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Leaf shape varies spectacularly among plants. Leaves are the
primary source of photoassimilate in crop plants, and understand-
ing the genetic basis of variation in leaf morphology is critical to
improving agricultural productivity. Leaf shape played a unique
role in cotton improvement, as breeders have selected for entire
and lobed leaf morphs resulting from a single locus, okra (L-D1),
which is responsible for the major leaf shapes in cotton. The L-D1

locus is not only of agricultural importance in cotton, but through
pioneering chimeric and morphometric studies, it has contributed
to fundamental knowledge about leaf development. Here we
show that an HD-Zip transcription factor homologous to the LATE
MERISTEM IDENTITY1 (LMI1) gene of Arabidopsis is the causal
gene underlying the L-D1 locus. The classical okra leaf shape allele
has a 133-bp tandem duplication in the promoter, correlated with
elevated expression, whereas an 8-bp deletion in the third exon of
the presumed wild-type normal allele causes a frame-shifted and
truncated coding sequence. Our results indicate that subokra is the
ancestral leaf shape of tetraploid cotton that gave rise to the okra
allele and that normal is a derived mutant allele that came to
predominate and define the leaf shape of cultivated cotton. Virus-
induced gene silencing (VIGS) of the LMI1-like gene in an okra variety
was sufficient to induce normal leaf formation. The developmental
changes in leaves conferred by this gene are associated with a
photosynthetic transcriptomic signature, substantiating its use by
breeders to produce a superior cotton ideotype.
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Leaf shape is spectacularly diverse (1–3). This diversity reflects
evolutionary processes—either adaptive or neutral—that mani-

fest through changes in developmental programming, environmental
plasticity, or the interaction thereof (4). As the primary sources of
photoassimilate in the world’s major crops, the role of leaves—their
shapes, the constraints morphology places on other physiologically
relevant features, and the contributions of leaf shape to canopy and
plant architecture—whether directly or indirectly selected upon
during domestication, is an indisputably important consideration
when discussing agricultural productivity. Although much is known
about the developmental genetic basis of leaf morphology, only a
handful of genes modifying leaf shapes in crops or responsible for
natural variation among species have been identified (5–10).
Cotton (Gossypium spp.) is the world’s most important source of

natural fiber as well as a leading oilseed crop. The cultivated cottons
(Gossypium hirsutum and Gossypium barbadense) are allotetraploid
species (2n = 4x = 52, AADD) formed from the hybridization of
diploids Gossypium arboreum (2n = 2x = 26, AA) and Gossypium
raimondii (2n = 2x = 26, DD) (11). Remarkable phenotypic diversity
exists for leaf shape in cotton, widely ranging from entire (lacking
dissection) to deeply lobed across both diploids and polyploids (12–
14). Leaf shape in Gossypium is an important agronomic trait that
affects plant and canopy architecture, yield, stress tolerance, and

other production attributes (15). Among crops, leaf shape in cotton
is unique; in recent history, breeders used a single locus, okra, to
purposefully alter leaf shape among cotton cultivars (15, 16). The
four major leaf shapes of cotton: normal, subokra, okra, and super-
okra (Fig. 1A) are semidominant and allelomorphic at the L-D1
(okra) locus (15–21), whereas laciniate, similar in morphology to
okra, maps to the orthologous diploid A-genome locus (L-A1) (22).
Beyond agriculture, the okra locus is also of historical importance to
leaf development. Not only was it used for one of the first com-
prehensive morphometric descriptions of leaves (12, 23), but pio-
neering studies creating okra chimeras determined the contributions
of different cell layers to leaf shape (24, 25).
The okra allelic series confers increasingly lobed leaf shapes from

subokra to okra with the proximal lobes in mature superokra reduced
to a single linear blade (Fig. 1A). The characteristic shape of these
four leaf morphs can be used both qualitatively and quantitatively
(12, 23) to distinguish among their alleles (Fig. 1 B–E). Classical
development studies involving okra revealed the underlying factor
acted early in leaf development in all tissue layers (L1, L2, L3) and
cell autonomously (24, 25). Scanning Electron Micrographs (SEMs)
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of the shoot apical meristem show that the deeply lobed phenotype
of superokra is apparent by the P2 stage of leaf development (Fig.
1F), whereas the less severe okramanifests by the P4 stage (Fig. 1G).
The L-D1 locus was placed on the short arm of chromosome

15-D1 (Chr15) using cytogenetics (26, 27) and confirmed by
quantitative trait loci (QTL) mapping (28–30). The L-D1 locus
was localized to a 5.4 cM interval near the telomere of Chr15
(31), and shuttle mapping using the laciniate gene (L-A2

L) from
G. arboreum further reduced the candidate region to 112 kb and

10 genes (22). Mapping and genomic targeting indicated two
putative paralogous genes on Chr15 as the possible candidate
genes for the L-D1 locus (31, 32). Here, we report the identifi-
cation of a LATE MERISTEM IDENTITY1 (GhLMI1-D1b) gene,
encoding an HD-Zip transcription factor, as the major determi-
nant of leaf shape variation at the L-D1 locus in cotton.

Results
The Okra Locus Explains a Majority of Leaf Shape Variation in Cultivated
Cotton. To determine the quantitative extent that the okra locus is
responsible for controlling leaf shape in cultivated cotton, we
morphometrically analyzed 1,504 leaves from 420 cultivated cotton
lines (Dataset S1). The eigenleaves (representations of shape vari-
ance) resulting from a Principal Component Analysis (PCA) of the
harmonic series of Elliptical Fourier Descriptors (EFDs) describe
shape features associated with linear versus palmately lobed leaf
types (PC1) and pronounced distal lobing (PC3), in addition to
fluctuating asymmetry (PC2) (Fig. 1B). PC1 and PC3 (in addition to
other PCs not shown) separate normal from subokra, okra, and
superokra leaf types and explain the majority of shape variance in
the cotton accessions analyzed (Fig. 1C). A Linear Discriminant
Analysis (LDA) performed to distinguish cotton accessions by leaf
shape led to the following correct percentage of assignments to
phenotypic class by EFDs alone: 99.8% normal (1,501 of 1,504
cases), 70.5% subokra (31 of 44 cases), 91.6% okra (87 of 95 cases),
and 79.2% superokra (19 of 24 cases) (Fig. 1 D and E). The clas-
sification became 99% correct (1,651 of 1,667 cases) if only two
classes were formed: normal and non-normal (inclusive of subokra,
okra, and superokra) (Fig. 1E).
Our results indicate that okra (L-D1), a monogenic locus, is

quantitatively responsible for the majority of leaf shape variance
in cotton, the alleles of which can be discriminated from each
other at high correct classification rates using shape information
alone. A strongly monogenic basis for leaf shape in cotton is in
contrast to a polygenic basis for leaf shape described in other
crops (7, 33). Our results are consistent with classical morphometric
work describing the profound role the L-D1 locus plays in de-
termining cotton leaf shape (12, 23).

Fine Mapping of the L-D1 Locus in a Large F2 Population. A total of 1,027
F2 plants from the cross NC05AZ21 × NC11-2100 showed the ex-
pected phenotypic ratio for single gene inheritance of okra leaf shape
(SI Appendix, Table S1). Genotyping with the codominant flanking
simple sequence repeats (SSRs) of L-D1 (Gh565 and DPL0402)
identified 122 recombinants and produced a genetic map (Fig. 2A)
similar to the preliminary mapping (31). Furthermore, a sequence-
tagged site (STS) marker (13-LS-195) that had previously cose-
gregated with leaf shape phenotype (31) continued to do so in the
present fine mapping population, confirming the tight linkage of this
marker to the leaf shape locus (L-D1) in cotton. The resulting 337-kb,
34-gene candidate interval (Fig. 2B) was further resolved to 112 kb
and 10 genes using orthologous mapping of the homeologous lacin-
iate gene of the diploid cotton G. arboreum with the molecular
markers closely linked to the L-D1 locus (22) (Fig. 2C).

Fine Mapping Using Association Mapping and Isogenic Lines. To supple-
ment cosegregating STS marker 13-LS-195, three additional markers
(GhLS-STS1, GhLS-SNP2, and GhLS-STS2) were developed using
G. raimondii sequence information (34) within the 10-gene candidate
orthologous region (SI Appendix, Fig. S1). An additional SNP marker
(GhLS-SNP1) was also designed despite the fact this gene had al-
ready been excluded by the orthologous mapping of L-D1 locus with
the laciniate gene of diploid cotton G. arboreum (Fig. 2C).
We then used association mapping to narrow down the candidate

genomic region using the newly developed markers. Of the five
markers used to genotype the diversity panel of 538 tetraploid cotton
accessions with diverse leaf shapes, three markers (GhLS-STS1, 13-
LS-195, and GhLS-SNP2) showed complete association with leaf

Fig. 1. Morphometric analysis of leaf shapes conferred by the subokra, okra,
and superokra mutations. (A, Left to Right) Leaves representative of normal,
subokra, okra, and superokra leaf shape phenotypes. (B) Eigenleaves repre-
sentative of leaf shapes found ±3.5 SDs along each Principal Component (PC)
axis calculated from the harmonic series of an EFD analysis. (C) Percent vari-
ance explained by each PC is provided. PC1 and PC3 (PC2 not shown, as it
explains asymmetric shape variance) separate normal and various okra leaf
shape classes. Also provided are 95% confidence ellipses. (D) LDA maximizes
the discrimination of normal and okra leaf shape classes. LD1 and LD2 are shown,
and the percent separation between phenotypic classes of leaves is indicated.
Also provided are 95% confidence ellipses. (E ) A confusion matrix, showing
actual versus predicted leaf shapes, constructed using linear discriminants. Leaf
shape alone discriminants a majority of normal from subokra, okra, and
superokra leaf types. (F) SEMs of the SAM, P1, and P2 leaf primordia for normal,
okra, and superokra shoot apices. Note the displaced lobe in the P2 of superokra
relative to normal. (G) SEM of normal and okra shoot apices showing a more
pronounced leaf lobe present by the P4 stage of leaf primordium development
in okra relative to normal. Colors, normal, red; okra, blue; subokra, green;
superokra, purple. [Scale bar, 100 μm (F) and 200 μm (G).]
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shape, whereas GhLS-STS2 showed no association between the two
most common leaf shapes, normal and okra (SI Appendix, Table S2).
The lack of association of this STS marker with leaf shape was
sufficient to reduce the 10-gene, 112-kb candidate region (Fig.
2C) to a 4-gene, 52-kb region between Gorai.002G243900 and
Gorai.002G244200 (Fig. 2D and SI Appendix, Table S2).
Population structure was estimated in a subset of 404 lines of the

538-member panel using SSR markers distributed throughout the
genome. Association tests of variants in the candidate gene region
and of SSRs throughout the genome confirmed that the four
remaining candidate genes showed very strong and significant (P <
10−7) association with leaf shape after correcting for population
structure (Fig. 2E and Dataset S2). A few SSR markers also had
significant associations, which may have occurred by chance when
rare allele classes were observed in okra types (SI Appendix, Fig. S2
and Dataset S2). After fitting the most significant candidate gene
marker as a covariate and retesting the background markers for
associations, no markers outside the candidate gene interval were
significant (SI Appendix, Fig. S2 and Dataset S2).
Association mapping of leaf shape with the above novel

markers was also performed using two sets of near isogenic lines.
We confirmed that genes conferring the okra phenotype in the
mapping parent NC05AZ21 and okra isogenic line (LA213-okra)
are allelic by phenotyping their F1 (SI Appendix, Fig. S3) and
an F2 population. Genotyping of two sets of isolines (BC8 in

Stoneville 213 and BC3 in Stoneville 7A backgrounds) with the
four markers showed a similar marker pattern as observed in the
association mapping (SI Appendix, Tables S2 and S3), confirming
the resolution of the candidate region to four genes and 52 kb.
Thus, characterizing the association-mapping panel and isolines

with novel markers reduced the candidate genomic region to 52 kb
containing four genes. Of the four genes, Gorai.002G244200 (here-
afterGhLMI1-D1a) andGorai.002G244000 (hereafterGhLMI1-D1b)
are paralogues coding for HD-Zip transcription factors with 71.2%
protein similarity. Their homologs were implicated in flowering time
and leaf complexity in Arabidopsis (8, 9, 35). Of the remaining two
putative genes, Gorai002G244100 (hereafter GhRLK1) is a serine/
threonine protein kinase, whereas Gorai.002G243900 (here-
after GhHRA1) is a trihelix transcription factor.

Expression Analysis of Leaf Shape Gene Candidates. Expression anal-
ysis was performed to help identify the causal gene among the four
remaining candidates. Semiquantitative expression analysis re-
vealed that neither GhHRA1 nor GhRLK1 were expressed in
young leaf tissue (SI Appendix, Fig. S4). Based on this observa-
tion together with their lack of sequence polymorphisms from
novel STS marker development, we eliminated these two genes
from consideration.GhLMI1-D1a was similarly expressed among
leaf shapes, whereas GhLMI1-D1b expression was detected only
in okra and superokra (SI Appendix, Fig. S4). Quantitative (q)RT-
PCR confirmed the equivalent expression of GhLMI1-D1a
among leaf shapes, whereas GhLMI1-D1b was up-regulated in
okra and superokra compared with normal and subokra (Fig. 3 A
and B). This indicated that up-regulation of GhLMI1-D1b in
okra and superokra may be responsible for these leaf shapes.
Congruent with these findings, RNA sequencing of okra and
normal plastochron 2 (P2) samples indicated that GhLMI1-D1b
is ∼15-fold enriched in okra relative to normal samples and is the
only significantly differentially expressed gene (false discovery
rate ≤ 0.05) within the 52-kb candidate interval (SI Appendix,
Fig. S5 and Dataset S3).

Sequencing of GhLMI1-Like Genes. To identify DNA polymorphisms
among leaf shapes, GhLMI1-D1a and GhLMI1-D1b were se-
quenced in 20 tetraploid cotton varieties (SI Appendix, Table S4),
and comparisons were made relative to subokra (Fig. 3C and SI
Appendix, Fig. S6). Sequence analysis of GhLMI1-D1a identified
two variants (SI Appendix, Fig. S6). Variant 1 was found in two
normal and all five okra and subokra lines. Variant 2 was found in
the remaining three normal and all five superokra lines. The 13-bp
InDel (GhLS-STS2), which showed no association with leaf shape in
the association analysis (SI Appendix, Table S2), is placed ∼100 bp
from the end of the 3′ UTR. Although this polymorphism lies
outside GhLMI1-D1a, the proximity, lack of major polymorphisms,
and identical expression among leaf shapes (SI Appendix, Figs. S4
and S5) provide evidence against GhLMI1-D1a as the candidate
gene underlying L-D1.
Sequence analysis of GhLMI1-D1b identified two prominent

polymorphisms among leaf shapes. First, a 133-bp tandem dupli-
cation located ∼800-bp upstream of the translation start site was
unique to okra and superokra (Fig. 3C) and may explain the al-
tered expression of GhLMI1-D1b seen earlier (Fig. 3B). The
second notable polymorphism was an 8-bp deletion in the third
exon of GhLMI1-D1b found only in normal (Fig. 3C). The exonic
location of this deletion was confirmed through Sanger sequencing
of GhLMI1-D1b okra cDNA. Translation of the resulting normal
coding sequence (CDS) produces a frameshift 156 aa into the
protein and a premature stop codon truncating the protein from
228 aa to 178 aa (see Fig. 5A). Neither of the conserved functional
domains of an HD-Zip transcription factor appear directly im-
pacted by the deletion. However, the frameshift introduces mul-
tiple leucines that may disturb the characteristic spacing of the
leucine zipper and alter protein–protein interactions (see Fig. 5A).
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Fig. 2. Genetically resolving the L-D1 locus in Upland cotton. (A) Genetic
mapping of L-D1 locus based on biparental mapping. (B) Orthologous mapping
of the L-D1 locus to the sequenced D genome donor (G. raimondii) chromo-
some 2 (337 kb, 34 putative genes) (30), and (C) shuttle mapping using the
orthologous laciniate (L-A2) locus from diploid donor species G. arboreum
(112 kb, 10 putative genes) (21). (D) Fine mapping of L-D1 locus using an as-
sociation mapping panel and two sets (BC8 and BC3) of isogenic lines (52 kb,
putative four genes). (E) Association analysis statistics, adjusting for population
structure for variants within candidate gene region of L-D1 locus.

Andres et al. PNAS | Published online December 20, 2016 | E59

G
EN

ET
IC
S

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sd02.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sd02.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sd02.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sd03.xls
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613593114/-/DCSupplemental/pnas.1613593114.sapp.pdf


Both major polymorphisms in GhLMI1-D1b were covered by
markers used in genotyping the association-mapping panel and
the isogenic lines. The promoter duplication was assayed by
the marker GhLS-STS1, whereas the 8-bp exonic deletion was
underscored by the marker 13-LS-195. Combined with the gene
expression differences, the complete association of these mark-
ers with leaf shape phenotype (SI Appendix, Tables S2 and S3)
provided strong evidence that modifications to GhLMI1-D1b are
responsible for the various leaf shapes of cotton.

Functional Characterization of GhLMI1-D1b Using Virus-Induced Gene
Silencing (VIGS). As expression analysis indicated the elevated
expression of GhLMI1-D1b could be responsible for okra leaf
shape (Fig. 3B), we hypothesized that silencing of GhLMI1-D1b
in okra would reduce transcript levels and confer a simpler leaf
shape. A 461-bp fragment of GhLMI1-D1bOkra encompassing
268 bp of the CDS and 193 bp of the 3′ UTR was used in VIGS.
Including the 3′ UTR sequence was expected to minimize off-
target silencing of other GhLMI1-like genes, especially GhLMI1-
D1a. Because VIGS is environmentally sensitive (36) and can
fluctuate over time (37), a TRV:CHLI treatment that blocks
chlorophyll production was used as a visible marker to monitor
and verify viral infection. Silencing of GhLMI1-D1b in an okra
isoline led to a pronounced reduction in leaf lobing compared
with uninfected and negative controls and a brief period of
normal leaf production (Fig. 4A and SI Appendix, Fig. S7). Si-
lencing of GhLMI1-D1b was eventually overcome, leading to a
reversion to okra in a timeframe similar to the loss of silencing
seen in the TRV:CHLI positive control (SI Appendix, Fig. S7).
The level of GhLMI1-D1b transcript was substantially reduced

in the TRV:GhLMI1-D1b treatment compared with the negative
controls (Fig. 4B). This proved that knocking down the GhLMI1-
D1b transcript through VIGS was sufficient to induce normal leaf

formation in an okra variety. Furthermore, expression ofGhLMI1-
D1a was unaffected by VIGS (Fig. 4C), demonstrating specificity
to GhLMI1-D1b. Thus, phenotyping and transcript profiling of
TRV:GhLMI1-D1b leaves confirmed that altered expression of
GhLMI1-D1b was responsible for the okra leaf shape of cotton.

Comparative Sequence Alignments of LMI1-Like Genes in Diploid and
Tetraploid Cotton. Outside of the promoter duplication, subokra,
okra, and superokra GhLMI1-D1b were identical except for one
promoter SNP unique to both okra and superokra (Fig. 3C). Com-
parative sequence alignments confirmed the close sequence re-
latedness of the subokra, okra, and superokra GhLMI1-D1b alleles
(Fig. 5B). However, normal GhLMI1-D1b was considerably differ-
ent from the other alleles, with six unique promoter SNPs and two
SNPs in the second exon, both of which cause amino acid changes.
Normal also carried a 1-bp deletion in the third exon, an additional
third exon SNP, and a SNP in the 3′ region (Fig. 3C).
The 1-bp deletion would also cause a frameshift and premature

stop codon if not for the preceding 8-bp deletion. Interestingly, the
simple-leaved D genome donorG. raimondii (Fig. 5A) also carried
this 1-bp deletion. Normal leaf GhLMI1-D1b also shares many of
its other polymorphisms with Gorai.002G244000, including four
out of the six promoter SNPs, the G→A SNP in the second exon,
the T→A SNP in the third exon, and the 3′ UTR SNP. Com-
parative sequence alignments indicated that normal leaf GhLMI1-
D1b CDSs show higher sequence similarity to the G. raimondii
LMI1-D1b gene than to the alleles in other tetraploids with vari-
able leaf shapes (Fig. 5B). GaLMI1-A1b from moderately lobed
Gossypium aboreum is predicted to produce a full-length LMI1-
like protein that is identical in length to those produced by the
non-normal leaf shapes of tetraploid cotton.
To further assess the variability of LMI1-D1b genes in Gos-

sypium, GhLMI1-D1b was Sanger sequenced in two additional D
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Fig. 3. Nucleotide polymorphisms of GhLMI1-D1b gene and expression analysis of candidate genes using qRT-PCR among different leaf shapes. (A and B)
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the expression of GhLMI1-D1a among leaf shapes but a significant increase of GhLMI1-D1b expression in okra and superokra. Error bars represent the SD of
the fold change. (B) Asterisks represent statistically significant differences as determined by unpaired t tests at P < 0.05. (C) Nucleotide polymorphisms of
GhLMI1-D1b gene among four major leaf shapes of tetraploid cotton. The 133-bp tandem duplicated region in the putative promoter was found only in okra
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genome diploids, Gossypium thurberi and Gossypium trilobum. Both
of these species have highly lobed leaves similar toG. hirsutum okra
(Fig. 5A). Both of the G. thurberi and G. trilobum LMI1-D1b genes
were full-length and similar to those found in the G. hirsutum leaf
shape mutants and G. arboreum. Thus, although only a handful of
species from the large Gossypium genus have been analyzed, there
exists a trend that species with lobed leaves carry full-length LMI1-
D1b genes whereas those with entire leaves produce truncated
LMI1-1b genes (Fig. 5A). Extending beyond G. hirsutum, this pro-
vides evidence for a broad role of LMI1-1b genes in controlling the
diversity of leaf shapes seen throughout Gossypium.

Transcriptome-Wide Changes Accompanying GhLMI1-D1b. The morpho-
logical effects of okra leaf shape are evident by the P4 leaf primordia
stage (Fig. 1G). To analyze gene expression changes preceding ob-
servable changes in leaf morphology, we used RNA-Seq to determine
transcriptional changes at the P2 stage of leaf development (Fig. 6A).
Our analyses uncovered 401 differentially expressed genes (false
discovery rate ≤ 0.05) at the P2 stage between okra and normal BC8
isolines (Fig. 6B and Dataset S4). Gene Ontology (GO) enrichment
analyses for this gene set indicated that microtubule and kinesin
processes are down-regulated in okra relative to normal samples,
whereas photosynthesis GO categories are highly enriched in okra
relative to normal samples (SI Appendix, Fig. S8 and Dataset S6).
To gain further insight into the molecular basis for the okra leaf

phenotype, we examined differentially expressed genes that fall
into three functional categories—photosynthesis-related transcripts,
cell-cycle proteins, and putative developmental regulators (Fig. 6C).
Congruent with the findings from our GO analyses, nearly all
of the differentially expressed photosynthesis-related genes are
up-regulated in the okra (44 genes) relative to the normal (three
genes) transcriptomes. We were unable to identify any strong
cell-cycle candidates from our differential gene expression analyses
(Fig. 6C). However, our investigation of putative developmental
genes that are associated with increased leaf complexity in okra
revealed several transcripts with homology to known leaf develop-
ment regulators (e.g., BTB/POZ domain-containing, Homeodomain-
containing, and GRAS family transcription factors). Notably,
three Lateral Organ Boundary (LOB) genes (Gh_D12G0701,

Gh_D05G2414, and Gh_A05G2159) are significantly up-regulated
in okra relative to normal P2 samples.

Subcellular/Nuclear Localization of GhLMI1-D1b. Transient expression of
35S::GhLMI1-D1bOkra-GFP and pUBQ10::GhLMI1-D1bOkra-GFP
in Nicotiana benthamiana was used to determine the subcellular
localization of GhLMI1-D1bOkra. GhLMI1-D1bOkra-GFP was
detected in the nucleus of transformed tobacco plants (SI Appendix,
Fig. S9) in a pattern that colocalized with the nuclear marker RFP-
Histone2B (SI Appendix, Fig. S9). Protein fusion experiments
showed that GhLMI1-D1bOkra-GFP localized to the nucleus, con-
sistent with the classification of LMI1-like genes as transcription
factors (8, 9, 35).

Discussion
Leaf shape varies dramatically across plant evolution and in re-
sponse to the environment. Understanding the genetic architecture
of leaf shape is critical for harnessing its variation to modify plant
physiology and improve agronomic profitability (2, 4). Using a di-
verse array of genomic and molecular tools, we established that the
multiallelic, major leaf shape locus L-D1 of cotton is governed by
GhLMI1-D1b encoding an HD-Zip transcription factor.
LMI1-like genes, in particular their duplication and regulatory

diversification, have recently been proposed as evolutionary hotspots
for leaf shape diversity in model plants (8, 9). The evidence pre-
sented here indicates that the major leaf shapes of cultivated cotton
are controlled by the same pathway. The near-tandem duplication of
LMI1-like genes in Gossypium (Fig. 2D) are unique from those
previously described, as theMalvales and Brassicales diverged before
duplications observed in the Brassicaceae (8, 9). Therefore, the
separate LMI1-like duplication event in Gossypium indicates con-
vergent evolution and strengthens the evidence that LMI1-like genes
are evolutionary hot spots for modifying leaf shape (8, 9).
Sequence analyses of GhLMI1-D1b in a set of 20 cultivars

elucidated two major polymorphisms among different leaf shapes
at the L-D1 locus (Fig. 3C and SI Appendix, Tables S2–S4). First,
an 8-bp deletion near the beginning of the third exon was found
only in normal GhLMI1-D1b. This deletion results in a frameshift
and premature stop codon in the predicted normal GhLMI1-D1b
protein that may interfere with the function of the leucine zipper

A 

B 

LA213-Okra: Uninfected 

LA213-Okra: TRV-Mock 

LA213-Okra: TRV-GhLMI1-D1b 

LA213-Normal: Uninfected 

Relative Expression of GhLMI1-D1aRelative Expression of GhLMI1-D1b C 

P

* 

* 

LA213 okra TRV: Mock 

LA213 okra TRV: GhLMI1-D1b 

LA213 okra TRV: GFP 
LA213 normal  Uninfected

0 2 4 6
Fold change

LA213 okra TRV: Mock 

LA213 okra TRV: GhLMI1-D1b 

LA213 okra TRV: GFP 

LA213 normal  Uninfected
0

Fold change
0.5 1.0

Fig. 4. Functional characterization of GhLMI1-D1b using VIGS. (A) Representative sixth true leaf and 4-wk-old plants from VIGS experiment showing the
reversion to normal leaf shape in the GhLMI1-D1b silencing treatment. (B) Relative transcript levels of candidate genes in the GhLMI1-D1b silenced and
control LA213-Okra plants (n = 3) confirmed the effective knockdown of GhLMI1-D1b. Asterisks represent statistically significant differences as determined by
unpaired t tests at *P < 0.05. (C) Transcript levels of GhLMI1-D1a were unaffected by VIGS treatment, confirming silencing was specific to GhLMI1-D1b.
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motif (Fig. 5A). Additionally, the C-terminal truncation may im-
pact protein stability by removing residues necessary for proper
folding. The second cosegregating polymorphism was a 133-bp
tandem duplication ∼800 bp upstream of the GhLMI1-D1b
translation start site (Fig. 3C and SI Appendix, Table S2). This
duplication was present in all superokra and okra alleles but absent
from all normal and subokra alleles. Furthermore, expression of
GhLMI1-D1b was up-regulated in plants with okra and superokra
leaf shapes (Fig. 3B). This finding is consistent with previous
reports that promoter modifications to LMI1-like genes alter
expression and leaf shape in model plants (8, 9). Finally, the
down-regulation of GhLMI1-D1b by VIGS in a cotton accession
with the okra leaf phenotype strongly reduced leaf lobing and
resulted in the production of normal leaves (Fig. 4A).
Based on comparative sequence analysis, it appears that nor-

mal originated in G. raimondii LMI1-D1b (Fig. 5B). Owing to

their shared 1-bp deletion, frameshift, and premature stop co-
don, this protein may already have been non- or partially func-
tional. The subsequent 8-bp deletion, which causes an earlier
frameshift and premature stop codon, would be expected to even
further compromise the protein function. Sequence analysis in-
dicated the other three leaf shape alleles are not derivatives of
G. raimondii LMI1-D1b. This ancestral allele may have derived
from a lobed D genome diploid, although likely not G. thurberi or
G. trilobum (Fig. 5B). Once the subokra allele developed within the
D genome, it likely gave rise to okra via a single duplication of 133 bp
in the promoter region. The origin of this promoter duplication is
currently unclear, but it may have arisen via unequal crossing over or
replication slippage or due to transposable elements. Consistent with
the expression results and gene silencing results obtained here, this
promoter duplication led to overexpression of GhLMI1-D1b and an
increase in the degree of leaf lobing and complexity. The finding of
only a single additional promoter SNP in the entire GhLMI1-D1b
genic region between subokra and okra indicates this event happened
relatively recently. Only two promoter SNPs differentiate superokra
from okra (Fig. 3C), consistent with the knowledge that superokra
originated from okra within the last 90 y (15). Phylogenetic analysis
involving sequences from all Gossypium species would establish the
evolution and adaptive significance of LMI1 genes in cotton.
To address the molecular basis of the okra phenotype, we com-

pared gene expression between okra and normal BC8 isolines using
RNA-Seq at the P2 stage of leaf development (Fig. 6 and Dataset
S4). GO enrichment analyses for the set of differentially expressed
genes indicate that microtubule and kinesin processes are down-
regulated in okra relative to normal samples, suggesting a cellular
basis for the observed changes in leaf morphology (Dataset S5),
whereas photosynthesis GO categories are highly enriched in okra
relative to normal samples (SI Appendix, Fig. S8 and Dataset S6).
This finding is in line with previous transcriptomic analyses from
tomato shoot apices that revealed a positive correlation between
photosynthetic-related gene expression and genetic changes in leaf
complexity (33). The direction of this correlation is the same in okra
(i.e., photosynthetic gene expression is positively correlated with in-
creased leaf dissection), implying a broad connection between leaf
morphology and the capacity for photosynthesis. Previous work from
Cardamine hirsuta demonstrated that REDUCED COMPLEXITY
(RCO), a homolog of GhLMI1-D1b, promotes leaf dissection by
inhibiting cell division in the sinuses of young leaf primordia (8). We
were unable to identify any strong cell-cycle candidates from our
differential gene expression analyses (Fig. 6C). One possible expla-
nation for this discrepancy is that cell-cycle repression in okra occurs
at a later developmental stage or is not manifest through tran-
scriptomic changes. Among our list of differentially expressed de-
velopmental genes between okra and normal leaves are several
putative developmental regulators, which may be associated with leaf
complexity such as BTB/POZ domain-containing, Homeodomain-
containing, and GRAS family transcription factors. Additionally,
three LOB genes, which are known to delineate organ boundaries,
including the formation of lobes and serrations (38), are significantly
up-regulated in okra relative to normal P2 samples (Gh_D12G0701,
Gh_D05G2414, and Gh_A05G2159), suggesting that these genes
may act downstream ofGhLMI1-D1b to pattern the okra phenotype.
Okra is an exceptional mutation affecting leaf development. It

inspired an early quantitative framework for leaf shape across
evolution and development (12, 23) and, through chimeric studies,
revealed some insights into the morphogenetic and cellular basis
of leaf morphology (24, 25). In two separate instances within the
Brassicaceae, the homologs ofGhLMI1-D1b have been implicated
in evolutionary shifts in leaf morphology (8, 9). That the okra locus
confers a monogenic basis to most of the leaf shape variance in
cotton, the mechanisms for which have been studied in other
model organisms, and that it is implicated in the productivity of a
major crop demonstrate a unique intersection between agriculture
and the evolutionary and developmental basis of leaf morphology.
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Fig. 5. Functional prediction and phylogenetic analysis of LMI1-like genes
among different cotton leaf shapes. (A) Amino acid translations in the Gos-
sypium LMI1-D1b alleles. Normal in G. hirsutum and simple leaf in G. raimondii
show truncated proteins while G. hirsutum-okra, G. trilobum and G. thurbeii
with dissected leaves code for functional LMI1-D1b protein. Frameshift muta-
tion resulting from 8bp deletion in normal introduces additional leucines (L) at
7 amino acid intervals (highlighted in red) that may interfere with the func-
tionality of this domain. (B) Phylogenetic analysis showing the close relationship
between okra, subokra, and superokra but not to G. thurberi or G. trilobum.
Conversely, normal CDS appears more closely related to G. raimondii.
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Materials and Methods
Plant Material. To fine-map the L-D1 locus, we used parental accessions
NC05AZ21 and NC11-2100 (TX-2324; PI607650) (SI Appendix, Fig. S10), which
were used previously in the preliminary mapping study (31). A total of 1,027
F2 plants derived from the original Okra (NC05AZ21) × Normal (NC11-2100)
cross were used to identify recombinants for fine-mapping the L-D1 locus. A
538-member diversity panel was used for association mapping and genome-
wide association studies. This panel consisted of the 384-member cotton
diversity panel (39), plus 154 wild and landrace accessions, all of which were
obtained from USDA Cotton Germplasm Collection (Dataset S1). Two sets of
isolines were used in fine-mapping and/or in gene expression and VIGS

studies, a BC8 set that included all four leaf shapes in the Stoneville 213
background (40) and a BC3 pair of normal and okra in the Stoneville 7A
background (41).

Morphometric Analysis. Four leaves from each of the accessions in the cotton
diversity panel were sampled from a field in Central Crops Research Station,
Clayton, North Carolinamid-August 2015. Leaves were arranged on a scanner
(EpsonWorkforce DS-50000) with a ruler, and the abaxial side of the leaf was
scanned. Files were named by the order they were scanned and appended with a
field number corresponding to genotype information. In ImageJ (42), the “Make
Binary,” “Fill Holes,” “Open,” “Close-,” and “Image Inverter” functions were used

Fig. 6. Transcriptomic comparison of okra versus normal leaf shapes in P2 stage primordia. (A) SEMs of normal and okra shoot apices. (Scale bar, 100 μm.) P2
stage leaf primordia (highlighted in green) were hand-dissected and processed for Illumina RNA-sequencing. (B) Heatmap visualization of the 401 genes that
are significantly differentially expressed (false discovery rate ≤ 0.05) between normal and okra P2 samples (Datasets S4–S6). Scaled and centered reads per
million values for normal and okra biological replicates are plotted in the left three columns and right three columns, respectively. Yellow indicates up-
regulated and blue indicates down-regulated expression values. (C) Gene expression differences between normal and okra P2 samples for three functional
categories are highlighted—developmental regulators in orange, cell cycle in blue, and photosynthesis-related transcripts in green.
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to convert leaves to binary, polished objects. Individual binary leaves were then
manually selected using the “Wand” tool and copied and pasted into individual
files named by genotype. Binary leaf silhouettes were converted to chain code
using the program SHAPE (43, 44). The nef code file from SHAPE (.nef file) was
then imported into theMomocs package in R (45–48) using the NEF2COE function.
Individual leaf contours in the Coe object were assigned phenotype factor levels of
normal, subokra, okra, and superokra and harmonics isolated for subsequent
analyses. The PC.contrib() and pca() functions in Momocs were used to visualize
eigenleaves and perform PCA (respectively) on harmonics, and the morpho.space()
function was used to visualize themorphospace (47). LDA on harmonic coefficients
was performed using the lda function in conjunction with the MASS package (49).
The predict function (stats package) and table function (base package) were used
to reallocate leaves by their predicted phenotypic class. R package ggplot2 (50) was
used for all data visualizations unless indicated otherwise.

Cryo-SEM of Okra and WT SEMs. For comparisons of P2, vegetative shoot
apices were hand-dissected from 4-wk-old normal, okra, and superokra BC8

isolines (40) to expose the shoot apical meristem and the two most recently
initiated leaf primordia: P1 and P2. Apices were affixed to SEM stubs using
cryo-glue, frozen in liquid nitrogen, and viewed using a Hitachi TM-1000
tabletop scanning electron microscope. Image contrast adjustment and scale
addition were done in Fiji (fiji.sc/).

Association Mapping. The association mapping population consisted of the
384-member elite cotton diversity panel (39) and 154 wild and landrace
accessions of tetraploid cotton, some of which were sensitive to long-day
photoperiod conditions. Of this population, a diversity panel of 447 pho-
toperiod insensitive lines were grown under summer field conditions in
Clayton, North Carolina, whereas the 91 photoperiod-sensitive accessions
were grown in 10-inch single pots in the greenhouse under short-day con-
ditions. All plants were phenotyped as described previously (31).

A total of 47 STS markers were designed from the 10-gene candidate
region (Fig. 2C). Three were polymorphic and run on the association map-
ping panel. Additionally, two SNPs were converted into a Kompetitive Allele
Specific PCR (KASP) assay and analyzed on the population at the Eastern
Regional Small Grains Genotyping Laboratory. Marker locations are sum-
marized in SI Appendix, Fig. S1, and primer sequences are provided in SI
Appendix, Table S5. DNA isolation and genotyping using SSRs and STS
markers were done as described previously (31). All of the primer pairs were
synthesized by Integrated DNA Technologies.

To verify that the associations between leaf shape and the candidate genes
tested were not due to population structure, 149 multiallelic SSR markers
distributed throughout the genome were also analyzed on the 384-line di-
versity panel as well as 42 of the additional lines with okra leaf shape from
the larger set tested above. Multiallelic SSR genotypes were converted to
numeric allele content scores (0, 1, or 2) using the “Expand Multiallelic
Genotypes” option in JMP Genomics version 8 (SAS Institute). PCA was used
to estimate population structure of the diversity panel. After initial analysis
of population structure, it was clear that 17 wild accessions were distinct
outliers along the first principal component axis (which accounted for 23%
of the marker variation). In addition, only one line exhibited subokra phe-
notype and one line exhibited superokra phenotype. The wild accessions
and sub- and superokra types were excluded from further association
analyses, resulting in 54 SSR markers being monomorphic in the remaining
sample of lines. These SSRs were excluded from further analysis, and PCA
was performed again on the remaining sample of 404 lines and 95 SSR
markers, which included 36 okra types and 368 normal leaf shape types.

All markers were then tested for association with the binary trait okra versus
normal leaf shape using a logistic regression model in the PROC LOGISTIC
procedure in SAS software version 9.4 (SAS Institute). Population structure was
controlled by including the first three principal components (explaining 9% of
variation in marker profiles) as covariates in the model. To deal with complete
and quasicomplete separation observed in some markers, we used the FIRTH
option available in SAS software, which produces finite parameter estimates
by means of penalized maximum likelihood estimation (51).

In the initial scan, several candidate gene region markers and several SSRs
had significant associations with leaf shape. Inspection of the marker data
revealed that genotypes at significant SSRs were correlated with the can-
didate gene region marker genotypes. Therefore, we performed a second
scan of all SSR markers in which the most significant candidate gene variant
(GhLS-STS1) was included as an additional covariate in the model.

Semiquantitative Expression Analysis. Total RNA was collected from three
field-grown plants [n (number of replications) = 3] each of six varieties:
NC05AZ21 (okra), NC11-2100 (normal), LA213-63 (normal recurrent parent),

LA213 Sea Island Leaf (subokra), LA213 okra, and LA213 superokra. Samples
were taken ∼90 d after planting. Leaves were taken at the earliest possible
time they could reliably be distinguished from the shoot apical meristem
without the help of any equipment. At this time point, leaves were ∼30–
50 mm in length from tip to base.

RNA was isolated using the Spectrum Plant Total RNA Kit (Sigma-Aldrich)
following the manufacturer’s instructions. Total RNA was converted to cDNA
using the ImProm-II Reverse Transcription System (Promega) per the manu-
facturer’s instructions. cDNA was then used as template in 50 μL PCR reac-
tions and visualized on 3% (wt/vol) HiRes agarose (GeneMate BioExpress).
GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE (GAPDH) was used as
the reference gene. Primers used in semiquantitative expression analysis are
provided in SI Appendix, Table S6.

Real-Time Quantitative PCR Analysis of GhLMI1-Like Gene Expression. cDNA
from LA213 isolines in the preceding section was used in 25 μL Real-Time
qPCR reactions with Power SYBR Green PCR Master Mix (Applied Biosystems)
and the ABI 7300 Real-Time PCR System (Applied Biosystems). The positive
control/reference gene was UBI14 (52). Technical replicates were run in
triplicate. Ct values were analyzed using the ΔΔCt method (53). Fold changes
[=2̂ (–ΔΔCt)] (53) and their SDs were plotted using Microsoft Excel. Unpaired t
tests were calculated between isolines or VIGS experimental treatments to
detect significant changes in gene expression. Primers used in RT-qPCR are
provided in SI Appendix, Table S6.

Sequencing of GhLMI1-Like Genes. Sanger sequencing was used to obtain the
genomic DNA sequence of GhLMI1-D1a and GhLMI1-D1b in 20 different tet-
raploid Gossypium accessions listed in SI Appendix, Table S4. Sequencing was
performed at the North Carolina State University Genomic Sciences Labora-
tory. Genome-specific primers for PCR were developed by aligning homeolo-
gous sequences from G. raimondii and G. arboreum and targeting differences
between the two donor diploid genomes (SI Appendix, Tables S6–S8). Genome
specificity of the primers was confirmed by analyzing amplification in a panel
of diploid species from both genomes (SI Appendix, Table S9). Nested PCR was
necessary for the 5′ end ofGhLMI1-D1a. A complete list of the primers used for
Sanger Sequencing can be found in SI Appendix, Table S10. Sequencing results
were analyzed and assembled using Sequencher 5.2.3 (Gene Codes) with ad-
ditional alignments performed using Clustal Omega Multiple Sequence
Alignment (www.ebi.ac.uk/Tools/msa/). Publicly available predictions for
Gorai.002G244200 and Gorai.002G244000 (Phytozome, https://phytozome.
jgi.doe.gov/) were used to determine the exon/intron structure of GhLMI1-
like genes with expansions to a stop codon when necessary. Protein translations
were performed using the ExPASy Translate Tool (web.expasy.org/translate/).
Renderings of GhLMI1-like genes were drawn with fancyGENE (bio.ieo.eu/
fancygene/) and redrawn to scale in Microsoft PowerPoint.

VIGS of GhLMI1-D1b in LA213 Okra.All enzymes used in the construction of the
TRV silencing vectors were supplied by New England Biolabs. Kits with ‘Zymo’
in the name were supplied by Zymo Research. To construct TRV2:GhLMI1-
D1b, a 461-bp fragment of the GhLMI1-D1b gene was amplified from cDNA
derived from LA213 Okra. This 461-bp silencing fragment of GhLMI1-D1b
included the last 29 bp of the second exon, the entire 239 bp of the third
exon, and the first 193 bp of the proposed 3′ UTR. This fragment, along with
the pYL156 (TRV2) vector (obtained from the Arabidopsis Biological Re-
source Center), was then digested with the restriction enzyme Acc65I over-
night according to the manufacturer’s instructions. Following the digestion,
the restriction enzyme was inactivated by placing the reactions at 65 °C for
20 min. Digested vector DNA was then dephosphorylated with Antarctic
Phosphatase per the manufacturer’s instructions. Both digested vector and
GhLMI1-D1b fragment were separated on a 0.8% agarose gel, excised, and
purified using the Zymoclean Gel DNA Recovery Kit and ligated using T4
DNA ligase. When combined with the TRV1 vector of the bipartite TRV VIGS
system, this treatment was named TRV:GhLMI1-D1b.

In addition to the TRV:GhLMI1-D1b experimental treatment, two negative
controls were used as before (54). TRV:Mock consisted of only an empty TRV2
vector, which does not support the spread of infection due to the absence of
TRV1 and thereby controls for effects of the inoculation process. TRV:GFP,
consisting of TRV1 plus TRV2 containing a silencing fragment for GFP, is ca-
pable of spreading throughout the plant. However, cotton lacks an endoge-
nous GFP gene so that potential effects of infection only could be monitored.
Because silencing from TRV can fluctuate over time (37) and TRV VIGS is very
sensitive to temperature and humidity (36), a TRV:CHLI treatment that blocks
chlorophyll production was used as a visible marker to ensure that environ-
mental conditions were suitable for VIGS and to time the phenotyping of
LMI knockdowns.
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Two of the VIGS control constructs, TRV:GFP and TRV:ChlI, were produced by
digesting the TRV2 plasmid pYL156 with Acc65I. The ends of the digested vector
were blunted using DNA Polymerase I, Large (Klenow) Fragment and dephos-
phorylated with Antarctic Phosphatase. A 499-bp GFP fragment flanked with
StuI restriction sites was amplified from transgenic cotton carrying themGFP5-ER
transgene (55) using the primers mGFPerF: 5′-ATA AGG CCT GTG ATG CAA CAT
ACG GAA AAC-3′ and mGFPerR2: 5′-ATT AGG CCT AGG TAA TGG TTG TCT GGT
AAA AG-3′. The GFP PCR products were desalted using the Zymo DNA Clean and
Concentrator kit. The cleaned PCR product was then digested with StuI. A 501-bp
blunt-ended fragment of the cotton ChlI gene was digested out of pJRT.
CLCrVA.009 (55) using MscI, gel-purified, and extracted from the agarose gel
using the Zymoclean Gel DNA Recovery Kit. Blunt-ended GFP and ChlI gene
fragments were ligated into the TRV2 vector using T4 DNA ligase.

All vector constructs were transformed into DH10-beta competent cells
(New England Biolabs) and plated on Luria–Bertani agar plates containing
50 μg/mL each of kanamycin and gentamicin. Transformants were screened
for insert direction using the following primers: TRV2MCSF, 5′-CTT AGA TTC
TGT GAG TAA GGT TAC C-3′ and mGFPerR2, 5′ ATT AGG CCT AGG TAA TGG
TTG CT GGT AAA AG 3′ for TRVGFP; and TRV2MCSF, 5′-CTT AGA TTC TGT
GAG TAA GGT TAC C-3′, and GhChlIR, 5′ GCT TGG CCA ATC AAA CCG TGC
TCT TT-3′ for TRVChlI. Positive clones were confirmed by sequencing.

Two-week-old okra seedlings were agro-inoculated as described pre-
viously (56). In each experimental replicate, five plants were inoculated per
treatment with TRV:Mock, TRV:GFP, and TRV:GhLMI1-D1b. Additionally, at
least two plants in each replication were inoculated with TRV:CHLI. Plants
were grown under a 26/22 °C day/night cycle. Starting at 3 wk postinocu-
lation, all plants were photographed weekly. At 4 wk postinoculation, leaves
were collected randomly from three of the five plants (n = 3) in the TRV:
GhLMI1-D1b, TRV:GFP, and TRV:Mock treatments for expression analysis as
described above. Three experimental replicates of the VIGS experiments were
performed with consistent results. All primers used in the VIGS experiment are
listed in SI Appendix, Table S6.

Comparative Sequence Analysis of LMI1-Like Genes in Gossypium. In addition to
sequencing GhLMI1-like genes in tetraploid cotton, LMI1-D1b was sequenced
in lobed D-genome diploid species G. thurberi (PIs 530766 and 530789) and
G. trilobum (PI 530967). Sequences of LMI1-A1b and LMI1-D1b, pulled
from G. arboreum and G. raimondii, respectively, were obtained from
https://www.cottongen.org/. Alignment and comparative sequence analysis
were performed using Clustal Omega. Helix-turn-helix prediction was carried
out using https://npsa-prabi.ibcp.fr/cgi-bin/primanal_hth.pl. Leucine zipper was
predicted using 2zip.molgen.mpg.de/.

GhLMI1-D1b cDNA isolated from the okra leaf mapping population par-
ent NC05AZ21 was sequenced via Sanger sequencing as described pre-
viously. Analysis, assembly, and alignment of the sequence were as described
previously for the genomic sequencing of the LMI1-like genes. Extraction of
RNA and conversion to cDNA are described in Semiquantitative Expression
Analysis. Alignment of cDNA sequence to gDNA sequence confirmed the
predicted exon/intron structure.

RNA-Seq Transcriptome Analysis.
Sample harvesting and RNA preparation for RNA-seq. Three biological replicates
of P2, corresponding to leaf 8, were hand-dissected directly into ice-cold
acetone from normal and okra shoot apices. Ten individuals were pooled for
each biological replicate. Acetone was removed from the samples and
replaced with extraction buffer from the PicoPure RNA Isolation Kit (Ther-
moFisher Scientific). RNA was isolated following the manufacturer’s protocol
with the optional on-column DNase treatment. The RNA integrity was
assessed by running the samples on an Agilent RNA 6000 Pico Chip (Agilent
Technologies). The Clontech SMARTer cDNA synthesis kit (Clontech) was used to

amplify 10 ng of total RNA into polyA tail-enriched dscDNA. A total of 150 ng
of dscDNA was fragmented for 17 min with Fragmentase (New England
Biolabs) and processed into Illumina sequencing libraries using the NEBNext
Ultra DNA Library Prep Kit for Illumina (New England Biolabs). Illumina li-
braries were quantified with a Nanodrop and pooled to a final concentration
of 20 nM. The pooled libraries were sequenced for single-end 100-bp reads on
an Illumina HiSEq. 2500 at the Washington University in St. Louis School of
Medicine Genome Technology Access Center (https://gtac.wustl.edu/).
Bioinformatic processing of RNA-seq data. Illumina adapters and low-quality bases
were trimmed using Trimmomatic (57) with the following default parameters:
LEADING: 3 TRAILING: 3 SLIDINGWINDOW: 4:15 MINLEN: 36. Trimmed reads
were aligned to the G. hirsutum AD1_NBI genome and to the G. raimondii (D5)
BGI-CGP Genome v1.0 (https://www.cottongen.org/data/download/genome) (58,
59) to produce Sequence Alignment/Map (SAM) files using the HISAT2 alignment
software (60) with the following alignment option: –dta-cufflinks. SAM files
were converted into compressed and sorted Binary Alignment/Map (BAM) files
using Samtools –view, -bSh, and -sort-sort commands, respectively (samtools.
sourceforge.net/) (61). Reads mapping to annotated genes for the AD1_NBI and
D5 BGI-CGP genomes were extracted using StringTie (https://ccb.jhu.edu/software/
stringtie/) (62). Genes with less than one count per million across at least three
samples were discarded from the analysis. Significantly differentially expressed
genes (FDR adjusted P value ≤ 0.05) were identified by performing a pairwise
comparison between normal and okra P2 samples in edgeR version 3.0 (https://
bioconductor.org/packages/3.0/bioc/html/edgeR.html) (63, 64).
GO enrichment. The R package TopGO (65) was used to test for GO category en-
richment in differentially expressed genes between okra and normal P2 tran-
scriptomes. The Fisher’s Exact Test (P value ≤ 0.05) was used to identify significantly
enriched GO categories in gene sets that are significantly differentially expressed
between okra and normal P2 samples.

Colocalization of GhLMI1-D1bOkra-GFP in N. benthamiana. Fluorescent protein
fusionsofGhLMI1-D1bweregeneratedbyGateway cloning (Life Technologies). The
GhLMI1-D1bOkra CDS without the STOP codon was amplified from okra cDNA
using primers GhLMI1-D1b-Okra-TOPO-F (5′-CACCATGGATTGGGATGGCACCATTC-
GACCCTTT-3′) and GhLMI1-D1b-Okra-STOP-R (5′-GGGATAAGAAGGGAGTTGAA-3′)
and cloned into pENTR/D/TOPO (Life Technologies) to generate pENTR::GhLMI1-
D1b-Okra-stop. Recombination with LR Clonase (Invitrogen) was carried out be-
tween pENTR::GhLMI1-D1b-Okra-stop and the following destination vectors:
pGWB5 (66), pGWB8 (66), and pUBQ10-C-GFP. pUBQ10-C-GFP is a modified version
of pUBC-GFP (67) but includes the full pUBQ10 promoter. The following constructs
were obtained and confirmed by sequencing: 35S::GhLMI1-D1b-GFP and pUBQ10::
GhLMI1-D1b-GFP. Both constructs were introduced by transient Agrobacterium
transformation into N. benthamiana plants carrying a RFP-Histone2B marker (68)
for colocalization analysis.

A Zeiss LSM 710 confocal microscope with a 40× water objective (1.1 N.A.)
was used to image fluorescence protein fusions. The excitation/emission
wavelengths during acquisition were 488 nm/492–570 nm for GFP and
561 nm/588–696 nm for RFP.
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