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ARTICLE INFO ABSTRACT
Keywords: Rhodopseudomonas palustris CGA009 is a metabolically robust microbe that can utilize lignin breakdown products
Phasin to produce polyhydroxyalkanoates (PHAs), biopolymers with the potential to replace conventional plastics. Our
Bioplastic recent efforts suggest PHA granule formation is a limiting factor for maximum production of the bioplastic poly
]]:;gggieuulosm (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) by R. palustris. The Phapl phasin (phaP1) from the PHB-
Rl?o dopseudomonas palustris producing model bacterium Cupriavidus necator H16 was expressed in R. palustris with the aim of over-
Polyhydroxybutyrate producing PHBV from the lignin breakdown product p-coumarate by fostering smaller and more abundant
granules. Expression of phaP1 yielded PHBV production from R. palustris aerobically (0.7 g/L), which does not
occur in the wild-type strain, and led to a significantly higher PHBV titer than wild-type anaerobic production
(0.41 g/L). The 3HV fractions were also significantly increased under both anaerobic and aerobic conditions,
which boosts thermomechanical properties and potential for application. Thus, heterologous phasin expression
in R. palustris provides flexibility for industrial processing and could foster compositional changes in copolymers
with better thermomechanical properties compared to PHB alone.
Medeiros et al., 2020). Approximately half of the production cost for
1. Introduction PHAs derives from the carbon source (Raza et al., 2018). Thus, engi-
neering a microbe for PHA production from cheaper and renewable
Polyhydroxyalkanoates (PHAs) are biopolymers produced by bacte- carbon sources is necessary to promote the valorization of PHAs.
ria that have the potential to replace conventional plastics due to their Lignocellulosic biomass is considered to be the most economic car-
similar thermomechanical properties, biodegradability, and biocom- bon source in the world and is thus an ideal candidate for cheaper
patibility (Li et al., 2016; Muneer et al., 2020; Sabbagh and Muhamad, production of bioplastics (Ponnusamy et al., 2019; Qian, 2013). Using
2017). Due to these characteristics, PHAs have been applied in a wide inexpensive and renewable carbon sources for bioplastic production that
variety of applications including therapeutics, packaging, and environ- do not compete with food production, such as lignocellulosic biowaste,
mental rehabilitation (Bello-Gil et al., 2018; Draper and Rehm, 2012; could significantly reduce the costs of bioplastics while simultaneously
Hungund et al., 2018; Parlane et al., 2017). Bacteria typically produce closing the carbon loop. Lignin is a heterogeneous network of
PHAs in response to stressful conditions, such as unbalanced growth, cross-linked aromatics that accounts for nearly 30% of the organic car-
and store the granules inside the cell as a means of carbon and redox bon in plant biomass (Ponnusamy et al., 2019). The production of bio-
balance (Koller, 2020). The most commonly produced PHA by bacteria polymers from lignin is arguably one of the most promising routes for
is called poly-3-hydroxybutyrate (PHB) and is thus the most extensively boosting the valorization of lignin (Rajesh Banu et al., 2019). Yet, one of
studied. However, market acceptance of PHAs is limited by their rela- the major challenges for valorizing lignin is developing an efficient
tively high production costs compared to conventional plastics (Ara- bioconversion process to create value-added bioproducts from lignin
mvash et al., 2018). PHA costs depend mainly on the carbon source, breakdown products (LBPs), such as monolignols and hydroxycinnamic
fermentation technology, and extraction processes (Chen et al., 2020; acids. Unfortunately, most microorganisms that can produce
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Abbreviations

3-Hydroxybutyrate (3HB)

3-Hydroxyvalerate (3HV)

Gas chromatography-mass spectrometry (GC-MS)
Granule-associated proteins (GAPs)

Lignin breakdown products (LBPs)
Polyhydroxyalkanoates (PHAs)

Polyhydroxybutyrate (PHB)
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
Transmission Electron Microscopy (TEM)

high-valued bioproducts cannot metabolize LBPs and are even inhibited
by them. Thus, employing synthetic biology techniques and metabolic
engineering to over-produce PHAs from microbes capable of catabo-
lizing this cheaper and renewable carbon source is ideal. Efforts in
synthetic biology and metabolic engineering offer opportunities for
overproduction of PHAs (Koller, 2017; Raza et al., 2018), but there is
still a need to engineer a microbe for more cost-competitive production
of PHAs from lignocellulosic biomass.

Bacteria that produce PHAs utilize an ensemble of granule-associated
proteins (GAPs) that help balance metabolic tradeoffs in cell growth,
PHA production, and other functions. This system of GAPs includes
polymerases, depolymerases, synthases (PhaC), phasin regulators
(PhaR), and phasins (Choi et al., 2020; Pillai et al., 2019). Of these
proteins, phasins are a fascinating class of small-molecular weight pro-
teins that perform multiple functions for the cell. Phasins are employed
by all PHA-producing bacteria and are the dominant protein surround-
ing the PHA granules (Mezzina and Pettinari, 2016). Although originally
thought to simply create a boundary layer between the granule and the
cytoplasm, phasins have been revealed to perform a number of addi-
tional functions such as controlling the size, shape, and abundance of
granules in the cell (Sharma et al., 2016), activating PHA depolymer-
ization (Chen and Zhang, 2018), fostering granule segregation (Maestro
et al., 2013), modulating expression of PHA synthases (Qi et al., 2000;
Ushimaru et al., 2014), fostering localization of granules (Pfeiffer and
Jendrossek, 2012), altering the composition of PHAs (Kawashima et al.,
2015), and performing chaperone-like activities that contribute to cell
fitness (Almeida et al., 2011). Interestingly, a single bacterium can
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Fig. 1. Gene expression in the wild type (WT) vs. phaP1 strains for (A) phaP1
and (B) 16S rRNA for aerobic (O+) and anaerobic (O-) conditions. The negative
and positive controls represent water vs. gDNA for either R. palustris
or C. necator.
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employ multiple phasins that perform differing functions in the cells or
are homologs of a dominant phasin that controls PHA production in the
cell. For example, Cupriavidus necator H16 (formerly known as Ralstonia
eutropha) is a model bacterium for PHB production that has arguably had
the most characterization of its phasins, with seven different phasins
discovered in the microbe (Sharma et al., 2016). Although C. necator
employs seven different phasins for PHB metabolism, Phasin 1 (PhaP1)
is the dominant phasin impacting PHB production. Kuchta et al. (2007)
performed a detailed analysis of PhaP1 and three of its homologs
(PhaP2-4) via engineering phasin-negative mutants to examine the in
vivo functions of phasins in C. necator. PhaP1 was identified as the major
phasin to control PHB production, and the absence of other phasins did
not yield significant impact on PHB synthesis or accumulation compared
to wild type. Phasins 2-4 are homologs of Phasin 1 that are synthesized
in much smaller amounts under permissive conditions, while Phasins
5-7 are not homologs and still require further characterization (Maestro
and Sanz, 2017; Potter et al., 2004; Pfeiffer and Jendrossek, 2012). As
the dominant phasin employed by C. necator, PhaP1 has been shown to
control the size and number of granules in the cell, impact PHB accu-
mulation and degradation rates, foster localization of granules, and
manipulate the copolymer compositions of PHAs (Kawashima et al.,
2015; Kuchta et al., 2007; Pfeiffer and Jendrossek, 2012; Potter et al.,
2004; Sharma et al., 2016). Although it is still unclear why C. necator
employs multiple and redundant phasins for PHB metabolism, identi-
fying the major phasin that is involved in controlling PHB production
provides a platform for developing heterologous systems for PHA
overproduction in other microbes.

Rhodopseudomonas palustris CGA009 (hereafter R. palustris) is a purple
non-sulfur bacterium capable of fixing CO2 and nitrogen or breaking
down organic compounds for its carbon and nitrogen requirements,
yielding several high-value product streams like bioplastics and bio-
hydrogen (Brown et al., 2020; Larimer et al., 2004; McKinlay et al., 2014).
This makes R. palustris an excellent candidate for engineering towards
industrial production. As a metabolically robust bacterium, R. palustris’
genome includes pathways for three of the four known microbial lignin
degradation strategies, incorporating both aerobic and anaerobic photo-
synthetic catabolism (Larimer et al., 2004). Thus, R. palustris can break
down numerous aromatic compounds derived from lignin while also
potentially accomplishing complete degradation of these compounds to
intermediates in the citric acid cycle that are important building blocks
for bioplastic development. Our recent works show that R. palustris can
utilize the major LBPs p-coumarate and coniferyl alcohol to produce
bioplastics (Alsiyabi et al., 2021; Brown et al., 2020). We also revealed
that R. palustris can create a copolymer of PHB called poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), which is a copol-
ymer of the 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV)
monomers that has more ideal thermomechanical properties compared to
PHB alone (Li et al., 2016).

In this study, phaP1 from C. necator H16 was expressed in R. palustris
with the aim of overproducing PHAs from lignocellulosic sources.
R. palustris’ ability to produce PHBV from lignocellulosic biomass ren-
ders it an ideal candidate for engineering toward industrial PHA pro-
duction from lignin. However, our recent efforts also revealed that
granule formation may be a limiting factor for maximum PHBV pro-
duction due to one large PHBV granule formed inside the cells (Alsiyabi
et al., 2021). Thus, heterologous expression of phapl was implemented
in R. palustris with the aim of overproducing PHBV from lignocellulosic
biomass by fostering smaller and more abundant granules to utilize
more of the intracellular space.

2. Materials and methods
2.1. Growth curves and PHBYV production

R. palustris seed culture was grown on photosynthetic media (PM)
supplemented with 20 mM sodium acetate to an ODggo of approximately
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Fig. 2. Growth comparison between the wild type (WT), phap1, and backbone
plasmid strains. The backbone plasmid strain was grown and tested aerobically
only to serve as a control for assessing PHBV production. Data points are av-
erages of biological triplicates, and errors bars are the calculated standard de-
viation. All conditions were grown on 1 mM p-coumarate and 10 mM sodium
bicarbonate.

0.5 as described previously (Brown et al.,, 2020). All conditions
employing the phaP1 and backbone plasmid (pBBR1MCS-2) strains were
supplemented with kanamycin (300 pg/mL). Cultures were diluted to an
ODggo of 0.2 in fresh PM supplemented with 1 mM p-coumarate and 10
mM sodium bicarbonate as the carbon courses in anaerobic and aerobic
conditions. Anaerobic cultures were grown in sealed 14 mL Falcon™
round-bottom polystyrene tubes at 30 °C with 100 pE white light and
continuous shaking at 275 rpm. Falcon™ tubes were sealed to the sec-
ond position via the secure snap-cap to provide a secure, positive seal.
Oxygen depletion is assumed for anaerobic cultures after the tubes are
sealed. Aerobic cultures were grown in the dark using 250 mL flasks
with no more than 50 mL of total culture volume in each flask, at 30 °C,
and with continuous shaking at 275 rpm. Growth data were fitted to a
modified logarithmic growth model as described previously (Brown
et al., 2020). For anaerobic conditions, cultures were nitrogen starved at
mid-exponential growth by resuspending the cell pellet in fresh PM
without ammonium sulfate as a nitrogen source that was supplemented
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with 1 mM p-coumarate and 10 mM sodium bicarbonate. Anaerobic
samples were harvested for PHBV extraction upon nitrogen starvation
(day 0) and on each day after nitrogen starvation for 11 days. For aer-
obic conditions, samples were prepared for PHBV analysis at each time
point designated in Fig. 3B.

2.2. PHBV quantification via gas chromatography-mass spectrometry
(GC-MS)

PHBV extraction and quantification was conducted as described
previously (Brown et al., 2020). All harvested samples were washed
twice with 1x phosphate buffered saline (PBS), stored as cell pellets in
—80 °C until further processing, and extracted via acidic methanolysis.
PHBV was quantified with conventional GC-MS as described (Brown
et al., 2020), using serial dilutions of sodium 3-hydroxybutyrate or
(—)-methyl (R)-3-hydroxyvalerate (Sigma-Aldrich™) as external
standards.

2.3. Isolation, amplification, and manipulation of DNA

C. necator was grown on rich media (17.5 g/L nutrient broth, 7.5 g/L
yeast extract, 5 g/L (NH4)2SO4) to an ODgoo of approximately 1.0
(Nangle et al., 2020). R. palustris was grown as described in Section 2.1.
Chromosomal DNA was extracted using a Quick-DNA Fungal/Bacterial
kit per manufacturer instructions (Zymo Research). The plasmid was
constructed using the Hot Fusion assembly method (Fu et al., 2014). The
oligonucleotides and plasmids are summarized in Table 1. The oligo-
nucleotides were purchased from Eurofins Genomics. Enzymes were
purchased from Thermo Fisher Scientific.

2.4. Strain construction

The PSSBIO32-tonB-phaP1 plasmid was constructed in NEB® 10-
beta competent E. coli. E. coli was grown overnight, diluted to 0.025%,
grown for 2 h, and washed twice with autoclaved HyO (Tu et al., 2016).
The washed cells were transformed with the Hot Fusion products via
electroporation. The electroporated cells were allowed to rest at 30 °C
for 1-1.5 h in Luria Broth (LB) (Miller, AMRESCO) at 30 °C and 250 rpm
in 14 mL BD Falcon™ round-bottom tubes without antibiotics, and
subsequently plated onto LB plates supplemented with kanamycin (30

Fig. 3. PHBV monomer production in (A)
anaerobic conditions from the wild type
(WT) and phaP1 strains, (B) aerobic condi-
tions from the phaP1 and backbone plasmid
(pBBR1MCS-2) strains, and (C) Trade-off
plot comparing the phaP1 strains’s growth
rate with PHBV production strain under
aerobic conditions generated through the
application of the iRpa940 genome-scale
metabolic model. Wild type R. palustris
yielded no measurable PHBV monomer
production under aerobic conditions and is
thus not shown on the graph in (B). The
backbone plasmid was used as a control
under aerobic conditions to decipher if the
stress of plasmid maintenance alone fostered
PHBV production since the wild type strain
yielded no production aerobically. Data
points represent biological triplicates, and
error bars are the calculated standard devi-
ation. All conditions were grown on 1 mM p-
coumarate and 10 mM sodium bicarbonate.

phaP1 3HV
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Table 1
Bacterial strains, plasmids, and oligonucleotides used in this study.
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Strain, plasmid, or Description Source or reference

oligonucleotide

Strains

Rhodopseudomonas Wild-type Rhodopseudomonas palustris
palustris CGA009 (Molisch) van Niel BAA-98™

phaP1 R. palustris expressing the PhaP1 phasin from C. necator H16 This study

Cupriavidus necator H16 Wild-type DSM 428

Escherichia coli DH10B
(endA1) deficient for high-quality plasmid preparations.

NEB 10-beta Competent E. coli is a derivative of the popular DH10B. It is T1 phage resistant and endonuclease I

New England Biolabs®, Inc.

Kovach et al. (1995)
Kovach et al. (1995)

C. necator gDNA
PSSBIO32-tonB, a derivative of

pBBRIMCS-2
PSSBIO32-tonB-phaP1, this study

Plasmids
PBBRIMCS-2 Empty Backbone; Mobilisable shuttle and expression vector
PBBRI1 ori; kan®; Ppq.-
phaP1
Oligonucleotides for plasmid building
H16 (F) GAGTTTGGATCCTTAAGCACTCAGGCAGCCGTCGTCTTCTTTG
H16 (R) GAATTGTGAGCGGATAACAACTTAATTTGCTTGACCTTGAAGTTCACCAC
rrnbTerm (R) GTGCTTAAGGATCCAAACTCGAG
Lac01 (F) TTGTTATCCGCTCACAATTCCACAC
Sequencing Lac (F) GAACGAAGTCTTGACGACCTG
Sequencing Lac (R) GTTTGTGTCCACGACAGGTTTC
Sequencing rrnb (F) GCACCTCGCTAACGGATTCAC
Sequencing rrnb (R) CACCAAGGCGTTTGAAGGCGTC

Oligonucleotides for RT-PCR

16SrRNA (F) CAGGACCGGTCGCAGAGACG
16SrRNA (R) GACGTCATCCCCACCTTCCTC
Phapl (F) CTGACCACCAAGGCGTTTGAAGG
Phapl (R) CAGCAGTTCCTGTGCGTCCTTG

R. palustris cDNA

R. palustris cDNA

pg/mL). Colonies were selected and cultures were frozen as 15% glyc-
erol stock at —80 °C until further processing. Fresh culture was subjected
to the Invitrogen™ PureLink™ Quick Plasmid Miniprep kit (Thermo-
Fisher) to remove the plasmid per manufacturer’s instructions. PCR
using designed sequencing oligonucleotides was conducted with the
plasmids, and gel electrophoresis was used to check the amplicon size. If
the amplicon was the expected size, the reaction was purified with the
Invitrogen™ PureLink™ Quick PCR Purification Kit (ThermoFisher),
and submitted to Eurofins Genomics for sequencing.

Sequence-verified plasmids were transformed into R. palustris
following the same washing and electroporation steps. The transformed
cells rested in Van Niel’s Yeast Media (ATCC Medium 112) and were
plated 24 h later on Van Niel’s Yeast Agar supplemented with kana-
mycin (300 pg/mL). Colonies were then streaked onto a new plate to
supplement growth. Cells from this plate were lysed in water at 100 °C
for 25 min. PCR with the designed sequencing oligonucleotides was
conducted again, followed by gel electrophoresis to check the amplicon
size, purification, and submission for sequencing.

2.5. RT-PCR reactions

To validate expression of phaP1, RT-PCR was conducted for the wild
type and phaP1 strains under aerobic and anaerobic conditions using the
designed oligonucleotides outlined in Table 1. Cultures were grown to
mid-exponential on p-coumarate as shown in Fig. 1, saved with RNA-
Later® solution per manufacture instructions, and stored in —80 °C until
further processing. RNA was extracted according to conventional
chloroform-phenol extraction, and RNA samples were rid of DNA using
the Invitrogen™ TURBO™ DNA-Free Kit (ThermoFisher). The RNA
samples were purified using the Monarch® RNA Cleanup Kit (New En-
gland BioLabs). All samples were confirmed DNA-free due to a lack of a
positive band via PCR with the RNA. Particular care was taken to assess
degradation of the RNA samples via bleach gels (Aranda et al., 2012).
Only RNA samples that did not yield a DNA band or show degradation
via a bleach gel were converted into cDNA using a High-Capacity cDNA
Reverse Transcription Kit per manufacture instructions (ThermoFisher).
All ¢cDNA samples were tested via RT-PCR using GoTaq® Green Master
Mix (Promega) and the 16S rRNA housekeeping gene (RPA_RNAS55) to
ensure a positive band. If the housekeeping gene did not reveal a positive

band from RT-PCR using a certain cDNA sample, that sample was
considered too low of quality for further analysis.

2.6. Transmission electron microscopy (TEM)

TEM was conducted to visualize granules inside the wild type and
phaP1 strains grown on p-coumarate in both aerobic and anaerobic
conditions as described previously (Alsiyabi et al., 2021). Briefly, the
samples were fixed in a 2% glutaraldehyde and 1.5% paraformaldehyde
in 100 mM sodium cacodylate buffer and submitted to the Nebraska
Center for Biotechnology Morrison Microscopy Core Research Facility at
the University of Nebraska-Lincoln. The samples were processed further
by washing in sodium cacodylate buffer three times, and post-fixing in
1% osmium tetroxide in deionized water at room temperature for 1 h.
The samples were dehydrated through an ethanol series, embedded in
Spurr medium, ultrathin section were cut using a Leica UC7 ultrami-
crotome, and the sections were stained with 1% uranyl acid and 1% lead
citrate. Images were collected using a Hitachi H7500 TEM and taken
without selection or bias.

2.7. Metabolic modeling

The trade-off plot between PHB and biomass production for the
phaP1 strain under aerobic conditions was generated by simulating (via
flux balance analysis) aerobic growth on p-coumarate (Orth et al., 2010)
using R. palustris’ genome-scale metabolic model iRpa940 (Alsiyabi
etal., 2019, 2021). The maximal PHB and biomass generation rates were
first determined by maximizing their respective reactions in the model.
Next, biomass production was maximized while PHB production rate
was set to increasing values between zero and maximal production. The
maximum rate of carbon fixation was assumed to be equal to the rate in
anaerobic growth (Alsiyabi et al., 2021). Furthermore, arbitrary uptake
rates were set for p-coumarate and oxygen since the actual uptake rates
are not known. However, the general observed trend in the trade-off plot
should remain the same.

2.8. Statistical methods

Data points for growth curves and GC-MS data represent the averages
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of biological triplicates, and error bars are the calculated standard de-
viation from raw data based on the population. Independent, two-tailed
t tests were used to calculate statistical significance at a 95% confidence
interval (a = 0.05), and the p value is listed where appropriate.

3. Results and discussion

Our recent efforts suggested granule formation is a limiting factor for
maximum production of PHBV by R. palustris due to one large granule
predominately being formed inside the cells (Alsiyabi et al., 2021).
PhaP1 leads to smaller and more abundant PHB granules in C. necator,
and it was hypothesized that expression of phaP1 would increase overall
PHBV monomer titers from R. palustris. Thus, phaP1 was expressed in
R. palustris with the aim of overproducing PHBV from lignocellulosic
sources by maximizing the use of intracellular space via producing
smaller and more abundant granules.

3.1. Gene expression analysis for phaP1

Gene expression analysis was first conducted via RT-PCR to verify
the expression of phaP1 in the phaP1 strain compared to the wild type
strain. Fig. 1 depicts the expression bands for phaP1 and 16S rRNA in
each condition. All conditions showed significant expression of the 16S
rRNA housekeeping gene. Furthermore, all conditions for the phaP1
strain yielded expression of phaP1, whereas the wild type strain did not.
In Fig. 1A, the positive and negative controls using R. palustris gDNA did
not yield expression, which was to be expected since phaP1 is naturally
occurring in C. necator. In Fig. 1B, the controls for 16S rRNA using
C. necator gDNA did not yield expression since this occurs naturally in
R. palustris.

3.2. Comparisons of growth and PHBV production

Analyses were conducted to assess the impacts on growth and pro-
duction of PHBV monomers due to phaP1 expression in R. palustris. First,
we conducted growth comparison analyses for both aerobic and anaer-
obic environments to decipher if growth was impacted by expression of
phaP1. Fig. 2 depicts the logarithmic growth curves of strains containing
the backbone plasmid with phaPl inserted (phaPl), the backbone
without phaP1 (backbone plasmid), and the wild type (WT) strains.
Under anaerobic conditions, there was no significant difference in
maximum OD between the wild type and phaP1 strains (p value =
0.395). There was also no significant difference in maximum OD be-
tween the wild type, phaP1, and backbone plasmid strains in aerobic
conditions (p values > 0.05). Hence, expression of phapl did not yield
significant changes in the maximum OD in neither anaerobic nor aerobic
conditions. However, the phaP1 strain yielded a slower growth rate in
aerobic conditions compared to the wild type strain. Later, we discuss
how we explore this further with the application of genome-scale
metabolic modeling.

We then assessed changes in 3HV and 3HB production due to phaP1
expression based on our hypothesis that phaP1 expression would
enhance production. Under anaerobic conditions, there was no statisti-
cal significance in maximum titers (i.e. 3HB + 3HV fractions) between
the wild type and phaP1 strains (p value = 0.137), but there was a sig-
nificant difference in 3HV fractions between the strains (Fig. 3A). The
phaP1 strain generated a significantly higher 3HV fraction (0.25 g/L)
compared to the wild type strain (0.04 g/L) under anaerobic conditions
(p value = 0.00316). Expression of phaP1 fostered 3HB and 3HB pro-
duction from R. palustris aerobically, which does not occur in the wild
type strain (Fig. 3B). Total production from the phaP1 strain in aerobic
conditions (0.7 g/L) was significantly higher than the maximum
anaerobic titer (0.41 g/L) for the wild-type strain (p value = 1.8 x 1077).
The 3HV fraction generated aerobically from the phaP1 strain (0.074 g/
L) was also significantly higher than the wild type fraction (0.04 g/L) in
anaerobic conditions (p value = 0.000126). The backbone plasmid
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strain was used as a control under aerobic conditions to decipher if
phaP1 expression yielded significantly higher 3HB and 3HV production
compared to the backbone alone. The backbone plasmid strain produced
a relatively small amount of 3HB (approximately 0.05 g/L maximum),
which was merely 1/14 that of the production from the phaP1 strain
(0.7 g/L). Furthermore, the backbone plasmid strain did not yield any
3HV production, compared to 0.074 g/L generated from the phaPl
strain. Statistical comparison of the 3HB (p value = 1.243 x 107%) and
3HV (p value = 5.402 x 10~%) fractions produced from the backbone
plasmid versus the phaP1 strains is significant, which supports the hy-
pothesis that aerobic PHBV production is significantly higher with
phaP1 expression compared to the backbone plasmid alone.

Once the growth and PHBV monomer fraction production analyses
had been conducted, we wanted to further assess why the phaP1 strain
yielded a slower growth rate than wild type under aerobic conditions. It
was hypothesized that the reduced growth rate could be due to tradeoffs
between biomass and PHBV production. A genome-scale metabolic
model of R. palustris, called iRpa940, was recently applied to compare
tradeoffs in growth and PHB production from a variety of substrates
including p-coumarate (Alsiyabi et al., 2021). Genome scale modeling
synergizes results from the context of whole-cell metabolism, utilizing
annotated breakdown pathways for the corresponding substrates. Since
there was a lack of kinetic parameters and concentration ranges for
PHBV production reactions in R. palustris, only tradeoffs corresponding
to PHB were assessed previously. However, it is likely that the outcomes
utilizing the model are very comparable between PHB and PHBV since
the monomer products are produced by the same enzymes. Thus, this
genome-scale metabolic model was employed here to assess the hy-
pothesis that the phaP1 strain had a reduced growth rate due to the new
PHBV production compared to wild type R. palustris (Alsiyabi et al.,
2019, 2021). A plot comparing PHB and biomass production for the
phaP1 strain under aerobic conditions was generating via flux balance
analysis simulations with iRpa940 utilizing p-coumarate as the substrate
(Fig. 3C). As expected, the relationship between growth rate and PHBV
production is linear and reflects a direct negative correlation. Thus,
since the phaP1 strain produced 3HB and 3HV under aerobic conditions
compared to no production from the wild type strain, the phaP1 strain
had a lower growth rate to compensate for the production.

In summary, expression of phaP1 yielded increased 3HV fractions
under both anaerobic and aerobic conditions, and fostered PHBV
monomer production aerobically compared to no measurable aerobic
production by the wild type strain. Increased 3HV fractions are desirable
since they create a bioplastic with increased tensile strength, impact
strength, and flexibility that render it more applicable in a wider array of
applications (Heinrich et al., 2015). Our recent efforts identified several
key metabolic factors impacting PHB production by R. palustris under
anaerobic conditions (utilizing the Calvin Benson Bassham cycle as an
electron sink), including a significant thermodynamic bottleneck for the
thiolase reaction (phaA) as well as a significant dependence of the
reductase reaction (phaB) on the NADP(H) redox state in the cells
(Alsiyabi et al., 2021). Moreover, we found that a very high
acetyl-CoA/CoA ratio is required to render the thiolase reaction ther-
modynamically feasible, reductase (phaB) is linearly dependent on the
NADPH/NADP ratio, and reductase will likely be rate-limiting regard-
less of metabolic conditions due to low catalytic efficiency (Alsiyabi
et al,, 2021). Increased production of 3HV is linked to increased
propionyl-CoA pools, whereby p-ketothiolase conducts condensation of
acetyl-coenzyme A (acetyl-CoA) and propionyl-CoA to form 3HV. Thus,
it is hypothesized that expression of phaP1 enables more efficient utili-
zation of propionyl-CoA pools that fostered higher 3HV fractions
(Mezzina et al., 2017). Due to the constitutive expression of PHB pro-
ducing enzymes (Alsiyabi et al., 2021), the increased utilization effi-
ciency of propionyl-CoA enabled by phaP1 results in a higher rate of 3HV
production. Under aerobic conditions, the presence of a highly electro-
philic electron acceptor (oxygen) means that the wild type’s
propionyl-CoA utilization efficiency is not sufficient to shuttle electrons
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Fig. 4. TEM images of cells grown on p-coumarate for (A) wild type strain under anaerobic conditions, (B) phaP1 strain under anaerobic conditions, (C) wild type
strain under aerobic conditions, (D) phaP1 strain under aerobic conditions, (E) wild type strain under aerobic conditions with higher magnification, and (F) phaP1
strain under aerobic conditions with higher magnification. White inclusions inside the cells represent PHBV granules.

away from oxygen into 3HV, which explains why phaP1 overexpression
is required for 3HV production under such conditions. Although the
expression of phaP1 did not yield higher 3HB production compared to
the wild type strain, the 3HV fraction was higher and ultimately yields a
bioplastic with more desirable thermomechanical properties compared
to PHB alone (Li et al., 2016). Hence, heterologous phasin expression in
R. palustris could be a strategy for producing bioplastics that have
improved market applicability via altering the monomer fractions of the
polymer as shown in other organisms (Kawashima et al., 2015).
However, the mechanism for the fostered aerobic production due to
phaP1 expression is more elusive and will require more investigation in
the future. Wild type R. palustris produces PHBV anaerobically via
photoheterotrophy whereby it uses light as an energy source to pump
protons out of the cell to maintain redox balance that allows ATP syn-
thase to proceed (Larimer et al., 2004). Although R. palustris obtains
energy from light under photoheterotrophy it must be supplemented
with more carbon than carbon dioxide alone. We found in our recent
efforts that the choice of substrate significantly impacts PHBV accu-
mulation, and that utilizing more reduced substrates like p-coumarate
fosters more PHBV accumulation compared to less reduced substrates
like acetate (Alsiyabi et al., 2021). Under aerobic conditions

(chemoheterotrophy), a proton motive force is built by releasing protons
from the cell via an electron transport chain, and ATP synthases use
protons to form ATP from ADP. In other words, glycolysis, p-oxidation of
free fatty acids, and the TCA cycle generate reducing equivalents under
aerobic conditions. Thus, there is not as much of a need to formulate
PHBV under aerobic conditions due to the innate differences in redox
balances for the metabolisms. Interestingly, expression of phaP1 in
R. palustris fostered PHBV production aerobically compared to no
measurable PHBV production by the wild type strain. PhaP1 performs a
large role in the stability and mobilization of PHB inclusions in C. necator
in which a PhaP1-negative mutant renders PHB autodegradation, so this
granule stability could be one mechanism that fostered aerobic pro-
duction in R. palustris (Kuchta et al., 2007). Additionally, altering the
surface to volume ratios of granules is one proposed indirect effect
phasins have regarding interactions of phasins with PHB deploymerases.
Since many granule-associated-proteins are constitutatively expressed
in both C. necator and R. palustris (e.g. PHB synthases and deploy-
merases), changes in phasin expression has been shown to have a large
impact on PHB production due to interactions with these proteins
(Kuchta et al., 2007). Another plausible cause for the aerobic production
due to the expression of phaP1 is that PhaP1 is strictly regulated by PhAR
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at the transcription level in C. necator in which PhaP1 production is
based on the amount of PHB in cells and the presence of PhaC synthase,
and heterogenous expression in R. palustris might not have this regula-
tory mechanism (Maestro and Sanz, 2017; Potter et al., 2002; York et al.,
2002). Thus, more effort is needed to identify the mechanisms behind
PhaP1 in this heterogenous system with R. palustris, and in particular in
aerobic environments. In the end, engineering the production of PHBV
aerobically by R. palustris boosts the industrial production potential
since it provides flexibility for industrial processing.

Ultimately, R. palustris is a very metabolically robust bacterium with
the ability to convert sustainable feedstocks (e.g. lignin) into several
value-added products (PHBV, hydrogen, n-butanol). This makes
R. palustris an attractive candidate for engineering toward industrial
production, and through this study we further enhance R. palustris’
PHBV production via expression of phaP1 (Phasin 1) from the model
bacterium C. necator. There are several routes for further engineering
this system, which include improving the 3HV fractions under aerobic
conditions by assessing tradeoffs between the methyl citric acid cycle
and the methylmalonyl-CoA pathways (Steinbiichel and Liitke-Eversloh,
2003), creating other synthetic systems that incorporate more of the
PHB chassis from C. necator or other organisms, and also by further
characterizing and engineering R. palustris’ native PHBV production
chassis (e.g. phasins employed by R. palustris). After exploring changes
in gene expression, growth, and PHBV monomer production due to the
expression of phaP1, we next conducted TEM to decipher if expression
indeed fostered changes in granule formation in R. palustris.

3.3. Changes in PHBV granule formation

In addition to the gene expression, growth, and PHBV production
analyses, TEM was conducted to test the hypothesis that expression of
phaP1 in R. palustris would boost PHBV production by fostering smaller
and more abundant granules. Fig. 4 depicts the TEM images of wild type
cells (in the left column) versus phaP1 cells (in the right column). Fig. 4A
and B of the wild type and phaP1 cells respectively in anaerobic condi-
tions shows a discrepancy from the large, single granule produced in the
wild type cells compared to smaller, and more numerous granules in the
phaP1 cells. There are some variations in terms of brightness between
the PHBV granules, which can be attributed to the small granules getting
replaced by embedding medium easier than the larger ones as well as
variations in section thickness (Wahl et al., 2012). Furthermore,
expression of phaP1 appears to alter the subcellular localization of the
PHBYV granules in R. palustris, which has been shown in C. necator as well
(Wahl et al., 2012). The granules in the cells from the phaP1 strain are
more dispersed inside the cells rather than remaining primarily at the
poles. There is also a clear discrepancy between images taken of cells
grown under aerobic conditions (Fig. 4C-F). Wild type R. palustris grown
aerobically did not yield any PHBYV titer, which is reflected in the lack of
granules inside the cells (Fig. 4C, E). Expression of phaP1 fostered PHBV
production aerobically, which is supported by the granule formation
observed in Fig. 4D, F. Ultimately, TEM analysis supports the hypothesis
that expression of phaP1 would foster changes in granule formation
inside the cells, which also likely contributes to the altered PHBV pro-
duction capabilities in each condition.

4. Conclusions

In this study the Phapl phasin from C. necator was expressed in
R. palustris to overproduce PHBV by creating smaller and more abundant
granules and optimizing the use of intracellular space. Expression of
phaP1 yielded PHBV production from R. palustris aerobically (0.7 g/L),
which does not occur in wild type, and to a significantly higher titer
compared to wild type anaerobic production (0.41 g/L). The 3HV frac-
tions were also significantly increased under both anaerobic and aerobic
conditions. Thus, heterologous phasin expression in R. palustris provides
flexibility for industrial processing and fosters compositional changes in

Metabolic Engineering Communications 14 (2022) e00191

copolymers with better thermomechanical properties compared to PHB
alone.
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