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Abstract

This study investigated the feasibility of hydrogen and L-lactic acid production
from starch under capnophilic lactic fermentation (CLF) conditions by using Thermotoga
neapolitana. Batch experiments were performed in 120 mL serum bottles and a 3 L pH-
controlled continuous stirred-tank reactors (CSTR) system with potato and wheat starch
as the substrates. A hydrogen yield of 3.34 (£ 0.17) and 2.79 (£ 0.17) mol Hz/mol of
glucose eq. was achieved with, respectively, potato and wheat starch. The L-lactic acid
production by the acetyl-CoA carboxylation was significantly higher for the potato starch
(0.88 £ 0.39 mol lactic acid/mol glucose eq.) than wheat starch (0.33 + 0.11 mol lactic
acid/mol glucose eq.). To further understand the metabolic profile of starch fermentation
by T. neapolitana, a CLF-based kinetic model was applied to simulate the experimental
data. The CLF-based starch fermentation suggests a new direction to biotransform agri-
food waste into H2 and commercially valuable L-lactic acid.
Keywords: Hydrogen; Fermentation; Agri-food waste; L-lactic acid; Thermotoga

neapolitana; Circular economy
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1. Introduction

Meeting global energy demand and decarbonizing energy production are major
challenges to counter global climate change. With the population growth, the need for
energy and production of agri-food waste is expected to rise significantly over the next
few decades. Microbes like bacteria, fungi, and algae can be used to bio-convert agri-food
waste to biofuels, including ethanol, methanol, methane (CH4), and hydrogen (H2).
Hydrogen is carbon neutral with high energy content (120.7 kJ/g), and its production by
biological routes like dark fermentation (DF) is generally considered a promising
alternative (Vendruscolo 2014; Pradhan et al., 2015; Dauptain et al., 2020). A study by
the United Nations Food and Agriculture Organization (FAO) found that globally 1.3
billion tonnes of food, accounting for one-third of the global food production, is wasted
annually with an estimated economic value of $750 billion (FAO, 2013). Peter et al.
(2010) showed that each tonne of food waste could generate 3.8 tonnes of CO2 equivalent
if not appropriately treated. On the other hand, one tonne of food waste could generate
847 kWh of electricity or 89 GJ of heating potential when treated biologically for biogas
generation (Thi et al., 2016).

Agri-food organic wastes are rich in carbohydrates that can be bio-transformed
into H2 and valuable organic acids in an economically feasible way (Pradhan et al.,
2017b). Polysaccharides like starch from food commodities (e.g., wheat, rice, potato,
corn, cassava, and sweet potato) can be hydrolyzed to produce Hz and organic acids after
a suitable pre-treatment, based on acid or enzymatic hydrolysis (Lin et al., 2008). Past
studies have reported Hz production from the starch of potato, wheat, rice, or cassava
under mesophilic, thermophilic, and hyperthermopbhilic conditions (Chen et al., 2008;

Mars et al., 2010). Essentially, starch is composed of amylose (15-30%) and amylopectin
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(70—85%), mixed in different proportions according to the type of plant that
biosynthesizes these biopolymers downstream of the photosynthetic process (Alcazar-
Alay and Meireles 2015). Amylose consists of linear chains of glucose linked by a (1—4)
glycosidic bonds, whereas amylopectin is a highly branched polymer of glucose linked
by a (1—6) glycosidic bonds (Vendruscolo 2014).

The marine hyperthermophilic bacterium Thermotoga neapolitana operates a
variant of DF process, named capnophilic (CO2-requiring) lactic fermentation (CLF) that
simultaneously produces Hz and lactic acid from sugars via a novel metabolic pathway in
the presence of a saturated CO2 atmosphere (Dipasquale et al., 2014; d'Ippolito et al.,
2014; Dipasquale et al., 2014; Pradhan et al., 2016b; Pradhan et al., 2017a; Pradhan et al.,
2019; Nuzzo et al., 2019; d'Ippolito et al., 2020). The application of CO2 gas is well
known in the fermentation industries and is considered as a cheap sparging gas, which
has other significant benefits such as positively affecting the buffering capacity by
increasing bicarbonate alkalinity and accelerating the fermentation reactions (Pradhan et
al., 2015; Willquist and van Niel 2012). For example, CO2 sparging decreased by 10-fold
the lag phase of the biomass growth in a pure Caldicellulosiruptor saccharolyticus culture
(Willquist and van Niel 2012). On the other hand, it has been reported that the high partial
pressure of either CO2 or Hz can induce either growth inhibition or metabolic shifts in
cultures of Hz producing bacteria (Hallenbeck and Ghosh 2009; Willquist and van Niel
2012). Such effects are minimal or not observed for T. neapolitana fermentation at high
CO2/HCOs concentrations (~ 14 mM) in the culture medium (Dipasquale et al., 2014).

T. neapolitana has been widely investigated for Hz production from various sugars
in different bioreactor configurations and operating conditions (d'Ippolito et al., 2010;

Basile et al., 2012b, 2012a; Pradhan et al. 2015; Dipasquale et al., 2018; Lanzilli et al.,
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2021). Recently, kinetic models based on the anaerobic digestion model no. 1 (ADM1)
(Batstone et al., 2002; Hinken et al., 2014) were developed to model T. neapolitana
fermentation under N2 (Pradhan et al., 2016b) and CO: enriched atmosphere (Pradhan et
al., 2016a) in a CSTR system.

Safe and effective disposal of this organic waste is a major concern in many parts
of the world. Thus, converting this energy-rich organic waste into valuable organic
chemicals and biofuels would increase resource recycling and support the circular
economy. This study aimed to test the fermentability of starch from potato or wheat to
produce Hz and L-lactic acid by T. neapolitana under CLF conditions. Besides, the CLF-
based kinetic model of Pradhan et al. (2016a) was applied to assess the efficiency of starch
fermentation in a CSTR system by varying the salinity levels and starch types.

2. Materials and methods
2.1. Bacterial strain and medium composition

T. neapolitana lab strain (DSM 33003) (Pradhan et al., 2017a) was originally
purchased as T. neapolitana DSMZ 43597 from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ) (Braunschweig, Germany). The strain was
maintained in the laboratory under an enriched atmosphere of CO: for several years. The
bacterium was grown anaerobically in the modified version of the ATCC 1977 culture
medium, according to d'lIppolito et al. (2010) and Dipasquale et al. (2014). This culture
medium contains (g/L): NaCl 10; KCI 0.1; MgCl2.6H20 0.2; NH4Cl 1; K2HPO4 0.3;
KH2PO4 0.3; CaCl2.2H20 0.1; cysteine-HCI 1; yeast extract 2; tryptone 2; resazurin
(redox indicator) 0.001; 10 ml/L of both filter-sterilized vitamins and trace element
solutions (DSM medium 141) in 1 L distilled H20. The culture medium was

supplemented with 5 g/L of soluble starch (potato or wheat) and different salinity levels
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as per the experimental set-up. The initial pH of the culture medium was adjusted to ~7.5
by 1 M NaOH. The culture medium for both the CSTR system and the serum bottles were
sterilized by autoclaving at 110 °C for 15 min (d'lIppolito et al., 2010).
2.2.  Experimental Set-up

The experiments were performed either in 120 mL serum bottles for 72 h or in a
3 L CSTR (Applikon Biotechnology, The Netherlands) for 48 h with a working volume
to headspace ratio of 1:3 (approx.) (Pradhan et al., 2016b). Inoculum cultures were grown
overnight (16—18 h) in serum bottles containing glucose as the carbon source described

by d'Ippolito et al. (2010).

The sterilized culture medium was sparged with CO2 for 5 min at 30 mL/min to

remove excess oxygen from the bioreactor (serum bottles or CSTR) and then inoculated
(6% v/v) with the previously washed (twice with 10 g/L of NaCl) culture of T.
neapolitana. Subsequently, the serum bottles were kept in an oven at 80 °C without
shaking and without pH adjustment. In comparison, the pH of the CSTR was maintained
at 6.5 (optimal pH for T. neapolitana growth) by auto-titrating with 1 M NaOH. The
temperature of the CSTR was kept thermostatically constant at 80 (+ 1) °C, and the
fermentation mixture was stirred at 50 rpm by an electro-magnetic mixing unit. Samples
(3 mL) for biochemical assays were withdrawn at regular intervals, centrifuged at 13,000
rpm for 5 min, and stored at —20 °C for further analysis (Dipasquale et al., 2015).

The batch fermentation experiments were performed in two stages. In the first
stage, soluble potato starch's fermentability was investigated in serum bottles at two

different salinity levels, i.e., 10 (PS10-SB) and 35 (PS35-SB) g/L NaCl. In the second
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stage, the serum bottle experiments were up-scaled to a 3 L pH-controlled (pH ~ 6.5)
CSTR using both potato and wheat starch (soluble). Experiments were performed with
potato starch at 10 g/L of NaCl (PS10-R1), potato starch at 35 g/L of NaCl (PS35-R2),
and wheat starch at 10 of g/L NaCl (WS10-R3) in the medium for comparison purpose.
Experiments were performed in triplicate except where stated otherwise.
2.3.  Analytical methods

Gas samples from the bioreactor headspace were analyzed for Hz2 and CO:2
concentrations using a gas chromatography (Focus GC, Thermo Scientific). The analyses
for aqueous metabolites (i.e., acetic and lactic acid) were performed on the supernatants
by a *H Nuclear Magnetic Resonance (NMR) 600 MHz spectrometer (Bruker Avance
600) as per Dipasquale et al. (2014). The residual starch concentration was measured by
the phenol/sulfuric acid method calibrated on a standard solution of 0.2 g/L glucose
(Dubois et al., 1956). The optical density (OD) of T. neapolitana growth was monitored
at L =540 nm by a UV/Vis spectrophotometer (DU 730, Beckman Coulter). Furthermore,

the cell dry weight (CDW) was calculated using a correlative equation for T. neapolitana

growth (CDW (g/L) = 0.347* A (540nm) + 0.016) (Pradhan et al., 2016b). Fhe-T-

3. Kinetic model and thermodynamics
3.1.  Metabolic reactions
Metabolites like Hz, COz, acetic acid, and L-lactic acid are the primary end-
products of CLF-based fermentation, and the biochemical reactions are presented in
(Pradhan et al., 2016a). The biochemical equations are written as per the stoichiometric

yields of product formation under DF and CLF conditions ( ), shown in
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(Donoso-Bravo et al., 2011; Kongjan et al., 2010; Pradhan et al., 2016a; Ribes et al.,
2004). Glucose was considered the model monomer to model starch fermentation under
CLF conditions. Starch fermentation is a two-step process. In the first step, starch is
converted to glucose ( ). In the second step ( ), glucose is utilized by the
fermentative bacteria for both anabolic and catabolic processes. In this study, and

were used to model starch fermentation under CLF conditions, and all stoichiometric
parameters were estimated from the experimental data. A factor of 1.11 was multiplied to
calculate the glucose equivalent formation from starch as per (Huang et al., 2005).
The hydrolysis or conversion of starch to glucose is likely to follow first-order kinetics,
meaning the conversion rate is directly proportional to the substrate (Batstone et al.,
2002). We assumed that an extracellular enzyme of T. neapolitana might have mediated
the conversion of starch to glucose monomer. We also assumed that converting starch to
glucose is not the rate-limiting step; thus, we applied a CLF-based glucose fermentation
model to understand starch fermentation under similar operating conditions (Pradhan et
al., 2016a).
[Table 1]
3.2.  Model kinetic parameters and thermodynamics
In this study, the starch fermentation simulation was carried out by applying
Kinetic parameters (i.e., k, ks, Y, and kd) previously estimated and calibrated for CLF-
based fermentation with glucose (Pradhan et al., 2016a). The values for the kinetic
parameters are: maximum specific uptake rate (k) = 1.3 1/h, semi-saturation constant (ks)
= 1.42 g/L, biomass yield coefficient (Y) = 0.12, and endogenous decay rate (kd) = 0.02

1/h (Pradhan et al., 2016a). Three statistical tools were used to evaluate the degree of
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model fitting between the predicted and experimental data ( ): R-squared (R?),
adjusted R-squared (R?qdj), and root mean square error (RMSE) (Pradhan et al. 2020).
Thermodynamics plays a crucial role in fermentative Hz2 production as proton
reduction is strongly energy consuming (+79.7 kJ/mol of H2) (Thauer 1977). However,
most of the reducing power remains in the organic acids since the oxidation is not
complete during the fermentation process. In this study, the Gibbs free energy of a
reaction ( ) based on the stoichiometric oxidation-reduction equations without
cell biomass synthesis was calculated as per Lee et al. (2008). The AG" of a fermentation
reaction depends on the pH, operating temperature, and concentration of products and

reactants. The change in AG" for without cell biomass synthesis can be written as

AG”

[C3H503_](a+ﬁ—)/) [CZH302_](2—6(—,8—Y) [H+]2 [HZ](4-—2a—y) [COZ](Z_a_ﬁ_y)

= AG°® + RTL
n< [CsHqu][HzO](Z_a_B)

where 4G° = Gibbs free energy of the reaction under standard conditions (298.15 K); AG"
= Gibbs free energy of the reaction at the operating temperature (353.15 K); [H*] = proton
concentration corresponding to the pH value; T = temperature (Kelvin); and R = universal
gas constant (8.314 J/K/mol).
[Table 2]

4. Results and discussion
4.1.  Effect of salinity on potato starch fermentation in serum bottles

The results of batch fermentation of potato starch fermentation under CLF
conditions in the serum bottles are shown in . The major metabolic end products

were Haz, L-lactic acid, acetic acid, and CO2, whereas alanine was a minor metabolic end

) (6)
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product. Approximately 80% of starch was consumed in the serum bottle experiments
after 72 h of incubation. The yields of Hz, acetic acid, and L-lactic acid with 10 g/L NaCl
were 2.87 (= 0.3) mol Hz/mol glucose eq., 0.76 (= 0.01) mol acetic acid/mol glucose eq.
and 1.58 (£ 0.1) mol L-lactic acid/mol glucose eq., respectively. Whereas with 35 g/L of
NaCl, these were 3.13 (x 0.33) mol Hz/mol glucose eq., 0.64 (£ 0.05) mol acetic acid/mol
glucose eq. and 0.77 (x 0.18) mol lactic acid/mol glucose eq., respectively. The substrate
consumption, Hz yield, and acetic acid production were similar with 10 and 35 g/L NaCl
in the culture medium. In contrast, the lactic acid production with 10 g/L NaCl was 2.2
times higher than that with 35 g/L NaCl in the culture medium. T. neapolitana biomass
appears to grow better in the culture medium containing complex carbohydrates (i.e.,
potato starch or sucrose, or laminarin) than glucose as a carbon source (Pradhan et al.,
2019); however, this observation required further investigation by measuring DNA copy
number at various time points. Additionally, the endpoint pH ( ) of the batch
experiments suggests stable conditions for biomass growth and substrate consumption.
[Table 3]

4.2.  Kinetic and stoichiometric analysis of starch fermentation

The serum bottle experiments were up-scaled to a 3 L CSTR system and tested
for the H2 and L-lactic acid production potential with potato and wheat starch and
compared the results with glucose fermentation ( ). The H2 yield was higher for
potato starch (PS10-R1) than wheat starch (WS10-R3) under similar operating conditions
( ). The Hz yield for potato starch (PS10-R2) decreased over 30% when the culture
medium’s salinity level increased to 35 g/L NaCl.

An interesting trend in the acetic and lactic acid production was observed in the

CSTR experiments as the acetic acid produced from the potato starch fermentation with

10
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10 g/L NaCl was 30% less than the wheat starch fermentation with a similar starch
consumption. In contrast, the lactic acid produced from the potato starch was found to be
2.7 times higher than that from wheat starch, indicating the CLF mechanism'’s activation
during the potato starch fermentation in the culture medium containing 10 g/L NaCl.
[Table 4]

The stoichiometric coefficients of the product yield for starch fermentation under
CLF conditions are shown in . The input state variables for the model simulation
were biomass (X) = 0.1 g/L, the substrate (S) = 5.0 g/L, and zero for Hz, acetic acid, and
lactic acid as proposed by Pradhan et al. (2016a). The L-lactic acid concentration obtained
by T. neapolitana fermentation of potato starch is the highest reported to date in a CSTR
system under CLF conditions. The use of potato or wheat starch as a fermentation
substrate resulted in contrasting data concerning the Hz and L-lactic acid production
( ). In this study, the CLF-based kinetic model was applied to simulate and predict
reactor performance for the potato and wheat starch fermentation by T. neapolitana in
CSTR experiments.
4.3  CLF-based model simulation of starch fermentation

The simulation output for the fermentation results of the PS10-R1 incubation is
shown in . The model prediction for biomass growth ( ) is underfitting the
measured data; however, it gave a general trend for T. neapolitana growth with starch
compared to the biomass growth with glucose (Table 3). According to the fermentation
model based on glucose, T. neapolitana grew better in a medium containing starch than
a medium containing glucose (Pradhan et al., 2016a). The model predictions for substrate
utilization, H2 yield, acetic, and L-lactic acid production gave a good fitting with the

measured data. The statistical values for the model fitting between measured and

11
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predicted data can be seen in . More than 40% of the total amount of lactic acid
was produced via the CLF-based pathway as per

The spontaneity of the reaction depends on the value of the AG: if the value is
negative, the reaction takes place spontaneously; otherwise, it requires additional energy
for the reaction to proceed. and (2) can proceed spontaneously as the 4G value is
negative ( ), but cannot proceed as it requires additional energy (4G"ss3.15
= +336.1 kJ/reaction). The Gibbs free energy of reaction (4G") at 353.15 K is shown in

. The net AG" for the fermentation reaction remained below —300 kJ/reaction, thus
favoring the overall T. neapolitana fermentation reaction ( ) to proceed even though
the recycled lactic acid pathway remained highly unfavorable {4G¥as3i5k =+336-1
kdfreaction) as per

[Figure 1]

Similarly, the simulation output for the potato starch fermentation at 35 g/L NaCl
in the culture medium (PS35-R2) is shown in . Except for the biomass growth, the
model simulation is coherent with the experimental results of PS35-R2. Model fitting data
in show a good fitting between the model predictions and the measured data. At
a high salinity level (35 g/L NaCl), there was a net decrease in Hz yield (2.2 £ 0.3 mol
H2/mol glucose eq.) compared to experiments under standard conditions (i.e., with 10.0
g/L NaCl), which was attributed to the production of significant amounts (~ 70%) of lactic
acid via the DF pathway and about 30% of lactic acid via the recycling of acetic acid by
the CLF-based pathway as per the mass balance. The net AG" for the experiment is <—400
kJ/reaction, making the reaction more spontaneous and favorable at 353.15 K ( ).

[Figure 2]
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For comparison, the batch experimental data of the wheat starch (WS10-R3)
fermentation under CLF conditions is shown in . The CLF model did not accurately

predict biomass growth with the wheat starch, and there was a large deviation between

the measured and predicted data ( ). The model slightly overestimated the substrate
consumption rate ( ), Hz2 yield ( ), and acetic acid production ( ) during
the exponential growth phase and underestimated the lactic acid production ( ). The

values of the model fitting parameters between model predictions and measured values
are shown in . Thus, the wheat starch fermentation simulation did not follow the
CLF-based pathway, and there was no acetic acid recycling to form lactic acid, thus
suggesting the operation of a conventional DF pathway. The high amount of acetic acid
in the spent medium supported that the CLF-based recycling of acetic acid did not occur
or was significantly reduced in this experimental set. However, the net AG" for the
fermentation reaction remained below —325 kJ/reaction, thus making the reaction
favorable to proceed under hyperthermophilic conditions ( ).

[Figure 3]

[Table 5]
4.4  Analysis of starch fermentation under CLF conditions

This study demonstrated that T. neapolitana exhibits improved simultaneous

production of Hz and L-lactic acid from starch compared to glucose under similar
operating conditions. The experiments with potato starch supported the CLF-based model
in which T. neapolitana produces more Hz and lactic acid than wheat starch fermentation
( ). The high Hz yield and lactic acid production from potato starch ( ) could
be attributed to higher swelling power, solubility, and viscosity than wheat starch (Singh

et al., 2003; Waterschoot et al., 2015).
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The current work also demonstrated that an improved starch fermentability and
sugar consumption (over 90%) was observed for the CSTR experiments compared to the
serum bottle experiments due to better mixing and pH control in the CSTR ( and

). Fermentative Hz production from starch investigated under thermophilic
conditions remained below 2.5 mol Hz/mol of glucose eq. under N2 sparging atmosphere
(Akutsu et al., 2008; Chen et al., 2008; Argun and Kargi 2010), whereas under CO2
sparging atmosphere, the H: yield, especially from potato starch, was above 2.5 mol
Hz/mol of glucose eq. ( ). The higher Hz yield under hyperthermophilic conditions
from starch can be explained by in-fermentation hydrolysis of starch due to the higher
temperature (i.e., 80 °C) (Orozco et al., 2012) and extracellular enzymatic hydrolysis in
the reactor (Batstone et al., 2002). On the other hand, we also recorded an increase in the
CLF-based process's overall performance in lactic acid production with starch compared
to glucose. This unexpected outcome may be related to the transport of starch or starch-
derived oligosaccharides that can cause an increase in the concentration of the substrate
in the cells, which is being investigated with targeted experiments.

A 2.7 fold higher lactic acid production was obtained with the potato starch
compared to the wheat starch fermentation under similar operating conditions ( ).
About 40% of the acetic acid was recycled back to produce lactic acid for potato starch
fermentation, but the bioconversion seemed absent for the wheat starch fermentation. As
per the conventional DF model, 1 mole of glucose can produce a maximum of 4 moles of
H2 and 2 moles each of CO2z and acetic acid (Thauer 1977). But, under the CLF conditions,
the imbalance in the H2 and acetic acid production ratio is due to the activation of the
anaplerotic pathway for the recycling of CO2 and acetyl Co-A (d'lppolito et al., 2014),

which has also been reported in previous studies with glucose and arabinose as the
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substrates (Dipasquale et al., 2015; Dipasquale et al., 2014; Pradhan et al., 2016a; Pradhan
et al., 2016b). Under CLF conditions, the NADH plays a major role by simultaneously
supplying energy to the hydrogenases for Hz production as well as recycling acetic acid
to lactic acid, where the extra pool of NADH was assumed to come from the degradation
of other components or by energy conservation mechanisms, which are still under study
(d'Ippolito et al., 2020).

An increase in the NaCl concentration in the medium for the potato starch
fermentation reduced H: and acetate production but mostly unaltered lactic acid
production. This is quite the opposite of what was observed with glucose fermentation,
where the increase of the NaCl concentration from 5 to 35 g/L yields a significant increase
of L-lactic acid without significantly affecting Hz yield (Pradhan et al., 2019). Glucose is
transported in the bacterial cells by active mechanisms that may require Na* pumps. Thus,
the opposite outcome to the increase of NaCl concentration with starch and glucose may
be due to the mechanisms of transport of the molecules via cell membrane, which needs
further investigation.

4.5  Benefits of starch fermentation for Hz and L-lactic acid production

The T. neapolitana biomass grew better on potato starch (0.76 g/L CDW at
exponential growth phase 20 h) than with glucose (0.60 g/L CDW at exponential growth
phase 20 h) (Pradhan et al., 2016a). By contrast, a higher Hz yield was reported when
glucose was used as a carbon source compared to starch (Pradhan et al., 2016a). Past
studies showed that 3.6 (x 0.3) mol Hz/mol of glucose (Pradhan et al., 2016a) and 2.9 (£
0.1) mol Hz/mol of arabinose (Pradhan et al. 2016a) were, respectively, produced from
glucose and arabinose in comparison to 3.34 (x 0.17) and 2.79 (= 0.17) mol Hz/mol of

glucose eq. from, respectively, potato and wheat starch in the present study ( ).
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Similarly, lactic acid production from glucose and arabinose under CLF conditions was
0.6 (x 0.1) mol lactic acid/mol of glucose and 0.4 (x 0.1) mol lactic acid/mol of arabinose,
respectively (Pradhan et al., 2016a), compared to 0.88 (x 0.39) and 0.33 (x 0.11) mol
lactic acid/mol of glucose eq., respectively, with potato and wheat starch in the present
study ( ). Thus, starch fermentation offers better performance concerning L-lactic
acid production compared to glucose and arabinose as the carbon source under CLF
conditions. Specifically, the potato starch fermentation results concerning Hz and lactic
acid production are promising and can be up-scaled to a pilot-scale reactor to ferment
carbohydrate-rich agri-food waste or wastewater.
[Table 6]
Application of CLF-based fermentation by T. neapolitana for agri-food wastes or

wastewater suggests a more realistic and economical approach for simultaneous

production of Hz and lactic acid. Therefore less expensive feedstocks are required for

economic viability and scaling up the process. For-an-economically-viable-process,-less

continvousreactor. Agri-food wastes such as starch-based substrates are abundant, cheap,
and reliable feedstocks that can be transformed into renewable energy and biochemicals
(Vendruscolo 2014). Other challenges remained with the feedstocks' pre-treatment,
especially to improve the product yield and appropriate post-fermentation system
integration (e.g., mesophilic methane production, organic acid recovery, photo-
fermentation, and polyhydroxyalkanoates production) for complete energy recovery
(Pradhan et al., 2015). However, the overall improved performance with starch compared

to simple sugars appears to have a promising prospect. Overall, the study indicates that
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CLF is a ready-to-use technology that requires engineering solutions to become a
practical reality.
5. Conclusions

Under CO2 sparging atmosphere, T. neapolitana efficiently transformed starch to Hz
and L-lactic acid at the expense of acetic acid, as expected CLF metabolic pathway. The
potato starch fermentation exhibited better performance for Hz (20% higher) and L-lactic
acid (270% higher) production compared to wheat starch under similar operating
conditions. Simultaneous production of Hz and L-lactic acid from starch is quantitatively
better than that previously reported with glucose, thus opening new questions on the
biochemical mechanisms underlying carbohydrate metabolism in T. neapolitana. The
CLF-based kinetic model simulation provides a practical tool for bioprocess optimization
and will enable bioreactor design for the CLF-based fermentation using a wide range of
carbon sources.
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Fig. 1. CLF-based model simulation for catabolism and bioenergetics of the potato starch

fermentation by T. neapolitana: predicted and measured results for (a) biomass growth in

terms of cell dry weight, (b) residual sugar, (c) Hz yield, (d) acetic acid production, (e) L-

lactic acid production and (f) AG" values calculated from the measured concentrations of

products and reactants. Error bars = standard error of mean (n = 4).
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results for (a) biomass growth in terms of cell dry weight, (b) residual sugar, (c) Hz yield,

(d) acetic acid production, (e) L-lactic acid production and (f) AG" values calculated from
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26



572
573

o74

575

576

o7

——predicted & measured

- 1.2 @ 3 6 (b)
g I
= 09 $ = 45
2 ® %
g 0.6] w3
kS E
= 0-3'/\‘M T 15
2 @ @ g @ @
0 . . . . ‘ [ 0
0 10 20 30 40 50 g 0 40 50
= 4- © B 4. (A
Q
s g
3 3 g 5 30
g ©
% 2 % 20 1
NS E 10 1
(] [2=1
T 0 ‘ 2 0T — : : ‘ !
g' 0 10 20 30 40 50 g 0 10 20 30 40 50
(=
= 40, ©  ~-300 (0
.2 g o o O o O
S 30 £ 350
= =]
E ;
2 204 = 4001 o
o =
5 107 - %o 4501
9 o <
S 0¢ : : : : ! -500 : : : : !
= 0 10 20 30 40 50 0 10 20 30 40 50
—~ . L . .
Simulation time (h) Simulation time (h)

Fig. 3. CLF-based model simulation for the catabolism and bioenergetics of wheat starch
fermentation by T. neapolitana: predicted and measured results for (a) biomass growth in
terms of cell dry weight, (b) residual sugar, (c) Hz yield, (d) acetic acid production, (e) L-
lactic acid production and (f) 4G" values calculated from measured concentrations of

products and reactants. Error bars = standard error of mean (n = 3).

27



578  Table 1. Metabolic reactions and Gibbs free energies for the critical metabolic reactions under DF and CLF conditions.

Metabolic reactions 4G 2 15 AG'3sx Equation
(kJ/reaction)  (kJ/reaction) a
- + — _

Standard DF model with C¢Hy,04 + 2H,0 = 2C,H;0,” + 2H* 4+ 4H, + 2€0, 215.9 303.8 (1)
glucose

Ce¢H1,06 » 2C3Hs03 + 2H™ —198.3 —286.2 (2
CLF mechanism C,H,0, + CO, + 4H* + 4e~ - C3H405 + H,0 +160.3 +336.1 (3)
Starch conversion to glucose (C¢H1905), + (n —1)H,0 - n(C4H,,04) (42

C6H1206 + (2 —a —ﬁ)Hza + VNH3
Glucose to metabolic end — YCH; 73004gNg 23 + (@ + f —y)C3Hs035 (5
products under CLF conditions +(2—-—a—-pB—-y)C,H;0; + 2H*

+(4—-2a—-y)H,+2—a—-B—y)CO,

Notes:

a Starch to glucose conversion factor: 1.11 (i.e., Conversion factor = (180 x n)/((180 x n)-(n-1) x 18), as n becomes large, as in the starch
molecule, this factor becomes 1.11) (Huang et al., 2005).

b Syntrophic coupled reaction under CLF conditions.

o and S are the stoichiometric yields of lactic acid via DF and CLF-based pathways, respectively where & >0 and > 0.

y s the stoichiometric yield of T. neapolitana biomass.

4GP (kd/reaction) is the standard Gibbs free energy, i.e., reactants and products at 1 M concentration or 1 atm partial pressure (Thauer et al.,
1977).

AG" (kJ/reaction) is the Gibbs free energy at pH 6.5, Temperature 80 °C, and reactants and products at 1 M concentration or 1 atm partial
pressure.
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580 Table 2. The CLF-based kinetic expressions and model fitting parameters (Pradhan et al.

581  2016b and Pradhan et al., 2020).

Process or parameter Equations

CLF-based model kinetic expressions

Substrat ti 4 k ( > ) X
_— - E3 k
ubstrate consumption 7 ket S
Net biomass growth ax Y (k ( > ) k ) X
—_— = * * — *
g dat ks +S) ¢
) dSy,
Hz production 7t = A=) fu, *k*<k5+5>*x
CO2 production Peo, _ (1 =Y) * (feo, = frac) * k ( ) *X
dt 2 e ks + S
. . dSa S
Acetic acid production T = A=) % (fac = frac) ke * <ks n S) * X
. . ds S
L-lactic acid production staC =1 =Y) * flac* k= (ks n S) * X
Model fitting parameters
m_(0; — P)?

R-squared R?=1-3——

d ¥, (0; - 0)?

. 1-R»)H(n-1)
Adjusted R-squared Rigj=1- n—p—1

n . — P2
Root mean square error RMSE = \/Zi:l(ol Pi)
n

Notes:

Concentrations of the products: SH, = hydrogen production [mol Hzmol glucose eq.]; Sac
= acetic acid production [mM]; Sco, = carbon dioxide production [mM]; and S| g¢ = L-

lactic acid production [mM].

Kinetic parameters: k = maximum specific uptake rate [g/g h* or 1/h]; ks = semi-saturation

constant [g/L]; Y = biomass yield coefficient (g cell dry weight/g substrate) ; k, =
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582

endogenous decay rate [1/h]; X = biomass concentration [g/L]; and S = substrate
concentration [g/L].

Stoichiometric parameter under CLF-conditions: fH, = (4 — 2a—y); fco, = (2—a—f—7);
fac=(@2-a—-p-y);andfLac = (a+ S -7).

Model fitting parameters: p = number of regression coefficients; n = number of observed

values; O = mean of observed value; Oi = observed value; Pi = predicted value; and R? =

R-squared.
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583  Table 3. Effect of salinity level on batch fermentation of potato starch (30.80 mM glucose equivalent) in the serum bottles by T.
584  neapolitana under CLF conditions for 72 h.
585
Substrate
NaCl H2 (mol/mol AA LA ALA ODs40nm (at
Test consumed (mM End-point pH Reference
(g/L) glucose eq.) (mM) (mM) (mM) 72 h)
glucose eq.)
PS10-SB 10 2358 (£1.13) 2.87(x0.33) 17.85(x0.51) 37.24(x1.13) 299(x0.19) 1.15(x£0.06) 6.38(x0.12)
This study
PS35-SB 35 22.0(x0.44) 3.13(x0.33) 14.07(x1.02) 16.89(x3.92) 0.69(x0.02) 0.62(x0.02) 6.34(+0.02)
Glucose? 10 26.12 (£ 0.16) 3.11(x0.77) 26.05(x4.69) 11.61(x2.42) 2.46(x0.24) 0.97(x0.04) 6.71(x0.16) Pradhan et
Glucose? 35 25.68 (£0.25) 291(x0.37) 23.22(x0.81) 21.63(x6.15) 2.38(x0.10) 0.75(x0.09) 6.62(x0.04) al., 2019

Notes: SB = serum bottle; PS10 = potato starch with 10 g/L NaCl; PS35 = potato starch with 35 g/L NaCl; AA = acetic acid; LA = L-lactic acid,;

ALA = alanine; and ODssonm = optical density of cell biomass at 540 nm. ®CLF-based glucose fermentation in serum bottle bioreactors by T.

neapolitana. The results are expressed as mean + standard error.

586
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587  Table 4. Potato and wheat starch (30.80 mM glucose equivalent) fermentation under CLF conditions by T. neapolitana in a CSTR system

588  for 48 h.
Substrate
NaCl consumed Hz (mol/mol  AA (mol/mol LA (mol/mol
Test AA (mM) LA (mM) ALA (mM) Reference
(/L)  (mM glucose glucose eq.)  glucoseeq.) glucose eq.)
eq.)
PS10-R1 10 26.84(£1.25) 27.84(+£4.56) 2253 (x10.59) 2.03(x0.06) 3.34(x0.17) 1.04(x0.21) 0.88(x0.39)
PS35-R2 35 26.03(x0.26) 19.89(x1.08) 26.32(x1.03) 1.64(x0.03) 220(x0.26) 0.76 (£0.03) 1.01 (x0.05) This study
WS10-R3 10 26.29(+0.16) 38.05(x2.22) 8.26(x2.83) 158(x0.04) 279(x0.17) 1.45(x0.09) 0.33(x0.11)
Pradhan et al.,
Glucose? 10 2496 (x0.86) 29.98 (+x2.75) 15.74(x0.80) 1.25(x0.70) 3.57(x0.33) 1.20(x0.09) 0.61(x0.02)

2016a

Notes: PS10-R1 = potato starch with 10 g/L NaCl; PS35-R2 = potato starch with 35 g/L NaCl; WS10-R3 = wheat starch with 10 g/L NaCl; AA = acetic

acid; LA = L-lactic acid; and ALA = alanine. ®CLF-based glucose fermentation in a 3 L CSTR system by T. neapolitana. The results are expressed as mean

+ standard error.
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Table 5. CLF-based model fitting parameters (i.e. R? = R-squared, Rédj = adjusted R-

squared and RMSE = root mean square error) of the starch fermentation.

PS10-R1 PS35-R2 WS10-R3

R> RZ;; RMSE R?® Ri;; RMSE R?* Ri;; RMSE
Biomass(X) 092 090 0.09 082 078 012 096 096 0.07

Substrate (S) 0.99  0.99 0.18 099 099 017 097 096 0.37
H2 098 0.97 0.26 098 097 015 098 0.97 0.22
Acetic acid 099 0.98 1.57 099 099 059 093 091 4.76

L-lacticacid 099  0.99 0.79 099 099 045 087 084 1.46

Table 6. Fermentative H2 and organic acid production under N2 and CO2 (~ 14 mM
dissolved COz) enriched atmosphere by T. neapolitana in a CSTR system supplemented

with 5.0 g/L carbon source.

H2 yield AA yield LA yield Reference
(mol/mol) (mol/mol) (mol/mol)

Carbon source

Experiments performed under DF (N2 sparging atmosphere) conditions

Glucose 2.8 1.7(x£0.1) 0.5(x0.1) Dipasquale et al. (2014)
Xylose 1.4 (x£0.1) 1.1 n.d.” Ngo and Bui (2013)
Xylose 2.7(x0.1) 15(x0.1) 0.1 Ngo et al. (2012)
Experiments performed under CLF (COz2 sparging atmosphere) conditions

Glucose 2.8 1.4(x0.2) 0.8(x0.2) Dipasquale et al. (2014)
Glucose 3.6 (£0.3) 1.2 (x0.1) 0.6 (£0.1) Pradhan et al. (2016a)
Arabinose 29(x0.1) 1.2(x0.1) 0.4 (x0.1) Pradhan et al. (2016a)

Notes: AA = acetic acid; and LA = L-lactic acid. The data/results are expressed as mean +

standard error. *n.d. = not detected.
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