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the Xp- females was 185.8 months (s.d., 74.9). All subjects were healthy, with no
significant neurological disease. Females with an Xp- chromosome were all
referred for investigation because of short stature in middle childhood, with
one exception who was karyotyped at birth. Neuropsychological test results are
presented for subjects with verbal IQs = 65 (three 45,X™ subjects and one 45,X?
subject had verbal IQs that fell out of range). Parents rated 70 normal males and
71 normal females (age range, 6—18 years) on the social-cognition scale. The
neuropsychological test battery was used to assess 68 normal males and 91
normal females (age range, 6—25 years). Verbal IQs were in the range 65—151.
All normal comparison subjects were recruited from urban and suburban
schools (6—18 years) and from hospital staff (18—25 years).

Behavioural and cognitive measures. Initial screening was conducted by
postal questionnaires using a well-standardized set of instruments'*~'. These
were completed by parents, teachers and the Turner-syndrome subjects
themselves (11 years and over). The social cognition questionnaire (Box 1)
was completed by parents only. In a survey of 175 Turner-syndrome subjects for
whom we obtained parental ratings on two occasions, a mean of 2.7 years apart,
the intraclass correlation coefficient was 0.81 (P < 0.01). Scores correlate with
the self-rated social problem subscale of the YSR' 0.58 (P < 0.002), with the
teacher rating on the TRF'"® 0.54 (P < 0.001), and with the parent-rated CBCL"
0.69 (P < 0.001). The range of scores was 0—23 in the Turner-syndrome sample
and 0-21 in the normal sample (maximum score of 24). The CBCL" was
completed by 70 parents, the YSR'® was completed by 40 subjects over 11 years
of age, and the TRF"” was completed by 45 teachers. Clinical significance of
social problems was estimated according to clinical T scores'*™'®. Measures of
cognition included the Wechsler Intelligence Scales for Children (WISC III-
UK)* and the Wechsler Adult Intelligence Scales—Revised (WAIS-R)*. The
behavioural inhibition task was the Same—Opposite World subtest from the
Test of Everyday Attention for Children®. This yields a time measure that
ascertains the difference in latency for a subject responding to a series of stimuli
on a task of sequential responses, which are named both as they appear and then
opposite to their appearance. The subject reads a random series of numbers (1
and 2) saying ‘one’ to 1, and ‘two’ to 2. The subjects then repeat the task on a
new series, but this time they have to inhibit the prepotent response and instead
say ‘two’ to 1, and ‘one’ to 2, correcting any errors before proceeding. Test—
retest reliability on a sample of 70 normal children gave an intraclass correlation
coefficient of 0.62 (P < 0.001). The Tower of Hanoi task was based on the
procedure described previously”. It was scored according to the most complex
level of the problem the child could solve reliably. Test—retest reliability gave an
intraclass correlation coefficient for the highest level achieved of 0.45
(P < 0.001), which is in line with expectations for a test that makes novel
demands of this nature®.
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Molecular evidence for an
ancient duplication of the
entire yeast genome

Kenneth H. Wolfe & Denis C. Shields
Department of Genetics, University of Dublin, Trinity College, Dublin 2, Ireland

Gene duplication is an important source of evolutionary
novelty"’. Most duplications are of just a single gene, but Ohno'
proposed that whole-genome duplication (polyploidy) is an
important evolutionary mechanism. Many duplicate genes have
been found in Saccharomyces cerevisiae, and these often seem to
be phenotypically redundant’~’. Here we show that the arrange-
ment of duplicated genes in the S. cerevisiae genome is consistent
with Ohno’s hypothesis. We propose a model in which this species
is a degenerate tetraploid resulting from a whole-genome dupli-
cation that occurred after the divergence of Saccharomyces from
Kluyveromyces. Only a small fraction of the genes were subse-
quently retained in duplicate (most were deleted), and gene order
was rearranged by many reciprocal translocations between chro-
mosomes. Protein pairs derived from this duplication event make
up 13% of all yeast proteins, and include pairs of transcription
factors, protein kinases, myosins, cyclins and pheromones. Tetra-
ploidy may have facilitated the evolution of anaerobic fermenta-
tion in Saccharomyces.

We searched systematically for duplicated regions®’ in the com-
plete yeast genome® by using BLASTP® amino-acid sequence simi-
larity searches of all yeast proteins against one another, and plotted
the results on dot matrices. Duplicate regions are visible as a
diagonal series of ‘hits’ with conserved gene orientation. In the
example shown in Fig. 1, three separate diagonals indicate three
distinct regional duplications between chromosomes X and XI.
Within each region the homologues are interspersed with genes that
are not now duplicated. We propose that this is the result of random
deletion of individual duplicated genes from one or other chromo-
some subsequent to the initial duplication of the whole region.

In the whole genome, 55 duplicate regions were identified
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containing 376 pairs of homologous genes (Fig. 2). Amino-acid
sequence identity between the pairs ranges from 24% to 100%, with
a mean of 63%. The criteria used to define a duplicate region were:
(1) BLASTP high scores of =200 for each gene pair (these have an
associated significance of P = 10~ '® or less); (2) at least three pairs
of homologues with intergenic distances of <50 kilobases (kb) on
each chromosome; and (3) conservation of gene order and orienta-
tion (with allowance for small inversions within some blocks). The
extent of duplicated regions is significantly in excess of what would
be expected by chance if homologous genes were distributed at
random, as measured by two statistical tests (see Methods). The
duplicated regions are on average 55 kb long and contain a mean of
6.9 duplicate gene pairs. Together they span 50% of the genome.
This is a minimal estimate because we did not consider possible
duplicated regions that contain just one or two gene pairs. In the 55
duplicate regions, 25% of the genes (743 of 2,905) are duplicated,
and again this is a minimal estimate because some less well
conserved duplicate genes (BLASTP <200) may be present
within the blocks. Many regions also contain duplicate tRNA
genes at equivalent locations. The 376 pairs of duplicate proteins
account for only 12% of all the yeast sequence pairs having a
BLASTP score above 200 (after excluding yeast retrotransposon
(Ty) element sequences); most of the others are hits among
members of large families such as sugar permeases, protein kinases,
the AAA superfamily and the proteins encoded by subtelomeric
repeats. However, these 376 pairs located in duplicate regions
account for 42% of all ‘simple’ duplicate gene pairs in yeast (that
is, pairs of genes that are one another’s only significant BLASTP hit).

How did these 55 duplicated regions arise? They were formed
either by many successive independent duplications (each involving
dozens of kilobases), or simultaneously by a single duplication of
the entire genome (tetraploidy) followed by reciprocal transloca-
tions between chromosomes to produce a mosaic of duplicated
blocks. A polyploid origin for the yeast genome was first proposed
in 1987 by Smith’.

We favour the tetraploidy and translocation model for two
reasons. First, for 50 of the 55 duplicate regions, the orientation
of the entire block with respect to the centromere is the same in the
two copies (Fig. 2), which is significantly non-random (x; = 18).
Block orientations are expected to be conserved if the blocks were
formed by reciprocal translocations among duplicate chromo-
somes, whereas if each block was made by an independent duplica-
tion its orientation should be random. Moreover, even the gene
pairs outside the identifiable duplicated blocks (Fig. 2) show a bias
towards conservation of transcriptional orientation with respect to
the centromere. For ‘simple’ gene pairs (defined above) in which
both genes lie outside the 55 blocks, most (117 out of 172 pairs)
show conserved transcriptional orientation, whereas no bias of
orientation is seen in pairs in which one of the genes lies in a
block but the other does not. This suggests that our method may
have overlooked numerous smaller duplicated blocks. For example,
the large unassigned region on the right arm of chromosome X
(Fig. 2) becomes paired with unassigned parts of chromosomes
XVI, XIII, IV and VIII if the criterion for defining a block is reduced
from three to two pairs of duplicated genes.

Second, based on a Poisson distribution of block sizes, 55
successive duplications would be expected to result in about seven
triplicated regions (that is, duplicates of duplicates), but we observe
none (or at most one; see Methods). This difference is highly
significant. Together, these two statistical tests support a model of
tetraploidy in which the regional duplications are relics of a whole-
genome duplication.

The mosaic pattern of duplicated segments leads us to propose
that S. cerevisiae is an ancient tetraploid, similar to maize' and
perhaps vertebrates'!. Our model for this is that two ancestral
diploid yeast cells, each containing about 5,000 genes, fused to
form a tetraploid. Depending on the species relationship of the two
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cells, this could have been either autotetraploidy or allotetraploidy.
This species then became diploid (underwent a decay of sequence
identity), and most (about 85%) of the duplicate copies were
deleted, leaving the current species with a haploid/diploid life
cycle and 5,800 genes that include many duplicates. The original
chromosome-sized duplications were then broken up into smaller
blocks by reciprocal translocations. About half of the 800 duplicate
gene pairs are shown in Fig. 2, and the remainder are presumed to lie
in regions that have been fragmented too severely by translocation,
deletion or transposition to be detectable by the methods used here.
Autotetraploidy sometimes occurs in yeast by fusion between
spontaneously arising diploids that are homozygous at the MAT
locus'?, and recent allotetraploidy has been proposed for S.
carlsbergensis”. Reciprocal translocation, which we propose to be
the mechanism causing fragmentation of the duplicated blocks, has
been observed in comparisons of chromosomes between S. cerevi-
siae and S. bayanus". The arrangement of some sets of blocks, such
as the juxtaposition of both copies of blocks 50 and 14 beside both
copies of blocks 23 and 37 (Fig. 2), also implicates reciprocal
translocation. This model of yeast genome evolution could be
tested by comparison of gene order in related genera such as
Kluyveromyces and Candida. A similar model in which most, but
not all, of the original chromosomes were duplicated (aneuploidy)
seems less likely but cannot be ruled out.

The closest relatives of yeast for which a substantial sequence data
set is available are species in the genus Kluyveromyces'. Comparison
of the gene sequences and gene order of S. cerevisiae and
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Figure 1 Locations of similar genes on chromosomes X and Xl. All pairs of
proteins with BLASTP scores =200 are plotted at the position of their genes on the
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Figure 2 Locations of 5656 duplicated chromosomal regions. Only duplicated genes are named (YPD database names). Regions are numbered and coloured arbitrarily. Arrows show the relative orientations of the two copies of a

block; orientations are conserved with respect to the centromere for all except blocks 6, 8,17,18 and 33. Roman numerals below blocks indicate the chromosomal location of the other copy. Parentheses indicate genes with an order

and orientation thatis not as expected (that is, probable cases of postduplication inversions). Braces group two ORFs in one copy of a block that correspond to one ORF in the other. CEN indicates the position of the centromere on

that chromosome. Details of some additional putative gene pairs that are located within or beside the 55 regions but have lower BLASTP scores can be obtained from http://acer.gen.tcd. ie/~khwolfe/yeast.
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B Figure 3 Phylogenetic analysis of S.
8. cerevisiae gene 1 . . )
A | cerevisiae gene pairs and their K.
c S. cer gene 2 lactis or K. marxianus homologues.
Kiuyveromyces Bootstrap support for the indicated
branching order, and estimated age
Outgroup of the S. cerevisiae duplication rela-
tive to the Saccharomyces/Kluyver-
Bootstrap 90% Confidence Amino-acid Branch length omyces speciation, are shown. Sch.,
Block Gene 1/Gene 2 support (%) Age interval sites A B Qutgroup i
------------------------------------------------------------------- e e Schizosaccharomyces.
3 NTH2 /NTH1 100 0.70  (0.59-0.82) 714 0.052 0.131 0.115 Candioa albicans
3 GALT/GAL3 99 0.55 (0.41-0.76) 468 0.100 0.115 0.130 Homo sapiens
37 YCK1/YCK2 97 0.48 343 0.036 0.046 0.024 Sch. pombe
36 HXKI/HXKZ2 94 0.77 (062 -0.95) 484 0.037 0.147 0.107 Sch. pombe
45 EXG1/SPR1 % 0.80 (067 -0.97) 418 0.051 0.166 0.270 Candida albicans
10 CRY1/CRY2 89 0.40 137 0.015 0.014 0.007 Homo sapiens
21 SIR2/HSTT 45 0.86 (0.66 - 1.00) 402 0.028 0.167 0.182 Caenorhabditis elegans
28  CYC7/CYCT 34 0.82 106 0.017 0.110 0.057 Sch. pombe
30 YGRO43C/TAL? 24 1.00 332 0.000 0.231 0.149 Homo sapiens
Genes with apparent gene conversion
8 RPS10A / RPS108 100 0.04 233 0.042 0.000 0.004 Sch. pombe
20  SSB1/SSB2 100 0.06 (0.01-0.11) 613 0.049 0.002 0.004 Candida albicans
37 RPL41B/RPL41A 100 0.00 105 0.054 0.000 0.000 Candida tropicalis

Kluyveromyces suggests that these lineages diverged before the
proposed genome duplication in S. cerevisiae (Fig. 3). This implies
that the Kluyveromyces homologues of all of the genes named in Fig.
2 should be single-copy, and we did not find any examples to
contradict this in the literature. K. lactis has a genome of 12 million
base pairs, slightly smaller than that of S. cerevisiae, but has only six
chromosomes. Two of its centromeres'® are orthologous to pairs of
S. cerevisiae centromeres that are located in duplicated blocks 11
and 35.

Phylogenetic trees were drawn from protein sequences of 12 S.
cerevisiae duplicate pairs with homologues in Kluyveromyces and an
outgroup (Fig. 3). In nine of these there is strong bootstrap support
(=89%) for a branching order that places the two S. cerevisiae
sequences together; in the others there is no strong support for any
order. We estimated the ages of the duplications in S. cerevisiae
relative to the speciation between the two yeast species. Three gene
pairs (SSB1/SSB2 and two ribosomal proteins) yield very young
ages, probably because they have been involved in recent gene
conversions within S. cerevisiae (Fig. 3). Of the five sequences for
which there are sufficient data to calculate a confidence interval by
bootstrapping, and excluding SSBI/SSB2, the mean relative age of
duplication is 0.74 (s.d. 0.12). The date of the divergence between
Saccharomyces and Kluyveromyces is not known with any certainty,
but assuming a constant molecular clock for 18S ribosomal RNA"
and an animal/fungal divergence time of 10’ years, we estimate it to
be roughly 1.5 X 10® years ago, which places the genome duplica-
tion roughly 10° years ago.

Our model of massive gene deletion in the wake of genome
duplication predicts that some groups of genes that are adjacent in
Kluyveromyces should have homologues in S. cerevisiae that are not
themselves duplicated, but are located within different copies of
duplicated blocks. This is the case with the genes GAL4 (LAC9) and
SGS1.1n S. cerevisiae these genes are single-copy and are located on
chromosomes XVI and XIII, respectively, in equivalent intervals
within block 48 (between the pairs HSP82/HSC82 and YPL249C/
YMRI92W; Fig. 2). In K. lactis GAL4 (LAC9) and SGSI are
neighbours (R. S. Keogh and K.H.W., unpublished data). This
suggests that GAL4 and SGSI were originally adjacent in
Saccharomyces, but after the genome duplication one copy of each
gene was deleted. Similar relationships are seen between the K. lactis
gene cluster HHTI-TRP1-IPP]1 and block 3; between K. lactis
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YNL217W—-RAPI1—-GYP7 and block 20; and between K. marxianus
RPL25-YNL305C and block 49 (refs 17—19). In each of these cases
the transcriptional orientation of all genes has been conserved
between the two species. These results could be explained either
by our model of degenerate tetraploidy or by multiple independent
regional duplications, but in the latter case all four duplications
must have occurred in Saccharomyces after the speciation.

For most of the 376 gene pairs in S. cerevisiae, the function of both
genes is not known. Only a few pairs have functions that have clearly
diverged, notably the genes encoding mitochondrial and peroxiso-
mal isozymes of citrate synthase (CITI1/CIT2)° the RASI/RAS2
genes”, the genes ACE2/SWI5 which encode transcription factors®,
TORI/TOR2 which encode phosphatidylinositol kinases®, and
MYO2/MYO4 which encode myosins®. The differences between
other pairs seem less important, for example the myosin genes
MYO3/MYO5, and several pairs of genes that encode cyclins
(including CLN1/CLN2, CLB1/CLB2 and CLB5/CLB6), nucleopor-
ins (NUPIOO/NUPI116 and NUP157/NUP170), the al and «2
mating pheromones, and 18 pairs of protein kinases. Nevertheless,
according to our model these genes have been retained in duplicate
for about 10® years. Before the genome duplication their separate
functions must either have been embodied in a single protein’, or
one of the functions did not exist (or, less likely, one of the functions
was performed by a different gene that was supplanted). This
implies that the physiology of the ancestral yeast may have been
quite different from that seen today, and was perhaps more similar
to that of Kluyveromyces. The most striking physiological difference
between Saccharomyces and other yeasts is its ability to ferment
sugars vigorously under anaerobic conditions, producing ethanol.
The proposed genome duplication may have been instrumental in
its evolutionary adaptation to anaerobic growth; for example, the
duplicate genes include several pairs that are regulated differently
under aerobic and anaerobic conditions (CYCI and CYC7; COX5A
and COX5B), as well as several genes encoding sugar transporters. It
may not be a coincidence that the estimated date of the genome
duplication corresponds to the time when angiosperms (and their
fruit) became abundant in the earth’s flora.
Methods
Data. Yeast proteome lists from the Yeast Protein Database (YPD), the
Saccharomyces Genome Database (SGD) and Martinsried Institute for Protein
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Sequences (MIPS) databases were reconciled. Ty elements and dubious open
reading frames (ORFs) were excluded. The data set (5,790 proteins) and search
results can be viewed at the URL http://acer.gen.tcd.ie/~khwolfe/yeast.
Repetitive regions within proteins were masked using the SEG filter in BLAST.
Statistical analysis. Chi-square tests (data not shown) indicate that
duplicated genes in yeast are distributed in a highly non-random manner
with regard to both the order in which homologous genes occur on pairs of
chromosomes and the transcriptional orientations of those genes. A
simultaneous origin of duplicate regions, as opposed to 55 independent
duplications, is supported by a chi-square test on block orientations and by the
lack of triplicated regions. The Poisson expectation if blocks were duplicated
sequentially is for approximately 40 duplicated blocks, and 7 blocks that are
replicated more than once (mainly triplicated). There is only one possible
candidate for a triplicated region: the genes YDR474C, YDR492Wand GNPI on
chromosome IVand YOR019W, YOL002C and SCM2 on chromosome XV meet
our criteria for a duplicated chromosomal region; this is not shown in Fig. 2
because this area of chromosome IV overlaps with blocks 18 and 9, which have a
higher density of homologues than the proposed chromosome IV/XV block.
The three-gene match between chromosomes IV and XV is probably spurious,
but even if this is counted as a triplication the departure from Poisson
expectations is significant (P = 0.001).

Phylogenetic analysis. Protein sequences were aligned using default settings
in ClustalW with manual editing to remove regions whose alignment was not
clear. Branch lengths were estimated with correction for multiple hits®. The
mean age of duplication was estimated as (B/(A + B) + C/(A + C))/2, where A,
B and C correspond to the lengths of branches A, B and C shown in Fig. 3.
Confidence intervals were estimated by bootstrap analyses for genes where
there were >10 inferred substitutions on branch A. One gene pair, ORCI/SIR3,
was omitted because one of the yeast genes appeared more similar to its human
homologue than to its duplicate.
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Dendritic cells form a system of highly efficient antigen-present-
ing cells. After capturing antigen in the periphery, they migrate to
lymphoid organs where they present the antigen to T cells"?. Their
seemingly unique ability to interact with and sensitize naive T
cells gives dendritic cells a central role in the initiation of immune
responses and allows them to be used in therapeutic strategies
against cancer, viral infection and other diseases. How they
interact preferentially with naive rather than activated T lympho-
cytes is still poorly understood. Chemokines direct the transport
of white blood cells in immune surveillance™*. Here we report the
identification and characterization of a C-C chemokine (DC-CK1)
that is specifically expressed by human dendritic cells at high
levels. Tissue distribution analysis demonstrates that dendritic
cells present in germinal centres and T-cell areas of secondary
lymphoid organs express this chemokine. We show that DC-CK1,
in contrast to RANTES, MIP-1x and interleukin-8, preferentially
attracts naive T cells (CD45RA"). The specific expression of DC-
CK1 by dendritic cells at the site of initiation of an immune
response, combined with its chemotactic activity for naive T cells,
suggests that DC-CK1 has an important rule in the induction of
immune responses.

Dendritic cells are key regulators in immune responses, capable of
priming naive T cells. Their potent antigen-presenting capacity can
be explained in part by their unique life cycle and their high
expression of major histocompatibility complex (MHC) class I
and 1T molecules as well as co-stimulatory molecules'. Detailed
molecular analysis of dendritic cell function has been hampered,
however, by the low numbers of dendritic cells present in blood
mononuclear cells. The mechanism by which dendritic cells interact
with or activate resting naive T cells to initiate an immune response
is not fully understood. One possibility is that secreted cytokines or
chemokines preferentially attract or activate naive rather than
activated T cells. We generated sufficient numbers of dendritic
cells in vitro™® to prepare a panel of dendritic-cell cDNA libraries,
which allowed us to analyse dendritic cells at the molecular level.
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