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Abstract Mutants are a powerful resource for studying

gene structure, function, and evolution. In this present

study, a novel Ligon lintless-like mutant (Lix), that has

short fibers and deformed leaves and stems, was isolated

from the progeny of transgenic cottons. The Lix mutant is

similar in morphology to the Ligon lintless (Li1) mutant.

Genetic analysis and molecular mapping were performed

for the Lix and Li1 mutants. These two mutants are

monogenic dominant mutants with distorted growth of

vegetative and reproductive structures. Seedlings of the

dominant homozygote Li1Li1 genotype are lethal, while

LixLix plants are viable but show no reproductive growth.

Molecular tagging showed that the Lix gene is located on

Chr. 04 in a 30.9-cM region spanned by NAU8376 and

NAU3469. In a previous study, the Li1 gene was mapped to

Chr. 22, and Chr. 04 and Chr. 22 are homoelogous chro-

mosomes in tetraploid cotton. So, we propose that Lix and

Li1 mutants have similar mutated morphology, and Lix is

mapped to a homoelogous chromosome carrying Li1. The

identification and genetic mapping of Lix/Li1 genes using

mutants provides a foundation for isolating these genes. In

turn, this will permit studies to elucidate the functional and

evolutionary roles for these genes in cotton growth and

development.

Introduction

Cotton (Gossypium spp.) is the world’s most important

natural textile fiber and a significant oilseed crop. Tens of

thousands of genes are expressed during cotton develop-

ment. Mutants can provide insight for elucidating the

genetic factors that are critical for controlling a given

phenotype. Thus, mutants are a powerful resource for

studying gene structure, function, and evolution. To date,

there have been many mutants reported in cotton including

open-bud (ob1, ob2), virescent (vl), sterile-dwarf (sda),

restores fertility (Rf), and nitrate nonutilizing gene (nit)

(Endrizzi and Nelson 1989; Endrizzi and Ray 1991; Qian

et al. 2009; Killough and Horlacher 1933; Wu et al. 2009;

Yin et al. 2006; Korolev et al. 2008). Moreover, some

important fiber mutants have been discovered and studied

for their biology and genetic mechanisms of control,

including Ligon lintless-1 (Li1), Ligon lintless-2 (Li2),

dominant naked seed (N1), recessive naked seed (n2),

Xuzhou-142 lintless-fuzzless (XZ142WX), Xuzhou-142

linted-fuzzless (XZ142FLM), Xinxiangxiaojilintless-fuzz-

less (XinWX), Xinxiangxiaojilinted-fuzzless (XinFLM)

and immature fiber (im) (Griffee and Ligon 1929; Narbuth

and Kohel 1990; Kearney and Harrison 1927; Ware et al.

1947; Zhang and Pan 1991; Zhang et al. 2007; Kohel and

McMichael 1990). Some of these cotton mutants have been

used to identify and characterize the function of the genes

(Lee et al. 2006; Wu et al. 2006).

Genetic mapping of mutation genes provides an

invaluable step towards the isolation of a gene and the

elucidation of its function. In combination with high-

density molecular maps, mutation genes can be located

on corresponding chromosomes quickly and accurately.

Furthermore, using chromosome location analysis, we

can identify the possible homologous or homoeologous
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relationships of mutation genes expressing similar mor-

phologies in allopolyploids. Cultivated Gossypium hirsu-

tum and Gossypium barbadense are allotetraploid cotton

species. To date, several genetic maps of cotton genomes

have been constructed using diverse DNA molecular

markers and mapping populations (Ulloa and Meredith

2000; Ulloa and Meredith 2002; Zhang et al. 2002; Lacape

et al. 2003; Rong et al. 2004; Mei et al. 2004; Zhang et al.

2005; Frelichowski et al. 2006; Guo et al. 2008; Yu et al.

2011; Yu et al. 2012). Rong et al. (2004) constructed a

tetraploid cotton map of sequence-tagged sites that was

composed of 2,584 loci at 1.72 cM intervals in 26 linkage

groups covering 4447.9 cM. Yu et al. (2011) reported a

genome-wide microsatellite-based tetraploid cotton genetic

map that included 2,316 loci on the 26 cotton chromo-

somes, covering a total length of 4418.9 cM with an

average distance of 1.91 cM. In our laboratory, a tetraploid

cotton genetic linkage map using a [(TM-1 9 Hai7124) 9

TM-1] inter-specific BC1 mapping population has been

constructed and enhanced during recent years (Song et al.

2005; Han et al., 2004, 2006; Guo et al. 2007a, 2008). Until

now, this was mostly microsatellite-based, gene-rich, sat-

urated cotton linkage map composed of 3,147 loci in 26

linkage groups that covered 3615.5 cM with an average

inter-marker distance of 1.15 cM (Zhao et al. 2012). Based

on molecular mapping analysis, the novel Dobzhansky–

Muller type interaction genes Le3 and Le4, that cause

interspecific hybrid lethality between two cotton species

(G. hirsutum and G. barbadense), were identified on Chr. 8

and Chr. 11 (Song et al. 2009). Similarly, fine mapping of

open-bud duplicate genes (ob1 and ob2) in homoelogous

chromosomes Chr. 13 and Chr. 18 in tetraploid cotton has

also been reported (Qian et al. 2009). In addition, several

fiber mutation genes, including four dominant (Li1, Li2, N1,

and Fbl) and three recessive (n2, sma-4(ha), and sma-

4(fz)), were genetically mapped using seven mapping

populations (Rong et al. 2005). The location of these

mutation genes lays a foundation for map-based cloning

of genes, which will allow for functional and evolutionary

analysis studies.

Ligon lintless mutant (Li1) is a monogenic, dominant

mutant characterized by short fibers (no more than 6 mm

long) and distorted leaf, stem, and flower growth; however,

the dominant homozygote (Li1Li1) genotype is lethal

(Narbuth and Kohel 1990; Rong et al. 2005). Genetic

mapping showed that Li1 is located on Chr. 22 (Karaca

et al. 2002; Rong et al. 2005). Zhu et al. (2003) reported

that the Li1 mutant’s deformed leaf and stem trait is similar

to the polar auxin transport mutant of Arabidopsis; thus,

impaired polar auxin transport in the Li1 mutant may

inhibit its vegetative and reproductive development.

Recently, microarray analysis using the Li1 mutant has

been carried on to identify and characterize the function of

the mutated gene (Bolton et al. 2009). In this present study,

a novel Ligon lintless-like mutant that exhibited the similar

morphology to the Li1 mutant was found in transgenic

cotton plants knocked down by antisense against GhPEL

that encodes pectate lysase. This newly-discovered mutant

had deformed leaves and stems and short fibers. However,

in contrast to Li1, the dominant homozygote in the new

mutant can survive (though reproductive growth is inhib-

ited), while the dominant heterozygote shows late matu-

ration in the boll opening stage. We speculate that this

novel mutant, which is similar to Li1 in morphology, is

controlled by an incomplete dominance gene that has been

temporarily termed Lix. To clarify the relationship between

the two mutants exhibiting similar phenotypes, we present

the results of a genetic analysis of the Lix and Li1 mutants

that includes the molecular mapping of Lix. The results

provide a foundation for isolating and cloning Lix/Li1, and

understanding their distribution and functional roles in

allotetraploid cotton.

Materials and methods

Plant materials

Two mutated materials and two allotetraploid cultivated

species were chosen for this present study. The two

mutants were Li1 and Lix. The Li1 mutant was a gift from

Dr. Kohel (USDA-ARS, College Station, TX, USA), while

the novel Lix mutant was found in our laboratory in

transgenic cotton knocked down by antisense for GhPEL;

the antisense construct of GhPEL was driven by the E6

promoter (E6ASP) that was developed using pBI121 and

was introduced into G. hirsutum acc. W0 (Wang et al.

2010). TM-1 is a genetic standard line of Upland cotton

and Hai7124 is a commercial Sea island Verticillium-

resistant cultivar and both are allotetraploid.

For genetic analysis, we combined different crosses of

the Lix mutant with TM-1, Hai7124 and Li1, respectively,

from 2008 to 2011. In the F1 populations, plants with

deformed leaves were further self-pollinated or crossed

with TM-1 or Hai7124 to produce segregating populations.

In addition, the Lix mutant was also self-pollinated each

year to confirm its genetic characteristics. In different

segregating populations, the normal and deformed leaf

traits were investigated during the plant seedling and

maturation stages. The v2 test for goodness of fit was used

to assess the Mendelian 1:1 (F1 or BC1 populations) or

1:2:1 (self-pollinated or allelic analysis populations)

inheritance of the deformed leaf traits. As contrast, Li1
mutant were also self-pollinated or crossed with Hai7124

to produce segregating populations for inheritance

confirmation.

964 Theor Appl Genet (2013) 126:963–970

123



For the molecular mapping of the Lix gene, we con-

structed [(Lix 9 Hai7124)(deformed leaves) 9 Hai7124] back-

cross populations. The mapping population comprised of 469

BC1 plants, and the deformed leaf and stem traits of the BC1

segregation population were investigated during the plant

seedling stage. The fiber phenotypes of the BC1 segregation

population were investigated during the boll opening stage.

Two sets of genetic materials, one for newly enlarged

(Lix 9 Li1)F1 population, and another for 50 F2:3 plant

lines with the phenotypes of deformed leaves and 10 F2:3

plant lines with the normal leaf and stem phenotype by

selfing corresponding individuals in (Lix 9 Li1) F1, were

obtained, respectively, in the Jiangpu experimental field of

Nanjing Agricultural University, Nanjing, Jiangsu Prov-

ince, China in 2011 summer, and planted in Cotton Plan-

tation of Nanjing Agricultural University, Hainan Island,

China, in 2011 winter for further allelic analysis of Lix/Li1
genes. Other materials involved in the study were all

planted in the Jiangpu experimental field of Nanjing

Agricultural University, Nanjing, Jiangsu Province, China.

DNA extraction and construction of the genetic

linkage map

Cotton genomic DNA was isolated from two parents (Lix

and Hai7124), F1 and 469 BC1 individuals, as described by

Paterson et al. (1993). Simple-sequence repeat polymerase

chain reaction (SSR–PCR) amplifications were performed

using a Peltier Thermal Cycler-225 (MJ Research), and

electrophoresis of the products was performed as described

by Zhang et al. (2000, 2002).

All SSR primer pairs were developed in our laboratory.

The primer information can be downloaded from http://

www.cottonmarker.org/. The normal leaf genotype (lixlix)

and the heterozygous genotype (Lixlix) were scored as 2

and 3 in the BC1 population, respectively. Missing data

were noted as ‘‘–’’. The v2 test for goodness of fit was used

to assess the Mendelian 1:1 inheritance in the BC1 segre-

gating population.

JoinMap v3.0 software was employed to construct the

genetic linkage map, and all linkage groups were deter-

mined at LOD scores C6. Mapping was completed using

Mapchart software (Van Ooijen and Voorrips 2001;

Voorrips 2002).

Results

Discovery of a novel Ligon lintless-like mutant (Lix)

similar to the Ligon lintless (Li1)

To confirm the functional role of GhPEL encoding pectate

lysase in fiber elongation, we regenerated GhPEL-knockdown

transgenic plants by Agrobacterium-mediated transforma-

tion (Wang et al. 2010). In GhPEL-knockdown transgenic

plants, a novel mutant (Lix) similar to the Li1 mutant was

identified. PCR analysis by promoter-gene specific primers

(Wang et al. 2010) showed that the mutant trait had no

relationship with T-DNA insertion, suggesting it should be

caused by point mutation in the process of tissue culture.

The Lix mutant had deformed leaves and stems and short

fibers compared with those observed for its parent, G.

hirsutum acc. W0. In Lix self-pollinated segregating pop-

ulations, we found that there were three types of leaf trait,

specifically normal, deformed and super-deformed

(Fig. 1a). Following Li1 inheritance in Ligon lintless

plants, we suppose that the recessive homozygote (lixlix)

exhibited the normal leaf characteristic and fibers, the

heterozygote (Lixlix) displayed the short fibers and

deformed leaf and stem phenotype, while the dominant

homozygote (LixLix), that showed only vegetative growth

and no reproductive growth, exhibited the super-deformed

leaves. For the Li1 genetic model (Fig. 1b), the heterozy-

gote (Li1li1) genotype is characterized by short fibers and

distorted leaf, stem, and flower growth, while the dominant

homozygote (Li1Li1) genotype is lethal (Narbuth and Kohel

1990; Rong et al. 2005). Thus, we speculated that the Lix

mutant was controlled by an incomplete dominance gene

with different genetic and functional roles from those in the

Li1 mutant.

Genetic analysis of Lix/Li1 mutants

Genetic analysis of the Lix mutant

Deformed leaves and stems and short fibers were two

phenotypes observed for the Lix mutant. In the genetic

analysis, we focused on the deformed leaf phenotype

because it was simpler to distinguish during vegetative

growth.

From 2009 to 2011, using TM-1 and Hai7124 as female

parents, we made several combinations by crossing the Lix

mutant with TM-1 or Hai7124. Then, individuals with

deformed leaves in F1 were self- or backcrossed with TM-1

or Hai7124 to create the F2 or BC1 progenies. In addition,

the Lix mutant plants with deformed leaves were self-

pollinated to produce a segregating population for each

year, and the Lix mutant was crossed with the Li1 mutant to

produce an F1 population with 81 individuals in 2011

summer. For accurately identifying the genetic relationship

between Lix and Li1, newly enlarged (Lix 9 Li1)F1 popu-

lation, and 50 F2:3 plant lines with the phenotypes of

deformed leaves and 10 F2:3 plant lines with the normal

leaf and stem phenotype by selfing corresponding indi-

viduals in (Lix 9 Li1) F1, were further analyzed in 2011

winter. In each segregating population, the deformed leaf
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plants were investigated in the plant seedling and maturing

stages.

During three consecutive years of analysis, 1193 self-

pollinated segregating populations in total from Lix

mutants were surveyed, which consisted of 284 plants with

the super-deformed leave phenotype, 588 plants with the

deformed leaf and stem phenotype and 321 plants with the

normal leaf phenotype. These data fitted Mendelian 1:2:1

inheritance (v2 ¼ 2:537\v2
0:05;2 ¼ 5:99). Further, the seg-

regations of 167 (TM-1 9 Lix) F1 individuals and 585

(Hai7124 9 Lix) F1 individuals were determined to fit

Mendelian 1:1 inheritance (v2¼0:000\v2
0:05;1¼3:84;v2¼

1:156\v2
0:05;1¼3:84) (deformed leaf plants:normal leaf

plants, 1:1). Moreover, the self-pollinated segregating

populations of F1 deformed leaf plants of (TM-1 9 Lix)

and (Hai7124 9 Lix) showed Mendelian 1:2:1 ratio

(v2¼2:336 \ v2
0:05;2 ¼ 5:99; v2 ¼ 1:525 \ v2

0:05;2¼5:99)

(super-deformed leaf plants:deformed leaf plants:

normal leaf plants, 1:2:1). In the cross [(Lix 9

Hai7124)(deformed leaves) 9 Hai7124] that gave 469 BC1

plants, we found 220 plants that had a deformed leaf and

stem phenotype while 249 plants had the normal leaf

phenotype. These data also fitted Mendelian 1:1 inheritance

(v2¼1:672\v2
0:05;1¼ 3:84). Genetic analysis from differ-

ent combinations indicated that the Lix mutant is a

monogenic, dominant mutant, and the deformed leaf trait in

the Lix mutant was controlled by an incomplete dominance

gene, temporarily named Lix (Table 1).

Genetic analysis of the Li1 mutant

In a previous study, the Li1 mutant was shown to be a

monogenic dominant mutant. The dominant homozygote

(Li1Li1) genotype is lethal, while the heterozygote (Li1li1)

displays short fibers (no more than 6 mm long) and

distorted leaf, stem, and flower growth (Narbuth and Kohel

1990; Rong et al. 2005). In our (Hai7124 9 Li1) F1 combi-

nation, the segregation of 56 F1 individuals fitted Mendelian

1:1 inheritance (v2 ¼ 0:018\v2
0:05;1 ¼ 3:84) (deformed leaf

plants:

normal leaf plants, 1:1). The self-pollinated segregating

populations comprised of 242 individuals from Li1 mutants,

and this consisted of 158 plants with the deformed leaf and

stem phenotype and 84 plants with the normal leaf phenotype.

These data fitted Mendelian 2:1 inheritance (v2 ¼ 0:149

\v2
0:05;1 ¼ 3:84) and deviated Mendelian 3:1 inheritance

(v2 ¼ 11:658\v2
0:05;1 ¼ 3:84). In the cross of [(Li1 9

Hai7124)(deformed leaves) 9 Hai7124] that generated 609 BC1

plants, 308 plants had the deformed leaf and stem pheno-

type while 301 plants showed the normal leaf phenotype.

These data fitted Mendelian 1:1 inheritance (v2 ¼ 0:059

\v2
0:05;1 ¼ 3:84). In the boll opening stage, all individuals

with the deformed leaf and stem phenotype displayed very

short fibers, indicating the pleiotropic effects of Li1 on vege-

tative and reproductive structures in cotton. The genetic

analyses of the different combinations led us to draw the same

conclusions as in a previous study (Narbuth and Kohel 1990),

in that the Li1 mutant is a monogenic dominant mutant and that

the dominant homozygote (Li1Li1) genotype is lethal.

Allelic analysis of Lix/Li1 genes

Because Lix and Li1 mutants are all controlled by an

incomplete dominance gene Lix/Li1, we crossed Li1 and

Lix mutants to produce an F1 combination in 2011

(Table 1). Of the 81 F1 individuals, 50 plants had deformed

leaves and stems while 31 plants showed the normal leaf

phenotype. Of the 50 plants with deformed leaves and

stems, 23 had similar morphology to the Lix mutant while

27 showed similar morphology to the Li1 mutant. To

Fig. 1 Morphology in self-pollinated population of Lix and Li1
mutants. a Phenotype of Lix mutant self-pollinated population. a–c

recessive homozygote (lixlix), heterozygote (Lixlix) and dominant

homozygote (LixLix), respectively. d leaf type (from left to right) of

the recessive homozygote (lixlix), heterozygote (Lixlix) and dominant

homozygote (LixLix). e fiber morphology of the recessive

homozygote (lixlix, up lane) and heterozygote (Lixlix, down lane).

b Phenotype of Li1 mutant self-pollinated population. a, b the

recessive homozygote (li1li1) and heterozygote (Li1li1), respectively.

c the leaf type (from left to right) of the recessive homozygote (li1li1)

and heterozygote line (Li1li1). d fiber morphology of the recessive

homozygote (li1li1, up lane) and heterozygote line (Li1li1, down lane)
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further identify the allelic relationship Lix/Li1 genes, we

enlarged (Lix 9 Li1) F1 population and selfed 50 plants

with the deformed leaf and stem phenotype and 10 plants

with the normal leaf and stem phenotype in (Lix 9 Li1) F1

to produce F2:3 plant lines. 462 F1 individuals in new

(Lix 9 Li1) F1 combination were obtained, with 298 plants

showing deformed leaves and stems and 164 plants

showing the normal leaf phenotype. Integrating the phe-

notypes of the 81 F1 individuals in (Lix 9 Li1) F1 in 2011

summer, statistics analysis showed that the data fitted

Mendelian 2:1 inheritance (v2 ¼ 1:624\v2
0:05;1 ¼ 3:84)

and deviated Mendelian 3:1 inheritance (v2 ¼ 16:782

\v2
0:05;1 ¼ 3:84) (Table 1). In 50 self-pollinated plants

with the deformed leaf and stem phenotype in (Lix 9 Li1)

F1, 23 F2:3 plant lines, which F1 had similar morphology to

the Lix mutant, showed three types of leaf traits: normal,

deformed, and super-deformed, and 27 F2:3 plant lines,

which F1 had similar morphology to the Li1 mutant,

showed two types of leaf traits: normal and deformed.

However, 10 F2:3 plant lines, which F1 had normal leaf

phenotype, all showed the normal leaf trait. This result

shows that the F1 progeny of Lix crossed with Li1 con-

tained three genotypes (lixlixli1li1, Lixlixli1li1, lixlixLi1li1)

indicating that Lix and Li1 were non-allelic. The pyram-

iding of Lix/Li1 in the same genotype (LixlixLi1li1) is

impossible and should be lethal just like lixlixLi1Li1.

Molecular mapping of Lix and chromosome

confirmation of Li1/Lix genes

A [(Lix 9 Hai7124)(deformed leaves) 9 Hai7124] backcross

population was constructed for the molecular mapping of

Lix. Based on our laboratory’s saturated genetic linkage

map information from G. hirsutum 9 G. barbadense, SSR

markers at ca. 10 cM intervals in each chromosome were

used to screen for polymorphisms between Hai7124 and

Lix parent plants. Of these markers, 120 primer pairs with

polymorphisms were selected to screen 94 randomly

selected members of the BC1 segregating population from

the [(Lix 9 Hai7124)(deformed leaves) 9 Hai7124] cross.

Further, the marker genotypes were recorded and linkage

analysis was performed. Lix was tentatively located on Chr.

4 by Join map analysis. Further molecular mapping was

done using all of the polymorphic SSR markers anchored

on Chr. 04 (Guo et al. 2008; Zhao et al. 2012). Ultimately,

Lix was located between NAU7998 and NAU3469.

Based on the preliminary tagging results, 469 individ-

uals from the BC1 segregating population were further

screened to obtain more accurately linked markers with

Lix. Along with NAU7998 and NAU3469, 14 additional

markers (linked with Lix on both sides of the interval from

25.0 to 86.7 cM of the preliminary map) were selected to

screen the enlarged BC1 population. Chi-square tests

showed that thirteen markers fitted the Mendelian segre-

gation model except for NAU3469, which deviated from

Mendelian inheritance. Finally, Lix was located on Chr. 04

between NAU8376 and NAU3469 by genetic distances of 6.4

and 24.5 cM, respectively (Fig. 2). No closer markers flank-

ing Lix were tagged using the enlarged BC1 population.

In a previous report, Li1 was located on Chr. 22 by SSR

marker analysis (Karaca et al. 2002). Subsequently, a more

detailed mapping of Li1 was carried out using the closest

markers flanking Li1, Gate4CA09 and Coau1J04 which are

located 2.7 and 1.3 cM away, respectively (Rong et al.

2005). Both Chr. 04(A4) and Chr. 22 (D4) are homoelo-

gous chromosomes in tetraploid cotton. Integrating the

morphological, genetic and allelic analysis of Lix/Li1
mutants, we propose that Lix and Li1 mutants have similar

mutated morphology, and Lix is mapped to a homoelogous

chromosome carrying Li1. The study for further cloning

Lix/Li1 and understanding their functional roles in allote-

traploid cotton is being processed.

Table 1 Chi-squared test for the segregation of cotton deformed leaf phenotype caused by the Lix/Li1 genes

Cross/generation Total No. super-deformed

leaves plants

No. deformed

leaves plants

No. normal

leaves plants

Expected

ratio

v2 Pr

Lix� 1,193 284 588 321 1:2:1 2.537 0.25–0.75

(TM-1 9 Lix)F1 167 – 84 83 1:1 0.000 0.90–0.99

(Hai7124 9 Lix)F1 585 – 279 306 1:1 1.156 0.25–0.75

(TM-1 9 Lix)(deformed leaves)� 262 71 136 55 1:2:1 2.336 0.25–0.75

(Hai7124 9 Lix)(deformed leaves) � 263 58 133 72 1:2:1 1.525 0.25–0.75

[(Lix 9 Hai7124)(deformed leaves) 9 Hai7124] 469 – 220 249 1:1 1.672 0.10–0.25

Li1� 242 – 158 84 2:1 0.149 0.25–0.75

(Hai7124 9 Li1)F1 56 – 29 27 1:1 0.018 0.75–0.90

[(Li1 9 Hai7124)(deformed leaves) 9 Hai7124] 609 – 308 301 1:1 0.059 0.75–0.90

(Lix 9 Li1)F1 543 – 348 195 2:1 1.624 0.20–0.30
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Discussion

The cotton genus comprises of ca. 50 species. Of these,

there are five allopolyploid species, including two domes-

ticated allopolyploids, G. hirsutum and G. barbadense.

Polyploidy can result in gene duplications and this can be

an origin of evolutionary novelty. Allopolyploid cotton

species are believed to have formed about 1–2 million

years ago by hybridization between a maternal Old World

diploid A-genome (Gossypium herbaceum) and paternal

New World diploid D-genome (Gossypium raimondii)

(Wendel 1989). So, there are two homologs in tetraploid

cotton species representing gene descendants from the

A- and D-genome donors at the time of polyploidy for-

mation. In general, the evolutionary fate of duplicate genes

leads to functional diversity following mutation in the

coding and/or regulatory regions (Moore and Purugganan

2005). In detail, when duplicate genes play their functional

roles, they can follow one of three evolutionary paths. First,

one copy may evolve into a nonfunctional pseudogene

(Kondrashov and Kondrashov 2006). Second, the multiple

copies can contribute to an increase in gene expression

level (Lynch and Force 2000) or both copies can suffer

mutations, but the combined action of both gene copies is

necessary to maintain original function and expression

levels (subfunctionalization) (Clark 1994). Third, one copy

may gain a novel beneficial function (neofunctionalization)

that is selectively maintained within the genome (Adams

et al. 2003; Blanc and Wolfe 2004). To elucidate the

function and expression mechanism of duplicate genes in

polyploids, mutants with special phenotypes can be useful

resources to trace back to gene structure and function. In

the present study, we found a novel mutant (Lix) from the

progeny of transgenic cotton, which exhibited similar

morphology to the Li1 mutant. Genetic analysis and

molecular mapping showed that the two mutants are

monogenic dominant mutants that are characterized by

short fibers and distorted leaf, stem, and flower growth;

however, the dominant homozygote Li1Li1 genotype is

lethal, but LixLix plants are viable though reproductive

growth is inhibited. So, the Li1 gene located on the

D-subgenome that controls the distorted vegetative and

reproductive traits has a more important function than the

Lix gene located on A-subgenome of tetraploid cotton.

Further cloning and functional analysis of Li1/Lix using

Li1/Lix mutants could reveal the relationship between these

two genes in terms of structure and function.

Identifying and cloning novel genes using mutants has

been widely applied in functional genomics research,

especially to understand the biological significance and

evolution of polyploidy. Auxin is a signal factor that

activates a series of downstream signal pathways that play

important roles in many aspects of plant growth and

development, such as apical dominance, tropism, and lat-

eral root and flower formation (Friml 2003). In cotton,

auxin plays an important role in fiber development (Lee

et al. 2006; Zhang et al. 2011); however, the exact role

auxin plays in cotton vegetative and reproductive devel-

opment needs to be clarified. In a previous study, the Li1
mutant was found to exhibit the deformed leaf and stem

trait, and this is similar to the polar auxin transport mutant

of Arabidopsis where impaired polar auxin transport in the

Li1 mutant was shown to inhibit its vegetative and repro-

ductive development (Zhu et al. 2003). Using this knowl-

edge, we speculate that the function of Li1/Lix might be

related with polar auxin transport. Using Li1/Lix mutants,

we hope in future to isolate these two genes, so to elucidate

their molecular mechanisms by analyzing the DNA varia-

tion in their coding and/or regulatory regions. This should

allow us to further understand the relationship between

polar auxin transport and the deformed leaf/stem and short

fiber phenotype, and to clarify the mechanism behind the

lethality of the dominant homozygote.

Genetic analysis and molecular mapping of mutants is a

first step toward the isolation and cloning of the genes. Fine

mapping of objective genes is a foundation for map-based

cloning. In a previous study, the genetic mapping of Li1
gene located it to Chr. 22 (Rong et al. 2005). The region

containing Li1 had an unusually high marker density, with

the closest markers flanking Li1, Gate4CA09 and

Coau1J04, located just 2.7 and 1.3 cM away, respectively

(Rong et al. 2005). In this present study, we elucidated that

the two genes, Lix and Li1, were incomplete dominance

genes and were located on the A4/D4 homoelogous chro-

mosomes in tetraploid cotton. However, molecular map-

ping of Lix with the closest markers, NAU8376 and

NAU83730.0
NAU30931.8

NAU68037.3
NAU265414.7
NAU837417.6
NAU518028.4
NAU770729.2
NAU82629.3
NAU382529.9
NAU799830.6
NAU157730.9
NAU785031.5
NAU837632.2
Lix38.6

NAU346963.1

Chr.04Fig. 2 Molecular mapping of

Lix gene. The underlined
marker indicates deviated loci
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NAU3469, delimited it to a region of 30.9 cM in length on

the Chr. 04, even after using all the polymorphic markers

on Chr. 04 from our latest detailed genetic linkage map of

G. hirsutum 9 G. barbadense. Further, we continuously

checked other three high-density genetic maps composed

of more than two thousand loci in cotton reported previ-

ously (Rong et al. 2004; Yu et al. 2011; Yu et al. 2012), and

screened polymorphic SSR loci neighboring NAU8376 and

NAU3469 on Chr. 04, however, no closer new markers

flanking Lix were tagged. This suggests that there is a

higher level of polymorphism in Chr. 22 than in Chr. 4

between G. hirsutum and G. barbadense. This also indi-

cates that the A-subgenome may have experienced lower

divergence rates than the D-subgenome during the evolu-

tion of different cotton species, which is similar to findings

reported elsewhere (Guo et al. 2007b; Zhu et al. 2009). To

elucidate the subfunctionalization of Li1/Lix based on a

map-based cloning method, we suggest focusing initially

on isolating Li1 and its regulatory regions by further fine

mapping and using the flanking Li1 genetic markers as

probes to screen, and then, after functional confirmation,

Lix and its regulatory regions can be cloned using a

homologous method.

Recently, cotton whole-genome sequencing has entered

into a calendar by international coalition of cotton genome

scientists. A pilot study for the whole-genome scaffold

sequence of a diploid cotton G. raimondii by the U.S.

Department of Energy Joint Genome Institutes (http://

www.jgi.doe.gov/) has been released at the end of 2011,

and the draft genome of G. raimondii has been published

recently (Wang et al. 2012). Based on whole-genome

reference sequences, genomic resequencing will make it

possible to directly map mutations responsible for pheno-

types of interest. Using MutMap method, several agro-

nomically important traits has been successfully harbored

in rice (Abe et al. 2012). In the future, using Lix/Li1 mutant

and their corresponding recessive homozygote plant, it is

hopeful to directly tag Lix/Li1 by genomic resequencing

and bioinformatics analysis. This will accelerate the pro-

cess of cloning Lix/Li1, and ultimately reveal the molecular

relationship and functional roles of Lix and Li1 in tetra-

ploid cotton.
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