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A recombinant E. coli strain (K24K) was constructed and evaluated for poly(3-hydroxybutyrate) (PHB)
production from whey and corn steep liquor as main carbon and nitrogen sources. This strain bears the
pha biosynthetic genes from Azotobacter sp. strain FA8 expressed from a T5 promoter under the control of
the lactose operator. K24K does not produce the lactose repressor, ensuring constitutive expression of
genes involved in lactose transport and utilization. PHB was efficiently produced by the recombinant
strain grown aerobically in fed-batch cultures in a laboratory scale bioreactor on a semisynthetic medium
supplemented with the agroindustrial by-products. After 24 h, cells accumulated PHB to 72.9% of their cell
dry weight, reaching a volumetric productivity of 2.13 g PHB per liter per hour. Physical analysis of PHB
recovered from the recombinants showed that its molecular weight was similar to that of PHB produced
by Azotobacter sp. strain FA8 and higher than that of the polymer from Cupriavidus necator and that its
glass transition temperature was approximately 20°C higher than those of PHBs from the natural
producer strains.

Polyhydroxyalkanoates (PHAs) are a group of polyesters
produced by a large number of bacteria, which accumulate
them in intracellular granules as a response to environmental
stress and nutrient imbalance (7, 10). These thermoplastics
have properties that vary according to their monomer compo-
sitions. A copolymer of 3-hydroxybutyrate and 3-hydroxyvaler-
ate was commercialized in the 1980s, but high production costs
have hindered the use of PHAs as commodity plastics, since
their final price is considerably higher than that of petrochem-
ical-based synthetic plastic materials (16). Growing concern
about environmental pollution has renewed interest in the
development of PHAs, which are totally biodegraded by mi-
croorganisms present in most environments (11). Also, these
polymers can be produced from different renewable carbon
sources (11).

Poly(3-hydroxybutyrate) (PHB) production costs can be re-
duced by several means, including the use of cheap substrates,
such as whey, favored in countries with important dairy indus-
tries, or the enhancement of product yield, e.g., by using re-
combinant Escherichia coli (11, 18). E. coli is a suitable host as
a heterologous expression background for foreign genes that
can be easily manipulated and improved by means of recom-
binant DNA methodologies. Also, high-cell-density cultivation
strategies for numerous E. coli strains are well established (15,
32). E. coli cells that accumulate large amounts of PHB be-
come fragile, facilitating the isolation and purification of the
biopolymer, and the bacterium does not express PHA-degrad-
ing enzymes (2).

PHB is the best known PHA and has been studied most

often as a model product in the development of fermentation
strategies. In the majority of PHB-accumulating species, it is
synthesized in three sequential enzymatic steps: a 3-ketothio-
lase condenses two acetyl-coenzyme A (CoA) moieties to form
acetoacetyl-CoA; a NADPH-dependent acetoacetyl-CoA re-
ductase catalyzes the stereoselective reduction of acetoacetyl-
CoA to D-(�)-3-hydroxybutyryl–CoA; and a PHB synthase
links the 3-hydroxybutyryl–CoA monomers to the growing PHB
chain by an ester bond (35).

Azotobacter sp. strain FA8 is a gram-negative, aerobic, ni-
trogen-fixing bacterium that accumulates PHB from several
carbon sources (25), but it is not suitable for use in an indus-
trial process, as it cannot be grown at sufficiently high densities.
Also, it accumulates by-products, such as exopolysaccharides,
that complicate oxygen transfer in the bioreactor and PHB
extraction processes. The identification, cloning, and molecu-
lar analysis of the pha gene cluster of Azotobacter sp. strain
FA8, coding for proteins involved in PHB synthesis, have been
reported in earlier work (23, 24).

Genes responsible for PHB biosynthesis (pha or phb genes)
from a number of microorganisms, such as Cupriavidus necator,
formerly called Alcaligenes eutrophus (30, 36); Pseudomonas
aeruginosa (14); Alcaligenes latus (6); Thiocapsa pfennigii (17);
and Streptomyces aureofaciens (19), have been introduced into
E. coli. In most cases, the biosynthetic genes were expressed
under the control of their native promoters, and the resulting
recombinants were able to accumulate PHA from different
carbon sources.

In this paper, we present a recombinant E. coli strain that
contains the pha biosynthetic genes from an Azotobacter spe-
cies, specially designed for the production of PHB from milk
whey. PHB was efficiently produced by the recombinant strain,
and the polymer obtained was physically characterized.
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MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains, plasmids, and primers
used in this work are summarized in Table 1.

DNA manipulations. Plasmid and genomic DNA isolation, restriction enzyme
digestion, agarose gel electrophoresis, and DNA ligations were performed by
standard procedures (27) and following specific instructions from the manufac-
turers. Restriction enzymes were purchased from Promega (Madison, WI).
Transformations were carried out as previously described (10). E. coli DH5� was
routinely used as a host for most of the recombinant plasmids. E. coli S17-1 was
used as a donor for the conjugative transfer of mobilizable plasmids. For ampli-
fication and maintenance of plasmids that were cut with dam-sensitive restriction
endonucleases, E. coli DSM 4509 was used.

Construction of the pha expression vector. Primers BACUp and BACLow
(Table 1) were used to obtain a 3,975-bp amplification fragment using genomic
DNA from Azotobacter sp. strain FA8 as a template. This fragment was cut with
HindIII and BglII and ligated to vector pQE32 cut with HindIII and BamHI, and
the ligation mixture was used to transform E. coli DH5� competent cells using
standard procedures. The resulting plasmid, pJP24, confers resistance to ampi-
cillin and contains the genes phaBAC expressed from a promoter operator
element consisting of the phage T5 promoter and two lac operator sequences.
The insert is cloned in such a way that the amino-terminal end of PhaB is fused
to the first six amino acids of LacZ, followed by six histidine residues, resulting
in a fusion protein.

Introduction of kanamycin resistance in pJP24. In an attempt to enhance
plasmid stability, resistance to kanamycin was added to pJP24. A 1.0-kbp fragment
conferring kanamycin resistance was generated by PCR using plasmid pUC4K as a
template. Oligonucleotides KmUp and KmLow (Table 1) were used, incorporating
a BspEI restriction site at the 5� ends of both primers. The PCR product and pQE32
were digested with BspEI and ligated, resulting in pQKm. pQKm was digested with
HindIII (partial digestion) and XbaI (total digestion) to obtain a 1.9-kb fragment,
which was ligated into pJP24 cut with the same enzymes, resulting in the ampicillin-
and kanamycin-resistant plasmid pJP24K.

Culture conditions. For DNA manipulations and strain construction, cultures
were grown at 37°C with reciprocal agitation (130 strokes · min�1) in LB. For
antibiotic selection, the concentrations of antibiotics were 100 �g · ml�1 for
ampicillin and 50 �g · ml�1 for kanamycin. When necessary, media were solid-
ified by the addition of 15 g · liter�1 agar. Cells were maintained as 20% (vol/vol)
glycerol stocks at �20°C after growing overnight in LB. For shaken-flask exper-
iments, either M9 minimal medium or LB (27), supplemented with the carbon
sources indicated in the text, were used. When needed, 1 mM isopropyl-�-D-thio-
galactopyranoside (IPTG) (Sigma Chemical Co., St. Louis, Mo.) and 40 �g · ml�1 of
required amino acids were added.

Seed cultures for bioreactor experiments were prepared by inoculating 500 �l
of the bacterial glycerol stock into 50 ml of a semidefined medium (OM) with
whey as the carbon source (21) in 250-ml Erlenmeyer flasks. The cultures were
incubated in a rotary shaker overnight at 37°C and 250 rpm.

TABLE 1. Bacterial strains, plasmids, and primers

Strain, plasmid, or primer Relevant characteristics Reference or source

E. coli strains
DH5� F� �� endA1 hsdR17 hsdM� supE44 thi-1 recA1 gyrA96 relA1

�(argF lacZYA)U169 	80d �(lacZ)M15
Life Technologies

S17-1 recA1 pro thi; has the tra genes from plasmid RP4 integrated
in the chromosome

33

K1060 F� fadE62 lacI60 tyrT58(AS) fabB5 mel-1 supF58 E. coli Genetic Stock
Center

T1GP lacI203 fadR16 tyrT58(AS) atoC12 metE192 rha-11 cls-1 ilv-692 E. coli Genetic Stock
Center

DSM 4509 F� thr-1 araC14 leuB6(Am) �(gpt-proA)62 lacY1 tsx-33 supE44(AS)
galK2(Oc) hisG4(Oc) rfbD1 mgl-51 rpoS396(Am) rpsL31(Strr) kdgK51
xylA5 mtl-1 argE3(Oc) thi-1 dam

Deutsche Sammlung von
Mikroorganismen und
Zellkulturen GmbH

K24 As K1060; carrying pJP24 This work
K24K As K1060; carrying pJP24K This work

C. necator PHB-4 PHA-negative mutant of wild-type H16 29

Plasmids
pRAC1 Cosmid pVK102 containing a 25-kb XhoI fragment containing the pha

genetic region from Azotobacter sp. strain FA8
23

pRK404 Tcr; IncP broad-host-range vector 8
pRH15 pRK404 carrying a 7.5-kb HindIII DNA fragment from Azotobacter sp. strain

FA8 containing genes phaR, ISAzsp1, phaB, phaA, and phaC
This work

pBH15 pBluescript (Stratagene, La Jolla, CA) with the same insert as pRH15 This work
pGEM-T Easy A/T cloning vector; Apr Promega
pUC4K pUC derivative; Apr Kmr Pharmacia Biotech
pQE32 Expression vector; Apr QIAGEN
pJP24 pQE32 derivative carrying a 3.9-kb BamHI-HindIII insert containing the

phaBAC genes from Azotobacter sp. strain FA8; Apr
This work

pJP24K pJP24 derivative; Apr Kmr This work
pTZ18u-PHB Plasmid carrying the three phb structural genes from C. necator (phbCAB) 26

Primers
BACUpa,b 5�-CCG ACA AAA GGA AGG GAg ATC TAT GAC-3� This work
BACLowb,c 5�-TTA AGC AAa AGC TtC TCA ACC CTT TAC GTA-3� This work
KmUpd 5�-GCC TCC GGA CCT CAA GTC AGC-3� This work
KmLowd 5�-TTC TCC GGA GTT ACA TTG CAC AAG-3� This work

a Restriction site for BglII is underlined; initiation codon is in boldface.
b Letters in lowercase differ from the original gene sequence.
c Restriction site for HindIII is underlined.
d Restriction site for BspEI is underlined.
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Fed-batch fermentations. Fed-batch cultures were carried out at 37°C in a
5.6-liter fermentor (BioFlo110; New Brunswick Scientific Co., Edison, NJ) with
a starting volume of 2.0 liters OM containing 100 �g · ml�1 ampicillin (for K24)
or 50 �g · ml�1 kanamycin (for K24K). In the first stage of the cultivation, pH
was controlled at 7.20 by automatic addition of 3 N KOH. The dissolved-oxygen
concentration was maintained above 30% air saturation by automatic control of
the agitation speed. Antifoam (0.02% [vol/vol] Antifoam 289; Sigma) was added
at the onset of cultivation. The feeding solution used for fed-batch cultures was
a concentrated and deproteinated whey solution containing 25% (wt/vol) lactose
prepared as described by Ahn et al. (1). The pH-stat feeding strategy was
employed. When the pH rose to a value higher than its set point (7.20) by 0.15
U due to carbon source depletion, an appropriate volume of feeding solution was
added (up to 800 ml). Samples for biomass and PHB production and plasmid
stability determination were withdrawn every 4 h.

Determination of plasmid stability. The number of plasmid-containing cells
was determined by plating samples from the bioreactor cultures on LB plates
with or without the appropriate antibiotics. Plasmid stability was recorded as the
percentage of ampicillin- or kanamycin-resistant cells.

Biomass determination. The cell concentration, defined as cell dry weight
(CDW) (in grams) per liter of culture broth, was determined by placing 10-ml
samples into a previously dried and weighed 15-ml centrifuge tube. After cen-
trifugation at 10,000 
 g for 10 min at 4°C, the cell pellet was washed twice with
deionized water. After the supernatant was decanted, the centrifuge tube was
dried in an oven at 85°C for 36 h and then cooled in a desiccator and weighed.

Analysis of PHB production. For qualitative detection of PHB inclusion bod-
ies, cells were observed by fluorescence microscopy after being stained with the
basic oxazine Nile Blue A (22). The PHB content was quantitatively determined
by gas chromatography using the method described by Braunegg et al. (5)
modified as previously described (20). Pure PHB from C. necator was used as a
standard. The PHB concentration was defined as g polymer per liter of culture
broth. PHB content was defined as the PHB percentage of CDW.

Purification of PHB. PHB produced in bioreactor cultures was extracted from
lyophilized cells with hot CHCl3 using a Soxhlet apparatus, ethanol precipitated,
and recovered by filtration. The precipitate was dried, dissolved in CHCl3,
filtered to remove particles, and dried on a glass petri dish to obtain a thin film.
The resulting polymer was characterized by gas chromatography as described
above.

DSC measurements. The glass transition temperature (Tg), melting tempera-
ture (Tm), and crystallinity of purified PHB were determined by differential
scanning calorimetry (DSC) using a Mettler 822 calorimeter and STARe Ther-
mal Analysis System v. 6.1 software (Mettler Toledo AG, Switzerland). The
instrument was calibrated using standard compounds of known Tm and fusion
enthalpy (indium, zinc, and lead). Measurements were made with 10- to 20-mg
sample dry mass at a scanning rate of 10°C · min�1 using hermetically sealed
aluminum pans of 40-�l inner volume (Mettler), using an empty pan as a
reference. Scans were performed at 30 to 220°C, and the reported data are the
averages of three determinations. The Tg was taken as the midpoint of the
heating capacity change. The crystallinity of PHB was estimated from the en-
thalpy of fusion obtained by DSC. The fusion enthalpy of a theoretical 100%
crystalline sample was asssumed to be 146 J · g�1 (4).

Molecular weight determinations. The relative molecular weight (Mr) of PHB
was calculated by measuring the intrinsic viscosity (�) of 500-�l aliquots of a 1%
(wt/vol) PHB solution in CHCl3 using a Brookfield viscosimeter model DV-II�

(Brookfield Engineering Laboratories, Stoughton, MA). � was converted to Mr

according to the Mark-Houwink equation (3): [�] � 1.18 
 10�4 Mr
0.78.

The physical properties of the polymer produced by E. coli recombinants were
compared with those of PHB purified from C. necator grown in MM-fructose
(30) and Azotobacter sp. strain FA8 grown in Burk’s medium supplemented with
3% (wt/vol) glucose (24).

RESULTS AND DISCUSSION

Expression of the Azotobacter sp. strain FA8 pha genes in E.
coli. Although PHB biosynthesis genes from various natural
producers have been successfully cloned and expressed from
their natural promoters in E. coli recombinants using several
plasmid vectors (6, 14, 19, 30), we could not detect polymer
formation in E. coli DH5� containing the Azotobacter sp. strain
FA8 pha region using different DNA fragments and vectors.
Cosmid pRAC1 (23) carries a 25-kb insert with the whole pha
region from Azotobacter sp. strain FA8 (Fig. 1) containing the
three pha structural genes with their upstream region, includ-
ing phaR, a gene that has been found to activate pha genes in
Azotobacter vinelandii; phaP, coding for a granule-associated
protein; and phaF. This cosmid was able to complement poly-
merase mutations in C. necator PHB-4 (24) and Pseudomonas
putida but was unable to promote synthesis of PHA in E. coli
(data not shown). Complementation tests performed with plas-
mid pRH15, constructed by cloning a 7.5-kb HindIII fragment
from pRAC1 containing genes phaBAC and phaR (Fig. 1) into
pRK404 (8), gave similar results (data not shown).

In order to rule out the possibility that the lack of PHB
accumulation was due to low gene dosage (pRK404 is a me-
dium-copy-number vector), the same HindIII fragment was
cloned in pBluescript. The insert in the resulting plasmid,
pBH15, was checked by recloning it in pRK404 and testing its
ability to complement the polymerase mutation in C. necator
PHB-4. Plasmid pBH15 was transformed into E. coli DH5�,
and the recombinants were grown in LB supplemented with
2% (wt/vol) glucose and tested for accumulation of PHB by
microscopic observation of cells stained with Nile Blue A. No
PHB was observed in cells containing pRH15 or pBH15, while
the polymer was detected in cells containing plasmid pTZ18u-
PHB (26), which carries the C. necator phb genes (data not
shown). As the cloned genes were able to complement poly-
merase mutants, it was thought that phaC was being expressed
in the recombinants, but probably phaA and phaB were not

FIG. 1. Organization of the Azotobacter sp. strain FA8 genomic region containing the pha structural genes, phaB, phaA, and phaC, and genes
phaR, phaP, and phaF flanked by ISAzsp1 and ISr. Relevant restriction sites are indicated with capital letters (C, ClaI; H, HindIII; X, XhoI). The
small black arrows indicate the positions of primers used for PCR amplification. The thick gray arrows indicate the orientation of transcription,
and the white boxes indicate insertion sequences. The black line at the bottom of the picture represents the region cloned in pRH15 and pBH15.
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being adequately expressed, as previous research performed
using genes from other PHA-synthesizing bacteria has shown
that PHA polymerases alone cannot promote PHB accumula-
tion in E. coli (13).

In order to ensure the correct expression of the three pha
structural genes, they were cloned in an expression vector
(pQE32) using a strong promoter, under the control of the lac
operator. This expression system was chosen because it had
already been used to efficiently express several recombinant
proteins in E. coli in our laboratory and because, as we in-
tended to use milk whey, a lactose-containing substrate, as the
carbon source, addition of an inducer would be avoided.

A PCR fragment containing the structural genes for the
synthesis of PHB from Azotobacter sp. strain FA8, phaBAC,
was cut and ligated to pQE32 as indicated in Materials and
Methods, and the ligation mixture was used to transform E.
coli DH5�. The resulting plasmid, named pJP24, contained a
phaB-lacZ gene fusion. Accumulation of PHB from gluconate
was investigated in the transformants by microscopic observa-
tion of cells stained with Nile Blue A. The PHB content was
determined by gas chromatography in overnight cultures of
positive clones grown in LB supplemented with 1% (wt/vol)
gluconate and 1 mM IPTG. Recombinants accumulated PHB
to approximately 15% of the CDW.

Production of PHB from lactose. As E. coli DH5� is a lac
mutant, pJP24 was transferred to several Lac� strains: E. coli
S17-1, wild type for all lac genes, and two lacI strains, K1060
and T1GP, to analyze the production of PHB from lactose.
The recombinants were tested for PHA accumulation in over-
night cultures grown in M9 minimal medium containing 100 �g ·
ml�1 ampicillin and 3% (wt/vol) lactose as the sole carbon
source and supplemented with methionine, valine, and isoleu-
cine, required by strain T1GP for growth, and proline and
thiamine, required by strain S17-1. The polymer composition
and content were determined by gas chromatography. In all
cases, the PHA accumulated was a homopolymer of 3-hydroxy-
butyric acid. A low level of PHB accumulation was observed
for T1GP recombinants in this medium. K1060 recombinants
produced the highest biomass and accumulated more PHB
than the other strains (Table 2). Also, K1060 recombinants are
prototrophs, so they can grow in minimal medium without
amino acids. For this reason, one of the K1060 recombinants,
strain K24, was used in further studies.

PHB and biomass production of K24 in fed-batch cultures.
A semisynthetic medium (OM) that contains salts and two
agroindustrial by-products, whey and corn steep liquor, as the

major carbon and nitrogen sources, respectively, has been de-
scribed in previous work. OM was statistically optimized in
order to achieve maximum biomass and polymer accumulation
in K24 batch cultures (21).

In this work, strain K24 was grown in 24-h fed-batch cultures
in OM. Biomass, polymer accumulation, and plasmid stability
were measured throughout the fermentation. Biomass produc-
tion reached 58.2 g · liter�1 at 24 h, and PHB accumulation
peaked at 20 h, reaching a value of 46.9% of CDW, after which
the polymer content decreased, representing only 30.3% of
CDW at 24 h (Fig. 2A). This decrease in polymer content can
be attributed to plasmid loss, as the growing proportion of cells
without the recombinant plasmid resulted in a lower PHB-to-
biomass ratio. In fact, after 24 h, only 65% of the cells con-
tained pJP24 (Fig. 3), and this number decreased to 19% after
36 h (data not shown). The volumetric productivity was 0.73 g
PHB per liter per hour, which is higher than PHB productivity
values previously reported in our laboratory for K24 batch
cultures (21).

Improvement of plasmid stability. Plasmid loss in K24 fed-
batch cultures can be partly due to the loss of selective pres-
sure, as �-lactamase produced by the growing cells degrades
the ampicillin present in the medium, allowing the growth of
cells without the plasmid. In order to avoid this effect, a kana-
mycin resistance gene was added to pJP24. A DNA fragment

FIG. 2. Biomass and PHB accumulation in fed-batch cultures of
strains K24 (A) and K24K (B). The cultures were grown in a 5.6-liter
fermentor in OM medium. The feeding solution was a concentrated
and deproteinated whey solution containing 25% (wt/vol) lactose. The
fermentations were repeated at least twice with similar results. Means
from triplicate representative experiments are shown. conc., concen-
tration.

TABLE 2. PHB accumulation from lactose in different E. coli
strains carrying plasmid pJP24a

Host strain CDW (g · liter�1) % PHBb

S17-1 0.61 2.3
T1GP 0.47 1.2
K1060 1.00 6.2

a Cells were grown overnight in 10 ml M9 medium supplemented with 3%
(wt/vol) lactose, 100 �g · ml�1 ampicillin, and the amino acids required by the
auxotrophic strains. PHB was measured by gas chromatography as described in
Materials and Methods. The reported data are the averages of at least three
determinations.

b The amount of PHB is given as an average weight percentage of the CDW.
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obtained by PCR amplification of aph from plasmid pUC4K,
coding for aminoglycoside 3�-phosphotransferase, was inserted
into pJP24, giving rise to pJP24K. pJP24K was transformed
into strain K1060, and the resulting strain, named K24K, was
grown in fed-batch under the same conditions used for strain
K24, replacing ampicillin by kanamycin. As seen in Fig. 2B,
K24K accumulated much more polymer than K24 while pro-
ducing only slightly larger amounts of biomass. K24K reached
70.1 g CDW and 51.1 g PHB per liter at 24 h in fed-batch
culture, resulting in a PHB content of 72.9%. When the plas-
mid stability was analyzed, 96% of K24K cells were resistant to
kanamycin after 24 h, showing a considerable increase in plas-
mid stability compared to K24 (Fig. 3). In contrast with results
obtained for K24, PHB production and accumulation in K24K
did not decrease after 20 h but continued to rise during the
24-h experiment (Fig. 2B). The PHB volumetric productivity
for K24K attained at 24 h was 2.13 g PHB per liter per hour.
This value is comparable to that reported by Ahn et al. for a
37.5-h fed-batch culture of a recombinant E. coli strain bearing
the A. latus pha genes (1).

Physical characteristics of the PHB produced by the recom-
binant strains. In order to be suitable for industrial processing,
the polymer must have a high molecular weight that enables it
to retain its strength (28, 34). The physical characteristics of
PHB obtained from E. coli K24 and E. coli K24K were com-
pared with those of the polymer purified from C. necator and
Azotobacter sp. strain FA8. The molecular weight of the poly-
mer obtained from C. necator was similar to the values re-
ported in the literature (9). PHB recovered from the E. coli
recombinants had a molecular weight similar to that of the
polymer obtained from Azotobacter sp. strain FA8, between 64
and 68% higher than that of C. necator (Table 3).

To analyze the morphological state of PHB obtained from
recombinant E. coli, the melting temperature and the fusion
enthalpy of PHB produced by the above-mentioned strains
were measured. As shown in Table 3, PHB recovered from the
recombinants and natural producers presented similar melting
temperatures and percentages of crystallinity. The crystallini-
ties of all PHB samples ranged between 63 and 64%, suggest-
ing that a crystalline structure was developed during the re-
covery process.

The Tgs for PHBs isolated from the two natural producer
strains were similar to previously reported values (18), but the
polymers obtained from both recombinant strains showed
higher values. Considering that the Mrs of the polymers were
similar, as well as their crystallinity degrees, the differences in
Tg values could be attributed to a higher chain flexibility or
cross-linking characteristics of the natural polymers, possibly
due to different genetic and metabolic backgrounds of the
different bacteria studied.

Concluding remarks. The recombinant strains presented in
this work produce PHB in a minimal-salts medium supple-
mented with two agroindustrial by-products, whey and corn
steep liquor, by means of the constitutive expression of Azoto-
bacter sp. strain FA8 pha genes from a strong heterologous
promoter.

Processes for the production of PHA from whey using re-
combinant E. coli have been described previously, but in all
cases, the pha genes were expressed from their natural pro-
moters. There are no previous reports of PHB-producing re-
combinant E. coli strains expressing pha genes belonging to the
genus Azotobacter, but two papers describe constructions in
which the three pha structural genes of C. necator were ex-
pressed from nonnative promoters. In both cases, the PHB
production levels were lower than those achieved with con-
structions that used the natural promoter. Kidwell et al. (12)
used a temperature-dependent copy number plasmid carrying
the pha genes expressed from a tac promoter. They induced
PHB synthesis by a temperature upshift after the exponential
growth phase but obtained poor accumulation results, so the
authors concluded that constitutive expression was more suit-
able for PHB production. Shi et al. (31) used a different tem-
perature-induced construction, involving phage lambda pro-
moters and a temperature-sensitive repressor. A final PHB
concentration of approximately 9 g · liter�1 was reported in
their study for 40-h fed-batch cultures.

Strain K24K does not produce the lactose repressor. This
trait is important when using lactose as a carbon source, as it
ensures constitutive expression of the lactose transport and
utilization genes. Absence of the lactose repressor is also use-
ful when using a carbon source other than lactose, as it elim-
inates the need to add an inducer to promote the expression of
pha genes. The lac catabolic repression sites are not present in
pJP24K, so pha gene expression in this plasmid is not affected
by catabolic repression.

Results obtained in fed-batch cultures of strain K24K at the

TABLE 3. Physical properties of purified PHB obtained from the
natural producers and E. coli recombinantsa

Source of
purified PHB Mr (106 Da) Tg (°C) Tm (°C) %

Crystallinity

C. necator 1.12  0.04 2.0  0.5 175.1  0.5 62.8
Azotobacter sp.

strain FA8
1.88  0.08 1.8  0.5 176.5  0.5 64.3

K24 1.84  0.07 21.8  0.5 172.6  0.5 62.8
K24K 1.86  0.05 22.6  0.5 172.6  0.5 63.2

a C. necator was grown in MM-fructose, Azotobacter sp. strain FA8 was grown
in Burk’s medium supplemented with 3% (wt/vol) glucose, and K24 and K24K
were grown in fed-batch cultures in OM medium with whey as the main carbon
source. The reported data are the averages of at least three determinations.

FIG. 3. Plasmid stability in strains carrying plasmids pJP24 (K24)
and pJP24K (K24K) grown in fed-batch cultures in OM medium.
Plasmid stability is expressed as the percentage of ampicillin- (K24) or
kanamycin-resistant (K24K) cells. The reported data are the averages
of at least three determinations.
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laboratory scale indicate it is a suitable strain for the produc-
tion of PHB from milk whey.
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