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Whole-Genome Microarray and Gene Deletion Studies Reveal
Regulation of the Polyhydroxyalkanoate Production Cycle by the
Stringent Response in Ralstonia eutropha H16
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Poly(3-hydroxybutyrate) (PHB) production and mobilization in Ralstonia eutropha are well studied, but in only a few instances
has PHB production been explored in relation to other cellular processes. We examined the global gene expression of wild-type
R. eutropha throughout the PHB cycle: growth on fructose, PHB production using fructose following ammonium depletion, and
PHB utilization in the absence of exogenous carbon after ammonium was resupplied. Our results confirm or lend support to
previously reported results regarding the expression of PHB-related genes and enzymes. Additionally, genes for many different
cellular processes, such as DNA replication, cell division, and translation, are selectively repressed during PHB production. In
contrast, the expression levels of genes under the control of the alternative sigma factor °* increase sharply during PHB pro-
duction and are repressed again during PHB utilization. Global gene regulation during PHB production is strongly reminiscent
of the gene expression pattern observed during the stringent response in other species. Furthermore, a ppGpp synthase deletion
mutant did not show an accumulation of PHB, and the chemical induction of the stringent response with bL-norvaline caused an
increased accumulation of PHB in the presence of ammonium. These results indicate that the stringent response is required for
PHB accumulation in R. eutropha, helping to elucidate a thus-far-unknown physiological basis for this process.

Many organisms have been reported to accumulate storage
compounds when they encounter nutrient stress (10). One
of the best-studied examples of such a storage compound is
poly(3-hydroxybutyrate) (PHB). The accumulation of PHB has
been observed for a wide range of organisms and under a wide
range of stress conditions (2, 47). PHB accumulation has been
intensively studied for both its industrial potential and its role in
survival against environmental stress (36, 49, 59). PHB accumu-
lation is regulated, in part, by PhaR, which represses the transcrip-
tion of the phasin gene instrumental for PHB granule formation,
phaP1 (42,73). When PHB begins to accumulate in the cell, PhaR
binds to the polymer instead of its DNA binding site, thus remov-
ing the repression of phaPl expression (32, 71). A high level of
expression of phaP1 subsequently results in the proper formation
of PHB granules, coated predominantly by PhaP1, PhaR, the PHB
synthase PhaCl, and the PHB depolymerase PhaZ1 (24, 48). Al-
though this process is well studied, it is unclear thus far what
governs the threshold accumulation to set this regulatory network
in motion.

One possibility is that the initiation of PHB accumulation oc-
curs as a result of the stringent response. This process is a mecha-
nism that provides protection against nutrient stress in a wide
range of organisms (for recent reviews, see references 33 and 41).
The stringent response is governed by the nucleotide guanosine
tetraphosphate (ppGpp), which destabilizes the RNA polymerase
o’% holoenzyme and thus strongly reduces the transcription levels
of genes under the control of ¢”° or its homologs in other organ-
isms (22, 33). This inhibition of 6’°-controlled genes results in a
strong induction of genes under the control of alternative o fac-
tors, such as 0™ (6). Additionally, ppGpp has been shown to di-
rectly inhibit translation (28, 60). This process could potentially
reduce alternative carbon sinks, thus triggering PHB accumula-
tion.
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To determine if the physiological basis for PHB carbon storage
could be found in the stringent response, we examined the model
organism for polymer accumulation, Ralstonia eutropha H16. R.
eutropha H16 is probably the most widely used model organism
for the study of PHB accumulation. A large number of scientific
works about the PHB production and utilization of R. eutropha
(referred to in this work as the “PHB cycle”) have been published,
including a number of reviews (47, 48, 58, 59). The genome se-
quence of R. eutropha H16 has become available in the past decade
(40, 52), further establishing it as the organism of choice for the
study of PHB accumulation. However, the stringent response in R.
eutropha has not been studied previously.

Using the available sequence, genome-wide expression studies
were designed to examine global gene expression under different
culture conditions, to elucidate the myriad of changes that occur
in the cell during the transition from growth to PHB production
to PHB utilization. In the case of the R. eutropha PHB cycle, such
a study can be validated by the many works in the literature that
have closely studied the components of the cycle and can poten-
tially shed new light on the physiology of PHB storage. Although
there exists a previously reported analysis of genome wide-expres-
sion focusing on PHB production in R. eutropha, that study did
not identify a physiological origin for the initial PHB accumula-
tion (37). Furthermore, that study focused only on the compari-
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TABLE 1 Strains and plasmids used in this study

Strain or
plasmid Genotype or characteristic Reference
Strains
R. eutropha
Hie6 Wild type; Gen" 68
Re2411 H16 A(H16_A1337) (ArelA) This study
Re2424 H16 A(H16_A2373) (ArpoS) This study
Re2061 H16 AphaCAB This study
E. coli S17-1 Strain for conjugative transfer of 54
plasmids into R. eutropha
Plasmids
pIvV7 phaC deletion plasmid; confers 12
kanamycin resistance
pBBRIMCS-2  Broad-host-range cloning vector; confers 27
kanamycin resistance
pDS1 spoT2 deletion plasmid; confers This study
kanamycin resistance
pCB300 rpoS deletion plasmid; confers This study
kanamycin resistance
pCJB-CAB phaCAB deletion plasmid; confers This study
kanamycin resistance
pPASCB1 pBBRIMCS-2 with R. eutropha rpoS gene  This study

inserted into the multiple-cloning site

son of growth to PHB accumulation and neglected the study of
gene expression during PHB utilization.

In this study, we used custom-designed R. eutropha microarray
chips to compare gene expression levels under three conditions:
cell growth (with ammonium as a nitrogen source) in the presence
of fructose as the sole carbon source, PHB production (after am-
monium has been depleted) in the presence of fructose as the sole
carbon source, and the utilization of PHB as the sole carbon
source (after ammonium has been resupplied). The emerging
global gene expression pattern was further studied through pro-
moter identification of the regulated genes. The physiological or-
igin of the observed global expression changes was studied in more
detail by using an R. eutropha strain lacking the relA homolog and
by chemically inducing the stringent response using bL-norvaline.
The role of the 6° gene, 7poS, in the PHB cycle was also examined.

MATERIALS AND METHODS

Bacterial strains and materials. The bacterial strains and plasmids used
in this study are listed in Table 1. All chemicals and commercial reagents
were purchased from Sigma-Aldrich (St. Louis, MO), unless otherwise
specified. Oligonucleotide primers were purchased from Integrated DNA
Technologies (Coralville, IA). Pfu DNA polymerase and other DNA mod-
ification enzymes were purchased from New England BioLabs (Ipswich,
MA).

Design of custom Ralstonia eutropha H16 microarray chips. Probe
sets representing 6,626 protein-encoding genes and 3 rRNA genes from
the R. eutropha H16 genome, as annotated previously by Pohlmann et al.
(40), were printed on an 11-pm array (49-5241 format; Affymetrix, Santa
Clara, CA), as described previously (9). Custom R. eutropha H16 gene
expression microarray chips were constructed according to the quality
control guidelines outlined by the manufacturer (Affymetrix), after the
submission of design parameters.

Cell growth and total cellular RNA isolation procedure. Individual
colonies of R. eutropha H16 grown on a tryptic soy agar (TSA) plate were
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inoculated into 5 ml of dextrose-free tryptic soy broth (TSB; Becton Dick-
inson, Sparks, MD) and grown for 24 h. Cultures for microarray analysis
were all performed in triplicate. Aliquots of 0.5 ml of cultures grown
overnight were inoculated into 250-ml shake flasks containing 50 ml of
minimal medium, modified from protocols described previously (35),
containing 0.1% NH,CI and 2% (wt/vol) fructose. These cultures were
grown for 24 h. Cultures grown overnight were inoculated to an initial
optical density at 600 nm (ODg,) 0f 0.1 in 250-ml shake flasks containing
50 ml of minimal medium containing 0.05% NH,CI and 2% (wt/vol)
fructose. Cultures were grown for 12 h. Cultures for sampling were inoc-
ulated to an initial ODy, of 0.05 in 250-ml shake flasks containing 50 ml
of minimal medium with 0.05% NH,Cl and 2% (wt/vol) fructose. All flask
cultures were grown at 30°C with agitation (200 rpm). Unless otherwise
mentioned, all growth media in this study contained 10 pg/ml gentami-
cin. For the selection of culture conditions for microarray analysis, we
focused on logarithmic growth (when the nitrogen source in the culture
was depleted by 50%), PHB production (when nitrogen in the culture was
depleted), and PHB utilization (when cells were actively utilizing intracel-
lular PHB stores as a carbon and energy source). The concentration of
NH, ™ in the growth medium was monitored by using an ammonia assay
kit (Sigma-Aldrich), according to the manufacturer’s instructions. An
aliquot of cells (at an ODy, equivalent of 2.5) was harvested at an NH, *
concentration of approximately 0.025%, and another aliquot of cells (also
at an ODy, equivalent of 2.5) was harvested 2 h after the depletion of
nitrogen in the medium. For PHB utilization samples, cells were grown in
PHB production medium for 48 h, washed, and transferred into PHB
utilization medium, which was free of extracellular carbon and contained
0.1% NH,CI, allowing cells to utilize PHB stores as the main carbon
source. The intracellular PHB content was monitored (see below), and
after 6 h of incubation, cells were harvested and later used for RNA isola-
tion. All culture aliquots were treated with 2 volumes of RNA Protect
reagent (QIAgen, Valencia, CA). Cells were centrifuged at 5,000 rpm,
growth medium was removed, and cell pellets were stored at —80°C until
RNA extraction.

Cellular RNA isolation, labeling, and hybridization to Affymetrix ar-
ray chips were performed as described previously (9).

Microarray data analysis. Microarray data analysis was performed as
described previously (9), using Affymetrix GCOS v.1.4 for data extraction
and robust multichip average (RMA) analysis (ArrayStar Software, Mad-
ison, WI) with quantile normalization for further analysis. The annota-
tion of genes in the final output was performed based on the annotation
described previously by Pohlmann et al. (40). Genes of interest with sta-
tistically significant changes in expression levels (P < 0.01) were selected
for further study. Gene expression values are denoted as the log, values of
actual expression values, similar to what was reported previously (9).

Growth of strains and PHB quantitation. A relA homolog (see Fig. S1
in the supplemental material) (spoT2; locus tag H16_A1337) was identi-
fied in the R. eutropha H16 genome by using the Genome Information
Broker (GIB) (19). A deletion mutant strain, denoted Re2411 (Table 1),
was constructed according to methods described previously (9), using
primer pairs listed in Table S1 in the supplemental material. Four cultures
of H16 and Re2411 were grown in 50 ml minimal medium containing
0.1% NH,Cl and 2% fructose for 70 h at 30°C with agitation (200 rpm).
Aliquots of cultures (5 ml) were removed at 0, 12, 20, 44, and 69 h for
intracellular PHB quantitation.

An rpoS homolog (H16_A2373) was also identified by using GIB (19).
A deletion mutant strain, denoted Re2424 (Table 1), was constructed
according to methods described previously (9), using primer pairs listed
in Table S1 in the supplemental material. An rpoS complementation plas-
mid, pASCBI1 (Table 1), was constructed by inserting the rpoS gene into
pBBRIMCS-2, as follows. The R. eutropha rpoS gene was amplified by
PCR using primers rpoScompFW and rpoScompFW (see Table S1 in the
supplemental material). The PCR product was cut by using Sall and Xbal
restriction endonucleases and ligated into Sall/Xbal-cut pBBRIMCS-2.
Three cultures each of H16/pBBRIMCS-2, Re2424/pBBRIMCS-2, and
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Re2424/pASCBI1 were grown in 50 ml minimal medium containing 0.1%
NH,Cland 2% fructose for 72 h at 30°C with agitation (200 rpm). Aliquots of
cultures (5 ml) were removed at 0, 24, 48, and 72 h for intracellular PHB
quantitation. The remaining cultures were washed twice with sterile
0.85% saline solution, and the cells were resuspended in PHB utilization
medium containing 0.2% NH,CI for 72 h at 30°C with agitation (200
rpm). Aliquots of cultures (5 ml) were removed at 0, 24, 48, and 72 h for
intracellular PHB quantitation.

For the quantitation of intracellular PHB, 5-ml aliquots of cultures
were transferred into preweighed borosilicate glass tubes at various time
points during the PHB production cycle. Cells were pelleted, washed with
5 ml of cold water, pelleted again, and dried in vacuo at 80°C. The PHB
content and cell dry weight (CDW) were determined from the dried sam-
ples according to established methods (7, 26).

Enzyme assays. Cultures of H16 and Re2411 were grown in 50 ml
minimal medium containing 0.1% NH,Cl and 2% fructose for 72 h at
30°C with agitation (200 rpm). Cells were grown for up to 24 h and then
pelleted and stored at —80°C. Pellets were thawed on ice and resuspended
in 20 mM Tris-HCI buffer (pH 7.5) for PHB synthase and malate dehy-
drogenase assays, 150 mM 4-(2-hydroxyethyl)-1-piperazinepropanesul-
fonic acid (EPPS) buffer (pH 8.0) for B-ketothiolase assays, 50 mM
KH,PO, (pH 6.0) for acetoacetyl coenzyme A (CoA) dehydrogenase as-
says, and 100 mM Tris-HCI (pH 8.0) for citrate synthase assays. One
milliliter of suspended cells was placed, along with ~100 wl 0.1-mm zir-
conia/silica beads (Biospec Products, Bartlesville, OK), into a 2-ml micro-
centrifuge tube and sealed. The tubes were loaded onto a FastPrep-24
machine (MP Biomedicals, Solon, OH) and treated twice at 6.0 m/s for 30
s, with a 5-min rest period between treatments. Following lysis, samples
were centrifuged for 5 min at 4°C to pellet cell debris. Clarified cell extracts
were removed into a clean tube, and enzyme assays were performed.

Discontinuous PHB synthase (PhaC) activity assays were performed,
as described previously (15), by using 3-hydroxybutyrate (3HB)-CoA as
the substrate. The 3HB-CoA sample was a generous gift from Mimi Cho
and JoAnne Stubbe (Department of Chemistry, MIT). Activities in cell
extracts were monitored for 5 min for each assay. 3-Ketothiolase (PhaA)
activity assays were performed as described previously (55). Acetoacetyl-
CoA reductase (PhaB) assays were performed as described previously (12,
23). A citrate synthase assay was performed according to methods de-
scribed previously (18, 56), using acetyl-CoA and oxaloacetate as the sub-
strates. Malate dehydrogenase activity was monitored by monitoring the
reduction of NAD™ to NADH during the production of oxaloacetate
from malate. The assay mixture was composed of 600 .l 100 mM Tris-
HCI (pH 7.6), 100 wl 8 mM MnSO,, 100 11 5 mM NAD™, and 100 wl 8
mM malic acid. The reaction was started upon the addition of 100 pl cell
extract, and the activity was monitored by monitoring the A,,, over time.
In all cases, 1 U of enzyme activity is the amount of enzyme needed to
convert 1 wmol substrate to product per min at 25°C.

Reduced pyridine nucleotide cofactor quantitation. Intracellular
levels of NADH and NADPH were quantified in R. eutropha H16 and
Re2411 cells during growth (6-h culture) and nitrogen limitation (24-h
culture) in minimal medium containing 0.1% NH,Cl, 2% fructose, and
10 pg/ml gentamicin. A volume of cells equivalent to an ODy, of 5.0 was
harvested, centrifuged for 5 min at 2,800 X g, washed in 5 ml of 0.85%
saline, and stored at —80°C. Reduced pyridine nucleotides (NADH and
NADPH) were extracted from cells according to methods described pre-
viously (20). Intracellular NADH concentrations were measured by using
an alcohol dehydrogenase assay coupled to the reduction of phenazine
ethosulfate (PES) and 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazo-
lium bromide (MTT), as described previously (20, 66). The substrate was
3% (vol/vol) ethanol. Intracellular NADPH concentrations were mea-
sured by coupled assay, with glucose 6-phosphate dehydrogenase coupled
to the reduction of PES and MTT, as previously described (20, 74). The
substrate was 25 mM glucose 6-phosphate. NADH and NADPH quanti-
tations were performed by comparison with a standard curve for each
nucleotide cofactor.
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Chemical induction of the stringent response. Six individual cultures
of H16 were grown in 50 ml minimal medium containing 0.1% NH,CI
and 2% fructose at 30°C with agitation (200 rpm). During exponential
growth (0D, = 0.7), 5-ml aliquots of cultures were sampled for CDW
determinations and PHB quantitation. After 20 min, another 5-ml sample
was taken, and pL-norvaline was added to three cultures of H16 to a final
concentration of 0.1% (wt/vol). At the time of addition, 5 ml of the culture
was sampled for CDW determination and PHB quantitation. Sampling
was repeated every 20 min for 100 min after the addition of pL-norvaline.
The PHB content and CDW were determined as described above.

Promoter analysis. Upstream sequences of strongly regulated genes
were retrieved from the GIB and further analyzed by using MEGA 5 (61).
Potential 6>* promoters were manually identified based on a consensus
sequence reported previously (3). Potential ¢”° promoters were identified
by using BPROM (Softberry).

Microarray data accession number. Microarray data discussed in this
work have been deposited in the NCBI Gene Expression Omnibus (GEO)
(http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO se-
ries accession number GSE21145.

RESULTS

Gene expression in R. eutropha H16 fructose cultures in the
presence or absence of nitrogen. We have examined global gene
expression in R. eutropha H16 in the presence of nitrogen, under
conditions of nitrogen depletion, and upon the reintroduction of
nitrogen. A total of 2,263 genes exhibited a >2-fold change in expres-
sion (P < 0.01) when nitrogen was depleted in fructose cultures. Of
these 2,263 genes, roughly half were observed to be upregulated and
half were downregulated after nitrogen depletion. The magnitude of
this change suggests that major physiological changes occur in R.
eutropha upon entrance into PHB production.

Table 2 breaks down these 2,263 genes into functional groups,
categorized according to functional categories described previ-
ously by Tatusov et al. (62). The transcriptions of several of these
groups of genes were shown to be generally repressed during PHB
production. The downregulated functional groups include genes
involved in nucleotide metabolism (56% downregulated), DNA
replication (32.2% downregulated), cell envelope biogenesis
(28% downregulated), cell division (50.6% downregulated), and
translation (67.6% downregulated) (Table 2). Additionally, cell
motility and secretion genes were observed to be generally down-
regulated (30.6% downregulated) in the absence of nitrogen (Ta-
ble 2). A previous study showed that R. eutropha stops producing
flagella and that the amount of flagellin decreases in cells during
nitrogen starvation (45). The fliC gene was also shown to be
downregulated in stationary phase in a previously reported R.
eutropha gene expression study (37). Our results show that the
flagellin gene fliC (H16_B2360) is indeed downregulated, 9.3-
fold, during PHB production compared to its expression during
growth. Furthermore, genes of the tricarboxylic acid (TCA) cycle
were all observed to be downregulated during PHB production
(Table 3), although some exhibited more of a decrease in expres-
sion than others. These data suggest that there is a change in the
flux of acetyl-CoA in the cell when R. eutropha enters the PHB
production phase, providing a potential additional level of control
for PHB production, since the precursor of PHB is produced using
two molecules of acetyl-CoA.

The expression levels of a large group of genes involved in
inorganic ion or carbohydrate transport and metabolism were
shown to be increased during nitrogen starvation. The upregu-
lated genes involved in inorganic ion transport and metabolism
can be accounted for largely by genes involved in nitrogen uptake
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TABLE 2 R. eutropha H16 gene expression microarray experiment comparing samples of cells growing in the presence of nitrogen to samples with

PHB production (without nitrogen)

No. (%) of genes”

Upregulated Downregulated
Functional category Functional group” 2- to 4-fold >4-fold 2- to 4-fold >4-fold
Information storage and
processing
] Translation, ribosomal structure, and biogenesis 3(1.7) 2(1.1) 20 (11.2) 101 (56.4)
K Transcription 42 (5.3) 21(2.7) 30 (3.8) 21(2.7)
L DNA replication, recombination, and repair 5(3.1) 3(1.9) 27 (16.7) 25 (15.5)
Cellular processes
D Cell division and chromosomal partitioning 1(3.6) 1(3.6) 10 (36.1) 4 (14.5)
O Posttranslational modification, protein turnover, 9 (5.7) 25 (15.9) 24 (15.3) 24 (15.3)
chaperones
M Cell envelope biogenesis, outer membrane 4(1.7) 6(2.6) 26 (11.2) 39 (16.8)
N Cell motility and secretion 8 (4.4) 6(3.3) 23 (12.8) 32 (17.8)
P Inorganic ion transport and metabolism 12 (11.7) 34 (33.2) 14 (13.7) 32 (31.3)
T Signal transduction mechanisms 9(1.1) 29 (3.7) 13 (1.7) 7 (0.9)
Metabolism
C Energy production and conversion 35(7.2) 82 (16.9) 13 (2.7) 53 (10.9)
G Carbohydrate metabolism and transport 13 (8.7) 57 (38.1) 16 (10.7) 26 (17.4)
E Amino acid metabolism and transport 28 (9.5) 53 (17.9) 35(11.8) 66 (22.3)
F Nucleotide metabolism and transport 2(2.7) 12 (16.0) 19 (25.3) 23 (30.7)
H Coenzyme metabolism 3(1.9) 7 (4.4) 21(13.3) 15 (9.5)
1 Lipid metabolism (includes genes in the PHB cycle) 20 (6.0) 16 (4.8) 21 (6.4) 23 (7.0)
Q Secondary metabolite biosynthesis, transport, 8(8.2) 8(8.2) 5(5.1) 9(9.2)
and catabolism
Uncharacterized or
poorly characterized
R General function prediction only 51 (6.9) 105 (14.5) 85 (11.5) 66 (9.0)
S Function unknown 121 (6.6) 266 (14.5) 87 (4.7) 101 (5.5)
Total 374 733 489 667

“ Functional group categories are based on those described previously by Tatusov et al. (62).

b Genes in the “upregulated” category underwent an upregulation of expression during PHB production compared to growth using fructose as a carbon source. Genes in the
“downregulated” category underwent a downregulation of expression during PHB production compared to growth using fructose as a carbon source. The percentage of genes
affected per functional group was based on the number of genes in each group exhibiting significant changes in expression as a percentage of the total number of R. eutropha genes
in a given functional group based on data reported previously (40). For all genes represented in this table, the P value was <0.01.

and metabolism. For example, an operon encoding potential
nitrogen-scavenging transporters and enzymes (locus tags
H16_A1075 through H16_A1087) is upregulated by an average of
491-fold during nitrogen starvation. The upregulated genes in-
volved in carbohydrate metabolism were most notably involved in
fructose transport and metabolism and, surprisingly, the two cbb
operons encoding Calvin cycle enzymes for CO, fixation.

The pattern of this expression level change is similar to those
observed during the stringent response in various other species
(11, 14, 34, 63), suggesting a central role for the nucleotide
guanosine tetraphosphate (ppGpp) in the regulation of PHB pro-
duction. As mentioned above, the inhibition of ¢”°-controlled
genes by the action of ppGpp results in a strong induction of genes
under the control of alternative ¢ factors, such as ¢°* (6). To
further examine this possibility, we have analyzed the upstream
sequences of the most strongly regulated genes. o>* family pro-
moter elements were identified in the upstream sequences of 79
out of 96 genes with a >50-fold increase in the expression level
(see Fig. S2 in the supplemental material). In the upstream se-
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quences of the most strongly downregulated genes, the “house-
keeping” ¢’° family promoter was identified. In agreement with
previously reported observations of Escherichia coli (21), a gua-
nine is conserved at the —5 position of rRNA promoters and pro-
moters of the most strongly repressed genes under conditions of
nitrogen starvation (data not shown).

Involvement of RelA (SpoT2) in PHB biosynthesis. To ascer-
tain that the changes in gene expression mentioned above can be
attributed to a stringent response, we created a ppGpp synthase
(spoT2; locus tag H16_A1337) deletion strain, H16 AspoT2, de-
noted Re2411 (Table 1). Under conditions of nitrogen starvation,
Re2411 accumulated no detectable PHB (Fig. 1A), confirming the
hypothesis that the stringent response is required for PHB accu-
mulation. To obtain further evidence that the lack of PHB accu-
mulation could be attributed to the lack of a stringent response,
DL-norvaline was used to chemically induce a stringent response
during exponential growth in R. eutropha H16. Following the ad-
dition of pL-norvaline, wild-type R. eutropha cultures accumu-
lated more PHB than an untreated control group (Fig. 1B).
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TABLE 3 Changes in expression levels of TCA cycle genes during
nitrogen depletion in cultures in minimal medium with fructose®

Log, expression level

Gene Fructose growth PHB production
Citrate synthase 11.8 9.5
Aconitase 10.8 8.7
Isocitrate dehydrogenase 10.4 9.5
a-Ketoglutarate dehydrogenase

odhA 11.5 11.0

odhB 10.7 10.3

odhL 11.9 9.8
Succinyl-CoA synthetase

sucC 12.2 8.2

sucD 11.9 6.6
Succinate dehydrogenase

sdhA 12.1 10.0

sdhB 12.6 10.4

sdhC 13.1 11.0

sdhD 13.8 12.0
Fumarase 11.2 8.8
Malate dehydrogenase 11.2 8.3

@ All P values were <0.01, except for odhB (P value of 0.04).

It was suggested previously that the expression of PHB produc-
tion genes (phaCAB) is constitutive throughout the PHB cycle
(29). This suggestion was confirmed by our gene expression data
(see below). Thus, it is likely that the stringent response in R.
eutropha is controlling PHB production at a level other than tran-
scription, such as enzyme activity. To investigate whether SpoT2
(RelA) affects the activities of key PHB biosynthetic enzymes, we
examined activities in extracts of the wild-type and spoT2 mutant
strains during nitrogen limitation (Table 4). No significant differ-
ence in PhaA or PhaC activities was seen for H16 or Re2411, but
the spoT2 mutant strain did exhibit a small (<2-fold), but signif-
icant, decrease in PhaB activity. It was shown previously that in R.
eutropha, both the PhaB1 and PhaB3 enzymes exhibit acetoacetyl-
CoA reductase activity in cultures in minimal medium with fruc-
tose as the carbon source (12). It is unclear whether one or both
PhaB enzymes are responsible for the decrease in activity in strain
Re2411. Since TCA cycle genes were shown to be downregulated
during PHB production in R. eutropha H16, we examined some
TCA cycle enzyme activities in strains H16 and Re2411 to deter-
mine if the lack of relA affected the activity, and, thus, the flow of
carbon, through the TCA cycle. Table 4 shows that malate dehy-
drogenase activity was not significantly altered in the presence or
absence of an intact RelA enzyme, suggesting that these activities
were not modulated by the stringent response. The level of citrate
synthase activity, on the other hand, was lower in extracts of strain
Re2411 than in those of the wild type, suggesting that the expres-
sion or activity of citrate synthase is affected in the relA mutant.
Given the reduction in PhaB activity, we hypothesized that this
would have an effect on intracellular concentrations of reduced
cofactors, both of which were shown previously to be able to act as
substrates in acetoacetyl-CoA reductase reactions (12). The quan-
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FIG 1 PHB production in R. eutropha H16 in relation to ppGpp accumula-
tion. (A) R. eutropha strain H16 and the ppGpp synthase deletion strain
(Re2411) were incubated in minimal medium for 69 h. The intracellular PHB
content was assayed as described in Materials and Methods (n = 4). (B) In-
duction of the stringent response by DL-norvaline and its effect on PHB accu-
mulation during early exponential growth (ODy,, =~ 0.7), while nitrogen was
still present in the medium. pL-Norvaline was added (at a time of 20 min;
indicated by the arrow) to a final concentration of 0.1% (wt/vol) (n = 3).

titation of NADH and NADPH levels in strains H16 and Re2411
revealed an increase in the intracellular NADH concentration in
Re2411 cells during nitrogen starvation in minimal medium (24
h). No significant differences in NADPH levels were detected in

TABLE 4 Key PHB production and citric acid cycle enzyme activities in
extracts of nitrogen-limited” R. eutropha cells

Mean enzyme activity (U/mg protein) = SD”

Strain PhaA PhaB PhaC MDH CS
Hl16 25*5 26 £2 68 £ 17 52+ 1.5 2.5%0.8
Re2411 306 15*4 45 £ 25 6.0 = 2.0 1.4 £0.1

@ Cells were grown in minimal medium containing 0.1 % (wt/vol) NH,Cl and 2% (wt/
vol) fructose, as described in Materials and Methods. Nitrogen limitation occurred at
12 to 14 h of culture time. Cells were harvested for enzyme activity determinations 6 to
8 h after the onset of nitrogen limitation.

b PhaA, B-ketothiolase; PhaB, acetoacetyl-CoA reductase; PhaC, PHB synthase; MDH,
malate dehydrogenase; CS, citrate synthase.

¢ All enzyme activities are defined in U/mg protein. One unit is equivalent to the
amount of enzyme needed to convert 1 wmol substrate to product per min at 25°C,
except for MDH activity, which is defined as the amount of enzyme needed to convert 1
pmol substrate to product per h at 25°C. All enzyme assays were performed in
replicates of three or more.
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FIG 2 Reduced cofactor quantitation in Ralstonia eutropha wild-type (H16)
and spoT2 deletion (Re2411) strains. (A) NADH was quantified in H16 and
Re2411 cells during growth (6 h) and nitrogen starvation (24 h). (B) NADPH
was quantified in H16 and Re2411 cells during growth (6 h) and nitrogen
starvation (24 h). R. eutropha cells were prepared and reduced cofactors were
quantified as described in Materials and Methods (n = 3).

either strain during growth or nitrogen limitation (Fig. 2). The
results shown here suggest a link to RelA activity, PhaB activity,
and reduced cofactor levels in R. eutropha cells during PHB pro-
duction.

It was shown previously that R. eutropha strains incapable of
producing PHB will excrete pyruvate and other metabolites under
conditions that would otherwise permit the biosynthesis of PHB
(57). With carbon being unable to flow into storage polymers
during nutrient limitation, it can be reasoned that the cell must do
something with this carbon, if conventional storage is not an op-
tion. We examined the supernatants of wild-type and mutant R.
eutropha cultures and determined that Re2411 also secretes pyru-
vate into the culture medium, due to the strain’s inability to pro-
duce PHB (see Fig. S3 in the supplemental material).

R. eutropha H16 gene expression changes during PHB utili-
zation compared to growth on fructose. Although PHB utiliza-
tion in R. eutropha has been less well studied than PHB produc-
tion, several important physiological changes occur when the
culture resumes growth (PHB utilization in the presence of nitro-
gen and in the absence of exogenous carbon). Consistent with
previous works in the literature regarding changes in the expres-
sion levels of PHB-related genes, such as phaP and phaZ, during
the transition from PHB production to PHB utilization (29, 42,
44, 72), our results show that the expression patterns of these
genes are linked to and generally follow the production of the
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intracellular polymer (see below). Furthermore, we observed that
the global gene expression pattern returns to that observed during
growth on fructose. To study the differences in the physiology of
extracellular carbon source utilization versus intracellular carbon
source utilization, we have compared gene expression levels dur-
ing growth and PHB utilization.

Table 5 shows a breakdown of genes exhibiting a change in
expression during growth with PHB utilization (cells containing
intracellular PHB grown in the presence of no extracellular carbon
and abundant nitrogen), compared to growth on fructose. The
expression levels of a total of 1,166 genes changed more than
2-fold between growth on fructose and PHB utilization. Of these
genes, 745 are repressed during PHB utilization relative to growth
on fructose. Table 5 categorizes these genes into functional
groups, as described previously by Tatusov et al. (62). A large
group of genes repressed (relative to growth on fructose) during
PHB utilization were also seen to be repressed during PHB pro-
duction. These genes are classified mostly within the functional
groups cell motility (15% downregulated), amino acid biosynthe-
sis (26.7% downregulated), carbohydrate metabolism (34.1%
downregulated), and translation (19.5% downregulated).

Furthermore, the differences between expression levels ob-
served when comparing growth on fructose and PHB were gener-
ally much smaller than the differences observed between growth
and PHB production, the major exception being the seven-gene
frc operon (locus tags H16_B1497 to H16_B1503), encoding a
regulator, a fructose-specific transporter, and three proteins in the
Entner-Doudoroff catabolic pathway, which was repressed by 66-
fold on average. Additionally, the expression levels of both copies
of RuBisCO (locus tags H16_B1394 and H16_B1395 and locus
tags PHG426 and PHG427) were reduced 14-fold on average.

The genes that were most strongly induced during PHB utili-
zation encode hypothetical proteins or proteins with a general
predicted function only, reflecting the limited knowledge of this
process. Interestingly, the expression levels of four genes (out of
six predicted in the genome) encoding cold shock family proteins
increased by 9-fold on average, suggesting a role for these gene
products during PHB utilization.

Finally, a group of genes induced during PHB production re-
mained induced during PHB utilization. Most notably, the periplas-
mic nitrate reductase (locus tags H16_PHG209 to H16_PHG213) is
induced an average of 20-fold. Additionally, genes encoding a bo,
quinol oxidase (locus tags H16_B1025 to H16_B1028) and a bb; cy-
tochrome ¢ oxidase (locus tag H16_B2058 to H16_B2062) were up-
regulated 15-fold and 10-fold, respectively, on average.

Changes in expression levels of PHB-related genes through-
out the PHB cycle. Figure 3 illustrates the changes in the expres-
sion levels of all PHB production pathway and related genes pres-
entin R. eutropha H16. The main PHB production gene cluster in
R. eutropha, phaCAB; the regulator gene phaR; and the recently
discovered granule-associated nucleation factor gene phaM (39)
did not appear to exhibit dramatic changes in expression levels
under conditions of PHB production or utilization (Fig. 3A to C
and E), confirming that these genes are constitutively expressed
throughout the cell cycle and polyhydroxyalkanoate (PHA) pro-
duction, as hypothesized previously (29). One caveat regarding
this result is that the P value for each gene expression comparison
is high, suggesting a high level of variation among these probe sets.
However, this is still an interesting result, because it suggests that
the regulation of PHB production in R. eutropha may not be
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TABLE 5 R. eutropha H16 gene expression during growth on fructose compared to gene expression during growth on intracellular PHB

No. (%) ofgenesb

Upregulated Downregulated
Functional category Functional group” 2- to 4-fold >4-fold 2- to 4-fold >4-fold
Information storage and
processing

] Translation, ribosomal structure, and biogenesis 7 (3.9) 3(1.7) 30 (16.7) 5(2.8)

K Transcription 26 (3.3) 5(0.6) 34 (4.3) 10 (1.3)

L DNA replication, recombination, and repair 2(1.2) 1(0.6) 22 (13.6) 3(2.7)
Cellular processes

D Cell division and chromosomal partitioning 1(3.6) 0(0.0) 6(21.7) 1(3.6)

O Posttranslational modification, protein turnover, 8 (5.1) 3(1.9) 11 (7.0) 5(3.2)

chaperones

M Cell envelope biogenesis, outer membrane 3(1.3) 0(0.0) 21 (9.0) 19 (8.2)

N Cell motility and secretion 3(1.7) 2(1.1) 18 (10.0) 9 (5.0)

P Inorganic ion transport and metabolism 7 (6.8) 11 (10.7) 19 (18.6) 3(2.9)

T Signal transduction mechanisms 5(0.6) 10 (1.3) 16 (2.0) 4(0.5)
Metabolism

C Energy production and conversion 17 (3.5) 15 (3.1) 24 (4.9) 28 (5.8)

G Carbohydrate metabolism and transport 5(3.3) 5(3.3) 24 (16.1) 27 (18.0)

E Amino acid metabolism and transport 10 (3.4) 8(2.7) 52 (17.6) 27 (9.1)

F Nucleotide metabolism and transport 8 (10.7) 0(0.0) 15 (20.0) 2(2.7)

H Coenzyme metabolism 6(3.8) 3(1.9) 18 (9.1) 5(3.2)

1 Lipid metabolism (includes genes in the PHB cycle) 12 (3.6) 8 (2.4) 30 (6.4) 10 (7.0)

Q Secondary metabolite biosynthesis, transport, and 1(1.0) 4(4.1) 6(6.1) 4(4.1)

catabolism
Uncharacterized or
poorly characterized

R General function prediction only 38 (5.2) 19 (2.6) 86 (11.7) 30 (4.1)

S Function unknown 89 (4.9) 76 (4.1) 88 (4.8) 33 (1.8)
Total 248 173 520 225

@ Functional group categories are based on those described previously by Tatusov et al. (62).

b Genes in the “upregulated” category underwent an upregulation of expression during PHB utilization compared to growth using fructose as a carbon source. Genes in the
“downregulated” category underwent a downregulation of expression during PHB utilization compared to growth using fructose as a carbon source. The percentage of genes
affected per functional group was based on the number of genes in each group exhibiting significant changes in expression levels as a percentage of the total number of R. eutropha
genes in a given functional group based on data reported previously (40). For all genes represented in this table, the P value was <0.01.

achieved through the regulation of phaCAB expression alone,
given the irregular changes in the expression patterns of the genes
in that operon. Also of note are the increases in the expression
levels of the phaZ genes under conditions of nitrogen limitation.
The phaZ1 gene showed a slightly increased expression level when
cells produced PHB. This gene was observed to maintain a level of
expression during PHB utilization similar to that during PHB
production (Fig. 3F). This makes sense, as PhaZ1 was shown pre-
viously to play an integral role in PHB utilization (65, 72). The
most dramatic increase in expression levels was found for the
phaZ2 gene, encoding an intracellular PHB depolymerase, which
increased 256-fold (Fig. 3F). These results are similar to previously
reported quantitative reverse transcription (RT)-PCR results ex-
amining the level of phaZl and phaZ2 transcription in the H16
cells (29). The results for phaZ2 also agree with a trend seen in a
previous transcriptome analysis of R. eutropha (37). The phaZ2
gene also exhibited a dramatic decrease in expression levels from
PHB production to PHB utilization. As PhaZ2 was also shown to
play a role in PHB utilization (72), the gene expression pattern

November 2012 Volume 78 Number 22

suggests arole for PhaZ2 that is much different from that of PhaZ1
in the PHB cycle. Three genes in the R. eutropha genome are pre-
dicted to encode extracellular PhaZ enzymes, although no extra-
cellular PHB depolymerase activity has ever been detected in R.
eutropha cultures. One of these putative depolymerase genes,
phaZ6, was shown to be upregulated during PHB production (Fig.
3G). These results agree with a trend observed previously (37).
The phaP1 gene exhibited an increased expression level when
cells produced PHB compared to the expression level during
growth (Fig. 3D). This is not surprising, since an increase in the
level of production of the PhaP1 protein was linked previously to
PHB production by way of the PhaR regulatory protein (42, 73).
In a previous transcriptome study, the phaP1 expression level was
shown to increase in the stationary growth phase (37). The phaP1
gene showed a decreased expression level during PHB utilization
compared to levels during PHB production (Fig. 3D). Other pha-
sin genes (phaP2, phaP4, and the newly discovered gene phaP5
[38]) were observed to be upregulated during nitrogen limitation
(Fig. 3D). Although it was shown previously that the other phaP
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FIG 3 Expression of B-ketothiolases (A), acetoacetyl-CoA reductases (B), PHB synthases (C), phaP genes (D), phaR and phaM genes (E), intracellular and
putative intracellular phaZ genes (F), and putative extracellular phaZ genes (G) under conditions of growth, PHB production, and PHB utilization. Expression
profiles of phaA and bktB (A); phaB1, phaB2, and phaB3 (B); and the PHB synthase gene phaCl and the synthase homolog phaC2 (C) are shown. For all values
represented in panels A and C, the P value was >0.05. In panel B, the P value was >0.05, except for expression changes in phaB3, for which the P value was <0.01.
In panel D, the P values for phaP1, phaP3, and phaP4 were <0.01, and that for phaP2 was 0.05 > P = 0.01. In panel E, the P value for phaM expression was >0.05,
and that for phaR was 0.05 > P = 0.01. In panel F, the P value for all genes under all conditions was less than 0.01. In panel G, the P value for phaZ6 was <0.01,

and the P values for phaZ4 and phaZ7 were >0.05.

genes are expressed during PHB production (42, 44), the respec-
tive proteins are clearly less abundant on the PHB granule (24, 43).

Besides the genes shown in Fig. 3, there are many other genes
whose putative products have been associated with PHB produc-
tion (48). Aside from phaA and bktB, there are 13 other 3-keto-
thiolase homologs present in R. eutropha (31, 37, 48). According
to a recent transcriptome analysis, 6 of the 15 total B-ketothiolase

8040 aem.asm.org

homologs (including phaA and bktB) were actually expressed dur-
ing growth and PHB production using gluconate as a carbon
source (31). An examination of our array data revealed that 7
B-ketothiolase homologs (including phaA and bktB) were ob-
served to be expressed under conditions of growth and PHB pro-
duction on fructose (see Table S2 in the supplemental material).
Four of the five additional active B-ketothiolase homologs in our
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FIG 4 Intracellular PHB content of Ralstonia eutropha strains incubated in
PHB utilization medium. R. eutropha strains H16/pBBRIMCS-2 (wild type
with an empty vector) (boxes), Re2424/pBBRIMCS-2 (rpoS deletion strain
with an empty vector) (diamonds), and Re2424/pASCBI1 (rpoS deletion strain
complemented with the rpoS gene in trans) (triangles), all containing intracel-
lular PHB, were incubated in PHB utilization medium for 72 h. The intracel-
lular PHB content was assayed as described in Materials and Methods (n = 3).

study are the same as those discovered previously (31), the one
exception being H16_B0759, which was shown by our data to be
expressed during PHB production (see Table S2 in the supple-
mental material). Several acetoacetyl-CoA reductase genes and
homologs are also present in the R. eutropha genome (48). Two
acetoacetyl-CoA reductases, PhaB1 and PhaB3, were shown pre-
viously to be responsible for most of the 3HB-CoA production in
cells, using fructose as the extracellular source of carbon (12). Of
the other acetoacetyl-CoA reductase homologs, only 8 have been
shown to be expressed in R. eutropha cells at any time during this
study (see Table S3 in the supplemental material).

Role for RpoS (¢°) in the PHB cycle. In E. coli, the rpoS gene is
upregulated in response to many stresses, including carbon star-
vation (5). Since conditions of PHB utilization represent a form of
extracellular carbon starvation, we postulated that RpoS in R. eu-
tropha may play a role in intracellular PHB mobilization. To ad-
dress this possible relationship, we constructed an rpoS deletion
mutant strain of R. eutropha and observed the behavior of the
resulting strain, Re2424, under different stress conditions. As is
common in rpoS mutant strains of other bacterial species (25, 50),
R. eutropha Re2424 exhibited decreased resistance to hydrogen
peroxide compared to the wild type (see Fig. S4 in the supplemen-
tal material). Also, no change in PHB production was seen be-
tween the wild-type and rpoS mutant strains (data not shown).
During PHB utilization, however, Re2424 exhibited an increased
rate and an increased overall level of polymer mobilization com-
pared to those of strain H16. Strain Re2424 was complemented
with the rpoS gene in trans on plasmid pASCB1 (Table 1), and the
resulting strain utilized intracellular PHB at a similar rate and to a
similar extent as the wild type (Fig. 4).

DISCUSSION

In recent years, genome-wide expression microarray studies have
been conducted to shed new light on the metabolism of R. eutro-
pha, solidly establishing the technique for this organism (9, 37).
Although a previous microarray study aimed at providing new
insights into the PHB cycle in R. eutropha was reported (37), the
resolution of that study was much lower, showing only 297 genes
with expression changing between growth and PHB production
(as opposed to the 2,267 genes in this study). Moreover, no expla-
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nation for the global changes in gene expression was provided. In
contrast, this study suggests that the bacterial alarmone guanosine
tetraphosphate (ppGpp) plays a significant role in the production
of PHB in R. eutropha and can account for the global expression
pattern observed in both studies. However, the set of genes from
the previous work (37) included accC2 (encoding biotin carbox-
ylase), fabG (encoding 3-oxoacyl-acyl carrier protein [ACP] re-
ductase), fabZ (encoding 3-hydroxymyristoyl-[ACP] dehydra-
tase), and HI16_A3307 (encoding a putative enoyl-CoA
hydratase). Our microarray data have confirmed these trends seen
in the previous study, as the levels of transcription of all these
genes decreased during PHB production compared to those dur-
ing growth (data not shown).

Some connections between ppGpp and the PHB cycle were
reported previously, but to date, few works have shown evidence
of a relationship between PHB synthesis and the stringent re-
sponse. The PHB-negative phenotype, similar to that observed for
Re2411 in this study, was previously observed for a Rhizobium etli
rsh-negative mutant (13). However, this phenotype received little
attention in that study, and no follow-up work has been reported.
Evidence for the stringent response control of PHB production in
R. eutropha was observed in how strain Re2411 stores its reducing
equivalents when it is unable to synthesize PHB. Typically, reduc-
ing equivalents are stored in the PHB polymer during times of
stress, through the reduction of acetoacetyl-CoA by the NADPH-
dependent action of PhaB enzymes (12, 17). Since NADH levels in
the cell are higher than NADPH levels and since the electrons of
NADH mainly get transferred to oxygen for respiration (2, 51),
reducing power is most likely stored by R. eutropha during growth
in laboratory and fermentative cultures as NADH. Transhydroge-
nase gene clusters are present in the R. eutropha genome, which
could potentially convert NADH to NADPH for supplying for
PhaB activity during PHB production. In relA mutant strain
Re2411, NADH levels remained high under conditions of nitro-
gen limitation (Fig. 2), thus implicating RelA and ppGpp in the
distribution of the reducing potential by affecting PHB produc-
tion during nitrogen starvation. This increase in cellular NADH
levels could potentially result in the decreased citrate synthase
activity observed for extracts of strain Re2411 (Table 4). This was
also suggested in a previous study, where the presence of increas-
ing reduced nucleotide cofactor concentrations was shown to
have inhibitory effects on R. eutropha citrate synthase activity
(30).

Furthermore, Ruiz et al. (49) previously showed a correlation
between ppGpp accumulation and PHB degradation in Pseu-
domonas oleovorans, but ppGpp levels during PHB accumulation
were not reported. A more recent study showed statistically sig-
nificant correlations of PHA production in acetate-fed, mixed-
microbial consortia with ppGpp levels in the biomass (1). The
findings of the above-mentioned works, combined with the re-
sults of our study, suggest an integral regulatory role for ppGpp
throughout the PHB cycle. The absolute PHB-negative phenotype
observed for ArelA strain Re2411 (Fig. 1A) suggests that a nitrogen
shortage causes amino acid deprivation, thus activating RelA-de-
pendent ppGpp synthesis and PHB accumulation (69) (see Fig. S5
in the supplemental material). In addition to the ppGpp synthase
activity of RelA, ppGpp synthase activity of SpoT has been re-
ported in response to stimuli different than amino acid depriva-
tion (53, 67, 70). Recently, SpoT was shown to modulate the strin-
gent response during fatty acid shortage, sensing the availability of
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fatty acids through an interaction with ACP (4). It is tempting to
speculate that SpoT, in a similar fashion, interacts with a hereto-
fore uncharacterized sensor of products of PHB utilization, trigger-
ing the observed ppGpp spike coinciding with the commencement of
PHB degradation (49) (see Fig. S5 in the supplemental material).
SpoT-dependent ppGpp accumulation during PHB utilization could
explain, for example, the continued repression of genes involved in
translation, amino acid biosynthesis, and cell motility during PHB
utilization observed in this study. An integral role of ppGpp through-
out the PHB cycle is further supported by a recent study showing that
different intracellular concentrations of ppGpp result in the expres-
sions of different (sub)sets of genes in E. coli (64). This finding sug-
gests the possibility that, likewise, gene expression during PHB pro-
duction and utilization is governed by different intracellular ppGpp
levels. Although we have not identified specific regulators that are
influenced directly by ppGpp, the magnitude and variation in the
intensity of the expression changes throughout the PHB cycle suggest
the action of a multitude of effectors.

It is clear, however, that RpoS plays a role in PHB utilization.
The deletion of rpoS results in increased PHB mobilization, sug-
gesting that one of the roles of o° is the repression of the overuti-
lization of intracellular polymers. The exact role of the master
regulator remains to be elucidated, but given the PHB utilization
phenotype of the rpoS mutant strain (Fig. 4), it is clear that ¢® is
regulating nutrient homeostasis during the PHB cycle. RpoS was
shown previously to have a role in polyhydroxyalkanoate (PHA)
biosynthesis in Pseudomonas oleovorans (16, 50). However, in
Pseudomonas putida, an rpoS mutation resulted in an increased
PHA degradation rate (46), similar to what was observed in this
study. The rpoS mutant strain in the above-mentioned study also
demonstrated reduced survival under conditions of hydrogen
peroxide stress, similar to our observations with R. eutropha. This
finding suggests that PHB accumulation and survival during stress
conditions are intertwined and regulated, at least in part, by RpoS
in R. eutropha.

Furthermore, the ubiquitous presence of ppGpp as a signaling
molecule among prokaryotes and plants may indicate that the
results obtained in this study also apply to other types of carbon
storage in a wide variety of organisms. In fact, glycogen accumu-
lation is hampered in a relA mutant E. coli strain (8). Although the
effect is not as absolute as the effect observed in this study, it
lends support to a general role of the stringent response in
carbon storage.

Although previous studies have touched on a connection be-
tween PHB and ppGpp, we are the first to provide evidence of a
relationship between a ppGpp synthase enzyme, RelA, and the
accumulation of PHB. This finding links R. eutropha PHB accu-
mulation to the rapidly growing body of knowledge on the strin-
gent response, potentially providing a new level of understanding
of the process of PHB accumulation usable to optimize the pro-
duction of PHB or other storage compounds.
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