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Abstract

Poly(3-hydroxybutyrate) (PHB) granule formation in Paracoccus denitrificans Pd1222 was investigated by laser scanning
confocal microscopy (LSCM) and gas chromatography analysis. Cells that had been starved for 2 days were free of PHB
granules but resynthesized them within 30 min of growth in fresh medium with succinate. In most cases, the granules
were distributed randomly, although in some cases they appeared in a more organized pattern. The rates of growth
and PHB accumulation were analyzed within the frame of a Genome-Scale Metabolic Model (GSMM) containing 781
metabolic genes, 1403 reactions and 1503 metabolites. The model was used to obtain quantitative predictions of
biomass yields and PHB synthesis during aerobic growth on succinate as sole carbon and energy sources. The results

Metabolic modelling, Acetyl-CoA

revealed an initial fast stage of PHB accumulation, during which all of the acetyl-CoA originating from succinate
was diverted to PHB production. The next stage was characterized by a tenfold lower PHB production rate and the
simultaneous onset of exponential growth, during which acetyl-CoA was predominantly drained into the TCA cycle.
Previous research has shown that PHB accumulation correlates with cytosolic acetyl-CoA concentration. It has also
been shown that PHB accumulation is not transcriptionally regulated. Our results are consistent with the mentioned
findings and suggest that, in absence of cell growth, most of the cellular acetyl-CoA is channeled to PHB synthesis,
while during exponential growth, it is drained to the TCA cycle, causing a reduction of the cytosolic acetyl-CoA pool
and a concomitant decrease of the synthesis of acetoacetyl-CoA (the precursor of PHB synthesis).
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Introduction

Various microorganisms accumulate polyhydroxyal-
kanoates (PHAs) when carbon and energy sources are
readily available. These polymers serve as reserves of
carbon and energy to allow cell survival during starved
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conditions (Jendrossek and Handrick 2002). They have
attracted industrial interest because they are completely
biodegradable, non-toxic, biocompatible and naturally
produced (Anderson and Dawes 1990; Dari$ and Knez
2020). Paracoccus denitrificans, a gram-negative bac-
terium, accumulates poly(3-hydroxybutyrate) (PHB)
as insoluble granules inside the cell (Ueda et al. 1992).
PHB is the most prominent member of the PHAs and
one of the best-studied bacterial storage polymers (Jen-
drossek 2009). Biosynthesis and biodegradation of PHB
and other PHAs have been extensively investigated dur-
ing the last three decades (Potter and Steinbiichel 2005;
Jendrossek and Pfeiffer 2014). One exciting outcome
of these studies was the finding that PHB granules are
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complexly organized subcellular structures and appear
to be more than simple polymer inclusions (Jendrossek
2009). There are controversial results on the specific sub-
cellular localization of the PHB granules in distinct bac-
terial models. Many studies show microscopy images
with bacterial cells full of randomly localized PHB gran-
ules (Reinecke and Steinbiichel 2009), while other studies
suggest a more organized pattern of PHB granules more
or less in the middle of cells (Tian et al. 2005), or in the
cell periphery near the cell poles (Jendrossek 2005). The
aim of this work was twofold. Firstly, the investigation
of PHB synthesis in P denitrificans by both microscopy
and biochemical analyses to study pattern formation of
the granules. Secondly, the application of a functional
Genome-Scale Metabolic Model (GSMM) of P. denitri-
ficans Pd1222 to predict the metabolic flux distributions
during the initial phase of fast PHB accumulation and the
subsequent phase of exponential growth. The rationale
was that GSMMs are comprehensive compilations of all
metabolic reactions taking place in a particular cell, and
as such can be used to predict theoretical yields of a bac-
terium during growth on different carbon and energy
sources. As a result, we estimated the rates of biomass
yield and PHB formations during growth on succinate.
Consequently, in this study we investigated the formation
of PHB granules and subcellular localization in P. denitri-
ficans, a denitrifying model organism with a well-docu-
mented ability to accumulate PHB.

Materials and methods
Bacterial strains and growth conditions
Paracoccus denitrificans (Pd1222 Rif®, De Vries et al.
1989) was cultivated in batch cultures at 34 °C with either
vigorous shaking 300 rpm or low shaking (150 rpm).
Cultures were performed in a defined mineral salts
medium (Harms et al. 1985) containing a trace solu-
tion and 25 mM succinate as the sole energy and carbon
source. When required precultures from glycerol stocks
were performed in LB supplemented with 50 pg ml™!
of rifampicin. Growth of P denitrificans was meas-
ured spectrophotometrically (at 660 nm) using a SPEC-
TROstar Nano spectrophotometer (BMG Labtech) and
by quantifying dry weight biomass. For dry weight deter-
mination, three culture samples (2 ml) were washed twice
with MilliQ water and dried for 5 days at 80 °C. When
required, optical dense readings were used as a reproduc-
ible, high throughput method of growth phenotyping.
Conversion of OD measurements to an estimated bio-
mass concentration value was done as follow: Biomass
(gL™!)=0Dg, x 0.365 g L.

Initiation of PHB granule formation was performed
by transfer of PHB-depleted cells to a fresh mineral
salts medium with 25 mM succinate as the sole carbon
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and energy sources. For the preparation and imaging
of spheroplasts, the P. denitrificans cells at an ODgg,
of about 1 were first incubated with 1 pM MTG for
20 min at 34 °C (to stain the PHB inclusions). Then,
the stained cells were concentrated and washed in cold
100 mM Tris/HCl (pH 7.3), and finally resuspended in
100 mM Tris/HCI (pH 7.3) to a final ODgg, of about 50.
After that, 1 ml of the concentrated cells were treated
with 50 pl of protease inhibitor+10 ul of 200 mM
EDTA+1 ml of 200 mM Tris/HCl (pH 7.3)/1 M
sucrose + 40 pl of lysozyme (50 mg.ml~!) during 30 min
at room temperature. Finally, a mild osmotic shock was
administered by the addition of 1 ml of ice-cold water.
Spheroplasts were then centrifuged and resuspended in
100 mM Tris/HCI (pH 7.3) to a final ODgg, of about 12
and then a drop of this dilution was imaged by LSCM
as described in the section below. To image PHB gran-
ule formation at the desired time points, 1 ml of culture
was incubated with 2 uM of Nile Red for 5 min at room
temperature. Then, cells were washed with phosphate-
buffered saline (PBS) and concentrated to a final ODgg,
of about 20 for microscopic analyses (see below).

Fluorescent staining and laser scanning confocal
microscopy (LSCM)

Cultures were incubated with the following dyes and
concentrations: (1) MitoTraker Green FM (1 uM), (2)
FM4-64 (1 puM), (3) Nile Red (1-2 pM), (4) Syto 80
(500 nM). Bacterial samples were taken at defined time
points and were immediately stained by the addition of
the corresponding dye at the desire concentration and
incubated for at least 5 min at 34 °C or room tempera-
ture. Cells were concentrated by centrifugation, washed
once with PBS and normally re-suspended in PBS to a
final ODgg, ~ 20. Bacteria were immobilized on glass by
mixing a drop of a concentrated bacterial suspension
with a drop of a 1% low-melted agarose solution and
immediately covered by a coverslip.

Cells were visualized with a BioRad Laser Scan-
ning System Radiance 2000 confocal microscope.
Blue-Argon Laser (488 nm) excited MTG and Green-
Helium/Neon Laser (543 nm) excited the membrane
dyes and DNA dyes used in this study. Images were
converted from the Bio-Rad PIC to TIFF format using
the public domain software Image]. Images were
pseudo-coloured for enhanced visualization of differ-
ences in fluorescence intensity. The Blue-Argon Laser
images were pseudo-coloured to green and the Helium/
Neon images were pseudo-coloured to red. A 60 x oil
objective was used to take the pictures and a 10 x extra
zoom of the LaserSharp2000 program to magnify the
size of the cells.
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Analytical procedures

The residual succinate concentration in the medium
was measured by HPLC in 2 ml of filtered superna-
tant samples (0.22 pm) through an Alliance Waters
HPLC equipped with an Aminex HPX-87H column
(7.8 mm x 300 mm). The mobile phase was H,SO,
(25 mM), the column temperature was 75 °C and the
eluent flow rate was 0.7 ml min~'. Instrument linearity
was evaluated with succinate (ReagentPlus, 99%; Sigma-
Aldrich) in the concentration range of 0.8—-67.8 mM. The
R? obtained was 1.

Quantitative determination of PHB was carried out by
adapting the method described in Zuiiga et al. (2011).
Samples of 1.5 ml were centrifuged (14,000 rpm, 10 min)
and the supernatant was discarded. Then, 1 ml of a solu-
tion of 1-propanol:HCI (80:20 v/v, 37% HCl w/v), 50 ul
of the internal standard (benzoic acid) in 1-propanol
(25 g L™!) and 2 ml of chloroform were added to the pel-
lets and incubated for 4 h at 100 °C in a Thermoreak-
tot TR 300 (Merck KGaA, Darmstadt, Germany). After
digestion, 1 ml of deionized water was added, and the
suspension was vortexed. The organic phase was col-
lected and filtered through 0.22 pum fibreglass filters. The
propanly-ester of the butyric acid (the monomer con-
stituting the PHB polymer) was measured in a 7820A
GC coupled with a 5977E MSD (Agilent Technologies,
Santa Clara, USA) and equipped with a DB-wax col-
umn (30 m x 250 pm x 0.25 pm). The detector and injec-
tor temperatures were maintained at 250 °C. The oven
temperature was initially maintained at 40 °C for 5 min,
increased at 10 °C min™~" up to 200 °C (maintained at this
temperature for 2 min) and then increased up to 240 °C at
a rate of 5 °C min~'. Finally, PHB values were expressed
as percentage dry cell weight based on the internal stand-
ard and the standard curve of Poly (3-hydroxybutyric
acid) (Sigma-Aldrich®, USA).

Genome-Scale Metabolic Model and FBA simulation

The genome of P. denitrificans Pd1222 was downloaded
from GenBank (GCA_000203895.1). The genome was
annotated using RAST (Overbeek et al. 2005), and
a draft metabolic model was generated with SEED
(Overbeek et al. 2014). The initial draft was manually
curated (Bordel et al. 2019a), by checking gene annota-
tions and making sure that genes annotated as enzymes
are linked to the corresponding metabolic function, as
reported in the database KEGG. Model manipulations
and FBA simulations were carried out using the python
library COBRApy (Ebrahim et al. 2013), version 0.9.1
with python 2.7.12. FBA simulations have been carried
out by setting specific growth rates and specific PHB
production rates, and minimizing the succinate uptake
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rate, The result of this simulation provides an estima-
tion of all the metabolic reaction rates taking place in
the cells.The model in SBML format (Paracoccus_deni-
trificans.xml) and the associated lists of metabolites
(Paracoccus_metabolites.txt) and reactions (Paracoc-
cus_reactions.txt) in tab-separated formats, Thave been
deposited in https://github.com/SergioBordel/Model
Paracoccus. The RAST annotation, both in Excel
and GenBank formats, have been placed in the same
repository.

Results

PHB granules formation by P. denitrificans cells using
confocal microscopy

The lipophilic core of PHB granules is covered by a
monolayer of phospholipids (Steinbiichel et al. 1995);
therefore only appropriate lipophilic dyes can be used
to stain it (Vida and Emr 1995). PHB inclusions have
been widely stained using Nile Red and a good lin-
ear correlation between the former and the PHB con-
tent has been well established in many previous works
using different bacteria (Gorenflo et al. 1999; Spieker-
mann et al. 1999; Zuriani et al. 2013). P denitrificans
cells growing at the mid-exponential phase of growth
were stained with different membrane dyes, includ-
ing: MitoTracker Green FM (MTG), FM4-64 and Nile
Red, and analyzed by LSCM. Figure 1 shows that both
MTG and Nile Red (but not FM4-64) were able to stain
the PHB granules. To our knowledge this the first time
that staining of PHB inclusions is achieved using MTG
(a dye normally used to stain mitochondria). No sig-
nificant differences were observed between the staining
patterns of Nile Red and MTG, except that the fluores-
cence intensity with Nile Red was stronger. The fluores-
cent images show that almost all of the cells growing
at their exponential phase of growth contained PHB
granules ranging from one to three in single cells and
from two to six in dividing cells. Occasionally, we found
cells with more structured and symmetric patterns of
distribution of the PHB granules; see examples in Addi-
tional file 1: Figure S1A. Interestingly, this structured
distribution of the PHB granules was also observed in
spheroplasts of P. denitrificans; see examples in Addi-
tional file 1: Figure S1B.

We also carried out double-staining experiments of P
denitrificans cells growing at their mid-exponential phase
of growth using MTG as membrane dye and Syto80
as DNA staining dye (see Fig. 1D—-@). Figure 1D shows
two daughter cells of a recently divided cell with PHB
granules located at the poles and their DNA in the cen-
tre, indicative for mutual exclusion of these two types of
molecules.
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Double staining with
MTG and Syto80

FM4-64

MTG

Fig. 1 Staining of P denitrificans cells with different fluorescent dyes. In all cases, cells were grown to an ODgg, of about 0.75-1 and stained with:
A MitoTracker™ Green FM (MTG) (1 uM); B FM4-64 (1 uM); C Nile Red (1 uM); D Double staining with MTG (1 puM) and Syto80 (500 nM). E-G Details
of daughter cells from a recently divided mother cell. MTG image (E), Syto80 image (F), overlay (G). Cells were imaged using two different lasers (a
blue-argon Laser, 488 nm, for excitation of MTG and a green-helium/neon laser, 543 nm, for excitation of Syto80)

Nile Red

Syto80

MTG+Syto80

PHB granules in P. denitrificans cells are synthesized
de-novo within 30 min

We then investigated the kinetics of PHB accumula-
tion in P. denitrificans cells during growth on mineral
salts medium with succinate. A time-series experiment
was performed and samples were collected periodically
for simultaneous determination of biomass, PHB con-
tent and microscopic performance. We noted that the
specific PHB content per dry weight biomass remained
constant at a level of about 7% during the exponential
phase of growth. Once at the stationary phase, the PHB
granules were completely consumed within less than
25 h, as judged by gas chromatography and microscopy
analyses that show that these starved cells lack Nile

Red fluorescent foci (see Additional file 1: Figure S2).
We then used these starved cells (see sample B in I of
Fig. 2) as inoculum for new cultures with fresh medium
and succinate. These cultures were grown at 34 °C and
samples were collected at different time points along
with the early exponential phase of growth (from 30
to 165 min; see samples T1-T4 in panel II of Fig. 2).
Each sample was incubated with Nile Red for 5 min and
imaged by LSCM to observe the presence and distribu-
tion of the PHB granules. Results are shown in Fig. 2
and they show the presence of PHB granules already
at the first time point (T1), which was 30 min after the
inoculation of the new cultures with the starved cells.
Since the biomass did not increase in that period, we
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Fig. 2 The PHB granules appear before the first cellular division. A Mid-exponential phase cells. B Late stationary phase cells, used as
inoculum (Ty) for the second time-series experiment. T, Cells after 30 min of shaking at 34 °C and 300 rpm. The microscopy images of T2, T3 and T4
samples are not shown in Fig. 2 because they are very similar to the T1 sample. The scale baris 1 um
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can conclude that PHB synthesis occurs before cellular
division.

Modelling PHB synthesis in P. denitrificans cells growing

on succinate as sole carbon and energy sources

To model PHB synthesis in P. denitrificans, we performed
a third time series experiment using the same defined
mineral salts medium with 25 mM succinate as the sole
carbon and energy and carbon sources and a similar
amount of inoculum (0.04 mg ml™"), but with a lower fre-
quency of shaking (150 rpm; so as not to have increase in
the number of cells in the first 30 min of culture). Experi-
ments were carried out in duplicate and samples were
collected periodically for simultaneous determination
of dry weight of the biomass, PHB content and residual
concentration of succinate in the medium. Data of these
analyses are shown in Table 1.

The slope of the logarithm of biomass during the expo-
nential phase versus time showed a specific growth rate
of 0.232+0.002 h™L. The slope of the produced biomass
versus the consumed succinate indicates a biomass yield
on succinate of 48.4+2.1 g-DW mol™'. Dividing the
specific growth rate by the yield, we obtain a specific
succinate uptake rate of 4.84+0.2 mmol g-DW ' h™%
Assuming a constant PHB content of 7% during the
exponential phase, the specific rate of PHB production is
equal to 16.2 mg PHB g-DW ™! h™!. With a molar mass
of 96 g mol ™! (the mass of the monomer minus a water
molecule lost during polymerization), the molar PHB
production rate is 17 mmol g-DW ™! h™’. The experimen-
tally measured specific growth rate and PHB production
rates were set as constraints in a GSMM of P. denitri-
ficans. Flux Balance Analysis (FBA) was carried out by
minimizing the rate of succinate uptake rate. Mainte-
nance ATP costs were calculated from the maintenance
substrate uptake rates reported by van Verseveld et al.

Table 1 Table showing dry weight biomass, PHB content and
residual succinate concentration in the medium

Time (h)  Dry weight PHB production per dry [Suclm
biomass (mg weight biomass (ug mg~")
ml~)
To 0.04£0.00 00.0+0.0 250400
Tos 0.04+0.00 784+84 249400
T, 0.06£0.01 746+9.1 237+03
Ty 0.07£0.01 750+£83 232+£09
T, 0.21+0.03 66.7£2.7 20305
Tio 0.59+0.07 723+14 15.74+06
T 0.82+0.03 689+54 91403
T 1014001 724454 47405
Tis 1.12+0.03 73693 09+0.2
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(1979) (the ordinate at the origin in Pirt’s equation). A
value of 7.5 mmol ATP g-DW ™! h™! for maintenance was
obtained and was imposed as an extra constraint in the
model. The FBA simulation predicted a specific succinate
uptake rate of 4.87, which agrees almost perfectly with
the experimental result, confirming the accuracy of the
used GSMM. FBA simulations yield predictions of the
reaction rates for every metabolic enzyme in the model.

The PHB content increased from zero to 7.8% in
30 min, which corresponds to a specific accumulation
rate of 1.63 mmol g-DW ™' h™'. This rate is ten times
higher than the one observed during exponential growth.
In the absence of growth, and assuming the absence of
CO, fixation by the Calvin cycle, all the consumed suc-
cinate is transformed into acetyl-CoA as is shown in
Fig. 3A. The rates of synthesis of acetyl-CoA predicted
by the GSMM both during the initial PHB accumulation
and during exponential growth are very close (3.26 versus
3.13 mmol g-DW ' h™!). This suggests that during expo-
nential growth the rate of PHB synthesis decreases dras-
tically due to the fact that TCA cycle enzymes consume
acetyl-CoA for biosynthetic pathways necessary to sup-
port growth (Fig. 3B). According to the model, the TCA
cycle remains inactive during the initial phase of PHB
accumulation, due to the fact that the NADH obtained
in the reactions catalyzed by the malic enzyme (ME) and
pyruvate dehydrogenase (PDH) is sufficient to feed the
respiratory chain and generate the ATP necessary for cell
maintenance. The production of PHB in P denitrificans
correlates well with acetyl-CoA levels, with higher levels
leading to higher PHB production.

The metabolic flux distributions predicted by the
GSMM also revealed the number of metabolic enzymes
required for PHB accumulation and ATP production
in each of the phases. According to this estimation, the
cell needs to express only 50 metabolic enzymes in the
first PHB accumulation phase, while during the expo-
nential growth phase, 218 different metabolic enzymes
are required (see the list of these enzymes in Additional
file 2: File S1).

Discussion

Here we show a sequential onset of PHB formation and
remaining modes of cellular metabolism in P denitri-
ficans cells that were previously starved and lacked PHB
granules. PHB granules were synthesized within 30 min
of growth in fresh media with succinate reaching a per-
centage of 7%. This activity required only 50 metabolic
enzymes as judged by our calculations. Metabolic routes
essential for growth appeared to be silenced in this ini-
tial phase as judged by the fact that there was no increase
in biomass. Only after the formation of the granules, did
additional cellular metabolism occur, resulting in cell
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division and an exponential increase in cellular biomass.
In this second phase, 218 enzymes are required as a mini-
mum set of metabolic enzymes. PHB remained constant
in this period at the initial level of 7%.

Kojima and co-workers (Kojima et al. 2004) showed
that the production of PHB in P. denitrificans is linked
to acetyl-CoA levels, with higher levels leading to higher
PHB production. The same authors reported that PHB
synthesis in P denitrificans is not transcriptionally
regulated. The expression of the genes phaA, phaB and
phaC (Kojima et al. 2004), involved in PHB biosynthe-
sis, is not repressed in presence of nitrogen, in contrast
to other microorganisms, which only accumulate PHB
when growth is arrested due to nitrogen limitation (Bor-
del et al. 2019a, b). Kojima et al. (2004) showed that the
PHB biosynthetic genes were not repressed in presence
of nitrogen, however, the PHB content of P. denitrificans
cells decreased drastically when nitrogen was available.
This drop of PHB was concomitant to a strong decrease
in the cellular concentration of acetyl-CoA. These obser-
vations are consistent with our simulations. In conditions
of exponential growth, most of the produced acetyl-CoA
is drained into the TCA cycle, and, in lower amounts, to
the synthesis of other metabolic precursors. This results
in the depletion of the cellular pool of acetyl-CoA, which
in turn causes a strong decrease in the rate of acetoa-
cetyl-CoA synthesis by beta-ketothiolase (phaA). The
same correlation between PHB accumulation and acetyl-
CoA concentration was also observed by Olaya-Abril
et al. (2018) in a mutant strain with increased PHB accu-
mulation. The stoichiometry of beta-ketothiolase involv-
ing 2 acetyl-CoA molecules is likely to make its rate more
sensitive to decreased acetyl-CoA concentrations (if the
concentrations are below the enzyme saturation levels).
For instance, a four-fold drop in the concentration of
acetyl-CoA (as the one reported by Kojima and co-work-
ers), would result in a 16-fold decrease of the rate of beta-
ketothiolase, provided that the expression level of the
enzyme remains the same. This fact could explain why
citrate synthase outcompetes beta-ketothiolase under
exponential growth conditions.

A good linear correlation between Nile Red staining
and PHB content has been well established in many
previous works using different bacteria (Gorenflo et al.
1999; Spiekermann et al. 1999; Zuriani et al. 2013). Our
results are similar to the results of different fluores-
cence microscopy studies on PHB granule formation.
For example, when PHB-free cultures of Azotobacter
vinelandii or Caryophanon latum were transferred to
fresh media with suitable carbon and energy sources,
formation of visible fluorescent Nile Red stained struc-
tures appeared after 1 or 2 h of incubation (Hermawan
and Jendrossek 2007; Jendrossek et al. 2007). PHB
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accumulation was even fastest in R. eutropha cells,
which needed only 10 min to accumulate PHB granules
after transfer of PHB-free cells to a medium promot-
ing PHB accumulation (Jendrossek 2009). This is of the
same order of time in P, denitrificans cells.

Models in the literature for granule formation sug-
gest that granules may arise through physical associa-
tion of PHB oligomers forming micelle-like structures
or by budding off the plasma membrane, resulting in a
granule covered with a monolayer of lipid (Jendrossek
2009). It has been observed that the distribution of PHB
granules in Rhodospirillum rubrum and R. eutropha
occurred near the cell poles and near the cell wall
(Jendrossek 2009). Indeed, we occasionally observed a
more regular distribution of the PHB granules in the P
denitrificans cells. We hypothesize that an equal distri-
bution of PHB granules is required in dividing cells per-
haps by using a division control mechanism of the PHB
inclusions explaining the more organized distribution
of the granules. Interestingly, R. rubrum cells exhib-
ited a regular PHB granule distribution pattern as well
with almost equal spacing between individual granules
(Handrick et al. 2004), similar to what we observed
in this study. In the literature, there are contradic-
tory conclusions about the localization of the nascent
PHB granules within the cell. In some cases, the gran-
ules appear dispersed randomly in the cytoplasm and
in other cases, the nascent granules are shown to be
attached to the inner leaflet of the plasma membrane
(Tian et al. 2005). Future studies are required to get a
more fundamental understanding of the organization
of PHB granules in different species and at different
phases of growth.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513568-021-01273-x.

Additional file 1: Figure S1. Staining of P, denitrificans cells with MTG.
Details of dividing cells (at an OD660 of about 0.75) (A) and spheroplasts
(B) stained with TuM MTG during 5 min at 34 °C and imaged using LSCM
showing PHB granules distributed symmetrically. Figure S2. PHB inclu-
sions in P denitrificans cells grown in a defined mineral salts medium with
25 mM succinate as the sole carbon and energy sources. A Growth curve
of the cells incubated at 34°C and 300 rpm and gas chromatographic data
of specific PHB production (ug PHB per mg of cell biomass). B At different
time points, 1ml of culture was incubated with 2 uM of Nile Red during 5
min and imaged using LSCM. The images show the disappearance of PHB
inclusions at the stationary phase of growth and completely disappeared
after 34 h of cultivation.

Additional file 2: File S1. Excel with the list of these enzymes mentioned
in the text.
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