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Highlights

e Coupling dark fermentation and microalgae production in a biorefinery concept.
e The broad range of fermentation metabolites production is explained.
e The use of fermentation metabolites as substrates for microalgae is discussed.

e The challenges and prospects of this promising coupling are outlined.



Abstract

In recent years, coupling bacterial dark fermentation (DF) and heterotrophic cultivation of microalgae
(HCM) has been pointed out as a promising sustainable approach for producing both gaseous and
liquid biofuels. Complex organic waste and effluents that are not susceptible to be directly degraded

by microalgae are first converted into volatile fatty acids (VFASs) and hydrogen by DF.

In this work, the feasibility of using DF effluents to sustain has been thoroughly reviewed and
evaluated. Promising perspectives in terms of microalgae biomass and lipids production are proposed
and can be extended as guidelines to promote HCM whatever the organic waste used. Abiotic and
biotic factors from DF effluents that promote or inhibit microalgae growth are discussed as well as the
use of unsterile DF effluents. Overall, the microalgae growth is favored on effluents containing high
acetate concentration (> 3 g.L™), with a high acetate:butyrate ratio (> 2.5), and when pH is strictly
controlled. At a low acetate:butyrate ratio (<1) and/or high total metabolites concentrations (> 10 g.L"
1), a low substrate:microalgae ratio and the presence of light appear to enhance microalgae growth.
Butyrate content appears to be a key factor when coupling DF/HCM since high butyrate concentration

inhibits the microalgae growth.
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1 Introduction

Nowadays, volatile fatty acids (VFAs) and hydrogen are both produced through chemical routes
relying directly or indirectly on fossil fuels which precludes their use for environment friendly
applications as fuels or for electricity generation [1,2]. Energy and chemicals production not relying
on traditional oil refinery that emits high amounts of greenhouse gases is one of the most crucial
challenges of the 21" century. Another main challenge is to reduce the pollution unleashed by the
constant increase of human waste. Environmental biorefineries, as sustainable platforms “producing
bio-based products (food, feed and chemicals) and energy (fuels, heat and electricity) from biomass”
[3], may constitute a potential solution for addressing these issues. The combination of both VFAs and
hydrogen production in dark fermentation (DF) processes treating waste is a good example of the
environmental biorefinery concept where energy and biomolecules are produced concomitantly with
waste treatment. Indeed, hydrogen is considered as one of the most promising solution of replacement
of fossils fuels since it is a very high energy carrier (122 kJ.g™) and its oxidative combustion produces
only water vapor as end-product [4]. Furthermore, hydrogen could be used as a sustainable source of
electricity for wide uses such as transportation through fuel cells technologies [2]. In addition, VFAs
can be used as substrates by various microorganisms such as oleaginous yeasts or microalgae [1] for

the production of chemicals (bioplastics) and energy (biodiesel and electricity).

In recent years, coupling bacterial DF, which produces hydrogen and VFAs, and heterotrophic
cultivation of microalgae, which produces lipids, has been suggested as being a very promising
sustainable approach for producing gaseous and liquid biofuels (Figure 1) [5]. DF is a simple process
that can convert a wide range of solid waste and effluents into hydrogen [6]. During DF, anaerobic
bacteria break down complex carbon compounds from the organic matter contained in waste (e.g.,
food waste or agricultural waste) and wastewater (e.g., wastewater from agriculture, paper or sugar
industries) into simple organic acids [1]. Acetic and butyric acids are the two main end-products of DF
and can be further used as low cost carbon sources to sustain the growth of heterotrophic microalgae
[7]. The main advantage of DF is that organic carbon compounds from complex waste that are not
directly available to microalgae degradation are simplified into low molecular weight VFAs [8].
Acidogenic fermentation (AF) is an alternative version of DF where hydrogen is converted into acetate
to maximize VFAs production with no H,. AF effluents can also be used to sustain microalgae growth
[9]. Moreover, thanks to nitrogen (N) and phosphorus (P) mineralization into ammonium and
orthophosphate during DF [10], effluents may also contain sufficient amounts of N and P that are
required to sustain the heterotrophic growth of microalgae. Recently, some studies investigated the
feasibility of using DF or AF effluents, composed mainly of acetate and butyrate, to sustain
microalgae growth and showed very promising perspectives in terms of production of microalgae
biomass and lipids [7,9,11-18]. To our knowledge, no economic assessment has been published

concerning the production of algal-lipid production when microalgae are heterotrophically growing on
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dark fermentation effluents. However, some studies estimated the cost of biodiesel based on lipid
production by yeasts (containing 30% of lipids), supplemented with fermentation effluents, between
0.71 and 2.23 $/L and should be economically competitive with the current diesel [19,20]. Further
studies are required to assess the economic viability of the actual coupling of dark fermentation with
algal lipid production. Such studies should consider not only heterotrophic algal growth but also
mixotrophic growth, as light is an extra cost but allows the production of highly valuable molecules
(e.g. pigments) as well.

The main objective of this work is to thoroughly review and discuss the abiotic (composition of the
effluents, substrate:microalgae (S/X) ratio, dark or light conditions, pH and temperature) and biotic
parameters (fermentation bacteria and microalgae species) that influence the microalgae growth on
synthetic and raw fermentation effluents. First, this review briefly describes the fermentation
principles and processes in order to assess the impact of DF and AF effluents variability in terms of
types and concentrations of metabolites and bacterial diversity (section 2). Indeed, fermentation
effluents consist of various low-cost carbon sources, VFAs and alcohols, and the subsequent
microalgae growth on these compounds depends mostly on metabolites composition and
concentrations as reported with synthetic (section 3) and raw DF effluent (section 4). The impact of
the presence of fermentative bacteria on microalgae growth when using unsterile fermentation
effluents is also illustrated and discussed (section 4). Finally, the main technical and scientific

challenges to obtain a successful coupling between DF and microalgae growth are discussed.
2 Brief overview of dark and acidogenic fermentation processes

2.1 Principles of DF and AF and bacterial diversity involved

Dark fermentation (DF) is part of the full anaerobic digestion (AD) process, ending with VFAs and
hydrogen production carried out by anaerobic fermentative bacteria (Figure 2). In acidogenic
fermentation (AF), which targets VFAs production, H, is exhausted by favoring acetogenesis, the

third step of AD, to maximize acetate production [21].

Hydrogen and VFAs production by DF and AF has been intensively studied using either mixed
cultures from soils or anaerobic digesters or co-cultures (two selected species) or monospecific
cultures of hydrogen-producing species [1,22]. When using waste streams, mixed cultures allow the
use of a broad range of unsterile substrates and lower the overall cost of the process since aseptic
conditions are not required [23]. Moreover, the diversity of the microbial community can stabilize the
degradation of waste (several species can perform the same task according to their affinity with the
substrate) [24]. The main disadvantage of using mixed culture is the presence of hon-H,-producing

species which use the substrate or waste for other pathways [25].



In mixed cultures, the main hydrogen-producing fermentation pathways during DF are the acetate
pathway and the butyrate pathway. The theoretical hydrogen yields of the acetate and butyrate

pathways are 4 and 2 moles of hydrogen per mole of glucose consumed, respectively (Eq 1 and Eq 2).

C¢H,,04 + 2H,0 — 2CH,COOH + 2CO, + 4H, Equation 1

C¢H,,0, - CH,CH,CH,COOH + 2CO, + 2H, Equation 2
Hydrogen is produced in both pathways and the molar ratio of acetate:butyrate depends on many
operational parameters (e.g. bacterial species involved, pH, hydraulic retention time - HRT) [26,27].

Hawkes et al. (2007) suggested the following equation (Equation 3) to describe hydrogen production

in mixed cultures with an average acetate:butyrate molar ratio of 0.66:
4C.H,,0, + 2H,0 — 3CH,CH,CH,COOH + 2CH,COOH + 2CO, + 10H, Equation3

According to Equation 3, the theoretical hydrogen yield in mixed cultures should be 2.5 mol of
hydrogen per mol of glucose consumed. Clostridium sp, a spore-forming strict anaerobic bacteria, are

usually the main H,-producing bacteria in mixed cultures [23].

Practically, the H, experimental yields observed in mixed cultures are usually lower than the
theoretical yields, ranging between 0.4 to 3 mol H,/mol of glucose consumed [23,25]. Such lower
yields result from the presence of competitive non Hy-generating pathways or other metabolic
pathways that directly consume hydrogen [2,4]. Overall, the main hydrogen consumers found in DF
bioreactors are methanogenic archaea. Sulfate and nitrate reducers also consume H, to produce H,S
and NHjs, respectively. Clostridium sp. can use different substrate or hydrogen, as an electron donor, to
generate propionate, ethanol, lactate, valerate, formate, acetone or butanol when pH is low or at high
concentration of VFAs [21]. For instance, homoacetogenic bacteria, such as Clostridium aceticum, can
convert H, and CO, into acetate. This step is favorable to VFASs production and is therefore very
important in AF processes. In addition, some other species, such as lactic bacteria, Lactobacillus sp. or

Sporolactobacillus sp. outcompete hydrogen producers for the substrate.
2.2 DF and AF operating conditions

By definition, a sustainable feedstock for DF and AF should be abundant, readily available, cheap and
highly biodegradable [4]. Crop residues, animal manure, food waste, sludge from anaerobic treatment
plants, effluents from sugar or paper industries are among the most studied feedstocks to sustain
hydrogen production [1,4]. According to the waste composition and its content in carbohydrates,
protein and fats, a broad range of H, and VFAs production can be achieved (Table 1). Indeed,
carbohydrate-rich waste achieve higher H, production since carbohydrates have been identified as the
main component source in waste correlating with hydrogen production [25,28]. Simple sugars such as
glucose and sucrose (glucose + fructose) are routinely used as model substrates to study and

characterize hydrogen production with mixed cultures [29,30].



Physical pretreatments (heat, ultraviolet irradiation, freeze) and chemical pretreatments (incubation at
very acidic or alkali pH) of the bacterial inoculum have been used to induce cell lysis of non-
sporulating non-H,-producing or H,-consuming bacteria. Clostridium species survive the pretreatment
thanks to ability to sporulate. In the DF reactor, the operational conditions are favorable enough to
allow germination of spores of Clostridium species. Usually, heat shock treatment gives the best
results [23].

Under batch, semi-continuous and continuous modes, hydrogen production can also be modulated by
the substrate concentration [31]. The optimal glucose concentration is around 10 g.L™*, which does not
inhibit Hy-producers but inhibits methanogens through pH variation [31]. Low initial glucose
concentration also prevents the accumulation of end-products (VFAS) which can lead to sporulation of
Clostridium sp. or a shift to alcohol production reducing the H; yield, also called solventogenesis
[4,26]. When using organic waste, high organic loading rate (OLR) can lead to VFAs accumulation
and decrease hydrogen production [32]. Moreover, OLR and related hydraulic retention time (HRT)
are two key parameters influencing the bacterial community structure, and thus the fermentation
performances when reactors are operated in continuous mode [26]. A short HRT (< 6 h) favors the fast
growing H»-producing Clostridium sp. and tends to wash out the slow growing methanogenic bacteria
[2]. HRT in AF are longer than for DF, between 6 h to 4 days, since H, has to be converted into VFAs.

Shorter HRT tend to favor butyrate production over propionate production [1].

The pH is a critical operational parameter in DF since its variation can affect the hydrogenase activity,
the metabolic pathways and the microbial community structure [33]. A pH drop due to the production

of VFASs is known to lead to a shift in metabolism, from H, production to solventogenesis [26]. As an

illustration, the butyrate pathway is predominant in Clostridium tyrobutyricum at pH 6 while, at pH 5,
a metabolic shift from butyrate fermentation to lactate and acetate fermentation can occur [34]. In AF

processes, pH can be adjusted to target specifically the VFAs production. For instance, pH 6 — 6.5 will
promote Clostridium sp. and acetate, butyrate production whereas propionate production can be

enhanced by the presence of Propiobacterium sp. which growth is promoted at pH 8 [1].

The DF process has also been operated over a broad range of temperatures (Table 1), i.e. mesophilic
(35 - 37 °C), thermophilic (50 — 70 °C) and hyperthermophilic ( > 80 °C) [2]. Temperature can cause
a shift in the bacterial community leading in subsequent variations in metabolic end-products
distribution. Generally, acetate is the main metabolite present when processes are performed at
thermophilic or hyperthermophilic temperatures whereas butyrate is dominant in processes performed
at mesophilic temperature [2]. Nevertheless, counterexamples exist since hydrogen metabolic
pathways depend also on the structure of the microbial community, the pH, the type of feedstocks and
the organic loading rate [2]. Temperature is not as critical as pH and is usually set around 35 — 37°C to

avoid stability related issues due to thermophilic temperatures.



2.3 Characteristics of fermentation effluents

Optimally, a large fraction (50-80%) of the biodegradable COD from the feedstock is transformed into
soluble metabolites in DF (and 100% in AF) [35]. Theoretically, 66.7% and 83% of the COD from
glucose is converted into acetate through the acetate-pathway (Equation 1) and into butyrate through
the butyrate-pathway (Equation 2), respectively. However, due to the large variability in organic
matter composition, microbial consortium origins and operational parameters of DF and AF processes,
no typical composition of metabolites can be provided (Table 1). Acetate and butyrate concentrations,
along with the acetate:butyrate ratio ranging between 0.4 and 6.7, can vary at a great extent. According
to the acetate and butyrate pathways (Equations 1 and 2, respectively), theoretical VFAs production

from 10 g.L™ of glucose can reach 6.7 g.L™ of acetate and 4.9 g.L™ of butyrate.
3 Growth of microalgae on synthetic effluents: abiotic influence

The microalgae growth on multiple organic substrates, such as mixtures of acetate and butyrate from
DF/AF effluents, is driven by the composition and the proportion of each substrates, the total organic
substrate concentration and the ratio (S/X) between the substrate concentration and the initial biomass
concentration [36,37]. All these parameters are linked together. Understanding their individual
influence on microalgae growth as well as the interactions between them is crucial to further promote
the microalgae growth on fermentation effluents. In addition, the culture conditions in mixotrophy or
heterotrophy (presence of light or not), pH and temperature controls, have tremendous effects on
microalgae growth. In this section, unravelling the effect on microalgae growth of the proportion of
each substrate, their initial concentration, the S/X ratio, the presence of light, pH and temperature was
attempted with synthetic effluent to better understand the results observed during growth on raw
effluents (section 4). Assimilation and metabolism associated with heterotrophic (darkness, with
organic carbon compounds as sole substrate) and mixotrophic (in presence of light, organic and
inorganic carbon compounds) conditions of microalgae growth on acetate and butyrate are presented
first. Comparisons with results obtained during growth of oleaginous yeast such as Yarrowia lipolytica

and Cryptococcus sp. on DF or AF effluents are also included.
3.1 Assimilation of fermentation products by microalgae and metabolisms involved

Under both heterotrophic and mixotrophic conditions, acetate is actively assimilated by eukaryotic
microorganisms through a monocarboxylic/proton transport protein [38]. Then, acetate is carried into
the cellular glyoxysome where it is transformed into acetyl-CoA, a central precursor metabolite, by the
acetyl-CoA synthetase. Acetyl-CoA participates to the glyoxylate cycle, a variant of the Krebs cycle
allowing the synthesis of precursor metabolites from two-carbon substrates. The two enzymes specific
of the glyoxylate cycle are the isocitrate lyase and the malate synthetase which allow the formation of

four-carbon metabolites from acetyl-CoA.



Unlike acetate, butyrate assimilation by microalgae has not been extensively studied. As for acetate,
butyrate is probably actively transported into the cell via a monocarboxylic/proton transporter and
further metabolized in the glyoxysome [38,39]. In the glyoxysome, butyrate might be activated into
acetyl-CoA through B-oxidation and then enter into the glyoxylate cycle [39]. Whereas high acetate
concentration (up to 20 g.L™ [40]) have been used to sustain microalgae growth, butyrate
concentration as low as 0.5 g.L™ has been shown to inhibit microalgae growth [41,42]. Butyrate
inhibition on microalgae growth might be the result of an acidification of the cytosol after assimilation
of the undissociated form of butyrate (butyric acid) [43].

Assimilation of the other fermentation metabolites, such as propionate, lactate and ethanol, seem to be
highly species-specific (Table 2). Since most of the studies on heterotrophic and mixotrophic
microalgae growth have been carried out using glucose or acetate as carbon sources [38], the
consequence of the complex composition in organic carbon of DF and AF effluents is still not well

known on microalgal heterotrophic growth.

When microalgae are grown on organic compounds under light conditions, the understanding of the
interactions existing between heterotrophic and autotrophic metabolisms, i.e. the proportion of
biomass produced from CO; or from organic carbon, during mixotrophic growth of microalgae is still
a challenge [44,45]. It has been generally observed that biomass yield and growth rate are higher under
mixotrophic conditions than autotrophic or heterotrophic conditions [46]. However, no clear and
mechanistic explanation has been provided to this statement, mainly because of the difficulty to
distinguish the contribution of autotrophic and heterotrophic metabolisms involved in algal growth and
biomass anabolism. The direct impact of the presence light on microalgae growth on mixtures of
VFAs is discussed in Section 3.4.

3.2 Influence of acetate:butyrate ratios on microalgae growth

Until recently, organic carbon substrates have only been studied as single substrate to sustain
microalgae growth in heterotrophic conditions. Nevertheless, in carbon-rich wastewaters or industrial
effluents, several carbon sources are usually available to support the microalgae growth [46]. DF and

AF effluents are composed of various proportions of VFASs and other organic metabolites (section 2).

Only few studies clearly investigated the impact of VFASs ratio on heterotrophic microalgae growth at
a fixed initial concentration of total VFAs (i.e. different ratios but similar initial VFAS concentration)
[11,42,47]. According to Fei et al. (2014) and Turon et al. (2015a), a high acetate concentration was
favorable for Chlorella protothecoides and Chlorella sorokiniana growth with regards to the butyrate
and propionate. Zhang (2012) showed that whatever the acetate:butyrate ratio (i.e. between 0.25 and 4
in g.g™") similar biomass yields were achieved with Crypthecodinium cohnii. Nevertheless, the medium
used to sustain C. cohnii growth was supplemented with yeast extract, 2 g.L™, which contains

unknown forms of organic carbon and therefore might have contributed to microalgae growth.



When using a VFAs mixture, the biomass yields of C protothecoides (g biomass per g total VFAS)
decreased from 0.33 to 0.16 along with the decrease in the initial proportion of acetate in the mixture,
likely due to an incomplete exhaustion of butyrate and/or propionate [11]. The lipids content of the
microalgae biomass also dropped from 48.5% to 35% with the reduction of the acetate content in the
substrate mixture. According to Turon et al. (2015a), the biomass yields measured on either acetate or
butyrate were very similar (0.38 and 0.48 g of carbon from biomass per g of carbon, respectively). The
slow growth rate during butyrate uptake (0.2 d™) compared to the fast one during acetate uptake (2 d™)
for A. protothecoides [42] could explain the incomplete butyrate exhaustion observed by Fei et al.
(2014). Fei et al. (2014) mentioned that butyrate and propionate uptakes were accelerated after acetate
exhaustion. This observation suggests that the presence of acetate unfavors butyrate and propionate
uptakes. A diauxic phenomenon was evidenced by Turon et al. (2015a) during the heterotrophic
growth of A. protothecoides[42]. Indeed, during microbial growth on multiple carbon substrates, either
simultaneous uptake of different substrates or sequential uptakes, also called diauxic effect, are
possible and are modulated according to the substrates ratio [36]. Diauxic phenomena are usual when
one of the substrate present in the medium is preferred over another, for example when the growth rate
during the uptake of one of the substrate is higher than with the other substrate [48]. Enzymatic
repression is often the cause of a diauxic effect, e.g., repression of the synthesis of the transporter
protein [36]. Even though such diauxic effect resulted in an inhibition of the butyrate assimilation in
presence of acetate, the presence of acetate had also a positive effect on the growth of A.
protothecoides on butyrate since the acetate uptake lead to an increase in biomass and, consequently,
the apparent butyrate uptake was faster than in absence of acetate [42]. Nevertheless, the specific

butyrate uptake rate, when normalized to the biomass concentration, remained very similar.
3.3 Influence of total VFAs concentration and S/X ratio on the microalgae growth

As previously pointed out by Bumbak et al (2011), high organic substrate concentration (e.g., glucose,
acetate) can be inhibitory to the microalgae growth [49]. Under both heterotrophic and mixotrophic
growth conditions, the biomass yields of Chlorella protothecoides and Chlamydomonas reinhardtii
were inhibited when the total VFAs concentration was increased above 2 g.L™ [11,16]. However, the
latter experiments were carried out with no control of the pH during the culture and, at such high
VFAs concentration and even though the initial pH was close to neutrality, a pH increase likely
occurred due to the uptake of the weak acids during the growth of microalgae. Such pH increase might

have been the cause of the decrease in microalgae biomass yield.

At similar initial microalgae concentration (X), the increase in the concentration of VFASs (S) results in
a higher initial S/X ratio. In order to reduce the time to reach complete VFAs degradation and reduce

VFAs inhibition, the initial S/X ratio could be lowered by either diluting the medium or increasing the
initial microalgae load [14]. When butyrate is provided as substrate and under light culture conditions,

the reduction of the S/X ratio from 4.8 to 1.1 resulted in an increase in the final biomass production by
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50% and complete butyrate exhaustion, during the growth of Chlorella vulgaris [14]. Nevertheless, the
composition of VFASs has still to be taken into account when discussing the results. It could be
expected that the S/X ratio has to be set according to the acetate:butyrate ratio. For instance, with a
high acetate:butyrate:propionate ratio of 8:1:1 and a high S/X of 20, Chlamydomonas reinhardtii could
grow without inhibition at 2 g.L™ of VFAs [16]. To avoid growth inhibition by high total VFAs
concentration and to reach high-density cultures, operational processes such as fed-batch cultivation
(sequential addition of the substrate) and perfusion techniques (particular continuous culture mode
where the cells are physically retained in the culture) could be used [49]. Indeed, under these two
culture modes, the S/X can be adjusted so the VFAs concentration remains under inhibitory

concentration.
3.4 Mixotrophic mode of assimilation: the effects of light and CO,

During mixotrophic growth on VFAs, microalgae are expected to assimilate CO, and thus to generate
autotropically biomass and to accelerate the apparent uptake of VFAs in heterotrophic cells (sub-
section 3.1).Therefore, the autotrophic growth could be considered as another way to lower the S/X
ratio. The results obtained by Liu et al (2012) evidenced that both butyrate and inorganic carbon
uptakes occurred simultaneously during a mixotrophic growth of Chlorella vulgaris. Indeed, only
simultaneous assimilation of both compounds can explain the biomass yield observed on butyrate that
were higher than 1, i.e. 2.1 g.g™ [14]. This observation highlights the need to discuss with caution the
values of biomass yields obtained at the end of a mixotrophic growth. The authors pointed out that
inorganic carbon was a preferred substrate when compared to butyrate. Indeed, C. vulgaris growth rate
on a mixture of butyrate and bicarbonate (HCO3), ranging from 0.52 to 0.63 d*, was significantly
lower than the one observed during autotrophic growth on HCOj3 as single substrate, 0.97 d™ [14]. In
addition, the butyrate:HCOj;" ratio appeared to be important in order to avoid only autotrophic growth

with no butyrate assimilation [14].

High light intensities (> 300 umol photons.m”s™ for C vulgaris) also need to be carefully managed to
avoid photo-inhibition or a complete autotrophic metabolism [15]. This parameter is probably species
dependent, at least for the effect of light intensity on mixotrophic growth, and need to date further
investigations. The interactions between heterotrophic and autotrophic metabolisms during
mixotrophic growth of Chlorella sorokiniana on a mixture of acetate and butyrate have been recently
studied [50]. It was shown that mixotrophic biomass production relied mostly on heterotrophic
metabolism (61%) during acetate uptake whereas it relied mostly on autotrophic metabolism (62%)
during butyrate uptake. Under mixotrophic conditions, the presence of butyrate reduced the growth
rate on acetate by 30% compared to the control without butyrate. However, VFAs complete removal
was three days shorter under mixotrophic conditions than under heterotrophic conditions. The

interactions between acetate, butyrate and inorganic carbon metabolisms under mixotrophic conditions
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appear to be complex and highly dependent on the initial concentration of butyrate. Indeed, butyrate

inhibition is reduced in presence of light but not completely removed.
3.5 Influence of temperature and pH

Despite the beneficial effects caused by an optimal temperature on microbial growth, such as
enzymatic activity enhancement and reduction of the requirement for thermoregulation, temperature,
and more specifically high temperature, could have adverse effects on microalgae growth on VFAsS,
and more particularly on mixotrophic growth. Indeed, the RuBisCO enzyme, which catalyzes CO,
fixation in the Calvin cycle, has a stronger oxidase activity at high temperature, meaning that CO,
fixation is reduced due to a higher photorespiration rate [51]. In addition, the value of pKa is linked to
temperature and temperature variation may change the concentration of the undissociated toxic form
of VFAs which would affect both the heterotrophic and mixotrophic microalgae growth. Effect of
temperature on microalgae heterotrophic or mixotrophic growth on VFAs has been scarcely studied
but the first results highlighted the importance of this parameter. When growing on a mixture of VFAs
,acetate:butyrate:propionate ratio of 6:3:1, the heterotrophic growth of Chlorella protothecoides was
shown to be higher at 25 °C than at 30°C [11] although this latter temperature is close to the optimal
temperature for this species which is between 28° and 30 °C [11,52,53]. Similarly, the heterotrophic
growth of Chlorella sorokiniana on a mixture of acetate and butyrate (A:B ratio of 1:1) was the
highest at 30 °C than at 35 °C or 25°C due to a strong butyrate inhibition at 35 °C although the optimal
temperature for growing this species is ranging between 35 - 37 °C [54-56]. The known optimal
conditions for microalgal growth using a favorable single substrate cannot be applied when a mixture

of substrates is investigated especially with the presence of inhibitory substrates such as butyrate.

pH control during microalgal cultivation is requested in order to lower pH-related inhibition caused by
the uptake of VFAS, such as cytosolic pH acidification [43]. Indeed, at low pH values (< pKa), acids
are taken up under their undissociated form. Due to neutral pH of cytosol, acids are dissociated in the
cytosol and H+ are release, which leads to a decrease in pH value. Consequently, the microalgae
growth can be reduced through inhibition of enzymes’ reactions for example. In addition, without pH
control, pH may increase due to the exhaustion of organic acids leading to an increase in toxic
ammoniac (NHs) if ammonium (NH,") is present in the medium (pKa NH;"/NH; = 9.5). A pH control,
through automatic titration of either base or acid, was successfully used to increase biomass
production by 38% and increase butyrate removal by 19% during mixotrophic growth of Chlorella
vulgaris on butyrate [14]. As pointed out previously, when studying microalgae growth on VFAs, the

control of pH has to be carefully considered to better understand the yields observed.

4  Growth of microalgae on raw effluents: successes and challenges
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4.1  Successful microalgae growth on raw effluents

Despite the variability in the composition and concentrations of fermentation metabolites in raw
effluents tested, Chlorella sp. and Scenedesmus sp. appeared to grow well on DF and AF effluents

when using various operational strategies (Table 3).

4.1.1 High acetate concentration lead to higher microalgae production

High acetate concentration (>3 g.L™) combined with high A:B ratio and pH control have been
identified as key parameters to reduce the inhibitory effects caused by high initial concentrations of
VFAs and thus promoting the microalgae growth on raw effluents (Table 3) (Cho et al., 2015;
Hongyang et al., 2011; Hu et al., 2013, 2012; Ren et al., 2014a). Indeed, effluents with high total
metabolites concentrations (> 5 g.L™), and with A:B ratio ranging from 4.5 to 20, have been
successfully used to reach high microalgae concentration (> 2 g.L™) even at high S/X ratio (no

dilution) under both heterotrophic and mixotrophic conditions [17,57].

To optimize the incompatible mechanisms of microalgae growth and lipids accumulation, the current
trend is to favor the growth under N limitation which allows concomitant production of biomass and
lipids, although the effect are strongly species dependent [59]. Interestingly, high lipid yields were
also achieved on acetate (40% of dry weight), without applying a drastic N starvation, during the
heterotrophic growth of Scenedesmus sp. on sterile raw DF effluents composed mainly of acetate and
ethanol [7]. Since ethanol was not assimilated by Scenedesmus sp. [7], biomass yield and lipids
production could be further enhanced by using ethanol-consumer species such as Crypthecodinium
cohnii, Chlorella protothecoides and Chlorella sorokiniana (Table 2) [46,60,61].

As suggested by several authors, including Fei et al. (2014), microalgae grew well in fed-batch
cultivation on raw effluents because VFAs concentration remained lower than the inhibitory level (<2
g.L™) due to the successive addition of the effluent [9]. As previously pointed out (sub-section 3.4),
microalgae concentration and yields achieved under mixotrophic conditions have to be interpreted
with caution. For example, the high biomass yield (> 1 g.g™) and microalgae concentration reached by
Chlorella pyrenoidosa were probably due to both inorganic carbon uptake and also unidentified
organic compounds from the effluents (Table 3) [12].When acetate concentration was low (0.3 g.L ™)
because of dilution of the effluent (for which the total metabolites concentration was 11.4 g.L™ with
no dilution), the final microalgae concentration was low (0.35 g.L™) despite a mixotrophic mode of
assimilation and a A:B ratio of 10 (Table 3) (Hu et al., 2012). Since pH was neither controlled nor
buffered, the AF effluent used in the study of Hu et al. (2012) had to be diluted 8 to 20 fold to avoid

growth inhibition by the increase in NH; concentration [9,13].
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4.1.2 Low S/X ratio and light supply used for low A:B ratio

A low S/X ratio (i.e. dilution of the effluent and/or increase of microalgae inoculum) and the presence
of light and CO, are favorable to grow microalgae on effluents having A:B ratio lower than 1
[14,15,18]. As mentioned previously, the main drawback of diluting effluents is the low microalgae
production due to the low initial VFAs concentration (Table 3). Liu et al. (2013) showed that butyrate
uptake rate by Chlorella vulgaris was 10 times faster under optimized light intensity and without CO,
sparging, than under darkness (also without CO, sparging) at low S/X ratio. Nevertheless, by sparging
air enriched with 30% CO, or under saturating light intensities, the beneficial effect of mixotrophy
decreased, and butyrate uptake rate could also decrease by 20 to 30% as reported by Liu et al. (2013).

4.2 Challenges arising from the use of raw effluents

4.2.1 Possible presence of inhibitors or low nutrient availability

If we exclude the investigation of the influence of VFAs composition and concentrations, new
challenges arise from the use of raw AF and DF effluents to sustain microalgae growth, and more
particularly when considering real waste as feedstocks prior to fermentation, due to the presence of
unknown and impacting compounds. When using food waste as substrate for AF and further growth of
the fungi Cryptococcus albidus on AF effluent, the presence of unknown inhibitors was suggested by
the authors [19,62]. Indeed, growth rate was twice higher when fungi was grown on synthetic AF
effluents (mimicking VFAs composition of the real effluents) than on real AF effluents [19]. Nitrogen
should not be limiting in DF effluents from protein-rich wastes fermentation such as food wastes [62].
On the opposite, Chi et al. (2011) hypothesized that ammonium concentration (2.4 g.L™) in the DF
effluent from food waste equivalent to a C:N ratio of 3.2:1 was too high to induce algal production of
lipids from DF effluent. One of the main reasons to couple DF with microalgae growth is the
availability of ammonium, orthophosphate and other nutrients (e.g; Mg?*) in the effluent which are
mineralized from feedstock. Due to a lack of systematic screening of potential nutrients for algal
growth in DF effluents, there are still no data available to conclude on sufficient nutrient availability to
sustain efficiently the microalgae growth. Investigations on finding the optimal feedstock for an
optimal coupling of hydrogen production by DF and subsequent microalgae growth and lipids

accumulation are still required.

4.2.2  Presence of suspended solids in untreated effluents

Another issue linked to the use of untreated effluent is the presence of suspended solids that darken the
medium and thus reduces the access to the light to sustain a mixotrophic growth [58]. By operating the
HMG reactor under heterotrophic conditions, the presence of suspended solids should not alter the
microalgae growth. If not, dilution or filtration of AF or DF effluents might be necessary to sustain

mixotrophic conditions [58]. Owing to a 20-fold dilution of AF effluent from swine manure to ensure
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Chlorella sp. mixotrophic growth, acetate and butyrate concentrations were lowered to 0.3 g.L™ and
0.03 g.L™, respectively. Consequently, low microalgae production, around 0.36 g.L™, was reached
(Table 3). When dark effluents are used to support microalgae growth, cultivation under darkness
(heterotrophy) might be more suitable than cultivation under light conditions (mixotrophy) in order to
avoid the costs associated with the supply of light and the requirement of effluent dilution.

4.2.3 Presence of Bacteria in unsterile effluents

In order to couple efficiently DF and heterotrophic cultivation of microalgae, the cost of effluent
sterilization has to be reduced. According to Park et al. (2014) , sterilization of the medium accounts
for more than one fourth of the investment costs of the process when coupling DF and oleaginous
yeast cultivation. Bacterial contamination is one of the main challenges that must be resolved prior to
upscaling heterotrophic cultivation [63]. During heterotrophic cultivation, the competition between
microalgae and bacteria for carbon, nitrogen, phosphate and oxygen, is usually found to be
unfavorable for microalgae growth [64,65]. Nevertheless, these authors suggested that some
conditions may be favorable to microalgae growth, such as a low initial bacterial density and high
initial nutrient loads. In unsterile municipal wastewaters, with high NH," and PO,% loads and low
organic carbon loads, Chlorella protothecoides has been shown to grow efficiently under autotrophic
conditions [66]. As described in section 2, microbial community in DF and AF effluents is mainly
composed of strict anaerobic and facultative anaerobic bacteria since protists and aerobic bacteria
should not survive heat pretreatment of the inoculum and the strict anaerobic conditions of the

fermentation process.

Few studies used successfully unsterile fermentation effluents for mixotrophic algal growth [9,13,18].
So far, the presence and the possible role of bacteria have not been extensively studied. Usually,
bacterial growth is not monitored and microalgae growth is characterized by optical density or
gravimetric methods which do not enable to distinguish microalgae and bacteria. Thus, one cannot
distinguish between VFAs uptake by microalgae or by bacteria. For ensuring VFAs uptake by

microalgae, monitoring microbial community is mandatory.

Recently, Turon et al. (2015b) investigated the heterotrophic growth of Chlorella sorokiniana in
presence of fermentative bacteria on unsterile DF effluents, mainly composed of acetate and butyrate.
Specific primers targeting either microalgae or bacteria were used to monitor both microalgal and
bacterial growth by quantitative PCR. C sorokiniana outcompeted fermentative bacteria for acetate
uptake thanks to a fast growth (1.75 d™) on acetate and a delay in bacterial growth probably due to the
drastic shift between operating conditions in DF (anaerobic conditions at 37 °C) to heterotrophy
(aerobic conditions at 25 °C). Due to the high butyrate concentration (1.2 g.L™), C. sorokiniana was
unable to grow on butyrate which was therefore entirely consumed by facultative and strict aerobic

bacteria. Furthermore, such butyrate inhibition could also be reduced through the association of
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microalgae-bacteria which could lead to butyrate removal by bacteria [68]. As an illustration, Imase et
al. (2008) built an artificial symbiosis between Chlorella sorokiniana and propionate-degrading
bacteria and showed that propionate inhibition on microalgae was successfully lowered. Such strategy
could be similarly used to lower the butyrate inhibition. In addition, the presence of the butyrate-
degrading bacteria could reduce the growth of aerobic fermentation bacteria since the ecological niche
would already be established.

5 Outlooks

5.1 Microalgae growth on raw effluents: a need for the development of new measurements

and techniques

The composition of organic carbon content, as well as inorganic nitrogen and phosphorus contents of
dark fermentation (DF) effluents is not always fully determined. As an illustration, Hongyang et al.
(2011) showed that 30% of the chemical oxygen demand (COD) of the effluent used to sustain
Chlorella pyrenoidosa growth was not due to fermentation metabolites but was not characterized.
Microalgae growth on this uncharacterized part of the organic matter cannot be analyzed. For N and P
contents of DF effluents, they are usually not described even though the C:N:P ratio of the effluent
may strongly influence the microalgae growth. In addition, the C:N ratio of the effluent would have a
major impact on lipids production under N limitation (or N starvation) [20]. A thorough analysis of C,
N and P compounds of the effluent is thus recommended to investigate the coupling of DF and

microalgae production.

An accurate quantification of the microalgae biomass (dry weight or cells number or equivalents) in
presence of fermentative bacteria and suspended solids (originating from anaerobic sludge and the
feedstock for fermentation) is also a major technical issue. Usually, the microalgae biomass (g.L™?) is
estimated by direct weight measurement or indirectly either by optical density (OD) (turbidity),
pigment extraction (Chlorophyll a), or via the bio-volume (using flow cytometry for example). But,
the number of algal cells (measured directly by microscopic counting) is not necessarily linked to the
dry weight since among a same species a great range of sizes is possible (daughter cells vs mother
cells) [70] and the algal production of exudates (polysaccharides) may be also considered into the dry
weight measurement. Since OD measurements do not discriminate bacteria, suspended solids and
microalgae, the microalgae biomass cannot be quantified by using OD in raw effluents. Flow
cytometry is a powerful tool to differentiate microalgae from bacteria thanks to the autofluorescence
of chlorophyll, cells size and nucleus staining. However, the chlorophyll fluorescence might vary
according to the mode of assimilation, i.e. heterotrophy or mixotrophy [71]. Moreover, samples would
have to be filtered to remove the suspended solids before analysis. Counting microalgae using contrast
phase or fluorescence microscopy would also be very difficult due to the high bacterial load and/or

suspended solids. In several studies [67,72—74], microalgae were quantified in presence of bacteria
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and suspended solids using quantitative PCR with primers specific to microalgae. Although this
method is accurate and does not require any filtration of the samples, results from qPCR analysis
cannot be directly correlated to the dry weight. Indeed, results from gPCR are always analyzed using
logarithmic values of the number of copies of the targeted genes which is due to the precision of the
method. From a biological point of view, there is no strict correlation between the dry weight (or the
cells number) and this logarithmic value. The only possible correlation would be between the dry
weight (or the cells number) and the number of genes copies. Lakaniemi et al. (2012a) pointed out that
the number of rDNA copy per cells may vary according to the growth phase. Even though monitoring
the microalgal growth by gPCR has several advantages compared to the other techniques, several
drawbacks exist and cannot be avoided. To monitor daily the microalgae and bacterial growths in
reactors, no method is today readily available except microscopic counting, which also has several

drawbacks.

Future research on carbon partitioning from VFAs, between microalgae and bacteria, would also be
necessary to precisely estimate carbon assimilation by microalgae after DF. Indeed, under
heterotrophic conditions and in presence of fermentative bacteria, Turon et al. (2015b) suggested that
the microalgae growth was assumed to be only due to acetate uptake [67]. But the bacterial growth
was observed during acetate removal. It was then suggested that bacteria might have grown on
microalgae exudates or other unquantified organic compounds. In presence of light and CO,, it is
difficult to differentiate between VFASs uptake by microalgae or bacteria. Indeed, microalgae growth
could be due to CO, assimilation and not VFAs uptake in presence of bacteria. After incubation with
labeled carbon (**C/*C), e.g; labeled acetate and/or butyrate, flow cytometry coupled with cell sorting
could be used to differentiate microalgae and bacteria and measure the incorporation of labeled carbon
[76]. As pointed out by You et al. (2015), the traditional methods to differentiate microorganisms,
bacteria and microalgae, according to the cell size (filtration, density gradient centrifugation and cell
sorting) give poor results for bacteria and microalgae with similar abundance and cells sizes, as for
Chlorella sorokiniana (2 and 6 um). Very recently, You et al. (2015) developed a new method based
on monitoring the assimilation of labeled carbon (NaHCO3) into the photosystem I (PSI), which is
specific of microalgae since PSI is not present in heterotrophic bacteria . Obviously, if synthesis of PSI
is down-regulated in presence of VFAs under heterotrophic conditions, the use of labelled VFAs
tracking technique to follow their assimilation into labelled PSI should not be used, but another

protein could be targeted, such a histone protein for example.
5.2 Perspectives and challenges on coupling DF and microalgae heterotrophy

One way to enhance the microalgae biomass production on raw fermentation effluents is to increase
the microalgae competitiveness for butyrate uptake. Operating parameters, such as temperature, light,
pH, S/X ratio could improve the microalgae competitiveness for butyrate uptake. In addition, previous

acclimation of the microalgae to butyrate by successive cultures on media with low concentration of
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butyrate was suggested as another mean to reduce butyrate inhibition on microalgae growth [42].
Increasing acetate content (i.e. high acetate:butyrate ratio) in the effluent would also probably promote
the microalgae growth on DF effluents. Theoretically, the H, production through the acetate pathway
is maximal (section 2) and increasing the acetate content is favorable to microalgae growth. Operating
fermentation under thermophilic conditions is known to produce higher acetate content than butyrate
content [78]. Combining thermophilic DF with microalgae growth could therefore be suggested as a
promising coupling. Since VFA speciation is dependent on HRT, an increase of the HRT of the DF
systems may lead to a higher A:B ratio through homoacetogenesis in detriment of H, production.
Further research is required to reach the best combination of both processes and maximize both H, and

acetate production together with microalgae biomass and lipids production.

Despite very promising microalgae biomass production (up to 4.08 g.L™) obtained on raw
fermentation effluents[17], microalgae biomass and lipids productions still require further
improvements to increase the economic feasibility of the coupling. Low cost dewatering systems have
been suggested for increasing the VFAs concentration in the effluent and enhancing the microalgae
production [79,8]. Among these systems, forward osmosis and pervaporation techniques have been
highlighted as the most promising processes and are currently being optimized to maximize VFAs
concentration in the effluents [79].0Once the VFASs concentrations are maximized, high cell density
should be achieved as very high cell density (up to 109 g.L™) have already been achieved under

heterotrophic mode using chemical grade acetate as the substrate [80].

Additionally, a tradeoff between the reduction of butyrate inhibition on microalgae growth without
enhancing the growth of unwanted bacteria would have to be investigated. Temperature and pH
adjustments, as well as acetate enrichment, should promote microalgae growth and lower the butyrate
inhibition but it might also promote bacterial growth during the heterotrophic step. Due to the
competition with bacteria for organic carbon, microalgae might shift their metabolism towards
autotrophy under mixotrophic conditions as a mean for survival. Finding an optimal S/X ratio to

ensure the microalgae dominance over bacteria might be the most likely and reliable option.

The influence of the bacterial community structure on microalgae growth and competitiveness for
VFAs should be further investigated to generalize the use of unsterilized effluent to sustain microalgae

growth as previously suggested [67].
6 Conclusion

This review focused on analyzing and discussing microalgae growth on synthetic and raw
fermentation effluents in order to highlight the potential of coupling processes of dark fermentation
and microalgal growth. Before upscaling microalgae production on fermentation effluents, the effect
of several abiotic (combination of T°, light, CO,, pH control) and biotic (selection of microalgae

species and acclimation to butyrate) parameters still require additional research. Further analyses of
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fermentation effluents, in terms of C, N and P compounds, and microbial (microalgae and bacteria)
growth and interactions are required in order to get a better understanding and then a better control of
the biomass and lipids production. Furthermore, future investigations related to the integration and

engineering of these two processes would be necessary to find an optimal combination.
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ACCEPTED MANUSCRIPT

Figure Captions

Figure 1. Schematic representation of coupling dark fermentation with microalgae growth for
gaseous and liquid fuels. HRT: Hydraulic retention time, A:B : Acetate:butyrate, S/X:

substrate/microalgae
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Figure 2. Links between anaerobic digestion, acidogenic fermentation and dark fermentation.
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Tables

Tablel. Examples of H, and metabolites production according to the waste feedstock and operational conditions.

Feedstock Culture T Acetate Butyrate Ethanol|Lactate|Propionate
Inoculum pH . H, Reference
(organic load) mode C (9L (gL | @.LD[@LYH] (gLh
Food waste (60 g VS.L™) Anaerobic sludge (HT) B 8|35| 289°% | 12.2 6.7 0.7 [62]
Hydrolyzate of corn stover
Anaerobic sludge (HT) B |55/35| 2.84° | 057 | 0.88 [81]
(5.5 g.L™* of mixed sugars )
Buffalo slurry and cheese whey ]
L Lagoon sediments B |65/37] 117% | 0.85 2.04 0.51 0.1 2.8 [82]
(20.6 gVS.L™)
Food waste (13 g COD.L™) | Anaerobic sludge (HT) | C* |6.5/37| 310% | 05° | 0.8° | 0.9° | 0.9° 0.2° [83]
Rice slurry (5.5 g.L™ of _
Anaerobic sludge (HT) B |45/37| 346° 0.9 2.3 0 0 0 [84]
carbohydrates)
Cow dung compost
Wheat straw (25 g.L™) B 7|36 68.1° 1.6 1.6 0.48 0 <04 [85]
(UV-treated)
Cornstalk waste (15 g.L™) Cow dung compost B 7136 150° 0.9 1.1 0.25 0 0.7 [86]
Hydrolyzed bagasse (10 g.L™) | Anaerobic sludge (HT) B [5.4/50]| 13.39° 0.8 0.3 [87]
Food waste (15 g COD.L™) Anaerobic sludge B [10[28|0(AF)Y| 4 |06-07| O 0 1 [88]
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a: mL H2 gVS-1; b: mol H2 per mol of sugars consumed; ¢: mL H2.g-1 of carbohydrates; d: mL H2.gTSadded-1; added; f: Acidogenic fermentation; e:
maximal metabolites concentration during fermentation. VS: Volatile Solids, TS: Total Solids; *: HRT: 2.3 - 4.5 d-1; T: Temperature; HT: Heat-treated; B:

Batch; C: Continuous
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Table 2. Overview of fermentation metabolites used as substrates to sustain microalgae growth.

Species Acetate | Butyrate | Propionate | Ethanol | Lactate | Reference
Chlamydomonas reinhardtii + + + [16]
Chlorella vulgaris + + - [14]
+ + + [89]
(Auxeno)Chlorella protothecoides | + + - [42]
+ + + [11]
+ + [90]
Chlorella sorokiniana + - [91]
+ + - [42]
+ + [61]
Crypthecodium cohnii + + + [47]
+ [92]
+ + [93]
Euglena gracilis + [94]
Scenedesmus sp. + - [7]
+ + +P [95]

& apochloroplastic species (strict heterotroph); *: very low growth was observed, +: suitable substrate, -: no uptake or
microalgae growth was observed with the substrat
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Table 3. Overview of studies carried out with raw fermentation effluents.

Fermentation process Microalgae growth Reference
H . a
Mixed or pure Effluent treatments Metabolites concentration AB H/ | pH . Yys Xpr(_)ld Studies/ Comments
culture 1 species SIX| 57 | (g.L7)
(9.L™) M | control ¢
Substrate
Pure (Clostridium) | Dilution: % Acetate : 0.3 0.4 H [N.M. [C.vulgaris 4.8 |0.38 |0.45 Partial butyrate [15]
Sterile Butyrate : 0.8 M 0.80 |0.7 exhaustion
Glucose, xylose Formate : 0.04 S/X, light intensity,
Lactate : 0.05 CO, sparging
< |Pure (Clostridium) |Dilution: ¥4 Acetate : 0.5 0.4 M |No C. vulgaris 9.6 [0.09 [0.21 Lactate was not [14]
2 Sterile Butyrate : 1.13 consumed
£ [sucrose Lactate: 0.78 SIX
2 |[Mixed Not diluted Acetate : 0.7 0.6 H |Buffer [C. 97 (0.16 [0.31 Microalgae [67]
S | Glucose Sterile and unsterile | Butyrate 1.25 sorokiniana consumed acetate.
f.e Mixed Dilution: 7/10 Acetate : 1.13 1.4 M [N.M. [Mixedalgae |15 |0.41 |1.22 Bacterial growth [18]
a Butyrate : 0.83 was not monitored.
Food waste Propionate:0.24
Pure Not diluted Acetate: 3 20 H |N.M. |[Scenedesmus (58 | 0.34 |1.88 Ethanol was not [7]
(Ethanoligenens) | Sterile Butyrate: 0.15 sp. consumed.
Glucose Ethanol: 2.7
Mixed Dilution: 1/2.7 Acetate: 0.67 2.7 M |N.M. [C. 49 (1.23 |1.85 |VFAsrepresented |[[12]
Soybean Sterile Butyrate: 0.25 pyrenoidosa 70% of initial
< |processing Propionate: 0.44 COD.
.S |wastewater Others: <0.11
£ |Mixed Not diluted Acetate: 4.5 45 M |Yes C. vulgaris 58 (0.47 |4.08 |VFAsrepresented |[17]
g Sterile Butyrate: 1 75% of initial
kS Secondary sludge Propionate:1.3 COD.
o Iso-valerate:1.1
é Iso-butyrate & valerate: < 0.8
S [Mixed Dilution: 1/20 Acetate:0.30 10 M |N.M. |[Chlorellasp. (2.2 |0.79 |0.35 Bacterial growth [58]
'2 Swine manure Sterile “ and unsterile | Butyrate:0.03 c was not monitored.
Propionate: 0.24 0.79
Mixed Dilution: 1/8 Total: 1.5-1.8 g/L M |Yes® |Chlorellasp. 0.37f Bacterial growth [9]
Swine manure (composition N.M.) was not monitored.

3 Acetate:butyrate ratio in g per g; °:biomass yield, g biomass per g total metabolites; *: Biomass produced in g.L™;

: 22% of total VFAs were lost through sterilization (probably autoclave); ®:

The mentioned experiment was carried out in Fed-batch mode. pH was maintained between 7 — 8 at steady state; ": biomass yield could not be calculated in g g-1 with the data available and was
calculated as g per g of DCO;N.M.: Not Mentioned in the study; S/X: substrate:biomass ratio
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