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Complete DNA sequence of yeast
chromosome Xl
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The complete DNA sequence of the yeast Saccharomyces cerevisiae chromosome Xl has been
determined. In addition to a compact arrangement of potential protein coding sequences,
the 666,448-base-pair sequence has revealed general chromosome patterns; in particular,
alternating regional variations in average base composition correlate with variations in local
gene density along the chromosome. Significant discrepancies with the previously published
genetic map demonstrate the need for using independent physical mapping criteria.

DespITE recent technical developments' ®, the availability of
complete sequences of complex genomes, such as those of mam-
mals, is still remote. Thus, in an attempt to define functional
genes more rapidly, particularly human ones, attention has
turned to the sequencing of complementary DNA libraries™. In
this situation, model organisms with small and compact genomes
like bacteria’ °, or with genomes of intermediate sizes such as
Caenorhabditis elegans'® or Arabidopsis thaliana"', assume great
importance as experimental subjects because their complete
genomic sequences can be anticipated using current method-
ology. Of all model organisms, Saccharomyces cerevisiae occu-
pies a unique position as it combines the advantages of being a
cukaryote, being susceptible to powerful genetic techniques, and
of having a genome size of only 13.5 megabasces (Mb) (200 times
smaller than that of the human genome). With yeast, the set of
genes sufficient to build a simple eukaryotic cell can be deciph-
ered with a relatively limited effort, and beyond its intrinsic bio-
logical significance can serve as a reference against which

sequences of human, animal or plant genes may be compared.
Two years ago, a consortium of 35 European laboratories
published the first complete sequence of a eukaryotic chromo-
some, that of chromosome III of S. cerevisiae'”. The sequence
revealed that almost half of the many new genes discovered had
no homologue among previously described genes of either yeast
or other organisms. But the experience with chromosome III
was also important to help establish precise organizational rules
for subsequent phases of the European Union genome-sequenc-
ing programmes'’. During the past three years, our consortium
has turned its efforts to the sequencing of yeast chromosomes
IT (820 kilobases (kb)) and XI. We report here the complete
sequence of chromosome XI (666,448 base pairs (bp)), the
second eukaryotic chromosome ever entirely sequenced. Beyond
the many novel genes it contains, and the more precise descrip-
tion of the yeast genome composition it permits, the larger size
of that chromosome, compared to chromosome III (315 kb), is
sufficient to reveal new chromosomal organization patterns.
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Assembly and verification of sequence

The sequence was determined from a set of 29 selected partially
overlapping cosmid clones of a purpose-built genomic library
(A.T. et al., manuscript in preparation) from S. cerevisiae strain
FY 1679 (a direct derivative of S288C). Cosmids were distributed
between the collaborating laboratories according to a scheme
presented elsewhere (B.D. er al., manuscript in preparation).
Telomeres were physically mapped relative to the terminal-most
cosmid inserts using I-Scel chromosome fragmentation and then
sequenced from plasmids rescued from integrations into the ter-
minal (C,_3A), repeats of chromosome XI (note that the number
of such repeats rctained in the present sequence is arbitrary).
Sequencing strategies and methods were left to the initiative of
each laboratory and were diverse. Sequences were considered as
final and entered into the MIPS data library when all bases had
been unambiguously determined on both strands and strategies
had been examined by the DNA coordinator. Sequences were
then compared to the detailed restriction map constructed for
this work, further examined for the possible occurrence of
frameshifts, and if necessary returned to the sequencing labora-
tories for additional verification. Independent verification was
also used to confirm critical or difficult regions and to estimate
the overall sequence accuracy (Table 1).

Definition of ORFs and other elements

A total of 331 open reading frames (ORFs) were identified in
the entire chromosome using principles explained in Fig. 1
legend. Seven of these ORFs are interrupted by introns. This list
includes 43 partially overlapping ORFs (20 pairs and 1 triplet),
all but four reprcsenting antiparallel overlaps. Six pairs each
include a gene whose function is known, whereas nine other pairs
and the triplet each include an ORF whose predicted product has
a homologue in the databases, suggesting that it corresponds to
a real gene (for details, see B.D. er «/., manuscript in prepara-

FIG. 1 The map on pages 372-373 represents chromosome XI of S.
cerevisiae as deduced from the complete sequence. The map is drawn
to scale from the sequence (coordinates are in kb). The two DNA strands
are materialized as colour gradient bars to represent compositional
variations (Fig. 3). The top strand (designated ‘Watson’ strand) is orien-
ted 5" to 3’ from left to right. The sequence has been interpreted using
the following principles: (1) all intron splice-site/branch-point pairs were
listed; (2) all ORFs containing at least 100 contiguous sense codons
(including the first ATG) and not entirely contained within a longer ORF
on either DNA strand were listed (this includes partially overlapping
ORFs); (3) the two lists were merged and all splice-site/branch-point
pairs occurring inside an ORF but in opposite orientation were disre-
garded. The possible occurrence of reading frames flanking putative
splice sites was then examined for all remaining pairs (namely those
occurring inside ORFs in direct orientation or in inter-ORF regions). in
this case, no lower size limit applied, but the existence (after splicing)
of an ATG codon in-frame with the stop codon was essential. Finally,
tRNA gene (red boxes), centromere, telomeres (grey boxes), §, o and
elements (green boxes) were sought by comparison with a previously
characterized dataset of such elements. (H. Feldmann, unpublished
results). This procedure identified 331 ORFs (blue boxes), which have
been numbered in increasing order from the centromere and desig-
nated YKL for the left arm and YKR for the right arm (w/c suffix indicates
the Watson/Crick coding strand). Twenty-two ORFs shorter than 150
codons and having a CAl <0.110 were considered as questionable
(light-blue boxes). The same has been applied to YKL118w (CAl 0.136)
as it overlaps a 6 sequence. Predicted ORF translation products have
been compared to sequence data libraries using the FastA, and BlastX
algorithms as well as protein pattern search regimes: 93 ORFs corre-
spond to genes whose functions have been identified (brown boxes
above the chromosome map); 93 other ORFs have homologues of
known function (for details, see B.D. et al., manuscript in preparation).
Parts of this sequence have been published®”**? during the course of
this programme (note that there are some differences as the published
sequences had not been submitted to final quality controls of the entire
chromosome).

374

TABLE 1 Quality control and results of estimated overall sequence

accuracy
Total no. of  Total bp Error %
Method of verification fragments verified detected
Original overlaps between
cosmids 28 63,424 0.02
Resequencing of selected
segments (3-5 kb long) 21 72,270 0.03
Resequencing of random
segments (~300 bp long) 71 18,778 0.05
Resequencing of suspected
segments (~300 bp long)
from designed
oligonucleotide pairs 60 17,035 0.03
Total 180 171,507

Overall sequence accuracy, 99.97%

All sequences submitted by collaborating laboratories to the MIPS
data library were subjected to quality control. This included, initially,
extensive re-examination of the restriction map, tracking down putative
frameshifts, comparison with overlapping sequences from other labora-
tories and, eventually, the resequencing of selected or random seg-
ments on an anonymous basis. Selected segments were either 3-5-kb
fragments that were entirely resequenced using the same methods,
strategies and criteria as the original sequences, or short segments
(~300 bp) chosen from suspected or difficult zones that were re-
sequenced directly from cosmids using designated pairs of oligonucleo-
tides as primers. Random segments were inserts of ~500 bp issued
from shotgun cloning of the entire chromosome in the pBluescript SK +
vector. The overall sequence accuracy has been estimated from extra-
polation of the number of actual errors found in the original sequences
after re-examination of each divergence with the verification sequences.

tion). In all such cases, the partially overlapping partner ORF
is shorter, suggesting that it may not correspond to a real gene.
The reality of ORFs as functional genes has been systematically
examined using, as criteria, their codon adaptation index (CAI;
ref. 14) in conjunction with their size (we have verified that there
is no gencral correlation between CAI and ORF size; data not
shown). Although there exist functionally defined genes with
CAI <0.110, the average CAI of the subset of 93 chromosome
XI genes with known functions (Fig. 1, and see below) is 0.211
(0 =0.148, range 0.101-0.868), significantly higher than that of
the entire set of 331 ORFs (average 0.170; o=0.112, range
0.045-0.868). To test the possibility that some predicted ORFs
may occur by chance, a random sequence of the same size and
composition as chromosome XI (both mononucleotide and
dinucleotide frequencies are respected) has been generated. This
sequence shows 37 ORFs longer than 100 codons (all are shorter
than 150 codons; average is 115, with =11.7). Most of them
have a low CAI (average 0.107; 0=0.023, range 0.053-0.168).
For this reason, ORFs that are both shorter than 150 codons
and have CAI<0.110 are considered as ‘questionable’ (Fig. 1).
Consistent with this set containing many unreal genes, 11 out
of the 23 questionable ORFs are partially overlapping, whereas
only four of them have homologues (compared to 67% for all
ORFs). The reality of ORFs as functional genes may also be
challenged by the possible existence of pseudogenes. Although
very few are known in the yeast genome, this might be the case
for YKR 103w and YKR 104w, which are in the same frame but
separated by a single stop codon (verified by sequencing yeast
genomic DNA itself') and whose expected products are homolo-
gous to the N- and C-terminal parts of the same protein, respec-
tively. From these considerations, we estimate the total number
of chromosome XI ORFs corresponding to real genes to be
~310. To this number could be added a few ORFs, not shown
in Fig. 1, that are shorter than 100 codons but have a very high
CAI (B.D. et al., manuscript in preparation).

A total of 16 transfer RNA genes, three of them containing
short introns, and eleven & and one ¢ sequences have also been
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identified (Fig. 1). All 6 sequences occur less than 300 nucleo-
tides upstream of a tRNA gene (or less than 300 nucleotides
upstream of the first § in cases of double ds). The o sequence
partially overlaps the 5" end of the tRNA Lysl gene. These
elements represent the long terminal repeats of yeast retroposons
(Ty) but, in contrast to chromosome III (ref. 15), no complete
Ty was found.

Analysis of predicted protein products

Comparison of the present sequence with public databases
revealed that 93 of the 331 ORFs (28%) correspond either to
previously known protein-encoding genes or to genes whose
functions have been determined during this work (Fig. 1 and
B.D. et al., manuscript in preparation). All other ORFs, 72% of
the total, represent novel putative yeast genes whose functions
need to be experimentally determined. But 93 of them (another

10 4

-20

-30

GG GA AG AA GT TG GC CG TA AT CA AC TT CT TC CC

GG GA AG AA GT TG GC CG TA AT CA AC TT CT TC CcC

FIG. 2 Compositional symmetry/asymmetry of the chromosome and of
its constitutive elements. Relative deviations of dinucleotide frequen-
cies ((observed minus expected)/expected) are shown as vertical bars
(expected frequencies are calculated from mononucleotide frequen-
cies). Complementary dinucleotide pairs have been arranged in mirror
image to help visualize compositional symmetry or asymmetry. Self-
complementary dinucleotides are at the centre. a, Data for the entire
chromosome, calculated from the Watson strand; b, data for ORFs only,
calculated from the coding strand.
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28% of the total) have homologues among gene products from
yeast or other organisms whose functions are known, whereas
37 others (11% of the total) have homologues that are themselves
of unknown function. The remaining 108 ORFs (33% of the
total) either have no homologues in data libraries or show levels
of similarity of uncertain significance (note that this last set
includes 18 questionable ORFs). Overall, about 40-44% of the
genes of chromosome XI are thus of unpredicted function, a
figure similar to that of chromosome III (ref. 16).

Organization of the chromosome

The very high gene density previously found with chromosome
I1I is confirmed: ORFs occupy on average 72% of the sequence
of chromosome XI. The average ORF size is 488 codons
(1,464 bp) : the longest ORF is YKR054c (4,092 codons), which
encodes dynein'”'®, and the second longest is YKL203c (2,473
codons), which is the TOR2 gene'®. Only 25 other ORFs are
more than 1,000 codons long. The mean sizes of inter-ORF
distances are 804 bp for ‘divergent promoters’ and only 381 bp
for ‘convergent terminators’, with ‘promoter—terminator combi-
nations’ being of intermediate length (orientation of ORFs, and
hence that of transcription units, is statistically random and
approximately equal numbers occur on each DNA strand).
There are only six inter-ORF regions that are longer than
3,000 bp; five of these are located close to the telomeres, the sixth
is found half-way along the left arm and contains a tRNA gene.

The size of chromosome XI (~5% of the total yeast genome)
is sufficient to examine general features of chromosome organiz-
ation which, combined with previous chromosome III data,
should be informative about the yeast genome in general. The
average base composition is 38.1% G+ C (38.5% for chromo-
some III), with significant variations between ORFs (average of
40.2%), ‘divergent promoters’ (36.3%) and ‘convergent termina-
tors’ (29.8%). Again, ‘promoter-terminator’ combinations are
of intermediate value. The corresponding value for introns is
32.3%. Average base composition is symmetrical over the entire
chromosome (the symmetry being even more apparent with
dinucleotide frequencies; Fig. 2a), but this only reflects the
almost equal numbers of ORFs encoded on each DNA strand,
the base composition of ORFs themselves showing a significant
excess of homopurine pairs on the coding strand (Fig. 2b). A
regional variation of base composition was noted along chromo-
some I, with a major (G + C)-rich peak in each arm***'. Varia-
tions of similar amplitudes are found here but, owing to the
larger size of chromosome XI, a much more orderly pattern
appears, with an almost regular periodicity of the G+ C content
(Fig. 3). Four major (G + C)-rich peaks occur on the left arm,
separated from each other by ~90-100 kb, and one major peak
(plus a minor one) occurs on the right arm (which is shorter).
Re-examination of chromosome III indicates that spacing is
similar. Thus a yeast chromosome appears as a succession of
(G +C)-rich and (G+ C)-poor segments of ~50 kb each (see
Fig. 1 for an overall view of the phenomenon). Interestingly, the
compositional periodicity correlates with local gene density (Fig.
4), as is the case in more complex genomes in which isochores
of composition are, however, much larger™.

The present sequence also reveals interchromosomal sub-
telomeric duplications. For example, two left subtelomeric seg-
ments of the present sequence (coordinates 348-1,005 and 1,666
2,850) are almost identical with two segments of the right sub-
telomeric region of chromosome III. Conversely, the right
subtelomeric part of the present sequence (from 658 kb to the
end) matches almost perfectly the left subtelomeric region of
chromosome III over more than 8 kb, the only exception being
that a TyS-1 element is inserted into chromosome III (ref. 23).
Such duplications include three ORFs on the left arm and two
ORFs on the right arm (Fig. 1). Subtelomeric regions of chromo-
some XI do not contain Y’ elements (although, intriguingly, the
36-bp repeat internal to Y’ ORF2 sequences®* is found in a short

375



ARTICLES

ORF located in the middle of the left arm; B.D. et al,
manuscript in preparation).

Physical and genetic maps compared

The last edition of the genetic map of S. cerevisiae™ assigned 50
genes or markers to chromosome XI, of which 43 were posi-
tioned on a single linear array and seven remained unmapped.
Comparison of this map with that deduced from the complete
sequence is shown in Fig. 4, which reveals major discrepancies
in the gene order. The entire URA I-STE6 segment, located next
to the left telomere (positions ~25-46 kb of the present
sequence), was translocated and inverted in the genetic map.
URAG, which lies in the left arm, was erroneously mapped to
the right arm, and the entire centromeric region, including the
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FIG. 3 Compositional variation and gene density distribution along
chromosome XI. Top, Compositional variation along chromosome Xl cal-
culated as in ref. 20. Each point represents the average G + C composi-
tion of 15 consecutive elements but similar results were obtained for
averages of 10-30 elements (not shown). Curve A: G +C composition
calculated from the silent positions of codons only; curve B: G+ C com-
position calculated from entire ORFs; curve C: G+ C composition calcu-
lated from inter-ORF regions. Centre, Regional compositional variation
along chromosome Xl is shown as graduated shading: (white, G+C-
poor; dark, G+ C-rich). Bottom, Gene density along chromosome XI.
Gene density is expressed as the fraction of nucleotides within ORFs
versus the total number of nucleotides in stiding windows of 50 kb
(steps are 1 kb). Similar results were obtained for sliding windows of
30-70 kb (not shown). Horizontal line represents average gene density
for the entire chromosome (0.72).
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3 centromere-linked genes METI4, VPSI and PAPI, was
inverted. GAPI, which lies between DALS0 and TRK2, was
mapped distal to 7/FI. Finally, a small inversion can also be
noted between the two closely linked genes CDC16 and MAKI].

Discussion

Our ‘network’ approach to systematic genome sequencing
started with chromosome IIT (refs 12, 13, 26) and has been
improved here by the construction, before sequencing, of a high-
quality cosmid library and a fine-resolution physical map of
the chromosome and by the implementation of novel quality
controls. The important discrepancies between the physical and
genetic maps were a surprise. The physical map has been con-
structed without any reference to the genetic map from a com-
plete set of overlapping cosmid clones derived from a unique
strain, which have been individually verified for their colinearity
with genomic yeast DNA. It is entirely consistent with direct
physical measurements of the yeast chromosome after chromo-
some fragmentation using [-Scel (ref. 27) and was eventually
confirmed by the final sequence. The genetic map, on the con-
trary, is a compromise between results obtained by several labor-
atories working independently and on different strains. It is
possible that some strains, used to establish particular linkages,
showed inversions or translocations with respect to the strain
used for sequencing. But, in any case, this experience with yeast,
where genetics are precise and easy, demonstrates the need for
independent physical and genetic mapping data for all genome
projects.

The rationale behind our effort on quality control was that
if systematic genome sequencing of yeast is to be useful and
significant, then sequence accuracy must permit correct interpre-
tations. With the gene density and ORF size distribution of
yeast, even relatively rare sequencing errors (many of which are
missing nucleotides) result in a large fraction of the protein-
coding genes being affected by frameshifts. A simple calculation
predicts that with an accuracy of 99%, virtually all predicted
genes contain errors, and that at 99.9% accuracy (a figure com-
monly obtained with good sequencing practices and regarded as
satisfactory), two-thirds of the genes still contain at least one
error (most often a frameshift). A higher level of accuracy
(99.97%) has been achieved in this project only after costly
effort; this figure is unlikely to be bettered with current technol-
ogy, but still implies that about one-third of predicted genes will
contain sequencing errors that will affect their interpretation.

In this work, the present sequence has been determined in its
entirety, irrespective of the existence of previous sequence data,
making a posteriori comparisons meaningful. From 107 different
entries, totalling 288,252 bp, which correspond to parts of the
present sequence but were determined independently by others
(EMBL data library, release 73), we found only 26 (24%) of
them to be identical to the present sequence. The others (76%)
show divergences that range from 0.01% to >4%; the average
being 0.3%, or 10 times the error-rate estimated for this study
(we have excluded from our calculation those errors found at the
extremities of published sequences which correspond to vector
contaminations or weaker gel readings). Divergences with pub-
lished sequences are of several types, but only some of them can
plausibly be explained by strain differences. In the cases of the
partial sequences published independently by the authors of the
present work (a total of 23 entries totalling 309,467 bp; see Fig.
1 legend for refs), only 6 base substitutions and 13 additions/
deletions exist compared to the present sequence, consistent with
our estimated error rate of 0.03% (remember that these
sequences had not yet been submitted to independent verification
when published).

Much is still to be learned from large-scale sequencing pro-
grammes regarding genome organization and evolution, but the
almost periodic variation of base composition and gene density
found for chromosome XI is a strong indication that there exist
rules in a ecukaryotic chromosome that individual genes must
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FIG. 4 Comparison of the genetic and physical maps of chromosome
XI. The genetic map is redrawn from ref. 25. The physical map deduced
from this work has been drawn to the same scale. Filled oval represents
the centromere. The genetic map assigned 50 genes or markers to
chromosome XI, of which 43 were positioned on a single linear array
and 7 remained unmapped. Twenty-four of the 43 mapped genes and
4 of the 7 unmapped genes (LOS1, PRP16, UB12 and tRNA Asp) could
be unambiguously assigned to an ORF or a tRNA gene of the present

obey, and which are location-dependent. Such rules may influ-
ence the expression of genes, their stability towards mutagenic
forces or their recombination properties. The reason for the
fairly regular succession of (G + C)-rich and (G + C)-poor seg-
ments along yeast chromosomes is unclear. A correlation with
the location of replication origins or their order of firing during
S phase might be imagined. However, the map of functional
ARS elements for chromosome 111 (ref. 28) does not easily fit
the distribution of its compositional peaks (functional ARS ele-
ments have yet to be defined for chromosome XI). In addition,
many ARS are dispensable. Alternatively, the compositional
periodicity of a yeast chromosome could reflect the folding of
that chromosome, its attachment to the nuclear matrix or struc-
tural elements involved in chromosome segregation, or in the
‘homology search’ that precedes synapsis in the early meiotic
prophase.

Insight into eukaryotic genome organization and evolution
can also be gained from the degree of internal genetic redund-
ancy. Determination of this value is, however, very imprecise at
this stage of the yeast sequencing programme. If we extrapolate
to the entire yeast genome, the fact that 15 of the chromosome
XI ORFs of unknown function have homologues among ORFs
also of unknown function and lying on other systematically
sequenced chromosomes or on chromosome XI itself, we obtain
the surprising figure that genetic redundancy in the yeast genome
must be high, at least among the genes of unknown function.

The availability of the complete sequences of yeast chromo-
somes III and XI offered a chance to search for interesting or
unexpected genes. Opinions may vary as to what constitutes an
interesting gene, but among those are certainly the homologues
to genes that perform differentiated functions in multicellular
organisms (such as the Drosophila white-pigment gene on chro-
mosome III; ref. 12), or are involved in human pathologies such
as xeroderma pigmentosum (YKL113c) or adrenoleukodistro-
phy (YKL188c) on chromosome XI. The existence of such genes
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sequence on the basis of previous partial sequence data, use of probes
or gene function (the remaining 22 genes or markers are indicated by
an asterisk). The two genes BAF1 (ABF1) and YJU2 indicated by a dollar
sign have previously been erroneously mapped to chromosomes V and
X, respectively, on the basis of imprecise electrophoretic karyotype
analysis®>®*, Many other genes described here were not previously
assigned to a chromosome (compare Figs 2 and 4). The assignation of
tRNA Lys2 to SUP25 is only tentative.

in yeast, where their role remains to be clarified, may offer a
powerful experimental system to identify their function or to
develop new therapeutic agents. About a quarter of all predicted
OREF products of chromosome XI have homologues in cDNA
databases (including the human expressed sequence tags
sequences), enabling genes common to all eukaryotes to be
directly identified. Interestingly, this fraction is much higher
(42%) among the 186 ORFs of known or predictable functions
and much lower (<7%) among the remaining 145 ORFs of
unknown functions. It looks as if many of these novel functions
only required transient or low-level transcription in complex
organisms or were primarily phylum-specific. Such questions
may quickly be answered as systematic sequencing of the yeast
genome progresses (chromosomes I, I and VI are nearly com-
pleted and all others are being sequenced at present), and new
routes are explored to interpret the wealth of information. [
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Is the ring around SN1987A
a protostellar disk?

Richard McCray™ & Douglas N. C. LinT

* Joint Institute for Laboratory Astrophysics, University of Colorado
and National Institute of Standards and Technology, Boulder,
Colorado 80309-0440, USA
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ACCORDING to conventional wisdom'™, the ring around supernova
1987A is a product of winds from the progenitor star, which should
have produced a thin, dense, spherical shell'. It was accordingly a
surprise when images obtained by the Hubble Space Telescope™®
revealed that the gas is in fact disposed in a thin ring, with a radial
velocity’ much smaller than that predicted by theory. This could
be explained by an asymmetry in the red giant wind'*"?, or by
rotational flattening'*', but these explanations seem to us to be
ad hoc, and have associated problems. Here we propose, instead,
that the ring is the inner rim of a disk of gas that is left over from
the time of formation of the progenitor star. The centre of the disk
was evaporated by the ionizing radiation of the progenitor over its
lifetime of about ten million years, leaving a ring-like structure.
Our hypothesis naturally explains the ring’s physical properties,
and leads to the prediction that we should see the rest of the disk
shortly after the supernova ejecta hit the ring in Ap 1999 £ 3.
During its red giant stage, the progenitor of SN1987A should
have expelled relatively dense gas in a low velocity
(vr =20 km s7") stellar wind. Then, several thousand years ago,
the progenitor became a blue giant and the high-pressure bubble
due to its fast (vgx 10> kms™') stellar wind began to pack the
inner part of the relic red giant wind into a thin, dense spherical
shell'. Therefore, when evidence for circumstellar gas near
SN1987A appeared in the form of narrow ultraviolet and optical
emission lines>?, it was natural to assume that the line-emitting
gas must have been expelled by the supernova progenitor and
was most likely the spherical shell resulting from the interacting
winds. The overabundance of nitrogen inferred from the ultra-
violet emission-line strengths was persuasive evidence in favour
of the ejection hypothesis™*. Other observations pose problems
for this simple picture, however. In addition to the images’®
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showing that the gas is in a thin ellipse (apparently the projection
of a circular ring inclined at ~45°), the radial velocity of the
ring inferred from the velocity gradient along the minor axis’ is
~10 km s™', much less than the expansion velocity ~50 km s~
predicted by the interacting winds model.

In an attempt to explain why the circumstellar gas resides in
a ring, several authors'®"'? proposed a modified model in which
the red giant progenitor ejected its envelope in a wind that was
much denser at the equator than at the poles. Then, when the
progenitor became a blue giant, the pressure due to the blue
giant wind would have moulded the inner boundary of the red
giant wind into an hourglass-shaped shell. According to this
interpretation, the ring is the waist of the hourglass and the
outer bipolar nebulosity consists of those parts of the lobes of
the hourglass that have been illuminated by the ionizing flash
of the supernova.

There are reasons to be dissatisfied with this model, however.
Numerical simulations'? show that large flux anisotropy in the
red giant wind is needed to produce a significantly flattened
structure. But even with an equator/pole density ratio ~(5-20)/
1, the resulting ring shape appears to be thicker than observed
(thickness/radius ratio ~0.1). A thinner ring is possible, but
requires even greater anisotropy in the red giant wind. There is
no dynamical account for such a high degree of anisotropy.
Furthermore, because the red giant wind is assumed to be acce-
lerated by the blue giant wind, the expansion velocity should be
greater than that of the red giant wind. Yet the observed radial
velocity (10 kms™') is significantly less than the expansion
velocity (~15-20kms™') of most red supergiant winds'>. To
account for the low radial velocity of the ring, the numerical
simulations require a red giant wind with an extremely high
equatorial mass loss rate and a very low (~5kms™") radial
velocity.

It has been suggested'*'* that the small aspect ratio of the
ring may be caused by rotational flattening if the ejection is
accelerated by a hypothetical companion'®. If the red giant wind
has a velocity of ~10 km s™', only companions with binary sepa-
ration comparable to, or smaller than, a few astronomical units,
can provide sufficient acceleration. But in this case, the maxi-
mum specific angular momentum (per unit mass) that can be
attained by the wind would fall short of the value required for
rotational flattening at ~1 light yr by two orders of magnitude.

Indeed, we are so uncomfortable with the ejection hypothesis
that we think it worthwhile to advance an entirely different
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