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ABSTRACT

Bioplastics are an attractive alternative to petroleum-derived plastics because of the harmful
environmental effects of conventional plastics and the impending fossil fuel crisis.
Polyhydroxybutyrate (PHB) is a well-known bioplastic that is produced by several microbes using
organic carbon sources. Autotrophic (using carbon dioxide or CO,) PHB production is reported
for only a few organisms. Sustainable PHB bioproduction using other autotrophic microbes needs
to be explored. Rhodopseudomonas palustris, a metabolically versatile purple non-sulfur
bacterium (PNSB) is known to produce PHBs under photoheterotrophic conditions.
Rhodopseudomonas palustris strain TIE-1 demonstrates extended metabolic versatility by using
electron sources such as ferrous iron and poised electrodes for photoautotrophy. Here we report
the ability of TIE-1 to produce PHB under photoferroautotrophic (light - energy source, ferrous
iron - electron source and CO, - carbon source) and photoelectroautotrophic (light - energy source,
poised electrodes - electron source and CO, - carbon source) growth conditions. PHB
accumulation was observed both under nitrogen (N,) fixing and non-N, fixing conditions. For
comparison, we determined PHB production under chemoheterotrophic, photoheterotrophic and
photoautotrophic conditions using hydrogen as the electron donor. Photoferroautotrophic and
photoelectroautotrophic PHB production was on par with that observed from organic carbon
substrates such as butyrate. PHB production increased during N» fixation under photoheterotrophic
conditions but not during photoautotrophic growth. Electron microscopy confirmed that TIE-1
cells accumulate PHBs internally under the conditions that showed highest production. However,
gene expression analysis suggests that PHB cycle genes are not differentially regulated despite

observable changes in biopolymer production.
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IMPORTANCE

PHB bioproduction was reported nearly a century ago. Despite its remarkable properties, PHB’s
market competitiveness is affected by high production costs. Use of waste products such as
molasses and industrial food waste for microbial PHB production can lower costs. An alternative
cost-effective strategy is to employ microbes that use abundant and renewable resources. Toward
that end, we report the ability of Rhodopseudomonas palustris TIE-1 to produce PHB under
various growth conditions including photoferroautotrophy and photoelectroautotrophy. Because
of the abundance of iron, CO; and light on Earth, photoferroautotrophy is a sustainable, carbon
neutral and low-cost strategy for PHB production. Photoelectroautotrophic PHB production can
also be a useful approach in areas that produce electricity sustainably. Overall, our observations
open new doors for sustainable bioplastic production not only in resource-limited environments
on Earth, but also during space exploration and for in sifu resource utilization (ISRU) on other

planets.
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Polyhydroxybutyrate (PHB), a member of the polyhydroxyalkanoate (PHA) family is the
most common and well-studied biopolymer produced by bacteria (1). PHB is a potent substitute
for conventional petroleum-based plastics because of many desirable properties. These include
thermoresistance, moldability and biodegradability (2). PHB is also useful in many medical
applications such as drug delivery, reconstructive surgery and bone tissue scaffolding (3).
However, PHB production is currently not cost-effective (4). In order to reduce production costs,
researchers have used many different carbon sources, which fall into two categories: 1) food wastes
including sugar beet, soy and palm oil molasses or 2) cheap pure substrates as feedstock for PHB
bioproduction. In some cases, less cost-effective substrates such as glucose that compete as food

sources have also been tested for PHB production (1).

Autotrophic PHB production has been demonstrated by only a handful of organisms and
remains an underexplored strategy for sustainable and carbon neutral bioplastic production. As
carbon dioxide (CO,) concentrations rise in our atmosphere, such bioproduction strategies need to
be explored further. The chemoautotrophs that produce PHBs include Ideonella sp., and
Cupriavidus necator (Ralstonia eutropha) (5). Photoautotrophs represent an even more attractive
group of organisms for PHB bioproduction due to their ability to use solar energy for biosynthesis.
To this end, researchers have shown that cyanobacteria can produce PHB while performing
oxygenic photoautotrophy (6). Anoxygenic phototrophic bacteria expand the repertoire of electron
donors that can be used for such bioproduction. Several research groups have reported that PNSB
can produce PHBs during photoheterotrophic growth (7, 8, 9). Rhodopseudomonas palustris is a
biotechnologically important PNSB that can produce hydrogen under various growth conditions.
This ability has sparked research on R. palustris strains to understand how PHB biosynthesis

influences biohydrogen production (10, 11). To the best of our knowledge, PHB bioproduction
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81 under photoautotrophic conditions using inorganic electron donors has not been explored

82  systematically in PNSB (5, 12).

83 To fill this knowledge gap, here we investigated the ability of the photoautotrophic PNSB
84  Rhodopseudomonas palustris TIE-1 to accumulate PHB. We chose TIE-1 because it demonstrates
85  extraordinary metabolic versatility even when compared to other R. palustris strains. For instance,
86  similar to other R. palustris strains TIE-1 can grow chemoheterotrophically in rich medium and
87  photoheterotrophically using many different organic carbon sources (13). It can use many different
88  inorganic electron donors for photoautotrophic growth; some inorganic electron donors such as
89  hydrogen and thiosulfate are similar to those also used by other R. palustris strains; other inorganic
90 electron donors such as ferrous iron and poised electrodes are unique to TIE-1 (13, 14). Like other
91  R. palustris strains, TIE-1 can also fix N, gas (13). Importantly, TIE-1 is the only genetically
92  tractable photoferroautotroph and photoelectroautotroph available (13, 14). Together, these
93  abilities make TIE-1 an ideal candidate for testing photoautotrophic PHB production using unique

94  inorganic electron donors.

95 To investigate the production of PHB by TIE-1, the strain was grown under various
96 conditions. These include aerobic chemoheterotrophic growth on yeast extract-peptone (YP); and
97  photoheterotrophic growth (anaerobic) using different carbon sources under both non-nitrogen
98  (N2) and N»-fixing conditions. Aerobic growth on YP had the longest generation time compared
99 to photoheterotrophic growth (Supplementary Table S3). Interestingly, YP grown cells produced
100  the highest amount of PHB (13.94 g/L) amongst all non-N, fixing heterotrophic conditions tested
101  (Supplementary Table S3 and Figure 1 Panel A (a and b). TIE-1 produced the lowest amount of
102  PHB (1.76 g/L) on succinate under non-N; fixing conditions. PHB production varied from 2.22

103 g/L to 3.19 g/L when cells were grown in acetate, butyrate and 3-hydroxybutyrate (Supplementary
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104  Table S3 and Figure 1 Panel Ab). These low PHB levels might be linked to the availability of fixed
105  nitrogen and an abundant carbon source, which could cause TIE-1 to increase cell numbers but not
106  accumulate PHB as a carbon reserve. We examined PHB production under N, fixing conditions.
107  In general, N, fixation delayed cell growth and resulted in a longer lag phase (approximately 2
108  times higher) when compared to growth under non-N; fixing conditions. We also observed an
109  increase in the maximum optical density (ODgso) under N,-fixing photoheterotrophic growth
110  conditions with acetate and butyrate whereas no significant difference was observed with succinate
111  and 3-hydroxybutyrate (Supplementary Table S3). PHB accumulation increased on all N,-fixing
112 photoheterotrophic conditions tested. PHB production doubled when cells were grown on 3-
113 hydroxybutyrate (8.02 g/L), tripled on succinate (3.66 g/L), quadrupled on acetate (8.34 g/L), and

114  increased 10-fold (23.12 g/L) on butyrate (Supplementary Table S3 and Figure 1 Panel Ab).

115 We also examined PHB production under photoautotrophic growth conditions using three
116  different electron donors: hydrogen (H,), ferrous iron (photoferroautotrophy) and a poised graphite
117  electrode (photoelectroautotrophy). TIE-1 was adapted to photoautotrophic growth using H, in the
118  presence or absence of fixed nitrogen. Under N, fixing conditions, we observed that PHB
119  production was as high as that observed during aerobic growth on YP (Figure 1 Panel Ac and
120  Supplementary Table S3). Using H,, TIE-1 produced 11.69 g/L. PHB under N, fixing conditions
121 and 8.4 g/L. under non-N; fixing conditions (Figure 1 Panel Ac and Supplementary Table S3).
122 Growth on H; under non-Nj; fixing conditions was found to favor a higher maximal optical density
123 (ODggo = 1.16) and a shorter generation time (g = 34 hours) when compared to N, fixing conditions
124 (ODggo = 0.54, g = 41 hours) (Supplementary Table S3). Photoferroautotrophic growth under non-
125 N, fixing conditions supported higher PHB production levels than those observed under YP

126 growth, and close to those observed under the most productive photoheterotrophic condition (i.e.
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127  butyrate under non-N; fixing conditions) (Figure 1 Panel Ac). The presence of PHB intracellular
128  granules was confirmed by scanning transmission electron microscopy-electron energy loss
129  spectroscopy (STEM-EELS) (Figure 2, Panel B). Under photoelectroautotrophic conditions the
130  generation time did not change significantly under N, fixing (g = 82 hours) vs non-N, fixing
131  conditions (g = 76 hours). TIE-1 grown in an open circuit reactor (electrode not passing current)
132 did not show any growth under N,-fixing or non- N fixing growth conditions (Supplementary
133 Table S3 and Figure 1 Panel Ca). After 96 hours of growth, the electron uptake was almost half
134  under N, fixing (0.93 pA/cm?) compared to non-N, fixing conditions (1.92 pA/cm?) (Figure 1
135  Panel Cb and Supplementary Table S4). Slightly lower maximum planktonic ODgg was obtained
136  under N,-fixing conditions compared to growth with fixed N, The PHB concentration was 9.1 g/L
137  under N fixing conditions and 9.6 g/L under non-N; fixing conditions (Figure 1 Panel Ac, Panel
138  Cb and Supplementary Table S3). When grown in an open circuit reactor, no PHB accumulation
139  was detected (Supplementary Table S3) suggesting that PHB was used for cellular maintenance in
140  the absence of an electron donor. In addition to carbon storage, PHB is suggested to act as an
141  electron sink for bacteria especially under N, fixing conditions (15). During photoferroautotrophic
142 and photoelectroautotrophic growth, TIE-1 cells might be highly reduced. Under these conditions
143  PHB biosynthesis could provide an electron sink, thus explaining the high level of PHB
144  accumulation. McKinlay et al. have suggested a similar role for PHB synthesis in R. palustris

145  CGAO009 when it is grown under N, deplete conditions with acetate (11).

146 To determine whether the expression of the genes involved in PHB biosynthesis and
147  degradation change with changes in PHB levels, we performed transcriptomic analysis using
148  RNA-Seq, and reverse transcription quantitative PCR (RT-qPCR). The genes include those

149  encoding the first enzyme B-ketothiolase (acetyl-CoA acetyltransferase - PhaA that condenses two
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150  acetyl CoA molecules into acetoaetyl CoA; the second enzyme, an acetoacetyl CoA reductase that
151  catalyzes the formation of the 3-hydroxybutyrate monomer from acetoacetyl CoA (PhaB); and
152  finally, the polymerase (PhaC) that synthesizes the polymer PHB. When bacteria mobilize PHB,
153  depolymerization of the granules is performed by the PHB depolymerase (PhaZ). The genes
154  involved in the PHB biosynthesis pathway are well characterized in the PHB-producing model
155  bacterium Ralstonia eutropha (16, 17, 18). The potential roles of the TIE-1 homologs are
156  summarized in a simplified PHB cycle depicted in Supplementary Figure 1. Similar to R. eutropha
157  (19), and Bradyrhizobium japonicum (20), there are multiple isozymes for the PhaA and PhaC
158  enzymes, respectively, in TIE-1. In Bradyrhizobium diazotoefficiens, an organism closely related
159  to R. palustris, PhaR regulates PHB biosynthesis by repressing the expression of phaC; and phaC,
160  In addition, PhaR regulates PhaP, a protein that binds to the surface and controls the number and
161  size of the PHB granules. PhaR also binds to PHB granules during PHB synthesis and dissociates
162  from it as the granule size grows (21). RNA-Seq analysis showed that the genes identified in the
163  PHB cycle are not differentially regulated with respect to growth conditions or levels of PHB
164  (Supplementary Table S5, S6 and S7). RT-qPCR analysis was performed on the phad isozyme
165  (Rpal 0532) that showed highest expression. Next to this phad gene is a phaB isozyme gene with
166  the locus tag Rpal 0533 (Supplemental Figure S1b, and Supplementary Table S8). The fact that
167  these two genes appeared to be part of an operon supported our selection (Supplemental Figure
168  S1b). Moreover, the gene for phaR (Rpal 0531) is next to the phad (Rpal 0532) gene but
169  expressed from the opposite strand. RT-qPCR corroborated the RNA-Seq data, which together
170  show that the expression of the genes in the PHB cycle does not change under different growth
171 conditions (Figure 2 Panel Aa-b). McKinlay ef al. reported similar results when R. palustris CG009

172 was grown photoheterotrophically on acetate, under N, deprivation (11). They observed that
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173  although PHB accumulated under these conditions, no change in PHB biosynthesis genes was

174  notable (11).

175

176  Implications

177  Here, we report PHB production by R. palustris TIE-1 under chemoheterotrophic (in YP);
178  photoheterotrophic (using organic carbon sources: succinate, acetate, butyrate or 3-
179  hydroxybutyrate); and photoautotrophic (using hydrogen, ferrous iron or poised electrodes as
180  electron donor) conditions. Photoheterotrophic growth under N, fixing conditions yielded higher
181  PHB. The highest PHB production was obtained from photoheterotrophic growth on butyrate
182  under N; fixing conditions (23.12 g/L). This production is just 2-fold lower than the chemotrophic
183  organism, Cupriavidus necator NCIMB 11599 (41.5 g/L) when it’s grown with a wheat based rich
184  medium under nitrogen limited conditions (12). When compared to other autotrophs, the ability
185  of TIE-1 to produce PHB under various heterotrophic, chemotrophic and phototrophic conditions
186  offers a clear advantage in areas either depleted in organic carbon and/or having waste products as
187  the most available carbon. In addition to its ability to produce PHB under heterotrophic conditions,
188  TIE-1 can produce PHBs under unique photoautotrophic growth condition using H,, ferrous iron
189  or poised electrodes as electron source. Furthermore, TIE-1 has the ability to fix atmospheric N,
190  which allows it to produce PHBs in the complete absence of available fixed nitrogen. We observed
191  that anoxygenic photoautotrophic PHB production using abundant and accessible electron donors,

192  such as ferrous iron, was higher than production under chemoheterotrophic growth in rich media.

193 Our results expand the substrate range that can be used by microbes for PHB production.

194  TIE-1’s unique metabolic abilities such as photoferroautotrophy and photoelectroautotrophy can
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195  be used in novel sustainable PHB bioproduction platforms. Iron is the fourth most abundant
196  element on Earth, and by using iron with solar energy, TIE-1 can be used to produce biochemicals
197  such as PHB while capturing the potent and abundant greenhouse gas, CO, (22, 23). Such a
198  strategy will be especially valuable in resource-limited environments on Earth. Electricity can be
199  produced renewably using solar and wind energy in many parts of our planet (24). In combination
200  with solar energy and CO,, TIE-1 can be used to produce PHB using renewable electricity.
201 Because TIE-1 can produce PHBs using many organic carbon sources, the use of waste materials
202  as substrates is conceivable. Thus, TIE-1 represents a very metabolically versatile microbe that
203  should be explored further for biochemical production not only on Earth but also during space
204  exploration, and for in situ resource utilization (ISRU) on planets like Mars rich in iron, sunlight,
205 carbon dioxide and nitrogen (25). TIE-1 based bioproduction strategies should be also be
206  considered for waste management on Earth and “in flight” and “post arrival” during space

207  exploration.

208

209  Accession number(s)

210 All RNA sequence reads have been deposited with NCBI under BioProject accession

211  number PRINA417278.
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Figure 1. PHB production by TIE-1. Panel A. (a) Under chemoheterotrophy in YP; (b) Under
anaerobic photoheterotrophic conditions with ammonium chloride (NH4Cl) or under nitrogen
fixing conditions (NF). Cells were grown with Fresh Water (FW) media supplemented with 10
mM succinate (FWS), acetate (FWA), butyrate (FWB) or hydroxybutyrate (FWHB). Cells were
grown to late exponential phase: ODg60~0.7; (¢) Under anaerobic photoautotrophic conditions in
H,CO; (FWH2) grown to an of ODggo~0.7, in 5 mM Iron (II) chloride (FWFe) for 8 days of growth
with NH4Cl, 15 days of growth under nitrogen fixing condition (FWFe NF) and
photoelectroautotrophy with NH4C1 (FWE), and for 4 days under nitrogen fixing conditions (FWE
NF) (n=3 biological replicates). Panel B. Iron (II) oxidation and protein concentration during the
growth of TIE-1 under photoferroautotrophic growth. Cells were grown in FW media
supplemented with 5 mM Iron (II) chloride and NH4Cl in panel (a); and under nitrogen fixation
condition in panel (b). (n=3 biological replicates). Panel C. (a) ODgs values of the growth of TIE-
1 grown under photoelectroautotrophy in FW supplemented with NH4Cl (FWE), under nitrogen
fixing condition (FWE NF) or when the electrodes are not poised, called open circuit (OC). The
two open circuit conditions shown are FWE OC and FWE OC NF; (b) Mean maximum current
density (uA/cm?) (n=3 biological replicates) of FWE, FWE NF conditions, and the abiotic
controls.
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Figure 2. Panel A. Heat map showing log2 fold change in expression of PHB genes. (a) from
RNA sequencing analysis; (b) from RT-qPCR. Results are from different growth conditions as
described previously in Fresh Water (FW) media, either photoheterotrophically with succinate
(FWS), acetate (FWA), butyrate (FWB), hydroxybutyrate (FWHB), or photoautotrophically with
H, (FWH2), photoferroautotrophically (FWFe), or photoelectroautotrophically (FWE) under N-
fixing (NF) or non-N, fixing conditions. Results are from n=3 biological replicates. Panel B.
STEM-EELS images of TIE-1 with PHB granules and corresponding carbon and nitrogen maps
grown under FW media photoheterotrophically with butyrate in panel (a);
photoferroautotrophically in panel (b); and photoelectroautotrophically in panel (c). Bright areas
represent the dominance of the corresponding element. Each panel comprises, (i) TEM bright field
image, (i) a nitrogen map (N) (iii) a carbon map (C) and (iv) a composite image where red
represents carbon, blue nitrogen. The carbon background is due to the carbon-based resin that was
used for embedding the cells.


https://doi.org/10.1101/214551

