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Abstract: The biosynthesis and distribution of lignans in medicinal plants, particularly in Schisandra
sphenanthera, hold significant pharmacological importance. This study bridges the knowledge gap in
understanding the tissue-specific biosynthesis and distribution of these compounds, with a focus
on Gomisin J. Our phytochemical analysis revealed a distinct accumulation pattern of Gomisin J,
predominantly in the roots, contrasting with the distribution of Pregomisin and Dihydroguaiaretic
acid. This finding highlights the roots’ unique role in lignan storage and biosynthesis. Further,
differential gene expression analysis across various tissues illuminated the biosynthetic pathways
and regulatory mechanisms of these lignans. Utilizing Weighted Gene Co-expression Network
Analysis (WGCNA), we identified the MEtan module as a key player, strongly correlated with
Gomisin J levels. This module’s in-depth examination revealed the crucial involvement of four
cytochrome P450 (CYP) enzymes and eight transcription factors. Notably, the CYP genes DN6828
and DN2874-i3 exhibited up-regulation in roots across both male and female plants, while DN51746
was specifically up-regulated in male roots, indicating a potential gender-specific aspect in Gomisin
J biosynthesis. Comparative analysis with functionally characterized CYP71A homologs suggests
these CYP genes might be involved in distinct biosynthetic pathways, including terpenoids, alkaloids,
and phenylpropanoids, and potentially in lignan biosynthesis. This hypothesis, supported by their
more than 55% identity with CYP71As and strong correlation with Gomisin J concentration, opens
avenues for novel discoveries in lignan biosynthesis, pending further functional characterization.
Our research provides a comprehensive understanding of the genetic and metabolic mechanisms
underlying the tissue-specific distribution of lignans in Schisandra sphenanthera, offering valuable
insights for their pharmacological exploitation.

Keywords: Schisandra sphenanthera; Gomisin J; lignan; transcriptome; gene; weighted gene
co-expression network analysis

1. Introduction

Schisandra sphenanthera, a traditional Chinese medicinal plant, is distinguished by
its unique composition of bioactive lignans, which contribute to its diverse pharmaco-
logical activities. Among these lignans, Gomisin J emerges as a compound of significant
medicinal interest due to its potent pharmacological properties. This plant’s lignan profile,
particularly rich in Gomisin J, sets it apart not only from other plants but also from other
species within the Schisandra genus, underscoring the importance of species-specific re-
search in understanding the full pharmacological potential of these compounds. In general,

Agronomy 2024, 14, 576. https://doi.org/10.3390/agronomy14030576 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy14030576
https://doi.org/10.3390/agronomy14030576
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-9913-6877
https://doi.org/10.3390/agronomy14030576
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy14030576?type=check_update&version=1


Agronomy 2024, 14, 576 2 of 15

Gomisin J, found in various Schisandra species including Schisandra rubriflora, exhibits
notable anti-HIV activity, highlighting its potential as a medicinal agent [1]. In Schisandra
sphenanthera, Gomisin J is a key contributor to the plant’s pharmacological profile, which
includes anti-inflammatory, antioxidant, anticancer, liver protection, and immunomodu-
latory activities [2–6]. This lignan’s presence in Schisandra sphenanthera, along with other
lignans, differentiates it from other species, such as Schisandra chinensis, where Pregomisin
has been studied for its effects on drug metabolism, particularly its inhibition of UGT1A9
activity, a process crucial for the glucuronidation of various endogenous and xenobiotic
substances [7].

In recent years, the focus on lignan biosynthesis, particularly Gomisin J, in plants
has intensified due to its widespread medicinal use and the advancements in synthetic
biology technologies. This surge in interest is driven by the increasing demand for these
compounds in various industries and the desire to understand their biosynthetic pathways
more comprehensively. Studies have revealed multiple novel lignan-biosynthetic pathways,
leading to efficient, sustainable, and stable production of lignans in plants [8], and efforts
are being made to understand and manipulate their biosynthetic pathways for improved
foodstuffs [9].

Cytochrome P450 enzymes are central to the biosynthesis of lignans, playing a com-
plex role in phenolic metabolism and contributing to the production of numerous phenolic
compounds with medicinal and defensive applications in plants [10–12]. The engineering
of lignan biosynthesis in cell cultures, as demonstrated in Forsythia, shows promise for the
efficient production of lignans with antitumor and antioxidant properties [13]. Similarly,
Linum nodiflorum cell cultures have been shown to produce significant amounts of cyto-
toxic lignans, highlighting the key role of enzymes in their biosynthesis [14]. Moreover,
the role of specific cytochrome P450 enzymes, such as CYP81Q1 in Sesamum, in lignan
biosynthesis has been elucidated, providing insight into unique modes of cytochrome
P450-mediated lignan biosynthesis [15]. Plant P450 proteins and transcripts serve as down-
stream reporters for various biochemical pathways, responding to chemical, developmental,
and environmental cues [16]. Additionally, the diverse roles of plant cytochrome P450
monooxygenases in biosynthetic and detoxification pathways underscore their complex
relationships with substrates [17]. For instance, the inhibitory effects of Schisandra lignans,
including Gomisin J, on various cytochrome P450 enzymes suggest potential anti-cancer
and hepatoprotective effects [18]. And the discovery of new cytochrome P450 genes, such as
CYP71BJ1 in Catharanthus roseus, has advanced our understanding of alkaloid biosynthesis
control points [19]. Gomisin J and N from Schisandra chinensis have been found to inhibit
Wnt/β-catenin signaling, indicating potential for colorectal cancer prevention and treat-
ment [20]. Furthermore, the development of new biosynthetic routes in E. coli for converting
lignan precursors to valuable compounds demonstrates the potential of harnessing plant
enzymes for health-promoting properties [21]. Plant cytochrome P450s play crucial roles in
the biotransformation of xenobiotics and endogenous substrates, influencing secondary
metabolite biosynthesis and detoxification [22].

In summary, the study of Gomisin J biosynthesis in plants like Schisandra chinensis
is of paramount importance due to its wide-ranging pharmacological effects. A deeper
understanding of the specific cytochrome P450 enzymes involved in its biosynthesis could
pave the way for enhanced utilization of Gomisin J in various therapeutic contexts. The
advancements in synthetic biology and the increasing demand for lignans in the pharma-
ceutical industry underscore the need for comprehensive studies on their biosynthesis,
regulation, and potential applications. However, several knowledge gaps persist in this
area, which are crucial for understanding and manipulating these pathways for therapeutic
applications. One of the primary challenges is the incomplete understanding of the regula-
tion of lignin, suberin, and cutin precursor biosynthesis, which are closely related to lignan
biosynthesis [23]. This gap hinders efforts to engineer the formation of these compounds
in plants for producing customized biopolymers. Additionally, the localization of lignans
within plant tissues, such as in the secondary wall of sclerite cells in flaxseed, is not fully
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understood, with about 90% of metabolites found in specific areas [24]. Moreover, the role
of lignans in plant defense, such as their inhibitory effects on growth and trichothecene
biosynthesis in Fusarium graminearum, is another area that requires further exploration [25].
Metabolic engineering of lignan-biosynthesizing plants is considered promising for ef-
ficient, sustainable, and stable lignan production [26]. However, despite their potential
applications, the detailed biosynthetic pathways and mechanisms of these compounds
remain only partially understood [25,27]. Central to this biosynthesis are cytochrome P450
enzymes, such as CYP81Q1 in Sesamum and CYP81Qs in Schisandra chinensis, which play a
crucial role, yet a comprehensive understanding of these enzymes and their functions in
lignan synthesis is still evolving [15,28].

Advances in metabolic engineering, exemplified by studies in Forsythia cell cultures
and Linum album cells, have shown promising potential for enhancing lignan production,
with significant implications for antitumor and antioxidant activities [13,29]. This progress
is paralleled by investigations into dietary lignans like enterolactone, which are being stud-
ied for their potential to reduce cancer risk, particularly breast cancer [30]. Furthermore, the
integration of modern RNA-seq technology and bioinformatics tools has become instrumen-
tal in unraveling the complex gene networks involved in lignan biosynthesis. This approach
is exemplified by studies highlighting Gomisin J’s role in inhibiting Wnt/β-catenin signal-
ing and hepatic lipogenesis, which not only underscores the metabolic significance of this
lignan but also suggests a complex interplay of biosynthetic pathways [5,20]. The method-
ological synergy of combining phytochemical analysis with RNA-seq, as outlined by Ji and
Sadreyev [31], provides a comprehensive method for quantitating RNA-seq data, crucial
for understanding the molecular mechanisms underlying Gomisin J biosynthesis. This
multifaceted research approach is pivotal in identifying key genes and regulatory elements
in the biosynthesis of Gomisin J, offering insights into its pharmacological applications and
contributing to the broader understanding of secondary metabolism in medicinal plants.

This study addresses critical gaps in understanding the biosynthesis of Gomisin J in
Schisandra sphenanthera, a key step in advancing plant secondary metabolism knowledge
and developing novel therapeutics. Our comprehensive analysis reveals distinct lignan con-
centration patterns across various tissues, highlighting tissue-specific accumulation, with
Gomisin J and Pregomisin predominantly found in roots and fruits, and Dihydroguaiaretic
acid mainly in leaves. These findings suggest differences in biosynthesis, storage, and
physiological roles. Differential gene expression analysis and Weighted Gene Co-expression
Network Analysis (WGCNA) identify the tan module, strongly correlated with Gomisin J,
as containing crucial genes for its biosynthesis and regulation, underscored by the presence
of transcription factors and cytochrome P450 enzymes. This module’s diverse biological
functions, including disease resistance and enzymatic activities, indicate its role in the
plant’s response to environmental stresses and metabolic processes. The brown module,
rich in transcription factors and cytochrome P450 enzymes, further implicates stress re-
sponses, developmental processes, and metabolic pathways. Collectively, these insights
into tissue-specific gene expression and regulatory networks enhance our understanding of
Schisandra sphenanthera’s secondary metabolism, guiding future pharmacological research
and the potential development of active compounds.

2. Materials and Methods
2.1. Plant Material and Growth Condition

Samples of Schisandra sphenanthera were gathered from the Experimental Base in
Tongtong County, Huaihua City, Hunan Province, China. These included four components
(root, stem, leaf, and ripe fruits) from healthy, four-year-old female plants and three
components (root, stem, and leaf) from male plants, each with three biological replicates.
The collected samples were then split into two groups for conducting both metabolic and
transcriptomic analyses.
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2.2. HPLC Analysis of Lignan Content in Different Tissues of Schisandra sphenanthera

Weigh approximately 0.1 g of the sample, add 1 mL of methanol, grind it into a paste,
and then transfer it into an EP tube. Extract with ultrasonication for 30 min, centrifuge,
and collect the supernatant. Filter the extracted sample through a 0.22 µm syringe filter.
Perform HPLC analysis using the Thermo U3000 high-performance liquid chromatography
system. Use a Thermo C18 reverse-phase chromatography column (250 mm × 4.6 mm,
5 µm) for separation. Prepare the mobile phase as follows: A: acetonitrile; B: 0.1% phos-
phoric acid in water. The injection volume is 10 µL, with a flow rate of 1 mL/min, column
temperature at 30 ◦C, and a run time of 45 min. Use a UV detector at a wavelength of
220 nm. Standards of Dihydroguaiaretic acid (batch number: BBP00124), Pregomisin
(batch number: BBP04182), and Gomisin J (batch number: BBP04154), were procured from
BioBioPha Co., Ltd. (Kunming, China).

2.3. RNA Extraction and RNA-Seq Workflow in Schisandra sphenanthera

In this study, a detailed RNA-seq workflow was employed to conduct a compre-
hensive analysis of the Schisandra sphenanthera transcriptome. RNA was extracted from
seven different tissues of Schisandra sphenanthera, each with three biological replicates,
and then transcribed into cDNA. After the cDNA fragments were purified, a Poly(A)
tail was added, and Illumina sequencing adapters were attached. These sequences were
then sequenced using the Illumina NovaSeq 6000 system. For data refinement, Trimmo-
matic (version 0.39) was used to filter the raw data. After removing low-quality reads,
those with over 50% of bases having a Q value of 20 or less, clean reads were assembled
using Trinity (version 2.15.1) set to default parameters. Finally, RapClust (version 0.1.2)
was applied to cluster the transcripts, eliminating redundant sequences, thus as long
non-redundant unigenes.

For this study, TransDecoder (version 5.7.0) was employed for the prediction of coding
sequences (CDS) of unigenes. For sequence annotation, DIAMOND (version 2.1.8) was
utilized to align the predicted CDS with local Nr, KEGG, KOG, TrEMBL, and SwissProt
databases, selecting optimal sequences for final annotation. Furthermore, unigenes were
annotated against the Pfam database (version 35.0) using PfamScan (version 1.6), applying
an E-value threshold of less than 1 × 10−5. Gene Ontology (GO) and KEGG Orthology
(KO) annotations were conducted using InterProScan (version 5.63-95.0) and KofamScan
(version 1.3.0), respectively. Gene expression levels were quantified employing Salmon and
TPM metrics. This comprehensive methodology was pivotal in identifying crucial genes
and pathways in lignan biosynthesis within Schisandra sphenanthera, thereby augmenting
the understanding of its genetic composition and pharmacological characteristics.

2.4. WGCNA Methodology and Clustering Analysis in Schisandra sphenanthera

In this research, Weighted Gene Co-expression Network Analysis (WGCNA) was
utilized, employing the R package to construct co-expression networks and identify gene
modules. The analysis was executed with specific parameters: a soft threshold power of
10, a maximum block size of 25,000, a minimum module size of 30 genes, and a merge
cut height of 0.25. The relationship between the modules and phenotypes was depicted
using the “ggplot2” package in R to create a heatmap. Further, to elucidate the function
of differentially expressed genes (DEGs) in various tissues of Schisandra sphenanthera,
clustering analysis was conducted. This analysis incorporated a hierarchical approach
based on Euclidean distances and Ward’s clustering method.

2.5. Basic Bioinformatics Analysis of Cytochrome P450

The ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder/, accessed on 3 January 2024)
was used to identify the open reading frames of candidate genes of Schisandra sphenanthera.
The physicochemical properties were predicted using the free online tool Protparam of Ex-
PASy Proteomics Server (https://web.expasy.org/protparam/, accessed on 3 January 2024).
Subcellular localization of cytochrome P450 proteins was predicted using the free on-
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line tool Cell-PLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/, accessed on
3 January 2024). Conservative domains were predicted by the conserved domain database
(https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml, accessed on 3 January 2024).
Phylogenetic trees were constructed using MEGA 11.0 software, employing the maximum
likelihood (ML) method with a bootstrap value set to 1000.

3. Results
3.1. Tissue-Specific Distribution of Lignans in Schisandra sphenanthera

The measurement of lignan concentrations in various tissues of Schisandra sphenanthera is
crucial for understanding their distribution and potential therapeutic applications. This com-
prehensive analysis reveals distinct patterns in the accumulation of three lignans—Gomisin J,
Pregomisin, and Dihydroguaiaretic acid—across different tissues in both male and female
plants (Figure 1). In female (FM) tissues, Gomisin J is notably concentrated in the roots, with
an average concentration of approximately 6748.70 ± 49.79 µg/g, significantly surpassing
its presence in other tissues. This high concentration in roots is a remarkable finding, indicat-
ing a tissue-specific accumulation pattern where roots serve as the primary storage location
for Gomisin J. The fruit also shows a notable concentration of Gomisin J, averaging around
1977.52 ± 9.11 µg/g, but its levels in the leaf and stem are considerably lower, averaging
around 52.68 ± 0.77 µg/g and 62.52 ± 0.87 µg/g, respectively. This distribution suggests a
selective accumulation of Gomisin J in specific tissues, with roots and fruits being the pre-
dominant sites. Pregomisin exhibits a similar trend, with the highest concentrations found
in the roots (average 2334.54 ± 18.63 µg/g) and fruits (average 4988.79 ± 22.40 µg/g),
while its levels in leaves and stems are significantly lower. This pattern reinforces the
observation that both Gomisin J and Pregomisin are preferentially accumulated in the roots
and fruits of Schisandra sphenanthera. Conversely, Dihydroguaiaretic acid displays a distinct
distribution, being predominantly concentrated in the leaves and fruits, with an average
concentration of 5896.50 ± 26.37 µg/g and 6983.53 ± 33.35 µg/g, which is substantially
higher than in other tissues. The root tissues show moderate levels of this lignan, while the
stem contains the least amount. This contrasting distribution pattern of Dihydroguaiaretic
acid, compared to Gomisin J and Pregomisin, suggests different biosynthetic and storage
mechanisms. In male (M) plant tissues, the concentration of Gomisin J in the roots is even
more pronounced, averaging around 9452.51 ± 108.10 µg/g, which is significantly higher
than in other mature tissues. This finding underscores the roots’ role as the primary site
for Gomisin J accumulation in both FM and M states. Pregomisin and Dihydroguaiaretic
acid also show tissue-specific distributions in mature plants, with Pregomisin being most
abundant in the fruits and Dihydroguaiaretic acid in the leaves. In summary, the data indi-
cate a clear tissue-specific pattern in the accumulation of lignans in Schisandra sphenanthera,
with roots (especially in the mature state) and fruits predominantly accumulating Gomisin
J and Pregomisin, while Dihydroguaiaretic acid is primarily concentrated in the leaves.
These variations in lignan distribution across different tissues suggest potential differences
in their biosynthesis, storage, and physiological roles, contributing significantly to our
understanding of their distribution and potential pharmacological uses.

3.2. Elucidating Tissue-Specific Gene Expression Patterns in Schisandra sphenanthera with
DEG Analysis

The differentially expressed genes (DEGs) across various tissues of Schisandra sphenan-
thera provide a comprehensive overview of the expression differences, crucial for identify-
ing key genes for subsequent Weighted Gene Co-expression Network Analysis (WGCNA)
(Table 1). In FM tissues, the fruit exhibits a notably higher number of DEGs compared to
other tissues, with 2987 up-regulated and 3961 down-regulated genes in comparison to the
leaf, and even more pronounced differences when compared to the root and stem. This
significant variation in gene expression in the fruit suggests a unique profile that could
be linked to its distinct biological functions and developmental processes. The root also
shows considerable differential expression, particularly when compared to the leaf and
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stem, indicating specific gene regulation patterns in these tissues. Comparisons between
FM and M tissues reveal interesting patterns. Notably, the FM leaf vs. M leaf and FM root
vs. M root comparisons show relatively fewer DEGs, suggesting a stabilization of gene
expression patterns as the plant matures. This could imply a reduction in developmental
and physiological changes in these tissues during the maturation process. However, the M
leaf vs. M root and M leaf vs. M stem comparisons still show a significant number of DEGs,
indicating ongoing differential gene expression even in mature tissues.
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Figure 1. Lignan concentrations in different plant tissues of Schisandra sphenanthera. (A) Chemical
structure of Dihydroguaiaretic acid, Pregomisin, and Gomisin J. (B) Lignan concentration of Dihy-
droguaiaretic acid, Pregomisin, and Gomisin J in different plant tissues. The columns of the same
color show the concentration of the same substance detected in different tissues and organs, and the
value is expressed as the mean ± standard deviation (n = 3). Different letters on the columns of the
same color indicate significant differences in the concentration of the same substance in different
tissues and organs (Duncan’s test, p < 0.05).

Table 1. Matrix of differentially expressed genes (DEGs) across various tissues and genders in
Schisandra sphenanthera.

FMFruit FMLeaf FMRoot FMStem MLeaf MRoot MStem

FMFruit 0 2987/3961
6948

3728/5124
8852

3196/4375
7571

2337/3291
5628

3162/6037
9199

2424/3085
5509

FMLeaf 0 3065/3601
6666

1521/1181
2702

12/15
27

2131/3261
5392

1320/685
2005

FMRoot 0 1852/1159
3011

2085/1944
4029

111/135
246

1524/522
2046

FMStem 0 832/1125
1957

1486/3902
5388

44/63
107

MLeaf 0 1696/2704
4400

1116/433
1549

MRoot 0 2937/524
3461

MStem 0

Note: The numbers before the slash represent up-regulated DEGs, while those after the slash indicate down-
regulated DEGs. The final number denotes the total DEGs identified between each pair of tissues.
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The overall trend of the analysis indicates that while there are differences in gene
expression between male and female plants across various tissues, these differences are
less pronounced compared to the significant variations observed in the fruit. The fruit’s
distinct gene expression profile underscores its potential role in lignan biosynthesis and ac-
cumulation, which is a key area of interest for pharmacological applications. In conclusion,
the differential gene expression patterns in Schisandra sphenanthera reveal significant tissue-
specific variations, with the most notable differences observed in the fruit tissue. These
findings provide valuable insights into the distinct biological roles and developmental pro-
cesses of each tissue. Understanding these patterns is crucial for guiding further research
into the pharmacological applications of Schisandra sphenanthera, particularly in the context
of its traditional medicinal uses and the potential for developing novel therapeutic agents.

3.3. WGCNA Analysis Deciphering the Gene Expression Patterns in Lignan Biosynthesis

The application of Weighted Gene Co-expression Network Analysis (WGCNA) in the
study of Schisandra sphenanthera provides critical insights into the complex gene expression
patterns associated with lignan biosynthesis. The module–trait heatmap of the WGCNA
reveals the correlation between various gene modules, each represented by a distinct
color, and specific lignans (Figure 2A). The MEtan module, in particular, stands out with a
strong positive correlation with Gomisin J (0.9), suggesting that it contains genes crucially
involved in the synthesis or regulation of this lignan. The MEtan module, contrasted by the
MEbrown’s varied effects on Gomisin J and Dihydroguaiaretic acid and the MEturquoise’s
link to Pregomisin (0.77), emerges as a central hub. The differential gene expression across
modules, such as the 190 genes in MEtan against the 2885 in MEturquoise, points to distinct
contributions to lignan metabolism. These insights present a network of gene modules with
multifaceted impacts on lignan production, positioning the MEtan module as a primary
candidate for further research and metabolic engineering to enhance lignan yields. The
varying degrees of positive and negative correlations observed across other modules with
the three lignans underscore a multifaceted network of gene interactions influencing lignan
production. The presence of correlation coefficients and associated ‘p’ values within the
heatmap cells further substantiates the statistical significance of these relationships.

Complementing the WGCNA heatmap, the clustering algorithm delineates ten groups
of module genes, revealing a spectrum of expression patterns across Schisandra sphenanthera
tissues (Figure 2B). Groups 1–5, with their larger gene pools, appear to embody core
expression patterns reflective of general plant functions. Meanwhile, the smaller, latter
half, groups 6–10, seems to capture more specialized or tissue-centric expressions, hinting
at niche roles in plant physiology. Notably, most genes within these clusters are highly
up-regulated in the root, except for group 8, suggesting a concentrated activity in this
tissue, which may be critical for Gomisin J accumulation. This up-regulation in roots
could signify an adaptive concentration of metabolic pathways pertinent to Gomisin J
biosynthesis, as roots often serve as storage sites for bioactive compounds in plants. The
outliers identified in the box plots, deviating from the median expression levels, warrant
special attention. They could represent unique regulatory genes or enzymes directly
involved in the biosynthetic pathway of Gomisin J or stress response elements pivotal
to the plant’s survival strategy. These outlier genes might thus offer a focal point for
understanding the intricacies of lignan biosynthesis, particularly the enhanced synthesis or
sequestration of Gomisin J in the roots of Schisandra sphenanthera.

3.4. Deciphering the Tan Module Genes to Uncover Key Genes in Gomisin J Biosynthesis

Weighted Gene Co-expression Network Analysis (WGCNA) serves as a powerful
tool to identify gene clusters with coordinated expression patterns, providing insights
into the molecular mechanisms underlying complex biological processes. In the case of
Schisandra sphenanthera, WGCNA has been instrumental in identifying the tan module, a
cluster of genes highly correlated with the biosynthesis of Gomisin J, a pharmacologically
significant lignan. Deciphering the tan module has pinpointed a multifunctional gene
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cluster integral to Gomisin J biosynthesis in Schisandra sphenanthera (Figure 3). Out of
190 genes, 111 annotated genes display a spectrum of activities, from disease resistance
(25 genes), suggesting involvement in defensive pathways, to a suite of transcription factors
(8 genes) that likely orchestrate the regulation of Gomisin J synthesis. The tan module’s
diversity is further exemplified by genes implicated in ubiquitination and synthase activity,
each category with six genes, pointing to roles in protein turnover and molecule synthesis.
Cytochrome P450 enzymes (4 genes) within the module are particularly noteworthy for
their potential direct engagement in Gomisin J’s biosynthetic oxidation–reduction reactions,
aligning with their established roles in plant secondary metabolism. This module also
encompasses genes linked to transport, protein synthesis, and signal transduction, reflecting
its broad involvement in plant physiology. The aggregation of these genes suggests a
complex regulatory network orchestrating Gomisin J production, with implications for
understanding the modulation of secondary metabolites and advancing the cultivation of
lignan-rich Schisandra plants.
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Figure 2. WGCNA to identify hub genes correlated lignans synthesis and analysis of brown module
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lation analysis. (B) The module–trait heatmap of the WGCNA. By calculating Euclidean distances
for measuring similarity between gene expression profiles and using Ward’s method for clustering,
10 distinct groups were delineated based on minimal within-cluster variance.

3.5. Investigating Transcription Factors and Cytochrome P450 Roles in Gomisin J Biosynthesis in
Schisandra sphenanthera

In the quest to understand the biosynthesis of Gomisin J in Schisandra sphenanthera, a
focused analysis of the tan module from a Weighted Gene Co-expression Network Analysis
(WGCNA) reveals critical insights. This module, comprising eight transcription factors
and four cytochrome P450 enzymes, plays a pivotal role in the plant’s developmental
processes. Significantly, the transcription factors are notably up-regulated in both male
and female roots, aligning with the observed higher concentrations of Gomisin J in these
tissues (Figure 4). For the cytochrome P450 genes, DN6828 and DN2874 are up-regulated
in the roots of both male and female plants, while DN51746 and three other cytochrome
P450 genes show up-regulation exclusively in male plant roots (Figure 4). This differential
expression pattern correlates with the higher concentrations of Gomisin J found in male
roots, ranging from 9000 to 10,000 µg/g, compared to 6000–7000 µg/g in female roots
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(Figure 1). This suggests that the increased expression of certain cytochrome P450 genes
in male roots may contribute to the higher Gomisin J content, highlighting a potential
gender-specific aspect in the biosynthesis of this lignan.
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Figure 4. Heatmaps of hub genes in group 12. Heatmaps illustrating expression patterns of pivotal
genes, with log2-fold change metrics relative to control conditions, where red signifies up-regulation
and green down-regulation, with explicit expression values displayed.

On the other hand, the transcription factors, including NAC-domain-containing pro-
teins, basic leucine zipper (bZIP), ethylene-responsive factors (AP2), Myb DNA bind-
ing, helix-loop-helix (HLH), and WRKY, are instrumental in regulating gene expression
(Table S1). They are potentially involved in various biological processes, such as stress
response, fruit ripening, flower development, and pathogen defense, indicating their poten-
tial role in the biosynthesis and regulation of Gomisin J. In general, all TFs were significantly
up-regulated in both male and female plants’ root tissues; this also matches our previous
results indicating that Gomisin J is higher in root, and we proposed that TFs may play
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a regulatory role in lignan synthesis. In addition, we conducted a comparative analysis
of three CYPs with functionally characterized homologs, noting that DN2874-i2 is not
full-length due to assembly limitations without a reference genome for Schisandra sphenan-
thera (Table S2). Physicochemical property analysis using Protparam revealed variations in
amino acid composition, molecular weight, and isoelectric points of the CYP genes. The
amino acid counts for DN6828, DN2874-i3, and DN51746 are 503, 511, and 502, respectively,
with molecular weights of 56.72, 58.02, and 57.02 kDa. Their instability coefficients (>40)
classify them as unstable proteins, and their hydrophilic nature is indicated by negative
hydrophilicity values. Subcellular localization predictions suggest their presence in the
endoplasmic reticulum (Table 2), and domain predictions confirm their belonging to the
CYP family. Blast analysis revealed high similarity (>60%) of two CYP sequences with
CYP71A in various species, classifying them within the CYP71A subfamily. However,
the family classification of the third CYP sequence remains undetermined (Figure 5A).
Phylogenetic analysis with reported CYP71A family genes confirmed that our two CYP450s
cluster with other CYP71As (Figure 5B), suggesting their involvement in the biosynthesis
of terpenoids, alkaloids, and phenylpropanoids.

Table 2. Analysis of physical and chemical properties of 3 cytochrome P450 genes.

Gene ID CDS (bp) Number of
Amino Acids Mw (kDa) pI CYP450 Subfamily

Prediction (NCBI) Instability Index GRAVY Subcellular Localization

cluster10037-
TRINITY_DN6828_c0_g1_i23 1512 503 56.72 6.38 CYP71A1-like 44.96 −0.063 Endoplasmic reticulum

cluster18795-
TRINITY_DN2874_c0_g1_i3 1536 511 58.02 6.59 CYP71A1 49.75 −0.122 Endoplasmic reticulum

cluster23423-
TRINITY_DN51746_c1_g1_i2 1509 502 57.02 8.4 CYP 48.26 −0.169 Endoplasmic reticulumAgronomy 2024, 14, x FOR PEER REVIEW 11 of 16 
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Figure 5. Conserved domain and phylogenetic tree of CYPs in Schisandra sphenanthera. (A) Con-
served domain prediction of three CYPs in Schisandra sphenanthera. (B) Phylogenetic tree of CYPs in
Schisandra sphenanthera and other reported CYP71A family genes. The sequences were obtained from
NCBI GenBank with the following accession numbers: SnCYP71AY6 (UQZ09621.1); BsCYP71AV7
(ADF43083); LsCYP71AV15 (AIX97103.1); CiCYP71AV8 (ADM86719); AaCYP71AV1 (ABB82944.1);
HaCYP71AV6 (ADF43082); CcCYP71AV9 (AIA09035.1); ScCYP71AV5 (ADF43081); CiCYP71AV4
(ADF43080.1); LsCYP71AV3 (ADF32078); PsCYP71AZ4 (AXB38861.1); PsCYP71AZ3 (AXB38860.1);
PsCYP71AZ6 (AXB38863.1); AmCYP71AZ1 (ABO32529.1); MpCYP71A32 (AAL06397.1); Mv-
CYP71AU87 (QBS13810); AmCYP71AJ1 (AAT06911.1); SnCYP71AH44 (UQZ09629.1).
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4. Discussion

The comprehensive analysis of lignan concentrations in various tissues of Schisandra
sphenanthera has highlighted the pivotal role of cytochrome P450 enzymes in lignan biosyn-
thesis. These enzymes are central to the phenylpropanoid pathway, catalyzing rate-limiting
hydroxylation steps leading to the biosynthesis of lignin and numerous other phenolic
compounds in plants [10]. Their diverse roles in synthesizing lignin intermediates, sterols,
terpenoids, flavonoids, and other secondary plant products [17] are crucial for understand-
ing the tissue-specific distribution of lignans observed in Schisandra sphenanthera. This
understanding is further enriched by recognizing that cytochrome P450 enzymes catalyze
diverse reactions in the biosynthesis or catabolism of plant bioactive molecules, including
lignans [32]. Their involvement in the functional modification of plant natural products
is key to the diversification of lignans [33]. For instance, CYP81Q1 in Sesamum catalyzes
(+)-sesamin biosynthesis from (+)-pinoresinol, providing insight into unique modes of
cytochrome-P450-mediated lignan biosynthesis [15].

The diversification within P450 gene superfamilies has led to the emergence of new
metabolic pathways throughout land plant evolution, including lignan biosynthesis [34].
However, despite being the largest family of enzymes in secondary metabolism, the charac-
terized biochemical functions of cytochrome P450s are very small [10]. In this study, the
tissue-specific distribution of lignans in Schisandra sphenanthera, particularly the predom-
inance of Gomisin J in roots, can be linked to the differential expression and activity of
these cytochrome P450 enzymes (Figure 1). The high concentration of Gomisin J in roots
suggests an active biosynthetic pathway mediated by specific P450 enzymes in this tissue.
Understanding the regulation and function of these enzymes is crucial for elucidating
the biosynthetic pathways of lignans and their accumulation in different plant tissues. In
the context of Schisandra sphenanthera, the involvement of cytochrome P450 enzymes in
lignan biosynthesis is further substantiated by their essential role in plant steroid hormone
biosynthesis and inactivation, including the hydroxylation/oxidation of lignans [35]. This
is particularly relevant for Gomisin J, a lignan whose biosynthesis could be significantly
influenced by the activity of these enzymes. For instance, CYP3A5 has been shown to
metabolize lignan 12 (schisantherin E) to generate major metabolites [36].

The role of transcription factors in lignan biosynthesis, particularly in Schisandra
sphenanthera, is a critical aspect of understanding the regulatory mechanisms underlying
this complex metabolic pathway. Transcription factors such as MYB, WRKY, AP2/ERF, and
others play a pivotal role in controlling the biosynthesis and accumulation of secondary
metabolites, including lignans, by integrating internal and external signals and binding
to cis-elements [37,38]. For instance, MYB transcription factors are known to be crucial
in the biosynthesis of secondary metabolites like lignin, a compound closely related to
lignans [38]. Similarly, WRKY transcription factors have been identified as essential regu-
lators of specialized metabolism, including lignan biosynthesis [39]. These transcription
factors modulate various signal transduction pathways during biotic and abiotic stresses,
contributing to diverse plant processes and defense-related genes [40]. The AP2/ERF
transcription factor family, including Ii049, positively regulates lignan biosynthesis in
Isatis indigotica by activating salicylic acid signaling and lignan/lignin pathway genes [41].
This highlights the intricate network of transcriptional regulation in lignan biosynthesis.
Additionally, the involvement of microRNAs in regulating genes, enzymes, or transcription
factors in lignan biosynthesis points to a complex post-transcriptional regulatory layer [42].
In our study, the identification of transcription factors such as NAC, bZIP, AP2, Myb, HLH,
and WRKY within the tan module of the WGCNA analysis suggests their significant role in
regulating the expression of cytochrome P450 enzymes and other genes involved in lignan
biosynthesis (Table 2). These transcription factors are likely responsible for the differential
expression patterns observed in various tissues, correlating with the tissue-specific accu-
mulation of lignans like Gomisin J. And the comparative analysis of these transcription
factors with other studies reveals a common theme in plant secondary metabolism, where
transcription factors orchestrate the biosynthesis of complex compounds like lignans. For
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example, the overexpression of MYB genes AmMYB308 and AmMYB330 in tobacco plants
represses phenolic acid metabolism and lignin biosynthesis [43].

Besides the CYP and transcription factors identified in the tan module, the cluster-
ing analysis further divides the module genes into ten distinct groups, revealing diverse
expression patterns across different tissue types (Figure 2B). This variation in gene expres-
sion is indicative of the complex regulatory mechanisms that control lignan production in
Schisandra sphenanthera. The presence of outliers in several groups suggests that some genes
have expression levels that deviate significantly from the median of the group, potentially
playing unique roles in lignan biosynthesis. This finding from Schisandra sphenanthera is
supported by various studies on other plant species. For instance, the complete mitochon-
drial genome of Schisandra sphenanthera contains 58 genes, including 41 protein-coding
genes and 14 transfer RNA genes [44], which could be involved in the biosynthesis of
lignans. Additionally, the fruits of Schisandra sphenanthera contain various lignans, in-
cluding two new dibenzocyclooctadiene lignans, benzoylgomisin U and tigloylgomisin
O [45], indicating the diversity of lignan compounds in the plant. Furthermore, the roots of
Schisandra sphenanthera contain nine new lignans with noteworthy antioxidant activity [46],
highlighting the significance of roots in lignan accumulation. The variation in lignans in
Schisandra sphenanthera fruits is also related to the geographical distribution of the plant [47],
suggesting environmental factors play a role in lignan biosynthesis. The tissue-specific
distribution of lignans in Schisandra sphenanthera, particularly the predominance of Gomisin
J in roots, mirrors the diverse localization patterns observed in other plants. The role of
cytochrome P450 enzymes and transcription factors in regulating lignan biosynthesis in
Schisandra sphenanthera aligns with their crucial functions in other species, as seen in the
biosynthesis of sesamin in Sesamum [15]. Moreover, cytochrome P450s are key players
in plant defense, secondary metabolite production, and pharmacology, offering new al-
ternatives to modern medicines [48]. They are crucial in herbicide metabolism in plants,
potentially leading to crop improvement and weed resistance mitigation [49].

Expanding upon our insights into the regulatory intricacies of lignan biosynthesis in
Schisandra sphenanthera, we now turn our attention to the predictive functional analysis and
forthcoming characterization of identified cytochrome P450 (CYP) genes: DN6828, DN2874-i3,
and DN51746. These genes, posited as central to the biosynthesis of Gomisin J and a
spectrum of secondary metabolites, delineate a crucial segment of the plant’s metabolic
architecture. Plant cytochrome P450 monooxygenases, renowned for their versatile roles
across biosynthetic and detoxification pathways, engage in intricate interactions with a
myriad of substrates, highlighting their pivotal role in the realms of pharmacogenomics,
drug metabolism, and xenobiotic processing [17]. A comparative analysis with function-
ally delineated homologs from the CYP71A subfamily, implicated in the biosynthesis of
terpenoids, alkaloids, and phenylpropanoids, suggests these enzymes’ extended involve-
ment in plant secondary metabolism. Nevertheless, the protein identity of these CYPs to
CYP71As surpassing 55% intimates shared functionalities yet hints at their participation
in unique biosynthetic routes. The pronounced correlation between these CYP genes and
Gomisin J concentrations, juxtaposed with their modest similarity to established CYP71As,
proposes an uncharted facet of CYP functionality in lignan biosynthesis. This inferred novel
contribution to lignan biosynthesis, especially concerning Gomisin J, accentuates the im-
perative for their further functional elucidation. Given the current lack of a high-efficiency
transformation system in Schisandra sphenanthera, our strategy encompasses characteriz-
ing these CYP genes within surrogate model systems such as Arabidopsis, tobacco, or
yeast [13,34]. This methodology aligns with the conventions of functional genomics, where
model organisms elucidate gene functionalities, notably in secondary metabolite synthesis.
Yeast, with its comprehensive genetic characterization, presents an effective medium for
dissecting plant gene functionalities within complex metabolic frameworks [21]. The antici-
pated functional dissection of DN6828, DN2874-i3, and DN51746 in these models aims to
illuminate their specific roles in Schisandra sphenanthera’s lignan biosynthesis. This venture
is expected not only to deepen our comprehension of the plant’s secondary metabolism
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but also to pioneer novel avenues for augmenting the yield of pharmacologically potent
compounds. Anticipated outcomes from this research endeavor promise substantial contri-
butions to plant biochemistry and pharmacognosy, enriching our grasp of the molecular
underpinnings governing the biosynthesis of plant-derived medicinal agents.

5. Conclusions

This investigation into the lignan biosynthesis within mature Schisandra sphenanthera
plants has markedly deepened our comprehension of the specific roles that cytochrome
P450 enzymes and transcription factors play in the nuanced distribution and storage of
these pharmacologically active compounds. Central to our findings is the significant con-
centration of Gomisin J within the root tissues, underscoring the specialized function of
cytochrome P450 enzymes in the plant’s secondary metabolic pathways. This pivotal
discovery, alongside detailed differential gene expression analyses, illuminates the sophisti-
cated regulatory mechanisms that underpin lignan biosynthesis, particularly highlighting
the unique gene expression profiles observed in fruit tissues. Our application of Weighted
Gene Co-expression Network Analysis (WGCNA) has been instrumental in identifying
the MEtan module, which exhibits a strong correlation with Gomisin J levels, thereby
pinpointing key genes for lignan biosynthesis. Notably, the cytochrome P450 genes DN6828
and DN2874-i3 demonstrated up-regulation in the roots across genders, with DN51746
showing a unique up-regulation in male roots, suggesting a gender-specific aspect to
Gomisin J biosynthesis. The comparative analysis with CYP71A homologs, despite less
than 50% identity, suggests these CYP genes may partake in unique biosynthetic pathways,
potentially including lignan biosynthesis. This hypothesis opens new avenues for research,
particularly in understanding the novel roles these enzymes may play in the biosynthesis
of Gomisin J and other lignans, pending further functional characterization. The insights
garnered from this comprehensive study not only propel forward our understanding of
plant secondary metabolism but also pave the way for future pharmacological exploration
of lignans, especially towards developing plant-based therapeutics. These findings lay a
solid foundation for subsequent research in plant secondary metabolism, aiming at the
enhancement of lignan production for medicinal use. Moreover, the identification of a
potential novel aspect of CYP function in lignan biosynthesis highlights the necessity for
further functional characterization of these enzymes to elucidate their specific contributions
to the biosynthesis of Gomisin J and other lignans in Schisandra sphenanthera.
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