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Abstract
To investigate the ecological adaptation mechanisms of Anemone shikokiana in
two distinct habitats—full-light mountain-top shrubland and shaded coniferous-
broadleaf mixed forest understory—and to develop EST-SSR molecular mark-
ers for this species, this study utilized Illumina high-throughput sequencing
technology to conduct transcriptome sequencing on leaves of flowering-stage A.
shikokiana, obtaining functional annotation and differentially expressed genes.
The results demonstrated: (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 the mountain-top
shrubland. A total of 2,460 differentially expressed genes were annotated to
2,533 level-3 terms in the GO database, and 1,051 differentially expressed genes
were annotated to 113 metabolic pathways in the KEGG database. (3) The
metabolic pathways underlying A. shikokiana’s adaptation to heterogeneous
habitats primarily involved the photosynthesis-antenna protein pathway and the
flavonoid biosynthesis pathway. In the photosynthesis-antenna protein pathway,
the lhca5 gene was up-regulated while the lhca1-3 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 mononucleotide
repeats being the dominant repeat motif. Among 100 pairs of designed and
synthesized EST-SSR primers, 68 pairs were validated as effective, of which 11
pairs exhibited polymorphism, 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, for the first time, de-
velop 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: To investigate the ecological adaptation mechanisms of Anemone
shikokiana in two distinct habitats—full-light hilltop scrub and shady mixed
broadleaved-coniferous forest—and to develop EST-SSR molecular markers for
this species, we performed transcriptome sequencing on leaves collected during
the flowering stage using Illumina high-throughput sequencing technology. The
results revealed: (1) A total of 53,536 Unigene sequences were obtained, of
which 27,448 were successfully annotated. (2) We identified 5,635 differentially
expressed genes (DEGs), with 1,600 up-regulated and 4,035 down-regulated in
hilltop scrub populations compared to forest understory populations. Among
these, 2,460 DEGs were annotated to 2,533 GO tertiary terms, and 1,051
DEGs were mapped to 113 metabolic pathways in the KEGG database. (3)
The primary metabolic pathways involved in adaptation to heterogeneous
habitats were photosynthesis-antenna proteins and flavonoid biosynthesis. In
the photosynthesis-antenna protein pathway, lhca5 was up-regulated while
lhca1-3 were down-regulated. In the flavonoid biosynthesis pathway, chs,
c4h, f3’h, f3h, fls, ans, chi, ccoaomt, and hct were all up-regulated. (4)
From the transcriptome data, we identified 7,146 SSR loci distributed across
6,006 Unigenes, encompassing 106 repeat motif types, with mononucleotide
repeats being the most abundant. Among 100 synthesized EST-SSR primer
pairs, 68 showed effective amplification, with 11 exhibiting polymorphism
and amplifying a total of 24 polymorphic fragments. These findings enhance
our understanding of the adaptive regulatory mechanisms of A. shikokiana in
different habitats and represent the first development of EST-SSR molecular
markers for this species, filling a critical research gap and providing valuable
molecular resources for its conservation and utilization.

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

Anemone shikokiana is a perennial herbaceous plant in the family Ranuncu-
laceae, disjunctly distributed between the Jiaodong Peninsula of China and
Shikoku Island of Japan (Wang et al., 2014). In China, it is listed as Vulnera-
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ble (VU) on the IUCN Red List of Threatened Species and represents a typical
rare species (Chen et al., 2018). The plant has medicinal value, with its roots
used for clearing heat, detoxifying, and stopping bleeding (Liu, 2014), and holds
potential for horticultural development due to its elegant growth habit, large
flowers, and extended flowering period (Hou and Liu, 2010).

This species inhabits two heterogeneous habitats above 600 m elevation: hilltop
scrub with year-round full sunlight and sandy soil composed primarily of gravel
and sand particles, and mixed broadleaved-coniferous forest understory that is
dark, humid, and rich in loose humus soil (Pang et al., 2020). Previous stud-
ies have demonstrated that plants adapt to heterogeneous water conditions by
adjusting individual size and leaf traits (Yue et al., 2023), and that phenotypic
plasticity enables adaptation to extreme environments (Wang et al., 2023). A.
shikokiana adapts to these contrasting environments through modifications in
leaf and root morphology, structure, and physiology (Yu et al., 2019; Pang et
al., 2020; Pang et al., 2021). However, the molecular mechanisms underlying its
adaptation to heterogeneous habitats remain unclear. Plant adaptation funda-
mentally results from gene-specific expression, which is largely regulated at the
transcriptional level (Zhang et al., 2007). The transcriptome, representing the
complete set of mRNAs in a specific tissue or developmental stage, serves as an
effective tool for studying gene function and structure (Lu et al., 2021). Illu-
mina high-throughput sequencing enables efficient and accurate acquisition of
gene expression profiles from specific tissues without a reference genome (Guo
et al., 2021), and has been widely applied to investigate plant adaptation to
different habitats in species such as Coreopsis tinctoria (Sun et al., 2022) and
Medicago ruthenica (Wu et al., 2022).

Molecular markers are essential for phylogenetic analysis, functional gene tag-
ging, and molecular-assisted breeding. With advances in high-throughput se-
quencing, EST-SSR markers derived from transcriptome data have become one
of the most commonly used molecular marker technologies due to their co-
dominant inheritance, stability, and high accuracy (Yue et al., 2022). EST-SSR
markers are cost-effective to develop and applicable to species without refer-
ence genomes, facilitating genetic diversity analysis, fingerprint construction,
germplasm conservation, and cultivar identification (Yang et al., 2021). They
have been successfully developed and applied in various plants including hemp
(Bian et al., 2023), pepper (Tian et al., 2022), and Liquidambar formosana
(Li et al., 2023). However, few molecular markers have been reported for A.
shikokiana, with no publicly available SSR markers, limiting molecular research
on this species.

This study investigated A. shikokiana from heterogeneous habitats using Illu-
mina high-throughput sequencing to obtain transcriptome data, perform assem-
bly and functional annotation, identify differentially expressed genes and SSR
loci, and design and validate EST-SSR primers. Our objectives were to eluci-
date the ecological adaptation mechanisms of A. shikokiana in heterogeneous
habitats and develop applicable EST-SSR molecular markers to fill research
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gaps, thereby establishing a foundation for future studies on genetic diversity,
germplasm evaluation, functional gene tagging, and molecular-assisted breeding
for conservation and utilization.

1.1 Experimental Materials

All experimental materials consisted of A. shikokiana leaves collected during the
flowering stage. Transcriptome sequencing samples were collected in June 2021
from Taibo Peak and Hanfeng Ridge in the Kunyu Mountain National Nature
Reserve, Yantai, Shandong (Table 1 ). Primer screening materials were collected
in September 2021 from Laoshan, Qingdao and Kunyu Mountain, Yantai (Table
2 ). After collection, samples were washed with distilled water, immediately
frozen in liquid nitrogen, and stored at -80°C. Transcriptome sequencing was
completed by Shanghai OE Biotech Co., Ltd. For primer screening, genomic
DNA was extracted using a modified CTAB method [16], checked via 1% agarose
gel electrophoresis, diluted to 20 ng・�L−1, and stored at -20°C.

1.2 Transcriptome Analysis

De novo assembly: Trinity software (Manfred G et al., 2011) was used for
paired-end assembly to generate transcript sequences. The longest sequence
was selected as a Unigene based on sequence similarity and length, followed by
clustering and redundancy removal using CD-HIT software to obtain a final set
of Unigenes for subsequent analysis.

Functional annotation: Unigenes were functionally annotated by aligning
them against the NR, KOG, GO, Swiss-Prot, eggNOG, and KEGG databases
using diamond software (Benjamin et al., 2015), and against the Pfam database
using HMMER software.

Differential expression gene screening: DESeq software (Anders S et al.,
2012) was used to normalize gene counts across samples. BaseMean values
estimated expression levels, and differential fold changes were calculated.
Significance testing was performed using negative binomial distribution (NB)
on read counts. Differentially expressed genes were filtered using criteria of
|log2FoldChange| > 1 and p < 0.05.

1.3 Primer Design and Screening

Based on the transcriptome sequencing results, MISA software (Sebastian B
et al., 2017) was used for SSR prediction with parameters set for repeat mo-
tif lengths of 1–6 bp and minimum repeat numbers of 10, 6, 5, 5, 5, and 5,
respectively. Compound microsatellites were defined as those with inter-SSR
sequences $�$100 bp. SSR polymorphism correlates with length, with markers
$�$20 bp showing high polymorphism, 12–20 bp moderate, and <12 bp low poly-
morphism (Temnykh et al., 2001). Following initial screening for SSR length
$�$20 bp, removal of compound SSRs, and exclusion of A/T repeats prone to
polyadenylation artifacts, 100 SSR loci were randomly selected for primer design
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using Primer3 software (Rozen S & Skaletsky H, 2000), designated ANS001-
ANS100, and synthesized by Beijing Liuhe BGI.

Primer effectiveness was initially screened using samples from Qingdao Laoshan
Slippery Pass via 1% agarose gel electrophoresis. The 20 µL PCR reaction con-
tained 2×Master Mix 4 µL, forward and reverse primers (10 µmol・L−1) each 2
µL, DNA template 2 µL, and ddH2O 10 µL. Cycling conditions were: 94°C for
3 min; 35 cycles of 94°C for 30 s, 55°C for 35 s, 72°C for 60 s; final extension
at 72°C for 10 min; and storage at 4°C. Primers failing to amplify or producing
unexpected fragment sizes were eliminated. Validated primers were then tested
for polymorphism using samples YD1 (Yantai Kunyu Mountain Taibo Peak),
YL1 (Yantai Kunyu Mountain Laotie Mountain), QD1 (Qingdao Laoshan Lao-
deng Scenic Area Danfeng Peak), and QL1 (Qingdao Laoshan Slippery Pass)
via 8% non-denaturing polyacrylamide gel electrophoresis with silver staining.

2.1.1 Overall Characteristics
De novo transcriptome analysis of A. shikokiana yielded 42.34 Gb of clean data,
with effective data per sample ranging from 6.98 to 7.10 Gb and Q30 bases
between 93.68% and 94.20%, confirming high sequencing accuracy suitable for
downstream analysis. Assembly produced 53,536 Unigenes with a total length
of 57,909,453 bp, ranging from 301 to 15,502 bp and averaging 1,081.69 bp.
Pearson correlation coefficients indicated strong correlations between biological
replicates (>0.8689 for group D, >0.8318 for group L), validating the data for
subsequent analysis.

2.1.2 Functional Annotation

Among the 53,536 assembled Unigenes, 3,505 (6.55%) were successfully anno-
tated in all seven databases, while 27,448 (51.27%) were annotated in at least
one database (Figure 1 [Figure 1: see original paper]). The NR database pro-
vided the most annotations (27,044, 50.52%), followed by eggNOG (23,934,
44.71%), Swiss-Prot (19,637, 36.68%), Pfam (17,859, 33.36%), GO (17,540,
32.76%), KOG (5,481, 29.19%), and KEGG (5,481, 10.24%). NR database com-
parisons revealed highest similarity with Aquilegia coerulea (56.72%), followed
by Macleaya cordata (6.08%), Papaver somniferum (4.06%), Nelumbo nucifera
(3.29%), Vitis vinifera (1.92%), Quercus suber (0.94%), Rosa chinensis (0.9%),
Sphaerulina musiva SO2202 (0.73%), Actinidia chinensis var. chinensis (0.58%),
Helianthus annuus (0.55%), and other species (24.24%).

2.2.1 Differential Expression Unigene Screening

Transcriptome data mining identified 5,635 differentially expressed Unigenes,
indicating substantial environmental influence on gene expression. Compared to
understory (L) populations, hilltop (D) populations showed 1,600 up-regulated
and 4,035 down-regulated genes (Figure 2 [Figure 2: see original paper]).
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2.2.2 Differential Expression Unigene Enrichment Analysis

GO and KEGG enrichment analysis revealed that 2,460 DEGs were annotated to
2,533 GO tertiary terms, and 1,051 DEGs were mapped to 113 KEGG metabolic
pathways. In the three GO categories—biological process (BP), cellular compo-
nent (CC), and molecular function (MF)—DEGs were significantly enriched in
processes such as abscisic acid metabolic process (GO:0009687), menthol biosyn-
thetic process (GO:0031525), and sulfolipid biosynthetic process (GO:0046506);
cellular components including cytosolic large ribosomal subunit (GO:0022625),
cytosolic small ribosomal subunit (GO:0022627), and ribosome (GO:0005840);
and molecular functions such as aryl-alcohol dehydrogenase (NADP+) activity
(GO:0047681), isopiperitenol dehydrogenase activity (GO:0018458), and carveol
dehydrogenase activity (GO:0018459).

KEGG pathway analysis categorized DEGs into six classes, with metabolic
pathways containing the most Unigenes (480, 45.67%), followed by genetic
information processing (425, 40.44%), environmental information processing
(58, 5.52%), organismal systems (50, 4.76%), and cellular processes (37,
3.52%). Ten KEGG pathways were significantly enriched (P<0.01): ribosome
(ko03010), photosynthesis-antenna proteins (ko00196), flavonoid biosynthesis
(ko00941), sesquiterpenoid and triterpenoid biosynthesis (ko00909), synthe-
sis and degradation of ketone bodies (ko00072), glutathione metabolism
(ko00480), plant-pathogen interaction (ko04626), MAPK signaling pathway-
plant (ko04016), flavone and flavonol biosynthesis (ko00944), and stilbenoid,
diarylheptanoid and gingerol biosynthesis (ko00945).

2.2.3 Key Differential Expression Unigene Information

From the enriched pathways, we identified key metabolic pathways related
to heterogeneous habitat adaptation (Table 3 ). The photosynthesis-antenna
protein pathway (ko00196) contained 15 DEGs: one up-regulated gene lhca5
(light-harvesting complex I chlorophyll a/b binding protein 5) and 14 down-
regulated genes including seven lhcb1 (light-harvesting complex II chlorophyll
a/b binding protein 1), six lhcb2 (light-harvesting complex II chlorophyll a/b
binding protein 2), and one lhcb3 (light-harvesting complex II chlorophyll
a/b binding protein 3). The flavonoid biosynthesis pathway (ko00941) con-
tained 11 up-regulated DEGs: chs (chalcone synthase), c4h (trans-cinnamate
4-monooxygenase), two f3’h (flavonoid 3’-monooxygenase), f3h (naringenin
3-dioxygenase), fls (flavonol synthase), ans (anthocyanidin synthase), chi
(chalcone isomerase), ccoaomt (caffeoyl-CoA O-methyltransferase), and two hct
(shikimate O-hydroxycinnamoyltransferase).

2.3.1 SSR Locus Overall Characteristics

Screening of 53,536 Unigenes identified 7,146 SSR loci in 6,006 Unigenes, with
an average distribution distance of 8.1 kb. SSR length ranged from 10 to 225
bp, with an occurrence frequency of 13.35% (SSR count/total Unigenes) and a
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distribution frequency of 11.22% (SSR-containing Unigenes/total Unigenes). A
total of 907 sequences contained two or more SSRs (1.68%), and 420 sequences
harbored compound SSR types (0.78%). The SSRs comprised 106 repeat motif
types (Table 4 ), with mononucleotide repeats being dominant (3,248, 45.59%),
followed by trinucleotide (2,041, 28.56%), dinucleotide (1,645, 23.02%), hexanu-
cleotide (101, 1.41%), tetranucleotide (81, 1.13%), and pentanucleotide repeats
(20, 0.28%) (Figure 5 [Figure 5: see original paper]).

2.3.2 EST-SSR Primer Development and Screening

Initial screening of 100 EST-SSR primer pairs via 1% agarose gel electrophoresis
yielded 68 effectively amplifying primers. Polymorphism testing of these 68
primers using samples from YD1, YL1, QD1, and QL1 via 8% non-denaturing
polyacrylamide gel electrophoresis revealed that all produced clear bands, with
11 primers showing polymorphism (Table 5 ) and amplifying 24 polymorphic
fragments. These results demonstrate that developing EST-SSR primers from
transcriptome data is an economical and feasible approach, providing stable,
reproducible, and polymorphic markers through simple PCR validation.

3.1 Analysis of Adaptation Mechanisms in Heterogeneous
Habitats
High-throughput sequencing technology enables comprehensive and rapid ac-
quisition of plant transcript sequences, greatly facilitating gene discovery and
secondary metabolite regulation studies (Lu et al., 2010). Our transcriptome
analysis of A. shikokiana from heterogeneous habitats revealed that adaptation
mechanisms primarily involve photosynthesis and flavonoid biosynthesis path-
ways.

Photosynthesis, the physiological basis for plant growth and metabolism, is influ-
enced by environmental factors including light, water, and temperature (Fang et
al., 2022). Light-harvesting complex II chlorophyll a/b binding proteins (LHC)
play crucial roles in regulating photosynthesis by rapidly transferring light en-
ergy to PS I and PS II reaction centers for photochemical conversion (Helena
et al., 2023). The lhc gene family comprises two evolutionary groups: lhca en-
codes LHC I proteins in photosystem I with large light-harvesting cross-sections
capable of capturing different wavelengths (Mozzo et al., 2010), while lhcb en-
codes LHC II proteins in photosystem II that bind 50% of thylakoid pigments
to form the most abundant antenna proteins (Wang, 2020). We found lhca5
significantly up-regulated in hilltop scrub populations, consistent with Ganeteg
et al. (2004) showing increased lhca5 expression under high light. Conversely,
lhcb1, lhcb2, and lhcb3 were significantly down-regulated. Jiang (2019) reported
that down-regulation of lhcb genes in water celery under drought stress prevents
excessive light energy absorption and reduces photosynthesis, while Rahele et
al. (2022) demonstrated that decreased lhcb expression reduces chlorophyll con-
tent in tomatoes under drought. We hypothesize that down-regulation of lhcb1-
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3 reduces light-harvesting antenna protein synthesis, weakening photosynthesis
and water consumption to mitigate drought effects. The contrasting regulation
of lhca and lhcb genes thus enables A. shikokiana to cope with high light and low
soil moisture in hilltop scrub, representing an elegant abiotic stress response.

Flavonoids are ubiquitous secondary metabolites that absorb UV radiation (280–
315 nm), protecting plant organs, particularly photosynthetic tissues, from ra-
diation damage (Zou et al., 2004), and perform multiple physiological functions
during development and abiotic stress responses (Chen et al., 2023; Guo et
al., 2023; Zhuang et al., 2023). Flavonoid biosynthesis derives from phenyl-
propanoid metabolism and is regulated by key enzymes including chalcone syn-
thase (CHS), chalcone isomerase (CHI), flavonol synthase (FLS), flavanone 3-
hydroxylase (F3H), flavonoid 3’-hydroxylase (F3’H), and anthocyanidin syn-
thase (ANS) (Shen et al., 2022; Dai, 2022; Xiong et al., 2016). All related
enzyme-encoding genes were significantly up-regulated in hilltop scrub popu-
lations. Xiao et al. (2020) reported positive correlations between chs and chi
expression and flavonoid content, suggesting enhanced flavonoid synthesis in
hilltop populations. The intense sunlight in hilltop scrub includes harmful UV
radiation and midday heat, which can damage DNA and other cellular structures
(Batschauer, 1993). Increased flavonoid synthesis likely provides UV protection
and mitigates heat stress, enabling survival in this harsh environment.

3.2 SSR Locus Analysis and Primer Development in
Anemone shikokiana
The SSR types in A. shikokiana are relatively diverse, ranging from mono- to
hexanucleotide repeats. Studies indicate that AAG/CTT is the predominant
trinucleotide motif (Xiang et al., 2023), consistent with our findings and sug-
gesting high conservation in EST-SSR evolution. EST-SSR markers derived
from expressed sequences offer advantages including high conservation and good
transferability across species and genera (Lou et al., 2023). Based on high-
quality transcriptome data, we designed and synthesized 100 primer pairs, of
which 68 amplified effectively and 11 showed polymorphism across different ge-
ographic populations. These polymorphic EST-SSR markers can be applied to
genetic diversity analysis and molecular marker-assisted breeding. Due to the
scarcity of A. shikokiana materials in China and limited access to Japanese popu-
lations, we could not perform clustering analysis or construct phylogenetic trees
in this study. Future work will validate the transferability of these polymorphic
EST-SSR primers across Anemone species and design additional primers from
differentially expressed genes to distinguish populations from different habitats,
providing a foundation for evolutionary studies and germplasm conservation.

In summary, our transcriptome analysis of A. shikokiana from hilltop scrub and
forest understory habitats reveals adaptation mechanisms involving regulation
of photosynthesis and flavonoid biosynthesis genes. We have developed the first
set of polymorphic EST-SSR markers for this species, filling a critical research
gap and providing important resources for its conservation and utilization.
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