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Genome-wide identification

of the phenylalanine ammonia-lyase
gene from Epimedium Pubescens Maxim.
(Berberidaceae): novel insight into the
evolution of the PAL gene family
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Abstract

Background Phenylalanine ammonia-lyase (PAL) serves as a key gateway enzyme, bridging primary metabolism
and the phenylpropanoid pathway, and thus playing an indispensable role in flavonoid, anthocyanin and lignin
biosynthesis. PAL gene families have been extensively studied across species using public genomes. However, a
comprehensive exploration of PAL genes in Epimedium species, especially those involved in prenylated flavonol
glycoside, anthocyanin, or lignin biosynthesis, is still lacking. Moreover, an in-depth investigation into PAL gene family
evolution is warranted.

Results Seven PAL genes (EpPALT-EpPAL7) were identified. EpPAL2 and EpPAL3 exhibit low sequence identity to other
EpPALs (ranging from 61.09 to 64.38%) and contain two unique introns, indicating distinct evolutionary origins. They
evolve at a rate ~ 10 to ~ 54 times slower compared to EpPALT and EpPAL4-7, suggesting strong purifying selection.
EpPALT evolved independently and is another ancestral gene. EpPALT formed EpPAL4 through segmental duplication,
which lead to EpPALS5 and EpPAL6 through tandem duplications, and EpPAL7 through transposed duplication, shaping
modern EpPALs. Correlation analysis suggests EpPALT, EpPAL2 and EpPAL3 play important roles in prenylated flavonol
glycosides biosynthesis, with EpPAL2 and EpPAL3 strongly correlated with both Epimedin C and total prenylated
flavonol glycosides. EpPALT, EpPAL2 and EpPAL3 may play a role in anthocyanin biosynthesis in leaves. EpPAL2, EpPAL3,
EpPAL6, and EpPAL7 might be engaged in anthocyanin production in petals, and EpPAL2 and EpPAL3 might also
contribute to anthocyanin synthesis in sepals. Further experiments are needed to confirm these hypotheses. Novel
insights into the evolution of PAL gene family suggest that it might have evolved from a monophyletic group in
bryophytes to large-scale sequence differentiation in gymnosperms, basal angiosperms, and Magnoliidae. Ancestral
gene duplications and vertical inheritance from gymnosperms to angiosperms likely occurred during PAL evolution.
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Expression profiling

Most early-diverging eudicotyledons and monocotyledons have distinct histories, while modern angiosperm PAL
gene families share similar patterns and lack distant gene types.

Conclusions EpPAL2 and EpPAL3 may play crucial roles in biosynthesis of prenylated flavonol glycosides and
anthocyanins in leaves and flowers. This study provides novel insights into PAL gene family evolution. The findings on
PAL genes in E. pubescens will aid in synthetic biology research on prenylated flavonol glycosides production.

Keywords Epimedium pubescens, Phenylalanine ammonia-lyase gene, Evolution, Prenylated flavonol glycoside,

Introduction

Phenylalanine ammonia-lyase (PAL, EC 4.3.1.24) is the
first critical enzyme in the phenylpropanoid pathway,
catalyzing the biotransformation of L-phenylalanine
to trans-cinnamic acid. Acting as a bridge, PAL medi-
ates carbon flux from primary to secondary metabolism,
leading to the production of flavonoids, anthocyanins,
tannins, lignins, phytoalexins and other benzene-based
compounds with pharmaceutical value [1, 2]. The phen-
ylpropanoid derivatives play crucial roles in plant defense
against a range of biotic (e.g., insects and pathogens)
and abiotic stresses (e.g., UV light, low temperature and
nutrient stress). These compounds function as regula-
tory molecules, participating in signal transduction and
communication with other organisms [3]. Furthermore,
they contribute to lignin biosynthesis, which is essential
for maintaining stem rigidity, vascular integrity, and pro-
viding a physical barrier against invading pathogens in
plants [4, 5].

PAL enzymes in dicots typically exhibit monofunction-
ality, specifically catalyzing the PAL reaction. However,
in certain monocots, particularly those belonging to the
grass family Poaceae, PAL enzymes can display bifunc-
tionality, catalyzing both PAL and TAL reactions with
phenylalanine and tyrosine as substrates, respectively.
Notably, PAL and TAL enzymes are absent in animals,
where they have been replaced by HAL (L-histidine
ammonia-lyase) [2, 6, 7]. The PAL gene family typically
consists of 2—6 copies, although some species possess
significantly more members [8, 9]. Over the course of
evolution, the expression of PAL genes in response to
biotic and abiotic stresses has become highly regulated
in a temporal and spatial manner, often resulting in the
diversification of gene copies with redundant functions
[10-12]. Given the diverse functions of PAL gene copies,
it can be challenging to determine which copy predomi-
nantly modulates the biosynthesis of different branch
end-products.

Herba Epimedii, a valued traditional Chinese medicine
(TCM), is sourced exclusively from the dried leaves of
four Epimedium species: namely E. pubescens, E. sagit-
tatum, E. brevicornu and E. koreanum. Besides its tradi-
tional uses as a kidney tonic and antirheumatic agent [13,
14], the aglycone of its primary bioactive components,

known as prenylated flavonol glycosides (PFGs), par-
ticularly icaritin, has garnered recognition as a novel
drug effective in inhibiting hepatocellular carcinoma
(HCC) initiation and malignant growth [15, 16]. How-
ever, the genes involved in PFGs biosynthesis in Epime-
dium, including PAL, remain fragmented. To date, only
three PALs (EsPALI, EsPAL2 and EsPAL3) in E. sagit-
tatum [17] and one PAL (EwPAL) in E. wushanense [18]
have been reported. Through qRT-PCR and correlation
analysis, only EsPAL3 has been implicated in both PFGs
and anthocyanin pathways. Meanwhile, EsPALI is sus-
pected to play a role in lignin biosynthesis, while EsPAL2
demonstrates constitutive expression across all tissues,
hinting at its potential involvement in lignin, PFGs and
anthocyanin pathways. EwPAL, on the other hand, has
been solely linked to the biosynthesis of naringenin. Fur-
ther research into the PALs responsible for PFGs, antho-
cyanin or lignin biosynthesis needs to be clearly explored,
which would facilitate more efficient synthesis of PFGs.

Previous studies on the evolution of the PAL gene fam-
ily are limited, with only a few notable investigations
reported: in Nelumbo nucifera by Wu et al. (2014) [19]
and in three Cucurbitaceae plants by Dong et al. (2016)
[8]. While the former study identified a distinct ancient
NnPALI gene in the early-diverging dicotyledonous plant
N. nucifera, it failed to explore similar patterns in other
early-diverging dicotyledonous species. On the other
hand, the latter study exclusively examined PAL evolu-
tion within Cucurbitaceae plants without delving into
the evolutionary origins of the discovered PAL genes.
E. pubescens, as another early-diverging dicotyledon-
ous plant, emerges as a valuable subject for studying the
evolution of the PAL gene family. Therefore, conducting
in-depth research on this species becomes particularly
significant.

In this study, a genome-wide search of E. pubescens
led to the identification of 7 PAL genes. Among these,
EpPAL2 and EpPAL3 exhibit significant sequence diver-
gences, yet there is a lack of research exploring their dis-
tinct functional traits. This study aims to delve deeper
into the gene functions of each EpPAL, with a particular
focus on EpPAL2 and EpPAL3. Furthermore, by utiliz-
ing E. pubescens as a representative of an early-diverg-
ing angiosperm, we aim to integrate prior research and
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employ a comprehensive set of 24 representative species
to thoroughly examine the evolutionary history of the
PAL gene family. The findings of this study have impli-
cations for deepening our understanding of the molecu-
lar functions of various EpPALs and providing valuable
insights into the evolution of the PAL gene family.

Results

Identification and chromosomal localization of EpPALs
Putative PAL genes were retrieved and identified from
E. pubescens by HMM search and BLASTP. A total of 7
PAL genes were identified. The full length of candidate
genes was further confirmed to be correct using avail-
able transcriptome data of E. pubescens. According to the
subcellular localization predictions, all EpPALs are in the
cytoplasm. Detailed information of those genes is pre-
sented in Table 1, including gene IDs, gene names, exon
numbers, chromosome locations and protein length.
The naming of EpPALs was done according to the order
of PAL on the chromosome of E. pubescens. 7 EpPALs
were unevenly distributed across the whole genome. Spe-
cifically, EpPALI was located on chromosome 1, EpPAL2
and EpPAL3 were on chromosome 4, while EpPAL4-
EpPAL7 were allocated on chromosome 6 (Table 1).

Evolutionary analysis of PAL genes

To gain a deeper understanding of the evolution of PAL
genes, we conducted a comprehensive analysis utilizing
a diverse set of PAL members from 24 species, includ-
ing Chara braunii (a charophyte), Physcomitrium pat-
ens (a bryophyte), Ceratopteris richardii (a fern), Ginkgo
biloba and Sequoiadendron giganteum (gymnosperms),
Amborella trichopoda and Nymphaea colorata (basal
angiosperms), Ceratophyllum demersum (Ceratophyl-
lales), Cinnamomum kanehirae, Liriodendron chinense
and Piper nigrum (Magnoliidae), Spirodela polyrhiza (a

Table 1 The general information, structural features and
properties of PALs in E. pubescens

Gene ID Name Exon Location Length
numbers (aa)
Ebr01G053210.1 EpPALT 2 Chr01: 705
458320539-458323905
Ebr04G040710.1 EpPAL2 3 Chr04: 739
319850975-319854451
Ebr04G040750.1 EpPAL3 3 Chr04: 71
320081476-320084690
Ebr06G007280.1 EpPAL4 2 Chroe: 710
50165407-50170790
Ebr06G007290.1 EpPAL5 2 Chr06: 710
50172988-50175932
Ebr06G007300.1 EpPAL6 2 Chr06: 708
50265138-50268288
Ebro6G041720.1 EpPAL7 2 Chroe: 708

330631097-330686057
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basal monocot), Papaver somniferum, N. nucifera, Tet-
racentron sinense, Macadamia integrifolia, Aquilegia
coerulea, Kingdonia uniflora and E. pubescens (early-
diverging eudicotyledons), Brachypodium distachyon (an
early-diverging monocotyledon), Oryza sativa (a repre-
sentative modern monocotyledon), as well as A. thali-
ana, Cucumis sativus and Vitis vinifera (representative
modern dicotyledons). Detailed gene mining instructions
and sequences of the PAL genes from these 24 species are
provided in Table S1 and Table S2, respectively.

We constructed a phylogenetic tree using the maximum
likelihood method to illustrate the differentiation profile
of PAL genes among the aforementioned taxa (Fig. 1). As
shown in Fig. 1, the tree clearly divides all PAL genes into
six distinct clusters (Cluster 1-6). Cluster 1 represents an
evolutionary branch unique to charophytes, with a signif-
icantly longer branch length compared to other clusters,
indicating that its PAL evolutionary clade is the farthest
from the others. Cluster 2 and 4 exclusively contain gym-
nosperm genes, suggesting they may represent specific
evolutionary branches unique to gymnosperms. Cluster 3
and 5 mainly include PAL genes from bryophytes, ferns,
gymnosperms, basal angiosperms, Ceratophyllales, Mag-
noliidae, and early-diverging eudicotyledons, indicat-
ing a more primitive group of PALs. Cluster 6 primarily
encompasses PAL clades from typical modern dicotyle-
dons and monocotyledons, as well as homologous genes
in ferns, gymnosperms, basal angiosperms, Magnoliidae,
Ceratophyllales, and other taxa corresponding to modern

PAL genes.
Based on these 12 different evolutionary branches
(charophyte, bryophyte, fern, gymnosperms, basal

angiosperms, Ceratophyllales, Magnoliidae, basic taxa
of eudicotyledon, early-diverging eudicotyledons, an
early-diverging monocotyledon, a representative mod-
ern monocotyledon, and representative modern dicot-
yledons), we can roughly outline the differentiation
profile of PAL genes among various taxonomic groups.
The PAL genes of charophytes and bryophytes each form
a monophyletic group, respectively. Ferns exhibit two
major sequence divergences. Significant differentiation
occurred in gymnosperm, resulting in five branches: two
unique to gymnosperms, two shared by some primitive
taxa and early-diverging angiosperm ancestors, and one
clustering with modern taxa. Both basal angiosperms
and Magnoliidae also show substantial differentiation.
Most early-diverging angiosperms, including Epime-
dium, and ancestral monocotyledon taxa possess ances-
tral primitive group genes. Modern monocotyledons and
dicotyledons, represented by O. sativa and A. thaliana,
mostly form monophyletic groups, and most of them do
not have ancestral group genes. Thus, the evolution of
PAL genes has progressed from a monophyletic group
in bryophyte with small-scale functional differentiation
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Fig. 1 Phylogenetic tree of PAL sequences of 24 plant species with typical evolutionary relationships. EpPALs are marked with red box. The representation
of the markings at the branch nodes is as follows: green five-pointed star: charophyte, red five-pointed star: gymnosperm, blue five-pointed star: basal
angiosperms, orange five-pointed star: Magnoliidae, pink five-pointed star: bryophyte, black five-pointed star: polypodiophyta, green circle: early differen-
tiated angiosperms, blue circle: Ceratophyllales, red circle: modern eudicotyledons, red checkmark: basic taxa of monocotyledons, and blue checkmark:
monocotyledons. The attributes of each gene in the six clusters represented on the right side, and the numbers in parentheses represent branches of
corresponding attributes. Taking gymnosperm as an example, it can be subdivided into six branches, represented by Gymnosperm (1) to Gymnosperm
(6) respectively. Detailed species source information of PAL, as well as sequences can be referred to Table S1 and Table S2, respectively

to large-scale sequence differentiation in gymnosperms,
basal angiosperms, and Magnoliidae. Most early-diverg-
ing eudicotyledons and monocotyledons have different
evolutionary histories, while modern angiosperm taxa
tend to be monophyletic with few ancestral group genes.

Among the seven EpPALs identified in our study, two
genes (EpPAL2 and EpPAL3) cluster together with the
ancestral type PAL genes represented by Cluster 3, sup-
ported by high bootstrap values. The remaining five
genes (EpPALI and EpPAL4-7) form a separate mono-
phyletic group (Cluster 6) with equally strong bootstrap
support (Fig. 1). These findings suggest that the PAL
genes in Epimedium originated from at least two ances-
tral PAL homologous genes. The presence of EpPALs in
different branches of the phylogenetic tree indicates their
diverse evolutionary histories and potential functional
diversification within the species.

Gene structure analysis of PAL genes

Statistical analysis of 167 PAL genes from 24 species
primarily revealed three distinct intron insertion pat-
terns. Pattern 1 (59/167) lacked introns, Pattern 2
(65/167) had a single intron with a shorter front-end
exon (~400 bp) compared to the back-end (~ 1750 bp),
and Pattern 3 (7/167) contained two introns with exon
lengths of ~ 1140 bp, ~ 540 bp, and ~ 540 bp, respectively

(Figure S1). Notably, in E. pubescens, intron lengths var-
ied widely, from 422 bp in EpPALS5 to 2862 bp in EpPAL4,
while exon lengths were highly conserved. EpPAL2 and
EpPALS3 followed Pattern 3, but differed in intron phase:
EpPAL2 had two phase 0 introns, whereas EpPAL3 had
one phase 2 and one phase 0 intron. Both genes had
conserved glutamine codon (CAG) at the second exon/
intron boundary. All other EpPALs exhibited Pattern 2,
with conserved intron insertion sites between the second
and third bases of specific codons: arginine (CGA) for
EpPALI, EpPAL6, and EpPAL7, and isoleucine (AUU) for
EpPAL4 and EpPALS (Fig. 2b and Figure S1). These dif-
ferences suggest independent origins for the intron inser-
tion events in these two gene sets.

Using a fungal PAL gene from Neurospora tetrasperma
(NCBI accession number: EGZ69514.1) as an outgroup,
we determined the root position of the phylogenetic tree
composed of EpPALs to infer their lineage. The research
results support the division of EpPALs into two major
clades, with Cladel being further subdivided into two
sub-clades (cladel_1 and cladel_2). Detailed homol-
ogy detection and structural alignment among EpPALs
were provided (Fig. 2b and Table S3). Pairwise identity
between EpPALs (excluding EpPAL2 and EpPAL3) ranged
from 85.10 to 100%, indicating close relatedness. How-
ever, protein identity between Clade2 and Cladel was
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Fig. 2 Phylogenetic tree and genomic structure of EpPALs. (a) Phylogenetic tree of EpPALs. The numbers below the branches represent the bootstrap val-
ues; (b) Gene structure of EpPALs. Green boxes, lines and yellow boxes represent the exon, intron and UTR, respectively. The percentages indicate the simi-
larity of fragments between each pair of EpPALs. The exon/intron borders were displayed on top of the structural model, the intron phase (the numbers
0, 1 and 2, which represent introns between codons, introns between the first and second bases of a codon, introns between the second and the third
bases of a codon, respectively), the amino acid residues affected by intron insertion events and its position were displayed under the structural model
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Fig. 3 Inter- and intra-specific collinearity analysis of EpPALs. (a) Microsynteny analysis between the EpPALT loci and their respective collinear counter-
parts in A.trichopoda and N. nucifera. The collinear PAL genes and the syntenic flanking genes are connected by colored and gray lines, respectively; (b) Mi-
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represents a collinear gene pair of EpPALs (the two ends were EpPALT and EpPAL4, respectively). Purple line represents a tandem repeat between EpPAL4
and EpPAL5-6. Cyan line represents a proximal repeat between EpPAL2 and EpPAL3. Blue line represents a transposed repeat between EpPAL4 and EpPAL7

lower, ranging from 61.09 to 64.38% (Fig. 2a and Table
S3), suggesting multiple ancestral origins for the forma-
tion of EpPALs. Phylogenetic analysis (Fig. 1), sequence
alignment (Table S3) and gene structure (Fig. 2b) col-
lectively provide compelling evidence supporting the
hypothesis that EpPAL2 and EpPAL3 trace their origins
to a unique ancestral gene, whereas the other EpPALs
descended from a different ancestral gene.

Collinearity analysis of PALs

To determine the origin of EpPALs through duplication
events, both inter- and intra-specific collinearity analy-
ses were conducted (Fig. 3). We selected three species
from different evolutionary branches (A. trichopoda,
N. nucifera, and O. sativa) along with E. pubescens for
microsynteny analysis of interspecies local regions related
to PAL genes. Collinear blocks were detected for EpPALI
to EpPALG6, except for EpPAL7. The analysis of EpPALI,
EpPAL2 and EpPAL3 revealed collinear blocks only
among E. pubescens, A. trichopoda, and N. nucifera, with
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no collinear block detected in O. sativa. Notably, homol-
ogous genes corresponding to EpPAL2 and EpPAL3 were
not detected in A. trichopoda. Considering the detection
of collinear blocks for EpPALI-3 only in relatively primi-
tive evolutionary branches and not in more modern spe-
cies, it is speculated that the EpPALI-3 may represent
primitive types of the PAL family in E. pubescens. Fur-
ther referencing Fig. 1, we infer that the ancestral genes
of EpPAL2 and EpPAL3 originated differently from that
of EpPALI1. The ancestral genes of EpPAL2 and EpPAL3
belong to Clade 3, a more primitive branch, while the
ancestral gene of EpPALI belongs to Cluster 6, a branch
present in modern monocots and dicots. For EpPAL4-6,

ACE

G-box
G-Box
3-AF1 binding site
4¢cl-CMA2b
GT1-motif
Spl

MRE
ATCT-motif
Box 4

Box II
GATA-motif
I-box

L-box
TCCC-motif
TCT-motif
as-1

asuodsax ys1y

TC-rich repeats
DRE core
DREI

LTR

ARE

AP-1

MBS

STRE
WRE3
WUN-motif
W box

TGA-element
TATC-box
TCA
TCA-element
ABRE
ABRE3a
ABRE4
AuxRR-core
CGTCA-motif
TGACG-motif
ERE

P-box

AC-1

AC-II

02-site
CAT-box
CCGTCC-box
Myb-binding site

asuodsar ssa1s

asuodsax uouwoy

yuswdopaAap eroads

Fig. 4 Cis-regulatory elements of EpPALs in upstream region of 1500 bp.
Four different types of cis-regulatory elements and different cis-regulatory
elements of all EpPALs were provided

Page 6 of 15

we detected relevant collinear blocks in species from
three different evolutionary branches. Combining this
with the evolutionary positions of these three genes in
Fig. 1, we infer that they may have originated from gene
duplication of either the EpPALI branch or the EpPAL2-
3 branch.

To gain a deeper understanding of the relationships
among these genes, we conducted further intraspe-
cific collinearity analysis in E. pubescens and analyzed
gene duplication patterns using DupGen-finder (Fig. 3d
and Table S4). The results indicated that the gene pair
EpPAL1 and EpPAL4 underwent segmental/whole-
genome duplication (Fig. 3d). EpPALS5 and EpPAL6 origi-
nated from tandem gene duplication of EpPAL4, while
EpPAL7 emerged from a transposed gene duplication
event involving EpPAL4 (Fig. 3d, Figure S2 and Table S4).
Therefore, duplication events have played a significant
role in the evolution of EpPALs. The evolutionary pro-
file of EpPALs can be summarized as follows: the ances-
tral genes of E. pubescens are EpPAL2 and EpPAL3, with
EpPALI originating independently. EpPAL4 was then
acquired through intraspecific whole-genome duplica-
tion from EpPALI. EpPAL4 underwent tandem duplica-
tion to produce EpPALS and EpPALG, and transposition
duplication to generate EpPAL?.

Conserved motif identification and cis-regulatory elements
analysis

Eight conserved motifs followed a consistent distribu-
tion pattern of 6-4-7-3-8-1-2-5 among all EpPAL pro-
teins (Figure S3). These motifs, ranging from 26 to 100
amino acids in length, were identified across all EpPALs
(Figure S3 and Table S5). Notably, the MIO (4-methyli-
dene-imidazolone-5-one) domain, characterized by the
highly conserved signature sequence GTITASGDLV-
PLSYIA, contained the enzymatic active site Ala-Ser-Gly,
which was preserved in all EpPAL proteins (Figure S3).
With the exception of EpPAL3, which lacked the active
site 158 L, the 388 F substrate-selective binding site, and
the 350R phosphorylation site, both the active sites and
substrate-specific binding sites were conserved across all
EpPAL proteins (Figure S4). Additionally, while the 538 S
phosphorylation site was serine in EpPAL2, EpPAL3 and
EpPAL4, it was replaced by threonine in the remaining
EpPAL proteins.

A total of 56 cis-regulatory elements (CREs) with
known functions were identified, including 17, 19, 12,
and 8 CRE:s related to light, stress, hormone, growth, and
development responses, respectively (Fig. 4). With the
exception of EpPAL4, all EpPAL genes possess at least one
AC element essential for lignin synthesis. However, no
MBSI element related to the regulation of flavonoid bio-
synthetic genes was found. ARE (anaerobic induction),
ABRE (abscisic acid-responsiveness), CGTCA-motif, and
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TGACG-motif (MeJA-responsiveness) were identified
in all EpPAL genes, suggesting that responses to oxygen,
abscisic acid, and methyl jasmonate are essential func-
tions shared by all EpPALs. Additionally, ERE (ethylene-
responsiveness) was exclusively present in EpPALI, while
the CCGTCC-box was only found in EpPAL4. These find-
ings suggest that EpPALI and EpPAL4 may be specifically
associated with ethylene response and activation of the
meristem, respectively. Overall, these results imply that
different EpPAL genes may have distinct yet overlapping
biological functions, playing roles in processes such as
growth and development, hormone response, and envi-
ronmental stress response.

Natural selection analysis

Natural selection tests were conducted using PAML
(v.4.1) under different hypotheses. For the branch-spe-
cific model, four hypotheses were tested as outlined
in Table S6. The three-ratio model, which assigns dis-
tinct w values to each of the three clades (w[Cladel_1] #
w[Cladel_2] # w[Clade2]), emerged as a significantly bet-
ter fit to the dataset compared to the other models tested
(df=1, P=1.13e-07). Notably, the two-ratio model also
outperformed the one-ratio model (df=1, P=2.62e-08),
as illustrated in Fig. 2a and detailed in Table S6. These
findings suggest that each clade experienced unique
selection pressures, with @ ratios of 0.20, 0.037, and
0.0037 for Cladel_1, Cladel_2, and Clade2, respectively
(Fig. 2a and Table S6). Notably, Clade2 exhibited strong
purifying selection, evolving approximately 54 and 10
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Fig. 5 Correlation heatmap of EpPALs with Epimedin A, Epimedin B, Epi-
medin C, Icariin and total PFGs. The significance levels were set as follows:
unmarked stands for P>=0.05, * stands for 0.01 <P <0.05, ** stands for
0.001 <P <0.01, *** stands for P<=0.001
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times slower than Cladel_1 and Cladel_2, respectively.
Cladel_2 followed in terms of purifying selection, while
EpPALI, originating from Cladel_1, exhibited relatively
higher divergence.

To further investigate whether o varied across all
amino acid sites or specific sites within particular
branches, both the site-specific model and the branch-
site model were employed. Under the site-specific model,
three amino acid residues under positive selection when
comparing selection M1 versus neutral M1, as well as
M7 versus M8. Additionally, when setting Cladel_1,
Cladel_2, and Clade2 as the foreground branches, 8, 7,
and 76 amino acid sites were found under positive selec-
tion, respectively (Table S6). These candidate positively
selected sites provide valuable insights into the evolu-
tionary history of EpPALs.

Expression patterns of EpPALs and determination of EpPALs
related to prenylated flavonol glycosides

The EpPALs were identified in five distinct tissues, as
depicted in Figure S5, with varying expression patterns
across these tissues. EpPALI demonstrated high expres-
sion levels in all tested tissues, peaking in the leaf and
flower, and gradually decreasing in the root, fruit, and
stem, suggesting a fundamental role. In contrast, EpPAL2
and EpPAL3 showed elevated expression in leaf but were
barely detectable in the stem, while EpPALS was predom-
inantly expressed in leaf and root. EpPAL4, EpPAL6, and
EpPAL7 had minimal or low levels of expression.

To further investigate the relationship between EpPAL
expression and the contents of key bioactive compounds,
a transcriptome analysis using samples from five different
leaf development stages. The findings, along with the cor-
responding EpPAL expression levels and bioactive com-
pound contents, are outlined in Table S7. Additionally, a
correlation analysis was performed, and the results are
visually presented in Fig. 5.

By integrating transcriptome data with targeted metab-
olite measurements, significant correlations were discov-
ered between the expression of EpPAL2 and EpPAL3 with
Epimedin C (EpPAL2: r=0.65, P<0.001; EpPAL3: r=0.57,
P<0.01) and total PFGs (EpPAL2: r=0.57, P<0.01;
EpPAL3: r=0.49, P<0.05). Notably, EpPALI holds the
third position in terms of correlation strength. However,
a notable negative correlation was observed between
these genes and Icariin (EpPAL2: r = -0.51, P<0.01;
EpPAL3: r = -0.55, P<0.01). The remaining EpPALs
demonstrated either weak (EpPAL6) or no correlation
(EpPAL4, EpPALS and EpPAL?7), implying that EpPALI,
EpPAL2, and EpPAL3, particularly the latter two, might
have a pivotal role in the biosynthesis of PFGs.
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Determination of EpPALs related to anthocyanin Similarly, in flowers, EpPAL2 and EpPAL3 showed sig-
biosynthesis in flowers and leaves nificantly elevated expression in magenta petals com-
To further identity the EpPAL isoforms responsible for  pared to yellow petals and green petals (Fig. 6¢). Both
anthocyanin biosynthesis, various groups of Epimedium  genes exhibited similar expression patterns across differ-
species with distinct petal, sepal, and leaf colors were ent sepal colors (Fig. 6d). Co-expression analysis in pet-
studied (Fig. 6a). In leaves, EpPALI-3 align with the als and sepals revealed a significant positive correlation
observed color phenotypes, with EpPAL2 and EpPAL3  between EpPAL2, EpPAL3, EpPAL6 and EpPAL7 with
showing significantly higher expression in magenta EpANSs and EpDFRs in petals (Fig. 6f and g and Table
leaves compared to green leaves, while EpPALI did not  S9), and between EpPAL2 and EpPAL3 with EpANSs and
exhibit a notably high expression pattern (Fig. 6b). Co-  EpDFRs in sepals (Fig. 6g and Table S9). Based on these
expression analysis with EpANSs and EpDFRs revealed a  expression profiles of EpPALs and co-expression pat-
significant positive correlation between EpPALI-EpPAL3  terns, we speculate that EpPAL2 and EpPAL3 may pri-
and the expression of DFR and ANS genes, suggesting marily be involved in anthocyanin synthesis in petals and
their involvement in anthocyanin biosynthesis in leaves, sepals, while EpPAL6 and EpPAL7 may also play a role in
whereas EpPAL6 and EpPAL7 showed a significant nega-  anthocyanin synthesis in petals.

tive correlation (Fig. 6e and Table S9).
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Repeatability verification of PFGs content dynamics and
expression levels

To further validate the casual PAL genes involved in
PEGs biosynthesis, a parallel validation experiment was
conducted, comprising the determination of Epimedin C
and total PFGs using the UPLC method (Fig. 7c and Table
S8), and the absolute quantification of seven EpPALs gene
expressions across five developmental stages (S1 to S5)
using the qRT-PCR method (Fig. 7b). Six pairs of specific

a

EpPALI

RNA-seq expression
RNA-seq expression

S1 82 S3 S4 S5
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primers were designed for this purpose, with a single pair
used for EpPAL6 and EpPAL7 due to their high sequence
conservation (Table S10).

The results revealed that EpPAL2 and EpPAL3 exhib-
ited peak expression in S1, followed by a continu-
ous decrease from S2 to S4, and a slight increase in S5
(Fig. 7b), consistent with the relative quantification
observed in transcriptome results (Fig. 7a). A similar
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trend was observed for other EpPALs, except for EpPALS,
indicating the overall reliability of the transcriptome data.

Importantly, the dynamic expression patterns of
EpPAL2 and EpPAL3 across the five stages aligned with
the dynamic changes in the content of Epimedin C and
total PFGs (Fig. 7). However, no apparent correlation
was found between the PFGs contents and qRT-PCR
results for other EpPALs. For instance, EpPALI showed
an initial increase (S1 to S3) followed by a decrease (S3
to S5), while EpPAL4 and EpPALS exhibited a continuous
increasing trend. EpPAL6 and EpPAL7 fluctuated signifi-
cantly, with the lowest expression in S2 and the highest
in S4, respectively (Fig. 7b), and did not align with the
dynamic changes observed in Epimedin C and total PFGs
content (Fig. 7¢).

Overall, our findings suggest that EpPAL2 and EpPAL3
may be the most critical genes responsible for the biosyn-
thesis of PFGs in E. pubescens.

Discussion

Characterization of the PAL gene family in E. pubescens

In the present study, the high-quality chromosome-level
genome of E. pubescens served as a valuable resource
for PAL research. A comprehensive exploration identi-
fied seven PAL genes (EpPALI to EpPAL?7), offering a
more extensive analysis compared to previous studies in
E. sagittatum [17]. All seven EpPALs were located in the
cytoplasm, consistent with current PAL studies [8, 9, 12,
19]. Despite the widely recognized conservation among
EpPALs, two genes, EpPAL2 and EpPAL3, exhibited lower
identity (61.09-64.38%) to other EpPALs, reminiscent of
CIPAL2 in Citrullus lanatus [20], which was proven to be
an ancestral PAL, sharing only ~60% identity with other
CIPALs despite having pairwise identities ranging from
71.2 to 99.0% [8]. Significant differences in PAL evolution
with distinct origins were observed in E. pubescens, con-
tributing to the varying sequence identities.

This study included a substantial proportion (20 out
of 24) of primitive taxa which is different from previous
studies [8, 19]. This facilitated an investigation into intron
insertion events in E. pubescens. While similar exon/
intron structures tend to cluster together, as observed in
E. sagittatum [17], pear [21], and common walnut [22],
EpPAL2 and EpPAL3 gained two introns (Fig. 2b and Fig-
ure S1), whereas other EpPALs possess only one intron
insertion [8, 9, 11, 12, 17, 23, 24], suggesting significant
structural divergence within the PAL gene family in E.
pubescens.

Differences in intron/exon structures between
EpPAL2-3 and other angiosperms were also detected
(Figure S1), further indicating their ancient with distinct
evolutionary origins. The clustering of the ancient gene
NnPALI (XP_010246007.1 in this study) with EpPAL2
and EpPAL3 supports this conclusion [19]. The increased
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intron number in ancient EpPAL genes may be signifi-
cant, as intron-gain events can enhance mRNA stabil-
ity or harbor regulatory elements without disrupting
the coding frame of genes [25, 26—28]. However, intron
insertions in EpPAL2, EpPAL3 and other EpPALs may
have occurred independently based on their phylogenetic
positions (Fig. 1).

Evolution of the plant PAL gene family

Previous studies have primarily focused on research at
the species or family level [20, 21, 23, 24, 29], with lim-
ited investigations on the evolution of PAL genes, except
for those in N. nucifera [19] and cucurbit species [8]. To
bridge this gap, we conducted a phylogenomic study to
elucidate the evolution of plant PAL (Fig. 1). Our findings
reveal a large-scale gene duplication event in gymno-
sperms, with two gymnosperm-specific branches (clus-
ter2 and cluster 4), emphasizing their unique origin. The
presence of PALs in gymnosperms across other branches
(cluster3, cluster5 and cluster6) suggests ancestral gene
duplication and vertical inheritance during evolution,
supporting widespread differentiation [19]. We hypoth-
esize that the multigene families of PAL in gymnosperms
may confer diverse functions, such as producing addi-
tional trans-cinnamic acid for downstream metabolic
pathways or enhancing lignin biosynthesis to defend
against adverse environments like insect and pathogen
attacks [25], contributing to their widespread habitat
adaptation.

Furthermore, our results indicate that the origin of
PAL in angiosperm plants may not be monophyletic.
This is evident from the evolutionary tree, where PAL
genes of dicots like cucumber and lotus are clustered
within cluster6 and also share clustering with PAL genes
of primitive types within cluster3 and cluster5 (Fig. 1).
This finding validates previous conclusions in N. nucifera
[19]. Except for A. coerulea (only in cluster6), the PALs
of other early-diverging eudicotyledons including E.
pubescens (in cluster3 and 6), P. somniferum (in cluster5
and 6), M. integrifolia (in cluster3 and 6), K. uniflora (in
cluster5 and 6), N. nucifera (in cluster3, 5 and 6), and T.
sinense (cluster5 and 6) are divided into two clusters or
three clusters (N. nucifera), with one clustering with clus-
ter3 or cluster5, speculated to be relatively ancient genes,
and the other with PALs of modern dicots (cluster6). This
suggests different evolutionary origins may underlie the
PAL gene evolution in early-diverging dicots [19]. Addi-
tionally, we speculate that ancient genes like EpPAL2 and
EpPAL3 may have played a crucial role in the survival
of these “pioneer species” in harsh environments dur-
ing evolution, highlighting their importance for related
plants. For instance, in E. pubescens, the positive selec-
tion test indicates that EpPAL2 and EpPAL3 experienced
the strictest selection pressure, evolving~10 and ~54
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times slower than genes of Clade 1_2 (EpPAL4~7) and
Clade 1_1 (EpPAL1), respectively (Table S6).

Expression profiles of EpPALs

Duplicate genes can lead to pseudogenization, subfunc-
tionalization and neofunctionalization [2]. Gene expres-
sion patterns offer valuable insights into the functional
differentiation. Previous research has shown that AtPALI
and AtPAL2 in A. thaliana are highly expressed in roots
and involved in stress-induced flavonoid biosynthesis
[30, 31]. In Pyrus bretschneideri, PbPALI and PbPAL? are
predominantly expressed in stems and roots, suggesting
involvement in lignin synthesis and stone cell develop-
ment [21].

In this study, the expression levels of EpPAL2 and
EpPAL3 gradually decreased in correlation with the PFGs
content during leaf development, indicating a potential
significant role in PFGs biosynthesis. Our findings sup-
port the speculation that both genes positively correlate
with Epimedin C and total PFGs content (Figs. 5 and 7).
EpPAL1 may also be involved in PFGs biosynthesis in
leaves, as evidenced by the third-highest correlation with
Epimedin C and total PFGs (Fig. 5). As an ancestral gene
with an independent origin, EpPALI is constitutively
highly expressed across tissues, suggesting divergent
functionality. Similar expression patterns of PAL can be
observed in Cuminum cyminum and cucurbit plants [8,
32]. Given the pivotal role of PAL in both primary and
secondary metabolism, constitutive multifunctional
expression may be crucial for maintaining diverse biolog-
ical processes and adapting to changing environments.

In E. sagittatum, the expression patterns of EsPALI,
EsPAL2, and EsPAL3 align with lignification and active
components accumulation [17]. In our study, EpPALs
exhibited distinct yet overlapping expression patterns
during different stages of leaf development (Fig. 5 and
Table S7), hinting at possible functional diversification
and redundancy. EpPAL2 and EpPAL3 demonstrated
overlapping expression in PFGs and anthocyanin bio-
synthesis, ensuring functional redundancy, preventing
the complete loss of weaker gene copies, a phenomenon
often observed in key genes involved in different meta-
bolic pathways [33, 34]. In contrast, EpPALI and other
EpPALs displayed distinct expression patterns, poten-
tially stemming from functional differentiation among
duplicate EpPAL genes, ultimately leading to their sub-
functionalization and neofunctionalization.

In summary, this study comprehensively investigated
PAL genes in E. pubescens. We speculate that EpPAL2
and EpPAL3 may participate in PFGs and anthocyanin
pathways in leaves and flowers, while EpPALI, character-
ized by its constitutively high expression, may not only
be involved in the biosynthesis of PFGs and anthocya-
nins in leaves, but also play a significant role in defense
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and protection. EpPAL6 and EpPAL7 may participate
in anthocyanin synthesis in petals, but there is no evi-
dence of their involvement in PFGs biosynthesis. Given
the low expression levels, we hypothesize that EpPAL4
to EpPAL7 may function as stress responders or have
become nonfunctional following duplication events. Fur-
ther experimental validation is needed to confirm these
speculations.

Materials and methods

Experimental materials

The experimental materials were sourced from the Epi-
medium Germplasm Resources Nursery located in Xiu-
wen County, Guizhou Province. The plant species used
in our studies are authenticated by Professor Baolin Guo.
Specially, the plant selected for genome sequencing, as
well as RNA-seq analysis across different tissues and leaf
developmental stages, qRT-PCR and UPLC experimenta-
tion, was confirmed as E. pubescens. Additionally, Profes-
sor Baolin Guo identified the plants utilized in RNA-seq
investigations of various flower hues, including E. pseu-
dowushanense, E. acuminatum, E. jinchengshanense,
E. baojingense and E. hunanense. Voucher specimens
for all plant samples are preserved at the Plant Speci-
men Museum, part of the Institute of Medicinal Plant
Resources Development, Chinese Academy of Medi-
cal Sciences (coded as IMD). The deposition numbers
assigned to E. pubescens, E. pseudowushanense, E. acumi-
natum, E. jinchengshanense, E. baojingense and E. huna-
nense were B. L. Guo 0711-3, B. L. Guo 0312, B. L. Guo
0342, B. L. Guo 0524, B. L. Guo 0332 and B. L. Guo 0402,
respectively.

PAL gene identification and sequence analysis

The genome sequences of E. pubescens were accessed
from the National Center for Biotechnology Information
(NCBI) under project PRINA747870 [35]. Utilizing APG
IV [36] as a reference, genome sequences of 23 species
were located and retrieved from Phytozome (http://www.
phytozome.net) and the NCBI database (https://www.
ncbi.nlm.nih.gov/) (Table S1 and Table S2). The analyzed
species are as follows: one algae (Chara braunii), one
bryophyte (Physcomitrella patens), one fern (Ceratopteris
richardii), two gymnosperms (Ginkgo biloba and Sequoi-
adendron giganteum), two basal angiosperms (Amborella
trichopoda and Nymphaea colorata), four Magnoliidae
(Ceratophyllum demersum, Cinnamomum kanehirae,
Liriodendron chinense, Piper nigrum), a basal mono-
cotyledon (Spirodela polyrrhiza), six early-diverging
eudicotyledons (Nelumbo nucifera, Macadamia integri-
folia, Tetracentron sinense, Aquilegia coerulea, Kingdonia
uniflora, Papaver somniferum, E. pubescens), three typi-
cal dicotyledons (Vitis vinifera, Cucumis sativus, Arabi-
dopsis thaliana), an early-diverging monocotyledons
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(Brachypodium distachyon) and a typical monocotyledon
(Oryza sativa). Predicted proteins from these genomes
underwent screening with HMMER v3 [37], employ-
ing the Hidden Markov Model (HMM) correspond-
ing to Pfam [38] (PF00221; http://pfam.sanger.ac.uk/).
Among the proteins identified using the PAL HMM,
a subset of high-quality proteins (E-value<le-20 and
confirmed integrity of the PAL domain) was selected
for alignment. In cases where only genome information
was available for certain species, a localized TBLASTN
search was conducted against the PAL genes of A. thali-
ana and O. sativa, considering records with maximum
identity>95%, length>400 bp, and E-value<le-20. To
validate the results of the HMM and BLAST searches, all
potential PAL genes were further subjected to analysis in
the NCBI-CDD database (https://www.ncbi.nlm.nih.gov/
cdd/) to confirm the presence of conserved domains, and
candidates lacking the “PAL-HAL” shorthand designa-
tion were discarded. Protein sequences were excluded
if the PAL domain appeared truncated or if the PAL
domain match E-value exceeded le-5. Following these
stringent criteria, 167 PAL genes were ultimately identi-
fied across the nine species studied (Table S2). Sequences
of the 7 EpPALs have been submitted to China National
Center for Bioinformation (CNCB), with the acces-
sion numbers for EpPALI-EpPAL7 are C_AA071439.1,
C_AA071440.1, C_AA071441.1, C_AA071442.1, C_
AA071443.1, C_AA071444.1 and C_AA071445.1, respec-
tively. The accession number of Ep-actin gene used in
qPCRis C_AA071459.1.

Protein sequence properties analysis, conserved domain
and motifs analysis

The physiological and biochemical characteristics of the
full-length proteins were determined using the Prot-
Param tool (http://web.expasy.org/protparam/) [39].
SignalP  (V.4.1)  (http://www.cbs.dtu.dk/services/Sig-
nalP/) [40] and Euk-mPLoc (V.2.0) (http://www.csbio.
sjtu.edu.cn/bioinf/euk-multi-2/#) [41] were utilized to
analyze the signal peptide and subcellular localization of
each protein, respectively. Additionally, MEME (V.5.0.2)
(http://meme-suite.org/) [42] was employed to iden-
tify conserved motifs, including the PAL domain, using
optimized parameters: a maximum of 10 motifs were
searched for, with each motif ranging from 6 to 50 resi-
dues in width.

Phylogenetic analysis, synteny block identification and
gene duplication pattern analysis

The protein sequences were aligned using Clustal W2 [43]
with its default settings. Phylogenetic trees were inferred
using the maximum likelihood (ML) method with the
JTT+R9 model, which was automatic selected by IQ-
TREE [44]. The evolutionary tree was then visualized and
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further refined using iTOL (https://itol.embl.de/) [45].
Synteny blocks between genomes and intra-specific col-
linearity analysis were identified using the jcvi pipeline
(https://github.com/tanghaibao/jcvi). BLASTP was per-
formed to identify paralogous or orthologous gene pairs,
with an E-value cutoff of 1le-05. To identify patterns of
gene duplication, DupGen-finder (https://github.com/
qiao-xin/DupGen_finder) [46] was employed.

Chromosome location, cis-acting element and gene
structure analysis

The gene location map was constructed using MapChart
V.2.0 (http://mg2c.iask.in/mg2c_v2.0/) [47]. Cis-acting
elements located within the 1.5 kb upstream sequences
of the 5’ regulatory region, starting from the transcrip-
tional start site, were identified using PlantCARE (http://
bioinformatics.psb.ugent.be/webtools/plantcare/html/).
To assess the divergence between upstream sequences of
each paralogous gene pair, the GATA program [48] was
employed with a window size of seven and a lower cut-off
score of 12 bits. Lastly, the visualization of gene structure
was facilitated by TBtools software [49].

Natural selection test

Codeml program in PAML (V.4.8) [50] was conducted
to detect changes in evolutionary rates and signatures
of positive selection. Four levels of positive selection
tests were performed. (1) Detection of positive selec-
tion in pairwise genes of all EpPALs. For this, the main
parameter settings were: runmode = -2 and NSsites=0;
(2) Site-specific model was applied for positive selection
detection of sites in genes. This model assumes a con-
stant ® (0=dN/dS; where dN is the non-synonymous
substitution rate and dS is the synonymous substitution
rate) across all branches. The main parameters were set
as runmode=0 and NSites=0 1 2 7 8. To determine the
most suitable model for detection, we compared Neutral
M1 vs. Selection M1 and M7 vs. M8; (3) Branch model
was applied to detect the rapidly evolving genes in the
target branch. This model assumes a constant w for all
sites with a gene. Three scenarios were tested: the one-
ratio model (assuming a constant « for all branches
with parameters as model=0 and NSites=0), the two-
ratio model (assuming a foreground o for designated
branches and a background o for all others with parame-
ters as model=2 and Nsites=0), and the free-ratio model
(allowing different w for each branch with parameters as
model=1 and Nsites=0) [51]. Models were compared
using likelihood ratio tests based on the log likelihood
(InL). The chi-square test with a significance threshold
of P<0.05 was used to compare 2|AlnL| values between
models; (4) Branch-site model was applied to detect
whether there exist positive selection sites in a specific
branch. This model assumes one w for the target branch
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and another constant w for all other branches. We com-
pared the branch-site model A (model=2, NSites=2,
fix_omega=0, omega=2) with its null model (model=2,
NSites=2, fix_omega=1, omega=1). If the chi-square
test yielded a significance of P<0.05, we employed the
Bayes Empirical Bayes (BEB) method to calculate the
posterior probability. Genes in the specific branch were
considered under positive selection if this value exceeded
0.95 [52].

RNA-seq and correlation analysis

To identify the gene expression profiles of EpPALs, we
conducted three independent RNA-seq experiments.
Firstly, we sampled different tissues (roots, stems, leaves,
flowers, and fruits) from E. pubescens. Secondly, we col-
lected leaves from various developmental stages of E.
pubescens, specifically: Stage 1 (S1) with leaf width of
0.5-1 cm and low leatheriness; Stage 2 (S2) with leaf
width of 1.5-2 cm and low leatheriness; Stage 3 (S3) with
leaf width of 2.5 ~4 cm and low leatheriness; Stage 4 (54)
with leaf width of 5 cm and medium leatheriness; and
Stage 5 (S5) with leaf width of 5 cm and high leatheri-
ness. Thirdly, we included six species of Epimedium with
diverse petal colors (magenta in E. pseudowushanense
and E. acuminatum, yellow in E. jinchengshanense, and
green in E. baojingense), sepal colors (red in E. huna-
nense, green in E. baojingense, and white in E. acumina-
tum), and leaf colors (green and magenta in E. pubescens).
The RNA-seq protocol and classification criteria fol-
lowed Xu et al. (2023) [53]. Initial protein contamination
screening was performed using the NanoDrop ND 1000
(Nanodrop technologies), ensuring a tightly controlled
0OD260/0D280 ratio within the range of 1.9 to 2.1. Sub-
sequently, the RNA Integrity Number (RIN) was evalu-
ated using the Agilent Technologies 2100 bioanalyzer
(Agilent, Santa Clara, CA). Sequencing was only initi-
ated if the RIN exceeded 8 and the 28 S/18S ratio was
greater than or equal to 0.7. Software tools including
Trimmomatic (version 0.36) [54], HISAT2 [55], and the
R package Rsubread [56] were utilized for quality control,
sequence alignments, and gene expression quantifica-
tion, respectively. The reference genome utilized was that
of E. pubescens, as published by Shen et al. (2022) [35].
All samples were collected between 10:00-11:30 am on a
sunny day and immediately treated with liquid nitrogen
before being stored in dry ice for transport to Beijing. All
samples were conserved at -80 °C under ultralow temper-
ature for subsequent RNA extraction and chemical com-
ponent identification. We used the R packages Tidyverse
and ggcor to compute the pearson correlation between
PALs and the relative content of PFGs.
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UPLC experiment

For the analysis of PFGs content, approximately 0.1 g
of ground sample was soaked in 10 ml of 50% etha-
nol and ultrasonicated for 30 min before being filtrated
through 0.22 pm filter membrane (Millipore, Nylon)
for UPLC analysis. UPLC under 270 nm was conducted
at a flow rate of 0.3 ml/min using the ACQUITY UPLC
system (UPLC I-class; Waters, Milford, MA, USA)
equipped with an ACQUITY UPLC BEH C18 column
(2.1x100 mm. 1.7 um; Waters, Milford, MA, USA) main-
tained at 25 °C. The mobile phase comprised of water
(eluent A) and 100% acetonitrile (eluent B). The authen-
tic flavonoids were purchased from the Shanghai Yuanye
Bio-Technology Co., Ltd., Shanghai, China.

qRT-gPCR

To ensure the reliability of our transcriptome data, we
conducted qRT-PCR analysis on leaves from five dis-
tinct developmental stages of E. pubescens, focusing on
six selected EpPALs. Total RNA was extracted using a
plant total RNA extraction kit from Aidlab (China). We
assessed RNA integrity on a 1.2% agarose gel and quan-
tified it using a NanoDrop 2000 C Spectrophotometer
from Thermo Scientific (USA). ¢cDNA synthesis was
achieved using the TransScript One-Step gDNA Removal
and cDNA Synthesis SuperMix Kit from Transgen Bio-
tech (China). qRT-PCR reactions were performed for
each tissue sample with gene-specific primers (Table
S10). The qRT-PCR program consisted of pre-denatur-
ation at 95 °C for 2 min, followed by 40 cycles of ampli-
fication at 95 °C for 15 s, 60 °C for 30 s, and 72 °C for
30 s. We analyzed the relative abundance of transcripts
using the comparative Ct method, applying the formula
2-AACt for relative quantification. Our gene expression
results were calculated based on the 2-AACt method, and
the reported data represents the average of three biologi-
cal and three technical replicates.

Conclusions

7 PALs were firstly and comprehensively identified
based on the genome of E. pubescens. EpPAL2, EpPAL3
and EpPALI were identified as the ancient isoforms.
EpPAL2 and EpPAL3 exhibited a homology range of
61.09 to 64.38%, contained two introns and under-
went strong purifying selection, evolving at a rate~10
to ~54 times slower compared to EpPALI and mod-
ern EpPALs (EpPAL4-7). The evolutionary trajectory
of modern EpPALs was shaped by multiple duplication
events. Initially, EpPAL4 emerged through intraspecific
whole-genome duplication from EpPALI. This was fol-
lowed by a sequence of tandem duplications resulting in
EpPAL5 and EpPALG6, and transposed duplications that
gave rise to EpPAL?, all originating from EpPAL4. Analy-
sis of expression profiles through RNA-seq and UPLC
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techniques revealed that EpPAL2 and EpPAL3 are key
genes involved in the biosynthesis of prenylated flavonol
glycosides. This finding was further validated through
parallel UPLC and qRT-PCR experiments. Novel insights
into the evolution of 24 PAL gene families were provided,
revealing the evolutionary characteristics of 12 differ-
ent evolutionary clade groups. Overall, this study offers
a unique perspective on PAL evolution and clarifies the
role of PAL genes in Epimedium plants.
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