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The adaptation of Saccharomyces cerevisiae to
rowth in the presence of the antimitotic fungicide
enomyl involves the dramatic activation of FLR1
ranscription, taking place during benomyl-induced
atency following sudden exposure to the fungicide.
LR1 gene encodes a plasma membrane transporter of
he major facilitator superfamily (MFS) conferring re-
istance to multiple drugs, in particular to benomyl.
LR1 activation is completely abolished in a mutant
evoided of YAP1 gene being exerted by Yap1p either
irectly or via Pdr3p. YAP1 gene was proved to be a
eterminant of benomyl resistance; the duration of
he adaptation period preceding cell division under
enomyl stress was longer for the Dyap1 population,
resumably due to the abolishment of FLR1 activation
uring latency. Although benomyl resistance medi-
ted by Yap1p is reduced in a FLR1 deletion mutant,
esults also indicate that Yap1p may have other target
enes that confer benomyl resistance in yeast. © 2001

cademic Press

Key Words: Saccharomyces cerevisiae; benomyl;
AP1 gene; FLR1 gene; MFS-MDR transporters; PDR3
ene.

Following widespread use of the systemic benzimid-
zole fungicide benomyl in agriculture and horticul-
ure, benomyl resistant strains of many fungal patho-
ens have emerged, reducing the usefulness of this
ungicide to provide crop protection against a wide
ange of diseases (1). FLR1 gene (ORF YBR008c), en-
oding a member of the multidrug-resistance (MDR)
2-spanner family 1 of the major facilitator super-

Abbreviations used: MDR, multiple-drug-resistance; MFS, major
acilitator superfamily; SFH, short flanking homology; PCR, poly-
erase chain reaction; LFH, long flanking homology; 4-NQO,

-nitroquinoline N-oxide; ORF, open reading frame.
1 To whom correspondence should be addressed. Fax: 1351-

18480072. E-mail: pcisc@popsvr.ist.utl.pt.
216006-291X/01 $35.00
opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
otic fungicide in the non-pathogenic model system
accharomyces cerevisiae. Flr1 is a plasma membrane
rotein [4 and our group (N. Brôco and I. Sá-Correia),
npublished results], presumably a multidrug efflux
ump energized by the transmembrane proton gradi-
nt. This transporter is a multidrug determinant, also
equired for yeast resistance to fluconazole, 4-nitro-
uinoline N-oxide (4-NQO), cycloheximide, methotrex-
te, cerulenin and diazaborine (4–7).
The physiological adaptation of yeast cells, grown in

he absence of any exogenous stress factor, during the
eriod of latency induced by the presence of a specific
rowth inhibitor, is critical to their eventual recovery
nd entrance into exponential stressed growth. Never-
heless there is a lack of information concerning the
east responses that may occur during this period of
daptation. In the present work, we have examined the
ime-dependent alteration of FLR1-mRNA levels dur-
ng the period of adaptation to growth with benomyl,
ollowing the sudden exposure of unadapted yeast cells
o this fungicide. Results confirmed previous indica-
ions, obtained by using a FLR1-lacZ fusion, suggest-
ng that the adaptation of yeast cells to growth in the
resence of benomyl involves the dramatic activation of
LR1 expression. They further indicate that FLR1 reg-
lation occurs at the transcriptional level. We also
how results indicating that the Yap1p is essential to
LR1 transcriptional activation induced by benomyl.
his same observation was just published by another

aboratory (8). The transcriptional activator Yap1p be-
ongs to the basic leucine zipper (bZIP) family and is
nvolved in the oxidative stress response in yeast
hrough the transcriptional activation of a number of
tress genes under oxidative stress conditions (9–11).
he role of Yap1p on FLR1 regulation is consistent
ith the presence of three Yap1p-response elements in
LR1 promoter and with previous indications reveal-

ng that the abundance of FLR1-mRNA increases in S.
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erevisiae overproducing Yap1p (12) or Candida albi-
ans Cap1, a protein highly homologous to Yap1p (5).
east response to oxidative stress appears to involve a
ost-translational modification of Yap1p leading to in-
reased binding of the protein to DNA (13, 14). By
ediating the transcription activation of a number of

tress genes or genes encoding multidrug transporters,
ap1p confers pleiotropic drug resistance when over-
xpressed in vivo (4, 5, 9, 15–18). In particular, resis-
ance to fluconazole, cycloheximide, 4-NQO and ceru-
enin mediated by Yap1p is strongly reduced in a FLR1
eletion mutant (5, 7). In the present work we extend
o benomyl the range of growth inhibitory compounds
o which YAP1 confers resistance and show results
ndicating that Yap1p may have other target genes
hat confer benomyl resistance in yeast, besides FLR1
ene. In a previous study we found that benomyl-
nduced activation of FLR1 gene expression, monitored
y a FLR1-lacZ fusion, is partially reduced in yeast
ells expressing YAP1 gene but devoided of PDR3 gene
6). Pdr3p is a transcriptional regulator of the Zn2Cys6

amily involved in the control of multiple or pleiotropic
rug resistance (PDR) in yeast (19). In the present
ork we also re-examined the role of PDR3 on FLR1
xpression during benomyl-induced latency.

ATERIALS AND METHODS

Strains, media and plasmids. Saccharomyces cerevisiae strains
nd plasmids used in this study are listed in Table 1. The minimal
rowth medium MM2 used for yeast growth contained (per liter):
.7 g yeast nitrogen base without amino acids or NH4

1 (Difco), 20 g
lucose, 2.65 g (NH4)2SO4, 80 mg adenine, 10 mg histidine, 10 mg

Saccharomyces cerevisiae Strains

Name Genot

trains
W303-ISC02b MATa, ura3-1, leu2-3, 112, his3-11,15,15
W303-ISC02a MATa, flr1D::KanMX4, ura3-1, leu2-3,112
FY1679-28C MATa, ura3-52, leu2-D1, trp1-D63, his3D
FY1679-28C/
TDEC MATa, pdr1-D2::TRP1,pdr3D::HIS3, ura3
FY1679-28C/
EC MATa, pdr1-D2::TRP1, PDR3, ura3-52, le
EC60 MATa, PDR1 (from IL125-2B), pdr3D::HI
FY1679-28C.
Dyap1 MATa, yap1D::loxp-KanMX4-loxp, ura3-5
FY1679-28C.
Dflr1 MATa, flr1D::KanMX4, ura3-52, leu2-D1,

lasmids
pFL38 Centromeric cloning vector
pUG6 Plasmid containing the loxP-KanMX4-lox
FLR1-lacZ FLR1-lacZ gene fusion into plasmid YcpA

pYORC_YBR008c FLR1 LFH-replacement cassette into pU
pYCG_YBR008c FLR1 gene into pFL38
pYORC_YAP1 YAP1 LFH-replacement cassette into pFL
pYCG_YAP1 YAP1 gene into pFL38
217
eucine, 20 mg tryptophan and 20 mg uracil. Selective minimal
edium MM2-U (MM2 lacking uracil) was used for plasmid main-

enance. Transformation of yeast cells was performed by the method
f Gietz et al. (20).
Escherichia coli strain XL1 blue was used as plasmid host. The

acteria was grown in LB (Sigma) medium and cloning procedures
ere carried out by standard methods (21).

YAP1 and FLR1 gene disruptions in S. cerevisiae FY1679_28c.
isruption of YAP1 in FY1679_28c was performed using a disruption

assette consisting of a dominant marker loxP-KanMX4-loxp flanked
y short flanking homology (SFH) regions to the target ORF (22).
his was prepared by DNA amplification by polymerase chain reac-
ion (PCR) using pUG6 plasmid (23) as template and the following
rimers: 59-ATGAGTGTGTCTACCGCCAAGAGGTCGCTGGATGTC-
TTTCTCCGGGGCGGCCGCTTCGTACGCTGCAGGTCGAC-39 and
9-TTAGTTCATATGCTTATTCAAAGCTAATTGAACGTCTTCTGC-
TTGCGGCCGCGCATAGGCCACTAGTGGATCTG-39. These primers

ncluded, at the 59 end, 40 nucleotides homologous to the flanking
egion of YAP1 gene followed by the NotI site and, at the 39 end, 28
ucleotides homologous to pUG6 (sequences underlined). The PCR
roduct thus obtained was used to transform FY1679_28c strain and
ransformants were selected on YPD plates with 200 mg/l geneticin.
he correct replacement of the gene by the deletion cassette was veri-
ed by two independent PCR reactions, as described before (6).
FLR1 gene disruption in strain W303 was carried out before (6).

LR1 disruption in FY1679_28c was carried out in this work follow-
ng an identical procedure, going over the long flanking homology
LFH) deletion cassette plasmid inserted into pUG7 prepared before
6). This construction, pYORC_YBR008c/pYORC_FLR1 (Table I),
as prepared to be used for FLR1 inactivation in any S. cerevisiae

train.

YAP1 gene cloning. YAP1 gene was cloned by the gap-repair
echnique (24). A LFH-deletion cassette was obtained by PCR using
s template chromosomal DNA isolated from the FY1679_28c.Dyap1,
nd the following two primers: 59-CTTTTTACCAATATCATCAC-39
nd 59-ATAGAAAGCGTTGGAAATTC-39. They were designed to be
ocated at 930 bp and 390 bp upstream and downstream the start
nd the stop codons of YAP1 gene, respectively. This LFH deletion

d Plasmids Used in This Study

/description Reference

1-1, ade1-2, can 1-100 (6)
is3-11, 15, 15, trp1-1, ade1-2, can 1-100 (6)
, GAL21 (36)

, leu2-D1, trp1-D63, his3D200, GAL21 (37)

-D1, trp1-D63, his3D200, GAL21 (37)
, ura3-52, leu2-D1, trp1-D63, his3D 200, GAL21 (38)

eu2-D1, trp1-D63, his3D200, GAL21 This work

1-D63, his3D200, GAL21 This work

(25)
odule (23)

52 (6)
(6)
(6)
This work
This work
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YORC_YAP1 which was used to clone the YAP1 gene by gap repair,
enerating plasmid pYCG_YAP1.

Drug susceptibility assays. The susceptibility to benomyl of dele-
ion mutants or recombinants was in general compared by spot
ssays. The cell suspensions used to inoculate the agar plates were
xponential cells grown in MM2 liquid media, until the standardized
ulture OD600 5 0.2 6 0.02 was reached, followed by dilution to a
tandardized OD600nm 5 0.05 6 0.005. These cell suspensions and
iluted (1:2; 1:4) suspensions were applied as spots (4 ml) onto the
urface of the agarized MM2 medium or, whenever necessary, in
elective agarized medium MM2-U, both supplemented with ade-
uate benomyl concentrations. Plates were incubated at 30°C for 3 to
days, depending on the severity of growth inhibition. Susceptibility
ssays were also carried out in MM2 medium at 30°C with orbital
gitation at 250 rpm. Growth curves were followed by measuring
ulture OD600nm. The concentration of viable cells during yeast culti-
ation was assessed as the number of colony forming units (CFU)
nto minimal medium agar plates incubated at 30°C for 3 days.

Effect of benomyl on FLR1 gene expression–FLR1-mRNA quantifi-
ation. RNA extraction from yeast cells was performed according to
he hot phenol method (26). Northern blot hybridizations were car-
ied out according to Peden et al. (27) and the total RNA in each
ample used for Northern blotting was approximately constant
20mg (by OD260 nm)]. The specific DNA probe was prepared by PCR
mplification using the primers 59-CCGGCATGCAGAAGG-
AGAAGAGTTACGG-39 and 59-GACGGCCATAGCGTGCAGTT-39.
he probe was the 1.12 kb BamHI restriction fragment of the result-

ng PCR product; it contained the promoter region and the 59 end of
LR1 coding region, which is the most divergent sequence between
FS-MDR homologues encoding genes. The RNA extracted from
flr1 cells was used to prepare a control experiment to confirm the
pecificity of FLR1 mRNA detection. The 1.1 kb BamHI-HindIII
ragment of S. cerevisiae ACT1 gene in plasmid pUC19-ACT1 (28),
as also used as probe to prepare an internal control. Membranes
ere exposed to hyperfilm-bmax (Amersham) films and incubated
ith an intensifying screen at 270°C for approximately 1 or 2 days

o obtain ACT1 or FLR1 signals, respectively. The relative intensi-
ies of the hybridization signals in the autoradiograms were quanti-
ed by densitometry (UVP gel documentation system, GDS2000).
-galactosidase assays. FLR1 expression was also assessed based on
-galactosidase (b-gal) activity, using the FLR1–lacZ fusion in a
lasmid, prepared before (6). Yeast strains were transformed with
he plasmid fusion or the cloning vector and cells were growth in
enomyl supplemented and unsupplemented selective medium. As-
ays were based on the method of Miller as previously described
29) and b-gal units (U) were defined as the increase in A420 nm min21

D600 nm
21 3 1000.

ESULTS AND DISCUSSION

ctivation of FLR1 Transcription during Yeast
Adaptation to Growth under Benomyl Stress

When cells of Saccharomyces cerevisiae W303-
SC02b grown in the absence of benomyl, were used to
noculate the same growth medium supplemented with

mg/l of benomyl, cell viability slightly decreased, as
ssessed by the number of colony forming units (Fig.
A). The recovery of exponential growth under beno-
yl stress was possible after an initial period of adap-

ation of approximately 7 h. Growth recovery was also
bserved for a population devoided of FLR1 gene but
fter a longer period of adaptation of approximately
5 h (Fig. 1A). Interestingly, the elimination of another
218
FS-MDR transporter encoded by AZR1 gene (ORF
GR224w) and involved in acetic acid resistance, also
educes the duration of acetic-acid-induced latency be-
ng the growth kinetics of adapted cells under acetic
cid stress apparently independent of AZR1 gene ex-
ression (30). Although FLR1-mRNA levels were un-
etectable in yeast cells grown in the absence of beno-
yl and used as the inoculum, after 5 h of adaptation

o benomyl, a 2 kb hybridization band, corresponding
o FLR1-mRNA, was easily observed, being this same
ranscript absent from cells of the deletion mutant
flr1 cultivated under identical conditions, with the

ungicide (Fig. 1A). The dependency of FLR1-
ranscription level on the time of incubation with beno-
yl was examined using a different strain, S. cerevi-

iae FY1679_28c. This strain was used in a previous
tudy (6) and because it is more susceptible to benomyl
han W303-ISC02b, a lower concentration of the fun-
icide (2.5 mg/l) was used to impose an identical level

FIG. 1. Results from Northern blot hybridization of total RNA
robed with FLR1 and ACT1 genes. Total RNA was extracted from
ells of S. cerevisiae W303-ISC02b (wild-type) and W303-ISC02a
Dflr1) (A) or FY1679_28c (B) grown with 4 or 2.5 mg/l of benomyl,
espectively. The growth curves, based on culture optical density at
00 nm or concentration of viable cells of strains W303-ISC02b
wild-type) (h), W303-ISC02a (Dflr1) (■) and FY1679_28c (E) are
lso shown; the arrows indicate the culture samples used to compare
RNA levels in the autoradiograms shown. Relative values of
RNA FLR1/mRNA ACT1 (F) shown were estimated by densitom-

try of autoradiograms from two independent Northern experiments.
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f growth inhibition under identical cultivation condi-
ions. Results revealed that FLR1-mRNA levels
eached high values during the period of adaptation to
he fungicide but were drastically reduced as soon as
ells started duplication under benomyl stress (Fig.
B). During exponential growth, either in the presence
r absence of benomyl, FLR1-mRNA levels were barely
etectable (Fig. 1B and results not shown). The same
attern of FLR1-mRNA level modification during beno-
yl stressed cultivation was found, independently of

he duration of the initial period of adaptation to beno-
yl (results not shown). The duration of this lag period
as shorter or longer depending on the higher or lower

nitial concentration of unadapted cells, respectively.
e propose that FLR1 transcription activation is

mong a number of induced responses to environmen-
al challenge that may allow the yeast cell to cope with
he deleterious effect of benomyl and, eventually, to
dapt to growth under high benomyl stress. Although
he physiological adaptation during latency induced by
he presence of a specific inhibitor is critical to the
ventual growth recovery, there is a lack of information
oncerning the yeast responses that may occur during
his period. The dramatic activation of FLR1 gene by
enomyl and the stimulation of plasma membrane H1-
TPase activity induced by octanoic acid (31) or copper

32) are among the few examples.

he Strong Transcriptional Activation of FLR1 Gene
during Yeast Adaptation to Benomyl Is Fully
Dependent on YAP1 Gene

YAP1 gene disruption in FY1679_28c completely
bolished the activation of FLR1 gene expression tak-
ng place during the period of yeast adaptation to
enomyl. Gene expression was monitored based on
-galactosidase activity from a FLR1-lacZ fusion plas-

FIG. 2. Growth curves (A and B) and b-galactosidase activity (C
nd D) of cells of S. cerevisiae FY1679_28c (■, F) and FY1679_28c.
yap1 (h, E) harboring a FLR1-lacZ fusion plasmid, during un-
tressed (■, h) or (1.5 mg/l) benomyl-stressed cultivations (F, E).
219
ility to benomyl of the growth of the mutant devoided
f YAP1 gene was higher than wild-type susceptibility
hile no growth phenotype was detected using the

ame basal medium lacking the fungicide (Figs. 2A and
B). Results from Northern blot experiments confirmed
he lack of detectable levels of FLR1-mRNA during
enomyl-induced latency of the strain devoided of
AP1 gene, similarly to results obtained with un-
tressed cells of both the wild-type and the Dyap1 mu-
ant (Fig. 3). Our results are therefore in agreement
ith those just published by Nguyên et al. (8). The
rowth and viability curves of the two unadapted pop-
lations during cultivation under benomyl stress con-
rmed results registered in Fig. 2 indicating that YAP1
ene is a determinant of resistance to the fungicide
Fig. 3). Specifically, they indicate that the duration of
he period of adaptation preceding cell division under
enomyl stress is longer for the Dyap1 mutant popula-
ion. Altogether, results suggest that the higher sus-
eptibility to benomyl of the population devoided of
AP1 gene may be at least partially due to the abol-

shment of FLR1 transcriptional activation taking
lace in the wild-type population during latency in-
uced by the fungicide.

ole of FLR1 and YAP1 Expression on Benomyl
Resistance in Yeast

To compare the effects of the expression of FLR1 and
AP1 genes on yeast resistance to benomyl, FLR1 gene
as eliminated in FY1679_28c where YAP1 had been

FIG. 3. Results from Northern blot hybridization of total RNA
robed with FLR1 and ACT1 genes. Total RNA was extracted from
ells of S. cerevisiae FY1679_28c (wild-type) and FY1679_28c. Dyap1,
arvested during benomyl (2.5 mg/l)-stressed cultivation, at time 0
r after 3 h of cultivation. Growth curves, based on culture optical
ensity at 600 nm and on the concentration of viable cells of S.
erevisiae FY1679_28c (E) and FY1679_28c. Dyap1 (F) are also
hown; the arrows indicate the culture samples used to compare
RNA levels in the autoradiogram shown.
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liminated. Results indicate that Yap1p may have
ther target genes that confer benomyl resistance in
east since the lack of YAP1 expression affected more
ignificantly the growth curve under benomyl stress
han FLR1 elimination did (Fig. 4). However, they also
ndicate that yeast resistance towards an identical
enomyl deleterious effect, mediated by YAP1 expres-
ion, is reduced in the FLR1 deletion mutant (Fig. 5).
ltogether, our observations strongly suggest that
enomyl resistance mediated by FLR1 gene involves
ap1-dependent-transcriptional activation of FLR1
ene taking place during cell adaptation to the fungi-
ide.

ffect of PDR3 Deletion on Benomyl Induced
FLR1-Transcriptional Activation

Based on the indications obtained that Yap1p is es-
ential to benomyl-induced activation of FLR1 gene
ranscription, we reexamined the effect of Pdr1p and
dr3p on this regulation. The elimination in the wild-
ype strain FY1679_28c, expressing Yap1p, of PDR1
ene did not affect the level of FLR1 transcription
bserved after 1 hour of benomyl stressed cultivation
hile the elimination of PDR3 or of both PDR3 and

FIG. 4. Growth curves of S. cerevisiae strains FY1679_28c (wild-
ype) (■, h), and the Dflr1 (F, E) and Dyap1 (Œ, ‚) deletion mutants
n minimal medium either supplemented with 4 mg/l of benomyl (h,
, ‚) or unsupplemented (■, F, Œ).

FIG. 5. Comparison of the susceptibility to benomyl at the indicat
nd Dflr1 deletion mutants harboring the recombinant plasmid pYC
uspensions used to prepare the spots in (b) and (c) were 1/2 and 1/
220
DR1 genes, reduced this level by 35–40% (Fig. 6).
lthough the qualitative effect of PDR3 elimination
onfirmed previous results obtained using a FLR1-lacZ
usion, the percentage of reduction of FLR1 activation
as nevertheless significantly below the value esti-
ated before (85%) (6). We considered the hypothesis

hat this considerable difference could be due to the
act that, to facilitate the quantification of mRNA dur-
ng benomyl-induced latency, we have used a concen-
ration of inoculum above the value used in the previ-
us study. Specifically, an initial culture OD600nm of 0.2
as used in the present work instead of 0.05. This
-fold increase of the inoculum size led to a less inhib-
ted growth curve in the presence of 2.5 mg/l of beno-

concentrations, of strains FY1679_28c (wild-type, wt) and the Dyap1
YAP1, with YAP1 gene into pFL38, or the cloning vector. The cell

ilutions of the cell suspensions used in (a), respectively.

FIG. 6. Results from Northern blot hybridization of total RNA
robed with FLR1 and ACT1 genes. Total RNA was extracted from
ells of S. cerevisiae FY1679_28c (wild-type, wt) or the Dpdr1, Dpdr3,
nd Dpdr1Dpdr3 deletion mutants, after 1 h of cultivation in the
resence of benomyl (2.5 mg/l), using the growth conditions leading
o the growth curve registered in Fig. 7A. Relative values of the
RNA FLR1/mRNA ACT1 quantified by densitometry of this auto-

adiogram are also shown.
ed
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yl compared with the growth curve obtained before,
ven though we had then used a lower concentration of
ungicide (1.5 mg/l) (6). With this in mind, we com-
ared the effect of PDR3 disruption in FLR1 expres-
ion during cultivation under these two distinct condi-
ions (Fig. 7). Results of b-galactosidase activity indeed
ndicated that the level of reduction of FLR1 activation
n a strain devoided of PDR3 gene, depends on the level
f growth inhibition by benomyl (Fig. 7). They also
onfirm the more severe reduction of benomyl-induced-
ctivation of FLR1 expression observed before when
ifferent cultivation conditions led to a higher suscep-
ibility to benomyl (Figs. 7B and 7D). They also confirm
he less significant reduction of FLR1-mRNA activa-
ion under benomyl stress in a strain devoided of
DR3, as estimated in the present work, when, despite
he increase of the concentration of fungicide used, a
igher inoculum size led to a less inhibited growth
Figs. 7A and 7C). It is therefore possible that under
ess appropriated conditions, Nguyên et al. (8) have
ailed to detect Pdr3p effect on benomyl-induced FLR1
ctivation. Indeed, the effect is only clearly detected
uring the extended period of latency of a severely
nhibited cultivation. The effect of the inoculum size
ere registered has been described for many microor-
anisms and antimicrobial agents. In particular, the
nhibitory effect of sorbic acid in Zygosaccharomyces
ailli was considered to be caused by diversity in the
opulation of yeast cells with higher probability of
orbic acid resistance cells being present in large inoc-
la. (33). This concept is consistent with the observa-
ion that an inoculum cell population grown under
nstressed conditions exhibit a significant heterogene-

ty concerning the intracellular pH (pHi) (31).

FIG. 7. Growth curves (A and B) and b-galactosidase activity (C
nd D) of cells of S. cerevisiae FY1679_28c (wild-type) (E) and the
pdr3 mutant (h) harboring a FLR1-lacZ fusion plasmid, during
enomyl stressed cultivations with 2.5 mg/l (A and C) or 1.5 mg/l (B
nd D), of benomyl and initial culture OD600nm of 0.2 (A and C).
221
DRE motif together with three Yap1p-response ele-
ents (5, 6, 34), FLR1 regulation may be exerted by
ap1p either directly or via the Pdr3p. This hypothet-

cal model was suggested to us by the observation that
AP1 deletion completely abolished FLR1 transcrip-

ion activation induced by benomyl and that PDR3
eletion partially reduced this activation in the wild-
ype strain expressing YAP1. The possible link be-
ween these transcriptional regulators was proposed
efore (35) to explain the dependence of Yap1p-
ediated resistance to specific drugs on the presence of
functional PDR3 gene.
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2. André, B. (1995) An overview of membrane transport proteins in
Saccharomyces cerevisiae. Yeast 11, 1575–1611.

3. Nelissen, B., Mordant, P., Jonniaux, J. L., De Wachter, R., and
Goffeau, A. (1995) Phylogenetic classification of the major super-
family of membrane transport facilitators, as deduced from yeast
genome sequencing. FEBS Lett. 377, 232–236.

4. Jungwirth, H., Wendler, F., Platzer, B., Bergler, H., and Höge-
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