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Abstract

Key message A major leaf shape locus (L) was mapped
with molecular markers and genomically targeted
to a small region in the D-genome of cotton. By using
expression analysis and candidate gene mapping, two
LMI1I-like genes are identified as possible candidates for
leaf shape trait in cotton.

Abstract Leaf shape in cotton is an important trait that
influences yield, flowering rates, disease resistance, lint
trash, and the efficacy of foliar chemical application. The
leaves of okra leaf cotton display a significantly enhanced
lobing pattern, as well as ectopic outgrowths along the lobe
margins when compared with normal leaf cotton. These
phenotypes are the hallmark characteristics of mutations
in various known modifiers of leaf shape that culminate in
the mis/over-expression of Class I KNOX genes. To better
understand the molecular and genetic processes underlying
leaf shape in cotton, a normal leaf accession (PI607650)
was crossed to an okra leaf breeding line (NCO5SAZ21).
An F, population of 236 individuals confirmed the incom-
pletely dominant single gene nature of the okra leaf shape
trait in Gossypium hirsutum L. Molecular mapping with
simple sequence repeat markers localized the leaf shape
gene to 5.4 cM interval in the distal region of the short arm
of chromosome 15. Orthologous mapping of the closely
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linked markers with the sequenced diploid D-genome (Gos-
sypium raimondii) tentatively resolved the leaf shape locus
to a small genomic region. RT-PCR-based expression anal-
ysis and candidate gene mapping indicated that the okra
leaf shape gene (L°) in cotton might be an upstream regu-
lator of Class I KNOX genes. The linked molecular mark-
ers and delineated genomic region in the sequenced diploid
D-genome will assist in the future high-resolution mapping
and map-based cloning of the leaf shape gene in cotton.

Introduction

Cotton (Gossypium spp.) is the most important source of
natural fiber in the world. The majority of cultivated cot-
tons (Gossypium hirsutum and G. barbadense) are allo-
tetraploid species (2n = 4x = 52, AADD) formed by the
chance hybridization of two diploid progenitor species
(Wendel and Cronn 2003; Chen et al. 2007).

Nearly all Upland cotton (G. hirsutum) cultivars pos-
sess the normal or broad leaf type. Along with normal (/),
numerous mutant leaf types make up an allelic series at the
leaf shape locus including okra (L°), sub-okra (LY), and
super-okra (L) (Jones 1982). Sea-island (L¢) is a fourth
leaf shape mutant found commonly in cultivars of extra-
long staple cotton (G. barbadense). However, it has not
been definitively proven that Sea-island is a separate allele
from sub-okra (Meredith 1984). Instead, the relatively
minor differences between these two shapes could be the
result of different alleles being present at numerous loci of
minor effect throughout the genetic background of the two
species.

The normal leaf shape in Upland cotton is broad and
palmate with five readily observable, yet insipid lobes
(Fig. 1). The okra leaf shape is characterized by reduced
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Fig. 1 Leaf shape phenotypes of cotton from upper, middle, and
lower nodes (left to right). a Normal-shaped leaves of the landrace
accession NC11-2100. b Leaf shape of F; heterozygote from NC11-
2100 x NCO5AZ21 that is intermediate between that of its parents.
¢ Okra leaves of the breeding lines NCO5AZ21. Note the increase in
leaf lobing and abundance of ectopic outgrowths

photosynthetic area per leaf, a more pronounced lobing
pattern with deeper sinuses, and ectopic outgrowths lead-
ing to abnormal leaf margins (Fig. 1). The appearance of
ectopic outgrowths along the lobe margins is common, but
position, shape, and number of these outgrowths appear
random. Heterozygotes are intermediate between the two
parental types and all three types can be easily categorized
with brief visual observation (Fig. 1).

The advantages of okra leaf cultivars include reduced
incidence of boll rot, accelerated flowering rates, early
maturity, and increased resistance to whitefly and pink
bollworm (Jones 1982). Okra leaf cultivars benefit from
reduced lint trash, evapotranspiration, and chemical appli-
cation rates due to their diminished leaf area. However,
reduced leaf area leads to sub-optimal light capture and
reduced photosynthetic rates, causing higher rates of boll
shedding and a lower yield potential under optimal condi-
tions (Jones 1982; Wells and Meredith 1986).

Currently, normal leaf cotton varieties dominate the
market throughout the USA. Concerns over yield, as well
as increased weed pressure, have prevented the widespread
adoption of okra leaf cultivars despite their stated ben-
efits. A better understanding of the genes and regulatory

@ Springer

networks associated with leaf shape in cotton may allow
the manipulation of leaf shape through breeding and/or bio-
technology to combine the favorable aspects of both leaf
shapes.

Despite its importance, the molecular and genetic con-
trol of leaf shape in cotton is poorly characterized. The fac-
tor underlying okra leaf shape is known to act during the
initiation of the leaf primordia (Dolan and Poethig 1991).
Therefore, the leaf shape in cotton is determined very
early in development and remains constant throughout the
subsequent growth and maturation of the leaf (Dolan and
Poethig 1991). The increase in leaf complexity seen in okra
leaf cotton is phenotypically similar to the ectopic expres-
sion of Class I KNOTTEDI-LIKE HOMEOBOX (KNOX1I)
genes seen in other species (Lincoln et al. 1994; Janssen
et al. 1998; Tanaka-Ueguchi et al. 1998; Rosin et al. 2003;
Uchida et al. 2010). Briefly, re-establishment of KNOXI
genes in developing leaf primordia cause a prolonged
period of cell indeterminacy that results in increased leaf
complexity. The presence of ectopic outgrowths is another
hallmark of irregular KNOXI expression and the inability
to probably regulate cell differentiation. Mutations to the
upstream regulators of KNOXI can also result in similar
phenotypes (Hay and Tsiantis 2010).

Currently, there is no genome sequence available for
allotetraploid cotton. However, a draft sequence of the pre-
sumed D-genome donor diploid, G. raimondii, has recently
been released (DOE Joint Genome Institute: Cotton D
V2.0; www.phytozome.net). The availability of this draft
genome sequence should help facilitate the fine mapping
and cloning of genes in cotton by providing a physical map
to integrate with constructed genetic maps. The gene anno-
tation of this draft genome, as well as the available protein
homology and gene ancestry tools, may allow the combina-
tion of physical and genetic maps to identify highly plausi-
ble candidate genes underlying phenotypes of interest.

Classical genetic analyses have placed the leaf shape
locus on the short arm of chromosome 15 of the D sub-
genome of Upland cotton (Endrizzi and Brown 1964;
Endrizzi and Kohel 1966). A leaf morphology quantitative
trait loci (QTL) mapping study using restriction fragment
length polymorphism (RFLP) markers and an interspecific
G. barbadense x G. hirsutum population supports the loca-
tion of the leaf shape locus on chromosome 15 (Jiang et al.
2000). However, a second G. barbadense x G. hirsutum
interspecific leaf morphology QTL mapping study using
simple sequence repeat (SSR) markers casts some doubt
on these findings where 15 QTLs, 10 for lobe length, 13
for lobe width and 6 for lobe angle, were detected on 15
chromosomes or linkage groups (Song et al. 2005). The
objective of the present study was to use an intraspecific
G. hirsutum population to identify SSR or RFLP-based
sequence-tagged site (STS) markers linked to the leaf shape
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locus. These markers will serve as the basis for expanded
efforts currently underway to fine map and clone the leaf
shape gene in cotton.

Materials and methods
Plant material

The okra leaf breeding line NCO5SAZ21 was crossed to
the normal leaf accession NC11-2100 in the summer of
2011 at the Central Crops Research Station in Clayton,
NC. NCO5AZ21 is a recently released okra leaf line with
Fusarium wilt resistance and superior yield and lint percent
(Kuraparthy et al. 2013). NC11-2100 (TX-2324; P1607650)
was obtained from the USDA Cotton Germplasm collec-
tion in College Station, TX. NC11-2100 was selected as
a normal leaf parent because this line was a photoperiod
insensitive landrace that was expected to show better poly-
morphism for the markers used than an elite cotton line. A
single F, plant was self-fertilized to obtain F, seeds during
the winter of 2011-2012 utilizing an off-season nursery in
Mexico. The F, population along with parental lines was
grown in Clayton, NC, over the summer of 2012. Large-
scale leaf samples were collected individually from all 236
F, plants for DNA extraction. Leaf shape phenotype was
scored on all F, individuals at multiple points throughout
the growing season. Plants were characterized as either
normal, okra, or heterozygous based on their similarity to
the images in Fig. 1.

SSR and STS marker analyses

Genomic DNA was isolated using a CTAB approach origi-
nally developed by Tel-Zur et al. (1999) and modified by
Wendel (http://www.eeob.iastate.edu/faculty/Wendell/dnae
xtraction.htm). Forty SSR markers mapped to chromosome
15 (Chrl5) in a high-density consensus (HDC) genetic
map between G. hirsutum and G. barbadense (Blenda et al.
2012) were selected and sequences were obtained from
the Cotton Marker Database (http://www.cottondb.org/).
Additionally, 23 RFLP markers placed on Chrl5 by the
HDC genetic map were converted into 40 STS markers. To
develop STS markers from the RFLP markers, sequences
of the restriction site region were obtained from the Cot-
ton Genome Database (http://www.cottondb.org/) or from
the Cotton Diversity Database (http://cotton.pgml.uga.edu/
Cotton/index.aspx). Two candidate leaf shape genes pre-
sent in the orthologous region of G. raimondii genome
delineated by the flanking SSR markers were also used to
develop STS markers. Primers were designed using the
Primer 3 software (http://frodo.wi.mit.edu/). Multiple prim-
ers were designed from the same RFLP or candidate gene

sequence when possible. The M13 tail sequence 5’-CAC-
GACGTTGTAAAACGAC-3' was added to the 5’ end of all
forward primers to facilitate capillary-based gel electropho-
resis (Schuelke 2000). All primer sequences were supplied
by Integrated DNA Technologies (Coralville, IA, USA).
These markers were evaluated on DNA isolated from the
NCO05AZ21 and NC11-2100 parents to select polymorphic
markers to screen the F, population.

PCR reactions included 40 ng of genomic DNA, 1x
reaction buffer with 15 mM MgCl,, 0.48 mM dNTPs, 1
unit of Tag DNA polymerase, 0.96 uM forward primer,
7.2 WM reverse primer, and 7.2 M M13 primer in a final
volume of 12 pL. M13 primer was labeled with either HEX
(hexachlorofluorescein) or 6-FAM (6-carboxyfluorescein)
fluorescent tags. All primers were amplified using a Touch-
down PCR protocol consisting of 5 min at 95 °C, followed
by 15 cycles of 94 °C for 45 s, 65 °C for 45 s, and 72 °C for
1 min, then 25 cycles of 94 °C for 45 s, 50 °C for 45 s, and
72 °C for 1 min, with a final extension at 72 °C for 10 min.

PCR products were run on a high-resolution 3 % aga-
rose gel (GenePure HiRes, ISC BioExpress, Kaysville, UT,
USA) as well as an ABI 3730XL capillary-based gel elec-
trophoresis sequencer (Applied Biosystems, Carlsbad, CA,
USA) to compare PCR product size. Size standard for all
capillary-based gel electrophoresis was GeneScan—500 LIZ
(Applied Biosystems, Carlsbad, CA, USA). Polymorphic
markers were run on all 236 F, individuals and analyzed
in a similar fashion utilizing 3 % agarose gels and the ABI
3730XL capillary sequencer. Data obtained from the ABI
3730XL were analyzed using GeneMarker V1.91 (Soft-
Genetics LLC, State College, PA, USA).

Linkage analysis

The mapping software JoinMap 4.1 (Kyazma BV., Wage-
ningen, Netherlands) and an LOD score > 6.0 were used
to develop the linkage map for the leaf shape gene. Chi-
square (x?) tests were performed to check for segregation
distortion of markers and phenotypic data from expected
Mendelian ratios.

Orthologous mapping of the leaf shape gene in the diploid
D-genome

Linked SSR and STS markers from the present genetic map
and markers in the genomic region of the L locus from a
consensus map (Blenda et al. 2012) were used to establish
the orthologous genomic region in the sequenced G. rai-
mondii genome. SSR sequences were obtained from the
Cotton Marker Database (http://www.cottonmarker.org/,
while RFLP sequences were obtained from the Cotton
Genome Database (http://www.cottondb.org/) and the
Cotton Diversity Database (http://cotton.pgml.uga.edu/
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Cotton/index.aspx). Both sequence types were BLAST
searched against the draft sequence of the G. raimondii
genome (DOE Joint Genome Institute: Cotton D V2.0;
www.phytozome.net). Base pair positions of the highest
scoring matches on G. raimondii Chr02, the homeolog of
G. hirsutum Chrl5, were used to order relevant SSR and
RFLP markers on the genome sequence. A comparative
map correlating Chr02 of the G. raimondii draft genome,
Chrl5 of the G. hirsutum HDC map, and Chrl5 of the G.
hirsutum leaf shape mapping population was assembled
using the Strudel software (JHI Plant Bioinformatics,
Dundee, Scotland). The output map was further redrawn
to scale using MS PowerPoint to improve the resolution.
The region encompassed by the closest proximal and distal
markers, NAU2343 and Gh565 respectively, was annotated
using the transcript, protein homolog, and gene ancestry
features of the Phytozome’s G. raimondii genome.

Gene expression analysis

The re-establishment of expression of Class I KNOX genes in
developing leaf primordia is known to cause increases in leaf
complexity and lobing across a wide range of species (Uchida
et al. 2010). Therefore, the role of KNOX1 genes in leaf shape
variation in cotton was studied by semi-quantitative RT-PCR
analysis. The four known Arabidopsis Class I KNOX genes
(STM, KNAT1, KNAT2, and KNAT6) were used as queries in
BLAST searches of the Phytozome G. raimondii genome.
High-scoring matches for KNOXI genes in the G. raimondii
genome were then BLAST searched against the DFCI cotton
gene index to identify expressed sequence tags (ESTs) with
high similarity to putative Class I KNOX genes in G. hirsutum
(Table 4). Sequences of high-scoring ESTs and tentative con-
tigs (TCs) were selected and primers were designed using the
Primer 3 software. Primer sequences were supplied by Inte-
grated DNA Technologies (Coralville, IA, USA).

RNA samples were collected from ~1 m tall cotton
plants grown under greenhouse conditions. Varieties were
the normal leaf line Texas Marker-1 (TM-1) and the okra
leaf line NCO5AZ21. TM-1 is used as a normal leaf sample
instead of NC11-2100 because this line is a genetic stand-
ard with the most genomic resources developed in cotton.
Also, TM-1 showed a similar growth pattern as NCO5AZ21
for collecting the correct stage-specific tissue for analy-
sis. NC11-2100 showed delayed flowering with extended
juvenile/adult phases. Furthermore, at the time of expres-
sion analysis TM-1 was highly inbred, while NC11-2100
was subjected to selfing to reduce possible residual hete-
rozygosity. Four different tissue types were collected from
each variety: shoot apical meristem (SAM)-enriched stem,
leaf primordia, young leaf, and mature leaf. SAM-enriched
stem tissue consisted of the top 1-2 cm of the main stem
with any developing leaves removed. Primordial tissues
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were developing leaves no greater than 2 cm in length har-
vested off the main stem. Young leaf tissue was taken from
the center of an expanding leaf, while mature leaf tissue
was taken from a central section of a fully expanded leaf.
Samples were collected, immediately frozen in liquid nitro-
gen, and stored at —80 °C until grinding. RNA was isolated
from 100 mg samples using the Spectrum™ Plant Total
RNA Kit (Sigma-Aldrich, St. Louis, MO, USA) and quan-
tified using a NanoDrop 2000 UV-Vis spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). Quantifi-
cation results were used to dilute the RNA concentration to
approximately 125 ng/\WL and the dilutions were confirmed
using spectrophotometry.

RNA samples were then converted into cDNA using the
ImProm-II™ Reverse Transcription System (Promega Cor-
poration, Fitchburg, WI, USA). The cDNA samples were
then used as templates in PCR reactions in a semi-quanti-
tative approach to measure mRNA copy number and, by
extension, transcription levels of KNOXI genes. As the leaf
shape gene is mapped to the D-genome, its A-genome home-
oloci are assumed to be non-polymorphic for the two sam-
ples used and no attempts were made to see the sub-genome
specific expression patterns. A volume of 1.0 pL of the
reverse transcription reaction was combined with one unit of
standard 10x reaction buffer with 15 mM MgCl, (Apex™
Bioresearch Products, San Diego, CA, USA), dANTP mix
(0.2 mM), forward and reverse primers (1 WM each), and 1
unit of 7ag DNA polymerase (Apex™ Bioresearch Products,
San Diego, CA, USA) in 30 pL reactions. The PCR protocol
consisted of 2 min at 94 °C, 40 cycles of 1 min at 94 °C,
1 min at 60 °C, and 2 min at 72 °C followed by 5 min at
72 °C. PCR products were then separated on a 2 % agarose
gel and visualized. Glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) was used as a positive control.

Candidate gene mapping

Single genes known to have a pronounced and significant
impact on leaf shape and complexity in Arabidopsis were
identified in the literature. Full-length cDNA sequences of
these genes were obtained from The Arabidopsis Informa-
tion Resource (TAIR; www.arabidopsis.org). The cDNA
sequences were then BLAST searched against the G. rai-
mondii genome (http://www.phytozome.net/) to analyze the
gene ancestry of the corresponding Arabidopsis transcript
for orthologous putative genes in the G. raimondii genome.
Transcript sequences of putative G. raimondii genes whose
predicted protein sequence was most similar to a known
leaf shape modification protein were also BLAST searched
against the DFCI cotton gene index (http://compbio.dfci.
harvard.edu/cgi-bin/tgi/Blast/index.cgi) to identify high-
scoring expressed sequence tags (ESTs) and tentative con-
tigs (TCs) in tetraploid cotton.
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Table 1 Primer sequence and allele sizes for SSR and STS markers associated with the leaf shape gene in Upland cotton

Marker Forward sequence 5'— 3’ Reverse sequence 5'— 3/ NC05AZ21 NC11-2100
Allele size (bp) Allele size (bp)

BNL2440 TGTTAAGCATACATTAGTTTCACTCG CCGGCACCACAAAAGTAAAT 245 219

Gh565 AAAGACTCGGGTACCACCTAATC GTCCTTCTCATTTATCTGAATTCACC 154 129

NAU2343 GCTTTGCTTTGGAATGAGAT ATACTGCAACCCCTCACACT 266 280

DPL0402 TTACAAGCGAATTTAGGATGCC ACTTGAGGTGCAATTGACGAG 260-263 272-275

TMB1664 AAATACCGGAACTTGATTGGG AATTTGGTTGGGTTTCCACA 190-198 198-204

13-LS-195 ACCTTTTACGCAGGTGATGG TCGGATATAGTCGTTTCCTGCT 180 172, 180

Results There were only two publicly available markers between

Genetics of the leaf shape trait

The phenotypic ratio of individuals within the popula-
tion fit the expected 1:2:1 segregation ratio (x> = 0.31,
p = 0.86). This confirms the single gene nature of okra
leaf shape. Furthermore, the appearance of the intermediate
leaf shape phenotype in the F; hybrid relative to the paren-
tal types indicates that alleles of the okra and normal leaf
shape trait show incompletely dominant phenotypic expres-
sion in the heterzygote.

Molecular mapping of the leaf shape locus (L)

Sixty-three SSR and RFLP markers genetically mapped on
Chr15 in G. hirsutum were used to survey the polymorphism
between the two parents, NCO5SAZ21 and NC11-2100. From
the 31 SSR markers that amplified specifically in both par-
ents, 5 were polymorphic (Table 1). Of the polymorphic
SSRs, four (BNL2440, Gh565, DPL0402, and TMB1664)
were co-dominant and one (NAU2343) was dominant for the
NC11-2100 parent. From the 40 PCR-based sequence-tagged
site (STS) markers developed from the 23 RFLP sequences,
only 24 amplified specifically and none were polymorphic.
Of the 27 STS markers developed based on candidate genes
Gorai.002G244000 and Gorai.002G244200, showing pro-
tein similarity to Arabidopsis LATE MERISTEM IDENTITY1
(LMII) gene, 1 was polymorphic. STS marker 13-LS-195
was dominant for NC11-2100 parent. The five polymorphic
SSR markers and one STS marker were mapped in the F,
population of 236 individuals (Figs. 2, 3).

Two of the polymorphic SSR markers, Gh565 and
NAU2343, showed tight linkage with the leaf shape locus
with Gh565 mapping 2.6 cM distally and NAU2343 map-
ping 2.8 cM proximally to the leaf shape locus. In the
consensus genetic map the flanking markers are localized
toward the telomeric region on chromosome 15 of Upland
cotton (Blenda et al. 2012). Thus, the leaf shape gene (L)
was mapped to a 5.4 cM region near the telomere on the
short arm of Chromosome 15 in G. hirsutum.

Gh565 and NAU2343 in the high-density consensus
(HDC) map, the RFLP marker A1485 and the SSR cluster
CLU1520 (Blenda et al. 2012). No polymorphism between
the two parents was detected in the single STS marker
designed from the A1485 sequence. Similarly, no polymor-
phisms were detected in any of the five SSR markers that
comprise CLU1520 (MGHES32, HAU2398, NAU3938,
MON_CGR5326, and MON_CGR5902).

Genomic targeting of leaf shape locus in the diploid
D-genome

Simple sequence repeat and RFLP marker sequences of
interest with regard to the leaf shape locus were blasted
against the G. raimondii genome to establish this ortholo-
gous region (Table 2). All markers that were used in the
BLAST search showed significant homology to and a high-
scoring match within a ~2 Mb region near the telomere of
G. raimondii Chr02. The order of the markers and relative
distances between them in the G. raimondii physical map
was fairly consistent with that of the available genetic map,
although minor discrepancies did exist (Fig. 3).

In the G. raimondii genome, the orthologous region
between the most closely linked SSR markers, Gh565
and NAU2343, spanned a physical distance of 337 kb.
Annotation of this region identified 34 putative genes, of
which 3 carry functional domains associated with genes
known to affect leaf shape in other species (Table 3). These
genes include one containing an ankyrin repeat (Ha et al.
2004) and two containing homeodomain leucine-zipper
(HD-Zip) motifs (Saddic et al. 2006). Of the remain-
ing 31 genes, 4 carry no known functional domain while
the rest carry domains associated with functions that do
not include leaf shape in model plants. The highest scor-
ing protein homologs in Arabidopsis were obtained for all
three genes that possessed domains associated with varia-
tion in leaf shape and only two showed substantial homol-
ogy to genes implicated in leaf shape (Table 3). These two
genes, Gorai.002G244000 and Gorai.002G244200, are
only 31.5 kb apart and separated by a single gene, a serine/
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chr.15

0.0 BNL2440

83 Gh565
108 L_Locus
13.7 NAUZ2343
16.1 DPLO402
45.5 TME1664.

Fig. 2 Molecular markers associated with the leaf shape (L) locus on
G. hirsutum chromosome 15. Genetic distance in centiMorgan is on
the left with marker name on the right. Orientation of the map is in
agreement with Blenda et al. (2012) with the top of the map toward
the telomere

threonine protein kinase. The predicted proteins from these
two genes were highly similar (71.2 % amino acid identity)
and both showed high sequence similarity to the Arabidop-
sis meristem identity regulator LATE MERISTEM IDEN-
TITY 1 (LMI1), also known as ATHB51.

Candidate gene mapping

Analysis of 26 different gene families known to influence
leaf morphogenesis in Arabidopsis identified 90 homolo-
gous members in the G. raimondii genome (Table S1).
Of these 90 candidate genes, only 9 mapped to Chr02 of
the annotated physical sequence of G. raimondii. Four of
these nine, Gorai.002G067300.1, Gorai.002G113300.1,
Gorai.002G038900.1, and Gorai.002G064500.1, mapped
to the long arm of Chr02 at physical positions 7.85, 16.00,
3.11, and 7.55 Mb, respectively, which was the opposite
arm of G. raimondii Chr02 proposed as carrying the leaf
shape locus. These genes were most similar, based on per-
cent amino acid similarity, to the Arabidopsis leaf shape
modification pathway genes CUC2, CUC3, GA20xl1, and
TCPA4, respectively (Table S1).

Of the remaining five, only Gorai.002G244000.1 and
Gorai.002G244200.1 were between the 337 kb physi-
cal region delineated by the flanking markers Gh565 and
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NAU2343 on Chr02 of G. raimondii (physical position
60.69-61.03 Mb). As stated above, Gorai.002G244000.1
and Gorai.002G244200.1 were very similar to each other
and in close physical proximity and were most similar to
the known leaf shape modification gene LMI1/ATHB51. The
remaining three candidate genes on G. raimondii Chr02 lie
relatively close to, but outside of, the leaf shape locus region
established here. These genes include Gorai.002G226700.1
(physical position 58.35 Mb), Gorai.002G255800.1
(61.80 Mb), and Gorai.002G222400.1 (57.71 Mb) which
were most similar to the leaf shape modification pathway
genes BOP2, BLR, and COMTI, respectively (Table S1).
None of the candidate Class I KNOX genes were mapped
in the genomic region delineated by the flanking markers of
the leaf shape gene (Table S1).

Based on both the annotation of genes in the deline-
ated orthologous genomic region and in silico mapping
of the Arabidopsis leaf shape candidate genes in the dip-
loid D-genome, only two genes Gorai.002G244000 and
Gorai.002G244200 were found to be the likely candidates
for leaf shape locus. The STS marker 13-LS-195 devel-
oped from candidate gene Gorai.002G244000 showed co-
segregation with leaf shape phenotype in the F, population
(Fig. 3), suggesting marker 13-L.S-195 was tightly linked
to the leaf shape locus or that the Gorai.002G244000 was a
possible candidate gene for leaf shape trait in cotton.

Gene expression analysis

The four known Arabidopsis Class I KNOX genes (STM,
KNATI, KNAT2, and KNAT6) when used as queries in
the BLAST searches of G. raimondii genome and cotton
gene index resulted in the identification of ESTs with high
similarity to putative Class I KNOX genes in G. hirsutum
(Table 4). Figure 4 shows the semi-quantitative RT-PCR-
based gene expression pattern of some of these putative
G. hirsutum Class I KNOX orthologs across four different
tissue types (SAM-enriched stem, developing primordia,
young leaf, and mature leaf) and two different lines: the
okra leaf NCO5AZ21 and TM-1, a genetic standard with
normal leaf shape. All five ESTs showed strong and uniform
expression in the SAM-enriched stem of both lines (Fig. 4).
This is consistent with the conserved and required function
of Class I KNOX genes in the maintenance of the SAM and
the pluripotent nature of its stem cells (Uchida et al. 2010).
However, all five ESTs also showed strong expression in
the developing leaf primordia of the okra leaf NCO5SAZ21.
This expression was generally only slightly weaker than that
seen in the corresponding NCOSAZ21 SAM-enriched stem
samples. Conversely, the expression of the putative KNOX1
orthologs were conspicuously absent in the developing leaf
primordia of the normal leaf TM-1 with the exception of
DW236483. While the expression of the EST DW236483 in
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Fig. 3 Orthologous relationship between Chr02 of the G. raimon-
dii draft sequence (DOE Joint Genome Institute: Cotton D V2.0,
www.phytozome.net), Chrl5 of the G. hirsutum high-density con-
sensus (HDC) map (Blenda et al. 2012), and Chrl5 of the G. hirsu-
tum map of the present study (LSMapPop) at the region encompass-
ing leaf shape locus of Upland cotton. The leaf shape gene (L) maps

NCO05AZ21 persisted into both the young and mature leaf
samples, expression was not seen past the developing pri-
mordia stage in TM-1. Expression of both TC273462 and
TC254362 was detected readily in the mature leaf stage of
NCO05AZ21. Expression of a corresponding strength was
not seen in the normal leaf TM-1 at this stage, although very
faint bands were visible. Therefore, with the five putative
KNOX1 EST orthologs displayed here, all show expression

between SSR markers NAU2343 and Gh565 in the LSMapPop. The
LMII1 candidate gene (Gorai.002G244200.1) based STS marker
13-LS-195 co-segregates with leaf shape gene in the LSMapPop.
Markers that showed conserved order and relative distances across all
three maps are indicated with solid lines

that persists later into leaf development in an okra leaf cot-
ton line when compared with a normal leaf line.

Discussion

Okra leaf shape and its allelic variants in cotton have
been widely assumed to be under single gene control that
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Table 2 Establishing the orthologous relationship between Chrl5 of
G. hirsutum and Chr02 of G. raimondii at the region encompassing
the leaf shape locus. SSR and RFLP markers linked to the leaf shape
locus from the current study and Blenda et al. (2012) were BLAST
searched against draft G. raimondii genome sequence

Markers from  Type  Orthologous relationship with G. raimondii

Chrl5 genome (BLASTn)
Score E-value Physical position on
Chr02 (bp)
BNL2440 SSR 2574  9.4e-67 61,637,363-61,637,509
Gh565 SSR 342.1 3.9¢-92 61,031,975-61,032,199
NAU2343 SSR  205.1 7.3e-51 60,694,487-60,699,332
DPL0402 SSR  291.6 2.8e-77 60,397,282-60,397,471
NAU2814 SSR 9949 0 60,385,657-60,386,318
(CLU4132)
HAU2398 SSR 6253 5.9e-177 60,297,166-60,301,417
(CLU1520)
A1485 RFLP 9985 0 60,213,673-60,214,255
G1051 RFLP 7425 0 59,761,625-59,761,830
TMB1664 SSR 2249 le-57 59,715,822-59,715,970

is considered incompletely dominant in nature (Rahman
et al. 2005). An F, population derived from the cross of an
okra leaf breeding line to a normal leaf accession confirms
previous reports that leaf shape is controlled by a single
nuclear gene and alleles of the okra and normal leaf shape
trait show incompletely dominant phenotypic expression
in the heterzygote. SSR and STS marker-based molecular
genetic mapping not only confirms the previous efforts on
mapping major leaf shape loci (Endrizzi and Brown 1964;
Endrizzi and Kohel 1966) and QTLs (Jiang et al. 2000) in
tetraploid cotton, but also localizes the leaf shape locus to
a small genomic region toward the telomeric end on Chrl5.
A previous mapping report showed that leaf morphology
displayed a quantitative inheritance pattern in an interspe-
cific mapping population of okra leaf G. hirsutum x nor-
mal leaf G. barbadense with the major effect QTL mapping
to Chrl5 (Jiang et al. 2000).

Five polymorphic markers showed varying degrees of
linkage to the leaf shape locus on Chrl5. The two clos-
est markers, Gh565 and NAU2343, mapped 2.6 cM dis-
tally and 2.8 cM proximally, respectively. Only two other
publicly available markers mapped between Gh565 and
NAU2343, neither of which were polymorphic. Compari-
son of the G. hirsutum marker sequences to the G. raimon-
dii draft genome indicates that the physical distance of
the 5.4 cM region between Gh565 and NAU2343 is only
~337 kb and contains 34 putative genes. Thus, the leaf
shape gene is localized to a 337 kb region on chromosome
15 of tetraploid cotton. Co-segregation of candidate gene
Gorai.002G244000 based STS marker 13-LS-195 with the
leaf shape phenotype confirmed the orthologous region

@ Springer

of leaf shape gene between G hirsutum and G. raimon-
dii. Further, the genetic order of the co-segregating STS
marker and flanking SSR markers of the leaf shape gene in
G. hirsutum was consistent with the physical order of their
orthologous sequences in G. raimondii genome, suggest-
ing that major rearrangements might not exist in the region
delineated by the flanking SSR markers.

The leaf shape locus maps to between 60.70 and
61.03 Mb on G. raimondii’s Chr02, the homeolog of G.
hirsutum Chrl5 (Blenda et al. 2012). The end of G. rai-
mondii Chr02 is projected at 62.8 Mb, indicating that the
leaf shape locus lies near the telomere and that its encom-
passing region is likely subject to the associated high
rates of recombination. Recombination was found to be
exceptionally high in cotton (Rong et al. 2004) and most
of the recombination was also reported to be localized to
the gene-rich regions toward the distal or telomeric ends
in plants (Werner et al. 1992; Gill et al. 1996). Therefore,
the large genetic distance, but small physical distance,
may be a result of the region falling in the recombination-
rich telomeric region of Chr15. As recombination is a pre-
requisite for the map-based gene cloning of traits in plants
(Martin et al. 1993; Faris et al. 2003; Yan et al. 2004;
Lin et al. 2012), the mapping of the leaf shape locus to a
gene and recombination-rich region of the cotton genome
should make the genetic dissection of the leaf shape trait
in tetraploid cotton amenable to a map-based cloning
approach.

Preliminary investigations have shown that okra leaf
cotton has prolonged and elevated expression levels
of Class 1 KNOTTEDI-LIKE HOMEOBOX (KNOXI)
orthologs during the early stages of leaf development
compared to normal leaf cotton. The okra leaf NCO5AZ21
showed expression of multiple putative G. hirsutum
KNOX]I genes later in leaf development than the normal
leaf genetic standard TM-1. This differential expression
was most noticeable during the leaf primordia stage of
development. The ectopic expression of KNOXI genes
at this stage has been shown to result in increased leaf
complexity in numerous species, including the increased
leaf lobing and ectopic outgrowth characteristics of okra
leaf cotton (Lincoln et al. 1994; Janssen et al. 1998; Tan-
aka-Ueguchi et al. 1998; Rosin et al. 2003; Uchida et al.
2010). Combined with previous findings that the mecha-
nism underlying okra leaf shape in cotton acts early on
in development (Dolan an Poethig 1991), it appears that
modifications in the expression pattern of KNOXI genes
are involved in the formation of the various leaf shapes
comprising the classical Chrl5 leaf shape locus. However,
no Class I KNOX genes map to the region of the L locus
in the orthologous D-genome sequence. Therefore, based
on the combined results of expression analysis as well
as candidate gene mapping, leaf shape variation at the L
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Table 3 Annotated gene sequences in the genomic region of G. raimondii Chr02 delineated by markers closely linked to leaf shape gene and
their homology with Arabidopsis genes. Highest scoring EST/TC from the Cotton Gene Index is also included

G. raimondii G. hirsutum gene index

Homology with Arabidopsis

Locus name Physical location EST/TC E-value Protein homolog  Similarity (%) Putative function
Gorai.002G246200  61027658-61032210 TC229763  4.4E-90 AT3G53190 66.4 Pectate lyase
Gorai.002G246100  61015799-61018395 TC239893  7.0E-86 ACA7 63.4 Carbonic anhydrase
Gorai.002G246000  61009256-61011927 TC239893  1.1E-200 ACA4 53.1 Carbonic anhydrase
Gorai.002G245900  61004759-61006420 TC233148  2.1E-104 TIP1;1 88.4 Aquaporin transporter
Gorai.002G245800  60992779-60993648 TC253115  1.8E-30 AT2G28200 55.0 Unknown
Gorai.002G245700  60987773-60990298  TC262237  0.56 AT3G09890 59.3 Ankyrin repeat
Gorai.002G245600  60979680-60986732 TC253684  1.9E-220  AT3G09920 83.3 Kinase

Gorai.002G245500  60950960-60959459  TC274111  5.1E-179  AT2G36720 55.9 PH-D finger, protein binding
Gorai.002G245400  60934232-60942403 TC274111  6.0E-162  AT2G36720 57.1 PH-D finger, protein binding
Gorai.002G245300  60918534-60922736  ES851936  3.2E-184  AT2G36670 75.4 Aspartyl protease
Gorai.002G245200  60915361-60918548 CO494244  2.8E-54 AT3G10060 68.2 Isomerase, protein folding
Gorai.002G245100  60909449-60912281 TC265610 5.8E-155 AT5G03810 72.7 Hydrolase, lipid metabolism
Gorai.002G245000  60902520-60910968 DR462456  6.7E-99 UPL7 73.4 Ubiquitin transferase
Gorai.002G244900 60889583-60893220 TC232237 5.9E-174 UGES 89.9 Epimerase, steroid biosynthesis
Gorai.002G244800 60882963-60886378 TC237927 O ADSS 83.6 Synthetase, nucleotide synthesis
Gorai.002G244700  60878611-60881268 CO089290 5.7E-192 EMBI166 68.0 Pentatricopeptide repeat
Gorai.002G244600  60867000-60871561  TC244038 1.4E-177 AT5G03795 62.8 Exostosin
Gorai.002G244500  60863949-60866523  TC269303  6.1E-221  AT5G03795 43.7 Exostosin

Gorai.002G244400  60856168-60863202 CO090499 1.1E-173  SRPK4 64.0 Ser/Thr protein kinase
Gorai.002G244300  60852082-60854077 TC239774  3.6E-167 STV1 58.5 Ribosomal protein L24e
Gorai.002G244200  60848207-60849955 TC252073  9.8E-166 LMII 55.5 HD-Zip Transcription Factor*
Gorai.002G244100 60818675-60821101 TC277482  1.5E-39 RLK1 44.6 Ser/Thr protein kinase
Gorai.002G244000  60816695-60817565 TC252073  2.0E-66 LMI1 424 HD-Zip Transcription Factor*
Gorai.002G243900  60802515-60804472  TC252850  1.7E-120 AT1G76870 47.8 Unknown
Gorai.002G243800  60793342-60798916 TC239482  1.2E-275 AT3G52990 95.4 Pyruvate kinase
Gorai.002G243700  60784258-60789349  TC244120 O AT3G52990 89.4 Pyruvate kinase
Gorai.002G243600  60775425-60777957 ES804942  3.2E-215 AT2G36570 75.2 Ser/Thr protein kinase
Gorai.002G243500  60763514-60767171 TC253760  5.1E-131 DUF668 63.9 Unknown
Gorai.002G243400  60739751-60745494 TC236797 1.2E-273 RAT4 89.6 Glycosyl transferase
Gorai.002G243300  60734924-60737571 ES803238  4.5E-220 AT5G55840 43.1 Pentatricopeptide repeat
Gorai.002G243200  60733892-60734923  TC238398  1.5E-188  AT3G52960 74.0 Redoxin

Gorai.002G243100  60725536-60729527 TC259411 O LOS2 94.4 Enolase

Gorai.002G243000  60721265-60724366  TC274400 3.5E-243 HDT3 20.8 Unknown

Gorai.002G242900  60700190-60718341 DR452531 3.8E-111 FK 78.1 Ergosterol biosynthesis

Candidate leaf shape genes are indicated with an asterisk

locus is likely not the result of a Class I KNOX gene itself,
but may be due to an upstream regulator of KNOXI. Two
genes, Gorai.002G244000.1 and Gorai.002G244200.1,
whose coding sequence predicts proteins with high amino
acid similarity to the Arabidopsis meristem identity regu-
lator LMI1 are present in a 5.4 cM region shown to con-
tain the Chrl5 leaf shape locus. An STS marker developed
based on Gorai.002G244000.1 showed co-segregation
with leaf shape phenotype in the F, population used in

the current study. Further, loss-of-function mutations to
LMII in Arabidopsis have been shown to lead to elevated
expression levels of a KNOXI gene and leaf morphogen-
esis defects characteristic of ectopic KNOXI expression
(Saddic et al. 2006). Hence, LMII likely serves as an
upstream negative regulator of KNOX/ gene expression
(Saddic et al. 2006). Furthermore, no other known leaf
shape modification genes are likely present in the 5.4 cM
region delineated here. Taken together, the above findings
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Table 4 Sels:ct. G. hirsutu@ Arabidopsis Homolog in the EST/TC in Score E-value

ESTs.most ?lmﬂar to putative KNOX gene(s) G. raimondii genome G. hirsutum gene index

G. raimondii Class I KNOX

genes used i?z "t;l;é;m[i; . KNATI Gorai.009G223200 DW224477 2,778 3.3E-171

titat - -bas

duantitative ® a%e KNATI Gorai.009G223200 TC273538 2,626 1.7E-113

gene expression analysis
KNAT6 Gorai.005G180500 DW236483 2,444 9.2E-261
KNAT1 Gorai.005G098100 TC254202 3,555 1.4E-155
STM Gorai.009G181500 TC273462 4,895 3.0E-216
KNATI Gorai.010G029000 TC254362 6,874 0

Fig. 4 Comparison of KNOX1
gene expression between okra
and normal leaf cotton. Okra
leaf cotton shows later and
stronger expression of multiple
KNOX1I genes during the
development of leaves when
compared with normal leaf
cotton. S shoot apical meristem
(SAM)-enriched stem, P leaf
primordia, Y young leaf, M
mature leaf

Okra

NCO5AZ21

TM-1
Normal

S P Y M S P Y M

and inferences indicate that modifications to an LMI1-like
ortholog could be possible candidates for the molecu-
lar mechanism underlying the Chrl5 leaf shape locus in
cotton.

Identification and molecular characterization of the
genes involved in leaf shape are essential prerequisites to
elucidate the molecular mechanism controlling leaf shape
and permit its manipulation for cotton cultivar improve-
ment. Efforts are currently underway to fine map the leaf
shape locus, definitively determine the underlying gene,
and identify the specific nucleotide differences between the
alleles at this locus.
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