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ABSTRACT

Since the publication of the complete sequence of the genome of Saccharomyces cerevisiae, a number of
comprehensive investigations have been initiated to gain insight into cellular function. The focus of these
studies has been to identify genes essential for survival in specific environments or those that when mutated
cause gross phenotypic defects in growth. Here we describe Tyl-based mutational approaches designed
to identify genes, which when mutated generate evolutionarily significant phenotypes causing small but
positive increments on fitness. As expected, Tyl mutations with a positive fitness effect were in the minority.
However, mutations in two loci, one inactivating FAR3 and one upstream of CYRI, identified in evolving
populations, were shown to have small but significantly positive fitness effects.

HE number of complete genome sequences that
has been published is now large and includes a
diverse array of organisms. The genome of Saccharomyces
cerevisiae, ~12 Mb in size and containing ~6000 protein-
coding genes (GOFFEAU et al. 1996), was one of the first
to be sequenced completely. Much information on these
loci has been gained by comparison of sequences between
organisms. However, there is a limit to the amount of
biologically important information that can be revealed
by such comparisons. Determining the cellular role of
each gene in a genome is the logical next step in under-
standing the functioning of the organism as a whole.
Recently, a number of experimental approaches have
been utilized to gain insight into cellular function in
S. cerevisiae. One strategy that has been utilized has been
to analyze the phenotypes resulting from a series of system-
atically constructed deletions (OLIVER 1996; WINZELER et
al. 1999). Other workers have analyzed the phenotypes
of strains bearing gene disruptions systematically con-
structed by using either Tyl (SMITH et al. 1995, 1996) or
a mini-Tn3 transposon (Ross-MAcCDONALD et al. 1997,
1999; THATCHER et al. 1998; KUMAR et al. 2000). Many
of the strains carrying deleted or disrupted loci did not
show any readily observable phenotypic changes (cf.
GoEBL and PeTES 1986). Others, however, were either
inviable or conditional lethals or exhibited a variety
of other deleterious phenotypes. These results allowed
predictions to be made concerning the cellular function
of a given gene, which could then be tested by further
experimentation.
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As informative as these studies have been, they were
designed to identify mutations with a neutral or deleteri-
ous effect on fitness; and they will not necessarily iden-
tify evolutionarily significant mutations with small but
positive effects on fitness. In this article, we describe
and utilize two alternative experimental approaches to
identify mutations enhancing fitness. Both approaches
use Tyl transposon tagging to identify adaptive muta-
tions. The first approach relies on spontaneous Tyl
transpositions occurring in an initially genetically homo-
geneous population during long-term culture (~1000
generations), whereas the second approach relies on
the generation of large amounts of genetic variation
due to Tyl transposition, followed by short-term culture
(~100 generations) to allow the most fit clone to pre-
dominate. These two approaches may be considered to
be complementary and possess their own advantages
and disadvantages. Non-Tyl-associated adaptive muta-
tions may complicate the analysis of the populations ob-
tained from the first rather than the second approach.
However, multiple Tyl insertions, some with a nonzero
fitness effect, will complicate the analysis of the popula-
tions obtained from the second approach, but will rarely
be a factor in the first.

Using both approaches mutations were identified,
one inactivating the FAR3 locus and one upstream of
CYRI, which encodes adenylate cyclase. Reconstruction
experiments confirmed the adaptive advantage of both
mutations.

MATERIALS AND METHODS

Media, growth, and sampling: Batch cultures were grown
in 10 ml 1% yeast extract, 2% peptone, and 2% glucose (YPD),
at 30° in a gyratory shaker at 150-200 gyrations/min. Solid
YPD medium contained 1.4% agar. When indicated, G418
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TABLE 1

Strains used in this work

Strain Description Source
337 MATo ura3 gal3 zero Tyl elements P. Philippsen and
M. Ciriacy
CMW101 MATo ura3 gal3 one Tyl element, defined WILKE and Apams (1992)

in this report as clone A

X2180-1B MATa SUC2 mal mel gal2 CUPI Yeast Genetic Stock Center
VB1X2180-1B MATo SUC2 mal mel gal2 CUPI far3A::KanMX This study
VB2X2180-1B MATo SUC2 mal mel gal2 CUPI leu2A:: KanMX This study

(200 pg/ml) was added after autoclaving. Synthetic complete
medium lacking uracil (SC — ura) or leucine (SC — leu)
was made as described (SHERMAN et al. 1986), except when
galactose was substituted for glucose as the carbon source
for induction of pGTyH3 (see below). Cell densities were
measured using an electronic particle counter (Coulter, Hia-
leah, FL). Samples from liquid culture were stored in 40%
glycerol at —70°.

Strains: Strains used in this study are listed in Table 1. Clones
derived from CMW101 and isolated during the experiment are
listed in Table 2. Disruptions of the LEU2 and FAR3 loci
were generated by transformation with purified amplification
products containing the KanMX cassette (WACH et al. 1994),
with the appropriate ends for homologous recombination.
Cells were transformed using the lithium acetate procedure
as previously described (GEITZ et al. 1995), and transformants
were selected on YPD plates plus G418, followed by growth
in liquid YPD + G418 media. Disruptions of FAR3 and LEU2
were confirmed by Southern blotting of EcoRI-digested geno-
mic DNA and probed with either the FAR3 or the LEU2 open
reading frame (ORF). LEU2 replacements were also tested for
their ability to grow on synthetic media with or withoutleucine.
FAR3 gene disruptions were further tested by Southern blot-
ting of pulsed-field gels and probing with PCR-amplified
KanMX cassette DNA to confirm integration in the correct
chromosome.

Population construction: Strain 337, containing no Tyl ele-
ments, was transformed using the lithium acetate procedure
(GErTZ et al. 1995), with pGTyH3 (BOEKE et al. 1985). This
plasmid contains a transposition-competent Tyl element fused
to the inducible GALI promoter and the URA3 selectable

TABLE 2

Identification of Tyl insertions in clones isolated
from the long-term serial dilution population

Name of No. of Tyl Observed in
clone insertions Description of insertions generations
A 1 tRNA-Lys 0

B 2 As A and unidentified 197

C 2 As A and LTR cluster 346-546
D 3 As Cand o 346

E 3 As C and unidentified 346-546
F 3 As C and FAR3 promoter  546-911
G 4 As F and § 546

H 3 As C and unidentified 546

I 4 As H and unidentified 546

J 4 As F and unidentified 911

marker. Transformants were selected on the basis of their
ability to grow on SC — wura. Fifty milliliters of SC — ura
medium with galactose as the carbon source was inoculated
with ~5 X 10° transformed cells. Cells were incubated for 2-3
days before sampling every 6-12 hr. A portion of each sample
was plated to YPD, and the remainder was stored in 40%
glycerol at —70°. Analysis of the samples taken at each time
point indicated that the sample from the fifth time point
contained cells with a small range in the number of Tyl inser-
tions (0-8). To generate populations used in selection experi-
ments, cells from the frozen stock of time point number five
were added directly to 10 ml YPD medium.

Serial dilution cultures and sampling: Competition experi-
ments between FAR3' and far3 strains were initiated with
frequencies of far3 of ~0.1 or ~0.5. The far3strain was isolated
from generation 546 of the long-term population described
by WiLKE and Apams (1992). FAR3" cells were obtained by
pooling 19 FAR3* clones isolated from the same generation.
Cultures were begun with 1 X 10° cells/ml, grown to ~1 X
10% cells/ml, and transferred to fresh YPD at ~1 X 10° cells/
ml. far3::Tyl allele frequency was monitored by PCR amplifi-
cation of the disrupted FAR3 locus, using primers to the 3’
ends of Tyl and the FAR3 ORF, and/or by Southern blotting,
using the FAR3 ORF as a probe. In experiments where FAR3
was disrupted by KanMX, changes in the frequency of G418
resistance were estimated by plating samples of appropriate
dilutions onto YPD plates and then picking colonies onto
YPD plus G418. Relative fitnesses were calculated as described
previously (Mop1 and ApaMs 1991; WILKE and Apams 1992).

DNA manipulations: Yeast nuclear DNA was isolated using
methods previously described (SHERMAN et al. 1986).

PCR: For inverse PCR (OCHMAN et al. 1988), 1 ug genomic
DNA was digested with 10 units of either Nlalll or Rsal (New
England Biolabs, Beverly, MA) at 37° for 4-6 hr, with 5 ng
RNase A in a 50-pl reaction. The reaction was then terminated
by incubation at 65° for 20 min. Digested DNA was incubated
under conditions that favored intramolecular ligation to pro-
duce circular DNA: 500 ng/ml DNA was incubated with liga-
tion buffer (Promega, Madison, WI), 1 mm ATP, and 1 pl
ligase (Promega HC, 20 units/pl), in 800 wl. Ligations were
performed overnight at either 16° or room temperature for
DNA digested with NlalIl or Rsal. To facilitate efficient DNA
precipitation, completed ligation reactions were split into two
tubes, each containing 400 wl of the ligation mixture, 44 ul
of 3 Msodium acetate, and 1 ml ethanol. DNA was resuspended
in dH,O at 10 ng/pl.

For flank PCR (SIEBERT et al. 1995), 1 pg genomic DNA
was digested with any or all of the following in individual
reactions: EcoRV, Nrul, Hpal, Dral, and Scal. Sequencing adapt-
ers were ligated to restriction fragments in a 20-pl reaction
including 0.5 pg digested DNA, 100 pmol flanking sequence
adapter, 1.5 units T; DNA ligase, and 1.5 mm ATP. The se-
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quences of the flanking sequence adapter and the primers
complementary to it have been described elsewhere (SIEBERT
et al. 1995). The Tyl-specific primer 5'-GGAGTGCTCAGAGG
CGTTCCAACTGAT GAT-3’ and an adapter-specific primer
were used for a firstround PCR amplification. A second round
of amplification was performed on a 1:100 dilution of the
products in the first, using nested primers complementary to
the Tyl and the adapter. Tyl nested flank primer has the
sequence 5'-GTAAAATGACCAACCAGATGGATTGGCTTGG-3'
and is located 89 bp upstream of the first Tyl primer. Nested
products were analyzed on and excised from a 1% agarose gel
and purified using the QIAGEN (Santa Clara, CA) gel extraction
kit. In some cases products were cloned into the pCR-XL-TOPO
vector available from Invitrogen (Carlsbad, CA).

Amplification was carried out under the following condi-
tions: 100 ng digested and ligated genomic DNA, 50 pmol of
primer “VB1” 5'-GATCGTTGATCTACTATCAGTAAG-3" and
50 pmol primer “VB2” 5'-GAGACTTAGAGATGAAGTATC-3’,
200 pm dNTPs, 1X Taq Polymerase buffer, 2.5 mm MgCl,,
and 1 unit Taq Polymerase (Promega) in a 100-wl reaction.
Samples were heated in an M] Research (Waltham, MA) ther-
mal cycler at 94° for 3 min and then cycled 30 times through
the following temperature profile: 1 min 94°, 45 sec 42°, 2 min
72°, followed by a final 5-min extension at 72°. PCR products
were separated on a 1.5% low-melting-point agarose gel, and
bands >630 bp in size were cut out of the gel. Two volumes
of water were added to the gel slice, which was then melted
at 65° for 20 min, and 5-10 wl was used for a nested PCR.
Nested PCR was performed under the same conditions as
above, using VB1 and nested primer VB3 5-AGAACTTCTAG
TATATTCTG-3’, which anneals to the Tyl template 402 bp
downstream of VB2. Nested products were gel extracted using
either Schleicher and Schuell (Keene, NH) NA45 DEAE cellu-
lose paper or the QIAquick gel extraction kit (QIAGEN).
These DNA fragments were subsequently sequenced (see be-
low). The FAR3 and ACTI ORF sequences were amplified
from strain 337 using “GenePairs” primers for YMRO52W and
YFLO39C, respectively, available from Research Genetics (Hunts-
ville, AL). PCR was performed under the conditions recom-
mended by the company. YMRO52W-reverse primer and primer
VB4 5'-GATCTATTACATTATGGGTG-3', which anneals to a
region in the 3’ end of Tyl, were used in experiments to
monitor the frequency of the Tyl::FAR3 allele in reconstruc-
tion experiments. Cycling conditions were as described for
inverse PCR.

To generate deletion cassettes for FAR3 and LEU2, oligonu-
cleotides were synthesized such that their 5" ends would gener-
ate 60 bp of DNA homologous to the gene being replaced,
and the 3’ ends were complementary to the KanMX gene,
located on the plasmid pFA6-KanMX4, and used as the tem-
plate for PCR. The 5" ends were designed such that the entire
genomic ORF would be replaced with KanMX. The primer
used for homologous recombination at the 5" end of FAR3
has the sequence 5'-CCGGCTAGCATTCGGCGATTAATGAA
GAAAGTAAAACCGTGATTTATTACTTCTTGCTCGCAGCT
GAAGCTTCGTACGC-3" and the primer for 3’ end recombi-
nation is 5-AATGCATTCAAGGTTTGCTATTTCACGTCTG
CTTACACTTTTGTTCGATCCATCGTAGGGCATAGGCCAC
TAGTGGATCTG-3'. To replace LEU2, the following primer
pair was used: 5'-TTCTAACTTTTCTTACCTTTTACATTTCA
GCAATATATATATATATATTTCAAGGATATACAGCTGAA
GCTTCGTACGC-3" and 5'-ACCCTATGAACATATT CCATTT
TGTAATTTCGTGTCGTTTCTATTATGAATTTCATTTAGC
ATAGGCCACTAGTGGATCTG-3', which recombined with the
5" and 3’ ends of the gene, respectively. The underlined se-
quences anneal to KanMX. PCR conditions were as described
(WACH et al. 1994).

Cycle sequencing: We used the Perkin Elmer (Norwalk, CT)

fluorescent-dye termination kit, following manufacturer’s in-
structions, except that all reactions using 2.5 pmol VB3 were
halved. Cycling conditions were: 2 min at 96°, followed by 25
cycles of 96° for 30 sec, 42° for 20 sec, and 60° for 4 min.
Products were sequenced using an ABI prism 310 or 377 auto-
mated sequencer. Sequenced products were compared to
GenBank (http:/www.ncbi.nlm.nih.gov/) and/or the Saccha-
romyces cerevisiae Genome Database (SGD; http:/genome-www.
stanford.edu/Saccharomyces/) using the BLAST algorithm
(ALTSCHUL el al. 1997).

Southern blotting and hybridization conditions: Genomic yeast
DNA was isolated as described (SHERMAN et al. 1986) from 5
mlYPD cultures grown overnight. For standard gel electropho-
resis, 1-5 wg DNA was digested with 10 units EcoRI (Promega,
Madison, WI), according to manufacturer’s specifications. Re-
striction fragments were separated on 0.7% agarose gels in
0.5X TBE containing 10 pwg/ml ethidium bromide. DNA was
transferred to Hybond N+ nylon membrane (Amersham, Pis-
cataway, NJ), using the alkaline transfer method as per the
manufacturer’s instructions. Prehybridization and hybridiza-
tion were carried out at 65°in 1 mm EDTA, 0.5 M NaHPO,, pH
7.2, 7% sodium dodecyl sulfate (SDS; CHURCH and GILBERT
1984). After hybridization, membranes were washed at 65°,
first in 5X SSC, 0.1% SDS, two times; followed by two washes
each in 2X SSC, 0.1% SDS and 0.5X SSC, 0.1% SDS. When
necessary, blots were stripped by washing in boiling 0.5% SDS
and allowed to cool to room temperature before subsequent
use. Autoradiographs were exposed overnight at —70°, with
intensifying screens. A 3.5-kbp fragment of Tyl (“probe 27;
WiILKE and Apams 1992) was used for detection of Tyl se-
quences; FAR3 sequences were detected using a probe con-
sisting of the FAR3 ORF amplified from strain 337, using the
appropriate “gene pair” primers. All probes were labeled with
[a-P]dATP, by random priming, using a kit by Promega.

Northern analysis: Yeast cells were grown to midlog phase
and total RNA was isolated as previously described (MADDOCK
et al. 1996) or by using a kit by Gentra Systems (Minneapolis,
MN). Poly(A)* RNA was isolated using a kit from Promega.
All solutions were made with diethylpyrocarbonate-treated wa-
ter to protect against nucleases (SAMBROOK ¢t al. 1989). Twelve
micrograms total RNA or 1.5 pg poly(A) ™ RNA was loaded
onto a 1% agarose gel containing 3.3% formaldehyde and 20
mM sodium phosphate and run at 90-100 V for 1-2 hr. The
gel running buffer was 10 mM sodium phosphate, 2.8% formal-
dehyde. RNA was transferred to Hybond N+ (Amersham) via
capillary action using 25 mm sodium phosphate as the transfer
buffer. The blot was then baked at 80° for 1-2 hr and then
exposed to UV light for 1-3 min. Prehybridization, hybridiza-
tion, and washes were the same for Northerns as for Southerns,
except that the blot was prehybridized for 2—4 hr. Blots were
probed using the FAR3, CYRI, and ACT1 ORFs, generated as
described above.

RESULTS

Two different approaches were used to search for
mutations that increased fitness under our conditions.

Analysis of a population maintained for ~~1000 gen-
erations: In work described by WILKE et al. (1992), a pop-
ulation of S. cerevisiae inoculated with a clone of strain
CMWI101 containing a single active genomic Tyl element
was maintained in serial dilution in rich medium for
~1000 generations. Samples were taken for analysis ev-
ery 200 generations, and the changes in Tyl number
were monitored by hybridization of a Tyl-specific probe
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TABLE 3

Relative fitnesses estimated from reconstruction experiments

No. of Fitness = SE relative
Strain replicates to wild type (unity)*
Clone F (FAR3™) 5 1.0149 = 0.0074
Sfar3A::KanMX 11 1.0204 = 0.0021
leu2A:: KanMX 8 0.9972 + 0.0034

“See text for details.

to yeast genomic DNA, and the differences were com-
pared between the clones. Over the course of the experi-
ment a small but significant increase in Tyl number/
genome was observed. The loci of insertions of the Tyl
elements were determined by Tyl-specific inverse PCR
(OcHMAN et al. 1988) or by flank PCR (SIEBERT et al.
1995), followed by direct sequencing of the PCR prod-
ucts, and subsequent comparison of the sequence infor-
mation obtained to the SGD. Many of the Tyl insertions
were present in the population for only a short period
of time and were insertions into o, 8, or 7 elements
(BLanc 2000). Consequently, there was little a prior:
evidence that they conferred an adaptive advantage to
the cells harboring them. However, one clone, desig-
nated clone F, firstidentified at generation 546 persisted
in the population until the termination of the experi-
ment at generation 911. Additionally, all other clones
present at generation 546 had disappeared from the
population by generation 746. This evidence taken to-
gether suggested that this clone was selectively favored
in comparison to other clones presentin the population
during that period. Accordingly, the clone containing
this insertion was isolated for further study.

To determine if this clone possessed a selective advan-
tage relative to other clones coexisting in the population
at the time it was identified, competition experiments
were initiated to reconstruct the changes occurring in
the population. Clone F was inoculated in 10 ml YPD
at frequencies of either 0.10 or 0.50. The remainder of
the population was composed of 19 other clones in equal
frequencies, isolated from the population at generation
546, the generation sample at which clone F was first
identified. In all replicates, the frequency of clone F in-
creased significantly. The average fitness of clone F was
1.0149 =+ 0.0074 (relative to 1 for the other 19 clones)
and was independent of the initial frequency of clone F
(Table 3). Thus, clone F possesses a small, but significant
growth advantage over other clones isolated from the
sample taken at generation 546. Furthermore, there is
no evidence that this selective advantage is dependent
on the frequency of clone F in the population.

Clone F possessed three Tyl elements whose order
of insertion can be traced from the population history.
The first insertion was identified near tRNA-Lys, and
the second is located within a cluster of LTRs, while the

third is found upstream of the FAR3 locus, in the 5’
noncoding region of FAR3, at —3b relative to the transla-
tion startsite and in the same transcriptional orientation
(Figure 1). Upstream from FAR3is a tRNA-Trp gene and
several solo & elements indicative of past Ty insertions.
Considering the location of the three insertions, and
that clones containing only the tRNA-Lys and composite
LTRinsertions were lost from the population, the results
suggest that the most likely cause of the selective advan-
tage observed is the third insertion—upstream of FARS.

FAR3 is expressed constitutively in ¢ and o-haploid
and diploid cells and is required for pheromone-medi-
ated cell cycle arrest (HORECKA and SPRAGUE 1996). The
position and orientation of the Tyl insertion upstream
from FAR3 suggests that the expression of FAR3is atten-
uated or even eliminated (see Figure 1). Analysis of the
phenotype of clone F revealed that it is insensitive to
pheromone-mediated cell cycle arrest, consistent with
the loss or reduction of FAR3 expression. We therefore
assayed the expression of FAR3 by Northern analysis.
As expected, there was no detectable expression of FAR3
in clone F, whereas 337, the strain used to inoculate
the population, showed normal FAR3 expression levels
(data not shown).

Production of genetic variation for Tyl transposition
events: Strain 337, transformed with pGTyH3 (see Ma-
TERIALS AND METHODS), was grown in liquid SC — ura
media with galactose as the carbon source, to induce
transposition. After ~2.5 generations of growth, the
average number of Tyl insertions was 2.0 = 2.3 includ-
ing clones containing zero Ty elements (~25%) and
those containing up to eight insertions. The short dura-
tion of growth in galactose medium ensured that the
overwhelming majority of the genetic variation was gen-
erated by Tyl insertion.

Each clone possessing one or more Ty elements ex-
hibited a different Ty banding pattern, indicative of a
high level of variability for Tyl insertion sites. Three
populations were then inoculated with ~140 cells in 10
ml YPD and grown overnight. The following day, each
population was split evenly into two flasks and allowed
to reach stationary phase, when the cells were diluted
to fresh medium at ~1000 cells/ml in 10 ml. This pro-
cess of serial dilution was repeated until 120-130 genera-
tions of growth had elapsed. Colonies were then sam-
pled and assayed for Tyl pattern by Southern blotting.
In all three populations, the same clone type predomi-
nated in both replicates, indicating the presence of an
adaptively favored clone at the start of the experiment.

To confirm that these clones possessed an increased
fitness compared to the progenitor strain 337, recon-
struction competition experiments were initiated with
337 and clones containing the same Tyl insertions (as
determined by hybridization profiles) isolated from the
earliest samples available. The use of such clones mini-
mized the confounding of any Tyl-associated selective
effect with that of any potential spontaneous non-Tyl-
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F1iGure 1.— Tyl insertion
upstream of FAR3, in clone
F isolated from the long-
term serial dilution popula-
tion. Structure of chromo-
some VIII in S288c in the
FAR3 region and Tyl inser-
tion in clone F. Tyl inser-
tion is not to scale. Arrows
indicate direction of tran-
scription. The nucleotide
sequence of the FAR3 frag-
ment generated from in-

$288¢ 1 TCGCACAGAGCAGTATATATAGTCATTTGCAAATATGAATAGCCETCGTAGTCATAGTTTCCATTATC TTCTTCAATTAA .
BoRRNK KRRk RERAKAE kAR kxR Rk RAkak Akwkrkkrkrxarr kxkrx wxrrxrxrrrrsewrcs x  vErse PCR is compared to
Clone F 1 -AGGACAGGACAGTATATATAGCGATTTGCAAATATGAACAGCGCTCCTAGTCGACAGTTTTCGATTATCTTCTTCAATTGA the same region i S288c.
Translation start sites in the
$5288¢ 81 CAARAGCTTTAAGTGCAGAGTGTCGGGCTAACAGACARGAGACCGATCGARTAGAACTATTGTTARAGCGCCTTGOCARA  two sequences are in bold-
KEAKXIITHKX FAAFIAAAFRAKRAAAT XA I A A *d *h A dddd ke h ko hdd Ak dd *xkdhk Khkhk* FhkIAhAIEF A AA face type and t}le M(IIII SitCS
>

Clone F 80 CARAAGCCTTARGTGCAGAGTGTCGGGCTAATAGGCAAGAGACCGATCGAATAGAGCTATTACTARAACGCCTTGCCAAL  4re underlined. Thick arrows
indicate direction of tran-

$288c 161 CAGTCAGGAATATCTTATGATAATTTGAGCAAAAACATAATTCCAGATTCATG .. d thi
Kk kAR KRRk KA ARk KRR FARAFAREAA KARAE AE KRR SCUPUOI{ an t 1 arrows
Clone F 160 CAATCAGGAATATCTTACGATAAATTGAGCAAARATATAATCCCGGATTCATG show primer binding sites

associated adaptive mutations, which may have occurred
during the 120—130 generations of growth. As expected,
in every replicate, the frequency of the clone containing
the Tyl insertions increased over time. Thus, the data
indicate that the clones predominating in the popula-
tions were selectively favored compared to their progen-
itor 337. In the case of population II, the predominating
clone possessed only one Tyl insertion.

Table 4 shows the loci of insertions of the Tyl ele-
ments in the three populations. The predominant clone
in population I possessed seven Tyl elements. Of these,
five were sequenced, and three were located near tRNA
genes. One insertion matched nothing in the database.
The last insertion identified was located at +180 bp
from the ATG codon of the FAR3 gene (Figure 2). The
fitness of this clone (relative to a fitness of 1 for strain
337) was estimated, from reconstruction experiments,
to be 1.0123 = 0.0019.

The predominant clone in population II possessed
only one element located 512 bp upstream of CYRI,
which encodes adenylate cyclase (CASPERSON et al. 1985;
KaTAOKA et al. 1985). The fitness of this clone (relative
to a fitness of 1 for strain 337) was estimated, from
reconstruction experiments, to be 1.0340 = 0.0040.

The predominant clone in population III possessed
three Tyl elements, of which one was also located up-
stream of the CYRI locus. However, Southern analysis
indicated that the location of the insertion in popula-
tion II upstream of CYRI was different from that seen
in population III and was located closer to the CYRI
start codon. The fitness of this clone (relative to a fitness
of 1 for strain 337) was estimated, from reconstruction
experiments, to be 1.0355 * 0.0173.

Molecular analysis of FAR3 and CYRI: Given that the
FAR3 locus in population I is disrupted by a Tyl inser-

for PCR amplification of the
Tyl:far3allele. 8, & elements.

tion, it seemed probable that its expression was lost.
Analysis of the expression of FAR3specific mRNA in
population I by Northern blotting showed the expres-
sion of a shorter mRNA, as compared to that in 337
(data not shown). This lower molecular weight mRNA
can be attributed to expression from the intact FAR3
promoter through to the Tyl. Translation of this mRNA
would produce a protein consisting of the first 60 amino
acids of Far3p, followed by 11 amino acids encoded
fortuitously by the LTR of Ty, until a stop codon is
reached. Truncations of Far3p after codon 122 have
been shown to be inactive (HORECKA and SPRAGUE 1996).
Therefore, any protein translated from this smaller
mRNA is unlikely to be functional.

TABLE 4

Locus of Tyl insertions in predominating
clones after selection

No. of Tyl
Population insertions Identified mutations
I 7 +180 bp of FAR3
3-tRNA-Arg, CHX
3-tRNA-Leu, CHIII
8-tRNA-Gly, chromosome
unknown
No match to database
I 1 —512 bp CYRI and +130 bp
upstream of tRNA-Leu
111 3 tRNA-Thr, CHVII
o
5'-CYRI

“Only five of the seven insertions were identified.
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TAG

FAR3

+180 100 bps

ATG AAC AGC GGT GGT AGT GAC AGT TTT GAT TAT CTT CAA CAA TTG ACA
M N S G G S D S F D Y L Q Q L T

49 AAA GCC TTA AGT GCA GAG TGT CGG GCT AAT AGG CAA GAG ACC GAT CGA
K A L S A E cC R A N R Q E T D R
98 ATA GAG CTA TTA CTA AAA CGC CTT GCC AAC AAT CAG GAA TAT GCT TAC
I E L L L K R L A N N Q E Y A Y
146 GAT CAA TTG AGC AAA AAT ATA ATC CCG GAT TCA TGG TGT TGG AAT AGA
D Q L S K N I I P D S w C w N R
193 AAT CAA CTA TCA TCT ACT AAC TAG TAT TTA CAT TAC TAG TAT ATT ATC
N Q L s S T N * Y L H Y * Y I I
242 ATA TAC GGT GTT AGA AGA TGA CGC AAA TGA TGA

I Y G v R R * R K * *

Ficure 2.—Tyl insertion
into FAR3 in the clone isolated
from population I, genetically
variable for Tyl insertions (see
text for details). Insertion oc-
curs after nucleotide 180. The
amino acid sequence of FAR3
translated from the DNA se-
quence is shown below the dia-
gram. The sequence includes
the site of Tyl insertion, as well
as part of the Tyl sequence,
shown in boldface type. Aster-
isks represent stop codons.

Since loss of CYRI function has been shown to be
lethal (e.g., MORISHITA et al. 1993), loss of expression
similar to that seen for FAR3was not expected. However,
Northern analysis of exponential-phase cultures did not
reveal any gross differences in CYRI mRNA levels be-
tween 337 and the mutant strains (data not shown).
This could be due to changes in the amount of CYRI
mRNA, of a magnitude too small to be detected under
our experimental conditions. In addition, the strains
possessing the Tyl insertions upstream of CYRI did not
exhibit phenotypes characteristic of strains with altered
levels of adenylate cyclase, namely altered thermotoler-
ance and altered growth characteristics on a nonfer-
mentable carbon source such as glycerol.

Selective effect of loss of FAR3 expression: To con-
firm that the observed increase in fitness was due to
the loss of FAR3 expression, rather than to a different
spontaneous mutation, competition experiments were
performed with a pair of strains isogenic except for a
deletion of the FAR3 locus. A deletion of FAR3 was
constructed in the standard laboratory strain X2180 us-
ing the KanMX deletion cassette (WACH et al. 1994).
Deletion of the FAR3 locus in G418-resistant trans-
formants was confirmed by genomic DNA digestion fol-
lowed by Southern blotting, as well as by Southern blot-
ting of whole-chromosome preparations separated in a
pulsed-field gel. In both cases, no hybridization was seen
using a FARZspecific probe (data not shown).

As before, competition experiments were initiated

with two initial frequencies of the FAR3 deletion strain,
0.10 and 0.50. In all replicates, an increase in the relative
frequency of cells resistant to G418 was observed. The
relative fitness of the far3A strain was 1.0204 = 0.0021
(Table 3). The increment in fitness observed was not
significantly different from that observed for clone F
(Table 3).

To confirm that that the selective difference observed
was due to the loss of FAR3 and not to the presence of
the KanMX cassette, similar competition experiments
were performed using a strain in which the LEU2 gene
had been replaced with the KanMX cassette. Previous
experiments had indicated that leu2 auxotrophs had no
selective advantage in rich medium. Deletion of the
LEU2locus was confirmed by Southern blotting of geno-
mic DNA digests using a LEU2-specific probe. No hybrid-
ization was observed in G418-resistant transformants. In
addition, these cells were unable to grow on medium lack-
ing leucine, but were capable of growth when leucine was
supplied. As expected, the fitness of the lu2A:KanMX
strain was not significantly different from that of the LEU2"
parent strain (X2180; Table 3).

DISCUSSION

Tyl is the most abundant of the yeast transposable
elements, present in >30 full-length copies in laboratory
strains. The effects of Tyl transposition can be deleteri-
ous, neutral, or beneficial. Arguments for the neutrality
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of Tyl elements come from the observation of their
abundance in yeast; laboratory strains show no apparent
harmful effects of having such high numbers, although
in wild strains the average Tyl number is somewhat
lower (WILKE et al. 1992). Nevertheless, in studies where
Tyl numbers were doubled in laboratory strains, or
greatly increased in strain 337, growth rates and station-
ary-phase cell densities were reduced (BOEKE et al. 1991;
WiILKE and Apams 1992), indicative of an overall nega-
tive effect of insertions in those strains.

A number of studies have systematically analyzed the
genome of S. cerevisiae to identify genes that when mu-
tated or deleted have a deleterious or lethal effect. The
focus of this communication was to identify genes that
when mutated enhance fitness. Our results show that
the experimental design allows us to identify mutations
that have a quite small, but significant beneficial ef-
fect—on the order of 2%. It is also clear from the results
that such mutations constitute a small proportion of the
total mutational spectrum, as the selective effects of
a large number of Tyl insertions were assayed as the
populations evolved. Tyl transpositions occur at a rate
of 107°-10""/element/cell division (Curcio and GAR-
FINKEL 1991). The population maintained in serial dilu-
tion for ~1000 generations ranged in cell number from
10* immediately after transfer to fresh medium to 10°
at stationary phase. Therefore, at a minimum, there was
less than one new transposition event per generation,
and at a maximum, there were 10,000 for each element.
Consequently, between 1000 and 1 X 107 Tyl-induced
mutations occurred during this time. Nevertheless, ben-
eficial mutations were seen at only two loci. Moreover,
mutations at the same two loci were seen in independent
populations, providing further evidence that there are
alimited number of loci at which beneficial Tyl-induced
mutations may occur.

Our study does not permit us to identify Tyl muta-
tions that have a deleterious or lethal effect on fitness.
However, our results indicate that the majority of the
Tyl-induced mutations identified in this work (Branc
2000) have no selective effect. A number of studies have
shown that Tyl displays a target site preference inserting
preferentially into regions of duplicated DNA. Thus,
genomic analysis of Saccharomyces and the positions
of all Ty elements showed that 90% of Tyl elements
are found within 750 bases of tRNA genes or other
genes transcribed by RNA polymerase I (Kim et al.
1998). Experimental analysis of Tyl insertions on chro-
mosome III showed that most Ty insertions occur in
regions containing tRNA-coding regions and/or LTRs
of preexisting retrotransposons (J1 et al. 1993). In the
studies reported here, a large proportion of the identi-
fied insertions were found in or near LTRs or tRNA
genes (80%). The neutrality of Tyl-mediated mutations
in such regions will be the subject of a separate commu-
nication (BLanc and Apams 2003).

One insertion was identified in the 5’ region of the

FAR3 gene. This is consistent with the observation that
Tyl target site preference is not exclusive to tRNAs and
LTRs. In fact, when Tyl is observed in or near protein-
encoding genes, it shows another level of targeting to
the 5’ regions (E1BEL and PHILIPPSEN 1984; NATSOULIS
et al. 1989; WILKE et al. 1989).

Mutations in FAR3 enhance fitness: Our results show
unambiguously that mutations inactivating FAR3 are se-
lected in laboratory culture. FAR3 was previously identi-
fied as a gene required for pheromone-mediated G1
arrest (HORECKA and SPRAGUE 1996). G1 arrest is essen-
tial for mating cells to ensure that they are synchronized
in their cell cycles upon fusion to form a diploid cell.
Activation of Fus3p and Ksslp, two MAP kinases, is cou-
pled to G1 arrest at “start,” the commitment phase of
the cell cycle (SPRAGUE and THORNER 1993). Fus3p and
Ksslp also promote other responses required for mating,
including activation of the Stel2p transcription factor,
“shmoo” formation, and signal attenuation (ELION et al.
1991; MA et al. 1995; GARTNER et al. 1998; CHERKASOVA ef
al. 1999; FARLEY et al. 1999). Together these two proteins
have been shown to inhibit G1 cyclin expression and
promote recovery from GI arrest via mechanisms distinct
for each protein (CHERKASOVA ¢t al. 1999). These authors
also suggest that in addition to repressing Gl cyclin
gene expression, Fus3p and Ksslp may have additional
targets of negative control, including perhaps Far3p. Itis
also conceivable that Far3p functions as a “fine-tuning”
molecule in the G1 to S-phase transition, together with
Pho85p-Pcll/2p (HORECKA and SPRAGUE 1996), or an-
other protein/protein complex. In this regard it is note-
worthy that in two large-scale two-hybrid screens, inter-
actions of FAR3 with three other proteins, YKE2,
YFROO8W, and YDR200C, were seen (UETZ et al. 2000)
and have been reported to be associated in a complex
with 12 other proteins (GAVIN et al. 2002).

Our results show that FAR3 may operate in a more
general cell arrest pathway, particularly since it is ex-
pressed constitutively through the cell cycle in both a
and «a cells (HORECKA and SPRAGUE 1996). As cells enter
stationary phase or perceive low nutrient concentra-
tions, cell division is arrested. In serial dilution or in
continuous (chemostat) culture, FAR" cells would effec-
tively arrest at G1, whereas cells mutant for FAR3 would
not. Thus, Far3™ cells would possess a selective advan-
tage, and would increase in frequency in the population.

Mutations 5’ to CYR1 enhance fitness: Three lines of
evidence point to a selective advantage of mutations
upstream of CYRI.

i. Clones containing two different mutations upstream
of CYRI were selected in two independent popula-
tions constructed so that the overwhelming majority
of variation was due to Tyl insertion.

ii. One clone possessed only one Tyl insertion—upstream
of CYRI. Consequently, the only alternative explana-
tion for the predominance of this clone would be a



982 V. M. Blanc and J. Adams

non-Tyl-based adaptive mutation—which can be con-
sidered to be unlikely given the experimental design.

iii. The fitness increments associated with the two clones
possessing Tyl insertions upstream of CYRI possessed
the same fitnesses, relative to the parent strain 337:
0.040 (population II) and 0.055 (population III).
The clone selected in population III contained, in
addition to a Tyl insertion upstream of CYRI, two
other insertions, one near a tRNA locus and one
within a o element. However, the results from inde-
pendent experiments have shown that such inser-
tions have no significant selective effect and thus
can be considered neutral (Branc 2000).

Our results provide no indication that the Tyl inser-
tions upstream of CYRI alter the expression of thislocus.
Indeed, the distance between the locus of one of the
insertions and the CYRIstart codon, 512 bp, renders this
possibility quite unlikely. Nevertheless, it is tantalizing
to speculate that such insertions have effects on CYRI
expression that are too subtle to be detected by our
assays, as previous work by Itba (1988) showed that Tyl
insertions into the promoter region of CYRI confer
multistress resistance (THEVELEIN and DE WINDE 1999)—
providing the cells with a survival advantage under cer-
tain conditions. An alternative explanation is that the
insertions upstream of CYRI have targeted an ORF up-
stream, which has notyet been identified. In this regard,
minitransposon insertions ~130 bp upstream of the
CYRI start codon indicate the existence of a previously
unidentified ORF in this region (A. KUMAR, personal
communication).

In conclusion, the work presented here demonstrates
how Tyl transposon tagging may be used to identify
fitness-enhancing mutations. Two such mutations have
been identified: in one case, identifying a novel pheno-
type associated with a previously characterized muta-
tion; and in the second, a possible new ORF, which has
not been previously characterized. In this article we
employed populations maintained in large volumes
(10-150 ml). However, the same experimental proce-
dures could conceivably be carried out using much
smaller volumes, in microtiter plates, thus allowing for
a much larger-scale screening for adaptive mutations.
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