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ABSTRACT
Phoebe zhennan is a Chinese endemic and valuable timber species of Phoebe (Lauraceae). It is known for its fragrant, high‐value
wood and is the primary source of the renowned “golden‐thread nanmu.” In this study, we present a chromosome‐level genome

assembly of P. zhennan, consisting of 12 chromosomes (979.28Mb; scaffold N50: 87.69Mb) with an estimated 26,262 protein‐
coding genes. Whole‐genome duplication (WGD) analysis revealed that P. zhennan has undergone two WGD events: an older

one shared by Magnoliales and Laurales, and a younger one shared by Lauraceae and Calycanthaceae species. Phylogenetic

analysis showed that magnoliids (together with Chloranthales) form a sister clade to monocots. We identified 197 members of

the MYB gene family and further selected 44 MYB genes that may be associated with phenylpropanoid lignin biosynthesis,

including 28 genes acting as positive regulatory transcription factors and 16 as negative regulators. Gene expression analysis

indicated that PzMYB6 is highly expressed in the cambium, suggesting it may play a critical regulatory role in the lignin

biosynthesis pathway of P. zhennan. Overall, this chromosome‐level reference genome provides new insights into the genome

evolution of Phoebe and offers essential genetic resources for the rational utilization and conservation of this valuable timber

species.

1 | Introduction

Phoebe Nees, a genus within the tribe Perseeae, holds signifi-
cant economic and ecological importance within the family
Lauraceae (Li et al. 1982, 2008; Li et al. 2025). According
to POWO (https://powo.science.kew.org), Phoebe comprises
69 accepted species native to tropical and subtropical Asia.
In China, the genus includes 33 species and 3 varieties, of
which 28 (including varieties) are endemic. These are mainly

distributed across Yunnan, Sichuan, Hubei, Guizhou, Guangxi,
and Guangdong (Li et al. 1982, 2008; Li et al. 2011; Yang and
Liu 2015; Huang et al. 2011; Rohde et al. 2017; Liu et al. 2020;
Yang et al. 2021).

The precious wood of Phoebe species, commonly known as
“golden‐thread nanmu,” is celebrated for its fragrance, excep-
tional quality, and a unique “golden thread” figure. Highly
valued for centuries in fine craftsmanship and architecture—
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and historically regarded as the “Emperor's Wood” in imperial
China—it has long symbolized luxury and exclusivity
(Cheng 1983; Li et al. 2004; Chen 2013). The main sources of
golden‐thread nanmu are Phoebe species from subtropical
China, among which P. bournei, P. chekiangensis, P. hui, and
P. zhennan are the most valuable (Li et al. 1982, 2008). Of these,
P. bournei and P. zhennan are considered the finest sources,
producing tall, thick trunks and exceptionally high‐quality
timber (Li et al. 1982; Lin 1988; Ding et al. 2019). However, the
delimitation of these two Phoebe species has long been con-
troversial. Their morphological characteristics overlap consid-
erably, and their geographic ranges intersect (Lee et al. 1979;
Li et al. 2008; Zou and Wu 1997).

Recently, Ding et al. (2019) utilized an integrative approach
combining morphological analysis and molecular data to clarify
the boundaries between P. bournei and P. zhennan. Their

findings identified two distinct lineages corresponding to these
species. Morphologically, P. bournei exhibits more prominent
higher‐order leaf venation, thicker petioles, and a narrower
leaf apex angle than P. zhennan. Geographically, P. bournei is
primarily distributed in central Fujian, southern Jiangxi, and
the Nanling Mountains, while P. zhennan is mainly found in
the eastern Qionglai Mountains and southern Sichuan hills. The
two species are largely distinct, with overlap occurring only in
the Wuling Mountains.

Subsequently, the genome of P. bournei was sequenced and
studied. Chen, Sun, et al. (2020) identified two whole‐genome
duplication (WGD) events in the P. bournei genome, supporting
the phylogenetic placement of magnoliids at the base of an-
giosperms as a sister clade to monocots and eudicots. Their
study also identified several important gene families in the
P. bournei genome, including 63 MADS‐box genes (with four
AGL12‐like and four ANR1‐like genes potentially involved in
root regulation), 17 GH3 and 77 SAUR genes (linked to growth
and light‐mediated development), and five FIN219‐like and two
SAUR50‐like genes (associated with photomorphogenesis and
floral or stem development). Moreover, four MYB46 and three
EPSP homologous genes, which promote lignin biosynthesis,
were identified and hypothesized to contribute to the straight
trunk characteristic of P. bournei. Han et al. (2022) later pro-
duced a chromosome‐level genome assembly of P. bournei and
identified 72 full‐length terpene synthase (TPS) genes. Com-
parative genomic analysis highlighted extensive lineage‐specific
duplications and contractions within TPS subfamilies, which
have contributed to the remarkable terpenoid diversity observed
in Lauraceae.

Historically, P. zhennan forests were once widespread in
subtropical evergreen broad‐leaved forests of China, with their
northern distribution boundary extending up to 35° N (Li
et al. 1982, 2008; Ding et al. 2015). However, excessive logging,
particularly during the Ming and Qing dynasties, has nearly
exhausted natural populations (Lin 1988). In China, the high
economic value of P. zhennan has historically led to severe
overexploitation, pushing it toward endangerment. The IUCN
Red List of Threatened Species (https://www.iucnredlist.org/),
the China Species Red List (Wang and Xie 2004), and the List of
National Key Protected Wild Plants (Forestry et al. 2021) all
classify P. zhennan as threatened. Currently, it is classified as a
National Class II key protected plant in China and is listed as
Vulnerable in terms of conservation status.

As one of the most important transcription factor families, the
myeloblastosis transcription factor (MYB TF) family is widely
distributed across eukaryotes (Stracke et al. 2001; Dubos
et al. 2010). Members of the MYB family play crucial roles in
regulating various biological processes in plants, such as secondary
metabolism, stress responses, and growth and development. Sec-
ondary metabolism includes pathways such as those of phenyl-
propanoids, flavonoids, terpenoids, and glucosinolates. The
phenylpropanoid lignin biosynthesis pathway is the major route
for lignin synthesis in plants and is regulated by multiple members
of the MYB gene family (Xiao et al. 2021; Sun, Wang, et al. 2022).
Chen, Sun, et al. (2020) identified four homologous genes of
MYB46 and three homologous genes of PtrEPSP in the P. bournei
genome and proposed that these genes may be associated with the

Summary

Phoebe zhennan is a treasured and endangered timber spe-
cies native to China, prized for its aromatic fragrance,
durability, and striking wood grain. However, the lack of
genetic resources has long impeded both its conservation and
a deeper understanding of the biological basis for its superior
wood properties. In this study, we successfully sequenced
and assembled the complete genome of P. zhennan. Our
analyses uncovered two ancient whole‐genome duplication
events in its evolutionary history, which likely facilitated
species diversification and the emergence of its distinctive
traits. Phylogenetic reconstruction further resolved the phy-
logenetic position of magnoliids, revealing a closer relation-
ship to monocots than to eudicots. Most importantly, we
identified key genes involved in lignin biosynthesis—the
primary structural component of wood. Among these, the
transcription factor gene PzMYB6 stood out as a master
regulator highly expressed in the trunk cambium, which
coordinates the developmental processes that lead to the
formation of its robust and highly valued timber. This high‐
quality genome assembly serves as a crucial resource for
informing conservation strategies, monitoring genetic diver-
sity in wild populations, and advancing the breeding of
superior cultivars for sustainable utilization.

Practitioner Points

• This study provides the first chromosome‐level genome
of Phoebe zhennan, serving as an essential foundation
for its genetic conservation and breeding programs.

• We identified key genes—particularly a master regula-
tor, PzMYB6—that control lignin synthesis, the process
that makes wood strong and durable. This discovery
opens possibilities for molecular breeding to improve
wood quality.

• The genomic data can be used to assess genetic
diversity and wild population health, design effective
nature reserves, and develop genetic markers to assist
in selecting superior trees for reforestation and sus-
tainable cultivation.
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formation of straight trunks in P. bournei. However, the functional
mechanisms of the MYB gene family and the lignin biosynthesis
pathway in P. zhennan remain unclear.

Here, we present a chromosome‐level genome assembly of
P. zhennan. Our research aims to provide insights into the poly-
ploidization history of P. zhennan, as well as the expression and
evolution of the MYB gene family involved in phenylpropanoid
lignin biosynthesis. The findings are expected to supply essential
genomic data for this prized species. Furthermore, our study offers
new perspectives for comparative genomics and genome evolution
in Phoebe, providing scientific evidence to support the sustainable
utilization, effective conservation, and rational management of
these valuable plant resources in China.

2 | Results

2.1 | Genome Assembly and Main Features

Genomic survey analysis using DNBSEQ platform data
(300–400 bp short‐insert library) generated approximately 177.6 Gb
of raw sequences, with 176.43Gb retained after filtering. K‐mer‐
based analysis estimated the P. zhennan genome size to be 0.89 Gb,
with a heterozygosity of 3.19% and a repetitive content of 51.71%.

PacBio HiFi sequencing libraries were constructed following the
single‐molecule real‐time (SMRT) sequencing protocol. A 20 kb
library was generated, and sequencing was performed in CCS
mode using the PacBio Sequel II platform, completing sequenc-
ing for one cell. A total of 33.16 million raw reads were obtained,
generating 525.24Gb of raw data. After CCS filtering, 1.98 mil-
lion HiFi reads were obtained, totaling 35.27 Gb. Based on an
approximate genome size of 1 Gb, the sequencing depth was
~35X. The draft genome was assembled using Hifiasm, resulting
in a total contig length of 1073Mb with an N50 of 10.46Mb. The
completeness of the gene space was assessed as 99% based on
BUSCO analysis against the embryophyta_odb10 database.

A Hi‐C library was constructed and sequenced on the DNBseq
platform across eight lanes, yielding a total of 128.24 Gb
of raw sequencing data. After filtering, 125.59 Gb of clean data
were obtained. Hi‐C scaffolding produced a 1002Mb genome
assembly with a contig‐level N50 of 10.52Mb and a scaffold‐
level N50 of 87.69Mb. The genome was successfully anchored
to chromosomes, achieving a mapping rate of 97.74% and a total
length of 979.28Mb (Figure 1B,C). BUSCO assessment (Simão
et al. 2015) against the embryophyta_odb10 database showed a
completeness rate of 98.9%, with a repeat alignment rate of
6.1%. The LTR Assembly Index (LAI) value was 14.76.

2.2 | Genome Annotation

Through repeat sequence annotation, a total of 541.0Mb of
repetitive sequences were identified in the P. zhennan genome,
accounting for 53.99% of the genome size. Among these, Copia
elements accounted for 105.8Mb (10.56% of the genome), while
Gypsy elements totaled 244.6Mb (24.41% of the genome). The
final annotation, through an integrated structural annotation
pipeline (homology‐based prediction, de novo prediction, and

RNA‐Seq evidence), yielded 28,279 protein‐coding genes with
98.2% BUSCO completeness (single‐copy: 1,512 [93.68%]; dupli-
cated: 73 [4.52%]). Functional annotation identified 26,262 func-
tional genes, accounting for 92.87% of the total gene set (Table 1).
The overlap of annotations across five databases is depicted in
Table 2, where 17,562 genes were annotated in all databases.

2.3 | Synteny Analysis and Whole‐Genome
Duplications (WGD)

To investigate WGD events in P. zhennan, we first identified
syntenic blocks within the genome based on gene sequence sim-
ilarity (Figure 2A). The syntenic dot plot of the P. zhennan genome
revealed two distinct clusters of Ks values (0.3–0.9 and 0.9–1.4),
corresponding to two ancient WGD events. Major syntenic blocks
between chromosomes 4–5 and 5–12, as well as within chromo-
some 10. We calculated the median synonymous substitution rates
(Ks) for homologous gene pairs within each block and fitted a Ks
distribution curve. The resulting graph revealed two distinct peaks
at Ks values of 0.6 and 1.0 (Figure 2B). The first Ks peak (0.6)
corresponds to the most recent WGD event, while the second Ks
peak (1.0) indicates an older WGD event. This suggests that the
P. zhennan genome has undergone at least two WGD events in its
evolutionary history. The synteny comparison between Amborella
trichopoda and P. zhennan shows a depth ratio of 1:4 for the
syntenic blocks (Figure 2D), providing additional evidence for
these two ancient WGD events in the P. zhennan genome.

To further determine the nature of the WGD events in
P. zhennan, we performed both intraspecific and interspecific
synteny analyses between the P. zhennan genome and those of
seven other magnoliid species (Chimonanthus salicifolius, Mag-
nolia sinica, Saururus chinensis, P. bournei, Persea americana,
Lindera megaphylla, and Cinnamomum camphora), and calcu-
lated Ks values to compare their distributions. From the Ks dis-
tribution graph, we observed a shared peak at Ks≈ 0.9 among
several magnoliid species. At Ks≈ 0.6, P. zhennan, P. bournei,
Persea americana, Lindera megaphylla, Cinnamomum camphora,
and Chimonanthus salicifolius exhibited a common peak, whereas
other species such as Magnolia sinica and Saururus chinensis
did not (Figure 2C). In summary, these results suggest that
P. zhennan experienced two WGD events: the older one is shared
by Magnoliales and Laurales, and the younger one is shared by all
species of Lauraceae and Calycanthaceae analyzed here.

2.4 | Comparative Genomic Analysis

We conducted a comparative genomic analysis using the whole
genomes of 21 angiosperms. A total of 692,624 genes were
clustered into 41,813 orthogroups, representing 91.5% of all
genes. Fifty percent of the genes were in contained orthogroups
with 34 or more genes (G50= 34) and within the largest 6095
orthogroups (O50= 6095). There were 5,749 orthogroups shared
by all species analyzed. Using four fossil calibration points to
estimate divergence times, we calculated divergence with 95%
confidence intervals. The results indicated that magnoliids (along
with Chloranthales) and monocots form a sister group, while
Phoebe and Persea cluster together (Figure 3A). The divergence
between P. zhennan and P. bournei occurred approximately 11.14
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million years ago (mya), and the divergence between Lauraceae
and other Laurales occurred around 101.17 mya.

Gene family analysis using CAFE5 revealed that in P. zhennan,
658 gene families experienced significant expansion, while 1561
gene families underwent significant contraction. In comparison,
the number of expanded gene families in Persea americana, Phoebe
bournei, and Cinnamomum camphora was 1313, 1695, and 1057,
respectively, while the number of contracted gene families was
932, 1,149, and 454, respectively. Even between the closely related

species P. zhennan and P. bournei, marked differences in the
number of expanded and contracted gene families were evident.

We further performed GO and KEGG enrichment analyses on the
significantly expanded gene families in P. zhennan. The GO
terms were mainly enriched in pathways associated with secondary
metabolic processes (GO:0019748) and UDP‐glycosyltransferase
activity (GO:0035251) (Figure 3B). In the KEGG analysis, enriched
pathways included monoterpenoid biosynthesis (KO:00902), phe-
nylpropanoid biosynthesis (KO:00940), and the MAPK signaling

FIGURE 1 | Phoebe zhennan and landscape of its genome. (A) Morphological image of P. zhennan. (B) Circos plot of the P. zhennan genome,

with tracks representing: (a) LTR density in a 50 kb window; (b) Repeat gene density in a 50 kb window; (c) GC content in a 100 kb window; (d) Gene

density in a 100 kb window; (e) Chromosome structure; (f) Genomic collinearity. (C) Hi‐C heatmap of chromosome interaction strength in the Phoebe

zhennan genome (bin size: 500 kb).
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pathway (KO:04010) (Figure 3C). These enriched pathways
are mostly related to the synthesis of secondary metabolites
and processes involved in wood secondary growth. UDP‐
glycosyltransferase activity contributes to the synthesis of cell wall
components, particularly in the cross‐linking of lignin and cellu-
lose. The phenylpropanoid biosynthesis pathway is directly linked
to lignin biosynthesis, a key structural element of the plant cell
wall that supports xylem function. The MAPK signaling pathway
plays a crucial role in cell division, differentiation, and stress
responses in plants, and is involved in stem development and
vascular tissue formation.

2.5 | MYB Gene Family and Lignin
Synthesis‐Related Enzyme Genes

Based on the Arabidopsis thaliana MYB gene family (141
genes), we identified a total of 197 MYB gene family members
in P. zhennan through the intersection of HMM‐BLAST sear-
ches and Pfam domain alignments. These genes were subse-
quently named according to their chromosomal arrangement.

We then performed an evolutionary analysis of Arabidopsis
thaliana and P. zhennan MYB family members to determine
their homologous relationships (Figure 4A).

In the phenylpropanoid lignin biosynthesis model, 17 MYB
transcription factors are involved, of which twelve are positive
regulators and five are negative regulators (Figure 4C). We
further selected 44 MYB genes from the P. zhennan MYB gene
family related to phenylpropanoid lignin biosynthesis. They
are unevenly distributed across the chromosomes, with many
members of the individual gene subfamily clustering together as
tandem duplicates (Figure 4D).

In addition to the MYB gene family, we similarly identified key
structural genes encoding enzymes in the lignin biosynthesis
pathway of P. zhennan. A total of 19 genes were identified,
including three PALs, two C4Hs, and one gene each for C3H,
CCR, and 4CL, along with two F5Hs, three COMTs, three CADs,
and three CAD‐like genes.

Gene‐expression levels of these MYB and structural genes were
analyzed across five different tissues from three individuals
of P. zhennan (as described in Section 4.1): leaves, current‐year
branches, vascular cambium of the trunk, flowers, and young
fruits (Figure 4B). Overall, genes associated with the regulation
of phenylpropanoid lignin biosynthesis showed the highest ex-
pression in the cambium, followed by leaves and current‐year
branches. Expression in young fruits was lower, and the lowest
expression was observed in the flowers.

Based on the extensive characterization of the MYB gene family in
P. zhennan, we further investigated the co‐expression relationships
among these genes by performing a Weighted Gene Co‐expression
Network Analysis (WGCNA) using transcriptome data from the
five aforementioned tissues. This analysis revealed two distinct
modules of co‐expressed genes. Notably, the turquoise module
was significantly and positively correlated with high expression

TABLE 1 | Comparison of gene structure features in Phoebe zhennan predicted using different methods.

Gene set Number
Average gene
length (bp)

Average CDS
length (bp)

Average
exon

per gene
Average exon
length (bp)

Average
intron

length (bp)

De novo Augustus 118,521 4549.44 1452.7 3.77 384.9 1116.25

homolog Aquilegia coerulea 25,479 11,855.28 1358.54 5.42 250.44 2372.37

Arabidopsis
thaliana

21,626 12,265.3 1372.68 5.72 239.84 2306.1

Cinnamomum
micranthum

33,236 11,828.15 1382.0 5.32 259.75 2417.83

Daucus carota 23,932 11,956.41 1322.69 5.31 248.9 2464.8

Ginkgo biloba 20,916 11,779.37 1233.64 4.74 260.13 2817.87

Liriodendron
chinense

25,752 12,365.59 1356.75 5.16 262.72 2643.62

Mimulus guttatus 24,329 11,819.69 1330.89 5.49 242.58 2337.88

Phoebe bournei 30,616 19,061.54 1213.72 4.56 266.43 5019.74

RNA‐seq Transcript 54,448 19,121.99 1163.36 5.19 224.03 4283.16

Final — 28,279 9861.1 1421.34 5.64 252.08 1819.55

TABLE 2 | Functional annotation statistics of the final predicted

protein‐coding genes in the Phoebe zhennan genome.

Database Number Percent

Nr 26,189 92.61%

Swissprot 20,735 73.32%

KEGG 20,670 73.09%

KOG 20,474 72.40%

TrEMBL 26,187 92.60%

Interpro 24,676 87.26%

GO 16,314 57.69%

Overall 26,262 92.87%
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(Cor = 0.83, p‐value = 1e–04). Within this co‐expression network,
16 MYB transcription factors and 19 key structural genes formed a
highly interconnected module. In the WGCNA co‐expression
network, this indicates that these genes exhibit tightly correlated
expression patterns (“rising and falling together”) across all sam-
ples, suggesting they are very likely to be classified into the same
gene module and to work together in the same biological pathway
or complex. The strong co‐expression between these MYB tran-
scription factors and lignin biosynthetic genes provides compelling
evidence that they constitute a core transcriptional regulatory
network controlling lignin biosynthesis in P. zhennan.

3 | Discussion

3.1 | P. Zhennan Genome Assembly and
Comparative Analysis

P. zhennan is a valuable timber species, known for its
tall, straight growth form and aromatic, decay‐resistant wood.

In this study, we report a high‐contiguity, chromosome‐level
genome assembly for this prized species. The assembly shows a
high level of completeness (99%) based on BUSCO assessment,
providing a robust foundation for subsequent genome annota-
tion and comparative analyses. The proportion of repetitive
elements annotated was 53.99%, and the LTR Assembly Index
(LAI) of 14.76 indicates moderate contiguity for a genome of
this size (~1 Gb), suggesting that some repetitive regions, par-
ticularly LTR retrotransposons, remain unresolved.

Through comparison with other published Lauraceae genomes,
the genome size of P. zhennan was found to be 979.3 Mb. It is
larger than those of Persea, Phoebe, and Camphora species, but
smaller than those of Litsea, Lindera, Cinnamomum, and Sex-
tonia. The contig N50 of the P. zhennan genome assembly is
10.52Mb, and the scaffold N50 is 87.69Mb. Both values rank
among the highest reported in Lauraceae, indicating high
sequencing quality and assembly continuity. The proportion of
repetitive elements in P. zhennan (53.99%) is higher than that of
P. bournei (48.10%), but lower than Persea americana (62.09%).

FIGURE 2 | Whole‐genome duplication analysis. (A) Syntenic blocks of the Phoebe zhennan genome. (B) Ks distribution of syntenic blocks in the

P. zhennan genome. The histogram shows the original Ks distribution, with the black curve representing the Gaussian fit of the raw Ks. (C) Ks

distribution of syntenic blocks within the genomes of each species. pzh‐Phoebe zhennan; csa‐Chimonanthus salicifolius; pbo‐Phoebe bournei; msi‐
Magnolia sinica; cca‐Cinnamomum camphora; sch‐Saururus chinensis; pam‐Persea americana; lmg‐Lindera megaphylla. (D) Synteny patterns of

genomic regions in P. zhennan, P. bournei, and Amborella trichopoda.
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Among Camphora species, C. officinarum (53.97%) and
C. micrantha (48%) have the lowest proportions of repetitive
elements. The proportion of LTRs in P. zhennan (34.97%) is
significantly higher than that of P. bournei (26.34%). Compared
to other reported Lauraceae species, the LTR proportion of
P. zhennan is higher than that of Sextonia rubra (23.30%) but
lower than that of Cinnamomum chago (40.71%) and Litsea
coreana (41.52%). The genome assembly completeness of
P. zhennan (98.9%) represents one of the highest levels among

all reported Lauraceae species, second only to Camphora long-
epaniculata and Cinnamomum chago (99.0%) (Table 3).

3.2 | WGD Events Illuminate the Evolutionary
History of P. Zhennan and Lauraceae

Whole‐genome duplication (WGD) events can act as key drivers
of species evolution (Soltis and Soltis 2016; Jiao 2018). We

FIGURE 3 | Comparative genomic and gene family analysis. (A) Phylogenetic tree of 21 species showing divergence times. Divergence estimates

(Mya, million years ago) are indicated above the nodes, and the gray nodal bars represent the 95% confidence intervals. Red dots mark the calibration

points, as described in the methods section. Gene family expansions and contractions identified by CAFE5 are indicated. The red and blue circles, with

corresponding numbers (p< 0.05), represent expansion and contraction of gene families in different species, respectively. (B) The Gene Ontology (GO)

enrichment analysis of expansion genes. (C) The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of expansion genes.
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detected two WGD events in the P. zhennan genome
(Figure 2A,B). By comparing the P. zhennan genome with those
of other magnoliid species and constructing synteny maps, we
demonstrated that the older WGD event is shared between the
common ancestors of Magnoliales and Laurales, but not among
all members of the magnoliid clade (Figure 2).

Earlier studies, constrained by incomplete genomic resources
and sparse taxon sampling, have sometimes led to inconsistent
interpretations of polyploidization history within lineages due
to limited sample sizes available for comparison. For instance,
Tian et al. (2023) suggested that both WGD events in Lindera
megaphylla occurred before the divergence of Lauraceae
members, while Jiao et al. (2011) confirmed that multiple
ancient polyploidization events took place during the Creta-
ceous period (100–120mya), including the λ event shared by the
common ancestor of Magnoliales and Laurales.

The more recent WGD event in P. zhennan likely occurred before
the divergence of Lauraceae, suggesting it is shared by all

members of the family—a conclusion supported by multiple
studies (Chaw et al. 2019; Chen, Sun, et al. 2020; Chen, Li,
et al. 2020; Zhang et al. 2022; Li et al. 2022; Shen et al. 2022; Jiang
et al. 2022). However, alternative explanations should also be
considered. The observed Ks peak may be influenced by multiple
temporally clustered lineage‐specific duplications, which are
challenging to distinguish from a single, shared WGD based on
Ks data alone. Furthermore, the possibility that some Lauraceae
lineages experienced additional, undetectable WGD events cannot
be ruled out. Most Lauraceae members appear to have undergone
two WGD events, and among currently reported genomes,
Lindera glauca is the only species to have experienced a single
WGD event after the divergence of Lauraceae (Xiong et al. 2022).

3.3 | Controversy on the Phylogenetic Position of
Magnoliids

Phylogenetic analysis based on a set of single‐copy orthologous
genes indicates that magnoliids and monocots share a common

FIGURE 4 | Evolutionary analysis of phenylpropanoid lignin biosynthesis related MYB genes in Phoebe zhennan. (A) Maximum likelihood tree

of the MYB gene family in Arabidopsis thaliana, Populus trichocarpa and P. zhennan. (B) Expression levels of lignin biosynthesis‐related MYB TFs

and genes encoding enzymes in the lignin biosynthesis in different tissues of P. zhennan.(C) Phenylpropanoid lignin biosynthesis pathway (Xiao

et al. 2021). 4CL, 4‐coumarate; CoA ligase; C3H, cinnamate 3‐hydroxylase; C4H, cinnamate 4‐hydroxylase; CAD, cinnamyl alcohol dehydrogenase;

CCR, cinnamoyl CoA reductase; COMT, caffeate O‐methyltransferase; F5H, ferulate 5‐hydroxylase (D) Chromosomal localization of lignin

biosynthesis‐related MYB TFs in P. zhennan. Most genes are present in tandem repeats.
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ancestor and form sister clades following their divergence from
other angiosperm lineages (Figure 3A). Our phylogenomic
results, which resolve magnoliids as sister to monocots, con-
tribute to the growing consensus on one of the most enduring
questions in angiosperm phylogeny. This placement finds
strong support in the most comprehensive nuclear phyloge-
nomic study of angiosperms to date, by Zuntini et al. (2024),
which—using a standardized set of 353 nuclear genes across
nearly 8000 genera—also recovers magnoliids (including
Chloranthales) as a sister clade to monocots.

Further corroboration comes from genomic structural analy-
ses. Qin et al. (2021) identified a shared chromosomal trans-
location event in magnoliids and monocots that is absent in
eudicots, supporting the inference that magnoliids and
monocots are sister groups, while eudicots diverged earlier.
Similarly, Zhao et al. (2021) developed a novel microsynteny‐
based phylogenetic approach and, using over 120 high‐quality
genomes spanning more than 50 families and 30 orders, also
supported a sister‐group relationship between magnoliids and
monocots.

This result is inconsistent with the studies of Chen, Sun,
et al. (2020) and Han et al. (2022) on the phylogenetic
position of magnoliids. Their findings indicated that mag-
noliids were a sister clade to eudicots rather than monocots.
Chen, Sun, et al. (2020) analyzed phylogenetic trees con-
structed via ASTRAL and concatenated methods based on
nucleotide sequences, which supported the hypothesis that
magnoliids and eudicots share a recent common ancestor,
forming a clade sister to monocots. Han et al. (2022) inves-
tigated the phylogenetic relationships among 18 seed plant
species using a coalescence‐based maximum‐likelihood
method to construct a phylogenetic tree. It is noteworthy
that neither study included sampling from Chloranthales
or Ceratophyllales—two key lineages whose inclusion can
substantially affect tree topology—likely contributing to the
observed inconsistencies in results.

Other studies have reported varying placements of magno-
liids. Some position magnoliids at the base of the monocot–
eudicot evolutionary branch (Hu et al. 2019; Rendón‐Anaya
et al. 2019; Chen et al. 2019; Jiang et al. 2022; Zhang
et al. 2022), whereas others suggest that magnoliids form a
sister clade with eudicots, implying that their phylogenetic
relationship is closer (Chaw et al. 2019; Chen, Li, et al. 2020;
Guo et al. 2021; Ma et al. 2021; Yang et al. 2020; Shen
et al. 2022; Xiong et al. 2022). Such inconsistencies in topo-
logical structure are likely attributed to incomplete lineage
sorting (ILS) and ancient hybridization events. Chen et al.
(2020a) performed an ASTRAL analysis, indicating that ILS
events could have occurred during the rapid early divergence
of angiosperms. Ma et al. (2021) further analyzed the theta
parameter across five major angiosperm lineages and found
higher theta values in core eudicots and Ceratophyllales
(a sister group to magnoliids). This suggests that incomplete
lineage sorting (ILS) played a significant role in the
evolutionary history of core angiosperms. Despite these
complexities, the sister relationship between magnoliids and
Ceratophyllales remains relatively stable—a finding consist-
ent with the phylogeny we established in our study.

3.4 | Analysis of MYB Gene Families Related to
Lignin Biosynthesis in P. Zhennan

Before this study, chromosome‐level genome assemblies for
Phoebe species were only available for P. bournei. These studies
relied on the P. bournei genome to resolve the phylogenetic
position of magnoliids and clarify the internal phylogeny of the
Lauraceae family. They also conducted in‐depth analyses of
gene families in P. bournei, including MADS‐BOX, GH3, SAUS,
MYB46, EPSP, and TPS. Chen et al. (2020a) proposed that
MYB46 may be responsible for the tall, straight growth form of
P. bournei, a hypothesis we further analyzed in this study.

Based on the reported phenylpropanoid lignin biosynthesis
pathway in Arabidopsis thaliana (Geng et al. 2020; Xiao
et al. 2021; Zhang et al. 2021), we identified both the MYB gene
family and key structural genes involved in lignin biosynthesis
in P. zhennan and constructed a co‐expression network. A total
of 16 MYB genes were located in the most significantly corre-
lated expression module. Among them, nine were homologous
to known activators and seven to repressors, suggesting a
dynamic balance between activation and repression in lignin
synthesis regulation. Notably, PzMYB6 was identified as a direct
homolog of AtMYB46/83, two key transcription factors in
the second layer of regulation for secondary cell wall bio-
synthesis (Xiao et al. 2021). In P. zhennan, PzMYB6 exhibited
high expression in the vascular cambium (Figure 4B), implying
its pivotal role in initiating lignification and secondary wall
formation. We propose that PzMYB6 functions as a master
regulator in the lignin regulatory network of P. zhennan,
potentially serving as the uppermost regulator that initiates
secondary cell wall thickening and wood formation through
direct coordination of downstream biosynthetic genes.

We also identified five genes (PzMYB63, 64, 75, 86, and 111)
with homology to AtMYB4, a well‐characterized repressor
known to inhibit the biosynthesis of UV‐protective phenolic
compounds, such as coumarin derivatives (Jin et al. 2000;
Zhou et al. 2009). The expansion of this gene suggests that the
MYB4‐mediated repressive mechanism is notably amplified and
reinforced in P. zhennan. Furthermore, the presence of
PzMYB119, a homolog of the repressor AtMYB3, corroborates
this finding. AtMYB3 and AtMYB4 in Arabidopsis thaliana
constitute a subfamily of transcriptional repressors (Kranz
et al. 1998), indicating that a complex, multi‐gene inhibitory
module is involved in fine‐tuning lignin biosynthesis in
P. zhennan. AtMYB58 is a direct target of AtMYB46 and acts as a
second‐tier activator specifically dedicated to lignin biosynthesis
(Zhong and Ye 2012). As a homolog of AtMYB58, PzMYB100 is a
potential downstream specialist activator within the PzMYB6‐
regulated hierarchy.

Based on stringent homology analysis, we propose a prelimi-
nary hierarchical model for the lignin regulatory network in
P. zhennan: PzMYB6 acts as the top‐level regulator; secondary
activators such as PzMYB100 operate downstream; and a sub-
stantial repressor module comprising at least six genes (five
MYB4‐like and one MYB3‐like) provides negative regulation.
This dual architecture of “potent activation coupled with robust
repression” likely enables P. zhennan to regulate this critical
biological process with high efficiency and precision. While our
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data suggest that these genes are potential candidates for reg-
ulating lignin biosynthesis, their proposed roles as putative
regulators require validation by future functional studies, such
as qRT‐PCR, Y1H/dual‐LUC, and CRISPR knockouts.

3.5 | Conservation Implications of the
P. Zhennan Genome Resource

This study presents the first chromosome‐level genome
assembly of P. zhennan and corresponding transcriptomic data
from five key tissues, offering insights into both genomic
architecture and multi‐tissue expression patterns. These
resources provide essential genetic foundations for the conser-
vation and sustainable use of this valuable and endangered tree
species. As a rare timber tree characterized by slow growth and
highly valued wood, P. zhennan faces severe threats from
overlogging and habitat fragmentation. The reference genome
generated here serves as a fundamental genetic map for future
population genetics research, delineation of conservation units,
assessment of genetic diversity, and the development of artifi-
cial breeding strategies.

Comparative genomic analyses identified two WGD events in
P. zhennan, accompanied by lineage‐specific gene family
evolution. These evolutionary events likely contributed to its
distinctive wood properties, including aromaticity, decay
resistance, and the unique “golden thread” figure. The study
identified 44 MYB genes linked to lignin biosynthesis and
proposed a preliminary regulatory network, providing novel
insights into secondary growth and actionable targets for
molecular breeding. These resources enable marker‐assisted
selection and gene‐editing strategies to improve wood traits and
accelerate breeding—similar to how the chromosome‐level
genome of Dalbergia odorifera has been used to identify genes
involved in heartwood formation, thereby facilitating marker‐
assisted selection for improved wood quality and accelerated
breeding programs (Hong et al. 2020).

In the context of conservation genomics, the value of such
genomic resources has been demonstrated in other endangered
trees. For example, the genomes of Taxus chinensis var. mairei
and Aquilaria yunnanensis have been used to identify bio-
synthetic genes involved in taxol and agarwood formation,
respectively, aiding in the functional characterization of
adaptive traits and informing conservation strategies (Xiong
et al. 2021; Li et al. 2024). Building on these precedents, the
P. zhennan genome will facilitate genetic diversity surveys of
wild populations, the design of core germplasm collections, and
the mining of functional genes related to stress resilience
and wood formation. Ultimately, this genome will transition
from passive protection to active, genomics‐informed precision
conservation and sustainable resource management.

In summary, the genomic resources presented in this study hold
significant value not only for elucidating the genome evolution
of Lauraceae but also for supporting genetic conservation,
resource restoration, and sustainable use of P. zhennan. Future
research utilizing this genome resource could include genetic
diversity surveys of wild resources, construction of a core
germplasm collection, and functional gene mining—ultimately

advancing precision conservation and sustainable management
of P. zhennan resources.

4 | Methods

4.1 | Plant Material and Genome Sequencing

Plant material of P. zhennan was collected from wild
individuals on Emei Mountain, Sichuan Province, China
(Figure 1A). Leaf samples from one individual were collected
and preserved in liquid nitrogen for genome sequencing, while
tissue samples (leaves, current‐year branches, cambium, flow-
ers, and young fruits) from three individuals were similarly
preserved for transcriptome sequencing.

Total genomic DNA was extracted from leaf samples. HiFi
libraries were constructed and sequenced on the PacBio
platform. A single 20 kb library was prepared, and sequencing
was performed on the PacBio Sequel II platform in CCS mode.
A Hi‐C library was constructed and sequenced using the
DNBseq platform. Total RNA was extracted from tissue sam-
ples, and multi‐throughput Iso‐seq library preparation and
sequencing were performed on the PacBio platform to obtain
transcriptomic data. All DNA/RNA extraction and sequencing
procedures were completed by BGI Genomics.

4.2 | Genome Survey

Given the substantial variation in genome heterozygosity and
repetitive content among organisms—critical factors influencing
assembly—we performed pre‐sequencing genomic characteriza-
tion. Clean reads were generated from raw data using SOAPnuke
v2.1.0 (Chen et al. 2011) with the following parameters: ‐n 0.02 ‐l
20 ‐q 0.4 ‐i ‐G 2 –polyX 50 ‐Q 2 –seqType 0. GenomeScope v1.0
(Vurture et al. 2017) analyzed 21‐bp K‐mer frequencies
from Jellyfish v2.2.6 (Marçais and Kingsford 2011) output to es-
timate genome size, heterozygosity rate, repetitive content, and
sequencing depth.

4.3 | Genome Assembly and Quality Control

The PacBio HiFi data were filtered using CCS 6.2.0 (–minPasses
3 –min‐rq 0.99 –min‐length 500) and subsequently corrected
and preliminarily assembled with Hifiasm v0.151 (Cheng
et al. 2021) to obtain the genome contig sequences. Juicer v1.5.6
(Durand et al. 2016) was used to align paired‐end Hi‐C
sequencing data to the assembled genome, and the proportion
of valid Hi‐C contacts uniquely aligned to the genome was
calculated to evaluate the Hi‐C library. Reads were aligned to
the genome using BWA (Li and Durbin 2010), and alignment
results were filtered to remove unaligned reads and those
lacking correct cross‐linking information. Duplicate reads were
also removed. The Hi‐C data were used to assemble the genome
at the chromosomal level, with the genome divided into equal‐
length bins. The number of Hi‐C read pairs between any two
bins was used as the interaction strength signal, and a heatmap
was generated accordingly. The completeness and redundancy
of the assembled genome were evaluated using BUSCO (Simão
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et al. 2015), which assesses genome completeness based on
single‐copy orthologous genes (orthologs) across species. A
single‐copy ortholog gene set was constructed based on the
embryophyta_odb10 database, and the assembled genome was
compared with this gene set. The accuracy and completeness of
the assembly were evaluated based on the alignment ratio,
completeness, and accuracy of the comparison.

4.4 | Genome Annotation and Functional
Prediction

Homology‐based repeat identification was conducted using the
RepBase database (Bao et al. 2015). RepeatMasker (Tarailo‐
Graovac and Chen 2009) and RepeatProteinMask were utilized
to identify and classify sequences homologous to known
repeats. RepeatModeler v1.0.4 and LTRharvest (Ellinghaus
et al. 2008) were employed to construct de novo repeat libraries,
which were subsequently utilized by RepeatMasker for repeat
prediction. Tandem Repeats Finder (Benson 1999) was used to
detect tandem repeats. The abundance of each repeat type was
calculated as the percentage of the genome sequence masked by
that specific repeat class using RepeatMasker. We conducted
homology‐based predictions using annotation information from
eight related species (Aquilegia coerulea, Arabidopsis thaliana,
Cinnamomum camphora, Daucus carota, Ginkgo biloba,
Liriodendron chinense, Mimulus guttatus, Phoebe bournei). For
de novo predictions, we used Augustus (Stanke et al. 2006).
RNA‐Seq and full‐length transcript ISOform data were aligned
to the genome using HISAT2 (Kim et al. 2019) and GMAP (Wu
and Watanabe 2005), respectively, and transcript assembly an-
notations were performed using StringTie (Pertea et al. 2015).
The combined results were then integrated with homologous
species gene sets using GeMoMa (Keilwagen et al. 2018) for
homology annotation. Subsequently, these annotations were
combined using EVM (Evidence Modeler) and compared with
transposable elements (TE), retaining only genes with less
than 80% overlap with TE sequences. Finally, all annotation
evidence was further refined using PASA (Haas et al. 2003),
resulting in the final gene set. Finally, the quality of the final
annotation was assessed using BUSCO (Simão et al. 2015). To
functionally annotate the gene set derived from structural
annotation, DIAMOND (Buchfink et al. 2021) was employed
for sequence alignment against known protein databases.
Additionally, InterProScan (Zdobnov and Apweiler 2001) was
utilized to identify secondary structure domains across mul-
tiple databases, including SwissProt (Boeckmann et al. 2003),
TrEMBL (Boeckmann et al. 2003), KEGG (Kanehisa and
Goto 2000), InterPro, NR, KOG (Koonin et al. 2004), and GO
(Ashburner et al. 2000).

4.5 | Whole Genome Duplication Analysis

We used WGDI 0.6.5 (Sun, Jiao, et al. 2022) to analyze whole
genome duplication (WGD) events in the P. zhennan genome.
First, we generated a dot plot of the P. zhennan genome using
the ‐dotplot parameter to visually examine the initial level of
duplication. Based on this, we used the ‐ck command to identify
syntenic blocks within the P. zhennan genome, and the ‐ks
command to calculate the Ks/Ka values for each syntenic block.

Subsequently, we applied the ‐pf parameter to fit the Ks dis-
tribution curve values and generate a peak plot. By observing
the number of peaks, we determined the number of WGD
events in the P. zhennan genome.

We also used the MCScanX v1.0.0 (Wang et al. 2012) and
JCVI v1.5.7 (Tang et al. 2024) to identify syntenic blocks in
the genomes of Amborella trichopoda, Phoebe bourinei, and
P. zhennan. The alignment of the gene families was per-
formed with MUSCLE v3.8.1551 (Edgar 2004), and Ks esti-
mates were generated with the CODEML (Jeffares et al. 2015)
program of the PAML through maximum likelihood estima-
tion. Genome‐wide syntenic and collinear blocks were
identified both within and among the selected genomes.
Based on the results of all vs. all BLASTp comparisons
(E‐value ≤ 1e–5), analyses were conducted on the translated
protein sequences of the six annotated gene models to es-
tablish a protein similarity database. WGDI was then used to
identify conserved collinear blocks. The peaks of WGD events
were fitted based on the Ks distribution. The Ks frequency
distribution plot was then used to identify peaks, allowing the
determination of the number and timing of WGD events. The
‐pf parameter was used for Gaussian fitting of the peaks in
the Ks frequency distribution plot, while the ‐kf parameter
was used to visualize the fitting results.

4.6 | Phylogenomic Analysis

To investigate the evolutionary background of P. zhennan, we
obtained the genomes of twenty different species from publicly
accessible databases, including six Lauraceae species (Phoebe
bournei (Chen et al. 2020), Persea americana (Rendón‐Anaya
et al. 2019), Cinnamomum camphora (Li et al. 2023),
Cinnamomum kanehirae (Chaw et al. 2019), Cinnamomum
chago (Tao et al. 2024), Lindera megaphylla (Tian et al. 2023),
seven non‐Lauraceae Magnoliids (Chimonanthus salicifolius
(Lv et al. 2020)), Magnolia sinica (Cai et al. 2024), Annona
cherimola (Talavera et al. 2023), Piper nigrum (Hu et al. 2019),
Saururus chinensis (Xue et al. 2023), Aristolochia fimbriata (Qin
et al. 2021)), Chloranthus sessilifolius (Ma et al. 2021), two basal
angiosperms (Nymphaea colorata (Zhang et al. 2020), Amborella
trichopoda (Amborella Genome Project et al. 2013)), two core
eudicots (Arabidopsis thaliana, Davidia involucrata (Chen and
Ma 2020)), Ceratophyllum demersum (Yang et al. 2020), and two
monocots (Acorus calamus (Ma et al. 2023), Areca catechu
(Zhou et al. 2022)).

Orthologous gene groups were inferred using OrthoFinder v2.5.4
(Emms and Kelly 2019). An all‐versus‐all sequence search was
performed using DIAMOND (Buchfink et al. 2021) to identify
potential homologous genes, and the identified homologs were
assigned to orthogroups using the Markov Cluster Algorithm
(MCL). To construct the species tree, orthogroups containing
single‐copy orthologs were selected. These single‐copy genes
were aligned using MAFFT v.7.525 (Katoh and Standley 2013)
for multiple sequence alignment (MSA), and the corresponding
CDS sequences were further aligned using PAL2NAL v.14
(Suyama et al. 2006) to account for codon variation. Based on the
alignments, gene trees for each single‐copy gene were inferred
using FastTree v2.2 (Price et al. 2009).
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The species tree was reconstructed using the STRIDE (Species
Tree Inference from Duplication Events) algorithm, which
integrates the topologies of single‐copy gene trees to generate
the final phylogeny. We employed a Bayesian relaxed molecular
clock approach to estimate the divergence times using
MCMCTree (Reis and Yang 2011) implemented in PAML v.4.9
(Yang 2007). Four fossil calibration points were set for diver-
gence time estimation, acquired from the TimeTree database
(http://www.timetree.org): between Magnolia sinica and An-
nona cherimola (95.0–113.6 mya), between Areca catechu and
Acorus calamus (133.0–139.1 mya), between Piper nigrum and
Saururus chinensis (64.1–94.3 mya), and between Davidia
involucrata and Arabidopsis thaliana (111.4–123.9 mya). Gene
families in phylogenetic tree‐constructing species that had ex-
perienced expansion or contraction were identified using CAFE
v5 (Mendes et al. 2021).

4.7 | Identification of MYB Gene Family and
Enzymatic Genes in the Lignin Biosynthesis
Pathway

First, we downloaded the HMM models for the MYB gene
family domains (PF00249, PF08914, PF12776, PF13837,
PF13873, PF13921, PF15963) from the Pfam database (http://
pfam.xfam.org/). Then, we used HMMER v3.3.2 (Eddy 1998) to
conduct a preliminary identification and screening of MYB gene
family members in the P. zhennan genome. Next, we used the
NCBI Conserved Domain Database (CDD) tools (https://www.
ncbi.nlm.nih.gov/) to further screen the candidate genes.
The domain composition of each gene was checked in the result
files, and genes without MYB domains were removed. The MYB
gene family sequences from Arabidopsis thaliana were down-
loaded from TAIR (https://www.arabidopsis.org/). The MYB
gene family member sequences from Arabidopsis thaliana,
Populus trichocarpa, and P. zhennan were aligned using
MAFFT v7.525 (Katoh and Standley 2013), and a phylogenetic
tree was constructed using the maximum likelihood method
with IQTREE v2.1.4‐beta (Nguyen et al. 2015). The best‐fit
model (JTT + R7) was selected according to the Bayesian
Information Criterion (BIC). The same identification workflow
was also applied to annotate the key enzymatic genes involved
in the monolignol biosynthesis pathway.

4.8 | Gene Expression Analysis of MYB TFs and
Enzymatic Genes in the Lignin Biosynthesis
Pathway and WGCNA

RNA‐seq data for the five tissues were obtained as pre‐
processed data from BGI, which included adapter trimming and
quality filtering according to their standard pipeline. Upon
receipt, we conducted quality assessment on the provided clean
reads using FastQC v0.11.9 (https://github.com/s-andrews/
FastQC) to verify their high quality.

Subsequent analysis was performed as follows: First, we built
the index and aligned the sequences using HISAT2 v2.2.1 (Kim
et al. 2019). Then, we used HTSeq v2.0.8 (Putri et al. 2022) to
count the number of reads mapped to each gene for quantifying
gene expression levels. The resulting count data were merged,

and differential expression analysis was performed using the
DESeq. 2 (Love et al. 2014). The expression data were filtered to
focus on MYB TFs related to phenylpropanoid lignin bio-
synthesis. Finally, expression levels of these selected MYB TFs
were visualized using a heatmap generated by the pheatmap
package in R.

To further investigate the co‐expression relationships among MYB
transcription factors and structural genes involved in lignin bio-
synthesis, we performed a WGCNA using the R package WGCNA
v1.73 (Langfelder and Horvath 2008). Gene expression matrices for
both MYB TFs and pathway structural genes were merged and
transposed to construct the input matrix. After ensuring data
quality and filtering out poorly expressed genes and outliers
through sample clustering, we selected an appropriate soft‐
thresholding power (power= 6) based on the scale‐free topology
criterion to construct a signed co‐expression network. Module
identification was carried out using the blockwiseModules func-
tion. Modules were labeled with color names for further analysis.
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