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SUMMARY

Gracilaria chilensis were batch fermented with different ini-
tial carbohydrate concentrations and inoculated with an initial
fixed optical density of the yeast Saccharomyces cerevisiae. 7o
determine the kinetics and effects on the kinetic parameters
of the bioethanol production process, the fermentations were
performed under controlled oxygen, pH and temperature con-
ditions. When high carbohydrate concentrations were used as
substrate, a rapid decline in their concentration was observed,
but the development of the yeast’s metabolic activity was very
slow. Besides, the saturation constants (Ks) were high and the
maximum specific growth rate (u,,,) of the yeast remained

within the same order of magnitude, without significant vari-
ation, although the ethanol yield was low. When an initial low
substrate concentration was used, an increase in ethanol pro-
duction (Yp/s) and in cellular growth (Yx/s) was observed. The
positive impact on the development of the microorganism’s met-
abolic activity was evidenced by a decrease in p,,, from 0.47
to 0.29h" and in Ks from 15.19 to 1.07g'l"'. The development
of the microorganism’s metabolic activity is influenced by the
carbohydrate concentration of G. chilensis when other physi-
cochemical parameters of the fermentation process are kept
constant.

Introduction

Biomass obtained from
soil-cultivated raw materials
has played an important role
in bioenergy production.
Ethanol biofuels have been
produced by countries such as
Brazil, Canada and the United
States; however, the issue of
using agricultural land for this
purpose has been widely dis-
cussed. (Somma et al., 2009).

Macroalgae as raw material
have many advantages com-
pared to the biomass obtained
from food or cellulosic mate-
rial because macroalgae can
grow in different environ-
ments (seawater, blackwater,
wastewater and saltwater) and
have high growth rates and
greater mass productivity per
area unit compared to terres-
trial plants (22.46 dry weight/
m?/year vs 0.5-4.4kg dry

weight/m?/year (Wi et al.,
2009), since macroalgae may
be cultivated in three dimen-
sions rather than in two, as is
the case on land. Additionally,
the nutrients that macroalgae
require for development are
found in marine habitats;
thus, their cultivation does not
require fertilizers (Buck y
Buchholz, 2004; Jung et al.,
2013). The water content of
macroalgae is between 80 to

90% of that of terrestrial
plants, making them a very
reactive substrate to the ac-
tion of microorganisms.
Furthermore, macroalgae have
high carbohydrate concentra-
tions, reaching values above
70% (Cardozo et al., 2007,
Sebaaly et al., 2012), which
can be easily depolymerized
by different microorganisms
or bacteria for conversion into
bioenergy.
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PARAMETROS CINETICOS DE FERMENTACION DE LA MACROALGA Gracilaria chilensis

Carmen Gloria Seguel, Emilio Soto y José Rojas Martin
RESUMEN

Se realizaron fermentaciones en batch de Gracilaria chilensis
con diferentes concentraciones iniciales de carbohidratos e ino-
culados con una densidad optica inicial fija of Saccharomyces
cerevisiae yeast. Para la determinacion de las cinéticas y los
efectos en los parametros cinéticos en el proceso de obtencion
de bioetanol, las fermentaciones se llevaron a cabo en condi-
ciones controladas de oxigeno, pH y temperatura. Cuando se
utilizo como sustrato altas concentraciones de carbohidratos se
observo un rdpido decaimiento de la concentracion de éstos, sin
embargo el desarrollo de la actividad metabdlica de la levadura
fue muy lento. Similarmente, las constantes de saturacion (Ks)
fueron altas y la velocidad especifica maxima de crecimiento

(umax) de la levadura se mantuvo dentro del mismo orden de
magnitud, sin variacion significativa, aunque el rendimiento de
etanol es bajo. Cuando se utilizo una concentracion inicial de
sustrato baja se observé un incremento tanto en la produccion
de etanol (Yp/s) como del crecimiento celular (Yx/s). El impacto
positivo en el desarrollo de la actividad metabdlica del microor-
ganismo se manifiesto en la disminucion de los valores de los
parametros umax de 0,47 a 0,29 h' y Ks de 15,19 a 1,07gl".
El desarrollo de la actividad metabdlica del microorganismo es
influenciado por la concentracion de los carbohidratos de G.
chilensis cuando otros parametros fisicoquimicos del proceso de
fermentacion se mantienen constantes.
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RESUMO

Realizaram-se fermentagoes em batch de Gracilaria chilen-
sis com diferentes concentragées iniciais de carboidratos e
inoculados com uma densidade optica inicial fixa de levedura
Saccharomyces cerevisiae. Para a determinagdo das constantes
cinéticas, os efeitos nos pardmetros cinéticos no processo de
obten¢do de bioetanol, as fermentagdes se realizaram em con-
digdes controladas de oxigénio, pH e temperatura. Quando al-
tas concentragoes de carboidratos foram utilizadas como subs-
trato, foi observada uma rdpida queda nessas concentragoes,
no entanto o desenvolvimento da atividade metabdlica da leve-
dura foi muito lento. Similarmente, as constantes de saturagdo
(Ks) foram altas e a velocidade especifica mdxima de cresci-

mento (umax) da levedura se manteve dentro da mesma ordem
de magnitude, sem variagdo significativa, embora o rendimento
de etanol é baixo. Quando se utilizou uma baixa concentragdo
inicial de substrato, se observou um incremento tanto na pro-
dugdo de etanol (Yp/s) como do crescimento celular (Yx/s). O
impacto positivo no desenvolvimento da atividade metabdlica
do microrganismo se manifestou na diminui¢do dos valores dos
pardmetros umax de 0,47 a 0,29 h' e Ks de 15,19 a 1,07g'l'. O
desenvolvimento da atividade metabdlica do microrganismo é
influenciado pela concentragdo dos carboidratos de G. chilen-
sis quando outros pardmetros fisico-quimicos do processo de
fermentag¢do se mantém constantes.

Therefore, macroalgae are
considered an excellent alter-
native source of renewable and
sustainable biomass for the
production of liquid biofuels
such as ethanol and butanol.
Among the different macroal-
gae divisions, red macroalgae
are characterized by their high
concentration of carbohy-
drates, composed of monomer-
ic units of glucose that form
cellulose and monomeric units
of galactose that form agar
(galactans) and carrageenans
(primarily sulphated galactose)
( Yoon et al., 2010; Park
et al., 2012). Red macroalgae
are particularly noted as bio-
mass for bioethanol production
because their carbohydrates
are easily hydrolysable com-
pared to the carbohydrates in
brown and green algae (Kim
et al., 2012; Lee et al., 2013;
Seguel et al., 2015).
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Based on a number of stud-
ies on the production of bioeth-
anol, bioenergy production
from algae is still in the initial
development stage and the
search for more efficient and
economically viable proce-
sses continues (Horn et al.,
2000; Wei et al., 2013). Among
these, the influence of different
stress factors on the quality
and effectiveness of the fer-
mentation process are empha-
sized. These factors include the
lack of micro- and macronutri-
ents, very low pH, which af-
fects the ionic equilibrium,
generation of inhibitory micro-
organisms, secondary reactions,
and inadequate temperature
and oxygen concentrations
(Teixeira et al., 2009; Zinnai
et al., 2013).

The production of bioethanol
using Saccharomyces cerevisiae
as a fermenting microorganism

and Gracilaria sp. as a sole
carbon source has been recently
studied (Kumar et al., 2013).
However, there are no studies
on the kinetic parameters of
this yeast with Gracilaria
chilensis for ethanol production.
In this study, the main fermen-
tation kinetic growth parame-
ters, including specific growth
rate, maximum specific growth
rate, affinity constant, biomass
yield and product yield of fer-
mentation processes for the pro-
duction of bioethanol were
evaluated.

Methods

All fermentations processes
were carried out using different
concentrations of carbohydrates
of Gracilaria chilensis (red mac-
roalgae) which were inoculated
with a defined optical density of
Saccharomyces cerevisiae, under

controlled oxygen, pH and tem-
perature conditions.

Microorganisms and inoculum
preparation

A yeast solution was pre-
pared suspending 1g of com-
mercial lyophilized Saccharomy-
ces cerevisiae (baker’s yeast,
Lefersa, Chile) in 1% (w/v)
glucose solution. The sterilized
solution was activated at 40°C
with constant shaking for 30-
40min. The activated yeast was
cultured in 100ml of solid
YEPD (2g of glucose, 2g of
peptone, 2g of agar, and 1g of
yeast extract). For inoculum
preparation the microorganism
was cultured in 100ml of lig-
uid yeast extract peptone dex-
trose (YEPD) media (2g of glu-
cose, 2g of peptone, and 1g of
yeast extract) on a rotary shaker
at 200rpm. The media were
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prepared using distilled water,
pH was adjusted to 5.0 and the
cells of S. cerevisiae were
grown at 30°C overnight.

Batch fermentation

Batch fermentations were
carried out in 500ml E-flasks
with 40, 30 and 20g-1"! of the
initial reducing sugars from G.
chilensis as the sole carbon
source. The different solutions
were inoculated with 50ml of
yeast inoculums (equivalent to
an optical density of 1.7g-1")
and the pH was adjusted to 5.0.
The experiments were carried
out for 15h at 27°C under limit-
ed oxygen at 250rpm. The
monitoring of individual fer-
mentations was accomplished
by taking 5ml samples at time
0 and every lh. The glucose
and the cell growth quantitation
were determined using previ-
ously described methods (Se-
guel et al., 2015). Ethanol con-
centration was measured by gas
chromatography (7890A GC-
System, Agilent Technologies)
equipped with an FID detector,
Restek Stabiwax-DA (30m,
0.32mmID, 0.25um df column).
The injection volume was lul
with an inlet split ratio of 30:1.
Initial and maximum oven tem-
peratures were 35 and 225°C.

Calculation of kinetic
parameters

The time-dependent evalua-
tion of the fermenting microor-
ganism S. cerevisiae on G.
chilensis carbohydrate sub-
strates was conducted by deter-
mining the specific growth rate
(p), maximal specific growth
rate (W,,) and the saturation
constant Ks (substrate affinity).
These parameters were obtained
by linearization of the Monod
equation (Eq. 1). The calcula-
tion of p was carried out by
means of Eq. 2 and that of p,,
and Ks by using the Line-
weaver-Burke transformation
(Eq. 3). The Monod equation
relates the maximal microbial
growth rate to the concentration
of the limiting substrate (Waites
et al., 2001). The Ks value is
usually low when the microor-
ganism has a high affinity for
the limiting substrate.

= max T o 1
K=K (ks+S) M
xx | 1
= o .~ 2
) (toti) X 2
Lkl 5
]'t ]’tmax ]’tmax S

where p: specific growth rate
(b)), W maximal specific
growth rate (h), Ks: saturation
constant (g-1"), S: substrate
concentration (g'1?), X: S. cere-
visiae biomass in g-1!, and t:
sampling time (h). Subscripts i
and o: initial and final,
respectively.

Results and Discussion

It has been well-documented
that the ability of Saccharo-
myces cerevisiae to metabolize
hexoses depends on several
variables, including pH, tem-
perature, yeast immobilization,
anaerobic conditions, and ini-
tial microorganism and sub-
strate concentrations, among
other (Bai et al., 2008). Since
the substrate conversion rate
depends on the concentration
of the microorganism popula-
tion in the medium. The ef-
fects in the fermentation kinet-
ics were analysed in relation to
different concentrations of car-
bohydrates from G. chilensis
(40, 30 and 20g-1", correspond-
ing to fermentations A, B and
C, respectively), which were
inoculated with S. cerevisiae at
an initial optical density (OD)
equivalent to 1.7g-1"". All fer-
mentation was performed in
triplicate under anaerobic, tem-
perature and pH conditions as
described previously, during an
incubation time of 15h. Fer-
mentations A and B, corres-
ponding to the highest carbo-
hydrate concentrations
(Figures 1 and 2), displayed a
relatively normal substrate de-
crease rate, but low bioethanol
concentrations were obtained
(2.3 and 3.8g°1"!, respectively).
The lack o efficiency in carbo-
hydrate conversion is demon-
strated by the low product
yields (Yp/s) (Table I).
However, when a lower sub-
strate concentration was used
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Figure 1. Fermentation process A.
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Figure 2. Fermentation process B.

TABLE 1
KINETIC PARAMETERS VALUE OF Gracilaria
chilensis FERMENTATION PROCESSES
WITH Saccharomyces cerevisiae

Fermentation
Parameters Processes

A B C
Initial sugar concentration (g-17) 40 30 20
Initial yeast biomass concentration (g-1") 1.7 1.7 1.7
Final yeast biomass concentration (g-1") 11.87 18.01 18.8
Ethanol production (g-17) 2.3 3.8 8.9
Maximum specific growth rate: pmax (h") 047 044 029
Substrate saturation constant: Kg (g1 1519  4.55 1.07
Biomass yield (Yx/s) 039 063 090
Product yield (Yp/s) 008 015 047

Wnax: Maximal specific growth rate (h'), Ks: substrate concentration (g1),
Yx/s: yield g S. cerevisiae/g carbohydrate, Yp/s: yield g ethanol/g carbo-
hydrate of G. chilensis.

(fermentation C; Figure 3), the the high percentage of carbo-

yield (Yp/s) increased from
0.08 to 0.47, which agrees with

hydrates (91.80%) that were
metabolized by the yeast
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Figure 3. Fermentation process C.

(calculated based on 0.51g eth-
anol/g glucose, which is gener-
ated in the stoichiometric con-
version of glucose into ethanol)
(Borines et al., 2013). The start
of the microorganism’s station-
ary growth phase occurred
within the same time period in
all fermentations (10 to 11h). None-
theless, the biomass yield as a
function of the substrate (Yx/s)
shows that it increased signifi-
cantly from 0.39 to 0.90 when
the substrate concentration de-
creased from 40 to 20g-1"..
Figure 4 shows the specific
growth rate p (h') for fermen-
tations A, B and C; the highest
values for each were 0.46, 0.44
and 0.28h"', respectively. These
experimental results are similar
to the maximum specific
growth rate p,,, (h") calcula-

ted by the Lineweaver-Burk
equation. A significant influ-
ence of the initial substrate
concentration on the maximum
specific growth of fermenta-
tions A and B was not ob-
served. However, a substantial
reduction of pu,,, was obtained
in fermentation C (Table I).
Studies on the kinetic param-
eters of Saccharomyces spp.
with different substrates (Bauer
y Pretorius, 2000; Brethauer y
Wyman, 2010; Basso et al.,
2011) showed diverse values for
the saturation constant (Ks).
However, according to the
Monod model, Ks is inversely
related to the affinity of the
microorganism for the substrate
(Hernandez, 2003). The experi-
mental values obtained for this
parameter (Table 1) show a
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Figure 4. Time courses of specific growth rate of Saccharomyces

cerevisiae.
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clear trend towards a decrease
as the initial carbohydrate con-
centration decreases. These re-
sults agree with the idea that
lower Ks values are indicative
of better substrate/microorgan-
ism affinity. The data obtained
show that high initial carbohy-
drate concentrations can de-
crease the efficiency of conver-
sion into ethanol; these are con-
sistent with other sugar fermen-
tation studies with Saccha-
romyces spp. (Helle et al., 2003;
Lin et al., 2012). One of the
reasons for low ethanol produc-
tion during fermentation with
high initial carbohydrate con-
centrations may be the accumu-
lation of sub-products that can
modify the ionic equilibrium of
the fermentation medium
(change in pH). Also, high sub-
strate concentrations can gener-
ate a respiratory deficiency in
the yeast, inhibiting its metabol-
ic activity. An increase in the
osmotic pressure gradient
through the cell membrane when
the concentrations of some sol-
utes are very high may be an-
other factor determining the low
ethanol production (Thomas y
Ingledew, 1992).

Conclusions

This study is the first to re-
port the kinetic parameters ob-
tained from the fermentation of
Gracilaria chilensis carbohy-
drates by Saccharomyces cerevi-
siae. The collected data demon-
strate the influence of initial
substrate concentration on the
kinetic parameters under con-
stant oxygen, temperature and
pH conditions. The maximum
specific growth rate of the yeast
is influenced by the initial sub-
strate concentration. High initial
carbohydrate concentrations in-
crease the maximum specific
growth rate of the yeast.
However, the substrate’s inhibi-
tory effects are also accelerated,
decreasing both cell growth and
ethanol production (Yx/s, Yp/s).
At lower substrate concentra-
tions, lower Ks values were ob-
tained, indicating better affinity
of the yeast to the substrate.
Positive effects on cell activity
and ethanol production can be
observed when the yeast/
substrate ratio reaches values

close to 10% of the microorgan-
ism cell concentration (Thomas
y Ingledew, 1992).
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