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The  flavour  and  fragrance  compound  �-ionone,  which  naturally  occurs  in  raspberry  and  many  other
fruits  and  flowers,  is  currently  produced  by synthetic  chemistry.  This  study  describes  a  synthetic  biology
approach  for  �-ionone  production  from  glucose  by  Saccharomyces  cerevisiae  that  is  partially  based  on
polycistronic  expression.  Experiments  with model  proteins  showed  that the T2A  sequence  of  the  Thosea
asigna  virus  mediated  efficient  production  of individual  proteins  from  a single  transcript  in S. cerevisiae.
Subsequently,  three  �-carotene  biosynthesis  genes  from  the  carotenoid-producing  ascomycete  Xantho-
phyllomyces  dendrorhous  (crtI,  crtE  and  crtYB)  were  expressed  in  S. cerevisiae  from  a  single  polycistronic
construct.  In  this  construct,  the  individual  crt proteins  were  separated  by  T2A  sequences.  Production  of  the
individual  proteins  from  the  polycistronic  construct  was  confirmed  by Western  blot  analysis  and  by  mea-
suring the production  of �-carotene.  To enable  �-ionone  production,  a carotenoid-cleavage  dioxygenase
aspberry
A sequence

from  raspberry  (RiCCD1)  was  co-expressed  in  the �-carotene  producing  strain.  In glucose-grown  cultures
with  a  second  phase  of  dodecane,  �-ionone  and  geranylacetone  accumulated  in the  organic  phase.  Thus,
by  introducing  a polycistronic  construct  encoding  a fungal  carotenoid  pathway  and  an  expression  cas-
sette encoding  a plant  dioxygenase,  a  novel  microbial  production  system  has  been  established  for  a fruit
flavour  compound.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

�-Ionone (Fig. 1) is of interest to the flavour and fragrance indus-
ry. It has a warm, woody, berry, characteristic violet odour and
s sensed at a very low threshold concentration, varying between
.007 ppb in air and 1 ppb in water (Burdock, 2002). Annually,
000–8000 tonnes of �-ionone are produced industrially. In addi-
ion to its direct application as a flavour or fragrance ingredient,
onone serves as an intermediate for synthesis of vitamins and
Please cite this article in press as: Beekwilder, J., et al., Polycistronic ex
cerevisiae coupled to �-ionone production. J. Biotechnol. (2014), http:

roma chemicals. The chemical production process of �-ionone
nvolves base-catalyzed condensation from citral to linear pseu-
oionones, followed by acid-catalyzed cyclization (OECD, 2004).

∗ Corresponding author at: Plant Research International, P.O. Box 619, 6700 AP
ageningen, The Netherlands. Tel.: +31 317480979.

E-mail address: jules.beekwilder@wur.nl (J. Beekwilder).

ttp://dx.doi.org/10.1016/j.jbiotec.2013.12.016
168-1656/© 2014 Elsevier B.V. All rights reserved.
The resulting ionone cannot be marketed as a natural product, but
rather must be labelled as being “nature identical”. For application
of �-ionone in food, a food-grade production process is essential.
�-Ionone naturally occurs in raspberries (Beekwilder et al., 2008a),
roses and many fruits, but mostly at low concentrations. Therefore
it would be of interest to create a microbial production system for
these compounds, based on the pathway as it has been unravelled
in plants (Beekwilder et al., 2008a).

Naturally occurring �-ionone is an apo-carotenoid (i.e. a
carotenoid-derived compound) resulting from the cleavage of its
natural precursor �-carotene. The cleavage reaction is catalyzed by
the carotenoid cleavage dioxygenase enzyme CCD1 which cleaves
carotenoids in the presence of oxygen, at the 9–10 position and
pression of a �-carotene biosynthetic pathway in Saccharomyces
//dx.doi.org/10.1016/j.jbiotec.2013.12.016

the 9′–10′ position (Fleischmann et al., 2003; Nacke et al., 2012)
(Fig. 1). CCD1 enzymes and their encoding genes have now been
identified in many plant species, including Arabidopsis (Schwartz
et al., 2001), rose (Huang et al., 2009) and raspberry (Beekwilder

dx.doi.org/10.1016/j.jbiotec.2013.12.016
dx.doi.org/10.1016/j.jbiotec.2013.12.016
http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
mailto:jules.beekwilder@wur.nl
dx.doi.org/10.1016/j.jbiotec.2013.12.016
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ig. 1. Engineered �-ionone biosynthetic pathway in Saccharomyces cerevisiae. The 

anthophyllomyces dendrohrous and the RiCCD1 gene from raspberry.

t al., 2008a). Co-expression of these CCD1s in Escherichia coli with a
arotenoid operon from Erwinia has been shown to lead to produc-
ion of �-ionone in the culture medium (Beekwilder et al., 2008a;
uang et al., 2009; Schwartz et al., 2001).

The yeast Saccharomyces cerevisiae could provide an interesting
roduction platform for food-grade �-ionone. Strains for producing
-carotene have been constructed by introducing three genes from

he carotenoid-producing fungus Xanthophyllomyces dendrorhous
Verwaal et al., 2007). S. cerevisiae strains expressing the X. dendror-
ous crtI, crtE and crtYB genes under control of the constitutive TDH3
romoter produced high levels of intracellular �-carotene, colour-

ng the cultures orange. A transcriptional analysis showed that
arotenoid production induces a pleiotropic drug resistance stress
esponse in yeast (Verwaal et al., 2010). Product-induced stress is
herefore likely to confer a selective advantage to non-producing
trains. Indeed, cultures of strains where loss of crt expression cas-
ettes can occur via homologous recombination display a rapid
ccumulation of non-producing mutants. In recent years, new tech-
ologies have been developed to express multiple genes from a
ingle, polycistronic transcript, with the aim to reduce the number
f promoters needed. One such technology comprises the expres-
ion of several proteins from a single open reading frame, in which
ach is separated by so-called 2A sequences (Ryan et al., 1991). The
A sequences are small peptides (up to 20 amino-acids), mostly
erived from viral polyproteins. When the ribosome translates the
A sequence, it releases the nascent peptide and continues trans-

ation of the downstream sequence. As a result, several different,
eparate proteins can be formed from a single open reading frame.

hen applied for metabolic engineering in plants, co-ordinated
Please cite this article in press as: Beekwilder, J., et al., Polycistronic ex
cerevisiae coupled to �-ionone production. J. Biotechnol. (2014), http:

nd high level expression of several genes can be achieved simulta-
eously (Geu-Flores et al., 2009; van Herpen et al., 2010). However,

or yeast, application of this system for metabolic engineering has
ardly been explored (Park et al., 2008).
eered pathway includes the carotenoid biosynthetic proteins (crtI, crtE, crtYB) from

The aims of the present study were to achieve the production
of �-ionone from yeast and to explore the use of 2A-based poly-
cistronic expression for pathway engineering in S. cerevisiae. After
engineering a stable 2A-based carotenoid production system in this
yeast, �-ionone was produced by introduction of the raspberry
gene encoding RiCCD1, which cleaves the carotenoid to release the
volatile fruit odour component.

2. Materials and methods

2.1. Strains, media and DNA templates

The S. cerevisiae strains used in this study (Table 2) are derived
from the CEN.PK lineage (Entian and Kotter, 2007; Nijkamp et al.,
2012). Cultures for transformation were grown in complex YPD
medium, containing 10 g L−1 Bacto yeast extract, 20 g L−1 Bacto
peptone and 20 g L−1 glucose. Synthetic medium (SM) was pre-
pared according to Verduyn et al. (1990) and contained, per
litre of demineralized water, 5 g (NH4)2SO4, 3 g KH2PO4, 0.5 g
MgSO4·7H2O, and trace elements. Filter-sterilized vitamins were
added after heat sterilization of the medium at 120 ◦C for 20 min.
Glucose was separately sterilized at 110 ◦C and added to a final
concentration of 20 g L−1. When required, the medium was sup-
plemented with appropriate amounts of auxotrophic requirements
(Pronk, 2002). Solid medium was  prepared by adding 2% agar (w/v)
to the media prior to heat sterilization. Plasmids pUG72 and pRS416
(Kuijpers et al., 2013) were maintained in E. coli DH5� and iso-
lated with the GenEluteTM Plasmid Miniprep Kit (Sigma–Aldrich,
Zwijndrecht, The Netherlands).
pression of a �-carotene biosynthetic pathway in Saccharomyces
//dx.doi.org/10.1016/j.jbiotec.2013.12.016

2.2. Production of DNA fragments and transformation

Fragments for in vivo assembly were obtained from plasmid
template DNA by extension PCR using Phusion® Hot Start II High

dx.doi.org/10.1016/j.jbiotec.2013.12.016
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idelity DNA Polymerase (Thermo Fisher Scientific, Waltham, MA).
rimers were HPLC purified (Sigma) and are listed in Supplemen-
ary Table. To improve PCR efficiency, we slightly modified the
onditions recommended by the supplier. The primer concentra-
ion was decreased from 500 nM to 200 nM and the polymerase
oncentration increased from 0.02 U �L−1 to 0.03 U �L−1. Other
onditions were according to the manufacturer’s instructions.
rimers were designed such that their annealing temperature was
65 ◦C to minimize non-specific product formation caused by false
riming. Amplified fragments were concentrated by chromatogra-
hy using Vivacon® 500 spin columns (Sartorius Stedim, Aubagne,
rance). Alternatively, fragments obtained from plasmid templates
ere purified by gel extraction, using Zymoclean Gel DNA Recov-

ry kit (Zymo Research, Orange, CA), to avoid contamination of
he fragments by the linearized template plasmid and the ensu-
ng formation of false positive clones. Restriction of pRS416 to
btain the linearized backbones was performed with FastDigest
nzymes BamHI and SspI (Thermo Fischer Scientific) accord-
ng to the manufacturer’s instructions. For assembly of plasmids
UDC082 and pUDE269, six fragments were co-transformed into
east (Fig. 3). The fragments CEN6/ARS4FG (primers Cen6 Ars4-r+G
nd Cen6 Ars4-f+F) and E. coliIA (primers Amprep-r+A and either
mpRep-f+I or G-fwd-coli) were amplified from pRS416. Fragment
.l.URA3AB was amplified from pUG72 using primers URA3Kl.-r+B
nd URA3Kl.-f+A. Fragments CrtYB, crtI and CrtE were amplified
rom plasmid YEPlac195-crtYB/crtI/crtE* (Verwaal et al., 2007).
ragment crtYB was amplified in two parts, using N-Fr-TDHfw and
rtYBIntRe, and CrtYBintFw and crtYB-re-t2a, as amplification of
he full length ORF only occurred at low efficiency. Fragment crtI
as amplified using primers crtI-re-t2a and t2a-crtI-fw. Fragment

rtE was amplified using primers crtE-fw-t2a and Ttef-re-B. Plas-
id  pRiCCD was assembled in yeast from the same fragments, but

lso included a RiCCD1 fragment. Fragment RiCCD1 was ampli-
ed from plasmid pUC57-RiCCD using primers H-PPMA-fw and
-TPGK-re. pUC57-RiCCD contains a codon-optimized version of
iCCD1, 800 bp of the PMA1 promoter region starting immediately
t the start codon of PMA1,  and 400 bp of the PGK1 terminator.
he protein sequence of RiCCD1 (CS363369) was  reverse-translated
o DNA optimized for expression in S. cerevisiae using the Java
odon Adaptation Tool (http://www.jcat.de/), and ordered from
enscript (Piscataway, NJ, USA). The 2� fragment was obtained
y SacII cleavage of plasmid pUD194, kindly provided by Barbara
ozak. DNA concentrations were measured by the NanoDrop 2000
pectrophotometer (Thermo Fisher Scientific) and 200 fmol of each
ene cassette and the E. coliIA fragment were pooled with 100 fmol
f the K.l.URA3AB and CEN6/ARS4FG fragments in a final volume of
0 �L. A control pool lacking the E.coliIA cassette was generated in
he same way. Both pools were transformed to S. cerevisiae strain
EN.PK113-5D using lithium acetate (Gietz and Schiestl, 2007).
fter transformation cells were selected on synthetic medium for
–4 days at 30 ◦C.

For construction of the S. cerevisiae strains IME131, IME132
nd IME134 with different plasmids bearing the GFP-2A-LEU2-
A constructs (pUDE155–pUDE157), three DNA fragments were

ransformed (Fig. 2). Strain IME131 with plasmid pUDE155 was
onstructed by transforming CEN.PK2-1C with the backbone
btained via PCR with pAG416-GPD as a template, using primers
975 and 1976, the GFP fragment, amplified from template
AG416-EGFP with primers 2327 and 2315 and the LEU2 fragment
btained from the template pAG415-GDP using primers 2319 and
321. Overlapping regions as well as the 2A sequence were encoded
ithin the primers. Similarly, IME132 with plasmid pUDE156 was
Please cite this article in press as: Beekwilder, J., et al., Polycistronic ex
cerevisiae coupled to �-ionone production. J. Biotechnol. (2014), http:

btained using the same templates for the PCR reactions but differ-
nt primers for GFP (2327 and 2316) and LEU2 (2320 and 2321).
ikewise, the strain IME134 with plasmid pUDE157 was  con-
tructed with GFP amplified using primers 2327 and 2314 and LEU2
 PRESS
chnology xxx (2014) xxx–xxx 3

with primers 2318 and 2321. Correct assembly was verified using
primers 1153, 2322–2326 and restriction with BsrGI and EcoRV.

2.3. Western blotting

Two  approaches were used to make cell extracts. For the exper-
iments shown in Fig. 2, an equivalent of 1 mL with an OD660
of ∼80 culture broth was centrifuged, followed by resuspension
of the pellet in 200 �L Laemmli sample buffer (BioRad, Veenen-
daal, Netherlands) with subsequent heating for 10 min  at 95 ◦C.
After centrifuging, the supernatant was stored on ice and used as
cell extract. For the experiments shown in Fig. 5 the procedure
described by Kushnirov (2000) was  followed.

The protein samples were loaded on a gel (12% Tris–HCl glycine;
BioRad), together with a low range protein marker (BioRad) and/or
a broad range protein marker (BioRad). The gel was  run at 150 V
for approximately 1 h using a Mini-PROTEAN gel system (BioRad),
according to the manufacturer’s instructions. After washing the gel
in blot buffer (in demineralized water, 3.029 g L−1 Tris, 14.413 g L−1

glycine and methanol (20%, v/v)), the proteins were transferred
to a PVDF membrane (Sigma) by blotting (Multiphor II NovaBlot,
GE Healthcare Life Sciences, Piscataway, NJ,  USA), according to the
manufacturer’s manual. The membranes were blocked with PBS-
Tween (1X PBS (Sigma) with 0.05% Tween-20 (Acros, Geel, Belgium)
containing 5% milk powder). The membranes were incubated for 1 h
with the primary antibody (anti-GFP (Millipore), anti-HA (Sigma)
or anti-2A (ABS31, Millipore)). After 4 washes with PBS-Tween, the
membranes were incubated for 1 h with the secondary antibody
(AP182P, Millipore). The membranes were then washed again 4
times with PBS-Tween, followed by detection of the signal using an
enhanced chemiluminescence kit (Sigma).

2.4. DNA isolation and analysis

Analysis by multiplex PCR was  done according to Kuijpers et al.
(2013), using oligonucleotides A–I in Supplementary Table. One
correctly assembled plasmid, as determined by multiplex PCR, was
transformed to Electro Ten-Blue Electro-Competent E. coli cells
(Agilent Technologies, Santa Clara, CA) according to the manu-
facturer’s instructions. From a resulting clone, plasmid DNA  was
isolated and analysed by multiplex PCR. This isolated plasmid was
named pUDC082. The resulting plasmid was further purified using
the Zyppy Miniprep kit (Zymoresearch, Irvine, CA) and sequenced
according to Kuijpers et al. (2013).

2.5. Growth for biochemical analysis

For biochemical analysis, single colonies were inoculated in
50 mL  pre-cultures in SCD media without uracil (0.17% yeast
nitrogen base without amino acids and ammonium sulphate,
0.5% ammonium sulfate, 4% glucose (all w/v) and 20 mg L−1

arginine, 10 mg  L−1 adenine, 20 mg  L−1 histidine, 20 mg  L−1 methi-
onine, 20 mg  L−1 tryptophan, 30 mg  L−1 isoleucine, 60 mg L−1

leucine, 30 mg  L−1 threonine, 30 mg  L−1 tyrosine, 30 mg  L−1 valine
and 50 mg  L−1 phenylalanine). Glucose was sterilized separately.
Cultures for analysis of product formation were grown in 300 mL
shake flasks at 30 ◦C and 180 rpm in a horizontal shaking incuba-
tor, with a culture volume of 50 mL.  For analysis of �-ionone, strains
pression of a �-carotene biosynthetic pathway in Saccharomyces
//dx.doi.org/10.1016/j.jbiotec.2013.12.016

were grown with a second phase of dodecane (10%, v/v) in 300 mL
baffled shake flasks for 22 h. All shake-flask cultures were inocu-
lated from pre-cultures grown on the same medium, to an initial
OD600 of 0.1.

dx.doi.org/10.1016/j.jbiotec.2013.12.016
http://www.jcat.de/
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Fig. 2. Constructs for testing 2A activity in yeast. (A) Assembly strategy of S. cerevisiae strains IME131 (GFP::P2A::LEU2::HA), strain IME132 (GFP::T2A::LEU2::HA) and strain
IME134 (GFP::F2Adefect ::LEU2::HA). Protein coding regions (GFP, 2A, LEU2-HA) are represented in light grey, selection marker genes and origins of replication regions (amp,
U C1) in
W A (bo
(

2

H

RA3,  ColE1, CEN6-ARS4) in black and promoter/terminator regions (P-TDH3, T-CY
estern blots of protein from strains IME131-133, using anti-GFP (top) and anti-H

40.5  kDa) is indicated.
Please cite this article in press as: Beekwilder, J., et al., Polycistronic ex
cerevisiae coupled to �-ionone production. J. Biotechnol. (2014), http:

.6. Carotenoid analysis

Quantification of intracellular �-carotene was  performed via
PLC analysis. For this purpose, 50 mL  culture volume was
 dark grey. Recombination sites are indicated by crossing lines. (B) Representative
ttom). The predicted position of GFP-2A-Leu2-HA, GFP-2A (29.0 kDa) and Leu2-HA
pression of a �-carotene biosynthetic pathway in Saccharomyces
//dx.doi.org/10.1016/j.jbiotec.2013.12.016

centrifuged, washed with distilled H2O and lyophilized overnight.
Extraction of �-carotene was  performed according to a pub-
lished protocol (Visser and Verdoes, 2005). The vacuum dried
carotenoids were suspended in 1 mL  acetone and analysed on a

dx.doi.org/10.1016/j.jbiotec.2013.12.016
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Fig. 3. Constructs and assembly strategies for carotenoid producing yeast strains.
Top:  pUDC082 (CEN6-ARS4 crtYB-T2A-crtI-T2A-crtE); bottom: pRiCCD (CEN6-ARS4
crtYB-T2A-crtI-T2A-crtE RiCCD1). Protein coding regions (crtYB, crtI, crtE, 2A, RiCCD1)
are  represented as light grey, marker and origin of replication regions (amp, URA3,
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himadzu SCL10-A system. A SPD20A UV/vis detector at 470 nm
as used for analysis of �-carotene, lycopene and neurosporene

nd a SPDM10Avp photo diode array detector (PDA) at 286 nm
nd 292 nm for analysis of phytoene, respectively. An Altima
18-column (length: 250 mm,  diameter: 4.5 mm,  particle size:
0 �m;  Alltech, Deerfield, USA) in combination with a binary gra-
ient at a constant flow rate of 1 mL  min−1 was used with an
cetonitrile/methanol/2-propanol 85:10:5 mixture as eluent A and
00% 2-propanol as eluent B (all solvents HPLC grade). Eluent A
as used for 31 min, followed by a 5 min  elution with eluent B and

gain 10 min  of eluent A. The temperature was kept constant at
2 ◦C. �-Carotene, neurosporene, lycopene and phytoene (reten-
ion times: 36.4, 29.7, 22, 37.4 min) were quantified via a calibration
urve which was created by measuring known concentrations of
he substances in acetone at the proper wavelengths.

.7. GC–MS analysis

Analytes from 1 �L samples were separated using a gas chro-
atograph (5890 series II, Hewlett-Packard) equipped with a

0 m × 0.25 mm,  0.25 mm film thickness column (ZB-5, Pheno-
enex) using helium as carrier gas at flow rate of 1 mL min−1. The

njector was used in splitless mode with the inlet temperature set
o 250 ◦C. The initial oven temperature of 45 ◦C was increased after

 min  to 300 ◦C at a rate of 10 ◦C/min and held for 5 min  at 300 ◦C.
he GC was coupled to a mass-selective detector (model 5972A,
ewlett-Packard). Compounds were identified by comparison of
ass spectra and retention times with those of authentic stan-

ards of �-ionone and geranylacetone (Sigma). Quantification of
pocarotenoids was conducted by determination of selective ion
ode peak area of the sesquiterpene peaks from at least three inde-

endent fermentation experiments. Absolute concentrations were
alculated from the peak area by comparison to a standard curve
repared by measuring a dilution series of authentic standards with
nown concentrations.

. Results

.1. Selection of a functional 2A sequence in yeast

To select a 2A sequence that functions well in S. cerevisiae,  we
valuated the performance of two different 2A sequences: the P2A
equence from porcine teschovirus-1 and T2A from Thosea asigna
irus (Szymczak et al., 2004). To test the functionality of these 2A
equences in S. cerevisiae,  fusion genes were designed in which the
pen reading frames of GFP (encoding green fluorescent protein)
nd LEU2 were separated by one of the 2A sequences (Fig. 2). In
ddition to these two, a negative control construct was  made which
ncluded a defective F2A sequence, lacking a codon encoding pro-
ine, a residue that is essential for co-translational release (Donnelly
t al., 2001).

Three plasmids carrying the bi-cistronic LEU2-GFP open read-
ng frames were assembled by in vivo recombination (Gibson
t al., 2008; Kuijpers et al., 2013) in S. cerevisiae CEN.PK2-1C (ura3
is3 trp1 leu2) (Fig. 2). In this way, we constructed three S. cere-
isiae strains, each carrying one of the three 2A constructs: Strain
ME131 (GFP::P2A::LEU2::HA), strain IME132 (GFP::T2A::LEU2::HA)
nd strain IME134 (GFP::F2Adefect::LEU2::HA) (Table 1). To deter-
ine whether the bi-cistronic genes were translated into two

eparate proteins, lysates of the three constructed strains were sub-
ected to Western blot analysis using anti-GFP and anti-HA antisera.
Please cite this article in press as: Beekwilder, J., et al., Polycistronic ex
cerevisiae coupled to �-ionone production. J. Biotechnol. (2014), http:

he predicted 29-kDa GFP::X2A and 40.5-kDa LEU2::HA band were
nly detected in the strain harbouring the T2A (IME132) sequence
Fig. 2B). The signal intensity of the two discrete bands was lower
han the intensity of the larger band at 70 kDa (corresponding to the
coli-origin, CEN6-ARS4), in black and promoter/terminator regions (P-TDH3, T-TEF,
P-PMA1,  T-PGK1) in dark grey. Recombination sites are indicated by crossed lines.

unprocessed polyprotein fusion). While the unprocessed polypro-
tein was expected in IME134 (strain harbouring a defective 2A),
it was  not anticipated for IME131 (P2A) which had been already
successfully tested in rabbit reticulocyte lysates or wheat germ
extracts (Donnelly et al., 2001) These results indicated that the T2A
sequence mediates production of detached proteins in S. cerevisiae.

3.2. Construction and expression of a polycistronic construct
encoding a carotenoid pathway

To construct a pathway for �-carotene synthesis in S. cerevisiae,
constructs were designed in which the coding regions crtI, crtE and
crtYB genes from X. dendrorhous were fused in a single open read-
ing frame, separated by T2A sequences (Fig. 3). To reduce the risk
of loss of productivity due to recombination of the direct repeat
caused by the two  T2A-encoding sequences, the DNA sequences
encoding the two T2A peptides were designed such that they dif-
fered in 18 out of 60 encoding nucleotides (Supplementary Figure
1). The expression of this polycistronic gene was controlled by the
TDH3 promoter. High-copy-number (pUDE269, 2�) and low-copy-
pression of a �-carotene biosynthetic pathway in Saccharomyces
//dx.doi.org/10.1016/j.jbiotec.2013.12.016

number (pUDC082, ARS4 CEN6) plasmid constructs carrying the
polycistronic crt construct were generated by in vivo recombination
in S. cerevisiae CENPK113-5D. In both centromeric and episomal
recombinants, ca. 50% of the resulting colonies showed an orange

dx.doi.org/10.1016/j.jbiotec.2013.12.016
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Table 1
Strains and plasmids.

Strain Relevant genotype Origin

CEN.PK113-7D MATa MAL2-8c SUC2 P. Kötter
CEN.PK2-1C MATa MAL2-8c SUC2 ura3-52 his3�1 trp1-289 leu2-3 112 P. Kötter
IME131 MATa MAL2-8c SUC2 ura3-52 his3�1 trp1-289 leu2-3 112 pUDE155 This study
IME132 MATa MAL2-8c SUC2 ura3-52 his3�1 trp1-289 leu2-3 112 pUDE156 This study
IME134 MATa MAL2-8c SUC2 ura3-52 his3�1 trp1-289 leu2-3 112 pUDE157 This study
IMC018 MATa ura3-52 HIS3 LEU2 TRP1 MAL2-8c SUC2 pUDC082 This study
IME167 MATa ura3-52 HIS3 LEU2 TRP1 MAL2-8c SUC2 pUDE269 This study
YB/I/E  MATa ura3-52 HIS3 LEU2 TRP1 MAL2-8c SUC2 YIplac211 YB/I/E* Verwaal 2007
YEplac195 YB/I/E MATa ura3-52 HIS3 LEU2 TRP1 MAL2-8c SUC2 YEplac195 YB/I/E Verwaal 2007
RiCCD1 MATa MAL2-8c SUC2 ura3-52 his3�1 trp1-289 leu2-3 112 pRiCCD This study

Plasmid Description Origin

pAG416-GDP CEN6-ARS4 URA3 pTDH3 tCYC1 Alberti Lindquist 2007
YB/I/E* YIplac211 pTDH3-crtYB-tCYC1 pTDH3-crtI-tCYC1 pTDH3-crtE*-tCYC1 Verwaal 2007
YEplac195 YB/I/E YEplac195 pTDH3-crtYB-tCYC1 pTDH3-crtI-tCYC1 pTDH3-crtE-tCYC1 Verwaal 2007
pUDC082 CEN6-ARS4 URA3 pTDH3-crtYB-T2A1-crtI-T2A2-crtE-tTEF This study
pUDE269 2 � URA3 pTDH3-crtYB-T2A1-crtI-T2A2-crtE-tTEF This study
pRiCCD pRS426 CEN6-ARS4 URA3 pTDH3-crtYB-T2A1-crtI-T2A2-crtE-tTEF pPMA1-RiCCD1-tPGK This study
pUDE155 pAG416-GDP URA3 GFP-P2A-LEU2-HA This study
pUDE156 pAG416-GDP URA3 GFP-T2A-LEU2-HA This study
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w
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N
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I
t
o

the TDH3 promoter and the CYC1 terminator. Since all three genes

F
t
a

pUDE157 pAG416-GDP URA3 GFP-inactive 2A-LEU2-H

* Indicates an A551G mutation in crtE.

olour, indicating carotenoid biosynthesis, while the remaining 50%
ere white. From the transformation plates, five orange colonies
ere selected from which plasmid DNA was isolated and ampli-
ed in E. coli. After confirming correct assembly by multiplex
CR, a full sequence analysis of plasmid pUDC082 was performed.
o mutations were observed in the T2A sequences, and correct
ssembly was confirmed. The complete sequence of pUDC082 was
eposited in GenBank under accession number KF680164. Subse-
uently, the characterized carotenogenic plasmids pUDC082 and
UDE269 were reintroduced in CEN.PK113-5D resulting in strains
Please cite this article in press as: Beekwilder, J., et al., Polycistronic ex
cerevisiae coupled to �-ionone production. J. Biotechnol. (2014), http:

MC018 (centromeric) and IME167 (episomal), respectively. The
wo strains displayed an orange colour indicating the functionality
f the three heterologous genes.

ig. 4. Stability of carotenoid production in two S. cerevisiae strains. Strain YB/I/E (left) 

CYC1  in which each gene is expressed from its own TDH3 promoter; Strain IMC082 (rig
re  representative plates. Cells were plated after 24 h of growth on glucose synthetic med
This study

To verify whether altered codon usage of the T2A sequences
was sufficient to prevent loss of productivity by homologous
recombination, we  compared stability of �-carotene production in
strains IMC018 (CEN6-ARS4 crtYB-T2A-crtI-T2A-crtE) and IME167
(2� crtYB-T2A-crtI-T2A-crtE) to that in S. cerevisiae strain YB/I/E
(Verwaal et al., 2007). In the latter strain, the carotenogenic genes
from X. dendrorhous (crtI, crtE and crtYB) are overexpressed from
a single episomal vector (Yep195 (URA3)). Moreover, expression
of each of the crt genes in this reference strain is controlled by
pression of a �-carotene biosynthetic pathway in Saccharomyces
//dx.doi.org/10.1016/j.jbiotec.2013.12.016

are transcribed in the same direction, this leads to a high rate of
loss of production due to recombination across the non-coding
regions. When, after 24 h of cultivation in shake flasks on glucose

harbours the episomal plasmid pTDH3-crtYB-tCYC1 pTDH3-crtI-tCYC1 pTDH3-crtE-
ht) harbours the centromeric plasmid (CEN6-ARS4 crtYB-T2A-crtI-T2A-crtE). Shown
ium in a shake flask, inoculated with an orange, �-carotene producing colony.

dx.doi.org/10.1016/j.jbiotec.2013.12.016
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Fig. 5. Western blot analysis of yeast proteins. Shown is a representative chemo-
luminiscence detection of captured anti-2A antibodies by immunoblotted proteins
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rom the yeast strains CENPK113-7D (empty), IMC018 (CEN6-ARS4 crtYB-T2A-crtI-
2A-crtE)  and IME167 (2� crtYB-T2A-crtI-T2A-crtE). Arrows indicate the proteins
orresponding to 65 kDa, 67 kDa and 144 kDa.

ynthetic medium, dilutions were plated on agar plates, strain
B/I/E revealed a mixed population of white and orange colonies,
nd 43% of the plated colonies had lost colour (Fig. 4). PCR analy-
is results confirmed that the white colonies harboured a plasmid
hat had been reorganized through homologous recombination in
etween repeated promoter or terminator sequences (data not
hown). In contrast, plates of strains IME167 and IMC018 exclu-
ively contained orange colonies (Fig. 4).

.3. Expression of Crt proteins in IMC018 and IME167

To assess the in vivo functionality of the 2A peptides in the
arotenoid-producing constructs, cell lysates of strains IMC018
CEN6-ARS4 crtYB-T2A-crtI-T2A-crtE) and IME167 (2�  crtYB-T2A-
rtI-T2A-crtE) were subjected to Western blot analysis using anti-2A
eptide antibody, which specifically recognizes T2A sequence
Fig. 5). Based on the design of the constructs, probing with the
A antibody should reveal bands corresponding to protein masses
f 77 kDa and 67 kDa, corresponding to cleaved crtYB-T2A and crtI-
2A, respectively. Incomplete processing of the first T2A sequence
hould then lead to the formation of a 144 kDa product correspond-
ng to the CrtYB-T2A-CrtI-T2A protein.

Western blotting of strains IMC018 (CEN6-ARS4 crtYB-T2A-
rtI-T2A-crtE) and IME167 (2� crtYB-T2A-crtI-T2A-crtE) with 2A
ntibody indeed revealed bands with mobilities corresponding
o 67 kDa (crtI-T2A) and 144 kDa (crtYB-T2A-crtI-T2A). The most
ntense band, which likely corresponds to crtYB-T2A (77 kDa) dis-
layed an unexpectedly fast mobility, corresponding to a molecular
eight of ca. 65 kDa (Fig. 5). The band around 144 kDa (corre-

ponding to CrtYB-T2A-CrtI-T2A protein) was detected in both
MC018 and IME167, which indicated that polyprotein resulting
rom incomplete T2A functioning was also formed. Unexpectedly,
he Western signal intensities were more intense in strain IMC018
han in strain IME167, although the latter carried a high-copy-
umber plasmid.

.4. Analysis of produced carotenoid in S. cerevisiae strains

After confirming the stability of the synthetic T2A poly-
istronic crt construct and the processing of the individual crtYb,
rtI and crtE proteins, we quantified the carotenoids produced
y the engineered strains IMC018 (centromeric polycistronic
Please cite this article in press as: Beekwilder, J., et al., Polycistronic ex
cerevisiae coupled to �-ionone production. J. Biotechnol. (2014), http:

onstruct), IME167 (episomal polycistronic construct), and the
on-carotenoid-producing reference strain CEN.PK113-7D. These
trains were further compared to strains expressing the three crt
enes individually controlled by the constitutive TDH3 promoter
 PRESS
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either expressed from an episomal plasmid (strain YB/I/E, 2�)
or from a chromosomal integration (strain YB/I/E, int) (Verwaal
et al., 2007). The five strains were grown in shake flask cultures
on synthetic medium. After 24 h, the cultures were sampled to
measure �-carotene and the intermediates of its biosynthesis, neu-
rosporene, phytoene and lycopene. All cultures reached a similar
biomass density (Table 2).

The strain YB/I/E-int produced nearly fourfold higher �-
carotene than its episomal counter YB/I/E-2� despite its lower gene
copy number, consistent with a previous study (Verwaal et al.,
2007). This was  also reflected in the phytoene levels, which were
3.5-fold higher in the strain harbouring the chromosomal inte-
gration construct (Table 2). In contrast, we  observed a difference
between IME167 and IMC018 that would agree with the plas-
mid  copy number. However this difference remained lower than
twofold. Furthermore, the comparison of the strains expressing the
crt genes from an episomal plasmid (IME167 with the 2A plasmid
and YB/I/E-2� with promoter repeats) showed no significant dif-
ferences in the production of �-carotene and phytoene (Table 2).
Conversely, the strain IME167 that harboured the 2A construct did
not accumulate intermediates neurosporene and lycopene while
such intermediates were observed in YB/I/E-2� (Table 2). These
results indicated that the crt the 2A construct was fully functional
in S. cerevisiae.

3.5. De novo production of ˇ-ionone in S. cerevisiae

Having established stable �-carotene production in S. cerevisiae,
we attempted to couple this pathway to a product that has not pre-
viously been made in this yeast, the apocarotenoid �-ionone. To this
end, we combined the 2A crt construct with an expression cassette
containing the CCD1 gene from raspberry (Rubus ideaus), in which
RiCCD1 was placed under control of the PMA1 promoter (Fig. 3). The
transformation and in vivo recombination of the S. cerevisiae strain
CEN.PK113-5D resulted in a mix  of white and orange colonies. All
tested white colonies exhibited incorrect plasmid assembly, mean-
ing that the loss of colour was not related to full conversion of
orange �-carotene into colourless �-ionone. In contrast, the tested
orange colonies (n = 4) showed a correct assembly, indicated the
simultaneous presence of genes for production and dioxygenation
of carotenoids. Carotenoid production by the four RiCCD1 strains
was compared to that of strain IMC018. To this end, the strains were
grown in shake flasks containing a second phase (10%, v/v) of dode-
cane to trap any hydrophobic metabolites released from the yeast
cultures. The second phase of dodecane did not impair growth of
the S. cerevisiae strains. The RiCCD1 strains reached a lower density
than the IMC018 after 24 h (Table 3). Analysis of carotenoids from
the cell material showed that carotenoid production was  reduced
in the RiCCD1 strains. Phytoene production was  reduced by 50%,
and �-carotene production by 65% (Table 3).

To quantify �-ionone and other RiCCD1-mediated breakdown
products of carotenoids, the dodecane layers of the IMC018 and
the four RiCCD1 strain cultures were analysed by GC-MS. In RiCCD1
expressing strains, �-ionone and geranylacetone could be observed
(Fig. 6), to a level of 0.22 mg L−1. Geranylacetone is expected to
result from dioxygenase activity on phytoene (Fig. 1). Neither
�-ionone nor geranylacetone were detectable in cultures of the
IMC018 reference strain. Quantification showed that the reduced
production of carotenoids by the RiCCD1 expressing strains was
mostly compensated by the produced apocarotenoids (Table 3).

4. Discussion
pression of a �-carotene biosynthetic pathway in Saccharomyces
//dx.doi.org/10.1016/j.jbiotec.2013.12.016

4.1. Polycistronic expression of a heterologous pathway in yeast

Synchronized and coordinate expression of genes can be cru-
cial for efficient production of secondary metabolites. For example,

dx.doi.org/10.1016/j.jbiotec.2013.12.016
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Table 2
Carotenoid content of yeast cultures after 24 h of growth. The average values of three cultures and the standard deviation are shown.

Strain OD600 Phytoene [mg  g−1 cdw] Neurosporene [mg  g−1 cdw] Lycopene [mg  g−1 cdw] �-Carotene [mg  g−1 cdw]

CEN.PK (WT) 8.5 ± 0.3 0 0 0 0
IMC018 (2a centromeric) 7.9 ± 0.1 1.6 ± 0.02 0 0 0.35 ± 0.01
IME167 (2a episomal) 8.9 ± 0.3 2.5 ± 0.4 0 0 0.55 ± 0.01
YB/I/E  (genomic) 7.9 ± 0.2 6.5 ± 2.0 0 0.03 ± 0.01 1.94 ± 0.66
YEplac195 (episomal) 8.1 ± 0.1 1.8 ± 0.03 0.27 ± 0.02 0.08 ± 0.02 0.55 ± 0.02

Carotenoid content of cultures after 24 h of growth.

Table 3
Carotenoid and apocarotenoid content of yeast cultures overlaid with dodecane. Cultures were grown for 24 h and 10% (v/v/) dodecane was included in the medium. Shown
are  the average values of three (IMC018) or four (RiCCD1) cultures and the standard deviation.

Strain OD600 Phytoene [mg  g−1 cdw) �-Carotene [mg  g−1 cdw] Geranylacetone [mg g−1 cdw] �-Ionone [mg  g−1 cdw]

IMC018 8.4 ± 0.1 1.8 ± 0.2 0.51 ± 0.08 0 0
RiCCD1 5.3 ± 0.7 1.0 ± 0.2 0.19 ± 0.04 0.86 ± 0.03 0.22 ± 0.06

Fig. 6. GC MS analysis of the dodecane phase from cultures of the RiCCD1 (CEN6-ARS4 crtYB-T2A-crtI-T2A-crtE RiCCD1) and IMC018 (CEN6-ARS4 crtYB-T2A-crtI-T2A-crtE)
strains.  Shown are representative chromatograms. (A) Detection of ion m/z = 177 representative of �-ionone in strains RiCCD and IMC018, and in a 5 �g mL−1 standard
solution. (B) Detection of ion m/z = 151 representative of geranylacetone in strains RiCCD1 and IMC018, and in a 5 �g mL−1 standard solution.

dx.doi.org/10.1016/j.jbiotec.2013.12.016
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n plants, metabolic pathways leading to complex molecules
uch as flavonoids, glucosinolates and steroidal glycoalkaloids are
ncoded by 10–20 genes whose expression is tightly co-regulated
Beekwilder et al., 2008b; Itkin et al., 2013; Koopman et al., 2012).
n such pathways, individual genes are transcribed from their own
romoters, which are coordinated by transcription factors. When
athways for the synthesis of complex secondary plant metabo-

ites are introduced in yeast, achieving synchronized expression
ay  represent a challenge. Repeated use of identical promoters
ay  lead to instability of constructs, since yeast maintains active

omologous recombination machinery (Siddiqui et al., 2012). How-
ver, very few yeast promoters have been extensively characterized
nd most synthetic biology concepts repeatedly use a single highly
xpressed promoter, e.g. from the GAL1 or TDH3 gene (Paddon et al.,
013; Verwaal et al., 2007).

In the current study, an alternative approach for synchronized
xpression of heterologous pathway genes was explored. Only few
revious studies report on the activity of 2A sequences which, in
rinciple, allow the generation of multigene transcripts, in S. cere-
isiae (de Felipe et al., 2003; Doronina et al., 2008; Ito-Harashima
t al., 2007; Park et al., 2008). Most of these studies focused on
he mechanism of ribosomal release of the nascent peptide. The
fficiency of co-translational release for 2A sequences, as tested
n reticulocyte lysates and wheat germ extracts, is known to vary
rom 18% to 99% (Donnelly et al., 2001). In this study we tested
wo 2A sequences that had not been previously tested in yeast:
he T2A and the P2A sequences, which both show high ribosomal
elease efficiencies in higher eukaryotic systems. In S. cerevisiae,  the
2A sequence did not allow a detectable level of ribosomal release,
hile T2A displayed a well detectable formation of release prod-
cts, and hardly any detectable fusion protein (Fig. 3). The lack of
ctivity of the P2A sequence, which is active in other eukaryotic
xpression systems (Donnelly et al., 2001), may  relate to the inter-
ction between the 2A peptide and species-specific sequences or
onformations of the ribosome. Co-translational release is known
o depend on pausing of the ribosome and on the concentration of
elease factors (Doronina et al., 2008). The 2A peptide is hypoth-
sized to induce a conformation change in the ribosome, which
elays incorporation of the last proline residue in the peptide chain,
ut instead promotes binding of release factors. Interestingly, all
ine C-terminal amino acid residues are identical in P2A and
2A. It is known that residues upstream those nine residues may
trongly affect the ribosomal release at 2A sequences (Donnelly
t al., 2001). Possibly different interaction with the ribosome,
hich, in case of P2A in yeast, fails to induce the conformational

hange in the ribosome, but the effect of mutations on such con-
ormational changes needs to be explored more fundamentally to
xplain the failure of P2A to act as a ribosomal release sequence
n yeast.

An alternative system for expressing multiple proteins from a
ingle promoter uses Internal Ribosomal Entry Sites (IRES), which
llows de novo translation initiation for multiple genes in one tran-
cript (Zhou et al., 2003). However, such IRES technologies have not
een extensively deployed in metabolic engineering, likely since
hey result in substantially reduced expression levels relative to
ormal cap-dependent translation mechanisms (de Felipe, 2002;
iddiqui et al., 2012). A more successful way to achieve coordi-
ated, high expression of a set of genes seems to be by the use of

 set of promoters inducible by a single gene switch (Liang et al.,
013).

The combination of the 2A system with the in vivo recombi-
ation approach should allow a rapid and powerful method to
Please cite this article in press as: Beekwilder, J., et al., Polycistronic ex
cerevisiae coupled to �-ionone production. J. Biotechnol. (2014), http:

enerate multiple constructs for expressing pathway modules in
east. Many applications may  be found in the production of sec-
ndary metabolites, such as shown here for (apo-)carotenoids, but
hich may  also be expanded to e.g. flavonoids, glucosinolates and
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sesquiterpenoids (Koopman et al., 2012; Mikkelsen et al., 2012;
Paddon et al., 2013).

4.2. Apocarotenoid production in yeast

The de novo production of apocarotenoids in yeast has so far
not been reported in the scientific literature. This study provides
a first proof of concept that these compounds can be produced
in S. cerevisiae. There are clear opportunities to build on these
experiments and expand the repertoire of yeast-produced aroma
compounds, since many apocarotenoids exist which have impor-
tant flavour and/or fragrance characteristics. Well known examples
include safranal, �-ionone, and �-damascenone, which are impor-
tant for the aroma of fruits such as grapes, passion fruit, quince and
starfruit, but also spices such as saffron and red pepper and fer-
mented products such as wine, tea and tobacco (Winterhalter and
Rouseff, 2002). These apocarotenoids often require a dioxygenase
that cleaves at a different position in the carotenoid, and are derived
from modified carotenoids other than �-carotene. Thus, different,
and possibly more genes may  need to be incorporated for diversi-
fication of yeast-produced apocarotenoids. Clearly the production
of �-ionone in yeast as reported here is a valuable proof of concept
which has a great potential for expanding towards other interesting
aroma compounds.

In addition to potential for diversification, there are still oppor-
tunities to increase the production levels of �-ionone in S. cerevisiae.
For example, the efficiency of conversion of the carotenoid may
be enhanced. Strains expressing the RiCCD1 still accumulate �-
carotene, albeit at lower levels than in an isogenic reference strain
that did not express RiCCD1 (Table 3). Increased expression of
RiCCD1 seems a logical strategy to achieve a more complete con-
version of �-carotene. The PMA1 promoter, which was used here,
normally drives expression of the major plasma membrane H+-
ATPase, which is an abundant protein that functions in controlling
intracellular pH. Expression of PMA1 is generally high, but is not
optimal in cultures growing on high concentrations of glucose, in
particular during the later stages of the growth (Fernandes and
Sa-Correia, 2003). Possibly, transcription of RiCCD1 driven by alter-
native promoters or expression of carotenoid cleavage dioxygenase
genes from other organisms might increase the yield of �-ionone.
A second improvement could be in the increased production of iso-
prenoid precursors. In S. cerevisiae,  carotenoids are produced from
the isoprenoid precursor farnesyl diphosphate FPP (Verwaal et al.,
2007). Extensive and successful optimizations of the biosynthetic
pathway towards FPP in this yeast have been described and applied
to enhance production of the antimalarial compound artemisinin
(Paddon et al., 2013). Similar approaches could be used to enhance
carotenoid synthesis (Lange and Steinbuchel, 2011). Thirdly, opti-
mization of FPP conversion towards GGPP may  form a bottleneck in
carotenoid formation. Optimization of crtE, which limits the entry
of carbon into the carotenoid biosynthetic pathway (Fig. 1), may
improve carotenoid production (Verwaal et al., 2007). In the con-
struct introduced in strain IMC018, CrtE is the last of the three
cistrons. It has been reported that efficiency of translation decreases
after every 2A sequence (de Felipe et al., 2006), which could affect
the expression of crtE protein. Limitations in crtE protein expres-
sion, and consequently in GGPP production in IMC018 could explain
a lower carotenoid yield relative to three promoter strains such as
crtYB/I/E.

Notably, the ratio between phytoene and carotene as reported
in Table 2 is similar for the 3-promoter YB/I/E strains and IMC018.
This indicates that the crtI activity, which should take phytoene as
pression of a �-carotene biosynthetic pathway in Saccharomyces
//dx.doi.org/10.1016/j.jbiotec.2013.12.016

a substrate, is in both strains limiting the completion of the path-
way to �-carotene. Improvements in the �-carotene to phytoene
ratios can be achieved by overexpressing additional copies of crtI
(Verwaal et al., 2007).

dx.doi.org/10.1016/j.jbiotec.2013.12.016
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Clearly, tuning of production of crtYB, crtI and crtE proteins
ill help to achieve an optimal functioning pathway. One way  to

chieve this could be to altering the order of the reading frames
n the 2A constructs and testing 2A sequences with different
ctivities, and in this way  try to optimize the ratio between the
roduced proteins. This, together with improved precursor supply
nd expression of the CCD1 gene in yeast, should enhance �-ionone
roduction to economic levels.

. Conclusion

For the first time, a yeast strain was constructed which produces
-ionone from glucose. This was achieved by combining genes from

aspberry and a carotenoid producing X. dendrorhous in S. cere-
isiae, leading to production of an industrially relevant fruit flavour
ompound.

cknowledgements

The authors wish to acknowledge Marinka Almering and
uoliang Yan for technical advice and “Platform Green Syn-

hetic Biology” programme (http://www.pgsb.nl/) funded by the
etherlands Genomics Initiative for financial support.

ppendix A. Supplementary data

Supplementary data associated with this article can be
ound, in the online version, at http://dx.doi.org/10.1016/j.jbiotec.
013.12.016.

eferences

eekwilder, J., van der Meer, I.M., Simic, A., Uitdewilligen, J., van Arkel, J., de Vos,
R.C.H., Jonker, H., Verstappen, F.W.A., Bouwmeester, H.J., Sibbesen, O., Qvist, I.,
Mikkelsen, J.D., Hall, R.D., 2008a. Metabolism of carotenoids and apocarotenoids
during ripening of raspberry fruit. Biofactors 34, 57–66.

eekwilder, J., van Leeuwen, W.,  van Dam, N.M., Bertossi, M.,  Grandi, V., Mizzi,
L.,  Soloviev, M., Szabados, L., Molthoff, J.W., Schipper, B., Verbocht, H., de Vos,
R.C.H., Morandini, P., Aarts, M.G.M., Bovy, A., 2008b. The impact of the absence of
aliphatic glucosinolates on insect herbivory in arabidopsis. PLoS ONE 3, E2068.

urdock, G.A., 2002. Fenaroli’s Handbook of Flavor Ingredients, 4th ed. CRC Press
LLC,  Boca Raton.

e Felipe, P., 2002. Polycistronic viral vectors. Curr. Gene Ther. 2, 355–378.
e Felipe, P., Hughes, L.E., Ryan, M.D., Brown, J.D., 2003. Co-translational, intraribo-

somal cleavage of polypeptides by the foot-and-mouth disease virus 2A peptide.
J.  Biol. Chem. 278, 11441–11448.

e Felipe, P., Luke, G.A., Hughes, L.E., Gani, D., Halpin, C., Ryan, M.D., 2006. E
unum pluribus: multiple proteins from a self-processing polyprotein. Trends
Biotechnol. 24, 68–75.

onnelly, M.L.L., Hughes, L.E., Luke, G., Mendoza, H., ten Dam, E., Gani, D., Ryan,
M.D., 2001. The ‘cleavage’ activities of foot-and-mouth disease virus 2A site-
directed mutants and naturally occurring ‘2A-like’ sequences. J. Gen. Virol. 82,
1027–1041.

oronina, V.A., Wu,  C., de Felipe, P., Sachs, M.S., Ryan, M.D., Brown, J.D., 2008. Site-
specific release of nascent chains from ribosomes at a sense codon. Mol. Cell.
Biol. 28, 4227–4239.

ntian, K.D., Kotter, P., 2007. Yeast genetic strain and plasmid collections. Methods
Microbiol. 36, 629–666.

ernandes, A.R., Sa-Correia, I., 2003. Transcription patterns of PMA1 and PMA2 genes
and activity of plasma membrane H+-ATPase in Saccharomyces cerevisiae during
diauxic growth and stationary phase. Yeast 20, 207–219.

leischmann, P., Watanabe, N., Winterhalter, P., 2003. Enzymatic carotenoid cleav-
age  in star fruit (Averrhoa carambola). Phytochemistry 63, 131–137.

eu-Flores, F., Olsen, C.E., Halkier, B.A., 2009. Towards engineering glucosinolates
into non-cruciferous plants. Planta 229, 261–270.

ibson, D.G., Benders, G.A., Axelrod, K.C., Zaveri, J., Algire, M.A., Moodie, M.,  Mon-
tague, M.G., Venter, J.C., Smith, H.O., Hutchison, C.A., 2008. One-step assembly
in  yeast of 25 overlapping DNA fragments to form a complete synthetic
Mycoplasma genitalium genome. Proc. Natl. Acad. Sci. U.S.A. 105, 20404–20409.
Please cite this article in press as: Beekwilder, J., et al., Polycistronic ex
cerevisiae coupled to �-ionone production. J. Biotechnol. (2014), http:

ietz, R.D., Schiestl, R.H., 2007. Quick and easy yeast transformation using the LiAc/SS
carrier DNA/PEG method. Nat. Protoc. 2, 35–37.

uang, F.C., Molnar, P., Schwab, W.,  2009. Cloning and functional characteri-
zation of carotenoid cleavage dioxygenase 4 genes. J. Exp. Bot. 60, 3011–
3022.
 PRESS
chnology xxx (2014) xxx–xxx

Itkin, M.,  Heinig, U., Tzfadia, O., Bhide, A.J., Shinde, B., Cardenas, P., Bocobza, S.E.,
Unger, T., Malitsky, S., Finkers, R., Tikunov, Y., Bovy, A., Chikate, Y., Singh, P.,
Rogachev, I., Beekwilder, J., Giri, A.P., Aharoni, A., 2013. Biosynthesis of antinu-
tritional alkaloids in solanaceous crops is mediated by clustered genes. Science
341, 175–179.

Ito-Harashima, S., Kuroha, K., Tatematsu, T., Inada, T., 2007. Translation of the poly(A)
tail  plays crucial roles in nonstop mRNA surveillance via translation repression
and protein destabilization by proteasome in yeast. Genes Dev. 21, 519–524.

Koopman, F., Beekwilder, J., Crimi, B., van Houwelingen, A., Hall, R.D., Bosch, D., van
Maris, A.J.A., Pronk, J.T., Daran, J.M., 2012. De novo production of the flavonoid
naringenin in engineered Saccharomyces cerevisiae. Microb. Cell Fact. 11, 155.

Kuijpers, N.G., Solis-Escalante, D., Bosman, L., van den Broek, M.,  Pronk, J.T., Daran,
J.M., Daran-Lapujade, P., 2013. A versatile, efficient strategy for assembly of
multi-fragment expression vectors in Saccharomyces cerevisiae using 60 bp syn-
thetic recombination sequences. Microb. Cell Fact. 12, 47.

Kushnirov, V.V., 2000. Rapid and reliable protein extraction from yeast. Yeast 16,
857–860.

Lange, N., Steinbuchel, A., 2011. beta-Carotene production by Saccharomyces cere-
visiae with regard to plasmid stability and culture media. Appl. Microbiol.
Biotechnol. 91, 1611–1622.

Liang, J., Ning, J.C., Zhao, H., 2013. Coordinated induction of multi-gene pathways in
Saccharomyces cerevisiae.  Nucleic Acids Res. 41, e54.

Mikkelsen, M.D., Buron, L.D., Salomonsen, B., Olsen, C.E., Hansen, B.G., Mortensen,
U.H., Halkier, B.A., 2012. Microbial production of indolylglucosinolate through
engineering of a multi-gene pathway in a versatile yeast expression platform.
Metab. Eng. 14, 104–111.

Nacke, C., Huttmann, S., Etschmann, M.M.W.,  Schrader, J., 2012. Enzymatic produc-
tion and in situ separation of natural beta-ionone from beta-carotene. J. Ind.
Microbiol. Biotechnol. 39, 1771–1778.

Nijkamp, J.F., van den Broek, M.,  Datema, E., de Kok, S., Bosman, L., Luttik, M.A., Daran-
Lapujade, P., Vongsangnak, W.,  Nielsen, J., Heijne, W.H.M., Klaassen, P., Paddon,
C.J., Platt, D., Kotter, P., van Ham, R.C., Reinders, M.J.T., Pronk, J.T., de Ridder, D.,
Daran, J.M., 2012. De novo sequencing, assembly and analysis of the genome
of  the laboratory strain Saccharomyces cerevisiae CEN.PK113-7D, a model for
modern industrial biotechnology. Microb. Cell Fact. 11, 36.

OECD, 2004. �-ionone. SIDS Initial Assessment Report for SIAM 20, Paris.
Paddon, C.J., Westfall, P.J., Pitera, D.J., Benjamin, K., Fisher, K., McPhee, D., Leavell,

M.D., Tai, A., Main, A., Eng, D., Polichuk, D.R., Teoh, K.H., Reed, D.W., Treynor, T.,
Lenihan, J., Fleck, M.,  Bajad, S., Dang, G., Dengrove, D., Diola, D., Dorin, G., Ellens,
K.W., Fickes, S., Galazzo, J., Gaucher, S.P., Geistlinger, T., Henry, R., Hepp, M.,
Horning, T., Iqbal, T., Jiang, H., Kizer, L., Lieu, B., Melis, D., Moss, N., Regentin, R.,
Secrest, S., Tsuruta, H., Vazquez, R., Westblade, L.F., Xu, L., Yu, M.,  Zhang, Y., Zhao,
L.,  Lievense, J., Covello, P.S., Keasling, J.D., Reiling, K.K., Renninger, N.S., New-
man, J.D., 2013. High-level semi-synthetic production of the potent antimalarial
artemisinin. Nature 496, 528–532.

Park, M.,  Kang, K., Park, S., Kim, Y.S., Ha, S.H., Lee, S.W., Ahn, M.J., Bae, J.M., Back,
K.,  2008. Expression of serotonin derivative synthetic genes on a single self-
processing polypeptide and the production of serotonin derivatives in microbes.
Appl. Microbiol. Biotechnol. 81, 43–49.

Pronk, J.T., 2002. Auxotrophic yeast strains in fundamental and applied research.
Appl. Environ. Microbiol. 68, 2095–2100.

Ryan, M.D., King, A.M.Q., Thomas, G.P., 1991. Cleavage of foot-and-mouth-disease
virus polyprotein is mediated by residues located within a 19 amino-acid-
sequence. J. Gen. Virol. 72, 2727–2732.

Schwartz, S.H., Qin, X.Q., Zeevaart, J.A.D., 2001. Characterization of a novel carotenoid
cleavage dioxygenase from plants. J. Biol. Chem. 276, 25208–25211.

Siddiqui, M.S., Thodey, K., Trenchard, I., Smolke, C.D., 2012. Advancing secondary
metabolite biosynthesis in yeast with synthetic biology tools. FEMS Yeast Res.
12,  144–170.

Szymczak, A.L., Workman, C.J., Wang, Y., Vignali, K.M., Dilioglou, S., Vanin, E.F., Vig-
nali,  D.A.A., 2004. Correction of multi-gene deficiency in vivo using a single
‘self-cleaving’ 2A peptide-based retroviral vector. Nat. Biotechnol. 22, 1590.

van Herpen, T.W.J.M., Cankar, K., Nogueira, M.,  Bosch, D., Bouwmeester, H.J., Beek-
wilder, J., 2010. Nicotiana benthamiana as a production platform for artemisinin
precursors. PLoS ONE 5, e14222.

Verduyn, C., Postma, E., Scheffers, W.A., Vandijken, J.P., 1990. Physiology of Sac-
charomyces cerevisiae in anaerobic glucose-limited chemostat cultures. J. Gen.
Microbiol. 136, 395–403.

Verwaal, R., Jiang, Y., Wang, J., Daran, J.M., Sandmann, G., van den Berg, J.A., van
Ooyen, A.J.J., 2010. Heterologous carotenoid production in Saccharomyces cere-
visiae induces the pleiotropic drug resistance stress response. Yeast 27, 983–998.

Verwaal, R., Wang, J., Meijnen, J.P., Visser, H., Sandmann, G., van den Berg, J.A., van
Ooyen, A.J.J., 2007. High-level production of beta-carotene in Saccharomyces
cerevisiae by successive transformation with carotenogenic genes from Xantho-
phyllomyces dendrorhous. Appl. Environ. Microbiol. 73, 4342–4350.

Visser, H.S.G., Verdoes, J.C., 2005. Xanthophylls in Fungi: Metabolic Engineering
of  the Astaxanthin Biosynthetic Pathway in Xanthophyllomyces dendrorhous.
Humana Press, Totowa, NJ, USA.

Winterhalter, P., Rouseff, R.L., 2002. Carotenoid-derived aroma compounds. In: Win-
pression of a �-carotene biosynthetic pathway in Saccharomyces
//dx.doi.org/10.1016/j.jbiotec.2013.12.016

terhalter, P., Rouseff, R.L. (Eds.), ACS Symposium Series. American Chemical
Society, Washington, DC, pp. 1–17.

Zhou, W.,  Edelman, G.M., Mauro, V.P., 2003. Isolation and identification of short
nucleotide sequences that affect translation initiation in Saccharomyces cere-
visiae.  Proc. Natl. Acad. Sci. U.S.A. 100, 4457–4462.

dx.doi.org/10.1016/j.jbiotec.2013.12.016
http://www.pgsb.nl/
http://dx.doi.org/10.1016/j.jbiotec.2013.12.016
http://dx.doi.org/10.1016/j.jbiotec.2013.12.016
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0005
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0010
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0015
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0015
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0015
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0015
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0015
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0015
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0015
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0015
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0015
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0015
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0015
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0015
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0020
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0020
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0020
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0020
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0020
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0020
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0020
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0020
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0020
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0020
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0025
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0030
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0035
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0040
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0045
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0045
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0045
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0045
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0045
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0045
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0045
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0045
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0045
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0045
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0045
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0045
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0050
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0055
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0060
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0060
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0060
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0060
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0060
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0060
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0060
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0060
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0060
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0060
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0060
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0065
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0070
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0075
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0080
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0085
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0090
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0095
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0100
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0100
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0100
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0100
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0100
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0100
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0100
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0100
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0100
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0100
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0100
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0100
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0105
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0110
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0110
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0110
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0110
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0110
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0110
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0110
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0110
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0110
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0110
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0110
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0110
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0110
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0110
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0115
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0120
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0125
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0130
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0130
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0130
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0130
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0130
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0130
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0130
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0130
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0130
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0130
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0135
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0135
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0135
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0135
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0135
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0135
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0135
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0135
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0135
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0135
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0135
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0135
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0135
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0140
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0145
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0150
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0155
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0160
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0165
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0170
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0170
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0170
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0170
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0170
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0170
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0170
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0170
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0170
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0170
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0170
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0170
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0170
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0175
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0180
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0185
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0190
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0195
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200
http://refhub.elsevier.com/S0168-1656(14)00030-3/sbref0200

	Polycistronic expression of a β-carotene biosynthetic pathway in Saccharomyces cerevisiae coupled to β-ionone production
	1 Introduction
	2 Materials and methods
	2.1 Strains, media and DNA templates
	2.2 Production of DNA fragments and transformation
	2.3 Western blotting
	2.4 DNA isolation and analysis
	2.5 Growth for biochemical analysis
	2.6 Carotenoid analysis
	2.7 GC–MS analysis

	3 Results
	3.1 Selection of a functional 2A sequence in yeast
	3.2 Construction and expression of a polycistronic construct encoding a carotenoid pathway
	3.3 Expression of Crt proteins in IMC018 and IME167
	3.4 Analysis of produced carotenoid in S. cerevisiae strains
	3.5 De novo production of β-ionone in S. cerevisiae

	4 Discussion
	4.1 Polycistronic expression of a heterologous pathway in yeast
	4.2 Apocarotenoid production in yeast

	5 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


