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ABSTRACT. Gossypium tomentosum and G. darwinii are wild
allotetraploid cotton species, characterized by many excellent
traits, including fiber fineness, drought tolerance, and Fusarium and
Verticillium wilt resistance. Based on the construction of F, linkage
groups of G. hirsutum x G. tomentosum and G. hirsutum x G. darwinii,
two genetic linkage maps were compared. As a result, we found a total
of seven inverted fragments on chr02, chr05, chr08, chr12, chr14, chr16,
and chr25, and three translocated fragments on chr(05, chr14, and chr26.
In addition, comparison of the inverted and translocated fragments
revealed that the orientation of four of seven markers in G. tomentosum
were consistent with G. hirsutum or G. raimondii. The orientation
of one of seven inverted markers of G. darwinii was consistent with
G. hirsutum, and the orientation of one of three translocated markers
of G. tomentosum was consistent with G. raimondii. These results
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indicate that, in comparison to G. darwinii, G. tomentosum has a closer
genetic relationship to G. hirsutum. These findings will be important
for our understanding on the genome structure of G. tomentosum and
G. darwinii, and set the scene for further in-depth genome research
such as fine mapping, tagging genes of interest from wild relatives, and
evolutionary study.

Key words: Cotton germplasm resource; Allotetraploid cotton;
Gossypium tomentosum; Gossypium darwinii; Linearity relationship

INTRODUCTION

Cotton is a natural white fibrous agricultural product, which is of great economic
importance as a raw material for the textile industry, and has a wide variety of uses in the paper
industry, in home fixtures, medical supplies, chemicals, and oil (Ensminger et al., 1990). Cotton
(Gossypium spp) is one of the most expansively grown species around the globe, and is grown
in tropical and subtropical regions between the latitudes 36°S and 46°N (Reller and Gerstenberg,
1997) in more than 80 countries (Fryxell, 1979; Smith, 1995). The Gossypium genus consists
of 50 species (Fryxell, 1992; Stewart, 1995; Ma et al., 2008), which includes five allotetraploid
species [2n = 4x = 52; (AD), to (AD),] and 45 diploid species (2n = 2x = 26, A through G and
K) (Fryxell, 1979; Stewart, 1995; Brubaker et al., 1999; Zhang et al., 2005). The evolution of
domesticated cotton has involved various steps, which provide scientists with insight into the
role of polyploidy in the diversification process and permit the investigation of unique traits. In
addition, it can further help geneticists to utilize germplasm from wild relatives. Allopolyploids
are a great tool that can be used to understand the evolutionary process of two diploid but
different sized genomes that evolved simultaneously. Studies on the evolution and diversity of
the Gossypium genus provide basic knowledge on the morphological diversity of the genus and
plant biology, which can help in the better utilization of genetic resources (Wendel et al., 2009).

More than 30 genetic maps have already been published in cotton, and most of them
are based on interspecific crosses of domesticated tetraploid species, namely G. hirsutum and
G. barbadense (Jiang et al., 1998; Zhang et al., 2002; Nguyen et al., 2004; Rong et al., 2004;
Guo et al., 2007; He et al., 2007; Lacape et al., 2003, 2009). Interspecific tetraploid genetic
maps are useful for understanding genome structure and for exploring the genetic basis of
important agronomic characters. In addition, they provide a basis for identifying new DNA
markers for further high density maps (Guo et al., 2007; Zhang et al., 2008; Yu et al., 2011;
Kalivas et al., 2011; Tu et al., 2014).

Wild cotton has long been used as a genetic resource to introduce new traits that
increase the potential of cultivated cotton species (Stewart, 1995). Gossypium darwinii, a wild
allotetraploid species with an (AD), genome, is closely related to Gossypium barbadense,
but is quite different from the cultivated Gossypium hirsutum. It has many excellent traits,
including finer fiber fineness, drought tolerance, and Fusarium and Verticillium wilt resistance.
Gossypium tomentosum is endemic to Hawaiian Islands, and it has many unique agronomic traits
such as insect-pest resistance, drought tolerance, salt tolerance, heat tolerance, nectarilessness,
and lint color (Liu et al., 2015). Many genetic studies, such as those investigating genomic
and genetic structure/organization, have been conducted on the two cultivated tetraploids, G.
hirsutum and G. barbadense. However, very little is known about the genomic architecture,

Genetics and Molecular Research 15 (3): gmr.15038391



Collinearity allotetraploid G. tomentosum and G. darwinii 3

gene transfer, or introgression of unique traits from the other three tetraploids.

In the present study, simple sequence repeat (SSR) genetic maps were developed from
two F, populations, G. hirsutum x G. tomentosum (Chen et al., 2015) and G. hirsutum x G.
darwinii (Kashif et al., 2015). The linearity relationship was compared between the two genetic
maps, which will serve as an indispensable genomic resource for genome structure study,
comparative genomic analysis, fine mapping, and map-based gene cloning of important traits.

MATERIAL AND METHODS

A linkage map was reconstructed from two previously constructed maps (Chen et al.,
2015; Kashif et al., 2015). SSR markers uniformly distributed on different chromosomes were
selected and checked after downsizing. The JoinMap 4.0 software was used for linkage analysis
and map construction. Kosambi mapping function was used to convert recombination frequencies
into map distances (cM). The Mapchart 2.2 software was used to draw the genetic map.

Linkage map assignment was established by common markers, which were already
anchored as previously described (Wang et al., 2012; Li et al., 2014, 2015; Zhang et al.,
2015). Chromosomal nomenclature was used as described by Guo et al. (2008), i.e., SSR loci
anchored on chromosome (chr) 1-13 were designated to the A sub-genome (At), whereas loci
confined to chr 14-26 were designated to the D sub-genome (Dt).

RESULTS

Comparing the linear relationship of the two genetic linkage maps, we found that most
SSR markers present were collinear between the two maps. Meanwhile, part of the non-linear
relationship appeared on the individual chromosomes between the genetic linkage maps of G.
hirsutum X G. tomentosum and G. hirsutum X G. darwinii, which include seven inverted and
three translocated fragments (Figure 1A-J).

Seven inversions were found on seven different chromosomes between the genetic
maps of G. tomentosum and G. darwinii. The first inversion was on chr02 (MON_COT043-
HAU2643-HAU0248-HAU2923), the second on chr05 (MON-DPL0384-TMBI1586-
BNL2448), the third on chr08 (CGR6748-HAU0709-BNL3257), the fourth on chr12 (MON _
CGR5158-NAU943-BNL1673), the fifth on chr14 (NAU3691-MON_CGR5818-TMB1513),
the sixth on chr16 (CM56-JESPR102-NAU3676-GH56), and the seventh on chr25 (MON _
CGR5665-NAU2388-BNL3103). Three translocations were found on three different
chromosomes between the genetic maps of G. tomentosum and G. darwinii, respectively:
on chr05 the NAU2001-NAU1200-NAU3569 fragment underwent a parallel translocation
with the MUSB0592-NAU1127 fragment; on chr26, the MON-CGR5678-MON-DPL0391
fragment underwent a parallel translocation with the MON-CGR6318-MON-CGR5802
fragment; and on chr14, the TMB0803-NAU2987 fragment underwent a parallel translocation
with the MON_C2 0079-HAUO0551 fragment.

Referring to the published G. raimondii genome sequencing data (D,, Wang et al.,
2012) and the latest G. hirsutum genome sequencing data (AD,, Zhang et al., 2015), we
compared the inversions and translocations on the genetic linkage map with the physical
position and arrangement on the corresponding genome chromosome. The result showed that,
among the inversions, the fragment orientation of G. darwinii on chr05 is consistent with the
physical direction of the G. raimondii (D,) and G. hirsutum (AD,) genome sequences.
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Figure 1. A.-J. Genetic map and collinearity comparison of Gossypium tomentosum (GT) and Gossypium darwinii
(Gd). Chr01 to chr26 refer to the Chromsome from 01 to 26, respectively.
Continued on next page
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Figure 1. Continued.
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Figure 1. Continued.

G

chr07GA(AT)

MON_SHIN 15
HaURzE

NAU 108
WON_CGRS273

WON_CoRE231
IGREDT:
ICRC0S7S
WGN_DoR25E
HAU TS
WON_CGrEss1

chi08Gd(A8)
00 1o carstan
23 NaURTE
a5 MO CoRoTTz
i FAUTZ

HauZag: z
1GN_CGRes28 .
WON SHiN01S2 B
CCRRES E:S
a
381

SERIRENSEE

e G
=
MON_CaReTE
EX WOH_DPLO1 54
w2 WO DRLOSE2 E
e MUSEQ<2
7 DRLOM3
9 DPLOTSS
w1 I1ION_C20018 1ION_CGRESST

chr07Gt(A7)

MON_SHIN-14052)
ON_CGREOD1(S)

NAUTS 1) NAU
AL

cotosat)
B

NSRID0
MON_CGRE28D
200)

HAUD3T
MON_CGRET23(
WON CGREGHTE

&)
)

NAUT124.
WON_DFLO314

chr08Gt(AB)

R EEE T8RN

B8R IRR2BHLBRISBE

WON_DCA0127

8. MON_DPLDS17(b)
- U e
2} &
7
S

i (1| =t 5

o J Froeses =

L i f = )

PObsER.. 5

® . s

i | | ey =

i i

maff Rroicorne 3]

3 MON_CGREBST o

[ R Yo ni

oy B8 Erios o

8] oo iH

8 I St z

feb v EH

% loms i

B i
=5
22
5

Genetics and Molecular Research 15 (3): gmr.15038391

chr16GH(DT)

chr16Gd(DT)

chr24Gd(D8)

MON_SHIN1457

NAUZE19

MON_CGrRETZ)
AU

il
NAL240 MGN_COREED
NALS8s

1UsE04T

MO SHIN-1457
ThEGESS

B R RE

MON_CoREas
MONCGRE14206)
NALTEDEE

Continued on next page



F. Liu et al.

Figure 1. Continued.

chr23Gd(D9) chr23Gt(D9)
chr09Gd(AS) (D3)
00 HAU2382
chr09Gt(A9) 00 MGHES 112 171 [navaerr
s Gt 24]  fnauzm
238 MON_DPLO3560 23 MON_DC20058
HUSS547 33 371 frvemn
MUSS411 37 MON_CGRES40 44 NAUZ10D
Chass 4.0 TMB2354 53 h32T
42 TMB2882 9.4 HAU11T1(z)
MON_CGRe072 45 MON_CGR8122 98 STV1B4 (5]
MONCOT{51 18 NAUTEET s | B
= 52 MON_DCA0058 :
o H THETTT s [raviesn
n 65 RCO7A4 w7 ficrca
) NAU1354 68 MON_CGRS171 B
Gh218 71 NAURE T B ) B
[ NAU3358 o Fribfe 2224 Riion Corese
NBRI-0035 i VaAUTSEE w0y Wronoelees
NAUS277 121 RAUSOTS e “
TT~MON CGRE561 12 [ erd 0 R
MON_CGR6949 T Ui 2 MON_CGRE205(s)
HAU1857 54 vese b e
T h- MON_CGRe6% e il
2 Ghod7 02 TUBOSSE
| b HAU04 o MON_CGRS 17t
NAUS478 312 JEsPRISt
Hi MGcHES 73 1 MUSE 1035(s)
HOM_SHIN-0347 - THEZEZD
| B HONCGRs707 =7 Nalzese
NAU1046 82 Ghaos
MON_DPLO332 67.0 HAUOTEZ
- 888 MON_CGRS552
CH7() %2 e
Ak HAU617 s NAUSST2
JESPR200(a) 1 MON_SHIN-1352
ik NAUS402 =s MONDPLO34D
N
= Gh310(5) 522 MON_CGRE222
MON_DC40134 50 MON_DPLa%0
- 83.3 MON_DCA040T
T &
85.8 MON_CGRS 37T
HUSS022 =3 swUisee
) Ghez2 ; : MUSBO291(3)
2 @
BNL4099 B8 MGN_CGRE 430
NBRI-0007 - H 2T
NBRI-0043 EX =
SWU15601 e MoN Corsere
MON_DPL0530 o AutsT2
HAUT244(a) 1079 JESPRES0()
NAU2723 nz usi corsizs
ey MON_CGR25%2
it MUSSaE:
e DPLo2s2
138 MON_CGR5257
i - MON CGRS 882
147§ = NERMD141
et DPLOZES
ise HAUTIEZ by
- < 153.0 HAU1E81(s)
sses]  JRavzinae)
1584 MON_DFLOE24(t)
s3] [HeuTase
169.3 HAU1182
zel  lenises
chr10Gd(A10)
chri0Gt(A10) chr206Gd(D10)
chr20Gt(D10)
00 HAU2075 00 HAUO0SSO
6.1 T i o cormsic 51 HAUISIE
151 HAU2571 1 NAUS3E8 [t . 5 MON_CGRS#T
32 {-MON_DPLO319a 1124 HAU D838 HALTTSE 0 NAUZ0E2
85 ICRCO2 16 HAU 1871 g g:‘g;éﬁg )
524 HAU2117 130 HAU2117 2 Ll
531 MGHES-27 e 147 MGHES-27 7 MON,_CGRE834
538 MON_CORS406 mmme— 184 HONDCINL 9 SWUZ010
53 HUS§1353 Lo v i B
5 NAU1068 173 WON_CGRSS09 H B
81 WONCGREME———u 183 Gh1ET() 55 o i
507 NAUT383 2 MON_CGRET4S Pt} a BNL3a71
832 MON_DC40078 B4 2 Wesar
640 1368 B4 1 NAU3E13
543 NBRI-0085 aﬁg 3 -3 HAU4g28
HAU 08 3¢ TMB1629 MUSS347
bty HBR1.0180 a £ h
NBRI-0087 H4) 9 TUB1833(s)
65 572 pr 1 MUSB0B31
%g NBRE0127 E Ry
MON_DC 40232 -
nz WU SE1233(a] b NAUS01b)
nz UON_CoRESts . g cicis
78 NBRE104 .
744 NAU 2698(a) a“ 1
789 HAU 2507 pr 3
WON_CGRSB48 . 7
802 | I THB906 . 1
803 MON_CGRS5717: HBRI-0029 b 8
804 MussEs? MON_DPLO3: p- 3
810 BNL16ES 388 MO CGRSE13) & 7
820 TUB1667a 201 UON_CORST
850 HAU0281
869 MON_DPLO707 e prepinedd
802 1MON_OPLO46S 21 TUB18ET(D)
809 MON_DPLO4I 428 BNL1EES
a1 THB0858D 514 BNL359S s
932 THB0B12) 523 Gh1B3(a) 423
976 ME0280 551 NBRIO1ES
1013 MON_CGRS5624 817 MON_DC 40402(b)
1047 NAUG2 oo 531 A A
1066 BNLZ705 &e0 HBRI0082
1071 THB0307 645 1041
1072 MON_CGRS! 655 B0325 BNLZTOS 2
1078 MON_DPLO16S 668 ust 3
1110 THB13560 872 80 4
1145 HAU2648 817 HAU 1988 ;
1162 NAU3885a 686 MON_CGRE818 789
1188 850 bt e as
T 696 4 WB1125(a) =
1274 il 693 80307 a2
1279 MUSS009 711 CIR 188(a) 28
1299 1USB1230a 723 TUBEIT a1
147.0 MON_DC40108 745 SWU20537 v}
1495 70 HAU$122 B
1 ™ GIS16 &1
133 NAggg"ﬁ 7684 HAU 0349 =3 506
806 BNL2860 1003 615
1887 HauT1e! i TuSsisz B
1868 NAL2 860 MON_DPLO4Z2 o
1724 |uussoss - s Ui
1677 NAU2008 H ICREs
1758 NAU1182 H MON_DRLOMS

Genetics and Molecular Research 15 (3): gmr.15038391



Collinearity allotetraploid G. tomentosum and G. darwinii 9

The fragment orientations of G. tomentosum on chr08, chr12, and chr25 are consistent
with the physical directions of G. raimondii (D,). The fragment orientations of G. ftomentosum
on chr08, chr12, and chr16 are consistent with the physical directions of G. hirsutum (AD)).
Among the translocation, just the fragment on chr26 corresponding physical position was
found on G. raimondii (D;) (Table 1).

Table 1. Comparison between the location of the genetic linkage fraction and the genome physical position.

Linkage | Markers Location on G. Location on G. Corresponding Correspondin | Events
group darwinii (genetic tomentosum (genetic location on G. g location on
position, cM) position, cM) raimondii (physical G. hirsutium
position, Mb) (physical
position, Mb)
chr02 MON_COT043-HAU2643- 71.7-78.8-78.9- 92.5-91.3-89.7-87.8 Inversion
HAU0248-HAU2923 794
chr05 MON_DPL0384-TMB1586- 144.1-146.1-147.8 86.3-84-82.6 21.4-21.6 37.2-58.2 Inversion
BNL2448
chr08 MON_CGR6748-HAU1632- 66.4-70.3-71.7 71.1-68.1-64.7 6.5-31.3-46.1 85.6-58.9 Inversion
BNL3257
chrl2 MON_CGR5158-NAU943- 107.3-108-111 111.2-109.2-107.1 44.2-42.6 93.5-41.7 Inversion
BNL1673
chr16 CM56-JESPR102-NAU3676- 34-34.7-36.6-39 70.6-69.4-63.4-58.4 47.1-39.5 Inversion
GHS56
chr25 MON_CGR5665-NAU2388- 18.6-20.9-23.3 29.8-29.4-28.6 42.9-40.6 Inversion
BNL3103
chr05 NAU2001-NAU1200-NAU3569- 195.1-199.5- 132.7-133.4-133.7- Translocation
MUSB0592-NAU1127 202.9-205.7-207 129-132.5
chr26 MON_CGR5678- 34.9-35.3-37.4- 31.5-33-29.6-30 17.1-31.1-10.2-10.8 Translocation
MON_DPL0391- 382
MON_CGR6318-
MON_CGR5802
chr14 TMBO0803-NAU2987- 51.9-52.1-53.9- 68-69.5-65.9-66.2- Inversion and
MON_C2_0079-HAUO0551- 54.8-55 -55.3- 64.5-62.3-60.4 translocation
NAU3691-MON_CGR5818- 56.6
TMBI513
DISCUSSION

Reciprocal translocations and inversion

In the construction of Gossypium genetic linkage maps, researchers have repeatedly
found reciprocal translocations between homologous chromosomes (Rong et al., 2004; Wang
et al., 2006; He et al., 2007; Yu et al., 2012). Very few studies have focused on different linear
relationships between homologous chromosomes in cotton. In this study, using G. hirsutum,
we constructed allotetraploid genetic linkage maps of G. hirsutum x G. tomentosum and G.
hirsutum x G. darwinii. Analysis of linear relationships at homologous positions revealed seven
inversions (on chr02, chr05, chr08, chr12, chr14, chr16, and chr25) and three translocations (on
chr05, chr14, and chr26), which were found separately on the two genetic linkage maps. When
comparing the locations of the inversions and translocations with the physical positions of G.
hirsutum, we found the same pattern of inversions at the corresponding positions on chr02,
chr05, chr12, and chr14 in G. hirsutum, consistent with the translocation on the corresponding
position of chr05 in G. hirsutum. For the first time, we report an inversion on the homologous
chromosome fragments of chr02 and chrl4, and describe the translocations on chr05 and
chrl4. In this study, we also found an inversion and translocation on the same fragment,
which indicates that this is an active genetic region. At present, we are unable to explain the
roles of the reciprocal translocation and inversion in the structural genes and geographical
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distribution of different cotton species. Further research is needed to confirm whether the
inversion occurred before or after the translocation.

Genetic mapping coupled with physical alignment of the genome

A lot of previous research has focused on the origin and evolution of allotetraploid
cotton. Findings reported by Fryxell (1992) and Wendel et al. (2009) support the idea that G.
tomentosum and G. hirsutum have a close relationship, similarly G. darwinii and G. barbadense
also have a close relationship. Limited research has been performed to determine the linear
relationship of the chromosome genetic linkage between G. fomentosum and G. darwinii.
Following the sequencing of the cotton genome, studying the relationship between the genetic
linkage map and the physical map became feasible and convenient. Using the F, population
derived from interspecific crosses, we constructed two linkage maps of allotetraploid cotton
G. hirsutum X G. tomentosum and G. hirsutum X G. darwinii separately. By referring to
the latest published G. hirsutum genome sequencing data (Zhang et al., 2015), the linear
relationship between the two wild allotetraploid cotton genetic linkage maps was compared
based on genome-wide SSR markers. The results show that there is a good linear relationship
between the genetic linkage maps of G. hirsutum x G. tomentosum and those of G. hirsutum
x G. darwinii. Furthermore, part of the non-linear relationship appeared on the individual
chromosomes between the two genetic linkage maps, including seven inverted and three
translocated fragments. Compared with the sequence data for G. hirsutum (Zhang et al., 2015),
we noted that among the seven inverted fragments, the orientation of just one marker (chr05),
which comes from G. darwinii, is consistent with the physical arrangement on G. hirsutum,
while the orientations of four markers (chr08, chr12, chrl6, and chr25), which derive from G.
tomentosum, are consistent with the physical position of G. hirsutum or G. raimondii. Among
the three translocated fragments, the orientation of one marker (chr26), which comes from
G. tomentosum, is consistent with the physical arrangement of G. raimondii. These results
indicate that, in comparison to G. darwinii, G. tomentosum has a closer genetic relationship
with G. hirsutum.
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