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Abstract In a previous study, we observed that the varia-
tions in chromosome size are due to uneven expansion and
contraction by comparing the structures and sizes of a pair
of homoeologous high-resolution cytogenetic maps of
chromosomes 12A and 12D in tetraploid cotton. To reveal
the variation at the sequence level, in the present paper, we
sequenced two pairs of homoeologous bacterial artiWcial
chromosomes derived from high- to low-variable genomic
regions. Comparisons of their sequence variations con-
Wrmed that the highly conserved and divergent sequences
existed in the distal and pericentric regions, e.g., high- and
low-variable genome size regions in these two pairs of cot-
ton homoeologous chromosomes. Sequence analysis also
conWrmed that the diVerential accumulation of Gossypium
retrotransposable gypsy-like element (Gorge3) accounted
for the main contributions for the size diVerence between
the pericentric regions. By Xuorescence in situ hybridiza-
tion analysis, we found that Gorge3 has a bias distribution
in the AT/A proximal regions and is associated with the het-
erochromatin along the chromosomes in the entire Gossy-
pium genome. These results indicate that, between AT/A

and DT/D genomes, the distal and pericentric regions usu-
ally possess high level of sequence conservation and diver-
gence, respectively, in cotton.

Introduction

The genus Gossypium consists of »50 species, including
40–45 diploids (2n = 2x = 26) and 5 allotetraploids
(2n = 4x = 52). Haploid genome size ranges threefold, from
an average 885 Mb in the D-genome species to 2,572 Mb in
K-genome species (Hendrix and Stewart 2005). Two
groups of diploid species, designated A and D genome
(designated AT and DT in tetraploid cotton), diverged from
a common ancestor about 5–10 million years ago (MYA)
and combined to form the allotetraploid species 1–2 MYA
(Wendel 1989; Seelanan et al. 1997; Cronn et al. 2002).
Despite the relatively young age, they have acquired a two-
fold diVerence in genome size (885 Mb in A vs. 1,697 Mb
in D). Therefore, this wide range in genome sizes and a
well-established phylogeny make Gossypium an excellent
system for genome size evolution.

In cotton, large orthologous sequences have been com-
pared to evaluate the relative eVects of diVerent mecha-
nisms inXuencing genome size changes between the AT/A
and DT/D genomes. By comparing 100+ kb of homoeolo-
gous sequence surrounding CesA gene in tetraploid cotton,
high level of sequence conservation (95% sequence iden-
tity) between the AT and DT genomes was showed (Grover
et al. 2004). In contrast, the homoeologous region sur-
rounding the AdhA gene showed a nearly twofold diVerence
in aligned sequence length, which is likely to mirror their
relative diVerence in the overall genome size (885 vs. 1,697
Mbp) (Grover et al. 2007). Thus, the divergence of the AT

and DT genomes did not occur uniformly in the genomes.
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We previously constructed a high-resolution map of
chromosomes 12A and 12D, one pair of homoeologous
chromosomes, using the genome-original BACs in tetra-
ploid cotton (Wang et al. 2010). Comparisons of homoeolo-
gous regions demonstrated uneven genome size changes
along these two chromosomes, in which the distal and peri-
centric regions showed the highest level of chromosomal
size conservation and variation, respectively. These results
suggest a higher level of sequence divergence in the peri-
centric regions than the distal regions. To test this hypothe-
sis, we isolated and sequenced two pairs of BACs located
in these regions. By sequence comparisons, we conWrmed
that the highly conserved and divergent sequences existed
in the distal and pericentric regions in these two pairs of
cotton homoeologous chromosomes. Sequence analysis
also conWrmed that the high level of sequence-size varia-
tion was mainly caused by the bias accumulation of TEs,
especially the Gorge3-like retrotransposons. By Xuores-
cence in situ hybridization (FISH) analysis, we found that,
in the entire Gossypium genome, Gorge3 has a bias mas-
sive accumulation in A or AT genome. These results sug-
gest that, between AT/A and DT/D genomes, the pericentric
regions usually have a high level of sequence divergence in
cotton; on the contrary, their distal regions may retain high
level of sequence conservation.

Materials and methods

BAC selection, sequencing and analysis

G. hirsutum acc. TM-1 was used for cytological studies.
BACs used for sequence analysis were identiWed by screen-
ing the G. hirsutum BAC libraries (Hu et al. 2009). The
simple sequence repeat (SSR) markers used for BAC
screening were selected from high-density genetic maps
derived from populations of the tetraploid Gossypium spe-
cies (Guo et al. 2008).

BAC selection

Previous cytogenetic analysis showed that the pericentric
and distal regions displayed the highest and lowest levels of
chromosomal size variations, respectively, between homo-
eologous chromosomes 12A and 12D (Wang et al. 2010).
To make a comparison at the DNA sequence level, BACs
from both regions were selected and then their sequences
were analyzed.

For the low-variable region, BACs identiWed by marker
NAU3896 were selected as candidates for sequencing anal-
ysis. One of the DT genome clone (BAC 067L14), evalu-
ated containing the largest insert size, was sequenced Wrst.
PCR primers were then designed according to the diVerent

sequence positions along BAC 067L14. Candidate AT

BACs were evaluated for maximal overlap with the
sequenced DT BAC using these primers. Finally, AT BAC
259M16, which shared the most PCR markers, was selected
for sequencing.

For the high-variable region, BACs corresponding to the
pericentromeric marker NAU1237 were selected for further
sequencing analysis. BAC 215O23 was identiWed as the
only DT candidate for sequencing, because no other BACs
were available after BAC library screening. Then, the AT

BAC 081K08 that was veriWed to share maximal overlap
with clone 215O23 was selected for sequencing.

BAC sequencing

All BACs were shotgun-sequenced and assembled by the
Beijing Genomics Institute (BGI, http://www.genomics.
org.cn/bgi_new/english/index.htm). BrieXy, the BAC DNA
was sheared into 1.5- to 3-kb fragments by ultrasonication
and then cloned into a pUC118 vector. The sequence reads,
which had an average coverage of »8£, were assembled and
vector and low quality sequences were removed prior to
sequence assembly. All these BAC sequences were depos-
ited in GenBank (accessions HQ650105- HQ650108).

BAC sequence analysis

Sequence alignments of the homoeologous BAC pairs were
performed using BLAST 2 and PAIRWISE-LAGAN soft-
ware (Brudno et al. 2003). The outputs were compared and
checked manually using BioEdit V7.0.9 (http://www.mbio.
ncsu.edu/BioEdit/BioEdit.html). Potential genes among the
aligned sequences were predicted using three software pro-
grams: GeneMark.hmm (Brudno et al. 2003), GENSCAN
(Lomsadze et al. 2005) and FGENESH (http://linux1.soft-
berry.com). The predicted genes were conWrmed using
BLASTN queries against the cotton EST database. To
annotate genes, predicted proteins were searched against
the non-redundant GenBank protein database using the pro-
gram BLASTP. The gapped sequences were initially ana-
lyzed using BLASTN and CENSOR (Burge and Karlin
1997) to search for homologous elements in the NCBI
nucleotide database and Repbase (Kohany et al. 2006).
LTR retrotransposons were re-mined using an online pro-
gram, LTR_FINDER(Jurka et al. 2005), and then subjected
to BLASTX analysis for the conWrmation of retrotransposon
domains.

FISH and image analysis

To generate TE probes for FISH analysis, primers were
designed according to their corresponding sequences
(Table S2), and then the PCR products were labeled as
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probe using the FISH analysis. For the copy number evalu-
ation, 50 ng of each labeled probe was used for the subse-
quent FISH analysis.

The chromosome spreads and FISH procedure were
essentially the same as in previously published protocols
(Wang et al. 2009). The repeated FISH procedure was sim-
ilar to that previously described (Wang et al. 2007) with
several modiWcations. After the Wrst round of probing and
image capture, the slides were soaked in a 1£ PBS (phos-
phate-buVered saline) solution to remove the coverslips.
The slides were dehydrated in an ethanol series (70, 90 and
100%, 5 min each) and used in a second round of FISH
hybridization. Slides were examined under an Olympus
BX51 Xuorescence microscope. Images were captured and
merged using Image-Pro Express software V5.0 with an
Evolution VF CCD camera (Media Cybernetics, USA). All
the probes were repeated in at least three individual FISH
experiments, and more than 20 images were captured and
analyzed for each probe. To provide identical conditions for
semi-quantitative comparisons of diVerent chromosomes or
slides, all the images were captured under the same expo-
sure time, 900 ms.

Results

High-level microcolinearity between BACs 259M16 
and 067L14

Previous study showed that the distal regions had the high-
est level of chromosomal size conservation in chromo-
somes 12A and 12D (Wang et al. 2010). Here, two
homoeologous BACs, 259M16 and 067L14, from the most
distal regions (Fig. 1) were selected using in further
sequence analysis. AT BAC 259M16 contains 35.9 kb of
chromosome 12A, and DT BAC 067L14 contains 121.4 kb
of chromosome 12D. The aligned length of two BACs is
39.7 kb, accounting for 32.3 kb in AT and 38.6 in DT

(Fig. 2), indicating a 6.3-kb diVerence in length. The
aligned region is relatively short due to a small insert in
259M16. However, as expected, both BACs showed a high
similarity (95.3% excluding gaps; 77.8% including gaps) in
sequences.

A total of 143 unequally distributed gaps were found
between these two BACs. The small indels (<400 bp) rep-
resent only a 7-bp diVerence between the two BACs
(Table 1). By contrast, one large indel (6,332 bp absent in
AT BAC 259M16) was determined to be nearly responsible
for the size diVerence between the aligned regions of the AT

and DT BACs. Sequence analysis by BLAST in NCBI
showed that the large indel was an intact copia retrotrans-
poson that contained well-deWned domains of integrase,

reverse transcriptase and RNase H. Their LTRs are 316-bp
long and 91.5% identical to each other. However, FISH
analysis using the intact copia retrotransposon as a probe
showed that it was present at nearly equal frequencies in
both AT (gray value 9,670 § 4,423) and DT genomes (gray
value 7,043 § 3,378) (Fig. S1a, Table 2), despite this TE
occurred only in the DT genome in this »40-kb distal
region.

Five genes were predicted in the co-linear segments
present in both BACs (Table S1). The lengths of exons and
introns between these Wve homoeologous genes were found
to be nearly the same. The introns of these Wve genes con-
tain a total of 10.5 and 10.7 kb for chromosomes 12A and
12D, respectively, with individual intron sizes ranging from
474 to 5,327 bp. The 218-bp diVerence between the total
intron lengths in the two homoeologous regions was mainly
caused by the presence of an intron of a gene encoding a
putative sec10 (Table S1), which is 133-bp longer in 12D
than in 12A. The remaining introns showed no obvious size
diVerences.

Fig. 1 BAC locations on the chromosomes 12A and 12D. Heterochro-
matic regions are indicated in black. The locations of BACs and het-
erochromatin are shown based on previous FISH mapping data (Wang
et al. 2010)
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A high level of sequence divergence exists 
between pericentric BACs 081K08 and 215O23

BAC pair 081K08 (12A) and 215O23 (12D) were physi-
cally localized in the pericentric region where the highest

level of size variation between these two homoeologous
chromosomes presented (Fig. 1) (Wang et al. 2010). The
insert length of AT BAC 081K08 and DT BAC 215O23 are
110.7 and 60.5 kb, respectively. The aligned length of two
BACs is 100.6 kb, accounting for 74.1 kb AT and 60.0 kb in

Fig. 2 Pairwise alignments of two pairs of homoeologous BACs:
259M16 and 067L14; and 081K08 and 215O23. Predicted genes are
shown as numbered pentagons pointing in the direction of transcrip-
tion. The numbers of genes in each alignment correspond to the list
presented in Table S1. The LTR and gag/pol domains of the LTR ret-
rotransposons are depicted by arrows and hexagons, respectively.
Each retrotransposon is shown in a diVerent background pattern. The

Mutator-like transposon element in GA3 is indicated with a triangle.
The large indels in the alignments of BACs 081K08 and 215O23 are
named GA1–GA3 and GD1–GD5, respectively. Continuous windows
of sequence identity as output of PAIRWISE-LAGAN (Brudno et al.
2003) are shown under the alignment between each pair of BACs. All
are scaled from 50 to 100%, and the scale bar is in kilobases

Table 1 Comparison of indels 
between AT and DT genomes 
homoeologous BACs 
in G. hirsutum acc. TM-1

259M16 and 067L14 081K08 and 215O23

AT genome DT genome AT genome DT genome

No. indels bp No. indels bp No. indels bp No. indels bp

Small indels 88 1,085 55 1,078 227 4,456 354 6,666

Large indels 1 6,332 0 0 3 21,998 5 33,903

Total 89 7,417 55 1,078 230 26,454 359 40,569

Table 2 FISH signal gray value 
estimates

AT genome DT genome A genome D genome

Gorge3-like TEs

GA1LTR – – – –

GA2iLTR 39,976 § 3,672 28,985 § 5,399 33,123 § 3,286 9,359 § 2,585

GD1LTR 18,871 § 2,445 – 8,056 § 596 –

GD4LTR 21,179 § 3,568 – 7,672 § 535 –

GD5LTR 21,056 § 2,775 – 24,879 § 2,505 2,308 § 732

Gorge3 total 101,082 28,985 73,730 11,667

Others – – – –

GA2dLTR – 2,900 § 304 – 5,717 § 1,028

GA3Mu – 3,094 § 793 – 12,414 § 2,197

GD2LTR 11,050 § 1,924 8,600 § 1,334 15,531 § 2,589 10,584 § 1,829

GD3LTR 8,121 § 1,364 6,491 § 1,244 6,827 § 2,498 3,144 § 1,329

Others total 19,171 21,085 22,358 31,859

Total 120,253 50,070 96,088 43,526

copia retrotransposon in BAC 067L14

copia 9,670 § 4,423 7,043 § 3,378 31,325 § 5,854 6,993 § 2,257
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DT, apparently indicating a 14.1-kb diVerence in length.
Both BACs have very similar GC contents (34.1 in AT vs.
34.5% in DT), but their sequence identity was determined to
be only 28.2% (84.6% in the only 33.6-kb gap excluded
alignment).

Seven genes were predicted in the co-linear segments:
four are present in both, one in AT and two in DT (Fig. 2
and Table S1). For the four shared genes, except guaiacol
peroxidase, all the other three showed diVerences in total
intron lengths (34–421 bp) between their homoeologous
genes. However, the size diVerence is only 621 bp of the
total intron length for the four shared genes and accounts
for a very small part (»0.4%) of the total size diVerence
between the two homoeologous BACs, suggesting that the
intron length should not be a factor in their size variation.

The biased accumulation of transposition 
in the pericentric region

The 14.1-kb diVerence between the pericentric BACs is
largely associated with 589 indels, including 230 indels
with a total of 26.5 kb in the AT BAC and 359 indels with
40.6 kb in the DT BAC (Table 1). Among them, eight large
indels, three in GA1–GA3 and Wve in GD1–GD5 (Fig. 2),
account for a major fraction (11.9 kb, 84.3%) of the addi-
tional 14-kb sequence in the AT BAC. The small indels, in
contrast, account for a relatively small part of the 14-kb
size diVerence (net gain of 2.2 kb in AT, i.e., 15.7% of the
14 kb).

To Wgure out the main forces that caused the size diVer-
ence, we examined the sequences of these eight large
indels. Totally, nine TEs were conWrmed to be involved in
these eight large indels, because two LTR retrotransposons
(designated as GA2iLTR and GA2dLTR here) were identi-
Wed in the 13-kb large indel GA2. Among them, TE in GA3
(designated as GA3Mu) was identiWed as a conserved plant
mobile domain (pfam10536) and was highly identical
(88.3%) to a 700-bp region of Mutator-like transposon
elements in G. raimondii (GB: EF457751). Except for it,
all other TEs (except for GA2iLTR and GA2dLTR, all
other were designated, respectively, as GA1LTR-GD5LTR)
were identiWed as the LTR retrotransposons again by
BLAST homoeology. Depending on LTR_FINDER pre-
dicting (Jurka et al. 2005) and well-deWned domains of
integrase, reverse transcriptase and RNase H by BLAST
homoeology, four LTR retrotransposons, GD1LTR,
GD2LTR, GD3LTR and GA2iLTR, were deduced as intact
LTR retrotransposons.

To evaluate the relationship among these TEs, we fur-
ther compared their sequence with each other. We found
that Wve of the eight LTR retrotransposons, GA1LTR,
GA2iLTR, GD1LTR, GD4LTR, and GD5LTR, showed
relatively high degrees of homology with each other

(Fig. 3). Among the remaining four, only GD2LTR and
GA2dLTR showed a similarity (75.9%) in the 2.2-kb
sequence. Further sequence comparison of the Wve LTR ret-
rotransposons by BLASTN and BLASTX revealed that
they were highly similar (71–100%, 364 hits in total) with
one group of LTR retrotransposons, Gorge3, which was
previously implicated to play a role in the genome size var-
iation by lineage-speciWc ampliWcation in Gossypium
(Hawkins et al. 2006).

Therefore, these observations conWrmed that the 11.9-kb
size diVerence in the pericentric region is mainly due to the
biased accumulation of TEs, especially the Gorge3-like in
cotton.

Distribution analysis of TEs in cotton

To evaluate the genomic distributions of the above TEs, we
isolated the TE sequences by PCR and then used them as
probes in further FISH analysis. For the Gorge3-like TEs,
all but GA1LTR hybridized strongly to the AT genome of
the tetraploid cotton (Fig. 4a, b, and Fig. S2b, data not
shown for GD1LTR). Moreover, they also produced bright
signals in the A genome (G. arboreum) (Fig. 4a1, b1, Fig.
S1d and S1e). For GD5LTR, weak signals could be also
found in G. raimondii (Fig. 4a2). In addition, GA2iLTR
also hybridized strongly to the DT genome (Fig. 4b) and D
genome (Fig. 4b2). The FISH patterns for both GD5LTR
and GA2iLTR are likely to reXect their element occurrence
in both AT and DT (Fig. 2). For GA1LTR, we cannot detect
any signal from tetraploid and diploid species. It may be
due to its high level of degradation, which causes very short
Gorge3-like element to remain (1,200 bp).

Fig. 3 Analysis of TE sequences. A circle plot summarizing the
homoeology between these nine TEs found here. TEs shown as in
Fig. 2 are drawn as arcs, and homoeologs are connected with lines. The
average identities of homoeologs are indicated
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Fig. 4 Distribution analysis of Gorge3-like retroelements by FISH.
(a, b) Probes of GD5LTR and GA2iLTR on G. hirsutum, respectively.
(a1 and a2) Probe GD5 on G. arboreum and G. raimondii, respectively.
(b1, b2) Probe GA2iLTR on G. arboreum and G. raimondii, respec-
tively. (c–f) Simultaneous detection by FISH of the GD1LTR
(c) and GD4LTR (d) Gorge3-like retroelements on G. hirsutum pachytene

chromosomes. Usually, the heterochromatin regions of pachytene chro-
mosomes will be heavily stained by DAPI (Kapuscinski 1995). As shown
in (e), the DAPI-stained heterochromatin regions are indicated as bright
blue regions. Merged image (f) showed that GD1LTR (c) and GD4LTR
(d) have a similar distributions regions, which co-localized with
the heterochromatin in cotton. Scale bar, 10 �m (color Wgure online)
123
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Interestingly, when Gorge3-like TEs were simulta-
neously tested in one FISH experiment, they produced
nearly overlapping signal regions (data not shown). To
reveal it, we further hybridized all of these Gorge3-like ret-
rotransposons onto the pachytene chromosome. As shown
in Fig. 4c–f, GD1LTR (Fig. 4c) and GD4LTR (Fig. 4d)
hybridized to similar genomic regions, which overlapped
with the AT pericentric heterochromatin (Fig. 4e, f) in
G. hirsutum pachytene chromosomes.

In contrast, the other types of TEs generated much more
weak signals and also showed some diVerent distribution
patterns in cotton. For example, both GA3Mu and
GA2dLTR generated weak signals speciWc to the DT

(Fig. 5a and Fig S1f) and D genomes (Fig. 5b and Fig S1g).
However, for GD2LTR, its signals clustered in the distal
regions in both AT (Fig. 5c) and A genomes (Fig. 5d), but
dispersed in both DT (Fig. 5c) and D genomes (Fig. 5e).
Moreover, two pairs of bright spots were found in G. rai-
mondii (Fig. 5e). For GD3LTR, it also produced similarly
weak and dispersed signals in all chromosomes of both AT

and DT subgenomes (Fig. 5f), and the A (Fig. S1h) and D
(Fig. S1i). Additionally, the copia retrotransposon in distal
BAC 067L14 was also analyzed by FISH. Its signals also
clustered in the distal regions in both AT (Fig. S1a) and A
(Fig. S1b) genomes, but dispersed in both DT (Fig. S1a)
and D genomes (Fig. S1c), similar to those of GD2LTR
(Fig. 5 c–e).

To account for the contributions of the above-mentioned
TEs, we measured the gray value from FISH signal. As
shown in Table 2, the total values of all the TEs (except for
the copia retrotransposon in BAC 067L14) are 120,253 in
AT and 50,070 in DT genomes, 96,088 in A and 43,526 in D
genomes. The values in both AT and A genomes have the
same onefold higher values than those in DT and D
genomes. However, it is clear that Gorge3-like retrotrans-
posons account for the main part of the gray values in both
AT and A genomes, 84.1% (101,082/120,253) in AT and
76.7% (73,730/96,088) in A genomes. Interestingly, they
also make a distinct contribution for the gray values in DT

and D genomes, 57.9% (28,985/50,070) in DT and 26.8%
(11,667/43,526) in D genomes.

Discussion

Non-homogeneous genome size evolution occurred 
along the genome in cotton

In plants, especially in the large genome species, the evolu-
tionary events aVecting genomic size may not have taken
place uniformly in the whole genome (Vitte and Bennetzen
2006). Therefore, their genome size usually has an incon-
gruent local and global evolution pattern (SanMiguel et al.

1998; Grover et al. 2004; Peterson-Burch et al. 2004;
Choulet et al. 2010). By comparisons of two large homoeolo-
gous regions surrounding CesA (Grover et al. 2004) and
AdhA (Grover et al. 2007) genes in cotton, uneven genome
size evolution was also found. Our previous results based
on cytogenetic mapping have shown that distal and pericen-
tric regions have the highest level of conservation and vari-
ation, respectively, between AT and DT genomes in cotton
(Wang et al. 2010). In this study, results based on sequence
analysis indicated that it was mainly caused by the bias
accumulation of Gorge3-like TEs. However, the preferred
AT/A proximal region distribution of Gorge3-like TEs indi-
cates that the non-uniform pattern of chromosomal size
variations should exist on the whole cotton genome.

To provide more evidence, we also try to evaluate the
chromosomal localizations of CesA (Grover et al. 2004)
and AdhA (Grover et al. 2007) genes based on their excel-
lent sequence assay. Only one BAC was recovered from
our BAC library by SSR marker NAU 2533, which was
designed according to the CesA region sequence (GB:
AY632360). Interestingly, it generated signals on the very
distal regions of both chromosome 10A and 10D (Wgure not
shown). Several SSR markers designed according to the
AdhA region (GB: EF457752) have been localized onto the
chromosome 1A (W.Z. Guo and T.Z. Zhang unpublished
data). We did not identify any BACs by these AdhA mark-
ers. However, BACs identiWed by markers NAU2095 and
NAU3690 which surround the AdhA region were all located
in the proximal regions. Furthermore, they all showed AT

dispersed signal pattern, which indicated high-copy-num-
ber repeats. All these provide new evidence to support that
the distal and proximal regions do exist with a high level of
sequence conservation and variation, respectively, between
AT/A and DT/D genomes in cotton. These results will be
very helpful for us to reveal the structure of cotton genome
and to complete the future whole genome sequencing.

Gorge3-like retrotransposons played a prominent role 
in Gossypium genome size evolution

A previous study revealed that two types of retrotranspo-
sons, copia-like and Gorge3, accumulated diVerently in
diVerent diploid genomes in Gossypium (Hawkins et al.
2006). The Gorge3 retrotransposon varied greatly in copy
number among diploid genomes and accounted for the
greatest portion of their diVerence in genome size (Hawkins
et al. 2006; Grover et al. 2007). In this study, Wve LTR ret-
rotransposons in pericentric BACs were identiWed as
Gorge3-like retrotransposons based on high sequence simi-
larities (71–100%) with previously found Gorge3 retro-
transposons (Grover et al. 2004; Hawkins et al. 2006;
Grover et al. 2007; Hawkins et al. 2009). The much higher
strengths of hybridization in the AT/A than DT/D genomes
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(Table 2) probably indicated it had a bias massive accumu-
lation in the AT/A genomes.

The genomic location of Gorge3-like TE may provide us
clues for revealing their acting on the genome. By FISH
analysis, we could decide that the Gorge3-like TEs have a
similar distribution tendency and prefer integrating into the
proximal heterochromatic region (Fig. 4). To conWrm it, we
recovered the Gorge3 sequences from G. hirsutum, G. her-
baceum and G. raimondii by PCR (Hawkins et al. 2009).
FISH tests showed that all of the genome-derived Gorge3
had a similar preferred AT/A proximal region distribution
pattern (Fig. S2). In plant, retrotransposons usually consti-

tute the bulk of the transposonome (Kumar and Bennetzen
1999; Dooner and Weil 2007) and tend to concentrate in
centromere (Jiang et al. 2003), intergenic regions (Sanmig-
uel and Bennetzen 1998; Jiang et al. 2003) and terminal
heterochromatic regions (Pearce et al. 1996). As we know,
these regions usually contain no or very few active genes.
Therefore, it may indicate that Gorge3 retrotransposons
have evolved to transpose primarily into relatively inactive
regions to avoid mutating genes at a high frequency in cot-
ton (SanMiguel et al. 1996). In this way, Gorge3 retrotrans-
posons could proliferate without being deleterious to the
cotton host genome.

Fig. 5 FISH analysis of non-Gorge3-like TEs in cotton. (a and
b) Probe of GA3Mu on G. hirsutum and G. raimondii genomes,
respectively. (c–e) Probe of GD2LTR on G. hirsutum, G. arboreum

and G. raimondii, respectively. (f) Probe of GD3LTR on G. hirsutum.
Scale bar, 10 �m
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Interestingly, our data also showed that some members
of Gorge3-like retrotransposons, such as GA2iLTR or
GD5LTR, could proliferate in both AT and DT genomes.
But why did the Gorge3-like retrotransposons Wnally get a
net lineage-speciWc ampliWcation? It may be due to that all
or some members of Gorge3 retrotransposons undergo a
bias DNA loss in the DT/D genomes (Hawkins et al. 2009).

In addition to TE activity, the plant genome size may
vary due to other mechanisms, such as variation in intron
length (Deutsch and Long 1999) and small indel bias
(Bensasson et al. 2001; Petrov 2002). Here, in accordance
with previous studies (Wendel et al. 2002), no apparent cor-
relation between the whole genome size and intron length
was found. By contrast, a relatively substantial amount of
sequence variation (2,210 bp, »15.7% of overall diVer-
ence) between the high divergence region BACs implicated
a small indel bias in the investigation of the cotton genome
size diVerences, even though the data revealed no evidence
of an indel bias between the conserved region BACs in this
study.
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