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Poly(3-hydroxybutyrate) (PHB) granules are covered by a surface layer consisting of mainly phasins and other PHB granule-
associated proteins (PGAPs). Phasins are small amphiphilic proteins that determine the number and size of accumulated PHB
granules. Five phasin proteins (PhaP1 to PhaP5) are known for Ralstonia eutropha. In this study, we identified three additional
potential phasin genes (H16_B1988, H16_B2296, and H16_B2326) by inspection of the R. eutropha genome for sequences with
“phasin 2 motifs.” To determine whether the corresponding proteins represent true PGAPs, fusions with eYFP (enhanced yellow
fluorescent protein) were constructed. Similar fusions of eYFP with PhaP1 to PhaP5 as well as fusions with PHB synthase
(PhaC1), an inactive PhaC1 variant (PhaC1-C319A), and PhaC2 were also made. All fusions were investigated in wild-type and
PHB-negative backgrounds. Colocalization with PHB granules was found for all PhaC variants and for PhaP1 to PhaP5. Addi-
tionally, eYFP fusions with H16_B1988 and H16_B2326 colocalized with PHB. Fusions of H16_B2296 with eYFP, however, did
not colocalize with PHB granules but did colocalize with the nucleoid region. Notably, all fusions (except H16_B2296) were solu-
ble in a �phaC1 strain. These data confirm that H16_B1988 and H16_B2326 but not H16_B2296 encode true PGAPs, for which
we propose the designation PhaP6 (H16_B1988) and PhaP7 (H16_B2326). When localization of phasins was investigated at dif-
ferent stages of PHB accumulation, fusions of PhaP6 and PhaP7 were soluble in the first 3 h under PHB-permissive conditions,
although PHB granules appeared after 10 min. At later time points, the fusions colocalized with PHB. Remarkably, PHB gran-
ules of strains expressing eYFP fusions with PhaP5, PhaP6, or PhaP7 localized predominantly near the cell poles or in the area of
future septum formation. This phenomenon was not observed for the other PGAPs (PhaP1 to PhaP4, PhaC1, PhaC1-C319A, and
PhaC2) and indicated that some phasins can have additional functions. A chromosomal deletion of phaP6 or phaP7 had no visi-
ble effect on formation of PHB granules.

Survival of microorganisms during periods of starvation de-
pends on their ability to accumulate reserve materials in times

of surplus of nutrients. Many prokaryotes are able to accumulate
reserve materials such as cyanophycin (C�N reserve), polyhy-
droxyalkanoates (PHAs) (C reserve), and polyphosphate (phos-
phate reserve) in the form of inert osmotic inclusions. Poly(3-
hydroxybutyrate) (PHB) is the most abundant PHA type among
bacteria, and PHB contents of 90% of the cellular dry weight have
been reported. Biosynthesis and biodegradation of PHB and re-
lated PHAs have been studied in several labs during the last 25
years (6, 8, 11, 12, 16, 17, 24, 27, 33, 44, 45). It turned out that PHB
granules in vivo consist of an amorphous polymer core and a com-
plexly organized proteinaceous surface layer. Meanwhile, at least
five types of PHB granule-associated proteins (PGAPs) have been
described for Ralstonia eutropha, most of which are present in
multiple isoforms. These are (i) PHB synthases (PhaCs), (ii) PHB
depolymerases [PhaZ(a/d)s], (iii) PHB oligomer hydrolases
(PhaZb/PhaZc or PhaYs), (iv) phasins (PhaPs), and (v) regulatory
proteins (PhaRs). However, the biochemical details of the pro-
cesses that take place during formation, homeostasis, and reuti-
lization of PHB granules still are not well understood. One reason
for this lack of knowledge might be that not all proteins that are
involved in PHB metabolism have been identified. Several phasin
proteins have been described for R. eutropha in previous studies
(35, 51). In recent work, we identified a new phasin (PhaP5) and
the first member of a new (sixth) type of PGAP in R. eutropha
(PhaM) that is responsible for anchoring PHB granules with the
nucleoid (30, 31). PhaM interacts with the PHB synthase PhaC1,

PhaP5, and the DNA of the nucleoid and is involved in distribu-
tion of PHB granules to daughter cells during cell division. Inter-
action of PhaM with PhaC1 and with PHB was recently indepen-
dently confirmed in J. Stubbe’s lab (7) by copurification of PhaM
with (streptavidin-tagged) PhaC1 and PHB. The other new PGAP,
PhaP5, represented a new phasin and strongly interacted with
most other phasins and with PhaM. In this study, we chose an-
other approach to identify potentially new, not-yet-identified
PHB players in R. eutropha: inspection of the amino acid se-
quences of phasins revealed the presence of a common sequence
motif, a so-called phasin 2 motif, in all five phasins of R. eutropha.
Consequently, we searched the R. eutropha genome for additional
coding sequences corresponding to phasin 2 motifs and investi-
gated the three positive hits for relevance in PHB metabolism.
Two of them turned out to be true PGAPs (phasins).

MATERIALS AND METHODS
Bacterial strains and plasmids. Bacteria and plasmids of this study are
shown in Table 1. Escherichia coli strain JM109 was used in cloning exper-
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iments and was grown on Luria broth (LB) supplemented with the appro-
priate antibiotics. R. eutropha strains were routinely grown on nutrient
broth (NB) medium at 30°C. A 0.2% (wt/vol) concentration of sodium
gluconate was added as indicated in the next paragraph to promote PHB
accumulation. Alternatively, PHB granule formation was followed in
mineral salts medium with 0.5% (wt/vol) fructose.

Generation of PHB-free cells and induction of PHB granule forma-
tion. All steps were performed at 30°C. A single colony of the strain of
interest was used for inoculation of a 10-ml NB seed culture (10 ml in a
100-ml Erlenmeyer flask filled with 0.8% [wt/vol] nutrient broth) and was
incubated for 24 h. One ml of this seed culture was transferred to 10 ml
fresh NB medium and incubated for 24 h on a rotary shaker. For recom-
binant strains harboring pBBR1MCS-2 derivatives, 150 �g/ml kanamycin
was present in the seed cultures. The cells intermediately accumulated
PHB granules during this time. After 24 h, the bacteria were in the
stationary growth phase, as indicated by shortening of the cells and loss
of any Nile red-stainable PHB granules. Occasionally, a few very long
cells (�1%) with PHB granules remained. Short cells were free of PHB
granules. For monitoring formation of PHB granules, 0.1 volume of a
stationary-phase, PHB-free R. eutropha culture was used for inocula-

tion of 0.9 volume of fresh NB medium to which 0.2% sodium gluco-
nate had been added to increase the concentration of a suitable carbon
source and to stimulate PHB accumulation. This procedure resulted in
the generation of a quasisynchronized culture in which all (living) cells
immediately started to multiply and to accumulate PHB. Transmis-
sion electron microscopy (TEM) revealed cells with dividing nucleoids
within just 5 to 10 min after transfer of the cells to fresh medium.
Formation of PHB granules became visible by fluorescence micros-
copy (Nile red staining) within 5 min after transfer of the cells to fresh
medium. Samples were taken at intervals and were immediately exam-
ined by microscopy.

Construction of fusion proteins with eYFP. Fusions of the gene for
enhanced yellow fluorescent protein (eyfp) with genes of R. eutropha
H16 (Tables 1 and 2) were generally constructed both as N-terminal
(pBBR1MCS-2-PphaC-eyfp-c1) and C-terminal (pBBR1MCS-2-PphaC-
eyfp-n1) fusions using universal vectors based on the broad-host-
range plasmid pBBR1MCS-2. These vectors harbored the constitu-
tively (in R. eutropha) expressed promoter of the phaCAB operon
(PphaC) and the coding region of eyfp (for details, see reference 31). The
gene of interest was cloned in frame with the eyfp gene between the

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Source or reference

Strains
E. coli JM109 Cloning strain
E. coli S17-1 Conjugation strain 41
R. eutropha H16 Wild-type strain DSMZ 428
R. eutropha PHB-4 PHB-negative mutant of R. eutropha H16 39
R. eutropha H16 �phaC1 Chromosomal deletion of phaC1 This study
R. eutropha H16 �phaP1 Chromosomal deletion of phaP1 35
R. eutropha H16 �phaP6 Chromosomal deletion of phaP6 This study
R. eutropha H16 �phaP7 Chromosomal deletion of phaP7 This study

Plasmids
pBBR1MCS2-PphaC-eyfp-c1 Universal vector for construction of fusions C terminal to eyfp under the

control of the phaCAB promoter
30

pBBR1MCS2-PphaC-eyfp-n1 Universal vector for construction of fusions N terminal to eyfp under the
control of the phaCAB promoter

31

pBBR1MCS-2-PphaC-eyfp-phaP1 C-terminal fusion of PhaP1 to eYFP This study
pBBR1MCS-2-PphaC-eyfp-phaP2 C-terminal fusion of PhaP2 to eYFP 30
pBBR1MCS-2-PphaC-eyfp-phaP3 C-terminal fusion of PhaP3 to eYFP This study
pBBR1MCS-2-PphaC-eyfp-phaP4 C-terminal fusion of PhaP4 to eYFP 30
pBBR1MCS-2-PphaC-eyfp-phaP5 C-terminal fusion of PhaP5 to eYFP 30
pBBR1MCS-2-PphaC-eyfp-phaP6 C-terminal fusion of H16_B1988 to eYFP This study
pBBR1MCS-2-PphaC-eyfp-phaP7 C-terminal fusion of H16_B2326 to eYFP This study
pBBR1MCS-2-PphaC-eyfp-B2296 C-terminal fusion of H16_B2296 to eYFP This study
pBBR1MCS-2-PphaC-phaP1-eyfp N-terminal fusion of PhaP1 to eYFP This study
pBBR1MCS-2-PphaC-phaP2-eyfp N-terminal fusion of PhaP2 to eYFP This study
pBBR1MCS-2-PphaC-phaP3-eyfp N-terminal fusion of PhaP3 to eYFP This study
pBBR1MCS-2-PphaC-phaP4-eyfp N-terminal fusion of PhaP4 to eYFP This study
pBBR1MCS-2-PphaC-phaP5-eyfp N-terminal fusion of PhaP5 to eYFP 31
pBBR1MCS-2-PphaC-phaP6-eyfp N-terminal fusion of H16_B1988 to eYFP This study
pBBR1MCS-2-PphaC-phaP7-eyfp N-terminal fusion of H16_B2326 to eYFP This study
pBBR1MCS-2-PphaC-B2296-eyfp N-terminal fusion of H16_B2296 to eYFP This study
pBBR1MCS-2-PphaC-phaC1-eyfp N-terminal fusion of PhaC1 to eYFP This study
pBBR1MCS-2-PphaC-phaC1(C319A)-eyfp N-terminal fusion of PhaC1(C319A) to eYFP This study
pBBR1MCS-2-PphaC-phaC2-eyfp N-terminal fusion of PhaC2 to eYFP This study
pLO3 Suicide vector; Tcr 23
pLO3 �phaC1 Deletion vector for phaC1; fragments upstream and downstream of the

gene were connected via overlap PCR and cloned between SacI and
XbaI sites of pLO3

This study

pLO3 �phaP6 Deletion vector for phaP6 (H16_B1988) This study
pLO3 �phaP7 Deletion vector for phaP7 (H16_B2326) This study
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XhoI and BamHI restriction sites of pBBR1MCS-2-PphaC-eyfp-c1 and
between the NdeI and BamHI restriction sites of pBBR1MCS-2-PphaC-
eyfp-n1. The phaP3-eyfp fusion was obtained via XhoI/BamHI cloning
because of an internal NdeI sequence and included the ribosome bind-

ing site of phaP3. All constructs were conjugatively transferred from
recombinant E. coli S17-1 to R. eutropha H16, and selection was carried
out on mineral salts medium supplemented with 0.5% (wt/vol) fruc-
tose and 350 �g ml�1 kanamycin.

TABLE 2 Oligonucleotides used in this study

Oligonucleotide Sequence (5=–3=)a

C-terminal fusions to eyfp
phaP1_C_f_XhoI CCGCTCGAGGCATGATCCTCACCCCGGAACAAGTTGC
phaP1_C_r_BamHI CGGGATCCTCAGGCAGCCGTCGTCTTCTTTGC
phaP2_C_f _XhoI CCGCTCGAGGCATGACTCAGTGGACAGCAG
phaP2_C_r_BamHI CGGGATCCCTACTTTGCAGCTGCCGG
phaP3_C_f _XhoI CCGCTCGAGGCATGTCCCCTTTTATGCCCG
phaP3_C_r_BamHI CGGGATCCTTATTGCTTGGAAGCGCGG
phaP4_C_f_XhoI CCGCTCGAGGCATGACTCAGTGGTCCCCC
phaP4_C_r_BamHI CGGGATCCTTAATTTGCAGCTGCCTTTGAGG
phaP5_C_f_XhoI CCGCTCGAGGCATGGCCACGCCTCCC
phaP5_C_r_BamHI CGGGATCCCTAGCCCTTGGATTTCGGCTTG
B1988_C_f_XhoI CCGCTCGAGGCATGCAACATAAATACCCCTATGCTTGGAGG
B1988_C_r_BamHI CGGGATCCTCATGATGCACGCAGGCGCTTCG
B2326_C_f_XhoI CCGCTCGAGGCATGATGACCGCAATGCAAACCTTCTGG
B2326_C_r_BamHI CGGGATCCTCATGCCGGCCGCGGGGTTTCG
B2296_C_f_XhoI CCGCTCGAGGCATGCGTATGAAACGCCAGCCAGCATCG
B2296_C_r_BamHI CGGGATCCTCATGCGCGACGGGTCCGCTCG

N-terminal fusions to eyfp
phaC1_N_f_NdeI GGGAATTCCATATGGCGACCGGCAAAGG
phaC1_N_r_BamHI CGGGATCCCCTGCCTTGGCTTTGACGTATCG
phaC2_N_f_NdeI GGGAATTCCATATGAGGATCGACGACAGGACG
phaC2_N_r_BamHI CGGGATCCCCGGGTTCCAGCACGTAGGTACC
phaP1_N_f_NdeI GGGAATTCCATATGATCCTCACCCCGGAACAAGTTGC
phaP1_N_r_BamHI CGGGATCCCCGGCAGCCGTCGTCTTCTTTGCC
phaP2_N_f_NdeI GGGAATTCCATATGACTCAGTGGACAGCAGAGCAATGC
phaP2_N_r_BamHI CGGGATCCCCCTTTGCAGCTGCCGGAGACGC
phaP3_N_f_XhoI CCGCTCGAGCCACAGGAGATTTTGCATGTCCCCTTTTATGC
phaP3_N_r_BamHI CGGGATCCCCTTGCTTGGAAGCGCGGGGC
phaP4_N_f_NdeI GGGAATTCCATATGACTCAGTGGTCCCCCGAGC
phaP4_N_r_BamHI CGGGATCCCCATTTGCAGCTGCCTTTGAGGCC
phaP5_N_f_NdeI GGGAATTCCATATGGCCACGCCTCCCAATCC
phaP5_N_r_BamHI CGGGATCCCCGCCCTTGGATTTCGGCTTGAGC
B1988_N_f_NdeI GGGAATTCCATATGCAACATAAATACCCCTATGCTTGGAGG
B1988_N_r_BamHI CGGGATCCCCTGATGCACGCAGGCGCTTCG
B2326_N_f_NdeI GGGAATTCCATATGATGACCGCAATGCAAACCTTCTGG
B2326_N_r_BamHI CGGGATCCCCTGCCGGCCGCGGGGTTTCG
B2296_N_f_NdeI GGGAATTCCATATGCGTATGAAACGCCAGCCAGCATCG
B2296_N_r_BamHI CGGGATCCCCTGCGCGACGGGTCCGCTCG

phaC1(C319A) eyfp fusion
phaC1_C319A_fwd CGTGCTCGGCTTCGCCGTGGGCGGCAC
phaC1_C319A_rev GTGCCGCCCACGGCGAAGCCGAGCAC

Chromosomal deletions
phaC1upstreamF CGATCAGAGCTCTGCGCGCGCTCGGCTTCAGCCTTGC
phaC1upstreamR GCCGTTAATTAAGCCGGATTTGATTGTCTCTCTGCCGTCACTATTCG
phaC1downstreamF CGGCTTAATTAACGGCCGCTTGCATGAGTGCCGGCGTGCGTCATGC
phaC1downstreamR GCTCTAGACCCTTCCTTATTTGCGCTCGACTGCCAGCGCCACG
phaP6upstreamF TGAAGGCGGAGCTCTCGCTCGCCATGG
phaP6upstreamR GCCGTTAATTAAGCCGTGCACCATTTCTTTTGGTTTTCTGCGCTGG
phaP6downstreamF CGGCTTAATTAACGGCAGGCTGCCGGGCCCGGGCGCATGC
phaP6downstreamR GCTCTAGACCACATCGGGCCTGCGCGTGC
phaP7upstreamF CGATCAGAGCTCACGGCGGCACCCTCTTCCTCG
phaP7upstreamR GCCGTTAATTAAGCCGCACGGGAATCTCCGGTGGTGGGC
phaP7downstreamF CGGCTTAATTAACGGCCCCGGCCGCCCCCGCCTTGCGC
phaP7downstreamR GCTCTAGAGGCAGTACGCCGGGAGGCATCAGC

a Underlining indicates restriction sites; bold type indicates start and stop codons.
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Construction of chromosomal knockouts. A precise chromosomal
deletion of the phaC1 gene was constructed in R. eutropha H16 using the
sacB-sucrose selection method (15% sucrose used for selection) and pLO3
as a deletion vector as described elsewhere (23, 31). The same method was
used to generate chromosomal deletions of phaP6 or phaP7 of R. eutropha
H16. The genotype of the resulting deletion mutant was verified by PCR of
the respective genomic region and determination of its DNA sequence.
Only clones with the correct DNA sequence were used.

Site-directed mutagenesis of phaC1 (C319A). PCR was performed
with PrimeStar polymerase. Insertion of mutations into the coding se-
quence of phaC1 was done using overlap extension PCR with primers
given in Table 2. E. coli cells were chemically transformed with plasmid
DNA by standard procedures. The success of introduced mutations was
confirmed by DNA sequencing.

Other methods. Quantitative analysis of PHA content was done by gas
chromatography analysis after acid methanolysis of lyophilized cells, as
described in reference 3. DNA manipulation and construction of plasmids
were done by standard molecular biological methods and according to
supplier’s instructions. Protein levels were routinely determined by the
Bradford method (2). Polyacrylamide gel electrophoresis was performed
under denaturing (sodium dodecyl sulfate) and reducing (mercaptoeth-
anol) conditions. Gels were stained with Coomassie brilliant blue G250 or
with silver. Western blot analysis was performed using commercial poly-
clonal antibodies raised against green fluorescent protein. Fluorescence
microscopy of Nile red-stained cells was done as described previously
(14), except that ethanol was replaced by dimethyl sulfoxide (DMSO) as
the cosolvent in some experiments (1 �g Nile red/ml DMSO).

RESULTS
Localization of the PHB synthase PhaC1 in the presence and
absence of PHB. The PHB synthase PhaC1 is the key enzyme of
PHB synthesis in R. eutropha (28, 36, 37, 40, 42, 44, 47, 54). It is
generally accepted that PhaC1 is attached to the surface of PHB
granules in vitro and in vivo: (i) PHB synthase activity copurifies
with isolated PHB granules in R. eutropha and in all other PHA-
accumulating organisms that have been looked at, (ii) transmis-
sion electron microscopy (TEM) data of R. eutropha H16 using
PhaC1-specific antibodies and immunogold-labeled anti-anti-
bodies clearly showed a surface localization of PHB synthase (10),
and (iii) very recently, Cho and coworkers copurified strep-
tagged-PhaC1 together with an �350-kDa PHB molecule (7).
Correct localization of fusions with the green fluorescent protein
and its color variants is sometimes complicated by the formation
of fluorescent inclusion bodies (49) that could be mixed up with
PHA granules. Therefore, construction of fusions of enhanced
yellow fluorescent protein (eYFP) with PHB synthase and confir-
mation of localization in the presence and absence of PHB gran-
ules would be a good control to test if fusions with eYFP result in
correct subcellular localization in R. eutropha. A C-terminal fu-
sion of PhaC1 with eYFP was constructed and expressed in R.
eutropha PHB-4 (a chemically induced PHB-free mutant because
of a stop codon in the reading frame of phaC1) (25) and in a
precise �phaC1 deletion mutant of R. eutropha H16. The phaC1-
eyfp fusion—like all fusions in this study—was cloned in a modi-
fied pBBR1MCS-2 vector under the control of the constitutive (in
R. eutropha) phaC1 promoter (see Materials and Methods). When
R. eutropha H16 �phaC1 was cultivated under conditions permis-
sive for PHB accumulation, PHB granules were not observed,
showing that PhaC1 is essential for PHB granule formation. Cells
of R. eutropha strains (wild-type or PHB-negative background;
images only for the �phaC1 strain are shown) that harbored
pBBR1MCS2-PphaC-eyfp-c1 for constitutive expression of eYFP

always showed more or less homogeneously distributed yellow-
green fluorescence and confirmed that eYFP is a soluble protein in
R. eutropha independent of the presence or absence of PHB
(Fig. 1A). Occasionally, fluorescence in the central region of the
cells, where the nucleoid should be located, appeared slightly less
intense, suggesting that eYFP concentration in the nucleoid region
can be lower than that in other parts of the cell. Next, we investi-
gated PHB granule formation and eYFP fluorescence of R. eutro-
pha �phaC1 (or strain PHB-4; images not shown) that harbored a
plasmid conferring constitutive PhaC1-eYFP expression. Forma-
tion of PhaC1-eYFP protein was confirmed by Western blot anal-
ysis (data not shown). PhaC1-eYFP was homogeneously distrib-
uted in the absence of PHB. When PHB-free cells of this strain
were transferred to conditions permissive for PHB accumulation,
the cells accumulated PHB granules again. PhaC1-eYFP fluores-
cence condensed to foci that colocalized with PHB granules (Nile
red stained). These results confirmed that the fusion of the PHB
synthase PhaC1 to eYFP is catalytically active (Fig. 1B). The num-
ber and size of the granules were undistinguishable from those in
the wild type. Interestingly, PHB granule formation and binding
of PhaC1-eYFP fluorescence to PHB granules turned out to be a
very rapid process: the first visible granules with attached PhaC1-
eYFP appeared within only 5 min after transfer of PHB-free cells
to conditions permissive for PHB accumulation. Most cells had
one or two PHB granules after 5 min (Fig. 1C).

In order to distinguish between insoluble but still fluorescent
inclusion bodies of eYFP fusions and true PHB-granule bound
fusions, we constructed a catalytically inactive PhaC1-eYFP vari-
ant by exchanging the active site Cys319 of PhaC with alanine. We
investigated the subcellular localization of expressed PhaC1-
C319A– eYFP in R. eutropha H16 and in R. eutropha �phaC1. The
fusion protein clearly colocalized with PHB granules in the wild
type, confirming that the mutation had no influence on binding to
PHB granules. When PhaC1-C319A– eYFP was expressed in the
�phaC1 mutant, fluorescence was homogeneously distributed
under all culture condition, including those under which the wild
type would have accumulated PHB (Fig. 1D and E). These con-
trols confirm that colocalization of PhaC1-eYFP foci with PHB
granules is not an artifact caused by inclusion body formation.

Analysis of the R. eutropha genome had revealed the presence
of a second PHB synthase gene, phaC2 (32), that is assumed to be
catalytically inactive. To determine whether the inactivity of
PhaC2 is caused by insufficient binding to PHB, we constructed a
PhaC2-eYFP fusion and investigated its subcellular localization
and PHB granule formation in the wild type and in the �phaC1
mutant. The PhaC2-eYFP fusion was able to specifically bind to
PHB granules in the wild type (Fig. 2A). Expression in a PHB-
negative background confirmed the absence of PHB synthase ac-
tivity, as the PhaC2-eYFP fluorescence was homogeneously dis-
tributed in the cytoplasm independent of the physiological
situation of the cells, and PHB granule formation was not ob-
served (Fig. 2B). A previous analysis suggested that PhaC2 could
compensate for the mutation in PhaC1 in the chemically induced
PHB-negative mutant R. eutropha PHB-4 (29). However, when
we transferred phaC2-eyfp (with the constitutive phaC1 pro-
moter) to R. eutropha PHB-4, we did not find evidence for PHB
granule formation under culture conditions permissive for PHB
accumulation (data not shown).

Localization of phasins PhaP1 to PhaP5 in the absence and
presence of PHB. The results shown above confirmed that pro-
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teins fused to eYFP can be localized in R. eutropha. Next, we were
interested in the subcellular localization of previously described or
postulated phasins in R. eutropha. Phasins are small PHA granule-
associated proteins (PGAPs) and have been found in all PHA-
accumulating bacteria that have been investigated for the presence
of phasins. Phasins are also present in PHB-accumulating Archaea
(5). In R. eutropha, PhaP1 is the most abundant phasin and can
contribute to approximately 5% of the protein fraction during

PHB accumulation (51). Colocalization of PhaP1 with PHB has
been previously shown (7, 26, 51). Three other phasins (PhaP2,
PhaP3, and PhaP4) have been postulated from the sequenced R.
eutropha genome (32) on the basis of sequence similarity to PhaP1
(22, 35), and recently, we identified a fifth phasin (PhaP5) via its
interaction with PhaP2 in a two-hybrid approach (30). For most
phasins, subcellular localization in vivo under defined culture con-
ditions in the absence and presence of PHB has not yet been in-

FIG 1 Localization of eYFP and PhaC1-eYFP in R. eutropha H16 and in R. eutropha H16 �phaC1. (A) eYFP-c1 was expressed in R. eutropha H16 �phaC1 in the
absence and presence of conditions permissive for PHB accumulation. Homogeneous localization of eYFP in the cytoplasm was also found in the wild-type H16
and PHB-4 strains of R. eutropha (data not shown). (B) PHB-free (stationary-phase) cells of R. eutropha H16 �phaC1 expressing PhaC1-eYFP were transferred
to conditions permissive for PHB accumulation (NB plus 0.2% [wt/vol] gluconate). Samples were taken at the indicated time points and examined by microscopy
for eYFP fluorescence (top) and for PHB granules after staining with Nile red (bottom). (C) Cells were also stained with membrane-specific FM4-64 dye. (D and
E) Time course of PHB granule formation and localization of PhaC1(C319A)-eYFP in R. eutropha �phaC1 (D) and R. eutropha H16 (E). Bars, 3 �m.
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vestigated systematically. We therefore constructed C-terminal
and N-terminal fusions of all five phasin genes (phaP1 to phaP5)
with eyfp and cloned them under the control of the constitutively
expressed phaC1 promoter. All 10 constructs were transferred to
R. eutropha PHB-4, to the R. eutropha �phaC1 deletion mutant,
and to the wild-type strain R. eutropha H16. Western blot analysis
revealed that fusion proteins of the expected size were produced in
R. eutropha strains (data not shown). In general, no significant
differences between N- and C-terminal fusions were found, except
that fusions of eYFP to the C termini of phasins generally resulted
in stronger fluorescence. Therefore, only images of C-terminal
fusions are shown here. First, we determined subcellular localiza-
tion in R. eutropha PHB-4 and in the defined �phaC1 strain under
conditions in which the wild type would accumulate PHB. For
this, stationary-phase NB-grown cells of R. eutropha PHB-4 and of
R. eutropha �phaC1—NB-grown wild-type cells have no PHB in
late stationary phase—were transferred to fresh medium supple-
mented with 0.2% gluconate and were incubated at 30°C. Samples
were taken within the first 5 h of growth and investigated for eYFP
fluorescence. PhaC1-expressing cells start to form PHB granules
within 5 min under these conditions (Fig. 1C). All R. eutropha
PHB-4 and �phaC1 cells expressed the respective fusion proteins,
and the eYFP-phasin fluorescence was generally homogeneously
distributed in the cells at time zero when no PHB was present in
any strain (Fig. 3A and B). Expression of PhaP2-eYFP and PhaP4-
eYFP fusions was notably strong, and cells occasionally contained

fluorescent foci near the cell poles, probably because of the high
self-oligomerization potential of PhaP2 and PhaP4, as shown in
our previous work (30). Formation of fluorescent foci was also
increased, but many cells were still free of foci. PHB granule for-
mation was not detected in any of these cells. Rarely, cells had faint
foci in the Nile red channel, probably caused by cross talk of flu-
orescence between the GFP and Nile red channels. Formation of
fluorescent foci was less pronounced in cells expressing the respec-
tive N-terminal fusions (i.e., eYFP-PhaP; images not shown),
probably because the expression of N-terminal fusions was lower
than the expression of C-terminal fusions; PHB was not detectable
in these strains. Most fusions formed fluorescent foci in the
PHB-4 strain near the cell poles or in the area of future septum
formation. Remarkably, these cell pole-localized foci were ob-
served after only a few hours of growth under conditions permis-
sive for PHB accumulation. However, focus formation was only
rarely observed in the �phaC1 strain. Apparently, formation of
fluorescent foci in strain PHB-4 is an artifact of this strain. We
assume that inclusion body formation of highly expressed eYFP
fusion protein can be a consequence of targeting insoluble pro-
teins to places of proteolytic activity. ClpCP protease is located
near the cell poles and at midcell in B. subtilis (19). In summary,
fusions of PhaP1, PhaP2, PhaP3, PhaP4, and PhaP5 with eYFP
were all constitutively expressed in both PHB-negative strains
(PHB-4 and �phaC1) and were mostly localized in soluble form in
the cytoplasm in the �phaC1 strain.

FIG 2 Localization of PhaC2-eYFP in R. eutropha H16 (A) and R. eutropha H16 �phaC1 (B). Experiments were performed as described in the legend to Fig. 1.
Bars, 3 �m.
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Different results were obtained when subcellular localization
of the constructed phasin-eYFP fusions was followed in a PHB-
positive background during the course of PHB accumulation (Fig.
3C). The fusion proteins of all five phasins were constitutively
expressed. At time zero, most cells (�95%) were free of PHB, and
fusions (PhaP1-eYFP to PhaP5-eYFP and eYFP-PhaP1 to eYFP-
PhaP5) were homogeneously distributed in PHB-free wild-type
H16 cells. Occasionally, occurrence of inclusion bodies at time
zero was observed (PhaP1-eYFP, PhaP2-eYFP, PhaP4-eYFP,
eYFP-PhaP1, and eYFP-PhaP3) (Fig. 3C). When the cells were
transferred to conditions permissive for PHB accumulation (NB
plus 0.2% gluconate), all strains accumulated PHB, which was
visible after staining of the cells with Nile red. PHB granule for-
mation started within 10 min (images not shown). Fusions of
PhaP1, PhaP2, PhaP4, and PhaP5 with eYFP colocalized with PHB

granules at any time. Note that Nile red-stained PHB granules and
colocalized eYFP-phasin fluorescence appeared in more than 95%
of all cells and were larger in diameter than putative fluorescent
inclusions in the PHB-negative background. These results con-
firmed that PhaP1, PhaP2, PhaP4, and PhaP5 are true phasins.
Notably, PhaP3-eYFP remained soluble 1 h and 3 h after transfer
to conditions permissive for PHB accumulation. After 5 h of in-
cubation, however (and at later time points [images not shown]),
PhaP3-eYFP (and eYFP-PhaP3) colocalized with PHB granules.
Apparently, binding of PhaP3-eYFP to PHB granules is weak and
can be prevented during the early stages of PHB accumulation.

Screening of the R. eutropha genome for potential other pha-
sin genes. Comparison of the amino acid sequences of the phasin
proteins PhaP1 to PhaP5 showed that PhaP1 to PhaP4 have strong
sequence similarities, with 38 to 70% identity. However, the sim-

FIG 3 Localization of phasins PhaP1, PhaP2, PhaP3, PhaP4, and PhaP5 fused to eYFP in R. eutropha PHB-4 (A), H16 �phaC1 (B), and H16 (C). Experiments
were performed as described in the legend to Fig. 1. Bar, 3 �m.
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ilarity of PhaP5 to the other phasins was only poor (13 to 17%
amino acid identity). Apparently phasins can differ widely in
amino acid sequence. This fact raised the question of whether
other phasins in R. eutropha could be present that cannot be iden-
tified by sequence similarity (e.g., BLAST search). Closer inspec-
tion of the five known phasin sequences revealed that all of them
have a common so-called phasin 2 motif that is characterized not
by a specific amino acid sequence but by a region enriched in
hydrophobic amino acids (Fig. 4). Phasin 2 motifs are typical of
phasins in PHB-accumulating bacteria, whereas phasin 1 motifs
are present in phasins of species that accumulate medium-chain-
length PHAs (PHAMCL). We assume that the presence of such a
phasin 2 motif could be indicative of subcellular localization of the
expressed protein at the surface of PHB granules. When we
screened the translated genome sequence of R. eutropha H16 for
the presence of phasin 2 motifs, we identified three genes in addi-
tion to the previously known five phasin genes, namely,
H16_B1988, H16_B2296, and H16_B2326. Two of them
(H16_B1988 and H16_B2326) code for hypothetical proteins
consisting of 207 amino acids (22.7 kDa) and 142 amino acids
(16.4 kDa), respectively (Table 3). These values are almost in the
same range as those for PhaP1 to PhaP5 (16 to 20 kDa). The amino
acid sequence of the H16_B2296 gene product comprised 342
amino acids, and the deduced molecular mass therefore is signif-
icantly larger that those of the other two deduced proteins (38.1
kDa). The H16_B2296 gene product has similarities to LysR-type
transcriptional regulators.

Localization of H16_B1988, H16_B2296, and H16_B2326.
To investigate if the three identified proteins with phasin 2 motif
were attached to PHB granules in vivo, N- and C-terminal fusions
of the coding sequences of H16_B1988, H16_B2296, and
H16_B2326 with eYFP were constructed using the modified
pBBR1MCS-2 vector and cloned under the control of the consti-
tutive phaC1 promoter. The respective constructs were trans-
ferred to R. eutropha PHB-4, R. eutropha �phaC1, and the wild-
type R. eutropha strain H16 via conjugation. Transconjugants
harboring the plasmid coding for the eYFP-H16_B2296 construct
were not obtained in several independent conjugation experi-
ments. We assume that expression of eYFP-H16_B2296 is lethal in
R. eutropha, as was found for the PhaM-eYFP fusion (31). The
transconjugant with the C-terminal fusion (H16_B2296-eYFP)
was obtained without problems. Formation of the respective fu-

sion proteins was verified by Western blot analysis in all cases
(data not shown).

Determination of subcellular localization of eYFP fusions (N
and C terminal) with H16_B1988 and with H16_B2326 resulted in
the same results for all four constructs: the fusion proteins were
generally homogeneously distributed in R. eutropha �phaC1 in-
dependent of the time point of sampling. Similar results were
obtained in R. eutropha PHB-4 with the exception that
H16_B1988-eYFP formed cell pole-localized inclusion bodies
similar to those found for some of the phasin-eYFP fusions dis-
cussed above (Fig. 2 and Fig. 5A and B). Homogeneous fluores-
cence was also obtained in R. eutropha H16 at time zero and after
1 to 2 h of conditions permissive for PHB accumulation (Fig. 5C).
Since R. eutropha produces several PHB granules in the first hour
on NB medium supplemented with 0.2% gluconate, both
H16_B1988 and H16_B2326 gene products apparently are not
PHB granule bound at the very early stages of PHB accumulation.
Remarkably, however, a colocalization of the H16_B1988-eYFP
fusion and the H16_B2326-eYFP fusion with PHB granules was
found at later time points (5 h) of growth permissive for PHB
production. This indicated that H16_B1988 and H16_B2326 have
the capacity to specifically bind to PHB granules but that binding
to PHB was prevented at the early phases of PHB accumulation.
We conclude that the H16_B1988 and H16_B2326 gene products
are phasins, and we suggest that they be designated PhaP6
(H16_B1988) and PhaP7 (H16_B2326).

Precise deletions in the phaP6 and phaP7 coding sequences
were constructed in R. eutropha H16 and investigated for a phe-
notype in PHB metabolism. However, no differences in wild-type
cells were detected with respect to cellular growth or number and
localization of PHB granules. A weak phenotype was observed in a
chromosomal �phaP1 R. eutropha H16 background in which
PhaP6-eYFP or PhaP7-eYFP fusions were expressed: the cells with
PhaP6-eYFP or PhaP7-eYFP fusions formed only one or two un-
usual small granules exclusively at or near the cell poles (occasion-
ally a third PHB granule was formed at midcell) under PHB-per-
missive conditions This phenomenon was less pronounced in the
�phaP1 strain without an expressed phasin fusion. However, the
strong effect of PhaP1 overexpression on the number and size of
PHB granules (51) was not detected for PhaP6- or PhaP7-overex-
pressing cells. Expression of eYFP alone in the �phaP1 strain

FIG 4 Alignment (ClustalX 2.1) of phasin 2 motifs (KEGG database) of PhaP1-4, PhaP5 (H16_B1934), PhaP6 (H16_B1988), PhaP7 (H16_B2326), and
H16_B2296.
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(control) was always soluble as in the wild type, regardless of the
absence or presence of PHB.

Analysis of subcellular localization revealed that H16_B2296-
eYFP is located in the cytoplasm and in the center of the cells
independent of the presence or absence of PHB in R. eutropha H16
and of the growth phase, similar to results obtained with PhaM
(Fig. 5D and E). Colocalization with PHB granules was, however,
not observed. Staining of the cells with DAPI (4,4=,6=-diamidino-
2-phenylindole) revealed colocalization of H16_B2296-eYFP with
the nucleoid region in a high fraction of the cells (Fig. 5F). We
conclude that H16_B2296 apparently is not a PHB granule-bound
protein but probably is a DNA-bound regulator protein, as pre-
dicted by its annotation; the function of the phasin 2 motif in
H16_B2296 is unknown.

DISCUSSION

Several models of PHB granule biosynthesis are currently under
discussion for the model organism of PHB research, R. eutropha
H16. The so-called micelle model assumes that soluble (cytoplas-
mic) PHB synthase (PhaC1 dimers) starts to produce the hydro-
phobic PHB molecule if the concentration of the synthase sub-
strate (3-hydroxybutyryl coenzyme A [3-hydroxybutyryl-CoA])
is sufficiently high. Because of the low solubility of PHB, nascent
polymer chains aggregate and form micelle-like structures, with

PhaC molecules sitting on the polymer surface (43, 44), to which
phasins and other PGAPs are attached as the granule grows. The
budding model assumes that the PHB synthase is located in or is
attached to the cytoplasmic membrane and that the growing PHB
chain is liberated into the membrane, leading to granule forma-
tion in the cytoplasm membrane. Once PHB granules have
reached a specific size, the granules bleb out, and phasins and
other PGAPs become attached to the granules. Several studies
were performed in the lab of A. Sinskey and J. Stubbe and in our
lab in the past addressing the question of where exactly in the cell
nascent PHB granules are produced: TEM studies showed that
PHB granules of cells that were cultivated under conditions per-
missive for PHB accumulation but not permissive for growth
(high C, low N) were often located more or less in the center of the
cells in close proximity to dark-stained “mediation elements” (46,
48). Contradictory results were found by fluorescence microscopy
investigations, which suggested that PHB granules were synthe-
sized in the cell periphery and/or near the cell pole area (14, 15,
18). Recently, we identified a new PGAP, PhaM, that specifically
binds to PHB and to DNA (31). We showed that PhaM is neces-
sary for equal distribution of PHB granules to daughter cells dur-
ing cell division, similar to PhaF in PHAMCL-accumulating Pseu-
domonas putida (9). In this study, we observed formation of the

TABLE 3 Overview of known or postulated PGAPs in R. eutropha

Protein
Mass
(kDa)

Putative
functiona Evidenceb Transcriptionc,e Remarksd,e

In vivo
interaction(s)e Reference(s)

PhaC1 64.3 PHB synthase Exp C (��) Key enzyme PhaM 10, 28, 40, 42,
this study

PhaC2 65.4 PHB synthase Similarity � Function unknown;
catalytically inactive

32, this study

PhaP1 20.0 Phasin Exp A (���) Major phasin Other phasins 4, 26, 29, 30, 51,
this study

PhaP2 20.2 Phasin Similarity, exp A (�) Minor phasin PhaP4, PhaP5,
other phasins

30, 35, this study

PhaP3 19.5 Phasin Similarity, exp (�) Minor phasin, reg? Other phasins,
PhaZa1

30, 35, this study

PhaP4 20.2 Phasin Similarity, exp A (��) Minor phasin PhaP2, other
phasins

4, 30, 35, this
study

PhaP5 15.7 Phasin Similarity, exp A (�) Minor phasin PhaP2-4 PhaM,
(PhaR,
PhaZa1)

30, 31, 35, this
study

PhaP6 22.7 Phasin Phas. mot., exp A (�) Minor phasin This study
PhaP7 16.4 Phasin Phas. mot., exp A (�) Minor phasin This study
PhaR 21.0 Regulator Exp C (��) Regulator PhaP5 30
PhaZa1 47.3 iPHB depolym Exp A (��) Depolymerase PhaP3 13, 38, 50
PhaZa2 44.8 iPHB depolym Similarity A (��) Putative depolymerase 4, 52
PhaZa3 45.2 iPHB depolym Similarity A (�) Putative depolymerase 4, 52
PhaZa4 27.3 iPHB depolym Similarity Putative depolymerase 4, 32
PhaZa5 45.2 iPHB depolym Similarity A (�) Putative depolymerase 4, 32
PhaZd1 (PhaZ6) 39.2 iPHB depolym Exp High dep activity 1, 4, 32
PhaZd2 (PhaZ7) 38.4 iPHB depolym Similarity A (�) Putative depolymerase 4, 32
PhaZb (PhaY1) 74.3 Oligomer hydr Exp A (�) 20
PhaZc (PhaY2) 31.6 Oligomer hydr Exp 21
PhaM 26.6 Phasin� PHB

localization
Exp C (��) Binds to DNA PhaC1, PhaP5 31

a iPHB depolym, intracellular PHB depolymerase; hydr, hydrolase.
b Exp, experimentally verified function; phas. mot., phasin 2 motif.
c C, constitutive expression; A, increased expression under PHB accumulation conditions; �, not detectable; �, low; ��, medium; ���, high.
d reg, regulation; dep, depolymerase.
e An empty cell indicates that the parameter is not known.
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first visible granules with attached PhaC1-eYFP within only 5 min
after transfer of PHB-free cells to conditions permissive for
growth and PHB accumulation (Fig. 1C). In this experiment, the
cells were additionally stained with FM4-64, a dye that specifically
stains the cell membrane. Most cells had one or two PHB granules
associated with PhaC1-eYFP foci after 5 min (Fig. 1C). Notably,
cells that had formed two PHB granules always had one PHB
granule in each cell half. PHB granules and PhaC1-eYFP fluores-
cence were often located in neighborhood of the membrane and in
the vicinity of the cell poles or area of future septum formation.
However, we did not observe a colocalization of PhaC1-eYFP with
the cytoplasm membrane, as suspected previously (16). We also
never observed cells with two PHB granules in one cell half and
none in the other half. Apparently, the initiation sites for PHB
granule formation are not randomly distributed in the cell. This
implies that the binding of PHB or PhaM to the nucleoid is not
random, but a molecule that ensures specific attachment of the
PHB granule to certain parts of the nucleoid is not known. In our
previous study, PhaM turned out to bind unspecifically to DNA

(31). Another explanation for the fact that two PHB granules were
not located together in one cell half could be that the local con-
centration of the PHB synthase substrate (3-hydroxybutyryl-
CoA) is low in the vicinity of already-formed PHB granules. To-
gether with the early observations of Sinskey and Stubbe’s group
(46, 48), our data suggest that PHB granules are connected to the
bacterial nucleoid and that the mediation elements represent the
nucleoids of the bacteria. Because of the use of quasisynchronized
cells in our experiments and transfer of PHB-free cells to condi-
tions permissive for both growth and PHB accumulation (high C
and high N), the first granules became attached to the dividing
chromosome, resulting in the impression that PHB granules are
located at the periphery and/or cell pole. In contrast, in the exper-
iments described by the Sinskey-Stubbe lab, cells of a seed culture
were transferred to a PHB production medium that contained
high C but almost no nitrogen (0.01%) to promote PHB accumu-
lation (46, 48). Since the first sample was not taken before 2.5 h of
incubation, the nitrogen source should have been consumed, re-
sulting in an arrest of nucleoid and cell division. If newly synthe-

FIG 5 Localization of phasins H16_B1988 (PhaP6), H16_B2326 (PhaP7), and H16_B2296 each fused to eYFP in R. eutropha. Experiments were performed as
described in the legend to Fig. 1. Localization of H16_B1988-eYFP and H16_B2326-eYFP in R. eutropha PHB-4 (A), H16 �phaC1 (B), and H16 (C) and
localization of H16_B2296-eYFP in R. eutropha H16 (D and E) and H16 �phaC1 (F) are shown. Note that colocalization of H16_B2296-eYFP with PHB granules
(Nile red stain) was not observed, as shown by single-channel images from individual cells stained with Nile red (E). In contrast, laser scanning microscopy (F;
channels as indicated) confirmed that H16_B2296-eYFP colocalizes with the DAPI-stained nucleoid. R. eutropha H16 and mutant strains expressing H16_B2296-
eYFP were impaired in cell growth and in cell division, as indicated by slower growth and unusual elongation of some cells. Bars, 3 �m (A to E) and 10 �m (F).
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sized PHB granules become attached to the nucleoid via PhaM
and the nucleoid does not divide any more, the driving force that
separates PHB granules to the daughter cells is abolished. This will
result in the impression of a more random localization of PHB
granules, as observed by Tian and coworkers (46, 48). Recently,
the Stubbe lab published a paper reporting the use of electron
cryotomography to show that PHB granules are more or less sta-
tistically distributed in R. eutropha cells (1a). Again, the culture
condition used in that study (2% fructose, 0.01 NH4Cl, inocula-
tion ratio of 1:2.5, first sample after 2.5 h) are unlikely to allow cell
proliferation at the time point of sampling. These data clearly
exclude the budding model but do not exclude a scaffolding
model with the nucleoid as the scaffold, as already discussed by
Cho et al. (7). From these considerations, the apparent contradic-
tions between our results on PHB granule localization and the
data published by the Sinskey-Stubbe group can be explained by
the use of different culture conditions and different time points of
sampling.

The aim of this study was to find out whether some PGAPs
of PHB granules in the model organism of PHB research, R.
eutropha H16, are still unidentified. Since proteome analysis of
isolated PHB granules gives many false-positive results because
of artificial binding of proteins to PHB upon cell disruption
(our unpublished data), proteome analysis of isolated PHB
granules did not appear to be a good method to find new
PGAPs. Our recently employed method of two-hybrid analysis
resulted in the identification of two novel PGAPs (PhaP5 and
PhaM) (30, 31). However, a few dozen presumably false-posi-
tive hits (data not shown) were also found, highlighting the
limitation of this method for the identification of true new
PGAPs. We were therefore interested in a faster and easier
method for the identification of new PGAPs. We noticed that
all currently known phasin proteins (PhaP1 to PhaP5) of R.
eutropha harbored the so-called phasin 2 motif. This motif was
also present in three other hypothetical proteins of the R. eu-
tropha genome, namely, the H16_B1988, H16_B2296, and
H16_B2326 gene products (Fig. 4). While two of the three pro-
teins had molecular masses (16 and 23 kDa) similar to those of
known phasins (16 to 20 kDa), the other candidate

(H16_B2296) was significantly larger (38 kDa) and showed
similarities to LysR transcriptional regulator proteins. We
speculated that the H16_B2296 protein could be involved in
binding of PHB granules to DNA, similar to PhaR (34, 53) or
PhaM (31). However, fusion analysis with eYFP excluded the
possibility that the H16_B2296 gene product binds to PHB
granules. Therefore, it appears unlikely that the H16_B2296
gene product is involved in PHB metabolism. The reason why it
has a phasin 2 motif remains obscure. The phasin 2 motif of
H16_B2296 is the shortest among all phasins. It should be men-
tioned that not all PGAPs but only phasins sensu stricto have a
phasin 2 motif. All other PGAPs (such as PhaCs, PhaZs, and
PhaM) do not have this sequence motif. Therefore, it is unlikely
that the phasin 2 motif represents a PHB-binding domain.

The function of most phasins in R. eutropha is unknown.
Only for PhaP1 is a clearly detectable effect of a deletion of the
respective gene known. Deletion of phaP1 results in formation
of only one or two big PHB granules instead of 8 to 12 medium-
sized granules in the wild type. Moreover, deletion of phaP1
enhanced degradation of PHB both in vivo (22) and in vitro
(unpublished data). Deletion of other phasins (encoded by
phaP2 to phaP7) or overexpression of phaP6 or phaP7 has no
pronounced effect on size or number of accumulated PHB
granules as determined by light microscopy (22, 30; also this
study). Interestingly, overexpression of PhaP5, PhaP6, or
PhaP7 resulted in cell pole-localized PHB granules and indi-
cated that these phasins can have additional properties com-
pared to PhaP1 to PhaP4. A comparison of global gene expres-
sion of R. eutropha grown under conditions permissive for
PHB accumulation was performed previously (4). Analysis of
the published transcriptome data revealed that transcription of
phaP6 and phaP7 was upregulated under PHB-permissive con-
ditions (high C, low N) (Fig. 6) in comparison to typical growth
conditions (high C, high N). This expression pattern is typical
for other phasin genes, such as phaP1, phaP2, phaP4, and
phaP5, and is in contrast to phaC1 and phaM, which were con-
stitutively expressed. However, overall expression of phaP1 was
significantly higher than that of any of the other PGAP genes
(Table 3), confirming that PhaP1 is the major phasin. Since the

FIG 6 Expression levels of selected R. eutropha genes under growth conditions and PHB-permissive conditions. All values were taken from published transcrip-
tome data (4) and the GEO series accession number GPL10276 (http://www.ncbi.nlm.nih.gov/geo/).
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expression levels of phasins other than PhaP1 are significantly
lower than that of PhaP1, they have only limited effects on the
number and size of PHB granules in vivo. Similar results have
been obtained during analysis of mutants lacking either phaP2,
phaP3, or phaP4 (22). The function of the other phasins in PHB
homeostasis remains obscure.
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