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Abstract

ventional yeast.

Background: Sugar alcohols have been widely applied in the fields of food and medicine owing to their unique
properties. Compared to chemical production, microbial production of sugar alcohols has become attractive because
of its environmentally friendly and sustainable characteristics. Our previous study identified the nonconventional
yeast Pichia anomala TIB-x229 as a potential producer of sugar alcohols from glucose. To further improve strain
performance, we combined genome shuffling with optimized high throughput screening methods for the directed
improvement of nonconventional yeast and complex phenotypes.

Results: To accelerate strain improvement, a practical genome shuffling procedure was developed and success-
fully applied in the nonconventional yeast P anomala to increase sugar alcohol production. Through two rounds of
genome shuffling, an improved P anomala isolate GS2-3 could produce 47.1 g/L total sugar alcohols from 100 g/L
glucose, which was 32.3% higher than the original strain. In this process, a simple and accurate colorimetric assay
was optimized and used for high throughput screening of sugar alcohol-producing strains. Moreover, a fluorescence-
activated cell sorting method was developed to efficiently screen protoplast fusions for genome shuffling of noncon-

Conclusion: An efficient genome shuffling procedure was developed and applied to enhance the sugar alcohol
production of the nonconventional yeast P anomala. Our results provide a general platform for strain improvement of
polyol-producing microorganisms or nonconventional microorganisms in the future.
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Background

Sugar alcohols have attracted attention owing to their
wide application in the food industry as food additives
and in the chemical industry as commodity chemicals
[1-3]. At present, many sugar alcohols depend on chemi-
cal methods under high temperature and pressure con-
ditions for commercial manufacturing [4]. To provide an
alternative pattern for sugar alcohol production, various
sugar alcohol-producing microorganisms were screened
and used for bioconversion. In our previous study, the
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nonconventional yeast Pichia anomala TIB-x229 was
isolated and characterized for potential production of
different functional sugar alcohols, such as D-arabitol,
xylitol and ribitol [5]. However, the yield was not suffi-
ciently high for the commercial process, and all attempts
to enhance the yield by traditional optimization of the
bioconversion process failed. Therefore, it was neces-
sary to develop an efficient strategy to further improve
the strain performance, which is an important step in the
industrial commercial production process [6].

Although strain improvement has been achieved chiefly
through classical mutation breeding and modern genetic
engineering, such technologies are still limited by time-
consuming processes with low productive mutation rates
and multiplex gene modification, according to available
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information and research experiences [7-9]. By expand-
ing the reach of shuffling technology from DNA frag-
ments to the whole genome, genome shuffling provides
an alternative means to classical strain improvement for
accelerated evolution that requires no sequence infor-
mation or tedious genetic tools. Genome shuffling was
first applied to increase the production of the antibiotic
tylosin in Streptomyces fradiae [10] and to improve the
acid tolerance of Lactobacillus [11]. Recent studies have
combined metabolic engineering and omics analysis with
genome shuffling [12, 13] to further expand the scope of
application. Therefore, genome shuffling has increasingly
been used to rapidly improve different strains [14-16],
especially for nonconventional organisms, such as Zygo-
saccharomyces rouxii [17] and Hansenula anomala [18].
However, this strategy depends largely on the efficiency
of protoplast fusion and selection techniques. In labora-
tory studies of microbial genetics, two haploid strains
with complementary genetic markers are fused and the
hybrid cells can be identified by growth on selective
media [19]. Many nonconventional strains, however, lack
selectable genetic markers, making efficient identifica-
tion of hybrids by genetic complementation difficult [20].
To overcome this problem, fluorescence-activated cell
sorting (FACS) had been applied as an effective method
in the development of improved industrial yeast strains
[21-23]. In FACS, parent strains are first labeled with dif-
ferent fluorescent stains, and hybrids are then selected
based on their dual fluorescence by flow cytometry
(ECM).

In the present study, a newly developed genome shuf-
fling was applied to rapidly improve the sugar alco-
hol production of P anomala. The traditional random
mutagenesis and efficient colorimetric screening method
were combined to obtain mutants with subtle improve-
ments in sugar alcohol production, and then, the positive
populations were shuffled and selected by fluorescence-
activated cell sorting. Finally, positive shuffled mutants
showing significantly improved sugar alcohol produc-
tion were further selected and identified. In general,
the genome shuffling in our study is broadly useful for
the rapid evolution of phenotypes in nonconventional
microorganisms.

Results and discussion

Development of efficient colorimetric assay for sugar
alcohol screening

Sugar alcohol-producing strains are usually screened
and quantified by thin-layer chromatography (TLC),
high-performance liquid chromatography (HPLC) and
p-iodonitrotetrazolium violet (INT) methods [24-
26]. However, these methods are time-consuming or
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suffer from high-cost and are limited for high through-
put screening. Therefore, it is necessary to develop an
efficient screening approach for sugar alcohol-producing
microbes.

In our study, a colorimetric method previously applied
in trace detection of polyols [27, 28] was developed and
optimized for the high throughput assay of sugar alco-
hols (Additional file 1: Fig. S1). p-arabitol was selected
as a standard for the method construction because it is
the main sugar alcohol product of P anomala. By opti-
mizing the reaction system, the standardized assay dem-
onstrated a linear detection range of p-arabitol from 0
to 12 g/L. Although the linear relation was noticeably
altered at 20 g/L sugar alcohol, the colorimetric curve
was positively related with the sugar alcohol concen-
tration and could be applied in the preliminary screen-
ing (Fig. 1a, b). To analyze effects of the substrate and
by-products on sugar alcohol screening, an interference
experiment was performed at different concentrations of
glucose and ethanol (2-30 g/L). The results showed that
glucose and ethanol had no interference in the quantita-
tive analysis of sugar alcohols by the colorimetric method
(Fig. 1a), which indicated that the developed assay is
highly efficient for the determination of the content of
sugar alcohol in biological samples. To gain a further
understanding of the accuracy, the reference HPLC and
the proposed colorimetric methods were applied to ana-
lyze sugar alcohol at different concentration levels. The
results showed that the data measured by the colorimet-
ric procedure agree with those determined by the refer-
ence HPLC method, and a regression line with an R? of
0.9673 was obtained (Fig. 1c; Additional file 1: Fig. S1).

In this study, a convenient, reliable and low-cost col-
orimetric assay was developed for efficient primary
screening and selection of strains with high productiv-
ity. The method is highly specific for sugar alcohols and
can be performed on crude, non-purified extracts. The
method uses low hazard and inexpensive reagents and
requires only commonly available equipment. Finally,
the method is sensitive and highly reproducible. Com-
pared with HPLC and TLC methods, the colorimetric
method facilitated sugar alcohol detection and made
the operation of screening of sugar alcohol-producing
strains more convenient. Although INT is another effi-
cient method for sugar alcohol detection by specific
enzyme catalysis, it is not suitable for high throughput
assay because of the complex process and the expensive
substrate p-iodonitrotetrazolium violet [29]. Therefore,
the proposed colorimetric assay has clear advantages
over the other methods and can be applied to high
throughput screening for different polyol-producing
strains.
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Fig. 1 The construction of a colorimetric method for efficient sugar alcohol assay. a The interference test of the colorimetric method under
different metabolites. b The standard curve of colorimetric method for p-arabitol detection. € Comparison of the colorimetric method with the
HPLC method for sugar alcohol detection in different fermentation liquors. Data represent the average values of three independent experiments
with deviation varying between 5 and 10% about the mean. d The construction of the P anomala mutant library by ARTP and UV mutagenesis.
The sugar alcohol production was preliminarily screened by colorimetric assay. The red line represents the sugar alcohol yield of the initial strain P.

I ARTP 1 uv

Development of a rapid hybrid cell selection procedure

via FACS analysis

To achieve the efficient screening of hybrid cells without
complementary genetic markers, FACS analysis based on
fluorescent dyes was applied. In this process, hybrid cells
are detected by carrying two dyes, and these cells can be
analyzed and selected by FACS.

In this approach, parental protoplasts were prepared
and then labeled with fluorescent dyes Nuclear Green
and Nuclear Red, resulting in green and red fluores-
cence with laser excitation at 488 and 641 nm, respec-
tively. After fusion, the hybrids were sorted by FCM,
and the results are represented as dot plots (Fig. 2). As
the control, strains without staining showed no fluo-
rescence in the R4 gate (Fig. 2a). The parental strains
showed single red and green fluorescence in different
gates based on the staining with fluorescent dyes Red

or Green (Fig. 2b, c). Overlap between the fluores-
cence regions of Green and Red was also observed, and
possible compensation was performed. As shown in
Fig. 2d, R3 is the sorting area showing cells that exhibit
high intensity fluorescence with green and red and is
identified as potential hybrid cells. In our study, some
2,500,000 protoplasts were rapidly sorted, and 15,300
potential hybrids were selected. Only approximately
1,000 colonies were found after incubation for regen-
eration; most protoplasts were not regenerated, prob-
ably because of damage during protoplast preparation,
staining and laser sorting.

To facilitate screening and identification of the hybrid
cells, different genetic markers were always necessary in
previous studies, such as auxotroph [30] and drug resist-
ance [31]. However, a genetic marker, such as auxotroph,
affects the physiology and metabolism of the strain and
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Fig. 2 Flow cytometric analysis of the fluorescence distribution after protoplast staining and fusion. The parent and hybrids with different fluores-
cent dyes are represented as dot plots in the figure. Based on the different excitation and emission parameters, the sorting results were divided into
four regions. R2 and R5 detected strains with single Nuclear Red and Nuclear Green, respectively. R3 detected possible hybrid strains with Nuclear
Red and Nuclear Green. R4 was used as control to detect the blank strains. a Protoplasts of P anomala without staining; b protoplasts of 2. anomala
stained by Nuclear Red; ¢ protoplasts of P anomala stained by Nuclear Green; d double-positive hybrid cells exhibiting high intensity fluorescence
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leads to reduced performance in the production process.
Furthermore, adding genetic markers to the parent strain
is a difficult operation for some nonconventional strains.
In this study the fluorescence-activated cell sorting was
applied as a useful method for the hybrid cell selection
of P anomala without the need for genetic markers; in
addition, this method is also available for the genome
shuffling of other microbes. It may be possible to apply
the technique for other native strains that are limited
by unclear genetic backgrounds or unskilled genetic
operations.

The construction of a mutant library for genome shuffling
by random mutagenesis

In the genome shuffling process, the wild type strain is
usually treated by the traditional physical and chemical
mutation methods, and the strains with superior perfor-
mance are collected to form the parental library for the
next step of recursive protoplast fusion [31, 32]. In this
study, a haploid of sugar alcohol-producing P. anomala
TIB-x229 [5] was first isolated and identified as P. anom-
ala HP. The mutant library was constructed by ultravio-
let (UV) and atmospheric and room-temperature plasma
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(ARTP) mutagenesis methods to generate genetic diver-
sity. After the mutagenesis processes, mutants with the
maximum sugar alcohol production were selected from
approximately 2,000 mutants by colorimetric screen-
ing and were then prepared for the next round of muta-
tion and screening. Through five rounds of continuous
mutagenesis, a parent library with approximately 10,000
mutants was constructed and analyzed by the aforemen-
tioned colorimetric method (Fig. 1d). The sugar alcohol
yield of the positive mutants was further confirmed by an
HPLC method, and the four mutants (U-7, U-9, A-4 and
A-1) showed clear superiority for sugar alcohol produc-
tion. Compared to the initial 2 anomala HP, the mutants
U-7 and U-9 treated by UV had 7.3 and 8.9% improve-
ment of sugar alcohol production. The yields of mutants
A-4 and A-1 treated by ARTP were increased by 12.3 and
12.9%, respectively (Fig. 3a). These results showed that
there was a slight improvement in mutants after several
rounds of traditional mutagenesis. However, the single
traditional mutagenesis was still a time-consuming pro-
cess for strain engineering because of the low mutation
rate and less diversity.

Genome shuffling of P. anomala for improved sugar

alcohol production

To further improve the performance of sugar alco-
hol productivity, the mutant strains (U-7, U-9, A-4 and
A-1) with slightly improved performance were collected
as the parental library for the next step of genome shuf-
fling, which is a powerful means for rapid breeding of
improved organisms without knowledge of the detailed
genome information. To achieve the efficient screening
for genome shuffling, the developed colorimetric assay of
sugar alcohol and the FACS method were incorporated
into the genome shuffling procedure for our nonconven-
tional yeast P. anomala (Fig. 4).

The protoplasts were processed and fused by a chemi-
cal method induced by polyethylene glycol [33]. After the
first protoplast fusion and screening by FACS, approxi-
mately 1,000 colonies with both red and green fluores-
cence were preliminarily cultivated and assayed for sugar
alcohol production by colorimetric assay. The selected
colonies exhibiting improved performance were further
confirmed by HPLC. In the bioconversion process, D-ara-
bitol and ribitol were produced from glucose by P. anom-
ala. Compared to the parental strain P anomala HP,
three recombinants (GS1-1, GS1-2 and GS1-3) exhibited
significantly improved productivity of total sugar alcohols
by 19.5, 25.6 and 23.9%, respectively (Fig. 3a). The isolates
GS1-2 and GS1-3 were used as the parent population for
the following round of genome shuffling. Similarly, the
resulting second-round isolates were further screened,
and three isolates GS2-1, GS2-2 and GS2-3 were selected
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and evaluated and showed increased total sugar alco-
hol production of 46.1, 46.5 and 47.1 g/L, which was
29.5, 30.6, and 32.3% higher than that of parental strain
P anomala HP, respectively (Fig. 3a). We compared the
relative DNA content between the parent strain and the
shuffled strains by DAPI labeling and FCM (Additional
file 1: Fig. S2). Compared to the parental strain P. anom-
ala HP and the referenced haploid yeast Saccharomyces
cerevisiae BY4741, the wild type TIB-x229, GS2-1, GS2-2
and GS2-3 strains had diploid DNA content. We assessed
the performance and stability of shuffled strains through
the bioconversion of sugar alcohols. For that purpose,
bioconversion in sterile water containing 100 g/L glucose
was used to compare the performance of the evolved
strains, GS2-1, GS2-2 and GS2-3, with that of the original
strain TIB-x229. Although the overall growth conditions
were the same in all strains, the shuffled strains showed
a slightly faster rate of glucose consumption (Fig. 3b, c).
Likewise, the accumulation rate of D-arabitol and ribitol
was higher in the shuffled strains. The yield of p-arabitol
in the shuffled strains GS2-1, GS2-2 and GS2-3 was 0.29,
0.31 and 0.32 g/g, which was 11.5, 19.2, and 23.1% higher
than that of the original strain P anomala TIB-x229,
respectively (Fig. 3d). The ribitol production in these
shuffled strains was 8.46, 11.23 and 10.98 g/L (Fig. 3e),
which was also slightly higher than that in the original
strain (7.51 g/L). These results showed that the improve-
ment of the shuffled strains in sugar alcohol production
was due to the accumulation of p-arabitol and ribitol.
In this study, two rounds of genome shuffling achieved
efficient gains in sugar alcohol yield. The results further
indicated that genome shuffling is a much more powerful
means for breeding improved organisms, especially for
those strains that have undergone classic strain improve-
ment many times.

In recent years, there are also other different reports
on sugar alcohols improvement including metabolic
engineering [34], natural screening [5], fermentation
optimization [35] and mutation breeding [36]. However,
there was not any study reported about improving per-
formance of sugar alcohol-producing strains by genome
shuffling, because there were some obstacles in this pro-
cess, such as a lack of efficient sugar alcohol-detection
methods and available yeast selective markers. In our
study, we developed the practicable genome shuffling for
sugar alcohol-producing strains by combining the col-
orimetric assay and fluorescence-activated cell sorting,
which provided a more efficient way for sugar alcohol-
producing strain improvement.

Conclusion
In this study, we have developed a feasible genome
shuffling  strategy for  nonconventional  sugar



Zhang et al. Microb Cell Fact (2015) 14:112 Page 6 of 10

55 - Mutant library GS1 GS2

.5 S S

Total sugar alcohols production (g/L)

TIB-x229 HP U-9 uU-7 A-4 A-1 GS1-1 GS1-2 GS1-3 GS2-1 GS2-2 GS2-3

b .

(9]

——TIB-x229 —®m—GS2-1 110 ——TIB-x229 —=—GS2-1
—&—GS2-2 ——GS2-3 100 —A—GS2-3 —o—GS2-3

ODggo
Glucose consumption (g/L)

: : : 0 . ; : . )

0 6 12 18 24 30 36 0 6 12 18 24 30 36
Time (hr) Time (hr)

35 ; —#—TIB-x229 —#—GS2-1 14 ——TIB-x229 —=—GS2-1

o
(1]

30 | —&—GS2-2 ——(GS2-3 12 A ——GS2-2 ——GS2-3

25 4

20 4

D-arabitol production (g/L)

Ribitol production (g/L)

0 6 12 18 24 30 36 0 6 12 18 24 30 36
Time (hr) Time (hr)
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alcohol-producing yeast P anomala including a colori-
metric assay for rapid sugar alcohol screening and fluo-
rescence-activated cell sorting for efficient hybrid cell
selection. After two rounds of shuffling, we obtained an
evolved P anomala strain GS2-3 exhibiting the high-
est yield of sugar alcohols from glucose. Besides, the
developed genome shuffling procedure has a significant
potential for further application in other natural and
nonconventional microorganisms.

Methods

Materials

Yeast extract and tryptone were procured from OXOID
(Hampshire, UK). Agar powder and snailase were pur-
chased from Solarbio Science Technology Co., Ltd (Bei-
jing, China). Glucose, p-arabitol and other standard
samples were purchased from Sigma (St. Louis, MO,
USA). Nuclear Green LCS1 and Nuclear Red LCS1 for
fluorescence staining were purchased from AAT Bioquest

(Sunnyvale, CA, USA). Polyethylene glycol (PEG) 6000,
KIO, and other chemicals were purchased from Sinop-
harm (Beijing, China). Hypertonic buffer (HB) consisted
of 0.01 M Tris—-HC], pH 6.8, 20 mM MgCl,, and 0.5 M
sucrose as a stabilizer for protoplasts. Nash reagent was
freshly prepared by mixing 150 g of ammonium acetate,
2 mL of glacial acetic acid, and 2 mL of pentane-2,4-di-
one and bringing the mixture to 1 L with distilled water.

Strains and culture conditions

The sugar alcohol-producing yeast P anomala TIB-x229
(CGMCC No. 5482) was used as the initial strain in this
study. The recombinant yeast GS2-3 was preserved in
the China General Microbiological Culture Collection
Center as P anomala TIB G2-3 (CGMCC No. 10260).
The yeast strain was maintained on YPD agar plates with
10 g/L yeast extract, 20 g/L tryptone, 15 g/L agar, and
20 g/L glucose and was incubated at 30°C. The inoculums
were prepared in YPD media, and the composition was
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10 g/L yeast extract, 20 g/L tryptone, and 20 g/L glucose.
The inoculants were incubated by placing the test tubes
on a reciprocal shaker and shaking at 200 rpm at 30°C for
12 h. The protoplast was maintained on hypertonic YPD
(HYPD) medium for cell regeneration.

Optimization of the efficient colorimetric screening
method for sugar alcohol

In this method, sugar alcohol was first oxidized and
generated formaldehyde under acidic periodate condi-
tions (pH 1.0). The residual periodate was reduced by
the addition of L-rhamnose. The formaldehyde was then
determined colorimetrically with Nash reagent, which
produced yellow 3,5-diacetyl-1,4-dehydrolutidine with
a maximum absorption at 412 nm (Additional file 1:
Fig. Sla). The specific operation was as follows: culture
containing sugar alcohols was centrifuged at 10,000xg
for 10 min and 20 pL supernatant was placed in 96-deep
well plates by a multiple channel receiver, and 500 pL
of 0.015 M KIO, in 0.12 M HCI was added. After being
mixed and then allowed to stand for 10 min at room tem-
perature, 400 wL of a 1% L-rhamnose solution was added
to remove excess periodate. The color was developed for
20 min in an incubator at 63°C after adding 600 wL of
Nash reagent. After cooling, the absorbance was meas-
ured at 412 nm with a spectrophotometer.

Construction of the parent mutant library

The haploid yeast P anomala HP was isolated from P
anomala TIB-x229 on McCLary medium containing
1 g/L glucose, 1.8 g/L KCl, 2.5 g/L yeast extract, 8.2 g/L
NaAc and 15 g/L agar, according to the previous method
[37]. UV and ARTP were used as mutation methods to
achieve the initial mutant library, as previously described
with slight modifications [38, 39]. For UV treatment, the
liquid cultures spread on YPD plates were placed under a
preheated 15 W UV lamp at a vertical distance of 20 cm
and were irradiated for 100 s to achieve a survival rate
of 10%. The operating parameters of the ARTP appara-
tus (Sigingyuan Biotechnology, Wuxi, China) were as
follows: (1) pure helium was used as the plasma work-
ing gas at 10 L/min; (2) the radio frequency power input
was 115 W; and (3) the distance between the plasma
torch nozzle exit and the sample plate was 2 mm. In
ARTP mutagenesis, 10 pL of fresh cell suspension was
evenly spread on a sterilized steel plate and exposed to
the airflow for 90 s. After treatment, the dry cells were
eluted with 500 WL of sterile water into a new tube, and
200 L of the liquid was spread on YPD medium. Colo-
nies were inoculated into deep-well microplates and cul-
tivated at 30°C/800 rpm. After incubation for 12 h, the
whole cells were harvested by centrifugation at 3,000xg
for 3 min. The whole cells were suspended in 100 g/L
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glucose solution, and bioconversion was performed for
12 h. Using the above mentioned colorimetric screen-
ing method, mutants with the highest sugar alcohol yield
were selected for the next mutation. The mutant library
was subjected to sequential mutagenesis five times and
was screened by the colorimetric method. Finally, the
four positive mutants with the highest sugar alcohol yield
were confirmed by the HPLC method and were prepared
for genome shuffling.

The FACS analysis of hybrid cells based on fluorescent dyes
Yeast mutants were cultured at 30°C for 12 h in 10 mL
of YPD. Cells were harvested by centrifugation, washed
twice with distilled water and incubated in HB contain-
ing 0.02 M B-mercaptoethanol for 20 min at 30°C. Cells
were collected and re-suspended in HB containing 2%
(w/v) snailase for enzymatic digestion of the cell wall. The
cell suspension was incubated in a water bath at 30°C for
60 min. Cells were washed twice and suspended in HB
for genome shuffling. The efficiency of protoplast forma-
tion was determined by microscopy.

An equal number of protoplasts from different popu-
lations of mutants were divided equally into two parts.
The two parts were stained with 0.25 WM nuclear Green
and 0.1 M Nuclear Red for 30 min, respectively. The
stained protoplasts were washed twice by HB and were
resuspended in HB containing 40% (v/v) polyethylene
glycol (PEG6000) and 0.01 M CaCl,. After gently shaking
for 15 min at 30°C to allow protoplast fusion, the fused
protoplasts were centrifuged, washed and resuspended in
HB. The double-positive hybrid cells with red and green
fluorescent were selected by a Beckman MoFlo XDP flow
cytometer (Brea, CA, USA). Fluorescence was monitored
in fluorescence channels FL1 and FL8 with an appropri-
ate laser. The selected hybrid cells were collected and
cultivated on HYPD medium. After cultivating at 30°C
for 48 h, the sugar alcohol productivity of the strains was
screened by the efficient colorimetric method previously
described. After preliminary screening, the sugar alcohol
production of the selected strains was further analyzed
by HPLC, and the three mutants with the highest pro-
duction were selected as the starting strains for the next
genome shuffling. Two successive rounds of protoplast
fusion were performed.

Determination of ploidy by FCM

FCM analysis of DNA content was performed accord-
ing to Andalis et al. [40]. Briefly, exponentially grow-
ing cells were collected and washed with ice-cold sterile
water and fixed with 70% ethanol at 4°C for 30 min. Cells
were collected again, washed two times and resuspended
in ice-cold sterile water containing a final concentra-
tion of 1 pg/mL 4/,6-diamidino-2-phenylindole (DAPI).
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Samples were incubated at room temperature in the dark
for 30 min. The fluorescence intensity was measured via a
Beckman MoFlo XDP flow cytometer.

The evaluation of the shuffled strains for sugar alcohol
production

A single colony was inoculated into 20 mL of YPD
medium in a 250 mL shake flask and cultured at
30°C/200 rpm. After incubation for 12 h, the whole cells
were harvested by centrifugation at 3,000xg for 3 min.
After washing twice with distilled water, whole cells
were suspended in 100 g/L glucose solution and the
final ODg, of bioconversion system was controlled at
~10. The bioconversion was performed at 30°C/250 rpm
in a 250 mL shake flask. Aliquots of culture filtrate col-
lected at the same time interval were centrifuged at
10,000 g for 10 min. The concentrations of glucose and
sugar alcohols were measured by HPLC (Agilent, Santa
Clara, CA, USA) equipped with an Hi-Plex Ca column
(7.0 x 300 mm, Agilent, Santa Clara, CA, USA). The col-
umn was eluted with H,O at a constant rate of 0.6 mL/
min at 78°C. An Agilent 1260 refractive index detector
(Agilent, Santa Clara, CA, USA) was used. The resulting
chromatograms were compared to the chromatograms
of the known standards and calibration curves for iden-
tification and quantification of the sugar alcohols. Sugar
alcohols quantified in at least three biological replicates
were subjected to the ANOVA-based statistical test, and
those with p-values <0.001 and fold-changes >1.2 were
considered significantly changed.

Additional file

Additional file 1: Fig. S1.The colorimetric assay of sugar alcohols. a The
flow chart of the colorimetric method for sugar alcohol screening. b The
correlation of the two sugar alcohol-detection methods by linear regres-
sion. H and C represent the HPLC and colorimetric methods, respectively.
Fig. S2. Comparison of the DNA content among the parent and shuffled
strains, as determined by flow cytometry. The DNA content is shown for a
haploid control strain S. cerevisiae BY4741, haploid parent strain P anomala
HP, diploid strain P anomala TIB-x229 and shuffled strains GS2-1, GS2-2
and GS2-3.
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ODy,;,: optical density at 412 nm; FCM: flow cytometry; CGMCC: China General
Microorganism Culture Center.

Authors’ contributions

GZ,YL and QW designed the experiments. GZ, XQ, LW and PH performed the
experiments. GZ, QW and YM drafted the manuscript. All authors read and
approved the final manuscript.

Author details
! Key Laboratory of Systems Microbial Biotechnology, Tianjin Institute
of Industrial Biotechnology, Chinese Academy of Sciences, 32 XiQiDao, Tianjin

Page 9 of 10

Airport Economic Area, Tianjin 300308, China. % University of Chinese Academy
of Sciences, Beijing 100049, China. > Key Laboratory of Microbial Physiological
and Metabolic Engineering, Institute of Microbiology, Chinese Academy of Sci-
ences, Beijing 100101, China.

Acknowledegments

The work was supported by the National High Technology Research

and Development Program of China (863 Program 2012AA021502 and
2014AA021903), the National Natural Science Foundation of China (Grant No.
31270098 and 31470214).

Compliance with ethical guidelines

Competing interests
The authors declare that they have no competing interests.

Received: 17 February 2015 Accepted: 22 July 2015
Published online: 07 August 2015

References

1.

2.

Akinterinwa O, Khankal R, Cirino PC (2008) Metabolic engineering for
bioproduction of sugar alcohols. Curr Opin Biotechnol 19(5):461-467
Werpy T, Petersen G (2004) Top value added chemicals from biomass,
volume I: results of screening for potential candidates from sugars and
synthesis gas. US Department of Energy, Washington, DC, pp 58-61
Payne AN, Chassard C, Lacroix C (2012) Gut microbial adaptation to
dietary consumption of fructose, artificial sweeteners and sugar alcohols:
implications for host-microbe interactions contributing to obesity. Obes
Rev 13(9):799-809

Prakasham RS, Rao RS, Hobbs PJ (2009) Current trends in biotechnologi-
cal production of xylitol and future prospects. Curr Trends Biotechnol
Pharm 3(1):8-36

Zhang G, LinY, He P, Li L, Wang Q MaY (2014) Characterization of the
sugar alcohol-producing yeast Pichia anomala. J Ind Microbiol Biotechnol
41(1):41-48

Parekh S, Vinci VA, Strobel RJ (2000) Improvement of microbial strains and
fermentation processes. Appl Microbiol Biotechnol 54(3):287-301

Drake JW, Charlesworth B, Charlesworth D, Crow JF (1998) Rates of spon-
taneous mutation. Genetics 148(4):1667-1686

Alper H, Miyaoku K, Stephanopoulos G (2005) Construction of lycopene-
overproducing E. coli strains by combining systematic and combinatorial
gene knockout targets. Nat Biotechnol 23:612-616

Alper H, Moxley J, Nevoigt E, Fink GR, Stephanopoulos G (2006) Engineer-
ing yeast transcription machinery for improved ethanol tolerance and
production. Science 314(5805):1565-1568

Zhang YX, Perry K, Vinci VA, Powell K, Stemmer WP, del Cardayré SB (2002)
Genome shuffling leads to rapid phenotypic improvement in bacteria.
Nature 415(6872):644-646

. Patnaik R, Louie S, Gavrilovic V, Perry K, Stemmer WP, Ryan CM et al (2002)

Genome shuffling of Lactobacillus for improved acid tolerance. Nat
Biotechnol 20(7):707-712

Demeke MM, Dietz H, Li Y, Foulquié-Moreno MR, Mutturi S, Deprez S

et al (2013) Development of a b-xylose fermenting and inhibitor tolerant
industrial Saccharomyces cerevisiae strain with high performance in lig-
nocellulose hydrolysates using metabolic and evolutionary engineering.
Biotechnol Biofuels 6(1):89

Guan N, Shin HD, Chen RR, Li J, Liu L, Du G et al (2014) Understanding of
how Propionibacterium acidipropionici respond to propionic acid stress at
the level of proteomics. Sci Rep 4:6951

Zhang M, XiaoY, Zhu R, Zhang Q, Wang SL (2012) Enhanced thermotoler-
ance and ethanol tolerance in Saccharomyces cerevisiae mutated by high-
energy pulse electron beam and protoplast fusion. Bioprocess Biosyst
Eng 35(9):1455-1465

Zheng P, Zhang K, Yan Q, Xu'Y, Sun Z (2013) Enhanced succinic acid
production by Actinobacillus succinogenes after genome shuffling. J Ind
Microbiol Biotechnol 40(8):831-840



Zhang et al. Microb Cell Fact (2015) 14:112

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

Ding S, Zhang Y, Zhang J, Zeng W, Yang Y, Guan J et al (2015) Enhanced
deacidification activity in Schizosaccharomyces pombe by genome shuf-
fling. Yeast 32(2):317-325

Cao X, Hou L, Lu M, Wang C, Zeng B (2010) Genome shuffling of Zygosac-
charomyces rouxii to accelerate and enhance the flavour formation of soy
sauce. J Sci Food Agric 90(2):281-285

Cao X, Song Q Wang C, Hou L (2012) Genome shuffling of Hansenula
anomala to improve flavour formation of soy sauce. World J Microbiol
Biotechnol 28(5):1857-1862

Berlin V, Brill JA, Trueheart J, Boeke JD, Fink GR (1991) Genetic screens

and selection of cell and nuclear fusion mutants. Methods Enzymol
194:774-792

Casey GP (ed) (1990) Yeast selection in brewing. Marcel Dekker Inc, New
York

Bell PJ, Deere D, Shen J, Chapman B, Bissinger PH, Attfield PV et al (1998)
A flow cytometric method for rapid selection of novel industrial yeast
hybrids. Appl Environ Microbiol 64(5):1669-1672

Katsuragi T, Kawabata N, Sakai T (1994) Selection of hybrids from proto-
plast fusion of yeasts by double fluorescence labelling and automatic cell
sorting. Lett Appl Microbiol 19(2):92-94

Schops K, Menzel G (1993) Labeling of yeast protoplasts by neutral red
and nile blue for fusion experiments. Zentralbl Mikrobiol 148(1):11-15
Guo C, Zhao C, He P, Lu D, Shen A, Jiang N (2006) Screening and
characterization of yeasts for xylitol production. J Appl Microbiol
101(5):1096-1104

Rangaswamy S, Agblevor FA (2002) Screening of facultative anaerobic
bacteria utilizing o-xylose for xylitol production. Appl Microbiol Biotech-
nol 60(1-2):88-93

Nozaki H, Suzuki S, Tsuyoshi N, Yokozeki K (2003) Production of

p-arabitol by Metschnikowia reukaufii AJ14787. Biosci Biotechnol Biochem
67(9):1923-1929

Bok SH, Demain AL (1977) An improved colorimetric assay for polyols.
Anal Biochem 81(1):18-20

Sanchez J (1998) Colorimetric assay of alditols in complex biological
samples. J Agric Food Chem 46(1):157-160

Switchenko AC, Miyada CG, Goodman TC, Walsh TJ, Wong B, Becker

MJ et al (1994) An automated enzymatic method for measurement of
p-arabinitol, a metabolite of pathogenic Candida species. J Clin Microbiol
32(1):92-97

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

Page 10 of 10

Dai M, Ziesman S, Ratcliffe T, Gill RT, Copley SD (2005) Visualization of
protoplast fusion and quantitation of recombination in fused protoplasts
of auxotrophic strains of Escherichia coli. Metab Eng 7:45-52

Xu B, Jin Z, Wang H, Jin Q, Jin X, Cen P (2008) Evolution of Streptomy-

ces pristinaespiralis for resistance and production of pristinamycin by
genome shuffling. Appl Microbiol Biotechnol 80:261-267

Bajwa PK, Pinel D, Martin VJ, Trevors JT, Lee H (2010) Strain improvement
of the pentose-fermenting yeast Pichia stipitis by genome shuffling. J
Microbiol Methods 81:179-186

Curran BP, Bugeja VC (1996) Protoplast fusion in Saccharomyces cerevisiae.
Methods Mol Biol 53:45-49

Oh EJ, Ha SJ, Rin Kim S, Lee WH, Galazka JM, Cate JH et al (2013)
Enhanced xylitol production through simultaneous co-utilization of cel-
lobiose and xylose by engineered Saccharomyces cerevisiae. Metab Eng
15:226-234

Yang LB, Zhan XB, Zheng ZY, Wu JR, Gao MJ, Lin CC (2014) A novel
osmotic pressure control fed-batch fermentation strategy for improve-
ment of erythritol production by Yarrowia lipolytica from glycerol. Biore-
sour Technol 151:120-127

Savergave LS, Gadre RV, Vaidya BK, Narayanan K (2011) Strain improve-
ment and statistical media optimization for enhanced erythritol produc-
tion with minimal by-products from Candida magnoliae mutant R23.
Biochem Eng J 55:92-100

Herman PK, Rine J (1997) Yeast spore germination: a requirement for Ras
protein activity during re-entry into the cell cycle. EMBO J 16:6171-6181
Friedberg EC, Walker GC, Siede W, Schultz RA (2006) DNA repair and
mutagenesis, 2nd edn. ASM Press, Washington, D.C

JinL, Fang M, Zhang C, Jiang P, Ge N, Li H et al (2011) Operating condi-
tions for the rapid mutation of the oleaginous yeast by atmospheric and
room temperature plasmas and the characteristics of the mutants. Sheng
Wu Gong Cheng Xue Bao 27(3):461-467

Andalis AA, Storchova Z, Styles C, Galitski T, Pellman D, Fink GR (2004)
Defects arising from whole-genome duplications in Saccharomyces
cerevisiae. Genetics 167(3):1109-1121

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

® Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central
J




	Genome shuffling of the nonconventional yeast Pichia anomala for improved sugar alcohol production
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results and discussion
	Development of efficient colorimetric assay for sugar alcohol screening
	Development of a rapid hybrid cell selection procedure via FACS analysis
	The construction of a mutant library for genome shuffling by random mutagenesis
	Genome shuffling of P. anomala for improved sugar alcohol production

	Conclusion
	Methods
	Materials
	Strains and culture conditions
	Optimization of the efficient colorimetric screening method for sugar alcohol
	Construction of the parent mutant library
	The FACS analysis of hybrid cells based on fluorescent dyes
	Determination of ploidy by FCM
	The evaluation of the shuffled strains for sugar alcohol production

	Authors’ contributions
	Received: 17 February 2015   Accepted: 22 July 2015References




