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As more genomes are sequenced, the identification and characterization of the
causes of heritable variation within a species will be increasingly important. It
is demonstrated that allelic variation in any two isolates of a species can be
scanned, mapped, and scored directly and efficiently without allele-specific
polymerase chain reaction, without creating new strains or constructs, and
without knowing the specific nature of the variation. A total of 3714 biallelic
markers, spaced about every 3.5 kilobases, were identified by analyzing the
patterns obtained when total genomic DNA from two different strains of yeast
was hybridized to high-density oligonucleotide arrays. The markers were then
used to simultaneously map a multidrug-resistance locus and four other loci
with high resolution (11 to 64 kilobases).

Knowledge of genetic variation is important
for understanding why some people are more
susceptible to disease than others or respond
differently to treatments. Variation can also
be used to determine which genes contribute
to multigenic or quantitative traits such as
increased yield or pest resistance in plants or
for understanding why some strains of a mi-
crobe are exceptionally virulent. Genetic
variation can also be used for identification
purposes, both in microbiology and forensics,
for studies of recombination, and in popula-
tion genetics (1). Rapid and cost-effective
ways to analyze variation are needed (2).

High-density oligonucleotide arrays have
been used to simultaneously measure the ex-
pression of every gene in the entire yeast
genome (3, 4). These expression arrays con-
tain a total of 157,112 25-mer probes derived
from yeast genome coding sequences. Al-
though some regions of the genome have
overlapping probes, the arrays cover 21.8%
of the nonrepetitive regions of the yeast ge-
nome. Because the extent of hybridization of
a target sequence to an oligonucleotide probe
depends on the number and position of mis-
matches between the two sequences (5, 6),
we hypothesized that a substantial fraction of
the allelic variation between any two strains

of yeast could be detected simply by hybrid-
izing genomic DNA from the two strains to
the arrays and analyzing the hybridization
differences (Fig. 1A).

Allelic variation is widespread in differ-
ent strains and in different individuals in a
population. The frequency of variation be-
tween common laboratory strains of yeast
is estimated to be as high as 1% (7). Two
Saccharomyces cerevisiae strains, S96
(MATa ho lys5) and YJM789 (MATa
ho::hisG lys2 cyh), a clinical isolate from a
human lung, were chosen for study (8). The
strains are phenotypically different—at
least five simple genetic loci, including a
cycloheximide sensitivity locus from
YJM789, can be followed in crosses be-
tween these two strains. Partial shotgun
sequencing of YJM789 revealed one in-
stance of allelic variation every 160 bases
(9), with slightly more variation in noncod-
ing regions (10). The high degree of array
coverage (22%) and the frequency of vari-
ation suggested that if only a fraction of the
variation could be reproducibly detected, a
new genetic map containing a large number
of closely spaced markers could be con-
structed. These markers could then be used
to map the loci contributing to the pheno-
typic differences between the strains.

To test this, we isolated, fragmented, and
biotin-labeled genomic DNA from both S96
and YJM789 (11). Each sample was hybrid-
ized to two different sets of arrays for 2
hours. Then the arrays were washed, stained
with a phycoerythrin-streptavidin conjugate,
and scanned with a laser confocal scanning
device that detects and records the amount of
fluorescence at about 3 million physical lo-
cations (3). Comparison of the images re-
vealed hybridization differences for the two
strains (Fig. 1B).

It was anticipated that these hybridization
differences could be reproducibly detected
and thus could serve as genetic markers.
Markers were selected by analyzing the
scanned images of arrays hybridized with
DNA samples from each parental strain
(three times each) and from 14 haploid
progeny derived from sporulation of a
YJM789/S96 diploid (12, 13). A total of
3714 of the probes on the array were esti-
mated to have greater than 99% probability
of being a marker distinguishing the two
strains on the basis of their exhibiting a
consistent bimodal distribution across all
hybridizations. These markers were expect-
ed to be from probes whose complementary
sequence is completely absent in YJM789
or whose complementary sequence con-
tained a base change near the central region
of the oligonucleotide probe. Excluding the
ribosomal DNA (rDNA) repeat on chromo-
some (chr) XII, the average marker spacing
was 3510 base pairs (bp). A total of 14 gaps
were observed, with the largest gap (59 kb)
centered near position 150,400 on chr III
(14).

To determine whether the set of markers
was reliable for linkage analysis, we exam-
ined meiotic inheritance. An S96/YJM789
diploid was sporulated, and DNA from four
segregants of one tetrad was isolated and
hybridized to the arrays. Each of the 3714
markers was assigned a genotype on the basis
of whether the observed hybridization signal
was closer to the YJM789 or the S96 expect-
ed signal response. The probability ( p) that
the observed signal was of S96 origin was
computed (15). It was expected that half of
the markers would be scored as having an
S96 origin and half would be scored as
YJM789 and that most markers would segre-
gate with a ratio of 2:2 in the four seg-
regants. The chromosomal locations of the
markers, each marker’s score (S96 or
YJM789), and the location of reciprocal
recombination events are shown for one
chromosome (XIII) (Fig. 2).

For the entire genome, 97 reciprocal
crossovers were observed, close to the ex-
pected value of 86 (16). For 1220 of the
markers, p was less than 0.005 (high proba-
bility of YJM789 origin) or greater than
0.995 (high probability of S96) for all four
segregants. For this set, 94.5% segregated
with a ratio of 2:2; 51% were S96 in origin,
and 49% were YJM789 in origin. Some of the
markers segregating 3 :1 or 4:0 are probably
the result of nonreciprocal recombination
events, which occur in yeast at frequencies
ranging from 0.5 to 30% per locus per tetrad
(17), consistent with these results. For the
remaining markers, p was intermediate (be-
tween 0.005 and 0.995) for at least one of the
segregants in the tetrad, making it difficult to
estimate the frequency of gene conversion.
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Of all the markers (3714), 78.3% segregated
with a ratio of 2:2. These data suggest that
the probability of misscoring a marker is
about 5%, but the probability that a marker
will be incorrectly scored for a particular
hybridization is strongly correlated with its p
value and is thus predictable. In studies of
single-marker events such as gene conversion
or for high-resolution mapping, increased
confidence in individual marker accuracy
could be obtained by repeating those hybrid-
izations that gave overall low confidence
scores (p). Even with some noise, a very clear
inheritance pattern was discerned, indicating
that linkage analysis could be performed with
this set of markers.

The YJM789 strain (MATa lys2 ho:hisG
cyh) and the S96 strain (MATa lys5 ho) are
phenotypically distinguishable. It was pre-
dicted that the genomic regions responsible
for these differences could be identified by
hybridizing DNA from segregants of an
S96/YJM789 diploid to the array and ana-
lyzing the inheritance of markers. YJM789
(MATa) and S96 (MATa) are auxotrophic
for lysine but have mutations in two differ-
ent loci: lys2 (YJM789) and lys5 (S96)
(18). YJM789 also carries an insertion in
the homothallic mating type locus (ho::
hisG) (19), whereas S96 has a deletion in
the same locus (ho). In addition, relative to
S96, YJM789 is hypersensitive to multiple
drugs, including cycloheximide (cyh). The
cyh locus segregated 2:2 in 99 tetrads of a
cross between S96 and YJM789, indicating
that a single locus is responsible for the
phenotype. Altogether, four known and one
unknown loci (cyh) could be scored in the
cross. The segregants of 99 tetrads were
genotyped (20). Of the 396 segregants ex-
amined, 17 segregants were identified that
were MATa lys2 LYS5 ho cyh. DNA from
10 of these segregants was hybridized to
the arrays and analyzed (21, 22) (Fig. 3).

The most probable parental origin of all
DNA segments was determined by estimating
the locations of recombination breakpoints
for each of the segregants for the entire ge-
nome by means of a maximum likelihood
method (23). This procedure eliminated noise
by considering each marker in the context of
its neighbors. These data were used to iden-
tify regions with a very low probability of
random segregation. Probability minima
(probability 5 0.001 per interval) were locat-
ed only on chromosomes II, III, IV, VII, and
XV (see www.sciencemag.org/feature/data/
980398.shl). The physical size of these inter-
vals ranged from 10.7 kb (LYS2) to 90 kb
(HO), with an average genetic size of 17
centimorgans (cM), close to the 20 cM ex-
pected (24). Four of these regions encompass
the known locations of LYS2 (chr II,
469,702), MAT (chr III, 198,278), LYS5 (chr
VII, 215,281), and HO (chr IV, 46,272). The

cyh locus could be unambiguously mapped to
the remaining unassigned 57-kb region on chr
XV (Fig. 4). These data strongly suggest that

PDR5 (chr XV, 619,838), a multidrug resis-
tance pump (25), is the gene responsible for
cycloheximide sensitivity. To confirm the

Fig. 1. (A) Detecting allel-
ic variation with high-
density arrays. For nondu-
plicated regions of the ge-
nome, a minimum of 20
25-base oligonucleotide
probes was chosen from
yeast genomic sequence
(S288c) for every anno-
tated ORF in the yeast
genome (3). Probes (only
from predicted coding re-
gions) were generally ar-
ranged on the array in or-
der of their chromosome
position. In addition to
probes designed to be
perfectly complementary
to regions of yeast coding
sequence (PM), probes
containing a single base
mismatch in the central
position of the oligonu-
cleotide were also syn-
thesized in a physically
adjacent position. The mis-
match probes serve as background and nonspe-
cific hybridization controls in other analyses (3,
31). If probes complementary to YJM789 DNA
fragments containing polymorphisms (*) are
found on the array, decreases in signal in-
tensity at these probes relative to the S96
signal may be observed when YJM789 DNA
is hybridized to the array. The amount of signal decrease will depend on several factors, such
as initial probe intensity and whether the probed fragment is completely absent in YJM789 or
contains a small substitution. The location of the polymorphism within the probe sequence will
also affect the observed intensity decrease. (B) Comparative genomic DNA hybridization
patterns. Genomic DNA from two strains of S. cerevisiae, YJM789 and S96, was fluorescently
labeled and hybridized to two different arrays. Scanned images of the arrays were collected,
digitally colored red or green, and then electronically superimposed. A portion of the
composite image is shown. Probes that hybridized to S96 DNA more efficiently than YJM789
DNA are red, and probes that hybridize to both DNA samples with equal intensity are yellow.
A region that is completely deleted in YJM789 is indicated by an arrow. The figure closeup
shows a region in which one of the mismatch features is bright green. Shotgun sequencing of
YJM789 demonstrated that the actual sequence of YJM789 was complementary to the
sequence of the oligonucleotide in the mismatch row and not to that in the perfect match row.

Fig. 2. Inheritance of markers for one chromosome in one tetrad from a cross between YJM789 and
S96. Red ticks indicate the location of markers that have a less than 0.5% probability ( p) of having
an S96 origin; blue, p 5 0.5 to 50%; yellow, p 5 50 to 99.5%; and green, p . 99.5%.
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role of PDR5 in cycloheximide sensitivity,
we deleted the PDR5 gene in the S96 genetic
background and crossed the resulting strain to
YJM789. The deletion strain was unable to
complement the cycloheximide sensitivity of
YJM789 (26).

The set of 3714 markers constitutes about
4.7% of the estimated variation between the
strains. At 1.0-cM resolution, the map marker
density exceeds that of the traditional yeast
genetic map (2600 markers) assembled over a
period of 40 years (16). The high marker
density and the fact that all markers can be
scored simultaneously should allow the map-
ping of quantitative or multigenic trait loci

(27). This method also offers a substantial
advantage over any method for scanning or
scoring markers described to date: The meth-
od does not depend on having probes to the
second allele on the array, and because of the
sensitivity of the arrays, all markers can be
scored in parallel, in a few hours, without
amplification steps, gels, or enzymatic ma-
nipulation (6, 28–30). The method is power-
ful because of the ease with which genetic
markers are identified: A new set of informa-
tive markers can be quickly selected for any
pair of strains, thus allowing efficient access
to the unlimited genetic diversity in the nat-
ural world.
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Prototype of a Heme Chaperone
Essential for Cytochrome c

Maturation
Henk Schulz, Hauke Hennecke, Linda Thöny-Meyer*

Heme, the iron-containing cofactor essential for the activity of many enzymes,
is incorporated into its target proteins by unknown mechanisms. Here, an
Escherichia coli hemoprotein, CcmE, was shown to bind heme in the bacterial
periplasm by way of a single covalent bond to a histidine. The heme was then
released and delivered to apocytochrome c. Thus, CcmE can be viewed as a heme
chaperone guiding heme to its appropriate biological partner and preventing
illegitimate complex formation.

In c-type cytochromes, heme is bound co-
valently by way of two thioether bonds to the
conserved CXXCH motif of the apoprotein in
a posttranslational process referred to as cy-
tochrome c maturation (1–3). Heme synthesis
in the mitochondrial matrix (4) or bacterial
cytoplasm (2), and the stereospecific, cova-
lent heme attachment in the intermembrane
space (3) or periplasm (5, 6) are spatially
separated processes requiring heme traffick-
ing. Heme addition in mitochondria has been
attributed to the enzyme cytochrome c heme
lyase (3, 7), although neither the mode of
heme binding to that enzyme nor the mech-
anism of the ligation reaction has been eluci-
dated. In Escherichia coli, eight ccm genes
encode membrane proteins that are essential
for cytochrome c maturation (8, 9).

Escherichia coli genes ccmABCDEFGH
were overexpressed from a plasmid to stim-
ulate cytochrome c maturation. Analysis of
the membrane fraction by SDS–polyacrylam-
ide gel electrophoresis (SDS-PAGE) revealed
an 18-kD protein that retained peroxidase
activity of c-type cytochromes with co-
valently bound heme. However, the size of
this protein corresponded best to one of the
products of the ccm genes, CcmE. A chromo-
somal in-frame deletion mutant, which was
constructed by removing 92 ccmE-internal

codons (Ile3 to Ser94) (10), was unable to
produce mature c-type cytochromes (Fig.
1A). When ccmE was expressed in the
DccmE background from the arabinose-in-
ducible promoter para (11), membranes of the
complementing strain contained both endog-
enous holocytochromes c and high levels of
proposed heme-binding CcmE (Fig. 1A), as
confirmed by immunoblot (Fig. 1B). The
heme-protein association was SDS-resistant,
as demonstrated by labeling ccmE-expressing
E. coli cells with the heme precursor [14C]-
d-aminolevulinic acid (d-ALA) followed by
SDS-PAGE of trichloroacetic acid (TCA)–
precipitated cell extracts (12). Cells express-
ing the eight ccm genes plus the two naturally
adjacent structural genes for the endogenous
c-type cytochromes NapB and NapC on a
multicopy plasmid (6) were transformed with
a second plasmid containing an additional,
arabinose-inducible ccmE gene and analyzed
for heme-binding proteins (Fig. 1C). When
ccmE expression from para was repressed by
the addition of glucose, endogenous E. coli
c-type cytochromes such as NapB and NapC
and the 18-kD CcmE protein were labeled to
a similar extent. When ccmE was overex-
pressed by arabinose induction, however,
most of the [14C] label was incorporated into
the 18-kD protein, confirming that CcmE
contains a covalently bound tetrapyrrole. We
conclude that the peroxidase activity (Fig.
1A) resulted from the presence of bound
heme.

Next we characterized the spectroscopic
features of the 18-kD hemoprotein. A hexa-
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