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ABSTRACT

To study the origin and maintenance mechanisms of the PGI allozyme polymorphism of a wild plant,
Dioscorea tokoro, DNA sequences of the entire coding region (1701 bp) and two intronic regions (total
2049 bp) of the Pgi gene as well as a part of the Adh gene (590 bp) were analyzed. Two replacement
substitutions were revealed to be responsible for the differentiation of three allozymes alleles (Pgi-a, Pgi-
b and Pgi<c) that occur in natural population in intermediate frequencies. Interspecific comparison of
DNA sequences identified Pgi-b as the oldest allele, from which two other alleles were derived probably
within the last 150,000 years. The level of DNA polymorphism at D. tokero Pgi locus was low. No elevated
level of DNA polymorphism was detected in the close vicinity of the two replacement sites differentiating
the three allozymes. Departures from the neutral mutation hypothesis were detected by Fu and Li’s and
MK tests. The observed patterns of DNA polymorphism are explainable by both (1) the neutral mutation
hypothesis with an assumption of small effective size of D. tokoro population, and (2) the positive selection
hypothesis that the allele frequencies of Pgi-a and Pgi-c have increased in a short time by their selective

advantages.

HOSPHOGLUCOSE isomerase (PGI: E.C. 5.3.1.9)
is a dimeric enzyme that catalyzes the reversible
isomerization of glucose-6-phosphate and fructose-6-
phosphate at the second step of the glycolytic pathway.
PGI has a high catalytic activity and the reaction is
thought to be in equilibrium (NOLTMANN 1972). It is
believed that PGI provides a coupling function in glycol-
ysis and gluconeogenesis at the glucose-6-phosphate
metabolic branch point. In contrast to other glycolytic
enzymes, no regulatory function mediated by the allo-
steric modulation was suggested for PGI. From these
observations, it is proposed that the total flux of glycoly-
sis may be determined by the coupling effectiveness of
the PGI enzymes (WATT 1977; GILLESPIE 1991).
PGI has been shown to be highly polymorphic in
many organisms in terms of electrophoretic mobility
(HALL 1985; RippOoCH 1993). Possible roles of natural
selection in the maintenance of PGI polymorphism
have been frequently indicated (GILLESPIE 1991). In
most cases, temperature-related differences in kinetics
or stability among PGI allozymes are thought to be sub-
ject to natural selection. For example, overdominance
at the Pgi locus under certain temperature conditions
was indicated for a butterfly, Colias (WATT 1977), and
an amphipod, Gammarus (PATARNELLO and BATTAGLIA
1992). Directional selection on a particular allele under
high-temperature conditions was suggested in a sea
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anemone, Metridium (HOFFMANN 1981), and a bivaive,
Mytilus edulis (HALL 1985), both of which show latitudi-
nal clines in the Pgi allele frequency. In a reviewing
article of PGI allozyme studies on various organisms,
RiDDOCH (1993) reported an association between the
relative electrophoretic mobility of PGI enzymes and
environmental conditions, such that the more anodal
allozyme/isozyme is favored under hot, dry or low-oxy-
gen environment.

Plants have at least two sets of PGI, one in the cytosol
and the other in the chloroplast (GOTTLIEB 1982). DNA
sequences for the plant cytosolic PGI have been deter-
mined in Clarkia lewisti (THOMAS et al. 1992), Arabidopsis
thaliana (THOMAS et al. 1993), Zea mays (LAL and SAGHS
1995) and Oryza sativa (NOZUE et al. 1996). Clarkia Pgi
has 23 exons, spanuing over a 6-kb region, the largest
number of exons in plant genes ever reported. Its exons
(1707 bp) coded for 569 amino acids. Despite the gen-
eral interest in the mechanisms maintaining polymor-
phisms at the Pgi locus, so far only one plant species,
C. lewisii (THOMAS et al. 1993) and three Drosophila
species (Drosophila melanogasier, D. simulans, and D. Ya-
kuba: J. McDONALD and M. KREITMAN, unpublished
data; MORIYAMA and POWELL 1996) have been studied
for their DNA polymorphisms at the Pgi locus.

Dioscorea tokore Makino is a dioecious, diploid (2n =
2x = 20) plant species that belongs to the family Dio-
scoreaceae (the family of yam) of monocotyledons. It is
distributed in temperate East Asia including the entire
Japan Islands. In the course of an allozyme study of
natural populations of D. tokoro, we observed a high
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level of genetic variation at the locus encoding cytosolic
PGI (TErAUCHI 1990), In central Japan, where 1128
individuals were sampled from 24 subpopulations,
three major alleles (Pgi-a, Pgi-b and Pgi~c) occurred at
intermediate frequencies (0.31, 0.35 and 0.34, respec-
tively). Watterson’s homozygosity test (WATTERSON
1978) applied to the allele frequencies rejected the neu-
tral mutation hypothesis at the locus (F = 0.327, P <
0.01), indicating too many alleles with high frequencies.
The total gene diversity (Hz NEI 1973) was 0.67, the
maximum value possible for three alleles, and gene
diversity within subpopulations (Hy) was 0.59, indicat-
ing that most of the gene diversity of the Pgi locus
resides within each subpopulation. However, there was
no indication of heterozygote excess compared to the
Hardy-Weinberg expectations in any subpopulations.
Within the rather restricted geographical area where
the study was carried out, allele frequencies of Pgi-a and
Pgi-c showed latitudinal clines, such that the frequency
of the most anodal allele Pgi-a increased toward the
north and that of Pgi~increased toward the south. This
pattern is opposite to what is reported in RIDDOCH
{1993). We have no data whether these latitudinal
clines are present over the entire geographical range
of the species distribution.

We are interested in (1) how and when these allo-
zyme polymorphisms at Pgi came into exist in D. tokoro
populations, and (2) why these polymorphisms are
maintained in the population. To address these ques-
tions, we have been studying DNA polymorphism at the
locus. In the previous article, TERAUCHI et al. (1996)
made a preliminary report on the DNA polymorphism
among cDNAs of D. tokoro Pgi. There, they described
(1) the two amino acid replacements possibly responsi-
ble for the differentiation of the three allozyme alleles,
(2) the identification of Pgi-b allele as the oldest allele
among the three allelic lineages, (3) significantly larger
intraspecific replacement polymorphism as revealed by
McDonald and Kreitman’s test (McDONALD and KREIT-
MAN 1991), and (4) the low nucleotide diversity in the
Pygi coding region. However, no data accompanied the
article to substantiate their description.

In the present article, we supplement TERAUCHI et al.
(1996) by giving the data on D. fokoro Pgi DNA polymor-
phism for the first time and report new findings ob-
tained by the studies on Pgéintrons as well as Adh gene
of D. tokoro and a closely related species D. tenuipes. We
analyze the observed patterns of DNA polymorphism
by the statistical methods of molecular population ge-
netics to see whether they are compatible with the neu-
tral mutation hypothesis (KIMURA 1983).

MATERIALS AND METHODS

Plant materials: For the study of DNA polymorphisms, all
the plant materials except one (DT6536) were collected from
a 200 X 200 km area of the Kinki region in the center of

Honshu Island of Japan {Table 1). Judging from the geo-
graphical distribution of alleles at six allozyme loci, there was
no apparent population subdivision within the area (TERAU-
CHI 1990). For the sequencing analysis of the Pgi coding re-
gion (cDNA), 10 individuals of D. fokoro with the known Pgi
allozyme genotypes were used so that the frequencies of Pgi-
a, Pgi-h and Pgi-c alleles in the sample (0.25, 0.35 and 0.40,
respectively) were close to their frequencies in natural popula-
tions (0.31, 0.34 and 0.34, respectively). Although it is not a
random sample, we consider this sample as reflective of the
pattern of polymorphism in natural populations (see HUDSON
et al. 1994 for a similar sampling method). Additionally, geno-
mic DNA containing a region between intron 4 and intron
10 was sequenced for 15 DNA clones obtained from 13 indi-
viduals of the known Pgi allozyme genotypes. The frequency
of each allozyme allele in the sample (0.27, 0.4 and 0.33 for
Pgi-a, Pgi-b and Pgi-c, respectively) is close to that in natural
populations. The Adh sequences were obtained from eight
individuals of D. tokero. Plant materials used for the analyses of
the Pgi coding region (cDNA), Pgiintronic regions (genomic
DNA), and the Adh region are not identical. However, the
samples for all the analyses came from the same geographical
regions, so that we regard all these three subsets of samples
represent the entire population. For the interspecific compar-
ison, DNA sequences of an individual of a closely related
Dioscorea species, D. tenuipes (DTE1) were studied. One indi-
vidual of another related species D. gquingueloba (DQ1), was
additionally studied for the analysis of the Pgi coding region.

Protein electrophoresis: The Pgi genotype of D. tokoro indi-
viduals were determined by starch gel electrophoresis and
histochemical staining of the PGI enzyme as described (TER-
AUCHI 1990). As convention, the allele coding for the anodally
fastest migrating band is named Pgi-a, followed by Pgi-b and
Pgic.

Isolation of Pgi cDNA from D. tokoro: Total RNA was ex-
tracted from leaves of a single plant of D. tokoro (DT37; homo-
zygote for Pgi-b) using the method of CHOMCZYNSKI and SAC-
CHI (1987). First-strand ¢cDNA was synthesized from the total
RNA using a kit (SuperScript Preamplification System,
GIBCO BRL). This cDNA was used as template for PCR ampli-
fication of a partial Pgi coding region (750 bp) using degener-
ate primers (93.4: 5'-TTYGCNTTYTGGGAYTGGGT-3’ and
93.9H: 5'-TCIACICCCCAITGRTCTAAIGARTTIAT-3’, Figure
1) that were designed according to the conserved regions of
the published Pgisequences of C. lewisii (THOMAS et al. 1992),
A. thaliana (THOMAS et al. 1993), pig (CHAPUT e al. 1988)
and yeast (GREEN et al. 1988). Newly synthesized primers in
this amplified region were further used to determine the 5
and 3’ ends of the cDNA using the RACE technique (FROH-
MAN et al. 1988). On the basis of sequence information at the
5' and 3’ ends of D. tokoro Pgi cDNA, a primer pair (94.22:
5'-GATCGTCCTTGCCAAACGAAATC-3' and 94.24: 5'-TTG-
TTACTGAAAAACTGGATGAA-3', Figure 1) was synthesized
to amplify a fragment (1990 bp) containing the entire coding
region of D. tekero Pgi.

DNA polymorphism in the Pgi coding region: DNA se-
quences for the entire coding region were obtained by the
analysis of cDNA. Total RNAs extracted from the 10 individu-
als in Table 1 were reverse-transcribed, and the obtained
c¢DNA was used as template for PCR amplification of Pgi by
the primers (94.22 and 94.24) as described above. PCR prod-
ucts were purified by agarose gel electrophoresis followed by
glass powder elution (GeneClean II, BIO101) and used as
templates for directsequencing by an autosequencer (ABI
373A). Both strands were sequenced using primers designed
in ca. 200-bp intervals. Heterozygous positions in an individual
were identified as those sites where two different nucleotide
signals appeared in the sequences of both DNA strands. The
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TABLE 1
Plant materials used for the DNA sequencing analysis of Pgi and Adh in Dioscorea

Analyzed region Allozyme ) DNA clone

Plant code Species genotype Collection site code”
Pgi
Coding region
(cDNA)

DT1 D. tokoro b/c Hirase, Wakayama —
DT12 D. tokoro a/a Wakayama —
DT27 D. tokoro ala Kamiyu, Wakayama —
DT33 D. tokoro ¢/c Kushimoto, Wakayama —
DT34 D. tokoro a/c Ohara, Kyoto —
DT37 D. tokoro b/b ‘Wakayama —
DT46 D. tokoro b/b Daihisen, Kyoto —
DT48 D. tokoro b/b Ohara, Kyoto —
DT51 D. tokoro ¢/c Horao, Wakayama —_
DT56 D. tokoro c/c Nachi, Wakayama —
DTE1 D. tenuipes —_ Takinohai, Wakayama —_
DQ1 D. quinqueloba — Chikatsuyu, Wakayama —

Intron 4 to intron 10

(genomic DNA)
DT1 D. tokoro b/c Hirase, Wakayama DT1-7 (Pgib)
DT5 D. tokoro b/c Kuki, Wakayama DT5-15 (Pgi-b)
DT7 D. tokoro b/c Ichikano, Wakayama DT7-1-10 (Pgi-b)
DT12 D. tokoro a/a Wakayama DT12-1 (Pgi-a)
DTI8 D. tokoro ¢/c QOokuwa, Wakayama DT18-6 (Pgi<c)
DT24 D. tokoro b/c Ohara, Kyoto DT24-2 (Pgi<)
DT25 D. tokoro a/a Kamiyu, Wakayama DT25-4 (Pgi-a)
DT34 D. tokoro a/c Ohara, Kyoto DT34-2 (Pgi-a)
DT37 D. tokoro b/b Wakayama DT37-5/5 (Pgi-b)
DT49 D. tokoro c/c Tahara, Wakayama DT49-3 (Pgi<)
DT51 D. tokoro c/c Horao, Wakayama DT51-9 (Pgi<)
DT54 D. tokoro afc Horao, Wakayama DT54-3 (Pgi-a)
DT54-10 (Pgi<)
DT6536 D. tokoro b/b Iide, Niigata DT6536-4 (Pgi-b)
DT6536-6 (Pgi-b)
DTE1 D. tenuipes — Takinohai, Wakayama DTE1-Pgi
Adh

DT1 D. tokoro — Hirase, Wakayama —_
DT8 D. tokoro — Wakayama —
DT12 D. tokoro — Wakayama —
DT27 D. tokoro — Kamiyu, Wakayama —
DT49 D. tokoro — Tahara, Wakayama —
DT51 D. tokoro — Horao, Wakayama —
DT54 D. tokoro _ Horao, Wakayama —
DT56 D. tokoro — Nachi, Wakayama —
DTE1 D. tenuipes — Takinohai, Wakayama DTE1-Adh

® Pgi allozyme type in parentheses.

Pgi cDNA (1331 bp) of D. tenuipes and D. quinqueloba were using CTAB (TERAUCHI and KONUMA 1994). These DNAs

amplified by PCR using a primer pair, 95.1 (5"-AACTTGCTG
AGGTGGCTTG-3') and 93.9H (Figure 1) and sequenced with
the same primers as used for D. tokoro. The nucleotide se-
quences are deposited in DDBJ, EMBL and GenBank DNA
databases under the accession numbers, D88921-D88930 (D.
tokoro), D88920 (D. tenuipes) and ABO06088 (D. quinqueloba).

DNA polymorphism in the Pgi intron sequences: To obtain
the sequence information of introns, a part (5.5 kb) of the
Pgi gene containing the region between exon 3 and exon 13
was cloned. The analysis of the entire Pgi gene was difficult
because of its large size (> ~9 kb, data not shown) in D.
tokoro. Total DNAs were extracted from the 13 individuals of
D. tokoro and one individual of D. tenuipes listed in Table 1

served as templates for PCR amplification of a 5.5-kb fragment
using a primer pair, INT-1 (5’-GCTTGTCTAAAGCAGAAG
3") and 95.5 (5"-AATGGAGTGGAATGGAAATG-3', Figure 1),
and a DNA polymerase with a high fidelity (Expand Taq,
Boehringer Mannheim). PCR products were purified by agar-
ose gel electrophoresis and glass powder elution. PCR prod-
ucts were blunt-ended by treating with Klenow enzyme (NEB)
and T4 polynucleotide kinase (NEB) in the presence of
dNTPs and ATP and ligated into pUC19, which was cleaved
with Smal and dephosphorylated. The ligates were used for
the transformation of competent cells of Escherichia coli strain
DHb5a. Two DNA regions corresponding to introns 4—6 and
introns 910 were sequenced for both the strands using prim-
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agtaacaaaataaagctcattttagagttcaatgtttatgagettgoatttoctgtcacagaagcatgggtttgacettt

tctaaagaaaattgtaataactgttttggttctgtcctctggtagtttaagacgtccaggacggttgtggaaaaatatg

aaaaagagcaattgttggtgagctatctgta
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FIGURE 1.—Nucleotide sequences of Pgi cDNA and a deduced amino acid sequence of Dioscorea: the entire coding region
for D. tokoro (DT37) and the partial coding region (site 219 to site 1509) for D. tenuipes (D. te) and D. quingueloba (D. q). Amino
acid and nucleotide sites with bold face letters indicate the polymorphic sites in D. tokaro. Boxed amino acid residues are possible
catalytic sites (ACHARI ef al. 1981). Positions where D. tenuipes and D. quinqueloba share the same nucleotides as D. tokoro are
indicated by dots. DNA primers used for PCR are indicated by arrows.
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ers located in ca. 200-bp intervals. The nucleotide sequences
are deposited in DDBJ, EMBL and GenBank DNA databases
under the accession numbers, D88931-D88975 (D. tokoro)
and AB006003-AB006004 (D. tenuipes).

PCR-based identification of the nucleotides at sites 335/6
and 713: Sequencing analysis of the Pgi cDNA suggested a
possibility that the two polymorphic sites, 335 and 713, are
responsible for the differentiation of the three allozymes, Pgi-
a, Pgi-band Pgi-c (see RESULTS). To further confirm this result,
we tested the association between particular nucleotides at
these sites and allozyme types among the individuals ran-
domly chosen from a natural population. Pgi allozyme geno-
types were determined by protein electrophoresis. PCR
method was used to determine the nucleotides at sites 335
and 713. For the identification of nucleotides at sites 335/6,
we prepared two allele-specific oligonucleotides, ASO1 (5'-
ATCAAAAGTGATGGA-3") and ASO2 (5"-ATCAAAAGTGAT
GAT-3), which have GA and AT at their 3’ ends, respectively.
In combination with an antisense primer, AS1 (5-CCTTGA
TTTTGTCTAGGA-3'}, ASO1 amplified a fragment if the tem-
plate sequence had GA at sites 335/6, whereas no amplifica-
tion occurred with the primer ASO2. The situation was vice
versa if the template sequence had AT at these sites. A region
containing the sites was first amplified by the primer INT-1
(5'-GCTTGTCTAAAGCAGAAG-3’) and AS] using the total
genomic DNA as templates. This primary PCR products served
as templates for the secondary PCR using the primer AS1 and
each of the allele specific primers to see whether amplification
occurred or not. To identify the site 713, we combined PCR
and restriction enzyme digestion. The site 713 resides in a
sequence context 5-CC(A/G)GG-3'. The sequence 5’-CC
AGG-3' is recognized by the restriction enzyme BstNI. There-
fore, the nucleotide at site 713 could be identified by the
BstNI digestion of the PCR product that was amplified by a
primer pair, S2 (5-TACGACTGCTGAAACTATGC-3') and
AS2 (5'-AGCATTAGCAGGGTCAAT-3’). If the site 713 was
adenine, the fragment was digested. If it was guanine, it was
not digested.

PCR amplification and sequencing of the Adh: We used
the DNA sequences of alcohol dehydrogenase gene (Adh)
from D. tokoro and D. tenuipes to serve as references for the
comparison with Pgi. Two primer pairs in nested locations
were used to obtain discrete PCR products from genomic
DNA of Dioscorea. A primer pair, ADH-5’ (5'-GGNMARGTS
ATYAARTGCARAG-3') and ADH-I7 (5'-CCTKKGGATTCA
CAAACTCATT-3'), designed according to the consensus Adh
sequence of 12 plant species, amplified the partial Adh frag-
ment (exon 1 to intron 7) as well as many nonspecific PCR
products. These primary PCR products served as template
for the secondary PCR using primer pair, ADH-AG22 (5'-
CCGCTGTTTCCTCGTATCT-3") and ADH-17, to obtain a dis-
crete fragment (ca. 700 bp) corresponding to the exon 4 to
intron 7 of Adh. The primer ADH-AG22 was designed ac-
cording to the Adh sequence of A. thaliana (CHANG and Ma-
YEROWITZ 1986). PCR products were directly sequenced for
both strands. These nucleotide sequences are deposited at
the DDBJ, EMBL and GenBank DNA database under the ac-
cession numbers, D88913-D88919 and AB006001 (D. tokoro)
and AB006002 (D. tenuipes).

DNA sequence analysis: Multiple alignment of the DNA
sequences and the calculation of the number of replacement
and silent substitutions between the sequences were carried
out by ODEN sequence analysis package (INa 1992). The
phylogenetic analysis of the sequences was done by using PHY-
LIP (Phylogeny Inference Package; FELSENSTEIN 1993).

RESULTS

The Pgi gene in D. tokoro: A single fragment was am-
plified from D. tokoro (DT37) cDNA by PCR using

primer pair 94.22 and 94.24. The DNA sequence of this
PCR product is shown in Figure 1. Only one site (site
453) was heterozygous (A and G), and all other sites
were homozygous in this individual. The largest open
reading frame (ORF) contained in this fragment has
1701 nucleotides that correspond to 567 amino acids.
The length of this ORF is similar to that of the cytosolic
Pgi of C. lewisii (569 amino acids; THOMAS et al. 1992),
and these two sequences have a high homology: 75%
in DNA and 83% in deduced amino acid sequences.
This high-sequence homology indicates that we have
correctly amplified the cytosolic Pgi ¢cDNA from D. to-
koro. All the 61 codons corresponding to 20 amino acids
are used in the D. tokoro Pgigene. The codon bias index
(x% SHIELDS et al. 1988) is 0.25, a typical value for nonbi-
ased genes. Southern hybridization of a 5’-end frag-
ment (253 bp) of Pgi cDNA to the restriction digests of
D. tokoro genomic DNA revealed one or two fragments
depending on the restriction enzymes used (data not
shown), indicating that the Pgi gene coding for the
cytosolic PGl is single copy in D. tokoro. This is consistent
with the observation that the cytosolic PGI allozyme
exhibits the pattern of single-locus inheritance (TERAU-
CHI 1990). Thus, PCR amplification and nucleotide se-
quencing of the PCR product are not complicated with
the multiplicity of this gene in the genome.

DNA polymorphism in the Pgi coding region: DNA
polymorphisms found among the FPgi coding region
(cDNA) of 10 D. tokoro individuals are summarized in
Table 2. Among the entire 1701-bp coding region of
D. tokoro Pgi, only eight sites were polymorphic. There
were doublet mutations in adjacent sites, 335 and 336.
Two sites (sites nos. 336 and 453) out of eight were
silent and six were replacement base changes. Amino
acid changes caused by the replacement substitutions
at sites, 335, 385, 713 and 1508 were the nonconserva-
tive ones that alter either the size, charge or hydropho-
bicity of the molecule (MIYATA et al. 1979), whereas
amino acid replacements at sites 908 and 1369 were
conservative. The estimates of nucleotide diversity, m
(NEI 1987) and 8 (WATTERSON 1975) were w7 = 1.1 X
107% and 8, = 1.3 X 1072 for the total sites, and 7 =
1.5 X 107® and 65 = 1.5 X 1072 for the silent sites
(Table 3).

Among the six replacement base changes, only two
replacement changes at sites 335 and 713 were segregat-
ing among the allozyme alleles, Pgi-a, Pgi-b and Pgi-,
and these changes were supposed to be responsible for
the allozyme differentiation (TERAUCHI et al. 1996). The
nucleotide for site 335 was adenine for Pgi-a, whereas
guanine for Pgi-b and Pgi<. The nucleotide for site 713
was adenine for Pgi-a and Pgi-b, whereas guanine for
Pgic. Deduced amino acids at positions 112 and 238
corresponding to these two nucleotide sites are Asp-
Gln for Pgi-a, Gly-Gln for Pgi-b and Gly-Arg for Pgi,
respectively. Aspartic acid is negatively charged and ar-
ginine is positively charged, whereas glycine and gluta-
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Summary of DNA polymorphism in the coding region of Pgi among 10 individuals of Dioscorea tokoro

Nucleotide site no./Amino acid residue no./Amino acid change®

335/336 385 453 713 908 1369 1508
Allozyme 112 129 151 238 303 457 503
Plant code  genotype  Gly/Asp  Phe/Val  Silent GIn/Arg  Ala/Gly  Asp/Asn  Gly/Val
DT1 b/c GA T A A C G G
GA T A G C G G
DT12 a/a AT T A A C G G
AT T A A C G G
DT27 a/a AT T A A C G G
AT T A A C G G
DT33 c/c GA T A G C G G
GA T A G C G G
DT34 a/c AT T A A C G G
GA G A G C G G
DT37 b/b GA T A A C G G
GA T G A C G G
DT46 b/b GA T A A C G G
GA T A A C G T
DT48 b/b GA T A A C G G
GA T G A C G G
DT51 ¢/c GA T A G C G G
GA T A G C G G
DT56 c/d GA T A G C G G
GA T A A G A G
DTEI1 — GA T A A C G G
DQ1 — GA T A A C G G

4 Nucleotide site numbers (given starting with number one corresponding to the first nucleotide of the start
codon), amino acid residue numbers, and amino acid change correspond to the top, middle, and bottom
rows of the column heads, respectively.

® As the two alleles of the locus were not separated before sequencing, the allocation of segregating nucleo-
tides to the two rows of each individual is arbitrary.

mine are uncharged. The predicted negative net charge
for PGI-A and a positive net charge for PGI-C, in com-
parison to PGI-B, was congruent with the observed rela-
tive electrophoretic mobility of the alleles, that is, PGI-

caused

TABLE 3

A migrates fastest in the anodal direction followed by
PGI-B and PGI-C.
Further evidence that the allozyme differentiation is

by the base changes at the two sites, 335 and

Summary of DNA variation in Pgi and Adh genes of D. tokoro

Pgicoding region Pgiintrons Adh
Replacement Silent Introns Introns Introns Silent site
sites sites Total 4-6 9-10 Total Coding 4-6 total® Total
Sample size (n) 20 20 20 15 15 15 16 16 16 16
Size (bp) 1319 379 1698 446 1603 2049 357 233 323 590
No. of segregating sites () 6 2 8 3 27 30 2 3 4 5
Average no. of pairwise
difference (k) 1.3 0.6 1.9 0.4 5.5 5.9 1.0 1.4 1.9 2.4
w (X107% 1.0 £ 0.7 15+ 14 1107 07+08 3420 29+16 28=x22 59 + 4.3 59+40 40=*26
6 (x107%) 1.3 +0.7 15 1.2 13207 21*14 52x22 45*19 17+14 39=x27 3.7x23 26+ 1.5
Tajima’s D’ —-0.787 0.085 —0.593 -1.685 -1.410 -1.515 1.616 1.510 1.802 1.862
(NS) (NS) (NS) (NS) (NS) (NS) (NS) (NS) (NS) (NS)
Fu's and Li’s D** ~1.558 0.866 —0.920 -2.150 -1.819 -1.979 0.907 1.044 1.141 1.214
(NS) (NS) (NS) (<0.05) (NS) (<0.05) (NS) (NS) (NS) (NS)
Divergence (d)° between
D. tokoro and D. tenuipes
(X107%) 71 %27 559 + 141 18138 205+73 48959 42749 22781 262=*107 349+ 106 259 6.7

“Sites at introns 4—6 and silent sites of exons 4—-6 were combined.
*Values in parentheses are P values; NS, not significant.

“ Calculated by JUKES and CANTOR (1969).
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718, came from two experiments. By the PCR-based
identification methods of the polymorphic sites, we ex-
amined the association between allozyme phenotypes
and nucleotides at sites 335/6 and 713 among 15 indi-
viduals randomly sampled from a natural population
(data not shown). The results are as follows: (1) for
sites 335/6, the primer ASO1 with GA at the 3’ end,
amplified a fragment only when the individual had at
least one non-PGI-A band. On the other hand, ASO2
with AT at the 3’ end amplified a fragment only when
the individual had at least one PGI-A band. Therefore,
the association between PGI-A band and the dinucleo-
tides AT at sites 335/6 was complete; and (2) for site
713, with one exception, the individual was heterozy-
gous for BsiNI digestability if it had one PGI-C band
together with another band and homozygous for BsiNI
digestability if it had no PGI-C band. This indicate a
strong association of guanine at site 713 and PGI-C
phenotype. The probabilities to observe these associa-
tions by chance seem extremely low. DNA sequencing
of the exceptional individual (DT 56 exhibiting only
PGI-C band) revealed that this individual was heterozy-
gous for Pgi-c and Pgic’ alleles (Table 2). The Pgi<’
allele, although the product of which is electrophoreti-
cally similar to that of Pgi-c allele, should be grouped
with Pgi-b in terms of nucleotides at sites 335/6 and
713. We have no information on the frequency of Pgi-
¢ in the natural population. However, judging from
the occurrence of this allele in the sample used for
sequencing and PCR experiments, the frequency of Pgi-
¢ (1/17) among the alleles corresponding to PGI-C
phenotype seems to be far lower than that of Pgi (16/
17), so that our previous estimate of frequency of Pgi-
callele by the observation of PGI-C phenotype does not
seem to be much misleading. These results confirm that
the nucleotide difference at site 335 (corresponding
to the amino acid change at site 112) determines the
differentiation of PGI-A from PGI-B and PGI-C, and the
nucleotide difference at site 713 (amino acid site 238)
determines the differentiation of PGI-C from PGI-A and
PGI-B in predominant cases.

A part of the Pgi coding region (1331 bp) was ampli-
fied by PCR and sequenced for two Dioscorea species,
D. tenuipes and D. quinqueloba that are closely related to
D. tokoro (Figure 1). These two species had GA at sites
335/6 and adenine at site 713 (Table 2). This suggests
that GA at sites 335/6 and adenine at site 713 are the
ancestral character states among Dioscorea species.
Therefore we conclude that Pgi-b is the oldest allelic
lineage in D. tokoro, from which Pgi-a and Pgi-c were
derived by one amino acid replacement each,

DNA polymorphism in introns: We studied two in-
tronic regions each flanking the polymorphic site re-
sponsible for the allozyme differentiation, i.e., introns
4-6, flanking the polymorphic site 335 of cDNA (site
77 of exon 5), and introns 9-10, flanking the polymor-
phic site 713 of cDNA (site 6 of exon 10; Table 4).

These two regions are separated by ~500 bp. Among
the 15 cloned haplotypes studied, there were three base
substitutions and one length polymorphism in the total
446 bp of introns 4~6, and 27 base substitutions and
three length polymorphisms in the total 1603 bp of
introns 9 and 10. One of the length variations in intron
9 is caused by repeat number changes in a CpT dinucle-
otide microsatellite.

The levels of DNA polymorphism of Pgi introns are
summarized in Table 3. Although the nucleotide diver-
sity of introns 9-10 (r = 3.4 X 107% is five times as
large as that of introns 4-6 (7 = 0.7 X 107%), a test of
heterogeneity in the number of segregating sites be-
tween the two regions was not significant (x%=1.1;d.f.
=1, P> 03, x! =24, df =1; P> 0.1; KREITMAN
and Hupson 1991). Therefore, we pooled these data
to represent the nucleotide diversity in the total introns
(m = 2.9 X 107%). These values are only three times as
large as those of the coding region (7 = 1.1 X 107%).

The interspecific divergence between D. tokoro and
D. tenuipes was lower for introns 4-6 (d = 20.5 X 107°)
than for introns 9-10 (d = 48.9 X 107% Table 3). This
is congruent with the lower intraspecific polymorphism
of D. tokoro in the former region than in the latter.

Estimates of the nucleotide diversity, 7, of the total
intronic regions separately calculated for the three al-
lelic lineages, Pgi-a, Pgi-b and Pgic are, 1.9 X 1072, 2.5
X 107% and 2.0 X 107>, respectively. It reveals that Pgi-
b has the largest nucleotide diversity among the three
allelic lineages. But if we consider the possible recombi-
nant origin of DT6536-6 and DT5-15 (see below) and
exclude them from the calculation of nucleotide diver-
sity, the three allelic lineages show similar values of
nucleotide diversity (r = 2.0 X 107%).

Theory (STROBECK 1983; HUDSON and KAPLAN 1988)
suggests that nucleotide polymorphism that has been
maintained for a long time by balancing selection can
result in the accumulation of variation at the tightly
linked sites. This theory has been applied to explain
the experimental result in D. melanogaster (KREITMAN
1983; KrEITMAN and HupsoN 1991), in which an ele-
vated level of DNA polymorphism was observed around
the nucleotide site differentiating ADH-F/S allozymes.
To see whether the similar phenomenon is observable
around the two segregating replacement sites of D. to-
koro Pgi gene, a sliding-window analysis was carried out
for the two regions, introns 4-6, and introns 9-10 (Fig-
ure 2). It is apparent from the plot that no high peak
of nucleotide polymorphism coincides with the segre-
gating replacement sites that are responsible for the
allozyme differentiation. The patterns of sliding-win-
dow plots for polymorphism in D. tokoro (Figure 2A)
and divergence between D. tokoroand D. tenuipes (Figure
2B) did not show any obvious correlation, and we could
not detect any small-scale heterogeneity in evolutionary
forces (i.e., functional constraints and mutation rate)
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TABLE 4
Summary of DNA polymorphisms detected in the two regions (introns 4—6 and introns 9-10) of Pgi of D. tokoro

Intron 4 Exon 5 Intron 5 Exon 6 Intron 6 Intron 9
(286 bp) (156 bp) (72 bp)* (97 bp) (88 bp)* (926 bp)
Nucleotide site:’ 18 43 56  82/106  77°/78 119 39 19 24 32 63 84 105 118 391/400 434
Type of change: del None None del
Consensus: T A A acrrrarrertra GA T A T T A A A T C TGCTA T
CTTGTCTCTAA AATTT
DNA clone code?
DT34-2 (Pgi—a) * * * * AT * * * * * * * * * * *
DT54-3 (Pgi-a) * G o* * AT C * x % x % x G * * *
DT12-1 ( Pgi—a) * * * * AT * * * * * * * * * * *
DT25-4 (Pgi-a) * * * * AT * * * * * *x G * * * *
DT7-1-10 (Pgi-b) * ok * ok * G P N T T G * *
DTI1-7 (Pgi-b) ® k% * *k * G *  * Xk k * G * *
DT65364 ( Pgi-b) * * * * Kk * G * * * * * * * * *
DT37-5/5 (Pgi-b) * * G —_ *k * * * * * * * * * * C
DT6536-6 ( Pgi-b) * * * * dok * * * * * * * * * — *
DT5-15 ( Pgi—b) * * * * *ok * * * * * * * * * —_ *
DT24-2 (Pgi-c) LI T * *k * * x * G T * * * —_ *
DT519 (Pg'i-c) C = * * *k * * * * * T =* * * — *
DT54-10 (Pgi-) * * * * *k * * * C * T « * * - *
DT49-3 ( Pg-i.g) * * * * sk * * CcC * * T * * * —_ *
DT18-6 ( Pgi.(;) * * * * * %k * * * * * T * * * pu— *
DT1-Pgi
(D. tgnuipes) * * * *® *3% * * * * * * * —_— * * *
Intron 9 Exon 10 Intron 10°
(926 bp) {49 bp) (867 bp)
Nucleotide site:” 497 505 535 545 556 574 746 753/790 866 878 914 6° 58 116 165 243 592 703/704 715 732
Type of change: Microsatellite
Consensuss. T T T T — A C T T G A T T T T T Ccc A T
DNA clone code’
DT34-2 (Pg'i—a) * ¥ A % * * * (CD)ys * * * * * ok * * * ™ * *
DT54-3 (Pgi-a) * * * * * T * (CD * * * * * ok C * * *k * *
DT12-1 (Pgi-a) * % A % % x % (CT)yp x % % * X ok % k% *k * %
DT25-4 (Pgi-a) * x4 x x T * (CDyp EIE T * *x * % x C *% x &
DT7-1-10 (Pgi-b) * * * * * * * (CTny * * * * * ok * * * *K * *
DT1-7 (Pgi—b) * * * * * * * (CDp * C =* * * C  * * * TT * *
DT6536-4 (Pgib) * * * * * * * (CT)yq * * * * * 0k * * * TT * *
DT37-5/5 (Pgib) * * * C * * *x (CI)y, £ % % * ¥ 0k x k¥ TT ® %
DT65366 (Pgid) C * * x T * % (CT)sGT(CT), ¥ kA * * x  k  x % ** * %
DT5-15 (Pgi-b) C * * % x x % (CI);GT(CT), ¥k # * * ok ok k% *¥ * G
DT24-2 (Pgi-) C C * =x * x * (CT)GT(CT), L G * ok ok x % *k *
DT51-9 (Pgi-) C * * x % + * (CT),,GT(CT), C * * G x  x % k% 5k * %
DT54-10 (Pg’i-c) C * * * * * T (CT),,GT(CT), * * * G C =x* * * % ¥k * *
DT49-3 (Pgi) C * *x x % % & (CT),,GT(CT)s Xk ok G Xk K k% Kok *
DT18-6 (Pgic) C * * *x % *x % (CTI)GT(CT); *  x % G ¥ % % A % *% C *
DTE1-Pgi
(D. tenuipes) ¥ x — % % — % (CI)CA(CT),CA(CT),CA * * = * * %k x % *T £ %

“There was no variation in intron 5 and 6.

* Nucleotide site numbers are given starting with number one corresponding to the first nucleotide of each exon and intron

on the basis of aligned sequences of the 15 haplotypes.
° Replacement sites discriminating the three allozymes.
¢ Pgrallozyme type in parentheses.

*Sequence information of the region between sites 304 and 493 is lacking. Size of the studied region of intron 10 is 677 bp.

along the sequence that affect the levels of polymor-
phism and divergence in a similar manner.
Genealogical relationships among allozyme lineages:
The distribution of mutations among the 15 D. tokoro
Pgi haplotypes (Table 4) reveals no clear evidence for
recombinational events. There is no single pair of poly-
morphic sites exhibiting all four possible gamete states

attributable to recombination (HUDSON and KAPLAN
1985). However, there is a cluster of polymorphism that
could be caused by recombinations (site 391 to site 790
of intron 9 for the two haplotypes DT6536-6 and DT5-
15). To explain this pattern by recombination, two re-
combinations (which occurred at two sites located be-
tween sites 63 and 391 and between sites 790 and 926
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FIGURE 2.— (A) Sliding window plot of 7 (NEI 1987; ——) and # (WATTERSON 1975; ----- ). Replacement polymorphism at the
two sites (site 77 of exon 5 and site 6 of exon 10; positions indicated by arrows) responsible for the allozyme differentiation
were excluded from the calculations of 7 and 8. (B) Sliding window plot of d {estimated number of nucleotide substitutions
per site; JUKES and CANTOR 1969) between D. tokoro and D. tenuipes Pgi. From 5’ to 3' direction, a window of 100 bp was moved

in 10-bp increments.

of intron 9, respectively) have to be postulated. Two
haplotypes, DT6536-6 and DT5-15, may be the recombi-
nants with Pgi-c type sequence for the sites between 391
and 790 of intron 9 and Pgi-b type sequence for the rest
of the region. Although this clustering of mutations is
not statistically significant [P = 0.23 by the test of Ste-
phens (STEPHENS 1985)], we cannot discard the possi-
bility of their recombination origin. It is difficult from
the present data to say whether the mutations of
DT6538-6 and DT5-15 common to Pgic haplotypes are
the outcome of recombinations or reflecting their
shared phylogeny.

Genealogical relationships among the three major
allozyme lineages, Pgi-a, Pgi-b and Pgi-c of D. tokoro in
relation to D. tenuipes Pgi was inferred from the DNA
sequences of the 16 genomic clones., Pairwise genetic
distances between haplotypes were calculated (JUKES
and CANTOR 1969) using all the sites (2351 bp, includ-
ing exons 5, 6 and 10), which was then used to construct
a tree (Figure 3) by the neighbor-joining method (Sal-
TOU and NEI 1987). If we consider the possible recombi-
nation origin of the two haplotypes, DT6536-6 and DT5-
15, and exclude them from the analysis, we get an iden-
tical tree as Figure 3 except for their absence from the

corresponding positions. The haplotypes belonging to
Pgi-a and Pgi-c form monophyletic groups, respectively.
The star-like phylogeny within the Pgi-c lineage reflects
that all the mutations in Pgi-c haplotypes are singletons.
The Pgi-b haplotypes are separated into two groups, one
of which (consisting of DT6536-6 and DT5-15) clusters
with the haplotypes of Pgi-c. Although the statistical sup-
port is not high, the root of the tree is located on the
base of the larger Pgi-b cluster. This genealogical rela-
tionship suggests the following two alternative hypothet-
ical scenarios of Pgi evolution in D. tokore: (1) among
the ancestral Pgi-b allelic lineage, Pgi-a allelic lineage
has first diverged by a replacement substitution at site
335, and later in a Pgi-b lineage of DT6536-6 and DT5-
15 a substitution at site 713 gave rise to the Pgi-c allelic
lineage; or (2) the divergence of Pgi-a allelic lineage
from Pgi-b was followed by the divergence of Pgi-c from
Pgi-b, but a recombination between Pgi-b and Pgi-c gave
rise to the two haplotypes, DT6536-6 and DT5-15.

To infer the time of diversification of the three allo-
zyme lineages, genetic distances among the three lin-
eages were calculated by using the intronic sequences
of the 15 genomic haplotypes taking the within-allele
diversity into consideration (NEi 1987). The average
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bT17:B DT37-5/5:B

DT6536-4. B

D17-1-10:B

DT-25-4. A

DT34-2:A
DT12-1:A
DT54-3: A

DT18-6: C
DT51-9:C

d=0.001

numbers of nucleotide substitution per site were as fol-
lows: dy, = 4.7 X 107, dy, = 11.4 X 107* and d,, = 16.7
X 107* (ds = 7.5 X 107%, dy, = 20.9 X 107* and d,, =
16.7 X 10™* when DT6536-6 and DT5-15 were excluded
from the calculation), where the subscripts 4,  and ¢
indicate Pgi-a, Pgi-b and Pgi-c, respectively. If we apply
the average silent substitution rate, 7 X 107° per site
per year, calculated for Pgi of gramineae (see below)
to our results, the time after allozyme divergence is
estimated to be T,; = (4.7 X 107%)/(2 X 7 X 107%) =
34,000 years, T,, = 81,000 years and T, = 120,000 years
(T,, = 54,000 years, T,, = 150,000 years and T, =
120,000 years when DT6536-6 and DT5-15 are ex-
cluded). All of these dates correspond to the last glacia-
tion period (Wisconsin-Wurm period), when popula-
tion sizes of many organisms were supposed to be much
smaller than the present ones (Ner 1987).
Comparison with the Adk gene: The alcohol dehy-
drogenase gene (Adh) is the best studied gene in plant
molecular population genetics (GAUT and CLEGG 1991,
1993a,b; HANFSTINGL et al. 1994; INNAN ¢t al. 1996; M1-
YASHITA et al. 1996). To serve as a reference gene for
the comparison with Pgi, Adh of D. tokoro and D. tenuipes
were sequenced. A total of 590-bp region, spanning
over exon 4 to exon 7, was sequenced for eight D. tokoro
individuals corresponding to 16 alleles and one D. tenu-
tpes clone. Among D. tokoro DNAs, five polymorphic sites
(two in exons and three in introns) were observed (Ta-
ble 5). All the polymorphic sites were segregating be-
tween two major haplotypes. An individual DT49 seems
to be a heterozygote of these two haplotypes. The levels
of polymorphism in D. tokoro Adh were m = 2.8 X 107>
and @ = 1.7 X 107 for the coding region and = = 5.9
X 1072 and 6 = 3.9 X 1072 for introns (Table 3). These
levels of polymorphism are larger than that of silent
sites of Adh of pearl millet (§ = 2.0 X 107% GAUT and

DT49-3:C

D. tenuipes
(DTE1)

FIGURE 3.—N]J tree con-
structed from the DNA se-
quence data of 16 haplo-
types (genomic clones) of
Pgi of D. tokoro and D. tenu-
ipes. Pgiallele types are also
indicated (A, Pgi-a; B, Pgi-b;
and C, Pgi~). The numbers
on branches are bootstrap-
ping probabilities after 100
replications. The unit d
indicates the number of
substitutions per site. The
exclusion of the two haplo-
types, DT6536-6 and DT5-
15 does not change the
topology of the tree.

DT54-10: C

DT24-2.C

CLEGG 1993a), but smaller than the values obtained for
Adh in other plant species studied to date: the total
coding region of Adh of Arabis gemmifera (m = 5.5 X
1073 MIYASHITA et al. 1996), A. thaliana (v = 5.6 X
1073 INNAN e¢f al. 1996) and silent site of maize (6 =
2.1 X 107% GauUT and CLEGG 1993b).

Comparison of the levels of polymorphisms within D.
tokoro between Pgiand Adh (Table 3) reveals more than
twice larger values of 7 for Adh (7 = 2.8 X 107> for
the coding region and 7; = 5.9 X 107 for introns) than
for Pgi (m¢ = 1.1 X 107 and 7; = 29 X 107%), but
similar values of 8 for Adh (6= 1.7 X 1073 for coding
region and ; = 3.9 X 107° for introns) and Pgi (8¢ =
1.3 X 107% and 6, = 4.5 X 107%). This discrepancy be-
tween the comparison of 7 and 8 is dictated in the large
difference in Tajima’s D values for Adh and Pgi. There
was excess amount of rare variants in Pgi in
contrast to excess amount of high-frequency variants
in Adh.

Base substitution rate of a gene is a function of muta-
tion rate and selective constraint on the gene (KIMURA
1983). Therefore, we can compare the magnitude of
mutation rate and selective constraint between genes
by comparing their base substitution rates. For that pur-
pose, the sequence divergences between the pairs of
three plant species, D. tokoro, O. sativa and Z. mays, were
estimated for Pgi and Adh (Table 6). For both the re-
placement and silent base substitutions, substitution
rates in Pgi were not significantly different from those
of Adh in all species pairs. This is also true for the
comparison of divergences between D. tokoro and D.
tenuipes for Pgiand Adh (Table 3). The base substitution
rate of Adh in gramineae plants is reported by GAUT
and CLEGG (1991) to be 2.5 X 107'° substitutions per
site per year for replacement sites and 7.9 X 107 substi-
tutions per site per year for silent sites. From these
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TABLE 5

Polymorphic sites in the region between exon 4 and exon 7 of Adh of D. tokoro and sites that have diverged
between D. fokoro and D. tenuipes

Exon 4 Intron 4 Exon b5 Intron 5 Exon 6 Intron 6 Exon 7
(181 bp) (72bp) (83 bp) (85 bp) (76 bp) (76 bp) (17 bp)
Nucleotide site” 1 6 81 118 13 37 32 3 63 66 71 17 32 60 21 44 2 8
RorS: R S S R S R R S S S
Consensus: G G A G G C A A G G G G T T T G G A
Plant code:
DT1 * * * * * * * * A % * * C * G C A *
DT8 * * * * * * * * * * * * * * * * * *
DT12 * * * * * * * * ® * * * * * * * * *
DT27 % * * * * ® % ® A * * * C * G C A *
DT49 * ES ® * * * * * R * * * Y * K S R *®
DT51 * * * * * * * * *® * * * * * * * * *
DT54 * £ * * * * * * * * * * * * * * * *
DThH6 * * * * * * * * * * * * * * * * A *
DTE1-Adh® A A C T A T G T A A T A C C * * * G

R, replacement; S, silent.

* Nucleotide site numbers are given starting with number one corresponding to the first nucleotide of each exon and intron.

’ D. tenuipes.

values, we can estimate the base substitution rate of
gramineae Pgi as 2.7 X 107'° substitutions per site per
year for replacement sites and 7.0 X 107° substitutions
per site per year for silent sites, by comparing the nucle-
otide divergences between O. sativa and Z. mays for Adh
and Pgi.

Test of neutrality: Tajima’s test: Tajima’s test (Table
3) did not reject the neutral mutation hypothesis
throughout the Pgi region as indicate the nonsignifi-
cant D values (TAJIMA 1989a). However, it is notable
that most of the D values for Pgi are negative. This can
be seen in the sliding window plot (Figure 2) as the
larger values of 6 than 7 for the most part of the intronic
region. This situation is in contrast to Adh region where
the D values are positive, although not significant.
These results may indicate that Pgi and Adh are under
different evolutionary forces.

Fu’s and Li’s test: Fu’s and Li’s test rejected the neu-
trality for Pgiintrons 4-6 (D¥* = —2.150, P < 0.05) and
the total introns (D¥ = —1.979, P < 0.05; Table 3) (Fu

and L1 1993). This test compares the two estimates of
4 N,u that are separately calculated from the numbers
of total mutations and singleton mutations in the DNA
sample. Too many singleton mutations in the D. tokoro
Pgi intronic region seem to be responsible for the sig-
nificantly negative D* values. In the total intronic region
examined (2049 bp) there were 30 segregating sites,
and 22 sites were singletons, which is far more than
the number (10) expected under the neutral mutation
model (TAjIMA 1989a).

MK-test: As described in TERAUCHI & al. (1996),
within the 1289 bp of Pgi coding region, the numbers
of replacement and silent substitutions were 7 and 16
between D. tokoro and D. tenuipes, and 9 and 23 between
D. tokoro and D. quingueloba, respectively. On the other
hand, there were six replacement and two silent poly-
morphisms within D. tokoro. McDonald and Kreitman’s
test applied to these data (MCDONALD and KREITMAN
1991) rejected the neutral mutation hypothesis at the
locus (Fisher’s exact test: P = 0.037 for the comparison

TABLE 6

The numbers of replacement and silent substitutions per site for Pgi and Adh between the three species:
D. tokoro, Z. mays and O. sativa

FPgi Adh
Replacement site Silent site Replacement site Silent site
(1265 bp) (388 bp) (263 bp) (91 bp)
D. tokoro/ O. sativa® 0.125 = 0.011 1.398 + 0.158 0.102 = 0.021 1.232 + 0.265
D. tokoro/ Z. mays” 0.123 = 0.010 1.298 = 0.139 0.087 = 0.019 2.017 £ 0.709
0. sativa’/ Z. mays” 0.052 = 0.007 0.562 = 0.053 0.047 + 0.014 0.727 + 0.138

Values in this table were calculated by NEI and GOJOBORI (1986).
“ DNA sequences were obtained from the DNA database, GenBank. Accession numbers of the sequences
are as follows: O. sativa Pgi, D45218; O. sativa Adkl, X16296; Z. mays Pgi, U17225; and Z. mays Adhl, M32984.
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TABLE 7
HKA test for silent site differences in four regions

Within Between D. tokoro
D. tokoro and D. tenuipes
No. of No. of
segregating different
sites sites
Sample No.of —m——— No.of ———mw+—
Region size sites Obs.  Exp. sites Obs.  Exp. 9 T x? P
Pgi introns 4-6 15 415 3 2.9 396 8 8.1 0.0022 8.28 0.001 >0.10
vs. Pgi introns 9-10 15 1572 26 26.1 1458 69 68.9  0.0051
Pgi introns total 15 1987 29 26.5 1854 77 79.6  0.0041 9.48 1.436 >0.10
vs. Pgi coding region 20 296.7 2 45 296.7 16 13.4  0.0043
Pygi introns total 15 1987 29 29.0 1854 77 77.0  0.0045 8.24 0.000 >0.10
vs. Adh silent sites 16 323.3 4 4.0 323.3 11 11.0  0.0037
Pgi coding region 20 296.7 2 3.4  296.7 16 14.7  0.0032 14.49 1.145 >0.10
vs. Adh silent sites 16 323.3 4 2.7 323.3 11 124 0.0025

Obs., observed; Exp., expected.

between D. tokoro and D. tenuipes, P = 0.022 for D. tokoro
and D. quinqueloba), in the direction that the level of
replacement polymorphism within D. tokoro is too high
compared to that of silent polymorphism.

HKA-test: We tested whether the levels of intraspe-
cific polymorphisms of D. tokoro are consistent with the
levels of interspecific divergence between D. tokoro and
D. tenuipes (HKA-test; HUDSON et al. 1987) by comparing
two different regions at a time. We made four different
comparisons: (1) Pgi introns 4-6 vs. Pgi introns 9-10,
(2) Pgi total introns vs. Pgi coding region, (3) Pgi total
introns vs. Adh silent sites, and (4) Pgi coding region
vs. Adh silent sites (Table 7). In all the cases the test
was not significant.

DISCUSSION

Location of amino acid sites responsible for allozyme
variation: The crystallographic structure of PGI protein
is known at 3.5 A resolution using pig as a source organ-
ism (SHAW and MUIRHEAD 1977). It is composed of two
identical subunits, each of which consists of a large and
a small domain. For each dimer, two catalytic sites are
present at the interface between the large and small
domains (ACHARI et al. 1981). Assuming that the PGI
structure of D. tokoro is similar to that of pig, position
of the polymorphic amino acid sites responsible for
the allozyme differentiation can be located on the PGI
three-dimensional structure. Thus, amino acid site 112
(corresponding to the DNA site 335) may be located on
a beta-sheet in the larger domain, which corresponds to
the interface of two subunits close to the catalytic site
(site 98). The amino acid 238 (DNA site 713) is situated
in the bottom of the larger domain. This site is far
from the catalytic site, but represents the region where
subunit association occurs.

No indication of long time balancing selection: The
co-existence of the three allozymes with intermediate
frequencies in D. tokoro population suggests a possibility
of balancing selection working at the Pgilocus. A long
time balancing selection at a DNA site is known to result
in the accumulation of neutral DNA polymorphism in
its close vicinity (HUDSON and KAPLAN 1988). To test
this, the level of DNA polymorphism around the sites
discriminating the allozymes was studied. Sliding-win-
dow analysis (Figure 2) detected no elevated DNA poly-
morphism in the close vicinity of the two sites responsi-
ble for the allozyme differentiation. This result is not
compatible with the idea that a long time balancing
selection has been operating at the two sites that are
responsible for the differentiation of allozymes. Taji-
ma’s D and Fu’s and Li’s D* values were negative
throughout the intronic region examined (Table 3),
which is also incompatible with the long time balancing
selection scenario.

Low level of DNA polymorphism in the D. tokoro
Pgi: The level of DNA polymorphism at the Pgi coding
region of D. tokoro (m = 1.1 X 107%; Table 3) was lower
than those of Adh of D. tokoro (1 = 2.8 X 1073) as well
as Adh of most other plant species studied to date. The
silent sites of Pgi coding region and introns also showed
low levels of polymorphism (7 = 1.5 X 107> and 2.9 X
1073, respectively). The low levels of DNA polymor-
phism at D. tokoro Pgi can be caused by (1) a strong
selective constraint on the Pgi (purifying selection), (2)
a low mutation rate in the Pgi region, (3) the genetic
hitchhiking of the Pgi region with a tightly linked site
that is under selection (selective sweep and background
selection), and (4) a small effective size of D. tokoro
population. The comparison of base substitution rates
(Table 6) indicated that Pgi is evolving as fast as Adh
for both replacement and silent sites. Therefore, it is
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difficult to assume that the lower polymorphism in D.
tokoro Pgi coding region in comparison to Adhis because
of a stronger purifying selection and/or a low mutation
rate at the Pgi locus. Codon usage of D. tokoro Pgi is
nonbiased, and it is improbable that the low level of
polymorphism at silent sites in coding region is because
of the selective constraint imposed on silent sites
(SHARP and L1 1989; SHARP and MaTasst 1994) by the
codon preference. Selective sweep (HUDSON 1994) and
background selection (CHARLESWORTH 1994) are the
mechanisms with which polymorphism is eliminated by
genetic hitchhiking of the region with a tightly linked
selected mutation. In view of the recent origins of Pgi-
a and Pgi alleles from Pgi-b, there is a possibility that
the rapid increases in frequency of these former two
allelic lineages have reduced the amount of neutal vari-
ation from the Pgi region. It is also possible that the
low levels of polymorphism at the Pgilocus are reflective
of the small effective size of D. fokoro population, and
that the higher level of polymorphism at the D. tokoro
Adh than Pgiis maintained by nonneutral mechanisms
such as balancing selection.

The lower levels of polymorphism in Pgi compared
with other loci are also observable in Drosophila (J.
McDoONALD and M. KREITMAN, unpublished data; MORI-
vAMA and POweLL (1996); D. melanogaster m = 0.8 X
107 for Pgi coding region and 7 = 4.4 X 107° for the
average of coding region of 16 autosomal genes; D.
simulans: m = 4.0 X 107 for Pgi and 9.6 X 107 for six
autosomal genes]. In this case also, the level of diver-
gence between D. melanogaster and D. simulans was simi-
lar for Pgi (d = 1.6 X 107%) and Adh (d = 1.4 X 107%).
It is of interest to see whether the lower levels of poly-
morphism at Pgiin comparison to other loci are prevail-
ing in other organisms, especially in those with high
levels of allozyme polymorphisms.

Negative values of Tajima’s D and Fu’s and Li’s D*
for the Pgi region: The negative values of Tajima’s D
and Fu’s and Li’s D* (Table 3) suggest the three possi-
bilities: (1) the mutations are deleterious and are main-
tained with low frequency (purifying selection), (2) the
population has recently experienced a bottleneck (TAy-
IMA 1989b; Fu and L1 1993), and (3) a newly arisen
advantageous mutation linked to the investigated re-
gion had rendered the site frequency spectrum skewed
toward excess of rare variants (BRAVERMAN et al. 1995).
The positive D and D* values observed for the Adh re-
gion seem incompatible with the possibility (2), because
the population bottleneck should affect the entire ge-
nome. Both the possibilities (1) and (3) remain as plau-
sible reasons for the negative D and D* values.

Excess of replacement polymorphism at Pgi: Comp-
arison of intraspecific polymorphism and interspecific
divergence for silent and replacement mutations indi-
cated a significant excess of intraspecific replacement
polymorphism in D. tokoro [McDonald and Kreitman’s
test (McDONALD and KREITMAN 1991); P < 0.05]. This

is similar to the results obtained for Adh of Arabis gemmif-
era (MIYASHITA et al. 1996) but opposite to what is ob-
served in nuclear and mitochondrial genes of Drosoph-
ila (McDONALD and KREITMAN 1991; EANES et al. 1993;
BALLARD and KREITMAN 1994; RAND ¢t al. 1994). The
larger replacement polymorphism relative to the diver-
gence is expected when (1) the effective size of popula-
tion is small (OHTA 1993) and (2) balancing selection is
working on amino acid replacements within the species.
When the effective population size is small, behavior of
slightly deleterious mutations is shown to be similar to
the neutral mutations (OHTA 1976). If the number of
effectively neutral replacement sites is larger than that
of silent sites, we can expect more polymorphisms at
replacement sites than at silent sites. This mechanism
is proposed to explain the generally greater proportion
of replacement polymorphism in Drosophila melanogaster
in comparison to D. simulans genes (MORIYAMA and
POwELL 1996). The mechanism involving balancing se-
lection is invoked to explain the excess of replacement
polymorphism in the human MHC genes (HUGHES and
NEI 1988). With the data in hand, it is difficult to say
which of these two mechanisms explain the results
better.

Maintenance mechanism of allozyme and DNA poly-
morphisms: A higher allozyme heterozygosity in con-
trast to a low nucleotide diversity as observed in D. tokoro
had been reported in Drosophila melanogasterin compari-
son to D. simulans (AQUADRO ef al. 1988) and in Penni-
setum glaucum in comparison to Z. mays (GAUT and
CLEGG 1993b). AQUADRO et al. (1988) suggested that
their observation could be explained by a smaller effec-
tive population size of D. melanogaster than D. simulans.
A similar argument seems applicable to D. tokoro. The
assumption of small effective size of D. tokoro fits with
the observed low nucleotide diversity at the Pgi locus,
although in this case we have to assume a nonneutral
mechanism for the maintenance of the higher level
of Adh polymorphism. The small effective size of the
population is also compatible with an excess of repiace-
ment polymorphism in D. tokoro Pgi. Therefore, with
the assumption of a small effective size of ). tokoro popu-
lation, we can explain all the observed patterns of DNA
polymorphism at Pgi locus with the neutral mutation
hypothesis without invoking any positive selection. On
the other hand, it is also possible to explain the ob-
served pattern of Pgi polymorphism with positive selec-
tion. Pgi-a and Pgi-c alleles may be advantageous and
had increased their frequencies to intermediate levels
in a short time. The rapid increase in their frequencies
had sweeped the polymorphism from the region and
brought about the negative Fu’s and Li’s D* values.
Replacement polymorphism present in excess might be
because they are selectively advantageous. The result of
Watterson’s test may indicate that balancing selection is
maintaining the allozyme polymorphism (WATTERSON
1978). At present it is difficult to say which of the neu-
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tralist and selectionist interpretations explain the obser-
vations better. However, we need more evidence in fa-
vor of positive selection scenario if we are to reject the
neutral hypothesis regarding it as the null hypothesis
in the molecular evolution study.

In conclusion, the combined observation of the allo-
zyme and DNA variations of D. tokoro Pgi revealed that
the allele frequencies of Pgi-a and Pgi-c have increased
to intermediate level in a very short time after their
emergence in the population. Why this rapid increase
in allele frequencies have occurred is not clear. To an-
swer this question, we are now experimentally compar-
ing the kinetics and thermostability of D. tokoro PGI
enzymes coded by different genotypes to see whether
the differences are detectable among them. The causes
of molecular evolution should be understood by the
integrated studies on history and function of the mole-
cules.
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