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ABSTRACT

With an evergrowing population, global energy demand increases, thereby contrilbotthg
depletion of fossil resources aigeir limited reservesThereby, to lessen the environmental
damage caused by fossil fuels, there has been a surgeerefst in developing and producing
biofuels from renewable feedstocks, such as microbial lipids. Typically, they are deaved
biochemical process using liquid hydrolysates obtained from forestry residues as a substrate.
However, microbial lipid prduction using hydrolysates presents numerous challenges, including
the need for a strain that can accumulate high lipid titers, consumesafiben sugars (C5), and
tolerate inhibitory compounds (e.g., furans, phenols, and organic acids), among @thes.
several microorganism&hodosporidium toruloidesan oleaginous yeastould be a potential
alternative to produce lipids. It is knowndocumulate lipidsip to 70%0f its dry cell weightuse
different carbon sources, and tolerseveral inhibitorcompoundsin this sensehie current thesis
explores theability of Rhodosporidium toruloideas a biefactory to produce microbial lipids
using C5 and Cé&vood hydrolysates as a culture medifferent R. toruloidesstrains were
screened, anB. torulodes1588 was determined to have the highest lipid accumulation of 35%.
Following the culture media, carbon to nitrogen ratio, use of lipid inducers, and sugar
concentration optimization, the lipid accumulation increased from 35% to 57.14%,with 95% and
80% of glucose and xylose utilization in hydrolysates, respectitgkewise, palmitic, stearic,

and oleic fatty acids were the stprominenly on theproduced lipids. FinallyR. toruloides1588
demonstrates the capacitygmw, accumulate lipids, andansform furfural into furfuryl alcohol

and 2furoic acid The strain was also assessed for its ability to tolénaibitory compounds

such as Bydroxymethyl furfural, vanillin, syringaldehyde, levulirdcid, ferulicacid, aceticacid,
vanillic acid and aminobenzoic aciilvith all these findings,his dissertationrconcludes thaR.
toruloides1588 is a suitable microorganism to produce microbial ljprdsich can servas a
feedstock to manufacture biodiesel or advanced bisfusing undetoxified wood hydrolysates as

a renewable and sustainable culture media.

Keywords: Rhodosporidium toruloidesWood hydrolysate, Lipid production, Fatty acids,
Sustainability, Biofuels, Fermentation technology, Genetic engineering, Modetiaig,u®
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CHAPTER ONE: BACKGROUND



1. INTRODUCTION

According to the International Energy Agency
from the conversion of bi omass into | iquid,
classified into two main categories: traditional and modern. Traditlwnanergy refers to the
traditional use of lignocellulosic biomass (charcoal and wood) for cooking and heating. On the
other hand, modern bioenergy refers mainly to technologies used to produce liquid biofuels which
contributes five times more to theabenergy demand in comparison with the bioenergy produced
from wind and solar sources. For instance, liquid biofuels such as bioethanol and biodiesel can be
used by the transport sector, in which 90% of its consumption depends on fossil fuels. Because of
the above facts, the growing demand for energy, the limited reserves of fossil resources for their
production and the damage caused to the environment have aroused the interest to develop and
implement new methods and technologies to obtaining biofuels femewable feedstocks],

[2]. In this sense, currently, the feedstocks used for biofuel production are highly dharse.
instance, to produce biodiesel, raw and refined vegetable oils, cooking oils, and rendered animal
grease has been used. Nevertheless, this feedstock has some restrictions to be used, for example in
the case of vegetable oils, the amount of land ugedrép cultivation. The aforementioned can

have a negative impact on national food security as well as on the supplies chain of the country
that uses this feedstock for biofuel production. The previous fact has generated the use of different
feedstocks wh special characteristics such as all year availability, economically competitive,
renewable, and that can be obtained through simple prod@}sds potential alternative are
microbial lipids obtained using renewable substrates such as liquid hydrolysates obtained from
lignocellulosic biomass, because they can be produced relatively easily and have begun to show
their profitability[4]. Lipids obtained through microorganismsais independent process in terms

that do not depend directly on climatic conditions, does not require large amounts of land, and can
use residues from different industries (industrial, agricultural, and foods) as an energy source for
its growth [5], [6]. Furthermore, the above action contributes to decreasing environmental
pollution caused by agricultural, food, beverage, and forestry industries due to in most cases,
companies do not have appropriate infrastructure and technology to handle, process or take
advantage of the residu¢3], [7]. An excellent alternative for microbial lipid production is
Rhodosporidiuntoruloidesthat during the last two dades has generated a growing interest due

to its great potential to accumulate lipids (up to 70%), their capability to utilize five andrbi@n



sugars as a carbon source as well as a high tolerance to microbial inhibitory compounds. The above
facts operdifferent areas of opportunity that need priority attention to make the biofuel process
suitable. This dissertation drives you trough several chemical, physical, and biological processes
and its combination. Firstly, the literature review (Chapter Twigref general perspective about

the forestry industry in Canada as well as its residues as a potential renewable feedstock to produce
wood hydrolysates that can be used as renewable substrate to produce microbial lipids.
Furthermore, a wide perspectiveoabthe production technologies, advantages, and disadvantages
about its use as a culture media to produce microbial lipids Eneglosporidium toruloides
Likewise, the Chapter Four in this dissertation provides key information about the alternative use
and exploitation of undesired compounds present in wood hydrolysates that has been reported to
be responsible to inhibit the microbial growth during the biochemical process. This information is
the great value due to the fact that most of the substratésnt these compounds are submitted

to different process to remove these undesired compounds, with a consequent economic increase
to the microbial lipid production process. In Chapter Five, the dissertation provides an extensive
analysis about the effeof different culture conditions to improve five carbon sugars as well as
lipid accumulation byRhodosporidium toruloidessing undetoxified wood hydrolysates as a
culture media. Lastly, the Chapter Six present novel data about the degrad&imdbgpodium
toruloides of several compounds that can cause partial or total microbial growth inhibition,
decreasing considerably the lipid accumulation process. In summary, this dissertation provides key
information on i) impact, consequences, and implicationgretreatments utilized on forestry
residues to produce wood hydrolysates, ii) potential use of wood hydrolysates as a culture media
for lipid production, and iii) tolerance to inhibitory compounds, and its impact in lipid production
using wood hydrolysaseas a substrate. In this sense the research in this dissertation contribute to
developing new processes with a biorefinery approach as well as to promote the efficient
conversion of forestry residues in form of liquid hydrolysate to produce-aalded boproduct

and raise a renewabtgeen biofuel industry.



CHAPTER TWO: LITERATURE REVIEW



2. REVIEW OF LITERATURE

2.1.Biofuels: a general overview

Biofuels can be defined as organic fuel, that can be obtained from some type of biomass or its
derivatives in combination with any of the current biotechnological processes to generate thermal
energy by combustig@]. Figure 1 shows the classification of biofuels using biomass as a primary
source of feedstock. According to the International Energy Agency in 2019, the biofuels it
produces provide 1.5% of the transportation fuel worldwide. This fact has generateceasancr

in biofuels production around the world during the last decade. Currently, biofuels production is
focused on specific parameters such as yield increasing;ehigfigy content, reduction of

greenhouse gases (GHGSs), low carbon content, and econonitiilifgas

Agricultural crops

Engineering microbes .

= Y “‘
. Biofuels smm

. 5 Agricultural residues

Algae biomass

Figure 1.Biofuel classification

In recent years, a great variety of biomass has been used for biofuels production. Biomass is
divided mainly into four categories: lignocellulosic (agricultural and cellulosic residues, food
wastes, forest residues, urban wood residues), sugar and &iacthegidues with residual sugars

and starch from maize, rice, wheat, or sugarcane mainly), solid wastes (municipal solid waste,

nonrecycled paper, furniture and demolition wood wastes)obg (forestry and agricultural



oleaginous crops, waste fatsegse, oils, and algal oil), other wastes (residues from wastewater
treatment plants, animal wastes, landfill gas, and bid§asYhe annual primary prodtion of

this raw material worldwide is approximately 220 billion tons on a dry basis (4500 exajoules (EJ)
of solar energy captured), equivalent to 270 EJ of sustainable energy (International Energy
Agency, 2019).

However, the best yields in terms of enelngye been obtained from lignocellulosic biomass (64%

of the total biomass produced), specifically from wood and its residuesyrieashg tree species

such as spruce, fir, willow, eucalyptus, and poplar are commonly used by the forest industry. The
averge yield of this species is up to 13 tons of biomass in dry weight per hectare/year under
controlled conditions. Likewise, residues from the forestry industry such as sawdust, bark, chips,

among others, are a potential renewable source for biofuels poooid€].

As a response to pollution caused by fossil fuels, biofuels have been strongly investigated in
European Union countries such as France, England, and the Netherlands. In the American
continent, the main cmtries in terms of developing processes for biofuels obtention using
lignocellulosic biomass are the USA, Brazil, and Canada. Particularly, in Canada, the
transformation of lignocellulosic biomass, especially from the forestry industry, represents
approxmately 6% of the total energy supdlil]. This fact has been generated the interest of
Canadian governments (federal and provincial) during the last two decades, to develop and study
new processes for Hioel production, especially "advanced biofuels". These "advanced biofuels"
differ from the conventional ones because they are being produced it using green conversion
technologies and methods and from renewable feedstocks, to minimize the use of laattgnd

as well as lower greenhouse gas emissions during their combdgjom this sense, Canada and

its vast forestry industry represent a great potential for the develomndnproduction of

conventional or advanced biofuels through lignocellulosic biomass as feedstock.

2.2.Forest and its industry in Canada

Canada has 35% of its land covered with forest, which is equivalent to 3.47 million hectares. The
Department of NatutaResources of Canada summarizes that 76.6% of the total forest area is

distributed into all provinces, 12.9% in territorial reserves, 6.2% in private areas, 2% in indigenous

areas, 1.65% in federal areas, 0.3% in municipalities and 0.4% in other fogore Fishows the



distribution of predominant tree species in the Canadian forest, with spruce and poplar being the

most abundant (Natural Resource Canada, 2019).

11.9%

5.8%
3.5%
3.3%

3%

2.7%

47.3%

I Spruce [ Poplar Il Pine [ | Fir M Hemlock [ ] Douglas-fir
I Birch [l Maple) M Cedar and other conifers [l Others

Figure 2. Tree genus distribution in the Canadian forest.

Theforestry industry is one of the most important manufacturing sectors in Canada. In 2017, this
industry generated more than 209,000 jobs across the country, contributing $24.6 billion,
equivalent to 1.6% of total Canada’s gross domestic product (GDP)effuotte, this industry

creates more jobs than other sectors, so it contributes in a better manner to the economic trade due
to addedvalue in all their products (Natural Resource Canada, 2019). According to the Food and
Agriculture Organization of the UnideNations (FAQO), the sawn wood is the principal product of

the Canadian forestry industry with a production of 4.50 million cubic meters. Figure 3 shows the
main wood products obtained through a minimum transformation process, as well as the residues
geneated from this industry. In general, the tendency in production and residues during the past
four years was constant with an exception in the production of sawn wood process by coniferous

species.
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The forestry in Canada shows a big capacity to export a wide range of products to other industrial
sectors. Figure 4 shows the six main products that the Canadian forestry export. However, with
Canadads commit ment t oransitioreta a lowaeborhecomdomy,gygn a n d
traditional forest products, such as advancedprhoglucts (green chemicals and biofuels
production), are gaining importance (Natural Resource Canada, 2019). Additionally, the
biorefinery concept to lignocellulosic iass exploitation specifically is focused on forestry
residues due to having enormous potential as a feedstock for the obtention of a wide range of
products. In this sense, the Canadian government is advocating scientific research to develop green

processe and increase the added value to this renewable feedstock and its residues.



6%

29%

I Softwood lumber [l News print

[ Wood pulp [__]Others
I Structural wood panels [ Printing and writing paper

Figure 4.Main forestry products exported by Canada in 2017 (Natural Resource Canada,
2019).

Lignocellulosic residues account for approximately 50% of all biomasses produced on the earth.
Within this residue, cellulose and hemicellulose represent 35% and 25% in agricultural residues,
and 40% and 20% in forestry residues, respectively. In ger@mafcellulosic biomass is
composed of three different fractions: cellulose (~30 to 50%), hemicellulose (~20% to 35%) and
lignin (~15% to 25%). The main advantage of lignocellulosic biomass is that it can be hydrolyzed
and thus obtain different compounasainly sugars, that can be used as feedstock to produce
several industrial productfs]. Nevertheless, due to the complex structure and rigidity of
lignocellulosic bionass, it is necessary to perform a pretreatment to break the lignin fraction and
have access to the cellulose and hemicellulose to obtain five aodrbbn sugars. Likewise, the
amount and compositions of these three components could vary between ligosicainaterial
sources and Likewise, the amount and compositions of these three components can vary according
to the lignocellulosic biomass source, increasing the specificity of the used pretrdag8hefin

the other hand, these three components individually have different charasteridtich are
described in Table 1.



Table1.Main characteristics of the lignocellulosic biomass.

Component Features
Cellulose Linear pol ymdglycdsidiomborsisl by b

Composed mainly of glucose units.

Made up of tworegions, a crystalline (2/3 of the total cellulose),
amorphous cellulose.
Insoluble in water.

Hemicellulose Linear or branched heterogeneous polymer.
Composed of five different sugar units (xylose, arabinose, mannose, gl
and galactose).
Homopol ymers or heteropol ymer%4)
gl y c o s (13) glycasidic libkages.
The classification is determined by the remaifisugars (xylan, mannans
glucans).
Hemicellulose features are determined by biomass sources.
Structure completely amorphous.

Lignin It is an insoluble amorphous compound.
It is formed by coumaric alcohol, sinapyl alcohol, and coniferyl alcohol u
It gives a very high resistance to the cell wall, provides support, isolatior
protection.
Difficult to degrade.

Lignin features are different between species, age,tagd sf growth.

The disruption of the lignocellulosic biomass matrix (lignin, hemicellulose, and cellulose) is
carried out through the use of different fmeatments. The above generates an opportunity to
create a longerm industry based on the useaobiological basi§14]. This suggests a more
extensive, dicient, economical, and flexible process development since these processes are the
part that generates the most expensive cost in the productions process and most cases determine if

the process is economically vialplb].
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Pretreatments that are applied to wood biomass and its residues, such as wood chips and sawdust,
are carried out before the saccharification of celluloset@mmbermentable sugas6]. The effect

of these pretreatments on biomass is to break lignin ao®ikkoe hemicellulose fractions, to
increase the surface area of accessible cellulose. Another benefit of using a pretreatment is that the
hemicellulose can be hydrolyzed into its monomeric formgyDse and Barabinose) during this
process, as well agducing the crystallinity of cellulose, which represents a great benefit at the
time of carrying out its hydrolys[&7]. Currently, the processes that are most used for this purpose,
are physical and thermochemicamethods, such as steam explosion, which shows higher
proportions of lignin and hemicellulose solubilization, a decrease in toxic compounds released as
well as an easy scaigp technology18]. Chemical, physical, and biologiebhsed pretreatments

have been used to produce substrates rich in sugars that can be used in biochemical processes as
feedstock. However, during this process, several chemicgi@amis are generated, which vary

in presence and quantity depending on the type and conditions of pretreatment. The chemical
pretreatments, using acids (sulfuric, nitric, phosphoric, malic, formic), oxidant agents (hydrogen
peroxide), alkaline compoundsotium hydroxide) or organic solvents (ethyl alcohol, methyl
alcohol), generate several compounds (weak acids, furans, phenolic and aldehydes). When using
physicochemical and thermochemical pretreatments such as extrusion, ammonia, fibre explosion,
ultrasoncation, autohydrolysis or wet oxidation, the concentration of the above compounds is
lower than in treatments where a chemical catalyst is used. However, with this type of
pretreatment, the recovery of carbohydrates is low. The biological treatmentlbienown

because they do not generate inhibitory compolibld$17]i [19]. Table2.2 shows some of the

advantages and disadvantages of each type of pretreatment.

In this sense, the use of combined treatments is suggestindyamproved the solubilization of
lignin and hemicellulose from lignocellulosic biomass, which improves the rate of saccharification
carried out chemically or enzymatically. The importance of a good choice-tstEptenent method

lies mainly if it effectively disrupts the structure of the lignocellulosic biomass for the efficient
production of fermentable sugars from its two main compounds (cellulose and hemicellulose). In
the first instance, it could be assumed that the use of chemical processdse# firetreatment

for lignocellulosic biomass, since in the same operation the solubilization of lignin and

hemicellulose is obtained, as well as the hydrolysis of cellulose. However, this type of pre

11



treatment also generatesaducts (aromatic compaods and organic acids), which have a toxic

effect on microorganism&0]. These effects will be discussed in the following sections.

12



Table2.Advantages and disadvantages of pretreatments methodgoacellulosic biomass.

Pretreatment  Physical Chemical Biological Physicochemical
Advantages - It does not use - It eliminates - Suitable for the environment. - Low amount ofchemicals
chemical catalysts. hemicellulose and - Low energy consumption. - Low energy consumption.
- Reduce the size of lignin. - Profitable - Elimination of
the raw material. - Diluted acids - Sustainable. hemicellulose and lignin.
- Alters hemicellulose. eliminate - It does not require chemical - The addition of acids
- Decreases the degre hemicellulose. catalysts. improves hydrolysis.
of polymerization of - Strong acids - It can be used for the - Increases the contact area

cellulose.
- There is a high
recovery of xylose.

hydrolyze cellulose. hydrolysis of the three

- Acids are accessible compounds (cellulose,
and inexpensive. hemicellulose, and lignin).
- Increases surface

area and makes

and improves the enzymatic
hydrolysis of cellulose.

- It is suitable for scaling at
an industrial level

hydrolysis fater.

Disadvantages - It has high operating - It requires multiple - Slow process - Degradation products can
costs. stages at low - Partial hydrolysis of inhibit other processes.
- Depreciation of temperatures. hemicellulose. - Need high pressure.
equipment. - Extended residence - Possibilities of danger to - Low performance but high
- Lignin is not times. health. energy consumption.
eliminated - High consumption - Possibilities of chemical
- High energy of water and energy. danger.

consumption.

- Corrosion problems
in the equipment.

- Formation of toxic
compoundsnhibitors.
- High environmental
impact.
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2.3. Technologies for inhibitor removal from hydrolysates
To reduce the concentration of inhibitors that are present in the hydrolysates obtained from
lignocellulosic biomass, different strategies and methods have been developed. Some of these

methods use physical, chemical and biocatalytic princ[glEs [22].

2.3.1 Physical Removal

Currently, membranbased teamologies (vacuum membrane distillation, reverse osmosis, and
nanofiltration) have gained great importance for the separation of inhibitory compounds present
in hydrolysates obtained from lignocellulosic biomass, due to the energy efficiency and simplicity.
The efficient removal of inhibitors by these technologies is determined by several factors, such as
the temperature of the hydrolysate, the workflow, and the type of compound to be separated.
Nevertheless, the use of this type of technology encompabggsea separation rate and is more
selective concerning the compounds and the concentf2®§i{25]. This is mainly due to the
exclusion effect of the membrane that is used. For example, the main inhibitors, such as furfural,
5-HMF, and acetic acid have a lower molecular We{@6, 126 y 60 gmdirespectively) than C

5 and G6 sugars (150 y 180 gmbl which is best at the time of carrying out the separation since
the loss of sugars is minimized. However, other compounds, such as ferulic acid, vanillic acid, and
syringaldelyde have a molecular weight equal to or higher than sugars (194, 168 y 182 gmol
respectively), thus their separation through this method is very low, and it increases the loss of
sugars[23]. Figure 5 shows a scheme for acetic acid and furfural separation from hydrolyzed
lignocellulosic biomass using a membrane distillation vacuum. The main limitation of thisdneth

is its high selectivity, disregarding inhibitors with different molecular sizes to the target one, which
consequently decreases the compound recovery. The above fact increases the operating and energy

cost of these methods, compromising their econoeasibility.
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Figure 5.Representation of membrane technology used for removal of inhibitory compounds
in a hydrolysate obtained from lignocellulosic biomass.

2.3.2 Chemical removal

Chemical methods include precipitation, ionization, and adsorption of inhibitors. However, some
of these methods along with the inhibitor removal affect the fermentable sugars causing a decrease
in their content. One of the most used methods for the rdnodviahibitors in hydrolysates
obtained from lignocellulosic biomass is through adsorption using activated ¢agjoRigure

6A showed the chemical principle of this method, based on the functional groups present on the
carbon surface (carbonyl andrboxyl groups), which can form ionic bonds with the phenolic and
furfural compounds present in the hydrolysates. However, this method is a function of several
variables, such as pH, temperature, contact time among @fFgr©ther materials widely used

for the removal of these compounds are hydrophobicgesid polymers, such as IR0 (OH),

XAD-4, IRA-400 (Cl) y IRA 958 (CI), due to their high adsorption rate sjmekificity to furfural,

5-HMF, and phenolic compounds. Figure 6B shows the link sites of the three main compounds
with the resin28]i [30]. The use of these materials is due to their hydrophobic nature since they
can extract noipolar compounds (low wateolubk). However, for the adsorption of furfural, it

is necessary to use high polar polymeric species to obtain better separation of this cg&yjound
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Figure 6.Mechanism of removal of inhibitory compounds in a hydrolysate obtained from

lignocellulosic biomass: (A) Activeharcoal, (B) Polymers.

From the technological point of view, this type of removal is feasible due to its easy use and low
energy consumption. This type of technology does not require a constant energy supply to be able
to carry out the removal of the iibiting compounds, selective materials can be used for each type

of compound, the inhibitors can be recovered from the polymeric matrix without modifying its
chemical structure, and the material that is used for the removal can be used for several cycles.

Due to these characteristics, this technology is a good option for the removal of inhibitor

compounds from hydrolysed lignocellulosic biomass.
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2.3.3 Biological removal

Different enzymes and microorganisms, which are capable of changing the chemical nature or
degrading microbial inhibitory compounds present in lignocellulosic hydrolysates can also be used
[31]. Hgure 7 shows the transformation or degradation mechanism of furfural. The majority of
these enzymes are responsible for the oxidation or reduction of these com@@jn@scktails

can be prepared from crudrd purified enzymes that improve the catalytic activity, which affects
the reduction of the detoxification time. On the other hand, the use of microorganisms to carry out
the removal of these compounds is mainly based on their conversioiptoducts Aerobic and
anaerobic microorganism€d@niochaeta ligniaria, Ureibacillus thermosphaericus, Issatchenkia
occidentalis, Enterobactesp.) have been used for the removal of furfural ahtVB- (Figure 8)

from hydrolysates obtained from lignocellulosic biosj&@3], [34].
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Figure 7.Biological pathway of furfural transformation.

These microorganisms use the metabolic pathway of Trudgill, which consists of various stages of
oxidation and reduction catalyzed by enzymes such as aldehyde dehydrogenas&; diéiroyl

synthetase or furoyCoA dehydrogenase for the degradation of these oamgs. In general, these
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reactions constitute the beginning of the degradation of compounds, such as furfurdMfd 5
through biological pathway[84]. Nevertheless, during the degradation process of furfural-and 5
HMF into furfuryl alcohol and 5hydroxymethyl furfuryl alcohol, these microorganisms utilize
compounds that are necessary for energy production (NADH or NA[E®H)Nevertheless, the
degradation of this inhibitor has two major disadvantages, the first is that it does not allow the
recovery of compounds that are of industrial interest such as furfurdibf5 and the second is

that the temperatarmust be increased to optimum temperature of microbial or enzymatic activity,
increasing the cost of the process due to the requirements of energy.
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Figure 8.Biological pathway of EHMF transformation into furoic acid.

2.4.Rhodosporidium toruloidesa brief overview

Rhodosporidium toruloidess a nonpathogenic, aerobic, oleaginous red yeast that has been
isolated from a variety of sources, e.g., conifers, soil, wood pulp, dry leaves, amondBahdrs

has been reported that this microrganism can accumulate more than 70% in lipids of itk dry cel
weight[37], [38] this occurs when carbon is in excess during growth, and other key nutrients, such
as nitrogen are limitef89]. It has been reported that in a native statg¢pruloidesproduces two

main bioproduts: lipids, and carotenoid40], [41], making it a promising organism to lipithsed

chemicals, such as biofuels, lubricants, surfactants, solvents, waxes, creams, and adhesives
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production[36], [42], [43] This oleaginous yeast can grow on a variety of carbon sources, such
as sugarcane juice, crude glycerol, ligeladosic hydrolysates, vegetable market waste, and
Jerusalem artichokelants. Due to the ability dR. toruloidesto use different types of carbon
sources, this yeast has potential industrial applicaf@ln$44]. Figure 8 shows the phylogenetic

tree ofRhodosporidium toruloidestrain.
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Chytridiomycota Tremellomycetes
Ascomycota Zygomycota
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Heterogastridiales
Classiculomycetes Dacrymycetes
Microbotryomycetes

/ Leucosporidiales
Sporidiobolales
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Sporobolomyces Sporidiobolaceae
Ballistosporomyces
Rhodotorula
Rhodosporidium

Rhodosporidium toruloides

Figure 9.Taxonomic information of Rhodosporidium toruloides. Obtained from the National
Center for Biotechnology Information (NCBI, 2019).

2.4.1. Metabolic pathway of lipid production inRhodosporidium toruloides

Rhodosporidium toruloidds a singlecell eukaryotic fungus that shows a heterotrophic behaviour
like almost all oleaginous yeast, when is exposed to environmental stress (comitrogign
limitation), a change in the metabolic machinery it generated, stopping the synthesis of proteins
and nucleic acids, and converting available carbon source into lipids. A general practice to increase
lipid accumulation has been the variation itragen ratios on the culture media. In different
studies, a maximum lipid accumulation in a range of carbon/nitrogen from 30 to 80 has been

reported. However, a key factor to increase the lipid accumulatiBhadosporidium toruloides
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lies in the abilityto produce AcetylCoenzymeA (AeCoA), as a principal building precursor.
Figure10 shows four main steps involved in lipid accumulatioiRhodosporidium toruloides)
Ac-CoA and NADPH production, ii) biosynthesis of fatty acyl chains, iii) acyl moieties

distribution into polar or neutral lipids groups, and iv) biogenesis of lipid droplets.
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Figure 10.Main steps involved in lipid production in oleaginous yeast Rhodosporidium
toruloides.

2.4.2 Feedstock utilized byrRhodosporidiumgenre to produce lipids
The feedstock traditionally used to obtain lipids through oleaginous yeasts is glucose, which is

obtained mainly from the hydrolysis of amylaceous raw materials (cereals, corn, or potatoes), some
agraindustrial residues such as molasses and whey, asasvelaste from industrial processes

such as glycerol. However, among all the substrates, glucose has the highest costs ($400/t)
decreasing the feasibility of microbial lipid production process at industrial [#yEICurrently,

the production of biofuels faces a shortage in the availability of accessible feedstock since it is
observed that between 60 and 85% of the total cost of the process is the feedstock, which can be
significantly reduced through the use of reable substrates or different residues. However,

carbon sources that are found naturally or that can be obtained from the saccharification of some

20



of these feedstockds are very diverse (glucos
found by thenselves or mixed. Sometimes, this is a limitation during the fermentation process
because some yeasts cannot metabolize all types of sugars. One of the advantages of
Rhodosporidiunis its ability to grow on a wide range of feedstock. Table 3 shows theabfom

and lipid yields by different strains of tiRhodosporidiungenus using different feedstocks. The

use of hydrolysates obtained from lignocellulosic biomass has a great potential to produce biofuels,

feedstock to produce it as well as chemicals at incdligevel.
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Table3.Biomass and lipid yields obtained by Rhodosporidium strains using different feedstock.

Microorganism Carbon source Pretreatment Hydrolysis Inhibitors Biomass Lipids Culture References
(g/L) (g/L) mode

R. toruloides Xylose NR NR NR 21.9 9.5 Batch [46]
880-ADS Glucose NR NR NR 26.8 16.4
(designed)
R.toruloides Glucose and NR NR Acetic acid, 14.3 7.9 [47]
DMKU-RE16 Xylose formic acid,
furfural, 5HMF
and vanillin
R. toruloides Glycerol NR NR Methanol 211 112 [48]
ATCC 10788
R. babjevae NR NR NE 9.9 2.4 [49]
R. diobovatum NR NR NE 14.1 7.1
R. toruloidesAS NR NR Methanol 249 122 [50]
2.1389
R. toruloidesAS  Acetic acid NR NR NE 6.7 3.3 [51]
2.1390
R. toruloides Sugarcane  Hydrothermic Acid Furfural and 8.5 4.5 [52]
(adapted strain) bagasse (H2SQ) phenol
compounds
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Microorganism Carbon source Pretreatment Hydrolysis Inhibitors Biomass Lipids Culture References
(g/L) (g/L) mode

R. toruloides = Wood wastes Hot water Acid Acetic acid, 7.1 2.8 [53]
NCYC 1576 (H2SOy) furfural, and
phenol
compounds
R. diobovatum Pinewood Thermal Acid Phenolics, 10.5 6 [54]
pyrolysates (H2SQy) aldehydes and
aromatics
compounds
R. toruloides Glucose NR NR NR 36.2 236 [55]
DSM 4444
R. kratochvilovage NR NR NR 15.3 8.6 [56]
SY89
R. toruloides Glycerol NR NR NR 26.5 10 [57]
AS2.1389
R. toruloides NR NR NR 27.4 186 [58]
ATCC 10788
R. kratochvilovae ~ Aqueous Boiled Sonication  5-HMF and 15.1 8.3 [59]
HIMPA1 extract of hemg furfural
seed
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Microorganism Carbon source Pretreatment Hydrolysis Inhibitors Biomass Lipids Culture References
(g/L) (g/L) mode
Aqueous Boiled NR NR 8.9 4.7 [60]
extract of
Cassia fistula
R. toruloides Glucose NR NR NR 118.4 89.4  Fedbatch [46]
880-ADS
(designed)
R. toruloides NR NR NR 23.3 125 [61]
A29
R. azoricum NR NR NR 79 32 [62]

NR: Not reported
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2.4.3. Main cultivation parameters with influence on lipid accumulationby Rhodosporidium
toruloides

2.4.3.1. C/N ratio This parameter plays a key role in the efficient use of the carbon source for its
conversion into fatty acids by the gerRisodosporidiunsince this ratio affects the production of
biomass and the accumulation of lipids within the cell. Several studies have shown that the use of
carbon: nitrogen ratios in a range of 65 to 90 allows this microorganism to reach its maximum
perfaomance and the maximum lipid accumulat{68]. This is mainly due to the effect of the
repression that glucose can cause when it is in high proportion in the media. This causes an osmotic
shock since the activity of the Krebs cycleases due to the intracellular increase of citric acid.
Additionally, the assimilation of other types of sugars such as xylose present in the hydrolysates
obtained from lignocellulosic biomass decreases. In this sense, cellodextrin transporters expressed
in S. cerevisiadave been evaluated in order to reduce this repression by intracellular hydrolysis
of cellodextrin, giving way to better utilization of xylose present in this type of hydrolyédes
Capusoni et al62] analyzed the effect of two initial concentrations of C/N (75.3 and 20.3) in a
strain ofR. azoricunon biomass and lipids production. They observed that for high C/N ratio, the
strain depleted the nitrogen source in 40 hours. On the contrary, for low C/Nafeicg5 hours

of fermentation there was a presence of carbon source. This was reflected in a decrease in lipid
accumulation (47%) for the initial low C/N. This suggested that the limitation of nitrogen with
respect to the carbon source in this straimatiegly affected lipid production. This is due to the
effect that the limitation of nitrogen in the medium can decrease the activity of some key enzymes
such as fructose 182 aldolase (FBA), which carries out the catalysis of dihydroxyacetone
phosphatea precursor of glycereé3-phosphatevhich is indispensable for triglyceride synthesis.
However, the activity of glucose-dehydrogenase (G6PDH) was favoured by the limitation of
nitrogen in the medium, because the pentose phosphate route is the na@no§NADP. The

latter is a key intermediary for the functioning of a malic enzyme, which plays a key role in the
production of lipids. Some studies M. lipolytica have shown that the path of the pentose
phosphate is the main source of NADPH to carrytbetoverproduction of lipids in this type of
yeast[65]. This leads to a more rigorous approach to this parameter, because, the type of
carbolydrate (carbon source), the C/N ratio and the fermentation system (battiat¢adand
continuous) have an adverse effect during lipid accumulation. In this sense, the best results for

Rhodosporidiunstrains have been obtained using glucose as the sbtlencsource and at C/N
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rates between 65 and 80, where the lipid content in batch systems is up to 50% DW and in fed
batch up to 61% DW. On the other hand, when mixtures of carbohydrates such as glucose, xylose,
and arabinose are used, the lipid contentbmareduced by almost the half of only glucose (31%
DW) using high C/N rates (65 and 80). However, if a lower C/N (40) rate is used with this type of

mixtures, the lipid content increases up to 58% DW.

2.4.3.2. Osmotic stres©ne of the important parameters that govern the growth and production
of lignocellulosic hydrolysates, is the presence of compounds that can cause osmotic stress to yeast
cells. The foregoing statement implies an important challenge during formulatiorciitume

media for the competitive production of lipids. In this regard, the presence of high concentrations
of salts in the fermentation broth causes damage to the cell wall of the yeast due to high osmolarity.
Several studies have shown that osmotisstlargely affects cellular metabolism, since it directly
controls the transcription stages of cells, suchmdysomicassociation of mMRNA and translation
inhibition. This parameter is critical when selecting or optimizing the composition of the
fermenation broth. Likewise[66], analyzed the production of lipids iR. toruloidesunder
conditions of osmotic stress by the additionaxfism chloride (NaCl). The results showed a direct
correlation on the culture time. The interaction between NaCl and the content of glucose affected
the production of lipids. When the concentration of NaCl was increased up to 10% v/v in the media,
it advesely affected the production of lipids using low glucose concentrations (5 g/L). However,
this effect is reversible when the glucose content is increased since the negative effect of NaCl is
compensated by lipid production. This behaviour suggests that tlvbenitial glucose content is
maintained in concentrations higher than NaCl, it promotes a proportional production of lipids

concerning the NaCl that is added to the media.

2.4.3.3 pH Although it has been demonstrated that the strains of the d&immbsporidium
tolerate a wide range of pH values ¢Z.3), it has been found that this parameter has a significant
effect at low (pH=4), intermediate (pH=5.5) and high (pH=7) for the accumulation of biomass
(13.5, 16 and 10 g/L respectively), lipid yield 44 and 2.5 g/L respectively) and lipid content
for its biomass (32%, 38% and 27% respectivig). Likewise, Yaegashi et d67], found that

the pH of the cultte medium was an important factor for the efficient use of fermentable sugars
in the conversion of lignocellulosic hydrolysates to terpenes by a genetically modified sRain of
toruloides In this study, they reported the maximum production of terperthi®ytrain at low
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pH (3.4), which suggested that the strain was susceptible to produce organic acids natively.
However, when the pH decreased (lower than 2.5), the use of sugars by the strain was largely
inhibited, which suggested that for efficient wdesugars, it was necessary to maintain pH within

the range from 2.5 to 3.4. However, pH values can change depending on the substrate utilized as
well as culture conditions, for example, accumulate of lipids using wood hydrolysates as a
substrate, a pH @& has been reported to be the optif48l, [66], [67] Likewise, when the values

of pH lower than 5 affects the production edinass and the yield of lipids because its variation
influences the dissociation of some toxic compounds (acetic, formic and levulinic acids) formed

during the pretreatment, disrupting the cell membrane, and inhibiting the microbial growth.

2.4.3.4 Nitroge source Naturally, oleaginous microorganisms do not accumulate lipids in
substantial quantities. However, if a substrate is limited (mainly nitrogen source), microorganisms
use the carbon source to form lipids as a protective red68pnThe effect of limiting the nitrogen

source in the culture medn triggers a reaction that allows the increase of the Al&minase
enzyme, which decreases the AMP levels in the cell, with the consequent decrease in the enzyme
malate dehydrogenase that is present in oleaginous yeast. Due to these factors, auraignce d

the transformation of oxalacetate into citrate by the enzyme aconitase is necessary to be later
transferred to the cytoplasm by the citrate malate translocase (CTM enzyme). Once in the
cytoplasm, the ATP citrate lyase (ACL) converts the citratedrédoacetate and acetyl €o(the

first step in the synthesis of fatty acids). However, to preserve a continuous flow of citrate, a
recycling of the oxaloacetate is necessary, which is carried out by the enzymes malate
dehydrogenase and citrate synth&83. However, it is very difficult to reach the lipid content by

using natural sudirates with low nitrogen content. Wu et[&D], [71] limited the phosphorus and

sulfur content in the culture medium to produce lipids using a str&ntofuloidesy4, obtaining

yields of 62% and 58%, respectively. Few studies are focused on the effect that the nitragen sou
causes on the growth and development of the basic cell cycle. This effect has been studied under
the limitation of nutrients in the environment since the depletion of nitrogen is signalled through
the TOR and MAP kinase routes through the detectionutsfents in the environment. Relevant
results have been obtained in genetically modified strains, despite the limitation of nitrogen, to
continue with their capacity of a growth rate compared to the native strains. These results suggest
that the growth mrcess is adaptive and can separate the cell division of the availability of nutrients
present in the environmefitl]. This suggests that the limitation of the nitrogen source in process

27



for lipid production can & equally efficient and economical in terms of materials with high

nitrogen content.

2.4.3.5 OxygenThis parameter is of importance when carrying out the fermentation of sugars into
lipids. It has been demonstrated that at high oxygen rates (100 tor@2& the flask) during
fermentation, lipid yields increase from 9% to 46.(3%], [72]. This is because the restriction of
oxygen during fermentation affects the yeast growth due to pyruvate decarboxylase (PDC) enzyme
is largely limited by the lack afxygen.The previous phenomenon is reflected in the decrease in
acetyl CoA, which is produced through the conversion of citrate via ATP citrate lyase.
Additionally, the low oxygen concentration also leads to a decredke tellular biomass yield

with the consequent decrease in lipid accumulafg]. All of the aforementioned subjects
suggest that oleaginous yeast needs substantial amounts of oxygen to generate energy and to be
able to carry out a better lipid biosynthesis. Past research suggests that maintaining a dissolved
oxygen corgnt in a range from 40 to 50% generates a-digisity culture (107 g/L dry biomass)

and high lipid content (67.5% w/wy4]. It is also necessary to maintain good control of the
amount of oxygen at the time of carrying out the fermentation since the presence or absence of this
element affects the fatty acid's composition. Another key factor in the efficient use of sugars is th
presence of inhibitors in the hydrolysate, which causes a partial or total catabolic suppression of

carbon source, and in consequence a decrease in cell growth and lipid prdd&gtion

2.4.4. Inhibitors effect in lipid production

The pretreatment of lignocellulose biomass generates various products dudegradation,
which include acetic acid, formic acid, levulinic acid, vanillin, vanillic acid, syringaldehyde,
hydroxybenzaldehyde, furfural, anehgdroxymethyl furfural as shown in Figuré.IThese
compounds are present in different concentrationsarhyfdrolysates (3480 mg/L, 43250

mg/L, 0.4841 mg/L, 1.76.7 mg/L, 1.54.4 mg/L, 0.46220 mg/L and 0.894 mg/L,
respectively), these concentrations are function of the type of pretredédugnts2], [75],

[76]. Almost all of these compounds affect the metabolism of the microorganisms during

fermentation, negatively impacting the product yidld], [47].
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Figure 11.Main inhibitory compounds generateduring the hydrolysis of wood biomass.

Table 4 shows the effect of inhibitors on biomass accumulation and lipid production in three
different oleaginous yeast. This effect must be studiedkpth, in order to obtain data for the
development of new detoxification strategies, because the costt@mtin the culture medium

varies greatly depending on the feedstid@Ki [78].
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Table4.Biomass and lipid yields obtained by Rhodosporidium strains using different

feedstock.
Microorganism Feedstock Inhibitors Cellmass  Lipids (g/L) Reference
(/L) (g/L)
R. toruloides Sugarcane Formic acid= 2 23.5 12.3 [78]
AS 2.1389 bagasse Acetic acid=5
hydrolyzate  Furfural= 0.5
Vanillin=1.5
Sodiumsalt= 2
R. toruloides  Glucose and Acetic acid= 3 14.3 7.9 [47]
DMKU-RE16 Xylose Formic acid=5
Furfural= 2
5-HMF= 4
Vanillin=2.5
R. toruloides Wood Acetic acid= 7.1 2.8 [53]
NCYC 1576 wastes 16.8
Furfural= 0.04
Phenol
compounds=
0.05
Y. lipolytica Switchgrass Acetic acid=5.4 134 5.1 [79]
YB-420 hydrolysate  Furfural= 15.9
HMF=4.4
Y. lipolytica Sugarcane  Acetate=5.3 14.87 10.01 [80]
Y203A Bagasse Furfural= 0.6
Hydrolysates
Y. lipolytica Agave Furfurals= 3.5 16.5 111 [81]
W29 bagasse Aceticacid= 3.5
Formic acid=
0.6
C. curvatus Sweet HMF=1.5 10.8 4.32 [82]
ATCC 20509 sorghum  Levulinic acid=
bagasse 5
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Formic acid=
0.7
Furfural= 0.5

Straw Furfural= 3 10.7 3.21 [83]
hydrolysate PHB=1
Vanillin= 1.5
Syringaldehyde=
2

2.4.4.1 Organic acids The formation of these compounds occurs at the expense of the sugars and,
therefore, it is desirable to operate the pretreatments under the conditions which minimize the
formation of these acids. They are formed by the breakdown of acetyg(hemicellulose
hydrolysis) and their effect on microorganisms is the inhibition of its growth. This is due to the
damage they cause to the plasma membrane of the yeast after its diffusion through it. The
inhibitory effect of these compounds is refegttin the higher demand for ATP and the deficient
production of ATP due to the uncoupling of the respiratory chain and the oxidative
phosphorylation of ADP. This leads to a higher glycolytic activity (42 moles of NADPH and 21
moles of ATP) generating ATR the expense of the biomass formafid4]. This is possible due

to the fatsoluble nature of weak acids that are not dissociated. Its inhibitory effect varies,
depending on the parameters and conditions used during the fermentation, such as low pH. Further,
this compound diffuses into the cytoplasm of the cell, inducing a decrease in intracellular pH that
causes a decrease in the transfer of nutrients and an increase in the needs of ATP, which when
exceeded beyond certain values, causes the total inhibitoahl gfowth[85]. In other yeasts such
asCryptococcus curvatus, Yarrowia lipolytica, Trichosporon cutangese compounds decrease

and inhibit the activity of the malic enzyme, necessary to carry out the production of NADPH
(nicotinamide adenine dinucleotide phosphatédase) in the cell86]. An advantage of some
Rhodosporidiungenus strains is their tolerance to high concentrations of organic acids compounds

such as levulinic acid and thaibility to degraded during fermentation.

2.4.4.2. Phenolic compound§hese compounds are diverse and are formed by the degradation

or hydrolysis of lignin. The most inhibitory compounds are vanillin, hydroxybenzoic acid,
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syringaldehyde, and catech{Bb]. Their effect on lipid accumulation has not been studied. Some
authors theorise that the main effect of phenolic compounds ispgheewf the cell membrane,
allowing the free entry of compounds to the cell, causing a decrease in cell growth and sugar
assimilation. Additionally, they can cause a change in the electrochemical gradient in the
mitochondrial membrane by transferring mus through if87]. The inhibition effect of these
compounds iselated to their molecular weight. In this sense, the phenolic compounds with low
molecular weight, such as syringaldehyde and catechol (138.12 and 110.1 g/mol, respectively),
have a high degree of inhibition compared to the effect of vanillin, hydroxglwesaad or syringic

acid (152.15, 182.17 and 198.7 g/mol, respecti&§).

2.4.4.3. Furans These compounds are formed due to dehydration of pentoses, and hexoses present
in the lignocellulsic biomass. They are highly toxic compounds that affect the yield and
production of cellular biomass and the specific growth rate. Furans inhibit the production of
precursor compounds for the synthesis of fatty g@fls Additionally, they inhbit the enzymes

alcohol dehydrogenase, aldehyde dehydrogenase, pyruvate dehydrogenase, hexokinase, and
glyceraldehyde -phosphate dehydrogenase, which interact directly in the process of obtaining
acetyl CoA from pyruvate. Therefore, the direct formatidnacetyl CoA through pyruvate
dehydrogenase and so that the ae€tyA synthase is inhibitef83]. The inhibitory effect of 5

HMF is caused by the assimilation of amino acids (cysteine and methionine), which directly affects
the mechanism of cellular replication of microorgani$@. Chen et al[23] analyzed the effect

of acetic am, formic acid, vanillin, phydroxybenzaldehyde (PBH) and furfural on the production

of lipids inR. toruloidesy4 using glucose as carbon source. The strain can growth in presence of

a maximum concentration of 5 g/L of acetic acid. In the presencemicfacid (3 g/L) showed a

slight growth but without lipid production, and with levulinic acid (10 g/L) the sugar consumption
decrease, without stopping growing. In the presence of furfural, the strain showed strong inhibition
of cell growth and productioaf lipids at the concentration of 0.5 g/L-HBMF weakly inhibited

the cell growth and lipid production. However, the increase of its concentration in the medium
inhibited the strain. Finally, for the phenolic compounds (vanillin, 1 g/L and, p
hydroxybenzalehyde), complete inhibition of the strain (growth and lipid production), was
observed when the compound concentration increased in the medium. Hi's}t ahd Zhao et

al. [78] found similar corpounds in corn stover and sugarcane bagasse as well as the inhibition of
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R. toruloides2.1389. In general, these compounds have a negative effect on the growth and

production of lipids on strains of the gerRisodosporidiunsp.

2.4.5. Challenges in lipidoroduction in Rhodosporidiumgenus

In the last decades, the production of lipids using lignocellulosic hydrolysates has become an
attractive alternative for obtaining biofuels, chemical commodities, or precursors for the
production of different compoundi general, the accumulation of lipids in oleaginous yeast is
carried out through two routes (de novo and ex novo), under limited nitrogen conditions in the
culture media[2], [61], [91]. The production of lipids by native straing the genus
Rhodosporidiunusing hydrolysates obtained from lignocellulosic biomass as a substrate is limited
because of the presence of toxic compounds that greatly affect the development and viability of
the microorganismg@2]. Due to this reason, the use of this type of strain faces challenges such as
adaptation to these inhibitors, fermentation processes optimization for efficient use of the different
carbon sources and the development of efficient anetlmavtechnologiesa implementation to
detoxify the hydrolysateg30]. In recent years, few studies have been performed to understand
tolerance to this compounds, as well as how to asadhe yeast tolerance to th{sg], [75],

[92]. R. toruloideshave been genetically modified to impeofatty acid biosynthesis, at the level

key genes of its metabolic pathway. However, most of these works are focused only on the increase
of lipid yield [37], [43], [46], [93] and few are focused on other strategies, such as the inhibitor
effect with respect to microbial growth and lipid accumulation. In this regard, synthetic biology
and bioengineering are essential tools to improve the production andtamapapacities tha.
toruloidespresentg44]. For exampleBonturi et al.[52] modified R. toruloidego increase lipid
production and obtain greater tolerance to furfural ahgdsoxy-methytfurfural (5-HMF) using

a hydrolyzed from cane bag&sas carbon source. In this sense, the RibuleBRoSphate
Epimerase (RPE1l) and Transketolasel (TKL1l) genes were inducethlds.8nd 1.5fold
respectively, after 72 hours of fermentation. These two genes participate in-bacetive phase

of the patose phosphate pathway and the generation of the main precursor of ghmieoepBate
(GA3P). However, when the modified strain was grown in xylose as the sole carbon source, the
expression of TKL1 gene increased the yield of lipids in the yeast. LSkethie expression of the
genes Aldehyde dehydrogenase4 (ALD4) and Aldehyde dehydrogenase6 (ALDG6) yvi@id 2.8

and 3.5fold at 48 h, respectively, both genes are involved in the oxidative stress of the cell and
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the ability to transform furfural to-furan methanol and HMF to furan2,5-dimethanol. These

results are promising in terms of tolerance of the strain to toxic compounds such as furfural and 5
HMF. Qi et al.[92] reported that the expression of a genéRomoruloidess p e c i e-foldis s O 2
considered a competitive strain in terms of tolerance to these inhibitors. Similarly, these three
genes can be used as reference markers for other types of alsag@asts in which it has not

been investigated for tolerance to inhibitory compounds present in hydrolysates obtained from

lignocellulosic biomass.
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CHAPTER THREE: PROBLEMS, HYPOTHESIS, OBJECTIVES AND ORIGINALITY
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3.1 PROBLEMS

The literature on the production of lipids and dmopbiofuels suggested the need for further
research in making the biorefining processes more sustainable and economically feasible. The need

for resolving thdollowing technical problems was deduced:

3.1.1 Increase the use of hydrolysates obtained from wood biomass and its residues as a
feedstock for biofuel production.

In general, lignocellulosic biomass is composed of three different fractefislose (~30 to

50%), hemicellulose (~20% to 35%) and lignin (~15% to 25%). The main advantage of
lignocellulosic biomass is that it can be hydrolyzed and thus achieve different compounds, mainly
sugars, that serve as feedstock for obtaining differeshiisinial products. One of the main
problems for the biofuel industry to be economically feasible is the feedstock cost and availability.
Nowadays, an alternative carbon source for biofuel production is a liquid hydrolysate of
lignocellulosic biomass fromiffierent sources, such as agricultural and cellulosic residues, food
wastes, forest residues, urban wood residues, among others. These types of hydrolysates have high
sugar content: sigarbon sugars (glucose and galactose, mainly) anetdison sugarsxylose

and arabinose, mainly) that microorganisms can be used as a carbon source. In this sense, interest
has been increased in hydrolysates obtained from wood biomass or their residues as a carbon
source for biofuel production through fermentation proegss

3.1.2 Increase tolerance to toxic compounds present in hydrolysates obtained from wood
biomass.

Pretreatments that are applied to wood biomass and wastes, such as wood chips and sawdust, are
carried out before carrying out the saccharification otitmdle to obtain fermentable sugars. The

main reason for the pretreatments before carrying out the saccharification of cellulose is due to the
need to eliminate the barriers that make the biomass recalcitrant. The main effect of these
pretreatments on bioresa is to solubilize lignin and hemicellulose, to increase the surface area of
accessible cellulose. Derived from this process, different chemical compounds are generated,
which vary in presence and quantity depending on the type dfganent and the oditions

that are used. These compounds such as furfurals, organic acids, and phenolic compounds, cause

36



partial or total inhibition in microorganisms used for biofuel production. In this sense, it is
necessary to develop strains to increase tolerancéstmktibitor compound through adaptation,

modification, or molecular engineering methods.

3.1.3 Improving utilization of five -carbons sugars to increase lipid production.

Generally, microorganisms consume in high proportiorcarbon sugars (C6) in comyson with
five-carbon sugars (C5) consume. Nevertheless, some microorganisms with specific
characteristics can use C5 sugars at the same proportion as C6 Rugarsloidesgenre is
capable to use both types of sugars as a carbon source. Howevetjue atate, the consumption

of five-carbon sugars by this yeast is limited to approximately 50%. In this sense, it is hecessary
to develop different strategies to increase the consumption of C5 sugars, which are present in wood

hydrolysates used as a striate for biofuels production.
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3.2. HYPOTHESIS

The current research work comprises the following hypotheses:

Hypothesis 1:Hydrolysate of forestry residues as a renewable feedstock for biofuel feedstock and
drop-in fuel production, via fermentation using an oleaginous yeast, can have a profound impact
on the economic feasibility of the bioproduction proc&$fects ofdifferent pretreatments and

their impact on lipids and dropn biofuel production using forestry residues as feedstock

Hypothesis 2:The oleaginous yeafthodosporidium toruloidesas been identified as a natural
overproducer of lipids, precursors to fiel production. Moreover, the strain can grow in C6 and

C5 sugars, as well as excellent tolerance to inhibitor compounds present in wood hydrolysate.
Hence, wood hydrolysates obtained from forestry residues can be used as a substrate for lipid

and dropin biofuel production using an oleaginous yeast Rhodosporidium toruloides

Hypothesis 3:1In its native form,Rhodosporidium toruloidesan degrade growth inhibitory
compounds present in liquid hydrolysates obtained from lignocellulosic biospasses such
forestry residuesNevertheless, theesearch about inhibitor degradatian limited complex
substratesThus, R. toruloides1588 can degrade microbial inhibitory compounds derivatives

from lignocellulosic biomass
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3.3.0BJECTIVES

The general objective of the current study is to implement the concept of biorefinery, to produce
feedstock that can be used for biofuel production using the oleaginousRyeaisporidium
toruloides This biorefining process enables the usaood hydrolysate obtained from forestry
residues as a carbon source to improve its valorization and achieve a circular bioeconomy using a
renewable feedstock.

The following specific objectives will be carried out, based on the problems reported in the
literature and the hypotheses mentioned:

Objective 1: Study theproduction ofgreen extraction of higkialue chemicalsising forestry
residues as a feedstock

Objective 2: Study of C5 and C6 undetoxified wood hydrolysates as a culture media to produce
microhal lipids using the oleaginous yed&dhodosporidium toruloides

Objective 3: Compare the lipid accumulation on fifR toruloidesstrains using C5 and C6 wood
hydrolysates as a culture media

Objective 4 Optimize the culture conditions to improve lipid accumulatiofRbtoruloides1588
using undetoxified C5 and C6 wood hydrolysates as a culture media.

Objective 5: Compare the catabolite repression effectRortoruloides1588 using C5 and C6
undetoxified wood hydrolysate as a culture media.

Objective 6: Study of lipid accumulation byR. toruloidesl588 in bioreactor using wood
hydrolysate as a cultureedia.

Objective 7: Study of microbial inhibitory compounds degradation Bjyrodosporidium
toruloides15838

Objective 8: Study of furfural degradation 4. toruloides1588.
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3.4 ORIGINALITY

filncrease fivecarbon sugar utilizatiothrough theoptimization of cultivation parameters to
enhane the lipid accumulatiom Rhodosporidium toruloide$588using undetoxified wood

hydrolysates as culture media.
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CHAPTER FOUR: FORESTRYRESIDUES AS FEEDSTOCK TO PRODUCE GREEN
CHEMICAL COMPOUNDS
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Abstract

Lignocellulosic biomass is a promising alternative for the replacement of limited fossil resources
to produce varioughemical compounds, such ashydroxymethylfurfural, furfural, vanillin,
vanillic acid, ferulic acid, syringaldehyde, andasinobenzoic acid. However, the complex
biomass structure is a limitation to making effective use of this naturally found feedBisk.
research presents a data set of different compounds obtained directly from forest residues, with
special emphasis on achieving effective utilization of the biomass. The extraction method and the
catalyst are considered as the two main factors irvéhsization process.

Keywords: Forestry residues, Organic acids, Furans, Phenolic compounds, Microwave extraction

Specifications Table
Subject area Chemistry

More specific subject Biomass, bioproducts, biorefining, forestry residues.
area

Type ofdata Tables, figures, and text file.
How data was -Planetary ball mill (PM100; Retsch Corporation).
acquired -Microwaveassisted extraction (MAE) instrument (PerEimer

Anton Paar MultiWave Sample Prep System, USA).
-Thermo Scientific Liquid TS@uantum Access Mass Spectromet
(Thermo Scientific, Mississauga, Canada).

Data format Raw and Analyzed data set

Experimental factors -Data set for different compounds were obtained from forestry
residues using microwasassisted extraction.
-Thecompound analysis was carried out directly from the liquid
hydrolysate.

Experimental feature: -Forestry residues from hardwood and softwood were used for
products obtention.
-Experiments in batches were performed to evaluate the reaction
temperaturgand catalyst concentration effect.
-Data was analyzed using a response surface modelBBlaorken) in
a Minitab® Software version 17.

Data source location Quebec City, Quebec province, Canada

Data accessibility Data are available in article
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Value of the data

1 Lignocellulosic biomass was used as a feedstock to obtain the data of valuable c
compounds. Therefore, the data might contain valuable information in a sust¢
frame to approach and suggest the exploitation oféimewable feedstock.

1 Data from alkalinemicrowave assisted extraction shown that is an efficient meth
obtain valuable chemical compounds from lignocellulosic biomass. Additionally
data can be used as a base to develop-spadgperiments.

1 Data can offer an overview of the importance and application of these val
compounds in the market and their use in different industries.

Data

Figures 2 and B show desirability plots for the optimal conditions to increase the concentration
of differentcompounds from hardwood and softwood sawdust (respectively). Higdirem the

data showed that vanillic acid, vanillin, and ferulic acid its present in high concentration in
softwood sawdust compare with hardwood sawdust, whegmidobenzoic acid and
syringaldehyde was found in highest concentrations. On another raiMEFSnd furfural did not
show a significative difference ymlue=0.32) in both feedstocks. Finally, data that are shown in
the table with characteristics of each of the compounds aggesutheir possible uses in the

industry as precursors for other compounds (T&ple

Experimental design, materials, and methods

Hydrophilic compounds derived from sawdust of hardwood and softwood were obtained after
processing inmicrowaveassisted extraction in the presence of an alkaline catalyst (NaOH).
Compounds were extracted separately for each type of wood. A response surface methodology
(Box-Behnken)was used to validate the effect of three different factors: temperafyréQ@&nd

95°C), time (15, 30, and 45 minutes) and NaOH concentration (1, 4, and 7% v/v) on levulinic acid,
5-hydroxymethylfurfural, furfural, 44minobenzoic acid, vanillic acid, vanillin, syringaldehyde

and ferulic acid concentration.
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Figure 12 Desirability plots for different compounds obtained frohardwood sawdust.

Sawdust softwood (35%White Spruce and 65% Fir) and hardwood (100% Maple wa®d)
kindly provided from Quebec Forest Industry Council (QFIC). Both nas$ewere dried at 60°C

for 12 hours and ground in a planetary ball mill (PM100; Retsch Corporation) for 15 min at 500
rom. The resulting milled feedstock was fractioned in a range of 1 mme300 mm. After that,
samples were uniformly mixed and used for treppration of test samples. Sawdust samples (200
mgq) for both kinds of wood were treated with MAE at 1000W of power. After MAE, samples were
centrifuged at 9000g for 15 min at room temperature and the supernatant and solids were keep
separately in sterileibes to 4°C for further experiments. To determine furfurtlFM, levulinic

acid, vanillin, vanillic acid, ferulic acid, syringaldehyde, andmMinobenzoic acid a Thermo
Scientific Liquid TSQ Quantum Access Mass SpectrometerNIST equipped with a Betal3ic

18 100 mm x 2.1 mm; 3 mm column heated at 30°C, was used. Water: methanol (80:20 v/v) was
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used as a sample diluent and water: acetic acid (0.1%), methanol: acetic acid (0.05%), in a ratio of
82.5:17.5 (respectively) as mobile phase with a flow ohfL3min, and 20 mL as total injection
volume. The mass detector was operated in a mode SRM of a positive detection. Finally, 20
mL/mL of phenylethaneD5 was used as an internal standard. All green chemical compounds
were determined and quantified by conipaipeak areas and the retention times with their similar

standard compound provided from Siglarich, USA. All the experiments were carried out in

duplicates and the average and standard deviation for data set were calculated.
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Figure 13.Desirability plots for different compounds obtained frosoftwood sawdust.
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Table5.Industrial uses as grecursor compound.

Compound

Characteristics Industrial use Reference

5-HMF

Furfural

4-
Aminobenzoic

acid

Vanillin

This compound is considered as a source of energy i Production of polymers and polyuretha [94], [95]
green chemical platform molecule with high added vall foams, biofuels, polyethylene plastic
Its global consumption has been estimated at 100 ton and food additives.
year. The most common production route for obtair
this compound is through the dehydration of C6 suc
especially fructose.
Furfural production from lignocellulosic biomass is due Precursor molecule for the furfur. [96], [97]
the dehydration of C5 sugars. This chemical compour alcohol. Used as a chemical additive in-
considered within of 30 building block chemicals by - preparation of adhesives, fungicides, ¢
US Department of Energy. Its annual production flavorings. Additionally, also has a wic
approximately 200,000 tons per year. implementation in the petrochemic
industry.
These compounds come from lignin fraction in ~ Main applications are in the biomedic [98]
biomass. Its biological activity has turned it into industry as an antnflammatory drug,
compound of high expectations in different industries, analgesic, and antipyretic. On anott
reason why its demand has bésereasing during the la< hand, it is used in chemical, food, a
decade. agricultural industries as an intermedia
additive, or inhibior compound.
The demand for this compound it is @anal 20,000 ton pe A most common use for this compound [99], [100]

year. This compound can be obtained from guaii In the food industry as a fragrance &
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Vanillic acid

Syringaldehyde

Ferulic acid

oxidation group present in lignin fraction of bioma flavoring ingredient. Also, used in tt

Same previous compounds, vanillin its considerer i chemical industry as a building bloc

top-priority renewable building block. mainly in polymer production.

Obtained by the oxidation of two different compoun Widely used in the food an [101],

guaiacol and vanillingerived from lignin. Global annu¢ pharmaceutical  industries  as [102]

production of the compound is about 18.9 megatons. antimicrobial, antibacterial, an
antioxidant agent. In recent years, 1
interest for this compound has be
increased, due to its capability to decre
oxidative stress on cardiovascular syst
following pathogenesis.

Obtained directly from the oxidation of syringol group The compound is widely used in the foc [103],

key component of lignin, as well as from oxidation and cosmetic industries as a flavor ¢ [104]

vanillin. The market price of this compound is reporte( fragrance agent. However, has been u

be about 22 USD per kilogram. as a precursor in the chemical industry
secondgeneration products. Also used
the pharmaceutical industry as
antibacterial compouh

This compound can be obtained from two differ It is used in food, pharmaceutical a [105]i

sources: guaiacol oxidation gimor 5HMF dehydration personal care industry as an antioxidan [107]

group. The global market is valued in USD $ 53 millio well as a photoprotective compound 1

other antoxidant such as ascorbic aci
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Additionally, in recent years it has be

used in polymer production.
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Abstract

Lignocellulosic biomass has been used to produce biomolecules of industrial interest through
thermochemical, biological, and chemical transformation. However, few works have been
developed over lignin fractionation to obtain monolignols with commercianpats, such as
sinapyl, coniferyl, and4goumaryl alcohols. This study is focused on developing a thermochemical
method to delignify biomass. Additionally, an oxidative treatment with ozone was studied to
increase the release of monolignol compounds.réselts showed that with 30 sec of ozonation

in liquid samples from softwood sawdust a total concentratibr86850+0.73 mg/kg of
monolignols was released after microwassisted extraction (256.5+0.51 mg/kg of sinapyl
alcohol and 112+0.22 mg/kg of cderyl alcohol) and 629.20+0.21 mg/kg was released after
thermal treatment (453.70+£0.15 mg/kg of sinapyl alcohol and 175.5+0.06 mg/kg of coniferyl
alcohol). For pcoumaryl alcohol, 16.32 mg/kg was obtained only in hardwood samples. The
results of the presémstudy showed that ozonolysis improves monolignols release from forestry

residues.
Keywords: Coniferyl alcohol, lignin, monolignols, ozonation, sinapyl! alcohol

Introduction

The forestry industry produces a wide variety of products such as softwood Jisttbetural

wood panels, wood pulp, among others. Nevertheless, a styd@&jsuggests that 20% of the

total roundwood harvested are waste residues. Currently, this type of waste valorization is majorly
focused on conversion into electricity and heat. For instance, in Canada, 80% of sawmills residues
are processed into wood pellgfsl]. For the last two decades, scientific research to develop
processes for better use of forestry residues has substantially increased, mainly motivated by the
impetus on lignin valorization which rements 15 to 30% of lignocellulosic biomass. It has been
reported that different compounds that structure lignin are linked by different types of bonds,
which are divided into three main groups, caHsarnbon, ester, and aryl etH&09], [110] Due

to the complex thredimensional structure of lignjnit has a high degree of resistance to
depolymerizatiof111]. Its usage has been limited as a source of heat, emulsifier, and feedstock
for polymers and resins production. However, very few research has been focused on their
exploitation to obtain higlvalue commercial compounds, such as sinapyl alcohaoumaric

acid, pcoumaric acid, fgoumaryl alcohol, and coniferyl alcohidl12]. Extensive knowledge of
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the advantages dndisadvantages of different pireatments used to remove or decrease the
amount of lignin from lignocellulosic biomass has been previously repri&d [115]. Many
methods are commonly used to delignify lignocelluldsiomass and increase cellulose and
hemicellulose exposure from the lignin structure as much as podsible [117]

However, to obtain monolignol compounds, it is preferred to use a combination of
physicochemical methods with naiestructive conditions. For instan@a alternative option is a
microwaveassisted extraction or thermochemical processes in addition to an oxidative treatment,
such as ozonation to release monolignol produdt8]. Generally, the use of ozone in biomass
treatment is related to oxidation reactions in aromatic groupsCas 4diaryl ether), resulting in

an increase in lignin oxidation, provoking an increase in monolignols production. The process is
based on oxygen electrons attraction from lignin structure by ozone. However, this reaction is
highly dependent on the lignirogrce (softwood or hardwood) and their specific composition
[119]. Hence, ozone is a promising oxidative agent to increase the monolignol production.
Moreover, the ozone treatmdmismany advantages compared with other types of pretreatment
methods, such as high lignin removal with minimum degradation of carbohydrate coming from
cellulose and hemicellulose. One of the main advantages of a technology point of view is that
ozone can be pduced insitu (i.e., the same place where feedstock is produced). Due to different
equipment for ozone production are portable and can carry where the forestry residues are
produced. This fact contributes to decreasing total process cost, and enviromuokutiah, as

well as promotes its scaig[120].

Different lignin monomers have been used as precursors or feedstock to produce resins (epoxies
and phenolics), copolymers and polymers (polyamides, polyester, and polyurethanes). For
instance, Kaneko et 4l.21] synthesized a biopolyester with high biological compatibility through
melt condensation of-poumaric acid, acetic acid, and sodium acetate. Matsusaki [@23].

studied the copolymerization ofgpumaric acid and lactic acid. The authors observed that when
the amount of fwoumaric acid decreased in the mixture, the copolymer showed specific
characteristics such as high solubility, photoreactjwélyd high biodegradability, features that
improve its use in medicine as drug delivery, graft bones, or tissue platform, among others. Some
of the other commercial applications of monolignols include several other industrial commodities,
such as polyuretine resins, antifungal or antimicrobial agents, foams, polyols, medical biosensors

as well as cosmetic produgi3].
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The present study evaluates and compares the fractionation of monolignol using two different
physicochemical methods in combination with an oxidative treatment. The main objective of this
work was to obtain monolignols from two forestry resd, namely, hardwood and softwood
sawdust. Furthermore, the expected results of the present study serve as a baseline to develop a
sustainable platform to produce high vaadded products using forestry residues as a renewable

feedstock through loveosttechnologies and environmentally friendly methods.

Material and methods

Forestry residues as feedstock

Two kinds of residual sawdust (softwood and hardwood) were kindly provided by the Quebec
Forest Industry Council (QFIC). Softwood sawdust was a mixttitevo different tree species
samples: white spruc®icea glaucaand fir Abiesspp), and hardwood sawdust were from maple

(Acer sp). Feedstock preparation was performed according to €zonipalez et a[124].

Microwave-assisted extraction (MAE)

In order to perform a good degree of delignification, parameters for micreagsiged extraction

were selected according to results obtained in our previous [#84. In brief, they used
lignocellulosic biomass to obtain hydrophilic compounds (furans, organic acids, and phenolic
compounds) using alkaline microwaassisted extraction. The observedufissshow that using

high temperature and high concentration of sodium hydroxide an overoxidation of the lignin
fraction was performed, resulting in an increase of different secondary phenolic compounds such
as vanillin, vanillic acid, syringaldehyde, a&éhminobenzoic acid. In this sense, hardwood, and
softwood samples (200 mg/microwave vessel) were treated separately using miciesistesl
extraction (MAE) at 80°C for 30 min, and 1000 Watts of power using a PEhkiar Anton Paar
Multi-Wave Sample PpeSystem (Liu et al., 2018). in a solid/liquid ratio of 1:25. 5 mL of 4% of
sodium hydroxide solution was used as a delignifying agent. After treatment, samples were
centrifuged at 9000 x g for 15 min at room temperature and supernatant and solids nedre sto
separately in sterile tubes at 4°C for further experiments. To get emomgerof samples to

perform ozonolysis treatment six microwaagsisted extraction runs were performed.
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Thermal treatment (TT)

Thermal treatment was performed through autai@0 min at 120°C, and 15 psi of pressure)
using 4 g each of the samples separately in a solid/liquid ratio of 1:25. Sodium hydroxide solution
(4%) was used as a delignifying agent. After treatment, samples were centrifuged at 9000 x g for
15 min at roontemperature and supernatant and solids were stored separately in sterile tubes at

4°C for further experiments.

Ozonolysis treatment

After the first pretreatment (MAE or TT), two fractions were obtained (liquid and solid) and they
were treated separatelyittvozone, to evaluate the effect of ozonation treatment on the release of
monolignols. Ozone treatment in liquid and solid samples (5 mL and 4 g, respectively) was
performed by direct ozone exposure with different ozonation times (30, 45, 60, 120 aetP40
using an Ozonair EMO331® with a maximum flow of 47.19 L/s and a minimum rate of

conversion of 0.02 ppm of ozone.

Analytical methods

Quantification of lignin derivates by Liquid Chromatography-Mass Spectrometry (LGMS)

To quantify the monolignolsa Liquid ChromatographiMlass Spectrometry (Thermo Scientific
Liquid TSQ Quantum Access Mass Spectrometer) equipped with a HILICpesOMAB column

(5 em, 150mm I D, and 4.6mm df) heated at 300U0C
used as a samphlfiluent. A solution of acetic acid in water (0.1% v/v), and an acetic acid in
methanol (0.05% v/v), in a ratio of 82.5:17.5 (respectively) was used as a mobile phase. The mass
detector was operated in a mode SRM of a positive detection. Finally, 20 uif/ghtcerol was

used as an internal standard. All compounds were identified and quantified by comparing peak
areas and retention times with standard compounds of coniferyl alcohol, coumaryl alcohol, sinapyl
alcohol, pcoumaric acid and moumaric acid (SigeAldrich, USA). All the experiments were

carried out in duplicates and the average and standard deviation for data set were calculated.

55



Fourier-Transform Infrared Spectroscopy (FTIR) analysis

To achieve FourieTransform Infrared Spectroscopy (FTIR)adysis, samples were frozen in a
freezedrying system (Dura Freeze Dryer, Kinetics)atO e C f or 24 h. The | yo
were analyzed by FTIR using a Cary 670 FTIR Spectrometer. The spectra were obtained at a
resolution of 4 crrl, in the range of 0400 cm1. Spectra was constructed with 16 replicates

per sample.

Statistical analysis

Statistical analysis was conducted using Minitab® 17.1.0 (LEAD Technologies, USA).
Monolignols yield was evaluated by Ok¢ay ANOVA. The statistical significance imean

values of the different measured parameters was calculated and compared with the Fisher test at

the 95% level of confidence.

Results and discussion

MAE and MAE + ozone effect in monolignols release

In order to release monolignols from lignocellulosic biomass, microaasested extraction
(MAE) and MAE+ozone as an oxidative treatment to improve the release of these compounds
were performed. Tablé shows a comparison in monolignol fractionation foAB and TT
samples (single and treated with ozone). After MAE pretreatment in liquid hardwood samples, the
highest concentration for monolignols released was observed for coniferyl alcohol (76.05 mg/kg).
On the other hand, the samples were treated witheozsulted in 96% of degradation of coniferyl
alcohol and a total degradation for sinapyl anrcbpmaryl alcohol. For softwood samples, the
same trend was observed in MAE+ozone, with a decrease in the concentration of coniferyl alcohol
by 15% (112 mg/kg)-or both sawdust, the highest monolignol fraction achieved using MAE was
coniferyl alcohol, followed byisapyl and pcoumaryl alcohols. However, when the samples were
treated with ozone, 14 times increase in sinapyl alcohol was observed while a 15%edecrea

coniferyl alcohol and the total degradation efqumaryl alcohol was observed.
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Table 6.Monolignols obtained in liquid samples using Microwaassisted extraction (MAE)
and thermal treatment (TT) + ozonolysis.

Alcohol concentration (mg/kg)

Sawdust Treatment Sinapyl Coniferyl p-Coumaryl Total
MAE 17.87+0.03 131.72+0.26  5.55+0.01 155.14+0.30
MAE+Ozone 256.5+0.51 112+0.22 nd 368.50+0.73
Softwood
TT nd 328.50+0.12 nd 328.50+0.12
TT+Ozone  453.70+0.15 175.5%£0.06 nd 629.20+0.21
MAE 15.87+0.03  76.05+0.15 9.52+0.02 101.44+0.20
MAE+Ozone nd 2.85+0.01 nd 2.85+0.01
Hardwood
TT 433.00+0.23 418.20+0.50 2.1+0.00 853.30+0.73

TT+Ozone 5.80+0.09 406.5+0.48  16.32+0.05 428.62+0.62

nd: notdetermined.

MAE: 80°C/30 min/100W;
TT: 121°C/20 min/15 psi;
Os: 30 sec of ozonation

This tendency suggests a high reactivity of ozone for compounds containing double bonds and
functional groups with high electron density. Thus, lignin oxidation is promoted as it has a high
content of C=C bonds, that releases watduble and low molecutaveight compounds, generally

as organic acid§l25]. Figure 15 shows a possible cleavage mechanism of lignin fraction of
softwood, wher e t he al kaline-OL£atlarys t-ssetdhpe g
(phenylcumaran),d ( bi pHie i \li)a,r yb plv opraae i) n adnidct diiferentd s pr e
sites in lignin structure. Cleavage of these bonds can release low molecular weight compounds,
such as goumaryl alcohol, coniferyl alcohol, and sinapyl alcohol involved in lignin formation

[126].
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Figure 15.Catalytic sites of sodium hydroxide and ozone taait monolignols compounds
from softwood sawdust (Adaptdrbm [127], [128]).

The cleavage mechanism relies on the hydrolytic effect of@®H o u p-aryl ether bdnds when

they contain a free hydroxyl ion, and this is bound to a phenolic group or alcohol group. Different
studies have corroborated the dominant cleavagetion in aromatic chain bonds when an
alkaline delignification is us€ld 29]. Figurel6shows a possible cleavage mechanism of the lignin
fraction of hardwood, where ozone as a complementary treatment promotes oxidation of oxygen
in aromatic groups specifically,-@-5 (diaryl ether) resulting in an increase lignin
decomposition in their three main monomers. However, this reaction depends on the lignin source
and type. For instance, when softwood is used as a feedstock, the reaction can be more complex.
In some cases, it can become reversible, as ozore defgciency in oxygen electrons, and can
directly affect lignin structure, which is rich in electrdd20]. In addition to three monolignols
compounds (coniferyl, sipgl, and pcoumaryl alcohols) other products can be released or formed
from the specific cleavage of lignin bonds. There is a wide variety of them, and its formation is
highly dependent on tr eat me rO4linkage uhdetzbnolysis us ed .
treatment compounds such as guaiacol derivatives (guaiacyl formiaieyl4guaiacol, and
styreneb-guaiacyl), quinones (hydroquinone and benzoquinone), ester, homovanillin, among

others can be producgti30].
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Thermal treatment and thermal treatment + ozone effect in monolignols release

Figure 17A shows monolignol concentration for softwood samples after thermal treatment and
ozonolysis. As seen in the saffigure (L7A), thermal treatment resulted in a 204d increase in
coniferyl alcohol (328.50 mg/kg) concentration in comparison with the otra¢®n obtained

after MAE treatment. Likewise, when softwood samples were treated with ozone after thermal
treatment, 453.70 mg/kg of sinapyl alcohol was released. On the contrary, a considerable decrease
in coniferyl alcohol was observed (47%) in MAEgaes. Furthermore, in samples where thermal
treatment+ozone was used, an increase of 42% in total monolignol concentration respect to
MAE+ozone treatment was observed. FiglirB shows the highest concentration of sinapyl and
coniferyl alcohol that was @lerved in hardwood samples after thermal treatment at 433 and 418.20
mg/kg, respectively. Likewise, the highest concentration of 16.32 mg/kgdoumaryl alcohol

was observed in the same sample after ozone treatment. Variance analysis for differeghoionol
samples released after ozeineated fractionation showed a significant difference in sinapyl and
coniferyl alcohol in softwood sawdust after thermal treatment and between ozone concentrations
with p-value=0.001, and 0.002, respectively. Likewiser #mnapyl and coniferyl alcohol
monolignols, a significative difference between softwood and hardwood feedstocks with a p
value=0.003 and 0.002, respectively was observed. This tendency is according to general lignin
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composition, where coniferyl and sinamlcohols are the dominant precursors during lignin
biosynthesis in softwood and hardwood. Moreover, both alcohols are linked in lignin structure by
ether and carbenarbon bonds, where ozone treatment has an oxidation effect, improving its
releasd126], [128]
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Figure 17.Different compounds obtained using a thermal treatment (TT) + ozonolysis in liquid
samples. A) Softwood and B) Hardwood.

Figure 18 shows monolignol fractionation from a solid fraction of the samples. The highest
abundance of monolignols for softwood and hardwoos feaconiferyl alcohol (25.50 and 6.84
mg/kg), sinapyl alcohol (20.66 and 0.63 mg/kg) andqumaryl alcohol (1.00 and 0.09 mg/kg),
respectively. The concentration pattern in solid samples is consistent with those obtained in liquid
samples, wherein cderyl and sinapyl alcohol were the two main compounds release in softwood
sawdust and coniferyl alcohol in hardwood sawdust. However, the amount of ozone that was used
to obtain these concentrations was totally different from liquid samples where thethighe
concentrations were obtained using the minimum ozone contact time (0.5 min). The results
obtained suggested that ozonolysis use as a supplementary treatment in hydrolysates from forestry

residues is an efficient treatment to obtain sinapyl, conifeylpacoumaryl alcohols. However,
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ozone treatment decreased the concentration of coniferyl alcohol in both hardwood and softwood
samples and sinapyl alcohol in hardwood samples. One of the reasons for this tendency is the
ozone effect on carberarbon bond$5-5 ' , -Alimkchge) Because carb@arbon bonds are
responsible for conferring the branched lignin structure of this type of biomass, catalytic effect in
condensation reactions promoted by alkaline catalyst can generate hydroxyl or methyl substituents
in arene groups, resembling two of the main dimers present in lignin (coniferyl@thyaryl
alcohol)[131].
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Figure 18.Different compounds obtained using a thermal treatment (TTozonolysis in solid
samples. A) Softwood and B) Hardwood.

Likewise, the source and type of lignin are particularly important to choose, design and optimize
delignification and ozonolysis treatments. For example, softwood lignin is guaiacyl type er Type
G, with a higher level of coniferyl alcohol polymerization. On the other hand, lignin from
hardwood source is a guaiasyringyl type or Type &, with a high presence higher level of
sinapyl and coniferyl alcohol polymerizatigh32]. On the other hand, the use of ozone in solid

samples showed pitive effects on fractionation of coniferyl anecpumaryl alcohol. Variance
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analysis in hardwood and softwood solid samples did not show a significant difference in coniferyl
alcohol, between 0.5, 0.75, 1, 2, and 4 mg/min of ozone concentratiaitugr0.953, and 0.487,
respectively), but a significative difference\(plue=0.001) between softwood and hardwood was
observed. Furthermore, the higher yields were obtained using softwood sawdust.

The results obtained in this study are consistent with atlrestigations reported in the literature,

where they have used pretreatments for relati

(O5MPa) and | ow temperatures (O200[138Che i n t
delignification can promote the release of monomers and dimers present ignthestructure

through cleavage of ether and carlwambon bondgL29]. Additionally, ozone as a complementary
treatment with thermal treatment has the potential to increase the production of lignin monomers
through oxidation. The above results and characteristics reveal that an increase in exposure to
ozone ha a negative effect during monolignols release from forestry residues. Likewise, it is
necessary to consider that treatments performed under conditions of high temperature, high
pressures, or acid catalyst can lead to oxidation, hydrolysis, and dehydeaiitions, resulting

in the formation of different bproducts, such as phenolic compounds, aldehydes, and
hydroxybelzadehydel§]. So far, very few methods about ta#éd monolignol production from
lignocellulosic biomass have been developed as most of the research has been focused on its
derivatives such as furans (furfural andhyslroxymethyl furfural), organic acids (levulinic and
fumaric acids) or phenolic compoun@anillin, and vanillic acid). So far, a very few works have
been developed regarding monolignols obtention, where the research has been performed
primordially using biocatalytic routes trough designed microorganisms or enzymatic complex
using mainly sythetic media as a substrate. Furthermore, the research has been focused mainly
on coniferyl and gcoumaryl alcohols. For instance, Overhage efl84] andChen et al[135]
produced de novo coniferyl alcohol through a desigxragicolatopsisp. HR167 ané&scherichia

coli (respectively), using synthetic media as a substrate. Moreover, Tramontina[Xk363l.
produced pcoumaryl alcohol from wheat arabinoxylans through enzymatic and wkldle
biocatalytic route. In this sense, MAE+o0zonolysis or thermal+ozonolysis treatments have not been
tested yet with the purpose to obtain single afigmols. The results obtained in this work are in
agreement with previous works regarding coniferyl andoygmaryl alcohol. However, we

observed an important release of sinapyl alcohol in both substrates.
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One of the main bottlenecks for any productiorcpss is the cost linked with energy consumption

to obtain the desired product. In this sense, thermal treatment (autoclave) used in this study uses a
6000 W heater to reach and maintain a temperature of 121°C during the pretreatment time (50
minutes). Withthe above conditions, the energy consumption of the pretreatment is 5kWh,
equivalent to 50 cents per cycle (1 kwWh = 10 cents). On the other hattcggireent carried out

using microwave extraction presents an energy consumption of 0.54 kWh operd6a\at iy

30 minutes, equivalent to 5 cents per cycle. This energy consumption is equivalent to 5 cents per
cycle. Finally, ozone as complementary treatment resulted in energy consumption of 0.6 kWh,
equivalent to 0.10 cents per ozone production/min. THerdiice in the cost of two pretreatments

used + ozone regarding the fractionation of different monolignol compounds from lignin is a key
factor to establish a viable process for monolignol fractionation. Currently, different industrial
systems of thermaft@éatment and ozone production in the market are affordable. Hence, thermal
treatments + ozone could provide a potential alternative method to improve the extraction of
coniferyl alcohol, sinapyl alcohol, andgoumaryl alcohol from lignin. However, thissearch is

a preliminary screening to improve the extraction of this type of vadigdeed compounds. Thus,
future research on optimization of different parameters and-spagtudies could prove the

potential of this method in commercialization.

Fourier-transform infrared spectroscopy (FTIR) analysis

It was observed that FTIR spectra for hardwood and softwood have similar signal patterns between
4,000 and 500 cri. However, the band intensity varied for each treatment. In the case of
softwood, thepresence of bands at 3,400 to 3,600 'coorresponding to phenolic and aliphatic
OH- groups, as well as between 2,797 to 2,820 corresponding to covalent bond stretching in
methyl and methylene groups indicated the presence of side chains. Theg@m@searbonyl
groups at 1,100 cthand 1,800 cm suggested that C=O bands could be conjugated or
unconjugated with the aromatic rings. The appearance of bands at 1,600 and 1480 cm
characterized by aromatic rings of the phenylpropane skeleton, ughiah intermediate to
incorporate the three main monolignols into lignin in form of guaiacyl, syringyl and p
hydroxyphenyl phenylpropanoid&29], [137], [138] The bands at 1,388 chare characterized

by vibrations of covalent bonds linked with aromatic ringg aliphatic stretch in methyl groups

or hydroxide from phenyl groups, respectively. Finally, for bands between 500 to 1,000 cm
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general groups such as methyl, ether, carboxylic acid, aldehyde deformation, stretching guaiacyl
rings, stretching carbonyl gup, and aldehydes are present in the whole mass (cellulose,

hemicellulose, and lignin).

Conclusion

Forestry residues treated with a physicochemical process is a suitable option to obteaddatle
compounds from lignin fraction. Ozonolysisatment shows a positive effect on total monolignols
release in liquid and solid samples from softwood sawdust after micreagaisted or thermal
treatments, where sinapyl and coniferyl alcohols were the most abundant monolignols. On the
other hand, irsamples from hardwood sawdust, the highest monolignol concentration obtained
was coniferyl alcohol. This work can serve as a baseline to design and improve the release of
monolignol compounds, specifically, sinapyl alcohol and coniferyl alcohol in softwodds

coumaryl alcohol in hardwood feedstocks.
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CHAPTER FIVE: WOOD HYDROLYSATE AS A SUBSTRATE FOR LIPID
PRODUCTION USING THE OLEAGINOUS YEAST RHODOSPORIDIUM TORULOIDES
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Abstract

Rhodosporidium toruloides an oleaginous yeast that can accumulate up to 70% of its dry biomass
as lipids and can use C5 and C6 sugars as a carbon source, that are present in hydrolysates from
different lignocellulosic biomasR. toruloidescan be an alternative for the val@ton of forestry
residues and the obtention of higher vehaeled products. In this study, five strains Rof
toruloideswere evaluated to find the most efficient yeast strain for C5 and C6 sugars utilization,
using lignocellulosic hydrolysates as a crdtmedia. Sugar consumption was similar between all
strains. Nevertheless, it was different among C6 and C5 hydrolysates, with maximum sugar
utilization of 98%, and 60% for C6 and C5 hydrolysate, respectively. Among the studied strains,
the highest lipid ppduction was observed R. toruloides1588 with 23.33 g of lipids/L in C6
hydrolysate after 112 h. The highest lipid production in C5 hydrolysate was obseri®Red in
toruloides7191 with 14.67 g of lipids/L after 120 h. Predominantly, fatty acid®fdoruloides

1588 was oleic, palmitic, and stearic acids and pentadecanoic, palmitic, and heptadecanoic acids
for R. toruloides7191. Moreover, both strains grew and produced lipids in the presence of
inhibitor compounds, such as levulinic acid (13.88 MgB-HMF (80.86 mgL?), furfural (153.54

mgL?), vanillin (17.17 mgt?), vanillic acid (85.25 mgt), syringaldehyde (41.83 mdl, ferulic

acid (1.66 mgt}), and 4hydroxybenzoic acid (0.85 mdf. The study revealed thRt toruloides

1588 andR. toruloicks7191 are promising strains for C5 and C6 sugar utilization from

lignocellulosic hydrolysates for lipid production.

Keywords: Fatty acids; lipidsRhodosporidium toruloidesugar utilization; lignocellulosic

biomass

Introduction

Oleaginous yeast can cgume fermentable sugars and convert them into single cell oil (SCO).
These lipids are mostly triacylglycerols (TAGS) or free fatty acids (f82) These microbial

lipids containing essential fatty acids, such as gainmoteic acid, eicosapentaenoic acid,
arachidonic acid, and docosahexaenoic acid are especially valuable in food, chemical, and
pharmaceutical industri¢83], [139]. Likewise, lipids with fatty acids in a range from C10 to C18

are an attractive feedstock for the production of renewable fuels such as biodiesel. Alomee al

to their high carbon ratios and lower sulfur content, carbon monoxide and hydrocarbon emissions

are reduced as compared to fossil fié#§. Nevertheless, one of the most important challenges
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to make the process economically viable is the use of substrates that do not compromise food
security, renewable, and low cost. An alternativessrate that has increased interest among the
academic and industrial community during the last decades is the use of hydrolysates obtained
from lignocellulosic biomas§84]. Sitepu et al[140] evaluated the capacity of 45 species of
oleaginous yasts, such as. lipolyticg C. curvatusL. starkeyj R. glutinis andR. toruloidesto

use carbohydrates and tolerate toxic compounds present in lignocellulosic hydrolysates. However,
one of the challenges that these strains presented in their nasibealvas the use of specific
substrates to obtain high yields. This limitation largely restricts its use on substrates where a
mixture of different carbon sources is present. These substrates are derived from hydrolysates
obtained from different lignocellakic biomass, such as sugarcane bagasse, switchgrass, forestry
residues, straw, and corn stover, among others. For this reason, it is necessary to use more robust
strains that have the ability to grow in a wide variety of raw materials. Recent reseashbwas

that short and longerm microorganism adaptation, random mutagenesis, and genetic modification
are important tools for increasing lipid production, tolerance to inhibitors and improve the use of
different sugar§46], [83], [141] An example is a work done by Bonturi and cowork&2$where

the expression of ribulose@hosphate epimerase (RPE1) gene irRarioruloidesstrain was
increased 5:8old, to evaluate xylose utilization and lipid production using sugarcane bagasse

hydrolysate as a substrate.

Rhodosporidium toruloides a red yest capable of accumulating up to 70% of the lipids during

the log and stationary phase and can produce up to 1b6fdliomass. The fatty acids present in

the lipids accumulated by this strain are mainly palmitic, stearic, oleic, and linoleic[44jds
Along with lipid production, this yeast produces carotdn®i, s u-calotena, sorulbne,
torularhodin, and astaxanthin, which are of high value in chemical, pharmaceutical and food
industries[66]. During the last decade, the gerRisodosporidiunhas generated an increasing
interest due to the amount of lipid that it accumulates, which are precursors for the elaboration of
different products such as adhesives, waxes, surfactants, creanisofaets [1], [46], [142],

[143]. However, nowadays research on this strain has focused mainly on obtaining all the possible
knowledge about its genonig7]. This has allowed to carry out some metabolic, proteomic, and
genetic modification studies; as well as the development of different culture str§4dgi¢S2],

[86], [88], [141], [144][146]. Several research has focused mainly on improving lipid
accumulation and carotenoid productipt®], [66], [93] Nevertheless, the research has begun to

68



expand to other fields, such as the use of different carbon sources andelbprdent of tolerant
strains to inhibitory compounds that are present in some of the culture media currenffy7lised
[51], [54], [58], [69], [75], [147] The aim of this study was to evaluate the use of C5 and C6 sugars
present in a ydrolysate of woody biomass on the growth and accumulation of lipids in five
different R. toruloidesstrains. Likewise, the effect of some inhibitor compounds present in the
hydrolysates was studied since it is essential to know the tolerance or degradatiese

inhibitors during fermentation.

Material and Methods
Wood feedstock
For lipids production, two different wood hydrolysates were used as a culture media, which was

kindly donated by Greenfield Global Inc., Varennes, Quebec, Canada.

Microorganism, culture maintenance, inoculum preparation, and cell growth

The different strains used in this work are listed in TabAd the strains were procured from the
Agricultural Research Service (NRRL) Culture Collection (USA). Laboratory stifcke culture

were grown in YM agar (yeast extract & gmalt extract 3 {.; peptone 5 f.; glucose 10 4.;

agar 15 ¢|.). Figurel9shows the process required to prepare the seed culture. Each yeast was pre

cultured up to three generations in a Multiteoshaker (Infors Canada).

69



Laboratory stock —
YM agar

Single colony

2 mL YM broth
12 b/180 rpm/25°C

N
50 pL pre-inoculum
]
5 mL YM broth i

12 /180 rpm/25°C

500 pL pre-inoculum

50 mL YM broth
12 h/180 rpm/25°C

50 mL of wol:-d_.
hydrolysate

Figure 19.The process to prepare seed culture
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Table7.Strains used to evaluate lipid production and sugar utilization in R. toruloides using

C-6 and G5 woodhydrolysate as a substrate.

Strain Features Purpose
R. toruloides Isolated from wood pulp, however, it has bet Sugar utilization and
NRRL-1091 reported that this yeast could not grow in lipid production
undetoxified lignocellulosic hydrolysates
R.toruloides Isolated from the soil, with the capacity to
NRRRL-1588 produce up to 100 g/L of biomass and
accumulate up to 60% of its weight in lipids
R. toruloides Isolated from wood pulp and has been repor
NRRL-6984 that this yeast could not grow imdetoxified
lignocellulosic hydrolysates
R. toruloides Diploid isolated from a hyphal conjugate of
NRRL-6987 NRRL Y-1091 and NRRL Y1588, capable of
producing 0.24 g biomass/g glucose and up
79 mg oil/g glucose in media with nitrogen
restriction
R.toruloides Isolation source of this strain is not available
NRRL-7191 and there are no reports of its use in the

Yarrowia lipolytica

production of lipids
Unconventional yeast able to accumulate ug A control for lipid

NRRL-63746 50% of its dry weight in lipids. production
Scheffersomyces  These yeasts in the native form had the higt A control for C5 sugal
stipitis NRRL- capacity to use C5 sugars (xylose and utilization

17104 arabinose) than any other known

Scheffersomyces  microorganism

stipitis NRRL-

11545

Saccharomyces These yeast present high tolerance to aldeh A control for C6 sugal
cerevisiaeNRRL- inhibitors such as furfural andi 3MF utilization and

12632 negative control for

lipid production

Lipid production

For microbial lipid productionR. toruloidescultures were grown in separate 250 -flfask

containing 50 mL of C6 hydrolysate (5€Lgglucose) and C5 hydrolysate (5Q.ylose). As a
source of nitrogen 1/ ammonium sulfate was added, and pakvadjusted to 6. Both substrates
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were inoculated with seed culture to an initial &Ja+0.3, and cultivated at 25°C, 180 rpm in a
shaker incubator). During fermentation, the samples were drawn every 18 h during exponential
phase (first 72 h), and aftermaa until 224 h, the sampling was every 8 h. All experiments were
done in duplicates.

Lipid extraction

The cells were harvested by centrifugation (15X§R min), followed by drying at 60°C to obtain

a constant weight. The cell lysis was carried out according to Thakur{®4&l. where the dry
biomass was subjected to acid hydrolysis (boiling with 1 M/L HELfh). Lipids were extracted

by the method of Singh et 466]. Briefly, after cell lysis, 3.75 mL of chloroform/methanol (2:1
v/v) was added, the mixture was vortexed for 15 min. Later, 1.25 mL of chloroform was added,
vortexed again for 1 min, and lastly, 1.25 mL of NaCl (1 M) was added. The resulting mixture was
centrifuged at 7008g for 15 min to separate the two phases (agueodsoeganic phase). The
evaluation of lipid production was carried out according to Ma ¢149], through lipid cotent

(Eq. (1)), lipid concentration (Eqg. (2)), and lipids yield (Eq.(3)):

0 "QNCRE 6 Q&6 Eq.(1)
0 QAGREGE H'QE O 1 6006+ Eq. (2)
0 QRGN 4-9 77 Eq. (3)

Analytical methods

Cell growth and carbohydrate analysis

Cell growth was measured by dry constant weight (DCW). Bridily,cells were harvested by
centrifugation (15000 x g/2 min), washed with phospiaiéered saline (PBS), and dried at 60

°C, cell biomass was expressed dk. grotal reducing sugars (TRS) concentration during
fermentation was determined by DNS methodusg gl ucose as the standa
the sample was mixed with 1.5 mL of DNS reagent and boiled for 10 min. After the reaction, the

samples were then cooled in a caldter bath to stop the reaction. Later, 4 mL of water was added
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and vortexed150]. The amount of TRS was determined byiWMible spectrophotometer (Cary
50, Varian) at 540 nm.

C-5 and C-6 sugars and inhibitors analysis by LEMS method

During fermentation, sugars and microbial growth inhibitors were quantified using a Thermo
Scientific Liquid TSQ Quantum Access Mass SpectrometerNIS}. To determine sugars, a 5

e m, 150mm | Dlumngace6mnine: \dater (89d.1 v/v) was used as a mobile phase and

D6 glucose was used as an internal standard. In case of inhibitor analysis, a BetaBa#¥ic

mml 2.1 mm; 3 em column was used at 30 AC, wit
and phenyl ethaneD5 as an internal standard. All data presented are average values from

duplicate samples.

Fatty acid composition

To determine fatty acid compositions, the method reported by SedEiHlwas used. Briefly,

crude lipid was subjected to rapid methyl esterification using methanol and sulfuric acid to 100
°C/20 min. Later, the samples were cooled for 10 min to room temperature and FAME was
extracted with hexane. Fatty acids were determined and quantified by comparing peak areas and
the retention times with the Supelco 37 Component FAME Mix (Sigidech, USA), usingan

Agilent 7890B gas chromatograph, with a flame ionization detector (FID), equipped with an
Agilent 1222362DB23 col umn with 60mIl 250 e€m and 0.25 ¢

Results and Discussion

Sugar utilization from C5 and C6 sugars in the wood hydrolysate

For the culture media, an initial concentration of 30 gf C6 or C5 carbon source was used
separately. The consumption of the substrate was evaluated in the fermentation broth at regular
intervals for each of the strains. The profile of microbial growth was observed to be similar for
both hydrolysates durinipe lag phase of growth (first 6 h). Later, in the case of C6 hydrolysate,
the cell growth continued to be in exponential phase until 72 h followed by the beginning of the
stationary phase (until 224 h). On the other hand, when C5 hydrolysate was udadasedia,
microbial growth tendency was observed to be different, because of faster growth (attained

stationary phase within 54 h for all strains studied). This was followed by continuous growth in
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stationary phase until 108 h. Then a second slighbrexmtial phase of 18 h (shorter duration),
which was followed by the beginning of a second stationary phase. This tendency suggests a longer
adaptation process to the culture media that can lead to slower consumption of nitrogen source.
This indicates thageast requires a higher amount of ATP during its lag and exponential phase in
substrates with xylose as a sole source of ca®2]. These results are promising from point of

view of scaleup. As in biological processes, a rapid microbial growth theorltitzdds to an

early obtention of the expected products. Consequently, this decreases the tot al time of production
and the concomitant reduction in costs associated with energy consumption and other utilities.

In general, the use of glucose was veryaawid more than 998% was consumed in the first 72

h of fermentation (exponential phase) in the control stré&nst{pitesl 7104,S. stipitesl1545,

andsS. cerevisiad 2632, respectively). The similar tendency was observBd toruloidesstrains

(1091, 6984, and 7191, respectively). The straRstoruloides6987, andY. lypolytica63746
consumed the substrate at 96 h of fermentation and firRllyoruloides1588 presented the
slowest substrate consumption until 128 h (Figd#). The residual gluase in the culture media

was less than 2% after the 128 h of fermentation. Conversely, the consumption of xylose when C5
hydrolysate was used as culture media, was in the rangei 60%0during the first 18 h of
fermentation for all strains and it remainadhe same range until the end of fermentation (Figure
20B). Sugar utilization profile ifR. toruloidessp. strains showed a rapid use of C6 and C5 sugars,
using wood hydrolysate as culture media. This demonstrated the yeast growth capacity in culture
media without nutrient supplementation, such as vitamins or amino acids. These results are
promising because only less than 20% of known yeasts have this ability. Thus, the strains used in
this study are suitable for their cultivation in hydrolysates obdiairen lignocellulosic biomass,

and specifically, in hydrolysates obtained from forest industry residues.

In this context, the study showed that the time of sugar consumption was fast and biomass
production was higher than reported by Braunwald ¢1588] for a strain oRhodotorulaglutinis
cultivated in a similar proportion of C/N in the medium (5 glucose and 1/ ammonium
sulfate). In addition, several studies have shown that the use of the high proportion of carbon source
( O6/8 of garbon present in the culture media) with respect to nitrogen content, allows the
oleaginous yeast to reach its maximum yield and the maximum storage capacity of lipids. This is

due to the osmotic shock that the carbon source causes when it is pmdpgltion in the culture
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medium since the activity of the Krebs cycle decreases due to the intracellular increase of citric
acid[64], [67]. In addition to glucose and xylose, the hydrolysates contained other sugars, such as
fructose, galactose, sucrose, and lactose. However, these sugars did not show considerable changes
in their concentration throughotérmentation (ANNEX 2). This observation is in concordance

with the study reported by Wiebe et @8], where strains of the gen&s toruloidesconsumed

only glucose (100%), xylose (50%) an@linose (18%).

The kinetics of cell growth and the substrate consumptiéh tdruloidesn C6 hydrolysate was
similar for straingR. toruloides1091 (0.21 gt* h'Y), R. toruloides6984,R. toruloides6987 (0.20

gLt h'1), andR. toruloides7191 (0.17 gt* h'Y), except strairR. toruloides1588, which showed

a maximum production (120/ly and a slower substrate consumption (0.11! ¢i''). This
behavior is the same when a synthetic medium was used as a culture medium, whelRe strain
toruloides1588 was th one with the highest biomass production with 52.5data not shown).

On the other hand, the substrate consumption iStleerevisiad 2632,S. stipitesl 7104, ands.
stipites11545 was similar (0.21 gLh'!) and the maximum biomass valugistained was lower

(59 dL, 81 dL, and 80 ¢, respectively) than that obtained in the five strainRoforuloides
Likewise, when the strains were cultivated in C5 hydrolysate, an increase in biomass production
was observed at 36 h of fermentation.sTprofile suggests that the xylose consumed (50%) by
different yeasts, showed the same tendency when glucose was used as a carbon source. However,
after this time xylose consumption remained constant. The maximum production of biomass was
obtained withR. toruloides7191 (92 @), followed byR. toruloides1588,R. toruloides1091,

andR. toruloides6987 with 80, 77 and 75lg respectively. Finally, the lower value was obtained

by R. toruloides6987 andS. cerevisiad 2632 with 70 ¢ and 61 @L. In gener§ the production

of biomass using C5 hydrolysate was lower as compared to the value obtained when C6
hydrolysate was used as culture media. Microbial growth and biomass production obtained in this
study demonstrated that straingoftoruloidesvere robst. This is related to the rapid production,
ability to use different carbon sources, ability to grow in culture media with minimal or null

nutrients, and tolerance to stress factors as inhibitory compounds present in the culture media.

These results demstrated the efficient use of glucose as a carbon source by the strains evaluated
from the lignocellulosic hydrolysate. This is reflected in the faster time of consumption and the
high production of biomass. This is due to the use of the nitrogen souheelkaginning of the
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fermentation, which allows a complete utilization of the sugars in the hydrolysate. On the other
hand, xylose consumption was only 50% during the first 18 h of fermentation and remained so
until the end of the process. This demonsgr#ite ability to use C5 sugars by strains of this genus

in their native state. These results agree with those reported by different studies, where
lignocellulosic hydrolysates with C5 and C6 sugars were used as a substrate for lipid production
usingR. towuloidesstrains. For instance, Wiebe et [@8]; evaluated two different mixtures of
sugars (g-): i) 25 gL glucose 33 dL xylose and 11 Ay arabinose and ii) 6/ glucose, 56 &

xylose, and 9 git arabinoses for lipid production usify toruloides|n this research, glucose was
consumed during the first 40 h (100%), followed by xylose in 78 h (98%), and finally arabinose
until 96 h (15%). By another hand, Bommareddy ¢88l; reported a profile glucose consumption
used in combination with raw glycerol, they found that 100% of glucose was consumed during the
first 24 h of fermentation. Likewise, Feiat [144]; found a total consumption of sugars (100 g
glucose and 10/g xylose) at 78 and 96 h of fermentation, respectively. Evely, Bonturi [&23.

also reported total consumption of sugars until 144 h of fermentation (glucose, xylose, and a
mixture) for native and adapté&hodosporidiunstrains, using a hydrolyzate from bagasse sugar
caneas substrate. The results obtained in this research reinforce the statement on the difference in
individual sugar utilization. However, in some microorganisms, sucR.asruloides(native
strains), the use of G&ugars such as xylose has certain limotagj mainly at metabolic levels.
Nevertheless, to obtain an increase in-tege of xylose byr. toruloidesdifferent methodologies

and processes have been proposed and developed.
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Figure 20.Sugar utilization and biomasproduction in C6 (A) and C5 (B) wood hydrolysate.

Different alternatives (conventional methods and genetic modification) to increase the use of C5
sugars by this strain exist. A conventional and attractive method due to its simplicity and
effectiveness ishe short or longterm adaptation of microorganisms to different compounds or
conditions that they particularly want to improf&2]. This method is based on phenotypic
heterogeneityln the case of a sherérm adaptation, a transcriptional state of the most tolerant

phenotype is inherited and prevails through the generations (transcriptional memory), which
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generates an epigenetic inheritance. On the other handidongadaptationds an evolutionary
engineering approach since it generates changes in microorganism genotype. Another method that
can be used to overcome this limitation or increase lipid accumulation, is mutagenesis. By
definition, random mutagenesis is the process fwegknetic information of microorganisms that

can be modified. These processes can be naturally generated by changes in the environment in
which they coexist or can be induced by physical methods through UV -aag iXadiation or
atmospheric room tempaure plasma (ARTP). Similarly, another option is through the use of
chemical agents such as bisulfite, aminopurine, and nitroguanidine. In addition, another option is
directed mutagenesis or sil@ected mutagenesis, which uses nucleotides or specific
oligonucleotides to induce the mutation in the DNA sequence of a gene or any of its products.
However, mutagenesis methods are limited by mutation type because they are not as specific as
genetic methods used nowad§B], [145], [154] Finally, there is genetic manipulation, directed

to expression or silencing of genes or key enzymes such as Fipbsesphate isomerase (RKI1)

or Ribulosephosphate&pimerase (RPE1), through the use of genetic engineering. Likewise, the
conventional route of C6 sugars utilization can be modified thraugldeletion of key enzymes

that promote the degradation of lipids such as {cimgn acyCoA synthetase (FAALl, FAA2,

FAAS, FAAG), and directed towards a better conversion of a carbon source into lipids.

Nowadays, advances in genomics and synthetic bigdoayide a better and more comprehensive
understanding of metabolic pathways to develop engineered microbial strains, specifically with
enhanced microbial performance in terms of carbon consumption and lipid production. Precursors,
such as NADH and NADPHave been identified and exploited in several strains to increase lipid
biosynthesi437]. In general, NADPH involvesapturing electrons during substrate catabolism
and then later acting as a reducing agent for lipid biosynthesis durmgyvddipogenesis. Hence,

high activity of NADPH will result in increased lipid accumulation even though whether the
electrons comerdm pentoses or hexoses. For instance, Bandhu [@6&].recently reported the
increase in lipid by 1.18ld using xylose as a carbon source, when NADdic enzyme was
expressed ilRhodotorula mucilaginosédPL32.

So far, engineering strategies in sevéhbdosporidiunstrains has been focused on increasing
lipid production through overexpression of various other enzymes, such as acetyl CoA carboxylase
(ACC1), glycerol 3phosphate dehydrogenase (GPD), diglyceridylti@ansferase (DGA),
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triglyceride lipase (TGL), and ATP citrate lyase (ACL). Nevertheless, literature and research
focused on genes and enzymes involved in the peptusgphate pathway iRhodosporidium
genre is limited or null. This opens up a large banof possibilities to study genes and enzymes

involved to improve sugar utilization and increase lipid production.

Lipid production and fatty acid composition

Summary of lipid production in wood hydrolysate to each strain evaluated is presented in Figure
21. When using € hydrolysate as culture media, the stiaintoruloides1588 with the highest
biomass yield corresponds to the highest lipid yields (0.35 g lipids/g biomass). On the other hand,
when G5 hydrolysate was used as culture media, a sinmdadtwas observed, since the highest
amount of lipids was obtained with the strd toruloides7191 (0.32 g lipids/g biomass).
However, time is a key factor in the process of lipid accumulation since the highest concentration
of lipids was obtained at 21h of fermentation when hydrolyzed C6 was used and 120 h of
fermentation when C5 hydrolysate was used. On the other hand, the difference in lipid production
with control strainY. lipolytica63746 was lower (0.15 g lipids/ g biomass, and 0.21 g lipids/g
biomass) compared to that obtained withtoruloides1588 andR.toruloides7191, respectively.

I n general, the low |lipid yield (4a30%) sugges!
and the nitrogen source was not consumed in its entirety tdids to generate a deficiency in the

lipid accumulation process since the yeasts use the carbon source for the generation of biomass
and not for lipid synthesis. Additionally, the lipid accumulation could be affected by the acidifying
effect that the iiogen source produces during its absorption by the cells, affecting the lipogenesis
pathway, causing a decrease in lipids accumulation.

The lipid composition showed that the fatty acid distribution was similar among the yeasts when
C6 hydrolysate was used the substrate. The fatty acids mainly consisted of chains from 12 to 24
carbon atoms. The composition of the fatty acids presented in the lipids that were obtained using
C6 wood hydrolysate is shown in Figu22 The main distribution of fatty acidsy iorder of
abundance, was C18:1 (oleic acid), C16:0 (palmitic acid), and C18:0 (stearic acid), for the five
strains ofR. toruloides without showing substantial changes in the abundance range. The fatty
acid distribution in this work is consistent withathreported by several authors in strains of the
same genus cultivated in different lignocellulosic hydrolysate as a substrate. WU 7dt];al.
reported 30% palmitic acid, 14% stearic acid, and 49% oleic acia, &tel.[69]; found in fed

batch fermentation about 35% palmitic acid, 6% stearic acid, and 49% oleic acid. Likewise, Fei et
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al. [144] reported 25% of palmitic acid, 10% stearada and 45.9% oleic acid. Thus, it can be
inferred that: i) lipids produced By. toruloidesusing C6 and C5 wood hydrolysate as culture
media are promising feedstock for different applications of industrial interest, ii) lipid composition
from R. toruloidesis similar between the species, and iii) fatty acids distribution in lipids produced
from R. toruloidesis similar when lignocellulosic biomass hydrolysates are used as a culture
media. Nevertheless, diligent handling of culture media formulation emaehtation processes

are key factors in singleell oil production and composition.

On the other hand, in the control strain used as a positive control in lipids prod¥ctygo(ytica

63746), the main distribution was the same although in lower aboadhan the strains &.

toruloides This trend is due to the less wutilizati
control strain. AdditionallyY. lypolytica63746 in their native state lacks some of the key enzymes
involved in the oxidoreductaggathway, such as XYL1 (xylose reductase), and XYL2 (xylitol
dehydrogenase). Both enzymes are necessary to increase the metabolic flux and convert xylose
into xylulose to improve the amount of xyluleSghosphate, a crucial intermediate in the pentose
phogphate pathwaj156]. Oleic acid was the most abundant, representing approximately 50% of

the total and was followed by palnuitacid and stearic acid. This composition is comparable with

some vegetable oils, such as palm, soy, and sunflower, which indicated that the microbial lipids

produced from the lignocellulosic hydrolysate have great potential as a biodiesel raw fidaterial
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Figure 21 Lipid accumulation from different R. toruloides strains using-€ (A) and G5 (B)

wood hydrolysate as substrate.

Additionally, the presence of other longer chain carbon fatty acids (polyunsaturated fatty acids)
was produced in smaller quantities thiaa previous ones (Tab®. The presence of some of these

fatty acids has been reported in other investigations where they used stfainsrmifoidesfor

lipid production in lignocellulosic hydrolysatg439]. Nevertheless, their concentration and
presence of them are dependent on the source of the substrate (lignocellulosic biomass) and the
composition of culture med[a57]. A parameter that affects the composition of the lipids obtained

is the source of nitrogen. An example is the synthesis of linoleic acid (C18:3), it increases when
the nitrogen is limited in the culture medium and the fermentation times are gedlo@n the
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other hand, fatty acid profiles changed with the C/N ratio in the media. It has been reported that a

l ow ratio of C/ N (020), saturated fatty acid:
decreased. However, for unsaturated fatty asudsh as oleic acid (C18:1), linoleic acid (C18:2),

and linolenic acid (C18:3), the trend was opposite showing a higher prd4é8telikewise,

when detoxified and undetoxified hydrolysate are used as substrates, the lipid composition is
different. It is due to the fact that the poofion of unsaturated fatty acids is slightly higher in the
undetoxified hydrolysates. This suggested that the toxic compounds present in the hydrolysates
obtained from lignocellulosic biomass do not change the lipid composition, but rather promote the
syrthesis of the unsaturated fatty ac[@$8]. On the other hand, although the concentration of

these polyunsaturated fatty acids is lower than the monounsaturated, they lgwveartmercial

value due to their use in the food, chemical or pharmaceutical ind@3jry154).
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Figure 22 Fatty acid composition from C6 wood hydrolysate. A) R. toruloid€91, B) R.
toruloides1588, C) R. toruloide$984, D) R. toruloide$987, E) Rtoruloides7191, and F)
Y. lipolytica63746.

Some studies reported that yeasts of the gdtlusgosporidiungrown in C5 sugars had a lower
diversity of fatty acids compared to those grown in C6 hydrolysate as the only source of carbon
[142]. This fact is in concordance with the results obtained in this work when C5 hydrolysate was
used as a substrate unlike the distribution obtained with C6 hydrolysate. Z3glvews that the
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order of abundance was completely differemttfee three main fatty acids obtained when C6 was
used as culture media. The specific distribution was during the first 36 h of fermentation pointed
toward the most abundant fatty acid being tridecylic acid (C:13), linolelaidic acid (C18:2n6t), and
palmitdeate acid (C16:1n7). From 54 h to 104 h, palmitic acid (C:16), stearic (C:18), and oleic
acid (C18:1n%is) were the most abundant. Finally, from 120 h to 224 h of fermentation, abundant
fractions comprised pentadecanoic acid (C15:1), andlCreptadecaoic acid (C17:1), with
substantial changes in the abundance range. On the other handy iriloétyca63746 used as

a positive control in lipids production, the main distribution was similar in abundance to the strains

of R. toruloides
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Table8.Relative polyunsaturated fatty acids concentration produced using C6 and C5 hydrolysates.

Polyunsaturated fatty acids

C6 wood hydrolysate

C5 wood hydrolysate

(%) R. toruloides Control R. toruloides Control
Omega3 1091 1588 6984 6987 7191 63746 1091 1588 6984 6987 7191 63746
U-Alpha linolenic acid (C18:3n3) 0.29 0.19 0.18 0.18 0.37 nd nd nd nd nd 1.92 nd
Stearidonic acid (C18:4n3) nd nd 025 008 024 017 054 nd nd nd 292 nd
Eicosatrienoic acid (C20:3n3) 0.18 0.45 0.15 0.12 nd 040 122 103 055 nd nd nd
Eicosapentanoic acid (C20:5n3) 0.26 0.38 0.06 0.21 0.58 0.45 nd nd nd nd nd nd
Docosapentaenoic acid (C22:5n¢ 0.36 0.69 0.31 0.37 055 0.22 nd nd nd nd nd nd
Omegab
Linoleic acid
(C18:2n6) 587 564 6.63 595 473 090 9.81 268 396 255 294 1.69
Translinoleic acid (C18:2n6) 2.01 nd 133 033 054 064 1062 276 416 29 750 151
Gamma linoleic acid (C18:3n6) 0.04 0.03 nd nd 0.03 nd 097 089 0.73 nd nd nd
Eicosadienoic acid (C20:2n6) 0.21 nd 0.44 0.82 0.51 nd nd nd nd nd nd nd
Dihomogamma linolenic (C20:3n€ 0.01 nd nd nd 002 010 141 nd 649 177 272 1.94
Arachidonic acid (C20:4n6) 0.05 0.33 0.23 0.24 0.39 0.30 nd nd nd nd nd nd
Omega9
Elaidic acid (C18:1n9) 585 nd 4.25 6.07 6.42 10.36 6.23 nd 12.05 18.48 14.33 12.22
Erucic acid (C20:1n9) 0.83 166 053 095 156 271 nd nd nd nd nd nd
(2)-Docosl13-enoic acid (C22:1n9 nd 0.70 0.42 0.35 0.34 nd nd nd nd nd nd nd

nd: not detected
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Meanwhile, longchain fatty acids values (> 20 carbons) obtained in this hydrolysate for each one
of the strains is shown in TalBeHence, the composition of the lipids obtained usintpruloides

strains can be directed towards the production of spefafty acids, such as neutral lipids,
glycolipids, sphingolipids, or phospholipids, modifying the media culture composition. The most
common way to do this is by adding different types of mineral salts aSINKH.PQi, NaeHPQ,
MgSQy-7H20, CaCh. This effect is observed directly in the metabolic pathway of microorganisms
during lipogenesis and storage of lipi@4d]. In this work, the fatty acids obtained are those that
microorganism produces natively due to the hydrolysate used as media culture which was not
supplemented. In general, the lipid fractiomsl datty acid compositional profiles indicated that
microbial lipids produced from lignocellulosic biomass hydrolysate as a substrate may be explored
as a sustainable feedstock for use as food additives, chemical precursors, conventional biofuel, and
advarted dropin biofuels such as biodiesel, alkanes, lubricants among ¢4 Nevertheless,
another key factor for the efficient use of sugars gmd production is the inhibitor compounds
present in the hydrolyzate at the time of fermentation. These compounds mainly cause a partial or
total inhibition of microbial growth. Consequently, this inhibition causes a decrease in the
consumption of the chon source, thus directly influencing the accumulation of lipids in

oleaginous microorganisnjigb].
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Figure 23 Fatty acid composition from C5 wood hydrolysate. A) R. toruloid€91, B) R.
toruloides1588, C) R. toruloide$984, D) R. toruloide$987, E) Rtoruloides7191, and F)
Y. lipolytica63746.

Inhibitor effect on growth and lipid production

Tolerance and degradation rates @fldF (80.86 mdL), furfural (67.70 md.), levulinic acid
(13.88 mgL), vanillin (1.20 mdL), vanillic acid (85.25 mé.), 4-aminobenzoic acid (0.85 nif),

and ferulic acid (1.66 nmig) were quantified in C6 and C5 wood hydrolysate on the Rve
toruloides strains during fermentation. According to results obtained in C6 hydrolysate, the
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amount of these compounds was partially deggladr metabolized by aR. toruloidesstrains
(Figure 24). However, degradation time and the amount were different for each of these
compounds. Two major compounds of sugars dehydratisdAMB and furfural) and total
degradation was observed during thestfil8 h. For phenolic compounds, 33% of vanillin
degradation was observed during 72 h in four strains, exceR. fioruloides6987 where the
concentration was constant (0.77 /b)gin the later period. In the case of vanillic acH,
toruloides1091,R. toruloides7191, andR. toruloides6984 carried out total degradation during
the first 18 h and 72 h, respectively. Nevertheless, the total degradaRotomloides1588 and

R. toruloides6987 was until 96 h. On the other hand, o2% of 4aminobenzoic acid
degradation was obtained during the first 18 Rirtoruloides1091,R. toruloides1588, andr.
toruloides6987, forR. toruloides6984, andR. toruloides7 1 91 concentration was
mg/L). Finally, for organic acidgotal degradation was in the first 18 h exdeptoruloides1588
where total degradation was until 72 h in the case of ferulic acid, and finally, for levulinic acid,
90i 95% of degradation in all strains was seen during 72 h. Subsequently, the cancewtat
const albimgLj. a 1
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On the other hand, the degradation profile of inhibitor compounds in C5 hydrolysate was

completely different since all compounds were present until the end of fermentation. Zsgure

Time (hours)

18 36 54 72 90 108 126 144 162 180 198 216 234

Time (hours)

Figure 24.Inhibitor concentration and degradation in the C6 wood hydrolysate.

shows a decrease in different compounds in each strain evaluated. Blegsrtonly 38%, 50%,

59%, 75%, and 35% were metabolized (with respect to the control samiejdyuloides1091,
R. toruloidesl1588, R. toruloides6984, R. toruloides6987, andR. toruloides7191 at 54 h of

fermentation, respectively. On another haddgradation of levulinic acid, furfural, vanillin,
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vanillic acid, and syringaldehyde, was observed through fermentation at the same or lesser
amounts compared with the control sample. This degradation can be associated with fermentation
conditions, such gsH, salt content, or temperature. In addition, ferulic acid aachhobenzoic

acid were not present in the hydrolysate. These results suggested that strains evaluated in this work
showed tolerance to the presence of these compounds. Since the groligit gandduction was

not affected by these compounds. Some studies have reported inhibition in the growth of
Rhodosporidiumsp. in hydrolysate obtained from lignocellulosic biomass. This phenomenon
mainly occurs during the pretreatment used for the breakdd lignocellulose. Some of the
methods can release the inhibitor compounds, that partially or inhibit the growth of thigbggast

and affect the metabolism of microorganisms dufgrgnentation having a negative impact on

overall process performan{Es].

The main problems caused by the inhibitors in the cells vary depending on the compound.
Compounds obtained from the dehydration of sugars, such as furfuralfid 5ause problems

during the assimilation of amino acids, inhibit enzymes for the produsftijorecursor compounds
necessary for the synthesis of lip{d$9]. On the other hand, the main effect that organic acids
cause on cells is on the structure of the plasrmbrane during its diffusion within the cell. This
causes a high demand for adenosine triphosphate (ATP), which causes inequity in the respiratory
chain and oxidative phosphorylation of adenosine diphosphate (@BP).ikewise, the phenolic
compounds derived from the hydrolysis of lignin (vanillin, vanillic acid, syringaldehyde, and
aminobenzoic acid), like organic acids affect the plasma membrane, allowing the entry of other
compounds into the cell. Additionally, they cause changes in the electrochemical gradient of the

mitochondrial membran®0].

Several mechanisms can thus explain the inhibitory effects that these compounds cause to
microorganisms during fermentation, and they have beersivalled[47], [75]. Nevertheless, it

is adrsisable to study in more detail the process of degradation of these compounds by yeast, to
improve the fermentation. This can also help us to develop new detoxification strategies since the
concentration of these compounds in the culture medium varieslagto the raw material and

the pretreatment that is used to obtain the final fermentable sugars, a feedstock for tire drop

fuels.
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Figure 25.Inhibitor concentration and degradation in the C5 wood hydrolysate.
Conclusion

R. toruloidess an alternative due to its growth characteristics and ability to utilize various sugars
present in lignocellulosic hydrolysates. The strains evaluated showed an increase of 30% in sugar
utilization when grown in C6 hydrolysatedditionally, the evaluated strains showed tolerance to

the presence of toxic compounds, such as organic acids, furans, and phenolic compounds. This
was due to the fact that sugar utilization and lipid synthesis in both hydrolysates was unaffected
with totd lipid content of 0.33 g of lipids/g of dry biomass, and 0.32 g of lipids/g of dry biomass,
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respectively. This study determined that hydrolysate from lignocellulosic biomass could be used
as a suitable substrate for microbial lipid producedbyoruloices1588 andR. toruloides7191
without the addition of external nutrients.
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Abstract

The interest in microbial lipids has recently increased because of their wide use to produce several
valueadded compounds in the biofuel, pharmaceutical and food industries. Oleaginous yeast such
asRhodosporidium toruloidesould be an efficient optionelgause of its ability to consume five
carbon sugars, high lipid accumulation, and tolerance to toxic compounds such as furans, phenolic
compounds, and organic acids. The present study aims to investigate the effect of different initial
sugar ratios, in aacmbination of different carbon/nitrogen ratios, and the use of dibasic sodium
phosphate (N#1PQs) as an inducer on cell biomass production, sugar consumption, and lipid
accumulation byRhodosporidium toruloide$588. The investigation showed a maximum lipid
accumulation of 5.35 g/L (0.28 g of lipids/g of sugar) under the culture conditions of initial
glucose: xylose ratio of 1:1, C/N ratio of 70, andNRQs; concentration of 1.05 g/L. The
predominant lipids composition was palmitic, stearic, oleic, and linoleic acids which could be used
as a suitable feedstock for biofuel production. Additionally,euride optimal conditions (initial
glucose: xylose ratio of 1:1, 1.19 g/L of M#PQy and C/N ratio of 70.50) an increase in 10.5%

and 7.5% of lipids was observed, compared with glucose and xylose control treatments. In
addition, the study shows the abjldf R. toruloides1588 to tolerate inhibitors, a feature that could

be a promising alternative to increase the feasibility of microbial lipid production process using

undetoxified wood hydrolysate as a sustainable culture media.

Keywords Fatty acids; inhibitor effect; lipid production; lipid inducer;Rhodosporidium

toruloides wood hydrolysate

Introduction

In the past decade, microorganisms capable of accumulate lipids, in the form of triacylglycerols
(TAGSs), have been received great attention from the global scientific community. These lipids can
be used for different purposes, such as a precursor focsnts, pharmaceutical compounds,

food additives, creams, adhesives, waxes, as well as feedstock for biofuel production. Among their
key characteristics, microbial lipids have a similar fatty acid composition in comparison with the
vegetable oils, such galm, soy, and sunflowg89], [160]. An alternative is to produce microbial

lipids using tle oleaginous yea®hodosporidium toruloidesvhich stands out because of its three
distinct features: i) capacity to accumulate high lipid content (up to 70%), ii) capacity to use

simultaneously and efficiently glucose and xylose as a carbon source, allowing the use of
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hydrolysates obtained fromghocellulosic biomass; and iii) high tolerance to inhibitory
compounds such as furfuralsHMF, syringaldehyde, vanillin and vanillic adid7], [48], [51],

[69], [147], [161] In addition, recent research haported different methods and tools to increase
the lipid yield, assimilate different carbon sources, and tolerate inhibitory compounds present in
lignocellulosic hydrolysates by. toruloideqd43], [86], [88], [141], [162], [163]

One of the premises to increase the process feasibility is using renewable and economical
substrates as well as an increase on lipid accumulation in the yeast cells. Few studies have reported
the effect of carbon source, pH, nitrogen content, lipid induaed inhibitors on the lipid
accumulation in several strainsRftoruloideg47], [75], [88], [164]. One of the main parameters

that contribute to an increase in lipid biosynthesis is the type of carbon source and its proportion
regarding the nitrogen content in the culture media, which affects the biomass and lipid production,
as well as th fatty acid distribution of the produced lipids. In this sense, the caiibogen ratio

(C/N) is a parameter that promotes microbial growth and activates lipid biosynthesis. Additionally,
a recent approach in lipid production is the use of differets batause they affect the microbial
growth and fatty acid distribution. So far, one of the most promising compounds that have been
tested as lipid inducers wif. toruloidesstrains is dibasic sodium phosphate ARQ:), because

it can induce the uptaka carbon source for essential activities as well as lipid biosyntf¥égis

[165]1 [167]. To improve the lipid yield usindR. toruloides it is necessary to optimize the
cultivation parameters through optimization procg8%], [153] However, most of these
optimization studies used synthetic media, industrial residues, and detoxfiedysates from
different sourceg56], [153], [168][170]. A very few studies have been performed using
undetoxified wood hydrolysates as a substrate with the aim to produce microbial lipids and none
of them haveptimized the cultivation parametgt64]. Hence, this work aims at increase on lipid
production byR. toruloides1588 through the optimization of C/N and glucose: xylose ratio, as
well as three different concentrations of .NRQy as a lipid inducer usingwo types of

undetoxified wood hydrolysates as a culture media.
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Materials and Methods

Wood hydrolysate

Two wood hydrolysates obtained from forestry residues of poplapulussp.) transformation

were used as a culture media. One with a total xylose content of 120 g/L and 10.1 g/L of glucose
(C5) and the other with a total glucose content of 117 g/L and 11.8 g/l of xylose (C6). Both
hydrolysates were donated by Greenfield Gldbe. (Varennes, Canada).

Microorganism, culture maintenance, inoculum preparation

Rhodosporidium toruloideNRRL-1588 was used for lipid production. The strain was purchased
from the Agricultural Research Service (NRRL) Culture Collection (USA). Thetywas
preserved in YM agar (yeast extract 3g/L; malt extract 3 g/L; peptone 5 g/L; glucose 10 g/L; agar
15 g/L). The inoculum seed was greltured three times in YM broth at 25°C, 180 rpm for 36

hours.

Flask fermentation

R. toruloides1588 was cultureth 250 mL-flasks containing 50 mL of wood hydrolysate, with a

total initial sugar content of 50 g/L distributed in three initial glucose: xylose ratios (1:1, 1:2, 2:1),
three C/N ratios (20, 70, and 120), and three initial concentrationsdP@a (0.1,1.05, and 2.0

g/L). Glucose and xylose treatments without phosphate addition were used as a control. Each flask
was inoculated adding a seed culture with an initiaddaa0f 0.1 and incubated for 176 h at 25°C

in a Infors Multitron Incubator Shaker (USA) Ammoni um sul fate (NH )
nitrogen source and the C/N ratio of each treatment were calculated based on the total carbon

content (glucose + xylose).

Lipid extraction

Lipid extraction and quantification were performed according to O<gaoiozalez et al[171].
Briefly, R. toruloides1588 cells were harvested by trfagation (15 00k g2 min), dried at 60°C

to constant weight and the lipids were extracted with a chloroform/methanol solution (2:1 v/v).

Total lipids were quantified gravimetrically according to Equation 1.

0 QRGEE 6 Q&8 Eq.1
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Analytical methods

Cell growth, carbohydrate, and inhibitor analysis

Cells were harvested by centrifugation (1560¢2 min) and biomass and supernatant fractions
were kept separately for further analysis. Cell biomass production was determined by dry constant
weight (DCW) and expressed as g/L and cell yield was quanétiedrding to Equation 2.

8 Q6 0Q a0 Eq.2

Sugars were ahged using Liquid Chromatography coupled to Mass Spectrophotometry (Thermo
Scientific Liquid TSQ Quantum Access Mass Spe
4.6mm HILIC column. The mobile phase was an aqueous solution @ONHO0.2%) and

acetonitrile NH4OH (0.2%), in a ratio of 11:89 v/v with a flow rate of 300 pL/min. Finally, 20 pL

as total injection volume, and 20 pL/mL of an internal standard of D6 glucose wd& tispd he

specific sugar consumption was calculated according to Equatiat?B

Y QO0ERBE ¢ | 66 H e-Rét— Eq.3

To analyze microbial inhibitory compounds, the protocol reported by O&anzélez et a[124]

wasused. Briefly, a BetaBasit8 column (100 mm length x 2.1 mm of internal diameter, and 3um
pore size) was used at 30°C. The mobile phase was an aqueous solution of acetic acid (0.1%) and
methanol: acetic acid (0.05%) in a ratio of 82.5:17.5 v/v with a fiae of 300 pL/min. As an

internal standard, 20 pL/mL of phenyl ethasid® was used. The mass detector was operated in a
mode of SRM negative detection for sugar analysis and positive detection for microbial inhibitory
compounds. All compounds were detered and quantified according to the peak area and
retention time of its standards (SigiA&drich, USA).

Fatty acid methyl esters composition
Fatty-acid methyl esters (FAMEsS) were obtained by transesterification of extracted lipids.
Methanol was used as a reactant and sulfuric acid as catalyst at 100+1°C for 20 minutes. Later, the

samples were cooled to room temperature and centrifuged ax §8Q0ing10 minutes. Fatty acid
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methyl esters were analyzed by gas chromatography (GC) using an Agilent 7890B gas
chromatograph, equipped with a flame ionization detector (FID). Each FAME was identified and
guantified according to the retentiontimeandpe ar ea of a standard mi xt
37 Component FAME Mix, SigmaAldrich, USA).

Statistical analysis

The effect of C/N ratio, lipid inducer addition and different initial sugar proportions in cell
biomass, sugar utilization, and lipid prodoatby R. toruloides1588 was analyzed using a Box
Behnken experimental design with three central points. The statistical analysis of the data was
performed using Minitab® 17.1.0 (LEAD Technologies, USA). Parameter interaction effects were
analyzed by On&Vay ANOVA (Fisher test) at 95% confidence. All the experiments were carried

out in duplicates.

Results and discussion

Effect of initial sugar content on sugar consumption and biomass production

Figure26 shows the sugar consumption and cell biomass ptmtuby R. toruloides1588 under

the tested conditions. In all treatments tested under a C/N ratio equal te98%3ff glucose was
consumed during the first 96 h of fermentation. On the contrary, xylose consume was different for
each initial sugar ratio. A high xylose consption was observed during the first 18 h of cultivation

with 49%, 36%, and 17% for 1:2, 1:1, and 2:1 initial glucose: xylose ratio, respectively. Then,
during the next 78 hours of cultivation, xylose consumption increases by 7.7%, 8.8%, and 1%, for
each ducose:xylose ratios (1:2, 1:1, and 2:1, respectively). In summary, when glucose: xylose
ratio of 1:2 was used, a total sugar consumption of 51% was observed, whereas in treatments with
a glucose: xylose ratio of 2:1, 80% of sugars were consumed. Fi6aty,of the sugar was
consumed when the initial glucose: xylose ratio of 1:1 was used. In the case of treatments tested
using carbomitrogen ratios of 20 and 120, the glucose consumption was higher than 95% at 96
hours. The sugar consumption observed imork agrees with other studies, where glucose was
consumed faster compared with xyld88], [60], [86] In the case of xylose consumption, this
study shows that xylose consumption was faster (50% in 150 h) than other studies, for example,
Yamada et al[145] who reported consumption of only 5% in a period of 168 h. Additionally, the

sugar consumption pattepbserved in the present study was similar to Wiebe {§8)].where
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nearly complete consumption of glucose and 50% of the total xylose content was observed. This
result is promising from a pcess point of view as wood hydrolysates contain both C5 and C6
sugars. Furthermore, these results confirm that this strain has a high tolerance to catabolic
repression caused on the pentose phosphate pathway due to the high concentration of xylose in the
culture media. For example, in native strains, it has been reported that xylose catabolic repression
is observed by the inhibition of xylose transporters and the repression of enzymes involved in the
catalytic activity of the pentose phosphate pathway,thisdgenerally can occur after 20% of

xylose consumptiofB86], [173], [174]

Figure 26.Sugar utilization and biomass production by R. toruloid&888 during cultivation
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The microbial growth was similar for the C/N ratio of 20 and 120. In both conditions, the cell
growth profile presented a short lag and exponential phases of approximately 6 h and 18 h,
respectively. For both C/N ratios, et the stationary phase was reached no more changes in
biomass accumulation were observed. For glucose: xylose ratio of 1:2 and 0.1 gddBhla

short lag phase during the firk8 h and an exponential phase of 54 h was observed. At the same
initial sugar ratio but using 2.0 g/L dlaaHPQs an imperceptible lag phase (2 h) and long and
strong exponential phase (up to 72 h) were observed. A slight decrease in biomass production was
observed during the following 48 h, to observe a short second exponamise of 24 h.
Conversely, with the two previous conditions, when initial glucose: xylose ratio of 2:1 and 0.1 g/L
of NePOH; a short exponential phase of 18 h was observed without major changes until the end
of the fermentation. Nevertheless, using the same initial sugar ratio with the use of an initial
concentration of 2.0 g/L MlaaHPQy, a lag phase of 18 h and a long expdiaéphase (78 h) were
observed. After the exponential phase, a similar growth tendency was observed using glucose:
xylose of 1:2. This trend suggests a diauxic growth, where one substrate was faster and
preferentially catabolized over the other during ghewth phas¢38], [52], [145], [175] In this

study, the growth tendency suggests that glucose and xylose can be used simultaneously as
carbon source, except in treatments where an initial concentration of 2.0 §&HPQs was

used, where a diauxic growth was observed. The above trend can be attributed to slower catabolism
of xylose provoked by the high amount of glucose in treatmeghése a high concentration of
NaHPQ was usedFinally, an increase in cell biomass production was observed when a C/N ratio
of 70 and initial glucose: xylose ratio of 1:1 and 1.05 g/L were used. Under the-tabtec
conditions, the microbial growth (IfiL) and sugar utilization observed in this study were similar

to the results reported by Sargeant eld3] with aRhodotorula minutatrain, and a total xylose
consumption of 50%.

Cell biomass production and sugar consumption within this study showed that the use of mixed
sugars in different initial proportions promotes a fast consumption of total sugar content without
the addition ofexternal nutrients into the culture media. Moreover, these results showed the
efficient use of glucose and xylose present in hydrolysates obtained from forestry residues as the
main carbon source to produce lipids. Finally, from an industrial point wf s feature makes

this oleaginous yeast a promising microorganism to use undetoxified wood hydrolysates as a
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promising and renewable substrate for lipid production that can be used as a suitable feedstock for
biofuel production as well as to produceglhiaddedvalue fatty acids that can be used in several

industries.

Carbon/Nitrogen effect

A Box-Behnken design was used to analyze the effect of C/N ratio, lipid inducer and initial sugar
concentration on lipid production. Fifteen conditions were perorto determine the optimal
ranges of operating parameters in terms of lipid production. A full quadratic model was developed
for lipid production and biomass production (Eq. 4 and Eqg. 5, respectively). Rigshows the
surface plots constructed withethvalues obtained for each dependent variable. An ANOVA
analysis of the surface regression of both cell biomass production and lipid accumulation with C/N
ratio, initial glucose, and initial lipid inducer concentrations was performed. According to the
analsis of surface regression, the three parameters and their square interactions affected the
biomass and lipid production, being the C/N ratio the parameter with strong effedti¢z0.001)
(ANNEX 3). On another hand, MdPQs and initial sugar concentrati did not affect biomass
production (pvalue =0.919 and 0.806, respectively), which was supported by the observed

biomass yield.
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0270406 ¢ mRp Y PAOD 6200 6 GER Q Eq. 4

6 QOME ahi § Qo WO @WeEe T @ XOF
0 opw A0 ™ X' P o6 Gé MR eiF g
0 pHULVIAOD) Tm8ippiDg o ®EIQQ Eq.5

For instance, with a C/N ratio of 70, an average yield of 0.44 g of biomass/g of sugar was obtained,
which was 2.5old higher than treatmentghere C/N ratios of 20 and 120 (~0.17 g of biomass/g

of sugar) were used. These results were different from those observed by LopHE$4ét asing

R. toruloidesCCT 0783, where microbial growth decreased with the increase of carbon/nitrogen

ratio in the culture media. Also, they observed that at lower and higher C/N ratio conditions (20
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and 120, respectively), a decrease in the cell biomass yield was obsefded/[5and 5.55 g/L,
respectively) resulting in a decrease in lipid accumulation. In the present study, the maximum
value for biomass concentration was 13.67 g/L, higher than the cell biomass reported by
Braunwald et al[153] (11.40 g/L) with aRhodotorula glutinisstrain using syngtic media
(glucose as the main carbon source) supplemented with a mineral solution and cultivated under
five C/N ratios up to 216 h. Likewise Lopes et [4l64] observed a decrease in cell biomass
production at high C/N ratios. This tendency can be ex@thiby the increase of sugar
concentration in the culture media (especially glucose), due can provoke a catabolic repression
effect in the cells. As an effect of the catabolic repression, a decrease in the Krebs cycle activity,
by increasing the citric agticontent at intracellular levels can collapse the cells internally causing
their death, causing a decrease in the cell biomass production, which directly impacts the lipid
production[64], [67].
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Figure 27.0Optimization of biomass and lipid production of R. toruloid&588 using a mix of

two wood hydrolysates as a cultumeedia.
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Lipid inducer effect

The use of N&HPQy as a lipid inducer irR. toruloides1588 grown in wood hydrolysate as a
culture media shows that an initial concentration of 1.05 g/L has an effect in cell biomass
production and lipid yield with 0.69 g @iomass/g of sugar and 0.28 g of lipids/g of sugar (p
value=0.012). These yields were obtained in combination with an initial C/N ratio of 70 and 1:1
glucose: xylose ratio. However, at the same initial concentration,bff@ in combination with

C/N ratio of 20 and 120, and initial glucose: xylose ratio of 1:2 and 2:1, the cell biomass yield was
lower, in the range from 0.15 to 0.19 g of biomass/g of sugar and produced lipids in the range of
0.04 to 0.05 g of lipids/g of sugar. Likewise, when a lower laigtier initial concentration of
NaHPQ; was used (0.1 and 2.0 g/L, respectively) under C/N ratios of 20 and 120 and initial
glucose: xylose ratio of 1:1, the biomass and lipid yields were in the same ranges (0.04 and 0.05 g
of lipids/g of sugar, respectilg. Furthermore, when the same initial N&Qs concentrations

(0.1 and 2.0 g/L, respectively) were tested in combination with an initial C/N of 70 and initial
glucose: xylose ratio of 1:2 and 2:1 a slight increase in biomass yield (0.34, 0.27, 0.328amd 0

of biomass/g of sugars, respectively) and lipid yield (0.096, 0.13, 0.050, and 0.090, respectively)
were observed. The above results show that the use of low and high initial concentrations of

NaHPQ; decreases the biomass and lipid yiel®Rirtorubides1588.

It has been reported that oleaginous yeast grown under phosphorus limitation conditions promotes
a rapid use of carbon sources for metabolic activities in the cells during the earlier growth steps,
increasing lipid accumulation. This phenoroenis stronger, especially in combination with
treatments under nitrogdimiting conditions. Nevertheless, in this work, we observed the
opposite behaviour. WheR. toruloides1588 was grown using low C/N in combination with low
NaHPQs concentrations redted in low biomass and lipid production, a tendency that also has
been reported on other species of oleaginous yeast. A similar trend was observed in treatment with
a high C/N ratio and high NHPQs content. For instance, in this work biomass and lipid
production byR. toruloides1588 were lower under C/N of 120 and high initial concentrations of
NaHPQ4 (2.0 g/L). Similar results were observed at high concentrations gfii& (2.0 g/L) in
combination with low C/N ratios such as 20. This result agrethsother works where an excess

of phosphorus can cause ribonucleic acid (RNA) degradation as well as a decrease in

deoxyribonucleic acid (DNA) synthesis. This can then cause a decrease in cell replication rate,
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lowering biomass production, and consequeattiecrease in lipid producti¢nO], [166], [167]

In recent years, the use of Roretallic ions such as phosphorus has been utilized to increase the
lipid accumulation irR. toruloidesstraing[69], [78], [162] For instance, in this study, an increase

of 7.3fold and 3.3fold in biomass and lipid yield were observed than reported by Wang et al.
[165] using the yeasR. toruloidesAS 2.1389 under phosphdimited and phosphateepleted
conditions using as substrate pure glucose culture media supplemertiettact elements

solution.

So far, no studies are available on how phosphate metabolism works in oleaginous yeast using
complex media such as undetoxified wood hydrolysates. Likewise, no work has been performed
to optimize the culture conditions usin@gsphate as a lipid inducer in combination with the
culture media used in this work. Nevertheless, it is well known that phosphate plays a key role
during lipid biosynthesis. Phosphorus contributes to the dephosphorylaticadenosine
monophosphate (AMP)which activates the isocitrate dehydrogenase enzyme (IDH); a key
enzyme to convert citrate into isocitrate in the tricarboxylic acid cycle (TCA). This helps the
acetytCoA transportation into the lipid biosynthesis pathway. Furthermore, in this workseecau

of NeeHPQy addition in combination with the culture condition tested, the fatty acid profile showed
considerable differences in its distributions regarding control treatments where no addition of
NaeHPQ: was used. Hence, this work can be used to study and develop detailed research on the
use of phosphate as a lipid inducer to increase lipid yield as well as with the purpose to produce a

specific fatty acid with high added value in the market.

Lipid accumulation

Table9 shows the effect of initial glucose:xylose concentration, C/N ratio and lipid inducer on
total lipid accumulation byr. toruloides1588. Similarly, as in previous results, the C/N ratio of
70 produced the highest lipid yield with 0.27 glipfds/g of sugar under initial glucose:xylose
ratio of 1:1, and N&HPQs of 1.05 g/L. On another hand, the lowest yield has been obtained when
C/N of 120, initial glucose: xylose ratio of 2:1 andoNBOs of 1.05 g/L (0.041 g of lipids/g of
sugar). Theseesults confirm that the combination of initial C/N, glucose: xylose ratio and
NaeHPQs as lipid inducer, has a strong effect on lipid productiorRbytoruloides1588 when

intermediate concentrations of each parameter were used (70, 1:1, and 1.05 g#tivedgp
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Likewise, the cell biomass production with respect to lipid accumulation shows a positive
correlation effect (v al ue=0. 00 1, a Pear s aujj=8.92)cshowving thac i e nt -
an increase in cell biomass production increases thealgguimulation under the optimal condition
tested (C/N=70.18, glucose: xylose ratio of 1:1, and 1.19 g/l eHR@;) (ANNEX 3). An
increase of 7.48% in lipid production was observed when C/N of 70, initial glucose: xylose ratio
of 1:1, and 1.05 g/L of N&lPQu. Nevertheless, after comparing the obtained biomass and
accumulated lipids obtained under the optimal conditions (13.33 and 5.3 g/L, respectively), with
the biomass and lipids obtained in the control treatments using100% glucose, and 100% xylose
(sepaately), with a C/N of 70 and no addition of JR#°Qy4, an increase in biomass and lipid was
observed (27.33 and 8.9 g/L, respectively). Nonetheless, considering the relationship between
biomass and total lipid content in glucose and xylose control tretgm#re total lipid
accumulation was lesser in 7.48% and 10.45%, respectively with the accumulation obtained under
optimal cultivation conditions of C/N of 70, initial glucose: xylose ratio of 1:1, and 1.05 g/L of
NaHPQ; (treatment with highest lipid acowlation). Furthermore, in this work under the
conditions where the highest lipid accumulation was obtained, a decrease of ~30 h of total
fermentation time was achieved in comparison with our previous [@@i§. The obtained results

under the tested conditions enrich the understanding related to the cultivation of this yeast. In
addition, the above results can be useful for culture media designrnovirtbe lipid yield using

complex culture media such as undetoxified wood hydrolysate as a culture media.
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Table9.Biomass and lipid production by R. toruloid€$88 using a mix of two woollydrolysate as a culture media.

Biomass Lipids Total sugars Furfural content
TX C/N  Inductor Glucose: Content Yield Content Y_ie_ld Specifi(? Initial Final
xylose (g biomass/g (g lipids/g consumption
(g/L) cugan) (g/L) sugan) ') (g/L) (g/L)

T1 0.10 1:1 5.33£0.26 0.15+0.007 1.74+0.08 0.050+0.002 0.069+0.003 0.61+0.030 0.04:0.002
T3 20 2.00 11 6.08+0.30 0.18+0.009 1.53+0.07 0.045+0.002 0.073+0.003 0.41+0.020 0.03+0.001
T5 1.05 1:2 5.3320.26 0.19+0.009 1.41+0.07 0.050+0.002 0.055+0.002 0.47+0.023 0.04+0.002
T7 1.05 2:1 5.06+0.25 0.16+0.008 1.42+0.07 0.044+0.002 0.061+0.003 0.30+0.015 0.02+0.001
T-9 0.10 1:2 9.30£0.46 0.34+0.017 2.64+0.12 0.096+0.004 0.038+0.001 0.43£0.021 0.02+0.001
T-10 2.00 1:2 10.03+0.50 0.37+0.018 3.52+0.17 0.130+0.006 0.020+0.001 0.63+0.031 0.04+0.002
T-11 0.10 2:1 11.05+0.55 0.27+0.013 2.07+0.10 0.050+0.002 0.032+0.001 0.34+0.017 0.03+0.01
T-12 70 2.00 2:1 11.67+0.58 0.28+0.014 3.82+0.19 0.090+0.004 0.020+0.001 0.30+0.015 0.03+0.001
T-13 1.05 11 13.33+0.66 0.69+0.034 5.18+0.25 0.280+0.014 0.025+0.001 0.51+0.025 0.04+0.002
T-14 1.05 1:1 13.67+0.26 0.62+0.031 4.92+0.24 0.222+0.011 0.025+0.001 0.41+0.020 0.04+0.002
T-15 1.05 1:1 13.33+0.30 0.53+0.026 5.18+0.25 0.205+0.010 0.021+0.001 0.39+0.019 0.05+0.002
T2 0.10 1:1 5.33+0.26 0.16+0.008 1.88+0.09 0.055+0.002 0.066+0.003 0.69+0.034 0.05+0.002
T4 2.00 1:1 6.07+0.30 0.18+0.009 1.72+0.08 0.051+0.002 0.044+0.002 0.47+0.023 0.04+0.002
T6 120 1.05 1:2 5.33%0.26 0.18+0.009 1.49+0.07 0.051+0.002 0.053+0.002 0.46+0.023 0.04+0.002
T8 1.05 2:1 5.00£0.25 0.15+0.007 1.34+0.06 0.040+0.002 0.086+0.004 0.29+0.014 0.03+0.001
T16 0 Control glucose  27.33+0.54 0.54+0.027 8.92+0.44 0.180+0.009 0.019+0.000 0.60+0.030 0.05+0.002
T17 70 0 Control xylose 13.67+0.52 0.52+0.026 4.05+0.20 0.150+0.007 0.020+0.001 0.55+0.027 0.03+0.001

106



Fatty acid composition

Figure28shows the four main saturated fatty acids (palmitic, stearic, oleic, and linoleic fatty acids)
present in lipids produced IR toruloides1588 grown in the undetoxified wood hydrolysate. The
distribution and abundance of fatty acids varied with cultivation conditions. For instance, Figure
28A shows the fatty acid distribution in treatment with lower lipid accumulation (glucose: xylose
ratio of 2:1, C/N ratio of 120, and WdPQ; of 1.05 g/L) where the maximum content of palmitic
and stearic acidsasobserved at 96 h with 23.5%, and 20%, respectively, and the maximum oleic
acid content was observed at 168 h (35%). WRetoruloides1588 wa cultivated under equal
initial glucose: xylose ratio (1:1), C/N of 70, and 1.05 g/L ofH\aQu, the maximum abundance

of palmitic, stearic, and oleic fatty acids (13.3%, 11%, and 21%, respectively) were observed
during the first 18 h of cultivation. Nextheless, under these conditions, a higher abundance of
linoleic fatty acid (37.5%) was observed at 96 h of fermentation followed by a considerable
decrease of all fatty acids at the end of the fermentation (F288)e The fatty acid abundance in
contrd treatments (glucosEigure 28C and xyloseFigure 28D) was similar to reported in our
previous work Osorigsonzalez et a[171], where the high almgdance of palmitic and stearic fatty

acids was at 96 h, and oleic and linoleic fatty acids was at 168 h.
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Figure 28.Fatty acid distribution of lipids obtained from R. toruloidelb88 cultivated on wood
hydrolysate. A) C/N= 120 glucose: xylose (2:1), inducer=1.05; B) C/N= T@lucose: xylose
(1:1), inducer=1.05; C) C/N= 70 glucose, inducer=0; D) C/N=70 xylose, inducer=0

Figure29 shows the distribution of several polyunsaturated fatty acids produdedtbsuloides

1588 gowth using wood hydrolysate as a culture media. The total abundance of-8rfata
acids (alphdinolenic acid, eicosapentaenoic, and docosapentaenoic acids) and-@®rfegtya
acids (linolenic, eicosadienoic, and dihcgemmalinolenic) was similar in caditions of C/N of

120, initial glucose: xylose ratio of 2:1, and an initial concentration of 1.05 g/L 6fR&, and

C/N of 70 (Figure29A), and glucose control treatment (glucose alone, and no addition of
NaeHPQy). For omegé0 fatty acid (Eicosenoic), a slightly higher abundance was observed in the
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glucose control treatment (Figu?8C). Likewise, wherR. toruloides1588 was cultivated under

the conditions of C/N of 70, initial glucose: xylose ratio of 1:1, af8 #j/L of NaHPQu (Figure

29B) showed an increase in Omegaand Omeg® fatty acids except for dihorrgamma
linolenic and eicosenoic fatty acids, that were not present in the produced lipids. FinallyR when
toruloides1588 was grown using xylose alorand no addition of N&PQu (xylose control
treatment), the abundance of polyunsaturated fatty acids was higher than observed in the rest of
the abovecultivated conditions (Figur29dD). For instance, alphinoleic, and eicosapentaenoic

fatty acids (Omeg8), was 0.68%, 1.21%, 1.11%, and 0.59%, 1.53%, and 1.37% higher in
comparison with the abundance observed in tested conditions with the highest lipid accumulation.
Additionally, a lower lipid accumulation was observed in glucose and xylose control tré&atmen
For eicosadienoic fatty acid (Ome@# an increase of 0.75%, 0.86%, and 0.70% was observed,
respectively. Lastly, the highest abundance of Ore@h71%) was observed under the same

cultivated conditions.

The fatty acid profile of the produced lgsi in this work meets the required standards by regulatory
agencies such as the European Standard EN 14214 for its use as a feedstock for biofuels production
such as biodiesel and more recently for dropiofuels. The above fact is due to the high presen

of saturated fatty acids such as palmitic, stearic, and oleic that are suitable raw materials to obtain
shortchain alkanes such as octanes. Furthermore, it has been reported that these types of fatty
acids increase the lubricity of the produced biuedhich from the application point of view is a

great advantage due to it has been reported thatdgsdd biofuels promote the decrease of engine
wear. Additionally, the near balance in saturated fatty acids and the presence of lower
polyunsaturated fty acids help to decrease biodiesel oxida{ibr6]. Likewise, the produced

lipids are a suitable raw material for a wide variety of products different from biofuels because can
be used as amtermediate to produce other chemical compounds as well as like a substitute for

compounds in the pharmaceutical and food industries.
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Figure 29.Fatty acid distribution of lipids obtained from R. toruloidel88 cultivated on wa
hydrolysate. A) C/N= 120 glucose: xylose (2:1), inducer=1.05; B) C/N= T@lucose: xylose
(1:1), inducer=1.05; C) C/N= 70 glucose, inducer=0; D) C/N=70 xylose,

Inhibitor effect

In addition to the release of sugars from lignocellulosic biomass, the pretreatment releases several
cell growth inhibitory compounds such as furans, organic acids, and lignin derivatives leading to
a considerable decrease in the yeast metabolic activiyas been reported that among these
compounds furfural is the most toxic and abundant in hydrolysates obtained from lignocellulosic
biomass that considerably affects the adenosine triphosphate (ATP) production leading to a

decrease in the cell biomaselgi[78]. Figure30 showsthe amount of furfural that was degraded
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in this study. Furthermor@earson correlation analysis, shows that furfural has a slight inhibition
effect onmicrobial growth, as well as on lipid production\@lue=0.173, and galue=0.007,
respectively). The negative effect could be caused by a decrease or total inhibition of the
glyceraldehyde3-phosphate dehydrogenase enzyme (GPD), and aldehyde demat®@¢alLD1)

involved in the carbon source uptake into the metabolic process of the yed&] cpl.
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Figure 30.Furfural transformed/degraded by Roruloides1588 using a mix of two
undetoxified wood hydrolysate as a culture media.

In this work, a remarkable decrease in furfural content of 90.7% at 96 h of fermentation (maximum
lipid accumulation) was observed in all tested conditions. Besidegjrdurtiegradation
considering the C/N ratios tested (20, 70, and 120) show a difference minor to 1% between them
with 91.23%, 90.60%, and 90.36%, respectively. Likewise, the furfural decrease considering the
amount of initial NaHPQ4 concentrations (0.10,05, and 2.0 g/L) was similar (92.56%, 89.42%,

and 91.10%) to the obtained results considering C/N ratios as a factor. Nevertheless, when the
effect of the three parameters evaluated was independently analyzed, for instance, a slight
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inhibitory effect in nicrobial growth was observed in treatments where a C/N of 70, 1.05 g/L of
NaeHPQs, and 1:1 initial glucose: xylose ratio (Pearson coeffici€h2d, -0.42, and-0.57,
respectively) was used. For lipid production, a negative effect was observed in treatimerg
1.05 g/L of NaHPQ4, and 1:1 and 2:1 initial glucose: xylose ratio (Pearson coefficie/3s;, -

0.47, and0.003, respectively).

So far, no specific work has been done on genes or enzymes involved in furfural degradation within
the genusR. torulades Nevertheless, in an omic analysis performed by Zhu g'&f] in anR.
toruloidesY4 strain, they reported three families of shdrain dehydrogenase/reductase (SDR)
proteirs in three different genes (TPI1, FAS2, and MDH1, respectively). This family of enzymes
can be activated due to the stress caused by the high concentrations of furfural in the culture media.
Also, due to the hydrophobic nature of the enzyme, it workdiak ehannel for the hydrophobic

site that can bind to the furfural. However, furfural is not the only compound that could cause a
strong toxicity effect ofR. toruloides1588 yeast. Compounds derived from the lignin fraction and
six-carbon sugar dehydrat such as HIMF, vanillin, vanillic acid, syringaldehyde, levulinic

acid, ferulic acid, and aminobenzoic acid are present in the culture media and can contribute to
decreasing the yeast performance during the fermentation pfégelssthe present study, other
observed inhibitory compounds -EBMF, levulinic acid, ferulic acid, vanillic acid, vanillin,
syringaldehyde, and aminobenzoic acid) did not show a consideedykase with respect to the
decrease observed in furfural. This may be due to the lower amount of these compounds in the
hydrolysate (<100 ppm). The above results confirm Ehabruloides1588 is a strain capable of
growing and accumulating lipids inéhpresence of microbial inhibitory compounds such as
furfural, organic acids, and some lignin derivatives, as observed in our previous fl6dies

[171].

Conclusion

The effect of thre@nitial C/N and glucose: xylose ratios, as well as three initial concentrations of
NaHPQ;0n the lipid production, was studied. A C/N ratio of 70, an initial rate of glucose: xylose

of 1:1, and 1.05 g/L of N&iPQs showed a 40% lipid accumulation with a maximum biomass yield

of 0.69 g of biomass/g of sugar. The use ofHNRO, as a lipid inducer showed a 7.48% increase

in lipid accumulation. The fatty acid profiles showed that microbial lipids obtained.by
toruloides1588 using wood hydrolysate as a substrate are a potential and suitable feedstock to
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produce conventional biofuels and advanced -nopiofuels, chemical precursors, or food
additives.R. toruloides1588 was capable of growth in presence of 0.7 gAudfiral and other
inhibitory compounds. The obtained results in this study confirm Rhabruloidesl588 is a
promising strain from a process point of view, due to can growth in media without growth
supplements, has vigorous growth, has a short pefigdowth, among others. In summary, the
present investigation showed tHat toruloides1588 uses glucose and xylose efficiently in a
simultaneous way as a carbon source. SecondbkN& used as a lipid inducer can increase
lipid accumulation, and thirgl the culture conditions tested decreased total fermentation time up
to 96 hours.
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Abstract

R.toruloides1588 was tested to grow and accumulate lipids using C5 and C6 wood hydrolysates
highly rich in sugars as well as the effect of ammonium sulfate as an only supplement in the culture
media. Batch fermentation using C5 and C6 wood hydrolysatewtuge media showed a slight
substrate and growth inhibition up to 100 g/L with a maximum lipid accumulation of 8.2 g/L with
palmitic, stearic, oleic, linoleic and lignoceric acids as predominant fatty acids, which are
comparable to vegetable oils. Additially, this study is the first to report the effect of the presence

of high concentrations of xylose in the culture medi&otoruloides1588

Keywords Substrate inhibition, growth inhibition, wood hydrolysate, lipid production,
Rhodosporidium toruloides

Introduction

Due to the concern about fossil oil depletion caused by the overuse during the last decades to
produce energy, several governments as veelravate institutions around the world have put
efforts in developing and promoting policies to improve the transition of energy production using
biotechnological processes using renewable sources as feedst8t179]. Currently, liquid

biofuels such as biobutanol, bioethanol, or biodiesel production using renewable feedstocks such
agraindustrial, industrial, crop residues, and lignocellulosic biomass, are a potential alternative to
the conventional fossil fuels as welb to the direct development of a sustainability culture and

green energy independer{@80], [181]

Recent research has been focused on producing biodiesel using lipids from several sources such
as rawand refined vegetable oil, cooking oils and animal grease and tallow. Another alternative
that has been raised during the last three decades is the production and use-célsimitjfeom
oleaginous yea$i82]. Oleaginous yeasts are microorganisms that can accumulate between 20%
to 70% of lipids within their cellular bodies. Some examples of this microorganidm@wenyces

starkeyi, Trichosporon fermentantSryptocacus curvatus, Yarrowia lipolytica, Rhodotorula
glutinis and Rhodosporidium toruloideg36], [157] Among these microorganisms
Rhodosporidium toruloidestands out as a promising microorganism capable to accumulate up to
70% of its dry weibt into lipids, use a wide variety of substrates such as glycerol, sodium chloride,
lignocellulosic hydrolysates, and degrade several compounds inhibitory to the microbial growth

[44], [171]. Numerous studies have reported the performandehotiosporidium toruloidem
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terms of growth, sugar utilization, and lipid production. Nevertheless, the differences in substrates
and culture conditions make it difficult to compare those results. Oneesé tfactors is the
presence is high sugar concentrations in the culture media, which can cause a catabolic repression
effect during the aerobic fermentation process ultimately hindering microbial growth and by
consequence lipid accumulation. It has beg@onted that the excess of sugar in the culture media

can cause problems during the adenosine triphosphate (ATP) production, a vital compound in
energy metabolisrfil83]. Same studies have reported that the increase of glucose in oleaginous
yeast increased the microbial biomass production and lipids accumulation usksgdégttulture

media such as hydrolysates obtained from lignocellulosic biofh84%

As per the results obtained in our previous we&kioruloides1588 demonstrated an outstanding
capacity to use liquid hydrolysates obtained from forestry residues as a suitable substrate for
microbial growth and lipid productiofl71], [185], [186] From a scalingup process point of

view, the selection of an optimal sugar concentration is important to adewmaximum lipid
accumulation and prevent loss of the carbon source during the fermentation. In this sense, this
study aims to evaluate the capacity Rhodosporidium toruloide$588 to use high sugar
concentrations, growth and accumulate lipids usigwood hydrolysate hightyich in sugars as

a sustainable substrate. Additionally, the study reports the effect of ammonium sulfate as the only

culture media supplement.

Materials and Methods

Substrate, microorganism, and inoculum preparation

C5 and C6 wood hydrolysates used as a culture media were producéréemfiield Global Ing.
Varennes, Quebec, Canada from the poftap(lus alba residues with a glucose content of 10

g/L and 122 g/L and a xylose content of 123 g/L and 11 g/L, resphctRhodosporidium
toruloides1588 was obtained from tiAggricultural Research Service (NRRL) Culture Collection
(USA). R. toruloides1588 was preserved and the inoculum seed was prepared using YM media

according to Saini et dl185].

Sugar concentration effect and its impact on microbial growth, sugar utilization and lipid

accumulation
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To evaluate the effect of sugar concentrations and ammonium sulfate in the culture media on
microbial growth, sugar utilization, and lipid productionRytoruloides1588, four initial sugar
concentrations (50 g/L, 75 g/L, 100 g/L, and 120 g/L, respédgjigad 1 g/L of ammonium sulfate

(NH ) SO were used. Batch flask fermentati ons:e
200 rpm, during 144 h in two sets: i) wood hydrolysate supplemented with ammonium sulfate, and

i) wood hydrolysate withouimmonium sulfate supplementation.

Cell harvest and lipid extraction

Cells harvest and lipid extraction was performed according to O&amzalez et al[171].
Briefly, the cells were harvested by centrifugation and dried at 60+1°C for 18 hours. After that,
were treated with a solution of hydrochloric acid for 1 hour. After that, lipids were extracted using
a chloroform: methanol solution (2viv).

Analytical methods

Microbial growth

Microbial growth was quantified by microbial biomass dry constant weight (DCW) and reported
as g/L of microbial biomass produceB).( Furthermore, microbial biomass yields() and

maximum growth rateimay) Were calculated according to Equation 1 and 2, respectively.

A (Eq. 2)

Sugar utilization

To quantify the sugar utilization byR. toruloides1588, samples were drawn ass the
fermentation, and the analysis was performed according to Saini [@B%].using aThermo

Scientific Liquid TSQ Quantum Access Mass SpectrometerNIS} equipped with a HILIC
column (5 em x 150mm and 4. 6mm) and a solutio
phaseTotal sugar consume@®)(was reported as g/L and maximum sugar consiompate Ksmay)

was calculated using Equation 3.
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@ (Eq. 3)

Lipid quantification and fatty aci d composition

Total lipid content was reported as g/L and lipid yieMss(andYys) were calculated according

to Equation 4 and 5, respectivelfFatty-acid methyl esters (FAMES) were obtained by
transesterification from extracted lipids according to OsGumzalez et al[171]. Briefly,
methanol was used as a reactant and sulfuric acid as a catalyst at 100£1°C for 20 min. FAMEs
were extracted with hexane and analyzed usindgilent 7890B Gas Chromatographkylame
lonization Detector (G&-DI) using armAgilent 1222362 DB23 column (60 m x 25Am and 0.25

em f il m HAlhfattg &cid eeas sdgntified and quantified using a Supelco 37 Component
FAME Mix as a standard (Sigm@adrich, USA).

Ny (Eq. 4)

Total nitrogen content

Total nitrogen content (N dissolved + N suspended particles which do not settle) in liquid samples
was analyzed using a Shimadzu Tddaganic Carbon Analyzer (TOZCPH) with a detection

limit of 0.02 mg/L.

Statistical analysis

The statistical analysis of the data was conducted using OrigiRta® 20.0. Sugar concentration
effect on biomass production, sugar utilization and lipid actaton were evaluated by One

Way ANOVA with a Fisher test at 95% level of confidence. All experiments were performed in

duplicate.

Results and discussion
Substrate inhibition analysis
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Figure31 shows glucose and xylose consumptionRoytoruloides1588 using C5 and C6 wood
hydrolysates as a substrateh& C6 wood hydrolysate + (N}2SQs was used as a substrate, slow
glucose utilization was observed during the first 18 h at initial glucose doaiwens of 50 g/L
(5.77%), 75 g/L (6.66%), and 100 g/L (20%), respectively. However, an increase of two times on
glucose utilization (43.75%) was observed at an initial glucose concentration of 120 g/L. After 18
hours, pronounced glucose consumption dutire next 54 hours was observed in all treatments

as 64.9%, 61.95, 42.5%, and 28.75%, respectively. The maximum glucose utilization was observed
at different times between the four initial glucose concentrations. For instance, when the initial
concentrathn of 50 g/L maximum glucose consumption was observed at 128 h (99.7%). For initial
concentrations of 75 and 100 g/L, the times were similar (144 h), but the maximum consumption
was different (97.0% and 86.5%, respectively). Nevertheless, when an inieabsg
concentration of 120 g/L was used, the maximum glucose consumed was at 96 h (80%). As
compared to previous results, when C6 wood hydrolysate was used alone (withguSH
addition), an increase of 16.29%, 53.0%, 20.0%, and 4.16% in glucoserguit was observed

during the first 18 hours. The times at which the maximum glucose consumption was observed
comprised treatments employing 75, 100 and 120 g/L of initial glucose concentration using C6
wood hydrolysate + (NE2SQs as a substrate. Maximuglucose consumption was at 144 h with
97%,81%, 80%, respectively. Conversely, treatments with an initial glucose concentration of 50
g/L, showed a decrease of 32 h with respect to the rest of the treatments to achieve the maximum
glucose consumption (>98).

The above stated results showsedatabolic repression effect & toruloides1588 in both C6

wood hydrolysate when initial sugar concentrations of 100 g/L and 120 g/L were used. In the case
of treatments where C6 wood hydrolysate was supplemented WtH ) SO , a decr ea
and 25% of glucose utilization, respectiveBn the other hand, in C6 wood hydrolysate without

( NH ) suppl@nentation, a decrease of 18.29% and 24% in glucose utilization was observed,
respectively. In both cases, thatabolic repression effect was observed after 96 hours of
fermentationNevertheless, the obtained results in this research are different in comparison with
the observed byi et al. [187] usingR. toruloidesY4. They observed that the microbial growth

was highly repressed in treatments with a glucose concentration between 150 g/L to 300 g/L. It
should be stated that this work used an undetoxified wood hydrolysate as a culture media with

(NH ) SO as an only supplement, i n compari sor
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(NH4)2SQi=12 g/L, KkPOi=1 g/L, MgSQ-7H.0=1.5 g/L, and yeast extrta©.5 g/L) used by.i

et al[187]. Thus, the increase in tolerance to high glucose concentratidd loeuinked to the
availability of the nitrogen source in the culture media that promoted the yeast metabolism
increasing the glucose catabolism.

120 ] —— C6 wood hydrolysate+nitrogen A i B
= 110 | _@— ¢6wood hydralysate alone m
2100 — —4— C5 wood hydrolysate+nitrogen
90 1w C5 wood hydrolysate alone

Sugar consumption (g/L)

0 18 36 54 72 90 108 126 144 0 18 36 54 72 90 108 126 144
Time (hours) Time (hours)

Figure 31.Sugar consumption profile by R. toruloide588 using woodhydrolysate as a
substrate. A) 50 g/L; B) 75 g/L; C) 100 g/L; D) 120 g/L.

The xylose consumption was similar between C5 wood hydrolysg@téi4)>SQs, and C5 wood
hydrolysate without nitrogen addition, due to the total xylose consumption at 144 h feionentat
was similar between treatment with the same initial xylose concentration. For instance, in
treatment where an initial xylose concentration of 75, 100, and 120 g/L using C5 wood hydrolysate
+ (NH4)2SQy as a substrate, a maximum xylose consumption%, 3% and 79%, was observed.

A similar consumption was observed using C5 wood hydrolysate wifhtt)>SQs addition

(57%, 72%, and 80%, respectively). Nevertheless, the maximum difference in xylose consumption
(10%) between the substrates was observed when an initial xylose concentration of 50 g/L was

used (48% and 38%, respectively). Although the trend aiseytonsumption was similar between
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the two hydrolysates and the four initial concentrations, a faster consumption during the first 18
hours of fermentation in treatments with higher initial xylose concentration (100 and 120 g/L) was
observed. Likewise, amcrease of 30% and 45% in xylose consumption was observed in
comparison with the xylose consumed in treatments with 50 g/L of initial xylose, and 32.1% and
41.9% in treatments with 75 g/L of initial xylose concentration. After 18 h of fermentation, the
trend of xylose consumption was similar, except during the last 18 h of fermentation where an
increase in xylose consumption was observed. These results showdrl tioatiloides1588
encountered a slight inhibition in xylose utilization. These resulte@sever promising as very

few studies have reported the use of xylose as a single carbon source and in a concentration higher
than 25 g/L[168], [188] Additionally, no literature, to the best of our knowledge, has been

reported with studies about substrate inhibition using high xylose concentrations.

Biomass production analysis

Figure32 shows the microbial biomass productionRytoruloides1588 using C5 and C6 wood
hydrolysate as substrate. When C6 wood hydrolysate was used as a substrate the exponential phase
was observed during the first 18 hapfitivation. Nevertheless, the stationary phase was different

for each initial sugar concentration, for instance in treatments with an initial concentration of 50
g/L an increase of 5 h/in biomass concentration was observed in C6 wood hydrolysate +
(NH4)2SQs in comparison with the obtained biomass using C6 wood hydrolysate without
supplementation,withawell haded st ati onar ystpdataisenanyo iexmp®n
respectively. Now, when 75 and 100 g/L of initial sugar concentration were assdilar

tendency was observed in C6 wood hydrolysatiH4).SQ: with a defined stationary phase of

78 h.

HenceR. toruloides1588 can use glucose effectively during the biomass production process. For
instance, in this research, the maximum biomass production using C6 wood hydrolysate +
(NH4)2SOs was 21.5 g/L with 100 g/L of initial glucose concentration. Converéelgt al.[187]

reported 18.6 g/L using an initial glucose concentration of 90 g/L, showing a dropping decreas
after the above concentration. Similarly, they observed a small decrease in the specific growth rate
when the initial sugar concentration increased from 40 g/L to 150 g/L and a drastic decrease when
glucose concentrations were higher than 200 g/L. Omptyends were reported hyet al.[187],

and Fei et al[144] with a total biomass production of 36.2 g/L using a clarified lignocellulosic
hydrolysate with an initial glucose concentration of 110 g/L.
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Figure 32.Biomass production by R. toruloides588 using woodhydrolysate as a substrate. A)
50 g/L; B) 75 g/L; C) 100 g/L; D) 120 g/L.

In treatments using C5 wood hydrolysate as a culture media, the maximum biomass concentration
was obtained at 128 hours in treatments where an initial sugar concentration of 50 g/L, 75 g/L, 100
g/L and 72 hours when an initial sugar concentration of 1P@ag used using C5 hydrolysate
without (NH ) SO addition. The gr owt h prof
concentration and with reference to the addit]
instance, when an initial sugar congatibn of 50 and 100 g/L was used, the presence of lag phase

was very short (less than 6 hours, data not shown). In the case of treatments with an initial sugar
concentration of 50 g/L an exponential phase of 72 hours followed for 56 hours of statiasay ph

were observed. Conversely, in treatments with initial sugar of 100 g/L a constant exponential phase
was observed until 128 hours. The growth tendency in treatments where an initial sugar
concentration of 75 g/L was used, a short lag phase of 18 hasr®bserved, followed by a
pronounced exponential phase of 110 hours. In the particular case of treatments where an initial
sugar concentration of 120 g/L a short lag phase (less than 6 hours, data not shown), followed for
18 hours of exponential phase a2l hours of stationary phase. The above observations along

with the calculated values of the maximum growth rate showed a catabolic repression effect in the
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microbial growth of ~50% between the two C5 wood hydrolysates used as a culture media in
relationto the increase of the initial sugar concentration. Nonetheless, akin to the xylose utilization,
the biomass production . toruloides1588 using C5 wood hydrolysate is promising. This is
the first study analyzing the effect of wood hydrolysate comtgihigh xylose concentration as a

single carbon source.

Nitrogen effect

It is well known that lipid accumulation in oleaginous microorganisms is triggered by the
limitation of one primary nutrient, commonly the nitrogen source. Overall, total nitrogen
consuumption was more than 60% but not higher than 90% in both hydrolysates. Nevertheless, a
different consumption pattern was observed between the initial sugar concentrations. For instance,
when the yeast was growing in C6 wood hydrolysate with an initgdrsconcentration of 50 g/L

and 75 g/L, the total nitrogen consumption was higher (83.3% and 69.3%, respectively) on
treatments where the hydrolysate was suppl e me
sugar concentrations of 100 g/L and 120 g/lrenesed, the highest nitrogen consumption (79.8%

and 89.7%, respectively) was observed in treatments where C6 wood hydrolysate was used alone.
I n treatments where C5 wood hydrolysate was
increases the nitrogartilization at lower and higher initial sugar concentrations (50 g/L and 120
g/L) with 75.2% and 91.7%, respectively. On the contrary, at 75 g/L and 100 g/L of initial sugar
concentration, maximum nitrogen consumption (89.7% and 86.2%, respectivelppseased

using C5 wood hydrolysate alone.

Tablel0Os hows t he effect of (NH ) RSduloidesld&iusingon on
C5 and C6 wood hydrolysate as a culture medi a
sugar consumed {ypalue=0.215). In terms of microbial biomass production using C6 wood
hydrolysate as a substr at ebjomasspeoduatidndno indtter the o f  (
initial sugar concentration. On the contrary, in treatments where C5 wood hydrolysate was used as

a Ssubstrate, ( NH ) SwWlue=@256) onrbiomassptoduetionashigleestf e c t

values were observedwhen@® od hydr ol ysate was used without

Table10. R. toruloides1588 performance using C5 and C6 wood hydrolysates as a culture

media.
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Substrate Initial sugar S B Yeis Mmax Xsmax Yus

(9 (9/L) (9/L) (9/g) () (h) (9/9)
C6 hydrolysat: 49.9040.01 17.00+0.42 0.34 047 0.50 0.16
C6 hydrolysate 49.90+0.01 14.50+0.45 0.29 0.56 0.61 0.14
C5 hydrolysat: >0 25.43+2.82 11.00+0.32 0.43 0.61 0.60 0.12
C5 hydrolysate 23.46+7.31 13.50+1.13 0.58  0.17 0.88 0.06
C6 hydrolysat: 74.82+0.07 24.00+0.63 032 031 0.74 0.11
C6 hydrolysate 73.09+0.13 16.50+0.14 0.23 0.36 2.49 0.11
C5 hydrolysat: & 45.00+4.24 9.50+0.21 021 0.25 0.56 0.06
C5 hydrolysate 43.0043.25 15.00+0.91 0.35 0.12 1.34 0.03
C6 hydrolysat: 86.60+£1.54 21.50+0.14 0.25 0.22 1.11 0.05
C6 hydrolysate 100 81.71+1.36 16.50+0.21 0.20 0.11 2.22 0.05
C5 hydrolysat: 73.96+1.44 9.50+0.98 0.13 0.53 2.36 0.02
C5 hydrolysate 72.00£1.24 17.00+0.63 0.24 0.22 2.57 0.02
C6 hydrolysat: 97.00+1.69 5.00+0.14 0.05 0.28 2.92 0.05
C6 hydrolysate 120 96.00+2.34 3.50+0.77 0.04 0.08 3.19 0.02
C5 hydrolysat: 95.00+1.07 10.00+1.48 0.11 0.22 2.64 0.03
C5 hydrolysate 96.00+1.21 13.50+1.54 0.14 0.69 4.00 0.01

S(g/L): total sugar consume®;(g/L): total biomassys/is biomass yield/substrate consumpgla maximum growth rateXsmax
maximum sugar consumption ra¥;s: lipid yield/ substrate consumed.

Performance ofR. toruloides1588 in lipid accumulation

Lipid accumulation byR. toruloides1588 using C5 and C6 wood hydrolysate is showriguire
33. Overall, the highest lipid accumulation was observed in treatments where C6 wood hydrolysate

was used as a substrate. Maximum lipid accumulation (8.2 g/L) were obtained using an initial

sugarcocentration of 75 g/L in C6 wood hydrolys:

treatments with an initial sugar concentration of 50 g/L and 75 g/L using C6 wood hydrolysate

suppl ement ed wi t h (NH ) SO where thipdIlipid

accumulation (1.5 g/L) was obtained in treatments with an initial sugar concentration of 120 g/L
using C6 wood hydrolysate without (NH ) SO
accumulation was observed in treatments where high isii@hr concentrations were used (100
g/L and 120 g/L). The above results are in accordance with Li Et83] and Fei et al.[144],

where a decrease in lipid accumulation was observed along with the use of initial sugar
concentration higher than 90 g/L. On another hand, the lipid produasorg C5 wood
hydrolyzate was significantly lower {glue=0.05) with a maximum value of 3 g/L in treatments

with an initial sugar concentration of 50 g/L and 120 g/L using C5 wood hydrolysate supplemented
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with (NH ) SO . Si mi | &(13g/l. and hgEl ) merenobseruehat the p i d
same initial sugar concentrations but using C!
result showed that the presence of high concentrations of xylose in media rich in nitrogen decreases
lipid accumuléion and improves xylose consumptidR. toruloidesl588 can use Xxylose to
produce sugar alcohols such asi@bitol, ribitol or erythritol instead of lipid489]. In addition,

a recent transcriptome and metabolomic analysis performed by Jagtdp®]atonfirmsa high
expression of xylitol dehydrogenase (XDH) and xylose reductase (XR), and a downregulation of
xylulokinase (XKS1), which is the responsible enzyme to convetglDiose into Dxylulose5-
phosphate, a key intermediate in the {osrdative pentose plsphate pathway. Likewise, the
authors observed a 48ld increase in the arabitol dehydrogenase (ARD1) enzyme, which in the
presence of nicotinamide adenine dinucleotide (NADH) as a cofactor, promotes the conversion of
xylulose into arabitol.
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Figure 33.Lipid accumulation profile by R. toruloide4588 using wood hydrolysate as a

culture media. A) C6 wood hydrolysate; B) C5 wood hydrolysate.
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Fatty acid distribution on R. toruloides1588.

The fatty acid profile from lipid produced byR. toruloidesl1588 using C5 and C6 wood
hydrolysates as a substrate is shownTable 11. The saturated fatty acid content was ~1%
myristic, palmitic (>25%) and stearic (>15%). In addition, the presence of monounsaturated fatty
acid was oleic acid (>40%) and linoleic (>10%) was observed in both hydrolysates (C5 and C6,
respectively). Finallyite t wo most abundant polyunsaturatec
and lignoceric acid (>3%). In general, the fatty acid composition observed in the accumulated
lipids by R.toruloides1588 agrees with the fatty acid profileRifiodosporidium sp@and gveral

vegetable oil§144], [168], [171], [186], [187], [191]The most sigricative difference was
observed on the produced | ipids us-foldigcre&sé wo od
in palmitic and linolenic fatty acids and a slight decrease in stearic and linoleic fatty acids in
treatments with an initial glucose camtration of 50 g/L, after that no significant changes in fatty

acid distribution and content were observed. On another hand, the produced lipids using C5 wood
hydrolysate with and without (NH ) SO addi ti

content.
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Table11.Fatty acid distribution in lipids produced by R. toruloidd$88 using wood hydrolysate as a substrate.

C6 wood hydrolysate + nitrogen C6 wood hydrolysate
Relative fatty acid
Initial glucose content (g/L) Initial xylose content (g/L)
content (%)
50 75 100 120 50 75 100 120

Palmitic 23.394£1.16 23.37+1.16 20.15+£1.00 21.20+1.06 11.45+0.57 23.06+1.15 22.69+1.13 19.99+0.99
Stearic 14.92+0.74 15.73+0.78 13.09+0.65 18.83+0.94 17.91+0.89 15.53+0.77 11.97+0.59 17.69+0.88
Oleic 39.05+£1.95 44.60+2.23 47.48+2.37 34.74+1.73 37.7+1.88 35.33+1.76 41.86+2.09 35.76+1.78
Linoleic 11.30+£0.56 6.28+0.31 7.415+0.37 8.31+0.41 15.38+0.76 12.19+0.60 12.33+0.61 8.96+0.44
Linolenate 3.26+0.16 1.92+0.09 3.091+0.15 5.10+0.25 8.40+0.42 5.91+0.29 3.38+0.16 5.41+0.27
Lignoceric 2.19+0.10 2.36+0.11 2.38+0.11 3.88+0.19 1.54+0.07 1.47+0.07 1.79+0.08 3.74+0.18

C5 wood hydrolysate + nitrogen C5 woodhydrolysate
Palmitic 17.50+0.87 17.62+0.88 17.4+0.87 16.49+0.82 16.72+0.83 16.89+0.84 17.47+0.87 17.81+0.89
Stearic 16.73+0.83 18.25+0.91 17.64+0.88 18.17+0.90 17.01+0.85 17.08+0.85 17.81+0.89 19.40+0.97
Oleic 41.49+2.07 41.28+2.06 40.35+2.01 40.18+2.00 41.60+2.08 41.63+2.08 38.8+1.94 38.67+1.93
Linoleic 8.45+0.42 7.345+0.36 8.04+0.40 7.87+0.39 8.28+0.41 8.16+0.40 7.77+0.38 6.96+0.34
Linolenate 5.05+0.25 4.565+0.22 5.15+0.25 4.73+0.23 4.94+0.24 4.991+0.24 4.73+0.23 3.90+0.19
Lignoceric 3.47+0.17 3.345+0.16 3.51+0.17 3.45+0.17 3.77+0.18 3.56+0.17 3.23+0.16 3.70+0.18
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Conclusion

High sugar concentrations using C5 and C6 wood hydrolysate as a culture media clearly
demonstrated the catabolic repression effecRororuloides1588. Small substrate inhibition
effect was seen on the capacity of the strain to grow (18.6 g/Llgananulate lipids (8.2 g/L) up

to a sugar concentration of 120 g/L. These results confirm that wood hydrolysates from forestry
residues are a suitable culture media for microbial lipid production. Thus, R. tortl&i8@s

possesses the potential to be avemient oleaginous strain for industrgale operations.
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Abstract

The cultivation of Rhodosporidium toruloidé888 was performed at a berstale to accumulate

lipids using two undetoxified wood hydrolysates as a culture mé&digoruloides1588 is an
oleaginous yeast that can accumulate 30.79%, 57.14%, and 43.7dtising undetoxified

wood hydrolysates as a culture media (C5, C6 and C5/C6, respectively). The total sugar
consumption was 83.6%, 95.12%, and 93.32% with a biomass production of 0.18, 0.38, and 0.27
g of biomass/g of sugar consumed, respectively.stbdy revealed tha. toruloides1588 is a

strong potential strain for microbial lipid production at an industrial scale using undetoxified wood

hydrolysate as a culture media.

Keywords Rhodosporidium toruloide$588, wood hydrolysates, microbilpids, inhibitors,

biorefinery

Introduction

The growing demand for energy causes the depletion of limited reserves of fossil resources. To
prevent the damage caused to the environment by fossil fuel production, the interest to develop
new technologies foproducing biofuels from renewable feedstocks has aroli€g], [193]

Biofuels can be defined as a fuel obtained from biomass or its derivatives by biotechnological or
thermochemical processes to generate thermal energy by combustion. The above fact has deepened
in the use of alternative feedstock sources with specific clegistics, such as ajlear availability,

cheap, renewable, and easy to prodd$el], [195] In this sense, a promising option is a
lignocellulosic biomass, such as crops, dgod, andforestry residues are renewable feedstocks
available worldwide, with low cost and the most important characteristic is this raw material do
not have any conflict with the food production system. Lignocellulosic biomass can be treated to
obtain liquid hydolysates highly rich in fermentable sugars that can be used as suitable substrates
to produce biofuels or feedstock to produda 6], [197]

A potential feedstock to produce biodiesel that has been explored during the last three decades are
microbial lipids using oleaginous microorganism. Oleaginous yR&stdosporidium toruloides

sp. has high capacity to accumulate lipids (up to 70%) and produce carotenoids, and its ability to
use a wide variety of substrates, and its tolerance to inhibitory comp88]s[199] While it

is true, that intense research has been performed about this stragntidediast decade, however,

most of these studies have been focused on genomics or genetic modification with the purpose to
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improve the yield of microbial lipid production. Likewise, the research has been performed using
synthetic media and detoxified hydysates obtained from agiood, food, or industrial residues
[52], [144], [200], [201]

So far, apart from the research performed in owvipos works[171], [186], [202] a very few
studies have been performed to produce microbial lipids WRieglosporidium toruloideand
undetoxified wood hydrolysate as a culture mg8@|, [203], [204] Because of all the above
facts, this study aimed to evaluate the performanc&lafdosporidium toruloide$588 to
accumulate lipids using two undetoxified wood hydrolysates as a culture media at &deach

as a promising bioprocess to produce biofuel.

Materials and methods

Microorganism and maintenance medium

Rhodosporidium toruloidesr-1588, from Agricultural Research Service (NRRL) Culture
Collection (USA) was used in this study for lipid production. Laboratory yeast maintenance and
inoculum preparation was done according to OsGiomzalez et al[171]. Briefly, yeast was
preserved in YM agar (g/L): glucose 10; peptone 5; yeast extract 3; agar 15; malt extract 3. To
prepareR. toruloidesl588 inoculum seed, yeast cells were-quitured by three generatis in

YM broth for synthetic media batch, and-C6 wood hydrolysate (1:1 ratio and 20 g/L of carbon
source) for wood hydrolysates batch fermentations. The growth temperature was 30°C at 200 rpm
during 36 hours in a Multitron® shaker (Infors Canada, Mzai{rCanada).

C5 and C6 wood hydrolysate as a substrate
C5 and C6 wood hydrolysates were obtained fRopulussp. (Greenfield Global Inc., Varennes,
Quebec, Canada) and used as a culture m&dlale5.41 shows the main components of both

hydrolysates.
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Table12 Composition of C5 and C6 wood hydrolysate obtained from forestry residue

ND: Not determine

Compound Wood hydrolysate
Sugars (g/L) C5 C6 C5/C6
Xylose 2541 0.87 12.52
Fructose ND ND ND
Glucose 0.54 2535 12.82
Sucrose ND ND ND
Lactose ND ND ND
Trehalose ND ND ND
Lignocellulosicinhibitors (mg/L)
Levulinic acid ND ND ND

5-Hydroxymethyl furfural 120.20 352.47 284.10

Furfural 350.45 78.36 130.39
4-amino benzoic acid ND ND ND
Vanillic acid ND ND ND
Vanillin 65.54 50 75.63
Syringaldehyde 856.26 85.23 135.52
Ferulic acid ND ND ND
Sinapyl alcohol 2471 27.80 <10
Coniferyl alcohol 10.04 <10 <10
p-Coumaric acid ND ND ND
m-coumaric acid ND ND ND

Bioreactor culture conditions

All cultures were performed in 3 liters (2.5 liters working volume) stirred tank reactor (Labfors 4,

Infors USA), equipped with a Rushton turbine (radial flow) and operated at 30°C. Experiments

were performed at 400 rpm and airflow ratio of 1 vvm to maintain 35% of dissolved oxygen. The

experiments were performed using synthetic media, C5 and C6 wood hydrolysakat@tbwaith

0.1 ODyoonmof seed culture and Antifoam 204 at 0.05% v/v were used. The initial pH was adjusted
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to 6.0+0.5 before inoculation and kept constant during the inoculation by the addition of a sterile
solution of sodium hydroxide (1N) or hydrochioecid (1N). The pH and dissolved oxygen were
monitored using Hamilton EasyFerm plus and Mettler Toledo probes, respectively. Samples were
taken each 8 hours for a total fermentation time of 96 h to determine the microbial growth, cell

biomass productiorxylose consumption, and lipid accumulation.

Determination of culture yields and kinetics parameters

Lipid content {ux), and lipid yield Yus) were calculated according to Equation 1 and 2,
respectively. In equation Xi andL; are the dry cell weightral lipid concentration on daty,
respectively ano andLo are the dry cell weight and lipid concentration on the first dgy (
respectively. In equation & andS are the sugar concentration on dagnd the first daytg),
respectivelyLi andLo are the lipid concentration on daynd the first daytf), respectively.

by — Eq. (1)

Wy —— Eq. (2)

Biomass productivityBiomassrd) and lipid productivity ipidprod) Were calculated according to
Equation 3 and 4, respectively; were in Equation 3 wh&randX; is biomass concentration on
day to andti, respectively. On other hand, in lipid productivityipmax is the maximum lipid

concentration on daty.

O Q&G | — Eq. (3)

0 QR QQ —— Eq. (4)

Sugar consumption rat&garaee) and specific sugar consumptidBugakpeciid were quantified
using Equation 5 and 6, respectively; wh§randS are the sugar concentratioX,is the total

biomass on daty and the first daytg), respectively.

Yo QR — Eg. (5)
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YO Q0| T Eq. (6)

Analytical methods

Lipid extraction

Lipid extraction was performed according [p85]. Briefly, R. toruloidesl588 cells were
harvested by centrifugation (150Q@/2 min) and dry at 60°C until constant weight. After that,
cell wall disruption was performed using @diydrolysis (HCI 1M). Lipids were extracted using
liquid-liquid extraction with a chloroform/methanol solution (2:1 v/v). Finally, the aqueous phase

was removed, and the remaining organic phase was evaporated in an oven at 50°C for 18 hours.

Liquid Cromatography-Mass Spectrometry (LGMS) analysis

During the fermentation samples for each fermentation were drawn and analysis for xylose,
glucose, and lignin inhibitory compounds were performed usifgeamoScientific Liquid TSQ

Quantum Access Mass Spectrometer-US) according to our previous wofk24], [171], [205]

Briefly, sugarswvereanalyzed using a HILI®ak VG50 2Dc ol umn (5 em x 150 mr
using a solution of acetonitrile: water (89:11 v/v),-glficose as an internal standard and mass
detector in a positive mode. In the casdigriin inhibitory compounds, a BetaBasi® column

(200mm x 2.1mm; 3um) was used with a solution of water: methanol (80:20 v/v) as mobile phase
andphenyl ethaneD5 as an internal standard with the mass detector in negative mode detection,
except 2furoic acid and Dxoglutaric acid where the mass detector was used in positive mode
detection. Finally, lignin monomers were analyzed using a HILICpal6M&s 2 D col umn (5
150 mm x 4.6 mm) with a solution of acetic acid in water (0.1% v/v) and a solutametd acid

in methanol (0.05% v/v), with a ratio of 82.5:17.5 (respectively) as a mobile phase. Glycerol was
used as an internal standard and the mass detector was operated in a positive mode detection. All
compounds were identified and quantified by pamnng peak areas and retention times with its
standard compounds (Sigmddrich, USA).

Gas Chromatography analysis

Fatty acids, furfuryl alcohol and acetic acid were analyzed usindpgilent 7890B Gas
ChromatographyFlame lonization Detector (GEDI) according tq171], [185] Fatty acid profile

from produced lipids was performed through lipid transesterification into fatty acid methyl esters
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(FAMESs). Briefly, a solution of methansulfuric acid was used as a catalyst at 100°C for 20 min.

After that, FAMEswere extracted with hexane and analyzed usinggilent 122-2362 DB 23

column (60 m x 250 ynand 0.25% m f i | m Fdity acilsiwers identified and quantified

by comparing the retention times and peak areas with a Supelco 37 Component FAME Mix
(Sigme-Aldrich, USA). For furfuryl alcohol, a NUKOL capillary column (15 m x 0.25 mm x 0.25

€ m) was used. Finally, a ¢ e tINNOWax cdluthn. lRuaflsyl qu an't
alcohol and acetic acid were determined and quantified according to the peakdregention

time of its corresponding standard compounds (Sigidach, USA).

Results

Performance using C5 wood hydrolysate as a culture media

Batch cultivation fermentation was performed using the alpometioned C5 wood hydrolysate

with aninitial xylose concentration of 25 g/IFigure34 shows the performance Bf toruloides

1588 using C5 wood hydrolysaféhe obtained results showed 83.6 % of the total xylose during
the first 16 hours, after that xylose content remained without majogeblaA sugar consumption

rate of 0.22 1 and a specific sugar consumption of 0.07'gMas observed. The maximum cell
biomass production was 3.8 g/L with a lipid yield of 0.18 g of biomass per g of sugar consumed
and a maximum growth ratio of 0.04".hin terms of lipid accumulation, the maximum content
was 1.17 g/L with a lipid yield of 0.31 g of lipids per g of biomass, and lipid productivity of 0.01

g L k. The fatty acid profile of the produced lipids was constant being palmitic and stearic acid
theonly two fatty acids present in the lipids. Finally, the initial microbial inhibitors present in the
hydrolysate were transformed at different rates. For instance, furfural was transformed totally with
the concomitant production of furfuryl alcohol withmaximum concentration of 0.56 g/L. In the
case of BHMF, vanillin and syringaldehyde, a degradation efficiency of 22.12%, 62.61%, and

72.18%, respectively were observed.
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Figure 34.R.toruloides1588 performance using C5 wodtdrolysate as a culture media.

Performance using C6 wood hydrolysate as a culture media

Rhodosporidium toruloide$588 cultivation using C6 wood hydrolysate is showRigure35. A
maximum cell biomass production of 9.1 g/L with a lipid yield of 0.57 lgjamass per g of sugar
consumed and a maximum growth ratio of 0.09as observed. Total glucose consumption of
95.1% was observed with a sugar consumption rate of ¢ 2fdh specific sugar consumption of
0.03 g ht. The maximunlipid accumulation was 5.20 g/L with a lipid yield of 0.57 g of lipids per
g of biomass, and lipid productivity of 0.05 g 2. he main fatty acids present in the produced
lipids were palmitic, ®aric oleic and linoleic acids. In the case of four main microbial inhibitory
compounds transformation, furfural, vanillin and syringaldehyde were transformed and 94.36% of
5-HMF was transformed. Along with furfural transformation, 0.36 g/L furfuryl abt@md 0.08

g/L of 2-furoic acid were produced. Likewise, frorfoic acid, 0.21 g/L of dxoglutaric acid
was produced.
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Figure 35.R.toruloides1588 performance using C6 wood hydrolysate as a culture media.

Performance using C5/C6 wood hydrolysate as a culture media

Figure 36 shows the performance &. toruloidesl588 cultivation using C5 and C6 wood
hydrolysate The maximumlipid accumulation was 2.8 g/L with a lipid yield of 0.44 g of lipids

per g ofbiomass, and lipid productivity of 0.03 g [:The main fatty acid present in the produced
lipids were palmitic, stearic oleic, linoleic acids, eicosenoate, and eicosadienoic acids. Total sugar
consumption of 93.3% was observed with a specific sugauogton of 0.04 g iand a sugar
consumption rate of 0.24hThe maximum cell biomass production was 6.4 g/L with a biomass
yield of 0.27 g of biomass per g of sugar consumed and a maximum growth ratio of &% h
observed. Finally, furfural was traformed and HMF, vanillin and syringaldehyde microbial
inhibitory compounds were 56.59%, 77.19%, and 69.56% transformed, respectively. From furfural
transformation, 0.22 g/L furfuryl alcohol and 0.03 g/L efiBoic acid were produced. In addition,

0.05g/L of 2-oxoglutaric acid was produced.
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Figure 36.R.toruloides1588 performance using C5 and C6 wood hydrolysate as a culture

media.

Discussion

Sugar utilization

The substrate consumption in this study was very similar between the tested conditions and
occurred during the first 16 hours of cultivation. The results in this study using C5/C6 wood
hydrolysate in terms of glucose consumption agree with the report®dryri et al.[52] using

sugar cane bagasse hydrolysate supplemented with glycerol, where more than 90% of the glucose
was consumed during the first 24 h. Nevertheless, an opposgenaption pattern was observed

in xylose with ~50% versus the 90% observed in this study. A similar consumption tendency was
reported by Chaiyaso et §06] usingR. paludigenunKM281510 and corncob hydrolysate as a
culture media containing glucose, xylose, and arabinose with an 83% of total sugar consumption.
Nevertheless, a high proportion of the total percentage reported is because of glucose consumption
(>90%), due to xylosand arabinose utilization being ~50% in both cases. In comparison with the
results observed in this study, wh&etoruloides1588 shows an increase of 7% in the total sugar
consumption (>90%) using C5/C6 wood hydrolysate as culture media. In addittbis, study,

the maximum sugar utilization was observed during the first 16 hours of fermentation, in
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comparison with the ~6 days observed by Chaiyaso ¢2@b]. The above facts, support the
efficiency of R. toruloides1588 to utilize as single carbon source glucose or xylose or both
simultaneously, in short periods. This infaation is highly useful for the next step such as fed
batch or continuous cultivation, which will help to develop a more feasible microbial lipid

production process using wood hydrolysate as a culture media.

Microbial growth

Rhodosporidium toruloide$588 was characterized using undetoxified C5 and C6 wood
hydrolysates under aerobic batch conditions. A similar short lag phase (less than 8 hours) in C5
and C5/C6 wood hydrolysates was observed versus the observed in C6 wood hydrolysate (~32
hours). Respecbtthe exponential phase, a constant growth until the end of the fermentation in C6
and C5/C6 wood hydrolysates was observed after 16 h and 32 h, respectively. Conversely, in C5
wood hydrolysate, an exponential phase of ~12 h was observed followed bipm@asgaphase

until the end of the fermentation. On another hand, the obtained results in this study regarding
biomass yield on a substrate using wood hydrolysate show a slight decrease in C5 wood
hydrolysate (0.18 g/g), and a similar yield in C6 and C®@G6d hydrolysates (0.38 g/g and 0.27

g/g, respectively) in comparison with the reported by Bonturi §63].using anR. toruloides

CCT 0783 adapted in a sugarcane bagasse hemicellulosic hydrolysate and grown using as a culture
media with glucose, xylose and xylegkicose (6:1 ratio) asarbon source (separately) with 0.35

g/g, 0.26 g/g, and 0.27 g/g, respectively. Likewise, the biomass yield obtained in this study using
C6 wood hydrolysate agrees with the obtainedbygcol et al[201] (0.36 g/g) using sugarcane

juice as a culture media aid toruloidesDEBB 5533. Is worth to noted that the culture media
used byBonturi et al.[52] was supplemented with a trace mineral solution, improving the
performance of the yeast. Nevertheless, according to the repéiilst al.[144], in a strain
Rhodotorula toruloide§SSEM grown in a mineral media using xylose as an only carbon source, a
specific growth rate of 0.06rwas observed, slightly higher than the specific growth observed in
this work (0.04 H). The aboveesults are positive in terms of efficient conversion of the substrate
into microbial biomass, specifically using C6 and C5/C6 wood hydrolysate as a culture media. On
another hand, the low specific growth rate using C5 wood hydrolysate in this work can be
associated with the complexity of the culture media and the presence of inhibitory compounds

derived during the wood hydrolysate production.
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Lipid accumulation

R. toruloides1588 possesses the ability to grow and accumulate lipids usogfoxified wood
hydrolysates as culture media, making it a suitable candidate to be used in fermentation using
renewable substrates obtained from different lignocellulosic biomasses. The lipid yield observed
in this study was slightly higher than the abed byGalafassi et alf200] with a strain ofR.
graminisDBVPG 7021 using glucose, glucose:xylose (1:1) and corn stover hydrolysate with 0.17
g/g, 0.17 g/g, and 0.26 g/g. Conversely, the lipid productivity values in this studylaveer by

0.046 g L h', 0.081 g L i and 0.096 g L #, respectively. The difference in the productivity
values obtained by the above authors can be due to the cultivation strategy using a culture media
rich in nitrogen at the beginning of the fermeiuta that helps to increase the biomass production
until its depletion, followed by the increase of the carbon source, provoking the ideal stress
conditions to trigger a fast lipid accumulation. Similarly, to the above results and tenSeocyl

et al.[201] usingR. toruloidedDEBB 5533 obtain a similar lipid yield (0.34 g/g) with the obtained

in this work using C5 wood hydrolysaf0.31 g/g) but lower compared when C6 and C5/C6 wood
hydrolysate was used (0.57 g/g and 0.44 g/g, respectively). Nevertheless, the production values in
this study were lower than the obtained from the above authors with 0.28 $hare aSalafassi

et al.[200], the strategy implemented by Soccol e{201] (fed-batch) in addition to the typof
substrate (sugarcane juice) decreases the time during the lipid accumulation but without major
changes in the lipid yield. The above results show the similar capadiy tofuloides1588 to
accumulate lipids in comparison with other strains cukigah a different type of culture media.

The above fact elucidates two main points that: i) undetoxified wood hydrolysates are a suitable
culture media for microbial lipid production usiRy toruloides1588 and ii) the development of

a proper cultivatiorstrategy according to the culture media and strain.

Inhibitory compounds transformation

Lignocellulosic biomass has been identified as a renewable and sustainable feedstock to produce
liquid hydrolysates. Nevertheless, one of the main challenges thegdgtigtock is facing up is the
presence of microbial inhibitory compounds such as furans, phenols, and organi©aerds,

R. toruloidesl588 is an appropriate bio factory to produce microbial lipids using undetoxified
wood hydrolysates as a culture media. The obtained results confirm the tolerance and capacity of
the yeast to transform microbial inhibitory compounds such as furfuraluritaryl alcohol and

2-furoic acid as well as the partial or total degradation-fNE-, vanillin and syringaldehyde.
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Furthermore, the fact that in this work no additional supplementation was used (besides
ammonium sulfate as a nitrogen source), the tramsftbon capacity and tolerance exhibited by

R. toruloides1588 is superior or similar to some strains of its main genre but different family, like

R. glutinis2.107,R. glutinis2.704, andR. toruloides2.1389 R. toruloidesy4, R. toruloidesBIS3

andR. bruloides1091[78], [84], [200], [204], [207], [208] Likewise, similar to our previous

work [171], [185], [186] in this studythe authors do not observe an inhibition on the microbial
growth and lipid accumulation. Nevertheless, the complete transformation and degradation
pathway in this type of microorganisms has not been elucidated and because of the complexity of
the microorgnism specific studies using proteomic or transcriptomic studies are needed to
understand the defense mechanismR aoruloides1588 against the toxic effects caused by these

compounds.

Conclusion

This study confirms that Roruloides1588 is a suitable microorganism to be used in bioprocess
using undetoxified wood hydrolysates from forestry residues as a culture media without the
addition of external nutrients. R. toruloid&S88 shows the ability to utilize five and sigibon

sugars separately and simultaneously as a carbon source as well as the growth capacity, accumulate
lipids, and transform and degrade microbial inhibitory compounds present in the hydrolysate. In
conclusion, this study provided important data to develdpdbatch or continuous cultivation

strategies to increase the lipid yield and lipid productivity.
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CHAPTER SIX: MICROBIAL INHIBITOR DEGRADATION BY THE OLEAGINOUS
YEAST RHODOSPORIDIUM TORULOIDES1588
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Abstract

Lignocellulosic biomaskas been identified as a renewable and sustainable feedstock to produce
liquid hydrolysates as a suitable substrate to produce a variety of compounds through biochemical
processes. Nevertheless, the main challenge to using this substrate is the hyurelysis to
release fermentable sugars. This pretreatment leads to the production of microbial toxic
compounds such as furans, phenols, and organic acids. In this work, an oleaginouR.yeast,
toruloidesNRRL 1588, was used to study its ability to degrade inhibitors in C5 and C6 wood
hydrolysates obtained from forestry residues. The study showe® thatuloidesNRRL 1588

can grow, accumulate lipids, and degrade up to 8.01'nhgfLof furfural, 5.63 mg ™ h of 5
hydroxy methyl furfural, 1.70 mgt.h? of levulinic acid, 1.15 mgt h? of syringaldehyde, 0.67
mgL? h? of vanillin, and 1.03 mgt h of vanillic acid. This work confirms the robustnessRof

toruloidesNRRL 1588 when grows in wood hydysates containing inhibitory compounds.

Keywords: Rhodosporidium toruloide$588; Wood hydrolysate; Inhibitory compounds; Furans;

Organic acids; Phenolic compounds

Introduction

Recently, biofuel production using microbial lipids as a sustainable fekdstscattracted the
interest of academic, government, and private industries. This interest is mainly due to the
advantages of biofuels, such as low or negligible production during combustion of sulfur oxides,
carbon monoxide, and hydrocarbons, with resfetossil fueld67], [201], [209] From the point

of view of raw material availability, the production of microbial lipids offers several advantages
in comparison with petroleum extraction, or vegetable oil production. For example, the production
of microbial lipids needs short life cysl@nd it is easy to scale up, in addition, it does not depend
on climate conditiong6], [210]. So far, several species of oleaginous microorganisms from
bacteria, fungi, algae, and yeast have been usetpifdraccumulations using a wide variety of
substrates. However, among all these substrates, the use of lignocellulosic biomass as hydrolysates
rich in sugars has been increasing in importance.

Nevertheless, during the lignocellulosic biomass hydrolygiarssnonomers are released, as well

as compounds such as acetic acid, furfural, hydroxymethylfurfural, levulinic acid, ferulic acid,
vanillin, vanillic acid, or syringaldehyde. The presence, abundance, and distribution of these
compounds are highly dependen the raw material as well as the pretreatment condiidnk
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has been reported that these compounds are toxic for most microorganisms and can cause partial
or total inhibition of microbial growth. Furthermore, it affects the cell metabolism resulting in a
decrease in the product concentration, making difficult the use of undetoxified hydrolysates and
turning its exploitation into a great challen@?, [140], [211], [212] To use this resource as a
feedstock to produce microbial metabolites like lipids, the hydrolysates rich in fermentable sugars
need to be detoxified before feemtation. Another alternative is the use of strains that exhibit
tolerance to inhibitory compounds such as furans, organic acids, and phenolic compounds. Several
studies have investigated the effect of several compounds with an inhibitory effect on ahicrobi
growth and lipid production on some of the most popular oleaginous yeast species, such as
Cryptococcus curvatus, Trichosporon cutaneus, Lipomyces starkeyi, Trichosporon fermentants,
and Rhodosporidium toruloidefr5], [78], [84], [213] The effect of four factors involved in
degradation tests of microbial growth inhibitory compounds has been studied: i) the type of culture
media (basic, minimal, or synthetic), ii) the addition of trace nainsolution to improve the
microbial growth, iii) the use of single carbon source (usually glucose), and iv) the presence of
specific inhibitory compounds as well as its concentration. Nevertheless, the type and
concentration of inhibitory compounds arglily dependent on the hydrolysis method. Therefore,

the use of synthetic culture media to mimic the composition of lignocellulosic hydrolysates may
not be a "reakffective" way to determine the inhibitor tolerance by the microorganisms. The use
of raw lignocellulosic hydrolyzate lead to a better understanding of microbial response that can
help to design a detailed scalp process. In this seng@hodosporidium toruloides a promising
microorganism that has shown high tolerance to these compound$iaadbéen used to produce
lipids that can be destined as feedstock for biofi&@d|d75], [78], [164], [185], [186] The main

aim of this research is to study the degradation of inhibitory compoundhbgiosporidium
toruloides1588 using C5 and C6 wood hydrolysates as a substrate.

Materials and methods

Culture media and yeast preparation

Forestry residues oPopulus albawere used byGreenfield Global Inc(Varennes, Quebec,
Canadajo produce C6 and C5 hydrolysates. The initial composition (before sterilization process)
of C6 woodhydrolysate containgiL): glucose 117, xylose 11.8, formic acid 0.3, acetic acid 3.2,
hydroxymethylfurfural 0.2, furfural 0.2, and C5 wood hydrolysgte) xylose 120, glucose 10.1,
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formic acid 5.6, acetic acid 33.7, hydroxymethylfurfural 0.1. Both hydrolysates were diluted using
MilliQ water to obtain the specific sugar concentratidescribed below). Two hydrolysates were
used separately as culture needo analyze the degradation of inhibitory compoundsRoy
toruloides1588, obtained from thAgricultural Research Service (NRRL) Culture Collection

(USA). R. toruloides1588 was preserved using YM plates according i ].

Inhibitor degradation study

Degradation studies were performed in a 250 mL flask using 50 mL of wood hydrolysate
(separately) with initial pH of 6, 200 rpm for 128 hours at 25°C. The effect of four initial sugar
concentration§50g/L, 75g/L, 100g/L, and 12@/L) and the additionfdour initial concentration

of ammonium sulfaté0.87g/L, 1.30g/L, 1.74g/L, and 2.08)/L, respectively) asitrogen source

(only supplement in the culture media) on microbial inhibitory degradation compounds were
tested. Total inhibitor degradation, hibitor degradation rate @, and specific inhibitor
degradation rate with respect to biomasssfkand lipid production (K.) were calculated using

Equations 1, 2, 3, and 4, respectively.

YE OO UAVN OQODROOHNODQE 0 b WO QE@QEDBEAE DQE O & QO QE &

(Ea. D

0 : (Eq. 2)
0 i T (Eq. 3)
0 a7 (Eg. 4)

Analytical methods

Cell harvesting

Harvesting ofR. toruloides1588 cells was performed according to Os@imnzalez et a[171].
Briefly, cells were harvested from the culture media by centrifugation at 1,§G0min. The

supernatant was kept in a separate tube for further analysis and cells were washed three times by
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centrifugation with 2 mL of phosphate buffer saline (PBS) each time, then cells were dried at 60°C,

until constant weight.

Inhibitory compounds analysis

During fermentation, microbial inhibitory compounds were quantified following the protocol
according to Osorigsonzalez et al[124], [171] Briefly, microbial inhibitor compoundwere
analyzed using &hermoScientific Liquid TSQ Quantum Access Mass Spectrometer%),

using a BetaBasi&8 column (100 mm x 2.1mm; 3um) and water: methanol (80:20 v/v) solution
as mobile phase. All microbial inhibitory compounds were identified and quantified by comparing
with their repective standard (Sigadrich, USA).

Lipid quantification and fatty acid composition

Total lipid content was quantified gravimetrically and reported as accumulated lipid (percentage)
of total biomass dry cell weight. Lipids were transformed to fatty awthyl esters (FAMES) by
transesterification according to Saini et[aB5]. Briefly, a methanol:sulfuric acid solution was
used at 100°C during 20 min. FAMEs were extracted with hexane and analyzedgilear

7890B Gas Chromatograpkiylame lonization Detector (GEDI) andAgilent 122-2362 DB23
column (60 mx 250 yprand 0.2% m f i | m All faityasidwassigentified and quantified

by comparing with a Supelco 37 Component FAME Mix (Sighfdrich, USA).

Statistical analysis

The statistical analysis of the data was conducted using OriginPro® 20.0 (OriginLab Corporation,
USA). Sugar concentration aratldition of ammonium sulfateffect on inhibitory compound
degradation were analyzed by Gy ANOVA with a Fisher test at 95% level of confidence.

All data presented are average values from duplicate samples.

Results and dscussion

Coactive inhibitory effect onR. toruloides1588 growth and lipid accumulation

After the sterilization process, a significant change in the content of inhibitory compounds was
observed in both hydrolysates. Talishows the initial concentration of inhibitory compounds

in whichR. toruloidesNRRL1588was able to grow. The compourfdsind corroborated with the
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ones reported in the literature as the main compound released by the dehydration of C5 and C6
carbon sugarfurfural, 5>HMF, levulinic acid, acetic acids well as by the oxidation of lignin

fraction (vanillin, vanillic acid, syringaldehyde, aminobenzoic acid, ferulic g&H)
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Table13.Wood hydrolysateomposition at the beginning of the fermentation.

C5 wood C6 wood
hydrolysate hydrolysate
Compounds Initial
(m%/L) sugar 50 75 100 120 50 75 100 120
(9/L)

Furfural 475.77 630.73 906.99 930.38 156.32 252.87 430.27 499.32
5-Hydroxymethyl furfural 70.22 4951 58.25 50.05 352.47 477.02 700.15 751.91 Supplementec
Levulinic acid 108.43 167.77 196.34 223.81 50.00 50.17 64.10 118.52 with

Vanillin 50.00 64.72 91.00 95.90 50.21 55.10 60.08 53.10 ammonium
Vanillic acid 50.00 124.25 106.71 187.55 50.13 55.30 60.40 53.03 sulfate
Syringaldehyde 80.50 120.72 137.77 154.83 50.09 50.15 63.41 72.95

Furfural 574.56 806.19 995.16 1298.53 181.89 369.21 508.08 571.15

5-Hydroxymethyl furfural 86.73 50.00 52.73 60.79 324.33 510.64 731.52 832.10 )
Without

Levulinic acid 120.79 181.05 178.45 257.30 55.00 69.03 55.10 223.91 _
- ammonium

Vanillin 52.73 69.06 87.66 121.84 50.17 60.10 57.36 52.10 at

sulfate
Vanillic acid 81.35 115.96 140.04 195.53 54.05 60.26 57.18 52.71
Syringaldehyde 99.17 108.60 147.12 207.73 66.00 48.16 68.63 79.05
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R. toruloides1588 growth was different for each wood hydrolysate, and it was affected by the
initial sugar concentration (Figui&/). For instance, in C6 wood hydrolysate, when an initial
glucose concentration 60 gL was used, a slight lag growth phase was obsefoédwed by an
exponential phase of 54 h. In treatments where an initiall75fgglucose was used, a constant
growth until 96 h was observed using C6 wood
treatments where initial 100lgand 120 ¢ of glucose were used, an opposite growth tendency

in comparison with the previous patterns was observed. For instance, in treatments with 100 g
of initial glucose concentration a diauxic growth was observed with a slight growth phase during
the first 18 h 6llowed by a stationary phase of 54 h. Then a second exponential phase was observed
in comparison with treatments where 1@Q of initial glucose was used, where the microbial
growth was constant until the end of the fermentation. For treatments whex@GHydrolysate

was used, a similar growth tendency in all initial sugar concentrations was observed, showing an
exponential growth from the beginning of fermentation until 96 hours, where a growth decrease
was observed. The microbial growth observedeaatments where C5 wood hydrolysate was used

as a culture media was used is similar to the reported by Jagtap afi@®RawhereR. toruloides

shows short lag phase and a fast increase in microbial biomass using substrates rich in xylose and
nitrogen. Nevertheless, the author reported a decrease in lipid production under the above
condition, due tdR. toruloidescan use xylose to produce different sugar alcohols. Likewise, the
lipid accumulation in this research agrees with the previous statement, due to the maximum lipid
accumulation in treatments using C5 wood hydrolysate was only 30% of the dry cell weight.
Furthermore, total glucose and xylose consumption was different between initial sugar
concentration and between hydrolysates. Likewise, no effect was observed due to addition of
ammonium sulfate as a supplement (Supplementary Figure 1). In overall, whevodcb
hydrolysate was used, a total glucose consumption was >90% for initial concentratior/lof 50 g
and 75 ¢, and <80% for initial concentrations of 100.gand 120 @.. In treatment where C5

wood hydrolysate was used, a total xylose consumption was G0%, 70 and 80% for initial
concentration of 50/, 75 gL, 100 dL and 120 ¢, respectively. Moreover, the specific sugar
consumption was observed during the first 18 hours of fermentation for all the tested treatments

(Supplementary Figure 2).
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Figure 37.Growth of Rhodosporidium toruloides NRRIL588 using C6 and C5 undetoxified

wood hydrolysates as substrate. A)@Q; B) 75¢g/L; C) 100g/L; D) 120¢/L. Red (C6 wood

hydrolysate + ammonium sudite); Blue (C6 woodydrolysate); Yellow (C5 wood hydrolysate
+ ammonium sulfate); Green (C5 wood hydrolysate).

The coactive inhibitory effect of furfural,-BMF, levulinic acid, vanillin, vanillic acid and
syringaldehyde omR. toruloides1588 growth was observed after 9@&t75g/L of initial sugar
concentration, with a partial growth inhibition (0.7 to-1o81s). Likewise, at the same initial sugar
concentration, no inhibition of the growth was observed in treatments where C6 wood hydrolysate
without ( NH ) supp@mentation wassad, where the microbial growth remained on
exponential phase until the end of the fermentation. On another hand, no inhibition was observed

in treatments where C6 wood hydrolysate at §QOof initial sugar concentration was used.
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Nevertheless, a slowdawn microbial growth was observed as a prolonged lag phase, this growth
tendency suggests partial catabolic repression caused for the high amount of glucose in the culture
media as well as for the simultaneous degradation of the inhibitory compoundsie®hand, at

the same initial sugar concentration but using C5 wood hydrolysate as a culture media, inhibition

of 1.33f ol ds was observed after 72 h in the hydro
96 h in the hydr ol ys atLastbutindt theoleast, to(sihrHup,)treanénts a d d
where 12@y/L of initial sugar concentration was used, after 18 h a total inhibition was observed in

C6 wood hydrolysate and after 96 h in C5 wood hydrolysate. Finally, we observe that the presence

of the sk inhibitory compounds in both hydrolysates caused a noticeable inhibition effect on
microbial growth, especially at high initial sugar concentrations. Nevertheless, due to the variable
concentration of each inhibitory compound, the possible number oficideamd biochemical

reactions and their effects éh toruloides1588 turn into a very complex interactions, that can

need the development of a more specific fermentation process.

Overall, R. toruloidesNRRL 1588 is a suitable strain to produce microbiplds using
undetoxified wood hydrolysates. Furthermore, the obtained results confirm the tolerance and
degradation capability of the yeast to microbial inhibitory compounds derived from lignocellulosic
biomasses. Figur88 shows the performance &. tomuloides NRRL 1588 in terms of lipid
accumulation, where the highest lipid accumulation (>50%) was observed in treatments using C6
wood hydrolysate as a culture media. The maximum lipid accumulation (55%) was observed in
treatments where C6 wood hydrolysatéhout( N H ) suppl€nentation with an initial sugar
concentration of 79/L. On another hand, the lipid production using C5 wood hydrolyzate as a
culture media was similar between the four initial sugar concentrations. The maximum lipid
accumulation (31%) was observed in treatments supplemented Withi ) S O glLaend 120
initial sugar concentration. The lipid composition profile under the tested conditions does not show
major changes. Palmitistearic,and oleic acid were the three predominant fatty acids in all the
samples with 125%, 520% and 360%, respectively (ANNEX 7)
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Figure 38.Growth of Rhodosporidium toruloides NRRIL588 using C6 and C5 undetoxified
wood hydrolysates as substrat®).50 dgL; B) 75 ¢gL; C) 100 dL; D) 120 dL. Red (C6 wood
hydrolysate + ammonium dfate); Blue (C6 woochydrolysate); Yellow (C5 wood hydrolysate

+ ammonium sulfate); Green (C5 wood hydrolysate).

Furfural and 5-hydroxymethyl furfural degradation profile

Two of the most toxic compounds in hydrolysates obtained from lignocellulosic biomass are
furfural and SHMF. Figure39shows furfural and5IMF degradation biR. toruloides1588 using

C6 and C5 wood hydrolysate. Overall, C6 wood hydrolysate with and withbiut ) addBi@h

does not show a significant effect\{plue=0.575) on furfural degradation, with 96.3% and 96.2%
of total furfural degradation, respectively. Furthermore, approximately 50% of total furfural was

degraded during the first 18h of fermentation rdigss of the initial sugar concentration.
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Thereatfter, furfural degradation was negligible from 18 to 72 h, where a secondary degradation
step was observed until the end of the fermentation when almost all furfural was degraded. In the
cases where CS5woogyldr ol ysate without (NH ) SO addi tio
was 82.5% and 80.7%, respectively. According to the initial sugar concentration, the degradation
profile presented a similar tendency to C6 wood hydrolysate. This means that frota 80%

of furfural degradation was observed during the first 18 h, followed by a no degradation step up to
54 h, for increasing the degradation after 54 h up to 75%. The obtained results support the
statement thaR. toruloideNRRL-1588 is a robust stracapable to degrade high concentrations

(>1 g/L) of furfural in comparison with other strains suchRagylutinis2.107,R. glutinis2.704,

andR. toruloides2.1389(Table 14). Chen et al[84] found that to cease the growthgl of

furfural was needed in the case Rf glutinis2.107 and 0.5 g/L foR. glutinis2.704, andR.
toruloides2.1389, using synthetic media supplemented with yeast extract and micronutrients as a
substrate. Similar results were observed by Zhao pt8}lin R. toruloide<2.1389 with a decrease

of 60% on cell biomass accumulation using sugarcane bagasse hydrolysate as substrate.
Nevertheless, the toxicity effect of furfural & toruloidesis highly dependent on each strain.
Some studies indicate that even low furfural concentrations, as low as 1 mM and 8 mM, can cause
total growth inhibition orR. toruloidesY4 andR. toruloidesNRRL Y-1091, respectively75],

[208].
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Table14.Degradation studies of inhibitory compounds using Rhodosporidium toruloides.

Inhibitor degradation studies

Liu et al. Liuetal. Bonturiet Poontawee Chen et al. ) )
Zhao et al[78] This study  This study
[211] [208] al. [52] et al.[47] [84]
R. R. R. R. fluviale R. R. R. R.
Oleaginous yeast toruloides  toruloides toruloides DMKURK toruloides toruloides toruloides  toruloides
1091 1091 CCT 0783 253 AS 2.1389 2.1609 1588 1588
Wheat ~ Sugar cane _ Detoxified
Synthetic Synthetic Corn stover  C6 wood C5 wood
Substrate straw _ bagasse . sugarcane bagass
medid medi& hydrolysate hydrolysate hydrolysate
hydrolysate hydrolysate hydrolysate
Furfural (mdL) 81 768 1700 500 1000 320 600 1300
5-HMF (mg/L) 8 378 200 4000 nr 1000 750 100
Levulinic acid (mdL) 427 1700 nr nr nr 1490 120 260
Ferulic acid (md.) nr 1900 nr nr nr nr nr nr
Syringaldehyde (mfg) 42 728 nr nr nr nr 80 210
Vanillin (mg/L) 22 456 nr 1000 1500 61 60 120
Vanillic acid (mdL) 19 1600 nr nr nr nr 60 120
-hydroxybenzaldehyde nr nr nr
Py y Y 37 244 103 nr nr
(mg/L)

nr: no reported

SSynthetic media was supplemented with leucine and glucose and inhibitory compounds were tested individually.
BSynthetic media was supplemented with a trace eleswdution.
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Figure 39.Furfural and 5-HMF degradation by R. toruloide4588 using wood hydrolysate as
a culture media. A,EpOg/L; B,F) 75¢d/L; C,G) 100g/L; D,H) 120g/L. Red (C6 wood
hydrolysate + ammonium sulfate); Blue (C6 wood hydrolysate); Yellow (C5 woaliolysate

+ ammonium sulfate); Green (C5 wood hydrolysate).

Table 15 shows the total and specific degradation rates of furfural adllB by R. toruloides

1588 using undetoxified wood hydrolysate as a substrate. In summary, furfuraHamid o not

show an inhibitory effect in microbial growth &. toruloides1588. It is worth noting that the
maximum degradation rate g)Kand specific degradation rate itespect to biomass production
(Kpg) for both compounds were observed in treatments with high initial sugar concentration (120
g/L) in both hydrolysates. Nevertheless, a different pattern was observed on specific degradation
rate with respect to lipid pduction (KoL), where the maximum g€ for furfural was observed at

low initial sugar concentration (5§IL) in both hydrolysates. Nevertheless, in the casetdi/-,

the maximum degradation was observed in treatments where hydrolysates supplemented with
(NH ) SO (dlLafnndial dugabconcentration. These results confirm that furfural is more
difficult to degrade byR. toruloidesl588 than BHMF, considering the same initial sugar
concentration. The obtained results show that the increase of furiutla¢ culture media is
proportional to the increase of initial sugar content and inversely proportional to the microbial
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growth. The decrease in microbial growth because of high concentrations of furfural in the culture
media can be caused by the inhdit of enzymes with an essential role in metabolic activity
(pyruvate dehydrogenase, alcohol dehydrogenase, acetaldehyde dehydrogenase) as has been
reported[100]. Some of the consequences caused by inhibition of some of these enzymes is a
decrease of nicotinamide adenine dinucleotide phosphate (NADPH) or nicotinamide adenine
dinucleotide rdrogen (NAD(H)), both essential electron donors used as reducing power for redox
balance and anabolic reactions as well as for energy production in form of adenosine triphosphate
(ATP). Furthermore, these compounds can induce the activation of energyhdinge to repair

the damages that cause the accumulation of reactive oxygen species to the vacuole and
mitochondrial membrang8], [100], [214]
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Table 15.Inhibitory compounds degradation by R. toruloidd$88 using C5 and C6 wood hydrolysate as a culture media.

Treatments
C6 hydrolysate + nitrogen C6 hydrolysate CS hydrolysate + nitrogen CS hydrolysate
50 75 100 120 50 75 100 120 50 75 100 120 50 75 100 120
Furfural degradation
Kb 1.143 1.897 3.283 3.823 3.222 4.131 5.543 5398 1.343 2.806 3.891 4.23 3.453 5399 6.854 8.017
Kos 0.084 0.082 0.156 1.3 0.676 0.782 0.746 0.773 0.105 0.192 0.331 1.785 0.333 0.42 0.457 1.068
Kb 0.002 0.001 0.001 0.001 0.034 0.033 0.028 0.025 0.002 0.001 0.001 0.002 0.058 0.047 0.018 0.028
5-Hydroxymethyl furfural degradation
Kb 2.676 3.649 5392 5450 0470 0.309 0.377 0.313 2.456 3.911 5.637 5590 0.600 0.313 0.334 0.397
Kps 0.185 0.152 0.251 1.817 0.086 0.049 0.040 0.033 0.182 0.261 0.470 2.236 0.044 0.021 0.020 0.042
KoL 0.054 0.053 0.067 0.056 0.032 0.013 0.007 0.004 0.049 0.059 0.073 0.059 0.034 0.016 0.007 0.005
Levulinic acid degradation
Kb 0.313 0.314 0.423 0.805 0.741 1.146 1.272 1.444 0.352 0461 0.291 0458 0.73 1.199 1.177 1.703
Kbs 0.027 0.016 0.023 0.309 0.154 0.208 0.161 0.186 0.032 0.036 0.036 0.237 0.07 0.094 0.082 0.212
KoL 0.002 0.001 0.001 0.001 0.007 0.007 0.005 0.004 0.002 0.001 0.002 0.001 0.012 0.011 0.004 0.004
Syringaldehyde degradation
Kb 0.313 0.313 0.417 0.433 0.327 0.586 0.687 0.800 0.438 0.298 0.458 0.446 0.350 0.426 0.728 1.151
Kos 0.022 0.013 0.019 0.144 0.059 0.093 0.072 0.085 0.032 0.020 0.038 0.179 0.026 0.028 0.043 0.121
KoL 0.006 0.005 0.005 0.004 0.022 0.024 0.012 0.011 0.009 0.005 0.006 0.005 0.020 0.022 0.015 0.015
Vanillin degradation
Kb 0.313 0.352 0.391 0.336 0.242 0.318 0.503 0.532 0.313 0.391 0.367 0.328 0.174 0.311 0.456 0.671
Kbs 0.022 0.015 0.018 0.112 0.044 0.050 0.053 0.057 0.023 0.026 0.031 0.131 0.013 0.021 0.027 0.071
KoL 0.006 0.005 0.005 0.003 0.016 0.013 0.009 0.007 0.006 0.006 0.005 0.003 0.010 0.016 0.009 0.009
Vanillic acid degradation
Kb 0.313 0.352 0.391 0.336 0.181 0.219 0.518 0.465 0.344 0.391 0.367 0.328 0.296 0.569 0.762 1.032
Kos 0.020 0.017 0.014 0.110 0.033 0.035 0.054 0.049 0.025 0.026 0.031 0.131 0.022 0.038 0.045 0.109
KoL 0.006 0.005 0.005 0.003 0.012 0.009 0.009 0.006 0.007 0.006 0.005 0.003 0.017 0.030 0.015 0.014

50, 75, 100, 120= Initial sugar concentration
Kp= Degradation rate (mgL-h)

Kpe= Specific degradation rate (mgbf inhibitor/gL * of biomass) .= Specific degradation rate (mgbf inhibitor/gL h* of lipids)

Levulinic acid degradation profile
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Other inhibitory compounds such as levulinic, formic and acetic acids can be formed due to the
hydration of hydroxymethylfurfural and the deacetylation of hemicellulose. Fifusbows the
levulinic acid degradation bi. toruloides1588 using C6 and C50d hydrolysate as substrate.
Unlike observed in furfural degradation, the supplementation of C6 wood hydrolysate with

( NH )incred3ed by 4.7% the levulinic acid degradation (82.85%) in comparison to C6 wood
hydrolysate without supplementation (78.10%he same tendency was observed in C5 wood
hydrolysate supplemented with NH ) witB @n increase of 2.3% in the levulinic acid
degradation, in comparison to C5 wood hydrolysate without supplementation. In addition, the
degradation rate of levulinic atiand 5SHMF by R. toruloidesNRRL 1588 presented a similar
tendency, where the high degradation rates, @d Kog) were observed at high initial sugar
concentration (12@/L). However, levulinic acid degradation showed an opposite pattern with
respect tahe lipid production (). High degradation rates were observed at low initial sugar
concentration (5@/L) in both hydrolysates (Tablk). This result suggests that the addition of an
external nitrogen source such(@iN H ) carSat as a buffer towards the acidity in the media
caused by the presence of levulinic acid. Weak acids can traverse the membrane and reach the
cytosol because of their low pKa value (4.79) which let to their diffusion through the membrane.
Once in thecytosol, weak acids decrease the pH. Furthermore, due to the damage caused to the
plasma membrane, the cell requires high amounts of ATP to be used in the conversion of adenosine
diphosphate phosphorylation (ADP) and in microbial respiration. These codgpa@an also

inhibit the maleic enzyme, which is a key enzyme to prodiumsinamide adenine dinucleotide
phosphate (NADPH), a cofactor used in the tricarboxylic acid cycle (TCA cycle) to carry out
anabolic reactionf6], [100]. Nevetheless, some studies reported that the individual inhibition
effect caused by levulinic acid R. toruloidesstrains is minor in comparison to the inhibition
effect induced by acetic or formic acids. The inhibitory effect is also defined by the metabblis

each strain. For instance, Chen ef@d] reported thaR. toruloide2.1389,R. glutinis2.704 and

R. glutinis2.107 were capable of growing and accumulating lipids in culture media containing 10
g/L of levulinic acid. Conversely, Liu et 4R208] observed total growth inhibition iR. toruloides

NRRL Y-1091 with a concentration of 1. ¢/ of levulinic acid in the media.
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Figure 40.Levulinic acid degradation by R. toruloides588 using wood hydrolysate as a
culture media.A) g/L; B) 75¢/L; C) 100g/L; D) 120¢/L. Red (C6 wood hydrolysate +
ammonium sulfate); Blue (C6 wood hydrolysate); Yellow (C5 woodrbiybate + ammonium

sulfate); Green (C5 wood hydrolysate).

Phenolic compounds degradation profile

Among the most common toxic compounds released from the lignin fraction, there are aldehydes,
acids, and alcohols that are classified as phenolic compounds because all of them share an aromatic
ring in their chemical structure. Overall, the phenolic compswaffect the microorganism in two

ways: i) affect the cell membrane by changing its hydrophobicity allowing the entrance of external
compounds to the cell, and ii) cause DNA mutagenesis by increasing the reactive oxygen species
[215], [216] Figure41shows the degradation profile of syringaldehyde, vanillin and vanillic acid.

In the case of syringaldehyde, 80% and 60% of total degradation were observed in C6 and C5
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wood hydrolysate, respectively. Furthermore, the additio{f & H ) d&®© not show a
significant effect on syringaldehyde degradafmvalue=0.245 and-palue=0.568, respectively).

These results are promising in comparison to reported results in whosiith inhibition ofR.

toruloides NRRL Y-1091 andR. toruloidesY4 has been observed at 7mM and 12 mM,
respectively [75], [208]. On the other handR. toruloidesNRRL-1588 used in this study was

capable of growing in wood hydrolysate with a syringaldehyde concentration omg@o0

Similarly, a maximum total degradation of 81% and 66% was observed in the case of vanillin in

C6 and C5 wood hydrolysates, respectiveFurthermore, in treatments where C5 wood
hydrolysate suppl emented with (NH ) SO was u
comparison with syringaldehyde degradation was observed. These are positive results because
vanillin has been considet@ strong hazardous compound for several microorganisms included
oleaginous yeast such B&iodosporidium toruloided54], [217] The maximum degradation of

vanillic acid in C6 and C5 wood hydrolysates was 86% and 61%, respectively. Nonetheless, a
decrease of 10% in the total dedmtion was observed in treatments where C5 wood hydrolysate

was supplementedwithNH ) SO . Al though wvanillic acid d
hydrolysate supplemented with ( NHR)torgoes, t he
NRRL-1588 for lipid production. The above fact is supported with microbial growth, where a short

lag phase (18 h) was observed. Conversely, Liu @Hl]reported an increase of the microbial

lag phase due to the increase of vanillic acid in the culture media.
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Figure 41.Phenolic compounds degradation by R. toruloie®s88 using C5 and C@ood
hydrolysate as a culture media))A0g/L; B) 75¢g/L; C) 100g/L; D) 120g/L. Red (C6 wood
hydrolysate + ammonium sulfate); Blue (C6 wood hydrolysate); Yellow (C5 wood hydrolysate+

ammonium sulfate); Green (C5 wood hydrolysate).

Conclusion

Rhodosporidium toruloide$588 was capable to grow in raw and undetoxified C5 and C6 wood
hydrolysate obtained from forestry residues. Furthermore, was able to degrade up to 96% of
furfural, and SHMF, 85% of levulinic acid, 80% of syringaldehyde, 81% ahMin and 86% of
vanillic acid. In addition, 8rwydroxymethyl furfural was the compound with the fastest degradation
(5.450 mgL?! hl). This means thaR. toruloides1588 is a promising microorganism to use
lignocellulosic biomass hydrolysates to prodogerobial lipids. Likewise, this work can be used

as a baseline tdevelop specific studies at a proteomic level to understand in a better way the

effects of these compounds on this promising yeast
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Abstract

The presence of furfural in the hydrolysates obtained from lignocellulosic biomass sources
represents an enormous challenge during the performance of fermen®itmosporidium
toruloides1588 has shown the capacity to grow and accumulate lipids innpeesé 1 g/L of
furfural using wood hydrolysate as substrate. In this study, the capadry tofuloides1588 to
growth, accumulate lipids has been tested using four initial concentrations of furfural with the
absence of glucose in the medta.torulodes1588 degraded furfural into furfuryl alcohol (1.8
g/L), and 2furoic acid (0.9 g/L) as well as-f2roic acid into 2oxoglutaric acid (0.1 g/L).
FurthermoreR. toruloides1588 was able to grow and accumulate lipids with a maximum biomass
of 8.4 g/L aml a lipid accumulation of 4.0 g/IR. toruloides1588 also accumulated lipids using

furfural as gootentialenergy source.

Keywords DegradationRhodosporidium toruloide$588, Furfural, Furfuryl alcohol, Furoic acid,

Oxoglucaric acid

Introduction

Currently, more than 80% of the liquid fuel consumed around the world is from fossil sources,
causing irreparable damage to the environment. To decrease the environmental damage, options
like bioethanol and biodiesel have been developed during the last two dgtERjeBspecially,
biodiesel is a renewable biofuel produced using several lipid squegetable oil, cooking waste

oil, animal grease and tallow) as a feedstock. However, this production process is not profitable
and requires subsidies to allow its commercializaf@i®], [220] The lack of profitability is

caused mainly by four main factors: i) feedstock availability, ii) feedstock cost, iii) production cost
and feasibility, and iv) thetleical dilemma of food vs fuels due to the increase of population with

the demand of both goods, the necessity of alternatives is needed.

Currently the research community has been proposed two alternatives to overcome the above
raised concerns. Firstly,ehuse of lignocellulosic biomass as a renewable raw material to produce
suitable substrates that can be used as a carbon source to produce[B8lR18] Secondly,
microbial cell oil is a reewable and sustainable feedstock that does not compete with food
security. Thus, lignocellulosic biomass has been considered a sustainable feedstock during the past
two decades due to its high abundance (180 billion tones/year), low cost, renewablenigdture,

sugar content in form of cellulose and hemicellulose (~60%). These characteristics make
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lignocellulosic biomass a suitable raw material to produce substrates rich in sugars that can be
used as an energy source in biochemical processes to produsdsyiciemicals, flavours, among
others. However, to recover the sugars, lignocellulosic biomass has to be pretreated to overcome
the recalcitrate nature of the matrix, where extensive research and technology have been developed
on different strategies tabtain sugars from lignocellulosic biomd881]i [224]. Nevertheless, as

a result of the use of these fireatments, several froducts are released along with the sugars.

The abundance and type of these compounds depend specifically on the method and conditions in
which the lignocellulosic bimass has been treated. These compounds are classified mainly into
three groups or categories: phenolic compounds (syringaldehyde, vanillin, aminobenzoic acids,
catechol), furan derivatives (furfural anéhdroxymethyl furfural) and aliphatic acids (lewit

acid, ferulic acid, acetic acif®]. Among these compounds, furfural is the predominant (from 0.4

to 2.8 g/L) and the hazardous compound obtained in most ofetenints use[B5]. Likewise,

it has been reported that thisngpound cause inhibition of microbial growth, as well as key
enzymes such as alcohol, acetaldehyde, and pyruvate dehydrogenases, causing a decrease in

bioprocess performan¢#00], [208]

On the other hand, oleaginous microorganisms such as algae, bacteria, fungiastndry a
prominent alternative to produce microbial lipids, due to these microorganisms can accumulate
more than 20% of lipids of their total cell mass. Among those microorganisms, the yeast
Rhodosporidium toruloidelsas gained attention due to its high capacity to accumulate lipids (up

to 70%), produce carotenoids, ability to use a wide variety of substrates as an energy source,
capacity to tolerate microbial inhibitory compounds, among ofdis[225]. It has been reported

that the presence of furfural in lignocellulosic biomass hydrolysates and its tolerance by oleaginous
yeast are critical steps during the lipid production progB48]. So far, the fufural metabolic
pathway has not been totally elucidated in prokaryotes and the research about the subject for
eukaryotes is very limited or almost null. For instance, it has been observed that several strains of
the Rhodosporidium toruloideggenre have # capacity to degrade furanic aldehydes.
Nevertheless, the degraded pathway and identification of the two m@irodycts like furfuryl

alcohol and Zuroic acid has not been reported. The above fact raises the question of Whether

toruloidescan degraéd or transform these compourj@g26].
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As per previous workq171], and[161], [185] R. toruloides1588 has shown tolerance to high
furfural concentrations (~1 g/L) present in wood hygsates obtained from forestry residues.
This ability makes this strain a promising strain to be used at an industrial scale to produce lipids
and carotenoids using liquid hydrolysates obtained from lignocellulosic biomass. The main aim of
this work is to sudy the degradation and degradation of furfuraRbyoruloides1588 as well as

its effect on lipid accumulation and yeast performance. This study also tests the capRcity of
toruloides1588 to use furfural as a potential energy source, due to the degradation has been
observed in presence of a carbon so{2e7].

Materials and methods

Culture media and seed culture preparation

Oleaginous yeast R. toruloid@$88 was purchased from the Agricultural Research Service
Culture Collection (NRRL, USA). YM media (yeast extract 3g/L; malt extract 3 g/L; peptone 5
g/L; glucose 10 g/L; and bacteriological agar 15 g/L) was used for the growth and preservation of
the yeast. A thregeneration culture seed was produced at 25°C, and 200 rpm in a Multitron
Shaker Incubator (Infors, USA).

Furfural metabolizedegradation and lipid accumulation studies

R. toruloidesl1588, was cultured in a 250 nrilask with 50 mL of YM broth initial pH of 6, for

72 hours, at 25°C and 200 rpm. To study furfural degradation, and its effectanuloides1588
biomassproduction, sugar utilization, lipid accumulation, and fatty acid distribution , YM broth
containing four initial furfural concentrations (0.5, 1.0, 2.0, and 4.0 g/L, respectively) was used. A
separate set of treatments with the same furfural concentregiog YM broth without glucose
(yeast extract 3 g/L; malt extract 3 g/L; peptone 5 g/L) was used to test the alilityoadloides

1588 to use furfural as an alternative energy source.

Analytical analysis

Furfural, furfural derivates and glucose analyss

Furfural, 2furoic acid, 2oxoglutaric as well as glucose was quantified using an Orbitrap Elite
Liquid Chromatography coupled to a Mass Spectrometry detector (Thermo Fisher Scientific, Inc.,
USA). For furfural analysis, a Bea18® column (20 cm x 208, 5 um, and 150 um) was used

with a mobile phase of formic acid (0.1%), and 0.1% of formic acid in acetonitrile in an isocratic
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gradient of 75:25, respectively, with mass spectrometry detector in positive mode. In the case of
2-furoic acid and zxoglutarc acid, column, and mobile phase were the same as described
previously for furfural analysis, with the difference that the mass spectroscopy detector was used

in negative mode. Glucose detection was perf ol
mm) using a solution of acetonitrile: water (89:11 v/v) as mobile phase and D6 glucose as an
internal standard. Finally, furfuryl alcohol was quantified using an Agilent 7890B Gas
Chromatographylame lonization Detector (GEDI) and a NUKOL® capillary colum(iL5 m x

0.25 mm and 0.25 em). All compounds were deter

and retention time of their corresponding standard compound (S\pmah, USA).

Cell growth and lipid extraction

Microbial growth, lipid extraction ah lipid quantification were quantified according to our
previous work{161], [171], [185] Briefly, microbial biomass was harvested at 1200 for 2

minutes, and biomass concentration was determined by dry constant weight (DCW) and expressed
as g/L. Microbial biomass yield was quantified and expressed as g of microbial biomass/g of sugar
consumed. Briefly, folipid extraction, cells were harvested (12000 xg/2 min) and dried at 60°C
for 24 hours. After that, an HCI solution was used for cell wall disruption and a solution of
chloroform/methanol (2:1 v/v) for lipid extraction. Total lipids were quantified gnatically and

expressed as g/L.

Fatty acid methyl ester quantification

A transesterification reaction of extracted lipids using methanlbliric acid as reactaicatalyst

at 100+1°C for 20 minutes was used to obtain fatty acid methyl esters. Theoulation time

of 10 minutes at room temperature was performed. After that, hexane was added in a ratio of 1:1
v/v to carry on the fatty acid methyl esters extraction. Then, samples were centrifuged at 5000 rpm
for 10 minutes at room temperature, andyfattid methyl esters were analyzed using an Agilent
7890B Gas Chromatograph coupled to a Flame lonization DetecteF([@®J171], [185] All

fatty acid methyl ester were identified and quantified according to the retention time and peak area
of a Supelco 37 Component FAME Mix standard mixture (Sigialaich, USA).
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Statistical analysis

The statistical analysis of the data was performed using OriginPro® (OriginLab2021, USA).
Parameter interaction and effects on all response variables were analyzed\WaypABIOVA
(Fisher test) with asoncahel@tiontdalysisAvaspérforinesl with B5%y |

of confidence. All the experiments were carried out in duplicates.

Results and discussion

Furfural metabolize-degradation studies

Figure42 shows furfural degradation B¥. toruloides1588. A total degradation of furfural was
observed in YM media at 8 h and 24 h of fermentation on treatments where initial furfural
concentrations of 0.5 g/L and 2 g/L were used. However, when an initial furfural concentration of
4 g/L was used, a totaurffural degradation of 71% was observed. When YM media without
glucose was used as a culture media, a total degradation was observed only in treatments where an
initial furfural concentration of 0.5 g/L was used. In treatments with an initial furfural
conentration of 1, 2 and 4 g/L, a total degradation of 97%, 82% and 54% was observed,
respectively. These results confirm thiatement thaR. toruloidesNRRL-1588 is capable of
degraded furfural concentrations higher than 1 g/L in comparison with sitndarsssuch aR.
toruloidesY4, R. glutinis2.704,R. toruloide2.1389 R. toruloidesNRRL Y-1091 andR. glutinis

2.107, where furfural concentrations of 0.1, 0.5, 0.7 and 1 g/L caused total inhibition of the
microbial growth[75], [78], [84], [208] In addition to the above resuli, toruloides1588 show

the capacity to grow using furfural as a possible energy source ¥wbiohthe process point of

view is an excellent result due to a wide variety of renewable substrates obtained from
lignocellulosic biomass containing high furfural concentration making it difficult to use it as a

culture media in the fermentation.
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Figure 42.Metabolizedegradation kinetic of furfural by R. toruloide4588. Furfural
concentrations: Squaré 0.5 g/L; Circlei 1 g/L; Up-Trianglei 2 g/L; DownTrianglei 4 g/L.

Furfural metabolize products

It has been reported that some native species of bacteri®débacillus thermosphaericus,
Coniochaeta ligniaria, Enterobactesp, and Issatchenkia occidentalissan degraded furfural
through the Trudgill pathway, a series of redox reactions catalyzienldyl-CoA dehydrogenase,
furoyl-CoA synthetase or aldehyde dehydrogenase with furfuryl alcohcFardc acid as by
products[33], [35]. Nevertheless, so far, no proteomic studies have been perform&i on
toruloidesto identify and characterize the specific enzymes resporfsibfarfural degradation.

In this sense, we hypothesize the furfural degradation by the use of aldehyde dehydrogenase
(RHTO_05838, RHTO_ 04425, RHTO_04310, RHTO 06724, RHTO _04543), an alcohol
dehydrogenase (RHTO_05600) or through an oxidoreductase (RHTEH,0RHTO 05740)
enzymes that have been reported by Zhu et[lal7] in a multtomic map analysis of
Rhodosporidium tarloidesNP11.

Furfuryl alcohol content

Furfural degradation into furfuryl alcohol can be carried on through an alcohol dehydrogenase or
an oxidoreductase enzyme. The exact mechanism to reduce furfdbaddiosporidium toruloides

has not been elucidated or studied in any.viigure43A shows the proposed pathway using an
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alcohol dehydrogenase that consists of a redox reaction usirf@HC#toups as electron donors,
reducing NAD or NADH. In the case of oxidoreduction, due to thenaatic nature furfural is

reduced into alcohol by a hydrogerediated reduction in presence of NA® unpaired electrons.
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Figure 43.Furfuryl alcohol production by R. toruloides1588. A) Enzymatic degradation
reactions; B) Furfuryl production. ADH (Alcohol dehydrogenase). Furfural concentrations:
Squarei 0.5 g/L; Circlei 1 g/L; Up-Trianglei 2 g/L; DownTrianglei 4 g/L.

Figure43B shows the production of furfuryl alcohol from furfural degradatiorRbyoruloides

1588. The observed results show a similar production of ~0.4 g/L of furfuryl alcohol in both culture
media with an initial furfural concentration of 0.5 g/L was used. For treatments where an initial
furfural concentration of 1 g/L was used, maximum praéidacof 0.6 g/L was observed in both
culture media. However, a fast decrease was observed in treatments where YM media without
glucose was observed in the next 8 hours after reaching the maximum production (8 h) in
comparison with the observed decreaseaatment using YM media with a decrease of ~50% at

the end of the fermentation. In treatments where an initial furfural concentration of 2 g/L, the
maximum furfuryl alcohol concentration was observed in YM media (1.7 g/L) at 48 h with a
decrease of 55% duag the next 24 h. Conversely, in treatments where YM media without glucose

was used, a constant production was observed through all the fermentation reaching the maximum
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production of 0.6 g/L at 72h. Finally, furfuryl alcohol production in treatmentsev¥i®l without
glucose an initial furfural concentration of 4 g/L shows a maximum production of 0.3 g/L, 50%
less production in comparison when 2 g/L of furfural was used. In treatments where YM media
was used, maximum production of 1.2 g/L was obtainétkatnd of the fermentation. Along with

the fact that the obtained results are very promising from the point of view to use undetoxified
lignocellulosic biomass hydrolysates as a culture media in bioprocessRisiogiloides1588.

The degradation of fuufal into furfuryl alcohol withR. toruloides1588 can be an attractive
alternative to decrease the environmental concern due to the disposal ofdupp@te catalysts

used during its chemical syntheg&8§]. In addition, the biological production of furfuryl alcohol
along with the lipid accumulation usifry toruloides1588 can improve the economic feasibility

of microbial lipid production process, due to furfuryl alcohol can be recovered and usadefait s
industries as an intermediate compound to produce lysine, flavourings, fragrances, resins,

lubricants among othefg229].

2-Furoic acid content

Figure44A shows the production off2iroic acid from furfural degradation 1B toruloides1588.

The observed results show the maximum productiorfofdc acid at the end of the fermentation

in both culture media with ~0.1 g/L ftneatments with an initial furfural concentration of 0.5 g/L.

In treatments with 1 g/L of initial furfural concentration, maximum production of 0.2 g/L was
observed in treatments using YM media without glucose. Conversely, in treatments using YM
media anncrease of ~3.5 folds were observed. For treatments with an initial furfural concentration
of 2 g/L, the maximum production offRroic acid was observed in YM media (~1 g/L),-éoRl

high production in comparison (0.3 g/L) with the observed in treatmdrgse YM media without
glucose was used. Finally, the maximum production-fr@ic acid in treatments with an initial
furfural concentration of 4 g/L was similar in both culture media with 0.19 and 0.20 g/L,
respectively Figure 44B shows the proposededraded reactions through oxidoreductase and
aldehyde dehydrogenase enzymes. Similarly, to furfuryl alcohol, furfural degradation is reduced
by hydrogemamediated reduction in the presence of unpaired electrons. In the case of aldehyde
dehydrogenase, furfakis oxidized in presence of NADH, which accepts two electrons and one
proton. However, sometimes NADH is used to account for that second hydrogen that gets removed

from the substrate being oxidized.
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In comparison to furfuryl alcohol-firoic acid is anmportant chemical intermediate in different

industries such as food, pharmaceutical, and cosmetoldgyoi2 acid is used during perfumes,

fragrances, medicines, preservatives, and bacteri{Z3€3. Nevertheless, it has been reported
that 2furoic acid can be degraded inteofoglutaric acid by a series of reactions with the
characteristic to be Ceflependant, to finally enter into theicarboxylic Acid Cycle (TCA) to be

part of metabolism to produce energy.
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Figure 44.2-Furoic acid production by R. toruloide4588. A) 2Furoic acid production; B)
Enzymatic degradation reactions. ALD (Aldehydehydrogenase). Furfural concentrations:
Squarel 0.5 g/L; CircleT 1 g/L; Up-Trianglei 2 g/L; Down-Triangle1 4 g/L.

2-Oxoglutaric acid

It has been reported that most of the microorganisms with the ability to degraded furfural have two
main products, furfuryl alcohol andf@roic acid due to the aldehyde group present in the furan
ring is just oxidized or reducg@27]. Figure45shows the degradation proposed route-tifrdic

acid into 2oxoglutaric acid by redox reactions produced by transitional intermediates due to the

presence of CoA groug83], [231]. 2-oxoglutaric acid is a stable compound involved in the
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tricarboxylic acid cycle (TCA cycle) or during the synthesis of the amino acid. In the first option,

it acts as a carbon source that &ketaglubkate o x i d
dehydrogenase (KGD) or isocitrate dehydrogenase to obtain succinate or isocitrate, respectively.

In the case of amino acid synthesigdglutaric acid participates as a starting compound during

the formation of glutamate and glutamine in the céniteogen metabolism, as well as participate

during the formation of proline and arginine amino a¢id&7]. In this study, production of 2

oxoglutaric acid was observed just in treatments using YM broth as a culture media. Maximum
production was observed in treatments with an initial furfural concentration of 1 g/L, 2 g/, and 4

g/L with 112 mg/L, 17 mg/L, and 9 mg/L,geectively. Finally, no production of@oglutaric

acid was observed in treatments where 0.5 g/L of initial furfural concentration was used.
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Figure 45.Proposediegradationof 2-furoic acid into 2-oxoglutaric acid. Modified from[33].

R. toruloides1588 performance in presence of high furfural concentration

Biomass production and sugar utilization
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Figure 46 shows the microbial growth oR. toruloidesl588 in presence of high furfural
concentrations. In treatments where YM media was used as culture media, a similar growth
tendency was observed in treatments with an initial furfural concentration of 0.5,4lgAnwith

a short lag phase (less than 8 h), followed by an exponential phase of 40 h, 16 h, and 40 h, with a
maximum microbial cell as production of 7.1, 5.9, and 2.85 g/L, respectively. Nevertheless, in
treatments where 2 g/L of the initial concentratof furfural was used, a constant growth was
observed until the end of the fermentation with a total microbial cell mass production of 6.6 g/L.
On another hand, in treatments where YM media without glucose was used a similar growth profile
was observeditreatments with initial furfural concentrations of 0.5 and 1 g/L with a maximum
microbial cell mass production of 3.9 and 4.2 g/L. A similar trend was observed in treatments with
an initial furfural concentration of 2 and 4 g/L where 2.9 g/L was the maxi microbial cell

mass achieved. In almost all treatments the maximum microbial cell mass was obtained at 48 h of
fermentation with the only exception of control treatment in YM media without glucose where the
maximum microbial cell mass was observeda ®f fermentation. In terms of sugar consumption

(YM media), 99% of glucose was consumed in control treatment with 0.5 g/L, 2 g/L, and 4 g/L,
97% in treatments with 1 g/L of furfural, and 50% in treatments with 4 g/L of initial furfural
concentration. Té& maximum consumption time was during the first 48 h for control and 05. g/L,

the rest of the treatments maximum consumption was observed until the end of the fermentation.
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Figure 46.Growth profile of R.toruloides1588 grew in presence of high furfural
concentrations. A) YM media; B) YM without glucose. Furfural concentrations: Ref@.5

g/L; BlueT 1 g/L; Yellowi 2 g/L; Greeni 4 g/L; Purplei Control.

The obtained results are promising and highlipktdapacity oR. toruloides1588 to degraded
degrade high furfural concentrations in comparison with d@medosporidiunstrains[75], [78],

[84], [208] as well as another oleaginous microorganiBor. instance, Sitepu et §lL40] found

that concentrations of 0.5 and 1 g/L of furfural cause a delay in the growth (increasing the lag
phase) as well as partial or total growth inhibition of several oleaginous yeasts Marhoaga
lipolytica, Cryptococcusp, Lipomycessp, andTrichosporonsp. Conversely, with the reported
results, this work shows the capacity tRatoruloides1588 can grow in 4 g/L of furfural and can
degradeedegrade it. LikewiseR. toruloides1588 can grow in absence of an organic carbon
source such as glucossing furfural as an alternative energy source. Furthermore, it is worth
highlighting the importance of the short lag phase observed in this study. Industrial applications

signify an outstanding advantage in decreasing the energy consumption requineg tm che
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fermentation to produce microbial lipids using liquid hydrolysates from lignocellulosic biomass

as a renewable substrip32].

Lipid accumulation and fatty acid profile

Figure47 shows the performance Bf toruloides1588 in terms of lipid accumulation, where the
highest lipid accumulation was higher than 50%. For instance, in treatments wheneddtwas

used, the maximum lipid accumulation (52%) was observed at 32 h in treatments with 1 g/L of
initial furfural concentration, followed by treatments with initial furfural concentrations of 0.5 g/L,

2 g/L, and 4 g/L with 47% and 37%, respectivelyn @&hother hand, using YM media without
glucose as a culture media, lipid accumulation was similar between the four initial sugar
concentrations. For instance, maximum lipid accumulation was observed in treatments at 24 h in
treatments with an initial furfal concentration of 0.5 g/lfollowed by 36%, 35%, and 33% for
treatments with an initial furfural concentration of 1, 2 and 4 g/L, respectively. The above results
show a proportional decrease in lipid accumulation with the increase of furfural conoantrat
Nonetheless, these results are promising as the main aim was to test the capac¢ayuddides

1588 to grow, accumulate lipids and use furfural as an alternative energy source as well as the

capacity to degraded high furfural concentrations.
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Figure 47.Lipid accumulation by R. toruloided4588 in presence of high furfural
concentration. A) YM media; B) YM without glucose. Furfural concentrations: Rie@.5 g/L;
BlueT 1 g/L; Yellowi 2 g/L; Greeni 4 g/L; Purplei Contradl.

The fatty acid present in the accumulated lipids under the tested conditions does not show major
changes in the fatty acid distribution, being palmitic (C16:0), stearic (C18:0), oleic (C18:1n9c),
linoleic (C18:2n6c¢), linolenate (C18:3n3) and lignoc€@@4:0) acids the most predominant in

all the treatments. Figure 6 shows the concentration of each fatty acid under the tested conditions.
The obtained results show glucose effect in the fatty acid distribution being palmitic (34%), oleic
(29%), stearic §7%), and palmitic (31%) the predominant fraction for treatments with initial
furfural concentration of 0.5 g/L, 1 g/L, 2 g/L, and 4g/L, respecti(@NNEX 8). As compared

to the observed profile in treatments where YM media was used, the fatty adelipriséatments

using YM media without glucose showed a decrease of ~50% of fatty acids concentration as well
as a defined pattern for all furfural concentrations (0.5, 1, 2, and 4 g/L). Palmitic acid is the most
predominant fatty acid with a relative iatacid concentration of 49%, 46%, 48%, and 55%,
respectivelyLikewise, in both culture media, a decrease in fatty acid concentration was observed
with the increase of fatty acid unsaturation. This is due to the fact that polyunsaturated fatty acids
arlenmore suitable to -bxidatiankpatrdvaywim mitbochandria grhin the
peroxisomes followed by the glyoxylate cycle to obtain energy after the main carbon source has
been depleted.

Conclusion

The present study confirms the capacity of the native dRhodosporidium toruloide$588 to
degrade up to 4 g/L of furfural into furfuryl alcohol andu2oic acid as the main bgroducts as

well as 2oxoglutaric acid from 2furoic acid.R. toruloides1588 do not show a retarded lag phase

or growth inhibition during the lipid accumulation. A maximum lipid accumulation of 50% was
achieved under the tested conditions, being palmitic, stearic, and oleic acid, the main fatty acids
present in the producegids. This study confirms the capacityRftoruloides1588 to degrade
furfural, growth and accumulate lipids, characteristics that potentially make this strain an excellent

candidate for use in larggcale processes.
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CHAPTER SEVEN:A CRITICAL ASSESSMENT OF MICROBIAL LIPID PRODUCTION
USING RHODOSPORIDIUM TORULOIDESAS A BIOFACTORY
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Abstract
During the last decade, the exploitation of the oleaginous YWaslosporidiunsp. has been

increasing. This fact has generated a large amount of information related to various parameters
involved mainly in the yeast performance as well as the differedupts obtained through its use

as a biocatalyst. However, there are questions regarding which substrates, methods, of cultivation
strategies are the best suited to improve their performance and increase the final yield of target
productsTo have a widgerspective about the key parameters involved during lipid accumulation
using Rhodosporidiumsp, 80 research articles focused specifically the lipid production
published within the last decadwve been screeed from ~300 research articles. Datene
collected, classified, and statistically armadg to study the effect of parameters such as type of
substrate (lignocellulosic hydrolysate, industrial residues, food residues, and synthetic media), C/N
ratio utilized, sugar concentration, among atlegriomass production, lipid accumulation, sugar
consumption, lipid yield, and biomass yield were analyzed. In summary, this study will provide a
critical discussion focused on the main parametersrfiaéncelipid accumulation. Likewise, the

most promisingultivation strategies to produce microbial lipids udrtgodosporidiunsp.

Keywords: Rhodosporidiunsp., lipids, carotenoids, analytical assessment, statistical analysis

Introduction
Microbial lipids have been widely accepted as an alternative feedstot¢kefproduction of

biofuels and oleochemicals. In comparison with plzaded lipids, microbial lipids hold several
advantages such as increased accessibility in desired fattyradictpon, fast lipid accumulation
and easy process optimizatil@33]. Hence, immense efforts have been made for micrbliséd
advanced biofuel productigi71]. In generala microorganism capable of accumulating more
than 20% lipid of their dry cell weights known as oleaginous microorganisreuch as
Rhodosporidiunsp, Yarrowia lipolytica Cryptococcus curvaty3richosporon coremiiformand
Rhodotorula glutinisAdditionally, their genus, media optimization, metabolic pathways and lipid
accumulation hee been extensively reviewd@25], [234] Numerous types of substrates have
been utilized for microbiabased lipid production suchs glucose, xylose, crude glycerol,
lignocellulosic biomass, domestic waste, industrial waste amg mare[235], [236]

Over the past decad@hodosporidiunsp. has beemdentified as a potential alternative to produce

5071 70% of lipids. Moreover, it has been known to thrive on multiple substrates such as glucose,
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crude glycerol and hydrolysate derived from lignocellulosic biomass. In addRfimalosporidium

sp. is alsoknown to consume 6670% of xylose and tolerate several toxic compounds such as
furans, phenols, and organic acids. The fatty acids produc&hadosporidiunsp. include
saturated fatty acids and unsaturated fatty acids such as myristic acid, palmjtgtesric acid,
linoleic acids, oleic acid and docosapentaenoic acid, which could serve as a feedstock for biofuel
as well as for food and pharmaceutical industries. In addi@bodosporidiunsp. is also known

to accumulate carotenoids suctbecaroter, torulene and lycopene, which have high demand in
pharmaceutical industries because of their antioxidant prop@i@}s [233] Moreover, extensive
reviews on covering information abdrhodosporidim sp. such as genomic background, growth
and lipid production, metabolomics, metabolic modelling, proteomics, genetic engineering, and
advanced drofn biofuel production[210], [233], [237] For instance, Yamashi et al.[67]
engineered thRhodosporidiungp. to produced bisabolene (680 mg/L) using corn stover as media.
However, most ofhearticles reported have variat®im terms of methodologies, substrates used,
fermentation conditions and lipid yields. Besidasritical review of studies reporting fterent

types of substrates used, biomass and lipid yield, fermentation conditions, use of different inducers
on Rhodosporidiunsp. is currently lacking.

In this sense, the present investigation aims to statistically zenalifferent fermentation
condifons and parameters employed d®hodosporidiumsp The effects of different
methodologies are anald on lipid accumulation, carotenoid, fatty acids and oleochemicals
productions. For this, 80 research articles containing different sulsstateon to itrogen (C/N)

ratio, inducers used and their effect on lipid accumulatiddhiodosporidiunsp. are chosen. The
analytical paper is divided to four main partsi) assessing the key parameters such as type of
substrate, C/N ratio, inducers and toxic coonpas and their effect oRhodosporidiunsp.;ii)
statistical analysis of data obtaineid;) assessment of results obtained on maximum lipid
accumulation; anil) prediction of best suited conditions and parameter to achieve maximum lipid
accumulation. Foeach consideration, the combined and overall reliability score, and the outcome
of studies have been discussed. An overview of the lipid yield, lipid compositions, and fatty acids
are provided, and their production trends are discussed based on thetestyst; stress condition

and fermentation characteristics. Finalthe recommendation has been provided to further
improve the lipid accumulation ability irRhodosporidiumsp. and key conclusions are

summarized.
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Methodology

Literature search
The literature research was performed using Google Scholar as a web search engine using the

foll owing entries ARhodosporidiumo, AMi crobi al
to select the articles to be used, four criteria were utilizetypg of substrate (lignocellulosic

biomass, food and industrial residues and synthetic media), ii) cultivation conditions (C/N ratio,
sugar concentration, temperature, pH), iii) microbial lipid productiothasnain aim of the

research, and iv) the usérative strains. Furthermore, to have a precise accuracy in the analysis,

articles focused or that perforimsilico analysis ofn-silico modelling were not contemplated.

Quantitative data assessment
The statistical assessment was perforrhemigh inerential and multivariate statistics using linear

regression and correlation anayss well as cluster and discriminants analysis. All analysis were
compared irough R, Adj-R?, and pv al ue wi th and Uetdmirlsic, andcur t he
stochastic moelswere used for the prediction of culture conditions to achieve the maximum lipid

production. All the collected dataaneanalyzed using the software OriginPro®©.

/ This research review will providEnaccurate informatioonthe parameters with
higherinfluence during the cultivation dthodosporidiunsp. to produce microbial
lipids.
A critical analysican be obtained ahe culture mediancluding its sourceeconomic
feasibility, composition, and its effect on the lipidamulation byRhodosporidium
sp.
Finally, this study willserve as basemodel to predict the maximum lipid

\ accumulation usinghodosporidiunsp. asa biofactory. /
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8. CONCLUSIONS

8.1. Forestry residues obtained from hardwood aonétwood in the form of sawdustis a
renewable and sustainable feedstock to produce chemical compauatis as furfural, b
hydroxymethyl furfural, vanillin, syringaldehyde, vanillic acid, ferulic acid, and aminobenzoic
acids that can be used as preamnsto produce compounds with high value in food, biomedical,
pharmaceutical, and chemical industries. The obtained results offer an extra added value to these
residues as well as improve the economic feasibility of biochemical processes in which the
obtaned liquid hydrolysate can be a suitable substrate for microbial grawfarticular, the
combination of a thermochemical process followed by zmolysis treatment shows a positive
effectin the obtentioomonolignolssuch as sinapyl,-poumaryl and caferyl alcoholfrom liquid
hydrolysates and treated biomass. These monolignols can basysettursors to produce resins

copolymersandpolymers

8.2. In a screeningstudy of five Rhodosporidium toruloidestrains R. toruloides1588 was
identified as themost suitable strain tgrow andaccumulate 35% olipids using C5 and C6
undetoxified wood hydrolysatekikewise,R. toruloides1588shows tolerance to lignocellulosic
inhibitory compounds. In addition, Tipgedominant fattycids were oleic, palmitic, and stearic,
which are suitable feedstock for biodiesel or advanced biofuel produckarthermore,
polyunsaturated fatty acidaich asomega3, omegab, and omeg® with high added value for

food and cosmetic industries were also identified.

8.3.The change in the formulation of C5 and C6 undetoxified wood hydrolysates used as a culture
media has an effect on the growth and lipid accumulatiorRbytoruloides1588. Culture
conditions ofC/N ratio equal to 70, an initial rate of glucose: xylose of 1:1, and 1.05 g/L of
NaeHPQ; as a lipid inducer increased the lipid accumulation by 7.48% with a maximum biomass
yield of 0.69 g of biomass/g of sugar. The use eH¥RO, and different initial sugar concentrations

also induced the change in the fatty acid profiles. Additionally, due to the wood hydrolysates
combination and increase in lignocellulosic inhibitors and under the tested culture conditions, a

total fermentatiortime up to 96 hours was enough to achieve the maximum lipid production.

8.4.The study using high five and starbon sugar concentrations highlights the capacity of the

R. toruloides1588 to grow (18.6 g/L) and accumulate lipids (8.2 g/L) using up t@A26f sugar.
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R. toruloides1588 shows the ability to utilize C5 and C6 sugars separately and simultaneously as
a carbon source as well as transform and degrade microbial inhibitory compounds present in the
hydrolysatesThese results confirm th& tordoides1588 is a convenient strain that can be used

at industrialscale operations for microbial lipid production.

8.5. R. toruloides1588 was able to degrade up to 96% of furfural, aftivB-, 85% of levulinic
acid, 80% of syringaldehyde, 81% of vanillin and 86% of vanillic acid present in wood
hydrolysates. LikewiseR. toruloides1588 was able to metabolize and transform furfural into
furfuryl alcohol and Zuroic acid as the main bgroduct as well as-@xoglutaric acid from 2
furoic acid.In addition, 5hydroxymethyl furfural was the compound with the fastest degradation
rate (5.450ngL h'), while acetic acid had the lowest degtimtarate. The above facts confirm
thatR. toruloides1588 is a tolerant strain against microbial inhibitory compounds derivate from
lignocellulosic biomassAlso, R. toruloides1588 does not show a retarded lag phase or growth
inhibition during the lipid accumulation process due to the presence of high inhibitor
concentrationsThe findingsprovide useful insighinto furfural degradation and require further
exploration to improve the use of renewable substrates with a high concentration of this compound

8.6 Undetoxified C5 and C6 wood hydrolysates, obtained from forestry residues, are an effective
culture media to produce microbial lipids usiRg toruloides1588. In summaryR. toruloides
1588 consumes >95% of glucose and >75% of xylose efficiently, beffarately and

simultaneously.
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RECOMMENDATIONS

The following recommendations are based on the findings of this study:

1. In thisdissertationseveral culture conditions were investigated to increase lipid accumulation
using a native strain, therefore thyenetic modificationto increase and accelerate the lipid

production procesis necessary

2. To explore and optimize the conditions focrease lipid production and accumulatiarsing

fed-batch and contimwus cultivations.

3. To develop and perform proteomic and transcriptomic analyses and elucidate the detailed
metabolization pathway of inhibitor compounds in oleaginous yeaséd on thenhibitor's

degradation analyses presented in this study

4. To examine an engineered strain, focused on the overexpression of enzymes involved in the
pentose phosphate pathway to channelize xylose into microbial lipids and explain lower lipid yield

for xylose than glucose despite its high consumption (>75%).

5. To study the feasibility of the microbial lipid process developed in this dissertation a-techno

economic analysis and life cycle assessment are necessary.
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APPENDICES

APPENDIX A. Supplementary information of Section 4.2

Similar studies to produce monolignols.

Compound  Substrate Treatment Concentration Reference
Coniferyl Synthetic de novabiosynthesis usin¢ 470 mg L* [134]
alcohol media a recombinant
Amycolatopsisp. HR167
strain
de novabiosynthesis usin¢ 124 mg L [135]
a recombinank. coli
Wheat Enzymatic and wholeell [136]
_ _ _ 71 mg L
arabinoxylan  biocatalytic route
Softwood Microwaveassisted This study
. ' 112 mg/kg
hydrolysate extraction + ozonolysis
Hardwood Thermal treatment + 175 mg/kg This study
hydrolysate  ozonolysis
p-Coumaryl  Synthetic de novdbiosynthesis using [135]
_ _ _ 501 mg Lt
alcohol media a recombinank. coli
Wheat Enzymatic and wholeell [136]
. . . 58 mg Lt
arabinoxylan biocatalytic route
Hardwood Thermal treatment + .
. 16 mg/kg This study
hydrolysate ozonolysis
Sinapyl Softwood Microwaveassisted 256 mg/kg This study
alcohol hydrolysate extraction + ozonolysis
Thermal treatment + 453 mg/kg This study

ozonolysis
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FTIR spectra of liquid samples from thermal treatment (TT) +o0zonolysis (min). A)
Softwood and B) Hardwood
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