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Fernando G. de Mello, George A. DosReis & Marcela F. Lopes

Nature 403, 199-203 (2000)

In Fig. 4b and c the label beneath the fourth column should have read
‘Apo-1 + indomethacin’ rather than ‘Anti-«, + indomethacin’. [
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in the tidal debris of
violent galaxy-galaxy interactions
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& Stéphane Leon

Nature 403, 867—869 (2000)

The name of the third author, Pierre-Alain Duc, was inadvertently
mis-spelled as Due. In Fig. 3, the right-hand vertical axis label
should have been the same as that for the left-hand vertical axis:
‘CO(1 — 0) temperature (mK)’. O
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The DNA sequence of human
chromosome 22

I. Dunham, N. Shimizu, B. A. Roe, S. Chissoe et al.

Nature 402, 489—-495 (1999)

The names of the following authors were omitted from the complete
list at the end of the Article: P. Wilkinson (The Sanger Centre,
Wellcome Trust Genome Campus, Hinxton, Cambridge CB10 1SA,
UK); A. Bodenteich, K. Hartman, X. Hu, A. S. Khan, L. Lane,
Y. Tilahun & H. Wright (Department of Chemistry and Bio-
chemistry, The University of Oklahoma, 620 Parrington Oval,
Room 311, Norman, Oklahoma 73019, USA). O

Tribosphenic mammal from the
North American Early Cretaceous

Richard L. Cifelli

Nature 401, 363-366 (1999)

The binomen Montanalestes keebleri was established for a tribo-
sphenic mammal of probable eutherian affinities from the Lower
Cretaceous (Aptian—Albian) Cloverly Formation, Montana, USA.
The trivial name was designated for the Keebler family, of Billings,
Montana. As pointed out to me by T. Harrison, this designation is
implicitly plural, hence, the proper suffix is -orum'. The species name
is hereby corrected to Montanalestes keeblerorum, as provided by
articles 19 and 32 of the International Code of Zoological
Nomenclature'. O

1. International Commission on Zoological Nomenclature. International Code of Zoological
Nomenclature 4th edn (International Trust for Zoological Nomenclature, The Natural History
Museum, London, 1999).

NATURE | VOL 40420 APRIL 2000 | www.nature.com




14. Suessbrich, H. Specific blockade of slowly activating I channels by chromanols—impact on the role
of I channels in epithelia. FEBS Lett. 396, 271-275 (1996).

15. Abbott, G. W. et al. MiRP1 forms Iy, potassium channels with HERG and is associated with cardiac
arrhythmia. Cell 97, 175-187 (1999).

16. Busch, A. E. et al. The role of the IsK protein in the specific pharmacological properties of the I,
channel complex. Br. J. Pharmacol. 122, 187—-189 (1997).

17. Devor, D. C,, Singh, A. K., Gerlach, A. C., Frizzell, R. A. & Bridges, R. J. Inhibition of intestinal CI”
secretion by clotrimazole: direct effect on basolateral membrane K" channels. Am. J. Physiol. 273,
C531-C540 (1997).

18. Rufo, P. A. et al. The antifungal antibiotic, clotrimazole, inhibits chloride secretion by human
intestinal T84 cells via blockade of distinct basolateral K* conductances. Demonstration of efficacy in
intact rabbit colon and in an in vivo mouse model of cholera. J. Clin. Invest. 100, 3111-3120 (1997).

19. Yang, W. P. et al. KvLQT]1, a voltage-gated potassium channel responsible for human cardiac
arrhythmias. Proc. Natl Acad. Sci. USA 94, 4017-4021 (1997).

20. Schroeder, B. C., Kubisch, C., Stein, V. & Jentsch, T. J. Moderate loss of function of cyclic-AMP-
modulated KCN2Q2/KCNQ3 K* channels causes epilepsy. Nature 396, 687—-690 (1998).

21. Zerangue, N., Schwappach, B., Jan, Y. N. & Jan, L. Y. A new ER trafficking signal regulates the subunit

stoichiometry of plasma membrane Kyrp channels. Neuron 22, 537—548 (1999).

22. McDonald, T. V. et al. A minK-HERG complex regulates the cardiac potassium current Ix,. Nature

388, 289-292 (1997).

Curran, M. E. et al. A molecular basis for cardiac arrhythmia: HERG mutations cause long QT

syndrome. Cell 80, 795—803 (1995).

24. Lohrmann, E. et al. A new class of inhibitors of cAMP-mediated CI” secretion in rabbit colon, acting
by the reduction of cAMP-activated K" conductance. Pfliigers Arch. 429, 517-530 (1995).

5. Devor, D. C,, Singh, A. K., Frizzell, R. A. & Bridges, R. J. Modulation of CI” secretion by
benzimidazolones. 1. Direct activation of a Caztdependem K" channel. Am. J. Physiol. 271, L775—
1784 (1996).

26. Mall, M. et al. Cholinergic ion secretion in human colon requires coactivation by cAMP. Am. J. Physiol.

275, G1274-G1281 (1998).

27. MacVinish, L. J., Hickman, M. E., Mufti, D. A., Durrington, H. J. & Cuthbert, A. W. Importance of
basolateral K" conductance in maintaining Cl” secretion in murine nasal and colonic epithelia. J.
Physiol. (Lond.) 510, 237-247 (1998).

28. Warth, R. et al. The cAMP-regulated and 293B-inhibited K" conductance of rat colonic crypt base
cells. Pfliigers Arch. 432, 81-88 (1996).

29. Diener, M., Hug, F,, Strabel, D. & Scharrer, E. Cyclic AMP-dependent regulation of K* transport in the
rat distal colon. Br. J. Pharmacol. 118, 14771487 (1996).

30. Trezise, A. E. & Buchwald, M. In vivo cell-specific expression of the cystic fibrosis transmembrane
conductance regulator. Nature 353, 434—437 (1991).

2.

b

N
U

Supplementary information is available on Nature’s World-Wide Web site (http://www.
nature.com) or as paper copy from the London editorial office of Nature.

Acknowledgements

We thank J. P. Hardelin and C. Petit for performing KCNE3 in situ hybridization of
cochlear sections. This work was supported by grants from the Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie to R.G. and T.J.J.

Correspondence and requests for materials should be addressed to T.J.J.
(e-mail: Jentsch@plexus.uke.uni-hamburg.de).

Uptake of apoptotic cells drives
the growth of a pathogenic
trypanosome in macrophages

Célio G. Freire-de-Lima*, Danielle 0. Nascimento*, Milena B. P. SoaresT,
Patricia T. Bozza:, Hugo C. Castro-Faria-Neto::, Fernando G. de Mello*,
George A. DosReis* & Marcela F. Lopes*

* Instituto de Biofisica Carlos Chagas Filho, Universidade Federal do

Rio de Janeiro, 21944-970, Rio de Janeiro, R], Brazil

t Centro de Pesquisas Gongalo Moniz, FIOCRUZ, 40295-001, Salvador, BA,
Brazil

F Instituto Oswaldo Cruz, FIOCRUZ, 21045-900, Rio de Janeiro, R], Brazil

After apoptosis, phagocytes prevent inflammation and tissue
damage by the uptake and removal of dead cells'. In addition,
apoptotic cells evoke an anti-inflammatory response through
macrophages™. We have previously shown that there is intense
lymphocyte apoptosis in an experimental model of Chagas’
disease®, a debilitating cardiac illness caused by the protozoan
Trypanosoma cruzi. Here we show that the interaction of apopto-
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tic, but not necrotic T lymphocytes with macrophages infected
with T. cruzi fuels parasite growth in a manner dependent on
prostaglandins, transforming growth factor-f3 (TGF-f3) and poly-
amine biosynthesis. We show that the vitronectin receptor is
critical, in both apoptotic-cell cytoadherence and the induction
of prostaglandin E,/TGF-f3 release and ornithine decarboxylase
activity in macrophages. A single injection of apoptotic cells in
infected mice increases parasitaemia, whereas treatment with
cyclooxygenase inhibitors almost completely ablates it in vivo.
These results suggest that continual lymphocyte apoptosis and
phagocytosis of apoptotic cells by macrophages have a role in
parasite persistence in the host, and that cyclooxygenase inhibi-
tors have potential therapeutic application in the control of
parasite replication and spread in Chagas’ disease.

We have already shown that the onset of activation-induced cell
deathin CD4" T cells exacerbates parasite replication in co-cultured
macrophages infected with T. cruzi’. To investigate whether the
clearance of apoptotic cells predisposes macrophages to T. cruzi
infection, murine resident peritoneal macrophages were exposed to
apoptotic, necrotic or viable splenic T cells first, and then washed
and infected. Apoptotic, but not necrotic or living T cells increased
T. cruzi growth in macrophage cultures (Fig. la). Similar results
were obtained when apoptotic or necrotic cells were added after T.
cruzi infection (data not shown). Nevertheless, treatment of lym-
phocytes with the caspase-inhibitor zVAD-fmk peptide before
apoptosis induction, rescued T cells from death (data not shown)
and prevented the increase in parasite replication (Fig. 1b) in a dose-
dependent manner. In another model, peritoneal macrophages
from mice infected with T. cruzi were incubated with apoptotic or
necrotic cells. Apoptotic, but not necrotic cells also exacerbated
endogenous T. cruzi growth in these in vivo infected macrophages
(Fig. 1c). In agreement with in vitro results, a single in vivo injection
of apoptotic, but not necrotic cells in T. cruzi-infected mice resulted
in a sudden rise in parasitaemia (Fig. 1d).

Previous studies pointed to a role for an integrin in the recogni-
tion and ingestion of apoptotic cells by macrophages®’. We observed
that RGDS, but not RGES peptide blocked apoptotic cell binding
and reduced T. cruzi growth within macrophages (data not shown).
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Figure 1 Apoptotic cells exacerbate parasite growth in T. cruzi infection. a, Peritoneal
resident macrophages were either untreated (—) or exposed to Apo-1, Apo-2, Nec-1,
Nec-2 or to living cells (Liv). After 5 days, cells were removed and macrophages were
infected with T. cruzi; parasites were counted 10 days later. b, T cells (Apo) were treated
with the indicated doses of ZVAD-fmk (zVAD) before apoptosis induction (by heating) and
added to macrophages infected in vitro. Parasites were counted 7 days later. Maximal cell
death (100%) and increased parasite replication still occurred with zZVAD-fmk at 50 M.
¢, Macrophages from infected mice were exposed to Apo-1, Nec-1 or Nec-2 throughout
culture, and trypomastigotes counted 10 days later. d, Mice were injected 7 days after
infection with Apo-1 or Nec-2, and parasitaemia was monitored.
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The vitronectin receptor (VnR) integrin (a,B;, CD51/CD61) is
involved in phagocytosis of apoptotic cells by macrophages®’. Both
VnR and CD36 take part in the macrophage receptor that bridges
thrombospondin exposed on apoptotic cells’. Flow cytometry
analysis revealed that both a,- and B;-integrin chains were absent
from the surface of control resident macrophages, but their expres-
sion was upregulated in the course of T. cruzi infection (Fig. 2a, b).
In addition, a,3; expression was induced in control macrophages
after a 24-h culture (not shown). We therefore investigated the role
of VnR in the binding of apoptotic cells by in vivo infected
macrophages. After a 3-h incubation, nearly all macrophages were
rosetted by apoptotic cells (mean 93.5 * 2.5% positive macro-
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Figure 2 Effects of apoptotic cells on macrophages infected with T. cruzi are mediated by
the vitronectin receptor. «, (@) and B (b) VnR chains are expressed by macrophages from
infected (lower panels), but not uninfected (upper panels), mice. Mac-1* cells were gated
and analysed for a, (a) or 33 (b) expression. Bold lines, anti-«, (a) or anti-B5 (b) staining;
dotted lines; cells stained after treatment with unlabelled anti-«, (@) or anti-B; (b)
monoclonal antibodies; dashed lines, unstained cells. ¢, Anti-VnR monoclonal antibodies
and Fab inhibit apoptotic cell binding to macrophages. Macrophages infected /in vivo were
treated with anti-c, Fab or control anti-CD69 Fab-1, anti-a, anti-B5 or control hamster
lgG monoclonal antibodies (mAb) (20 min), and then exposed to Apo-1. Adhesion was
determined after 3 h. d, e, Anti-a, or anti-B3, but not control monoclonal antibody drives
T. cruzi replication within macrophages. Macrophages infected in vivo were treated with
monoclonal antibodies (d) or were treated first with anti-o, Fab, Fab-1 or control hamster
IgG Fab-2 (50 g mi™") for 20 min, washed and treated with goat anti-hamster IgG
antibody (GoeH) at 10 wg mi™ (e). Parasites were counted as indicated (d) or after 10 days
(e). f, Anti-ar, Fab inhibits the apoptotic cell effects on T. cruzi replication. Macrophages
infected in vivo were treated first with Fab fragments (20 min) and then with Apo-1.
Parasites were counted 10 days later.
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phages). Both intact monoclonal antibodies against a,- or B;-VnR
chains and anti-a, fragment of antigen binding (Fab) inhibited
apoptotic cell binding by 40-50% (Fig. 2¢).

We then investigated VnR involvement in parasite replication.
Engagement of VnR by anti-a, or anti-8; monoclonal antibodies,
either soluble (Fig. 2d) or immobilized on plates (Fig. 3¢), markedly
increased T. cruzi growth in macrophages in the absence of apopto-
tic cells. Soluble anti-a, Fab fragments failed to enhance parasite
replication, but promoted T. cruzi growth upon crosslinkage by a
secondary goat anti-hamster IgG (Fig. 2e). Most notably, soluble
anti-a, Fab completely blocked the apoptotic cell effect on parasite
replication in macrophages obtained from infected mice (Fig. 2f). A
control hamster anti-CD69 Fab had no effect (Fab-1 in Fig. 2f), even
though it completely inhibited CD69 staining in the macrophages
used in these experiments (data not shown). Overall, these results
show that blockade of VnR was sufficient to ablate parasite replica-
tion, whereas VnR crosslinkage mimicked the effects of apoptotic
cells on T. cruzi growth in macrophages.

Interaction with apoptotic cells leads macrophages to secrete
TGF-B, which in turn suppresses their pro-inflammatory cytokine
response’. In addition, TGF-B renders both phagocytic and non-
phagocytic cells permissive to T. cruzi infection®” and antagonizes
interferon (IFN)-y-induced nitric oxide (NO) production and
trypanocidal activity of macrophages'. We investigated the role of
TGF-B in T. cruzi infection in macrophages treated with apoptotic
cells. Both uninfected and infected macrophages produced similar
levels of TGF-B in response to apoptotic, but not necrotic, cells
(Fig. 3a). We also detected marked secretion of TGF-[3 triggered by
anti-a, monoclonal antibody (Fig. 3b) in the absence of T. cruzi
infection and apoptotic cells. Anti-«, Fab promoted TGF- pro-
duction only in the presence of a secondary goat anti-hamster IgG
(Fig. 3b), but completely ablated TGF-3 secretion in response to
apoptotic cells (data not shown). We treated infected macrophages
with anti-TGF-B1 neutralizing antibody. Neutralization of TGF-
inhibited parasite replication induced by either apoptotic cells or
immobilized anti-B; monoclonal antibody (Fig. 3c), whereas a
control IgY antibody had no effect. Although the involvement of
other co-receptors or co-factors® cannot be ruled out, the present
data indicate that engagement of VnR by apoptotic cells may result
in a TGF-B-dependent increase in parasite replication in macro-
phages. We also investigated whether apoptotic cells and TGF-f3
interfere with NO-dependent trypanocidal activity of macrophages.
Apoptotic cells blocked NO production by IFN-vy/LPS-activated
macrophages (Fig. 3d, left) and led to vigorous T. cruzi replication
(Fig. 3d, right). Inhibition of NO production by apoptotic cells
could be reversed by anti-TGF-f antibodies or anti-a, Fab (Fig. 3e).
Therefore, the uptake of apoptotic cells renders macrophages
refractory to inflammatory cytokines, allowing parasite survival
and growth even in the face of immune response.

Transforming growth factor-B shifts arginine metabolism in
macrophages, decreasing NO and inducing ornithine production
(by arginase) and subsequent polyamine biosynthesis''. Ornithine
decarboxylase (ODC) catalyses putrescine synthesis from ornithine,
and is considered as the limiting step in the polyamine biosynthetic
pathway, leading to spermidine and spermine production™.
Although ODC activity has not been identified in T. cruzi, intra-
and extracellular forms of T. cruzi synthesize polyamines either
through the alternative agmatine pathway"’ or by using exogenously
added putrescine'. To investigate the possibility that macrophage
putrescine synthesis is involved in the apoptotic cell effects that we
observed, putrescine content and ODC activity were measured in
macrophages treated with apoptotic cells. Macrophages treated with
apoptotic cells markedly accumulated putrescine (Fig. 3f, left), and
exogenous addition of putrescine alone increased parasite replica-
tion in macrophages (Fig. 3f, right). ODC activity was markedly
upregulated in macrophages exposed to apoptotic cells or to
immobilized anti-o, monoclonal antibody, with delayed kinetics
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(Fig. 3g). Both anti-a, Fab and anti-TGF-B antibodies suppressed
apoptotic cell effects on ODC activity (Fig. 3h). A competitive ODC
inhibitor, a-methylornithine®, also blocked ODC activity induced
by apoptotic cells (Fig. 3g). Addition of this inhibitor to macro-
phages treated with apoptotic cells or anti-a, resulted in a dose-
dependent decrease in parasite replication (Fig. 3i), but it had no
inhibitory effect on basal T. cruzi growth in macrophages left
without stimuli (Fig. 31), and did not affect the uptake of apoptotic
cells or TGF-B production (data not shown). These results indicate
that TGF-B, produced upon engagement of VnR by apoptotic cells,
may induce ODC activity in macrophages and promote polyamine-
dependent parasite growth.

Searching therapeutic targets to prevent apoptotic cell effects, a
role for prostaglandins on T. cruzi growth was investigated. Pros-
taglandin E, and PAF have been reported to induce TGF- produc-
tion by human macrophages exposed to apoptotic neutrophils’;
prostaglandin E, increases arginase'® and ODC" activities, and
promoted T. cruzi growth (data not shown) in macrophages. We

letters to nature

therefore evaluated PGE, production by macrophages exposed to
either apoptotic cells or immobilized anti-o, monoclonal anti-
bodies. Apoptotic cells induced PGE, production by macrophages,
and this effect was prevented by anti-a, Fab but not by control anti-
CD69 Fab-1 (Fig. 4a). Vitronectin receptor ligation by immobilized
anti-a, monoclonal antibodies also increased PGE, levels, whereas
anti-CD69 or anti-Mac-1 (oy/B, integrin) control monoclonal
antibodies had no effect (Fig. 4a). We tested three non-steroidal
anti-inflammatory drugs (NSAIDs): aspirin, an inhibitor of both
constitutive and inducible cyclooxygenases (COX); indomethacin, a
preferential antagonist of constitutive COX'; and NS-398, an
inducible COX inhibitor”®. Indomethacin almost completely
blocked anti-VnR induced PGE, (Fig. 4a) and TGF-B (data not
shown) production. Indomethacin, aspirin and NS-398 signifi-
cantly suppressed apoptotic cell effects on PGE, (Fig. 4b) and
TGF-B (data not shown) secretion, on ODC activity in vitro
(Fig. 4c) and in vivo (Fig. 4d), and on T. cruzi growth, without
affecting basal parasite replication (Fig. 4e). Furthermore, COX
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Figure 3 Effects of apoptotic cells on macrophages infected with T. cruzi depend on
TGF-B. a, Apoptotic (Apo-1, -2), but not necrotic (Nec-1, -2), cells induce TGF-B8
production by uninfected (open bars) or in vitro infected (closed bars) macrophages
TGF-B1 was evaluated in supernatants from 48-h cultures. b, VnR engagement induces
TGF-B production by macrophages. Uninfected macrophages were exposed to anti-a,
monoclonal antibody (mAb) or Fab, followed or not by goat anti-hamster IgG (GaH), and
TGF-B1 was evaluated in supernatants from 24-h cultures. ¢, Neutralization of TGF-8
ablates the effect of apoptotic cells or anti-VnR mAb on macrophages infected with T.
cruzi. In vivoinfected macrophages were exposed to Apo-1 or to immobilized anti-g3 mAb
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Trypomastigotes were counted after 10 days. d, e, Apoptotic cells suppress NO
production by LPS/IFN-y-activated macrophages. /n vivo infected (d) or uninfected (e)
macrophages were exposed to LPS plus IFN-y and treated with Apo-1, anti-TGF-§ or
control IgY antibody, anti-c, Fab or anti-CD69 Fab-1. Supernatants were assayed for
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nitrite content after 48 h (d, left, €) and for parasites after 10 days (d, right). In e, results
were expressed as a percentage of the maximal nitrite content in macrophages treated
with LPS plus IFN-. f, Apoptotic cells (Apo-1) induce putrescine accumulation in
uninfected macrophages (Md) and exogenous putrescine (1 mM) increases parasite
growth in macrophages infected in vitro. Putrescine (left) and parasite accumulation (right)
were measured after 7 days. g, Kinetics of ODC induction. Macrophages were exposed to
immobilized anti-«, or to Apo-1. ODC inhibitor MO was added at 10 mM. ODC activity was
measured at the indicated days. h, Apoptotic cell effects on ODC activity depend on
TGF-B. Macrophages were exposed to Apo-1 in the presence of anti-c, Fab, anti-TGF-3
or control IgY antibodies. ODC activity was evaluated after 7 days. i, ODC activity is
required for T. cruzi growth. In vitro infected macrophages were exposed to Apo-1 or to
anti-a,, mAb, and MO was added at the indicated dosages. Trypomastigotes were counted
after 8 (anti-o,) or 10 (Apo-1) days in culture and are expressed as a percentage of the
maximal parasite growth in the absence of MO.

201




letters to nature

o
)

a 4,000 b 4,000 » 100
8 80
= £ 3,000 & Y]
. . >
IS € = 60
o)) = T
R £ 2,000 Q-
K g g 5. 0]
g & 1,000 °8 Lol
I ©°
0- g_ 04
Apo-1 Apo-1+ Apo-1+ Control Anti-o, Anti-o, + - Apo-1  Apo-1+ Anti-o,+ Apo-1+ ~ - Apo-1  Apo-1+ Anti-o,+ Apo-1+
Anti-oi, control mAbs mAb indo- aspirin  indo-  NS-398 aspirin  indo-  NS-398
Fab " Fab-1 methacin methacin methacin
Z 10 e f
3 T R None 5 20T None .
o 8 2 — Indomethacin = 404 % Indomethacin
Z2v X mmm Aspirin X —— Aspirin
28 6 = 10 == NS-398 = —o—NS-398
o a € E 301
@ - 5 5]
oL 4 Q o 20
o — (7] 0
o8 o o
© 24 2 2 104
o — B E
§ o e L
= None Nec-2 Apo-1 Apo-1 + 10 1214 16 18 20 22 24 26 28 3032 34 36 38

Mo

indomethacin

Figure 4 In vitro and in vivo effects of COX inhibitors on T. cruzi infection. a, Apoptotic
cells or VnR ligation induce PGE, release by macrophages. Macrophages were treated
with Apo-1, anti-e, Fab or anti-CD69 Fab-1, immobilized anti-c,, anti-CD69 or anti-Mac-
1 mAbs, or anti-a, plus indomethacin. PGE, was measured as described. For simplicity,
results with anti-CD69 and anti-Mac-1 were combined in the figure (control mAbs).

b, ¢, COX inhibitors block PGE, release and ODC activity in vitro. Macrophages were
exposed to Apo-1 and treated with aspirin, indomethacin or NS-398. PGE, levels were
measured after 24 h (b), and ODC activity was assayed after 7 days (¢). d, Apoptotic cells

inhibitors almost completely abolished parasitaemia in infected
mice, after a brief 3-day treatment, one week after infection
(Fig. 4f). These data indicate that the factors driving T. cruzi
replication in vivo may be the same mediators as are involved in
the parasite growth-promoting activity of apoptotic cells in vitro.
However, these results should be taken with caution, as NSAIDs can
have differential effects on macrophages depending on dosage™.
More experiments are necessary to understand the discrepant effects
of high-dose therapy with COX inhibitors seen in other reported
studies on T. cruzi infection®.

Our results show that VnR engagement by apoptotic cells triggers
PGE, and TGEF-p release by macrophages. The suppressive effect of
PGE,/TGF-B on pro-inflammatory cytokine expression’ and NO
production would create the appropriate environment for optimal
T. cruzi growth within macrophages. Furthermore, the uptake of
apoptotic cells reorientates macrophage metabolism towards
putrescine production, helping parasite replication. We have
shown that widely used drugs, such as aspirin and indomethacin,
interfere with this pathway and are able to control parasitaemia in
susceptible mice, making them potentially useful for therapy in the
acute phase of Chagas’ disease. O

Methods

Animals and infection

We infected BALB/c male mice (6 weeks of age) intraperitoneally (i.p.) with 10* metacyclic
trypomastigote forms of T. cruzi clone Dm 28c (ref. 22).

Macrophages

Peritoneal exudate cells (PEC) removed from the peritoneal cavity of uninfected or acutely
infected mice (3—4 weeks after infection) were cultured in complete medium (DMEM,
2mM L-glutamine, 1 mM sodium pyruvate, 10 g ml™' gentamicin, MEM non-essential
amino acids, 10 mM Hepes and 50 uM 2-ME) with 1% Nutridoma-SP (Boehringer
Mannheim) or 5% FCS (experiments in Fig. 1a, ¢) at 3 X 10° cellsml ™' on 24-well plates
(Corning). Macrophages from normal mice were infected with 1.5 X 10° T. cruzi
metacyclic forms per well’. After 24 h, non internalized parasites were removed and
macrophages cultured in complete medium (1 ml) at 37 °C, with 7% CO, for up to 10
days. Extracellular motile trypomastigotes were counted in culture supernatants’.
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No. of days after infection

induce ODC activity in vivo. Mice (n = 3) were injected i.p. with Nec-2, Apo-1 or Apo-1
plus indomethacin. ODC activity was measured 10 days later in adherent PEC.

e, COX inhibitors antagonize apoptotic cell effects on macrophages infected with T. cruzi.
In vitro infected macrophages (M) were exposed to Apo-1 and treated with COX
inhibitors as in b. Trypomastigotes were counted after 7 days. f, COX inhibitors suppress
parasitaemia in T. cruzi infected mice. Mice (n = 4) were infected with T. cruzi and
treated 7, 8 and 9 days after infection with aspirin, indomethacin or NS-398. Parasitaemia
was monitored throughout acute infection.

Lymphocytes

Nylon-wool-filtered normal splenocytes were suspended in complete medium and heated
(56 °C for 30 min) (Apo-1) or irradiated with 30 Gy (Apo-2) to obtain apoptotic cells as
described™. Cells were also fixed with 1% paraformaldehyde for 20 min at room
temperature (followed by extensive washing) (Nec-1) or frozen-thawed (Nec-2) to obtain
necrotic cells®. Dead or viable cells (10° per well) were then added to macrophages.

Antibodies and reagents

Anti-B; integrin (CD61), PE-labelled anti-B; and anti-a, (CD51), control hamster IgG,
unlabelled and FITC- and PE-labelled anti-Mac-1, FITC-labelled anti-CD69, and anti-
CD16/CD32 monoclonal antibodies were purchased from Pharmingen (San Diego).
Purified chicken anti-hTGF-B1 IgY was from R&D Systems (Minneapolis) and control
(chicken anti-canine IgG) IgY antibody (a gift from V. Laurentino) was prepared as
described. Anti-o, mAb H9.2B8 (ref. 25), and anti-CD69 mAb H1.2F3 (ref. 26) were
donated by E. Shevach. Fab fragments of control hamster IgG, anti-CD69 and anti-o,
monoclonal antibodies were produced with a commercial Fab preparation kit (Pierce).
zVAD-fmk peptide was a gift from M. Lenardo. Other reagents were goat anti-hamster IgG
antibody (Cappel-Organon Teknika Corporation), mrIFN-y (Pharmingen), LPS
(Escherichia coli O111:B4; Difco), a-methil-ornithine, MO (Marion Merrel Dow),
Putrescine (Sigma), aspirin and indomethacin (Sigma), and NS-398 (Biomol).

Adhesion assay

Macrophages were cultured with Apo-1 and anti-a, anti-B; or control hamster IgG mAbs
(10 pug ml™), anti-a, Fab or control anti-CD69 Fab-1 (50 g ml™") for 3h, washed, fixed
with 1% paraformaldehyde, and counted under phase-contrast microscopy. Adhesion was
calculated as the percentage of rosetted macrophages out of a total of 100 macrophages
counted per well.

TGF-B production

Macrophages were treated with apoptotic or necrotic cells, or with anti-o,, monoclonal
antibody or Fab plus goat anti-hamster IgG (10 wgmlI™). The content of TGF-1 in

supernatants was evaluated by sandwich ELISA as described”.

NO production

Macrophages were cultured with IFN-vy (40 Uml™") plus LPS (10 ng ml™"), and exposed or
not to Apo-1, anti-TGF-B or control IgYantibody (6 pg mI™"), anti-a, Fab or control anti-
CD69 Fab-1. Supernatants were collected 48 h later and mixed with an equal volume of
Griess reagent to determine nitrite content, as described?".

PGE; release

Macrophages were exposed to immobilized anti-a, or control monoclonal antibodies
(10 wgml™), Apo-1, Fab fragments, aspirin (10 wg ml™), indomethacin (1 ugml™) or
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NS-398 (1 wM). Culture supernatants (24 h) were collected and assayed for PGE, using a
competitive ELISA kit (Cayman Chemicals).

0DC activity and putrescine content

Macrophages were cultured (10° per ml) with Apo-1 (3 X 10° per well), anti-a, mono-
clonal antibody, MO or other reagents. Ornithine decarboxydase activity and putrescine
content were evaluated as described”.

Flow cytometry

Peritoneal exudate cells (PEC) were treated with F, block (anti-CD16/CD32) and stained
with FITC-labelled anti-Mac-1 plus PE-labelled anti-a, or anti-; monoclonal antibodies.
Unlabelled anti-a, or anti-B; monoclonal antibodies were used to block staining
specifically. Uninfected macrophages were also cultured for 24 h, detached and stained.
Antibodies were used at 1 g per 10° cells. 10 cells were acquired, and Mac-1-positive cells
were gated and analysed for either a, or B; expression on a B-D Xcalibur flow cytometer.

In vivo experiments

Infected mice (n = 4) were injected i.p. with 10’ Apo-1 or Nec-2, 7 days after infection, or
left without treatment. Parasitaemia was determined on blood samples from the tail. In
other experiments, infected mice (n = 4) were injected i.p. at 7, 8 and 9 days after
infection, with aspirin (50 mgkg™), indomethacin (1 mgkg™) or NS-398 (5 mgkg™), or
left untreated, and parasitaemia was followed. For ex-vivo determination of ODC activity,
mice (n = 3) were injected i.p. with 10’ Apo-1 or Nec-2, or left without treatment. Mice
injected with Apo-1 were untreated or treated with indomethacin (1 mgkg™) in the same
day, and 4 days later. ODC activity was measured in adherent PEC (10° per well) 10 days
later.

Presentation of results and statistics

Each experiment presented is representative of at least three independent experiments.
Data are expressed as mean = s.e. of duplicate determinations. For in vivo experiments,
results are expressed as mean * s.e. of individual animals. Significance was evaluated by
Student’s unpaired ¢-test, and all positive results mentioned were significant (P < 0.05 or
<0.01) compared with controls.
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Light triggers the developmental programme in plants that leads
to the production of photosynthetically active chloroplasts from
non-photosynthetic proplastids'. During this chloroplast biogen-
esis, the photosynthetic apparatus is rapidly assembled, mostly
from nuclear-encoded imported proteins’™*, which are synthe-
sized in the cytosol as precursors with cleavable amino-terminal
targeting sequences called transit sequences. Protein translocon
complexes at the outer (Toc complex)’”’ and inner (Tic
complex)®®® envelope membranes recognize these transit
sequences, leading to the precursors being imported. The Toc
complex in the pea consists of three major components, Toc75,
Toc34 and Toc159 (formerly termed Toc86)%”'*'". Toc159, which is
an integral membrane GTPase'’, functions as a transit-sequence
receptor’ . Here we show that Arabidopsis thaliana Toc159
(atToc159) is essential for the biogenesis of chloroplasts. In an
Arabidopsis mutant (ppi2) that lacks atTocl59, photosynthetic
proteins that are normally abundant are transcriptionally
repressed, and are found in much smaller amounts in the plastids,
although ppi2 does not affect either the expression or the import
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In many gravitational interactions between galaxies, gas and stars
that have been torn from the precursor galaxies can collect in tidal
‘tails’ Star formation begins anew in some of these regions,
producing tidal dwarf galaxies'™. Observations of these new
galaxies provides insight into processes relevant to galaxy forma-
tion more generally, because the timescale of the interaction is
well defined. But tracking the star formation process has hitherto
been difficult because the tidal dwarf galaxies with young stars
showed no evidence of the molecular gas out of which those young
stars formed>®. Here we report the discovery of molecular
hydrogen (traced by carbon monoxide emission) in two tidal

Figure 1 The southern Tidal Dwarf Galaxy (shown in the magnified view) in the interacting
system Arp105. (The latter is also known as NGC3561 (ref. 24) and the “Guitar”’). Hi
emission contours are superposed on a magnified view of a V-band image of A105S (ref.
3). The frame is 4.4" X 5.9”; north is up and east to the left. Red circle is (0,0) position of
CO observations, and represents the full-width at half-maximum FWHM (22") of the
CO(1-0) beam. The Arp105 system?® is an interaction between a spiral and an elliptical
which has generated an Hi-rich extended TDG at the end of the northern tidal tail and a
more compact TDG at the tip of the southern tail from the spiral. A105S contains roughly
5 X 10® M, of Hiand strong Ho emission, corresponding to a star-formation rate of
~0.2 Mo yr™". Nonetheless, stellar synthesis models?® of A105S indicate that the stellar
mass is dominated by the old spiral disk population while the luminosity comes mostly
from stars formed in situ.
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dwarf galaxies. In both cases, the concentration of molecular gas
peaks at the same location as the maximum in atomic-hydrogen
density, unlike the situation in most gas-rich galaxies. We infer
from this that the molecular gas formed from the atomic hydro-
gen, rather than being torn in molecular form from the interact-
ing galaxies. Star formation in the tidal dwarf galaxies therefore
appears to mimic the process in normal spiral galaxies like our
own.

Tidal dwarf galaxies (TDGs) are gas-rich irregular galaxies made
out of stellar and gaseous material pulled out by tidal forces from the
disks of the colliding parent galaxies into the intergalactic
medium®'?. They are found at the ends of long tidal tails, some-
times 100 kpc from the nuclei of their progenitors, and host active
star-forming regions. TDGs contain two main stellar components:
young stars recently formed by collapse of expelled atomic hydrogen
(H1) clouds, and an older stellar population, at least 1 Gyr old,
originally part of the disk of the parent galaxies. Their overall
gaseous and stellar properties range between those of classical
dwarf irregular galaxies and blue compact dwarf galaxies, with the
exception of their metallicity which is higher—typical of the outer
disk of a spiral galaxy'?. Whether a large fraction of dwarf galaxies
were formed through tidal encounters in the early Universe—when
spiral galaxies were more gaseous and less metal-rich, and collisions
more frequent—is an open question, and one of the reasons to
study TDGs. One way to answer this question is the dark-matter
content of dwarf galaxies. Observations of ordinary dwarf galaxies
show that a lot of dark matter, or mass that is in some as yet invisible
form, is necessary to account for their rotation velocities. Numerical
simulations of gravitational interactions indicate that TDGs
should have very little dark matter” if the dark matter is, as
currently believed, in the form of a large halo and not in, say, a

Figure 2 The tidal dwarf galaxy (shown in the magnified view) in the interacting system
Arp245 (NGC2992/3%). H1 emission contours are superposed on magnified view of a
V-band image of A245N (ref. 14). The frame is 5.8’ X 7.4; north is up and east to the
left. Red circle is (0,0) position of CO observations and represents the FWHM (22”) of the
CO(1-0) beam. Arp245 is an interaction between two spirals. The TDG, A245N, has been
formed in the tidal tail which stems from NGC2992 and contains nearly twice as much Hi
as A105S but slightly weaker Ho emission. The old stellar population is more prominentin
A245N than in A105S (ref. 14). The physical size and total Hi mass of Arp245 are smaller
than in Arp105.
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Table 1 Properties of the Arp105 and Arp245 TDGs

Table 2 Molecular gas in TDGs

A105S A245N
RA(J200) 11h11min13.5s 0.9h45min44.1s
Dec(J2000) +28°41' 20" —14°17' 28"
Hi velocity (LSR) cz =8,890kms ™’ cz=2,175kms™’
Adopted distance 115Mpc 31 Mpc
Lia (1-2) X 10" ergs ™" 7x10%ergs™’
Mg, Lg/Lgo -16.9,9 x 10° -17.25,1.2 x 10°
B-V 0.3 0.55
My 5% 10° M, 9% 10° M,
My, =22 % 10°M, =1.4 % 10° M,

Data from refs 2 and 3 for A105S, and ref. 14 for A245N. Position is (0,0) of CO map, and velocity is
zero of spectra (Fig. 3). Mg and Lg include a correction for galactic absorption of 0.3 mag for A245N.
A105S is at high Galactic latitude so no correction is applied. The molecular gas mass is estimated
using a N(Hy)/Ico factor of 2 X 102 Kkm's ' cm ™2 and probably represents a lower limit because
weaker, undetected, CO emission may be present at other positions. We have included the mass of
helium in the molecular clouds. Relative to the velocities of the TDGs, the spiral and elliptical in the
Arp105 system have velocities of =130 and —400kms™". In Arp245, the velocities of the spirals
NGC2992 and NGC2993 are 155 and 245kms™' with respect to the TDG. LSR, local standard of
rest; Ly, luminosity of the H, line; Lg, luminosity in blue band; Lge luminosity in blue band of the Sun;
B, blue band magnitude; V, visual band magnitude; Mg, blue band absolute magnitude; My, mass
of H gas; My, mass of H, gas.

rotating disk. Thus, if TDGs are found to possess the same dark-
matter properties as other dwarf galaxies, then powerful constraints
are placed on the form of dark matter. If, on the other hand, TDGs
do not contain such dark matter, then tidal interactions cannot be
the principal formation mechanism for these small galaxies, nor can
dark matter be part of galactic disks.

The observations were performed with the 30-m telescope
operated by the Institut de Radioastronomie Millimétrique
(IRAM) on Pico Veleta, Spain, in June 1999. Carbon monoxide
(CO) emission was detected in the southern TDG in Arp105 (Fig. 1;
hereafter A105S) and main TDG in Arp245 (Fig. 2; hereafter
A245N) in both the ground state CO(J =1-0) and the
CO(J = 2-1) transitions. Small maps were made of both sources
to localize the CO emission with respect to the atomic hydrogen
(H1), ionized gas (Ha), and optical continuum™'. The central (0,0)
CO(1-0) spectra are shown in Fig. 3 along with the H1spectra at the
same positions with a similar beamsize. The CO(1-0) luminosities
and derived H, mass estimates (see Table 1) of A105S and A245N are
far greater than those of other dwarf galaxies". Despite the different
environments, the star-formation efficiency, defined as the rate of
star formation per mass of molecular gas, is quite close to that
observed in the Milky Way and other spiral galaxies'.

Small CO maps have been made consisting of six positions
towards A105S and four positions towards A245N (see Table 2).
In both cases, the CO peaks at the H 1 column density maximum and
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Figure 3 CO(1-0) and H1 spectra of the (0,0) position of tidal dwarf galaxies A105S (left)
and A245N (right). The velocities and line widths of the CO and H1 emission are very
similar. Towards the very compact TDG A105S, the CO emission is not resolved. The CO
emission in A245N is extended with detections in at least 3 of 4 observed points. The Ha
emission in A245N (ref. 14) decreases substantially towards the (0,—10) offset position
while the Hi (ref. 14) and CO (see Table 2) are still strong. In contrast, the Ha emission
towards the (3,14) position is comparable to the centre whereas the CO and H1 have
decreased significantly. Hi intensity is in arbitrary units.
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Source Offset lco Noise Vel AVewim

(8RA, 8dec.) (Kkms™) (MK) (kms™) (kms™)

A105S 0,0 0.3+ 0.05 2.5 19+6 38+ 10

0.2 +0.05 3.5 16+5 25+10

A105S (10,0) 01+05 3 59+ 6 19+10

A105S (~10,0) 0.15 + 0.05 2.8 —4+5 22+13
A105S Other 0.15 + 0.05 2.5 15+6 15+8

A245N ©0,0) 13+ 0.1 4.9 —-32+4 48 +10

20+05 18 -32+10 66 + 20

A245N (3,14) 06 *0.15 7 —-33+10 47 =15

A245N 0,-10) 09+0.15 7.6 —27+7 44 =14

A245N (0,-20) 05+0.2 9.5 —-27*12 32+15

The offset is in arcsec with respect to the position given in Table 1 and the red circle in Figs 1 and 2.
Icolis the flux of the CO line expressed in Kkm s™". The lines without source and offset are the CO(2—-
1) observations of the preceding source and position. Noise levels (r.m.s.) are given for channel
widths of 2mHz in the CO(1-0) line and 2.5 MHz in the CO(2—-1) line. The velocity of the line centre is
with respect to the H i velocity given in Table 1. Note that the ‘detections’ of the off-centre A105S
positions are uncertain, so the velocities and line widths may be meaningless. The spectra for each
position were averaged, a continuum level was then subtracted such that the average flux outside
the line window is zero, and resulting spectra were smoothed to yield the results presented in Fig. 3
and Table 2. No baselines other than the continuum level are subtracted from the data. The A106S
‘other’ position represents the average of the spectra for the (0,5) (0,—5) and (0,—10) positions. Taken
individually, these points were not detected and yield 3¢ limits of /oo < 0.3Kkms™. The CO
emission from A105S is consistent with a punctual source, much like for the optical and Hi. The
angular resolutions are respectively 22” and 11”; beam efficiencies are 0.72 and 0.48.

the dynamics of the atomic and molecular components are virtually
identical (Fig. 3). In spiral galaxies, on the other hand, H1and CO
have very different distributions (see for example, refs 17 and 18),
showing that the molecular gas that we have found in the TDGs has
not simply been torn off the parent galaxies together with the Hi,
but rather has formed in situ. Although the calculations were
performed for post-shock gas, an estimate of the molecule forma-
tion timeis f = n~ ' Gyr (ref. 19) where n is the density of the atomic
medium in particles per cm’. Numerical simulations of Arp245
(ref. 14) yield an age of about 100 Myr for A245N; a rough age
estimate for A105S can be obtained by dividing the projected
distance to the spiral by the relative radial velocity, yielding about
200 Myr (ref. 3), sufficient for H, formation in standard atomic
hydrogen clouds (7 = 10 cm ~*). The dust on which the H, forms is
captured from the parent galaxies and is present in the atomic
gas’ 2. We conclude that the molecular gas has formed inside the
H1clouds, and star formation is proceeding in a standard way from
the molecular gas.

Our observations show that the molecular gas is an important
component in the visible mass budget of TDGs, between ~20% and
= 50% of the atomic hydrogen mass (see Table 1). The fact that we
detect large quantities of molecular gas, and that we have every
reason to believe that this gas is the result of conversion from H1
into H,, indicates that the central regions of these objects should be
gravitationally bound. If the H1 were dense enough pre-encounter,
then CO would form and be routinely detected beyond the optical
radius in galactic disks, like Hi1—but it is not'”***"*’. While it was
clear that TDGs are kinematically decoupled from their parent
galaxies, the evidence that TDGs were bound was (until now)
morphological—the accumulation of matter at the tips of the
tidal tails, and the presence of star-forming regions. Although
measurements with higher angular resolution are necessary, our
conclusion—that TDGs are bound—provides firmer ground for
the calculation of the dynamical mass; this calculation relies on the
assumption that the object is gravitationally bound and in equili-
brium. A more certain dynamical mass will lead to a more certain
determination of dark matter—which (by definition) is detected by a
discrepancy between the velocities expected on the basis of the mass
of what we see directly and those velocities in fact observed. [
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A significant development in computing has been the discovery'
that the computational power of quantum computers exceeds that
of Turing machines. Central to the experimental realization of
quantum information processing is the construction of fault-
tolerant quantum logic gates. Their operation requires condi-
tional quantum dynamics, in which one sub-system undergoes a
coherent evolution that depends on the quantum state of another
sub-system’; in particular, the evolving sub-system may acquire a
conditional phase shift. Although conventionally dynamic in
origin, phase shifts can also be geometric**. Conditional geo-
metric (or ‘Berry’) phases depend only on the geometry of the
path executed, and are therefore resilient to certain types of
errors; this suggests the possibility of an intrinsically fault-
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tolerant way of performing quantum gate operations. Nuclear
magnetic resonance techniques have already been used to demon-
strate both simple quantum information processing®” and geo-
metric phase shifts'">. Here we combine these ideas by
performing a nuclear magnetic resonance experiment in which
a conditional Berry phase is implemented, demonstrating a
controlled phase shift gate.

Any quantum computation can be built out of simple operations
involving only one or two quantum bits (qubits)". A particularly
simple two-qubit gate in many experimental implementations, such
as nuclear magnetic resonance (NMR)", is the controlled phase
shift. This may be achieved using a conditional Berry phase, and
thus quantum geometrical phases can form the basis of quantum
computation. We will use spin half nuclei as an example to
demonstrate the feasibility of this approach, but the basic idea is
general. In our experiments the state of one spin determines the
Berry phase acquired by the other spin.

Suppose that a spin half nucleus undergoes a conical evolution
with cone angle 6. Then the Berry phase is simply v = *10Q =
* 7w(1 — cosf) where the * signs depend on whether the system is
in the eigenstate aligned with or against the field, and Q is the solid
angle subtended by the conical circuit. We note that any deforma-
tion of the path of the spin which preserves this solid angle leaves the
phase unchanged. Thus the phase is not affected by the speed with
which the path is traversed; nor is it very sensitive to random
fluctuations about the path.

Berry phases can be conveniently demonstrated in an NMR
experiment” by working in a rotating frame. We consider an
ensemble of spin half particles in a magnetic field, B, aligned
along the z-axis; their precession frequency is then given by the
Larmor frequency, w. If the spins are irradiated by a circularly
polarized radio-frequency field, B, at a frequency w,; the total
hamiltonian (neglecting relaxation) may be written in the rotating
frame as H = (w, — wy)I, + w,I,, where, following conventional
NMR practice, the hamiltonian is described in product operator
notation'® and the field strengths are written in terms of their
corresponding Larmor frequencies.

When |w,| < |w, — w,| the hamiltonian lies close to the z-axis,
while when |w,| > |w, — w,], the hamiltonian lies close to the x-
axis. If radio-frequency radiation is applied far from resonance, the
system is effectively quantized along the z-axis, and if the radio
frequency is swept towards resonance (w, = w,), the effective
hamiltonian rotates from the z-axis towards the x-axis. If the
frequency sweep is applied adiabatically then the spin will follow
the hamiltonian. Next, a circular motion can be imposed by
adiabatically varying the phase of the radio frequency. When the
hamiltonian returns to the x-axis the frequency sweep may be
reversed, so that the spin returns to its original state, aligned
along the z-axis. The Berry phase acquired in this cyclic process is
*m. If the radio-frequency field is not swept all the way to
resonance, but only to some final value w;, the hamiltonian ends
at some angle to the z-axis, and so circuits with arbitrary cone angles
can be implemented. A similar case occurs if the frequency sweep is
replaced by an amplitude sweep, in which the radio frequency is
always applied away from resonance, and its amplitude is raised
smoothly from zero to some final value, w;.

This situation arises naturally in a system of two weakly coupled
spins, I and S. For simplicity we consider a heteronuclear system, so
that w;and wg are very different, and only one spin (say I) is close to
resonance. The two transitions of I (corresponding to the two
possible states of spin S) will be split by *aJ, and so will have
different resonance offsets. After an amplitude sweep the orienta-
tion of the effective hamiltonian depends on the resonance offset,
and so 0 (and hence the Berry phase acquired) will depend on the
state of spin S. This permits a conditional Berry phase to be applied
to spin I, where the size of the phase shift is controlled by spin S. If
the radio frequency is applied at a frequency 6 (measured in Hz)
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The DNA sequence of human
chromosome 22
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Knowledge of the complete genomic DNA sequence of an organism allows a systematic approach to defining its genetic
components. The genomic sequence provides access to the complete structures of all genes, including those without known
function, their control elements, and, by inference, the proteins they encode, as well as all other biologically important sequences.
Furthermore, the sequence is a rich and permanent source of information for the design of further biological studies of the
organism and for the study of evolution through cross-species sequence comparison. The power of this approach has been amply
demonstrated by the determination of the sequences of a number of microbial and model organisms. The next step is to obtain the
complete sequence of the entire human genome. Here we report the sequence of the euchromatic part of human chromosome 22.
The sequence obtained consists of 12 contiguous segments spanning 33.4 megabases, contains at least 545 genes and 134
pseudogenes, and provides the first view of the complex chromosomal landscapes that will be found in the rest of the genome.

Two alternative approaches have been proposed to determine the
human genome sequence. In the clone by clone approach, a map of
the genome is constructed using clones of a suitable size (for
example, 100—200 kilobases (kb)), and then the sequence is deter-
mined for each of a representative set of clones that completely
covers the map'. Alternatively, a whole genome shotgun® requires
the sequencing of unmapped genomic clones, typically in a size
range of 2—10 kb, followed by a monolithic assembly to produce the
entire sequence. Although the merits of these two strategies con-
tinue to be debated’, the public domain human genome sequencing
project is following the clone by clone approach because it is
modular, allows efficient organization of distributed resources
and sequencing capacities, avoids problems arising from distant
repeats and results in early completion of significant units of the
genome. Here we report the first sequencing landmark of the
human genome project, the operationally complete sequence of
the euchromatic portion of a human chromosome.

Chromosome 22 is the second smallest of the human autosomes,
comprising 1.6—1.8% of the genomic DNA”. It is one of five human
acrocentric chromosomes, each of which shares substantial
sequence similarity in the short arm, which encodes the tandemly
repeated ribosomal RNA genes and a series of other tandem repeat
sequence arrays. There is no evidence to indicate the presence of any
protein coding genes on the short arm of chromosome 22 (22p). In
contrast, direct’ and indirect”® mapping methods suggest that the
long arm of the chromosome (22q) is rich in genes compared with
other chromosomes. The relatively small size and the existence of a
high-resolution framework map of the chromosome’ suggested to
us that sequencing human chromosome 22 would provide an
excellent opportunity to show the feasibility of completing the
sequence of a substantial unit of the human genome. In addition,
alteration of gene dosage on part of 22q is responsible for the
aetiology of a number of human congenital anomaly disorders
including cat eye syndrome (CES, Mendelian Inheritance in Man
(MIM) 115470, http:// www.ncbi.nlm.nih.gov/omim/) and velocar-
diofacial/DiGeorge syndrome (VCFS, MIM 192430; DGS, MIM
188400). Other regions associated with human disease are the
schizophrenia susceptibility locus'®", and the sequences involved
in spinocerebellar ataxia 10 (SCA10)". Making the sequence of
human chromosome 22 freely available to the community early in
the data collection phase has benefited studies of disease-related and
other genes associated with this human chromosome”~".

Genomic sequencing
To identify genomic clones as the substrate for sequencing chromo-
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some 22, extensive clone maps of the chromosome were constructed
using cosmids, fosmids, bacterial artificial chromosomes (BACs)
and P1-derived artificial chromosomes (PACs). Clones representing
parts of chromosome 22 were identified by screening BAC and PAC
libraries representing more than 20 genome equivalents using
sequence tagged site (STS) markers known to be derived from the
chromosome, or by using cosmid and fosmid libraries derived from
flow-sorted DNA from chromosome 22. Overlapping clone contigs
were assembled on the basis of restriction enzyme fingerprints and
STS-content data, and ordered relative to each other using the
established framework map of the chromosome’. The resulting
nascent contigs were extended and joined by iterative cycles of
chromosome walking using sequences from the end of each contig.
In two places, yeast artificial chromosome (YAC) clones were used
to join or extend contigs (AL049708, AL049760). The sequence-
ready map covers 22q in 11 clone contigs with 10 gaps and stretches
from sequences containing known chromosome 22 centromeric
tandem repeats to the 22q telomere®.

In the final sequence, one additional gap that was intractable to
sequencing is found 234 kb from the centromere (see below). The
gaps between the clone contigs are located at the two ends of the
map, in the 4.3 Mb adjacent to the centromere and in 7.3 Mb at the
telomeric end. These regions are separated by a central contig of
23 Mb. We have concluded that the gaps contain sequences that are
unclonable with the available host-vector systems, as we were
unable to detect clones containing the sequences in these gaps by
screening more than 20 genome equivalents of bacterial clones
using sequences adjacent to the contig ends.

The size of the seven gaps in the telomeric region has been
estimated by DNA fibre fluorescence in situ hybridization (FISH).
No gap in this region is judged to be larger than ~150 kb. For three
of these gaps, a number of BAC and PAC clones that contain STSs on
either side of the gap were shown to be deleted for at least a minimal
core region by DNA fibre FISH. As these clones come from multiple
donor DNA sources, these results are unlikely to be due to deletion
in the DNA used to make the libraries. Furthermore, the same result
was observed for the gap at 32,600 kb from the centromeric end of
the sequence, when the DNA fibre FISH experiments were per-
formed on DNA from two different lymphoblastoid cell lines. One
possible explanation for this observation is that DNA fragments
containing the gap sequences are initially cloned in the BAC library
but clones that delete these sequences have a significant selective
advantage as the library is propagated. As the observed size range of
the cloned inserts in the BAC libraries ranges from 100 kb to more
than 230 kb (http://bacpac.med.buffalo.edu/), such deletion events
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are not distinguishable on the basis of size from undeleted BACs.
Additional analysis of the distribution of BAC end sequences from
dbGSS (http://www.ncbi.nlm.nih.gov/dbGSS/index.html) suggests
that the BAC coverage is sparser closer to the gaps and that this
analysis did not identify any BACs spanning the gaps. The three
remaining clone-map gaps in the proximal region of the long arm
are in regions that may contain segments of previously characterized
low-copy repeats®. These gaps could not be sized by DNA fibre
FISH because of the extensive intra- and interchromosomal repeat
sequences (see below) but were amenable to long-range restriction
mapping. The gap between AP000529 and AP000530 was estimated
to be shorter than 150 kb by comparison with a previously estab-
lished long-range restriction map®. The gap closest to the centro-
mere, which is less than 2 kb in size, could not be sequenced despite
BAC clone coverage as it was unrepresented in plasmid or M13
libraries, and was intractable to all sequencing strategies applied.
Detailed descriptions of several of the clone contigs have been
published®>** or will be published elsewhere.

Each sequencing group took responsibility for completion of adja-
cent areas of the sequence as illustrated in Fig. 1. A set of minimally
overlapping clones (the ‘tile path’) was chosen from the physical map
and sequenced using a combination of a random shotgun assembly,
followed by directed sequencing to close gaps and resolve ambiguities
(‘finishing’). The major problems encountered during completion
of the sequence in the directed sequencing phase were CpG islands,
tandem repeats and apparent cloning biases. Directed sequencing
using oligonucleotide primers, very short insert plasmid libraries, or
identification of bridging clones by screening high complexity
plasmid or M13 libraries solved these problems.

The completed sequence covers 33.4 Mb of 22q with 11 gaps and
has been estimated to be accurate to less than 1 error in 50,000 bases,
by internal and external checking exercises®. The order and size of
each of the contiguous pieces of sequence is detailed in Table 1. The
largest contiguous segment stretches over 23 Mb. From our gap-size
estimates, we calculate that we have completed 33,464 kb of a total
region spanning 34,491kb and that therefore the sequence is
complete to 97% coverage of 22q. The complete sequence and
analysis is available on the internet (http://www.sanger.ac.uk/HGP/
Chr22 and http://www.genome.ou.edu/Chr22.html).

Sequence analysis and gene content

Analysis of the genomic sequence of the model organisms has made
extensive use of predictive computational analysis to identify
genes™ . In human DNA, identification of genes by these methods
is more difficult because of extensive splicing, lower density of exons
and the high proportion of interspersed repetitive sequences. The
accuracy of ab initio gene prediction on vertebrate genomic
sequence has been difficult to determine because of the lack of
sequence that has been completely annotated by experiment. To
determine the degree of overprediction made by such algorithms, all
genes within a region need to be experimentally identified and
annotated, however it is virtually impossible to know when this job
is complete. A 1.4-Mb region of human genomic sequence around
the BRCA2 locus has been subjected to extensive experimental
investigation, and it is believed that the 170 exons identified is
close to the total number expressed in the region.

The most recent calibration of ab initio methods against this
region (R.B.S.K. and T.H., manuscript in preparation) shows that
with the best methods®*° more than 30% of exon predictions do not
overlap any experimental exons, in other words, they are over-
predictions. Furthermore, having now applied this analysis to larger
amounts of data (more than 15Mb from the Sanger Annotated
Genome Sequence Repository which can be obtained as part of the
Genesafe collection (http://www.hgmp.mrc.ac.uk/Genesafe/)), it is
confirmed that prediction accuracy also varies considerably
between different regions of sequence. It was hoped that these
calibration efforts would lead to rules for reliable gene prediction
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based on ab initio methods alone, perhaps on the basis of combining
several different methods, GC content and so on. However, so far
this has not been possible. The same analysis also shows that
although ~95% of genes are at least partially predicted by ab
initio methods, few gene structures are completely correct (none
in BRCA2) and more than 20% of experimental exons are not
predicted at all. The comparison of ab initio predictions and the
annotated gene structures (see below) in the chromosome 22
sequence is consistent with this, with 94% of annotated genes at
least partially detected by a Genscan gene prediction, but only 20%
of annotated genes having all exons predicted exactly. Sixteen per
cent of all the exons in annotated genes were not predicted at all,
although this is only 10% for internal exons (that is, not 5" and 3’
ends). As a result, we do not consider that ab initio gene prediction
software can currently be used directly to reliably annotate genes in
human sequence, although it is useful when combined with other
evidence (see below), for example, to define splice-site boundaries,
and as a starting point for experimental studies.

Fortunately, a vast resource of experimental data on human genes
in the form of complementary DNA and protein sequences and
expressed sequence tags (ESTs) is available which can be used to
identify genes within genomic DNA. Furthermore about 60% of
human genes have distinctive CpG island sequences at their 5’
ends’! which can also be used to identify potential genes. Thus, the
approach we have taken to annotating genes in the chromosome 22
sequence relies on a combination of similarity searches against all
available DNA and protein databases, as well as a series of ab initio
predictions. Upon completion of the sequence of each clone in the
tile path, the sequence was subjected to extensive computational
analysis using a suite of similarity searches and prediction tools.
Briefly, the sequences were analysed for repetitive sequence
content, and the repeats were masked using RepeatMasker (http://
ftp. genome . washington . edu/ RM / RepeatMasker . html). Masked
sequence was compared to public domain DNA and protein
databases by similarity searches using the blast family of programs™.
Unmasked sequence was analysed for C 4+ G content and used to
predict the presence of CpG islands, tandem repeat sequences,
tRNA genes and exons. The completed analysis was assembled
into contigs and visualized using implementations of ACEDB
(http:// www.sanger.ac.uk/Software/Acedb/). In addition, the con-
tiguous masked sequence was analysed using gene prediction
software™.

Figure 1 The sequence of human chromosome 22. Coloured boxes depict the annotated
features of the sequence of human chromosome 22, with the centromere to the left and the
telomere to the right. Coordinates are in kilobases. Vertical yellow blocks indicate the
positions of the gaps in the sequence and are proportional in size to the estimated size of
each gap. From bottom to top the following features are displayed: positions of interspersed
repetitive sequences including tandem repeats categorized by nucleotide repeat unit length
(atthis resolutrion Alurepeats are not visibly separated in some regions); the positions of the
microsatellite markers in the genetic map of Dib et al; the tiling path of genomic clones
used to determine the sequence labelled by their Genbank/EMBL/DDBJ accession number
and coloured according to the source of the sequence; and the annotated gene, pseudogene
and CpG island content of the sequence. Transcripts and pseudogenes oriented 5’ to 3’ on
the DNA strand from centromere to telomere are designated ‘+', those on the opposite
strand ‘. In the transcript rows, the annotated genes are subdivided by colour according to
the criteria in the text. Annotated genes with approved gene symbols from the HUGO
nomenclature committee are labelled. For details of all the genes with their positions in the
reference sequence, see Supplementary Information, Table 1. In the case of the
immunoglobulin variable region, the entire locus has been drawn as a single block; in reality,
this is a complex of variable chain genes (see ref. 27). At the top is a graphical plot of the
repeat density for the common interspersed repeats Al and Line1, and the C + G base
frequency across the sequence. Each is calculated as a percentage of the sequence using a
sliding 100-kb window moved in 50-kb iterations. Since the production of Fig. 1, six
accession codes have been updated. The new codes are AL050347 (for Z73987),
AL096754 (for 268686), AL049749 (for Z82197), 275892 (for 275891), AL078611 (for
779997) and AL023733 (for AL023593).
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Gene features were identified by a combination of human
inspection and software procedures. Figure 1 shows the 679 gene
sequences annotated across 22q. They were grouped according to
the evidence that was used to identify them as follows: genes
identical to known human gene or protein sequences, referred to
as ‘known genes’ (247); genes homologous, or containing a region
of similarity, to gene or protein sequences from human or other
species, referred to as ‘related genes’ (150); sequences homologous
to only ESTs, referred to as ‘predicted genes’ (148); and sequences
homologous to a known gene or protein, but with a disrupted open
reading frame, referred to ‘pseudogenes’ (134). (See Supplementary
Information, Table 1, for details of these genes.) The ab initio gene
prediction program, Genscan, predicted 817 genes (6,684 exons) in
the contiguous sequence, of which 325 do not form part of the
annotated genes categorized above. Given the calibration of ab initio
prediction methods discussed above, we estimate that of the order
of 100 of these will represent parts of ‘real’ genes for which there is
currently no supporting evidence in any sequence database, and that
the remainder are likely to be false positives.

The total length of the sequence occupied by the annotated genes,
including their introns, is 13.0 Mb (39% of the total sequence). Of
this, only 204kb contain pseudogenes. About 3% of the total
sequence is occupied by the exons of these annotated genes. This
contrasts sharply with the 41.9% of the sequence that represents
tandem and interspersed repeat sequences. There is no significant
bias towards genes encoded on one strand at the 5% level
(x* = 3.83).

A striking feature of the genes detected is their variety in terms of
both identity and structure. There are several gene families that
appear to have arisen by tandem duplication. The immunoglobulin
\ locus is a well-known example, but there also are other immu-
noglobulin-related genes on the chromosome outside the immu-
noglobulin A region. These include the three genes of the
immunoglobulin \-like (IGLL) family plus a fourth possible
member of the family (AC007050.7). There are five clustered
immunoglobulin « variable region pseudogenes in AC006548, and
an immunoglobulin variable-related sequence (VpreB3) in
AP000348. Much further away from the N genes is a variable
region pseudogene, ~123kb telomeric of IGLL3 in sequence
AL008721 (coordinates ~9,420—9,530kb from the centromeric

Table 1 Sequence contigs on chromosome 22

Contig* Size (kb)
AP000522-AP000529 234

gap 1.9
AP000530-AP000542 406

gap ~150
AP000543-AC006285 1,394

gap ~150
AC008101-AC007663 1,790

gap ~100
ACO007731-AL049708 23,006

gap ~50
AL118498-AL022339 767

gapt ~50-100
Z85994-AL049811 1,528

gap ~150
AL049853-AL096853 2,485

gapt ~50
AL096843-AL078607 190

gapt ~100
ALO78613-AL117328 993

gap ~100
AL080240-AL022328 291

gapt ~100
AL096767-AC002055 380
Total sequence length 33,464
Total length of 22q 34,491

*Contigs are indicated by the first and last sequence in the orientation centromere to telomere, and
are named by their Genbank/EMBL/DDBJ accession numbers.

T These gaps are spanned by BAC and/or PAC clones with deletions.

1 This gap shows a complex duplication of AL096853 in DNA fibre FISH.
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end of the sequence), and a cluster of two N\ constant region
pseudogenes and a variable region pseudogene in sequences
AL008723/AL021937 (coordinates ~16,060—16,390kb from the
centromeric end).

Human chromosome 22 also contains other duplicated gene
families that encode glutathione S-transferases, Ret-finger-like
proteins'®, phorbolins or APOBECs, apolipoproteins and B-crystal-
lins. In addition, there are families of genes that are interspersed
among other genes and distributed over large chromosomal
regions. The y-glutamyl transferase genes represent a family that
appears to have been duplicated in tandem along with other gene
families, for instance the BCR-like genes, that span the 22q11 region
and together form the well-known LCR22 (low-copy repeat 22)
repeats (see below).

The size of individual genes encoded on this chromosome varies
over a wide range. The analysis is incomplete as not all 5" ends have
been defined. However, the smallest complete genes are only of the
order of 1 kb in length (for example, HMGI1L10 is 1.13 kb), whereas
the largest single gene (LARGE") stretches over 583 kb. The mean
genomic size of the genes is 19.2 kb (median 3.7 kb). Some complete
gene structures appear to contain only single exons, whereas the
largest number of exons in a gene (PIK4CA) is 54. The mean exon
number is 5.4 (median 3). The mean exon size is 266 bp (median
135bp). The smallest complete exon we have identified is 8 bp in the
PITPNB gene. The largest single exon is 7.6kb in the PKDRE],
which is an intron-less gene with a 6.7-kb open reading frame. In
addition, two genes occur within the introns of other expressed
genes. The 61-kb TIMP3 gene, which is involved in Sorsby fundus
macular degeneration, lies within a 268-kb intron of the large SYN3
gene, and the 8.5kb HCF2 gene lies within a 27.5-b intron of the
PIK4CA gene. In each case, the genes within genes are oriented in
the opposite transcriptional orientation to the outer gene. We also
observe pseudogenes frequently lying within the introns of other
functional genes.

Peptide sequences for the 482 annotated full-length and partial
genes with an open reading frame of greater than or equal to 50
amino acids were analysed against the protein family (PFAM)?,
Prosite’ and SWISS-PROT” databases. These data were processed
and displayed in an implementation of ACEDB. Overall, 240 (50%)
predicted proteins had matching domains in the PFAM database
encompassing a total of 164 different PFAM domains. Of the
residues making up these 482 proteins, 25% were part of a PFAM
domain. This compares with PFAM’s residue coverage of SWISS-
PROT/TrEMBL, which is more than 45% and indicates that the
human genome is enriched in new protein sequences. Sixty-two
PFAM domains were found to match more than one protein,
including ten predicted proteins containing the eukaryotic protein
kinase domain (PF00069), nine matching the Src homology domain
3 (PF00018) and eight matching the RhoGAP domain (PF00620).
Fourteen predicted proteins contain zinc-finger domains (See

Table 2 The interspersed repeat content of human chromosome 22

Repeat type Total number Coverage (bp) Coverage (%)
Alu 20,188 5,621,998 16.80
HERV 255 160,697 0.48
Linet 8,043 3,256,913 9.73
Line2 6,381 1,273,571 3.81
LTR 848 256,412 0.77
MER 3,757 763,390 2.28
MIR 8,426 1,063,419 3.18
MLT 2,483 605,813 1.81
THE 304 93,159 0.28
Other 2,313 625,562 1.87
Dinucleotide 1,775 133,765 0.40
Trinucleotide 166 18,410 0.06
Quadranucleotide 404 47,691 0.14
Pentanucleotide 16 1,612 0.0048
Other tandem 305 102,245 0.31
Total 55,664 14,024,657 41.91
491
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Genetic distance against physical distance
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Figure 2 The relationship between physical and genetic distance. The sex-averaged
genetic distances of Dib et al.*® were obtained from ftp://ftp.genethon.fr/pub/Gmap/
Nature-1995/ and the cumulative intermarker distances for unambiguously ordered
markers (in cM) were plotted against the positions of the microsatellite markers in the
genomic sequence. It should be stressed that the y axis does not represent the true
genetic distance between distant markers but the sum of the local intermarker distances.
The positions of selected genetic markers are labelled. Grey regions are indicative of areas
of relatively increased recombination per unit physical distance.

Supplementary Information, Table 2, for details of the PFAM
domains identified in the predicted proteins).

Nineteen per cent of the coding sequences identified were
designated as pseudogenes because they had significant similarity
to known genes or proteins but had disrupted protein coding
reading frames. Because 82% of the pseudogenes contained single
blocks of homology and lacked the characteristic intron—exon
structure of the putative parent gene, they probably are processed
pseudogenes. Of the remaining spliced pseudogenes, most represent
segments of duplicated gene families such as the immunoglobulin k
variable genes, the B-crystallins, CYP2D7 and CYP2D8, and the
GGT and BCR genes. The pseudogenes are distributed over the
entire sequence, interspersed with and sometimes occurring within
the introns of annotated expressed genes. However, there also is a
dense cluster of 26 pseudogenes in the 1.5-Mb region immediately
adjacent to the centromere; the significance of this cluster is
currently unclear.

Given that the sequence of 33.4 Mb of chromosome 22q repre-
sents 1.1% of the genome and encodes 679 genes, then, if the
distribution of genes on the other chromosomes is similar, the
minimum number of genes in the entire human genome would be
at least 61,000. Previous work has suggested that chromosome 22 is
gene rich® by a factor of 1.38 (http://www.ncbi.nlm.nih.gov/
genemap/page.cgi?F=GeneDistrib.html), which would reduce this
estimate to ~45,000 genes. It is important, however, to recognize
that the analysis described here only provides a minimum estimate
for the gene content of chromosome 22q, and that further studies
will probably reveal additional coding sequences that could not be
identified with the current approaches.

Two lines of evidence point to the existence of additional genes
that are not detected in this analysis. First, the 553 predicted CpG
islands, which typically lie at the true 5’ ends of about 60% of
human genes’, are in excess of 60% of the number of genes
identified (60% = 327, excluding pseudogenes); 282 of the genes
identified have CpG islands at or close to the 5" end (within 5-kb
upstream of the first exon, or 1-kb downstream). Thus, there could
be up to 271 additional genes associated with CpG islands unde-
tected in the sequence. Second, there are 325 putative genes
predicted by the ab initio gene prediction program, Genscan, that
are not in regions already containing annotated transcripts. We
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Figure 3 Intrachromosomal repeats on human chromosome 22. High- and medium-copy
repeats and low complexity sequence were masked using RepeatMasker and Dust, and
masked sequences were compared using Blastn. The results were filtered to identify
regions of more than 50% identity to the query sequence, and were plotted in a 2D matrix
with a line proportional to the size of the region of identity. Localized gene family repeats
are indicated by arrowheads along the diagonal. From the top, these are the
immunoglobulin A locus, the glutathione S-transferase genes, the 3-crystallin genes, the
Ret-finger-protein-like genes, the apolipoprotein genes, the colony-stimulating factor
receptor (CSF2RB) inverted partial duplication, the lectins LGALS1 and LGALS2, the
APOBEC genes and the CYP2D genes. Two 60-kb regions of more than 90% homology
are labelled ‘a’ (AL008723/AL021937) and ‘b’ (ALO31595/AL022339). Seven low-copy
repeat regions (LCR22) and a region containing related genomic fragments are indicated
at the left margin.

estimate (see above) that roughly 100 of these will represent parts of
real genes. Identifying additional genes will require further compu-
tational and experimental studies. These studies are continuing and
entail testing candidate sequences for possible messenger RNA
expression, implementing new gene prediction software able to
detect the regions around or near CpG islands that currently have
no identified transcript, and further analysis of sequences that are
conserved between human and mouse. Furthermore, full-length
cDNA sequences that accumulate in the sequence databases of
human and other species will be used to refine the gene structures.

The long-range chromosome landscape
Critical to the utility of the genomic sequence to genetic studies is
the integration of established genetic maps. The positions of the
commonly used microsatellite markers from the Genethon genetic
map’® are given in Fig. 1. The correlation of the order of markers
between the genetic map and the sequence is good, within the
limitations of genetic mapping. Only a single marker (D2251175) is
discrepant between the two data sets, and this lies in a sequence that
is repeated twice on the chromosome (AL021937, see below). In the
telomeric region, four of the Genethon markers must lie in our
sequence gaps, and we were unable to identify clones from all
libraries tested for these. Comparison of genetic distance against
physical distance for all the microsatellites whose order is main-
tained between the datasets shows a mean value of 1.87 cM Mb™".
However, the relationship between genetic and physical distance
across the chromosome partitions into two types of region, areas of
high and low recombination (Fig. 2). The areas of high recombina-
tion may represent recombinational hot spots, although we have not
yet been able to identify any specific sequence characteristics
common to these areas.

The mean G+ C content of the sequence is 47.8%. This is
significantly higher than the G4 C content calculated for the
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Figure 4 Sequence composition of the LCR22 repeats. lllustration of the sequence
composition of seven LCR22 repeats. The span of each LCR22 region is shown in
megabases from the centromere. Coloured arrows indicate the extent of one of the

sum of all human genomic sequence determined so far (42%).
Although this result was expected from previous indirect measure-
ments of the G + C content of chromosome 227*”, the distribution
is not uniform, but regionally segmented as illustrated in Fig. 1.
There are clear fluctuations in the base content, resulting in areas
that are relatively G + C rich and others that are relatively G + C
poor. On chromosome 22 these regions stretch over several mega-
bases. For example, the 2 Mb of sequence closest to the centromeric
end of the sequence is relatively G + C poor, with the G 4 C content
dropping below 40%. Similarly, the area between 16,000 and
18,800 kb from the centromeric end of the sequence is consistently
below 45% G + C. The G + C rich regions often reach more than
55% G+ C (for example, at 20,100-23,400kb from the centro-
meric end of the sequence). This fluctuation appears to be con-
sistent with previous observations that vertebrate genomes are
segmented into ‘isochores’ of distinct G + C content™ and is similar
to the structure seen in the human major histocompatibility
complex (MHC) sequence®. Isochores correlate with both genes
and chromosome structure. The G + C rich isochores are rich in
genes and Alu repeats, and are located in the G + C rich chromo-
somal R-bands, whereas the G + C poor isochores are relatively
depleted in genes and Alu repeats, and are located in the G-
bands®7*. The G + C poor regions of chromosome 22 are depleted
in genes and relatively poor in Alu sequences. For example, the
region between 16,000 and 18,800kb from the centromeric end
contains just three genes, two of which are greater than 400 kb in
length. The G + C poor regions also are depleted in CpG islands,
which are clustered in the gene-rich, G 4 Crich regions. Although it
is tempting to correlate the sequence features that we see with the
chromosome banding patterns, we believe that high-resolution
mapping of the chromosome band boundaries will be required to
assign definitively these to genomic sequence.

Over 41.9% of the chromosome 22 sequence comprises inter-
spersed and tandem repeat family sequences (Table 2). The density
of repeats across the sequence is plotted in Fig. 1. There is variation
in the density of Alu repeats and some of the regions with low Alu
density correlate with the G 4 C poor regions, for example, in the
region 16,000—18,800 kb from the centromeric end, and these data
support the relationship of isochores with Alu distribution. How-
ever, in other areas the relationship is less clear. We provide a World-
Wide Web interface to the long-range analyses presented here and to
further analysis of the many other repeat types and features of the
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thirteen genomic repeat regions and the orientation of the repeat. The known gene and
marker content of these genomic repeat regions is indicated in the key. The black oval
indicates the position of the gap in the sequence in LCR22-3.

sequence at http://www.sanger.ac.uk/cgi-bin/cwa/22cwa.pl. The 1-Mb
region closest to the centromere contains several interesting repeat
sequence features that may be typical of other pericentromeric
regions. In addition to the density of pseudogenes described above,
there is a large 120-kb block of tandemly repeated satellite sequence
(D2273) centred 500 kb from the centromeric sequence start (not
shown in Fig. 1, but evident from the absence of Alu and LINE1
sequences at this point). There is also a cluster of satellite II repeats
80-kb telomeric of the D227Z3 sequences. Isolated alphoid satellite
repeats are found closer to the centromeric end of the sequence.
Furthermore, this pericentromeric 1 Mb closest to the centromere
contains many sequences that are shared with a number of different
chromosomes, particularly chromosomes 2 and 14. During map
construction, 33 out of 37 STSs designed from sequence that was
free of high-copy repeats amplified from more than one chromo-
some in somatic cell hybrid panel analysis.

Low-copy repeats on chromosome 22

To detect intra- and interchromosomal repeats, we compared the
entire sequence of chromosome 22 to itself, and also to all other
existing human genomic DNA sequence using Blastn® after mask-
ing high and medium frequency repeats. The results of the intra-
chromosomal sequence analysis were plotted as a dot matrix (Fig. 3)
and reveal a series of interesting features. Locally duplicated gene
families lie close to the diagonal axis of the plot. The most striking is
the immunoglobulin \ locus that comprises a cluster of 36 poten-
tially functional V-\ gene segments, 56 V-\ pseudogenes, and 27
partial V-\ pseudogenes (‘relics’), together with 7 each of the J and
C X\ segments™. Other duplicated gene families that are visible from
the dot matrix plot include the clustered genes for glutathione S-
transferases, B-crystallins, apolipoproteins, phorbolins or APO-
BECs, the lectins LGALSI and LGALS2 and the CYP2Ds. A partial
inverted duplication of CSF2RB is also observed.

Much more striking are the long-range duplications, which are
visible away from the diagonal axis. For example, a 60-kb segment of
more than 90% similarity is seen between sequences AL008723/
AL021937 (at ~16,060—16,390 kb from the centromeric end) and
AL031595/AL022339 (at ~27,970-28,110 kb from the centromeric
end) separated by almost 12 Mb. The 22q11 region is particularly
rich in repeated clusters*. Previous work described a low-copy
repeat family in 22q11 that might mediate recombination events
leading to the chromosomal rearrangements seen in cat eye,
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velocardiofacial and DiGeorge syndromes®"*. The availability of the
entire DNA sequence allows detailed dissection of the molecular
structure of these low-copy repeats (LCR22s). Edelmann et al
described eight LCR22 regions***. We were unable to find the
LCR22 repeat closest to the centromere, but it may lie in the gap at
700 kb from the centromeric end of the sequence. The other LCR22
regions are distributed over 6.5Mb of 22qll. Analysis of the
sequence shows that each LCR22 contains a set of genes or
pseudogenes (Fig. 4). For example, five of the LCR22s contain
copies of the y-glutamyl transferase genes and +y-glutamy-transfer-
ase-related genes. There is also evidence that a more distant
sequence at ~16,000 kb from the centromeric start of the genomic
sequence shares certain sequences with the LCR22 repeats. This
similarity involves related genomic fragments including parts of the
Ret-finger-protein-like genes, and the IGLC and IGLV genes.

Regions of conserved synteny with the mouse

The genomic organization of different mammalian species is well
known to be conserved®. Comparison of genetic and physical maps
across species can aid in predicting gene locations in other species,
identifying candidate disease genes', and revealing various other
features relevant to the study of genome organization and evolution.
For all the cross-species relationships, that between man and mouse
has been most studied. We have examined the relationship of the
human chromosome 22 genes to their mouse orthologues.

Of the 160 genes we identified in the human chromosome 22
sequence that have orthologues in mouse, 113 of the murine
orthologues have known mouse chromosomal locations (data
available at http://www.sanger.ac.uk/HGP/Chr22/Mouse/). Exami-
nation of these mouse chromosomal locations mapped onto the
human chromosome 22 sequence confirms the conserved linkage
groups corresponding to human chromosome 22 on mouse chro-
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Figure 5 Regions of conserved synteny between human chromosome 22 and the mouse
genome. Regions of mouse chromosomes with conserved synteny to human chromosome
22 are shown as adjacent coloured blocks, determined by the mouse map position of
mouse orthologues to human chromosome 22 genes. The size of human chromosome 22
corresponding to each mouse chromosomal region is indicated in kb, as well as the size of
the gap between the last orthologue in each conserved block. These data are available at
http://www.sanger.ac.uk/Chr22/Mouse.
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mosomes 6, 16, 10,5, 11, 8 and 15'**~* (Fig. 5). Furthermore, these
studies allow placement of the sites of evolutionary rearrangements
that have disrupted the conservation of synteny more accurately at
the DNA sequence scale. For example, the breakdown of synteny
between the mouse 8C1 block and the mouse 15E block occurs
between the equivalents of the human HMOXI1 and MB genes,
which are separated by less than 160kb that also contains a
conspicuous 41-copy 18-nucleotide tandem repeat. A clear predic-
tion from these data is that, for the most part, the unmapped
murine orthologues of the human genes lie within these established
linkage groups, along with the orthologues of the human genes that
currently lack mouse counterparts. Exploitation of the chromo-
some 22 sequence may hasten the determination of the mouse
genomic sequence in these regions.

Conclusions

We have shown that the clone by clone strategy is capable of
generating long-range continuity sufficient to establish the opera-
tionally complete genomic sequence of a chromosome. In doing so,
we have generated the largest contiguous segment of DNA sequence
to our knowledge to date. The analysis of the sequence gives a
foretaste of the information that will be revealed from the remaining
chromosomes.

We were unable to obtain sequence over 11 small gaps using the
available cloning systems. It may be possible that additional
approaches such as using combinations of cloning systems with
small insert sizes and low-copy number could reduce the size of
these gaps. Direct cloning of restriction fragments that cross these
gaps into small insert plasmid or M13 libraries, or direct sequencing
approaches might eventually provide access to all the sequence in
the gaps. However, closing these gaps is certain to require consider-
able time and effort, and might be considered as a specialist activity
outside the core genome-sequencing efforts. It also is probable that
the sequence features responsible for several of these gaps are
unlikely to be specific to chromosome 22. In the best case, similar
unclonable sequences might be restricted to the centromeric and
telomeric regions of the other chromosomes and areas with large
tandem repeats, and it will be possible to obtain large contiguous
segments for the bulk of the euchromatic genome.

Over the course of the project, the emerging sequence of chro-
mosome 22 has been made available in advance of its final comple-
tion through the internet sites of the consortium groups and the
public sequence databases”. The benefits of this policy can be seen
in both the regular requests received from investigators for materials
and information that arise as the result of sequence homology
searches, and the publications that have used the data'*"’. The
genome project will continue to pursue this data release policy as we
move closer to the anticipated completed sequence of humans, mice
and other complex genomes*”*, O

Methods

The methods for construction of clone maps have been previously described and can
also be found at http://www.sanger.ac.uk/HGP/methods/. Details of sequencing methods
and software are available at http://www.sanger.ac.uk/HGP/methods/, http://www.
genome.ou.edu/proto.html, http://www-alis.tokyo.jst.go.jp/HGS/team_KU/team.html
and in the literature*.
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redistribution of atmospheric mass and non-adiabatic heating
during a dipole mode event may result in such an event influencing
the countries surrounding the Indian Ocean through atmospheric
teleconnections, as evidenced by the northward shift of the Pacific
Subtropical High off the Philippines which caused an unusually hot
summer in the far east Asian countries in 1994 (refs 27, 28). Some
atmospheric general circulation model experiments®* have
demonstrated the important effects of the Indian Ocean SST
changes on east African rainfall variability. Further experiments
with atmospheric and oceanic models, extended in scope, will be
needed to understand the full implications of this hitherto
unexplored mode of climate variability. The dipole mode event
should also provide a testing ground for coupled ocean—atmosphere
models. ]
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Tribosphenic mammal from the
North American Early Cretaceous

Richard L. Cifelli

Oklahoma Museum of Natural History and Department of Zoology,
University of Oklahoma, Norman, Oklahoma 73019, USA

The main groups of living mammals, marsupials and eutherians,
are presumed to have diverged in the Early Cretaceous', but their
early history and biogeography are poorly understood. Dental
remains have suggested that the eutherians may have originated in
Asia’, spreading to North America in the Late Cretaceous, where
an endemic radiation of marsupials was already well underway’.
Here I describe a new tribosphenic mammal (a mammal with
lower molar heels that are three-cusped and basined) from the
Early Cretaceous of North America, based on an unusually
complete specimen. The new taxon bears characteristics (molar-
ized last premolar, reduction to three molars) otherwise known
only for Eutheria among the tribosphenic mammals. Morpho-
metric analysis and character comparisons show, however, that its
molar structure is primitive (and thus phylogenetically uninfor-
mative), emphasizing the need for caution in interpretation of
isolated teeth. The new mammal is approximately contempora-
neous with the oldest known Eutheria from Asia. If it is a
eutherian, as is indicated by the available evidence, then this
group was far more widely distributed in the Early Cretaceous
than previously appreciated. An early presence of Eutheria in
North America offers a potential source for the continent’s Late
Cretaceous radiations, which have, in part, proven difficult to
relate to contemporary taxa in Asia.
Class Mammalia
Infralegion Tribosphenida, Order and Family Uncertain
Montanalestes keebleri gen. et sp. nov.
Etymology. Montana: the state of origin; lestes (Greek): robber;
keebleri: in honour of the Keebler family of Billings, Montana, in
recognition of its support for field parties of the Oklahoma Museum
of Natural History (OMNH).
Holotype. OMNH 60793, associated dentaries with right p3-5,
ml-3 (terminology follows ref. 4), and alveoli for p2; and left p5,
ml1-3 (Fig. 1).
Locality and Horizon. OMNH V1156, basal unit VII (ref. 5),
Cloverly Formation (Aptian—Albian; ~110 Myr); Carbon County,
Montana, USA.
Diagnosis. Differs from primitive Tribosphenida (for example,
Kermackia), in so far as is known, in having a semimolarized last
premolar (lingually placed paraconid, incipient talonid basin,
metaconid present) and only three molars; molars differ in having
a broader, more fully basined talonid with three cusps consistently
present. Differs from early marsupials and marsupial-like taxa® in
postcanine tooth formula and in having semimolarized last pre-
molar and a smaller size differential between m1-2; lower molars
differ in lacking a labial postcingulid and in having a greater
trigonid—talonid height differential, narrower talonid and a hypo-
conulid that is not lingually situated. Differs from Slaughteria’ in
having a semimolarized, less anteroposteriorly compressed last
premolar; molars differ in having a smaller size differential between
ml-2, no lingual knob on anterocingulid, more acute trigonid
angle on m1 and taller paraconid relative to metaconid. Similar to
early Eutheria in postcanine tooth formula (four or more premo-
lars, three molars) and semimolarized last premolar; differs from
most comparable taxon, Prokennalestes’, in having salient lingual
cingulids on the lower premolars and stronger paraconid and
metaconid on p5, the former more lingually placed. Lower molars
differ from those of Prokennalestes in having sequential length
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increase from first to third, taller paraconid, and greater height
differential between trigonid and talonid and between protoconid
and metaconid, more distinct and anteriorly placed entoconid, and
hypoconulid more projecting on m1-2.

Description. The Meckelian groove (Fig. 2) and labial mandibular
foramen, found in a number of Cretaceous mammals including
presumed eutherians®, are absent. A roughened depression at the
junction of the ascending and horizontal rami may indicate the
presence of the coronoid, a presumed primitive condition with a
broad distribution among early mammals, including some
eutherians®. The angular process is elongate, hook-like, projects
posteriorly and is in-turned medially, as in primitive Tribosphenida

Figure 1 Montanalestes keebleri gen. et sp. nov., OMNH 60793. a, Stereopairs of
p4-m3 (other parts of dentition and mandible omitted for clarity) in labial (left) and lingual
(right) views. b, restored right mandible and dentition in labial (top), occlusal (middle) and
lingual (bottom) views.
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Figure 2 Jaws of Cretaceous tribosphenic mammals, showing distribution of selected
tooth and jaw characters (some restored after refs given in Supplementary Information).
Kielantherium is a plesiomorphic tribosphenidan of uncertain affinities'*; Kokopellia is a
marsupial or close relative®; and Prokennalestes®, Otlestes'® and Asioryctes® are
Cretaceous eutherians. 1, Talonid. Primitively (Kielantherium), this is small, poorly
basined and bears only two cusps; in remaining taxa it is broader and well basined, with
three cusps'". 2, Coronoid bone. This element, or a facet indicating its presence, is a
primitive feature presumably lost early in marsupial history and independently among
eutherians, but retained in many Cretaceous mammals®®. 3, Meckelian groove (uncertain
in Otlestes'® and Kokopellid). This feature is another primitive character retained in some
early eutherians and other Mesozoic mammals®'“?, 4, Premolar count. The primitive
counts for premolars and molars are uncertain, depending partly on varying interpretation
and relevance of non-tribosphenic Peramus, and partly on disputed homologies'?*. At
least four premolars are present in Peramus and Kielantherium, whereas deltatheroidans
and marsupials have only three"*~", The widespread occurrence of at least four in early
eutherians is assumed to be primitive. 5, Last premolar. This tooth is simple in Kokopellia,
marsupials and most Mesozoic mammals; by contrast, the premolars and molars of
eutherians generally form a more evenly graded series, with the last premolar tending
toward a semimolariform appearance®'2. Montanalestes appears to be more advanced
than the rather variable'® Prokennalestes, but the talonid and metaconid are not as well
developed as in somewhat younger Otlestes'®. 6, Molar count. This is uncertain for many
early tribosphenidans’. Kielantherium, like marsupials and deltatheroidans, has four;
Montanalestes is similar to eutherians in having only three molars, presumably an
advanced condition'">™, ?, alveolus for tooth of uncertain identity; p, premolar (or alveoli
(arrows) documenting presence of a premolar).
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generally’. At least four premolars are present; the relatively small
size of p3 is similar to those in some Cretaceous eutherians that have
five premolars'®. The premolar-molar series intergrade: p5 is
semimolariform, with a lingually placed paraconid; a metaconid
that is clear but that is placed low on the crown and is not so
lingually situated; and a small talonid basin enclosed lingually by the
cingulum (although only one talonid cusp is present). The molars
are virtually unworn and facets are poorly developed. They are
advanced with respect to primitive tribosphenidans (Fig. 2) in
having a well developed, basined, tricuspid talonid. The molars
generally resemble those of pappotheriids and some early
eutherians'!, although the latter tend to have a reduced paraconid'.
Molars of Montanalestes are unusual in having a relatively strong
paraconid and a sequential increase in length from m1-3.
Montanalestes is undoubtedly a tribosphenic mammal, as shown
by the broad, basined, three-cusped molar talonids"; and it is
advanced with respect to dentally primitive taxa such as
Kielantherium' in various features (Fig. 2). Montanalestes is clearly
not a marsupial: it retains more than three premolars, lacks
specialized molar characteristics*'>"* and has a molarized distal
premolar'""?, among other features. Eutherian affinities are, how-
ever, suggested by dental characteristics. The presence of four
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Figure 3 Comparison of lower molar shape in selected Cretaceous tribosphenic mammals
and the eupantothere Peramus. Measurements and methodology follow ref. 11; data from
this source has been standardized and variation due to size has been removed. Plot shows
the first two axes of a principal components analysis. Positive scores (representing
advanced conditions) on axis 1 reflect mainly increased length of the posthypocristid and
width of the talonid, and relatively lower protoconid; this shape factor serves mainly to
distinguish marsupials from eutherians and primitive tribosphenic/non-tribosphenic
mammals. Positive scores on axis 2 reflect increased trigonid width, anteroposterior
compression of the trigonid and lowered height differential between protoconid and
metaconid. This shape factor generally distinguishes non-tribosphenic and some primitive
tribosphenic mammals from the more advanced marsupials and, especially, eutherians.
Taxa in the middle of the graph (for example, Montanalestes (8), Pappotherium (7),
Procerberus (15)) have molars that, in terms of the two shape factors, are structurally
antecedent to both marsupials and eutherians. Note placement and clustering of
Deltatheridium (4) with primitive taxa (1-5), and placement of Holoclemensia (9) and
Kokapellia (12) with respect to undoubted eutherians and marsupials. Circles, non-
tribosphenic taxa and Theria of metatherian—eutherian grade; triangles, marsupials;
squares, eutherians. 1, Peramus; 2, Hypomylos, 3, Kielantherium, 4, Deltatheridium; 5,
Kermackia, 6, Potamotelses, 7, Pappotherium, 8, Montanalestes, 9, Holoclemensia; 10,
Didelphodon vorax; 11, Pediomys elegans, 12, Kokopellia, 13, Glasbius, 14, Alphadon
marshi; 15, Procerberus, 16, Prokennalestes spp.; 17, Batodon; 18, Paranyctoides spp.;
19, Kennalestes, 20, Gallolestes pachymandibularis, 21, Gypsonictops hypoconus, 22,
Cimolestes cereberoides; 23, Otlestes; 24, Asioryctes; 25, Purgatorius unio; 26,
Cimolestes incisus; 27, C. magnus; 28, Protungulatum spp.; 29, Cimolestes propa-
laeoryctes, 30, Zalambdalestes lechei.
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molars appears to be primitive for tribosphenic mammals'"'>";

Montanalestes shares the condition seen in eutherians, a presumed
reduction to three molars. The premolars of most early mammals
are simple and form a sharp break with the molar series, whereas
eutherians are presumed to be derived in having premolar—molar
series intergrade, with a tendency for the last premolar to be
somewhat molariform®'?. Montanalestes is similar to eutherians in
this respect: the last premolar bears a strong, lingually placed
paraconid, a metaconid and a slightly basined talonid, all features
commonly seen in premolars undergoing molarization. By compar-
ison to Prokennalestes and other early Eutheria®®'"'®, Montanalestes
presents a mixture of advanced (for example, metaconid on p5, loss
of Meckelian groove) and primitive (for example, unreduced para-
conid) features. Molar structure is of particular interest in this
context because it has traditionally been emphasised in interpreta-
tion of early mammal radiations'""”. Morphometric analysis shows
that marsupials and dentally advanced, Late Cretaceous eutherians
can be recognized in the basis of lower molar shape factors;
plesiomorphic tribosphenidans are also distinct (Fig. 3). However,
certain early tribosphenidans, Montanalestes and some early euther-
ians are structurally appropriate antecedents to both major groups
of tribosphenic mammals. Lower molars appear not to be particu-
larly informative for critical early tribosphenidan taxa (as illustrated
by the case of Holoclemensia, earlier suggested to be marsupial”’, but
more closely resembling eutherians based on referred lower molars;
Fig. 3), indicating that taxa known only from molar structure must
be interpreted cautiously. The relationship of Montanalestes to other
early eutherians remains uncertain because available data produce
ambiguous results.

The earliest generally accepted eutherians are from the Early and
early Late Cretaceous of Asia®'*'®'®. Previous reports of Early
Cretaceous Eutheria in North America' are based on extremely
fragmentary specimens and have been controversial because of
differing interpretations of tooth formula and specimen
association’. Uncontested eutherians do not appear in North
America until the early Campanian (about 80 Myr)". By contrast,
marsupials and presumed relatives were well established on the
continent by the medial Cretaceous, about 100 Myr®*’. These dis-
tributions have led to the suggestion that eutherians and marsupials
arose in Eurasia and North America, respectively, and that North
American eutherians are derivatives of Late Cretaceous immigra-
tion from Asia’. Except for ungulates’, however, Late Cretaceous
eutherians of Asia and North America represent distinct clades
whose intercontinental relationships are problematic'™". If
Montanalestes is related to Eutheria, as the balance of evidence
indicates, then the continent of origin for the group is called into
question: evidently, Eutheria enjoyed a far broader Early Cretaceous
distribution (echoing that of the triconodont mammal
Gobiconodon™) and an earlier evolutionary radiation than pre-
viously envisaged. An early presence of Eutheria in North America
indicates that some of the continent’s distinctive Late Cretaceous
taxa may have evolved in situ, rather than having a proximal Asiatic
origin—a theory to be tested by recovery of further faunas from the
medial Cretaceous, where the record so far has been notoriously
poor®. O
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Excavations at the early Neolithic site of Jiahu"? in Henan
Province, China have produced what may be the earliest complete,
playable, tightly-dated multinote musical instruments. Jiahu was
occupied from 7000 BC to 5700 Bc, considerably antedating the
well known Peiligang culture’. Here we describe six exquisitely
made complete flutes which were found in radiocarbon-dated
excavation layers, along with fragments of perhaps 30 more. The
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flutes are made from the ulnae of the red-crowned crane (Grus
japonensis Millen) and have 5, 6, 7 and 8 holes. The best preserved
flute has been played and tonally analysed. In addition to early
musical artefacts, the archaeological record at Jiahu'? contains
important information on the very foundations of Chinese
society. We describe the archaeological characteristics of the
Jiahu site, details concerning its dating, its place in the prehistory
of the Chinese Neolithic, the ethnicity of its population and the
results of a tonal analysis of a nearly 9,000-year-old musical
instrument found there.

Jiahu lies in the ‘Central Yellow River Valley” in mid-Henan
Province, east of Mount Funiu and bounded by the flood plains of
the Ni river to the south and the Sha river to the north. It was
discovered by Zhu Zhi in 1962 but its significance was not fully
appreciated until other sites related to the Peiligang culture’~ had
been excavated. Jiahu is an irregular ellipse, 275 m long (east—west)
and 260 m wide (north—south). Below a modern agricultural layer
of loess 0.3—1.0m deep lies a layer of the Han Dynasty (206 Bc—
AD 220), and beneath this Neolithic layers which together are 0.5—
0.9 m thick. Of Jiahu’s 55,000 m?, only 2,400 m* (4.4%) have been
excavated, revealing 45 house foundations, 370 cellars, 9 pottery
kilns, more than 300 graves and thousands of artefacts made out of
bone, pottery, stone and other materials. There are three sub-
periods at Jiahu; during the latest two the site shows distinct areas
for residences, workshops and graves'. The differential furnishing of
the graves provides evidence for early social stratification. Jiahu
appears to represent an organized, well established sedentary village
of long duration in the very early Chinese Neolithic.

The dating of Jiahu is crucial. So far we have determined twenty
1 dates: nine from charcoal (three in each of the three sub-periods
mentioned above), five from plant ash, four from human bone,
one from a whole fruit pit and one from a broken grain of
carbonized rice. The conventional '*C ages range from 7,017 to
8,285 C years Br. After dendrochronological correction the corre-
sponding range is 7,700 to 9,000 calendar years Bp or nearly 5700 to
7000 cal. (calibrated) Bc. The three sub-periods are dated as follows:
the oldest is 6600—7000 cal. Bc; the second oldest 6200—6600 cal. Bc;
and the third ~5700-6200 cal. Bc. Thus, Jiahu spans some 1,300
years. If this range of dates is borne out by subsequent research, then
Jiahu represents a Neolithic cultural phase distinctly earlier at its
inception than the Peiligang culture, where the dates of many of the
sites range from 5100 BC to 6300 BC’™. On the basis of these dates,
and considering the repertoire of ceramic shapes and stone tools',
we would tentatively characterize Jiahu as a culture parallel to,
overlapping in duration, and very possibly related to, the Peiligang.
The same might apply to the site of Houli in the eastern Yellow
River Valley (north-central Shandong Province), dated 5000 Bc
to 62008c’. For the 'C determinations, see Supplementary
Information.

A careful study of the bones of 400 individuals removed from
more than 300 graves indicates that the Jiahu ethnic group may be
identified with the North Asian Mongolian group, and also with the
Xiawanggang and Miaodigou groups in Henan Province and the
Dawenkou, Yedian and Xixiahou groups that were later found in
Shandong Province. The range of male heights was from 170 to
180 cm. In the late Palaeolithic Zhoukoudian Cave, ‘unspecialized’

Table 1 Analysis of intervals of flute M282:20

Location of interval Average value in cents™ Musical description

Between hole 1 and hole 2 284 Minor third

Between hole 2 and hole 3 244 Slightly larger than major
second (a whole tone)

Between hole 7 and tube sound 260 Slightly smaller than minor

third, slightly larger than a
whole note.
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