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Levels and patterns of nucleotide diversity vary widely among lineages. Because allopolyploid species contain
duplicated (homoeologous) genes, studies of nucleotide diversity at homoeologous loci may facilitate insight into
the evolutionary dynamics of duplicated loci. In this study, we describe patterns of sequence diversity from an
alcohol dehydrogenase homoeologous locus pair (AdhC) in allotetraploid cotton (Gossypium, Malvaceae). These
data are compared with equivalent information from another homoeol ogous alcohol dehydrogenase gene pair (AdhA,
Small, Ryburn, and Wendel 1999. Mal. Biol. Evol. 16:491-501) which has an overall slower evolutionary rate than
AdhC. As expected from the predicted correlation between nucleotide diversity and evolutionary rate, nucleotide
diversity was higher for AdhC than for AdhA. In addition, nuclectide diversity is higher in the D-subgenome of
alotetraploid cotton for AdhC, confirming earlier observations for AdhA. These observations indicate that for these
two pairs of Adh loci, the null hypothesis of equivalent evolutionary dynamics for duplicated genesin allotetraploid

cotton is rejected.

Introduction

Levels of diversity and patterns of substitution in
genes are the footprints of the evolutionary processes
that have shaped extant gene pools. Analyses of these
patterns can provide insights into how the evolutionary
process differs both between lineages and between loci
within lineages (Clegg 1997; Clegg, Cummings, and
Durbin 1997). In the absence of differential evolutionary
pressures or genetic mechanisms, diversity is expected
to be equivalent among loci, both in comparisons of
orthologous genes between species and paralogous
genes within species. Deviations from this expectation
are the rule rather than the exception and may arise from
myriad external and internal forces. Examples include
variation in life history characteristics (e.g., self-polli-
nation vs. outcrossing in plants [Liu, Zhang, and Char-
lesworth 1998; Savolainen et al. 2000]) and various
forms of natural selection (e.g., primate ribonuclease
genes [Zhang, Rosenberg, and Nei 1998]; gastropod tox-
in genes [Duda and Palumbi 1999]; plant self-incom-
patibility loci [Richman and Kohn 1999]; vertebrate
MHC loci [Klein et al. 1998]; fungal mating type loci
[May et al. 1999]). Additionally, it has been shown that
nucleotide diversity is positively correlated with both
evolutionary rates (Hudson, Kreitman, and Aguadé
1987) and recombination rates (Begun and Aquadro
1992). Finally, forces acting not on the gene of interest
but on linked genes may aso affect local levels and
patterns of diversity because of background selection
(Charlesworth, Morgan, and Charlesworth 1993; Cum-
mings and Clegg 1998) or hitchhiking effects (Barton
1998; Przeworski, Charlesworth, and Wall 1999). Thus,
differences in the levels and patterns of nucleotide di-
versity among loci and lineages may reflect numerous
factors. To separate the effects of these various factors
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it is necessary to obtain data from multiple loci within
a given phylogenetic framework.

Gossypium L. (Malvaceae) has become a useful
model system for studying molecular evolution (Wendel,
Schnabel, and Seelanan 1995; Cronn et a. 1996; Cronn,
Small, and Wendel 1999; Small, Ryburn, and Wendel
1999; Small and Wendel 2000a, 2000b) and especialy
for studying the molecular evolutionary consequences
of allopolyploidy (Wendel, Schnabel, and Seelanan
1995; Wendel et a. 1999; Wendel 2000; Liu et al. 2001).
The phylogenetic relationships of the ca. 50 diploid and
5 dlotetraploid species of Gossypium are well charac-
terized (Wendel and Albert 1992; Seelanan, Schnabel,
and Wendel 1997; Small et al. 1998; Wendel et a. 1999;
Cronn et a. 2002). The five alotetraploid Gossypium
species (designated AD-genome) diverged from asingle
recent allopolyploidization event (Wendel 1989; Small
et a. 1998; Cronn, Small, and Wendel 1999), and the
parental diploids are represented by the extant species
Gossypium herbaceum L. (diploid A-genome) and Gos-
sypium raimondii Ulbrich (diploid D-genome); thus the
two component genomes of the allotetraploids are des-
ignated A- and D-subgenomes (or A’ and D’) to indicate
their diploid origin. This well-understood organismal
history facilitates the identification and comparison of
orthologous and homoeol ogous loci (see e.g., Cronn and
Wendel 1998; Small et al. 1998; Cronn, Small, and Wen-
del 1999; Small and Wendel 2000a).

A previous study (Small, Ryburn, and Wendel
1999) examined levels of nucleotide diversity for ho-
moeologous AdhA loci in two allotetraploid species,
Gossypium hirsutum L. and Gossypium barbadense L.
Whereas that study reveaded low diversity in both ho-
moeologs, it also showed that the D-subgenome har-
bored greater nucleotide and allelic diversity than did
the A-subgenome in both species. In concert with these
data, a second study (Small et al. 1998) found that for
a second alcohol dehydrogenase locus (AdhC), sequenc-
es from the D-subgenome homoeologs of all five allo-
tetraploid species were evolving at a rate significantly
greater than the rate in the A-subgenome homoeologs,
again suggesting differential evolutionary pressures act-
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FiG. 1.—Diagrammatic representation of the Gossypium AdhC gene. Numbered boxes represent exons and intervening lines represent
introns. The homoeol og-specific primers are shown in their approximate binding location; the nucleotide differences that confer homoeolog
specificity are indicated by an *. Dashed lines for introns 1 and 9 denote that these regions of AdhC have not been sequenced. A 250-bp scale

bar is shown for reference.

ing on the two subgenomes. Finally, in evaluating the
relative rates for the entire Adh gene family in Gossy-
pium, we found that AdhC has higher evolutionary rates
at both silent and nonsynonymous sites than AdhA
(Small and Wendel 2000a). Thus, evolutionary rates for
AdhA are low, relative to those for AdhC. Because evo-
lutionary rates and levels of nucleotide diversity are pos-
itively correlated (Hudson, Kreitman, and Aguadé
1987), these data predict that nucleotide diversity for
AdhC should be higher than for AdhA. This, in turn,
suggests that the observed increase of nucleotide and
alelic diversity found in the D-subgenome of the allo-
tetraploids for AdhA might similarly be elevated for
AdhC. The purpose of this study then was to test these
predictions for AdhC. Specifically we asked if: (1) nu-
cleotide diversity is elevated for AdhC relative to AdhA,
as predicted by the correlation between relative rates and
nucleotide diversity; and (2) the pattern of higher di-
versity in the D-subgenome of the allotetraploids found
for AdhA is aso found for AdhC.

Materials and Methods
Plant Materials

Individual plants representing 22 accessions of G.
hirsutum and six accessions of G. barbadense were in-
cluded in this study. Each accession is representative of
a wild-collected population or cultivar. These accessions
are identical to those included in our previous study of
AdhA (Small, Ryburn, and Wendel 1999), with the ad-
dition of a single G. barbadense accession (K101)
which had been included in a previous study of AdhC
(Small et al. 1998). Accessions were chosen to span the
genetic and geographical variation encompassed by G.
hirsutum and were originally selected based on the study
of Brubaker and Wendel (1994), as described (Small,
Ryburn, and Wendel 1999). Gossypium species as a gen-
eral rule, and the cultivated allotetraploids in particular,
are strongly selfing, intrapopulation variation is low, and
heterozygosity is rare (Brubaker and Wendel 1994).
Thus, our study was designed to maximize between-
population, rather than within-population, sampling.

PCR Amplification and DNA Sequencing

To isolate AdhC sequences from specific duplicated
genes in allotetraploid cotton, we designed two pairs of
homoeol og-specific PCR amplification primers. Primer
sequences were based on data from AdhC for al five
allotetraploid species (Small et a. 1998) and were de-

signed so that the final 3’ nucleotide of each primer, as
well as one other nucleotide within the primer, were spe-
cific for either the A- or D-subgenome homoeolog. The
forward primers span the exon 2-intron 2 boundary,
whereas the reverse primers span the intron 7-exon 8
boundary (fig. 1). To achieve homoeolog-specific am-
plification, a two-step procedure was used. The first step
involved a 10-pl PCR amplification using 0.5 wl of tem-
plate DNA, 1X Taq buffer (Promega), 200 M each
dNTR 1.5 mM MgCl,, 0.2 uM each primer (either
ADHCX2I2-D + ADHCX8I7-D to amplify the D-sub-
genome sequences or ADHCX2I2-A + ADHCX8I7-A
to amplify the A-subgenome sequences). Cycling pa-
rameters used a touchdown approach (Don et al. 1991)
that facilitates highly specific amplification. Initial an-
nealing temperatures are set 5°C higher than the an-
nealing temperature of the primers, so only amplification
of the specific target is accomplished (in this case, the
annealing temperature of the primers was 48-50°C, so
the initial annealing temperature was set to 55°C). Dur-
ing the first 10 cycles, the annealing temperature is
dropped by 0.5°C per cycle so that by the 11th cycle the
programmed annealing temperature is down to the prim-
er annealing temperature (50°C). An additional 15 cy-
cles were then performed for atotal of 25 cycles of 94°C
for 1 min, 55-50°C for 1 min, and 72°C for 2 min,
followed by a final 5 min 72°C extension step. The sec-
ond step of the amplification process used 5 ul of the
PCR product from the first step as a template for a sec-
ond 25 wl PCR reaction with the same reaction com-
ponents as above. Cycling conditions were 25 cycles of
94°C for 1 min, 50°C for 1 min, and 72°C for 2 min,
followed by a final 5 min 72°C extension step. These
PCR products were subjected to agarose gel electropho-
resis, excised from the gel, and eluted from the gel using
GeneClean (BIO 101).

Purified PCR products were sequenced directly ei-
ther using the ThermoSequenase 33P-radiolabeled ter-
minator cycle sequencing kit (Amersham) followed by
electrophoresis on a 5%—6% Long Ranger sequencing
gel (FMC) or using the ABI Prism BigDye Terminator
Cycle Sequencing Kit (Perkin-Elmer) followed by elec-
trophoresis and detection on an ABI Prism 377 DNA
sequencer at the lowa State University DNA Sequencing
and Synthesis Facility.

Because of the possibility that some mutations de-
tected may be caused by nucleotide misincorporation by
Tag polymerase during PCR, all singleton nucleotides
were confirmed by reamplification and resequencing. In



al cases, the initial sequences inferred were corroborat-
ed by resequencing. In the case of heterozygous se-
guences, the amplification products were cloned into
PGEM-T and sequenced as described previously (Small
et al. 1998) to establish linkage relationships among
polymorphic nucleotides.

Analyses

Asin our previous study (Small, Ryburn, and Wen-
del 1999), we assumed that for each homoeolog both
alleles were amplified. In a number of cases this as-
sumption was validated by the presence of nucleotide
polymorphism in the sequencing ladder and electrophe-
rograms, indicative of two products underlying the se-
guence (i.e., heterozygosity). The sequence uniformity
detected for most accessions is assumed to be the result
of homozygosity, the predominant condition in allote-
traploid cottons (Wendel, Brubaker, and Percival 1992;
Brubaker and Wendel 1994; Small, Ryburn, and Wendel
1999). Removing identical sequences inferred from ho-
mozygous individuals from the analyses has little quan-
titative effect on the results and does not change the
qualitative conclusions.

The sequences generated fell into four subsets that
were analyzed separately and in combination when ap-
propriate. These data sets include the A-subgenome of
G. barbadense (6 accessions, 12 aleles), the D-subgen-
ome of G. barbadense (6 accessions, 12 alleles), the A-
subgenome of G. hirsutum (22 accessions, 44 alleles),
and the D-subgenome of G. hirsutum (22 accessions, 44
aleles).

Relationships among the haplotypes of the AdhC
sequences from G. hirsutum and G. barbadense were
inferred using the software TCS (Clement, Posada, and
Crandall 2000), which implements a statistical parsi-
mony approach to estimating gene genealogies (Posada
and Crandall 2001). Geneal ogies were inferred separate-
ly for the A-subgenome sequences and D-subgenome
sequences, but the G. barbadense and G. hirsutum se-
quences were analyzed together for each subgenome.

Descriptive statistics were calculated for each of
the AdhC data sets. The two primary estimates of nu-
cleotide diversity were = (Nei 1987, pp. 256-257) and
0,, (Watterson 1975), which estimate nucleotide diver-
sity as the mean of all pairwise sequence differences
and as an index of the number of polymorphic sites,
respectively. A 95% confidence interval was calculated
around 6,, using the coalescent simulation option of
DnaSP v. 3.14 (Rozas and Rozas 1999). In addition, we
calculated m separately for intron, synonymous, silent
(intron + synonymous), and nonsynonymous sites.

A number of statistical tests have been proposed to
evaluate whether or not the distribution of nucleotide
polymorphism matches that predicted by neutral theory.
We performed the tests of Tajima (1989), Fu and Li
(1993), Hudson, Kreitman, and Aguadé (HKA 1987),
and McDonald and Kreitman (MK 1991). Additionally,
we explored the extent of recombination among se-
quences using the approach of Hudson and Kaplan
(1985). This analysis infers the minimum number of re-
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combination events within a collection of sequences us-
ing the four-gamete test in all pairwise comparisons of
sequences. A number of these calculations were facili-
tated by the software DnaSP v. 3.14 (Rozas and Rozas
1999).

Results
AdhC Sequences

The portion of AdhC sequenced for this study is
approximately 1.3 kb in length and included the major-
ity of intron 2 through the magjority of intron 7 (fig. 1).
The sequences have been deposited in GenBank under
accession numbers AF036569, AF036570, AF036575,
AF036578, and AF403299-AF403367. Total aligned
lengths ranged from 1,247 to 1,322 nt, including means
of 709 intron sites, 139.5 synonymous sites, and 452.2
nonsynonymous sites. Two features of the data, both
previously noted (Small et al. 1998), deserve mention
with respect to the potential functionality of these genes.
First, a 67-bp deletion is present in all sequences of the
A-subgenome of G. barbadense. This deletion removes
7 nt from the 3’ end of exon 4, along with 60 nt from
intron 4. Thus, AdhC may be a pseudogene in the A-
subgenome of G. barbadense. Second, the first nucleo-
tide of intron 6 in the D-subgenome of G. hirsutum is
polymorphic for G (12 alleles) and A (32 alleles). Nu-
clear introns generally begin with the dinucleotide GT
and end with the dinucleotide AG, which are important
for intron splicing (Dibb 1993). Thus, AdhC in the D-
subgenome of G. hirsutum is polymorphic for what may
be an expression-altering mutation.

Gene Genealogies

Relationships among the AdhC sequences were in-
ferred, and the resulting genealogies are depicted in fig-
ures 2 and 3. The A-subgenome network (fig. 2) reveals
that AdhC sequences from G. hirsutum and G. barba-
dense are differentiated from each other by at least four
mutations. Rooting this network with the diploid A-ge-
nome species G. arboreum places the root between the
G. barbadense and G. hirsutum sequences. As discussed
subsequently, no alelic diversity was detected in the A-
subgenome of G. barbadense—all sequences were iden-
tical. Seven different haplotypes were recovered from
the A-subgenome of G. hirsutum. Four of these haplo-
types were found only in single homozygous individu-
as; the remaining three haplotypes were represented
multiple times in the sample.

In contrast to the A-subgenome network, the D-
subgenome network (fig. 3) reveas considerable hap-
lotype diversity in G. hirsutum, where a total of 24 dis-
tinct haplotypes were observed, and G. barbadense,
where three haplotypes were observed. Rooting this net-
work with the diploid D-genome species G. raimondii
divides the network into two neighborhoods, one above
and one below the root (fig. 3). The neighborhood above
the root includes eight different haplotypes. One of these
haplotypes was found in both G. hirsutum and G. bar-
badense. Three of the six G. barbadense accessions
sampled were homozygous for this shared haplotype,
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FiG. 2—Gene genealogy of G. hirsutum and G. barbadense A-
subgenome AdhC sequences. Haplotypes observed in our study are
represented by open circles (G. hirsutum) or open squares (G. barba-
dense); the number of times each haplotype was observed is indicated
by the number inside the circle or square. Lines connecting the hap-
lotypes represent a single nucleotide substitution with filled circlesrep-
resenting inferred mutational steps not observed. The position of the
root (indicated by the arrow) is inferred by outgroup comparison with
the diploid A-genome species G. arboreum. The dashed line indicates
ambiguity in the connection of the root to the haplotypes because of
missing data in the outgroup.

and it was aso found in two of the G. hirsutum acces-
sions, once in the homozygous condition and once as a
part of a heterozygote. Five additional haplotypes found
only in G. hirsutum accessions were also placed in this
network neighborhood (fig. 3). The remaining G. bar-
badense sequences were represented by two different
haplotypes, both also found in this neighborhood. The
neighborhood below the root includes 18 different hap-
lotypes, including the majority of the G. hirsutum al-
leles; no G. barbadense alleles were found in this neigh-
borhood. A number of low-frequency haplotypes (rep-
resented only once in the sample) are found along the
branch leading to this neighborhood, but the majority of
the sequences, both in terms of numbers of different
aleles and raw numbers of sequences, are found at the
tip of the network. This includes one haplotype repre-
sented by eight sequences, three haplotypes represented
by four sequences, and two haplotypes represented by
two sequences (fig. 3). In addition, the recombination
detected in these sequences (see subsequently) is indi-
cated by the loop of four haplotypes in this
neighborhood.

Nucleotide Polymorphism

For each data set we calculated two overall mea-
sures of nucleotide diversity, = and 6,, and a 95% con-
fidence interval around 6,, (reported on a per base pair
basis; table 1, fig. 4). m was also calculated separately
for intron, synonymous, silent, and nonsynonymous
sites. In addition, we determined the number of distinct
aleles recovered in each data set and the minimum
number of recombination events. The same values were

O G. hirsutum
] G. barbadense
B G. barbadense & G. hirsutum

FiG. 3—Gene genealogy of G. hirsutum and G. barbadense D-
subgenome AdhC sequences. Haplotypes observed in our study are
represented by open circles (G. hirsutum), open squares (G. barba-
dense), or afilled square (haplotype found in both G. hirsutum and G.
barbadense); the number of times each haplotype was observed is
indicated by the number inside the circle or square. Lines connecting
the haplotypes represent a single nucleotide substitution with filled
circles representing inferred mutational steps not observed. The posi-
tion of the root (indicated by the arrow) is inferred by outgroup com-
parison with the diploid D-genome species G. raimondii. The loop
connecting the four haplotypes depicts recombination relationships
among those haplotypes.

calculated for the AdhA data (Small, Ryburn, and Wen-
del 1999) and are presented in table 1 for comparison.

Similar to the observations for AdhA, nucleotide
diversity varies widely among genomes for AdhC. Val-
ues ranged from 6,, = O/ = 0 (G. barbadense A-sub-
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aTgima (1989); no results are significant.
b Fu and Li (1993); no results are significant.
¢ Data from Small, Ryburn and Wendel (1999).
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Table 1
AdhC
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genome) to 6,, = 0.00522/7 = 0.00649 (G. hirsutum D-
subgenome). In all comparisons, both within and be-
tween AdhA and AdhC, the 95% confidence intervals for
0,, overlap, with the exception of the D-subgenome of
G. hirsutum which has a significantly higher 6,, than all
loci except AdhA and AdhC in the D-subgenome of G.
barbadense (table 1, fig. 4).

However, nucleotide diversity is not equally dis-
tributed among site categories (intron, synonymous, Si-
lent, and nonsynonymous) in either AdhA or AdhC. As
shown in table 1, all nucleotide diversity in AdhA is
caused by silent polymorphism (either intron or synon-
ymous sites); no nonsynonymous mutations were de-
tected. In contrast, for AdhC, nonsynonymous diversity
contributed a great deal to the observed variation. For
AdhC, nonsynonymous diversity ranged from approxi-
mately half the overall diversity per site to actually ex-
ceeding overall diversity in one case (the D-subgenome
of G. hirsutum).

Among putatively silent site categories (intron and
synonymous sites), we also detected variation in nucle-
otide diversity (table 1). In ailmost all cases, synonymous
diversity was greater than intron diversity. For AdhA,
only the D-subgenome of G. hirsutum contained any
intron diversity at al, and in this case synonymous di-
versity was only dlightly higher than intron diversity.
For both the A-subgenome of G. hirsutum and the D-
subgenome of G. barbadense, all the diversity detected
was at synonymous sites. For AdhC, synonymous di-
versity was approximately two times the intron diversity
for the D-subgenomes of both G. hirsutum and G. bar-
badense. The A-subgenome of G. hirsutum provided the
only exception to this trend, but in this case no synon-
ymous diversity was detected. This pattern of higher di-
versity and divergence at synonymous sites relative to
intron sites has been noted previously both in plants and
Drosophila (Moriyama and Powell 1996; Charlesworth
and Charlesworth 1998; Vieira and Charlesworth 2001)
and is presumably caused by greater selective con-
straints on sites important for intron structure relative to
synonymous changes in coding regions.

Nucleotide diversity values of AdhC for a given
genome are consistently higher than for AdhA (except
for the A-subgenome of G. barbadense which was
monomorphic for both AdhA and AdhC). Values for 6,
were 4.4—7.1 times higher for AdhC than AdhA, whereas
m values were 1.7-6.6 times higher. Despite this ele-
vation of diversity in AdhC relative to AdhA, these val-
ues are still low compared with plant nuclear genes in
general. For example, the highest estimate of  in Gos-
sypium is 0.00649 (G. hirsutum D-subgenome AdhC),
whereas w in Arabidopsis thaliana has a mean of
0.00665 and ranges from 0.00300 to 0.01040 for five
nuclear genes (Adh, [Innan et al. 1996]; CAL [Purug-
ganan and Suddith 1998]; ChiA [Kawabe et al. 1997];
ChiB [Kawabe and Miyashita 1999]; CHI [Kuittinen and
Aguadé 2000]; FAH1 [Aguadé 2001]; F3H [Aguadé
2001]; and RPS2 [Caicedo, Schaal, and Kunkel 1999]).

Recombination Indices and Neutrality Tests

The minimum number of recombination events per
data set was inferred using the method of Hudson and
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Kaplan (1985). Recombination was detected only in the
AdhC G. hirsutum D-subgenome data set. As noted
above, these recombination events are restricted to a set
of four closely related haplotypes (fig. 3). The tests of
neutral evolution of Tgjima (1989) and Fu and Li (1993)
were performed for each data set, including subsets of
each data set (introns and exons). None of these tests
revealed significant departures from neutral expectations
for any data set. We also performed the HKA test (Hud-
son, Kreitman, and Aguadé 1987) and the MK test
(McDonald and Kreitman 1991). For the HKA test, the
data sets were partitioned as follows: the intraspecific
comparison was between AdhC from the A-subgenome
of G. hirsutum and AdhC from the D-subgenome of G.
hirsutum; the interspecific comparison was provided by
the AdhC sequences from the A- and D-subgenomes of
G. barbadense. This test did not revea any departure
from neutrality (x* = 0.84, P = 0.36). The MK test was
performed by tabulating numbers of fixed and polymor-
phic synonymous and nonsynonymous substitutions in
exonsfor all four data sets and performing a G-test (with
Williams correction) of independence. The MK test did
reveal a significant departure from neutrality (G =
6.924, P = 0.0085, fig. 5) caused by an excess of poly-
morphic replacement substitutions.

Discussion

Levels and patterns of nucleotide diversity in Adh
genes of allotetraploid Gossypium species differ mark-
edly in severa ways. First, the gene genealogies of
AdhC in the A- and D-subgenomes differ in their pat-
terns of haplotype distribution. Second, comparisons be-
tween homoeologous locus pairs (AdhA vs. AdhC) re-

veal that AdhC has consistently higher nucleotide and
alelic diversity than AdhA. Finally, comparisons be-
tween subgenomes show that the D-subgenomes of G.
hirsutum and G. barbadense harbor greater nucleotide
and alelic diversity than the A-subgenomes. The sum
of these observations indicates that the evolutionary
forces that have shaped the nuclectide diversity at these
loci have differed, both between loci and between
subgenomes.

Gene Genealogies and Coalescence

AdhC gene geneal ogies were constructed separately
for the A- and D-subgenome sequences of G. hirsutum
and G. barbadense (figs. 2 and 3). These genealogies
reveal different patterns of haplotype distribution in the
two subgenomes. The A-subgenome sequences reflect a
simple underlying pattern (fig. 2): G. hirsutum and G.
barbadense sequences are separated on the geneaogy
by at least four substitutions. If this tree is rooted with
an AdhC sequence from an A-genome diploid species
(G. arboreum), the root falls on the branch separating
the G. hirsutum and G. barbadense sequences, i.e,
AdhC alleles coalesce within species. All G. barbadense
sequences fell into a single haplotype. Gossypium hir-
sutum sequences were represented by seven different
haplotypes; three of these were at intermediate frequen-
cy and four were found as homozygotes in single indi-
viduals. No recombination was detected among these
seguences.

The pattern depicted in the genealogy of the D-
subgenome sequences, on the other hand, is more com-
plex (fig. 3). If thistreeisrooted with an AdhC segquence
from a D-genome diploid species (G. raimondii), the
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Nucleotide 111111222222344455555555 Fixed Polymorphic
Position 2467778012289146778612612567889 Replacement 3 14
4475785378996967690297164266361 Synonymous 9 5
G. hirsutum pfx_1A TGGGCGGCCAGTGGCCTCGGCGCCTCCTCGA
A-subgenome TX1_1A ittt G-test P = 0.0085
TX6_ LA e
TX21 1A i G..
TX44_ 1R it Site Amino Acid Change
TXS51_1A it e 44 Gly - Glu
TXI3_1A it i e e e 67 Glu - Lys
TX94_1A e Govvnnnn 77 Thr - Met
TX98_1A i e e 85 Glu - Pro
TX1I11_1A ittt 103 Ile - Cys
TXI16_1A ettt i 128 Lys - Arg
TX119_ 1A it i 196 Gly - Arg
TX166_1A ittt 219 Gln - His
TXI88_1A ittt it 280 Glu - Lys
TX192_ 1A i it i 362 Gly - Glu
TX367_1A i i e 419 Ser - Phe
TX481_1A ittt 427 Val - Ile
TX706_1A oottt 461 Ala - Gly
TXT66_1A ittt ittt 524 Phe - Ser
PAY 1A e i 566 Pro - Leu
DEL_1A ittt 583 Pro - Ala
BRI15 1A ittt itettt et et 586 val - Ile
G. barbadense KIO1_1A ittt
A-subgenome PIMA 1A ittt
B106_ 1A ettt
B250_1A it
BA4d 1A s
B559 1A e
G. hirsutum pfx_1D C.AATAC...AC.TTTC.AAT...CT.C.AG
D-subgenome TX1_1D CA.ATAC...AC.TTTC.AA.A.TCT.C.
TX1_2D CA.ATAC...A..TTTC....A.T.T.C...
TX6_1D C.AATAC...AC.TTTC.AAT...CTTC.AG
TX21_1D CAAATAC...AC.TTTC.AA.A.T.T.C.
TX21_2D CA.ATACG..A..TTTC....A.T.T.C.
TX44_1D CAAATAC..GAC.TTTC.AA.A.T.T.C.
TX44_2D CA.ATAC..GA..TTTC....A.T.T.C..
TX51_1D CA.ATAC...A..TTTC....A.T.T.C...
TX93_1D C.AATAC...AC.TTTC.AAT...CT.C..G
TX93_2D C.AATAC...AC.TTTC.AAT...CTTC..G
TX94_1D C.AATAC...AC.TTTC.AAT...CTTC. .G
TX94_2D CA.ATAC...A..TTTC....A.T.T.C...
TX98_1D C.AATAC...AC.TTTC.AAT...CTTC..G
TX98_2D CA.ATAC...A..TTTC....A.T.T.C...

TX111_1D C.AATAC...AC.TTTC.AAT...CTTC..G
TX111_2D CA.ATAC...A..TTTC....A.T.T.C...
TX116_1D C.AATAC...AC.TTTC.AAT...CT.C.AG

TX119_1D C.AATAC...AC.TTTC.AAT...CTTC..G
TX119_2D CAAATAC...AC.TTTC.AATA.TCT.C...
TX166_1D C.AATAC...AC.TTTC.AAT...CTTC..G
TX166_2D C.AATAC...AC.TTTC.AAT...CT.C..G
TX188_1D C.AATAC...AC.TTTC.AAT...CTTC..G
TX188_2D C.AATAC...AC.TTTC.AAT..TCT.C. .G
TX192_1D C.AATAC...AC.TTTC.AAT...CTTC..G
TX367_1D C.AATAC.T.ACCTTTC.AAT..TCT.C.AG

TX367_2D CA.ATAC.T.ACCTTTC.AAT..TCT.C...

TX481_1D C.AATAC...AC.TTTC.AAT...CTTC..G
TX706_1D CAAATAC. .GAC.TTTC.AAT...CT.C.AG
TX706_2D CA.ATAC..GAC.TTTC.AAT...CT.C.AG
TX766_1D C.AATAC...AC.TTTC.AAT...CTTC..G
TX766_2D C.AATAC...AC.TTTC.AAT...CT.C..G
PAY_1D C.AATAC...AC.TTTC.AAT...CTTC..G
PAY 2D C.AATAC...AC.TTTC.AAT...CT.C..G
DEL_1D C.AATAC...AC.TTTC.AAT...CTTC. .G
DEL_2D C.AATAC...AC.TTTC.AAT..T.T.C..G
BR115_1D C.AATAC...AC.TTTC.AAT...CTTC..G
BR115 2D C.AATAC...AC.TTTC.AAT...CT.C..G
G. barbadense K101_1D CA.ATAC...A..TTTC....A.T.T.C..
D-subgenome PIMA_1D CA.ATAC...A..TTTC....A.T.T.C..
B106_1D CA.ATAC...A..TTTC....A.T.T.C..
B250_1D C..ATAC...A..TTTCT...A...T.C..
B444_1D C..ATAC..GA..TTTC....A...T.C...
B559 1D CA.ATAC...A..TTTC....A.T.T.C...
SYN/REP SRRSRSRRSRSSRRSSSSRRRRRSRSRSRRS

FIXED/POLY FPPFFFFPPPFPPFFFFPPPPPPPPFPFPPP

Fic. 5—Data and results for the McDonad-Kreitman test. The complete data set was trimmed to include only exon sequences, and only those
dtesthat are polymorphic within that data set are shown. The nucleotide position numbers reflect the positions within the trimmed data set. All sequences
are shown relative to the top sequence (pfx-1A) with a*.”” indicating identity with the reference sequence. The status of each polymorphism (synonymous
vs. replacement; fixed vs. polymorphic) is indicated at the bottom of each column. These vaues are compiled into a 2 X 2 contingency table and
andyzed with a G-test (with Williams correction). The resulting P = 0.0085 indicates a significant departure from neutral expectations caused by an
excess of polymorphic replacement substitutions. The amino acid changes are shown for each of the replacement substitutions.
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genealogy is divided into two neighborhoods. Three dif-
ferent G. barbadense haplotypes were recovered, al of
which fall into the neighborhood above the root. The
majority (8/12) of the G. barbadense sequences fell into
a single haplotype; two additional haplotypes were ob-
served as homozygotes in single individuals. The most
frequent G. barbadense haplotype was also observed in
two G. hirsutum accessions, once as a homozygote and
once as part of a heterozygote. A number of additional
G. hirsutum haplotypes are also observed in this neigh-
borhood, each being one to four substitutions different
from the most frequent haplotype in this neighborhood.
The remaining G. hirsutum sequences are found in the
neighborhood below the root. A long branch connects
the two neighborhoods, and most haplotypes are found
near the ends of these neighborhoods, although a few
low-frequency G. hirsutum haplotypes are found aong
the branch.

D-subgenome AdhC sequences from G. hirsutum
do not coalesce within the species; in fact, a number of
haplotypes found in G. hirsutum are more closely relat-
ed to G. barbadense sequences than they are to G. hir-
sutum sequences of the other neighborhood, and one
haplotype is shared by G. barbadense and G. hirsutum.
One explanation for the transspecies polymorphism ob-
served is that it is caused by the inheritance of ancient
polymorphism(s) from the common ancestor of G. hir-
sutum and G. barbadense. An alternative explanation is
that these segquences have been introgressed from G.
barbadense into G. hirsutum, a phenomenon previously
observed between these two species (Brubaker, Koontz,
and Wendel 1993). It may be noteworthy in this respect
that the G. hirsutum accessions with G. barbadense-like
haplotypes al occur in the southern Mexican states of
Chiapas and Guerrero or in neighboring Guatemala, the
region of sympatry between G. hirsutum and G. bar-
badense. The pattern of introgression described by Bru-
baker, Koontz, and Wendel (1993) is consistent with our
data, in that they detected introgression from G. bar-
badense into G. hirsutum primarily in wild or feral pop-
ulations in the region of sympatry. Introgression from
G. hirsutuminto G. barbadense, however, was generaly
restricted to modern cultivars.

However, the transspecies polymorphism is ob-
served only in the D-subgenome sequences, not in the
A-subgenome sequences. Introgression would not be ex-
pected to be restricted to a single locus unless strong
selection was acting to promote introgression in the D-
subgenome or to prevent it in the A-subgenome. No
evidence of such selection pressure has been
demonstrated.

Importantly, regardless of the ultimate source of
these G. barbadense-like alleles, their impact on the pat-
terns of diversity is not overwhelming. If these sequenc-
es are removed from the analyses, = in the D-subgen-
ome of G. hirsutum drops from 0.00649 to 0.00443, and
0,, drops from 0.00522 to 0.00507—these values are still
well above those observed in other Gossypium species
or subgenomes. Additionally, the results of the MK test
are dtill significant if the G. barbadense-like alleles are
excluded.

Comparative Evolutionary Dynamics of AdhA
versus AdhC

Our previous study demonstrated that nucleotide
substitution rates are higher for AdhC than for AdhA at
both silent and nonsynonymous sites (Small and Wendel
2000a). Neutral theory predicts that evolutionary rates
and nucleotide diversity will be positively correlated
(Hudson, Kreitman, and Aguadé 1987), suggesting that
nucleotide diversity should be higher for AdhC than for
AdhA. That expectation is confirmed by our data, where
on a per genome basis nucleotide diversity is higher for
AdhC in every comparison. Furthermore, alelic diver-
sity is consistently higher for AdhC than AdhA with 26
unique haplotypes recovered for AdhC (24 in the D-
subgenome of G. hirsutum) as opposed to six haplotypes
for AdhA (a maximum of four in any single genome,
again in the D-subgenome of G. hirsutum). In addition,
haplotype diversity is more widely dispersed on the gene
genealogy in the D-subgenome than in the A-subgenome.
Gossypium hirsutum D-subgenome sequences differ by
up to 27 nucleotide substitutions (fig. 3), whereas the
most divergent A-subgenome sequences differ by only
four nucleotide substitutions (fig. 2).

In addition to the higher overal diversity of AdhC
relative to AdhA, the patterns of silent and nonsynony-
mous diversity for the two loci are different. Specifical-
ly, no nonsynonymous diversity was detected for the
AdhA genes, whereas nonsynonymous diversity ac-
counts for a significant portion of the diversity at AdhC
(table 1). Variation in silent versus nonsynonymous evo-
lutionary rates has previously been described in plant
genomes. For example, Gaut (1998) examined rate var-
iation among nine nuclear genes for a rice-maize com-
parison and found that synonymous rates varied over a
2.4-fold range, and nonsynonymous rates varied over a
10-fold range. More relevant to the present study, five
loci of the Gossypium Adh gene family have synony-
mous rates that vary over a 2.9-fold range and nonsy-
nonymous rates that vary over a 3.3-fold range (Small
and Wendel 2000a). The source of this variation in rel-
ative rates may be caused by either genomic processes
that differentially affect the two loci, differential selec-
tive pressures on the two loci, or a combination of these
factors. Recent evidence from extensive analyses of
mammalian genomes suggests that evolutionary rates
vary by genomic region, with genes from the same re-
gion showing similar synonymous rates (Matassi, Sharp,
and Gautier 1999). Alternatively, different selection
pressures on the two loci may be responsible for the
observed differences in silent and nonsynonymous di-
versity. Support for this hypothesis is provided by the
results of the MK test, which reveals that the patterns
of synonymous and replacement substitutions at AdhC
are not in accordance with neutral expectations. Specif-
ically, there is an excess of polymorphic replacement
substitutions, the majority of which (12/14) are poly-
morphic in the D-subgenomes of G. hirsutum or G. bar-
badense (or both). This observation contrasts with the
lack of replacement substitutions in AdhA, suggesting
differential selective pressures on AdhA and AdhC, ei-



ther purifying selection on AdhA, relaxed selection on
AdhC, or a combination of the two. The lack of signif-
icant results for the Tajima or Fu and Li neutrality tests
suggests that there is no disruption of the pattern of a
neutral array of nucleotide substitutions, athough the
power of these testsis notoriously low (Simonsen, Chur-
chill, and Aquadro 1995), and the effect of deviations
from the tests assumptions (e.g., random mating—Gos-
sypium species are strongly selfing) is unknown.

Thus, our observation of consistently greater nu-
cleotide diversity and elevated nonsynonymous substi-
tution rates in comparing AdhA and AdhC may be ac-
counted for either by differential genomic context of the
two genes, differential selective pressures on the two
genes, or a combination of the two phenomena. Evi-
dence is presented for differential selective pressures;
the influence of genomic context, however, cannot be
evaluated until similar data are available for genes in
the same genomic context as AdhA and AdhC.

Comparative Evolutionary Dynamics of A-subgenome
versus D-subgenome Sequences

Whereas our data clearly show that evolutionary
dynamics differ between loci (AdhA vs. AdhC), the data
also suggest differential patterns of evolution between
sequences from the A- and D-subgenomes of allotetra-
ploid Gossypium. In all pairwise comparisons of nucle-
otide diversity between subgenomes within a species
(e.g., G. hirsutum A-subgenome vs. G. hirsutum D-sub-
genome for AdhC), nucleotide diversity is consistently
higher in the D-subgenome (table 1, fig. 4). Likewise,
the number of haplotypes recovered in each data set is
consistently higher in the D-subgenome, with ratios
ranging from 2:1 to 3.4:1 (table 1). Further, relative rate
tests for AdhC have shown that the D-subgenome se-
guences are evolving at a significantly faster rate than
A-subgenome sequences (Small et al. 1998; Small and
Wendel 2000a). Finaly, the excess of polymorphic re-
placement substitutions at AdhC, as evidenced both by
the MK test and the high nonsynonymous diversity in
the D-subgenome of G. hirsutum, suggests relaxed se-
lection on the D-subgenomes of G. hirsutum and G. bar-
badense, at least for AdhC.

The genetic redundancy created by allopolyploidy
or the large Adh gene family in Gossypium (at least sev-
en loci in the diploid species [Small and Wendel 2000a])
may have allowed relaxed selection in the D-subge-
nome, whereas purifying selection maintained a narrow-
er array of A-subgenome sequences. This hypothesis is
consistent, with respect to both AdhA and AdhC, with
the elevated evolutionary rate of the D-subgenome se-
guences over the A-subgenome sequences (Small et al.
1998) and the higher diversity in the D-subgenomes rel-
ative to the A-subgenomes. In addition, the presence of
an intron-splice site mutation segregating in the G. hir-
sutum AdhC gene further suggests that, at least in G.
hirsutum, this locus may be in the process of becoming
a pseudogene.

Collectively, these observations might suggest an
overal rate acceleration in the D-subgenome relative to
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the A-subgenome of allotetraploid Gossypium. Evolu-
tionary rate analyses of 14 other nuclear loci, however,
fail to reinforce this conclusion (Cronn, Small, and Wen-
del 1999). The apparent contradiction between the re-
sults of Cronn, Small, and Wendel (1999) and the pre-
sent study indicates that either the Adh data are unusual,
attributed perhaps to stochastic factors; the power of the
relative rate tests alone are insufficient to detect subtle
inequalities between subgenomes (as opposed to a com-
bination of relative rate and nucleotide diversity analy-
ses); or that something specific to these Adh loci pro-
motes greater diversity in one of the two cotton subge-
nomes. We are currently unable to discriminate between
these possibilities. Expression data and comparable
studies of additional duplicated loci may provide critical
clues in unraveling this conundrum.
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