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Centromere usually contains high-copy-number retrotransposons and satellite repeats, which are difficult to
map, clone and sequence. Currently, very little is known about the centromere in cotton. Here, we sequenced a
bacterial artificial chromosome (BAC) mapping to the centromeric region and predicted four long-terminal-
repeat (LTR) retrotransposons. Theywere located in the heterochromatic centromeric regions of all 52 pachytene
chromosomes inGossypiumhirsutum. Fiber-FISHmapping revealed that these retrotransposons span an area of at
least 1.8Mb in the centromeric region. Comparative analysis showed that these retrotransposons generated sim-
ilar, strong fluorescent signals in the D progenitor Gossypium raimondii but not in the A progenitor Gossypium
herbaceum, suggesting that the centromere sequence of tetraploid cotton might be derived from the D progeni-
tor. Centromeric regions were anchored on 13 chromosomes of D-genome sequence. Characterization of these
centromere-related repeats and regions will enhance cotton centromere mapping, sequencing and evolutionary
studies.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

In most eukaryotes, the centromere is an essential chromosomal re-
gion required for faithful chromosome segregation. Centromeres in
higher eukaryotes typically consist of megabase arrays of satellite re-
peats and retroelements, both of which are highly diverse. Budding
yeast (Saccharomyces cerevisiae) has the simplest centromere sequence,
consisting of ~125 bp of DNA lacking repetitive elements [1]. Converse-
ly, the centromeres of the fission yeast (Schizosaccharomyces pombe)
span several hundred kbs and comprise essential core sequences unique
to each chromosome flanked by repetitive sequences [2,3]. Highly re-
peated satellites have been identified in the centromeres of animals
and plants [4–9]. However, most centromeric satellite repeats are
species-specific or specific to closely related species [6,10].

In contrast to satellites, which are highly diverse, centromeric
retroelements are relatively conserved in the plants investigated to
date. An intriguing example is the centromeric retrotransposon (CR)
family identified in grass. This Ty3/gypsy-like retroelement was first
found in Brachypodium sylvaticum and was then confirmed within the
centromeres of all grass species studied and even in the dicotyledonous
Beta species [11–13]. However, centromeric satellite repeats are most
likely derived from retrotransposons [14,15]. The amplification and

insertion of retrotransposons may have given rise to the current
repeat-based centromere [14].

Molecular linkage maps based on DNA markers provide essential
tools for genetic research, such as QTLmapping, marker-assisted breed-
ing andmap-based cloning [16]. These maps also provide the backbone
for sequence assembly during the whole genome sequencing of com-
plex genomes such as those of wheat and cotton. The precise position-
ing of centromere determines the linkage relationship and relative
positions between markers in or near the centromere region. Although
the centromere is one of themost conspicuous markers on the cytolog-
ical map, the identification of centromeres on genetic maps has been
difficult to achieve [17–20]. To date, only a few centromeres have
been localized to their genetic maps in plants [21–23]. Due to the high
content of repetitive sequences and the low recombination rate in cen-
tromere regions, specific markers or genetic stocks have often been re-
quired to map centromeres on linkage maps [21–23]. For example, to
locate the positions of rice centromeres, secondary and telotrisomics
were used to assign restriction fragment length polymorphismmarkers
to specific chromosome arms. Then the centromeres of all 12 linkage
maps were mapped using dosage analysis [21]. In Arabidopsis and
maize, the meiotic mutant line quartet1 and specific markers derived
from the centromere-related transposon were applied, respectively, to
map the genetic locations of centromeres [22,23].

Cotton is the leading fiber crop worldwide. However, due to its
large genome size (885–2500 Mb) and high repetitive element con-
tent (N50%), studies of the cotton genome and centromeres have
lagged behind those of other important agronomic crops. In addition,
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there is currently no available information about the genetic locali-
zation of the cotton centromere. In this study, we sequenced a
centromere-related BAC that hybridized to the centromeric region
of cotton [24]. Using sequence analysis, we identified four intact
LTR retrotransposons. We elucidated their organization and con-
struction using cytogenetic mapping. Based on whole-genome
sequence analysis, we identified the centromeric regions and their
corresponding SSR markers on the linkage map.

2. Results and discussion

2.1. Identification of centromere retrotransposons in cotton

In a previous study, we found that BAC 97G20 hybridized to the cen-
tromeric regions of all 52 chromosomes of Gossypium hirsutum (Supple-
mentary Fig. S1A) [24]. Further analyses showed that this BAC probe
generated signals in the centromeric regions of all 13 chromosomes of
the D subgenome progenitor Gossypium raimondii (Supplementary
Fig. S1B). We wanted to determine whether there were conserved
centromere-related sequences in this BAC. To identify centromere-
related sequences, we sequenced the BAC clone. By searching the NCBI
databases (BLASTn) and the cotton genome database (CottonDB —

http://www.cottondb.org/cgi-bin/ace/search/cottondb; CottonGen —

http://www.cottongen.org/), we found several regions that were simi-
lar to the centromeric retrotransposons of Pisum sativum (GU136552,
68% in 2.2 kb) and rice (DQ458292, 69% in 1.5 kb). Two cotton centro-
meric retrotransposons, CRG1 and CRG2 (JQ009328 and JQ009329,
respectively), showed high similarity (77–99%) to this BAC (see details
below). Additionally, no tandem repeat was found in this 93.9-kb
fragment.

Because retrotransposons and satellites are the dominant elements
in the plant centromere [25], we next focused on identifying
retroelements in this BAC. Four retrotransposons, named GhCR1–4
(KF517432–KF517435), were predicted by LTR_FINDER [26], spanning
35.2 kb in this BAC (Table 1). Interestingly, highly similar segments
(70–99%) were found when we aligned these GhCRs with other parts
of this BAC. In total, approximately 36.3-kb of the sequence showed
high sequence identity with GhCRs, indicating that these GhCRs never
underwent high frequency transposition events in this region. Sequence
analysis by BLASTx showed that GhCR2 and GhCR3 were intact Ty3/
gypsy retrotransposons that contained well-defined domains of
integrase, reverse transcriptase and RNase H. Both of these sequences
have highly identical LTRs (99.4% in GhCR2, 98.5% in GhCR3), indicating
that they are young retroelements. Searching the cotton expressed se-
quence tag (EST) database, we found ESTs with high similarity to the
LTRs, suggesting that they may be active in cotton. For GhCR1 and
GhCR4, no highly similar retroelement was found when we queried
NCBI by BLASTx. We then examined these two retrotransposons by
GENSCAN [27] and FGENE SH (http://linux1.softberry.com); one
predicted genewas found in each retrotransposon. Querying by BLASTp
showed that the predicted genes were weakly similar to the plant gag/
pol domain (identity b 55%), indicating that these LTR retrotransposons
underwent rapid degeneration.

Two Ty3/gypsy-like retroelements (CRG1 and CRG2) localized in cot-
ton centromeric regions were recently identified [28]; we found that
two of our newly identified GhCRs showed high sequence similarity to

these two CRGs. Specifically, ~1.4-kb segments shared between CRG1
and GhCR1 showed a sequence identity of 93.6%, while ~2.9-kb seg-
ments shared between CRG2 and GhCR3 showed a sequence identity
of 94.4%. As expected, all of these highly similar regions are located
within the gag/pol domain.

2.2. GhCRs showdifferent enrichment levels between the A- andD-genomes
in cotton

We then assayed the localizations of these retrotransposons by FISH.
Primers were designed according to the LTR regions (Supplementary
Table S1), and PCR products were labeled and used as probes in the
FISH analyses. The FISH results showed that all four of these
retrotransposons were specific to the centromere region in all of the
chromosomes of G. hirsutum, and the signals in the A genome were
much weaker than those in the D genome (Fig. 1 and Supplementary
Fig. S2). Bright centromeric signals were also observed in the centro-
meric regions of the D subgenome progenitor G. raimondii (Fig. 1 and
Supplementary Fig. S2). However, GhCR2 and GhCR4 only generated
weak signals in several centromeric regions of the A subgenome pro-
genitor Gossypium herbaceum (Fig. 1). By contrast, GhCR1 and GhCR3
did not generate any signals in G. herbaceum. This result was confirmed
by searching the current cotton database by BLASTn; no sequence
showed high similarity (sequence identity N 80%) with GhCR1 or
GhCR3.

Similarly, CRGs were previously found in the tetraploid and D
genome diploids but not in A genome diploids [28]. Due to their
high sequence similarity, we believe that GhCR1 and GhCR3 belong
to the same class as the CRGs. This type of retrotransposon may have
originated from the D genome species and invaded the A subgenome
after tetraploid cotton formation [29]. By contrast, GhCR2 and
GhCR4 might originate before the diploid divergence but they did
not proliferate during evolution.

Centromeric chromatin in plants is thought to be highly methylated
(DNA and histone) [30]. However, this type of chromatin can exhibit
both heterochromatin and euchromatin features on chromosomes
[31]. Compared with metaphase chromosomes, pachytene chromo-
somes present higher resolution (approximately 500 kb) [32]. Impor-
tantly, in pachytene chromosomes, heterochromatin and euchromatin
can be distinguished by differential DAPI-staining; the heterochromatin
region is highly stained but the euchromatin region is difficultly stained
[31]. We therefore hybridized the GhCRs onto pachytene chromosomes
to examine the chromatin features of these retrotransposons. Like rice,
the centromeric regions of cotton pachytene chromosomes exhibited
multiple highly stained heterochromatin domains (Fig. 2 and Supple-
mentary Fig. S3). All of these GhCRs colocalized with the bright hetero-
chromatin regions, which was also reported for rice [31].

We also hybridized the CRGs probe onto pachytene chromosomes to
determinewhether theywould localize to the heterochromatin regions.
Like theGhCRs, the CRGs also hybridized to the heterochromatic regions
(Supplementary Fig. S3).

2.3. GhCRs span less than 1.8 Mb in cotton

To address the organization and construction of GhCRs, we conduct-
ed fiber-FISH using the GhCRs as probes. Fiber signals of various sizes

Table 1
LTR retrotransposons in BAC 97G20.

Strand Location Size (bp) 5′-LTR 3′-LTR LTR region similarity

Location Size (bp) Location Size (bp)

GhCR1 + 2469–8126 5658 2469–3916 1448 6674–8126 1453 0.986
GhCR2 + 25,391–33,534 8144 25,391–26,891 1501 32,032–33,534 1503 0.994
GhCR3 + 50,180–66,254 16,075 50,180–50,518 339 65,916–66,254 339 0.985
GhCR4 − 73,857–79,229 5373 73,857–74,729 873 78,356–79,229 874 0.992
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