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Abstract

The present work reports investigation of hemicellulose hydrolysate from sugarcane bagasse
as a sole carbon source for lactic acid production by Lactobacillus pentosus ATCC 8041. Initially,
sugarcane bagasse was pretreated with acid in a solid:liquid ratio of 1:2.8 (1 g of bagasse: 2.8 mL
of sulfuric acid solution 1 % v/v) at a temperature of 121°C for 27 min. Then, concentration of
both the hemicellulose hydrolysate and the yeast extract in MRS medium were optimized using
Response Surface Methodology through software STATISTICA 6.0. Once the optimal conditions
(40 % of hemicellulose hydrolysate and 5 g/L of yeast extract) were validated, fermentations were
carried out in anaerobic conditions at 37°C and 120 rpm. After 48h, 19.17 g/L of lactic acid
were produced, with yield of 0.80 g/g, corresponding to a volumetric productivity 0.40 g/(L-h)
Findings of this work demonstrate that hemicellulose hydrolysate from sugarcane bagasse is a
promising carbon source for lactic acid production.
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Resumen

El presente trabajo reporta la investigacion del uso de hidrolizado hemicelulésico, proveniente
de bagazo de cafia de azticar, como Unica fuente de carbono para la produccién de dcido lactico
mediante Lactobacillus pentosus ATCC 8041. Inicialmente, el bagazo de cafia fue pretratado
con 4cido en una relacién sélido liquido de 1:2.8 (1 g de bagazo: 2.8 mL de 4cido sulftrico al 1
% v/v)y auna temperatura de 121 °C por 27 min. Luego, tanto la concentracién del hidrolizado
hemicelul6sico como del extracto de levadura en medio MRS fueron optimizadas empleando
Metodologia de Superficie de Respuesta mediante el software STATISTICA 6.0. Una vez que las
condiciones 6ptimas fueron validadas (40 % de hidrolizado hemicelulésico y 5 g/L de extracto de
levadura), se realizaron fermentaciones en condiciones anaerébicas a 37°C y 120 rpm. Después
de 48 h se produjeron 19.17 g/L de 4cido l4ctico, rendimiento de 0.80 g/g, correspondientes a
una productividad volumétrica de 0.40 g/ (L-h). Los resultados de este trabajo demuestran que el
hidrolizado hemiceluldsico de bagazo de cafia de aziicar es una fuente de carbono prometedora
para la produccién de acido léctico.

Palabras clave:

Biomasa lignoceluldsica, pretratamiento dcido, Lactobacillus pentosus ATCC8041, dcido lactico,
optimizacion estadistica.
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1. INTRODUCTION

Lignocellulosic materials are a natural and renewable source of feedstock that can
be used for production of more value-added products. However, prior to their use, these
materials must be deconstructed in its main components (cellulose, hemicellulose and
lignin) in a step known as pretreatment. Thus, pretreatment can be physical, chemi-
cal, biological, or a combination of them (Hendriks & Zeeman, 2009; Kumar, Barrett,
Delwiche, & Stroeve, 2009; Amin et al. 2017; Liu et al., 2018).

When lignocellulosic materials undergo through acid pretreatment, which uses
dilute acid, a fraction rich in xylose, named hemicellulose hydrolysate (HH), is obtained.
However, despite being a monosaccharide, xylose fermentation is more difficult when
compared to glucose’s, since fewer microorganisms have the ability to assimilate it.
Another obstacle concerning use of hemicellulose hydrolysate is related to the presence
of metabolic inhibitors, such as furfural, 5-hydroxymethylfurfural (HMF) and acetic acid,
which are formed during pretreatment (Deshavath et al., 2017; Kumar, Barrett, Delwiche,
& Stroeve, 2009; Gonzales, Sivagurunathan, & Kim, 2016) use of HH, and its further
conversion to value-added products, is the objective of many researches in the area.

The valorization of lignocellulosic agrowastes as well as food industry by-products
for production of lactic acid will solve their disposal problem, environmental issues
and eliminate dependence on petrochemical compounds (Pejin et al. 2018). Lactic acid
presents numerous applications in food, pharmaceutical, and textile industry. Moreover,
it is widely used for production of biodegradable plastics. Traditionally, it is obtained
through glucose fermentation using Lactobacillus sp bacteria, which, in their majority,
are not able to assimilate pentoses. Likewise, the use of hemicellulose hydrolysate
still requires additional studies for better understanding how its composition affects
fermentation, since interaction between microorganism and carbon source is one of the
main factors to be studied while aiming at a feasible process (Garde, Jonsson, Schmidt,
& Ahring, 2002; Patel, Ou, Ingram, & Shanmugam, 2004; Abdel-Rahman, Tashiro, &
Sonomoto, 2011; Es et al., 2018).

According to De Oliveira, Komesu, Rossell & Maciel Filho, (2018), the xylose
assimilation pathways allowing pentose sugars to be consumed by pentose phosphate
pathway (homolactic) or phosphoketolase pathway (heterolactic). The theoretical value
of the lactic acid production by pentose molecule is 1.67 in homolactic fermentations (3
xylose molecules to generate 5 molecules of lactic acid). In heterolactic fermentations,
the theoretical value of the lactic acid production by pentose molecule is 1.00 (3 xylose
molecules to generate 5 molecules of lactic acid and 3 molecules of acetate).

Lactic acid is an already consolidated bioproduct in the world market. It has many
applications and new applications are being discovered every year, especially in chemical
industries as a building-block molecule. The lactic acid market is in constant growth
and the fact that the final products are able to comply with environmental laws as green,
renewable and biodegradable products contributes to the tendency of continuous growth
in the next few years. The global lactic acid market required 1 220.0 kt in 2016. With
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annual growth of 16.2 %, it is expected that this demand will reach 1 960.1 kt in 2025.
This should represent USD 9.8 billion in the global market (De Oliveira, Komesu,
Rossell & Maciel Filho, 2018).

Hence, the present work reports the investigation of hemicellulose hydrolysate
from sugarcane bagasse as the sole carbon source for lactic acid production by
Lactobacillus pentosus ATCC 8041.

2. METHODOLOGY

2.1 Pretreatment of biomass

Acid pretreatment of sugarcane bagasse was performed in a solid: liquid ratio of
1:2.8 (1 g of bagasse: 2.8 mL of sulfuric acid solution 1 % v/v) at a temperature of 121°C
for 27 min, as previously described by Betancur & Pereira Jr. (2010). After this stage,
a liquid fraction, corresponding to the hemicellulose hydrolysate (HH), was obtained.
Then, this fraction had its pH adjusted to 6.5 (fermentation condition) through addition
of CaCO,, and it was subjected to vacuum filtration.

2.2 Strain and culture media

Lactobacillus pentosus ATCC 8041 was obtained from American Type Culture
Collection (ATCC). It was used for evaluation of both xylose consumption and lactic
acid production. Culture media applied in this work were based on Man, Rogosa, Sharpe
medium (MRS), traditionally used for Lactobacillus sp fermentations: 10 g/L. peptone,
10 g/L beef extract, 1 ml/L tween 80, 2 g/l ammonium citrate, 5 g/L sodium citrate,
0.1 g/ MgSO,, 0.05 g/ MnSO, and 2 g/L. K,HPO,. The amounts of HH and yeast
extract in the culture media variated according to design experimental using Central
Composite Rotatable Design (CCRD) methodology (Table 1). Fermentations were
performed in 100 mL serum bottles, with 50 mL of reaction volume, at 180 rpm during
48 hrs and at initial pH of 6.5, without pH control during fermentations. All of culture
medium were sparged with nitrogen during 10 min, with the purpose of achieving
anaerobic conditions, and sterilized (121°C for 20 min) before inoculation.

Table 1. CCRD factors and levels for optimization of hemicellulose hydrolysate and
yeast extract concentrations.

Axial Minimum Central Point  Maximun Axial
Factor
-1.41 -1 0 +1 +1.41
HH (%) (v/v) 20 25 37.5 50 55
Yeast extract (g/L) 2 2.5 3.75 5.0 55

HH: Hemicellulose hydrolysate.
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2.3 Optimization

Aiming at optimization of hemicellulose hydrolysate and yeast extract concentrations
in culture media, a Central Composite Rotatable Design, along with Response Surface
Methodology, was applied. Main goal was to maximize lactic acid production.
Experimental design and its analyses were performed using software STATISTICA,
version 6.0 (StatSoft, Inc.) including ANOVA. Impact and significance of each
independent variable, their interactions, as well as the response variables were analyzed.
Fit quality of the polynomial model was expressed thought coefficient R?, while results
concerning experimental data were evaluated for a 95 % confidence interval (or p-value
less than 0.05) and verified with the F-test, included in the same software. Minimum
and maximum levels of the independent variables were coded as “—1” and “+1”,
respectively, with three replicates in the central point, coded as “0”, and two axials
points, coded “-1.41” and “+1.41”, as shown in Table 1.

2.4 Analytical methods

Glucose, xylose, lactic acid, acetic acid, 5-hydroxymethylfurfural, cellobiose and
furfural concentrations were determined by HPLC (Shimadzu) at PL Hi-Plex column
H 8 ym (300 x 7.7 mm), with 20 L of injection volume, and H,SO, 0.005 mol/L as
mobile phase at 0.6 mL/min, 60 °C, using RID and UV (210 nm) detectors. External
standards were used for identification and quantification of peak areas.

3. RESULTS AND DISCUSSION

Composition of hemicellulose hydrolysate from sugarcane bagasse, after acid
pretreatment, is shown in Table 2. Its main sugar is xylose, followed by glucose, which
may come from heteropolymers that are present in the hemicellulose fraction. Due to
the conditions at which this step is carried out, hydrolysis of the hemicellulose portion
is favored over cellulose hydrolysis (Xavier, Coradini, Deckman, & Franco, 2017).

Table 2. Composition of hemicellulose hydrolysate from sugarcane
bagasse after acid pretreatment.

Component Concentration (g/L)
Glucose 39+1.7
Xylose 553+32
Cellobiose 23+1.7
Acetic acid 121+£25
5-hydroxymethylfurfural (HMF) 0.06 £0.01

Furfural 0.19+0.03
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Acetic acid, furfural and HMF are also present in HH (Table 2). These substances
are responsible for growth and metabolism inhibition of some microorganisms
(Chandel, Singh, & Rao, 2010; Xavier, Coradini, Deckman & Franco,2017). They are
formed during hydrolysis of acetyl groups (acetic acid) and of pentoses and hexoses
(furfural and HMF), caused by thermochemical degradation of both cellulose and
hemicelluloses (Chandel, Da Silda, & Singh et al., 2011; Xavier, Coradini, Deckman
& Franco, 2017).

Reducing levels of these toxic compounds is necessary for an efficient fermenta-
tion stage. For such, some well-known techniques are used; for example: acclimation
steps, detoxification of HH or even metabolic and genetic engineering (Jonsson &
Martin, 2016). These procedures, however, raise process costs, making it more difficult
to have feasible technologies that use lignocellulosic materials as feedstock. Industria-
Ily, microorganisms that can assimilate pentoses and tolerate inhibitors are indicated
for conversion of xylose into more value-added products (Garde, Jonsson, Schmidt &
Ahring, 2002; Patel, Ou, Ingram & Shanmugam, 2004.

Therefore, the objective of this paper is to evaluate HH levels (% v/v) (carbon
source) that bacteria L. pentosus ATCC 8041 can tolerate without affecting lactic acid
production, nor requiring detoxification steps. Besides, paper also aims at determining
optimal yeast extract concentration (nitrogen source). Since fermentation medium is rich
in yeast extract (an expensive nutrient), and the main substrate (HH) is also present in
high amounts, seeking for optimal levels of both could help in improve process efficiency
and reducing process costs. Table 3 displays design matrix of the experiments, along
with the results of lactic acid production for each point.

Table 3. Matrix of CCRD experimental design including results
for lactic acid production after 48h.

Run Hemicellulose hydrolysate ei?;gt Laitgi;f;dd
1 -1 -1 14.14
2 1 -1 18.72
3 -1 1 16.03
4 1 1 18.95
5 -141 0 14.29
6 141 0 19.45
7 0 -141 17.65
8 0 141 18.75
9 (CP) 0 0 18.01
10 (CP) 0 0 17.61

11 (CP) 0 0 17.68
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Analysis through ANOVA indicated the mathematical model and as well as
statistical significance of each evaluated factor (independent variables) for a 95%
confidence interval. These results are displayed in Table 4 and figure 1. In Table 4
it can be observed that linear variables corresponding to HH and yeast extract are
statistically significant. With respect to quadratic variables, only the one associated to
HH is significant, being it the most relevant variable regarding lactic acid production.
Hence, the quadratic variable associated to the yeast extract is not included in the
mathematical model (Equation 1). However, interaction between the two factors, which
is marginally significant (0.06), is included.

Lactic acid (g/L)= 17.76 + 1.85*x - 0.59*x? + 0.46*y - 0.41*x*y (D)
Where:
X Hemicellulose hydrolysate (%) (v/v)
y Yeast extract (g/L)

Table 4. Analysis of variance (ANOVA) for lactic acid production after 48h.

Factors Sum of squares GL  Median square F P
(1) Hydrolysate(L) 27.384 1 27.384 610.861 0.002
Hydrolysate (Q) 1.986 1 1.986 44301 0.022
8 Yeast extract 1.693 1 1693 37759 0.025
Yeast extract (Q) 0.031 1 0.031 0.687 0.494
ILx 2L 0.684 1 0.684 15.260 0.060
lack of fit 0.715 3 0.238 5319 0.162
Pure error 0.090 2 0.045

Total 32932 10

The coefficient of determination (R>=0.975) indicates a high significance of the
model, which is corroborated by a lack of fit that is not significant. Only 2.5 % of the
total variance cannot be predicted by the model. Overall, these results indicate that
model fits well experimental data.

Response Surface (figure 2), which relates the independent variables (HH and yeast
extract concentrations) to the dependent variable (concentration of produced lactic acid),
was obtained through model regression. For purposes of optimization, the following
parameters were applied: increase of lactic acid concentration, increase of HH propor-
tion with respect to culture medium and decrease in the levels of yeast extract. A propor-
tion of 40 %, along with 5 g/L of yeast extract were indicated as the optimal conditions.
These conditions were then validated and result is shown in Table 5.
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Figure 1. Pareto chart for lactic acid production (CCRD design) by Lactobacillus pentosus.

Figure 2. Response Surface for lactic acid production after 48 h of fermentation
by Lactobacillus pentosus.

47
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Table 5. Validation of predicted model for lactic acid production after 48h
by L. pentosus.

Limits
Factor Predicted value Experimental result
-95% +95%

Lactic acid (g/L) 18.12 19.60 18.86 19.17 £ 1.88

As it can be observed from Table 5, experimental result is within the predicted limits
for a 95% confidence interval, which validates the mathematical model, as well as the
optimization. Regarding lactic acid production, 19.17 g/L was produced in 48 h, with 0.80
g/g of yield and volumetric productivity of 0.40 g/(L-h). Moreover, 1 g/g is the maximum
theoretical yield to lactic acid production from xylose, meaning the optimization in this
work reach a fermentation efficiency of 80 % in serum bottle (De Oliveira, Komesu, Rossell
& Maciel Filho, 2018). In addition, the presence of HMF, furfural, and acetic acid (from
HH) did not inhibit production of lactic acid by L. pentosus ATCC 8041, so it was unne-
cessary to detoxify the HH prior to the fermentation step. Thus, results indicate that HH
stands as potential carbon source with application in the industrial production of lactic acid.

Previously, Pejin et al. (2018) evaluated industrial by-products such as brewer’s
spent grain (BSG) hydrolysate, malt rootlets extract (MRE) and soybean meal extract
(SME) for L-(+) lactic acid production by L. rhamnosus ATCC 7469. They observed
the addition of MRE and SME increased the concentration of free amino nitrogen
(FAN) and essential minerals (Fe, Mg, Mn, and Zn), which had a positive effect on
the fermentation. In batch fermentation, the highest lactic acid concentration (25.73
g/L), yield (86.31 %), and volumetric productivity (0.95 g/(L'h)), were obtained with
the addition of 50% MRE.

Liu et al. (2018) investigated the utilization of other residue: cheese whey powder
(CWP) by Lactobacillus bulgaricus CGMCC 16970. To fully utilize proteins in CWP,
different proteases were selected to hydrolyze CWP, and the highest D-lactic acid
concentration was obtained using neutral protease pretreated CPW as substrate. Then
70.70 g/L D-lactic acid with an average productivity of 1.47 g/(L-h) was obtained from
batch fermentation in biorreactor with yeast extract supplementation.

According to Es et al. (2018), genetic and metabolic engineering and improving
novel techniques such as cell recycle systems and simultaneous saccharification, will
lead engineered microorganisms to produce lactic acid with increased concentration,
yield, and productivity. Which corroborating with De Oliveira, Komesu, Rossell &
Maciel Filho (2018), they said genetic engineering tools are developing quickly, focu-
sing on creating more resistantand productive microorganisms. Lactic acid production
promises to be one of the sectors with more innovation in the near future.

4. CONCLUSION

To sum up, at optimal conditions, after 48 h of fermentation 19.17 g/L of lactic
acid were produced using hemicellulose hydrolysate as carbon source. This result
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corresponds to a volumetric productivity of 0.40 g/(L'h) and 80 % of fermentation
efficiency. Hence, findings of this work demonstrate that hemicellulose hydrolysate,
obtained from dilute acid pretreatment of sugarcane bagasse, is a promising carbon
source for lactic acid production presenting efficient xylose consumption.
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