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The formation of poly(3-hydroxyalkanoates) (PHAs) in Pseudomonas putida KT2442 from various carbon
sources was studied by '3C nuclear magnetic resonance spectroscopy, gas chromatography, and gas
chromatography-mass spectroscopy. By using [1-_3C]decanoate, the relation between beta-oxidation and PHA
formation was confirmed. The labeling pattern in PHAs synthesized from [1-_3C]acetate corresponded to the
formation of PHAs via de novo fatty acid biosynthesis. Studies with specific inhibitors of the fatty acid
metabolic pathways demonstrated that beta-oxidation and de novo fatty acid biosynthesis function indepen-
dently in PHA formation. Analysis of PHAs derived from [1_-3C]hexanoate showed that both fatty acid
metabolic routes can function simultaneously in the synthesis of PHA. Furthermore, evidence is presented that
during growth on medium-chain-length fatty acids, PHA precursors can be generated by elongation of these
fatty acids with an acetyl coenzyme A molecule, presumably by a reverse action of 3-ketothiolase.

Fluorescent Pseudomonas strains belonging to RNA homol-
ogy group I are able to accumulate poly(3-hydroxyalkanoates)
(PHAs), which consist of 3-hydroxy fatty acids, as a carbon and
energy reserve (11, 18). The monomer compositions of these
polyesters are variable and are determined by the specificity of
the PHA polymerase system, the nature of the substrate, and
the metabolic routes leading to PHA formation (5). On the
basis of a structural analysis of PHAs synthesized by Pseudo-
monas oleovorans growing on medium-chain-length saturated
and unsaturated alkanes, it has been proposed that 3-hydroxy-
acyl coenzyme A (acyl-CoA) intermediates of the beta-oxida-
tion route are channeled to PHA synthesis (13). In line with
these results, de Waard et al. (3) showed that the structure of
the monomer units in PHAs formed by Pseudomonas putida
KT2442 during growth on (poly)unsaturated long-chain fatty
acids matches the structures that can be predicted from the
beta-oxidation pathway for unsaturated fatty acids (16).

Detailed one- and two-dimensional nuclear magnetic reso-
nance (NMR) studies on PHA synthesized from carbohydrates
revealed the presence of both saturated and unsaturated
3-hydroxy fatty acids. The chemical structures of these constit-
uents are identical to the structures of the acyl moieties of the
3-hydroxy-acyl acyl carrier protein (ACP) intermediates of the
fatty acid biosynthetic pathway (10). In addition, it was dem-
onstrated that the degree of unsaturation of PHA and mem-
brane lipids is similarly influenced by shifts in cultivation
temperature. On the basis of these results, we proposed that
during growth on carbohydrates, intermediates of the de novo
fatty acid biosynthetic pathway are diverted to PHA synthesis.
It remained, however, to be determined whether PHA precur-
sors are (in part) generated by beta-oxidation of newly synthe-
sized long-chain fatty acids.

In order to establish in more detail the relation between
PHA synthesis and fatty acid metabolism in P. putida, we
studied PHA formation by using '3C-labeled substrates and
specific inhibitors of the fatty acid metabolic pathways. This
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approach allowed us to determine that in P. putida, both
beta-oxidation and de novo fatty acid biosynthesis can function
independently and simultaneously in generating precursors for
PHA synthesis.

MATERIALS AND METHODS

Media and culture conditions. P. putida KT2442 (1) was
used in all experiments. P. putida KT2442 was cultivated in
1-liter Erlenmeyer shake flasks containing 250 ml of 0.5 x E2
medium (10) at 30°C in an orbital incubator at 150 rpm
(Gallenkamp) with various carbon sources.

13C-labeled fatty acids were added to the cultures at the end
of the exponential growth phase. The substrate concentrations
used were as follows: 10 mM decanoate plus 5 mM [1-13C]de-
canoate and 20 mM hexanoate plus 5 mM [1-13C]hexanoate.
[1-13C]acetate (0.6 g/liter) was added to cultures growing on
15-g/liter glucose at the end of the exponential growth phase.
Cells were harvested by centrifugation (10 min at 5,000 x g),
washed, and lyophilized. "3C-labeled substrates were obtained
from Isotec, Miamisburg, Ohio. Hexanoate and decanoate
were obtained from Merck, Darmstadt, Federal Republic of
Germany.
Polymer isolation and analysis. Isolation of PHA was per-

formed by chloroform extraction of lyophilized cells followed
by methanol precipitation of PHA. Gas chromatography (GC)
analyses of PHA were performed as described previously (10).
GC-mass spectroscopy (GC-MS) analyses were performed
with an HRGC/MS GC attached by direct interface to a QMD
1000 ms mass spectrometer (both from Carlo-Erba, Milan,
Italy). Spectra were obtained as electron impact (EI) spectra
(70 eV) or as chemical ionization spectra, with isobutane as the
reacting agent. The scan rate was 1 s-l.

13C NMR analysis was performed on PHA samples dis-
solved in deuterated chloroform. 13C NMR spectra were
recorded on a Bruker AC200 NMR spectrometer at a probe
temperature of 27°C.

Inhibition of fatty acid metabolism. Inhibitors of beta-
oxidation and fatty acid synthesis were acrylic acid (17)
(Merck) and cerulenin (6, 12) (Sigma, St. Louis, Mo.), respec-
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tively. In E2 medium with octanoate (10 mM) as the sole
source of carbon and energy, the growth of P. putida KT2442
was inhibited by acrylic acid at a concentration of 0.1 mg/ml.
Cerulenin inhibited the growth of P. putida KT2442 on mineral
E2 medium at a concentration of 0.3 mg/ml.

RESULTS

PHA synthesis from [1-13C]acetate. The relation between
PHA formation and de novo fatty acid biosynthesis was studied
by "3C NMR and GC-MS analyses of PHAs synthesized from
13C-labeled substrates. For this purpose, (1- 3C]glucose and
[6-'3C]glucose are not suitable because the 3C-labeled carbon
atom is released as CO2 in the reaction steps leading to
acetyl-CoA. Therefore, we used [1-13C]acetate, which after
conversion to acetyl-CoA is a precursor for de novo fatty acid
biosynthesis. Because P. putida KT2442 grows poorly on
acetate as the sole carbon and energy source, we used glucose
as the substrate with 13C-labeled acetate as a cosubstrate. This
results in a dilution of 13C label so only a fraction of the carbon
atoms in PHA are labeled. When P. putida KT2442 was
cultivated on 1.5% glucose and 0.15% 13C-labeled acetate,
PHA formation was observed. GC analysis of the 3-hydroxy
fatty acid methyl esters derived from purified polyester re-
vealed that the monomeric composition did not differ from
that of PHA isolated from P. putida KT2442 cultivated with
glucose as the sole carbon source.
El GC-MS showed that all 3-hydroxy fatty acid methyl esters

derived from PHA synthesized from glucose-[1-_3C]acetate
were enriched with 13C. The 13C NMR spectrum of PHA
purified from P. putida KT2442 cultivated on glucose-[1-
3C]acetate is shown in Fig. 1, and the carbon chemical shift
data are summarized in Table 1. The assignment of the signals
in this spectrum is in agreement with earlier NMR studies (3,
4, 7, 9, 15). Compared with the signals of the even-numbered
carbon atoms, all signals corresponding to odd-numbered
carbon atoms are enhanced, indicating a'C enrichment of the
odd-numbered carbon atoms.

Synthesis of 13C-labeled PHA from [1-13C]decanoate. To
investigate the relation between fatty acid degradation and
PHA synthesis, PHA formed from 1-13C-fatty acids was ana-
lyzed by GC-MS and 13C NMR. The compositions of PHAs
isolated from P. putida KT2442 grown on [1-13C]decanoate
and on unlabeled decanoate are shown in Table 2. The 13C
NMR spectrum of PHA purified from P. putida KT2442
cultivated on [1-13C]decanoate is depicted in Fig. 1. From the
intensities of the signals corresponding to carbon atoms 1 and
2 in PHA derived from [1-'3C]decanoate and unlabeled de-
canoate, we estimate a 10-fold 13C enrichment of the C-1
carbon atom in PHA from [1-13C]decanoate.

El GC-MS analysis of the 3-hydroxy fatty acid methyl esters
derived from PHA formed on [1-13C]decanoate showed that
only the 3-hydroxydecanoate methyl esters were enriched. On
the basis of the El GC-MS spectra (Fig. 2), it was also
determined that enrichment was exclusively located in a frag-
ment with an mie of 103 corresponding to carbon atoms C-1,
C-2, and C-3 of the monomers (7).

Synthesis of "3C-labeled PHA from [1-_3C]hexanoate. The
composition of PHA derived from [1-13C]hexanoate and un-
labeled hexanoate as determined by GC is shown in Table 2. In
addition to the major constituent, 3-hydroxyhexanoate, six
other monomer units were identified: 3-hydroxyoctanoate,
3-hydroxydecanoate, 3-hydroxydodecanoate, 3-hydroxydode-
cenoate, 3-hydroxytetradecanoate, and 3-hydroxytetradeceno-
ate. These monomers are normally found in PHA isolated
from P. putida KT2442 cells cultivated on non-PHA-related
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FIG. 1. 13C NMR spectra of PHA isolated from P. putida KT2442
cultivated on [1-'3C]decanoate (A) and on glucose and [1-_3C]acetate
(B). The assignments of the carbon atoms of the 3-hydroxydecanoate
monomers (A) and of the major constituent 3-hydroxydecanoate (B)
are indicated. 13C-enriched carbon atoms are marked (*). The signals
corresponding to carbon atoms in the double bonds of the unsaturated
monomers are also assigned. The chemical shifts of all constituents can
be found in Table 1.

substrates (10). The presence of these monomers was further
confirmed by 13C NMR spectroscopy (Fig. 32.

Chemical ionization GC-MS analyses of 3C-labeled PHA
revealed that the 3-hydroxyhexanoate methyl esters contained
one 13C-enriched carbon atom. EI GC-MS data showed that
the label was located in a fragment with an mie of 103
corresponding to the carbon atoms C-1, C-2, and C-3 of the
3-hydroxy fatty acids. The 13C NMR spectrum of PHA isolated
from cells cultivated on [1-13C]hexanoate is depicted in Fig. 3
together with the assignment. It can be seen that the intensity
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TABLE 1. 13C chemical shifts of PHA monomers isolated from P.
putida KT2442 cultivated on glucose

Chemical shift (ppm) of 3-hydroxyalkanoate monomers
Carbon

C6 C8 Clo C12 C12:1 C14 C14:1
1 169.40 169.40 169.40 169.40 169.40 169.40 169.40
2 39.14 39.14 39.14 39.14 38.47 39.14 39.14
3 70.63 70.88 70.88 70.88 70.51 70.88 70.88
4 35.92 33.78 33.84 33.84 31.47 33.84 33.44
5 18.34 24.74 25.10 25.10 122.98 25.10 25.10
6 13.82 31.55 29.38 29.38 133.88 29.38 26.85
7 22.52 29.21 29.54 27.43 29.54 128.80
8 13.99 31.81 29.38 29.54 29.54 130.73
9 22.65 29.21 29.02 29.54 27.29
10 14.09 31.81 31.92 29.38 29.54
11 22.65 22.65 29.21 29.02
12 14.09 14.09 31.81 31.92
13 22.65 22.65
14 14.09 14.09
a Downfield from internal tetramethylsilane. C6, 3-hydroxyhexanoate; C8,

3-hydroxyoctanoate; C1O, 3-hydroxydecanoate; C12:1, 3-hydroxy-cis-5-dodeceno-
ate; C12, 3-hydroxydodecanoate; C14:1, 3-hydroxy-cis-7-tetradecenoate; C14, 3-hy-
droxytetradecanoate.

of the signal assigned to the C-1 carbon atom is enhanced in
comparison with the same signal in the 13C NMR spectrum of
PHA derived from unlabeled hexanoate. Comparing the inten-
sities of the signals assigned to carbon atoms C-1 and C-2 in
PHA synthesized from [1-13C]hexanoate with those of the
signals from unlabeled hexanoate, we estimate a 70-fold 13C
enrichment of carbon atom C-1 in the PHA derived from
[1-13C]hexanoate.
The El and chemical ionization GC-MS analyses revealed

that the 3-hydroxyoctanoate methyl esters derived from this
PHA contain two 13C-enriched carbon atoms and that these
two carbon atoms are located in the fragment with an mie of
103. From the 13C NMR spectrum, it is evident that the
odd-numbered carbon atoms are 13C enriched, and therefore
we conclude that '3C enrichment in the 3-hydroxyoctanoate
methyl esters has occurred at positions C-1 and C-3. In
addition, a fragment with an mie of 74 containing carbon atoms
C-1 and C-2, which is the result of a McLafferty rearrangement
(14) in 3-hydroxy fatty acid methyl esters, shows 13C enrich-
ment of only one carbon atom, thus excluding the possibility
that carbon atom C-2 is 13C enriched.
GC-MS analyses of the 3-hydroxydecanoate methyl esters

TABLE 2. Composition of PHA isolated from P. putida KT2442
cultivated on decanoate, hexanoate, [1-13C]decanoate, and

[1-l3C]hexanoatea
Relative amount of monomers in purified PHA

Substrate (%, Wt/Wt)b
C6 C8 C1O C12:1 C12 C14:1 C14

Decanoate 6 53 41
[1-13C]decanoate 5 52 43

Hexanoate 72 14 10 1 1 1 1
[1-13C]hexanoate 78 8 10 1 1 1 1

a Cells were cultivated as described in Materials and Methods and were
harvested after 48 to 72 h. 20 mM hexanoate was added to the cultures in two
portions of 10 mM with a time interval of 16 h to prevent toxicity.

b C6, 3-hydroxyhexanoate; C8, 3-hydroxyoctanoate; C10, 3-hydroxydecanoate;
C12:1, 3-hydroxy-cis-5-dodecenoate; C12, 3-hydroxydodecanoate; C14:1, 3-hy-
droxy-cis-7-tetradecenoate; C14, 3-hydroxytetradecanoate.

show that three or more carbon positions are 13C enriched. 13C
NMR analysis reveals a specific 13C labeling pattern for all
monomers with a carbon chain length of 10 or more (Fig. 3).
Compared with the signals belonging to the even-numbered
carbon atoms, the signals corresponding to the odd-numbered
carbon atoms are enhanced, indicating a 13C enrichment of the
odd-numbered carbon atoms in these monomers.

Inhibition of PHA synthesis. The fatty acid metabolic path-
ways, beta-oxidation and fatty acid synthesis, can be inhibited
by acrylic acid and cerulenin, respectively. Acrylic acid inhibits
the enzymes acyl-CoA synthase and 3-ketoacyl-CoA thiolase
presumably via an interaction of acrylic acid with CoA (17).
Cerulenin binds to the active sites of keto acyl synthases I and
11 (6, 12). We have determined the inhibitory concentrations of
these compounds, and it was found that acrylic acid effectively
inhibits beta-oxidation in P. putida KT2442 at 0.1 mg/ml.
Cerulenin inhibits fatty acid synthesis in P. putida KT2442 at
0.3 mg/ml.

In order to study the effects of these inhibitors on the
synthesis and composition of PHA, an exponentially growing
culture of P. putida was harvested, washed, and resuspended in
nitrogen-free medium containing either 20 g of glucose per
liter or 10 mM octanoate. Under these conditions, PHA
formation is observed within 24 h. The effects of the inhibition
of fatty acid metabolism on PHA formation were examined by
adding the appropriate amount of inhibitor to the cell suspen-
sions.

In cell suspensions containing 10 mM octanoate as the
substrate, no PHA formation was observed in the presence of
0.1 mg of acrylic acid per ml. Synthesis ofPHA from octanoate,
however, was affected by the presence of 0.3 mg of cerulenin
per ml, but the composition of this PHA was identical to PHA
synthesized from octanoate in the absence of the inhibitor
(Table 3).

In cell suspensions with glucose as the substrate, PHA
formation was inhibited by 0.3 mg of cerulenin per ml, whereas
PHA formation was not affected by the presence of 0.1 mg of
acrylic acid per ml. The composition of the PHA was not
influenced by the presence of acrylic acid (Table 3).

DISCUSSION

PHA synthesis and de novo fatty acid synthesis. Previously,
we proposed that during growth on non-PHA-related sub-
strates, PHA precursors are generated by de novo fatty acid
synthesis. In this study, the relation between PHA synthesis
and the fatty acid metabolic pathways was further established
by 13C NMR analysis of PHAs purified from P. putida KT2442
cultivated on a combination of glucose and [1-13C]acetate.
From the GC analyses, it is clear that the addition of 13C-
labeled acetate to cultures does not result in aberrant PHA
compositions, and so we conclude that this is a reliable way of
studying the formation of PHA from non-PHA-related sub-
strates.
The labeling pattern of P1-A synthesized from [1-13C]

acetate can be understood from the reactions in the fatty acid
biosynthetic pathway. First, acetyl-CoA molecules are carbox-
ylated to malonyl-CoA and then converted to malonyl-ACP.
Acetyl-CoA labeled at the C-1 position yields malonyl-ACP
labeled at the C-1 position. Malonyl-ACP is coupled to the acyl
chain with the release of C02, which results in the formation of
acyl chains with "3C label at odd-numbered carbon positions.
The 13C NMR spectra and the GC-MS data show that in PHA
derived from [1-13C]acetate the '3C label is found at odd-
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FIG. 2. El GC-MS spectrum of 3-hydroxydecanoate methyl ester derived from PHA isolated from P. putida KT2442 cultivated on decanoate.

The structure of the fragment with an mie of 103, characteristic of 3-hydroxyalkanoate methyl esters, is shown. From the ratio of signals 103, 104,
105, and 106, the number of 13C-enriched carbon atoms in the fragment can be calculated.

numbered carbon positions. In a similar way, the 13C label is
found at even-numbered positions when [2-13C]acetate is used
(5). These data confirm the role of fatty acid biosynthesis in
PHA formation. However, the possibility that PHA precursors
are derived (in part) from the beta-oxidation of newly synthe-
sized fatty acids cannot be excluded. Therefore, we investi-
gated the formation of PHA in the presence of the beta-
oxidation inhibitor acrylic acid. At a concentration of 0.1
mg/ml, acrylic acid completely inhibited beta-oxidation,
whereas the amount and the composition of PHAs were not
affected (Table 3). From this, we conclude that the precursors
for PHA polymerization can be directly and exclusively derived
from the de novo fatty acid biosynthesis route.
PHA synthesis from 1-'3C-labeled fatty acids. PHA synthe-

sized from [1-13C]decanoate exhibits a specific 13C enrichment
of the C-1 carbon atoms. The GC-MS spectra revealed that the
increase of label was present only in the 3-hydroxydecanoate
methyl esters. No 13C enrichment was found in the 3-hy-
droxyoctanoate and 3-hydroxyhexanoate methyl esters. These
results support the hypothesis that intermediates for PHA
polymerization are generated via beta-oxidation of fatty acids.
The C2 fragment containing the label is removed in the first
cycle of beta-oxidation, yielding unlabeled intermediates with a
carbon chain length of eight.
From 13C NMR, GC, and GC-MS analyses of PHA formed

by P. putida KT2442 growing on [1-13C]hexanoate, it can be
deduced that in this case PHA precursors are generated by
three different routes. In Fig. 4, a schematic representation of
the labeling patterns, as determined by 13C NMR and GC-MS,
is shown. Partial beta-oxidation of [1-13C]hexanoate yields
[1-13C]3-hydroxyhexanoate monomers which account for ap-
proximately 72% of the PHA monomers. Degradation of
[1-13C]hexanoate via beta-oxidation yields three molecules of
acetyl-CoA of which one is [1-13C]acetyl-CoA. The presence of
unsaturated monomers indicates that there is also PHA for-
mation via de novo fatty acid synthesis. This is also clear from

the labeling pattern of the medium-chain-length monomers
(C10, C12:0, C12:1, C14:0, and C14:1). The '3C label is found at all
odd-numbered carbon positions in these monomers. Appar-
ently, the_1-13C]acetyl-CoA which is formed in the degrada-
tion of [1- 3C]hexanoate is used as a substrate for the forma-
tion of PHA. The ratio in which these medium-chain-length
monomers are present in PHA formed from hexanoate corre-
sponds to the composition of PHA synthesized from carbohy-
drates. From these results, we estimate that 13% of the PHA
monomers synthesized from hexanoate are derived from the
de novo fatty acid biosynthetic pathway.
However, on the basis of the composition of PHA synthe-

sized from carbohydrates, the de novo fatty acid biosynthetic
route can account for only approximately 15% of the 3-hy-
droxyoctanoate monomers. The remaining 85% of the 3-hy-
droxyoctanoate monomers must be the result of another
biosynthetic reaction. The 13C NMR spectra and GC-MS data
show that in the 3-hydroxyoctanoate monomers carbon atoms
1 and 3 are more frequently labeled. Therefore, we conclude
that most of the 3-hydroxyoctanoate monomers in PHA syn-
thesized from hexanoate are generated via elongation of
hexanoate with, presumably, acetyl-CoA.

Relationship between fatty acid metabolism and PHA for-
mation. In this report, we have provided further evidence that
intermediates for PHA formation can be generated via de novo
fatty acid synthesis, beta-oxidation, and elongation of fatty
acids. An overview of the pathways and the structures of the
intermediates formed in the synthesis ofPHA from [1- 3CJhex-
anoate is shown in Fig. 4. The experiments with inhibitors of
fatty acid metabolism have demonstrated that, depending on
the nature of the substrate, precursors for PHA synthesis can
be derived from either beta-oxidation or fatty acid biosynthe-
sis. Both routes can operate independently and simultaneously.
The PHA polymerizing enzyme system appears to have a

preference for monomers with 8 or 10 carbon atoms, while
larger and smaller monomers are incorporated less efficiently
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FIG. 3. 13C NMR spectrum of PHA isolated from P. putida
KT2442 cultivated on [1-_3C]hexanoate. The assignment of the signals
corresponding to carbon atoms in the major compound 3-hydroxyhex-
anoate is indicated. The signals in the 120- to 140-ppm part of the
spectrum correspond to carbon atoms in the unsaturated monomers
3-hydroxy-cis-5-dodecenoate and 3-hydroxy-cis-7-tetradecenoate. The
unassigned signals in the 10- to 40-ppm part correspond to carbon
atoms in the medium-chain-length monomers 3-hydroxyoctanoate,
3-hydroxydecanoate, 3-hydroxydodecanoate, and 3-hydroxytetrade-
canoate. The exact chemical shifts of the carbon atoms of these
compounds are listed in Table 1.

(11). This might explain why, during growth on hexanoate,
PHA monomers are synthesized by three different routes. Both
elongation and de novo fatty acid synthesis result in the
generation of the more preferable C8 and ClO monomers. The
presence ofPHA monomers with'a larger chain length than the
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FIG. 4. Overview of reactions yielding precursors for PHA synthe-
sis from hexanoate. 3-Hydroxyhexanoate monomers are synthesized
via beta-oxidation, and the concomitantly generated acetyl-CoA mol-
ecules can be incorporated into PHA via de novo fatty acid biosynthe-
sis. R represents the acyl groups of the saturated 3-hydroxyacyl-ACP
intermediates. "3C-labeled carbon atoms are indicated (*), and less
frequently labeled carbon atoms are also indicated (*). 3-Hy-
droxyoctanoate monomers can also be generated via elongation of
hexanoate by an acetyl-CoA molecule.

substrate has been observed before (2, 7). Haywood et al. (8)
have suggested that these monomers are formed via a conden-
sation reaction of acyl-CoA molecules with acetyl-CoA cata-
lyzed by the beta-oxidation enzyme 3-ketothiolase. It cannot be
ruled out, however, that elongation of exogenous fatty acids in
P. putida proceeds via de novo fatty acid biosynthesis. In P.
putida, 3-hydroxydecanoate is the major constituent of PHA
synthesized via de novo fatty acid biosynthesis. If elongation of
hexanoate in P. putida were the result of de novo fatty acid
biosynthesis, we would expect 3-hydroxydecanoate to be the
predominant product and only a minor amount of 3-hy-
droxyoctanoate to be present. Since this is not the case, we
conclude that elongation of hexanoate via a reverse action of
the 3-ketothiolase is more likely than elongation via de novo
fatty acid biosynthesis.

TABLE 3. Inhibition of P. putida KT2442 fatty acid metabolic routes and effects on PHA synthesisa

Substrate
%

b
Relative amount of monomers in PHA (%, wt/wt)c

uHA C6 C8 CIO C12:1 C12 C14:1 C14

1.5% glucose 8.5 1 11 66 11 8 2 1
1.5 glucose + 8.3 1 12 65 12 8 1 1

acrylic acid
1.5% glucose + _d

cerulenin
10 mM octanoate 22.3 6 92 2
10 mM octanoate
+ acrylic acid

10 mM octanoate 7.0 5 94 1
+ cerulenin

aCell suspensions of P. putida KT2442 were incubated with substrates and inhibitors as described in Materials and Methods.
b Percent PHA was determined by GC analysis and calculated as a percentage of cell dry weight.
C6, 3-hydroxyhexanoate; C8, 3-hydroxyoctanoate; CIO, 3-hydroxydecanoate; C12:1, 3-hydroxy-cis-5-dodecenoate; C12, 3-hydroxydodecanoate; C14.1, 3-hydroxy-cis-

7-tetradecenoate; C14, 3-hydroxytetradecanoate.
d, not detected (<0.1%).
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