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Introduction: Mangroves form ecologically and economically important
ecosystems and are a potential source of valuable genetic resources given
their natural salt tolerance. However, the role that promoters play in their salt-
tolerance mechanisms remains unclear.

Methods: In this study, we identified the AMGT1P33 promoter in the genome of
the mangrove tree species Avicennia marina using PromPredict and then verified
its promoter function according to the transient expression of GUS.
Subsequently, the characteristics of AMGT1P33 and its involvement in salt
tolerance were investigated.

Results: Analysis of the transcription range showed that AMGT1P33 regulates
GUS expression in both dicotyledonous (Nicotiana tabacum, Pachyrhizus erosus,
and Solanum tuberosum) and monocotyledonous (Agropyron cristatum, Cocos
nucifera, and Thalassia hemprichii) plant species. According to quantitative real-
time-PCR, the expression level of GUS in N. tabacum when regulated by
AMGT1P33 was 5.97 times higher than that when regulated by the 35S
promoter. Additionally, the regulation of AMBADH expression by AMGT1P33 in
yeast and Arabidopsis significantly improved salt tolerance.

Discussion: These findings suggest that endogenous salt-tolerance-related
promoters play a key role in the salt-tolerance mechanism of A. marina. These
findings can be extended to elucidate the salt-tolerance mechanisms in other
plants and contribute to the development of new promoter tools and methods
for transgenic engineering.
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1 Introduction

Plants are sessile organisms subjected to various biotic and
abiotic stresses, which collectively contribute to more than 50% of
global crop losses (Kumar and Saddhe, 2018). Salinity is a major
abiotic factor affecting plant growth and development (Kumar and
Saddhe, 2018). Currently, approximately 60% of global land is
affected by salt accumulation (Hafeez et al., 2021), posing a major
threat to modern agriculture. Over 2% of all land and nearly 20% of
irrigated agricultural land experience high salinity levels (Isayenkov,
2019), leading to huge economic losses that exceed 10 billion USD
annually (Qadir et al,, 2014).

Halophytes are plants that are capable of growth even under
saline conditions (Hafeez et al., 2021). They comprise 1-2% of the
world’s flora and are both monocotyledonous and dicotyledonous
(Kumari et al, 2015). Halophytes play an important role in
maintaining ecological balance and provide abundant genetic
resources for sugar-based crops that are beneficial for enhancing
human food security. As a type of obligate halophyte, mangroves
form unique tropical/subtropical ecosystems that grow in tidal
wetlands (Woodroffe et al., 2016). Their living environment is
characterized by extreme, complex, and variable characteristics
such as high salinity, intense ultraviolet radiation, drought, and
hypoxia (Kathiresan and Bingham, 2001; Su et al., 2019; Fei et al.,
20215 Yu et al,, 2021). Mangroves grow well under both extreme
salinity stress and freshwater conditions and may be the only plant
system that is broadly adapted to such extreme conditions (El-
Atawy et al,, 2021). As well as exhibiting high productivity,
recovery, decomposition, and resistance rates (Liu and W ang,
2020), mangrove ecosystems provide key ecosystem services
(Peng et al., 2020a, 2020b), such as providing food and shelter for
marine life (Pootakham et al., 2022a), protection against natural
disasters such as hurricanes and tsunamis (Pootakham et al,
2022b), shoreline protection (Schmitt and Duke, 2015), and
remediation of polluted environments (Theuerkauff et al., 2020).

As naturally salt-tolerant plant species that have evolutionarily
adapted to intertidal coastal ecosystems, mangroves possess abundant
and valuable genetic resources (Saddhe and Kumar, 2019; Kathiresan,
2020). However, previous research on mangroves has mostly focused
on their ecological functions, with relatively few molecular analyses
(Zhang et al, 2021a). Despite successive reports on salt-tolerance
genes and their corresponding pathways in mangroves, mangroves
remain an underutilized source of salt-tolerance genes (Augustine
et al., 2023), and their salt-tolerance mechanism remains
underexplored (Zhang et al., 2021a). Thus, understanding the salt-
tolerance mechanisms and development of salt-tolerance genes in
mangroves may indicate ways to improve salt tolerance in other
plants, develop saline-alkali land, and ensure human food security.
Research on the mechanisms of salt tolerance in plants has focused
on salt-tolerance genes (single or polygenic) (Pan et al., 2021; Zheng
et al., 2021), transcription factors (Krishnamurthy et al, 2019
Pradhan et al,, 2021), microRNAs (Yuan et al,, 2015), and signaling
molecules (such as MAPKs) (Jia et al, 2016) related to osmotic

Nomenclature: GUS, S-glucuronidase; 35S, the CaMV 35S promoter; X-Gluc, 5-
Bromo-4-chloro-3-indolyl-beta-D-glucoside.
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potential, ion transport, oxidative stress, and other growth regulatory
pathways. Although most known transcription factor genes exist in
promoters, few studies have specifically analyzed the mechanism by
which the entire promoter regulates related genes to protect plants
from salt stress. A promoter is likely to contain multiple transcription
factor-binding sites and may also contain other gene sequences,
including cis-acting elements, that can facilitate the expression and
regulation of salt-tolerance genes in plants. Moreover, the
cooperation of various favorable genes for salt tolerance in the
promoter may improve overall salt tolerance in plants.

In this study, we analyzed the salt-tolerance mechanism of the
mangrove tree species Avicennia marina (Forsk.) Vierh. via its
endogenous promoters. To our knowledge, this represents a novel
perspective for studying salt-tolerance mechanisms in plants and
the first report on endogenous promoters in mangroves. Our
findings can be extended to determine and develop salt-tolerance
mechanisms in other plants, potentially enabling the development
of new promoter tools and methods for transgenic engineering.

2 Materials and methods
2.1 Plant materials

Leaves of A. marina were collected from the Dongzhaigang
National Nature Reserve, Hainan, China. Arabidopsis thaliana
ecotype Col-0 plants (Kunkel et al., 1993) were cultivated to the
flowering stage in a growth chamber (23 °C) with a photoperiod of
18/6 h (light/dark). Nicotiana tabacum var. Samsun NN,
Pachyrhizus erosus (L.) Urb., Solanum tuberosum L., Cocos
nucifera L., Agropyron cristatum (L.) Gaertn., and Thalassia
hemprichii (Ehrenb.) Asch. were all cultured in a growth chamber
(26°C) with a photoperiod of 16/8 h (light/dark).

2.2 Promoter prediction

The genome sequence of A. marina (National Center for
Biotechnology Information, GCA_013168755.1) was analyzed
using PromPredict to identify promoters (Morey et al., 2011;
Bansal et al, 2014; Yella et al,, 2018; Das and Bansal, 2019).
Many salt-inducible promoters have been predicted, most of
which contain the salt-induced cis-acting element GTI1-motif
(GGTTAA) or dehydration response element DRE
(TACCGACAT) (Manavella et al., 2008). Among the endogenous
promoters predicted by PromPredict for the whole genome of A.
marina, we screened out salt-tolerance-related endogenous
promoters containing the promoter motifs (TATA-box and
CAAT-box) and GT1-motif/DRE.

2.3 Verification of AMGT1P33
promoter function

Based on the prediction and screening results of the endogenous
promoters of A. marina, one putative promoter was randomly
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selected and named AMGT1P33. AMGT1P33 was amplified from
the genomic DNA of A. marina. Primers (AMGTI1P33F/
AMGT1P33R) were designed using Primer Premier 5.0 (Premier
Biosoft International, CA, USA) and HindIII and Ncol restriction
sites, and their protective bases were introduced in the primers. The
pCAMBIA1304 vector was ligated to AMGT1P33 after digesting
the 35S promoter. Then, the recombinant vector pPCAMBIA1304-
AMGT1P33 was constructed, with AMGT1P33 replacing the 35S
promoter for [B-glucuronidase (GUS) gene regulation in
pCAMBIA1304. Subsequently, pCAMBIA1304-AMGT1P33 was
transformed into Agrobacterium tumefaciens strain LBA4404
using triparental hybridization (Wang and Fang, 2002). Finally,
transient expression was performed in N. tabacum using the A.
tumefaciens -mediated leaf disk method (Horsch et al, 1985).
Expression of the GUS gene was observed through GUS staining
(Jefferson et al., 1987) to verify the promoter function
of AMGT1P33.

2.4 Expression range regulated
by AMGT1P33

To analyze the expression range of AMGT1P33 regulation, the
transient expression of GUS was regulated by AMGTI1P33 in P.
erosus tuberous roots, S. tuberosum tubers (dicotyledons), C.
nucifera embryos, and A. cristatum and T. hemprichii leaf discs
(monocotyledons) using A. tumefaciens-mediated transformation.

2.5 Validation of relative gene transient
expression using quantitative real-
time-PCR

To investigate the ability of AMGT1P33 to regulate the
expression of exogenous genes, RNA was extracted from tobacco
leaf discs with transient expression and reverse transcription was
performed. cDNA was used as a template, and real-time
fluorescence quantitative PCR (qRT-PCR) was performed to
verify the transient expression level of the GUS gene.

qRT-PCR was performed with a TOptical 96 Real-Time PCR
System (Analytik Jena, Jena Germany) according to the following
procedure: Step 1, 95 °C for 3 min; Step 2, 39 cycles of 95°C for 10s,
followed by 60°C for 30 s and 72°C for 30 s; Step 3, 72°C for 10 min.
18S ribosomal RNA was used to normalize mRNA levels. Primers
18S-F (5'-CAACCATAACTAGCGA-3’) and 18S-R (5'-
AGCCTTTGGACCATCTCC-3") were designed using Beacon
Designer 7. The GUS primers used in this study were GUS-F (5'-
ATCGTGTGGATGAAACTG-3") and GUS-R (5'-TCCGT
GTGTGTGTATCGGT-3") (Chang et al, 2017). Each reaction
was set to three repetitions. The relative expression level of GUS
gene was calculated using the 27AAC method (Adnan et al., 2011;
Gao et al., 2023).
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2.6 Generation of pCAMBIA1304-
AMGT1P33-AmBADH transgenic plants

The salt-tolerance gene BADH (1509 bp), which has been
reported in A. marina (Zhou et al, 2008), was cloned from the
genomic DNA of A. marina. The AmBADH gene was integrated
into the recombinant vectors pPCAMBIA1304 and pCAMBIA1304-
AMGT1P33, and new recombinant vectors pCAMBIA1304-
AmBADH and pCAMBIA1304-AMGT1P33-AmBADH were
constructed. The recombinant vectors pCAMBIA1304-AmBADH
and pCAMBIA1304-AMGT1P33-AmBADH were transformed into
Arabidopsis through the A. tumefaciens-mediated floral-dip
transformation method (Dutta et al., 2023). Stable transgenic
Arabidopsis were generated. Finally, to verify the success of
transformation, we extracted DNA from the leaves of T3
transgenic plants (40 days old) and performed AMGT1P33 PCR,
extracted RNA, and performed AmBADH and hygromycin B
resistance gene RT-PCR.

2.7 Histochemical staining for GUS activity
in transgenic T3 generation A. thaliana

Seeds from the T2 generation of pPCAMBIA1304-AMGT1P33-
AmBADH transgenic A. thaliana were germinated to detect stability
and eliminate plasmid contamination. Two weeks after sowing,
transgenic tobacco seedlings of the T3 generation were obtained,
and GUS expression across all organs and tissues was assessed. The
formula for the GUS staining solution was a slightly improved
version of that employed previously (Jefferson et al., 1987). After
staining at 37°C overnight, decolorization was performed three
times with 75% ethanol solution to remove chlorophyll before
taking images.

2.8 Detection of salt tolerance in
pCAMBIA1304-AMGT1P33-AmBADH
transgenic A. thaliana

T3 generation pCAMBIA1304-AMGT1P33-AmBADH
transgenic Arabidopsis plants were screened and identified using
hygromycin (150 mg/L) for subsequent experimental analysis.
Seeds of pCAMBIA1304-AMGT1P33-AmBADH and
pCAMBIA1304-AmBADH wild-type transgenic Arabidopsis
plants were sterilized and cultured in 1/2 MS medium containing
100 mM NaCl (Yao et al., 2016; Ni et al., 2021). Thirty seeds were
used for each treatment, and root length was measured after eight
days of cultivation at 23°C using Image] software. Subsequently,
these seedlings were cultivated in soil and irrigated with 100 mM
NaCl solution every day. After 20 days, the plant height was
measured and the plants were photographed.
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2.9 Yeast transformation and growth assay

We used the previously designed primer pair (AMGT1P33F/
AMGT1P33R) and introduced Agel and HindIII enzyme restriction
sites and their protective bases to replace HindIIl and Ncol. The
AMGT1P33 promoter was then amplified and recovered from the
genomic DNA of A. marina (primers: AMGTI1P33YF/
AMGTIP33YR). The vector pYES2 (Coolaber, VT018) was
double digested with Agel and HindIIl and recovered. The two
were linked by T4 ligase and transformed by Escherichia coli DH50
competent cells (Transgen, CD201-02), and the recombinant vector
pYES2-AMGT1P33 was constructed. The pYES2-AMGT1P33
plasmid was subsequently extracted and double-digested with
HindIlI and BamHL

Using the reported primers for the A. marina salt-tolerant gene
AmBADH (Zhou et al., 2008), we newly introduced the HindIII and
BamHI restriction sites with their protective bases, which allowed
us to amplify the AmBADH gene from cDNA (primers:
AmBADHYF/AmBADHYR). The two were linked by T4 ligase
and transformed by E. coli DH5a competent cells, and the
recombinant vector pYES2-AMGTI1P33-AmBADH
was constructed.

Both recombinant vectors, pYES2-AMGT1P33-AmBADH and
PYES2-AMGT1P33, were transformed into competent cells of the
Saccharomyces cerevisiae W303a strain and then inoculated onto
SD/-Ura selective agar plates containing 0.9 M and 1.5 M NaCl
(Zhang et al,, 2021b; Zheng et al, 2021) to assess salt tolerance.
Recombinant W303a cells containing the pYES2 vector served as a
negative control.

2.10 Statistical analysis

The average value and standard error of the mean of
independent replicates for each treatment was calculated using
SPSS version 17.0 software (SPSS Inc., Chicago, IL, USA). All
quantitative data were analyzed by Duncan’s multiple range test
at a significance level of P < 0.01. All figures were drawn using
GraphPad Prism 8.

3 Results
3.1 Endogenous promoter prediction

Using PromPredict software, we identified 8,275 suspected
endogenous promoters containing the GT1-motif, one of which
we named AMGTI1P33 (Table 1). According to analysis of the
AMGTI1P33 sequence using PlantCARE, the sequence contained
eight TATA-boxes, four CAAT-boxes, and one GT1-motif
(Figure 1; Table 2). No homologous sequences aligning with
AMGT1P33 were found in the National Center for Biotechnology
Information database or eukaryotic promoter database, confirming
AMGT1P33 as a new promoter, which has been assigned GenBank
accession number OR677823.
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TABLE 1 Results of AMGT1P33 predicted by PromPredict for A.
marina genome.

Feature Predicted results

Start of the 1000nt long genomic

. -, 31292250
window position
%GC of 1000nt long fragment 40.50
pstart 31292317
pend 31292591
length of the promoter 275
Isp 31292476
Ispe -12.26
Dmax pos 31292363
Dmax 2.28
Dave 1.76

3.2 Verification of AMGT1P33
promoter function

The electrophoresis of amplified AMGT1P33 using primer
AMGTI1P33F/R (5-CCCAAGCTTACATATATAACTTTT
TACCAA-3’/5-CATGCCATGGATTTAATATAAGGTTG
TCCAACTGT-3’) showed a single clear PCR product of 275 bp
(Figure 2A). The electrophoresis results of pCAMBIA1304 vector
digestion are shown in Figure 2B. The AMGTI1P33 sequence was
successfully introduced into the pCAMBIA1304 vector, and the
plant expression vector pCAMBIA1304-AMGT1P33 was
constructed (Figure 2C). The results of colony PCR detection
after TA cloning are shown in Figure 2D.

Regarding the transient expression of AMGT1P33 in tobacco,
the tobacco leaf discs with transiently expressed pCAMBIA1304-
AMGTI1P33-AmBADH turned blue after GUS staining. This
indicates that the GUS reporter gene regulated by AMGT1P33
was successfully expressed, producing GUS, which decomposes 5-
Bromo-4-chloro-3-indolyl-beta-D-glucoside (X-Gluc) to form a
blue substance. As a negative control for GUS expression, the
wild-type leaves of N. tabacum were not stained blue. As a
positive control, N. tabacum leaf discs expressing the GUS-
regulated 35S promoter were also stained blue (Figure 2E). These
results indicate that the AMGT1P33 sequence functions as an
endogenous promoter in A. marina. In addition, the staining of
AMGT1P33-GUS was significantly stronger than that of 355-GUS
(deeper blue), indicating that the ability of AMGT1P33 to regulate
GUS expression is much higher than that of 35S.

3.3 Exogenous genes can be regulated by
AMGT1P33 in monocotyledons
and dicotyledons

The range of AMGT1P33 regulation by exogenous genes was
also examined. Histochemical GUS staining revealed that
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FIGURE 1
Sequence analysis of the putative promoter region of AMGT1P33 and distribution of cis-acting elements identified in AMGT1P33.

TABLE 2 Sequence analysis of the putative promoter AMGT1P33 using PlantCARE.

Cis-acting regulatory

Organism?® Position® Sequence Function
elements
C ter el t d -30 of
Brassica napus 2 + ATATAT Or¢ promoter e.en?en aroun °
transcription start
C ter el t d -30 of
Arabidopsis thaliana 27 + TATA ore promoter e.enTen aroun °
transcription start
C ter el t d -30 of
Brassica oleracea 4 + ATATAA ore promoter e.en*'nen aroun N
transcription start
Core promoter element around -30 of
Arabidopsis thaliana 264 - TATAA P L
transcription start
TATA-box
C ter el t d -30 of
Arabidopsis thaliana 3 + TATATA Ore promoter e.en?en aroutt ©
transcription start
C ter el t d -30 of
Oryza sativa 29 + TACATAAA Or¢ promoter ement around =54
transcription start
C ter el t d -30 of
Arabidopsis thaliana 5 + TATA Or€ promoter eement aroun ©
transcription start
Core promoter element around -30 of
Arabidopsis thaliana 265 - TATA P . "
transcription start
Pisum sativum 18 . CAAAT Common cis-acting elemen.t in promoter and
enhancer regions
Nicotiana glutinosa 105 N CAAT Common cis-acting elemen.t in promoter and
enhancer regions
CAAT-box
L . Common cis-acting element in promoter and
Nicotiana glutinosa 24 + CAAT R
enhancer regions
Common cis-acting element in promoter and
Nicotiana glutinosa 223 + CAAT is-acting ! P
enhancer regions
GT1-motif Arabidopsis thaliana 216 + GGTTAA light responsive element
cis-acting element involved in
ACE Petroselinum crispum 55 + CTAACGTATT tne ol
light responsiveness
AT~TATA-box Arabidopsis thaliana 3 + TATATA

(Continued)
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TABLE 2 Continued

Cis-acting regulatory

Organism? Position® Sequence Function
elements
MYB bindi ite invol i
MBS Arabidopsis thaliana 251 - CAACTG binding site involved in
drought-inducibility
MYB binding site involved i
MRE Petroselinum crispum 52 + AACCTAA R 1nding st e'lnvo vedn
light responsiveness
Myb Arabidopsis thaliana 251 - CAACTG
STRE Arabidopsis thaliana 143 - AGGGG
Unnamed_2 Petroselinum hortense 52 + AACCTAACCT
Unnamed_4 Petroselinum hortense 202 - CTCC

“Organism: organisms with this cis-acting element that have been reported;
"Position: the position of this cis-acting element in AMGT1P33;
“Strand: the presence (+) or absence (-) of this cis-acting element exists in the sense or antisense strand of the A. marina genome.

AMGT1P33 drives the efficient transient expression of exogenous 3 4 Transient expression regu[ated
genes (GUS) in dicotyledonous plants (N. tabacum, P. erosus, and S. by AMGT1P33

tuberosum) and monocotyledonous plants (A. cristatum, C.
nucifera, and T. hemprichii), producing GUS, which decomposes

The ability of AMGTIP33 to regulate exogenous gene
X-Gluc to form a blue-colored substance (Figure 3A).

expression was evaluated in greater detail. The RNA of tobacco

o
p
1500 bp o bE
1000 bp i
750 bp
500 bp
250 bp
100bp b 0%

1000 bp!

(11,591) PstI - Sbfl

BglII (7)
(11,581) Sall /
(11,569) BamHI | [ sper aa
\ | /  Bsu36I (279)

(11,564) KpnI
(11,560) Acc65T
(11,558) BaniI - Sacl
(11,556) EcoS3kI
(11,548) EcoRI
lac operator,
lac promo
CAP binding site
(11,305) BStXI
CaMV 355 promoter (enhanced)
(10,464) AatII
(10,462) Zral
(10,125) AsiSI
(10,076) RsrII
(9424) PspXI
‘CaMV poly(A) sign:
LB T-DNA repeat
(8906) SacIl
(8778) Psil /

SnaBI (1115)

BStEII (2573)
__INOS terminator
A= ~MauBI (2819)
~RBT-DNArepeat

(8633) Bpu10I /
(8494) Eco0109I - PpuMI
(8302) BlpI

bom
(6770) PIUTI
(6768) Sfol
(6767) Narl

(6766) KasI
(6763) Mrel - SgrAI |
pVS1 oriV. | BSIWI (5865)

(6294) EcoNI  FspI (6198)

“Past (4312)

AclT (4906)

PCAMBIA1304-AMGT1P33
C 11,874 bp

€

FIGURE 2

Verification of AMGT1P33 promoter function. (A) Amplification of AMGT1P33. AMGT1P33 (275 bp) was amplified from the genome of A marina by
primers AMGT1P33F/AMGT1P33R, which were introduced with Hindlll and Ncol restriction sites and their protective bases. (A, B) AMGT1P33; (C)
CK™, negative control with ddH,O as template; (M) Marker 2000. (B) Double digestion (Hindlll and Ncol) of pPCAMBIA1304 vector (12361 bp). (M)
Marker 15000; (A, B) pCAMBIA1304 vector. (C) Map of recombinant plant expression vector pPCAMBIA1304-AMGT1P33. AMGT1P33 was used to
replace the 35S promoter, in order to regulate the expression of the GUS gene. (D) Colony PCR detection of endogenous suspected promoter TA
clone of A marina. M: Marker 2000; (A, B) endogenous suspected promoter of A marina (AMGT1P33, 275 bp); (C, D) CK™, negative control with
ddH,0 as template. (E) Histochemical staining for GUS activity in transiently transformed leaf discs of N. tabacum. (A1)-(A3) GUS activity in leaf discs
regulated by the AMGT1P33 promoter; (B1)-(B3) CK™, negative control, leaf discs of N. tabacum wild type; (C1)-(C3) CK*, positive control, GUS
activity in leaf discs regulated by the 35S promoter.
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leaf discs was extracted after transient expression. QRT-PCR was
performed using the cDNA obtained through reverse transcription
of the RNA as a template to analyze the expression of GUS regulated
by AMGT1P33 in tobacco. According to the results, the expression
of GUS in tobacco regulated by AMGT1P33 was 5.97 times higher
than that regulated by 35S (Figure 3B).

3.5 Histochemical staining for GUS activity
in transgenic T3 generation A. thaliana

The PCR results showed that AMGT1P33 had a single clear
band in T3 transgenic Arabidopsis DNA (Figure 4A). The RT-PCR
results showed that both AmBADH and the hygromycin B
resistance gene had a single clear band in T3 transgenic
Arabidopsis DNA (Figures 4B, C). Subsequent GUS staining
results showed that the reporter gene GUS regulated by
AMGT1P33 was successfully expressed in Arabidopsis, producing
GUS, which decomposes X-Gluc to form a blue substance. As a
negative control, A. thaliana ecological wild-type Col-0 plants were
not stained blue. As a positive control, transgenic Arabidopsis
plants regulated by 35S for GUS expression (pCAMBIA1304
vector) were also stained blue (Figure 4D). These results indicated
that AMGT1P33 was successfully transformed into Arabidopsis and
that AMGT1P33 effectively drives GUS gene expression.

3.6 pCAMBIA1304-AMGT1P33-AmBADH
transgenic A. thaliana exhibits stronger
tolerance to salt stress than
pCAMBIA1304-AmBADH transgenic

A. thaliana

Salinity experiments showed that the salt tolerance of both
pCAMBIA1304-AMGT1P33-AmBADH and pCAMBIA1034-

A. cristatum
T. hemprichii
C. nucifera
P. erosus

S. tuberosum

FIGURE 3
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AmBADH transgenic Arabidopsis plants was significantly higher
than that of Arabidopsis ecological wild-type Col-0 plants. Notably,
the salt tolerance of pCAMBIA1304-AMGT1P33-AmBADH
transgenic Arabidopsis plants was significantly higher than that of
pCAMBIA1034-AmBADH transgenic Arabidopsis (Figures 5A,
6A). The average root length of the T3 generation seeds of
pCAMBIA1304-AMGT1P33-AmBADH transgenic Arabidopsis
after 8 days of germination was 1.5 times that of the
pCAMBIA1304-AmBADH transgenic plants; this difference was
highly significant (Figure 5B). After growing in soil under NaCl
stress for 20 days, the plant height of pPCAMBIA1304-AMGT1P33-
AmBADH transgenic Arabidopsis was 1.34 times that of
pCAMBIA1304-AmBADH transgenic plants; this difference was
significant (Figure 6B).

3.7 pYES22-AMGT1P33-AmBADH-
transformed yeast exhibits enhanced
salt tolerance

The role of AMGT1P33 in the salt-stress response was
preliminarily studied using yeast. S. cerevisiae strain W303a was
transformed with pYES2-AMGT1P33-AmBADH, pYES2-
AmBADH, and the pYES2 empty vector. Although all yeast
strains exhibited resistance to low NaCl concentrations, yeast with
pYES2-AMGT1P33-AmBADH and pYES2-AmBADH plasmids
grew faster than yeast with empty vectors when the NaCl
concentration was increased to 1.5 M. Additionally, yeast with the
pYES2-AMGT1P33-AmBADH plasmid grew faster than yeast with
the pYES2-AmBADH plasmid (Figure 7). This indicates that the
exogenous expression of AmBADH can enhance salt tolerance in
yeast. Regulation of the expression of the salt-tolerance gene
AmBADH by the salt-tolerance-related promoter AMGT1P33 led
to significantly greater salt tolerance in yeast than regulation by the

GAL1 promoter.

Aa

c

Expression Ratio

GUS transient expression regulated by AMGT1P33 promoter in monocotyledons and dicotyledons. (A) Histochemical staining for GUS activity in
transient transformed dicotyledons and monocotyledons. (Al) to (A3) GUS activity regulated by the AMGT1P33 promoter; (B1) to (B3) CK™, negative
control, GUS activity in wild type; (C1) to (C3) CK*, positive control, GUS activity regulated by the 35S promoter. (B) Transient expression level of
GUS regulated by AMGT1P33 promoter in N. tabacum. Different lowercase letters indicate a significant difference (P <0.05), and different uppercase

letters indicate a very significant difference (P <0.01).
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Validation of T3 generation pCAMBIA1304-AMGT1P33-AmBADH transgenic Arabidopsis thaliana. (A) PCR detection of AMGT1P33 in the DNA of T3
generation transgenic Arabidopsis. M: Marker 2000; (A) AMGT1P33 (275 bp); (B) CK™, negative control with pCAMBIA1304 transgenic Arabidopsis;

(C) CK™, negative control with ddH,O as template. (B) RT-PCR detection of AmBADH (1509 bp) in the DNA of T3 generation transgenic Arabidopsis.
M: Marker 2000; (A) AmMBADH: (B) CK™, negative control with ddH,O as template. (C) RT-PCR detection of hygromycin B resistance gene (598 bp) in
the DNA of T3 generation transgenic Arabidopsis. M: Marker 2000; (A) hygromycin B resistance gene. (D) Histochemical staining for GUS activity in
T3 generation pCAMBIA1304-AMGT1P33-AmBADH transgenic Arabidopsis. (A1)—(A3) GUS activity in A. thaliana regulated by the AMGT1P33
promoter; (B1)-(B3) CK~, negative control, A thaliana ecotype Col-0 wild type; (C1)-(C3) CK*, positive control, GUS activity in A thaliana regulated

by the 35S promoter.

4 Discussion

Since salt tolerance depends on polygenic traits, controlling this
trait through single-gene transformations is challenging (Turan,
2018). Gene combinations can increase salt-stress tolerance (Singla-
Pareek et al., 2003; Yang et al., 2009; Ghosh et al., 2014; Pruthvi
et al., 2014), where any reaction or biosynthesis of any permeate is
catalyzed by a number of enzymatic steps. Therefore, to achieve an
efficient response or better production, a polygenic strategy may be
more effective for salt tolerance. Similarly, the regulation of ion
transport involves multiple protein cascades.

Promoters often contain multiple transcription factor-binding
sites and other gene sequences, such as cis-acting elements, that
facilitate the expression and regulation of salt-tolerance genes in
plants. Moreover, the overall cooperation of various favorable genes
for salt tolerance in the promoter may enhance salt tolerance in
plants. Therefore, we thoroughly analyzed the salt-tolerance
mechanism of A. marina through its endogenous promoters. Our
results indicated that AMGT1P33 is a highly effective promoter,
with a far superior ability to drive exogenous gene expression in
tobacco than the 35S promoter (5.97 times). As well as promoting
endogenous gene expression in A. marina, AMGTIP33 can also
facilitate the expression of beneficial exogenous genes. More
importantly, AMGT1P33 can be used to express useful exogenous
genes in other plants, providing a new tool for genetic engineering.

Frontiers in Plant Science

Furthermore, AMGT1P33 has a broad transcriptional regulatory
range, driving exogenous GUS expression in dicotyledons such as N.
tabacum, P. erosus, and S. tuberosum, as well as monocotyledons
such as A. cristatum, C. nucifera, and T. hemprichii.

Effective regulation of the stable expression of exogenous salt-
tolerance genes in Arabidopsis by the AMGT1P33 promoter is
particularly encouraging. The salt tolerance of AmBADH transgenic
Arabidopsis regulated by the AMGTI1P33 promoter was
significantly better than that of wild-type Arabidopsis; however,
the salt tolerance of AMGT1P33-AmBADH transgenic Arabidopsis
was significantly higher than that of AmBADH transgenic
Arabidopsis. This indicates that salt-tolerant genes, as well as salt-
tolerant endogenous promoters, play a role in the salt-tolerance
mechanism of A. marina. As research in this area has progressed,
specific (inducible and tissue/organ specific) promoters have
become more important because of their excellent ability to
regulate gene differential expression in time and space compared
to constitutive promoters. Thus, these promoters represent key
factors in the regulation of gene expression.

Plants respond to environmental stress by interacting with
transcription factors and cis-acting elements. The AMGTI1P33
promoter sequence contains the GT1 motif, a cis-acting element
widely present in many plant gene promoters. Most reported salt-
stress promoters contain GT1 or DRE cis-acting elements
(Manavella et al,, 2008). GT1 is associated with not only salt
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FIGURE 5

Salt stress analysis of pCAMBIA1304-AMGT1P33-AmBADH transgenic plants based on seedling average root length. Ten-day-old seedlings were
transplanted into MS medium containing 100 mM NaCl, were then grown for 7 d before measuring the root length. (A) Photographs of transgenic
lines and A. thaliana ecotype Col-0 wild type seedlings on MS medium with NaCl. (A) pCAMBIA1304-AmBADH transgenic A thaliana; (B)
pCAMBIA1304-AMGT1P33-AmBADH transgenic A. thaliana; (C) A. thaliana ecotype Col-0 wild type. (B) Seedling average root length (mm) of WT and
transgenic lines under NaCl stress after 7 d Different lowercase letters indicate a significant difference (P <0.05), and different uppercase letters

indicate a highly significant difference (P <0.01).

stress (Park et al., 2004; Zheng et al., 2012; Duan et al., 2016; Wang
et al., 2017; Wang et al., 2023) but also biotic and abiotic stresses
such as drought stress, osmotic pressure stress, disease resistance,
and light response (Kumar et al, 2009). This indicates that the
AMGTIP33 promoter has great research potential. Li et al.
identified that OsASR2 was specifically bound to GT-1 in rice
and overexpression of OsASR2 enhanced the resistance against
Xanthomonas oryzae pv. oryzae and Rhizoctonia solani, and

pCAMBIA1304-AMGT1P33-AmBADH|

A. thaliana ecotype Col-0

pCAMBIA1304-AMGT1P33

FIGURE 6

tolerance to drought in rice (Li et al., 2018). Park et al. found that
an interaction between a GT-1 cis-element and a GT-1-like
transcription factor plays a role in pathogen- and salt-induced
SCaM-4 gene expression in both soybean and Arabidopsis (Park
et al, 2004). In the following research, we can investigate the
transcription factors that bind to GT1 of AMGT1P33 in A.
marina, as well as the effects of their interactions on the drought
resistance and disease resistance of A. marina, through methods

Plant Height

Salt stress analysis of pCAMBIA1304-AMGT1P33-AmBADH transgenic plants based on plant height. Eight-day-old seedlings were transplanted into
nutrient soil, irrigated with 100 mM NaCl every day, and were then grown for 20 d before measuring the plant height. (A) Photographs of transgenic
lines and A. thaliana ecotype Col-0 wild type plants on soil. (A) pPCAMBIA1304-AMGT1P33-AmBADH transgenic A. thaliana; (B) A. thaliana ecotype
Col-0 wild type; (C) pCAMBIA1304-AmBADH transgenic A. thaliana. (B) Average plant height (mm) of WT and transgenic lines under NaCl stress after
20 d Different lowercase letters indicate a significant difference (P <0.05), and different uppercase letters indicate a very significant difference

(P <0.01).
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Salt stress analysis of pYES2-AMGT1P33-AmBADH transgenic yeast based on colony area. Single colonies of S. cerevisiae were inoculated onto SD
medium plates containing 1.5 M NaCl, were then grown for 8 d before measuring the colony area. (A) Photographs of transgenic strains inoculated
on SD medium with NaCl. (B) Average colony area (mm?) of WT and transgenic strains under NaCl stress after 8 d Different lowercase letters
indicate a significant difference (P <0.05), and different uppercase letters indicate a very significant difference (P <0.01).

such as yeast mononucleosis, immunoprecipitation, deletion
mutations, and overexpression. Further investigate whether the
expression of disease resistant or drought resistant genes
regulated by AMGT1P33 in crops can improve crop yield
and safety.

In summary, this study represents a novel perspective for
studying salt-tolerance mechanisms in plants and is, to our
knowledge, the first report of endogenous promoters in mangroves.
We predicted, screened, and validated an endogenous promoter
associated with salt tolerance in A. marina. AMGT1P33 effectively
drives exogenous gene expression in both monocotyledonous and
dicotyledonous plants. In Arabidopsis, the expression of GUS
regulated by the AMGT1P33 promoter was 5.97 times higher than
that regulated by the 35S promoter. Moreover, AMGT1P33-mediated
regulation of AmBADH significantly improved salt tolerance in yeast
and Arabidopsis. Our findings advance our understanding of the salt-
tolerance mechanisms in A. marina and can provide a reference for

elucidating salt-tolerance mechanisms in other plants.

Data availability statement

The datasets supporting the conclusions of this article have been
submitted to NCBI Nucleotide database (https://www.ncbinlm.nih.
gov/nuccore/) under the accession number OR677823.

Author contributions

YW: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization, Writing
- original draft, Writing - review & editing. SJ: Investigation, Writing
- review & editing. XX: Investigation, Visualization, Writing — review
& editing. JS: Investigation, Writing - review & editing. JZ:
Investigation, Writing - review & editing. ZC: Investigation,

Frontiers in Plant Science

Writing - review & editing. SC: Conceptualization, Funding
acquisition, Supervision, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study was supported
by the Hainan provincial Natural Science Foundation of China
(321MS0810), National Natural Science Foundation of China
(42166006), Hainan Province Science and Technology Special
Fund (ZDYF2024SHFZ146), Department budget projects of
Hainan provincial in 2025 (Operation and Maintenance Project
of Tropical Typical Marine Ecosystem Research Center, GL-
2025-03).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://www.ncbi.nlm.nih.gov/nuccore/
https://www.ncbi.nlm.nih.gov/nuccore/
https://doi.org/10.3389/fpls.2025.1541465
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

References

Adnan, M., Morton, G., and Hadi, S. (2011). Analysis of rpoS and bolA gene
expression under various stress-induced environments in planktonic and biofilm phase
using 27 “*“" method. Mol. Cell. Biochem. 357, 275-282. doi: 10.1007/s11010-011-
0898-y

Augustine, A., Muhammed, J., and Valliyodan, B. (2023). Mangroves: An
underutilized gene pool to combat salinity. Conserv. Sustain. utilization bioresources
(Singapore: Springer Press), 215-259. doi: 10.1007/978-981-19-5841-0_10

Bansal, M., Kumar, A., and Yella, V. R. (2014). Role of DNA sequence based
structural features of promoters in transcription initiation and gene expression. Curr.
Opin. Struct. Biol. 25, 77-85. doi: 10.1016/j.sbi.2014.01.007

Chang, C. H., Wang, B. Y,, Zhang, M. X,, Zhang, S. Q., Wang, Y. Y., and Liu, Z. W.
(2017). Transient Transformation and Functional Identification of Arabidopsis rd29A
promoter in Catharanthus roseus. Mol. Plant Breed. 15, 3518-3523. doi: 10.13271/
j.mpb.015.003518

Das, S., and Bansal, M. (2019). Variation of gene expression in plants is influenced by
gene architecture and structural properties of promoters. PloS One 14, e0212678.
doi: 10.1371/journal.pone.0212678

Duan, Y. B, Li, ], Qin, R. Y., Xu, R. F,, Li, H,, Yang, Y. C,, et al. (2016). Identification
of a regulatory element responsible for salt induction of rice OsRAV2 through ex situ
and in situ promoter analysis. Plant Mol. Biol. 90, 49-62. doi: 10.1007/s11103-015-
0393-z

Dutta, T. K., Vashisth, N., Ray, S., Phani, V., Chinnusamy, V., and Sirohi, A. (2023).
Functional analysis of a susceptibility gene (HIPP27) in the Arabidopsis thaliana-
Meloidogyne incognita pathosystem by using a genome editing strategy. BMC Plant
Biol. 23, 390. doi: 10.1186/s12870-023-04401-w

El-Atawy, A. A, Rizk, M. S., El-Demerdash, E. S., and Ahmed, M. Z. S. (2021).
Expression of some salt tolerance genes isolated from Egyptian gray mangrove
(Avicennia marina). SABRAO ]. Breed. Genet. 53, 685-696. doi: 10.54910/
sabrao2021.53.4.11

Fei, ], Wang, Y. S., Cheng, H., Su, Y. B, Zhong, Y. J., and Zheng, L. (2021). Cloning
and characterization of KoOsmotin from mangrove plant Kandelia obovata under cold
stress. BMC Plant Biol. 21, 1-12. doi: 10.1186/512870-020-02746-0

Gao, Q. M., Wang, H. Y, Yin, X. L,, Wang, F,, Hu, S. C,, Liu, W. H,, et al. (2023).
Identification of salt tolerance related candidate genes in ‘sea rice 86’at the seedling and
reproductive stages using QTL-Seq and BSA-Seq. Genes 14, 458. doi: 10.3390/
genes14020458

Ghosh, A., Pareek, A., Sopory, S. K., and Singla-Pareek, S. L. (2014). A glutathione
responsive rice glyoxalase II, Os GLYII-2, functions in salinity adaptation by
maintaining better photosynthesis efficiency and anti-oxidant pool. Plant J. 80, 93—
105. doi: 10.1111/tpj.12621

Hafeez, M. B., Raza, A., Zahra, N, Shaukat, K., Akram, M. Z,, Igbal, S., et al. (2021).
“Gene regulation in halophytes in conferring salt tolerance,” in Handbook of
bioremediation (Boca Raton, FL: Academic Press), 341-370.

Horsch, R, Fry, J., Hoffmann, N., Wallroth, M., Eichholtz, D., Rogers, S., et al. (1985).
A simple and general method for transferring genes into plants. science 227, 1229-1231.
doi: 10.1126/science.227.4691.1229

Isayenkov, S. V. (2019). Genetic sources for the development of salt tolerance in
crops. Plant Growth Regul. 89, 1-17. doi: 10.1007/s10725-019-00519-w

Jefferson, R. A., Kavanagh, T. A., and Bevan, M. W. (1987). GUS fusions: beta-
glucuronidase as a sensitive and versatile gene fusion marker in higher plants. EMBO J.
6, 3901-3907. doi: 10.1002/j.1460-2075.1987.tb02730.x

Jia, H. H., Hao, L. L., Guo, X. L., Liu, S. C,, Yan, Y., and Guo, X. Q. (2016). A Raf-like
MAPKKK gene, GhRafl9, negatively regulates tolerance to drought and salt and
positively regulates resistance to cold stress by modulating reactive oxygen species in
cotton. Plant Sci. 252, 267-281. doi: 10.1016/j.plantsci.2016.07.014

Kathiresan, K. (2020). “Bioprospecting potential of mangrove resources,” in
Biotechnological utilization of mangrove resources (Boca Raton, FL: Academic Press),
225-241.

Kathiresan, K., and Bingham, B. L. (2001). Biology of mangroves and mangrove
ecosystems. Adv. Mar. Biol. 40, 81-251. doi: 10.1016/S0065-2881(01)40003-4

Krishnamurthy, P., Vishal, B., Khoo, K., Rajappa, S., Loh, C. S., and Kumar, P. P.
(2019). Expression of AoNHX]1 increases salt tolerance of rice and Arabidopsis, and
bHLH transcription factors regulate AtNHX1 and AtNHX6 in Arabidopsis. Plant Cell
Rep. 38, 1299-1315. doi: 10.1007/s00299-019-02450-w

Kumar, G. M., Mamidala, P., and Podile, A. R. (2009). Regulation of
Polygalacturonase-inhibitory proteins in plants is highly dependent on stress
and light responsive elements. Plant Omics 2, 238-249. doi: 10.1007/s11103-009-
9536-4

Kumar, K., and Saddhe, A. A. (2018). “Targeting aquaporins for conferring salinity
tolerance in crops,” in Salinity responses and tolerance in plants, vol. 1. (Cham: Academic
Press), 65-84.

Kumari, A., Das, P., Parida, A. K., and Agarwal, P. K. (2015). Proteomics,
metabolomics, and ionomics perspectives of salinity tolerance in halophytes. Front.
Plant Sci. 6. doi: 10.3389/fpls.2015.00537

Frontiers in Plant Science

11

10.3389/fpls.2025.1541465

Kunkel, B. N., Bent, A. F., Dahlbeck, D., Innes, R. W., and Staskawicz, B. J. (1993).
RPS2, an Arabidopsis disease resistance locus specifying recognition of Pseudomonas
syringae strains expressing the a virulence gene avrRpt2. Plant Cell 5, 865-875.
doi: 10.1105/tpc.5.8.865

Li,N., Wei, S. T,, Chen, J., Yang, F. F., Kong, L. G., Chen, C. X, et al. (2018). Os ASR 2
regulates the expression of a defense-related gene, Os2H16, by targeting the GT-1 cis-
element. Plant Biotechnol. J. 16, 771-783. doi: 10.1111/pbi.12827

Liu, J., and Wang, Y. S. (2020). Proline metabolism and molecular cloning of
AmP5CS in the mangrove Avicennia marina under heat stress. Ecotoxicology 29, 698—
706. doi: 10.1007/s10646-020-02198-0

Manavella, P. A., Dezar, C. A., Ariel, F. D., and Chan, R. L. (2008). Two ABREs, two
redundant root-specific and one W-box cis-acting elements are functional in the
sunflower HAHB4 promoter. Plant Physiol. Biochem. 46, 860-867. doi: 10.1016/
j.plaphy.2008.05.003

Morey, C., Mookherjee, S., Rajasekaran, G., and Bansal, M. (2011). DNA free energy-
based promoter prediction and comparative analysis of Arabidopsis and rice genomes.
Plant Physiol. 156, 1300-1315. doi: 10.1104/pp.110.167809

Ni, L. J., Wang, Z. Q,, Liu, X. D,, Wu, S. T,, Hua, J. F, Yin, Y. L, et al. (2021).
Transcriptome Analysis of Salt Stress in Hibiscus hamabo Sieb. et Zucc Based on Pacbio
Full-Length Transcriptome Sequencing. Int. J. Mol. Sci. 23, 138. doi: 10.3390/
ijms23010138

Pan, Y. Y, Zhu, S. S, Song, N, Hou, P. Y., Yu, X. Y, Zang, J., et al. (2021). Ectopic
expression of CU/ZN-sod gene from ceriops tagal enhances salinity tolerance of yeast.
Pak. ]. Bot. 53, 1125-1131. doi: 10.30848/PJB2021-3(19

Park, H. C,, Kim, M. L., Kang, Y. H,, Jeon, J. M., Yoo, J. H., Kim, M. C, et al. (2004).
Pathogen-and NaCl-induced expression of the SCaM-4 promoter is mediated in part
by a GT-1 box that interacts with a GT-1-like transcription factor. Plant Physiol. 135,
2150-2161. doi: 10.1104/pp.104.041442

Peng, Y. L, Wang, Y. S., Fei, J., Cheng, H., and Sun, C. C. (2020a). Isolation and
expression analysis of a CBF transcriptional factor gene from the mangrove Bruguiera
gymnorrhiza. Ecotoxicology 29, 726-735. doi: 10.1007/s10646-020-02215-2

Peng, Y. L., Wang, Y. S,, Fei, J., and Sun, C. C. (2020b). Isolation and expression
analysis of two novel C-repeat binding factor (CBF) genes involved in plant growth and
abiotic stress response in mangrove Kandelia obovata. Ecotoxicology 29, 718-725.
doi: 10.1007/s10646-020-02219-y

Pootakham, W, Naktang, C., Sonthirod, C., Kongkachana, W., Yoocha, T., Jomchai, N.,
et al. (2022a). De novo reference assembly of the upriver orange mangrove (Bruguiera
sexangula) genome. Genome Biol. Evol. 14, evac025. doi: 10.1093/gbe/evac025

Pootakham, W., Sonthirod, C., Naktang, C., Kongkachana, W., U-thoomporn, S.,
Phetchawang, P., et al. (2022b). A de novo reference assembly of the yellow mangrove
Ceriops zippeliana genome. G3 12, jkac025. doi: 10.1093/g3journal/jkac025

Pradhan, S., Shyamli, P. S., Suranjika, S., and Parida, A. (2021). Genome wide
identification and analysis of the RZR3-MYB transcription factor gene family in the
mangrove Avicennia marina. Agronomy 11, 123. doi: 10.3390/agronomy11010123

Pruthvi, V., Narasimhan, R., and Nataraja, K. N. (2014). Simultaneous expression of
abiotic stress responsive transcription factors, AtDREB2A, AtHB7 and AtABF3
improves salinity and drought tolerance in peanut (Arachis hypogaea L.). PloS One
9, €111152. doi: 10.1371/journal.pone.0111152

Qadir, M., Quillérou, E., Nangia, V., Murtaza, G., Singh, M., Thomas, R. ], et al.
(2014). Economics of salt-induced land degradation and restoration. Natural Resour.
Forum 38 (4), 282-295. doi: 10.1111/narf.2014.38.issue-4

Saddhe, A. A, and Kumar, K. (2019). Molecular cloning, expression analysis, and
heterologous characterization of a novel sodium/hydrogen exchanger from a mangrove
plant, Rhizophora apiculata. Plant Gene 19, 100192. doi: 10.1016/j.plgene.2019.100192

Schmitt, K., and Duke, N. C. (2015). “Mangrove management, assessment and
monitoring,” in Tropical forestry handbook, (Berlin, Heidelberg: Springer Press), 1-29.
doi: 10.1007/978-3-642-41554-8_126-1

Singla-Pareek, S. L., Reddy, M. K., and Sopory, S. K. (2003). Genetic engineering of
the glyoxalase pathway in tobacco leads to enhanced salinity tolerance. Proc. Natl.
Acad. Sci. U.S.A. 100, 14672-14677. doi: 10.1073/pnas.2034667100

Su, W., Ye, C,, Zhang, Y., Hao, S., and Li, Q. Q. (2019). Identification of putative key
genes for coastal environments and cold adaptation in mangrove Kandelia obovata
through transcriptome analysis. Sci. Total Environ. 681, 191-201. doi: 10.1016/
j.scitotenv.2019.05.127

Theuerkauff, D., Rivera-Ingraham, G. A., Lambert, S., Mercky, Y., Lejeune, M.,
Lignot, J. H., et al. (2020). Wastewater bioremediation by mangrove ecosystems
impacts crab ecophysiology: In-situ caging experiment. Aquat Toxicol. 218, 105358.
doi: 10.1016/j.aquatox.2019.105358

Turan, S. (2018). “Single-gene versus multigene transfer approaches for crop salt
tolerance,” in Salinity responses and tolerance in plants, vol. 1. (Cham: Academic Press),
359-379.

Wang, J. W., Cheng, Y. F., Shi, X. W., and Feng, L. G. (2023). GT transcription factors
of rosa rugosa thunb. Involved in salt stress response. Biol. (Basel) 12, 176. doi: 10.3390/
biology12020176

frontiersin.org


https://doi.org/10.1007/s11010-011-0898-y
https://doi.org/10.1007/s11010-011-0898-y
https://doi.org/10.1007/978-981-19-5841-0_10
https://doi.org/10.1016/j.sbi.2014.01.007
https://doi.org/10.13271/j.mpb.015.003518
https://doi.org/10.13271/j.mpb.015.003518
https://doi.org/10.1371/journal.pone.0212678
https://doi.org/10.1007/s11103-015-0393-z
https://doi.org/10.1007/s11103-015-0393-z
https://doi.org/10.1186/s12870-023-04401-w
https://doi.org/10.54910/sabrao2021.53.4.11
https://doi.org/10.54910/sabrao2021.53.4.11
https://doi.org/10.1186/S12870-020-02746-0
https://doi.org/10.3390/genes14020458
https://doi.org/10.3390/genes14020458
https://doi.org/10.1111/tpj.12621
https://doi.org/10.1126/science.227.4691.1229
https://doi.org/10.1007/s10725-019-00519-w
https://doi.org/10.1002/j.1460-2075.1987.tb02730.x
https://doi.org/10.1016/j.plantsci.2016.07.014
https://doi.org/10.1016/S0065-2881(01)40003-4
https://doi.org/10.1007/s00299-019-02450-w
https://doi.org/10.1007/s11103-009-9536-4
https://doi.org/10.1007/s11103-009-9536-4
https://doi.org/10.3389/fpls.2015.00537
https://doi.org/10.1105/tpc.5.8.865
https://doi.org/10.1111/pbi.12827
https://doi.org/10.1007/s10646-020-02198-0
https://doi.org/10.1016/j.plaphy.2008.05.003
https://doi.org/10.1016/j.plaphy.2008.05.003
https://doi.org/10.1104/pp.110.167809
https://doi.org/10.3390/ijms23010138
https://doi.org/10.3390/ijms23010138
https://doi.org/10.30848/PJB2021-3(19
https://doi.org/10.1104/pp.104.041442
https://doi.org/10.1007/s10646-020-02215-2
https://doi.org/10.1007/s10646-020-02219-y
https://doi.org/10.1093/gbe/evac025
https://doi.org/10.1093/g3journal/jkac025
https://doi.org/10.3390/agronomy11010123
https://doi.org/10.1371/journal.pone.0111152
https://doi.org/10.1111/narf.2014.38.issue-4
https://doi.org/10.1016/j.plgene.2019.100192
https://doi.org/10.1007/978-3-642-41554-8_126-1
https://doi.org/10.1073/pnas.2034667100
https://doi.org/10.1016/j.scitotenv.2019.05.127
https://doi.org/10.1016/j.scitotenv.2019.05.127
https://doi.org/10.1016/j.aquatox.2019.105358
https://doi.org/10.3390/biology12020176
https://doi.org/10.3390/biology12020176
https://doi.org/10.3389/fpls.2025.1541465
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

Wang, G. L, and Fang, H. J. (2002). Plant genetic engineering (Beijing: Science Press).

Wang, W. L., He, M. W,, Guo, S. R, Zhong, M,, Shu, S., and Sun, J. (2017). NaCl
stress induces CsSAMs gene expression in Cucumis sativus by mediating the binding of
CsGT-3b to the GT-1 element within the CsSAMs promoter. Planta: Int. J. Plant Biol.
245, 889-908. doi: 10.1007/s00425-017-2650-7

Woodrofte, C. D., Rogers, K., McKee, K. L., Lovelock, C. E., Mendelssohn, I. A., and
Saintilan, N. (2016). Mangrove sedimentation and response to relative sea-level rise.
Ann. Rev. Mar. Sci. 8, 243-266. doi: 10.1146/annurev-marine-122414-034025

Yang, Q., Chen, Z. Z.,, Zhou, X. F,, Yin, H. B, Li, X,, Xin, X. F, et al. (2009).
Overexpression of SOS (Salt Overly Sensitive) genes increases salt tolerance in
transgenic Arabidopsis. Mol. Plant 2, 22-31. doi: 10.1093/mp/ssn058

Yao, W.J., Wang, L., Zhou, B. R, Wang, S. ., Li, R. H., and Jiang, T. B. (2016). Over-
expression of poplar transcription factor ERF76 gene confers salt tolerance in
transgenic tobacco. J. Plant Physiol. 198, 23-31. doi: 10.1016/j.jplph.2016.03.015

Yella, V. R,, Kumar, A., and Bansal, M. (2018). Identification of putative promoters in
48 eukaryotic genomes on the basis of DNA free energy. Sci. Rep. 8, 4520. doi: 10.1038/
541598-018-22129-8

Yu, Z. H,, Yan, H,, Liang, L., Zhang, Y., Yang, H,, Li, W,, et al. (2021). A C2H2-type
zinc-finger protein from Millettia pinnata, MpZFP1, enhances salt tolerance in
transgenic Arabidopsis. Int. J. Mol. Sci. 22, 10832. doi: 10.3390/ijms221910832

Frontiers in Plant Science

12

10.3389/fpls.2025.1541465

Yuan, S. R, Li, Z. G, Li, D. Y., Yuan, N., Hu, Q., and Luo, H. (2015). Constitutive
expression of rice microRNA528 alters plant development and enhances tolerance to
salinity stress and nitrogen starvation in creeping bentgrass. Plant Physiol. 169, 576
593. doi: 10.1104/pp.15.00899

Zhang, Y., Huang, J. Z.,, Hou, Q. Z,, Liu, Y. J., Wang, J., and Deng, S. L. (2021b).
Isolation and functional characterization of a salt-responsive calmodulin-like gene
mpCML40 from semi-mangrove millettia pinnata. Int. ]J. Mol. Sci. 22, 3475.
doi: 10.3390/ijms22073475

Zhang, M. ], Liu, Y. L, Han, G. L,, Zhang, Y., Wang, B. S., and Chen, M. (2021a). Salt
tolerance mechanisms in trees: research progress. Trees 35, 717-730. doi: 10.1007/
500468-020-02060-0

Zheng, Y., Di Feng, Y. W., Liu, J,, Jia, B., Zhang, Y., Pan, H,, et al. (2012). Isolation of
salt-inducible promoter in maize and construction of plant expression vector. Bot. Stud.
1, 29-34. doi: 10.12677/br.2012.12005

Zheng, J. X, Lin, R. Y., Pu, L, Wang, Z. F., Mei, Q. M., Zhang, M., et al. (2021).
Ectopic expression of CrPIP2; 3, a plasma membrane intrinsic protein gene from the
halophyte Canavalia rosea, enhances drought and salt-alkali stress tolerance in
Arabidopsis. Int. J. Mol. Sci. 22, 565. doi: 10.1111/1477-8947.12054

Zhou, H. T., Li, F,, Zhang, S. Q., Wu, S. Q,, and Hu, J. J. (2008). Molecular clone and
functional analysis of betaine aldehyde dehydrogenase gene of avicennia marina. J.
Xiamen Univ. (Natural Sci. Edition) 47, 5. doi: 10.3321/j.issn:0438-0479.2008.22.003

frontiersin.org


https://doi.org/10.1007/s00425-017-2650-7
https://doi.org/10.1146/annurev-marine-122414-034025
https://doi.org/10.1093/mp/ssn058
https://doi.org/10.1016/j.jplph.2016.03.015
https://doi.org/10.1038/s41598-018-22129-8
https://doi.org/10.1038/s41598-018-22129-8
https://doi.org/10.3390/ijms221910832
https://doi.org/10.1104/pp.15.00899
https://doi.org/10.3390/ijms22073475
https://doi.org/10.1007/s00468-020-02060-0
https://doi.org/10.1007/s00468-020-02060-0
https://doi.org/10.12677/br.2012.12005
https://doi.org/10.1111/1477-8947.12054
https://doi.org/10.3321/j.issn:0438-0479.2008.z2.003
https://doi.org/10.3389/fpls.2025.1541465
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Avicennia marina endogenous promoter AMGT1P33 enhances salt tolerance in Arabidopsis by regulating exogenous salt-tolerance genes
	1 Introduction
	2 Materials and methods
	2.1 Plant materials
	2.2 Promoter prediction
	2.3 Verification of AMGT1P33 promoter function
	2.4 Expression range regulated by AMGT1P33
	2.5 Validation of relative gene transient expression using quantitative real-time-PCR
	2.6 Generation of pCAMBIA1304-AMGT1P33-AmBADH transgenic plants
	2.7 Histochemical staining for GUS activity in transgenic T3 generation A. thaliana
	2.8 Detection of salt tolerance in pCAMBIA1304-AMGT1P33-AmBADH transgenic A. thaliana
	2.9 Yeast transformation and growth assay
	2.10 Statistical analysis

	3 Results
	3.1 Endogenous promoter prediction
	3.2 Verification of AMGT1P33 promoter function
	3.3 Exogenous genes can be regulated by AMGT1P33 in monocotyledons and dicotyledons
	3.4 Transient expression regulated by AMGT1P33
	3.5 Histochemical staining for GUS activity in transgenic T3 generation A. thaliana
	3.6 pCAMBIA1304-AMGT1P33-AmBADH transgenic A. thaliana exhibits stronger tolerance to salt stress than pCAMBIA1304-AmBADH transgenic A. thaliana
	3.7 pYES22-AMGT1P33-AmBADH-transformed yeast exhibits enhanced salt tolerance

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


