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Abstract Fluorescence in situ hybridization (FISH),
using bacterial artiWcial chromosome (BAC) clone as
probe, is a reliable cytological technique for chromosome
identiWcation. It has been used in many plants, especially in
those containing numerous small chromosomes. We previ-
ously developed eight chromosome-speciWc BAC clones
from tetraploid cotton, which were used as excellent cyto-
logical markers for chromosomes identiWcation. Here, we
isolated the other chromosome-speciWc BAC clones to
make a complete set for the identiWcation of all 26 chromo-
some-pairs by this technology in tetraploid cotton (Gossy-
pium hirsutum L.). This set of BAC markers was
demonstrated to be useful to assign each chromosome to a
genetic linkage group unambiguously. In addition, these
BAC clones also served as convenient and reliable land-
marks for establishing physical linkage with unknown tar-
geted sequences. Moreover, one BAC containing an EST,
with high sequence similarity to a G. hirsutum ethylene-
responsive element-binding factor was located physically
on the long arm of chromosome A7 with the help of a chro-
mosome-A7-speciWc BAC FISH marker. Comparative
analysis of physical marker positions in the chromosomes
by BAC-FISH and genetic linkage maps demonstrated that
most of the 26 BAC clones were localized close to or at the
ends of their respective chromosomes, and indicated that
the recombination active regions of cotton chromosomes

are primarily located in the distal regions. This technology
also enables us to make associations between chromosomes
and their genetic linkage groups and re-assign each chro-
mosome according to the corresponding genetic linkage
group. This BAC clones and BAC-FISH technology will be
useful for us to evaluate grossly the degree to which a link-
age map provides adequate coverage for developing a satu-
rated genetic map, and provides a powerful resource for
cotton genomic researches.

Introduction

Chromosome identiWcation is important for karyotyping,
cytogenetics, and physical mapping of genetic regions of
agricultural importance. Chromosome identiWcation by
analyzing chromosome relative lengths, arm ratios, nuclear
organization regions (NORs) and chromosome satellite
locations in mitotic or meiotic metaphase was applied
widely in many plants (Yu et al. 1991; Nandi 1936; Okam-
oto 1962; Sears 1969; Kohel 1973; Brown 1980; Cheng
et al. 1998; Menzel 1954; McClintock 1929; Rick and Bar-
ton 1954). However, these procedures have many limita-
tions both genetically and technically. The unambiguous
identiWcation of every chromosome is not always possible.

The development of the non-isotopic in situ hybridiza-
tion techniques in plants is a signiWcant step towards chro-
mosome identiWcation (Rayburn and Gill 1985). Although
the special DNA as Xuorescence in situ hybridization
(FISH) probes for chromosome identiWcation is not avail-
able in most plants (Jiang and Gill 1994), FISH using
special genomic clones as probes presents as an alternative
approach. For diploid plants, several research groups used
isolated bacterial artiWcial chromosomes (BACs) as
chromosome-speciWc FISH markers for chromosome
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identiWcation and physical mapping (Dong et al. 2000;
Cheng et al. 2001; Kim et al. 2002). BAC-FISH has shown
to be a powerful utility for plant chromosome identiWcation
and cytogenetic researches, especially for those species
with many small chromosomes.

Cotton is one of the most important natural Wber and edi-
ble oil crops in the world (Lee 1984). Tetraploid cotton
Gossypium hirsutum L. [n = 2£ = 26, (AD)1] has a large
genome, with a 1C content of 2,230 Mbp (Arumuganathan
and Earle 1991). However, the large genome of cotton is
distributed over 26 pairs of small chromosomes without
suitable cytogenetic markers such as bands, and it is almost
impossible for the routine and unambiguous identiWcation
of each chromosomes based only on their morphology.
Additionally, polyploid plants are not similar to diploids, as
their genomes contain two or more subgenomes that origi-
nated from the same ancestor (Wendel 1989, 2000; Levy
and Feldman 2002; Wendel and Cronn 2002). Thus, dupli-
cated segments are present in diVerent subgenomes. This
situation leads to the diYculties in the isolation of chromo-
some-speciWc sequences or, in particular chromosome-spe-
ciWc large chromosomal segments such as yeast artiWcial
chromosomes (YACs) and BACs to distinguish the A and
D subgenomic homeologs. Until now, a complete set of
chromosome-speciWc sequences (YACs or BACs) have not
been developed in polyploidy plants. We have isolated
eight chromosome-speciWc BACs from G. hirsutum tetra-
ploid cotton and demonstrated that they were excellent
cytological markers for chromosome identiWcation in both
meiotic and mitotic cells (Wang et al. 2006). Based on
those data, all 26 linkage groups in our genetic map were
correlated with their respective chromosomes in tetraploid
cotton, and new nomenclature based on homeologous chro-
mosomes was proposed (Wang et al. 2006). Here, we report
the development of the remaining chromosome-speciWc
BAC clones for tetraploid cotton G. hirsutum, and their
uses as FISH markers for the cotton cytogenetic and physi-
cal mapping.

Materials and methods

Materials

The BACs used in this study were obtained from two geno-
mic BAC libraries that were constructed by the tetraploid
cotton TM-1 line, and a restorer line 0-613-2R for cytoplas-
mic male sterile lines in the G. harknessii cytoplasm (Yin
et al. 2006). Among them, seven chromosome-speciWc
BACs for chromosomes A3, A8, A11, A13, D5, D11 and
D8 used for FISH were described and reported previously
(Wang et al. 2006). The chromosome-A6-speciWc BAC
62K03 developed in previously report, was not selected

because the BAC 47N15 could generated much more clear
signal and was identiWed as new chromosome-A6-speciWc
BAC clone in this study (Fig. 1; Table 1). The TM-1 BAC
library and genetic stocks that were monosomic for G. bar-
bandense chromosomes A1, A2, A3, A6, A7, A9, A10,
A12, D7, D13, D10, D9, D6 and D12, and telodisomic for
A1sh, A1lo, A2sh, A2lo, A5lo, D2lo, D1lo, D7sh, D7lo,
D4lo, D4sh and D6lo for assignment of SSR markers to
chromosomes or chromosome arms were kindly provided
by the USDA-ARS, Crops Germplasm Research Unit,
Texas, USA. TM-1 is a highly inbred line of G. hirsutum L.
(2n = 52). The aneuploid hybrids were derived from the
cross between the monosomic or monotelodisomic lines of
the corresponding chromosome in the TM-1 (G. hirsutum)
genetic background as female parent and 3–79 (G. barba-
dense). New tetraploid cotton nomenclature based on
homeologous chromosomes was used, in which the A and
D subgenome chromosomes were renamed as A1 through
A13, and D1 though D13, respectively (Wang et al. 2006).

Selection of SSR markers and isolation 
of chromosome-speciWc BACs

Molecular markers from a high-density genetic map of tet-
raploid cotton were used to screen BAC libraries (Han et al.
2006). Markers that mapped to apparently high recombina-
tion regions of linkage groups were chosen in this study.
For the syntenic analysis of BAC-FISH sites, the markers
separated by a substantial genetic distance from a common
linkage group were selected. The genetic distance increased
the likelihood that syntenic BAC-FISH loci could be distin-
guishable from each other after hybridization to chromo-
somes. The selected SSR markers were then used to screen
the BAC libraries based on a PCR library screening
approach (Wang et al. 2005). All positive clones were
picked and individually cultured in a solid LB culture
medium to reduce contamination. The selected clones were
conWrmed with corresponding markers by PCR. Plasmids
from all positive BAC clones were used as FISH probes to
hybridize to TM-1 mitotic chromosomes. Only the best
BAC clone that consistently produced strong and unambig-
uous signals was selected Wnally as chromosome-speciWc
BAC clone for each chromosome.

Chromosome preparation and FISH

The cotton TM-1 mitotic metaphase chromosomes were
used in the FISH. Methods for root tips, slide preparations
and single-color FISH were the same as described previ-
ously (Wang et al. 2006). Dual-color FISH was conducted
as described by Ji et al. (1997) with some modiWcations as
described below. The puriWed BAC DNA was labeled with
biotin-16-dUTP or digoxigenin-11-dUTP (Roche Diagnostics,
123
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Fig. 1 Twenty-six individual cotton mitotic chromosomes with FISH
signals derived from the chromosome-speciWc BACs, and comparisons
of linkage and FISH maps. Chr. A1–A13 and Chr.D1–D13 were the A
and D subgenome chromosomes of tetraploid cotton G. hirsutum L.,
respectively. A Linkage maps show three or four loci, including one or
two markers used to select BAC clones for FISH and two end markers
from each linkage group. B Diagrams of chromosomes in which the

colored circles represent signals of BAC clones linked with corre-
sponding markers on A. C FISH images. Another BAC was mapped
simultaneously with the corresponding chromosome-speciWc-BACs
for chr. A1, A6, A10, and D12. All bars indicate 50 cM for the linkage
maps. The red signals were digoxigenin-labeled probes detected by
anti-digoxigenin-rhodamine, and green were biotin-labeled probes de-
tected by avidin-Xuorescein
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Mannheim, Germany) by standard nick translation reac-
tions. Following overnight incubation at 37°C, slides were
rinsed at 42°C in 2£ SSC, 50% formamide in 2£ SSC, and
2£ SSC, for 10 min each. The signals from the digoxige-
nin-labeled and biotin-labeled probes were detected respec-
tively by anti-digoxigenin-rhodamine and avidin-
Xuorescein. DAPI (4�,6-diamidino-2-phenylindole) in an
antifade solution (Vector, USA) was used to counterstain
the chromosomes.

Image processing and measurement

The slides were examined under an Olympus BX51 Xuores-
cence microscope. All chromosome and FISH signal
images were captured with an Evolution VF CCD camera
(Media Cybernetics, USA), and were merged graphically
by using an Image-Pro Express software (Media Cybernet-
ics, USA).

Signal position and chromosome length was measured
by using the same Image-Pro Express software. The results
presented are average lengths of measurements from 20
mitotic chromosomes.

Results

IdentiWcation of cotton chromosome-speciWc BACs

Seven BACs had been identiWed previously and used as
chromosome-speciWc markers to assign the G. hirsutum
chromosomes (A3, A8, A11, A13, D5, D8 and D11) using
translocation lines and FISH (Wang et al. 2006). To Wnd
more BAC-FISH markers and to develop a reliable system
for chromosome identiWcation and genomic researches in
cotton, we isolated 19 more BAC clones that hybridized
speciWcally to each of the remaining cotton chromosomes.

A total of 72 SSR markers that mapped to regions of highly
recombined of these 19 linkage groups on our detailed
genetic map (Han et al. 2006) were selected to screen the
BAC library. Of these, 49 markers isolated at least one pos-
itive clone. Only one positive clone for each marker (so
total 49 positive clones) was selected to test as FISH probes
for hybridizing to the cotton chromosome. And 31 of the 49
positive clones could present relatively clear signals (little
or no background) with the aid of Cot-1 DNA for blocking,
and others produced strong background or no main signals.
To identify chromosome-speciWc clones, diVerent clones
derived from a common chromosome were further com-
pared in FISH, and the best one that produced more clear
and strong signals was selected as chromosome-speciWc
clone. Finally, 19 BAC clones that each could consistently
produce one strong and unambiguous signal on one chro-
mosome were selected as chromosome-speciWc BACs for
the remaining 19 chromosomes. The 26 chromosome-spe-
ciWc BAC clones with corresponding SSR markers and
their cytological locations are presented in Table 1 and
Fig. 1.

Association of BAC-FISH markers to genetic linkage 
groups

To verify the newly identiWed BACs as cytogenetic mark-
ers in the chromosomes identiWcation, well established
monosomic and monotelodisomic genetic stocks in tetra-
ploid cotton were used to test the presence of these markers
on the corresponding chromosomes. The aneuploid hybrids
were produced by crossing between the monosomic or
monotelodisomic lines in the G. hirsutum acc. TM-1 back-
ground as the female parent and G. barbadense acc. 3–79,
which contains a single chromosome from the G. barba-
dense 3–79. Thus, if one marker genotype was determined
to be similar to that of G. barbadense, and the counterpart

Table 1 Chromosome-speciWc 
SSR markers and BAC clones in 
tetraploid cotton

Chromosome SSR markers BAC clones Chromosome SSR markers BAC clones

A1 BNL3580 52D06 D1 BNL3902 48F11

A2 BNL3971 94K09 D2 BNL2882 78G20

A3 BNL3441 104O10a D3 NAU657 85H17

A4 NAU2235 84C03 D4 BNL0358 40M09

A5 BNL2448 87P01 D5 BNL0390 50D03a

A6 NAU1277 47N15 D6 BNL3264 24K19

A7 NAU542 09N05 D7 BNL1395 16O18

A8 BNL3627 35J07a D8 BNL2655 37F17a

A9 BNL3779 37F22 D9 BNL3511 27P12

A10 BNL2960 50P05 D10 BNL0169 78O17

A11 BNL4094 14G14a D11 NAU694 59B08a

A12 NAU2096 43C02 D12 BNL1669 10G17

A13 BNL1495 98H10a D13 BNL1079 99C11

a BAC clones derived from the 
TM-1 library and identiWed by 
Wang et al. (2006)
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marker allele was not observed, we would assign the
involved marker locus to corresponding chromosome or
chromosome arm. As shown in Fig. 2, the monosomic and
monotelodisomic stocks generated 3–79 genotypes with
chromosome-speciWc SSR markers BNL1079 (Fig. 2a) and
BNL3971 (Fig. 2b). Therefore, these two loci were located
on chromosome D13 and on the short arm of chromosome
A2, respectively. Similarly, all the other markers were veri-
Wed by using corresponding genetic stocks (data not shown)
with the exceptions of chromosomes A4, A5, D2, D1 and
D3, for which genetic stocks were not available or only
monotelodisomic stocks involving one arm were made
available. Nevertheless, the association of these BAC-FISH
markers with their corresponding genetic linkage groups
can be conWrmed. Thus, a full set of chromosome speciWc
BAC clones was established and will be an invaluable
resource for cotton genomic research.

Integration of linkage and physical maps in tetraploid 
cotton

The relative chromosome positions of the FISH markers
can be compared with their genetic positions on the genetic
linkage map. Although a few SSR markers (BNL2448,
BNL3580, BNL3627, BNL4094, BNL0358, and
BNL0169) were deWned at interior positions within their
corresponding linkage groups, most of the 26 BACs were
localized to the distal regions of corresponding chromo-
somes (Fig. 1; Table 2). Additionally, the total length of
cotton chromosome is 71.61 �m calculated by adding up all
chromosome lengths in Table 2. According to the estimated
total linkage distance and DNA content, 5,200–5,500 cM
(Lacape et al. 2003) and 2,230 Mbp (Arumuganathan and

Earle 1991), the genetic distance and the DNA content will
be 72.61–76.81 cM and 31.14 Mbp per micrometer chro-
mosome length in cotton.

By using a dual-color FISH, we demonstrated that two
BAC probes derived from corresponding markers on the
same linkage map could be co-localized simultaneously to
test the synteny of the BAC signals for four chromosomes.
As shown in Fig. 1 (chr. A1, A6, A10 and D12), each pair
of BAC clones derived from markers from one linkage
group could be detected.

Physical mapping of an EST-containing BAC 
by chromosome-speciWc BAC landmarks

To test the utility of the cotton chromosome-speciWc clone
markers, an EST clone was isolated and located onto a
chromosome. Sequence-speciWc primers (Y2232) were
designed from an EST, with high sequence similarity to a
G. hirsutum ethylene-responsive element-binding factor
cloned from a super hybrid Xiangzamian 2 cotton line. The
EST has been mapped on one short linkage (Wang, unpub-
lished results in our lab), which contained one marker in
common with chromosome A7 in the new cotton genetic
map (Guo et al. 2007). A BAC clone, 36D03, was identiWed
by screening 0-613-2R BAC library using Y2232 primer,
and co-hybridized with chromosome A7-speciWc BAC
09N05. The FISH result showed that BAC 36D03 did co-
localize with the reference marker, and was placed on the
long arm, near the end of chromosome A7 (Fig. 3).

Discussion

In this study, we report the development of all 26 chromo-
some-speciWc BACs of tetraploid cotton G. hirsutum towards
a simple and reproducible method for chromosome identiW-
cation by using BAC-FISH cytogenetic markers. And, we
also proved this set of cytogenetic markers could be used as
excellent landmarks for easy and reliable physical mapping
of new BAC clones as well as other sequences that could be
visualized by FISH in cotton. Nevertheless, it was a chal-
lenge to develop such chromosome-speciWc BACs for poly-
ploidy plants, because most BACs will contain many
repetitive sequences and will not generated locus-speciWc
FISH signals (Zhang et al. 2004). The successful application
of this technique in other plants will depend on both the size
of the genomic clones analyzed and the percentage of repeti-
tive DNA sequences in the genome (Jiang et al. 1995). The
cotton genome contains a relative large percentage (t60%)
of single- or low-copy number DNA (Baker et al. 1995) and
this may contribute to the successful development of such
chromosome-speciWc BAC-FISH clones. Additionally, the
strategy that using the markers of high recombination regions

Fig. 2 Chromosome-speciWc SSR markers BNL1079 (a) and
BNL3971 (b), and corresponding positive BAC clone of chromosomes
D13 and A2 were re-identiWed by genetic stocks. Lane 1–7 were Gos-
sypium barbadense cv.3–79, Hai7124, F1(TM-1 £ Hai7124),
(H11 £ 3–79)F1 monosomic, TM-1, restorer line 0–613–2R used for
BAC library construction by Yin et al. (2006), and positive BAC clone;
b Lane 1–8 were 3–79, Hai7124, F1(TM-1 £ Hai7124), (Te2sh £ 3–
79)F1 monotelodisomic, (Te2lo £ 3–79)F1 monotelodisomic, TM-1,
0–613–2R, and positive BAC clone. M DNA size marker. Arrows point
the diVerent patterns of euploid hybrids according to primer BNL1079
and BNL3971. From the aneuploid test, we can conclude that
BNL1079-165 and BNL3971-140 were located on chromosome D13 (a)
and the short arm of chromosome A2 (b), respectively
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on linkage groups to screen the library may be helpful for
picking BACs with relatively low repetitive sequence con-
tent. Combing previous study, we total screened 62 BACs,
and found 40 BACs (64%) could generate clear signals with
or without the Cot-1 DNA blocking. It indicates that this
strategy is helpful for the avoidance of repetitive elements.

The chromosome nomenclature based on chromosomal
morphology was not associated with their genetic linkage
maps in tetraploid cotton, which could cause confusion in
applications. In the current chromosome-speciWc cytoge-
netic marker system, the tetraploid cotton chromosomes
were identiWed and named according to their genetic link-
age groups. Therefore, chromosome identiWcation based on
these chromosome-speciWc markers is consistent among
diVerent varieties and accessions in Gossypium, assuming
that there are no diVerent chromosome rearrangements in
these species (Dong et al. 2000).

The BAC-FISH technology provided a cytogenetic
approach to correlating molecular maps with cytological
maps or chromosomes. By evaluating the relative positions
of FISH markers on the chromosomes and linkage maps in
sorghum, Kim et al. (2002) found that the FISH markers
(signals) resided near the ends of chromosomes, although
their linkage markers were deWned as being interiorly posi-
tioned in the respective linkage groups. And they concluded
that the recombinationally active regions in sorghum chro-
mosomes are localized primarily in the large distal euchro-
matic segments. As in sorghum, most of the 26 cotton
BACs were localized to or near the chromosomal ends
(Fig. 1), which indicated that the recombination-active
regions of cotton chromosomes are primarily located in the
distal regions. Moreover, the number of markers on the
linkage maps is usually less than desired, and the degree of
genomic coverage is uncertain. FISH with BAC clones

Table 2 Correlation of 
chromosome-speciWc markers 
between their genetic positions 
and physical positions in cotton

Chr. SSR 
markers

Genetic 
distance
(cM)

Total genetic 
distancea 
(cM)

Relative 
genetic 
positionb

Physical 
position 
(�m)

Chr. 
length 
(�m)

Relative 
physical 
positionc 

RGP ¡ RPPd

A07 NAU542 35.7 119.3 0.30 0.78 2.73 0.29 0.013 

D11 NAU694 69.0 308.6 0.22 0.49 2.35 0.21 0.017 

A03 BNL3441 51.4 315.5 0.16 0.51 2.82 0.18 0.019 

D03 NAU657 55.2 166.9 0.33 0.74 2.41 0.31 0.023 

D01 BNL3902 15.3 97.7 0.16 0.45 2.40 0.19 0.032 

A02 BNL3971 96.1 171.2 0.56 2.02 3.34 0.60 0.042 

D13 BNL1079 94.3 171.9 0.55 1.50 2.53 0.59 0.045 

A12 NAU2096 168.8 208.8 0.81 2.12 2.84 0.75 0.062 

A13 BNL1495 38.8 211.9 0.18 0.36 3.02 0.12 0.063 

A09 BNL3779 54.7 157.9 0.35 0.74 2.64 0.28 0.066 

D07 BNL1395 32.1 94.3 0.34 0.92 2.25 0.41 0.069 

D05 BNL390 234.2 322.3 0.73 1.57 2.42 0.65 0.076 

D09 BNL3511 53.8 141.3 0.38 0.62 2.35 0.26 0.119 

A06 NAU1277 155.0 157.8 0.98 2.64 3.06 0.86 0.119 

A10 TMC10 136.2 208.5 0.65 2.31 2.97 0.78 0.124 

A04 NAU2235 0.0 197.8 0.00 0.38 2.84 0.13 0.134 

A01 BNL2921 75.2 156.6 0.48 2.08 3.40 0.61 0.137 

D12 BNL1669 88.4 154.0 0.57 0.95 2.23 0.43 0.149 

A10 BNL2960 154.1 208.5 0.74 2.65 2.97 0.89 0.151 

D02 BNL2882 59.5 118.7 0.50 0.92 2.67 0.34 0.157 

D12 BNL341 60.0 154.0 0.39 0.50 2.23 0.22 0.167 

D08 BNL2655 105.5 201.2 0.52 0.94 2.71 0.35 0.179 

D06 BNL3264 161.5 293.7 0.55 0.93 2.53 0.37 0.182 

A06 NAU837 48.2 157.8 0.31 0.35 3.06 0.12 0.190 

A05 BNL2448 160.8 330.6 0.49 0.93 3.45 0.27 0.216 

A01 BNL3580 101.0 156.6 0.64 2.99 3.40 0.88 0.234 

A11 BNL4094 82.1 201.0 0.41 0.54 3.41 0.16 0.250 

D04 BNL358 113.2 252.5 0.45 0.28 2.05 0.13 0.313 

D10 BNL169 54.4 96.8 0.56 0.51 2.88 0.18 0.383 

A08 BNL3627 106.4 193.6 0.55 0.26 3.29 0.08 0.470 

a The total genetic distance of 
the corresponding linkage group 
according to the map of Han 
et al. (2006)
b Genetic distance/total genetic 
distance
c Physical position/chromo-
some length
d RGP ¡ RPP = |Relative ge-
netic position ¡ Relative physi-
cal position|
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isolated based on markers from the ends of linkage groups
was used to evaluate grossly the degree of which a linkage
map can provide a good coverage (De Donato et al. 1999;
Kim et al. 2002). In this report, two BAC clones, 47N15
and 75F07, were selected based on chromosomal end mark-
ers of linkage group A6, and were physically localized to
the end of the chromosome (Fig. 1 see Chr A6). These data
indicate that the physical coverage of the chromosome is
nearly reaching the ends for linkage group A6. It has been
estimated that the cotton genome is 5,200–5,500 cM-long,
and a total of 5,000 markers are required to develop a satu-
rated linkage group (Lacape et al. 2003). However, for indi-
vidual chromosomes, it is unknown how many markers are
suYcient. Comparisons among linkage and physical maps
by BAC-FISH, as described above, can be used to evaluate
whether a linkage group or the regions it comprises is com-
pletely covered, and then a truly integrated chromosomal
map can be constructed. The development of a set of chro-
mosome-speciWc SSR markers and BAC clones provides an
invaluable resource for cotton genome researches, and it
will have many applications in physical mapping, gene
localization, chromosome identiWcation, QTL tracking, and
marker-assisted breeding of the Gossypium species.
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