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Abstract

Biomass pyrolysis bio-oil contains a plethora of carbon sources with the potential to be utilized by microorganisms and
converted into high value products. However, the majority of these compounds are either highly toxic to microorganisms or
are not directly utilizable. Hence research is required to develop methods of separating microbe friendly compounds from
inhibitory ones, and to also identify novel microorganisms that can utilise the principal carbon sources in pyrolysis bio-oil.
This study employed a phenotypic microarray (PM) technique that measured yeast metabolic output to screen for and shortlist
yeast strains able to metabolize various bio-oil carbon sources, with a focus on the anhydrosugar levoglucosan. Four strains
of yeast (two Pichia spp. and two Kluyveromyces spp.) were shortlisted due to their high metabolic output (between 79.7
and 113.7 redox signal intensity) on levoglucosan from the PM assay. Under anaerobic fermentation conditions the strains
were able to uptake levoglucosan (between 79 and 100% uptake efficiency) but not produce bioethanol; yet trace amounts
of acetic acid were generated. This study demonstrated the application of applying the PM technique to screen for novel
yeast strains with abilities to metabolize compounds present in pyrolysis bio-oil that could lead to the identification of novel
levoglucosan utilization pathways.
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Statement of Novelty

The need to identify novel yeast strains with abilities to
utilise pyrolysis bio-oil is of increasing significance for
downstream bio-processing into higher value products.
However, traditional methods of yeast screening is time
consuming and laborious. In this study, a phenotypic
microarray technique was successfully used for the first
time as a high-throughput screening tool for identification
of novel yeast strains with abilities to metabolize pyroly-
sis bio-oil carbon sources. Shortlisted strains were con-
firmed by growth tests and then laboratory-scale anaerobic
fermentations for carbon end-point production, of which
acetic acid was identified. This work will impact future
developments in microbial-conversion processes of bio-
oil, since there is a need to identify candidate genes in
microorganisms which are responsible for unique bio-oil
compound uptake.

Introduction

In order for a future bio-based economy to be viable, effi-
cient methods of converting renewable feedstocks into
high value bio-based products need to be established and
optimised. Furthermore for the biotechnological conver-
sion of such feedstocks, it is necessary to utilise process-
ing technologies capable of yielding monomers or build-
ing blocks that are suitable for microbial metabolism [1].
Thermo-chemical biomass processes such as pyrolysis
has become an expanding area of research in recent years
due to its economical advantages. Pyrolysis is defined as
the thermal decomposition of biomass in the absence of
oxygen, resulting in the formation of three main products;
bio-char, liquid bio-oil and bio-gas (syngas) [2]. Bio-oil
(or pyrolysis-oil/pyrolysate) is an easily storable and trans-
portable energy rich liquid medium elementally resem-
bling the source of biomass; mainly water (15-30 wt%)
and more than 100 different organic compounds [3] includ-
ing furans, aldehydes, phenols, acids and anhydrosugars.
Its rich chemical composition makes it not only a viable
source for the thermo-chemical-based bio-refinery which
enables the production of platform chemicals and con-
ventional biofuels [4], but also as a direct fermentation
substrate. This concept of combining thermal biomass
deconstruction followed by subsequent biological process-
ing has been termed ‘hybrid processing’ [5—7]. Polysac-
charide derived substrates such as the anhydrosugar ‘levo-
glucosan’ is the most abundant sugar in bio-oil; making
it a direct target for microbial processing. Nonetheless,
aromatic compounds (e.g. phenol, guaiacol, syringol) and
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heterocyclic compounds (e.g. furfural) present in the com-
plex medium makes bio-oil inhibitory to microorganisms
and most lack the ability to directly metabolize levoglu-
cosan [8].

Several studies have successfully converted levoglucosan
to glucose by acid hydrolysis [9—13] followed by the subse-
quent fermentation of glucose to ethanol via different micro-
organisms. However, the inclusion of a hydrolysis step to
produce fermentable glucose from levoglucosan is not only
costly, but may also result in the formation of additional
inhibitory compounds [14]. In order to overcome the poten-
tial bottlenecks that could hinder the use of bio-oil as a direct
fermentation substrate and to enhance future prospects for
a more consolidated biological process that produces fuels
or chemicals directly from bio-oil, research is required to
underpin (i) the separation of microbe-friendly compounds,
such as levoglucosan, from the complex bio-oil, and (ii)
the screening and identification of microorganisms that are
capable of utilizing and (iii) converting such compounds into
high value products.

The search for new microorganisms with abilities to use
levoglucosan as a carbon source has become an increasing
area of research. It has been found that many eukaryotic and
prokaryotic microorganisms can indeed directly metabolize
levoglucosan through their levoglucosan utilization path-
ways [15-17]. In the specific case for eukaryotes, which
have a much more developed and advanced levoglucosan
utilization pathway than prokaryotes [17], organisms such as
filamentous fungi and several yeast strains isolated from soil
contain a levoglucosan kinase which directly converts levo-
glucosan into glucose-6-phosphate [18, 19] and routes it into
the general glycolytic pathway. Despite the fact that several
fungi have been shown to convert levoglucosan into itaconic
acid [16] and citric acid [18], most other natural levoglu-
cosan utilizers are not able to produce ethanol, and even if
some can produce ethanol, the yields are extremely low [20].
Therefore, scientists are engineering strains by importing the
levoglucosan pathway found in natural strains of fungi and
yeast into organisms such as Escherichia coli [21, 22], Rho-
dococcus spp. [23] and Pseudomonas spp. [24] for ethanol
and lipid production. However, searching for new organisms
with high activities for the conversion of levoglucosan into
glucose-6-phosphate and its subsequent utilization is a very
laborious and time consuming task.

The application of a novel phenotypic microarray (PM)
has proved to be an efficient, accurate and rapid screening
tool to shortlist candidate yeast strains across a number of
different biotechnological applications. The PM approach
has previously been demonstrated to be successful in iden-
tifying strains for efficient second generation bioethanol pro-
duction [25, 26], to measure tolerance to stresses on Saccha-
romyces spp. yeast during fermentation [27], to determine
the metabolic profiling of yeast on different pre-treatment
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hydrolysates [28] and to identify yeast strains with abilities
to metabolise monosaccharides derived from macroalgae
[29]. The technique measures the metabolic activity of yeast
cells against various media (containing carbon sources of
interest), therefore serving as a high-throughput screening
tool to shortlist candidate yeast strains.

The aim of this work was to identify novel yeast strains
that can utilise levoglucosan directly using a PM screening
approach. Particularly with pyrolysis technologies that have
adopted microwave heating to drive the pyrolysis process,
higher yields of levoglucosan have been quantified in the
generated bio-oil compared to conventionally heated pyrol-
ysis [30, 31]; highlighting the attractiveness of this tech-
nology to produce sufficient amounts of this anhydrosugar
for subsequent downstream processing. Nonetheless, the
process still produces pyrolysis bio-oil containing thermal
degradation compounds, such as 5-HMF, furfural and phe-
nol that are detrimental to the growth of yeast. As previous
studies have already PM screened for yeast strain tolerance
towards the aforementioned growth inhibiting compounds
[27], other compounds that are also identifiable in pyrolysis
bio-oil were incorporated into this study to enhance its scope
(including benzoic acid, p-coumaric acid, levulinic acid and
syringic acid).

The strains used in this study (mainly Saccharomyces,
Pichia, Candida and Kluyveromyces) were selected based
upon the fact that they had not been previously investigated
for levoglucosan or even bio-oil compound utilisation. Yeast
strains which displayed high metabolic activity when cul-
tured on media containing a single bio-oil compound of
interest were shortlisted and further screened for confirma-
tion of growth, and finally selected yeast strains were exam-
ined in laboratory-scaled anaerobic fermentations of the

Table 1 List of yeast strains used in this study

bio-o0il compounds for possible carbon-end point production.
To the authors’ knowledge, no studies have been published
using the PM for screening of yeast strains on the pyrolysis
bio-oil derived compounds investigated in this study.

Materials and Methods
Chemicals and Reagents

Levoglucosan, benzoic acid, levulinic acid, syringic acid and
p-coumaric acid were all of analytical grade and were sup-
plied by Sigma (Dorset, UK). Other chemicals were standard
laboratory reagents.

Yeast Strains and Growth Conditions

All yeast strains that were investigated in this study (listed in
Table 1) were taken from — 80 °C glycerol stocks and inocu-
lated into a liquid medium containing 10 g/L yeast extract,
20 g/L peptone and 20 g/L glucose (YPD). Yeasts were then
placed into an orbital shaker (180 rpm; CERTOMAT BS-1
incubator, Germany) at 30 °C for 48 h. One hundred micro-
liters of these cells were then spread onto YPD slopes and
incubated at 30 °C for a further 48 h.

Phenotypic Microarray (PM) Analysis (Biolog-Omnilog)

The Bio-log Omnilog (Biolog, Hayward, CA, USA) was
used as screening tool to measure the metabolic activity of
yeast when cultured on minimal synthetic media containing
compounds originally derived from bio-oil. Synthetic mini-
mal media was prepared using 0.67% (w/v) yeast nitrogen

Microorganism Source Strain ID Additional strain information®

Saccharomyces cerevisiae NCYC NCYC 2592 Distillers production strain

Candida succiphila NCYC NCYC 1403 Isolated from sap of Amygdalus persica (peach tree), Japan

Candida arabinofermentans NCYC NCYC 2916 Isolated from insect frass from dead Larix sp. (larch tree), Fairbanks, Alaska, USA
Pichia guilliermondii NCYC NCYC 443 Isolated from insect frass from Ulmus Americana (elm tree), Peoria, Illinois, USA
Pichia etchellsii NCYC NCYC 740 Isolated from fermenting cucumbers, in 15% brine with 0.61% lactic acid

Pichia membranifaciens NCYC NCYC 101 Isolated from Kefir beer

Pichia angusta NCYC NCYC 1457 Isolated from soil irrigated with distillery effluent, Pernambuco, Brazil
Kluyveromyces dobzhanskii NCYC NCYC 538 Isolated from Drosophila pseudoobscura (fruit fly), Pifion Flat, California, USA
Kluyveromyces wickerhamii NCYC NCYC 546 Isolated from Drosophila sp. (fruit fly), California, USA

Kluyveromyces africanus NCYC NCYC 2729 Isolated from soil, Transvaal, South Africa

Kluyveromyces lodderae NCYC NCYC 1417 Isolated from soil, South Africa

Saccharomyces uvarum BSYC S. uvarum N.A

Saccharomyces eubayanus BSYC S. eubayanus N.A

NCYC National Collection of Yeast Cultures, BSYC Brewing Science Yeast Cultures

*Information from NCYC website (http://www.ncyc.co.uk)
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base (YNB) and 0.2 pL of tetrazolium dye D (Biolog, Hay-
ward, CA, USA). The pH was within the range of 5.2-5.6
at a 0.67% (w/v) solution. Glucose (which served as a posi-
tive control) and levoglucosan (at 3% w/v) and p-coumaric
acid and levulinic acid (at 0.5% w/v) were individually
supplemented before final volumes were made up to 60 pL
using RO sterile water and aliquoted into individual wells
of the PM plates. For experiments investigating the meta-
bolic activity of yeast on benzoic acid, p-coumaric acid and
syringic acid, were set up as above, however stock solutions
were prepared using 100% methanol (20% stocks benzoic
acid and p-coumaric acid; 10% stock syringic acid). The
amount of RO sterile water added was modified to make up a
final concentration of 0.5% of each of the three above. Yeast
strains (60 uL) were prepared for inoculation into the PM
assay plates according to the method outlined in Kostas et al.
[29]. Wells containing only synthetic minimal media con-
taining individual carbon sources without yeast cells were
also included in the PM plates to serve as negative controls.
Prepared plates were vacuum sealed as described in Kostas
et al. [29] and were then placed into the Omnilog reader at
30 °C for 95 h. The Omnilog reader was programmed to
photograph the PM plates every 15 min, converting the pixel
density of each well into a signal data value that represents
cell metabolic output and dye colour change. The reduction
of the dye, producing a colour change from colourless to vio-
let, results from the cells’ metabolic activity when in contact
with the different media in each well; this has been defined
here as redox signal intensity. The redox signal intensity data
was assembled in the Biolog software and exported using
Microsoft Excel. All assays were conducted in triplicate and
the mean values are presented.

Confirmation of PM Results Measurement of Yeast
Growth

Positive combinations of yeast strains and individual bio-oil
carbon sources were tested under identical growth condi-
tions as for the PM assays described in the previous sec-
tion. PM plates were incubated at 30 °C for 95 h under a
nitrogen flow in order make conditions anaerobic, with a
reading taken every 15 min using a TECAN (Mannedorf,
Switzerland) Infinite M200 Pro plate reader. Assays were
performed in triplicate.

Fermentations of bio-oil compounds using selected
yeast strains

Yeast strains which were metabolically more active com-
pared to their corresponding glucose redox signal intensi-
ties (RSI) on the bio-oil compounds and were subsequently
confirmed by growth tests were directly used for fermenta-
tion trials. Fermentation vessels (30 mL; Wheaton, USA)
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containing 25 mL of media constituting of 2% peptone, 1%
yeast extract and either 3% levoglucosan/ glucose (posi-
tive control) or 0.5% p-coumaric acid/levulinic acid were
inoculated with the selected yeast strain at a pitching rate
of ca. 10° cells/mL. Anaerobic conditions were prepared
using a sealed butyl bung (Fischer, Loughborough, UK) and
aluminium caps (Fischer Scientific). A hypodermic needle
attached with a Bunsen valve was purged through the rubber
septum to facilitate the release of any CO,. The vessels were
incubated at 30 °C (MIR-253 incubator, Sanyo Electric Co.,
Japan) with magnetic stirring set at 120 rpm. Samples were
taken at the end of the fermentation for carbon source utili-
zation and carbon end point production analysis via HPLC.
All fermentations were carried out in triplicate.

High Performance Liquid Chromatography (HPLC)
and Gas Chromatography (GC)

Levoglucosan was quantified by HPLC using an AS-2055
Intelligent Auto-sampler and a PU-1580 Intelligent HPLC
Pump (Jasco, Japan). The Rezex ROA Organic Acid
H + organic acid column (5 pm, 7.8 mm X 300 mm; Phe-
nomenex, UK) was operated at ambient temperature with a
mobile phase of 0.005 N H,SO,, at a flow rate of 0.5 mL/
min. A Refractive Index cell (RI-2031 Intelligent Refractive
Index detector, Jasco, Japan) was used for detection, and the
injection volume was 10 pL. Data were acquired using the
Azur software package (v. 4.6.0.0; Datalys, France). Prior
to HPLC analysis, all samples and standards were filtered
using Whatman GD/X syringe filters (GF/C 25 mm filter
diameter/1.2 um pore size; Whatman, UK). All analyses
were conducted in triplicate.

The analysis of p-coumaric acid was quantified by HPLC
using UV detection at 270 nm (2695 HPLC system and 996
Photodiode Array Detector, Waters, USA) and a Techsphere
ODS C18 column (5 pm, 4.6 mm X 250 mm; HPLC Tech-
nologies, UK) was used at room temperature. The sample
volume was 10 pL, and the mobile phase was a gradient
of methanol in 1% acetic acid at an overall flow rate of
1.0 mL min~!. The methanol concentration was increased
from 20 to 50% over 30 min with a 100% methanol column
cleaning phase and a 9-min re-equilibration period. Data
were recorded using Millennium Chromatography software
(Waters, USA).

For the identification of fermentation carbon end point
products gas chromatography—high resolution mass spec-
trometry (GC—HRMS) was carried out, using a JEOL GCX
GC-ToFMS (time of flight mass spectrometry) (JEOL
Corp. Tokyo, Japan). Analysis conditions were as follows.
The GC temperature program was: 40 °C (hold 3 min),
then increased to 260 °C at 5 °C/min. The GC column
installed was a Thermo Scientific TraceGold TG-POLAR
(30 mx0.25 mm x0.25 pm; ThermoFisher Scientific,
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Waltham, USA). Sample aliquots of 1 pL were injected in
splitless mode at 220 °C. Helium was employed as the car-
rier gas, with a flow rate 1 mL/min. The mass spectrometer
was operated in EI mode (70 eV ionisation energy) with a
detection range of 50-600 Da. The ion source temperature
was held at 250 °C. Peaks that had a high degree of cer-
tainty (over 85%) were reported. Acetic acid was observed
as a minor component in the total ion chromatogram (TIC)
data, but was more readily noted when extracted ion chro-
matograms (EIC) were constructed from the mass spectral
signal acquired over the mass range 60.01-60.04 Da. In all
samples, the centroided mass of the molecular ion of acetic
acid was determined as 60.025 +0.001 Da. In addition, the
GC retention index (RI) of the proposed acetic acid chro-
matographic peak agreed with that reported in the NIST14
mass spectral library (Polar GC column: 1449 + 13 (380);
National Institute of Standards and Technology, Gaithers-
burg, USA).

Results
Phenotypic Microarray Analysis of Yeast Strains

The redox signal intensity values (which are indicative of
cell metabolic activity) of yeast strains investigated in this
study on synthetic minimal media containing an individual
bio-oil compound can be seen in Fig. 1a—f. Glucose has been
included to serve as a positive control and as a benchmark
to compare to the RSI values of the bio-oil compounds. As
expected, there were measureable metabolic outputs for all
yeast strains on glucose (Fig. 1a) after 96 h of incubation at
30 °C; between 34 and 100 RSI. The yeast strain Saccha-
romyces cerevisiae NCYC 2592 gave the lowest RSI value
of 34, despite previous studies having shown that RSI lev-
els of this strain on glucose can reach between 75 and 100
RSI [26, 29]. Reasons for its relatively low metabolism on
glucose in this study are not clear however due to its negli-
gible metabolism on the main carbon sources of interest in
this study, it was not included in any further experiments. It
is evident that there also were measureable metabolic out-
puts on minimal media containing 3% (w/v) levoglucosan
(Fig. 1d) with yeast strains Pichia etchellsii NCYC 740,
Kluyveromyces dobzhanskii NCYC 538 and Kluyveromyces
africanus NCYC 2729 displaying values of 73.3, 57.3 and
67.7 RSI, respectively. Interestingly, yeast strains Pichia
membranifaciens NCYC 101 and Pichia angusta NCYC
1457 also exhibited relatively high RSI values on 0.5% (w/v)
p-coumaric acid, with values as high as 75.5 and 65.0 RSI,
respectively. The majority of the strains however displayed
low metabolic outputs on benzoic acid, syringic acid and
levulinic acid with the highest RSI values not exceeding
above ca. 22.0 (Fig. 1b, e, and f). Strains that displayed RSI

levels lower than 20 on any carbon source were not taken
forward for further investigation.

Table 2 shows the normalised metabolic activity values
(compared to their glucose utilization) of all the yeast strains
on the different bio-oil compounds. There appeared to be no
direct correlation between glucose RSI values and the RSI
values of the yeast strains when metabolizing the bio-oil
derived compounds. There were a number of strains how-
ever which displayed higher RSI values on certain bio-oil
compounds in comparison to glucose. These included strains
P. membranifaciens NCYC 101 which had an RSI value of
129.1 on p-coumaric acid (58.5 RSI on glucose), and strains
K. dobzhanskii NCYC 538 and K. africanus NCYC 2729
which had RSI values of 96.4 and 113.7 on levoglucosan
(glucose RSIs of 59.5 for both strains), respectively. The
yeast strains mentioned above were subsequently shortlisted
for further investigation. Two more yeast strains were also
shortlisted for further trials, as RSI values on certain bio-
oil compounds were almost as high as their corresponding
glucose values; strains P. angusta NCYC 1457 on p-cou-
maric acid and P. membranifaciens NCYC 101 on levoglu-
cosan. The metabolic profile curves of the aforementioned
strains that appeared to look promising on their respective
carbon sources and glucose (positive control) can be seen
in Fig. 2a—f. It is evident that for all strains, the rate of
metabolism on their selected carbon source is slower with
much longer lag phases than metabolism on glucose, which
is expected. Strains on levoglucosan appeared to attenuate
much faster (normally after 50 h) compared to the strains
on p-coumaric acid which took up 74 h to reach attenuation
phase. However, strains P. membranifaciens NCYC 101, K.
dobzhanskii NCYC 538, K. africanus NCYC 2729 and P.
etchellsii NCYC740 all appeared to display similar meta-
bolic profiles on levoglucosan albeit at different RSI levels.
Interestingly, K. dobzhanskii NCYC 538 was the only strain
to exhibit a higher RSI level than its metabolism on glucose
from around 50 h onwards.

Growth Measurements

Strains that were metabolically active on the bio-o0il com-
pounds tested in PM assay were selected for further experi-
ments to confirm their abilities to grow on the same carbon
sources (Fig. 3a—e). Growth was confirmed for all shortlisted
yeast strains on what appeared to be their compatible bio-oil
carbon sources.

Screening for Carbon-End Point Products
in Laboratory-Scale Fermentations

Trial fermentations were performed with yeast strains

P. membranifaciens NCYC101, P. etchellsii NCYC740,
K. dobzhanskii NCYC538 and K. africanus NCYC 2729

@ Springer
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Table 2 Phenotypic microarray results (RSI at 96 h) for each yeast on bio-0il compounds investigated in this study relative to their correspond-

ing glucose values (RSI)

Yeast Glucose (RSI) Bio-oil compound (% RSI in comparison to glucose)

Levulinic acid p-Coumaric acid Levoglucosan Syringic acid Benzoic acid
NCYC 2592 34.0+2.0 0.0+0.0 1.0+£0.0 333425 0.0+0.0 2.0+0.0
NCYC 1403 52.0+2.8 13.5+1.7 26.3+8.0 39.1£2.9 0.0+0.0 20.5+1.4
NCYC 2916 59.5+4.9 9.0+0.6 43.1+£29 42.6+3.0 0.0+0.0 11.2+0.5
NCYC 443 51.5+2.1 155+2.8 18.1+£5.0 41.4+4.1 0.0+0.0 1.3+0.2
NCYC 740 92.0+2.8 0.7+0.1 0.4+0.0 79.7+5.7 0.0+0.0 6.5+2.0
NCYC 101 58.5+6.4 37.6+3.1 129.1+5.0 51.9+3.1 0.0+0.0 13.7+3.1
NCYC 1457 92.0+8.5 145+1.1 70.7+5.0 10.1+£0.9 0.0+0.0 9.4+29
NCYC 538 59.5+3.5 5.0+0.8 1.7+0.0 96.4+29 0.0+0.0 62+1.1
NCYC 546 97.5+3.5 82+1.2 55+15 103+1.2 0.0+£0.0 6.8+1.6
NCYC 2729 59.5+3.5 9.5+2.0 1.1+£0.0 113.7+3.8 0.0+£0.0 8.4+2.1
NCYC 1417 100.0+2.8 7.7+£09 5.0+1.7 19.0+1.6 0.0+£0.0 3.7+04
Saccharomyces uvarum 80.0+8.4 1.1+£0.8 0.0+0.0 50+1.1 0.0+£0.0 0.0+0.0
Saccharomyces eubayanus 68.0+£6.2 37+12 0.0+0.0 7.4+09 0.0+0.0 0.0+0.0
Data are the mean + SD of three measurements
in order to identify whether they were able to anaerobi- Discussion

cally ferment the bio-oil compounds they exhibited a high
metabolic activity on from the PM screening assay. It
appeared that after 6 days of fermenting a YPD fermenta-
tion medium containing 3% (w/v) levoglucosan at 30 °C,
yeast strains P. membranifaciens NCYC 101, P. etchellsii
NCYC 740 and K. dobzhanskii NCYC 538 were able to
uptake all of the levoglucosan present in the fermentation
medium, however 0.63% + 0.08 levoglucosan remained at
the end of the fermentation with K. africanus NCYC2729
(Table 3). Surprisingly K. africanus NCYC 2729 was not
able uptake p-coumaric acid under anaerobic fermentation
conditions, despite the high RSI values exhibited on the
PM assay.

Acetic acid was the only identifiable carbon end point
product that was produced from the fermentations con-
taining 3% levoglucosan by yeast strains P. membranifa-
ciens NCYC 101, P. etchellsii NCYC 740, K. dobzhanskii
NCYC 538 and K. africanus NCYC 2729; however levels
were extremely low and at trace level (Table 4; Fig. 4a).
Extracted ion chromatography (EIC) levels were within
the ranges of 5.52 x 10* to 1.51 x 103, with strain K. afri-
canus NCYC 2729 displaying the highest EIC value of
acetic acid. An example of a chromatogram confirming
the EIC trace of acetic acid from the fermentation of levo-
glucosan by P. membranifaciens NCYC101 is depicted in
Fig. 4b. The two other peaks that appear to be present in
the chromatogram (between 26-28 min and 32—-34 min)
were not identified, despite being present in all chromato-
grams and may represent compounds found in the starting
media that was then fermented.

In this study, yeast cells’ metabolic activity on pyrolysis
oil derived carbon sources were employed as a screening
tool to identify yeast strains for bio-oil utilization. Yeast
that are able to metabolise the carbon source present in
the assay change the colour of the dye from colourless
to purple; with the intensity of the purple colour directly
corresponding to the degree of metabolic activity and thus
generates higher RSI values. However it is not possible to
determine the metabolic products (for example bioethanol)
that may be produced by the yeast in the assay, only meta-
bolic activity; hence it’s application as a high through-put
screening tool. In previous studies, growth tests on such
compounds have often been the followed methodological
approach. Yeast species such as Pichia stipitis [32], Rho-
dosporidium toruloides and Rhodotorula glutinis [33] and
Lipomyces starkeyi [22, 34] have been grown on levoglu-
cosan in order to either be identified or for confirmation
that they can assimilate levoglucosan and yeast species
such as Candida utilise and Schwanniomyces castelli can
in fact partially ferment levoglucosan [35]. Yeast strains K.
africanus NCYC 2729 and K. dobzhanskii NCYC 538 had
the highest RSI values on 3% (w/v) levoglucosan in com-
parison to glucose, reaching RSI levels as high as 113.7
and 96.4, respectively (Table 2). Kluyveromyces spp. have
previously attracted much attention for their potential in
the biotechnology sector. The major common feature of
K. marxianus and Kluyveromyces lactis is the capacity to
assimilate lactose and utilise this sugar as a carbon source;
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Fig.2 Phenotypic microarray
analysis (redox signal intensity)
time course for shortlisted yeast
on selected carbon source and
3% glucose (control). a Pichia
membranifaciens NCYC 101

on levoglucosan, b Pichia
membranifaciens NCYC 101

on p-coumaric acid, ¢ Pichia
angusta NCYC 1457 on
p-coumaric acid, d Kluyveromy-
ces africanus NCYC 2729 on
levoglucosan, e Kluyveromyces
dobzhanskii NCYC 538 on levo-
glucosan, and f Pichia etchellsii
NCYC 740 on levoglucosan.
Data are the mean + SD of three
measurements
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levoglucosan and p-coumaric
acid by shortlisted yeast strains

post anaerobic fermentation
(LOD for levoglucosan is
0.003 mg/L)

% (W/V)
Levoglucosan p-Coumaric acid
Starting concentration 3 0.5
End of fermentation concentrations
Pichia membranifaciens NCYC101 <0.003+0.0001 0.5+0.04
Pichia etchellsii NCYC740 <0.003+0.0001 n.a
Pichia angusta NCYC1457 n.a 0.5+0.04
Kluyveromyces dobzhanskii NCYC538 <0.003 +£0.0002 n.a
Kluyveromyces africanus NCYC2729 0.63+0.08 n.a
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Table 4 EIC traces of acetic acid identified in levoglucosan fermenta-
tions by shortlisted yeast strains

Yeast strain Acetic acid (EIC trace) Ethanol
(EIC
trace)

Pichia membranifaciens 6.64x10*+1.40x10* -

NCYCI101
Pichia etchellsii NCYC740 522x10*+2.31x10* -
Kluyveromyces dobzhanskii 7.96x10*+£8.78x 10> —
NCYC538
Kluyveromyces africanus 1.51x10°+1.72x 10*
NCYC2729
Data are the mean + SD of three measurements
A TICC / biooil_fermentation_2 / EI+ / ferment.. (12015)
x10* 1
1.00 H
> ]
2 n Retention time = 19.1 min
% 0.50 4 - Acetic acid
e e e s e e A e
10 20 30 40
Time [min]
B EIC: 60.0157-60.0398 / biooil_fermentation_2 /... (549)
] 19.13
500
z ]
2 4
ko] i
S 250

10 20 30 40

Time [min]

Fig.4 End of fermentation product screening via GC-MS. Example
of chromatograms from the fermentation of 3% (w/v) levoglucosan
(in YPD) by Pichia membranifaciens NCYC101. a Total ion chro-
matogram (TIC) with labelled acetic acid peak. Unlabelled peaks are
either unknowns or derived from the yeast nitrogen peptone (YPD)
media. b Extracted ion chromatogram (EIC) traces for acetic acid.
The diagnostic ion for acetic acid (60.025+0.001 Da) is shown from
time 16 to 20 min

a trait which is absent in Saccharomyces spp. [36]. Fur-
thermore, K. marxianus has been more widely adopted
in the biotechnology industry due to its ability to assimi-
late key sugars (namely lactose and inulin), its thermo-
tolerance, and fast growth rate (as reviewed by [37]). To
the authors’ knowledge, this is the first report to suggest
that Kluyveromyces spp. can metabolise levoglucosan as a
sole carbon source and speculate that K. africanus NCYC
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2729 and K. dobzhanskii NCYC 538 may possibly possess
levoglucosan utilization mechanisms.

Although the validity of the PM assay was confirmed by
growth tests (optical density at 600,,,; Fig. 3a—e), shortlisted
strains grew more slowly on levoglucosan and p-coumaric
acid with the final amount of biomass being lower com-
pared to their growth on glucose. Reasons for the increase in
growth for K. africanus NCYC 2729 after 96 h of incubation
on levoglucosan, from around 0.05 to over 0.10 (OD 600,
Fig. 3a) are unclear. However it may be possible that certain
genes involved in the metabolism of levoglucosan in the K.
africanus NCYC 2729 strain may become expressed after
96 h of incubation.

The conversion of levoglucosan in eukaryotic micro-
organisms such as yeast and fungi has only thus far been
shown to be carried out by the actions of a levoglucosan
kinase [21, 35]. Knowledge of the levoglucosan dehydro-
genase metabolic pathway is limited, however it catalyses
the conversion of levoglucosan in the presence of adenosine
triphosphate (ATP) and Mg?* and the enzymatic reaction
involves the simultaneous hydrolysis and phosphorylation of
the substrate, yielding p-glucose-6-phosphate and adenosine
diphosphate (ADP) [38, 39]. Researchers have successfully
been able to isolate and integrate endogenous levoglucosan
kinase genes from yeast or fungi into hosts such as E. coli to
then investigate levoglucosan consumption rates and product
development [8, 21, 22]. However, the levoglucosan kinase
enzymes have often displayed a low level binding affinity
for the carbon source and not all of the present levoglucosan
had been completely up taken by the microbial host [8].
Furthermore, Dai et al. [22] showed that the levoglucosan
kinase enzyme present in yeast L. starkeyi is relatively active
for the conversion of levoglucosan to glucose-6-phosphate.
Likewise, the near-complete conversion of levoglucosan into
ethanol was obtained by Jarboe et al. [8] after construction
of an engineered ethanol producing E.coli (KO11) contain-
ing the levoglucosan kinase gene from L. starkeyi. Simi-
larly, Linger et al. [24] constructed a Pseudomonas putida
(KT2440) strain containing the same levoglucosan kinase
gene from L. starkeyi but also incorporated an exogenous
p-glucosidase enzyme for the biological hydrolysis of cello-
biosan (another major sugar found in pyrolysis bio-oil) into
levoglucosan and glucose. These studies have all shown that
not only does levoglucosan kinase from the yeast L. starkeyi
have a high binding affinity for levoglucosan, it is also ade-
quately transferable into multiple hosts. It would be of great
interest to investigate whether the yeast strains shortlisted in
this study which appeared to be able to metabolize and grow
on levoglucosan have a similar, or possibly higher binding
affinity for levoglucosan.

Regarding growth on p-coumaric acid, P. angusta
NCYC1457 had a much slower growth rate compared to its
growth on the preferable glucose carbon source, however P.
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membranifaciens NCYC101 appeared to have a faster growth
rate (with a higher biomass ODg. 0.18 +0.02) on p-cou-
maric acid compared to levoglucosan (ODg. 0.13 £0.04).
Reasons for this are unclear however the identification of a
Pichia spp. with abilities to both metabolize and grow on
p-coumaric acid is novel, warranting further research and
assessing their potential as p-coumaric acid fermenting yeast
strains. Previous studies have revealed that in the presence
of p-coumaric acid (under aerobic conditions) S. cerevi-
siae responds by detoxifying p-coumaric acid via a series
of decarboxylation and oxidation processes into less toxic
derivatives, in order for cells to survive and multiply in the
present of this compound [40]. The exact metabolic process
is unknown and it is also not known if Pichia spp. undergo
a similar stress response; yet this may possibly be the case
in this present study since there was observed growth and
metabolic activity on p-coumaric acid.

The ultimate aim of this study was to investigate whether
the yeast strains shortlisted from the PM assay and growth
test confirmation were able to actually ferment bio-oil com-
pounds levoglucosan and p-coumaric acid under anaerobic
conditions. Despite the fact that no traceable levels of levo-
glucosan remained at the end of the fermentation for three
out of the four yeast strains under investigation (Table 3), no
levels of ethanol were detected. These results are in accord-
ance with reports that levoglucosan utilizers are not able
to produce bioethanol [20]. The yeast strain K. africanus
NCYC2729 was only able to uptake around 79% levoglu-
cosan, compared to the other strains which had uptake effi-
ciencies of 100%. The levoglucosan kinase which exists in
K. africanus NCYC2729 may have a slightly lower affin-
ity for the anhydrosugar, hence its slower uptake compared
to P. membranifaciens NCYC101, P. etchellsii NCYC740
and K. dobzhanskii NCYC538. Surprisingly, all short-
listed yeast candidates detected trace levels of acetic acid
(Fig. 4a, b; Table 4) in the fermentations of levoglucosan.
It is well documented that during the production of wine,
non-Saccharomyces species of yeast produce high levels of
undesirable compounds, such as acetoin, ethyl acetate and
acetic acid which ultimately affect the quality of wine [41].
Acetic acid, along with other compounds such as terpenoids,
fatty acid esters, glycerol and succinic acid are some of the
metabolic compounds generated from the growth of non-
Saccharomyces spp. and are produced to counteract redox
imbalances during the metabolism of sugars [42]. How-
ever, the production of acetic acid from the shortlisted yeast
strains in this study have not been previously reported and at
present it is not definitively feasible to say whether the pro-
duction of acetic acid is a direct product or a metabolic by-
product; since no traces of ethanol or glycerol were identi-
fied. Thermo-tolerant K. marxianus IMB strains which were
isolated by Banat et al. [43] from a distillery in India have
been of particular interest for the production of bioethanol

at elevated temperatures above 40 °C [44, 45]. These studies
revealed that acetic acid (albeit at varying concentrations)
was produced alongside bioethanol by these Kluyveromy-
ces spp. from switchgrass via simultaneous saccharification
and fermentation at 45 °C. However, the degree of acetic
acid production by non-Saccharomyces yeasts may be spe-
cies specific [46]. It may be a possibility that the shortlisted
strains from this study are only able to uptake levoglucosan
and not produce any final product; therefore using the carbon
source for cell mass production. Alternatively, any carbon
end-point product that could have been generated may not
be detectable with the techniques used in this study. Utili-
sation profile studies using larger scale fermentations with
the shortlisted yeasts would help to facilitate a determina-
tion of the conversion of levoglucosan into acetic acid over
time, however this was not feasible during this study due to
the cost of obtaining sufficient quantities of levoglucosan.
However, it has been suggested that the availability of levo-
glucosan will increase in the near future, particularly from
the development of new and emerging green technologies
regarding the processing of biomass, where levoglucosan
is a main product [31, 47]. Nonetheless, the results from
this study are still significant since the four shortlisted yeast
strains have for the first time been identified as candidates
for levoglucosan utilization.

The application of the PM assay as a screening tool has
again proved to be useful in identifying candidate strains of
yeast for further research on pyrolysis oil compounds. The
media which was utilized in the PM assay was synthetic and
only contained one compound of interest in order to ensure
that that the metabolic output from the yeast strains under
investigation were indeed genuine to that particular carbon
source. Pyrolysis oil itself is an extremely complex matrix
and therefore if pyrolysis oil was used directly in the PM
assay it would not be possible to determine contributing fac-
tors to the metabolic response. For future studies, it would be
desirable to use the pyrolysis oil itself in the PM assay. How-
ever, this would require further optimization of the assay to
ensure that pyrolysis oil will be compatible with the redox
sensitive dyes that are used in the assay to achieve a visible
colour change; currently pyrolysis oil masks the visibility
of the dye. Additionally, a larger species screen of Pichia
and Kluyveromyces yeasts using the PM assay would be a
good starting point for further research, as this would help
to elucidate whether the traits seen with levoglucosan utili-
sation are a species wide event or whether they are indeed
strain specific.

The present work focussed on strain selection (using
the PM assay) and managed to successfully identify novel
strains of yeast that can uptake levoglucosan under anaerobic
fermentation conditions. Although no traces of ethanol were
detected in the fermentations performed with these short-
listed strains, trace amounts of acetic acid were identified.
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There is still much more research required with these can-
didate yeast strains in order to identify key pathways and
uptake mechanisms that are behind the levoglucosan utiliza-
tion, which are clearly not present in all species belonging
to the same genus. Discovering new genes from wildtype
strains of yeast that can be transformed into efficient micro-
bial vectors or ‘workhorses’ such as E. coli to ferment
unique pyrolytic carbon sources will need to be successfully
accomplished to make the biological upgrading of pyrolysis
bio-oil become a reality.
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