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Abstract: Arginine-rich Tandem Zinc Finger (RR-TZF) proteins make up a plant-specific superfamily
that participates in plant development, while their roles in cotton fiber development remain to be
explored. In this study, we identified an RR-TZF protein-coding gene, GhTZF2, containing two
CCCH domains (C-X7-C-X5-C-X3-H-X14-C-X5-C-X4-C-X3-H) and one RR domain at the N-terminus
of the two CCCH domains, by comparing the differences of chromatin H3K4me3 modifications
between wild-type upland cotton (WT) and the fuzzless-lintless mutant (fl) ovules. GRTZF2 was highly
expressed in ovule cells near anthesis, and multiple experiments revealed that GhTZF2 could interact
directly with GhMORF8. Homozygotic GhTZF2-knockout cotton lines produced significantly shorter
fibers with thinner cell walls. Additionally, comparative transcriptome analysis confirmed that many
differentially expressed transcripts contain adenine- and uridine-rich (AU-rich) elements (AREs) in
their 3" untranslated regions (UTR). Together, this study indicated that GhTZF2 may regulate cotton
fiber cell development through interacting with GhMOREFS, or may be involved in mRNA turnover.

Keywords: fiber development; GRMORFS; GhTZF2; RNA turnover; RR-TZF

1. Introduction

Upland cotton, one of the most popular economic crops around the world, is the major
resource to produce desirable-quality fibers. Thus, it has been the subject of considerable
studies in both plant molecular biologics and plant genetics [1]. Histones participate in
regulating gene expression in various ways, such as different histone variants and his-
tone modifications [2,3]. As one of the most popular modifications, it was revealed that
H3K4me3 mostly occurs as narrow peaks at active promoters near the transcription start
sites (TSSs) of transcribing genes, while it spreads more broadly over genes preferentially
marked in a given cell type to perform cell-type specific functions [4]. Chromatin immuno-
precipitation (ChIP) is a powerful technique for the genome-wide investigation of in vivo
correlations between DNA and a wide range of nuclear proteins, including histones and
chromatin modifiers, as well as a variety of transcription factors [5].

Typical CCCH zinc finger proteins usually contain one to six CCCH-type zinc finger
motifs (three cysteines followed by one histidine with a consensus sequence motif as C-X4.15-
C-X46-C-X3-H). In plants, 68 and 67 CCCH zinc finger protein genes (AtC3H genes and
OsC3H genes, respectively) were first identified through genomic analyses in Arabidopsis
thaliana and Oryza sativa L., respectively [6]. During the following decades, CCCH zinc
finger proteins in other plants were gradually identified [7-19] (Table S1). Among them,
tandem CCCH zinc finger (TZF) proteins make up a large subfamily. Generally, they are
featured with two identical CCCH zinc fingers separated by 16~18 amino acids and spread
widely in eukaryotes. In humans, there are only three TZF members consisting of TTP,
ZFP36L1 (TIS11b, Berg36, ERF-1, and BRF-1), and ZFP36L2 (TIS11d, ERF-2, and BRF-2).
Furthermore, all of them are characterized by two identical C-Xg-C-X5-C-X3-H motifs which

Agronomy 2023, 13, 519. https:/ /doi.org/10.3390/agronomy13020519

https:/ /www.mdpi.com/journal /agronomy


https://doi.org/10.3390/agronomy13020519
https://doi.org/10.3390/agronomy13020519
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0003-2371-5933
https://doi.org/10.3390/agronomy13020519
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy13020519?type=check_update&version=4

Agronomy 2023,13, 519

20f18

are capable of binding specific RNA motifs [20,21]. Meanwhile, a much higher number of
TZFs has been found in plants. Except for the same TZF motif as in humans, plants also
contain an exclusively plant-specific TZF motif consisting of C-Xy,g-C-X5-C-X3-H-X14-C-X5-
C-X4-C-X3-H. Additionally, plant TZFs are over-represented by the class of RR-TZF proteins
which contain the aforementioned unique TZF domain preceded by an arginine-rich (RR)
domain [22]. Most TZF proteins were clarified to be able to bind ARE or ARE-like motifs
within the 3" UTR of mRNAs, and regulate RNA turnover in cytoplasmic foci [23-25].
Moreover, they have also been revealed to be able to affect many aspects of plant growth,
development, and stress responses [18,23,26-37]. In cotton, GhZFP1 encodes a nuclear-
localized TZF protein containing a “C-Xg-C-X5-C-X3-H-X15-C-X5-C-X4-C-X3-H” motif, and
it may act as an important regulator in plant responses to abiotic and biotic stresses by
interacting with GZIRD21A and GZIPRS5 [38]. Another TZF protein, GhTZF1, was reported
to regulate drought stress responses and to delay leaf senescence by inhibiting reactive
oxygen species (ROS) accumulation in transgenic Arabidopsis [39]. However, whether the
TZF proteins could regulate cotton fiber development remains unknown.

Using ChIP against H3K4me3 followed by high-throughput sequencing (ChIP-Seq) in
both Gossypium hirsutum wild-type and fuzzless-lintless mutant (fI), we focused on a novel
tandem CCCH zinc finger gene, GhTZF2, showing significant differences in chromatin
H3K4me3 modification level, as well as the DNA level between WT and fI. Knockout of
GhTZF2 induces shortened fibers and thinner fiber cell walls. Furthermore, experimental
results show that GhTZF2 has a direct association with GhMORFS8. Meanwhile, the signal of
sub-cellular localization of GhTZF2, together with the comparative transcriptome analysis
indicated that Gh'TZF2 may regulate RNA turnover, similar to other reported TZF proteins.
These results indicate that GhTZF2 might function in cotton fiber cell development as a
partner of GhMORF8 and GhTZF2 might be also involved in other RNA turnover processes.
Notably, it was the first time that RR-TZF protein has been reported to regulate cotton fiber
development.

2. Materials and Methods
2.1. Sample Collection

The plants of Gossypium hirsutum L. (Xul42) were cultivated under controlled condi-
tions of 15 h light at 32 °C and 9 h dark at 25 °C in the greenhouse of Wuhan University,
Hubei, China. Ovules and fibers were collected carefully from developing cotton plants
on selected days post-anthesis (DPA). Three biological replicates were prepared for each
sample to perform DNA, RNA extraction, and chromatin immunoprecipitation (ChIP)-seq
analysis. Nicotiana benthamiana was cultivated in a sterilized soil mixture at 22 °C under
16/8 light/dark conditions for use.

2.2. Chromatin Immunoprecipitation

The 0 DPA ovules of Gossypium hirsutum L. (including WT and fI) were collected
and cross-linked with 1% (w/v) formaldehyde immediately under a vacuum for 30 min.
Then, 0.125 M glycine was added under a vacuum for another 10 min to quench the
cross-linking reaction. The cross-linked samples were flash-frozen in liquid nitrogen and
stored at —80 °C before use. ChIP was conducted with the antibody against H3K4me3
(Abcam, ab8580), mainly as described previously [40]. In brief, 2 g of sample powder
was homogenized in 20 mL of Buffer I (0.4 M sucrose, 10 mM Tris-HCI (pH = 8.0), 5 mM
3-Me, 1 x proteinase inhibitor cocktail, 2% PVPP). Then, the homogenate was filtered
through a 40 um strainer and centrifuged at 1800x g for 10 min at 4 °C. Supernatant
was discarded, and the pellet was resuspended in 20 mL of Buffer II (0.25 M sucrose,
10 mM Tris-HC1 (pH = 8.0), 5 mM (-Me, 10 mM MgCl,, 1% TritonX-100, 1 x proteinase
inhibitor cocktail) for two times. After centrifuging at 16,000 x g for 10 min at 4 °C, the
supernatant was discarded and the pellet was resuspended in 10 mL of high-concentration
sucrose Buffer III (1.7 M sucrose, 10 mM Tris-HCI (pH = 8.0), 5 mM (3-Me, 2 mM MgCl,,
1% TritonX-100, 1 x proteinase inhibitor cocktail). Centrifugation at 16,000x ¢ for 1 h
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at 4 °C could keep the nuclei in the pellets. With the supernatant discarded, the pellet
was resuspended in 10 mL of Nuclei Lysis Buffer (50 mM Tris-HCI (pH = 8.0), 10 mM
EDTA, 1% SDS, 1 x proteinase inhibitor cocktail), and an aliquot of the nuclei resuspension
(1.2 mL) was transferred into glass tubes for shearing using a Covaris M220™ Focused-
ultrasonicator with SonoLab™?7.2. The sonication efficiency was assessed using 10 pL of
sheared chromatin in comparison with 10 pL of intact genomic DNA. Qualified chromatin
was centrifuged at 16,000 g for 10 min at 4 °C. Then, the supernatant was transferred into
a new tube for further use. Dynabeads Protein G (ThermoFisher, 10003D) was used for
overnight immunoprecipitation. After being washed with a low-salt, and high-salt wash
buffer, IP-complex was reverse-crosslinked and ChIP-DNA was purified for the library
building.

2.3. ChlP-Seq Library Building and Data Analysis

ChIP-Seq libraries of immunoprecipitated and input samples from two or three repli-
cates were constructed and sequenced with the Illumina HiSequation 3000, following the
manufacturer’s recommendations (Illumina). The quality of raw reads was evaluated using
FastQC software. After trimming the adaptor sequences and the reads with low-quality
scores, clean reads were mapped onto the Gossypium hirsutum PRJINA524970 genome [41]
using Bowtie2 [42] with default parameters. The Pearson correlation coefficient was com-
puted using deepTools to determine the correlation among different repeats [43]. Peaks
were found using HOMER (v4.10) (Hypergeometric Optimization of Motif EnRichment),
with default parameters and the input DNA sample as the control. Annotating peaks was
performed with “annotatePeaks.pl” in the HOMER package [44]. The peaks were annotated
into exon, intron, promoter (from —1 kb to +100 bp), TTS (from —100 bp to +1 kb), or inter-
genic regions. The genes (including upstream 1 kb, all gene body regions, and downstream
1 kb) overlapping with identified peaks were considered to have epigenetic modification.
For analysis of differentially marked genes between WT and f, run_DE_analysis.pl script
(Bioconductor, Buffalo, NY, USA) was used. Genes with a p-value < 0.05 and a log2-fold
change of >1 using were considered to be differentially marked genes between WT and fl.
A volcano plot for highly significant genes was performed via R packages.

2.4. RNA Extraction and RT-gPCR Analysis

Total RNA from ovules with or without fibers was extracted by using the Tiangen
RNAprep Pure Plant Plus Kit (TTANGEN, DP441, Peking, China). The purity and concen-
tration of RNA were detected via the NanoDrop (ThermoScientific, Waltham, MA, USA),
and its integrity was evaluated with agarose gel electrophoresis. A total of 1 ug of RNA
was used as the template for the synthesis of cDNA first strands, using the PrimeScript™
RT reagent Kit with gDNA Eraser (Takara, RR047A, Tokyo, Japan). Real-time qPCR was
used to analyze gene expression levels with the ChamQ Universal SYBR qPCR Master Mix
(Vazyme, Q711-02, Nanjing, China). A polyubiquitin gene (GhUBQ?) was regarded as the
reference gene to estimate the relative expression values of the genes tested. RT-qPCR data
were calculated based on mean values and standard deviations of three replicates. The
primers used are listed in Table S6.

2.5. Screening of the Y2H Library and One-to-One Examination

The total RNA of the separated samples from cotton ovules or fibers was extracted with
the RN Aprep Pure Plant Plus Kit (Polysaccharides and Polyphenolics-rich) (TTANGEN,
DP441, Peking, China). Then, mRNA was isolated with the FastTrack MAG mRNA Isolation
Kit (Invitrogen, K1580-02, Carlsbad, CA, USA), and the mixed ¢cDNA library for Y2H
screening was constructed with the Matchmaker Gold Yeast Two-Hybrid System (Clontech,
Cat. no. 630489, Mountain View, CA, USA). GhTZF2 was fused with the GAL4 DNA-
binding domain in pGBKT? to construct the recombinant bait vector. On the premise
that there was no significant autoactivation on SD/-Leu/-Trp/-His/-Ade/AbA (QDO/A)
cultures and no toxicity on any cultures, pGBKT7 fused with GhTZF2 was co-transformed
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into Y2HGold and plated on SD/-Trp/-Leu/-His/AbA (TDO/A) medium at 30 °C for 3~5
d. Colonies with a diameter > 2 mm were selected and then retransferred into SD/-Trp/-
Leu/-His/-Ade/AbA /X-x-Gal plates. Colonies that turned blue were selected as primary
interacting proteins, and Sanger sequencing was conducted after PCR amplification. The
full-length CDS sequences of primary interacting proteins were fused with pGADT7 and
were co-transformed with pGBKT7-GhTZF2 into Y2HGold yeast cells individually to
confirm their interactions. The transformants were grown in SD/-Trp/-Leu and SD/-Trp/-
Leu/-His/-Ade media at 30 °C for 3+-5 days.

2.6. LCI Assay

To generate the Luciferase complementation imaging (LCI) constructs, the full-length
OREFs of GhTZF2 and GEMORF8 were cloned and inserted into linearized JW771 and JW772
vectors, in order to obtain the recombinant construct, GhTZF2-cLUC, and GhMOREF8-nLUC.
The empty vectors were used as negative controls. All vectors were transformed into to-
bacco leaves via the A. tumefaciens strain GV3101. After spraying the luciferase substrates on
the abaxial surface of leaves, photographs were imaged with the Tanon 5200 luminescence
imaging system 10 to 15 min later. The primers used for vector construction are listed in
Table S6.

2.7. Sub-Cellular Localization via Transient Transfection into Tobacco Leaves

The coding sequence of GhTZF2 was cloned into the pCAMBIA1300-355:eGFP vector.
The A. tumefaciens GV3101 strain was used to carry the recombinant construct. Amplified
Agrobacterium cells were collected by centrifugation, and resuspended in infiltration
buffer (10 mM MES-KOH (pH 5.7), 10 mM MgCl,, 200 uM acetosyringone) at ODggg
= 1.0, followed by their transfer into tobacco leaves with a needleless syringe. After
infiltration, the plants were placed in the dark overnight and then incubated at 23 °C
under a photoperiod of 16 h light/8 h dark. Fluorescence was observed under a confocal
fluorescence microscope (Leica, Germany). Furthermore, GFP fluorescence was excited at
488 nm and collected at 505 to 545 nm with a gain value of 800. The primers used are listed
in Table S6.

2.8. Co-IP Assay

The total soluble protein of tobacco leaves was isolated using extraction buffer (50 mM
Tris-MES (pH 8.0), 0.5 M sucrose, 1mM MgCl,, 10 mM EDTA, 5 mM DTT, 1 mM PMSE, 1 x
Protease inhibitor Cocktail). The extracts were then incubated with anti-GFP affinity agarose
beads (Diaan, IP0057, Wuhan, China) overnight at 4 °C with gentle rotation. Immune
complexes were collected by centrifugation and were washed five times in 1 mL of PBS
buffer containing 0.1% Nonidet P-40. After resuspension in 40 uL of 2x SDS/PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophoresis) sample loading buffer and heated
for 10 min at 96 °C for total denaturation, Co-IP proteins were subjected to SDS/PAGE.
GhMORF8-eGFP and GhTZF2-mCherry fusion proteins were detected by immunoblotting
with an anti-GFP antibody (Diaan, 3057, Wuhan, China) and an anti-mCherry antibody
(Diaan, 3099, Wuhan, China), respectively.

2.9. mRNA Libraries Preparation and Transcriptome Analysis

After RNA extraction, qualified samples were sent to the Novogene sequencing
company for library building. The Illumina sequencing platform (Illumina HiSeq3000) was
used for high-throughput sequencing. Each sample was conducted for three replicates, and
a total of 9 libraries were constructed and sequenced to generate about 8 GB paired-end
reads (2 x 150 bp). FastQC was used to evaluate the quality of raw reads. After trimming
the adaptor sequences and the reads with low-quality scores, clean reads were aligned
to the G. hirsutum reference genome (https:/ /www.cottongen.org/species/Gossypium_
hirsutum/AD1_WHU, accessed on 4 December 2020) using Hisat2 (version 2.1.0). Stringtie
(version 2.0.6) was used to assemble RNA-Seq alignments into potential transcripts. In our
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study, an FDR (false discovery rate) < 0.05 and a fold-change > 2 were used as significance
cut-offs to designate gene expression differences. Furthermore, only those genes identified
in all three replicates were considered for the expression analysis. After comparative
transcriptome analysis, the RT-qPCR of ten transcripts were chosen to verify the validity of
RNA-Seq data. The primers used are listed in Table S6.

3. Results
3.1. Visualizing Genome-Wide Enrichment Profiles of H3K4me3

To investigate global distributions of H3K4me3 in both G. hirsutum WT and fI, we
conducted H3K4me3-related ChIP-seq with two or three repeats for input samples or ChIP
samples, respectively. Pairwise comparisons of the ChIP signals in all repeats showed
the high reproducibility of our method (Table S2). By aligning ChIP-Seq reads to the
Gossypium hirsutum reference genome using Bowtie2 software, it was found that 91.7% to
98.9% of reads (Table S3, except one repeat of the fl-input samples) were mappable to the
genome, which suggested that the sequencing data were of high quality. After visualized in
circos-type figures, we found that H3K4me3 markers exhibited genome-wide distribution
along all chromosomes in both WT and fI (Figure 1a). At the chromosome level, H3K4me3
was substantially enriched in the distal area while weakly covered in the centromere
region, consistent with previous studies. The 53,078 and 52,709 histone modification peaks,
covering 42,264 and 42,017 genes, were obtained in WT and fI, respectively, from the
ChIP-Seq data using the HOMER package (Figure 1b). The distribution of peaks identified
along the 74,350 genes of the whole genome was classified into five classes, including four
genic regions (promoter-TSS, exon, intron, and TTS) and intergenic regions. It revealed
that H3K4me3 signals were predominantly enriched in the generic regions, especially in
promoter-TSS, exon, and intron (Figure 1c). Additionally, along the modified region on the
gene body;, the signal was stronger downstream near the TSS than in the upstream region
and gradually decreased along the gene body to the TTS site (Figure 1d).

3.2. GhTZF2 Was Identified as a New RR-TZF Genes in Cotton

After comparing the genome-wide distribution of H3K4me3, the genes marked with
H3K4me3 in WT as well as fl showed a large degree of overlap. However, there are
119 and 80 genes differential marked by H3K4me3 in WT and fI, respectively (log,-fold
change > 1, p-value < 0.05, examined in IGV) (Figure le, Tables S4 and S5). Among
the differentially marked genes, Ghi_A13G12821 had the most considerable difference
with H3K4me3 modification between WT and fI: none of the marked signals were found
in fl, but it was quite enriched in WT. When visualized in IGV, we found that the gene
near Ghi_A13G12821, Ghi_A13G12816, presented the same pattern at the H3K4me3 level
between WT and fI. Furthermore, it was noteworthy that the input sample signals indicated
that there was a ~23 kb fragment deletion in fI versus WT (Figure 2a). With specific primers,
it was confirmed that the ~23 kb fragment deletion existed on Chr_A13 of the fl genome
(Figure 2b). Afterwards, Ghi_A13G12816 was predicted as a vacuolar protein sorting-
associated protein 32 homolog 2-like, while Ghi_A13G12821 belonged to a plant-specific
tandem CCCH zinc-finger (TZF) protein family. Furthermore, it has often been shown that
most members of the plant TZF protein family might be associated with specific molecular
functions, including DNA and/or RNA binding and protein—protein interactions based
on their zinc-finger structure and spacing. It seems that Ghi_A13G12821 might play a
much more important role in regulating ovule and/or fiber development. Furthermore,
Ghi_A13G12821 presented a higher expression level based on transcriptome data analysis
(Figure 2c). Therefore, we chose Ghi_A13G12821 as our target gene for further research.
GhTZF2, a name for Ghi_A13G12821, was characterized by a plant-specific RR-TZF feature
with two different CCCH domains, C-X7-C-X5-C-X3-H and C-X5-C-X4-C-X3-H, separated
by 16 amino acids, as well as a R-rich domain ahead (Figure 3a). When aligned with
RR-TZF proteins reported previously in Arabidopsis and rice, they showed quite similar
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TZF motifs, plus a stretch of extremely conserved 50-amino-acid RR-domain upstream of
the TZF motif (Figures 3b and S1).
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Figure 1. Global analysis of H3K4me3 distribution in WT and fl. (a) Overview of H3K4me3 ChIP-Seq
signals along the whole genome. i, gene density; ii~iv, H3K4me3 ChIP-Seq signals from 3 replicates
in WT; v~vii, H3K4me3 ChIP-Seq signals from 3 replicates in fl. (b) Total peak numbers and gene
numbers marked with H3K4me3 in WT and fI of three replicates, p-value = 10~*. (c) Distribution of
H3K4me3 in different functional sub-genomic annotations, namely, promoters-TSS (upstream 1 kb to
downstream 100 bp), exons, introns, TTS (upstream 100 bp to downstream 1 kb), and distal intergenic
regions. (d) Distribution of H3K4me3 along upland cotton genes in WT and fI. A meta-gene profile
was generated using the normalized sequencing density of H3K4me3. The gene body was converted
into a percentage with the aim to standardize genes of different lengths. The 1 kb upstream and
downstream regions of each gene are included. The signals from the duplicates or triplicates are
shown. (e) Volcano plots of identified genes covered with H3K4m3 signal in WT and fl, respectively.
Genes enriched significantly in either WT or fl are depicted in red (| Fold change| > 2, p-value < 0.05).
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Figure 2. GhTZF2 presented a significant difference between WT and fl. (a) Genomic snapshot of the
23 kb deletion locus on chromosome A13, showing H3K4me3 ChIP-Seq signals (green for WT and red
for fl, respectively), and input signals as reference (blue for WT and purple for fI). The approximate
23 kb region between the orange dotted lines indicates the H3K4me3 signal discrepancy resulting
from the genomic level between WT and fl. (b) Validation of 23 kb deletion on chromosome A13
via PCR amplification. The region between blue dotted lines indicates the 23 kb region discrepancy
mentioned above. The two long red boxes indicate flanked regions in both WT and fl. F1~F5
and R1~R5 show the primer locus on the genomic level. (c) The transcription level (FPKM) of
Ghi_A13G12816, Ghi_A13G12821 in WT. Data was collected from transcriptome analysis.
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Figure 3. Structural features and expression pattern of GhTZF2. (a) Schematic of GhTZF2 gene
structure. The yellow boxes indicate the R-rich domain, and the amber boxes predict the CCCH zinc
finger domains. (b) Multiple sequence alignments of GhTZF2 and other plant-specific TZF genes were
reported in Arabidopsis, rice, and cotton using the DNAMAN program. A conserved R-rich domain
and two CCCH domains are marked in the same colors in (a). Amino acids in CCCH domains were
tagged by blue triangles. (c) Verification of the transcription level of GhTZF2 in ovules with or without
fibers in different stages, and other tissues of WT and fl, was carried out via qRT-PCR. (d) Western
blot analysis of ovules (with or without fibers) from different developmental stages between WT and
fl. A positive band with an arrow indicates about 40 kDa. Total proteins in SDS/PAGE gels stained
with Coomassie brilliant blue were taken as a control to show the same sample amount.
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3.3. GhTZF?2 Displayed Differential Expression Pattern in WT

The expression pattern was confirmed via qRT-PCR with cDNAs at different stages of
ovules, with or without fibers. Results revealed that GhTZF2 was expressed at nearly the
same level in leaves, flowers, and pollen between WT and fl. Meanwhile, in developing
ovules with or without fibers, Gh'TZF2 exhibited quite a different pattern. In total, GRTZF2
was preferentially expressed in WT versus fl. In WT, GhTZF2 displayed the highest level
expression during the —1 DPA and 0 DPA ovule and decreased gently along the following
development stages from 5 to 10 DPA. Subsequently, a low-level expression was seen
from 15 to 25 DPA. Meanwhile, in fl, a low-level expression was observed from —2 DPA
to 0 DPA, and it became lower along the development to reach an almost undetectable
level after the 10 DPA ovule (Figure 3c). The differential expressions between WT and fl
implied that GhTZF2 may participate in fiber initiation and the primary elongation stage.
Western blotting was performed to detect the GhTZF2 protein level along the development
progress. It was revealed that GhTZF2 accumulated during the —2 DPA to 0 DPA ovule,
and decreased along the following development process (Figure 3d).

3.4. Morphological Alterations in GhTZF2-Knockout Lines

To investigate the role of GhTZF2 genes in cotton, we designed a sgRNA targeting
GhTZF2 and constructed a knockout vector to achieve GhTZF2-knockout (CRISPR-Cas9)
lines in tetraploid cotton HM-1 background. Two independent knockout lines (ghtzf2-M12
and ghtzf2-M27) were obtained with base deletions at both the DNA and mRNA levels.
Furthermore, they were verified with PCR using specifically designed primers (Figure S2a,
Table S6). Two GhTZF2-knockout lines both caused frameshift mutations that led to
premature termination of the GhTZF?2 protein (Figures 4a and S2). Knockout of GhTZF2 led
to no detectable defects in plant phenotype (Figure S3a,b). Meanwhile, statistical analysis
showed that GhTZF2-knockout lines carried shorter fibers than nontransgenic plants (CK).
Compared with wild-type cotton with a fiber length of 29.180 & 0.910 mm, ghtzf2-M12 and
ghtzf2-M27 produced fibers with 26.954 4 1.316 mm and 26.128 + 1.061 mm, respectively,
which reduced by 2.181 + 0.405 and 2.552 + 0.150 mm, respectively (Figure 4b,c). After
weighing 100 cotton seeds, data showed that the total fiber weight and seed weight showed
no significant alterations (Figure S3c,d). After observations using transmission electron
microscopy (TEM), the mature fiber cell wall of ghtzf2 was found to be much thinner than
WT (Figure 4d). Calculation data showed that the thickness of the mature fiber cell wall was
2.382 £ 0.426 um and 2.554 £ 0.488 um in ghtzf2-M12 and ghtzf2-M27, respectively. They
were nearly half of the thickness in WT fibers, or 5.277 &+ 1.039 um (Figure 4e). Meanwhile,
it was noticeable that, despite of the significantly reduced thickness, the total cross-sectional
area of the fiber cell wall in GhTZF2-knockout lines was actually not much smaller than
in WT, due to the bigger circumference (data not calculated). This may contribute to the
basically unchanged fiber weight in the absence of GhTZF2 (Figure S3d).
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Figure 4. Sequence mutations and morphological alterations in GhTZF2-knockout lines. (a) Sequence
identification of both sub-genome At and sub-genome Dt in ghtzf2-M12, ghtzf2-M27, and WT. In
every colored box, the upper line shows the DNA sequence and the lower line shows the amino
acid sequence. In both two knockout lines, the base deletions introduce frameshift mutation leading
to a premature stop codon. (b,c) Comparison of fiber length among WT, ghtzf2-M12, and ghtzf2-
M27. The results were calculated with 60 samples each. Error bars indicate +SD. ** p < 0.001.
(d,e) Comparison of mature fiber cell wall thickness of WT, ghtzf2-M12, and ghtzf2-M27. Samples
were observed under TEM. The results were calculated with 60 samples each. Error bars indicate
£SD. ***p < 0.001.
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3.5. GhTZF?2 Could Interact with GhMORFS8

To further explore the molecular mechanism by which GhTZF2 regulates cotton devel-
opment, we conducted yeast two-hybrid (Y2H) screening to identifty GhTZF2-interacted
proteins using the cDNA library of cotton ovules with fibers. With GhTZF2 as bait, a total
of 32 interacting candidates were obtained. Among the identified proteins, we found a
protein, multiple organellar RNA editing factor 8 (MORES), that could indeed interact with
GhTZF2 in the Y2H assay (Figure 5a). Then, we confirmed this interaction by carrying out
a luciferase complementation imaging (LCI) assay in leaf epidermal cells of N. benthamiana.
In the LCI assay, the luciferase proteins (cLUC and nLUC) fused with GhTZF2 and Gh-
MORES, respectively, presented strong interaction as well, while none of the control groups
with one (nLUC with GhTZF2-cLUC and GhMOREF8-nLUC with cLUC) or two empty
vectors (nLUC + cLUC) did (Figure 5b). Furthermore, a co-immunoprecipitation (Co-IP)
assay was also performed to check the interaction between GhTZF2 and GhMORES in vivo.
GhMORF8-eGFP and GhTZF2-mCherry were transiently co-expressed in tobacco leaves.
After immunoprecipitation of the total proteins of tobacco leaves with anti-eGFP agarose
beads, the GhTZF2-mCherry fusion protein was detected from the experimental group
(GhMORES8-eGFP and GhTZF2-mCherry), while the sole mCherry protein from the control
group (GhMORF8-eGFP and mCherry) was not (Figure 5c). These results demonstrated
that GhTZF2 indeed directly interacts with GhMOREFS.

3.6. GhTZF2 Regulates mRNA Turnover by Forming Cytoplasmic Foci

To explore the function of GhTZF2 in plants, we investigated the subcellular localiza-
tion of GhTZF2. Transient transformation of tobacco leaf epidermal cells is a relatively fast
technique to assess the expression of genes of interest. We constructed GhTZF2-eGFP fusion
vector under of CaMV 35S promoter and transiently expressed the fusion protein in tobacco
leaves. As shown in Figure 6a, green eGFP fluorescence was predominantly accumulated
in the cytoplasm shaped as granules with different sizes. It was indicated that GhTZF2
might function in cytoplasmic granules. To further determine the molecular mechanisms by
which GhTZF2 affects cotton development, we collected 0 DPA ovules from wild-type and
ghtzf2 for RNA sequencing with three replicates. The transcriptome analysis between wild-
type and ghtzf2 revealed 424 differentially expressed transcripts (FDR < 0.05; —2 > fold
change > 2.0), including 284 down-regulated transcripts and 140 up-regulated transcripts
(Figure 6b), suggesting that only a few genes were influenced at the transcription level.
RT-gPCR was conducted to validate the reliability of the transcriptome analysis, and results
showed that genes identified were indeed down- or up-regulated in GhTZF2-knockout lines
as the RN A-Seq data indicated (Figure S4). Among these altered transcripts, we picked
their 3’ UTR sequences and searched the ARE motif “WWWWAUUUAUUUAW”) using
FIMO (https:/ /meme-suite.org/meme/tools/fimo, accessed on 16 May 2022). The results
showed that about 40% of the transcripts contain ARE-like motifs (Figure 6¢). Consider-
ing the sub-cellular localization signal from tobacco leaves (Figure 6a), GW'TZF2 possibly
participates in the formation of cytoplasmic foci and regulates mRNA turnover.
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Figure 5. GhTZF2 directly interacted with GhMORES. (a) Y2H assay of interaction between GhTZF2
and GhMOREFS. pGBKT7 and aGADT7 empty vectors were used as controls. (b) LCI assay of
interaction between GhTZF2 and GhMORF8. GhTZF2 and GhMORFS8 were fused to the carboxyl-
terminal and amino-terminal of firefly luciferase (cLUC and nLUC), respectively. The GhTZF2-cLUC
and GhMORF8-nLUC constructs were transiently co-expressed in the leaves of N. benthamiana, using
nLUC and cLUC as the controls. Fluorescence signal intensities represent their binding activities.
The left bars indicate heat map scales. (c) Co-IP of transiently co-expressed GhTZF2-mCherry and
GhMORF8-eGFP in N. benthamiana leaves. Soluble protein extracts before (Input) and after (IP and
Co-IP) immunoprecipitation with anti-GFP affinity agarose beads were detected by immunoblot with
anti-GFP and anti-mCherry antibodies, respectively.
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Figure 6. GhTZF?2 is localized in granules and causes differential expression of transcripts con-
taining ARE in 3" UTR. (a) Sub-cellular localization of GhTZF2 showed granule-shaped signals.
Bar =20 um. (b) Transcripts altered in GhTZF2-knockout lines through transcriptome analysis.
There were 140 transcripts up-regulated and 284 down-regulated. (c) Transcripts altered in GhTZF2-
knockout lines were identified to contain ARE motif by FIMO with MOTIF “WWWWAUUUAUU-
UAW”. ARE, AU-rich element; DETs, Differential Expressed Transcripts.

4. Discussion
4.1. H3K4me3 Analysis Is an Efficient Strategy to Conduct Differentially Expressed Gene Analysis

H3K4me3 is one of the most popular chromatin modifications in eukaryotes from
yeast to man, and its levels partly reflect the level of transcription. Resulting from this
association, H3K4me3 is often regarded to have an instructive role in the transcription
of genes as an ‘activating’ histone modification marker [45-47]. In recent years, with
the development of next-generation sequencing technology, comparative transcriptome
analysis has been applied widely to provide a comprehensive understanding of potential
differentially expressed genes that are involved in a wide variety of species or under
different treatment conditions [48-50]. However, there are a lot of biases and limitations
resulting from the reverse transcription and library-building process, resulting in low-level
expressed genes such as transcription factors that may be difficult to discover [51]. Usually,
histone modification analysis acts as an auxiliary means to illustrate genes’ transcriptional
regulation. In cotton, H3K4me3 was confirmed to have positive correlations with DHS
(DNase I-hypersensitive site) accessibility in promoter regions [52,53]. Additionally, a
genome-wide comparative analysis of H3K4me3 profiles was conducted to discover new
transcripts in G. arboreum and G. hirsutum [54]. Here, we conducted a comparison between
WT and fI from the histone modification aspect, H3K4me3 level, and efficiently found
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the differentially expressed genes without superfluous magnification (Tables S4 and S5).
Among the WT divergently marked gene lists, GA'TZF2, as the most significant one, shows
dramatic expression differences between WT and fI (Figures 2a and 3c,d), which indicated
its potential role in fiber development. Therefore, comparing the differences at the histone
modification level could serve as a new predominant approach to generate differentially
expressed gene lists between different samples or under different conditions.

4.2. GhTZF?2 Functions to Determine the Fiber Diameter

Cotton fiber development usually includes four distinct yet overlapping stages—
initiation, elongation, secondary cell wall biosynthesis, and maturation [55]. After initiation,
fibers then undergo extreme anisotropic elongation and limited diametric expansion [55,56].
Additionally, fiber morphogenesis determines the fiber quality for use, such as length,
strength, and diameter. The cotton fiber diameter is important to the textile industry
because narrower fibers are much better for manufacturing the highest-quality textiles [57].
It has been claimed that fibers have two different types of tip shapes—hemisphere (broad,
blunt tips) and tapered (narrow, pointed tips). Furthermore, they are formed once fiber
cells initiated their development as isodiametric protrusions from the ovule surface on or
near the day of anthesis. The primary tip shape usually determines the final diameter of
broad and narrow fibers, respectively [58]. Several genes, such as GEMYB109, GhMYB25,
GhMYB25-like, GhHD-1, GhHOX3, and GhJAZ2 play important roles in regulating fiber
initiation [59-66]. Recently, CRISPR gene editing technology helps to clarify that MYB25-
like determines fiber differentiation and HOX3 determines fiber tip-biased diffuse growth.
MYB25-like-knockout lines presented a totally fiberless phenotype, and fibers of HOX3-
knockout lines could not normally elongate [67]. Here, we demonstrated that GhTZF2
expressed at the highest level during fiber initiation and gradually decreased in the fiber
elongation stage (Figure 3c,d). The knockout of GhTZF2 produced shorter fibers with
thinner cell walls (Figure 4b—e). These alterations indicated that GhTZF2 might influence
the primary diametric expansion during the fiber initiation as well, but not extramely
remarkable as myb25-like or hox3. Therefore, it has been implied that GhTZF2, a novel TZF
gene identified in cotton, functions during the early fiber morphogenesis to determine the
fiber diameter and also fiber length.

4.3. GhTZF2 Might Be Involved in RNA Editing by Directly Interacting with GRMORFS8

In flowering plants, RNA editing converts 30-~40 Cs to Us in plastid mRNAs, and
more than 400 Cs in mitochondria [68]. It has been revealed that many factors, including
Pentatricopeptide Repeat Proteins (PPRs), multiple organelle RNA editing factors (MOREF,
also known as RIP), organelle RNA recognition motif (ORRM), protoporphyrinogen IX
oxidase 1 (PPO1) and organelle zinc finger 1 (OZ1), participate in this editing event [69-74].
Previous studies showed that some PPR proteins (such as MEF10 and MEF35), MORF3,
ORRMBS6, and PPOL1 all could interact with MORFS8 in mitochondria [70,74-77]. All these
reports indicated that MORF8 might serve as a mediator in the RNA editing complex and
that the mediating part might need other auxiliary factors. In our study, it was proven
that GhTZF2 interacts with GhMOREFS8 (Figure 5). Meanwhile, it was really confusing
that those potential edited sites in mitochondria and plastid induced by MORFS [78]
showed no significant alterations in -1 DPA ovules of GhTZF2-knockout lines compared
with the wild type (data not shown). We speculated that there may be several reasons. On
the one hand, the RR-TZF protein family contains many members, and they share quite
similar domains in amino acid sequences (Figure S1, Table S7), which indicates that they
probably have redundant functions. Therefore, the lack caused by the knockout of GhTZF2
might be compensated by other members. On the other hand, RNA editing events have
been shown to differ among plant species and are relevant to developmental stages or
different environmental conditions [79]. Here, we only checked the RNA editing events
in —1 DPA ovules, while GhTZF2/GhMORF8-included RNA editing may occur during
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other periods, in other tissues, or under some special treatments. These speculations merit
further examination through experiments.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy13020519/s1, Figure S1: Multiple sequence alignment
of RR-TZF proteins in Arabidopsis, rice and cotton; Figure S2: Sequence mutations on GhTZF2-
knockout lines; Figure S3: Plant phenotypes and seed/fiber weights of GhTZF2-knockout lines;
Figure S4: Verification of the transcription level of genes from RNA-Seq data via RT-qPCR; Table S1:
CCCH family member numbers in reported plants; Table S2: Correlation of 3 replicates of WT and
fl ChIP-Seq data against H3K4me3; Table S3: The mapping rates of ChIP-Seq sample; Table S4:
WT-divergent genes on H3K4me3 level; Table S5: fl-divergent genes on H3K4me3 level; Table S6:
Primers used in this study; Table S7: 45 RR-TZF proteins in Gossypium hirsutum.
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