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Abstract
Background  Madhuca longifolia, the energy-producing and medicinal tropical tree originally from southern India, 
faces difficulties in adapting to the low temperatures of late autumn and early winter in subtropical southern China, 
impacting its usability. Therefore, understanding the molecular mechanisms controlling the ability of this species to 
adapt to environmental challenges is essential for optimising horticulture efforts. Accordingly, this study aimed to 
elucidate the molecular responses of M. longifolia to low-temperature stress through genomic and transcriptomic 
analyses to inform strategies for its effective cultivation and utilisation in colder climates.

Results  Herein, the high-quality reference genome and genomic assembly for M. longifolia are presented for the first 
time. Using Illumina sequencing, Hi-C technology, and PacBio HiFi sequencing, we assembled a chromosome-level 
genome approximately 737.92 Mb in size, investigated its genomic features, and conducted an evolutionary analysis 
of the genus Madhuca. Additionally, using transcriptome sequencing, we identified 17,941 differentially expressed 
genes related to low-temperature response. Through bioinformatics analysis of the WRKY gene family, 15 genes 
crucial for M. longifolia low-temperature resistance were identified.

Conclusions  This research not only lays the groundwork for the successful ecological adaptation and cultivation of 
M. longifolia in China’s southern subtropical regions but also offers valuable insights for the genetic enhancement of 
cold tolerance in tropical species, contributing to their sustainable horticulture and broader industrial, medicinal, and 
agricultural use.
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Background
Ecological adaptation is a key mechanism for species to 
cope with environmental changes. Understanding the 
molecular mechanisms involved in adaptation is crucial 
for cultivating and utilising individual species. Tempera-
ture is an abiotic factor that considerably affects plant 
growth, development, and physiological activities. To 
mitigate the damage resulting from low temperatures, 
plants have developed cold acclimation mechanisms that 
involve a complex set of physiological and biochemical 
responses to environmental factors [1].

Madhuca longifolia (J. Koenig ex L.) J. F. Macbr, called 
‘Mahua’ in India, is a broadleaf evergreen tree species 
originating from southern India and Burma and belong-
ing to the family Sapotaceae. The species produces edible 
fruit and is a source of hardwood. M. longifolia is con-
sidered a panacea in Indian traditional medicine, with its 
leaves, flowers, seeds, and bark utilised as medicines [2–
5]. Moreover, studies of M. longifolia suggest promising 
roles in food processing, renewable energy, urban green-
ing and other fields. The flowers of the tree are universally 
utilised for food, feed, and fuel [6]. Its seed oil is a prom-
ising non-edible oil that can be employed to improve the 
quality of bitumen [7]. M. longifolia provides a solution 
for the three major “Fs”, namely food, forage and fuel [8]. 
This plant can be considered an effective agent against 
oral diseases like dental caries [9]. A nano-composite 
material prepared from the seed extract of M. longifolia 
has a remarkable insecticidal effect on vector larvae and 
can be used to control mosquitos and other major vec-
tors as an eco-friendly substitute for modern chemical 
synthetic insecticides [10]. Furthermore, the bark fibre 
of M. longifolia has robust tensile strength, light weight, 
and good thermal steadiness and is appropriate for man-
ufacturing biodegradable materials for sporting goods, 
automotive body panels, wallboards, partitions, and 
non-structural lightweight components in the construc-
tion industry [11]. The tree has a strong tolerance to air 
pollution and can help in its alleviation through its high 
capacity for absorbing greenhouse gases and other air 
pollutants. It is one of the most promising street trees for 
urban greening in the humid tropics [12].

Valued for its industrial and medicinal uses, M. longifo-
lia was introduced to China in 1964, where it has shown 
potential for anti-typhoon forest development in Hainan 
province [13]. However, climatic differences can lead to 
unforeseeable outcomes when attempting to acclimatise 
woody species to locations beyond their native habi-
tat [14]. In China, M. longifolia faces challenges in tem-
perature acclimatisation, with low temperatures causing 
growth stagnation and mortality in seedlings. Our team’s 
previous research found that after the introduction of 
M. longifolia to the southern subtropics in China, there 
is a risk of the air temperature plummeting to around 10 

℃ during the cold snap in late autumn and early winter 
when the buds emerge from the soil. Once this happens, 
even if the air temperature rises after a few days, it will 
cause harm to the young buds, showing that the young 
buds and young leaves lose water and wilt, leading to 
their growth stagnation, and even causing their death in 
serious cases. To date, there have been no reports on the 
temperature adaptation of M. longifolia after its intro-
duction to South China, and there are very few studies 
on its genomics, and information on ploidy, chromo-
some number and genome size is unknown. This absence 
of whole-genome data has limited research on its phy-
logenetic origin and evolutionary history and hindered 
attempts to improve breeding, ecological adaptation, and 
related biological aspects.

Plant genome sequencing serves as a highly useful tool 
for studying the molecular mechanisms underlying plant 
adaptation and determining the impacts of environmen-
tal stressors on the evolution, growth, and development 
of plants as well as allowing for the domestication of use-
ful traits [15]. For example, by sequencing and screen-
ing possible genes linked with flowering, growth, and 
responses to osmotic pressure and temperature stress, 
Sork et al. [16] revealed important insights into the spa-
tial selection of climate-related genes within natural 
populations of Quercus lobata, highlighting potential 
environmental adaptation mechanisms of the species. 
Similarly, the construction of a high-quality reference 
genome for Corylus heterophylla elucidated the molecu-
lar mechanisms underlying its response to environmen-
tal stress and informed genetic guidelines for optimised 
breeding [17].

In addition to genome sequencing, RNA-sequencing 
(RNA-seq) is an important tool for analysing differen-
tial gene expression with the transcriptome and under-
standing genome function, precisely determining gene 
expression and supporting precise bioinformatic analyses 
[18, 19]. Transcriptome analyses have been conducted 
to screen plant genomes for functional genes regarding 
low-temperature stress resistance and to obtain high-
throughput expression data for these key genes. For 
instance, a transcriptome analysis of cold-tolerant Zea 
mays under cold stress yielded 43  million high-quality 
sequences, from which a weighted gene co-expression 
network analysis recognised Zm00001d037590 and 
Zm00001d012321 as the most likely key genes concern-
ing cold hardiness at the seedling stage [20]. Similarly, 
transcriptome sequencing analysis of Eremochloa ophi-
uroides showed that the expression of genes encoding 
AUX_IAA as well as WRKY and heat shock factor (HSF) 
transcription factors (TFs) increased with different low-
temperature stress treatments [21]. A transcriptome and 
weighted gene co-expression network analysis of Ilex 
dabieshanensis after cryogenic treatments of different 
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durations revealed 5,750 differentially expressed genes 
(DEGs), among which the hub genes for stress response 
to low temperature were evm.TU.CHR1.1507 and 1821 
and evm.TU.CHR2.210, 244, and 89 [22].

TFs assume an essential role in governing the trans-
duction of signals and the management of gene expres-
sion in response to environmental stress. Identification 
of TFs is infuenced by the annotation quality of genome 
[23]. The developments of whole genome sequencing 
in walnut and woody species have revealed evidence of 
cold and chilling stress and the genome-wide identifica-
tion of gene families related to stress studies [24]. The 
WRKY gene family is specific to algae and higher plants 
and greatly affects many plant life processes, particularly 
in response to biological stress [25, 26]. In Oryza sativa, 
OsWRKY71 acts as a beneficial controller of responses 
to low-temperature stress, enhancing the photosynthe-
sis and survival of plants [27]. In contrast, in Arabidopsis 
thaliana, AtWRKY34 negatively influences plant growth 
in cold temperatures [28]. In Musa acuminata fruits, four 
MaWRKYs enhance low-temperature resistance through 
an abscisic acid (ABA)-mediated signalling pathway [29]. 
Based on these examples, studying the WRKY gene fam-
ily through transcriptome analysis is a particularly effec-
tive method for studying plant stress resistance at the 
molecular level. Despite their value, genomic and tran-
scriptomic analyses have not yet been used to elucidate 
the molecular mechanisms underlying low-temperature 
stress responses in M. longifolia.

The present study aimed to identify the key genes con-
trolling the low-temperature response of M. longifolia 
through transcriptome and whole-genome sequencing. 
The results could provide a theoretical basis for the com-
prehensive cultivation and utilisation of this species in 
subtropical China and a reference for future ecological 
studies of Madhuca-related species.

Methods
A comprehensive methodology was employed to explore 
the genomic and transcriptomic responses of M. longi-
folia to low-temperature stress. The approach included 
the cultivation of M. longifolia from seeds, isolation of 
genomic DNA for sequencing and assembly, and genome 
annotation to identify coding and non-coding regions. A 
phylogenetic analysis was conducted to place M. longifo-
lia in its evolutionary context. Transcriptome sequenc-
ing of seedlings under low-temperature conditions was 
performed to analyse gene expression changes, focusing 
particularly on the WRKY gene family owing to its role 
in stress response. Quantitative real-time PCR (qPCR) 
was utilised to verify key findings obtained from RNA-
seq. This methodology aimed to elucidate the molecular 
mechanisms underpinning M. longifolia’s adaptation to 
low temperatures.

Sample collection, genomic DNA extraction and 
chromosome counts
The mature seeds of M. longifolia that had fallen to the 
ground were collected at South China National Botani-
cal Garden, Tianhe District, Guangzhou, Guangdong, 
China (113°21′50″E, 23°11′7.3″N). Madhuca longifolia 
seeds were germinated on wet paper towels and then 
transplanted to peat soil for cultivation after the embry-
onic roots emerged. The cultivation site was outside the 
College of Forestry and Landscape Architecture, South 
China Agricultural University, Tianhe District, Guang-
zhou City, Guangdong Province, China (113°21′20″E, 
23°9′44″N). From among the artificially grown seed-
lings, we randomly selected a well-grown, healthy, and 
pest-free specimen and collected its healthy mature 
leaves for DNA collection. Genomic DNA extraction 
was conducted utilising cetyltrimethylammonium bro-
mide (CTAB) method. The leaves were grinded into fine 
powder by liquid nitrogen and then transfer approxi-
mately 100  mg to a pre-cooled 2 mL centrifuge tube. 
After mixing with 1 mL pre-warmed CTAB extract and 
20 µL β-Mercaptoethanol, the samples were incubated 
in a 65 ℃ constant temperature water bath for 1 h, and 
the samples were mixed upside down several times dur-
ing the water bath. Then the samples were cooled to 
room temperature and centrifuged at room tempera-
ture, 12,000 rpm for 10 min. The supernatant was mixed 
with an equal volume of chloroform: isoamyl alcohol 
(24:1) and centrifuged at room temperature for 10  min 
at 12,000  rpm. Then the supernatant was mixed with 
an equal volume of phenol: chloroform: isoamyl alco-
hol (25:24:1) and centrifuged at room temperature for 
10  min at 12,000  rpm. The supernatant was again aspi-
rated and mixed with an equal volume of chloroform: 
isoamyl alcohol (24:1) and centrifuged at room temper-
ature and 12,000  rpm for 10  min. The nucleic acid was 
precipitated with isopropanol, washed with 75% ethanol 
and dissolved in 50 µL ddH2O. DNA quality was con-
firmed using NanoDrop and Qubit spectrophotometers 
(Thermo Fisher Scientific, Waltham, MA, USA). Lastly, 
1% agarose gel electrophoresis was employed for testing 
the sample DNA integrity. The seedlings of 10-month-old 
M. longifolia were selected for chromosome counts. At 
approximately 9:00 am when the meristems of the plant 
root tips were flourishing, a 1–2 cm section was excised 
from the root tips using a blade. The apical materials were 
treated with 0.002 mol/L quinolin-8-ol solution for 1.5 h. 
The plant material was rinsed twice with distilled water, 
transferred to Carnot’s fixative for 24 h, and then washed 
twice with water for 20  min each. Then 2.5% cellulase 
and 2.0% pectinase solution were added and treated for 
2.5 h at 37 ℃. After removing the enzyme solution, the 
sample was rinsed with distilled water for 2–3 times and 
let stand in the water for more than 40 min. The treated 
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root tip was placed on a glass slide and the root cap and 
elongation area were excised, leaving only the meristems. 
Finally, the prepared specimen was stained in basic fuch-
sin dye solution for 10–15 min, and then dried for chro-
mosome counting in root tip cells. The micrographs 
were taken with an CX33 microscope camera system 
(Olympus).

Genome sequencing and assembly
Quality-checked genomic DNA was interrupted with 
Yeasen enzyme digestion kit (Hieff NGS® OnePot TM 
II DNA Library Prep Kit for MGI®). A total of 1  µg of 
genomic DNA, 10 µL of Smearase® Mix, and ddH2O was 
added to the PCR system to a total volume of 60 µL. The 
PCR programme was 4 ℃ for 1  min, 30 ℃ for 15  min, 
72 ℃ for 20  min and 4 ℃ hold. Then, the NEBNext 
Ultra DNA Library Prep Kit library (New England Bio-
labs, Ipswich, MA, USA) was adopted for repairing ends 
and adding A-tails and Illumina sequencing connectors. 
DNA fragments of 300–400  bp in length were concen-
trated by PCR; an AMPure XP system (Beckman Coulter, 
Brea, CA, USA) was used for PCR product purification. 
The library was assayed using an Agilent 2100 Bioana-
lyzer (Agilent, Santa Clara, CA, USA), and qPCR was 
used for quantification, followed by sequencing using a 
NovaSeq 6000 sequencer (Illumina, San Diego, CA, USA) 
according to the PE 150 sequencing strategy. Initial data 
were filtered using the Illumina platform with fastp (ver-
sion 0.18.0) [30] for the eradication of reads with ≥ 10% 
unknown nucleotides (N), 50% reads with a 20 base-
Phred quality score, and those containing connectors. 
Next, we performed k-mer analysis using high-quality 
reads. Jellyfish (version 2.2.6) [31] was employed to pre-
dict the genomic features (size, heterozygosity rate, and 
repeat content) according to k-mer (k = 21) distributions. 
Jellyfish used default parameters.

Genomic DNA was processed into fragments of 
8–10 kb in length utilising the G-tube method (Covaris, 
Woburn, MA, USA), followed by DNA fragment end 
repair. Exonuclease III and IV digestions were performed 
to remove DNA with gaps or not joined to the ring 
junction and to remove the junction dimer. To improve 
sequencing quality and obtain longer average insert frag-
ments, the library was fragmented using the BluePippin 
Nucleic Acid Fragment Recovery System (Sage Science, 
Beverly, MA, USA) to remove short fragments of library 
molecules. After library construction, the Qubit instru-
ment was used for quality assurance. An Agilent 2100 
system was employed to evaluate the size of the insert, 
followed by sequencing using the PacBio platform. To 
guarantee the reliability and accuracy of the follow-up 
analysis, the subreads obtained from the raw sequencing 
reads after removing sequence junctions were considered 
clean data, and the length distribution of the subreads 

was used as the main content to evaluate the sequenc-
ing effect. Because of the long length and minimal error 
rate of the PacBio HiFi data, Hifiasm (version 0.15.1-
r334) [32] was utilised to splice and assemble the triple 
sequencing data. The initial genomic assembly integrity 
assessment was performed using the core eukaryotic 
gene mapping approach (CEGMA) and benchmarking 
universal single-copy orthologs (BUSCO) approaches.

Chromosome-level assembly with Hi-C data and 
evaluation
Filtered reads were compared with the preliminary 
sequencing results obtained from the assembly of HiFi 
utilising the MEM algorithm with the Burrows–Wheeler 
Aligner (version 0.7.12) [33], and a scaffold was estab-
lished according to interactions between sequences. Scaf-
folds were sorted and oriented to acquire the ultimate 
quasi-chromosome-level genome. Hi-C data were anal-
ysed using LACHSIS (version 2014-09-12.12) [34], ALL-
HIC (version 0.9.8) [35] and 3D-DNA (version 180114) 
[36]. The construction of interaction matrices, calibration 
of chromosome-constructed genomes, and evaluation of 
results were performed via ICE software [37]. BUSCO 
(version 4) was applied for sequence integrity evaluations 
[38].

Genome annotation
Repeated sequence annotation
In order to use homology to identify genomic repeti-
tive sequences, we matched the genomic sequences with 
existing databases of repetitive sequences. Homology 
alignment of the genome sequences and repeats from 
the Repbase library (version 19.05, http://www.girinst.
org/repbase) was performed through ProteinMask and 
RepeatMasker (version open-4.05) [39], and detected 
repeat sequences were annotated. Multiple copies of 
genomic repeated sequences were detected by cross-
matching sequences. Using the amino acid sequences 
of plants in the uniprot library/closely related species 
as homologous proteins, the genomes aligned by spaln 
were obtained as a result of homology prediction (spaln: 
-XQ90 -Q7 -O0 -LS -ya0 -yX2 -d spaln). The Augus-
tus was trained using RNAseq + homology prediction 
results as a training set (etraining: default parameter). 
Evidence-based de novo prediction was performed using 
Augustus (augustus: --UTR = off --alternatives-from-evi-
dence = true --allow_hinted_splicesites = atac, gcag --soft-
masking = 1 --gff3 = on).

First, we used PILER (version 1.0) [40], RepeatMod-
eler (version 2.0.1) [41], and RepeatScout (version 1.05) 
[42] to retrieve multiple copies of sequences in the 
genome through internal alignment of the genome and 
established a repeat library de novo. We removed redun-
dant repeats established from scratch and filtered out 

http://www.girinst.org/repbase
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misidentifications, thus establishing a repeat sequence 
library for M. longifolia. We used the obtained repeat 
sequence library as a reference and again used Repeat-
Masker to recognise the genomic repeat regions through 
homologous alignment. LTR_FINDER (version 1.0.7) [43] 
was utilised to scan and extract the sequences of long 
terminal repeat (LTR) transposons in the genome, and 
RepeatMasker was used to annotate their position infor-
mation. TRF software (version 4.04) [44] was employed 
to locate simple sequences in tandem.

Coding gene annotation
Protein-coding gene prediction in M. longifolia was 
conducted using a joint strategy including homology, 
RNA-seq, and methods based on de novo prediction. 
Employing hidden Markov models, the entire genome’s 
coding genes were predicted using Augustus (version 
2.7) [45]. Augustus was trained with default parameters 
using RNAseq and homologous prediction results as a 
training set. We compared the known homologous spe-
cies’ coding protein sequences with the novel species’ 
genome sequence. Afterward, the new species’ related 
gene region was determined via clustering algorithms 
like solar and GeneWise for the purpose of homology 
prediction (MAKER, version 2.2.1) [46]. The EST/cDNA 
sequence and the genome were compared. Using EVM 
(version r2012-06-25) [47] and MAKER, gene sets esti-
mated through diverse approaches were combined into 
a non-redundant and more comprehensive gene set. 
The parameters used for EVM are: EVidenceModeler: 
--search_long_introns 25,000 -w weight.txt (weight.txt: 
stringtie2: 4, scallop2: 1, psiclass: 1, bloomT: 2, bloomP: 2, 
hom: 1, augustus: 6). By means of manual integration, the 
final dependable gene set was derived. Transcription set 
data assembled by Tophat (version 2.0.8b) alignment and 
Cufflinks (version 2.2.1) were also employed to supple-
ment and complete the final gene set (including supple-
menting variable shear and UTR information).

BLAST (version 2.2.29+) [48] was adopted to anno-
tate the predicted gene protein sequences based on the 
Gene Ontology (GO), RefSeq Non-Redundant Pro-
tein (NR), Clusters of Orthologous Groups of Proteins 
(COG), SwissProt, and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) databases. An alignment array was 
used as a function of the target array. Because of the large 
number of possible matching results per sequence dur-
ing the alignment process, matches were filtered using a 
threshold value of ≤ 1 × 10−5 to ensure that further analy-
ses were biologically meaningful. The 20 highest-scoring 
sequences were chosen from each sequence’s comparison 
results and used as alignment results.

Non-coding RNA annotation
tRNAscan-SE software (version 1.3.1) [49] was utilised 
to search for genomic transfer RNA (tRNA) sequences 
according to tRNA structural features. The reference 
sequence was selected from the ribosomal RNA (rRNA) 
sequences of closely related species using BLASTN 
(version 2.6.0+) [50] alignment because rRNA is highly 
conserved. Using the Rfam 11.0 covariance model, we 
predicted the sequence information for small nuclear 
RNA (snRNA) and microRNA (miRNA).

Species evolution and phylogenetic analysis
In total, 14 species were employed to construct a phylo-
genetic tree: Amborella trichopoda, Rhododendron sim-
sii, Camellia sinensis, Vitis vinifera, Populus trichocarpa, 
Theobroma cacao, Juglans regia, Gossypium hirsutum, 
Actinidia chinensis, Z. mays, O. sativa, A. thaliana, M. 
pasquieri (unpublished), and M. longifolia (Table S1). 
Divergence time was estimated according to the follow-
ing methods: orthogroups were detected via OrthoMCL 
[51] with the DIAMOND [52] aligner. For each single-
copy orthogroup, protein sequence alignment was con-
ducted via MUSCLE (http://www.drive5.com/muscle/) 
[53], with all alignments combined into a supergene. 
This was used to establish a maximum-likelihood phy-
logenetic tree through RAxML under the GTR + F + R4 
model containing 1000 bootstrap replicates, and maxi-
mum-likelihood evolutionary trees were constructed via 
IQ-tree [54]. Subsequently, the mcmctree functionality 
[55] in the PAML package (version 4.9) [56] was applied 
to predict the inter-species differentiation time, referring 
to other species’ known differentiation times in the Time-
Tree database (http://www.timetree.org).

Based on evolutionary trees with varying times and 
gene family clustering results, we utilised birth rate and 
mortality models to estimate the number of ancestral 
gene family members per branch using CAFÉ software 
(version 4.0) [57]. We predicted expanded and contracted 
gene families in M. longifolia, as compared to their ances-
tral state. P-values < 0.05 across the family were consid-
ered to determine significance. Expanded/contracted 
gene families in M. longifolia underwent GO and KEGG 
enrichment analyses. Genome-wide replication event 
analysis was performed for M. longifolia, M. pasquieri, R. 
simsii, C. sinensis, and V. vinifera genomes using the syn-
onymous mutation rate (Ks) method.

Low-temperature experiment, RNA-seq, and transcriptome 
sequencing
Young leaves of M. longifolia are susceptible to chill-
ing injury in winter during sudden temperature drops, 
which may cause wilting of the leaves and hinder seed-
ling growth. We collected naturally dropped M. longifo-
lia seeds from the same plant that provided the leaves 

http://www.drive5.com/muscle/
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for DNA isolation. Seeds were germinated on wet paper 
towels; seedlings were then planted in peat soil for cul-
tivation after the embryonic roots grew, using the same 
cultivation site noted in Sect.  2.1. A batch of uniformly 
grown specimens (age: 9 months) was selected from 
among these seedlings and transferred to an intelligent 
artificial climate chamber (5 °C, 65% humidity, 12 h pho-
toperiod, 17,600  lx), and young leaves were collected 
after 0 (control check, CK), 1 (D1), 3 (D3), 5 (D5), and 
7 (D7) days of exposure for RNA extraction (Figure S1). 
Three biological replicates per group were used. A TRIzol 
kit (Invitrogen, Carlsbad, CA, USA) was utilised to isolate 
total RNA. The Agilent 2100 Bioanalyzer was employed 
to determine the RNA quality, which was then con-
firmed via RNAse-free agarose gel electrophoresis. Sub-
sequently, oligo (dT) beads were used to enrich mRNA. 
Short fragments were generated from the enriched 
mRNA using a fragmentation buffer. Reverse transcrip-
tion was carried out utilising the NEBNext Ultra RNA 
Library Prep Kit for Illumina (NEB #7530; New England 
Biolabs) to obtained cDNA. An Illumina Novaseq6000 
by Gene Denovo Biotechnology Co. (Guangzhou, China) 
was utilised to sequence the obtained cDNA library.

Comparative transcriptome analysis of leaves after varying 
low-temperature exposure durations
Reads were fast filtered using fastp (version 0.18.0) to 
acquire extremely high-quality reads [30]. Reads from 
raw RNA were filtered and truncated to produce desired 
reads. Fastp (v 0.18.0) has parameters -a ​A​G​A​T​C​G​G​A​A​G​
A​G​C -q 20 -u 50 -n 15 -l 50. The purpose of this step is: 
(1) Remove reads containing adapter; (2) Remove reads 
with N ratio greater than 10%; (3) Remove reads with all 
A bases; (4) Remove low-quality reads (the number of 
bases with quality value Q ≤ 20 accounts for more than 
50% of the whole read). After establishing the reference 
indicator of the M. longifolia genome, the clean paired-
end reads were aligned to this reference genome using 
HISAT2 (version 2.4) [58]. The parameter is set to “-rna-
strandness RF” and the rest of the parameters are default. 
For each sample, read mapping and assembly was con-
ducted via StringTie v1.3.1 following published protocols 
[59, 60]. To quantify the expression and variation of each 
transcription area, reads were normalised via fragments 
per kilobase of transcript per million mapped reads cal-
culation using RSEM software [61]. The input data for 
the gene differential expression analysis were the read 
counts data obtained from the gene expression level anal-
ysis, which were analysed using the edgeR [62] software. 
The analysis was divided into three parts: (1) normalisa-
tion of the read counts; (2) calculation of the probability 
of hypothesis P-value according to the model.

DESeq2 [63] software was adopted to perform inter-
group analysis of differentially expressed RNA. All DEGs 

were aligned with GO terms and KEGG pathways, and 
each term’s gene count was computed. Hypergeometric 
testing was performed to detect GO terms remarkably 
enriched in the DEG in comparison with the genomic 
context, and KOBAS software [64] was employed to 
quantify significant KEGG pathway enrichment of the 
DEGs. P-values were quantified using hypothesis testing 
and corrected by FDR. Pathways with a Q-value ≤ 0.05 
were defined as significantly enriched among DEGs.

Identification, alignment, and phylogenetic analysis of 
WRKY gene family
Using blastp (parameter settings: e-value 10−5 and iden-
tity 50%), the protein sequences of M. longifolia were 
contrasted with the WRKY protein family of A. thaliana 
to identify genomic WRKY gene family members. Using 
the hmmsearch programme in hmmer 3.3.1 [65] under 
default parameters, the corresponding gene family mem-
bers among M. longifolia protein sequences were deter-
mined according to the WRKY gene family structural 
domains. The members obtained from these two steps 
are merged as the result of the final WRKY gene family, 
where if the IDs of the genes obtained from the two steps 
are the same, they are retained only once. Using genome 
sequencing and chromosomal information of the WRKY 
genes of M. longifolia, chromosomal localisation analy-
sis was performed utilising MG2C (http://mg2c.iask.in/
mg2c_v2.0/) to precisely localise each WRKY member 
and facilitate gene homology analysis over evolution-
ary history. Based on the A. thaliana and M. longifolia 
WRKY gene family members, neighbour-joining tree 
construction with MUSCLE multiple sequence alignment 
(default parameters) was performed using MEGA11.0.8 
[66] (parameters: Poisson model, partial deletion 80%, 
and 1000 bootstraps). Conserved motif analysis was 
carried out utilising the Multiple Em for Motif Elicita-
tion (MEME) suite (version 5.3.0) [67] (parameter set-
tings: repetition count: any; maximum motif count: 20; 
and optimal width per motif: 6–100 residues), and motif 
functional analysis was conducted as per the NCBI Con-
served Domains Database (http://www.ncbi.nlm.nih.gov/
Structure/cdd/cdd.shtml).

Validation of key gene expression patterns via real-time 
fluorescence reverse transcription qPCR (RT-qPCR)
RT-qPCR was performed to verify RNA-seq findings. 
Fifteen genes were chosen for expression analysis at 1D, 
3D, 5D and 7D using mikado Chr 09G46 as the inter-
nal reference gene, which encoding ubiquitin-coupled 
enzyme. Each set of experiments consisted of 3 biological 
replicates. Primer Premier 5.0 (Premier Biosoft Interna-
tional, Palo Alto, CA, USA) was utilised to design prim-
ers (Table S2). Total RNA was isolated from each sample 
using TRIzol reagent [68], and reverse transcription was 

http://mg2c.iask.in/mg2c_v2.0/
http://mg2c.iask.in/mg2c_v2.0/
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
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performed on a T100 Thermal Cycler (Bio-Rad, Hercules, 
CA, USA) to acquire template cDNA. qPCR was carried 
out on a TianLong 988 Real-Time PCR System (Tianlong 
Technologies, Xi’an, China) with ChamQ SYBR qPCR 
Master Mix (Vazyme, Nanjing, China) using the follow-
ing programme: 90 s denaturation at 95 °C, and 40 ampli-
fication cycles were conducted of 95 °C for 5 s, 60 °C for 
15  s, and 72  °C for 20  s. Each sample underwent three 
rounds of testing. Relative expression was computed 
using the 2−ΔΔCt method [69].

Results
Madhuca longifolia genome size prediction and assembly
Altogether, 31.23 Gb (42.27×) PacBio long reads and 
26.79 Gb (36.26×) Illumina short paired-end reads 
were obtained (Table S3). Using the valid M. longifolia 
genome data obtained from Illumina sequencing, a total 
of 22,037,014,232 k-mers with a main peak k-mer depth 
of 31.82 were identified (Table S4). A clear heterozygosity 
peak appeared approximately halfway to the major k-mer 
distribution curve peak (Figure S2), indicating a high het-
erozygosity rate. Through further calculation and correc-
tion, the genome size was calculated as 646.92 Mb, with a 
1.48% heterozygosity ratio and a 38.75% repeat sequence 
ratio.

Based on preliminary genome assembly and correction, 
the genome of M. longifolia contained 340 contigs, and 

the genome scale was 739.00 Mb with the GC content of 
33.76%. Contig N50 was 56.71 Mb long, with the longest 
assembled contig size being 76.57  Mb (Table  1). Chro-
mosome counts showed that M. longifolia was diploid 
(2n = 24, Figure S3). Contigs obtained from preliminary 
Hi-C assembly were clustered into 12 pseudochromo-
somes (Fig. 1A, Table S5). The Hi-C interaction heat map 
showed a well-organised diagonal pattern of intrachro-
mosomal interactions, indicating a satisfactory genome 
assembly (Fig.  1B). The ultimate assembled genome 
dimension was 737.92  Mb in size, and contig N50 and 
scaffold N50 had lengths of 56.71  Mb and 60.05  Mb, 
respectively. The longest assembled contig and scaffold 
sizes were 76.63  Mb and 84.26  Mb, respectively, with a 
GC content of 33.74% (Table 1).

Illumina data were re-matched to the initially assem-
bled M. longifolia genome to assess assembly integrity 
and accuracy, and the Illumina reads showed 98.62% 
alignment and 99.81% coverage (Tables S6 and S7). 
CEGMA assessment showed a detection rate of 234/248 
(94.35%) for core eukaryotic genes (Table S8). The 
BUSCO evaluation results indicated that 1,571 of 1,614 
direct homologous single-copy genes (97.34%) were 
observed in the M. longifolia genome (Table S9). The 
final assembly outcomes were also evaluated using the 
BUSCO software and yielded 1,535 single-copy genes, 
representing 95.11% of the gene counts (Table S10). This 
indicated that the final assembled genome of M. longifo-
lia had good integrity and high quality.

Genome annotation
A total of 1,294 rRNA, 2,043 tRNA, 264 miRNA, and 
287 snRNA sequences were obtained by annotating the 
non-coding RNAs of the M. longifolia genome. The aver-
age length for these four RNA types was 2,581.70  bp, 
74.54  bp, 133.95  bp, and 123.97  bp, respectively (Table 
S11). The genome contained 486.30  Mb of repeated 
sequences, occupying 65.90% of the total genome. Among 
the detected transposable elements, which are important 
components of repeated sequences, the LTR transposon 
class was predominant at 69.16 Mb in size and occupy-
ing 9.36% of the genome. The next most common class 
was the long interspersed nuclear element class, with a 
dimension of 18.03 Mb, occupying 2.44% of the genome. 
Among the DNA transposons, the highest proportion of 
genomes was in the Helitron class (62.31%), followed by 
miniature inverted-repeat transposable elements (1.63%) 
(Table S12). Structural annotation of genomic coding 
genes yielded 46,610 coding genes. The mean gene length 
of the M. longifolia genome was 5,561.26  bp, with the 
N50 gene being 9,993  bp in length. The average mRNA 
length was 1,625.14 bp. The mean coding sequence was 
1,154.17 bp long. The mean exon length was 272.37 bp, 
and the mean count of exons in each gene was 5.78 (Table 

Table 1  Statistics of Madhuca longifolia genome assembly
PacBio assembly
  Statistics Contig length (bp) Number
  Max 76,565,288 1
  N10 76,565,288 1
  N20 72,498,706 2
  N30 60,044,954 4
  N40 57,664,288 5
  N50 56,707,685 6
  N60 51,577,671 8
  N70 51,515,675 9
  N80 41,195,910 11
  N90 30,563,916 13
  Total length 738,965,282 340
  GC rate (%) 33.7631 -
Hi-C assembly
  Statistics Scaffold Contig
  Total number 329 331
  Total length (bp) 737,923,470 737,921,470
Gap (N) (bp) 2,000 0
  Average length (bp) 2,242,928.48 2,229,370
  N50 length (bp) 60,054,753 56,707,731
  N90 length (bp) 41,669,588 30,985,487
  Maximum length (bp) 84,256,480 76,625,452
  Minimum length (bp) 13,157 13,157
  GC content (%) 33.74 33.74
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S13 and S14). BUSCO assessment (Table S15) showed 
96.47% completeness, indicating excellent annotation of 
the encoded genes. Among the genes with coded pro-
teins, 34,927 were annotated against the NR database 
(75% coverage), 24,100 for SwissProt (52%), 26,665 for 
GO (57%), 20,243 for COG (43%), and 34,162 for KEGG 
(73%; Table S16).

Evolution of gene families
The M. longifolia genome contained 15,545 gene fami-
lies consisting of 26,724 genes. Table S17 shows the clus-
tered gene families in the remaining 13 analysed species. 
A total of 10,517 genes were identified and shared by 
M. longifolia, M. pasquieri, R. simsii, V. vinifera, and A. 
chinensis (Fig.  2A). Forty-one single-copy gene families 
were shared among all species. Homologous single-copy 
gene sequence comparison and maximum-likelihood tree 
construction showed that M. longifolia and M. pasquieri 
diverged at 15–75 mya, slightly later than O. sativa and 
Z. mays (Fig. 2B). The gene family expansion/contraction 
analysis for M. longifolia revealed that 632 gene fami-
lies underwent expansion and 161 experienced contrac-
tion (Fig. 2B). Among the expanded gene families, 2,669 
genes were annotated with GO terms, with 1,540 genes 
enriched in biological process terms, 313 in cellular com-
ponent terms, and 815 in molecular function terms (Fig-
ure S4). Altogether, 749 genes were enriched in 91 KEGG 
pathways (Figure S5). Genes that underwent expansion 
were significantly enriched in metabolic, glutathione 

metabolism, RNA polymerase, and oxidative phosphory-
lation pathways.

Whole-genome duplication
The results of the covariance analysis showed a 2:1 syn-
tenic depth rate between M. longifolia and V. vinifera 
and a 2:2 syntenic depth rate between M. pasquieri and 
R. simsii (Fig. 2C). The V. vinifera genome did not exhibit 
the whole-genome doubling (WGD) followed by whole-
genome tripling common to core dicotyledons [70], 
whereas this was the case in R. simsii [71]. Ks distribution 
mapping for M. longifolia, M. pasquieri, V. vinifera, C. 
sinensis, and R. simsii highlighted a shared peak at ~ 1.5 
Ks representing a genome-wide triploidisation event (γ 
event) common to core dicots, after which M. longifolia 
experienced another, more recent WGD event (Fig. 2D).

Comparative transcriptome analysis of young leaves under 
different low-temperature treatment durations
Across all pairwise comparisons of seedlings from the 
CK, 1D, 3D, 5D, and 7D groups, 17,941 DEGs were rec-
ognised, with 3,382 overlapping DEGs (Fig.  3A). The 
D7 group showed the highest number of DEGs (14,291) 
against the CK group, of which 4,765 were upregulated 
and 9,526 were downregulated. The fewest DEGs (5,945) 
were found between CK and D1, of which 3,237 were 
upregulated and 2,708 were downregulated in the D1 
group. Altogether, 13,116 DEGs were detected between 
the CK and D3 groups, where 4,512 were upregulated 

Fig. 1  Chromosomal features and Hi-C map of the Madhuca longifolia genome (A) Landscape of the M. longifolia genome. Inwards from the outside: 
Chromosome (a), Gene density (b), GC distribution density (c), Transposon distribution density (d), LINE distribution density (e), Illumina short read distri-
bution density (f ), LTR copy distribution density (g), Schematic of major inter-chromosomal relationships in the M. longifolia genome (h). (B) Heat map of 
the Hi-C interaction density between 12 pseudochromosomes in M. longifolia
 LTR, long terminal repeat; LINE, long interspersed nuclear element
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and 8,604 were downregulated in the D3 group; 13,988 
DEGs were found between the CK and D5 groups, of 
which 4,629 were upregulated and 9,359 were downregu-
lated in the D5 group (Fig. 3B). Based on GO annotation 
with hypergeometric tests, DEGs were predominantly 
enriched in the organonitrogen compound metabolic 
process (GO:1901564), ion binding (GO:0043167), and 
catalytic complex (GO:1902494) GO terms (Figure S6). 
KEGG analysis showed that DEGs between CK and D1, 
CK and D3, CK and D5, and CK and D7 were enriched 
in 129, 135, 138, and 137 pathways, respectively (Figure 
S7). Further trend analysis showed that DEGs were clus-
tered into 20 profiles. Among these, 15,993 DEGs were 
clustered into five profiles at P < 0.05 (downregulation 
mode, profile 0; upregulation mode, profile 19; upregula-
tion then stable then downregulation, profile 18; upregu-
lation then downregulation then stable, profile 12; and 
stable then downregulation then upregulation, profile 
8) (Fig.  3C). Profile 0 contained 9,391 DEGs that were 
downregulated in the 1D, 3D, 5D, and 7D groups com-
pared to levels in the CK group. Profile 19 contained 
2,941 DEGs that were upregulated in these groups.

Identification of the WRKY gene family
Altogether, 94 WRKY putative genes were identified in 
the genome of M. longifolia. Chromosomal localisation 
analysis revealed that these genes were distributed on 
12 chromosomes, with each chromosome containing 
14, 15, 4, 6, 12, 7, 6, 8, 5, 6, 7, and 4 MlWRKYs, respec-
tively (Fig.  4A and Table S18). Phylogenetic analyses of 
WRKY gene families for M. longifolia and A. thaliana 
revealed three principal families (groups I–III), among 
which group II was subdivided into five subfamilies: II-a 
to II-e (Fig. 4B). WRKY gene family groups I, II, and III 
respectively contained 15, 58, and 21 genes, and group 
II subfamilies IIa, IIb, IIc, IId, and IIe respectively con-
tained 4, 11, 25, 8, and 10 genes (Table S19). Utilising the 
MEME Suite, 20 conserved amino acid sequences corre-
sponding to members of the M. longifolia’s WRKY gene 
family were found. Four conserved sequences with char-
acteristic WRKY structural domains were identified (Fig-
ure S8). Genes containing four WRKY structural domain 
sequences (motifs 1, 2, 3, and 5) were all located in group 
I. Of 94 MlWRKYs, only 14 (MlWRKY1, MlWRKY2, 
MlWRKY3, MlWRKY6, MlWRKY14, MlWRKY20, 
MlWRKY24, MlWRKY25, MlWRKY31, MlWRKY37, 

Fig. 2  Comparative genomic analysis of Madhuca longifolia with other plants (A) Venn diagram of unique and common gene families in M. longifolia, M. 
pasquieri, Rhododendron simsii, Vitis vinifera, and Actinidia chinensis. (B) Phylogenetic analysis of the M. longifolia genome based on phylogenetic relation-
ships with 14 species. Node labels denote node ages. Gene family expansion or contraction is presented in the pie chart. Numbers of gene family cluster 
classes in each species are presented in the histogram. (C) Phylogenetic relationships of M. longifolia and other species (V. vinifera, M. pasquieri, and R. 
simsii). (D) Distribution of synonymous substitution rates (Ks) for homologous genomes used for intrachromosomal comparisons. The Ks value peaks 
(Ks = 0.7 and 1.5) indicate the occurrence of a recent WGD and an ancient WGD, respectively, in the M. longifolia genome
WGD, whole-genome doubling
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MlWRKY47, MlWRKY84, MlWRKY88, and MlWRKY89) 
contained either motif 1 or motif 2 but not both, whereas 
each of the other genes contained both motifs, which 
were closely related (Figure S9).

The transcriptome trend analysis revealed that of the 
94 WRKY genes identified in the M. longifolia genome 
with differential expression under low-temperature 
stress, 17 upregulated MlWRKYs corresponded to pro-
file 19 and 15 downregulated MlWRKYs represented 
profile 0. Based on this result, a gene expression heat 
map was plotted via the TBtools software [72] (Figure 
S10). The top eight differentially expressed MlWRKYs 
in profile 19 and the equivalent top seven in profile 0 
were identified as genes likely to be tightly linked with 
the response to low-temperature stress in M. longifolia 
(Table S20). These 15 differentially expressed MlWRKYs 
(MLWRKY81, MLWRKY21, MLWRKY52, MLWRKY74, 
MLWRKY99, MLWRKY46, MLWRKY54, MLWRKY5, 
MLWRKY59, MLWRKY90, MLWRKY13, MLWRKY48, 
MLWRKY28, MLWRKY97, and MLWRKY76) were 
selected and validated via qRT-PCR, and their expression 
in the transcriptome was largely consistent with the fluo-
rescence quantification of expression in different samples 

(Fig. 4C), further supporting the credibility of the RNA-
seq data.

Discussion
In this study, Illumina sequencing, PacBio HiFi sequenc-
ing, and Hi-C technology were incorporated to sequence 
and assemble the complete M. longifolia genome to 
obtain a high-quality chromosome-level reference 
genome. This is the first complete chromosome-level 
reference genome for the genus Madhuca and provides 
considerable genomic data for investigations of other 
species in the genus. The M. longifolia genome also pro-
vides a basis for future research on molecular breeding, 
phylogeny, and resistance mechanisms. The size of the 
assembled genome is approximately 737.92  Mb, with 
contig N50 (56.71 Mb) and scaffold N50 (60.05 Mb) both 
notably larger than contig N50 (2.2  Mb) and scaffold 
N50 (36 Mb) of the closely related species R. simsii [71]. 
In this study, 65.90% of the total genome of M. longifolia 
was represented by duplicated sequences, a considerably 
larger percentage than in R. simsii (47.48%) and R. dela-
vayi (51.77%) [71]. This indicates that M. longifolia could 
have undergone greater sequence differentiation and 
genome expansion than these species. Altogether, 46,610 

Fig. 3  Low-temperature transcriptome analysis of Madhuca longifolia (A) Venn diagram of the number of DEGs under different durations of low-tem-
perature stress: 0 days versus 1 day (CK-vs-D1), 0 days versus 3 days (CK-vs-D3), 0 days versus 5 days (CK-vs-D5), and 0 days versus 7 days (CK-vs-D7). (B) 
Number of up- and downregulated DEGs in the four comparisons shown in A. (C) Total trend of all expression changes in DEGs under low-temperature 
stress in M. longifolia. For each profile, the number in the lower left corner denotes the P-value, the number in the upper left corner symbolises the pro-
file ID, the number in parentheses in the upper right corner indicates the number of genes assigned to that profile, and the coloured profile represents 
instances of P< 0.05
DEG, differentially expressed gene; CK, blank control group with 0 days of low-temperature treatment; D1, D3, D5 and D7, control groups with 1, 3, 5, 7 
days of low-temperature treatment
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coding genes corresponded to known functional annota-
tions for M. longifolia, close to the count for the closely 
related species A. chinensis (40,464) [73] but markedly 
higher than that for R. simsii (32,999).

Adaptive evolution is a key strategy for the survival of 
all species. Understanding the molecular mechanisms 
controlling adaptive evolution helps us to comprehend 
the development of adaptive characteristics and the cor-
relations that support species diversification, phenotype 
convergence, and interspecific interactions. It may also 
provide valuable knowledge of the formation and sustain-
ability of biodiversity [74]. Gene family expansion signifi-
cantly affects species differentiation. We found that 632 
gene families in M. longifolia have expanded during its 
evolutionary history and exhibit enrichment in oxida-
tive phosphorylation, glutathione metabolism, and RNA 
polymerase pathways. These gene families may have been 
associated with resistance to environmental stress dur-
ing the species’ evolutionary history. The natural habitat 
of M. longifolia is southern India and Myanmar, where it 
is warm throughout the year and hot in the summer. It 
can therefore be assumed that M. longifolia has gradually 
evolved to become more tolerant to hot environments 
and less adaptable to low temperatures. This may be one 

of the reasons for the poor overwintering adaptability of 
the species during cold waves in winter after its introduc-
tion to southern China.

The divergence time of A. chinensis and R. simsii in 
the present study was approximately 74.0  Ma, which is 
almost identical to the previously reported divergence 
time of 74.78 Ma. In contrast, the differentiation time of 
87.3 Ma for A. chinensis and C. sinensis was greater than 
that of 60.95–76.84  Ma reported in other studies [73]. 
This may be due to the use of genomes from more species 
in this investigation, particularly the inclusion of genomic 
data from the Sapotaceae family, which is closely related 
to the Actinidiaceae and Theaceae families. Genome-
wide replication events are important drivers of species 
evolution and can lead to changes in plant genome size 
and gene number [75, 76]. M. longifolia exhibited covari-
ate relationships of 2:1, 2:2, and 2:2 with V. vinifera, M. 
pasquieri, and R. simsii, respectively. Both M. longifolia 
and M. pasquieri have 12 pseudochromosomes, whereas 
the closely related species Synsepalum dulcificum [77] 
and R. simsii have 13 pseudochromosomes. There-
fore, the evolution of the chromosomes of M. longifolia 
is of great importance to the Sapotaceae and Ericales. 
M. longifolia and M. pasquieri peaked at Ks = 0.75 and 

Fig. 4  Analysis of the WRKY gene family and RT-qPCR validation of key WRKY genes for low-temperature response in Madhuca longifolia (A) Chromo-
somal localisation of 94 WRKY genes on M. longifolia chromosomes. (B) Phylogeny of the WRKY gene family in M. longifolia and Arabidopsis thaliana. (C) 
RT-qPCR validation of 15 MlWRKY genes in response to low-temperature stress in M. longifolia. In (c), panels (a)–(g) show WRKY genes consistently down-
regulated in profile 0. Panels (h)–(o) show WRKY genes consistently upregulated in profile 19
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Ks = 0.68, respectively, while S. dulcificum of the same 
family peaked at Ks = 0.56. Given M. longifolia’s evolu-
tionary position in the phylogenetic tree, we speculate 
that this WGD event was not unique to the Sapotaceae 
family. It has been reported that C. sinensis underwent 
only one WGD event following a whole-genome tripling 
event, and that this was the same WGD event shared 
by A. chinensis, C. sinensis, R. simsii, and Diospyros kaki 
[78], which may also be shared with other species in the 
family. However, because of the lack of genomic studies 
on M. longifolia, the neutral mutation rate of the tightly 
related species A. chinensis was utilised to calculate the 
timing of the WGD event in this analysis. This may have 
led to less accurate results and could be corrected in con-
junction with more relevant subsequent research results.

Low temperatures are a key factor limiting the large-
scale cultivation of high-quality tropical trees in China. 
Low-temperature stress often results in the severe dehy-
dration of plant cells, leading to tissue injury, stunted 
growth, and wilting. Various physiological, molecular, 
and metabolic responses driven by multiple pathways 
occur when plants resist the adverse effects of low tem-
peratures [79, 80]. We found that the total number of 
DEGs between the low-temperature groups and the 
CK group gradually rose with an increasing duration 
of seedling exposure to stress. More genes were down-
regulated than upregulated on days 3, 5, and 7 of low-
temperature treatment but not on day 1, when the count 
of upregulated genes surpassed that of downregulated 
genes. Enrichment analyses of several groups of DEGs 
using the GO and KEGG databases demonstrated that 
DEGs were remarkably enriched in membrane path-
ways (GO:0016020) on D1 as compared to CK. One of 
the key mechanisms for adapting to low-temperature 
stress involves modifying the plasma membrane’s func-
tion and composition [81]. As the low-temperature 
treatment duration escalated, the DEGs in plant tis-
sues became remarkably enriched in pathways related 
to stress response. Examples of other pathways associ-
ated with membranes included the integral component 
(GO:0005887) and the obsolete intrinsic component 
of the plasma membrane (GO:0031226). The enrich-
ment analysis results in this study are highly similar to 
previously reported enrichment pathways of DEGs in 
Kandelia obovata during cold acclimation in coastal 
environments [82].

When exposed to abiotic stress factors, some WRKY 
TFs quickly promote signal transduction and lead to 
differential gene expression [83]. The WRKY expres-
sion modes and functional identification are identi-
fied through transcriptome analysis and RT-qPCR. The 
ongoing expansion of plant genome and transcriptome 
databases has led to the detection of a rising number of 
WRKY genes, e.g., 82 in Solanum tuberosum [84] and 

95 in Daucus carota [85]. A previous study predicted 96 
WRKY TFs in the genome of M. pasquieri [86]; herein, 
94 MlWRKYs were recognised for the first time in the M. 
longifolia genome. The WRKY gene count in both spe-
cies was very similar, which may be related to their close 
affinity. WRKY genes in M. longifolia were nonuniformly 
distributed across the species’ 12 chromosomes. Phylo-
genetic analysis allowed the classification of these genes 
into three groups, of which group II was subdivided 
into five subgroups (II-a to II-e). This clustering result is 
accordant with that found in a prior study [87]. Subgroup 
II-c had the largest number of members (25), whereas 
II-a had only four MlWRKY members; this distribution is 
similar to the clustering results of WRKY subgroups in S. 
lycopersicum [88] and Manihot esculenta [89].

Various investigations have indicated that WRKY genes 
influence many plants’ responses to low-temperature 
stress. The WRKY71 protein is localised in the nucleus 
of Fragaria×ananassa seedlings and plays a role in 
responses to abiotic stressors such as cold, salt, and low 
phosphate levels [90]. BcWRKY46 in Brassica campes-
tris is triggered by low-temperature stress and ABA to 
improve plant resistance through the activation of rele-
vant genes in ABA signalling pathways [91]. In the pres-
ent study, 15 key MlWRKYs were found to respond to low 
temperatures, all of which were enriched in GO terms 
related to the control of transcription and transcription 
with a DNA template (GO:0006355), DNA binding spe-
cific to sequences (GO:0043565), and transcription fac-
tor activity binding to DNA (GO:0003700) (Table S20). 
These genes may be key regulators of related pathways 
that rapidly respond to low-temperature stress, regulat-
ing the expression of related genes and altering metabo-
lite synthesis and secretion, among other responses.

Despite our valuable findings, the study has some 
limitations. First, the transcriptome samples we used 
were leaf sections that were not further disassembled 
for sequencing to analyse the differential expression 
among different tissues; therefore, it remains unclear 
whether there are differences in the expression modes 
of MlWRKYs in distinct tissues under low-temperature 
stress. Further, it is unknown how these WRKY gene fam-
ily members respond to low-temperature signals and reg-
ulate gene expression. Further experiments are needed 
to validate the functions of these genes and investigate 
their specific roles in the complicated molecular mech-
anisms related to the low-temperature response of M. 
longifolia. Moreover, there is a lack of metabolomic data 
related to M. longifolia under low-temperature stress, 
limiting our analysis of differential metabolites and core 
metabolic pathways. In the future, further combinations 
of genomic, transcriptomic, metabolomic, proteomic 
and other multi-omics data can be used to establish a 
gene–metabolite regulatory network, mine additional 
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hub genes, and clarify the related regulatory relation-
ships. Finally, although RT-qPCR verified recognised hub 
gene expression, insufficient direct molecular experi-
ments were performed to functionally verify them. As a 
next step, a genetic transformation system of M. longifo-
lia needs to be established to facilitate the verification of 
gene functions. Combined with multi-omics association 
analysis and molecular biology techniques, we plan to 
explore the principal target genes and pathways related 
to low-temperature stress responses and clarify the exis-
tence of any interactions between these, so as to analyse 
the molecular mechanism of these responses in depth.

Conclusions
In this study, high-quality chromosome-level genome 
assembly was performed for M. longifolia, and key genes 
controlling low-temperature responses were identified 
for the first time based on genomic and transcriptomic 
data. The genomic data and comparative genomic anal-
yses provide valuable references for further studies on 
the adaptive evolution of M. longifolia and related spe-
cies. The derived transcriptome information constitutes 
a basis for further elucidating the adaptive mechanisms 
of M. longifolia to unfavourable low-temperature envi-
ronmental conditions and for optimising the molecular 
breeding and cultivation of other high-quality tropical 
woody plants. Future studies can use our genome assem-
bly, annotation, and transcriptome data to enhance the 
ecological adaptability and exploitability of valuable 
tropical trees to different environments following their 
introduction.
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