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Abstract

The aim of this work was to develop a novel strategy for improving the vanillin
tolerance and ethanol fermentation performances of Saccharomyces cerevisiae strains.
Isogeneic diploid, triploid, and tetraploid S. cerevisiae strains were generated by
genome duplication of haploid strain CEN.PK2-1C. Ploidy increments improved
vanillin tolerance and diminished proliferation capability. Antimitotic drug methyl
benzimidazol-2-ylcarbamate (MBC) was used to introduce chromosomal aberrations
into the tetraploid S. cerevisiae strain. Interestingly, aneuploid mutants with DNA
contents between triploid and tetraploid were more resistant to vanillin and showed
faster ethanol fermentation rates than all euploid strains. The physiological
characteristics of these mutants suggest that higher bioconversion capacities of vanillin

and ergosterol contents might contribute to improved vanillin tolerance. This study



demonstrates that genome duplication and MBC treatment is a powerful strategy to
improve the vanillin tolerance of yeast strains.
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1. Introduction

Lignocellulosic materials, such as wood chips and agricultural residues, have been
considered as potential sources for bioethanol production (Koutinas et al., 2016, Sarkar
et al., 2012 and Srivastava et al., 2015). During lignocellulosic biomass pretreatment
(e.g., dilute-acid hydrolysis), numerous by-products, including weak acids, furans, and
phenolic compounds, are formed that can greatly inhibit yeast cell viability (Jonsson et
al., 2013, Ravindran and Jaiswal, 2016 and Sindhu et al., 2016). Vanillin, a major
phenolic aldehyde compound, has been reported to be a more effective inhibitor of
ethanol fermentation than other lignocellulose-derived compounds (Klinke et al., 2004).
An effective strategy for generating vanillin-tolerant yeast strains is a prerequisite to
efficient yeast-based bioethanol production from lignocellulosic biomass (Ji et al., 2011
and Shen et al., 2014).

Vanillin can suppress translation by affecting the ribosome assembly process, causing
accumulation of cytoplasmic mRINP granules and processing bodies (Iwaki et al., 2013).
Furthermore, vanillin induces the accumulation of reactive oxygen species and
mitochondrial fragmentation in Saccharomyces cerevisiae (Kim et al., 2014 and
Nguyen et al., 2014). Multiple biological processes, such as chromatin remodeling,
vesicle transport, and ergosterol biosynthesis, have been related to vanillin tolerance in

S. cerevisiae (Endo et al., 2008 and Endo et al., 2009). Given that complex intracellular



processes are involved in vanillin-tolerant phenotypes, limited rational breeding
strategies have been proposed to construct vanillin-tolerant yeast strains (Ji et al., 2011).
Previously, ours and other studies have shown that whole-chromosome or segmental
aneuploidy phenomena are ubiquitous in industrial S. cerevisiae strains (Borneman et
al., 2011, Dunn et al., 2012 and Zhang et al., 2016). Copy-number variations in certain
DNA regions have been shown to improve fitness under specific conditions; such as
ethanol, high salt concentration, lactic acid, and high temperature (Natesuntorn et al.,
2015). Recently, Selmecki et al. (2015) described that polyploidy can accelerate
evolutionary adaptation in yeast because it drives genomic instability and is inclined
towards chromosome loss. In the present work, we developed a novel breeding strategy
based on genome duplication and large-scale chromosomal variations to improve the
vanillin tolerance and ethanol fermentation performance of S. cerevisiae.
2. Materials and methods
2.1. Yeast strains and medium
AllL S. cerevisiae strains-and plasmids used in this study are listed in Table 1. Isogeneic
homozygous diploid (CEN-D), triploid (CEN-TR), and tetraploid (CEN-TE) strains
were generated by cycles of mating-type switching and mating with haploid strain
CEN.PK2-1C(CEN-H) (Fig. 1a). Yeast cells were cultured in yeast extract peptone
dextrose (YPD) medium (20 g/L glucose, 20 g/L peptone, and 10 g/L yeast extract; pH
5:0) at 30 °C. Yeast transformation was performed using the LiAc/SS carrier DNA/PEG
method (Gietz and Schiestl, 2007).
2.2. Methyl benzimidazol-2-ylcarbamate (MBC) treatment and screening of vanillin-

tolerant mutants



Tetraploid strain CEN-TE was cultured in YPD (5 mL) for 18 h at 30 °C and then
resuspended in fresh YPD medium (25 mL) containing MBC (80 mg/L). The cells were
incubated for 12 h and then plated onto YPD plates containing vanillin (10 mM). The
colonies (~80) that appeared first were selected for further analysis.

To determine the vanillin tolerance of mutants, yeast cells were grown in YPD
medium (25 mL) for 18 h. Tenfold serial dilutions of each sample (4 pl) were spotted
onto YPD plates with different concentrations of vanillin. The plates were incubated at
30 °C for 2—4 days.

2.3. Microarray-based comparative genomic hybridization (aCGH)

Agilent yeast DNA 8x15K microarrays (AMID 028943) were used to determine
variations in chromosomal numbers in aneuploidy yeast strains. Genomic DNA was
extracted from the control strain and mutants, and sheared to fragments with an average
size of 500 bp by sonication. DNA fragments were separated by agarose gel
electrophoresis and the average size was then determined by software Quantity One
(Bio-Rad, Hercules, CA, USA). Control DNA and experimental DNA were labeled as
dUTP-Cy3 and dUTP-CyS3, respectively, using the Invitrogen BioPrime array CGH
labeling system. The labeled DNAs were cohybridized onto microarray slides. The
hybridized microarray slides were scanned using a GenePix 4000B scanner (Molecular
Devices, Sunnyvale, CA, USA) and the hybridization signal was quantified using
GenePix 6.0 software. The aCGH experiment was previously described by Zhang et al.
(2013).

2.4. Ethanol fermentation

The normal ethanol fermentation medium contained glucose (100 g/L), peptone (10

g/L), and yeast extract (5 g/L) at pH 4.5. Vanillin (9 mM) was added into the



fermentation medium as required. Yeast cells were pre-cultured in YPD (25 mL) for 24
h at 30 °C [initial ODggp of 0.05; measured by a Ultrospec 3300 UV/VIS
spectrophotometer (Amersham Biosciences, Piscataway, NJ, USA) using a cuvette that
is 1 cm in path length]. Yeast cells were then collected by centrifugation (6,000 rpm for
5 min) and transferred to 250-mL conical flasks containing fermentation medium (80
mL; initial ODgg of 1). Fermentation was performed under anaerobic conditions at 33
°C at 110 rpm for 50 h. Glucose and ethanol in the fermentation medium were measured
by high-performance liquid chromatography (HPLC), as described previously (Wang et
al., 2012).

2.5. HPLC analysis of vanillin and vanillin derivatives

Vanillin, vanillyl alcohol, and vanillic acid were detected by HPLC (Agilent 1200,
USA) equipped with an Eclipse C18 column (250 mm x 4.6 mm, 5 um) and a UV
detector (Agilent Technologies, Santa Clara, CA, USA). Samples were filtered through
a 0.45-um Millipore membrane before loading. The mobile phase was a mixture of
methanol, water, and acetic acid (35:65:0.05) at a flow rate of 0.8 mL/min. The C18
column was kept-at 30 °C and the detection wavelength was 280 nm.

2.6. Measurement of ergosterol content

Yeast cells cultured overnight were transferred into 25 mL of fresh YPD medium and
YPD medium containing 9 mM vanillin (initial ODggo of 2), and harvested after
incubation for 12 h. Ergosterol was extracted and measured using an HPLC method, as
previously described (Endo et al., 2009).

3. Results and discussion

3.1. Relationship between ploidy and vanillin tolerance in S. cerevisiae



Although ploidy modification is an effective strategy to improve the ethanol production
or fermentation product quality in industrial yeast stains (Hashimoto et al., 2006,
Higgins et al., 2001 and Yamada et al., 2010), the relationship between ploidy and
vanillin resistance in S. cerevisiae is unknown. To generate polyploidy S. cerevisiae
strains, plasmid (pSH-HO)-carrying gene HO, which functions as a site-specific
endonuclease, was used to switch the mating type of the S. cerevisiae strains (Table 1).
By cycling mating-type switching and mating, as shown in Fig. 1a, S. cerevisiae strains
ranging from diploidy to tetraploidy were obtained. The ploidies of these constructed
strains were confirmed by flow cytometry (data not shown).

The growth capabilities of haploid (CEN-H), dipleid (CEN-D), triploid (CEN-TR),
and tetraploid (CEN-TE) strains were determined by measuring the biomass formation
(ODgo) of the yeast cells. In liquid YPD medium, haploid and diploid strains showed
similar growth rates in the exponential phase, but behaved diversely after entering
diauxic shift (Fig. 1b). Polyploid (triploid and tetraploid) strains had lower cell
proliferation abilities and formed less biomass than haploid and diploid strains (Fig. 1b
and Table 1). In the presence of vanillin, yeast cell growth was significantly inhibited.
The lag phases of these four strains were extended to more than 22 h (Fig. 1c¢ and Table
1). The triploid strain had the shortest lag phase and formed most biomass within 75 h,
while the haploid and tetraploid strains were the last to enter exponential growth (Fig.
lc). With the extension of incubation time, haploid and diploid strains still formed more
biomass and thus showed higher growth rates than polyploid strains (Table 1). These
observations indicated that changes in ploidy dramatically affected the proliferation
ability and the vanillin resistance of yeast cells.

3.2. Generation of aneuploid S. cerevisiae strains from CEN-TE



Aneuploidy is a phenomenon commonly observed in S. cerevisiae strains, but it is
unclear whether certain chromosomal aberrations affect vanillin tolerance. To determine
this, multiple aneuploidy strains were generated by MBC treatment, using tetraploid
CEN-TE as the parental strain. MBC was shown to have a unique affinity for tubulin
and inhibited microtubule polymerization, thus eliciting enhanced levels of aneuploidy
(Whittaker et al., 1988). In addition, the effects of MBC on small DNA mutations, such
as point mutations, and small insertions and deletions, have not been reported. After
exposure to MBC, the yeast mutants that appeared first on YPD plates containing 10
mM vanillin were selected. Eight mutants (labeled TE3, TE7, TE8, TE9, TE12, TE13,
TE14, and TE15) showed significantly improved vanillin tolerance over the euploid
strains, and were selected for further analysis.

Using the aCGH array, genomic structural variations in the eight mutants were
identified. As expected, at least one chromosomal number variation event occurred in
an individual mutant (Fig. 2a). Mostof the aneuploid events were copy-number changes
of whole chromosomes, except for one internal duplication event that occurred on
chromosome X in-mutant TE14 (Fig. 2b). This duplication event resulted in the copy
number increasing (from 4 to 5) for genes located in the DNA region between 353 kb
and 537 kb in this chromosome (Fig. 2b). Interestingly, the loss of one copy of
chromosome IV, the longest chromosome in the yeast genome, was observed in all eight
mutants. Additionally, five of the eight mutants lost one copy of chromosome I. Strain
TE13 had the most chromosomal aberration events, with the copy numbers of
chromosomes VII, XIV, and XV reduced to three in this strain. These results
demonstrated MBC treatment would elicit a high incidence of aneuploidy events in a

polyploid strain. Previously, our studies suggested that both “general aneuploid



response”” and copy-number variations in certain genes would contribute to phenotypic
changes in the industrial aneuploidy of S. cerevisiae strains (Zhang et al., 2016 and
Zheng et al., 2014). It was assumed that certain aneuploidy events, such as loss of one
copy of chromosome IV, would modify the general physiological status and/or change
the expression levels of specific genes associated with vanillin tolerance. However, the
detailed mechanisms causing the improved vanillin tolerance in the mutantsin this work
still need further investigation.

3.3. Ethanol fermentation in aneuploid strains in the presence of vanillin

In the normal fermentation medium, euploid strains (CEN-H, CEN-D, CEN-TR, and
CEN-TE) and aneuploid mutants both consumed all glucose and produced similar
amounts of ethanol (~43 g/L.) within 36 h (Fig. 3a). Inthe presence of vanillin, the
fermentation rates of these strains were diminished (Fig. 3b), which was consistent with
the observation that cell growth was greatly inhibited by vanillin (Fig. 1c). Among the
euploid strains, triploid strain CEN-TR showed the fastest ethanol production rate. At
the 36-h time point, the triploid strain had produced 37 g/L of ethanol, which was 13%
lower than in the absence of vanillin (Fig. 3b, p < 0.05, t-test). In contrast, all aneuploid
mutants (TE) achieved complete fermentation within 36 h and produced more ethanol
than euploid strains (Fig. 3¢, p < 0.05, Tukey test). These results suggested that the
breeding strategy developed in this work could efficiently improve the ethanol
fermentation rates of yeast strains in the presence of vanillin.

3.4. Bioconversion of vanillin in euploid and aneuploid strains

Bioconversion is one of the most important methods for eliminating cellular damage by
toxic compounds. In S. cerevisiae, the major bioconversion products of vanillin

catalyzed by non-specific dehydrogenase enzymes were vanillyl alcohol and vanillic



acid, which are both less toxic than vanillin (Fitzgerald et al., 2003). The vanillin
bioconversion capabilities of the euploid and aneuploid mutants were determined in
YPD medium containing 9 mM of vanillin (initial ODgq of 2; cell numbers and
viabilities were stable during this period for all strains) by detecting residual vanillin
and vanillin derivatives after 12 h. The triploid strain showed a greater ability to convert
vanillin to vanillyl alcohol and vanillic acid than the other euploid strains (Table 3, p <
0.05, Tukey test). At 12 h, the triploid strain consumed 23%, 14%, and 28 %) more
vanillin than that of haploid, diploid, and tetraploid strains, respectively (Table 3; p <
0.05, Tukey test). Accordingly, the vanillyl alcohol concentration in the CEN-TR
culture was higher than those in other euploid strains (Table 3; p < 0.05, Tukey test).
However, the vanillic acid concentrations were similar for all euploid strains. Compared
to triploid strain, certain aneuploid mutants were found to convert even more vanillin
after 12 h (Table 3). For example, residual vanillin in the mutant TE15 culture was 40%
lower than that in triploid strain CEN-TR. In contrast, TE15 formed 66% more vanillyl
alcohol than CEN-TR (Table 3; p < 0.05, Tukey test). No differences in vanillic acid
formation were observed among the aneuploid mutants (Table 3; p < 0.05, Tukey test).
These results demonstrated that certain aneuploid mutants had a significantly higher
capacity to convert vanillin to vanillyl alcohol. Previously, certain dehydrogenases
(such as’Adhlp, Adh6p, Ald6p, and Arilp) and reductases (Ynll34cp and Yjr096wp)
have been identified contributing to the vanillin reduction capability in yeast (Wang et
al, 2016). It was probably that the higher ability of vanillin bioconversion in the
aneuploidy strains was explained by the enhanced activities of these dehydrogenases
and/or reductases.

3.5. Ergosterol contents in euploid strains and aneuploid mutants



Ergosterol is a major constituent of cellular membranes in S. cerevisiae. Null mutation
of the genes involved in the ergosterol biosynthesis pathway results in vanillin-sensitive
phenotypes (Endo et al., 2008). When grown in liquid YPD medium, the ergosterol
contents in the haploid and triploid strains were slightly lower than those in the diploid
and tetraploid strains (Fig. 4, p < 0.05, Tukey test). Vanillin in the YPD medium
significantly decreased the ergosterol contents of the four euploid strains, but to varying
degrees (21 %—42%) in different strains (Fig. 4, p < 0.05, Tukey test). Among the
euploid strains, the tetraploid strain maintained the highest ergosterol content when
treated with vanillin (Fig. 4). In the YPD medium, only aneuploid mutant TE14 had
higher ergosterol content than that of the euploid strain (Fig. 4, p < 0.05, Tukey test).
Nevertheless, all aneuploid mutants had higher ergosterol contents than any euploid
strain in the presence of vanillin (Fig. 4, p < 0.05, Tukey test). Interestingly, in contrast
to the euploid strains, in which vanillin decreased the ergosterol content, TE3 and TE12
showed ergosterol contents increased by 20% and 29%, respectively (p < 0.05, Tukey
test). Therefore, the ergosterol contents of these two mutants were ~1.5-fold that of
tetraploid strain CEN-TE in the vanillin-containing medium. These results suggested
that the ability to maintain ergosterol content might, at least in part, explain improved
vanillin tolerance in the selected aneuploid strains. Since there are multiple genes
involved in ergosterol biosynthesis pathway and the altered expression of an individual
gene had a limited effect on ergosterol content (Zhang et al, 2016), the breeding strategy
in this work might modify the flux through the whole pathway.

4. Conclusions

The effects of changing yeast cell ploidy on vanillin tolerance have been reported for

the first time, with the triploid strain confirmed to be the most tolerant to vanillin. A
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novel strategy was developed, in which genome duplication and MBC treatment were

integrated to improve vanillin resistance in S. cerevisiae. In the aneuploid mutants

obtained using this method, both growth and ethanol fermentation rates were enhanced
in the presence of vanillin. Higher vanillin bioconversion abilities and ergosterol
contents were possible physiological mechanisms causing the improved phenotypes in
the vanillin-resistant mutants.
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Figure captions

Fig. 1. Different phenotypes of S. cerevisiae strains with different ploidies. (a)
Strategies for the generation of isogeneic homozygous diploid, triploid, and tetraploid
strains from haploid strain CEN-H. (b) Growth of haploid (CEN-H), diploid (CEN-D),
triploid (CEN-TR), and tetraploid (CEN-TE) strains in YPD medium (25 mL) at 30 °C
with an initial ODggg of 0.05. (c) Growth of four euploid strains in YPD (25 mL) with
vanillin (9 mM) at 30 °C. Data from three biological repetitions are shown as
meanzstandard deviation (SD).

Fig. 2. Genomic structural variations in vanillin-resistant mutants. (a) Two-way
hierarchical clustering analysis of aneuploidy events performed using an R package
“pheatmap” based on Euclidean distance. Horizontal clustering indicates colonies with
similar aneuploidy patterns, while vertical clustering indicates chromosomes with
similar events. Blue and ivory rectangles represent three or four copies of certain
chromosomes in an individual' mutant. (b) Segmental duplication event (pink) that
occurred on chromosome X in mutant TE14. Gray points represent normal DNA
regions without copy-number variations.

Fig. 3. Ethanol fermentation performances of euploid and aneuploid strains. (a) Ethanol
fermentation of euploid strains CEN-H, CEN-D, CEN-TR, and CEN-TE in normal
fermentation medium. (b) Ethanol productions of euploid strains in vanillin-containing
medium. (¢) Comparison of ethanol productions of euploid and aneuploid strains within
36 h in the fermentation medium containing 9 mM vanillin. Data from three biological
repetitions are shown as mean =+ standard deviation (SD). Mean values labeled with the

same letter were not significantly different (Tukey test, p > 0.05).
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Fig. 4. Ergosterol contents of CEN-H, CEN-D, CEN-TR, CEN-TE, and eight evolved
mutants from CEN-TE. Data from three biological repetitions are shown as mean + SD.
Mean values labeled with the same letter were significantly different (Tukey test, p <

0.05). For example, “a” indicates the ergosterol content of strain CEN-D was higher

than that of CEN-H.
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Tables

Table 1 Saccharomyces cerevisiae strains and plasmids used in this study.

Stra1n§ of Description Reference

plasmids

CEN-H . EUROSCA

(CEN.PK2-1C) MATa; ura3-52; trpl-289; leu2-3_112; his341; MAL2-8C; SUC2 RF

CEN-D MATalo; ura3-52; trp1-289; leu2-3_112; his341; MAL2-8C; SUC2 This study

CEN-TR MATaa/a,; ura3-52; trp1-289; leu2-3_112; his341; MAL2-8C; SUC2  This study

CEN-TE MATaaloo, ura3-52; trpl-289; leu2-3_112; his341; MAL2-8C; SUC2  This study

pSH47 URA3; Amp® (Gueldener
et al., 2002)

pSH-HO * pGAL-HO; URA3; Amp" This study

*Plasmid constructed by inserting HO gene after the promoter GAL! into plasmid pSH47.
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Table 2 Comparison of growth rate, lag time, and maximum biomass formation of euploid strains in YPD

and vanillin containing YPD medium

Strains YPD YPD + Vanillin

GR* LP(h)® MaxOD* GR LP(t) MaxOD
CEN-H 028  3.5¢ 18.44 0.14  38.0 18.54
CEN-D 025 3.5¢ 16.31 0.13  31.0 15.83
CEN-TR 0.19 3.7 12.49 0.11 223 13.18
CEN-TE 0.17  4.0° 11.28 0.10  39.0f 11.94
Pooled SD 0.005 0.289  0.344 0.003 0.289  0.331

*“ GR, LP, and MaxOD represents growth rate (defined as increased value of ODgq per hour), lag time
(defined as the period between incubation and the time point with an ODgg 0f 0.5), and maximum
biomass formation (measured by ODgy after 66 h for YPD and after 130 h for YPD + vanillin medium),
respectively. The incubation conditions of yeast cells in this experiment were the same as described in
Fig. b and Fig. c. Sampling interval time is 0.5 h and 1 h for YPD and YPD + vanillin medium,
respectively.

T Mean values labeled with the same letter were not significantly different (p > 0.05, Tukey test).
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Table 3 Comparison of vanillin bioconversion in euploid and aneuploid mutants.

Metabolites (mM) *

Strains Consumed Vanillyl Vanillic
vanillin alcohol acid
CEN-H 3.37° 2.49° 1.03°
CEN-D 3.78 2.95 1.07*
CEN-TR  4.39° 3.52 1.01*
CEN-TE  3.15° 2.32° 0.98*
TE3 5.76° 5.40 L11°
TE7 5.67% 5.15° 1.02°
TES 4.80™ 4.10° 1.04*
TE9 477" 4214 1.01°
TE12 4,98 437 1.02°
TE13 4.48™" 3.86 1.03
TE14 5.85% 5.11° 1.08"
TE15 6.71 5.84 1.07*
Pooled SD  0.276 0.319 0.074

* Cells were grown in the YPD containing vanillin (9 mM) in 250-mL shake flasks with medium (50 mL)
at 30 °C with an initial ODgg of 2.

£ Mean values.labeled with the same letter were not significantly different (p > 0.05, Tukey test).
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Highlights:

* Anovel strategy to improve vanillin tolerance was proposed.

* Triploid yeast strain is more tolerant to vanillin than other euploid strains.

*  MBC treatment of polyploidy strains generated aneuploidy mutants.

* Certain aneuploid mutants showed faster fermentation rates than euploid strains.

* Bioconversion ability and ergosterol content contribute to vanillin tolerance.
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