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Abstract - Vinasse is the main liquid waste of the ethanol industry and its valorization by a bioprocess as a
substrate for production of a value-added product contributes to the ethanol process. This work aimed to study
the possibility to use vinasse for poly(3-hydroxybutyrate) (PHB) production by Cupriavidus necator. The
growth of C. necator was evaluated using different vinasse concentrations and no inhibitory effect was observed.
Cultivations in a bioreactor were carried out with pure vinasse, vinasse with nitrogen and vinasse with nitrogen
and mineral salts. The best values of total biomass (5.1 g.L') and PHB (26% of total biomass) were obtained in
the cultivation with nitrogen and salts added. The results indicated that vinasse could be used for PHB production.
However, vinasse should be used in association with another substrate, aiming to improve the production. This is
the first report on vinasse valorization for PHB production by C. necator.
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INTRODUCTION

The widespread use of fuel-based plastics
causes several environmental problems and one
of the solutions found to replace them has been the
development of biodegradable plastics (Reddy et
al., 2003). Among different biodegradable polymers
are the polyesters synthesized by microorganisms,
recombinant plants and cyanobacteria, called
polyhydroxyalkanoates (PHA). PHA can be produced
from a wide range of substrates such as renewable
sources, organic acids, fossil resources and wastes
(Dietrich et al., 2017). PHB is the most important
member of PHA, since it has physical properties
comparable to synthetic polymers (Anderson and
Dawes, 1990).

*Corresponding author. E-mail address: glaucia.aragao@ufsc.br

Several microorganisms are able to produce PHB
(Anjum et al., 2016). Among these, the bacteria
C. necator is extensively studied due to its high
capacity of biopolymer accumulation (up to 80%)
with high cell yield and the ability to use different
carbon sources. The microbial production of PHA
by C. mecator is mainly based on the limitation of
a nutritional element in the presence of an abundant
source of carbon (Madison and Huisman, 1999).

Several studies have been carried out on
developing efficient PHA production processes, but
its production costs are still high (estimated to be 3-4
times higher) when compared to conventional plastics
(Kourmentza et al., 2017). Raw material is one of the
major reasons for high cost and the carbon source for
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PHB production accounts for up to 45% of the total
biopolymer production costs (Posada et al., 2011).

Sugarcane vinasse represents the main co-product
from ethanol production. About 10 to 16 L of vinasse
are obtained per each liter of ethanol produced
(Salomon and Silva Lora, 2009). Brazil is one of the
world's leading ethanol producer and exporter. Due
to increasing fuel demands, ethanol production has
increased in recent years and consequently the vinasse
production. The Brazilian Department of Agriculture,
Livestock and Supply reported that, for the year 2030,
ethanol production could reach 67 million cubic
meters. If estimates are reached, more than 850 million
cubic meters of vinasse will be available. Usually, the
destination of vinasse is on the sugarcane fields and
this practice is known as fertirrigation (Cavalett et
al., 2012), but it can result in negative environmental
impacts on soil and groundwater quality (Braga et al.,
2017; Carvalho et al., 2017).

The main organic compounds present in sugarcane
vinasse are glycerol, lactic acid, ethanol and acetic acid
(Parnaudeau et al., 2008). However, until recently, the
literature presents few examples of vinasse utilization
as a substrate for the production of value-added
products with potential industrial uses, such as PHA
(Bhattacharyya et al., 2012; Pramanik et al., 2012).

Thus, the aim of this study was to verify the
applicability of vinasse concentrations on C. necator
growth as a low-cost carbon source. We also evaluated
biomass growth and PHB production by C. necator
using vinasse with and without salts addition.

MATERIALS AND METHODS

Microorganism

The microorganism used in this work was
Cupriavidus  necator DSM 545  (Deutsche
Sammlungvon Mikroorganismen und Zellkulturen,
Braunschweig, Germany). C. necator cells were stored
at -80 °C in NB medium (Nutrient Broth - Difco(tm):
meat peptone 5 g.L°!, meat extract 3 g.L'!) and glycerol

(1:1).
Pretreated vinasse preparation

The vinasse used in this study was collected
at Usina Iracema, located in Iracemapolis, Sdo
Paulo, Brazil. Vinasse was stored at -20 °C until its
utilization. The pH was adjusted to 7.0 with a NaOH
solution (2.5 mol.L") and sterilized by filtration using
a cross-flow type polypropylene membrane (Mycrodin

Nadirmodel MD020 CP 2 N, Frings Brasil) with a pore
diameter of 0.2 um and filtration area of 0.1 m2. All the
experiments presented in this study were performed on
pretreated vinasse.

Vinasse characterization

The composition characterization was carried out on
pretreated vinasse. The concentration of total chlorides
was determined with an ion-selective electrode using
the protocol described by ASTM D512 (Orion 920 A;
combined electrode Cole Parmer 27504-D8). Sulphates
were analyzed using the protocol described by ASTM
D516 (Analytical Balance AND HR 200). Ca, Fe, Mn,
Mg, Cu and Zn were analyzed by atomic absorption
(Perkin Elmer - PinAAcle 900T0); K was analyzed by
atomic emission (Perkin Elmer - PinA Acle 900T0) and
Na by flame photometry (Cole Parmer 265500); the
samples were prepared using the protocol described by
ASTM D 1971/16 Practice B.

The concentrations of nitrogen, total reducing
sugars (TRS) and glycerol were determined as
described in the following sections.

Culture medium and cultivation conditions

Pre-culture

C. necator cells from -80°C stocks were transferred
to 500 mL shake flasks, containing 150 mL of NB, and
incubated at 35 °C at 150 rpm for 18 h.

C. necator growth on vinasse

Toinvestigate if vinasse inhibited C. necator growth,
different vinasse concentrations were evaluated: pure
vinasse; 25% vinasse (v.v'!) on mineral medium (MM);
50% vinasse (v.v'') on MM; 100% vinasse (v.v'!') plus
MM components. A cultivation using glucose (20 g.L-
1) as carbon source was used as a control.

The mineral medium used in this study was
previously described (Aragao et al., 1996), containing
(in g.L™"): KH,PO, 1.0, ammonium citrate and iron
(r) 0.06, CaCl,.2H,O 0.01, MgSO,.7TH,0 0.5,
nitrilotriacetic acid 0.19, urea 2.27 and 1 mL trace
elements L™'. The trace elements solution contained (in
g.L™") H,BO, 0.3, CoCL.6H,0 0.2, ZnSO,.7H,0 0.1,
MnClL,.4H,0 0.03, Na,MoO,.2H,0 0.03, NiCl,.6H,O
0.02 and CuSO,.5H,0 0.01.

Forty milliliters of pre-culture (prepared as
mentioned) were transferred to 1000 mL shake flasks,
containing 360 mL of each different cultivation
condition and incubated at 35 °C at 150 rpm.
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PHB production by C. necator on vinasse

Three batch experiments were performed ina 5 L
bioreactor (BIOFLO III, New Brunswick Scientific),
with a working volume of 4 L. One performed on pure
vinasse, one using vinasse and nitrogen source and
other using vinasse, nitrogen source in MM. In these
experiments, the temperature was maintained at 35
°C and the pH was maintained at 7.0 by adding base
(NaOH 2.5 mol.L") or acid (HCI 2.5 mol.L"). The
impeller speed (from 450 to 950 rpm) and specific air
flow rate (from 0.1 to 1.0 vvm) were adjusted during
the cultivation aiming to keep the concentration of
dissolved oxygen not less than 40% (relative saturation
with atmospheric air). When necessary, anti-foaming
solution (polypropylene glycol) was added to avoid
foam over production in the bioreactor.

A two-step seed procedure was cultivated in shake
flasks prior to inoculum preparation. The first one was
on NB, and the second seed culture was on vinasse plus
MM components. Seed cultures were incubated for 18
h and 8 h respectively, at 150 rpm, 35°C and employed
as an inoculum for the bioreactor cultivations.

Analytical methods

Cell density was determined indirectly by
optical density at 600 nm (OD, ) and directly by
gravimetric analysis. The carbon source concentration
was determined by the 3.5-dinitrosalicylic (DNS) acid
method (Miller, 1959). Nitrogen concentration was
determined by the enzymatic colorimetric method (kit
Urea-ES —Gold Analisa Diagnostica Ltda). The PHB
concentration was determined by High Performance
Liquid Chromatography (HPLC) (LC 2000Plus Series;
Jasco) equipped with a refractive index detector (RI
2031Plus; Jasco) using an Aminex HPX-87H column
(Bio-Rad Laboratories), according to the method
described by Karr et al. (1983), with modifications.

The residual biomass concentration (Xr) was
obtained from the difference between the fitted values
of the total biomass (Xt) and PHB. The dissolved
oxygen concentration was measured with a galvanic
electrode (Mettler-Toledo GmbH, Switzerland).
Glycerol concentration was determined by HPLC
equipped with a refractive index detector (RI1 2031Plus;
Jasco) using an Aminex HPX-87H column (Bio-Rad
Laboratories).

Kinetic analysis

The kinetic analysis of the results was performed
by fitting a polynomial equation through the macro

Lissage (from the INSA - Toulouse, France) for
Microsoft Office Excel 2007. The maximum specific
growth rate (u__ ) was calculated from the linear fit of
In (Xr) versus time for data of the exponential growth
phase.

RESULTS AND DISCUSSION

The vinasse composition used in this work is
shown in Table 1. Some parameters like pH, Fe, Cu
are according to the average found in the literature
(Espafia-Gamboa et al., 2012). Glycerol (4.5 g.L!)
and fructose (3.3 g.L'') were the main substrates
available in vinasse as carbon source for C. necator.
This microorganism can also consume organic acids
such as lactate, acetate, propionate and butyrate also
generally present in vinasse (Parnaudeau et al., 2008).

The study of C. mecator growth kinetics using
different vinasse concentrations was evaluated to
verify a potential vinasse inhibition effect on C. necator
growth.

Table 1. Chemical composition of the vinasse used in this work.

Parameter This work
pH 4.4
Nitrogen (g.L") 0.06
Fructose (g.L") 33
Glycerol (g.L'") 4.5
Sucrose (g.L") 7.2
Chlorides (%) 0.158
Sulphates (%) 0.096
Ca (mg.L") 578
Fe (mg.L") 232
Mn (mg.L") 3.21
Mg (mg.L") 138.8
Cu (mg.L") 0.66
Zn (mg.L") 0.43
K (g.L") 12
Na (mg.L'") 75
COD - Chemical Oxygen Demand (mg.L™") 22700

Figure 1 shows the time course of OD,, for C.
necator cultivated on pure vinasse; 25% vinasse on
MM; 50% vinasse on MM; 100% vinasse plus MM
components and on glucose on MM as control.

The results showed that pretreated vinasse allowed
C. necator growth even on pure vinasse. There are
some contradictions regarding the inhibitory effect
of vinasse compounds on microbial growth. Some
reports state that the presence of compounds such as
phenolics can be toxic and/or inhibit the growth of
microorganisms (Martin Santos et al., 2003; Yu and
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Figure 1. Time courses of optical density (OD,,, ) on pure vinasse
(®); glucose (20 g.L") in MM (m); 25% vinasse in MM (©0); 50%
vinasse in MM (x); 100% vinasse in MM (A).

Stahl, 2008). On the other hand, according to Silva
et al. (2011), one of the advantages of using vinasse
in biotechnological processes is that it is free of
fermentation inhibitors. As shown, the current study
did not observe inhibitory effects.

During the experiments on MM containing vinasse
(25; 50 and 100%), the higher its concentration, the
higher was the final OD, representing indirectly the
biomass concentration.

Glucose was chosen as control substrate, since it is a
very widespread carbon source for this microorganism.
According to Figure 1, the bacteria grew faster on
vinasse than on glucose. The presence of vinasse in
the culture medium increased the values of p__ from
0.26 h'! (pure vinasse) compared to the value observed
on glucose (0.16 h'). This data is in agreement with
those reported in the literature for C. necator growing
on glucose (Mozumber et al., 2014).

Vinasse utilization influenced positively bacterial
growth; this can probably be attributed to the presence
of organic acids in this co-product. Grousseau et al.
(2013) used organic acids as carbon source for C.
necator DSM 545, and also observed higher p_
values when compared with glucose.

To compare the cellular growth and PHB production
on vinasse, vinasse with nitrogen source and vinasse
in MM (with nitrogen), three bioreactor experiments
were performed. The results of Xt, PHB and Xr for
the cultivations are presented in Fig. 2A, 2B and 2C,
respectively.

Figure 2A shows that the highest total biomass (Xt)
using pure vinasse as substrate was 1.6 g.L! after 16
h of cultivation, with a p_. of 0.26 h'. The natural

Xt, PHB, Xr, glycerol, TRS (g.L)

Xt, PHB, Xr, glycerol, TRS (g.L-1)

Xt, PHB, Xr,glycerol, TRS (g.L )

Time (h)

Figure 2. Time course of total biomass (Xt) (e), PHB (o), glycerol
(A) and total reducing sugars (TRS) (x), on vinasse (A), vinasse
with nitrogen (B) and vinasse in MM (C). Continuous lines represent
the Lissage fit to the experimental data. Dashed line represents the
residual biomass (Xr) (---), i.e., the difference between the Xt and
PHB fits.
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nitrogen concentration present in vinasse, when this
culture started, was approximately 0.06 g.L-!. This
concentration indicated nitrogen limitation, according
to Ienczak et al. (2011) since the beginning of the
culture and allowed PHB accumulation during all the
course of the culture even with low carbon available,
achieving a concentration around 35%. Since this
cultivation (Fig. 2A) was conducted on pure vinasse
(nitrogen concentration of 0.06 g.L') and if we
consider a yield factor from nitrogen of 8 g.g"! (Ienczak
et al., 2011), this would give 0.48 g.L"! of Xr, instead
of 1 g.L'!, as observed. This difference may be due to
residual nitrogen from the pre-culture.

This observation suggested another cultivation
using vinasse and a nitrogen source, aiming to compare
and to verify if the presence of nitrogen could have
positively influenced the results found in vinasse. The
results obtained are presented in Figure 2B. With the
addition of a nitrogen source, the final total biomass
increased from 1.6 to 2.3 gL', indicating that the
amount of nitrogen present in the vinasse alone was
not sufficient for the growth of C. necator DSM 545 in
the bioreactor. The final PHB concentration was about
15%; the small accumulation was expected, given the
non-nutritional limitation, which is necessary for the
bacteria biopolymer production phase (Lynd, 1996).

In the cultivation (Figure 2C) using vinasse with
the addition of MM salts and nitrogen, u_. was 0.21 h"!
and the total biomass achieved 5 g.L"!, representing
more than three times the amount of biomass present
in the first bioreactor. The salts and nitrogen addition
improved the assimilation of carbon sources present in
vinasse. More studies are needed to better understand
residual carbon source assimilation, since microbial
growth seems to stop when some carbon is still
available (2 g.L!' of glycerol and 1.5 g.L'! of TRS).
PHB content in this condition was about 26%. The
accumulation may be explained by the absence of
nitrogen limitation and no excess of carbon (required
for PHB production).

Myshkina et al. (2008), aiming to produce PHB
using Azotobacter charoococcum from vinasse
(25% v.v'"), combined it with other wastes and reported
an accumulation of 73% of biopolymer, but the authors
also used sucrose in the cultivation medium. This fact
indicates that vinasse may be combined with other
carbon sources for high PHB production.

The positive effect of vinasse on the C. necator
specific growth rate, observed in the present study,
shows the viability of its use during the growth phase,
allowing overall process productivity improvement.

CONCLUSIONS

C. necator growth was not inhibited even under
high vinasse concentrations and the addition of salts
to vinasse improved its growth. This microorganism
was able to produce PHB under the tested conditions.
However, the bacterial growth and the PHB production
seem to be limited by the low carbon concentration
present in vinasse. In order to increase the biomass
concentration and PHA productivity from vinasse,
another carbon source could be used combined with
vinasse.
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NOMENCLATURE
Ca Calcium concentration (mg.L™")
COD Chemical Oxygen Demand (mg.L™")
Cu Copper concentration (mg.L")
DNS Dinitrosalicylic acid
Fe Iron concentration (mg.L™)
HPLC  High performance liquid chromatography
K Potassium concentration (g.L")
Mg Magnesium concentration (mg.L")
MM Mineral medium
Mn Manganese concentration (mg.L ')
Na Sodium concentration (mg.L™")
NB Nutrient broth
OD,,,.. Optical density at 600 nm
PHA Polyhydroxyalkanoates

PHB Poly(3-hydroxybutyrate) (g.L")

vvm Volume of air per volume of medium per minute

Xr Residual biomass (g.L1)

Xt Total biomass (g.L!)

TRS Total reducing sugars (g.L™")

Zn Zinc concentration (mg.L™")

[T Maximum specific growth rate (h™)
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