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advantage of the incompletely dominant dwarf vegetative 
phenotype to identify 100 mutants (Li1/Li1) and 100 wild-
type (li1/li1) homozygotes from a mapping population 
of 2567 F2 plants, which we bulked and deep sequenced. 
Since only homozygotes were sequenced, we were able 
to use a high stringency in SNP calling to rapidly narrow 
down the region harboring the Li1 locus, and designed 
subgenome-specific SNP markers to test the population. 
We characterized the expression of all sixteen genes in the 
region by RNA sequencing of elongating fibers and by RT-
qPCR at seven time points spanning fiber development. 
One of the most highly expressed genes found in this inter-
val in wild-type fiber cells is 40-fold under-expressed at the 
day of anthesis (DOA) in the mutant fiber cells.  This gene 
is a major facilitator superfamily protein, part of the large 
family of proteins that includes auxin and sugar transport-
ers. Interestingly, nearly all genes in this region were most 
highly expressed at DOA and showed a high degree of co-
expression. Further characterization is required to deter-
mine if transport of hormones or carbohydrates is involved 
in both the dwarf and lintless phenotypes of Li1 plants.

Introduction

The Ligon-lintless-1 (Li1) short fiber mutant of cultivated 
Upland cotton (Gossypium hirsutum L.) was originally identi-
fied in 1929 and was among the phenotypic markers used to 
establish the first linkage groups in this important fiber crop 
(Kohel 1972; Narbuth and Kohel 1990). Beyond its role in 
the foundation of cotton genetics and genomics, Li1 has long 
been used as a model for understanding fiber cell elongation, 
a trait of great interest to both cotton breeders and cell biolo-
gists (Bolton et al. 2010; Kim and Triplett 2001; Triplett et al. 
1989; Wang et al. 2013). While wild-type cotton fiber cells of 
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G. hirsutum cv. DP5690 impressively elongate up to 30 mm 
in 4  weeks of development with fastest elongation around 
8  days post anthesis (DPA), the Li1 fiber cells only extend 
about 3  mm when fully mature (Gilbert et  al. 2013). The 
single dominant gene that confers this qualitative short fiber 
phenotype has previously been mapped to a region of chro-
mosome 22 that has also been repeatedly identified in stud-
ies of quantitative cotton fiber traits, including quantitative 
trail loci (QTLs) for fiber length, fiber uniformity and yield 
of seed cotton (Chee et al. 2005; Fang et al. 2014; Jiang et al. 
1998; Karaca et al. 2002; Rong et al. 2005; Yu et al. 2013). 
Despite many approaches including identification of differen-
tially expressed proteins and transcripts, the number of candi-
date genes for the Li1 mutation remains very high (Ding et al. 
2014; Gilbert et al. 2013; Liu et al. 2012; Zhao et al. 2009).

Although a reference genome sequence for the culti-
vated tetraploid cotton has not yet been published, refer-
ence genomes for two related diploids, Gossypium raimon-
dii Ulbr. and Gossypium arboreum L. are available (Li et al. 
2014; Paterson et al. 2012). Allotetraploid cotton contains A 
and D subgenomes which are closely related to the genome 
of the extant diploid G. arboreum (A2 genome) and the 
genome of G. raimondii (D5 genome), respectively (Wendel 
and Cronn 2003). We were previously able to significantly 
narrow the list of candidate genes for a different fiber mutant, 
Ligon-lintless-2 (Li2), by using the G. raimondii reference 
sequence, super bulked segregant sequencing (sBSAseq), 
bioinformatics and traditional fine mapping approaches 
(Thyssen et  al. 2014a). Our current objective was to make 
similar progress towards the identification of the causative 
Li1 mutation using a pseudo-tetraploid reference genome 
consisting of the reference sequences of the extant diploids.

We took advantage of the long known incomplete domi-
nance of the pleiotropic vegetative phenotypes of Li1 plants 
to select and sequence bulks of Li1 mutant and wild-type 
homozygotes from a large segregating population (Kohel 
1972). This enabled us to confidently identify linked single 
nucleotide polymorphisms (SNPs) at a high allele frequency, 
which defined the genomic region containing the Li1 locus 
and provided us with markers to test on the F2 mapping pop-
ulation. Ultimately, we were able to define a 255-kb region 
with only 16 candidate genes, which include a cluster of co-
expressed genes, including several mitochondria-targeted 
genes, and a dramatically under-expressed small molecule 
transport protein from the major facilitator superfamily.

Materials and methods

Plant materials

The plants and populations used in this study were all described 
previously (Gilbert et  al. 2013). Briefly, near isogenic lines 

(NIL) of Li1 mutant and its wild-type G. hirsutum cv. DP5690 
were generated by five generations of backcrossing and nine 
generations of self-pollination with single seed descent to intro-
gress the Li1 mutation into the DP5690 background. These 
parental plant lines were grown for mRNA isolation in New 
Orleans, LA in 2013. A segregating population of 2567 F2 
progeny was grown in Stoneville, MS in 2012. Standard con-
ventional field practices were followed at both locations.

RNA isolation, Illumina sequencing and RT‑qPCR

Three biological replicates of fibers from different devel-
opmental time points were collected from the field in New 
Orleans, LA. Total RNA from 8-DPA fiber cells were Illu-
mina sequenced by Data2Bio LLC. (Ames, IA) with paired 
101-bp reads which are available in the SRA database at 
NCBI with BioProject accession PRJNA273732. Total 
RNA from 0, 3, 5, 8, 12, 16, and 20-DPA fiber cells were 
converted to cDNA and subjected to reverse transcrip-
tion quantitative polymerase chain reaction (RT-qPCR) 
as described elsewhere (Naoumkina et  al. 2014). Primer 
sequences are included as Table S1.

Super bulked segregant analysis sequencing (sBSAseq)

The incomplete dominance of the dwarf phenotype of Li1 
plants (Fig. 1 and Fig. S1) allowed us to score homozygo-
sity of the segregating F2 progeny at the Li1 locus. Based 
on this phenotype, 100 Li1/Li1 and 100 li1/li1 (wild-type) 
plants were randomly selected from the F2 population of 
2567 individuals to be bulked and sequenced according to 
a sBSAseq approach (Michelmore et al. 1991; Takagi et al. 
2013). Total genomic DNA from each bulk  was Illumina 
sequenced by Data2Bio LLC with paired 101-bp reads.

Identification of diverse genomic regions

We aligned the sBSAseq total genomic reads, using GSNAP 
software, to a pseudo-reference genome for G. hirsutum that 
consisted of the 13 reference chromosomes of G. arboreum 
and 13 chromosomes of the G. raimondii genome which we 
present as the A and D subgenomes of G. hirsutum, respec-
tively (Jiang et al. 1998; Paterson et al. 2012; Wu and Nacu 
2010). We used InterSNP software at three different minor 
allele frequency (MAF) thresholds, 0.1, 0.2 and 0.3, to call 
SNPs between the wild-type and mutant bulk sequences 
(Page et al. 2014). We generated histograms by counting the 
number of SNPs in 1-Mb and 10-kb intervals.

Differential gene expression

We carried out differential gene expression of RNAseq 
reads as described elsewhere (Naoumkina et  al. 2014, 
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2015). All reads were aligned to the reference G. rai-
mondii genome following the PolyCat pipeline (Page 
et al. 2013). PolyCat software uses a database of home-
oSNPs to categorize tetraploid reads into subgenomes. 
We made two adjustments to the PolyCat pipeline, as 
reported previously: (1) we only counted exonic reads; 
(2) we used the ratio of A-assigned to D-assigned reads 
to proportionately divide the total number of mapped 
reads for each gene to ensure that unassigned reads con-
tribute to the total expression of genes (Thyssen et  al. 
2014a). The data normalization and ANOVA process 
were conducted as previously described (Naoumkina 
et  al. 2014). In this paper, we only present RNAseq 
expression for candidate genes. All the significantly 

differentially expressed genes are reported elsewhere 
(Naoumkina et al. 2015).

Subgenome specific primer design

Manual inspection of read alignments in sBSAseq data was 
used to identify true SNPs and nearby homeoSNPs. We 
designed subgenome-specific SNP primers pairs essentially 
as described previously (Thyssen et al. 2014a). Each forward 
primer ends with the mutant allele SNP, while each reverse 
primer ends with the D-subgenome homeoSNP. Both primers 
contain an additional mismatch at the third base from the 3’ 
end, which increases annealing temperature stringency (Dren-
kard et al. 2000). Primer sequences are included as Table S2.

Fig. 1   Incomplete dominance of Li1 vegetative phenotypes. 
Homozygous wild-type (a), heterozygous (b) and homozygous Li1 (c) 
8-week old plants and respective roots (d) showing twisted stems and 

wrinkled leaves and the intermediate height and root growth of het-
erozygotes. White scale bars are 10 cm



1706	 Theor Appl Genet (2015) 128:1703–1712

1 3

Mapping population

The 2567 F2 plants used in this study were previously 
scored for phenotypes and by simple sequence repeat 
(SSR) markers (Gilbert et al. 2013). The newly developed 
SNP markers were validated by running qPCR reactions on 
parental NILs and F1 plants as described previously (Thys-
sen et al. 2014a). The flanking SSR markers, C2-034C and 
DPL0489, were used to identify 85 informative plants with 
recombinational break points between the markers (Fig. 3). 
Since Li1 is a dominant mutation, only plants where one 
flanking marker was wt/wt and the other was Li1/wt were 
considered informative. These plants were tested with the 
new SNP markers and scored as either Li1/wt or wt/wt 
based on the presence or absence of a qPCR product with 
a Ct value that matched the control parental and F1 plants. 
SNP marker genotypes for the non-informative plants were 
not imputed but were simply treated as missing data. The 
SNP marker CFB5857 was tested on the entire population 
and scored as a dominant marker. A genetic linkage map 
was constructed in JoinMap with default parameters and a 
LOD score of 10 (Van Ooijen 2006).

Results

Identification of the genomic region containing  
the Li1 locus from sBSAseq

Since the dwarf, twisted stem and wrinkled leaf vegetative 
phenotypes of the Li1 mutation are incompletely domi-
nant in the DP5690 background in both the greenhouse 
(Fig.  1) and the field (Fig. S1), we were able to select 
only homozygous plants for sBSAseq. This enabled us 
to set a high allele frequency threshold for SNP calling. 
If heterozygotes were present in the dominant pool, we 
would expect reads from both alleles in that pool (Fig. 2). 
After aligning the reads to a reference pseudo-G. hirsutum 
genome composed of the A genome species G. arboreum 
and the D-genome diploid G. raimondii, we called SNPs at 
increasing minor allele frequencies (MAF). At a MAF of 
0.1, there is a striking single peak of 422 SNPs per Mb in 
the 14th Mb of Chromosome 12 of the D-genome, which 
corresponds to Chr. 22 of the tetraploid, the expected loca-
tion of Li1 based on earlier reports (Gilbert et  al. 2013; 
Karaca et al. 2002; Rong et al. 2005). We took this density 
of SNPs to indicate a diverse region closely linked to the 
Li1 mutation that accompanied Li1 during the process of 
NIL development. We developed qPCR based SNP mark-
ers to interrogate these polymorphisms in the segregating 
F2 population.

Segregation of markers in 2567 F2 progeny

Analysis of SNP markers on the segregating population 
significantly narrowed the genetic interval that contains the 
Li1 locus (Fig. 3). Our new genetic map shows good corre-
spondence with the physical map of the homologous chro-
mosome from G. raimondii, and confines the Li1 locus to 
an interval of 255-kb.

Differential expression of genes on the interval  
of the Li1 locus

The region of reference G. raimondii sequence that is 
bound by SNP markers CFB5856 and CFB5857 contains 
only 16 annotated genes, of which only 8 were detected by 
RNAseq in 8-DPA fibers (Table 1). Three of these were sig-
nificantly over-expressed in Li1 (Gorai.012G086600 “PPR”, 
Gorai.012G086800 “TOM”, and Gorai.012G086900 
“DCD”) and two genes were significantly under-expressed 
(Gorai.012G086000 “DUF” and Gorai.012G086100 
“MFS”).

RT‑qPCR of candidate genes during fiber development

We tested all sixteen annotated genes in the Li1 interval 
by RT-qPCR across the development of cotton fiber cells 
(Fig. S2 and Fig. S3). In wild-type fiber cells, most of 
the 8 highly expressed genes were most highly expressed 
during lint fiber initiation at DOA.   The expression of 
these genes was low at 3- and 5-DPA, with increased 
expression at the peak of elongation, 8-DPA (Fig. S2). 
The 8 genes which were not detected by RNAseq in 
8-DPA fiber also mostly had their highest expression 
at DOA, with somewhat increasing expression later in 
development, at 16 or 20-DPA, though only to levels 
approximately ten-fold less than the highly expressed 
genes (Fig. S3). We computed the simple Pearson cor-
relation coefficients for the expression of the 16 genes 
in mutant and wild-type fibers across the developmen-
tal stages as measured by RT-qPCR (Fig.  4). It is clear 
that two clusters of highly correlated genes are pre-
sent in the wild-type fibers, with three of the very low 
expressed genes correlating well with each other, and 
the remaining 13 genes forming a second cluster of co-
expression (Fig.  4). In mutant fibers, four genes lose 
their correlation with each other and with their neighbor-
ing genes (Fig.  4). Namely, Gorai.012G086100 “MFS”, 
Gorai.012G086400 “SEC”, Gorai.012G086800 “TOM”, 
and Gorai.012G086900 “DCD” have aberrant expression, 
most strikingly a dramatically reduced expression in lint 
fiber initials at DOA (Fig. S2).
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Discussion

Mapping the genetic locus by sequencing of two 
homozygote pools

As genetic resources for cotton continue to improve and costs 
for sequencing decrease, mapping-by-sequencing will increas-
ingly become the technique of choice for the identification 
of genetic loci that control phenotypes. We took advantage 
of the well annotated G. raimondii reference genome and 
recently released G. arboreum genome to construct a pseudo-
reference tetraploid genome for G. hirsutum (Li et al. 2014; 

Paterson et al. 2012). We also benefitted from the incomplete 
dominance of the pleiotropic dwarf, twisted stem and wrin-
kled leaf phenotypes of the Li1 short fiber mutation to limit our 
sequencing to two pools of homozygotes, which significantly 
simplified the SNP-calling bioinformatic analysis. In the 
future, when mapping genes with complete dominance, we 
will consider testing the segregation of the progeny of several 
dominant F2 plants before selecting plants for total genomic 
sBSAseq to ensure that only homozygotes are included in 
the bulks. While progeny testing adds time, it increases the 
expected allele frequency of the causative polymorphism from 
0.67 to 1.0 (Mendel 1941). In the present study, at a MAF of 

Fig. 2   High confidence SNPs in mapped sBSAseq reads. The 13 
reference G. arboreum chromosomes and 13 reference G. raimondii 
chromosomes are presented as the A and D subgenomes of tetraploid 
G. hirsutum. The region around the peak on D Chr 12 is expanded 

for detail; with the locations of the flanking SNP markers (CFB5856, 
CFB5857) and the Li1 locus labeled (see Fig.  3). Black indicates a 
minor allele frequency (MAF) threshold of 0.1, while dark gray indi-
cates MAF <0.2 and light gray MAF <0.3
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0.3, the SNP-calling software generates considerable back-
ground, while a MAF of 0.1 revealed an unambiguous region 
(Fig. 2). Even with this advantage, we nevertheless failed to 
discover any polymorphisms on the interval between our two 
closest flanking SNP markers, CFB5856 and CFB5857 in our 
short read sequencing data. This may mean that the causa-
tive Li1 mutation is a structural rearrangement, transposon 
insertion, copy number variation or resides in a region of low 
sequence complexity or in part of the region that is missing 
from the reference sequence. Indeed, this region of the G. rai-
mondii assembly contains several long (up to 2-kb) runs of 
Ns (Paterson et al. 2012). Although there is good colinearity 
for most of the tetraploid D-subgenome with the G. raimon-
dii genome, we cannot exclude the possibility of significant 
differences between genomes in the proposed Li1 interval, 
including differences in gene content. We look forward to 
a true G. hirsutum reference genome and longer sequencing 
read lengths to help resolve these issues.

Traditional fine genetic mapping

Mapping-by-sequencing allowed us to rapidly identify 
a region of a few Mb that contained a cluster of diversity 

that differentiates the progenitor of Li1 from the DP5690 
cultivar that we used to generate the NILs. Since diversity 
between cultivars is not uniformly distributed, there was no 
warranty that the causative Li1 mutation would be within 
the greatest density of polymorphism, although it should be 
nearby. For this reason we designed markers in the vicin-
ity, but not exclusively within the peak of diversity (Fig. 2). 
We tested segregation of our new SNP markers and the Li1 
phenotype in the large F2 population of 2567 individuals to 
narrow the region to 255-kb and 16 candidate genes. How-
ever, once flanking markers are confidently established, 
only a small subset of plants needs to be tested with the 
new markers to refine the interval (Blair et al. 2003).

Li1 candidate gene expression

We tested the expression of all 16 annotated G. raimondii 
genes in the Li1 locus during fiber development expect-
ing to pick a candidate based on differences in elongation 
stage (~8-DPA) expression. However, we were surprised to 
observe that nearly all the candidate genes are most highly 
expressed at DOA, a time point that is traditionally associ-
ated with lint fiber initiation rather than elongation (Basra 
and Malik 1984). Classically, it is though that the shorter 
fuzz fibers initiate later than lint fibers, around 5-DPA, and 
the Li1 fiber phenotype was originally described as lintless 
but fuzzy (Kohel 1972; Lang 1938). Differential gene activ-
ity at DOA might therefore explain the lack of lint but pres-
ence of fuzz on Li1 seeds.  However, it is not clear whether 
the fibers on Li1 are lint fibers, fuzz fibers or a combination 
of both lint and fuzz fibers (Triplett et al. 1989).

Correlated expression of neighboring genes

Because of the highly correlated expression of many genes 
in the Li1 locus interval, and potential unknown differ-
ences between the G. raimondii reference genome and the 
D-subgenome of G. hirsutum, it is so far impossible to pick 
a single candidate gene. By identifying orthologous genes 
in Arabidopsis, it is clear that the Li1 locus preserves some 
syntenic relationships of gene order (Table 1). Operon-like 
clusters of eukaryotic genes have been observed for triter-
pene synthesis in Arabidopsis and oat but were not found 
in Medicago (Field and Osbourn 2008; Naoumkina et  al. 
2010). Co-regulated genes in developing Arabidopsis root 
tissues show chromosomal clustering and recently a global 
analysis of Arabidopsis gene expression confirmed that 
neighboring genes are co-expressed (Birnbaum et al. 2003; 
Williams and Bowles 2004). The most significant contri-
bution to neighboring gene co-expression was found to be 
orientation of gene pairs. Parallel or divergent orientations 
resulted in higher levels of co-expression, while the con-
vergent orientation of genes reduced their co-expression, 

Fig. 3   Li1 locus in G. hirsutum based on 2567 F2 progeny aligned 
with the physical map of G. raimondii. SNP and SSR markers associ-
ated with the Li1 gene are shown on G. hirsutum chromosome 22 and 
on G. raimondii chromosome 12. Genetic map locations are shown 
in centiMorgans (cM) and physical locations are shown in base pairs 
(bp)
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suggesting the effect of shared regulatory elements (Wil-
liams and Bowles 2004). However, the orientation of genes 
in the Li1 locus does not obviously explain their coordi-
nated expression since DCD and ENY are highly corre-
lated and are in a convergent orientation (Fig. 4; Table 1).

Most intriguing for the present study is the report that 
AT3G27080, the ortholog of “TOM” Gorai.012G086800, 
a subunit of the mitochondrial outer membrane translo-
case, is part of a chromosomal region in Arabidopsis that 
is unusually rich in mitochondrial genes (Elo et al. 2003). 
This region is also present in rice, and we have observed 
that the genes adjacent to TOM: Gorai.012G086900 
“DCD” and Gorai.012G087000 “ENY” are orthologous to 
AT3G27090 and AT3G27100 which neighbor AT3G27080 
(Elo et  al. 2003). Additionally, Gorai.012G086600 “PPR” 
is predicted to be a mitochondria-targeted RNA binding 
protein that may affect organellar transcript editing or sta-
bility (Barkan and Small 2014). We have recently shown 
that a different short fiber mutant, Ligon-lintless-2 (Li2), 
has altered mitochondrial gene activity during fiber elonga-
tion, so it is interesting to observe a cluster of co-expressed 

mitochondrial genes in the Li1 candidate interval (Thyssen 
et al. 2014b).

Major facilitator superfamily

We also consider the gene Gorai.012G086100 “MFS” as 
an attractive candidate for Li1. This gene is a member of 
the major facilitator superfamily of transport proteins, a 
large family that includes sugar, amino acid and hormone 
transporters (Pao et al. 1998; Remy et al. 2013). A good 
match (98 % nucleotide identity) for MFS is NCBI EST 
DW231799 which has previously been listed as an Li1 
candidate gene based on RNAseq of leaves (Ding et  al. 
2014). DW231799 was shown to have elevated tran-
script abundance in leaf and reduced expression in fibers 
of Li1 plants (Ding et  al. 2014). We observed that MFS 
is highly expressed at DOA in wild-type fibers but is 
40-fold under-expressed in Li1 fiber initials (Fig. S2). At 
8-DPA, wild-type expression of MFS rebounds to about a 
quarter of the expression level at DOA, but expression in 
Li1 fibers remains very low (Fig. S2). The Li1 vegetative 

Table 1   RNAseq differential expression of annotated genes at the Li1 locus in 8-DPA fiber cells

Position indicates base of transcriptional start site on Chr. 12 of G. raimondii. WT and Li1 columns represent expression values (least squares 
means of reads from three biological replicates normalized by the trimmed mean of m component method)

Gene/marker Position Strand wt Li1 log2(Li1/wt) p value TAIR best TAIR alt Description

CFB5856 14,593,117 Flanking SNP marker

Gorai.012G085600 14,594,989 + 0 0 AT3G01960 None

Gorai.012G085700 14,617,609 – 0 0 AT3G48660 AT3G01950 Protein of unknown function  
(DUF 3339)

Gorai.012G085800 14,617,858 + 0 0 None

Gorai.012G085900 14,630,962 + 0 0 AT5G40960 AT3G01950 Protein of unknown function  
(DUF 3339)

Gorai.012G086000 14,633,626 – 43 6 −2.92 1.93E-03 AT5G08391 AT3G01940 ‘DUF’ Protein of unknown  
function (DUF 3339)

Gorai.012G086100 14,688,640 + 342 190 −0.85 2.09E-05 AT5G14120 AT3G01930 ‘MFS’ Major facilitator  
superfamily protein

Gorai.012G086200 14,706,444 – 0 0 AT4G30170 AT5G14130 Peroxidase family protein

Gorai.012G086300 14,709,280 – 0 0 AT5G14130 Peroxidase superfamily protein

Gorai.012G086400 14,753,009 + 204 176 −0.21 1.74E-01 AT5G50460 ‘SEC’ secE/sec61-gamma  
protein transport protein

Gorai.012G086500 14,760,620 – 18 27 0.60 6.55E-02 AT3G48200 ‘HYP’ hypothetical protein

Gorai.012G086600 14,764,730 – 12 27 1.14 6.90E-03 AT5G42310 ‘PPR’ Pentatricopeptide repeat 
superfamily protein

Gorai.012G086700 14,788,969 + 0 0 None

Gorai.012G086800 14,792,874 – 61 69 0.20 7.74E-02 AT3G27080 AT3G27070 ‘TOM’ translocase of outer  
membrane 20 kDa subunit

Gorai.012G086900 14,840,360 + 219 368 0.75 5.90E-06 AT3G27090 ‘DCD’ Development and Cell  
Death domain protein

Gorai.012G087000 14,845,208 – 121 198 0.71 9.77E-04 AT3G27100 ‘ENY’ contains Enhancer of Yellow 
transcription factor domain

Gorai.012G087100 14,845,321 – 0 0 None

CFB5857 14,847,918 Flanking SNP marker
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phenotypes mimic the exposure of cotton to low dosages 
of 2,4-D, a synthetic auxin herbicide, which has long been 
used to identify mutants of polar auxin transport (Ben-
nett et al. 1996; Sciumbato et al. 2004). Injury to cotton 
plants by low dosages of auxin-type herbicides is charac-
terized by bending and twisting of stems and wrinkling 
of leaves, although fiber length is not affected (Sciumbato 
et al. 2004; Smith and Wiese 1972). However, transgenic 
over-expression of auxin synthesis during lint fiber ini-
tiation resulted in an increase in lint yield (Zhang et  al. 
2011). Additionally, several important auxin transporters 
that also belong to the major facilitator superfamily were 
shown to be under-expressed in developing fibers of Li1 
plants, suggesting a role for defective polar auxin trans-
port in the Li1 fiber phenotype (Wang et al. 2013). Taken 
together, it is intriguing to speculate that over-expression 
of MFS in the leaves of Li1 plants contributes to the veg-
etative phenotypes, while under-expression of MFS in the 
fiber initials results in the short fiber phenotype. It is not 
possible to determine the substrate specificity of MFS by 

sequence analysis alone (Pao et  al. 1998). However, the 
action of sugar transporters of the major facilitator super-
family can also produce dwarf plants in Arabidopsis and 
affect cotton fiber cell elongation (Gottwald et  al. 2000; 
Ruan et al. 2001). Further work is required to determine 
if the aberrant transport of hormones or metabolites in 
fact underlies the phenotypes of the Ligon-lintless-1 short 
fiber mutant.
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