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Extreme elongation distinguishes about one-fourth of cotton (Gossypium sp.) seed epidermal cells as “lint” fibers, useful for the
textile industry, from “fuzz” fibers (<5 mm). Ligon lintless-2 (Li,), a dominant mutation that results in no lint fiber but normal
fuzz fiber, offers insight into pathways and mechanisms that differentiate spinnable cotton from its progenitors. A genetic map
developed using 1,545 F2 plants showed that marker CISP15 was 0.4 cM from Li,, and “dominant” simple sequence repeat (SSR)
markers (i.e. with null alleles in the Li, genotype) SSR7 and SSR18 showed complete linkage with Li,. Nonrandom distribution of
markers with null alleles suggests that the Li, phenotype results from a 176- to 221-kb deletion of the terminal region of
chromosome 18 that may have been masked in prior pooled-sample mapping strategies. The deletion includes 10 genes with
putative roles in fiber development. Two Glycosyltransferase Family 1 genes showed striking expression differences during
elongation of wild-type versus Li, fiber, and virus-induced silencing of these genes in the wild type induced Li,-like phenotypes.
Further, at least 7 of the 10 putative fiber development genes in the deletion region showed higher expression in the wild type
than in Li, mutants during fiber development stages, suggesting coordinated regulation of processes in cell wall development
and cell elongation, consistent with the hypothesis that some fiber-related quantitative trait loci comprise closely spaced groups

of functionally diverse but coordinately regulated genes.
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The ability of single cotton (Gossypium sp.) fiber cells to
reach as much as 6 cm in length confers their value to the
textile industry (Kim and Triplett 2001). Cotton fiber cell
development is widely conceptualized as comprising
four stages, i.e. initiation, elongation, secondary wall bi-
osynthesis, and maturation (Basra and Malik 1984). Fiber
elongation typically lasts for 15 to 20 d, during which the
fiber expands at a rate of 2 mm per day (Lee et al., 2007).
The process involves metabolic pathways regulating hydro-
gen peroxide (H,O,) and reactive oxygen species, Ca2*,
stress, brassinosteroids, ethylene, water transportation,
cell wall loosening, and pectin biosynthesis (Hovav et al.,
2008; Pang et al., 2010; Li et al., 2013; Fang et al., 2014;
Shan et al.,, 2014; Tang et al., 2014; Yang et al., 2014).
Secondary cell wall synthesis overlaps with fiber elon-
gation, during which large amounts of cellulose are syn-
thesized and deposited, ultimately leading to thickening
of the cell wall to ~3 to 4 um (Kim and Triplett, 2001). Cell
wall thickening is necessary to impart fiber strength,
which is an important component of cotton fiber quality
(Pang et al., 2010). The final step of fiber development is
fiber maturation, which may last until 60 d post-anthesis
(DPA). At the end of the process, ~500,000 elongated lint
fibers will have been produced in a single fruit (“boll”)
containing 30 to 35 seeds (Bowman et al., 2001).
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Cotton mutants with fiber anomalies are excellent tools
to use in deciphering the complex process of fiber devel-
opment. Three mutants with fuzzy seeds and short lint
fiber have been identified in cotton, namely, Ligon lintless-
1 (Liy; Griffee and Ligon 1929), Li, (Narbuth and Kohel
1990), and the Ligon lintless-like mutant (Li,; Cai et al.,
2013), mapping to chromosomes 22 (D4), 18 (D13), and
4 (A4), respectively (Rong et al., 2005; Cai et al., 2013).
While the Li; and Li, mutants have deformed leaves and
stem, Li, plants show normal vegetative growth. Multiple
studies have revealed the genetic position, differential
gene expression, and metabolite changes in this mutant,
but have not yet identified the mutation responsible for
the Li, phenotype (Hinchliffe et al., 2011; Gilbert et al.,
2013; Naoumkina et al., 2013; Thyssen et al., 2014).

We sought to identify the Li, gene by integrating
positional (genetic and physical mapping) information,
evolutionary information, differential gene expression,
and functional validation using virus-induced gene si-
lencing (VIGS). Identification of seven genes in the
target region that are coordinately expressed in fiber
development supports a recent model (Paterson et al.,
2012) suggesting that many cotton fiber-related quan-
titative trait loci (QTLs) may be complex. In addition,
VIGS reduced fiber length in two genes, suggesting the
identity of Li, and the functions of genes related to
elongation of one of the longest known single cells in
the plant kingdom.

RESULTS

Phenotyping of Li, Mutants and Segregation of the
Li, Region

The Li, mutant has seeds with no lint fiber but normal
fuzz fiber. To determine whether a plant was Li, or wild

Figure 1. Phenotype of seeds contain- A
ing the Li> mutant allele, and homo-
zygous wild-type allele. A, Li, mutant
allele. B, Homozygous wild-type al-
lele. C, A branch showing atypical ex-
pression of the Li, phenotype (two bolls
of Li, phenotype on either side of the
normal lint or wild-type phenotype). D,
Atypical expression of Li, phenotype
within a boll. The left and right show
the wild-type and Li, homozygotes,
respectively, while the center shows
the two abnormal phenotypes seen in
some bolls of Li, plants.

Wild type
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type, multiple open bolls were inspected on each plant
(Fig. 1). Some plants showed both Li, and wild-type
bolls (Fig. 1), in which case the plant was considered
Li;. Much literature has shown the Li; mutant pheno-
type to be genetically dominant and governed by a
single locus; thus, a segregation ratio of three lintless to
one linted individual(s) was expected (Narbuth and
Kohel 1990; Rong et al., 2005). However, among 1,545
F2 plants we found 1,091 to be lintless and 454 to be
wild type, a 2.4:1 ratio, suggesting enrichment of the
wild type relative to the Mendelian expectation. As
shown in Table 1, a similar pattern was also observed
for DNA marker genotypes in the Li, region. Such
segregation distortion may be due to the presence of
favorable alleles in this region from Gossypium barba-
dense, or to a deleterious effect of the Li, mutant (from
Gossypium hirsutum).

Chromosome Walking and Fine Mapping of the Li, Locus

Initial mapping of the Li, locus in 135 individuals
showed 12 markers to be toward the centromeric side of
the gene, i.e. lacking flanking markers on the telomeric
side that would permit identification of recombinants
in the interval containing the gene. To try to develop
markers on the telomeric side of Li;, we designed
overgo probes using genetic sequences of markers
closest to the gene (Gr_eal7f11, A1552, Gh.fbr.sw02661,
and COAU2K07), hybridized them to Gossypium raimondii
bacterial artificial chromosomes (BACs; Supplemental
Table S1), and sequenced BACs GR174F21, GR109E22,
and GR174023 (Supplemental Fig. S1A). Based on
alignment and segregation of markers developed from
these BACs with Li,, GR109E22 and GR174023 over-
lapped each other, but there was a gap between

B C

Abnormal phenotypes in Li, mutant plant
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Table 1. Segregation distortion of DNA markers in the Li, region

G CISP15 NAU2980 NAU3827

not

enope Observed Expected Chi test Observed Expected Chi test Observed Expected Chi test
GH/GH 284 380.00 2.02E-08 285 382.75 2.16E-08 288 383.50 7.56E-08
GH/GB 796 760.00 - 808 765.50 - 814 767.00 -
GB/GB 440 380.00 - 438 382.75 - 432 383.50 -
Total 1,520 - - 1,531 - - 1,534 - -

GR109E22 and GR174F21, with the latter being closest
to Li,. When we BLASTed 13,662 BAC end sequences
from the G. raimondii library (Lin et al., 2010) to seek
BACs with one end in the terminal region of chromo-
some D13, we found GR102N11 and GR006L12, but
DNA fingerprinting showed that sequencing these
BACs would not improve coverage of the region
(Supplemental Fig. S1B). GR174F21 was later found to
extend from 60,413,412 to 60,534,221 bp of chromo-
some D13 of G. hirsutum, with just 78 bp beyond it to
the end of the chromosome (Zhang et al., 2015). Thus,
GR174F21 was the last informative BAC sequence for
the terminal region of chromosome D13.

For fine mapping, four markers, NAU2980, NAU3447,
NAU3827, and NAU3223, covering the Li, region were
used along with new simple sequence repeat (SSR)
markers developed from BAC GR109E22 (CISP15) and
GR174F21 (SSR7 and SSR18). A total of 1,545 F2 plants
were genotyped. Based on the genetic map, CISP15 was
0.4 cM from Li;, while SSR7 and SSR18 cosegregated
with Li, (Fig. 2). Both cosegregating markers were
dominant and in repulsion phase with Li,.

Deletion of a Chromosome Segment Appears Responsible
for the Li, Phenotype

To try to mitigate the constraint that SSR7 and SSR18
from BAC GR174F21 were genetically dominant, two
more SSRs (CISP39 and gr174F21_4.4) were found to be
polymorphic and map near Li,. However, while the
majority of SSRs in other regions had been codominant,
these (like SSR7 and SSR18) were also dominant, all
four amplifying only G. barbadense alleles. This obser-
vation suggested that a segmental deletion near the
chromosome 18 terminus may account for the Li, mutant,
with its genetic dominance due to haploinsufficiency, i.e.
a single functional allele does not produce enough gene
product to confer a wild-type phenotype. To further in-
vestigate the hypothesis of a deletion in the Li, region of
chromosome 18, we sequenced additional segments in
this region from the wild type (G. barbadense) and homo-
zygous Li mutants (G. hirsutum). The D-genome sequence
was mined for genic sequences beyond the last codomi-
nant marker, i.e. CISP15 toward the telomere. Although
precautions were taken while designing primers and
running PCR, only five gene primer sets amplified single
bands useful for further study. One (Gorai.013G268200)
was between CISP15 and the centromere; and four,
Gorai.013G269200, Gorai.013G270000, Gorai.013G270800,
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and Gorai.013G271400, were between CISP15 and the
telomere. As Li, lies on a chromosome of the Dt ge-
nome, the amplicon sequence in the hypothetical
deletion region from Li, homozygous mutants should
only show sequence from the At genome, while wild-
type plants should show sequences from both At and
Dt genomes. Sequencing of Gorai.013G268200, which
is between the centromere and codominant marker
CISP 15, suggested the presence of both genome (At
and Dt) segments in the mutant and wild type. Fur-
thermore, due to stringency of the primers of Gor-
ai.013G269200, only Dt was amplified in the Li, and
wild-type plants, suggesting no deletion in the Li,
mutant until this point. Amplicons of three genes,
Gorai.013G270000, Gorai.013G270800, and Gor-
ai.013G271400, were missing Dt segments in Li, ho-
mozygous lines, with only genotypes corresponding
to the At genome present in the mutants, whereas
both At and Dt genotypes were present in the wild
type (Supplemental Fig. S2). Thus, three consecutive
primer pairs fail to amplify a chromosome 18 (Dt)
locus from the G. hirsutum genotype carrying Liy,
while Gorai.013G268200 and Gorai.013G269200 (closer
to CISP15 than the other three) amplify Dt loci, sup-
porting the hypothesis that a terminal deletion is re-
sponsible for the Li, phenotype. The results suggest the
deletion breakpoint to be between Gorai.013G269200
and Gorai.013G270000, with at least 176 kb and per-
haps as much as 221 kb missing from the terminal end
of chromosome D13 in Li, mutants.

Candidate Li, Gene Sequences

The putative 176- to 221-kb deletion of chromo-
some 18 in the Li; mutants spanned a total of 35 genes
(Supplemental Table S2), among which 10 had an-
notations suggesting that they function as cell wall
proteins and/or enzymes, or are associated with
secondary metabolism, hormonal regulation, and
posttranscriptional modification. To further narrow
down the list we compared coding sequences and
untranslated regions (5’ and 3’ UTRs) of the 10 genes
between short fiber-producing (D and F) and fiber-
producing (A, At, and Dt) genomes. We found
15 single-nucleotide polymorphism (SNP) alleles
differentiating nonfiber and fiber-producing groups,
with 11 in the coding regions of eight genes inferred
to cause amino acid changes and potentially affect
gene function (Table 2).
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Figure 2. Genetic and physical map of
the Li, locus. Genetic distance is in Genetic Map (cM)
centimorgans and physical distance is Li2

in base pairs. An approximate deletion 0.0 ~a-SSR——
break point is shown. Markers from the
deletion region (ssr7 and ssr18) are
completely linked with the Li, phe-
notype. Gorai.013Gxxxxxx represents
genes from which amplicons were se- 1.3
quenced to investigate the deletion the-

ory and find approximate break points.

0.4~ T~ CISP15—

NAU2980-_
N

6.1 NAU3223—

Differential Expression of the Candidate Gene during
Fiber Development Based on RT-qPCR

Based on reverse-transcription quantitative PCR (RT-
qPCR) at seven different fiber development stages
(Fig. 3), the 10 candidate genes in the putative Li, de-
letion showed five broad categories of expression pat-
tern. Two genes (GhUBE11-D1a and GhC4H) were both
expressed primarily at 3 and 6 DPA, with substantially
diminished expression later, and with only small dif-
ferences between Li, and the wild type. Four genes
(GhUGT87A1-D1a, GhUGT87A2, GhUGT87A1-D1b,
and GhETO1) were expressed at low levels at 3 DPA,
with much higher levels at 6 and 12 DPA (and higher in
the wild type than in the Li, mutant), diminishing at 15
DPA with the wild type maintaining higher expression
than the Li, mutant for GhUGT87A1-D1a and GhETO1
(and noting that the transition from 6 to 10 DPA is
confounded with sampling of ovule versus fiber tissue
so is not directly comparable). Two genes (GhE1310 and
GhEXPAS) paralleled the general expression pattern of
the second group, but with striking enrichment of ex-
pression in the Li; mutant at 15 DPA. GhIRX7 showed
enriched expression in the Li, mutant early in devel-
opment (3—6 DPA) but not until later (21-24 DPA) in the
wild type. GhUBE11-D1b, a ubiquitin-activating en-
zyme, was enriched in the wild type at all develop-
mental stages except 10 DPA.

VIGS

We used VIGS to conduct functional complementa-
tion tests for 10 candidate genes in the putative Li,

280

———SSR7 —1--60493331
SSRIS————— gqR138 Y

————CISP15 ~{-}-60273155
Gorai.013G268200 -1 |

5.0 NAU3447
53 X.—\L’BS:?\

Chromosome 18 or D13
Physical Distance
D13_end ~ . 60534298 D13 _end ~ ~ ~60534298-
CISP39 ~| | 60517936

60466151 er17421 4.4 - [~60517923

60228110 ssr/ 60493331
ssrl8 60466151 -
e \ Gorai.013G271400 60445425 | 2
"NAU2980 59740778 | [ ;
2
. s
Gora.013G270800 60399458
Gorai.013G270000 60357233

Deletion break point e

Gora.013G269200 60309645
CISP15 60273155
~_ NAU3447 ~_L-58775525
NAU3827 ~T~58226870 \
__NAU3223 58083826 Gora.013G268200 60228110

deletion region. Due to constraints on growth chamber
space, we performed an initial VIGS experiment on
eight plants per gene in the greenhouse with con-
trolled temperature and humidity, finding substantial
reduction in the fiber length of plants treated with
TRV2:UGT87A1-Dla and TRV2:UGT87A2. In a follow-
up study in a growth chamber, bolls collected from
multiple plants treated with TRV2:UGT87A1-Dla
showed 32% to 40% reduction in fiber length compared
to control lines, with 15% to 25% reduction in fiber
length for plants treated with TRV2:UGT87A2 (Fig. 4).
Despite the use of a growth chamber with controlled
environmental conditions validated in prior work (Gao
et al., 2011), VIGS phenotypes varied somewhat be-
tween different plants and within the same plant, as has
been reported previously in cotton (Wan et al., 2016;
Andres et al., 2017). Similar problems were also seen in
plants treated with the control vector TRV2:GRCLA1
silencing the cotton CLOROPLASTOS ALTERADOS
1 gene (Supplemental Fig. S3; Gao et al., 2011).

Phylogenetic Analysis

Sequences of UGT87A1 and UGT87A2 genes were
extracted from genome sequences of G. raimondii
(Paterson et al., 2012), Gossypium arboreum (Li et al.,
2014), and G. hirsutum (Zhang et al., 2015), and from
resequencing data for Gossypium longicalyx (Paterson
et al., 2012). Protein sequences were predicted using
FGENESH and employed in phylogenetic analysis
performed using MrBayes v3.2 (Kumar et al., 2016)
with the Jones-Taylor-Thornton model of protein evo-
lution (Jones et al.,, 1992). The analysis was run for
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Table 2. Properties of nonsynonymous SNPs differentiating fiber and short-fiber producing Gossypium sp.

Period represents no change in the amino acid due to SNP between short-fiber and fiber producing Gossypium sp. CDS, Coding sequence.

Short-

) Fiber
Gene id (G. ramondii) Position ID* Strand Non— Fiber SnP f(bgr Amino GepeID(G. Annotated Function
fiber Location  Amino ) hirsutum)
. Acid
Acid
Gorai.013G269400 58104353 — A T CDS F Y Gh_D13G2434  Glucuronoxylan
glucuronosyltransferase IRX7
Gorai.013G270200 58142691  + G A CDS G R Gh_D13G2442  Ethylene-overproduction protein
1-like
Gorai.013G270200 58143864  + C A CDS L I Gh_D13G2442  Ethylene-overproduction protein
1-like
Gorai.013G270200 58144018  + G A CDS G D Gh_D13G2442  Ethylene-overproduction protein
1-like
Gorai.013G270200 58144068  + G A CDS \% I Gh_D13G2442  Ethylene-overproduction protein
1-like
Gorai.013G270300 58144807 — A G 3-UTR Gh_D13G2443  Ubiquitin-activating enzyme E1
1-like
Gorai.013G270300 58144988 — T G 3-UTR Gh_D13G2443  Ubiquitin-activating enzyme E1
1-like
Gorai.013G270400 58154218 — T A CDS Q H Gh_D13G2444  Ubiquitin-activating enzyme E1
1-like, transcript variant X2
Gorai.013G270800 58179089  + A G CDS E G Gh_D13G2448  Glucan endo-1,3-B-glucosidase
9-like
Gorai.013G270900 58181681  + C T CDS P L Gh_D13G2449  UDP-glycosyltransferase 87A1-like
Gorai.013G271000 58184415 + C G CDS R G Gh_D13G2450  UDP-glycosyltransferase 87A2-like,
transcript variant X2
Gorai.013G271000 58185533  + C T 3-UTR Gh_D13G2450  UDP-glycosyltransferase 87A2-like,
transcript variant X2
Gorai.013G271100 58187286  + T A CDS | N Gh_D13G2452  UDP-glycosyltransferase 87A1-like
Gorai.013G271700 58235904  + C T 5-UTR Gh_D13G2458  Transcinnamate 4-monooxygenase-
like
Gorai.013G272000 58243663  + A G CDS R G Gh_D13G2460  Expansin-A8-like

“Position is based on D genome sequence (Paterson et al., 2012).

5,000,000 generations with sample frequency every
100 generations. The resulting tree was visualized in
MEGA?7 (Kumar et al., 2016). GhUGT87A1_D1a and
GhUGTS87A2 appear more closely related to each other
than either is to GhUGT87A1_D1b. Further protein se-
quence alignment using MUSCLE (Edgar 2004) showed
truncation of GhUGT87A2 in the At subgenome at the
C-terminal end, with partial deletion (16 of 44 amino
acids) of a highly conserved region known as plant sec-
ondary product glycosyltransferase (PSPG; Supplemental
Fig. S4) that plays a role in transferring sugar molecules
from donor to acceptor molecules (Osmani et al., 2009).
Thus, deletion in PSPG can affect normal transfer of sugar
molecules by GhUGTS87A2 of the At subgenome, causing
partial or complete loss of function.

DISCUSSION

Investigation of the causal agent(s) of the cotton Li,
mutant phenotype, conferring seeds with no lint fiber
but normal fuzz fiber, provides an early example in
support of the hypothesis that groups of closely spaced
genes that are functionally diverse but coordinately
regulated may be of central importance to cotton fiber
development (Paterson et al., 2012). Two prior studies

Plant Physiol. Vol. 183, 2020

(Hinchliffe et al., 2011; Thyssen et al., 2014) had mapped
Li, to different positions on chromosome 18 than ours.
Our recombination data between SSR markers and the
Li, phenotype contraindicated those locations, al-
though leaving open the possibility that multiple
nearby genes influence this trait, such as the gene for
seed shattering in sorghum (Sorghum bicolor) involving
SpWRKY and YABBY loci, which are only 300 kb apart
(Lin et al., 2012; Tang et al., 2013). Further, RNAseq
conducted using DP5690 (wild type) and an Li, mutant
in two different conditions (field and greenhouse)
found 13 of 14 genes on the terminal end of chromo-
some 18 (or D13) to be down-regulated (Naoumkina
et al., 2015), providing additional independent sup-
port for our theory of deletion in this region.
Haploinsufficiency, such as we postulate to account
for the genetic dominance of the mutant Li, allele, has
been reported in plants, albeit rarely (Meinke 2013;
Yuan et al., 2014). Our data corroborate prior reports of
abnormal expression and incomplete penetrance of the
Li, phenotype (An et al., 2010), resembling hap-
loinsufficiency, variable expressivity, and incomplete
penetrance associated with segmental deletion in mul-
tiple human studies (K6hn et al., 2009; Klaassen et al.,
2013; Todarello et al., 2014; El Khattabi et al., 2015;
Ponzi et al., 2015). The scarcity of haploinsufficiency in
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Figure 3. Gene expression analysis Wt 0OL2
using RT-qPCR for candidate genes in 8 GhC4H
fiber tissues from wild-type (Wt) and 2 ;gg ]
mutant plants. The x axis represents ;5( 500 -
DPA. Fiber and ovule tissues were & ggg:
mixed for 3 and 6 DPA, and only fiber Z 200 4 .
tissues were used thereafter (10, 12, 15, é 100 -
& |
21, and 24 DPA). Error bars represent D
the means = st from three biological z 250 7
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plants might be due to plant genomes having a greater
degree of tolerance than other genomes for altered gene
dosage, as plant lineages have incurred genome du-
plications more frequently than any other taxa known
(Paterson et al., 2010). Genes with similar or related
functions tend to cluster in genomes (Nei 2003; Yi et al.,
2007). Deletion of part of a chromosome containing
genes with related functions might have a hap-
loinsufficient effect, as one copy of multiple genes in-
volved in a biosynthetic pathway is removed (Thomas
et al., 2006). QTL clusters for single or multiple fiber
traits have been identified in cotton (Rong et al., 2007;
Zhang et al., 2016) and related to closely spaced genes
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that are functionally diverse but coordinately regulated
(Paterson et al., 2012).

Although we consider it probable that deletion of
these genes causes the Li, phenotype, other factors may
also contribute. For example, long noncoding RNAs
(IncRNAs) regulate plant gene expression by manip-
ulating transcription, splicing, and gene silencing
(Chekanova 2015). Recent research has shown that
IncRNAs function in fiber development (Wang et al,,
2015; Hu et al., 2018; Salih et al., 2019). Deletion of
IncRNAs regulating fiber-related genes could impact
fiber elongation processes. Moreover, chromosome re-
arrangement such as deletion can impact the expression
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of normal-copy neighboring genes (Merla et al., 2006;
Dantas et al., 2019). This might also be a factor contrib-
uting to the Li, phenotype.

The failure of fibers to elongate properly in the ab-
sence of two wild-type (in this case, recessive) li, alleles
suggests that the Dt genome of tetraploid cotton may be
differentiated from its diploid progenitor by a neo-
morphic mutation. While diploid D-genome cotton
plants do not produce lint fibers, many fiber-quality
related QTLs locate in Dt genomic regions of tetra-
ploid cottons (Rong et al., 2007; Wang et al., 2013). The
fact that loss of even a single i, allele causes extremely
short fiber suggests that homologs of these genes, in-
cluding homeologs in the At genome, are functionally
diverged and not able to compensate for this loss.
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Figure 4. Reduction of fiber length by VIGS. Fiber
samples from three different plants infected by
TRV2:UGT87A1-D1a (A) and TRV2:UGT87A2
(B) and relative expression of the genes at different
fiber development stages (6 and 12 DPA). Error
bars represent the means * st from three biolog-
ical replicates. Unpaired Student’s t tests were
performed to determine statistical significance
(*P < 0.05 and **P < 0.01).

o TRV2Z.UGT87A1-D1a

12 DPA

TRV2.UGT8B7A2

12 DPA

Having a partially functional homologous gene(s) may
cause abnormal expression of the wild-type phenotype
and incomplete penetrance such as we observe. A
careful study of gene expression using RNA sequencing
in plants with such atypical phenotypes might clarify
such an anomaly.

While only two genes in the Li, region showed a
VIGS-induced fiber length phenotype, at least seven
(GhIRX7, GRETO1, GhUBE11_D1b, GhUGT87A1_D1a,
GhUGT87A2, GhUGT87A1_D1b, and GhEXPAS8) of the
10 genes with annotations related to fiber development
showed striking expression differences between the
wild type and Li, mutants during fiber development
stages. Due to the presence of a homeologous copy on
the At part of the genome, deletion per se fails to

283

¥20Z UdJBIN | Uo Josn Ayisianiun seyed A L2€9119/2.2/LIE81L/RI0NE/SAYd|d /W00 dno"olwapED.//:Sd)Y WOy papeojumoq



Patel et al.

account for these differences, as Li, mutants show
higher expression at some stages. These genes have
diverse and potentially interrelated functions during
fiber development (Fig. 5). GHIRX7 belongs to the gly-
cosyltransferase family 47 (Zhong and Ye 2003), in-
cluding members for which disruption causes reduction
in secondary wall thickness, decline in amounts of cel-
lulose and xylan, collapse of xylem vessels, decrease in
stem strength, and dwarf stature (Zhong et al., 2005;
Brown et al., 2007). GREXPAS8 belongs to the expansin
superfamily of wall-loosening proteins that help with
cell expansion (Sampedro and Cosgrove 2005), for
which overexpression increases cotton fiber length
(Bajwa et al., 2015). GRETO1 negatively regulates 1-
aminocyclopropane-1-carboxylic acid synthase (ACS;
Wang et al., 2004), controlling the rate of synthesis of
ethylene, which plays an important role in fiber elon-
gation (Shi et al, 2006). GhUBE11_D1b encodes
ubiquitin-activating enzyme E1 that catalyzes the first
step of three consecutive enzymatic cascades in a
ubiquitination reaction—notably, regulation of ethylene
biosynthesis through ubiquitin-mediated protein deg-
radation is assisted by ETHYLENE-OVERPRODUCER1
(Lyzenga and Stone 2012).

GhUGT87A1_D1a, GRUGT87A2, and GhUGT87A1_D1b
belong to Glycosyltransferase Family 1, the largest gly-
cotransferase family (Yonekura-Sakakibara and Hanada
2011; Huang et al., 2015). UGT87A1 and UGT87A2 are
nearly identical, and UGT87A2 in Arabidopsis has been
implicated in diverse traits, including abscisic acid
(ABA) and ascorbic acid homeostasis, cell wall biosyn-
thesis, and controlling the H,O, level (Saint Paul, 2010;
Wang et al., 2012; Li et al., 2017; Rehman et al., 2018),

Liz mutant

0-3 DPA

GhEXPAS8 Higher expression
GhETO1

GhUGT87A1
GhUGT87A2

Tlmely expusslonl

each active during fiber elongation (Li et al., 2007;
Chaudhary et al., 2008, 2009; Hovav et al., 2008; Guo
et al., 2016). Elevated concentrations of H,O, occur in
G. longicalyx (F genome) compared to G. herbaceum (A
genome; Hovav et al., 2008) and Li, mutants (Hinchliffe
etal.,, 2011; Naoumkina et al., 2013). Similarly, ABA is an
important hormone for plant development, but higher
concentration of ABA as observed in Li, mutants inhibits
cotton fiber elongation and seed germination (Beasley
and Ting 1973; Gokani et al., 1998; Gilbert et al., 2013;).
Finally, segregation distortion in our population, with
significantly reduced representation of homozygous G.
hirsutum (Li, mutant) alleles, may suggest some roles of
these genes in reproductive organs, seed viability, and
germination.

While we tried to evaluate the candidate genes in the
deletion region that seemed most likely to affect fiber
development, less obvious but still salient genes may
have been overlooked. For example, OVATE FAMILY
PROTEIN3 (Gorai.013G272200) belongs to a family of
transcriptional repressors that regulate secondary cell
wall formation through interaction with KNOTTED
ARABIDOPSIS THALIANA7 (Li et al., 2011). Similarly,
a nonspecific lipid-transfer protein (Gorai.013G271900)
involved in a wide range of biological processes in-
cluding pathogen defense and abiotic stress response,
and the transcription factor REGULATOR OF AXIL-
LARY MERISTEMS? (Gorai.013G269300), which regu-
lates shoot branching (Boutrot et al., 2008; Guo et al.,
2015), may warrant future investigation.

While the cotton Li, mutant phenotype is essentially
discrete and tentatively due to two specific genes, the
finding that the mutant exhibits coordinated regulation

Wild type

N

during elongation

Figure 5. Inferred effect of deletion of terminal region of chromosome 18 on the fiber development process.

6 DPA
12 DPA Higher during elongation
concentration
of ethylene,
H,0,

15DPA

21 DPA

24 DPA
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of nearby genes affecting processes in cell wall devel-
opment and cell elongation is consistent with (albeit not
proving) the hypothesis that some fiber QTLs comprise
closely spaced groups of functionally diverse but
coordinately regulated genes (Paterson et al., 2012).
Further research using methods such as clustered
regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9) genome editing
techniques to make more precise changes to single
genes or their regulatory elements might provide more
definitive insight into the hypothesis.

MATERIALS AND METHODS
Plant Material and Population Development

A F, mapping population was developed by an interspecific cross between a
Li, mutant (TM-1; Gossypium hirsutum) and Pima S-7 (Gossypium barbadense), to
obtain rich polymorphism of DNA markers. All F1 hybrids displayed the
mutant phenotype, consistent with the dominant nature of Li,. F; plants were
selfed and a total of 1,545 F, individuals were grown in a greenhouse or field for
this study. Noting that the Li, phenotype sometimes shows variation within a
plant, we observed multiple bolls to determine the Li, trait of the F, plants.

Genetic Marker Development

Initial screening and identifying of linked markers near Li, used SSR (and
expressed sequence tag (EST) markers from published genetic linkage maps
(Rong et al., 2005, 2007; Wang et al., 2013) near the telomere of the long arm of
chromosome 18 (Shan et al., 2016). Closely linked markers were used to select
BACs from a Gossypium raimondii library that were sequenced, developing new
markers from BAC sequences by clipping vectors, identifying SSRs, and de-
signing primers (Freitas et al., 2008) or using conserved intron scanning poly-
morphism (CISP) methods (Feltus et al., 2006). A total of 144 markers were first
tested in a small population to check polymorphism and proximity to Li,. Seven
markers with clear bands, and which immediately flank Li,, were mapped in all
1,545 F, individuals. Genetic maps were built using JoinMap 4.1 (Van Ooijen
2011).

BAC Library Screening

For chromosome walking, cotton BAC libraries were screened with overgo
probes designed from genetic markers mapping closely to the Li, phenotype,
identifying a total of 124 BACs in five different BAC libraries that might be in
the Li, region (Supplemental Table S1). To reduce the chances of false positive
hits and to minimize sequencing-redundant BACs, we used a G. raimondii
physical map (Lin et al., 2010), designing probes from tightly linked genetic
markers and hybridizing them to a G. raimondii BAC library and corresponding
contigs, which led to contig ctg2409 on the physical map (Lin et al., 2010). We
sequenced three BACS (GR174023, GR109E22, and GR174F21), finding
markers from GR174F21 to be nearest to Li,. To find BACs that could be se-
quenced to extend the terminal region of chromosome 18 and get closer to Li,,
we BLASTed 13,662 BAC end sequences (BESs) from the G. raimondii library
(Lin et al., 2010) to identify BACs with one end sequence clearly anchored to the
terminal region of chromosome D 13 (the D genome diploid chromosome
corresponding to tetraploid chromosome 18), but the other end unanchored. To
determine how informative these BACs were as compared to GR174F21, we
performed DNA fingerprinting (Lin et al., 2010).

Validation of Deletion

A total of 12 genes were selected from across the target region, with two
between CISP15 and the centromere and 10 between CISP15 and the telomere.
Primers (2024 bp with ~500 bp amplicons) were designed using Primer 3
(http:/ /frodo.wi.mit.edu/). All amplicons had at least five SNPs differentiating
between corresponding loci in the tetraploid At and Dt subgenomes. Three
genotypes each from Li, homozygous and wild-type plants along with 12 pairs
of primers were amplified using a thermal profile as follows: 95°C for 30 s
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(denaturation), 55°C for 30 s (annealing), and 72°C for 1 min (extension) for 36
cycles, followed by a terminal extension step at 72°C for 10 min. PCR amplicons
were separated using 10% (w/v) nondenatured polyacrylamide gel. Amplicons
were treated with exonuclease I and shrimp alkaline phosphatase to remove
unused primers and deoxyribose nucleoside triphosphates, then amplified
using BigDye mixture at 95°C for 5 min followed by 95°C for 10's, 50°C for 5s,
and 60°C for 4 min for 30 cycles. A clean up step was performed using Sephadex
plates to remove excessive primers and dyes, and amplicons were sequenced on
an ABI3730 capillary sequencer. Sequence analysis was done using the Codon
Code Aligner software (CodonCode Corporation) to compare the terminal end
of chromosome 18 in Li, mutant lines to wild-type lines. We extracted Atand Dt
sequences from the G. hirsutum genome (Li et al., 2015) using a python script to
compare SNPs in the sequenced regions and to validate the absence of the Dt
genomic region in Li, mutants.

Mining for Putative Candidate Gene(s)

A 221-kb candidate region was extracted from the G. raimondii sequence
(Paterson et al., 2012) using a python script and scanned using FGENESH to
determine mRNA and protein sequences of putative genes (Salamov and
Solovyev 2000) using the protein sequences of these genes for BLASTp (pro-
tein-protein blast) in the National Center for Biotechnology Information protein
database to identify possible homologs and deduce possible functions. A total
of 10 putative candidate genes were identified in the region with annotations
suggesting functions associated with fiber elongation processes.

Comparing Gene Sequences between Different
Cotton Genomes

A sequence comparison of candidate genes between elongated fiber-
producing (A and AtDt (tetraploid)) and nonelongated fiber-producing (D
and F) cotton genomes was performed. Reference sequence data from the D
genome (G. raimondii; Paterson et al., 2012) and resequencing data of the A
(Gossypium herbaceum), F (Gossypium longicalyx), and AtDt (G. hirsutum ‘Acala
Maxxa’, G. hirsutum race yucatanense, and Gossypium mustelinum) genomes
were used for this purpose, with sequences of candidate genes compared using
the Burrows-Wheeler Aligner (Li and Durbin 2009) to align resequencing data
to the reference G. raimondii (Paterson et al., 2012) and Sequence Alignment/
Map (Li et al., 2009) used for SNP calling.

RNA Isolation and RT-qPCR

Fibers at different stages of cotton boll development, i.e. initiation, elongation,
and secondary cell wall thickening stages, were used to examine the expression
profiles of 10 genes using RT-qPCR. Tissue samples were collected at 3 (fiber
+ ovule mix), 6 (fiber +ovule mix), 10 (fiber), 12 (fiber), 15 (fiber), 21 (fiber) and 24
(fiber) DPA. RNA was extracted using the Purelink Plant RNA reagent kit,
according to the manufacturer’s instructions (Life Technologies Corporation) with
a DNA digestion step using turbo DNA-free kit (Applied Biosystems). Quality of
RNA was determined by electrophoresis in 1% (w/v) agarose gels and concen-
tration was determined in a NanoDrop 2000 spectrophotometer (NanoDrop
Technologies). A total of 500 ng of mRNA was used to obtain first-strand com-
plementary DNA (cDNA) using a SuperScript III Reverse Transcriptase cDNA
Synthesis kit (Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. The primers designed for this experiment were gene specific and not ho-
molog specific for At and Dt subgenomes. gPCR was carried out on a Roche
LightCycler480 II instrument (Roche Diagnostics) in a 25-uL volume containing
10 ng of cDNA, 5 pM of each primer, and 25 uL of Fast SYBR Green Master
Mixture (Thermo Fisher Scientific) according to the manufacturer’s protocol. The
PCR conditions were as follows: primary denaturation at 95°C for 20 s followed
by 40 amplification cycles of 3 s at 95°C, then 30 s at 60°C. Melting curve analysis
was performed to ensure there was no primer-dimer formation. Three replicate
assays were performed with independently isolated RNAs. Relative expression
levels of each gene are presented using the 274A¢T method (Livak and Schmittgen,
2001). The cotton GhActin gene was used as the positive control. Primer infor-
mation of RT-qPCR for gene expression is provided in Supplemental Table S3.

VIGS

Using PCR, we amplified 351- to 599-bp fragments from cDNA for the 10
candidate genes (Supplemental Table 54) in the target region of chromosome
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18. These fragments were cloned and inserted into the VIGS binary vector
pYL156 (pTRV2) that was double digested with either EcoRI Kpnl, EcoRI Xhol,
or Kpnl Xhol to generate inverted repeats. The vector pTRV1(pYL192), which is
a helper plasmid, and cloned pTRV2 vector were introduced into Agrobacterium
tumefaciens strain GV3101 through electroporation (Bio-Rad Gene Pulser II). For
the VIGS assay, the transformed Agrobacterium colonies containing pTRV1 and
cloned pTRV2 were inoculated into 5 mL of Luria-Bertani medium containing
kanamycin (50 ug mL~1) and gentamycin (25 ug mL~!) and grown overnight at
28°C in an Innova 4080 shaking at a speed of 80 rpm. The next day, the cultures
were transferred into a flask containing 50 mL Luria-Bertani medium with
kanamycin (50 ug mL~!) and gentamycin (25 ug mL~1!) antibiotic plus 10 mm
MES and 20 uM acetosyringone and left to grow overnight at 28°C with shaking
at 80 rpm (Gao et al., 2011). The culture was resuspended using infiltration
buffer (10 mm MgCl,, 10 mm MES, and 200 um acetosyringone). The final ODggo
of the culture was adjusted to 1.5. Seven-day-old seedlings with fully expanded
cotyledons but no visible true leaves were infiltrated with solution made from
mixtures of pTRV1 and pTRV2 vectors in a 1:1 ratio. Infected plants along with
controls were grown in growth chambers under 15 h light/9 h dark cycles with
light intensity of 120 uE m=2 S~! and temperature of 24°C. We also performed
BLAST searches for the sequences of genes GhUGT87A1-D1a and GhUGT87A2
used for VIGS in the Gossypium hirsutum genome to identify any cross silencing
by VIGS (Supplemental Table S5).

Statistical Analyses

Student’s t test was performed to determine significant differences in RT-
qPCR data, with *P < 0.05. Microsoft Excel was used to do statistical analyses
and draw graphs. Excel was also used to perform y? test to determine segre-
gation distortion for the markers in the Li, region.

Accession Numbers

Sequence information for genes Gorai.013G270900, Gorai.013G271000, and
other genes in the deletion region can be found at https:/ /www.cottongen.org/.

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Identifying new BACs in Li, region.

Supplemental Figure S2. Validating deletion of the terminal end of chro-
mosome 18 in Li, homozygous.

Supplemental Figure S3. Representative plants treated with
TRV2:GRCLA1 as a visual marker for verifying efficiency of viral
infection.

Supplemental Figure S4. Phylogenetic analysis and protein sequence
alignment.

Supplemental Table S1. Number of BACs hit by probes derived from the
Li, region.

Supplemental Table S2. Genes in the deletion region.

Supplemental Table S3. Names and sequences of primers used in RT-PCR
expression analysis.

Supplemental Table S4. Sequences of primers used in VIGS experiment.

Supplemental Table S5. Identification of 19 or more continuous bases
matches (for any cross silencing by VIGS) of GhUGT87A1-Dla
(D13vigs270900) and GhUGT87A2 (D13vigs271000) sequences in the
G. hirsutum genome.
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