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 reac-
tion (PCR) with cloned PARP A locus DNA as the
template and the primers TACGGTACCGCGGCCG-
CAACAAAGGCTGACTGCACCT and TACGAGCT-
CTTTCAGACTTCTTCGATGCC (introduced Kpn |,
Not |, and Sac | restriction sites are underlined).

40. To construct a PARP promoter with internal 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 |-Xho |
fragment to pHD330 (72), replacing the tubulin ho-
mology and yielding pHD383. The hygromycin resis-
tance gene of pHD383 was then replaced by the

phleomycin resistance gene of pHD63, producing
pHD403. Finally the Spe -Bam HI fragment of
pHD403 spanning the downstream region of the
wild-type PARP promoter and CAT gene was re-
placed with the Spe I-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 g of Not I-linearized
pHD404 or pHD430 (per 107 cells per cuvette). After
overnight culture in hygromycin (50 pg/ml) and Tc
(10 pg/ml), phleomycin was added to a final concen-
tration of 5 ug/ml, 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-
GAGATGGGTACCGGTGTGT TGCCAAAGACAT T

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 con-
straint 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, nonrecombin-
ing 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 chro-
mosome; with few exceptions (I, 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 vari-
ation at a well-characterized human Y-
linked locus: a 729-base pair (bp) intron
located between the third exon and the zinc-
finger—encoding fourth exon of the ZFY lo-
cus (5). This gene, located in interval Yp-
1A2, 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
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picture of sequence polymorphism on the Y
chromosome. We surveyed 38 individuals,
chosen to represent a cross section -of geo-
graphic origins, and sequenced the entire
intron in all of them (7). In addition, we
sequenced part or all of the 3’'-most zinc-
finger 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 in-
tron 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 pri-
mates show that variable sites are distributed
throughout the intron and include at least
21 unambiguous transitions, 14 unambigu-
ous transversions, and 4 insertions or dele-
tions (8). Furthermore, these data suggest
that the absence of recombination in this
region of the Y chromosome does not detect-
ably slow rates of interspecific divergence;
indeed, Y-linked sequences have been shown
to exhibit accelerated rates of evolution (9).
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and GCAGAGCTCAGGCTTTCGGACATGAAT T-
TG (introduced Xho I, Kpn |, and Sac | sites are
underlined); a Not | linker was inserted into the
unique Cla | site.
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Table 1 summarizes the interspecific differ-
ences at this region, which were then used to
construct a parsimony tree of these sequenc-
es (Fig. 1). These Y chromosome sequences
yielded a completely unambiguous shortest-
length 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 se-
quences. The divergences listed in Table 1
correspond to an approximate mean muta-
tion 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 segregat-
ing sites if human lineages were to trace back
500,000 years on average. If the origin of
modern 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 expla-
nation for the lack of variation of a chromo-
somal region: purifying selection, chance ab-
sence 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 monomor-

Table 1. Absolute (below diagonal) and mean
(above diagonal) interspecific distances for the fi-
nal ZFY intron, averaged over all possible states.
Distances calculated according to the Kimura
two-parameter model (78) are listed in parenthe-
ses. Mean sequence length compared = 729 bp.

Human  Chimp  Gorilla  Orang

Human 0.007  0.014  0.041
(0.007) (0.013) (0.042)

Chimp 5 0.015  0.043
(0.015)  (0.043)
Gorilla 10 ihl 0.044
(0.046)
Orang 30 31 32
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phism, given an overall expectation for hu-
man nucleotide polymorphism? Stated other-
wise, what lowest actual human sequence di-
versity (®) rules out sampling alone as the
cause of the observed monomorphism? If we
use a very conservative test (12), coalescence
theory (assuming random mating in a popu-
lation of constant size) argues that any value
of ® = 0.0011 predicts polymorphism in our
sample (with P = 0.95). Although a clear
picture of nucleotide diversity in Homo sapiens
has yet to emerge, Table 2 summarizes the
data for several autosomal regions examined
to date. The critical value for this study thus
falls below most, but not all, available esti-
mates, thus suggesting that the lack of poly-
morphism at ZFY is not due to chance (13).

A very recent common ancestry for this
region of the Y chromosome may reflect the
influence of demographic history and of cer-
tain population genetic parameters, includ-
ing small effective male population size. The
absence of recombination along most of the
Y chromosome exaggerates the impact of
such parameters, since the entire chromo-
some, excluding the pseudoautosomal region
(PAR), is in permanent linkage disequilibri-
um and behaves as a single linkage group. A
rapid, selectively driven fixation of an allele
at any locus within the linkage group would
result in the loss of polymorphism at all
linked loci and would obliterate any evi-

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

Nucleotide

Locus or region diversity (IT) Ref.
Alpha-1-antitrypsin 0.0021 19
(Baltimore)
Alpha-1-antitrypsin 0.0010 19
(Houston)
Beta-globin 0.004 20
17 3'-regions (Ch 21) 0.00098 21
Growth hormone gene 0.002 22
Apolipoprotein 0.0021 23
Insulin 0.0017 24
Composite (@) 0.0011 25
Cosmid 4p16.3 0.0023 26

Fig. 1. Most parsimonious
phylogenetic network uniting
the ZFY intron sequences de-
scribed in this study. Hori-
zontal bars indicate unam-
biguous sequence changes
along a particular branch, 4)
numbers in parentheses indi-
cate maximum numbers of
changes along the branch.
Changes below the node
uniting the human, chimp,
gorilla, and orang seguences
cannot be assigned unam-
biguously. Network was con-

Human

Tree length = 70
Variable sites: 70
Transitions: 21 (40)

Indels: 4

10 (13)

Transversions: 14 (28)

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 subse-
quently 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 ob-
serve. A coalescent model, with its assump-
tions of random mating, equilibrium popula-
tion size, and exponentially distributed bifur-
cation times, provides an expected date for
the last common male ancestor of 270,000
years (with 95% confidence limits of O to
800,000 vyears). 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 subse-
quent independence of all Y lineages since the
last common male ancestor (known as a “star”
phylogeny); such a pattern provides an esti-
mate of 27,000 years, with 95% limits of O to
80,000 years. A mixed model, involving local
(regional) coalescence, would produce inter-
mediate times (15).

Is this pattern of monomorphism a lo-
cus-, region-, or chromosome-wide phe-
nomenon?’ Low-level variation has been re-
ported 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
Yqll. These RFLPs, for the most part, re-
flect CpG loss or possible duplication. Geo-
graphically 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 ap-
pears 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

Chimp

Gorilla Orang Baboon

13 (17)

34‘

structed 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 modern Homo sapiens, and
one of our estimates (270,000 years) is con-
gruent with the estimated age of the ances-
tral 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 (T41) versus T2 phenotype of autoreactive T cells: T,,1 cells would
promote diabetes, whereas T2 cells would actually protect from disease. This propo-
sition was tested by establishing cultures of T;1 and T,,2 cells that express an identical
diabetogenic T cell receptor and comparing their ability to initiate disease in neonatal
nonobese diabetic mice. T, 1-like cells actively promoted diabetes; T,,2-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 infil-
tration of leukocytes into the islets of Lange-
thans of the pancreas and breakdown of
glucose homeostasis as a result of destruction
of insulin-producing beta cells (). The leu-
kocyte infiltrate, termed insulitis, is a heter-
ogeneous population, composed of CD4*
and CD8% T lymphocytes, B lymphocytes,
macrophages, and dendritic cells (2). T lym-
phocytes play a primary role (3), but the
relative contribution of CD4™ and CD87
cells is uncertain, in particular the impor-
tance of each subset in provoking or perpet-
uating 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 (Ty;1) cells, which secrete
interferon y (IFN-y) and are primarily asso-
ciated with cellular immunity; and T2 cells,
which produce interleukin-4 (IL-4) and IL-
10 and are mainly involved in humoral im-
munity (8). Several studies have correlated
diabetes with T, phenotype, leading to the
idea that Ty1 cells promote disease whereas
Ty2 cells protect from it, dampening the
activity of Tyl effectors (9). The most sub-
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stantive arguments in support of this notion
derive from studies in mice. Artificial intro-
duction of lymphokines or antibodies to lym-
phokines that favor T1 or disfavor T2 cell
development generally promotes diabetes,
whereas the converse inhibits disease (10).
Along similar lines, C57Bl mice are more
likely to develop a Tyl and less likely to
develop a Ty,2 response than are BALB/c
mice (11), and transgenic animals that ex-
press 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 correla-
tion between the amount and type of lym-
phokines 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 ap-
pears to be inconclusive for three major rea-
sons. First, conflicting data do exist. For
example, pancreatic expression of IL-10, a
T2 lymphokine, actually promotes disease
in nonobese diabetic (NOD) mice (14). Sec-
ond, many of the points cited above rely on
effects provoked by manipulating the levels
of particular lymphokines; however, lympho-
kines are highly pleiotropic and control
many phenomena besides Ty;1 and T},2 phe-
notype: the differentiation of CD8* T cells,
B cell differentiation and effector diversifi-
cation, natural killer cell activity, antigen-
presenting cell function, and lymphocyte cir-
culation. In addition, beta islet cells appear
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