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Abstract: Cotton fiber length is an important measurement for application in the textile
industry, and researchers are seeking to cultivate cotton plants with longer fibers. In
this study, cotton fiber genes were systematically reviewed through meta-analysis in
terms of extending and shortening fiber and the use of different research technologies
for the first time. PubMed, Web of Science, China National Knowledge Infrastructure
(CNKI), and Baidu Xueshu databases were included as literature retrieval sources. A
total of 21,467 articles were retrieved, and 45 articles were used in the final analysis.
Data analysis was performed using RevMan 5.4 software. To shorten cotton fiber length,
clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 technology was
superior to virus-induced gene silencing (VIGS) technology and RNA interference (RNAi)
technology [p = 0.002, MD = −1.05, 95% CI (−1.73, −0.37), Chi2 = 39.89]. To increase
cotton fiber length, CRISPR-Cas9 technology had a similar effect as VIGS technology
[p = 0.12, MD = −0.59, 95% CI (−1.33, −0.15), Chi2 = 0.17]. When some genes (GhLAC15,
GhALDH7B4, GhMDHAR1A/GhDHAR2A, STTM-miR396b, GhMYB44, GhFP2, GhMYB7,
GhKNL1, GhTCP4, GhHDA5, GhGalT1, GhKNOX6, GhXB38D, and GhBZR3) were damaged,
cotton fiber length increased. Furthermore, we found that after gene interference, the fiber-
shortening genes occurred more frequently than the fiber-elongating genes. Synergistic
research on these genes may better promote cotton fiber elongation.

Keywords: CRISPR; VIGS; RNAi; meta-analysis; cotton fibers

1. Introduction
Studying the genotype of cotton, one of the most important agricultural crops, is of

great significance [1]. Cotton fiber length serves as one of the key indicators for assessing
the cotton quality [2]. There exists a positive correlation between cotton fiber length
and yarn strength: longer fibers exhibit an increased interlocking length during spinning
processes, thereby reducing fiber slippage probability. This mechanism requires overcoming
greater frictional resistance during yarn fracture, significantly enhancing yarn strength.
The reduced exposure of fiber ends in long-staple cotton spinning decreases yarn hairiness
rate by 30–50%, improving fabric surface smoothness by over 30% [3]. Long-staple cotton
fibers generally exhibit 15–20% higher tensile strength than regular cotton, enabling textile
products to achieve 1.8 times the abrasion resistance cycles of conventional counterparts.
This exceptional performance grants long-staple cotton irreplaceable status in premium
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yarn-dyed fabrics and home textile applications [4]. A nation’s production capacity in long-
staple cotton directly dictates its competitive edge within the high-end textile industrial
chain, making fiber length enhancement strategically significant for industrial upgrading
and value chain advancement [5]. The regulatory role of genes in cotton fiber development
is divided into two categories: elongation and shortening. However, the specific genes
promoting fiber elongation versus those contributing to fiber shortening have not been
systematically elucidated.

In recent years, clustered regularly interspaced short palindromic repeat (CRISPR)
gene editing technology and virus-induced gene silencing (VIGS) have been increasingly
applied in cotton fiber research. CRISPR-based editing has been developed and widely
used based on the advantages of high efficiency and ease of use, enabling transgene-free,
gene-edited crops [6]. CRISPR-Cas9 is an RNA-guided genome editing technology for
genetic engineering that can be guided to specific locations in genomes using a short
RNA [7], which commonly refers to edits caused by non-homologous end joining repair at
nuclease cut sites [8–11]. CRISPR-Cas9 is more accurate, faster, and more cost-effective than
other genome editing methods [12]. RNA interference (RNAi) is more popular than the
anti-sense technology that was highlighted earlier due to its high efficiency, accuracy, and
stability [13]. RNAi technology involves the regulation of specific gene sequences by small
interfering RNA (siRNA) and has become a promising method for studying plant functional
genomics. VIGS, a powerful tool, has been widely used in plant functional genomics [14].
When inoculated with the VIGS vector carrying the target gene, plants generate siRNA and
further activate the RNA-induced silencing complex to degrade homologous endogenous
transcripts, thus silencing the host gene. VIGS is fast and simple and silences genes in a
transient manner [15–18].

Meta-analysis, a statistical method, provides the highest level of evidence and has
been widely applied in evidence-based medicine. It integrates multiple independent
original research data to draw comprehensive conclusions [19] and obtain more reliable
and powerful evidence than individual research studies, and it has the advantages of
improving statistical efficiency, reducing bias, providing more accurate estimates, and
exploring heterogeneity [20].

Gene knockout or knockdown technology introduces specific mutations in gene se-
quences that prevent the target gene from being expressed normally, or completely lose its
function. Its significance lies in helping researchers understand the functions of specific
genes in organisms, and in the agricultural field, by knocking out or knocking down certain
genes, researchers can improve crop yield, disease resistance, or nutritional value. RNAi
and CRISPR-Cas9 are the most popular and commonly used technologies in cotton fiber
knockdown or gene knockout research. In cotton cultivation, RNAi-derived biopesticides
have achieved commercial adoption, though RNAi’s historical prominence in gene function
studies is being challenged by CRISPR-based systems. Mechanistically, RNAi primarily
operates through cytoplasmic RNA interference, presenting limitations in targeting nuclear-
localized transcripts—a challenge CRISPR readily addresses via its DNA-guided nuclease
activity in the nucleus [21]. However, differences in application among CRISPR-Cas9, VIGS,
and RNAi have not been well studied (Figure 1).

This study presents the first comprehensive investigation and systematic evaluation
of both genetic and technological factors associated with fiber length development. For
precise exploration, we performed categorical analysis of genes contributing to both fiber
elongation and shortening. To ensure methodological rigor and data reliability, we con-
ducted independent analyses of three commonly used technologies. Our findings provide
researchers with an integrated and visually accessible reference. The most significant value
of this research lies in its accurate and systematic assessment of genetic influences on cotton
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fiber length. Furthermore, the comparative analysis of technologies provides valuable
guidance for selecting appropriate methodologies in commercial applications.
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Figure 1. The basics of the technologies of CRISPR, VIGS, and RNAi technology in cotton fiber
research. (A): CRISPR-Cas9 technology schematic. (B): VIGS Technical Schematic. (C): Schematic
diagram of RNAi technology.

2. Results
To investigate and systematic evaluate genes and technological factors associated

with fiber length development, using PubMed, Web of Science, CNKI, and Baidu Xueshu
databases, a comprehensive literature search was conducted for genes related to fiber
development that have been reported (Figure 2). According to the literature inclusion and
exclusion criteria, a total of final 45 articles were included for further meta-analysis, and the
characteristics of each article were extracted, including the first author, publication time,
technology used, and cotton fiber length (Figure 2).
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The publication period of the included literature was 2008–2024. The data on cotton
fiber were extracted using the terms “CRISPR-Cas9”, “VIGS”, and “RNAi”, and then
included for meta-analysis (Table 1).

Table 1. Information on the cotton fiber literature included in the article.

Number Author Year Technologies Gene Cotton Fiber
Length References

1 Cuicui Wu 2024 CRISPR GhHDZ76 Shortening [22]
2 Jian Zhang 2024 RNAi GhLCBK1 Shortening [23]
3 Haibo Zhang 2024 VIGS GhPDCB9 Shortening [24]
4 Haoming Mao 2024 VIGS GhEB1C Shortening [25]
5 Huiqin Wang 2024 CRISPR GhFAD3-4 Shortening [26]
6 Jikun Song 2024 VIGS STTM-miR477b Shortening [27]
7 Junye Jiao 2024 VIGS GhLAC15 Increasing [28]
8 Liyuan Tang 2024 VIGS GhALDH7B4 Increasing [29]
9 Na-Na Wang 2024 RNAi GhHOX4 Shortening [30]
10 Tingting Jia 2024 RNAi GhBLH1 Shortening [31]
11 Tingting Jia 2024 CRISPR GhFAD7A-1 Shortening [31]
12 Tingting Jia 2024 CRISPR GhKNOX6 Increasing [31]
13 Xin Li 2024 CRISPR GhATL68b Shortening [32]
14 Xuehan Tian 2024 CRISPR GhMDHAR1A/GhDHAR2A Increasing [33]
15 Yongchang Liu 2024 RNAi GhZFP8 Shortening [34]
16 Bingbing Zhang 2023 VIGS STTM-miR396b Increasing [35]
17 Kun Xing 2023 RNAi GhMYB44 Increasing [36]
18 Le Liu 2023 RNAi, VIGS GhBES1.4/GhCYP84A1/GhHMG1 Shortening [37]
19 Liping Zhu 2023 CRISPR GhEXPA3-1 Shortening [38]
20 Nosheen Kabir 2023 VIGS GhTBL7/GhTBL58 Shortening [39]
21 Qingwei Song 2023 RNAi GhXB38D Increasing [40]
22 Qingwei Song 2023 RNAi GhMAP20L5i Shortening [41]
23 Ruìxián Liú 2023 CRISPR, VIGS GhCesA4 Shortening [42]
24 Yanjun Guo 2023 RNAi GhGT47B Shortening [43]
25 Yu Gu 2023 VIGS GhKRP6 Shortening [44]
26 Zuoren Yang 2023 RNAi GhBES1.4, GhKCS10_At Shortening [45]
27 Jianjiang Ma 2022 CRISPR Ghmah1 Shortening [46]
28 Rui Lu 2022 RNAi GhFP2 Increasing [47]
29 Zailong Tian 2022 CRISPR Ghd27, Ghgrf4 Shortening [48]
30 Zemin Shi 2022 CRISPR, VIGS GhBZR3 Increasing [49]
31 Zemin Shi 2022 VIGS GhKCS13 Shortening [49]
32 Liping Zhu 2021 CRISPR GhARF18 Shortening [50]
33 Liping Zhu 2021 VIGS GhPIPLC2D Shortening [50]
34 Junfeng Huang 2021 RNAi GhMYB7 Increasing [51]
35 Shouhong Zhu 2021 CRISPR, RNAi GhAlaRP Shortening [52]
36 Yao Wang 2021 RNAi GhKNL1 Increasing [53]
37 Lei Zheng 2020 VIGS GhGATL15 Shortening [54]
38 Jun-Feng Cao 2020 RNAi GhTCP4 Increasing [55]
39 Huiru Sun 2020 VIGS GhPEL76 Shortening [56]
40 Zhi-Hao Liu 2019 RNAi GhFP1 Shortening [57]
41 Hao Feng 2018 RNAi GhHUB2 Shortening [58]

42 Verandra
Kumar 2018 RNAi GhHDA5 Increasing [59]

43 Li-Xia Qin 2016 RNAi GhGalT1 Increasing [60]
44 Yuan Cheng 2016 VIGS GhCaM7-like Shortening [61]
45 Gao-Jun Liu 2015 VIGS Gh∆15FAD/GhPIS/GhPIK Shortening [62]
46 Ying Zhou 2014 RNAi Gh14-3 Shortening [63]
47 Juan Hao 2012 RNAi GbTCP Shortening [64]
48 Li Pu 2008 RNAi GhMYB109 Shortening [65]
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After different gene expressions were inhibited, the length of cotton fiber showed an
increasing or decreasing trend. Systematic studies and analyses of these genes may better
promote the growth of cotton fiber. Only one technology was used in most of articles,
while both CRISPR and VIGS technologies were used at the same time in three papers.
Few studies reported the role of the same gene, but MYB appeared three times, which
may be related to the novelty of the published articles. The genes associated with fiber
development was summarized in Table 1. The most studies are reported in 2023 and 2024.

CRISPR-Cas9 editing achieved 84% suppression of wild-type cotton fiber length in
a 46-group meta-analysis (10 studies), mediating directional fiber shortening phenotypes
[p < 0.00001, MD = −4.77, 95% CI (−5.39, −4.15), Chi2 = 86.73] (Figure 3).
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To evaluate the effect of CRISPR-Cas9 editing on increasing the cotton fiber length, the
analysis of three related studies demonstrated that CRISPR-Cas9 editing enhanced cotton
fiber length by up to 111.5% through targeted gene modifications [p < 0.0001, MD = 3.01,
95% CI (1.58, 4.44), Chi2 = 39.66] (Figure 4).
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Because the gene silencing caused by VIGS is almost non-inherited, in most cases,
it does not remain silenced in the next generation of plants, making it ideal for rapid
preliminary functional analysis. It can be used to process multiple genes at the same time,
and to perform large-scale gene function screening. In cotton research, VIGS can be used to
quickly identify and validate gene functions related to fiber development, stress resistance,
yield, and other traits, providing candidate genes for subsequent CRISPR editing [66].
The advantages of VIGS in high-throughput gene function screening make it ideal for
the early stages of research, especially in cotton varieties that lack genetic transformation
systems [67]. To evaluate the effect of VIGS technology on the cotton fiber length, meta-
analysis of 12 studies (37 experimental groups) revealed that VIGS-mediated gene silencing
reduced cotton fiber length by 85% versus wild-type (WT), specifically targeting fiber-
growth genes with significant efficacy [p < 0.00001, MD = −3.97, 95% CI (−4.81,−3.14),
Chi2 = 148.36] (Figure 5).

Through 12 experimental cohorts across four studies, VIGS-mediated silence of fiber
shortening genes highlights a 108.65% increase in cotton fiber length compared to baseline
controls [p < 0.00001, MD = 2.12, 95% CI (1.75, 2.49), Chi2 = 12.07] (Figure 6).

To investigate the effect of RNAi technology on the cotton fiber length, RNAi-mediated
suppression in 57 experimental cohorts (14 studies) confirmed fiber-growth genes, reducing
cotton fiber length by 90.66% versus WT controls [p < 0.00001, MD = −2.70, 95% CI (−3.14,
−2.25), Chi2 = 144.55] (Figure 7).
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RNAi-targeted validation of fiber growth genes across 34 experimental groups (eight
studies) enhanced cotton fiber length by 108.48% relative to controls [p < 0.00001, MD = 2.17,
95% CI (1.75, 2.58), Chi2 = 56.32] (Figure 8).
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Comparative analysis revealed CRISPR-Cas9 and VIGS exhibited equivalent fiber
growth modulation, with CRISPR editing reducing fiber length by 96.14% versus VIGS
controls [p = 0.12, MD = −0.59, 95% CI (−1.33, −0.15), Chi2 = 0.17] (Figure 9).
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CRISPR-Cas9 technology demonstrated superior fiber shortening (96–98% reduction)
versus both VIGS [p = 0.04, MD = −0.54, 95% CI (−1.07, −0.02), Chi2 = 2.05] and RNAi
technology [p = 0.005, MD = −1.85, 95% CI (−3.15, −0.55), Chi2 = 36.67] (Figure 10).
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3. Discussion
CRISPR, VIGS, and RNAi are three different gene knockout or knockdown technolo-

gies, and their applications in cotton fiber research have their own characteristics. CRISPR
technology has performed well in cotton fiber research because of its high efficiency and ac-
curacy. By precisely editing targeted genes, CRISPR technology has significantly increased
the length and strength of cotton fibers, improving cotton yield and quality. In contrast,
the VIGS technique is based on virus-mediated gene silencing, and involves interference
with the expression of target genes to study the role of genes in cotton fiber development.
However, VIGS technology has a complex effect on cotton fibers, sometimes resulting in a
reduction in fiber length or quality, which may be related to the non-specific silencing effect
of VIGS. However, this requires further study and optimization. RNAi technology uses
double-stranded RNA molecules to specifically degrade target mRNA, thereby achieving
gene silencing. It is widely used in cotton fiber research. By knocking down key genes,
RNAi affects the growth and development process of cotton fibers, resulting in changes
in fiber length, strength, and other traits. However, the effects of RNAi are likely to be
mild compared with those of CRISPR, and the value of increase or decrease in cotton fibers
is smaller.

The effects of VIGS technology and RNAi technology are not permanent, and it
weakens with time. CRISPR gene editing technology can make the edited cotton fiber traits
stably inherited. While CRISPR-Cas9 offers high precision and rapid editing capabilities,
its technical complexity necessitates rigorous biosafety evaluations prior to agricultural
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deployment. VIGS, a transgene-free approach requiring no genetic transformation, faces
limited scalability in crop production due to its non-heritable modifications. RNAi enables
sequence-specific gene silencing; however, RNA-based biopesticides derived from this
technology exhibit transient efficacy, demanding repeated applications for sustained pest
control. Herbicide-resistant crops may increase pesticide residue and change the soil
microbial communities. In terms of regulations, RNAi technology products need to undergo
strict environmental and food safety assessment to ensure their safety and effectiveness.
Insecticidal characteristics might harm non-target pollinators, and genes flowing to wild
plants are at risk of changing pollination dynamics. In agricultural applications, VIGS
can be used to study the resistance mechanisms of crops to pathogens, but its practical
application is limited [68]. Through CRISPR technology, researchers can create cotton
varieties with specific traits, which can accelerate the cultivation process of excellent
varieties. However, the cost of CRISPR technology is high, and requires fine operation and
strict quality control. Therefore, sufficient technical optimization and cost evaluation are
needed before large-scale application.

The global CRISPR technology market is valued at USD 3.4 billion in 2023, and is
expected to reach USD 7.5 billion by 2029, with a compound annual growth rate (CAGR)
of 14.4%. The RNAi technology market is expected to reach USD 4.8 billion by 2029,
with an average annual compound growth rate of 14.8%. RNAi and VIGS technologies
offer cost-effective solutions for cotton improvement, yet their modified fiber traits lack
heritability, making them suitable primarily for foundational research [69]. VIGS, widely
used in gene function studies, exhibits transient efficacy limited to the cotyledon stage
of cotton seedlings, rendering it impractical for agricultural production; its commercial
value lies in rapid gene discovery [70]. RNA-based biopesticides derived from RNAi
boast broad-spectrum pest targeting, low development costs, and environmental safety,
but face critical challenges including pest resistance evolution and ecosystem risks from
off-target effects [71]. Successful CRISPR deployment could reduce cultivation expenses
while elevating cotton’s economic viability.

There is no consistent and clear regulatory policy for CRISPR-Cas9, RNAi, and VIGS
in the world, and the potential technical limitation of CRISPR-Cas9 lies in off-target effect.
RNAi and VIGS technologies may face the problems of poor specificity, low efficiency and
unstable transmission.

For gene technology, the main challenge still lies in the complexity of management and
supervision. There are significant differences in regulatory policies, labeling requirements
and safety assessment of gene editing in different countries, which may become an obstacle
to international trade and technology transfer. CRISPR-Cas9, RNAi, and VIGS are widely
utilized genetic engineering tools in plant research. The discussion on the influence of
gene editing technology on natural evolution may spread genes to ecosystems and disturb
natural selection [72]. Among these, CRISPR-Cas9 and RNAi face stringent global regula-
tory oversight due to their proven agricultural applicability and biosafety considerations.
CRISPR-Cas9, distinguished by its high editing efficiency and user-friendly design, holds
transformative potential for crop improvement. However, its commercialization is com-
plicated by region-specific regulatory frameworks and mandatory adherence to biosafety
protocols and ethical guidelines [73,74].

It is important to acknowledge certain limitations and heterogeneity in this study. The
sources of heterogeneity were as follows: Firstly, although the average length of fibers is
mentioned in the literature, there are no reports on the number of fibers. In future cotton
research, data on cotton fiber quantity should be increased. Secondly, the differences in
the results may be due to the different processing methods for cotton. In this study, we
have included three common existing technologies for meta-analysis as three technical
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subgroups, and for each subgroup, we analyzed the genes for fiber elongation and fiber
shortening separately after silencing, so we have six subgroups in total. Although it may
seem a bit excessive, this is also where our advantage lies. Thirdly, some data may have
been ignored, for example, using different databases and keywords. Results with significant
differences are readily published, which may also lead to data deviation [75]. The last, the
biggest heterogeneity of this study may be that after the gene was edited, it may increase
or shorten the fiber. Independent analysis and subgroup analysis were carried out on the
growing and shortening studies. We used PRISMA to evaluate the whole paper. RevMan
5.4 software of the Cochrane collaboration network was used to evaluate the quality of the
data included. It was found that the source of heterogeneity may be that no double-blind
experiments have been reported. This is often neglected in plant research. It is easier for
researchers to know which ones are the experimental group and which ones are the control
group. It is suggested to conduct the double-blind experiments on transgenic plants ready
for commercialization.

4. Materials and Methods
4.1. Data Sources and Retrieval Methods

A comprehensive search was independently conducted using PubMed, Web of Science,
CNKI, and Baidu Xueshu databases before October 2024 using “cotton”, “fiber”, and
“CRISPR-Cas9 or VIGS or RNAi” as search terms. After searching these databases, the
documents to be included were extracted, sorted, and reviewed.

4.2. Literature Inclusion and Exclusion Criteria

The inclusion criteria were as follows: 1⃝ clear descriptions of experimental types and
methods; 2⃝ the object of study was cotton fibers; and 3⃝ clear data on cotton fiber in the
study. The exclusion criteria were as follows: 1⃝ literature review without cotton fiber data;
2⃝ literature on other plants as research objects; 3⃝ data presented without the standard

deviation; and 4⃝ literature on non-genetically modified plants.

4.3. Literature Screening and Data Extraction

After retrieval was completed, duplicate documents were removed using literature
king software 6.3.1.2. We read the titles and abstracts, and deleted any documents that
were inconsistent with the theme. The full text was read, and documents that failed to meet
the presented criteria were removed. The mean and standard deviation of cotton fiber data
were extracted from the remaining literature, and the data were reorganized in a table.

4.4. Data Analysis

Meta-analysis of continuous variables was performed using Review Manager 5.4
software. The random-effect model was selected, and a forest map was used in the meta-
analysis to determine whether there was a significant difference among cotton fiber length.
The mean difference (MD) and 95% confidence interval (CI) for the effect values were
calculated. Due to the wide application of VIGS, it was analyzed independently of RNAi.
The data on cotton fibers were grouped and analyzed using the search terms “VIGS”,
“CRISPR-Cas9”, and “RNAi”. First, the fiber length data sources obtained from these
technologies were compared with those of the wild type (WT). Then, data sources for
CRISPR-Cas9, VIGS, and RNAi were compared with each other. We presumed that all
measurements met industry standards; thus, we set the value of each group to 5 [76].
During these analyses, we classified the genes responsible for cotton fiber elongation and
shortening because they had opposite effects.
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5. Conclusions
Different knockout methods have different effects on cotton fibers. When selecting a

knockout method, comprehensive consideration should be given to the specific research
purpose and experimental conditions. To shorten the cotton fiber length, CRISPR-Cas9
technology was superior to VIGS and RNAi technology (p = 0.002). To increase the cotton
fiber length, CRISPR-Cas9 technology had the same effect as VIGS technology (p = 0.12).
Furthermore, we found that after gene interference, the fiber-shortening genes appeared
more frequently than the fiber-elongating genes. Synergistic research on these genes may
better promote cotton fiber elongation.

Author Contributions: Conceptualization, H.L. and P.W.; methodology, J.J. and S.C.; software, J.J.;
validation, J.J. and S.C.; formal analysis, J.J. and S.C.; investigation, J.J. and S.C.; resources, H.L.
and P.W.; data curation, J.J. and S.C.; writing—original draft preparation, F.W., L.W., J.Y. and A.I.;
writing—review and editing, F.W., L.W., J.Y. and A.I.; visualization, J.J.; supervision, P.W.; project
administration, H.L.; funding acquisition, H.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Tianshan Talent Project of Xinjiang [Grant number 2022TSY-
CCX0121], National Natural Science Foundation of China [Grant number 31960413], Science and Tech-
nology Project of Xinjiang [Grant number 2024A02002-3], The projects sponsored by the development
fund for Xinjiang talents XL (Grant number XL202403-07), Tianchi Talent Project of Xinjiang [A.I.],
and Science and Technology Project of Shihezi University [Grant number RCZK202471, 2023ZD052,
CXBJ202309, GJHZ202302].

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Chen, Z.J.; Sreedasyam, A.; Ando, A.; Song, Q.; Schmutz, J. Genomic diversifications of five Gossypium allopolyploid species and

their impact on cotton improvement. Nat. Genet. 2020, 52, 525–533. [CrossRef] [PubMed]
2. Kim, H.J.; Thyssen, G.N.; Delhom, C.D.; Fang, D.D.; Naoumkina, M.; Florane, C.B.; Li, P.; Jenkins, J.N.; McCarty, J.C.; Zeng, L.;

et al. Genome-wide association studies of bundle and single fiber length traits reveal the genetic basis of within-sample variation
in upland cotton fiber length. Front. Plant Sci. 2024, 15, 1472675. [CrossRef] [PubMed]

3. Akhtar, S.; Shahid, A.A.; Shakoor, S.; Ahmed, M.; Iftikhar, S.; Usmaan, M.; Sadaqat, S.; Latif, A.; Iqbal, A.; Rao, A.Q. Tissue specific
expression of bacterial cellulose synthase (Bcs) genes improves cotton fiber length and strength. Plant Sci. 2023, 328, 111576.
[CrossRef] [PubMed]

4. Zheng, Q.; Zhang, W.; Wang, L.; Wen, X.; Wu, J.; Ren, Y.; Fu, R. Functional dyeing of cellulose macromolecule/synthetic fibers
two-component fabrics with sustainable microbial prodigiosins. Int. J. Biol. Macromol. 2024, 278, 134964. [CrossRef]

5. Wu, M.; Pei, W.; Wedegaertner, T.; Zhang, J.; Yu, J. Genetics, Breeding and Genetic Engineering to Improve Cottonseed Oil and
Protein: A Review. Front. Plant Sci. 2022, 13, 864850. [CrossRef]

6. Perk, E.A.; Laxalt, A.M.; Cerrudo, I. CRISPR-Cas9 Protocol for Efficient Gene Knockout and Transgene-free Plant Generation. Bio
Protoc. 2024, 14, 5012. [CrossRef]

7. Hsu, P.; Lander, E.; Zhang, F. Development and Applications of CRISPR-Cas9 for Genome Engineering. Cell 2014, 157, 1262–1278.
[CrossRef]

8. Li, T.; Liu, B.; Spalding, M.H.; Weeks, D.P.; Yang, B. High-efficiency TALEN-based gene editing produces disease-resistant rice.
Nat. Biotechnol. 2012, 30, 390–392. [CrossRef]

9. Qi, L.S.; Larson, M.H.; Gilbert, L.A.; Doudna, J.A.; Weissman, J.S.; Arkin, A.P.; Lim, W.A. Repurposing CRISPR as an RNA-guided
platform for sequence-specific control of gene expression. Cell 2013, 152, 1173–1183. [CrossRef]

10. Hu, J.H.; Miller, S.M.; Geurts, M.H.; Tang, W.; Chen, L.; Sun, N.; Zeina, C.M.; Gao, X.; Rees, H.A.; Lin, Z.; et al. Evolved Cas9
variants with broad PAM compatibility and high DNA specificity. Nature 2018, 556, 57–63. [CrossRef]

11. Lin, Q.; Zong, Y.; Xue, C.; Wang, S.; Jin, S.; Zhu, Z.; Wang, Y.; Anzalone, A.V.; Raguram, A.; Doman, J.L.; et al. Prime genome
editing in rice and wheat. Nat. Biotechnol. 2020, 38, 582–585. [CrossRef] [PubMed]

https://doi.org/10.1038/s41588-020-0614-5
https://www.ncbi.nlm.nih.gov/pubmed/32313247
https://doi.org/10.3389/fpls.2024.1472675
https://www.ncbi.nlm.nih.gov/pubmed/39559766
https://doi.org/10.1016/j.plantsci.2022.111576
https://www.ncbi.nlm.nih.gov/pubmed/36565935
https://doi.org/10.1016/j.ijbiomac.2024.134964
https://doi.org/10.3389/fpls.2022.864850
https://doi.org/10.21769/BioProtoc.5012
https://doi.org/10.1016/j.cell.2014.05.010
https://doi.org/10.1038/nbt.2199
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1038/nature26155
https://doi.org/10.1038/s41587-020-0455-x
https://www.ncbi.nlm.nih.gov/pubmed/32393904


Plants 2025, 14, 1203 14 of 16

12. Desai, D.; Panchal, H.; Patel, S.; Nayak, K. CRISPR–CAS9 Gene Editing: A Review. Int. J. Adv. Res. 2020, 8, 1127–1132. [CrossRef]
[PubMed]

13. Gahlaut, V.; Jaiswal, V.; Kumar, S. Role of Small RNA and RNAi Technology Toward Improvement of Abiotic Stress Tolerance in Plants;
Elsevier: Amsterdam, The Netherlands, 2021.

14. Liu, Y.; Lyu, R.; Singleton, J.J.; Patra, B.; Pattanaik, S.; Yuan, L. A Cotyledon-based Virus-Induced Gene Silencing (Cotyledon-VIGS)
approach to study specialized metabolism in medicinal plants. Plant Methods 2024, 20, 26. [CrossRef]

15. Bruun-Rasmussen, M.; Madsen, C.T.; Jessing, S.; Albrechtsen, M. Stability of Barley stripe mosaic virus-induced gene silencing in
barley. Mol. Plant Microbe Interact. 2007, 20, 1323–1331. [CrossRef]

16. Kanazawa, A.; Inaba, J.I.; Shimura, H.; Otagaki, S.; Tsukahara, S.; Matsuzawa, A.; Kim, B.M.; Goto, K.; Masuta, C. Virus-mediated
efficient induction of epigenetic modifications of endogenous genes with phenotypic changes in plants. Plant J. 2011, 65, 156–168.
[CrossRef]

17. Senthil-Kumar, M.; Mysore, K.S. Virus-induced gene silencing can persist for more than 2 years and also be transmitted to
progeny seedlings in Nicotiana benthamiana and tomato. Plant Biotechnol. J. 2011, 9, 797–806. [CrossRef]

18. Jagram, N.; Dasgupta, I. Principles and practice of virus induced gene silencing for functional genomics in plants. Virus Genes.
2023, 59, 173–187. [CrossRef]

19. Muller, E.; Algavi, Y.M.; Borenstein, E. A meta-analysis study of the robustness and universality of gut microbiome-metabolome
associations. Microbiome 2021, 9, 203. [CrossRef]

20. Zhu, Q.; Zhou, J.; Zhang, Y.; Huang, H.; Han, J.; Cao, B.; Xu, D.; Zhao, Y.; Chen, G. Risk factors associated with amyotrophic
lateral sclerosis based on the observational study: A systematic review and meta-analysis. Front. Neurosci. 2023, 17, 1196722.
[CrossRef]

21. Wang, F.; Guo, T.; Jiang, H.; Li, R.; Wang, Q. A comparison of CRISPR/Cas9 and siRNA-mediated ALDH2 gene silencing in
human cell lines. Mol. Genet. Genom. 2018, 293, 769–783. [CrossRef]

22. Wu, C.; Xiao, S.; Zhang, X.; Ren, W.; Shangguan, X.; Li, S.; Zuo, D.; Cheng, H.; Zhang, Y.; Wang, Q.; et al. GhHDZ76, a cotton
HD-Zip transcription factor, involved in regulating the initiation and early elongation of cotton fiber development in G. hirsutum.
Plant Sci. 2024, 345, 112132. [CrossRef] [PubMed]

23. Zhang, J.; Meng, Q.; Wang, Q.; Zhang, H.; Tian, H.; Wang, T.; Xu, F.; Yan, X.; Luo, M. Cotton sphingosine kinase GhLCBK1
participates in fiber cell elongation by affecting sphingosine-1-phophate and auxin synthesis. Int. J. Biol. Macromol. 2024, 267,
131323. [CrossRef] [PubMed]

24. Zhang, H.; Xiao, X.; Li, Z.; Chen, Y.; Li, P.; Peng, R.; Lu, Q.; Wang, Y. Exploring the plasmodesmata callose-binding protein gene
family in upland cotton: Unraveling insights for enhancing fiber length. PeerJ 2024, 12, e17625. [CrossRef] [PubMed]

25. Mao, H.; Wang, L.; Wang, Y.; Feng, P.; Song, J.; Jia, B.; Yang, S.; Zhang, W.; Wu, M.; Pei, W.; et al. EB1C forms dimer and interacts
with protein phosphatase 2A (PP2A) to regulate fiber elongation in upland cotton (Gossypium hirsutum). Int. J. Biol. Macromol.
2024, 256, 128036. [CrossRef]

26. Wang, H.; Fan, M.; Shen, Y.; Zhao, H.; Weng, S.; Chen, Z.; Xiao, G. GhFAD3-4 Promotes Fiber Cell Elongation and Cell Wall
Thickness by Increasing PI and IP(3) Accumulation in Cotton. Plants 2024, 13, 1510. [CrossRef]

27. Song, J.; Liu, G.; Jin, C.; Pei, W.; Zhang, B.; Jia, B.; Wu, M.; Ma, J.; Liu, J.; Zhang, J.; et al. Co-localization and analysis of miR477b
with fiber length quantitative trait loci in cotton. Physiol. Plant 2024, 176, e14303. [CrossRef]

28. Jiao, J.; Zheng, H.; Zhou, X.; Huang, Y.; Niu, Q.; Ke, L.; Tang, S.; Liu, H.; Sun, Y. The functions of laccase gene GhLAC15 in fiber
colouration and development in brown-colored cotton. Physiol. Plant 2024, 176, e14415. [CrossRef]

29. Tang, L.; Liu, C.; Li, X.; Wang, H.; Zhang, S.; Cai, X.; Zhang, J. An aldehyde dehydrogenase gene, GhALDH7B4_A06, positively
regulates fiber strength in upland cotton (Gossypium hirsutum L.). Front. Plant Sci. 2024, 15, 1377682. [CrossRef]

30. Wang, N.N.; Ni, P.; Wei, Y.L.; Hu, R.; Li, Y.; Li, X.B.; Zheng, Y. Phosphatidic acid interacts with an HD-ZIP transcription factor
GhHOX4 to influence its function in fiber elongation of cotton (Gossypium hirsutum). Plant J. 2024, 118, 423–436. [CrossRef]

31. Jia, T.; Wang, H.; Cui, S.; Li, Z.; Shen, Y.; Li, H.; Xiao, G. Cotton BLH1 and KNOX6 antagonistically modulate fiber elongation via
regulation of linolenic acid biosynthesis. Plant Commun. 2024, 5, 100887. [CrossRef]

32. Li, X.; Huang, G.; Zhou, Y.; Wang, K.; Zhu, Y. GhATL68b regulates cotton fiber cell development by ubiquitinating the enzyme
required for β-oxidation of polyunsaturated fatty acids. Plant Commun. 2024, 5, 101003. [CrossRef] [PubMed]

33. Tian, X.; Ji, M.; You, J.; Zhang, Y.; Lindsey, K.; Zhang, X.; Tu, L.; Wang, M. Synergistic interplay of redox homeostasis and
polysaccharide synthesis promotes cotton fiber elongation. Plant J. 2024, 118, 405–422. [CrossRef] [PubMed]

34. Liu, Y.; Ma, X.; Li, Y.; Yang, X.; Cheng, W. Zinc Finger Protein8 (GhZFP8) Regulates the Initiation of Trichomes in Arabidopsis and
the Development of Fiber in Cotton. Plants 2024, 13, 492. [CrossRef] [PubMed]

35. Zhang, B.; Liu, G.; Song, J.; Jia, B.; Yang, S.; Ma, J.; Liu, J.; Shahzad, K.; Wang, W.; Pei, W.; et al. Analysis of the MIR396 gene
family and the role of MIR396b in regulating fiber length in cotton. Physiol. Plant 2022, 174, e13801. [CrossRef]

36. Xing, K.; Liu, Z.; Liu, L.; Zhang, J.; Qanmber, G.; Wang, Y.; Liu, L.; Gu, Y.; Zhang, C.; Li, S.; et al. N(6)-Methyladenosine mRNA
modification regulates transcripts stability associated with cotton fiber elongation. Plant J. 2023, 115, 967–985. [CrossRef]

https://doi.org/10.21474/IJAR01/11943
https://www.ncbi.nlm.nih.gov/pubmed/40199912
https://doi.org/10.1186/s13007-024-01154-x
https://doi.org/10.1094/MPMI-20-11-1323
https://doi.org/10.1111/j.1365-313X.2010.04401.x
https://doi.org/10.1111/j.1467-7652.2011.00589.x
https://doi.org/10.1007/s11262-022-01941-5
https://doi.org/10.1186/s40168-021-01149-z
https://doi.org/10.3389/fnins.2023.1196722
https://doi.org/10.1007/s00438-018-1420-y
https://doi.org/10.1016/j.plantsci.2024.112132
https://www.ncbi.nlm.nih.gov/pubmed/38788903
https://doi.org/10.1016/j.ijbiomac.2024.131323
https://www.ncbi.nlm.nih.gov/pubmed/38574912
https://doi.org/10.7717/peerj.17625
https://www.ncbi.nlm.nih.gov/pubmed/38948221
https://doi.org/10.1016/j.ijbiomac.2023.128036
https://doi.org/10.3390/plants13111510
https://doi.org/10.1111/ppl.14303
https://doi.org/10.1111/ppl.14415
https://doi.org/10.3389/fpls.2024.1377682
https://doi.org/10.1111/tpj.16616
https://doi.org/10.1016/j.xplc.2024.100887
https://doi.org/10.1016/j.xplc.2024.101003
https://www.ncbi.nlm.nih.gov/pubmed/38877704
https://doi.org/10.1111/tpj.16615
https://www.ncbi.nlm.nih.gov/pubmed/38163320
https://doi.org/10.3390/plants13040492
https://www.ncbi.nlm.nih.gov/pubmed/38498441
https://doi.org/10.1111/ppl.13801
https://doi.org/10.1111/tpj.16274


Plants 2025, 14, 1203 15 of 16

37. Liu, L.; Chen, G.; Li, S.; Gu, Y.; Lu, L.; Qanmber, G.; Mendu, V.; Liu, Z.; Li, F.; Yang, Z. A brassinosteroid transcriptional regulatory
network participates in regulating fiber elongation in cotton. Plant Physiol. 2023, 191, 1985–2000. [CrossRef]

38. Zhu, L.; Wang, H.; Zhu, J.; Wang, X.; Jiang, B.; Hou, L.; Xiao, G. A conserved brassinosteroid-mediated BES1-CERP-EXPA3
signaling cascade controls plant cell elongation. Cell Rep. 2023, 42, 112301. [CrossRef]

39. Kabir, N.; Wang, X.; Lu, L.; Qanmber, G.; Liu, L.; Si, A.; Zhang, L.; Cao, W.; Yang, Z.; Yu, Y.; et al. Functional characterization
of TBL genes revealed the role of GhTBL7 and GhTBL58 in cotton fiber elongation. Int. J. Biol. Macromol. 2023, 241, 124571.
[CrossRef]

40. Song, Q.; Gao, W.; Du, C.; Sun, W.; Wang, J.; Zuo, K. GhXB38D represses cotton fibre elongation through ubiquitination of
ethylene biosynthesis enzymes GhACS4 and GhACO1. Plant Biotechnol. J. 2023, 21, 2374–2388. [CrossRef]

41. Song, Q.; Gao, W.; Du, C.; Wang, J.; Zuo, K. Cotton microtubule-associated protein GhMAP20L5 mediates fiber elongation
through the interaction with the tubulin GhTUB13. Plant Sci. 2023, 327, 111545. [CrossRef]
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