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Abstract

Objective The extraction of the hemicellulose frac-

tion of sugarcane bagasse (SCB) by acid hydrolysis

was evaluated in an autoclave and a Parr reactor

aiming the application of the hydrolysate as a carbon

source for lipid production by Lipomyces starkeyi.

Results The hydrolysis that resulted in the highest

sugar concentration was obtained by treatment in the

Parr reactor (HHR) at 1.5% (m/v) H2SO4 and 120 �C
for 20 min, reaching a hemicellulose conversion of

approximately 82%. The adaptation of the yeast to the

hydrolysate provided good fermentability and no lag

phase. The fermentation of hemicellulose-derived

sugars (HHR) by L. starkeyi resulted in a 27.8% (w/

w) lipid content and YP/S of 0.16 g/l.h. Increasing the

inoculum size increased the lipid content by approx-

imately 61%, reaching 44.8% (w/w).

Conclusion The hemicellulose hydrolysate from

SCB is a potential substrate for L. starkeyi to produce

lipids for biodiesel synthesis based on the biorefinery

concept.

Keywords Microbial oil � Hydrolysate � Biofuel �
Lipomyces starkeyi � Hemicellulose

Introduction

Fluctuations in the price of fossil fuels coupled with

concerns about energy security and an increasing

awareness of the environmental impact associated

with CO2 emissions, have caused the development of

alternative energy solutions to one with become a

global priority (Santamauro et al. 2014). Thus,

changing the global energy mixture to renewable and

sustainable sources is necessary (Furlan et al. 2013)

and biofuels are one of the best options to initiated the

transition from short-term petroleum-based fuels

(Balan 2014). Biodiesel is an important renewable

fuel and a possible candidate to replace fossil fuels and

become a source of primary energy for the world

(Feofilova et al. 2010). This biofuel is produced by

transesterification of triacylglycerols (TAGs), obtain-

ing glycerol as a byproduct (Lopes et al. 2020).

However, the application of edible vegetable oils

(soybean, palm, rapeseed, peanut, sunflower) (Mishra

and Goswami 2017; Thangaraj et al. 2019), as raw

material in the production of biodiesel leads to
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restrictions on economic production and competitive

commercialization of this biofuel since the use of these

feedstocks can represent approximately 70–95% of the

production costs (Ma et al. 2018) and competes with

food crops for agricultural land and environmental

impact (Santamauro et al. 2014). Microbial oils,

termed single cell oils (SCOs), have many interesting

characteristics such as adding nutritional quality to

biomass for animal feed and possibly replacing

vegetable oil and fats such as cocoa butter, palm oil

and specific fatty acids, i.e. PUFAs (polyunsaturated

fatty acids), for human nutrition and food application

(Galán et al. 2019; Bharathiraja et al. 2017; Ochsen-

reither et al. 2016). In addition, SCOs are considered

promising candidates for the production of biodiesel,

as they present advantages such as similar fatty acid

composition to that of vegetable oils, no seasonality to

their production, no dependence on arable lands and

production by cultivation in bioreactors (Lopes et al.

2020; Xavier et al. 2017; Santamauro et al. 2014).

Oleaginous organisms, such as microalgae, bacte-

ria, fungi and yeast have the ability to store lipids at

more than 20% (w/w) of their dry weight (Christophe

et al. 2012). Lipomyces starkeyi is an excellent lipid

producer since is capable of accumulating triacylglyc-

erols at levels over 70% of its dry cell weight and

assimilating different carbon sources (Takaku et al.

2020; Sutanto et al. 2018). The high cost of raw

materials, such as sucrose and glucose, is the major

obstacle to SCO becoming an ecomonically feasible

raw material for biodiesel production, and using low-

cost feedstock could decrease the cultivation costs

(Matsakas et al. 2014; Lopes et al. 2020). Thus, finding

inexpensive substrates and selecting suitable microor-

ganisms able to efficiently assimilate these substrates

for SCO production and suitable solvents for down-

stream processes are important aspects to be consid-

ered for cost-effective production of biofuels

(Subramaniam et al. 2010; Zhao et al. 2012; Xiong

et al. 2015).

Hemicellulose, a constituent of lignocellulosic

biomass, is an inexpensive alternative carbon source

that can be used after sugar extraction as hemicellu-

losic hydrolysate (HH). Hemicellulose extraction can

be carried out by the pretreatment of lignocellulosic

biomass such as sugarcane bagasse (SCB) using

physical, chemical, physico-chemical or biological

methods (Canilha et al. 2013; Bonturi et al. 2017;

Tsegaye et al. 2019). These pretreatment techniques

promote the breakdown of the hemicellulose-lignin-

cellulose complex, hydrolyzing hemicellulose and

releasing fermentable sugars such as xylose, arabinose

and glucose (Canilha et al. 2013). Diluted acid

pretreatment is one of the most commonly applied

methods for hemicellulose depolymerization and has

been reported in many studies (Brandenburg et al.

2016; Bonturi et al. 2017; Galbe and Walberg 2019;

Xavier et al. 2017; Tsegaye et al. 2019; Aguilar et al.

2002). Undesired compounds that inhibit microbial

growth such as furfural, 5-hydroxymethylfurfural and

acetic acid are produced as byproducts during the

hydrolysis of hemicellulose in addition to sugars

(Galbe and Walberg 2019; Brandenburg et al. 2016;

Canilha et al. 2013). To overcome the inhibitory effect

the development of strains tolerant to toxic com-

pounds through the adaptation of cells or high cell

density cultivation can be an alternative to the

detoxification of lignocellulosic hydrolysates to be

used in obtaining sustainable products and value-

added biomolecules (Bonturi et al. 2017; Westman

and Franzén 2015).

Since hemicellulose hydrolysate is a secondary

stream in 2G ethanol plants due to the difficulty in

fermenting xylose with ethanol-producing microor-

ganisms and since the hemicellulosic fraction is the

second most abundant polysaccharide in nature,

hemicellulose hydrolysate can be considered a

promising renewable and sustainable feedstock for

industrial applications (Lopes et al. 2020; Xavier et al.

2017). Therefore, this work aimed to extract hemicel-

lulose from sugarcane bagasse by dilute acid pretreat-

ment using different equipment and evaluate the use of

hemicellulosic hydrolysates in the production of

microbial oil.

Material and methods

Raw material

Sugarcane bagasse (SCB) samples were kindly pro-

vided by CTBE (National Laboratory of Science and

Technology of Bioethanol) from Usina da Pedra,

Serrana-SP, Brazil. These samples were labeled A and

R for the treatments using an autoclave and a Parr

reactor, respectively. The sugarcane bagasse moisture

content was approximately 9%. The chemical com-

position of the pretreated sugarcane bagasse was
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determined using the method reported by Gouveia

et al. (2009), Rocha et al. (2011), Canilha et al. (2011).

Pretreatment of sugarcane bagasse

The sugarcane bagasse was pretreated by acid hydrol-

ysis with dilute sulfuric acid to obtain the hemicellu-

losic hydrolysate for lipid production. The

pretreatment adapted from Aguilar et al. (2002) was

performed in an autoclave or a 7.5 L Parr reactor

model 4554 (Parr Instrument Company, Illnois- USA)

with 1.5% (w/v) H2SO4 at 120 �C for 20 min (Fig. 1).

Pressures in the autoclave and Parr reactor were

approximately 14.2 psi and 30 psi, respectively. The

hemicellulosic hydrolysate (liquid phase) was named

HH.

The extent of hemicellulose conversion by acid

hydrolysis was calculated by relating the amount of

hemicellulose obtained (g) to the amount of bagasse

(dry basis) used in the pretreatment, according to the

Eq. 1.

CHð%Þ ¼ Mh

F � B � 100 ð1Þ

where CH: Hemicellulose conversion (%). F: Hemi-

cellulose percentage of sugarcane bagasse. B: Bagasse

mass (g). Mh: Mass of hemicellulose after the

pretreatment* (g). *Hemicellulose = pentoses (xy-

lose ? arabinose)*0.88 ? furfural*1.38 ? acetic

acid*0,72 (Canilha et al. 2011).

Strain and medium

The yeast utilized was L. starkeyi DSM 70,296,

maintained in YPD agar medium at 4 �C in a

refrigerator. Pre-inoculation was carried out in YPX

medium composed of 20 g/l xylose, 10 g/l yeast

extract and 10 g/l peptone. The composition of the

inoculum and fermentation medium was as follows

(per liter): 20 g of xylose (synthetic medium), 0.66 g

of yeast extract, 0.45 g of (NH4)2SO4, 1 g of Na2-
HPO4, 3.5 g of KH2PO4, 0.4 g of Mg2SO4

.7H2O,

0.04 g of CaCl2
.2H2O, 0.08 g of ZnSO4.7H2O,

0.001 g of CuSO4.5H2O, 0.001 g of CoCl2.6H2O

and 0.005 g of (NH4)2Mo2O7 (pH 5.5). For all other

studies, HHA and HHR were used as carbon sources,

supplemented with the salts of synthetic medium at the

same concentrations; pH 5.5, and a carbon-to-nitrogen

Fig. 1 Production of hemicellulose hydrolysate (HH). Abbreviation: S:L = solid:liquid
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(C/N) ratio of 50; and sterilized at 120 �C for 15 min

(Xavier et al. 2017).

Culture conditions

Adaptation of L. starkeyi to hemicellulosic hydrolysate

(HH)

L. starkeyi was adapted to HH to reduce the lag phase

during HH cultivation due to the potential inhibitors

present in hemicellulosic hydrolysate and lead to

improved fermentation efficiency. The adaptation was

performed by transferring 30% (v/v) of pre-inoculum

cultivated in YPX to 100%HHmedium and during the

exponential-growth phase of yeast it was transferred

successively to 100% of HH medium, similar to the

adaptation performed by Aristizabal (2013). The

exponential-growth phase was considered as the phase

in which the specific growth rate was maximum and

constant. Adaptation 1 (AD-1) represents the first

transference from the pre-inoculum to 100% HH

medium (inoculum) and adaptation 2 (AD-2) refers to

the second transference to HH and so on until 7 steps

of adaptation (AD-7). Experiments were carried out in

250 mL flasks in an orbital shaker incubator at 28 �C,
200 rpm, pH 5.5 and a working volume of 100 mL.

The maximum specific growth rate (lmax) was deter-

mined by the Eq. 2.

lmax ¼
1

X

dX

dt
ð2Þ

where X: concentration of cells (g L-1). t: fermenta-

tion time (h).

Fermentations

For fermentations of synthetic medium (xylose as

carbon source) and HH medium the pre-inoculum was

prepared by propagation of L. starkeyi in synthetic

liquid medium (YPX) for 48 h at 28 �C, 200 rpm, pH

5.5 in an orbital shaker (Xavier et al. 2017). The

inoculum was incubated for approximately of 30 h in

liquid medium (HH or synthetic medium) and the

concentration of approximately 1.0 g/l of cells was

used for the experiments. Fermentations were con-

ducted in 250 mL shaking flasks with a working

volume of 100 mL under the same inoculum prepa-

ration conditions. Aliquots were collected at various

intervals and stored at - 20 �C until analysis of the

substrate concentration, dry cell weight (DCW) and

lipid content.

Analytical methods

The concentrations of xylose, arabinose, glucose and

acetic acid in the hydrolysates were determined by ion

chromatography (Metrohm, Switzerland). For sugar

determinations, a Metrohm system (polystyrene/di-

vinylbenzene copolymer column, particle size of

5 mm, dimensions of 150 9 4.0 mm, 871 Advanced

Bioscan detector), NaOH (0.1 mM/L) at 1.0 mL/min

as the eluent, column and detector temperatures of

30 �C were used. The Somogy-Nelson colorimetric

method was used to monitor on-time the sugar

concentration on-line during fermentation (Tapia

et al., 2012).

Acetic acid was determined using a Metrosep

organic acid column (250 9 7.8 mm Metrohm AG

CH 9101), mobile phase consisting of 0.5 mMH2SO4,

an injection volume of 196 lL and a conductivity

detector (Xavier et al. 2017). For the determination of

furfural and hydroxymethylfurfural (HMF), high-

performance liquid chromatography (HPLC Waters)

was used with the following setup and conditions: a

Delta-Pak C18 column (150 9 3.9 mm, 5 lm, 300 Å)

at 25 �C, a UV detector (486) at 280 nm, a mobile

phase consisting of acetonitrile (2.5%): H3PO4 2 mM

(1:1) at a flow rate of 0.5 ml/min and an injection

volume of 10 ll. Before injection samples for deter-

mination of sugars and inhibitors were filtered through

polyvinylidene fluoride (PVDF) and polytetrafluo-

rethylene (PTFE) syringe filters each with pore sizes

of 0.45 lm and diameters 13 mm (Xavier et al. 2017).

The cell concentration was determined by the cell

dry weight (Xavier et al. 2017). During fermentation

the cell biomass was monitored by turbidimetry and

calculated from a standard curve made by plotting the

dry weight of cells vs the OD600.

The inorganic nitrogen content was determined by

the Berthelot reaction as described by Srienc et al.

(1984).

The lipid content was quantified by Bligh-Dyer’s

method (Bligh and Dyer 1959; Manirakiza et al.

2001). Prior to lipid extraction, the lyophilized cells

were pretreated with 2 M HCl at 80 �C for 1 h (Tapia

et al. 2012; Xavier et al. 2017).
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Results and discussion

Hemicellulosic hydrolysate (HH) from sugarcane

bagasse (SCB)

Two types of equipment were used to perform SCB

hydrolysis to obtain hydrolysates with high a concen-

tration of xylose and a low content of inhibitors. The

HHs obtained by the autoclave and Parr reactor were

named HHA and HHR, respectively. The acid hydrol-

ysis of SCB using an autoclave or Parr reactor released

sugars such as xylose, which was the major hemicel-

lulosic sugar produced and reached concentrations of

approximately 13.2 and 18.5 g/l, respectively, and

glucose and arabinose, produced at lower concentra-

tions (Fig. 2). It may be noted that HHR had an

approximately 40% higher xylose concentration than

did HHA possibly due to the pressure difference in the

systems. Glucose can originate from the cellulosic

fraction or heteropolymers of the hemicellulose frac-

tion (Aguilar et al. 2002). It is possible to observe a

low glucose concentration because the hydrolysis of

hemicellulose hardly damages the cellulosic fraction,

as hemicellulose bonds are weaker than cellulose

bonds and require milder hydrolysis conditions than to

produce hexoses (Aguilar et al. 2002; Tsoutsos et al.

2011). This was verified through the mass balance

applied to the bagasse pretreatment process in auto-

clave and Parr reactor where only 3.32% and 4.8%,

respectively, of the cellulosic fraction fed

(A = 14.85 g and R = 127.2 g) was detected in the

hydrolyzate, as a consequence of the low glucose

concentration.

In addition to sugars, acetic acid (Fig. 2), furfural

and 5-hydroxymethilfurfural (HMF) were produced

during the pretreatment of SCB (Fig. 3). These

compounds are generated by the degradation of the

hemicellulose and cellulose fractions of lignocellu-

losic biomass and are considered potential inhibitors

of microbial metabolism, hindering the bioconversion

of sugars into desired products (Canilha et al. 2010). In

both hydrolysates, the furfural concentration was

higher than the HMF concentration due to the

increased degradation of pentoses during acid hydrol-

ysis (Fig. 3). Weak acids, furans (5-HMF, furfural)

and 5-HMF are released when hemicellulose and

cellulose are broken down, respectively (Chandel et al.

2011). The furfural and HMF concentrations remained

below 300 ppm and 200 ppm, respectively, in both

hydrolysates. Acetic acid is formed by hydrolysis of

the acetyl groups in hemicellulose as a result of the

deacetylation of acetylated pentosans (Chandel et al.

2010). The acetic acid concentration was 3.6 g/l in

HHR and 2.6 g/l in HHA (Fig. 2). Chandel et al. (2007)

obtained a similar composition of sugarcane bagasse

hydrolyzed with 1.5% HCl at 140 �C for 30 min

resulting in 17.2 g/l xylose, 3.8 g/l glucose, 2.56 g/l

arabinose, and 3.5 g/l acetic acid.

Under the same operating conditions the sugar and

inhibitor compositions were higher in HHR than in

HHA, however, the hemicellulose conversion reached

approximately 82% compared to 65% for HHA. The

improvement in hemicellulose yield may have been

due to the better operating conditions in the reactor

than in the autoclave, which could have improved the

efficiency of hydrolysis as well as the recovery of

sugars from the hydrolysates. However, it may also

have prevented the reduction in volatile inhibitor

concentrations by evaporation (Lenihan et al. 2010;

Chandel et al. 2011) generating higher levels of

inhibitors in the HHA. The extents of hemicellulose
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conversions found in this work can be considered a

good result, even that obtained in the autoclave

(* 65%), since only 1 step was needed to extract of

hemicellulose. Comparatively, Lopes et al. (2020)

carried out a hydrothermal treatment for the solubi-

lization of Eucalyptus uograndis hemicellulose fol-

lowed by hydrolysis at 121 �C for 60 min with 0.5%

(v/v) H2SO4, and the total sugar reached 96% of the

hydrolysate.

The high conversion of hemicellulose was also

evidenced by the chemical composition of sugarcane

bagasse before and after pretreatment (Table 1). The

hemicellulose fraction showed a reduction greater

than 75% reaching a hemicellulose content of 5% for

both pretreated SCBs. In addition, the pretreatment

resulted in an enrichment of the cellulose content by at

least approximately 17%.

Adaptation of L. starkeyi to HH

Some microorganisms have the ability to degrade

inhibitors and this natural strategy only needs to be

exploited or enhance to overcome the inhibitors in

lignocellulose biomass. In some cases, this is done

through adaptation and genetic engineering. It is

desirable to develop adapted lipid-producing yeasts

that requires minimal or no detoxification treatment,

as it not only reduces the cost of detoxification, but

also prevents the loss of fermentable sugars from

hydrolysates (Parawira and Tekere 2011). One alter-

native to circumvent inhibitor problems is to improve

microorganisms by evolutionary engineering (Kop-

pram et al. 2012). This strategy is based on a

systematic selection procedure in which the long term

adaptation of cells under selective pressure favors a

desired phenotype (Hacisalihoğlu et al. 2018; Kop-

pram et al. 2012). This phenomenon produces variants

of the cell population with a selective advantage that

exponential take over the initially dominating cells

(Koppram et al. 2012).

Many evolutionary engineering studies have

attempted to adapt microorganisms to hydrolysates

and increase their tolerance to inhibitory compounds,

such as HMF and furfural to improve the fermentation

process to obtain new products (Kootstra et al. 2009;

Zhu et al., 2009; Helmberger et al. 2011; Silva et al.

2014; Bonturi et al. 2017). Bonturi et al. (2017)

reported the successful adaptation of Rhodosporidium

toruloides to sugarcane bagasse hydrolysate increas-

ing its tolerance to inhibitors and its lipid production

compared to those of the parental strain. However, due

to inhibition and stress by toxic substances most

studies have carried out the adaptation of microor-

ganisms by successive cultivations in different pro-

portions of hydrolysate. L. starkeyi showed an increase

in cell growth and a reduced lag phase when cultivated

in 100% hydrolysate, that is, when the inoculum was

prepared directly in HH medium (Fig. 4). The max-

imum specific growth rate (lmax) considerably

increased from 0.04 h-1 to 0.07 h-1 at AD-2 phase.

The highest lmax was achieved in the AD-4 phase for

both hydrolysates, reaching lmax similar to that

reported by Garzón (2009) for the xylose fermenta-

tion. After AD-4 phase the lmax was reduced reaching

the lowest rate at AD-7 phase (Table 2). The adapted

yeast from AD-4 phase was stored at -80 �C into

respective HH medium with 10% (v/v) glycerol to be

used for later fermentations. However, this adapted

yeast did not showed good fermentability when trying

to reactivate it in the hydrolysate showing long lag

phase. Thus, this yeast from AD-4 phase was not

considered for the further experiments.

When microorganisms are exposed to inhibitors

during cultivation, short- or long-term adaptations can

Table 1 Chemical composition of sugarcane bagasse

Sugarcane bagasse Cellulose (%) Hemicellulose (%) Lignin (%) Ash (%) Extractives (%)

Raw material A 49.5 ± 1.7 24.3 ± 0.8 22.7 ± 0.1 0.3 ± 0.1 ND*

R 42.6 ± 0.1 26.2 ± 0.5 22.5 ± 0.3 4.3 ± 0.1 5.3 ± 0.5

Pretreated A 58.3 ± 0.31 5.6 ± 0.4 33.1 ± 0.51 1.2 ± 0.1 –

R 50.9 ± 1.48 5.4 ± 1.14 37.1 ± 1.9 5.2 ± 1.5 –

A and R refer to the samples used for the treatment using autoclave and Parr reactor, respectively

*not determined
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be promoted (Bonturi et al. 2017). Therefore, for

subsequent experiments the adaptation AD-1 was of

applied to hydrolysates due to the significant improve-

ment in fermentability when the inoculum was

prepared with hydrolysate (Fig. 4). Furthermore, the

adaptation of yeasts to the lignocellulosic hydrolysate

prior to fermentation is suggested as an alternative

approach to detoxification (Parawira and Tekere 2011;

Bonturi et al. 2017).

The sugar consumption and inhibitor profile were

monitored only during AD-7 (Figs. 5 and 6). No lag

phase was observed, but immediate growth and a

reduction in inhibitor concentration where observed

during fermentation.

The significant improvement in fermentability from

AD-1 to AD-2 strongly indicates that this yeast has

great tolerance to inhibitors, such as furfural, HMF

and acetic acid, at the concentrations found in this

study. Good results have been presented from adapted

yeast strains, but additional investigations need to be

carried out to determine how long the improved

characteristics derived from adaptation remain after

the application of selective pressures.

Fermentations

L. starkeyi can consume xylose efficiently and produce

lipids. In synthetic culture medium, the yeast was able

to produce 10.4 g/l of cells, a lipid accumulation of

29.1% (w/w) and a lipid yield of 0.14 g/g (g lipid/g

xylose) (Fig. 7, Table 3). Xavier et al. (2017) reported

lipid contents and yields of 36.8% (w/w) and 0.16 g/g,

respectively, when L. starkeyi was cultivated on

xylose using approximately 3.0 g/l inoculum. The

inoculum size has a considerable effect on lipid

biosynthesis and cell mass concentration. Anschau

et al. (2014) found an improvement in the lipid content

of 25.3 to 31.7% (w/w) and a yield of biomass and

lipids three times higher than those reached when

1.0 g/l inoculum was applied for culture in a glucose
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during the adaptation phases in HH

Adaptation lmax (h
-1)

HHA HHR
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AD-2 0.07 0.07
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AD-4 0.09 0.08

AD-5 0.09 0.07

AD-6 0.07 0.06

AD-7 0.04 0.04

Component lmax (h
-1) Reference

Xylose 0.09 Garzón (2009)

Glucose:Xylose (30:70) 0.04 Anschau et al. (2014)
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and xylose mixture. Liu et al. (2012) reported that

microbial oil production was closely related to inoc-

ulation concentration when L. starkeyi was cultivated

in monosodium glutamate wastewater at different

inoculum concentrations. The nitrogen content was

depleted after 12 h of cultivation and since storage

lipid synthesis occurs under nitrogen-limited

conditions (Ratledge 2013) the remaining sugars were

diverted to SCO production.

The main sugars obtained from hydrolysates, such

as xylose and glucose, but not arabinose, were fully
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Table 3 Kinetic parameters obtained of L. starkeyi grown on

xylose and HH in shaking flasks

Parametera Culture medium

Synthetic HHR HHA

Xmax (g/l) 10.4 12.7 11.8

Lipids (%,w/w) 29.1 27.8 20.0

Lipids (g/l) 3.01 3.53 2.36

Yp/s (g/g)* 0.14 0.16 0.13

PL (g/l.h) 0.04 0.04 0.04

aRepresentations of cells (Xmax, g/l), lipids (g/l), lipids in dry

biomass (%, w/w), yield of lipid produced per unit of substrate

consumed (xylose, glucose, acetic acid) (YP/S, g/g), lipid

productivity (PL, g/l.h) of the end of fermentation
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Fig. 8 Kinetic profile of L. starkeyi during fermentation of

HHA. a Cell growth and sugars consumption: (fileed diamond)

Xylose, (open circle) Glucose, (filled square) Arabinose, (open

triangle) DCW; b Inhibitors: (filled circle) Acetic acid, (filled

triangle) Furfural, (open square) HMF. All analyzes were

performed in triplicate and error bars denote the standard

deviation
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assimilated by L. starkeyi without appreciable inhibi-

tion, suggesting the importance of carrying out the

previous adaptation to HH (Figs. 8a and 9a). L.

starkeyi showed diauxic growth consuming xylose and

glucose sequentially during cultivations of HH due to

glucose repression, as found by Zhao et al. (2008).

Additionally, the consumption of acetic acid, furfural

and HMF (Fig. 8b, 9b) during fermentation of

hydrolysates was observed. Xavier et al. (2017)

demonstrated that L. starkeyi can metabolize acetic

acid, a lignocellulose hydrolysis byproduct, for growth

and lipid production. Some works have shown the

application of acetic acid as the sole carbon source in

feedstock or as a co-substrate for oleaginous yeast

cultivation (Masri et al. 2019; Xavier et al. 2017;

Huang et al. 2016; Liu et al. 2015a, b; Gong et al.

2015). The tolerance to aldehyde compounds is most

likely due to the ability of microorganisms to convert

these compounds to the corresponding less inhibitory

alcohols (Nilsson et al. 2005). First, the yeast ferments

the sugars; it reduces toxic furfural to noninhibitory

furfuryl alcohol and HMF to 5-hydroxymethylfurfuryl

alcohol in a prolonged lag phase (Li et al. 2011).

Bioreduction of furfural and HMF may shorten the lag

phase, highlighting the importance of prior adaptation

of yeast to the hydrolysate. In general, the effects of

furans can be explained by a redirection in yeast

energy to fix the damage caused by furans and by

reduced intracellular ATP and NAD(P)H levels, either

by enzymatic inhibition or consumption/regeneration

of cofactors (Almeida et al. 2007). L. starkeyi has key

genes related to the metabolism of inhibitors that

indicate a natural ability to process these compounds

(Xavier et al. 2017).

The cultivation of L. starkeyi in hydrolysates

showed kinetic profiles similar to those for cultivation

in xylose (Figs. 7, 8, 9). However, lipid accumulations

of 20% and 27.8% for HHA and HHR, respectively,

were reached, which were lower than the 29.1% for

xylose (Table 3). The lipid yield (YP/S) obtained from

the hydrolysates was slightly different from that for

the xylose culture, although the highest yield of

0.16 g/g was achieved for HHR. The lower production

of microbial oil from HHA may have been due to the

lower substrate content, since similar kinetic param-

eters were observed for the cultivations. A culture of

HHR using approximately 3.0 g/l inoculum under the

same operating conditions showed a kinetic behavior

similar to that presented with the use of 1.0 g/l

inoculum. Nevertheless, increasing the inoculum

concentration substantially improved the lipid content

to 44.8% (w/w), representing an increase of 61.2%.

The lipid yield for this cultivation was 0.15 g/g.

Xavier et al. (2017) found lipid accumulation of 36.8%

(w/w) and 26.9% (w/w) for xylose and HH cultiva-

tions, respectively, using approximately 3.0 g/l inocu-

lum. Juanssilfero et al. (2018) investigated the effect

of different sizes of an L. starkeyi NBRC10381

inoculum on lipid production using glucose and/or

xylose as the carbon source. The authors reported

reaching a lipid content of more than 80% (w/w) for

with high inoculum sizes. The microbial oil accumu-

lated with xylose was 86.6% (w/w) using approxi-

mately 6.0 g/l inoculum. Liu et al. (2015a) reported an

increase in lipid accumulation from 36.4% (w/w) to

47.2% (w/w) when undetoxified corncob hydrolysa-

te was used in high cell density culture with a two-

stage nitrogen feeding strategy. The lipid productivity
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from HH and xylose was nearly constant at 0.04 g/l.h

(PL) (Table 3).

Nitrogen was exhausted after 24 and 36 h for HHA

and HHR, respectively, with no remaining sugars,

besides arabinose, detected at the end of fermentation.

Many microorganisms such as Yarrowia lipolytica

(Gao et al. 2020), Rhodotorula glutinis (Maza et al.

2020), Cryptococcus curvatus (Park et al. 2017),

Rhodotorula toruloides (Lopes et al. 2020), and

Trichosporon cutaneum (Gao et al. 2014) are able to

grow on many types of substrates and produce high

amounts of lipids. Lipomyces starkeyi can assimilate a

broad range of substrates including glucose, xylose, a

mixture of sugars, molasses, glycerol, the hemicellu-

losic fraction of birch wood, sap from felled old oil

palm trunks, hydrolysate form oil palm empty fruit

bunch, and lignocellulosic hydrolysates, to grow and

produce high contents of lipids (Dien et al. 2016; Wild

et al. 2010; Bonturi et al. 2015; Juanssilfero et al.

2018, 2019; Anschau et al. 2014; Gong et al. 2012;

Vieira et al. 2014; Liu et al. 2017; Brandenburg et al.

2016; Thanapimmetha et al. 2019; Xavier et al. 2017).

In addition, new carbon sources can be explored for

this yeast by investigating carbohydrates obtained

from unconventional sources such as moss Rhodo-

bryum ontariense (Kindb.) Kindb. (Pejin et al. 2012).

Thus, L. starkeyi has a great biotechnological advan-

tage due to its ability to grow on inexpensive

substrates, such as hemicellulosic hydrolysate, for

the production of lipids and to metabolize potential

fermentation inhibitors.

Microbial oil produced by L. starkeyi has a

composition similar to that of some vegetable oils,

such as palm oil (Juanssilfero et al. 2019; Xavier et al.

2017) that are used for biodiesel production. The

major fatty acids of L. starkeyi-derived oil are oleic

acid (C18:1) and palmitic acid (C16:0) (Juanssilfero

et al. 2019; BonturI et al. 2015; Liu et al. 2017; Xavier

et al. 2017; Sutanto et al. 2018; Brandenburg et al.

2016), comprising approximately 80% of the total

fatty acids. The fatty acid profile of yeast lipids is

dependent on the type of substrate used for growth as

well as the fermentation conditions, and thus, the

proportions of oleic and palmitic acids can be affected

(Sutanto et al. 2018). L. starkeyi-derived lipids from

hydrolysates of agricultural or industrial residues

present long-chained unsaturated fatty acids contain-

ing 16 and 18 carbons, which dominate the fatty acid

composition (Tchakouteu et al. 2015; Wang et al.

2014; Juanssilfero et al. 2019; Xavier et al. 2017; Liu

et al. 2017; Vieira et al. 2014) indicating that it is a

potential feedstock for the production of biodiesel.

Based on the compositional data on the lipids

produced by L. starkeyi reported in many studies and

the remarkable similarity of this oil to palm oil, it is

suggested that biodiesel produced from oil obtained

from this yeast meets the standard specifications for

biodiesel (Juanssilfero et al. 2019; Xavier et al. 2017).

Conclusion

The pretreatment of sugarcane bagasse with dilute

acid was able to solubilize at least approximately 65%

of hemicellulose, generating fermentable sugars, espe-

cially xylose, and this solubilization efficiency

reached 82% when the hydrolysis was carried out in

a Parr reactor under the same conditions, resulting in a

higher concentration of sugars.

The adaptation of L. starkeyi showed high lmax

when used directly in the hydrolysate in successive

transfers but the yeast was unable to maintain this

performance when preserved and reactivated for a new

fermentation of HH. However, preparing the inoculum

directly in 100% hydrolysate significantly improved

the fermentability of the hemicellulosic hydrolysate

without an appreciable lag phase. L. starkeyi was able

to grow and produce SCO efficiently when cultivated

using hemicellulose hydrolysate from sugarcane

bagasse, presenting a yield and lipid content similar

to those when pure xylose was used. Moreover, this

yeast has a tolerance to furfural, HMF and acetic acid

and could consume these potential inhibitors during

fermentation. Increasing the inoculum size from 1.0 to

3.0 g/l increased the lipid content 1.6 times over that

from HHR culture. Therefore, the hemicellulosic

hydrolysate from sugarcane bagasse has the potential

to be a source of low-cost raw material for the

biodiesel production chain, and L. starkeyi has been

shown to be a promising oleaginous yeast for

fermentation processes that employ pentoses as carbon

sources.
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