoma cell BEL7402 in vitro, and hepatocellular carcinoma cells in vivo,
respectively, when the ligands were mannosylated human o -acid glycoprotein and
human epidermal growth factor (hEGF), respectively, which were able to bind to
receptors of macrophages or hepatocellular carcinoma cells. The system was
clearly visible in the targeted cells and organs under fluorescence microscopy when
rhodamine B isothiocyanate (RBITC) was used as a delivery model drug owing to
the specific targeting effect created by specific ligand and receptor binding. The
delivery system of hEGF-PhaP-nanoparticles carrying RBITC was found to be
endocytosed by the tumor cells in an xenograft tumorous model mouse. Thus, the
ligand—PhaP-PHA specific drug delivery system was proven effective both in vitro
and in vivo (Yao et al. 2008).

4.4 PHA as Biofuels

Recently, Zhang et al (2009) showed that 3-hydroxybutyrate methyl ester GHBME)
and mcl 3-hydroxyalkanoate methyl ester (3HAME) obtained from esterification
of PHB and mcl PHA could be used as biofuels (Fig. 6). They investigated the
combustion heats of 3HBME, 3HAME, ethanol, n-propanol, n-butanol, 0* diesel,

Biofuels from Bacterial Storage Polyesters PHA
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Fig. 6 PHA-based biofuels derived from methyl esterification of various PHA monomers (Zhang
et al. 2009)
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90* gasoline, and 3HBME-based and 3HAME-based blended fuels and found that
3HBME and 3HAME had combustion heats of 20 and 30 kJ g!, respectively,
comparable to the combustion heat of 27 kJ g™' of ethanol. Addition of 10%
3HBME or 3HAME enhanced the combustion heat of ethanol to 30 and 35 kJ g,
respectively. The addition of 3HBME or 3HAME to n-propanol and n-butanol led to
a slight reduction of their combustion heats. The combustion heats of the blended
fuels 3HBME/diesel or 3HBME/gasoline and of 3HAME/diesel or 3HAME/gasoline
were lower than that of the pure diesel or gasoline. It was roughly estimated that
the production cost of PHA-based biofuels should be around US $1,200/ton.

4.5 PHA Monomers as Drugs

Sodium salts of D-3-hydroxybutyrate (D-3HB), pL-3-hydroxybutyrate (DL-3HB), and
3HBME are derivatives of 3HB, a body ketone that is produced in vivo in animals,
including human. p-3HB is the most common degradation product of microbial
PHA that have been investigated for tissue engineering applications. 3HB and its
derivatives (collectively called 3HB derivatives) were reported to have an effect on
cell apoptosis and the cytosolic Ca** concentration of mouse glial cells (Xiao et al.
2007). The percentage of cells undergoing apoptosis decreased significantly in the
presence of 3HB and its derivatives, as evidenced by flow cytometry. The in vitro
study on the cytosolic Ca** concentration demonstrated that 3HB derivatives elevated
dramatically the cytosolic Ca** concentration. Both the extracellular and the
intracellular Ca** contributed as sources of such Ca®* concentration elevation. The effect
of 3HB derivatives on cytosolic Ca** concentration could be reduced by nitredipine,
an L-type voltage-dependent calcium channel antagonist. In comparison, 3HBME
worked more efficiently than D-3HB and pL-3HB did as 3HBME is most efficient
in permeation into the cells. All the results indicated that 3HB derivatives had an
inhibitory effect on cell apoptosis which is mediated by signaling pathways related
to the elevation of cytosolic Ca** concentration. This positive effect helps explain
the biocompatibility observed for PHA; it also points to the possibility of 3HB
derivatives regardless of chirality becoming effective neural protective agents.
Learning and memory require energy-demanding cellular processes and can be
enhanced when the brain is supplemented with metabolic substrates. It was found that
neuroglial cell metabolic activity was significantly elevated when neuroglial cells
were cultured in the presence of the PHB degradation product 3HB and derivatives.
We demonstrated that the receptor for 3HB, namely, protein upregulated in macro-
phages by interferon-y (PUMA-G), was expressed in brain and upregulated in mice
treated with 3HBME. We also affirmed increased expression of connexin 36
protein and phosphorylated extracellular-signal-regulated kinase 2 (ERK?2) in brain
tissues following 3HBME treatment, although these differences were not statisti-
cally significant. Mice treated with 3HBME performed significantly (p<0.05) better
in the Morris water maze than either the negative controls (no treatment) or the
positive controls (acetyl-L-carnitine treatment). Moreover, 3HBME was observed to
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enhance gap junctional intercellular communication between neurons. Thus, 3HB
and its derivatives enhance learning and memory, possibly through a signaling
pathway requiring PUMA-G that increases protein synthesis and gap junctional
intercellular communication (Zou et al. 2009).

5 Conclusion and Future Perspectives

The development of PHA into a branch of bulk chemical industry will address at least
three issues: shortage of petroleum for plastic materials, reduction of CO, emissions,
and environmental protection. It is related to the sustainable development of the
chemical and material industries. The newly developed PHA-based biofuels open up
a new area for development that avoids argument on food versus fuel and fuel versus
land. However, much more work needs to be done to reduce the cost of PHA produc-
tion so that PHA-based biofuel can be added to the existing bio-based fuels, including
ethanol, propanol, butanol, biodiesel, hydrogen, and methane gas (Fig. 7).

High-value-added PHA applications should be developed simultaneously,
especially the implant biomaterials that have begun to be recognized by the FDA.
In addition, chiral monomers should be further exploited for medical usages
(Fig. 7). So far, only 3HB and its derivatives have been studied and have revealed
obvious therapeutic efforts, more monomers should be tested for medical efficacy.

The PHA surface binding proteins, including PhaP, PhaZ, and PhaC, can be
developed into a protein purification system or specific drug delivery tools. More
applications based on these proteins should be developed.
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Fig. 7 PHA has been developed into an industrial value chain
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Abstract Polyhydroxyalkanoates (PHAs) are energy- and intracellular carbon-storage
compounds that can be mobilized and used when carbon is a limiting resource.
Intracellular accumulation of PHA enhances the survival of several bacterial
species under environmental stress conditions imposed in water and soil, such as UV
irradiation, salinity, thermal and oxidative stress, desiccation, and osmotic shock.
The ability to endure these stresses is linked to a cascade of events concomitant
with PHA degradation and the expression of genes involved in protection against
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damaging agents. PHA synthesis involves enzymatic and transcriptional regulation,
where the RpoS central stationary phase regulator sigma factor has been shown to
be implicated. The energy generated during PHA degradation can also be used to
drive various important energy-consuming pathways. In addition to its relevance for
the plastic industry, PHA has important applications for agriculture, as those related
to the production of reliable commercial inoculants, and in controlled release of
insecticides when incorporated into degradable PHA granules.

1 Introduction

A wide variety of taxonomically different groups of microorganisms (Bacteria and
Archaea domains) produce intracellular homopolymers or copolymers containing
different alkyl groups at the 3 position, described as polyhydroxyalkanoates (PHAs).
These polymers are used as energy- and carbon-storage compounds (Anderson and
Dawes 1990). PHAs are structurally simple macromolecules that accumulate inside
discrete granules to levels that can be as high as 90% of the cell dry weight. They
are generally believed to play a role as a sink for carbon and reducing equivalents
when other nutrient supplies are limiting resources, and when the bacterial popula-
tion is not growing exponentially in batch culture (Senior and Dawes 1973; Williams
and Peoples 1996; Madison and Huisman 1999). These molecules exhibit material
features that are similar to those of some common plastics such as polypropylene
(Williams and Peoples 1996; Madison and Huisman 1999). In this chapter we will
mainly focus on the ecological significance of PHAs.

Since the identification and characterization of the enzymes involved in PHA
synthesis, hundreds of genes from a wide range of prokaryotes have been cloned or
identified as putative PHA biosynthesis genes. Microorganisms use different path-
ways for synthesis of PHA. One of the best studied PHAs is poly[(R)-3-hydroxy-
butyrate] (PHB). Among the enzymes involved in PHB synthesis, B-ketothiolase
(PhaA) and acetoacetyl-CoA reductase (PhaB) are involved in general lipid metab-
olism. In contrast, a third enzyme, PHA synthase (PhaC), is exclusively involved in
the biosynthesis of this polymer, being responsible for the polymerization of
B-hydroxyalkanoyl-CoA monomers into poly(p-hydroxyalkanoate) (Potter and
Steinbiichel 2005; Philip et al. 2007). In addition to these enzymes, a noncatalytic
group of proteins called phasins (PhaPs) are important for granule organization.
PhaPs have been found associated with the surface of the granules, being involved
in their stabilization and coalescence, and their absence has a significant effect on
polymer synthesis (Potter and Steinbiichel 2005).

The PHA degradation pathway as described in most bacteria studied begins with
the depolymerization of PHA to pD-3-hydroxybutyrate monomers by PHA depoly-
merase (encoded by phaZ). Extracellular and intracellular PHA degradation have
been described (Jendrossek and Handrick 2002) for utilization of PHAs present in
the environment or accumulated in PHA granules, respectively (Tanio et al. 1982;
Saegusa et al. 2001; Jendrossek and Handrick 2002; Potter and Steinbiichel 2005).
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2 The Role of PHA in Cell Survival Under Stress

PHASs have attracted attention as environmentally friendly polymers owing to their
biodegradability, thermoplastic properties, and biocompatibility (Philip et al. 2007).
Consequently, many resources have been invested in the isolation of microorganisms
capable of synthesizing PHAs with different desirable industrial properties and
from different sources. The function of PHAs as intracellular carbon-storage com-
pounds has been the subject of most of the research in assigning a role for these
polymers (Macrae and Wilkinson 1958; Sierra and Gibbons 1962; Hippe 1967; Hippe
and Schlegel 1967). However, with the identification of new PHA-synthesizing
microorganisms and the investigation of the role that PHAs play in bacterial fitness,
it became evident that this polymer is more than just an intracellular carbon-storage
compound that can be mobilized and used when carbon becomes a limiting
resource. It is actually known that intracellular accumulation of PHAs enhances the
survival of several bacteria under environmental stress conditions imposed in water
and in the soil (Kadouri et al. 2005; Zhao et al. 2007). In other words, PHAs endow
bacteria that are able to synthesize them with an ecological advantage. The roles

played by PHAs in bacterial environmental fitness are summarized in Table 1.

Table 1 The role of polyhydroxyalkanoates in bacterial environmental fitness

Features

Selected references

Cell survival under stressful low-
nutrient conditions

Cell survival under nutrient limitation
in water, soil, rhizosphere, and
phyllosphere

Cell survival in inoculant carriers

Establishment of inoculum in soil and
plant surfaces

Energy source and flow for cell
motility, chemotaxis, aerotaxis, and
biological nitrogen fixation

Sporulation, cyst formation, and
germination

Control of exopolysaccharide
production

Endurance under environmental
stress: heat and cold, UV
irradiation, desiccation, osmotic
and solvent stress, osmotic shock,
ethanol, and H,0,

Balanced use of available energy and
distribution of carbon resources

Tal and Okon (1985), Anderson and Dawes
(1990), James et al. (1999), Hai et al. (2001)
Okon and Itzigsohn (1992), Lépez et al. (1995), Ruiz
et al. (1999)

Fallik and Okon (1996), Dobbelaere et al. (2001),
Kadouri et al. (2003b)
Kadouri et al. (2002, 2003b)

Tal and Okon (1985), Cevallos et al. (1996), Willis
and Walker (1998), Kadouri et al. (2002),
Vassileva and Ignatov (2002), Trainer and
Charles (2006), Wang et al. (2007)

Kominek and Halvorson (1965), Lépez et al. (1995),
Segura et al. (2003), Valappil et al. (2007)

Encarnacion et al. (2002), Kadouri et al. (2002,
2003a, b), Aneja et al. (2004), Wang et al. (2007)

Tal and Okon (1985), Asada et al. (1999), Kadouri
et al. (2003a, b), Ayub et al. (2004), Arora et al.
(2006), Villanueva et al. (2007), Zhao et al. (2007),
Raiger-Iustman and Ruiz (2008), Trautwein et al.
(2008)

Dawes (1986), Povolo and Casella (2000),
Rothermich et al. (2000), Babel et al. (2001),
Philip et al. (2007)
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Fig. 1 The effect of poly[(R)-3-hydroxybutyrate] (PHB) on survival capability of starved bacteria.
Cells of Azospirillum brasilense Sp7 (filled triangles) and phaC mutant (filled circles) were grown
on a medium with a high carbon to nitrogen ratio for 24 h and transferred to phosphate buffer, where
they were incubated for 12 days. Bacterial density was determined using dilution plating (Reproduced
from Kadouri et al. 2002, with kind permission from the American Society for Microbiology)

Under certain circumstances, free-living bacterial cells with a high content of PHAs
may survive longer than those that lack PHA or have a low PHA content, either
because they are protected from adverse factors, or because they can utilize their
reserve material longer and more efficiently than those bacteria that produce low con-
tents of PHA or lack this ability at all (Dawes and Senior 1973; Matin et al. 1979;
Kadouri et al. 2002). For example, the PHB-producing bacterium Azospirillum brasi-
lense showed increased survival upon starvation in phosphate buffer as compared with
its non-PHB-producing mutant (phaC minus mutant) (Fig. 1). As in A. brasilense, in
Sinorhizobium meliloti, other plant-associated bacteria, and in the PHB-accumulating
Pseudomonas sp. isolated from an Antarctic environment, PHA content was also
shown to correlate positively with increased survival rates after exposure to adverse
conditions such as salinity, thermal and oxidative stress, UV irradiation, desicca-
tion, and osmotic pressure (Tal and Okon 1985; Ayub et al. 2004; Arora et al. 2006).

Proteomics-based research coupled with chemical determination of PHA content
revealed that the denitrifying proteobacterium Aromatoleum aromaticum accumu-
lates PHB during growth in the presence of the pollutant solvents toluene and
ethylbenzene (Trautwein et al. 2008). The authors suggested that PHB formation
in this bacterium is not induced by an imbalanced nutrient supply but rather by
stress due to impaired coupling of alkylbenzene catabolism and denitrification.
It was proposed that PHB could serve as a sink for reducing equivalents, ensuring
continuous alkylbenzene degradation, and/or a type of hydrophobic trap for aromatic
compounds (Trautwein et al. 2008).

Legionella pneumophila also accumulates PHA. The persistence of this bacterium
in the environment is aided by its ability to adapt to a variety of different ecological
niches, as intracellular parasites of amebae, as free-living members of complex
biofilm communities, or as planktonic cells. In this bacterium, PHA accumulation in
granules supports long-term survival in the culturable state under starvation, and
accumulated PHA serves as an energy-reserve material to promote persistence of
legionellae in stressful low-nutrient environments outside the amebic host (James
et al. 1999).
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Evidence has been provided suggesting that spore formation and germination, as
well as cyst production, may be related to PHA biosynthesis and utilization. In
Bacillus cereus and in Clostridium botulinum, PHA is accumulated maximally just
prior to the formation of spores and is degraded during the process of sporulation
(Valappil et al. 2007). In these cases, PHA may serve as a carbon and energy source
for sporulation (Kominek and Halvorson 1965; Nakata 1965; Emeruwa and
Hawirko 1973). Lopez et al. (1995) observed that in a PHA negative mutant of
B. megaterium, in contrast to the wild type, sporulation occurred immediately after
exposure to river water, and survival of vegetative cells was clearly compromised,
suggesting that in an oligotrophic environment cells depleted of an intracellular
carbon source may be committed to earlier sporulation than normal cells. A heat
shock was required for germination of PHA negative mutant spores, suggesting that
PHA or its degradation products are involved in this process (Lépez et al. 1995).

In Azotobacter vinelandii, PHA 1is utilized as a carbon and energy source during
encystment (Lin and Sadoff 1968; Segura et al. 2003). Mutations in the phaB and
phaC genes in A. vinelandii had no impact on encystment or on cyst viability under
laboratory conditions; however, the possibility that under natural conditions PHA
metabolism does have such effects cannot be ruled out (Segura et al. 2003).

Most investigations on prokaryotic PHA have been performed on proteobacteria,
but cyanobacteria (Hein et al. 1998; Asada et al. 1999; Hai et al. 2001) and various
members of the Archaea domain (Hezayen et al. 2000, 2002; Han et al. 2007;
Lu et al. 2008) are PHA-producing organisms. Cyanobacteria can accumulate PHA
(mainly PHB) under photoautotrophic or mixotrophic growth conditions in the
presence of acetate; however, the relative PHA content is significantly lower than
in other prokaryotes (Asada et al. 1999). Under conditions of nitrogen and sulfur
starvation, and during light irradiation and recovery of vegetative growth by addi-
tion of nitrate, cyanobacteria accumulate PHA as storage products of fixed carbon
(Asada et al. 1999; Hai et al. 2001).

The data gathered in these various studies suggest a complex role for PHA in
stress alleviation. The PHA granules may offer protection against UV irradiation,
by protecting DNA from damage, and increase bacterial resistance to oxidative,
thermal, and osmotic shock, among others.

3 Molecular Evidence Supporting a Role
for PHA Synthesis in Stress Endurance

The role of PHA in bacterial cell protection using molecular approaches has been
assessed in several studies. For instance, with the aim of evaluating how bacterial
inoculants of A. brasilense can be improved in important parameters (e.g., quality,
longevity, reliability, efficacy), wild-type and mutant strains were challenged for their
resistance to physical and chemical stresses. The ability of phaC and phaZ mutants of
A. brasilense to survive, tolerate, or alleviate various stresses, such as UV irradiation,
heat and osmotic shock, desiccation, and oxidative stress, was significantly impaired
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Fig. 2 Effect of heat (a) and UV irradiation (b) on the survival rate of A. brasilense 7030 (filled
triangles) and of the phaZ mutant (filled circles). The initial number of cells for each experiment
was 3 x 10%. Each value represents the mean and the standard error of three replicates from one
representative experiment. Each experiment was done three times and yielded similar results
(Reproduced from Kadouri et al. 2003a, with permission of Springer-Verlag)

as compared with that of the wild type (Kadouri et al. 2002, 2003a, b; Figs. 2, 3).
In addition, PHA accumulation supported cell multiplication in the absence of an
exogenous carbon source in A. brasilense (Kadouri et al. 2002), in a similar manner
as for Cupriavidus necator (formerly Ralstonia eutropha; Handrick et al. 2000).
Interestingly, PHA was shown to maintain nitrogenase activity and aerotaxis, two
physiological features that are extremely energy consuming (Tal and Okon 1985).

Aeromonas hydrophila is a heterotrophic bacterium found in warm climates, and in
fresh, salty, marine, estuarine, chlorinated, and unchlorinated water. In addition, it
is resistant to refrigeration and cold temperatures. This bacterium produces a
PHA copolyester consisting of (R)-3-hydroxybutyrate and (R)-3-hydroxyhexanoate
(PHBHHXx; Chen et al. 2001). To understand the relationship between enhanced
survival ability and PHA accumulation of A. hydrophila, the physiological behaviors
of a wild type and a phaC mutant were compared. The ability of the phaC mutant
to survive UV irradiation, heat and cold treatment, ethanol, osmotic pressure, and
oxidative stress was significantly impaired as compared with that of the wild type.
Thus, PHBHHXx synthesis and accumulation in A. hydrophila is another example
of positive correlation between resistance to environmental stresses and PHA
accumulation (Zhao et al. 2007).

Studies done by Ruiz et al. (2004) demonstrated the association between
PHA depolymerization and stress tolerance in Pseudomonas oleovorans.
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Fig. 3 Electron micrographs of thin sections of A. brasilense 7030 (a) and the phaZ mutant
(b), grown for 48 h in high carbon to nitrogen medium, and of A. brasilense 7030 (c¢) and the phaZ
mutant (d) following a 72-h starvation period in phosphate buffer. Arrows indicates PHB granules,
bars, 1 pm. Thirty sections of each strain were examined and showed identical findings
(Reproduced from Kadouri et al. (2003a), with permission of Springer-Verlag)

Experiments carried out during early stationary phase cultures (a carbon starvation
condition that provokes a rapid PHA degradation) of P. oleovorans and its phaZ
minus mutant showed that the mutant strain was more sensitive to heat and oxida-
tive shocks than the wild type. In P. putida, impaired survival and resistance to
oxidative stress of an rpoS mutant was shown under conditions inducing PHA
accumulation (Raiger-Iustman and Ruiz 2008).

Altogether, the above-mentioned studies with different bacteria showed that PHA
mutants affected in both anabolic and catabolic PHA pathways are affected in their toler-
ance to diverse stress conditions, suggesting that stress endurance can be traced to a
normal functioning of the PHA cycle, and not exclusively to the presence of the polymer.

4 Regulation of PHA Synthesis

The mechanisms by which PHA favors stress alleviation are not yet fully understood.
However, it is known that the PHA metabolism is regulated at both enzymatic
and transcriptional levels, by cofactor inhibition and availability of metabolites, and
by specific and global transcriptional regulatory factors, respectively (Kessler and
Witholt 2001).
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At the enzymatic level, it has been shown that, in PHA-producing bacteria, the
intracellular levels of acetyl-CoA and free CoA, and both high intracellular level of
NAD(P)H and high ratio of NAD(P)H/NAD(P) play a central role in the regulation of
PHA synthesis (Haywood et al. 1988; Lee et al. 1995; Kessler and Witholt 2001).

An early work on C. necator suggested an association between PHA utilization and
both respiration and oxidative phosphorylation (Hippe and Schlegel 1967). The effector
guanosine tetraphosphate (ppGpp) was shown to increase messenger RNA transla-
tion of the sigma factor ¢* encoded by rpoS (Gentry et al. 1993; Brown et al. 2002),
which is involved in PHA synthesis (see below). In P. oleovorans, it was found that
the rise in ATP and ppGpp levels was concomitant with PHA degradation (Ruiz et al.
2001). This phenomenon was only observed in the wild-type strain but not in a PHA
depolymerase-deficient mutant unable to degrade the polymer (Ruiz et al. 2001).

As stated above, evidence from recent years indicates that the central stationary
phase regulator RpoS is involved in PHA metabolism. In Escherichia coli, RpoS
controls the general stress response, inducing the expression of genes involved in
protection against viability loss in nutrient-poor environments, such as those inducing
PHA synthesis in several microorganisms. The half-life of RpoS is related to the
cell nutrient status. The proteolysis of RpoS is mediated by the ClpXP protease.
During starvation, aberrant misfolded proteins compete for ClpXP, reducing RpoS
degradation (Ferenci 2007).

The synthesis of PHA and its regulation in A. vinelandi have been recently
reviewed by Galindo et al. (2007). An extracellular signal is detected by the two-
component global regulatory system formed by the histidine sensor kinase GacS
and the response regulator GacA, activating rpoS transcription. At the transcriptional
level, rpoS expression appears to be modulated by the GacSA system and by the
intracellular levels of ppGpp. During stationary phase, RpoS stimulates the tran-
scription of the phaBAC operon, through the pB2 promoter, and the transcriptional
activator phaR, though its pR2 promoter. Consequently, PhaR activates the tran-
scription of the phaBAC operon through the pB1 promoter. In contrast, during
exponential phase there is no PHA production because PhaA activity is inhibited
by the allosteric control produced by the acetyl-CoA to CoA ratio, and by low levels
of transcription of phaBAC due to the lack of RpoS.

An enhanced expression of rpoS in A. hydrophila has been linked to the enhanced
resistance to environmental stress conferred by PHBHHx (Zhao et al. 2007). In
P. oleovorans, the increase of the intracellular concentration of RpoS during PHA
depolymerization was related to an enhanced cross-tolerance to different stress agents
(Ruiz et al. 2004). Interestingly, under PHA accumulation and nonaccumulation condi-
tions, an rpoS mutant of P. putida had similar and lower survival under oxidative stress,
respectively, as compared with the wild-type strain (Raiger-Iustman and Ruiz 2008).

The relevance of additional sigma factors in regulation of the PHA metabolism
has to be considered since in P. aeruginosa PAO1, PHA accumulation from
gluconate was found to require a functional RpoN sigma factor, whereas PHA
accumulation in cells growing on fatty acids was only reduced in the absence of
RpoN (Timm and Steinbiichel 1992). In addition, RpoS has not been documented in
Azospirillum species.
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5 PHA in Soil and in Plant-Microbe Interactions

Soil is a heterogeneous, discontinuous, and structured environment with a high
diversity of microhabitats in which conditions can change rapidly (Postma et al. 1989).
Thus, bacteria in soil have to cope with fluctuating — in time and space — biotic and
abiotic stresses (van Elsas and van Overbeek 1993). One strategy by which bacteria
can improve their establishment, proliferation, and survival in competitive niches such
as soil and the rhizosphere is the accumulation and degradation of PHA (Okon and
Itzigsohn 1992; Kadouri et al. 2005). In general, conditions of suboptimal growth are
conducive to the production of PHAs (Madison and Huisman 1999).

Supporting data for PHA production in telluric environments were provided by
Wang and Bakken (1998), who screened 63 soil bacteria for PHA production. They
concluded that strains capable of producing PHA were not necessarily superior to
those that lack this ability. Instead, survival ability was strain-specific and depended
on the growth conditions prior to starvation. In this study, most PHA-producing
bacteria were found to belong to the pseudomonad, coryneform, and bacillus groups.
In addition to Pseudomonas and Bacillus, Arshad et al. (2007) reported the isolation
of soil PHA-producing bacteria belonging to the genera Citrobacter, Enterobacter,
Klebsiella, and Escherichia, all of them enterobacteria. Among symbiotic bacteria
and plant growth-promoting rhizobacteria (PGPR), PHA production has been
reported in members of the genera Rhizobium, Azospirillum, Herbaspirillum, and
Azotobacter (Itzigsohn et al. 1995; Catalédn et al. 2005; Trainer and Charles 2006).

Many PHA-producing Bacillus strains have been isolated from soil (Wang and
Bakken 1998; Yilmaz et al. 2005; Arshad et al. 2007). In a recent proteomic analy-
sis, Luo et al. (2007) reported that the soil bacterium B. cereus increased its fatty
acid metabolism when grown in a medium prepared from oak forest soil. This
increased fatty acid catabolism was reflected in changes in membrane structure and
accumulation of PHA. In agreement with these findings, PhaR, which is required
for PhaC activity, was one of the most upregulated proteins (Luo et al. 2007).
In another study, it was shown that survival rate and the total cell number (including
vegetative cells and spores) of the soil PHA-accumulating bacterium B. megaterium
were higher than those of PHA negative mutants (Ldopez et al. 1998).

The nature of the carbon compounds found in the soil affects the growth rates of
microorganisms and their root colonization ability (Chen et al. 1996; Simons et al.
1996; Jjemba and Alexander 1999). The relationship between PHA metabolism and
plant root colonization is not obvious. Among PGPR, the free-living, Gram-negative,
nitrogen-fixing bacteria belonging to the genus Azospirillum are well-established
models for deciphering traits important for survival, colonization, and effectiveness
(Okon and Vanderleyden 1997). One such trait appears to be the secretion of plant-
growth-promoting substances (e.g., auxins, gibberellins, and cytokinins) that lead
to an increase of the root surface area, promoting water and mineral uptake
(Dobbelaere and Okon 2007; Steenhoudt and Vanderleyden 2000). PHA accumulation
in A. brasilense is likely an important trait for root colonization of this bacterium
(Tal and Okon 1985; Tal et al. 1990a). In support of this assumption, it was dem-
onstrated that under certain conditions, including high carbon-to-nitrogen ratio or
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low-oxygen partial pressure, A. brasilense cells accumulate above 75% of their dry
weight exclusively as PHB (Nur et al. 1981; Tal and Okon 1985; Paul et al. 1990;
Tal et al. 1990a, b; Itzigsohn et al. 1995).

Studies carried out with wild-type and phaC mutant strains of A. brasilense,
under sterile and nonsterile conditions in soil showed that both root colonization
and plant growth promotion were not affected in the mutant (Kadouri et al. 2002).
The lack of influence of this mutation on these parameters may stem from the optimal
plant growth conditions as well as from the relatively high inoculum level used in
that study. It is still to be assessed whether the impaired stress resistance and physi-
ological changes observed in cells with a disrupted PHA metabolism have negative
implications in root colonization and plant growth promotion in the field.

Rhizobia are characterized by a free-living stage in the soil and by a symbiotic
stage in the interaction with leguminous roots. The establishment of the symbiotic
relationship involves a bidirectional signal exchange between the bacteria and the
host plant, which leads to the formation of nitrogen-fixing root nodules. Results
from studies performed to evaluate the relationship between PHA metabolism and
the efficiency of the rhizobia—legume interaction have been diverse, and it seems that
they vary not only because of differences between the various bacteria—host systems,
but also because of differences in the experimental conditions among the studies.
For instance, single strain inoculation experiments with phaC mutants of S. meliloti
and Rhizobium leguminosarum bv. viciae on alfalfa and pea plants, respectively, sug-
gested that both symbiotic systems are not affected by PHA formation (Povolo et al.
1994; Lodwig et al. 2005). On the other hand, the S. meliloti—-Medicago truncatula
system was severely impaired by the lack of PHA formation ability by the bacterium,
as plants inoculated with the S. meliloti phaC mutant showed lower rates of nitrogen
fixation, lower numbers of nodules, and reduced shoot dry weight as compared with
plants inoculated with the wild-type strain (Wang et al. 2007).

In a study done by Willis and Walker (1998), coinoculation experiments of alfalfa
with wild-type and phaC mutant strains of S. meliloti indicated that the wild-type
strain outnumbered the PHA mutant by more than 200 times. This result indicates
that the phaC mutant was less competitive, and that PHA production may provide
an advantage to the bacterium during root invasion or nodule initiation. Wang et al.
(2007) assessed the symbiotic efficiency of an S. meliloti double mutant impaired in
phaPl and phaP2, which encode the PHA granule-associated phasins that regulate
PHA synthesis and granule formation. Plants inoculated with this mutant exhibited
a reduced shoot dry weight compared with those inoculated with the wild type, but
there was no corresponding reduction in nitrogen-fixation activity. Thus, it appears
that in the alfalfa—S. meliloti system, PHA production by the bacterium does not play
a significant role after the establishment of nodules. Moreover, bacterial phasins
seem to be involved in a metabolic regulatory response and/or to influence assimilation
of fixed nitrogen rather than nitrogen-fixation activity (Wang et al. 2007).

Interestingly, it has been reported that common bean plants inoculated with a phaC
mutant of R. e#li show an increased nitrogen-fixation capacity and enhanced growth
in comparison with plants inoculated with the wild-type bacterium (Cevallos et al.
1996). An important difference between S. meliloti and R. etli is that in the former,
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bacteroids occupy indeterminate nodules, whereas in the latter, bacteroids occupy
determinate nodules. Both bacteria produce granules of PHA (in the form of PHB)
during the initial stage of invasion. However, in S. meliloti the PHB granules disap-
pear during differentiation into the bacteroid state, and bacteroids occupying the
alfalfa indeterminate nodules do not accumulate PHA after the establishment of the
symbiosis (Lodwig et al. 2005). It is possible that in the case of S. meliloti, the intra-
cellular PHA supports cell division and growth during root infection and invasion
(Trainer and Charles 2006). In contrast, bacteroids of determinate nodules, such as
those induced by R. etli on common bean, accumulate high levels of PHA during
symbiosis. In this case, PHA could support nitrogen fixation under conditions of
reduced carbon availability, and PHA accumulation and nitrogen fixation would com-
pete for energy and reductant sources as well as for photosynthates (Cevallos et al.
1996; Trainer and Charles 2006). The relationship between carbon storage and nitro-
gen fixation is complex. For example, in free-living Bradyrhizobium japonicum, R.
leguminosarum, and S. meliloti, at the same time as PHA is accumulated, there is
production of glycogen as an additional storage compound (Lodwig et al. 2005).

Azorhizobium caulinodans, as R. etli, accumulates PHA in both free-living
and symbiotic stages, but an A. caulinodans phaC mutant was totally devoid of
nitrogenase activity ex plant, and induced nodules devoid of bacteria (Mandon et al.
1998). Interestingly, nitrogenase activity of the mutant was partially restored by
constitutive expression of the nifA gene. Mandon et al. (1998) suggested that
PHA is required for maintaining the reducing power of the cell, and that nifA
expression mediates adaptation of nitrogen fixation to the levels of carbon and
reducing equivalents available in the nodule. Vassileva and Ignatov (2002)
studied the relationship between PHA formation and nitrogenase activity in the
Galega orientalis—R. galegae system. They reported high nitrogen-fixation activity
in parallel to PHA degradation when low concentrations of plant growth promoters
and polyamine modulators were applied.

In summary, the fact that PHA production is a widespread trait supports the
assumption that PHA accumulation plays a central role in survival, especially when
bacteria are faced with starvation. In PHA-producing bacteria, PHA is a major
determinant for overcoming periods of carbon and energy starvation, and may rep-
resent a basic feature for so-called environmental bacteria. However, the ability to
produce PHA is apparently not absolute for improved survival ability during stress,
as PHA was shown to enhance the survival of some, but not all bacteria tested,
which likely rely on alternative strategies (Wang and Bakken 1998).

6 Relevance of PHA in Microbial Communities

Most microorganisms on Earth are organized into microbial biofilms and microbial
mat communities. PHA production is very relevant in these kinds of microbial
organization as these are niches where microbes have to cope with moderate physical
and chemical stresses, and frequently have to adapt to changing conditions.
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Biofilms are sessile microbial communities embedded within a matrix and attached
to a solid surface. On one hand, surface-associated multicellular communities are
generally advantageous over individual planktonic cells, especially in regard to protec-
tion against unfavorable environmental conditions. On the other hand, planktonic
populations can quickly reach and colonize new niches. The shift between sessile
and planktonic lifestyles depends upon the integration of many environmental
cues. Several biofilm-producing bacteria have also been reported to produce PHA.
For instance, it was recently reported that PHA accumulation in P. aeruginosa biofilms
occurs in a spatially/temporally regulated way, and that it is in competition with
alginate biosynthesis, playing an important role in stress tolerance and biofilm forma-
tion (Pham et al. 2004; Campisano et al. 2008).

Mats have been described as large microbial communities composed by a mul-
tilayered sheet of bacteria, archaea, and diatoms, which are characterized by both
seasonal and diel fluctuations (e.g., flooding and desiccation, diel fluctuations of
temperature, light, pH, oxygen, sulfide, and nutrients, among others). A culture-
independent strategy for the detection of PHA-producing bacteria from a polluted
marine microbial mat was adopted by Lépez-Cortés et al. (2008). The authors
showed a higher PHA-producing microbial diversity in a marine microbial mat
exposed to environmental stress by organic pollution from a cannery of marine fish
(nutrient imbalance) as compared with a pristine site. Because PHA synthesis is
linked to lipid metabolism, PHA producers are more competitive in environments
with high concentrations of fatty acids such as active sludge and microbial mats.
Also, Villanueva et al. (2007) suggested that during diel fluctuations, heterotrophic
microorganisms from phototrophic mats accumulate PHA, using as a precursor the
excess of carbon that is generated and excreted by photosynthetic microorganisms,
reflecting that changes in PHA levels depend on the time of day. Interestingly, the
isolation of PHA-producing strains from mats with potential industrial applications
has been successful, positioning mats as an excellent source for such microbes
(Berlanga et al. 2006; Simon-Colin et al. 2008).

7 Utilization of the Energy Obtained
from PHA for Environmental Cues

In addition to being a source of storage compounds and contributing to stress endur-
ance, PHAs can serve as sources of NADH and ultimately ATP. Under diverse
environmental conditions, the ability to generate energy from PHAs can be used to
drive various important energy-consuming pathways, as discussed in the folowing.

7.1 Chemotaxis

Chemotaxis is the ability bacteria have to sense gradients of compounds and
to drive motility toward the most appropriate niche, and is an important trait in
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plant—microbe interaction. A. brasilense exhibits strong chemotaxis toward different
attractants such as fructose, malate, and sweet corn seed exudates, and it was shown
that this chemotaxis is significantly stronger in the wild type than in a phaC mutant
strain (Kadouri et al. 2003b). It is possible that the reducing power produced during
PHA degradation energizes the chemotactic process in the environment, where
sources of reducing power are low. In A. brasilense, PHA oxidation involves a
specific NADH-dependent dehydrogenase, which competes for tricarboxylic acid
(TCA) cycle intermediates in the electron transport system (Tal et al. 1990a, b).
When PHA accumulation is disrupted, more resources are available for the TCA
cycle, resulting in an increased motility in the phaC mutant as compared with the wild
type. In contrast, an A. brasilense phaZ mutant was shown to have motility similar
to that of the wild type (Kadouri et al. 2003a). phaZ encodes a poly(-hydroxybu-
tyrate) depolymerase; thus, it is likely that, in contrast to the phaC mutant, the phaZ
mutant is unable to generate excess reducing power (Kadouri et al. 2003a).

The redox state of the rhizosphere is one of the most important parameters for
maintaining this ecological system. Thus, the energy taxis, driven by PHA catab-
olism, toward metabolizable substrates in plant root exudates may play a major role
in plant—microbe interactions. On the other hand, rhizobia are positively chemotactic
toward a variety of amino acids, dicarboxylic acids, sugars, and nodulation-
gene-inducing flavonoids secreted by the roots of their hosts. Rhizobial mutants
defective in motility or chemotaxis are impaired in their ability to compete for sites
of nodule initiation in the host root (Caetano-Anollés et al. 1988). If as suggested
for A. brasilense, PHA catabolism in S. meliloti is also involved in energy supply
for chemotaxis, it could at least partially explain why the S. meliloti phaC mutant
strain is less competitive than the wild type (Willis and Walker 1998).

7.2 Exopolysaccharide Production

The roles of exopolysaccharide (EPS) in bacteria are dependent on their natural
environment. Most of the functions assigned to EPS are related to a protective role:
the highly hydrated EPS layer with which bacteria are capable of surrounding
themselves provides a shield against desiccation and predation (Kumar et al. 2007).
Many bacteria produce and live within a matrix of EPS in their natural environ-
ment, for example, in soil. EPS contributes anchoring cells to different substrates,
protecting them against phagocytosis, masking antibody recognition, and prevent-
ing lysis by other bacteria (Deaker et al. 2004). EPS also plays an important role in
plant-bacteria interactions. In rhizobia, EPS is required for success in the different
stages of the establishment of the nitrogen-fixing symbiosis, including root
colonization, host recognition, infection thread formation, and nodule invasion.
In protective roles, EPS is important for evasion of plant immune responses and
protection from reactive oxygen species (Gonzalez et al. 1996; Cooper 2007).
In azospirilla, EPS is known to be involved in cell aggregation and in root adhesion
(Burdman et al. 2000a). Burdman et al. (2000b) and Bahat-Samet et al. (2004)
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showed that the arabinose content of A. brasilense EPS plays a role in cell aggregation
and Mora et al. (2008) identified an outer-membrane protein with lectin activity
that specifically binds to the EPS produced by A. brasilense during aggregation
conditions. In A. brasilense, several studies support EPS and PHA production as
well as cell aggregation being interdependent phenomena (Burdman et al. 1998;
Kadouri et al. 2002, 2003a, b; Aneja et al. 2004; Wang et al. 2007).

In the phaC mutant of A. brasilense, a considerable increase in excreted EPS
was detected over the wild-type strain when grown under a medium characterized
by a high carbon-to-nitrogen ratio. In such a mutant, EPS production may act as a
sink for carbon and reducing equivalents which are diverted from the blocked PHA
synthesis pathway. The phaC mutant was more aggregative, and exhibited a signifi-
cantly increased ability to adhere to roots relative to the wild type (Kadouri et al.
2002, 2003b). In contrast, EPS production and cell aggregation capability in the
wild-type strain were higher than in the phaZ mutant under the same growth condi-
tions (Kadouri et al. 2003a). Burdman et al. (2000a) suggested that, in addition to
PHB accumulation, cell aggregation could increase survival of Azospirillum cells
under diverse stress conditions. Cell aggregation as well as a functional PHA
metabolism may also be important during root colonization where cell aggregation
is commonly observed (Kadouri et al. 2005).

In contrast to the findings with A. brasilense, in S. meliloti it has been shown
that the inability to synthesize PHA is strongly associated with reduced production
of EPS (Aneja et al. 2004; Wang et al. 2007). Interestingly, the phaP1/phaP2
double mutant of S. meliloti, which as stated above is impaired in PHA production,
produces more EPS and glycogen than does the wild-type strain (Wang et al.
2007). In R. etli, an aniA mutant strain exhibited a significant decrease in PHA
accumulation, and a significant increase in EPS formation (Encarnacién et al.
2002). The aniA gene encodes a transcriptional factor involved in the expression
of genes that are important in partitioning the carbon flow in the bacterial cell,
such as the ones stimulated under low-oxygen conditions and channeling of excess
carbon into PHA and glycogen biosynthesis (Povolo and Casella 2000).

7.3 PHA as a Carbon and Energy Source
Jor “Environmental Bacteria”

PHAs have attracted significant industrial interest because they are natural biode-
gradable thermoplastics, and they do not require special environmental conditions to
be degraded. Beyond this, their biodegradability means that PHAs can be used as
carbon and energy sources to support bacterial growth in different environments.
When PHA-accumulating microorganisms cease dividing and undergo lysis, the
polymer is released to the environment and it turns out to be readily metabolized
by other microorganisms. PHAs can be degraded by the action of either intracel-
lular or extracellular depolymerases (i-PhaZ and e-PhaZ, respectively) produced by
PHA-degrading bacteria, algae, and fungi.
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Two types of PHA polymers have been described: (1) native PHA granules con-
taining lipids and proteins that are rapidly hydrolyzed by i-PhaZs and (2) denatured PHA
granules, which are crystalline and hardly hydrolyzed by i-PhaZs but are efficiently
degraded by ubiquitous e-PhaZs into water-soluble products (Tokiwa and Calabia
2004). Several environmental bacteria, algae, and fungi are able to “attack” PHA
granules and to solubilize the PHA polymer. The polymer is then degraded by
e-PhaZs, producing oligomers, which in some cases can be further degraded by
hydrolases into monomers. The breakdown products can be utilized as a carbon and
energy source by these organisms (Philip et al. 2007).

On the basis of the size of the PHA polymer that can be degraded, e-PhaZs are
divided into two groups: short-chain-length PHA (SCL-PHA) and medium-chain-
length PHA (MCL-PHA) depolymerases. The majority of PHA-degrading microbes
produce only one type of e-PhaZ. Only a few bacterial species have been reported
to produce both kinds of depolymerases, thus being able to degrade both SCL-PHA
and MCL-PHA (Kim et al. 2007). The rate of PHA degradation is dependent on
environmental conditions including temperature, pH, moisture, and nutrient supply,
as well as on properties related the PHA substrate, such as monomer composition,
crystallinity, additives, and surface area (Philip et al. 2007). Pseudomonas and
Stenotrophomonas are the predominant MCL-PHA degraders in soil and marine
environments (Kim et al. 2007). However, also microorganisms from the families
Pseudonocardiaceae, Micromonosporaceae, Thermomonosporaceae, Streptospo-
rangiaceae, and Streptomycetacease have been reported to degrade PHA in the
environment (Philip et al. 2007).

8 Phylogenetic Aspects of PHA Metabolism and Their
Relationship with the Environment

Systematic phylogenetic analyses of genes involved in PHA biosynthesis and degra-
dation were recently carried out by Kadouri et al. (2005) and Kalia et al. (2007).
From 253 sequenced genomes, Kalia et al. (2007) identified 71 and 111 complete
phaA and phaB sequences, respectively. The PhaA and PhaB phylogenetic trees
showed 12 and 16 cases of discrepancy, respectively, as compared with 16S ribosomal
DNA (rDNA) phylogenies. These inconsistencies might be explained by horizontal
gene transfer (HGT). The presence of the phaC gene was detected in 72 genomes
belonging to 40 genera from different taxonomical groups such as Actinobacteria,
Cyanobacteria, Firmicutes, and Proteobacteria (Kalia et al. 2007). Analysis of the
PhaC phylogenetic tree revealed quite a few significant deviations as compared with
the 16S rDNA. Similarly, a PhaC phylogenetic tree built with 67 homologous proteins
from Proteobacteria by Kadouri et al. (2005) showed that the tree was congruent
with the 16S rDNA data and clustered according to the phylogenetic taxa, suggesting
the existence of genotypic clusters that correspond to traditional species designa-
tions. In addition, this PhaC tree topology was in agreement with previous analyses
reported by Steinbiichel and Hein (2001) and Rehm (2003).
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The mechanism and regulation of PHA mobilization is poorly understood, but
as mentioned, a clear distinction exists between intracellular and extracellular
PHA degradation by means of PhaZ enzymes (Jendrossek and Handrick 2002).
Kadouri et al. (2005) analyzed the phylogeny of the i-PhaZ. Most clusters of the
i-PhaZ phylogenetic tree were highly incongruent with those of the 16S rDNA tree.
Interestingly, sequencing of the genome of C. necator (formerly R. eutropha) H16
revealed this bacterium possesses six different PhaZs (Pohlmann et al. 2006), and
two copies of PhaZ were detected in the genomes of R. metallidurans and
Burkholderia fungorum (Kadouri et al. 2005). The multiplication of genes encoding
PHA depolymerases in a genome may reflect the diversity of the PHAs that a given
microorganism is able to produce and utilize. The incongruence observed in PhaZ
phylogenetic tress suggests that these genes have likely been subjected to HGT. In
addition, the multiplication of these genes in some bacterial genomes possibly
reflects duplication events that lead to parallel evolution of different genes to
increase the versatility of the organism for PHA utilization. Thus, although the
process of PHA synthesis seems to be highly conserved, it appears that a variety of
options for PHA utilization have been laterally acquired and/or developed in parallel
by several microorganisms.

Kalia et al. (2007) also revealed for the first time the presence of all three PHA
biosynthesis genes (phaA, phaB, and phaC) in some cyanobacteria and Firmicutes.
Prior to this, different combinations of phaA, phaB, and/or phaC were partially
detected among a few members of Archaea, actinobacteria, and cyanobacteria
(Kalia et al. 2007).

In conclusion, on the basis of the highly frequent appearance of phaCAB clusters
and the relatively high congruence between PhaA, PhaB, and PhaC phylogenetic
trees with 16S rDNA trees, it appears that the acquisition of PHA biosynthesis
genes is an ancient event, at least in Proteobacteria. However, it is becoming
evident that these genes have been spread among microorganisms by HGT, thus
leading to the acquisition of the PHA accumulation trait by other groups of bacteria.
Interestingly, it was recently reported that the pha gene cluster of a Pseudomonas
isolate from the Antarctic, which produces high amounts of PHB, is located in a
genomic island within a large genetic element of approximately 32.3 kb (Ayub et al.
2007). GC content, phylogeny inference, and codon usage analyses showed that in
this bacterium the phaBCA operon itself has a complex mosaic structure and indi-
cated that the phaB and phaC genes were acquired by HGT, probably derived from
Burkholderiales (Ayub et al. 2007).

Some natural and anthropogenic activities are dramatically affecting the environ-
ment. As a result, we are witnesses to an increase in the intensity of extreme weather
events, desertification, reduction of the ozone layer, and acidification of the oceans
among other phenomena of concern. Supraorganism systems (namely, populations
of micro- and macroorganisms, organized into trophic chains and capable of biotic
cycling) have to adapt to the new situations. Considering that PHA accumulation is
involved in bacterial cell survival and stress endurance, and that PHA genes have
been subjected to HGT, it is reasonable to hypothesize that PHA accumulation and
degradation is presently an evolutionarily valuable trait that microcommunities can
exploit to deal with such environmental changes.
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9 PHA Applications in Agriculture

Bacterial inoculants are commercial formulations for agricultural uses containing
PGPR that can be applied to the seeds or to the soil during planting. During produc-
tion, transportation, and storage of inoculants, bacteria should respond to (and
survive) several stress factors, such as acidity, desiccation, chemical pesticides, and
nonoptimal temperatures (Rebah et al. 2007). In other words, inoculants that have
the capability to support survival rates of bacterial cells are highly desirable. Thus,
appropriate materials for carrying microbes must offer special properties, such as
chemical and physical uniformity, high water holding capacity, and lack of toxicity,
and they must be environmentally friendly. Commercial inoculants are available as
solid — in powder from peat or in granular form — or as liquid formulations
(Stephens and Rask 2000; Rebah et al. 2007).

Many microbial inoculants are based on solid peat formulations owing the pro-
tective properties of this material. Recently, Albareda et al. (2008) evaluated six
carriers (bagasse, cork compost, attapulgite, sepiolite, perlite, and amorphous silica)
as alternatives to peat. Cork compost and perlite gave as good results as peat in
terms of support of B. japonicum and S. meliloti growth, maintaining a long survival
of inoculated strains, as well as survival on soybean seeds. Most of the research
done in this field aims at developing new carriers or improving carrier properties
by adding elements such as nutrients or other synthetic products that can prolong
survival (Lépez et al. 1998).

The vast amount of information gathered especially on azospirilla and rhizobia
throughout the years suggests that for an inoculant to be successful, i.e., to provide
efficient root colonization and/or invasion, not only the type of carrier material is
important for bacterial survival within the carrier itself, but also the metabolic state
of the cells, including their capability to use intercellular storage materials such as
PHB. This knowledge originating from studies showing that although the carriers
may vary, plant growth promotion effects are more consistent with A. brasilense
inoculants containing cells with high amount of PHB (Fallik and Okon 1996).
In support of these studies, field experiments carried out in Mexico with maize and
wheat revealed that increasing crop yields were obtained using peat inoculants
prepared with PHB-rich Azospirillum cells (Dobbelaere et al. 2001). Additionally,
experiments done with an A. brasilense phaC mutant showed that among different
inoculant carriers (peat, sianic sand, and perlite), peat sustained the highest survival
rates, whereas the lowest survival rates were observed in perlite. Importantly,
although variations between carriers were very large, in all carriers the wild-type
strain survived better than the mutant. It was thus concluded that the production of
PHA is of critical importance for improving the shelf life, efficiency, and reliability
of commercial inoculants (Kadouri et al. 2003b).

In other agricultural aspects, it has been shown that relevant agricultural
substances, such as insecticides, can be incorporated into PHA granules. If spread
in the environment, PHA-degrading bacteria can slowly degrade the PHA granule,
leading to controlled release of the insecticide. This pioneer idea was proposed for
the first time by Holmes (1985) and was recently supported by Philip et al. (2007).
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However, to date, few studies have been performed on this subject, and despite its
potential, this PHA application still seems to be far from commercial utilization.

10 Conclusions

PHAs have attracted the attention of many research groups as they are environmen-
tally friendly polymers. It is becoming evident that PHA production is a widespread
trait among microorganisms, suggesting that, among other strategies, PHA produc-
tion plays a central role in survival under environmental stress conditions, such as
those imposed in water and soil (Table 1). Despite significant advances in recent
years, research is needed to understand the molecular mechanisms of regulation of
both PHA accumulation and degradation, and how these processes enhance bacte-
rial survival and fitness. Advances in this research area in the future could, for
instance, benefit the industry of bacterial inoculants used for plant protection or
plant growth promotion, as in these cases the capabilities of the microorganisms to
establish, survive, and proliferate in the target niche is of utmost importance.

Acknowledgements The production of this chapter was supported by The Israel Science
Foundation founded by The Academy of Sciences and Humanities. The work of S.C.-S. at the
Hebrew University of Jerusalem was supported by a Lady Davis Trust Fellowship and by
the Comisidn Sectorial de Investigacion Cientifica (CSIC), Universidad de la Reptiblica, Unidad
de Recursos Humanos, Uruguay.

References

Albareda M, Rodriguez-Navarro DN, Camacho M, Temprano FJ (2008) Alternatives to peat as a
carrier for rhizobia inoculants: solid and liquid formulations. Soil Biol Biochem
40:2771-2779

Anderson AJ, Dawes EA (1990) Occurrence, metabolism, metabolic role, and industrial uses of
bacterial polyhydroxyalkanoates. Microbiol Rev 54:450-472

Aneja P, Dai M, Lacorre DA, Pillon B, Charles TC (2004) Heterologous complementation of the
exopolysaccharide synthesis and carbon utilization phenotypes of Sinorhizobium meliloti
Rm1021 polyhydroxyalkanoate synthesis mutants. FEMS Microbiol Lett 39:277-283

Arora NK, Singhal V, Maheshwari DK (2006) Salinity-induced accumulation of poly-f-hydroxy-
butyrate in rhizobia indicating its role in cell protection. World J Microbiol Biotechnol
22:603-606

Arshad MU, Jamil N, Naheed N, Hasnain S (2007) Analysis of bacterial strains from contaminated
and non-contaminated sites for the production of biopolymers. Afr J Biotechnol 6:1115-1121

Asada Y, Miyake M, Miyake J, Kurane R, Tokiwa Y (1999) Photosynthetic accumulation of poly-
(hydroxybutytate) by cyanobacteria-the metabolism and potential of CO2 recycling. Int J Biol
Micromol 25:37-42

Ayub ND, Pettinari MJ, Ruiz JA, Lépez NI (2004) A polyhydroxybutyrate-producing Pseudomonas
sp. isolated from Antarctic environments with high stress resistance. Curr Microbiol 49:170-174

Ayub ND, Pettinari KN, Méndez BS, Lépez NI (2007) The polyhydroxyalkanoate genes of a stress
resistant Antarctic Pseudomonas are situated within a genomic island. Plasmid 58:240-248



Natural Functions of Bacterial Polyhydroxyalkanoates 57

Babel W, Ackermann JU, Breuer U (2001) Physiology, regulation, and limits of the synthesis of
poly(3HB). Adv Biochem Eng Biotechnol 71:125-157

Bahat-Samet E, Castro-Sowinski S, Okon Y (2004) Arabinose content of extracellular polysac-
charide plays a role in cell aggregation of Azospirillum brasilense. FEMS Microbiol Lett
237:195-203

Berlanga M, Montero MT, Hernandez-Borrell J, Guerrero R (2006) Rapid spectrofluorometric
screening of poly-hydroxyalkanoate-producing bacteria from microbial mats. Int Microbiol
9:95-102

Brown L, Gentry D, Elliott T, Cashel M (2002) DksA affects ppGpp induction of RpoS at a trans-
lational level. J Bacteriol 184:4455-4465

Burdman S, Jurkevitch E, Schwartsburd B, Hampel M, Okon Y (1998) Aggregation in
Azospirillum brasilense: effects of chemical and physical factors and involvement of extracel-
lular components. Microbiology 144:1989-1999

Burdman S, Okon Y, Jurkevitch E (2000a) Surface characteristics of Azospirillum brasilense in
relation to cell aggregation and attachment to plant roots. Crit Rev Microbiol 26:91-110

Burdman S, Jurkevitch E, Soria-Diaz ME, Gil Serrano AM, Okon Y (2000b) Extracellular poly-
saccharide composition of Azospirillum brasilense and its relation with cell aggregation.
FEMS Microbiol Lett 189:259-264

Caetano-Anollés G, Wall LG, De Micheli AT, Macchi EM, Bauer WD, Favelukes G (1988) Role
of motility and chemotaxis in efficiency of nodulation by Rhizobium meliloti. Plant Physiol
86:1228-1235

Campisano A, Ovehage J, Rehm BHA (2008) The polyhydroxyalkanoate biosynthesis genes are
differentially regulated in planktonic- and biofilm-grown Pseudomonas aeruginosa. J Biotechnol
133:442-452

Catalan Al, Ferreira F, Gill PR, Batista S (2005) Production of polyhydroxyalkanoates by
Herbaspirillum seropedicae grown with different sole carbon sources and on lactose when
engineered to express the lacZlacY genes. Enzyme Microb Technol 40:1352-1357

Cevallos MA, Encarnacién S, Leija A, Mora Y, Mora J (1996) Genetic and physiological charac-
terization of a Rhizobium etli mutant strain unable to synthesize poly-f-hydroxybutyrate.
J Bacteriol 178:1646-1654

Chen GQ, Zhang G, Park SJ, Lee SY (2001) Industrial production of polyhydroxybutyrate-co-
hydroxyhexanoate. Appl Microbiol Biotechnol 57:50-55

Chen W, Zhang Q, Coleman DC, Carroll CR, Hoffman CA (1996) Is available carbon limiting
microbial respiration in the rhizosphere? Soil Biol Biochem 28:1283—-1288

Cooper JE (2007) Early interactions between legumes and rhizobia: disclosing complexity in a
molecular dialogue. J Appl Microbiol 103:1355-1365

Dawes JB (1986) Microbial energy reserve compounds. In: Dawes EA (ed) Tertiary level biology
microbial energetics. Blackie, London, pp 145-165

Dawes EA, Senior PJ (1973) The role and regulation of energy reserve polymers in micro-organisms.
Adv Microb Physiol 10:135-266

Deaker R, Roughley RJ, Kennedy IR (2004) Legume seed inoculation technology — a review. Soil
Biol Biochem 36:1275-1288

Dobbelaere S, Okon Y (2007) The plant growth-promoting effect and plant responses. In:
Elmerich C, Newton WE (eds) Associative and endophytic nitrogen-fixing bacteria and
cyanobacterial associations. Springer, Dordrecht, pp 145-170

Dobbelaere S, Croonenborghs A, Thys A, Ptacek D, Vanderleyden J, Dutto JP et al (2001)
Responses of agronomically important crops to inoculation with Azospirillum. Aust J Plant
Physiol 28:871-879

Emeruwa AC, Hawirko RZ (1973) Poly-beta-hydroxybutyrate metabolism during growth and
sporulation of Clostridium botulinum. J Bacteriol 120:399-406

Encarnacién S, Vargas MC, Dunn MF, Davalos A, Mendoza G, Mora Y, Mora J (2002) AniA regu-
lates reserve polymer accumulation and global protein expression in Rhizobium etli. ] Bacteriol
184:2287-2295



58 S. Castro-Sowinski et al.

Fallik E, Okon Y (1996) Inoculants of Azospirillum brasilense: biomass production, survival and
growth promotion of Setaria italica and Zea mays. Soil Biol Biochem 28:123-126

Ferenci T (2007) Sensing nutrient levels in bacterial. Nat Chem Biol 3:607-608

Galindo E, Pena C, Nufiez C, Segura D, Espin G (2007) Molecular and bioengineering strategies
to improve alginate and polyhydroxyalkanoate production by Azotobacter vinelandii. Microb
Cell Fact 6:7. doi:10.0086/1475-2859-6-7

Gentry DR, Hernandez VJ, Nguyen LH, Jensen DB, Cashel M (1993) Synthesis of the stationary-
phase sigma factor ¢* is positively regulated by ppGpp. J Bacteriol 175:7982-7989

Gonzalez JE, York GM, Walker GC (1996) Rhizobium meliloti exopolysaccharides: synthesis and
symbiotic function. Gene 179:141-146

Hai T, Hein S, Steinbiichel A (2001) Multiple evidence for widespread and general occurrence of
type-IIT PHA synthases in cyanobacteria and molecular characterization of the PHA synthases
from two thermophilic cyanobacteria: Chlorogloeopsis fritschii PCC 6912 and Synechococcus
sp strain MA19. Microbiology 147:3047-3060

Han J, Lu Q, Zhou L, Zhou J, Xiang H (2007) Molecular characterization of the phaEC,, genes,
required for biosynthesis of poly(3-hydroxybutyrate) in the extremely halophilic archaeon
Haloarcula marismortui. Appl Environ Microbiol 73:6058-6065

Handrick R, Reinhard S, Jendrossek D (2000) Mobilization of poly(3-hydroxybutyrate) in
Ralstonia eutropha. J Bacteriol 182:5916-5918

Haywood GW, Anderson AJ, Chu L, Dawes EA (1988) The role of NADH- and NADPH-linked
acetoacetyl-CoA reductases in the poly-3-hydroxybutyrate synthesizing organism Alcaligenes
eutrophus. FEMS Microbiol Lett 52:259-264

Hein S, Tran H, Steinbiichel A (1998) Synechocystis sp. PCC6803 possesses a two-component
polyhydroxyalkanoic acid synthase similar to that of anoxygenic purple sulfur bacteria. Arch
Microbiol 170:162—170

Hezayen FF, Rehm BH, Eberhardt R, Steinbiichel A (2000) Polymer production by two newly
isolated extremely halophilic archaea: application of a novel corrosion-resistant bioreactor.
Appl Microbiol Biotechnol 54:319-325

Hezayen FF, Steinbiichel A, Rehm BH (2002) Biochemical and enzymological properties of the
polyhydroxybutyrate synthase from the extremely halophilic archaeon strain 56. Arch
Biochem Biophys 403:284-291

Hippe H (1967) Aufbau und Wiederverwertung von Poly-B-hydroxybuttersdure durch
Hydrogenomonas H16. Arch Mikrobiol 56:248-277

Hippe H, Schlegel HG (1967) Hydrolyse von PHBS durch intrazelluldre Depolymerase von
Hydrogenomonas H16. Arch Mikrobiol 56:278-299

Holmes PA (1985) Application of PHB: a microbially produced biodegradable thermoplastic.
Phys Technol 16:32-36

Itzigsohn R, Yarden O, Okon Y (1995) Polyhydroxyalkanoate analysis in Azospirillum brasilense.
Can J Microbiol 41:73-76

James BW, Mauchline WS, Dennis PJ, Keevil CW, Wait R (1999) Poly-3-hydroxybutyrate in
Legionella pneumophila, an energy source for survival in low-nutrient environments. Appl
Environ Microbiol 65:822-827

Jendrossek D, Handrick R (2002) Microbial degradation of polyhydroxyalkanoates. Annu Rev
Microbiol 56:403-432

Jjemba PK, Alexander M (1999) Possible determinants of rhizosphere competence of bacteria.
Soil Biol Biochem 31:623-632

Kadouri D, Burdman S, Jurkevitch E, Okon Y (2002) Identification and isolation of genes
involved in poly B-hydroxybutyrate (PHB) biosynthesis in Azospirillum brasilense and
characterization of a phbC mutant. Appl Environ Microbiol 68:2943-2949

Kadouri D, Jurkevitch E, Okon Y (2003a) Poly beta-hydroxybutyrate depolymerase (PhaZ) in
Azospirillum brasilense and characterization of a phaZ mutant. Arch Microbiol 180:309-318

Kadouri D, Jurkevitch E, Okon Y (2003b) Involvement of the reserve material poly B-hydroxybu-
tyrate (PHB) in Azospirillum brasilense in stress endurance and root colonization. Appl
Environ Microbiol 69:3244-3250



Natural Functions of Bacterial Polyhydroxyalkanoates 59

Kadouri D, Jurkevitch E, Okon Y, Castro-Sowinski S (2005) Ecological and agricultural signifi-
cance of bacterial polyhydroxyalkanoates. Crit Rev Microbiol 31:55-67

Kalia VC, Lal S, Cheema S (2007) Insight into the phylogeny of polyhydroxyalkanoate biosyn-
thesis: horizontal gene transfer. Gene 389:19-26

Kessler B, Witholt B (2001) Factors involved in the regulatory network of poly-hydroxyalkanoate
metabolism. J Biotechnol 86:97-104

Kim DY, Kim HW, Chung MG, Rhee YA (2007) Biosynthesis, modification, and biodegradation
of bacterial medium-chain-length polyhydroxyalkanoates. J Microbiol 45:87-97

Kominek LA, Halvorson HO (1965) Metabolism of poly-beta-hydroxybutyrate and acetoin in
Bacillus cereus. J Bacteriol 90:1251-1259

Kumar AS, Mody K, Jha B (2007) Bacterial exopolysaccharides — a perception. J Basic Microbiol
47:103-117

Lee IY, Kim MK, Chang HN, Park YH (1995) Regulation of poly-beta-hydroxybutyrate biosyn-
thesis by nicotinamide nucleotide Alcaligenes eutrophus. FEMS Microbiol Lett 131:35-39

Lin LP, Sadoff HL (1968) Encystment and polymer production by Azotobacter vinelandii in the
presence of beta-hydroxybutyrate. J Bacteriol 95:2336-2343

Lodwig EM, Leonard M, Marroqui S, Wheeler TR, Kindlay K, Downie JA, Poole PS (2005) Role of
polyhydroxybutyrate and glycogen as carbon storage compounds in pea and been bacteroids.
Mol Plant Microbe Interact 18:67-74

Lépez NI, Floccari ME, Garcia AF, Steinbiichel A, Mendez BS (1995) Effect of poly-3-hydroxy-
butyrate content on the starvation survival of bacteria in natural waters. FEMS Microbiol Ecol
16:95-102

Lépez NI, Ruiz JA, Méndez BS (1998) Survival of poly-3-hydroxybutyrate-producing bacteria in
soil microcosms. World J Microbiol Biotechnol 14:681-684

Lépez-Cortés A, Lanz-Landazuri A, Garcia-Maldonado JQ (2008) Screening and isolation of
PHB-producing bacteria in a polluted marine microbial mat. Microb Ecol 56:112-120

Lu Q, Han J, Zhou L, Zhou J, Xiang H (2008) Genetic and biochemical characterization of the
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) synthase in Haloferax mediterranea. J Bacteriol
190:4173-4180

Luo Y, Vilain S, Voigt B, Albrecht D, Hecker M, Brozel VS (2007) Proteomic analysis of Bacillus
cereus growing in liquid soil organic matter. FEMS Microbiol Lett 271:40-47

Macrae RM, Wilkinson JF (1958) Poly-B-hydroxybutyrate metabolism in washed suspensions of
Bacillus cereus and Bacillus megaterium. J Gen Microbiol 19:210-222

Madison LL, Huisman GW (1999) Metabolic engineering of poly(3-hydroxyalkanoates): from
DNA to plastic. Microbiology and Molecular Biology Reviews 63:21-53

Mandon K, Michel-Reydellet N, Encarnacién S, Kaminski PA, Leija A, Cevallos MA, Elmerich C,
Mora J (1998) Poly-B-hydroxybutyrate turnover in Azorhizobium caulinodans is required for
growth and affects nifA expression. J Bacteriol 180:5070-5076

Matin A, Veldhuis C, Stegeman V, Veenhuis M (1979) Selective advantage of a Spirillum sp. in a
carbon-limited environment. Accumulation of poly-beta-hydroxybutyric acid and its role in
starvation. J Gen Microbiol 112:349-355

Mora P, Rosconi F, Franco-Fraguas L, Castro-Sowinski S (2008) Azospirillum brasilense Sp7
produces an outer-membrane lectine that specifically binds to surface-exposed extracellular
polysaccharide produced by the bacterium. Arch Microbiol 189:519-524

Nakata HM (1965) Role of acetate in sporogenesis of Bacillus cereus. J Bacteriol 91:784-788

Nur I, Steinitz YL, Okon Y, Henis Y (1981) Carotenoid composition and function in nitrogen-
fixing bacteria of the genus Azospirillum. J Gen Microbiol 123:27-32

Okon Y, Itzigsohn R (1992) Poly-f-hydroxybutyrate metabolism in Azospirillum brasilense and
the ecological role of PHB in the rhizosphere. FEMS Microbiol Rev 103:131-140

Okon Y, Vanderleyden J (1997) Root-associated Azospirillum species can stimulate plants. ASM
News 63:366-370

Paul E, Mulard D, Blanc P, Fages J, Goma G, Pareilleux A (1990) Effects of partial O, pressure,
and agitation on growth kinetics of Azospirillum lipoferum under fermentor conditions. Appl
Environ Microbiol 56:3235-3239



60 S. Castro-Sowinski et al.

Pham TH, Webb JS, Rehm BHA (2004) The role of polyhydroxyalkanoate biosynthesis by
Pseudomonas aeruginosa in thamnolipid and alginate production as well as stress tolerance
and biofilm formation. Microbiology 150:3405-3413

Philip S, Kashavarz T, Roy I (2007) Polyhydroxyalkanoates: biodegradable polymers with a range
of applications. J] Chem Technol Biotechnol 82:233-247

Pohlmann A, Fricke WF, Reinecke F et al (2006) Genome sequence of the bioplastic-producing
“Knallgas” bacterium Ralstonia eutropha H16. Nat Biotechnol 24:1257-1262

Postma J, van Veen JA, Walter S (1989) Influence of different initial soil moisture contents on the
distribution and population dynamics on introduced Rhizobium leguminosarum. Soil Biol
Biochem 21:437-442

Potter M, Steinbiichel A (2005) Poly(3-hydroxybutyrate) granule-associated proteins: impacts on
poly(3-hydroxybutyrate) synthesis and degradation. Biomacromolecules 6:552-560

Povolo S, Casella S (2000) A critical role for aniA in energy-carbon flux and symbiotic nitrogen
fixation in Sinorhizobium meliloti. Arch Microbiol 174:42-49

Povolo S, Tombolini R, Morea A, Anderson AJ, Casella S, Nuti MP (1994) Isolation and charac-
terization of mutants of Rhizobium meliloti unable to synthesize poly-f-hydroxybutyrate.
Can J Microbiol 40:823-829

Raiger-Iustman LJ, Ruiz JA (2008) The alternative sigma factor, c*, affects polyhydroxyalkanoate
metabolism in Pseudomonas putida. FEMS Microbiol Lett 284:218-224

Rebah FB, Prévost D, Yezza A, Tyagi RD (2007) Agro-industrial waste materials and wastewater
sludge for rhizobial inoculant production: a review. Bioresour Technol 98:3535-3546

Rehm BHA (2003) Polyester synthases: natural catalysts for plastics. Biochem J 376:15-33

Rothermich MM, Guerrero R, Lenz RW, Goodwin S (2000) Characterization, seasonal occur-
rence, and diel fructuation of poly(hydroxyalkanoate) in photosynthetic microbial mats. Appl
Environ Microbiol 66:4279-4291

Ruiz JA, Lépez NI, Méndez BS (1999) Polyhydroxyalkanoates degradation affects survival of
Pseudomonas oleovorans in river water microcosms. Rev Argent Microbiol 31:201-204

Ruiz JA, Lopez NI, Fernandes R, Méndez B (2001) Polyhydroxyalkanoate degradation is associ-
ated with nucleotide accumulation and enhanced stress resistance and survival of Pseudomonas
oleovorans in natural water microcosms. Appl Environ Microbiol 67:225-230

Ruiz JA, Lopez NL, Méndez BS (2004) rpoS gene expression in carbon-starved cultures of the
polyhydroxyalkanoate-accumulating species Pseudomonas oleovorans. Curr Microbiol
48:396-400

Saegusa H, Shiraki M, Kanai C, Saito T (2001) Cloning of an intracellular poly[D(-)-3-hydroxy-
butyrate] depolymerase gene from Ralstonia eutropha H16 and characterization of the gene
product. J Bacteriol 183:94-100

Segura D, Cruz T, Espin G (2003) Encystment and alkylresorcinol production by Azotobacter
vinelandii strains impaired in poly-beta-hydroxybutyrate synthesis. Arch Microbiol
179:437-443

Senior PJ, Dawes EA (1973) The regulation of poly-beta-hydroxybutyrate metabolism in
Azotobacter beijerinckii. Biochem J 134:225-238

Sierra G, Gibbons NE (1962) Production of poly-f-hydroxybutiric acid granules in Micrococcus
halodenitrificans. Can J Microbiol 8:249-253

Simon-Colin C, Raguénes G, Cozien J, Guezennec JG (2008) Halomonas profundus sp. nov., a
new PHA-producing bacterium isolated from a deep-sea hydrothermal vent shrimp. J Appl
Microbiol 104:1425-1432

Simons M, van der Bij AJ, Brand I, de Weger LA, Wijffelman CA, Lugtenberg BJ (1996)
Gnotobiotic system for studying rhizosphere colonization by plant growth-promoting
Pseudomonas bacteria. Mol Plant Microbe Interact 9:600-607

Steenhoudt O, Vanderleyden J (2000) Azospirillum, a free-living nitrogen-fixing bacterium closely
associated with grasses: genetic, biochemical and ecological aspects. FEMS Microbiol Rev
24:487-506

Steinbiichel A, Hein S (2001) Biochemical and molecular basis of microbial synthesis of polyhy-
droxyalkanoates in microorganisms. Adv Biochem Eng Biotechnol 71:81-123



Natural Functions of Bacterial Polyhydroxyalkanoates 61

Stephens JHG, Rask HM (2000) Inoculant production and formulation. Field Crops Res 65:249-258

Tal S, Okon Y (1985) Production of the reserve material poly-B-hydroxybutyrate and its function
in Azospirillum brasilense Cd. Can J Microbiol 31:608-613

Tal S, Smirnoff P, Okon Y (1990a) Purification and characterization of D-levo-f-hydroxybutyrate
dehydrogenase from Azospirillum brasilense Cd. J Gen Microbiol 136:645-650

Tal S, Smirnoff P, Okon Y (1990b) The regulation of poly-B-hydroxybutyrate metabolism in
Azospirillum brasilense during balanced growth and starvation. J Gen Microbiol 136:1191-1196

Tanio T, Fukui T, Shirakura T, Saito T, Tomita K, Kaiho T, Masamune S (1982) An extracellular
poly(3-hydroxybutyrate) depolymerase from Alcaligenes faecalis. Eur J Biochem 124:71-77

Timm A, Steinbiichel A (1992) Cloning and molecular analysis of the poly(3-hydroxyalkanoic
acid) gene locus of Pseudomonas aeruginosa PAO1. Eur J Biochem 209:15-30

Tokiwa Y, Calabia BP (2004) Degradation of microbial polyesters. Biotechnol Lett 26:1181-1189

Trainer MA, Charles TC (2006) The role of PHB metabolism in the symbiosis of rhizobia with
legumes. Appl Microbiol Biotechnol 71:377-386

Trautwein K, Kiihner S, Wohlbrand L, Halder T, Kuchta K, Steinbiichel A, Rabus R (2008)
Solvent stress response of the denitrifying bacterium “Aromatoleum aromaticum’ strain EbN1.
App Environ Microbiol 74:2267-2274

Valappil SP, Boccaccini AR, Bucke C, Roy I (2007) Polyhydroxyalkanoates in Gram-positive bacteria:
insights from the genera Bacillus and Streptomyces. Antonie Van Leeuwenhoek 91:1-17

Van Elsas JD, van Overbeek LS (1993) Bacterial responses to soil stimuli. In: Kjelleberg S (ed)
Starvation in bacteria. Plenum, New York, pp 55-77

Vassileva V, Ignatov G (2002) Relationship between bacteroid poly-B-hydroxybutyrate accumula-
tion and nodule functioning in the Galega orientalis—Rhizobium galegae symbiosis under
diamine treatment. Physiol Plant 114:27-32

Villanueva L, Navarrete A, Urmeneta J, Geyer R, White DC, Guerrero R (2007) Monitoring diel
variations of physiological status and bacterial diversity in an estuarine microbial mat: an
integrated biomarker analysis. Microb Ecol 54:523-531

Wang JG, Bakken LR (1998) Screening of soil bacteria for poly-beta-hydroxybutyric acid production
and its role in the survival of starvation. Microb Ecol 35:94-101

Wang C, Sheng X, Equi RC, Trainer MA, Charles TC, Sobral BWS (2007) Influence of the poly-
3-hydroxybutyrate (PHB) granule-associated proteins (PhaP1 and PhaP2) on PHB accumula-
tion and symbiotic nitrogen fixation in Sinorhizobium meliloti Rm1021. J Bacteriol
189:9050-9056

Williams SF, Peoples OP (1996) Biodegradable plastics from plants. Chemtech 26:38-44

Willis LB, Walker GC (1998) The phbC (poly-beta-hydroxybutyrate synthase) gene of Rhizobium
(Sinorhizobium) meliloti and characterization of a phbC mutant. Can J Microbiol
44:554-569

Yilmaz M, Soran H, Beyatli Y (2005) Determination of poly-B-hydroxybutyrate (PHB) production
by some Bacillus spp. World J Microbiol Biotechnol 21:565-566

Zhao HY, Li HM, Qin LF, Wang HH, Chen G-Q (2007) Disruption of the polyhydroxyalkanoate
synthase gene in Aeromonas hydrophila reduces its survival ability under stress conditions.
FEMS Microbiol Lett 276:34-41



Towards Systems Metabolic Engineering
of PHA Producers

Yu Kyung Jung, Sang Yup Lee, and Tran Thanh Tam

Contents

I INErOAUCHION ...ttt 64
Traditional Metabolic Engineering of PHA Producers e 65
2.1 Natural PHA Producers and Metabolic Engineering............cccccccoeviiinicincinnnns 65
2.2 Engineering of Non-PHA Producers ..........c.ccoeveiieiiiiiniiineieseeeeeeeeea 67

3 Systems-Biological Approach for PHA Production ................... 71
3.1 Systems Metabolic Engineering for Strain Improvement.. e 12
3.2 Metabolic Engineering Based on Omics Studies...................... e 713
3.3 Future of Systems Metabolic Engineering for PHA Production ............cccccoecevenen. 77

4 Concluding Remarks and Future Perspectives.........c..coeoveveiiriniiinenenienicieieieeeeeene 77

REFEICICES ...veiiiicietc ettt ettt 79

Abstract Polyhydroxyalkanoates (PHAs) are natural polyesters that accumulate
in numerous microorganisms as a carbon- and energy-storage material under the
nutrient-limiting condition in the presence of an excess carbon source. PHAs are con-
sidered to be one of the potential alternatives to petrochemically derived plastics
owing to their versatile material properties. Over the past few decades, extensive
detailed biochemical, molecular-biological, and metabolic studies related to PHA

Y.K. Jung, S.Y. Lee (P<)) and T.T. Tam

Department of Chemical and Biomolecular Engineering (BK21 Program), Metabolic and
Biomolecular Engineering National Research Laboratory, KAIST, 335 Gwahangno, Daejeon,
305-701, Republic of Korea

e-mail: leesy @kaist.ac.kr

YXK. Jung, S.Y. Lee and T.T. Tam
Center for Systems and Synthetic Biotechnology, Institute for the BioCentury, KAIST, 335
Gwahangno, Daejeon, 305-701, Republic of Korea

S.Y. Lee
Department of Bio and Brain Engineering, BioProcess Engineering Research Center and
Bioinformatics Research Center, KAIST, 335 Gwahangno, Daejeon, 305-701, Republic of Korea

S.Y. Lee
Department of Biological Sciences, KAIST, 335 Gwahangno, Daejeon, 305-701,
Republic of Korea

G.-Q. Chen (ed.), Plastics from Bacteria: Natural Functions and Applications, 63
Microbiology Monographs, Vol. 14, DOI 10.1007/978-3-642-03287_5_4,
© Springer-Verlag Berlin Heidelberg 2010



64 Y.K. Jung et al.

biosynthesis have been carried out. Advances in our knowledge of PHA biosyn-
thesis led to the development of engineered strains and fermentation processes for
the production of PHAs with high efficiency. Even though the traditional metabolic
engineering based on our rational thinking and trial-and-error type approaches
allowed development of improved strains, further enhancement in the performance
is expected through systems metabolic engineering, which is metabolic engineer-
ing integrated with systems-biological approaches. In this chapter, the strategies
taken for the metabolic engineering of PHA producers are briefly reviewed. Then,
genomic and proteomic studies performed to understand the PHA biosynthesis
in the context of whole cell metabolism as well as to develop further engineered
strains are reviewed. Finally, the strategies for the systems metabolic engineering
of PHA producers are suggested; these will make it possible to produce PHAs with
higher efficiencies and to develop tailor-made PHAs by systems-level optimization
of the metabolic network and establishment of novel pathways.

1 Introduction

As our concerns regarding the environmental problems represented by global
warming are increasing, there has recently been much interest in developing bio-based
processes for the production of chemicals, fuels, and materials from renewable
resources. Polymers which we use everyday are no exception. Among many types
of biopolymers, polyhydroxyalkanoates (PHAs) have been considered to be good
alternatives to petrochemically derived polymers. PHAs are natural polyesters that
accumulate in numerous microorganisms as a carbon- and energy-storage material
under the nutrient-limiting condition in the presence of an excess carbon source
(Anderson and Dawes 1990; Lee 1996). Since poly[(R)-3-hydroxybutyrate], P(3HB),
homopolymer was discovered in Bacillus megaterium by Maurice Lemoigne in
1926, more than 150 kinds of (R)-hydroxyalkanoic acid monomers have been found
to be incorporated into bacterial PHAs (Steinbiichel and Valentin 1995). This variety
of monomers allows PHAs to have diverse material properties and broadly classifies
PHAs into one of three types: thermoplastics, which are short-chain-length (SCL)
PHAS consisting of C.—~C, monomers; elastomers, which are medium-chain-length
(MCL) PHAs consisting of C~C . monomers; and their copolymer (SCL-MCL)
PHAs, which show properties of both of them and notably low density polyethylene
like properties (Fig. 1). The monomer composition of PHAs depends highly on the
metabolic capability of host microorganisms and on the substrate specificity of
PHA synthase, and subsequently determines the physicochemical properties of
PHAs (Lee 1996; Rehm 2003). This implies that tailor-made PHA production using
microorganisms can be optimized by metabolic engineering and key enzyme
engineering, and can be finally maximized by optimized fermentation. Recently,
the genome sequences of the most common PHA producers, Cupriavidus necator
H16 (formerly, Ralstonia eutropha H16) and Pseudomonas putida KT2440,
were reported by Pohlmann et al. (2006) and Nelson et al. (2002), respectively.
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Short-chain-length (SCL) PHA
monomer C3-C5
stiff crystalline material
similar to properties of polypropylene,

Medium-chain-length (MCL) PHA
monomer C6-C14
semicrystalline thermoplastic
elastomer

SCL-MCL PHA
monomer C3-C14
a wide range of physical properties
similar to mechanical properties of
low density polyethylene (LDPE)

Fig. 1 General structure and three types of polyhydroxyalkanoates (PHAs), including short-
chain-length (SCL) PHAs, medium-chain-length (MCL) PHAs, and SCL-MCL PHAs. Their
characteristics are also summarized

Thus, PHA biosynthesis has also entered the genomics era, and strain development
for novel PHA production and enhanced PHA production can be performed through
systems metabolic engineering.

2 Traditional Metabolic Engineering of PHA Producers

Numerous bacteria accumulate PHAs under unfavorable growth conditions, such as
the limitation of nitrogen, phosphorous, magnesium, or oxygen, in the presence of an
excess carbon source. They share a common metabolism to generate core interme-
diates for PHA monomers from a carbon substrate, but the different characteristics
of the preferred metabolism led to the generation of different monomers for PHAs
(Anderson and Dawes 1990; Lee 1996). There have also been extensive studies on
metabolic engineering of non-PHA-producing bacteria to make them efficiently
produce PHASs to high levels (Fidler and Dennis 1992; Lee and Chang 1995; Lee
et al. 1999).

2.1 Natural PHA Producers and Metabolic Engineering

Generally, many naturally PHA producing bacteria, including C. necator (Peoples
and Sinskey 1989; Schubert et al. 1988; Slater et al. 1988; Doi et al. 1992), Alcaligenes
latus (Braunegg and Bogensberger 1985; Hangii 1990; Hrabak 1992; Yamane et al
1996), Pseudomonads (Gross et al. 1989; Fritzsche et al. 1990; Huisman et al. 1991;
Timm and Steinbiichel 1992; Timm et al. 1994), Aeromonas (Doi et al. 1995; Lee
et al. 2000), Rhodococcus ruber (Pieper and Steinbiichel 1992), and Syntrophomonas
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wolfei (Mclnerney et al. 1992), can synthesize a wide range of PHAs depending on
the carbon source and the cultivation condition employed. Among them, C. necator
and P. putida have been most widely used for PHA production.

C. necator has been studied extensively because of its great ability to accumulate
P(3HB), up to 80-90 wt%, from simple carbon sources (Repaske and Mayer 1976;
Heinzle and Lafferty 1980; Kim et al. 1994a). By applying nitrogen or phosphorous
limitation, C. necator can accumulate a large amount of P(3HB) from a simple car-
bon source such as fructose or glucose. When both glucose and propionate are added
during the polymer accumulation phase, poly[(R)-3-hydroxybutyrate-co-(R)-3-
hydroxyvalerate], P(3HB-co-3HV), can be produced in C. necator. Depending on the
ratio of glucose to propionate fed into the medium, the (R)-3-hydroxyvalerate (3HV)
fraction of this copolymer can be varied from O to 30 mol%, and a polymer content
of about 75 wt% is obtained (Byrom 1992; Kim et al. 1994b). When 22 gl~' propi-
onate was used as the sole carbon source during the polymer synthesis phase, the
3HV fraction reached up to 43 mol%, whereas the polymer content was only 35 wt%
in C. necator (Doi et al. 1986). C. necator possesses class I PHA synthase, which
preferentially utilizes and incorporates SCL (R)-3-hydroxyalkanoates into PHAs.
However, it has been proved that C. necator has the capability to accumulate MCL
PHASs consisting of (R)-3-hydroxyhexanoate (3HHx) and (R)-3-hydroxyoctanoate
(BHO) as well as SCL PHAs when a -oxidation inhibitor, sodium acrylate, is added
and sodium octanoate is used as a carbon source (Green et al. 2002).

Although C. necator belongs to the naturally PHA producing bacteria, a number
of engineered C. necator strains have been developed to improve PHA productivity
as well as to control monomer compositions of PHAs. By introducing the genes
encoding crotonyl-coenzyme A (CoA) reductase from Streptomyces cinnamonen-
sis, and PHA synthase and (R)-specific enoyl-CoA hydratase from Aeromonas
caviae into a C. necator PHA-negative mutant strain, the engineered strain was able
to produce poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate], P(3HB-co-
3HHXx), having 1.5 mol% 3HHx monomer up to 48 wt% from fructose (Fukui et al.
2002). Production of up to 87 wt% P(3HB-co-3HHX) having a constant level of
5 mol% 3HHx was achieved by cultivating a C. necator PHA-negative mutant
strain harboring the A. caviae PHA synthase gene on palm kernel oil (Loo et al.
2005). Moreover, the 3HHXx fraction could be altered in the range 0-5.1 mol% when
several A. caviae phaC (phaC, ) mutant genes were introduced into the C. necator
PHA-negative mutant strain, which resulted in the production of various P(3HB-co-
3HHXx) having different thermal properties of interest (Tsuge et al. 2004).

In pseudomonads belonging to the ribosomal RNA homology group I, the
de novo fatty acid biosynthesis and degradation pathways generate intermediates
including enoyl-CoA, 3-ketoacyl-CoA, (S)-3-hydroxyacyl-CoA, 3-ketoacyl-CoA,
and 3-hydroxyacyl-acyl carrier protein (ACP), which can eventually serve as the
precursors of MCL PHAs (Lee 1996; Madison and Huisman 1999; Witholt and
Kessler 1999; Park and Lee 2003). Various enzymes, including enoyl-CoA
hydratase (Fiedler et al. 2002; Fukui and Doi 1998), 3-ketoacyl-ACP reductase
(Park et al. 2002; Ren et al. 2000; Taguchi et al. 1999), epimerase (Madison and
Huisman 1999), and 3-hydroxyacyl-ACP:CoA transacylase (Rehm et al. 1998;
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Hoffmann et al. 2000), play important roles in connecting the fatty acid metabolism
and PHA biosynthesis. Since a novel metabolic link between fatty acid biosynthesis
and PHA biosynthesis by the 3-hydroxydecanoyl-ACP:CoA transacylase (PhaG)
was identified in P. putida (Rehm et al. 1998), there have been several reports show-
ing that most pseudomonads use PhaG to accumulate PHAs containing MCL units
from unrelated carbon sources such as sugar, except for P. oleovorans and P. fragi
(Hoffmann et al. 2000; Fiedler et al. 2000). It was found that the expression system
of the P. oleovorans phaG gene (phaG, ) did not function properly in P. oleovorans.
Reverse transcriptase polymerase chain reaction (PCR) of phaG, obviously
showed that phaG, was not transcribed even when gluconate was used as a carbon
source. However, the P. oleovorans phaG gene was expressed well using the lac
promoter, which enabled P. oleovorans to accumulate MCL PHA up to 74 wt%
(Hoffmann et al. 2000). Another non-PHA-producing Pseudomonas strain, P. fragi,
equipped with the phaCl gene from P. aeruginosa and the phaG gene from P. putida,
was able to accumulate 14 wt% MCL PHA composed mainly of about 60 mol%
(R)-3-hydroxydecanoate, and additional constituents of 2 mol% 3HHx, 21 mol% 3HO,
11 mol% (R)-3-hydroxydodecanoate (3HDD), 4 mol% (R)-3-hydroxydodecenoate,
and 1 mol% (R)-3-hydroxytetradecanoate (3HTD), when cultivated on gluconate
as the sole carbon source (Fiedler et al. 2000).

It was reported that P. putida CA-3 was able to accumulate MCL PHA from the
aromatic hydrocarbon styrene as the sole carbon source under nitrogen limitation
through styrene degradation, de novo fatty acid biosynthesis, and f-oxidation path-
ways (O’Leary et al. 2001, 2005; Ward and O’Connor 2005). Recently, the fadBA
mutant strain of P. putida KT2442 led to the enhanced production of MCL PHA
having a dominant 3HDD or 3HTD fraction (up to 50 mol%) with higher crystal-
linity and tensile strength than typical MCL PHA, showing improved properties for
various applications (Ouyang et al. 2007; Liu and Chen 2007).

2.2 Engineering of Non-PHA Producers

Although natural PHA producers have the ability to accumulate PHAs during their
life cycle, they often have relatively low growth rate and low optimal growth tem-
perature, and also possess PHA degradation pathways, which are disadvantageous to
PHA production. On the other hand, Escherichia coli, a non-PHA-accumulating
bacterium, is capable of neither PHA synthesis nor its degradation. E. coli grows fast
at arelatively high temperature, and is easy to lyse, which allows a shorter cycle time
for PHA production and cost savings associated with the cooling of the fermentor
and the PHA purification process (Madison and Huisman 1999). Furthermore,
E. coli has been intensively studied for PHA production because it was able to be
metabolically engineered to synthesize PHAs thanks to versatile tools for genetic
engineering (Fig. 2).

The plasmid-based expression of many genes for PHA synthesis in E. coli
resulted in the production of various types of PHAs. The recombinant E. coli har-
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Fig. 2 PCR-mediated homologous recombination using the A-Red recombinase as a typical
Escherichia coli chromosomal manipulation method (Datsenko and Wanner 2000; Palmeros et al.
2000; Yuan et al. 2006). 1 Chromosomal gene inactivation, 2 chromosomal promoter replacement.
ori replication origin, MK antibiotic resistance marker, UHR upper homologous region, DHR
down homologous region, Pna native promoter

boring the A. latus PHA biosynthesis genes (phaCAB,,) was able to produce the
highest amount of P(3HB) compared with C. necator H16 wild-type strain and
recombinant E. coli harboring C. necator H16 PHA biosynthesis genes (phaCAB,)
(Genser et al. 1998; Choi et al. 1998). The P(3HB) concentration and productivity
obtained from the recombinant E. coli harboring the phaCAB,, genes were as high
as 141.6 gl™' and 4.63 gl-'h™', respectively (Choi et al. 1998). More interestingly,
a filamentation-suppressed recombinant E. coli harboring the phaCAB,, genes and
the E. coli ftsZ gene encoding the earliest acting cell division protein, FtsZ, accu-
mulated P(3HB) up to 82.4 wt%, which was higher than that obtained with the
recombinant E. coli harboring only the phaCAB,, genes (Choi and Lee 1999a).

In addition to P(3HB) homopolymer, P(3HB-co-3HV) copolymer could be produced
in recombinant E. coli (Slater et al. 1992; Yim et al. 1996; Choi and Lee 1999b;
Wong et al. 2007). When the PHA biosynthesis genes from C. necator (phaCAB,)
were introduced into E. coli LS5218 (fadR atoC(Con)), which can constitutively
express the enzymes involved in the utilization of short-chain (C,~C)) fatty acids,
P(3HB-co-3HV) could be produced from glucose and propionate as carbon sources.
The P(3HB-co-3HV) content and the 3HV monomer fraction could be varied
depending on the concentrations of glucose and propionate in the medium (Slater et al.
1992). Also, the recombinant E. coli XL1-Blue strain equipped with the phaCAB,
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genes was able to produce P(3HB-co-3HV) from glucose and propionate. Moreover,
it was indicated that induction with acetate and/or oleate as well as propionate for
the activation of propionate metabolism increased the PHA concentration and the
3HV fraction (Yim et al. 1996). P(3HB-co-3HV) could also be produced in recom-
binant E. coli harboring the Salmonella enterica prpE gene encoding propionyl-CoA
synthetase and the phaCAB , genes. The 3HV monomer fraction in the copolymer
varied from 5 to 18 mol%, depending on the expression level of PrpE, which was
under the control of the isopropyl B-D-1-thiogalactopyranoside inducible tac
promoter (Wong et al. 2007).

Production of MCL PHAs was first investigated in recombinant E. coli by
Langenbach et al (1997). A number of strategies have been developed to improve
MCL PHA productivity by providing PHA precursors from the fatty acid -oxidation
pathway (Fig. 3; Park et al. 2004). The B-oxidation pathway has been engi-
neered by the overexpression of enoyl-CoA hydratase (Fiedler et al. 2002; Fukui
and Doi 1998) or 3-ketoacyl-ACP reductase (Park et al. 2002; Ren et al. 2000;

Glucose Fatty acid
Glucose 6-phosphate s} 6-phosphogluconate FadD
Fba .
Acyl-ACP Malonyl-ACP Ribose 5-phosphate Acyl-CoA
FabH, FabF Dihydroxyacetone Glyceraldehyde
Fabl - FabB phosphate "7 5™ 3-phosohate Eda FadA FadE

Enoyl-ACP  FAB 3-Ketoacyl-ACP
FabH Malonyl-CoA Pyruvate

FabA FabG ‘x 1 FadB FadB
3-Ketoacyl-CoA Acetyl-CoA Phaj,

(R)-3-Hydroxyacyl-ACP PhaA (S)-3-Hydroxyacyl-CoA | MaoC, yeX
oh 1 FabG Acetoacetyl-CoA
aG

PhaB
(R)-3-Hydroxyacyl-CoA

(R)-3-hydroxybutyryl-CoA (R)-3-Hydroxyacyl-CoA
N l PhaC """Tfﬁ’/
Fig. 3 Rational metabolic engineering for PHA production in E. coli. Black arrows and crosses

represent genetic manipulations of overexpression and inhibition, respectively, for the enhance-
ment of targeted monomers. The enzymes related to PHA production are shown. The enzymes are
listed below along with the representative sources of the foreign enzymes: FabA, B-hydroxyl- acyl
carrier protein (ACP) dehydrase; FabB, B-ketoacyl-ACP synthase/malonyl-ACP decarboxylase;
FabF, B-ketoacyl-ACP synthase; FabG, B-ketoacyl-ACP reductase (Park et al. 2002); FabH,
B-ketoacyl-ACP synthase/acetyl coenzyme A (CoA):ACP transacylase (Taguchi et al. 1999;
Nomura et al. 2004); Fabl, enoyl-ACP reductase (Rehm et al. 2001); FadA, B-ketoacyl-CoA thio-
lase (Park et al. 2003); FadB, multifunctional enzyme encoding hydratase and dehydrogenase
activities (Park et al. 2003); FadD, fatty acyl-CoA synthetase (Park et al. 2003); FadE, acyl-CoA
dehydrogenase (Park et al. 2003); MaoC, enoyl-CoA hydratase (Park and Lee 2003); YfcX, enoyl-
CoA hydratase (Snell et al. 2002); Fba, fructose bisphosphate aldolase (Han et al. 2001); TpiA,
triosephosphate isomerase (Han et al. 2001); Eda, 2-keto-3-deoxy-6-phosphogluconate aldolase
(Hong et al. 2003; Han et al. 2001); PhaA, B-keththiolase from Cupriavidus necator (Lee 1996);
PhaB, acetoacetyl-CoA reductase from C. necator (Lee 1996); PhaG, (R)-3-hydroxydecanoyl-
CoA:ACP transacylase from Pseudomonas putida (Rehm et al. 1998); Phal, enoyl-CoA hydratase
from Aeromonads (Fukui and Doi 1998); PhaC, PHA synthase from types I, II, III, and IV (Rehm
2003). TCA tricarboxylic acid cycle, FAB de novo fatty acid biosynthesis pathway, FAD fatty acid
B-oxidation pathway

3-Ketoacyl-CoA FAD  Enoyl-CoA
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Taguchi et al. 1999), and/or by the deletion of FadB or FadA (Langenbach et al.
1997; Snell et al. 2002).

It has been reported that E. coli possesses enzymes belonging to the crotonase
superfamily, including YfcX, PaaF, PaaG, and YgfG, all of which are highly
homologous to FadB. A number of recent studies reported increasing the enoyl-CoA
hydratase activity by the overexpression of one of these enzymes in E. coli (Haller
et al. 2000; Snell et al. 2002; Fiedler et al. 2002; Park and Lee 2003, 2004). The
E. coli fadB yfcX mutant strain harboring only the P. oleovorans phaCl gene (phaCl )
was not able to produce MCL PHA when grown in the presence of fatty acids.
However, introduction of the yfcX gene along with the phaCl, gene into an E. coli
fadB yfcX mutant strain restored the capability of producing MCL PHA in this
strain. Moreover, the PHA content increased significantly up to 27.7 wt%, which is
3 times more than that obtained with the E. coli fadB mutant strain (Snell et al.
2002). Furthermore, E. coli FadB homologous enzymes, such as PaaG, PaaF, BhbD,
SceH, and YdbU, identified by a protein database search, were recently taken into
consideration in an E. coli W3110 fadB mutant, WB101 strain (Park and Lee 2004).
It is noticeable that no PHA accumulation was observed when each of these genes
was coexpressed with the Pseudomonas sp. 61-3 phaC2 gene (phaC2,, .) in E. coli
W3110. The probable reason is that E. coli W3110 wild-type strain possesses a
completely functional fatty acid B-oxidation pathway and does not use these enzymes
to produce PHAs. On the other hand, coexpression of these genes along with the
phaC2, . genein E. coli WB101 led to MCL PHA accumulation. When the paaG,
paaF, and ydbU genes were individually coexpressed with the phaC2, . gene in E. coli
WBI101, the PHA concentrations obtained were 0.37, 0.25, and 0.33 g1, respectively,
from 2 g1~ sodium decanoate, which was higher than that obtained (0.16 g1-') with
E. coli WB101 expressing only the phaC2, . (Park and Lee 2004).

E. coli MaoC, which is homologous to P. aeruginosa (R)-specific enoyl-CoA
hydratase (PhaJ1), was identified and found to be important for PHA synthesis in
E. coli WB101. When the phaC2, . gene was introduced, E. coli fadB maoC
mutant produced 43% less MCL PHA from decanoate, compared with E. coli fadB
mutant WB101. The plasmid-based expression of the maoC gene was able to
restore the PHA biosynthetic capability. Also, E. coli W3110 wild-type strain har-
boring the maoC gene and the phaC2,  , gene was able to produce MCL PHA
from decanoate. This study suggested that MaoC is an enoyl-CoA hydratase sup-
plying (R)-3-hydroxyacyl-CoA, (R)-3HA-CoA, from the fatty acid B-oxidation
pathway to the PHA synthesis pathway in E. coli (Park and Lee 2003).

The P. aeruginosa phaJl and phaJ2 genes (phaJl, and phaJ2,) have also been
studied in E. coli for PHA production. Six recombinant E. coli LS5218 strains
equipped with a PHA synthase gene (phaC,_ or phaCl, , ) alone or its combina-
tion with a hydratase gene (phaJl, or phaJ2,) were compared with one another
for PHA production. Among them, four strains harboring both PHA synthase and
hydratase genes accumulated much more PHA (up to 29 wt%) than the two strains
harboring the PHA synthase gene alone. This result proved that both the phaJi,
gene and the phaJ2, gene play an important role in supplying the monomer (R)-
3HA-CoAs for PHA synthesis in E. coli LS5218 (Tsuge et al. 2000).
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The de novo fatty acid biosynthesis pathway has also attracted a great deal of
attention as a means to direct PHA precursors in a desired way. The 3-hydroxyde-
canoyl-ACP:CoA transferase encoded by the phaG gene plays a role in bridging the
fatty acid metabolism and PHA biosynthesis. Unlike the Pseudomonas fatty acid
biosynthetic pathway, the E. coli fatty acid biosynthetic pathway does not efficiently
provide MCL PHA precursors from unrelated carbon sources, such as glucose and
gluconate, resulting in poor MCL PHA production in E. coli. Expression of the
phaG gene from several Pseudomonas strains alone was not able to support (R)-
3HA-CoAs in recombinant E. coli from unrelated carbon sources (Rehm et al. 1998).
The strategy of chemical inhibition of fatty acid biosynthesis, which works well in
some microorganisms, did not allow more efficient MCL PHA production in
recombinant E. coli. When cerulenin, which specifically inhibits FabB (B-ketoacyl-
ACP synthase I) and FabF (B-ketoacyl-ACP synthase II), was added to the culture
of recombinant E. coli harboring the P. putida phaG gene and the P. aeruginosa
phaCl gene, MCL PHA was not synthesized from gluconate. However, when Fabl
(enoyl-ACP reductase) was inhibited by a specific inhibitor, triclosan, a small
amount (2-3 wt%) of MCL PHA could be synthesized in the same recombinant
E. coli from gluconate (Rehm et al. 2001). Instead of PhaG in Pseudomonas, E. coli
has thioesterase I (TesA) as a major link between the fatty acid metabolism and
PHA biosynthesis. By expression of the P. oleovorans phaC2 gene and the E. coli
tesA gene in E. coli, MCL PHA could be synthesized with a content of 2.3 wt%
from gluconate (Klinke et al. 1999).

The E. coli fabH gene encoding 3-ketoacyl-ACP synthase III and the E. coli and
Pseudomonas sp. 61-3 fabD genes encoding malonyl-CoA:ACP transacylase were
found to have 3-hydroxybutyryl-ACP:CoA transferase activity (Taguchi et al. 1999).
The E. coli FabH with a limited substrate specificity (C,~C,) was engineered to have
a broader substrate specificity (C,—C, ). As aresult, recombinant E. coli strain harboring
the mutant fabH gene and phaCl, , , was able to induce the production of monomers
of C,~C,, and subsequently to produce PHA copolymers containing SCL. and MCL
units up to 2.6 wt% from glucose as a carbon source. This study indicated that the
composition of PHA copolymers could be controlled by the activity of monomer-
supplying enzymes present in the fatty acid metabolism (Nomura et al. 2004).

10

3 Systems-Biological Approach for PHA Production

The traditional metabolic engineering strategies described so far have worked out quite
nicely in enhancing PHA production or producing novel PHAs. Recent advances in
systems-biological studies are providing us with the tools that can be used to further
improve the performance of PHA producers by optimizing the metabolic, regulatory,
and signaling networks at the systems level. Some examples of employing omics and
systems-biological tools in improving the strains are described in this section. Also,
general strategies of performing systems metabolic engineering are described (Lee
et al. 2005; Park et al. 2008).



72 Y.K. Jung et al.

3.1 Systems Metabolic Engineering for Strain Improvement

Traditional strain improvement was performed by random, laborious, and time-
consuming procedures to develop the mutant strain overproducing the target bio-
products. However, these might cause unwanted alteration of the cellular metabolism,
which makes it difficult to make further improvements when the conditions change
(Lee et al. 2005). Rational metabolic engineering has been found to be a successful
strategy for improving the ability of a microorganism to overproduce the desired
bioproducts through modification of the cellular metabolism by using various recom-
binant DNA technologies and rational target identification (Lee and Papoutsakis 1999).

As the complete genome sequences of an increasing number of organisms are
becoming available, postgenome research (the “omics” studies) has rapidly been
advancing. Comparative analysis of genomes provides a powerful way to identify
the genes which need to be introduced, deleted, and/or modified to develop the
desired strain (Ohnishi et al. 2002; Riickert et al. 2003; Lee et al. 2005). In addition,
in silico analysis including the construction of an in silico genome-scale metabolic
model and metabolic simulation are able to predict the effects of genetic and/or
environmental perturbations on cellular metabolism, which is also useful for the
design of strategies for strain development (Wiechert 2002; Ishii et al. 2004; Lee
et al. 2005; Park et al. 2008). Transcriptomics allows the simultaneous monitoring
of relative messenger RNA expression levels in multiple samples by using high-
throughput DNA microarrays. By comparing transcriptome profiles among differ-
ent strains, time points, and culture conditions, one can further engineer potential
target genes and regulatory circuits (Choi et al. 2003; Ohnishi et al. 2003; Tummala
et al. 2003). Proteomics allows analysis of all the proteins of the cell or its parts by
using two-dimensional gel electrophoresis (2DGE) or chromatography coupled
with various mass spectrometry (MS) methods (Han and Lee 2006). Considering
that most cellular metabolic activities are directly or indirectly regulated by pro-
teins, proteome profiles give us valuable clues to further understand and engineer
cellular metabolism (Han et al. 2001, 2003; Kabir and Shimizu 2003). Metabolomics
allows quantitative analysis of cellular metabolites and metabolic intermediates by
using chromatography coupled with MS or nuclear magnetic resonance. Fluxomics
allows analysis of metabolic flux profiles based on flux and isotopomer balances.
Comparative analysis of metabolic flux profiles under various genetic and environ-
mental conditions allows us to understand the physiological status of the cells
(Stephanopoulos 2004; Wittmann and Heinzle 2001). There have been several suc-
cessful studies on strain improvement based on omics analyses (Yoon et al. 2003;
Askenazi et al. 2003; Lee et al. 2003, 2005; Park et al. 2008).

Systems biotechnology makes it possible to comprehensively collect global cellular
information, including omics data, and to integrate these data through metabolic,
signaling, and regulatory networks, followed by the construction of computational
models of the biological system (Lee et al. 2005; Park et al. 2008). This allows us to
understand the cellular metabolism at a global scale and rationally engineer the
strain for the enhanced production of the desired bioproducts (Fig. 4).
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metabolic engineering of microorganisms
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Enhanced production of

target bioproducts
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Fig. 4 Strain improvement based on the omics studies. Various omics analyses can be used to
decipher the cellular physiological status in a comparative manner, which can subsequently be
used to identify gene and pathway targets to be engineered

3.2 Metabolic Engineering Based on Omics Studies

Along with natural PHA producers, E. coli, a non-PHA-producing bacterium,
has been metabolically engineered to produce PHAs. During the last few decades,
various strategies, including host strain selection, change of plasmid copy number,
filamentation suppression, use of PHA biosynthesis genes from different sources,
and plasmid stabilization, have been employed (Park and Lee 2005). Also, the
inherent metabolic pathways of E. coli were engineered to increase the availability
of precursors for polymer synthesis.

There have been many successful cases of the development of metabolically
engineered E. coli strains for the production of P(3HB), which is one of the best
characterized PHAs. P(3HB) synthesis is initiated by condensation of two acetyl-
CoA molecules into acetoacetyl-CoA, subsequently followed by reduction to
3-hydroxybutyryl-CoA using NADPH as a cofactor, and finally 3-hydroxybutyryl-
CoA is incorporated into the growing chain of P(3HB) (Lee 1996). Because the
P(3HB) synthesis pathway competes with inherent metabolic pathways needing
acetyl-CoA, it is very important to increase the acetyl-CoA pool available for the
P(3HB) synthesis reaction, resulting in increased P(3HB) yield and productivity.
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Glucose is metabolized to generate acetyl-CoA and NADPH through the glycolytic
and pentose phosphate pathways. The increase of the NADPH pool, required for the
reduction reaction as mentioned earlier, was accomplished by overexpressing the
zwf and gnd genes which encode glucose 6-phosphate and 6-phosphogluconate
dehydrogenase, respectively (Lim et al. 2002). As a result, the NADPH to NADP+
ratio increased sixfold, and the P(3HB) content increased from 23 to 41%. But, the
increase of P(3HB) content was actually due to the decreased cell concentration,
which implies active cellular status is also critical to ultimately achieve a high
concentration of P(3HB).

Integrated cellular responses of metabolically engineered E. coli to the accumu-
lation of P(3HB) in the early stationary phase have been studied intensively by
proteome analysis using 2DGE (Han et al. 2001). Out of 20 proteins showing the
altered expression levels during the P(3HB) accumulation phase, 13 proteins were
identified by MS. Among them, three heat shock proteins (GroEL, GroES, and
DnaK) were remarkably upregulated in P(3HB)-accumulating cells, which indi-
cated that the cells are under stress owing to the intracellular P(3HB) accumulation.
Protein encoded by the yfiD gene, which was known to be expressed at low pH
(Blankenhorn et al. 1999), was greatly induced with the accumulation of P(3HB).
In the presence of glucose, EF-Tu, which is one of the most abundant cytosolic
proteins and plays a key role in protein biosynthesis, decreased drastically, which
retarded the protein biosynthesis process. Also, the levels of fructose bisphosphate
aldolase (Fba), triosephosphate isomerase (TpiA), and 2-oxo-3-deoxy-6-phospho-
gluconate aldolase/2-keto-4-hydroxyglutarate aldolase (Eda) were increased in
P(3HB)-accumulating cells. The increased expression of Fba and TpiA might be
due to the fact that E. coli modified its metabolic fluxes to increase the glyceralde-
hyde 3-phosphate pool, which is subsequently used for P(3HB) synthesis. On the
other hand, Eda catalyzes the final reaction of the Entner—Doudoroff (ED) pathway
to supplement glyceraldehyde 3-phosphate and pyruvate, and finally to increase
the acetyl-CoA pool. NADPH is simultaneously provided from the ED pathway.
It could be concluded that cellular demand for the large amounts of acetyl-CoA and
NADPH for P(3HB) biosynthesis caused the increased synthesis of two enzymes of
the glycolytic pathway and one enzyme of the ED pathway (Fig. 3). In addition, the
accumulation of P(3HB) in E. coli acted as a stress on the cells, which reduced the
cellular metabolic activity and induced the expression of various protective proteins
such as chaperones. On the basis of these results, a fermentation strategy should be
developed in such a way that cells do not synthesize P(3HB) too early during the
cultivation (Han et al. 2001).

P(3HB)-granule-associated proteome in recombinant E. coli harboring the phaCAB
genes was also analyzed (Han et al. 2006). It was found that five proteins (EF-Tu,
PhbA, IbpA, IbpB, and YbeD) out of seven spots identified were related to function
of translation, heat-stress responses, and P(3HB) biosynthesis. Among them, IbpA
and IbpB were already known to bind to the inclusion bodies of recombinant pro-
teins in E .coli (Han et al. 2004). With use of immunoblotting and immunoelectron
microscopy, it was found that IbpA and IbpB seem to have the function of phasins
in E. coli, which affect the morphology of the granules and prevent other proteins
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from binding to P(3HB) granules. In natural PHA producers, phasins are known
as amphipathic proteins (12-28 kDa) which dominantly bind to the surface of PHA
granules and form a layer on PHAs. Since there are no known phasins in E. coli, unlike
in natural PHA producers, P(3HB) production in E. coli may cause more problems
related to the direct exposure of hydrophobic P(3HB) granules to cytosolic proteins.
In a previous study, during the P(3HB) accumulation, a heat-shock-like response
was observed with increased levels of GroEL, GroES, and DnaK (Han et al. 2001).
In this study, IbpA and IpbB were the major proteins on the surface of P(3HB)
granules. Most of the P(3HB) granules accumulated in E. coli XL1-Blue harboring
the phaCAB genes were smooth and round. Interestingly, the P(3HB) granules in
E. coli XL1-Blue ibpAB mutant (XIB101) harboring phaCAB genes were signifi-
cantly distorted and shrunken with wrinkles. The original shapes that were observed
in the wild-type strain could be restored when the ibpAB genes were reintroduced
into the XIB101 strain. Thus, IbpA and IpbB were found to be important in recom-
binant E. coli producing P(3HB) by stabilizing the interface between the hydropho-
bic P(3HB) granules and the hydrophilic cytoplasm. Furthermore, IbpA and IbpB
act like phasins in the recombinant E. coli, affecting the morphology of the P(3HB)
granules, and reducing the amount of cytosolic proteins bound to the P(3HB) granules
(Han et al. 20006).

The in silico metabolic network of E. coli was constructed and was used to simulate
the distribution of metabolic fluxes in the wild-type E. coli and recombinant E. coli
producing P(3HB) (Hong et al. 2003). The acetyl-CoA flux into the tricarboxylic acid
cycle, which competes with the P(3HB) biosynthesis pathway, decreased significantly
during P(3HB) production. It was notable to find from in silico analysis that the ED
pathway flux increased significantly under P(3HB)-accumulating conditions. To prove
the role of the ED pathway in P(3HB) production, E. coli eda mutant strain (KEDA)
was examined as a host strain for the production of P(3HB). The P(3HB) content
obtained with E. coli KEDA harboring the phaCAB genes was lower than that obtained
with its parent strain E. coli KS272 harboring the phaCAB genes. The reduced P(3HB)
biosynthetic capacity of E. coli KEDA harboring the phaCAB genes could be restored
by coexpression of the E. coli eda gene. Thus, the ED pathway was found to play an
important role in P(3HB) synthesis in recombinant E. coli as predicted by metabolic
flux analysis, which agreed well with the result of the aforementioned proteomic
analysis of P(3HB)-producing E. coli (Fig. 3; Han et al. 2001; Hong et al. 2003).

Natural PHA producers have advantages in that they have inherent metabolic
and regulation systems for PHA synthesis, which makes them attractive as a power-
ful platform for PHA production. Recently, the systematic analysis of C. necator,
one of the most widely used PHA producers, was performed. The transcriptional
analysis of the phaA, phaB, phaC, phaP, phaR, phaZla, phaZlb, and phaZlc genes
related to P(3HB) homeostasis in C. necator H16 was carried out during three-stage
cultivation [cell growth, P(3HB) biosynthesis, and P(3HB) utilization stages] by
employing reverse transcriptase quantitative PCR and western blotting (Lawrence
etal. 2005). It was known that these genes somehow correlate with P(3HB) formation
and P(3HB) utilization in cells. However, how these genes work together in har-
mony and how they depend on P(3HB) granule assembly and breakdown are still
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poorly understood. Therefore, it is necessary to construct a detailed general model
of the dynamic granule-forming regime. A model having three distinct patterns of
transcription observed during the cell growth, and P(3HB) biosynthesis and utilization
phases was suggested (Lawrence et al. 2005). The first one is the transcriptional
pattern of a group of five genes (phaR, phaA, phaB, phaC, and phaZla) which
showed the same transcriptional trend, decreasing during the period of ammonium
consumption and keeping a steady transcriptional state after the absence of ammo-
nium (Lawrence et al. 2005). The second one is the transcriptional pattern of two
coupled genes, phaP and phaR. Phasins (PhaP) are commonly known as stabilizing
proteins which predominantly bind to the surface of P(3HB) granules in C. necator.
The transcript level of the phaP gene was observed to increase sixfold within 1 h
of the shift to P(3HB) production and rapidly decrease during the utilization phase.
Moreover, very little transcript of the phaP gene was observed in the absence of
P(3HB) synthase. Hence, these observations suggested that PhaP was coupled to
P(3HB) biosynthesis, as previously proposed in several studies (York et al. 2001;
Potter et al. 2002). On the other hand, it has been well established that PhaR is
subject to autoregulation, and negatively regulates the accumulation of PhaP, which
was also shown at the transcriptional level (York et al. 2002; Potter et al. 2002;
Lawrence et al. 2005). If the phaR gene were regulated in the same manner as the
phaP gene, transcript levels similar to those of the phaP gene should be observed;
however, that is not the case. In addition, the transcript levels of the phaR gene did
not depend on the P(3HB) accumulation. Thus, it could be concluded that the phaR
gene is autoregulated, differently from the regulation of the phaP gene (Lawrence
et al. 2005). The transcript level of the phaZ1b gene was classified as the third pattern.
The transcription of the phaZlb gene increased sharply, more than tenfold at 1-2 h
after the onset of P(3HB) production, and remained at a high level during the
P(3HB) production phase. It was undetectable in the P(3HB) utilization phase.
However, even in the absence of PHA synthase, the phaZlb gene showed a tran-
script level similar to that seen during the P(3HB) production phase, indicating that
it was not involved in the catabolism of P(3HB), which did not match the expecta-
tion for the expression of an intracellular depolymerase (Lawrence et al. 2005).
Proteomic analysis using 2DGE and the genome sequence of C. necator H16
enabled the detection and identification of proteins that were differentially
expressed during the different phases of P(3HB) metabolism. Samples from three
different phases, including the exponential cell growth phase, the stationary growth
phase for P(3HB) biosynthesis, and the P(3HB) utilization phase, were analyzed.
Among several proteins changing quantitatively during the time course of cultiva-
tion, flagellin, which is a major protein of bacterial flagella, was identified. The
flagella formation in C. necator changed significantly depending on the life cycle,
nutritional supply, and, especially, P(3HB) metabolism. Cells were strongly flagel-
lated in the exponential cell growth phase and lost flagella during the transition to the
stationary phase. Then, in the stationary phase for P(3HB) biosynthesis (an excess
of the extracellular carbon source; nutrient limitation), flagellation of the cells stag-
nated. In the P(3HB) utilization phase (addition of a nitrogen source to the cells that
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were carbon-deprived, but filled with P(3HB); carbon limitation), cells significantly
increased the degradation of their flagella, or stopped flagellin synthesis while
normal degradation continued. Interestingly, in contrast to the wild-type cells, the
phasin (PhaP)-negative mutant cells remained flagellated under the P(3HB) utilization
phase, which suggested the assumption that a linkage between the loss of phasins
with P(3HB) accumulation and flagellation. Moreover, C. necator H16 wild-type
and the phasin-negative mutants were not flagellated when cultivated in complex and
nutrient-rich medium, where cells were not exposed to nutritional limitation and
obviously did not require much motility (Raberg et al. 2008).

3.3 Future of Systems Metabolic Engineering for PHA
Production

As already described, there have been only several reports on the systems-level
analysis and systems metabolic engineering of PHA producers. It is expected that
an increasing number of studies will be performed to improve the PHA production
system. In general, the following objectives will be pursued: utilization of inexpen-
sive carbon sources, high PHA concentration, high PHA productivity, high PHA
yield, and production of novel PHAs and tailor-made PHAs having desired proper-
ties. Examples of systems metabolic engineering for the enhanced production of
amino acids recently reported can serve as guidelines for the approaches to be taken
for the strain development (Park et al. 2007; Lee et al. 2007). Not only the meta-
bolic network but also the regulatory circuits can be optimized together to achieve
the desired level of performance. Furthermore, all steps for PHA production, from
the upstream process (strain development) to the midstream process (fermentation
and other unit operation) to the downstream process (recovery), should be opti-
mized. Considering these processes all together, termed “systems biotechnology”
(Lee et al. 2005), one can rationally engineer the strain for the production of desired
PHAs with high efficiency (Fig. 5).

4 Concluding Remarks and Future Perspectives

Over the past few decades, PHA production in various microorganisms has been
considerably improved by metabolic engineering. Recently, systems-level analysis of
metabolic, signaling, and regulatory networks makes it possible to comprehensively
understand the global physiological processes of the cells accumulating PHAs.
Through systems-biological studies including omics and computational studies, new
targets and strategies for the improvement of PHA production can be developed,
followed by the construction of a new metabolic system for novel PHAs with desired
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Fig. 5 Systems biotechnology for the development of an efficient PHA production system.
Optimization of all steps, from the upstream process (strain development) and the midstream
process (fermentation) to the downstream process (recovery), is required for the economic production
of PHAs having desired characteristics

monomer compositions and molecular mass. The constructed strains should be
further metabolically engineered to produce PHAs to a sufficiently high concentration
with high productivity and yield from the most inexpensive carbon source through
fine-controlled fermentation. Systems biotechnology is the strategy of choice for the
development of a PHA production system that allows efficient and economically
competitive production of polymers that can replace the petroleum-derived polymers
without leaving a carbon footprint. It relies on successful systems metabolic engi-
neering of microorganisms for the optimal performance by integrated analysis of
midstream and downstream processes as well.
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Abstract The application of biotechnological processes for industrial production can
be regarded as promising for sustainable development, although for a range of prod-
ucts, biotechnological production strategies have not yet passed the test of economic
viability. This is often caused by the cost of the raw materials. Here, a viable solution
strategy is identified by the utilization of a broad range of waste and surplus materi-
als that can be upgraded to the role of feedstocks for the biomediated production of
desired end products such as polyhydroxyalkanoate biopolymers. The selection of the
appropriate waste stream as a feedstock for biotechnological purposes mainly depends
on the global region where the production plant will be constructed. To save costs for
transportation, facilities for the production of biopolymers, biofuels and biochemicals

M. Koller (P<)), A. Atli¢, M. Dias, A. Reiterer, and G. Braunegg

Institute of Biotechnology and Biochemical Engineering, Graz University of Technology,
Petersgasse 12, 8010, Graz, Austria

e-mail: martin.koller@tugraz.at

G.-Q. Chen (ed.), Plastics from Bacteria: Natural Functions and Applications, 85
Microbiology Monographs, Vol. 14, DOI 10.1007/978-3-642-03287_5_5,
© Springer-Verlag Berlin Heidelberg 2010



86 M. Koller et al.

should be integrated into existing production lines, where the feedstocks directly accrue
as waste streams. In Europe and North America, surplus whey from the dairy industry
is available in large quantities, whereas huge amounts of non-wood lignocellulosic
materials from rice, corn and sugar cane plants are found in many different countries
worldwide. The enormously increasing production of biofuels provides a range of
by-products such as glycerol and low-quality fatty acid esters from biodiesel produc-
tion or distillery residues from bioethanol factories. The utilization of waste streams
for production of value-added products not only enhances the economics of such
products, but also provides industry with a strategy to overcome disposal problems.

1 Introduction

1.1 General

To ensure the safe distribution of goods worldwide, it is beyond dispute that there is an
increasing need for polymeric compounds acting as packaging materials. The contem-
porary utilization of restricted fossil resources for the production of polymers provokes
prevailing worldwide problems such as the greenhouse effect and global warming. This
is caused by the fact that these materials are utilized only during a relatively short time
span. After that, they are often incinerated, elevating the atmospheric carbon dioxide
concentration that contributes to the said heating effects. By incineration of plastic
waste, the energy that is chemically stored therein is recovered as thermal energy.
Braunegg et al. (2004) compared the heating value of plastic waste (approximately
42 MJ kg™") with the heating values of pit coal (approximately 28 MJ kg™), fuel oil
(approximately 41 MJ kg™') and natural gas (45 MJ kg™'). These heating values are
rather high and, regarded simply from the energetic point of view, incineration of plastic
waste is of interest. But it cannot be overlooked that the main problem arising from
incineration is the same as for energy recovery from fuel oil, petrol, gasoline, natural
gas and coal: carbon that was fixed over millions of years and that within this time was
not part of the natural carbon cycle is converted to carbon dioxide that eventually accu-
mulates in the atmosphere. When incineration is planned, strict emission standards have
to be obeyed not only for carbon dioxide, but also for highly toxic compounds such as
dioxins and HCl deriving from poly(vinyl chloride) (Ojumu et al. 2004). Furthermore,
the optimum energy recovery has to be evaluated. This includes the definition of the
composition of the plastic waste (Braunegg et al. 2004). Additionally, a Swiss study
showed that the capacities of the incinerators currently in use are insufficient to handle
the tremendous amount of plastic waste (Haenggi 1995).

Besides, more and more waste of highly resistant plastics that are not incinerated
is piled up every year. Recycling systems demand a certain degree of purity of the
plastics to be reutilized, as well as a sorting accuracy; otherwise they do not function
sufficiently for a satisfactory solution of the problem. In addition, the collection
costs are fairly high, and recycling has a negative impact on the mechanical properties
of the materials, such as an increase in brittleness (Braunegg et al. 2004).
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The environmental necessity to stop this negative development by switching
to alternative strategies independent of fossil resources nowadays is generally
undisputed. Already in 1992, the United Nations ‘Rio Declaration on Environment
and Development’ explicitly specified the political intention and willingness of most
countries to forcefully support the development of bio-based and biocompatible
materials. Literally, Principle 4 of the ‘Rio Declaration’ states that: ‘In order to
achieve sustainable development, environmental protection shall constitute an integral
part of the development process and cannot be considered in isolation from it.” With
the tools of life cycle assessment (LCA) and cleaner production studies, much effort
is contemporarily devoted to quantifying the environmental impact and feasibility of
processes for production of polymeric materials (Sudesh and Iwata 2008).

In addition to the ecological considerations, the price of crude oil rocketed to a
new all-time high of US $147 per barrel in 2008. Data for remaining amounts of fossil
oil in Earth’s interior are changing quickly owing to advanced methods for tracing
and discharging of mineral oils. Nevertheless, one day fossil feedstocks will finally
be depleted. This causes an increasing awareness of the industrial branches involved
for the exigency of fostering novel production techniques based on renewable
resources and embedded into nature’s closed cycles. With this ‘white biotechnology’,
sustainable production of fine chemicals, bulk chemicals, polymers and fuels is
achieved by the action of living organisms or parts thereof such as enzymes.

1.2 The Increasing Interest in Polyhydroxyalkanoate
Biopolyesters

Today, increasing industrial interest exists in the biotechnological production of
polyhydroxyalkanoates (PHAs) from renewable resources to arrive at bio-based and
biodegradable polymeric materials that can act as alternatives for common plastics
derived from petrol (Braunegg et al. 1998, 2004; Brandl et al. 1990; Haenggi 1995;
Luzier 1992; Steinbiichel and Valentin 1995). Depending on their exact composition,
PHASs can be classified as thermoplasts or elastomers (Baptist 1963, 1965; King
1982). Classically, such polyesters are produced by numerous prokaryotic strains
from renewable resources such as carbohydrates, lipids, alcohols and organic acids
(e.g. lactic acid) under unfavourable growth conditions owing to an imbalance in
the nutrient supply. In general, PHA accumulation is favoured by adequate availability
of a suitable carbon source and a limiting supply with macrocomponents such as
nitrogen, phosphate and dissolved oxygen or microcomponents such as magnesium,
sulphate, iron, potassium, manganese, copper, sodium cobalt, tin and calcium (Kim
and Lenz 2001; Helm et al. 2008). On an industrial scale, the switch from balanced
microbial growth to PHA accumulation is normally done by phosphates and/or nitro-
gen limitation. Only recently, the influence of the microelements iron, sulphate and
potassium as growth-limiting factors on PHA quality was investigated in detail and
revealed the production of ultrahigh molecular masses of PHA, when potassium
limitation occurred (Helm et al. 2008). Before, the biosynthesis of extremely high
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molecular masses of PHA was merely reported for recombinant strains of Escherichia
coli lacking PHA depolymerase enzymes (Kahar et al. 2004a, b).

Also, under balanced growth conditions, detectable amounts of PHAs stemming
from the condensation of acetyl-CoA units from the central metabolism are found in
most cases. This partially growth associated PHA accumulation was described for
most PHA producers investigated, such as Cupriavidus necator, Haloferax medi-
terranei, Azotobacter vinelandii, Hydrogenophaga pseudoflava and Pseudomonas
hydrogenovora. In some microbial strains PHA accumulation can also appear
in parallel to biomass production. This ‘growth-associated” PHA accumulation is
known for Alcaligenes latus, Methylobacterium sp. ZP24 (Nath et al. 2008),
Bacillus mycoides RLJ B-017 (Borah et al. 2002) and recombinant E. coli.
Additionally, a hyperproduction of PHA after a period of carbon starvation was
described for Pseudomonas 2F (Braunegg et al. 1999, 2002).

For PHA-producing microbial cells, PHAs serve as reserve materials for carbon
and energy. Under conditions of starvation, these reserve materials can be mobilized,
thus providing the cell with an advantage for survival. Figure 1 shows electron-
microscopic pictures of C. necator DSM 545 harbouring different intracellular
amounts of PHA at different magnifications.

BTGNS
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Fig. 1 Electron-microscopic pictures of polyhydroxyalkanoate (PHA)-rich Cupriavidus necator
DSM 545 cells cultivated in a continuous fermentation process on glucose. Magnification: x20,000
(a), x72,000 (b), x70,000 (c) and x150,000 (d). Percentages of PHA in cell mass: 48% (a), 65%
(b) and 69% (c, d). (The pictures were kindly provided by Elisabeth Ingoli¢, FELMI-ZFE-Graz)
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If items made of PHAs are composted, they are completely degraded to water
and carbon dioxide as the final products of their oxidative breakdown. Here it has
to be emphasized that these final oxidation products are the basic materials for the
photosynthetic regeneration of carbohydrates by green plants. This demonstrates
that, in contrast to petrol-based plastics, PHAs are embedded into the natural closed
cycle of carbon. The range of applications for PHAs is not limited to simple pack-
aging materials, but encompasses commodity items, materials for agro-industrial
purposes and pharmaceutical and medical applications. The major advantageous
characteristics of PHAs can be summarized as follows:

Biodegradability. PHAs do not contribute to an increase of the landfill crisis owing
to their biodegradability; in contrast to conventional plastics, they can be com-
posted after use.

Bio-based nature and independence from fossil fuels. Because PHAs are produced
from renewable resources, they are independent of the availability of mineral
oils as feedstocks; under the precondition that the generation of energy for the
PHA production process itself is also based on renewable resources, the inde-
pendence from fossil fuels is valid for the entire production process (see also
Sect. 2.7).

Carbon dioxide release. Carbon dioxide that is released as the final mineralization
product of biopolymers originates from the renewable carbon source for their
biosynthesis. Photosynthetic fixation of the released carbon dioxide by plants
generates renewable carbon sources again. Thus, the carbon flux in the synthesis
and degradation of biopolymers is balanced. PHAs therefore do not contribute to
global warming.

Biocompatibility. In special fields of application (especially for medical purposes),
PHAs are superb compared with conventional plastics owing to their biocom-
patibility. The ideal biocompatibility of PHAs is underlined by the natural
occurrence of (R)-3-hydroxybutyric acid (3HB) and its low molecular weight
oligomers and polymers in human blood and tissue (Agus et al. 2006; Steinbiichel
and Hein 2001; Steinbiichel and Liitke-Eversloh 2003; Zinn et al. 2001).
Table 1 provides an overview of the PHA-producing genera that have been
reported in the literature.

Different applications require different material properties of the biopolyester.
These properties can be triggered by fine-tuning of the composition of the PHA
during the biosynthesis. The most common representative of PHAs, namely the
homopolyester poly[(R)-3-hydroxybutyrate] (PHB), features a high degree of crys-
tallinity and restricted processability of this material. The small difference between
the decomposition temperature (typically around 270°C) and the high melting point
(typically around 180°C) provides a quite small window of processability for melt
extrusion technology. This can be changed by interrupting the PHB matrix through
incorporation of alternative building blocks such as (R)-3-hydroxyvalerate (3HV)
or the achiral building blocks 4-hydroxybutyrate (4HB) and 5-hydroxyvalerate
(SHV). Such short-chain-length (scl) PHAs feature the characteristics of thermo-
plasts such as polypropylene. This is especially true for PHB and its copolyesters
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Table 1 Polyhydroxyalkanoate (PHA)-accumulating genera of prokaryotic micro-organisms

Acidovorax
Acinetobacter
Actinobacillus
Actinomycetes
Aeromonas
Alcaligenes™®
Allochromatium
Anabaena®
Aphanothece*
Aquaspirillum
Asticcaulus
Azomonas
Azospirillum
Azotobacter*®
Bacillus*®
Beggiatoa
Beijerinckia®
Beneckea
Brachymonas
Bradyrhizobium
Burkholderia®
Caryophanon
Caulobacter
Chloroflexus
Chlorogloea*
Chromatium
Chromobacterium
Clostridium
Comamonas®™®
Corynebacterium®
Cupriavidus*®
Cyanobacterium®
Defluviicoccus®
Derxia®

Delftia*®
Ectothiorhodospira

Erwinia
Escherichia (rec.!)®
Ferrobacillus
Gamphospheria
Gloeocapsa®
Gloeothece®
Haemophilus
Halobacterium®
Haloarcula**¢
Haloferax*<
Halomonas*
Haloquadratum®
Haloterrigena®
Hydrogenophaga'®
Hyphomicrobium
Klebsiella (rec.!)
Lamprocystis
Lampropedia
Leptothrix
Methanomonas
Methylobacterium®
Methylosinus
Methylocystis
Methylomonas
Methylovibrio
Micrococcus
Microcoleus
Microcystis
Microlunatus®
Moraxella
Mycoplana®
Nitrobacter
Nitrococcus
Nocardia*®
Nostoc
Oceanospirillum

Oscillatoria®
Paracoccus
Paucispirillum
Pedomicrobium
Photobacterium
Protomonas
Pseudomonas™®
Ralstonia™®
Rhizobium™°
Rhodobacter
Rhodococcus®
Rhodopseudomonas
Rhodospirillum®
Rubrivivax
Saccharophagus
Shinorhizobium
Sphaerotilus*
Spirillum
Spirulina®
Staphylococcus
Stella
Streptomyces
Synechococcus*
Syntrophomonas
Thiobacillus
Thiococcus
Thiocystis
Thiodictyon
Thiopedia
Thiosphaera
Variovorax*®
Vibrio
Wautersia™® (today Cupriavidus)
Xanthobacter
Zoogloea*

“Detailed knowledge of the growth and production kinetics available
®Accumulation of copolyesters known

¢Archaea

with low amounts of 3HV, 4HB or SHV. The incorporation of different building
blocks into the polyester chains normally requires expensive cosubstrates (precur-
sors) and therefore constitutes a second cost factor of major importance. These
precursors do not only contribute to the production cost, but are also often toxic for
the production strain. Therefore, the dose has to be carefully controlled during
cultivation (Son and Lee 1996). Here, a potential solution might be the utilization
of such production strains that are able to produce special building blocks such as
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Table 2 Characteristics of representative PHAs (Khanna and Srivastava 2005a; Williams and
Martin 2002)

Poly Poly Poly Poly Poly Poly
(3HB-co  (3HB-co- Poly (3HB-co (3HB-co- (3HB-co- (3HO-co-
PHB -3%3HV) 20%3HV) (4HB) -3%4HB 16%4HB) 64%4HB 12% 3HH)

Melting 177 170 145 60 166 152 50 61
temperature (°C)

Glass-transition 4 - -1 -50 - -8 - -35
temperature (°C)

Tensile strength 40 38 32 104 28 26 17 9
(MPa)

Young’s 35 29 1.2 149 - ND 30 0.008
modulus (GPa)

Elongation 6 - 50 1,000 45 444 591 380
at break (%)

PHB poly[(R)-3-hydroxybutyrate], 3HB 3-hydroxybutyrate, 3HV 3-hydroxyvalerate, 4HB
4-hydroxybutyrate, 3HH 3-hydroxyhexanoate, 3HO 3-hydroxyoctanoate, ND not determined

3HV from unrelated carbon sources such as simple sugars. Such organisms are
found among osmophilic archaea (Rodriguez-Valera and Lillo 1992), some species
of Rhodococcus and Nocardia (Alvarez et al. 1997, Steinbiichel and Liitke-Eversloh
2003; Valentin and Dennis 1996), some pseudomonades (Son and Lee 1996) and
special non-sulphur cyanobacteria (Liebergesell et al. 1991). Further enhancement of
cost-efficiency is possible by the utilization of highly robust production strains such
as H. mediterranei that require minimum sterility demands during their cultivation
and are accessible to simple methods of downstream processing for isolation of PHAs
from the microbial biomass (Garcia Lillo and Rodriguez Valera 1990; Rodriguez-
Valera and Lillo 1992).

PHAs containing (R)-3-hydroxyalkanoates longer than 3HV, so-called medium-
chain-length (mcl) PHAS, constitute elastomers with lower melting points, low glass-
transition temperatures and low crystallinity in comparison with scl-PHAs. Table 2
shows the characteristics of representative PHAs with different compositions.

1.3 Value-Added Utilization of ‘Waste PHAs’

After their utilization as plastic items, PHAs can not only be composted, but can
also be easily depolymerized to a valuable source of optically pure R-(—)-configured
bifunctional hydroxy acids which are of interest as synthons for chiral high-value
chemicals such as vitamins, antibiotics, pheromones and aromatics (Ren et al.
2005). Some of these acids also exhibit important biological properties such as
antimicrobial and antiviral activity (Ruth et al. 2007).

The production of such enantiopure compounds, possessing a market value
higher than that of the polymer itself, via chemical methods is complex and not
economical. Classic PHA depolymerization methods via acidic alcoholysis after the
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isolation from bacterial biomass are rather complex and highly solvent demanding
(Seebach and Zueger 1982; Seebach et al. 1992; Ren et al. 2005). Therefore, effi-
cient methods were developed for in vivo depolymerization of intracellular PHA.
This can be achieved by triggering the activities of the enzymes involved in intracel-
lular PHA catabolism by influencing the process conditions. After PHA is synthe-
sized by the micro-organisms, the polyester is rapidly hydrolysed by increasing
activity of PHA depolymerase. This can be accomplished by lowering the pH value
to a range of 3—4. Under these pH conditions, the activity of (R)-(—)-3HB dehydro-
genase is zero, hence the unwanted reaction of (R)-(—)-3HB towards acetoacetate is
totally blocked, and (R)-(—)-3HB can be collected in a pure form. Alternatively, (R)-
(—)-3HB can be released into the medium by PHA-rich cells when the external car-
bon source is depleted. Here, the subsequent metabolization of (R)-(—)-3HB towards
acetoacetate can be avoided by interruption of the oxygen supply (Lee et al. 1999).

Considering the fact that more than 140 chiral building blocks are reported to be
potential PHA constituents, the range of available synthons for organochemistry is
huge. Lee and colleagues have already isolated a broad range of enantiopure PHA
building blocks via the methods described, such as monomers from scl-PHAs,
odd- and even-numbered mcl-PHA constituents and even components with
pendent aromatic groups. The authors described high yields for the production of
scl hydroxyalkanoates (over 90%), but rather low efficiency for the production of mcl
hydroxyalkanoates. Recently (R)-3-hydroxy-6-heptenoic acid, (R)-3-hydroxy-8-
nonenoic acid and (R)-3-hydroxy-10-undecenoic acid were isolated from
Pseudomonas putida harbouring mcl-PHA. These processes turned out to be very
effective owing to the fact that the investigators found a pH optimum of 11 for the
PHA depolymerase of P. putida, differing from the pH optima of PHA depoly-
merases of scl-PHA producers that work under acidic conditions (Ren et al. 2005).

In addition, bio-based ‘green solvents’ can be generated from PHAs after their
utilization via pyrolysis. This way, unsaturated compounds such as crotonic acid
and 2-pentenoic acid needed for synthesis of lactones are generated.

1.4 The Need for Cheap Substrates and Their Occurrence

The application of biotechnological processes for industrial production can be
regarded as promising for sustainable development, although for a range of products
biotechnological production strategies have not yet passed the test of economic
viability. This is often caused by the cost of the raw materials. Here, a viable solution
strategy can be identified in the utilization of a broad range of waste and surplus
materials that can be upgraded to the role of feedstocks for the biomediated produc-
tion of desired end products. Such materials are mainly produced in agriculture and
industrial branches that are closely related to agriculture (Braunegg et al. 1998;
Solaiman et al. 2006; Khardenavis et al. 2007; Khanna and Srivastava 2005a).
Especially the economics of PHA production is determined to a great extent (up to
50% of the entire production costs) by the cost of the raw materials. This is caused
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by the fact that PHA accumulation occurs under aerobic conditions, resulting in high
losses of the carbon substrate by intracellular respiration. Hence, only a maximum
amount of less than 50% of the carbon source is directed towards biomass and PHA
formation. The utilization of waste materials upgraded to the role of starting materials
for PHA biosynthesis constitutes a viable strategy for cost-efficient biopolymer
production and helps industry to overcome disposal problems.

For many regions in the world, the industrial-scale realization of value-added
conversion of low-cost agricultural feedstocks can provide a certain degree of
geopolitical independence. The selection of the appropriate waste stream as a
feedstock for biotechnological purposes mainly depends on the global region where
a production plant will be constructed. To save transportation costs, facilities for
the production of biopolymers, biofuels and biochemicals should be integrated into
existing production lines, where the feedstocks directly accrue as waste streams.
The availability of a convertible substrate all year round has to be ensured. This
creates problems such as the suitability of storage of these materials, especially for
lignocellulosic materials during the off-season, when no harvest takes place.

In Europe, huge amounts of surplus whey are available in the dairy industry, pro-
viding lactose for the production of lactic acid, poly(lactic acid) (PLA), PHAs and
bioethanol. Caused by new legislative situations, the increasing production of biodiesel
in Europe generates enormous amounts of its major side stream, namely glycerol, a
starting material for the production of PHA and lactic acid. For the production of
catalytically active biomass of particular microbial production strains, different waste
streams show high potential as precious sources for nitrogen required for the forma-
tion of biomass constituents. Here, meat and bone meal (MBM) from the slaughtering
and rendering industries as well as several grass and silage residues show excellent
results for the cultivation of microbes capable of the production of, e.g., PHA.

In other areas of the world, waste from the sugar industry (molasses), starch,
waste lipids, alcohols such as methanol (Bourque et al. 1995) and especially ligno-
cellulosic feedstocks are available in quantities that are appropriate for industrial
process demands.

Waste lipids are available from a variety of sources: waste cooking oil, different plant
oils, lipids of MBM or waste water from olive oil and palm oil production. In all cases,
the triacylglycerides can be directly utilized as a carbon source, or after hydrolysation
to glycerol and fatty acids, or after transesterification towards biodiesel and glycerol.

Lignocellulosic material (consisting of lignin, cellulosic and hemicellulosic
fibres) and cellulosic material provide the feedstocks of highest quantity. Industrial
branches generating the major shares of this waste are the wood-processing, paper
and agriculture industries. Nowadays, plenty of effort is dedicated worldwide to
develop biorefinery plants for the conversion of lignocellulose and cellulose waste
to starting materials for biotechnological production of bioethanol, biopolymers and
arange of fine chemicals. The optimization of methods for digestion of lignocellulose
and the development of effective biocatalysts for the breakdown of cellulose and
hemicellulose into microbially convertible sugars (hexoses and pentoses) are the
prerequisite for an efficient biotechnological conversion of these promising raw
materials into desired end products.
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Fig. 2 The basic routes and the central metabolism for PHA production based on different
substrates from the major global waste streams. The possibility of generating lactic acid as a stable
intermediate for PHA production is also indicated (bold black arrows). Dashed arrows indicate
intermediate metabolic steps

The integration of biopolymer production into an existing sugar cane mill has
been realized on a pilot scale by the company PHBISA in Brazil, where the
saccharose obtained is converted to bioethanol and partly to PHA. In this scenario,
the energy required for bioethanol and biopolymer production is generated by burning
surplus biomass, namely bagasse. The fusel oil fraction of the bioethanol distilla-
tion is applied as an extraction solvent for PHA isolation from microbial biomass
(Nonato et al. 2001).

Figure 2 provides a scheme of the basic metabolic routes for PHA production
based on different substrates.

1.5 Seasonal Availability of Waste Streams

In contrast to processes based on purified substrates, the utilization of waste materials
for PHA production confronts us with the question of availability of the feedstock
during an entire production year. In general, one has to distinguish between waste
streams that accrue all through the year in more or less constant quantities, and
others with an availability strongly fluctuating with time. The factor ‘seasonal
availability’ is crucial for the planning and design of the PHA production facilities
to be integrated into existing industrial plants.
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An example for the first case is found in the utilization of permanently accruing
surplus whey from the dairy industry. The sizes of PHA production facilities to be
integrated into the dairy process lines can easily be harmonized with the expected
amounts of arising whey and the production facilities are charged to capacity all
through the year. Here, the biotechnological conversion of whey to final products
such as PHA substitutes the disposal of this material in combination with value
creation (see Sect. 2.4). Further, classic processing steps for whey (e.g. production of
dry whey or lactose) are energy-demanding and show a low cost—performance ratio.

The situation changes fundamentally in the case of residues that accrue seasonally
after harvest and processing of special agricultural crops. In this case, long periods
without formation of the waste stream are interrupted by only one or a few time
peaks a year, where large amounts of the material accrue. In such cases, the suitability
of the raw material for low-cost storage is of major importance. Otherwise large-scale
PHA production plants would have to be constructed to convert a huge amount of
the waste material within a short time frame. Such large facilities, on the one hand,
are expensive to build and, on the other hand, only operate at full capacity for very
limited time periods. A solution to this problem is identified in the conversion of
perishable materials into stable intermediates that can easily be stored without
major energy requirements such as cooling, heating and drying. Lactic acid consti-
tutes a prime example of such stable intermediates (see Sect. 2.8).

1.6 By-Products of Waste Streams

In addition to their main components, complex waste streams can contain additional
substances that make them advantageous in direct comparison with pure and expensive
substrates. For example, the permeate of surplus whey from the dairy industry provides
the production strain in bioprocesses not only with a rich source of the carbohydrate
lactose, but also with minor components such as minerals and protein residues that
have positive impacts on the microbial cultivation. Additionally, beneficial growth
components such as vitamins and biotin are reported to be available from complex,
unrefined resources such as molasses (reviewed by Purushothaman et al. 2001).

On the other hand, such complex waste streams can also contain non-fermentable
components and even compounds that have inhibiting effects on growth and production
kinetics of microbes (Solaiman et al. 2006). Among such compounds are phenols,
aldehydes and different heavy metals (Purushothaman et al. 2001; Silva et al. 2004).
For certain microbial strains, methanol residues in the raw glycerol phase from biodiesel
production have to be removed prior to the application of this substrate, e.g. for PHA
production (Braunegg et al. 2007; see Fig. 4). Additionally, upstream processing of
complex waste streams prior to their utilization as a substrate can create toxic com-
pounds. For example, Maillard products easily occur during thermal sterilization of
reducing carbohydrates together with free amino groups of protein residues. Acidic
hydrolysis of different dimeric and polymeric substances in various waste streams
often causes the formation of side products that make the hydrolysate unfeasible for
application in a desired bioprocess.



96 M. Koller et al.

2 Available Waste Streams in Different Global Regions

2.1 Cheap Nitrogen Sources for Production of Active Biomass

A crucial cost factor in typically phosphate-limited production processes for PHAs is
the cost of complex nitrogen sources. It was found that supplementation of a defined
production medium with small amounts of a complex nitrogen source such as
tryptone could enhance PHB production by recombinant E. coli (Lee and Chang 1994).
Examples of complex nitrogen sources that have been investigated are yeast extract
(Chen et al. 2006), fish peptone (Page and Cornish 1993), meat extract, casamino
acids, corn steep liquor (Purushothaman et al. 2001; Koller et al. 2005b), soybean
hydrolysate and cotton seed hydrolysate (Lee 1998). The major advantage of using
complex nitrogen sources is a possible shortening of the adaptation phase (lag phase)
at the beginning of the fermentation process. This is caused by the availability of
complete amino acids and peptides in the complex nitrogen source which can easily by
converted by the cells to synthesize their own proteinaceous material. Hence, a higher
concentration of catalytically active biomass that is able to accumulate PHA is
produced in a shorter time, resulting in an increase of the volumetric productivity.

In the northern hemisphere, a considerable agricultural area of green grassland can
be found. The green biomass is a convenient source of green grass juice as a primary
product from biorefinery processes. Because of the current changes in the agricultural
structure in many countries, characterized by a decrease of grassland utilization for
production of cattle feed, the biorefinery process deals with new innovative utilization
pathways for green biomass, not only for grass fibres, but also for grass juices. In a
project for developing a biorefinery process, Koller et al. (2005b) investigated the
influences of different grass juices on microbial growth and PHA production using
C. necator, a stable organism that is known to accumulate PHA with high productivity.
In laboratory-scale bioreactor cultivations, silage juice turned out to be a very
promising cosubstrate in respect to its price, product quantity and moderate positive
impact on growth. All cultivation parameters investigated show that silage juice has
explicitly superior impacts on the process when compared with green grass juice.

Instead of expensive complex nitrogen sources such as yeast extract and casamino
acids, cheaper products such as MBM hydrolysate can be successfully applied
in PHA production processes (Koller et al. 2005a). Severe problems have arisen
during the last decade in the EU because of bovine spongiform encephalopathy.
At the summit of the crisis, the disease infected 3,500 head of cattle every week in
the UK. This inspired several scientists at Graz University of Technology, Austria,
to contemplate alternative methods for safe utilization of MBM. To evaluate bio-
technological fields of application, MBM that was proven to be free of prions was
subjected to alkaline hydrolysis (NaOH) and further neutralized with acid, yielding
a highly saline hydrolysate. The hydrolysed MBM still contains about 78% of the
nitrogen included in MBM prior to hydrolysis (Neto 2006).

Owing to the high salt demand of the strain H. mediterranei, chemically hydrolysed
MBM constitutes a very suitable source of nitrogen and phosphate especially for this
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Fig. 3 Production and application of hydrolysed meat and bone meal (Neto 2006)

organism. On a bioreactor scale, H. mediterranei was cultivated with a maximum
specific growth rate of 0.11 1 h™' when supplemented with MBM as a complex
nitrogen and phosphate source together with glycerol liquid phase (GLP) as a carbon
substrate; a PHA copolyester was produced with a maximum specific productivity
of 0.10 gg'h™' and a share of 75% PHA in cell mass (Koller et al. 2005a). Figure 3
shows a process sheet for the conversion of MBM towards a convertible substrate
for biopolyester production.

2.2 Waste Lipids

Several waste lipids of different origin can be applied as substrates for biotechno-
logical processes such as PHA production:

e Waste cooking oil and restaurant greases are waste products available in large
amounts.

e Tallow from the slaughtering and rendering industries constitutes another inex-
pensive source of triacylglycerides.

e From the MBM hydrolysis process that can provide a useful nitrogen source for
PHA-producing organisms (see above), about 11% of lipids remain as surplus
material after the degreasing step.

* In PHA production, biomass has to be degreased before isolation of PHA if high
product purities are required. Also here, typically 2-4% of lipids are removed
from the cells.
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Pseudomonas aeruginosa 42A2 was used by Fernandez et al. (2005) for PHA
production from oily wastes such as residual waste cooking oil and other lipid wastes;
the organism accumulated up to 54.6% of PHA. The authors investigated the influ-
ence of k a and temperature on PHA productivity and monomer composition.

The production of PHA using residual oil from biotechnological rhamnose
production as a carbon source for growth of C. necator H16 (the nomenclature in the
article was ‘Ralstonia eutropha’) and P. oleovorans was described by Fiichtenbusch
et al. (2000). The strains accumulated PHA at 41.3 and 38.9%, respectively, of
the cell dry mass when they were cultivated in defined media with oil from the
rhamnose production as the sole carbon source. The accumulated PHA isolated from
C. necator was identified as PHB homopolyester, whereas the PHA isolated
from P. oleovorans consisted, typically for this type of PHA-accumulating organism,
of (R)-3-hydroxyhexanoic acid, (R)-3-hydroxyoctanoic acid, (R)-3-hydroxydecanoic
acid and (R)-3-hydroxydodecanoic acid. Approximately 20-25% of the carbon
components of the residual oil were converted into PHA. Up to 80% of cell dry
mass of PHB homopolyester from different plant oils was produced by C. necator
DSM 545 (Fukui and Doi 1998).

Tallow is one of the cheapest fats available in large amounts. The production of
PHA from tallow was demonstrated for Pseudomonas resinovorans. Although the
raw material is inexpensive, the process is not profitable owing to the low amounts
of PHA produced (approximately 15% of cell dry mass, Cromwick et al. 1996).
Taniguchi et al. (2003) reported that waste plant oils as well as waste tallow are
assimilated and successfully converted to PHA with relatively high yield by
Ralstonia eutropha (today known as C. necator). Waste sesame oil and virgin ses-
ame oil were investigated and compared with fructose regarding utilization.
Interestingly, much higher molecular weights (M =1.3x10°) are reported for the
polyester produced from fructose than for the oil-derived polymers
(M, =5x10°~6x 10°). In all cases, the PHA accumulation was quite high, up to 80%
of the cell dry weight. Further experiments in this study using the same organism
reported PHA production from soybean, rapeseed, corn and palm oil as well as
from tallow lard. Here, copolyesters containing small amounts of 3HV were found
in those cases where lard or tallow was provided as a substrate, most probably
caused by the availability of propionyl-CoA as the final product of the B-oxidation
of odd-numbered fatty acids that are found in animal lipids.

The first production of poly(3HB-co-3HV), P(3HB-co-3HV), from olive oils by
Aeromonas caviae was described by Doi et al. (1995). Here, the polyester content in
the cells was still rather low (6—-12%). The feasibility of using olive oil mill effluents
as a substrate in biodegradable polymer production was studied by Dionisi et al.
(2005), where olive oil mill effluents were anaerobically fermented at various concen-
trations combined with different pretreatments and without pretreatment to obtain
volatile fatty acids (VFAs) such as acetate, propionate, butyrate, isobutyrate and val-
erate, which were used as substrates for PHA production. Olive oil mill effluents were
also tested for PHA production by using a mixed culture from an aerobic sequencing
batch reactor where olive oil mill effluents were centrifuged and tested with or with-
out fermentation. The best results with regard to PHA production were obtained with
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fermented olive oil mill effluents because of the higher VFA concentration. Garcia
Ribera et al. (2001) studied the use of the olive mill waste waters produced from olive
oil extraction, namely alpechin, which constitutes a severe environmental problem
because of its high concentration of precarious phenolic compounds and its toxicity
for many other micro-organisms. P. putida KT2442 was capable of growing in
alpechin. The transformation with a plasmid harbouring C. necator PHB synthesis
allows the organism to grow at high alpechin concentrations under PHA accumula-
tion. Further studies on alpechin were carried out using Azotobacter chroococcum
H23. With use of defined media with alpechin contents of 60%, considerable amounts
of accumulated PHA were reported (Gonzdlez-Lépez et al. 1996; Pozo et al. 2002).

Loo et al. (2005) studied the suitability of palm kernel oil, crude palm oil and
palm acid oil as substrates for scl-PHA synthesis by R. eutropha PHB-4 harbouring
the PHA synthase gene of A. caviae. The copolymer of 3HB and (R)-3-
hydroxyhexanoate was synthesized at yields ranging from 1.5 to 3.7 g1, containing
5% of (R)-3-hydroxyhexanoate in the polyester. Alias and Tan (2005) isolated a
Gram-negative bacterium FLP1 from palm oil mill effluent (POME) by using a
culture-enrichment technique and identified the organism as closely related to
Burkholderia cepacia. When this strain was grown on crude palm oil and palm
kernel oil, PHB homopolyester was produced. In contrast to the findings with ani-
mal lipids, no copolyester production was observed owing to the absence of odd-
numbered fatty acids containing triacylglycerides in POME; the supplementation
of odd-numbered fatty acids was needed for the incorporation of 3HV building
blocks. Salmiati et al. (2007) produced PHA from organic wastes by mixed bacte-
rial cultures by anaerobic—aerobic fermentation systems using POME as a carbon
source. The production was carried out by a two-step process of acidogenesis (pro-
duction of VFA) and acid polymerization. PHA production was carried out using
mixed culture in aerobic bioreactor. The maximum PHA content was observed at
40% of the cell dried weight. Crude palm oil is a substrate of interest for Erwinia
sp. USMI-20. Studies done by Majid et al. (1999) show that, with use of this strain,
46% PHB of cell mass was achieved after 48 h of cultivation.

2.3 Waste Streams from Biofuel Production

Caused by new legislative situations that require 5.75% biofuel penetration of the
entire fuel market in the EU by December 2010, the increasing production of biodiesel
via alkaline alcoholysis of different lipids is rapidly increasing (Bozbas 2008;
Vasudevan and Briggs 2008). This generates enormous amounts of its major side
stream, namely glycerol. As a ‘three-carbon platform’, glycerol acts as a starting mate-
rial for the production of PHA, lactic acid and a broad range of chemicals and chemical
intermediates. Per kilogram of biodiesel, more than 100 g of glycerol accrues as a by-
product in the so-called liquid phase (GLP). Biodiesel is mainly used as an ecologi-
cally benign fuel that is gaining more and more interest owing to its better emission
qualities than diesel and its independence from the availability of petrol.
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The production of biodiesel normally is accomplished from different lipids such
as food-grade rape seed oil, or palm oil. Considering the fact that in 1900 the first
engine of Rudolph Diesel used vegetable oil as a fuel, the idea of food-oil-based
lipids as fuels is definitely not new (Knothe 2001). Today, the utilization of food-
grade raw materials for combustion is neither economically feasible nor acceptable
from an ethical point of view. As an alternative, lipid wastes such as used cooking
oil, restaurant greases and soapstocks are precious feedstocks for cost-efficient
biodiesel production (Vasudevan and Briggs 2008).

Together with rising costs for petrol-based fuels, the production of biofuels is
increasing enormously in many areas of the world, consequently decreasing the price
of the by-product glycerol. All over Europe, the total production of biodiesel was
reported to be 4.6 x 10° tons for 2006; this amount constitutes about 77% of the global
biodiesel production in 2006. In the USA, 7.5x 10° tons were produced in the same
year (reported by Canakci and Sanli 2008). Just to illustrate the enormous increase
in biodiesel production, it should be mentioned that only in Austria, the amount of
biodiesel increased from 121,665 to 241,381 tons from 2006 to 2007, corresponding
to an increase of 98% and to a production of about 24,000 tons of glycerol.

Applying glycerol as a raw material for other compounds not only improves the
economics of biodiesel production, but is also ecologically reasonable. Numerous
microbial strains exist that accept raw GLP without prior purification such as
degreasing or demethanolization (see Fig. 4) as a substrate for production of PHA
biopolyesters and lactic acid. Further, glycerol can be converted biotechnologically
to 1,3-propanediol, an important compound for further organochemical synthesis.
The utilization of GLP leads to an enormous cost advantage compared with
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commercially available pure glycerol. Via chemical catalysis, glycerol can easily
be converted to acrolein, an intermediate in the production of several compounds
such as methionine. Figure 4 shows the process lines from waste lipids to biofuels
and PHA biopolyesters.

On a 10 I laboratory bioreactor scale, the highly osmophilic organism H. medi-
terranei was able to grow on GLP at a specific growth rate of 0.06 1h~' and
produced PHA (76% of cell mass) at a specific rate of 0.08 gg~'h™". The yield for PHA
from glycerol was calculated as 0.23 gg™!, resulting in a final concentration of 16.2 g1
PHA (Koller et al. 2005b). With GLP as a carbon source, the polyester produced by
H. mediterranei showed a weight-average molecular mass, M , of only 250,000,
whereas on whey sugars M_=700,000 was found (Koller et al. 2005b). Other investi-
gations with GLP as a substrate for PHA production have been described on a shaking
flask scale or in small bioreactors using the eubacterial strain Methylobacterium
rhodesianum MB 126 and its capsule-deficient mutant MB 126-J (Bormann and Roth
1999), R. eutropha DSM 11348 (Bormann and Roth 1999), Pseudomonas oleovorans
NRRL B-14682 (Ashby et al. 2004; Ashby et al. 2005) and Pseudomonas corru-
gata 388 (Ashby et al. 2005). With use of M. rhodesianum MB 126 and R. eutropha
DSM 11348, PHB was produced at volumetric productivities of 0.22 and
0.39 g1 h7!, respectively. P. oleovorans NRRL B-14682 converted glycerol into
the PHB homopolyester. P. corrugata 388 accumulated mcl-PHA from glycerol
consisting of (R)-3-hydroxyoctanoic acid, (R)-3-hydroxydecanoic acid, (R)-3-
hydroxydodecanoic acid, (R)-3-hydroxydodecenonic acid and traces of C  and C ,
(R)-3-hydroxyacids.

Similar to the results with H. mediterranei, Ashby et al. (2005) reported the
decrease of molecular masses of PHA from P. oleovorans when glycerol is used as
a carbon source. When glycerol or glycols are present in the medium, these sub-
stances cause termination of chain propagation by covalent linking at the carboxyl
terminus of the polyester (‘endcapping’; Madden et al. 1999; Ashby et al. 2002).
This certainly is of major importance for the final product quality. If GLP is applied
as a raw material for PHA biosynthesis, one has to consider if the molecular masses
are sufficiently high for a required processing step such as melt extrusion. For cer-
tain special fields of application, low molecular mass PHA could be desired, i.e. for
utilization as softeners.

2.4 Surplus Whey from the Dairy Industry

Whey from the dairy and cheese industries constitutes a waste and surplus material
in many regions of the world. The reported amounts of whey that are produced
globally vary from 1.15x 10%tons per year (Peters 2006) to 1.40x 108tons per year
(Audic et al. 2003). It is not only a cheap raw material, but also causes a disposal
problem for the dairy industry owing to its high biochemical oxygen demand
(40,000-60,000 ppm) and chemical oxygen demand (50,000-80,000 ppm) (Kim et al.
1995). Lactose, the major carbohydrate in whey, can serve as a substrate for growth
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and product formation in numerous biotechnological processes. In the literature, the
production of bioethanol (Zafar and Owais 2006), antibiotics (e.g. the bacteriocin
nisin; Hickmann Flores and Monte Alegre 2001), yeasts for yeast extract produc-
tion (de Palma Revillion et al. 2003), surfactants (sophorolipids; Daniel et al. 1999),
single-cell protein (Schultz et al. 2006), and biopolymers such as PHAs and PLA
(Kim et al. 1995) has been described.

Cheese whey is a surplus product in the dairy industry. From the feedstock milk,
casein is precipitated enzymatically or by acidification. This so-called transformation
results in the generation of curd cheese (casein fraction) and full-fat whey (liquid
fraction). The major part of the lipids is removed by skimming, leaving skimmed
whey. The sweet skimmed whey undergoes a concentration step, where 80% of
water is removed. This whey concentrate is separated via ultrafiltration into whey
permeate (lactose fraction) and whey retentate (protein fraction with considerable
lactose residues). Whereas special proteins of the retentate fraction are of interest
owing to the importance of lactoferrin and lactoferricin for the pharmaceutical
industry (Tomita et al. 2002), whey permeate (containing 81% of the total lactose
originally included in the feedstock milk) can be used as a carbon source for bio-
technological production of PHAs. Table 3 summarizes the composition of sweet
whey, fermented whey, whey permeate and whey retentate.

Figure 5 illustrates the process line from the feedstock milk via whey towards
PHA biopolyester production and provides a rough estimation of the theoretically
possible PHA production from the entire whey lactose that is produced worldwide.

The utilization of surplus whey combines an economic advantage with ecological
enhancementby converting the pollutant whey into valuable products. Biotechnological
production of PHAs from different sugars via condensation of acetyl-CoA units
stemming from hexose catabolism is well described (Sudesh et al. 2000), but only a
limited number of micro-organisms directly convert lactose into PHAs. The principal
possibility of direct conversion of whey lactose towards PHA using different wild-
type bacterial strains was first investigated on shaking flask scale, where especially
H. pseudoflava turned out to be a promising candidate for PHA production from
whey (Povolo and Casella 2003). Recombinant E. coli strains harbouring PHA
synthesis genes were well studied for directly converting lactose to PHAs, and are
of interest owing to the high volumetric productivities found (Lee 1997; Schubert et al.
1988; Wong and Lee 1998). Moreover, also the direct utilization of whey permeate
as a carbon source for growth and PHA production with recombinant E. coli strains
has been well investigated (Ahn et al. 2000; Ahn et al. 2001; Kim 2000). The best
results for PHA biosynthesis on whey by recombinant E. coli, namely a final PHA

Table 3 Composition of different types of whey (Braunegg et al. 2007)

Compound (%, w/w) Sweet whey  Fermented whey =~ Whey permeate ~ Whey retentate

Lactose 4.7-4.9 4.5-4.9 23 14
Lactic acid Traces 0.5 - -
Proteins 0.75-1.1 0.45 0.75 13
Lipids 0.15-0.2 Traces - 3-4

Inorganic compounds ~ ~7 6-7 ~27 ~7
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concentration of 168 gl™' and a volumetric PHA productivity of 4.6 gl™'h™!, were
reported by Ahn et al. (2001). To overcome the problems arising from the continual
addition of the whey feed in fed-batch cultures, i.e. an increasing volume in the
bioreactor, the authors employed a cell-recycle system.

If B-galactosidase activity of a production strain is not sufficiently high, lactose
can be hydrolysed enzymatically or chemically to glucose and galactose. Compared
with lactose, these monosaccharides are converted by a much higher number
of organisms.

A third, more complex possibility arises from the anaerobic conversion of lac-
tose to lactic acid in a first process step using lactobacilli capable of producing
lactic acid with high yields (more than 0.9 g of lactic acid per gram of carbon
source). In a subsequent aerobic cultivation, lactic acid is metabolized to acetyl-
CoA and further to PHAs by numerous strains, e.g. most common PHA producers
such as C. necator, A. latus and A. vinelandii. Alternatively, lactic can be converted
to PLA, if wanted. Hence, for PHA production from whey, the decision whether to
apply whey lactose, hydrolysed whey lactose or a first-step fermentation towards
lactic acid mainly depends on the production strain (Fig. 6).

In a recent study, Koller et al. (2007a, b) compared the utilization of whey as a
carbon source for three wild-type PHA-producing microbial strains, H. mediterranei,
P. hydrogenovora and H. pseudoflava, in laboratory-scale bioreactors. Among
these organisms, H. mediterranei turned out to be the most promising candidate for
eventual industrial-scale PHA production starting from whey. This is due to the
strain’s high robustness and stability; the risk of microbial contamination during
cultivation is restricted to an absolute minimum; thus, a lot of energy can be saved
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by the lower sterility demands. Additionally the strain produces a poly(3HB-
-c0-8—-10%3HV) copolyester directly from the 3HV-unrelated carbon source
whereby the normally high costs for propionic acid or valeric acid as precursors can
be saved. The strain grew well on hydrolysed whey permeate with a maximum
specific growth rate of 0.11 1 h™'. PHA was accumulated at a maximum specific
production rate of 0.08 gg'h™!. The yield of conversion of whey sugars to PHA
was calculated as 0.33 gg'. The partial conversion of whey sugars to 3HV units
and the excellent polymer characteristics (low melting temperature, high molecular
masses within a narrow distribution) together with a viable cheap and simple
downstream processing (Garcia Lillo and Rodriguez Valera 1990; Munoz-Escalona
et al. 1994) render the strain especially interesting. The calculated production price
amounted to €2.82 per kilogram of PHA. The recycling of the highly saline side
streams has to be tested and optimized. Additionally, high salinity imposes special
material demands on the bioreactor equipment and the probes (Hezayen et al.
2000). P. hydrogenovora features the disadvantage of low final polymer contents,
productivities and product yields owing to redirection of the carbon flux towards
unwanted by-products such as organic acid (Koller et al. 2008). H. pseudoflava
produces biopolyesters of rather good quality (high molecular masses and low
polydispersities) directly from whey lactose at acceptable specific production rates
(12.5 mg PHA g '17'h™") and yields (0.2 g PHA g=' whey lactose), but is not com-
petitive with H. mediterranei in terms of strain stability and robustness (Koller et al.
2007a, b).

Yellore and Desai (1998) isolated a Methylobacterium sp. ZP24 that grew on
cheese whey and produced PHB at a final concentration of 1.1 gl~! polymer. This
work was extended later on a bioreactor scale, where Nath et al. (2008) cultivated
this organism on cheese whey. In batch mode, final PHB concentrations of 2.07 g1-!
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with 67% of PHB in biomass and 0.06 g1-'h™! of volumetric PHB productivity were
reported. From a Bacillus megaterium strain isolated from the sludge of a sewage
treatment plant, the production of a rather low amount of 26% PHB in cell dry mass
from lactose was reported on a shaking flask scale (Omar et al. 2001).

Owing to the complex nature of the regulatory mechanism in PHA production,
mathematical modelling of the processes, based on experimental results, becomes
more and more interesting. This is especially true for multisubstrate carbon sources
such as whey. Recently, mathematical models for production of PHB from whey
and sucrose by A. vinelandii were developed using kinetic patterns from batch
experiments. Various differential equations for formation rates of cell mass and
PHA, and substrate utilization rates as functions of initial cell concentration, actual
cell concentration and stationary cell concentrations, helped to predict the behaviour
of the system (Dhanasekar and Viruthagiri 2005). For the biosynthesis of poly(3HB-
co-3HV-co-4HB) terpolyesters from whey plus cosubstrates by H. mediterranei,
Koller et al. (2006) compiled a formal kinetic model as well as a low structured
model for PHB synthesis from whey by P. hydrogenovora. On the basis of the
simple substrate glucose, similar models for PHB production by C. necator
where compiled by Khanna and Srivastava (2005b) to provide the prerequisites for
model-based fed-batch fermentations under desired nutrient conditions.

2.5 Lignocellulosic Wastes

Lignocellulosic materials, consisting of lignin (complex polyphenolic structure),
cellulosic (B-D-1,4-glucan) and hemicellulosic (D-arabinose, D-xylose, D-mannose,
D-glucose, D-galactose and sugar alcohols) fibres, constitute the most abundant
renewable resources on our planet. Sixty percent of all plant biomass consists of
lignocellulose. The composition of lignocellulosic biomass differs in terms of the
shares of lignin (10-25%), cellulose (30-60%) and hemicellulose (25-35%)
(Kumar et al. 2008; Peters 2006; Tengerdy and Szakacs 2003).

Industrial branches generating the major shares of this waste are the agro-industry,
the wood-processing industry and the paper industry. Regarding the non-wood
lignocellulosic biomass only, the amount produced annually is about 2.5 x 10° tons.
An estimation done by the FAO indicates that about 7x 10® tons of different crops
such as pulse crops, oil seed crops plantation crops are produced annually worldwide
(Rajaram and Verma 1990). As an example, the yearly cultivation of 6x 10? tons of
palm biomass generates a waste stream that contains about 90% of the entire palm
plant. It consists of empty fruit bunches, fibres, POME, etc. (Kumar et al. 2008).

In the last decade, increasing efforts have been dedicated worldwide to realizing
the implementation of biorefinery plants for the conversion of lignocellulosic and
cellulosic waste to starting materials for the biotechnological production of bio-
ethanol, biopolymers and a range of fine chemicals. Whereas the material recovery
from the lignin fraction is limited to the production of adhesives, sulphur-free
fuels and some aromatics, cellulose and hemicellulose provide a rich source of
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carbohydrates that can be converted biotechnologically into a variety of final prod-
ucts. Figure 7 provides the classic scheme for the conversion of lignocellulose from
plant biomass to PHA biopolyesters (Petschacher 2001).

The major obstacle for the utilization of lignocellulose is the high stability of
this material. Lignocellulose was created by nature to provide plants with the
required robustness and stability against hydrolytic attack, put into effect chemically
by a high density of ester and ether bonds between the lignin and the carbohydrate
fraction in plant biomass. The optimization of digestion methods for lignocellulose
and the development of effective biocatalysts for the breakdown of cellulose and
hemicellulose into sugars (hexoses and pentoses) accepted by the microbes are the
prerequisite for any efficient biotechnological conversion of such raw materials into
desired end products.

Currently, enzymatic saccharification and chemical hydrolysis are the main
conventional methods for breaking these materials into smaller units. Although
chemical hydrolysis using diluted acids is fast and easy to perform, it is hampered
by its non-selectivity and the high temperature requirement. This can lead to the
formation of inhibitory by-products that can negatively influence the subsequent
biotechnological conversion of the hydrolysis products. Enzymatic methods used
on a larger scale feature a rather low efficiency owing to end-product inhibition and
adsorption phenomena leading to deactivation. Here, highly efficient systems of
free or immobilized enzymes are needed to overcome this problem. To optimize the
entire process chain of fast and efficient conversion of lignocellulosic biomass,
several routes have to be followed and improved: (a) favouring ‘one-pot operation’
to avoid the necessity of separation steps, (b) utilization of all lignocellulose com-
ponents, (c) high hydrolysis rates, (d) reduction of side products and (e) controlled
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conversions to ensure selectivity. Classic energy-demanding digestion steps such as
steam explosion for disruption of lignocellulose should be avoided to make the
whole process energetically more profitable. An alternative to this process step
might be solid-state fermentation (SSF). At the moment plenty of effort is being put
worldwide into investigating the most promising lignocellulosic fungi and developing
novel solid-state bioreactors for the production of a broad range of interesting
bioproducts. SSF appears especially suitable for conversion of plant biomass
because it is advantageous in terms of energy demand and it is suitable for on-site
operation in agricultural facilities. The engineering aspects of SSF must still be
further developed, especially regarding the biocatalysts and the controlled conversion
of lignocellulose during SSF. From the engineering point of view, the structure of
the lignocellulosic substrate, its change during fermentation, its heat conductivity
and moisture content and the achievable O, mass transfer are the main points to be
considered in reactor design (Tengerdy and Szakacs 2003).

The selection of appropriate production strains for PHA biosynthesis from
lignocellulose-derived substrates mainly depends on the conversion rates of hexoses
and pentoses by the organism. If the different sugars are not used in parallel and
with similar rates, the bioprocess to be developed will be rather complicated.
Sugars that are not accepted as a substrate by the strain or that are utilized consider-
ably more slowly than others can pile up in the fermentation broth and may then
cause inhibitory effects that are very likely to negatively influence growth and pro-
duction kinetics and yields.

The number of bacterial strains that use pentoses beside hexoses is rather lim-
ited; therefore, a multistep hydrolysis might be needed, followed by separation of
the different sugars. In the case of lignocellulose hydrolysate, pentoses are mainly
represented by arabinose and xylose deriving from the hemicellulose fraction,
whereas the hexose glucose is generated from the cellulose fraction.

Depending mainly on the global region of their occurrence, a vast number of
highly interesting sources of lignocellulosic materials can be found, e.g. rice straw,
corn straw and bagasse. These materials have favourable compositions with rather
low amounts of lignin in the range of 10% (w/w) and a high percentage of carbo-
hydrates. To implement the concepts of ‘refineries’ starting from lignocellulosic
waste, the utilization of the entire plant has to be aspired to. Rice husks, e.g., con-
tain high amounts of silicon dioxide that can be utilized for production of silicon
(Kalapathy et al. 2002).

The conversions of lignocellulose waste into bioindustrial raw materials is a
prerequisite for the development of sustainable process technologies worldwide,
and it seems to be a chance for future industrial development of many tropical and
subtropical countries. In many countries rice straw and other plant parts (e.g. dry
dead leaves of sugar cane) are still directly burned in the fields, severely contribut-
ing to air pollution. This phenomenon is of increasing importance, e.g., in Egypt,
where the burning of these materials results in the formation of the so-called mys-
terious black clouds in the sky above the Nile delta (Kenawy 2008). The controlled
burning of these wastes in boilers for generation of energy (steam and electricity)
appears reasonable for all processes in which energy costs constitute the bottleneck
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for the entire process economics. A prime example for this can be found at the
company PHBISA in Brazil, where, starting from sugar cane, sucrose, bioethanol
and PHA biopolyesters are produced. The energy required for these processes is
totally supplied from burning of bagasse that accrues in high amounts as a residue
from the sugar cane plant.

The first study on PHA biosynthesis from the pentoses xylose and arabinose
stemming from the hemicellulose fraction of poplar wood was done by Bertrand
et al. (1990) with Pseudomonas pseudoflava ATCC 33668 (today known as
H. pseudoflava). The authors reported significantly lower specific PHA production
rates for the pentoses compared with glucose. This effect was interpreted by higher
substrate utilization for maintenance of energy supply by the organisms when they
are cultivated on pentoses instead of hexoses. The production of PHB from xylose
by Pseudomonas cepacia ATCC 17759 was first investigated by Young and col-
leagues and was compared with PHB production from glucose and lactose. In all
cases, excellent specific growth rates were achieved (0.3 1h™' on glucose and lactose,
0.11h7" on xylose), but rather low specific PHB production rates (below 0.02 gg~'h™")
and product yields (below 0.15 g g7') were reported (Young et al. 1994). Additionally,
P. cepacia ATCC 17759 was examined for PHB production by Ramsay et al.
(1995). The strain was found to be able to grow and produce PHB from xylose up
to 60% of the cell dry mass under nitrogen-limiting conditions. The growth and
PHB production kinetics were similar to those obtained when the same organism
was cultivated on fructose. Cost estimations done by the authors showed that the
price for hydrolysed hemicellulose as a substrate was in a range similar to that for
cane molasses and half the price of using glucose.

Keenan et al. (2006) reported PHA biosynthesis in shaking flask cultures of
B. cepacia grown on 2.2% (w/v) xylose, plus various concentrations of added lae-
vulinic acid. Both substrates were derived from forest biomass, laevulinic acid from
cellulose and xylose from the hemicellulose fraction. The concentrations achieved
for different P(3BHB-co-3HV) copolyesters with 3HV shares in the polyester from
1.0 to 61% (mol/mol) ranged from 1.3 to 4.2 gl

2.6 Starch

The advantage of starch as a carbon source is that its price is lower than that of
glucose. Choi and Lee (1999) estimated that on a production scale of 100,000 tons
of PHB per year, production costs would decrease from US $4.91 to 3.72 kg! if
hydrolysed corn starch (US $0.22 kg™") were used instead of glucose (US $0.49 kg™).
Most processes for PHA production based on starch require the conversion of starch
to easily convertible substrates such as glucose by enzymatic or chemical hydrolysis
(Chen et al. 2006; Huang et al. 2006). Alternatively, VFAs can be produced as fermen-
tation substrates by acidogenesis (Yu et al. 2002). The production of P(3HB-co-3HV)
by H. mediterranei on extruded starch in a pH-stat fed-batch mode was recently
described by Chen et al. (2006). Here, an exogenous source of a.-amylases was used.
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The strain produced copolyester with a 3HV content of approximately 10% (mol/
mol) and superb thermal characteristics. This is in excellent compliance with the
results found when the strain was cultivated on whey or GLP (Koller et al. 2005b).
Additionally, Huang et al. (2006) working with the same strain reported a PHA
concentration of 77.8 gl~!, corresponding to 55.6% (w/w) PHA in the dry cell mass,
when the medium contained extruded rice bran and corn starch in a ratio of 1:8.

Recently, the newly isolated organism Bacillus cereus CFR06 was tested for PHA
production from various carbon sources such as xylose, arabinose, hexoses and
starch (Halami 2008). The authors described the strain as halo- and thermotolerant
and non-pathogenic. In the case of starch as the sole carbon source, nearly 50% of
PHB in the dry biomass was found after cultivating the strain in shaking flasks for
72 h. The authors stated that owing to its desirable high stability, this organism could
be interesting for industrial-scale PHA production. A certain disadvantage is seen in
the spore formulation of the strain that occurs as a competing reaction. The creation
of non-spore-forming mutants appears reasonable in this case.

Haas and colleagues used saccharified waste potato starch as a carbon source for
PHB production by R. eutropha NCIMB 11599 under phosphate-limited conditions.
The researchers achieved 179 gl-! biomass, 94 gl-' PHB and reported the yield of
total biomass from starch as 0.46 gg™', the yield for PHB from starch as 0.22 gg',
and the volumetric PHB productivity as 1.47 gl-'h~!. Residual maltose accumulated
in the fed-batch reactor but caused no noticeable inhibition (Haas et al. 2008).

Maltose as the major product after hydrolysis of starch was utilized by Braunegg
et al. (1999) for cultivation of three different strains of A. latus (DSM 1122, 1123
and 1124) in 10-1 bioreactors. Compared with the results on glucose, specific rates
for growth and product formation were lower using starch hydrolysate, but the
yields for production of biomass and PHA were comparable.

Rusendi and Sheppard (1995) described the enzymatic utilization of potato pro-
cessing wastes for utilization as a substrate for PHB production. The amylase for
starch hydrolysis was provided by barley malt. The hydrolysate, containing about
200 gl! glucose, was supplemented by other nutritional components needed for the
cultivation of the production strain Alcaligenes eutrophus. In batch cultures, a con-
centration of 5 gl-! PHB was obtained, corresponding to 77% of cell dry mass.

2.7 Materials from the Sugar Industry

A different approach is provided by the utilization of carbon sources that have a
considerable market value and do not constitute waste materials, but are produced
in a process integrating the fabrication of the carbon substrate and PHA. This has
been implemented on a pilot scale by the company PHB Industrial in the state of
Sao Paulo, Brazil. Starting from sugar cane, the company produces saccharose and
ethanol. The waste streams from the sugar production (bagasse) and the bioethanol
production (fusel alcohols) are used for running the PHA production and making it
economically competitive.
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Starting from sugar cane, one needs about 3 kg of sucrose to produce 1 kg PHB
using C. necator DSM 545 as a production strain. The electrical power needed is
generated by high-pressure steam from burning bagasse, the major by-product of
the sugar production. Low-pressure steam, which is additionally needed for heating
and sterilization, is also provided from bagasse combustion (Nonato et al. 2001).

After fermentation and biomass separation, recovery constitutes another cost
factor not to be neglected, especially in large-scale production. The PHA produc-
tion process described is embedded in an ethanol production plant and can therefore
resort to the fusel alcohols, mainly isopentyl alcohol, from the distillery step. The
application of the fusel alcohols as extracting solvents unites two important points.
These compounds normally constitute a waste stream without any market value.
When they are used as extraction solvents, the costs for alternative solvents are
saved. Furthermore, these extraction solvents are less harmful to handle than the
classic extraction solvent chloroform (Nonato et al. 2001). Owing to the autarkic
energy supply and the in-house availability of the carbon source saccharose, the
production costs per kilogram of PHB are estimated as less than US $3 (Choi and
Lee 1997; Nonato et al. 2001; Squio and Aragao 2004).

Recently, a ‘cradle to gate’ LCA study was carried out for the Brazilian PHA pro-
duction process in comparison with petrochemical plastics. The study encompassed the
net carbon dioxide production and all major categories of the production cycles. As a
conclusion, PHB from the ‘Brazilian process’ turned out to be superior to polypropyl-
ene and polyethylene in all major LCA categories (Harding et al. 2007).

On the basis of an amount of 2.16x 10° tons sugar cane crushed per milling sea-
son in an average sugar mill, the mass and energy balance for an integrated process
annually producing 180,000 tons of commercialized cane sugar, 52,575 m? ethanol
and 10,000 tons of PHB is visualized in Fig. 8 (values from Nonato et al. 2001).

Considering the fact that much more bagasse is available than needed for the
energy production, further value creation might be possible. As an example, hemicel-
Iulose and cellulose fractions of bagasse can be hydrolysed and utilized by suitable
microbial strains for PHA biosynthesis. This was successfully demonstrated by Silva
et al. (2004) for strains of B. cepacia and Burkholderia sacchari. On a laboratory
scale, hydrolysed bagasse was investigated as a carbon source for PHA biosynthesis,
comparing its performance as a substrate in direct comparison with pure xylose plus
glucose. The authors reported excellent results on a bioreactor scale using B. sacchari
IPT 101 on hydrolysed bagasse; 62% of PHA cell dry mass was reached at a yield of
0.39 gg!; these results were considerably better than those obtained with pure sugars,
but lower cell densities were achieved on hydrolysed bagasse than on pure sugars.
Felipe et al. (1997) mentioned the formation of toxic compounds that are formed
during acidic hydrolysis of bagasse such as furfural and 4-Hydroxy-5-methyl-3
(2 H)-furanone (HMF). Procedures have to be developed for removal of these
components. Silva et al. (2004) compared different processes for detoxification of
acidically hydrolysed sugar cane bagasse. Treatment with active charcoal turned out
to be a feasible and effective method to significantly lower the concentration of HMF
and furfural. Additionally, powdered bagasse might also be an interesting filler
material for PHA-based composites.
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Rocha and colleagues used the mutant strain B. sacchari IPT 189 for production
of P(3HB-co-3HV) with a broad range of 3HV content from sucrose and propionic
acid. The authors calculated a production price per kilogram of PHB and P(3HB-
co-3HV) of below US $1, but took only into account the cost of the carbon sources
and did not consider the running costs of the plant.

Molasses, a common waste material from the sugar industry, sell at about 33-50%
of the price of glucose (Zhang et al. 1994). They contain sucrose as the major carbo-
hydrate beside other sugars and additional growth promoters such as vitamins and
biotin. The investigation of molasses as substrates for PHA production was done by
the group of Page (1992). The authors reported a production of 2.5 gI' PHB on a
shaking flask scale after 24 h of cultivation using a mutant strain of A. vinelandii
UWD on a molasses-based medium. The production of PHB from molasses by
sucrose-utilizing recombinant organisms, namely E. coli, Klebsiella oxytoca and
Klebsiella aerogenes, was investigated by Zhang et al. (1994). The authors described
the accumulation of about 3 gl PHB on a shaking flask scale after 37 h of cultiva-
tion, corresponding to approximately 50% of PHB in cell mass. Years later, these
results were enhanced by an Indian group that combined the utilization of molasses
with the addition of the complex substrate corn-steep liquor. The organism utilized,
Azotobacter beijerinckii, produced 3.7 g1~! PHB after 24 h of cultivation. Additionally,
the study encompassed detailed investigations of the beneficial effect of minor
compounds such as metals contained in untreated molasses, but not in refined sugar,
on microbial growth and PHB production (Purushothaman et al. 2001).
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Omar and colleagues described the PHB production by B. megaterium on a range
of substrates such as date syrup, beet molasses and the corresponding pure carbohy-
drates in defined media. In each case, the authors noticed positive impacts of the
inexpensive, complex substrates due to additional compounds included in these
feedstocks. The background to this study is the enormous number of date palm trees
cultivated in countries such as Saudi Arabia, where the amount of dates surmounts
500,000 tons annually (Yilmaz and Beyatli 2005). On a 10-1 bioreactor scale,
Braunegg et al. (1999) reported the production of PHB from green syrup and sugar
beet molasses by three different strains of A. larus (DSM 1122, 1123 and 1124). The
results were compared with those obtained with the pure sugars glucose and sucrose.
Although specific rates for growth and product formation were significantly lower
when complex substrates where used, the production yields of biomass and PHB
from the carbon source were in the same range for pure and complex substrates.

2.8 Lactic Acid as a Versatile Intermediate
Towards Follow-Up Products

Starting from many of the waste streams discussed already, lactic acid is accessible as
a product of the anaerobic fermentation by lactobacilli or lactococci (Drumright et al.
2000; Tsuge et al. 2001). Especially the conversion of whey lactose, cassava starch or
molasses into lactic acid is a well-known process (Wee et al. 2006). When homofer-
mentative lactic acid bacteria are used, lactic acid is produced from the substrate at
excellent conversion yields exceeding 0.9 g lactic acid per gram substrate (Wee et al.
2006). Using whey lactose, Kim et al. (1995) even reported yields of more than 0.98 g
lactic acid per gram of lactose consumed by the organism Lactobacillus sp. RKY?2.

Lactic acid is known to have numerous fields of industrial application, such as foods,
cosmetics, pharmaceuticals, textiles and chemicals (Wee et al. 2006). Via simple
chemistry, lactic acid can be converted into lactic acid esters that constitute so-called
green solvents. In the area of polymers, lactic acid opens the route for the chemical
production of PLA and the biotechnological production of PHA (see Fig. 6).

For biotechnological purposes, the production of lactic acid from different waste
streams in a first fermentation process by lactobacilli appears very reasonable. This is
due to the fact that, caused by the low-pH conditions, lactic acid can easily be
stored without major conservation requirements. Hence, this compound features an
excellent stable intermediate for a versatile range of follow-up products. In contrast
to the transportation of lignocellulosic waste or whey, the transportation of lactic
acid in a concentrated form to production facilities where it will be converted might
be economically reasonable in many cases. Whereas the production of lactic acid
itself is dependent on the seasonal availability of the waste materials, production
facilities for the subsequent conversion of lactic acid to final products such as PHAs
can be supplied from lactic acid stocks independent of the season.

The application of lactic acid, together with the 3HV precursor valeric acid
as a substrate for P(3HB-co-3HV) production was successfully demonstrated.
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Using the production strain C. necator DSM 545, a final concentration of
poly(3HB-c0-8.6% 3HV) of 12.7 gl after 62 h of cultivation was described on a
10-1 bioreactor scale. The organism achieved a maximum specific growth rate of
0.14 1h~!' (Braunegg et al. 2002).

3 Concluding Remarks and Future Perspectives

The selection of the appropriate substrate firstly depends on the intended location of
the PHA production plant, and on the resource quantities available. Moreover, the
suitability of the raw material for low-cost storage is of high importance because
such resources very often accrue seasonally (e.g. straw, sugar cane, corn). Beside the
carbon source, the availability of cheap complex nitrogen sources for effective and
fast biomass production is advantageous. Adequate materials can be found in certain
waste streams from agriculture such as MBM, grass juices and corn steep liquor.
Wherever possible, industrial PHA production should be integrated into the existing
structure of the waste or raw material generating industrial unit to minimize produc-
tion costs owing to synergisms. A prime example for this strategy is the integration
of PHA production into a sugar mill combined with ethanol production in Brazil. In
this case the in-house product sucrose acts as the carbon source, the total process
energy (steam and electricity) is generated from surplus bagasse, and the extraction
solvent isopentyl alcohol is available from the ethanol distillation unit.

Owing to the enormous amounts available annually, lignocellulose-based wastes
are likely to become the most important raw materials for future biotechnological
production of polymers, chemicals and fuels. To make substantial progress in this
field, increased know-how is required in the areas of microbiology, enzyme technol-
ogy and chemical engineering to overcome still-existing bottlenecks in the efficient
conversion of these feedstocks, especially during the upstream processing.

In future, it will be indispensable to create databases for agricultural feedstocks
and their side streams to document the range of variability in composition and quality.
Such databases can be obtained through a long-term monitoring and documentation
of raw materials from different origins. Furthermore, it is desirable if the bioprocess
itself is not sensitive against a certain variability of the feedstock quality.

Beside the raw material costs and the fermentation process itself, downstream
processing is a decisive cost-determining factor in biopolymer production.
Depending on the PHA-producing micro-organisms, a broad range of possibilities
are available for PHA recovery and purification such as extraction or degradation
of non-PHA biomass after harvesting the bacterial cells. Research in this field is
quite far developed in terms of minimizing the required amounts of solvents and
other cost-intensive and/or hazardous compounds.

Uniting the potential enhancements of each process step, one can definitely make
substantial progress towards a cost-efficient technology. This appears possible by the
selection of a production strain which is capable of synthesizing high-value copoly-
esters from low-cost raw materials without the need of a cosubstrate supply together
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with minor sterility precautions and a cheap and convenient isolation method. In any
case, the development of really efficient biopolymer production processes starting
from diverse waste streams needs the narrow co-operation of experts from different
scientific fields. Chemical engineers, microbiologists, enzymologists, polymer sci-
entists, genetic engineers and experts in the fields of LCA and cleaner production
have to concentrate their special expertise and know-how to close the existing gaps
between promising data from the laboratory scale and industrial realization.

Acknowledgements The authors would like to thank Elisabeth Ingoli¢, FELMI-ZFE-Graz, for
the electron-microscopic pictures of C. necator (Fig. 1) and Petra Glawogger for linguistic
proofreading.

References

Agus J, Kahar P, Abe H, Doi Y, Tsuge T (2006) Molecular weight characterization of poly[(R)-3-
hydroxybutyrate] synthesized by genetically engineered strains of Escherichia coli. Polym
Degrad Stab 91:1138-1146

Ahn WS, Park SJ, Lee SY (2000) Production of poly(3-hydroxybutyrate) by fed.batch culture of
recombinant Escherichia coli with a highly concentrated whey solution. Appl Environ
Microbiol 66(8):3624-3627

Ahn WS, Park SJ, Lee SY (2001) Production of poly(3-hydroxybutyrate) from whey by cell
recycle fed-batch culture of recombinant Escherichia coli. Biotechnol Lett 23:235-240

Alias Z, Tan IKP (2005) Isolation of palm oil-utilising, polyhydroxyalkanoate (PHA)-producing
bacteria by an enrichment technique. Bioresource Technology 96(11):1229-1234

Alvarez HM, Kalscheuer R, Steinbuchel A (1997) Accumulation of storage lipids in species of
Rhodococcus and Nocardia and effect of inhibitors and polyethylene glycol. Fett/Lipid
99:239-246

Ashby R, Solaiman D, Foglia T (2002) Poly(ethylene glycol)-mediated molar mass control of short-
chain- and medium-chain-length poly(hydroxyalkanoates) from Pseudomonas oleovorans. Appl
Microbiol Biotechnol 60:154—159

Ashby RD, Solaiman DKY, Foglia TA (2004) Bacterial poly(hydroxyalkanoate) polymer production
from the biodiesel co-product stream. J Polym Environ 12:105-112

Ashby RD, Solaiman DKY, Foglia TA (2005) Synthesis of short-/medium-chain-length
poly(hydroxyalkanoate) blends by mixed culture fermentation of glycerol

Audic J-L, Chaufer B, Daufin G (2003) Non-food applications of milk components and dairy
co-products: a review. Lait 83:417—438

Baptist N (1963) US Patent 3,107,172

Baptist IN (1965) US Patent 3,182,036

Bertrand J-L, Ramsay BA, Ramsay JA, Chavarie C (1990) Biosynthesis of poly--hydroxyalkanoates
from pentoses by Pseudomonas pseudoflava. Appl Environ Microbiol 56:3133-3138

Borah B, Thakur PS, Nigam JN (2002) The influence of nutritional and environmental conditions
on the accumulation of poly-B-hydroxy-butyrate in Bacillus mycoides RLJ B-017. J Appl
Microbiol 92:776-783

Bormann EJ, Roth M (1999) The production of polyhydroxybutyrate byMethylobacterium rhode-
sianum and Ralstonia eutropha in media containing glycerol and casein hydrolysates. Biotechnol
Lett 5:1059-1063

Bourque PY, Pomerleau Y, Groleau D (1995) High-cell-density production of poly--hydroxybu-
tyrate (PHB) from methanol by Methylobacterium extorquens: production of high-molecular-
mass PHB. Appl Microbiol Biotechnol 44:367-376



Microbial PHA Production from Waste Raw Materials 115

Bozbas K (2008) Biodiesel as an alternative motor fuel: production and policies in the European
Union. Renew Sustain Energy Rev 12:542-552

Brandl H, Gross RA, Lenz RW, Fuller RC (1990) Plastics from bacteria and for bacteria:
poly(beta-hydroxyalkanoates) as natural, biocompatible, and biodegradable polyesters. Adv
Biochem Eng Biotechnol 41:77-93

Braunegg G, Lefebvre G, Genser KF (1998) Polyhydroxyalkanoates, biopolyesters from renewable
resources: physiological and engineering aspects. J Biotechnol 65:127-161

Braunegg G, Genser K, Bona R, Haage G (1999) Production of PHAs from agricultural waste
material. Macromol Symp 144:375-383

Braunegg G, Bona R, Koller M, Martinz J (2002) Production of polyhydroxyalkanoates: a contribu-
tion of biotechnology to sustainable development. Proceedings of sustainable development
and environmentally degradable plastics in China, Beijing, pp 56-71

Braunegg G, Bona R, Koller M (2004) Sustainable polymer production. Polym Plast Technol Eng
43:1779-1974

Braunegg G, Koller M, Hesse PJ, Kutschera C, Bona R, Hermann C, Horvat P, Neto J, Dos Santos
Pereira L (2007) Production of plastics from waste derived from agrofood industry. In:
Graziani M, Fornasiero P (eds) Renewable resources and renewable energy: a global chal-
lenge. CRC Press, Taylor and Francio Group, Boca Raton pp 119-135

Canakci M, Sanli H (2008) Biodiesel production from various feedstocks and their effects on the
fuel properties. J Ind Microbiol Biotechnol 35:431-441

Chen CW, Trong-Ming D, Hsiao-Feng Y (2006) Enzymatic extruded starch as a carbon source for
the production of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) by Haloferax mediterranei.
Process Biochem 41:2289-2296

Choi J, Lee SY (1997) Process analysis and economic evaluation for Poly(3-hydroxybutyrate)
production by fermentation Bioprocess Eng 17(6):335-342

Choi J, Lee SY (1999) Factors affecting the economics of polyhydroxyalkanoateproduction by
bacterial fermentation. Appl Microbiol Biotechnol 51:13-21

Cromwick AM, Foglia T, Lenz RW (1996) The microbial production of poly(hydroxyalkanoates)
from tallow. Appl Microbiol Biotechnol 46:464—-469

Daniel H-J, Otto RT, Binder M, Reuss M, Syldatk C (1999) Production of sophorolipids from
whey: development of a two-stage process with Cryptococcus curvatus ATCC 20509 and
Candida bombicola ATCC 22214 using deproteinized whey concentrates as substrates. Appl
Microbiol Biotechnol 51:40—45

de Palma Revillion JP, Adriano Brandelli A, Zachia Ayub MA (2003) Production of yeast extract
from whey using Klyveromyces marxianus. Braz Arch Biol Technol 146(1):121-127

Dhanasekar R, Viruthagiri T (2005) Batch kinetics and modeling of poly-B-hydroxybutyrate
synthesis from Azotobacter vinelandii using different carbon sources. Ind J Chem Technol
12:322-326

Dionisi D, Carucci G, Petrangeli Papini M, Riccardi C, Majone M, Carrasco F (2005) Olive oil
mill effluents as a feedstock for production of biodegradable polymers Water research 39(10):
2076-2084

Doi Y, Kitamura S, Abe H (1995) Microbial synthesis and characterization of poly(3hydro-
xybutyrate-3-hydroxyhexanoate). Macromolecules 28:4822-4828

Drumright RE, Gruber PR, Henton DE (2000) Polylactic acid technology. Adv Mater 12:1841-1846

Felipe MGA, Vitolo M, Mancilha IM, Silva SS (1997) Environmental parameters affecting xylitol
production from sugar cane bagasse hemicellulosic hydrolyzate by Candida guilliermondii.
J Ind Microbiol Biotechnol 18:251-254

Fernandez D, Rodriguez E, Bassas M, Vifias M, Solanas AM, Llorens J, Marqués AM, Manresa
A (2005) Agro-industrial oily wastes as substrates for PHA production by the new strain
Pseudomonas aeruginosa NCIB 40045: effect of culture conditions. Biochem Eng J 26(2, 3):
159-167

Fiichtenbusch B, Wullbrandt D, Steinbiichel A (2000) Production of polyhydroxyalkanoic acids
by Ralstonia eutropha and Pseudomonas oleovorans from an oil remaining from biotechno-
logical rhamnose production. Applied Microbiology and Biotechnology 53(2):167-172



116 M. Koller et al.

Fukui T, Doi Y (1998) Efficient production of polyhydroxyalkanoates from plant oils by
Alcaligenes eutrophus and its recombinant strain. Appl Microbiol Biotechnol 49:333-336
Garcia Ribera R, Monteoliva-Sanchez M, Ramos-Cormenzana A (2001) Production of polyhydroxy-
alkanoates by Pseudomonas putida KT2442 harboring pSK2665 in wastewater from olive oil mills

(alpechin) From EJB Electronic Journal of Biotechnology, 4(2):116-119

Garcia Lillo J, Rodriguez-Valera F (1990) Effects of culture conditions on poly(p-hydroxybutyric
acid) production by Haloferax mediterranei. Appl Environ Microbiol 56:2517-2521

Graziani M., and Fornasiero P. (eds.), CRC press, Taylor and Francio Group, Boca Raton

Gonzélez-Lopez J, Pozo C, Martinez-Toledo MV, Rodelas B, Salmeron V (1996) Production of
polyhydroxyalkanoates by Azotobacter chroococcum H23 in wastewater from olive oil mills
(Alpechin). Int Biodeterior Biodegradation 38:271-276

Haas R, Jin B, Tobias F (2008) Production of poly(3-hydroxybutyrate) from waste potato starch.
Biosci Biotechnol Biochem 72:253-256

Haenggi UJ (1995) Requirements on bacterial polyesters as future substitute for conventional
plastics for consumer goods. FEMS Microbiol Rev 16:213-220

Halami PH (2008) Production of polyhydroxyalkanoate from starch by the native isolate Bacillus
cereus CFR06. World J Microbiol Biotechnol 24:805-812

Harding KG, Dennis JS, von Blottnitz H, Harrison STL (2007) Environmental analysis of plastic pro-
duction processes: Comparing petroleum-based polypropylene and polyethylene with biologically-
based poly-hydroxybutyric acid using life cycle analysis. Journal of Biotechnology 130:57-66

Helm J, Wendlandt K-D, Jechorek M, Stottmeister U (2008) Potassium deficiency results in accu-
mulation of ultra-high molecular weight poly-beta-hydroxybutyrate in a methane-utilizing
mixed culture. J Appl Microbiol 105:1054-1061

Hezayen FF, Rehm BH, Eberhardt R, Steinbuchel A (2000) Polymer production by two newly
isolated extremely halophilic archaea: application of a novel corrosion-resistant bioreactor.
Appl Microbiol Biotechnol 54:319-325

Hickmann Flores S, Monte Alegre R (2001) Nisin production from Lactococcus lactis A.T.C.C.
7962 using supplemented whey permeate. Biotechnol Appl Biochem 34:103-107

Hou, C.T., Shaw J-FE., Editors. Biocatalysis and Biotechnology for Functional Foods and Industrial
Products. Boca Raton, FL; CRC Press. p. 431-450 (Book chapter!)

Huang T-Y, Duan K-J, Huang C, S-Y, Chen, W (2006) Production of polyhydroxyalkanoates from
inexpensive extruded rice bran and starch by Haloferax mediterranei. J Ind Microbiol
Biotechnol 33(8):701-706

Kahar P, Agus J, Kikkawa Y, Taguchi K, Doi Y, Tsuge T (2004a) Effective production and kinetic
characterization of ultra-high-molecular-weight poly[(R)-3-hydroxybutyrate] in recombinant
Escherichia coli. Polym Degrad Stab 87:161-169

Kahar P, Tsuge T, Taguchi K, Doi Y (2004b) High yield production of polyhydroxyalkanoates from
soybean oil by Ralstonia eutropha and its recombinant strain. Polym Degrad Stab 83:79-86

Kalapathy U, Proctor A, Shultz J (2002) An improved method for production of silicia from rice
hull ash. Bioresour Technol 85:285-289

Keenan TM, Nakas JP, Tanenbaum SW (2006) Polyhydroxyalkanoate copolymers from forest
biomass. J Ind Microbiol Biotechnol 33:616-626

Kenawy E-R (2008) Selected production processes and applications of bioplastics from waste.
Presentation at the ICS-UNIDO workshop on biofuels and bio-based chemicals, Trieste, 18—-20
Sept 2008

Khanna S, Srivastava AK (2005a) Recent advances in microbial polyhydroxyalkanoates. Process
Biochem 40:607-619

Khanna S, Srivastava AK (2005b) A simple structured mathematical model for biopolymer (PHB)
production. Biotechnol Prog 21:830-838

Khardenavis AA, Kumar MS, Mudliar SN, Chakrabarti T (2007) Biotechnological conversion of
agro-industrial wastewaters into biodegradable plastic, poly P-hydroxybutyrate. Bioresour
Technol 98:3579-3584

Kim BS (2000) Production of poly(3-hydroxybutyrate) from inexpensive substrates Enzyme and
Microbial Technology 27(10):774-777



Microbial PHA Production from Waste Raw Materials 117

Kim YB, Lenz RW (2001) Polyesters from microorganisms. Adv Biochem Eng Biotechnol 71:51-79

Kim H-O, Wee Y-J, Kim J-N, Yun J-S, Ryu H-W (1995) Production of lactic acid from cheese
whey by batch and repeated batch cultures of Lactobacillus sp. RKY2. Appl Biochem
Biotechnol 131:694-704

King PP (1982) Biotechnology. An industrial view. J] Chem Technol Biotechnol 32:2-8

Knothe G (2001) Historical perspectives on vegetable oil-based diesel fuels. Ind Oils 12:1103-1107

Koller M, Bona R, Braunegg G, Hermann C, Horvat P, Kroutil M, Martinz J, Neto J, Varila P,
Pereira L (2005a) Production of polyhydroxyalkanoates from agricultural waste and surplus
materials. Biomacromolecules 6:561-565

Koller M, Bona R, Hermann C, Horvat P, Martinz J, Neto J, Varila P, Braunegg G (2005b) Biotechnological
production of poly(3-hydroxybutyrate) with Wautersia eutropha by application of green grass juice
and silage juice as additional complex substrates. Biocatal Biotransform 23:329-337

Koller M, Horvat P, Hesse PJ, Bona R, Kutschera C, Atlic A, Braunegg G (2006) Assessment of
formal and low structured kinetic modeling of polyhydroxyalkanoate synthesis from complex
substrates. Bioprocess Biosyst Eng 29:367-377

Koller M, Hesse PJ, Bona R, Kutschera C, Atlic A, Braunegg G (2007a) Various archae- and
eubacterial strains as potential polyhydroxyalkanoate producers from whey lactose. Macromol
Biosci 7:218-226

Koller M, Hesse PJ, Bona R, Kutschera C, Atlic A, Braunegg G (2007b) Biosynthesis of high
quality polyhydroxyalkanoate co- and terpolyesters for potential medical application by the
archaeon Haloferax mediterranei. Macromol Symp 253:33-39

Koller M, Bona R, Chiellini E, Grillo Fernandes E, Horvat P, Kutschera C, Hesse PJ, Braunegg G
(2008) Polyhydroxyalkanoate production from whey by Pseudomonas hydrogenovora.
Bioresour Technol 99:4854-4863

Kumar R, Singh S, Singh OV (2008) Bioconversion of lignocellulosic biomass: biochemical and
molecular perspectives. J Ind Microbiol Biotechnol 35:377-391

Lee SY (1998) Poly(3-hydroxybutyrate) production from xylose by recombinant Escherichia coli.
Bioprocess Eng 18:397-399

Lee SY, Chang HN (1994) Effect of complex nitrogen source on the synthesis and accumulation
of poly(3-hydroxybutyric acid) by recombinant Escherichia coli in flask and fed-batch cul-
tures. J Environ Polym Degrad 2:169-176

Lee SY (1997) E. coli moves into the plastic age. Nat. Biotechnol 15:17-18

Lee SY, Lee Y, Wang F (1999) Chiral compounds from bacterial polyesters: sugars to plastics to
fine chemicals. Biotechnol Bioeng 65:363-368

Liebergesell M, Hustede E, Timm A, Steinbiichel A, Fuller RC, Lenz RW, Schlegel HG (1991)
Formation of poly(3-hydroxyalkanoates) by phototrophic and chemolithotrophic bacteria.
ArchMicrobiol 155:415-421

Loo CY, Lee WH, Tsuge T, Doi Y, Sudesh K (2005) Biosynthesis and characterization of poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) from palm oil products in a Wautersia eutropha
mutant Biotechnology Letters 27(18):1405-1410

Luzier WD (1992) Materials derived from biomass/biodegradable materials. Proc Natl Acad Sci
U S A 89:839-842

Madden LA, Anderson AJ, Shah DT, Asrar J (1999) Chain termination in polyhydroxyalkanoate
synthesis: involvement of exogenous hydroxy-compounds as chain transfer agents. Int J Biol
Macromol 25:43-53

Majid MIA, Akmal DH, Few LL, Agustien A, Toh MS, Samian MR, Najimudin N, Azizan MN
(1999) Production of poly(3-hydroxybutyrate) and its copolymer poly(3-hydroxybutyrate-co-
hydroxyvalerate) by Erwinia sp. USMI-20. Int J Biol Macromol 25:95-104

Munoz-Escalona A, Rodriguez-Valera F, Marcilla Gomis A (1994) EP 0622462

Nath A, Dixit M, Bandiya A, Chavda S, Desai AJ (2008) Enhanced PHB production and scale up
studies using cheese whey in fed batch cultures of Methylobacterium sp. ZP24. Bioresour
Technol 99(13):5749-5755

Neto J (2006) New strategies in the production of polyhydroxyalkanoates from glycerol and meat
and bone meal. PhD thesis, Graz University of Technology



118 M. Koller et al.

Nonato RV, Mantelatto PE, Rossell CEV (2001) Integrated production of biodegradable plastic,
sugar and ethanol. Appl Microbiol Biotechnol 57:1-5

Ojumu TV, Yu J, Solomon BO (2004) Production of polyhydroxyalkanoate, a biodegradable
polymer. Afr J Biotechnol 3:18-24

Omar S, Rayes A, Eqaab A, Viss I, Steinbuchel A (2001) Optimization of cell growth and poly(3-
hydroxybutyrate) accumulation on date syrup by a Bacillus megaterium strain. Biotechnol Lett
23:1119-1123

Page WJ (1992) Production of polyhydroxyalkanoates by Azotobacter vinelandii UWD in beet
molasses culture. FEMS Microbiol Lett 103:149-157

Page WJ, Cornish A (1993) Growth of Azotobacter vinelandii UWD in fish peptone medium and
simplified extraction of poly-f-hydroxybutyrate. Appl Environ Microbiol 59:4236-4244

Peters D (2006) Carbohydrates for fermentation. Biotechnol J 1:806-814

Petschacher B (2001) Verwertung von Maisernteriickstidnden iiber Hydrolyse der Cellulose und
Hemicellulose. Diploma Thesis, Graz University of Technology

Povolo S, Casella S (2003) Bacterial production of PHA from lactose and cheese whey permeate.
Macromol Symp 197:1-9

Pozo C, Martinez-Toledo MV, Rodelas B, Gonzéles-Lopez J (2002) Effects of culture conditions on
the production of polyhydroxyalkanoates by Azotobacter chroococcum H23 in media containing
a high concnetration of alpechin (wastewater from olive oil mills) as primary carbon source.
J Biotechnol 97:125-131

Purushothaman M, Anderson R, Narayana S, Jayaraman V (2001) Industrial byproducts as
cheaper medium components influencing the production of polyhydroxyalkanoates (PHA) —
biodegradable plastics. Bioprocess Biosyst Eng 24:131-136

Rajaram S, Verma A (1990) Production and characterization of xylanase from Bacillus thermoal-
kalophilus growth on agricultural wastes. Appl Microbiol Biotechnol 34:141-144

Ramsay JA, Hassan MCA, Ramsay BA (1995) Hemicellulose as a potential substrate for produc-
tion of poly(beta-hydroxyalkanoates). Can J Microbiol 41:262-266

Ren Q, Grubelnik A, Hoerler M, Ruth K, Hartmann R, Felber H, Zinn M (2005) Bacterial
poly(hydroxyalkanoates) as a source of chiral hydroxyalkanoic acids. Biomacromolecules
6:2290-2298

Rodriguez-Valera F, Lillo JAG (1992) Halobacteria as producers of polyhydroxyalkanoates.
FEMS Microbiol Rev 103:181-186

Rusendi D, Sheppard JD (1995) Hydrolysis of potato processing waste for the production of poly-
B-hydroxybutyrate. Bioresour Technol 54:191-196

Ruth K, Grubelnik A, Hartmann R, Egli T, Zinn M, Ren Q (2007) Efficient production of (R)-3-
hydroxycarboxylic acids by biotechnological conversion of polyhydroxyalkanoates and their
purification. Biomacromolecules 8:279-286

Salmiati Z, Ujang MR, Salim MF, Md D, Ahmad MA (2007) Intracellular biopolymer productions
using mixed microbial cultures from fermented POME. Water Sci Technol 56:179-185

Schubert P, Steinbiichel A, Schlegel HG (1988) Cloning of the Alcaligenes eutrophus poly-f-
hydroxybutyrate synthetic pathway and synthesis of PHB in Escherichia coli J. Bacteriol.
170:5837-5647

Schultz N, Chang L, Hauck A, Matthias Reuss M, Syldatk C (2006) Microbial production of
single-cell protein from deproteinized whey concentrates. Appl Microbiol Biotechnol
69:515-520

Seebach D, Zueger M (1982) Uber die Pepolymerisierung von Poly-(R)-3-hydroxybuttersaeureester
(PHB). Helv Chim Acta 65:495-503

Seebach D, Beck AK, Breitschuh R, Job K (1992) Direct degradation of the biopolymer poly[(R)-3-
hydroxybutyric acid] to (R)-3-hydroxybutanoic acid and its methyl ester. Org Synth 71:39-47

Silva LF, Taciro MK, Michelin Ramos ME, Carter JM, Pradella JGC, Gomez JGC (2004) Poly-3-
hydroxybutyrate (PHB) production by bacteria from xylose, glucose and sugarcane bagasse
hydrolysate. J Ind Microbiol Biotechnol 31(6):245-254

Solaiman DKY, Ashby RD, Foglia TA, Marmer WN (2007) Fermentative production of biopoly-
mers and biosurfactants from glycerol-rich biodiesel coproduct stream and soy molasses.
Biocatal Biotechnol Funct Food Ind Prod 431-450



Microbial PHA Production from Waste Raw Materials 119

Solaiman DKY, Ashby RD, Foglia TA, Marmer WN (2006) Conversion of agricultural feedstock
and coproducts into poly(hydroxyalkanoates). Appl Microbiol Biotechnol 71:783-789

Son H, Lee S (1996) Biosynthesis of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) from struc-
turally unrelated single carbon sources by newly isolated Pseudomonas sp. EL - 2. Biotechnol
Lett 18:1217-1222

Squio C, Aragao G (2004) Cultivation strategies for production of the biodegradable plastics
poly(3-hydroxybutyrate) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) by bacteria.
Quim Nova 27:615-622

Steinbiichel A, Hein S (2001) Biochemical and molecular basis of microbial synthesis of polyhy-
droxyalkanoates in microorganisms. Adv Biochem Eng Biotechnol 71:81-123

Steinbiichel A, Liitke-Eversloh T (2003) Metabolic engineering and pathway construction for
biotechnological production of relevant polyhydroxyalkanoates in microorganisms. Biochem
Eng J 16:81-89

Steinbiichel A, Valentin HE (1995) Diversity of bacterial polyhydroxyalkanoic acids. FEMS
Microbiol Lett 128:219-228

Sudesh K, Abe H, Doi Y (2000) Synthesis, structure and properties of polyhydroxyalkanoates: bio-
logical polyesters. Prog Polym Sci 25(10):1503-1555

Sudesh K, Iwata T (2008) Sustainability of biobased and biodegradable plastics. Clean 36:433—442

Taniguchi I, Kagotani K, Kimura Y (2003) Microbial production of poly(hydroxyalkanoate)s
from waste edible oils. Green Chem 5:545-548

Tengerdy RP, Szakacs G (2003) Bioconversion of lignocellulose in solid substrate fermentation.
Biochem Eng J 13(2-3):169-179

Tomita M, Wakabayashi H, Yamauchi K, Teraguchi S, Hayasawa H (2002) Bovine lactoferrin and
lactoferricin derived from milk: production and applications. Biochem Cell Biol 80:109-112

Tsuge T, Tanaka K, Ishizaki A (2001) Development of a novel method for feeding a mixture of
L-lactic acid and acetic in fed-batch culture of Ralstonia eutropha for poly-D-3-hydroxybu-
tyrate production. J Biosci Bioeng 91:545-550

Valentin HF, Dennis D (1996) Metabolic pathway for poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
formation in Nocardia corallina: inactivation of mutB by chromosomal integration of a kanamycin
resistance gene. Appl Environ Microbiol 62:372-379

Vasudevan PT, Briggs M (2008) Biodiesel production — current state of the art and challenges.
J Ind Microbiol Biotechnol 35:421-430

Williams SF, Martin DP (2002) Applications of PHAs in medicine and pharmacy. In: Doi Y,
Steinbiichel A (eds) Biopolymers polyesters III — applications, vol. 4. Wiley-VCH, Weinhein,
pp- 91-103

Wee Y-J, Kim J-N, Ryu H-W (2006) Biotechnological production of lactic acid and its recent
applications. Food Technol Biotechnol 44:163-172

Wong HH, Lee SY (1998) Poly(3-hydroxybutyrate) production from whey by high-density culti-
vation of recombinant Escherichia coli. Appl Microbiol Biotechnol 50(1):30-33

Yellore V, Desai A (1998) Production of poly-3-hydroxybutyrate from lactose and whey by
Methylobacterium sp. ZP24. Lett Appl Microbiol 25:391-394

Yilmaz M, Beyatli Y (2005) Poly-B-hydroxybutyrate (PHB) production by a Bacillus cereus M5
strain in sugarbeet molasses. Zuckerindustrie 130:109-112

Young FK, Kastner JR, May SW (1994) Microbial production of poly-B-hydroxybutyric acid from
D-xylose and lactose by Pseudomonas cepacia. Appl Environ Microbiol 60(11):4195-4198

Yu J, Si Y, Wong WKR (2002) Kinetic modelling of inhibition and utilization of mixed volatile
fatty acids in the formation of polyhydroxyalkanoates by Ralstonia eutropha. Process Biochem
37:731-738

Zafar S, Owais M (2006) Ethanol production from crude whey by Kluyveromyces marxianus.
Biochem Eng J 27(3):295-298

Zhang H, Obias V, Gonyer K, Dennis D (1994) Production of polyhydroxyalkanoates in sucrose-
utilizing recombinant Escherichia coli and Klebsiella strains. Appl Environ Microbiol
60:1198-1205

Zinn M, Witholt B, Egli T (2001) Occurrence, synthesis and medical application of bacterial
polyhydroxyalkanoate. Adv Drug Deliv Rev 53:5-21



Industrial Production of PHA

Guo-Qiang Chen

Contents
I INErOAUCHION ...ttt st 122
Industrial Production of PHB 124
2.1 PHB Produced by Chemie Linz, Austria, Using Alcaligenes latus ......................... 124
2.2 PHB Produced by PHB Industrial Usina da Pedra-Acucare Alcool Brazil
USING BAUFKOLACTIA SP. ...t 125
2.3 PHB Produced by Tianjin Northern Food and Lantian Group China Using
Ralstonia eutropha and Recombinant Escherichia coli, Respectively .................... 126
3 Industrial Production of PHBV .......ccccoiiiiiiiiiiiiccececenecreeeeeeeeneee 126
4 Industrial Production of P3BHB4HB .........c.ccociiiiiniiiiiiiiieeccccceeee e 126
5 Industrial Production of PHBHHX........ccccoveiiiininen. e 127
5.1 Metabolic Engineering for PHBHHx Production........................ .. 128
6 Industrial Production of mcl Copolymers of (R)-3-Hydroxyalkanoates.. .. 129
7 Conclusion and Future Perspectives ..........ccceieiririererienieiieieieiteieeie st 130
RETEIENCES ...ttt 131

Abstract Many years of research efforts have led to the large-scale production
of poly[(R)-3-hydroxybutyrate], copolymers of (R)-3-hydroxybutyrate and (R)-3-
hydroxyvalerate, copolymers of (R)-3-hydroxybutyrate and 4-hydroxybutyrate, as
well as copolymers of (R)-3-hydroxybutyrate and (R)-3-hydroxyhexanoate. A small
amount of medium-chain-length polyhydroxyalkanoate (PHA) has also been
reported to have been produced. Worldwide, 24 companies are known to be engaged
in PHA production and applications. Beginning from 2009, more than 10,000 PHA
will be available on the market, and new applications are expected to be developed
when large amounts of PHA are available for exploitation. In the future, the large
scale of PHA applications will be dependent on the production cost. Therefore, it
is very urgent to develop low-cost PHA production technology, including those of
continuous and nonsterile processes based on mixed cultures and mixed substrates.

G.-Q. Chen (D)

Department of Biological Sciences and Biotechnology,
Tsinghua University, Beijing, 100084, China

e-mail: chengq@mail.tsinghua.edu.cn

G.-Q. Chen (ed.), Plastics from Bacteria: Natural Functions and Applications, 121
Microbiology Monographs, Vol. 14, DOI 10.1007/978-3-642-03287_5_6,
© Springer-Verlag Berlin Heidelberg 2010



122 G.-Q. Chen

1 Introduction

Although many polyhydroxyalkanoates (PHA) have been found, only four of them
have been produced on a large scale for commercial exploitation. These are poly[(R)-
3-hydroxybutyrate] (PHB), poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyvalerate]
(PHBYV), poly[(R)-3-hydroxybutyrate-co-4-hydroxybutyrate] (P3HB4HB), and
poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate] (PHBHHx). Small-scale
production of medium-chain-length (mcl) PHA was also conducted. Generally, PHA
production contains several steps, including fermentation, separation of biomass from
the broth, biomass drying, PHA extraction, PHA drying, and packaging (Fig. 1).
There is still a lot to improve for the production of these unique polyesters. Globally
there are 24 companies known to have engaged in PHA R&D as well as production
(Table 1; Chen 2009); some of them have stopped their PHA activities, mainly in the
1990s, owing to the low petroleum price. PHA has experienced another gold rush
since the oil price increased to over US $100 per barrel in early 2003. Although the
recent financial tsunami is slowing PHA progress a bit, most still believe that petroleum
is not an inexhaustible resource and an alternative must be found. PHA production
and application are related to green chemistry, reduced CO, emissions, environmental
protection, and sustainable developments; these explain why many companies are still
exploiting them even though PHA is not economically competitive with petroleum-
based plastics using present technology.

Boston-based Metabolix has been in the PHA commercialization process for
the longest time (Fig. 2; http://www.metabolix.com). The company has received
many awards from various organizations for its environmental protection efforts;
it has more than 500 owned and licensed patents and applications worldwide.

General PHA production flow sheet

Fermentation Cell Precipitation
Drying
@ Press filtration

PHA Precipitation

Centrifugation c "
Ultraﬁltratlo entri ugatlon PHA Air Drled
Powdering I PHA spread

g dried

Fig. 1 General polyhydroxyalkanoate production and extraction process
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Fig. 2 Metabolix company history and milestones (adapted from http://www.metabolix.com)

In 2004, Metabolix formed a strategic alliance with ADM to commercialize PHA using
the large fermentation capacity of ADM. Metabolix markets its PHA under the
commercial name Mirel, and this turned into new gift card in 2007. In 2006, the
company successfully filed an IPO in the USA. It is expected that the joint venture
of ADM and Metabolix will soon produce 50,000 tons of Mirel using the new pro-
duction facility under construction.

2 Industrial Production of PHB

2.1 PHB Produced by Chemie Linz,
Austria, Using Alcaligenes latus

A. latus is one of the strains that satisfy the requirement for industrial PHB produc-
tion (Hanggi 1990; Chen et al. 1991). The strain grows rapidly in sucrose, glucose,
and molasses. PHB accumulation can be as high as over 90% of the cell dry weight
(CDW; Chen 1989). There was even an attempt to produce PHB from waste materials
using A. latus (Chen 1989).

Chemie Linz, Austria (later btf Austria), produced PHB in a quantity of
1,000 kg per week in a 15-m?® fermentor using A. latus DSM 1124 (Hrabak 1992).
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The cells were grown in a mineral medium containing sucrose as a carbon source.
The PHB produced by A. latus was used to make sample cups, bottles, and syringes
for application trials. The PHB production and processing technology are now
owned by Biomer, Germany. Different products, including combs, pens, and bul-
lets, have been made from PHB produced by A. latus.

2.2 PHB Produced by PHB Industrial Usina da
Pedra-Acucare Alcool Brazil Using Bhurkolderia sp.

PHB and related copolymers can be advantageously produced when the production
is integrated into a sugarcane mill (Nonato et al. 2001). In this favorable scenario,
the energy necessary for the production process is provided by biomass. Carbon
dioxide emissions to the environment are photosynthetically assimilated by the sug-
arcane crop and waste is recycled to the cane fields. The polymer can be produced at
low cost considering the availability of a low-price carbon source and energy (Nonato
et al. 2001). In 1995, the Brazilian sugar mill Copersucar assembled a pilot-scale
PHB production plant. The goal of this pilot plant was to produce enough PHB to
supply the market for tests and trials. Also, this pilot plant was intended as a training
facility for future operators, and it is currently providing data for scale-up and economic
evaluation of the process.

Copersucar managed to produce 120-150 gl=' CDW containing 65-70% PHB
with a productivity of 1.44 kg PHB m=h~"' and a PHB yield of 3.1 kg sucrose per
kilogram of PHB.

Nonato et al. (2001) pointed out that large-scale production of PHB in sugarcane
mills (in this case, 10,000 tons per year) presents a successful opportunity for
expanding the sugar industry. The total amount of sugar diverted to PHB synthesis
would account for a low percentage (17%) of the total sugar produced by the
(average) mill into which the plant is integrated. This fact ensures that PHB
production would not affect sugar stocks, nor would it have any significant impact
on sugar prices. It is expected that the PHB production capacity could be increased
approximately 2-3 times for the same mill if the market for biodegradable resins
increases. Expansion will be possible by optimizing the energy consumption in
PHB production, by the use of cane leaves and wastes as a new source of primary
fuel at the mill, and mainly by optimization steps at the power plant, the sugar
factory, and the distillery. When considering the prospects for the near future, one
must mention that the annual production of sugar and ethanol in the south-central
region of Brazil, from approximately 265 x 10° tons of sugarcane, is 16.9 x 10° tons
and 11.6x10°m?, respectively.

There exists a significant amount of available arable land now occupied by
low-grade pastures that could be used for sugarcane production if market demand
increased. This capacity could allow for the rapid growth of PHB production to
cope with the market needs, should the demand for biodegradable resins match the
projections.
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2.3 PHB Produced by Tianjin Northern Food and Lantian
Group China Using Ralstonia eutropha and Recombinant
Escherichia coli, Respectively

R. eutropha was used to conduct PHB production research in a 1-m?® fermentor
under the joint action of the Institute of Microbiology affiliated with the Chinese
Academy of Sciences and Tianjin Northern Food, China. Growth was carried out
for 48 h in a glucose mineral medium. At the end of the cell growth, the cell density
reached 160 gl™'. The cells produced 80% PHB in their dry weight. Most surpris-
ingly, the strain grown to such a high density did not require oxygen-enriched air.
This was perhaps the highest cell density for PHB production achieved in pilot-
scale production (unpublished results). On the other hand, Lantian Group (Jiangsu,
China) used recombinant E. coli to produce PHB to a density as high as 168 gl in
a 10-m? fermentor (Yu et al. 2003).

3 Industrial Production of PHBV

The strain is able to grow on glucose and produce the copolymer PHBYV to a density
as high as 70-80 gl-! after over 70 h of growth (Byrom 1992). Shampoo bottles
were produced from PHBYV (trademarked as Biopol) and were available in super-
markets in Europe. However, owing to economic reasons, the Biopol products
did not succeed and the PHBV patents were sold to Monsanto and further to
Metabolix.

NingBo TianAn, China, in collaboration with the Institute of Microbiology
affiliated with the Chinese Academy of Sciences, has developed a model process that
can produce PHBYV in high efficiency. Without supply of pure oxygen, R. eutropha
grew to a density of 160 gl-! CDW within 48 h in a 1,000-1 fermentor. The cells
accumulated 80% PHBYV with a production efficiency of 2.5 gh™'1"". The hydroxyvale-
rate content in the copolymer ranged from 8 to 10%. This process can significantly
reduce the production cost for PHBV.

Only by achieving a high growth rate, a high PHBV production efficiency, and
high cell and PHBYV densities can the polymers become economically competitive.
We assume that PHBV or other PHA will become cost-effective after extensive
improvement of the fermentation process and the downstream process.

4 Industrial Production of P3HB4HB

R. eutropha and recombinant E. coli are used by Tianjin Green Bioscience, China, and
Metabolix, USA, to produce P3BHB4HB (Table 1). With the addition of 1,4-butanediol
in different amounts, 4-hydroxybutyrate can be accumulated to 5-40 mol% in
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the copolymer, thus generating copolymers with various thermal and mechanical
properties for various applications. Tianjin Green Bioscience and Metabolix are build-
ing facilities with capacities of 10,000 and 50,000 tons of P3HB4HB, respectively.
Both are scheduled to complete the capacity buildup in 2009. By then, PAHB4HB
will be the PHA available in the greatest quantity on the market. At the same time,
both companies are working to develop various bulk applications.

5 Industrial Production of PHBHHx

Recently, Tsinghua University in Beijing, China, in collaboration with the Guangdong
Jiangmen Center for Biotech Development, China, KAIST, Korea, and Procter &
Gamble, USA, succeeded in producing PHBHHXx using Aeromonas hydrophila
grown in a 20-m? fermentor (Chen et al. 2001). The PHBHHx production was carried
out on glucose and lauric acid for about 60 h. The CDW reached 50 gl™; only 50%
of PHBHHx was produced in the CDW. The extraction of PHBHHx was a very
complicated process involving the use of ethyl acetate and hexane, which
increased the polymer production cost dramatically. PHBHHx produced by
Jiangmen, China, is now being exploited for application in the areas of flushables,
nonwovens, binders, films, flexible packaging, thermoformed articles, coated paper,
synthesis paper, coating systems, and medical devices (http://www.nodax.com).
Copolymers consisting of hydroxybutyrate and mcl hydroxyalkanoate have been
trademarked by P&G as Nodax. Many PHBHHXx-based packaging products have been
produced (Fig. 3).

The current production cost for PHBHHX is still too high for real commercial
application. However, many efforts have been made to improve the production pro-
cess for PHBHHX, including the downstream process technology. Most efforts have
been focused on increasing cell density and simplifying the downstream process.
A better production strain able to utilize glucose will be one of the most important
issues for reducing the PHBHHXx production costs.

Akiyama et al. (2003)simulated large-scale fermentative production of PHBHHx
with 5 mol% (R)-3-hydroxyhexanoate (HHx) [P(3HB-co-5 mol% 3HHx)] from
soybean oil as the sole carbon source using a recombinant strain of Wautersia eutropha
harboring a PHA synthase gene from Aeromonas caviae. The annual production
of 5,000 tons of P(3HB-co-5 mol% 3HHX) is estimated to cost from US $3.5 to
4.5 kg™!, depending on the presumed production performances. Similar-scale
production of PHB from glucose is estimated to cost US $3.8—4.2 kg~'. In contrast
to the comparable production costs for P(3HB-co-5 mol% 3HHx) and PHB, the life
cycle inventories of energy consumption and carbon dioxide emissions favor the
former product over the latter, reflecting smaller inventories and higher production
yields of soybean oil compared with glucose. The life cycle inventories of energy
consumption and carbon dioxide emissions of bio-based polymers are markedly
lower than those of typical petrochemical polymers.
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Fig. 3 Packaging products made from poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate]
(Nodax™) (photos from Isao Noda of P&G, USA)

5.1 Metabolic Engineering for PHBHHx Production

A. hydrophila 4AK4 produced PHBHHx with a stable HHx content ranging from
10 to 15% regardless of the growth conditions (Chen et al. 2001). A. hydrophila
coded as CGMCC 0911 isolated from lake water was found to be able to synthesize
PHBHHZx consisting of 4-6 mol% HHx. The wild-type bacterium accumulated
49% PHBHHx containing 6 mol% HHx in terms of CDW when grown on lauric
acid for 48 h. When A. hydrophila CGMCC 0911 expressed the acyl-CoA dehydro-
genase gene (yafH) of E. coli, the recombinant strain accumulated 47% PHBHHx
with 17.4 mol% HHx (Lu et al. 2004). It was also found that the presence of chang-
ing glucose concentration in the culture changed the HHx content both in wild-type
and in recombinant A. hydrophila CGMCC 0911, from 8.8 to 35.6 mol% HHXx.
When the glucose concentration exceeded 10 g 1-, cell growth, PHA content, and
the mole percentages of HHx in PHBHHx were significantly reduced. Therefore,
we could manipulate the PHBHHx contents by changing the strain’s metabolic
pathways or by changing the growth conditions.

An attempt was also made to manipulate PHBHHX production in E. coli (Lu et al.
2003). The acyl-CoA dehydrogenase gene (yafH) of E. coli was expressed together
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with the PHA synthase gene (phaC, ) and the (R)-enoyl-CoA hydratase gene (phaJ, )
from A. caviae. The expression plasmids were introduced into E. coli JM109,
DHS5alpha, and XL1-blue, respectively. Compared with the strains harboring only
phaC, and phaJ, , all recombinant E. coli harboring yafH, phaC,  and phal, accu-
mulated at least 4 times more PHBHHx. The CDWs produced by all recombinants
containing yafH were also considerably higher than those without yafH. It appeared
that the overexpression of the acyl-CoA dehydrogenase gene (yafH) enhanced
the supply of enoyl-CoA, which is the substrate of (R)-enoyl-CoA hydratase. With the
enhanced precursor supply, the recombinants accumulated more PHBHHXx.

Genes phbA and phbB encoding B-ketothiolase and acetoacetyl-CoA reductase
in R. eutropha were introduced into A. hydrophila 4AK4 (Qiu et al. 2004). When
gluconate was used as a cosubstrate of dodecanoate, the recombinant produced
PHBHHXx containing 3—12 mol% 3HHx, depending on the gluconate concentration
in the medium. The Vitreoscilla hemoglobin gene, vgb, was also introduced into the
above-mentioned recombinant, resulting in improved PHBHHx content from 38 to
48 wt% in a shake-flask study. Fermentor studies also showed that increased glucon-
ate concentration in a medium containing dodecanoate promoted the recombinant
harboring phbA and phbB to incorporate more poly[(R)-3-hydroxybutyrate] units
into PHBHHX, resulting in a reduced 3HHXx fraction. Recombinant A. hydrophila
harboring phbA, phbB, and vgb genes demonstrated better PHBHHx productivity
and higher conversion efficiency from dodecanoate to PHBHHXx than those of the
recombinant without vgb in a fermentation study. Combined with the robust growth
property and simple growth requirement, A. hydrophila 4AK4 appeared to be a useful
organism for metabolic engineering toward enhanced production of PHBHHXx.

6 Industrial Production of mcl Copolymers
of (R)-3-Hydroxyalkanoates

Pseudomonas oleovorans forms mcl PHA most effectively at growth rates below the
maximum specific growth rate (Weusthuis et al. 2002; Brandl et al. 1988). Under
adequate conditions, PHA accumulates at rates in inclusion bodies in cells up to levels
higher than half of the cell mass, which is a time-consuming process (Jung et al. 2001).
For PHA production, Jung et al. (2001) developed a two-stage continuous cultivation
system with two fermenters connected in series as a potentially useful system. It offers
production of cells at a specific growth rate in a first compartment under conditions
that lead cells to generate PHA at higher rates in a second compartment, with a rela-
tively long residence time. Transient-state experiments allowed investigation of two
different media of various nutrient concentrations, namely dilution 1 and dilution 2,
over a wide dilution rate range at high resolution in time-saving experiments. With all
culture parameters optimized, a volumetric PHA productivity of 1.06 gl-'h™ was
obtained. Under these conditions, P. oleovorans contained 63% (dry weight) PHA in
the effluent of the second fermenter. This is the highest PHA productivity and PHA
content reported thus far for P. oleovorans cultures grown on alkanes.
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7 Conclusion and Future Perspectives

PHA industrial production is the result of many years of efforts by scientists and
engineers working in the field. The critical point for large-scale applications of
PHA as bulk materials is the cost. Currently, worldwide efforts are focusing on
lowering the PHA production cost. These include the development of the following
technologies (Table 2): high cell density growth within a short period of time,
controllable lysis of PHA-containing cells, large PHA granules for easy separation,

Table 2 Future development for PHA production technology and applications (Chen 2009)

Development

Technology employed and other issues

To lower PHA production cost
High cell density growth within
a short period of time
Controllable lysis
of PHA-containing cells
Large PHA granules for easy
separation
Super-high PHA content in
cell dry weight
Microaerobic PHA production

Simple carbon sources for scl
and mcl copolymers

Enhanced substrates to increase
PHA transformation efficiency

Inorganic extraction and purification
Mixed cultures without

sterilization
Continuous fermentation

Controllable PHA molecular weight

The use of PHA monomer methyl
esters as a biofuel or fuel additives

Plants as PHA production machines

PHA with special properties

Novel PHA with unique properties

Controllable PHA compositions

Ultrahigh PHA molecular weights
Block copolymerization of PHA

Manipulate quorum-sensing pathways. Process control,
pathway manipulation

Genes related to cell lysis, e.g., lamda lysis factor and
lysozyme

Deletion of phasin led to large in vivo PHA granules

Delete PhaZ or overexpression of PHA synthesis genes,
including PhaF

Employ an anaerobic promoter and/or facultative
anaerobic bacteria or other technology, including
synthetic biology, that turns aerobic processes into
microaerobic processes

Application of low specificity PHA synthase, and
construction of pathways to supply mcl PHA
monomers from non-fatty acid oxidation pathways

Delete pathways that affect PHA synthesis, or employ a
minimum genome containing cells with an inserted
PHA pathway

Apply to over 90% of PHA containing cells

Employ a feast and famine selection process to find a
robust PHA production strain

The use of robust PHA production strains, better under
a nonsterilization condition

The manipulation of the N-terminus of PHA synthase

The development of low-cost technology for production
of low-cost PHA biofuels or fuel additives

Plant molecular biology

The uses of low specificity PHA synthases for
production of PHA with functional groups for
chemical modifications, and PHA with controllable
compositions, including block PHA copolymers

The use of special strain and mutated PHA synthases

The making of PHA diols and the block
copolymerization with other polymers

(continued)
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Table 2 (continued)

Development Technology employed and other issues
PHA monomers as building blocks Copolymerization of PHA monomers with other
for new polymers monomers, including lactides, for formation of

novel copolymers with new properties
To develop low-cost PHA applications
New PHA processing technology Cost-effective processing of PHA as plastic packaging
materials
PHA blending with low-cost materials PHA blending with starch, cellulose, etc.
High-value-added applications

PHA as bioimplant materials Further improve the in vivo controllable degradation
of PHA implants, seek FDA approval for clinical
applications

PHA as tissue engineering materials Develop 3D scaffolds as tissue engineering matrices

PHA monomers and oligomers as Understand the mechanism behind the Ca** stimulation

nutritional and energy supplements effect of oligomers and monomers of PHA

PHA monomers as drugs Study of other non-3HB monomers as drug candidates

PHA monomers as fine chemicals Chiral monomers should be exploited as intermediates
for chiral synthesis

PHA as mart materials Tailor-made PHA as shape-memory or temperature-

sensitive gels

scl short chain length, mcl medium chain length, 3HB poly[(R)-3-hydroxybutyrate]

super-high PHA content in the CDW; microaerobic PHA production, simple carbon
sources for formation of short-chain-length and mcl PHA copolymers, enhanced
substrates for increased PHA transformation efficiency, inorganic extraction and
purification, mixed cultures without sterilization, continuous fermentation, and
controllable PHA molecular weight (Chen 2009). If the PHA production cost can
be brought down to that of conventional plastics, PHA application could be as wide
as that of plastics.

At the same time, both low- and high-value-added applications should be developed
to widen the value of PHA (Table 2). For low-value-added applications, PHA is
mainly a target for environmentally friendly packaging purposes. For this application,
a large amount of PHA is needed. For high-value-added applications, PHA can
be exploited as bioimplant materials, tissue engineering materials (Chen and Wu
2005a), and smart materials Monomers and oligomers of PHA can be used as nutri-
tional and energy supplements for animals or even humans, and they can also be
used as drugs or fine chemicals (Yao et al. 2008; Chen and Wu 2005b).
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Abstract Unusual polyhydroxyalkanoates (UnPHAs) constitute a particular group
of polyoxo(thio)esters belonging to the PHA family, which are tailored with
uncommon monomers. Thus, unusual PHAs include (1) polyhydroxyalkanoates
(PHAS) of microbial origin that have been synthesized either from natural mono-
mers bearing different chemical functions, or from chemical derivatives of the
natural ones and (2) PHAs obtained either by chemical synthesis or by physical
modifications of naturally occurring polymers. Regarding their chemical structure,
UnPHAs can be grouped in four different classes. Class 1 includes PHAs whose
lateral chains contain double or triple bounds or/and different functional groups
(methyl, methoxy, ethoxy, acetoxy, hydroxyl, epoxy, carbonyl, cyano, phenyl,
nitrophenyl, phenoxy, cyanophenoxy, benzoyl, halogen atoms, etc.). Classes 2 and
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3 have been established regarding the nature of the PHA backbone; whereas
class 2 includes PHAs in which the length of the monomer participating in the
oxoester linkage has been modified (the hydroxyl group to be esterified is not
located at C-3), class 3 groups those polymers in which some oxoester linkages
have been replaced by thioester functions (thioester-containing PHAs). Finally,
class 4 includes those PHAs that have been manipulated chemically or physically.
In this chapter we shall describe the chemical structure of unusual PHAs belonging
to these four classes; we shall analyse their biosynthetic particularities (if any), and
we shall discuss some of their characteristics and biotechnological applications.

1 Introduction

Plastics are the most widely used synthetic polymers (Lee 1996; Steinbiichel and
Fiichstenbusch 1998; Di Lorenzo and Silvestre 1999; Scott 1999, 2000). They are
basic constituents of most of the materials surrounding us, and it is well-nigh impos-
sible to imagine contemporary human life without these products (Madison and
Huisman 1999; Kalia et al. 2003, 2007). Their abundance, together with the exponen-
tial growth of the human population, has led to the accumulation of a huge amount
of contaminants manufactured with plastics in different areas of our planet, even
in specially protected areas, leading to severe waste management problems. Thus,
mountains, coastal areas (Fig. 1), rivers, lakes and even desert areas are usually
contaminated with conventional plastics (those of petrochemical origin) because
these compounds are resistant to decomposition (they take decades to become fully

Fig. 1 Fully contaminated area on the coast in the southwest of Spain
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mineralized — recalcitrant products; Scott 1997; Witt et al. 2001; De Lorenzo 2008).
In sum, the presence of these compounds in aerial, aquatic or terrestrial ecosystems is
having a high impact on the fine equilibrium that controls the dynamic relationships
among the different populations belonging to these habitats (Scott 1994, 1997, 2000;
Witt et al. 2001). Moreover, their negative influence in the environment is aggra-
vated because during the processes of elaboration (chemical synthesis) and degrada-
tion highly toxic molecules are usually generated (Lee et al. 1991; Swift 1993; Lee
1996; Scott 2000; Witt et al. 2001). Furthermore, taking into account that most of
these polymers are of petrochemical origin (fossil fuel derivatives), and that such
reserves are finite, we urgently need alternative materials to substitute them.
Additionally, the current political limitations imposed by different governments on
the chemical industry to combat the greenhouse effect have increased interest in the
development of new materials that can replace traditional plastics (Anderson and
Dawes 1990; Witholt and Kessler 1999; Luengo et al. 2003; Lenz and Marchessault
2005; Prieto et al. 2007; Yu and Chen 2008). For these reasons, researchers have
focused their endeavours on the development of biomaterials (natural products that
are synthesized and catabolized by different organisms and that have broad biotech-
nological applications) to generate fully biodegradable compounds with potential
industrial applicability (Angelova and Hunkeler 1999; Scott 2000; Kim and Lenz
2001; Kim and Rhee 2003; Abou-Zeid et al. 2004). Starch, cellulose, polypropiolactone,
poly(e-caprolactone), poly(L-lactide) (PLA), polyethylene (PE); poly(butylene succi-
nate), poly(ethylene succinate), poly(p-phenylene) and polyhydroxyalkanoates,
particularly PHAs, are currently being tested as substitutes for plastics (Anderson and
Dawes 1990; Huisman et al. 1991; Eggink et al. 1995; Lee 1996; Mittendorf et al. 1998;
Madison and Huisman 1999; Pétter et al. 2004; Stubbe et al. 2005; Lenz and Marchessault
2005; Prieto et al. 2007; Wang and Yu 2007; Wang et al. 2007).

One of the most important limitations that have hampered the use of PHAs as
commodity materials is the high production cost of PHAs in comparison with con-
ventional plastics (Byrom 1987; Choi and Lee 1997; Witholt and Kessler 1999;
Salehizadeh and Van Loosdrecht 2004; Sudesh et al. 2007). Accordingly, the design
of different strategies focused on reducing the cost of PHA production has attracted
the interest of scientists. Among these approaches, the more interesting ones have
been (1) the isolation of genetically manipulated strains (collection of mutants or
recombinant strains) able to achieve both a high substrate conversion rate and a
close packing of PHA granules inside the host cell (Langenbach et al. 1997;
Qi et al. 1997; Garcia et al. 1999; Olivera et al. 2001a, b; Aldor and Keasling 2003;
Ren et al. 2005a, b; Sandoval et al. 2007; Kalia et al. 2007; Ouyang et al. 2007;
Tsuge et al. 2003; Nomura et al. 2005; Taguchi et al. 2003; Nikel et al. 2006;
Sujatha and Shenbagarathai 2006); (2) study of the physical and chemical param-
eters that affect the fermentation process to improve both the rate of growth and the
yield of PHA production (Hong et al. 2000; Ahn et al. 2000; Durner et al. 2001;
Lee and Choi 2001; Chanprateep et al. 2002; Park et al. 2002; Lawrence et al.
2005); (3) analysis of the conditions required for the yields of recovery during the
purification process to be increased (De Koning et al. 1997; De Koning and Witholt
1997; Sun et al. 2007); (4) the selection of cheaper substrates (or industrial wastes)
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that can be used as PHA precursors (Braunegg et al. 1998; Kellerhals et al. 1999;
Lee et al. 1999b; Kim et al. 2000; Kocer et al. 2003; Li et al. 2007); and (5) the use
of yeasts (Breuer et al. 2002; Poirier et al. 2002; Terentiev et al. 2004; Zhang et al.
2006) or transgenic plants (van der Leij and Witholt 1995; Williams and Peoples
1996; Poirier et al. 1995; Poirier 1999, 2002; Snell and Peoples 2002; Sudesh et al.
2002) for the mass production of these polyesters. Moreover, clarification of the
role played by the different proteins involved in the synthesis of PHAs has allowed
the reproduction of the main enzymatic steps in vitro, leading to the production of
new or modified polymers (usually high molecular weight polymers) through quite
effective polymerization reactions (Qi et al. 2000; Su et al. 2000; Stubbe et al. 2005;
Gorke et al. 2007).

Additionally, the chemical synthesis of PHAs as well as the development of
homogeneous or heterogeneous blends have contributed to the collection of new
polymers with improved or modified properties (Arkin and Hazer 2002; Yu et al.
2006; Hazer and Steinbiichel 2007).

In this review we shall describe the structure of PHAs with unusual composition,
we shall discuss the specificity of the enzymes involved in their polymerization
[using as models (R)-3-hydroxy-n-phenylalkanoates] and, finally, we shall revise
their biotechnological applications.

2 Naturally Occurring PHAs

PHAs are polyoxoesters (see Fig. 2) produced by a plethora of micro-organisms
(some Archaea and certain Gram-positive and Gram-negative bacteria; Steinbiichel
and Fiichstenbusch 1998; Madison and Huisman 1999; Rothermich et al. 2000;
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Fig. 3 Optical and electronic photographs of a PHA-overproducer mutant of Pseudomonas
putida U cultured in a chemically defined medium containing 8-phenyloctanoic acid (10 mM) as
a poly(3-hydroxyphenylalkanoate) precursor, and L-glutamate (10 mM) as the carbon source

Stubbe et al. 2005; Luengo et al. 2003; Prieto et al. 2007; Valappil et al. 2007) when
cultured under different nutrient and environmental conditions (usually under N, P,
S, O or Mg limitation or when an excess of polymer precursors exists; Schlegel et al.
1961). Conversely, other microbes (i.e. Pseudomonas putida, Sphaerotilus natans,
Bacillus mycoides, Azotobacter vinelandii, Alcaligenes latus) accumulate PHAs
even in the presence of high concentrations of nutrients (Page and Knosp 1989;
Hénggi 1990; Huisman et al. 1992; Takeda et al. 1995; Wang and Lee 1997; Garcia
et al. 1999; Borah et al. 2002), suggesting the existence of differences in the global
regulatory mechanisms triggering PHA accumulation (Kessler and Witholt 2001).
PHA producers accumulate these polyesters intracellularly as mobile, amorphous,
liquid granules that can be observed as light-refracting deposits (Fig. 3) or as elec-
trolucent bodies that, when overproduced, can dramatically alter both the size and
the morphology of these bacteria (Stockdale et al. 1968; Jurasek et al. 2001; Luengo
et al. 2003, 2004; Peters and Rehm 2005; Peters et al. 2007; Sandoval et al. 2007;
Figs. 4, 5). Although the main function of these storage polymers is to serve as
an energy source (Anderson et al. 1990; Sudesh et al. 2007), they also have other
important physiological functions. PHA accumulation seems to be involved in other
secondary functions such as stress tolerance, biofilm formation and the maintenance
of the redox state (Pham et al. 2004; Ayub et al. 2009). It is to be expected that new
functions for these interesting polymers will be reported in the near future. Further
information about this issue can be found in Castro-Sowinski et al. (2009).
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Fig. 4 Morphological aspect of cultures of P. putida U (left) and a PHA-overproducer mutant
(right) when grown on a chemically defined solid medium containing 4-hydroxyphenylacetic acid
as the carbon source and 7-phenylheptanoic acid as the source of PHA monomers

2.1 Classification of Naturally Occurring PHAs

Because of the broad chemical variability of PHAs (more than 150 different PHAs
have been described; Steinbiichel and Valentin 1995), different criteria based on (1)
their frequency of appearance, (2) chemical structure and monomer size (side-chain
length), (3) biosynthetic origin, (4) types of monomers present in the polymer
and (5) types of polyesters accumulated by the producer microbe have been applied
to group them (Luengo et al. 2003).

According to their frequency of appearance in nature, PHAs can be classified as
common PHAs and uncommon PHAs. Common PHAs are those PHAs usually
found as storage materials in many different microbes. This group includes poly-
mers tailored from monomers [i.e. (R)-3-hydroxypropionate, (R)-3-hydroxybutyrate;
(R)-3-hydroxyvalerate; (R)-3-hydroxyhexanoate, (R)-3-hydroxyoctanoate; (R)-3-
hydroxydecanoate and (R)-3-hydroxydodecanoate, or combinations thereof) which
are obtained from different carbon sources (sugars, alkanes, aliphatic fatty acids,
triacylglycerols, etc.) through general pathways (usually fatty acid synthesis and
fatty acid B-oxidation) involving the synthesis of (R)-3-hydroxyacyl-CoAs. In a
final step, these thioesters are polymerized to poly[(R)-3-hydroxyalkanoate]s, with
a CoA molecule being released for each monomer residue incorporated into the
polymer (Steinbiichel and Fiichstenbusch 1998; Rehm et al. 1998; de Roo et al.
2000; Olivera et al. 2001a, b; Kessler and Witholt 2001; Luengo et al. 2003, 2004;
Veldzquez et al. 2007).

In contrast, uncommon PHAS are those polyesters rarely found in nature and that
are constituted (1) by natural monomers with an unusual chemical structure (i.e.
4-hydroxyalkanoic acids, 5-hydroxyalkanoic acids and 6-hydroxyalkanoic acids)
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Fig. 5 Scanning (a, c, e, ) and transmission (b, d, f, h) microphotographs of P. putida U (a, b),
P. putida U AfadB (¢, d), P. putida U AfadB phaZ (e, f) and P. putida U Apha phaCl (g, h) cultured
in a chemically defined medium containing 4-hydroxyphenylacetic acid as the carbon source and
7-phenylheptanoic acid as the source of PHA monomers. The bar represents 1 um. P. putida U
AfadB is a PHA-overproducer mutant of P. putida U in which the B-oxidation genes have been
deleted, P. putida U AfadB phaZ is a strain derived from P. putida U AfadB that overexpresses the
depolymerase gene (phaZ) and P. putida U Apha phaCl is a mutant in which the pha cluster was
deleted and that expressed the gene encoding the polymerase C1 (phaCl) in trans
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that are synthesized by a microbial species or even by only a few strains belonging
to a particular species (Saito and Doi 1994; Schmack et al. 1998; Choi et al. 1999;
Amirul et al. 2008) or (2) by unnatural monomers (generally obtained by chemical
synthesis — xenobiotics) that can be taken up by the PHA-producer microbe,
activated to their CoA thioesters, and used as substrates by the PHA polymerases.
This second group includes PHAs whose lateral chains contain double or triple
bonds or/and different functional groups (Doi et al. 1987; Fritzsche et al. 1990a, b, c;
Eggink et al. 1995; Kim et al. 1998; Garcia et al. 1999; Lee et al. 1999a, 2000a;
Imamura et al. 2001; Kang et al. 2001; Kim et al. 2001a; Luengo et al. 2003;
Trainer and Charles 2006).

According to the monomer size (PHA side-chain length), two different types of
PHASs can also be distinguished. One of them, short-chain-length (scl) PHAs (also
referred as poly[(R)-3-hydroxybutyrate], PHB) consists of poly[(R)-hydroxyalkano-
ate]s containing monomers whose carbon length ranges from C, to C.. These types
of polyester are produced by different bacteria (A. latus, Bacillus cereus, Pseudomonas
pseudoflava — Hydrogenophaga pseudoflava, Pseudomonas cepacia, Micrococcus
halodenitrificans, Azotobacter sp., Rhodospirillum rubrum, Ectothiorhodospira
shaposhnikovii and Cupriavidus necator), with C. necator (formerly known as
Wautersia eutropha, Ralstonia eutropha or Alcaligenes eutrophus) being the para-
digmatic example (Nakamura et al. 1991; Bear et al. 1997; Ballistreri et al. 1999;
Babel et al. 2001; Pettinari et al. 2001; Zhang et al. 2004; Lenz and Marchessault
2005; Stubbe et al. 2005; Hazer and Steinbiichel 2007). The second type, called
medium-chain-length (mcl) PHAs, are mainly produced by fluorescent pseudomonads
(Timm and Steinbiichel 1990). These polymers are tailored from aliphatic (R)-
hydroxyalkanoates whose carbon length ranges between six and 14 carbon atoms
and are synthesized when the producer microbe is cultured in media containing
n-alkanoates or their precursors (i.e. alkanes; Gross et al. 1989; Madison and
Huisman 1999; Witholt and Kessler 1999). Very often, before they are polymerized,
n-alkanoates are B-oxidized to monomers containing two fewer carbon atoms.

In relation to the biosynthetic origin, PHAs can be included in three different
groups: (1) natural PHAs — those produced by micro-organisms from general
metabolites (i.e. PHBs and PHASs); (2) semisynthetic PHAs — those that contain
monomers that cannot be synthesized by the producer microbe and that must there-
fore be supplied to the culture broth (i.e. PHAs containing aromatic or other func-
tionalized monomers) and (3) synthetic PHAs — polyesters that are obtained by full
chemical synthesis or by chemical modification of natural or semisynthetic PHAs
(i.e. synthetic thermoplastic polymers; Luengo et al. 2003; Foster 2007). The two
first groups — natural and semisynthetic PHAs — are produced by different microbes
using the biosynthetic enzymes encoded by the genes belonging to either the cluster
phaCBAPZ (PHB) or the cluster phaCIZC2DFI (PHA) (Fig. 6; Kraak et al. 1997,
Madison and Huisman 1999; Ohura et al. 1999; Prieto et al. 1999; Klinke et al.
2000; Steinbiichel and Hein 2001; Luengo et al. 2004; Stubbe et al. 2005; Prieto
et al. 2007; Sandoval et al. 2007). In contrast, the third group (synthetic PHAs)
cannot be biosynthesized because their monomers (or at least some of them) either
are toxic or cannot be taken up from the culture by the PHA-producer microbe.
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Fig. 6 Genetic organization of the cluster phaC1ZC2DFI involved in the synthesis of medium-chain-
length PHAs. The putative functions of some medium-chain-length PHA proteins are indicated

Depending on the types of monomers found in the polymer, PHAs are classified
as homopolymers (only one type of monomer is present in the polymer) or copolymers
(so-called heteropolymers) if they are built from different monomers (Madison and
Huisman 1999; Olivera et al. 2001a; Luengo et al. 2003). It is worth noting that
many PHASs characteristics, including physical and mechanical properties, depend on
the molar percentage of the monomers present in each polymer; such characteristics
are also quite different when homopolymers tailored with different monomers are
compared (Matsusaki et al. 2000; Chen et al. 2006). scl-PHAs (C,-C, PHBs) are
thermoplastics with a high degree of crystallinity forming stiff crystalline materials
that are brittle and cannot be extended without breakage. However, mcl-PHAs are
elastic or sticky materials with a low degree of crystallinity and a low melting
temperature (Nakamura et al. 1991; De Koning 1995; Kim et al. 2001a; Zinn et al.
2001; Lenz and Marchessault 2005).

Although most PHA-synthesizing bacteria accumulate either scl-PHAs or mcl-
PHAs, microbial copolymers consisting of scl and/or mcl hydroxyalkanoates
(hybrid PHAS, see below) have been reported in some bacterial strains, in particular
genetically engineered microbes (Schmack et al. 1998; Steinbiichel and Hein 2001;
Lu et al. 2004; Chen et al. 2006; Wei et al. 2009).
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2.2 General Properties and Biotechnological
Applications of Naturally Occurring PHAs

From a biotechnological point of view, PHAs have two important properties confer-
ring them a considerable advantage with respect to other synthetic products: they
are biodegradable and biocompatible polymers. The term ‘biodegradable’ is applied
to any polymer that is readily degraded to CO,, water and biomass, suggesting that they
can be assimilated by many microbial species, thereby preventing their environmental
accumulation (Matavulj and Molitoris 1992; Foster et al. 1995; Jendrossek and
Handrick 2002; Witt et al. 2001; Kim and Rhee 2003; Tokiwa and Calabia 2004). The
second property (biocompatibility) indicates that PHAs do not cause a toxic effect
when applied to a broad range of hosts. PHAs are immunologically inert and are only
slowly degraded in human tissues (Verlinden et al. 2007). Furthermore, traces of PHB
have been found within mammalian cells membranes (Reusch 2000), and its precur-
sor [(R)-3-hydroxybutyrate] is present in the blood in the millimolar concentration
range (Wiggam et al. 1997). All these reasons would justify the use of PHBs as
biomaterials for medical devices (Zinn et al. 2001; Williams and Martin 2002; Foster
2007; Ji et al. 2008). However, their high crystallinity, brittle nature and the fact that
they are fairly rigid materials that start to be degraded (ester pyrolysis) at a tempera-
ture slightly above the melting point have prevented their use (De Koning 1995; Kim
and Lenz 2001; Lenz and Marchessault 2005). Conversely, mcl-PHAs (which are
semicrystalline thermoplastic elastomers) seem to be better biomaterials for biomedical
applications (Zinn et al. 2001). Unfortunately, PHAs containing monomers with a
carbon length ranging from six to ten carbon atoms have low transition temperatures
and lower crystallinity than PHBs (Lenz and Marchessault 2005).

Taking into account the advantages and the limitations of both kind of polymers,
different approaches based on biochemical, genetic and bioprocess innovation have
attempted to obtain hybrid scl-mcl copolymers {scl C,~C/C, copolymers,
poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyvalerate]/poly[(R)-3-hydroxybu-
tyrate-co-(R)-3-hydroxyhexanoate; Fig. 2} to generate new PHAs with different or
improved physiochemical properties and broader biotechnological applications
(Lee et al. 2000b; Lu et al. 2004; Ramsay et al. 1990; Héanggi 1995; Lenz and
Marchessault 2005; Wei et al. 2009).

Different copolymers of PHB have been produced by following some of these
procedures. The manipulation of bioprocessing systems when different bacteria
(A. latus, B. cereus, P. pseudoflava — H. pseudoflava, P. cepacia, M. halodenitrifi-
cans, Azotobacter sp. and C. necator) were cultured, under nitrogen-limited condi-
tions, in media containing glucose (or sucrose in the case of A. latus) and propionic
acid (or other propionigenic carbon sources) led to the production of PHBs containing
random units of (R)-3-hydroxyvalerate (Ramsay et al. 1990). These copolymers
have reduced crystallinity and a low melting point, leading to improved flexibility,
strength and easier processing (Findlay and White 1983). Furthermore, scl-mcl
copolymers composed mostly of hydroxybutyrate (HB) monomers with a small
amount of hydroxyhexanoate (HH) monomers have properties similar to those of
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polypropylene (Abe and Doi 2002). This scl-mcl-PHA copolymer [P(HB-HH)] is
a tough and flexible material (Lee et al. 2000a).

Genetic engineering has also contributed to the production of scl-mcl-PHA
copolymers (Aldor and Keasling 2003). The expression of pha genes in Escherichia
coli or in microbes other than natural producers has contributed to increasing the
yields of the polymer synthesized as well as the monomer composition of the PHA
produced by the wild type (Ahn et al. 2000; Lee et al. 2001; Park et al. 2001; van
Wegen et al. 2001). Other genetic approaches that have also led to the collection of
PHA-overproducer strains are those based on the isolation of mutants in which (1)
the genes encoding B-oxidation enzymes (fadA and/or fadB), (2) the genes encod-
ing enzymes belonging to the glyoxylic shunt or (3) the different phaZ (encoding
scl-PHAs and mcl-PHAs depolymerases) have been deleted (Garcia et al. 1999; Stubbe
et al. 2005; Madison and Huisman 1999; Jendrossek and Handrick 2002; Nikel
et al. 2006; Ouyang et al. 2007; Sandoval et al. 2007). Additionally, transformation
of these mutants with the genes belonging to the pha cluster (in an isolated fashion
or in tandem) have allowed the synthesis of a broad number of different polymers
with new properties and interesting characteristics (Langenbach et al. 1997; Qi et al.
1997; Hang et al. 2002; Arias et al. 2008). PHA copolymers containing (R)-3-
hydroxyhexanoic, (R)-3-hydroxyoctanoic and (R)-3-hydroxydecanoic acids were
synthesized by recombinant mutants of E. coli (fadB~) expressing the genes phaCl
and phaC?2 from Pseudomonas aeruginosa and Burkholderia caryophylli, respec-
tively. Moreover, when E. coli was transformed with genetic constructions carrying
the hbcT gene from Clostridium kluyveri (encoding a 4-hydroxybutyric acid-CoA
transferase) and the phaC gene from C. necator, different polymers were accumu-
lated even though the genes phaA (encoding the B-ketothiolase which synthesizes
acetoacetyl-CoA from acetyl-CoA) and phaB (encoding a NADPH oxidoreductase)
were absent (Hein et al. 1997). Other authors have shown that the expression of the
gene encoding a 3-ketoacyl-acyl carrier protein reductase (fabG) enhances the
production of a PHA copolymer in a recombinant strain of E. coli JM109 (Nomura
et al. 2005).

Moreover, technological advances in fermentation strategies and the application of
new feeding programmes have also contributed to optimizing the yields of copolymer
production in different microbes as well as to the production of other copolymers
with new or modified structures (Ahn et al. 2000; Lee et al. 2001; Park et al. 2001;
van Wegen et al. 2001; Oliveira et al. 2004; Henneke et al. 2005) and quite different
physicochemical properties (ranging from brittle and crystalline polymers to flexible
and elastomeric ones; Abraham et al. 2001; Olivera et al. 2001a; Steinbiichel 2001).

3 Unusual PHAs

As indicated already, over the past few decades many efforts has been made to obtain
new microbial PHAs. The use of unusual sources of PHA precursors as well as
the applications of genetic, biochemical, chemical or physical approaches for the
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production of novel polyesters have allowed unconventional PHAs [henceforth
indicated as unusual PHAs (UnPHAS)] to be obtained that could offer a real alterna-
tive to traditional plastics.

The term UnPHAs includes many different PHAs belonging to the different
types indicated earlier (uncommon scl-/mcl-PHAs, semisynthetic/synthetic PHAs
and homopolymer/copolymer PHAs) as well as others that have been obtained by
physical modifications of the natural ones (i.e. blended polymers).

In sum, UnPHAs constitutes a particular group of polyoxo(thio)esters belonging
to the PHA family which are tailored with uncommon monomers. UnPHAS include
(1) PHAS of microbial origin that have been synthesized either from natural mono-
mers bearing different chemical functions, or from chemical derivatives of the natu-
ral ones and (2) PHAs obtained either by chemical synthesis or by physical
modifications of naturally occurring polymers. Regarding their chemical structure,
UnPHAs can be grouped in four different classes. Class 1 includes PHAs whose
lateral chains contain double or triple bounds or/and different functional groups
(methyl, methoxy, ethoxy, acetoxy, hydroxyl, epoxy, carbonyl, cyano, phenyl,
nitrophenyl, phenoxy, cyanophenoxy, benzoyl, halogen atoms, etc.). Classes 2 and
3 have been established regarding the nature of the PHA backbone; whereas class
2 includes PHAs in which the length of the monomer participating in the oxoester
linkage has been modified (the hydroxyl group to be esterified is not located at
C-3), class 3 groups those polymers in which some oxoester linkages have been
replaced by thioester functions (thioester-containing PHAS). Finally, class 4
includes those PHAs that have been manipulated chemically or physically.

3.1 UnPHAs Synthesized by Micro-Organisms

The milestone in the obtaining biologically produced PHAs came from the single
observation that by changing the carbon feedstock, one can tailor new PHA. Thus,
the metabolic flexibility of certain microbes and the non-specificity of the enzymes
involved in the polymerization of PHA monomers have been exploited in attempts
to obtain new plastics that cannot be found in nature.

Most natural UnPHAS (polymers belonging to classes 1, 2 and 3) are PHASs belong-
ing to the mcl-PHA group. However, a few groups of bacteria (Burkholderia cepacia,
C. necator, Cupriavidus sp., Comamonas acidovorans, A. latus, H. pseudoflava, and
some recombinant strains — E. coli and P. putida) simultaneously accumulate PHB
and different scl-UnPHAs {a homopolymer of poly[(R)-3-hydroxy-4-pentenoate]
in B. cepacia; poly[(R)-3-hydroxybutyrate-co-(R)-3-mercaptobutyrate] in C. necator,
polyesters containing 4-hydroxyvalerate in some E. coli and P. putida recombinant
strains; and poly[(R)-3-hydroxybutyrate-co-4-hydroxybutyrate] in the other bacteria}
(Saito and Doi 1994, Saito et al. 1996; Valentin and Dennis 1997; Schmack et al. 1998;
Choi et al. 1999; Valentin et al. 1999; de Andrade Rodrigues et al. 2000; Rodrigues
et al. 2000; Gorenflo et al. 2001; Liitke-Eversloh et al. 2001a, b; Lee et al. 2004; Kocer
et al. 2003; Kim et al. 2005b; Amirul et al. 2008).
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The existence of a scarce number of scl-PHAs containing unusual monomers
(scl-UnPHAs) suggests that the enzyme responsible for PHB polymerization
(PhaC) has a narrower substrate specificity than others (PhaCl and PhaC2, see
later) involved in the polymerization of mcl-PHAs. Accordingly, henceforth when
speaking of UnPHAs we shall be referring to PHAs in which the aliphatic part of
the chain (without the functional group) ranges between six and 12 carbon atoms.

3.1.1 UnPHAs Belonging to Class 1

UnPHAs bearing double or triple bound as well as others containing different
functional groups in the side chains (see before) are synthesized by some organisms,
mainly pseudomonads belonging to the ribosomal RNA I group, when cultured in
media containing substrates that can be used either as UnPHA monomers or as
metabolic precursors of these monomers (Steinbiichel and Valentin 1995). These
special kinds of PHAs are very interesting since the presence of unsaturations or/
and functional groups in their monomers usually modifies the physical properties
and the characteristics of the polymers. Furthermore, some of these functional
groups can be modified chemically, broadening the number of UnPHAs that can be
synthesized biologically (Hazer and Steinbiichel 2007).

Two kinds of UnPHAs can be obtained depending on the whether the source of
the monomer can support bacterial growth or not. The use of UnPHA precursors that
can serve as an energy source has usually led to the production of fully functionalized
homopolymers or copolymers (Garcia et al. 1999). However, when such precursors
are added to the culture broth together with molecules that can be also used as a source
of monomers (i.e. n-alkanoic acids), only copolymers containing a lower percentage
of functionalized monomers are synthesized (Abraham et al. 2001; Olivera et al.
2001a; Lee et al. 2001; Park et al. 2001; van Wegen et al. 2001; Henneke et al. 2005).

Conversely, the use of UnPHA precursors that cannot be degraded (there is
no catabolic pathway for their assimilation) always requires the presence of an
additional carbon source to support microbial growth. In such cases, taking into
account that these special monomers have to be polymerized intracellularly, the
producer microbe must necessarily contain (1) the transport systems required to
ensure their being taken up from the culture, (2) the acyl-CoA ligases needed to
activate these molecules to CoA thioesters and, finally, (3) a B-oxidation pathway
that will generate the hydroxyacyl-CoA derivatives used as substrates by the PHA
polymerases.

UnPHAs Containing Unsaturated or Functionalized Monomers

Unsaturated PHAs

UnPHAs containing unsaturated monomers have been obtained from different
bacteria (P. aeruginosa, P. putida, Pseudomonas oleovorans and Pseudomonas
resinovorans) when cultured in media containing n-alkenes, n-alkynes, unsaturated
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fatty acids (undecenoic, undecynoic, oleic or linoleic acids), triglycerides and oils
from different origins (animal or plant; Ashby and Foglia 1998).

The first description of the existence of PHAs bearing unsaturated monomers
was made from a culture of P. oleovorans grown on either 1-alkenes or in minimal
medium containing 7-octenoic acid, 10-undecenoic acid or mixtures of 10-unde-
cenoic acid and either nonanoic acid or octanoic acid (Lageveen et al. 1988). These
cultures accumulated random PHAS containing repeating units with terminal alkene
substituents at position 3. Furthermore, PHAs obtained from P. oleovorans or
P. putida grown with 10-undecenoic acid as the sole carbon source contain different
olefinic monomers [(R)-3-hydroxy-10-undecenoate, (R)-3-hydroxy-8-nonenoate or
(R)-3-hydroxy-6-heptenoate] at their terminal positions (Kim et al. 1995b, 2000).
When P. putida was cultured in a medium containing oleic acid, PHAs bearing
an unsaturated monomer [(R)-3-hydroxy-5-cis-tetradecenoate] were obtained.
However, when the carbon source was linoleic acid, PHAs containing (R)-3-
hydroxy-6-cis-dodecenoate and (R)-3-hydroxy-5-cis-8-cis-tetradecadienoate were
obtained (De Waard et al. 1993). Similar polymers were obtained from P. aeruginosa
when cultured in media containing oleic acid. In this case, the polymer contains
(R)-3-hydroxy-cis-5-tetradecenoate as a repeating unit (Ballistreri et al. 2001).

The accumulation of highly unsaturated PHAs has also been reported in P. resino-
vorans when cultured in media containing soybean oil. In this case, PHAs containing
several olefinic monomers [(R)-3-hydroxydecenoate, (R)-3-hydroxydodecadienoate,
(R)-3-hydroxytetradecatrienoate and (R)-3-hydroxyhexadecadienoate] were accumu-
lated. In contrast, when the same strain was cultured in media containing coconut oil,
only saturated PHAs were synthesized (Ashby and Foglia 1998). These data suggest
that the PHA composition (repeat units) is directly related (at least in this strain) to
the source of the monomers present in the culture, and they indicate that the mono-
mers are generated throughout B-oxidation. However, when P. putida KT2442 was
grown in a medium containing glucose, fructose or glycerol as the sole carbon source,
a PHA similar to that isolated from P. resinovorans cultured in soybean oil (see
above) was found. This UnPHA contained (R)-3-hydroxydecanoate as the main
monomer; however, another six additional monomers [(R)-3-hydroxyhexanoate, (R)-
3-hydroxyoctanoate, (R)-3-hydroxydodecanoate, (R)-3-hydroxydodecenoate, (R)-3-
hydroxytetradecanoate and (R)-3-hydroxytetradecenoate] were also found. These
data suggest that in P. putida KT2442, unlike what was observed in P. resinovorans,
the monomers polymerized, both saturated and unsaturated, are not obtained through
[B-oxidation but through de novo fatty acid biosynthesis (Huijberts et al. 1992).

It is worth noting that although saturated mcl-PHAs are mainly built from mono-
mers whose carbon length ranges from C, to C,,, when unsaturated monomers are
polymerized, the UnPHAs synthesized usually contain monomers with a longer
carbon chain length (from C, to C ).

Interestingly, the existence of UnPHAs containing unsaturated fatty acids bearing
triple bonds as monomers has also been reported. Cultures of P. putida and P. oleo-
vorans grown in media containing mixtures of nonanoic and 10-undecynoic acid
synthesize a soft polymer having repeat units of (R)-3-hydroxy-8-nonynoate and
(R)-3-hydroxy-10-undecynoate (Kim et al. 1998, 2000).
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The presence of unsaturations on the polymer side chains is important since this
affects several physicochemical characteristics as well as certain properties of the
polymers. Thus, an increase in the degree of unsaturation implies a decrease of
the melting temperature, a lower enthalpy of fusion and a lower glass-transition
temperature (Ashby and Foglia 1998; Kim et al. 1998).

PHAs Containing Functionalized Monomers

In this section we describe some UnPHAs that are built from monomers containing
halogen atoms, those bearing methyl, methoxy, ethoxy, hydroxyl, epoxy, acetoxy,
carbonyl, cyano, phenyl, nitrophenyl, phenoxy, thiophenoxy or cyanophenoxy
groups and PHAs containing alicyclic monomers.

Halogenated PHAs. Several halogenated PHAs were obtained when certain
bacterial species (P. oleovorans, P. putida) were cultured in media containing chlo-
rinated, brominated or fluorinated compounds. A copolyester containing (R)-3-
hydroxyoctanoate, (R)-3-hydroxy-8-chlorooctanoate, (R)-3-hydroxyhexanoate and
(R)-3-hydroxy-6-chlorohexanoate was synthesized when a culture of P. oleovorans
was fed with octane and 1-chlorooctane as carbon sources (Doi and Abe 1990).
Additionally, PHAs containing brominated monomers were produced by P. oleo-
vorans when it was cultured in media containing mixtures of n-alkanoic acids
(octanoic and nonanoic acids) and w-bromoalkanoic acids (Kim et al. 1992).

Furthermore, when P. oleovorans was cultivated on a medium containing mixtures
of nonane and 1-fluorononane, a copolymer containing up to 24 mol% of (R)-3-
hydroxy-9-fluorononanoic acid was isolated (Abe et al. 1990). Similar results were
obtained when the same strain was grown in a medium containing 1-fluorononane
and gluconate as carbon sources (Hori et al. 1994). It has been also reported that
P. oleovorans and P. putida grown in mixtures of different alkanoic and fluoroalkanoic
acids (nonanoic acid and 6,6,6-trifluorohexanoic, 6,6,7,7,8,8,8-heptafluorooctanoic,
6,6,7,7,8,8,9,9,9-nonafluorononanoic or 6,6,7,7,8,8,9,9,10,10,11,11,11-tridecafluo-
roundecanoic acid) accumulate PHA copolymers containing (R)-3-hydroxy-
polyfluoroalkanoates as monomers. The incorporation of fluorinated units into PHAs
modifies some characteristics of the halogenated polymer (higher melting tempera-
tures, faster crystallization rates from the melt, a decrease in the glass-transition
temperature and a large increase in the enthalpy of fusion; Kim et al. 1996a).

Methylated, methoxylated, ethoxylated and acetoxylated PHAs. Different species
of Pseudomonas (P. oleovorans, P. putida and P. citronellolis) are able to accumulate
UnPHAS containing branched monomers when cultured under appropriate condi-
tions (Fritzsche et al. 1990b; Hazer et al. 1994; Scholz et al. 1994; Kim et al. 2003;
Choi and Yoon 1994). P. oleovorans synthesized methyl-branched PHAs when
grown in media containing 9-methyldecanoate, 8-methylnonanoate, 7-methyl-
nonanoate or 7-methyloctanoate as the sole carbon source, or in combination with
linear C~C, n-alkanoates. However, when 7-methylnonanoate, 5-methyloctanoate
or 6-methyloctanoate or some dimethyl derivatives of alkenes (e.g. 2,6-dimethyl-
hept-5-enoate) were used as the energy source, no PHA accumulation was
observed, but copolyesters containing S-methyloctanoic acid or 6-methyloctanoic



148 E.R. Olivera et al.

acid were obtained by cometabolism of these precursor together with octanoic acid
(Fritzsche et al. 1990b).

The copolymer poly[(R)-3-hydroxy-7-methyl-6-octenoate-co-(R)-3-hydroxy-5-
methylhexanoate] was obtained when P. citronellolis was grown in a medium
containing citronellol as the sole carbon source (Choi and Yoon 1994).

Steinbiichel and co-workers also revealed the synthesis of methylated scl-PHAs
when C. necator, B. cepacia and Rhodococcus ruber were cultured in a mineral salt
medium containing tiglic acid (C. necator, B. cepacia) or (R)-3-hydroxypivalic acid
(R. ruber), respectively (Fiichtenbusch et al. 1996, 1998).

Recently, Dai et al. (2008) reported obtaining PHAs containing methylated
monomers [(3-hydroxy-2-methylbutyrate and (R)-3-hydroxy-2-methylvalerate) in
Defluviicoccus vanus related glycogen-accumulating organisms grown under anaerobic
conditions. These authors reported that an increase in the relative proportion of methy-
lated monomers in the copolymer lowered its crystallinity to a considerable extent.

PHAs having either methoxy or ethoxy groups were synthesized by P. oleovorans
grown on pure 11-methoxyundecanoic acid or 11-ethoxyundecanoic acid. The PHA
synthesized from 11-methoxyundecanoic acid consisted of (R)-3-hydroxy-7-
methoxyheptanoate (main constituent) and (R)-3-hydroxy-9-methoxynonanoate (a
minor monomer). However, the PHA produced from 11-ethoxyundecanoic acid
contained (R)-3-hydroxy-5-ethoxypentanoate (at a slightly higher proportion) and
(R)-3-hydroxy-7-ethoxyheptanoate. In both cases the monomers are generated
through B-oxidation of each precursor (Kim et al. 2003). Furthermore, when this
bacterium was fed with 2-octanone and octane, or mixtures of n-octylacetate and
octane, two PHAs (polymer A, M 22,850, T 48°C; and polymer B, M 29,930, T |
50°C) containing as monomers (R)-3-hydroxyhexanoate, (R)-3-hydroxyoctanoate,
(R)-3-hydroxy-7-oxooctanoate and (R)-3-hydroxy-5-oxooctanoate (in polymer A)
and (R)-3-hydroxyhexanoate, (R)-3-hydroxyoctanoate, 8-acetoxy-(R)-3-hydroxyoc-
tanoate, 6-acetoxy-(R)-3-hydroxyhexanoate and 4-acetoxy-(R)-3-hydroxybutyrate
(in polymer B) were accumulated (Jung et al. 2000).

The hydrophilicity conferred by the presence of alkoxy groups in the polymeric
pendant chains results in an enhancement of the solubility of these polymers (Kim
etal. 2003). Thus, the inherent hydrophobicity of mcl-PHAs could be strongly modi-
fied by the introduction of hydrophilic moieties into the side chain, increasing their
applicability as biocompatible materials for a wide range of biomedical devices.

Epoxy-containing PHAs. Although most UnPHAS containing epoxide groups in
the monomer side chains are obtained by chemical synthesis (reaction of m-chlo-
roperbenzoic acid with unsaturated polyesters, see Sect. 3.2.1), different epoxidized
bacterial polyesters have been obtained by direct fermentation. When P. oleovorans
was grown in media containing 10-epoxyundecanoic acid and sodium octanoate, a
PHA containing terminal epoxy groups in the side chains was obtained (Bear et al.
1997). Furthermore, a different bacterium, P. stutzeri, also accumulated an epoxi-
dized PHA (containing as a monomer 3,6-epoxy-7-nonene-1,9 dioic acid) when
cultivated on a mineral medium containing soybean oil as the sole carbon source
(He et al. 1998). Additional studies revealed that when Pseudomonas cichorii was
cultured in the presence of C ~C , 1-alkenes as the sole carbon sources, PHAs
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containing repeating units with terminal epoxide groups were synthesized. The
molecular weights of these polymers (which contained unsaturated, epoxidized
and saturated units) were in the range 150,000-200,000 and differential scanning
calorimetry thermograms showed that regardless of the monomer size and degree
of epoxidation, the glass-transition temperature (Tg) was around —40°C (Imamura
et al. 2001). These authors also suggested that the first step of the biosynthetic
pathway leading to the production of epoxidized monomers was catalysed by an
enzyme that transforms 1-alkene into 1,2-epoxyalkane.

mcl-UnPHAS containing epoxy groups (as well as others containing unsaturations
or halogens atoms, see above) are of special interest because these reactive groups
can be modified chemically, thus leading to new polymers with different mechani-
cal properties and, probably, new characteristics (Hazer and Steinbiichel 2007).
Unsaturated and unsaturated epoxidized mcl-PHAs are used in cross-linking reaction
with UV light, generating reticular structures which improve the elastomeric
properties of the original polymers (Park et al. 1998a, b; Kim et al. 2001b; Ashby
et al. 2000; Bassas et al. 2008).

PHAs containing carbonyl groups. When P. oleovorans was grown, under nitro-
gen-starvation conditions, in a two-liquid-phase fed-batch culture in the presence of
2-octanone and octane it accumulated UnPHAs containing (R)-3-hydroxyoctanoate,
(R)-3-hydroxyhexanoate and some monomers bearing carbonyl groups [(R)-3-
hydroxy-7-oxooctanoate and (R)-3-hydroxy-5-oxohexanoate]. The M of this poly-
mer was 228,500 and its melting temperature was 48.5°C (Jung et al. 2000).

PHAs containing cyano groups. Although natural polyesters containing mono-
mers bearing a cyano group (nitriles) are not common, some bacteria are able to
synthesize these unusual polyesters through cometabolism. Lenz et al. (1992)
reported that P. oleovorans, when cultured in chemically defined media supplied
with 11-cyanoundecanoic acid and nonanoic acid as carbon sources, accumulated
a PHA that contained monomers with cyano groups (9-cyano-3-hydroxynonanoate
and 7-cyano-3-hydroxyheptanoate).

PHAs containing monomers bearing cycloalkyl groups. Polymers containing
cycloalkyl monomers were isolated when P. oleovorans was grown in a mineral salt
medium supplied with 5-cyclohexylvaleric or 4-cyclohexylbutyric acid and mix-
tures thereof with nonanoic acid (Andujar et al. 1997; Kim et al. 2001a). The PHA
synthesized was a viscous and adhesive material with M of 52,000 and that
showed two thermal temperatures (T -16.3°Cand T , -32. 6°C) suggesting that it
was a mixture of two polyesters Wlth d1fferent cyclohexyl proportions.

PHAS containing alkyl ester derivatives as monomers. Cultures of P. oleo-
vorans grown on media containing mixtures of methyl heptanoate, ethyl heptano-
ate or propyl heptanoate and heptanoic acid accumulated polymers containing as
monomers certain (R)-3-hydroxy derivatives of these alkyl esters. The presence of
monomers with pendant ester groups was maximum in the PHAs whose units were
obtained from methyl heptanoate, whereas fermentations performed with ethyl
heptanoate resulted in the formation of unsubstituted PHAs (Scholz et al. 1994).

PHAs containing (R)-3-hydroxyalkylthioalkanoic acids as monomers. A recombi-
nant strain of C. necator (which expresses the PHA synthase of P. mendocina) is able
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to synthesize poly[(3)-hydroxy-S-propyl-m-thioalkanoate]s in cultures performed
under PHA-production conditions and fed with either propylthiooctanoic acid or pro-
pylthiohexanoic acid and gluconic acid (Ewering et al. 2002). When propylthiooctanoic
acid was supplied, a terpolyester of poly[(R)-3-hydroxypropylthiobutyrate-co-(R)-3-
hydroxypropylthiohexanoate-co-(R)-3-hydroxypropylthiooctanoate]  was
obtained. However, when the PHA precursor was propylthiohexanoic acid, this bac-
terium accumulated a copolymer consisting of (R)-3-hydroxypropylthiobutyrate and
(R)-3-hydroxypropylthiohexanoate {poly[(R)-3-hydroxypropylthiobutyrate-co-(R)-
3-hydroxypropylthiohexanoate] }. However, when these alkylthioalkanoic acids were
supplied to cultures of P. oleovorans, P. aeruginosa or P. mendocina, no PHAs con-
taining thioalkanoates were synthesized, even when cosubstrates were added to the
medium. Interestingly, P. putida KT2440 synthesizes a PHA with sulphur-containing
monomers when grown in a medium containing propylthioundecanoic acid and
equimolar amounts of nonanoic acid, and it is the only species of Pseudomonas able
to synthesize these UnPHAs (Ewering et al. 2002).

PHAs containing thioether groups are light-yellow, translucent and very gluti-
nous polymers that exhibit a typical thiol smell (Ewering et al. 2002). They might
be used in medicine and in pharmacy owing to their antimicrobial properties and
applications (skin substitute). Moreover, the presence of thioether groups in the
side chains facilitates the production of new PHAs through chemical modifications
of the sulphur atom (Ewering et al. 2002).

PHAs containing aromatic groups. The production of PHAs containing arylalkyl
substituents was reported in P. oleovorans, P. putida and P. cichorii when these
bacteria were cultured in media containing several ®-benzoylalkanoic acids (4-ben-
zoylbutyrate, 5-benzoylvalerate, 6-benzoylbenzoylhexanoate, 7-benzoylheptanoate
and 8-benzoyloctanoate) or m-phenylalkanoic acids (5-phenylvaleric acid, 6-phe-
nylhexanoic acid, 7-phenylheptanoic acid, 8-phenyloctanoic acid, 9-phenyl-
nonanoic acid, 10-phenyldecanoic acid and 11-phenylundecanoic acid; Fritzsche
et al. 1990a; Hazer et al. 1996; Garcia et al. 1999; Honma et al. 2004).

Incubations of P. cichorii in media containing different m-benzoylalkanoic acids
revealed that PHASs containing a benzoyl side chain in the monomers were achieved
with all the precursors indicated above, the polymer content being minimal (the low-
est 3%) with 4-benzoylbutyric acid. The polymers synthesized from 4-benzoylbu-
tyrate, 5-benzoylvalerate, 6-benzoylbenzoylhexanoate and 7-benzoylheptanoate were
always homopolymers containing repeating units of the (R)-3-hydroxy-o-
benzoylalkanoic acid, whereas when the precursor added was 8-benzoyloctanoate, a
copolymer mainly formed by (R)-3-hydroxy-6-benzoylhexanoate-co-3-hydroxy-8-
benzoyloctanoate was synthesized (Honma et al. 2004). Studies addressing some of
these polymers revealed that those containing benzoyl residues show different ther-
mal properties from the usual alkanoates [i.e. the T’ of (R)-3-hydroxy-5-benzoylvalerate
homopolymer is much higher than for PHB] and that their solubility in organic sol-
vents also differs from that of common oxopolyesters (Honma et al. 2004)

When P. oleovorans was cultured in a medium containing 5-phenylvaleric acid
as the sole carbon source, a homopolymer of poly[(R)-3-hydroxy-5-phenylvaletare]
was accumulated (Fritzsche et al. 1990a); however, when P. putida was grown in
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the same conditions it did not synthesize PHAs (Hazer et al. 1996; Garcia et al.
1999). Surprisingly, in the cultures in which the w-phenylalkanoic acids used had
an alkyl chain with an odd number of carbon atoms (7-phenylheptanoic acid and
9-phenylnonanoic acid), the only PHA accumulated by P. putida was poly[(R)-3-
hydroxy-5-phenylvalerate] (Garcia et al. 1999). Furthermore, when ®-phenylal-
kanoic acids with an even number of carbon atoms in the alkyl chain (6-phenylhexanoic
acid, 8-phenyloctanoic acid or 10-phenyldecanoic acid) were fed, different polymers
were synthesized. When the carbon source was 6-phenylhexanoic acid, a homopo-
lymer, poly[(R)-3-hydroxy-6-phenylhexanoate], was synthesized, whereas when
8-phenyloctanoic or 10-phenyldecanoic was supplied to the cultures, two copolymers,
poly[(R)-3-hydroxy-6-phenylhexanoate-co-(R)-3-hydroxy-8-phenyloctanate] and
poly[(R)-3-hydroxy-6-phenylhexanoate-co-(R)-3-hydroxy-8-phenyloctanate-co-
(R)-3-hydroxy-10-phenyldecanoate], were obtained (Garcia et al. 1999). Different
PHASs containing mixtures of aliphatic and aromatic monomers were obtained when
P. putida cultures were cofed with w-phenylalkanoates and n-alkanoic acids (Olivera
et al. 2001a). These copolymers were amorphous and had relatively low glass-
transition temperatures (Abraham et al. 2001; Olivera et al. 2001a). The accumula-
tion of poly[(R)-3-hydroxy-n-alkanoates-co-(R)-3-hydroxy-m-phenylalkanoates] in
pseudomonads has also been reported by other authors (Ward and O’Connor 2005).
Polymers containing nitrophenyl groups were isolated when P. oleovorans was
grown in media containing 5-(2',4'-dinitrophenyl)valeric acid and nonanoic acid
(Arostegui et al. 1999). Thermal analysis indicated that this PHA constituted a mix-
ture of two different polymers: one containing the nitrophenyl rings and the other
tailored only with monomers derived from nonanoic acid. The nitrophenyl-containing
polyester is an amorphous polymer having a T, of 28°C (Arostegui et al. 1999).
When 5-p-tolylvaleric acid was used as the sole carbon source by a culture of
P. oleovorans, production of poly[(R)-3-hydroxy-5-p-tolylvalerate] was achieved
(Curley et al. 1996). This crystalline polymer had a glass-transition temperature
of 18°C and a melting transition of 95°C. When P. oleovorans was cofed with
5-phenylvaleric acid and 5-p-tolylvaleric acid, a non-crystallizable copolymer con-
taining as monomers (R)-3-hydroxy-5-p-tolylvalerate and phenylvalerate was
obtained (Curley et al. 1996). A structurally related PHA was obtained when
9-p-tolylnonanoic acid was used as the monomer precursor (Hazer et al. 1996).
UnPHAs bearing phenoxy groups on their side chains were synthesized by
P. oleovorans when it was cultivated in the presence of @-phenoxyalkanoates (Ritter
and von Spee 1994; Kim et al. 1996b). Ritter and von Spee (1994) reported the isola-
tion of a PHA containing (R)-3-hydroxy-9-phenoxynonanoate and (R)-3-hydroxy-5-
phenoxypentanoateunits when P.oleovorans was grownwith 1 1-phenoxyundecanoate,
and Kim et al. (1996b) showed that this bacterium was also able to accumulate aromatic
PHAs when grown in media containing 6-phenoxyhexanoate, 8-phenoxyoctanoate
and 11-phenoxyundecanoate. In such cases the main repeating units were (R)-
3-hydroxy-4-phenoxybutyrate (when the carbon source was either 8-phenoxyoc-
tanoic acid or 6-phenoxyhexanoic acid) and (R)-3-hydroxy-5-phenoxypentanoate
when the precursor was 11-phenoxyundecanoic acid. Moreover, a P. putida strain
was also able to accumulate PHAs built from monomers bearing phenoxy groups
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when cultured in media supplemented with 11-phenoxyundecanoic acid or with
mixtures of 11-phenoxyundecanoic acid and octanoic acid (Song and Yoon 1996).
The copolyester synthesized from 11-phenoxyundecanoic acid (showing a crystalline
melting transition at 70°C and a glass transition at 14°C) contained as monomers
(R)-3-hydroxy-5-phenoxyvalerate (75%) and (R)-3-hydroxy-7-phenoxyheptanoate
(approximately 25%). When the culture was cofed with 11-phenoxyundecanoic acid
and octanoic acid, a copolyester containing (R)-3-hydroxy-5-phenoxyvalerate, (R)-
3-hydroxy-7-phenoxyoctanoate, (R)-3-hydroxy-9-phenoxynonanoate together with
(R)-3-hydroxyoctanoate, (R)-3-hydroxyhexanoate and (R)-3-hydroxydecanoate as
monomers was isolated. The molar ratio of aromatic monomers to aliphatic mono-
mers in this PHA was proportional to the molar ratio of 11-phenoxyundecanoic acid
to octanoic acid in the medium. An increment in the quantity of octanoic acid sup-
plied in the feed shifted the major monomer unit in the polymer from (R)-3-hydroxy-
5-phenoxyvalerate to (R)-3-hydroxy-7-phenoxyheptanoate (Song and Yoon 1996).

Furthermore, PHAs containing monomers with fluorinated phenoxy side groups
were produced by P. putida when 11-(2-fluorophenoxy)undecanoic acid, 11-(3-flu-
orophenoxy)undecanoic acid, 11-(4-fluorophenoxy)undecanoic acid or 11-(2,4-dif-
luorophenoxy)undecanoic acid was used as the sole carbon source (Takagi et al.
2004). When 11-(3-fluorophenoxy)undecanoic acid was the precursor of the mono-
mers, a copolymer containing (R)-3-hydroxy-7-(3-fluorophenoxy)heptanoate (10%)
and (R)-3-hydroxy-5-(3-fluorophenoxy)valerate (90%) was isolated. When the
precursor was 11-(4-fluorophenoxy)undecanoic acid, the monomers present in the
copolymer were (R)-3-hydroxy-7-(4-fluorophenoxy)heptanoate and (R)-3-hydroxy-
5-(4-fluorophenoxy)valerate. Additionally, a homopolymer of poly[3-hydroxy-5-
(2,4-difluorophenoxy)valerate] (with water-shedding properties) was obtained
when cells were grown with 11-(2,4-difluorophenoxy)undecanoic acid. All these
fluorophenoxy PHAs showed high crystallinity and a high melting point (around
100°C; Takagi et al. 2004).

The introduction of monomers containing thiophenoxy pendant groups into
PHAs was performed by P. putida when this bacterium was cultured in a medium
containing 11-thiophenoxyundecanoic acid as the sole carbon source (Takagi et al.
1999). This polymer contained (R)-3-hydroxy-5-thiophenoxyvalerate as the main
constituent, as well as (R)-3-hydroxy-7-thiophenoxyheptanoate. This biopolyester
is an amorphous elastic polymer with a glass-transition temperature of 4°C.

PHAs bearing methylphenoxy groups have been synthesized by P. oleovorans
and P. putida growing in media containing 6-p-methylphenoxyhexanoic acid,
8-p-methylphenoxyoctanoic acid, 8-m-methylphenoxyoctanoic acid or 11-p-meth-
ylphenoxyundecanoic acid (Kim et al. 1999, 2000). Both microbes produced crystal-
line polymers (glass-transition temperature of 14°C and a melting temperature of
97°C) consisting of (R)-3-hydroxy-4-p-methylphenoxybutyrate and (R)-3-hydroxy-
6-p-methylphenoxyhexanoate when grown with 8-p-methylphenoxyoctanoic acid,
and a small amount of PHA was obtained when these bacteria were cultured with
8-m-methylphenoxyoctanoic acid. The cofeeding of these cultures with 8-p-meth-
ylphenoxyoctanoic acid and nonanoic acid/5-phenylvaleric acid produced random
copolymers with compositions that depended of the precursor supplied to the
medium (Kim et al. 1999).
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The incorporation of p-cyanophenoxy and p-nitrophenoxy groups into PHAs
synthesized by P. putida and P. oleovorans has also been reported (Kim et al. 1995a).
However, the extent of the incorporation of these functional groups into PHA was
significantly lower than the incorporations reported for other aromatic groups, and
always required that octanoic acid be cofed to the culture.

3.1.2 PHAs with Elongated Backbones (Class 2)

PHAs containing as monomers hydroxyalkanoic acids different from (R)-3-
hydroxyalkanoates have also been reported (Saito and Doi 1994; Schmack et al.
1998; Choi et al. 1999; Amirul et al. 2008). These polymers, which belong to both
scl-PHAs and mcl-PHAs, have as a structural peculiarity an elongated backbone
(Fig. 2). Among these UnPHAs, those copolymers containing as repeating units
(R)-3-hydroxybutyric acid and 4-hydroxybutyric acid {poly[(R)-3-hydroxybu-
tyrate-co-4-hydroxybutyrate], PGHB—4HB)} are the paradigmatic examples.

Only a small group of wild-type bacteria able to produce P(3HB—4HB) have been
reported to date. C. necator (Doi et al. 1989, 1990; Kunioka et al. 1989; Kim et al.
2005b), Cupriavidus spp. USMAA1020 (Amirul et al. 2008), A. latus (Hiramitsu
etal. 1993; Kang et al. 1995), C. acidovorans (Saito and Doi 1994; Lee et al. 2004),
Comamonas testosteroni (Renner et al. 1996), Rhodococcus sp. (Haywood et al.
1991) and H. pseudoflava (Yoon and Choi 1999; Choi et al. 1999) synthesize
P(3HB—4HB) when cultured under appropriate conditions. Recently, the application
of genetic engineering technology to producers of PHAs has allowed recombinant
strains able to accumulate P(3HB—4HB) or poly(4-hydroxybutyrate) [P(4HB)]
homopolymers to be obtained (Hein et al. 1997; Valentin and Dennis 1997).

The microbial biosynthesis of P(3HB—4HB) copolymers was achieved using
different nutritional strategies. Most of them are based on the carbon sources used
to feed the cultures (butyric acid and different sugars, or a single carbon source
structurally related to butyric acid such as 4-hydroxybutyric acid, y-butyrolactone
or 1,4 butanediol; Saito and Doi 1994; Kunioka et al. 1989).

In other cases, E. coli strains have been engineered for the production of P(3HB—
4HB) an P(4HB). An E. coli strain, coexpressing the 4-hydroxybutyric acid-CoA
transferase from C. kluyveri and the PHA synthase from C. necator was able to
accumulate P(4HB) when cultured in a medium containing 4-hydroxybutyric acid
and glucose as carbon sources. When this strain was cultured in the same medium
without glucose, a copolyester of P(3BHB—4HB) was synthesized (Hein et al. 1997).
Similarly, a strain of E. coli expressing the succinate degradation pathway from C.
kluyveri, along with the pha genes from C. necator, is able to produce P(3HB—4HB)
directly from glucose (Valentin and Dennis 1997). Moreover, different mutants of
C. necator and P. putida handicapped in PHA biosynthesis, but harbouring the
PHA synthase genes from Thiocapsa pfennigii, accumulated PHAs containing
4-hydroxyvalerate as the monomer when cultured in media containing laevulinic
acid (Schmack et al. 1998; Gorenflo et al. 2001).

Additionally, UnPHAs containing 4-hydroxyvalerate (Valentin and Steinbiichel
1995), 4-hydroxyhexanoate (Valentin et al. 1994), 4-hydroxyheptanoate and
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4-hydroxyoctanoate (Valentin et al. 1996), 5-hydroxyvalerate (Doi et al. 1987;
Haywood et al. 1991), 5-hydroxyhexanoate (Doi et al. 1987; Valentin et al. 1996)
or 6-hydroxyhexanoate (Labuzek and Radecka 2001; Tajima et al. 2003) have been
isolated, suggesting that the position of the oxidized carbon in the monomers is not
a crucial factor either for scl- or mcl-PHA synthase activities.

Analysis of the characteristics of the copolymers containing 4-hydroxybutyrate
monomers revealed that they range from being highly crystalline to elastic, depend-
ing of the monomer content (Saito and Doi 1994). Furthermore, the homopolymer
P(4HB) has good tensile strength and is quite similar to ultrahigh molecular weight
PE. However, P(4HB) has as an advantage over PE its elongation at break, which
is about 1,000% (Saito et al. 1996). Similar properties have been reported for copo-
lymers containing 4-hydroxyvalerate as a monomer (Schmack et al. 1998).
Moreover, Saito and Doi (1994) reported that the tensile strength of P(3HB—4HB)
increases as a function of the 4-hydroxybutyrate fraction, showing that P(3HB-
4HB) copolymers with high 4-hydroxybutyrate fractions are very strong thermo-
plastics elastomers. When the biodegradability of these copolymers was studied, it
was observed that the erosion rate of P(3HB—4HB) films caused by depolymerases
and lipases was strongly related to their monomer composition (Saito and Doi
1994, Saito et al. 1996).

3.1.3 PHAs Containing Thioester Linkages (Class 3)

A new family of bacterial biopolymers (thioester-containing PHAs) was reported
by Liitke-Eversloh et al. (2001a, b). These authors showed that C. necator was able
to synthesize and polymerize (R)-3-mercaptopropionic acid, thus generating a
novel type of PHA that contains sulphur in the polymer backbone. Whereas in other
PHAs the monomers are covalently linked by oxoester bonds, in these bioplastics
they are linked by thioester bonds. For this reason, these polymers are referred to
as polythioesters (Liitke-Eversloh et al. 2001a, b).

Different copolymers containing (R)-3-hydroxybutyrate, (R)-3-hydroxyvalerate,
(R)-3-mercaptopropionate, (R)-3-mercaptobutyrate and (R)-3-mercaptovalerate
were obtained when C. necator was cultured under the conditions required to syn-
thesize PHAs (permissive conditions) in gluconate-containing minimal medium
supplemented with the sulphur precursor substrates [(R)-3-mercaptopropionic acid,
3,3'-thiodipropionic acid or 3,3'-dithiodipropionic acid for the production of a
copolymer containing (R)-3-mercaptopropionate units; (R)-3-mercaptobutyric acid
for the synthesis of a copolymer containing as monomer (R)-3-mercaptobutyrate;
and (R)-3-mercaptovaleric acid to produce a copolymer containing units of (R)-3-
mercaptovalerate] (Liitke-Eversloh et al. 2001a, b; Liitke-Eversloh and Steinbiichel
2003; Kim et al. 2005a).

A different approach for the production of polythioesters involved the use of
recombinant strains of E. coli expressing the genetic information required for a
non-natural genetically engineered pathway (BPEC), which includes the genes buk,
ptb and phaEC, encoding a butyrate kinase (buk) and a phosphotransbutyrylase
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(ptb) from Clostridium acetobutylicum, and a type III PHA synthetase from
Allochromatium vinosum or Thiococcus pfennigi (phaEC) (Liitke-Eversloh et al. 2002a;
Liitke-Eversloh and Steinbiichel 2004; Thakor et al. 2005). With use of these
transgenic E. coli strains, homopolymers of poly[(R)-3-mercaptopropionate],
poly[(R)-3-mercaptobutyrate] and poly[(R)-3-mercaptovalerate] were obtained
when the recombinant bacteria were cultured in a medium containing (R)-
3-mercaptopropionic acid, (R)-3-mercaptobutyric acid or (R)-3-mercaptovaleric
acid as precursors (Liitke-Eversloh et al. 2002a).

Furthermore, it has also been reported that the coexpression in this system of
the PhaP1 phasin from C. necator strikingly increased the amount of poly[(R)-3-
mercaptopropionate] accumulated by the recombinant E. coli strain when this
bacterium was cultured in a medium containing (R)-3-mercaptopropionic acid as a
precursor (Tessmer et al. 2007).

Taking into account that polythioesters differ from usual PHAs only in the sub-
stitution of oxygen atoms by sulphur atoms in the linkages of the polymer backbone
leads to the assumption that the physicochemical properties that distinguish both
kinds of polyesters should be a consequence of this structural difference. Analysis
of the thermal properties of polymers containing sulphur atoms in the backbone
linkages revealed that they exhibit marked differences from those of the corre-
sponding oxygen-containing homologues. All the known polythioester homopoly-
mers exhibited a lower melting temperature than the corresponding polyester
homologues (Kawada et al. 2003). Furthermore, the copolymer poly[(R)-
3-hydroxybutyrate-co-(R)-3-hydroxymercaptobutyrate], containing 40% or less of
(R)-3-hydroxybutyrate, shows lower crystallinity and higher melting temperatures
than the poly[(R)-3-hydroxybutyrate] homopolymer (Liitke-Eversloh et al. 2002a).
Moreover, the thermal stability of poly[(R)-3-mercaptopropionate] is significantly
enhanced in comparison with that of poly[(R)-3-hydroxypropionate]. Interestingly,
the thermal stabilities of poly[(R)-3-mercaptobutyrate] and poly[(R)-3-mercaptovalerate]
homopolymers were similar to those of poly[(R)-3-hydroxybutyrate] (Kawada
et al. 2003). Analysis of the molecular weights of these polymers revealed that they
ranged between 150,000 and 176,000 (Lutke-Eversloh et al. 2002b; Kawada et al.
2003; Tanaka et al. 2004; Impallomeni et al. 2007).

One surprising characteristic of polythioesters is that, in contrast to those poly-
mers containing oxoester bonds, the thioester linkages are not susceptible to PHA
depolymerases (Elbanna et al. 2003, 2004), thus constituting the only known kind
of non-biodegradable biopolymers (Kim et al. 2005a).

3.1.4 Functional Analyses of the Different Proteins Involved
in the Synthesis and Accumulation of UnPHAs

As indicated already, several approaches based on fermentation advances, bio-
chemical studies or genetic engineering manipulations have allowed the production of
many different PHAs (Lenz et al. 1992; Garcia et al. 1999; Ahn et al. 2000; Lee et al.
2001; Lee and Choi 2001; Park et al. 2001; van Wegen et al. 2001; Ren et al. 2005b).
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All these studies revealed that the synthesis of PHB and the copolymers tailored
from (R)-3-hydroxypropionate, (R)-3-hydroxybutyrate, (R)-3-hydroxyvalerate or/and
(R)-3-hydroxyhexanoate, their close structural analogues [(R)-3-mercaptolkanoates]
or their derivatives (4-hydroxybutyrate, 4-hydroxyvalerate) requires the enzymes
encoded at the phaCBAPZ cluster, and that the biosynthesis, accumulation and
mobilization of mcl-PHAs and mcl-UnPHAs requires the proteins encoded by the
genes included in the phaC1ZC2DFI locus (Fig. 6). In sum, the enzymes required
to fully synthesize the monomers to be polymerized into well-known PHAs are also
the same as those involved in the production of UnPHAs. However, in some special
cases [e.g. synthesis of (R)-3-mercaptoalkanoates] a completely different biosyn-
thetic pathway is required (Liitke-Eversloh et al. 2002a; Liitke-Eversloh and
Steinbiichel 2004; Thakor et al. 2005).

Substrate Specificity of the Two Polymerases (PhaCl and PhaC2) Involved in the
Synthesis of mcl-UnPHAs

Although the two polymerases (PhaCl and PhaC2) involved in the synthesis of
aliphatic mcl-PHA were believed to have quite similar substrate specificity (Qi
et al. 1997), recent studies performed with usual and unusual monomers have
shown that some interesting differences do exist (Sandoval et al. 2007; Arias et al.
2008). The expression of either the gene phaCl or the gene phaC2 in a P. putida
mutant lacking the whole pha locus (P. putida U Apha) led to the production of two
recombinant strains (P. putida U Apha pMC-phaCl and P. putida U Apha pMC-
phaC2) that were able to synthesize several aliphatic and aromatic PHAs when
cultured in media containing C~C,  n-alkanoic acids or C~C, n-phenylalkanoic
acids. When P. putida U Apha pMC-phaCl was studied, the highest accumulation
of polymers was observed when the precursors used were decanoic acid (for ali-
phatic PHAs) or 6-phenylhexanoic acid (for aromatic PHAs). However, when the
recombinant strain studied was P. putida U Apha pMC-phaC2, it was observed that
although it synthesized similar aliphatic PHAs (the highest accumulation was
observed when hexanoic acid was the precursor), it only accumulated aromatic
PHAs when the monomer was (R)-3-hydroxy-5-phenylvaleryl-CoA (Arias et al.
2008). These observations, which cannot be attributed to differences in the uptake
(transport) of monomer precursors (in both cases the same strain — P. putida U Apha
— was used), revealed that PhaCl and PhaC2 recognize different substrates and also
do so with different affinities. Variations in the substrate specificity of PhaCl and
PhaC2 were also observed when recombinant E. coli strains were used as PHA
producers (Chen et al. 2004).

The elucidation of the molecular bases responsible for the different substrate
specificities observed in the PHA synthases belonging to class II (Rehm 2003)
has been approached by different authors (Wahab et al. 2006; Arias et al. 2008).
Some structural studies have revealed the participation of a serine residue (Ser297)
in the catalytic process, and the formation of two tetrahedral intermediates, stabi-
lized by the formation of an oxyanion hole during PHA biosynthesis, has been
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proposed (Wahab et al. 2006). Additionally, genetic engineering approaches have
shown that the introduction of mutations in the genes encoding other polymerases
(PHA synthase from Aeromonas caviae) leads to the production in this bacterium of
different copolymers with quite variable composition, suggesting that this strategy
could be useful not only for analysing the amino acid residues involved in the cata-
lytic process (Tsuge et al. 2007), but also for expanding the number and character-
istics of the PHAs accumulated by genetically manipulated strains. Despite all
these advances, further experimental work is needed to clarify the nature of the
intermediates as well as to establish the molecular mechanism responsible for the
PHA polymerization reaction.

Depolymerases

All the genes, phaZ included, in the pha loci encode PHA depolymerases (com-
monly referred to as PhaZ) which are structurally related to esterases (all them
contain a conventional lipase box; Ohura et al. 1999; Jendrossek and Handrick 2002;
de Eugenio et al. 2007). These enzymes catalyse the release of (R)-3-hydroxy-acyl/
aryl-CoA derivatives from intracellular polymers. The topological localization of
PhaZ in the granule surface (Foster et al. 1994; Prieto et al. 1999; de Eugenio et al.
2007; Jendrossek 2007) and the inability of certain bacteria to mobilize scl-PHAs or
mcl-PHAs when the different phaZ genes (involved in catabolism of either scl-
PHASs or mcl-PHAs) are mutated support its physiological role (Garcia et al. 1999;
Sandoval et al. 2005, Sandoval et al. 2007; de Eugenio et al. 2007). Interestingly,
these enzymes are able to hydrolyse most of the PHAs accumulated by bacteria
(even those constituted by unusual monomers), revealing that the substrate specific-
ity of PhaZ enzymes, as occurred with other esterases, is very broad (Sandoval et al.
2005). Some special PHAs (polythioester homopolymers) are not cleaved by
depolymerases; hence, they remain almost unaltered. However, copolymers contain-
ing both oxoester and thioester linkages can be partially hydrolysed by extracellular
[(R)-3-hydroxybutyrate] depolymerases, showing that PhaZ are specific for oxoester
(but not for thioester) linkages (Elbanna et al. 2003, 2004).

The cleavage of certain UnPHAs by PhaZ often releases uncommon monomers
that cannot be assimilated through the usual metabolic pathways. In such cases, when
the catabolic route required for the degradation of an uncommon monomer does not
exist, or has been mutated, the (R)-3-hydroxy derivative units released from the poly-
mers are secreted into the culture broth (Olivera et al. 2001b). Similarly, when phaZ
was overexpressed in a PHA-producer strain, the accumulation of granules of PHAs
was never observed, since the PHAs are immediately hydrolysed. In such cases, the
excess monomers generated (those not needed to support bacterial growth) are rap-
idly secreted (Sandoval et al. 2005). Thus, the transformation of a PHA-overproducer
mutant of P. putida (P. putida U AfadBA; Olivera et al. 2001a, b) with a replicative
plasmid containing the gene phaZ handicapped the accumulation of both aliphatic
and aromatic PHAs in this bacterium (Fig. 5). Moreover, when this strain was cul-
tured in media containing m-phenylalkanoates, it efficiently converted (about 80%)
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these compounds into (R)-3-hydroxy-w-phenylalkanoates, which, since they could
not be catabolized, were released into the culture broth (Sandoval et al. 2005).

The use of genetically engineered strains derived from different PHA producers
overexpressing the phaZ gene seems to be a useful strategy to obtain different (R)-
3-hydroxyalkanoates (even pure enantiomers) that, owing to their important chemi-
cal, biochemical and pharmaceutical uses, are of great biotechnological interest and
have broad industrial applications (Jiang et al. 2004; Sandoval et al. 2005; Ren et al.
2005¢; Yuan et al. 2008).

Role Played by PhaDFI Proteins

Very recently, a genetically engineered strain of P. putida lacking the pha cluster (P.
putida Apha) and, therefore, unable to accumulate PHAs was used to analyse the
role played by the Pha proteins in the synthesis of aromatic and aliphatic PHAs
(Sandoval et al. 2007). For such experiments the pha genes (phaCIZC2DFI) were
expressed, in an isolated fashion or in tandem, in that mutant. The authors reported
that transformation of this strain with a plasmid containing the whole pha locus
restored the ability of the bacterium to synthesize all the PHAs accumulated by the
wild type, that the expression of the gene phaCl alone (in the absence of
phaZC2DFI) sufficed to ensure the synthesis of both aliphatic PHAs and aromatic
PHAG, although in this recombinant strain, the number of granules was higher than
in the wild type (Fig. 5), and that the coexpression in trans of the genes encoding
PhaC1 and the phasin PhaF (one of the most abundant granule-attached proteins; Timm
and Steinbiichel 1992; Prieto et al. 1999; Klinke et al. 2000; Sandoval et al. 2007)
restores the original phenotype (only a few large granules). These data unequivocally
showed that Pha proteins are the only enzymes required for the biosynthesis of both
aliphatic and aromatic mcl-PHAs and that, at least in this species, these proteins cannot
be replaced by other bacterial enzymes. They also showed that PhaF is involved in the
coalescence of the granules of PHAs/aromatic PHAs, and that the functions played
by all the Pha proteins (PhaC1ZC2DFI; mcl-PHA synthesis and granule architecture)
can be performed by two single enzymes (PhaC1 and PhaF). In conclusion, phaCl
and phaF would represent the minimum genetic information required for the synthesis
of normal PHA granules in this bacterium (Sandoval et al. 2007).

Surprisingly, the deletion of the phaDFI genes in P. putida U decreased the
synthesis of aliphatic PHAs and prevented the synthesis of aromatic polyesters
(aromatic PHASs), suggesting that the rigidity of the phenyl groups present in the
aromatic monomers requires some of these proteins (PhaD, PhaF or/and Phal) to be
properly organized in granules. A similar effect (a strong reduction in aliphatic
PHAs synthesis and the absence of aromatic PHAs) was observed when phaF was
deleted in P. putida U.

Furthermore, deletion of the phaD gene in P. putida U strongly reduced the
synthesis of aliphatic and aromatic PHAs; this effect was fully restored when phaF
was overexpressed in this mutant. Additional studies revealed that the overexpres-
sion of phaF in the wild type (P. putida U) or in the PHA-overproducer mutant
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(P. putida U AfadBA) contributes to dramatically increasing granule size, increasing
the intracellular amount of the polyesters (PHAs and aromatic PHAs) accumulated
and increasing the cellular volume, pointing to the involvement of this protein in
important cell cycle events. All these data confirm that PhaF has an important func-
tion in the synthesis of PHAs (particularly aromatic PHAs) as well as in the control
of both the size and the number of PHA granules, and that its overexpression in
different strains leads to the isolation of overproducer bacteria that could be used
for the production of novel (or modified) polyesters (Sandoval et al. 2007).

Although for the time being the exact role of PhaD and phasins, at least at a
molecular level, has not been clarified, it seems fairly evident that PhaF plays an
important role in the organization of usual PHA and UnPHA granules, and that
PhaD acts as a transcriptional activator of phaF (and probably of phal; Fig. 6).
However, further genetic experiments are needed to establish whether phasin Phal
serves only as a structural element involved in the organization of the nascent poly-
mer chains, or whether this protein has a dual function (granule stabilization and
phaF regulator), as proposed by Sandoval et al. (2007).

In sum, although many different polymers can be tailored by natural PHA-
producer strains (or by the recombinant organisms constructed with genetic engineering,
see above) the enzymes involved in the synthesis, accumulation and mobilization of
all the scl- and mcl-PHASs produced by micro-organisms (usual PHAs or UnPHAs)
require the proteins encoded by the genes belonging to the phaCBAPZ (in the case
of scl-PHASs) and phaC1ZC2DFI (if they are mcl-PHAs) clusters.

3.2 UnPHAs Obtained by Chemical or Physical
Modifications of Naturally Occurring One

The production of new polymers which improve (or sidestep) the limitations found
in the bacterial polymers has been an important challenge for many scientists in
recent decades. Chemical modification of well-known PHAs, one of the most
important strategies followed, has allowed the production of different polyesters
with novel or modified physiochemical properties (Arkin and Hazer 2002).

Although the chemical and physical modification of PHAs involves quite differ-
ent reactions, mainly three different approaches involving (1) PHA functionalization,
(2) the grafting/blocking copolymerization of PHAs and (3) the blending of the
PHAs with other polymers, have been followed.

3.2.1 Functionalization of Microbial PHAs
Halogenation of PHAs

The production of chlorinated PHAs has mainly been achieved by passing chlorine
gas through their solutions (Arkin and Hazer 2002). Usually, two different chemical
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reactions have been carried out: (1) an addition reaction when unsaturated PHAs
are the polymers to be modified or (2) a substitution reaction if the polymers to be
functionalized are saturated hydrocarbons. In both cases the hydrolysis of the PHAs
during the chlorination process is unavoidable. Once chlorinated, PHA can be con-
verted into their quaternary ammonium salts, sodium sulphate salts and phenyl
derivatives. Furthermore, Friedel-Crafts reactions between benzene and chlori-
nated moieties can yield cross-linked polymers (Arkin and Hazer 2002).

The determination of the melting transitions and glass-transition temperatures
revealed that their values increased as a function of the chlorine content in the
polymer (Arkin et al. 2000).

Very recently, production of other halogenated polymers (brominated PHAs) has
been reported (Erduranli et al. 2008).

Epoxidation of Unsaturated PHAs

The introduction of epoxy groups in the structure of PHAs was performed by reacting
the unsaturated side chains of these polymers {i.e. poly[(R)-3-hydroxyoctanoate-co-
(R)-3-hydroxyundecenoate]} with m-chloroperbenzoic acid (Park et al. 1998a; Bear
et al. 1997; Ashby et al. 2000). Epoxidized polyesters do not undergo substantial
changes as regards either molecular weight or molecular weight distribution.
However, a decrease in the melting transition temperature and in the enthalpy of melting
was observed as the number of epoxide groups increased. Conversely, the glass-
transition temperature increased in the epoxidized polymer (Park et al. 1998b).

Hydroxylation of Unsaturated PHAs

PHAs containing pendant diol groups were synthesized from unsaturated polymers
{ poly[(R)-3-hydroxyoctanoate-co-(R)-3-hydroxyundecenoate]} by treatment with
KMnO, in cold alkaline solution (pH 8-9) at 20°C (Lee et al. 2000b). The chemical
reaction did not cause PHA hydrolysis (or at least not to a high extent) since no
severe reduction in molecular weight was observed. The hydroxylated polymers
had a considerably enhanced hydrophilicity since they showed increased solubility
in polar solvents such as an acetone/water mixture, methanol and dimethyl sulphox-
ide (Lee et al. 2000b).

Although KMnO, treatment allowed the hydroxylation of about half of the
pendant vinyl groups present in the PHA, the reaction performed with 9-
borobicyclononane (a hydroboration—oxidation reaction) hydroxylated most of the
vinyl groups (almost 100%) present in poly[(R)-3-undecenoate] (Eroglu et al. 2005).

Carboxylation of Unsaturated PHAs

Conversion of the olefinic carbons of PHAs into carboxyl groups has been achieved
through different chemical reactions (Lee and Park 2000; Bear et al. 2001;
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Kurth et al. 2002; Stigers and Tew 2003). One of them involves the oxidation of
unsaturated PHASs {i.e. poly[(R)-3-hydroxyoctanoate-co-(R)-3-hydroxyundecenoate] }
with KMnO, in the presence of NaHCO, (Lee and Park 2000). Although it allowed
the transformation of 50% of the olefins into carboxylic functions, this method
involves a decrease in the molecular weight of the polymer.

The second method of carboxylation also used KMnO, as an oxidation agent
but, in this case, 18-crown-6-ether was employed as the phase transfer agent and
KMnO, was employed as the dissociation agent. A reasonable retention of the
molecular weight was observed when the pH of the reaction was carefully con-
trolled (Bear et al. 2001; Kurth et al. 2002)

The third method implies the use of osmium tetroxide and Oxone, and a mixture
of 2KHSO,, K,SO, and KHSO, (Stigers and Tew 2003). With this reaction, a good
yield of carboxylation is obtained; although a slight degree of backbone degrada-
tion was observed.

The transformation of olefins into polyesters containing carboxyl groups in their
side chains increased the solubility of the polymers in polar solvents, showing that
their hydrophilicity had been enhanced.

The production of PHAs containing carboxy-ended pendant groups has been
performed through reactions which involved the conversion of the double bonds to
thioethers via the free-radical addition of 11-mercaptoundecanoic acid (Hany et al.
2004) or (R)-3-mercaptopropionic acid. In these cases, the molecular weights of the
modified polymers (despite the addition of mercapto acids to the double bonds)
remained almost constant (Erduranli et al. 2008).

Glycopolymers

PHASs containing unsaturated or brominated side chains have been used as substrates
for the production of glycoconjugates (derivatives of per-O-acetyl-1-thio-f-maltose-
PHASs) via anti-Markovnikov additions. As expected, maltosyl-PHAs showed an
enhanced hydrophilicity and hence better solubility and bioavailability (Constantin
et al. 1999).

3.2.2 Cross-Linking of PHAs

Cross-linking is the process of the production of three-dimensional network struc-
tures from a linear polymer using chemical or physical methods. The cross-linking
of polymer pendant groups has been achieved using different strategies, such as
peroxide cross-linking, sulphur vulcanization and radiation-induced cross-linking.
The main objective of chemical cross-linking is to improve the elastic response
in bacterial elastomers without altering their biodegradability. In general, the cross-
linked materials exhibited a decrease in tensile modulus, together with very low
tensile strength and tear resistance. Moreover, because cross-linked PHAs are
usually less sensitive to attack by PHA depolymerases, these polyesters could be
used as photosensitive materials (e.g. microlithography; Kim et al. 2001b).
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Peroxide Cross-Linking

Peroxide cross-linking has been successfully used to produce gels from PHAs.
Peroxides are able to cross-link both saturated {e.g. poly[(R)-3-hydroxyoctanoate],
PHO} and unsaturated { poly[(R)-3-hydroxyoctanoate-co-(R)-3-hydroxyundecylenate] }
polymers (Gagnon et al. 1994a). P. oleovorans unsaturated PHAs were efficiently
cross-linked (more than 90%) via a free-radical mechanism either thermally or under
UV irradiation in the presence of benzoyl peroxide, benzophenone and/or ethylene
glycol dimethacrylate (Hazer et al. 2001). The high degree of cross-linking achieved
was owing to the presence of olefin groups in the polymer, which improved peroxide
efficiency and reduced the probability of chain excision. To maintain the integrity of
the polymer and to promote cross-linking versus scission chain reactions, multifunc-
tional coagents are usually employed during peroxide cross-linking.

Sulphur Vulcanization

The cross-linking of some PHA copolymers {poly[(R)-3-hydroxyoctanoate-co-(R)-
3-hydroxyundecenoate]} was achieved by adding a mixture of elemental sulphur or
dipentamethylene thiuram hexasulphide (as a vulcanizing agent), zinc dibutyl dithio-
carbamate (as an accelerator) and zinc oxide or stearic acid (as an accelerator activa-
tor; Gagnon et al. 1994b). An increase in the number of branches led to increased
product elasticity. Unlike the case of peroxide cross-linking, the integrity of the
material was preserved. However, sulphur vulcanization has as a disadvantage the
fact that this procedure can only be used to cross-link unsaturated polymers.

Sulphur-Free and Peroxide-Free Cross-Linking

Largely unsaturated PHAs have been cross-linked by a very slow chemical proce-
dure (it usually takes days), which implies the conversion of double bonds into
epoxy groups and exposure to air (Ashby et al. 2000). Other epoxidized bacterial
copolyesters, poly[(R)-3-hydroxyoctanoate-co-(R)-3-hydroxy-10,11-epoxyunde-
canoate], were cross-linked with succinic anhydride in the presence of 2-ethyl-4-
methylimidazole or with hexamethylene diamine without a catalyst at 90°C (Lee
et al. 1999a; Lee and Park 1999).

The cross-linking of P. putida unsaturated mcl-PHAs was performed by adding
TiO, pigment powder. Later, pigmented PHA film was cured under either auto-
oxidative or photo-oxidative conditions (van der Walle et al. 1999).

Radiation-Induced Cross-Linking

Although the chemical methods reported so far are effective for achieving polymer
cross-linking, they have as an important disadvantage the fact that during the
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reactions undesirable substances may be incorporated into the system. In contrast,
the irradiation of polymeric materials avoids the addition (or generation) of con-
taminants to the matrix, thus allowing the production of very pure three-dimensional
network structures with improved tensile strength. The cross-linking of poly[(R)-3-
hydroxyoctanoate-co-(R)-3-hydroxyundecenoate] films by gamma irradiation has
been reported by several authors (Ashby et al. 1998; Dufresne et al. 2001).
Furthermore, chemical cross-linking can also be achieved by electron-beam irradia-
tion of unsaturated PHAs. Even after cross-linking, the material was still biode-
gradable (De Koning et al. 1994).

3.2.3 Graft Copolymers of PHAs

Graft copolymers are polymers produced when molecular fragments belonging to
others polymers have been inserted into their side chains (Hazer and Steinbiichel
2007). The condensation reaction between the carboxy-terminal groups of certain
PHAs {poly[(R)-3-hydroxybutyrate]; poly[(R)-3-hydroxybutyrate-co-(R)-3-hy-
droxyvalerate] or PHO} and the amine function of chitosan resulted in grafting of
PHA polymers onto chitosan (Fig. 2). These grafted polymers formed opaque,
viscous solutions in water and, once dried, afforded strong elastic films (Yalpani
et al. 1991; Arslan et al. 2007).

Similar graft copolymers were also obtained by esterification of the carboxy-
terminal groups of PHAs with cellulose hydroxyl functions. These copolyesters
showed a slightly increased melting transition when compared with a physical
mixture of PHB and cellulose (Yalpani et al. 1991).

UV irradiation and gamma irradiation are techniques widely used for the pro-
duction of graft copolymers with improved physicochemical properties (Eroglu
et al. 1998; Jiang and Hu 2001; Kim et al. 2005¢). UV irradiation of homogeneous
chloroform solutions of PHO and monoacrylate—poly(ethylene glycol) (PEG), con-
taining benzoyl peroxide as an initiator, resulted in monoacrylate—-PEG-PHO-
grafted copolymers. The surfaces and the bulk of the grafted copolymers became
more hydrophilic as the content of monoacrylate—PEG in the copolymer increased
(Kim et al. 2005¢).

Furthermore, in an attempt to increase the strength of PHB, the homopolymer
was immersed in isoprene solution (using heptane as a solvent) and irradiated with
UV radiation. As a result, grafted copolymers showing much better ductility and
strength than pure PHB were produced (Jiang and Hu 2001).

Gamma irradiation of mixtures containing either poly[(R)-3-hydroxynonanoate]
and methyl methacrylate (Eroglu et al. 1998) or acrylic acid and poly[(R)-
3-hydroxybutyrate-co-(R)-3-hydroxyvalerate] (Grondahl et al. 2005) also yielded
graft copolymers with interesting properties.

In other cases, PHASs containing double bonds in the lateral pendant groups were
grafted thermally using a polyazoester synthesized by the reaction of PEG and
4,4'-azobis(4-cyanopentanoyl chloride) (Hazer et al. 1999). A similar graft copoly-
mer has also been obtained by UV irradiation of a homogeneous solution of



164 E.R. Olivera et al.

poly[(R)-3-hydroxyundecanoate] and monoacrylate—PEG (Chung et al. 2003).
The presence of PEG in the graft copolymer conferred hydrophilicity to these
compounds, enhancing their bioavailability.

Many other interesting chemical reactions involving the participation of different
polymers, reagents, initiators and physicochemical conditions have also contributed
to the production of many interesting graft copolymers (Hazer 1994, 1996; Ilter
et al. 2001; Kim et al. 2002).

3.2.4 Block Copolymers of PHAs

Block copolymers are chemically synthesized polymers in which molecular frag-
ments belonging to others polymers have been inserted into the backbones of a
particular one (Hazer and Steinbiichel 2007). The aim is to obtain new PHAs with
improved mechanical properties with respect to natural PHAs.

The synthesis of these compounds involves the participation of PHB derivatives
(low molecular weight telechelic hydroxylated PHBs — PHB-diol) and other polyes-
ters or polyurethanes (Reeve et al. 1993; Hirt et al. 1996b; Andrade et al. 2002a, b).

Atactic PHB segments containing primary hydroxy ends (PHB-diol) are usually
produced by ring-opening polymerization of B-butyrolactone (Arslan et al. 1999),
whereas PHBs with a structure similar to that of natural isotactic PHB were pro-
duced through the regioselective ring-opening polymerization of (S)-f3-butyrolactone
(Jedlinski et al. 1998). These compounds showed higher solubility than natural
PHBs, but lacked crystallinity.

Block copolymers containing PHB and diethylene glycol were obtained by
means of transesterification reactions using low molecular weight telechelic
hydroxylated PHBs, diethylene glycol and p-toluene sulphonic acid as a catalyst
(Hirt et al. 1996a).

A multiblock polymer containing PHB and PEG as block segments was pro-
duced by copolymerization of a low molecular weight PHB-diol (generated by
alcoholysis of a high molecular weight bacterial PHB) and PEG in the presence of
hexamethylene diisocyanate as a coupling agent (Li et al. 2005b; Zhao and Cheng
2004). A triblock copolymer containing the same partner components (PHB-PEG—
PHB) was also synthesized by ring-opening polymerization of (R,S)--butyrolactone
using PEG-based macroinitiators. The copolymer obtained was an amorphous solid
that showed improved solubility with respect to pure PHB (Kumagai and Doi 1993;
Shuai et al. 2000).

A PHB-monomethoxy PEG diblock copolymer was obtained through a transes-
terification reaction using PHB, PEG methyl ether and bis(2-ethylhexanoate) tin
catalyst. The copolymers synthesized were amphiphilic and in water solutions
formed colloidal suspensions which turned into PHB crystalline lamellae (Ravenelle
and Marchessault 2002).

A copolyester containing PHB and PHO blocks was synthesized through poly-
condensation of PHB-diol and telechelic hydroxylated PHO (PHO-diol) in the
presence of terephthaloyl chloride. The incorporation of the soft PHO block
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together with the hard PHB block in a block copolymer, improved the mechanical
properties of pure PHB (Andrade et al. 2002b, 2003).

Interestingly, PHA—poly(ethylene oxide) diblock copolymers were synthesized
by P. oleovorans when cultured in fermentation media supplied with poly(ethylene
oxide) (Ashby et al. 2002).

An amphiphilic triblock copolymer consisting of poly(ethylene oxide) and PHB
as the hydrophilic and the hydrophobic blocks, respectively, was synthesized by
coupling two chains of methoxy—poly(ethylene oxide)-monocarboxylic acid with a
PHB-diol in the presence of 1,3-N,N-dicyclohexylcarbodiimide (Li et al. 2003,
2005a). This compound shows better thermal stability than its respective precur-
sors, undergoes thermal degradation in two separate steps, and has a strong ten-
dency to form micelles in aqueous solution (Li et al. 2003, 2005a).

Hirt et al. (1996b) reported the synthesis and characterization of block copolyes-
terurethanes containing telechelic hydroxy-terminated poly[(R)-3-hydroxybutyrate-
co-(R)-3-hydroxyvalerate)] as the hard segment (crystallizable chain fragment) and
poly(e-caprolactone) or poly[(adipic acid)-alt-(1,4-butanediol; diethylene glycol;
ethylene glycol)] as the soft segment (biodegradable fraction). A similar semicrystal-
line diblock copolymer { poly[(R)-3-hydroxyoctanoate]-block-poly(e-caprolactone)},
in which PHO constituted the elastomeric soft segment and poly(e-caprolactone)
formed a more crystalline hard segment, was described by Timbart et al. (2004).

3.2.5 Blending of PHAs with Other Polymers

Polymer blends are physical mixtures of homopolymers or copolymers with different
structures and properties (Verhoogt et al. 1994; Avella et al. 2000). Usually, blended
polymers are formed by integration of a natural polymer (PHB or a derivative) and
one or more synthetic ones, which improves or modifies some of the properties of the
natural polymer. The techniques commonly employed to produce blended polymers
are those based on either melt blending (direct mixing of component polymers in a mol-
ten state) or solution blending. The hydrophilicity, miscibility, crystallization behav-
iour, thermal characteristics, mechanical properties, polymer morphology and
biodegradation rates of PHAs containing blends are largely influenced by the nature
of the different components (Verhoogt et al. 1994; Ha and Cho 2002). In sum,
blending procedures have allowed the production of many different PHA-containing
mixtures with special characteristics and broad applications (Ha and Cho 2002). PHA
blends are included in two different groups depending on the biodegradability of the
mixtures: totally biodegradable blends and non-totally biodegradable blends.

Totally Biodegradable Blends

Totally biodegradable blends are polymer mixtures containing PHAs and another
(or other) biodegradable polymer(s) as components. The blending of PHAs with
certain biodegradable polymers usually improves the biocompatibility and the
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biodegradability of the pure PHA (Verhoogt et al. 1994), thus increasing the
medical applications. Different fully biodegradable PHA-containing blends have been
studied. These include mixtures of PHB with cellulose derivatives (cellulose—
acetate—butyrate and cellulose—acetate—propionate) (Scandola et al. 1992; Ceccorulli
et al. 1993; Pizzoli et al. 1994), starch (Willet and Shogren 2002; Godbole et al.
2003), starch—acetate (Zhang et al. 1997a), PLA (Blumm and Owen 1995),
poly(Dp,L-lactide) (Zhang et al. 1997b), poly(e-caprolactone) (Kumagai and Doi
1992a, b; Lisuardi et al. 1992), poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyval-
erate] (Kumagai and Doi 1992a; Owen et al. 1992; Organ and Barham 1993; Organ
1994; Barham and Organ 1994; Satoh et al. 1994; Yoshie et al. 2004), poly(6-
hydroxyhexanoate) (Abe et al. 1994a), PHO (Horowitz and Sanders 1994; Dufresne
and Vincendon 2000), poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate]
(Zhao et al. 2003), poly(B-propiolactone) (Kumagai and Doi 1992a), synthetic PHB
(Pearce et al. 1992, 1994; Abe et al. 1994a, b, 1995; Pearce and Marchessault
1994), PHB-diol (Saad 2002), synthetic poly[(R)-3-hydroxypropionate] (Cao et al.
1998), poly(e-caprolactone-co-lactide) (Koyama and Doi 1996), poly(vinyl alco-
hol) (Yoshie et al. 1995; Azuma et al. 1992), and poly(ethylene oxide) (Avella and
Martuscelli 1988; Avella et al. 1991, 1993; Kumagai and Doi 1992b). The blending
of PHO with PLA or PEG has also been reported (Renard et al. 2004).

Non-Totally Biodegradable Blends

This group of PHAs includes mixtures of polymers formed from a biodegradable
polyester (usually PHB) and one or more non-biodegradable polymers (often
chemically synthesized polymers). The presence of a non-biodegradable polymer
in the blend usually restricts the access of hydrolytic enzymes (i.e. PHA depoly-
merases) to the biodegradable partner chain, thus preventing weight loss and
increasing the stability of the polymeric mixture (Verhoogt et al. 1994). Examples
of these polymers include blends of PHB with poly(vinyl acetate) (Greco and
Martuscelli 1989; Kumagai and Doi 1992a, b), poly(epichlorohydrin) (Dubini et al.
1993; Sadocco et al. 1993), poly(vinylidene fluoride) (Liu et al. 2005), poly(methyl
methacrylate) (Lotti et al. 1993), ethylene—propylene rubber (Greco and Martuscelli
1989; Abbate et al. 1991), ethylene—vinyl acetate (Abbate et al. 1991), poly(1,4-
butylene adipate) (Kumagai and Doi 1992a), poly(vinylphenol) (Iriondo et al.
1995; Xing et al. 1997) or poly(cyclohexyl methacrylate) (Lotti et al. 1993).

For further information about blended polymers, their properties and applica-
tions, see the reviews by Ha and Cho (2002) and Yu et al. (2006).

4 Biotechnological Applications

Although high fermentation costs have hindered the use of PHAs as commodity
materials, the development of a huge variety of PHAs, which differ in both monomer
composition and physicochemical properties, has expanded the potential applications
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of these polymers. Usual PHAs and UnPHAs are being used to obtain new products
with high added value that can be applied in medicine (for making materials such
as sutures, stents, implants, cardiovascular patches, slings, nerve guides, articular
cartilage substitutes, tendon repair devices, wound dressing materials, bone-marrow
scaffolds, carriers for bone morphogenetic proteins, bone fracture fixation systems,
orthopaedic pins, and cell-growth-supporting materials; Sevastianov et al. 2003;
Zheng et al. 2003; Sudesh 2004; Chen and Wu 2005; Valappil et al. 2006; Hazer
and Steinbiichel 2007; Li et al. 2008), in pharmacy (as activators of the coagulation
systems and the complementary reaction, as vehicles for drugs with antitumoral
activity, as radiopotentiators, as chemopreventive, analgesic, antihelmintic, and
nitric oxide synthase inhibitors, etc.; Olivera et al. 2001a; Sevastianov et al. 2003);
in industry (as alternative sources to natural rubber; Mooibroek and Cornish 2000;
van der Walle et al. 2001; Luengo et al. 2001; Sudesh 2004; Prieto et al. 2007; Bhatt
et al. 2008; Li et al. 2008) as well as in other emerging fields of research (the tailor-
ing of bioparticles for use in nanotechnology, the manufacture of biotags for protein
purification, the design of new insecticides, production of composites for use in
tissue engineering applications, etc.; Moldes et al. 2004; Misra et al. 2006; Rehm
2007; Li et al. 2008; Yao et al. 2008). The properties discovered in novel PHAs,
such as polythioesters (high thermal stability and putative antibacterial activity)
could broaden the medical applications of these compounds (Liitke-Eversloh and
Steinbiichel 2004). Furthermore, taking into account that PHAs can be synthesized
from many different carbon sources (crop plants, bagasse hydrolysates, paper mill
waste water, whey, municipal waste water, sugar cane molasses, animal fats and
vegetable oils, etc.; Ashby and Foglia 1998; Coats et al. 2007; Bengtsson et al.
2008; Koller et al. 2008; Mengmeng et al. 2008; van Beilen and Poirier 2008;
Yu and Stahl 2008), PHA-producer organisms could play important ecological
roles since they can be used to eliminate contaminants (Sudesh et al. 2007) or to
recycle different industrial residues, even those that are toxic or dangerous for many
species (Goff et al. 2007; Nikodinovic et al. 2008).

5 Concluding Remarks and Future Outlook

In view of the huge variety of PHAS reported in this review, it is evident that these
polyesters not only represent a hopeful alternative to replace traditional plastics,
but also, owing to their special properties and physicochemical characteristics, they
offer a plethora of potential biotechnological applications (including ecological,
medical, pharmaceutical and industrial uses). Additionally, the description of new
PHA-producer strains isolated from unexplored (or until now scarcely studied)
habitats (Ayub et al. 2009; Boiandin et al. 2008; De Lorenzo 2008; Kalyuzhnaya
et al. 2008; Simon-Colin et al. 2008a, b; Singh and Mallick 2008; Yan et al. 2008),
the design of novel methods for the study and detection of these polyesters even in
mixed microbial populations (Berlanga et al. 2006; Monteil-Rivera et al. 2007,
Russell et al. 2007; Dias et al. 2008; Foster et al. 2008; Grubelnik et al. 2008;
Serafim et al. 2008; Werker et al. 2008) as well as recent advances in genetic,
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metagenomic and metabolic engineering (Olivera et al. 2001a, b; Cowan et al.
2005; Solaiman and Ashby 2005; Kung et al. 2007; Sandoval et al. 2007; Tsuge
et al. 2007; Veldzquez et al. 2007; Dias et al. 2008; Kalyuzhnaya et al. 2008; Ruth
et al. 2008) together with new approaches based on chemical synthesis and blending
processes (Hazer and Steinbiichel 2007) will undoubtedly expand the number of
PHAs s that will become available in the near future. Furthermore, the fact that these
polymers can be synthesized from different bacteria (Gram positive, Gram nega-
tive, aerobic or anaerobic), yeast and plants (Mittendorf et al. 1998; Terentiev et al.
2004; Zhang et al. 2006; Suriyamongkol et al. 2007; Ciesielski et al. 2008) when
cultured under different nutrient and environmental conditions could allow advan-
tage to be taken of many raw materials and their use in the elimination of
industrial wastes (or subproducts) in different countries, thus facilitating the eco-
nomic and industrial development of many areas of the planet.

In sum, although PHAs were discovered in 1925 (Lemoigne 1926), today,
almost a century later, these compounds are one of the most promising biomaterials,
as may be corroborated by reading the different chapters in this volume.
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Abstract Synthesis of polyhydroxyalkanoates (PHAs) in crop plants is viewed as
an attractive approach for the production of this family of biodegradable plastics
in large quantities and at low costs. Synthesis of PHAs containing various mono-
mers has so far been demonstrated in the cytosol, plastids, and peroxisomes of
plants. Several biochemical pathways have been modified to achieve this, includ-
ing the isoprenoid pathway, the fatty acid biosynthetic pathway, and the fatty acid
[B-oxidation pathway. PHA synthesis has been demonstrated in a number of plants,
including monocots and dicots, and up to 40% PHA per gram dry weight has been
demonstrated in Arabidopsis thaliana. Despite some successes, production of
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PHAs in crop plants remains a challenging project. PHA synthesis at a high level in
vegetative tissues, such as leaves, is associated with chlorosis and reduced growth
in some plants. The challenges for the future are to succeed in the synthesis of PHA
copolymer with a narrow range of monomer composition, at levels that do not com-
promise plant productivity, and in creating methods for efficient and economical
extraction of polymer from plants. These goals will undoubtedly require a deeper
understanding of plant biochemical pathways as well as advances in biorefinery.

1 Introduction

Despite the interesting properties of polyhydroxyalkanoates (PHAs) as biodegradable
thermoplastics and elastomers, use of these bacterial polyesters as substitutes for
petroleum-derived plastics remains a challenge, in part owing to the costs related to
bacterial fermentation, making the synthesis of most PHAs substantially more
expensive than that of commodity polymers, such as polyethylene. It is in the context
of producing PHAs on a larger scale and at lower cost than is possible by bacterial
fermentation that production of these polymers in plants, and particularly agricul-
tural crops, is viewed as a promising approach (Brumbley et al. 2008; Poirier 1999;
Poirier and van Beilen 2008; Suriyamongkol et al. 2007). Synthesis of PHAs in
crops also fits into a larger concept of using plants as vectors for the renewable and
sustainable synthesis of carbon building blocks that are currently almost exclusively
provided by the petrochemical industry.

Synthesis of PHA in plants was first demonstrated in 1992 by the accumulation of
poly[(R)-3-hydroxybutyrate] (PHB) in the cytoplasm of cells of Arabidopsis thaliana
(Poirier et al. 1992b). Since then, a range of different PHAs have been synthesized,
including various copolymers such as poly[(R)-3-hydroxybutyrate-co-(R)-3-hy-
droxyvalerate] [P(HB—HV)] and medium-chain-length (MCL) PHAs, in a variety of
plants, including corn, sugarcane, and switchgrass (Table 1; Poirier and van Beilen
2008). This has been achieved through the modification of various pathways localized
in different subcellular compartments, such as the fatty acid and amino acid biosyn-
thetic pathways in the plastid or the fatty acid degradation pathway in the peroxisome.
Although the initial driving force behind synthesis of PHA in plants has been for
the biotechnological production of biodegradable polymers, PHA synthesis in
plants has also been used as a useful tool to study some fundamental aspects of
plant metabolism (Poirier 2002).

2 Polyhydroxybutyrate

2.1 Synthesis of Polyhydroxybutyrate in the Cytoplasm

PHB is the most widespread and thoroughly characterized PHA found in bacteria.
Despite its relative poor physical properties as a thermoplastic, PHB was initially
targeted for production in plants. This is because the first bacterial PHA biosynthetic
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genes cloned were for PHB synthesis from the bacterium Ralstonia eutropha
(Schubert et al. 1988; Slater et al. 1988) and because this is one of the simplest
pathways for production 