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Abstract A medium-chain-length poly-3-hydroxyalkanote
(MCL-PHA) depolymerase knockout mutant of Pseu-
domonas putida KT2440 was produced by double homolo-
gous recombination. A carbon-limited shake-flask study
confirmed that depolymerase activity was eliminated. Lysis
of both mutant and wild-type strains occurred under these
conditions. In carbon-limited, fed-batch culture, the yield of
unsaturated monomers from unsaturated substrate averaged
only 0.62 mol mol~' for the phaZ minus strain compared
to 0.72 mol mol~! for the wild type. The mutant strain also
produced more CO, and less residual biomass from the same
amount of carbon substrate. However, most results indicated
that elimination of PHA depolymerase activity had little
impact on the overall yield of biomass and PHA.

Keywords phaZ - Knockout - PHA - putida -
Depolymerase
Introduction

Poly-3-hydroxyalkanote (PHA) polyesters are synthe-
sized by many bacteria and have attracted extensive
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commercial interest due to their biocompatibility and
biodegradability [14, 18]. PHAs are classified as short-
chain-length PHAs (SCL-PHAs) when the pendant group
of monomer varies from O to 2 carbons, medium-chain-
length PHAs (MCL-PHAs) when there are three or more
carbons on the pendant group and SCL-MCL-PHAs
when polymers consist of both SCL and MCL monomers
[19, 22]. MCL-PHAs are of increasing interest because
of their low crystallinity, high elasticity [13, 25] and the
possibility of having different functional groups, such as
alkenes [21], aromatic groups [12], halogen [9, 16, 20],
esters [30] and phenoxy groups [27] on their side chains.
Since more than 100 different MCL-PHA monomers can
be incorporated, MCL-PHAs can exhibit a wide variety
of properties with many possible applications including
coatings, medical implants, drug delivery, water-based
latex paints and others [39, 40]. PHAs are more expen-
sive to produce than conventional plastics with expendi-
tures almost evenly divided between carbon source, fer-
mentation process and separation process [37]. Metabolic
engineering may be used to achieve higher PHA cellu-
lar content, more effective carbon source usage, and to
obtain novel PHAs with valuable properties, thus increas-
ing commercially viability. One such approach is the
elimination of PhaZ activity.

The phaZ gene encoding PhaZ is located between phaCl
and phaC2 genes of the MCL-PHA metabolism gene clus-
ter which consists of phaCl, phaZ, phaC2, phaD, phaF and
phal genes in Pseudomonas putida KT2440 whose entire
genome has been mapped [17, 24]. The PhaZ of P. putida
KT2442, a spontaneous rif mutant of P. putida KT2440
[2], is an intracellular MCL-PHA depolymerase and an
MCL-PHA granule surface-associated protein [7, 8]. PhaZ
is reported to play a crucial role in the turnover of MCL-
PHASs under carbon starvation in P. putida KT2442 [5].
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During MCL-PHA synthesis, both PHA synthases and
depolymerases are found on the surface of the granules
along with other “phasins”. This observation, work on scl-
PHAs [10] and other data have led to the belief that synthe-
sis and degradation may occur simultaneously [26]. Thus, it
can be speculated that phaZ minus mutants should be more
productive in terms of PHA synthesis. Reports have dem-
onstrated increased production in phaZ-knockout mutants
of P. putida strain U [1] and P. putida KT2442 [3], while
others have found that neither a mutant of P. putida GPol
lacking part of the phaZ gene [14] nor transposon-disrupted
phaZ minus mutants of P. resinovorans [34] showed any
substantial difference in PHA accumulation under condi-
tions favorable to PHA synthesis. In particular, since dele-
tion of phaZ has been shown to allow more efficient accu-
mulation of “longer” medium-chain-length substrates such
as 11-phenoxyundecanoic acid in P. fluorescens BMO7
[4], we wished to examine the effects of eliminating PhaZ
activity on accumulation of undecylenic acid. This sub-
strate results in the formation of PHA with unsaturated
(vinyl) side chains [38] which have many possible applica-
tions due to their chemical reactivity. To date, all studies
of phaZ minus strains accumulating MCL-PHA have been
conducted in flasks where physiological conditions cannot
be well controlled. An understanding of the effects of phaZ
on PHA accumulation under different physiological condi-
tions is required if MCL-PHA is to be produced efficiently.

In the current study, a phaZ minus mutant of P. putida
KT2440 was created as a way to prevent degradation of
unsaturated MCL-PHA granules during commercial produc-
tion of MCL-PHA. Fed-batch culture is typically used for

Table 1 Strains and plasmids used in this study

commercial production, as it allows high product concentra-
tions to be achieved. The carboxylic acids needed to achieve
maximum accumulation of MCL-PHA inhibit growth at
relatively low concentrations. For example, concentrations of
sodium octanoate greater than 30 mM (5 g 171) are toxic to
P. putida GPol [11]. To avoid carboxylic acid toxicity and
since P. putida KT2440, unlike GPol, exhibits high PHA
productivity and yield in carbon-limited high-density cul-
ture [23], single-stage, carbon-limited, fed-batch fermenta-
tions were used to compare the wild type and the MCL-PHA
depolymerase knockout in terms of growth and unsaturated
MCL-PHA production. To this end, the phaZ minus mutant
was evaluated for its potential to more efficiently produce
MCL-PHA under well-controlled PHA production condi-
tions. This is the first report of the behavior of an MCL-PHA
depolymerase minus mutant in fed-batch culture.

Materials and methods
Bacterial strains, plasmids, primers and chemicals

Bacterial strains and plasmids used in this study are listed
in Table 1. Escherichia coli DH5aF' was used for routine
cloning work, E. coli S17-1 was employed to transfer con-
structed gene-deletion plasmids into P. putida KT2440 in
conjugal experiments and P. putida KT2440 was the MCL-
PHA producer whose phaZ gene was deleted to create the
phaZ minus mutant. For genetic manipulations, E. coli and
P. putida strains were grown in Luria—Bertani (LB) medium
at 37 °C overnight. Ampicillin sodium (150 pg ml~!) or

Strains and plasmids Relevant characteristics

Source or reference

Strains
E. coli DH5aF

F’, gyrA96(Nal"), recAl, relAl, endA 1, thi-1, hsdR17 (r;m,f), gInV44, deoR, A(lacZYA-
argF), U169, [®80dA(lacZ)M15], Tet"

Laboratory stock

E. coli S17-1 thi, pro, hsdR, recA, mobilizer strain [33]
P. putida KT2440 (ATCC mt-2, hsdR1(r"m™), without TOL plasmid [2]
47054)

P. putida DZ18 phaZ minus mutant of P. putida KT2440 This study
Plasmids

pBluescript I1 KS (+) Cloning plasmid, T3 and T7 promoters, lacZa, Amp® Stratagene

pGEM®-T Easy Cloning plasmid, SP6 and T7 promoters, lacZa, Amp" Promega

pK18mobsacB Gene-deletion plasmid, sacB, lacZo, Kan® [29]

pBlueCl1 pBluescript II KS (4) containing phaCl of P. putida KT2440 This study

pBlueC1C2 pBluescript II KS (+) containing phaCl and phaC2 genes of P. putida KT2440 This study

pK18C1C2 pK18mobsacB containing phaCl and phaC2 genes of P. putida KT2440 This study

pGCIlAZC2 pGEM®-T Easy carrying DNA fragment containing phaCl and phaC2 genes cloned This study

from genomic DNA of P, putida DZ18

ATCC American Type Culture Collection, sacB levansucrase gene, Amp” ampicillin resistance, Kan" kanamycin resistance, Tet” tetracycline

resistance
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Table 2 Primers used in this study

Primer Sequence® (5'-37) Restriction site anchored Purpose

amCI1-F gcaaagcttacagcaaccggtactegtete Hindlll Amplify phaCl, phaC1C2

amC1-R acgctcgagttgggtgaagtaaacaccgtgg Xhol Amplify phaCl

delC2-F atcctcgagaagttcctgcaggaagaacgtc Xhol Amplify phaC2

delC2-R ctgggtacctgaacaactgcagggegcatte Kpnl Amplify phaC2

C2-R1 ctgaagctttgaacaactgcagggcegcattc Hindlll Amplify phaC2, phaC1C2

amZ-F cctgaattcaaaatgccatcaagcatgcagacte EcoRI Amplify DNA fragment containing phaZ
amZ-R tgggaattctgcttctgeccaggecagatag EcoRl1 Amplify DNA fragment containing phaZ
Clseq 1 ggtgaacatggatgecttcgaag None Sequencing

Clseq 2 tgttcgacatcctgttctggaac None Sequencing

Clseq 3 atggatcagacgagggagtgttg None Sequencing

C2seq 1 cattccagtacaggatgtcgaac None Sequencing

C2seq 2 ttttcgctcatcggegagtactg None Sequencing

C2seq 3 gatggcgttctgcacgttcatg None Sequencing

# Restriction enzyme cleavage sites are underlined

kanamycin sulfate (100 pg ml~!) were added as required.
pBluescript II KS (+) was used to subclone phaCl and
phaC2 genes from genomic DNA of P. putida KT2440.
Suicide plasmid pK18mobsacB was used to construct the
plasmid for excising the phaZ gene from the P. putida
KT2440 chromosome by double homologous recombina-
tion. pGEM®-T Easy was used to subclone the DNA frag-
ment containing phaCl and phaC2 genes from phaZ minus
mutant to confirm the nucleotide sequence. Primers were
synthesized by Life Technologies Corporation (USA) and
are listed in Table 2. Nonanoic acid (NA) and undecylenic
acid (UDA) were purchased from Sigma-Aldrich (Canada).
Pseudomonas Isolation Agar was purchased from Thermo
Fisher Scientific Inc. (Fisher Scientific, Canada).

Genetic manipulations

Restriction endonucleases, FastAP thermosensitive alkaline
phosphatase and Pfu DNA polymerase from Thermo Fisher
Scientific Inc. (Fisher Scientific, Canada), and 1-kb DNA
Step Ladder, GoTaq Flexi DNA polymerase and T4 DNA
ligase from Promega Corporation (Fisher Scientific, Canada)
were used as recommended by the suppliers. Plasmid isola-
tion, agarose gel electrophoresis, preparation and transfor-
mation of competent E. coli using calcium chloride and elec-
troporation followed the procedures described by Sambrook
and Russell [28]. Genomic DNA of P. putida strains were
extracted using an E.ZN.A.® Bacterial DNA kit (Omega
Bio-tek Inc., USA), plasmids and PCR products were puri-
fied using a Gel/PCR DNA Fragment Extraction kit (IBI
Scientific, Canada), and the DNA fragments from restriction
endonuclease reactions were purified using an EZN.A.®
MicroElute DNA Clean-Up kit (Omega Bio-tek Inc.) accord-
ing to the protocol provided by the manufacturer. The cloned

DNA fragment was sequenced for confirmation (Genome
Quebec Innovation Centre, Montreal, Canada).

Construction of phaZ gene-deletion plasmid pK18C1C2
and MCL-PHA depolymerase minus mutant of P. putida
KT2440

The phaCl gene with ribosome binding site was ampli-
fied from genomic DNA of P. putida KT2440 by PCR
employing Pfu DNA polymerase and a pair of primers
amC1-F/amC1-R. The PCR products of phaCl were puri-
fied, digested with Hindlll/Xhol, purified and inserted into
purified Hindlll/Xhol-hydrolyzed pBluescript II KS (+),
resulting in plasmid pBlueC1. The phaC2 gene with ribo-
some binding site was amplified from genomic DNA of P.
putida KT2440 by PCR employing Pfu DNA polymerase
and a pair of primers delC2-F/delC2-R. The PCR prod-
ucts of phaC2 were digested with Xhol/Kpnl and inserted
into Xhol/Kpnl-hydrolyzed pBlueCl, resulting in plasmid
pBlueC1C2. A 3,624-bp DNA fragment containing the
phaCl and phaC2 genes was amplified from pBlueC1C2 by
PCR employing Pfu DNA polymerase and a pair of prim-
ers amCI-F/C2-R1. The PCR products of phaClphaC2
were digested with Hindlll and inserted into HindlIl/alka-
line phosphatase-treated pK18mobsacB, resulting in phaZ
gene-deletion plasmid pK18C1C2 as shown in Fig. la.

The phaZ minus mutant of P. putida KT2440 was cre-
ated by a double homologous recombination as shown in
Fig. 1b and as described by Simon et al. [32] and Schweizer
and Hoang [31]. Three ml of both early-log-phase cultures
of donor pK18C1C2-bearing E. coli S17-1 and recipient
P. putida KT2440 grown in LB medium were mixed and
centrifuged to harvest cells; the pellet was resuspended
in 100 pl of LB medium, which was then dropped on a
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Fig. 1 Suicide plasmid for
excising the phaZ gene from the
P. putida KT2440 chromosome
via double homologous recom-
bination (a) and the construc-
tion scheme for producing the
phaZ-knockout mutant P. putida A
DZ18 (b)
PBR322-o0ri

oril pK18C1C2
9.3 kb

nptll

filter placed on an LB agar plate that was then incubated
at 37 °C overnight to allow conjugation to occur. P. putida
KT2440 transconjugants on the filter were selected on
Pseudomonas Isolation Agar containing 100 g ml~! kana-
mycin (PIAKan100). Single colonies were subsequently
streaked on LB agar containing 15 % sucrose (wt/vol), and
incubated at 30 °C overnight. Sucrose-resistant colonies
were screened for the appropriate deletion by colony PCR
employing GoTaq Flexi DNA polymerase and a pair of
primers amZ-F/amZ-R. To verify the nucleotide sequence
of phaClphaC?2 cluster of the phaZ minus mutants, a DNA
fragment containing phaClphaC2 genes from genomic
DNA of the mutants was amplified by PCR employ-
ing GoTaq Flexi DNA polymerase and a pair of primers
amC1-F/C2-R1, ligated into pGEM®-T Easy resulting in
pGC1AZC2, and sequenced using SP6, T7, Clseq 1-3 and
C3seq 1-3 primers.

Shake flasks for verifying the function and evaluating
the unsaturated MCL-PHA production of the MCL-PHA
depolymerase minus mutant

A defined mineral salts (DMS) medium plus 5.0 g 17! NA
or 5.0 g 17! UDA or a mixture of 2.5 g 17! NA and 2.5 g 17!
UDA as the only carbon sources was used. The DMS
medium contained per liter: 6.35 g Na,HPO,, 2.7 g KH,PO,,
0.39 g MgSO,, 0.5 g (NH,),SO, and 1 ml of trace element
solution [35]. Cultures grown overnight in Difco nutrient
broth (NB) were used as the seed cultures and transferred

@ Springer
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into Erlenmeyer flasks containing the DMS medium and fatty
acid to achieve the initial optical densities ODyq,, = 0.2.

Fermentation conditions

The carbon-limited fed-batch fermentations were per-
formed at 30 °C with 3.0 1 initial working volume in a
Minifors 5 1 stirred tank bioreactor (InforsHT, Bottmingen,
Switzerland). The inoculum medium, the initial fermenta-
tion medium, seed culture preparation and fermentation
system were set up and controlled with data acquisition
conducted as described previously [38].

A mixture of NA + UDA (1:1 mol/mol) was fed based
on the mass of the substrate reservoir. A total of 1 g 17! of
NA + UDA was added to the initial fermentation medium.
The additional carbon substrate was exponentially fed
according to Eq. 1.

_ Xz _ XO
Yxis  Yxys

S et (1
where S, (g) is the total carbon source required to produce
biomass X, (g) at time ¢ (h), Yy (g g~ is the yield of bio-
mass from total carbon, X, is the initial biomass and w is the
desired specific growth rate (0.15 h™! was used in this study).

Analytical procedures

Dry cell weights (DCW) were determined with lyophilized
biomass. The biomass was obtained by centrifugation of
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30-90 ml of culture at 12,000g for 10 min and a distilled
water wash. Residual phosphate and ammonium concentra-
tions in the supernatant of the centrifuged broth were deter-
mined as described previously [35]. Unsaturated MCL-
PHA content and composition were determined by GC
analysis after methylation using benzoic acid as the inter-
nal standard [36]. The unsaturated MCL-PHA standard for
the GC analysis was prepared by repeated cycles of solvent
extraction followed by precipitation in cold methanol as
described previously [15]. Carbon dioxide (CO,) content
in the exit gas was measured with an infrared CO, monitor
(Guardian Plus, Topac Inc. Hingham, MA, USA) and the
data were acquired by a LabVIEW 6.1 program (National
Instruments) to calculate the CO, production rate (CPR,
g 17! h™!). The monitor was calibrated with air and a gas
mixture containing a known amount of CO, before each
fermentation.

Results

Construction of MCL-PHA depolymerase minus mutants
of P. putida KT2440

MCL-PHA depolymerase minus mutants of P. putida
KT2440 were created successfully by excising the phaZ
from the phaClIZC2 gene cluster. This was achieved
by double homologous recombination between phaCl
and phaC2 genes of the P. putida KT2440 chromosome

and phaCl and phaC2 genes of the introduced plasmid
pK18CI1C2 (see “Materials and methods” for construction
details). The pK18CIC2 plasmid was conjugally trans-
formed into P. putida KT2440 cells (Fig. 1). Candidate
phaZ minus mutants were selected from sucrose-resistant
colonies and screened by colony PCR using the primer pair,
amZ-F/amZ-R. Colonies with successful recombinations
would give rise to PCR products of 626-bp DNA fragment
without phaZ. Unsuccessful recombination would give rise
to a 1,426-bp DNA fragment with phaZ (852 bp). These
1,426-bp products were observed with a control colony of
wild-type P. putida KT2440.

PCR products derived from 39 candidate colonies were
analyzed by agarose gel electrophoresis. Seven colonies
gave the expected DNA fragment size of about 0.6 kb. The
other 32 colonies produced DNA products of about 1.4 kb,
similar to the control (data not shown). The seven posi-
tive candidate colonies were then assessed further using
their extracted genomic DNA as templates to amplify their
phaClphaC2 gene cluster by PCR. The primer pair amC1-
F/C2-R1 was used for these particular PCR reactions. The
PCR products were also cloned into pGEM-T Easy and
subjected to sequencing for confirmation.

A comparison of genome-derived PCR products
between candidate phaZ mutants and the wild-type P.
putida KT2440 confirmed that phaZ was excised from the
genome of P. putida KT2440 (Fig. 2). Using the primer
pair amC1-F/C2-R1, mutant strains gave rise to a 3.6-kbp
product (without phaZ), whereas control strains gave rise to

acagcaaccggtactegtctcaggacaacggagegtegtagATG. ... |

....AAAATGCCATCAAGCATGCAGACTC..... TGA|

—]}
—1
—1
—
p—
—
—

phaCl

gttacagegecglggeggcctgcacggegcecacggtetitacticaccca

actegagaagticctgcaggaagaacgtcagegtgcggtcatgeateeccg

atcagacgagggagtgttgc#ATG ...CTATCTGGCC TGGCA!

phaC2

GAAGCA....... TGAE ctgctgactggatgaaaacccgegatcgtate

Fig. 2 Analysis of PCR products of one representative of the MCL-
PHA depolymerase minus mutant of P. putida KT2440 (a) and
nucleotide sequence of its phaClphaC2 gene cluster (b). The lanes
in panel a are as follows: lane 1, 1-kb DNA Step Ladder; lanes 2—4,
genomic DNA of P. putida KT2440, P. putida DZ18 and plasmid
pKI18CI1C2, respectively, used as templates and employing the primer
pair amC1-F/C2-R1; lanes 5-7, genomic DNA of P. putida KT2440,
P. putida DZ18 and plasmid pK18C1C2, respectively, used as tem-

cttgaatgcgccctgcagttgtic

plates and employing the primer pair amZ-F/amZ-R. In panel b,
coding regions of phaCl and phaC2 are boxed with start and stop
codons. Residual nucleotides of phaZ gene are highlighted by gray
shading. Native linker nucleotides between phaCl, phaZ and phaC2
genes are bolded and italicized. The genetically added Xho 1 restric-
tion site is indicated by the strike-through. Nucleotide sequences used
to design the primers amCI1-F, amCI1-R, delC2-F, delC2-R, C2-R1,
amZ-F and amZ-R are underlined
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Fig. 3 Dry biomass (a), MCL-PHA content (b) and MCL-PHA
concentration (c) of wild-type (circle) and MCL-PHA depolymerase
minus (triangle) P. putida KT2440. Strains were cultivated at the ini-
tial ODgyp,m ~ 0.2 and shaken at 200 rpm, at 30 °C. 20 ml of cultures

a longer DNA product of about 4.4 kbp (with phaZ). Con-
firmatory PCR reactions employing the primer pair amZ-F/
amZ-R and the same genomic DNA preparations showed
the same results as above in the colony PCR screens (0.6
versus 1.4-kb DNA fragments). In addition, the sequencing
results for the seven candidate mutants showed that there
were no changes in nucleotide composition or in lengths
of the phaCl and phaC2 as a consequence of the double
homologous recombination process.

These results indicated that the MCL-PHA depolymer-
ase minus mutants were successfully created from double
homologous recombination in which the coding region
of the phaZ was excised from the genome of P. putida
KT2440. One of these seven mutants was selected and des-
ignated as P. putida DZ18 for further study.

Functional verification of the MCL-PHA depolymerase
in P. putida DZ18

Pseudomonas putida DZ18 and the wild type were grown
on NB medium for 20 h and then transferred into baffled
shake flasks containing 300 ml DMS medium with 5 g 17!
NA to verify the activity of the MCL-PHA depolymer-
ase in vivo. This was achieved by observing cell growth
and MCL-PHA content under nitrogen-limited condi-
tions (Fig. 3). The yield of dry biomass is approximately
5.44 ¢ ¢7! NH, [36]. Since, the medium initially contained
only 0.5 g (NH,),SO,, there was only enough nitrogen to
support 0.76 g 17! of biomass before the N-source was
exhausted.

Both the wild-type P. putida KT2440 and DZ18 grew to
a maximum of 2.50 g I=! dry biomass. The biomass con-
centration of both strains declined after the carbon and
energy source was exhausted, but the rate of decrease was
more rapid in the wild type. The % PHA was constant in
the PhaZ minus, while it decreased rapidly in the wild type.
Moreover, a decrease in residual biomass (total biomass
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were taken at each point of time to analyze biomass and MCL-PHA
accumulation. Dry residual biomass (RB) was calculated by subtract-
ing accumulated MCL-PHA from dry total biomass (TB). Data repre-
sent the average of the two independent experiments

minus PHA) concentration indicated that lysis occurred in
both strains during carbon limitation. This result showed
that the function of PhaZ in P. putida DZ18 was success-
fully removed through the excision of phaZ gene from P.
putida KT2440 genomic DNA.

Production of unsaturated MCL-PHA by P. putida DZ18
in shake flasks

Pseudomonas putida KT2440 and P. putida DZ18 grown
on NB medium for about 20 h were transferred into 500-
ml shake flasks containing 100 ml of DMS medium with
5 g 17! UDA alone or a mixture of NA 4 UDA (i.e.,
2.5 g 17! of each) to investigate the accumulation of unsat-
urated MCL-PHA. There was no apparent difference in
either PHA content or composition between the wild-type
and phaZ minus strains when grown on undecylenic acid
alone (Table 3). When a mixture of nonanoic and unde-
cylenic acids was fed, the mutant strain accumulated about
4 mol % more unsaturated subunits in its MCL-PHA. This
difference was entirely due to an increase in C9:1 as the %
of C11:1 subunits was almost identical.

Effect of phaZ knockout on production of unsaturated
MCL-PHA in single-stage, carbon-limited, fed-batch
fermentation

Single-stage, carbon-limited, fed-batch fermentations
were performed to investigate the effects of the phaZ
knockout on cell growth and accumulation of unsaturated
MCL-PHA under the carbon-limited conditions. The pat-
tern of growth was not greatly affected by the absence of
phaZ (Fig. 4a, b). The overall carbon balance (assuming a
residual biomass carbon content of 50 % by weight) was
not affected (Fig. 4c). As in the shake flask experiment,
much less C9:1 accumulated in the wild-type than in the
mutant strain. However, under these conditions, the wild
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Table 3 Unsaturated MCL-PHA accumulation by the wild type and MCL-PHA depolymerase minus mutant of P. putida KT2440 in shake
flasks

Strain Carbon source/ DCW (g/L) MCL-PHA Saturated and unsaturated MCL-PHA monomer compositions (mol %)

Cultivation time content (%)

M 9:0 C7:0 Cll:1 9:1 C7:1 Total Total
saturated unsaturated
monomers monomer

P putida UDA/48 1.86£0.09 51.94+15 0.00 0.00 38.14+14 558+1.3 624+0.1 0.00 100
KT2440 ypa/72 1.71£024 482416 0.00 0.00 356+ 1.8 58.7+1.0 58+1.0 000 100
NA + UDA/48 1.64 £0.04 385+14 374404 142407 195+06 289+05 ND 516411 484+1.1
NA + UDA/72 1.53 £0.06 365+05 364+13 138406 189+1.1 309+£0.7 ND 5024+ 1.8 498+18
P putida UDA/48 230+£027 587437 0.00 0.00 366+£18 57.6+£09 58+ 1.1 0.00 100
DZ18  ypa/72 2474048 67.9+£40 0.00 0.00 39.8+£28 556+26 47+£02 0.00 100
NA + UDA/48 1.61 £0.03 383+£38 359+03 114+03 18.0+£03 354+09 ND 466+06 53.4+06
NA + UDA/72 1.70 £ 0.08 47.7+£23 349406 113402 18.04+03 358+0.5 ND 462408 53.8+08

Strains were cultivated at the initial ODg,,, ~ 0.2 and shaken at 200 rpm, at 30 °C for 48 and 72 h. Data represent the average of the three inde-
pendent experiments, and error denotes standard deviation; 3C9:0, 3-hydroxynonanoate; 3C7:0, 3-hydroxyheptanoate; 3C11:1, 3-hydroxyunde-
cenoate; 3C9:1, 3-hydroxynonenoate; 3C7:1, 3-hydroxyheptenoate; ND, not detected
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Fig. 4 Dry biomass (a), MCL-PHA concentration (b), carbon bal- fed-batch fermentations. Dry residual biomass (RB) was calculated
ance (c) and yield of unsaturated MCL-PHA produced from UDA-fed by subtracting the accumulated MCL-PHA from the dry total bio-
(d) the wild-type and the MCL-PHA depolymerase minus P. putida mass (TB)

DZ18 from four different batches of the single-stage, carbon-limited,
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Fig. 5 Cumulative carbon dioxide production (CCP) of four different
batches of the single-stage, carbon-limited, fed-batch fermentations
of the wild type (Pp KT2440) and the phaZ minus mutant (Pp DZ18)

type accumulated more unsaturated subunits. The yield of
unsaturated monomers from unsaturated substrate averaged
only 0.62 mol mol~! for the phaZ minus strain compared
to 0.72 mol mol~! for the wild type (Fig. 4d). The other
notable difference between the two strains was a marked
increase in CO, production in the mutant strain (Fig. 5).

Discussion

MCL-carboxylic acids are the most effective substrates
for production of MCI-PHAs as they can be incorporated
in very high yield. However, since MCL-carboxylic acids
are toxic at relatively low concentrations, well-controlled
feeding methods are required for their use in high-density
fermentations. Carbon limitation is a simple and effec-
tive method of achieving this control in the production of
MCL-PHA with P. putida KT2440, but carbon limitation
may induce lysis. Lysis did occur during carbon and energy
starvation of both the wild-type and phaZ minus strains
(Fig. 3). Lysis releases surface-active compounds that cause
foaming upon aeration. Foaming drastically increases fer-
mentor liquid volume, eventually causing fermentation ter-
mination and decreasing overall productivity. The fact that
lysis occurs under such conditions demonstrates the impor-
tance of a feeding profile that limits accumulation of toxic
fatty acids while supplying sufficient carbon and energy to
avoid carbon starvation but still allowing PHA synthesis.
Differences in physiology between the wild-type and
mutant strains were detected. For example, in fed-batch
culture the mutant strain accumulated less unsaturated
PHA from the same molar amount of unsaturated substrate
taken up. Previous examinations of phaZ minus P. putida
have demonstrated that phaZ deletion can interfere in the

@ Springer

transcription of phaCl with a corresponding up-regula-
tion of phaC2 [3]. However, differences in the MCL-PHA
composition have been shown to be associated with dif-
ferent levels of phaZ expression and not due to a mutation
polar effect [4]. Other variations in the flux of carbon were
noted. Although 5 % of the carbon fed was not accounted
for (Fig. 4c has a 0.95 slope), the straight line fit demon-
strates that data from the four fed-batch fermentations
were consistent throughout each individual fermentation.
The increased production of CO, by the phaZ minus strain
corresponded to a decrease in residual biomass indicating
a significant change in the mutant strain’s physiology not
directly related to either the depolymerase or disruption of
transcription of phaCs.

MCL-PHA synthesis is controlled by NADH/NAD
ratios and carbon substrate availability [26]. In our investi-
gation, the phaZ minus mutant and the wild type produced
similar amounts of biomass and PHA during carbon and
energy limitation (exponential fed-batch fermentation). The
only decrease in MCL-PHA content occurred during car-
bon and energy starvation of the wild-type strain. However,
it has been demonstrated that both MCL-PHA depolymer-
ase and acyl-CoA synthase are present on the surface of
MCL-PHA inclusions, facilitating rapid turnover. Acyl sub-
stituents released from the granule can be reactivated in a
form suitable for polymerization by binding to CoA, which
requires ATP. It has also been shown that conditions lead-
ing to increased MCL-PHA synthesis, such as the presence
of MCL-fatty acids, are associated with increased tran-
scription of phaZ [6]. Thus, although our data do not show
any significant advantage in PHA yield by elimination of
the depolymerase, there is likely some value in achieving
its elimination. A method of eliminating PhaZ activity is
needed that retains transcription rates of both phaCI and
phaC2. However, since elimination of PHA depolymerase
activity had little effect on PHA productivity, its elimina-
tion is not required for commercial production by carbon-
limited fed-batch culture of P putida KT2440.
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