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Abstract

Key message A fiber length QTL, gFL-c10-1, was fine-mapped to a 96.5-kb region containing one gene that has not
been characterized in plants.

Abstract Fiber length is an important component of cotton fiber quality, which is associated with other quality proper-
ties such as fiber strength, fiber maturity, and fineness. In our previous studies, a stable QTL gFL-c10-1 controlling fiber
length had been identified on chromosome A 10 in an upland cotton recombinant inbred line (RIL) population from a cross
between Jimian5 and DH962. To fine-map gFL-c10-1, an F, population with 1081 individual plants from a cross between a
recombinant line DJ61 and Jimian5 was established. Using linkage analysis and progeny recombination experiment, gFL-
c10-1 was mapped into a 96.5-kb genomic region that just contained one proper transcript Ghir_A10G022020 (described as
GhFL10), an undescribed gene in plants. One 214-bp deletion was identified in the promoter region of DJ61 compared with
Jimian5. Quantitative real-time PCR (qRT-PCR) and comparative analysis of parental sequences suggested that GRFLI0
was the most promising candidate gene for gFL-c10-1. According to RNA-seq, yeast two-hybrid assay and bimolecular
fluorescence complementation (BiFC), we speculate that GhAFLI0 interacts with NF-YA transcription factors to negatively
regulate fiber elongation.

Introduction quality has become extremely important. Therefore, it is

necessary to effectively improve upland cotton fiber quality

Cotton is one of the most crucial cash crops in the world.
Upland cotton (Gossypium hirsutum L.) dominates more
than 95% of the annual cotton production (Chen et al. 2007).
For a long time, breeders focused on increasing the yield of
cotton. In recent years, with the continuous innovations for
efficiency in the textile technology, improving cotton fiber
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to meet the demands of modern textile industry. Generally,
cotton fiber quality consists of five component traits, namely
fiber length, fiber strength, micronaire value, fiber elonga-
tion, and fiber uniformity. Among them, fiber length is one
of the most important aspects of fiber quality, which is the
initial property used to evaluate the quality of cotton fiber.
Therefore, fine-mapping stable quantitative trait loci (QTL)
for fiber length and understanding the complex genetic basis
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of fiber elongation have become one of the important goals
of current cotton biology.

Fiber length is a genetically complex quantitative trait,
controlled by multiple genes and easily affected by envi-
ronment factors. QTL mapping with molecular markers
provides a powerful approach to dissect the molecular
mechanism underlying complex fiber quality traits (Ijaz
et al. 2019). Based on data from Cottongen website (https://
www.cottongen.org/), 705 QTLs for fiber length, 617 QTLs
for fiber elongation, 134 QTLs for fiber fineness, and 908
QTLs for fiber strength have been mapped with intraspecific
and interspecific populations (Yu et al.2021). However, to
our knowledge, few genes controlling the fiber traits have
been fine-mapped in cotton up to now. Xu et al. (2017) fine-
mapped a fiber length QTL gFL-chrl, and two differential
expression genes, GOBAR07705 and GOBAR25992, were
supported as candidates for gFL-chrl. Fang et al. (2017)
fine-mapped gFS07.1, a QTL for fiber strength on chro-
mosome 7, into a 62.6-kb genomic region that contained
four annotated genes; qRT-PCR and comparative analysis
of candidate genes revealed a leucine-rich repeat protein
kinase (LRR RLK) family protein to be a promising candi-
date gene for gFS07.1. Feng et al. (2020) fine-mapped a fiber
strength QTL gFS-Chr.DO2 into to a 550.66-kb region on
chromosome D02; qRT-PCR and SNP analysis revealed that
GH_DO02G2269 and GH_D02G2289 were the most likely
candidate genes. Obviously, these findings are not enough to
support our knowledge of the molecular basis determining
cotton fiber quality, especially fiber length.

Due to its agronomic importance, cotton fiber length
has always been the focus of cotton research. A number
of factors affecting the development of cotton fiber have
been identified, such as Ca?* (Tang et al. 2014), ascor-
bate peroxidase (Qin et al. 2008), phytohormone (Hu
et al. 2016; Yang et al. 2014), sucrose (Sun et al. 2019),
and cellulose (Huang et al. 2021; Zhang et al. 2021). Sev-
eral studies have uncovered the critical role of transcrip-
tion factors in controlling fiber elongation. For example,
silencing GhMYB25 in cotton resulted in short fibers,
while the overexpression lines increased fibers initiation
and leaf trichome number (Machado et al. 2009). The cot-
ton homeodomain leucine zipper (HD-ZIP) TF, GRHOX3,
acted as a core regulator of fiber elongation (Shan et al.
2014). GhTCP4 interacted antagonistically with GhHOX3
to constrain fiber elongation growth; the dynamics of
GhHOX3 expression and the miR319-targeted TCP expres-
sion patterns modulated the cotton fiber transition from
cell elongation to cell wall thickening (Cao et al. 2020).
GhFSNI is a NAC transcription factor and is specifically
expressed in secondary cell wall (SCW) thickening fib-
ers, which activated or repressed numerous fiber SCW-
related genes to regulate fiber length (Zhang et al. 2018).
Basic helix—loop—helix/helix—loop-helix (b HLH/HLH)
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transcription factor GhFP2 interacted with a bHLH pro-
tein GhACE]1 and positively regulated fiber elongation (Lu
et al. 2022). Cotton fiber is the unique tissue of cotton,
whether other genes contributing to fiber development
remain little understood.

In our previous studies, we constructed F,, recombi-
nant inbred line (RIL) and immortalized backcross popula-
tions by using Jimian5 and DH962 as parents, and mapped
QTLs for yield and fiber quality. A stable QTL, gFL-c10-
1, was detected in multiple environments and populations,
explaining 5.79-37.09% of the phenotypic variation (Lin
et al. 2009; Wang et al. 2015a, b, 2016). In order to fine-
map and clone the candidate gene of the gF'L-c10-1 locus,
a large F, population was developed. We applied whole-
genome resequencing, KASP markers development, and
rapid amplification of cDNA ends (RACE)-polymerase
chain reaction (PCR) to successfully clone the candidate
gene GhFLI10. We also performed RNA-seq and protein
interaction experiment to explore the putative function of
GhFLI0. This study discovered an uncharacterized gene
related to fiber length, which will provide new insights of
fiber development and will facilitate the improvement of
cotton fiber length.

Materials and methods
Plant materials and fiber quality measurement

By using molecular markers to screen the RIL populations
in the background of Jimian5, a RIL DJ61 with markedly
increased fiber length and fiber strength compared to Jim-
ian5 was selected. In DJ61, the QTL gFL-c10-1 allele is
derived from DH962, whereas the other regions with alleles
affecting fiber quality are derived from Jimian5. To fine-map
qFL-c10-1, we crossed Jimian5 and DJ61, and the resultant
F, plants were self-pollinated to construct the F, mapping
population. The F, population including 1081 individuals
was grown in the summer of 2017 at Huazhong Agricultural
University, Wuhan, Hubei, China. F5/F, recombination indi-
viduals derived from F, plants were planted in the summer
of 2018 and 2019 at Huazhong Agricultural University.

Mature fibers were collected from the field-grown plants
of two parents, F, individuals and recombination individu-
als. Fiber samples (> 8 g) were collected to evaluate fiber
quality using a high volume instrument (HVI) method
(HFT9000, Premier, India).

For measurements of length of immature fibers at differ-
ent development stages (8, 10, 12, 15, 18, 20, and 20 day
post-anthesis (DPA)), bolls were collected simultaneously
from the same positions on parental plants. The method of
measuring immature fiber length was as described previ-
ously (Tang et al. 2014).
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Whole-genome resequencing and marker
development

Genomic DNA of two parents was extracted via the modi-
fied CTAB method (Paterson et al. 1993) and was sequenced
on the Illumina HiSeq platform with 30 X coverage each.
To redo SNP calling, all the clean sequencing reads were
mapped to the G. hirsutum reference TM-1 genome (Wang
et al. 2019) using BWA software version 0.7.10 (McKenna
et al. 2010), and single nucleotide polymorphisms (SNPs)
and insertion/deletions (Indels) were detected using the
GATK software (Li et al. 2009).

The primers for the Indel markers and KASP markers
for SNPs were designed using Primer Premier 5.0 software
(Premier Biosoft, San Francisco, CA, USA). Each KASP
marker contained two allele-specific forward primers and
one common reverse primer. Simple sequence repeat (SSR)
loci were scanned by the MicroSAtellite (MISA) identifica-
tion tool from (http://pgrc.ipk-gatersleben.de/misa/) based
on the sequence of the G. hirsutum (Beier et al. 2017). In
addition, some SSR and Indel markers previously developed
in our laboratory were used. All primer sequences are listed
in Table S1.

Genomic DNA extraction and marker analysis

The fresh young leaves of individual plants were collected
into 2 ml centrifuge tube and then were grounded in ice
box. The CTAB method was used to extract total DNA from
the two parental lines and individuals of the F, populations
(Paterson et al. 1993). The PCR program for the initial dena-
turing step was at 95 °C for 5 min, followed by 34 cycles for
30sat95°C,30s at 55 °C, 30 s at 72 °C, with a final exten-
sion at 72 °C for 5 min. The Indel and SSR markers were
genotyped using 8% (w/v) nondenaturing gels and viewed
by silver staining, and the SNPs were genotyped using the
KASP Master mix (LCG, UK) on ABI 7500 instrument.

Fine mapping of gFL-c10-1

All SSR and Indel polymorphic markers between the par-
ents were selected, and 1081 F, individuals were genotyped
using polymorphic markers to construct linkage maps and
to narrow down candidate regions using the Inclusive Com-
posite Interval Mapping (ICIM) module of QTL IciMap-
ping 4.1 software (IciMapping V4.1; http://www.isbreeding.
net). The fiber length of F, individuals was used for QTL
detection under a LOD score of 2.5 (Wang et al. 2015a, b).
The Kosambi’s mapping function was used to count genetic
distances (cM).

The progeny of recombinant individuals screened from
F, population was used for fine mapping of the identi-
fied QTL. The newly developed KASP markers were used

to screen recombinant individuals to further narrow the
mapping interval. The fiber length of the homozygous
recombinant was analyzed using Student’s ¢ test and was
compared with that of Jimian5 at a significance level of
P <0.05.

Quantitative real-time PCR

Total RNA was extracted from the developing fibers (8, 10,
12, 15, and 18 DPAs) using a plant RNA purification kit
(Tiangen, Beijing, China). The first strand of complementary
DNA (cDNA) was reverse transcribed by M-MLV reverse
transcriptase (Biotech Co. Ltd, Promega, Beijing). The ABI
Prism 7500 system was used to evaluate the expression lev-
els of target genes by qRT-PCR. Each qRT-PCR program
was performed in total volume of 20 pl schema contain-
ing 1 X SYBR Green Master Mix. The relative quantitative
method was used to evaluate quantitative variation. The
qRT-PCR program was directed at 95 “C for 2 min, fol-
lowed by heating for 15 s at 95 °C and 35 s at 60 °C for 40
cycles. A minimum of three biological replicates was tested
for each sample. The relative expression was determined
by the 2724¢T method with GRUBQ7 (DQ116441) as the
internal control. Gene-specific primers used in this analysis
are listed in Table S1.

Sequence analysis of candidate genes

Whole coding sequence (CDS) of GhFL10 was cloned by the
gene-specific primers. The primers (Table S1) were designed
based on the TM-1 genome (Wang et al. 2019). The Phanta
Super-Fidelity DNA Polymerase (Vazyme Biotech, Nanjing,
China) was used for PCR amplification. The PCR product
was detected by 1% agarose gel electrophoresis, and the tar-
get band was recovered and purified by a Gel Extraction Kit
(Majorbio, Shanghai, China). The sequence with full-length
ORF was cloned into pGEM-T Easy vector (Biotech Co.
Ltd, Promega, Beijing), and the vector was transformed into
E. coli (Topl0). The inserts were sequenced using vector
M13 primers (5’-CCCAGTCACGACGTTGTAAAACG-3’,
5’-GCGGATAACAATTTCACACAGGA-3’).

To confirm the cDNA of GhFLI0, RACE was performed
using the SMARTer RACE 5°/3’ Kit on total RNA from
8 DPA fibers of Jimian5 according to the manufacturer's
instructions (Takara). Specific primers (Table S1) were used
to amplify the CDS of GhFLI0 from the prepared cDNA of
fibers of Jimian5 and DJ61. All fragments were sequenced
by Beijing TSINGKE Biological Technology Co., Ltd.
DNAMAN software (Lynnon Biosoft, San Ramon, CA,
USA) was used for multiple sequence alignments. Primers
for these experiments are listed in Table S1.
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Subcellular localization

The CDS of GhFLI0 from DJ61 was cloned into the
N-terminal fusion green fluorescent protein (GFP) vector
pMDC43. This construct was introduced into Agrobacte-
rium tumefaciens strain GV3101 and then was infiltrated
into the leaves of Nicotiana benthamiana plants. The GFP
was detected after 48 h of infiltration using an Olympus
FV1200 confocal microscope. The primer information is
shown in Table S1.

Transcriptome analysis

Total RNA extraction was performed using the RNAp-
rep Pure Plant Kit (Tiangen, Beijing, China) and was
sequenced with the Illumina HiSeq 2000 system (paired-
end 150 bp). Three biological replications were sequenced
for each parental line. The clean RNA-seq reads of Jim-
ian5 and DJ61 were used for alignment to the G. hirsutum
reference genome (Wang et al. 2019) using HISAT 2.0
software (http://ccb.jhu.edu/software.shtml). Fragments
per kilobase of exon per million mapped reads (FPKM)
value were calculated by StringTie for gene expression
levels (Pertea et al. 2016), and only criterion of FPKM > 1
in each library was considered as expressed genes. The dif-
ferentially expressed genes (DEGs) were identified using
an R package of DESeq (Anders and Huber 2010). Gene
Ontology (GO) function annotation and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) annotation were
carried out using the online data of the new reference
genome project (https://www.cottongen.org/data/downl
oad/genome_tetraploid/AD1) updated by our laboratory.

Yeast two-hybrid and BiFC

The full-length cDNA segment of GhFLI0 was amplified
from DJ61 and was cloned into the pGBKT7 vector for
transcriptional activation activity analysis. Full-length
cDNAs of the candidate interacting proteins were ampli-
fied and cloned into the pGBKT7 or pGADT?7 vector for
further verification. Cotransformed yeast clones were seri-
ally diluted (1:10) and then were spotted on SD-Leu-Trp
medium and SD-Leu-Trp-Ade-His medium for growth. For
BiFC assays, the full-length cDNA of GRFLI0 from DJ61
was cloned into N-terminal fusion yellow fluorescent pro-
tein (YFP) vector pCAMBIA1301, and NF-YA transcrip-
tion factors were cloned into the C-terminal fusion YFP
vector pPCAMBIA1301. The plasmids were co-expressed
in N. benthamiana leaf cells by Agrobacterium-mediated
infiltration. A confocal microscope (Olympus FV1200)
was used to observe the fluorescence approximately 60 h
later. All primer sequences are listed in Table S1.
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Results
Phenotypic characterization of Jimian5 and DJ61

Fiber length and fiber strength play important roles in
fiber quality. We investigated and compared these two
traits in Jimian5 and DJ61. The average fiber length was
31.84+0.56 mm and the average fiber strength was
34.17+1.06 cN/tex in DJ61, which were significantly
higher (P <0.01) than those in Jimian5 (27.58 +£0.55 mm
and 27.93 +0.56 cN/tex, respectively) (Fig. 1a, b, ¢). These
results indicated that the recombinant segment from DH962
in DJ61 contributed to the increase in fiber length and fiber
strength. The fiber length was measured in Jimian5 and DJ61
at different time points of developing fiber (8, 10, 12, 15,
18, 20, 22, and 25 DPAs) (Fig. 1d, e), which showed that
the fiber length was increasing at 8—18 DPAs and reached
maximum at 18 DPA.

Fine mapping of gFL-c10-1

To narrow down the gFL-c10-1 region and to identify the
genes controlling fiber length in DJ61, a large F, popula-
tion with 1081 individuals was planted in 2017. In order
to develop more markers, the whole-genome resequencing
data of two parents were aligned to the reference genome
TM-1, and 43 SNPs and 33 Indels were detected in the initial
mapping interval. A total of 33 Indel markers were devel-
oped, and four Indels (A10-9, A10-25, A10-29, and A10-32)
showed clear and easily identifiable polymorphisms between
the parental lines. Using the four newly developed Indel
markers and six previously linked markers in the QTL, an
updated linkage map for gFL-c10-1 was constructed, and the
QTL explained 16.05% of the phenotypic variation (Fig. 2a).
Genetic analysis of the F, population suggested that gFL-
c10-1 was a semidominant allele from DJ61 (Fig. S1a, b).
The fiber length difference of three genotypes was detected
by analysis of variance, which showed that there were sig-
nificant differences among them and large variances due to
sample size (Fig. Slc).

Following a modified progeny testing strategy, three
SSR and seven Indel markers were used for recombinant
screening from all the F, individuals, and 4 recombinants
events between the flanking markers HAU-J5638 and
A10-32 were obtained. The homozygous recombinants
were planted in 2019; combined genotype and phenotype
analysis, the gFL-c10-1 locus was narrowed down to a
region between A10-9 and A10-29. A total of 43 SNPs
were identified from the whole-genome resequencing of
two parents, and 9 SNPs between A10-9 and 2385-2 were
selected to developed KASP markers. Two polymorphic
markers, named SNP13 and SNP294, were obtained,
which made a distinction of alleles in 4 recombinant
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Fig. 1 Fiber phenotypes between Jimian5 and DJ61. a Fiber length
and fuzz of seeds between Jimian5 and DJ61 at mature stage. Scale
bar, 1 cm. b Fiber length, ¢ fiber strength, and d fiber length between
Jimian5 and DJ61 at different fiber developing stages. Scale bar,

events. Comparing the genotype and phenotype of the
homozygous recombinants (C1-C4) and Jimian5, C1 and
C2 recombinants did not show statistically significant dif-
ference, while C3 and C4 recombinants showed statisti-
cally significant difference. Therefore, the gFL-c10-1 was
delimited to an interval flanked by markers SNP-294 and
A10-29 (Fig. 2b). However, the markers corresponding
region in the reference genomes was confused, because
we found that annotation genes were quite different in the
five versions of published genomes of TM-1 (Chen et al.
2020; Hu et al. 2019; Li et al. 2015; Wang et al. 2019;
Yang et al. 2019) (Table S2). A further RACE experiment
was performed to investigate the real transcripts for all the
annotation genes. Sequencing the clones of the 5’°/3’RACE
amplicons revealed that only the Ghir_A10G022020 tran-
script in TM-1 (HAU) was real. The gFL-cl10-1 corre-
sponds to a 96.5-kb genomic fragment from 110,417,074
to 110,513,590 bp based on the TM-1 reference genome
sequence (https://cottonfgd.org/, HAU). Therefore, Ghir_
A10G022020 (named as GhFL10) was designated as the
most likely gene for gFL-c10-1.

1 cm. e Fiber length of Jimian5 and DJ61 at different stages. Data in
b, ¢, e are shown as means +SD. Student’s ¢ test was employed for the
evaluation of P value (**P <0.01)

Variations in GhFL10

According to the annotation information from the TM-1
reference genome, GhFLI10 was composed of one exon of
2052-bp without introns and was predicted to encode a pro-
tein of unknown function in plants. To define causal variants,
we sequenced the entire 2682-bp gene region of GhFLI0
between Jimian5 and DJ61 using gene-specific PCR, includ-
ing the 581-bp promoter region, the 2052-bp open reading
frame (ORF), and the 49-bp 3’-untranslated region (3’
UTR). Several variants were identified, including SNPs and
Indels in the 2682-bp region (Fig. 3a). There is one syn-
onymous mutation (C 1917 T) and seven nonsynonymous
ones (C113T, T161 C,G579T, C 1015 A, G1052 A, A
1126 G, TT 1723 GA) in the coding sequence. Besides these
minor variants, one conspicuous 214-bp deletion was present
in the longer fiber parent DJ61 at positions -534 and -314 in
the promoter region (Fig. 3a, b, and Fig. S2). Transcription
factor (TF) binding motif predictions showed that the 214-bp
deletion resulted in the deletion of binding sites for MYB,
HD-ZIP, bHLH, and C2H2 TF families (Table S3). We next
checked the expression pattern of GhFLI0 in developing
fibers between Jimian5 and DJ61, and significant differences
were observed in fiber elongation period (5 DPA-18 DPA)
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Fig.2 Fine mapping of gFL-c10-1. a Fine mapping based on 1081 F,
individual plants in 2017. b gFL-c10-1 was mapped to 96.5-kb region
between markers SNP294 and A10-29 using homozygous recombina-
tion plants. The numbers on the left indicate the number of recom-

with higher expression level in Jimian5 than in DJ61 during
5-12 DPAs (Fig. 3c). Thus, GRFLI0 was the candidate gene
of gFL-cl0-1 affecting fiber length.

GhFL10 subcellular localization and transcriptional activity
analysis

We searched for homologous proteins of GhFL10 in the
National Center for Biotechnology Information (NCBI)
database and found that the closest ortholog in Arabidop-
sis is AT3G27500 and shares 30% amino acid identity

@ Springer

binants. Black filled and open bars represent substitution segments
homozygous for the DJ61 and Jimian5 alleles, respectively. Fiber
length is shown for recombinant plants (C1-C4) and parents. Data are
shown as means + SD, *P <0.05, and **P <0.01

with GhFL10 (Fig. S3). AT3G27500 has been described
as Cysteine/Histidine-rich C1 domain family protein and
has not been functionally characterized. To further deter-
mine the type of this gene, transient expression vectors
were constructed by fusing a GFP with GhFLI0 under the
control of the CaMV35S promoter and were introduced
into N. benthamiana leaves. Fluorescence signals were
found to be localized both on the plasma membrane and
in nuclear (Fig. 4a), indicating that GhFL10 functioned
both on plasma membrane and in nuclear. A transcrip-
tional activation assay showed that the GhFL10 and DNA
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Fig.4 Subcellular localization and transcriptional activity of GhFL10. a Subcellular localization of GhFL10 in N. benthamiana leaves. b Tran-

scriptional activation activity analysis of GhFL10 in yeast

binding domain (BD) fusion protein in yeast did not acti-
vate the expression of the reporter gene (Fig. 4b), imply-
ing that GhFL10 has no transcriptional activity, and is not
a transcription factor.

GhFL10is predicted to be interacted with NF-YA
transcription factors

Considering that fiber rapidly elongated at 8—18 DPAs, and
GhFLI0 was differentially expressed in 8 DPA, we con-
ducted RNA-seq using 8 DPA developing fibers from Jim-
ian5 and DJ61 in order to identify the regulatory networks
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in which GhFLI0 was involved. In total, we detected 366
DEGs (fold change > 2, P <0.01) with 169 upregulated and
197 downregulated ones (Fig. 5a). Gene Ontology (GO)
cluster analysis showed that the DEGs regulated by GhFLI0
were classified in diverse molecular functions, cellular com-
ponents, and biological processes (Fig. S4), suggesting that
GhFLI10 was involved in a complex network regulating fiber
elongation. As the major variant of 214-bp deletion was in
the promoter region that was related to binding of TFs, we
analyzed the differentially expressed TFs in the RNA-seq
data, and 14 TFs were found, including the nuclear transcrip-
tion factor Y subunit (NF-YA), WRKY transcription factor,
and ethylene-responsive transcription factor (Fig. 5b).

Because GhFLI10 is an unknown functional protein, there
is no guidance for us to follow to study its function. To iden-
tify the putative interacting proteins of GhFL10, we used the
full-length coding sequences of GAFLI0 from DJ61 as bait
to perform a yeast two-hybrid screening. Interestingly, we
obtained three candidate interacting proteins that all belong
to the NF-YA transcription factors (Fig. 5¢); among them,
Ghir_A11G034270 and Ghir_D11G034910 were found to
be differentially expressed in the transcriptome profiling.
To verify the interaction in vivo, the interactions between
GhFL10 and NF-YA transcription factors were further con-
firmed by BiFC analysis in N. benthamiana. The interac-
tion of GhFL10-nYFP with Ghir_D08G016110-cYFP and
GhFL10-nYFP with Ghir_D11G034910-cYFP elicited a
nuclear YFP signal, which showed that GhFL10 could direct
interact with Ghir_D08G016110 and Ghir_D11G034910
protein, respectively, in vivo (Fig. 5d). Next, we measured
the expression levels of Ghir_D08G016110 and Ghir_
D11G034910 using qRT-PCR between Jimian5 and DJ61.
The qRT-PCR results showed that the relative expression of
Ghir_D08GO016110 in the short fiber material Jimian5 was
lower than in the longer fiber material DJ61 at 10 and 12
DPA, the period of cotton fiber elongating rapidly (Fig. Se).
The expression of Ghir_D11G034910 was consistent with
the results in RNA-seq; in addition, its expression level at
all fiber elongation periods in Jimian5, with the exception of
18 DPA, was significantly lower than in DJ61. The expres-
sion pattern of Ghir_D11G034910 was opposite to that of
GhFLI0 (Fig. 5f). These results suggested that GRFL10 may
modulate fiber development via interacting with NF-YA
transcription factors.

Discussion

Fiber length, controlled by quantitative trait loci (QTL),
is an important component of fiber quality and is a key
target trait in cotton breeding. However, identification of
the genetic components underlying fiber length is chal-
lenging due to the complexity of the cotton genome and
the difficulty of cloning fiber length QTLs. According to
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Cottongen website data (https://www.cottongen.org/), a
total of 705 genes/QTLs for fiber length have been identi-
fied and are distributed across nearly all the 26 chromo-
somes in cotton (Yu et al.2021). However, none of the
QTLs were fine-mapped on chromosome A10. In this
study, gFL-c10-1 was mapped on chromosome A10 flank-
ing by markers SNP294 and A10-29 (Fig. 2b). However,
the complex gene annotation in different versions of upland
cotton genome challenged us to find the exact gene. Fortu-
nately, we found the real transcript of Ghir_A10G022020
by using RACE through multiplex PCR amplification and
screening. Although the reference genome facilitates the
gene cloning, when we clone genes from cotton in a region
with a complex genome structure, it is not enough rely
on the reference genome sequence. The 214-bp Indel in
the promoter of GhFLI0 gene between the two parental
lines resulted in TFs binding sites deletion for MYB, HD-
ZIP, bHLH, and C2H2 TF families in the longer fiber par-
ent DJ61 (Fig. S2, Table S3). The TFs of MYB, HD-ZIP,
bHLH have been reported to control fiber elongation in
cotton (Lu et al. 2022; Machado et al. 2009; Shan et al.
2014), and C2H2 zinc-finger transcription factor is respon-
sible for trichome formation in tomato (Chang et al. 2018).
The Indel-derived 2385-2 marker (Fig. 3b) will be useful
in marker-assisted selection for using GAFLI0 allele in
cotton breeding.

The process of cotton fiber cell development can be
divided into four distinct but overlapping periods: ini-
tiation, elongation, secondary cell wall thickening, and
maturation. Fiber initiation starts from 3 DPA, enters
the extreme elongation (2 mm/day) phase immediately,
and lasts until 20 DPA. The length of elongation period
determines the final length of fiber cells. Secondary cell
wall thickening stage initiates at 16 DPA via deposition
of nearly pure cellulose, which lasts until 40 DPA, fol-
lowed by the dehydration and maturation of cotton fib-
ers (Haigler et al. 2012). In our study, the expression
of GhFLIO0 in Jimian5 was higher than in DJ61 at 5-12
DPAs and decreased at 15 DPA with the fiber elongation
(Fig. 3¢), indicating that GRFLI0 is a negative regulator in
fiber elongation. The 15DPA is the overlapping stage and
turning point from fiber elongation to the secondary cell
wall thickening. We speculated that the significant upregu-
lation of GhFLI0 at 15 DPA in DJ61 should be involved
in the cell wall biosynthesis because the fiber strength of
DJ61 is better than that of Jimian5. Through homologous
searching, we found that GAFLI0 has not been charac-
terized in plants, and we preliminarily classified GhFLI10
as a functional gene by subcellular localization and tran-
scriptional activity analysis (Fig. 4a, b). Cotton fiber is a
specialized and elongated single cell that is derived from
the seed coat, and the unknown GAFLI0 may have unique
functions in cotton fiber elongation.


https://www.cottongen.org/

Theoretical and Applied Genetics (2022) 135:4483-4494

4491

I Ghir_A02G017070 Probable WRKY transcription factor 15
[ Ghir_A12G013280 Probable WRKY transcription factor 23
- Ghir_D05G006190 Probable WRKY transcription factor 40
I Ghir A06G007880 Nuclear transcription factor Y subunit A-3

Ghir_A11G034270 Nuclear transcription factor Y subunit A-10
Ghir D11G034910 Nuclear transcription factor Y subunit A-10
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Fig.5 The interaction between GhFL10 and NF-YA transcription fac-
tors. a The differentially expressed genes (DEGs) between Jimian5
and DJ61 were identified using a significant cutoff of P<0.01 and a
fold change>2. b The transcript differences of 14 transcription fac-
tors between JimianS and DJ61 based on -logl0 (FPKM + 1), where
FPKM is fragments per kilobase of transcript per million mapped
reads. ¢ Yeast two-hybrid assays show the interaction of GhFL10 and
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Fiber length is regulated by multiple genes and is asso-
ciated with complex regulatory networks. TFs play essen-
tial regulatory roles during plant growth and development
(Mitsuda and Ohme-Takagi 2009), and in recent years,
an increasing number of TFs have been reported to func-
tion in fiber development of cotton (Cao et al. 2020; Lu
et al. 2022; Machado et al. 2009; Shan et al. 2014; Wang
et al. 2021b; Zhang et al. 2018). In this study, transcrip-
tome analysis revealed that the expression levels of 14 TFs
(encoding WRKY, NF-YA, and AP2/ERF TFs) during cot-
ton fiber elongation were prominently altered in DJ61 fibers
compared to Jimian5 (Fig. 5b). WRKY transcription fac-
tors play a critical role in the regulation of fiber develop-
ment in cotton. The cotton WRKY TF, GWWRKY16, pro-
moted fiber initiation and elongation by directly regulating
the expression levels of downstream target genes (such as
GhMYB25, GRHOX3, GhMYB109, and GhCesA6D_DI11)
(Wang et al. 2021b). In cotton, GRERF4L and GhERF54L
acted as key players in salt tolerance (Long et al. 2019).
NF-YA silenced plants of cotton indicated that GENF-YA10
and GhNF-YA23 participated in the regulation of response
to salt stress (Zhang et al. 2020). It will be promising to
explore the functions of these transcription factors in cotton
fiber development.

To try to discover the putative function of GhFLI10,
we used yeast two-hybrid assay and BiFC assay to detect
protein-protein interactions and found that GhFL10
directly interacted with NF-YA transcription factor Ghir_
D08G016110 and Ghir_D11G034910 protein, respectively
(Fig. 5¢, d). The expression pattern of NF-YA TFs was oppo-
site to that of GRFLI0 during fast elongation stage (8—12
DPA) (Fig. 5e, f), which demonstrated that GAFLI0 might
regulate cotton fiber elongation through antagonizing NF-YA
transcription factors. NF-Y is a heterotrimeric complex that
contains at least three distinct subunits: NF-YA, NF-YB,
and NF-YC. The NF-YA subunit provides specific sequence
that is required to specifically binding the CCAAT box in
the promoter regions of target genes (Nardini et al. 2013).
NF-YA proteins are a class of plant-specific TFs that regu-
late various plant developmental and abiotic stress tolerance
(Myers and Holt III 2018; Petroni et al. 2012). In tomato,
the NF-Y complexes are composed of NF-YB8a/8b/8c and
NF-YCl1a/1b/1d/9, and NF-YA1b/9 played important roles in
flavonoid biosynthesis (Wang et al. 2021a). GmNFYA acted
as an upstream activator of both GmZF392 and GmZF351
to activate seed oil biosynthesis in soybean (Lu et al. 2021).
OsNF-YAs physically interacted with JA signaling transcrip-
tion factors OsMYC2/3 to inhibit plant antiviral defense by
repressing JA pathways in rice (Tan et al. 2022). However,
no NF-YA TFs have been reported in cotton fiber develop-
ment to date, and unraveling their exact mechanism will be
a challenge in the future.

@ Springer

In summary, we identified a functional unknown gene,
GhFLI10, which expresses predominately during fiber elon-
gation stage. GhFLI0 may be involved in the interactions
with NF-YA transcription factors to regulate cotton fiber
elongation. This newly discovered gene will not only accel-
erate molecular breeding of cotton fiber length, but also will
provide a novel route for elucidating the molecular mecha-
nism of fiber elongation regulation in cotton.
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