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Abstract Whole-genome shuffling (WGS) is a powerful
technology of improving the complex traits of many microor-
ganisms. However, the molecular mechanisms underlying the
altered phenotypes in isolates were less clarified. Isolates with
significantly enhanced stress tolerance and ethanol titer under
very-high-gravity conditions were obtained after WGS of the
bioethanol Saccharomyces cerevisiae strain ZTW1. Karyo-
type analysis and RT-qPCR showed that chromosomal rear-
rangement occurred frequently in genome shuffling. Thus, the
phenotypic effects of genomic structural variations were de-
termined in this study. RNA-Seq and physiological analyses
revealed the diverse transcription pattern and physiological
status of the isolate S3-110 and ZTW1. Our observations
suggest that the improved stress tolerance of S3-110 can be
largely attributed to the copy number variations in large DNA
regions, which would adjust the ploidy of yeast cells and
expression levels of certain genes involved in stress response.
Overall, this work not only constructed shuffled S. cerevisiae
strains that have potential industrial applications but also
provided novel insights into the molecular mechanisms of
WGS and enhanced our knowledge on this useful breeding
strategy.
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Introduction

Mutagenic breeding and protoplast fusion are traditional
breeding approaches commonly used to improve the traits of
many industrial microorganisms. Whole-genome shuffling
(WGS), which combines mutagenesis and protoplast fusion,
was first proposed by del Cardayré and colleagues (Patnaik
et al. 2002; Zhang et al. 2002).WGS allows the recombination
of genotypes related to desired phenotypes in parent strains
through recursive protoplast fusion or crossing, and isolates
with improved traits are obtained by the repetition of this
process (Bajwa et al. 2010; Lv et al. 2013; Otte et al. 2009;
Zhang and Geng 2012; Zheng et al. 2012a, b). Previous
studies reported that WGS improves stress tolerance and
increases fermentative product titer in various microbial
strains. However, the detailed molecular mechanisms under-
lying the improved phenotype of mutants remain unknown.
For example, the genomic variations that appear during ge-
nome shuffling and the mechanism by which these mutations
improve the traits in isolates have yet to be elucidated. A
thorough understanding of these issues is necessary for the
further development and application of WGS.

Bioethanol has attracted the most attention among potential
renewable fuels; it is primarily produced through the fermen-
tation of starch, sugars, and cellulosic feedstock by Saccha-
romyces cerevisiae . Environmental stress factors greatly in-
hibit the viability of yeast cells in industrial fermentation
(Bajwa et al. 2013; Graves et al. 2006, 2007; Rossouw et al.
2009; Yang et al. 2011). The mechanisms underlying stress
tolerance have been characterized by the synergism observed
between multiple metabolic pathways involving dozens or
even hundreds of genes (Brown et al. 2013; Dinh et al.
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2009; Hirasawa et al. 2006; Lewis et al. 2010; Mahmud et al.
2010; Rossouw et al. 2012; Yoshikawa et al. 2009). Thus,
global breeding strategies, such as WGS, are considered ef-
fective in enhancing the stress tolerance and ethanol fermen-
tation efficiency of yeast (Pinel et al. 2011; Shi et al. 2009;
Wang et al. 2012).

In the present study, S. cerevisiae strains with improved
ethanol fermentation efficiency under very-high-gravity
(VHG) conditions were constructed using WGS, and the
mechanisms underlying the phenotypes of the isolates were
investigated. The S. cerevisiae strain ZTW1 was subjected to
WGS to obtain mutants with high stress tolerance and ethanol
concentration. Results showed that large genomic structural
variations (GSV) appeared frequently during genome shuf-
fling. Comparative functional genomics of ZTW1 and the
isolates was carried out to determine how these types of
genomic variations contributed to the altered traits of the
mutants.

Materials and methods

Strains and culture conditions

S. cerevisiae ZTW1 (CCTCC M 2013061) is an industrial
strain used for bioethanol production by the Henan Tianguan
Fuel Ethanol Co. Ltd., Nanyang, Henan, China. ZTW1 is an
aneuploid strain (near-triploid). The laboratory S. cerevisiae
strain BYZ1 (MATa /MATα his3Δ1 /his3Δ1 leu2Δ0 /leu2Δ0
lys2Δ0 /+ met15Δ0 /+ ura3Δ0 /ura3Δ0 ) was generated from
a cross between BY4741 and BY4742 (these two S288c-
isogenic haploid strains were provided by Oliver Valerius,
University of Göttingen, Germany) (Zheng et al. 2012a, b).
BYZ1 served as a control in the pulsed field gel electropho-
resis (PFGE) and array-comparative genomic hybridization
(aCGH) experiments. Yeast cells were grown in YPDmedium
(10 g/L yeast extracts, 20 g/L peptone, and 20 g/L glucose,
pH 5.5) or YNB medium (6.7 g/L yeast nitrogen base, and
20 g/L glucose, pH 5.5).

WGS of S. cerevisiae ZTW1

Genome shuffling was performed by treating the strain with
antimitotic drug methyl benzimidazole-2-yl-carbamate
(MBC) followed by three rounds of sporulation and hybridi-
zation. MBC can cause random chromosomal aberrations,
such as chromosomal amplification and loss, in S. cerevisiae
cells (Wood 1982) and was thus used to produce mutants with
GSV from ZTW1 in the present study. In the first round of
genome shuffling, ZTW1 cells were grown in 25 mL YPD
medium at 30 °C and 200 rpm with an initial density of 1.5×
106/mL. MBC was added to ZTW1 culture when the cell
density reached 3×107/mL. MBC (Adamas-beta, Shanghai,

China) was first dissolved in dimethyl sulfoxide (50 mg/mL),
and the final treatment concentration in YPD was 50 μg/mL
(MBC had a cumulative inhibitory effect on yeast growth with
increasing concentration, even if MBC was not completely
dissolved in the medium; Fig. S1 in Supplementary Material).
The ZTW1 cells were treated with MBC for 12 h and then
collected by centrifugation at 5,000 rpm for 5 min at 4 °C. The
residual MBC was removed by washing the ZTW1 cells with
sterile water. The washed cells (8×108) were collected by
centrifugation at 5,000 rpm for 5 min at 4 °C and then cultured
in 30mL sporulation medium (1%NaAc, 0.2 % yeast extract,
0.1 % glucose, and 0.2 % KCl, at pH 6.0) for 4 days for
sporulation. Then, 8×108 cells from the sporulation medium
were collected by centrifugation at 12,000 rpm for 10 min at
4 °C and thenmaintained at 55 °C for 10min to kill those cells
that did not sporulate. The asci were transferred into a 10 mL
medium containing 2 % (m /v ) snailase (Sigma, St. Louis,
MO, USA) and 0.5 M sorbitol (Sigma, St. Louis, MO,
USA) and then cultured at 100 rpm for 6 h at 30 °C to release
the spores. Approximately 2×108 free spores were collected
by centrifugation at 12,000 rpm for 10 min at 4 °C and mated
randomly in 25 mL YPD medium for 3 days. The hybrids
were diluted to the cell density of 3×107/mL, and 100 μL of
the cells was spread onto an initial screening plate containing
10 g/L yeast extract, 20 g/L peptone, 200 g/L glucose, and
50 g/L ethanol before incubation at 38 °C. This initial screen-
ing condition was demonstrated in our previous study to be
effective for selecting mutants with high ethanol production
under VHG conditions (Zheng et al. 2011). A total of 116,
127, and 122 isolated colonies that first appeared on the
selection plates from the first, second, and third rounds of
shuffling, respectively, were picked for fermentation tests.
Three isolates with the highest ethanol concentrations under
VHG conditions were selected and cultured together in 30 mL
sporulation medium for the next round of WGS. Procedures
for the two succeeding rounds of sporulation and hybridiza-
tion were similar to those adopted for the first round.

Ethanol fermentation

An ethanol fermentation medium was prepared using corn
flour with a two-enzyme (α-amylase and glucoamylase)
method. Commercialα-amylase [Liquozyme® Supra; 90 Kilo
Novo alpha-amylase Unit (KNU)/g] and glucoamylase
[Suhong GA II; 500 Amyloglucosidase Unit (AGU)/mL]
were donated by Novozymes (Beijing, China). One KNU
was defined as the amount of enzyme that can break down
5.26 g starch per hour at 37 °C (pH 5.6), and one AGU was
defined as the amount of enzyme that can hydrolyze 1 μmol
maltotriose per minute at 37 °C (pH 4.3). A certain amount of
corn flour and water (ratio, 1:2) was mixed, and α-amylase
(32 KNU/g corn) was added to the mixture. The corn mash
was kept in an autoclave at 95 °C for 2 h for liquefaction.
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Glucoamylase (1 AGU/g corn) was used to saccharify the
mash at 60 °C for 2 h. Urea (NH2CONH2; Sinopharm, Shang-
hai, China) of 0.2 % (w /v ) concentration was added to the
corn mash as a nitrogen source for the yeast. Yeast cells were
first grown in 250 mL flasks with 50 mLYPD at 200 rpm for
20 h at 30 °C with the initial cell density of 1.5×106/mL
(OD600=0.05). Then, 8×10

9 yeast cells were collected by
centrifugation, suspended in 5 mL fermentation medium,
and then transferred into 250 mL fermentation medium in
500-mL conical flasks to start fermentation. The initial glu-
cose concentration of the fermentation medium for all the
fermentation tests was 285 g/L (fermentation medium used
in this study was from the same batch). Fermentation was
performed at 80 rpm for 75 h at 34 °C. The concentrations of
ethanol, glucose, glycerol, and acetic acid were measured at
the end of fermentation (75 h) as previously described (Zheng
et al. 2011).

Stress tolerance test

Yeast cells were pregrown in 100-mL flasks containing 30 mL
liquid YNB medium (pH 5.5) at 200 rpm for 24 h at 30 °C.
The cells were then collected by centrifugation at 5,000 rpm
for 5 min at 4 °C for stress tolerance tests. The cell density was
adjusted to 1×109 cells/mL with sterile water, and 50 μL cells
were transferred to 2 mL sterile water (control) or 2 mL sterile
water containing 20% (v /v ) ethanol or 15mMH2O2 for 2 h of
treatment at 30 °C. To test the heat tolerance of the strains,
100 μL of the diluted cells was kept at 30 °C (control) and
55 °C in a thermostatic water bath for 5 min. The treated cells
were then spread onto YPD plates at 30 °C for 2 days to
calculate the survival rates. The yeast cells were transferred to
25 mL YNB medium (control) or 25 mL YNB with 35 %
glucose with the initial cell density of 1.5×106/mL to deter-
mine the tolerance of these strains to high glucose concentra-
tions. The cells were then cultured at 30 °C and 200 rpm, and
the biomass formation of each strain was measured using a
UV–VIS spectrophotometer (756PC; Spectrum Instruments
Co. Ltd, Shanghai, China) at OD600 at the time point of 15 h.
The tolerance of a certain strain was represented as the ratio of
the biomass formation in YNB with 35 % glucose and that in
YNB.

Reactive oxygen species (ROS) detection

To detect the intracellular ROS, 200 μL of the cells exposed to
the stressors ethanol, H2O2, heat, and high glucose (described
above) was collected by centrifugation at 5,000 rpm for 5 min
at 4 °C and then washed twice with 0.1 M phosphate-buffered
s a l i n e ( PBS ; pH 7 . 4 ) b e f o r e s t a i n i n g w i t h
dichlorodihydrofluorescein diacetate (DCFH-DA) (10 μg/
mL) at 30 °C for 1 h. The stained cells were observed and
recorded using a confocal laser scanning microscope (Carl

Zeiss, Oberkochen, Germany) as previously described (Zheng
et al. 2011).

PFGE and aCGH

PFGE on a Bio-Rad DRIII apparatus was used to determine
the karyotypes of isolates as previously described (Argueso
et al. 2009). NimbleGen S. cerevisiae 385 k Whole-Genome
Tiling (NimbleGen, Madison, WI, USA) was used to perform
the aCGH analysis of ZTW1 and S3-110 as previously de-
scribed (Zheng et al. 2012a, b). The raw data of the aCGH
experiment can be downloaded from the NCBI Gene Expres-
sion Omnibus (http:/ /www.ncbi.nlm.nih.gov/geo;
GSE41017).

Serial passage of isolate S3-110

Serial passage was performed to determine the genomic sta-
bility of the isolate S3-110 from the third round of WGS. S3-
110 was first grown in 25 mL YPD medium at 30 °C and
200 rpm with the initial cell density of 1.5×106/mL for 18 h.
Then, 3.75×107 cells were harvested, transferred to 25 mL
fresh YPD medium, and then cultured at 200 rpm for 12 h at
30 °C (this culture was defined as the first generation of S3-
110). Similarly, 3.75×107 cells from the first generation were
transferred to another 25 mLYPD medium (this culture was
defined as the second generation) and cultured under the same
conditions as that of the first generation. Such passage was
repeated 60 times, and the cells from the 20th, 40th, and 60th
generations were diluted and spread onto YPD plates. Three
colonies grown on the plates were randomly picked for PFGE
analysis in comparison with S3-110.

RNA-Seq and physiological factor analysis

Yeast cells were cultured in 25-mLYPD medium at 30 °C for
18 h to early stationary stage with the initial cell density of
1.5×106/mL. Total RNA of three independently cultured cells
of each strain was extracted using the Fungal RNAout Kit
(TIANDZ, Bejing, China). Poly(A) containing mRNA from
10 μg total RNA of each sample was purified using Sera-mag
Magnetic Oligo(dT) Beads (Illumina, San Diego, CA, USA).
The mRNAwas fragmented into small pieces using divalent
cations under elevated temperature (75 °C for 5 min). The
cleaved mRNA fragments were converted to double-stranded
cDNA using SuperScript II (Invitrogen, Carlsbad, CA, USA),
RnaseH (Invitrogen, Carlsbad, CA, USA) and DNA Pol I
(Invitrogen, Carlsbad, CA, USA), primed by random primers.
The cDNA segments were subjected to end-repair and phos-
phorylation using T4 DNA polymerase (Invitrogen, Carlsbad,
CA, USA), Klenow DNA polymerase (Invitrogen, Carlsbad,
CA, USA) and T4 Polynucleotide Kinase (Invitrogen, Carls-
bad, CA, USA). These repaired cDNA fragments were 3′-
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adenylated using Klenow Exo- (Illumina, San Diego, CA,
USA) and purified using a PCR Purification Kit (Axygen,
Union City, CA, USA). Gel electrophoresis was performed to
separate library DNA fragments from unligated adapters by
selecting cDNA fragments between 200 and 300 bp in size.
The ligated cDNA fragments were recovered using a Gel
Extraction Kit (Axygen, Union City, CA, USA), and were
amplified by 18 cycles of PCR with primers complementary
to the ends of the adapters. Finally, the three cDNA libraries of
each strain were mixed and sequenced using the Illumina
HiSeq™ 2000 (Illumina, San Diego, CA, USA) as previously
described (Zheng et al. 2012a, b). The raw RNA-Seq data
were deposited in NCBI’s GEO database with the accession
number GSE41017. Clear reads from each sample were ob-
tained by removing reads with 50 % or more low-quality
bases. SOAPAligner (Li et al. 2009) was then used to align
the clear reads to the S. cerevisiae genes. Differentially
expressed genes (DEGs) between samples were screened as
described in our previous study (Zheng et al. 2013). Function-
al annotations of the DEGs were performed using the Saccha-
romyces Genome Database (Dwight et al. 2002).

Yeast cells were cultured under the same condition for
RNA-Seq experiment; cells were also collected at the point
of 18 h for physiological analysis. The content of trehalose
and the activity of catalase were measured as previously
described (Zheng et al. 2011). Intracellular ATP and ADP of
∼3×109 yeast cells were extracted in 1 mL trichloroacetic acid
(0.5M) at 0 °C for 15min. AnAgilent 1100 LC (Agilent, Palo
Alto, CA, USA) equipped with a ZORBAX SB-Aq column
(250×4.6 mm) (Agilent, Palo Alto, CA, USA) was used to
measure the ADP and ATP in the extracted solution. The
following conditions were used: column temperature, 35 °C;
ultraviolet detection wavelength, 254 nm; mobile phase, 14 %
acetonitrile and 86 % phosphate buffer solution (pH was
adjusted to 6.5); flow rate, 1 mL/min; and injection volume,
10 μL supernatant (Guan et al. 2013).

RT-qPCR

An RT-qPCR experiment was performed to verify the relative
copy numbers of certain chromosomal regions of ZTW1 and
isolates. A total of 38 genes (on average, each chromosome
has two or three representative genes; these genes are listed in
Table S1 in Supplementary Material) were selected to detect
the copy number variation (CNV) of the DNA segment on
which the genes are located. We measured the relative expres-
sion levels of 20 genes (these genes showed differently ex-
pression levels between YJS329 and ZTW1 detected by
RNA-Seq; Table S2 in Supplementary Material) using RT-
qPCR to determine the accuracy of RNA-Seq. Yeast cells
were grown in 25 mL YPD medium at 30 °C for 18 h with
the initial cell density of 1.5×106/mL. The DNA and total
RNA from each strain were extracted as previously described

(Zheng et al. 2012a, b). RT-qPCR was preformed using an
ABI Prism 7500 instrument (Applied Biosystems, Foster City,
CA, USA). The primers used for RT-qPCR were designed
using Primer Premier 5.0. The sequences of the primers are
listed in Tables S1 and S2. The expression activity or the
relative copy number of genes was quantified using the com-
parative 2−ΔΔCT method with ACT1 as the reference gene
(Tao et al. 2012).

Genetic manipulations

YFL052W and SKN7 were overexpressed in ZTW1 by clon-
ing their open reading frames and promoter sequences into the
CEN/ARS plasmids pSH65 (the cre gene in pSH65 was
substituted by YFL052W) and pSK (this plasmid originated
from pSH65, but the bler gene was replaced by the kanMX
gene obtained from plasmid pUG6; the cre gene in pSK was
substituted by SKN7), respectively, to confirm the phenotypic
effects of CNVof certain functional genes on ZTW1. Plasmids
pUG6 and pSH65 were constructed in a previous study by
Gueldener et al (2002). The plasmids were transformed into
ZTW1 by the LiAc/SS carrier DNA/PEG method (Gueldener
et al. 2002), and the transformants were selected on the YPD
plates (pH was adjusted to 7) containing 60 μg/mL Zeocin
(Invitrogen, San Diego, CA, USA) or 300 μg/mL G418
(Gibco, Eggenstein, Germany). The primers used to clone
the genes are listed in Table S1 in Supplementary Material.

Results

WGS of S. cerevisiae strain ZTW1 to improve its ethanol
fermentation efficiency under VHG conditions

Selection of S. cerevisiae strains for bioethanol production
under VHG conditions (sugar concentration is usually above
260 g/L) is of significance because high final ethanol concen-
tration would reduce energy consumption during the distilla-
tion process downstream and would decrease process waste-
water discharge (Laopaiboon et al. 2009; Thomas and
Ingledew 1992; Wang et al. 2012). However, VHG ethanol
fermentation would impose more stresses, such as osmotic
pressure, nitrogen shortage, and high ethanol concentration,
and cause sluggish fermentation (Kim et al. 2013; Palma et al.
2013; Zheng et al. 2011). In the present study, WGS was
conducted to improve the stress tolerance and increase the
ethanol titer of ZTW1 under VHG conditions. After the first
round of WGS, some isolates producing more ethanol at the
end of ethanol fermentation (75 h) than ZTW1 were obtained
(Fig. 1a). Isolates S1-60 (121.6 g/L), S1-62 (123.7 g/L), and
S1-76 (122.9 g/L), which had the highest final ethanol con-
centrations among the 116 isolates from the first round of
WGS, were selected to undergo the second round of WGS.
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Approximately 39 % (49/127) of the isolates from the second
round of WGS surpassed ZTW1 (117.9 g/L) in ethanol con-
centrations (Fig. 1b). The isolates [S2-38 (125.4 g/L), S2-94
(129.1 g/L), and S2-104 (129.8 g/L)] that produced more
ethanol than the other 124 isolates from the second round of
WGS (Fig. 1b) were selected to undergo the third round of
WGS. A total of 122 isolates were selected from the third
round, and 75 % of them produced more ethanol than ZTW1
[the isolates showing top three ethanol concentrations were
S3-28 (129.8 g/L), S3-43 (128.2 g/L), and S3-110 (130 g/L);
Fig. 1c]. The isolates (S1-60, S1-62, S1-76, S2-38, S2-94, S2-
104, S3-28, S3-43, and S3-110) with the top three ethanol
concentrations from each round of WGS were selected for
triplicate independent fermentation tests. Table 1 shows the
concentrations of fermentation products (ethanol, glycerol,
and acetic acid) and residual sugars of these isolates under
VHG conditions. All nine isolates consumed more sugars and
produced 3 to 11 % more ethanol (t test, P <0.05) and slightly
higher glycerol and acetic acid than ZTW1. In addition, sig-
nificantly higher viabilities were observed for these mutants at
the later stages of fermentation (t test, P <0.01; Table 1),
suggesting improved adaptability as a result of WGS.

Compared with ZTW1, all nine selected mutants showed
higher tolerance to individual stress factors after treatments
with ethanol, heat, and H2O2; however, the isolates cultured in
a high-glucose-concentration medium demonstrated no im-
provement in biomass formation (Fig. 2a). These results dem-
onstrate that WGS can effectively improve the stress tolerance
and ethanol concentration of ZTW1 under certain conditions.
One of the common physiological features in cells exposed to

various stressors is the accumulation of intracellular ROS
(Herrero et al. 2008). DCFH-DA is a nonpolar dye which will
be converted into the polar derivative DCFH by cellular
esterases after incorporation into cells. DCFH can be switched
to highly fluorescent DCF (green fluorescent) when oxidized
by intracellular ROS. Thus, the cells accumulating intracellu-
lar ROS will be stained with green after the application of
DCFH-DA (Wu et al. 2009). Although ROS accumulation
was detected in all the tested strains after the application of
stresses, the ratios of the cells stained with DCFH-DA of the
nine isolates were always lower than that of ZTW1 (Fig. 2b).
For example, the ratios of S3-110 were 30.7, 30, 31.7, and
33 % lower than those of ZTW1 after the treatment of heat,
ethanol, H2O2, and high glucose concentration, respectively.

Genomic structural analysis of ZTW1 and the isolates

During WGS, MBC treatment and subsequent meiosis are
supposed to boost chromosomal aberrations and shuffle the
mutated genome of ZTW1 (Wood 1982; Zheng et al. 2011).
PFGE revealed that ZTW1 and the nine isolates from the three
rounds of WGS (S1-60, S1-62, S1-76, S2-38, S2-94, S2-104,
S3-28, S3-43, and S3-110) had all distinctly different chro-
mosomal karyotypes (chromosomal lengths and numbers)
(Fig. 3a). In addition, the results of RT-qPCR revealed a
CNV in many chromosomal regions in the genomes of
ZTW1 and the isolates (Table S3 in Supplementary Material).
Some genes in chromosomes 3, 6, 8, 9, 11, and 14 had
different copies between ZTW1 and the isolates. For example,
ZTW1 had four copies of CLA4 (its location is chromosome

Fig. 1 WGS of ZTW1 to
improve its ethanol titer under
very-high-gravity (VHG) condi-
tions. Vertical bars represent the
final ethanol concentration of
ZTW1 (green) and the isolates
(gray) from the first (a), second
(b), and third (c) rounds of WGS.
The ethanol concentration was a
mean of two duplicated samples
in one experiment. The ethanol
concentrations of ZTW1 in a , b ,
and c were 118.7, 117.9, and
118.2 g/L, respectively. The pink
dotted line marks the final ethanol
concentration from ZTW1. The
box plots indicate the average
(short violet lines in the box) and
ranges of the final ethanol con-
centration of all isolates obtained
from each round of WGS
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14: 68.4 to 71.5 kb), whereas the nine isolates had three copies
of this gene (Table S3 in Supplementary Material). These
results indicate that WGS can produce isolates with diverse
genomic structures compared with their parent strain. Higher
resolution results pertaining to the CNVevents in the genomes
of ZTW1 and S3-110 were obtained through aCGH analysis
(Fig. 3b and c). The copy numbers of some large CNV
segments [31 kb to 378 kb on chromosome 11 (four copies),
1 kb to 97 kb on chromosome 14 (four copies), and 727 kb to
777 kb on chromosome 14 (two copies)] in ZTW1 were
restored to three in S3-110 (Fig. 3b and c). Moreover, S3-
110 had an extra copy of DNA segment (358 kb to 526 kb on
chromosome 8; four copies in S3-110) compared with ZTW1.
To determine the genomic stability of S3-110, serial passage
of this strain was performed (described in “Materials and
methods”), and the progenies of S3-110 were randomly se-
lected for PFGE analysis. The serial passage did not cause
significant genomic structural variations in the genome of S3-
110 (Fig. S2 in Supplementary Material). This result suggests
that S3-110 can maintain a stable genome during mitosis.

Comparison of the transcription and physiological
metabolism of ZTW1 and S3-110

Comparative studies of transcription between ZTW1 and S3-
110 were conducted to determine whether or not certain
genomic structural mutations account for the improved stress
tolerance of isolates. The total RNA of these two strains was
extracted when they were grown to the early stationary phase
at which multiple genes involved in stress response are

expressed (Gasch et al. 2000; Gasch and Werner-Washburne
2002). Using RNA-Seq, 734 genes were upregulated and 728
genes were expressed at lower levels in S3-110 comparedwith
ZTW1 (P <0.001; Table S4 in Supplementary Material). A
total of 112 genes showed significant changes (change fold>2
and P <0.001) in expression between the two strains. Among
the DEGs, 20 were randomly chosen to verify the accuracy of
RNA-Seq by RT-qPCR. The results of RT-qPCR confirmed
that the expression variation ranges of the 20 genes between
the two strains had a high consistency in comparison with the
data from RNA-Seq experiments (Table S2 in Supplementary
Material).

Functional annotations of the DEGs showed that the up-
regulated genes in S3-110 were involved in the mitotic cell
cycle, small molecule metabolism, and stress response
(Table S5 in Supplementary Material). These findings showed
that the physiological state of S3-110 tended to promote cell
reproduction and synthetize antistress factors. S3-110 formed
higher cell numbers when entering the stationary phase
(Fig. 4a), but their dry weight of biomass was similar (data
not shown). In addition, the genes (TPS1 , TPS2 , TSL1 ,
NTH1 , and ATH1 ) involved in trehalose metabolism and the
gene (CTT1 ) encoding catalase showed higher expression
levels in S3-110 than in ZTW1 (Table S4 in Supplementary
Material). The trehalose content and catalase activity [two
most important physiological factors involved in stress toler-
ance (Estruch 2000)] of S3-110 were 121 and 56 % higher
than those of ZTW1, respectively (t test, P <0.01; Fig. 4b).
Similarly, the other eight isolates also had higher contents of
these two antistress factors compared with ZTW1 (Fig. 4b).

Table 1 Fermentation comparison of ZTW1 and nine isolates from three rounds of WGS

Strains Metabolite concentration (g/L)a CFU (107/mL) ab RG (g/L) ac

Ethanol Glycerol Acetic acid 15 h 30 h 45 h 60 h 75 h

ZTW1 118.05±1.34 10.27±0.12 0.72±0.03 17.65±0.23 10.02±0.18 5.11±0.17 1.96±0.09 0.57±0.11 26.97±0.55

S1-60 121.71±1.21d 10.45±0.14f 0.76±0.05f 18.14±0.36f 15.32±0.34e 9.11±0.33e 4.86±0.22e 1.62±0.19e 19.12±0.62e

S1-62 123.62±1.62e 10.57±0.28f 0.78±0.04f 17.25±0.27f 14.02±0.62e 8.64±0.26e 3.96±0.14e 1.42±0.16e 14.97±0.71e

S1-76 121.95±1.35e 10.89±0.16d 0.74±0.04f 17.95±0.29f 17.32±0.34e 9.35±0.19e 5.02±0.18e 2.01±0.17e 19.30±0.46e

S2-38 123.46±1.41e 10.93±0.17d 0.77±0.07f 17.65±0.33f 16.60±0.29e 9.11±0.17e 4.46±0.21e 1.27±0.22e 16.25±0.25e

S2-94 128.72±1.89e 11.14±0.49d 0.81±0.03d 18.02±0.48d 17.32±0.34e 8.64±0.24e 4.93±0.16e 1.32±0.11e 4.49±0.17e

S2-104 129.10±0.92e 11.05±0.35d 0.80±0.08d 17.25±0.22f 15.82±0.42e 9.35±0.32e 4.14±0.32e 1.14±0.15e 4.01±0.19e

S3-28 129.74±1.01e 10.96±0.22d 0.79±0.02d 17.62±0.34f 17.12±0.41e 7.98±0.52d 3.96±0.11e 1.03±0.12e 2.55±0.27e

S3-43 128.39±1.36e 11.23±0.21d 0.80±0.04d 17.95±0.24f 17.52±0.34e 10.02±0.17e 4.22±0.08e 1.22±0.08e 5.75±0.32e

S3-110 131.09±1.54e 11.02±0.19d 0.82±0.06d 18.23±0.32d 16.42±0.46e 9.89±0.22e 5.24±0.14e 2.14±0.16e 1.95±0.20e

a Data represent means±SD of three independent experiments. The metabolite and residual glucose were measured at the end of fermentation (75 h)
b The initial CFU of each strain is 3×107

cRG residual glucose. The initial glucose concentration of fermentation medium is 285 g/L
d Significant difference compared with the value of ZTW1 at P<0.05 using t test
e Significant difference compared with the value of ZTW1 at P<0.01 using t test
f No significant difference (P>0.05) compared with the value of ZTW1 using t test
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These results were in agreement with the improved tolerance
to multiple stress inducers observed in the selected isolates
(Fig. 2a). The downregulated genes were mainly involved in
oxidation–reduction, precursor metabolite and energy gener-
ation reactions, and transmembrane transport (mainly genes
encoding ion and glucose transporters; Table S6 in Supple-
mentaryMaterial). This result suggests higher sugar consump-
tion flux and higher energy production in ZTW1 than in the
isolates. In accordance with this speculation, the intracellular
ATP/ADP ratio of ZTW1was higher than those of S3-110 and
the other eight isolates (t test, P <0.05; Fig. 4c). These results
suggest thatWGS can alter gene expression and physiological
metabolism on a global scale, thereby opening the possibility
to improve the complex phenotypes of yeast.

Effects of CNVon the transcription and phenotypes
of the isolates

After mapping the reads from RNA-Seq onto the chromo-
somes of S. cerevisiae , the transcriptional levels of the DNA
segments with CNV were detected. Figure 5a–c shows the
relative expression levels (Log2 ratio of S3-110/ZTW1) of
genes in chromosomes 8, 11, and 14, respectively. The

average expression level of genes on the amplified region
(358 to 526 kb on chromosome 8; red dotted line in Fig. 5a)
was 39% higher than that of the normal region (1 to 358 kb on
chromosome 8; black dotted line in Fig. 5a), close to the
increased DNA dosage in S3-110 (from three copies to four
copies). Similarly, the average expression level of genes on
the regions with a lower copy (from four copies to three
copies), such as 31 to 378 kb on chromosome 11 (red dotted
line in Fig. 5b) and 1 to 97 kb on chromosome 14 (red dotted
line in Fig. 5c), was decreased by 26.9 and 27.2 %, respec-
tively, compared with that of genes on normal regions on these
two chromosomes (black dotted lines in Fig. 5b, c). These
results indicate an apparent correlation between the expression
levels of genes within regions with CNVand their DNA copy
numbers. This correlation suggests that the CNV of certain
functional genes in the genomes of ZTW1 and S3-110 directly
affects their expression and the phenotypes of strains.

YFL052W (a putative transcription factor whose deletion
will decrease the tolerance to Calcofluor White, low osmolar-
ity, and heat) (Akache et al. 2001) and SKN7 (a transcription
factor required for the optimal induction of heat shock genes
in response to oxidative stress that is also involved in osmo-
regulation) (Raitt et al. 2000) are two genes involved in stress

Fig. 2 Stress tolerance and ROS accumulation of ZTW1 and isolates
from three rounds of WGS. a Comparison of stress tolerance between
ZTW1 and nine isolates. The tolerance of a certain strain against heat
(55 °C for 5 min), 20 % ethanol (v /v), and 15 mMH2O2 is represented as
the ratio (mean±SD) of the survival cells under an indicated stress
condition and under the control condition described in “Materials and
methods”. The tolerance to high glucose concentrationwas represented as
the ratio of the biomass formation in YNB with 35 % glucose and that in
YNB. b ROS detection of ZTW1 and isolates after the application of

stressors. The yeast cells were stained with DCFH-DA after the applica-
tion of stressors [heat (55 °C for 5min), 20% ethanol (v /v), 15mMH2O2,
and 35 % glucose] as described in “Materials and methods”. Then, the
cells were observed using a confocal laser scanning microscope, and five
fields of view (randomly chosen) from each strain were photographed.
The ratio of the cells stained with DCFH-DAwas calculated to show the
degree of ROS accumulation for each strain. The data (ratio stained/total
cells in %) represent means±SD of the five fields of view
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tolerance of yeast. The DNA copy numbers and expression
levels of these two genes were lower in ZTW1 than in S3-110

(Table S3 in Supplementary Material and Fig. 5d). YFL052W
and SKN7 were overexpressed in ZTW1 by transformation of

Fig. 3 Genomic structural variation of isolates from three rounds of
WGS compared with the parent genome of ZTW1. a Pulse-field gel
electrophoresis of the chromosome of ZTW1 and nine isolates from the
three rounds of WGS (lanes 1 to 9: the order of the nine isolates is the
same as that in Fig. 2). Diploid strain BYZ1 was used as the control

indicating the numbers and lengths of chromosomes. The chromosome
numbers in this figure refer to those of BYZ1. Comparison of the
genomic structures of b ZTW1 and c S3-110 by array-comparative
genomic hybridization. Amplified regions and underrepresented regions
are shown in red and green , respectively

Fig. 4 Comparison of growth and physiological metabolism of ZTW1
and the nine isolates from three rounds of WGS. a Growth curves of
ZTW1 and S3-110. Yeast cells were grown in 25 mLYPD at 30 °C with
the initial concentration of 1×106 cells/mL. Cells were harvested at the
indicated time point and diluted for plating and colony count. b Com-
parison of trehalose content and catalase activity (CAT) between ZTW1
and isolates. c Intracellular ATP/ADP ratio of ZTW1 and the nine

isolates. Lanes 1 to 9 represent the isolates S1-60, S1-62, S1-76, S2-38,
S2-94, S2-104, S3-28, S3-43, and S3-110, respectively. Data represent
means±SD of three independent experiments. Letters “a” and “b” indi-
cate the significant difference in CAT activity and trehalose content at
P<0.01, respectively, between ZTW1 and the nine isolates using t test.
“c” indicates the significant difference in ATP/ADP ratio at P <0.05
between ZTW1 and the nine isolates using t test
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the low-copy-number plasmids, pSH65 and pSK harboring
these genes to assess the phenotypic effects (especially the
tolerance to ethanol, heat, and oxidative stresses) of the CNV
of these genes. Figure 5d shows that the mRNA expression
levels of these two genes in the transformants were 48 and
32 % higher (t test, P <0.01) than that of ZTW1, respectively.
These enhanced levels are close to the levels observed in S3-
110. The viability ratio of the engineered strain ZYFL052W
was 20, 27, and 55 % higher than that of ZTW1, respectively,
after the application of heat, ethanol, and H2O2; the viability
ratio of the engineered strain ZSKN7 was 18 and 30 % higher
than that of ZTW1, respectively, after the application of heat
and H2O2 (t test, P <0.05; Fig. 5e). However, the tolerance
against heat, ethanol, and H2O2 of the two engineered strains
(ZYFL052W and ZSKN7) was considerably lower than that
of S3-110 (Fig. 5e). The engineered strain ZYS with the
overexpression of both YFL052W and SKN7 showed slightly
improved tolerance to heat and H2O2 compared with the
engineered strain ZYFL052W (Fig. 5e, t test, P <0.05). This
result suggests that the overexpression of these two genes
slightly improved the stress tolerance of ZTW1. These results

confirmed that the CNV of certain functional genes partly
contributed to the improved traits of the isolates.

Discussion

WGS is a popular technology used to improve the desirable
performance of microbes, especially the complex traits that
are not easily achievable through genetic engineering (Gong
et al. 2009). WGS is usually performed in two steps: (1)
introducing mutations into the genome of the parent strains
by chemical or physical mutagens, followed by (2) several
rounds of cell fusion or hybridization to integrate the benefi-
cial mutations from multiple parent strains into the progenies
(Bajwa et al. 2010; Lv et al. 2013; Otte et al. 2009; Zhang and
Geng 2012; Zheng et al. 2012a, b). In the present study, the
bioethanol-producing S. cerevisiae strain ZTW1 was selected
as the parent strain to undergo a modified WGS approach to
improve its stress tolerance and alcoholic fermentation effi-
ciency under VHG conditions. Boxplot analysis (Fig. 1) of the
isolates show the range median, normality, and skew of their

Fig. 5 Effects of CNVon transcription and particular phenotypes. Rel-
ative expression levels (Log2-ratio of S3-110/ZTW1) of genes on chro-
mosomes a 8, b 11, and c 14. d Changes in the expression levels of
SKN7 and YFL052W in the engineered strains compared with ZTW1. e
Viability of ZTW1 and engineered strains under ethanol, heat, and H2O2

stresses. Tolerance of engineered strains was significantly higher when
the expression levels of SKN7 and YFL052W were upregulated. The data
represent means±SD of three independent experiments. Letters “a” and

“b” indicate the significant difference in gene expression at P <0.01
between ZTW1 and other strains using t test. Letters “c ,” “d ,” and “e”
indicate the significant difference in viability ratio at P <0.05 after the
application of heat, ethanol, and H2O2, respectively, between ZTW1 and
other strains using t test. “cc ,” “dd ,” and “ee” indicate the significant
difference in viability ratio at P <0.01 after the application of heat,
ethanol, and H2O2, respectively, between ZTW1 and other strains using
t test
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ethanol titer distribution. These plots indicate that the average
ethanol concentration of the isolates from each round of WGS
was gradually enhanced. However, a strain from the fourth
round ofWGS that producedmore ethanol than that of S3-110
was not obtained (data not shown). The nine isolates from the
three rounds of WGS were more resistant to stresses from
ethanol, high temperature, and H2O2 than ZTW1 but to dif-
ferent degrees (Fig. 2a). One possible physiological mecha-
nism underlying the improved tolerance of the nine isolates is
their higher ROS removal capability compared to that of
ZTW1 under stressful conditions (Fig. 2b). In summary, these
results are consistent with our previous finding that a good
correlation exists between complex stress tolerance and etha-
nol titer under VHG conditions (Zheng et al. 2011).

Disparate from previously reported WGS methods, the
present study did not create new genemutations in the genome
of the parent strain through ultraviolet or ethylmethylsulfone
mutagenesis. Instead, parent cells were first treated with MBC
to cause chromosomal aberrations, and three rounds of spor-
ulation and hybridization were used to shuffle the genomic
variations. Thus, the possible theoretical basis underlying the
changed traits of isolates obtained in this study mainly in-
cludes genomic structural variations, such as insertions, dele-
tions, translocation, and inversions, and DNA sequence vari-
ations resulting from homologous recombination during mei-
osis. The results of PFGE and RT-PCR showed that large
chromosomal rearrangements occurred during the WGS of
ZTW1 (Fig. 3a and Table S3 in Supplementary Material),
which led to the CNVof large DNA regions in the genomes
of the isolates. Recent studies have suggested that genomic
structural variation is a common phenomenon in yeast popu-
lations and might be responsible for their adaptabilities
(Borneman et al. 2011; Chang et al. 2013; Lucena et al.
2007). For example, Stambuk et al. (2009) confirmed that
the amplification of genes involved in the biosynthesis of
vitamins B6 and B1 confers an ability to certain bioethanol-
producing yeast strains to grow efficiently in industrial envi-
ronments. Thus, the genomic structural variations in S3-110
caused byWGS were hypothesized to be an important genetic
mechanism responsible for its diverse phenotypes compared
with ZTW1.

To confirm this hypothesis, the transcription and physio-
logical factors of ZTW1 and the shuffled strain S3-110 were
compared. In line with its higher proliferation capability and
improved stress tolerance, the genes involved in the cell cycle
and synthesis of some antistress factors were significantly
upregulated in the isolates. Meanwhile, ZTW1 showed an
increased demand for energy and a weaker capability in
cellular proliferation than the isolates. These results suggest
that the nine selected isolates shared common physiological
and phenotypic traits. For example, all isolates showed im-
proved tolerance to heat, ethanol, and H2O2. Previous studies
suggested that compared with euploid cells, aneuploid yeast

cells are usually defective in cell cycle progression, produce
more energy to maintain a normal physiological state through
strengthening the tricarboxylic acid cycle, and are less tolerant
to conditions (such as heat) interfering with protein synthesis
or folding (Torres et al. 2007, 2010). In the present study, a
fewer GSVevents in the genome of S3-110 than that of ZTW1
(Fig. 3c) decreased the effects of aneuploidy and increased the
proliferation ability and stress tolerance of S3-110. These
observations suggested that the different degrees of aneuploi-
dy of ZTW1 and the isolates might be one reason for their
different transcription patterns and stress tolerance levels.

Calculation of the mapped reads from RNA-Seq showed
that the changed dosage of genes directly affected their tran-
scription activity. Among the DEGs with CNV, YFL052W and
SKN7 with increased copy numbers showed enhanced expres-
sion level, which increased the stress tolerance of ZTW1
(Fig. 5d,1 e). This finding partly explained the changed toler-
ance levels of the isolates. These results and similar observa-
tions in previous studies (Pavelka et al. 2010; Stambuk et al.
2009) indicated that the CNVof certain functional genes can
directly contribute to particular traits of yeast. These analyses
were used as bases for the assumption that genomic structural
variations cause the CNV of certain large DNA regions in
WGS, which would adjust both the ploidy of cells and the
expressions levels of certain functional genes. Consequently,
the stress tolerance of the isolates might be altered. Overall,
this work not only obtained some yeast mutants with indus-
trial application potential but also provided insights into the
mechanism by which WGS improves and delivers complex
phenotypes of microorganisms.
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