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Polyhydroxyalkanoates (PHAs) are biodegradable polyesters that
are intracellularly accumulated as distinct insoluble granules by
various microorganisms. PHAs have attracted much attention as
sustainable substitutes for petroleum-based plastics. However, the
formation of PHA granules and their characteristics, such as locali-
zation, volume, weight, and density of granules, in an individual live
bacterial cell are not well understood. Here, we report the results of
three-dimensional (3D) quantitative label-free analysis of PHA gran-
ules in individual live bacterial cells through measuring the refrac-
tive index distributions by optical diffraction tomography (ODT).
The formation and growth of PHA granules in the cells of Cupriavi-
dus necator, the best-studied native PHA producer, and recombi-
nant Escherichia coli harboring C. necator poly(3-hydroxybutyrate)
(PHB) biosynthesis pathway are comparatively examined. Through
the statistical ODT analyses of the bacterial cells, the distinctive
characteristics for density and localization of PHB granules in vivo
could be observed. The PHB granules in recombinant E. coli show
higher density and localization polarity compared with those of C.
necator, indicating that polymer chains are more densely packed
and granules tend to be located at the cell poles, respectively. The
cells were investigated in more detail through real-time 3D analy-
ses, showing how differently PHA granules are processed in relation
to the cell division process in native and nonnative PHA-producing
strains. We also show that PHA granule–associated protein PhaM of
C. necator plays a key role in making these differences between C.
necator and recombinant E. coli strains. This study provides spatio-
temporal insights into PHA accumulation inside the native and
recombinant bacterial cells.

polyhydroxyalkanoate | biopolymer | optical diffraction tomography |
microorganism | three-dimensional imaging

Due to our increasing concerns on the accumulation of non-
degradable plastic wastes, polyhydroxyalkanoates (PHAs), a

family of bacterial polyesters, have emerged as a promising al-
ternative to synthetic plastics. PHAs have been attracting much
attention because they are biodegradable and possess material
properties that are comparable to those of popular synthetic
plastics, such as polypropylene and polyethylene (1–4).
PHAs are synthesized by numerous bacteria as an energy, carbon,

and redox storage material under unbalanced growth conditions in
the presence of an excess carbon source. PHAs exist in the form of
insoluble granules in the cytoplasm. PHA granules in vivo are
amorphous polymers bound by several different enzymes and pro-
teins, such as PHA synthase, PHA depolymerase, regulatory pro-
teins, and other granule-associated proteins, known as phasin and
PhaM (5, 6). Through the actions of these enzymes and proteins,
microorganisms synthesize and degrade PHAs in response to the
environmental condition. For example, Cupriavidus necator (also
known as Ralstonia eutropha), which is the model organism for
studying poly(3-hydroxybutyrate) (PHB) biosynthesis, accumulates

PHB under an unfavorable growth condition, such as a nitrogen- or
phosphorus-deficient condition, to store the excess carbon sources
inside cells (1, 2). Cells degrade PHB and utilize it for growth and
maintenance when needed under balanced growth conditions (1, 2).
It has always been amazing to observe cells accumulating such

large amounts of polymers inside the cells. Several techniques have
been used to observe the dynamic behavior and characteristics of
PHA granules in vivo. Fluorescence microscopy (7–9), transmis-
sion electron microscopy (TEM) (10, 11), and electron cry-
otomography (12) have provided information on the shape and
localization of PHA granules in bacteria, such as C. necator, Rho-
dospirillum rubrum, and recombinant Escherichia coli expressing
the heterologous PHA biosynthesis genes, under various condi-
tions. However, these studies have provided only two-dimensional
image information and/or showed a nonnative state of the cells and
PHA granules due to the pretreatment process used (more ex-
planations are provided in SI Appendix, Text S1). Although several
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models for granule formation have been proposed based on these
observations (6, 12–14), many of the details for the formation and
characteristics of in vivo PHA granules are still unknown.
Here, we present the results of three-dimensional (3D) quan-

titative analyses for PHA granules in individual live bacterial cells
by measuring the refractive index (RI) distribution using optical
diffraction tomography (ODT). Formation of PHB granules in the
cells of C. necator and recombinant E. coli harboring C. necator
PHB biosynthesis genes was monitored with culture time to un-
derstand the spatiotemporal formation, growth, and distribution
of PHB granules during cell growth. Based on the reconstructed
3D RI, the volumes and weights of cells and PHB granules, PHB
content, and PHB granule density could be quantified at a single-
cell level. Also, the variations of PHB formation in the individual
cells could be obtained through statistical analyses. In addition, we
present real-time movies of PHB accumulation in living C. necator
and recombinant E. coli cells. These results reveal the distinctive
characteristics of in vivo PHA granule formation and distribution
in native and nonnative PHA producers.

Results and Discussion
Identification of PHB Granules via Optical Diffraction Tomography.
Cells of C. necator and recombinant E. coli accumulating PHB
were subjected to ODT analysis (Fig. 1A and SI Appendix, Mate-
rials and Methods and Figs. S1 and S2 and Table S1). For the
accumulation of PHB, C. necator was first cultured in a nutrient-
rich medium, washed with distilled water, and transferred to a
nitrogen-limiting medium containing 20 g/L of fructose. On the
other hand, recombinant E. coli was cultured under a nutrient-rich
condition in the presence of 20 g/L of glucose (SI Appendix, Ma-
terials and Methods). In the reconstructed 3D RI distributions of
C. necator and recombinant E. coli cells, distinctively high RI re-
gions inside each cell were observed as PHB granules (Fig. 1 B–E).
To verify that the high RI regions correspond to the accumulated
PHB, the RI tomogram was compared with the fluorescence im-
age of the same cell labeled with Nile Red, which has routinely
been used for PHA staining (7). For better comparison,
fluorescence-like images were computationally generated from 3D

RI distribution by assuming that the granules stained homoge-
neously (Fig. 1 F and G). When the threshold RI for PHB was set
above 1.39, the emulated fluorescence images from 3D RI dis-
tribution were consistent with the granule location, morphology,
and the signal intensity observed with the actual fluorescence
images obtained using Nile Red. Based on the comparison of 3D
RI tomograms and conventional fluorescence images, it could be
concluded that the regions of RI > 1.39 in the 3D RI distribution
correspond to PHB granules. In this study, all quantifications for
PHA (PHA granule volume, weight, density, and polymer con-
tent) were performed on the region of RI > 1.39.
In addition to PHB, bacterial cells accumulating different

types of PHAs, poly(3-hydroxybutyrate-co-3-hydroxyvalerate),
poly(3-hydroxybutyrate-co-lactate), and medium-chain-length PHA,
were subjected to ODT analysis. For all the three types of PHAs,
PHA granules were identified as distinctively high RI regions as
well as the PHB granules (SI Appendix, Fig. S3). Although we focus
on the PHB-producing bacterial cells here, the ODT analyses can
be widely used for the cells accumulating various types of PHAs.

Quantitative Characterization of Bacterial Cells and In Vivo PHB
Granules. To understand the formation, growth, and distribution
of PHB granules during cell growth, the characteristics of indi-
vidual cells and cytoplasmic PHB were quantitatively analyzed
according to culture time. C. necator and recombinant E. coli cells
were cultured for 24 h and 48 h, respectively, to reach the maxi-
mum PHB accumulation and subjected to ODT at 8 h intervals
(Figs. 2 and 3). Representative 3D RI distributions of C. necator
and recombinant E. coli cells during culture time are presented in
Figs. 2 A and B and 3 A and B. For both C. necator and
recombinant E. coli, the changes of cell morphologies and accu-
mulation of PHB granules according to the culture time were
clearly observed.
For statistical analysis, 121, 126, 120, and 136 cells of C. necator

were randomly selected at 0, 8, 16, and 24 h of cultivation, re-
spectively. Cell volume and length, dry cell weight (DCW), PHB
granule weight, PHB content (the accumulated PHB granule
weight to DCW, wt/wt%), and PHB granule density were able to

Fig. 1. ODT analysis for bacterial cells accumulating PHB. (A) Schematic illustration of the ODT analysis. PHB biosynthesis pathway and the chemical structure
(Left). Two-dimensional holograms of a bacterial cell are recorded at various illumination angles to reconstruct the 3D RI distribution of the cell (Right). (B and
C) 3D-rendered images of the reconstructed RI distribution of C. necator and recombinant E. coli cells, respectively. (D and E) Cross-sectional images of the
corresponding 3D RI distributions. (F and G) PHB identification based on the RI threshold (RI > 1.39) (Top), emulated fluorescence-like images obtained by 3D
convolution-based imaging processing (Middle), and wide-field fluorescence images of Nile Red–stained cells (Bottom).
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be quantified for the individual cells (Fig. 2). The detailed de-
scription on quantification is provided in SI Appendix, Materials
and Methods. The average volume of C. necator cells showed an
increasing trend with culture time, which were 2.52 ± 0.84, 2.56 ±
1.07, 2.61 ± 1.30, and 2.70 ± 1.27 fL (mean ± SD) at 0, 8, 16, and
24 h, respectively (Fig. 2C). The average values of cell length were
3.47 ± 1.05, 3.63 ± 1.25, 3.38 ± 1.06, 3.15 ± 0.96 μm at the same
time points, respectively (Fig. 2D). As C. necator cells actively
accumulated PHB, the average values of PHB granule weight
increased with culture time, which were 0.070 ± 0.130, 0.157 ±
0.211, 0.255 ± 0.289, and 0.438 ± 0.359 pg at 0, 8, 16, and 24 h,
respectively (Fig. 2E). According to the changes of accumulated
PHB granule weight and cell volume, the average DCW continued
to increase; the average values of DCW were 0.44 ± 0.18, 0.53 ±
0.29, 0.64 ± 0.36, and 0.82 ± 0.45 pg at the same time points,
respectively (Fig. 2F). The average PHB contents also increased,
which were 11.05 ± 18.59 (0 h), 21.07 ± 23.80 (8 h), 33.77 ± 23.72
(16 h), and 46.30 ± 23.81% (24 h) (Fig. 2G). For comparison,
PHB contents were also calculated by gas chromatography anal-
ysis, which is a prevalent method for determining PHB concen-
tration and content (SI Appendix, Text S2 and Table S2). The
average PHB granule densities were 1.118 ± 0.017, 1.126 ± 0.019,
1.129 ± 0.020, and 1.138 ± 0.023 g/mL at 0, 8, 16, and 24 h,
respectively (Fig. 2H).
For recombinant E. coli, 112, 151, 87, 85, 135, 108, and 103

cells were randomly selected for ODT analysis at 0, 8, 16, 24, 32,

40, and 48 h of cultivation, respectively (Fig. 3). After the initial
8 h of culture, the average volumes of the recombinant E. coli
cells continued to increase, which were 4.71 ± 1.89, 2.85 ± 2.21,
4.38 ± 1.90, 5.39 ± 3.00, 6.85 ± 2.75, 7.88 ± 3.42, and 8.07 ± 3.49
fL at 0, 8, 16, 24, 32, 40, and 48 h, respectively (Fig. 3C). The
average cell volume at 48 h was increased by 183% of the av-
erage value at 8 h. On the other hand, the cell lengths showed
almost constant average values with no significant change with
culture time. The average values of cell length were 4.71 ± 1.51,
3.57 ± 1.31, 4.33 ± 1.35, 4.22 ± 1.61, 4.25 ± 1.17, 4.49 ± 1.57, and
4.26 ± 1.07 μm at the same time points, respectively (Fig. 3D).
The recombinant E. coli cells became thicker with culture time.
The cross-sectional area of the cells was significantly increased;
the average values of the cross-sectional area at 8 and 48 h were
1.16 and 2.41 μm2, respectively. As expected from the increase of
cell volume, the average values of DCW also increased with
culture time after 8 h, which were 0.73 ± 0.36, 0.46 ± 0.68, 0.65 ±
0.62, 1.10 ± 0.68, 2.25 ± 1.13, 2.86 ± 1.46, and 3.78 ± 1.83 pg at 0,
8, 16, 24, 32, 40, and 48 h, respectively (Fig. 3F). The change of
the DCW is more remarkable compared to the change of cell
volume because the PHB granule weights were rapidly increased
after 16 h; the average weights of PHB granules were 0.117 ±
0.187, 0.124 ± 0.443, 0.079 ± 0.409, 0.336 ± 0.411, 1.330 ± 0.869,
1.811 ± 1.151, and 2.830 ± 1.519 pg at the same time points,
respectively (Fig. 3E). The average PHB contents also gradually
increased with time after 16 h: 11.23 ± 14.85, 7.10 ± 16.37,

Fig. 2. Quantification of individual C. necator cells accumulating PHB granules. (A) Representative 3D RI tomograms at selected x-y, y-z, and z-x planes and
(B) 3D rendering images of C. necator cells with different levels of PHB accumulation. One grid equals 2 μm. The quantified cell volume, polarity, and PHB
content (%, wt/wt) are noted below the rendering images. (C) Cell volume (fL). (D) Cell length (μm). (E) PHB granule weight (pg). (F) DCW (pg). (G) PHB
content (%, wt/wt). (H) PHB granule density (g/mL). The bars indicate averages and SDs. The numbers of analyzed cells are 121, 126, 120, and 136 for 0, 8, 16,
and 24 h, respectively.
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4.39 ± 11.72, 24.63 ± 19.59, 53.80 ± 16.75, 60.65 ± 13.64, and
72.83 ± 9.68% at 0, 8, 16, 24, 32, 40, and 48 h, respectively (Fig. 3G).
The average values of PHB granule density were also increased
after 16 h, which were 1.127 ± 0.020, 1.127 ± 0.018, 1.118 ± 0.013,
1.130 ± 0.019, 1.147 ± 0.019, 1.155 ± 0.021, and 1.168 ± 0.020 g/mL
at the same time points, respectively (Fig. 3H).
One unanticipated finding was the decreased average values of

PHB granule weight and content at the early stage of culture (0 to
16 h). Through the real-time analysis of the E. coli cells (Movie S1
and further discussed in Real-Time Analysis), we observed that the
E. coli cells did not actively accumulate PHB granules at that time
point while cells grew in number by cell division, resulting in the
decrease of the average values.

Morphological Characterization of In Vivo PHB Granules. In addition
to the PHB granule corresponding to the region of RI above 1.39,
we focused on the RI region below 1.39 to observe the granule
formation in more detail. It seems that the RI region of 1.37 to
1.39 also represents PHB, distinguishable from the cytoplasmic
space (Figs. 2B and 3B and SI Appendix, Fig. S4), as an RI region
of above 1.37 gradually began to appear in cells and became
granules as time goes by (SI Appendix, Fig. S4). Thus, we assume
that the RI region of 1.37 to 1.39 represents the insoluble poly-
meric chains that did not yet form into the granule and also the
relatively mobile surface region of the PHB granule in which
several enzymes and proteins are associated. It was further verified
by comparing the ODT results with the fluorescence microscopy

analysis of the in vivo PHB granules labeled with superfolder
green fluorescent protein (sfGFP) (SI Appendix, Text S3 and
Fig. S5).
It was found that the distributions of RI below 1.39 were sig-

nificantly different between the two strains. For C. necator cells, the
RI region of 1.37 to 1.39 (the green-colored region in Fig. 2B) was
distributed widely around the PHB granules that covered most of
the cytoplasm, while the RI region of 1.37 to 1.39 for recombinant
E. coli cells (the green-colored region in Fig. 3B) was shown in a
relatively small region near the PHB granules (SI Appendix, Fig.
S6). Such RI distributions reveal that the in vivo PHB morphology
and distribution are different between C. necator and recombinant
E. coli cells. In C. necator cells, PHB exists in the form of granules
and the mobile polymeric chains which are relatively loosely dis-
tributed (Fig. 2B). In contrast, PHB in E. coli cells tends to be
concentrated, which mostly leads to the formation of granules
(Fig. 3B). This difference is reflected as an observation that the
E. coli cells contained more PHB granules of higher density com-
pared with C. necator cells as discussed above.

Correlative Analysis. To examine and capture the distinctive fea-
tures of individual cells and accumulated PHB granules, correlative
analyses were performed using the individual cell data obtained.
Given that C. necator and recombinant E. coli cells showed the
increase of average cell volume with culture time (Figs. 2 and 3),
the dependence of cell size on PHB accumulation was evaluated by

Fig. 3. Quantification of individual recombinant E. coli cells accumulating PHB granules. (A) Representative 3D RI tomograms at selected x-y, y-z, and z-x
planes and (B) 3D rendering images of E. coli cells with different levels of PHB accumulation. One grid equals 2 μm. The quantified cell volume, polarity, and
PHB content (%, wt/wt) are noted below the rendering images. (C) Cell volume (fL). (D) Cell length (μm). (E) PHB granule weight (pg). (F) DCW (pg). (G) PHB
content (%, wt/wt). (H) PHB granule density (g/mL). The bars indicate averages and SDs. The numbers of analyzed cells are 112, 151, 87, 85, 135, 108, and 103
for 0, 8, 16, 24, 32, 40, and 48 h, respectively.
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making the scatter plots of PHB weight (or PHB content) versus
cell volume (Fig. 4 A and B).
Differently from C. necator (Fig. 4A), the scatter plot of PHB

weight versus cell volume for recombinant E. coli cells (Fig. 4B)
revealed a partially linear relationship with the correlation coeffi-
cients of 0.72, 0.86, 0.52, 0.67, 0.70, and 0.83 for 8, 16, 24, 32, 40, and
48 h, respectively. These results imply that in vivo PHB accumula-
tion affects the volume of the E. coli cell. The cross-sectional area of
the E. coli cells showed a tendency to increase as PHB granules
were accumulated that was prominent for the cells with more than
50% of PHB content (SI Appendix, Fig. S7).
Interestingly, the scatter plots for PHB content versus PHB

weight exhibited saturation-like curves for both C. necator and
recombinant E. coli cells (Fig. 4 C and D). At low PHB weights,
the PHB contents increased with PHB weight, as expected. When
the PHB content reached a certain value, however, it no longer
increased and plateaued with a further increase of PHB weight.
Under the experimental condition we used, PHB contents of 83%
(C. necator) and 89% (E. coli) were observed as plateau values.
These results may be because bacteria accumulate PHA by
maintaining their viability; cells need to retain a certain intracel-
lular space for metabolic and physiological activities other than
PHB accumulation.

PHB Granule Localization Analysis. In addition to quantitative anal-
ysis, the spatial distribution of PHB granules in individual cells was
investigated based on the 3D RI distribution. The relative posi-
tions of the in vivo PHB granules were presented with two pa-
rameters, polarity and centrality (Fig. 5), as previously described
(12). Polarity is defined as the ratio of the axial distance between
the cell center and the PHB granule to the distance between the
cell center and cell pole, corresponding to a half of the cell length
(Fig. 5A). Centrality is defined as the ratio of the distance of the
PHB granule from the cell membrane to the distance between the
long center axis and the cell membrane at each cross-section

(Fig. 5B). Polarity and centrality have a range of 0 to 1 and
higher polarity and centrality indicate that the PHB granules are
located near the pole and the long center axis of the cell, re-
spectively. Details of localization analysis are described in SI Ap-
pendix, Materials and Methods.
The average polarity values for C. necator cells were 0.29 ± 0.15,

0.29 ± 0.12, 0.29 ± 0.13, and 0.27 ± 0.10 at 0, 8, 16, and 24 h,
respectively. On the other hand, recombinant E. coli cells exhibi-
ted higher average polarity values of 0.62 ± 0.16, 0.52 ± 0.18,
0.49 ± 0.19, 0.40 ± 0.16, 0.29 ± 0.10, 0.31 ± 0.09, and 0.31 ± 0.07
at 0, 8, 16, 24, 32, 40, and 48 h, respectively (Fig. 5 C and D).
Compared with C. necator, recombinant E. coli cells showed a
tendency to localize PHB granules near the cell poles, especially at
the early period of cultivation.
To further examine the localization preference of PHB gran-

ules, correlative analyses between PHB content and polarity were
performed (Fig. 5 G and H). Both scatter plots for C. necator and
recombinant E. coli cells show that the polarity values have a wide
range of 0 to 0.8 at low PHB contents and converge into a rela-
tively narrow range of 0.3 to 0.4 as PHB contents increase. Con-
sidering the cells with low PHB contents (e.g., below 5%) were in
the early phase of PHB granule formation, the wide range of
polarity implies that the formation of PHB granule can occur
anywhere in the cytoplasm. In addition, it is obvious that the po-
larity of PHB granules decreased as PHB granules occupied more
volume within the cell. Interestingly, the polarity for recombinant
E. coli cells seems to be negatively correlated with PHB content
while the scatter plot of C. necator does not exhibit any noticeable
correlation between polarity and PHB content. To examine
whether the correlation is indeed significant, new scatter plots
were made to contain only the cells, which are longer than the
average length of the analyzed cell (SI Appendix, Fig. S8 A and B).
In the case of recombinant E. coli, the negative correlation be-
tween PHB content and polarity is more clearly observed while the
plot for C. necator still does not show any clear correlation.

Fig. 4. Scatter plots of (A and B) PHB weight versus cell volume and (C and D) PHB content versus PHB granule weight for C. necator and recombinant E. coli
cells, respectively.
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The decreasing polarity with increasing PHB content indicates
that the PHB granules tend to be localized to the poles even
though PHB granules can be formed anywhere in cell cytoplasm.
This was further investigated through real-time monitoring, which
is discussed in Real-Time Analysis.
The average centrality values for C. necator were 0.75 ± 0.07,

0.71 ± 0.08, 0.69 ± 0.07, and 0.66 ± 0.07 at 0, 8, 16, and 24 h of
cultivation, respectively (Fig. 5E). Recombinant E. coli showed the
average centrality values of 0.69 ± 0.07, 0.69 ± 0.07, 0.68 ± 0.07,
0.71 ± 0.06, 0.62 ± 0.05, 0.61 ± 0.05, and 0.58 ± 0.04, respectively
(Fig. 5F). The two bacterial species showed similar results that
PHB granules localization was biased toward the cell center rather
than the cell membrane (SI Appendix, Fig. S8 C and D). Some
studies have reported the temporal image of PHA granules near
the membrane, leading to the membrane budding model for PHA
formation (15–17). However, except for the PHB granules at the
poles in recombinant E. coli cells, most PHB granules in C. necator
and recombinant E. coli were localized in the middle between the
cell center and membrane.

Real-Time Analysis. In addition to the statistical analyses of data
obtained at each sampling time, real-time analyses tracking live in-
dividual cells were performed for several hours to understand more
detailed spatiotemporal changes of PHB granules in vivo. Time-
lapse movies showing the growth of cells and PHB granules could
be obtained for C. necator and recombinant E. coli cells (Movies
S1–S4). The dynamic changes of cells and in vivo PHB granules
shown in the time-lapse movie were also quantitatively analyzed at
the individual cell level (SI Appendix, Text S4 and Fig. S9).
The movies show the actual in vivo dynamics of PHB granule

synthesis and degradation in living cells, even considering the
possible existence of small optical perturbations caused by the
movement of cells. As shown in Movies S2–S4 and SI Appendix,
Fig. S10, the PHB granule localization during the cell division
process is distinctively different between the two species. The PHB
granules inC. necator cells were generally localized throughout the
cytoplasm (Movie S2 and SI Appendix, Fig. S10). The daughter
cells generated by cell division could divide up the PHB granules.
In addition to the Movie S2 monitoring the C. necator cells

cultured in the nutrient-limited medium for boosting PHB

Fig. 5. In vivo localization of PHB granules. Diagrams for calculation of (A) polarity and (B) centrality. PHB granules are indicated in yellow. (C and D) Polarity
distributions of C. necator and recombinant E. coli cells, respectively. (E and F) Centrality distributions of C. necator and recombinant E. coli cells, respectively.
(G and H) Scatter plots of polarity versus PHB content (%, wt/wt) for C. necator and recombinant E. coli cells, respectively.
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accumulation, we also obtained a time-lapse movie (Movie S3)
for C. necator cells cultured in a nutrient-rich medium to inves-
tigate the different characteristics caused by the medium con-
dition. Given that this condition is more suitable for cell growth,
the C. necator cells in Movie S3 showed more active cell division
with larger cells than the cells shown in Movie S2. During cell
growth, PHB granules in C. necator cells seem to be constantly
appearing and disappearing. The PHB granules were localized
throughout the cytoplasm and the daughter cells generated by
cell division contained a similar amount of PHB granules.
In contrast, most recombinant E. coli cells in Movie S4 showed

locally asymmetric accumulation of PHB granules that corre-
sponds to the high-polarity values. Interestingly, most PHB gran-
ules were localized near only one pole of the cells rather than both
poles. The uneven distribution of PHB granules is closely related
to the process of inheritance of PHB granules during cell division
of E. coli. Movie S4 shows that recombinant E. coli cells elongated
toward the opposite side of the accumulated PHB granules and
then were divided into two cells. Thus, one daughter cell con-
tained the majority of PHB granules while the other cell had al-
most no PHB granules. It should be noted that not all PHB
granules are formed at the polar region in E. coli; some PHB
granules are formed in the middle of the cells. However, after cell
division of the E. coli cells containing PHB granules in the middle,
the PHB granules tend to be localized near a new pole of the
daughter cell; this results in eventual localization of PHB granules
near the polar region in E. coli (SI Appendix, Fig. S11). It corre-
sponds well to the statistical analyses that recombinant E. coli cells
contain more PHB granules of higher polarity and show the
negative correlation between polarity and PHB content.

Examination of Other Bacterial Strains. To investigate whether the
differences in PHA granule localization of C. necator and
recombinant E. coli are observed in other species, we additionally
analyzed the cells of Pseudomonas putida, which is a native MCL-
PHA producer, and also recombinant Klebsiella pneumoniae
expressing C. necator phaCAB genes. Interestingly, we observed
that PHA granule localization was similar between two native
PHA-producing strains (C. necator and P. putida) and also between
two nonnative PHA-producing strains (recombinant E. coli and
recombinant K. pneumoniae). Similar to C. necator cells, P. putida
cells exhibited no correlation between the polarity and PHA con-
tent (SI Appendix, Fig. S12), and PHA granules were distributed
throughout the cell cytoplasm (Movie S5 and SI Appendix, Fig.
S13). On the other hand, the recombinant K. pneumoniae cells
showed a negative correlation between the polarity and PHB
content (SI Appendix, Fig. S14) and pole-biased localization of
PHB granules with asymmetric inheritance as observed in the
recombinant E. coli cells (Movie S6 and SI Appendix, Fig. S15). It is
especially notable that the distributions of RI region of 1.37 to 1.39
in P. putida (SI Appendix, Fig. S13) and recombinant K. pneumo-
niae (SI Appendix, Fig. S15) cells were similar to those for C.
necator and recombinant E. coli cells, respectively. The RI regions
of 1.37 to 1.39 in C. necator and P. putida cells were distributed
widely throughout the cytoplasm compared with the recombinant
E. coli and K. pneumoniae cells in which the RI regions were mostly
observed near the PHB granules.
We assumed that the differences in localization of PHA granules

between native and nonnative PHA-producing strains might be
attributed to the existence of the PHA granule-associated proteins
and enzymes found in native strains including C. necator and P.
putida. To support the hypothesis, ODT analyses were performed
for the recombinant E. coli cells additionally expressing the genes
of C. necator PhaP1 (phaP1) or PhaM (phaM), which plays a major
role in determining granule morphology and distribution (11,
18–20) (SI Appendix, Figs. S16–S19). In the case of expressing
phaP1, the size of PHB granules became smaller and the number
of granules increased (SI Appendix, Fig. S20). Nevertheless, the

localization characteristics were similar to the control strain (E. coli
expressing C. necator phaCAB genes only) (SI Appendix, Fig. S16).
On the other hand, phaM-expressing E. coli cells behaved similarly
to the C. necator cells in that the granule polarity was relatively low
and did not exhibit any distinct correlation with PHB content (SI
Appendix, Fig. S18). In addition, the distribution of the RI region of
1.37 to 1.39 for phaM-expressing E. coli cells (SI Appendix, Fig.
S19) became wider than the distributions for control E. coli and
phaP1-expressing E. coli cells, which is similar to the C. necator
cells. The broad distribution of the RI region of 1.37 to 1.39 might
be due to the PhaM that places PHB polymer chains at the nu-
cleoid periphery as PhaM can bind both PHB and nucleoid
(11, 18).
Based on these results, we have concluded that the localization

characteristics of PHA are strikingly different between native and
nonnative PHA-producing strains. In native PHA producers, the
granule-associated protein, in particular, PhaM for the case of C.
necator strongly influences in vivo PHA granule formation and
localization. Since PhaM controls the formation and localization
of PHA granules during cell division by interacting with PHA
granules and bacterial nucleoid (11, 18), it contributes to the
relatively equal distribution of accumulated PHB to the daughter
cells; C. necator might exhibit relatively narrow cell-to-cell varia-
tions in cell morphology and PHB accumulation compared with
the recombinant E. coli cells. On the other hand, PHA granules
synthesized in the nonnative PHA-producing strains have been
processed differently. Our observation on PHB granule localiza-
tion in recombinant E. coli and K. pneumoniae cells is similar to
the previous studies which have shown that protein aggregates and
inclusion bodies are also localized with polar-bias and show
asymmetric inheritance related to nucleoid exclusion (21, 22). In
terms of the nucleoid exclusion against the PHB granules in the
recombinant bacterial cells, the localization of PHB granules is
likely to be governed by the competition with the chromosome for
intracellular space to ensure proper cell division.

Conclusion
This study presents 3D imaging and quantitative analysis of PHA
granules in living bacteria using ODT analysis. The two represen-
tative PHA producers, C. necator and recombinant E. coli har-
boring C. necator PHB biosynthesis genes were selected for the
analysis. Through ODT analysis, in vivo PHB granules could be
identified as the distinctively high RI (RI > 1.39) region. Based on
the RI distribution, cell volume and length, DCW, PHB granule
weight, PHB content, granule density, and localization were de-
termined for a single cell in a spatiotemporal manner. In addition,
the growth of PHB granules inside the living cells could be moni-
tored for over 8 h. Through such studies, the distinguishing char-
acteristics of PHB accumulation in the two strains were presented.
As a native PHA producer, C. necator has several PHA granule-
associated proteins such as PHA synthase, PHA depolymerase,
regulatory enzymes, and amphiphilic proteins (5, 6). ODT analysis
was able to capture the dynamics of PHB synthesis and degrada-
tion in detail in a native PHB producer. Also, unique spatiotem-
poral characteristics of PHB accumulation in nonnative PHB
producer, recombinant E. coli, were observed. These differences
were further examined through the ODT analyses for the other
native and nonnative bacterial strains, P. putida and recombinant
K. pneumoniae. As a result, we have demonstrated the distinctive
features for PHA granule formation and distribution in native and
nonnative producers. It was found that C. necator PhaM is a key
enzyme for determining the morphology and localization of PHA
granule in vivo based on the observation of the recombinant E. coli
additionally expressing phaM that behaved similarly to C. necator.
Taken together, this study presents a real-time quantitative

analysis of PHA accumulation in live individual cells to understand
PHA granule formation, growth, and distribution together with cell
division by tracking the changes of cell volume and length, PHA
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content, and PHA granule localization for hours. The strategy
presented in this study will be useful for understanding the spatio-
temporal accumulation of other types of PHAs as well.
Recently, several studies have suggested that the asymmetric

segregation of protein aggregates is considered an important basis
of bacterial cellular aging and rejuvenation (23, 24). The recombi-
nant E. coli cells accumulating PHB can also serve as a model for
such studies, providing new perspectives on bacterial aging.
Last but not least, the ODT analysis reported here can facil-

itate the development of efficient PHA-producing strains. As
several excellent studies have been performed on manipulating
cellular morphology and cell division patterns to improve PHA
production (25, 26), the ODT technology can assist the strain
development by monitoring the detailed behavior of the cells ac-
cumulating PHA granules according to different genetic modifi-
cations and fermentation conditions.

Materials and Methods
All the materials and methods conducted in this study are detailed in SI Ap-
pendix, Materials and Methods: bacterial strain and cultivation, gas chroma-
tography analysis, sample preparation for optical imaging, ODT, wide-field
fluorescence analysis, quantification of cell parameters, and polarity and
centrality analyses.

Data Availability. All study data are included in the article and/or supporting
information.
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