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It has long been known that genomes vary over a
remarkable range of sizes in both plants (Bennett, Cox,
and Leitch 1997) and animals (Gregory 2001). It also
has become evident that across the broad phylogenetic
sweep, genome size may be correlated with intron size
(Deutsch and Long 1999; Vinogradov 1999; McLysaght
et al. 2000), suggesting that some component of genome
size evolution takes place within genes. Examples in-
clude humans and pufferfish (Fugu), where comparisons
of 199 introns in 22 orthologous genes showed that in-
trons in Fugu were on average eight times as small as
those in humans, consistent with their ratio of genome
sizes (McLysaght et al. 2000). Similarly, Deutsch and
Long (1999) tabulated intron sizes across a broad phy-
logenetic spectrum of eukaryotes and noted a general
but weak correlation with genome size, with humans
having the most and longest introns (mean of 3.4 kbp)
among the 10 taxa studied. Intron size is also correlated
with genome size in Drosophila (Moriyama, Petrov, and
Hartl 1998), showing that the correlation may extend to
more recent divergences.

At present there is little information on the corre-
lation between genome and intron sizes in plants, al-
though there are suggestions that plants with small ge-
nomes have smaller introns (Deutsch and Long 1999;
Vinogradov 1999). Whereas broad comparisons across
widely divergent taxa are now possible given completed
draft sequences for the rice (Goff et al. 2002; Yu et al.
2002) and Arabidopsis (Arabidopsis Genome Initiative
2000) genomes, the divergence time between Poaceae
and Brassicaceae is so large that the influence of genome
size on intron size may be confounded by numerous
other, unstudied covariables. It seems likely that more
informative studies will involve closely related taxa that
vary significantly in genome size but which share recent
evolutionary history and a broad suite of life-history
features. An additional advantage of comparing close
relatives is that orthology among genes, and hence in-
trons, may be more readily established. This latter point
may be especially important, given the relative lability
of copy-number for many gene families (Small and
Wendel 2000).

To exemplify this approach, we studied the rela-
tionship between intron size and genome size for or-
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thologous genes from diploid and allopolyploid species
of Gossypium (cotton) and from taxa representing its
phylogenetic outgroup, Gossypioides kirkii and Kokia
kuaiensis (Seelanan, Schnabel, and Wendel 1997; Wen-
del et al. 2002). The allopolyploid Gossypium species
included the commercially important cottons G. hirsu-
tum (Upland cotton) or G. barbadense (Pima cotton; Sea
Island cotton). Allopolyploid cotton contains two, large-
ly colinear (Brubaker, Paterson, and Wendel 1999) ge-
nomes (‘‘A’’ and ‘‘D’’) that were reunited in a common
nucleus as a consequence of a remarkable interspecific
hybridization event during the Pleistocene (Wendel
1989; Wendel and Cronn 2002), involving two diploids
(A genome, D genome) that had evolved in isolation in
different hemispheres for perhaps 5–10 Myr (Cronn et
al. 2002a; Wendel and Cronn 2002). Included in the
present study were the closest living models of the dip-
loid progenitors, namely Gossypium herbaceum and
Gossypium arboreum (A genome) and Gossypium rai-
mondii (D genome). These two diploids vary nearly
twofold in genome size (2C 5 2.0 pg and 3.8 pg for the
D and A genomes, respectively [see Endrizzi, Turcotte,
and Kohel 1985]); these differences are maintained in
the derivative allopolyploid (2C 5 5.8 pg), which for
this and other reasons exhibits near-exclusive bivalent
pairing at meiosis (Endrizzi, Turcotte, and Kohel 1985;
Wendel and Cronn 2002). The phylogenetic outgroups
selected have genomes nearly half as small again as the
smallest cotton genome, i.e., 2C 5 1.2 pg (Wendel et
al. 2002). DNA was isolated from young leaves using
published methods (Paterson, Brubaker, and Wendel
1993; Tel-zur 1999) or the Qiagen DNeasy Plant kit fol-
lowing the manufacturer’s protocol. In selecting genes
to include we focused on those for which robust evi-
dence of orthology could be obtained. The precise na-
ture of this evidence varied among genes but included
Southern hybridization against genomic digests (data not
shown) to verify single-copy status under high-stringen-
cy wash conditions, phylogenetic analysis of sequence
data to evaluate the expected concordance of true or-
thologs with the established organismal history (Wendel
and Albert 1992; Wendel 1995; Wendel and Cronn
2002), and comparative mapping to confirm that the
genes isolated mapped to equivalent positions in the co-
linear genomes (Reinisch et al. 1994; Brubaker, Pater-
son, and Wendel 1999). An additional important crite-
rion was the ability to readily polymerase chain reaction
(PCR)-amplify the gene from all species studied. The 28
sets of orthologs selected represent a diversity of genes,
including transcription factors, enzymes such as alcohol
dehydrogenase and cellulose synthase, and a number of
others putatively identified to function based on data-
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base searches (table 1). Some of the genes are described
more fully elsewhere (Cronn, Small, and Wendel 1999;
Small and Wendel 2000; Cedroni et al. 2002).

Primers for PCR amplification and sequencing
were designed as described previously (Cronn, Small,
and Wendel 1999; Small and Wendel 2000; Cedroni et
al. 2002) or from cotton EST sequences in GenBank.
Amplification and sequencing primers are available at J.
Wendel’s web site (http://www.botany.iastate.edu/;jfw/
HomePage/jfwdatapsets.html). In general, two different
amplification protocols were used on MJ Research ther-
mocyclers. The first was a ‘‘touchdown PCR’’ method:
948C for 3 min, followed by 10 cycles of 948C for 1
min, 568C for 1 min, and 728C for 2.5 min accompanied
by a 0.68C decrease in annealing temperature each cycle,
followed by 25 cycles of 948C for 1 min, 508C for 1
min, and 728C for 2.5 min, ending with a 728C final
extension for 7 min. Other genes were amplified using
an initial hot-start of 948C for 3 min followed by 30
cycles of 948C for 30 s, 548C for 30 s, and 728C for 1
min and 15 s, ending with a final extension at 728C for
6 min. Annealing temperatures ranged among genes,
however, from 488C to 668C, and hence, the general am-
plification conditions given above were adjusted on a
gene-by-gene basis when necessary. Sequences that am-
plified with difficulty were cloned using standard TA
cloning protocols and then sequenced from plasmid vec-
tors. Automated sequencing was conducted using the
ABI Big Dye v. 2.0 fluorescent primers and ABI Prism
377-3700 systems at the Iowa State DNA Sequencing
and Synthesis Facility.

For each gene studied, the allopolyploid species
contained two homoeologous sequences, representing
descendants of those contributed by the A and D ge-
nome donors at the time of polyploid formation. To iso-
late both homoeologs we cloned amplification products
and identified the two duplicates by restriction site anal-
ysis, or used homoeolog-specific amplification primers,
or discovered both copies following screens of bacterial
artifical chromosomes (BAC) libraries from G. hirsutum
cv. Acala Maxxa (Tomkins et al. 2001) and G. barba-
dense cv. Pima S6 (A. Paterson, personal communica-
tion). Since each BAC contained only one of the two
homoeologs, this latter strategy proved particularly ef-
fective against the nagging problem of in vitro PCR re-
combination (Cronn et al. 2002b).

Sequences were aligned using BioEdit v. 5.0.9
(Hall 1999) and analyzed for substitutions using DnaSP
v. 3.53 (Rozas and Rozas 1999). Alignment of orthologs
was straightforward due to the low levels of sequence
divergence among the taxa studied. Substitution rates for
orthologous exons in A and D genome species averaged
3.8% and 0.8% for synonymous and nonsynonymous
sites, respectively, across the genes studied, with values
approximately twice this size in comparisons with the
outgroup. Intron divergence was slightly lower than that
of synonomous sites in exons, averaging 3% across or-
thologous introns in A and D genome cottons and twice
this amount in comparisons of either diploid with the
outgroup. This low level of sequence divergence addi-
tionally facilitated inference of orthologous exon-intron

boundaries among the genomes studied. Splice sites
were inferred primarily through direct comparisons of
genomic sequences with the orthologous cotton cDNAs
from which the original PCR amplification primers were
designed. For some genes, splice sites were inferred
from BLAST searches against other EST databases, as
described (Cronn, Small, and Wendel 1999; Small and
Wendel 2000; Cedroni et al. 2002).

Intron sizes were inferred for partial or full-length
genes for 28 sets of orthologs. As shown in table 1,
intron number varied widely among the genes analyzed,
ranging from 1 (14 genes) to 11 (CesA1). Totalled across
the 28 genes, 76 introns were both unambiguously in-
ferred and sequenced from the 5 genomes (3 diploid, 2
homoeologous genomes in the allopolyploid), although
only 56 of these were obtained from the outgroup. Gos-
sypium introns ranged in size from 71 bp (AdhC) to
more than 918 bp (a partial intron from A1550, a pu-
tative aldehyde dehydrogenase) with a mean length of
149.5 6 151.4 and a median length of 94 bases. These
estimates compare closely to the mean (Arabidopsis Ge-
nome Initiative 2000) and median (Yu et al. 2002) intron
size estimates of 168 and 100, respectively, for a near-
exhaustive sampling of genes from Arabidopsis, but rice
introns apparently are larger (mean and median of 356
and 138, respectively, Yu et al. 2002). We note that both
of these model organisms have genomes that are much
smaller than the Gossypium species studied here, yet
their mean intron size is larger.

With respect to the primary issue of whether ge-
nome and intron sizes are correlated within Gossypium,
the data of table 1 show unequivocally that these two
genomic features are uncoupled. For homologous and
complete introns, the difference in cumulative intron
length between the A genome (11,357 bp) and D ge-
nome (11,368 bp) diploids was only 11 nucleotides, with
the smaller genome having the negligibly higher (0.1%)
number. Moreover, there was no case among the 76 in-
trons scored where intron sizes differ significantly be-
tween the diploid cottons, with all but two introns (num-
bers 5 and 6 of C4 kinase) differing by 8 bp or less.
Similarly, total intron lengths for any given gene did not
differ between the genomes studied. These results ex-
tend to the polyploid level, where the data show that
intron sizes for homoeologous genes in allopolyploid
cotton do not differ appreciably from each other or from
those of their diploid progenitors. This latter finding is
novel, though not unexpected given earlier, related re-
sults (Cronn, Small, and Wendel 1999; Small and Wen-
del 2000). When data are tabulated for the subset of 56
homologous introns sequenced in either outgroup genus
Gossypioides or Kokia, both of which have much small-
er genomes than Gossypium, the same general conclu-
sions are reached, with mean intron sizes in Gossypium
and its outgroup differing in length by an average of
two nucleotides (means of 161.2 and 159.2, respective-
ly). Thus, the rate of indel accumulation in introns was
relatively low, with no evident differences among taxa
in this respect.

Although we sampled only a tiny fraction of the
introns in the Gossypium genome, the near-identity of
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intron sizes across taxa varying twofold in genome size
and the uniformity of this observation across genes sug-
gests that our primary conclusion is robust, i.e., that in-
tron and genome size evolution are uncoupled in Gos-
sypium. It well may be that this will turn out to be com-
mon in plants, noting again the comparison of intron
sizes in Arabidopsis, Oryza, and Gossypium. Most re-
searchers in animals have focused on broader evolution-
ary scales than that encompassed here, with the notable
exception of Moriyama, Petrov, and Hartl (1998), who
compared the sizes of 115 orthologous introns in two
Drosophila species that vary twofold in genome size,
much as in the present study. They reported that D. vi-
rilis, with a genome size of 0.34 to 0.38 pg, had introns
significantly larger (mean of 394 bp) than those of D.
melanogaster (mean of 283 bp), which has the smaller
genome (0.18–0.21 pg). Additional studies are needed
to evaluate the generality of this difference between in-
sects and plants with respect to intron and genome size
correlation.

One explanation for intron size differences among
organisms is that they vary with respect to inherent mu-
tational processes that generate insertions and deletions
(Ogata, Fujibuchi, and Kanehisa 1996; Moriyama, Pe-
trov, and Hartl 1998; Petrov et al. 2000; Petrov 2001).
In the present study, either divergence amounts were too
low to detect subtle differences in deletional bias or such
differences do not exist in the lineages examined. In
humans, shorter introns have been shown to have more
of a mutational bias toward deletions than do longer
introns (Vinogradov 2002), suggesting a causal connec-
tion between intron size and relative rates of indel ac-
cumulation. Carvalho and Clark (1999), in noting that
the strength of natural selection should be related to re-
combination rate, showed a biased occurrence of longer
introns in D. melanogaster in regions of low recombi-
nation, consistent with the notion that larger introns are
slightly deleterious. Comeron and Kreitman (2000),
however, propose that insertions that create longer in-
trons are selectively advantageous in regions of low re-
combination precisely because they enhance recombi-
nation, thereby counterbalancing the mutational bias to-
ward deletions. More recently, it has been suggested that
the association between intron size and recombination
rate is a passive response to differences in effective pop-
ulation size, without having to invoke natural selection
at the level of the gene (Lynch 2002). The studies cited
underscore the complexity of the issue, with determi-
nants of intron size reflecting a balance of evolutionary
forces potentially operating at the population, whole ge-
nome (Petrov 2001), and genic levels.

It was noted earlier that the correlations between
genome and intron sizes that exist at the broader phy-
logenetic scale (e.g., human vs. avian) are relatively
weak (Deutsch and Long 1999) and that ‘‘other factors
are likely to be involved in the evolution of intron size’’
(loc. cit., page 3226). Moreover, whether a correlation
is observed clearly depends on the taxa studied as well
as the phylogenetic scale; maize and humans, for ex-
ample, have rather similar genome sizes, but introns in
humans are on average an order of magnitude larger
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than those in maize. As noted by others (Wong et al.
2000; Yu et al. 2002), this difference in gene organi-
zation reflects one of the most obvious differences be-
tween plant and mammalian genomes, with most trans-
posable element insertions occurring between genes in
the former (SanMiguel et al. 1996; Bennetzen 1998;
Bennetzen 2000) but within genes (introns) in the latter
(Wong, Passey, and Yu 2001). Thus, differences in TE
activity and insertional preference likely explain much
of the observed correlation between genome and intron
sizes in the broader phylogenetic surveys (e.g., Hughes
and Hughes 1995; Deutsch and Long 1999; Vinogradov
1999; McLysaght et al. 2000).

For comparisons among more narrowly circum-
scribed groups, the proximate and ultimate causes of
intron size evolution are likely to be more subtle and
may reflect the balance of several or more underlying
mechanisms as well as external and internal evolution-
ary forces (Petrov 2001). Moriyama, Petrov, and Hartl
(1998) interpreted the longer introns in D. virilis com-
pared with the introns in D. melanogaster to suggest that
mechanisms governing genome size change ‘‘operate
more or less uniformly’’ throughout the genome. The
present study demonstrates that this need not be the
case; intron sizes in plants may remain remarkably static
even when confronted with mechanisms that massively
expand (or contract—Wendel et al. 2002) other genomic
components. An important corollary, with general sig-
nificance to the issue of C-value evolution, is that ge-
nome size expansion and contraction likely reflect het-
erogeneous forces and mechanisms that need not uni-
formly affect noncoding genomic constituents.
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