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Exploring the role of GhN/AINV23: 2
implications for plant growth, development,
and drought tolerance

Kaikai Qiao*", Qingtao Zeng™", Jiaoyan Lv*", Lingling Chen?, Juxin Hao? Ding Wang?®, Qifeng Ma'*" and Shuli Fan'?"

Abstract

Background Neutral/alkaline invertases (N/AINVs) play a crucial role in plant growth, development, and stress
response, by irreversibly hydrolyzing sucrose into glucose and fructose. However, research on cotton in this area is
limited. This study aims to investigate GhN/AINV23, a neutral/alkaline invertase in cotton, including its characteristics
and biological functions.

Results In our study, we analyzed the sequence information, three-dimensional (3D) model, phylogenetic tree,
and cis-elements of GhN/AINV23. The localization of GhN/AINV23 was determined to be in the cytoplasm and

cell membrane. Quantitative real-time polymerase chain reaction (qRT-PCR) results showed that GhN/AINV23
expression was induced by abscisic acid (ABA), exogenous sucrose and low exogenous glucose, and inhibited by
high exogenous glucose. In Arabidopsis, overexpression of GhN/AINV23 promoted vegetative phase change, root
development, and drought tolerance. Additionally, the virus-induced gene silencing (VIGS) assay indicated that the
inhibition of GhN/AINV23 expression made cotton more susceptible to drought stress, suggesting that GhN/AINV23
positively regulates plant drought tolerance.

Conclusion Our research indicates that GhN/AINV23 plays a significant role in plant vegetative phase change, root
development, and drought response. These findings provide a valuable foundation for utilizing GhN/AINV23 to
improve cotton yield.

Keywords GhN/AINV23, Bioinformatics, Subcellular localization, Plant growth, Drought stress

"Kaikai Qiao, Qingtao Zeng and Jiaoyan Lv contributed equally to "National Nanfan Research Institute (Sanya), Chinese Academy of

this work. Agricultural Sciences, 572024 Sanya, Hainan, China

’National Key Laboratory of Cotton Bio-breeding and Integrated
*Correspondence: Utilization, Institute of Cotton Research of Chinese Academy of
Kaikai Qiao Agricultural Sciences (CAAS), 455000 Anyang, Henan, China
qgiaokaikai@caas.cn 3The 7th Division of Agricultural Sciences Institute, Xinjiang Production
Qifeng Ma and Construction Corps, 833200 Kuitun, Xinjiang, China
13837240176@163.com “Anyang Academy of Agricultural Sciences, 455000 Anyang, Henan, China
Shuli Fan SAnyang Meteorological Service, 455000 Anyang, Henan, China
fsl427@126.com

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13062-024-00465-2&domain=pdf&date_stamp=2024-3-12

Qiao et al. Biology Direct (2024) 19:22

Introduction
Sugars exert an influence on every aspect of the growth
process in plants [1, 2]. Sucrose is synthesized in the
leaves and then transported to various organs or tissues
through either symplastic or apoplastic translocation [3].
Besides acting as a source of energy, sucrose also func-
tions as a signaling molecule, exerting control not only
over plant metabolism, but also over plant development
[4, 5]. Among them, sucrose and glucose have a sig-
nificant impact on the development of the root system.
Freixes et al. (2002) proved that sucrose can promote
taproot elongation in a dose-dependent manner, with
a higher concentration of exogenous sucrose resulting
in faster taproot elongation [6]. Arabidopsis seedlings
treated with exogenous sucrose exhibited an increase
in lateral root number, which was found to be directly
related to the sugar content in the roots [6]. Similarly,
exogenous glucose can also promote taproot growth [7],
but high concentrations can be detrimental to taproot
growth by inhibiting meristem [8], exerting a dose effect.
Roots are crucial for plant growth, and plant relies on
roots to obtain nutrients to adapt to environmental stress
in soil [9]. These studies indicate that sucrose or glucose
can respond to stress by affecting root development.
Sucrose is broken down into glucose and fructose by
sucrose synthase and invertase, with invertase being fur-
ther categorized into acid invertase (AINV) and neutral/
alkaline invertase (N/AINV) based on optimum pH [10].
N/AINVs have been confirmed to participate in various
stages of the plant life cycle, particularly in stress response
and root development [11-18]. The gene MeNINVI1, an
alkaline/neutral invertase gene derived from Manihot
esculenta, could enhance sucrose catabolism and pro-
mote vegetative growth in transgenic Arabidopsis plants
[19]. Inhibition of the expression of N¢tNINV10 decreased
the glucose and fructose in tobacco leaves [20]. INVAN6
plays a key role in the regulation of male meiosis in maize
[21]. The high expression of TaCWI50 and TaVI27 may
increase wheat thousand grain weight [22]. Drought
resistance in rice was improved by increasing the root-
to-shoot ratio and inducing root N/AINV activity [23].
Two AT-Hook proteins mediated sucrose metabolism
by regulating the expression of A/NINV7 to enhance
the cold tolerance of Poncirus trifoliata [24]. Similarly,
osmotic stress led to AtN/AINVs expression and soluble
sugar accumulation in Arabidopsis in order to maintain
the respiratory electron transport chain and reactive oxy-
gen species homeostasis [13, 25, 26]. Further, PtrN/AINV
overexpression in Poncirus trifoliata lowered reactive
oxygen species content, increased photosynthetic capac-
ity, reduced oxidative damage, and decreased water loss
rate, all of which led to enhanced plant stress resistance
[27]. TaN/AINVI negatively regulated stripe-rust resis-
tance in wheat by enhancing carbohydrate accumulation
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and reducing photosynthesis in damaged tissues [28]. In
terms of root development, the Oscyt-invI rice mutant
showed short roots, delayed flowering, and partial steril-
ity [29]. A single mutant of cinvl in Arabidopsis exhib-
ited a shortened taproot and insensitivity to lateral root
growth induced by osmotic stress [13]. Lack of cinvl/
cinv2 genes resulted in decreased N/AINV activity,
enlarged cells in the root elongation region, and short-
ened taproot [14, 30]. Additionally, phosphatidylinositol
monophosphate 5-kinase 9 (PIP5K9) can inhibit taproot
development by reducing AtN/AINV activity via direct
N/AINV interaction [18].

Cotton is an essential raw material in the textile indus-
try, contributing significantly to the global economy [31].
However, its output and quality continue to face limita-
tions due to adverse environmental conditions [32]. In
previous studies, we reported on the N/AINV gene fam-
ily in cotton and analyzed the function of GAIN/AINV13,
revealing its regulation of drought resistance through
interaction with Gh14-3-3 [33]. Additionally, while the
capability of GEN/AINV23 to hydrolyze sucrose was pre-
liminarily verified via yeast complementation [33], its
biological function remained unexplored. In this study,
we report on the characteristics and subcellular local-
ization of GhN/AINV23. We demonstrated that over-
expressing GhHN/AINV23 promotes Arabidopsis root
development, which is regulated by sucrose and glucose.
Additionally, GhN/AINV23 positively regulates drought
resistance in plants. These findings provide a foundation
for future applications of this gene in cotton production.

Materials and methods

Bioinformatics analysis

Gene information was obtained from CottonFGD [34].
The DNAMAN software was utilized to perform molecu-
lar weight (MW), isoelectric point (pI), and amino acid
sequence consistency analysis. The 3D structures were
analyzed by PHYRE server v2.0 (http://www.sbg.bio.ic.ac.
uk/phyre2/html/page.cgi?id=index). Phylogenetic tree
was established using MEGA 7.0 software with neighbor-
joining method [35]. The cis-element was analyzed using
the PlantCARE online tool [36] and then created the
image using TBtools software [37].

Subcellular localization

We cloned the coding sequence (CDS) of GEIN/AINV23
from TM-1 cDNA and linked it with the pCAM-
BIA-2300-35 S:eGFP vector, producing the pCAM-
BIA-2300-35 S:GhN/AINV23-eGFP vector. The two
vectors were transferred into the Agrobacterium tume-
faciens strain GV3101, then injected into tobacco leaves
with needle. The inoculated tobacco plants were cul-
tured for 12 h dark/24 h light. Moreover, further sub-
cellular localization was determined using Arabidopsis
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protoplasts. The plasmid was extracted using the Endo-
Free Maxi Plasmid Kit (TIANGEN, Beijing) to ensure
high quality and concentration. The extraction and trans-
formation of Arabidopsis young leaves protoplasts were
performed using the Arabidopsis protoplasm preparation
and transformation kit (Coolaber, Beijing). After light-
culturing for 24 h, we observed the transformed proto-
plasts under a Dmi8 inverted microscope (Leica, Wetzlar,
Germany) to visualize the eGFP fluorescence.

Cotton materials and treatment

The cotton material used in this experiment was CCRI24,
which was grown in a greenhouse at 28 °C, 16 h of light,
8 h of darkness and 80% relative humidity. We treated
20-day-old plants with 100 ABA (abscisic acid) and mea-
sured the expression level of GAN/AINV23 in the second
true leaf at 0, 3, 6, 9, 12, 24, and 48 h. Additionally, we
moved sterilized cotton seeds to MS medium containing
0, 10, 20, 30, or 60 g/L sucrose or glucose, and then we
collected the roots for gene expression analysis after 14
days.

Transgenic Arabidopsis and treatment

To construct 35 S: GhN/AINV23, we cloned the CDS of
GhN/AINV23 into the pBI121 vector containing the 35 S
promoter. The 35 S: GhN/AINV23 vector was transferred
into Arabidopsis using the Agrobacterium-mediated flo-
ral dip method. After approximately 7 weeks, Arabidopsis
seeds were harvested. For screening positive transgenic
lines, we used 1/2 MS medium containing 50 mg/L kana-
mycin, followed by continual validation through qRT-
PCR. T3 homozygous lines of three transgenic lines of
overexpressing GhN/AINV23 were selected for further
analysis. The Eloam high-speed photographic apparatus
(Eloam, Shenzhen) and WSeen SC-G software (WSeen,
Hangzhou) were used for photographing, calculating leaf
area, and measuring the length-to-width ratio of Arabi-
dopsis leaves. We measured neutral invertase activity,
sucrose, glucose, and fructose using the following assay
kits: Neutral invertase Assay kit (Solarbio® BC0570)
[38], Plant Tissue Sucrose Content Assay Kit (Solarbio®
BC2460) [39], Glucose Assay kit (Solarbio® BC2500) [40],
and Tissue Fructose Assay Kit (Solarbio® BC2450) [41].
The measurements were taken by visible spectropho-
tometry. Solutions containing sucrose or glucose at mass
ratios of 1%, 2%, and 3% were added to 1/2 MS medium
for sugar treatment purposes. Similarly, mannitol with
1%, 2% and 3% mass ratio were added to simulate drought
treatment. Meanwhile, plants with similar growth in soil
were selected for drought stress, and the performance
was observed after 15 days, during which the flower sta-
mens were cut. Plant survival rates were observed after
rehydration for 7 days.
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RNA extraction and gRT-PCR

RNA was successfully extracted from cotton leaves and
roots using the FastPure® Plant Total RNA Isolation Kit
(Vazyme, Nanjing). RNA extraction from Arabidopsis
leaves using RNAprep Pure Plant Plus Kit (TTANGEN,
Beijing). The cDNA was obtained by TransCript All-in-
One First-Strand ¢cDNA Synthesis SuperMix for qPCR
(One-Step gDNA Removal) Kit (TransGen Biotech, Bei-
jing). A quantitative real-time polymerase chain reaction
(qQRT-PCR) was performed by ABI 7500 realtime PCR
System and MonAmp SYBR Green qPCR Mix (Monad,
China). All primers used are listed in Table S1. Experi-
mental data were analyzed using the 2AACT method
[42]. All experiments were carried out using three inde-
pendent biological replicates and three technical rep-
licates. The measured data were statistically analyzed
using a one-way analysis of variance (ANOVA) and the
Student’s t-test to determine statistically significant dif-
ferences between groups. The significance level was set at
*P<0.05 and **P<0.01 to indicate significant differences.

Virus-Induced Gene silencing (VIGS)

The tobacco rattle virus (TRV) vectors were used to per-
form virus-induced gene silencing (VIGS) assays [43].
The TRV system is comprised of two vectors: pTRV1
(pYL192) and pTRV2 (pYL156). We inserted a 236 bp
specific fragment of the GhN/AINV23 gene into the
pTRV2 vector to construct the pTRV2: GhN/AINV23.
The pTRV2: GhN/AINV23, pTRV2:00, pTRV2:CLAl
(positive control), and pTRV1 were transformed into
Agrobacterium tumefaciens strain LBA4404 and placed in
24 °C constant temperature shake for 12—-24 h. After cen-
trifugation (28 °C, 4000 rpm), the strain was suspended
in an osmotic medium containing 10 mM MgCl,, 10 mM
MES, 5% sucrose solution, and 20 pM acetosyringone
(AS) to an OD 600 of 1.5, followed by placing it in the
dark for 2-3 h. The Agrobacterium tumefaciens culture
medium containing pTRV2: GhN/AINV23, pTRV2:00,
and pTRV2:CLA1 were mixed with pTRV1 at a 1:1 ratio,
then we injected it into CCRI24 cotyledons and placed
them in the dark for 12—-24 h. All plants were then grown
under normal controlled conditions (16 h of light/8 hours
of dark, 24 °C). The plants were grown for 20 days and
then subjected to water shortage treatment for 10 days.
Catalase (CAT) and malondialdehyde (MDA) levels were
evaluated using the Catalase (CAT) and Malondialde-
hyde (MDA) Assay Kit (Solarbio, Beijing, China).

Results

Bioinformatics analysis of GhN/AINV23

To investigate the function of the GAN/AINV23 gene,
we conducted a bioinformatics analysis based on previ-
ous research [33]. The ID of gene is GH_D09G1278, the
gDNA is 5272 bp, and the full-length CDS is 1680 bp.
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The molecular weight (MW) and isoelectric point (pI)
of GEIN/AINV23 are 63919.6 da and 6.36, respectively.
The three-dimensional (3D) model exhibited that GhN/
AINV23 contains 12 o helixs and 2  sheets (Figure S1A).

The phylogenetic tree analysis indicated GhN/AINV23,
AtCINV1 and AtCINV2 were gathered together (Fig-
ure S1B). The amino acid sequence consistency of GhN/
AINV23 and AtCINV1, AtCINV2 was 81.43%, 85.23%,
respectively (Figure S1C). To better understand the
regulatory relationship of GZIN/AINV23, we obtained a
2000-bp upstream sequence of the gene and performed
cis-element analysis (Figure S1D). The result indicated
that GEIN/AINV23 promoter region contains many hor-
mones and stress-related elements such as drought
response element (MBS), temperature response ele-
ment (LTR), anaerobic induction element (ARE), gib-
berellin-responsive element (P-box), auxin-responsive
element (TGA-element), MeJA-responsive element
(TGACG motif), salicylic acid (SA) response element

A GFP

GhN/AINV23-GFP

eGFP

Bright
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(TCA-element), ethylene-responsive element (ERE) and
ABA-responsive element (ABRE).

GhN/AINV23 was localized in the cytomembrane and
cytoplasm

The subcellular location of a protein is an important
indicator of its function [44]. In our study, we con-
structed GhN/AINV23-GFP fusion proteins, which were
expressed in tobacco leaves. The fluorescence microscopy
images showed that the green fluorescence was concen-
trated at the cell edge (Fig. 1A), indicating that GhN/
AINV23 was localized to the cell membrane. To further
confirm the subcellular location of GhN/AINV23, we
transformed the constructed vectors into the protoplasts
of Arabidopsis thaliana. The results showed that the
green fluorescence was mainly concentrated in the cell
membrane and cytoplasm (Fig. 1B), indicating that GZN/
AINV23 function in the cell membrane and cytoplasm.

Mere

Fig. 1 Subcellular localization of GhN/AINV23 in tobacco (Nicotiana benthamiana) leaves (A: Scale bar =50 um) and Arabidopsis protoplasts (B: Scale bar

=25um)
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Expression patterns of GhN/AINV23 under ABA, sucrose,
and glucose treatment

To investigate whether GAN/AINV23 participates in
stress response, we observed its expression after ABA
treatment. The qRT-PCR results revealed that GhN/
AINV23 expression could be induced by ABA, with its
expression showing continuous increases from 0 to 12 h
of treatment (Fig. 2A). Given that the neutral-alkal inver-
tase plays a crucial role in sugar metabolism, we tested
whether GAN/AINV23 was involved in sugar metabo-
lism by detecting its expression after sucrose and glucose
treatment. Our results showed that GZN/AINV23 expres-
sion increased with the external application of sucrose,
reaching a maximum at 30 g/L (Fig. 2B). Similarly, after
external application of glucose, the gene expression of
GhN/AINV23 peaked at 10 g/L, and increased glucose
concentrations inhibited the expression of GEN/AINV23
(Fig. 2C).

Overexpressing of GhN/AINV23 promoted the growth of
Arabidopsis thaliana

To examine the role of GEIN/AINV23 on plant growth
and development, we selected three transgenic single-
copy homozygous lines (23—1, 23—-2, and 23-3) for fur-
ther analysis (Fig. 3A). The Semi-quantitative RT-PCR
results showed that the expression of GEN/AINV23 in
the transgenic lines was higher than that in WT plants
(Fig. 3B). We planted transgenic Arabidopsis seeds and
WT seeds in a culture chamber and observed the pheno-
type after 21 days. The results showed that the leaves of
the transgenic lines were significantly larger than those of
the WT, with increases in leaf area (Fig. 3D) and length/
width of leaf blade (Fig. 3E).

Furthermore, we detected the N/AINVs activity,
sucrose content, glucose content, and fructose content
of transgenic Arabidopsis and W'T plants (Fig. 3F-I). The
results showed that N/AINVs activity, glucose content,
and fructose content of transgenic lines were higher than
those of WT, while sucrose content did not show any
significant difference. These results indicate that GEN/

B
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AINV23 affects Arabidopsis growth and development by
participating in sucrose metabolism.

Promotion of root development, sensitivity to exogenous
glucose, and enhanced drought resistance in Arabidopsis
by overexpression of GhN/AINV23

The previous analysis revealed that GhN/AINV23 is
involved in sugar metabolism. To further understand its
role in sucrose metabolism, we observed the root growth
of transgenic Arabidopsis lines and W'T after treatment
with different sucrose and glucose content. Our results
showed that the transgenic lines had longer primary
root length and significantly higher lateral root number
than the WT in normal 1/2MS medium (Fig. 4A). With
increasing sucrose content, both primary root length
and lateral root number increased in all lines (Fig. 4B-C),
with the overexpressing GEIN/AINV23 transgenic Arabi-
dopsis showing significantly greater increases in primary
root length than WT (Fig. 4D). However, increasing glu-
cose content inhibited the elongation of primary roots
and reduced the number of lateral roots in overexpress-
ing plants compared with WT plants (Fig. 4B-C). These
findings indicate that overexpression of GhEN/AINV23
promotes root development in Arabidopsis and enhances
root sensitivity to exogenous glucose.

The study above indicates that the promoter of GAN/
AINV23 contains drought-responsive elements, and
the expression of GEIN/AINV23 is induced by ABA. To
investigate whether GAIN/AINV23 is involved in drought
stress, we simulated different levels of drought stress with
different content of mannitol (Fig. 4E). Our results indi-
cated that primary root growth in all plants was inhib-
ited on the media with mannitol (Fig. 4F), whereas the
number and mean length of lateral roots were increased
(Fig. 4G-H). Nonetheless, the primary growth of overex-
pressed plants suffered less inhibition than that of wild-
type plants. To further investigate the tolerance of GEZN/
AINV23 to drought in Arabidopsis thaliana at maturity,
we selected 21 days old plants that were treated with
water shortage (Fig. 2SA). 15 days later, we found that all
WT plants were withered, while transgenic plants grew

C

A 2.5+ 2.5 . 2.5
L
c - -1 E adll
5 2.0 5 2.0 £ g 2.0
0 » a
n
8 1.5 3 1.54 g 1.5
& g_ # a
»x
o o Q
1.0 - 1.0
2 g 10 g v
2 05 S S 0s
[} Bt h by - 7} .5
I 2 0s ©
0.0- 0.0- T T T T 0.0- T T T T
< o o cK -3 o o o
Oh 3h 6h 9h 12h 24h 48h Kk & & F S 0009 0009 o°°g ng"’
& oF & & & & & &
vV v v vV v v
& ® RGP RIRCARI

Fig. 2 Expression level of GhN/AINV23 after ABA treatment (A), sucrose treatment (B), and glucose treatment (C) by gRT-PCR.



Qiao et al. Biology Direct

(2024) 19:22

WT 23-1 23-2 23-3

"

GhN/AINV23

ATCIN

Page 6 of 10

O
M

=
o
=3

=
o
S

N

Leaf area (mmz)

£
o
Length/width of leaf blade

=3
o

WT 231 232 233 WT 231 23-2 233

300

200

NINV activity (U/g)

100

Sucrose content (mg/g)

L

3

150 f ]

]

100

50

Glucose content (umol/g)
N £
Fructose content (mg/g)

o
o

& S
()

Fig. 3 Overexpression of GhN/AINV23 in Arabidopsis. The state of WT plants and transgenic lines (23—1, 23—2 and 23 -3) after 21 days of growth (A).
Semi-quantitative RT-PCR detection of GhN/AINV23 expression in three independent Arabidopsis transgenic lines (B). The leaf phenotypes of WT plants
and transgenic lines after 21 days of growth (C). The leaf area of WT plants and transgenic lines (D). The length/width of leaf blade area of WT plants and
transgenic lines (E). The NINV activity of WT plants and transgenic lines (F). The sucrose content of WT plants and transgenic lines (G). The glucose content
of WT plants and transgenic lines (H). The fructose content of WT plants and transgenic lines (I)

inhibited (Figure S2B). After being re-watered for 7 days,
transgenic plants restored normal growth, but all WT
plants had died completely (Figure S2C). These results
indicate that overexpressing GhN/AINV23 enhances
drought resistance of Arabidopsis thaliana.

The drought resistance of cotton was reduced after
silencing GhN/AINV23

We used the virus-induced gene silencing (VIGS) tech-
nique to investigate the role of GAN/AINV23 in the stress
resistance process of cotton. The positive plants exhibited
an albino phenotype (Fig. 5A), and GhIN/AINV23 expres-
sion was successfully inhibited in TRV: GhN/AINV23
plants (Fig. 5B), indicating the success of the experimen-
tal system. After 10 days of water shortages, we observed
significant wilting in the GhAN/AINV23-silenced plants
compared to TRV:00 plants (Fig. 5A). Moreover, CAT
activity notably decreased in GhN/AINV23-silenced
plants (Fig. 5C), whereas MDA content significantly
increased (Fig. 5D). These findings imply that inhibiting

GhN/AINV23 expression reduces drought tolerance in
cotton.

Discussion

Neutral/alkaline invertase plays a crucial role in plant
growth, development, and stress resistance [11-13, 15—
18]. This research evaluates the characteristics of GEZN/
AINV23 and its function in plant growth and drought
resistance. The results demonstrate that GhN/AINV23
is localized in the cytoplasm and cell membrane and can
improve plant growth and drought resistance.

GhN/AINV23 promotes vegetative phase change by
hydrolyzing sucrose

Vegetative phase transition refers to the transition from
the juvenile to adult vegetative phase. In Arabidopsis,
increase of leaf length/width ratio is one of the markers of
vegetative phase change [45]. Meng (2021) demonstrated
that the activity of CINV1 is controlled by a glucose feed-
forward loop that converts sucrose into glucose signals
to dynamically control the transition from juvenile to
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adult [46]. In our research, the phylogenetic tree showed
that GhN/AINV23 was closely related to CINV1. GEIN/
AINV23 overexpression increased the leaf length/width
ratio, invertase activity and glucose content in Arabidop-
sis. This suggests that GEIN/AINV23 may have a similar
function to CINVI, and may promote vegetative growth
by hydrolyzing sucrose to increase glucose content.

GhN/AINV23 participates in the regulation of sucrose
metabolism and root development

Appropriate amounts of glucose can promote root devel-
opment [7], whereas high concentrations of exogenous
glucose can inhibit root meristem growth [8]. The neu-
tral-alkaline invertase can irreversibly convert sucrose
into glucose and fructose [10]. This indicates that the
neutral-alkaline invertase can generate glucose signals by
converting sucrose and regulate root development. Lack
of function of cinvl and cinv2 leads to abnormal sucrose
and glucose levels and inhibited primary root growth
[14]. CINV1 was also found to regulate plant primary
root growth by glucose signaling [46]. Overexpression
of GEN/AINV23 in Arabidopsis promoted root develop-
ment and increased endogenous glucose content. Treat-
ment with sucrose or 1% glucose significantly enhanced
root development in transgenic Arabidopsis. However,
with the increase of exogenous glucose content, root
development of transgenic Arabidopsis was inhibited.

This indicates that when glucose content exceeds a cer-
tain threshold, there will be negative feedback to over-
expression GEIN/AINV23 Arabidopsis root development,
suggesting that GEN/AINV23 is involved in root develop-
ment in the regulation of sucrose metabolism, and this
regulation is also regulated by glucose content feedback.

GhN/AINV23 positively regulates plant drought resistance

Drought stress remains a significant limiting factor for
crop yields [47, 48]. It affects cell water potential, dilata-
tion, and photosynthesis, leading to wilting and poten-
tially plant death [49-51]. Carbon fixation can decrease
under stress conditions, such as drought, but plants accu-
mulate large amounts of soluble sugars, such as sucrose
[52], which act as osmoregulatory substances to main-
tain basic cellular structure and function by retaining
water [53]. Regulation of sucrose metabolism is typically
mediated by neutral/alkaline invertases [10]. Previous
studies have demonstrated that N/AINVs can positively
regulate plant drought resistance by regulating osmotic
pressure and reactive oxygen content [13, 23]. In addi-
tion, among the known plant hormones, ABA is the most
important hormone involved in mediating plant drought
response [54]. Our results demonstrate that the expres-
sion of GhIN/AINV23 is significantly induced by ABA
and involved in sucrose metabolism. Transgenic Arabi-
dopsis and VIGS experiments suggest that GhN/AINV23
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positively regulates drought resistance. This suggests that
GhN/AINV23 regulates drought resistance by participat-
ing in sucrose metabolism, although further investigation
is required. In short, our study expands the understand-
ing of neutral/alkaline invertases and provides a candi-
date gene for improving drought resistance in cotton.

Conclusion

This study provides in-depth analysis of the characteris-
tics and function of GEN/AINV23, including its sequence
characterization, subcellular localization, expression
analysis, and biological function. Our findings demon-
strate that GhN/AINV23 is localized in the cytoplasm
and cell membrane and plays a role in sucrose metabo-
lism. Further studies found that GhN/AINV23 promote
vegetative phase change and increase drought resistance
in plants, and promote root development by regulating
sucrose metabolism. These results lay the groundwork
for future improvements in cotton fiber yield by utilizing
GhN/AINV23.
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