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Abstract: In this re vie w, we focus on how purple non-sulfur bacteria can be lev era ged for sustaina b le biopr oduction to support the 
cir cular econom y. We discuss the state of the field with respect to the use of purple bacteria for energy pr oduction, their r ole in 

w astew ater tr eatment, as a fertilizer, and as a chassis for bioplastic pr oduction. We explor e their a bility to serv e as single-cell pr otein 

and production platforms for fine chemicals from waste materials. We also introduce more Avant-Garde technologies that leverage 
the unique metabolisms of purple bacteria, including micr obial electr osynthesis and co-culture . These tec hnologies will be pi v otal in 

our efforts to mitigate climate change and circularize the economy in the next two decades. 

One-sentence summary: Purple non-sulfur bacteria are utilized for a range of biotechnological applications, including the production 

of bio-energy, single cell protein, fertilizer, bioplastics, fine chemicals, in w astew ater tr eatment and in nov el applications like co- 
cultures and microbial electrosynthesis. 
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Introduction 

In 2022, the e v er-incr easing global population surpassed eight bil- 
lion, continuing to exert a heavy burden on the environment and 
economy (Ritchie et al., 2022 ). Under a business-as-usual situa- 
tion, waste production is projected to increase by 70% to 3.40 bil- 
lion tons by 2050. This waste includes non-recyclable products 
such as synthetic plastics, as well as food and green waste , metals ,
pa per, glass and mor e [not accounting for gr eenhouse gas (GHG)- 
pr oducing ener gy and commercial pr ocesses] (Kaza et al., 2018 ).
By 2050, total food demand is expected to increase by more than 
30%, putting up to 8% of the global population at risk of hunger 
(AbdelRahman, 2023 ; Van Dijk et al., 2021 ). To mitigate the neg- 
ative effects of our current production processes and answer the 
demand for basic resources, the world must move to w ar d a sus- 
tainable circular economy (CE). The CE focuses on r eusing, r educ- 
ing, and recycling with renewable inputs, rather than dead-end 
r esources suc h as petr oleum (Kirc hherr et al., 2023 ). The goal is to 
promote both economic development and environmental sustain- 
Recei v ed: November 13, 2024. Accepted: December 26, 2024.
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of Society of 
distributed under the terms of the Cr eati v e Commons Attribution-NonCommercia
whic h permits non-commer cial r e pr oduction and distribution of the work, in any m
and that the work is pr operl y cited. For commercial re-use, please contact journals
bility, a feat that many countries display great enthusiasm for
ut struggle to implement (Vogiantzi & Tserpes, 2023 ). As such,
t is critical to de v elop methods that will promote the effective-
ess of the CE, namely approaches that focus on incor por ating
ost or "waste" components, such as end-of-life pr oducts, bac k into
 alue-added pr oducts or pr ocesses, like ener gy gener ation. A ma-
or player in building this economy will be micr oor ganisms that fix
arbon and r emov e GHGs, pr oduce v aluable compounds for the
nergy, food, and pharmaceutical industries, and remediate toxic 
 astes (J ain et al., 2022 ). One gr oup of micr oor ganisms that can
erform all these functions, making them an attr activ e tar get for
ontributing to the CE, are the purple non-sulfur bacteria (PNSB).
PNSB possess some of the most versatile metabolisms in the
icrobial world, and as mixotrophs, they can perform the ma- 

ority of primary metabolisms (described by ener gy, electr on, and
arbon source) in addition to specialized pr ocesses suc h as N 2 

xation and H 2 production (Madigan & J ung, 2009 ). T hey are tol-
r ant to str esses suc h as high salinity, heavy metals, and toxic
Industrial Micr obiolo gy and Biotechnolo gy. This is an Open Access article 
l-NoDerivs licence ( https://creativecommons.org/licenses/by- nc- nd/4.0/ ), 
edium, provided the original work is not altered or transformed in an y wa y, 

.permissions@oup.com 

https://doi.org/10.1093/jimb/kuae052
https://orcid.org/0000-0002-2512-1824
https://orcid.org/0000-0002-7526-0988
mailto:abose@wustl.edu
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:journals.permissions@oup.com


2 | Journal of Industrial Microbiology and Biotechnology , 2025, Vol. 52 

c  

b  

c  

n  

c  

b  

2  

2  

m  

t  

i  

a  

2  

a  

c  

w  

t  

a  

t  

a

P
P  

p  

c  

a  

c  

P  

c  

l  

o  

1  

f  

o  

2  

t  

w  

a  

t  

w  

p  

t  

s  

w  

p  

s  

(  

c  

s  

t  

s  

a  

i  

g  

p  

P  

s  

p

P
T  

c  

e  

p  

d  

S  

b  

(  

o  

w  

s  

(  

t  

t  

u  

t  

a  

e  

(  

s  

a  

a  

P
T  

i  

t  

c  

d  

s  

1  

(  

s  

a  

d

C
T  

e  

e  

a  

r  

t  

e  

a  

p  

t

C
T  

i  

p  

a  

a  

o  

s  

e  

w

N
(  

c  

t  

1  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/jim

b/article/doi/10.1093/jim
b/kuae052/7933868 by guest on 01 July 2025
ontaminants (e.g. H 2 S), and can grow in aerobic and anaero-
ic conditions on a variety of carbon and electron sources, in-
luding raw waste streams (Madigan & Jung, 2009 ). PNSB also
atur all y pr oduce m ultiple economicall y v aluable pr oducts, in-
luding biofuels (Gabrielyan et al., 2015 ; Vasiliadou et al., 2018 ),
ioplastics (Higuc hi-Takeuc hi et al., 2016 ; Monr oy & Buitrón,
020 ; Ranaivoarisoa et al., 2019 ), and fine chemicals (He et al.,
021 ; Sasikala & Ramana, 1995 ; Wang et al., 2012 ). Further-
or e, they ar e pr oficient at r emoving or ganics fr om waste wa-

er (Dhar et al., 2023 ; Lu et al., 2019 ), and the resulting biomass
s valuable as fertilizer (Maeda, 2021 ; Sundar & Chao, 2022 )
nd feedstock (Delamare-Deboutteville et al., 2019 ; Hülsen et al.,
018a ; Wada et al., 2022 ). Altogether, these traits make PNSB
n extr emel y attr activ e tar get for biotec hnological a pplications
ompar ed to curr ent c hemical or pur el y enzymatic methods,
hic h ar e limited in their lac k of self-r epair, specific a pplica-
ions, and need for highly specific operating conditions (Asif et
l., 2021 ). Here, we discuss how PNSB can be le v er a ged for sus-
ainable bioproduction, as well as limitations to their widespread
pplication. 

NSB Have Diverse Metabolic Capabilities 

ur ple phototr ophic bacteria (PPB) ar e named for their r eddish-
ur ple a ppear ance, whic h comes fr om the pigments and
ar otenoids pr oduced under phototr ophic conditions. PPB ar e sep-
r ated into pur ple sulfur (PSB) and PNSB based on their initial
 har acterization in 1932, when one gr oup observ ed that some
PB could tolerate sulfur and store it intracellularly, while some
ould not (van Niel, 1932 , 1944 ). It was later found that PNSB could
ar gel y toler ate sulfur concentr ations < 0.5 m m thr ough efflux of
xidized sulfur rather than storage (Hansen & van Gemerden,
972 ). Historically, the main attraction of PPB has been as a model
or expanding our physiological and biochemical understanding
f photosynthesis under anoxygenic conditions (Madigan & Jung,
009 ). Mor e r ecentl y, this focus has expanded to include the po-
ential for PPB in biotechnological applications–specifically PNSB,
hich can utilize a variety of electron donors and acceptors and
r e r elativ el y easy to gr ow under labor atory conditions compar ed
o the sulfur-requiring PSB (Madigan & J ung, 2009 ). (T his r e vie w
ill focus on PNSB, but where studies do not denote the specific
urple bacteria or use a mixed consortium of PNSB and PSB, the
erm PPB will be used) Although many PNSB species and con-
ortia have been identified, research largely focuses on a few
ell-c har acterized "model" species: Rhodopseudomonas palustris ( R.
alustris ), Rhodospirillum rubrum ( R. rubrum ), Rhodopseudomonas cap-
ulatus (a.k.a. Rhodobacter, R. capsulatus ), and Rhodobacter sphaeroides
a.k.a Cereibacter , R. sphaeroides ). As mixotrophs, most PNSB species
an switch metabolic modes between primary metabolisms, with
pecies-specific differences in efficiency and utilization. This gives
hem a competitive edge over more metabolically specialized
pecies in non-uniform environments such as waste streams and
quatic en vironments , where carbon source and light availabil-
ty may be inconsistent. Additional consider ations, suc h as nitr o-
en source or oxygen presence, will also have an impact on the
r eferr ed mode, but under light-available anaerobic conditions,
NSB will gener all y perform photoheter otr ophy. Fig. 1 pr ovides a
c hematic ov ervie w of the four primary metabolisms PNSB can
erform (Li et al., 2022 ). 

hotoheter otr ophy 

his mode utilizes light for energy generation and organics as a
arbon source. During anoxygenic photosynthesis, light is used to
xcite electrons in the photosystem complexes, which are then
assed to the quinone pool and used to generate a proton gra-
ient to produce adenosine triphosphate (ATP) via ATP synthase.
ince this process is cyclic (electrons return to the primary donor,
acterioc hlor ophyll), no water is consumed nor oxygen produced
Adessi et al., 2021 ). Organic carbon sources include easily metab-
lized inputs such as organic acids, like malate or succinate, as
ell as fatty acids , amino acids , carbohydrates , alcohols , and e v en
ome aromatic compounds (Asif et al., 2021 ). The citric acid cycle
also known as tricarboxylic acid cycle) has r eadil y accessible en-
ry points for malate , acetate , succinate , fumarate , and pyruvate ,
hus making these organic acids the pr eferr ed source in man y sit-
ations as they do not r equir e further ener gy-intensiv e degr ada-
ion pathways before use (Madigan & Jung, 2009 ). In the case of
cids with a higher degree of reduction relative to biomass (4 mol
 
- mol -1 C), an electron acceptor such as CO 2 or dimethyl sulfoxide
DMSO) is r equir ed to allow for gr owth (Alloul et al., 2023 ; Ric hard-
on et al., 1988 ). Uniquely, in addition to being able to use organics
s an electron source, PNSB can utilize inorganic substances such
s minerals (see next section) to obtain their reducing equivalents.

hotoautotrophy 

his mode utilizes light for ener gy gener ation, CO 2 for carbon, and
norganic substances as an electron source. PNSB possess a func-
ional Calvin-Benson-Bassham cycle (CBB) that is used to both fix
arbon for use in the cell, and as a means of consuming excess re-
ucing po w er. Inor ganic substances that can serv e as an electr on
ource include reduced metals (e .g. F e 2 + ) (Ehr enr eic h & Widdel,
994 ), H 2 (Tsygankov & Khusnutdinova, 2015 ), sulfur compounds
Dahl, 2008 ), nitrite (Griffin et al., 2007 ), and bioelectr oc hemical
ystems where a cathode directly supplies electrons (Manchon et
l., 2023a ). This last method is r eferr ed to as electr otr ophy and is
iscussed further below. 

hemoautotrophy 

his mode utilizes the oxidation of an external electron donor for
ner gy gener ation and r educing po w er and CO 2 for carbon. The
lectron donor is inorganic (e.g. H 2 , sulfur, nitrogen compounds),
nd can contribute to energy via o xidati ve phosphorylation (i.e.
 espir ation) wher ein the electr ons ar e tr ansferr ed to carriers in
he electr on tr ansport c hain (ETC) until their final tr ansfer to an
lectron acceptor (Klamt et al., 2008 ). In aerobic conditions, this
cceptor is O 2 , while under anaerobic conditions there are several
ossible oxidants (e.g. DMSO, trimethylamine N-oxide , sulfate , ni-
r ate) (Ric hardson et al., 1988 ; Sajitz et al., 1993 ). 

hemoheter otr ophy 

his mode utilizes the oxidation of electron donors (organic or
norganic, see prior section) for energy generation and reducing
o w er, and organic substances as a carbon source. In the case of
n organic source, sugars can be fermented to support growth,
lthough extensiv e gr owth may r equir e an additional accessory
xidant, such as DMSO (Madigan & J ung, 2009 ). T he organic sub-
tance used for carbon can also serve as an electron donor; how-
 v er, inor ganic donors can also be used, resulting in a mixotrophy
here both organic and inorganic sources are utilized. 

itrogen Fixation 

Masepohl, 2017 ) All PNSB species are diazotrophs, meaning they
an grow without an external source of fixed nitrogen due to
heir possession of nitrogenases . T hese metalloenzymes r equir e
6 moles of ATP to fix one mole of N 2 , which also produces
n obligatory mole of H 2 . In the absence of N 2 , the nitroge-
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Fig. 1. The four primary metabolisms of PNSB: (A) Photoheter otr ophy utilizing organic sources for electrons and carbon, and light for energy, (B) 
Photoautotrophy utilizing inorganic electron sources, carbon dioxide for carbon, light for energy, (C) Chemoheter otr ophy utilizing organic sources for 
electrons, carbon and energy, and (D) Chemoautotrophy utilizing inorganic sources for electrons and energy, and carbon dioxide for carbon. In A and B, 
a simplified photosynthetic electron transport chain (ETC) cycles electrons though the reaction centers (orange) and a cytochrome bc 1 complex 
(y ello w). In C and D, a simplified r espir atory ETC directs electrons through NADH dehydrogenase (dark green), a cytochrome bc 1 complex (purple) and 
a cytoc hr ome cbb 3 oxidase(blue). ATP synthase (light gr een) uses the pr oton gr adient gener ated by the ETC to make ATP. 
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nase can still function pur el y as a hydrogenase, consuming pro- 
tons and producing H 2 gas. So far, all curr entl y c har acterized 
nitrogen-fixers possess a molybden um-de pendent nitrogenase, 
but some PNSB species have additional vanadium-dependent 
and/or ir on-dependent nitr ogenases, suc h as R. palustris (Larimer 
et al., 2004 ), which possesses all three. Although they are less 
efficient than the Mo-enzymes, they can also contribute to H 2 

production. 

Electr otr ophy 

(Logan et al., 2019 ) This ability involves extracellular electron 
tr ansfer (EET), wher ein a micr obe can either consume electr ons 
from an external donor (electrotroph), deposit electrons onto an 
external electron acceptor (electrogen), or both, as is the case 
with PNSB (Grattieri, 2020 ; Lovley & Holmes, 2022 ). This trans- 
fer can be facilitated dir ectl y via contact between the electron 
source and factors on the cell surface (e.g. cytoc hr omes), or indi- 
r ectl y using external and internal redox mediators such as H 2 (Shi 
et al., 2016 ). For PNSB, viable electron sources include electrodes 
(both cathodic and anodic), ferrous minerals, and other microbes 
(Grattieri, 2020 ). 

PNSB Have a Wide Range of 
Biotec hnological Applica tions 

Intact PNSB, as well as their derived products , ha ve multiple ap- 
plications across a broad range of sectors, including agricultural,
unicipal, and commercial. A summary of their applications, as 
ell as the current chemical and biological alternatives, can be
een in Table 1 . 

aste wa ter Trea tment and Resource Reco very 

ater is critical for all aspects of life, r anging fr om irrigation to
ydroelectric po w er to drinking w ater. In 2015, the U.S. alone used
22 billion gallons per day, 87% of which w as freshw ater (Center
or Sustainable Systems, University of Michigan, ( 2023 ). This re-
ults in the production of billions of gallons of w astew ater, which
ncludes sources such as se wa ge, industrial aqueous waste (i.e.
r e wery, manufacturing, pulp, etc.) and irrigation runoff (Ahuja,
014 ). Waste water r equir es further c hemical and physical treat-
ent before reuse or release into the environment, ho w ever many
ountries disc har ge waste water fr om m unicipal and industrial
reatment plants directly into water streams with little to no treat-
ent (UN Habitat and WHO, 2021 ). This aquatic pollution is not
nl y dama ging to the envir onment and human health, but pr e-
ents the reuse of valuable freshwater (Wear et al., 2021 ). Further-
or e, it pr e v ents the potential conv ersion of or ganic substances
nd otherwise toxic pollutants into valuable products, commonly 
 eferr ed to as r esource r ecov ery. In order to support a CE, we need
o focus on the r ecov ery of energy, nutrients and w ater b y using
ner gy-pr oducing or net ener gy-neutr al tr eatment methods suc h
s anaerobic digestion (AD) (Batstone & Virdis, 2014 ). 
Curr entl y, se v er al tec hniques ar e emplo y ed to treat w astew-

ter, br oadl y categorized into physical, chemical, and biological
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tr eatments. For a thor ough r e vie w of waste water and its treat- 
ment tec hniques, see Mac hineni ( 2019 ) and Thulasisingh et al.
( 2023 ). 

Biological treatments offer a cheaper, less toxic, and more com- 
plete treatment of w astew ater, especially when combined with 
physical or chemical methods, pending the usage of a ppr opriate 
or ganisms and/or enzymes. Importantl y, these methods also al- 
low for the r ecov ery of or ganic compounds in the waste water,
suc h as phosphor ous or carbon, for usa ge as fertilizers or pr ecur- 
sors for other bioproducts. 

Sharma et al. ( 2023 ) r ecentl y r e vie wed these biological treat- 
ments as well as some of the microbes that perpetrate them, rang- 
ing from fungi (Assress et al., 2019 ) to patented bacteria (Villela et 
al., 2019 ). Ho w e v er, se v er al barriers pr e v ent a mor e widespr ead
application of these treatments—namely, high capital and opera- 
tional costs, including the maintenance of specific growth condi- 
tions and r emov al of the "sludge" gener ated fr om micr obial gr owth 
(Sr av an et al., 2024 ). To make the treatment process cheaper and 
more sustainable, photosynthetic microbes are being considered 
for their ability to use the fr ee, effectiv el y limitless source of sun- 
light (Lu et al., 2019 ). Microalgae are one candidate, but are limited 
by their high light r equir ement, while c hemoheter otr ophs often 
r equir e aer ation. On the other hand, PNSB can gr ow e v en under 
light-limited conditions and have no o xygen requirement. Ad di- 
tionally, they can consume the waste organic material and con- 
vert it into a variety of useful products such as biofuels or bioplas- 
tics . Furthermore , their superior ability to assimilate organic com- 
pounds, as well as phosphorous and nitrogen allow the microbes 
themselves to become a concentrated source of nutrients which 
can be used as a source of protein or fertilizer, while simultane- 
ousl y pr e v enting these or ganic inputs fr om contaminating the en- 
vir onment and encour a ging harmful algal blooms (Capson-Tojo et 
al., 2020 ). In short, they can both consume waste and neutral in- 
puts and produce valuable products from these inputs, effectively 
r e-intr oducing these resources into the CE. 

PNSB hav e demonstr ated success in r emoving or ganic mate- 
rial from a variety of w astew aters, making them promising can- 
didates for widespread application. For example, saline wastew- 
ater, which includes seawater used for industrial processes or 
toilet-flushing, can be difficult to treat due to the high salt and 
sulfate concentr ations, whic h can lead to the formation of toxic 
sulfides. Ho w e v er, PNSB can not only withstand these conditions,
but also adapt much quicker without standard stepwise adap- 
tation: Hülsen et al. demonstrated that a PPB-enriched culture 
could r a pidl y ada pt to high-salt conditions in saline waste water 
to ac hie v e biomass yields of 0.8 g COD g COD 

-1 
fed [chemical oxy- 

gen demand (COD) is a measurement of the oxygen required to 
oxidize or ganic matter, wher e 1.0 g COD g COD 

-1 
fed would indicate 

complete conversion of waste (fed) COD to biomass] (Hülsen et al.,
2019 ). Here and elsewhere in this review, PPB-enriched refers to a 
mixed culture typically from a w astew ater sour ce that has been 
tr eated to enric h le v els of PPB, often containing significant lev- 
els of PNSB among other bacterial species . T he Fisc her–Tr opsc h 
process is used to generate liquid fuel in the form of hydrocar- 
bons from carbon monoxide and hydrogen, but since the result- 
ing w astew ater lac ks fixed nitr ogen, it is difficult to tr eat biologi- 
cally. Ho w ever, like diazotrophs, PNSB can grow on this wastewa- 
ter, ac hie ving up to 70% COD r emov al despite the stringent growth 
conditions (Wada et al., 2023 ). 

On domestic w astew ater, Hülsen et al. sho w ed that a > 60% PPB- 
dominated comm unity pr ovided with 200 mg L -1 of ethanol could 
ac hie v e nutrient r emov al to disc har ge limits ( < 50 mg COD L -1 ,
5 mg N L -1 , 1.0 mg P L -1 ) (Hülsen et al., 2016 ). Further, Cerruti et al.
ound that PNSB enriched from w astew ater treatment plant acti-
ated sludge could achieve 96% COD removal at a volumetric rate
f 1.1 kg COD d −1 m 

−3 when grown on synthetic w astew ater in a
tirr ed batc h r eactor setup (Cerruti et al., 2020 ; Dalaei et al., 2019 ).
n both cases, PPB demonstrates impressive efficiency in recover- 
ng waste organic materials, a necessary resource for building new
ioproducts to foster the CE. 
PNSB also perform well on a gricultur al waste water, whic h can

ossess e v en higher or ganic content than domestic sources and
hus r equir es gr eater COD r emov al. When gr own on c hic ken
laughterhouse w astew ater, one group found that Rhodopseu- 
omonas faecalis and R. palustris could remove up to 88% of sol-
ble COD (Bunraksa et al., 2020 ). Another study using poultry and
 ed meat pr ocessing waste water saw PNSB biomass yields above
.75 g COD g COD 

-1, with high assimilation of nitrogen and phos-
horous (Hülsen et al., 2018a ). As is discussed in "Fertilizer" sec-
ion, having a high nitrogen and phosphorous content makes the
icrobe suitable for use as fertilizer, making these PNSB an up-
 alued pr oduct. 
Ther e ar e a number of challenges associated with the aquatic,

hototr ophic gr owth and r ecov ery of PNSB biomass that a ppl y
o the majority of PNSB applications discussed in this work, in-
luding w astew ater tr eatment. Ca pson-Tojo et al. composed a full
 e vie w of the challenges associated with PPB w astew ater treat-
ent but curr entl y, the most costly issue is the light require-
ent (Capson-Tojo et al., 2020 ). As has been established with mi-
r oalgae tec hnologies, it is difficult to design a reactor that al-
ows efficient light delivery while allowing high biomass accu- 
ulation. Using PNSB for resource recovery is one way to offset

hese costs, as is using natural sunlight instead of artificial illu-
ination (Sepúlveda-Muñoz et al., 2023 ). Ho w ever, to date, very

e w studies hav e explor ed the use of natural light; unlike aerobic
icr oalgae whic h ar e natur all y found in open air pond setups,
NSB often r equir e an anaer obic envir onment to maintain domi-
ance as aerobic conditions allow for other heter otr ophs to gr ow.
onetheless, Alloul et al. found that PNSB abundance in an open
 ace way r eactor could be incr eased fr om 50% to 67% to > 88% by
imiting the organic availability to only what could be consumed
uring the light period. Combined with a lack of stirring (aeration)
t night, these measures effectively suppressed non-PNSB growth 
hile still allowing protein production up to 0.2 g protein L –1 day –1 

Alloul et al., 2021a ) Harvesting PNSB biomass after resource re-
overy also presents an issue with few optimal solutions as the
lanktonic cells are dilute and difficult to ca ptur e, especiall y on
 large scale. One way to concentrate the cells is by encour a g-
ng biofilm gr owth, whic h focuses biomass in one location and
an e v en impr ov e c har acteristics suc h as crude pr otein content
nd ease of resource extraction (Hülsen et al., 2020b ; Ozkan et
l., 2012 ). It should also be noted that despite ac hie ving higher
OD conv ersion efficiencies compar ed to aer obic heter otr ophs
AHs), PNSB tend to have a slo w er gro wth rate, especially under
utotrophic conditions . T his can be somewhat improved using
eactor design, but ultimately is considered a tradeoff in micro-
ial species selection (Alloul, Cerruti, et al., 2021a ; Zhang et al.,
024 ). 
The exceptional abilities of PNSB to r ecov er r esources fr om

 variety of w astew aters combined with their unique metabolic
apabilities make them extremely attractive candidates for mi- 
r obial waste water tr eatment. Although PNSB face se v er al c hal-
enges related to phototrophic growth, the inherent value of the
iomass produced will assist in offsetting costs as more groups
ook to focus on r esource r ecov ery as part of w astew ater treat-
ent. 
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iofuel Production 

ith an increasing global population comes an increase in en-
rgy demand. Although coal, natural gas, and petroleum were re-
orted to meet 80% of the global energy demand in 2014, fossil
uel-based pr oducts ar e neither envir onmentall y friendl y nor sus-
ainable and will struggle to meet increasing demand in the near
uture ( WEO-2015 Special Report , 2015 ). Instead, the global commu-
ity is looking to biofuels such as bioethanol, biodiesel, biohydro-
en, and biogas . T he ne west gener ation of biofuels r elies on a net
arbon-neutr al micr obial pr oduction pr ocess ac hie v ed by r educ-
ng GHG emissions and absorbing CO 2 while the biomass is alive.
n the last 10 years, the global capacity for bioenergy generation
as nearly doubled to 144 GW, constituting about 5% of the to-
al r ene wable ener gy ca pacity ( Renew able Capacity Statistics 2022 ,
022 ). Ho w e v er, the optimization of biomass-derived biofuels and
ner gy pr oduction is still in its infancy, and this number is pre-
icted to grow as improvements are made to current processes. 
Ambaye et al. extensiv el y r e vie wed the e volution of biofuel

roduction methods over the last 50 y ears (Ambay e et al., 2021 ).
riefly, the first gener ation involv ed the processing of food crops to
roduce ethanol and biodiesel (Naqvi & Yan, 2015 ), while the sec-
nd generation focused on using lignocellulosic biomass, which
s more difficult to degrade (Gautam et al., 2024 ). The third gen-
ration sought to harvest the biomass of microbes to extract bio-
uels (Maliha & Abu-Hijleh, 2023 ). Finally, the most recent fourth
eneration uses genetic modification to enhance the carbon cap-
ur e/biofuel pr oduction abilities of candidate micr obes, whic h
ombined with the extraction processes of the third generation
as produced promising results (Abdullah et al., 2019 ; Cavelius et
l., 2023 ). 
Biohydrogen can be produced via bio-photolysis, photofermen-

ation, or dark fermentation (Teke et al., 2024 ). Photofermenta-
ion is being incr easingl y studied to impr ov e the sustainability
f H 2 production, both alone (using r ene wable inputs) and to-
ether with dark fermentation (more completely processing the
r ganic input). Compar ed to micr oalgae and c y anobacteria, which
r oduce H 2 thr ough oxygenic photol ysis, PNSB pr oduce biohydr o-
en via their nitrogenase and some hydrogenase enzymes un-
er anoxic conditions . T he hydrogenase function of the nitroge-
ase persists e v en in the absence of N 2 , as McKinlay et al. ob-
erv ed when H 2 pr oduction by R. palustris CGA009 increased by
.5-fold under N 2 -starved conditions compared to growth with
 vailable N 2 (McKinla y et al., 2014 ). T here ha ve been extensive
nd diverse efforts to impr ov e H 2 pr oduction in PNSB, onl y a
e w of whic h we can highlight her e (Gupta et al., 2024 ). Se v er al
r oups hav e focused on substr ate utilization, specificall y dark
ermentation effluent (DFE), which is the residue rich in volatile
atty acids (VFAs) remaining after the fermentation of organic
atter, such as an organic waste stream, under no-light con-
itions. DFE has been successfully used as a substrate for R.
phaeroides growth and H 2 production up to 256 mL H 2 /g COD
COD is a measurement of the oxygen required to oxidize or-
anic matter) (Ghimire et al., 2016 ). DFE also supported H 2 pro-
uction up to ∼100 mL in a 1.5 L bioreactor with R. capsula-
us, although the addition of lactose was r equir ed to encour a ge
ermentation (Silva et al., 2019 ). Multiple studies have also em-
lo y ed DFE from axenic cultures to support PNSB H 2 production,
ncluding the hyperthermophilic Thermotoga neopolitana (9.4 mol
 2 /mol glucose) (Dipasquale et al., 2015 ), skilled fermenter
actobacillus amylovorus (3.1 mol H 2 /mol glucose) (Adessi et al.,
018 ), and Clostridium butyricum (11.6 mol H 2 /mol sucrose) (Lo et
l., 2010 ). Alternate strategies to improve H 2 production include
he addition of nanomaterials (Bosu & Rajamohan, 2024 ) as well
s focusing light emission spectra (Bosman et al., 2023 ; Tiang et al.,
024 ). PNSB can also impr ov e the sustainability of H 2 production
sing electr otr ophic abilities: when growing a mixed culture of
PB enric hed fr om waste water with malic acid and a cathode elec-
r on donor, r esearc hers found the cultur e could ac hie v e compar a-
le H 2 production to non-cathodic growth while fixing all available
O 2 (Vasiliadou et al., 2018 ). While the yields measured in this
tudy (0.11 L H 2 /g malic acid) are still lo w er compared to other
NSB studies, this is a novel application with plenty of room for
ptimization. Ho w e v er, it should be noted that many dark fermen-
ation setups outperform the best pilot autotrophic setups in total
 2 yield per g biomass without major modifications. 
Another biofuel for consideration is biogas, which is largely

omposed of methane (40–70%), carbon dioxide (25–45%) and
race amounts of N 2 , O 2 , and H 2 S. The higher the methane con-
ent, the more ideal the biogas as it requires less "cleaning" to re-
ov e contaminants befor e dr op-in to existing natural gas frame-
orks (Calbry-Muzyka et al., 2022 ). One way to produce biogas is
ia anaerobic digestion (AD), which involves a community of mi-
r obes performing hydr ol ysis , acidogenesis , acetogenesis , and fi-
ally methanogenesis to degrade waste organic matter (Bhatt &
ao, 2020 ). Finding a suitable organic matter for feedstock can be
speciall y c hallenging, as an ideal substr ate w ould be lo w-to-no
ost to produce or obtain while possessing enough nutrients to
upport AD and biogas production. In this sense, PNSB biomass
akes for an attr activ e input, as it can be produced on renewable

nputs like sunlight and CO 2 , as well as organic waste streams,
her e they demonstr ate r emarkable ability to r ecov er nutrients

see "Wastewater Treatment" and "Single Cell Protein" sections)
Hülsen et al., 2020a ). Ho w e v er, due to their high protein con-
ent and inherent ability to survive under anaerobic conditions
as compared to aerobic microbes from waste streams), PNSB will
ikel y r equir e pr e-tr eatment to enhance digestibility. For exam-
le, Segura et al. sho w ed that PPB mixed cultures enriched from
 astew ater when thermally treated at 180 ◦C for 15 min before
eing added to an anaerobic digester ac hie v ed significantl y higher
ethane production (307 vs. 177 L methane/kg volatile solids) and
olatile solids destruction (75% vs. 34%) compared to the no treat-
ent control at 20 days hydraulic retention time (Segura et al.,
023 ). Despite this impr ov ement, the r esults ac hie v ed to date still
all short of ac hie ving positiv e ener gy r ecov ery in the sc heme of
rowing the biomass, digesting it, and r ecov ering the resulting en-
rgy (Hülsen et al., 2020a ). Intriguingly, R. palustris, R. rubrum , and
. capsulatus have also been found to produce small amounts of
H 4 dir ectl y via their iron nitrogenase during N 2 fixation. How-
 v er, although the amount produced by R. palustris is sufficient to
upport a co-culture with obligate CH 4 consuming Methylomonas
p., it is unlikely to be a significant source of methane as a biofuel
Zheng et al., 2018 ). 
As for other biofuels, Doud et al. ac hie v ed the conversion of bu-

yrate to n- butanol in R. palustris CGA009 by introducing adhE2 824 ,
 codon optimized aldeh yde deh ydr ogenase fr om Clostridium ace-
obutylicum ATCC 824 (Doud et al., 2017 ). The strain could produce
p to 1.5 m m n -butanol, but r equir ed str essful gr owth conditions
hat limited channeling of electrons through alternate produc-
ion pathwa ys . Bai et al. went a step further by introducing a five-
ene cassette used for n- butanol production in E. coli into R. palus-
ris TIE-1 to produce n -butanol under heter otr ophic, autotr ophic
nd electr otr ophic gr o wth. They further found that b y removing
ifA to pr e v ent nitr ogen fixation (an alternate electr on-consuming
athway), the strain could produce up to 4.98 ± 0.87 mg/L n -
utanol under photoheter otr ophic conditions, mor e than double
hat of the cassette alone (Bai et al., 2021 ). Again, although these
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v alues ar e m uc h lo w er than other butanol pr oduction c hasses [i.e.
> 500 mg/L in engineered al.oli (Atsumi et al., 2008 )], the value of 
using PNSB lies in their ability to utilize r ene wable inputs and 
thus be emplo y ed in systems like bioelectr oc hemical synthesis 
(see Avant-garde Technologies). 

PNSB are part of a broad range of candidates used for bio- 
ener gy, but benefit fr om being able to use a wide range of re- 
newable inputs and grow under harsh conditions such as that of 
w astew ater. Although PNSB demonstrate success as feedstock for 
AD or pr oducing biohydr ogen, their use for bio-energy is compar- 
ativ el y under-explor ed. Further r esearc h is r equir ed to better un- 
derstand the limitations and areas of optimization for using living 
or dead PNSB biomass for bio-energy production. 

Fertilizer 
Impr oving a gricultur al output is critical for sustaining the e v er- 
incr easing global population. Lar ge ar eas of the world ar e alr eady 
beginning to experience food limitations, which will only be com- 
pounded in the coming decades (FAO, 2017 ). To encour a ge r a pid 
and healthy growth of food crops, fertilizers are often used to 
provide necessary nutrients not r eadil y av ailable in soil. Fertiliz- 
ers typically contain nitrogen, phosphorous, and potassium (NPK), 
often with additional gr owth-pr omoting compounds. A common 
method of fertilization is to add NPK in the form of r eadil y ac- 
cessible inorganic compounds like urea (46% N) or diammonium 

phosphate (18% N, 46% P 2 O 5 ) ( Corn Nutrition 101 | Crop Science US ,
2024 ). Ho w e v er, they ar e fr equentl y a pplied abov e the limits of nu-
trient absorption by the plant, leading to excess nutrients washing 
off into w aterw ays and causing eutrophication, or contributing to 
GHG emissions (Shanm ugav el et al., 2023 ; Vejan et al., 2021 ). Or- 
ganic fertilizers such as manure can also cause nutrient leaching,
but gener all y impr ov e the health of the soil in terms of fertility,
water retention, and promoting microbial communities. Ho w ever,
due to its slo w er effect on growth, it often r equir es mixing with in- 
organic fertilizers, and long-term use can lead to heavy metal ac- 
cumulation (Diacono & Montemurro, 2010 ; Lu et al., 2024 ). Plus, it 
is estimated that the production and use of manure and synthetic 
nitrogen fertilizers account for ∼5% of global GHG emissions (Gao 
& Cabr er a Serr enho, 2023 ). Alternativ el y, bio-fertilizers, whic h em- 
ploy live or dead microbes to promote plant growth, appeal di- 
r ectl y to the microbial communities in the soil (Stamenkovi ́c et 
al., 2018 ). By providing nutrient-rich biomass or live members ca- 
pable of performing biogeochemical cycling, this method avoids 
run-off and soil exhaustion while still providing benefits to the 
plant (Spanoghe et al., 2020 ). Photosynthetic microbes are partic- 
ularl y attr activ e for use as bio-fertilizer because they are cheap to 
pr oduce when gr own photoautotr ophicall y and can ac hie v e high 
density depending on the species (Lee et al., 2021 ). 

Microbial cells can contribute to the fertilization of soil in three 
major ways: (a) dir ectl y, by pr oviding NPK as dead or decaying 
cells, (b) indir ectl y as li ving cells that perform n utrient acquisi- 
tion (i.e. N 2 fixation), or (c) in the form of extracted plant-growth 
promoting substances. As thoroughly explained by Sakarika et al.
( 2020 ), PNSB can serve in all three methods. First, as dead or decay- 
ing biomass, they have a favorable NPK content (8.5/2.4/0.5% in 
dry weight, Rhodobacter sp.) (Sakarika et al., 2020 ). PNSB are partic- 
ularl y ric h in phosphor ous compar ed to other photosynthetic or- 
ganisms (1.3% in microalgae) owing to their ability to accumulate 
polyphosphate, but their low potassium content may r equir e sup- 
plementation (Lai et al., 2017 ). Despite this, Spanoghe et al. found 
that dried Rhodobacter sp biomass applied to parsley resulted in 
similar height and fresh weight compared to a r efer ence or ganic 
ertilizer (Spanoghe et al., 2020 ). Mor ey-Ya gi et al. also found that
 ppl ying l ysed and dried R. sulfidophilum biomass to Ja panese m us-
ard spinach yielded similar growth and dry weight to mineral fer-
ilizer, although twice the amount of biomass was r equir ed com-
ared to the mineral fertilizer (Morey-Yagi et al., 2024 ). Although
oth studies ac hie v ed similar performance to commercial fertiliz-
rs, PNSB has the production benefit of growth on negative value
aste streams, making it a potentially better candidate for the
E compared to traditional organic fertilizers. Ho w ever, the chal-
enges of scaling up culture and addressing the additional energy
nd economic costs for transportation and stor a ge make it diffi-
ult to replace mineral fertilizers currently. 
Alternativ el y, befor e dead biomass contributes to soil fertiliza-

ion, living cells can fix nitrogen to ammonia and activ el y c helate
hosphorous for use by the plant. Importantly, some PNSB species
an fix N 2 under micr oaer obic conditions, allowing for a br oader
 ange of envir onments wher e they can be a pplied (Larimer et al.,
004 ). Se v er al gr oups hav e alr eady demonstr ated the successful
pplication of PNSB in the micr oaer obic conditions of rice pad-
ies. One group found that inoculation with R. capsulatus resulted
n similar biological mass yield and unhulled rice grain yield com-
ared to the application of chemical nitrogen fertilizer at 50% of
he r ecommended nitr ogen r ate (4.11 t ha -1 vs. 4.0 and 10.565 t ha -1 

s. 10.233, r espectiv el y). Importantl y, they saw statisticall y equiv-
lent yields between 100% and 50% chemical nitrogen fertilizer 
ith R. capsulatus inoculation, suggesting that chemical fertilizer 
sage can be reduced without impact to yield (Gamal-Eldin & El-
anna, 2011 ). Harada et al. saw a similar result, with an up to 21%
ncrease in rice grain yield when they fertilized using rice straw
noculated with R. palustris (Harada et al., 2005 ). Ho w ever, in both
ases, PNSB inoculation alone had limited effects on plant growth
nd yield, although its addition increases the usage efficiency of
ynthetic nitrogen fertilizers by decreasing the quantity of fertil- 
zer r equir ed to ac hie v e a set yield (Sundar & Chao, 2022 ). In an
erobic context, tomato plants inoculated with Rhodopseudomonas 
p. KL9 sho w ed increased fruit w eight, size and lycopene content
Lee et al., 2008 ). Another group found that peanut plants treated
ith an inoculum of R. palustris ISP-1 saw a 5-year av er a ge yield

ncrease of 12.5% compared to conventional fertilizer (Wang et al.,
021 ). Altogether, these studies demonstrate not only the poten-
ial of PNSB to act as a living fertilizer comparable to chemical
itrogen fertilizer, but also the ability of PNSB to be applied across
 wide range of environments—a necessary trait when attempt- 
ng to de v elop an alternative to the widespread conventional fer-
ilizers. A major concern with the use of living microbes is their
helf life and, by extension, r equir ed stor a ge conditions. To the
uthors knowledge, no data on living PNSB shelf life is a vailable ,
nd only one study on dried biomass shelf life was found, which
ho w ed that Rhodobacter sp. dried biomass had no net decrease
n total solids or nitrogen content after 91 days of stor a ge at 20 ◦C
Spanoghe et al., 2020 ). Contamination is another concern that di-
 ectl y impacts shelf life; fortunately, PNSB can be selected for us-
ng infr ar ed r adiation and/or anaer obic gr owth conditions to r e-
uce the chances of a competing contaminant (Yu et al., 2021 ).
o w e v er, further studies will be r equir ed to determine the shelf
ife of living PNSB inoculums under r ele v ant tr ansportation and
tor a ge conditions. 
Finall y, PNSB ar e r eported to pr oduce the plant gr owth-

romoting substances indole-3-acetic acid (IAA) and 5- 
minolevulinic acid (ALA). IAA and ALA belong to a class of
lant hormones known as auxins that are responsible for reg-
lating e v erything fr om r oot de v elopment to fruit matur ation.
pecificall y, IAA plays important r oles in plant gr owth pr ocesses
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Fig. 2. Generic chemical structure of poly-hydroxyalkanoate (PHA) and 
example PHA types with their r espectiv e side groups (R). For a 
compr ehensiv e list of PHA types, refer to Choi et al. ( 2020 ). 
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nd str ess r esponse, while ALA has been demonstr ated to im-
r ov e plant growth by enhancing stress tolerance. Both IAA
Piotrowska-Niczyporuk et al., 2018 ; Takshak & Agrawal, 2017 )
nd ALA (Wang et al., 2023 ) have been extensively demonstrated
o impr ov e plant gr owth par ameters suc h as str ess r ecov ery and
rop yield. T hus , it can be expected that production by fertilized
icrobes could enhance plant growth as well. R. palustris in par-

icular is skilled at producing these compounds, with one isolate
rom a rice pad d y field ac hie ving 3.62 mg/L of IAA and 4.11 mg/L
f ALA under micr oaer obic conditions (Sakpir om et al., 2017 ).
ndeed, this same species was reported to produce increased ALA
hen inoculated into rice fields, and ultimately improved plant
r owth (Nunkae w et al., 2014 ). It should be noted that at high
oncentrations, IAA can become inhibitory to root development
nd growth, so a lower IAA-producing strain may be favored
nstead (Sakpirom et al., 2017 ). By modulating the production
ates of these strains to maximize agricultural output, it may be
ossible to generate a more suitable strain for all-around use, but
urther experimentation is r equir ed. 
PNSB demonstrate suitability for use as fertilizer as dead or liv-

ng biomass, as well as via their derived compounds, for a range of
lants and growing conditions. Although specific r esearc h will be
 equir ed to determine the compatibility of PNSB species to plant
pecies, the field already shows promising results for achieving
ommercial le v els of gr owth using supplemented PNSB. Replac-
ng the demand for envir onmentall y dama ging miner al fertilizers
ith biological ones, e v en partiall y, will gr eatl y contribute to im-
roving the sustainability of global agricultural practices in the
uture. 

olyhydr o xyalkanoate (PHA) Production 

odern petroleum-based plastics are favored for their thermal
lasticity and low crystallinity, which makes them useful in ev-
rything from food packaging to clothing. Ho w ever, they are ex-
r emel y r esistant to degr adation, and their continued use ov er the
ast se v enty years has resulted in significant environmental pol-
ution. Microplastics can be found in w aterw a ys , soils , marine an-
mals, and those that consume them, including humans. Landfills
r e quic kl y running out of space and burning the plastic onl y r e-
eases more GHGs (Farid et al., 2021 ). To support the CE and pre-
 ent further envir onmental dama ge, a sustainable r eplacement
aterial with similar properties to petroleum-based plastics is
r gentl y needed. This has led to increasing interest in a micro-
iall y pr oduced pol ymers called pol yhydr oxyalkanoates (PHAs).
HAs are polyesters with variable-length hydrocarbon side chains
Fig. 2 ). C3–C5 short chain length (SCL) PHAs tend to be stiffer,
hile C4–C16 medium chain length (MCL) PHAs are more elas-
ic. PHAs can also be co-polymers composed of multiple types of
onomers, whic h can impr ov e tr aits like brittleness, stiffness and
elting point (Choi et al., 2020 ). Pol yhydr oxybutyr ate (PHB), in par-

icular, is a popular SCL-PHA that is easy to produce, with com-
arable thermal and mechanical characteristics to polypropylene
Nanda et al., 2022 ). PHAs already have functional applications in
isposable pac ka ging and also hav e the potential to be used as
iodegradable implants, drug carriers, and in tissue engineering
Bourtoom, 2008 ; Choi et al., 2020 ). 
PHAs can be produced via several methods: they can be chem-

cally synthesized using a metal catalyst and an initiator such
s alcohol to perform ring opening polymerization on cyclic es-
er monomers (Tang & Chen, 2018 ). Ho w e v er, the harsh r ea gents
 equir ed and high cost make this challenging to scale-up. Alter-
ativ el y, pur e enzymatic pr oduction r equir es a lar ge amount of
ynthase, as well as stereospecific active form monomers; both
an be difficult and expensive to produce and purify (Thomson
t al., 2010 ). Furthermore, the pr ocess of pol ymerization r eleases
oA, which has a positive feedback inhibitory effect on the en-
ymes when it is not recycled in vitro (Zou et al., 2017 ). Due to the
ifficulties of these methods the pr eferr ed industrial method is
ar gel y biological. PHAs are naturally generated by many microbes
s a carbon stor a ge molecule in response to excess carbon or en-
r gy, typicall y under nitrogen or phosphorous-limited conditions
Vicente et al., 2023 ). The polymer is generated from acetyl-CoA
nd varying-length fatty acid precursors, thus requiring at least a
hiolase , reductase , and synthase to be produced. PHB, for exam-
le, is produced using three enzymes: PhaA ( β-ketothiolase), PhaB
acetoacetyl-CoA reductase), and PhaC (PHB synthase) (Montiel-
or ona & Buitrón, 2021 ). Ther e ar e man y mor e enzymes involv ed
n the regulation of PHA production and pathway-dependent
nzymes for the polymer carbon source, including amino acid
iosynthesis, gl ycol ysis, and β-oxidation (see Choi et al. 2020 for
 detailed list). 
Ralstonia eutropha H16 (a.k.a. Cupriavidus necator ) is widely con-

idered the hallmark PHA producer, but several species have been
ound to perform m uc h better in production (Reinecke & Stein-
üchel, 2009 ). The Pseudomonas genus offers the ability to grow
n diverse carbon sources (Mozejko-Ciesielska et al., 2019 ), while
acillus can offer dry cell weight yields above 50% (Martínez-
err er a et al., 2023 ). Cyanobacterium Synechococcus sp. MA19 can
 v en ac hie v e PHB pr oduction under photoautotr ophic conditions
Nishioka et al., 2001 ). An ideal PHA producer to support the CE
ould be able to ac hie v e high pr oduction r ates using sustainable
ow-value inputs to both reduce cost and environmental burden.
NSB offer the ability to support the CE by using both light and
aste organic materials, rather than the expensive pure carbon
ources r equir ed by other species. PNSB can also be genetically
nhanced to compete or outperform an engineered non-PNSB
hassis. 
Many PNSB species have demonstrated the ability to produce

HA under a range of growth conditions, capitalizing on their
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unique metabolisms. Organic waste streams often have a mix of 
fatty acids, so a candidate production strain must be able to uti- 
lize a variety of these alkanoic substrates to maximize production.
Brandl et al. found that R. rubrum produced PHA on all n -alkanoic 
acids as the sole carbon source under phototrophic conditions,
r eac hing 20% cell dry weight (cdw) on 60 m m butyr ate (Br andl et 
al., 1989 ). This same group also found that R. sphaeroides grown 
on acetate r eac hed 500 mg PHA/L at 65% cdw, although the au- 
thors remarked that this species seemed to have limited flexibil- 
ity in forming co-pol ymers compar ed to R. rubrum (Br andl et al.,
1991 ). As mentioned abo ve , PHA co-polymers can ha ve impro ved 
tr aits compar ed to mono-pol ymers whic h makes them desir able 
for pr actical a pplication; fortunatel y PNSB ar e quite ca pable of 
producing them. Carlozzi et al. demonstrated that Rhodovulum sul- 
fidophilum could ac hie v e up to 330 mg/L of the copolymer PHB- 
co-3-hydr oxyv aler ate when grown on lactate on a light/dark cy- 
cle (Carlozzi et al., 2022 ). Furthermore, as a marine bacterium,
R. sulfidophilum can grow on high salt substr ates suc h as steril- 
ized sea water, which can further r educe costs. Higuc hi-Takeuic hi 
et al. demonstrated that nine different marine PNSB species could 
ac hie v e PHA and co-polymer production, most notably Rhodovu- 
lum visakhapatnamense r eac hing 300 mg PHA/L and R. sulfidophilum 

at 250 mg PHA/L on nitrogen-limited media with acetate (Higuchi- 
Takeuchi et al., 2016 ). PNSB already demonstrated the ability to 
gro w on w astew ater (see section "Wastewater Treatment"), with 
se v er al gr oups focused on r esource r ecov ery in the form of PHA.
Allegue et al. tested the ability of a PPB-enriched culture to grow 

on the hydr ol ysate of thermall y pr e-tr eated lignocellulosic waste 
and found that the culture could produce PHB up to 20% cdw (Al- 
legue et al., 2021 ). Many others turned instead to the DFE of vari- 
ous w astew ater sour ces, whic h is ric her in easy-to-consume VFAs 
than r aw waste water, and saw significant PHA production as re- 
view ed b y Montiel-Cor ona and Buitr on ( 2021 ). 

Despite the range of carbon sources available for use, PNSB PHA 

production still faces the main challenges of low PHA production 
rate and low biomass production. As discussed in "Wastewater 
Tr eatment," impr oving r eactor design to encour a ge higher light ef- 
ficiency with controlled temperature and stirring can encourage 
higher biomass accumulation. Limiting nutrient availability and 
k ee ping the C/N ratio high can also encourage PHA production.
Capitalizing on the unique metabolism of PNSB may also con- 
tribute to optimization; indeed, Ranaivoarisoa et al. sho w ed that R.
palustris TIE-1 could produce PHA under not only photoheterotro- 
phy, but also autotrophic conditions including hydr ogenotr ophy,
ferr otr ophy, and electr otr ophy (Ranaivoarisoa et al., 2019 ). Explor- 
ing nov el c hassis PNSB can also yield insight into optimization,
as Conners et al. r ecentl y demonstr ated that the pr e viousl y un- 
studied Rhodomicrobium sp. could produce up to 44 mg/L PHA un- 
der photoheter otr ophic gr owth (Conners et al., 2024 ). Genetic en- 
gineering to hyper activ ate PHA pr oduction or pr e v ent r esource- 
sharing with other pathways showed great success in other organ- 
isms as well as PNSB; Foong et al. emplo y ed genome-wide muta- 
genesis to select for high PHA accumulation and found an R. sul- 
fidophilum mutant that reached maximum PHA production 2 days 
earlier than wildtype (Foong et al., 2022 ). In a more targeted ap- 
pr oac h, Ranaiv oarisoa et al. sho w ed that an R. palustris TIE-1 mu- 
tant lac king phaR pr oduced significantl y mor e PHB during pho- 
toheter otr ophic gr owth on butyr ate. Intriguingl y, they also found 
that the insertion of RuBisCO forms I and II expressed from a 
constitutiv e pr omoter significantl y incr eased PHB pr oduction 
during autotr ophic gr owth with H 2 in addition to butyr ate 
(Ranaivoarisoa et al., 2023 ). It is possible that this increase in pro- 
duction is due to an increased ability to fix carbon under autotro- 
hy or process the excess electrons associated with utilization of
utyr ate (a r educed substr ate). Ho w e v er, further r esearc h will be
 equir ed to elucidate the metabolic interplay of PNSB pathwa ys ,
specially those identified as redox-balancing. 
PNSB ar e natur al pr oducers of PHA with the ability to gr ow on

 ene wable inputs and negative value waste streams under a range
f environmental conditions. Their PHA production can be fur- 
her enhanced via genetic engineering, ho w e v er curr ent biomass
ields and production rates remain too low for practical applica-
ion. Futur e r esearc h should seek to enhance yields thr ough r eac-
or design and genetic manipulation. 

ingle Cell Protein (SCP) Production 

espite the growing demand for global food production, the to-
al arable land estimated on Earth remains at 24%, with about
alf being activ el y cultiv ated. This ar able land is being degr aded
hr ough irr esponsible a gricultur al pr actices and the effects of cli-
ate c hange, whic h could take decades to r e v erse (AbdelRahman,
023 ). Ther efor e, it is critical to de v elop eco-friendl y food solu-
ions, such as those that do not require arable land. To solve this
ssue , scientists ha v e turned to micr oor ganisms . T he term "single
ell protein" was introduced in 1968 to refer to protein-rich foods
eriv ed fr om the cells of micr oor ganisms (Najafpour, 2007 ). SCP
ffers con venience , high yields , and r educed costs thr ough gr owth
n r ene w able inputs (e.g. sunlight, w aste streams), making them
n attr activ e alternativ e to pr otein pr oducts for the CE (KV, 2022 ).
n fact, se v er al commercial pr oducts exist today, most notabl y the
orldwide company Quorn, which produces food products using 
ycoprotein (Kazer et al., 2023 ; Ribeiro et al., 2023 ). Many mi-
r obes hav e been tested for SCP ability, including fungi, yeasts,
acteria, and algae. Ho w e v er, as Kouk oumaki et al. ( 2024 ) discuss
n their recent review, bacteria offer the highest gr owth r ate and
ange of substrate utilization. 
PNSB are stand-out candidates even among bacteria due to 

heir high crude protein content (up to 60% dry weight) with a
alanced amino acid profile, and their production of useful ad-
itiv es suc h as bacterioc hlor ophyll, car otenoids and ubiquinones
Saejung & Ampornpat, 2019 ). They also produce a multitude of
itamins, including thiamine (B 1 ), riboflavin (B 2 ), biotin (B 6 ), cobal-
min (B 12 ), tocopherol (E), niacin, folic acid, and pantothenic acid
Sasikala & Ramana, 1995 ). Their robust metabolism allows them
o thriv e e v en on unsterilized waste stream inputs, be easily en-
ic hed with infr ar ed light, and outcompete common gr azers and
redators under anaerobic conditions (Wada et al., 2022 ). To this
oint, a mixed PPB-enric hed cultur e gr own on v arious waste wa-
ers ac hie v ed an av er a ge caloric v alue of 22 MJ/kg volatile sus-
ended solids, nearly double that of conv entional pr otein sources
ike meat and bonemeal (Batterham et al., 1980 ; Hülsen et al.,
018b ). Shaikh et al. utilized the se v er el y nutrient-limited fuel syn-
hesis w astew ater (pr oduced during the Fisc her–Tr opsc h pr ocess)
o support the growth of a mixed culture of PNSB; they found
hat the culture could reach > 35% protein content even with ma-
or nutrient (N, P, Mg, and Ca) deficiencies (Shaikh et al., 2023 ).
 atthawar o and Saejung also tested the growth of R. faecalis on dif-
er ent animal manur es; using 15% c hic k en man ure media, the y
c hie v ed 525 mg/L protein production with a biomass compo-
ition of 62.7% crude pr otein (P atthawar o & Saejung, 2019 ). An-
ther group was able to grow R. faecalis PA2 directly on undiluted
 astew ater from a treatment pond, achieving high protein (64.8%)
nd lipid content (10.6%) with an essential amino acid profile sim-
lar to the dietary r equir ements of penaeid shrimp (Saejung & Am-
ornpat, 2019 ). 
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Although PNSB’s nucleic acid content is low r elativ e to the bac-
erial av er a ge ( < 5% vs. 10–15%), this far exceeds that of tr aditional
rotein sources ( < 0.06%) (Patthawaro & Saejung, 2019 ). Because
f the recommended RNA limit of 2 g/d for humans, this limits
uman consumption, as well as usage for mammals and birds
Imafidon & Sosulski, 1990 ). Ho w e v er , aquatic animals can toler -
te m uc h higher nucleic acid le v els (Carlber g et al., 2018 ). Multiple
tudies have demonstrated the success of PNSB as an aquaculture
eed ad diti ve, although it should be noted that thus far no-one
as attempted or ac hie v ed gr owth with PNSB SCP as a sole nutri-
nt source. Delamar e-Deboutte ville et al. found that when feed-
ng Asian sea bass, bulk replacement of fish meal with mixed cul-
ures of PPB at 33% and 66% was both feasible and commercially
iable (Delamar e-Deboutte ville et al., 2019 ). Another gr oup found
hat white leg shrimp, when fed a diet with 10% PNSB-derived pro-
ein, gr e w up to 25% larger than the control group and were more
esistant to ammonia stress. Beyond protein content, PNSB also
roduce a number of compounds beneficial for aquaculture: as
hotosynthetic bacteria, they pr oduce car otenoids, whic h pr ovide
 brighter color to salmon and shrimp (see section Fine Chem-
cal Pr oduction). Additionall y, some PNSB can pr oduce extr acel-
ular pr oteol ytic enzymes, whic h would assist in r emoving ex-
ess fish feed and k ee ping tanks clean (Seangtumnor et al., 2018 ).
niquel y, PNSB hav e also been found to inhibit the widespread
hrimp pathogen Vibrio parahaemol yticus r educing both mortality
ates of shrimp and the need to apply prophylactic antibiotics that
ontribute to the rise of antibiotic resistant bacteria (Chumpol et
l., 2017 ). 
Unlike the other biotechnologies, one of the biggest hurdles
ith upscaling SCP production is improving public opinion, espe-
iall y when pr oduced using waste water, whic h is classicall y asso-
iated with uncleanliness. As such, it is important to emphasize
he probiotic abilities of PNSB and their success in aquaculture
se, as well as their lack of toxins. Other considerations such as
aintaining consistent composition and enhancing total biomass
roduction will depend on the waste stream or carbon source se-
ected for use and reactor design; both are being activ el y explor ed
o enhance not just SCP but other biotechnological applications
f PNSB (Rashid et al., 2022 ; Wada et al., 2022 ). 
SCP is a promising sustainable alternative to conventional food

ources that would support the CE. PNSB are strong candidates
or SCP with their high protein content, favorable nutrition profile,
bility to grow on waste substrates and demonstrated success as
quaculture feed. Ho w ever, to support the wide-scale application
f PNSB SCP, concerns such as negative opinions associated with
on-traditional food sources , impro ving biomass yield and reduc-
ng the cost of extraction processes will need to be addressed. 

ine Chemical Production 

arotenoids are lipophilic pigments produced by bacteria, plants,
lgae, yeast, and filamentous fungi. They absorb light in the 400–
50 nm r ange, whic h giv es them their c har acteristic r ed, yel-
ow, and orange colors and earns them their role in both pho-
osynthesis and phytoprotection (Armstrong & Hearst, 1996 ). All
ar otenoids ar e composed of eight isopr enoid units and can be
lassified based on whether there is oxygen in one or more func-
ional side groups (xanthophylls) or not (carotenes). These com-
ounds ar e widel y used in food, cosmetics , and pharmaceuticals ,
nd although they can be r eadil y c hemicall y synthesized, e v en
ow concentrations of synthetic carotenoids are toxic (Irwandi
aswir, 2011 ). Micr oor ganisms offer a safer alternative with the
onvenience of flexible growth conditions and modularity in color
election, amount, and optional properties of the carotenoids pro-
uced (Sundar ar ajan & Ramasamy, 2024 ). Gener all y, eukaryotes
nd archaea use the me v alonate pathway to generate the iso-
r ene pr ecursors for car otenoid pr oduction, while bacteria use the
ethylerythritol pathway (MEP) (Ye & Bhatia, 2012 ). Both path-
ays are used to generate 5-carbon isopentenyl pyrophosphate
nd dimethylallyl diphosphate, which can in turn be synthesized
nd elongated from 10C geranyl pyrophosphate to 40C phytoene
efor e conv ersion to l ycopene. Fr om her e , a series of cyclases , hy-
ro xylases, and k etolases can be used to modify the base structure
nd give different colors and interactive properties (Sundararajan
 Ramasamy, 2024 ). 
As photosynthetic or ganisms, PNSB natur all y pr oduce lar ge

mounts of concentrated carotenoids in their photosynthetic
ompartments. Se v er al gr oups hav e determined the genetic path-
ays r equir ed to pr oduce car otenoids of inter est, specificall y the
rt cluster, which encodes enzymes to perform functions like
hytoene desaturation (CrtI), C-3,4 desaturation (CrtE), C-1,2 hy-
ration (CrtC), and more (Takaichi, 2009 ; Wang et al., 2012 ). In
NSB, the two main pathways for carotenoid production are the
pirilloxanthin and okenone pathwa ys , although many species
ave been observed to make unusual compounds outside these
athwa ys , including carotenoid sulfates , glucosides , and acids
Takaic hi, 2009 ). Se v er al gr oups hav e ac hie v ed notable car otenoid
roduction in a variety of PNSB: Soon et al. measured carotenoid
roduction of > 0.75 mg/gDCW using PNSB Afifella marina isolated
r om a mangr ov e habitat (Soon et al., 2014 ). In a less natural habi-
at, Saejung & Ampornpat r eac hed 7.2 mg/gDCW with R. faecalis
A2, which was isolated from a domestic w astew ater treatment
ond (Saejung & Ampornpat, 2019 ). Yu et al. optimized light source
onditions for R. sphaeroides photoheter otr ophic gr owth and under
nfr ar ed light ac hie v ed total car otenoid le v els of 22 mg/L (Yu et al.,
021 ). Infr ar ed light is fr equentl y used to k ee p PNSB cultures pure
s they are exceptionally skilled at capturing this wa velength. T his
r oup also demonstr ated that incandescent light resulted in the
ighest pr otein content, whic h could pr ov e useful for SCP a ppli-
ations. Genetic engineering has also been emplo y ed to impr ov e
pecific carotenoid content by routing precursors a wa y from com-
eting pathways: Wang et al. ac hie v ed high le v els of l ycopene pr o-
uction by deleting crtC and crtD in R. rubrum , effectiv el y pr e v ent-
ng the conversion of lycopene to downstream carotenoids such
s spirilloxanthin (Wang et al., 2012 ). 
Since carotenoid production is directly tied to photosynthe-

is, this technology faces the familiar issue of requiring high
ight-efficiency reactor setups to encourage maximum produc-
ion. Ho w e v er, a balance m ust be maintained between the pho-
oinhibitory effects of prolonged high light intensity and the ten-
ency of cells to degrade unused photosynthetic machinery in
arkness. Intensity and photoperiod (light/dark cycle) have pro-
ounced effects on the le v el and type of carotenoid produc-
ion as well. Liu et al saw that R. palustris produced the highest
mounts of carotenoids ( ∼2 mg/g biomass) and bacteriochloro-
hyll ( ∼1.2 mg/g biomass) at 150 μmol-photons/m 

2 /s with a
ight/dark cycle of 16 h/8 h, r espectiv el y (Liu et al., 2019 ). Alter-
ativ el y, using a differ ent str ain of R. palustris Lopez-Romero et al.
bserved up to 8.8 mg/g biomass with 30 μmol-photons/m 

2 /s un-
er continuous illumination supplemented with nitrogen and car-
on sources (Lopez-Romero et al., 2020 ). In short, optimization of
ight availability will be dependent on the str ain, substr ate and
eactor design. Another major issue is the extraction and purifi-
ation of car otenoids, whic h constitutes a lar ge portion of pr oduc-
ion costs. Since carotenoid structures vary in polarity and defin-
ng molecular tr aits, ther e is no single solv ent or method that will
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Fig. 3. Simplified metabolic pathways for Coenzyme Q10 production in PNSB. The shikimate pathway (left) is used to produce the quinone core, 
p -hydroxybenzoic acid, to be synthesized with long chain fatty acid decaprenyl diphosphate from the methylerythritol 4-phosphate (MEP) pathway 
(right) via the ubiquinone pathway to produce Coenzyme Q10 (bottom). Italicized gene names indicate the cluster utilized for that production step. 
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work across the board. Br oadl y, car otenes r equir e non-polar sol- 
vents and xanthophylls require polar, ho w ever the extraction pro- 
cess also involves steps to disrupt the cell wall and c har acterize 
the r ecov er ed compounds. For a more complete review of these 
tec hniques, r eaders ar e dir ected to López et al ( 2023 ). 

Coenzyme Q10 (CoQ10) is a member of the ubiquinone family,
whic h ar e 5,6-dimethoxytoluquinones with v arying length pol y- 
isopr enoid side c hains at the 6-position of benzene . T hey con- 
tribute to ATP production by serving as electron carriers in the 
ETC and ar e str ong antioxidants. CoQ10 is fr equentl y used to pro- 
tect fat-containing pr oducts–suc h as cosmetics and pharmaceu- 
tical pr oducts–fr om oxidation and has pr ov en ther a peutical ben- 
efits for car diomy opathy and muscular dystrophy (Sasikala & Ra- 
mana, 1995 ; Shukla & Dubey, 2018 ). Its purported health bene- 
fits have led to an increased commercial demand for CoQ10, and 
while it can be artificially synthesized or extracted, extraction 
yields tend to be far lo w er than micr obial pr oduction (4–2000x 
lo w er) and chemical synthesis requires expensive catalysts (He et 
al., 2021 ). Photosynthetic microbes often have higher production 
le v els than non-photosynthetic, and PNSB e v en mor e so. PNSB can 
natur all y pr oduce up to 80 mg/L, with most strains performing 
best under photohetero- or mixotrophic modes (He et al., 2021 ).
R. sphaeroides is considered to be the best producer of CoQ10 and 
is often the focus of efforts to optimize production. Zou et et used 
a modified m uta genizing tr eatment to obtain R. sphaeroides AR01,
hich could produce ∼330 mg/L CoQ10, a nearly 25% increase in
r oduction fr om the par ent str ain (Zou et al., 2019 ). Alternativ el y,
hang et al used a more targeted approach by deleting genes en-
oding the catalytic subunits of k e y enzymes related to the ETC in
. sphaeroides 2.4.1. They found that the deletion of succinate de-
ydr ogenase, r esponsible for tr ansferring electr ons fr om succinic
cid to CoQ10, combined with a variable aeration scheme could
ncr ease pr oduction up to 40% compar ed to wildtype (Zhang et
l., 2018 ). T he pathwa y used to produce CoQ10 is shown in Fig. 3 ,
here the shikimate pathway is used to produce the quinone core
nd the MEP pathway produces the isoprenoid side chain. Given
hat carotenoid synthesis also uses MEP to produce lycopene, this
uts CoQ10 production in direct competition for resources . T hus ,
he organism is typically optimized to produce one or the other.
NSB CoQ10 production has been optimized both genetically (e.g.
odifying regulators, deleting competing enzymes) and by alter- 

ng environmental conditions (e.g. light source, carbon source, re- 
ctor type) for multiple species, but m uc h work remains to imple-
ent this on a broader commercial scale (For a full r e vie w, r eaders
r e dir ected to He et al. 2021 ). Similar to car otenoid pr oduction, ex-
raction of CoQ10 also represents a significant portion of produc-
ion cost and curr entl y employs harmful or ganic solv ents (Wu &
sai, 2013 ). Despite lab-scale success with methods like column
 hr omatogr a phy, suc h methods remain too expensive for com-
ercial application (Deng et al., 2019 ). Cost can also be reduced
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Fig. 4. Mechanisms of extracellular electron uptake (EEU) from a cathode in PNSB. (Top) PNSB fix CO 2 to form bioproducts using electrons from (left to 
right) indirect uptake using H 2 produced from water hydrolysis, indirect uptake using reduced metals or other redox carriers, direct uptake using a 
conductive material matrix, and direct uptake via cell surface-to-electrode surface contact. (Top, far right) An example of photoautotrophic generation 
of pol y-hydr oxybutyr ate (PHB) using electr ons fr om the cathode. (Bottom) For R. palustris TIE-1 at potentials below −0.6 V, indir ect EEU is favor ed to 
occur via hydr ol yzed H 2 ; above −0.6 V direct attachment to the cathode is observed. Adapted with permission from Karthik e yan et al. 2019 . 
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y using non-toxic waste inputs, as with other technologies, and
oupling production to w astew ater treatment, but this has yet to
e implemented at an industrial scale. 

vant-Garde Technologies 
side from the traditional biotechnology applications discussed
bo ve , PNSB must also be considered for their unique metabolic
a pabilities: for example, exc hanging electr ons between solid
hase conductive substances including minerals and poised elec-
rodes. 
Electr oactiv e micr oor ganisms ar e identified by their ability to

erform EET. They are classified as either electrotrophs (capable of
onsuming electrons from extracellular sources such as reduced
inerals or cathodes), or exoelectrogens (capable of releasing
lectrons to external electron acceptors such as oxidized minerals
r anodes). Some electr oactiv e micr obes enga ge in bi-dir ectional
lectr on tr ansfer. These or ganisms play critical r oles in biogeo-
hemical cycling and as members of a wide range of microbiomes,
ncluding extremophilic en vironments , intestinal systems , and
naerobic soils (Lovley & Holmes, 2022 ). There are several
ethods of EET utilized by different species that can be br oadl y
epar ated into dir ect and indir ect str ategies. As depicted in Fig. 4 ,
ir ect str ategies involv e dir ect contact between the micr obe and
he conductiv e surface, suc h as via pr otein nanowir es or the extra-
ellular matrix, while indirect strategies favor the use of electron
huttles like quinones and H 2 . The exact strategy used depends on
he strain and environmental conditions, but several gene clusters
ave been identified to assist in predicting the electr o-str ategies
vailable to an organism. For example, there is substantial evi-
ence that porin-cytoc hr ome complexes ar e involv ed in electr on
ransport to the outer cell surface in gr am-negativ e or ganisms;
he presence of multi-heme c -type cytochromes in metagenomes
as been used to successfully predict EET involvement (Arbour
t al., 2020 ). In PNSB, R. palustris TIE-1 is identified to be capa-
le of extracellular electron uptake (EEU) via the pio ABC operon;
pecifically, that PioA (decaheme cytochrome c ) and PioB (outer
embrane porin) form a complex to allow EEU across the outer
embr ane. Although originall y studied under photoferr otr ophic
onditions, EEU can occur via a cathode as well (Bose et al., 2014 ;
upta et al., 2019 ). 
Substantial interest in exploring the capabilities of elec-

r oactiv e or ganisms has r ecentl y de v eloped as the global com-
 unity searc hes for sustainable methods of pr oduction and
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bior emediation. One suc h method is microbial electrosynthesis,
whic h r efers to the use of electr ons fr om a biocathode to produce 
valuable compounds, including PHA, hydrogen gas, and more 
(Manchon, Muniesa-Merino, et al., 2023a ). PNSB are once again 
favor ed her e for their ability to use r ene wable and c hea p in- 
puts and create a broad range of valuable products. For exam- 
ple, as discussed in section Wastewater Treatment, one of the 
ways to reduce the cost of the application is to r ecov er r esources 
fr om waste water, whic h PNSB is highl y skilled at. Manc hon et al.
not only found that a Rhodopseudomonas- dominated non-sterile 
PPB mixed culture could grow photo-autotrophically with a cath- 
ode as the sole electron donor ( −0.6 V vs. Ag/AgCl) (Manchon 
et al., 2023b ) but further demonstrated the enhancement of PPB 
biomass when grown in a fluid-like electrode on brewery wastew- 
ater ( −0.6 V vs. Ag/AgCl) compared to an electr ode-fr ee contr ol 
(Manchon et al., 2023a ). This phenomenon of an additional source 
of electrons supporting higher biomass production was also ob- 
served by Guzman et al. who found that the majority of elec- 
trons consumed by R. palustris during cathodic photoautotrophic 
gr owth ar e used for carbon fixation and ensuing biomass produc- 
tion (Guzman et al., 2019 ). Intriguingly, this carbon fixation even 
occurs under photoheter otr ophic conditions fr om −0.2 to −0.8 V,
although the authors note that other electron sinks beside the CBB 
ar e likel y in play (Edr eir a et al., 2021 ). Further study of these elec- 
tron sinks may help direct genetic engineering efforts to further 
increase biomass production by limiting electron flow to extrane- 
ous pathwa ys . PNSB production of con v entional biopr oducts via 
electr otr ophy can also be ac hie v ed; Ranaivoarisoa et al. found that 
R. palustris TIE-1 produced PHB when grown autotrophically on 
either a poised cathode or reduced iron (Ranaivoarisoa et al.,
2019 ). Rengasamy et al. took this a step further by using a mod- 
ified cathode (magnetite nanoparticles and reduced graphene ox- 
ide nanocomposite) to impr ov e PHB pr oduction by mor e than 
four times compared to electrotrophic growth with an unmodi- 
fied carbon felt cathode (Rengasamy et al., 2020 ). Alternativ el y,
as discussed in section Biofuels, H 2 production can also be 
ac hie v ed via cathode, although this study supplemented growth 
with organic acids (Vasiliadou et al., 2018 ). Although microbial 
electrosynthesis with PNSB has only recently begun to be se- 
riousl y explor ed, these phototr ophs demonstr ate the potential 
to ac hie v e biotec hnologicall y r ele v ant outcomes—with plenty of 
optimization. 

An alternativ e a pplication would be the co-cultur e of PNSB 
with a partner that either feeds PNSB with metabolites or benefits 
fr om the by-pr oducts pr oduced by PNSB. Co-cultur e can r educe 
the individual metabolic burden on a single species while still al- 
lowing for the production of specialized products and/or utiliza- 
tion of r ene wable inputs. By co-cultiv ating aer obic heter otr ophs 
(AH) with PNSB, whic h ar e both r espectable SCP sources alone,
in a sequential photo- and c hemotr ophic a ppr oac h Alloul et al.
impr ov ed pr otein content by > 45% and pr oduced a mor e attr ac- 
tive amino/fatty acid profile compared to AH alone (Alloul et al.,
2021b ). This method also resulted in a 30% lo w er production cost 
compar ed to separ ate cultiv ation, lar gel y owing to a r educed vol- 
ume of the photobioreactor used to grow PNSB. Also in the vein 
of impr oving SCP, Adcoc k sho w ed that Rubrivivax gelatinosus could 
ac hie v e significant gr o wth using the b ypr oducts of methanotr oph 
Methylosinus sporium growing on CH 4 as the sole carbon source 
(Adcoc k, 2022 ). Alternativ el y, PNSB gr owth can be impr ov ed by the 
partner altering environmental conditions; Arashida et al. found 
that R. palustris, which cannot fix nitrogen in the presence of oxy- 
gen, was able to fix N 2 at ∼21 vol.% oxygen when grown with Bacil- 
lus subtilis which consumes oxygen (Arashida et al., 2019 ). Looking 
t sustainable inputs, Lu & Lee co-cultivated R. palustris CGA009
ith Clostridium cellulovorans 743B on cellulose as the sole carbon
ource, and found that cellulose degradation and hydrogen pro- 
uction incr eased compar ed to the monocultur es (Lu & Lee, 2015 ).
espite these successes, it should be k e pt in mind that co-culture
etw een tw o or more species is often a double-edged a ppr oac h;
hile it can allow for the consumption of c hea per r esources or
or e easil y complete a pr ocess (i.e. waste water tr eatment with a
onsortium), the user loses fine contr ol ov er the community, and it
ecomes more difficult to predict response to change . T hus , even
ith two species, it is worthwhile to thor oughl y consider their
etabolic interactions in order to predict broader responses to 
nvir onmental c hanges. 
Futur e a pplications might look to combine the electr on-

xchanging abilities of PNSB and their potential for co-culture by
xploring growth using a bio-electrode setup. By capitalizing on 
he use of r ene w able carbon sour ces and, depending on the reac-
or, r ene wable ener gy sour ces (i.e. solar po w er) it may be possible
o impr ov e sustainability and pr oduct output while r educing pr o-
uction costs. 

onclusion 

n this r e vie w, we discussed the metabolic capabilities of PNSB and
ow they ar e le v er a ged for biotechnological applications . T heir
nique metabolism offers adv anta ges for use in energy produc-
ion, w astew ater treatment, and resource recovery, as well as fer-
ilizer production and SCP. They are also capable of fine chemical
r oduction (e.g. car otenoids and CoQ10), and hav e begun to be
xplored in depth for their ability to perform electr otr ophy and
r omote v aluable compound pr oduction in co-cultur e . T he abil-
ty of PNSB to use a variety of electron donors and grow under
 wide range of environmental conditions make them a suitable
andidate for overcoming the high industrial cost points of feed-
tock and culturing conditions. Many groups have already demon- 
trated their ability to grow on and remediate w astew ater, and
ptimization of reactor conditions continues to de v elop beyond
ab-scale . In the future , PNSB will undoubtedly pla y a critical role
n de v eloping the CE in the global shift to w ar ds a sustainable w ay
f life. 
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