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ABSTRACT

The establishment of a sustainable circular bioeconomy requires the effective material recycling from biomass and
biowaste beyond composting/fertilizer or anaerobic digestion/bioenergy. Recently, volatile fatty acids attracted much
attention due to their potential application as carbon source for the microbial production of high added-value products.
Their low-cost production from different types of wastes through dark fermentation is a key aspect, which will potentially
lead to the sustainable production of fuels, materials or chemicals, while diminishing the waste volume. This article
reviews the utilization of a volatile fatty acid platform for the microbial production of polyhydroxyalkanoates, single cell oil
and omega-3 fatty acids, giving emphasis on the fermentation challenges for the efficient implementation of the bioprocess
and how they were addressed. These challenges were addressed through a research project funded by the European
Commission under the Horizon 2020 programme entitled ‘VOLATILE—Biowaste derived volatile fatty acid platform for
biopolymers, bioactive compounds and chemical building blocks’.
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INTRODUCTION

The constant depletion of finite earth’s resources creates the
need for a circular economy, which will ensure the efficient uti-
lization of the waste streams of current conventional industrial
processes. Such ‘green’ processes should not only accept a feed-
stock of waste streams, but also ensure the minimum waste pro-
duction for themselves and therefore be carried out as environ-
mentally friendly as possible (Korhonen, Honkasalo and Seppala
2018). Under these circumstances, the bioconversion of waste
utilizing microorganisms appears to be a very promising solu-
tion. Bioprocesses normally result in less byproducts and higher
production yields, thus being easily incorporated in a ‘green’
strategy.

The use of microorganisms as bioconversion tools represents
a promising and environmentally friendly alternative to con-
ventional chemical processes. Established bioprocesses already
exist, for producing added-value metabolites for diverse indus-
trial and nutritional applications. Lipids, a specific category of
metabolites, produced by single cell microorganisms (SCM) offer
several advantages over plant oils or animal fats. Furthermore,
they are constantly gaining popularity because SCM can produce
a great diversity of lipids, while storing higher percentages than
animal tissues (Park et al. 2018a; Garay, Boundy-Mills and Ger-
man 2014). Oleaginous microorganisms can naturally accumu-
late more than 20% of lipid per cell dry weight (CDW)—some of
them even exceeding 70%—and include microalgae, yeasts and
some bacteria (Papanikolaou and Aggelis 2011a; Fontanille et al.
2012). One characteristic of eukaryotes like oleaginous yeasts or
heterotrophic microalgae is the production of neutral lipids in
the form of triacylglycerols (TAG), whereas in specific bacteria
polymeric lipid accumulation occurs preferentially in the form
of polyhydroxyalkanoates (PHA; Garay, Boundy-Mills and Ger-
man 2014). Both microbial lipids and PHA are functional com-
modities of high value and production cost. It is therefore a mat-
ter of importance to investigate alternative, cost-effective pro-
duction methods.

THE VOLATILE FATTY ACID PLATFORM

In the context of the establishment of a circular bioeconomy, the
selection of sustainable, non-expensive carbon sources to pro-
duce lipids from microorganisms is the key. Therefore, volatile
fatty acids (VFA), intermediates of anaerobic digestion, attract
increasing attention as feed stock. VFA are short-chain organic
acids (C2-C6) that can be found in dark fermentation (DF) efflu-
ents. DF follows the same pattern as anaerobic digestion, except
that it eliminates the last stage of methanogenesis (Fig. 1), thus
enabling the production of VFA and emission of hydrogen as bio-
fuel (Lukajtis et al. 2018). What is more, VFA can be assimilated
by various microorganisms (Chalima et al. 2019; Reddy et al. 2020;
Llamas et al. 2020a).

The implementation of viable fermentative production pro-
cesses using VFA as carbon source requires a thorough under-
standing of VFA uptake and cellular metabolism. Compared
to sugar-based substrates, VFA trigger shorter metabolic path-
ways, which could theoretically lead to higher lipid conversion
efficiencies. In contrast to metabolic pathways and key factors
involved in lipid accumulation when using sugar-based carbon
sources, information about VFA metabolism is scarce (Llamas
et al. 2020a). Recent research in microbial lipid production has

investigated the conversion of VFA into storage lipids by oleagi-
nous yeasts (Llamas et al. 2020b; Miranda et al. 2020), microal-
gae (Chalima et al. 2019) and bacteria (Chakraborty, Gibbons and
Muthukumarappan 2009; Mengmeng et al. 2009).

MICROBIAL LIPID METABOLISM

Storage lipids are normally produced in the presence of excess
carbon source and when cell growth is hampered due to another
nutrient limited availability. In the case of TAG the accumu-
lation occurs through four main stages. In a first step, a pool
of acetyl-coenzyme A (acetyl-CoA) and NADPH is generated
through catabolic activities. These are the main precursors for
intracellular fatty acid (FA) synthesis, since acetyl-CoA usu-
ally acts as initial building block for FA. The elongation of the
FA chain by two carbon atoms requires malonyl-coenzyme A
(malonyl-CoA), which is formed in the second step by a con-
densation reaction of acetyl-CoA and a bicarbonate ion. This
way acetyl-CoA is carboxylated to malonyl-CoA, transferred
to the acyl carrier protein (ACP) and further transformed by
sequential turns within the FA synthase into acyl-ACP. Depend-
ing on the type of SCM, the acyl chain might end up, in a
third step, being used for the formation of specific lipid pool
or it may be incorporated in a neutral lipid droplet. The fourth
step consists of the formation of intracellular lipid droplets
(Fig. 2).

The ex-novo lipid accumulation pathway of yeast Yarrowia
lipolytica is described, able to efficiently up-take hydrophobic
substrates including FA, by modifying its cell surface to facilitate
adhesion and transport of substrate into the cell (Beopoulos et al.
2009). These free FA will be activated by acyl-CoA synthetase into
acyl-CoA and used in lipid metabolism directly or after under-
going a series of transformations. More specifically, acetic acid
can be directly transformed to acetyl-CoA, a central interme-
diate of cell metabolism and lipid synthesis, whereas butyrate
must undergo several biochemical transformations, including -
oxidation to acetoacetyl-CoA, and further cleavage to acetyl-CoA
(Gao et al. 2020). Therefore, cell growth rates are directly associ-
ated with the different metabolic pathways of the specific single
VFA.

In contrary to the formation of TAG, PHA formation can be
considered as more common in prokaryotes and can also be
divided in four steps. As in the case of eukaryotes, the first
step generates a pool of acetyl-CoA that is used to synthesize
hydroxyalkanoate monomers. These monomers depend on the
species, as well as on the substrate consumed and are polymer-
ized through various enzymatic processes into PHA. Finally, the
PHA polymers are used for the formation of intracellular PHA
lipid granules (Fig. 2).

The composition of VFA in the substrate correspondingly
affects the yield, productivity and monomer composition of the
produced PHA. Generally, even number of carbon chain VFA tend
to generate the 3-hydroxybutyrate (3HB) monomer, whereas
odd carbon chain VFA yield 3-hydroxyvalerate (3HV) and other
longer-chain monomers (Hao, Wang and Wang 2017). VFA with
odd and even number of carbon atoms follow different pathways
to be converted to acetyl-CoA and propionyl-CoA. Still some
researchers indicate that the conversion of butyrate and valerate
could also proceed directly to the corresponding hydroxyacyl-
CoA (Huang et al. 2018a).
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Figure 1. Schematic representation of volatile fatty acid platform.
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Figure 2. Schematic metabolic steps involved in lipid accumulation (adapted from Garay, Boundy-Mills and German 2014).

BIOCONVERSION OF VFA TO PHA
PHA use as plastics

In the last decades, plastics have been playing an increasingly
important role in almost all sectors of our life, with innova-
tive applications being developed as stand-alone products or as
parts of other devices. In 2018, almost 360 million tons of plas-
tics were produced worldwide, generating over 1.6 million jobs
in Europe alone (Europe P, GMR 2019). However, the vast major-
ity of the currently used plastics is derived from non-renewable
fossil resources and is not biodegradable. Although a significant
effort has been made in the recent years to find solutions for

their safe disposal, fossil fuel-based plastics’ toll to the environ-
ment is still dramatic, with around 60 million tons per year, end-
ing up in soils, lakes, rivers or the sea.

One promising alternative to the traditional plastics are
biopolyesters such as PHA, produced by naturally occurring
microorganisms. PHA have physicochemical properties similar
to conventional plastics but, contrary to the latter, they are
biodegradable and/or bio compostable, given the appropriate
conditions.

PHA can be homopolymers containing only one monomeric
unit, co-polymers that are composed by two different
monomeric units, or heteropolymers composed of more
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than two different monomeric units. In addition, they can
be classified based on the length of the alkyl side chain of
the polymer. Depending on the carbon source, the metabolic
pathway and the specificity of the PHA-synthase employed
in their production, biopolymers with different structure
and mechanical properties are obtained, which will have the
according impact on the final application of the plastic produced
(Nielsen et al. 2017). For example, the homopolymer polyhy-
droxybutyrate (PHB) is brittle and stiff, while the co-polymer
poly-(3-hydroxybutyrate-co-3-hydroxyvalerate;  PHB-co-PHV)
has improved thermomechanical properties, leading to a more
flexible and impact-resistant material, as its crystallinity, crys-
tallization rate, glass transition temperature (T;) and melting
temperature (T,,) are reduced (Al Battashi et al. 2020).

Despite of the advantages of the bio-based plastics, their cur-
rent high production cost, when compared to the fossil alter-
native, has been hampering the efforts for a large-scale PHA
production and widespread application of the more environ-
mentally friendly polymers. The main contributions to produc-
tion cost are the raw material used as carbon source for bac-
terial growth, as well as the extraction processes (Yun, Sawant
and Kim 2013; Koller 2020). Furthermore, most of the current
production processes implemented commercially use of sugars
or oils as main carbon source, competing with food and feed
industry. One way to reduce the cost and improve the sustain-
ability of production is to replace refined sugars with carbon
sources derived from existing wastes or side-streams, such as
VFA (Fig. 3).

Bacteria for PHA production

The production of PHA from VFA could be achieved by fermen-
tative processes using either mixed or pure bacterial cultures,
which accumulate PHA intracellularly as carbon and energy
reserve. More than 150 different structures of PHA are generated
by various genera of bacteria under different growth conditions
(Kumar et al. 2019). The use of axenic cultures allows the imple-
mentation of a process with increased robustness and leads to a
more homogeneous and uniform polymer. It is of utmost impor-
tance to produce a biopolymer with a predictable monomeric
composition and thus with known properties, suitable for the
intended end-application. A variety of bacteria are capable of
naturally accumulating PHA, with Pseudomonas putida and Cupri-
avidus necator-utilizing oils or sugars, respectively, as carbon
source—being the most widely used for industrial production.
When it comes to the different processes, the use of sugars as
carbon source will inevitably result in the PHB homopolymer.
If the production of co-polymers is desired, precursors of other
monomers need to be additionally provided to the fermentation
broth, such as the addition of propionic acid to generate 3HV
monomers.

Utilization of VFA as substrate for PHA production

When using VFA as carbon source, the feed-rate needs to be
carefully adjusted to minimize the accumulation of acid in the
broth, since high concentrations of these compounds are toxic
to the cells. In order to do so, the feed-rate profile can be pre-
programmed, or a pH-stat strategy can be used, in which the
acidic VFA stream is used to control the pH at the specific
set-point of the fermentation. Within the VOLATILE project, a
process was implemented at Biotrend SA (Portugal) by feeding
VFA produced by DF of municipal solid waste that contained
acetic, propionic, butyric, valeric and caproic acid, resulting in

a promising PHA productivity of 0.2 g/L/h. A PHB-co-PHV was
produced, with 20% 3HV, confirming the incorporation of valeric
acid and propionic acid in the polymer. Furthermore, the content
of 3HV in the polymer is in line with others reported using the
co-addition of concentrated streams of pure, commercial VFA to
the otherwise sugar-based fermentation (Yun, Sawant and Kim
2013; Mendonca et al. 2014).

BIOCONVERSION OF VFA TO SINGLE CELL OIL
Oleaginous yeasts for VFA valorization

Oleaginous yeasts are per definition yeast strains that can
accumulate lipids to more than 20% of their total CDW.
These lipids—also called single cell oils (SCO)—act as storage
compound for carbon and energy (Papanikolaou and Aggelis
2011a). Oleaginous yeast species extensively studied include e.g.
Lipomyces starkeyi, Y. lipolytica, Cutaneotrichosporon curvatum (for-
merly Cryptococcus curvatus), Naganishia albida (formerly Crypto-
coccus albidus; Liu et al. 2015), Rhodotorula toruloides (formerly Rho-
dosporidium toruloides; Wang et al. 2015) and Rhodotorula mucilagi-
nosa (Papanikolaou and Aggelis 2011b). Following a recently
high-throughput screening for yeasts, several new species were
described as oil producers namely Millerozyma farinosa, Trigonop-
sis cantarelli and Geotrichum candidum (Miranda et al. 2020;
TRANSBIO project funded under FP7-KBBE, grant agreement ID
289603).

Biochemistry of SCO synthesis in yeasts

There are two different ways of lipid accumulation in yeasts; ex-
novo and de-novo. Biotransformation of specific hydrophobic sub-
strates to FA and subsequently lipids is called ex-novo lipid accu-
mulation. The process is growth associated and can be exploited
for the biotechnological production of higher value lipids from
low-value or waste lipids. De-novo lipid accumulation, on the
other hand, is not growth associated and is induced by limitation
of crucial nutrients like nitrogen and phosphorous, while carbon
is available in excess. Although ex-novo synthesis is restricted to
selected hydrophobic carbon sources, de-novo synthesis allows
the utilization of a wide range of broadly available substrates,
such as glucose-rich wastes, lactose containing whey, xylose-
rich lignocellulose hydrolysates, crude glycerol from biodiesel
production, as well as short carboxylic acids (Papanikolaou and
Aggelis 2011a). While oleaginous yeasts have widely been cul-
tivated on sugars, polysaccharides and glycerol, the use of VFA
for SCO production received only modest attention until recently
(Fontanille et al. 2012). In the last years, however, several reports
on the use of acetic, propionic and butyric acid, as well as mix-
tures of these three VFA, for lipid production have been pub-
lished (Fei et al. 2011a; Béligon et al. 2015; Kolouchova et al. 2015;
Rezanka, Kolouchova and Sigler 2015; Liu et al. 2016a; Park et al.
2017). In addition, the utilization of VFA mixtures containingiso-
butyric, valeric, iso-valeric and caproic acid for SCO production
has been also reported (Llamas et al. 2020Db).

In contrast to other carbon sources, acetate can be metab-
olized along a very direct pathway in the cell, as already men-
tioned. The crucial enzyme in this pathway is acetyl-CoA syn-
thetase (ACS; Vorapreeda et al. 2012). ACS activates acetate
to acetyl-AMP, which is subsequently converted to acetyl-CoA
(Starai and Escalante-Semerena 2004). In a similar fashion,
ACS can also activate propionate to propionyl-CoA. In addi-
tion, the presence of a specific propionyl-CoA synthetase has
been reported for Saccharomyces cerevisiae (Pronk et al. 1994). This
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Figure 3. Flow diagram of PHA production from biowaste and microbial cultures.

enzyme also facilitates the activation of propionate to propionyl-
CoA (Wu and San 2014), but, to the best of our knowledge, its
presence in oleaginous yeasts has not yet been verified.

The presence of ACS in non-oleaginous and oleaginous
yeasts has been continuously reported (De Jong-Gubbels et al.
1997; Jogl and Tong 2004; Vorapreeda et al. 2012; Liu et al. 2016b).
Since there are several reports on the production of odd num-
bered FA from propionate, it can, however, be assumed that a
metabolic pathway for activation of propionate is present in var-
ious oleaginous yeasts species (Park et al. 2018a; Kolouchova et al.
2015; Rezanka, Kolouchové and Sigler 2015). Propionate is acti-
vated to propionyl-CoA, which is condensed with acetyl-CoA to
subsequently form odd numbered FA (Park et al. 2018b). It follows
that the substrate has a direct effect on the composition of the
storage lipids. Usually, SCOs contain high levels of C16:0 (up to
25% of the total FA), C18:1 (up to 70% of FA) and C18:2 (up to 25%
of FA; Papanikolaou and Aggelis 2011a). However, shares of above
30% of the total FA have been reported for C17:1 with propionate
as carbon source (Rezanka, Kolouchové and Sigler 2015; Park
et al. 2018b). The FA composition is relevant, as it has a consid-
erable impact on the material properties of SCO (Alvarez 2002).
Furthermore, individual FA, especially those otherwise uncom-
mon in nature like C17:1, may have value adding properties like
antimicrobial effects or medical uses (Ratledge et al. 2010; Avis,
Boulanger and Elanger 2000). In the case of the SCO produced by
yeast or microalgae in the VOLATILE project, a significant part of
odd chain fatty acids of C15 and C17 can be found, most likely
due to propionic acid inside DF effluent.

Utilization of VFA by oleaginous yeasts

Within the past years, research on SCO aimed mainly towards
biodiesel applications. While this resulted in a focus on (crude)
glycerol or sugar-rich substrates as carbon source (Papanikolaou
and Aggelis 2011b), VFA-rich substrates were and still are, a
topic of interest. While glucose is a convenient carbon source,
it is simply too expensive for the production of a bulk product
like biodiesel. Waste-derived VFA or VFA-rich hydrolysates,
on the contrary, offer a low-cost alternative (Fei et al. 2011a).
Still, several factors have to be considered when they are used
as carbon source. For instance, VFA concentrations in these
substrates are often below 20 g/L (Chi et al. 2011; Lian et al. 2012;
Peng et al. 2013; Xu et al. 2014, 2015; Gong et al. 2015, 2016),
which renders them unsuitable for fed-batch processes due
to volumetric constraints. Furthermore, such waste-derived
effluents often contain growth limiting or even inhibiting
compounds (Chi et al. 2011; Lian et al. 2012; Yu et al. 2020). In

addition, high VFA concentrations themselves can have adverse
effects on the yeast cells, especially at VFA concentrations above
5 g/L (Fontanille et al. 2012) and low pH-values. A summary of
several studies addressing the use of VFAs for lipid production
in various yeast strains is given in Table 1.

Microalgae for VFA valorization

Microalgae is another category of oleaginous microorganisms,
capable of accumulating high amounts of SCO, which, in specific
species include valuable FA, such as omega-3. They comprise
a vast category of microorganisms that has attracted indus-
trial attention during the last decades owning to their abil-
ity to accumulate valuable bioactive metabolites, coupled with
their easy fermentation. Most of the strains are found in saline
or freshwater ecosystems and grow autotrophically, absorb-
ing the dissolved carbon dioxide from water. However, some
microalgae lack the ability of photosynthesis and therefore grow
heterotrophically by consuming conventional carbon sources
(Singh and Saxena 2015). Also, specific autotrophic strains will
grow heterotrophically if they are provided a carbon source,
while combined fermentation is referred to as mixotrophy.

Both autotrophic and heterotrophic fermentation techniques
have been developed for microalgae in pilot or industrial units.
Although the first category allows for low cost production, being
able to utilize resources abundantly available, such as the solar
energy and the atmospheric CO,, heterotrophic fermentation
gains momentum, as means of controlling more efficiently
the culture conditions and absolving the process from the—
otherwise necessary—weather and climate dependence (Perez-
Garcia et al. 2011). What is more, this type of fermentation leads
to much higher biomass productivities, consequently enabling
higher final product yields (Liang, Sarkany and Cui 2009; Bumbak
etal. 2011). In truth, the only drawback of heterotrophic cultures-
assuming that proper techniques to avoid any culture contami-
nation are a prerequisite- is the cost of the raw material, that is,
the feed of the culture.

In order to overcome this constrain, new low-, or even zero-
cost, resources are searched. DF-derived VFA have repeatedly
been examined as a promising carbon source for microalgae fer-
mentation (Liu et al. 2013; Chalima et al. 2019), with researchers
focusing mostly on the strains and feeding method that can
effectively support VFA bioconversion.

Although many microalgae are able to assimilate acetate,
which is the most abundant organic acid in a DF effluent,
there are just a few candidates that are able to consume or
even survive, small quantities of other VFA, such as butyric or
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Table 1. Use of VFA (mixture, or isolated acetic, propionic and butyric acid) as alternative carbon sources for oleaginous (Cryptococcus albidus,
Candida sp, Trichosporon cutaneum, Rhodosporidium toruloides, Rhodotorula glutinis, Yarrowia lipolytica and Cryptococcus curvatus) and non-oleaginous
(Saccharomyces cerevisiae and Torulaspora delbrueckii) yeast species, and their performance regarding the capacity of each of them to accumulate

lipids.

Lipid conc.  Lipid content

Yeast species Carbon source (g/L) Cultivation mode (g/L) (% w/w) Yis (g/g) Ref.

Cryptococcus albidus VFAs? Two-stage batch 14.5 55.0 0.17 Fei et al. (2011Db)
Cryptococcus curvatus Acetic acid (40) Batch 5.01 71.7 NA Huang et al. (2018b)
Candida sp. Acetic acid (4) Batch 0.76 24.2 NA Kolouchovi et al. (2015)
Trichosporon cutaneum Propionic acid (4) Batch 0.38 239 NA Kolouchovi et al. (2015)
Saccharomyces cerevisiae Acetic acid (4) Batch 0.05 2.80 NA Kolouchov4 et al. (2015)
Torulaspora delbrueckii Propionic acid (4) Batch 0.08 2.70 NA Kolouchova et al. (2015)
Rhodotorula glutinis Acetic acid (4) Batch 0.55 19.50 NA Kolouchovi et al. (2015)
Rhodosporidium toruloides Acetic acid (10) batch NA 19.1 0.16  Huang et al. (2016)
Yarrowia lipolytica Acetic acid (12) Fed-batch 1.84 30.8 0.15  Fontanille et al. (2012)
Yarrowia lipolytica Propionic acid (8) Fed-batch 0.87 25.7 0.11 Fontanille et al. (2012)
Yarrowia lipolytica Butyric acid (12) Fed-batch 0.85 25.1 0.07  Fontanille et al. (2012)
Cryptococcus curvatus Acetate (5)/acetic acid Fed-batch 28.4 60.0 0.18 Béligon et al. (2015)

(700)

Yys: lipid yield (g/g C); NA: not available.
2Combination of acetic, propionic and butyric acids at a ratio of 6:1:3.
bAcetate used as initial carbon source, acetic acid used as feed.

propionic acid (Table 2). Some Chlorella species, such as Chlorella
vulgaris and Chlorella sorokiniana have been known to assimilate
butyrate, but only under specific conditions (Moon et al. 2013;
Ren et al. 2013). Also Auxenochlorella protothecoides (Turon et al.
2015), Scenedesmus sp. (Ren et al. 2013) and Chlamydomonas
reinhardtii were able to proliferate in mixtures of VFA, with the
latter being cultivated also mixotrophically (Moon et al. 2013).

VFA growth inhibition

According to previous research results, each microalga exhibits
a different tolerance to VFA, when one or more of them are used
as main carbon source. This strain dependent VFA assimilation
seems to be also affected by culture conditions, such as the pH of
the medium, since all microalgae reported so far achieve a bet-
ter acid assimilation when cultivated in rather neutral pH values
(Table 2). Therefore, the maintenance of a proper pH appears to
be of great importance for the effective microalgae fermenta-
tion.

So far it is obvious that the main obstacle for basic VFA
consumption is butyrate, rather than acetate assimilation.
When VFA mixtures are examined, researches have repeatedly
observed that acetate and butyrate are consumed in a diauxic
manner, that is, the preferred substrate—acetate—is consumed
first, before butyrate assimilation begins. To the best of our
knowledge there is, but one microalga, reported in literature
capable of withstanding high concentrations of butyrate. On
behalf of VOLATILE project, Crypthecodinium cohnii has been suc-
cessfully cultivated in butyrate and even propionate at initial
concentrations as high as 30 g/L or 20 g/L, respectively (Chalima
et al. 2019).

Utilization of VFA for omega-3 production

The majority of microalgae produced industrially are exploited
as dietary supplements in the form of dried biomass (Brasil et al.
2017). However, another popular application involves the fer-
mentation of specific oleaginous strains for the extraction of
lipids. Microalgal lipids can be used either as alternative source

of esters for biodiesel production (Wen et al. 2013), or as func-
tional commodities of nutritional value, especially when they
are comprised of a significant percentage of omega-3 FA (Lopes
and Silva 2019). Industrial production of omega-3 FA by the
utilization of biowaste-derived VFA is indeed a very attractive
option, which allows the establishment of a circular process
with fewer waste streams. Furthermore, developing a process
for a final high added-value product, allows some liberties on
the fermentation and downstream process strategy, which is not
possible in the case of a bulk product such as biodiesel.

Omega-3 FA are comprised of four FA; «-linolenic acid (ALA),
eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA) and
docosahexaenoic acid (DHA; Ghasemifard, Turchini and Sinclair
2014; Byelashov, Sinclair and Kaur 2015). The human organism is
incapable of synthesizing substantial amounts of EPA and DHA
and therefore, these FA must be taken up through our nutri-
tion. Although fish oil is, for the present, the basic source of
EPA and DHA, it cannot be deemed as a sustainable choice, due
to constant fish stock depletion. What is more, fish tissue con-
tains always a mixture of EPA/DHA, when in specific food appli-
cations, the addition of only one FA is desirable (Chalima et al.
2017). For the above reasons, the substitution of fish with algal-
oil is constantly gaining momentum. Currently some microal-
gae strains cultivated for omega-3 production include C. cohnii
and Schizochytrium limanicum (Chalima et al. 2017). C. cohnii is
being cultivated since the 1990s as an industrial producer of
DHA and its oil has long received a GRAS (generally recognized
as safe) certificate (Ryan and Nelson 2010). Chalima et al. (2020)
succeeded, within the VOLATILE initiative, to cultivate the strain
C. cohnii ATCC 30772 in a fed-batch process with a feed of a DF
effluent from a vegetable, garden and food biowaste stream. The
cells grew effectively, assimilating the available carbon of the
VFA content, while accumulating 35.6% DHA of total FA.

FERMENTATION TECHNIQUES
PHA producing bacteria

Fermentation can greatly influence the total product of a bio-
conversion process, while, depending on the PHA producer, the
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Table 2. Microalgae strains that have been known to assimilate a mixture of VFA (pure or waste-derived).
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Production of dry

Microalgae species Carbon source Process biomass Ref.

Chlorella vulgaris ESP6 Mixture of acetate, lactate, Photoheterotrophic, 0.87 g/L Liu et al. (2013)
butyrate and HCO- constant pH=7.5

Chlorella protothecoides WAS hydrolysate containing  Heterotrophic 0.5 g/L Wen et al. (2013)

FACHB-3 a mixture of VFA

Arctic Chlorella sp. ArM0029B Acetic, propionic and butyric =~ CO, supplied- mixotrophic 0.38 g/L/d Ryu et al. (2015)
acids in ratio 6:1:3 (by mass) followed by the VFA supply

Micractinium inermum F014 Acetic, propionic and butyric ~ CO, supplied- mixotrophic 0.37 g/L/d Ryu et al. (2015)
acids in ratio 6:1:3 (by mass) followed by the VFA supply

Ettlia sp. YC001 Acetic, propionic and butyric ~ CO, supplied- mixotrophic 0.17 g/L/d Ryu et al. (2015)
acids in ratio 6:1:3 (by mass) followed by the VFA supply

Chlorella protothecoides UTEX Acetic acid: propionic acid: Heterotrophic 0.61 g/L Fei et al. (2015)

25 butyric acid in a ratio 8:1:1

Chlamydomonas reinhardtii Acetic acid: propionic acid: Mixotrophic 2.05 g/L Moon et al. (2013)

wild-type strain CC-124 butyric acid in a ratio 8:1:1

Chlorella sorokiniana (CCAP Acetate and butyrate Mixotrophic 1.14 g/L Turon et al. (2015)

211/8K)

Scenedesmus sp. strain R-16 Butyrate Heterotrophic 0.79 g/L Ren et al. (2013)

Crypthecodinium cohnii strain DF effluent from biowaste Heterotrophic (pH-auxostat 6.5+ 0.3¢g/L Chalima et al. (2019)

ATCC 30 772 culture)

Acutodesmus obliquus Butyrate mixotrophic 4.3 g/g* Lacroux et al. (2020)

*The yield due to heterotrophy alone under mixotrophic conditions is estimated at 1.06 g DCW/g.

fermentation method differs. A possible approach, which has
been applied for enhanced production of antibiotics, recombi-
nant proteins and PHA, is a cyclic fed-batch fermentation strat-
egy. Singh et al. (2021), reported the employment of such strategy
for PHA production by Bacillus thuringiensis using a glucose-rich
hydrolysate from dry de-ashed pulp and paper mill sludge as
carbon source, entailing the partial withdrawal of fermentation
medium and subsequent re-filling with an equal volume of fresh
fermentation medium (Singh et al. 2021). As a result, the concen-
trations of toxic by-products remained low, allowing enhanced
cell growth to achieve high concentrations of final biomass and
increased PHA yields.

When using low concentration feedstocks, the productivity
of the process is greatly affected by the dilution of the broth
due to the addition of large volumes of substrate. A promis-
ing way to obtain high cell densities and productivities would
be the use of cell recycling systems coupled to fed-batch pro-
cesses (Kourmentza et al. 2017). This strategy, employing cross-
flow membranes to recirculate cells into the fed-batch reactor
using a recombinant E. coli resulted in cell densities up to 200 g/L
with a productivity of 4.6 g PHA/L/h, using as carbon source a
whey solution rich in lactose (Ahn, Park and Lee 2001).

Although several bacteria are able to produce PHA during
growth and do not require growth-limiting conditions (Kour-
mentza et al. 2017), usually a two-stage process could be nec-
essary, the first for biomass build-up, followed by a PHA accu-
mulation stage triggered by the limitation of a growth-essential
nutrient and supply of excess carbon. This is the case of another
fermentation strategy in which a fed-batch process using wheat
straw hydrolysate as carbon source was developed to pro-
duce PHA using a Gram-negative bacterium from the genus
Paraburkholderia (Cesario et al. 2014).

Oleaginous yeasts

Due to naturally low VFA concentrations found in effluents, sim-
ple batch processes are widely reported at lab scale. Low VFA

concentrations prevent substrate inhibition to a certain extent;
biomass concentrations reached, however, are usually below
10 g/L. Even though lipid contents of above 50% of the cell dry
weight have been reported for such processes, volumetric lipid
productivities are deemed too low for industrial scale applica-
tions (Fei et al. 2011a; Zheng et al. 2012; Kolouchov4 et al. 2015;
Huang et al. 2016, 2018b; Park et al. 2017). Increases in lipid con-
tent (Xu et al. 2015) and volumetric lipid productivities (Huang
et al. 2016) have also been reported for sequencing batch pro-
cesses, in which biomass is harvested after a certain amount
of time and re-suspended in fresh VFA-rich medium. Overall
volumetric lipid productivities, however, remain low. Therefore,
several studies propose the use of a two-stage batch process;
glucose is used to facilitate initial cell growth and after its
depletion, VFA are added to the medium for lipid production
in nutrient limited conditions. While specific parameters could
be improved, overall performance in such cases was neverthe-
less comparable to single stage batch processes (Fei et al. 2011b;
Huang et al. 2016).

Two-stage approaches have also been used for fed-batch fer-
mentation of oleaginous yeasts, which allow high volumetric
productivities by utilizing VFA, without the drawback of reaching
inhibitory acid concentrations. In conventional processes, glu-
cose or glycerol are commonly used as carbon source in the first
stage of the process, in order to promote initial cell growth—a
major factor for determining the maximum final lipid produc-
tion. In the second stage, VFA are subsequently added as feed
for lipid production. This way, biomass concentrations of up to
41 g/L, with lipid contents of 55% CDW and volumetric lipid pro-
ductivities up to 0.33 g/L-h have been reached (Fei et al. 2011b;
Christophe et al. 2012; Fontanille et al. 2012). The drawback of
the initial use of a different substrate can be eliminated only
by utilizing a VFA containing carbon source or pure VFA both
for initial growth and subsequent SCO production. Béligon et al.
(2015) observed that C. curvatus was able to reach biomass con-
centrations of 80 g/L in a pH-stat fed-batch process when solely
grown on acetate. SCO content of the biomass was, however,
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significantly low. By varying fermentation conditions, the lipid
concentration could be increased from 12 to 28.4 g/L. In a sim-
ilar setup, Chi et al. (2011) demonstrated that an even higher
biomass concentration of 186 g/L was possible with the same
strain (Chi et al. 2011; Béligon et al. 2015). Furthermore, a SCO
content of 75% could be obtained, resulting in volumetric lipid
productivity of 0.66 g/L-h. This was achieved by using VFA con-
taining DF effluent as initial medium. Data on the economic fea-
sibility of VFA based SCO production processes is limited. Based
on calculations for other carbon sources, a minimum SCO price
of 2.4$/kg is estimated (Bonatsos et al. 2020). For many applica-
tions, this is not competitive to the price of vegetable oils (Kouti-
nas et al. 2014). However, there is potential for improvement of
the production parameters (product yield, titer, volumetric pro-
ductivity), especially for VFA based processes, through the use
and further development of continuous or semi-continuous sys-
tems with cell retention (Llamas et al. 2020b).

Microalgae

To overcome the apparent inhibitory effect of butyrate, men-
tioned previously, and even acetate at higher concentrations,
researchers have examined various fermentation techniques. It
is common that the enrichment of cell biomass increases the
tolerance of the culture to less preferable substrates. Such tech-
niques, thatin the pastinvolved enrichment of the medium with
the preferred acetate, or growth under mixotrophic conditions,
promote the early proliferation of the cells and allow a more effi-
cient utilization of butyrate later (Ren et al. 2013; Ryu et al. 2015).
The mixotrophic fermentation strategy increased the biomass
and acid consumption in the case of C. reinhardtii and C. sorokini-
ana. Furthermore, the initial addition of a higher acetate per-
centage has repeatedly been proven effective towards combined
higher assimilation of butyrate (Turon et al. 2016). This fact can
be the result of more cells being initially produced by acetate
consumption.

In the case of a fed-batch culture, the ability to maintain a
non-inhibitory acid concentration is enhanced. Many proposed
fermentation techniques therefore support the use of a fed-
batch pH-stat system. That way microalgae have been effec-
tively cultivated, while a feed of organic acids is added in a con-
trolled manner, in order to ensure both the continuously low
concentration of the acids inside the bioreactor vessel and also
the maintenance of a stable, favorable pH (Ratledge et al. 2001).
In the case of a feed of a DF effluent, the fed-batch fermenta-
tion was proven to be even more productive, in terms of biomass
and lipids, compared to the corresponding feed of pure acids
(Chalima et al. 2019). This is a result of the residual organic con-
tent present in the liquid fraction of the pretreated waste, apart
from VFA,-such as lactic and formic acid or ethanol (Bastidas-
Oyanedel et al. 2015)-as well as the high concentration of ammo-
nium that enhances cell growth. It is therefore, safe to assume,
that when the proper cultivation mode eliminates the inhibitory
effects of a DF liquid fraction, its organic residue acts favorably
for the fermentation outcome, offering one more advantage to
the VFA platform concept.

OTHER POSSIBLE END-PRODUCTS

VFA are characterized as platform chemicals, which means
that a wider variety of applications can be considered, even
for waste-derived, mixed VFA. Direct use after separation and
concentration is possible, e.g. as carbon source in denitrifica-
tion processes or alternatively, as preservative in food and feed,

since VFA are known to have antimicrobial properties (Zacharof
and Lovitt 2013; Lee et al. 2014). When coupling a secondary
microbial process to the initial VFA production platform, other
high added-value applications are possible. Two possible routes
can be microbial protein production and chain elongation to
medium chain fatty acids (MCFA).

Microbial protein is considered as a sustainable and future-
proof route to meet the increasing demand of protein-rich feed
and food. It consists of microbial biomass from aerobic het-
erotrophic bacteria or photoheterotrophic bacteria, with a high
amino-acid content (Matassa et al. 2016; Alloul et al. 2019). VFA
obtained from the fermentation of diverse waste streams can be
used directly as carbon source for microbial protein production
(Alloul et al. 2018). This route furthermore valorizes the nutrients
solubilized in the organic waste fermentation.

Chain elongation to MCFA is a microbial process leading to
VFA elongation, via reverse g-oxidation. The process requires
an electron donor, typically ethanol. It is often observed as side-
process in anaerobic mixed microbial fermentation, and is now
developed as a separate biotechnological process (Angenent
et al. 2016). The usual end-product, caproic acid, has a low solu-
bility in water in its acid form, thus facilitating product recovery,
compared to shorter chain VFA. Caproic acid has applications in
the feed industry, chemical industry and as fuel precursor (De
Groof et al. 2019). However, it must be noted that sustainable
caproic acid production from VFA requires a sustainable ethanol
source (Chen et al. 2017). A second chain elongation pathway is
now gaining attention, which does not require an external elec-
tron donor source; chain elongation with lactic acid as electron
donor (De Groof et al. 2019). Lactic acid is another by-product
of DF, which appears naturally in small amounts in effluents.
Therefore, for such a plan, no external addition is needed. In
terms of organic waste valorization, this implies broadening of
the VFA platform term to a carboxylate platform, in which also
lactic acid metabolism is included. In order to establish such
a platform, research efforts should be directed towards under-
standing the conditions in which lactic acid is efficiently pro-
duced, and which conditions favor VFA production during waste
fermentation. This approach will greatly increase the applicabil-
ity of the VFA/carboxylate platform.

FUTURE PERSPECTIVES FOR VFA-BASED
BIOPROCESSES

It is obvious that a VFA platform can offer a solution to the
microbial valorization of carbon contained in waste biomass.
Omega-3 FA for food and nutraceuticals, as well as PHA as a plas-
tic alternative, are commodities of increasing value. As a result,
their integration in a biowaste biorefinery, whose main goal is
the release of added-value products coupled with a waste min-
imization (Chandra et al. 2019), is a realistic prospect. It must be
noted that microalgal oil is a certified GRAS commodity that is
already in the market of baby formulas and adult supplements
(Wynn et al. 2010). The production of omega-3 from VFA has been
shown to be feasible by microalgae fermentation, which results
in a pure oil product that can be analyzed to its main compo-
nents with simple techniques (Chalima et al. 2019). Therefore, it
is possible that the use of a waste-derived feed does not reduce
the quality or safety of the final extracted product and should be
attempted in industrial scale.

Also, SCO offer many advantages against conventional oil
sources. Although SCO production from many different carbon
sources has been reported in literature, to our knowledge no
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industrial process has been implemented to date. While con-
siderable amount of literature focuses on the production of
biodiesel, the production of low value products like biodiesel,
fatty alcohols or fatty amines is not economically feasible
(Probstet al. 2016). However, if it is possible to produce SCO with a
specific fatty acid spectrum suitable for high value applications,
the impact of comparably high production costs is lower due to
the higher value of the product (Koutinas et al. 2014). Depending
on substrate costs, as well as the intended use of the SCOs, VFA
based SCO production poses an interesting opportunity for the
production of speciality chemicals.

Finally, the potential markets for PHAs produced by VFAs
derived from the treatment of waste are constrained by regu-
lation, availability of VFAs as raw material and product speci-
fication. The most promising markets combine the willingness
to pay a premium for the specific functionality of biodegrad-
ability, with the potential regulatory constraints caused by the
raw material being a waste. The enhanced mechanical proper-
ties, due to the significant incorporation of 3HV, which imparts
increased flexibility, allow the use of PHA in flexible materi-
als, such as films, for example on-site biodegradable agricul-
tural mulch films, biodegradable or compostable garbage bags,
biodegradable pots for plant nurseries and use in self-healing
concrete. Still, while a wide range of VFA-rich substrates is
in principle available, most fed-batch processes described in
literature- for bacteria, yeasts or microalgae- rely heavily on the
utilization of commercially available chemical grade acetic acid.
This discrepancy arises from the need for highly concentrated
VFA feed solutions and the comparably low VFA concentrations
in many substrates, which results in low productivities and a
significant dilution of the broth. Potential ways to circumvent
this issue include the concentration of the VFA stream using
electrodialysis, or nanofiltration and reverse osmosis steps, ide-
ally powered by renewable energy, or performing the fermen-
tation using cell retention devices in order to keep high cell
concentrations and hence productivities. In addition, other fer-
mentation modes like continuous processes or a cell-recycling
approach have to be explored. To our knowledge, the latter con-
cept has not yet been realized for VFA based microbial oil pro-
duction, however, continuous processes have occasionally been
described for oleaginous yeasts (Gong et al. 2015; Vajpeyi and
Chandran 2015).
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