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ABSTRACT

Over the past decades, biodiesel production has sharply increased worldwide and has led to an overproduction of glycerol, as

by-product. Therefore, glycerol is not only produced at low cost with a wide availability but is also a versatile precursor of useful

value-added chemicals such as1,3-propanediol. At an industrial scale, glycerol conversion into 1,3-propanediol is almost entirely
carried out by fermentation processes as they have shown the best economic and environmental performances. The aim of this
article is to provide an up-to-date state of the art on the fundamentals and fermentation process strategies for the microbial con-
version of glycerol into 1,3-propanediol. Glycerol fermentation metabolism is detailed and strategies concerning microbial inocu-

lum (i.e., pure cultures of natural or genetically modified strains vs. mixed cultures or artificial consortia), process configuration

(i.e., batch, fed-batch and continuous reactors, biomass immobilisation) and related operational parameters (i.e., temperature,

pH, oxido-reduction potential) are discussed for the optimisation of 1,3-propanediol production by fermentation.

1 | Introduction

Over the past decade, many countries, including the member
states of the European Union and the United States, have ad-
opted policies in favour of renewable energies. To reduce depen-
dence on petroleum and limit their environmental footprint,
these countries have favoured the development of alternative
fuels for transportation. As a result, the global biofuel produc-
tion has boomed since the 2000s with a substantial increase in
biodiesel production. The global market is expected to reach
USD 73.05 billion by 2030 (Research and Markets 2022). Most
biodiesel is currently produced by transesterification of tri-
glycerides issued from edible and non-edible sources such as

rapeseed oil, soybean oil, animal fat and microalgae (Akram
et al. 2022). In this reaction, about 100kg of glycerol is pro-
duced per ton of biodiesel (Marchetti et al. 2007; Ayoub and
Abdullah 2012; Kosamia et al. 2020). Therefore, crude glycerol
production has increased exponentially and could even reach
up to 6.3x10°t in 2025, with over 60% of its production issued
from the biodiesel industry (Attarbachi et al. 2023). The crude
glycerol oversupply has driven the price to drop from about 0.45
in 2001 to about 0.20 US $/kg in 2020 (Ciriminna et al. 2014;
Attarbachi et al. 2023). Historically, glycerol was ranked among
the 12 highest value-added biomass-derived chemicals for pro-
ducing building block molecules such as 1,3-propanediol (1,3-
PDO) (Werpy and Petersen 2004). Although no update ranking

Abbreviations: 1,3-PDO, 1,3-propanediol; ATP/ADP, adenosine tri/diphosphate; CAGR, compound annual growth rate; GRAS, generally recognised as safe; MFC,
microbial fuel cell; NADH/NAD", nicotinamide adenine dinucleotide reduced/oxidised; OLR, organic loading rate; ORP, oxidation-reduction potential; PTT,
polytrimethylene terephthalate; SHE, standard hydrogen electrode; Y,y NADH yield (molmol).
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exists, the sustained growth and industrial success of 1,3-PDO
over the past two decades (Marr 2024) highlight glycerol's po-
tential as a versatile feedstock for high-value chemicals.

1,3-PDO is particularly valuable for its role in producing a wide
range of commodities, most notably polytrimethylene tere-
phthalate (PTT) and polyurethane (PU) (da Silva Ruy et al. 2021),
as well as adhesives, solvents and food-related products. In 2015,
1,3-PDO was traded on the US market at a price of 1.76 US $/
kg (E4tech 2015). Currently, the global 1,3-PDO market is esti-
mated at USD 425.3 million and is projected to reach USD 813.1
million by 2032, corresponding to a compound annual growth
rate (CAGR) of 9.7% (Coherent Market Insights 2025).

The first processes developed for 1,3-PDO production were
based on chemical transformation using acrolein or ethylene
oxide (petroleum derivatives) as substrate (Kraus 2008; Lee
et al. 2015). However, industrial production of 1,3-PDO is fully
supported by fermentation processes which offer economic
advantages (e.g., operation at physiological temperature and
atmospheric pressure) and environmental benefits (e.g., less
energy consumption, lower greenhouse gas emissions) com-
pared with petroleum-based processes (Urban and Bakshi 2009;
Erickson et al. 2012; van Heerden et al. 2023; Nimbalkar and
Dharne 2024). Microbiall,3-PDO production not only uses glyc-
erol but also glucose. Indeed, the main substrate used in current
large-scale industrial production is glucose, which competes
with food resources and raises sustainability concerns.

In this context, the development of environmentally friendly
crude glycerol-base 1,3-PDO production remains an attractive
yet underexploited opportunity for industry, despite the abun-
dance and low cost of this biodiesel co-product.

To address this gap, it is essential to integrate advances in glyc-
erol fermentation metabolism with optimised inoculum, process
configuration and operational strategies that can unlock its full
potential for sustainable 1,3-PDO production. Accordingly, this
review aims to provide a comprehensive and up-to-date state of
the art on the fundamentals and current process strategies for
microbial fermentation of glycerol into 1,3-propanediol. First,
glycerol fermentation metabolism is presented, followed by
strategies concerning the choice of an appropriate inoculum,
process configuration and operational parameters and conclud-
ing with perspectives for the optimisation of 1,3-PDO produc-
tion by glycerol fermentation.

2 | Fermentative Metabolism of Glycerol

Understanding glycerol fermentation pathways is essential to op-
timising 1,3-PDO production. Glycerol fermentation pathways
have been extensively studied in model microorganisms such as
Klebsiella pneumoniae (Zeng et al. 1993; Wang et al. 2003) or
Clostridium butyricum (Zeng 1996). For both microorganisms,
similar pathways have been reported and are summarised in
Figure 1 and Table 1. Glycerol enters the cell, either by diffusion
or active transport (Murarka et al. 2008; da Silva et al. 2009) to be
used for both cell anabolism and catabolism. During anabolism,
excess reducing equivalents are generated, because glycerol is,
on average, more reduced than cell material (see Equation 2).

Concerning catabolism during glycerol fermentation, it pro-
ceeds via two complementary branches: (i) an oxidative branch
(i.e., Yyapy =0), in which glycerol is oxidised to dihydroxyace-
tone and subsequently to pyruvate (glycolysis), while generat-
ing one mole of ATP and two moles of NADH per mole glycerol
(see Equation 3), and (ii) a reductive branch (i.e., with an NADH
yield, Y, py <0), which dissipates NADH either through hydro-
gen evolution or through 1,3-PDO formation (Equation 1).

The partitioning of carbon through competing pyruvate-derived
pathways determines the availability of reducing equivalents
for 1,3-PDO synthesis and thus limits the overall yield. Under
optimal conditions, when acetate is the sole by-product, the
highest theoretical yield reaches 0.72mol, ; ;4 mol‘lglycerol
(Moscoviz, Trably, et al. 2016). From pyruvate, carbon can be di-
rected towards several well-known fermentation end products.
A first possibility is the conversion to lactic acid by the lactate
dehydrogenase (Equation 5) which consumes NADH (Temudo
et al. 2007). Lactate can subsequently be converted into propio-
nate via the acrylate pathway with ATP generation (Equation 6)
(Tholozan et al. 1992). Alternatively, pyruvate can be carbox-
ylated to succinate (Equation 7) (Temudo et al. 2007) and fur-
ther converted to propionate with the release of ATP and CO,
(Equation 8) (Schink et al. 1987). Some Klebsiella, Enterobacter
and Bacillus species can also divert pyruvate to 2,3-butanediol,
which is however a chemical of industrial interest (Equation 4)
(Jietal. 2011).

In addition to these direct pyruvate conversions, carbon can also
be funnelled through the conversion into the central interme-
diate acetyl-coenzyme-A (acetyl-CoA), via either the pyruvate
formate lyase (Zeng et al. 1993; Temudo et al. 2007) or pyru-
vate ferredoxin oxidoreductase pathways (Equations 10 and
11). During the pyruvate formate lyase pathway, formate can
accumulate as a fermentation product, but can also be converted
into carbonate and H, by the formate-hydrogen lyase complex
(Equation 9) (Hallenbeck 2013; McDowall et al. 2014). On the
other hand, the reduced ferredoxin produced during the pyru-
vate ferredoxin oxidoreductase pathway can contribute to elec-
tron dissipation through the production of H, but can also be
converted to NADH for further use of these electrons in other
pathways (Hallenbeck 2013).

Acetyl-CoA is a precursor of many fermentation end products. It
can be converted into acetate with concomitant ATP production
(Equation 12) (Zeng et al. 1993; Temudo et al. 2007), reduced to
ethanol which dissipates NADH but does not release any ATP
(Equation 13), or condensed into butyryl-CoA and subsequently
into butyrate or butanol (Equations 14-16).

Overall, all these oxidative pathways usually generate excess
NADH that must be dissipated through reductive routes. In ad-
dition, NADH released during biomass synthesis also requires
reoxidation to maintain redox balance during fermentation. For
most microorganisms capable of glycerol fermentation, NADH
dissipation occurs via two reductive pathways, which not
yield directly to ATP and therefore do not contribute to anab-
olism. The first one is the 1,3-PDO pathway (Zeng et al. 1993;
Zeng 1996). It is important to note that the pathway leading
to 1,3-PDO differs between microbial groups, particularly in
the initial reactions. In Clostridium species, glycerol is directly
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FIGURE1 | Simplified metabolic pathways of glycerol fermentation. Fd_ and Fd_, stand for the oxidised and reduced form of ferredoxin, respec-
tively. Numbers displayed on each pathway refer to reactions provided in Table 1. Adapted from Moscoviz, Toledo-Alarcon, et al. (2016).

dehydrated to 3-hydroxypropionaldehyde (3-HPA) via a B,,-
dependent glycerol dehydratase, which is subsequently reduced
to 1,3-PDO by 1,3-propanediol dehydrogenase (Zeng 1996; Biebl
et al. 1999). In contrast, Enterobactariaceae such as Klebsiella
and Citrobacter can channel glycerol through two routes: (i) an
oxidative route, in which glycerol is oxidised to dihydroxyace-
tone (DHA) and subsequently converted to dihydroxyacetone
phosphate (DHAP) for glycolysis and energy generation, and (ii)
a reductive route, in which glycerol is dehydrated to 3-HPA and
then reduced to 1,3-PDO (Zeng et al. 1993; Mattam et al. 2013).
In Lactobacillus species, the oxidative conversion of glycerol to
DHA/DHAP predominates, while the reductive branch towards
1,3-PDO serves primarily for redox balancing rather than for
high-yield production (Barbirato et al. 1998; da Silva et al. 2009).
The second NADH dissipation route generates hydrogen from
reducing equivalents, which depends on metabolic possibilities
and, therefore, is strain dependent.

In summary, these competing pathways must be carefully con-
sidered when optimising 1,3-PDO production, since they divert
carbon and/or reducing equivalents away from the reductive
branch. Among NADH-dissipating routes, the 1,3-PDO path-
way is the most common dissipation pathway used by glycerol-
fermenting bacteria (Temudo, Poldermans, et al. 2008; Almeida
et al. 2012; Clomburg and Gonzalez 2013). As a consequence,

1,3-PDO is found most of the time as the end product, even
though some species such as Escherichia coli have been reported
to ferment glycerol exclusively into ethanol and H, (Yazdani and
Gonzalez 2007). Optimising 1,3-PDO yield is thus nearly equiv-
alent to maximising production of oxidised metabolites such as
acetate.

3 | 1,3-PDO-Producing Bacteria

The microbial production of 1,3-PDO has been reported for
a variety of bacterial species capable of converting glycerol
through the reductive pathway. Among these, members of the
Clostridiaceae, Enterobacteriaceae and Lactobacillus genera are
the most extensively studied due to their distinct physiological
traits and metabolic capabilities. These bacterial groups dif-
fer in oxygen tolerance, cofactor requirements and biosafety
level, which strongly influence their industrial applicability.
To provide an overview, Table 2 summarises the general fea-
tures of representative 1,3-PDO-producing species, including
metabolic characteristics, co-products and safety classifica-
tion. Complementarily, Table 3 compiles reported production
performances, titre, yield, productivity and glycerol source, al-
lowing direct comparison of their efficiency under different fer-
mentation conditions. Overall, Clostridiaceae strains typically
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TABLE1 | Condensed metabolic pathways of glycerol fermentation.

Reaction Equation References
Glycerol + NADH - 1,3-PDO +H,0 (€))] Zeng et al. (1993), Zeng (1996)
Glycerol + % NH,+7.5 ATP+6 H,0— % 2 Zeng et al. (1993)
C,H,0,N+NADH
Glycerol — Pyruvate + ATP+H,0+2 NADH 3) Zeng et al. (1993), Zeng (1996)
Pyruvate + %2 NADH — Y2 2,3-Butanediol + CO, (@) Zeng et al. (1993), Ji et al. (2011)
Pyruvate + NADH — Lactate ) Zeng et al. (1993), Zeng (1996), Temudo et al. (2007)
Lactate + NADH — Propionate + ATP+2 H,0 6) Tholozan et al. (1992), Temudo et al. (2007)
Pyruvate + CO,+2 NADH - Succinate +2 H,O 7 Zeng et al. (1993), Temudo et al. (2007)
Succinate — Propionate + ATP+CO, 8 Schink et al. (1987), Temudo et al. (2007)
Formate + H,0 —H,+HCO,~ ©) Zeng et al. (1993), Temudo et al. (2007)
Pyruvate + CoA + H,O — Acetyl-CoA + Formate (10) Zeng et al. (1993), Temudo et al. (2007)
Pyruvate + CoA +H,0 — Acetyl-CoA +CO, +Fd 4 (11) Zeng (1996), Temudo et al. (2007)
Acetyl-CoA — Acetate + ATP+CoA+H,0 (12) Zeng et al. (1993), Zeng (1996), Temudo et al. (2007)
Acetyl-CoA +2 NADH — Ethanol + CoA 13) Zeng et al. (1993), Zeng (1996), Temudo et al. (2007)
Butyryl-CoA + Acetate — Butyrate + Acetyl-CoA 14) Temudo et al. (2007), Louis and

Flint (2009), Vital et al. (2014)
2 Acetyl-CoA +2 NADH — (15) Temudo et al. (2007), Louis and
Butyryl-CoA + CoA+H,0 Flint (2009), Vital et al. (2014)
Butyryl-CoA + 2 NADH — Butanol (16) Atsumi et al. (2008), Jin et al. (2011)

Note: For more readability, NAD*, H* and ADP are omitted in the presented equations.

exhibit the highest yields and versatility with crude glycerol,
Enterobacteriaceae achieve high productivity under controlled
conditions but often require vitamin B,, supplementation, and
Lactobacillus species, although less efficient, offer GRAS status
advantageous for food and cosmetic applications.

3.1 | Clostridiaceae

Many species from the Clostridiaceae family have been re-
ported for their ability to convert glycerol into 1,3-PDO (Saxena
et al. 2009). Natural species that efficiently produce 1,3-PDO
are Clostridium pasteurianum (Dabrock et al. 1992; Biebl 2001),
Clostridium diolis (Kubiak et al. 2012), Clostridium bifermen-
tans (Kubiak et al. 2012), Clostridium beijerinckii (Wischral
et al. 2016), Clostridium perfringens (Guo et al. 2017) and
Clostridium butyricum (Papanikolaou 2000; Wang et al. 2020),
the latter being the most studied. All these species produce 1,3-
PDO as the main metabolite during glycerol fermentation, along
with a spectrum of co-products depending on the type of species.
For instance, C. butyricum generates mostly acetate, butyrate
and lactate as co-products, whereas C. pasteurianum produces
acetate, butyrate, ethanol and butanol (da Silva et al. 2009;
Kubiak et al. 2012). These species are strict anaerobes and
spore-forming, making them difficult to handle at an industrial
scale (Jolly et al. 2014), but most 1,3-PDO producers issued from
this family are classified as biosafety level 1 (non-pathogens)
(U.S. Department of Health and Human Services 2009). In C.
butyricum, the glycerol dehydratase, converting glycerol into

3-hydroxypropionaldehyde (3-HPA, intermediate for 1,3-PDO
production), is extremely sensitive to oxygen and is inactivated
even at very low O, levels (da Silva et al. 2009). As this enzyme
is necessary in the reductive pathway of glycerol, its inactiva-
tion results in a complete stop of the fermentation process.
It is also noteworthy to mention that this enzyme is vitamin
B,,-independent in C. butyricum, unlike glycerol dehydratases
in Enterobacteriaceae and Lactobacillus species (da Silva
et al. 2009; Mattam et al. 2013; Liu et al. 2016). This implies
that no supplementation of expensive vitamin B, is required to
sustain efficient production of 1,3-PDO, resulting in lower oper-
ating costs. C. butyricum has been reported as one of the most
efficient bacterial species for the production of 1,3-PDO, from
both refined and crude glycerol (Tables 2 and 3). A 1,3-PDO con-
centration as high as 104.8gL™" with a yield of 0.65mol, ; ;1
mol‘lglycerol and a productivity of 3.38gL~'h~! were achieved
in fed-batch using C. butyricum DLO7 fed with refined glycerol
(Wang et al. 2020). A high 1,3-PDO productivity of 10.3gL'h!
was also reached by using continuous systems with C. butyricum
VPI 3266 fed with refined glycerol, with a final concentration
of 30gL™" and a yield of 0.60mol, , ,,, mol , (Gonzalez-
Pajuelo, Andrade, and Vasconcelos 2005).

-1
glycero!

3.2 | Enterobacteriaceae

In contrast to the strictly anaerobic Clostridiaceae, many mem-
bers of the Enterobacteriaceae family and more specifically
from the Klebsiella, Citrobacter and Enterobacter genera able
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TABLE 2 | General features of 1,3-PDO-producing bacteria.

Best performance

Oxygen Sterile Biosafety Main (highest 1,3-
1,3-PDO producer tolerance conditions level by-products PDO titre) References
Clostridiaceae - + 1 Acetic acid C. butyricum DL0O7 Wang et al. (2020)
Butyric acid C;:104.8gL~!
Y: 0.65 mol./mol.
Q:3.38gL"'h!
Enterobacteriaceae + + 2 Acetic acid K. pneumoniae Jun et al. (2010)
Lactic acid DSM 4799
Ethanol C.:80.2gL™!
2.3-butanediol Y: 0.55 mol./mol,
Q:1.16gL'h™!
Lactobacillus + + 1 (+GRAYS) Acetic acid L. diolivorans Pfliigl et al. (2012)
Lactic acid DSM 14421
C, 85.4gL!
Y: 0.56 mol./mol
Q:0.54gL1h™!
Engineered strains +or — + 1-2 NA Recombinant Saxena
E. coli K-12 et al. (2009)
Cp135gL!
Y: 0.3 mol./mol,
Q:3.5gL'h!
Open mixed + — NA Acetic acid Microbial Zhou et al. (2017)
cultures Butyric acid consortium C2-2M
Lactic acid C.:82.7gL™!
Ethanol Y: 0.66 mol./mol
Q:3.06gL'h™!

Abbreviations: Cy, final 1,3-PDO concentration; GRAS, generally recognised as safe by the Food and Drug Administration (FDA, USA); Q, 1,3-PDO productivity; Y,

1,3-PDO yield.

to ferment glycerol are easy to cultivate facultative anaerobes
(Saxena et al. 2009; Jolly et al. 2014). However, most species are
considered as classified as biosafety level 2 due to their oppor-
tunistic pathogenicity (U.S. Department of Health and Human
Services 2009), which represents a significant constraint for
their use at an industrial scale. The most efficient natural 1,3-
PDO producers from this family include Enterobacter agglom-
erans (Barbirato et al. 1995), Klebsiella oxytoca (Drozdzynska
et al. 2011), Citrobacter freundii (Homann et al. 1990;
Drozdzynska et al. 2014) and K. pneumoniae (Homann
et al. 1990), the latter two being the most studied species. For all
these species, 1,3-PDO and acetate are the main products gen-
erated from glycerol fermentation, but secondary co-products
such as lactate, formate, succinate and ethanol can also be found
depending on the type of strain and the culture conditions (da
Silva et al. 2009). Within the Enterobacteriaceae family, K. pneu-
moniae is the species showing the best 1,3-PDO production per-
formances (see Table 2). Lower yields have been obtained with
K. pneumoniae when compared to C. butyricum due to ethanol
production, which dissipates NADH and outcompetes with
1,3-PDO synthesis. Also, since the glycerol dehydratase of K.
pneumoniae is vitamin B,,-dependent (Li et al. 2013; Mattam
et al. 2013; Liu et al. 2016), yeast extract is often supplied in the
fermentation medium increasing the overall cost of the process
(Mattam et al. 2013). Nonetheless, a 1,3-PDO concentration of
80.2gL~! was achieved using K. pneumoniae DSM 4799 in a

fed-batch fermenter fed with crude glycerol, with a productivity
and a yield of 1.16gL~'h~! and 0.55mol mol~! re-
spectively (Jun et al. 2010).

1,3-PDO glycerol’

3.3 | Lactobacillus

The Lactobacillus genus represents a distinct group of 1,3-
PDO producers characterised by their generally recognised
as safe (GRAS) status (Pfliigl et al. 2012; Kang et al. 2014)
(biosafety level 1 (U.S. Department of Health and Human
Services 2009)) and suitability for food and cosmetics appli-
cations (Jolly et al. 2014). Several species have been reported
to produce 1,3-PDO from glycerol (Saxena et al. 2009), such
as Lactobacillus brevis (Schiitz and Radler 1984), Lactobacillus
Buchner (Schiitz and Radler 1984), Lactobacillus pains (Kang
et al. 2014), Lactobacillus diolivorans (Gottschal et al. 2002;
Pfliigl et al. 2012) and Lactobacillus reuteri (Jolly et al. 2014).
Unlike Clostridiaceae and Enterobacteriaceae, none of these
species can grow using glycerol as the sole carbon source,
requiring co-fermentation with sugars such as glucose. This
limitation arises from the absence of key enzymes in the glyc-
erol oxidative pathway (Schiitz and Radler 1984; Gottschal
et al. 2002; Jolly et al. 2014; Kang et al. 2014). For instance,
L. reuteri lack the dihydroxyacetone kinase, an enzyme es-
sential to connect glycerol to the glycolytic pathway. It is
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TABLE 3 | Best 1,3-PDO production performances reported in the literature.

Overall
Mode of Titre Yield productivity  Glycerol
Organism operation (gL™) (mol_mol ™) (gL'h™) source References
Clostridiaceae
C. butyricum Batch 63.4 0.69 1.85 Crude Barbirato et al. (1998)
CNCM1211
C. butyricum AKR 102A Fed-batch 93.7 0.63 3.35 Refined Wilkens et al. (2012)
C. butyricum IK124 Fed-batch 87.0 0.65 1.90 Crude Kaur et al. (2012)
C. butyricum DL07 Fed-batch 104.8 0.65 3.38 Refined Wang et al. (2020)
C. butyricum VPI 3266 Continuous 30.0 0.60 10.3 Refined Gonzalez-Pajuelo,
Andrade, and

Vasconcelos (2005)
C. butyricum F2b Continuous  35.0-48.0 0.67 2.90-5.50 Crude Papanikolaou (2000)
C. butyricum DSM 5431 Continuous 26.6 0.63 13.30 Refined Reimann et al. (1998)
Enterobacteriaceae
K. pneumoniae ZJU Batch 63.1 0.65 5.74 Refined Zhao et al. (2006)
5205
K. pneumoniae DSM Fed-batch 80.2 0.55 1.16 Crude Jun et al. (2010)
4799
K. pneumoniae LX3 Fed-batch 68.2 0.62 3.43 Refined Xue et al. (2010)
C. freundii FMCC-B294 Fed-batch 68.1 0.48 0.79 Crude Metsoviti et al. (2013)
K. pneumoniae DSM Continuous  35.0-48.0 0.61 4.90-8.80 Refined Menzel et al. (1997)
2026
Lactobacillus
L. diolivorans DSM Fed-batch 92.0 0.512 0.64 Refined Lindlbauer
14421 et al. (2017)
L. reuteri ATCC 55730 Fed-batch 65.3 0.192 1.20 Refined Jolly et al. (2014)
L. reuteri JH83 (mutant) Fed-batch 93.2 —2 1.29 Refined Ju et al. (2021)
Genetically engineered strains
E. coli K-12 ER2925 Fed-batch 104.4 —b 2.61 Refined Tang et al. (2009)
E. coli K-12 Fed-batch 135.0 0.30 3.50 —¢ Saxena et al. (2009)
E. coli PK19-DIQI Fed-batch 80.0 0.99 1.67 Refined Lee et al. (2025)
K. pneumoniae Cu Fed-batch 102.7 0.50 1.53 Refined Oh et al. (2012)
AldhA
C. acetobutylicum DG1 Fed-batch 84.0 0.65 1.70 Refined Gonzélez-Pajuelo,
(pSPD5) Meynial-Salles,

et al. (2005)
Mixed cultures
Marine sludge Batch 81.4 0.49 0.99 Refined Jiang et al. (2017)
Microbial consortium Fed-batch 82.7 0.66 3.06 Crude Zhou et al. (2017)
C2-2M
Biogas reactor sludge Fed-batch 70.0 0.56 2.60 Crude Dietz and Zeng (2014)
(Continues)
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TABLE 3 | (Continued)
Overall
Mode of Titre Yield productivity  Glycerol
Organism operation (gL™) (mol_mol ™) (gL'h™) source References
Co-cultures
A. faecalis+C. Batch 40.0 0.64 1.07 Crude Szymanowska-
butyricum Powatowska
et al. (2013)
K.sp. YT7+S. Fed-batch 62.9 0.53 — Refined Wang et al. (2023)
oneidensis MR-1
C. butyricum+E. coli/K. Fed-batch 77.7 0.62 — Refined Sun et al. (2022)

pneumoniae (DUT)

2Fermentation with glucose as co-substrate.

bFermentation was carried out with a glycerol/yeast extract mass ratio of 4. It was not possible to calculate an accurate carbon yield.

°Glucose was used as a substrate.

worth noticing that, similar to Enterobacteriaceae species, the
glycerol dehydratase (the first enzyme of the glycerol reduc-
tive pathway) is vitamin B,,-dependent in Lactobacillus spp.
(Schiitz and Radler 1984; Pfliigl et al. 2012; Jolly et al. 2014),
resulting in a lower glycerol utilisation and 1,3-PDO produc-
tion when this vitamin is not sufficiently synthesised. When
glucose and glycerol are used as co-substrates, glycerol seems
to be preferred for NADH dissipation through 1,3-PDO produc-
tion (Jolly et al. 2014). The glucose/glycerol ratio needs to be
adjusted in order to maximise glycerol utilisation and 1,3-PDO
carbon yield. However, optimisation of this parameter seems
species-dependent, as increasing the glucose/glycerol ratio
up to 1.5 resulted in an improvement of 1,3-PDO productiv-
ity with L. reuteri (Jolly et al. 2014), while 1,3-PDO production
was nearly stopped when the ratio was over 0.3 with L. dioliv-
orans (Pfliigl et al. 2012). The best performance reached so far
with natural Lactobacillus species was achieved by Lindlbauer
et al. (2017) using L. diolivorans DSM 14421 in a fed-batch fer-
menter supplied with a glucose/glycerol ratio of 0.1. A final 1,3-
PDO concentration of 92gL~! was attained, with a yield and a
productivity of 0.51 mol; 5 ppomol™ (.. .and0.64gL~"h~!
respectively. Recently, this performance was surpassed by L.
reuteri JH83 (Ju et al. 2021), a mutant strain obtained through
electron beam irradiation mutagenesis to maintain its GRAS
feature. This strain achieved a maximum 1,3-PDO concentra-
tion of 93.2gL~! with a productivity of 1.29gL"'h~! marking
the highest 1,3-PDO concentration reported for Lactobacillus
species to date. A transcriptome analysis revealed changes in
the expression levels of genes encoding sucrose phosphorylase,
MFS transporter and muramyl ligase family proteins, which
are associated with resistance to various stress factors, includ-
ing high concentrations of organic acids.

4 | Strategies to Improve Microbial
1,3-Propanediol Production

4.1 | Metabolic Engineering

Several strategies of genetic modifications have been investi-

gated to improve the fermentative pathway of 1,3-PDO. When
looking at the glycerol oxidative metabolism, it is clear that

1,3-PDO production is maximised during glycerol fermentation
when acetate is the sole fermentation by-product (see Section 2).
Therefore, a first idea was to reduce the formation of co-products
such as lactate and ethanol. Zhang et al. (2006) inactivated the
aldA gene encoding the acetaldehyde dehydrogenase in K. pneu-
moniae YMU2 (Zhang et al. 2006). As this enzyme is responsible
for the conversion of acetyl-CoA to acetaldehyde (precursor of
ethanol), ethanol production was reduced by a factor of 5 when
compared to the wild-type strain. Simultaneously, 1,3-PDO pro-
ductivity and yield increased from 0.81 to 1.07gL"'h~! and from
0.36 to 0.70mol, ; pj,q mol‘lglyceml, respectively. A similar strat-
egy was conducted by Yang et al. (2006) to produce a lactate-
deficient strain by knocking out the IdhA gene encoding lactate
dehydrogenase in K. oxytoca M5al (Yang et al. 2006). The 1,3-
PDO productivity and yield increased from 0.63 to 0.83gL = h!
and from 0.43 to 0.53 m011,3-PDO mol‘lglyceml, respectively, in re-
gard to the wild-type strain. Knocking out the same gene in K.
pneumoniae Cu yielded one of the best 1,3-PDO concentrations
ever obtained. A final 1,3-PDO concentration of 102.7gL~! was
achieved in a fed-batch fermentation using refined glycerol as
substrate, with a productivity and a yield of 1.53gL~'h~! and
0.50mol, ; ppg mol*lglycem1 respectively (Oh et al. 2012). Even
though C. butyricum is one of the best natural 1,3-PDO pro-
ducers (see Table 3), genetic modifications of C. butyricum have
been historically very challenging because of a lack of genetic
engineering tools for this species (Kubiak et al. 2012; Fokum
et al. 2021). Nonetheless, genes from C. butyricum encoding pro-
teins involved in 1,3-PDO synthesis have been successfully uti-
lised in other microorganisms to improve its production. Indeed,
a second method consists in adding genes that encode enzymes
required for 1,3-PDO synthesis in organisms lacking the glyc-
erol reductive pathway (see Figure 2A). As such, a C. acetobutyl-
icum recombinant was constructed by incorporating the pSPD5
plasmid containing the dhaBI, dhaB2 and dhaT genes from
C. butyricum, encoding for the B,,-independent glycerol dehy-
dratase, its activating factor and the 1,3-PDO dehydrogenase,
respectively (Gonzdlez-Pajuelo, Meynial-Salles, et al. 2005).
As a result, a high 1,3-PDO concentration of 84.0gL~! was
achieved while the wild-type C. acetobutylicum DGI1 was not
able to produce 1,3-PDO. In a similar way, the E. coli K12 strain
was modified by incorporating the pBV220 plasmid contain-
ing the dhaBI and dhaB2 genes from C. butyricum, and the
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FIGURE 2 | Genetic engineering strategies for (A) microorganisms lacking glycerol reductive pathway; (B) for producing 1,3-PDO from glucose
(simplified pathways). 1,3-PDO-DH, 1,3-propanediol dehydrogenase; ALDA, aldehyde dehydrogenase; G3Pase, glycerol-3-phosphatase; GDH, glyc-

erol dehydratase; LDHA, lactate dehydrogenase A.

yqhD gene encoding 1,3-PDO dehydrogenase from E. coli (Tang
et al. 2009). The dhaT-based 1,3-PDO dehydrogenase can uti-
lise solely NADH, while yghD-based 1,3-PDO dehydrogenase
can utilise both NADH and NADPH (Ma et al. 2010). Therefore,
exploiting the yghD gene instead of the dhaT gene from C. butyr-
icum enables greater provision of reducing equivalents for 1,3-
PDO production. The recombinant mutant was able to produce
up to 104.4gL~! of 1,3-PDO with a productivity of 2.61gL~'h™!
in fed-batch using refined glycerol (purity > 95%).

Another strategy is to connect glucose metabolism to the glycerol
reductive pathway to produce 1,3-PDO from glucose as alterna-
tive feedstock (see Figure 2B) (Nakamura and Whited 2003; Zong
et al. 2017). A recombinant K. pneumoniae expressing the gene
that encodes the glycerol-3-phosphatase of Saccharomyces cere-
visiae was constructed by DuPont company (Saxena et al. 2009).
This enzyme converts the glycerol-3-phosphate issued from
glycolysis, into glycerol that can be further transformed into
1,3-PDO. Using a similar approach in E. coli, the same com-
pany reported a 1,3-PDO concentration of 135g/L with a yield
of 0.6 m011,3_1,DO/m01Glucose (Saxena et al. 2009; Liu et al. 2023).
Recently, Lee et al. (2025) explored a novel strategy to optimise
1,3-PDO production in E. coli K12 by coupling NADPH regen-
eration with targeted biosynthesis. In this approach, glucose
was used exclusively for energy and glycerol for 1,3-PDO syn-
thesis. Glycolytic flux was redirected to the pentose phosphate
(PP) and Entner-Doudoroff (ED) pathways to enhance NADPH
production by deleting the pgi gene, which encodes glucose-6-
phosphate isomerase. Additionally, genes responsible for the
production of lactate, ethanol and acetate (IdhA, adhE, pta-ackA
and poxB) were deleted. Among the several strains constructed,
E. coli PK19-D1Q1 strain demonstrated the best performance
in fed-batch fermentation, achieving a titre, yield and produc-
tivity of 80.02gL! of 1,3-PDO, 0.99 mol, 5 ppo mol‘lglycerol and
1.67gL~'h7!, respectively. However, the use of glucose as a sub-
strate or co-substrate for producing commodity chemicals like
1,3-PDO competes with food production and raises societal de-
bates (Bardhan et al. 2015; Bharathiraja et al. 2016).

Recent advances in metabolic engineering such as the appli-
cation of the CRISPR/Cas technology may offer more precise
genetic modification opportunities and new perspectives to
improve the yield of valuable compounds such as 1,3-PDO (Lee
et al. 2018; Fokum et al. 2019).

4.2 | Open Mixed Microbial Cultures

Different studies have reported mixed cultures as an interest-
ing alternative to pure culture for 1,3-PDO production (Selembo
et al. 2009; B. Liu et al. 2013; Dietz and Zeng 2014; Gallardo
et al. 2014; Kanjilal et al. 2015; Xafenias et al. 2015; Moscoviz,
Trably, et al. 2016; Moscoviz, Trably, and Bernet 2017; Zhou
et al. 2017; Jiang et al. 2017; Varrone et al. 2017; Dahiya and
Mohan 2021; Paranhos and Silva 2018). An open mixed culture
consists of a mixture of several different bacteria that are main-
tained in a reactor often running under non-sterile conditions.
They are usually derived from natural inocula with a high initial
microbial diversity (Temudo, Muyzer, et al. 2008). Drozdzynska
et al. (2014) succeeded in isolating bacteria able to produce
1,3-PDO from diverse sources such as groceries, soils, silages,
composts, stagnant waters, sludge from municipal waste-
water treatment plants and biogas fermenters (Drozdzynska
et al. 2014). Microbial inocula from all these sources were suit-
able to carry out mixed culture fermentations. As open mixed
culture fermentation can be operated under unsterile conditions,
their operational costs are drastically reduced when compared
to pure culture fermentations. Moreover, open mixed culture
fermentations present other benefits such as better substrate
utilisation, in situ production of nutrients by symbiotic species
(e.g., growth factors and vitamins), the possibility of inhibitor
removal or less sensitivity and benefiting from all kinds of syn-
trophic interactions in the community (Bode 2006; Kleerebezem
and van Loosdrecht 2007; Li et al. 2014; Ghosh et al. 2016). As an
advantage, minimal cultivation medium that does not contain
expensive additives such as yeast extract can be used in open
mixed culture fermentations. However, as a main drawback, the
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control of mixed-culture fermentation is a complicated task as
interspecies interactions within a bacterial consortium are com-
plex and difficult to predict and control. When a population is
efficiently oriented towards an efficient production of a specific
metabolite, there is also no simple way to ensure its stability over
time, to store or restore a functionality without changing the
population structure. As a result, mixed-culture processes often
lack product specificity and are considered as less reproducible.

An important issue of using anaerobic mixed cultures is the po-
tential formation of methane from 1,3-PDO or glycerol (Dietz
and Zeng 2014). This can dramatically decrease the fermen-
tation performances. It is noteworthy to mention that several
strategies can be applied to avoid methane production during
glycerol fermentation with open mixed cultures (Selembo
et al. 2009; B. Liu et al. 2013; Dietz and Zeng 2014; Gallardo
et al. 2014; Kanjilal et al. 2015). First, the inoculum can be heat-
treated in order to remove non-spore-forming methanogens and
select spore-forming fermentative bacteria, that is, Clostridium
sp. (Oh et al. 2003; Mei et al. 2016). Second, fermentations can
be conducted at low pH (Oh et al. 2003) or with high carbox-
ylic concentrations (Chen et al. 2008). Fermentations can also
be conducted in a continuous reactor running at sufficiently
low hydraulic retention time to prevent slow-growing meth-
anogens from remaining in the reactor (Oh et al. 2003). At
last, specific inhibitors such as 2-bromoethanesulphonate or
2-bromoethanosulphonic acid (BES) can be added to the fer-
mentation broth but that can be used for research purposes
only (Zinder et al. 1984; Dahiya and Mohan 2021). Moreover, as
high potassium or sodium concentrations can be found in crude
glycerol (Marchetti et al. 2007) (used as alkali catalyst during
transesterification), these conditions are not favourable to meth-
anogens (Chen et al. 2008). As all these techniques are compati-
ble with 1,3-PDO production from glycerol, methane production
is not a major issue for future implementation of open mixed-
culture processes for 1,3-PDO production at large scale.

Regarding reactor performances, and more specifically 1,3-PDO
yield, several authors reported performances with mixed cul-
tures close to the best results obtained with pure cultures. Using
organic soil as inoculum, B. Liu et al. (2013) observed a 1,3-
PDO yield of 0.65mol, ; pp mol‘lglycerol in batch mode which
was close to the maximum theoretical yield of 0.72mol, ; 5,
mol ™', ..,p» although only 7gL~" of refined glycerol was used
as substrate (B. Liu et al. 2013). With a similar inoculum and
in batch fermentation at 35gL~! of crude glycerol, Kanjilal
et al. (2015) reached a final 1,3-PDO concentration of 19.4gL™1,
with a 1,3-PDO yield of 0.67mol, , ;1 mol‘lglycerol (Kanjilal
et al. 2015). So far, only a few studies have focused on optimis-
ing the final 1,3-PDO concentration in open mixed cultures.
Nonetheless, Dahiya and Mohan (2021) used combined dual pre-
treatment strategies involving heat treatment and the addition of
BES, along with vitamin B, supplementation, to selectively en-
rich a mixed consortium while inhibiting methanogens. These
strategies enhanced 1,3-PDO production in fed-batch reactors
with 20gL~! glycerol, achieving a final 1,3-PDO titre of 9.3gL!
and a yield of 0.64mol, ; mOI_lglycerol' One of the best per-
formances was reported by Zhou et al. (2017) in a fed-batch
fermentation fed with crude glycerol, with a 1,3-PDO concen-
tration of 82.7gL™1, a yield and a productivity of 0.66 mol, ;.6

mol‘lglycerol and 3.06gL~1h7!, respectively (see Table 3) (Zhou

et al. 2017). These results are particularly remarkable as they
were obtained without any pretreatment of the crude glycerol or
any addition of yeast extract (or equivalent).

4.3 | Co-Cultivation or Artificially Designed
Consortia

Artificially designed co-culture systems have also been exten-
sively studied for the production of various bio-based chemicals
(Zhang et al. 2018; Mittermeier et al. 2023). A co-culture in-
volves the cultivation of two or a few specifically selected species
with known functions of interest. This is the main difference
with open mixed cultures or natural consortia, which contain
many unspecified species with unknown functions, potentially
leading to lower product specificity and more difficult control. A
co-culture system is expected to expand the substrate spectrum,
decrease the stress due to co-product accumulation and develop
more economical fermentation conditions for 1,3-PDO produc-
tion, compared to pure culture or mono-culture fermentations.
In addition, native microorganisms can only produce 1,3-PDO
using glycerol as a substrate. However, with a co-culture sys-
tem, this could be achieved using cheaper substrates such as
glucose, starch or even CO,. For instance, a co-culture experi-
ment was carried out using Zygosacharomyces rouxii JL2011 (a
glucose fermenter) and Klebsiella pneumoniae S6 to produce 1,3-
PDO (Ma et al. 2012). In mono-culture fermentation, Z. rouxii
JL2011 achieved a maximum glycerol yield of 35.5% (w/w) at a
glucose concentration of 200g L. In the co-culture assays, the
highest 1,3-PDO concentration (15.2gL~!) was obtained when
K. pneumoniae S6 was inoculated after 96h of fermentation
under controlled pH conditions. In the pursuit of carbon neu-
trality, 1,3-PDO production was demonstrated to be possible
from CO,. A co-culture consisting of engineered cyanobacteria
Synechococcus elongatus strain YW1 and Klebsiella pneumoniae
sp. achieved the production of up to 10g L~ of glycerol from CO,
for a final 1,3-PDO titre after glycerol fermentation of 4.65g L
(Wang et al. 2015).

Another advantageous combination relies on using an acid-
consumer partner. The inevitable generation of co-products
during glycerol fermentation can suppress continuous microbial
metabolism and complicate the downstream purification pro-
cess. Thus, a co-culture of Alcaligenes faecalis and Clostridium
butyricum was employed to convert raw glycerol to 40gL™!
1,3-PDO (Szymanowska-Powatowska et al. 2013). The yield of
1,3-PDO was 0.64mol, , ;1 mol‘lglycerol with a productivity of
1.07gL~1. A. faecalis consumed almost all lactate and acetate pro-
duced by C. butyricum, with only a remaining butyrate concen-
tration below 1gL~% In a modelling study, Bizukojc et al. (2010)
proposed a co-culture of C. butyricum and the methanogenic
archaea, Methanosarcina magzei, to relieve by-product inhibition
and utilise the by-products for energy production. Among the sce-
narios explored, the optimal 1,3-PDO production was achieved
when C. butyricum did not produce hydrogen, enhancing acetate
scavenging. Additionally, when methanol (commonly found in
raw glycerol) is present, M. mazei could consume over 70% of the
acetate, increasing methane production by up to 130%.

The potential of electroactive microorganisms (EAMs), typically
exoelectrogenic bacteria such as Geobacter spp. and Shewanella
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spp., has also been explored in co-cultures to increase the 1,3-
PDO yields. These bacteria are able to exchange electrons and
reduced molecules that can be further used by other microor-
ganisms. This extra reducing power can eventually be used to
produce more 1,3-PDO, needed to rebalance the intracellular
redox state. The association of G. sulfurreducens and C. pasteur-
ianum has been shown to increase by 37% the 1,3-PDO yield
from glycerol, from 0.18 t0 0.24 mol, ; ;1 mol‘lglycerol (Moscoviz,
de Fouchécour, et al. 2017). In this way, the production cost of
1,3-PDO would be significantly reduced. This improvement,
primarily attributed to interspecies electron transfer, was later
proposed to be mainly induced by cobamides-like molecules
(Berthomieu et al. 2022). Additionally, Pérez-Bernal et al. (2024)
observed that the metabolic shift still occurs in the presence of
an alternative electron acceptor such as fumarate and is more-
over promoted. Recently, a novel Klebsiella-Shewanella co-
culture was reported to enhance 1,3-PDO yield from glycerol
(Wang et al. 2023). In this system, S. oneidensis MR-1 consumed
the lactate produced by K. sp. YT7 and provided electrons to K.
sp. YT7. During batch fermentation, the concentration of 1,3-
PDO, reached 32.30gL~}, representing a 185.84% improvement
compared to the Klebsiella monoculture. In fed-batch fermenta-
tion, the final 1,3-PDO concentration reached 62.90gL~!, with
a 1,3-PDO yield of 0.53mol, ; pj,q mOI_lglycerol' Finally, some
1,3-PDO producers, such as C. butyricum and C. pasteurianum,
are strictly anaerobes and require redox potentials lower than
—300mV. Creating a reduced environment implies to remove
oxygen traces. Thus, co-cultures consisting of an oxygen scav-
enger and a 1,3-PDO producer have been tested. Co-culturing
K. pneumoniae DUT2 or E. coli DUT3, as facultative anaer-
obic microbes, with C. butyricum DUTI, created the required
anaerobic environment for C. butyricum and such artificially
designed co-culture achieved a maximum 1,3-PDO concentra-
tion of 77.68 gL~! with a yield of 0.62mol, , ;1. mol*lglycerol (Sun
et al. 2022).

4.4 | Operating Parameters

Operational parameters play a crucial role in optimising 1,3-
PDO production, independently of the selected inoculum or
process configuration. Among the most influent environmen-
tal parameters reported are: the availability of trace elements,
the nitrogen and vitamins contents, impurities present in the
substrate, temperature, pH and the redox conditions (e.g., pres-
ence of oxygen or other electron acceptor) (Stanbury et al. 2016).
Trace elements, nitrogen and vitamins will not be discussed in
this section as they are usually provided by complex additives
such as yeast extract or tryptone prior to glycerol fermentation
experiments, with no special focus on them in the published
studies (apart from vitamin B,,). Moreover, the use of crude
glycerol as a substrate introduces additional variability in fer-
mentation performances. The composition of crude glycerol de-
pends on the biodiesel feedstock, the type and concentration of
catalyst, and the methanol-to-oil ratio used during transester-
ification. For example, base-catalysed biodiesel processes pro-
duce crude glycerol rich in glycerol and methanol with minor
salts and esters, whereas acid-catalysed processes yield lower
glycerol, higher methanol and significant sulphuric acid con-
tent (Kumar et al. 2019). These impurities, collectively referred
to as MONG (matter organic non-glycerol), can exert positive

or negative effects depending on the microbial strain, its me-
tabolism and the impurity concentration. Consequently, crude
glycerol streams from different sources may differ substantially
in fermentability, and careful selection or pretreatment of the
substrate may be necessary to achieve optimal 1,3-PDO produc-
tion. Refined glycerol provides more consistent results but at a
higher cost. For more information regarding the impact of crude
glycerol impurities over 1,3-PDO production, readers may refer
to Samul et al. (2014).

4.4.1 | Temperature

The most efficient 1,3-PDO-producing bacteria identified so
far are mesophilic bacteria which grow typically between 20°C
and 45°C (Willey et al. 2008). Finding optimal environmental
parameters for model organisms such as C. butyricum and K.
pneumoniae has been the focus of numerous studies using sta-
tistical designs (e.g., Plackett-Burman, Taguchi) or kinetic mod-
els. For both species, temperature was reported to have only a
slight effect on 1,3-PDO yield and final concentration, in a wide
temperature range from 30°C to 39°C (Oh et al. 2008; Rossi
et al. 2013; Zhu and Fang 2013; Zhu et al. 2016). Nonetheless,
a temperature close to 37°C has positive effects on the growth
kinetics and 1,3-PDO productivity. Therefore, 37°C is the op-
timal temperature for both C. butyricum and K. pneumoniae
growth and 1,3-PDO productivity. No further significant effect
of temperature on 1,3-PDO final concentration and yield was ob-
served as well for less-studied species such as K. oxytoca and L.
pains in a similar range of temperature (30°C-39°C) (Grahame
et al. 2013; Wojtusik et al. 2015). For these two species, 37°C was
also optimal for both the growth rate and 1,3-PDO productivity.
Overall, only two species able to produce 1,3-PDO are known
to be importantly affected by temperature: C. freundii, with an
optimal production temperature of 30°C (Metsoviti et al. 2013;
Drozdzynska et al. 2014), and B. pumilus FMI3, which has an op-
timal temperature of 25°C for 1,3-PDO production but predom-
inantly produces polyhydroxyalkanoates at 40°C (Pinyaphong
and La-up 2024). For all other mesophilic species, a temperature
between 35°C and 37°C is commonly retained as optimal for
1,3-PDO production (Biebl 1991; Drozdzynska et al. 2014; Vieira
et al. 2015).

It is noteworthy to mention that 1,3-PDO production is also pos-
sible in thermophilic conditions. Wittlich et al. (2001) reported
that, among 60 thermophilic enrichment cultures, 16 were able
to produce 1,3-PDO from glycerol (Wittlich et al. 2001), with
a maximum concentration of 6.4g, , ,, L. Isolates belong-
ing to the genus Caloramator, such as Caloramator bolivien-
sis (Crespo et al. 2012) and Caloramator viterbensis (Seyfried
et al. 2002), were able to produce 1,3-PDO at an optimal tem-
perature of 60°C. C. viterbensis was even able to produce 1,3-
PDO with acetate as the sole by-product, reaching a 1,3-PDO
yield of 0.69mol, ; 1y, mol‘lglycem], very close to the theoretical
maximum of 0.72m011’3_PDO mol‘lglycerol (Seyfried et al. 2002).
Sittijunda and Reungsang (2020) also reported 1,3-PDO produc-
tion at thermophilic conditions (55°C £4°C), with a mixed cul-
ture in an UASB reactor. The best results were obtained when
they increased the OLR from 25 to 75 gglycemlL‘1 d~! with a final
maximum titre of 7.5gL ! and a 1,3-PDO yield of 0.36 mol, 5 e

mol™! glycerol" The main by-products were hydrogen and ethanol.
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FIGURE 3 | Diversity of pH ranges for glycerol fermentation and optimal 1,3-PDO production for efficient 1,3-PDO-producing bacteria. VFA-H/

VFA-, undissociated/dissociated volatile fatty acids.

Although thermophilic bacteria could be an interesting alterna-
tive for 1,3-PDO production, very few studies focused on their
use in optimised glycerol fermentation processes and the con-
centrations achieved are far from those obtained at mesophilic
conditions (Wittlich et al. 2001; Sittijunda and Reungsang 2020).

4.4.2 | pH

The pH is usually described as a critical parameter affecting fer-
mentation, because the catalytic activity of enzymes and, sub-
sequently, the metabolic activity of microorganisms are highly
dependent on extracellular pH (Pirt 1975). In particular, highly
acidic and alkaline environments (i.e., pH <4 and pH > 10 re-
spectively) can be extremely toxic to bacterial activity. Toxicity
at low pH is often related to weak acid accumulation such as vol-
atile fatty acids (i.e., acetic acid, propionic acid and butyric acid)
and lactic acid that are produced in their dissociate form during
fermentation. As the pKa values of these acids range from 4 to
5 (around 4.8 for volatile fatty acids and 3.9 for lactic acid), an
extracellular pH value below 4 would drastically increase the
concentration of the undissociated form of these acids. These
undissociated acids can freely diffuse inside the cells and cause
proton imbalance (Colin et al. 2001). To maintain an optimal
intracellular pH, these extra protons have to be actively removed
from the cell by proton pumps while consuming ATP. This
mechanism is directly competing with bacterial growth that can
even be totally inhibited. A similar mechanism was reported for
ammonia (NH,) inhibition at high pH. Ammonium (NH,*)is a
common source of nitrogen that can be found in most fermen-
tation media (Chen et al. 2008). The concentration of ammo-
nia, which is the undissociated form of ammonium, increases
as pH becomes high (pKa=9.2). Ammonia is also membrane-
permeable and can cause proton imbalance as described with
weak acids (Chen et al. 2008). Except for specific extremophiles,
the pH range compatible with bacterial growth is usually com-
prised between 4 and 10.

Concerning the effect of extracellular pH on glycerol fermenta-
tion, no single and common behaviour has been found for all

1,3-PDO-producing bacteria (see Figure 3). As for temperature,
pH has been the focus of many optimisation studies, especially
on C. butyricum and K. pneumoniae. Illustratively, C. butyri-
cum is able to ferment glycerol at large pH values ranging be-
tween 5.4 and 8.2 (Zeng et al. 1994), with an optimal growth
between pH6.5 and 7.0 (Zeng et al. 1994; Zhu et al. 2016). K.
pneumoniae is also capable of producing 1,3-PDO from glycerol
in a similar range of pH, that is, from 6 to 8.5 (Zhang et al. 2007;
Sen et al. 2015) with an optimal value obtained in slightly al-
kaline conditions, that is, between 7.4 and 8 (Zhang et al. 2007;
Oh et al. 2008; Hiremath et al. 2011). Interestingly, for C. pas-
teurianum, no clear dependence of the 1,3-PDO production
pathway on pH was observed for values ranging from 5.0 to 7.5
(Biebl 2001; Johnson and Rehmann 2016). C. freundii is able to
grow on glycerol for a wide range of pH (4.6 to 8.2) with an opti-
mal value for 1,3-PDO production between 6.6 and 7.2 (Boenigk
et al. 1993; Pflugmacher and Gottschalk 1994). Although no op-
timisation study of the pH was performed with L. reuteri, this
species was reported to ferment glycerol at pH ranging between
4.7 and 6.5 and was more efficient for both 1,3-PDO produc-
tion and bacterial growth at pH 5.5 (Tobajas et al. 2009; Vieira
et al. 2015). Finally, in mixed culture glycerol fermentation,
strong functional redundancies within the microbial communi-
ties could ensure a robust and high 1,3-PDO production for wide
pH values ranging from 5 to 9 (Moscoviz, Trably, et al. 2016).
Thus, the disparity of optimal range for 1,3-PDO production ob-
served with pure cultures can become an advantage concerning
the use of mixed consortia for glycerol fermentation.

4.4.3 | Redox Potential (ORP)

The oxidation-reduction potential (ORP) of the fermentation
medium, also called extracellular ORP, appears to be a rele-
vant parameter to control the microbial metabolism (Wong
et al. 2014; Zhu et al. 2014). Indeed, a fermentation process
corresponds to a cascade of oxidation and reduction reactions
that must be kept in balance. These reactions are mostly ther-
modynamically favourable and spontaneous, but they are also
constrained by biological regulations within microorganisms
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and interspecies interactions in microbial communities.
Similarly, to pH, which is a measure of the proton activity, the
extracellular ORP corresponds to the activity of the electrons
present in the medium. It is mainly affected by temperature,
the chemical composition of the medium and the degree of
reduction of the metabolites produced by fermentation. It
can be easily measured with an ORP sensor located in the
medium. The extracellular ORP is particularly important be-
cause it can subsequently affect the intracellular ORP (C.-G.
Liu et al. 2013). Intracellular ORP, representing the redox
state inside a cell, can be estimated through the NADH/NAD*
ratio because of the intracellular redox homeostasis (C.-G. Liu
et al. 2013). Intracellular ORP is known to influence gene ex-
pression and enzyme synthesis, which can further cause shifts
in the metabolic pathways and impact the whole metabolism
(C.-G. Liu et al. 2013; Harrington et al. 2015). Chemical con-
trol of the extracellular ORP by supplying chemical reductive
or oxidative agents, or bubbling gases (Hallenbeck et al. 2012)
has already been successfully implemented to improve the
production of 1,3-PDO (Du et al. 2006).

A first approach consists of providing oxygen (aeration or micro-
aeration) to facultative anaerobes, such as Enterobacteriaceae
or Lactobacillus species, in order to enhance their growth and
subsequently improve the 1,3-PDO production rate. Oxygen
is one of the electron acceptors having the highest potential.
Indeed, microorganisms generate more energy (i.e., ATP) when
using oxygen than under complete or partial anaerobiosis. Such
ORP control through the O,-addition strategy was success-
fully applied to K. pneumoniae, improving the productivities in
batch fermentation from 1.62 to 2.94gL~'h~! under anaerobic
and micro-aerobic conditions, respectively (Chen et al. 2003).
This improvement correlated with a higher bacterial biomass
growth but also anti-correlated with 1,3-PDO yield (from 0.57
to 0.52 molLM,DO mol‘lglyceml) as a result of the competition be-
tween O, and 1,3-PDO as NADH sink. For lactic acid bacteria
such as L. diolivorans (Pfliigl et al. 2012) and L. reuteri (Jolly
et al. 2014), O, supply under both micro-aerobic and aerobic
conditions successfully enhanced the biomass production and
the kinetics. However, 1,3-PDO productivities and yields were
always lower in the presence of oxygen and 1,3-PDO produc-
tion was even completely stopped under aerobic conditions (i.e.,
pO,=0.20). Thus, micro-aeration and aeration are efficient ways
for accelerating biomass formation, but the 1,3-PDO pathway
can be outcompeted. In fact, two-stage processes could be a way
to take advantage of aeration: a first aerobic stage for increasing
biomass production rate and a second anaerobic stage for pro-
ducing 1,3-PDO at higher yield and increased productivity (Du
et al. 2006; Tang et al. 2009).

Another strategy consists of controlling the extracellular
ORP by a loop system supplying both oxidising and reducing
agents. As 1,3-PDO production has the unique function of en-
suring redox homeostasis in glycerol fermentation (Johnson
and Rehmann 2016), its production is tightly related to the
environmental redox conditions. Du et al. (2006) investigated
the response of K. pneumoniae M5aL to a redox control envi-
ronment at three levels (—140, —190 and —240mV vs. SHE)
(Du et al. 2006). Interestingly, ORP changes resulted in a sig-
nificant redistribution of the metabolic fluxes: rising ORP from

—240 to —140mV versus SHE increased the acetate production
by 2.5-fold while decreasing lactate accumulation by threefold.
1,3-PDO production was also affected by the extracellular ORP
and an optimum for both its production and bacterial growth of
this strain was found at —190mV versus SHE. The same strain
was then used in mutagenesis experiments to select mutants
able to efficiently grow at low potentials (Du et al. 2007). A mu-
tant having a preferred ORP for growth of —280mV versus SHE
was able to produce 60% more 1,3-PDO (69.6 gl,3-PDOL_l) than
the wild strain (42.5g, ; ppq L) in fed-batch fermentation. The
NADH/NAD* ratio in this mutant was twice as high as than in
the parent strain throughout the fermentation time. This could
have contributed to enhance the activity of the 1,3-PDO dehy-
drogenase and consequently accelerate the 1,3-PDO production.
Similarly, Zhu et al. (2014) observed that K. oxytoca shifted its
metabolism when the extracellular ORP decreased from —150 to
—240mV versus SHE (Zhu et al. 2014). Lower ORP accelerated
glycerol consumption and enhanced 1,3-PDO production while
reducing bacterial growth. Proteomic analysis revealed that the
abundance of 1,3-PDO dehydrogenase encoded by the yqhD
gene increased by sevenfold when extracellular ORP decreased
from —140 to —240mV versus SHE. As 1,3-PDO production was
enhanced at lower potential, it is probable that this upregulation
was coupled with a higher availability of NADH, as reported
with K. pneumoniae by Du et al. (2007). Overall, all the reported
studies have shown that extracellular ORP can influence the
intracellular NADH/NAD* ratio through metabolic regulations
and subsequently redistribute the metabolic fluxes. For K. pneu-
moniae and K. oxytoca, low extracellular ORP was related to an
enhancement of the 1,3-PDO production as long as the strains
were able to survive.

4.5 | Process Configuration

Beyond environmental parameters, the choice of process
configuration is a key determinant of 1,3-PDO production
performance. In addition to the environmental factors, each
configuration involves operational parameters directly linked
to the mode of operation, such as dilution rate and substrate
concentration, which influence fermentation outcomes.
Biotechnologies for 1,3-PDO production are characterised
by lower environmental impacts and possibly the lowest op-
erating costs compared to chemical and petrochemical tech-
niques. However, simple fermentation processes such as batch
fermentation usually offer low reaction rates and relatively
low product concentrations. As a consequence, huge volumes
of fermentation broth must be treated to extract and purify
the product. In the case of 1,3-PDO, downstream processing
for isolation and purification can account for up to two-thirds
of the overall production cost (Pandey et al. 2016). Therefore,
optimising both the final product concentration and the pu-
rification/extraction procedures is a key element for making
the biotechnological production of 1,3-PDO cost-competitive
(E4tech 2015). Among the different factors influencing these
outcomes, the chosen process configuration and cell handling
strategy have a major impact on fermentation performance,
as shown in Table 4, which compares reported performances
of suspended versus immobilised or recirculated cells under
batch, fed-batch and continuous operation modes.

12 of 21

Microbial Biotechnology, 2025

85U8017 SUOWIWIOD BA1e.D) 8|qeotidde 8y} Aq pausenob ae sspile O '8sn J0 Sa|ni 10) Azeiq18ul|uO 8|1 LO (SUORIPUOD-PUR-SULBYW0D" A8 1M ARIq 1 BUIIUO//:STNY) SUORIPUOD PUe WIS | 8U) 89S *[9202/20/70] U0 Akeidiaulju AB|IM ‘80Ul 8UeIyd0D Aq G920 'ST6L-TSLT/TTTT'OT/I0P/WO0d A8 | im Ale.d 18Ul UO'S euINO[-0.10 W0 1AUS//SANY Wo1) papeojumod ‘TT ‘SZ0Z 'ST6LTSLT



TABLE 4 | Comparison between suspended and immobilised/recirculated culture fermentation performances.

Best performance?

Yield
Final titre mol ./ Productivity
Mode of operation g13ppol " mol, gL th™! Microorganism References
Batch Suspended 81.4 0.49 0.99 Marine sludge Jiang et al. (2017)
Immobilised 63.1 0.65 5.74 K. pneumoniae Zhao et al. (2006)
ZJU 5205
Fed-batch Suspended 104.8 0.65 3.38 C. butyricum DL07 Wang et al. (2020)
Immobilised® 86 0.63 4.2 C. butyricum Lan et al. (2021)
SCUT343-4
Continuous Suspended (w/o 30 0.60 10.3 C. butyricum Gonzalez-Pajuelo,
recirculation) VPI 3266 Andrade, and
Vasconcelos (2005)
Immobilised/with 26.6 0.63 13.3 C. butyricum Reimann
recirculation DSM 5431 et al. (1998)

2Best performance reported corresponds to the highest 1,3-PDO concentration reported for batch and fed-batch fermentation. For continuous fermentation, it
corresponds to the study showing the highest productivity with a final concentration >20g, ; L.

bRepeated fed-batch with immobilised cells.

4.5.1 | Batch Mode

Batch fermentation is the simplest mode of reactor operation,
where fermentation is carried out at constant volume, without
any feed inlet or outlet sampling and is often an effective and
economic solution for slow processes. As reported in Table 4, sus-
pended cultures in batch mode can achieve competitive final con-
centrations; however, the corresponding productivities remain
limited compared to other configurations. In order to achieve
significant final 1,3-PDO concentrations in batch fermentations,
several authors attempted to use high initial glycerol concentra-
tions. Unfortunately, glycerol concentrations ranging from 60
to 110gL~! were reported as inhibitory for both the bacterial
growth and 1,3-PDO production in the model microorganisms
C. butyricum (Biebl 1991; Szymanowska-Powatowska 2015; Zhu
et al. 2016) and K. pneumoniae (Cheng et al. 2005). This inhibi-
tory effect is related to a probable osmotic stress caused by such
a high concentration of substrate (Kubiak et al. 2012). Therefore,
several approaches have been implemented to select 1,3-PDO
producers with a high resistance to osmotic stress. For instance,
a chemical mutagenesis approach was used to select resistant
C. diolis strains (Otte et al. 2009). As a result, while the wild-
type strain DSM 15410 could tolerate a maximal glycerol con-
centration of 62gL"!, a selected C. diolis mutant demonstrated
a 77% increase in tolerance, reaching 109gL~!. Even with the
selective procedure, no single strain has been reported to sup-
port more than 110gL~! without observation of strong inhibi-
tory effects. Nonetheless, a microbial consortium has recently
been reported as able to tolerate refined glycerol concentrations
up to 200g L~ while producing 81.4gL! of 1,3-PDO, at a yield
and productivity of 0.63mol, ; ;1 mol‘lglycerol and 0.99gL'h™!
respectively (see Tables 3 and 4) (Jiang et al. 2017). This final
1,3-PDO concentration is significantly higher than the highest
titre of 63.4gL~! achieved with single natural strains in batch
mode (Barbirato et al. 1998), thus indicating the great potential
of bacterial consortia regarding future fermentation processes.

4.5.2 | Fed-Batch Mode

In fed-batch mode, the substrate is supplied to the bioreactor
during fermentation and the products remain in the reactor until
the end of the run (i.e., no outlet) (Yamane and Shimizu 1984).
Usually, the bioreactor is fed either continuously (e.g., constantly
or exponentially) or intermittently in response to a control pa-
rameter (e.g., pH, pO, or other on-line measurements). This
allows improved substrate utilisation. Since substrate concen-
trations can be maintained at low levels, the fed-batch operation
mode is an efficient way to limit substrate inhibition (Yamane
and Shimizu 1984; Tang et al. 2013). It is also an effective pro-
cess to accumulate targeted end products and to achieve final
concentrations higher than in batch mode, which is highly
desirable regarding downstream purification processes (Kaur
et al. 2012). However, the accumulation of fermentation prod-
ucts can induce several types of stress to micro-organisms and
eventually inhibit cell growth and product formation (Colin
et al. 2001; Kubiak et al. 2012). Regarding glycerol fermenta-
tion, it was hypothesised that 1,3-PDO accumulation could in-
hibit cell growth by modifying membrane organisation through
an increase in the cell membrane fluidity (Colin et al. 2000;
Huffer et al. 2011). Membrane ATPase and transport mecha-
nisms could also be inhibited by 1,3-PDO as reported for other
alcohols (Colin et al. 2000; Huffer et al. 2011). The mechanisms
of 1,3-PDO inhibition were investigated for several strains of
C. butyricum and K. pneumoniae (Biebl 1991; Zeng et al. 1994;
Colin et al. 2000; Xue et al. 2010; Szymanowska-Powatowska
and Kubiak 2015). Similar results were reported for both species
and 1,3-PDO was found to be inhibitory of microbial growth in
arange of 60-90g L~ for the wild-type strains (Zeng et al. 1994;
Colin et al. 2000; Szymanowska-Powatowska and Kubiak 2015).
Strong inhibition was also reported for by-products such as acetic
and butyric acids which were found to totally inhibit microbial
growth at concentrations of 27 and 19gL~%, respectively (sum
of both dissociated and undissociated form) (Colin et al. 2000).
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Despite these limitations, Wang et al. (2020) reached a final 1,3-
PDO concentration of 104.8 g L~! with a yield and productivity of
0.65mol, ; ppomol~y . and 3.38gL~"h~", respectively, using
C. butyricum DLO07 in a fed-batch reactor fed with refined glyc-
erol. This is the best performance achieved so far using natural
1,3-PDO producers in fed-batch fermentation mode (see Table 3).
The use of engineered strains made it possible to overcome the
limitations due to 1,3-PDO inhibition by using strains more re-
sistant to 1,3-PDO than C. butyricum and K. pneumoniae. For
instance, in a fed-batch reactor using glucose as substrate and
an E. coli K-12 recombinant strain, Laffend et al. (2000) were
able to reach a maximum 1,3-PDO concentration of 135gL~!
(Saxena et al. 2009). As a consequence, fed-batch processes are
those that are currently used for 1,3-PDO production at an in-
dustrial scale because of their highest final concentrations and
the resulting lowest downstream process costs (Kaur et al. 2012;
Wang et al. 2020).

4.5.3 | Continuous Fermentation

Continuous operation has been explored as a way to sustain
higher reaction rates and reduce downtime. Table 4 shows that
continuous fermentations typically result in significantly higher
productivities compared to batch and fed-batch processes, al-
though issues such as strain stability and contamination risk
can limit long-term operation. In fed-batch fermentations, ini-
tial 1,3-PDO productivity is high while it drops dramatically in
the later period of fermentation due to product inhibition (Tang
et al. 2013). Continuous fermentation is a way to set substrate
and product concentrations at a constant level by continuously
removing fermentation products while providing nutrients at the
same rate (Westgate and Emery 1990). This mode of operation
offers other advantages over batch and fed-batch fermentations,
such as precise control of microbial growth rate through dilution
rate adjustment (Tang et al. 2013) and the possibility of reaching
a steady state (i.e., variables become time independent), which
are convenient for process control and further downstream puri-
fication processes (Maxon 1955). However, in such systems, final
product concentrations are usually lower than those achieved
in fed-batch mode; thus, continuous fermentation represents a
compromise between final concentration and productivity. Both
C. butyricum and K. pneumoniae showed good performances
for continuous 1,3-PDO production. With dilution rates ranging
between 0.1 and 0.25h~, K. pneumoniae DSM 2026 was able to
produce between 35.2and 48.5g, ; , 1, L' atayield and produc-
tivity of 0.61mol, ; ;) mol‘lglyCerol and 4.9-8.9gL~'h~, respec-
tively (Menzel et al. 1997). This productivity was approximately
2-3.5-fold higher than those obtained in batch and fed-batch
cultures with the same K. pneumoniae strain. The best 1,3-PDO
productivities achieved so far in classic continuous fermentation
(i.e., no cell recycling or immobilisation) were observed with C.
butyricum VPI 3266 at a dilution rate of 0.30h~!. A concentra-
tion of 30g, 5 ppo L™ Was attained with a yield and productiv-
ity of 0.60mol, 5 p mol‘lglycerol and 10.3gL~'h71, respectively
(Gonzalez-Pajuelo, Andrade, and Vasconcelos 2005).

However, maintaining culture stability during extended con-
tinuous operation remains challenging, as strain degeneration,
genetic drift or washout can occur over time, leading to reduced
metabolic activity or altered profiles (Biebl et al. 1999). These

issues are particularly critical for strict anaerobes such as C. bu-
tyricum, which may lose native plasmids under prolonged selec-
tive pressure. To overcome such limitations, several strategies
have been developed to retain high and active biomass within
the reactor, including cell recycling and immobilisation, which
are discussed in the next section.

4.5.4 | Cell Recycling and Immobilisation

Several strategies have been implemented to increase the cell
density in glycerol fermentation. Indeed, high cell concentra-
tions offer several advantages. These include increased fermen-
tation kinetics (Gungormusler-Yilmaz et al. 2015) and improved
tolerance to high concentrations of glycerol and other fermen-
tation co-products (Reimann et al. 1998; Gungormusler-Yilmaz
et al. 2015). To some extent, achieving high cell concentration
could be a solution to overcome substrate and product inhibi-
tions, as observed in classic suspended fermentation processes.
Additionally, increasing cell density can also improve the pro-
cess productivity.

One approach to achieve high cell concentrations consists of re-
cycling the cells in continuous systems by passing the culture
through a permeable membrane. The cell-free liquid can then
be used for downstream purification process while the concen-
trated cell suspension is reinjected into the reactor (Reimann
et al. 1998; Avci et al. 2014). The best performances using this
approach were reached by Reimann et al. (1998) using C. butyr-
icum DSM 5431 at a dilution rate of 0.5h~!, with a final concen-
tration, yield and productivity of 26.6g, ; p,o L™, 0.63mol, 5,1
mol ™, .. and 13.3gL~"h™", respectively. This productivity
was about 30% higher than the best results obtained in classic
continuous fermentation (10.3gL~'h~'). However, in general,
membrane clogging is a frequent issue in cell recycling systems,
making it difficult to maintain high and stable performances
over time. This limitation hinders the industrial-scale imple-
mentation of cell recycling.

Another approach to increase cell concentration is immobilis-
ing the microbial cells inside the reactor (Gungormusler-Yilmaz
et al. 2015). Several techniques have been explored, such as cell
aggregation (e.g., self-immobilisation as granules), cell attach-
ment (e.g., biofilm formation on inert support) or cell entrap-
ment (e.g., in porous materials). These techniques are applied in
continuous systems (e.g., packed-bed reactor, fluidised-bed re-
actor) as well as in repeated-batch and fed-batch processes. For
instance, encapsulating K. pneumoniae ZJU 5205 in a repeated-
batch process, a final concentration, yield and productivity of
63.1g, 5 ppo L', 0.65mol, 5,y mol‘lglycerol and 5.74gL7'h7l,
respectively, were achieved by Zhao et al. (2006). While the final
concentration obtained in this study was lower than the best
batch fermentation performance achieved with suspended cul-
tures (see Table 4), the productivity was improved nearly sixfold.
Similar improvements were reported for continuous fermenta-
tion using immobilised cultures. For example, immobilising
K. pneumoniae on ceramics balls, increased 1,3-PDO produc-
tivity from 4.9gL~'h~! (suspended cultures) to 9.8gL'h~!
(Gungormusler et al. 2011b). A comparable 2.5-fold productivity
increase was reported for cultures of Clostridium beijerinckii im-
mobilised on pumice stones (Gungormusler et al. 2011a). Cell
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immobilisation on calcium alginate beads has also been ap-
plied to Bacillus pumilus FMI3, a strain resistant to inorganic
salts. After optimisation, batch fermentation with crude glyc-
erol produced a maximum titre of 44.1g, ; . L1 and a yield of
0.89mol, ; ;g mol‘lglyceml, with acetate as the only by-product.
This approach improved PDO yield 2.86-fold compared to non-
immobilised cells (Pinyaphong and La-up 2024). Additionally,
Clostridium butyricum SCUT343-4 immobilised in a fibrous-
bed bioreactor demonstrated high performance in a repeated-
batch fermentation. After seven cycles, the process achieved a
1,3-PDO titre of 86gL"1, a yield of 0.63mol, , mol‘lglyceml,
and a productivity of 4.20gL~1h~!, representing a 2.36-fold pro-
ductivity improvement compared to batch fermentation (Lan
et al. 2021).

One of the main disadvantages of these systems is the typically
lower product titres which may render downstream purification
steps costlier. This trade-off between productivity and final con-
centration must be carefully optimised to ensure overall process
competitiveness (Zeng and Biebl 2002). In practice, an adequate
balance between reactor throughput and product concentration
is essential to minimise purification costs. Therefore, while cell
immobilisation effectively enhances reactor performance and
process stability, their industrial application requires a balanced
optimisation of cell density, productivity and product concen-
tration. Although limited studies have focused on cell immo-
bilisation for 1,3-PDO production, they all show that the choice
of optimal immobilisation material is largely strain-dependent
(Gungormusler-Yilmaz et al. 2015). Therefore, no unique and
optimal support material for 1,3-PDO fermentation processes
has yet been reported.

4.6 | Electro-Fermentation

Another method used to direct the metabolic flux in glycerol
fermentation towards 1,3-PDO production is the use of elec-
trodes in bio-electrochemical reactors in a process known as
electro-fermentation (Moscoviz, Toledo-Alarcon, et al. 2016;
Virdis et al. 2022). The presence of electrodes in the bulk of-
fers the opportunity to provide or remove electrons from the
system at the cathode or the anode, used as electron donor or
acceptor, respectively, thus influencing the electron balance
of the fermentation process or indirectly the ORP conditions.
So far, only a few studies have focused on glycerol electro-
fermentation for 1,3-PDO production (Zhou et al. 2013, 2015;
Choi et al. 2014; Xafenias et al. 2015; Moscoviz, Trably, and
Bernet 2017; Harrington et al. 2015; Utesch et al. 2019). They
are all based on the same basic concept: as 1,3-PDO produc-
tion from glycerol is an electron dissipation pathway, provid-
ing extra electrons to microorganisms with a cathode working
at low potential should be beneficial to the process. Some of
the studies even set the cathodic potential to produce H, elec-
trochemically (Zhou et al. 2013, 2015; Xafenias et al. 2015).
Zhou et al. (2013) improved the 1,3-PDO production yield from
0.25 to 0.50mol, 5 pp mol‘lglycerol by applying a potential of
—900mV versus SHE at a cathode in mixed culture fermenta-
tion (Zhou et al. 2013). Another study showed that the presence
of a cathode poised at a relatively high potential of 45mV ver-
sus SHE (i.e., without electrochemical H, production) shifted

the fermentation pattern in C. pasteurianum towards more
1,3-PDO production with very low energy consumption (Choi
et al. 2014). This result suggests that this microorganism was
able to uptake electrons directly from the cathode (i.e., without
redox mediators such as H, or formate) and that the electron
consumption had a higher effect on C. pasteurianum metabo-
lism than just dissipating electrons (e.g., reduced biomass pro-
duction, complete change of fermentation patterns). Recently,
a novel strain of Pseudomonas aeruginosa (EL14) was isolated
from a Microbial Fuel Cell (MFC) and shown to increase the
1,3-PDO yield from 0.57 to 0.89mol, ; ,1,, mol‘lglycerol under
anodic conditions compared to conventional fermentation
(Narcizo et al. 2023). This strain was part of an anodic commu-
nity primarily composed of Citrobacter and Klebsiella species
(both recognised as 1,3-PDO producers), and it was initially
thought to act solely as an electron shuttle supplier. The ob-
servation of 1,3-PDO production by P. aeruginosa is notewor-
thy, since this species usually relies on the Entner-Doudoroff
pathway rather than the Embden-Meyerhof route commonly
associated with fermentative PDO synthesis. However, ge-
nome analysis revealed the presence of three copies of the
dhaT gene, which encodes 1,3-propanediol dehydrogenase,
and the electro-fermentative conditions likely facilitated this
atypical metabolic outcome. Electrochemical characterisa-
tion suggests that electron transfer to the anode occurs both
directly and indirectly and that the microbial biofilm serves
as an electroactive interface facilitating this transfer (Narcizo
et al. 2023, 2025).

If this behaviour is generalised to other species, selecting mu-
tants or microbial consortia capable of growing at low extracel-
lular ORP or utilising cathodic electrons could be an efficient
strategy for enhancing 1,3-PDO production from glycerol.
However, this approach requires further studies for industrial-
scale applications due to the diversity of electron transfer mech-
anisms and the specific responses to particular potential or ORP
conditions, which are highly strain dependent.

5 | Conclusions and Outlooks

Organic waste valorisation by fermentation for producing com-
modity chemicals has been the focus of a growing number of
environmental policies and research projects. Although glycerol
from the biodiesel industry has intrinsic value and cannot be
strictly considered as waste, it requires costly purification steps
to be used in the pharmaceutical, cosmetic or food industries.
Biological processes offer the possibility to upgrade crude glyc-
erol into 1,3-PDO or other value-added commodity chemicals
after only a few upstream purification steps that are already car-
ried out in most biodiesel production plants (i.e., salts and meth-
anol recycling). While the composition of crude glycerol can
vary significantly between different biodiesel production pro-
cesses, it is generally consistent within a given process, which
can facilitate the implementation of biological conversions.

However, the opportunity for an environmentally friendly
crude glycerol-based 1,3-PDO production is not fully seized by
the main industrial actors. Indeed, part of the 1,3-PDO produc-
tion is still from glucose, whose utilisation for the production
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of chemical commodities competes directly with food produc-
tion. One of the main reasons is that the glycerol market is still
highly volatile as it largely depends on biofuel policies (Anitha
et al. 2016; Attarbachi et al. 2023) and its utilisation as sub-
strate presents a risk for the 1,3-PDO-producing companies.
Nonetheless, several glycerol-based processes have been devel-
oped at industrial scale, using genetically modified strains to
reach high 1,3-PDO concentrations. Although this feature is
highly desirable to decrease downstream process costs, the use
of genetically modified strains also involves several drawbacks
such as the requirement for refined glycerol as substrate and
sterile conditions that drastically increase the operational costs.
The possible alternatives include wild-type strains or mixed
microbial cultures (see Table 3) resistant to crude glycerol im-
purities and capable of tolerating a range of compositions, facil-
itating their use across different biodiesel production streams.
Open mixed cultures have recently raised an increasing interest
since they can ferment glycerol under non-sterile conditions and
without expensive vitamin addition while offering significant
performances for 1,3-PDO production. Optimising population
selection procedures in mixed-culture glycerol fermentation
could help structure efficient microbial consortia that could be
more competitive in terms of operating costs with genetically
modified organism-based fermentations. Nevertheless, techno-
economic studies should be carried out to assess if these lower
fermentation operating costs could mitigate the increase of
downstream costs related to the lower 1,3-PDO concentrations
attained so far by these processes.

Apart from the choice of an appropriate inoculum, there is still
room for further optimisation of 1,3-PDO production through
appropriate process configuration and parameters. Process en-
gineering of glycerol fermentation has been extensively explored
over the past 20years and has conducted industrial processes to
carry out fed-batch systems. Indeed, this configuration is the
most efficient for reaching high 1,3-PDO concentrations while
avoiding inhibitory effects related to glycerol at high concen-
trations. While continuous systems display significantly higher
productivities, the highest 1,3-PDO concentrations attained so
far with this approach are still not compatible with the exist-
ing downstream processes. Further improvement could be re-
lated to cell immobilisation or recirculation strategies that seem
promising for future process intensification, both for fed-batch
and continuous systems. Another interesting alternative that
has been recently proposed is the use of bio-electrochemical re-
actors (i.e., electro-fermentation systems). Indeed, the two envi-
ronmental parameters identified as having the most influence
on glycerol fermentation are pH and ORP. If pH control can be
easily implemented, ORP regulation can be much more difficult
and expensive to be carried out. Nevertheless, this parameter
seems particularly relevant as 1,3-PDO production is directly
related to bacterial intracellular redox state. So far, the use of
electrodes poised at a defined redox potential has shown to have
a strong influence on both glycerol fermentation patterns and
kinetics. Nonetheless, most experiments carried out until now
have only shown macroscopic effects of electro-fermentation
while only little is known about the underlying mechanisms.
More fundamental research on this matter could unveil new le-
vers that could be key elements for future efficient glycerol fer-
mentation processes for the production of 1,3-PDO.
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