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adaptation in Rosa sericea
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Introduction: Plant development is shaped by environmental conditions, and its
adaptation to climate change is crucial for biodiversity conservation. The extreme
climate of the Qinghai-Tibet Plateau makes it an ideal system for studying plant
adaptive strategies. Rosa sericea, a dominant alpine shrub, exhibits remarkable
morphological plasticity, but its molecular and cellular adaptation mechanisms
are still unclear. In this study, we integrated single-nucleus RNA sequencing
(snRNA-seq) with high-dimensional weighted gene co-expression network
analysis (hdWGCNA), gene ontology (GO) enrichment, gene set enrichment
analysis (GSEA), pseudotime trajectory inference, and gene overexpression
techniques to pro�le 31,796 cells from R. sericea leaves.
Methods: We constructed a draft single-cell transcriptional atlas with putative
annotation of 11 leaf cell types and identi�ed eight co-expression gene modules
linked to key cell types.
Results: The leaf development spatiotemporal dynamics uncovered a
developmental continuum from cell proliferation to photosynthetically specialized
maturation. Furthermore, we identi�ed several developmental and physiological
features potentially associated with high-altitude adaptation, including presence of
transcriptionally active nuclear-encoded genes involved in chloroplast function in
epidermal pavement cells, the potential role of SPL7-mediated copper homeostasis,
and a putative RO6G37307– TTG2– TCP4 regulatory module associated with
trichome development.
Discussion: Together, this study provides the �rst single-cell– resolved transcriptional
framework for R. sericea leaves and suggests adaptive developmental mechanisms at
the cellular and genetic levels, enhancing our understanding of how alpine plants
respond to climate change.
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1 Introduction

Global climate warming presents signi�cant challenges to plant
survival (Kumar et al., 2024a; Seth and Sebastian, 2024; Sun et al.,
2025), profoundly affecting their growth and development (Li et al.,
2019; Saladin et al., 2020; Reich et al., 2022; Wang et al., 2022b;
Sigdel et al., 2024). These effects are especially evident in
evolutionary and developmental characteristics (Wright et al.,
2017; Yuan et al., 2019; Cabon et al., 2022; Gao et al., 2022; Meng
et al., 2024). One of the most notable consequences is the
advancement of leaf unfolding in spring and delayed senescence
during autumn (Fu et al., 2015; Dow et al., 2022; Marques et al.,
2023; Sun et al., 2024). While numerous studies have explored plant
adaptation strategies to climate change, most focus on large-scale
patterns, such as vegetation (Saladin et al., 2020; Antão et al., 2022;
Cabon et al., 2022; Mirabel et al., 2023; Pu et al., 2025) and forest
phenology (Piao et al., 2019; Shen et al., 2022), with few
investigating species-speci�c adaptability (Weih, 2009; Repo et al.,
2021; Martinez Del Castillo et al., 2022; Zlobin et al., 2024). In-
depth research at the species level is essential for understanding how
plants adjust their survival strategies to rapidly changing climatic
conditions, which is crucial for elucidating their survival
mechanisms and ensuring biodiversity conservation (Ram, 2024).
As a globally recognized biodiversity hotspot, the Qinghai-Tibet
Plateau exhibits heightened sensitivity to climate change (Meng
et al., 2023; Tang et al., 2023). Ecological adaptation studies in this
region not only enrich plateau ecological theories but also provide a
scienti�c foundation for biodiversity conservation in high-altitude
ecosystems (Pu et al., 2025; Sun et al., 2025). Key adaptive strategies
in alpine plants include specialized leaf morphology and physiology,
such as smaller leaf surface areas, thicker cuticles, and modi�ed
stomatal patterns, which reduce water loss and mitigate solar
radiation (Jin et al., 2024). The development of glandular and
non-glandular trichomes on leaves also plays a vital role in
enhancing survival, as these structures can enhance the plant’s
ability to withstand various stresses (Dong et al., 2023).
Additionally, the trade-off between trichome density and chemical
defenses may have signi�cant implications for plant survival
strategies in resource-limited environments (Xu et al., 2025).
These strategies not only ensure plants survival in harsh alpine
conditions but also contribute to biodiversity across the diverse
habitats of the plateau. Investigating these adaptations provides
insights into how plants face climate change challenges and
supports high-altitude ecosystem conservation.

As a prominent shrub of the Qinghai-Tibet Plateau (Gao et al.,
2015), Rosa sericeais widely recognized for its extraordinary
phenotypic plasticity (Ullah et al., 2022a; Jiao et al., 2023), a key
factor in maintaining the ecological balance of the region. During
the spring and summer months, R. sericeaundergoes vigorous
growth, followed by a physiological dormancy phase in autumn.
This dormancy acts as an adaptive strategy, shielding the plant from
imminent environmental extremes. However, climate change on the
Qinghai-Tibet Plateau (Li et al., 2019) has lengthened the period of
autumn warmth, disrupting the natural growth patterns of this
plant (Wang et al., 2022b; Wu et al., 2022; Sigdel et al., 2024). Recent
�eld studies have shown that R. sericeaoften initiates a second
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vegetative growth cycle during the warm autumn, sprouting new
shoots in the same year. This characteristic makes R. sericeaa
potentially excellent model for studying how climate change
modi�es plant adaptation strategies. Although initial research has
focused on leaf morphology and metabolomics (Ullah et al., 2022b;
Jiao et al., 2023), a deeper understanding of its developmental
mechanisms at the cellular and molecular levels remains lacking,
limiting our knowledge of how R. sericeaadapts to its environment.

The emergence of single-cell RNA sequencing (scRNA-seq)
technology has revolutionized the study of biological phenomena at
the resolution of individual cells (Qin and Tape, 2024; Lee et al.,
2025). In recent years, scRNA-seq has provided signi�cant insights
into the development of complex tissues (Jovic et al., 2022; Wang
et al., 2023; Conte et al., 2024; Zhu et al., 2025), greatly enhancing
our understanding of cellular identity (Liu et al., 2023; Ye et al.,
2024; Guo et al., 2025), organ heterogeneity (Zhang et al., 2023;
Marchant and Walbot, 2025), gene regulation (Guo et al., 2025;
Liang et al., 2025), and cellular metabolic networks (Li et al., 2023;
Wu et al., 2024b). In this study, we applied snRNA-seq to R. sericea
tender leaves, mapping its transcriptional landscape and uncovering
the cellular-genetic mechanisms underlying leaf adaptive
development. To harness this potential at single-cell resolution,
we de�ned the core objectives of this study as follows:(1) How is
cellular heterogeneity organized in R. sericealeaves, and what are
the developmental lineages of major cell types? (2) Which
transcriptional programs and cell types show signatures of being
shaped by or responding to high-altitude stresses? (3) What is the
regulatory architecture contributing key adaptive traits, such as
trichome development, and how does it integrate developmental
cues with potential environmental signals? Through this work, we
aim to (i) contribute to a cell-resolved understanding of leaf
adaptive development in an alpine shrub, (ii) explore potential
links between molecular networks and ecologically relevant
phenotypes, and (iii) offer testable hypothesis model for future
functional and evolutionary studies.
2 Materials and methods

2.1 Plant material collection and
preparation

Tender leaves of R. sericeafrom the same individual autumn
shoots (Figures 1A, B), distinct from the spring leaves, were
collected in triplicate on September 28, 2023, at 2,518 meters, on
Erlang Mountain (Luding County, Sichuan Province, China). The
leaves were immediately preserved by rapid freezing in liquid
nitrogen to maintain cellular integrity.

2.2 Nucleus isolation protocol

The nucleus isolation protocol was adapted from a previously
published study (Conde et al., 2021). Frozen tissue was carefully
ground into small pieces in liquid nitrogen using a mortar and
pestle, and then transferred to a gentleMACS M tube
(MiltenyiBiotec) containing 5 mL of Nuclei Isolation Buffer (NIB)
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(5% Dextran T40, 0.4M sucrose, 10 mM MgCl2, 1 mM DTT, 0.1%
Triton X-100, 2U/ml Protector RNase Inhibitor, 100 mM Tris-HCl
pH 7.4). The resulting suspension was �ltered through a 70-µm
mesh strainer and centrifuged at 300g for 1 minute. The pellet was
resuspended in 500 µL NIB, �ltered again through a 40-µm strainer,
and subsequently resuspended in Wash Buffer (10 mM PBS, 1%
BSA, 2U/m l Protector RNase Inhibitor). To minimize
contamination from organelles such as chloroplasts and to
remove cellular debris that could potentially clog micro�uidic
chips, the nuclei were sorted by gating on the DAPI peaks using a
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BD FACS Aria III (BD Biosciences). The sorted nuclei were stained
with 10 µM DAPI for 5 minutes to assess their integrity
and concentration.

2.3 Construction and sequencing of
snRNA-seq libraries

The snRNA-seq libraries were constructed using the Chromium
Next GEM Single Cell 3’ GEM, Library & Gel Bead Kit v.3.1,
following the instructions provided in the user manual (Figure 1C).
FIGURE 1

Single-cell sequencing library construction process and cell clustering of R. sericea. (A) Habitat and �owering plants of R. sericea. (B) Tender autumn
leaves of R. sericea. (C) Overview of the scRNA-seq library construction process for R. sericea leaves (work�ow diagram adapted from https://
grcf.jhmi.edu/service/10x-single-cell/). (D) UMAP plot showing the clustering of leaf cells, with each dot representing an individual cell. The 22 distinct
colors correspond to 22 speci�c cell clusters. Replicates are indicated as R-se1, R-se2, and R-se3. (E) Pearson correlation analysis between cell clusters.
Each square represents the correlation coef�cient between two clusters. Darker colors indicate higher correlation (values closer to 1). (F) Heatmap of the
top 10 DEGs across 22 cell clusters. The horizontal axis represents cell populations, and the vertical axis denotes the DEGs for each population. Color
intensity re�ects gene expression levels, with red indicating higher expression and blue indicating lower expression.
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