me

..l
phleomycin resistance gene of pHD63, producing
pHD403. Finally the Spe l-Bam HI fragment of
pHD403 spanning the downstream region of the
wild-type PARP promoter and CAT gene was replaced with the Spe 1-Bam HI fragment of pHDTop4,
supplying the operator-bearing PARP promoter,
splice acceptor, and luciferase gene and yielding
pHD404.
41. Clone 3 trypanosomes expressing the TetR (see Fig.
1) were transfected with 10 jig of Not lHinearized
pHD404 or pHD430 (per 107 cells per cuvette). After
overnight culture in hygromycin (50 jig/mI) and Tc
(10 gg/ml), phleomycin was added to a final concentration of 5 jig/mI, and trypanosomes were diluted
serially in microtitre plates.
42. This fragment was generated by PCR by using a
cloned fragment from the rRNA locus intergenic
region as template (28) and primers GATCTC-

GAGATGGGTACCGGTGTGTTGCCAAAGACATT

Absence of Polymorphism at the ZFY Locus on
the Human Y Chromosome
Robert L. Dorit,* Hiroshi Akashi, Walter Gilbert
DNA polymorphism in the Y chromosome, examined at a 729-base pair intron located
immediately upstream of the ZFY zinc-finger exon, revealed no sequence variation in a
worldwide sample of 38 human males. This finding cannot be explained by global constraint on the intron sequence, because interspecific comparisons with other nonhuman
primates revealed phylogenetically informative sequence changes. The invariance likely
results from either a recent selective sweep, a recent origin for modern Homo sapiens,
recurrent male population bottlenecks, or historically small effective male population
sizes. A coalescence model predicts an expected time to a most recent common ancestral
male lineage of 270,000 years (95 percent confidence limits: 0 to 800,000 years).

The human Y chromosome, nonrecombining along most of its length and paternally
inherited, should be extremely useful for the
reconstruction of genetic and evolutionary
history. However, relatively little is known
about the patterns of polymorphism between
human Y chromosomes. Polymorphism has
been reported for certain regions of the chromosome; with few exceptions (1, 2) these
reports involve either the use of anonymous
probes of uncharacterized sequence (3) or
represent variable numbers or locations of
Alu or other repetitive elements (4).
Here we report a study of sequence variation at a well-characterized human Ylinked locus: a 729-base pair (bp) intron
located between the third exon and the zincfinger-encoding fourth exon of the ZFY locus (5). This gene, located in interval Yp1A2, is actively transcribed in males and
appears to be involved in sperm or testes
maturation (6). We carried out a detailed
survey of this region in a worldwide sample
of humans in order to provide a preliminary
R. L. Dont, Department of Biology, Yale University, New
Haven, CT 06511, USA.
H. Akashi, Ecology and Evolution Department, University
of Chicago, Chicago, IL 60637, USA.
W. Gilbert, Molecular and Cellular Biology, Harvard University, Cambridge, MA 02138, USA.
*To whom correspondence should be addressed.

picture of sequence polymorphism on the Y
chromosome. We surveyed 38 individuals,
chosen to represent a cross section of geographic origins, and sequenced the entire
intron in all of them (7). In addition, we
sequenced part or all of the 3'-most zincfinger exon in 12 of those individuals, as
well as the homologous intron in three other
nonhuman primates-chimpanzee, gorilla,
and orangutan (8).
Surprisingly, we detected no intraspecific
polymorphism whatsoever, in either the intron or the exon, in our human sample. Such
an absence of variation across the 729-bp
intron in a sample of this size (a total of
-28,000 bp sampled) is unexpected, because
intron sequences appear to be subjected to
few sequence-specific constraints. Selection
at this intron cannot account for the absence
of variation, as interspecific comparisons of
the sequences of this intron in other primates show that variable sites are distributed
throughout the intron and include at least
21 unambiguous transitions, 14 unambiguous transversions, and 4 insertions or deletions (8). Furthermore, these data suggest
that the absence of recombination in this
region of the Y chromosome does not detectably slow rates of interspecific divergence;
indeed, Y-linked sequences have been shown
to exhibit accelerated rates of evolution (9).
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and GCAGAGCTCAGGCTTTCGGACATGAATTTG (introduced Xho I, Kpn I, and Sac sites are
underlined); a Not linker was inserted into the
unique Cla site.
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containing cloned fragments from the rRNA locus;
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serene environment. This work was partially supported by the Deutsche Forschungsgemeinschaft
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Table 1 summarizes the interspecific differences at this region, which were then used to
construct a parsimony tree of these sequences (Fig. 1). These Y chromosome sequences
yielded a completely unambiguous shortestlength tree (Fig. 1) uniting the human and
chimpanzee sequences on the basis of two
synapomorphic changes (10).
The interspecific data predict a level of Y
chromosome polymorphism in Homo sapiens,
assuming clock-like behavior of these sequences. The divergences listed in Table 1
correspond to an approximate mean mutation fixation rate of 0.135% per million years
(My) of elapsed time along a single branch
for this intron (11). Given the total human
intron sequence examined in this study
(28,000 bp), we would expect 19.5 segregating sites if human lineages were to trace back
500,000 years on average. If the origin of
modem Homo sapiens is more recent (on the
order of 150,000 years), the expectation for
segregating sites declines to 5.5.
There are three general classes of explanation for the lack of variation of a chromosomal region: purifying selection, chance absence of segregating sites, or recent common
ancestry. The interspecific comparisons
mentioned previously rule out a selectively
mediated global conservation of the intron
sequence. Could the sampling variation in
the distribution of polymorphic sites among
individuals produce the observed monomorTable 1. Absolute (below diagonal) and mean
(above diagonal) interspecific distances for the final ZFY intron, averaged over all possible states.
Distances calculated according to the Kimura
two-parameter model (18) are listed in parentheses. Mean sequence length compared = 729 bp.
Human
Human

Chimp
Gorilla

Chimp

Orang

0.007

0.014

0.041

(0.007)

(0.013)

(0.042)

5

10

Gorilla

0.015

0.043

(0.015)

(0.043)
0.044

11

(0.046)
Orang

30

31

32

1183

Downloaded from www.sciencemag.org on December 10, 2007

overhang was filled with Klenow.
38. S. M. Beverley and C. E. Clayton, in Protocols in
Molecular Parasitology, J. E. Hyde, Ed. (Humana,
Totowa, NJ, 1993), pp. 333- 348.
39. A targeting segment of pHD404 (black box in Fig. 3)
corresponding to the region upstream of the PARP
promoter was generated by polymerase chain reaction (PCR) with cloned PARP A locus DNA as the
template and the primers TACGGTACCGCGGCCGCMCAAAGGCTGACTGCACCT and TACGAGCTUTTTCAGACTTCTTCGATGCC (introduced Kpn I,
Not I, and Sac restriction sites are underlined).
40. To construct a PARP promoter with intemal Kpn
and Not sites, we cloned the PARP A upstream
targeting segment into pHD63 cut with Kpn and
Sac (29). This was transferred as a Sac l-Xho
fragment to pHD330 (12), replacing the tubulin homology and yielding pHD383. The hygromycin resistance gene of pHD383 was then replaced by the

Table 2. Sample autosomal nucleotide diversity
estimates for human populations.

Locus or region
Alpha-1 -antitrypsin

Nucleotide

diversity (H)
0.0021

Ref.
19

(Baltimore)
Alpha-1 -antitrypsin

0.0010

Beta-globin

(Houston)
0.004

17 3-regions (Ch 21)
Growth hormone gene

Apolipoprotein
Insulin
Composite (0)
Cosmid 4p1 6.3

0.00098
0.002
0.0021
0.0017
0.0011
0.0023

19

20
21
22
23
24
25
26

dence of older ancestry for all Y chromosome
lineages. The resulting fixed chromosome
thus becomes the last common ancestor for
all subsequent Y chromosome lineages. Such
a fixation event must necessarily have been
recent, because no polymorphism has subsequently accumulated-at least in the region
sampled-as a result of mutational events
following the selective sweep (14). We can
estimate the age of that common ancestor by
investigating the elapsed time consistent
with the absence of polymorphism we observe. A coalescent model, with its assumptions of random mating, equilibrium population size, and exponentially distributed bifurcation times, provides an expected date for
the last common male ancestor of 270,000
years (with 95% confidence limits of 0 to
800,000 years). Increasing the population
size or nonrandom mating would lower this
estimate. A lowest limit for the age of the last
common ancestor of all Y lineages is derived
by assuming the rapid branching and subsequent independence of all Y lineages since the
last common male ancestor (known as a "star"
phylogeny); such a pattern provides an estimate of 27,000 years, with 95% limits of 0 to
80,000 years. A mixed model, involving local
(regional) coalescence, would produce intermediate times (15).
Is this pattern of monomorphism a locus-, region-, or chromosome-wide phenomenon? Low-level variation has been reported in the form of restriction fragment
length polymorphisms (RFLPs) for the Y
chromosome detected by means of a variety
of anonymous probes (3), most of them
directed to the nonrecombining region
Yql 1. These RFLPs, for the most part, reflect CpG loss or possible duplication. Geographically structured polymorphism in the
number and location of Alu insertions has
also been suggested (2, 4). A very low level
of Y chromosome polymorphism thus appears to have been maintained or restored.
We note that the results presented here
are not compatible with most multiregional
models for the origin of modern humans
(16). While the geographic location of the

Baboon
Orang
Gorilla
Chimp
Fig. 1. Most parsimonious Human
phylogenetic network uniting
theZFYintron sequences described in this study. Hori6
zontal bars indicate unambiguous sequence changes
(17)
along a particular branch,
(4)
numbers in parentheses indicate maximum numbers of
10(1
Tree length =70
changes along the branch.
Changes below the node Variable sites: 70
Transitions: 21 (40)
uniting the human, chimp,
34
gorilla, and orang sequences Transversions: 14 (28)
Indels: 4
cannot be assigned unam
biguously. Network was constructed with the exhaustive search algorithm in PAUP and rooted with the baboon sequence as an
outgroup (sequence provided by W.-H. Li).
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ancestral Y lineage cannot be determined
from these data, the age of that lineage does
lend support to the hypothesis of a recent,
single origin of modem Homo sapiens, and
one of our estimates (270,000 years) is congruent with the estimated age of the ancestral mitochondrial DNA lineage (17).
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T Helper Cell Subsets in
Insulin-Dependent Diabetes
Jonathan D. Katz,* Christophe Benoist, Diane Mathist
It has been proposed that the development of insulin-dependent diabetes is controlled
by the T helper 1 (TH1) versus TH2 phenotype of autoreactive TH cells: TH1 cells would
promote diabetes, whereas TH2 cells would actually protect from disease. This proposition was tested by establishing cultures of TH1 and TH2 cells that express an identical
diabetogenic T cell receptor and comparing their ability to initiate disease in neonatal
nonobese diabetic mice. TH1 -like cells actively promoted diabetes; TH2-like cells invaded
the islets but did not provoke disease-neither did they provide substantial protection.

Insulin-dependent diabetes mellitus is an
autoimmune disease characterized by infiltration of leukocytes into the islets of Langerhans of the pancreas and breakdown of
glucose homeostasis as a result of destruction
of insulin-producing beta cells (1). The leukocyte infiltrate, termed insulitis, is a heterogeneous population, composed of CD4'
and CD8' T lymphocytes, B lymphocytes,
macrophages, and dendritic cells (2). T lymphocytes play a primary role (3), but the
relative contribution of CD4' and CD8'
cells is uncertain, in particular the importance of each subset in provoking or perpetuating disease and whether each has a
unique function (4). Nonetheless, there
have been several reports of CD4' T cells,
by themselves, instigating diabetes (5-7).
CD4' T lymphocytes fall into two major
classes: T helper 1 (THi) cells, which secrete
interferon y (IFN-y) and are primarily associated with cellular immunity; and TH2 cells,
which produce interleukin-4 (IL-4) and IL10 and are mainly involved in humoral immunity (8). Several studies have correlated
diabetes with TH phenotype, leading to the
idea that TH1 cells promote disease whereas
TH2 cells protect from it, dampening the
activity of THI effectors (9). The most subInstitut de Genetique et de Biologie Moleculaire et Cellulaire, INSERM-CNRS-Universite Louis Pasteur, BP 163,
67404 Illikirch Cedex, CU de Strasbourg, France.
*Present address: Department of Pathology, Washington
University, St. Louis, MO 63110, USA.
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stantive arguments in support of this notion
derive from studies in mice. Artificial introduction of lymphokines or antibodies to lymphokines that favor TH 1 or disfavor TH2 cell
development generally promotes diabetes,
whereas the converse inhibits disease (10).
Along similar lines, C57B1 mice are more
likely to develop a THI and less likely to
develop a TH2 response than are BALB/c
mice (11), and transgenic animals that express a T cell receptor (TCR) reactive to an
islet cell neoantigen develop diabetes on the
former but not the latter genetic background
(12). Finally, there appears to be a correlation between the amount and type of lymphokines secreted by invading lymphocytes
and how aggressively the lymphocytes attack
an islet graft, high IFN-y and low IL-4 levels
being associated with destruction (13).
However, the above set of arguments appears to be inconclusive for three major reasons. First, conflicting data do exist. For
example, pancreatic expression of IL-10, a
TH2 lymphokine, actually promotes disease
in nonobese diabetic (NOD) mice (14). Second, many of the points cited above rely on
effects provoked by manipulating the levels
of particular lymphokines; however, lymphokines are highly pleiotropic and control
many phenomena besides THI and TH2 phenotype: the differentiation of CD8' T cells,
B cell differentiation and effector diversification, natural killer cell activity, antigenpresenting cell function, and lymphocyte circulation. In addition, beta islet cells appear
1185
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9.

numbers are U24117 (chimp), U24118 (human),
U24119 (gorilla), and U24120 (orang); alignments
are available upon request.
See also L. C. Shimmin, H.-J. Chang, W.-H. Li, Nature 362, 745 (1993). Our sequences for the human
ZFY intron differ from that reported by Shimmin et al.
at position 478, which represents the final T in a 12 T
homopolymeric run. This may represent either a legitimate polymorphism in this region or more likely a
sequencing discrepancy.
The topology of the most parsimonious tree was
derived by exhaustive search with the PAUP package. The tree was rooted with the baboon sequence
as an outgroup. The tree shown is 70 steps long [Cl
(consistency index) = 0.986, RI (retention index) =
0.923]); the next shortest tree, 72 steps long, results
in a chimp-gorilla-human trichotomy.
This value was determined by using 14 My as the
branching date for the orangutan lineage and 5 My
as the age of the human/chimp-gorilla split, as proposed by M. Hasegawa, H. Kishino, and T. A. Yano
[J. Hum. Evol. 18, 461 (1989)]. The rate was derived
by averaging over all pairwise comparisons.
M. Kreitman and R. R. Hudson, Genetics 127, 565
(1991); R. R. Hudson, in Mechanisms of Molecular
Evolution, N. Takahata and A. G. Clark, Eds. (Sinauer, Sunderland, MA, 1993, pp. 23-36.
The expected nucleotide diversity of Y chromosome
loci may be reduced by the smaller effective population size of the Y chromosome (1/4 Ne relative to
autosomal loci)-a given value of X thus leads to a
fourfold reduction in predicted polymorphism relative
to an autosomal locus. This effect, however, is offset
by the apparently increased mutation rate for Y-linked
sequences (9).
A. J. Berry, J. W. Ajioka, M. Kreitman, Genetics 129,
1111 (1991).
We used a coalescence theory approach to estimate
the probability of finding zero mutations in a current
sample of 38 Y chromosomes as a function of the
expected mutation rate, ,x, and the deepest branching time, T. This probability is
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