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Abstract

Tilia tuan Szyszyl. (T. tuan) is a timber tree species with important ecological and commercial value.
However, its highly lignified pericarp results in a low seed germination rate and a long dormancy period.
In addition, it is unknown whether there is an interaction between the biosynthesis of flavonoids and
lignin as products of the phenylpropanoid pathway during seed development. To explore the molecular
regulatory mechanism of lignin and flavonoid biosynthesis, T. tuan seeds were harvested at five stages
(30, 60, 90, 120, and 150 days after pollination) for lignin and flavonoid analyses. The results showed that
lignin accumulated rapidly in the early and middle stages (S1, S3, and S4), and rapid accumulation of
flavonoids during the early and late stages (S1 and S5). High-throughput RNA sequencing analysis of
developing seeds identified 50,553 transcripts., including 223 phenylpropanoid biosynthetic pathway
genes involved in lignin accumulation grouped into three clusters, and 106 flavonoid biosynthetic
pathway genes (FBPGs) grouped into two clusters. Subsequent WGCNA and time-ordered gene co-
expression network (TO-GCN) analysis revealed that 24 TFs (e.g., TtARF2and TtWRKY15) were involved
in lignin and flavonoid biosynthesis regulation. The transcriptome data were validated by gRT-PCR to
analyze the expression profiles of key enzyme-coding genes. This study revealed that there existed a
competitive relationship between the flavonoid biosynthesis pathway and the lignin biosynthesis
pathway, both of which are downstream pathways of phenylpropane that provide a foundation for the
further exploration of molecular mechanisms underlying lignin and flavonoid accumulation in T.
tuanseeds.

Key message

Transcriptomics and phenotypic data analysis identified 24 transcription factors (TFs) that play key roles
in regulating the competitive accumulation of lignin and flavonoids.

1. Introduction

Tiliais a genus in the subfamily Tiliodeae (family Malvaceae) that comprises 23 species of deciduous
trees distributed in temperate areas (Yan et al. 2022; Mabberley 2008; Pigott et al. 2012). Tilia species
are cultivated worldwide for their ecological and commercial value in honey and timber production, and
as ornamental garden trees (Cai et al. 2015; Negri et al. 2013; Shahabi and Yassa 2015). However, the
highly lignified pericarp of most Tilia species makes it difficult for water and oxygen to penetrate,
resulting in a low germination rate, particularly in 7. tuan (Magherini and Nin 1994; Maastricht 1993).

Lignin is a complex macromolecular insoluble aromatic polymer in vascular plant tissues, which
provides mechanical support, physical strength, and rigidity for cell structures. (Tribot et al. 2019; Zhao
2016). The lignin biosynthetic process involves monolignol biosynthesis and monolignol polymerization
(Banu et al. 2019). A study explored the role of phenylpropanoid pathway enzymes in the lignin
biosynthesis pathway in transgenic Populus (Wang et al. 2018). The phenylpropanoid pathway provides
precursors for the synthesis of secondary metabolites, that flavonoids, lignin, and coumarins (Fraser and
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Chapple 2011). Lignin originates from the deamination of phenylalanine in the phenylpropane synthetic
pathway, which is catalyzed by PHENYLALANINE AMMONIA-LYASE (PAL) (Ayyachamy et al. 2013;
Ragauskas et al. 2014; Lacombe et al. 1997). PAL deaminates phenylalanine to produce cinnamic acid,
which is converted to secondary metabolites such as coumarin and flavonoids (Winkel-Shirley et al.
2001). Other enzymes that are essential to the lignin pathway include TCYP73A, 4CL, HCT, C3'H, CCR,
CAD, CCM, PRDX6/POD, F5H, and COMT etc. (Jansen et al. 2014). The hard, lignified pericarp is a main
factor contributing to the low germination rate of 7. tuan seeds. Various seed treatments before sowing
improve the germination rate (Heit 1977). Lignin quality and accumulation can be regulated by
controlling the expression levels of lignin biosynthetic pathway genes (LBPGs) (Boudet and Grima-
Pettenati 1996). However, the regulatory mechanism of lignin accumulation in 7. tuan pericarp has not
been studied.

Flavonoids are plant secondary metabolites with several functions including signaling, protection against
biotic and abiotic stressors, and as pigments. Flavonoid biosynthesis originates with the
phenylpropanoid pathway (Dixon and Paiva 1995; Weisshaar and Jenkins 1998; Winkel-Shirley et al.
2001). Flavonoids can control the development process of seeds by interacting with various hormones,
such as seed size and fertility (Allan et al. 2008; Shi and Xie 2014; Zhang et al. 2014). CHLCONE
SYNTHASE (CHS) is the first catalytic enzyme in the flavonoid pathway; its substrate is 4-coumaroyl-CoA,
which is catalyzed by CHS to naringenin chalcone (Wade et al. 2003; Winkel-Shirley et al. 2001). Most
enzymes involved in pathways leading to the major flavonoid classes have been determined, s such as
CHI, F3H, DFR, ANS, and FGT etc. (Shih et al. 2008), and most of the key enzymes involved in these
pathways are encoded by a single gene in Arabidopsis thaliana (Shih et al. 2008; Winkel et al. 2006).

However, the accumulation pattern of flavonoids in T. tuan seeds has not been studied, and previous
reports have mainly focused on their medicinal functions. In addition, as the main component of thick
peel in T tuan seeds, the biosynthetic pattern of lignin in the 7. tuan seeds has not been reported yet.
Therefore, analyzing the accumulation patterns of lignin and flavonoids in 7. tuan seeds can not only
reveal the reasons for the thick peel produced by T. tuan seeds but also provide new insights to reveal
the interaction between the flavonoid biosynthesis pathway and the lignin biosynthesis pathway in T.
tuan seeds. Previous studies shown that the lignin/flavonoid yield can be controlled by regulating one or
some genes related to lignin/flavonoid biosynthesis. However, the important genes that regulate the
biosynthesis of lignin/flavonoids in T. tuan seeds still need to be fully studied.

In this study, we explored the biosynthesis and regulatory mechanisms of lignin and flavonoids during
the development of T. tuan seeds at the transcriptional level. The first, we measured lignin and flavonoid
synthetic rates during 7. tuan seed development and analyzed their variation. Then, we analyzed the
expression patterns of genes encoding enzymes associated with lignin and flavonoid biosynthesis, and
proposed a T. tuan lignin and flavonoid regulatory network. We identified lignin/flavonoid-specific
clusters or modules through WGCNA and Mfuzz clustering (Langfelder and Horvath 2008) to construct a
transcription factor (TF)—gene regulatory network controlling the accumulation of lignin/flavonoids, and
analyzed the correlation of their co-expression profiles with genes in the lignin and flavonoid biosynthetic
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pathways. Revealed the relationship between the flavonoid biosynthesis pathway and the lignin
biosynthesis pathway which both as phenylpropanoid downstream pathway. We also utilized a time-
course transcriptomics analysis to construct a TO-GCN. By analyzing time series transcriptome data to
analyze the dynamic response of plants to environmental changes over time, which is an effective
method for studying gene regulatory networks. (Chang et al. 2018). Nevertheless, to date, no study has
applied TO-GCN to specifically study seed development. Therefore, we constructed a TO-GCN to explore
the response of T. tuan seeds during development in a time series, establish the potential regulatory
networks of lignin and flavonoid biosynthesis, and establish the potential regulatory relationship between
TFs and non-TFs in each subnetwork. This is the first study to apply time-course transcriptomics
analysis to Tilia seed development. Finally, we conducted a preliminary analysis of the T. tuan seed
development response network.

Based on previous studies, WRKY15 (Ge et al., 2020) and ARF2 (Jiang et al., 2022) were able to regulate
the biosynthesis of lignin and flavonoids in plants, respectively. However, it is currently unclear whether
these two TFs have a regulatory effect on lignin and flavonoid biosynthesis during the development of T.
tuan seeds. We hypothesize that these two TFs have similar functions during the development of T. tuan
seeds and conducted the following research analysis. Based on the analysis of the synthesis rate of
lignin and flavonoids and the changes of pathway gene expression levels, it was determined that there
had competitive relationship between the two pathways. At the same time, special attention is paid to
the screening of TFs with regulatory effects on LBPGs and FBPGs. In summary, the results of this
analysis explored the relationship between the two biosynthetic pathways of lignin and flavonoids during
the development of T. tuan seeds and obtained TFs that have regulatory effects on both pathways,
providing new insights for the biosynthesis of the two types of compounds.

2. Materials and methods
2.1 Plant materials

T. tuan seeds were collected from mature plants in the natural growth state in Beijing Forestry University,
Beijing, China (Lat. 116°20'E, 40°00'N, and Alt. 55m). To simulate the natural growth state of T. tuan
maximally. The sampling method was random sampling, Mature flowers were pollinated, and the
globose fruits were harvested at 30-day intervals from June 1st to October 1st after pollination for five
developing stages (S1-S5, refer to June 1st July 1st August 1st September 1st October 1st after
pollination, respectively). The collected seeds were immediately frozen in liquid nitrogen and stored at
temperature - 80°C for further analysis.

2.2 Analysis of seed lignin content and flavonoid content

The lignin content and flavonoid content of T. tuan seeds from five different developmental stages were
determined using the method described by the Assay Kit (https://www.boxbio.cn/). Three biological
replicates in each stage were used for content determination. Briefly, the sample was dried at 80°C until
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it reached a constant weight, and then homogenized with a MiniBeadbeater-96, crushed, and sieved
through a 30—50 mesh sieve, which was the sample to be tested.

Approximately 3 mg of seeds were used for each analysis placed in a 1.5 ml centrifuge tube, empty tube
was used as control, and then add reagents in sequence according to the product instructions, finally
obtain the supernatant, and suck 200 pl the clear liquid was put into a 96 well UV plate, and the
absorbance value at 280 nm was measured by readmax1200 light absorption full wavelength microplate
reader, and then the result was obtained according to the calculation formula of lignin content.

Approximately 100 mg of seeds were used for each analysis placed in a 1.5 ml brown centrifuge tube,
add 1 ml of extraction solution, conduct ultrasonic extraction (program setting: 60°C, power 300 W,
ultrasonic for 5 s, intermittent for 8 s, total time 30min), centrifuge 12000r at room temperature for
10min, and take the supernatant as the sample to be tested. Set measuring tube, control tube, standard
tube (used to establish standard curve) and blank tube, and then add reagents in sequence according to
the product instructions, finally obtain the supernatant, and suck 200 pL the clear liquid was put into a 96
well UV plate, and the absorbance value at 510 nm was measured by readmax1200 light absorption full
wavelength microplate reader. The standard equation (y = b + kx) was obtained by using the standard
curve, and then the result was obtained according to the calculation formula of flavonoid content
(flavonoid content (mg/g) = x/w, w is sample quality).

2.3 RNA extraction and sequencing

Selected seeds from five stages (S1-S5) of T. tuan tree seed development process for RNA extraction
and transcriptome analysis. Three biological replicates in each stage were used for the transcriptome
sequencing. Used the RNA prep Pure Plant Plus Kit (Polysaccharides and Polyphenolics-rich) (TIANGEN
BIOTECH, BEIJING) to extracted u total RNA. A NanoPhotometer spectrophotometer (NanoDrop
Technologies, USA) and an Agilent 2100 Bioanalyzer (Agilent) were used for the quantification. A total of
1 ug RNA per sample was used as input for RNA sample preparation, and sequencing libraries were
generated using the NEB Next ®Ultra TMRNA Library Prep Kit for lllumina® (NEB, USA). The library
fragments were purified using the AM Pure XP System (Beckman Coulter, Beverly, USA) and screened for
cDNA fragments around 200bp to finalise the library. Preliminary quantification was performed using a
Qubit2.0 Fluorometer, and the libraries were diluted to 1.5 ng/ul, followed by evaluation of library quality
using an Agilent 2100 bioanalyzer system, and accurately determine the effective concentration of the
library by gRT-PCR (the effective concentration was higher than 2 nm). After the libraries were tested, the
different libraries were pooled according to target data volume requirements and the effective
concentration of libraries and sequenced on the lllumina Novaseq platform, and 150bp paired-end reads
were generated.

2.4 Transcriptome sequencing data analysis and gene set
enrichment analysis (GSEA)
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Raw sequencing data from high-throughput sequencing platforms were filtered to exclude aptamers,
ploy-N, and low-quality reads contained in raw lllumina sequencing reads to obtain pure data (clean
reads). Clean data for each sample were analysed using Trinity software with default parameters for
assembly generation with a minimum linkage of 150bp. Short read data were analysed using RSEM to
determine transcript levels using full length transcripts as reference sequences. Gene expression levels
were quantified as the number of fragments per kilobase of transcript per million mapped reads (FPKM).
Meanwhile, Q20, Q30 and GC content of raw reads were calculated. Transcribed sequences (unigenes)
were annotated using BLAST searches of the NR, SwissProt, GO, Pfam and KEGG protein databases.
differentially expressed genes (DEGs) were screened using the DESeq2 R software package (1.16.1). p-
value < 0.05 and |log2|>2 was used as thresholds to identify significantly DEGs. The differentially
expressed gene sequences were then used for enrichment analysis on the official website of Kyoto
Encyclopedia of Genes and Genomes (KEGG) (https://www.genome.jp/kegg/pathway.html) to screen for
transcripts encoding enzymes related to lignin and flavonoid synthesis pathways. For gene set
enrichment analyses, we used pathway genes annotated by KEGG enrichment analyses as gene sets of
known function and performed GSEA studies on lignin/flavonoid biosynthesis pathway gene sets
according to previously published methods and available software (Subramanian et al. 2005).

2.5 WGCNA and visualization of co-expressed gene
networks

Gene co-expression networks were constructed based on all genes from the transcriptome data analysis
by resolving co-expression relationships between genes using R software (Langfelder and Horvath
2008). Used the automatic network construction function (blockwise Modules) to build co-expression
modules with a soft threshold of NA, in addition, mergeCutHeight, deepSplit, and minModuleSize were
0.25, 4, and 30, respectively. All other parameters are default values. The gene co-expression module
was constructed by sequentially normalising the FPKM values, constructing the adjacency matrix and
constructing the topological overlap matrix (TOM). The correlation between each gene module and lignin
accumulation in unit time (LAUT) and flavonoid accumulation in unit time (FAUT) during fruit
development was calculated. The expression matrix was visualised using Cytoscape v3.8.2 to
characterise the correlation between paired transcripts.

2.6 Expression profiles analysis

Differentially expressed genes were verified using RNA samples provided by Beijing Novogene
Technology Co., Ltd. 15 candidate genes were selected and their expression profiles were determined by
gRT-PCR. The CdNAs were synthesised using the TB Green® Premix Ex Taq™ RR420A kit (TaKaRa,
Japan) and then subjected to gRT-PCR on the QuantStudio 6 Flex Real-Time PCR system (ThermoFisher
Scientific, USA). The PEROXIDASE6-2 (POD6-2) was used as the internal control. All reactions were
repeated four times. The relative abundance of 15 candidate genes was calculated using the 2"22CP
method. qPCR primers are listed in Supplemental Table S1.
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2.7 Time-ordered gene co-expression network (TO-GCN)
analysis

Co-expression relationships and multi-level regulatory relationships between TFs and pathway genes
were explored by constructing TO-GCN between TFs and lignin/flavonoid biosynthesis pathway genes
(Chang et al. 2018). A gene with the highest expression in S1 and down-regulated expression in both S2-
S5 was set as a bait gene. The Pearson's coefficient (PCC) between TF genes was calculated and the
PCC threshold was set at 0.8. The breadth-first search (BFS) algorithm (Knuth 1997) was then used to
assign temporal order levels to all genes in the major GCNs. Regulatory networks were mapped using
Cytoscape v3.8.2.

3. Results

3.1 Temporal patterns of phenotypic and lignin and
flavonoid content changes

The temporal pattern of the phenotypic changes in T. tuan seeds during five developmental stages (S1-
S5) was analyzed. The 1,000-grain weight of the seeds increased rapidly from S1 to S4, and then slowed
in mature seeds at S5. Similarly, the diameter of the seeds increased rapidly from S1 to S3, whereas it
declined slightly with seed development at S5 (Fig. 1A and Table S2). The color of the pericarp remained
light green at S1 and S2, and then turned yellow-green at S3, and yellowish-brown from S3 to S5. These
significant changes in pericarp color probably indicated rapid lignin accumulation.

Mature T. tuan seeds have a solid ligneous pericarp (Fig. 1A). The temporal patterns of LAUT and FAUT
of T. tuan seeds were analyzed at five developmental stages (S1-S5) (Fig. 1B). The amount of lignin
produced at ST was 9.032 mg/g. Lignin content increased gradually from S1 to S5. LAUT was highest at
S4 (0.507 mg/g). The amount of flavonoids produced at S1 was 8.187 mg/g. Flavonoid content
increased gradually from S1 to S5. The greatest increase (3.754 mg/g) was detected at S2. Thus, the
accumulation in unit time (AUT) of both compounds appeared to exhibit a competitive relationship
during the early stages of seed development (S2 and S3), and complex interactions during the late
stages of seed development (S4 and S5).

3.2 Differential expression of lignin and flavonoid
biosynthetic pathway genes during seed development

The phenylpropanoid biosynthetic pathway is the main pathway for lignin biosynthesis. To fully
understand the differential expression patterns of genes associated with lignin production, we
determined their expression by assembling and quantifying clean sequencing data from RNA samples.
The longest transcript in each gene was identified as a unigene, and 50,553 unigenes were identified.
The principal component analysis results showed differential gene expression among the stages (Fig.
S1A). The correlation values of most samples at the same stage were generally high (Fig. S1B),
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indicating a high level of reproducibility in the gene expression patterns. A total of 223 of the 50,553
unigenes were mapped to the phenylpropanoid biosynthetic pathway (Table S3). A total of 223 LBPGs
encoded 12 key biosynthetic enzymes (Table S3). Significant differences were observed in the number of
members in the gene families. The number of PEROXIDASE-like members was the largest, which was 52
genes, whereas FERULATE-5HYDROXYLASE-like had only one gene. To fully understand the differential
expression patterns of genes associated with flavonoid production, 106 of the 50,553 unigenes were
mapped to the flavonoid biosynthetic pathway (Table S4). In total, 106 FBPGs belonged to 10 gene
families that regulate the biosynthesis of 10 key enzymes (Table S4). The numbers of genes differed
significantly among gene families; CHS had the most members (41 genes), whereas FLAVONOL
SYNTHASE (TtFLS) had only one.

3.3 Lignin/flavonoid biosynthetic pathway genes and TF
hierarchical cluster analysis

A total of 223 genes encoding key synthases in the lignin biosynthetic pathway were identified during 7.
tuan seed development: TtPAL (23 genes), TtCYP73A (17), Tt4CL (28), TtHCT (6), TtC3’H (5), TtCCR (9),
TtCAD (37), TtCCM (16), TtPRDX6 (15), TtPOD (52), TtF5H (1), and TtCOMT (14). The expression levels
of most LBPGs decreased during seed development and tended to be consistent with the accumulation
of lignin metabolites (Fig. 2A). Hierarchical cluster analysis was performed based on the normalized
FPKM values of the transcripts during the five developmental stages. The results showed that the 223
LBPGs were grouped into three clusters (Fig. S2A). The expression levels of 62 genes in cluster 1
increased gradually and continuously (Fig. S2B). Among these, there were 21 TtCAD, 15 TtPRDX6, 11
Tt4CL, five TtPOD, four TtCCM, two TtHCT, and one TtCOMT gene, respectively. TtPLA, TtCCR, and
TtC3’H each had only one gene (Table S3). Cluster 2 consisted of 56 genes. Expression levels increased
slowly from S1 to S3 and then rapidly decreased during S4 and S5. Notably, a few genes had upregulated
expression at S5, including one TtCYP73A, two Tt4CL, 3 TtCAD, and four TtPOD. The expression levels
were decreased continuously from the 105 genes in cluster 3, and fastest from S1 to S2 (Fig. S2B). The
expression levels of these genes in cluster 3 were positively correlated with the amount of lignin
synthesized during S1-S2, suggesting that genes may play a significant role regulating lignin
biosynthesis during S1-S2.

A total of 106 genes encoding key synthases in the flavonoid biosynthetic pathway were identified during
T. tuan seed development: TtCHS (41), TtCHI (2), FLAVONOID 3,5-HYDROXYLASE (5 TtCYP75A),
FLAVONOID 3-MONOOXYGENASE (10 TtCYP75B1), TtDFR (7), TtF3H (16), TtFLS (1),
LEUCOANTHOCYANIDIN REDUCTASE (4 TtLAR), ANTHOCYANIDIN SYNTHASE (15 TtANS), and
ANTHOCYANIDIN REDUCTASE (5 TtANR). The expression of most of the FBPGs decreased during seed
development (Fig. 2B). Hierarchical cluster analysis was performed based on the normalized FPKM
values of the transcripts. The results showed that 106 FBPGs were grouped into two clusters (Fig. S3A).
The expression of eight genes in cluster 1 showed a downward—upward—downward trend. Expression
levels were rapidly downregulated during the S1-S2 and S3-S4 stages, upregulated during the S2—-S3
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stages and slowly downregulated during S4-S5. This group included three TtDFR and two TtANR. In
addition, the expression levels of 98 genes in cluster 2 decreased continuously (Fig. S3B and Table S4).

In summary, metabolite and transcript profiling of 7. tuan seeds during development revealed a unique
rapid accumulation of lignin and flavonoids at S1 and upregulation of most genes related to both
metabolites (Fig. 1B and Fig. 2A, B). Gene set enrichment analysis (GSEA) was applied to determine
whether the lignin/flavonoid biosynthetic pathway gene set was highly expressed during S1. The GSEA
results showed that both terms were significantly enriched during the S1 phase compared with S2-S5
(Fig. 2C, D).

A total of 2,173 differentially expressed putative TFs, classified into 76 families, were detected in T. tuan
seeds according to the PlantTFDB database (Fig. 2E and Table S5). Among them, the MYB, C3H, C2H2,
bZIP, and NAC TF families were the highest level of expression, containing 160, 115, 112, 107, and 99
members, respectively. Cluster analysis of all TFs indicated that most of TF families were highly
expressed during S1-S3. In addition, the FPKM values of some TF families were higher than those of
other TF families., including CSD, S1Fa-like, MBF1, HMG, and C2C2-YABBY (Fig. 2E). In addition, Mfuzz
clustering results showed that the expression patterns of group 2 TFs (Fig. 2F) were consistent with
those of LBPGs (group 2; Fig. S2) and FBPGs (group 1; Fig. S3), including 107 bZIPs, 100 HBs, 99 NACs,
80 GRASs and 48 ElLs. The expression pattern of TFs in group 3 (Fig. 2F) was consistent with that of
LBPGs (group 3; Fig. S2) and FBPGs (group 2; Fig. S3), which included 160 MYBs, 68 bHLHSs, 56 ARFs, 49
AUX/IAAs and 41 TUBs. The above results suggest that these TFs may play an important role in the
regulation of lignin and flavonoid biosynthesis in T. tuan (Fig. 2F).

3.4 Co-expression network analyses identified flavonoid
and lignin biosynthetic pathway genes

By constructing a co-expression network for all expressed genes WGCNA, we further understood the
biosynthesis patterns of lignin and flavonoids in T. tuan seeds. After the deletion of outlier values, 45,399
genes remained. These genes were clustered into 14 large modules, each represented by a different
color, with grey modules containing genes of low relevance discarded. (Fig. 3A, Table S6). Based on gene
expression levels, 45,399 genes were clustered into 12 clusters using the Mfuzz R package (Fig. S4).
Analysis of the relationships between gene modules and lignin and flavonoid biosynthesis showed that
the green module (417 genes) had the highest positive correlation coefficients with lignin; however, there
were no lignin or flavonoid pathway genes in the green module. Therefore, we selected the tan module
with the second highest correlation coefficients for analysis. The tan module (17,106 genes) also had the
highest positive correlation coefficients with flavonoids (Fig. 3B), suggesting strong synergy between
lignin and flavonoid biosynthesis during T. tuan seed development. The brown (4,433 genes) and black
(723 genes) modules were significantly negatively correlated with flavonoids and lignin, respectively

(Fig. 3B). Therefore, we selected tan (17106 genes), brown (4433 genes), and black (723 genes) modules
for further research. Genes preferentially expressed during the early stages of T. tuan seeds
development (S1) mainly clustered in the tan module (Fig. 3C), whereas the number of highly expressed
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genes in the tan module decreased and then increased during development, indicating a strongly
positive correlation with LAUT and FAUT. However, the number of genes preferentially expressed in the
brown module first increased (S2-S4) and then decreased (S4-S5), indicating a significant negative
correlation with FAUT. The number of genes preferentially expressed in the black module decreased
gradually (S2-S5), which was positively correlated with the gradual decrease in LAUT during S4-S5 and
may be related to the few LBPGs (3 genes) in the black module.

Although these three modules were strongly correlated with lignin and flavonoids, the genes in all three
modules had differential expression patterns, indicating that these genes may perform different
functions in the biosynthesis of lignin and flavonoids. Furthermore, the Mfuzz clustering analysis results
with the patterns of gene expression changes in the three modules were consistent, in which 4,440
genes (Fig. S4, cluster 1) were highly expressed during the early stage of fruit growth (S1), 2,190 genes
(cluster 9) were highly expressed during S3—-S4, and 3,779 genes (cluster 7) were highly expressed from
S2 to S3 (Fig. 3C-E). Further analysis found that most of the genes in these three modules correspond
to the genes in the selected Mfuzz cluster. Although the algorithms of WGCNA and Mfuzz were different,
the results of these two clustering methods were consistent.

3.5 Identification of candidate central genes associated
with flavonoid and lignin biosynthesis

Module hub genes were representative of given modules in the biological networks. In the tan module,
84 genes were strongly correlated (edge weight = 0.626) (Table S7 and Fig. S6A). Among these,
chaperone protein DnaJ 10-like, upf0591 membrane protein, mitochondrial-like, and actin-depolymerizing
factor 2-like had the highest degree of connectivity. The network graph generated by the brown module
contained 187 co-expressed genes (edge weight = 0.599), and genes with the highest degree of
connectivity included phospholipase D alpha 2 isoform 1 and hypothetical protein GOBAR_DD18655
(Table S8 and Fig. S6B). The network graph generated by the black module contained 81 co-expressed
genes (edge weight = 0.599), and genes with the highest degree of connectivity included plant
peroxidase and glycosyl hydrolase protein families (Table S9 and Fig. S6C). The above findings suggest
that these genes may be involved in flavonoid and lignin biosynthesis. However, this finding requires
further verification.

3.6 Construction of biosynthesis regulatory network for
flavonoid and lignin

By screened genes involved in flavonoid and lignin biosynthesis pathways in tan, brown, and black
modules. 105 LBPGs and 71 FBPGs (weight > 0.35) were found in the brown module, and their
expression levels were closely related to the accumulation of lignin and flavonoids (Tables S3 and S4).
We identified 110 TFs through associating the expression patterns of these LBPGs (Table S10), and the
expression levels were found to be strongly correlated with the 27 LBPGs in the tan module (Fig. S7A).
We identified 105 TFs (Table S11) in which the expression levels were strongly correlated with the 17
FBPGs in the tan module (Fig. S7A). Among these, 44 TFs were associated with genes from both
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pathways (Table S12), including AUX/IAA (AUX/IAAPB.1133.1, AUX/IAAPB.864.1), NAC (NACPB.9926.1,
NACPB.9973.1), MYB (MYBPB.5506.1), WRKY (WRKYPB.13481.1, WRKYPB.22195.1), and SBP
(SBPPB.2437.1, SBPPB.700.1), which generated related networks (Fig. 4A).

We identified 20 LBPGs and one FBPG in the brown module (weight > 0.35). The expression patterns
were highly correlated with flavonoid and lignin accumulation (Tables S3 and S4). We identified 61 (Table
S13) and 46 TFs (Table S14), the expression levels were highly correlated with LBPG and FBPG in the
brown module, respectively (Figure S7B). 31 TFs were associated with genes from both pathways (Table
S15), including bHLH, C2H2, ARF, and bZIP; thus, we generated a correlated network (Fig. 4B). The above
results suggest that these TFs corresponded to the putative regulators regulating lignin and flavonoid
biosynthesis in T. tuan. Due to the identification of only three candidate lignin biosynthesis genes in the
black module, no corresponding TF-gene pairs were detected.

3.7 Quantitative real-time PCR validated candidate
differentially expressed genes (DEGS)

To assess the quality of the transcriptome data, we used qRT-PCR to analysed the changing patterns of
relative expression levels of 15 DEGs candidate genes (10 LBPGs and 5 DETFs) associated with lignin
accumulation. The analysis showed that the RNA-seq and qRT-PCR results of the candidate genes had
the same trend of change (Fig. 5), and there was a significant correlation between the FPKM values and

the 228Ct values of 12 (80%) candidate genes (rp > 0.8) (Table S16), indicating the validity of the

transcriptome data.

3.8 Temporal gene co-expression networks during 7. tuan
seed development

We performed time-ordered comparative transcriptome analyses detected 45555 genes (2,150 TFs and
43,405 structural genes), and their FPKM > 0.01 in at least one sample (Table S17). As the initial node,
The TF gene (PB.34500.1) (Fig. 6A), which was highly expressed at S1 but not later, was selected to
generate a TO-GCN (Chang et al. 2018). A large, major TO-GCN was reconstructed that containing 2,009
TFs, 216 LBPGs, and 106 FBPGs (L1-L10) using the suggested positive/negative cutoff values (0.83;
-0.51; Fig. S8) (Chang et al. 2018), and 10 time-series expression levels of 1,983 TFs, 215 LBPGs, and
106 FBPGs (26 TFs and one LBPG were cleaned) (Fig. 6B). The remaining 26 TFs formed 13 GCNs, each
GCN <10 TFs (Fig. S8). The TFs in the TF TO-GCN were assigned to 10 levels (Fig. 6B). These
constructed levels matched the expression time order of the TFs over the five-time points during seed
development, as shown in the diagonal red square of the heat map constructed by averaging the
normalized FPKM values (z-scores) (Fig. 6B, C). Time-course transcriptomes were further distinguished
for the initial (S1), transitional (S2 and S3), and terminal stages (S4 and S5) of lignin and flavonoid
pigmentation (Fig. 6C).
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Genes assigned to S1 (corresponding to time-series levels L1-L2) had the highest FPKM values,
followed by those assigned to the transitional stages (S2-S3, corresponding to L3-L4) and those
expressed at the terminal stages (S4-S5, corresponding to L5-L10). We obtained the basis for the
upstream and downstream gene/trait regulatory relationships at the network level by coupling gene
expression peaks between continuous levels (L1-L10) and time-series samples (S1-S5). Periods of
high-expression overlapped at successive levels, suggesting a potential hierarchical structure of
regulatory pathways that may be formed by upper-level genes through the regulation of same level or
lower-level co-expressed genes. The network, including genes contained in L1 and L2 (618 TFs, 105
FBPGs, and 83 LBPGs), was associated with S1, this includes 31 TFs co-expressed with LBPGs and
FPBGs identified in WGCNA (Fig. 6D), suggesting that these genes may be downregulated during seed
development. The genes (895 TFs, 34 FBPGs, and 68 LBPGs) of L3-L4 corresponded to those of S2/S3,
such that this stage represents the middle period of flavonoid and lignin accumulation, this includes 8
TFs co-expressed with LBPGs and FPBGs identified in WGCNA (Fig. 6D). The remaining 644 genes (571
TFs, 9 FBPGs, and 64 LBPGs) were associated with L7-L10, corresponding to S4/S5, and were assigned
to a later period of flavonoid and lignin accumulation, this includes 8 TFs co-expressed with LBPGs and
FPBGs identified in WGCNA (Fig. 6D).

3.9 Regulatory dynamics of lignin and flavonoid
accumulation in 7. tuan

Based on the TO-GCN, we retrieved eight LBPGs and two FBPGs in L1 respectively, and constructed a
subnetwork (Fig. 7A). The subnetwork included PAL, CYP73A, CCR, CCM, COMT, POD, LBPGs, DFR, and
F3H and their potential upstream regulatory TFs. Classifying all the TFs in the sub-network, the results
show that the FBPGs in L1 were mainly regulated by the TF gene families, including MYB (7), AUX/IAA
(7), SBP (7), NAC (5), and bZIP (4). The LBPGs in L1 were mainly regulated by TF gene families, including
MYB (14), AUX/IAA (12), HB (15), AP2-EREBP (8), and PHD (7). A heatmap constructed based on the
FPKM values showed that the expression peaks of all genes in L1 occurred at S1, except that of TtF3H
(FPB.274700.1), and these genes were significantly downregulated during seed development (Fig. 7A,
Table S18).

The lignin biosynthesis regulator WRKY15(Ge et al. 2020) was detected in L2, and the same was true for
the WGCNA. Therefore, we retrieved 12 LBPGs and one FBPG in L2 co-expressed with TtWRKY15,
respectively, and constructed a related network (Fig. 7B). The subnetwork mainly included CAD (4), CCR
(2), 4CL (2), CYP73A (1), CCM, HCT, F3H, and 285 TFs with upstream regulatory potential. A heatmap
constructed based on the FPKM values showed that the expression peaks of all genes in the subnetwork
occurred at S1, and these genes were gradually downregulated during seed development (Fig. S9, Table
S19).

Many TFs related to seed development or the regulation of lignin and flavonoid biosynthesis appeared at
earlier levels in the TF TO-GCN. For example, ABI3 plays key roles during seed development (Lalanne et
al. 2021), ARF2-1/2 plays a key role during flavonoid biosynthesis (Jiang et al. 2022), WRKY15 (Ge et al.
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2020) plays a key roles during lignin biosynthesis and belongs to L2, and WRKY32 plays a key role during
flavonoid biosynthesis (Song et al. 2022) and belongs to L3. In addition, several TFs closely related to
seed development and stress regulation have been reported, including TtERF72, TtSPL7, and TtbZIP44-
1/2 (Liu et al. 2018; Gielen et al. 2016; Lglesias-Fernandez et al. 2013). This result indicates that our
method effectively revealed key regulators of lignin and flavonoid biosynthesis.

A joint analysis of the WGCNA (Fig. 4A) and TO-GCN (Fig. 7A) networks revealed 3 and 12 common TFs
in Brown, TAN, and L1, respectively. Eight and 38 common TFs were observed in Brown, TAN, and L2,
respectively (Fig. 7C). In addition, the joint analysis revealed the conserved regulatory network of lignin
and flavonoid accumulation during the development of T. tuan seeds. There were 24 TFs (including
TtARF2 and TtWRKY15, which play important roles in flavonoid and lignin biosynthesis), 10 LBPGs, and
four FBPGs (Fig. 7D). Expression level changes in these TFs were similar to the lignin accumulation
pattern (Fig. 7E and 1B).

4 Discussion

Tilia tuan is woody species with important ecological and commercial value (Cai et al. 2015; Shahabi and
Yassa 2015). However, the large quantity of accumulated lignin produces a hard pericarp in this species,
which contributes to its low seed germination rate. Our comprehensive analysis of the lignin-related
transcriptome and lignin accumulation phenotypes at different stages of T. tuan seed development and
maturation generated a regulatory network related to LBPGs. We also analyzed the FBPG regulatory
network, which was downstream of the phenylpropanoid pathway. Using our dataset, we identified TFs
that may play key roles in lignin and flavonoid production and provide a valuable resource for improving
the quality of T. tuan.

Quantitative analyses of differences in lignin and flavonoids at different growth stages of T. tuan
increased our understanding of changes in LAUT and FAUT in T. tuan seeds. Both lignin and flavonoids
are products of the shikimate pathway (D'Auria and Gershenzon 2005; Vogt 2010). A previous study of
Paphiopedilum armeniacum seeds showed that LAUT is low at the early developmental stage and
gradually increases during later seed developmental stages (Fang et al. 2020), which was consistent
with most of our metabolic data (Fig. 1B). Interestingly, P armeniacum also has a highly lignified
pericarp. Lignin deposition in the seed coat protects the seed from adversity (Liu et al. 2018). Decreased
activity of PAL, the entry enzyme into the phenylpropanoid pathway and C4H, decreases lignin content in
transgenic plants (Elkind et al. 1990; Bate et al. 1994; Sewalt et al. 1997), perhaps due to the decreased
expression or activity of PAL or C4H, which reduce flux in the lignin pathway during the early stage of
lignin biosynthesis, leading to lower lignin content (Sewalt et al. 1997). We identified 23 members of the
TtPAL family and 17 members of the TtC4H family in this study (Fig. 2A, Table S3). Most of these genes
(21 TtPALs and 15 TtC4Hs) were expressed at very high levels during seed development stage S1, which
was consistent with LAUT at this stage (Fig. 1). The expression of two TtPALs during S2, including
LPB.13022.1 (TtPALT), was upregulated (Table S3), but the lignin biosynthetic rate did not increase. PAL1
is necessary for lignin biosynthesis in Arabidopsis thaliana in response to temperature and nitrogen

Page 13/30



stress (Olsen et al. 2008). Our result also shows that the upregulation of TtPAL7 expression failed to
increase the lignin synthetic rate in T. tuan seeds, which contrasts with its regulatory role in A. thaliana.
Given the almost identical transcriptional content among members of the PtrPAL family, and that the
expression of the PtrPALT translation protein was 20% of that of other members, PtrPAL7 was
determined not to be the main functional gene for lignin formation in Populus trichocarpa (Shi et al.
2013). In summary, unique regulatory mechanisms for lignin synthesis may be present in perennial
woody plants. The decrease in the lignin synthetic rate during maturation of 7. tuan seeds observed in
this study may be more closely related to the overall downregulation of downstream genes in the lignin
biosynthetic pathway, rather than solely determined by TtPAL]T.

In Glycine max, exogenous C4H, as an allelochemical, not only increases the total tissue lignin content,
but also alters the total amount and ratio of H -, G - and S - lignin monomers in the tissue, leading to
increased cell wall stiffness. (Salvador et al. 2013). We identified 17 genes that control C4H, of which 15
TtC4H were continuously downregulated during S1-S5, consistent with the changes in LAUT, indicating
that C4H activity gradually decreases during seed development. Transgenic Populus tremuloides with
the antisense Pt4CL gene has 30—-40% less lignin (Li et al. 2003). Downregulation of Zm4CL expression
during maize seed germination results in a significant decrease in lignin content (Zhao et al. 2022). Our
results were consistent with this finding. Unlike the S4 stage, 17 of 28 members in the Tt4CL family
displayed varied downregulated expression during S5, leading to a decrease in LAUT. In addition, 11
members displayed varied upregulated expression during S5. This result indicates that, consistent with
the PALT analysis, upregulated genes cannot upregulate LAUT, as these 11 genes may be redundant in
lignin biosynthesis. Cinnamyl alcohol dehydrogenase (CAD) catalyzes the last step in the biosynthesis of
monolignols, which are lignin precursors. CAD downregulation in transgenic poplar using antisense and
co-suppression strategies did not significantly change either the amount of lignin or the lignin
monomeric composition (syringyl/guaiacyl) (Baucher et al. 1996). Only five (13.51%) of the 37 TtCADs
identified in this study were highly expressed in S1; 21 (56.76%) TtCADs were highly expressed in S5
(Fig. 2A), which was negatively correlated with LAUT at this stage. This finding is similar to those of
Baucher et al. (1996), who showed that the downregulation of TtCADs does not decrease in LAUT during
T. tuan seed development.

Ferulic acid-5-hydroxylase (F5H) is a key enzyme in the synthesis of the monolignol sinapyl alcohol, and
an S-lignin monomer (Meyer et al. 1998). S-lignin is almost nondetectable in A. thaliana F5H mutants
(Marita et al. 1999). In addition, overexpression of F5H failed to detect a significant increase in S-lignin,
as COMT was unable to keep pace with the increase of 5-hydroxy conifet aldehyde generated by F5H
overexpression (Ralph et al. 2001). The reduced expression levels of COMT and CAD, which are late
enzymes in lignin monomer synthesis, affect the composition of lignin but not its content (Tetreault et al.
218). F5H was overexpressed in poplar, and a significant increase in S-lignin was detected, because the
final methylation step catalyzed by COMT catalyzed an increase in 5-hydroxyconiferol (Li et al. 2000; Li et
al. 2003). We identified a TtF5H with continuously low expression levels during S1-S5, but with
continuously increasing LAUT during S2-S4, indicating that the composition of the lignin monomer
synthesized during S2-S4 may have changed. In our study, some genes of other lignin biosynthesis-
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related enzymes were highly expressed during S5, whereas LAUT declined, suggesting that F5H acts as a
control valve in the process of lignin accumulation in 7. tuan seeds. However, this hypothesis requires
further research.

The A. thaliana stems and anthers of AtCCR1, AtCAD1, and AtCAD2 gene mutants exhibit low lignin
content compared to the increased level of flavonoid components (flavonol glycosides) in stems
(Thévenin et al. 2011). In addition, the downregulation of AtHCT gene expression in A. thaliana
decreases lignin levels and increases flavonoid levels (Besseau et al. 2007). These studies demonstrate
that changes in the expression of the CCR, CAD, and HCT genes affect the entire flavonoid and lignin
metabolic pathway. Thus, our analysis suggests that complex changes in the expression levels of TtCCR,
TtCAD, and TtHCT at different stages may explain the series of changes in LAUT and FAUT. Flavonoids
are important plant secondary metabolites that play various roles (Winkel-Shirley et al. 2001). PAL
deaminates phenylalanine to cinnamic acid, which is transformed into secondary metabolites such as
coumarins and flavonoids, by a variety of central enzymes (Watts et al. 2006). In our study, 7. tuan seeds
developed rapidly, with rapid increases in quality and volume during S1, and the color of the pericarp
changed most significantly during S1-S2, probably due to the large quantity of flavonoids synthesized in
the seeds. Both of these findings are consistent, as FAUT and almost all FBPGs were significantly
enriched during S1 (Figs. 1 and 2B). Putative unigenes in flavonoid biosynthesis, i.e., CHS, CHI, DFR, F3H,
FLS, LAR, ANS, and ANR, had their highest expression levels during S1 (Fig. 2B). Therefore, we conclude
that flavonoid accumulation occurred mainly during S1 of seed development. Enzymes encoded by
different members of the 4CL family have different metabolic functions and exhibit different substrate
affinities (Wang et al. 2022). Upregulated expression of 4CL in tobacco increases flavonoid
accumulation (Li et al. 2021; Li et al. 2020). Eleven members of the Tt4CL gene family from T. tuan were
upregulated at S5, which was positively correlated with the significant increase of FAUT at this stage.
Considering that almost all FBPGs were minimally expressed during S2—-S5, we speculate that 7t4CL
plays a unique role in the later stage of flavonoid accumulation. Additionally, LAUT decreased during S5,
possibly because coumaroyl-CoA produced by 4CL catalysis entered the flavonoid pathway. This
indicates a potential competitive relationship between the flavonoid biosynthesis pathway and the lignin
biosynthesis pathway for coumaroyl CoA from the phenylpropanoid pathway. The increase of FAUT and
the decrease of LAUT during S5 confirms this conjecture (Fig. 1B).

In this study, co-expression analysis of LBPGs, FBPGs and potential TFs was performed. TFs, as key
regulators in metabolic networks, can regulate the expression of multiple genes and can be regulated by
multiple TFs. (Grotewold et al. 2008). TFs binds directly to key genes in the flavonoid and lignin
biosynthetic pathway to regulate the accumulation of flavonoids and lignin in several species, such as
CmMYB8 (Zhu et al. 2020) PtoMYB156 (Yang et al. 2017), AtWRKY12 (Wang et al. 2010), HYWRKY23
(Karre et al. 2019), PtrbHLH186 (Liu et al. 2022), and PtNAC1707 (Qu et al. 2023). Transcriptome analysis
of T tuan seeds showed that various TF families were expressed at high levels and were co-expressed
with some lignin and FBPGs, such as WRKYPB.22195.1 (TtWRKY15), WRKYPB.13481.1 (TtWRKY32),
NACPB.9926.1 (TtNAC62-1), bHLHPB.3725.17 (TtbHLH62), and AUX/IAAPB.1133.1 (TtARF2) (Fig. 4,
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Table S12). This result suggests that these TFs may play a role in regulating the accumulation of lignin
and flavonoids in T. tuan seeds.

We conducted TO-GCN using the full set of genes to explore the regulatory relationship between TFs and
the lignin/flavonoid biosynthetic pathway during T. tuan seed development. TO-GCN has been used
extensively in studies of other species. For example, entire metabolic pathways for anthocyanins and
carotenoids in azaleas and their potential regulatory networks have been reconstructed based on TO-
GCN. (Yang et al. 2020). Furthermore, this analytical method was used to determine the biological
regulation process of auxins and carrigin in Pinus tabulaeformis Carr. by promoting flavonoid
biosynthesis and enhancing antioxidant capacity to resist UV-B. (Xu et al. 2021). We divided the gene
clusters during seed development into 10 expression levels, L1-L10 (Fig. 6B, C), and constructed sub-
networks that included the lignin and flavonoid biosynthetic pathways (Fig. 7A) to explore the
mechanism of lignin/flavonoid biosynthesis during 7. tuan seed development. The TO-GCN analysis
identified many TFs that may be related to the accumulation of lignin and flavonoids in T. tuan (Fig. 9A).
These TFs also appeared in the WGCNA results (Fig. 4A); therefore, we reconstructed the co-expression
network of these TFs with LBPGs and FBPGs through joint analysis of the WGCNA and TO-GCN networks
that included TtWRKY15and TtARF2 (Fig. 7D). These two TFs have been demonstrated to participate in
the lignin or/and flavonoid biosynthetic pathways. AtARF2 acts as a positive regulator to fine-tune the
spatial and temporal accumulation of flavonoids (mainly flavonols in A. thaliana) (Jiang et al. 2022). In
our study, TtARF2 expression levels were consistently downregulated, concurrent with FAUT at S1-S3,
and had a negative regulatory relationship at S4-S5, suggesting that TtARF2 exhibits different regulatory
effects at different T. tuan seed developmental stages. Overexpression of AtWRKY15results in reduced
lignification, and downregulation of AtWRKY175results in increased lignification in A. thaliana (Ge et al.
2020). In our study, the expression level of TtWRKY15 had different regulatory relationships with
changes in LAUT and FAUT at different stages of seed development in T. tuan. Both were downregulated
simultaneously during S1-S2, and both exhibited a negative regulatory relationship at S3—S4. This result
suggests that the WRKY175regulatory mode differs among woody and herbaceous plants, or in different
plant organs. In summary, our analysis suggests that TtARF2 and TtWRKY15 may be involved in the
regulation of flavonoid and lignin accumulation during the development of T. tuan seeds. However,
decreased activity of the TtWRKY175transcript activates the biosynthesis of callose in pollen (Li et al.
2020); therefore, TtWRKY15 may have a regulatory effect on fertility of T. tuan seeds. In addition, NAC
and MYB family members were identified (Fig. 7D), and several members of these two families
participate in the regulation of lignin biosynthesis (Wang et al. 2022). However, the regulatory effect of
these TFs on the accumulation of lignin/flavonoids during the development of T. tuan seeds requires
further verification.

Overall, this study was the first to systematically study the biosynthesis patterns of lignin and flavonoid
in 7. tuan seeds under natural conditions and their relationship with the expression patterns of pathway
genes. The regulatory network of pathway genes-TFs was constructed for the first time by joint WGCNA
and TO-GCN analysis, and TFs (TtWRKY15and TtARF2) that regulate lignin and flavonoid biosynthesis
were obtained based on network analysis. These research results have opened the research of biological
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changes during the maturation and development of T. tuan seeds, provided new information to overcome
the problem of difficult germination of T. tuan seeds, and promoted the regional breeding of T. tuan.

5. Conclusions

In conclusion, this study explored the biosynthesis and regulation of lignin and flavonoids in 7. tuan
seeds at the transcriptional level. A joint WGCNA and TO-GCN analysis showed that the accumulation of
lignin and flavonoids involved a variety of factors, including TFs and lignin- and flavonoid-related
enzymes, and identified important genes involved in lignin and flavonoid accumulation. By conducting
functional analysis of candidate genes, we will further expand our understanding of the biosynthesis and
regulation of lignin and flavonoids in T. tuan seeds. However, FAUT and LAUT in T. tuan seeds changed
similarly during S1-S4, and showed the opposite developmental trend during S5. Our analysis identified
24 TFs with potential regulatory roles in the biosynthesis of lignin and flavonoids. Potential competition
for carbon flow between flavonoid and lignin biosynthesis during different stages of T. tuan seed
development requires further research. These results provide valuable information needed to deepen our
understanding of seed development in T. tuan, and provide a basis for elucidating the formation
mechanism of lignified pericarp in this seed type.
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Temporal pattern of phenotypic changes in Tilia tuan seeds during five developmental stages (S1-S5).

(a) Orange line represents the change in 1,000-grain weight (TGW) during seed development (stages S1-

S5). Blue line represents changes in seed diameter (SD) during seed development. Five photographs
illustrate the developmental progress of 7. tuan seeds. The cone was harvested at 30 days after

pollination (S1), and then every 30 days until 150 days after pollination (S5, mature seeds). (b) Green line

represents the lignin accumulation in unit time (LAUT) for T. tuan seeds at different developmental
stages (i.e., the increase in the lignin value between two neighboring measurement stages). Brown line
represents the flavonoid accumulation in unit time (FAUT) of T. tuan seeds at different developmental

stages (i.e., the increase in the flavonoid value between two neighboring measurement stages).
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Figure 2

Biosynthetic Pathways of Lignin and Flavonoids in T. tuan and gene set enrichment analysis (GSEA) of
the lignin and flavonoid biosynthetic pathway. Expression levels of LBPGs (a) and FBPGs(b) are shown,
blue and red represent low expression and high expression, respectively. Z-scores were standardized to
-2 10 2. (c, d) Results of the (c) lignin and (d) flavonoid biosynthesis pathway gene sets for GSEA
analysis of stage S1 enrichment. Green line (above) indicates gene enrichment scores (ES, vertical axis).
The peaked line indicates the ES of the gene set; the genes before the peak are identified as the core
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genes of the gene set. One black barcode vertical line on the horizontal axis corresponds to one gene in
the gene set. A plot of the rank value distribution of the background gene set is shown, where the vertical
coordinate is a ranked list metric, i.e., fold-change values after formula processing, and the horizontal
coordinate is the rank in the ordered dataset. Red and blue regions of the heatmap indicate genes highly
expressed during S1 and other stages, respectively. The corresponding signal-to-noise ratio for each
gene is shown as a grey area plot. (e) Expression levels of TF families. Different colours indicate the sum
of the expression levels of all members of a particular TF family. Higher and lower levels of gene
expression are indicated by red and blue, respectively. Z-scores are standardized from -2 to 2. (f) TFs
were clustered into three sets based on total FPKM values using the Mfuzz R package, and the
expression profiles of all TFs are also shown.
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Figure 3

Transcriptomic and LAUT/FAUT correlation analysis during 7. tuan fruit developmental stages. (a)
Through weighted correlation network analysis (WGCNA), a total of 13 co-expression modules (clusters)
were obtained. Mark the modules with different colors, and each leaf on the dendrogram corresponds to
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a gene. (b) Correlation between FAUT/LAUT and modules. Each row represents a module. Columns 1
and 2 represent FAUT and LAUT, respectively (see Table S6). Values outside of parentheses in each cell
at the row—column intersection are correlation coefficients between the module and FAUT and LAUT.
Values in parentheses in each cell represent P values. The color scale expresses module-trait
correlation (-1 to 1). (c—e) Expression levels of genes in the (c) tan, (d) brown, and (e) black modules. Z-
scores were standardized to -2 to 2. (F—H) Selected Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis results for co-expressed genes in the (f) tan, (g) brown, and (h) black modules. Q-
values are transformed as -log,yQ-values.

Figure 4

Regulatory network for lignin and flavonoid biosynthesis in T. tuan. (a) Tan module. (b) Brown module.
Triangles and ellipses indicate pathway genes involved in flavonoid and lignin biosynthesis during fruit
development and ripening, respectively. Circles represent TFs associated with flavonoid and lignin
pathway gene expression.
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Figure 5

The validity of the transcriptome data was verified using qRT-PCR. The log,, (FPKM) and 222 values

from S1 phase were normalised and used as controls, and the results were averaged over three
biological replicates (mean + SD, n = 3).
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Figure 6

Time-ordered gene co-expression network (TO-GCN) during seed development of T. tuan. (a) Relative
expression values of the bait gene (PB.34500.1). Each node represents three biological replicates. (b)
TO-GCN, green nodes represent the bait gene (PB.34500.1); blue nodes represent TFs; red and yellow
nodes represent flavonoid and lignin biosynthetic pathway genes, respectively. The number below each
GCN represents the number of nodes. (c) Gene expression levels identified in the gene regulatory
network at each time point and temporal order during seed development, blue and red represent low
expression and high expression, respectively. Z-scores were standardized to -2 to 2. (d) Distribution of
TFs from flavonoid and lignin biosynthetic regulatory networks in the TO-GCN network. Grey, yellow,
green, and blue squares represent TFs distributed in L1, L2, L3, and L8, respectively. Red and black text
represent TFs in the tan and brown modules, respectively.

Figure 7

Analysis of the regulation relationship between key transcription factors and pathway gene. (a)
Regulatory lignin and flavonoid biosynthetic subnetwork. (b) Regulatory subnetwork of TtWRKY15
(PB.22195.1). Purple and blue circles represent TFs, and yellow and pink circles represent pathway
genes. (c) Venn diagrams of all nodes among the four comparisons (L1 vs. TAN, L1 vs. Brown, L2 vs.
TAN, and L2 vs. Brown). (d) Joint analysis of WGCNA and TO-GCN networks for the conserved regulatory
network of lignin and flavonoid accumulation during 7. tuan seed development. Blue circles represent
TFs; orange and green nodes represent pathway genes. Lines between genes represent potential co-
expression between TF and non-TF. (e) Expression levels of TFs in the conservative regulatory network
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associated with lignin and flavonoid accumulation. Low to high expression levels are indicated by a blue
to red color gradient. Z-scores were standardized to -2 to 2.
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