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DNA variation in human populations was studied by examining the last intron of the ZFX gene (about 1,151 bp)
with a worldwide sample of 29 individuals. Only one polymorphic site was found, which is located in an Alu
sequence. This polymorphism is present at an intermediate frequency in all populations studied, and could be a
shared polymorphism or due to migration among populations in Asia, Europe, and Africa. The nucleotide diversity
is 0.04%, supporting the view that the level of nucleotide variation in nuclear DNA is very low in humans. From
the sequence data, the age (T) of the most recent common ancestor of the sampled sequences is estimated: the mode
of T is about 306,000 years, and the 95% confidence interval of T is 162,000–952,000 years. This mode estimate
is considerably older than the estimates from Y-linked sequences.

Introduction
Earlier genetic studies of human populations were
based on blood group types and protein polymorphisms
detected by electrophoresis (e.g., Nei and Roychoudhury
1982; Cavalli-Sforza, Menozzi, and Mountain 1988).
With the advances in DNA technology, a large-scale investigation of DNA polymorphism is now feasible.
Compared to the former types of data, DNA sequence
data are more informative for studying the evolutionary
history of a population, including demographic history
(e.g., Rogers and Harpending 1992; Donnelly et al.
1996; Fu and Li 1996; Ruvolo 1996; Brookfield 1997).
Since mitochondrial DNA (mtDNA) is maternally inherited with no recombination, and since it has a high
mutation rate, it has been extensively used in the study
of human population genetics and evolution. Cann,
Stoneking, and Wilson (1987) and Vigilant et al. (1989)
studied the variation pattern in mtDNA in worldwide
populations and concluded that Africa was the probable
ancestral source of all human mtDNA genotypes and
that the age T of the most recent common ancestor
(MRCA) of human females was in the range of
140,000–290,000 years. In spite of some criticisms of
the analysis (e.g., Maddison, Rovolo, and Swofford
1992; Templeton 1992; Thorne and Wolpoff 1992), the
mtDNA data tend to support the African origin of modern humans, because in the majority of alternative trees,
the deepest nodes lead to African sequences (see the
review by Li and Sadler 1992). However, mtDNA is
effectively only one locus and the estimated T represents
only the maternal lineages. To increase our knowledge
on human genetic variation and evolution, it is important
to examine nuclear DNA variation.
Recently, several studies of nuclear DNA variation
have been conducted on the nonrecombining genomic
regions of the Y chromosome. Dorit, Akashi, and Gilbert (1995) surveyed the last intron of the ZFY gene
(729 bp) in a worldwide sample of 38 individuals and
found no variation, in contrast to the high sequence variKey words: sequence variation, ZFX intron, Alu, origin of modern humans.
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ation in mtDNA. Later, Hammer (1995) examined the
sequence variation of a 2.6-kb fragment in a nonrecombining region of the Y chromosome in 16 humans and
found three polymorphic nucleotide sites and one polymorphic Alu insertion. The ages (T) of the MRCA of
the sampled sequences estimated by Dorit, Akashi, and
Gilbert (1995) and Hammer (1995) were consistent with
the estimate from mitochondrial DNA and were taken
as evidence to support the Out of Africa model for the
origin of modern humans. However, their methods are
not accurate. Fu and Li (1996) and Fu (1996) developed
a more rigorous method for estimating T and obtained
lower estimates of the mean of T. Tishkoff et al. (1996)
studied the global pattern of linkage disequilibrium at
the CD4 locus and suggested a common, recent African
origin of all non-African human populations; see also
Jorde et al. (1997). However, there are data that are contradictory to this model (Xiong et al. 1991; Fullerton et
al. 1994; Jorde et al. 1995). In particular, Harding et al.’s
(1997) recent data from the beta globin region cannot
be easily reconciled with a unidirectional migration out
of Africa 100,000 years ago and with the assumption of
total replacement of archaic populations in Asia.
As data on human genetic variation of nuclear
DNA are still limited, to have a good estimate of human
DNA variation and to resolve the debate about human
evolution, more sequence data are needed. Since most
data on the human origin are from mtDNA or Y-linked
sequences, it is interesting to obtain data from autosomal
or X-linked genomic regions. In this paper, we report
sequence data from the last intron of the ZFX gene in
a sample of 29 human individuals from different parts
of the world.
Materials and Methods
Sample Collection
There are two factors that should be considered in
sample collection. First, the sample size should be large
enough that the gene tree (genealogy) of the sample will
have a high probability of including the root (i.e., the
most ancestral node) of the current population. For a
random-mating population, the probability that a random sample of n sequences will include the root of the
gene tree for the entire population is p 5 1 2 2/(n 1
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1) (Saunders, Travaré, and Watterson 1984). Thus, p is
about 0.90–0.94 for a sample size of 20–30 sequences.
Second, the DNA samples should cover at least the three
major continental populations (i.e., Asians, Africans,
and Europeans).
We collected a sample of 29 males (the number of
individuals is given in parentheses): Europeans or European descendants: German (1), Russians (2), British
(1), Canadian (1), and white Americans (3); Asians:
Chinese (2), Japanese (4), and Taiwanese (3); and Africans: Pygmies (5) and Nigerians (7). The Nigerian
DNA samples were kindly provided by Dr. R. Deka of
the University of Pittsburg. The Pygmy samples and two
of the Japanese samples were obtained from the cell
lines of the Corriel Institute; the other two Japanese
samples were obtained from two Japanese Americans in
Utah (their Japanese ancestry has been verified). The
other samples were extracted from peripheral blood using the DNA extraction procedure of Ellsworth, Rittenhouse, and Honeycutt (1993). Genomic DNA of three
common chimpanzees (Pan troglodytes) were a gift
from Dr. R. E. Ferrell (University of Pittsburgh). All
samples were from males, so only one X-linked sequence was amplified by PCR.
PCR Amplification and Direct Sequencing
Two PCR primers (OLW 97, OLW 98) designed
by Shimmin, Chang, and Li (1993) for the last intron of
the human ZFX gene were synthesized. Human DNA
samples were successfully amplified by PCR with these
two primers in an Omnigene thermal cycler (Hybaid).
Since this set of primers did not amplify chimpanzee
DNA, another two X-specific primers (OLW 99:
CTCGGCAGACTGGCTAAACAA; OLW 100: TTCGGGATGGTTTTTCATGTGC) were designed according to the human ZFX coding sequences (SchneiderGädicke et al. 1989). Primer OLW 99 was from nucleotides 1168–1188, while OLW 100 was from nucleotides 1347–1326. The reaction mixture and PCR
conditions were similar to those used by Shimmin,
Chang, and Li (1993), except that the denaturation time
was reduced to 30 s, and annealing temperature for
chimpanzees was 598C instead of 658C. A negative control was used to check for contamination. The PCR
products were purified by Wizards PCR prep DNA purification system (Promega).
Fourteen sequencing primers (Shimmin, Chang,
and Li 1993) were used to sequence the last intron of
the ZFX gene in humans and chimpanzees by using the
fmol DNA cycle sequencing system (Promega). Different annealing temperatures were used according to the
primer sequences. Normally, for cycle sequencing, the
annealing temperature is estimated by Tm 5 4nGC 1
2nAT 2 5, where nGC and nAT are the numbers of G and
C nucleotides and of A and T nucleotides in the primer,
respectively. Sequencing was conducted in both directions. If a polymorphic site was found among individuals, the region which includes this polymorphic site
was sequenced again using a new PCR product. This
verification step is to avoid PCR artifacts or gel misreading.
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Data Analysis
The age (T) of the MRCA of the sampled sequences can be estimated from sequence variation data by the
method of Fu and Li (1996) and Fu (1996). This method
is based on the conditional probability p(TzK), given that
K polymorphic sites are observed. We used three estimators of T: (1) the mode, tmode, which maximizes
p(TzK); (2) the mean, tmean; and (3) the 95% confidence
interval (t2.5, t97.5). The computer program was developed by Fu (1996).
To estimate T, we need to know the number of
segregating sites (K), the mutation rate (v), the effective
population size (Ne), and the sample size (n). In our
study, we used chimpanzee or orangutan as an outgroup
to estimate the mutation rate v (Dorit, Akashi, and Gilbert 1995). The evolutionary distance was computed by
Jukes and Cantor’s (1969) method. The divergence time
(tdiv) between human and chimpanzee is about 4;6 million years ago, while that between human and orangutan
is 10;14 million years ago (for a review, see Ruvolo
1996). For long-term evolution, the effective population
size of females has been estimated to be 5,000 (Takahata
1993).
Results
Nucleotide Sequences
We sequenced the last intron (1,151 bp) of the ZFX
gene from 29 humans and 3 chimpanzees. There is one
Alu insertion in this intron: it encompasses 322 bp from
position 518 to position 839 in the alignment (data not
shown). The GenBank accession number for the sequence data is AF022232.
In the sample of 29 humans, one polymorphic site
was found. It is located in the Alu repeat (position 635),
at which 17 of the 29 sequences show nucleotide G
(17/29 5 58.6%), and the others show A (41.4%). At
this site, all three chimpanzee sequences have A. Therefore, the ancestral nucleotide of the human population
at this site was probably A, and the mutation (from A
to G) probably arose after the human–chimpanzee divergence. This hypothesis is supported by the fact that
nucleotide A was also found in orangutan, baboon and
squirrel monkey (Shimmin, Chang, and Li 1993). The
nucleotide at position 1141 is C in Shimmin, Chang,
and Li’s (1993) paper. However, in the 29 male individuals we sequenced, the nucleotide at this position is always T. This difference may be due to a PCR error or
the presence of a rare variant in the sequence by Shimmin, Chang, and Li (1993).
The number of differences of the last intron of ZFX
between human and chimpanzee is 16 or 15, depending
on whether the nucleotide at the polymorphic site is G
or A. Thus, the average difference is given by (16 3
58.6%) 1 (15 3 41.1%) ø 15.54, and the average proportion of differences is p 5 15.54/1,151 5 1.35%.
Then, the distance between human and chimpanzee is d
5 1.35% by Jukes and Cantor’s (1969) method. In the
same manner, the distance between human and orangutan is d 5 2.59%.
Table 1 shows the distribution of the polymorphism
in various human populations. The frequency of nucle-
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Table 1
The Distribution of Polymorphism in Different
Populations
nG

nA

Asian . . . . . . . . . . . .
Chinese . . . . . . . . .
Taiwanese . . . . . . .
Japanese . . . . . . . .

Population

n
9
2
3
4

4
1
2
1

5
1
1
3

Caucasian. . . . . . . . .
German . . . . . . . . .
British . . . . . . . . . .
Russian . . . . . . . . .
Canadian. . . . . . . .
American . . . . . . .

8
1
1
2
1
3

4
1
0
1
1
1

4
0
1
1
0
2

African . . . . . . . . . . .
Pygmy. . . . . . . . . .
Nigerian . . . . . . . .
Total . . . . . . . . . . . . .

12
5
7
29

9
5
4
17

3
0
3
12

NOTE.—n is the number of individuals examined; nG (nA) is the number of
individuals with nucleotide G (or A) at the polymorphic site.

otide G at the polymorphic site is 44.4% (4/9) in Asians
and 50% (4/8) in Caucasians. By contrast, the frequency
of nucleotide G in Africans is 75% (9/12). However,
because of the small sample sizes, a chi-square test of
the frequency difference between African and non-African populations is not significant (x2[1] 5 2.6, 0.1 , P
, 0.15). The fact that G is present at an intermediate
frequency in all populations studied (table 1) suggests a
certain degree of migration between these populations,
in agreement with the data of Hammer et al. (1997) and
Harding et al. (1997). Of course, it is also possible that
this polymorphism predates the divergence of these populations and has subsequently been carried by these populations.
The Parameter u and the Mutation Rate v
To estimate T, we need to know the value of the
parameter u 5 2Nev. Table 2 shows the results from
various methods. The first two methods are to use an
outgroup (chimpanzee or orangutan) for computing the
mutation rate v. For example, consider the case with
chimpanzee as an outgroup and tdiv 5 5 Myr between
human and chimpanzee. Assuming that the human generation time is g 5 20 years, the mutation rate (per sequence per generation) can be estimated by v 5 (d/2tdiv)
3 g 3 L 5 [1.35%/(2 3 5 3 106)] 3 20 3 1,151 5
0.32 3 1024, where L is the sequence length. Obviously,

the outgroup method for estimating u and v requires
knowledge about the divergence time between human
and the outgroup. To study the effects of outgroup selection and the assumed divergence time on the estimation of T, we estimated the mutation rate (v) from
chimpanzee or from orangutan, and from a range of divergence times (see table 2).
For comparison, we also estimated u by Watterson’s (1975) method, i.e., û 5 K/an, where K is the number of segragating sites and an 5 1 1 1/2 1 . . . 1 1/(n
2 1). In our ZFX data, K 5 1 and n 5 29, so û 5
1/3.93 5 0.26. The parameter u can also be estimated
by the average of pairwise differences (Tajima 1983),
which gives û 5 0.48. However, these two methods may
not be accurate when the observed number of polymorphic sites (K) is very small. An extreme example is the
ZFY data (Dorit, Akashi, and Gilbert 1995), in which
no variation was observed (i.e., K 5 0). In this case,
both methods give an estimate of u 5 0, which is obviously unacceptable. For this reason, the latter two estimates will not be used in our estimation of T.
Estimation of T from a Sample of DNA Sequences
The estimates of T from the last intron of the ZFX
gene are shown in table 3, where Tmode is the mode
estimate of T, Tmean is the mean estimate of T, and
T2.5;T97.5 is the 95% confidence interval of T. These
calculations were performed using the computer program of Fu (1996). For example, if the divergence time
between human and chimpanzee is 5 Myr, we obtain
Tmode 5 296,000 years, Tmean 5 413,000 years, and a
95% confidence interval of 158,000–908,000 years. Figure 1 shows the conditional distribution of T (i.e.,
p(TzK)) in this case. If the divergence time between human and orangutan (tdiv 5 12 MYA) is used, we obtain
Tmode 5 315,000, Tmean 5 448,000, and a 95% confidence interval of 167,000–1,022,000 years. The estimates of T from the two divergence times are essentially
the same.
The divergence times between human and chimpanzee and between human and orangutan used above
may not be accurate. To examine the effect of this uncertainty on the estimation of T, we considered the lower
and upper bounds of tdiv (table 3). As expected, the lower bound gives a more recent estimate of T. Roughly
speaking, the effect of the uncertainty of the estimate of
T is about 5%;10%.

Table 2
Estimation of Parameter u and Mutation Rate v from the Last Intron of the ZFX Gene
Method
1.
2.
3.
4.

Chimpanzee . . . .
Orangutan . . . . . .
Tajima . . . . . . . . .
Watterson . . . . . .

tdiv (Myr)

d (%)

u

v
(31024)

6.0–4.0 (5.0)
14.0–10.0 (12.0)
—
—

1.35
2.61
—
—

0.80–1.2 (0.96)
0.64–0.9 (0.75)
0.48
0.26

0.27–0.40 (0.32)
0.21–0.30 (0.25)
0.16
0.09

NOTE.—tdiv is the divergence time between human and chimpanzee in method 1 or between human and orangutan in
method 2; d is the evolutionary distance between species. In the first two methods, the parameter u was estimated by 2Nev,
where Ne 5 15,000 for X-linked sequences. For the last two methods, the parameter u was estimated by Tajima’s (1983)
and Watterson’s (1975) methods, and v was estimated by v 5 u/(2Ne).
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Table 3
The Ages (T, 3 103 years) of the Most Recent Common
Ancestors of the Sampled Sequences Based on the Last
Introns of the ZFX and ZFY Genes
Outgroup
ZFX
Chimpanzee . . . .
Orangutan . . . . . .

ZFY
Chimpanzee . . . .
Orangutan . . . . . .

tdiv

Tmode

Tmean

95% Confidence
Interval of T

4,000
5,000
6,000
10,000
12,000
14,000

310
296
278
328
315
302

438
413
381
472
448
423

164;973
158;908
149;822
172;1,066
167;1,022
160;933

4,000
5,000
6,000
10,000
12,000
14,000

120
119
118
114
113
111

185
183
180
172
168
164

63;444
62;437
62;428
60;404
59;394
58;381

NOTE.—tdiv is the divergence time (in 1,000 years) between human and the
outgroup. Tmode is the mode estimate of T, and Tmean is the (posterior) mean
estimate of T. The 95% confidence interval of the age T is from the 2.5%
percentile to the 97.5% percentile.

It is interesting to compare the estimates of T from
ZFX and ZFY sequences. For this purpose, the method
of Fu (1996) was also applied to the ZFY intron sequence data of Dorit, Akashi, and Gilbert (1995) (table
3). It is clear that the T estimate from the last intron of
ZFY is younger than that from the last intron of ZFX.
Since the the difference in sequence variation between
ZFX and ZFY is small (K 5 0 for ZFY and K 5 1 for
ZFX), this difference in the estimates of T is largely due
to the larger effective population size of an X-linked
sequence than of a Y-linked sequence (3Ne vs. Ne). The
uncertainty of divergence time on the estimation of T
from ZFY introns is less than 5%.
By averaging the mutation rates obtained from using different outgroups (chimpanzee or orangutan), the
most probable age of the MRCA of the sampled ZFX
intron sequences is estimated to be about 306,000 years
ago. The 95% confidence interval is 162,000–952,000
years.
Discussion
In this study, the nucleotide variation in the last
intron of the ZFX gene in humans was examined, with
a worldwide sample of 29 individuals. Among the 1,151
nucleotides studied, only one polymorphic site was
found, which is located on an Alu repeat. The nucleotide
diversity (per site) is 0.04%, supporting the view that
the sequence variation in nuclear DNA in humans is
very low (Li and Sadler 1992; Dorit, Akashi, and Gilbert
1995).
One interesting quantity in studying human evolution is the age T of the MRCA of the DNA sequences
in a sample. To estimate T, we used the new method of
Fu and Li (1996) and Fu (1996), which is particularly
useful in the case where the number of segregating sites
(K) is very small or even zero. For the ZFX intron data,

FIG. 1.—The distribution of p(TzK 5 1) for the last intron of the
ZFX gene, with chimpanzee as an outgroup and tdiv 5 5 Myr.

we estimated that Tmode is about 306,000 years and that
the 95% confidence interval of T is 162,000–952,000
years. We also estimated the age of the MRCA of the
ZFY introns sampled by Dorit, Akashi, and Gilbert
(1995); Tmode is about 116,000 years, and the 95% confidence interval of T is 61,000–416,000 years (table 3).
There are several possible factors influencing the different estimates of T from ZFX and ZFY introns. The most
important factor is that the effective population size of
an X-linked gene is three times that of a Y-linked gene.
As a consequence, the coalescent time of X-linked sequences is expected to be longer than that of Y-linked
sequences. Second, T increases with the number of segragating sites. Thus, a larger T for the ZFX introns is
expected because one segregating site was observed in
the ZFX introns but none was found in the ZFY introns.
Third, the mutation rate in a Y-linked gene is higher
than that in an X-linked gene (Shimmin, Chang, and Li
1993; Chang, Hewett-Emmett, and Li 1996), which can
counterbalance the effect of the first two factors to some
degree. Fourth, because there is no recombination in the
Y chromosome, selective sweeps may also play a role
(Whitfield, Suiston, and Goodfellow 1995). These differences in population dynamics point to the need for
using not only Y-linked sequences, but also X-linked
and autosomal sequences when studying human evolution.
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