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Abstract. To study sex differences in mutation rate in simple method for estimating from DNA sequences
primates, we sequenced the third introns of the AMGXthat satisfy two criteria: (1) They are subject to only
and AMGY genes from humans, orangutans, and squirrelveak or no functional constraints so that most mutations
monkeys and estimated that the male-to-female ratio ohre selectively neutral, and (2) they have homologous
mutation rate isx = 5.14 with the 95% confidence in- copies in the nonrecombining regions of the X and Y
terval (2.42, 16.6). Combining this data set and the datahromosomes so that they are suitable for obtaining an
sets from ZFX/ZFY and SMCX/SMCY introns, we ob- accurate estimate of the ratio of mutation rates in X- and
tained an estimate of = 5.06 with the 95% confidence Y-linked sequences (Y/X). Thencan be estimated from
interval reduced to (3.24, 8.79). Thevalue is signifi-  the equationY/X = 3a/(2 + o).
cantly higher in higher primates than in rodents. From the last introns of ZFX and ZFY, Shimmin et al.
(1993) estimated that the mean value ofin higher
Key words: ~ Sex difference in mutation rate — Male- primates is about 6 but the 95% confidence interval is
driven evolution — Amelogenin gene — Intron se- proad (2, 84). By adding two new species, Chang et al.
quences — Higher primates (1996) obtained a narrower 95% confidence interval (3,
33). Ketterling et al. (1993) obtained an estimateof
3.5 by using genomic sequencing to trace the origin of
Introduction mutation in patients with hemophilia B. Recently, Chang
et al. (1996) reported = 4.2 from SMCX and SMCY
If mutations in an organism arise mainly from DNA introns. To obtain a more reliable estimatengih higher
replication errors during germ-cell divisions, the muta- primates, more sequence data are needed.
tion rate should be proportional to the number of germ-  Amelogenin is the major protein in the extracellular
cell divisions per generation (see Li et al. 1996). Sincematrix of the dental enamel. In humans, the amelogenin
the number of germ-cell divisions per generation in hu-genes on the X and Y chromosomes have been cloned,
man males is much larger than that in females, the muand they are named AMGX and AMGY (Lau et al. 1989;
tation rate in males should be higher than that in female$yakahori et al. 1991). AMGX is located in the p22.1—
(Haldane 1947) In other WordS, the male-to-female rat|%223 region on the X Chromosome’ and AMGY is lo-
of mutation rate ¢) should be larger than 1 and approxi- cated near the centromere of the Y chromosome (Salido
mately equal to the male-to-female ratio of the number ofgt g|. 1992). As a result of comparing the similarity be-
germ-cell divisions @), i.e., o = ¢ (Miyata et al. 1987).  tween human AMGX and AMGY and their chromosom-
Under this assumption, Miyata et al. (1987) provided ag| |ocations, Lau et al. (1989) proposed that, about 45
Myr ago, an inversion event in the Y chromosome in-
cluding the region of AMGY occurred. As a result, re-
Correspondence toiV.-H. Li; e-mail: li@hgc.sph.uth.tmc.edu. combination between AMGX and AMGY was no longer
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possible and divergence began. Although AMGX has arable 1. Mean and standard error of the number of nucleotide sub-
slightly higher GC content than AMGY (Eyre-Walker stitutions per 100 sites between intron 3 sequences of the primate
1993), this difference may not have a strong effect on thé™"c* and AMGY genes

mutation rate. Therefore, the AMGX and AMGY genes AMGX AMGY

are suitable for studying the sex difference in mutation

rate in higher primates. In this paper, we report the reHuman vs orangutan 1.61+0.38 4.93+0.68
Human vs squirrel monkey 7.92+0.87 155+1.27

sults obtained from the third introns of the AMGX and

i X X Orangutan vs squirrel monkey 7.62+0.85 16.6 +1.33
AMGY genes in humans and other higher primates.

Results and Discussion
Materials and Methods

DNA Sample Sourceblale and female human genomic DNA samples Nucleotide Sequences

were each extracted from peripheral blood. The male and female ges . s
nomic DNA of orangutansHongo pygmaesbaboons Rapio cyno- *The nucleotide sequences of the third introns of AMGX

cephalug, and squirrel monkeysS@imiri boliviensiy were extracted and AMGY were determined. The sequence lengths of

from frozen liver tissues. The extraction procedure of Ellsworth et al.intron 3 of AMGX are 1,409 bp, 1,409 bp, and 1,387 bp,

(1993) was followed. The frozen liver tissue of orangutan was pur-gnd those of AMGY are 1,227 bp, 1,199 bp, and 1,395 bp

chased from the Yerkes Primate Center and that of baboon was a giﬁ1 human, orangutan, and squirrel monkey, respectively.

from the Southwest Foundation for Biomedical Research, San Antonio . . . .

Texas. The major reason for the size difference is that one large
deletion (179 bp) occurred in intron 3 of human and
orangutan AMGY. In baboon, the third intron of AMGX

PCR Amplification, Cloning, and Sequencinccording to the  js 1,405 bp long. The sequences were aligned by the
human AMGX and AMGY cDNA sequences and the third intron po- Pileup program in the GCG package (Devereux et al.

sition (Salido et al. 1992), one commoh BCR primer was designed . .
(AMG13: 5-TCATCCTGGGCACCCTGGTT-3 positions 63-82 in 1984) and then the alignment was adjusted manually. By

the coding region of human AMGX and AMGY). Twd primerswere ~ €Xcluding all gaps, we obtained 1,133-bp nucleotide
also designed: One was X-specific (AMG10: BACCACTTCAAA- sites. The evolutionary distances were estimated by
GGGGTAAGCA-3, positions 125-103 in the coding region of human Tajima and Nei's (1984) method (Table 1). Sequences

AMGX), and the other was Y-specific (AMG14:'5 — \yara deposited in Genbank under accession numbers
CTACATACTGGTGGTCTTATCAT-3, the last 15 nucleotides were U88979—-U88983

from positions 147-133 in the coding region of human; while the first
eight nucleotides were located at the énd of intron 4). The third
intron of each of the four primate species (human, orangutan, baboonr
squirrel monkey) was amplified by PCR using 400 ng genomic DNA as

template; the reaction mixture contained 50 #Cl, 10 mv Tris (pH . S .
9.0), 0.1% Triton X-100, 0.2 m dNTP, 1.5 v MgCl,, 40 pmol of Since the third intron of AMGY in baboon cannot be

each primer, and 1 unit of Tag DNA polymerase (Promega), with final @Mplified by PCRa was estimated from three species:
volume of 40pl. Each intron was amplified in an Omnigene thermal human, orangutan, and squirrel monkey. Table 1 shows
cycler (Hybaid): denaturation, 94°C for 45 s; annealing, 59°C for 1the pairwise evolutionary distances and standard errors.

min; and extension, 72°C for 2 min +2 s of autoextension for a total ofI:Or each pair of species, the distance of the AMGY
30 cycles, and a single final extension of 10 min at 72°C. However, the. ’

third intron of AMGY of baboon could not be amplified. According to intron '$ always S|gn|f|cantly_ larger than that of the

the Southern analysis of Nakahori et al. (1991), no AMGY-specific AMGX intron. For example, in the case of human vs

band was found in baboon genomic DNA when hybridized with a Orangutan , the distance difference between AMGY and
human AMGY-specific probe. So, this AMGY gene might have been AMGX is D = 4.93 - 1.61= 3.32 and the sampling

lost in the baboon lineage during evolution. o variance oD is V(D) = 0.68+0.32 = 0.61. Thus, by
PCR products were separated by electrophoresis in 1% SEA

PLAQUE GTG (FMC) agarose gels. The expected DNA fragmentsComputIngZ = D/ V(D) :. 4.26, which approxmgtely
(about 1.5 kb for AMGX in four species and for AMGY in squirrel follows a normal distribution, the null hypothesis that
monkey; about 1.3 kb for AMGY in human and orangutan) were cut AMGX and AMGY have the same evolutionary rate can
out and purified with the Wizard PCR preps DNA purification system pe rejected at the 1% level.

(Promega). The ratio Y/X can be estimated from the total branch

The third introns of the amelogenin gene in human, orangutan,
baboon, and squirrel monkey were mostly sequenced by usirfgitiie lengths of AMGX (denoted by X) and AMGY (denoted

Cycle Sequencing System (Promega) with purified PCR products. BeDY Y) introns (Shimmin et al. 1993). In the case of three
cause the PCR primers needed for the amplification of intron 3 werespecies, X and Y can be easily estimated from pairwise
not far enough from the'%end of intron 3, it was difficult to obtain the  distances (Table 1), i.eX = (1.61 + 7.92 + 7.62)/2=
sequences in this part by direct sequencing. So, then8 of intron 3 8.58 andY = (4.93 + 15.5 + 16.6)/2= 18.52. The

was also sequenced as cloned plasmid DNA using the Sequenas _ B
Sequencing System (Amersham). For each intron, three clones Wer%%andard errors ok andYaresX = 0.85 andSY = 1.33,

derived from three independent PCRs and they were sequenced frofESPectively, by the method of Li (1989). Therefore, we
both directions. obtainR = Y/X = 2.16 £ 0.16; the approximate standard

he Male-to-Female Ratiox] of Mutation Rate
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Table 2. Estimates ofx in higher primates with the 95% confidence This result indicates that the |0nger generation time in

interval humans has a significant effect on the rate of mutation.
Our estimate o& = 5.06 is similar to the sex ratio of
95% . e

Gene pair R o confidence  the number of germ-cell divisiong)( which is between

3 and 6, if the average age of the reproductive males is 15
Qﬁ”ﬁ?ﬁﬁMGY 22-12671;%22% %12‘:3 22-‘:323‘13%?1 to 20 (Change et al. 1994; Li et al. 1996). This result
SMEX/SMCY 5034 0.24 4.20 520-100 IMmplies that _pomt mutation in nucllear DNA is largely
Combined data 2.15+0.15 5.06 3.24-8.79 DNA-repllcatlon dependent (See Li et al. 1996)
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error 6 = 0.16) is estimated by the method of Shimmin

et al. (1993). Theny is estimated by = 2R/(3 -R) = References

5.14; for the formula, see Miyata et al. (1987). The 95%

confidence interval can be approximately estimated a§hang BH-J, Shimmin LC, Shyue S-K, Hewett-Emmett D, Li W-H
follows. By the normal distribution approximation, the (1994) Weak male-driven molecular evolution in rodents. Proc Natl

. _ Acad Sci USA 91:827-831
0, - R-
lower bound of 95% confidence B” = R - 1.96s, and Change BH-J, Hewett-Emmett, Li W-H (1996) Male-to-female ratios

the upper bound iIR" = R + 1.96 = 2.67; the 95% of mutation rate in higher primates estimated from intron se-

confidence should be taken with caution becaRg&enot quences. Zool Studies 35:36-48

normally distributed. Thus, the 95% confidence intervalDevereux J, Haeberli P, Smithies O (1984) A comprehensive set of

of o is betweena~ = 2R_l(3 _ R_) =242 anda® = ggguzgge analysis program for the VAX. Nucleic Acids Res 12:
+ + -

2R3 - R.) =~ 16.6. . . Ellsworth DL, Rittenhouse KD, Honeycutt RL (1993) Atrtificial varia-
Our estimate o& from the AMGX/AMGY introns is tion in randomly amplified polymorphic DNA binding patterns.

similar to those from the ZFX/ZFY introns and the  Biotechniques 14:214-217
SMCX/SMCY introns (Shimmin et al. 1993; Chang et al. Eyre-Walker A (1993) Recombination and mammalian genome evo-
1996). Indeed, as shown in Table 2, these estimates anI'““O”' Proc R Soc Lond [Biol] 252:237-243

t diff ianifi tiv. Th b tel dane JBS (1947) The mutation rate of the gene for hemophilia and
not dmer signincantly. USq can be more accurately its segregation ratios in males and females. Ann Eugen 13:262-271

estimated by combining the data sets. IRt@andVi(i =  Ketterling RP, Vielhaber E, Bottema CDK, Schaid DJ, Cohen MP,
1, 2, 3) be the mean and variance from ttredata set. Sexauer CL, Sommer SS (1993) Germ-line origins of mutation in
The averag® over the three data sets is weighted by the families with hemophilia B: the sex ratio varies with the type of

reciprocal of the sampling variance, i.e., mutation. Ann J Hum Genet 52:152-166
P piing Lau EC, Mohandas TK, Shapiro LJ, Slvkin HC, Snead ML (1989)

Human and mouse amelogenin gene loci are on the sex chromo-
— IV somes. Genomics 4:162-168
/V,+1/V,+ 1/Vy Li W-H (1989) A statistical test of phylogenies estimated from se-
quence data. Mol Biol Evol 6:424-435
(i = 1, 2, 3). Therefore, the averageﬁs= w,R, + Li W-H, Ellsworth DL, Krgshkal J,_Chan_g Hq, Hewett-Emmett D
W-R, + WaRs = 2.15. and the standard error is (1996) Rate; of‘nucleotlde substltut}on in primates and rodents and
22 313 g the generation-time effect hypothesis. Mol Phylogenet Evol 1:211—
214
SR = \/Wi\/l + V\éVZ + \,\,23\/3 =0.15 Miyata T, Hayashida H, Kuma K, Mitsuyasa K, Yasunaga T (1987)
Male-driven molecular evolution: a model and nucleotide sequence

. . . analysis. Cold Spring Harb Symp Quant Biol 52:863—-867
Tbus’ the average ratiod can be estimated b = Nakahori Y, Takenaka O, Nakagome Y (1991) A human X-Y homolo-

2RI(B-R) = 5:06- By_USing the game_approach as above, gous region encodes amelogenin. Genomics 9:264—269

the 95% confidence interval éf is estimated to be from Salido EC, Yen PH, Koprivnikar K (1992) The human enamel protein

3.24 t0 8.79 (Table 2). gene amelogenin is expressed from both the X and the Y chromo-
This 95% confidence interval does not overlap with __Some- Am J Genet 50:303-316

. . . Shimmin LC, Chang BH-J, Li W-H (1993) Male-driven evolution of
0,
the 95% confidence interval of estimated from rodents DNA sequences. Nature 362:745-747

(1.0, 3.2) (Chang et al. 1994). Therefore, th@alue is  Tajima F, Nei M (1984) Estimation of evolutionary distance between
significantly higher in higher primates than in rodents. nucleotide sequences. Mol Biol Evol 1:269-285

Wi




