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Abstract This article gives an overview of high-
cell-density cultures for polyhydroxyalkanoate (PHA)
production and their modes of operation for increasing
productivity. High cell densities are very important in PHA
production mainly because this polymer is an intracellular
product accumulated in various microorganisms, so a high
cellular content is needed for the polymer production. This
review describes relevant results from fed-batch, repeated
batch, and continuous modes of operation without and with
cell recycle for the production of these polymers by
microorganisms. Finally, recombinant microorganisms for
PHA production, as well future directions for PHA pro-
duction, are discussed.
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DO Dissolved oxygen
FOS Fructooligosaccharides

GBL v-Butyrolactone

GRP Waste glycerol

HCDC High-cell-density cultures
MM Mineral medium

P(3HB) Poly(3-hydroxybutyrate)
P(3HB-4HB) Poly(3-hydroxybutyrate—4-

hydroxybutyrate)
Poly(3-hydroxybutyrate—4-
hydroxybutyrate—3-hydroxyvalerate)
Poly(3-hydroxybutyrate-co-3-

P(3HB-4HB-3HV)

P(3HB-co-3HV)

hydroxyvalerate)

P(3HB-co-4HB) Poly(3-hydroxybutyrate-co-4-
hydroxybutyrate)

%PHAs Polyhydroxyalkanoate cell content

PA Propionic acid

PHA Polyhydroxyalkanoates

PHAgcL Short-chain-length
polyhydroxyalkanoates

PHASM L Medium-chain-length
polyhydroxyalkanoates

TPHAS Productivity of
polyhydroxyalkanoates

STR Stirred tank reactors

Xr Residual biomass

Xt Total biomass concentration

Introduction

Polyhydroxyalkanoates (PHAs) are biodegradable biopoly-
mers produced by microorganisms. Poly(3-hydroxybutyrate)
(P(3HB)) and poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate) (P(3HB-co-3HV)) are the best representatives of this
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polymer class that have properties similar to petrochemical
polymers, and they can be produced from renewable sources
[28]. These polymers have high production costs which limit
their more widespread use [5]. Over the last decade, research
has focused on the development of alternative cost-effective
processes for PHA production, including the use of low-value
substrates (agricultural or industrial waste or surplus feed-
stocks) [4, 12, 40, 61], mixed microbial cultures [13, 68],
recombinant strains [1, 17, 36, 64], and the development of
efficient culture strategies, among which are cultures for
high-cell-density production in the shortest time [1, 31, 35].

The use of low-cost agroindustrial substrates can
decrease the PHA production costs, because its represent
50 % of P(3HB) production costs [10]. These substrates
have moderate carbon source concentrations, e.g., citrus
molasses (80 g 17! [4]), or low carbon source concentra-
tion, e.g., whey (40 g 17" [1]). Therefore, strategies for
feeding with these substrates are needed when high cell
densities are desired, but few works about feedstock feed
strategies for high-cell-density culture have been reported
[1, 35, 74] owing to difficulties in operations for substrates
containing moderate or low carbon concentrations.

One of the main goals for biotechnological process
development is to maximize productivity, to obtain the
highest density of products of interest in a reaction volume
within the shortest time. High cell densities are a require-
ment for high productivities [65]. Historically, high-cell-
density cultures (HCDC) were first established for yeast in
the production of single-cell proteins, bioethanol, and
biomass [65]. Later, dense cultures of other mesophiles
(streptomyces, methylotrophs, etc.) producing other
kinds of products (antibiotics, PHA, etc.) were developed
[38, 72].

Continuous and fed-batch cultures are the main opera-
tion modes for HCDC of microbial cells. Usually, fed-
batch cultures reach densities above 50 g 17! of total dry
cells [64, 77]. However, for the production of PHA, den-
sities above 100 g17' of total dry cells and around
3040 g 17! of residual biomass (Xr) [active biomass
without the polymer; Xr = total biomass — P(3HB)] are
considered high cell densities [3, 67].

Once PHAs are accumulated inside the cell, and in most
cases under limitation of an essential nutrient (nitrogen,
phosphorus, oxygen, etc.), their productivity is directly
proportional to the residual biomass production in the
process. Hence, processes with high cell densities (higher
Xr concentration) are desired because they favor PHA
production, especially in terms of reduction of the culture
volume, reduction of residual liquids, lower production
costs, and lower investment in equipment compared to the
low-cell-density processes [7, 27, 32, 67].

Currently, continuous, repeated batch, and fed-batch
cultures are the main culture strategies used for high-cell-
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density PHA production. For P(3HB) production, fed-batch
cultures have been widely used with the goal of reaching
high cell density; such cultures increase the system pro-
ductivity and require low investment and production costs
[35, 67, 69, 75]. When agroindustrial wastes are used, a
dilution of the cell occurs owing to the moderate or low
carbon source concentration; therefore, in order to avoid
this problem, cell recycle can be used to retain the cell
inside the bioreactor and drain a partial volume of the
fermentation broth [1].

Recombinant microorganisms have been investigated to
produce PHA with some advantage in relation to wild-type
strains to obtain HCDC for PHA bioprocess production.
For example, the following recombinant strains have been
used for PHA production: Escherichia coli [1, 11, 16, 73,
74], Cupriavidus necator [17, 22, 57, 63], Aeromonas
hydrophila 4AK4 [42], Methylobacterium extorquens [23],
Pseudomonas strains [25, 45], and yeasts strains [36, 55,
56, 78].

In this context, this review summarizes the trends in
HCDC for PHA bioprocess production.

Main operation modes for production
of polyhydroalkanoates in high-cell-density cultures

Fed-batch culture

The fed-batch technique was originally devised by yeast
producers in the early 1900s to regulate the growth in batch
culture of Saccharomyces cerevisiae [54]. Yeast producers
observed that in the presence of high concentrations of
malt, a by-product—ethanol—was produced, whereas in
low concentrations of malt, the yeast growth was restricted.
This problem was solved by a controlled feeding regime, so
that yeast growth remained substrate limited [46]. The
concept was then extended to the production of other
products, such as some enzymes, antibiotics, growth hor-
mones, microbial cells, vitamins [46], amino acids and
other organic acids [48], and polymers such as PHA
[29, 31, 65].

In fed-batch culture, cells are grown under a batch
regime for some time, usually until close to the end of the
exponential growth phase. At this point, the bioreactor is
fed with a solution of substrates, without the removal of
culture broth, until the desired volume in the bioreactor is
achieved. This solution should have all necessary nutri-
ents to keep a desired specific growth rate, and simulta-
neously reducing the production of by-products. These
by-products may also affect the culture environment such
that they might lead to early cell death even though
sufficient nutrients are available or are still being
provided.
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Two cases can be considered in fed-batch cultures: the
production of a growth-associated product and the pro-
duction of a non-growth-associated product. For PHA
production, a non-growth-associated product is verified
when fed-batch with C. necator (formerly known as
Wautersia eutropha, Ralstonia eutropha, Alcaligenes
eutrophus, or Hydrogenomonas eutropha) is used. A cul-
ture with this microorganism should have two phases: a
growth phase in which the cells are grown to the required
concentration, and a production phase (in most cases under
limitation of an essential nutrient, like nitrogen, phospho-
rus, oxygen, etc.) in which a carbon source and other
requirements for production are fed to the bioreactor [46].

Table 1 summarizes the results of PHA production by
HCDC fed-batch operations (without cell recycle) in terms
of PHA content, productivity of PHAs, total biomass
concentration, type of carbon source, and concentration of
the carbon source solution.

Table 1 shows that efforts to attain high cell density by
C. necator fed-batch cultures [7, 58, 67, 69, 75] presented
high carbon source concentration in the feed solution. Ryu
et al. [67] showed the importance of the glucose carbon
source feeding during the fed-batch culture with the aim of
reaching high cell density, high content, and high P(3HB)
productivity. The glucose feeding (monitored on-line) was
carried out to keep the carbon concentration in the bioreactor
between 0 and 20 g 17", The best results for the contents
of P(3HB), residual biomass, total biomass, and produc-
tivity by C. necator were 81 %, 42 g17', 221 g 17, and
3.75 g 17" h™', respectively. In a similar study, Shang et al.
[69] established a strategy based on the on-line glucose

Table 1 PHA production by HCDC-type fed-batch operations

feeding to obtain high cell density in a culture with C. ne-
cator in the production of P(3HB). The residual glucose
concentrations of 2.5,9, 16,and 40 g 1~! were maintained in
four separate cultures. The best results were obtained for the
culture which kept the concentration of residual glucose at
9 g 17!, reaching 208 g 17" of total biomass, 69 g 17" of
residual biomass, 139 g 1! of P(3HB),and 3.1 g "' h~'of
P(3HB) productivity. Kim et al. [32], after many trials with
glucose feeding strategies, reported that keeping the glucose
concentration between 10 and 25 g 1! in the production
phase is important for obtaining high productivity. Ienczak
etal. [27] also have shown that the maintenance of the carbon
source concentration in the media during culture is impor-
tant. These authors showed that the carbon source pulse
should not be performed upon carbon source exhaustion, but
rather when the carbon source is close to its half-velocity
coefficient for the substrate saturation concentration (Ks),
values around 10 g 17",

Cavalheiro et al. [7] established an HCDC for P(3HB-
co-4HB) and P(3HB-4HB-3HV) production by C. necator
using fed-batch mode (Table 1). The main carbon source
was biodiesel waste glycerol (GRP) (1,147.5 g 17" and the
culture was supplemented with y-butyrolactone (GBL) and
propionic acid (PA). The best result showed a PHA content
of 36.9 %, PHA concentration of 16.7 g 1_1, 4HB content
of 43.6 %, and 3HV content of 6.0 %. Total biomass
concentration at the end of the culture was 45 g 17", This is
the only work presented in Table 1 that used waste to attain
high cell density.

Burkholderia sacchari is a strain capable of producing
PHA on both balanced and unbalanced culture media.

Microorganism PHAs 9%PHAs  rpuas Xt Concentration of carbon  Carbon source References
(g 1'nh (g 1=Y  stock solution (g )

Aeromonas hydrophila ~ P(3HB-co-3HV) 50 0.54 50 AP Glucose/lauric acid [9]
Pseudomonas putida PHASMcL 51 1.91 141 AP Oleic acid [39]
Cupriavidus necator P(3HB-co-4HB) 36.1 0.17 30 1,174.5/999 Waste glycerol/GBL [7]
C. necator P(3HB-4HB-3HV) 36.9 0.25 45 1,174.5/999/999 Waste glycerol/GBL/PA  [7]
Alcaligenes latus P(3HB) 50 3.97 143 900 Sucrose [75]
P. putida PHASMcL 66.9 1.44 56 -8 Glucose/nonanoic acid [70]
C. necator P(3HB) 81 3.75 221 800 Glucose [67]
C. necator P(3HB) 68 0.45 40 500 Glucose/fructose [27]
Burkholderia sacchari P(3HB) 42 1.7 150 700 Sucrose [58]
C. necator P(3HB) 67 3.1 208 700 Glucose [69]
Bacillus megaterium P(3HB) 42.1 1.2 72 400 Sugar cane molasses [35]
B. sacchari P(3HB-co-3HV) 45 1.04 221 250/PA Sucrose/PA [66]

%PHAs PHA content, rppas productivity, Xt total biomass concentration, AP reagent with analytical purity, PA propionic acid, GBL y-butyrolactone

% Data not available
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Pradella et al. [S8] performed an experiment in an airlift
bioreactor for high-cell-density P(3HB) production from
B. sacchari TPT 189 under limited nitrogen conditions.
Total biomass, residual biomass, and P(3HB) production
were 150, 87, and 63 g 11, respectively.

Fed-batch cultures for obtaining high PHA productivity
must have appropriate feeding strategies for the carbon
source, because limitation of the carbon source in the
production phase can lead to the degradation of the intra-
cellular polymer owing to PHA depolymerase enzyme
activity. Many research groups have therefore focused on
the supply carbon source rather than that of the culture. For
example, Rocha et al. [66] cultivated B. sacchari for the
production of P(3HB-co-3HV) by means of feeding the
best carbon source (C) to propionic acid (PA) ratio (C/PA)
(Table 1). The authors concluded that concentrations of
higher sucrose (250 g17') and PA in the C/PA ratio
resulted in higher polymer production (45 %), total bio-
mass concentration of 221 g 17!, and productivity of
1.04 ¢ 1='h! [66]. These results show that the carbon
source concentration in the solution fed during a fed-batch
culture is important for the polymer production.

Some wild-type strains are capable of growth-associated
production of PHA. Yamane et al. [75] established such a
fed-batch system using Alcaligenes latus (Table 1). The
strategy used by these authors was based on feeding with
sucrose (900 g 1_1), inorganic element solutions, and
ammonia solution by the pH-stat method (i.e., feeding the
reactor in order to maintain a constant pH value), and the
nutrient solutions were supplied in proportion to the ratio
of their consumption rates, thereby maintaining the nutri-
ent concentrations at nearly constant levels during fer-
mentation. This approach afforded a residual biomass of
71.6 g 17!, total biomass of 143 g 17", and polymer pro-
ductivity of 3.97 g 17" h™'. It is important to highlight that
this work also mentions the importance of both the nitrogen
residual concentration feed and the carbon source feed in
obtaining high PHA productivity. Aragao et al. [3] reported
the differences between P(3HV-co-3HB) production by
cultures of C. necator, a microorganism that presented non-
growth-associated PHA production, with and without
nitrogen source feeding. Improvements in productivity
were obtained in cultures fed with nitrogen and the pro-
portion of 3HV incorporated was approximately twofold
higher in these cultures (0.46 g 17" h™' without nitrogen
supply, and 0.72 g 17" h™" with nitrogen supply).

Studies on PHA production have been conducted
regarding glucose feeding [69] and the feeding of glucose
and an organic acid [33] in order to reach high cell density
and high productivity. Chen et al. [9] explored P(3HB-
co-3HV) production by A. hydrophila 4AK4 from glucose
and lauric acid, aiming at establishing an efficient large-
scale production. A 20,000-1 bioreactor was used for three
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fed-batch cultures, which differed in the time point of the
pulses (residual glucose at 10 or 20 g 1™') and limiting
nutrient (nitrogen or phosphorus). The results pointed to
the importance of the residual carbon source concentration
(20 g17") at the moment of the lauric acid pulses for
obtaining 50 g 17" of total biomass, 24.4 g 17" of residual
biomass, and 0.54 g 17" h™' polymer productivity.

Medium-chain-length PHAs (PHApc1) can also be
produced in HCDCs. These PHAs are made up of mono-
mers with 6-14 carbon atoms and have different physical
and mechanical characteristics compared to short-chain-
length PHAs (PHAgc), which have 3-5 carbon atoms in
the main chain. It is worth pointing out that P(3HB)
belongs to the latter group. Lee et al. [39] established a
strategy for obtaining high cell density with Pseudomonas
putida from a culture in oleic acid for PHA ¢ production
by means of phosphorus limitation. The trials were carried
out in a 20-1 bioreactor with initial volume of 1.4 1 and
feeding of 15 g 17" of oleic acid in pulses. The strategy
was based on pH-stat for the growth phase and dissolved
oxygen (DO)-stat (the same as pH-stat, i.e., feeding the
medium in order to maintain a constant DO concentration)
for the production phase. The best results were a residual
biomass of 69.1 g 1_1, total biomass of 141 g 174 51 %
PHAs, and a productivity of 1.9 g 17" h™".

Sun et al. [70] recently studied the production of
PHA\ 1 by P. putida KT2440 to attain high cell density.
Different cultures were performed to compare a single-
stage carbon-limited process with a two-stage process
incorporating a nitrogen-limited stage. The results indicated
that in the single-stage process, exponential feeding of no-
nanoic acid resulted in high PHA productivity and content
but nitrogen limitation could perhaps further increase the
synthesis of PHA. The results for productivity, PHA con-
tent, and total biomass concentration were 1.44 g 17" h™",
66.9 %, and 56 g 17", respectively. It is important to high-
light that hydroxynonanoate (C9) and hydroxyheptanoate
(C7) PHA subunits were detected. Diniz et al. [14] studied
three strategies for the production of PHAyic by using
HCDC of P. putida. The first was based on a fed-batch
culture by pulses of the carbon source, the second was
continuously fed with carbon source during linear growth of
the residual biomass, and the third involved exponential
feeding of the carbon source. These authors reported that,
when a carbon source-limiting flow was used (i.e., the last
two strategies), lower specific growth rates were observed.
However all strategies yielded high cell density (about
30 g 17! of Xr). Furthermore, in all strategies the carbon
source concentration was lower than 1 g 17" at the end of
the growth phase and the biomass at the end of the culture
had a low PHAycr, content (3—15 %).

In another study aiming at high-cell-density P(3HB)
production by Bacillus megaterium, Kulpreecha et al. [35]
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(Table 1) used the feeding strategy of different C/N ratios
(C = carbon source sucrose or sugar cane molasses and
N = nitrogen source urea or ammonium sulfate). The
feeding strategy for the fed-batch culture was based on
DO- and pH-stat. A C/N ratio of 10 for sugar cane molasses
and urea, with pH-stat set at 7.00 and DO-stat set at 60 %,
afforded a residual biomass, total biomass, and productiv-
ity at the end of the culture of 42.1 g17!, 72 g 17!, and
1.2 g 17" h™", respectively. It is important to highlight that
is the only work presented in Table 1 that aimed to attain
high cell density by using a renewable carbon source (sugar
cane molasses).

Most of the studies [7, 58, 67, 69, 75] presented in
Table 1 used higher carbon source concentrations to obtain
high PHA concentrations, whereas when moderate con-
centrations were used (500 g 1! [27], 400 g 17! [35], and
250 g 17! [66]) the lowest PHA concentrations were
observed for fed-batch cultures.

Fed-batch culture with cell recycle

The cultures conducted through the fed-batch system can
have inhibitory metabolite accumulation or limiting con-
centration of nutrients. The efficacy of several microbial
cultures can, nevertheless, be increased by removing cell-
growth-inhibiting metabolites [44]. One way of reducing
the interference of these metabolites on microorganism
growth is by using the internal or external cell recycle
system. Internal recycle means a situation where a fraction
of the cells is kept in the bioreactor through a simple
sedimentation or by filtration inside the bioreactor, in order
to retain the biomass, aiming at removing liquid from the
bioreactor. In the case of external recycle, the effluent
liquid circulates through a cell separator (e.g., filters,
membranes, centrifuges, sedimentators, hydrocyclones) so
a flow rich in cells returns to the bioreactor, while the other
flow (filtered or permeated) leaves virtually free of cells
[46]. Next, the bioreactor is re-fed with the fresh culture
medium.

The traditional methods of separating cells from fer-
mentation broths are conventional filtration, sedimentation,
and centrifugation. Since cells are highly hydrated, have a
low specific gravity, and tend to be rather glutinous in
character, these methods of solid/liquid separation are
generally problematic and inefficient. Cross-flow filtration
on membranes has been proposed as an alternative method
for the separation of cells and/or product from fermentation
broths. The retentate is recirculated through the filtration
module, and the filtrate (permeated) is continuously
removed. Permeates are continually removed from the
module, without accumulation within the filtration system
with a substantial increase in concentration of solids in the
retentate stream [20].

There are no works in the literature about PHA pro-
duction with cell recycle by wild-type strain, only by
recombinant E. coli [1], and this study will be presented
in Sect. “Genetically modified organisms to produce
polyhydroxyalkanoates™.

Repeated batch culture with and without cell recycle

Repeated or sequential batch culture without cell recycle is
a system where the downtime for cleaning, medium prep-
aration, and sterilization is eliminated, making the process
more productive, besides not being restricted by the work
volume. This system consists of removing a partial volume
from the bioreactor’s work volume so that the same volume
is immediately fed with the fresh culture medium. Repe-
ated batch culture is a well-known method for enhancing
the productivity of microbial cultures because it skips the
turnaround time and the lag phase, thus increasing the
process productivity [24, 59]. This method has been a very
useful approach to increase the yields of several processes,
such as the production of hyaluronic acid [24], biohydro-
gen [43], and lipase [76].

For P(3HB) production by C. necator, Khanna and
Srivastava [31] investigated the repeated batch culture
without cell recycle. Cultures in batch and repeated batch
modes were carried out comparatively in a 7-1 bioreactor
with an initial volume of 4 1 at 30 °C and pH 7.00. The
system was characterized by the removal of 20 % (v/v) of
the bioreactor medium when the residual glucose concen-
tration was close to 10 g 17!, This procedure was carried
out twice with the feeding of fresh medium (fructose
solution stock with a concentration of 300 g 1~ and others
nutrients). The results obtained for the repeated batch
process, compared to the batch process, show an increase
in productivity and total biomass concentration from 0.15
t0 0.42 g 1"" h™ " and from 21 to 50 g 17", respectively. It
must be noted that the system used by these authors has the
disadvantage of eliminating the cells from the bioreactor,
which would cause a lower P(3HB) production in the
production phase.

The cell recycle system, together with the repeated batch
process, enables the achievement of a higher cell concen-
tration and productivity in the process [52]. There are few
studies about PHA production by repeated batch with cell
recycle; on the other hand, for other products this process is
well documented. Oh et al. [52] produced lactic acid
through cell recycle repeated batch fermentation. Their
results also indicated that only 26 % of the yeast extract
dosage, compared with conventional batch fermentation,
should be required to produce the same amount of lactic
acid, which might result in a considerable reduction
of production costs. The maximum cell concentration in
their experiment was greater than 28 g 17!, which might

@ Springer



280

J Ind Microbiol Biotechnol (2013) 40:275-286

contribute to the improvement of the productivity and
reduction of nutrient supplementation. Others examples of
the repeated batch recycle system include the cell immo-
bilization with media recirculation for gibberellic acid [47]
production and for fructooligosaccharide (FOS) fermenta-
tion [51].

Ibrahim and Steinbiichel [26] reported a repeated batch
process with cell recycle to produce PHA. In this work
different fermentation strategies for the cultivation of
a new P(3HB)-accumulating thermophilic bacterium,
Chelatococcus sp. strain MW 10, were performed with the
aim of achieving high-cell-density growth and high P(3HB)
productivity. Enhanced cultivation was achieved by a
repeated batch fermentation technique (42-1 scale). The
time for repeated batch was designed (50-h cultivation
batches) and cultivation was started with 25 1 (with 4 %
[v/v] inoculum size), with a pulse fed, and a new batch was
started. At the end of the culture (156 h), an HCDC of up to
115 g 17!, P(3HB) content of 11.8 %, and 13.6 g 17" of
P(3HB) were produced [26].

Continuous culture with and without cell recycle

A continuous production process is of great commercial
interest owing to its high productivities, especially for
strains with high maximum specific growth rates. The
continuous system is characterized by continuously feeding
the culture medium at a given constant flow, the work
volume being kept constant by continuously removing the
fermented broth. The microbial population in steady state
continuous cultures is in a constant physiological state
controlled by the variation in the residence time (relation
between work volume and substrate feed flow to the sys-
tem) in the bioreactor, amount of substrate fed into the
bioreactor, and cell recycle level (when applicable) [62].

Table 2 summarizes the results of PHA production by
HCDC-type continuous mode operations (without cell
recycle) in terms of the PHA content, productivity of
PHAs, total biomass concentration, type of carbon source,
and concentration of the carbon source solution, using
different microorganisms.

Ramsay et al. [60] investigated P(3HB) and P(3HB-co-
3HV) production in single-stage cultures by C. necator and
two-stage continuous cultures by A. latus, respectively
(Table 2). In the single-stage continuous cultures, C. ne-
cator DSM 545 accumulated to 33 % of its dry mass in
P(3HB) when fed with a medium containing glucose,
mineral salts, and nitrogen limitation. P(3HB-co-3HV) was
produced in similar experiments with A. latus (two-stage
continuous cultures) when propionic or valeric acid was
added to the feeding containing sucrose as the main carbon
source. In the first culture stage in a chemostat, feeding PA
at 5 g 17! resulted in a copolymer with a molar fraction of
20 % of 3HV units. Replacing PA (three carbons) with
valeric acid (five carbons) led to a higher content of 3HV
units in the copolymer. When high PA concentrations were
fed (85 ¢g 17", sucrose assimilation was inhibited. In this
case, transferring the bioreactor effluent to a second stage
led to the complete consumption of the sugar and afforded
P(3HB-co-11-mol %3HV), representing 58 % of the total
biomass.

Khanna and Srivastava [30] (Table 2) tested the con-
tinuous culture of C. mecator at 30 °C, pH 7.00 using
fructose as a carbon source. In this study, a two-stage
continuous system was established, the first one being used
for cell growth and the second for the P(3HB) production
process. The bioreactor used for the first stage contained a
high nitrogen concentration to avoid the limitation of this
nutrient. The second bioreactor was fed with the effluent of
the first one and with a concentrated fructose solution and

Table 2 PHA production by HCDC-type continuous mode operations without cell recycle

Microorganism PHAs %PHAS  rpyas Xt Concentration of carbon Carbon source References
el™'h™") (g1 stock solution (g 17"
Cupriavidus necator P(3HB) 73 1.25 50 500 Fructose [15]
C. necator P(3HB) 20 0.55 20 200 Fructose [30]
C. necator P(3HB) 33 - 5 500 Glucose [60]
Alcaligenes latus P(3HB-co-3HV) 58 2 -2 2 Sucrose/PA [60]
C. necator P(3HB) 77 1.85 81 67 Glucose [2]
Halomonas TDO1 P(3HB) 65 -2 20 400 and 200 (first stage)/100  Glucose [71]
(second stage)
Delftia acidovorans  Poly(3HB-co-4HB) 52 -2 3.0 100 (7.1 mol% of GBL) Acetic acid/GBL [49]
C. necator P(3HB-co-3HV) 40 -2 8.8 2 Fructose/pentanoic  [34]
acid

%PHAs PHA content, rpyas productivity, Xz total biomass concentration, PA propionic acid, GBL y-butyrolactone

? Data not available
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nitrogen limitation occurred. The purpose of establishing a
two-stage continuous process was justified by the authors
because the maximum P(3HB) production takes place
when nutrient (nitrogen) limitation occurs. The results
obtained showed that only 20 g 17" of the total biomass,
18.5 g 17" of residual biomass, and 1.5 g 1~' of P(3HB)
were accumulated with this system.

Du et al. [15] studied P(3HB) production by C. necator
in a two-stage continuous culture (Table 2). The first stage
was characterized by the microorganism growth phase,
whereas the second stage occurred with nitrogen limitation
for P(3HB) production. Among the values tested for the
dilution rates (reciprocal of the residence time values),
0.075 h™' showed the best results for P(3HB) percentage
(73 %) and productivity (1.25 g 17" h™!). The total bio-
mass was around 50 g 1~ and the residual biomass was
135g17%

A five-stage system for PHA production by C. necator
was reported by Atli¢ et al. [2]. The first bioreactor was
used for biomass growth and the other four bioreactors for
PHA production. It is important to emphasize that each
bioreactor presented a different dilution rate and residence
times. The last bioreactor worked with a higher volume in
comparison to the previous one in order to increase the
substrate conversion. When the steady state was reached,
the residual biomass, PHB content, and volumetric pro-
ductivity were 18.6 g1, 77 %, and 1.85g1 ' h!,
respectively.

It should be noted that P(3HB) is an intracellular product
and, hence, the higher biomass density, the higher polymer
density that could be accumulated. However in the litera-
ture there are no reports on continuous PHA production
processes using cell recycle. The continuous culture with
cell recycle allows for the operation at specific feed flows
above the maximum specific growth rate of the microor-
ganism, going beyond the limit imposed by ordinary con-
tinuous systems where the bioreactor maximum medium
average output flow is determined by the maximum spe-
cific growth rate. Therefore, in systems with cell recycle,
higher productivities could be expected [18].

In the case of PHAp L, a Swiss group reported the
continuous, growth-associated production of poly(3-hydro-
xyalkanoate-co-3-hydroxyalkenoates) in one-stage chemo-
stat cultures of P. putida ATTC 29147 in a single
continuous stirred tank reactor (CSTR). The applied sub-
strates encompassed S-phenylvalerate, octanoate, and
10-undecenoate. Multiple limited nutrient growth condi-
tions were chosen at a dilution rate of D = 0.1 h™'. Dif-
ferent mixtures of the substrates in the feed resulted in the
formation of copolyesters with varying compositions and
different amounts of aromatic and unsaturated side chains
that make the products accessible for further modification.
The authors report that the steady state conditions in a

continuous culture provide a strategy specially suited for
the production of tailored PHA copolymers [21].

A few studies on a two-stage continuous system were
conducted with other microorganisms than C. necator. In
the case of poly(3HB-co-4HB) production, Delftia acido-
vorans P4a was cultivated in mixtures of acetic acid and
GBL; here, poly(3HB-4HB) copolymers with a molar
fraction of 2.7-19 % 4HB were obtained. The authors
established that especially in the case of toxic substrates
like acetic acid and GBL, the two-stage continuous pro-
duction strategy is very convenient [49].

Tan et al. [71] developed an unsterile two-stage (bio-
reactor I and II) continuous process for P(3HB) production
by Halomonas TDO1, a halophilic strain. The start-up of
the process was performed in bioreactor I for 2 weeks.
Thereafter, the culture of bioreactor I was pumped to
bioreactor II. Cell growth in bioreactor II was under
nitrogen limitation conditions. Temperature, pH, and DO
were kept at 37 °C, 9.00, and 50 %. The total biomass was
20¢g 1! (second stage) and PHA content was 52 % (sec-
ond stage). The concentration of glucose fed into bioreactor
I was 400 and 200 g 1™ for the first 2 days and days 3-14,
respectively. For bioreactor II, a glucose solution
(100 g 17") was fed during all the operation time (14 days).

Genetically modified organisms to produce
polyhydroxyalkanoates

After many years of screening for PHA producers, several
useful wild-type strains were identified. However, few
strains have presented potential for industrial scale use
owing to low productivity and yield. In this sense, many
efforts have been made to maximize productivity, kinetics
parameters, and the capability to uptake renewable carbon
source by these wild-type strains. In the past, the main focus
of this line of research was on bioprocess engineering to
increase productivity and the kinetic parameters. However,
progress in metabolic engineering research and the combi-
nation of metabolic engineering and bioprocess engineering
have been exploited. In this context, some research groups
have focused on recombinant strain development for PHA
production by the insertion of genes responsible for the
PHA production in strains that lack this capability, or by the
knock out of genes in wild-type strains focused on
the increase of the yield and productivity, etc. At this
moment few recombinant strains (E. coli and C. necator)
have presented potential for industrial application on the
basis of results observed on bench and pilot scale.

The best representative of this class of modified strains
is E. coli. It holds promise as a source of economical PHA
production because of its high productivity, no need for
nutrient limitation, and the lack of a depolymerase system
degrading the synthesized polymer [16, 19, 37]. Since all
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wild-type E. coli strains are unable to synthesize PHA,
these organisms have to be equipped with at least the PHA-
encoding gene (phbCAB operon) [32]. After the cloning of
the C. necator PHA biosynthesis genes in E. coli [53],
recombinant E. coli has been investigated for the produc-
tion of P(3HB) because it has several advantages over other
bacteria [16]. In particular, it has been shown that recom-
binant E. coli harboring the heterologous PHA biosynthesis
genes has several advantages over wild-type PHA pro-
ducers; these advantages include a wide range of utilizable
carbon sources, accumulation of a large amount of P(3HB)
with a high level of productivity [16, 19, 37].

Table 3 summarizes the results of P(3HB) production by
recombinant E. coli under HCDC-type conditions in terms
of productivity of PHA, total biomass concentration, type
of carbon source, and concentration of the carbon source
solution.

The production of P(3HB) by recombinant E. coli
aiming at high cell density and high polymer productivity
was studied in a fed-batch by Wang and Lee [73]. They
carried out four cultures fed with different concentrations
of thiamine (15, 30, 250, and 300 mg 1™") and 20 g 1" of
glucose. According to the authors, the use of recombinant
E. coli for high-density P(3HB) production showed good
results (residual biomass = 43.7 g 17!, total biomass =
156 g 17", and productivity = 2.4 g 17" h™', with the use
of 30 mg 17! of thiamine), mainly because the biopolymer
production is associated with growth and there is no PHA
depolymerase enzyme in the cell.

Wong and Lee [74] used recombinant E. coli in an
HCDC strategy for P(3HB) production using whey as the
substrate. Two cultures were carried out fed with powder-
milk whey [65 % (w/v)] and a whey solution (210 g 171,
respectively. The productivity was virtually the same for
both cultures; however, the percentage of biopolymer and
the conversion rates were higher for the second culture.
The authors also point out that, owing to issues with the
solubility of powder-milk whey, the downstream process
could be hindered, because there would be no way of
separating the substrate from the product during the cell
separation step, which would result in low polymer purity.

In the literature, there is one study that reports the
use of external cell recycle for P(3HB) production by

recombinant E. coli GSC 4401 in a repeated fed-batch
mode with pH-stat strategy for whey feeding [1]. Two fed-
batch cultures with cell recycle were carried out, where run
A was fed with a whey solution containing 210 g 1" of the
lactose carbon source, whereas run B was fed with a whey
solution containing 280 g 17! of the lactose carbon source.
The external cell recycle system was carried out with a
membrane filter. The results showed that run B had better
total P(3HB) production results (168 g 1™") and P(3HB)
productivity (4.6 g17' h™") than run A. Run B also had
total biomass concentration of 194 g 1~' and residual bio-
mass of 25.2 g 17", High productivity was obtained with
this cell recycle system owing to the advantages of
retaining the cells in the bioreactor, draining the fermented
media (with low carbon source concentration), and feeding
concentrated carbon source solution into the bioreactor. It
is important to emphasize that PHA is an intracellular
product, and by using the cell recycle system, it is possible
to increase the PHA content owing to the larger carbon
source consumption without volume variations in the bio-
reactor, and without dilution of the cell/PHA concentration.

Another representative of the PHA recombinant strain
producers is C. necator. As notice before, this wild-type strain
is known as the model organism for PHA production, mainly
because it can store large amounts of PHA under nutrient
limitation [27, 67]. However, this strain is able to produce
only PHAgcr.. Focused on the replacement of petroleum-
based plastics, Riedel et al. [63] modified C. necator for the
production of poly(hydrobutyrate-co-hydroxyhexanoate)
(P(HB-co-HHx), a PHA\ ¢ product, by palm oil (PO) fer-
mentations. Four different cultures were performed: batch,
extended batch (with one pulse of palm oil), fed-batch (pH
control with NH4OH and PO pulses), fed-batch (urea as a
nitrogen source and PO pulses). The fed-batch with urea as a
nitrogen source had the best results for PHA production
(102 g 1", PHA content (73.5 % with 19 mol % of HHx),
total biomass concentration (138.8 g17'), and yield
(0.78 gpua (gpo)fl). The authors pointed out that the plas-
mid maintenance was robust in HCDCs, and the results
indicated that the plasmid-borne PHA production genes were
still present at the end of the culture.

There are others reports about recombinant C. necator
[17, 22]. Povolo et al. [57] constructed a C. necator

Table 3 P(3HB) production by recombinant E. coli under HCDC-type conditions

Culture strategy %P(3HB) FPHAS Concentration of carbon Carbon source References
@l™'h™"  (g1™"  stock solution (g 17"

Repeated batch (pH-stat) 80 1.4 87 210 Lactose [74]

Fed-batch (pulses, pH-stat) 72 24 156 700/0.25 Glucose/thiamine [73]

Fed-batch with cell recycle (pH-stat) 87 4.6 194 280 Lactose [1]

Fed-batch (pH-stat) 73 4.63 194.1 700/0.25 Glucose/thiamine [11]

9%(P(3HB) poly(3-hydroxybutyrate) content, rpyas productivity, Xt total biomass concentration
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recombinant strain capable of growing and producing PHA
in lactose, hydrolyzed whey, and directly in whey perme-
ate, with the aim of developing a useful strain able to use a
cheap carbon source and with an improved PHA produc-
tion by removing the polymer degradation mechanism. The
recombinant strain produced 30 % of PHB and the capa-
bility to uptake lactose, glucose as the sole carbon source,
and in a hydrolyzed whey permeate and non-hydrolyzed
whey permeate solution. Another contribution of this work
was the insertion of the lac operon within the phaZ gene
that may reduce the amount of PHA depolymerized by the
cell, thus improving the final polymer yield.

One way of making PHA synthesis cheaper could be the
availability of bacterial PHB biosynthesis genes and the
development of methods for transferring them into
eukaryotic systems. In this way it will be possible to equip
higher organisms like plants or yeasts with the ability to
synthesize PHA. Yeasts are traditionally used in biotech-
nological procedures; yeast metabolism and nutrition
physiology are sufficiently flexible to facilitate such pro-
duction; wild types are not ecologically harmful [6].

It has been shown previously that poly(hydroxybutyrate)
is synthesized in the cytosol of S. cerevisiae if the PHAgc
polymerase from R. eutropha is expressed in this cell com-
partment [36]. This finding indicates that native S. cerevisiae
is capable of synthesizing monomers of the correct enantio-
meric configuration for the polymerase enzyme. It has been
demonstrated recently that PHAy;cr can be synthesized in the
peroxisomes of S. cerevisiae and Pichia pastoris when the
PHA\ic1. polymerase from Pseudomonas aeruginosa is
expressed and targeted into this organelle [55, 56]. PHA\cL
can be synthesized in the cytosol if the PHAy ¢ polymerase
from Pseudomonas oleovorans is expressed in S. cerevisiae
[78]. Nevertheless the productivity and yield of these strains
is very low, and its scaling-up becomes difficult.

A wide range of strains have been modified for PHA
production: A. hydrophila 4AK4 [42], M. extorquens [23],
Pseudomonas strains [25, 45], and others. However the
potential scale-up of these strains is not possible at this
point because of the low productivity and yield.

Nowadays synthetic biology and engineering principles
applied to bioprocess development have been studied by
some research groups. This field of science involves the
disassembly, redesign, and standardization of existing bio-
logical components (parts, devices, and genetic circuits)
with the aim of creating novel genetic circuits, biosynthetic
pathways, and living system from abiotic components [41,
50]. As describe by Zhu et al. [79] the introduction of a
synthetic pathway for PHA biosynthesis into non-PHA-
producing microorganisms can confer improved survival
ability on host cells under adverse conditions such as star-
vation, desiccation, UV radiation, high osmotic pressure,
and the presence of organic solvents [8]. The introduction of

new biosynthetic pathways capable of producing stress-
related molecules may confer redundancy for damage pro-
tection on host cells, thus increasing their stress resistance.
However, the constitutive expression of enzymes involved
in synthetic pathways could impose a physiological burden
on the host, so an increase in the dynamic controllability of
the synthetic pathway introduced, using the strategies
illustrated above, seems necessary [79].

Conclusions and perspectives

Industrial PHA production only becomes economically
viable when high cell densities and high polymer produc-
tivities are reached with low costs. In recent years,
advanced techniques to control and monitor biotechno-
logical processes have appeared, aiming at reaching high
cell density in less costly processes. However, key factors
in P(3HB) production must be taken into consideration for
HCDCs: substrate and microorganism.

As a result of the high production costs of this polymer
compared to those of the petrochemical polymers, there is a
need for more productive strains and feeding strategies
with low-cost substrates such as agroindustrial wastes and
biomass. These substrates have low (2040 g 171) or
moderate (80-200 g 17" carbon source concentrations,
and the hydrolyzed biomass has hexose and pentose sugars,
which make the attainment of HCDCs difficult. For this
reason, appropriate strategies in fed-batch, continuous, or
repeated batch culture with cell recycle are necessary to
attain HCDC. When hydrolyzed biomass is used for
P(3HB) production, co-cultures can be used to uptake both
substrates (hexose and pentose) present in a raw material
biomass and convert them into polymer.

In general, recombinant microorganisms showed more
competitive conditions for industrial processes in relation
to wild-type strain owing to the absence of depolymerase
enzyme, absence of the necessity of nutrient limitation, and
the capacity to produce higher P(3HB) content in a short
time. These factors are favorable for enhanced productivity
and PHA production. On the other hand, recombinant
microorganisms have shown instability for industrial pro-
cesses (need of antibiotics and inductors for expressing the
genes of interest). Therefore, creating strains with this
genetic material inserted into DNA is needed for the sta-
bility of this process in an industrial plant.
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