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Abstract

Key Message We reported the first development of
Gossypium anomalum-derived microsatellite mark-
ers and identification of recombination between sexu-
ally incompatible species by a synthesized hexaploid on
genome level.

Abstract To continue to develop improved cotton varie-
ties, it is essential to transfer desired characters from dip-
loid wild cotton species such as Gossypium anomalum to
cultivated allotetraploid cotton species. However, inter-
specific reproductive barriers limit gene transfer between
species. In a previous study, we used colchicine treatment
to produce a synthesized hexaploid derived from an inter-
specific hybrid between Gossypium hirsutum and G. anom-
alum and demonstrated its hybridity and doubled status
using morphological, cytological and molecular marker
methods. In the current study, to effectively monitor G.
anomalum genome components in the G. hirsutum back-
ground, we developed 5974 non-redundant G. anomalum-
derived SSR primer pairs using RNA-Seq technology,
which were combined with a publicly available physical
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map. Based on this combined map and segregation data
from the BC,F, population, we identified a set of 230
informative G. anomalum-specific SSR markers distrib-
uted on the chromosomes, which cover 95.72 % of the cot-
ton genome. After analyzing BC,F, segregation data, 50
recombination types from 357 recombination events were
identified, which cover 81.48 % of the corresponding G.
anomalum genome. A total of 203 recombination events
occurred on chromosome 11, accounting for 56.86 % of
the recombination events on all chromosomes. Recombina-
tion hotspots were observed at marker intervals JAAS1148-
NAU5100 on chromosome 1 and JAAS0426-NAU998 on
chromosome 2. Therefore, all G. anomalum chromosomes
are capable of recombining with At chromosomes in G.
hirsutum. This study represents an important step towards
introgressing desirable traits into cultivated cotton from the
wild cotton species G. anomalum.

Introduction

The genus Gossypium is composed of four cultivated spe-
cies (Gossypium hirsutum L., Gossypium barbadense,
Gossypium herbaceum and Gossypium arboreum) and 46
wild species representing AA, BB, CC, DD, EE, FF, GG,
KK and AADD genome types (Fryxell 1992). As in other
crops, the domestication of cotton has led to a dramatic
loss of allelic diversity. The impoverished cotton gene
pool has been further eroded by the over-exploitation of a
few genetic backgrounds (Paterson et al. 2004). Wild spe-
cies of Gossypium present an impressive range of varia-
tion in many characters, all of which can potentially be
exploited in cotton improvement programs. Transferring
desired characters from wild species into cultivated cot-
ton is therefore important for the continued improvement
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of cotton varieties. Several important traits of wild spe-
cies have been successfully introduced into cultivated cot-
ton varieties via wide hybridization. Some of these exotic
sources have made significant contributions to cotton
genetic improvement, including Gossypium harknessii as
a source of cytoplasmic male sterility (Meyer 1973), Gos-
sypium thurberi as a source of improved fiber quality traits
(Culp and Harrell 1973; Culp et al. 1979) and Gossypium
sturtianum as a source of low-gossypol and high-gossypol
plant traits (Benbouza et al. 2010). Despite these successes,
most genetic variations in wild Gossypium species remain
untapped.

Gossypium anomalum (2n = 2x = 26, B)) is a mem-
ber of the subsection Anomala Todaro. This species grows
in the southern borders of the Great Desert Belt and dry
coastal belt in Angola and South-West Africa (Silow 1941).
G. anomalum possesses several desirable characters, such
as resistance to bacterial diseases, cotton wilt, aphids,
black arm and jassids, as well as high lint quality and water
deficit tolerance (as this species is endemic to arid steppe
regions) (Ganesh et al. 2013). High fiber quality traits and
immunity to bacterial blight were previously introgressed
into G. hirsutum from G. anomalum (Qian et al. 1992;
Mehetre 2010). However, the genomic differences between
tetraploid Upland cotton (AD), and diploid G. anomalum
(B,B,) cause serious interspecific reproductive barriers,
which limit gene transfer between the species. As a result,
little is known about the introgression of DNA from this
species into cultivated varieties at the genome-wide level
(Zhang et al. 2014).

SSR markers, also known as microsatellites or short tan-
dem repeats (STRs), are PCR-based markers. SSR markers
are randomly distributed tandem repeats of short nucleotide
motifs (usually 2—6 bp long). Due to their hypervariability,
reproducibility, high abundance, multiallelic nature and
codominant inheritance, SSR markers have become valu-
able, reliable tools for genetic diversity analysis, genetic
mapping and gene tagging in cotton (reviewed by ur Rah-
man et al. 2009). To date, all SSR primers used in cotton
studies have been based on sequences from G. arboreum
(A; genome), G. herbaceum (A, genome), Gossypium
raimondii (D5 genome) and G. hirsutum (A;D; genome)
(http://www.cottonmarker.org). Due to their high levels of
transferability among the Gossypium species, these mark-
ers have been used to identify exotic chromosome frag-
ments in the G. hirsutum background (Benbouza et al.
2010; Chen et al. 2014). However, in a previous study
involving the synthetic hexaploid derived from G. hirsutum
and G. anomalum (Zhang et al. 2014), we identified some
SSR primer pairs showing weak or failed amplification of
G. anomalum-specific SSR fragments in hybrid plants and
BC segregation populations but normal amplification in G.
anomalum. We hypothesized that the sequence discrepancy
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between different species results in the preferential binding
of SSR primers to genomic DNA from G. hirsutum. As a
result, these specific SSR loci of G. anomalum would be
undetectable in the hybrid plants. This phenomenon would
make these polymorphic markers useless for monitoring
G. anomalum-specific chromosome segments in back-
cross generations. Therefore, developing G. anomalum-
derived SSR markers would greatly facilitate identifica-
tion of G. anomalum genome components in a G. hirsutum
background.

In a previous study, we obtained triploid hybrids with
the genome composition A;D;B; by crossing G. hirsu-
tum (AD), with G. anomalum (B|B,), and we produced a
putative fertile hexaploid (A;A;D;D,BB,) via colchicine
treatment. We confirmed the nature of the hexaploid plants
using morphological, cytological and molecular methods
(Zhang et al. 2014). The objectives of the current study
were (1) to develop G. anomalum-derived SSR markers;
(2) to identify a set of G. anomalum-specific SSR mark-
ers that are evenly distributed on the chromosomes; and
(3) to verify the occurrence of recombination between the
G. anomalum and G. hirsutum genomes at the genome-
wide level.

Materials and methods
Plant materials

Plants of the wild Gossypium species G. anomalum, G.
hirsutum var. 86-1 plants and synthesized hexaploid plants
derived from an interspecific hybrid between G. hirsutum
var. 86-1 and G. anomalum were grown at Lishui Plant
Experiment Station, Jiangsu Academy of Agricultural Sci-
ences, China. In 2010 and 2011, four hexaploid plants were
backcrossed as females to G. hirsutum var. Su8289, yield-
ing 503 BC,F, (pentaploid) seeds, 97 of which produced
viable plants in 2012. These 97 BC,F, plants were again
backcrossed as females to Su8289, and more than 2400
BC,F, seeds were obtained, 384 of which produced viable
plants in 2013.

Microsatellite mining of G. anomalum transcriptome
data

Total RNA was isolated from frozen leaves of G. anom-
alum using the cold-acidic phenol method with a modified
extraction buffer (10 mM Tris—HCI, pH 8.0, 25 mM EDTA,
pH 8.0, 2 % CTAB, 2 % PVP). The RNA was then pre-
cipitated with ethanol, dissolved in DEPC-treated water
and stored at —70 °C. The RNA samples were quantified
and examined spectrophotometrically for protein con-
tamination (A,q)/A,g, ratio) and reagent contamination
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(A,50/Ays ratio) prior to library construction. The cDNA
library construction and sequencing with an Illumina
HiSeq™ 2000 were performed at NovoGene Company
(Beijing, China). After removing sequence reads contain-
ing adapter sequences, low-quality sequences (reads with
ambiguous bases ‘N’) and reads with more than 10 % Q\20
bases, de novo assembly of the clean reads was performed
using the Trinity program (http://trinityrnaseq.sourceforge.
net/).

The unigene dataset was mined for microsatellite repeats
using a Perl script known as MISA (http://pgrc.ipk-gater-
sleben.de/misa). The G. anomalum-derived SSR markers in
this work were designated “JAASXXXX™, with “JAAS”
representing Jiangsu Academy of Agricultural Sciences
and “XXXX” replaced with the serial number of the SSR
marker.

SSR primer design and redundancy analysis

SSR primers were designed using Primer 3.0. The major
parameters for designing PCR primers were as follows: (1)
primer length ranging from 18 to 27 bases; (2) PCR prod-
uct size ranging from 100 to 280 bp; (3) melting tempera-
ture between 55 and 65 °C, with 60 °C being the optimum
annealing temperature; and (4) a GC content of 45-65 %,
with an optimum of 50 %.

Microsatellite sequences downloaded from the Cotton
Marker Database (CMD) (http://www.cottonmarker.org/)
served as templates. The program e-PCR (http://www.ncbi.
nlm.nih.gov/projects/e-pcr/) was utilized for simulated
PCR amplification. If there were PCR products, the newly
designed primers were considered to be redundant with the
original SSR primers in CMD, regardless of whether the
products sizes were consistent.

Combining G. anomalum-derived markers with the
whole-genome marker map

After the marker sequences were prepared, BLASTN was
applied to anchor G. anomalum-derived markers to the cot-
ton D-genome pseudo molecules as described by Wang et al.
(2013). Markers with alignments of E value < le~'" for SSR
sequences were assembled into loci. The genetic distances
of G. anomalum-derived SSR loci were estimated according
to the genetic distance of the nearest marker in the whole-
genome marker map (WGMM) (Wang et al. 2013).

SSR analysis

Genomic DNA from hexaploid plants, the BC,F, popula-
tion and their parents was extracted as described by Pat-
erson et al. (1993). SSR primers were selected using the
following two steps: First, 707 SSR primers pairs covering

the whole cotton genome were selected based on the cot-
ton genetic map (Guo et al. 2007) and marker chromo-
some location information (Xiao et al. 2009) as previously
described (Zhang et al. 2014). The sequences of these prim-
ers are available from the Cotton Marker Database (CMD)
website (http://www.cottonmarker.org). Second, after com-
bining the G. anomalum-derived markers with the whole-
genome marker map, G. anomalum-derived SSR markers
were selected at approximately 3 centiMorgan (cM) inter-
vals. SSR analysis was conducted according to Zhang et al.
(2000).

Results

Frequency and distribution of different types of SSR
markers

The G. anomalum cDNA library was sequenced by the Illu-
mina HiSeqTM 2000 system, yielding a total of 46.8 mil-
lion raw reads. After cleaning and quality checks, approxi-
mately 45.6 million clean reads were obtained. These short
reads were assembled, resulting in 117,845 transcripts.
The mean transcript size was 1393 bp, with lengths rang-
ing from 201 to 16,902 bp. A total of 53,094 unigenes were
obtained, with a mean size of 864 bp.

Using a Perl script known as MISA (http://pgre.ipk-
gatersleben.de/misa), 13,963 microsatellite repeats were
detected from 53,094 non-redundant unigenes. Of these
unigenes harboring microsatellites, 11,047 unigene
sequences contained one microsatellite repeat, while 2297
contained more than one microsatellite repeat, and 855
microsatellite repeats were present in compound form. The
overall microsatellite density was found to be one microsat-
ellite spanning every 3.3 kb.

The most abundant type of repeat motif was mono-
nucleotides (9546, 68.37 %), followed by dinucleotides
(2173, 19.43 %), trinucleotides (2079, 14.89 %), tetranu-
cleotides (136, 0.9 %), pentanucleotides (14, 0.1 %) and
hexanucleotides (15, 0.1 %). We calculated the frequencies
of EST-SSRs with different numbers of repeat units (Sup-
plementary Table S1). Within the detected SSRs, 125 motif
sequence types were identified, including 28, 22, 43, 32
and 9 types of mono-, di-, tri-, tetra- and pentanucleotide
repeats, respectively. Among these, A/T (64.68 %) repre-
sented the dominant type, followed by AT/AT (7.78 %),
AG/CT (5.87 %) and AAG/CTT (4.66 %).

Combining G. anomalum-derived SSRs with the
publicly available whole-genome marker map

A total of 6656 SSR primer pairs were designed
based on the 13,963 SSR loci using Primer3 software
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Table 1 Number and coverage of G. anomalum-derived SSR markers on the chromosomes of G. raimondii (Ds) genome

Chr. SSR marker Cover length (Mb) Chr. length (Mb)? Coverage (%) Density (marker/Mb)
1 391 62.65 63.55 98.58 6.2
2 426 63.99 64.94 98.54 6.6
3 307 45.69 46.34 98.60 6.6
4 272 35.37 35.87 98.61 7.6
5 737 70.64 71.60 98.66 103
6 390 62.09 62.95 98.63 6.2
7 435 55.42 56.57 97.98 7.7
8 461 62.04 62.96 98.54 7.3
9 418 50.86 51.71 98.36 8.1
10 366 62.54 63.46 98.55 5.8
11 551 60.79 61.74 98.46 8.9
12 489 56.98 57.84 98.53 8.5
13 402 58.3 59.05 98.73 6.8
Total 5645 747.26 758.58 98.50 74

# Chr. length in Mb based on Paterson et al. (2012)

(Supplementary Table S2). Subsequently, all publicly avail-
able microsatellite sequences (17,343 items) were down-
loaded from the Cotton Marker Database (CMD) (http://
www.cottonmarker.org/). We used the program e-PCR
(http://www.ncbi.nlm.nih.gov/projects/e-pcr/) to simulate
PCR amplification. The results show that 682 primer pairs
were redundant with SSR primers in CMD. Ultimately, a
total of 5974 non-redundant G. anomalum-derived SSR
primer pairs were developed. These 5974 EST sequences
were mapped to the D-genome with BLASTN, and 5557
primer sequence corresponding 5645 loci were placed on
this reference sequence. A combined marker map was then
generated (Supplementary Table S3).

The number of G. anomalum-derived SSR markers on
the chromosomes of the combined marker map ranged
from 272 to 737 per chromosome, which covered approxi-
mately 98.5 % of the physical length of the whole cotton
D genome. The marker density along each chromosome
ranged from 5.8 to 10.3 markers per Mb, with an average
of 7.4 markers per Mb (Table 1).

Genome-wide screening of a set of informative G.
anomalum-specific SSR loci based on BC,F, segregation
data

We first selected 707 public SSR primer pairs covering the
cotton genome to amplify SSR markers from three parents
and four hexaploid hybrid plants. Although all selected
SSR markers exhibited high levels of transferability and
polymorphism, almost half of the markers (47.24 %) were
dominant in G. hirsutum. Since G. hirsutum was used as
the recurrent parent in the backcrossing population, these
dominant markers in G. hirsutum cannot be used to monitor
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the introgression of G. anomalum-specific segments in
the backcross population (Zhang et al. 2014). Moreover,
among the 349 informative SSR markers (333 codominant
loci and 16 dominant loci in G. anomalum), a considerable
proportion of SSR primers failed to produce clear ampli-
fication products in the BC,F, population. Only 93 well-
amplified microsatellite markers were selected to genotype
the entire BC,F, population.

After developing G. anomalum-derived SSR primers
and combining them with the whole-genome marker map
(Supplementary Table S3), we selected 777 SSR mark-
ers (approximately one marker/3 cM), including 642 G.
anomalum-derived SSR primer pairs and 135 primer pairs
from other publicly available markers, to analyze the three
parents and four hexaploid hybrid plants. Among the 642
G. anomalum-derived SSR primers, 549 produced poly-
morphic bands between G. hirsutum and G. anomalum,
including 344 codominant markers, 85 dominant markers
in G. anomalum and 120 dominant markers in G. hirsutum.
Of the 135 remaining pairs of publicly available markers,
60 informative markers (55 codominant loci and 5 domi-
nant loci in G. anomalum) were identified. Based on the
combined map information (Supplementary Table S3),
155 evenly distributed, well-amplified, informative micro-
satellite markers (including 133 G. anomalum-derived
SSR primers) were selected to genotype the entire BC,F,;
population.

Segregation data from the above 248 SSR loci were
used to conduct linkage analysis via MapMaker/EXP 3.0b
(Lander et al. 1987), revealing 243 SSR loci in 13 linkage
groups; 13 SSR loci were not mapped to the correspond-
ing chromosomes, as they were detected in the combined
marker map, while 5 were not linked to any of the 13


http://www.cottonmarker.org/
http://www.cottonmarker.org/
http://www.ncbi.nlm.nih.gov/projects/e-pcr/

Theor Appl Genet (2015) 128:1531-1540

1535

Table 2 Distribution of G. anomalum-specific SSR markers on chromosomes

Chr. SSR markers Range of genetic distance

Average genetic distance

Cover length (cM)® Chr. length (cM)¢ Coverage (%)

between neighbor markers (cM)* between neighbor markers (cM)

1 20 0-26.4 9.2
2 16 3.7-20.5 11.5
3 13 4.3-19.3 9.7
4 12 0-18.8 9.2
5 24 0.8-35.8 11.2
6 18 0.3-26.0 9.4
7 19 0.5-23.0 10.6
8 18 3.3-23.1 10.7
9 15 4.1-30.1 12.2
10 16 0.4-19.4 9.5
11 27 0.1-24.6 7.8
1215 3.6-21.6 11.3
13 17 4.4-29.5 11.9

175.5 176.4 99.49
172.6 191.5 90.13
116.8 118.7 98.40
100.9 101.6 99.31
256.4 263.9 97.16
160.1 167.8 95.41
185.0 195.4 94.68
181.8 183.5 99.07
170.6 172.6 98.84
142.5 165.5 86.10
201.5 216.2 93.20
157.5 159.5 98.75
190.6 198.1 96.21

 If two neighboring loci have different genotypes, half of the intervals between them are considered to be derived from one parent and the other

half from the other parent (Young and Tanksley 1989)

b Covered length of G. anomalum-specific markers on chromosomes based on the combined marker map (Supplementary Table S3)
¢ Chr. length in cM cited from the whole-genome marker map (WGMM) (Wang et al. 2013)

linkage groups. In order to determine genome attribution of
these 13 linkage groups, we selected 18 SSR markers from
genetic map (Guo et al. 2007) with known fragment size on
particular At and Dt chromosomes to genotype parents (G.
anomalum, 86-1 and Su8289), their hexaploid progenies
and TM-1 as bridge cultivar. By comparison of molecular
weight of polymorphic loci in above materials, we found
that markers from At chromosomes amplified the same size
of the fragments in TM-1 as Guo et al. (2007) reported,;
however, markers from Dt chromosome amplified different
size of fragment from TM-1(data not shown). In this way,
we assumed that these 13 linkage groups were belonged
to At subgenome and assigned to chromosomes 1-13.
The results indicated that recombination between the At
subgenome of G. hirsutum and the B, genome is favored.
However, we cannot rule out the possibility of recombina-
tion between the Dt subgenome of G. hirsutum and the B,
genome because there are five loci unlinked to any linkage
group.

To better evaluate the distribution of the marker loci
on chromosomes, only 230 marker loci with positional
information on chromosomes were included in Fig. 1 and
Table 2. Mapped marker loci were not assayed based on
BC,F, segregation data since severe recombination sup-
pression was observed. These loci were therefore placed at
their approximate positions based on the combined marker
map (Supplementary Table S3).

The number of G. anomalum-specific marker loci per
chromosome varied from 12 to 27. The mean distance
between the adjacent marker loci varied from 0-35.8 cM,

with an average of 10.5 cM. The coverage of G. anomalum-
specific SSR marker loci on every chromosome varied from
86.1 % (chromosome 10) to 99.49 % (chromosome 1), with
an average of 95.72 %. Although we tried to obtain evenly
distributed G. anomalum-specific marker loci, two gaps of
more than 30 cM were still present on chromosomes 5 and
9 (Fig. 1).

Identifying recombination events in the BC,F,
population

A total of 357 recombination events (50 recombination
types) were identified among the 384 BC,F, individu-
als. Although recombination suppression was generally
observed, the frequency of recombination events varied
greatly between individual chromosomes, ranging from one
(chromosome 3 and chromosome 4) to 203 (chromosome
11). A high frequency of recombination events was observed
in the marker regions JAAS1148-NAU5100 on chromosome
1 and JAAS0426-NAU998 on chromosome 2 (Table 3).

Based on the combined marker map (Supplementary
Table S3), we estimated the size of each introgressed seg-
ment and the ratios they accounted for compared to the
whole donor genome (Table 3). The estimated donor seg-
ment length ranged from 15.4 to 235.05 cM. The donor
genome was represented on between 43.31 % (chromo-
some 4) and 99.37 % (chromosome 12) of each chromo-
some. The total length of the introgressed G. anomalum
genome was 1882.7 cM, covering 81.48 % of the donor
genome.

@ Springer



1536

Theor Appl Genet (2015) 128:1531-1540

Chr.1
0 1 JAAS0826 0.9
2 JAAS1098 5.2
25 3 JAAS1243 16.1
4 JAAS0006 32.8
50 5 NAU2901 38.2
6 JAAS3039 46.2
78 7 NAU3690 61.5
8 DPL0615 68.8
100 9 NAU2165 70.7
10 NAU3615 77.0
125 11 NAU2182 77.6
12 JAAS1148 86.2
150 13 NAU5100 93.7
14 NAU3714 93.7
175 15 NAU4045 111.5
16 NAU2083 111.5
200 17 JAAS5817 121.0
18 JAAS0392 147.4
225 19 JAAS3221 169.1
20 JAAS2569 176.4
250
cM
Chr.6
0 86 NAU2714 0.0
87 JAAS1095 13.5
25 88 JAAS5018 37.6
89 NAU3298 4.2
50 90 NAU4969 44.6
91 NAU5270 44.9
75 92 DPL0101 48.9
93 JAAS6138 53.9
100 94 JAAS2590 58.4
95 NAU1272 84.1
125 96 NAU2637 92.8
97 NAU905 98.7
150 98 DPL0365 99.8
99 NAUS373 103.3
175 100 NAU2397 110.5
101 JAASG6227 136.5
200 102 NBRI1275 146.0
103 JAAS2480 160.1
225
250
cM
Chr.10
0 156 JAAS3294 8.0
157 JAAS1256 24.4
25 158 NAUS359 42.8
50
159 NAU3070 62.2
7S 160 NAU904 62.6
161 NAU2166 63.1
100 162 JAAS3474 79.4
163 JAAS0080 87.4
125 164 NAU4928 90.3
165 NAU4881 91.2
150 166 NAU1236 109.2
167 JAAS1734 113.7
175 168 JAAS2768 125.0
169 JAAS2648 137.5
200 170 JAASO0321 142.1
171 CGR6110 150.5
225
250
cM

Chr.2
21 NAU2929 4.1
22 JAAS1489 7.8
23 JAAS0183 12.6
24 JAAS2287 31.6
25 JAAS4989 40.3
26 NAU5421 60.8
27 JAAS1857 71.4
28 NAU1190 83.8
29 JAAS0426 97.2
30 NAU998 108.5
31 NBRI0092 118.4
32 JAAS2050 135.7
33 NAU3820 146.1
34 JAAS4258 152.1
35 JAAS0910 168.6
36 HAU1219 176.7
104 NAL'3678C hr'710-4
105 JAAS0945 15.2
106 JAAS1372 223
107 JAAS0355 30.9
108 JAAS0988 46.0
109 NAU2680 69.0
110 JAAS5041 86.3
111 NBRI0047 98.1
112 JAAS4690 109.8
113 NAU2186 116.4
114 NAU1305 119.0
115 NAU4956 130.6
116 NAU1048 131.1
117 JAAS2686 146.0
118 JAAS2966 150.0
119 JAAS4958 158.9
120 JAAS0944 176.1
121 JAAS4754 191.2
122 JAAS2258 195.4
Chr.11
172 JAAS4829 10.4
173 NAU2152 35.0
174 JAAS4769 43.7
175 JAAS0852 57.3
176 JAAS0280 77.0
177 NAU3703 82.0
178 NAU2877 84.3
179 NAU1063 88.7
180 JAAS6160 95.9
181 JAAS1260 111.2
182 NAU5S418 128.2
183 JAAS4311 139.1
184 NAU3234 145.3
185 JAAS3088 156.3
186 JAAS2021 161.5
187 JAASS5224 165.4
188 JAAS3820 174.8
189 JAAS3199 175.4
190 JAAS3310 185.7
191 JAAS1269 191.1
192 JAAS3931 193.2
193 JAAS2330 198.6
194 JAAS4259 198.7
195 NAU5192 199.3
196 NAU5461 206.9
197 NAU3377 211.1
198 NAU980 211.9

Chr.3
37 JAAS4512 1.9
38 NAU3083 14.8
39 JAAS0994 23.6
40 NAU1167 35.2
41 JAAS0861 48.7
42 NAU4052 54.8
43 JAAS4003 67.8
44 NAU1072 76.1
45 NAU2908 80.4
46 JAAS1062 84.9
47 JAAS2579 104.2
48 NAU89S 110.7
49 JAAS4015 118.7

Chr.8

123 JAAS1049 1.6
124 JAAS4907 14.8
125 JAAS4458 21.4
126 JAAS5861 25.6
127 NBRI1042 36.8
128 JAASS128 50.0
129 NAU1037 73.1
130 NAU2169 85.4
131 NAUS91 90.9
132 NAU2914 106.1
133 NAU1322 112.8
134 NAU1262 125.5
135 JAAS0199 137.3
136 JAAS4185 141.2
137 JAAS3476 147.7
138 JAAS4933 165.0
139 JAAS5813 180.1
140 JAAS6420 183.4

Chr.12
199 JAAS6317 1.6
200 JAAS6269 5.2
201 JAAS3735 21.2
202 JAAS4943 34.8
203 JAAS6372 48.0
204 JAAS6525 60.1
205 NAU3294 70.7
206 JAAS2541 92.3
207 NAU1278 96.1
208 JAAS2305 111.7
209 JAAS2266 117.0
210 NAU3163 131.7
211 NAU1119 140.2
212 NAU1274 145.8
213 NAU3109 159.1

Chr4
50 JAAS2662 0.7
51 JAAS4808 19.2
52 DPL0494 24.0
53 NAU2363 32.0
54 JAAS2977 41.5
55 JAAS2022 47.2
56 NAU3508 55.9
57 JAAS2076 64.2
58 NAU4058 83.0
59 NAU2120 83.0
60 JAAS5256 90.8
61 JAAS5943 101.6
Chr.9
141 JAAS3113 1.9
142 JAAS5141 6.8
143 NAU3100 20.5
144 JAAS2010 24.6
145 JAAS5567 54.7
146 JAAS5248 67.9
147 JAAS4094 74.6
148 NAU2567 89.3
149 NAU3358 102.8
150 JAAS0163 118.3
151 JAAS1469 133.2
152 JAAS0125 149.6
153 NAU2591 156.2
154 JAAS1923 161.3
155 NBRI0961 172.5
Chr.13
214 JAAS4570 3.3
215 JAAS5724 8.2
216 JAAS2956 12.6
217 NAU2038 22.0
218 JAAS6264 203
219 JAAS0784 42.6
220 NAU2871 72.1
221 NBRI0431 78.3
222 NAU3398 86.0
223 JAAS3946 101.1
224 NAU2697 120.7
225 NBRI0954 129.8
226 NBRI0978 148.8
227 JAAS0804 167.8
228 NBRI0608 176.7
229 JAAS5910 181.9
230 JAAS0049 193.9

Chr.5

62 JAASG6365 6.6
63 JAAS0803 11.9
64 JAAS5604 20.0
65 JAAS5630 36.8
66 JAAS4908 46.9
67 JAAS1953 51.4
68 JAAS4815 58.4
69 DC40130 76.9
70 JAAS5981 90.5
71 NAU3650 95.0
72 NAU1221 102.5
73 NAU5273 109.3
74 NAU5486 110.1
75 DPL0156 117.7
76 HAU1248 129.9
77 NAU911 142.4
78 JAAS4041 178.2
79 DPL0163 187.1
80 JAAS5430 194.1
81 JAAS3432 222.1
82 NBRI0427 234.9
83 JAAS2949 241.6
84 JAAS4110 257.4
85 JAAS0657 263.0

Fig. 1 Map of G. anomalum-specific SSR loci based on the combined map information. Mapping of G. anomalum-specific SSR loci was per-
formed using Maplnspect (http://www.plantbreeding.wur.nl/UK/software_mapinspect.html ). The scales represent centiMorgans (cM)
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Table 3 Estimated size and coverage of G. anomalum-introgressed segments in the BC,F, generation

Chr.  Recombination Introgression No. of Size of introgression  Cover Coverage/
type segments recombination events  segments (cM) length (cM) chromosome (%)
Chrl 1 JAAS0392-JAAS2569 (18-20) * 1 42.20 134.20 76.08
2 NAUS5100-JAAS2569 (13-20) 45 86.45
3 NAU3615-JAAS2569 (10-20) 1 102.55
4 JAAS3039-JAAS2569 (6-20) 2 134.20
Chr2 5 NAU2929-JAAS1857 (21-27) 2 75.55 182.05 95.07
6 NAU2929-JAAS0426 (21-29) 60 100.80
7 NBRI0092-HAU1219 (31-36) 3 70.65
8 NAU1190-JAAS4258 (28-34) 1 82.75
Chr3 9 JAAS4512-JAAS4003 (37-43) 1 71.00 71.00 59.81
Chr4 10 JAAS2662-JAAS2977 (50-54) 1 44.00 44.00 43.31
Chr5 11 JAAS6365-JAAS1953 (62-67) 2 51.60 260.15 98.58
12 JAAS6365-DC40130 (62-69) 1 80.40
13 JAAS6365-HAU1248 (62-76) 1 132.85
14 JAAS5630-JAAS0657 (65-85) 1 235.05
15 DC40130-JAAS0657 (69-85) 1 195.80
16 JAAS5981-JAAS0657 (70-85) 1 179.75
17 NAU911-JAAS0657 (77-85) 3 127.30
Chr6 18 NAU1272-JAAS2480 (95-103) 1 92.70 92.70 55.24
19 DPL0365-JAAS2480 (98-103) 1 64.70
Chr7 20 NAU3678-JAAS5041(104-110) 1 87.00 190.20 97.34
21 NAU3678-NAU1305 (104-114) 1 119.60
22 JAAS2966-JAAS2258 (118-122) 1 47.40
Chr8 23 JAAS1049-JAAS4907 (123-124) 1 17.30 94.65 51.58
24 JAAS1049-NBRI1042 (123-127) 1 x2° 42.60
JAASO0199-JAAS6420 (135-140) 52.05
Chr9 25 NAU3100-JAAS4094 (143-147) 1 x2° 68.30 124.80 72.31
NAU3358-JAAS0163 (149-150) 29.70
26 JAAS3113-JAAS4094 (141-147) 2 81.00
27 JAAS3113-JAASO163 (141-150 1 124.80
Chr10 28 NAUS5359-NAU4881(158-165) 2 66.60 127.25 76.89
29 JAAS3294-JAAS2768 (156—-168) 1 127.25
Chrll 30 JAAS4259-NAU980 (194-198) 3 15.40 208.85 96.60
31 JAAS3310-NAU980 (190-198) 14 33.50
32 JAAS4829-JAAS4769 (172-174) 1 x2° 45.30
JAAS3310-NAU980 (190-198) 33.50
33 JAAS3088-NAU980 (185-198) 6 63.25
34 JAAS4829-JAAS4A769 (172-174) 5x2b 45.30
JAAS3088-NAU980 (185-198) 63.25
35 JAAS0280-NAU980 (176-198) 6 146.90
36 JAAS4829-JAAS3199 (172-189) 30 175.35
37 JAAS4829-NAU3234 (172-184) 23 145.60
38 JAAS4829-JAAS4769 (172-174) 24 45.30
39 JAAS3088-JAAS3199 (185-189) 33 29.75
40 JAAS4829-JAAS4769 (172-174) 8 x 2° 45.30
JAAS3088-JAAS3199 (185-189) 29.75
41 JAAS4829-NAU3234 (172-184) 18 x 2° 145.60
JAAS3310-NAU980 (190-198) 33.50

@ Springer



1538

Theor Appl Genet (2015) 128:1531-1540

Table 3 continued

Chr.  Recombination Introgression No. of Size of introgression  Cover Coverage/
type segments recombination events  segments (cM) length (cM) chromosome (%)
Chrl2 42 JAAS6317-JAAS3735 (199-201) 1 27.20 158.50 99.37
43 JAAS3735-JAAS6372 (201-203) 1 40.85
44 JAAS6317-JAAS6372 (199-203) 1 53.25
45 NAU1274-NAU3109 (212-213) 1 16.30
46 JAAS6525-NAU3109 (204-213) 1 105.25
47 JAAS6317-NAU1274 (199-212) 1 151.65
Chrl3 48 JAAS3946-JAAS0049 (223-230) 2 102.45 194.35 98.11
49 JAASO0784-JAAS0049 (219-230) 2 160.05
50 JAAS4570-JAAS6264 (214-218) 1 34.30

# Numbers in parentheses indicate introgression segments in markers (serial numbers shown in Fig. 1)

® The recombination type had two introgression segments on the target chromosome

Discussion

EST-SSR markers have high transferability among Gossyp-
ium species (Guo et al. 2006). The transferability rate from
the three species (A,, D5, A|D,) to G. anomalum (B)) is
also high (as high as 98.0 %) (Zhang et al. 2014). However,
in our previous study of the synthesized hexaploid derived
from G. hirsutum and G. anomalum, some SSR primer pairs
produced little or no G. anomalum-specific SSR amplifica-
tion products in hybrid plants and the BC segregation popu-
lation but normal amplification products in G. anomalum.
We proposed that sequence discrepancy between different
species resulted in the preferential binding of SSR prim-
ers to genomic DNA from G. hirsutum (Zhang et al. 2014).
In the current study, we developed 5974 non-redundant
G. anomalum-derived SSR primer pairs using RNA-Seq
technology. Some G. anomalum-derived primers (such as
JAASO0861, JAAS5817 and others) failed to produce G. hir-
sutum-specific bands in hexaploid plants, further indicating
that SSR primers preferentially bind to the genomic DNA
from which the SSR primers was developed.

G. anomalum belongs to the B, subgenome group. The
general distribution of this species considerably overlaps
with that of G. arboreum and G. herbaceum, two culti-
vated Asiatic cotton species (Silow 1941). The B genome
is assumed to be the progenitor of the A genome. A hybrid
between G. anomalum and G. herbaceum has 13 biva-
lents at metaphase I, whereas a hybrid between G. anom-
alum and G. arboreum has 11 bivalents and a quadrivalent,
suggesting that the A genome and B, genome are closely
related (Phillips 1966). This close affinity makes it possible
to enhance genetic recombination with the At genome of G.
hirsutum, as was observed in the present study. A total of
357 recombination events were identified between the B,
and At genomes in the first segregation generation (BC,F,;

population). Our data suggest that all G. anomalum chro-
mosomes are capable of recombining with their counter-
part chromosomes in G. hirsutum. However, the frequency
of recombination events varied widely within and between
chromosomes. A total of 203 recombination events
occurred on chromosome 11, accounting for 56.86 % of the
total number of recombination events for all chromosomes.
Moreover, a high frequency of recombination events was
observed on marker intervals JAAS1148-NAUS5100 on
chromosome 1 and JAAS0426-NAU998 on chromosome
2, corresponding to 5.74 and 18.93 recombination events
per 1 million base pairs (Mb) of DNA, respectively. These
frequencies are 7.36- and 19.72-fold higher than the aver-
age frequency for chromosomes 1 and 2, respectively.
These two marker intervals are therefore considered to be
recombination hotspots (defined as having recombination
frequencies at least five times higher than the average fre-
quency) (Katzer et al. 2011).

We observed severe recombination suppression on all
chromosomes except chromosome 11. A significant reduc-
tion in genetic recombination of interspecific hybrids was
also observed in classical genetic study of Gossypium based
on phenotypic markers (Menzel and Brown 1955; Rhyne
1958, 1960). Both chromosomal differentiation and genetic
factors that regulate recombination frequency throughout
the genome are assumed to lead to changes in recombina-
tion frequencies in cotton (Rhyne 1958) and other crops
(Sears and Okamoto 1958; Liharska et al. 1996). With the
aid of species-specific molecular markers on a genome-
wide scale, we were able to evaluate genetic recombination
region-by-region for interspecific hybrids. This process,
together with additional Gossypium sequencing efforts,
will make it possible to further explore the molecular basis
of the observed variability in recombination frequencies in
the future.
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To assess the potential for inter-genomic recombina-
tion on a genome-wide level, we analyzed 384 BC,F,
progeny derived from 97 BC, plants using a set of G.
anomalum-specific SSR loci covering the whole G. anom-
alum genome. We obtained 50 recombination types from
357 recombination events, which covered 81.48 % of the
G. anomalum genome. The occurrence of homeologous
recombination provides evidence that the introgression of
G. anomalum traits into G. hirsutum is possible between
such sexually incompatible species in a synthesized hexa-
ploid. However, approximately 47.1 % of the individuals
in the first segregation generation (BC,F,) were sterile; no
viable seeds were produced from 14 recombination types.
Therefore, additional recombinants must be identified in
later generations in order to obtain more recombination
types to cover the G. anomalum genome. Nonetheless, the
present study represents an important step towards intro-
gressing desirable traits from wild cotton species into culti-
vated cotton.
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