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Rhodopseudomonas palustris is an attractive option for biotechnical applications and industrial engineering due to
its metabolic versatility and its ability to catabolize a wide variety of feedstocks and convert them to several high-
value products. Given its adaptable metabolism, R. palustris has been studied and applied in an extensive variety
of applications such as examining metabolic tradeoffs for environmental perturbations, biodegradation of aro-
matic compounds, environmental remediation, biofuel production, agricultural biostimulation, and bioelectricity
production. This review provides a holistic summary of the commercial applications for R. palustris as a
biotechnology chassis and suggests future perspectives for research and engineering.

1. Introduction

Rhodopseudomonas palustris is a metabolically robust bacterium that
can catabolize a wide variety of feedstocks and turn them into several
high-value products, making it an attractive option for biotechnical
applications and industrial engineering. This Gram-negative purple non-
sulfur bacterium is renowned for its ability to function in the four known
metabolisms of life (Larimer et al., 2004). Under lighted conditions,
R. palustris can use energy from light and obtain carbon from carbon
dioxide (photoautotrophic or photosynthetic) or obtain carbon from
organic compounds (photoheterotrophic). Alternatively, it can obtain
carbon and energy from organic compounds (chemoheterotrophic) or
garner energy from inorganic compounds (e.g. thiosulfate) while
obtaining carbon from carbon dioxide (chemoautotrophic). R. palustris is
renowned for its exceptional ability to flexibly switch between these
modes of metabolism depending on the environmental conditions. It is
commonly found in a wide variety of environments, and has been iso-
lated from sources such as sludge, soils, aquatic sediments, alkaline
waters, rice straw, leaf litters, and eutrophic ponds (Rayyan et al., 2018).
R. palustris was first identified by van Niel in 1944, and the first genome

sequence of strain CGA009 was determined in 2004 (Larimer et al.,
2004). This was followed by the complete genome sequence of strain
JSC-3b in 2014, which is known for degrading pyrethroid pesticides
(Zhang et al., 2014). The essential genome of strain CGA009 was
determined in 2015 and provides a detailed synopsis of the genes that
are absolutely necessary for viability (Pechter et al., 2015). Strain 420 L
has been extensively employed for biohydrogen production and even for
novel antibiotic delivery via its liposomes (Colzi et al., 2015), and the
draft genome sequence was accomplished in 2016 (Adessi et al., 2016a).
The complete genome sequence of strain ELI 1980 was obtained in 2017,
and this strain has been applied as a commercial agricultural bio-
stimulant (Crovadore et al., 2017). In 2018, the draft whole-genome
sequence for strain XCP was accomplished, which was identified as a
new strain based on variations in cytochrome cy compared to other
strains (Rayyan et al., 2018). However, there have been many other
strains isolated across the globe that have been applied in a variety of
biotechnical applications that have yet to be sequenced (Table 1). Due to
its versatile metabolism, R. palustris has been studied and applied in a
wide variety of applications such as biodegradation of aromatic com-
pounds, environmental remediation, biofuel production, agricultural
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Table 1
Highlighted R. palustris strains and their applications.

Application Strain Remarks and References
CGA009 (Larimer et al., 2004; Pechter et al., 2015)
Genome sequence JSC-3b (Zhang et al., 2014)
available 420L (Adessi et al., 2016a)
ELI 1980 (Crovadore et al., 2017)
XCP (Rayyan et al., 2018)
CGA009 '(Alsiyzlbi et al., 2021, 2019; Egland et 814:
2001; Gosse et al., 2010; Oshlag et al., 2020)
420L (Adessi et al., 2012; Corneli et al., 2017)
(Liao et al., 2013; Tian et al., 2010, 2009;
CQK 01 Wang et al., 2013, 2012)
DSM 127 (Azbar and Cetinkaya Dokgoz, 2010)
DSM 131 (Fipler et al., 1995)
. Heat-acclimated overproduction
Blg:‘z::;:fi?:l ATH2.1.37 (du Toit and Pott, 2021)
JA1 (Archana et al., 2003)
H, production from syngas (carbon
P4 monoxide)
(Hosseini et al., 2015; Oh et al., 2005)
PBUMOO01 (Jamil et al., 2009)
Deleted bioplastic genes to promote more
WP3-5 biohydrogen production (Yang and Lee,
2011)
TIE-1 (Bai et al., 2021; Guzman et al., 2019;
Rengasamy et al., 2018)
Azul (Guardia et al., 2020)
Bioelectricity DX-1 (Rengasamy et al., 2020; Xing et al., 2008)
production CGA009 (Morishima et al., 2007; Qi et al., 2018b)
RP2 (Venkidusamy and Megharaj, 2016)
PS3 (Hsu et al., 2021; Liu et al., 2021; Lo et al.,
2020; Wong et al., 2014)
(Alsiyabi et al., 2021; Brown et al., 2020,
Bioplastic CGA009 2022; Tian et al., 2017)
production TIE-1 (Ranaivoarisoa et al., 2019; Rengasamy
et al., 2020)
cs2 Biostimulant for beans (Vigna mungo)
(Batool et al., 2017)
Biostimulant (resistance to tobacco mosaic
GJ-22 virus)
(Su et al., 2017)
Pl Biostimulant for rice
Agricultural (Kantha et al., 2015)
production PP8O3 Biostimulant for rice
(Kantachote et al., 2016; Kantha et al., 2015)
Biostimulant for Chinese cabbage
PS3 (Hsuet al., 2021; Lo et al., 2020; Wong et al.,
2014)
TK103 Biostimulant for ri?e
(Kantachote et al., 2016; Kantha et al., 2015)
Extensively studied for aromatic compound
degradation; cleaning waste waters of
organics and heavy metals; consuming
chemicals used in fuel processing;
remediation of farm chemicals (e.g.
pesticides); catabolism of lignocellulosic
biomass (Alsiyabi et al., 2021; Brown et al.,
€GA009 2022; Colica et al., 2012; Austin et al., 2015;
Egland et al., 2001; Gao et al., 2017; Gosse
et al., 2010; Harwood and Gibson, 1988;
Hidetada et al., 2012a; Berne et al., 2005,
Biodegradation 2007; Ma et al., 2021; Mutharasaiah et al.,
2012; Oshlag et al., 2020; Rahalkar et al.,
1993)
PSEO7-21 Biodegradation of pesticides (Luo et al.,
2018)
PSB-S Biodegradation of pesticides (Luo et al.,
2018)
WS17 Dechlorination (Kamal and Wyndham, 1990)
WKU- Skatole degradation from animal wastes
KDNS3 (Sharma et al., 2015)
vsC3 Biodegradation of hexabromocyclododecane
(Chang et al., 2020; Wang et al., 2019a)
AS1.2352 Azo dyes decolorization (Liu et al., 2006)
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Table 1 (continued)

Application Strain Remarks and References

Biodegradation of cypermethrin pesticides
(Su et al., 2017)

JSC-3b Pyrethroid degradation (Zhang et al., 2014)
Degradation of 3-chlorobenzoate

(Haq and Fixen, 2021)

Removal of organics from waste waters
(Bogarapu et al., 2019)

Nitrogen removal from aquaculture

P1 wastewater

(Xiao et al., 2020)

Optimized o-chlorophenol degradation
(Dong et al., 2017)

GJ-22

RCB-100

RSOU555

PSB-1D

biostimulation, and electricity production (Fig. 1). This review provides
a holistic summary of the commercial applications for R. palustris, as
well as future perspectives.

2. R. palustris as a model organism for flexible metabolism

R. palustris has emerged as a model organism for understanding how
microbes respond to environmental perturbations at a systems level.
R. palustris has exceptional flexibility to switch between the four modes
of metabolism that support life, rendering it an ideal candidate for
developing a deeper fundamental understanding of how organisms
adapt to their environments (Larimer et al., 2004). Known to straddle
oxic and anoxic transition zones, R. palustris can flexibly switch between
aerobic respiration under atmospheric levels of oxygen to photosyn-
thesis under anaerobic or oxygen depleted conditions (2-6% Oo)
(Fig. 2). R. palustris oxidizes carbon compounds for carbon and energy
when exposed to atmospheric levels of oxygen via aerobic respiration,
and when exposed to anaerobic or oxygen depleted conditions it begins
to generate light absorbing pigments necessary for photosynthesis that
render it the deep purple color it is known for (Harwood, 2022;
McKinlay et al., 2014; Rey and Harwood, 2010).

R. palustris has emerged as model bacterium for understanding
photosynthesis because it can perform anoxygenic photosynthesis,
employing cyclic photophosphorylation without generating oxygen
(Rey and Harwood, 2010). It has also served as a model organism for
adaptations to changing light conditions since it engages phytochromes
that alter gene expression, providing insight into various strategies for
responding to solar energy and optimizing photon capture (Evans et al.,
2009). Under low levels of oxygen, R. palustris conducts nitrogen fixa-
tion and can use atmospheric nitrogen as its sole nitrogen source (Rey
and Harwood, 2010). As a byproduct of nitrogen fixation, R. palustris
produces hydrogen and ammonium and has thus been extensively
studied for biohydrogen fuel production. R. palustris employs two forms
of the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco), which is responsible for the majority of biologically fixed CO»
on Earth. There has been significant effort to engineer Rubisco since it is
a relatively inefficient biocatalyst for the critical reaction in the Calvin-
Benson-Bassham (CBB) reductive pentose phosphate pathway (Rey and
Harwood, 2010). R. palustris has served as a means to better understand
this reaction mechanism and for deciphering differences in the forms of
Rubisco enzymes (Satagopan et al., 2014). Due to R. palustris’ ability to
adapt to a wide variety of environments, it has also served as a platform
for investigating biofilm formation under various conditions since the
impact of biofilm formation during various metabolic growth modes can
be investigated in a single species (Kernan et al., 2015). Findings, such as
a novel quorum sensing synthase employed by R. palustris that is not tied
to fatty acid metabolism (Schaefer et al., 2008), have expanded our
understanding of biofilm formation in other organisms as well. Being
able to either limit or encourage biofilm formation is key to optimized
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Fig. 1. R. palustris as a biotechnology chassis. R. palustris is a metabolically diverse purple non-sulfur bacterium and a developing biotechnology chassis. R. palustris
has been applied in many applications such as developing a deeper fundamental understanding of tradeoffs between metabolisms, biodegradation, biofuels, bio-

plastics, electricity systems, and agricultural production.

engineering for many applications in the biomedical and bioprocess
engineering industries. Lastly, 15% of R. palustris’ genome consists of
genes that encode for transport systems, which is triple that found in
most bacterial genomes (Bisson et al., 2022; Larimer et al., 2004; Pechter
et al., 2015). R. palustris has therefore been studied extensively for the
transport and degradation of a wide variety of compounds (please see
Section 3).

The “omics” revolution combined with advances in metabolic
modeling have provided a platform for understanding R. palustris at a
systems level. Newer genome-scale metabolic modeling techniques
enable simultaneous comparisons of biological trade-offs from several
objectives and constraints. A recent metabolic model identified that
phototrophic metabolism in R. palustris is limited by light and not by the
availability of carbon, and that R. palustris will still strive for maximum
carbon efficiency even if this efficiency results in lower growth rates
(Navid et al., 2019). A genome-scale metabolic model was also
employed to decipher tradeoffs and connections between photosyn-
thesis, CO, fixation, and the quinone pool by R. palustris (Alsiyabi et al.,
2019). This model identified several key factors for employing excess
electrons produced during metabolic processes that can be further
exploited. These findings included identifying a quinol-oxidizing sink
reaction that had not been accounted for previously, that the quinol
oxidation rate governs light-dependent energy production, and the

amount of ATP generated in the electron transport chain directly im-
pacts the extent of CO; fixation (Alsiyabi et al., 2019). A recent meta-
bolic expression model builds upon this knowledge to further explore
the interconnectedness of Rubisco and nitrogenase enzymes in
anaerobic-photoheterotrophic conditions, predicting two more electron
sinks and identifying ferredoxin as a modulator of electron flux through
major redox pathways in the cell (Chowdhury et al., 2022).

In summary, R. palustris is an excellent candidate for studying the
systems-level metabolic tradeoffs between major forms of metabolism.
As more information is available that can feed into increasingly so-
phisticated genetic engineering and metabolic modeling, such as the
availability of metabolic flux analysis models, deeper understanding
about tradeoffs between modes of metabolism can be found from a
systems perspective.

3. The use of R. palustris in biodegradation applications

The biodegradation of aromatic compounds has received much
attention due to their persistence, toxicity, and renewability. R. palustris
is renowned for its ability to catabolize a wide variety of aromatic
compounds, which makes it an excellent candidate for applications in
bioremediation and utilizing renewable aromatics like those from
lignocellulosic biomass. The biochemical pathways for anaerobic
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Fig. 2. The major metabolic core states that R. palustris is
renowned for flexibly switching between. Under anaerobic
conditions, R. palustris generates ATP through cyclic phos-
phorylation from light whereby electrons are cycled through a
proton-pumping electron transport chain rather than using a
terminal electron acceptor. It can use either organic com-
pounds (photoheterotrophic) or inorganic compounds and
CO, (photoautotrophic). Note that there are tradeoffs in uti-
lizing reducing potential between biomass production, poly-
hydroxyalkanoate formation, and nitrogen fixation. Under
aerobic conditions without light, R. palustris employs proton
motive force to transfer electrons to a terminal electron
acceptor (e.g. O,, dimethyl sulfoxide, potassium nitrate, or
sodium nitrite) to produce a hydrogen gradient and ultimately
generate ATP for energy. In this case, R. palustris uses either
organic compounds (chemoheterotrophy) or inorganic elec-
trons donors and CO, (chemoautotrophy) under aerobic
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benzoate and 4-hydroxybenzoate degradation have been characterized
extensively, illuminating novel steps in the biodegradation pathway
(Egland et al., 1995; Hirakawa et al., 2015). For example, AadR and
HbaR are members of the fumarate and nitrate reductase (FNR) family of
transcriptional regulators that foster a cascade system in R. palustris that
activates expression of genes sensing 4-hydroxybenzoate, fosters tran-
scription of degradation genes, and thereby triggers biodegradation of
the aromatic pollutants (Diaz and Prieto, 2000). Thus, specific regulator-
promoter pairs have been identified in R. palustris for the catabolism of
aromatic compounds that can be expanded upon for engineering more
efficient systems in the future.

Hydrocarbon contamination is found in environments worldwide,
and microbial degradation has become a promising strategy for reme-
diation and recovery. Petroleum is the base material for many of today’s
products from plastics to cosmetics, and R. palustris has been applied to
mitigate aromatic hydrocarbon contamination through petroleum
removal in marine environments via the transformation of toluene to
benzoyl-CoA (Harayama et al., 1999; Rhee et al., 2004), flame re-
tardants (Chang et al., 2020; Li et al., 2021; Wang et al., 2019a), and
polycyclic aromatic hydrocarbon degradation (Zhao et al., 2011).
R. palustris is also capable of degrading polyesters such as the bioplastic
poly(lactic) acid (PLA), which is considered a potential replacement for
conventional plastics (Hajighasemi et al., 2016; Qi et al., 2017; Wang
etal., 2019c). Thus, R. palustris shows promise as a robust chassis for the
remediation of both aromatic and non-aromatic hydrocarbon
contaminants.

As a photosynthetic bacterium with high tolerance and flexible
metabolic modes, R. palustris has also been employed for wastewater
remediation. Sustainable wastewater treatment has reached a paradigm

shift from removing unwanted pollutants to salvaging resources and
producing energy. Alternative methods to replace conventional acti-
vated sludge methods are arising to develop more sustainable protocols
and combat some of the leading challenges associated with wastewater
treatment (e.g. nutrient recovery and degradation efficiency). The
feasibility of utilizing photosynthetic bacteria for wastewater treatment
has been extensively studied since they can be used to deliver more
complete nutrient capture in wastewater, absorb CO,, deliver diversi-
fication of products, and their biomass can be recycled for downstream
processing (Chen et al., 2020b). A recent review provides an overview of
photosynthetic-based technology for wastewater treatment and details
the photosynthetic membrane bioreactor systems in which R. palustris
has been applied (Chen et al., 2020b). R. palustris has been specifically
studied for removal of heavy metals from wastewater (Gao et al., 2017),
biosorption and recovery of ruthenium from industrial effluents (Colica
et al., 2012), consumption of oils (Padovani et al., 2018; Phongjarus
et al., 2018), decolorization and mineralization of dyes (Celik et al.,
2012; Liu et al., 2006; Wang et al., 2008), processing farm chemicals and
wastewaters (Dong et al., 2017; Kim et al., 2004; Mutharasaiah et al.,
2012; Phongjarus et al., 2018; Wu et al., 2019), salinity tolerance (Qin
etal., 2017), efficient culture using landfill leachate (Wang et al., 2018),
dichlorination (Egland et al., 2001; Kamal and Wyndham, 1990), and
the degradation of chemicals used in fuel processing (Berne et al., 2007,
2005).

R. palustris is also a promising biotechnology chassis for the pro-
duction of high value products from the biodegradation of lignocellu-
losic biomass. With an estimated annual production of over 200 billion
tons, lignocellulosic biomass from plants is a common agricultural waste
and highly renewable carbon source with relatively high economic
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potential compared to other renewable feedstocks (Ponnusamy et al.,
2019; Qian, 2013). Lignin comprises a large portion of lignocellulosic
biomass and is the most abundant aromatic polymer on Earth, with the
potential to replace fossil fuels as a source of renewable aromatic com-
pounds (Lee et al., 2019). Unfortunately, many microbes are unable to
catabolize it and are often inhibited by it due to its toxicity and inhibi-
tion of enzymes (Lee et al., 2019). The production of biopolymers from
lignin has emerged as one of the most promising routes for valorizing
lignin, and thus engineering a microbe that can catabolize it for high-
value products is ideal (Banu et al., 2019). As a metabolically robust
bacterium, R. palustris’ genome includes pathways for aerobic and
anaerobic pathways for three of the four known microbial lignin
degradation strategies, including the 3,4-dihydroxyphenylacetate, p-
coumarate, and phenylacetate catabolic pathways (Bisson et al., 2022;
Elder et al., 1992; Harwood and Gibson, 1988; Larimer et al., 2004;
Salmon et al., 2013). Thus, it has the genetic potential for oxygen-
sensitive and oxygen-requiring enzyme reaction sequences for com-
plete degradation of lignin aromatics for multiple cell functions like
biomass and bioplastic production (Alsiyabi et al., 2021; Harwood and
Gibson, 1988; Larimer et al., 2004). Thus far, it has been shown that
R. palustris can catabolize over two dozen aromatic compounds from
lignin (Austin et al., 2015; Harwood and Gibson, 1988). R. palustris has
emerged as a model organism for anaerobic catabolism of aromatic
compounds, particularly for the major lignin breakdown product p-
coumarate (Doud and Angenent, 2016; Pan et al., 2008; Salmon et al.,
2013). Employing R. palustris as a means to remove these aromatics so
that another microbe may consume sugars or other breakdown products
has proved to be a promising strategy for efficiently utilizing pretreated
lignocellulosic biomass (Austin et al., 2015). Recent kinetic modeling of
anaerobic degradation of lignin aromatics by R. palustris highlights the
dynamics between the co-metabolism of multiple lignin aromatics and
proposes new mechanisms for substrate channeling (Ma et al., 2021).
Lastly, although strain CGA009 was shown to be unable to metabolize
meta-methoxylated phenolic compounds from lignin, new strains (e.g.
SA008.1.07) can be adapted to grow on syringic acid as a sole carbon
source (Oshlag et al., 2020).

However, the degradation pathways for many lignin breakdown
products remain elusive for R. palustris. Furthermore, since R. palustris
must eliminate excess reducing equivalents during anaerobic degrada-
tion of lignin aromatics more effort is needed to develop systems that
mitigate lethal redox imbalances through microbial consortia (Doud and
Angenent, 2016). Optimizing co-culture systems with R. palustris
whereby multiple organisms can consume different parts of lignocellu-
losic biomass could provide for more complete processing into high-
value products (Ibrahim et al., 2021; Zhang et al., 2013; Zuroff and
Curtis, 2012).

4. R. palustris as a biohydrogen powerhouse

There have been attempts to produce biofuels from R. palustris such
as n-butanol (Bai et al., 2021; Doud et al., 2017), but the majority of
research is aimed at biohydrogen production due to R. palustris’ native
capabilities for hydrogen production and its flexibility as a chassis.
Hydrogen combustion produces no CO5 emission, is efficiently con-
verted to electricity when used in fuel cells, and produces an energy
yield of 122 kJ/g (about 2.75 times greater than gasoline), making it one
of the cleanest possible energy alternatives to fossil fuels (Han et al.,
20165 Levin et al., 2004). Biological hydrogen production technologies
are considered to be one of the leading options for hydrogen production
(Singh et al., 2015). Photo-hydrogen production by photosynthetic
bacteria is ranked highest in these promising biological conversion
technologies due to the high purity of the hydrogen produced, high
theoretical conversion, and the ability to use a variety of feedstocks. R
palustris has emerged as a model organism for biohydrogen production
and has been applied in a wide array of biohydrogen efforts from
exploring the biocatalysis mechanisms behind biohydrogen generation
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to engineering systems to produce sustainable biohydrogen from in-
dustrial wastes.

R. palustris is one of very few prokaryotes characterized thus far that
encodes three different nitrogenase, the enzyme responsible for con-
verting nitrogen gas into ammonia with the obligatory production of
hydrogen. The molybdenum, vanadium, and iron isoenzyme nitroge-
nases are encoded by the nif, vaf and anf genes respectively (Oda et al.,
2005). Thus, R. palustris has multiple enzymatic options for nitrogen-
fixation and expression of its nitrogenases is not significantly
repressed by the presence of transition metals like many other nitrogen-
fixing bacteria (Oda et al., 2005). Furthermore, the ability of R. palustris
to generate Hy without producing O, provides an opportune system for
purer hydrogen fuel production. Significantly larger Hy yields are
observed from R. palustris when it is starved for nitrogen (e.g. limited
nitrogen in the growth media) and cells can utilize the available elec-
trons to synthesize Hy from nitrogenase (McKinlay et al., 2014). Many
synthetic biology efforts have fostered a more fundamental under-
standing of R. palustris’ Hy production abilities under various conditions
or created new strains for overproduction. Strains that produce Hj
constitutively even in the presence of ammonium have been selected,
and produce up to five times the amount of H, compared to the wild-
type strain under nitrogen fixing conditions (Rey et al., 2007). The
regulatory paradox for why these mutants are able to resist post-
translational modifications that would normally inactivate nitrogenases
has been illuminated, which revealed that the mutants have insufficient
levels of two posttranslational regulation proteins (DraT2 and GInK2)
(Heiniger et al., 2012). A strain containing a variant molybdenum
nitrogenase was used to assess tradeoffs in intracellular ADP, light in-
tensity, and gas production that hypothesized that the rate limiting step
for Hp and CH4 production is inhibition of nitrogenase by ADP. This
study revealed several strategies for Hy and even CH4 production that
included (i) increasing the amounts of electrons available to nitrogenase
by providing cells with organic alcohols, (ii) using nongrowing cells, (iii)
blocking electrons from entering the Calvin Cycle, and (iv) blocking H,
uptake (Zheng and Harwood, 2019). Another approach for Hy over-
production was to delete the bioplastic poly-p-hydroxybutyrate (PHB)
synthesis gene phbC in R. palustris WP3-5 to funnel carbon and reducing
potential to Hy production, which yielded 1.7 times more Hy than the
non-engineered strain (Yang and Lee, 2011). Since oxygen fixation in
the Calvin cycle competes with Hy production for electrons, another
study showed that deletion of the upstream phosphoribulokinase (PRK)
resulted in both an increase in Hy yield and specific production rate
(McCully and McKinlay, 2016). This provides an alternative strategy to
disrupting the Rubisco enzyme, which can cause negative impacts on
growth and does not yield an increase in Hy production rates. New ad-
vancements in metabolic modeling also provide avenues for in silico
investigation of key regulators involved in facilitating redox balance for
the cell. A metabolic and expression model was recently created to
investigate the interplay of Rubisco and nitrogenase enzymes in
anaerobic-photoheterotrophic conditions, which predicted (i) malate
dehydrogenase and glycerol-3 phosphate dehydrogenase as alternate
electron sinks when carbon fixation diminishes and (ii) ferrodoxin as a
regulator of redox flux between major metabolic pathways (Chowdhury
et al., 2022). Thus, the robustness of R. palustris’ Hy production arsenal
provides a platform for developing overproducing strains and for
generating a more complete understanding of Hy production by photo-
synthetic bacteria in general.

R. palustris is an attractive microbial biocatalyst for commercial
hydrogen production since it can generate ATP from light and reductant
necessary for nitrogen fixation from a wide variety of compounds
including aromatic compounds (Alsiyabi et al., 2021; Archana et al.,
2003; Fipler et al., 1995), inorganic electron donors (e.g. thiosulfate)
(Huang et al., 2010), industrial wastes (Adessi et al., 2018; Corneli et al.,
2017; Lee et al., 2011, 2006; Pintucci et al., 2015, 2013), substrates with
relatively high salt concentrations (Adessi et al., 2016b), and carbon
monoxide and water (Oh et al., 2005). For example, R. palustris has been
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shown to produce biohydrogen from crude glycerol (a byproduct of
biodiesel manufacturing) to yields higher than other photosynthetic
bacteria (Ghosh et al., 2012; Sabourin-Provost and Hallenbeck, 2009).
Strains P4 and PT can grow to a higher cell density, have a high specific
H, production activity, and generate carbon monoxide-dependent Hy
production from the water-gas shift reaction (Hosseini et al., 2015; Oh
etal., 2005, 2002). Perhaps the most promising biohydrogen production
strategy thus far has been syntrophic metabolism of co-cultures. Table 2
provides an overview of some highlighted Hy production systems
involving R. palustris. Developing co-culture systems employing
R. palustris enables the removal of inhibitory compounds or metabolic
byproducts by R. palustris that other microbes could not catabolize,
improves biomass production of the organism(s), and fosters more
complete consumption of feedstocks. Several co-culture systems have
developed relatively high Hs yields utilizing a combined dark-photo
fermentation process from potato starch and glucose (Hitit et al.,
2017c¢), cellulose (Hitit et al., 2017a), cheese whey (Azbar and Cetin-
kaya Dokgoz, 2010), cassava starch (Su et al., 2009a, 2009b), and bread
waste (Adessi et al., 2018). Yet, more research and development
regarding Hs production from renewable and cost-effective substrates is
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necessary. Lignocellulosic biomass has high potential as an ideal feed-
stock for photofermentative Hy production. R. palustris shows resistance
towards high phenolic concentrations derived from lignocellulosic
biomass and has been known to utilize lignin breakdown productions for
Hj production (Alsiyabi et al., 2021; Mabutyana and Pott, 2021). Ad-
vances in co-culture systems with lignocellulosic biomass whereby one
organism consumes the sugars and R. palustris utilizes the inhibitory
phenolic compounds could further valorize biohydrogen production
from lignocellulosic biomass.

There have been numerous progressive techniques engineered for
biohydrogen production involving R. palustris. Entrapment of cells in
gels (Ross and Pott, 2021; Tian et al., 2009; Wang et al., 2013), support
mediums like grid columnar flat panels (Wang et al., 2019b), SiO,-chi-
tosan support mediums (Liao et al., 2013), and reverse micelles (Pandey
et al., 2007) have shown improved Hy production compared to plank-
tonic cultures. Biofilm photobioreactors using packed glass beads (Tian
et al., 2010) and optical fiber-illuminating photobioreactors (Chen et al.,
2006a) have shown promise as well. R. palustris has also been sed as a
model organism for testing continuous reactors and for employing ul-
trasonic treatment to boost Hy production (Wang et al., 2012). Several

Table 2
Highlighted examples of biohydrogen production systems with R. palustris.
Organism(s) Substrate(s) Total Hy (mol Notes Reference(s)
Hy/mol
substrate)
Polyest
R. palustris oyester . Nongrowing cells coated and stabilized with a novel (Gosse et al., 2010; Piskorska
substrate coating 8.24 . o -
CGA009 latex coating et al., 2013)
(reductant)
Clostridium butyricum Dark-photo fermentation; response surface
. Potato starch and . . .
CGS55 and R. palustris 6.4 methodology with a Box-Behnken design was used to  (Hitit et al., 2017¢)
glucose .
CGA009 optimize
Stoichiometric conversion of biodiesel derived crude (Ghosh et al., 2012; Pott et al.,
R. palustris Glycerol 6.69 glycerol; Simpler operation; suitable for metabolism 2014; Sabourin-Provost and
Single Stage CGA009 4 ’ study; substrates limited to a few sugars and some Hallenbeck, 2009; Zhang et al.,
organic acids 2015)
R. palustris . .
CGA009 Butyrate 4.92 Incandescent light was found to be more effective (Hu et al., 2018)
R. palustris . .
CGA009 and Cellulose 3.84 Ef.fectlve H, ;.)roductlon from cellulose by co-cultures (Hitit et al., 2017a)
. (glucose) without previous pre-treatment
Cellulomonas fimi
R. palustris Ethanol 2.0 Optimized by response surface methodology (Liu et al., 2015)
CGA009
Mixed f;ulture with R. Cheese whey . . (Azbar and Cetinkaya Dokgoz,
palustris (lactose) 10 Combined dark-photo fermentation process 2010) ’
DSM 127
Two Stage . Combined dark-photo fermentation process; Broad
Thermotoga neapolitana substrate range:
DSM 4359" and Glucose 9.4 R 8 i’ (Dipasquale et al., 2015)
. addition operational cost from treatment of
R. palustris 420L . )
fermentation effluents of first stage
Clostridium butyri
e C(});SS :;:1 utyricum Sequential dark-photo fermentation and autotrophic
R. palustris Sucrose 5.6 microbial growth for high yield and CO,-free (Lo et al., 2010)
WD3-5 biohydrogen production
Lactobacillus
amylovorus DSM 20532 Sequential lactic and photo-fermentation; among the
Bread waste . . . . .
and (elucose) 3.1 highest yields obtained on starch containing (Adessi et al., 2018)
R. palustris 8 substrates; No hydrolytic pretreatment necessary
420L
Oh et al., 2004; Padovani et al.,
R. palustris P4 Acetate 2.8 Combined dark-photo fermentation process (20166) als » Fadovani et a
Klebsiella sp. TR17 and
bi k-photo fe i f
R. palustris Glycerol 08 Combined dark-photo fermentation process of crude (Chookaew et al., 2015)
glycerol
TN1
Ié‘cﬁt’)‘;ﬂ” Acetate 3.15 Optical-fiber-assisted illumination systems (Chen et al., 2006b)
Semi- .
. R. palustris S - . . . . .
Continuous or 420L Malic acid 3.03 High irradiance under a semicontinuous regime (Carlozzi, 2012)
Continuous
R. palustris Grid columnar flat panel photobioreactor with ) .
GCA009 Glucose 1.15 immobilized cells (Wang et al., 2019b)
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modeling techniques such as statistical experimental design (Jamil et al.,
2009), response surface methodology, and desirability function ap-
proaches (Hitit et al., 2017a, 2017b; Liu et al., 2015; Shi et al., 2014)
have optimized Hj production by R. palustris in a variety of conditions. A
method of using light-activated materials and biocatalysts from
R. palustris to produce Hy with conjugated polymers has been developed
recently (Wang et al., 2021). Plasmonic nanoparticles and near-infrared
light offer a novel method for conversion of organic acids to Hy by
R. palustris and increased the purity of Hp produced (Craven et al., 2019).
A nanoscale organic-iron complex was shown to be more efficient than
iron ions alone, and improved Hy production in several strains of
R. palustris (Kanwal et al., 2020). Sustained outdoor biohydrogen pro-
duction from tubular photobioreactors has also been demonstrated
(Adessi et al, 2012). Lastly, acclimation strategies like photo-
acclimation (Muzziotti et al., 2017), photo-evolution (Pintucci et al.,
2015), and heat-acclimation (du Toit and Pott, 2021) have generated
new strains with significantly improved Hy production.

In summary, R. palustris is a robust and diverse powerhouse for
biohydrogen production (Fig. 3). However, there is still room for growth
to further valorize biohydrogen generation for industrial-scale produc-
tion. The main bottleneck of Hy production is production efficiency, and
either sequential or co-culture systems offer a possibility to boost effi-
ciency. A combination of dark and photo-fermentation may be the so-
lution to converting organic acids, removing chemical oxygen demand,
and enabling more flexibility for using renewable and cheaper feed-
stocks. Furthermore, the photofermentation production aspect of the
system needs to be optimized to increase the lower growth rates of the
photosynthetic bacteria as well as boosting light conversion efficiencies.
Genetically engineering R. palustris to optimize Hy production at various
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light intensities, reducing the lag phase, and increase Hy production
rates are all examples of ways to boost production in a combined dark
and photo-fermentative system (Kour et al., 2019). Combined dark and
photofermentative Hy production from wastes (e.g. waste waters and
lignocellulosic biomass) provide a unique opportunity to utilize cheap
and renewable feedstocks in which more complete conversion can be
accomplished by multiple organisms.

Apart from biohydrogen production, lipids offer a potential alter-
native to petroleum-based products, and several studies have aimed at
characterizing R. palustris’ lipid metabolism. For example, R. palustris
has been employed to study the role of protein phosphorylation in lipid
production, revealing that pyruvate phosphate dikinase (PPDK,
RPA1051) could be a key protein to more efficiently produce biodiesel
material in the future (Hu et al., 2012). Strain TIE-1 has also been
employed to remodel lipid production via the loss of hopanoids and
hopanoid methylation, showing that lipid production by a microbe
varies with growth conditions and even with the loss of particular genes
(Neubauer et al., 2015). However, there is still a large need to charac-
terize the regulatory mechanisms of lipid production under different
growth conditions by R. palustris in order to foster more efficient and
industrial-scale production as a biofuel.

5. R. palustris for electricity generation

Bioelectrochemical systems have emerged as a promising means for
developing sustainable electricity generation, waste removal, recov-
ering valuable resources, and producing chemicals (Bajracharya et al.,
2016). These systems utilize microbes as biocatalysts to convert chem-
ical energy into electrical energy (and vice versa) and rely on the ability
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Fig. 4. Electricity generation by R. palustris. Due to its flexible and robust metabolism, several types of bioelectrochemical systems involving R. palustris have been
engineered, which can utilize renewable feedstocks for the generation of power and other applications.

of the microbe to transport electrons. As a facultative phototroph,
R. palustris offers distinct advantages regarding engineering toward
more efficient bioelectrical systems (Fig. 4). Under photoautotrophic
conditions, R. palustris utilizes electrons from inorganic donors to
generate reducing equivalents. However, under photoheterotrophic
conditions R. palustris can obtain these electrons from organic donors
and balances the excess reducing power through CO- fixation or via
other electron acceptors (Fig. 2). Thus, its flexible metabolism enables it
to either accept or supply electrons to an electrode. For example,
R. palustris Azul can perform direct and indirect electron uptake during
phototrophic conditions, flexibly taking electrons from a cathode or
using an anode as an electron sink (Guardia et al., 2020). While many
organisms can use soluble oxidants and reductants, R. palustris can also
access solid-phase materials for more flexible bioelectrochemical gen-
eration. Strain TIE-1 has served as model photoferrotroph, revealing a
previously unknown ability to use extracellular electron transfer for
electron uptake (Bose et al., 2014). Building upon this knowledge,
Guzman et al. (2019) discovered that electrons from extracellular up-
take enter the photosynthetic electron transport chain. Deletion of the
genes encoding Rubisco in R. palustris TIE-1 led to a reduction in
extracellular electron uptake, which highlights that phototrophic elec-
tron uptake is linked to COs fixation (Guzman et al., 2019). This dem-
onstrates that phototrophs can directly use solid-phase substances for
electron transfer, energy transduction, and CO; fixation. Consequently,
R. palustris was the first purple non-sulfur bacterium demonstrated to
perform direct contact and electron transfer following biofilm growth.
Strain TIE-1 has also been studied to gain a more fundamental insight
into how phototrophs utilize ferrous iron as an electron donor to fix
carbon dioxide using light energy, which revealed that they employ
unique protein complexes made of outer membrane porins and electron
transfer proteins to harvest electrons (also known as the PioAB electron

conduit) (Dinesh et al., 2022). Fundamental insights like this can be
useful for improving electron uptake ability and growth under photo-
electroautotrophic conditions by iron-mediated uptake strategies like
the addition of immobilized iron-based mediators (e.g. Prussian Blue)
(Doud and Angenent, 2014; Rengasamy et al., 2018). In general,
R. palustris shows great promise as a bioelectrochemical chassis due to
the headway made in fundamental research, its ability to generate
electricity at higher power density relative to mixed cultures, and its
robust metabolism that can consume a wide variety of substrates (Xing
et al.,, 2008). Progress in our fundamental understandings of how
R. palustris generates electricity has fostered an array of diverse and
exciting applications.

Microbial fuel cells (MFCs) are a type of bioelectrochemical system
where heterotrophic bacteria metabolize exogenous organic nutrients
and generate external electrical currents (Howe and Bombelli, 2020).
Comparatively, in biophotovoltaics (BPVs) the electrical current comes
from electrons generated by the light-driven oxidation of water that are
passed through the photosynthetic electron transfer chain (rather than
via heterotrophic metabolism) (Howe and Bombelli, 2020). Sometimes
referred to as photosynthetic microbial fuel cells (photo-MFCs), BPVs do
not require supply of an added organic substrate like MFCs, and thus
mass transfer is not a limiting factor of BPVs. R. palustris has been
applied in MFCs and photo-MFCs using corn stover (Wang et al., 2009),
rice paddy soils (Liu et al., 2021), poly(lactic)acid (Qi et al., 2018b,
2018a), and whole-cell cyanobacteria (Inglesby et al., 2012) as feed-
stocks. The essential factors affecting bioelectricity generation have
been illuminated, showcasing that improved power performance arises
from CO,, fixation, oxidation of ferrous iron, and the biofilm acting as a
living electrode in the system. Complementary metal-oxide-
semiconductor technology also showed promise, which is expected to
deliver a potentially lower-cost system with higher power output for
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practical applications. In another study, a portable paper-based MFC
was fabricated using R. palustris, which could be preserved for long-term
usage with only 10% performance degradation after four weeks (Otani
et al., 2020). R. palustris has also been applied in MFCs employing mi-
crobial electrochemical remediation systems (MERS), strategies that
exploit microorganisms’ abilities for remediation (e.g. treating con-
taminants) in the environment while also producing electricity. Strain
RP2 was isolated from anodic biofilms of MERS and has the capability
for direct electrode respiration, anaerobic nitrate reduction, dissimi-
larity metal oxide reduction, and degradation of petroleum hydrocar-
bons (Venkidusamy and Megharaj, 2016). However, despite the
advances in bioelectrochemical production with R. palustris there are
several challenges that impede industrial-scale applications.

Scaling up MFC systems for practical application requires signifi-
cantly increasing the size of the reactors, simultaneously maintaining
constant energy output per unit volume, enhancing operational stability,
reducing corrosion, and optimizing biofilm formations with co-cultures
of electrochemically active bacteria (Jadhav et al., 2021; Pandit et al.,
2020). When comparing factors that affect bioelectricity generation by
R. palustris, metabolic activity mainly determines the performance of
power and energy outputs compared to other factors in the MFC like
nutritive substances (e.g. soil, lignocellulosic biomass, acetate) (Liu
et al., 2021) Thus, focusing efforts to regulate bioelectricity generation
from a systems level could provide a solution for improved performance
for scale-up. For example, suppressing hydrogen production renders
more availability to reducing equivalents, thereby improving electricity
generation by R. palustris (Morishima et al., 2007). Genetic engineering
initiatives that manipulate electron conduits for extracellular electron
uptake (e.g. PioAB) could help improve electron harvesting from both
soluble iron and poised electrodes and improve yields (Dinesh et al.,
2022). Emerging techniques in metabolic modeling also show promise
for in silico analysis of metabolic regulation for redox balance in
R. palustris (Alsiyabi et al., 2021, 2019; Chowdhury et al., 2022). Further
characterization of electron uptake mechanisms is required for future
biotechnology efforts, such as extracellular electron shuttles that help
subpopulations of biofilms maintain metabolic activity (Saunders et al.,
2020). R. palustris’ genome has an arsenal of electron transport mech-
anisms that have yet to be explored in great detail, like the porin-
cytochrome complexes that facilitate movement of electron acceptors
(e.g. MtrA/MtrB cytochrome: porin homologues MtoA/MtoB) (Larimer
et al., 2004; McCormick et al., 2015). Another avenue for improving
bioelectrochemical potential is to manipulate iron storage capabilities,
which could possibly be achieved through genetic engineering of
R. palustris’ ferrosomes, a new class of lipid-bounded iron storage or-
ganelles that likely help manage adaptation to iron starvation (Grant
and Komeili, 2020). More studies are necessary to codify molecular
mechanisms, discover associated genetic determinants, and examine
how electron uptake from solid-phase electron donors impacts other
cellular metabolic pathways. Reactor design with emerging techniques
can also facilitate more efficient systems and promote the ability for
commercialization. Stacking of tubular MFCs is a proposed tech-
noeconomic solution for upscaling, and thus future efforts could
examine stacked systems with R. palustris (Rikame et al., 2022). Further
optimizing systems with nanomaterials is also a promising route, such as
with metals (e.g. Au, Pd, Cd), carbon-based nanomaterials (e.g. gra-
phene, carbon nanotubes), coatings and conjugated nanoparticles (e.g.
poly(3,4-ethylenedioxyophene, polyaniline, and polypyrrole) (Mouhib
et al., 2019) It has also been shown recently that the nitrogen ratio can
be customized to manipulate the fraction of electron flux directed to-
ward biosynthesis, biohydrogen, and extracellular electron transfer
(Pankan et al., 2020). Syntropy between microbial consortia of
R. palustris and hydrogen oxidizing bacteria has also been proposed as a
strategy to produce higher power densities in MFCs (Park et al., 2014).
Ultimately, advances in our understanding of the critical components
and mechanisms factored into electrochemical production, the devel-
opment of improved genetic tools, and initiatives in scale-up feasibility

Biotechnology Advances 60 (2022) 108001

should progress the possibilities of utilizing R. palustris as a versatile
platform for power production, especially from cheaper and renewable
feedstocks like wastes or lignocellulosic biomass.

6. R. palustris for bioplastic production

Since the 1950s, an estimated 18.2 trillion tons of fossil-fuel derived
plastics have been created, with only 9% of it being recycled (Geyer
et al., 2017). Thus, there has been much attention paid to finding sus-
tainable and renewable alternatives to conventional plastics. Poly-
hydroxyalkonoates (PHAs) are a type of biopolymer created by a variety
of microbes under certain environmental conditions that are stored as
granules inside the cell. PHAs are an ideal substitute for conventional
plastics since they are biodegradable, renewable, biocompatible, have a
wide range of diverse structures, and can be produced by a wide array of
microorganisms (Chen et al., 2020a). Unfortunately, the widespread
adoption of PHAs is hampered by higher production costs, which is
largely attributed to feedstock costs (Chen et al., 2020a). Due to
R. palustris’ flexible metabolism and ability to utilize a wide array of
feedstocks, it offers a unique opportunity to generate bioplastics from
cheaper feedstocks and render PHAs more cost-effective for market
acceptance.

R. palustris has been shown to produce PHAs from waste products,
such as lignocellulosic biomass (Fig. 5). For example, R. palustris accu-
mulates the most common PHA, called poly-3-hydroxybutyrate (PHB),
from several lignin breakdown products (Alsiyabi et al., 2021; Brown
et al., 2020) and nutrient recovery from cyanobacteria blooms (Tian
et al., 2017). It has also been revealed that R. palustris is capable of
creating a copolymer of PHB called poly-3-hydroxybutyrate-co-
hydroxyvalerate (PHBV) that has better thermomechanical properties
compared to PHB alone (Alsiyabi et al., 2021). Phasins are the dominant
protein surrounding PHA granules inside bacteria, and our recent study
expressed the dominant phasin from the PHB-producing model bacte-
rium Cupriavidus necator H16 into R. palustris for the overproduction of
PHB on lignin breakdown products (Brown et al., 2022). Thus, this
foundation for bioplastic production by R. palustris from waste products
like lignocellulosic biomass provides a steppingstone toward industrial
production.

As previously described, there are tradeoffs in utilizing reducing
power between biomass, PHA, and H, production by R. palustris (Chen
et al., 2012; McKinlay et al., 2014; Touloupakis et al., 2021), and
identifying how to capitalize on these tradeoffs is critical for engineering
overproducing strains. A recent study delivered a synergistic experi-
mental and computational biology approach that identified key design
strategies for PHB overproduction in R. palustris and other organisms
with similar metabolisms (Alsiyabi et al., 2021). Combined experi-
mental results including PHB production on various substrates (e.g.,
lignin breakdown products), Hy production, and electron microscopy
suggested that the rate of PHB production is mainly controlled by
metabolic factors. Thermokinetic analysis identified a bottleneck in the
thiolase reaction (phaA) in the PHB production pathway. Application of
a novel genome-scale metabolic model rendered four major findings
including (i) a very high acetyl-CoA/CoA ratio is required to drive the
thiolase reaction, (ii) substrates with high carbon uptake rates accu-
mulate higher amounts of acyl-CoA, (iii) the rate through PhaB
(reductase) is linearly dependent on the NADPH/NADP ratio, and (iv)
PhaB will likely be rate-limiting even under optimal metabolic condi-
tions due to its very low catalytic efficiency (Alsiyabi et al., 2021, 2019).
Ultimately, R. palustris was used as a model organism for deciphering
generalized design strategies that could be expanded to other organisms
with similar metabolism for the over-production of PHB. Emerging
techniques with microbial electrosynthesis have also capitalized on
tradeoffs between PHB and H; production from available reducing po-
tential. The ability to produce PHB by R. palustris TIE-1 via bio-
electrochemical generation became the first study to systematically
quantify PHB  production by photoelectroautotrophy and
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Fig. 5. Bioplastic production by the metabolically versatile R. palustris. It can produce monomers and copolymers of polyhydroxyalkanoates from various renewable
and sustainable feedstocks. Its ability to produce several co-product streams also make R. palustris an ideal candidate for engineering toward industrial production.

photoferrautotrophy (Ranaivoarisoa et al., 2019). Other studies
employing TIE-1 have utilized immobilized iron complexes and
magnetite nanoparticle anchored graphene cathodes to enhance PHB
production vial microbial electrosynthesis (Rengasamy et al., 2020,
2018).

Despite these advances in bioplastic production from R. palustris,
many studies focus on Hy production rather than PHA production due to
its native ability as a powerhouse for biohydrogen generation.
R. palustris is still emerging as a non-model bacterium for bioplastic
production, and thus there are gaps in our understanding regarding its
PHA production mechanisms. For example, characterizing R. palustris’
native granule-associated-proteins (e.g phasins) employed for PHA
production or engineering methods for increased fractions of valerate in
PHBV production are ideal steppingstones.

7. R. palustris’ environmental remediation and agricultural
production

As a naturally occurring bacterium found in a wide variety of envi-
ronments, R. palustris has been used as a bio-based method for appli-
cations in agriculture for bioremediation and to boost plant production.
Industrial and agricultural activity can often be detrimental to soils and
other environments, making it necessary to find effective and sustain-
able remediation methods. Bioremediation of contaminated soils has
been demonstrated by several strains such as degradation of chlor-
obenzoic acids by strain RCB100 (Haq and Fixen, 2021), removal of
heavy metals and metalloids by strain CGA009 (Batool et al., 2017;
Llorens et al., 2012; Zhao et al., 2015), and elimination of acrylamide by
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strain Acl (Wampler and Ensign, 2005). Several strains of R. palustris
have been applied for wastewater treatment and nutrient recovery for
detoxifying pesticides (Luo et al., 2018; Wu et al., 2019; Yin et al.,
2012a), removing halogenated compounds (Mutharasaiah et al., 2012),
decreasing the chemical oxygen demand, nitrates, and HS in the system
(Bogarapu et al., 2019), and cleaning aquaculture pond waters (Xiao
etal., 2020). A shift from employing monocultures for bioremediation to
microbial communities using advanced techniques like machine
learning are enabling artificial selection of optimal consortia that can be
applied in certain conditions (Borchert et al., 2021). Future efforts
employing optimized systems of microbial consortia could further
improve microbial remediation of wastewater and even promote the
production of high-value products (Nagadomi et al., 2000).

With the increase in global population, the need to find more effec-
tive and sustainable methods to feed the growing population is ever
pressing. Agricultural biostimulants have emerged as an ideal method
for using biologically derived fertilizer additives or other products that
are applied to boost plant health, growth, and productivity during crop
production. R. palustris has shown great promise as a commercialized
biostimulant for enhancing agricultural production. Notably, strain ELI
1980 has been used as a component of Quantum Light, a biofertilizer
commercialized by Ecological Laboratories, Inc. (FL, USA) (Crovadore
et al., 2017). A recent review on purple non-sulfur bacteria and plant
production provides a nice overview of the many benefits several strains
of R. palustris have had for numerous crops (Sakarika et al., 2020).
Strains P3 and BCRC16408 have a promoting effect on Brassica rapa
chinensis (Chinese cabbage) with reduced fertilizer input, the ability to
use poorer-quality seeds, and higher crop yields (Hsu et al., 2021; Wong
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et al., 2014). A strategy for quicker and cheaper fermentation of strain
P3 using corn steep liquor and molasses has also been developed, which
further promotes it for large-scale industrial production (Lo et al., 2020).
Strain GJ-22 yielded systemic protection of tobacco plants against to-
bacco mosaic virus (Su et al., 2017), and a genetic tool was developed
recently enabling visualization of bacterial colonization on tobacco and
rice leaves (Zhai et al., 2019). Stevia plants (Wu et al., 2013; Xu et al.,
2018) and Chinese Dwarf Cherry seedlings (Yin et al., 2012b) are also
among the plants known to have positive effects from R. palustris.
Several strains of R. palustris have potential for biofertilizers for rice
production as well. Strain PSB06 promotes rice growth and enhances
stress resistance at the seedling stage, and both strain PSB06 and strain
CGAO0O06 increase the length of stems (Luo et al., 2019). Strains TK103,
PP803, and P1 have several beneficial attributes to rice production
including increased rice grain yield, significant reduction of inhibitory
compounds via increasing 5-aminolevulinic acid production, increased
root dry weight, and increased plant height under salt stress (Kantachote
et al., 2016; Kantha et al., 2015). R. palustris also shows potential as a
biofertilizer for plant growth at sites with heavy metal contamination, as
demonstrated in with Strain CS2 on Vigna mungo (mung bean) in soil
contaminated with arsenic and heavy metals (Batool et al., 2017).

Hence, R. palustris has been investigated and applied in a variety of
biostimulant applications. However, deciphering the implications for
abiotic stress tolerance, agronomic and physiological traits of crops,
interaction with non-microbial biostimulants, and improvements in
nutrient usage associated with R. palustris are all necessary to continue
to develop it as a commercialized biostimulant (Rouphael and Colla,
2020).

8. Controlling R. palustris’ unique metabolism

A major factor impeding the development of R. palustris as a
biotechnology chassis is the lack of genetic toolkits and synthetic
biology advances for this metabolically versatile, non-model microbe.
Genetic engineering of R. palustris is lagging in part due to its innate
resistance to antibiotics (Larimer et al., 2004), difficulty expressing
transient genes from non-native plasmids, the lack of testing genetic
parts, genetic redundancy, complications using fluorescent reporters in
pigmented bacteria, relatively high G + C content of its genome, and
gaps in our understanding of its gene expression mechanisms (e.g. ori-
gins of replication). Knockouts of specific cassettes or pathways have
been achieved, including squalene and n-butanol production (Doud
et al., 2017; Xu et al., 2016), investigating quorum sensing mechanisms
(Hidetada et al., 2012b), and Rubisco deletions to explore extracellular
electron uptake (Joshi et al., 2009). Insertions have proven more diffi-
cult, generally involving non-native plasmids with inefficient promoters
that result in transient heterologous expression (du Toit et al., 2021).
Although native plasmids have been isolated from some strains and used
as vectors, their expression performance wanes in comparison to non-
native plasmids (Inui et al., 2000).Thus, there is a significant need to
characterize and develop native genetic engineering tools for
R. palustris.

Recently, Immethun et al. (2022) had a breakthrough in progress
toward forming baseline understandings of the behavior of key genetic
parts to render more efficient engineering of this non-model microbe
and developed tools to advance stable heterologous gene expression in
R. palustris. This team characterized gene expression and plasmid
maintenance for various selection markers, developed a synthetic
biology toolbox with a number of tools (e.g. origins of replication, ter-
minators, fluorescent reporters, and untranslated regions), and
employed R. palustris’ endogenous plasmid for exogenous protein pro-
duction. These findings provide a better working foundation for heter-
ologous protein production by R. palustris as a potential industrial
biocatalyst.

Genomic insertions with chromosomal integration will also likely
provide a means for more stable and long-term expression with reduced
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maintenance (i.e. limited antibiotics), decreased production costs, and
improved potential for industrial scale applications. However, chro-
mosomal modifications have been challenging and intermittent for
R. palustris (Hidetada et al., 2012; Jackson et al., 2018; Rey et al., 2007).
du Toit et al. (2021) innovated an optimized genetic toolset for rapid,
markerless modification in R. palustris and employed optimized methods
for the overexpression of alternative nitrogenase isoenzymes for supe-
rior biohydrogen production. To overexpress alternative vnf and anf
nitrogenases, genes associated with biohydrogen production, the pucBa
promoter was carefully chosen as a relatively strong promoter based on
transcriptomics analysis. Plasmids were created to insert the promoters
directly upstream of three putative nitrogenase operons to foster
expression of necessary components. Since R. palustris’ native vanadium
nitrogenase genes do not have a single cluster, a synthetic codon-
optimized vnfH gene was co-inserted with the promoter to create a
unified vanadium nitrogenase operon. Electroporation parameters were
also optimized to allow more efficient insertional mutagenesis, which
included adjusting field strength (voltage), pulse duration (resistance),
and optimal post-incubation conditions. This optimization allowed
relatively large insertion sizes of the constructs to be integrated with
similar efficiency as promoter-only insertions in about half the time as
previously unoptimized methods. Lastly, this team developed a more
efficient RNA extraction method for more accurate analysis of gene
expression that reduced degradation and increased purity and yield. In
the end, this system achieved chromosomal integration under a strong
promoter and provides the means to repeatedly manipulate different
genes without persistent selection markers.

Despite the recent advancements in genetic tools catered to
R. palustris, significant work is necessary to flexibly and reliably utilize
its unique metabolic capabilities. Characterization of plasmid origins of
replication, functional promoter sequences (constitutive and inducible),
ribosomal binding sites, terminators, potential downstream control re-
gions of desired genes, post-transcriptional control, and a more funda-
mental insight into antibiotic resistance genes is essential. Moreover,
realization of R. palustris’ robust metabolism is still hampered by the
lack of quick and efficient genetic engineering techniques, such as
employing CRISPR-Cas (clustered regularly interspaced short palin-
dromic repeats, CRISPR-associated) systems that have been widely
applied for precise RNA-mediated metabolic engineering in other mi-
crobes. Although Type II-C Cas9 endonucleases have been identified for
R. palustris BisB5 and BisB18 (Chylinski et al., 2013; Ma et al., 2015), this
class of Cas9 system has a weak DNA helicase, limited dsDNA binding
and unwinding activity, and promiscuous guide RNA specificity
compared to the widely used Type II-A Cas9 systems. Nonetheless, Type
II-C Cas9 systems are generally the simplest of the systems and the
ability to employ this Cas9 system could provide more options for
controlling this robust microbe. Developing CRISPR systems for specific
use in R. palustris, such as CRISPR-d Cas9 programmable repressors,
could enable metabolic flux for the overproduction of industrially rele-
vant products (e.g. bioelectricity, biohydrogen, or bioplastics). Ad-
vances in reliable genetic engineering techniques coupled with omics
and genome-scale metabolic modeling initiatives will likely render the
ability to better control R. palustris’ robust metabolic capabilities in the
future, particularly regarding its innate redox imbalance under photo-
heterotrophic growth and the wide range of potential bioconversion
pathways.

9. R. palustris and circular economies

There is a global shift in policies and regulations to minimize waste
generation and its associated environmental impact, and circular bio-
economies offer a sustainable solution. R. palustris’ robust metabolism
and ability to consume a wide variety of waste products like lignocel-
lulosic biomass, wastewater sludge, and spent foods render it an ideal
candidate to generate circular bioeconomies via the production of bio-
fuels, biofertilizers, chemicals, proteins, and other industrially relevant
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products.

The waste-to-energy nexus for circular economies and environ-
mental protection is perhaps one of the largest potential applications
with R. palustris due to the headway made in the biohydrogen and
bioenergy sectors (Sharma et al., 2020). Unfortunately, biohydrogen
production is still not cost-competitive compared to traditional ap-
proaches. Dark fermentation systems are not efficient enough at con-
verting organic materials to biohydrogen, but implementing combined
dark and photofermentation systems for biohydrogen production from
waste products can help improve efficiency. Single-stage dark and
photofermentation systems for biohydrogen production allow for com-
bined fermentation (i.e. co-cultures) in a single reactor and are simpler
to operate than many other systems (e.g. no dilution steps required).
Creating modular single-stage combined fermentation systems that can
easily be established near locally sourced waste supplies could
economically generate biohydrogen from wastes with R. palustris.
Similarly, R. palustris could be employed for bioelectricity generation
from organic wastes via microbial fuel cells that can be established near
waste sources and even provide solutions to off-grid communities. Spent
biomass produced in the bioenergy production process could then be
used as a protein source to further increase economic potential and
promote circular economies, as demonstrated with the mass production
of R. palustris as a protein source in aquaculture feed (Alloul et al., 2021;
Kim and Lee, 2000; Zhang et al., 2013) or as a biofertilizer (Wong et al.,
2014). Learning from bottlenecks and challenges in microalga bio-
refineries, when hyperaccumulation of the target product is still not
economically feasible there can be a shift toward co-producing several
compounds (Gifuni et al., 2019). Since there is generally competition
between biohydrogen, bioplastic, and biomass production by
R. palustris, operating integrated biorefineries to capitalize on several
products streams from waste feedstocks could be ideal.

In the end, employing R. palustris to produce industrially relevant
products from cheap and renewable feedstocks like wastes could provide
a methodology for circular economies that reduces waste generation and
management needs with less socioeconomic and environmental impacts.
Implementing integrated waste biorefineries that combine biological,
thermochemical, and chemical processing could provide higher con-
version efficiencies and further promote the valorization of waste
streams. Advances in genetic engineering tools should also foster the
ability to flexibly control R. palustris for bioenergy or bioproduct pro-
duction based on market demands.

10. Conclusions

R. palustris is a purple non-sulfur bacterium that is an attractive op-
tion as a biotechnology chassis since it is among the most metabolically
robust bacteria, with the ability to catabolize a wide variety of feed-
stocks and turn them into several high-value products. Due to its ver-
satile metabolism, R. palustris has been studied and applied in a wide
variety of applications such as biodegradation of aromatic compounds,
environmental remediation, biofuel production, agricultural bio-
stimulation, and electricity production. Currently, biohydrogen pro-
duction from wastes is perhaps the most feasible application due to the
production capacity of R. palustris, headway made in fundamental
research, genetic engineering initiatives, emerging techniques in reactor
systems, demand for alternative fuels, and increasing desire to foster
circular bioeconomies. Developing co-culture systems employing
R. palustris enables the removal of inhibitory compounds or metabolic
byproducts by R. palustris that other microbes could not catabolize,
improves biomass production of the organism(s), and fosters more
complete consumption of feedstocks. In particular, systems employing
lignocellulosic biomass as feedstock could be ideal due to the innate
resistance of R. palustris towards high phenolic concentrations derived
from lignocellulosic biomass and its ability to utilize lignin breakdown
productions for hydrogen production. From an economic and environ-
mental sustainability perspective, multiple initiatives should be
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integrated into a single system, such as employing biodegradation of
wastes for biohydrogen production and then subsequently using the
generated biomass for protein feed in aquaculture systems. While
R. palustris holds great potential for commercial applications, there are
several key factors impeding current development.

Although R. palustris is capable of producing bioplastics from waste
products like lignocellulosic biomass or wastewaters, the titers are not
high enough to be commercially feasible from an economic standpoint
compared to other microbes. Due to competition for reducing potential
between biohydrogen, bioplastic, and biomass metabolic systems,
eliminating pathways for bioplastic production can help funnel more
reducing power for biohydrogen generation. More progress in genetic
engineering discoveries and toolkits is needed to successfully control
this metabolically robust microbe for the overproduction of targeted
products for commercialization. Developing a deeper fundamental un-
derstanding of key regulatory systems in R. palustris is critical, such as
further characterizing its robust transport systems. Ultimately, the
commercial application of R. palustris as a versatile biotechnology
chassis will continue to rise as advances in our understanding of systems-
level tradeoffs in metabolic capacities are coupled with synthetic
biology and emerging technologies that utilize renewable substrates.
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