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Abstract
Background: Cold stress severely limits the productivity and geographical distribution of mango, a
tropical fruit crop of significant economic importance. We combined transcriptomic profiling and

functional genomics to investigate the molecular mechanisms underlying cold tolerance in mango.

Results: Comparative analysis of the cold-tolerant Jinhuang (JH) and cold-sensitive Guiqi (GQ) cultivars
identified 7,757 differentially expressed genes, with significant enrichment in plant hormone signal
transduction pathways. Notably, the DELLA protein GAIP-B (LOC123214451) was markedly
upregulated in JH under cold stress. Functional validation through CRISPR/Cas9-mediated knockout and
overexpression in Nicotiana benthamiana demonstrated that GAIP-B is both necessary and sufficient for
cold tolerance. The knockout lines exhibit extreme cold sensitivity, reduced antioxidant enzyme activity,
increased oxidative damage, and impaired osmotic adjustment. Conversely, the overexpression lines
showed enhanced cold tolerance, with superior antioxidant capacity, maintenance of photosynthetic

pigments, and increased soluble sugar accumulation.

Conclusions: These findings establish GAIP-B as a central regulator that integrates antioxidant defense,
photosynthetic protection, and osmotic adjustment in the cold stress response. This study provides
valuable insight into molecular breeding strategies aimed at enhancing cold tolerance in mango and other

economically important fruit crops.

Keywords: Antioxidant defense; photosynthetic protection; osmotic adjustment; cold tolerance; fruit

crop
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Introduction

Mango (Mangifera indica L.), one of the most economically important tropical fruit crops
worldwide, is valued for its excellent flavor, nutritional richness, and versatility in food processing [1].
Mango trees are grown in the tropical and subtropical regions of more than 100 countries between 30°S
and 30°N, stretching from as far north as southern Sichuan in China, the southern islands of Japan, and
as far south as southern Africa (http://www.fao.org/faostat) [2]. China is the third largest producer of
mangoes, after India and Indonesia (www.worldpopulation review. com). Mango is widely planted in
tropical and subtropical regions of China, including Hainan, Guangdong, Guangxi, Fujian, Yunnan,

Guizhou, and Sichuan [3].

In nature, mango is a tropical evergreen fruit tree that prefers high temperatures (25-35 °C), and its
optimum growth temperature range is 24—27 °C. Mango trees are highly sensitive to low temperatures,
which can severely impair their growth, yield, and fruit quality [4]. Cold stress poses a major constraint
on mango cultivation, particularly in subtropical regions, where occasional frost or prolonged chilling
can cause irreversible damage [5]. Young mango trees are especially vulnerable, with temperatures below
5 °C inducing cellular damage, while mature trees can only briefly tolerate temperatures near 0 °C before
suffering from bark splitting, root injury, and leaf necrosis [6]. These physiological disruptions lead to
reduced photosynthesis, impaired nutrient transport, and increased susceptibility to secondary infections,

ultimately threatening orchard productivity [7].

However, tolerance or sensitivity to these abiotic factors is a complex phenomenon involving
responses at the molecular, biochemical, and physiological levels [8]. In recent years, high-throughput
omics analyses, such as genomics, transcriptomics, proteomics, and metabolomics, have been widely
used to study various types of abiotic stress in plants, deepening our understanding of different biological
regulation pathways. Transcriptome high-throughput sequencing, a genetic research tool, is widely used
to study plant responses to various stressors, revealing changes in the expression of various genes during
exposure to environmental extremes [9]. Many studies have been conducted on the transcriptional
response of plants, including banana [10], litchi [11], pineapple [12], and other tropical crops, to low-
temperature stress. Several studies have revealed the molecular basis of cold stress response in mango

trees. Some ethylene-responsive transcription factor (ERFs) [3] and cyclic nucleotide—gated ion channel
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(CNGC) genes [13] may play important regulatory roles in cold resistance in plants.

Currently, more than 80 mango varieties are cultivated in China [14]. Guiqi Mango, a prestigious
cultivated variety from Guangxi, China, is often hailed as the “King of Mangoes,” possessing strong
natural resistance to biotic stressors such as powdery mildew, anthracnose, and fruit borers, making it a
valuable germplasm resource for disease-resistance breeding. Despite these advances, the Guiqi cultivar
is grown predominantly in Guangxi, where temperatures rarely drop to critical thresholds, suggesting a
narrower climatic adaptation range. Correspondingly, the Jinhuang cultivar, widely cultivated across
diverse climatic zones in China, including Taiwan, Hainan, Yunnan, and Guangdong, exhibits robust
performance even under suboptimal soil conditions. Although plants can evolve cold-resistant pathways
to adapt to low-temperature and cold environments through long-term genetic variation and natural
selection [15], it is difficult to breed varieties adapted to both low temperature and cold conditions.
Understanding the molecular mechanisms of cold tolerance in these mango cultivars will provide

significant support for the future cultivation of excellent varieties.

Currently, research on cold stress resistance in mango plants primarily encompasses several key
areas: the identification and evaluation of stress tolerance across diverse germplasm resources,
monitoring changes in physiological and biochemical indicators, mining cold resistance-related genes
and pathways, and developing measures to prevent and mitigate chilling injury [3, 13, 16-18]. However,
the molecular mechanisms underlying cold resistance in mango remain largely unknown. In this study,
we selected the Guiqi and Jinhuang cultivars to investigate transcriptomic changes under cold stress
conditions. By identifying key cold-responsive genes, we aimed to identify potential candidates
associated with cold resistance. Transgenic tobacco, which can be used for the functional verification of
potential genes, was used to elucidate the function of the cold-resistance genes. This research not only
offers a new perspective on the molecular adaptation of mango to low temperatures but also contributes
to the genetic improvement of stress-resistant varieties, facilitating the development of strategies to

mitigate cold damage in tropical fruit production.
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Materials and Methods
Plant materials

Two different mango cultivars, Jinhuang (JH) and Guiqi (GQ), collected from the Mango
Germplasm Repository at the Subtropical Crops Research Institute of the Guangxi Zhuang Autonomous
Region, were used to analyze resistance mechanisms against cold stress. The branches of two-year-old
trees were placed in RR-CTC806C incubators (Rainroot Scientific, Beijing, China) for cold treatment at
7 °C for 24 h. The two control groups were maintained in the greenhouse at 24 °C for 24 h. Leaves from

two branches were pooled as one sample and each sample was repeated three times as a biological

replicate (Fig. 1). All the samples were stored at —80 °C until analysis.

Fig. 1 Phenotypic symptoms responses of Jinhuang (JH) and Guiqi (GQ) mango leavers
responding to cold stress and untreated group. A: JH (Left), GQ (Right); B: GQ (Left), JH
(Right).

Tobacco (Nicotiana benthamiana) was used as the background for the genetic transformation. The
following four transgenic lines were generated: (1) WT (non-transformed control), (2) GAIP-B
overexpression (OE), (3) GAIP-B knockdown (KO), and (4) GAIP-B knockout (KO-OE). N.
benthamiana seeds were surface-sterilized and sown on half-strength Murashige and Skoog (2 MS)
medium. All tobacco plants were grown under standard conditions (25 °C, 16 h light / 8 h dark cycle)

until the six-leaf stage, then subjected to 7 °C cold treatment.
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Physical and chemical characteristic measurement

Samples of the two cultivars (JH and GQ) and four tobacco lines were collected at 0, 6, 12, 18, and
24 h of cold-stress treatment for physical analysis and measurements of peroxidase (POD) activity,
catalase (CAT) activity, superoxide dismutase (SOD) activity, H.O2 content, malondialdehyde (MDA)
content, photosynthetic pigments, and total soluble carbohydrate content. SOD, CAT, and POD activities
were measured using kits provided by Suzhou Grace Biotechnology Co., Ltd. (Catalog No. GO107F,
Grace, Suzhou, China). H2O: content was measured using the Amplex UltraRed fluorescent probe
method (Invitrogen, A36006; Thermo Fisher Scientific, Waltham, MA, USA). MDA accumulation was
evaluated using a thiobarbituric acid reactive substance assay [19]. Photosynthetic pigments and total
soluble carbohydrate content were measured as previously described [20]. Statistical significance was

determined using Student’s #-tests. Differences were considered significant at P < 0.05.

RNA extraction and RNA-seq

Total RNA content was extracted from mango leaves using the TRIzol reagent kit (Invitrogen),
according to the manufacturer’s instructions. RNA integrity was evaluated on a 1.0% agarose gel and
quantified using a Qubit 4.0 fluorometer (Invitrogen). Purity was tested using a NanoDrop
spectrophotometer (Thermo Fisher Scientific). cDNA library products of each sample were generated
via six steps: mRNA purification, first-strand cDNA synthesis, second-strand ¢cDNA synthesis, cDNA
fragment purification, end repair, adaptor ligation, and addition of index codes. Finally, the cDNA
libraries were amplified and purified for quality inspection using a Qsep400 standard DNA clip kit on a
Qsep400 Bio-Fragment Analyzer (BioOptic, New Taipei City, Taiwan, China). The cDNA, ca. 200 bp in

length, was sequenced on an Illumina NovaSeq 6000 platform (Illumina, San Diego, CA, USA).

The raw sequencing data were initially processed to remove low-quality reads, adapter sequences,
and contaminants using fastq (Version 0.19.3) [21], generating high-quality Clean Data. The filtered
reads were then aligned to the reference genome (NCBI accession number: GCF_011075055.1) using
the splice-aware aligner HISAT2 v2.1.0 [22], with alignment rates >85% for all samples. For

visualization, the aligned reads were inspected using Integrative Genomics Viewer (IGV) v2.11.1 [23].
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Bioinformatic analysis

The novel transcripts were assembled using StringTie v2.1.4 [24] and compared against the
reference annotation using GFFcompare v0.12.1 [25], with the results stored in GTF format. The
corresponding genomic sequences of the novel genes were extracted using gffread and subjected to a
comprehensive functional annotation. Sequence homology searches were performed against KEGG
pathway, Gene Ontology (GO), NR, Swiss-Prot, TTEMBL, and KOG databases using DIAMOND
v2.0.13 [26] with stringent parameters (E-value < le-5, maximum target sequences = 1). For
transcription factor prediction, we employed iTAK v1.7 [27], which integrates two authoritative plant-
specific databases, PInTFDB v3.0 [28] and PlantTFDB v5.0 [29], enabling systematic classification of

transcription factors based on conserved domain architecture and phylogenetic relationships.

Gene expression was quantified using Fragments Per Kilobase of transcript per million fragments
mapped (FPKM) values, which normalize read counts based on both transcript length and sequencing
depth, enabling cross-sample comparisons [30]. Differential expression analyses of the two samples was
performed using DESeq2/edgeR (version 1.22.1) [31]. P-values were adjusted using the Benjamini—
Hochberg method. Significantly differentially expressed unigenes were identified based on the thresholds

of a false discovery rate (FDR) =< 0.05 and an absolute value of log,(fold change) = 1.

gRT-PCR analysis

Quantitative reverse transcription real-time PCR (qRT-PCR) was performed to quantify the
expression of GAIP-B. Total RNA was isolated from JH and GQ samples, as described under the heading
“RNA extraction and RNA-seq.” For RT-qPCR validation, cDNA was synthesized from ca. 2 pg RNA
using the SuperScript III First-Strand Synthesis System (Invitrogen). Reactions were performed on a
LightCycler 480 II (Roche, Basel, Switzerland) using SYBR Green qPCR Master Mix (Thermo Fisher
Scientific), with three biological and technical replicates per gene. The DELLA protein GAIP-B gene
served as an internal reference for normalization. Relative expression was calculated via the 2744¢
method, with MD2TO as the reference sample. Statistical significance (p < 0.05) was determined using
GraphPad Prism 9 (DotMatics, Boston, MA, USA). Primers were designed using NCBI Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/), and the sequences are reported in Supplementary

Table S1.
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Gene editing of GAIP-B in Nicotiana benthamiana

To investigate GAIP-B function, transgenic N. benthamiana lines were used and the CRISPR/Cas9
system was applied, as previously described [32]. For knockout (KO) constructs, two specific sgRNAs
targeting conserved regions of GAIP-B (NCBI accession: 107583202) were designed using CRISPR-P
2.0 and were cloned into the pY LCRISIPR/Cas9 binary vector [33]. For overexpression (OE), full-length
GAIP-B CDS was amplified and inserted into the p1301S vector under the control of the CaMV 35S
promoter. Agrobacterium tumefaciens GV3101 harboring these constructs was used to transform N.
benthamiana wild-type (WT) plants via leaf disc infiltration. Transgenic lines were selected on
kanamycin (50 mg/L) and validated through (1) PCR genotyping, (2) a T7E1 endonuclease assay for
indel mutations in KO lines, and (3) Sanger sequencing of the target sites. The OE and KO-OE (knockout
followed by complementation) lines were further confirmed via RT-qPCR using NbActin as a reference
gene. Homozygous T2 plants of each genotype (WT, KO, OE, and KO-OE) were subjected to phenotypic
characterization under controlled growth conditions. The primers used for each gRNA sequence are listed
in Supplementary Table S1. All experiments included three biological replicates, each with three

technical repeats.

Subcellular localization of GAIP-B

The full-length GAIP-B open reading frame was amplified from the pMD18-T-GAIP-B template
using specific primers designed using CE |l Design software. The pCAMBIA1300-GFP vector was
double-digested using the Kpnl and BamHI restriction enzymes. The purified PCR product was
recombined with the linearized vector to generate the pCAMBIA1300-GAIP-B-GFP construct. The
recombinant plasmid was transformed into Escherichia coli TGl competent cells and plated on a
selective medium for 3 d. Positive clones were verified by colony PCR and sequencing. The confirmed
plasmid was introduced into Agrobacterium tumefaciens GV3101. For the co-localization analysis, the
transformed agrobacteria containing pCAMBIA1300-GAIP-B-GFP were mixed at a 1:1 ratio with the
cytoplasmic marker pCAMBIA1300-35S-UGPase-cherry-NOS and infiltrated into N. benthamiana
leaves. The empty vector served as the negative control. After 2 d of dark incubation, subcellular
localization was observed using confocal microscopy (LSM880; Zeiss; Oberkochen, Germany) with
excitation and emission settings of 488 nm/500—-550 nm for GFP and 583 nm/600—650 nm for cherry

fluorescence. Images were processed using ZEN 3.0 and ImageJ software.



198

199

200
201

202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219

Statistical analysis
Differences in GAIP-B expression, plant height, stem diameter, leaf length, leaf width, leaf thickness,
and differences in physiological indicators between the two control samples and the transgenic tobacco

plants were analyzed using Student’s #-tests.

Results

Physical and chemical characteristic changes in mango leaves under cold stress

At the physiological level, POD, CAT, and SOD activities were higher in JH plants than in GQ
plants under cold stress. POD activity differed significantly between the JH and GQ plants after 7 °C
treatment for 6 h (Fig. 2A), and CAT activity differed significantly between the JH and GQ plants after
7 °C treatment for 18 h (Fig. 2B). Similar results were observed for SOD activity (Figure 2C). Under
cold stress, the H2O- content of the cold-sensitive GQ increased from 12.09 umol/g at 0 h to a peak of
17.16 umol/g at 24 h (Fig. 2D). In contrast, in the cold-tolerant JH cultivar, this increase was gradual and
restrained, reaching only 12.4 pmol/g at 24 h (27.7% lower than in GQ at the same time point; p <0.01)
(Fig. 2D). A similar difference was observed for MDA content. In GQ, MDA levels increased rapidly
from 23.6 nmol/g at 0 h to 44.8 nmol/g at 24 h, indicating severe membrane damage. Conversely, in JH,
MDA accumulation was significantly mitigated, rising to only 29.6 nmol/g at 24 h (33.9% lower than
GQ; p<0.01) (Fig. 2E). JH exhibited superior physiological resilience: its chlorophyll content decreased
slowly from 97.3 mg/g to 90.3 mg/g (a 7.2% loss) over the 24-h period. In stark contrast, GQ suffered a
rapid decline in chlorophyll content, from 113.7 mg/g to 41.9 mg/g (a 63.1% loss) (Fig. 2F), exhibiting
pronounced chlorosis. JH maintained a significantly higher level of soluble sugars, which increased
from 26.1 mg/g to 44.9 mg/g over 24 h, while in GQ they increased from 21.6 mg/g to 33.6 mg/g (Fig.

2G).
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222  (A) Superoxide dismutase (POD) activity, (B) Catalase (CAT) activity, (C) Superoxide dismutase (SOD)
223  activity, (D) H20: content, (E) Malondialdehyde (MDA) content, (F) Photosynthetic pigments, and (G)

224 Total soluble carbohydrate content. ***p < 0.01, *p < 0.05; ns, non-significant.

225 Differential gene expression in mango leaves under cold stress

226 The raw-data quality assessment of the JH and GQ libraries for the control and cold treatments is
227 presented in Supplementary Table S2. Overall, the sequencing process generated 741,405,192 raw reads
228 across all samples, with an average of 61,783,766 raw reads per sample. After stringent quality filtering,
229  we retained an average of 60,738,067 high-quality reads per sample, representing 98.31% of original
230 reads. The filtered reads exhibited excellent base-call accuracy, with Q20 scores (1% error rate) ranging
231 from 96.70% to 97.59%, and Q30 scores (0.1% error rate) between 90.53% and 92.65% across all
232 samples. The GC content distribution remained consistent among the samples, ranging from 44.59% to
233 47.26%, which is within the expected range for plant transcriptomes. Consequently, 92.65% of the clean
234 reads could be aligned to the reference genome (GCF_011075055.1 CATAS Mindica 2.1 genomic).
235 The total alignment rates ranged from 91.36% to 93.67%, and uniquely mapped reads accounted for

236 84.66% to 88.75% of the total mapped reads (Supplementary Table S2).

237 PCA revealed that the treatments tended to group together (Fig. 3A). PC1 and PC2 explained 26.21%
238 and 23.05% of variation, respectively. After low-temperature treatment, a large number of differentially
239  expressed genes (DEGs) were identified in both varieties (Fig. 3B). Using DESeq2, we identified 11,294
240  DEGs (5,709 upregulated and 5,585 downregulated) between the JH control (jhm-ck) and JH 24 H

241 treatment (jhm-24) groups, based on FC and FDR values; 6,546 DEGs (3,625 upregulated nd 2,921
10



242
243
244
245
246
247

248

249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

265
266
267
268
269

downregulated) were identified between the GC control (gqgm-ck) and GQ 24 H treatment (gqm-24)
groups; 7,948 DEGs (4,791 upregulated and 3,157 downregulated) were identified between the jhm-ck
and gqm-ck groups; and 4,156 DEGs (2,565 up-regulated and 1,591 down-regulated) were identified
between the jhm-24 and gqm-24 groups. The majority of the DEGs identified here are related to
categories such as regulation of transcription, response to stress, transport, protein modification,
nucleosome assembly, cell wall organization and biogenesis, signal transduction, oxidation reduction,

RNA modification, and cell redox homeostasis.

Gene ontology (GO) enrichment analysis of differentially expressed genes (DEGs) was performed.
The number of DEGs differed between the two cultivars, and most of these participated in the biological
processes of mango development, followed by molecular function and cellular component. Functional
analysis of the DEGs revealed that 46 GO terms (p < 0.05) annotated to the DEGs identified between the
gqm-ck and ggm-24 groups (Fig. 3C); 30 GO terms were annotated to the DEGS identified between the
jhm-ck and jhm-24 groups, and of these, only five (16.7%) overlapped with the 46 terms for the gqm-ck
vs. gqm-24 comparison (Fig. 3C). The DEGs identified between ggm-ck and gqm-24 were involved in
positive regulation of immune system processes, positive regulation of response to stimulus, biological
adhesion, activation of immune response, and positive regulation of immune response (Fig. 3C). DEGs
identified between jhm-ck and jhm-24 were involved in positive regulation of the immune system process,
defense response, positive regulation of response to stimulus, and endothelial cell migration (Fig. 3C).
Similarly, DEGs identified between jhm-ck and gqm-ck and between gqm-24 and gqm-24 were involved
in the carbohydrate metabolic process, cellular glucan metabolic process, protein phosphorylation,
nucleotide—sugar metabolic process, response to wounding, carbohydrate biosynthetic process, pectin
metabolic process, cellular response to alkaline pH, photosystem, and phosphoglycerate dehydrogenase

activity.

KEGG enrichment annotation analysis was performed on the DEGs identified in the four
comparisons: gqm-ck vs. gqm-24, jhm-24 vs. gqm-24, jhm-ck vs. ggm-ck, and jhm-ck vs. jhm-24: for
these comparisons, 19, 16, 25, and 19 significant pathways were annotated, respectively (Fig. 3D).
KEGG pathway enrichment analysis revealed that the DEGs identified between the two cultivars were

enriched predominantly in pathways such as alanine, aspartate and glutamate metabolism pathway,

11
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phenylalanine, tyrosine and tryptophan biosynthesis pathway, phenylpropanoid biosynthesis pathway,
flavonoid biosynthesis pathway, flavone and flavonol biosynthesis pathway, pentose and glucuronate
interconversions pathway, glycolysis/gluconeogenesis pathway, ascorbate and aldarate metabolism
pathway, photosynthesis pathway, photosynthesis—antenna proteins pathway, plant—pathogen interaction
pathway, protein processing in endoplasmic reticulum pathway, amino sugar and nucleotide sugar
metabolism pathway, ubiquinone and other terpenoid—quinone biosynthesis pathway, ribosome
biogenesis in eukaryotes pathway, chloroalkane and chloroalkene degradation pathway (Fig. 3D).
Furthermore, significant enrichment in pathways was found in gqm-ck vs. gqgqm-24, including alanine,
aspartate, and glutamate metabolism pathways; glycine, serine, and threonine metabolism pathway;
cysteine and methionine metabolism pathway; phenylalanine, tyrosine, and tryptophan biosynthesis
pathway; monobactam biosynthesis pathway; circadian rhythm-plant pathway; amino sugar and
nucleotide sugar metabolism pathway; and ubiquinone and other terpenoid-quinone biosynthesis
pathways. In contrast, for the DEGs identified between gqm-ck and gqm-24, KEGG analysis identified
six annotated pathways: the glycolysis/gluconeogenesis pathway, photosynthesis-antenna protein
pathway, protein processing in the endoplasmic reticulum pathway, fatty acid degradation pathway,

limonene degradation pathway, and ribosome biogenesis in eukaryotes.

12
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Figure 3 Transcriptomic data analysis: (A) PCA scatter plot revealing the separation of the sample
groups; (B) Heatmap of differentially expressed genes (DEGs); (C) Gene Ontology (GO) enrichment

analysis of DEGs in all comparison groups; and (D) KEGG enrichment of DEGs in all comparison groups.

Key genes involved in cold tolerance in mango

Venn analysis of the DEGs between the experimental groups identified unique as well as shared
cold-stress genes (Fig. 4A). To identify the potential cold-tolerance-related genes, we focused on the
DEGs that were differentially regulated in response to cold stress, specifically in the cold-tolerant JH
cultivar. This identified 7,757 DEGs unique to JH, after excluding the 3,537 genes that were also
expressed in the cold-sensitive GQ cultivar under cold stress. Based on KEGG pathway analysis, the
DEGs identified in the cold-stressed cultivar were predominantly enriched in the terpenoid backbone

biosynthesis pathway, ubiquinone and other terpenoid-quinone biosynthesis pathways, diterpenoid

13
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biosynthesis pathway, and the plant hormone signal transduction pathway. Therefore, we constructed a
gene regulatory network that included the DEGs in these pathways. A considerable number of genes were
enriched in the terpenoid backbone biosynthesis pathway in the JH cultivar. Notably, these genes were
downregulated under cold stress, specifically in JH, leading to suppression of the gibberellic acid (GA)-
related biosynthetic pathway. Correspondingly, multiple genes involved in GA downstream signaling,
including GID1, DELLA, and PIF, were significantly upregulated under cold stress in JH but not in GQ.
Enhanced ubiquitination of the DELLA protein (GAIP-B) is suggested to be a key factor contributing to
the maintained growth performance of JH under cold-stress (Fig. 4B). To validate the reliability of the
transcriptome sequencing results, GAIP-B expression levels were confirmed by qRT-PCR: GAIP-B
expression was significantly higher in jhm-24 than in the other groups (Supplementary Fig. 1). The high
concordance between the two methodological approaches confirms the accuracy of the transcriptomic

findings and supports the use of the RNA-Seq dataset for subsequent functional analyses.

hY e B Sl ey
| Ubiquinone and other terpenoid-quinone | | Plant hormone signal l‘

7757 3537 3009

—r ===

JhmCK-vs-jhm24 gamCK-vs-gqm24

Figure 4 Analysis of interactions among the DEGs between the comparison groups. (A) Venn
analysis of DEGs identified between the experimental groups, revealing both unique and shared cold-
stress genes; (B) Schematic representation of the pathways involved in gibberellin synthesis, which is
associated with dwarfism, including terpenoid backbone biosynthesis and diterpenoid biosynthesis. *ub,

ubiquitination.

Characterization of mango GAIP-B

PCR amplification and sequencing identified the mango DELLA protein GA/P-B, which contains a

1,662 bp open reading frame encoding a 553-amino acid protein (molecular weight: 61.08 kDa;
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theoretical pl: 5.49). BLAST analysis of DELLA proteins from ryegrass, cotton, and Amomum
villosum confirmed their identity as mango DELLA homologs (Fig. 5A). The DELLA protein is rich in
Ala, Leu, Ser, Glu, and Gly, with 68 acidic (Asp + Glu) and 51 basic (Arg + Lys) residues (Fig. 5B).
Secondary structure prediction (using DNAMAN) revealed 46.11% a-helices, 7.59% B-sheets, and 46.29%
random coils (Fig. 5C). Hydrophobicity analysis identified Glu4 as the most hydrophilic residue (score:
—3.75) and Ala511 as the most hydrophobic (score: 2.96) (Fig. 5D). Analysis using Phobius confirmed
the absence of signal peptides and transmembrane domains, suggesting that DELLA is a non-cytoplasmic
protein without membrane associations (Fig. SE). Tertiary structure prediction showed a composition of
a-helices, B-turns, and random coils, consistent with the secondary-structure results (Fig. SF).
Phylogenetic analysis revealed its closest homology to Pistacia vera DELLA (XP_031271042.1),
followed by DELLA proteins from Acer negundo (KAI9170197.1), Acer
yangbiense (TXG57155.1), Dimocarpus longan (AUF71968.1), Litchi ~ chinensis (QAT94458.1),
and Citrus spp. (XP_006448223.1, KAH9794669.1, KDO64603.1, XP_006469195.1, GAY58951.1)

(Fig. 5G).
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Figure 5 Molecular characterization of GAIP-B in mango. (A) BLAST analysis against DELLA
proteins from ryegrass, cotton, and Amomum villosum confirmed its identity as a mango DELLA
homolog; (B) Amino acid composition of DELLA; (C) Secondary structure prediction of DELLA, using
DNAMAN; (D) Hydrophobicity analysis of DELLA; (E) Phobius-derived posterior probabilities for
DELLA; (F) Tertiary structure prediction of DELLA; (G) Phylogenetic analysis of DELLA, revealing

its relationships to homologous genes.

Gene editing of GAIP-B in tobacco altered its cold tolerance

The mango GAIP-B gene was successfully introduced into Nicotiana
benthamiana via Agrobacterium-mediated transformation. qPCR analysis confirmed the genomic
integration of the GAIP-B transgene in both overexpression and CRISPR/Cas9-edited lines
(Supplementary Fig. 2). The target locus was successfully edited in three independent knockout lines
(KO-1, KO-2, and KO-3), and the two overexpression lines (OE-1 and OE-2) exhibited strong transgene
expression. Sequencing analysis confirmed the presence of frameshift mutations, resulting in premature

stop codons, in all knockout lines.

Under normal growth conditions (25 °C), all transgenic and WT lines showed comparable
morphological and growth characteristics (Fig. 6A). However, after 24 h of cold treatment at 7 °C,
dramatic phenotypic differences emerged (Fig. 6B). The WT plants exhibited moderate wilting and slight
chlorosis. The GAIP-B overexpression lines showed significantly enhanced cold tolerance, maintenance
of turgor, and green coloration, with minimal visible damage. In contrast, the GAIP-B-KO lines exhibited

severe cold sensitivity, with extensive wilting, necrosis, and the complete collapse of leaf structures in

the most severely affected plants.
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Figure 6 Photographs showing the morphology and growth characteristics of all transgenic and
wild-type tobacco. (A) Normal growth conditions (25 °C). Left to right: Overexpression (OE), knockout
(KO)-OE, control (CK), and KO; (B) 24 h cold treatment at 7 °C. From left to right, OE, KO—OE, CK,

and KO.

The activities of the key antioxidant enzymes were significantly altered in the edited lines under
cold stress (Fig. 7). The OE lines showed enhanced antioxidant capacity, with POD activity increasing
to 10819.5 U/g, SOD activity to 2638.8 U/g, and CAT activity to 3.45 U/g (p < 0.01). Conversely, the
KO lines showed significantly reduced enzyme activities: POD at 7709.1 U/mg (Fig. 7A), SOD at 1637.2
U/mg (Fig. 7B), and CAT at 2.51 U/g (Fig. 7C). Consistent with these enzymatic changes, the oxidative
damage markers showed the opposite trend. In the OE lines, H20: content was maintained at 1.31 pmol/g,
while in the KO lines it accumulated to 2.28 pumol/g (Fig. 7D). Similarly, MDA content, indicating
membrane lipid peroxidation, was only 8.83 nmol/g in the OE lines but reached 15.33 nmol/g in the KO
lines (p < 0.01) (Fig. 7E). Cold stress induced chlorophyll degradation in all lines, but to markedly
different extents. The OE lines maintained a total chlorophyll content of 105.31 mg/g, whereas in the KO
lines it declined to 86.15 mg/g (Fig. 7F). Total soluble carbohydrate accumulation under cold stress
differed significantly between the lines, accumulating to 3.33 mg/g in the OE lines, but reaching only

2.33 mg/g in the KO lines (p < 0.01) (Fig. 7G).

POD activity CAT activity SOD activity

-
= K
= oF
= KOOE

-wr
= ko
= e
= KOOE

Figure 7 Physiological responses of the four tobacco lines (wild-type, WT; overexpression, OE;
knockout, KO; and KO-OE) to cold stress. (A) Superoxide dismutase (POD) activity, (B) Catalase

(CAT) activity, (C) Superoxide dismutase (SOD) activity, (D) H20: content, (E) Malondialdehyde (MDA)
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content, (F) Photosynthetic pigments, and (G) Total soluble carbohydrate content. ***p < 0.01, *p <

0.05; ns, non-significant.

Discussion

This study clearly reveals the superior cold tolerance of the JH mango cultivar over the GQ cultivar.
Exposure to cold stress induced pronounced physiological alterations in both cultivars, but the extent of
these changes was markedly dependent on genotype. The initial line of defence against chilling-induced
reactive oxygen species (ROS) is the antioxidant enzyme system [34]. While the activities of SOD, POD,
and CAT were generally higher in the JH cultivar, significant divergence was only evident at specific
time points (e.g., for CAT at 18 h). This suggests that the superiority of JH may lie not in the absolute
maximum capacity of these enzymes, but in the kinetics and efficiency of their activation, preventing the
early accumulation of ROS to a critical threshold. This was strongly evidenced by the drastically lower
levels of H202 and MDA in the JH cultivar, indicating the successful containment of the oxidative burst

and minimal membrane lipid peroxidation, a hallmark of cold stress injury [34, 35].

These physiological data were strongly supported by our transcriptome analysis. The RNA-Seq data
reveal that the JH cultivar exhibited more rapid and pronounced upregulation of genes encoding key
antioxidant enzymes, including glutathione S-transferases (GST) and ascorbate peroxidases (4px), often
within the first 6—12 h of cold stress. Early transcriptional reprogramming likely primes the antioxidant
system for efficient ROS scavenging. Furthermore, the JH cultivar showed enhanced expression
of transcription factors belonging to the DREB/CBF, MYB, and NAC families, which are master
regulators of cold-responsive gene networks [36, 37]. This suggests that the JH cultivar possesses a more
robust regulatory circuitry to initiate cold acclimation. The significantly higher accumulation of soluble
sugars in the JH cultivar is a critical adaptive response. Sugars, such as sucrose and raffinose, act as
osmoprotectants, stabilizing membrane and protein structures, and as energy sources for fuel stress
responses [38]. Our transcriptome data provides a mechanistic explanation: genes involved in starch
degradation and sucrose biosynthesis such as BAMI (encoding B-amylases) [39], mex! (encoding
maltose transporter) [40], spsA (encoding sucrose-phosphate synthases) were significantly more
upregulated in the JH cultivar. This indicates that the JH cultivar efficiently redirects carbon resources

towards the production of these protective compounds, a strategy less efficiently employed in the GQ
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cultivar. The slower degradation of chlorophyll in JH was a consequence of reduced oxidative damage
and improved energy status. Transcriptomic evidence has indicated lower expression of chlorophyll
degradation genes (e.g., pheophorbide a oxygenase, PaO) and sustained expression of photosynthesis-
associated genes in JH, consistent with its ability to maintain photosynthetic functions under stress [41].
The significant enrichment of GO terms related to protein kinase activity, transferase activity, protein
phosphorylation, and ATP binding is highly indicative of the activation of a massive signaling cascade.
This is a classic and crucial response to cold stress, because kinase-mediated protein phosphorylation is
the primary mechanism for transducing cold signals and amplifying downstream adaptive responses [42].
The requirement for ATP-binding underscores the high-energy demand necessary to fuel these extensive
biochemical adjustments, consistent with the observed metabolic shifts. Notably, KEGG pathway
analysis identified several key metabolic pathways central to cold adaptation. Enrichment in
the terpenoid backbone, ubiquinone, and diterpenoid biosynthesis was particularly significant.
Terpenoids, including diterpenoids, play vital roles in membrane stabilization and as antioxidants,
helping to maintain membrane fluidity and integrity under cold stress [43]. Ubiquinone (coenzyme Q) is
essential for mitochondrial electron transport and serves as a lipid-soluble antioxidant that protects cells
from oxidative damage [44]. The concurrent upregulation of these pathways in JH suggests a concerted
effort to protect cellular structures against chilling-induced damage and enhance antioxidant capacity at

the metabolic level.

This analysis identified many DEGs in the two cultivars. KEGG annotation identified a key pathway
in response to low-temperature induction, namely the plant hormone signal transduction pathway, which
was associated with marked upregulation of the LOC123214451 (DELLA protein GAIP-B-like) gene;
this presents a compelling regulatory mechanism for the cold tolerance of JH. The upregulation of GAIP-
B in JH suggests that this cultivar has an enhanced ability to initiate this protective response. DELLA
proteins, a well-conserved subfamily of GRAS domain-containing transcriptional regulators, function as
key negative regulators of the gibberellin (GA) signaling pathway [45]. In the presence of bioactive GA,
GID1 receptors perceive hormones and undergo conformational changes that promote their interactions
with DELLA proteins. This complex facilitates ubiquitination and subsequent proteasomal degradation

of DELLA proteins via the SCF E3 ubiquitin ligase complex, thereby releasing their repression and
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allowing GA-mediated growth responses (e.g., cell elongation and seed germination) to proceed [46].
However, under abiotic stress conditions, such as chilling, this degradation is inhibited. The
consequent accumulation of DELLA proteins acts as a central switch, repressing energy-intensive
growth processes and diverting cellular resources towards activation of a comprehensive stress defense
program [47, 48]. Thus, we conclude that GAIP-B serves as a master regulator of cold tolerance in the

cold-resistant mango cultivar.

Combined with functional validation in Nicotiana benthamiana, this study provides compelling
evidence that GAIP-B functions as an evolutionarily conserved regulator of cold tolerance in plants. This
demonstrates that genetic manipulation of GAIP-B expression in Nicotiana benthamiana directly alters
cold tolerance by modulating antioxidant defenses, membrane stability, and osmotic adjustment
mechanisms. Here, CRISPR/Cas9-mediated knockout of GAIP-B abolished cold tolerance, with the
mutant plants exhibiting reduced antioxidant enzyme activity; this reduction was directly correlated with
the massive accumulation of ROS, as evidenced by the increase in H.O: content. In Arabidopsis,
accumulated DELLAs proteins stabilize the ICE1 transcription factor, a key regulator of the C-repeat
binding factor (CBF) pathway, which in turn upregulates a suite of cold-responsive genes, including
those encoding SOD, POD, and CAT [49]. By restraining growth, DELLA proteins help to conserve
carbon and energy; further, they contribute to the protection of the photosynthetic apparatus under stress.
The observed slower degradation of chlorophyll in JH could be a direct result of DELLA activity, which
may suppress the expression of chlorophyll catabolic genes (e.g., PAO and SGR) and support the
maintenance of photosynthetic capacity during stress, ensuring a continued energy supply for defense

reactions [50].

Conversely, GAIP-B overexpression conferred enhanced cold tolerance via multiple protective
mechanisms. The significant enhancement of antioxidant enzyme activities in the OE lines effectively
contained oxidative damage, maintaining H-O. and MDA levels, respectively. This robust antioxidant
capacity likely contributes to the remarkable preservation of photosynthetic pigments, with the OE lines
maintaining higher chlorophyll content under cold stress than the WT plants. The importance of DELLA-
mediated antioxidant defenses has been demonstrated in various plant species under abiotic stress [51].

Here, notably, GAIP-B overexpression dramatically enhanced the osmotic adjustment capacity, with
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soluble sugar accumulation reaching higher levels than in the wild type, consistent with previous findings
that DELLA proteins regulate carbohydrate metabolism and allocation under stress conditions [52]. The
accumulated compatible solutes likely contribute to membrane stabilization and maintenance of cellular

homeostasis, as evidenced by the reduced MDA levels in the OE lines.

Our findings are particularly significant in the context of crosstalk between plant hormone signaling
pathways. DELLA proteins are known to integrate signals from multiple hormone pathways, including
gibberellin, abscisic acid, and jasmonic acid signaling [45, 53]. Enhanced cold tolerance in the GAIP-B-
OE lines may involve coordination of these hormonal pathways to activate comprehensive defense
responses. This integrative function positions GAIP-B as a central regulator of the cold-stress signaling
network. In conclusion, our results establish that GAIP-B is both necessary and sufficient for cold
tolerance in plants. Through the coordinated regulation of antioxidant defense, photosynthetic protection,
and osmotic adjustment, GAIP-B orchestrates a comprehensive cold adaptation strategy. These findings
provide valuable insights into molecular breeding approaches aimed at enhancing cold tolerance in

economically important crops through the manipulation of DELLA protein function.

Conclusions

In conclusion, these transcriptomic findings provide profound molecular insights into the
sophisticated defense mechanisms underlying cold tolerance in the JH mango cultivar. Our analysis of
differential gene expression not only identified unique cold stress-responsive genes in the tolerant
cultivar but also highlighted a shared core set of stress-related genes, suggesting a conserved basal
response that is further refined and enhanced in the JH cultivar. Our study provides compelling evidence
that GAIP-B functions as a master regulator of cold tolerance in plants through its multifaceted role in
coordinating the physiological and molecular responses to low-temperature stress. Genetic manipulation
of GAIP-B expression in Nicotiana benthamiana demonstrated that this gene is both necessary and
sufficient for cold adaptation, with the KO lines exhibiting extreme cold sensitivity and the OE lines
showing significantly enhanced cold tolerance. Thus, GAIP-B represents a promising target for genetic
engineering and marker-assisted selection programs aimed at enhancing crop resilience to low-

temperature stress. Future research should focus on identifying downstream targets of GAIP-B and
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exploring its interactions with other stress-responsive pathways to develop comprehensive strategies for

crop improvement under changing climatic conditions.
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