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in populations of 

Summary. Thirteen independent populations of  Saccha- 
romyces cerevisiae (nine haploid and four diploid) were 
maintained in continuous culture for up to approximate- 
ly 1000 generations, with growth limited by the concen- 
tration of  organic phosphates in medium buffered at 
pH 6. Analysis of  clones isolated from these populations 
showed that a number (17) of large-scale chromosomal- 
length variants and rearrangements were present in the 
populations at their termination. Nine of  the 16 yeast 
chromosomes were involved in such changes. Few of  the 
changes could be explained by copy-number increases in 
the structural loci for acid phosphatase. Several consider- 
ations concerning the nature and frequency of  the chro- 
mosome-length variants observed lead us to conclude 
that they are selectively advantageous. 
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Introduction 

The genomes of prokaryotes appear to be much more 
labile (Krawiec and Riley 1990) than those of higher eu- 
karyotes (e.g., O'Brien, Seuanez and Womack 1988). Du- 
plications, sometimes involving large sections of the ge- 
nome, occur at a high frequency in Salmonella and other 
prokaryotes (Krawiec and Riley 1990; Petes and Hill 
1988), and it has been suggested that large-scale genomic 
changes represent an important  mechanism of  adapta- 
tion in such organisms (Anderson and Roth 1977; Sonti 
and Roth 1989). Genome rearragements caused by inver- 
sions and translocations are also seen frequently in 
prokaryote  populations (Krawiec and Riley 1990) and 
may be important  agents of  adaptive change (Ornston et 
al. 1990). Less is known of  the evolutionary role that 
deletions may play, though comparison of  the genomes 
of  Escherichia coli and Salmonella typhimurium suggest 
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that large deletions may have been significant factors in 
the evolutionary divergence of  these two species (Riley 
1984). 

Surprisingly little is known of  the role that large-scale 
genomic rearrangements play in evolution and adapta- 
tion in yeast populations, though strain-specific differ- 
ences in chromosome size are known to exist (Link and 
Olson 1991). There is also some evidence that industrial 
populations of  baker's yeast undergo radical changes in 
their genomic structure (including changes in ploidy level 
and chromosome loss (S. Fogel personal communica- 
tion). In this paper we describe large-scale chromosomal 
rearragements that have occurred in populations of  hap- 
loid and diploid strains of Saccharomyees cerevisiae 
evolving in organic-phosphate-limited environments for 
approximately 700-1 000 generations. We show that: (1) 
adaptation is frequently accompanied by large-scale du- 
plications of  the genome, (2) large deletions also occur 
but are less frequent and (3) that some populations have 
developed polymorphisms for chromosome length. 

Materials and methods 

Strains. The populations were initiated with either the haploid 
strain CP1AB-IA, its diploid parent strain CPIAB (Paquin and 
Adams 1982), or with strain PO43-283B. This last strain contains a 
duplication of the right arm of chromosome lI, including the acid- 
phosphatase loci PH03 and PH05, translocated to chromosome 
XVI (S. Puskas-Rozsa and L Adams, unpublished results), and 
therefore carries two copies of PH05-1, the wild-type allele of 
PH05. The left terminus of the duplicated region of chromosome 
II was mapped to a position between PH05 and TSM134, no more 
than 4cM to the left of PH05 (Hansche et al. 1978). Strain PO43- 
283B was constructed, by conventional genetic procedures, from 
strains 507 (e mating type) and 512 (a mating type) which carry 
pho5, a null allele of PH05 on chromosome II, and also an allele of 
PH05 conferring high acid-phosphatase activity on the duplicated 
region (Hansch e et al. 1978). Strains 507 and 512 (Hansche et al. 
1978) were crossed and the resulting diploid, A225, sporulated. 
Rare recombination events between chromosome tI and the 
translocated region result in the production of ascospores carrying 
the null allele (pho5) on both chromosome II and the translocated 
region. Such recombinants were identified from the analysis of 
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dissected asci which showed a 3:1 segregation ratio for acid-phos- 
phatase activity ( + : - ) .  Presence or absence of inducible acid- 
phosphatase activity was determined by plate assay as described by 
Hansche et al. (1978). An acid-phosphatase negative strain carrying 
the duplication (A225-1A), identified in this way, was then crossed 
to strain CP1AB-IA, and the resulting diploid sporulated. A similar 
analysis of segregation ratios for acid-phosphatase activity allowed 
the identification of strain PO43-283B, carrying the wild-type allele 
for PH05, derived from CP1AB-1A, on both chromosome II and 
on the duplicated/translocated region of chromosome II. 

Media, growth and sampling. Batch cultures were grown at 30 ~ in 
a gyratory shaker at 150-200 gyrations/rain. Continuous cultures 
were operated as chemostats and maintained at 30~ in culture 
vessels between 150 and 350 ml in volume. Dilution rates in the 
continuous cultures were 0.17 h-1, equivalent to a cell generation 
time of approximately 4.1 h. The defined organic-phosphate-limited 
medium buffered at pH6, described by Adams and Hansche (1974), 
was used with the following modifications; the major salts (that is, 
the five salts added in concentrations _>1 mM) were used at 
1.5 x the concentration described, glucose concentration was 0.8% 
(w/v), and organic phosphate concentration was 0.2 mM of PO 4. 
The organic phosphates employed were phosphoglyceric acid 
(PGA), fl-glycerol phosphate (flGP), glucose-l-phosphate (GIP), 
glucose-6-phosphate (G6P) and uridine-5'-monophosphate (UMP), 
all obtained from the Sigma Chemical Co., St. Louis, MO, Glucose, 
vitamins and the organic phosphates were filter-sterilized using a 
"Sterivex GS" filter (Millipore Corp., Bedford, MA), and added to 
the medium after autoclaving. Preliminary experiments demonstrat- 
ed that the cultures were indeed growing under phosphate limita- 
tion, as doubling the concentration of any of the organic phos- 
phates resulted in a doubling of the equilibrium culture population 
density. The concentration of organic phosphate was lowered in 
three of the long-term populations, at generations 415 (popula- 
tion J), 299 (population K), and 693 (population E), maintaining 
cell density within the range 5 x 10 v-9 x 10 7, in order to ensure that 
growth continued to be limited by the concentration of organic 
phosphate. Cell number was estimated using an electronic particle 
counter (Celloscope 111, Particle Data Inc. Elmhurst, Ill.; or Coul- 
ter Counter ZM, Hialeah, Fla), after sonication with a Braunsonic 
1510 sonicator and a needle probe to separate clumped cells. Con- 
tinuous cultures were sampled approximately every 25 generations 
and an aliquot stored in 40% glycerol at - 7 0  ~ for later analysis. 
YEPD medium contained 1% yeast extract, 2% bacto-peptone, and 
2% glucose. For solid medium 1.5% agar was added. 

Preparation of chromosomal DNA for pulse-field gel analysis. Sta- 
tionary-phase cultures (10 ml) were pelleted and washed twice in 
50 mM EDTA (pH 7.5). Pellets were resuspended in 2 ml of 50 mM 
EDTA (pH 7.5) and heated to 37~ in a heating block. A 1% 
solution of Seakem agarose (FMC Bioproducts, Rockland, ME) in 
0.125 M EDTA (pH 7.5) was heated to boiling and cooled to 45 ~ 
Then 38 ~tl of zymolase solution (a M sorbitol, 100 mM sodium 
citrate, 60 mM EDTA, 0.1% zymolyase, 0.8% fl-mercaptoethanol; 
final pH 5.6) and 2.5 ml of agarose solution were added to 2 ml of 
the cell suspension. The agarose-cell mixture was shaken, dispensed 
into plexiglass slots (1 mmx 28 mmx 4 ram) to facilitate the for- 
mation of the agarose plugs, and allowed to cool. The solidified 
plugs were extruded from the slots, covered with buffer (0.5 M 
EDTA, 0.15% Tris-HC1, 7% fi-mercaptoethanol; pH 7.5), and incu- 
bated at 37 ~ overnight. The overlay was then replaced with NDS 
buffer (0.5 M EDTA, pH 8.0, 0.15% Tris-HC1, 1% lauroyl sar- 
cosine; 0.1% proteinase K added immediately before use), and the 
samples incubated at 50 ~ overnight. NDS buffer was removed and 
replaced with 50 mM EDTA, pH 8.0. Samples were incubated at 
50~ for 2-3 days with four changes of EDTA. Whole chromo- 
somes embedded in agarose were stored in 50 mM EDTA at 4 ~ for 
up to 1 month (Carle and Olson 1985; Vollrath and Davis 1987). 

Chromosome separations. Prepared chromosome samples were cut 
to fit the wells of a 1% agarose (Boehringer Mannheim (Indianapolis, 

IN) low EEO agarose) gel in 1 x TBE buffer (Maniatis et al., 1982). 
Chromosomes were separated by the CHEF method of pulse-field 
gel electrophoresis (Chu et al. 1986) in 0.5 x TBE buffer. The run- 
ning buffer was recirculated through 4~ coolant, resulting in a 
running temperature of the gel of about of 8 ~ Various combina- 
tions of voltage and switching times were used to optimize separa- 
tion of the different size ranges. The sizes of the smaller chromoso- 
mal length variants were estimated by linear interpolation using 
bacteriophage lambda concatemers ("2-1adders") as size markers. 
Sizes of the larger chromosomal length variants were estimated by 
linear interpolation using the chromosome bands of CP1AB-1A as 
size markers. Estimates of the sizes of these chromosomes were 
obtained from Mortimer and Schild (1985). 

DNA manipulations and hybridization procedures. Details of the 
procedures for preparation of total yeast DNA and probes, and of 
the procedure for DNA-DNA hybridization have been described 
previously (Adams and Oeller 1986). Identities of the chromosome- 
specific hybridization probes are described by Carle and Olson 
(1985). For one chromosome length variant observed in population 
J, chromosome assignment could not be made using the chromo- 
some-specific probes. In this case, the chromsome was excised from 
the gel and the DNA purified using "Geneclean" (Bio 101 Inc., La 
Jolla, Calif.), following the protocols recommended by the manu- 
facturer. The DNA was then radioactively labelled by the random 
priming method, using a kit supplied by Boehringer-Mannheim, 
and used as probe. The 2-1adders were prepared as described previ- 
ously (Carle and Olson 1984). 

Estimation of copy-number changes in the structural loci for acid 
phosphatase. The DNA to be analysed was digested either with 
EeoRI and ClaI or with PstI restriction endonucleases (Boehringer 
Mannheim), using protocols suggested by the manufacturer, and 
the fragments separated by electrophoresis on 0.7% agarose "sub- 
marine" gels (Maniatis et al. 1982). Double digestion with EcoRI/ 
ClaI results in a single band containing both the PH05 and PH03 
genes, and two more bands each composed of homologous se- 
quences from both PH010 and PHOI1, while digestion with PstI 
allows the four structural genes for acid phosphatase to be resolved 
into four distinct bands detectable by DNA-DNA hybridization. 
The acid-phosphatase probes were derived from pAP18 and pAP20, 
described by Andersen et al. (1983). Due to the homology shared by 
these genes (Hinnen et al. 1987), it is possible to detect all four loci 
with any one of the probes under slightly reduced strigency condi- 
tions, pAP18 is composed of pBR322 with a 5 kb EeoRI insert 
containing the 1401 bp open reading frame of PHO11, plus approx- 
imately 1.4 kb and 2.1 kb from outside the 5' and 3' ends of the gene 
respectively, pAP20 is composed of pBR322 with an 8 kb EcoRI 
insert containing both of the 1401 bp open reading frames from the 
directly oriented, tightly linked PH05 and PH03 genes. Probes 
were the entire pAP18 plasmid when probing for the PHOll  and 
PHOIO genes, and a 3.5 kb ClaI fragment from pAP20 when prob- 
ing for PH05 and PH03. The 3.5 kb ClaI fragment from pAP20 
was obtained by elution from agarose gels using Schleicher and 
Schuell (Keene, NH) NA45 DEAE cellulose paper. This 3.5 kb ClaI 
fragment contains both of the PH05 and PH03 open reading 
frames, a 451 bp intergenic region separating the two genes, and a 
total of 319 bp from the extreme ends of the tandem pair. Upon 
initial examination of the autoradiographs by eye it was apparent 
that the terminal clones from several of the populations had experi- 
enced an increase in copy number of some of the four acid-phos- 
phatase loci. Since each lane of the gels was loaded with approxi- 
mately the same amount of DNA, between-lane comparisons of 
hybridization intensities were sufficient to indicate the qualitative 
differences in copy number. Differences apparent from observation 
of the conventional gels were also confirmed by visual and/or den- 
sitometric analysis of hybridization spectra of pulse-field gels hy- 
bridized with the same probes. The relative copy number of each of 
the acid-phosphatase loci was estimated by first scanning individual 
lanes of the autoradiographs with a laser densitometer (LKB Ultra- 
scan XL, LKB Produkter AB, Bromma, Sweden). Then, one of the 
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acid-phosphatase hybridizing bands which showed no lane-to-lane 
variability in hybridization intensity, was used as an internal single- 
copy standard to which the other acid-phosphatase loci of that lane 
were compared. The ratio of the hybridization intensities (areas 
under the curves) of the phosphatase bands within each lane was 
computed. Control lanes were chosen which showed no apparent 
copy-number changes of the phosphatase genes in question. The 
ratios of individual experimental lanes (lanes which had an appar- 
ent copy-number change in one of the acid-phosphatase loci) were 
then divided by the mean ratio from the control lanes. This resulted 
in individual estimates of the relative copy number of the strains 
from a given population. These individual estimates were then 
pooled, and the mean relative copy number of the phosphatase 
locus from a given population was calculated. In the case of the 
clones isolated from population B, laser densitometry data from 
both conventional and pulse-field gels were combined to compute 
the relative PH010 copy number. 

Results 

Thirteen separate populat ions of haploid a and diploid 
a/e populat ions of S. cerevisiae, initiated with single 
clones, were maintained in continuous culture for up to 
1 000 generations with growth limited by the concentra- 
tion of one or more organic phosphates. Details of these 
populat ions and the environments in which they were 
grown are given in Table 1. We have previously shown 
that under similar conditions, populat ion replacements 
occur about  every 50 generations, where the predominat-  
ing clone in the populat ion is replaced by one with a 
greater level of adaptat ion to the environment (Paquin 
and Adams 1983). Substantial increases in equilibrium 
density, in the in-vivo activity of acid phosphatase,  as well 
as changes in other physiological parameters  (see Adams 

Table 1. Description of long-term populations 

Popu- Inoculating Ploidy Limiting Environ- Gener- 
lation a (ptoidy) phosphate mental ations 

strain source u character- elapsed 
istics 

E CP1AB-1A Haploid UMP Constant 770 
F CP1AB-1A Haploid G1P Constant 711 
G CP1AB-IA Haploid PGA Constant 1 069 
J CP1AB-1A Haploid flGP Constant 1 001 
K CPIAB-1A Haploid G6P Constant 1 024 

C CPIAB-1A Haploid flGP+UMP Constant 763 

A CP1AB-1A Haploid flGP+UMP Varying / 003 

N PO43-283B Haploid fiGP+PGA Constant 681 
L PO43-283B Haploid flGP+PGA Varying 991 

D CPIAB Diploid fiGP+UMP Constant 752 
M CP/AB Diploid flGP+PGA Constant 981 

B CPIAB Diploid flGP+UMP Varying 668 
H CPIAB Diploid flGP+PGA Varying I 0/7 

a Varying environments: experiments A and B, phosphate sources 
were alternated every 24 h (approximately six generations); experi- 
ments L and H, phosphate sources were alternated every 48 h (ap- 
proximately 12 generations) 
b Phosphate sources: UMP, Uridine-5'-phosphate' G1P, Glucose- 
1-phosphate; PGA, phosphoglyceric acid' flGP, fl-glycerol phos- 
phate; G6P, Glucose-6-phosphate 

et al. 1985), indicated that genetic adaptat ion to the envi- 
ronment had occurred. To determine the importance 
of major  chromosomal  changes, the electrophoretic 
karyotype of at least ten independent clones isolated at 
the termination of each populat ion was examined. Chro- 
mosome identification of the bands was made by DNA-  
D N A  hybridization with chromosome-specific probes. 
Chromosomes  with variant mobilities on pulse-field gels 
were in most  cases interpreted as possessing simple 
translocations, duplications and deletions. However,  
since a limited number  of  chromosome-specific probes 
were used, we cannot exclude the possibility that a more 
complicated pattern of chromosome rearrangement  had 
occurred involving in each case more than one transloca- 
tion, deletion, and duplication event. 

The results shown in Table 2 (see also Fig. 1) indicate 
that a surprising number  of large-scale rearrangements 
have occurred during the process of adaptat ion in nine 
out of the 13 populations, and that these rearrangements 
involve eight of the 15 chromosomes,  not including chro- 
mosome XII. As many  as nine of the 13 populations also 
contained length variants for chromosome XII. However, 
we were not consistently able to resolve these chromo- 
some XII  variants (see also Carle and Olson 1985). Since 
the size of this chromosome also varies among different 
isolates of the same strain (Link and Olson 1991), data on 
sizes of these putative variants and their frequency in the 
populations are not included in Table 2. 

Two main categories of chromosomal  rearrangement  
were observed: (1) deletions, and (2) accretions in size, 
including putative tandem and non- tandem duplications. 
Accretions in chromosome size were observed in both 
haploid and diploid populations, and involved size in- 
creases of as much as 390 kb. Chromosome  identification 
of the variant bands was made by D N A - D N A  hybridiza- 
tion either using chromosome-specific probes, or probes 
of D N A  prepared from entire chromosomes.  The chro- 
mosomal  origin of the accretions in size is, therefore, in 
most  cases undetermined, and many  derive from the same 
or different chromosomes.  

A particularly notable chromosome-length variant, 
approximately 1 100 kb in size, was observed in popula-  
tion J. D N A - D N A  hybridizations indicated that this 
chromosome band was comprised of sequences ho- 
mologous to both chromosome II  and XVI, and con- 
tained sequences homologous to the PHO3/PH05 loci, 
yet did not contain sequences homologous to the LYS2 
locus also located on chromosome II, 14 centiMorgans 
distal to the acid phosphatase loci PHO3/PH05, or to 
GAL4 located close to one of the telomeres of chromo- 
some XVI (data not shown). This "new" chromosome is, 
therefore, different in structure from the duplication ob- 
served by Hansche et al. (1978; and see below) which 
involved translocation of the right a rm of chromosome II  
to chromosome XVI (therefore including the LYS2 locus). 

Table 2 also shows that the terminal samples isolated 
from five of  the 13 populations were polymorphic  for 
chromosomal  rearrangements.  Some of  these polymor-  
phisms may  be expected to be transient, a result o f  assay- 
ing the populat ions during a changeover where one clone 
is being replaced by another. However,  it is also possible 
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Fig. 1 A, B. Pulse-field gel electrophoresis of selected clones isolat- 
ed at the termination of long-term continuous cultures, showing 
chromosomal length variants as well as changes in chromosome 
number. A 1% agarose gel run at 3.08 v/cm for 20 h, followed by 
3.27 v/cm for 47 h with a switching interval of 210 s throughout the 
entire period. Under our conditions, these parameters provided the 
best resolution of size variants for the medium-sized chromosomes. 
B 1% agarose gel run at 4.27 v/cm for 44 h with a switching interval 
of 60 s. Under our conditions, these parameters provided the best 
resolution of size variants for the smaller-sized chromosomes. 
Lanes: 1, CP1AB-1; 2 and 3, independent clones isolated from the 
terminal sample taken at generation 668 of population B; 4 and 5, 
independent clones isolated from the terminal sample taken at gen- 

eration 752 of population D; 6 and 7, independent clones isolated 
from the terminal taken at generation 770 of population E; 8, clone 
isolated from the terminal sample taken at generation 711 of popu- 
lation F; 9, PO43-283B; 10, clone isolated from the terminal sample 
taken at generation 1 017 of population H; i i  and 12, independent 
clones isolated from the terminal sample taken at generation 1 001 
of population J; 13, sample unrelated to this communication; 14, 
clone isolated from the terminal sample taken at generation 991 of 
population L; 15, clone isolated from the terminal sample taken at 
generation 981 of population M; 16, clone isolated from the termi- 
nal sample taken at generation 681 of population N. ),, bacterio- 
phage lambda concatemers ("2-1adders") used as size markers for 
the smaller-sized chromosome variants (seen only in Fig. 1 A) 

that a fraction of  the polymorphisms are stable or quasi- 
stable in the populations for long periods of  time. We 
therefore assayed samples taken f rom the most  polymor-  
phic population, E, at intermediate generations to deter- 
mine the dynamics of  the polymorphisms.  All four vari- 
ants in the sizes of  chromosomes II  and XVI, described in 
Table 2 for population E, were first detected at genera- 
tion 529. Thus, the E populat ion was polymorphic  over 
the course of  at least 261 generations, a result which 
argues strongly against these polymorphisms being tran- 
sient. 

Hansche et al. (1978) have shown that  prolonged 
growth under organic-phosphate limitation may  result in 
the non- tandem duplication of the fragment  of  chromo- 
some II  carrying the major  gene for acid phosphatase 
(PI t05) .  I t  may, therefore, be expected that increases in 
the copy number  of  the structural genes for acid phos- 
phatase may also be selected under our conditions. Ac- 
cordingly, we searched for increases in copy number  by 
densitometric scaning of  autoradiographs obtained by 
hybridizing radioactively-labelled probes specific for the 
acid-phosphatase structural loci, to total D N A  prepara-  
tions f rom clones isolated f rom each of the 13 popula-  
tions. 

Three structural genes of  inducible acid phosphatase 
have been identified; PH 0 5 ,  PHOIO and P H O I I ,  locat- 
ed on chromosome III ,  VII I  and I respectively. In addi- 
tion, a constitutively expressed P H 0 3  structural locus is 
located 451 bp 3' to the P H 0 5  gene in direct orientation. 
Using specific probes (see Materials and methods) and 
published restriction maps for these loci (Andersen et al. 
1983; Venter and Horz  1989; de Steensma et al. 1989), we 
carried out conventional D N A - D N A  hybridization ex- 
periments on at least four individual clones f rom the ter- 
minal samples taken f rom each of  the 13 populations. 
Figure 2 shows the hybridization spectra for clones 
derived f rom populations H, J and K. It  can be seen that 
hybridization to bands containing the P H 0 5  and PHOIO 
loci is markedly more intense for the clones isolated f rom 
populat ion J. Quantitative measures of  hybridization in- 
tensity for the four inducible acid-phosphatase loci were 
obtained by laser densitometry for all populations, and 
the copy numbers of  the different loci estimated. The 
results (Table 3) show significant changes in copy number  
for one or more of  the structural acid-phosphatase loci, 
P H O 3 / P H 0 5  and PHOIO, in four of  the 13 populations. 
No change in the copy number  of  the PH 0 1 1  locus was 
seen. Interestingly, populat ion E showed no significant 



Table 2. Chromosomal changes observed 

Pop- Ploidy Frequency Characteristics 
ulation in pop- 

ulation 

A. Deletions 

J Haploid 0.05 

D Diploid 0.2 

B Diploid 0.20 

B Diploid 0.4 

B. Accretions 

E Haploid 0.22 

E Haploid 0.22 

E Haploid 0.09 

E Haploid 0.27 

F Haploid 1.0 

F Haploid 1.0 

J Haploid 1.0 

L Haploid 1.0 

N Haploid 1.0 

D Diploid 0.3 

D Diploid 0.6 

B Diploid 0.5 

H Diploid 0.36 

Aneuploid containing an extra 
copy of Chr. V with a deletion 
approximately 50 kb in size 
Heterozygous for an approxi- 
mately 50 kb deletion of Chr. XI 
Heterozygous for an approxi- 
mately 40 kb deletion in Chr. III 
Heterozygous for an approxi- 
mately 30 kb deletion of Chr.V 

An approximately 10 kb accretion 
in size of Chr. II 
An approximately 20 kb accretion 
in size of Chr, II 
An approximately 50 kb accretion 
in size of Chr. XVI 
An approximately 20 kb accretion 
in size of Chr. XVI 
An approximately 250 kb accre- 
tion in size of Chr. II 
An approximately 60 kb accretion 
in size of Chr. XIII 
Aneuploid containing an extra 
chromosome with sequences 
homologous to chromosomes II 
and XVI. Total size approximately 
1 100 kb ~ 
An approximately 10 kb accretion 
in the size of Chr. XI 
An approximately 10 kb accretion 
in the size of Chr. XI 
Heterozygous for an approxi- 
mately 10 kb accretion in size of 
Chr. II 
Heterozygous for an approxi- 
mately 390 kb accretion in size of 
Chr. XIV 
Heterozygous for an approxi- 
mately 140 kb accretion in size of 
Chr. I 
Heterozygous for an approxi- 
mately 390 kb accretion in size of 
Chr. XIV 

a The chromosome-specific probes LYS2 (II) and GAL4 (XVI) did 
not hybridize to this chromosome, indicating that it contained only 
partial sequences of both chromosomes 

change  in the copy  n u m b e r  o f  P H O 3 / P H 0 5  (or any o ther  
ac id -phospha tase  locus) in spite o f  the fact  tha t  increases 
in the size o f  c h r o m o s o m e  II, on  which the P H O 3 / P H 0 5  
loci are located,  were detected in this popula t ion .  

Discussion 

The  results descr ibed in this paper  d o c u m e n t  the occur-  
rence of  large-scale c h r o m o s o m e  rea r rangements  in hap-  
loid and diploid  popu la t ions  of  S. cerevisiae in envi ron-  
ments  where  g rowth  is l imi ted by the concen t r a t ion  o f  
organic  phosphate .  Three  aspects o f  the results deserve 
fur ther  comment .  
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Table 3. Correlation between changes involving the chromosomes 
carrying the structural loci for acid phosphatase, and changes in the 
copy number of those loci. Note: all other populations showed no 
changes in copy number for these loci 

Popu- Changes in Copy number _+SD 
lation chromosome 

I II VIII PH011 PH03/ PHOIO 
PH05 

B a + - - 1.00_+0.20 1.05__0.18 2.17_+0.42 
E b - + - 1.00_+0.04 0.80___0.08 1.03_+0.05 
F - + - 1.00_+0.31 3.30_+0.83 1.20_+0.29 
G - - - 1.00_+0.21 1.00-+0.25 7.4-11.4 c 
J - + - 1.00_+0.12 4.33__.0.60 3.29_+0.43 

" The terminal sample isolated from the B population was poly- 
morphic for an increase in the size of chromosome I. None of the 
clones assayed, whether possessing the chromosome length variant 
or not, showed a change in copy number of PHOi1 located on this 
chromosome. However, all clones showed an increase in the copy 
number of PHOIO, located on chromosome VIII, for which no 
chromosome length variants were detected 
b The terminal sample isolated from the E population was poly- 
morphic for two chromosome changes involving chromosome II. 
None of the clones assayed, whether possessing the chromosome 
length variant or not, showed a change in the copy number for any 
of the three loci 
~ The terminal sample isolated from the G population was poly- 
morphic for the location of copies of the PHOIO locus. All clones 
isolated from this sample showed that it was absent from chromo- 
some VIII, and different clones showed the location of this locus on 
chromosome XI, chromosome XVI, or chromosome VII/XV. Since 
chromosomes VII and XV co-migrate in our strains, the locus of 
PHOIO-homologous sequences could not be assigned unambigu- 
ously for such clones 

Fig. 2. DNA-DNA hybridization spectra of terminal clones from 
populations H, J and K. Total DNA preparation were digested with 
PstI and the blot was probed with the 3.5 kb fragment from pAP20 
(see Materials and methods). The sizes (kb) and corresponding 
acid-phosphatase gene homologies are shown to the right of the 
autoradiograph. In this blot, densitometric scans of H and K clones 
were used as controls to confirm the relative increase in copy num- 
ber observed for the PHOIO and PHO3/PH05 loci in the clones 
derived from the J population (see Table 3 and Materials and 
methods) 
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Frequency and number of chromosomal rearrangements 

The variety of chromosomal rearrangements that have 
occurred indicates that the genome of S. cerevisiae is 
surprisingly labile, though probably not more so than 
those of prokaryote species (see Riley 1985). Seventeen 
(exclusive of changes in size of chromosome XII) differ- 
ent chromosome rearrangements were observed in eight 
of the 13 populations. The range of different chromosome- 
length variants seen is particularly striking, given the sim- 
ilarity of the environments in which the 13 populations 
were grown. In all cases, growth was limited by the con- 
centration of organic phosphates, in medium buffered at 
pH 6. The results show that two broad classes of rear- 
rangements attain significant frequencies during adap- 
tion to limiting concentrations of organic phosphate: (1) 
deletions, and (2) tandem and non-tandem duplications. 
Both classes may also occur in association with an in- 
crease in chromosome number. Thus, a variant observed 
in population J after 1000 generations possessed an extra 
copy of chromosome V containing an approximately 
50 kb deletion. Still other classes of rearrangements, such 
as inversions may also attain high frequencies but would 
not be detected by pulse-field electrophoresis. 

Four independent chromosome-length variants that 
resulted from loss of chromosomal material were identi- 
fied in the terminal samples from three populations. In all 
cases, the clones identified were heterozygous for the 
deletions, and no clones were seen that had suffered a loss 
of unique chromosome segments. Since the size of the 
deletions, approximately 30- 50 kb, was appreciable, it is 
likely that such cells would be strongly selected against, 
or even be inviable due to the loss or attenuation of 
essential cellular functions, if the cells were not aneu- 
ploid. 

Gene duplications have been found to occur at a high 
frequency in S. typhimurium (Anderson and Roth 1977), 
and a number of studies have shown that gene duplica- 
tions are typically selected during evolution in environ- 
ments where growth is limited by enzyme activity (e.g., 
Rigby et al. 1974) or by the availability of carbon-or 
energy sources (Sonti and Roth 1989). 

Several of the populations contain more than one re- 
arrangement. Since the stability of chromosomal rear- 
rangements is at least partly under genetic control (Han- 
sche et al. 1978), and there are now a number of reports 
that identify loci affecting the fidelity of mitotic transmis- 
sion (Kouprina et al. 1988; Newlon 1988), it is possible 
that adaptation resulted in selection for a loss of chromo- 
some stability. However, the distribution of chromoso- 
mal rearrangements is random, in that the number per 
population is not significantly different from that pre- 
dicted by the Poisson distribution, indicating that there is 
no evidence that adaptation had resulted in genetic differ- 
ences for chromosome stability (data not shown) among 
the populations. 

The high frequencies of such chromosomal rearrange- 
ments that are attained after adaptation over approxi- 
mately 1 000 generations may be explained by either as- 
suming that they confer a direct selective advantage on 
the cells carrying them, or alternatively by assuming that 

they are not selectively favored but are linked to indepen- 
dent, selectively favorable, mutations not contained with- 
in the chromosomal rearrangement ("hitch-hiking"; 
Maynard Smith and Haigh 1974). Although we cannot 
unequivocally eliminate this alternative "hitch-hiking" hy- 
pothesis, four considerations make it extremely unlikely: 

(1) The "hitch-hiking" hypothesis would require that the 
frequency of chromosomal rearrangements is sufficiently 
high to give a reasonable probability of a chromosomal 
rearrangement occurring in a clone carrying an adaptive 
mutation. All the accumulated evidence from the genetics 
and molecular biology of yeast indicates that the rate of 
occurrence of chromosomal rearrangements is at least as 
low as, or lower than, the rate of "conventional" muta- 
tion. In two independent studies, only approximately 
10% of interchromosomal gene conversion events were 
accompanied by reciprocal exchanges, detected as 
translocations or transpositions (Mikus and Petes 1982; 
Sugawara and Szostak 1983). Furthermore, amplifica- 
tions and duplications, which may result in accretions in 
size, have been estimated to occur at extremely low rates; 
1 x 10-11-1 x 10-1Z/mitosis (Hansche et al. 1978; Paquin 
et al. 1992). To explain, non-selectively, the prevalence of 
the chromosomal rearrangements seen in the populations 
described here, the rate of production of chromosomal 
variants would have to be several orders of magnitude 
higher than the mutation rate. 
(2) Some of the rearrangements do involve a change in 
the copy number of the structural genes for acid phos- 
phatase, and there is good evidence that relative fitness is 
directly related to the activity of this enzyme in an organ- 
ic-phosphate-limited environment (Francis and Hansche 
1972, 1973). 
(3) The magnitude of the accretions and deletions in 
chromosome size are large, ranging from less than 10 kb 
to 390 kb. Thus, each rearrangement generates copy- 
number changes for a large number of loci. It is unlikely 
that changes of this magnitude can be selectively neutral. 
(4) Finally, the maintenance of chromosome-length 
polymorphisms for long periods in one population that 
was highly polymorphic, suggests that they are not tran- 
sient but rather that they are selectively maintained, most 
likely by interactions between the different variants (cf., 
Helling et al. 1987). A non-selective explanation for the 
presence of polymorphisms would predict that the dura- 
tion of the polymorphisms would be short, being deter- 
mined by the rate of population replacements caused by 
the appearance and predominance of adaptive mutations 
(e.g., see Kubitschek 1974). The results of Paquin and 
Adams (1983) indicate that population replacements oc- 
cur about every 50 generations. 

Changes involving the structural loci for acid phosphatase 

Previous results (Francis and Hansche 1972, 1973) have 
shown that growth, and therefore fitness, is directly relat- 
ed to the activity of the extracellular-enzyme acid phos- 
phatase, in populations maintained in organic-phos- 
phatase-limited environments at high pH. Furthermore, 
Hansche and co-workers (Hansche 1975; Hansche et al. 
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1978) have shown that prolonged growth under limiting 
concentrat ion of  two different organic phosphates,  fl- 
glycerol phosphate  and ur idine-monophosphate  (equiva- 
lent to the environments of  populat ions E and J), can 
result in the selection of  duplications of  the right a rm of  
chromosome II  (containing the loci PHO3/PH05). How- 
ever, only a small minori ty (2 />  17) of  the chromosome-  
length modifications described in Table2  involved 
changes in the copy number  of  the structural loci for acid 
phosphatase.  

Changes in the copy number  of  the structural genes for 
acid phosphatase were seen in four of  the 13 populations; 
in two populat ions the copy number  of  the PHO3/PH05 
loci had increased whereas in three of  the populat ions the 
copy number  of  the PHOIO locus had increased. A sur- 
prising feature of  these results is that  changes in the copy 
number  of  the acid-phosphatase structural loci are impli- 
cated in only two (F and J) of  the five populat ions in 
which chromosome-length modifications involving the 
chromosome (I, II  and VIII)  bearing these genes were 
detected. For  example, populat ion B contains an accre- 
tion in the size of  chromosome I, yet this does not involve 
an increase in the copy number  of  the PHOII locus. In 
the case of  the clones isolated f rom the terminal sample 
taken f rom populat ion G, no detectable changes were 
observed in the electrophoretic karyotypes,  yet the copy 
number  of  the PHOIO locus had increased dramatically 
(see Table 3). In each of  these clones, the PHOIO gene 
was deleted f rom its normal  position on chromosome 
VII I  and the amplified copies were translocated to other 
chromosomes.  Three different variants were identified in 
this sample, with the PHOIO locus translocated to chro- 
mosome XI,  chromosome XVI, or chromosome VII  or 
XV. (Since chromosomes VII  and XV co-migrate in these 
strains, unambiguous  determination of the locus of  
PHOIO was not  possible in such clones). Thus, the data 
indicate that  populat ion G was polymorphic  for the loca- 
tion of  PHOIO. The analysis of  the changes in copy num- 
bers of  the acid-phosphatase structural loci in this popu-  
lation will be the subject of  a future communication.  

Population polymorphism 

A number  of  the populat ions surveyed were polymorphic  
for the observed chromosomal  rearrangements.  This is at 
variance with the classical model of  evolution in asexual 
populat ions originally proposed by Muller (1932; see 
alow Crow and Kimura  1965) which asserts that popula-  
tions will be virtually monomorph ic  except for those peri- 
ods when one clone is replaced by another  of  higher fit- 
ness (cf. Kap lan  et al. 1989; M aruyam a  and Birky 1991). 
Several recent reports have also identified polymorphic  
populat ions which are stable. Thus, Helling et al. (1987) 
have described a stable polymorphism maintained in a 
simple environment  where growth was limited by the 
concentration of  glucose In addition, the duplications 
observed by Sonti and Roth (1989) did not become fixed 
in the population,  in spite of  their selective advantage. 
Finally, we (Rosenzweig and Adams,  in preparat ion) 
have observed polymorphisms arising in glucose-limited 
long-term populat ions of  S. cerevisiae, which may  be sta- 
bly maintained. 
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