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Abstract

To investigate the ecological adaptation mechanisms of Anemone shikokiana
in two distinct habitats—fully illuminated mountaintop shrubland and shaded
coniferous-broadleaf mixed forest—and to develop EST-SSR molecular mark-
ers for this species, this study employed Illumina high-throughput sequencing
technology to perform transcriptome sequencing on leaves of A. shikokiana at
the flowering stage, obtaining functional annotation and differentially expressed
genes. The results showed that: (1) Transcriptome sequencing yielded a total
of 53,536 Unigene sequences, of which 27,448 were successfully annotated. (2)
There were 5,635 differentially expressed genes, with 1,600 up-regulated and the
remaining 4,035 down-regulated in A. shikokiana from mountaintop shrubland.
A total of 2,460 differentially expressed genes were annotated to 2,533 tertiary
terms in the GO database, and 1,051 differentially expressed genes were anno-
tated to 113 metabolic pathways in the KEGG database. (3) The metabolic
pathways involved in the adaptation of A. shikokiana to heterogeneous habi-
tats primarily included the photosynthesis-antenna protein pathway and the
flavonoid biosynthesis pathway. In the photosynthesis-antenna protein path-
way, the lhcad gene was up-regulated while lhcal-3 genes were down-regulated;
in the flavonoid biosynthesis pathway, the chs, c4h, f3’h, f3h, fls, ans, chi,
ccoaomt, and hct genes were all up-regulated. (4) A total of 7,146 SSR loci
were identified from the transcriptome data of A. shikokiana, distributed across
6,006 Unigene sequences, comprising 106 types of repeat motifs, with mononu-
cleotide repeats being the dominant repeat motif. Among 100 pairs of EST-SSR
primers designed and synthesized, 68 pairs were validated as effective, of which
11 pairs were polymorphic, amplifying a total of 24 polymorphic fragments.
These findings contribute to a deeper understanding of the adaptive regulatory
mechanisms of A. shikokiana in different habitats, and represent the first devel-
opment of EST-SSR molecular markers for this species, filling a gap in this area
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and providing important molecular marker resources for the conservation and
utilization of this organism.
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Abstract

This study investigated the ecological adaptation mechanisms of Anemone
shikokiana in two distinct habitats—full-light hilltop scrub and shady mixed
broadleaved-coniferous forest—using Illumina high-throughput sequencing of
leaves collected during the flowering stage. Additionally, EST-SSR molecular
markers were developed based on SSR locus distribution characteristics.
The results were as follows: (1) A total of 53,536 Unigene sequences were
obtained, of which 27,448 were successfully annotated. (2) After filtering low-
abundance genes, 5,635 differentially expressed genes (DEGs) were identified,
with 1,600 up-regulated and 4,035 down-regulated genes when comparing A.
shikokiana from full-light hilltop scrub versus shady mixed coniferous forest.
GO classification showed that 2,460 DEGs were annotated to 2,533 functional
categories. Furthermore, 1,051 DEGs were involved in 113 KEGG pathways.
(3) Comprehensive analysis of photosynthesis-antenna protein pathway-related
genes revealed that lhcab expression was significantly higher, while lhcal, lhca?,
and [hca3 expression was significantly lower. Meanwhile, analysis of flavonoid
biosynthesis pathway-related genes showed that chs, cjh, f3°h, f3h, fls, ans, chi,
ccoaomt, and hct expression was significantly higher. (4) Using MISA software,
7,146 SSRs were identified in 6,006 Unigenes from the transcriptome data.
Among these SSRs, single-nucleotide repeats were the dominant motif type
across 106 repetitive motif categories. Of the 100 designed EST-SSR primer
pairs, 68 were effective and 11 showed polymorphism, amplifying 24 polymor-
phic fragments. Overall, this study analyzed the adaptation mechanisms of
A. shikokiana in heterogeneous habitats at the molecular level and, for the
first time, developed EST-SSR molecular markers for this species, providing
important molecular resources for its conservation and utilization.

Keywords: heterogeneous habitat; Anemone shikokiana; transcriptome; EST-
SSR; ecological adaptation mechanisms
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Introduction

Anemone shikokiana (Makino) Makino is a perennial herbaceous plant endemic
to China. It is classified as Vulnerable (VU) on the IUCN Red List and is a key
protected wild plant in Shandong Province. The species is primarily distributed
at altitudes around 600 m, where it inhabits two distinct habitat types: full-light
hilltop scrub and shady mixed broadleaved-coniferous forest understory. Pre-
vious studies have demonstrated that A. shikokiana exhibits significant pheno-
typic plasticity in response to heterogeneous habitats and altitude changes, with
variations observed in leaf morphology, photosynthetic characteristics, and root
structure. However, the molecular mechanisms underlying these adaptations
remain unclear.

Transcriptome sequencing technology has become a powerful tool for studying
plant responses to environmental heterogeneity. This approach enables large-
scale discovery of functional genes and molecular markers. For non-model organ-
isms without reference genomes, de novo transcriptome assembly can generate
comprehensive sequence information for gene expression analysis and marker
development. In recent years, transcriptome analysis has been successfully ap-
plied to study ecological adaptation in various plant species, including Coreopsis
tinctoria, Alisma orientale, and Medicago ruthenica.

Expressed sequence tag-simple sequence repeat (EST-SSR) markers are devel-
oped from transcriptome data and offer several advantages, including high poly-
morphism, good reproducibility, and direct association with functional genes.
These markers have been widely used in genetic diversity analysis, fingerprint
construction, and molecular breeding of various species such as hemp (Cannabis
sativa), Chinese sweetgum (Liquidambar formosana), and moso bamboo (Phyl-
lostachys vivaz). However, no EST-SSR markers have been reported for A.
shikokiana to date.

To address this knowledge gap, this study employed Illumina high-throughput
sequencing to analyze the transcriptome of A. shikokiana leaves from two con-
trasting habitats. The objectives were to: (1) characterize the transcriptome
profile and identify differentially expressed genes associated with habitat adap-
tation; (2) develop and validate EST-SSR markers for future genetic studies;
and (3) provide molecular insights into the ecological adaptation mechanisms
of this rare and endangered species.

Materials and Methods

1.1 Plant Material and Sampling Fresh leaves of A. shikokiana were col-
lected during the flowering stage from two distinct habitats in Kunyu Moun-
tain, Yantai, Shandong Province: (1) full-light hilltop scrub (coded as D) and
(2) shady mixed broadleaved-coniferous forest (coded as L). For transcriptome
sequencing, three biological replicates were collected from each habitat, totaling
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six samples. For EST-SSR validation, additional leaf samples were collected
from five populations across different locations. Detailed sampling information
is provided in and .

1.2 RNA Extraction and Transcriptome Sequencing Total RNA was ex-
tracted using the modified CTAB method. RNA quality was assessed using 1%
agarose gel electrophoresis and a NanoDrop spectrophotometer. High-quality
RNA samples (concentration $ 20ng - uL~{-1}$) were sent for library construc-
tion and sequencing on the Illumina HiSeq platform. Paired-end sequencing
generated raw reads that were subsequently filtered to obtain clean data.

1.3 De Novo Assembly and Functional Annotation Clean reads were as-
sembled de novo using Trinity software. The resulting transcripts were clustered
using CD-HIT to generate non-redundant Unigenes. Functional annotation was
performed by searching against multiple databases including NR, KOG, GO,
Swiss-Prot, eggNOG, and KEGG using diamond and HMMER tools. Pfam
domain annotation was also conducted.

1.4 Differential Expression Analysis Gene expression levels were quanti-
fied as read counts using the DESeq package. Differentially expressed genes
(DEGs) were identified based on the criteria of [log,FoldChange| > 1 and p
< 0.05. GO and KEGG pathway enrichment analyses were performed on the
DEGs.

1.5 SSR Marker Development and Validation SSRs were detected in

the assembled Unigenes using MISA software with the following parameters:

mono-nucleotide repeats $ $10, di-nucleotide repeats $ $6, tri-nucleotide to hexa-

nucleotide repeats $ 5, andminimumdistancebetweentwoSS Rso f100bp. PrimerpairsweredesignedusingPrim
L™{-1}$), and template DNA. Amplification products were separated on 8%

polyacrylamide gels and visualized by silver staining.

Results

2.1 Transcriptome Assembly and Annotation A total of 42.34 Gb of
clean data was obtained, with Q30 values ranging from 93.68% to 94.20%. De
novo assembly yielded 53,536 Unigenes with a total length of 57,909,453 bp, an
average length of 1,081.69 bp, and an N50 of 1,502 bp. The assembly quality
metrics D and L were 0.8689 and 0.8318, respectively, indicating high assembly
completeness.

Functional annotation revealed that 27,448 Unigenes (51.27%) matched known
sequences in public databases. The annotation rates for individual databases
were: NR (50.52%), eggNOG (44.71%), Swiss-Prot (36.68%), Pfam (33.36%),
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GO (32.76%), KOG (29.19%), and KEGG (10.24%). The Venn diagram of
database annotations is shown in [Figure 1: see original paper].

2.2 Differentially Expressed Genes Comparative analysis between the two
habitats identified 5,635 DEGs, including 1,600 up-regulated and 4,035 down-
regulated genes in the shady forest habitat compared to the hilltop scrub. GO
enrichment analysis annotated 2,460 DEGs to 2,533 GO terms, while KEGG
analysis mapped 1,051 DEGs to 113 pathways.

The top enriched GO terms included biological processes such as abscisic acid
metabolic process, menthol biosynthetic process, and sulfolipid biosynthetic pro-
cess; cellular components such as cytosolic ribosomal subunits; and molecular
functions such as NADP"-dependent dehydrogenase activities. The volcano plot
of DEGs is presented in [Figure 2: see original paper].

KEGG pathway enrichment revealed significant representation in photosynthesis-
antenna proteins, flavonoid biosynthesis, ribosome, plant-pathogen interaction,
MAPK signaling, and glutathione metabolism pathways. The top 30 enriched
KEGG pathways are shown in [Figure 4: see original paper].

2.3 Key Pathway Analysis Photosynthesis-Antenna Proteins: Fifteen
DEGs were annotated to the photosynthesis-antenna protein pathway. Notably,
lhcas (light-harvesting complex I chlorophyll a/b binding protein 5) was signif-
icantly up-regulated, while lhcal, lhca2, and lhca3 were down-regulated. Addi-
tionally, lhebl, lheb2, and lheb3 (light-harvesting complex II proteins) showed
decreased expression in the shady habitat.

Flavonoid Biosynthesis: FEleven DEGs were identified in the flavonoid
biosynthesis pathway, with all key enzyme-coding genes showing up-regulation
in the shady habitat, including chs (chalcone synthase), c4h (cinnamate
4-hydroxylase), f3’h (flavonoid 3’-hydroxylase), f3h (flavanone 3-hydroxylase),
fls (flavonol synthase), ans (anthocyanidin synthase), chi (chalcone isomerase),
ccoaomt (caffeoyl-CoA O-methyltransferase), and het (hydroxycinnamoyl
transferase).

2.4 SSR Marker Development From the 53,536 Unigenes, 7,146 SSRs were
identified in 6,006 Unigenes, with a frequency of 13.35% and an average density
of one SSR per 8.1 kb. The SSR distribution showed that mono-nucleotide
repeats were most abundant (3,248 SSRs, 45.59%), followed by tri-nucleotide
(2,041, 28.56%), di-nucleotide (1,645, 23.02%), hexa-nucleotide (101, 1.41%),
tetra-nucleotide (81, 1.13%), and penta-nucleotide (20, 0.28%) repeats. A total
of 106 motif types were identified, with AG/CT being the most frequent di-
nucleotide repeat and AAG/CTT the most common tri-nucleotide repeat.

One hundred EST-SSR primer pairs were synthesized and tested across four
populations. Sixty-eight primers successfully amplified products, yielding 11
polymorphic loci that generated 24 polymorphic fragments. The polymorphic
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markers showed clear population differentiation. Details of the polymorphic
SSR markers are provided in .

Discussion

3.1 Ecological Adaptation Mechanisms in Heterogeneous Habi-
tats The differential expression of photosynthesis-related genes reflects A.
shikokiana’s adaptation to contrasting light environments. The up-regulation
of [hcab and down-regulation of lhcal-3 and lhcb1-3 in shady habitats suggests
a remodeling of the light-harvesting complex to optimize photon capture
under low-light conditions. Lhca5 is known to play a specialized role in
photoprotection and energy dissipation, while the reduced expression of major
LHC proteins may represent an energy-saving strategy under light limitation.

The concerted up-regulation of flavonoid biosynthesis genes indicates enhanced
production of secondary metabolites in response to shade stress. Flavonoids
serve multiple protective functions, including UV screening, antioxidant activ-
ity, and signaling. The increased expression of chs, chi, f3h, f8’h, fls, ans,
ccoaomt, and hct suggests elevated synthesis of flavonols, anthocyanins, and
other phenolic compounds that protect against oxidative damage and facilitate
acclimation to low-light conditions.

3.2 EST-SSR Marker Development and Application This study repre-
sents the first development of EST-SSR markers for A. shikokiana. The high
amplification success rate (68%) and polymorphism level (11 polymorphic loci)
demonstrate the effectiveness of our marker development pipeline. These mark-
ers provide valuable tools for future research on genetic diversity, population
structure, and conservation genetics of this vulnerable species. The functional
annotation of SSR~containing Unigenes links these markers to candidate genes
involved in stress response and adaptation, enhancing their utility for marker-
assisted selection in conservation programs.
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