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A high-quality genome assembly reveals adaptations
underlying glossy, wax-coated leaves in the heat-tolerant
wild raspberry Rubus leucanthus
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Abstract

With glossy, wax-coated leaves, Rubus leucanthus is one of the few heat-tolerant wild raspberry trees. To ascertain the underlying mechanism of
heat tolerance, we generated a high-quality genome assembly with a genome size of 230.9 Mb and 24,918 protein-coding genes. Significantly
expanded gene families were enriched in the flavonoid biosynthesis pathway and the circadian rhythm-plant pathway, enabling survival in sub-
tropical areas by accumulating protective flavonoids and modifying photoperiodic responses. In contrast, plant-pathogen interaction and MAPK
signaling involved in response to pathogens were significantly contracted. The well-known heat response elements (HSP70, HSP90, and HSFs)
were reduced in R. leucanthus compared to two other heat-intolerant species, R. chingiiand R. occidentalis, with transcriptome profiles further
demonstrating their dispensable roles in heat stress response. At the same time, three significantly positively selected genes in the pathway
of cuticular wax biosynthesis were identified, and may contribute to the glossy, wax-coated leaves of R. leucanthus. The thick, leathery, waxy
leaves protect R. leucanthus against pathogens and herbivores, supported by the reduced R gene repertoire in R. leucanthus (355) compared to
R. chingii (376) and R. occidentalis (449). Our study provides some insights into adaptive divergence between R. leucanthus and other raspberry
species on heat tolerance.
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1. Introduction substantial amount of genetic diversity for such tolerances.
CWRs are utilized not only as donor parents in hybridization
efforts but also provide opportunities to elucidate the mech-
anisms underlying these traits.

The term ‘thermomorphogenesis’ refers to the effects of tem-
perature on plant growth and morphology.* Typical responses
to thermomorphogenesis include elongation of hypocotyls
and petioles, reduced stomatal density, and the development
of smaller, thinner leaves.” Thermotolerances can be categor-
ized based on its sources into two types. The first is basal
thermotolerance, which denotes a plant’s inherent capacity to
endure heat stress. The second is acquired thermotolerance or
heat stress priming, which is an induced tolerance to severe
heat stress conditions that would typically be lethal, activated
by prior exposure to mild heat stress.® The induction of heat
shock proteins (HSPs) is the most well-documented aspect of
acquired thermotolerance. During the acclimation process,
massively increase the transcription and translation of HSPs.
These proteins are believed to act as molecular chaperones,
protecting cellular proteins from irreversible denaturation due
to heat and aiding in the refolding of proteins that have been
damaged by heat.” Without heat acclimation, plants rely on
certain regulatory and acclimation proteins to achieve basal

Temperature directly influences plants by affecting the rates of
biochemical reactions, as well as their growth, reproduction,
and survival. Plants are limited to environments that fall within
their physiological tolerances; therefore, thermotolerance is
a key determinant of a species’ geographic range and distri-
bution.! Natural variation in thermotolerance, both between
species (interspecific) and within species (intraspecific), is
often associated with adaptations to various thermal envir-
onments.? Species and populations living in warmer climates
tend to possess higher thermotolerance limits compared to
those in cooler regions. Greater thermotolerance offers a fit-
ness advantage in hotter environments by enabling organisms
to maintain their performance at elevated temperatures. The
current trend of global warming poses a significant threat to
crop productivity worldwide, making the development of
thermotolerant cultivars urgent. Fundamental to this effort
is the understanding of the genetic architecture underlying
thermotolerance. The ‘cost of domestication’ hypothesis sug-
gests that the long-term focus on achieving high yields and
quality in crop cultivars has led to a depletion of genetic di-
versity, particularly in terms of biotic and abiotic stress tol-
erances.’ In contrast, crop wild relatives (CWRs) harbor a

Received 20 May 2024; Revised 26 July 2024; Accepted 2 August 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of Kazusa DNA Research Institute.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our
RightsLink service via the Permissions link on the article page on our site—for further information please contact journals.permissions@oup.com.


https://orcid.org/0000-0003-0542-5043
mailto:wuei06@zhku.edu.cn
mailto:gwei@zhku.edu.cn
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

thermotolerance. These include the transcriptional regulator
MBFlc (multiprotein bridging factor 1c¢) and the reactive
oxygen species (ROS) detoxifying enzyme, catalase.® Basal
and acquired thermotolerances are often interlinked and play
distinct roles at various stages of development and in different
plant tissues.” To date, the molecular and genetic mechanisms
regulating plant thermomorphogenesis have remained largely
elusive, with the bulk of research conducted on model species
such as Arabidopsis and rice. In Arabidopsis, morphological
adaptations that facilitate acclimation to elevated temper-
atures are predominantly orchestrated by the transcription
factor PHYTOCHROME-INTERACTING FACTOR 4
(PIF4), PIF4 is regulated by various thermosensing mech-
anisms that empower plants to adjust to rising temperat-
ures.'? In rice, the naturally occurring quantitative trait locus
THERMOTOLERANCE 2 (TT2) confers thermotolerance
across both vegetative and reproductive growth stages
without compromising yield.!! This advantage arises from the
plant’s ability to maintain a higher content of protective wax
on its surface under high temperatures. Additionally, intrinsic
mechanisms for thermotolerance include heat shock proteins,
such as Hsp70 and Hsp90, which offer formidable defense
against heat stress. While model species have provided initial
insights, a broader examination involving a wide spectrum of
plant species in crucial to fully comprehend the molecular and
genetic controls of plant thermomorphogenesis.

The genus Rubus, belonging to the family Roseaceae, is
estimated to contain between 600 and 800 species. This in-
cludes two commercially significant fruits: the red raspberry
(R. idaeus L.) and black raspberry (R. occidentalis L.), both in
the subgenus Idaeobatus.'> Raspberry cultivation commenced
in Europe around 450 years ago. The optimal growing con-
ditions for raspberries are regions with mild winters and pro-
longed, temperate summers, which are prevalent in areas such
as Russia, Europe, and the Pacific coast of North America.
Raspberries are one of the most extensively cultivated and
cherished berries around the world, flouring in temperate cli-
mates across the globe. The boast an estimated annual pro-
duction of 822,493 metric tonnes (https://www.atlasbig.com/
en-us/countries-raspberry-production). China harbors ap-
proximately 200 wild species of the Rubus species, with the
highest diversity and the most primitive taxa predominantly
found in the Southwest. This area is recognized as the origin
and diversity hub for the Rubus genus in East Asia.'® Although
there is a rich diversity of wild Rubus species concentrated in
Southwest China, commercial raspberry cultivation and pro-
duction started only a few decades ago and has primarily been
limited to the northern regions of the country. With the rise of
increasingly extreme temperatures in China, there is a pressing
necessity to breed raspberry varieties that are tolerant to heat.
Some wild Rubus are found in tropical regions of China,
having adapted over time to flourish in such warm climates.
Consequently, these tropical Rubus species from China could
offer valuable germplasm for breeding programs aimed at
developing cultivars with enhanced heat tolerance. To utilize
these wild Rubus species, it is essential to capture the genetic
diversity and genomic resources of these thermotolerant wild
species. As of 12 January 2023, genome assemblies are avail-
able for five Rubus species from the subgenus Idaeobatus,
including R. occidentalis, R. ideaus, R. argutus, R. chingii, R.
corchorifoliu (Subsect. Corchorifolii) (tracked from https://
www.plabipd.de/plant_genomes_pa.ep). The last three spe-
cies are widely distributed in East Asia and exhibit a great
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deal of local adaptation. Nonetheless, they are generally
found in subtropical China and display only a modest degree
of thermotolerance. Here, we present the genome assembly
of a common Rubus species in tropical/subtropical China, R.
leucanthus (Subsect. Leucanthi, subgenus Idaeobatus). This
shrub is identifiable among other Rubus species by its glossy
and leathery compound leaves'* (Fig. 1A). Notably adapted
to tropical climates, R. leucanthus also produces abundant
red berries, making it an attractive prospect for the develop-
ment of new tropical raspberry cultivars. Our study delivers a
high-quality genome assembly for R. leucanthus, and conduct
comparative genomic analysis to shed light on evolutionary
mechanisms underlying thermotolerance.

2. Materials and methods

2.1. Sample collection and genome sequencing

Genomic DNA was extracted from the fresh leaves of R.
leucanthus, transplanted from Huadu, Guangzhou, China,
using the DNAsecure Plant Kit (Tiangen Biotech, Beijing,
China). Before library preparation, sample purity and con-
centration were evaluated using a Qubit fluorometer
(ThermoFisher Scientific, MA, USA) and 1% agarose gel elec-
trophoresis. A 350 bp insert fragment library was sequenced
on the Illumina HiSeq XTM Ten platform (Illumina Inc., San
Diego, CA, USA) to generate paired-end reads for genome sur-
veying. The genome size and heterozygosity of R. leucanthus
were estimated with GenomeScope 2.0 by analyzing the
21-mer distribution using about 50-fold Illumina sequencing
coverage. A 20 Kbp insert SMRThbell library was constructed
for long-read sequencing following PacBio’s standard
protocol and sequenced on the PacBio Sequel platform using
the DNA Sequencing Kit 4.0 V2. For the Hi-C library, young
leaves from the same R. leucanthus accession were fixed with
1% formaldehyde. Subsequent steps included nuclei extrac-
tion, permeabilization, chromatin digestion with Dpnll en-
zyme, and proximity ligation, as previously described.!® The
resulting Hi-C library was sequenced on the Illumina HiSeq
XTM Ten platform (Illumina Inc., San Diego, CA, USA) to
generate 150 bp paired-end reads.

2.2. Genome assembly and scaffolding

The heterozygous R. leucanthus genome was assembled using
Single Molecule Real-Time sequencing via the pb-assembly
pipeline (https://github.com/PacificBiosciences/pb-assembly).
This pipeline, which uses the Falcon and Falcon-unzip algo-
rithms,'” was applied to 100-fold raw subreads. The process
involved raw subread overlapping and consensus calling,
error-corrected subread overlapping, contig assembly, dip-
loid assembly of primary contigs and haplotigs based on
read alignment, SNP calling, read phasing, and polishing of
contigs using BLASR.!® The estimated haploid genome size
for R. leucanthus was used to identify potential allelic contig
pairs among the polished primary assemblies. These allelic
pairs were then removed to produce haplotype-fused assem-
blies using Purge Haplotigs (version 1.1.0) with the param-
eters ‘-a 70°."

To scaffold, order, and orient the purged R. leucanthus as-
semblies, capture chromatin contact information between
physically proximate DNA regions were captured from the
generated Hi-C libraries. Hi-C data generated from these li-
braries were evaluated using HiC-Pro v2.7.1.2° Raw reads
from qualified Hi-C libraries were then processed into a
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Figure 1. (A) Photograph of Rubus leucanthus shown for its leaves and fruits. (B) Density distributions of insertion time for superfamilies LTR/Copia,
LTR/Gypsy, and LTR/unknown. (C) Accumulating sizes for different age groups witin transposable elements superfamilies. (D) Genomic features of
R. leucanthus. The concentric circles, from outermost to innermost were gene density (a), GC content (b), overall transposable element contents (c),
LTR/Copia content (d), LTR/Gypsy content (e), and intragenomic collinearity blocks, respectively.

non-redundant list of paired-end alignments using Juicer
v1.6.2! The 3D-DNA pipeline was applied to order and orient
the raw assemblies based on valid chromatin interaction data.
Finally, mis-assemblies identified in the scaffolded assem-
blies were visually inspected and manually corrected using
Juicebox Assembly Tools.

The final R. leucanthus genome assembly quality was evalu-
ated using four methods: First, QUAST v5.2.0>* calculated
assembly continuity metrics (N50, N90) for contiguity assess-
ment. Second, assembly completeness and redundancy were
evaluated by aligning two BUSCO gene sets to the assem-
blies using BUSCO v5.4,% including 2326 eudicot genes and
255 core eukaryotic genes. Third, PacBio subreads, Illumina

resequencing reads and RNA-seq reads generated in this
study (details provided Materials and Methods section 2.6)
were mapped back to the assembled genomes and mapping
rates were summarized. Finally, the LTR assembly index (LAI)
was calculated to assess completeness of assembled long ter-
minal repeat (LTR) retrotransposon sequences. In summary,
continuity, completeness, accuracy, and LTR content were
quantified to evaluate the R. leucanthus genome assembly.

2.3. Gene predictions and functional annotation

For identify and mask repetitive elements in the R. leucanthus
genome assembly, we first constructed a de novo species-
specific repeat library using RepeatModeler v1.0.11.2* This



library was combined with existing repeat databases Dfam
3.0 and Repbase (20181026) to generate a comprehen-
sive custom library. The R. leucanthus genome assembly
was then masked using RepeatMasker v4.0.9%° against the
custom repeat library to identify interspersed and tandem re-
peat sequences. Using Infernal v1.1.2%¢ and tRNAscan-SE,*
non-coding RNAs in the genome assemblies were identified.

For protein-coding gene prediction, we used the MAKER
v3.01.02 pipeline,?® implementing both ab initio and
homology-based approaches. Augustus v3.3.3” and SNAP
(2013.11.29)%° were used for ab initio prediction. Prior to
running MAKER, we conducted at least two rounds of it-
erative training for the hidden Markov models (HMMs) in
Augustus and SNAP to optimize gene prediction parameters.
These trained HMMs were then utilized alongside protein
and transcript evidence from related Roseaceae species,
including R. leucanthus (transcripts only), Fragaria vesca,
Prunus persica, Pyrus communis, Rubus occidentalis, and
Malus domestica, to predict gene structures. In the final step,
MAKER combined ab initio predictions, homology-based
predictions, and transcript alignments into a weighted con-
sensus gene set using EvidenceModeler v1.1.1.3' To func-
tionally annotate predicted proteins, we searched against
InterPro v5.53.87.0, RefSeq (release99, 2020-05-11), and
Swiss-Prot (release-2022-05) databases using InterProScan
v532 or BLASTP. gene ontology terms and KEGG pathways
were assigned by mapping to databases in KOBAS v3.03%
with an E-value cutoff of 1e-3. Transposable elements in the
R. leucanthus genome assembly were identified and classi-
fied using the Extensive de-novo TE Annotator (EDTA) pro-
gram,* transposable elements in the genome assembly of R.
leucanthus were identified and classified.

Using MCScanX with default parameters,” intra-/inter-
species collinear blocks among R. leucanthus and other spe-
cies grape, R. chingii and R. occidentalis were determined,
syntenic depth between R. leucanthus and other species were
used to infer the whole genome duplication events.

2.4. Gene family cluster, phylogenetic tree
construction, and divergence time estimation

To explore the genome evolution of R. leucanthus, we re-
trieved genomes of 11 other related species from online
databases (Supplementary Table 1). These included Rubus
occidentalis, Rubus chingii, Dryas drummondii, Rosa
chinensis, Fragaria vesca, Potentilla micrantha, Eriobotrya
japonica, Pyrus communis, Malus domestica, Prunus persica
from the Roseaceae family, and the outgroup species Morus
notabilis. Orthogroups between R. leucanthus and the other
11 species were inferred using OrthoFinder v2.3.14% with
Diamond Blast mode and Markov Cluster Algorithm (MCL)
with an inflation parameter of 1.5.

Using single-copy orthogroups, we estimated the species
tree via the multi-species coalescent model implemented in
ASTRAL 117 For each single-copy nuclear gene, protein
sequences were aligned using MAFFT v7.0 with L-INS-I
strategy.’® The corresponding coding sequences were then
aligned to the protein alignments with no gaps or mismatches
using PAL2NAL v14.% The aligned coding sequences were
concatenated into a supermatrix for substitution model testing
using jModelTest 2 with the Akaike Information Criterion.*
Using the best-fit model and Morus notabilis as the outgroup,
the phylogenetic tree relating R. leucanthus and the other 11
species was constructed using RAXML v8.2.10*" with 1000
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bootstrap replicates. All these achieved with custom perl
scripts (https://github.com/altingia/phylogenomics_pipeline).

Using the single-copy nuclear genes, we estimated Bayesian
molecular dating between R. leucanthus and R. chingii as
well as other nodes across the phylogenetic tree using the
MCMCTREE program in PAML v4.9¢.** Following recom-
mended procedures for divergence time estimation using
genome-scale data (https://github.com/mariodosreis/divtime),
we conducted an approximate likelihood estimation of
branch lengths and divergence times using Markov chain
Monte Carlo (MCMC) methods under a relaxed clock model
with independent rates constraints. Two calibration points
were used: one for the root node age between M. notabilis
and E. japonica (62-118 million years ago, MYA), and an-
other for the node between D. drummondii and R. chinensis
(46-74 MYA).%

2.5. Gene family evolution and positive selection
in R. leucanthus

To identify rapidly evolving gene families, we used the pro-
gram CAFE v5* to analyze gene family size evolution across
the ultrametric species phylogeny. CAFE was run with 1 to
4 gamma rate categories, with at least five iterations per cat-
egory to ensure convergence. The best-fitting number of birth
and death rate parameters was determined through likelihood
ratio tests. This analysis enabled detection of gene families
that have expanded or contracted significantly faster than ex-
pected under a random birth-death model along particular
lineage like R. leucanthus.

To identify genes under positive selection in R. leucanthus,
we utilized GWideCodeML v1.1,* implementing branch-site
models in PAML v4.9¢.* Using the 12-species phylogeny with
R. leucanthus as the foreground branch, GWideCodeML esti-
mated the nonsynonymous to synonymous substitutions ratio
(w) and generated dN/dS summaries for each orthogroup. We
extracted key results from GWideCodeML outputs, including
site class proportions, model likelihoods, and per-site pos-
terior probabilities, using a custom Perl script. Positively
selected genes met these criteria: w>1, alignment length
>=150 amino acid sites, significant likelihood ratio test differ-
ence between alternative and null models (P < 0.05), and in-
dividual sites with >95% posterior probability for site classes
2a or 2b. For accuracy, only orthogroups with all 12 species
were analyzed, and duplicates were randomly reduced to one
member. R. leucanthus was the ‘foreground’ branch, others
were ‘background’. Enrichment analysis of gene ontology
terms and KEGG pathways for positively selected and rap-
idly evolving genes was performed using KOBAS v3.03 at
FDR < 0.05. Using online tool AlphaFold server 3,* protein
structures for the consensus sequences of the 12 species and
sequences in R. leucanthus were predicted, and demonstrated
and visualized with pyMOLv3.0.#

2.6. Heat shock proteins (HSPs) and heat shock
transcription factors (HSFs) identification and
transcriptome profiling in R. leucanthus

We searched the protein databases of R. leucanthus, R.
chingii, R. occidentalis, and Arabidopsis using HMM pro-
files for Hsp70 (PF00012), Hsp90 (PF00183), and heat
stress transcription factors (HSFs, PF00447) from Pfam.
Hit proteins were aligned and used to build species-specific
HMM profiles in an iterative search procedure. Candidate
Hsp70s were screened for the presence of at least one
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intact nucleotide-binding domain (NBD) using InterProScan.
Hsp90 candidates were verified to contain the key domains-
N-terminal ATPase domain (NTD), middle substrate-binding
domain (MD), and C-terminal dimerization domain (CTD).
HSF candidates were confirmed to have intact DNA-binding
domain (DBD) and HR-A/B regions. This domain/region
screening ensured that only canonical proteins were included
in further analyses. Using the pacakge NLGenomeSweeper,*
NBS-LRR (NLR) disease resistance genes in the genome as-
sembly of R. leucanthus, R. chingii, R. occidentalis were iden-
tified with NB-ARC domain (PF00931) respectively.

Stem cuttings from young plants were cultivated for 3
months before transferred to a growth chamber. The chamber
conditions were set to 70% humidity and a light intensity of
222 pmol.m? s at 28°C for 2 hours. Leaves from three bio-
logical replications were then collected for ecophysiological
assays and RNA sequencing. Following this, another three
biological replications were exposed to a temperature of 46°C
for an additional 2 hours, after which sampling was con-
ducted in the same manner. Posttreatment, leaves for RNA
sequencing were preserved with Liquid- Nitrogen, and stored
at -80°C. Free malondialdehyde (MDA) content, soluble
protein concentration, and SOD activity were measured using
commercial kits. Total RNA was extracted using a Trizol re-
agent kit, and its quality was assessed using an Agilent 2100
Bioanalyzer and agarose gel electrophoresis. The total RNA
was enriched for mRNA using Oligo (dT) beads, fragmented,
and reverse transcribed into ¢cDNA. The cDNA fragments
were processed and sequenced on an Illumina Novaseq6000
platform. Clean reads were mapped to the reference genome
using HISAT2. 2.4 with default parameters.* FPKM (frag-
ment per kilobase of transcript per million mapped reads)
values were calculated for each transcription region using
RSEM software.’® Differential expression analysis was per-
formed by DESeq2.°! The genes/transcripts with false dis-
covery rate (FDR) below 0.05 and absolute fold change not
less than 2 were considered differentially expressed genes
(DEGs). The STRING v12.0 database (https:/string-db.org/)
predicted protein-protein interactions among DEGs. The
DEG list was input into STRING, and a PPI network was
built with a confidence interaction score threshold of 0.4. The
resulting STRING PPI network was then visualized and ana-
lyzed using Cytoscape software v3.10.0 and the cytoHubba
plugin v0.1.°2 cytoHubba identified hub nodes in the network
using various topological parameters. The maximal clique
centrality (MCC) metric was used to predict hub genes.

3. Results and discussion

3.1 Genome assembly and annotation

The genome size of R. leucanthus was estimated to be
239.08 Mb with a heterozygosity of 0.91% (Supplementary
Fig. 1), well in according with the genome size of R. chingii,
which is 239.4 Mb with a heterozygosity of 0.80%.%° In
the sequencing and assembly of R. leucanthus genome, we
progressed through several critical steps, each contributing
to the refinement of the genome’s quality and completeness
as detailed in Supplementary Table 2. Initially, we obtained
25.04 Gb of raw reads with 105.17-fold coverage of the
genome. Through the hierarchical genome assembly pro-
cess (HGAP), these were corrected to produce 21.11 Gb of
preassembled reads (preads), achieving a pre-assembly rate
0.88, indicating superior quality beyond the threshold of

0.50. Further rounds of HGAP and haplotype phasing, pol-
ishing and deduplications, yielded a final haploid genome
assembly of 239.67 Mb, consisting of 188 contigs with an
N50 of 2.40 Mb (Supplementary Table 2). Using the 3.98
million valid Hi-C interactions (Supplementary Table 3), we
successfully anchored and oriented 96.3% (230.9 Mb) of the
draft assemblies onto seven pseudo-chromosomes, achieving
an N50 of 40.2 Mb (Supplementary Fig. 2). Additionally, the
quality of the genome assembly was also assessed by mapping
rates of the PacBio and Illumina sequences. Mapping results
showed that 96.0% of the PacBio genomic reads were mapped,
while Illumina genomic and transcriptomic reads had map-
ping rates of 97.9% and 93.4%, respectively (Supplementary
Table 4). The assembled genome of R. leucanthus achieved
an LAI score of 20.92, satisfying the gold quality assembly
criteria.”* BUSCO analysis revealed 97.6% and 97.0% com-
pleteness for the eukaryotic (Eukaryotes_odb10) and eudicot
(Eudicots_odb10) gene sets, respectively (Supplementary
Fig. 3). Based on the metrics of contiguity, completeness, and
accuracy, we have obtained a high-quality genome assembly
for R. leucanthus.

The analysis of repeat sequences revealed that 95.3 Mb,
which constitutes 39.8% of the genome, was made up of re-
petitive elements in the R. leucanthus genome assembly. This
is comparable to the 36.5% found in the R. chingii genome.*
The vast majority of which were transposable elements (TEs),
accounting for 36.7% of the assembly. The composition of
these TEs included 21.6% long terminal repeat (LTR) elem-
ents, 0.2% non-LTR elements, 10.5% terminal inverted re-
peat (TIR) elements, and 4.4% Helitrons (Supplementary
Table 5). Retrotransposable elements comprised 21.8% of
the genome assembly, with 63.3% of these retroelements
being highly fragmented and not classified at the superfamily
level. Of the classified retroelements, the content of Gypsy
superfamily (5.0% of the assembly) was nearly double that of
the Copia superfamily (2.8%). DNA transposons accounted
for 15.0% of the genome assembly, with the most abundant
DNA transposon superfamily being the DTM, comprising
4.8% of the assembly. The second most abundant were sub-
class 2 Helitrons, accounting for 4.4% of the genome as-
sembly (Supplementary Table 5). No obvious LTR bursts
were observed (Fig. 1C). However, two periods of increased
transposable element (TE) activity were identified, with ac-
cumulation peaks at genetic distances of 0.08 and 0.21, sug-
gesting historical bursts TE activity. Furthermore, there was
a notable presence of older transposable element within the
genome (Fig. 1D). Intriguingly, as the age of these elements in-
creased, the genome retained a higher number of DNA trans-
posons in comparison to retrotransposons. These dynamics
of repetitive elements offer valuable insights into the compact
nature of the R. leucanthus genome.

Using the maker pipeline, a total of 24,918 protein-encoding
genes were predicted (Table 1, Supplementary Table 6,
Supplementary Fig. 4). Over 95% of these genes were corrob-
orated by supporting evidence lines, with an Annotation Edit
Distance (ADE) score < 0.5 as recommend®® (Supplementary
Fig. 5). With a threshold E-value of 0.001, the proportions of
genes in the R. leucanthus genome that could be annotated
were 81.4%,70.0%, 86.8%, 16.8%, and 67.1% according to
the InterPro, Swiss-Prot, RefSeq, KEGG, and GO databases,
respectively (Supplementary Table 7). In addition to protein-
encoding genes, other non-coding RNAs including 112
miRNA, 109 rRNA, 431 tRNA, and 336 snoRNA were also
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Table 1. Summary of genome assembly of Rubus leucanthus

Assemble feature Statistics
Estimated genome size 238094177
Heterzygosity rate 0.91%
Repeat proportion 32.80%

PacBio sequencing assembly

Number of contigs 188

Contig N50 2404816

Contig L50 32

Contig N90 878157

Contig L90 94

Longest contig 9418599

GC content 36.14%

Total contig length 239668171
Hi-C scaffolding assembly

Number of scaffolds

Scaffold N50 40220118

Scaffold L50 3

Scaffold N90 19636704

Scaffold L90 7

Longest scaffold 44099573

GC content 36.14%

Total scaffold length 239911671

identified using the Hidden Markov model of RNA families
as provide in the RFAM v13.0 databases’® (Supplementary
Table 8).

3.2. Lineage unique gene families, gene family
expansions, and contractions in R. leucanthus
genome

In a comparative analysis, a total of 70, 445 orthologous
groups among the 409, 829 genes from R. leucanthus and
11 other species were identified (Supplementary Table 9).
Within these groups, 2,427 genes were found to be unique
to R. leucanthus, distributed across 2, 211 orthologous
groups. These unique gene families were significantly en-
riched in 10 Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways, which were mainly involved in the metab-
olism of ribosomes, amino acids, fatty acids (Supplementary
Table 10). Enrichment analysis pinpointed two amino acid
degradation pathways associated with the response to abi-
otic stress: the degradation of valine, leucine, and isoleu-
cine (KO00280, FDR =3.08E-4) and lysine degradation
(KO00640, FDR =4.06E-4).” Moreover, six genes unique
to R. leucanthus were identified as members of transcrip-
tion factor families, including bHLH (Rle11390), GRAS
(RIe21912, Rle21913), NAC (Rle22254), FAR1 (RIe9875),
and HD-ZIP (Rle21888), respectively (Supplementary Table
11). The complex roles of these genes in diverse aspects of
plant development and their responses to biotic/abiotic
stresses have been the subject of extensive studies.’®-
Phylogenetic analyses were conducted using 628 single-
copy genes identified within those orthogroups. Both con-
catenation or coalescent methods resulted in phylogenetic
trees with identical topologies, albeit with minor differences
in bootstrap support values (Supplementary Fig. 6). The esti-
mated divergence time between R. leucanthus and R. chingii
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was about 8.62 million years ago (Mya), with a 95% Highest
Posterior Density Credible Interval (95% HPD CI) ranging
from 3.47 to 17.51 Mya (Fig. 2, Supplementary Fig. 7). This
divergence occurred after the separation of their common
ancestor from the eastern North American native species R.
occidentalis, which took place around 12.20 Mya, with a
95% HPD CI of 5.37 to 23.36 Mya. Additionally, the syn-
tenic depth ratio of 1:1 between R. leucanthus and grape
(Supplementary Fig. 8), suggested that R. leucanthus retains
the ancient whole-genome triplication event that is shared by
core eudicots.*!

In the genome of R leucanthus, compared to its ancestor, a
total of 243 rapidly evolved gene families, encompassing 513
genes, were identified with a significance level of 0.05 (Fig. 2).
Among these, 19 gene families, which include 202 genes, were
significantly expanded, while 224 gene families, comprising
311 genes, underwent significant contraction. The expanded
gene families showed significant enrichment in the flavonoid
biosynthesis pathway (KO00941, FDR = 1.2E-6) and the
plant circadian rhythm pathway (KO04712, FDR = 3.0E-6)
(Supplementary Fig. 9). Flavonoids, a diverse group of plant
secondary metabolites, play crucial roles in plant growth,
development, and defense against environmental stresses.®?
Additionally, studies have shown that flavonoid biosynthesis
is upregulated in response to high temperature stress in some
plant species.®® The circadian rhythm is vital for optimizing
an organism’s adaptation to its environment, with the photo-
periodic response being key to ensuring plants flower during
favorable seasons.®* In areas experiencing high summer,
plant species in lower latitudes tend to flower in response
to shorter days to evade extreme heat.® The expansion of
these two KEGG pathways in R. leucanthus sheds light on
its adaptive strategies for survival in subtropical regions, sug-
gesting an evolution towards accumulating protective flavon-
oids and adjusting its photoperiodic response for enhanced
fitness. For the contracted families, enrichment analysis
highlighted pathways including plant—pathogen interaction
(KO04626, FDR = 5.9E-5) and MAPK signaling (KO04016,
FDR = 0.03), both crucial in defense mechanisms against
pathogens.®® Interestingly, despite inhabiting warmer subtrop-
ical/tropical regions where biotic stresses are typically more
intense, R. leucanthus has presented a contraction in these
defense-related pathways compared to its ancestor. A plaus-
ible explanation could be that R. leucanthus may rely more
on physical and chemical defenses, such as thorns, trichomes,
and an increased production of flavonoids, rather than trad-
itional pathogen-defense signaling pathways. This hypothesis
aligns with the observed upregulation of flavonoid biosyn-
thesis, suggesting a strategic shift in defense mechanisms to
adapt to its environment.

3.3. Positively selected genes (PSGs)

in R. leucanthus and associated species

In this study, we narrowed our focus on two species: R.
leucanthus and R. chingii, both of which are native to subtrop-
ical/tropical China and considered to be more heat-tolerant
compared to the deciduous temperate species R. occidentalis.
By setting the common ancestor of the two thermophilic
species as the foreground, a total of 40 genes were identi-
fied as being under positive selection (Supplementary Table
12). Although no significant enriched functional terms were
found (Supplementary Table 13), some genes have been as-
sociated with adaptive traits pertinent to these heat-tolerant
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Figure 2. Phylogenetic relationships among Rubus leucanthus and related species. The central diagram represents the maximum likelihood species
tree, constructed using single copy nuclear genes. Adjacent to each tip taxon, significant gene family expansions and contractions are indicated. In the
upper left, summaries of divergence times and significant gene family expansions and contractions for each node across the tree are provided. On the

right, macro-syntenic blocks between closely related species are displayed.

species. For instance, one positively selected gene, Rle1148,
is homologous to the thioredoxin superfamily proteins found
in Arabidopsis. These small proteins are ubiquitous across
various organisms and are crucial for signal transduction
during both pathogenic and abiotic stresses by mediating
oxidative reactions.®”’ Plants in tropical climates encounter
a broader range of challenges compared to those in tem-
perate zones, including a diversity of biotic stresses, such as
various pathogens, and abiotic stresses, like heat. Another
gene exhibiting signs of positive selection is Rle8963, akin to
photo-assimilate-responsive protein (PAR -1), which is part
of a disease resistance-responsive protein family found in to-
mato and tabaco plants.®® Additionally, Rle17273, which is
homologous to the gene encoding for Fatty acid/sphingolipid
desaturase (AT3G61580), was under positive selection. These
desaturases are key in multiple biological processes within
plants, encompassing responses to environmental stress (high
temperature, drought, and salt stress), growth and develop-
ment regulation, and lipid metabolism.®® A number of PSGs
in the common ancestor of R. leucanthus and R. chingii are
associated with various transcription factors known for their
critical roles in plant stress responses. This includes Rle2698,
which encodes for the bHLH transcription factor PIF1 in-
volved in heat stress response; Rle1705 and Rle1567, cor-
responding to genes for the transcription factors ATH1 and
MYB44, respectively, both mediators in drought stress re-
sponse; and Rle3214, coding for the NAC domain-containing
protein NAC73, implicated in salt stress signaling. The posi-
tive selection observed on these transcription factor genes
suggests active adaptation by the ancestor of R. leucanthus
and R. chingii to novel environmental stresses, necessitating
alterations in the regulatory networks that manage biotic and
abiotic stress responses.

Out of the 4106 filtered gene families, the branch-site
model test identified 486 positively selected genes (PSGs)
in the genome of R. leucanthus, derived from a compara-
tive analysis involving R. leucanthus and an additional 11
species (Supplementary Table 14). No significant KEGG or
Gene ontology (GO) terms were identified after false dis-
covery rate correction (Supplementary Table 15). Among

the PSGs, 28 genes were homologous to 17 transcription
factors in Arabidopsis, spanning a variety of families critical
for regulatory pathways that are essential for adapting to
tropical environments (Supplementary Table 16). These in-
clude TFs controlling plant growth and development such as
ARFE,” ERF, MYB.”' Other among the positively selected
TFs are implicated in hormone and light signaling pathways,
such as GRAS,> GATA.” Additionally, certain TFs that
have specialized functions for tropical plants, like HD-ZIP*
and Tribelix,”* were also under positive selection. Stress-
responsive TF families, such as WRKY” and SBP,”® were tar-
gets of selection as well.

The positive selection on these diverse transcription factor
families likely enabled the fine-tuning of key pathways to
tailor R. leucanthus’s growth, physiology, and stress re-
sponses for adaptation to tropical environments. The exten-
sive range of transcription factor families under selection in
R. leucanthus underscores that adaptation involved incre-
mental modifications across multiple regulatory pathways.
For instance, alterations in transcription factors related to
auxin, gibberellic acid, or circadian signaling might have ad-
justed developmental timing to suit tropical day lengths.”
Modifications in transcription factors associated with sto-
matal or root patterning could enhance growth processes
tailored for tropical conditions.”®”® Lastly, advancements
in defense signaling transcription factors provide a buffer
against tropical pests and pathogens.*® The positively selected
transcription factor families emphasize the role of regulatory
pathway adjustments in fine-tuning R. leucanthus’s growth,
reproduction, reproductive strategies, and overall survival in
tropical climates. The collection of these positively selected
transcription factors demonstrates a significant adaptation
of R. leucanthus’s regulatory systems throughout its evolu-
tionary history in tropical settings.

3.4. ldentification of key genes involved in wax and
cuticle biosynthesis in the R. leucanthus

R. leucanthus is characterized by its leathery and glossy
leaves, which often confer greater heat tolerance compared
to its counterparts, R. chingii and R. occidentalis. The waxy
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cuticle on the leaves of R. leucanthus’s is likely a critical bar-
rier, serving to protect against water loss and overheating. We
analyzed 47 genes known to be involved in cutin and wax
biosynthesis in model species such as Arabidopsis, rice, and
tomato (Fig. 3, Supplementary Table 17).8%%2 Through this
analysis, we identified three PSGs in R. leucanthus: Rle10928,
Rle12018, and Rl[e20301 (Table 2, Fig. 3, Supplementary
Table 17). Rle10928 is homologous to BDG/BDG3 in
Arabidopsis, which encode extracellular enzymes that syn-
thesize cutin monomers (Fig. 3A, Fig. 3B).*> Overexpression
of BDG increases total cutin contents by nearly four times
in Arabidopsis.** Rle12018 and Rle6573 are orthologs to
GPAT4/6/8 in Arabidopsis, known for their bifunctional
acyl- transferase/phosphatase activity, which is essential for
cutin biosynthesis (Fig. 3A and B).%>% Although HOTHEAD
(HTH) in Arabidopsis is assumed to catalyze cutin biosyn-
thesis, its function in other species remains uncertain since
dicarboxylic acids, which it uses as substrates, are less preva-
lent outside of Arabidopsis.®":**” The tertiary structure ana-
lysis showed that all mutations subjected to selection were
located outside the respective domains (Glucose-methanol-
choline oxidoreductase N-terminal for HOTHEAD, AB
hydrolase-1 for BDG/BDG3, and Phospholipid/glycerol
acyltransferase for GPAT4/6/8). This suggests conservation of
function within these domains, despite significant changes in
the 3D structure being observed (see Fig. 3B). Such structural
alterations could contribute to their functional divergence.
However, further experimental validation will be neces-
sary to elucidate the detailed mechanisms underlying these
observations.

The distinct glossy and leathery appearance of R.
leucanthus leaves is likely due to a combination of reduced
epicuticular wax crystals and an increased cutin content in
the cuticle.®® The identification of three PSGs involved in cu-
ticle biosynthesis in R. leucanthus may indicate alterations
in the regulatory networks that control wax and cutin pro-
duction. These changes could be key in differentiating this
species from R. chingii and R. occidentalis. Nonetheless, the
exact functional implications of these genetic variations are
not yet fully understood. To gain deeper insight into the pos-
sible regulatory roles of these genes, comprehensive chem-
ical profiling of the cuticular lipids and cutin monomers in
R. leucanthus is warranted. Furthermore, combining these
with functional genetic studies would be invaluable in shed-
ding light on how these potential regulators fine-tune wax
and cutin metabolism. Such research could uncover the gen-
etic and biochemical strategies that equip R. leucanthus for
survival in high-temperature environments through adaptive
modifications to the composition and structure of the leaf cu-
ticle. In summary, the PSGs suggest that changes in cuticle
biosynthesis contribute to the heat-adapted phenotype of R.
leucanthus. However, to fully understand their role in adapta-
tion, further chemical and genetic analysis is essential.

3.5. Gene repertoire comparison of HSP70/90

and heat shock transcription factor gene families
among three Rubus species

Genome wide analysesidentified 8,41,and 33 canonical HSP70
genes in R. leucanthus, R. chingii, and R. occidentalis, respect-
ively. Together with the 18 HSP70 genes in the Arabidopsis
thaliana,” a maximum likelihood phylogenetic tree was con-
structed for all identified HSP70 genes (Supplementary Fig.
10). Based on homology with Arabidopsis, the subcellular
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localizations for these proteins were identified as the cyto-
plasm, endoplasmic reticulum (ER), mitochondria, and plas-
tids. The phylogenetic analysis highlighted that R. leucanthus
is missing the largest subgroup of cytoplasmic HSP70s found
in R. chingii and R. occidentalis. A collinearity analysis in-
dicated that HSP70s in R. leucanthus were either singletons
or dispersed, contrasting with the tandem duplications ob-
served in R. chingii (Supplementary Table 18). Additionally,
fewer canonical HSP90 and HSF genes were identified in R.
leucanthus (6 HSP90s, 3 HSFs) and R. chingii (4 HSP90s, 5
HSFs), as compared to R. occidentalis (4 HSP90s, 16 HSFs).
Phylogenetic classification revealed differences in the distri-
bution of HSF classes among the species, documenting there
were 2/0/1, 4/1/0, 13/3/0 members of classes A/B/C in the
genomes of R. leucantus, R. chingii and R. occidentalis, re-
spectively (Supplementary Fig. 11). Overall, R. leucanthus
possessed fewer canonical heat response genes, especially
among the cytoplasmic HSP70s. This suggests a reliance on
alternative mechanisms for heat tolerance, highlighting how
gene family sizes and compositions can vary dramatically
across plant taxa in response to adaptive requirements.

Heat shock proteins (HSP70s/90s) function as molecular
chaperones that stabilize proteins during heat stress and fa-
cilitate the release of HSFs, which in turn induce the expres-
sion of HSPs.”® The diversification of heat response elements
in plants tends to reflect their adaptation to various thermal
environments.”" For instance, Camelina saliva, which has a
wide geographical distribution, possesses 108 HSFs, which
may be linked to its capacity to adapt to diverse climates
(https: //planttfdb.gao-lab.org/family.php?fam=HSF). In con-
trast, our findings show that R. leucanthus has a more modest
complement of canonical heat response genes (17 in total)
compared to R. chingii (50) and R. occidentalis (53). This
disparity suggests that R. leucanthus may have evolved alter-
native mechanisms to withstand heat stress. Notably, While
R. leucanthus is native to subtropical China, R. chingii and
R. occidentalis have more extensive distributions, inhabiting
East China and Eastern North America, respectively. The
larger heat gene repertories of these two species may be indi-
cative of their broader adaptation to thermal variations.

However, adaptability to heat stress involves multiple
facets and is not solely dictated by the number of heat re-
sponse genes. R. leucanthus likely compensates for its fewer
heat shock genes with other strategies, such as its glossy and
waxy leaves, which could reduce heat stress and the risk of
pathogen attacks. Intriguingly, our research also indicates
that the tropical R. leucanthus has a smaller assortment of
disease resistance genes (355), in comparison to the subtrop-
ical R. chingii (376) and the temperate R. occidentalis (449)
(Supplementary Table 19). This finding supports the idea that
R. leucanthus may rely on different mechanisms to manage
the challenges posed by pathogens in subtropical environ-
ments, unlike R. chingii and R. occidentalis, which possess
more extensive disease resistance gene repertoires.

3.6. Physiological response and transcriptome
profile upon heat stress

Upon exposure to heat stress at 46°C, R. leucanthus dem-
onstrated physiological responses indicative of stress acti-
vation. There was a notable increase in malondialdehyde
(MDA) content, a marker of oxidative damage, from

60.61+1.17 nmol/g under normal temperature to
63.32 = 1.46 nmol/g at 46°C (+=15.72, df =2, P = 0.004).
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Figure 3. Putative biosynthesis, regulation, and key candidate genes for leaf cuticular wax in the species Rubus leucanthus. (A) lllustrations of the
proposed biosynthesis of cuticular wax, with candidate regulatory genes under positive selection highlighted in dashed rectangle. (B) Left panel shown
for alignments for the three genes under positive selection (top: RIe20307; middle: Rle10928; bottom: Rle12018) in R. leucanthus, with positively
selected sites marked by single or double asterisks to indicate a Bayes Empirical Bayes test with posterior probabilities exceeding 95% and 98%,
respectively. Species abbreviated as: ruleu: R. leucanthus; ruchi: Rubus chingii; ruocc: Rubus occidentalis; frves: Fragaria vesca; prper: Prunus persica,
pycom: Pyrus communis; madom: Malus domestica; rochi: Rosa chinensis, drdru: Dryas drummondii; monot: Morus notabilis; pomic: Potentilla
micrantha. The right panel illustrates the tertiary structure of the protein derived from consensus sequences and sequences under positive selection for
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Table 2. Summaries of three positive selection genes involved in the wax-cuticle biosynthesis in Rubus leucanthus by branch-site model test

Positive selection gene

Null model

Alternative model

InL InL 2ALnL df P -value Positive selection sites

‘null alt

Rle10928 (BDG/

p0 =0.67, p1 = 0.08,

p0 = 0.82, pl = 0.10,

BDG3) p2a=0.23, p2a=0.07,
p2b =0.02; p2b=0.01;
b: w0 = 0.06, b: w0 = 0.06,
ol = 1.00, ol = 1.00,
w2a = 0.06, w2a = 0.06,
®2b =1.00; w2b =1.00;
f: w0 = 0.06, f: w0 = 0.06,
wl=1.00, wl=1.00,
w2a =1.00, m2a=261.64,
w2b =1.00 w2b =261.64
Rle12018(GPAT4/6/8) p0=0.84,p1=0.16, p0=0.83,pl=0.15,
p2a =0.00, p2a=0.01,
p2b = 0.00; p2b =0.01;
b: w0 =0.10, b: w0 = 0.10,
wl=1.00, wl=1.00,
w2a =0.10, ®2a =0.10,
w2b =1.00; w2b =1.00;
f: w0 = 0.10, f: w0 =0.10,
ol =1.00, ol =1.00,
®2a =0.10, m2a =672.50,
w2b =1.00 w2b =672.50
Rle20301(HOTHEAD) p0=0.57,p1=0.14, p0=0.78,p1=0.19,
p2a=0.23, p2a =0.02,
p2b = 0.06; p2b =0.01;
b: w0 =0.07, b: w0 =0.07,
ol =1.00, ol =1.00,
®2a=0.07, ®2a=0.07,
w2b =1.00; ®2b =1.00;
f: 0 =0.07, f: w0 =0.07,
ol = 1.00, ol = 1.00,
w2a =1.00, w2a =999.00,
®2b=1.00 ®2b =999.00

-4528.38 -4461.37 134.02 1 0 78%, 10K**, 11C*,

13B#**, 15L**,
16E**, 17A%, 19Y**,
21T**,22L%%,
235%*,26G**,
27R** 28V* 29T**,
30V#**, 3IN*,
33A%* 35G**,

37L#%, 38L%*, 39A%

-7146.67 -7133.74 25.86 1 3.68E-07 3G*

-6616.17 -6590.67 51 1 9.24E-13 491G*,494N**,
498Q‘ :1-’ SOOR‘ :&’
S01K**, SOSE**,

SO6K**, S07E**

f: foreground branch, b: background branches; site classes: 0—purifying selection in f & b 1—neutral evolution in f & b, 2a - purifying in b, positive
selection in f, 2b - neutral in b, positive selection in f; p0, p1, p2a, p2b: proportions of sites in classes 0, 1, 2a, 2b; 2AlnL: likelihood ratio test statistic;

*P>95%,"*P>99%.

Concurrently, the activity of the antioxidant enzyme super-
oxide dismutase (SOD) showed a significant rise from
208.70 +2.21 Ulg to 217.31 + 4.92 U/g under heat stress
conditions (¢ = 5.34,df = 2, P = 0.03). Furthermore, the level
of proline, an amino acid associated with stress response,
increased from 236.90 = 2.85 mg/kg at ambient temperat-
ures to 306.21 = 4.03 mg/kg at the elevated temperature of
46°C (t=35.84,df =2, P =0.001). These marked increases
in MDA content, SOD activity, and proline levels in R.
leucanthus upon exposure to heat stress suggest the activa-
tion of various stress responses, including oxidative, antioxi-
dant, and osmotic stress mechanisms.
Transcriptomicanalysisrevealed 432 differentially expressed
genes (DEGs) in R. leucanthus when comparing conditions of
28°C to 46°C. Of these, 312 genes were up-regulated, and 120
were down- regulated (Fig. 4a and b). GO terms enrichment
analysis identified 32 significantly enriched terms among the
DEGs after false discovery rate (FDR) correction (Fig. 4c).
The enriched GO terms highlight transcriptional changes
in response to elevated temperatures, including activation
of heat shock pathways (‘response to heat’ [GO:0009408],
‘cellular response to heat’[GO:0034605]), protein stability
(‘response to unfolded protein’ [GO:0006986], ‘protein re-
folding’ [GO:0042026]), defense against pathogens (‘response

to oomycetes’[GO:0002239], ‘defense response to bacterium’
[GO:0009816], ‘defense response to fungus’ [GO:0050832]),
redox regulation (‘monooxygenase activity’ [GO:0004497],
‘oxidoreductase activity’ [GO:0016705]), signal transduc-
tion (‘ATP binding’ [GO:0005524], ‘protein phosphoryl-
ation’ [GO:0006468], ‘kinase activity’ [GO:0016301]), and
reactions to cadmium signaling (‘response to cadmium ion’
[GO:0046686]). In essence, R. leucanthus exhibits wide-
spread transcriptional modulation in response to acute heat
stress, with a notable upregulation of genes associated with
heat shock responses, protein maintenance, pathogen resist-
ance, and redox balance. Further investigations are needed
to clarity the precise functions and interactions of these
DEGs in the enriched pathways as they relate to temperature
adaptation.

Gene expression analysis identified 5 intact HSP70 genes
(Rle21724, R1e23870, Rle11632, Rle24327, Rle23760) and
4 HSP90 genes (Rle20121, Rle9016, Rle18054, Rle8017)
that were significantly upregulated in R. leucanthus under
heat stress conditions, along with the heat shock tran-
scription factor HSF1 (Rle18137) (Supplementary Table
20). To delve into the interactions and significance of these
heat shock proteins, a protein—protein interaction (PPI)
network was constructed using the STRING database.
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among differential expression genes upon heat stress for R. leucanthus.

Subsequent topological analysis of this network through
the cytoHubba plugin within Cytoscape identified several
heat shock proteins as central hub genes, based on their
maximal clique centrality scores. Remarkably, the trun-
cated HSP70-4 gene (Rle23898) was identified as the prin-
cipal hub gene, underscoring its pivotal role in managing
the heat shock response network. In contrast, the intact
HSP70 and HSP90 genes, despite being upregulated, were
not identified as hub genes. Additional notable genes in the
network include small heat shock proteins such as HSP21
(MSTRG.21029), HSP26.5 (Rle12860), HSP101 (Rle6051),
HSP17.4B (Rle13354), along with various co-chaperones,
anti-apoptotic genes, and protein degradation factors (Fig.
4d). The network analysis highlights HSP70-4 as a critic-
ally important hub gene connecting the broader heat shock
response, while the intact HSP70/90 genes may have more
peripheral, specialized roles despite their induction. These re-
sults demonstrated the dispensable roles for the HSP70/90s
in heat stress response, also implicating other alternative
strategy for R. leucanthus.

4. Conclusion

In this study, we provided a high-quality genome assembly
and annotation for R. leucanthus. Through comparative
genomic analysis, we explored evolutionary adaptations
that might enable the species to withstand hot climates.
Contrary to expectations-where one might predict an en-
largement of gene families related to heat shock responses,
like the HSP70/90s and HSFs-our research reveals a different
scenario. We identified three genes linked to cuticle and wax
biosynthesis that exhibit signs of positive selection. These
genes could contribute to the development of glossy and
wax leaves, offering a distinctive adaptation to environment
Stressors.

Plants have evolved various strategies to cope with heat
stress. For instance, they developed thermotolerance through
heat shock proteins and antioxidant enzymes.”> They utilize
osmo-protectants like proline and trehalose to preserve cel-
lular hydration and integrity. Additionally, they can modu-
late photosynthesis to reduce the production of heat-sensitive
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compounds. Tropical plants often display an array of mor-
phological features to handle high temperatures and humidity,
such as succulent stems for enduring heat®; thick bark for
heat protection,” and large leaves for optimal photosynthesis
while minimizing heat stress.”

Our study found that R. leucanthus developed thick,
waxy leaves which reduce water loss and reflect excess
solar radiation, contrasting with the thinner, duller leaves
of R. occidentalis and R. chingii. This dense waxy coating
could also protect against pathogens and herbivores,®
indicated by the fewer resistance (R) genes compared to
temperate relatives. This suggests that R. leucanthus relies
more on physical defenses like cuticle wax rather than on
chemical defenses mediated by R proteins. The leathery,
waxy leaves provided dual advantage of conserving water
and protecting against biotic stress, crucial for adapta-
tion to hot environments and could offer insights into
R. leucanthus’ survival in hot, moist habitats with a com-
pact genome.

Three PSGs identified in this study, associated with cu-
ticle wax biosynthesis, may play a role in heat tolerance in
R. leucanthus. Future experiments to functionally validate
these genes are crucial to confirm their adaptive roles and
to evaluate their potential in breeding heat-tolerant Rubus
raspberry cultivars. Specifically, transgenic techniques that
overexpressing these wax biosynthetic genes in cold-tolerant
Rubus species may determine whether they enhance leaf
integrity and water retention under high temperatures.
Understanding the genetics behind the glossy, wax leaves
of R. leucanthus provides potential targets for introducing
beneficial traits into crop breeding programs aimed at hot,
arid regions.
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