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ABSTRACT

We investigated nucleotide polymorphism in the Adhl locus of pearl millet (Pennisetum glaucum)
(Poaceae) by determining the DNA sequence of 20 alleles from 10 individuals. The individuals were
sampled from throughout pearl millet’s indigenous range and represent both wild and cultivated
accessions. Our results indicated that there is little nucleotide polymorphism in the AdklI locus.
Estimates of per site nucleotide polymorphism did not differ significantly between cultivated and wild
millet accessions. We compared nucleotide polymorphism in pearl millet Adkl with nucleotide
polymorphism in maize (Zea mays) Adk 1 and conclude that the maize AdhI sample is more polymorphic.
Increased polymorphism in maize Adhl may be attributable, in part, to faster substitution rates in the
maize lineage. Analysis suggests that substitution rates in the maize Adhl lineage are ~1.7 times faster

than substitution rates in the millet AdhI lineage.

OPULATION geneticists traditionally have

sought to describe genetic variation and the ev-
olutionary forces shaping genetic variation. Variation
can be assessed by isozyme electrophoresis, and differ-
ences in allozyme frequencies between populations
have been used to infer the evolutionary forces of
selection, drift and migration. However, isozymes de-
tect only a subset of nonsynonymous nucleotide sub-
stitutions and thus can underestimate genetic varia-
tion. This fact has led to the development of more
sensitive DNA-based techniques for detecting genetic
variation. For example, restriction fragment length
polymorphisms (RFLPs) have been used extensively
to describe genetic variation. More recently, allelic
samples of nucleotide sequences have provided esti-
mates of genetic variation (e.g., KREITMAN 1983). A
plethora of statistical tests have been formulated to
examine DNA sequence data for evidence of natural
selection, migration and geographic subdivision
(SLATKIN and MADDISON 1989, 1990; KREITMAN and
HupsoN 1991; McDoNaLD and KREITMAN 1991;
HupsoN, Boos and KApLAN 1992).

Sampling of allelic nucleotide sequences has become
common place in Drosophila species (KREITMAN 1983;
KREITMAN and HupsoN 1991; SCHAEFFER and
MiLLER 1991; RILEY, KAPLAN and VEUILLE 1992;
KLIMAN and HEY 1993; LONG and LANGLEY 1993),
but this approach has been applied sparingly to prob-
lems in plant evolutionary genetics. To date, this
approach has only been used in the assessment of
genetic variation in Zea mays (maize) and its close
relatives (SHATTUCK-EIDENS ¢t al. 1990; MACRAE and
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CLEGG 1992; GAuT and CLEGG 1993; GOLOUBINOFF,
PAABO and WILSON 1993).

In this article we present a study of nucleotide
polymorphism in the Adhl locus of Pennisetum
glaucum (millet, pear] millet) (Poaceae). Cultivated
millet (P. glaucum subsp. glaucum) presumably origi-
nated from a wild progenitor (P. glaucum subsp. mon-
odii) found in the Sahel region of Africa. Both culti-
vated and wild millet are primarily outcrossing, and
they hybridize freely to one another. Isozyme surveys
suggest that cultivated millet is as genetically diverse
as wild millet (ToSTAIN, RIANDEY and MARCHAIS
1987). This observation has been used to support
hypotheses suggesting multiple centers of pearl millet
domestication (TOSTAIN, RIANDEY and MARCHAIS
1987) although alternative hypotheses espousing a
single center of domestication cannot be dismissed
entirely (TOSTAIN 1992). Isozyme surveys also suggest
that wild millet is geographically subdivided (Tos-
TAIN, RIANDEY and MARCHAIS 1987; TosTAIN 1992).

The AdhI gene is a single-copy nuclear gene encod-
ing alcohol dehydrogenase (alcohol NAD+: oxidore-
ductase, E.C. 1.1.1.1), a protein important in plant
response to anoxia (FREELING and BENNETT 1985).
The millet Adhl gene product has been analyzed
extensively by isozyme electrophoresis. The Adhl lo-
cus is highly diverse in both wild and cultivated millet
accessions and is geographically subdivided with re-
spect to allozyme frequency (TOSTAIN 1992; TOSTAIN,
RIANDEY and MARcHAIS 1987). RFLP studies also
suggest a good deal of variation at the Adhl locus
(GePTS and CLEGG 1989). RFLP variation at the Adhl
locus: (i) is fairly equally distributed between wild and
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TABLE 1

List of individuals by location sampled, identification number,
status (wild or cultivated) and their Adhl haplotype

Country Individual Cult./Wild Haplotypes
Mauritania 85-27 Cult. 8527A, 8527B
Tunisia 85-31 Cult. 8531, 8531
Gambia 85-15 Cult. 8514,8531
Gambia 85-14 Cult. 8514,8531
Niger 85-6 Wwild 8564, 8568
Senegal 85-34 wild 8534A, 8534B
Senegal 85-35 wild 8535, 8535
Mali 85-37 wild 8537, 8537
Mali 85-38 Wwild 8531, 8535
Sudan 85-2 wild 852A, 852B

Tift23DB* Cult. 23DB

21 total alleles; 13 distinct haplotypes.
“ Gaur and CLEGG 1991.

domesticated millets and (ii) tends to be geographi-
cally distributed (GEPTS and CLEGG 1989).

It is of interest to compare millet with maize (Zea
mays) (Poaceae). Both plants are annual grasses, both
plants are primarily outcrossing, and both plants have
been characterized by extensive isozyme sampling. At
the isozyme level, millet Adhl may be more diverse
than maize Adhl. For example, Adhl allozyme divers-
ities for populations of wild millet throughout Africa
range from 0.35-0.53 (TosTtAIN 1992) while Guate-
malan races of maize have Adhl allozyme diversities
ranging from 0.00-0.43 with an average diversity of
0.04 (BRETTING, GOODMAN and STUBER 1990). How-
ever, both RFLP and sequencing analyses of maize
Adhl reveal extensive variation at the Adhl locus of
maize (JOHNS, STROMMER and FREELING 1983; ZENG
1992; GauT and CLEGG 1993).

We sequenced ~2 kb segments from each of 20
Adhl1 alleles from pearl millet and asked three specific
questions: (i) how variable is the Adhl locus at the
nucleotide level? (ii) how does Adhl nucleotide poly-
morphism in millet compare to Adhl nucleotide
polymorphism in maize? and (iii) can we infer the
evolutionary forces contributing to nucleotide poly-
morphism in the Adhl locus?

MATERIALS AND METHODS

We sequenced 1985 bp of the Adhl locus from 10 indi-
viduals (Table 1). Four of the 10 individuals represent
cultivated millet (P. glaucum subsp. glaucum) and six individ-
uals represent the presumed wild progenitor (P. glaucum
subsp. monodii). The 10 individuals were sampled from a
wide geographic distribution ranging from the Atlantic coast
of Africa to the Sudan. A single individual was sampled
from Tunisia in Northern Africa.

Nucleotide sequences were determined as follows. DNA
was isolated from individuals (GEPTS and CLEGG 1989) and
Adhl nucleotide sequences were amplified using the poly-
merase chain reaction (PCR). The primers for amplification
were based on the Adhl sequence from pearl millet (GAUT
and CLEGG 1991) and were designed specific to sequences

FIGURE 1.—A schematic representation of the Adhl gene. Exons
are represented by darkened blocks and are labeled from 1 — 10.
Introns are solid lines labeled A — I. The coding region spans
~2750 bp. The dashed line represents the region sequenced for all
alleles in this study; this region spans ~2000 bp.

in the third and 10th exons. PCR amplification generated a
fragment that includes most of the 3 portion of the Adhl
coding region (Figure 1). This region corresponds to nu-
cleotide positions 1262 to 3223 (as listed in Figure 1 of
GAut and CLEGG 1991) and includes ~880 bp of exon
sequence. This region is homologous to the sequences ana-
lyzed in a study of AdhlI nucleotide polymorphism in the
genus Zea (GAUT and CLEGG 1993).

To limit Tag polymerase artifacts, we sequenced PCR
products directly (SANGER, NICKLEN and CouLsoN 1977).
Because PCR amplification of diploid individuals results in
the amplification of two alleles, direct sequencing of PCR
products resulted in multiple bands at some nucleotide
positions. These multiple bands reflected polymorphisms
between Adh1 alleles in heterozygous individuals. To assign
polymorphisms to an allele, we applied the algorithm of
CLARK (1990). All alleles except those from three individuals
(inds. 85-6, 85-34 and 85-2) were resolved by this method.
Alleles from these individuals were resolved by a combina-
tion of molecular approaches. In some cases polymorphic
sites were near an indel. If the individual was heterozygous
for the indel, it was possible to determine linkage of the
indel and a polymorphic site by careful sequencing of both
DNA strands. For example, the linkage between sites 2601
and the indel at site 2611 in individual 85-34 was resolved
by direct sequencing of PCR products. This method works
only for polymorphic sites near (i.e. within ~100 bp) of a
heterozygous indel, but, coupled with the algorithm of
CLARK (1990), led to the resolution of alleles 85344 and
8534B. Alleles from individuals 85-2 and 85-6 were resolved
by sequencing clones of PCR products. In total, our sample
of millet alleles is 21: two alleles from each of 10 individuals
and another allele from published data (GAauT and CLEGG
1991).

Pearl millet Adhl sequences have been deposited in
GenBank (accession nos. L20575 — L.20586).

Assuming that a sample is representative of a random
sample from a panmictic population, we can estimate per
site nucleotide polymorphism by 8, where 6 = S§/(a.-m). In
this expression # is the number of genes in the sample, § is
the number of polymorphic silent sites in the sample, m is
the number of sites in the sample and a,-, is given by 2L}
1/i (WATTERSON 1975). Under the infinite sites model with
neutral mutations, # estimates § = 4Ny, where N is the
population size and p is the mutation rate. A 95% confidence
interval for § was computed (KREITMAN and HUDSON 1991).
Silent sites are defined as intron sites and sites at the third
position of a codon.

RESULTS

Sequence data and nucleotide polymorphism:
Table 1 lists the individuals sampled as well as the
haplotypes found in each individual. Haplotypes were
named for the individual in which they were first
found. Of the 10 individuals, three were homozygous
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(85-31, 85-35 and 85-27) and two (85-15 and 85-14)
were identical heterozygotes. Some haplotypes were
found in multiple individuals. For example, the 8531
haplotype was found in the cultivated individual from
Tunisia (individual 85-31), in two cultivated individ-
uals from Gambia (individuals 85-14 and 85-15) and
in a wild individual from Mali (individual 85-38).

The matrix of polymorphic sites is reported in
Table 2. There are 23 substitutions in the sample of
21 alleles. Of these, 16 are in introns, five are synon-
ymous substitutions at third codon positions, and two
result in amino acid replacements. Each nonsynony-
mous substitution is found in two haplotypes from a
single individual. For example, haplotypes 8524 and
852B from the Sudanese individual encode an Asp <
Asn replacement in residue 89 (nucleotide site 1825
in Table 2), and haplotypes 8527A and 8527B from
the Mauritania individual encode an Asp < Val re-
placement in residue 121 (nucleotide site 1922 in
Table 2). Both substitutions cause a change in the
charge of the amino-acid residue.

There are eight insertion/deletion (indel) polymor-
phisms in introns (Table 2). There are five indels
consisting of a single nucleotide; four of these are
unique to a single haplotype. Three indels have
lengths of >1 nucleotide (measuring 2, 6 and 15 bp).
Each of the larger indels is shared by two or more
haplotypes.

The algorithm used to resolve the identity of alleles
can underestimate the role of recombination in cre-
ating unique haplotypes (CLARK 1990). Despite this
bias, haplotype 856B appears to be a recombinant.
For all haplotypes in the sample except 856B, poly-
morphic states at sites 1489, 1491, 2375 and 2611
are associated (Table 2). (For example, in haplotypes
8531, 8534B and 8537 the deletion at site 2611 is
found with the deletion at site 1489, character state
“A” at site 1491, and character state “A” at site 2375.)
A recombination event somewhere between nucleo-
tide positions 2375 and 2611 adequately accounts for
the disassociation of these sites in haplotype 856B.

Both isozyme and RFLP data reveal comparable
levels of Adhl variation between cultivated and wild
millets (TOSTAIN, RIANDEY and MARCHAIS 1987;
GEPTS and CLEGG 1989). Sampling of alleles from
cultivated and wild individuals allows comparison of
cultivated and wild Adhl nucleotide polymorphism.
We estimated 8 for the entire sample of alleles (0,,.,,,,,)
for the sample of alleles found in wild individuals
(Buwia), and for the sample of alleles found in cultivated
individuals (0,,,,,) (Table 3). We compared these three
estimates by their 95% confidence intervals and con-
clude that they do not differ significantly from one
another.

Geographic subdivision: Isozyme and RFLP anal-
yses suggest that there is population subdivision with

TABLE 2

Matrix of substitutions between pearl millet haplotypes
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TABLE 3

Estimates of 0

TABLE 4

TAJIMA (1989) test for neutrality of nucleotide polymorphism

Alleles Haplo S ] Bo.025 Bo.os

Silent substitutions
Millet 21 13 21 0.0042 0.0020 0.0098
Cult 9 5 9 0.0024 0.0009 0.0084
Wild 12 9 15 0.0036 0.0016 0.0102
Maize 6 6 64 0.0189 0.0081 0.0681

Millet estimates are grouped into cultivated (cult), wild or all
(millet) data and are based on 1376 silent sites. The maize estimate
is based on 1483 silent sites (GAUT and CLEGG, 1993). The number
of alleles, the number of haplotypes (haplo), and the number of
polymorphic sites (S) are given. 8025 and 8 975 represent the upper
and lower bounds of the 95% confidence intervals of 6.

regard to the Adhl locus (TosTAIN 1992; GEPTS and
CLEGG 1989). Our sample of alleles was taken from
widely divergent geographic locales thought to rep-
resent distinct groups of millet. We wished to examine
the sample of 21 alleles for evidence of population
subdivision.

On average, alleles within a subdivided population
will be more closely related to one another than alleles
from different subpopulations. If there is geographic
subdivision with respect to our sample, the Adhl al-
leles from within individuals will be more closely re-
lated to one another than alleles from between indi-
viduals. We examined this hypothesis as follows: we
calculated the average two-parameter pairwise dis-
tance (KIMURA 1980) between alleles within the 10
individuals and compared this average with an average
pairwise distance between 10 pairs of alleles sampled
with replacement from the sample of 21 AdhI alleles.
We sampled 1000 times; if the observed average was
less than the sampled average 95% of the time, this
may have been evidence of subdivision. It was clear
that alleles within individuals were more closely re-
lated than alleles sampled at random (P = 0.005).

Intraspecific tests for selection: TaAjiMA (1989)
formulated a statistic to test for the neutrality of
polymorphisms by comparing two different esti-
mators. The measure M, where M = @m, 1s not a
function of the frequencies of polymorphic states in a
sample of alleles. The estimator £, the average number
of pairwise differences between the sequences, does
rely on the frequencies of polymorphic sites in a
sample (TajiMA 1983). Under a null hypothesis of
neutral nucleotide polymorphisms, these measures of
polymorphism (M and k) should not vary significantly
(TajiMA 1989). We applied the TAJIMA test to P.
glaucum Adhl data. We tested for departures of neu-
trality in all alleles, in alleles found in cultivated indi-
viduals, and in alleles found in wild individuals. In
each group of alleles, we examined all polymorphisms
(i.e., nucleotide substitutions and indels), only nucleo-

S M k D P value
All alleles: n = 21
All events 31 8.617 6.041 -1.612 >0.10
All subs 23 6.393 4.218 -1.294 >0.10
Indels 8 2223 1914 -0.758 >0.10
Wild alleles: n = 12
All events 21 6.954 5.583 —0.869 >0.10
All subs 16 5.298 3.847 -1.182 =>0.10
Indels 5 1.656 1.736 0.179 >0.10
Cult. alleles: n =9
All events 15 5.519 5.580 0.054 >0.10
All subs 10 3.679 3.852 0.218 >0.10
Indels 5 1.840 1.728 -0.266 >0.10

tide substitutions and only indels. We could not reject
the null hypothesis in any test (Table 4).

Fu and Lt (1993) have also formulated a test for
the neutrality of polymorphisms. This test statistic
relies on the difference between the number of poly-
morphic sites in external phylogenetic branches (that
is, polymorphisms unique to an extant sequence) and
number of polymorphic sites in internal phylogenetic
branches (that is, polymorphisms shared by extant
sequences in the sample). Optimal utilization of this
test requires an outgroup to the sample of sequences.
There is no clear outgroup in this sample of 21 alleles,
however, so we apply the test without outgroup (as
described in Fu and L1 (1993)). For a sample of 21
sequences with 23 polymorphic sites and 14 unique
sites, the test statistic, D*, equals —1.754. Given the
assumptions of this test (i.e., no migration and constant
population size), D* < 0.00 indicates an excess of
unique mutations. However, the test is not significant
at a = 0.05, and thus we cannot reject the null
hypothesis of neutral polymorphisms.

Interspecific comparisons of nucleotide polymor-
phism: Table 3 reports values of # calculated from
maize and millet Adkl nucleotide sequences. The
estimate of ¢ for maize is based upon six Z. mays
sequences (GAUT and CLEGG 1993). The 95% confi-
dence interval of 8., and 8,.. do overlap to some
degree (Table 3) and thus we cannot conclude they
differ at a significance level of a = 0.05. However,
90% confidence intervals for ... and Onu.. do not
overlap (data not shown), and the maize sample clearly
contains more nucleotide variation than the millet
sample.

Both millet and maize allelic samples have been
tested for neutrality of polymorphisms (GAUT and
CLEGG 1993 and above). Neither sample of alleles
shows evidence of departure from neutrality. How-
ever, previous tests did not take advantage of infor-
mation between species. MCDONALD and KREITMAN
(1991) proposed a test to determine whether differ-



Polymorphism in Pearl Millet Adhl 1095

TABLE 5

Relative rate tests

Outgroup Konaize = Koittes SE P value
Rice 0.0217 0.0067 <0.001
Barley 0.0229 0.0069 <0.001

ences between alleles of different species are due to
the accumulation of neutral mutations by random
drift or due to fixation of mutations by selection. This
test compares the ratio of nonsynonymous to synony-
mous substitutions for nucleotide differences fixed
between species and for nucleotide differences poly-
morphic within species. Under the null hypothesis of
neutral polymorphisms, the ratio of fixed differences
will not differ significantly from the ratio of polymor-
phic differences.

We limit ourselves to exon data for this test because
of the difficulty in assigning between species homol-
ogy for intron sites. In exons 4-10, the six maize Adhl
alleles have three nonsynonymous polymorphisms and
14 synonymous polymorphisms. Pearl millet alleles
have two nonsynonymous polymorphisms and five
synonomous polymorphisms (Table 2), and thus the
combined ratio of polymorphic substitutions among
species is 5:19. The ratio of nonsynonymous to syn-
onymous fixed differences between species is 5:57
(data not shown). A Fisher exact test indicates that
these ratios are equivalent at o = 0.05 (P = 0.133),
and thus departures from neutrality are not detected
by this method.

Differences in mutation rates and/or selection be-
tween maize and millet AdhI lineages may be detected
by relative rate tests. Previous studies have examined
substitution rates in maize and millet Adhl lineages
and have concluded that maize and millet AdkI do
not differ in their rates of nucleotide substitution
(GAuT and CLEGG 1991). We wished to test this con-
clusion more thoroughly by utilizing allelic Adk 1 data.
L1 and BousQUET (1992) have formulated a relative
rate test for cases where more than one sequence is
available from an evolutionary lineage. We apply this
test to millet and Z. mays haplotype samples using
either the rice Adhl (X1E and Wu 1989) or the barley
Adh1 sequence (GooD, PELCHER and CRosBY 1988) as
an outgroup. The test is performed using two-param-
eter distances (KIMURA 1980), and we again limit the
test to exon regions in order to insure accurate assess-
ment of homology between sequences. The relative
rate test yields significant differences in substitution
rates between maize and millet Adh! lineages (Table
5). This result is dependent upon testing groups of
sequences; relative rate tests examining single pairs of
maize and millet sequences yield no significant results
(data not shown).

DISCUSSION

Polymorphism in millet: Nucleotide data from the
AdhI locus of pearl millet exhibit little polymorphism.
In a sample of 21 alleles, each of ~2000 bp, there are
13 unique haplotypes; one of these haplotypes is a
recombinant. The 13 haplotypes contain 23 nucleo-
tide substitutions and 8 indels. Two nucleotide substi-
tutions are nonsynonymous; both of these code for
amino acid replacements that change the charge of
the protein. Isozyme electrophoresis reveals that the
alleles with nonsynonymous substitutions are electro-
phoretic variants (data not shown). Although it cannot
be determined that changes in electrophoretic mobil-
ity are due to these particular nonsynonymous substi-
tutions (because our nucleotide data lack some por-
tions of the Adhl coding region), isozyme data are
consistent with the hypothesis that charge-changing
amino-acid replacements confer changes in allozyme
mobility.

There are two primary pearl millet domestication
hypotheses: the single domestication center hypothesis
(BRUNKEN, DEWET and HARLAN 1977) and the mul-
tiple center hypothesis (HARLAN 1971). Under the
former hypothesis one might expect a genetic bottle-
neck to reduce genetic variation in cultivars. Neither
isozyme data nor Adhl RFLP data detect such a
reduction (TOSTAIN, RIANDEY and MARCHAIS 1987;
GEPTS and CLEGG 1989). Nucleotide data are consist-
ent with these observations; there is no detectable
reduction in nucleotide polymorphism at the Adhl
locus of cultivated individuals. However, rDNA in
cultivated millet accessions appears to be less variable
than rDNA in wild millet accessions, suggesting a
reduction of rDNA variation in cultivars (GEPTS and
CLEGG 1989). Given that free hybridization between
cultivated and wild millet may obscure patterns of
genetic diversity, our data provide no new insights
into the process of pearl millet domestication.

Previous work has documented geographic subdi-
vision of Adhl allozymes (TosTAIN 1992; TOSTAIN,
RIANDEY and MARCHAIS 1987) and RFLP haplotypes
(GEPTS and CLEGG 1989). Our results suggested that
alleles in our sample were more closely related within
individuals than among individuals. While this obser-
vation may reflect the existence of selfing (millet is
primarily an outcrossing plant but selfing can occur
(BUrTON 1974)) and/or the existence of local popu-
lation subdivision, it is consistent with previous results
documenting geographic subdivision of AdhI alleles.

Interspecific comparisons: There was more nu-
cleotide variation in our sample of maize AdhI alleles
than in our sample of millet Adhl alleles. This is
reflected in differences in 8, and 6.4, (Table 3).
There may be many reasons for observed differences
in 6. First, this result could be an artifact of sampling.
Few alleles were sampled in maize, and these were not
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sampled randomly; the Adh1-C™ (OSTERMAN and DEN-
NIs 1989) and the AdhI-S (DENNIS et al. 1984) alleles
were sequenced because they encode different allo-
zymes. Surprisingly, the two nonrandomly sampled
alleles contribute no new silent polymorphism to the
maize sample, and consequently g is greater in the
sample of four presumably random alleles (§ = 0.023)
than in the total sample of six maize alleles. Thus, it
does not appear that nonrandom sampling of alleles
is responsible for greater levels of nucleotide poly-
morphism in maize. However, this may indicate that
the small sample size of Z. mays alleles is problematic.

Second, it is assumed that allelic samples are taken
from an equilibrium population. Both maize and mil-
let are geographically differentiated (TosTAIN 1992;
BRETTING, GOODMAN and STUBER 1990) and hence
neither allelic sample is from a single equilibrium
population. Selection at or near the Adkl locus may
also violate the equilibrium assumption. It must be
noted, however, that violations of equilibrium as-
sumptions may not be severe. Neither intraspecific
nor interspecific tests detect deviation from neutrality.
Failure to detect a deviation suggests either that de-
partures from the equilibrium neutral model are not
great or that the tests have low power to reject neu-
trality. If departures from the neutral model are small,
differences in § may reflect differences in population
size and mutation rates (see below).

Unequal substitution rates between AdhlI lineages
may be a function of unequal mutation rates or dif-
ferential selection. Differential selection can account
for heterogeneous substitution rates if: (i) the accel-
erated lineage has a historically smaller population
size, (ii) the accelerated lineage has undergone re-
peated fixations of advantageous alleles or (iii) puri-
fying selection is less stringent in the accelerated lin-
eage. In the first case, a smaller population size will
result in a higher proportion of mutations being neu-
tral rather than selectively deleterious because neu-
trality is defined as NS < 1 (KIMURA 1983), where N
is the population size and § is the selection coefficient.
In the second case (repeated fixations of an advanta-
geous allele), positive selection will limit genetic diver-
sity. In both of these cases, one would expect nucleo-
tide polymorphism to be reduced in the accelerated
lineage. This is not observed for Adhl sequence data,
and thus neither of these two possibilities is consistent
with the data.

In the case of differential purifying (or constraining)
selection between lineages, one would expect more
nucleotide polymorphism in the accelerated lineage
as a result of reduced structural constraint on the
protein. We find more polymorphism in the acceler-
ated lineage and thus this hypothesis may be consistent
with Adhl nucleotide data. However, this view is
inconsistent with maize and millet allozyme data. One

TABLE 6

Estimating the ratio of substitution rates

Outgroup Maize:millet 95% C.I.
Rice 1.70 1.60, 1.80
Barley 1.77 1.67,1.87

Maize:millet represents the difference in substitution rates be-
tween lineages. 95% C.I. represents the confidence interval of the
ratio estimate,

would expect differential purifying selection to affect
primarily the amount of phenotypic variability at a
locus. Assuming that allozyme diversity is a good
measure of phenotypic variability (i.e., variation in
enzyme kinetic parameters), millet Adhl may exhibit
more phenotypic variability than maize Adhl. This
contradicts the view that purifying selection is reduced
in the maize lineage relative to the millet lineage.
Furthermore, one would expect differential purifying
selection between lineages to minimally impact silent
sites, but silent site differences are the largest com-
ponent of the distances used in relative rate tests.
Thus, it does not appear that differences in purifying
selection between lineages adequately accounts for
accelerated substitution rates in maize.

Alternatively, differences in substitution rates can
be fueled by differences in mutation rates. If this is
indeed the case, it is desirable to estimate the differ-
ence in mutation rates between maize and millet Adh1
lineages. GAUT et al. (1992) estimated differences in
substitution rates between evolutionary lineages using
the maximum likelihood framework of MUSE and
WEIR (1992). Application of these techniques suggest
that maize Adhl has a substitution rate ~1.7 times
faster than millet Adhl (Table 6). Assuming that dif-
ferences in substitution rates are primarily attribut-
able to heterogeneous mutation rates, we postulate
that mutation occurs ~1.7 times more frequently in
maize Adhl relative to millet Adhl.

Assuming the infinite alleles model and neutrahty
of polymorphlc silent sites, § estimates 4Nu. If varia-
tion in fs reflect differences in N and p between
species, one can use fpqi and B to compare the
historical population sizes of the two grass species.
This calculation is complicated by potentially different
mutation rates (u) in the two Adhl lineages. Given
that @ estimates are 4.5-fold different between maize
and millet lineages (Table 3) and that mutation rates
may be ~1.7-fold different between maize and millet
lineages (Table 6), we estimate that maize has a his-
torical effective population size ~2.6-fold larger than
millet. This result holds only if the assumptions of the
equilibrium neutral model are not seriously violated.

Allozyme diversity in maize Adhl is no greater than
allozyme diversity in millet Adhl yet maize is appar-
ently more variable on the nucleotide level. Any of a
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number of evolutionary forces (e.g., drift, selection,
migration) could produce these discordant observa-
tions, but at present there is no way to distinguish the
relative contribution of each evolutionary process.
More thorough sampling of maize and millet alleles
may allow better insight into the paradox of relatively
high allozyme diversity but relatively low nucleotide
polymorphism in the AdhI locus of pearl millet.
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