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Resumen

Estrategias de control de las comunidades microbianas durante la fermentacion
oscura

Palabras clave: biohidrégeno, fermentacion &cido-lactica, homoacetogénesis, transferencia de masa

La fermentacion oscura es la alternativa mas factible para la produccion biolégica de hidrogeno (H2). Este
bioproceso depende de la capacidad metabdlica de microorganismos anaerobios que utilizan sustratos
organicos y producen una mezcla de &cidos carboxilicos e H. como subproductos. En procesos continuos,
la fermentacion oscura ha mostrado ser estable y con altas productividades, especialmente en reactores de
biomasa suspendida. Sin embargo, los rendimientos molares de H. reportados en la literatura se mantienen
alejados de los valores tedricos (4 mol Ha/mol hexose). Recientemente, la homoacetogénesis y la
fermentacidn acido lactica han sido identificadas como causas probables de los desempefios subdptimos
de la produccion de Hz. En este trabajo se evaluaron diferentes parametros de operacion con el objetivo
de identificar y entender las condiciones que desencadenan la homoacetogénesis y la fermentacion acido-
lactica durante la produccién de Hz en reactores continuous de tanque agitado.

Se demostrdé que el tiempo de retencion hidraulico (TRH) es un factor critico que controla la composicion
de las comunidades microbianas de la fermentacion oscura. Valores de TRH entre 6 y 12 h favorecen el
surgimiento de una comunidad microbiana dominada por las familias Clostridiaceae-Lachnospiraceae-
Enterobacteriaceae, las cuales llevan a cabo metabolismos asociados con la produccion de Hz. En dichas
condiciones, se obtuvo una velocidad volumétrica de produccion de H> (VVPH) de 2 L Hy/L-d. En
contraste, valores de TRH entre 18 y 24 h derivaron en el establecimiento de una comunidad microbiana
de Sporolactobacillaceae-Streptococcaceae, que llevo a cabo la fermentacion acido lactica y desplazé a
las bacterias productoras de H.. Asimismo, la VVPH disminuyé hasta un minimo de 0.6 L Hj/L-d.
Posteriormente, bajo condiciones fijas de TRH (6 h), se encontrd que la operacién a velocidades de carga
organica (VCO) bajas (14.7- 44.1 g lactosa/L-d) estuvo asociada con el dominio de Clostridium spp.
Dichas condiciones favorecieron las rutas metabélicas del acido acético y butirico, con un rendimiento
molar de Hz de 2.14 mol Hz/mol hexosa y una VVPH entre 3.2 y 11.6 L H2/L-d. En contraste, VCO
relativamente altas (58.8 y 88.2 g lactosa/L-d) favorecieron la aparicion de Streptococcus spp. como
bacteria co-dominante en la comunidad microbiana, cuya presencia derivo en la produccién de acido
lactico. Bajo estas condiciones, la produccion de acido férmico también se favorecid, sirviendo
posiblemente como estrategia para disponer el exceso de moléculas reducidas (e.g. NADH). En este
escenario, la VVPH increment6 (13.7-14.5 L Hy/L-d), pero el rendimiento molar de H. disminuy6 hasta
0.74 mol Hz/mol hexosa.

Después de analizar los resultados previos, se sugirid que la diversificacion de las comunidades
microbianas y de las rutas metabodlicas estaba posiblemente asociada con un fenémeno de inhibicién
causado por la acumulacion de &cidos carboxilicos 6 Hz. Por lo tanto, se evalud el impacto de las
condiciones de transferencia de H> mediante la operacion de reactores bajo distintos coeficientes de
transferencia de masa (kra). Se mostro que la VVVPH vy el rendimiento molar incrementaron 74 y 78%,
respectivamente, como resultado de la mejora en las condiciones de transferencia de Hz hacia la fase gas.
Este desempefio fue impulsado por una disminucion de 53% en la concentracion de H> disuelto. Ademas,
el andlisis de 16S-DGGE reveld que la abundancia de Clostridium sp increment6 a valores de kia > 2.72
1/h (300 y 400 rpm) como respuesta a las menores concentraciones de H. disuelto. Esta respuesta fue
acompafiada por un incremento de los rendimientos de &cidos acético y butirico.

En general, TRH y cargas organicas bajas (6 h y < 44.1 g lactose/L-d), asi como coeficientes de
transferencia de masa mayores a 2.72 1/h fueron identificadas como las condiciones méas favorables para
la produccion eficiente de Hz, evitando una diversificacion de las comunidades microbianas y controlando
las velocidades de consumo de Hz y de la fermentacion &cido lactica.
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Abstract

Strategies of control of microbial communities during dark fermentation
Keywords: biohydrogen, homoacetogenesis, lactic-acid fermentation, mass transfer

Dark fermentation is the most feasible alternative for biological hydrogen (H.) production. Such
bioprocess depends on the metabolic capacity of anaerobic microorganisms that use organic substrates
and produce a mixture of short-chain carboxylic acids and H as byproducts. In continuous processes, dark
fermentative hydrogen production has demonstrated to be stable and highly productive, especially in
suspended-growth reactors. Nevertheless, the reported H, yields remain far from theoretical values. In
recent years, homoacetogenesis and lactic acid fermentation have been identified as possible causes of
suboptimal performance of dark fermentation. In this regard, different operational parameters were
evaluated with the aim to identify and understand the conditions that trigger homoacetogenesis and lactic
acid fermentation during Hz production in continuous stirred tank reactors (CSTR).

It was demonstrated that the hydraulic retention time (HRT) is a critical factor that shapes the microbial
community of dark fermentation. It was shown that low values of HRT (6-12 h) favored the emergence of
a microbial community dominated by Clostridiaceae-Lachnospiraceae-Enterobacteriaceae, which
performed metabolic pathways co-producing H.. At these conditions, a maximum volumetric H>
production rate (VHPR) of 2 L Ho/L-d was obtained. In contrast, large values of HRT (18-24 h) led to the
establishment of a microbial community composed of Sporolactobacillaceae-Streptococcaceae that
performed lactic acid fermentation and outcompeted H»-producing bacteria. At this stage, the VHPR
dropped to a minimum of 0.6 L Ho/L-d. Afterward, at fixed HRT conditions of 6 h, it was found that the
operation at low organic loading rates (OLR) (14.7- 44.1 g lactose/L-d) was associated with the
dominance of Clostridium spp. At such conditions, the acetate and butyrate metabolic pathways were
mostly favored, with an associated H yield of 2.14 mol Hz/mol hexose and VHPR between 3.2 and 11.6
L Ho/L-d. In contrast, relatively high OLR (58.8 and 88.2 g lactose/L-d) favored the appearance of
Streptococcus spp. as co-dominant bacteria leading to lactate production. The production of formate was
also stimulated, possibly serving as a strategy to dispose the surplus of reduced molecules (e.g. NADH).
In such scenario, VHPR was enhanced (13.7-14.5 L H2/L-d) but the H> yield dropped to a minimum of
0.74 mol Hz/mol hexose.

In the light of these findings, it was suggested that the diversification of the microbial communities and
the metabolic pathways were possibly associated with an inhibition phenomenon due to either the
carboxylic acids or Hz accumulation. In this regard, the impact of the H2 mass transfer conditions was
evaluated using a series of continuous stirred-tank reactors operated at H, mass transfer coefficients (kLa)
ranging from 1.04 to 4.23 1/h. It was demonstrated that the VHPR and H yield increased 74 and 78%,
respectively, as a result of enhanced mass transfer conditions. This behavior was driven by a 53% decrease
in the dissolved H> concentration. Moreover, the 16S-DGGE analysis and sequencing revealed that
Clostridium sp increased its occurrence at kpa >2.72 1/h (300 and 400 rpm) as response to lower dissolved
H> concentration. This was accompanied by an increase of acetate and butyrate yields.

Overall, short HRT (6 h), low OLR (< 44.1 g lactose/L-d), and mass transfer coefficient above 2.72 1/h
were identified as the most suitable conditions for efficient H> production, avoiding excessive
diversification of microbial communities and controlling the rates of Hz consumption by
homoacetogenesis and lactic-acid fermentation.
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1.1 Introduction

The worldwide transition towards sustainable energy sources is increasing its momentum since the Paris
agreement signed by 195 nations in 2015. The energy transition implies, in general terms, to stimulate the
diversification and development of technologies that can harvest energy from sustainable sources to
replace our dependency on fossil fuels. The most developed technologies up-to-date include solar, eolic,
and hydraulic. However, all of these are subjected to weather variations that can compromise the stability
of the future electric-grid. Therefore, complementary technologies that can be used to equilibrate the
electricity supply are also required. One of such technologies is dark fermentation, which is up-to-date the
most successful biological method for the production of molecular hydrogen (H2), the so-called fuel of

the future.

The H2 produced in dark fermentation is considered as an excellent solution for the aforementioned issues
due to 1) its large energy content (122 kJ/g), 2) its high conversion efficiencies to electricity through fuel
cells, 3) the near-zero carbon emissions associated, and 4) the broad range of carbohydrate-rich substrates
that can be used to produce it. Furthermore, dark fermentation technology can be integrated in multiple
schemes of waste valorization and biorefinery, which highlights its potential towards the development of

clean industries.
1.2 Dark fermentative hydrogen production

From a biochemical point of view, dark fermentation is the microbial process by which organic substrates
are incompletely oxidized to form short-chain carboxylic acids. The process begins with the carbohydrate
degradation to pyruvate by the Embden-Meyerhof-Parnas metabolic route (Eq. 1.1). The fermentation can
continue through two main anaerobic pathways: the pyruvate-ferredoxin oxidoreductase (PFOR) pathway
and the pyruvate-formate lyase (PFL) pathway (Cabrol et al., 2017). The PFOR pathway catalyzes the
conversion of pyruvate and coenzyme A (CoA) into Acetyl-CoA and CO- coupled with the reduction of
ferredoxin (Eqg. 1.2). The reduced ferredoxin is then re-oxidized using protons as electron acceptors, which
leads to the synthesis of H. (Eq. 1.4). The PFL catalyzes the conversion of pyruvate into formate and
Acetyl-CoA (Eqg. 1.3). Afterward, formate is converted to H> and CO- by the pyruvate-H> lyase (Eq. 1.5).

Up to this extent, a maximum yield of 2 moles of Hz per mole of glucose consumed can be obtained.

The NADH produced in the Embden-Meyerhof-Parnas route can be used by the confurcating NADH-Fd-
dependent hydrogenase leading to additional H> production (Eq. 1.6) (Peters et al., 2015). Alternatively,



NADH can also be taken by the NADH-Fd oxidoreductase that produces reduced Fd (Eg. 1.7), which can
be later used for Hz production through Eq 1.4 (Oh et al., 2011; Vardar-Schara et al., 2008). Through any

of these pathways, 2 mol of H> can be produced to sum up to 4 mol

Glucose + 2 ADP + 2 NAD" + 2 Pi + 4H"— 2 Pyruvate + 2 ATP + 2 NADH + 2 H,0

Pyruvate + CoA + 2 Fdox — Acetyl-CoA + 2 Fdred + CO2
Pyruvate + CoA — Formate + Acetyl-CoA

2 Fdreg + 2 H" — Hz + Fdox

Formate — CO2 + H»

NADH + 2 Fdreg + 3H" — 2 H2 + NAD* + 2 Fdox
NADH + 2 Fdox — 2 NAD" + 4 Fdreq

per mol of hexose consumed.

(1.1)
(1.2)
(1.3)
(1.4)
(1.5)
(1.6)
(1.7)

The Acetyl-CoA produced either by the PFOR or PFL pathway can be later conducted to the production

of acetate or butyrate (Figure 1.1). However, the synthesis of butyrate will require the consumption of two

mol of NADH,; therefore, the global synthesis of Hz will be limited

hexose.
Glucose

2 ADP + 2 Pi + 2 NAD* + 2ATP+2NADH+2H*  2ADP+2Pi+2NAD*

2 Pyruvate
2 CoA+4Fd,, +<;z%; T A conr g,
2 Acetyl-CoA
2Pi + 2 CoA
2 Acetyl-P
2 ADP + 2 ATP 2NADH + 2 H*

2 Acetate

2ADP +2Pi

to a maximum yield of 2 mol Hz/mol

— 2ATP+2NADH +2H*

- 2Pywvate
B

4Fd,,
200,

— 4Fd, +2H,

— CoA

.

—— 2NAD* +H,0

.

— CoA+2ATP

.

Figure 1.1. Main dark fermentative metabolic routes from glucose as model substrate. Left side:

acetate pathway. Right side: butyrate pathway.




Tipically, dark fermentative systems are conducted with mixed cultures, which is considered
advantageous since it does not require of sterile conditions, it increases the resilience capacity against
operational variations, and cultures can adapt to changes of the substrate composition (Kleerebezem and
van Loosdrecht, 2007). However, the use of mixed cultures drives the fermentation to the production of a
mixture of metabolites, which impacts on the H> molar yield. Often, the butyrate to acetate ratio (B/A) is
used as indicator of the fermentation performance; for instance, a B/A ratio of 1.5 results in a theoretical

molar H: yield of 2.5 mol H2/mol hexose (Hawkes et al., 2007).
1.3 What do we know about dark fermentation in continuous systems?

The use of dark fermentation for the continuous H> production has been explored intensively worldwide.
In general, the systems can be classified in accordance with the type of microbial growth, in fixed- and
suspended-biomass. In the former type of bioreactors, the cellular retention time is not associated to the
hydraulic retention time (HRT); therefore, such bioreactors can be operated at short HRT and high organic
loading rates (OLR), and still maintain high biomass concentrations. Overall, the combinations of these
features are thought to lead to high productivities in terms of volumetric H2 production rate (VHPR). On
the other hand, the operation of suspended-biomass reactors is traditionally considered to be unstable due
to wash-out phenomena, especially at short HRT. For such reason, together with the relatively low biomass

concentrations, they are generally referred as low-rate H, production systems.

However, a literature overview reveals that suspended-biomass bioreactors have actually shown higher
VHPR than fixed-biomass systems (Table 1.1). In the case of continuous stirred-tank reactors (CSTR),
the maximum steady-state VHPR have ranged from 2 up to 25.8 L Ho/L-d with an average of 15.5 £ 10.3
L Ha/L-d. In contrast, with fixed-biomass configurations the VHPR have been in the range of 0.4-12 L
H>/L-d with an average of 3.7 + 3.5 L Ho/L-d. It is worth to note that, except for the TBR fed with glucose
reported by Arreola-Vargas et al. (2015), none of the fixed-biomass configurations has been successfully
evaluated with OLR beyond 52.9 g COD/L-d. Whereas, suspended-biomass systems have been operated
with OLR values up to 190 g lactose/L-d (Cota-Navarro et al., 2011). Therefore, suspended-growth
bioreactors such as the CSTR seem to be the most suitable for the production of H> by dark fermentation

and further scaling.




Table 1.1. Summary of hydrogen production performance in several reactor configurations studied by our
research group.

Tg:ftc?rf Substrate OLR (g/L-d) VHSPteRa?IYﬁSItE- d) Reference
2 CSTR CWP 184.42 244 (Davila-Vazquez et al., 2009)
§ " CSTR CWP 138.62 25.0 (Davila-Vazquez et al., 2009)
f 983 CSTR CWP 92.42 12.5 (Davila-Vazquez et al., 2009)
° % CSTR CWP 1902 25.8 (Cota-Navarro et al., 2011)
& CSTR cwp 95¢ 16.1 (Cota-Navarro et al., 2011)
» CSTR Lignocellulosic hydrolysates 52.2° 25 (Contreras-Davila et al., 2017)
TBR Glucose 160P 12.0 (Arreola-Vargas et al., 2015)
TBR Glucose 80P 12* (Arreola-Vargas et al., 2015)
TBR Lignocellulosic hydrolysates 10° 0.5* (Arreola-Vargas et al., 2015)
é TBR Lignocellulosic hydrolysates 52.9° 3.5 (Contreras-Davila et al., 2017)
% BTF Lignocellulosic hydrolysates 5.83P 1.7 (Arriaga et al., 2011)
§ UASB CWP 20P 0.4 (Carrillo-Reyes et al., 2012)
g UASB CWP 48P 0.9* (Carrillo-Reyes et al., 2014)
g EGSB Glucose 10 2.5* (Cisneros-Pérez et al., 2015)
E EGSB Glucose 25.6 13 (Barcenas-Ruiz et al., 2016)
ASBBR Glucose 120 6.2* (Carrillo-Reyes et al., 2016)
ASBR Lignocellulosic hydrolysates 15° 6.7 (Arreola-Vargas et al., 2013)
AFBR Glucose 60 5.3* (Cisneros-Pérez et al., 2017)

CWP: cheese whey powder; CSTR: Continuous stirred-tank reactor; TBR: Trickling bed reactor; BTF: Biotrickling filter; UASB:
Up-flow anaerobic sludge blank reactor; EGSB: Expanded granular sludge bed reactor; ASBBR: Anaerobic sequencing batch
biofilm reactor; ASBR: Anaerobic sequencing batch reactor; AFBR: Anaerobic fluidized-bed reactor.

* approximately; 2 g lactose; ® g chemical oxygen demand (COD)




1.3.1 Systematic review of dark fermentation

An extensive analysis of Hz production in CSTR from the last ten years (see the methodology on Appendix
I) showed that research in the field has been carried out extensively worldwide, being China (18), South
Korea (10) and Greece (8) the most active countries (Figure 1.2). Moreover, the most used substrates in
terms of the number of studies have been glucose (18), sucrose (13) and molasses (10). Other substrates
that have been studied with lower frequency are beverage wastewater, cheese whey, fructose,
lignocellulosic hydrolysates, starch, and xylose (Figure 1.3). An interesting observation was that dark
fermentation research is actually well equilibrated in regard with model and complex substrates (Figure
1.3). Approximately, 45 and 55% of studies reported the use of model and complex substrates,
respectively. A further analysis of the operational parameters showed that dark fermentation has been
explored mainly at pH between 5 and 6 (53%), temperature of 30-40 °C (78%), HRT higher than 12 h
(29%), and stirring conditions in the range of 100-200 rpm (49%) (Figure 1.4).

In addition, in deep analysis of the reported values of VHPR and H; yields suggested that such responses
are significantly affected by a series of operational parameters, including the inoculum and pretreatment

type, substrate type, pH, HRT, stirring velocity and substrate concentration (Tables 1.2 and 1.3).

Mumber of publications

B
0 5 10 15

Figure 1.2. Number of articles on dark fermentation with continuous stirred-tank reactors and suspended

biomass from 2007 to 2017.
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Figure 1.3. Percentage of articles classified by type of substrate in dark fermentation literature.

A Articles per group
of pH
[5.00,6.00) 53%
[6.00,7.00) 22%
[4.00,5.00) 21%
[3.75.4.00) 2%
[7.00.8.79] 2%

Articles per group
of temperature

[30.0,40.0) 78%
[40.0,70.0] 18%
[18.4,30.0) 4%

Articles per group of
hydraulic retention time

[ 12.0,144.0] 29%
[ 6.0, 8.0) 22%
[ 8.0,10.0) 17%
[ 4.0, 6.0) 14%
[ 1.5, 4.0) 9%
[ ]r10.0,12.0) 9%

Articles per group
of stirring velocity

[100,200) 49%
[200,300) 43%
[ ]r40,100) 5%

B (300,500] 3%

Figure 1.4. Percentage of articles classified by A) pH, B) hydraulic retention time (h), C) temperature

(°C) and D) stirring velocity (rpm) in dark fermentation literature.




Table 1.2. Multifactorial ANOVA of the volumetric Hz production rate in CSTR
reactors.

Model structure:
VHPR ~ Inoculum type + Pretreatment type + Substrate type + pH + HRT +
Stirring + Substrate concentration

Sum of Yo Sum
Factor of d.f. F p value

squares

squares

Inoculum 7.85 26 5 20.57 2.4 X101
Pretreatment ) 1 2 2 3.09 0.049
type
Substrate type ~ 7.04 23 8 11.53 1.1 X101
pH 1.06 4 2 6.95 0.001
HRT 2.00 7 5 5.25 2.3 X10*
Stirring 0.66 2 1 8.70 0.004
velocity
Substrate 2.98 10 5 7.80 2.7 X10°
concentration
Residuals 8.17 27 107

Table 1.3. Multifactorial ANOVA of the H2 molar yield in CSTR reactors.

Model structure:
H> yield ~ Inoculum type + Pretreatment type + HRT + Stirring + Substrate
concentration

Factor Sum of % Sum of d.f. F p value
squares squares

Inoculum 5.96 26 5 12.78 5.0 X100

Pretreatment type 1.19 5 2 6.37 0.002

HRT 1.77 8 5 3.81 0.003

Stirring velocity 0.40 2 1 4.24 0.042

Substrate 1.79 8 5 3.84 0.003

concentration
Residuals 11.57 51 124
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In detail, the literature analysis showed that the inoculum source has important impacts on both the
productivity and efficiency of dark fermentation (Figure 1.5-B and 1.7-A). Regarding this parameter, the
maximum average VHPR of 15.6 and 12.3 L Hz/L-d were reported in CSTR that used marine sediments
and acclimated sludge as inoculum sources, respectively. In terms of H. yield, the most efficient processes
were also those inoculated with marine sediment, which averaged 1.93 mol Hz/mol hexose. On the
contrary, the use of indigenous microorganisms resulted in the lowest H» yield and one of the lowest
VHPR, 0.84 mol H2/mol hexose and 1.38 L H/L-d, respectively. Furthermore, anaerobic sludge, one of
the most used inoculum sources in dark fermentation, averaged VHPR and Hz yields of 2.19 L H2/L-d and

1.35 mol Ha/mol hexose, respectively.

The substrate type is another parameter that significantly influences Hz production. Figure 1.5A shows
that fructose and cheese whey had the maximum average VHPR values of 14.4 and 13.5 L Ho/L-d,
respectively. These substrates also showed two of the highest H yields that were about 1.6 mol Hz/mol
hexose. In contrast, reactors fed with xylose obtained an average VHPR of 1.73 L H2/L-d and H; yield of

0.56 mol Hz/mol hexose, being the lowest values among the substrates reported.

Operational parameters such as substrate concentration, HRT, pH and stirring velocity also displayed
significant effects on VHPR and H. yield. The observations in regard with the substrate feeding
concentration suggest that low concentrations (< 20 g COD/L) are generally associated with relatively
high H; yields (~1.4 mol Hz/mol hexose); meanwhile, the H yield was relatively low (0.74 and 0.88 mol
Hz/mol hexose) in CSTR systems operated at concentrations above 40 g COD/L. Nevertheless, by
contrasting the H yields and corresponding VHPR values, it becomes evident that the most suitable
substrate concentrations are generally in the range of 20 to 40 g COD/L. At such conditions, the VHPR
reaches the maximum average value of 10.44 L Ho/L-d (30-40 g COD/L) while the Ha yield is still within
acceptable values (1.12 mol Ha/mol hexose).

The behavior of dark fermentation in regard with HRT reveals that such parameter has slight effects on
the H yield but significant effects on the VHPR (Figures 1.6A and 1.7C). The highest average VHPR of
16.9 L Ho/L-d was reported for systems operated at HRT below 4 h, despite of the possibility of washout
that has been broadly discussed in literature. As the HRT increases, the VHPR drops until a minimum
average of 3.35 L Ho/L-d at HRT > 12 h. Thus, the use of long HRT could only be justified for substrates
with high complexity, where in situ hydrolysis takes place before the actual dark fermentation. However,

the substrates analyzed in the referred systematic review were mostly suitable for dark fermentation at



short HRT, lower or equal to 12 h. By operating at short HRT, the reaction volume required to process a
certain amount of substrate will decrease, leading to important savings in reactor investment and
operation. Finally, yet important, the use of short HRT cause negligible detrimental effects on the H> yield
that are expected to be compensated by the increase of VHPR.

In regard with pH, the literature research clearly shows that values between 5 and 7 resulted in a better
performance in terms of VHPR than pH values below 5 and above 7 (Figure 1.6B). The group of
fermentations performed at pH 5-6 reported a VHPR of 6.95 L HJ/L-d, while those performed at pH 6-7
averaged 8.28 L Ho/L-d. According with these observations, the operation at pH between 6 and 7 seemed
to be the most suitable for the productivity of dark fermentative systems. On the contrary, the operation
at pH below 5 and above 7 did negatively affect the VHPR. In regard with the H> yield, the pH has
relatively small effect on the efficiency of H> production, except when pH is below 4, where the H> yield
averaged only 0.31 mol Hz/mol hexose.

Further analysis of literature also revealed an interesting relationship between the stirring velocity and the
productivity and efficiency of Hz production (Figures 1.6C and 1.7E). Under stirring velocities of 40-100
rpm, average VHPR of 1.12 L Hy/L-d and H yield of 0.4 mol Hz/mol hexose were observed. In contrast,
when the stirring velocity was of 300-400 rpm, the average VHRP increased up to 15.6 L Ho/L-d while
the Ha yield also escalated to 1.93 mol Hz/mol hexose. This observation clearly suggests a relevant role

of the mass transfer phenomenon in dark fermentation.

Beyond the VHPR and H: yield, the systematic review also provided key information in regard with the
production of metabolites and their relationship with the different aforementioned variables. For instance,
it was clearly shown that the acetate concentration found in CSTR systems is positively linked with the
substrate concentration (Figure 1.8). A similar outcome can also be observed with butyrate. Interestingly,
the rate at which acetate and butyrate concentrations increase are different to each other. In such a way,
acetate and butyrate are generally found at similar concentrations in systems operated at substrate
concentrations below 10 g COD/L. However, as the substrate concentration increases, butyrate is

produced in a higher proportion than acetate, which decreases the acetate/butyrate ratio.
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Figure 1.8. Matrix of Pearson’s correlations between the multiple variables involved in Hz production in

continuous stirred-tank reactors.

The analysis also showed that the substrate concentration is linked positively with lactate concentration.
However, it is not linked to H> production. Indeed, it was revealed that the amount of lactate produced
during dark fermentation is correlated negatively with the H yield (Figure 1.8). This finding clearly
suggests that the lactate production could be associated with sub-optimal conditions for H, production. In
fact, the lactate concentration was found to be inversely related with other metabolites associated with
efficient Ho production pathways (i.e. butyrate and acetate) (Figure 1.8). Therefore, the increase of lactate
concentrations can be annotated as a signal of metabolic shifts taking place in dark fermentation as
possible response under certain environmental conditions. Besides, a strong correlation was also observed
between lactate and formate concentrations; nevertheless, further research would be required to find clear

explanations of this type of relationships.
1.4 Challenges of dark fermentation biotechnology

In summary, the broad analysis of literature on dark fermentation revealed a main aspect worth to

highlight: The H> yield of dark fermentative processes is generally below the metabolic threshold of two



mol Hz/mol hexose despite of the extensive work developed worldwide for decades. Such an issue is
possibly associated with the appearance of undesired metabolic routes and/or microorganisms. In this
regard, two metabolic pathways have been recently identified as potential H> sinks: homoacetogenesis
and lactic acid production. These metabolic routes can be associated in turn with different underlying
causes reviewed in the previous section (1.3.1), with special emphasis on the rate at which the H, produced
is released from the fermentation broth. In the following lines, a brief description of these three phenomena

IS provided.

1.4.1 Homoacetogenesis

Homoacetogens, named after their analogy to homolactic bacteria, are strict anaerobic bacteria capable to
synthesize acetate from eight reducing equivalents (e.g. 4 mol Hz) and two mol of CO> through the Wood-
Ljudahl pathway (Eq. 1.8) (Diekert and Wohlfarth, 1994; Drake et al., 1997; Ljungdahl et al., 1989;
Ljungdhal, 1986). Due to such capability, homoacetogens are able to produce up to three mol of acetate

from one mol of glucose consumed: two from heterotrophic and one from autotrophic metabolism.
4 Hz + 2 HCO3 + H'— CH3COO™ + H,0  (AG®’= -104 kJ) (1.8)

Due to their extensive metabolic capacities, homoacetogens are microorganisms widely distributed among
anaerobic environments (Drake et al., 1997; Ragsdale and Pierce, 2008). However, in mesophilic
conditions, their hydrogenotrophic activity is usually overlapped by hydrogenotrophic methanogenesis,
which can obtain more energy from Hz consumption. In the absence of methanogens, as it is the case of
dark fermentative systems, homoacetogens are expected to play a relevant role in Hz consumption, and

therefore in the performance of H production (Carrillo-Reyes et al., 2014).

Due to their negative implications in H> production, the prevention and control of homoacetogenesis has
been focus of attention in recent years. However, given that most of homoacetogens relevant to dark
fermentative systems belong to the genus Clostridium, the avoidance of homoacetogenesis is specially
challenging. For instance, according with Oh et al. (2003), Luo et al. (2011) and Carrillo-Reyes et al.
(2014), homoacetogens can survive heat treatment of the inoculum. This is because several of them are
capable to sporulate, as it is the case of Clostridium spp, thus the heat treatment is not actually affecting
homoacetogens. Particularly, Luo et al. (2011) showed that homoacetogens are only inhibited under
relatively low pH (5.5) and thermophilic conditions (55°C). Similar conclusions in regard with

temperature and pH were also reported by Luo et al. (2010) and Shanmugam et al. (2014). From the



thermodynamic perspective, homoacetogenesis becomes favorable at temperatures below 45°C, which

can explain such observations (Kleerebezem and Van Loosdrecht, 2010).

Other factors that affect the thermodynamics of homoacetogenesis are the actual concentrations of
involved species, e.g. Hz, CO2, and acetate. In this concern, reducing the partial pressure of Hz (pH2) and/or
CO:2 (pco2) could be advantageous. Kisielewska et al. (2015) used a reduced pressure reactor to evaluate
the effects of such strategy on dark fermentative H, production. They found that a reduced pressure system
produced more gas and H> than the atmospheric pressure reactor. Interestingly, they observed an unstable
performance in the control reactor that was operated under atmospheric pressure. In the control reactor,
the VHPR decreased abruptly after OLR was increased from 30 to 35 g COD/L-d. Authors attributed such
behavior to the presence of homoacetogens. Contrastingly, in experiments reported by Liu and Wang
(2017), homoacetogenesis was not fully controlled by reduced H» pressure. Their experiments showed
that a reduced pressure improved the fermentation performance, however, the ratio of measured to
theoretical productivity of H. decreased. With a different approach, Massanet-Nicolau et al. (2010)
evaluated headspace flushing and bioreactor sparging with N2 as methods to avoid H> consumption. Both
methods were useful, but N2 sparging was the most effective. The methods tested caused a more stable H»
production performance and more stable acetate concentration. Similarly, Chang et al. (2012) reported
that only a continuous gas releasing method combined with the CO2 absorption into NaOH solution
enhanced H. production and reduced its consumption by homoacetogens. More recently, Massanet-
Nicolau et al. (2016) reported a system with electrochemical H> removal and CO: absorption as an

effective strategy to increase H yields and avoid H2 consumption.

Operational parameters such as HRT, substrate concentration, OLR and reactor type might also influence
homoacetogenesis. In a CSTR, Arooj et al. (2008) reported the effect of HRT (4-18 h) on
homoacetogenesis. They found that the ratio of homoacetogenic acetate to total acetate ranged from 27 to
57% as function of HRT. Short values of HRT (4-9 h) favored the H> consumption and presented up to
57% of homoacetogenic acetate. On the other hand, at relatively high HRT (12-18 h), the
homoacetogenesis was diminished. However, homoacetogenesis was not completely inhibited and it was
present during the whole operation. Gongalves et al. (2014) studied the influence of initial substrate
concentration on Hz consuming metabolisms in batch reactors. They reported that homoacetogenesis
activity was avoided at a relatively high substrate concentration of 50 g COD/L. The mechanism behind
such inhibition was not clarified, but the low pH observed (pH 5) could be possible involved. Davila-
Vazquez et al. (2009) studied H> production with cheese whey at different OLR (92.4-184.4 g lactose/L-



d). Interestingly, they reported an unexpected decrease of the VHPR with an OLR of 184 g lactose/L-d.
Such phenomenon was concomitant to the increase of acetic acid and it was suggested as an indicative of
homoacetogenesis occurrence. Finally, in regard with the type of reactor, Si et al. (2015b) showed that
homoacetogenesis was more favorable in packed bed reactors (PBR) than in UASB. In a PBR,
homoacetogenesis accounted 11.1% of the total acetate observed while in the UASB reactor was 1.5%.
The higher microbial diversity in the PBR in comparison with the UASB could be a possible explanation

of such finding.

Overall, short HRT, high substrate concentrations, relatively low pH, thermophilic temperatures,
continuous gas release, and CO> absorption showed to have important impacts to avoid homoacetogenesis.
Nevertheless, studies about homoacetogenesis in Hz production systems are still scarce and more research

is needed to fully understand and control its occurrence.

1.4.2 Lactic acid bacteria

The group of lactic acid bacteria (LAB) is composed by microorganisms capable to consume a wide range
of carbohydrate-rich substrates and produce lactic acid as a major metabolic product (Reddy et al., 2008).
These Gram-positive organisms can grow in a wide range of temperature (5-45 °C) and pH (3.2-9.6);
however, they have complex nutritional requirements because most of them are auxotrophic for amino
acids, purine and pyrimidine bases, and B-group vitamins synthesis (Reddy et al., 2008; Wang et al.,
2015).
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Figure 1.9. Metabolic pathways of lactic acid bacteria. A) Homolactic fermentation. B)

Heterolactic fermentation. Adapted from Reddy et al. (2008).




LAB can be further classified in homolactic and heterolactic in accordance with their metabolic capacities
(Figure 1.9). The former sub-group follows a metabolic route that leads to the synthesis of a maximum
metabolic yield of 2 mol of lactic acid per mol of hexose. On the other hand, heterolactic bacteria conducts
the carbohydrates fermentation towards the synthesis of 1 mol of lactic acid and 1 mol of ethanol per mol
of hexose. Representative members of the homolactic and heterolactic sub-group are shown in Table 1.4.
It is worth to note that some microorganisms have the ability to use both routes in response to

environmental conditions.

Table 1.4. Classification of lactic acid bacteria metabolism. Modified from De Angelis and
Gobbetti (2011).

Heterolactic fermentative

Homolactic fermentative

Facultative Strict
L. acidophilus L. plantarum L. brevis
L. helveticus L. rhamnosus L. buchneri
L. delbrueckii subsp. delbrueckii L. coryneformis L. fermentum
L. delbrueckii subsp. lactis L. curvatus L. kefi
L. delbrueckii subsp. bulgaricus L. casei L. reuteri
Lc. lactis L. paracasei Leuconostoc sp.

S. thermophilus

S. pyogenes (M1 GAS)*

S. pneumoniae (ATCC 700669)*

S. agalactiae (2603)*

# KEEG pathway annotation

L.: Lactobacillus; Lc.: Lactococcus; S.: Streptococcus

The presence of LAB in Hz-producing systems is considered to be detrimental for the performance of dark
fermentation due to substrate competition and their ability to produce bactericins (Sikora et al., 2013). For
instance, Gomes et al., (2016) reported detrimental effects of LAB on H: production from cassava flour
wastewater. They argued that the observations were ultimately caused by the presence of bacteriocins
Nisin A and Nisin Z. In another study, researchers showed that the supernatant of Lactobacillus cultures
strongly affected H> production by dark fermentative bacteria (Noike et al., 2002). Researchers also

suggested heat pretreatment as a strategy to avoid the presence of lactic bacteria (Noike et al., 2002).

LAB have been extensively reported in Hz-producing reactors; in some cases, they were found in co-
dominance with Clostridium species (Etchebehere et al., 2016). Thus, the inhibitory effects of LAB are
possibly dependent on the fermentation conditions (pH, temperature, substrate concentration, etc.). In
either case, even without bacteriocins production, LAB compete for substrate intake, leading to a decrease
of the efficiency of H, production. In this sense, the mechanisms of appearance/disappearance of LAB

and their relationship with dark fermentation are still not well understood.




1.4.3 Mass transfer limitations

H, transfer mechanism.
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Figure 1.10. The H> mass transfer mechanism L .
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y the diffusivity, fluid density and viscosity) and the

fluid motion.

At that limit (the interphase), the liquid and gas concentrations are linked to each other by an equilibrium
equation, i.e. the Henry’s law equation. Once the molecule is transferred to the first layer of the gas phase,
it will diffuse to the bulk of the gas phase also driven by a difference of concentrations. In practice, since

the liquid transport is the limiting step, the gas phase transport is often neglected.

CSTR systems are often referred as efficient reactors due to the theoretical absence of gradients of
substrate, nutrients, pH and temperature. Nevertheless, the interphase mass transfer efficiency cannot be
given for granted. Indeed, it is possible that liquid-gas inefficient mass transfer is behind of the

observations showed in Figures 1.6D and 1.7E.
What is the link between the H> mass transfer and dark fermentation performance?

A low H> partial pressure and, therefore, low dissolved H> concentrations are critical to reach high H:
production rates. From a thermodynamic perspective, the feasibility of H> production, measured as the
Gibbs free energy (AG’), depends on the ratio of oxidized/reduced electron carriers (NAD*/NADH,

Fdox/Fdreq, etc.) and the dissolved H concentration within the fermentative cells. Assuming that the
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dissolved H> concentration can be related with the
H> partial pressure in the gas phase through the
Henry’s law, the AG’ can also be expressed as
function of the H:

partial pressure of the

fermentative system.

In general, at fixed ratios of oxidized/reduced
mediators, the increase of the H, partial pressure
leads to an increase of the AG’ of Hz production
(Figure 1.11). Specifically, Ho> production by the
ferredoxin-dependent hydrogenase (Figure 1.11A),
at  [Fdred)/[Fdox]=107, s
feasible within the whole range of pH2. However,
the H: from  NADH-dependent

hydrogenase is only feasible at very low pw2 (<0.01

thermodynamically

synthesis

Atm) (Figure 1.11B). At higher pn2, H2 production
from NADH is thermodinamically feasible only
through the electron-bifurcating mechanism that is
catalized by the ferredoxin-NAD-dependent
hydrogenase (HydABC) (Buckel and Thauer,
2013; Sieber et al., 2012; Wang et al., 2013).

Beyond the thermodynamic predictions, the
detrimental effects of the increase of pH2 has been
reported experimentally. For instance, Yerushalmi
et al. (1985) showed that the increase of pn2 leads
in C.

acetobutylicum and the inhibition of H> production.

to a diversification of metabolic routes

The researchers reported that H, pressures above

270 kPa led to higher productivity of butanol

concomitant with the decrease of H> and acetone yields. Other researchers reported that the H:

consumption activity by Clostridium P11 increases as function of the H. partial pressure (Skidmore et al.,



2013). In CSTR, Lee et al. (2012) studied the effects of reduced pressure on Hz production; they found
that Hz production rate increased by 8% when changed from 760 to 380 mmHg.

1.5 Scope and structure of the research

Based on the challenges reviewed above, the present thesis aimed to investigate the causes behind
suboptimal H2 production. Specifically, the research focused on the environmental conditions that could

trigger the appearance of homoacetogenes and LAB as well as the impacts of gas-liquid mass transfer.

As first approach, the research was orientated towards the analysis of the impacts of the HRT on dark
fermentation (Chapter 2). It was hypothesized that LAB could negatively respond to the selection pressure
set by HRT. In parallel, short HRT values also increase the availability of organic carbon that could force
homoacetogens of the genus Clostridium to use it instead of the inorganic carbon (CO2) needed for

homoacetogenesis.

In the following set of experiments, the effects of the substrate concentration at fixed HRT were
investigated (Chapter 3). Through this strategy, it was aimed to test if the microbial community and
metabolic pathways of dark fermentation can diversify as cause of the substrate concentration. The
hypothesis was that high availability of substrate can avoid the occurrence of homoacetogenesis; although,
the strategy could also lead to the appearance of other undesired microorganisms.

In chapter 4, the impact of the gas-liquid mass transfer efficiency on Hz production was investigated. In
this approach, it was considered that the reduction of H. partial pressure could lead not only to higher
productivities and efficiencies but also serve as control tool to avoid metabolic and microbial

diversification.

Finally, in chapter 5, a summary of the main conclusions along with a general discussion is developed.
The main objective of this chapter was to give a general perspectives of the research opportunities in the
field.
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CHAPTERI

The hydraulic retention time as
a control tool of productivity,
efficiency and microbial
communities.
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Highlights

Dark fermentation microbial community was strongly shaped by HRT

A maximum volumetric hydrogen production rate of 2000 mL/L-d was found at 6h of HRT
Two different microbial communities and their interactions were identified

Short HRT (6-12 h) enriched Clostridiaceae-Lachnospiraceae-Enterobacteriaceae

Large HRT (18-24 h) negatively affected the performance of dark fermentation

The present chapter is a modified version of the article:
Palomo-Briones, R., Razo-Flores, E., Bernet, N., Trably, E. 2017. Dark-fermentative biohydrogen pathways and
microbial networks in continuous stirred tank reactors: Novel insights on their control. Applied Energy, 198 77-87.



2.1 Summary

In the present work, the influence of the hydraulic retenrion time (HRT) on dark fermentation metabolism
was evaluated through the operation and analysis of a series of four continuous stirred tank reactors
(CSTR) at four HRT ranging from 6 h to 24 h. A maximum volumetric H> production rate (VHPR) of
2000 £ 149 mL H»/L-d corresponding to a H> yield of 0.86 mol Hz/mol lactose was observed at 6 h HRT.
In depth analysis of metabolite profiles and microbial communities showed that low values of HRT
favored the emergence of a community dominated by Clostridiaceae-Lachnospiraceae-
Enterobacteriaceae, which performed metabolic pathways co-producing Ho. In contrast, long HRT led to
the establishment of Sporolactobacillaceae-Streptococcaceae microbial community that outcompeted Ho-
producing bacteria and was responsible of lactate production. Results suggested that these two
communities mutually excluded themselves and HRT can act as an operational parameter to control the
microbial communities and consequently the related metabolic pathways.

Keywords: Biohydrogen; Dark fermentation; Hydrogen producing bacteria; Lactic acid bacteria (LAB);

Metabolic network.




2.2. Introduction

Biohydrogen is worldwide considered as one of the most promising alternatives to substitute fossil fuels
in a near future. Indeed, H> is not only characterized by its high density of energy (123 kJ/g ~ 2.75), but
also the efficiency of its conversion to electric energy is relatively high, and its use does not generate any
greenhouse gases. Amongst the technologies available to produce Ha, biological processes are
environment friendly and can convert a wide variety of abundant organic biomass at low cost. In particular,
biological production of H> by dark fermentation, so called biohydrogen, can be emphasized for its large
use of sustainable substrates, the high H> production rates, and its simplicity of operation (Azwar et al.,
2014). In contrast with the photo-fermentation processes, dark fermentation does not require light to occur,

thus reactor design is simpler and its operation is not limited by light-darkness natural cycles.

In brief, a fermentation process is the biological oxidation of organic compounds where the same substrate
molecule plays a role as a carbon source, an electron donor- and an electron-acceptor, i.e. a part of the
molecule is oxidized while another part is reduced (Rittmann and McCarty, 2001). In particular, dark
fermentation can be defined as the partial oxidation of organic substrates (mainly carbohydrates) without
external electron acceptor. Dark fermentation leads to the production of low weight organic molecules
(volatile fatty acids -VFA- and alcohols) altogether with Hz generation. Such metabolic process can be
carried out by mixed cultures of bacteria, the most representative members being related to Prevotella,
Lactobacillus, Clostridium, Selenomonas, Megasphaera and Enterobacter genera (Etchebehere et al.,
2016).

Metabolically, the maximum theoretical H> yield of dark fermentation is 4 mol of H> per mol of glucose
consumed through the acetate pathway (Ghimire et al., 2015). In practice, H. yields reported for
mesophilic cultures (Davila-Vazquez et al., 2009; Han et al., 2014; Makinen et al., 2012; Sivagurunathan
et al., 2015) are about 1.3 mol Hz/mol glucose in average, while only few studies have reported H. yields
beyond 3 mol Hz/mol hexose (Han et al., 2014). Low H> yields are probably linked to the complexity of

microbial communities and metabolic pathways presented in dark fermentation.

In a dark fermentative community some members such as Clostridium and Enterobacter genera (Ho-
producing bacteria, HPB) are efficient H> producers while others play different roles not necessarily linked
to Hz production, for instance, homoacetogens and LAB. On one hand, homoacetogens can use carbon
dioxide or carbon monoxide and H> as sole carbon and energy sources under anaerobic conditions, along
with the synthesis of acetate (Abubackar et al., 2016; Kisel and Drake, 2005; Luo et al., 2011; Massanet-




Nicolau et al., 2010). Previous studies showed homoacetogenesis as the cause of 36-56% of the total
acetate observed in the fermentation media, resulting in Hz> productivities 45-90% lower than expected
(Luo et al., 2011). Other authors reported that H> consumption by homoacetogens was equivalent to 250
mmol/d at 8 h of HRT in up-flow anaeronic sludge bed (UASB) reactors (Carrillo-Reyes et al., 2014). To
avoid this type of metabolism, several strategies consisting in the reduction of Hz accumulation have been
suggested (e.g. gas sparkling, Bakonyi et al., 2017). On the other hand, LAB constitutes a microbial group
commonly found in dark fermentative systems (e.g. Baghchehsaraee et al., 2010; Gomes et al., 2016; Kim
et al., 2014; Noike et al., 2002; Park et al., 2016) which includes microorganisms of the families
Lactobacillaceae, Enterococcaceae, Streptococcaceae, Sporolactobacillus, etc. Despite of their ubiquity,
the role of LAB in dark fermentation has been scarcely studied (Sikora et al., 2013). Some authors argued
that LAB compete with Hz producers for carbon sources (Jo et al., 2007), while others have widely
discussed that the excretion of bacteriocins could be the main cause of dark fermentation failure (Gomes
et al., 2016; Noike et al., 2002).

Up to date, most of the reports in literature about LAB and other important microbial groups have been
studied circumstantially. In consequence, there is still knowledge scarcity about their effects on
fermentation performance, metabolic pathways and their roles in the microbial community of dark
fermentation. A full understanding of these issues is fundamental to conduct better control and advance
towards the implementation of the biohydrogen production technology at the industrial scale. In this
direction, the study of the factors that determine the occurrence of these groups in dark fermentative
systems is a pending task.

Therefore, throughout the experiments carried out in this work, HRT was evaluated as a potential factor
to shape the metabolic pathways and microbial communities in continuous dark fermentative systems.
Due to its simplicity and practicality in real life operation in comparison with other strategies, HRT could
be of high importance for metabolic and microbial community control. Moreover, a microbial network
analysis was used to reveal the interactions among the involved species. This methodology provides highly
important information for the engineering and/or design of microbial communities, which is an alternative

to enhance H> production.




2.3. Materials and methods
2.3.1. Inoculum source and substrate

Disaggregated anaerobic sludge from a full-scale municipal wastewater treatment plant (Marseille,
France) was used as initial source of microorganisms. Before inoculation, the sludge was thermally treated
by boiling during 2 hours. Seed sludge was added into a continuous stirred tank reactor (CSTR1) of 3.1 L
total volume and 2L working volume, (APPLIKON Biotechnologies, USA) at a final concentration of 4.5
g/L of volatile suspended solids (VSS). The reactor was started in batch mode for 24 h, whereupon the
bioreactor was operated in continuous mode for 25 d with a HRT of 6 h. When CSTR1 reached a stable
state (lactose degradation efficiency, 46 + 2%; VHPR, 2448 + 461 L H/L-d; H> yield, 0.89 mol Hz/mol
lactose) 10 L of effluent were recovered and stored in 4 containers (2.5 L each) at -20 °C until their re-use
as microbial inoculum for the subsequent experiments in reactors CSTR2, CSTR3, CSTR4 and CSTR5.
A schematic representation of the experimental set-up is shown in Figure 2.1.

For all reactors, lactose was used as substrate at a concentration of 20 g/L. The fermentative medium was
supplemented with the following components (mg/L): MgCl,-6H20, 100; CuClz-H20, 1.25; MnCl, 4H20,
7; FeCl, 4H,0, 19.1; NiCl, 6H.0, 102.5; yeast extract, 500. Additionally, a phosphate buffer (KH2POs-
Na2HPO4, pH=5.9) was added at a final concentration of 50 mM.
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Figure 2.1. Schematic representation of the experimental set-up.




2.3.2. Experimental conditions

A series of 4 continuous stirred tank reactors (CSTR2 to CSTR5), 2 L working volume and 1.1 L of head
space, were inoculated (same volume of 1L each, initial VSS 0.5 g/L for all cases) with frozen effluents
from CSTR1. Reactors were first operated in batch mode for 24 h using lactose at a fixed concentration
of 20 giactose/L. Thereafter, the reactors were operated at the following HRT: CSTR2, 6 h; CSTR3, 12 h;
CSTR4, 18 h and CSTR5, 24 h for an equivalent time of 20 HRT, i.e. 120 h, 240h, 360h and 480h of
operation, respectively. Stirring and temperature were set and regulated at 200 rpm and 37 °C,
respectively, while the pH was automatically controlled at 5.9 by proper addition of 4 M NaOH.

2.3.3. Analytical methods

Gas production was monitored with a pressure control system that was configured to release the gas
produced when pressure was above 1.1 bars. Gas composition (H> and CO2) was determined through a
gas chromatograph GC-8A equipped with a thermal conductivity detector (Shimadzu). Calibration was
performed using three external gas standards: 5% CO2 and 5% N: in methane, 20% CO2 and 20% N3 in
methane, and 100% H, injected as 0.5 mL at 1 atm.

VFA and alcohols were quantified using high performance liquid chromatography (HPLC) coupled to a
refractometer (Waters R410). Liquid samples were centrifuged at 13000 rpm for 15 min and filtered with
0.2 um nylon filters. HPLC analysis was performed at a flow rate of 0.8 mL min using an Aminex HPX-
87H, 300 x 7.8 mm (Bio-Rad) column at a temperature of 35 °C. H.SO4, 4 mM was used as mobile phase.
COD and VSS were analyzed according to the standard methods (APHA/AWWA/WEF, 2012).

2.3.4. Microbial community analysis

DNA extraction was performed with the Fast DNA SPIN Kit for soil in accordance with the
manufacturer’s instructions (MP Biomedicals). PCR amplification of the bacterial 16S rRNA was
conducted with Pfu Turbo DNA polymerase (Stratagene) and universal primers (5'-
ACGGTCCAGACTCCTACGGG -3, Escherichia coli position F331; and 5’-
TTACCGCGGCTGCTGGCAC -3, E. coli position R500) targeting the V3 region. The PCR conditions
were as follows (Milferstedt et al., 2013): initial denaturation for 2 min at 94°C; 25 cycles of melting (1
min at 94°C), annealing (1 min at 61°C) and extension (1 min at 72°C); and a final extension step of 10
min at 72°C.



PCR products were analyzed by Capillary Electrophoresis Single Strand Conformation Polymorphism
(CE-SSCP) in an ABI 3130 genetic analyzer (Applied Biosystems) according with a previous report
(Rochex et al., 2008). The CE-SSCP profiles were aligned based on the ROX internal standard to take
into account inter-sample electrophoretic variability and were normalized with the package
Statfingerprints in R platform (R Development Core Team, 2011). From CE-SSCP fingerprints, Shannon's

diversity index and Gini's coefficient were calculated as described previously (Cabrol et al., 2012).

In order to elucidate the identity of the microorganisms, a PCR-based 454-pyrosequencing was carried
out. The PCR for 454 pyrosequencing was targeting the VV4-V5 regions, using the universal primers 515-
532F and 909-928R. The sequencing work was developed by the GeT PlaGe sequencing center of the
genotoul life science network in Toulouse, France (get.genotoul.fr). The downstream sequences
processing involved a chimeric analysis to validate the quality of the recovered sequences using an slightly
modified version of the Standard Operation Procedure reported elsewhere (Kozich et al., 2013). The
SILVA ribosomal RNA database (https://www.arb-silva.de/) was used for alignment and as taxonomic

outline search of their taxonomic affiliation comparing to data bases.
2.3.5 Multivariate analysis and Pearson’s correlations

Principal Components Analysis (PCA) was performed to determine possible relationships between
microbial community, fermentation performance and operational parameters. The PCA was carried out
using R software and factoextra package. As discussed elsewhere (Carrillo-Reyes et al., 2016; Ramette,
2007), PCA is a multivariate procedure which basically calculates new synthetic variables (principal
components), which are mutually independent, uncorrelated, mathematically represented as a linear
combinations of the original variables, and that account for as much of the variance of the original data as
possible. To avoid overfitting, a second PCA was conducted considering a reduced number of factors

selected on the basis of their weight.

Besides the multivariate analysis, a Pearson’s correlation analysis was carried out with the information of
microbial community, fermentation performances and operational parameters to give better insight on the
different relationships occurring within the system. This analysis was performed in R software (R

Development Core Team, 2011), using the corrplot package.




2.3.6 Microbial community networks

The network inference was performed following the protocol proposed by Faust et al. (Faust et al., 2015).
In brief, four similarity measurements (Bray—Curtis and Kullback— Leibler dissimilarity, Pearson and
Spearman correlation) were computed for a dataset composed by families with abundances >1% and
observed in at least three samples. The p-value of each measurement was performed according with the
permutation-renormalization and bootstrap (ReBoot) method (Faust et al., 2012). Measure-specific p-
values were merged following the Brown’s method. Finally, edges with merged p-values<0.05 were kept.
The whole network construction was performed within Cytoscape environment, using the CoNet
application (Faust and Raes, 2016).

2.4. Results and discussion
2.4.1. HRT determines dark fermentation performances and metabolites distribution

A series of four CSTR fermentation reactors was operated for an equivalent time of 20 HRT each, using
lactose at 20 g/L as substrate. Each CSTR was operated at a HRT value ranging from 6 to 24h (CSTR2, 6
h; CSTR3, 12h; CSTR4, 18h; CSTR5, 24h), at pH 5.9 and 37°C.

Results showed that HRT had an important impact on dark fermentation performances in terms of lactose
consumption, Hz yield, and VHPR (Figure 2.2). Overall, lactose degradation efficiency was enhanced by
increasing the HRT, from 35% in CSTR2 (HRT = 6h) up to 82% in CSTR5 (HRT = 24h). In contrast,
VHPR showed a gradual decrease from 2000 + 149 mL HJ/L-d in CSTR2 to 604 + 143 mL H/L-d in
CSTR5. A maximum H; yield of 0.86 mol Hz/mol lactose was found in the CSTR2 at 6h HRT. The
relationships observed between HRT and both VHPR and H: yields were consistent with previous studies
where comparable trends were also reported, for instance, by employing halophilic bacteria (Zhang et al.,
2013), using peach nectar and pulp as substrates (Diamantis et al., 2013), or when operated under reduced
pressure (Lee et al., 2012). For the specific case of lactose, the results presented in this work were below
the range of previous studies (Carrillo-Reyes et al., 2012; Davila-Vazquez et al., 2009; Rosa et al., 2014).
Factor such as the composition of growth media or the source of inoculum could be among the possible
causes of the relatively low VHPR. As discussed previously (Sivagurunathan et al., 2016a), it is widely
accepted that short HRT improves the H>-producing process by suppressing the growth of undesirable
microorganisms unable to growth at high dilution rates. At the same time, short HRT is an effective



strategy for the establishment of stable H»-producing microbial communities. A summary of literature

studies in regard with HRT, metabolic and microbial community changes are shown in Table 2.1.
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Table 2.1. Selection of studies of biohydrogen production in continuous stirred-tank reactors.

Substrate Inoculum HRT? VHPR® HY® Changes: on the Change_s on the . Microorganisms identified  Reference
metabolic pathways  microbial community
Clostridium i i i - Lactate (HRT=18h) i - Zhang et al.,
Glucose bifermentants 6-24 3.8-55 0.7-1.1 diminished H, yield Clostridiaceae 2013
- Clostridium was dominant
Cheese Anaerobic at HRT 10,6 and 4 h Clostridiaceae, Davila-
whe sludae 4-10 2.7-11.3 05-1.2 - - Streptococcus and Enterococcaceae Vazquez et
y g Enterococcus presented at  Streptococcaceae al., 2009
low HRT (6 & 4 h)
- Hiah concentrations LAB (Acatostipes) Clostridium, Tetrasphaera,
Sugarcane  Clostridium of Ia?ctate were disappeared with the Flammeovirga, Tissierella, Nualsri et
g . 2-12 1.18-175 0.3-1.32 decrease in HRT Butyrivibrio, Desulfobulbus,
syrup butyricum observed at large X al., 2016
- Relative abundance was Olsenella
HRT ;
not assessed. Acotostipes
- Shortening the HRT
Anaerobic - Short HRT led to reduced the microbial Wu et al
Glucose sludae 4-12 4.56-14.4 0.75-1.57 reduction of diversity of the community  Clostridiaceae 2008 B
g propionate production - No further correlation was
performed
- - L. arbinses and C. Lactobacillus harbinensis,
Sugarcane - Clostridium o5 13181 051 - SMotHRTledto butyricum were dominant at ~ Klebsiella pneumoniae, Zhang etal.,
juice bytiricum reduction of o X 2006
; . all HRT Clostridium butyricum
propionate production
- Short HRT (6-12 h) HPBY consortium
were associated with The microbial community Clostridiaceae
Anaerobic ;Iazt-hp\)/\r/ggsu o structure and interactions Eg(t;e;]rnofsﬁtrzrcl:;gae .
Lactose sludge 6-24 0.6-2 0.04-0.43 °© Large HRT (18-24h) were driven by HRT. L AB® consortium This work

- LAB can be avoided at

were strongly ]
associated with lactate SOt HRT (6-121).

in detriment of H,
production.

Sporolactobacillaceae
Streptococcaceae

HRT: Hydraulic retention time (h)

Y\/HPR: Volumetric H2 production rate (L Ho/L-d)
°HY: H; yield (mol Hz/mol hexose equivalent)
9HPB: H2-producing bacteria

*LAB: Lactic acid bacteria




Another important parameter worth to mention is the organic loading rate, which refers to the mass of
substrate fed in a volume of reactor within a unit of time. OLR is function of both HRT and substrate
concentration, thus the experiments performed for the present work also had different values of OLR; as
lactose concentration was kept constant at 20 g lactose/L OLR ranged from 80 g lactose/L-d in CSTR2 to
20 g lactose/L-d in CSTRS. It was observed that OLR decline was accompanied by the decreases of VHPR
and H yield (Table 2.2) confirming that these parameters are strongly dependent on HRT and OLR.

A Pearson’s correlation analysis revealed that, in terms of metabolites productivities (mmol per mol of
substrate consumed), longer HRT favored the lactate pathway (r = 0.96, p<0.01). In contrast, acetate was
produced in higher proportion as well as other metabolites such as formate and ethanol under short HRT
conditions (r ~ - 0.65 for all cases, p<0.1) (Figure 2.3). The analysis also showed that these three
metabolites were strongly correlated to each other (r > 0.9, p<0.05). An overview of significant Pearson’s
correlations is provided in supplementary material. In general, the information confirmed that the HRT
was an effective factor that can shape dark fermentation towards two different stages: lactate type

fermentation or acetate-formate-ethanol type fermentation.

Table 2.2. Summary of the performance of four continuous stirred-tank reactors operated at different
values of hydraulic retention time.

HRT Time (#of VHPR(mL H,yield (mol Volatile fatty acids concentrations, mmol/L
(h) HRT) Ho/L-d)  Hi/mol hexose) S L F A P E B
6 2 4141 0.2 0.3 92 4 0 66 14
6 6 559.9 0.3 09 q o 2N os
6 12 1035.1 0.3 0.3 13.6 0 113 16
6 20 20074 09 0O 73 714 0 40 29
12 2 1049 0.3 0 o SN s1
12 6 1352.6 0 3.9 0 69 113
12 12 0 2.4 12 27 95
12 20 0 2.7 24 23 6.0
18 2 807.1 0.5 0 125 7.0 o [A78 149
18 6 907.5 0.3 0 9.8 34 47 88 38
18 12 771.2 0.2 0 4.8 78 15 123
18 20 1061.6 0.2 0 15 0
24 2 331.8 0.1 0 0 57 65
24 6 532.3 0.1 0 0 38 39 73
24 12 4323 0.1 0 0 48 32 17
24 20 604.2 0.1 0 0 0 0 0 | 184

Volatile Fatty Acids: S, Succinate; L, Lactate; F, Formate; A, Acetate; P, Propionate; E, Ethanol; B, Butyrate.
HRT: Hydraulic retention time; VHPR: Volumetric Hz production rate.

For comparison purposes, the higher values of each column are colored in deep blue (m) while lower values are
displayed in white (o).
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basis), suggesting that the metabolic network
resulted in efficient Hz production. This
finding is consistent with relatively high
yields of ethanol, acetate and butyrate, all of
them being metabolically linked to H>
production. In contrast at the longest HRT, 24
h, most of the substrate (72% COD basis)

ended as lactate.

Microorganisms were analyzed in terms of their relative
VSS were

converted to COD using a theoretical
equivalence of 1.42 g COD/g SSV (Rittmann and McCarty, 2001) and compared with COD percentages

. experimentally  determined,
abundance from pyrosequencing results. P y

found for “biomass and others”, especially in the first three cases (51, 67 and 63%). Through this
procedure, it was confirmed that COD directed to biomass were 44, 54.9, 59, and 59%, for HRT of 6, 12,
18 and 24 h, respectively. Dark fermentative systems in CSTR have shown that about 30% of substrate is
commonly directed to biomass, and in some cases, the percentage can reach near 50% of consumed COD.
For instance, Jung et al. (2010) observed remarkable high biomass yields equivalent to 46% in a CSTR
fed with the wastewater of a coffee drink manufacturer at a concentration of 20 g COD/L and 6 h of HRT

(Jung et al., 2010). Lay et al. (2010) also showed biomass yields that accounted for 38% in a CSTR fed
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Figure 2.4. Summary of the influence of hydraulic retention time (HRT) on the metabolic pathways of
dark fermentation based on the chemical oxygen demand. The balance was performed with the last 3

samples in the systems’ operation.

with 40 g COD/L molasses at an HRT of 24 h (Lay et al., 2010). A possible reason of the high biomass
yield can be that under short HRT (mainly 6 and 12 h), microorganisms directed a major fraction of the
consumed substrate to maintain themselves in the system. If microorganisms do not direct an important

fraction of COD to biomass synthesis under such conditions they would be washed out. There are other




factors that possible influence the percentage of COD directed to biomass, for example the specific growth

rate of microorganisms which will be discussed later in this document.

2.4.2. HRT shapes the microbial community and modifies the metabolic pathways

A microbial community analysis through CE-SSCP was performed to characterize whether the changes
towards high- or low-efficient states (described in previous section) was a consequence of metabolic shifts
or changes in the microbial community structure. CE-SSCP profiles comparison clearly show that HRT
had a great impact on the microbial community with regards to the relative abundance distribution of
species (Figure 2.5). For instance, microorganisms numbered 170 and 390 were dominant at HRT of 6 h,
while microorganisms at 560 and 690 were mainly present at HRT of 18 and 24 h. These observations
were confirmed with a Bray-Curtis dissimilarity analysis and the corresponding cluster dendogram
(hierarchical clustering using Ward's method) (Figure 2.5, left-side). SSCP profiles were successfully
grouped according with the HRT, being samples from the CSTR2 mostly at the bottom of the graph while
samples taken from CSTR5 were placed at the top. Interestingly, samples from CSTR3 and CSTR4 were
distributed according with the sampling time, being samples taken after 2 and 6 equivalents of HRT placed
at the bottom, while those taken after 12 and 20 equivalents of HRT were located at the top. Such tendency

suggests that microbial communities were dynamic and changed as function of the time of operation.

Further analysis of the CE-SSCP profiles revealed microbial diversity Shannon’s indexes of 1.6 + 0.4 in
average, which can be considered low but consistent with literature. For example, similar indexes were
reported for a CSTR system fed with 15 g/L of galactose at an HRT of 12 h (Sivagurunathan et al., 2016b).
In contrast, values of the present work were lower than in granular systems. For instance, Cisneros-Pérez
et al. (2015) reported Shannon indexes of 2.55 and 2.31 in two EGSB reactors operated about 96 days
using heat shock and cell wash-out inocula, respectively. These differences are probably related to the
strong selection of suspended-cell system in comparison with fixed-cell systems, a feature that is widely
known. Indeed, the high Gini coefficients indicate that the community was dominated by only few

organisms which confirms the highly selective conditions of the CSTR systems.

Furthermore, 16S-rRNA gene sequencing resulted in 382 OTUs, identified to the genus level against the
SILVA database. OTUs unsuccessfully identified with the SILVA database were instead compared with
NCBI Transcript Reference Sequences through its online service (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
Overall, only 9 families showed a relative abundance higher than 1% and were considered for further

analysis (Figure 2.6). These families were identified as Clostridiaceae, Enterobacteriaceae,
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Figure 2.5. Capillary electrophoresis-based single-strand conformation polymorphism (CE-SSCP)
fingerprints of samples from four continuous stirred-tank reactors (CSTR1 - CSTR4) operated under
different hydraulic retention times (HRT) (6h, 12h, 18h and 24 h). Note that 4 samples (after 2, 6, 12
and 20 HRT) were analyzed for each condition. The CE-SSCP profiles were processed to compute
Bray-Curtis dissimilarities and hierarchical clustered. Shannon’s diversity index and Gini’s coefficients

for evenness were computed for each profile as well.




Sporolactobacillaceae, Lachnospiraceae, Ruminococcaceae, Streptococcaceae, Pseudomonadaceae and
Flavobacteriaceae. In most cases, the sum of 2 and 3 families accounted for > 60% and > 80% of relative
abundance, respectively. Such uneven distribution, foreseen from CE-SSCP profiles, is consistently found
in Hz-producing reactors (Etchebehere et al., 2016).

Altogether, CE-SSCP (Figure 2.5) and sequencing results (Figure 2.6) confirmed that HRT was a very
important factor of microbial community selection. In other words, HRT acted as pressure of selection,
by eliminating the microorganisms incapable to duplicate at higher velocity than HRT. To illustrate this
mechanism, at the lowest value of HRT (6 h) only microorganisms with pimax > 0.115 h™* should remain,
while at the highest HRT (24 h) the minimum pmax would be 0.028 ht,
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Figure 2.6. Relative abundance of bacteria families found from continuous stirred-tank reactors (CSTR)
operated under different conditions of hydraulic retention time (HRT) (6h, 12h, 18h and 24 h). For each
reactor, four samples were taken in different moments of the operation (after 2, 6, 12 and 20 HRT).

Families with relative abundance <1% were grouped as others.
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Figure 2.7. Principal components analysis for relative abundance of microbial families, metabolite
yields and Hz production performance. Samples considered were taken at times equivalent to 2, 6, 12

and 20 times the hydraulic retention time. VHPR: VVolumetric H, production rate.

The changes observed among the microbial communities were consistent with growth rates reported for
Clostridiaceae and Enterobacteriaceae bacteria, pmax 0f 0.5 and 4 h™%, respectively (Chen et al., 2005;
Tanisho, 1998). In comparison, appreciably lower pmax 0f 0.1 h' has been reported for a

Sporolactobacillaceae members (Zhao et al., 2010).

The variability in the relative abundance of microbial families, together with metabolites yields, and the
reactor performance parameters were analyzed by principal components analysis with the aim to identify
the relationships between the microbial groups and the metabolic pathways (Figure 2.7).

It was confirmed that short HRT (6 and 12h) favored the dominance of OTUs related to the families
Clostridiaceae and Enterobacteriaceae. In contrast, samples from CSTR with larger HRT (18 and 24h)

were dominated by bacteria from the Sporolactobacillaceae and Streptococcaceae families.




The PCA analysis also confirmed that the organisms issued from the family Clostridiaceae were closely
related to the acetate pathway and system performances in terms of VHPR and H: yield. At the genus
level, this family was mainly composed of Clostridium species, which is in agreement with higher Hy
production as found in the literature (Hung et al., 2011a).

Pathways leading to ethanol, formate and succinate were related to microorganisms from the
Lachnospiraceae and Enterobacteriaceae families. In regard with Enterobacteriaceae, it is considered a
family of Hz producers although, metabolically, the maximum yield would be 2 mol H, per mol of hexose.
Indeed, Enterobacteriaceae is associated with formate and ethanol production (Hallenbeck and Ghosh,
2009), which is in consistent with the PCA results. On the other hand Lachnospiraceae is a family known
to much lesser extend in dark fermentative systems which has been associated to acetogenesis (Denman
et al., 2015; Hung et al., 2011a). In our case this family was not significantly associated to acetate but
more likely to production of succinate. Interestingly, Lachnospiraceae family has been observed in
systems treating cheese whey as substrate with high percentage of lactose (Castell6 et al., 2009; Davila-
Vazquez et al., 2011).

Moreover, lactate pathway was linked to the presence of bacteria belonging to Sporolactobacillaceae and
Streptococcaceae families, confirming that system performance under HRT of 24h was dominated by
lactic-acid type fermentation. LAB have been widely found in dark fermentative systems but their
implication remains controversial. In this study, longer HRT selected these organisms though reported
Hmax is about 0.1 h't (Zhao et al., 2010). This value of pmax Was possible remarkably lower since they were
not present until HRT of 18 h (equivalent pmax = 0.038 h™t). Under such conditions LAB, specifically
Sporolactobacillaceae, was a co-dominant group associated to the reduction of Enterobacteriaceae and
Clostridiaceae which could be possible to the presence of bacteriocins as suggested in other studies (Hung
etal., 2011a).

In conclusion it was demonstrated that HRT is a critical factor of selection that determines the shape of

dark fermentation microbial community and subsequently the global metabolism.

Overall, short HRT selected microbial communities rich in Clostridiaceae-Lachnospiraceae-
Enterobacteriaceae specialized in acetate, ethanol and succinate pathways, and strongly linked to better
H> performances. On the contrary, long HRT selected Sporolactobacillaceae-Streptococcaceae families

which are important LAB specialists in lactate synthesis.



2.4.3 A microbial interaction network displays an ecosystem dominated by mutual exclusive interactions

To identify the possible interactions existing among microorganisms in dark fermentative systems, a
microbial network of interactions was constructed as described by Faust et al. (2015). The importance of
this approach in the context of technology applicability relies on its possible usage for the design of
synthetic microbial communities (Faust and Raes, 2012) or bioaugmentation strategies (Kumar et al.,
2016), which have been identified as alternatives to improve H> productivities of dark fermentation. In
both cases, it is necessary to identify the microbial groups, understand their capabilities and compatibilities
with each other in order to successfully ensemble the desired community.

The resulting network (Figure 2.8) was composed by seven nodes corresponding to the families
Clostridiaceae, Enterobacteriaceae, Sporolactobacillaceae, Lachnospiraceae, Ruminococcaceae,
Streptococcaceae, and Pseudomonadaceae which were interconnected either positively or negatively by
a total of thirteen edges. It is worth to note that more than 80% of the connections were mutual exclusive

interactions, indicating that the microbial web was most probably dominated by competitive interactions
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rather than cooperation. Interestingly, the two edges that corresponded with positive correlations were the
pairs Sporolactobacillaceae-Streptococcaceae (both LAB families) and Enterobacteriaceae-

Lachnospiraceae.

In regard with the positive relationship found between the two LAB families, this connection suggests that
a sort of cooperation could be taking place. According with metabolic information on
Sporolactobacillaceae members, most of them are unable to process lactose (Thamacharoensuk et al.,
2015). Therefore, one possibility is that the organic carbon needed by Sporolactobacillaceae was provided
by Streptococcaceae members or other organisms in the fermentation bulk, though the mechanism

remains unclear.

As mentioned previously, the LAB families were predominant at relatively long HRT while
Enterobacteriacea, Lachnospiraceae and Clostridiaceae were dominant at low values of HRT. In this
regard, the network analysis revealed that LAB had a strongly negative interaction with
Enterobacteriaceae, Lachnospiraceae and Clostridiaceae families. This finding supports the possible

existence of outcompeting mechanisms of LAB that are detrimental to dark-fermentative groups.

Altogether, the microbial network analysis indicates that two microbial community states can be
distinguished all along the experiments, resulting from a competition between a group composed of
Enterobacteriaceae, Lachnospiraceae and Clostridiaceae members and LAB. It is worth to mention that
the network analysis considers only unique and direct interactions and cannot predict any direction of the
interaction nor connections of the type “when X and y are present, z is also present”. Therefore, other
approaches are required to fully characterize the possible implications of LAB in dark fermentative

systems.
2.5. Conclusions

The effect of HRT on shaping metabolic pathways and microbial communities in dark fermentation was
successfully investigated. A maximum VHPR of 2000 mL Hy/L-d corresponding to a Hz yield of 0.86 mol
Hz/mol lactose was reached with 6h HRT. It was found that short HRT (6-12 h) correlated with H> yield
and led to microbial communities rich in Clostridiaceae-Lachnospiraceae-Enterobacteriaceae
specialized in acetate-ethanol-formate pathways. Longer values of HRT (18-24 h) enriched the community
in Sporolactobacillaceae-Streptococcaceae that strongly outcompeted HPB. Overall, it was demonstrated



that HRT is a critical factor of selection that determines the shape of microbial community and global

metabolism in dark fermentation.
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CHAPTER I

Hydrogen metabolic patterns

driven by Clostridium-
Streptococcus community shifts
in a CSTR at different organic
loading rates.
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Highlights

o AtOLR <44.1 g lactose/L-d, the VHPR was in the range of 3.2-11.6 L Hy/L-d, while the H, yields were
1.84-2.14 mol Hz/mol hexose.

e AtOLR>58.8 glactose/L-d the H yield was 0.74-1.9 mol H2/mol hexose while the VHPR was enhanced
to 5.5-14.5 L Hy/L-d.

e High troughput sequencing revealed a low diverse and highly specialized Clostridium-Streptococcus
microbial community that drove dark fermentation.

o Overall, a negative relationship between productivity and efficiency of dark fermentation was observed.

The present chapter is based on the article:

Palomo-Briones, Trably, E., Lépez-Lozano, N.E., Celis, L.B., Méndez-Acosta, H.O., Bernet, N., Razo-Flores, E.
2018. Hydrogen metabolic patterns driven by Clostridium-Streptococcus community shifts in a continuous stirred
tank reactor. Applied Microbiology and Biotechnology, 102 2465-2475.




3.1. Summary

The efficiency of hydrogen (H2) production in dark fermentation systems is strongly dependent on the
occurrence of metabolic pathways derived from the selection of microbial species that either consume
molecular H» or outcompete hydrogenogenic bacteria for the organic substrate. In this study, the effect of
organic loading rate (OLR) on the H» production performance, the metabolic pathways and the microbial
community composition in a continuous system was evaluated. Two bacterial genera, Clostridium and
Streptococcus, were dominant in the microbial community depending on the OLR applied. At low OLR
(14.7 - 44.1 g lactose/L-d), Clostridium sp. was dominant and directed the system towards the acetate-
butyrate fermentation pathway, with a maximum H> yield of 2.14 mol Hz/mol hexose obtained at 29.4 g
lactose/L-d. Under such conditions, the volumetric H, production rate (VHPR) was between 3.2 - 11.6 L
Hy/L-d. In contrast, relatively high OLR (58.8 and 88.2 g lactose/L-d) favored the dominance of
Streptococcus sp. as co-dominant microorganism leading to lactate production. Under these conditions,
the production of formate was also stimulated serving as a strategy to dispose the surplus of reduced
molecules (e.g. NADH:"), which theoretically consumed up to 5.72 L H2/L-d. In such scenario, the VHPR
was enhanced (13.7 — 14.5 L H»/L-d) but the H; yield dropped to a minimum of 0.74 mol H>/mol hexose
at OLR = 58.8 g lactose/L-d. Overall, this research brings clear evidence of the intrinsic occurrence of
metabolic pathways detrimental for biohydrogen production, i.e. lactic acid fermentation and production

of formate, suggesting the use of low OLR as a strategy to control them.

Keywords: Biohydrogen; Dark fermentation; Lactic acid bacteria (LAB); Hydrogen-producing bacteria
(HPB); Microbial community




3.2. Introduction

The development of zero- and low-carbon technologies for energy production is an important milestone
towards the mitigation of climate change. In this regard, biofuels have gained great attention due to the
possibility to revalorize organic wastes generated by industrial, agricultural, and domestic sectors, and

minimize the release of additional carbon into the atmosphere.

Biohydrogen is an energy carrier that can be distinguished among other fuels due to its high-energy content
(120 kJ/g), highly efficient conversion to electric energy, and byproducts-free oxidation. The production
of biohydrogen can be performed through four major biological processes: direct and indirect
biophotolysis, photofermentation and dark fermentation. Among these, the dark fermentative technology
has shown higher production rates and simpler operation than its counterparts. Moreover, dark
fermentation is independent of light and the microbial communities have a remarkable metabolic
flexibility that allow them to show good performance in spite to fluctuations of environmental conditions

(Azwar et al., 2014).

Theoretically, the maximum H> metabolic yield of dark fermentative systems is four mol of H> per mol of
glucose consumed (Agler et al., 2011). This yield is possible to achieve if only Clostridium species are

involved in the fermentation by producing acetate as byproduct (Eq. 3.1).
CsH1206 + 2 H2O — 2 CH3COOH +2 CO; +4 H» 3.1

In practice, H> yields are substantially lower than the theoretical value obtained from the ideal acetate
fermentation (Nath and Das, 2004). This is mainly due to the diversity of metabolic routes, i.e., the
production of metabolites associated with low or none H production. Such is the case of butyrate,
propionate, ethanol, and lactate pathways, among others. Special focus has been paid to the lactate
production, which is performed by LAB such as Lactobacillus, Sporolactobacillus, Streptococcus, etc.
LAB outcompete hydrogenogenic microorganisms for the carbon source, but are also capable to produce
growth-inhibitory compounds (Gomes et al., 2016; Noike et al., 2002; Sikora et al., 2013). In a previous
report, it was informed that LAB co-dominated with Clostridiaceae microorganisms at relatively large
HRT (18 and 24 h) in a continuous stirred tank reactors (CSTR) fed with lactose. On the contrary, short
values of HRT (6 and 12 h) effectively selected Clostridiaceae species and prompted an efficient dark
fermentation. Therefore, short HRT were suggested as a strategy to prevent the proliferation of LAB

(Palomo-Briones et al., 2017). However, to the best of our knowledge, the effects of the OLR at fixed



HRT on LAB in a dark fermentative environment remain unexplored in CSTR systems. This issue is of
high interest since the relationship between OLR and LAB can potentially affect the scaling up and
economy of the process. On the other hand, H» yield can also be shortened due to H> consumption through
the Wood-Ljungdahl pathway (WLP), which can be carried out by several Clostridium species (Diekert
and Wohlfarth, 1994; Saady, 2013). In such pathway, H, and CO, are combined to produce acetyl-CoA
and a diversity of other metabolites (Diekert and Wohlfarth, 1994; Schuchmann and Miiller, 2014; Tracy
et al., 2012).

Different authors have reported that LAB and WLP-hydrogenotrophic microorganisms are affected by
environmental and operational conditions (e.g. Shanmugam et al. 2014; Carrillo-Reyes et al. 2014; Si et
al. 2015). Nevertheless, most studies have been focused on the suppression of either LAB or WLP-
hydrogenotrophic microorganisms, although these could be simultaneously present. In such scenario, the
strategies aimed to suppress one of these groups could result in the enrichment of the second one, and vice
versa. Therefore, this work aims to investigate the effect of OLR on the performance of H> production,
metabolic pathways and microbial community in a lactose fed CSTR, with special focus on the potential

co-occurrence of LAB and WLP-hydrogenotrophic microorganisms.
3.3. Materials and methods
3.3.1. Inoculum and substrate

Anaerobic granular sludge from a full-scale upflow anaerobic sludge blank reactor treating wastewater
from a tequila factory was used as inoculum. Before inoculation, the sludge was disaggregated and heat
pretreated at 90-95 °C for 2 hours to select spore-forming microorganisms. The inoculum was added at a
final concentration of 4.5 g volatile suspended solids (VSS)/L. Cheese whey powder (Darigold, USA)
with lactose content of 75.5% was used as substrate at concentrations ranging from 3.7 to 22.5 giactose/L.
The feeding solution was supplemented with (mg/L): NH4Cl, 2100; MgCl>-6H,0, 100; CuCl,-H>0, 1.25;
MnCl> 4H,0, 7; FeCl, 4H>O, 19.1; NiCl, 6H>O, 102.5. Additionally, phosphate buffer (KH2POs-
Na;HPOy4, pH 5.9) was added to a final concentration of 100 mM.

3.3.2. Experimental setup

A bioreactor made of glass, with 1 L working volume and 0.3 L of head space (APPLIKON

Biotechnologies, USA) was inoculated with the heat treated anaerobic sludge. The system was started-up



in batch mode for 24 h using cheese whey powder at a concentration of 22 g lactose/L. Afterward, the
reactor was shifted to continuous operation at a HRT of 6 h (OLR of 88 g lactose/L-d). In subsequent
stages, the OLR was decreased gradually from 88 to 15 g lactose/L-d by modifying the cheese whey
powder concentration. Each OLR condition was maintained for at least 20 HRT (120 h) and until steady
state was reached (VHPR variation < 10% in three consecutive measurements). Stirring, HRT, temperature

and pH were set and controlled at 250 rpm, 6 h, 37 °C and 5.9, respectively.
3.3.3. Analytical methods

Liquid samples were collected in a regularly basis and used to determine biomass, chemical oxygen
demand (COD), total carbohydrates and volatile fatty acids. Biomass (as volatile suspended solids, VSS)
and soluble COD were quantified as described in the standard methods (APHA/AWWA/WEF, 2012). Total
carbohydrates were determined by the phenol sulfuric method (Dubois et al., 1956). Volatile fatty acids
were quantified from filtered (0.22 mm) samples by capillary electrophoresis (1600A, Agilent
Technologies, Waldbronn, Germany) as reported elsewhere (Davila-Vazquez et al., 2008).

The volume of gas produced was measured through a liquid displacement device, and its composition (Hz
and CO.) was determined through a gas chromatograph equipped with a thermal conductivity detector
(6890N, Agilent Technologies, Waldbronn, Germany). All the gas volumes are reported at 1 atm and
273.15 K.

3.3.4. Capillary Electrophoresis - Single Strand Conformation Polymorphism (CE-SSCP)

The CE-SSCP was performed as described elsewhere (Palomo-Briones et al., 2017). In brief, the bacterial
DNA was extracted using the ZR Fungal/Bacterial DNA MiniPrep extraction kit according to
manufacturer’s instructions (Zymo Research). The amplification of the V3 region of the 16S rRNA genes
was performed with Pfu Turbo DNA polymerase (Stratagene, La Jolla, CA, USA) and the universal
primers W49 5'- ACGGTCCAGACTCCTACGGG -3'and W104 5’- TTACCGCGGCTGCTGGCAC -3'.
The PCR conditions were set as follows (Milferstedt et al., 2013): initial denaturation for 2 min at 94°C;
25 cycles of melting (1 min at 94°C), annealing (1 min at 61°C) and extension (1 min at 72°C); and a final

extension step of 10 min at 72°C.

The PCR products were analyzed by CE-SSCP in an ABI 3130 genetic analyzer (Applied Biosystems,
Foster City, CA, USA) as reported by Rochex et al. (2008). The resulting CE-SSCP profiles were aligned



with an internal standard (ROX) to consider the inter-sample electrophoretic variability and were

normalized with the package Statfingerprints available on R platform (R Development Core Team, 2011).

The relative abundances of each peak on CE-SSCP profiles were computed with the spectroscopy
functionality of OriginPro 8 (first derivative method, both directions, min height 1%, min width 1%).
Subsequently, a Pearson’s distances matrix was computed using CE-SSCP relative abundances, and it was
displayed as a hierarchical cluster dendrogram. Such computing was carried out with the corrplot, ggplot

and ggdendro packages under R environment (R Development Core Team, 2011).
3.3.5. lllumina sequencing and microbial community analysis

[Nlumina MiSeq 2x250 paired-end sequencing was performed following the manufacturers protocol
(Illumina, USA). The V3-V4 regions of the rRNA gene (~450 bp) were amplified with the primers 341F
(5’-CCTACGGGNGGCWGCAG) and 805R (5’-GACTACHVGGGTATCTAATCC) fused with Illumina
adapters. The polymerase chain reaction (PCR) was performed using the Phusion High-Fidelity PCR
Master Mix with HF Buffer (Thermo Scientific, USA) and the following conditions: initial denaturation
step at 95 °C for 3 min, followed by 25 cycles (95 °C, 30 sec; 55 °C, 30 sec; 72 °C, 30 sec) and a final
elongation step at 72 °C for 5 min. The PCR products were indexed with Nextera XT index primers in a
second PCR (8 cycles) under identical conditions. The resulting amplicons were purified with Agencourt
AMPure XP beads (Beckman Coulter, USA) and re-suspended in [llumina buffer. The Illumina sequencing
work was carried out by the Unidad Universitaria de Secuenciacion Masiva y Bioinformatica, Instituto de

Biotecnologia, UNAM, Cuernavaca, Morelos, México.

The downstream sequence processing was performed using the Quantitative Insights into Microbial
Ecology (QIIME) software (Caporaso et al., 2010). The analysis included the merging of the paired
sequences with a minimum overlapping of 20 bp and zero errors in the overlapping region. The resulting
sequences were quality filtered at a Phred score > Q20. Sequences with less than 350 pb were also
eliminated. The chimeric sequences were filtered with the UCHIME 6.1 software (Edgar et al., 2011).
Afterward, open OTU picking at a 97% sequence identity was carried out with the UCLUST algorithm
(Edgar, 2010) using the SILVA RNA database (128 release) as reference (https://www.arb-
silva.de/download/archive/qiime/). The sequences of this work were deposited in the NCBI BioProject

PRINA392772.



3.4. Results
3.4.1. Dark fermentation performance

The CSTR was operated during 80 days under controlled pH (5.9), temperature (37 °C) and HRT (6 h).
The reactor was fed at six sequential OLR: 88, 59, 44, 29, 22, and 15 g lactose/L-d, referred from now on
as Stage I, Stage II, Stage III, Stage IV, Stage V, and Stage VI, respectively. After the first six stages were
carried out, an unexpected low performance was noticed in Stage II; thus, the OLR of 59 g lactose/L-d
was applied again after Stage VI (15 g lactose/L-d). In total, the experiments consisted of seven

experimental phases as shown in Figure. 3.1a.

The performance results show that the VHPR was directly linked with the OLR (Figure 3.1a). A maximal
VHPR of 13.9 +£ 2.2 L Hy/L-d (mean + SD) was observed in Stage I (OLR of 88.2 g lactose/L-d), while
the lowest VHPR of 3.04 £ 0.9 L Ho/L-d was found in Stage VI (OLR of 14.7 g lactose/L-d). This
confirmed that a successful hydrogenogenic fermentation was established. In terms of H» yield, the
optimal value of 2.17 + 0.29 mol Hz/mol hexose (mean = SD) was found at an OLR of 29.4 g lactose/L-d
(Stage IV). Overall, the H yields ranged between 0.67 and 2.17 mol Hz/mol hexose (Figure 3.1b).

To investigate the main metabolic pathways along the experiment, the volatile fatty acids were quantified.
The analysis showed that steady state values of acetate and butyrate yields ranged within 0.13 - 0.53 mol
acetate/mol hexose and 0.26 - 0.78 mol butyrate/mol hexose, respectively. On the other hand, the steady
state values of formate and lactate were between 0.07 - 0.51 mol formate/mol hexose and 0.03 - 0.59 mol
lactate/mol hexose, respectively. Further analysis of the steady states revealed positive correlations
between the H; yield and the molar yields of acetate and butyrate (Figure 3.2 B and D). On the contrary,
the molar yields of acetate and butyrate were negatively correlated with the OLR (Figure 3.2 F and H).
Additionally, acetate and butyrate were produced in a roughly constant acetate/butyrate ratio of 0.7,
independently of OLR, VHPR and H> yield. Moreover, the H> yield was negatively associated with lactate
and formate yields (Figure 3.2 A and C). The data show that the metabolic routes associated with these
two compounds seemed to be favored at relatively high OLR (59 and 88 glactose/L-d) (Figure 3.2 E and
Q).

Considering that the synthesis of one mol of formate implies the direct or indirect consumption of one
mol of Hz, the amount of H> depleted in such route was estimated. As result, the maximum amount of H»

converted to formate was equivalent to 5.7 L Hy/L-d at an OLR of 88 g lactose/L-d (Stage I). In contrast,



the stage with the minimum production of formate was Stage IV (OLR = 29 g lactose/L-d) during which
the equivalent amount of H> depleted was of 0.25 + 0.08 L Ho/L-d. Consistently, the maximum H; yield
was also presented at the same experimental stage (Table 3.1). Finally, it is worth to mention that biomass,
residual lactose, volatile fatty acids and H» accounted between 84 and 97% of COD fed to the fermentation

system (Figure 3.3).

30 - - 90
A 7" T---- ! — — — Organic

: loading | 80
) 25 -~ | rate —_
S - - 70 z
= | 5
2 201 N B s L 60 Z
= | ' g
2 [ | : "0 e
a5 L Bt | _x o
md -.[ | 1 - 40 i
.2 | | = &U
*o'j 10 A - - ! - 30 .E
= x E r— . | &
E |:i':|__ Y- -, | 2 =
§ 5 —L— ! 2
| —— - 10 S
o

0 — 0

4 A - 6

B —O— Biomass

3 52
@] 3 X g
5 c
= 4
= .8
SN I t3 %
9 2
g o S
= -2 =2
2 l 2
i ] : e
-1 /A

0 T T T 1 T T 0

I I I1 v A% VI VII

Stage of operation
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3.4.2. Microbial community analysis

16S-rRNA amplicons obtained at steady states were analyzed by CE-SSCP to characterize the microbial
community structure and reveal the OLR-associated changes. The analysis showed that the microbial
community was composed principally by three different microorganisms numbered 150, 224 and 910 in
reference to the SSCP retention time (Figure 3.4B). Based on relative abundances, the microorganism
numbered 910 was dominant at OLR > 59 g lactose/L-d. In contrast, two different organisms (150 and
224) dominated at OLR < 44 g lactose/L-d. An Unweighted Pair Group Method with Arithmetic Mean
(UPGMA) analysis of the CE-SSCP profiles showed a clear association among stages I, Il and VII,
regardless of the amount of time separating such experimental stages (Figure 3.4A). On the other hand,
stages Ill, 1V, V and VI were also clustered with each other. Overall, two cohesive and OLR-dependent

microbial community groups were unveiled.

To identify the microbial genera involved in the fermentation, the VV3-V4 regions of 16S-rRNA gene were
sequenced and compared with the Silva 16S RNA database to assign taxonomy. The 16S RNA sequencing
resulted in 664101 = 67239 high quality reads per sample, grouped in 14559 operational taxonomic units

(OTU), identified up to the genus level. Overall, the results showed the presence of two main genera that



dominated all along the fermentation time, Clostridium and Streptococcus (Figure 3.5). To identify and
characterize the link between CE-SSCP and 16S-rRNA sequencing, a correlation analysis was conducted.
The results showed that Clostridium was well correlated with microorganisms numbered 150 (R?=0.96,
p<0.01) and 224 (R?=0.96, p<0.01) while Streptococcus was strongly correlated with the microorganism
numbered 910 (R?=0.98, p<0.01). Therefore, 16S-rRNA sequencing results were used for microbial

community analysis.

As shown in Figure 3.5, Clostridium and Streptococcus accounted for more than 88% of the relative
abundance, while other microbial genera such as Enterobacter, Escherichia, Lactobacillus, Lactococcus
and Enterococcus, remained subdominant. In general, the relative abundance of Clostridium was strongly
associated with the reduction of the OLR, while the Streptococcus abundance was higher as the OLR

increased (Figure 3.5B).

In order to better understand and visualize the relationship between the microbial community composition
and the performance of the reactor (i.e. VHPR, OLR, H: yield, and metabolites yields), a Principal
Components Analysis (PCA) was conducted (Figure 3.6). Two principal components accounted for more
than 80 percent of the dataset variance. The results showed a clear relationship between Clostridium and
the butyrate and acetate yields. On the other hand, Streptococcus was strongly linked to VHPR, OLR, and
lactate yield. Interestingly, formate and H> yields showed negative influence on each other, confirming
the aforementioned negative correlation between these two metabolic products. Nevertheless, no linear

relationship was found between formate and H> yields with the Clostridium nor Streptococcus abundance.
3.5. Discusion

The continuous H»> production from cheese whey powder was successfully established in a continuous
reactor and was comparable to previous works under similar conditions (Cota-Navarro et al., 2011; Davila-
Vazquez et al., 2009) demonstrating the reliability and reproducibility of dark fermentation with CSTR

systems.

The sequencing analysis revealed that a low diverse and highly specialized microbial community
composed mainly by Clostridium and Streptococcus species drove the lactose-based biohydrogen
production. Low microbial diversity is considered as a common characteristic of Hz-producing bioreactors
(Etchebehere et al., 2016). This feature becomes accentuated due to the strong pressure of selection that

is typical of suspended-growth systems. Interestingly, the relative abundances of these genera were



negatively associated to each other, suggesting competitive interactions. In addition, the changes in the

OLR had a critical impact on the microbial community distribution and subsequent metabolites

production, including Ho. In this regard, two different OLR-dependent states of operation were identified.

Table 3.1. Summary of the steady state performance of dark fermentative continuous stirred-tank reactors

operated under different organic loading rates.

OLR . . H; yield® H
( Theoretical ~ Experimental (mol consumed Formate Acetate  Lactate  Bufvrate
Stage 1act§se/ VHPR® (L VHPR Ho/mol M IomMate . olL) (mmol/L) (mmol/L) (mmyol/L)
L-d) Hy»/L-d) (L Ho/L-d) h 2 synthesis®
€xo0se) (L Ho/L-d)
I 88.2 46.2 13.7+1.3 1.21+0.11 5.72 63.9 26.8 334 39.6
I 58.8 30.8 55+03 0.74+0.04 2.01 22.5 19.3 34.1 23.2
III 44.1 23.1 11.6 0.4 2.08+0.12 0.44 5.0 16.9 3.9 30.1
v 29.4 15.4 7.8+ 1.1 2.14£0.45 0.25 2.8 8.6 1.0 13.7
\Y% 22.0 11.5 55+0.7 1.93+0.23 0.58 6.5 14.6 3.5 24.7
1.84 +
VI 14.7 7.7 3.2+0.7 073 0.54 6.0 8.0 3.7 7.1
VII 58.8 30.8 14.5+0.1 1.90 £0.02 1.47 16.4 10.8 49.7 22.3

OLR: Organic loading rate; VHPR: Volumetric H, production rate.

“Theoretical VHPR based on the theoretical yield of 4 mol Hz/mol hexose and lactose added; lactose was considered as

2 hexose equivalents.
®Calculated on the base of hexose equivalents consumed.
“Based on the assumption that formate was produced by the consumption of H,: CO, + H, — CHOOH
Samples considered as steady state =4, 4,4, 4, 3, 5, and 3 for stages [-VII, respectively.

3.5.1. Highly efficient H>-producing phase

The operation of dark fermentative CSTR at OLR < 44.1 g lactose/L-d was found to favor the H» yield.

At such conditions (Stages I1I-VI), the microbial community was clearly dominated by microorganisms

from the Clostridium genus (Figure 3.5). These microorganisms have been widely found in dark

fermentative systems and have been identified as highly desirable species for H> production (Cabrol et al.,

2017). Theoretically, Clostridium species are capable to produce H> with a metabolic yield of 4 mol

H»>/mol hexose following the acetate pathway (Eq. 3.1) and 2 mol Hz/mol hexose through the butyrate
pathway (C¢H1206 — CH3-CH2-CH2-COOH + 2 CO; + 2H>).
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Volatile fatty acids and hydrogen yields from steady states. B, butyrate; L, lactate; A, acetate; F,

formate.
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Figure 3.5. A) Profiles of the microbial communities from the operation of the continuous stirred-tank

reactor at different conditions of organic loading rate (OLR) obtained by Illumina MiSeq analysis. B)

Relationship between Clostridium and Streptococcus species with the OLR.

As expected, acetate and butyrate were the principal volatile fatty acids produced under the dominance of

the Clostridium genus (Figure 3.4C) and the H» yield reached a maximum mean value of 2.14 mol Ha/mol

hexose (Stage IV). This is a remarkable achievement considering the metabolic limitation and that most

of literature has reported about 1.3 mol Hz/mol hexose.

3.5.2. Lactate and formate favored at high OLR

The operation of the CSTR at OLR > 58.8 g lactose/L-d caused an important increase in the VHPR (12.3

- 14.5 L Ho/L-d) in detriment of the H2 yield (1.21 - 1.9 mol H2/mol hexose). This seems to be a disjunction



point between productivity and efficiency of H> production. Such phenomenon could be explained by
considering that, under high OLR conditions, H» is produced in such an amount that it is probably not
transferred off the system with the required efficiency, i.e. the process is limited by mass transfer. Under
such conditions, the microorganisms pursue alternative pathways to dispose the electrons gathered from
the organic substrate and tend to produce less H> (Nath and Das, 2004). The results of this work clearly

showed that such alternative metabolic routes were lactate and formate production.

The presence of lactate is a clear signal of the occurrence of lactic acid fermentation, which is usually
found in dark fermentative systems (Baghchehsaraee et al., 2010; Etchebehere et al., 2016; Sikora et al.,
2013). The lactic acid fermentation is generally associated to the ubiquitous LAB, whose appearance in
dark fermentative systems is probably facilitated by operating under non-sterile conditions. Streptococcus,
belonging to the LAB, was found as the main responsible of the lactate production (Figure 3.5). This
microorganism has been previously found in hydrogenogenic granules where they presumably strengthen
the granule structure (Hung et al., 2011b). Davila-Vazquez et al. (2009) also reported the presence of
Streptococcus in a CSTR fed with cheese whey powder at an OLR of 92.4 and 138.6 g lactose/L-d. In a
recent report, it was concluded that the HRT strongly affects the microbial community composition; it
was shown that LAB (Streptococcacea and Sporolactobacillaceae) can be controlled by operating at short
HRT (6 h) (Palomo-Briones et al., 2017). In the present work, although the HRT was maintained at 6 h,

the elimination of LAB was only possible at low OLR values.

The dynamics of the microbial community is often associated to the differences in growth capabilities of
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Figure 3.6. Principal Components

Analysis of biohydrogen production
under different organic loading rates.
OLR: Organic loading rate; VHPR:

Volumetric H2 production rate.

Streptococcys

Component 2 (22.4%)
(=)
S

-1.0

-1.0 -0.5 0.0 0.5 1.0
Component 1 (60.4%)




the involved species. However, LAB and Clostridium have showed similar growth kinetics (e.g. Monod
type) with lactose (Table 3.2); therefore, the community behavior is barely explained by kinetic
differences. Rather, the community structure could possibly result from product inhibitory effects on the
Clostridium population at high OLR that allowed LAB to better compete for the substrate uptake. In this
regard, Napoli et al. (2011) reported that Clostridium acetobutylicum could be inhibited by the
accumulation of acetate (26 mmol/L) and butyrate (34 mmol/L). In the present study, acetate and butyrate
were in the range of the inhibitory concentrations reported by Napoli et al., (2011) and were strongly
associated with the OLR (Table 3.1). Therefore, the inhibition phenomenon seems to be an important

driver of the Clostridium-Streptococcus dynamics.

Table 3.2. Growth kinetic parameters of representative species of Hz producing
bacteria and lactic acid bacteria.

Kinetic [T Ks

Microorganism conditions am @) Reference
Clostridium acetobutylicum Lactgts_)eégH S 0.95 1.34 Napoli et al., 2011
Lactococcus casei Whey-lactose, 565 .72 Altiok et al., 2006

pH5.5,37 °C

Lactobacillus bulgaricus pH 5.6, 42 °C 1.14 3.36 Burgos-Rubio et al.,

2000
. Lactose, pH
Lactococcus lactis 6.5. 30 °C 1.1 1.32 Boonmee et al., 2003
Lactobacillus Glucose, pH
rhamnosus 5.5. 40 °C, 0.45 0.30 Berry et al., 1999

In light of the microbial community results, the formate synthesis was probably produced by Clostridium
species. This biochemical process can be catalyzed by the pyruvate:formate lyase (pf/) and the formate
dehydrogenase (fdh). The former enzyme catalyzes the activation of pyruvate to acetyl-CoA with the
concomitant production of formate and CO., while the later catalyzes the synthesis of formate from

NADH;" and CO:s.

The pfl is broadly found in facultative anaerobes, but it has been also found in the genome of different
Clostridium species such as C. butyricum , C. acetobutylicum, C. beijirinkii, C. pasteurianum, and C.

tyrobutyricum (Kwok et al., 2014; Lee et al., 2016; Noar et al., 2014; Nolling et al., 2001; Pyne et al.,




2014). The gene of fdh enzyme has been reported as part of the genome of Clostridium species, such as
C. carboxidivorans (Bruant et al., 2010), C. ljungdahlii (Kopke et al., 2010), C. beijirinkii (Milne et al.,
2011), and C. acetobutylicum (Senger and Papoutsakis, 2008). fdh is also the first enzyme to participate

in the WLP which leads to the synthesis of acetate (homoacetogenesis).

Considering the actual concentrations of volatile fatty acids, acetate and formate synthesis from H> and
CO, are both favorable reactions (Table 3.3). Nevertheless, no evidence of autotrophic acetate
(homoacetogenesis) was found in the experiments here reported. Therefore, formate was suggested as the

main H» sink under the tested conditions.

Table 3.3. Gibbs’ energy of acetate and formate autotrophic reactions.

AG® AG (Stage VI) AG (Stage I)
2HCOs + 2H"+4 H, > CH;COO + H" +4 H,0 -144.4KkJ -101.2 kJ -98.15kJ
HCO; + H" + H, —» CHOO + H" + H,O -1.3KkJ -35.7kJ -29.6 kJ

AG*® were calculated at 25°C and standard concentrations.
AG were calculated at pH 5.9, 37°C and the following concentrations: [HCO3] = 0.05 M; [H2]

=0.05M; [VFA] = Table 3.1. Gibbs’ energy values were computed in accordance with
Kleerebezem and Van Loosdrecht (2010).

To determine the exact mechanism of formate production will require further studies. However, as formate
was OLR dependent, our hypothesis is that such conditions caused an excess of reduced equivalents
(NADH:", Fdreq) that accumulated in the cell due to kinetic limitation at the hydrogenases (hyd) level. The
primary method to dispose electrons is by the action of hydrogenases, but their activity is retro-inhibited
at high concentrations of H. Thus, the production of formate was a possible strategy to dispose the excess
of electrons gathered from the organic substrate, and maintain NAD"/NADH and Fdox/Fdreq equilibriums.
Under this hypothesis, not only homoacetogenesis but also formic acid synthesis through either the fdh

(i.e. WLP) or pfl route plays an important role in H, consumption that deserves to be studied with detail.

To overcome the detrimental consequences of formate synthesis and boost H> production, new ways to
recover H» (and possibly CO» as well) as soon as it is produced should be developed and implemented. In
this regard, different alternatives have been proposed with the aim to increase H» productivities. For

example, Nasr et al. (2015) reported 22% increase of H> yield using KOH pellets to capture CO; in situ.



The capture of CO», as discussed by the authors, favored the shift of the hydrogenogenic reactions to the
forward direction (i.e. production of Hz). Moreover, CO> sequestration also had an influence on the

metabolic pathways, favoring acetate productivity while lowering butyrate production.

3.6. Conclusions

Overall, this research shows the results of continuous H> production in a CSTR from cheese whey powder
as substrate. The microbial community was dominated by three bacterial phylotypes from two main
genera, Clostridium and Streptococcus, whose relative abundances were strongly affected by the OLR.
The shift in the microbial community composition also influenced the metabolic pathways performed. At
low OLR (14.7-44.1 g lactose/L-d), Clostridium was the dominant genus and drove the system to a highly
efficient acetate-butyrate fermentation. In contrast, high OLR (58.8 and 88.2 g lactose/L-d) caused an
increase of acetate and butyrate concentrations, which possibly inhibited Clostridium growth and
prompted the competition of LAB. In such scenario, Streptococcus aroused as the co-dominant
microorganism and was successfully associated with the production of lactate. In consequence, the
efficiency of H» production was negatively affected regardless of the higher VHPR observed. Moreover,
it was found that H> was probably consumed through metabolic pathways leading to the production of
formate as alternative to dispose the excess of reduced equivalents. Thus, not only homoacetogenesis but
also formic acid synthesis plays an important role in H> consumption. A whole analysis of the results of
this research revealed that the detrimental metabolisms of lactic acid fermentation and formate synthesis
could be minimized at low OLR. Otherwise, the effective liberation of H» right after its production will

be also required.
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CHAPTER IV

Enhancement of mass transter
conditions to increase the
productivity and efficiency of
dark fermentation
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e H> production and yield were increased due to the enhancement of hydrogen mass transfer

properties.
e The enhancement of hydrogen mass transfer was associated with the increase of acetate and

butyrate production yields.
e The microbial community composition of dark fermentation was controlled by the mass transfer
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e It was showed that H> producing biomass is also capable to consume it; such consumption was

successfully modelled through the Gompertz equation

K

Relative abundance
Relative abundance

The present chapter is based on the article:
Palomo-Briones, R., Celis, L.B., Méndez-Acosta, H.O., Bernet, N., Trably, E., Razo-Flores, E. 2018. Enhancement
of mass transfer conditions to increase the productivity and efficiency of dark fermentation. To be submitted to

Fuels.




4.1. Summary

Hydrogen (H2) produced by dark fermentation is an alternative to fulfill the requirements of the
transportation sector and to be a complementary source in the forthcoming electricity grid. However, the
dark fermentative H> production is limited by the accumulation of H> in the fermentation broth. In
continuous stirred-tank reactors (CSTR), such phenomenon is associated with poor mass transfer
conditions. Nevertheless, this parameter has been scarcely considered to enhance Hz production. In this
work, The relationship between H, mass transfer conditions and performance of dark fermentation was
evaluated using a series of continuous stirred-tank reactors fed with cheese whey and operated at H> mass
transfer coefficients (k.a) ranging from 1.04 to 4.23 1/h. The results showed that volumetric hydrogen
production rates and H> yields increased 74 and 78%, respectively, due to enhanced mass transfer
conditions. More specifically, a maximum hydrogen production of 7.66 L/L-d with a H yield of 1.1 mol
Hz/mol hexose was obtained at a kia = 4.23 1/h. Furthermore, 16S-DGGE analysis and sequencing
revealed that Clostridium and Lactobacillus were the dominant microorganisms. In particular, Clostridium
increased its occurrence at kia of 2.72-4.23 1/h as a response to lower dissolved Hz concentrations. The
novelty of this work relies on the demonstration that mass transfer conditions controls Hz accumulation

and enhances the reactor performance for H> production.

Keywords: CSTR, biohydrogen, dark fermentation, mass transfer.




4.2. Introduction

The diversification of energy sources is a critical keystone in the contemporaneous vision of sustainable
development. In this regard, biofuels are expected to play a relevant role to fulfill future requirements of
the transportation sector and to be a complementary source in the forthcoming electricity grid. In this
context, molecular hydrogen (Hz) has been underlined due to its high energy content (120 kJ/g) and the
highly efficient conversion to electricity through the H> fuel-cell technology. Moreover, Hz can be
produced from a wide range of residual biomass through dark fermentation, which also makes it an

attractive option in waste valorization scenarios.

The production of Hy through dark fermentation is achieved by anaerobic microorganisms that use two
principal metabolic routes: the pyruvate formate lyase and the pyruvate ferredoxin oxydoreductase
pathways (Cabrol et al., 2017). These routes are associated with maximum theoretical metabolic yields of
2 and 4 mol Hz/mol hexose, respectively. However, most studies in literature report H yields generally

below these values.

The low H: production depends on multiple factors, including the microbial community composition, the
operational conditions and the efficiency of mass transfer. It is well known that gas to liquid mass transfer
is a common limiting step in fermentations, dark fermentation may not be the exception because the
efficiency of Ha release from the liquid to the gas is expected to play a key role in the fermentation
performance. The importance of this topic relies on the fact that the dissolved H2 concentration in the
fermentation broth can exert a thermodynamic control on the H»-associated metabolic pathways. For
instance, as H»> accumulates (PH2 > 60 Pa), the Hx synthesis from ferredoxin becomes theoretically
unfeasible. As a consequence, the maximum H> yield decreases from 4 to 2 mol Hz/mol hexose (Angenent
et al., 2004). Further accumulation of H> in the liquid phase (P12 > 500 Pa) leads to the occurrence of
homoacetogenesis, which is the metabolism that synthesizes acetate from H. and CO, (Demirel and
Scherer, 2008; Liu et al., 2016; Saady, 2013).

Different alternatives have been proposed to enhance H. transfer from the liquid to the gas phase in dark
fermentative systems, including gas sparging (Bakonyi et al., 2017; Chang et al., 2012; Kim et al., 2006),
reduced pressure (Kisielewska et al., 2015; Lee et al., 2012), different bioreactor configurations
(Contreras-Davila et al., 2017) and mechanical stirring (Beckers et al., 2015). The latter strategy can be
highlighted due to its low-cost and ease of implementation. Using mechanical stirring in batch and semi-

continuous systems, Beckers et al. (2015) successfully showed that the H. yield was positively linked to



the increase of the volumetric mass transfer coefficient (k.a) controlled in turn by the stirring velocity and

gas sparging.

In a continuous regime, it can moreover be hypothesized that different steady states of performance could
arise as a function of the kpa (i.e. stirring regime) with concomitant changes in metabolic pathways and
microbial community composition. Therefore, the aim of this work was to compare steady state
performances of dark fermentative systems under different conditions of mechanical stirring (associated
with different kia) with a special focus on the potential shifts in metabolic pathways and microbial

communities.
4.3. Materials and methods
4.3.1. Inoculum and fermentation medium

The seed sludge was obtained from a full-scale UASB reactor treating wastewater from a tequila factory
(Casa Herradura, Jalisco, Mexico). Before its utilization, the sludge was heat treated at 105 °C for 24 h,
pulverized in a mortar, and sieved through 0.5 mm mesh. The resulting powder was added to the reactor
at a total solids (TS) concentration of 4.5 g TS/L for the startup of CSTR | (See section 2.2).

In all the fermentation experiments, cheese whey powder (CWP) (Darigold, USA) with a lactose content
of 75.5% was used as substrate at a fixed inlet concentration of 15 g lactose/L. The fermentation medium
was supplemented with the following components as described previously (mg/L) (Palomo-Briones et al.,
2017): NH4CI, 2110; MgCl2-6H20, 100; CuCl2-H20, 1.25; MnCl2-4H20, 7; FeCl2-4H:0, 19.1;
NiCl2-6H20, 102.5. In addition, a phosphate buffer (KH2PO4-Na:HPO4, pH 5.9) was added to reach a
final concentration of 100 mM.

4.3.2. Bioreactors set-up and operational conditions

A series of five CSTR (Applikon Biotechnologies, USA) with a working volume of 1 L (internal diameter
of 70.88 cm?) was set up as shown in Figure 4.1. The bioreactors were equipped with a stirrer and two
Rushton-type impellers symmetrically positioned along the depth of the reactor working-volume.
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Figure 4.1. Schematic representation of the experimental set-up. 1, pH probe; 2, temperature sensor; 3,

level sensor; 4, heat cover; 5, peristaltic pump.

CSTR | was inoculated with the pretreated anaerobic sludge (section 4.3.1) at a concentration of 4.5 g
TS/L and started-up in batch mode for 24 h with an initial substrate concentration of 15 g lactose /L. The
stirring, temperature and pH were controlled at 250 rpm, 37 °C and 5.9, respectively. Thereafter, the
reactor was switched to continuous mode with a fixed hydraulic retention time (HRT) of 6 h. The reactor
was monitored for a minimum of 20 HRT equivalents, i.e. 5 days, and until a steady state was reached in
terms of volumetric hydrogen production rate (VHPR). The steady state was defined as the phase where
the variation of three consecutive measurements was less than 10% of the VHPR. In such state, enough
volume of effluent was recovered and centrifuged at 3500 rpm for 10 min at 4°C. The resulting pellets
were re-suspended in mineral medium without substrate, characterized in terms of volatile suspended

solids (VSS) and stored at -4 °C until their use as inoculum in four more reactors CSTR Il to V.

CSTR 1l - V were inoculated with the recovered biomass from CSTR I at a concentration of 0.45 g VSS/L.
The start-up strategy and operational conditions were maintained identical to CSTR I, except for the
stirring velocity, which was set at 100, 200, 300 and 400 rpm in CSTR Il, CSTR 11, CSTR IV and CSTR
V, respectively. Similarly to CSTR I, the four bioreactors were operated and monitored for a minimum of
20 HRT and until stable VHPR was observed.

4.3.3. Analytical methods

Liquid samples were collected on a regular basis and used to determine the concentrations of biomass,
soluble chemical oxygen demand (COD), total carbohydrates and short-chain volatile fatty acids (VFA).

The biomass concentration (as volatile suspended solids, VSS) and soluble COD were quantified as



described in the standard methods (APHA/AWWA/WEEF, 2012). Total carbohydrates concentrations
were determined by the phenol sulfuric method (Dubois et al., 1956). The VFA were quantified from
filtered (22 pm) samples by capillary electrophoresis (1600A, Agilent Technologies, Waldbronn,
Germany) as reported elsewhere (Davila-Vazquez et al., 2008). All H» and VFAs yields were calculated

considering the amount of hexose consumed

The gas production in the CSTR experiments was measured through a liquid displacement device (SEV.
Puebla, Mexico), and its composition (H2 and CO;) was determined through a gas chromatograph
equipped with a thermal conductivity detector (6890N, Agilent Technologies, Waldbronn, Germany). The

gas volumes are reported at 1 atm and 273.15 K.
4.3.4. Determination of kia and dissolved H» concentration

To determine Hz mass transfer coefficients (kra, 1/h) in the CSTR, a series of O2 desorption experiments
were performed at 50, 100, 200, 300 and 400 rpm using the gas-out method described elsewhere (Beckers
etal., 2015).

In brief, the reactor vessel was filled with mineral medium without substrate and inoculum. Stirring,
temperature and pH were set to 50-400 rpm, 37 °C and 5.9, respectively. The system was assembled with
an electrode to measure and record the dissolved oxygen (DO) concentration. For each experiment, the
system was first degassed with N2 and then flushed with pure oxygen until the dissolved O, concentration
reached >100%. Afterwards, the O sparging was ceased and the decrease of the dissolved gas
concentration until equilibrium was recorded. The obtained data were normalized and adjusted to the
following desorption equation:

[DO(6)] = [DO] ;= * e~ 102"t (4.1)

Where t (h) represents the elapsed time and {k,a}o, is the volumetric mass transfer coefficient of Oz. The
resulting {k,a}o, value altogether with the oxygen and hydrogen diffusivities (Do, and Dy, , respectively)

were used to compute the {k;a}y, considering the following relationship (Beckers et al., 2015):

G, = Gaado, (", ) @2




Where Dy, and Do, were 5.91 x 10 and 2.62 x 10 cm?/s at 40 and 37 °C, respectively (Ferrell and
Himmelblau, 1967; Han and Bartels, 1996).

Furthermore, to estimate the dissolved H> concentration under the different stirring conditions, it was first
considered that the mass transfer of H, from the liquid to the gas phase (Qg,, in molu2/L-h) can be

described as follows:

QHZ = {kLa}Hz * (CHz,liq — PHy,gas * HCp) (4.3)

Where {k,a}y, (1/h) is the volumetric mass transfer coefficient for Hz, Cy, ;;4 (Mol/L) is the concentration
of dissolved Hz, py, 445 (atm) is the Hz partial pressure of the headspace, and H? (mol/L-atm) is the

Henry’s coefficient of Hz (8.47 x10™* mol/L-atm at 37°C, Sander, 2015).

Solving the equation for Cy, ;4 (EQ. 4), we obtain an expression with two known constants (i.e. k,a and

H*P) and two variables that can be derived from bioreactors operation (i.e. @y, and py, gas)-

Q
CHz,liq = HZ/{kLa}HZ + PH,,gas * HP (4-4)

4.3.5. Microbial community analysis

To investigate the microbial community structure and identify potential changes in response to stirring
speed, a PCR-DGGE approach was followed as described previously (Carrillo-Reyes et al., 2012). DNA
was extracted from biomass recovered after 24h of batch cultivation (start-up phase) and at the end of
each stage using a DNA extraction kit (Zymo-Research). The 16S rRNA gene was amplified by PCR
using the 27F (5’-AGAGTTTGATCCTGGCCAG) and 1492R (5’-GGTTACCTTGTTACGACTT)
universal primers for bacteria. A nested PCR was conducted with amplicons from the previous stage and
primers 357F-GC (5’-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCTACG
GGAGGCAGCAG-3") and 907R (5’-CCGTCAATTCMTTTGAGTTT) to amplify the V3 - V5 regions.
The PCR products were loaded in polyacrylamide gels (8%) with a denaturing gradient (urea-formamide)
that ranged from 30 to 60 %. The DGGE electrophoresis conditions were 70 V for 20 h at 60 °C. After
electrophoresis, the gel was fixed with acetic acid (10%), treated with a AgNO3 solution (1 g/L) and
revealed with a Na2COz (23.3 g/L) solution. The gel bands were photographed under visible light with a

digital camera. The DGGE images were analyzed with the BioNumeric bioinformatics software (Applied



Maths, Belgium) to create a presence-absence matrix from which Euclidean distances were calculated.
The distances between the DGGE profiles were visualized through a UPGMA dendrogram computed in

the R environment.

Moreover, the selected DNA bands were cut, reamplified by PCR using 341F (without GC-clamp) and
907R primers and sequenced by the dideoxynucleotides method in a 3130 Genetic Analyzer (Applied
Biosystems). The sequences were edited to remove low quality nucleotides with the BioEdit software (Ibis
Therapeutics, USA). Edited sequences were compared with the reference 16S-rRNA database of NCBI to
find the closest relatives.

4.3.6. Hydrogen consumption

With the aim to evaluate the homoacetogenic activity under the different mass transfer conditions tested,
the following mass balance on Hy, acetate and butyrate was performed as suggested elsewhere (Arooj et
al., 2008; Luo et al., 2011):

Homoacetogenic acetate =

(2 - Acetate + 2 - Butyrate — Propionate — HZ)/ (4.5)
6 .

Where carboxylic acids and H; are given in mol/d.

To confirm and characterize the H> consumption capacity of the microbial community, a series of H»
consumption experiments was also carried out. These experiments were conducted in 120 mL serum
bottles with a working volume of 80 mL, using biomass harvested from the CSTR Il (200 rpm) as
inoculum. For this purpose, enough volume of effluent was recovered from CSTR Il and centrifuged at
3500 rpm for 10 min at 4°C. The resulting pellets were re-suspended in mineral medium (composition
shown in section 2.1), characterized in terms of VSS, and stored at -4 °C until their use. The experiments
were prepared with an initial concentration of 2 g VSS/L using the mineral medium with the composition
described in section 2.1 and supplemented with 560 mg/L of NaHCOs. No organic substrate was added.
The serum bottles were hermetically sealed and the headspace displaced first with N2 and then with pure
H>. A second set of experiments was identically prepared, but H> was pressurized at 1.4 atm. Two
additional microcosms bottles were prepared, one without biomass and the other without H, to serve as
physicochemical and endogenous controls, respectively. All the experiments were incubated at 37 °C. The

H> consumption was computed from the decrease of the system pressure and headspace composition.



The cumulative Hz> consumption was modelled utilizing the Gompertz model (Ginkel et al., 2001;
Zwietering et al., 1990):

2.71828'Rmax

@-t+1]} (4.6)

Hzcummulative (t) = Hinax - €xp {_exp [

Hmax

Where H, ..o 0o (8) (MMol) s the cumulative Hz consumed at time t, Hp,q, (Mmol) is the maximum
amount of Hz consumed in the experiment, R,,,4, (mmol/h) is the maximum rate of H> consumption, and

A (h) is the lag time before the H2 consumption.
4.3.7. Statistic analysis

To evaluate the effects of mass transfer conditions on the different response variables of this study, an
analysis of variance was conducted. The effect was considered to be significant at a p value lower than
0.05. The response variable was verified to be normally distributed through graphical inspection (g-g plot).
The heteroscedasticity was also verified with residual plots. Variables not normally distributed were
transformed previously to the analysis. Alternatively, the non-parametric test of Kruskal-Wallis was used.
All statistical analysis were conducted with R software (R Development Core Team, 2011).

4.4. Results and discussion
4.4.1. ki a determination in dark fermentative system

The {k,a}y, coefficients, named here “kia” for simplicity, were determined in accordance with
previously reported methodology (Beckers et al., 2015). The k.a values were in the range of 0.58 - 4.23
1/h and function of the stirring velocity (Table 4.1). Such values are specific for the configuration,
geometry and specific transfer area of the reactor. Nevertheless, these results are consistent to similar
systems as reported elsewhere (Beckers et al., 2015; de Kok et al., 2013). The subsequent biological

experiments were conducted under rpm > 100 rpm to avoid possible stagnation at lower speeds.
4.4.2. The k_a as key mechanism controlling the productivity and the efficiency of dark fermentation

CSTR | was operated for an equivalent time of 34 HRT (8.5 days) at an organic loading rate (OLR) of 60
g lactose/L-d with the main objective of producing seed-biomass for the subsequent experiments (CSTR
I - V). The performance of CSTR | was relatively stable in terms of productivity and efficiency, with an
average VHPR of 7.1 £ 1.0 L/L-d and H yield of 0.94 £ 0.1 mol H2/mol hexose. Under similar OLR (55.4




g lactose/L-d), Davila-Vazquez et al. (2009) reported a VHPR of 8.8 L/L-d and an H> yield of 1.2 mol
Haz/mol hexose, which was similar to the results showed in the present work. The stability of H2 production
and the similarity with previous reports were clear indications of a successful establishment of the dark
fermentative H, production. Thus, the biomass was then recovered to serve as inoculum in the following

experiments.

Table 4.1. Volumetric mass transfer coefficients at different stirring velocities in stirred-tank
reactors.

Stirring velocity

Reactor details kra Oz (1/h) kia H2 (1/h) References

(rpm)
Stirred-tank 1 L 50 0.38 0.58 This study
Only mechanical stirring 100 0.69 1.04
with Rushton impellers 200 1.09 1.64
T=37°C 300 1.81 2.72
pH=5.9 400 2.81 4.23
A =0.071/cm
Stirred-tank 1 L 100 - 0.95 de Kok et al.,
Mechanical stirring* 2013
T=30°C 400 - 3.49
pH=55
Stirred-tank 2.3 L 0 0.061 0.08 Beckers et al.,
Only mechanical stirring 2015
with Rushton impellers 100 0.191 0.25
T=30°C 400 0.524 0.77
A =0.05/cm

A: specific transfer area
* Nitrogen was sparged in the headspace

CSTR Il to V were independently operated with stirring velocities ranging from 100 to 400 rpm, associated
with kia values within a range of 1.04 to 4.23 1/h (Table 4.1). The results showed that the mass transfer
coefficient strongly affected dark fermentation in terms of VHPR (F3, 50=13.05, p<0.05) and H; yield (Fs,
50=13.04, p<0.05) (Figure 4.2). At the lowest k_a tested (1.04 1/h at 100 rpm), the VHPR was 4.4 + 1.3
L/L-d with an H> yield of 0.6 £ 0.15 mol H2/mol hexose. In contrast, at the highest value of ki a (4.23 1/h
at 400 rpm), an average VHPR of 7.66 + 1.42 L/L-d was obtained with an H. yield of 1.08 £ 0.21 mol
Hz/mol hexose. These results represent an increase of 74% in terms of VHPR and 78% in terms of H»

yield.




The extent of improvement, in both VHPR and H: yield, achieved in this work was consistent with
previous reports that focused on H, mass transfer (Table 4.2). For instance, Beckers et al. (2015) reported
an improvement of approximately 89 and 19 % in terms of H> production rate and Hy yield, respectively,
in an anaerobic stirred tank reactor after having increased the stirring conditions from 0 to 400 rpm. Using
CO; sparging, Kim et al. (2006) were able to increase the VHPR and H yield in a CSTR by 56% and
118%, respectively. Nevertheless, such an approach resulted in Ha dilution, which is not convenient for
practical applications. This issue was solved by Bakonyi et al. (2017) recirculating the CO> produced in
the fermentation. Through that strategy, the VHPR and the H: yield increased by 25 % and 10%,

respectively, in comparison with the control fermentation experiment.

In comparison, with optimized mixed conditions reported in the present work, remarkable increases in the
VHPR and H2 vyield were reached, avoiding the utilization of additional gases and, therefore, the H>

produced remains concentrated.
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Figure 4.2. Summary of the effects of k,a on A) the volumetric H> production rate and B) the H>
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Table 4.2. Selection of literature works aiming the improvement of H» transfer conditions of dark
fermentation systems.

Strategy =~ Reaction mode  Extent of improvement Reference
Gas CSTR 25% increase of VHPR Bakonyi et al., 2017
sparging (7.35t0 9.2 L/L-d)

10% increase of H» yield
(1.60 to 1.76 mol Hy/mol hexose)

CSTR 56% increase of VHPR Kim et al., 2006
(3.52t0 5.5 L/L-d)
118% increase of H» yield
(0.77 to 1.68 mol Ho/mol hexose)

Reduced UASB 107% increase of VHPR Kisielewska et al., 2015
pressure (0.68 to 1.42 L/L-d)

63% increase of H» yield

(2.8 to 4.55 mol Hy/g COD)

Stirring AnSBR 89% increase of Hy rate Beckers et al., 2015
(140 to 264 mL Ha/h)
19% increase of H» yield
(1.58 to 1.88 mol Ho/mol hexose)

CSTR 13.5% decrease of H. yield de Kok et al., 2013
(1.48 to 1.28 mol Ha/mol hexose with
sparging in the headspace)

CSTR 74% increase of VHPR This study
(4.39 to 7.66 L/L-d)
78% increase of H» yield
(0.66 to 1.08 mol Hy/mol hexose)

4.4.3. The enhancement of kLa intensifies the metabolic routes leading to H> production.

To investigate the influence of the kia on metabolic pathways, the main VFA (i.e. formate, acetate,
butyrate and lactate) concentrations were determined at the different conditions of stirring velocities. The
analysis revealed that the enhancement of hydrogen mass transfer performance (Figure 4.2) was
accompanied by an increase of the VFA molar yield. In particular, significant differences in acetate and

butyrate production yields (Figure 4.3A) were observed in parallel with the enhancement of the H. transfer




conditions. In CSTR I, with k.a of 1.04 1/h (100 rpm), the production of acetate and butyrate was 0.29
and 0.31 mol/mol hexose, respectively. Meanwhile, in CSTR V, with kia of 4.23 1/h (400 rpm), the acetate
and butyrate yields increased up to 0.44 and 0.5 mol/mol hexose, respectively. This finding is consistent
with the fact that the acetate and butyrate pathways are the most efficient routes in terms of hydrogen

production by dark fermentation.

On the other hand, the estimated H. concentrations in the fermentation broth (Figure 4.3C) clearly
indicated that the increase of acetate and butyrate yields were associated with the change of mass transfer
conditions and the subsequent decrease of dissolved H>. The theoretical H> concentrations in the
fermentation liquid were in the range of 7.5 to 3.4 mmol Hz/L, with the lowest value at the stirring velocity
of 400 rpm.

Nevertheless, considering the results of VFA and dissolved H concentration, as well as the VHPR and H;
yield (Figure 4.2), it seemed that mass-transfer did not affect H> metabolism beyond a k.a of 2.6 1/h, i.e.
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Figure 4.3. Effect of kLa on A) the yield of volatile fatty acids, B) total volatile fatty acids
concentration, and C) dissolved H> concentrations.




300 rpm. Thus, the operation at 300 rpm was considered as the most suitable stirring velocity for this type

of reactor.
4.4.4. Microbial community

The analysis of the 16S rRNA-DGGE (Figure 4.4) and the sequencing results (Table 4.3) showed that the
microbial community was mainly composed of Clostridium and Lactobacillus species. These two genera
have been previously reported to play important roles in dark fermentative systems (Palomo-Briones et
al., 2018, 2017). Clostridium spp. are mostly related to hydrogen producing bacteria and are widely found
in dark fermentative systems associated with high efficiencies (e.g. Cabrol et al., 2017; Etchebehere et al.,
2016). In contrast, Lactobacillus spp. correspond to lactic acid bacteria that have been identified as
substrate competitors of hydrogen producers during the fermentation of cheese whey (Ferreira Rosa et al.,
2016). Moreover, it was shown that the abundance of lactic acid bacteria increased under relatively high
organic loading rates (58.8 and 88.2 g lactose/L-d), and it was likely associated with the accumulation of

H:> in the fermentative medium (Palomo-Briones et al., 2018).

Interestingly, the DGGE analysis showed that Lactobacillus (band at DGGE relative distance ~ 68) was
more abundant in the samples taken at the end of CSTRs operation (Figure 4.4), suggesting that these
microorganisms were enriched during the hydrogen production process. The DGGE profiles also revealed
that the bands associated with Clostridium (two bands at DGGE relative distances of 45 and 50,
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Figure 4.4. Denaturing gradient gel electrophoresis (DGGE) profiles from dark fermentation
systems operated under different mass transfer conditions. The band numbers indicate samples
that were sequenced (see Table 4.3).




approximately) were less intense in the samples taken at the end of CSTR Il and CSTR 111 (100 and 200
rpm) than those taken in CSTR IV and CSTR V (300 and 400 rpm). Altogether, these findings indicate
that the H> transfer conditions did not only affect the productivity, efficiency and metabolism in dark

fermentative systems, but have also important implications on shaping the microbial communities.

Table 4.3. Affiliation of DGGE bands from samples taken under different mass transfer conditions.

Band Closest relative (order/family/genus/species) Identity Accession No.
1 Clostridiales/Clostridiaceae/Clostridium/ C. butyricum 549/551 (99%) NR_113244.1
2 Clostridiales/Clostridiaceae/Clostridium/ C. butyricum 551/551 (100%) NR_113244.1
3 Clostridiales/Clostridiaceae/Clostridium/ C. butyricum 438/441 (99%) NR_113244.1
4 Clostridiales/Ruminococcaceae/Caproiciproducens/ C. galactitolivorans  470/478 (98%) NR_145929.1
5 Clostridiales/Ruminococcaceae/Caproiciproducens/ C. galactitolivorans  336/352 (95%) NR_145929.1
6 Bacillales/Sporolactobacillaceae/ Sporolactobacillus/ S. nakayamae 339/352 (96%) NR_114001.1
7 Clostridiales/Clostridiaceae/Clostridium/ C. jeddahense 549/553 (99%) NR_144697.1
8 Bacillales/Sporolactobacillaceae/Sporolactobacillus/ S. terrae 457/470 (97%) NR_112772.1
9 Clostridiales/Clostridiaceae/Clostridium/ C. butyricum 555/562 (99%) NR_113244.1
10  Clostridiales/Clostridiaceae/Clostridium/ C. butyricum 542/548 (99%) NR_113244.1
11  Clostridiales/Clostridiaceae/Clostridium/ C. butyricum 551/551 (100%) NR_113244.1
12 Lactobacillales/Lactobacillaceae/ Lactobacillus/ L. paracasei 543/543 (100%) NR_113337.1
13  Lactobacillales/Lactobacillaceae/ Lactobacillus/ L. paracasei 546/547 (99%) NR_113337.1
14 Enterobacterales/Enterobacteriaceae/Klebsiella/ K. variicola 528/529 (99%) NR_025635.1

4.4.5. The dual capacity of hydrogenogenic biomass

As largely reported, several dark fermentative species issued from the Clostridium genus have the capacity
to consume H> through the homoacetogenesis pathway in response to high dissolved H> concentrations.
To quantify this activity in mixed cultures, previous studies reported an approach based on balancing the
acetate, butyrate and hydrogen productivities (Arooj et al., 2008; Luo et al., 2011). In accordance with
this method, it was found that the acetate production rate ranged from 31.1 to 68.6 mol acetate/L-d. In
terms of percentage, the acetate produced by homoacetogenesis was 32-46 % of the total acetate quantified
in the systems (Table 4.4). Similar values were reported elsewhere by Luo et al. (2011) at different
conditions of pH, temperature and sludge pretreatment. Also, in UASB reactors, Carrillo-Reyes et al.
(2014) reported homoacetogenic productivities that represented about 50% of the total acetate observed.
In regard to homoacetogenesis estimation, it is important to mention that its theoretical evaluation is

subjected to uncertainties that are difficult to control. These uncertainties can be summarized in two issues:



Table 4.4. Theoretical determinations of H> consumption by homoacetogenesis.

Stirring kLa VHPR  H:yield Homoacetogenesis
(mol Hz/mol  (mol % of total . Yoof
(rpm) (/M) (LL-0) hexose) acetate/L-d)  acetate (L Hz-eq/L-d)f* e retical H,P
100 1.04 4.40 0.61 31.1 32 2.79 39%
200 164 5.60 0.73 61.1 46 5.47 49%
300 2.72 1.67 1.00 68.6 38 6.15 44%
400 4,23 7.66 1.08 45.8 33 4.10 35%

VHPR: Volumetric H> production rate

& Accounts the amount of H2 consumed in the synthesis of
homoacetogenic acetate

b Estimates the % of H that is lost by the homoacetogenic route

1) homoacetogenesis is carried out through a metabolic pathway (the Wood-Ljundahl pathway) that could
theoretically lead to other not considered metabolites such as butyrate and formate, and 2) the mass
balance assumes that acetate is associated with a hydrogen molar yield of 4 mol Ha/mol hexose, which is

not accurate in most of the cases.

In this study, the biomass harvested from a hydrogen-producing reactor (CSTR Il1) was used to perform
experiments to study the consumption of hydrogen, confirm the dual characteristics of the dark
fermentative microorganisms and propose a method to avoid uncertainties in the estimation of
homoacetogenesis. These experiments can be further considered as an initial approach to determine the

kinetic parameters associated with the homoacetogenic activity of dark fermentative cultures.

The results showed that the H> consumption profile was successfully modelled with the Gompertz
equation (Figure 4.5). The corresponding kinetic parameters are presented in Table 4.5. Interestingly, the
system with an initial pressure of 1.4 atm showed remarkably higher velocity of H. uptake in comparison
with the system at 1 atm. This finding suggests that H> accumulation controls the metabolism leading to
its own consumption. Furthermore, the capillary electrophoresis analysis revealed that acetate was the
main metabolite, produced at final concentrations of 94.8 £ 39 and 175 + 46 mg/L in the system with an

initial pressure of 1 and 1.4 atm, respectively.
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Figure 4.5. H, consumption profiles using hydrogenogenic biomass harvested from the continuous
stirred-tank reactor III. Experimental points (0), physicochemical control (-A-) and gompertz model
(- - -). A) Experiment performed at an initial P2 of 1 atm. B) Experiment performed at an initial P2
of 1.4 atm.

Table 4.5. Summary of H> consumption experiments. For both experimental conditions, two
additional serum bottles were set-up to account for the inoculum activity (without addition of H:

gas) and the contribution of physicochemical phenomena (e.g. mass transfer).

Gompertz parameters

Initial Acetate
Experiment pressure Himax Rmax (mmol » () pH final  concentration
(Atm) (mmolwz) Ha/h) (mg/L)
A (n=3) 1 12.64 0.75 9.49 5.47 £ 0.02 949+ 39
B (n=3) 14 17.87 1.24 1252 544 +0.19 175 + 46

4.5. Conclusions

This research demonstrates that the dark fermentation pathways and the related microbial communities

can be controlled by improving the hydrogen mass transfer conditions. It was found that the increase of

the mass transfer coefficient, ki a, enhanced the VHPR from 4.4 £ 1.3 L/L-d at a k.a of 1.04 1/h (100 rpm)
t0 7.6 + 1.4 L/L-d at ki.a of 4.23 1/h (400 rpm), which is equivalent to a 74 % increase. Similarly, the H»

yield shifted from 0.6 + 0.15 molx2/mol hexose to 1.08 + 0.21 mol Hz/mol hexose, i.e. an increment of



78%. The improvement in mass transfer conditions produced lower concentrations of dissolved Ha, which
favored the dominance of Clostridium sp. over Lactobacillus sp., which led to an enhancement of H;
production through the acetate and butyrate pathways. The dual capability of the hydrogenogenic biomass
was confirmed through microcosm studies that allowed to develop a first approach towards the
characterization of H, consuming mixed cultures. Overall, it was demonstrated that the dark fermentation

could be successfully controlled by mass transfer conditions.
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e Homoacetogenesis is a concomitant phenomenon of H, production in mixed culture fermentations

e Short HRT (6 h), low OLR (< 44.1 g lactose/L-d), and appropriate stirring velocity (kLa > 2.72 1/h)
were identified as the most suitable conditions for efficient H, production.

o Extractive fermentation arises as an alternative to overcome the thermodynamic and inhibitory effects
caused by the high concentrations of metabolites at highly productive conditions.




5.1 General discussion and conclusions

In accordance with the literature review, three main challenges of dark fermentative systems have been
identified (Chapter I): homoacetogenesis, LAB and mass transfer limitations. The results of the present
thesis revealed that such phenomena are significantly affected by the HRT, substrate concentration and

H, transfer conditions.

On the one hand, it was demonstrated that the HRT serves as a selection pressure upon the microbial
community and metabolic pathways (Chapter I1). At short values of HRT (6-12 h), the dominance of Ha-
producing bacteria, Clostridiaceae and Enterobacteriaceae, was favored. In contrast, large values of HRT
(18-24 h) promoted the appearance of microorganisms belonging to the families of Sporolactobacillaceae
and Streptococcaceae, two well-known groups of LAB. It was suggested that short HRT values selected
a Hz-producing community on the basis of microbial growth differences; this hypothesis was supported
by growth kinetic parameters that have been reported elsewhere for Sporolactobacillus (Zhao et al., 2010).
In such study, it was showed that Sporolactobacillus can grow at a maximum specific rate (umax) of 0.117

d[biomass] /
dt

1/h. Considering a steady state in the chemostat, where = 0 (Rittmann and McCarty,

2001), the minimum HRT to keep a stable Sporolactobacillus population must be 8.5 h. Thus, the
operation of the CSTR at HRT values of 6 h effectively mantained such detrimental group of

microorganisms out of the system while Hz-producing bacteria became dominant.

In addition, it was found that the establishment of Sporolactobacillaceae was concomitant to the
appearance of microorganisms belonging to the Streptococcaceae family. Interestingly, the members of
this later family can actually grow at appreciably higher specific rates (Bibal et al., 1988; Poolman and
Konings, 1988; Rogers et al., 1978); i.e. they can grow at HRT of 6 h. However, their appearance was
only possible when Sporolactobacillaceae was also present. This observation was a clear indicative of a
positive interaction between the two families that was confirmed by the microbial network analysis
(Figure 2.8). Based on the Sporolactobacillaceae inability to metabolize lactose (Thamacharoensuk et al.,
2015), it was hypothesized that the substrate required by Sporolactobacillaceae was possibly provided by

Streptococcaceae members or other organisms in the fermentation broth.

Further research work revealed that the interesting dynamic between H-producing bacteria and LAB was
controlled not only by the HRT but also by the inlet substrate concentration (Chapter I11). Specifically,

the high-throughput sequencing analysis showed that the Clostridium genus was the dominant



microorganism at OLR <44.1 g lactose/L-d. On the contrary, at OLR > 58.8 g lactose/L-d, Streptococcus

sp. arose as co-dominant bacteria with a maximum relative abundance of 59%.

The metabolic yields were in close association with the microbial community observations. Consistenly,
a strong relationship was observed between the Streptococcus relative abundance and the lactate
concentration, while the dominance of the Clostridium genus was parallel to the increase of butyrate and
acetate yields. Interestingly, although the maximum H yield was found under the dominance of
Clostridium, no correlation was found between the H> yield and the relative abundance of Clostridium.
Indeed, the PCA analysis showed that Clostridium and the H> yield were orthogonal to each other (Figure
3.4) indicating that the variance of H> yield was barely explained by the Clostridium abundance. At first,
this finding seems counterintuitive given the fact that H> production and efficiency are usually associated
with the Clostridium genus. However, it was showed that Clostridium species could carry out metabolic
pathways detrimental for Hz production. Specifically, it was suggested that the formic acid observed along
the CSTR operation could be result of H2 and CO2 consumption through the Wood-Ljundahl pathway.
This metabolic feature was hypothesized as a strategy to re-oxidize electron carriers needed for a stable

and continuous fermentation.

In the light of the above results, it was stablished that stages with higher VHPR were among the less
efficient in terms of Hy yield. Furthermore, such stages were characterized by diverse metabolic routes
and bacterial populations. To explain this phenomenon, it was proposed that the increase of the VHPR
caused an increase of the dissolved H> concentration that could have negative effects on the continuous
H> production yield, promoted the consumption of Ho, and relesed an ecological niche in benefit of LAB.

In alignment with these ideas, the impacts of the H> mass transfer conditions on dark fermentation
performance, metabolic pathways and microbial community were further investigated (Chapter 1V). For
such attempt, the fermentation was performed at different values of the H> mass transfer coefficient (1.04-
4.23 1/h) by changing the velocity of mechanical stirring (100-400 rpm). The results demonstrated that
the improvement of the H> mass transfer rate had positive effects on the H: yield and VHPR. Moreover,
it was shown that such mechanism decreased the dissolved H> concentration that derived in a less diverse

microbial community and higher acetate, butyrate and H> yields.

Beyond the impacts of HRT, OLR and mass transfer conditions on dark fermentation performance, the
present thesis approached the emergent concern of homoacetogenesis. In general, the experimental

evidence indicated that homoacetogenesis is a concomitant phenomenon of Hz production in mixed culture



fermentations. As demonstrated in Chapter IV, this fact is probably the natural consequence of the dual
capability of several Clostridium species that posses the genetic potential to conduct the Wood-Ljundahl
pathway. Indeed, from a biochemical perspective, it has been suggested that homoacetogenesis is a
mechanism required to overcome the inhibition of the hydrogenases, which are in turn needed to re-oxidize
the electron acceptors and maintain the equilibrium of electron carriers. Moreover, it is important to point
out that the consumption of H> through the Wood-Ljunhdal pathway does not necessarily ends in the
acetate formation. Depending on multiple factors such as the concentrations of Hz, CO2 and carboxylic
acids, other molecules can be synthesized. In Chapter 1V, it was proposed that the production of formate

can be result of the H. consumption metabolism.

An important contribution of this thesis was the finding that decreasing the Hz concentration in the
fermentation broth can control such metabolism. In turn, this can be done by 1) limiting the amount of
organic substrate fed into the system (Chapter I11) or 2) enhancing the H2 mass transfer rate (Chapter 1V).
In the former proposition, the H> produced is also limited and its accumulation in the fermentation broth
can be successfully controlled. As a result, the H> consumption decreased while the efficiency of dark
fermentation (i.e. the H> yield) was enhanced. Such approach, however, is trivial and opposite to the
objectives of the Hz production biotechnology that aims to maximize the volumetric productivities. In the
second proposition, the Hx is promptly released from the liquid while its consumption by
homoacetogenesis is minimized. This method is preferred over the previous one because it does not
compromise the Hz production. Still, the use of this method could be associated to major costs due to extra
energy requirements that should be considered in future efforts to scale up the technology.

Overall, short HRT (6 h), low OLR (< 44.1 g lactose/L-d), and appropriate stirring velocity (kLa > 2.72
1/h) were identified as the most suitable conditions for efficient H> production, avoiding excessive
diversification of microbial communities and controlling low rates of H> consumption by

homoacetogenesis and other metabolic routes.
5.2 Perspectives
5.2.1 The way forward in H2 research

Despite of the considerable effort towards the enhancement of H» yields of dark fermentation and
(therefore) the Hz productivities, the biotechnology is still suboptimal in such terms. The theoretical H»

yield of 4 mol Hz/mol hexose is far to be reached. Up to date, only few studies have reported efficiencies



above 2 mol Hz/mol hexose, while in terms of productivity, VHPR are rarely above 10 L Ho/L-d. What
are the causes of this congestion? To answer this question, a brief overview of the research strategies can

be of utility.

Traditionally, research on dark fermentation has focused on the improvement and optimization of pH,
temperature, substrate concentrations, retention time, organic load, inoculum source, etc. For example, it
has been showed that Hz production from cheese whey can be increased at HRT of 6 h and OLR of 138.6
g lactose/L-d, obtaining a VHPR of 25 L Ho/L-h with a H> yield of 1.4 mol Hz/mol hexose (Davila-
Vazquez et al., 2009). Other researchers have evaluated the pH and found that values about 5.5-6.0 are
optimum for H production (Fan et al., 2006). Using hydrolysates of agave bagasse, Contreras-Davila et
al. (2017) also reported better results when implementing pH of about 5.5. An extensive review on the
effects of operational parameters is provided in Chapter I. What is important to highlight from this
approach is that, due to multiple reasons, dark fermentation has been considered as a black box, with little
or none importance on the real players of the process. The main contribution of this type of research was

the establishment of environmental conditions suitable to carry out dark fermentation.

In the past two decades, a second wave of research focused on the study of microbial communities aiming
to open the black box and get new insights that could be helpful to control Hz-producing systems. For
instance, it was showed that different microbial communities can develop in accordance with the inoculum
pretreatment (Carrillo-Reyes et al., 2016; Cisneros-Pérez et al., 2017, 2015). Authors argued that such
effect is temporary and Hz-producing communities tend to converge towards a similar structure, giving
more relevance to the operational conditions. More recently, the use of high-throughput technologies
allowed characterizing the microbial community structure with a definition not seen before. In this regard,
it has been revealed that the microbial communities developed in dark fermentation systems are more
complex than usually assumed (Castello et al., 2011; Etchebehere et al., 2016; Ratti et al., 2015; Tapia-
Venegas et al., 2015). Nervetheless, such complexity is mostly observed in bioreactors where the solids
retention time is decoupled from HRT, such is the case of fixed-biomass reactors and long-HRT systems.
In suspended growth bioreactors operated at relatively short HRT (< 24 h), the microbial communities of
dark fermentation are subjected to a strict biokinetic control; thus, the microbial diversity is dramatically
diminished. In some cases, two groups of bacteria can account for more than 90% of biomass in the system
(e.g. Chapter I1). The simplicity in terms of microbial diversity has facilitated the understanding of the
ecological interactions between the microbial community members and brought to the spotlight the wide

metabolic capacities of dark fermentative bacteria.




Due to these novel methodologies, an interesting discussion has been developed from the microbial
ecology and metabolic points of view (e.g. Cabrol et al., 2017; Elbeshbishy et al., 2017; Hung et al., 2011a;
Saady, 2013). Eventually, it was recognized that Clostridium can also perform H, consumption if
environmental conditions are appropriate (Dash et al., 2016; Saady, 2013). One of the contributions of the
present thesis was to define some environmental conditions where homoacetogens and LAB have less

intense effects on dark fermentation.

Considering the outlook described in these lines, the missing perspective towards the increase of H»
efficiency and productivity is probably the general disregard on the control of thermodynamic barriers.
These barriers, computed and described in accordance with the laws of thermodynamics (Goldberg and
Alberty, 2010; Kleerebezem and Van Loosdrecht, 2010), can occur due to carboxylic acids, CO, and H;
accumulation; all products of dark fermentation. In fact, the inhibition phenomena in dark fermentation is
widely known and well documented (Bundhoo and Mohee, 2016; Elbeshbishy et al., 2017; Van Ginkel
and Logan, 2005). Nevertheless, scarce efforts have been done to solve it. It was just recently that the
removal of H as a way to avoid homoacetogenesis brought the topic to the light (e.g. Bakonyi et al., 2017,
Beckers et al., 2015; Chang et al., 2012; Kim et al., 2006; Kisielewska et al., 2015; Lee et al., 2012). In
this regard, Chapter IV of this thesis addressed part of its relevance. Still, more research is needed to
explore more alternatives to efficiently remove not only H> but also the rest of metabolites of dark

fermentation.

A promising alternative to overcome the thermodynamic and inhibitory effects caused by the high
concentrations of metabolites at highly productive conditions is the development and implementation of
extractive fermentation schemes. This strategy aims to remove metabolic products in situ to reduce their
concentrations, thus, limiting their detrimental effects on the fermentation performance. Extractive
fermentations have been successfully implemented for the production of butanol (Xue et al., 2017), lactic
acid (Othman et al., 2017) and other metabolic compounds. However, the use of extractive fermentation
has been barely considered for Hx-producing systems (Jones et al., 2017, 2015; Kidanu et al., 2017,
Massanet-Nicolau et al., 2016; Redwood et al., 2012). Most of them have been only tested in batch systems

and/or under states of low productivity.
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Figure 5.1. Schemes for extractive dark fermentation. A) Liquid-liquid extraction, B) ion exchange, and
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Therefore, a foreseen way forward in the field is the development of extractive dark fermentation systems.
Specific solutions such as liquid-liquid extraction, ion exchange, and electrodyalisis are worth to be
explored. In the case of liquid-liquid extraction, the targeted compounds are Hz and COx. For this case, an
insoluble absorbent liquid (with affinity for the H2 and CO>) is added to the bioreactor. In such a way, the
H> and CO are constantly transferred to the absorbent keeping their concentrations low. To implement
this extractive method, the productive system must be modified to include a unit for desorption and
recovery of the spent absorbent (Figure 5.1A). In the case of ion exchange, functionalized materials are
used to recover compounds of interest, in this case VFA, based on their electric charge. To do so, an
exchange column must be implemented in a closed loop to keep the VFA concentration continuously
below some specific value (Figure 5.1B). Finally, electrodialysis methods are based on the simultaneous
use of an electric field and ionic selective membranes to separate compounds taking advantage of their
ionic properties. To perform the separation in situ, the membrane module must be arranged as shown in
Figure 5.1C.

Finally, it is worth to mention that any of the configurations described in the previous lines is an
opportunity to recover purified compounds that could be of the industrial interest economically. This is
an important step towards the complete valorization of organic residues which is necessary to make the
whole waste treatment process economically feasible. Indeed, such biorefinery perspective is considered

as the way forward of research on biohydrogen production.

Altogether with the implementation of extractive fermentation, the development of novel strategies of
control of dissolved Hy, volatile fatty acids ratios and microbial composition can also be of utility. In the
case of dissolved Hz, the on-line measurement of dissolved H, concentration through specialized
microsensors (e.g. Unisense® hydrogen sensors) can be incorporated as feedback to adjust the mixing
conditions of CSTR, and therefore the dissolved H> concentration. This strategy would require to set a
critical value of dissolved hydrogen concentration beyond which, the mixing of the bioreactor will be
intensified through the proper actuator. Considering the research presented in chapter IV, a suitable set
value would be about 3.4 mmol Ho/L. If H; is accumulated beyond the setpoint, even under efficient
mixing conditions, a second response could be focused on reducing the loading rate. Through this strategy,
derived from observations of Chapter 111, the production of H> could be maximized and at the same time

controlling homoacetogens and other metabolic pathways.



Control schemes based on monitoring Hz concentrations in the liquid phase are mainly found for anaerobic
digestion control (e.g Bjornsson et al., 2001; Cord-Ruwisch et al., 1997; Giovannini et al., 2016).

Nevertheless, to the best of my knowledge, this is an unexplored field in dark fermentation control.
5.2.2 Going back to homoacetogenesis
About methods

The present work was developed with focus on the interesting phenomenon of homoacetogenesis, the H»
and COz consumption to produce acetate. The evidence compiled along the present thesis revealed that
H> concentration is a main driver of such process. The Hz concentration can also control other metabolisms

and the appearance of undesired populations as well.

The process can be evaluated in different ways, including mass balance, Hz-consumption Kinetics, and

gene-targeted tools.
The mass balance method, described by Arooj et al. (2008) and Luo et al. (2011), assumes the following:

1. H2is only produced through acetate and butyrate pathways (Figure 1.1). Thus the formation of
acetate and butyrate in the fermentation broth will be associated with the production of 2 and 4
mol of Hy, respectively. For the sake of clarity, we will refer to this metabolites-base amount of
Ho as theoretical H>.

2. The difference between the theoretical H> and the experimental H> can be explained by its
consumption through propionate and homoacetogenesis. One mol of propionate is associated with
the consumption of 1 mol of Hz, while homoacetogenesis is linked with the consumption of 4 mol
of Ha.

In sum, the mass balance is summarized in the equation below:
H, = 2Butyrate + 2Acetate — Propionate — 4Acetatepomoacetogenesis (5.2

However, the estimation of homoacetogenesis through equation 5.1 does not consider that the Wood-
Ljundahl pathway can also produce other products apart of acetate. For example, Clostridium ljungdahlii
possess the enzymatic machinery required to produce ethanol from 2 mol of CO2 and 6 mol of Hz (Kdpke
et al., 2010). Other metabolites such as formate, butyrate, and butanol are also possible to be produced

depending on the Clostridium species as well as the fermentation conditions (Oswald et al., 2018; Schiel-




Bengelsdorf and Diirre, 2012). Considering this, there is not a simple way to discriminate between

metabolites produced in the fermentation and metabolites produced through the Wood-Ljundahl pathway.

Moreover, H: (in the form of NADH) can be used on membrane translocation of cations (H* or Na*) that
aims to build up an electrochemical gradient that can be used to drive the phosphorylation of ADP (Buckel
and Thauer, 2013). Furthermore, NADH is also consumed in the synthesis of fatty acids and other

compounds required for cell biosynthesis.

Therefore, homoacetogenesis conclusions based on Eqg. 5.1 have to be taken with caution. In this thesis
(Chapter 1V), batch tests were proposed as an alternative to confirm the H> consumption capacities of
hydrogenogenic cultures. Such tests do not replicate the environmental conditions of Hz-producing
systems and, therefore, kinetic parameters do not represent the actual activity of homoacetogenesis in the
analyzed CSTR fermentation. Still, the kinetic information obtained through this method can be used to

infer and compare the Hz consumption potentials of the mixed cultures under investigation.

The third and most effective alternative to evaluate homoacetogenesis consists on the implementation of
molecular techniques targeting the presence (DNA-based) and expression (MRNA-based) of genes of the
WLP. The DNA-based strategy has been successfully used to assess acetogens in natural environments
and anaerobic reactors (Gagen et al., 2010; Leaphart and Lovell, 2001; Ryan et al., 2008; Xu et al., 2009);
however, DNA-based methods only tell if the capacity to perform homoacetogenesis is present, not if it
is actually taking place. Thus, only mRNA-based techniques can be used to make inferences about the
homoacetogenic activity in systems of study. In this respect, few studies have reported this type of analysis
(Tanetal., 2013; Wan et al., 2016; Xu et al., 2015). As the interest on homoacetogens increases (not only
for Hz production but also in syngas fermentation), it is possible that mMRNA-based methods to search for

homoacetogens will rise in popularity.
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Appendix

Methodology of the systematic
review of dark fermentation
(section 1.3.1)

A.1 Database construction

The literature review was performed through the Web of Science® principal database using the
keyword combinations “biohydrogen + CSTR” and “dark fermentation + CSTR”. From the
resulted articles only those actually containing experiments on dark fermentation, in continuous

stirred tank reactors, with suspended biomass and soluble substrates were selected.

Afterward, an exhaustive review of the selected articles aimed to gather physicochemical
parameters, operational conditions and response variables of all the different steady states reported

within each article. A complete list of the collected variables is shown in Table Al.

Table Al. List of variables reviewed and considered for the statistical analysis.

Variables Units
Reactor total volume L
Reactor working volume L

Inoculum type -
Microorganisms identified in the inoculum -
Type of Inoculum pretreatment -

Temperature of heat pretreatment °C

Time of heat pretreatment h

Complexity of substrate Simple or complex

Substrate e.g. glucose, hydrolysate, cheese whey, etc.
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Inlet substrate concentration

OLR

pH

Temperature

HRT

Head space

Stirring velocity
Carbohydrate converted

Substrate converted

Substrate convertion rate

Biomass concentration
H in gas
CO: in gas

H> yield

H. production rate
Metabolites production rate
VFA concentration

Ethanol concentration
Butanol concentration
Acetate/Butyrate ratio

g carbohydrates/L, g COD/L, mmol
substrate/L

g carbohydrates/L-d, g COD/L-d, mol
substrate/L-d

°C

h

% (v/IVv)

rpm

%

g carbohydrates/L, g COD/L, mmol
substrate/L

g carbohydrates/L-d, g COD/L-d, mol
substrate/L-d

g SSVI/L, g COD/L

%

%

mol Hz/mol hexose,

mmol H./g COD

L H2/L-d, mol Ho/L-d, L H2/g SSV-d
g/L-d, g COD/L-d

g/L, mol/L

g/L, mol/L

g/L, mol/L

In cases where the information was presented in graphs, the figure was imported into an image
specialized software (GIMP software), where the variables of interest were calculated based on
the coordinates of the image platform. On the other hand, composed variables (i.e. those that can
be expressed as function of other variables) that were not explicitly reported were computed using

the available information when possible.

To conduct its preparation, depuration and analysis, the constructed database was finally loaded

into the R environment(R Development Core Team, 2011).
A.2 Unifactorial and multifactorial statistical analysis

The constructed dataset was curated to remove low represented substrates, for example glycerol,
VFA mixture, and mixtures of these with other model substrates (e.g. glucose + glycerol).

Moreover, to conduct the parametric analysis, the normality of numeric variables was graphically
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inspected; as most variables did not follow a normal distribution, they were transformed as defined

in the Table A2.

Table A2. Variables transformed to fit a normal distribution.

Variables

Units

Transforming
function f(x)

Inlet substrate g carbohydrates/L x™N(1/2)
concentration

g COD/L xX™N1/3)
OLR g COD/L-d xN(1/3)

mol substrate/L-d x™(1/3)
HRT h x"(1/5)
Substrate converted g COD/L x™N(1/2)
Substrate convertion mol substrate/L-d x"(1/6)
rate

g COD/L-d xX™N1/3)
Biomass concentration g SSV/L x™N(1/4)

g COD/L x™N1/4)
H> yield mol Hz/mol hexose x™N(1/2)
H> production rate L H2/L-d x™N1/3)

mol H2/L-d x™N(1/3)

L H2/g SSV-d xN1/4)
Metabolites production  g/L-d x™N(1/3)
rate

g COD/L-d x™N1/3)
Formate concentration  g/L x™(1/3)
Acetate concentration g/L x™(1/3)
Propionate g/L x™N(1/4)
concentration
Butyrate concentration  g/L x™N(1/3)
Lactate concentration g/L x™(1/3)
Ethanol concentration g/L x™N(1/3)

The unifactorial and multifactorial analyses of variance (ANOVA) were performed with R base
functions. In the case of multifactorial ANOVA, the model was done using the top-down strategy
(Zuur et al., 2009). Moreover, given the unbalanced design of the gathered data, the type Il sum
of squares was used to compute the size effects parameters (Langsrud, 2003). The models were
validated through visual inspection of Q-Q plot and residuals (data not shown). To deal with
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continuous variables (e.g. substrate concentration, temperature, organic loading rate, etc.), these

were grouped into new variables with 3-6 levels.

On the other hand, unifactorial and multifactorial linear regression models were constructed
following the top-down strategy and type Il sum of squares to keep only significant variables

(p<0.05). The normality and homoscedasticity were validated by visual inspection.
A.3 Multivariate analysis

Pearson’s correlation analysis was conducted to investigate the degree of interaction between the
multiple variables collected from literature. In this analysis, the normalized database was used. To
visualize the correlation results, the corrplot package was used to construct a correlation matrix

that shows significant correlations at a p values equal or lower than 0.1.

To further analysis the database structure, a PCA analysis was carried out using R software and facto-
extra package. The PCA is a multivariate technique that computes synthetic variables (principal
components), which are mutually independent, uncorrelated, mathematically represented as a linear
combinations of the original variables, and that account for as much of the variance of the original data as

possible. In this procedure, the normalized database was used as well.
A.4 References
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