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Summary

Quercus dentata Thunb., a dominant forest tree species in northern China, has
significant ecological and ornamental value due to its adaptability and beautiful
autumn coloration, with color changes from green to yellow mto red resulting
from the autumnal shifts in leaf pigmentation. However, the key genes and
molecular regulatory mechanisms for leaf color transition remain to be
mvestigated.

First, we presented a high-quality chromosome-scale assembly for Q. dentata.
This 893.54 Mb sized genome (contig N50=4.21 Mb, scaffold N50=75.55 Mb;
2n=24) harbors 31,584 protein-coding genes. Second, our metabolome analyses
uncovered  pelargonidin-3-O-glucoside,  cyanidin-3-O-arabinoside,  and
cyanidin-3-O-glucoside as the main pigments involved in leaf color transition.
Third, gene co-expression further identified the MYB-bHLH-WD40 (MBW)
transcription activation complex as central to anthocyanin biosynthesis
regulation.

Notably, transcription factor (TF) QdNAC (QD08G038820) was highly co-
expressed with this MBW complex and may regulate anthocyanin accumulation
and chlorophyll degradation during leaf senescence through direct mteraction
with another TF, QdMYB (OD01G020890), as revealed by our further protein-
protein and DNA-protein interaction assays.

Our high-quality genome assembly, metabolome and transcriptome resources
further enrich Quercus genomics, and will facilitate upcommng exploration of

ornamental values and environmental adaptability in this important genus.

Key words: Quercus, flavonoids, leaf color transition, co-expression network, gene

regulation
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Introduction

Oaks (Quercus L.), the largest genus within the Fagaceae family comprising between
400-500 species (Manos & Stanford, 2001), are one of the most important trees of
temperate forests across the Northern Hemisphere (Nixon, 2006; Denk et al., 2017).
China is one of the diversity centers of this genus with more than 60 species, which are
the main components of subtropical evergreen broadleaved forests and temperate
deciduous forest. Quercus dentata Thunb., belonging to the section Mesobalanus of
Quercus genus, is a typical multifunctional ecological ornamental tree thanks to its red
autumn foliage (Fig. 1a) and tall umbrella-shaped canopy. Quercus species have been
widely planted as afforestation and landscape trees due to their longevity, high
ornamental value, and high stress resistance (Escandon et al., 2021), as well as their
considerable economic value for the use of leaves, bark, acorns, and wood (Del Alamo-
Sanza & Nevares, 2018; Morales, 2021).

Q. dentata has been cultivated in China for a long time as its leaves and bark are
rich in bioactive compounds and tannin, acorns contain abundant amounts of starch,
and the tree trunk provides high-quality wood (Liu et al., 2018). Q. dentata leaves are
also good fodder to rear the Antheraea pernyi sikworm for the production of valuable
sik fiber (Hu ef al, 2018). In addition, the leaves are often used n Chinese herbal
medicine to relieve dysentery, sores and urinary calculi and most of the
pharmacological effects may be attributed to the large amounts of tannins or flavonoids
(Sohretoglu & Renda, 2020). Moreover, due to ubiquitous natural hybridization within
the genus (Ishida et al., 2003; Du et al., 2022), Q. dentata is the parent species in many
hybrid complexes with other Quercus species. Despite its immense potential uses and
significant values, the genetic basis of most key traits and the genetic diversity of Q.
dentata remain to be explored, and high-quality genomic resources are essential for
such an endeavor.

The bright red autumn leaves are the most notable ornamental trait of Q. dentata

as they turn from green to red with temperature decreasing, which is usually associated
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with the degradation of chlorophyll controlled by the pheophorbide-a-oxygenase
(PAO)/phenyllobilin pathway (Woo et al., 2019) and the accumulation of pigments.
Flavonoids have been reported to be among the most important pigments responsible
for a variety of colors in higher plants (Fang, 2014; Chen et al., 2019). Among
flavonoids, the synthesis and accumulation of anthocyanins confers the orange, red,
purple, and yellow colors to the leaves of various plants. Therefore, the accumulation
of anthocyanins may play a central role in changing the leaf color of Q. dentata.
Although the mechanisms of autumn leaf formation have been studied in some trees
(Gao et al., 2021) (Renner & Zohner, 2019), the pigments that determine autumn leaf
color and regulation in deciduous Quercus are still unclear.

Changes in temperature and sunshine duration in autumn are thought to be
important in triggering leaf senescence and anthocyanin synthesis i deciduous trees
(Wu et al., 2018). Anthocyanin biosynthesis regulated by MYBs has been shown to
play a key role in leaf coloration and is associated with senescence (Wen et al., 2021).
Dynamic activation of transcription factors (TFs) is thought to play a key role in
regulating chlorophyll degradation and anthocyanin accumulation. When plants are
exposed to sudden cold spells and strong solar radiation, anthocyanins are highly
beneficial for aging leaves, reducing the risk of photooxidative damage to leaf cells and
mitigating oxidative damage (Juvany et al., 2013; Gould et al., 2018). In oak species,
anthocyanin accumulation increases cold tolerance in species with lLmited frost
tolerance under cold stress (Ramirez- Valiente et al., 2015). Whether the mechanisms
regulating leaf senescence and flavonoid synthesis are highly coordinated under the
influence of multiple environmental signals remains to be mvestigated. Therefore,
uncovering the biosynthetic and regulatory mechanisms of flavonoids during autumn
leaf senescence may lead to a deeper understanding of red leaf formation and bioactive
compound production in Q. dentata.

As a Quercus species native to Asia and a representative species of the section

Mesobalanus of Quercus, the genome sequence of Q. dentatais therefore essential not
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only for studying the molecular mechanism of formation of outstanding traits including
leaf coloration, but also for exploring the evolutionary and phylogenetic position of the
section Mesobalanus in Quercus. Here, a high-quality chromosomal reference genome
of Q. dentata was generated using long and short read sequencing and Hi-C
technologies. The final genome composition is presented in high quality with 893.54
Mb i size (contig N50=4.21 Mb, scaffold N50=75.55 Mb) and 12 chromosome-scale
scaffolds and 31,584 annotated protein-coding genes. In addition, we performed a
comprehensive metabolome and transcriptome assessment of the leaf color transition.
Furthermore, a weight gene co-expression network analysis (WGCNA) was performed
to gain insight into the major genes and gene regulation associated with the metabolic
changes of flavonoids contributing to leaf coloration. The major metabolic compounds,
enzymatic and regulatory genes and their potential regulatory networks were revealed,
and the key gene regulations were revealed by yeast one-hybrid (Y1H) and yeast two-
hybrid (Y2H) assays. By itegrating comprehensive metabolome and transcriptome
data, our study contributes to a high-quality reference genome sequence and an in-depth
exploration of molecular mechanisms during leaf coloration and senescence. These
resources provide the basis for further genetic, genomic, and functional studies in

Quercus species.
Materials and Methods

Plant materials

A healthy, big in size and fruitful mature oak ndividual (Q. dentata) was selected from
naturally regenerated forest at Yinshan Talin Scenic Area, Changping district (116°32’

74" E, 40°32" 02" N), Beijing, China. The young and healthy leaves from the
selected individual were used for genome sequencing and assembly. Different plant
tissues including leaves, stems, flowers, roots, ectomycorrhiza and acorns of three
development stages (May, July, September) were also sampled from the same tree for

RNA-sequencing in support of genome annotation. In addition, leaves from five
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different stages (May, July, September, October, November, named as S1-S5) were
collected for transcriptome sequencing. And flavonoid metabolic assays were carried
out using last three-color change periods (S3-S5) of leaf. All samples were immediately
flash frozen using liquid nitrogen and stored at -80°C for subsequent nucleic acid
extraction.

Genome sequencing and library construction

The genomic DNA was extracted from the leaves with QIAGEN DNeasy Plant Mini
Kit (QIAGEN, Darmstadt, Germany) (Methods S1 for details). For long-read
sequencing, the sequencing library was constructed using Ligation Sequencing Kit
(SQK-LSK109) from Oxford Nanopore Technologies (ONT). For short-read
sequencing, 350-bp paired-end (PE) library was constructed and sequenced on BGI
sequencing platform DNBSEQTM. Short reads were processed with fastp (version
0.23.0) (Chen et al, 2018) and SOAPnuke (version 1.5.6). For Oxford Nanopore
PromethION sequencing, we constructed two sequencing libraries with 20-kb DNA
insert size and run on the GridlON X5 sequencer platform (Oxford Nanopore
Technologies, UK). One Hi-C library was prepared (Methods S2 for details) and then
sequenced on a BGISEQ platform.

Genome size and heterozygosity estimation

We firstly used Jellyfish v2.1.4 (Margais & Kingsford, 2011) to count the depth
distribution of K-mer = 17-31, and then the spectrum of K-mer was fitted by
GenomeScope v1.0.0 (Vurture etal., 2017) to predict genomic features, such as genome
size and heterozygosity.

Genome assembly and quality assessment

The long-read sequences generated by the ONT sequencing platform were assembled
by the following steps. First, we used NECAT (httpsy//github.com/xiaochuanle/NECAT)
to assemble long-read sequences into contigs and subsequently corrected assembled
contigs using Racon (version 0.3.0) (Vaser et al, 2017). Then, short paired-end

sequencing reads were aligned to primary contigs with BWA-MEM (version 0.7.17) (Li
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& Durbin, 2009) and filtered for properly paired primary alignments using SAMtools
(version 1.10). Finally, the assembly was further polished with the second round of
pilon using cleaned short reads (Walker et al., 2014) and Unified Genotyper module of
the GATK (version 3.5) package (McKenna ef al., 2010) was used to obtain SNP and
Indel loci.
Chromosome-scale assembly with Hi-C
Hi-C data was used for chromosome-scale scaffolding. First, we used Hic-pro (version
2.11.4) to fiter the Hi-C data digested by Mbol to obtain clean Hi-C data (Servant et
al., 2015). Then, the clean Hi-C data were mapped to the assembled genome using
Juicer (version 1.5.6) (Durand ef al., 2016). 3D-DNA (version 180922) was used for
chromosome-level scaffolding by clustering, sorting, and orientation components based
genomic proximity information between Hi-C read pairs (Dudchenko ef al, 2017).
Fially, the Hi-C cross-linking signal was redrawn by HicPlotter (version 0.7.3), and
the adjacent anchored scaffolds were connected forming 12 super scaffolds
corresponding to 12 pseudochromosomes. We evaluated the completeness of the
assembled genome through Benchmarking Universal Single-Copy Orthologs (BUSCO)
analysis using gene content from the embryophyta odb10 (Seppey ef al., 2019).
Gene prediction and annotation
The repetitive elements were identified by a combination of homology-based and de
novo strategies. For the homology-based repeat library, we used RepeatMasker (version
4.0.7) to identify repeats base on the known consensus sequences of RepBase (version
21.12) (Jurka et al., 2005). De novo repeat library was built using RepeatModeler
(version 1.0.10). Then, we searched the tandem repeat from Q. dentata genome using
Tandem Repeats Finder (version 4.09) (Benson, 1999) and LTR FINDER (version
1.06). Furthermore, we used LTR _FINDER to identify and classify the candidate LTR-
retrotransposons (Xu & Wang, 2007).

We performed three strategies to predict and annotate genes in the Q. dentata

genome including de novo, homolog-based and transcriptome-based approaches. For
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the de novo prediction, we predicted genes by Glimmer HMM (version 3.0.4) (Majoros
et al., 2004), Augustus (version 3.0.2) (Stanke ef al., 2006), Genscan (version 1.0) (Li
et al., 2010). For the homolog-based prediction, the protein sequences of Oryza sativa,
Arabidopsis thaliana, Vitis vinifera, C. mollissima, F. sylvatica and Q. robur were
aligned against the Q. dentata genome using tblastn with E-value < 1E-5 (Altschul et
al., 1997). Genewise (version 2.4.1) was employed to annotate genes based on
alignments (Biney et al., 2004). For transcriptome-based prediction, RNA-seq data
were aligned to the genome using HISAT2 (version 2.2.1) (Kim et al, 2015) and
assembled to gene models by Cufflinks (version 2.2.1) (Trapnell et al., 2012). Finally,
with the help of Evidence Modeler (EVM) (version 1.11) (Haas et al., 2008), all the
genes predicted by various methods were integrated into a non-redundant and complete
gene set. The functional annotation of protein-coding genes was carried out by running
egeNOG-mapper (version 2.1.6) and BLAST (version 2.2.3.1) (E-value <le™>) against
NCBI non-redundant (NR) protein databases, Swiss-Prot (Bairoch & Apweiler, 2000),
GO database (Ashburner et al., 2000), pfam (Mistry et al., 2021), tair (Poole, 2007),
COG (Galperin et al., 2019), and KEGG (Kanehisa & Goto, 2000).

Genome comparison and phylogenomics

We performed comparative genome analysis among Quercus robur (Plomion et al.,
2018), Quercus suber (Ramos et al., 2018), Quercus lobata (Sork et al., 2016), Q.
mongolica (Ai et al., 2022), Q. acutissima (Fu et al., 2022), Q. variabilis (Han et al.,
2022), Fagus sylvatica (Mishra et al., 2018), Castanea mollissima (Xing et al., 2019),
Morvella rubra (Jia et al., 2019), Carpinus fangiana (Yang, X et al., 2020), Carya
cathayensis (Huang et al., 2019), Solanum tuberosum (Potato Genome Sequencing et
al, 2011), Solanum Ilycopersicum (Tomato Genome, 2012), Arabidopsis thaliana
(Cheng et al., 2017), Vitis vinifera (Jaillon et al., 2007), Oryza sativa (Yu et al, 2002),
Carica papaya (Ming et al, 2008), and Q. dentata genome. We obtained protein
sequences from each of the above-mentioned genome data to construct protein gene

sets of multiple species and used OrthoFinder (version 2.2.6) to cluster the selected
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protein sequences and screen low-copy genes as orthologous genes (Emms & Kelly,
2019). The concatenated amino acid sequences alignment was created by MUSCLE
(version 3.8.31) (Edgar, 2004) and the phylogenetic tree was constructed using RAXML
(version 8.2.4) (Stamatakis, 2014). CODEML program in the PAML (version 4.5)
software package was used to estimate the molecular clock (divergence time and
replacement rate), and the MCMCTree program was used to calculate the
differentiation time between species. We  queried the  Timetree

(http//www.timetree.org/) database to correct the species divergence time (Yang, 2007).

CAFE (version 4.1) was used to analyze the expansion/contraction of gene families
based on the chronogram of these 18 species and filter out gene families whose total
number of genes in the family is greater than 200 and the number of genes in any species
is 0 (De Bie et al., 2000).

Genome synteny analysis

We performed synteny searches to identify syntenic blocks within Q. dentata and
between Q. dentata and Q. robur, Q. lobata, Q. variabilis, Q. acutissima, Q. mongolica,
Q. suber, F. sylvatica, and V. vinifera using MCScanX (Wang et al, 2012).
Subsequently, Ks (number of substitutions per synonymous site) substitution rates of
gene pairs across syntenic blocks were calculated to identify WGD (whole genome
duplication) events. The dot plots between Q. dentata and Q. dentata as well as V.
vinifera genome was generated with Quota synteny alignment software (Tang et al.,
2011).

Transcriptome sequencing and analysis of DEGs

The samples from leaves at five different color change stages, stems, flowers, roots,
ectomycorrhiza and acorns with three biological replicates were harvested from the
same tree and processed for RNA extraction and cDNA library construction. The
filtered clean reads were mapped to the Q. dentata genome using HISAT2 (version 2.0.4)
(Kim et al., 2015). Bowtie2 (version 2.2.5) was applied to align the clean reads to the

reference coding gene set (Langmead & Salzberg, 2012), then the number of reads
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mapped to the assembled transcriptome was mput to RSEM (version 1.2.12) to obtain
read count for each gene. (Li & Dewey, 2011). We performed DESeq2 package to
analyze differential expression genes (DEGs) and define genes with log2 fold change
(FC)>1, P-value <0.001 and false discovery rate (FDR) < (.05 as significant (Love et
al., 2014).

Flavonoids-Targeted metabolic analysis

Leaves of S3-S5 stages were collected for metabolomic analysis and analyzed using
UPLC and MS/MS system (as described in Methods S3). The difference of among three
leaf color change groups for all 19 metabolic variables were evaluated using the
nonparametric Kruskal-Wallis multiple-range test (De Mendiburu, 2014). Principal
component analysis (PCA) was implemented to the data of all 19 metabolic variables
using ade4 (Dray & Dufour, 2007), and the relative contribution of each metabolic
variables to the two dimensional spaces defined by the first two principal
components(PCs) was then illustrated in a PCA distance biplot.

Analysis of genes involved in flavonoid biosynthesis during leaf color change

The flavonoid biosynthesis genes and chlorophyll catabolic genes (CCGs) in Q. dentata
were identified based on genome annotation and combining local blast and
phylogenetic analysis. Hidden Markov Model (HMM) profiles from Pfam database
were used to search against proteome using HMMER (version 3.1) with E-value<0.01
(Wheeler & Eddy, 2013). We identified transcription factors (TFs) in the Q. dentata
genome using PlantRegMap (Tian ef al, 2020). The 2000-bp sequences upstream of
crucial genes were defined as the promoter region, from which the cis-acting regulatory
elements were identified with PlantCARE (Lescot efal., 2002) and PlantTFDB (version
5.0) (Tian et al., 2020).

Weighted correlation network analysis

After discarding relative low expression genes (the FPKM was less than 0.5 in more
than 9 samples), the R package WGCNA (Langfelder & Horvath, 2008) was used to

identify modules of highly correlated genes attributable to flavonoids base on the
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fitered FPKM data. The co-expression modules were obtained using automatic
network construction function (blockwiseModules) with power =15, minModuleSize
=100, TOMtype was signed, modules whose eigengenes were highly correlated
(correlation > 0.8) were merged. Eigengene value was calculated for each module based
on pearson correlation, which was used to search the modules association with leaf
color change products (flavonoids). The networks were visualized by Cytoscape
(v.3.8.2) (Shannon et al., 2003).

Yeast one-hybrid and Yeast two-hybrid assays

For the yeast one-hybrid (Y1H) assay, the CDS fragments of QdNAC (OD08G038820)
and QdMYB (OD01G020890) were inserted into the pGADT7 vector. In addition, the
upstream 2 kb promoter fragment of QdSGR and QdCHS were mserted into the pAbai
vector and transformed into the YIHGold yeast strain. Then, the QdNAC-AD and
QdMYB-AD plasmid were transformed into the recombinant yeast strain and empty
pGADT7 plasmid was transformed mto the recombinant yeast as a control. The
recombinant plasmids with the empty pGADT7 and promoter fragments of
QdSGR/QACHS were spread on different concentrations of SD/-Lew/AbA medium to
screen for mhibition of self-activation concentration. Finally, the transformants were
spread SD/~Lew/AbA (aureobasidin A) culture medum.

For the yeast two-hybrid (Y2H) assay, the CDS fragments of QdNAC
(OD08G038820) and QdMYB (OD01G020890) were mserted mto the pGBKT7 and
pGADT7 vectors to construct pGBKT7-ODNAC and pGADT7-QdMYB vectors,
respectively. Then, AD and BK recombinant plasmids were co-transformed into Y2H
and empty pGADT7 and pGBKT7-ODNAC were co-transformed into Y2H as a control,
which was spread on SD-Lew/Trp, SD-Tip/LewHis + X-a-gal and SD-LewTrp/His/ Ade
+ X-o-gal.

Results
Q. dentata genome sequencing and assembly

Based on K-mer analysis, Q. dentata genome size was estimated ~841 Mb in size with
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a repeat rate of 47.02% and a heterozygosity rate of 1.53% (Fig. S1). We produced
141.71 Gb (169-fold coverage of the estimated genome size) Oxford Nanopore long
reads (Fig. S2), 57.89 Gb short reads, and 154.37 Gb (184-fold coverage) Hi-C paired-
end reads (Table S1). We first used Nanopore long-reads to assemble a 1.08 Gb genome
(contig N504.21 Mb). The assembled genome had 893.54 Mb total size, composed of
312 contigs, with contig N50 of 4.8 Mb. Then, we used Hi-C data to assist the assembly
correction and anchored 312 contigs into 12 chromosome-level supper scaffolds with
scaffold N50 of 75 Mb (Fig. 1b; Table S2). The Hi-C nteraction matrix displayed a
strong intra-chromosomal interactive signal along the diagonal (Fig. S3). We evaluated
the mtegrity of gene assembly through BUSCO analysis, and 95.7% of complete
eukaryotic conserved genes were identified (Table S3). In addition, 30 million
Nanopore reads were aligned to the Q. dentata genome and yielded a 99.97% mapping
in the whole genome, with an average coverage depth of ~161X (Table S4; Fig. S4, S5).
The above results confirmed that the Q. dentata genome assembly has a high degree of
completeness and accuracy at the chromosome level.

Q. dentata genome annotation

A total of 667,446,084 bp repeat elements were identified, which accounted for 74.7%
of the assembled Q. dentata genome. Transposable elements (TEs) were dominant,
accounting for about 53.57% (478.7 Mb) of the genome. Further analysis showed
significantly higher proportion of retrotransposons compared to DNA transposons.
Similar to other plants, LTRs (309.2 Mb, 34.6%) were the predominant
retrotransposons with Gypsy (18.22%) the most abundant, followed by Copia (15.35%)
(Table SS5). And the LTR Assembly Index (LAI) for Q. dentatais 8.29.

We applied a combination of de novo, homology and RNAseq-based strategies to
annotate the protein coding genes in Q. dentata. Atotal of 42 RNA-sequencing libraries
from leaves, roots, stems, and acorns were used for annotation. Finally, 31,584 genes
were predicted, and the average length of total gene regions, coding sequences (CDS),

intron sequences, and exon sequences were 5,243, 1,293, 711, and 297 bp, respectively
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(Table S6). We also identified 2,058 non-coding RNAs, including 251 miRNAs, 788
transfer RNAs (tRNA), 177 ribosomal RNAs (rRNA), and 797 small nuclear RNAs
(snRNA) (Table S7). Furthermore, the chromosomal locations of ribosomal RNA genes
were visualized (Table S8), and the number of rRNA genes in other sequenced Quercus
species was also counted (Table S9). Among the predicted protein coding genes, 30,793
(97.5%) genes could be annotated to at least one of the following databases: NCBI non-
redundant protein database (NR) (97.48%), RDP (88.21%), TAIR (89.29%), the Swiss-
Prot protein database (79.33%), Gene Ontology (GO) (35.63%), KEGG PATHWAY
(44.06%), COG (86.51%), EgeNOG (86.51%), and the protein families database (Pfam)
(77.28%) (Table S10).

In addition, we identified 1,920 genes encoding transcription factors (TFs)
belonging to 92 diverse TF families, which accounted for 6.07% of all protein-coding
genes. We identified 149 MYB TFs as the largest family, followed by AP2-ERF (102),
bHLH (101), C2H2 (100), NAC (92), and WRKY (68) families.

Comparative and evolutionary genomics of Q. dentata

To investigate the phylogenetic relationship and evolutionary status of Q. dentata, the
dated phylogenetic tree was reconstructed for 18 plant species including nine Fagaceae
species (Quercus dentata, Quercus robur, Quercus lobata, Quercus suber, Quercus.
variabilis, Quercus acutissima, Quercus mongolica, Castanea mollissima, and Fagus
sylvatica) and nine other sequenced plants. A total of 17,144 gene families (one gene
family is just one orthogroup inferred by OrthoFinder2) encompassing 30,798 genes
were identified and 134 species-specific gene families were obtained for Q. dentata
(Table S11). We used 1053 low-copy orthogroups to reconstruct the phylogenetic
relationship between Q. dentata and the other 17 plant species. Results indicate the
closest relationship between Q. dentata and the six other Quercus species (Fig. 2a).
Among them, Q. dentata from the section Mesobalanus clusters with Q. mongolica, Q.
robur and Q. lobata from the section Quercus in one clade, which is making a sister

group to Q. acutissima, Q. variablils and Q. suber from the section Cerris. The
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divergence between Q. dentata and Q. mongolica and Q. robur occurred approximately
8.7 and 10.9 million years ago (Mya), respectively. Moreover, the seven Quercus

species diverged from C. mollissima and F. sylvatica around 23.6 and 50.8 Mya,

respectively, following their divergence from the common ancestor of Fagaceae species.

In their common order Fagales, Fagaceae diverged from other distantly related families
such as the Myricaceae around 75 Mya (Fig. 2a).

Comparative analysis of gene families revealed 7,928 shared gene families among
eight Fagaceae species (Q. robur, Q. suber, Q. lobata, Q. mongolica, Q. variabilis, Q.
acutissima, F. sylvatica and Q. dentata) and 257 gene families unique to Q. dentata
(Fig. 2d). In comparison with gene families of other 17 plant species, 2,405 gene
families were found expanded, and 3,716 gene families contracted in Q. dentata (Fig.
2a). GO functional enrichment analysis revealed the expanded gene families were
significantly enriched in biological processes related to cellular response to hydrogen
peroxide and defense response to insect (Fig S6). KEGG functional enrichment analysis
of the expanded gene families showed significant enrichment in plant-pathogen
mteraction (Fig. S7), with a significant expansion of 1551 members of receptor-like
kinase (RLK)-encoding gene (Fig. S8).

The Ks age distributions and synteny analyses were used to unveil WGD events.
Four Quercus species (Q. robur, Q. suber, Q. lobata, Q. dentata) and Vitis vinifer
present the same signature of Ks peaks only at about 0.15, indicating that none of the
Quercus species underwent WGD events (Fig. 2b) since the gamma triploidization.
Moreover, we identified 268 syntenic blocks comprising 3579 collinear genes in Q.
dentata through intra-genomic synteny analyses (Fig. S9; Table S12). We also built a
gene homology dot plot and calculated Ks values of one-versus-one orthologs between
V. vinifera and Q. dentata (Fig. S10). The chromosome collinearity between Q. dentata
and V. vinifera showed a 1:1 correspondence, and a total of 15,942 gene pairs and 740
blocks were obtained (Fig. S11a). These results were consistent with the Ks distribution,

suggesting that Q. dentata lacks independent WGD in its evolutionary history. In
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addition, chromosome collinearity analysis between Q. dentata and Q. robur, Q. suber,
Q. lobata, Q. variabilis, Q. acutissima, Q. mongolica, and F. sylvatica showed 1:1
syntenic patterns suggesting a close evolutionary relationship (Fig. 2c; Fig. S11b; Table
S13).

Flavonoid metabolic profiling during leaf color change of Q. dentata

We divided the process of color change in Q. dentata into five distinct development
stages (S1-S5), which involved a gradual darkening of the leaf’s green during April to
September, its color change to orange in October, and its color transformation to red in
November (Fig. 3a). To investigate the metabolic differences during this color change,
we carried out a targeted metabolomic approach to determme the flavonoid contents in
the three stages S3-S4-S5. In total, 175 flavonoid metabolites were detected and
identified by UPLC-MS/MS, including anthocyanins, flavanols, dihydroflavonols,
flavonols, and chalcone (Table S14). By calculating the fold-change of metabolite
content among these three stages, 19 flavonoid metabolites exhibited significant
differences. Along with the color change in Q. dentata leaves, anthocyanins content
(cyanidin-3-O-glucoside, cyanidin-3-O-arabinoside, delphinidin-3-O-glucoside and
pelargonidin-3-O-glucoside) increased the most. Dihydroflavonols (taxifolin,
dihydrokaempferol), and chalcone (naringenin chalcone, naringenin) increased to
varying degrees compared to the green-leaf stage, but the content of flavanols (catechin)
(epicatechin, catechin, gallocatechin, epigallocatechin and epiafzelechin) declined (Fig.
3b).

PCA analysis of the main 19 metabolites from the flavonoid synthesis pathway
identified the first two components (with eigenvalues > 1) cumulatively accounted for
89.2% of the total variation, of which PC1 accounted for 61.6% (Fig. 3c). The variance
of different leaf color development stages can be clearly distinguished with PC1, and
the three distinct groups related to the time series of leaf discoloration. As revealed in
the PCA biplot, anthocyanins (cyanidin-3-O-glucoside, cyanidin-3-O-arabinoside,
delphinidin-3-0O-glucoside, pelargonidin-3-O-glucoside), dihydroflavonols (taxifolin,
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dihydrokaempferol), chalcones (naringenin chalcone), and flavonols (quercetin,
kaempferol) were positively associated with the color change from green to red.
Flavanols (epicatechin, catechin, gallocatechin, epigallocatechin, epiafzelechin) and
dihydroflavonols (leucocianidol) were negatively associated with leaf color. KEGG
pathway enrichment analysis among three leaf color change stages showed that
anthocyanin/flavonoid biosynthesis was significantly enriched (Fig. S12). The main
metabolic changes contributing to the transition from S3 to S5 development stages
mvolved relatively high content of anthocyanins (pelargonidin-3-O-glucoside,
cyanidin-3-O-arabinoside, and cyanidin-3-O-glucoside) with significant differences
among the three stages.

Flavonoid gene expression during leaf color change in Q. dentata

To explore the molecular regulatory mechanisms of autumn leaf color formation, RNA
sequencing was performed on leaves for the five development stages. Combined with
our high-quality Q. dentata genome, we reconstructed the flavonoid synthesis and
carotenoid synthesis pathways for leaf coloration (Fig. 4; Fig. S13). An average output
of 6.35 Gb clean reads per sample was obtained (Table S15), with an average mapping
rate of 79.90%, and a total of 33,872 DEGs were identified, among which the highest
number of DEGs was S1 vs S4 with 22,869 (Fig. S14). The cluster dendrogram of
transcriptomes showed that the gene expression patterns were divided into two groups,
the green leaf group (S1-S3 stages) and the autumn leaf group (S4-SS5 stages) (Fig. 3d).
In agreement, both Q. dentata metabolome and transcriptome, revealed significant
specificity during the progression of leaf coloration. We annotated 51 enzymatic genes
in the flavonoid biosynthesis pathway and visualized their expression patterns at the
five leaf color change stages (Fig. 4). By reconstructing the flavonoid biosynthesis
pathway for the Q. dentata leaf, we found Qd4CL (QD09G051600), QdCHS
(QD06G044950), QdF3'H (QD10G034000), QdANS (QD12G029520), and QdA30GT
(QD09G052790) genes expressed at relatively high levels in the autumn leaf group S4-

S5, coinciding with significant accumulation of the main coloration metabolites

85U801 7 SUOWIWIOD 8A 8. 8|eol|dde auy Aq pausenob ae sejoile YO ‘8sn JO S8|nJ 10} ARid 17 8UIIUO A8]IA UO (SUOTIPUOD-PUR-SLLBI WD A8 [1M°Afe1q | BulUO//SANY) SUORIPUOD pue sWB 1 8yl 88s *[£202/€0/c0] U0 AriqiT8ullu A8 |1 BuIyD8URIYR0D AQ $T88T YdU/TTTT 0T/I0p/L00 A8 |im ARiqgijeutjuo-ydu//sdny wouy pepeojumoq ‘ef ‘ZET8697T



pelargonidin-3-O-glucoside,  cyanidin-3-O-glucoside, cyanidin-3-O-arabinoside,
cyanidin-3,5-O-diglucoside, and delphinidin-3-O-glucoside (Fig. 3b; Fig. 4).

Gene co-expression network associated with leaf coloration in Q. dentata

To obtain further insights into the regulation of flavonoid related metabolic changes
during leaf coloration, we performed weight gene co-expression network analysis
(WGCNA) analysis. We retained 21,651 differentially expressed genes (DEGs) with
Fragments Per Kilobase Million (FPKM) greater than 0.5 and a significant difference
among samples at various stages. A total of 11 co-expression modules were identified
(Fig. 5a, color-coded). Among those sub-networks of gene co-expression (Fig. 5b),
some strongly correlated with the five anthocyanins naringenin, naringenin chalcone,
taxifolin, dihydrokaempferol, and kaempferol and ther downstream metabolites.
Among those, the three main leaf color-rendering anthocyanins cyanidin-3-O-glucoside,
cyanidin-3-O-arabinoside, and pelargonidin-3-O-glucoside showed the highest
correlation coefficients with the brown-coded module, that is 0.99, 0.98 and 0.98,
respectively. Gene expression patterns for the brown-, magenta-, and red-coded
modules all showed up-regulation from stages S3 to S5 (Fig. 5c). GO enrichment
analysis exhibited that genes in the brown module were significantly enriched for the
organonitrogen compound catabolic and the protein catabolic processes within
biological processes (Fig. S15).

We identified structural genes of the Quercus flavonoid metabolic pathway and
CCGs for the brown-coded module and examined a total of 198 related TFs for this
module, mostly members of MYB, bHLH, WD40, NAC, WRKY, MADS, bZIP, and
AP2-EREBP families. There, we identified six enzymatic genes for flavonoid synthesis
and five chlorophyll catabolic genes, including 4CL (QD09G051600, QD01G027240,
0D02G 142950), CHS (OD06G044950), F3'H (QOD10G034000), ANS (QD12G029520),
and NYCI (QD02G167200), SGR (QD12G029700), PPH (QD04G017270), PAO
(OD01G025900), RCCR (QD06G080940), respectively, whose gene expression was

highly correlated with the accumulation of five anthocyanins at the autumn leaf stages
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S4-S5 (Table S16). The potential regulatory networks for flavonoid metabolite
synthesis and chlorophyll degradation were also resolved (Fig. 6b). Based on gene
connectivity pattern within the brown-coded module, 18 genes were hub genes, two of
which are TF genes MYB (OD06G024550) and bHLH (QD06G032240).

To further screen the TFs for potential binding affinity to flavonoid metabolizing
structural genes and chlorophyll catabolic genes, we predicted the DNA binding sites
of promoter regions located 2.0 kb upstream of CHS, ANS, F3'H, PAO, NYC1, and SGR
genes. All three flavonoid metabolizing structural genes had DNA binding sites for
MYB, bHLH, and bZIP, while the three CCGs rather displayed NAC binding sites (Fig.
6a).

Identification of key TFs and potential regulatory network associated with leaf
color transition in Q. dentata

To address the regulatory roles of key TFs in flavonoid metabolism during leaf color
transition, we focused our analysis on the potential regulatory network of ANS and CHS.
CHS and ANS represent the key biosynthetic enzymes in the early and late stages of
flavonols/anthocyanins synthesis, respectively, and the corresponding genes were
highly expressed at stages S4 and S5. In addition, we analyzed the regulatory
mechanisms of three CCGs (PAO, NYCI, and SGR) that may control chlorophyll
degradation during leaf senescence.

By correlating TFs binding sites and expression patterns of key TFs, we identified
48 important TFs from the brown-coded co-expression module, including MYB, bHLH,
NAC, WRKY, WD40, and bZIP (Fig. 6¢). Further, two sub-networks were inferred for
the brown-coded module with TFs as potential regulators of chlorophyll catabolic genes
(Fig. 7a) and flavonoid biosynthesis genes (Fig. 7b). Among those TFs, most members
(11) belonged to the MYB family i the sub-network of ANSand CHS, and 11 members
ofthe NAC family were found in the CCGs sub-network. Most of these TFs were barely
expressed at green leaf stages S1-S3, but highly expressed at autumn leaf stages S4-SS5.

These TF expression patterns were consistent with those of key structural genes in
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flavonoid metabolism and the chlorophyll catabolic pathway (Fig. 4). We note that TF
expression at S5 already declined compared to S4.

We found seven key TFs that may simultaneously regulate anthocyanin
accumulation and chlorophyll degradation, with CHS and ANS genes as the hubs within
these potential regulatory relationships (Fig. 7d). Cis-acting element analysis and
expression patterns supported the regulatory network of the related TFs, among which
MYB, WD40, bHLH, NAC, WRKY, and bZIP may play important roles (Fig. 7c). The
promoter regions of CHS and ANS genes both carry MYB binding sites. We could nfer
that CHS and ANS may be directly regulated by the MYB-bHLH-WD40 (MBW)
transcriptional activator complex derived from TF genes MYB QD01G020890, bHLH
0D06G032240, and WD40 OD03G039610 (Fig. 7d). TFs bZIP, WRKY, and NAC may
participate as secondary regulators. The cis-acting element analysis showed that the
MYB gene OD01G020890 may be regulated by other upstream TFs such as HYS,
WRKY, and NAC (Fig. 7c¢). Concurrently, NAC QD08G038820 and MYC
0OD08G028710 TF genes of the bHLH family may act as positive regulators of leaf
senescence, whereby their gene products directly bind to the promoters of three CCGs
and therefore further regulate chlorophyll degradation (Fig. 7d). In addition, HY5
0D02G034660 (one bZIP member) encoding a light-induced TF may regulate
anthocyanin synthesis and accumulation by activating NAC and MYB TFs.
Furthermore, we found CRT/DREB response elements in the promoters of MYB and
NAC, suggesting that these genes may be regulated by CBF TFs (Fig. 7c).

QdNAC binds to the promoter of QdSGR and interacts with QdMYB

To further verify regulatory relationships among key TFs and structural genes involved
in leaf color transition, we performed yeast one-hybrid (Y1H) and yeast two-hybrid
(Y2H) assays. Y1H assays showed that the QdMYB QD01G020890 gene product could
bind to cis elements in the promoter region of gene QdCHS QD06G 044950 to regulate
its expression. The YIH results also confirmed the binding of the QdNAC
OD08G038820 gene product to the promoter region of gene QdSGR QDI12G029700
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(Fig. 7f). The Y2H result showed that gene products QdNAC QD08G038820 and
QdMYB QD01G020890 can specifically interact (Fig. 7e).

Through comprehensive analysis of potential hierarchical regulation of TFs, genes
QdMYB QD01G020890 and QdNAC QD08G038820 were identified as important
upstream regulators that may respond to environmental cues (photoperiod and
temperature) and further modulate the flavonoid metabolic shifting during autumn leaf
coloration and senescence.

Discussion

Here we present a high-quality chromosome-scale assembly for Q. dentata, a genome
of an oak native to Asia. Ks distribution and collinearity analyses revealed that there
were no recent WGD events in Q. dentata or other Quercus species, confirming that a
recent burst of local gene duplications in Q. robur and Q. lobata occurred mainly after
the ancient y whole genome hexaploid duplication event and by tandem duplication
(Sork et al., 2022). A comparison of gene families from 18 species revealed expanded
gene families in Q. dentata that are highly enriched in plant-pathogen interaction.
Previous studies of Q. robur have also shown that gene duplication mainly caused by
TD events which amplified families of genes involved in defense against pathogens
such as NB-LRR and RLK (Plomion et al, 2018). In addition, we found that the
tandemly duplicated genes of Q. dentata largely contributed to the proportion of
enzyme genes within the anthocyanin biosynthetic pathway, which is similar to the
results of azalea flower color study (Yang et al, 2020). All the above results suggest
that TD events may have played an important role in the accumulation of anthocyanins
during leaf color change and maintaining the immune system in oak trees.
Anthocyanin pigments and autumn leaf color transition

Autumn leaf coloration is not only an ornamental trait, but foremost a strategy to
perform physiological functions in response to environmental stress. Eastern North
America and Asia experience more severe temperature fluctuations and strong solar

rradiation in autumn, which result in a higher frequency of autumn leaf colored species
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(Renner & Zohner, 2019). During autumn leaf senescence, the decomposition process
of chlorophyll (Chl) induced by low temperature and decreasing sunshine duration is
usually accompanied by the synthesis of anthocyanin pigments in vacuoles (Gould et
al., 2018). In northern China autumn, Q. dentata leaves quickly turn red within two
weeks as temperatures drop. We identified 19, 45, and 43 significantly different
flavonoid metabolites between leaf color stages S3/S4, S3/S5, S4/SS5, respectively
(Table S17). The three anthocyanins pelargonidin-3-O-glucoside, cyanidin-3-O-
arabmoside, and cyanidin-3-O-glucoside were the most important compounds in terms
of abundance and composition of differentially accumulating metabolites in leaf color
change in autumn. As a major class of flavonoids, anthocyanins are beneficial to autumn
leaves, protecting them against high light intensities and serving as antioxidants in free
radical scavenging (Pourcel et al, 2007; Xu & Rothstein, 2018). Our results also
suggest that adjusting the accumulation of certain anthocyanins i autumn may help Q.
dentata cope with low temperatures and high light exposure.

Gene co-expression and potential regulatory network of flavonoid biosynthesis
Based on the chromosome-level genome sequence, in combination with gene co-
expression and flavonoid metabolome analyses, we first reconstructed the entire
anthocyanin/flavonoid metabolic pathway and its regulatory networks in Q. dentata.
The increasing expression of structural genes, such as CHS, F3'H, ANS, and 430GT
encoding key enzymes within the flavonoid metabolic pathway, paralleled the
accumulation ofanthocyanins in autumn. It has been reported that CHS, ANS, and UGT
are nvolved i the low-temperature induced anthocyanin accumulation (Ubi et al,
20006; Li et al., 2017). Our WGCNA analysis identified QdCHS, QdF3'H, Qd4CL, and
QdANS genes encoding key enzymes of'the anthocyanin biosynthetic pathway within a
gene co-expression module (the brown-coded one) with the highest correlation
coefficient with anthocyanins and flavonols content. This module also contained five
key enzyme encoding genes (QdNYCI, QdSGR, QdPPH, QdPAO, and QdRCCR) for

chlorophyll degradation, indicating that the synthesis of anthocyanins is synchronized
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with chlorophyll degradation. Nowadays, the regulation of MYB-bHLH-WD (MBW)
transcriptional activation complex in the process of flavonoid synthesis is well
described in many plant species (Xu et al., 2015), and some studies have confirmed the
role of MYB TFs in the regulation of CHS and ANS genes (Vimolmangkang et al., 2013;
Xu et al., 2020). From our gene co-expression networks, it can be inferred that the
MBW complex may be able to directly regulate CHS and ANS genes to promote the
accumulation of anthocyanins and flavonols in the leaf coloration process of Q. dentata.
In our study, we confirmed that QdMYB is able to bind to the promoter of QdCHS and
activate gene transcription. The co-expression networks showed that WRKY, NAC, and
bZIP TFs may also play important roles in regulating anthocyanin accumulation and
chlorophyll degradation. They could act as secondary regulators to induce
transcriptional activation of MYB. Oxidative stress caused by environmental cues, such
as low temperature and change in photoperiod, could regulate the expression of R2R3-
MYB, leading to an overproduction of flavonoids (Zheng et al, 2016). HYS, a
photosensitive protein of the bZIP family m plants, was reported to regulate
anthocyanin biosynthesis through certain TFs (Shin et al., 2013). By studying the
coexpression of the Q. dentata HY5 gene and anthocyanin biosynthesis genes, we
concluded that the HYS OD02G034660 may respond to excess light after chloroplast
degradation i autumn and regulate anthocyanin biosynthesis by further activating
MYB or NAC.

WRKY and NAC are known to be responsible for biotic/abiotic stress responses
(Rushton etal., 2010), and TF NAC may also regulate plant senescence (Li etal., 2018).
However, how NACs are involved i both the regulation of anthocyanin biosynthesis
and chlorophyll degradation during autumn leaf coloration is still unknown. We found
several NAC TFs with high expression during leaf color transition in Q. dentata (Fig.
6¢), indicating that they may act as upstream regulators for anthocyanin accumulation.
Previous studies have shown that NAC can interact with MYB to regulate anthocyanin

accumulation i red-fleshed apple (Zhang et al, 2020). Interestingly, CRT/DREB
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response elements are present in promoters of both NAC and MYB. Therefore, we
hypothesized that roles for QdMYB (QD01G020890) and QdNAC (QD08G038820)
genes in the stress response to low temperature were dependent on the CBF/DREB
pathway, which is activated by a sharp drop in temperature. When Q. dentata senses
low temperatures and decreasing sunshine duration in fall, QdNAC could directly
activate the expression of QdSGR and regulate chlorophyll degradation. Our study
showed that OdNAC teracts with QdMYB, suggesting that QdNAC is not only
responsible for regulating autumn leaf senescence but may also be mvolved in
regulating anthocyanin synthesis, which plays an important role in autumn coloration
of Q. dentata. We suggest that QdNAC (OD08G038820) acts as a potential target for
HY5 and promotes anthocyanin accumulation by regulating MYB via interactions.

In sum, the high-quality reference genome of Q. dentata presented i this study
provided resources for studying evolution and diversity i Quercus. Moreover, the
comprehensive transcriptome and flavonoid metabolic profiling provided novel
insights into leaf color change during autumn leaf senescence. Furthermore, our data

represent crucial resources for functional genomics and genetic studies in Quercus.
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Figure Legends

Fig. 1 Photograph and genome characterization of Q. dentata. a Photo of autumn
leaves. b Synteny and distribution of genomic features. Concentric circles - from
outermost to innermost - show, Assembled chromosomes, Gene density (green),
Transposon density (red), Tandem repeat density (blue), GC content (pink). Lines in the
center of the circle represent chromosome collinearities.

Fig. 2 Phylogenomics and genome evolution. a Phylogenetic tree, divergence times
and gene family expansion and contraction among 18 plant species. Pie charts show the
percentage of gene families that underwent expansion or contraction. The numbers
above the node indicate the range of species divergence times. The nodes for dating
calibration are noted with red color. b Ks distribution of C. fangiana, C. mollissima, F.
sylvatica, Q. dentata-V. vinifera, Q. dentata, Q. lobata, Q. robur, V. vinifera. ¢
Chromosome collinearity analysis among Q. dentata, Q. robur, Q. lobata, Q. variabilis,
0. acutissima, Q. mongolica, and F. sylvatica. d Venn diagram showing the shared and
unique gene families among Q. dentata, Q. robur, Q. suber, Q. lobata, Q. variabilis, Q.
acutissima, Q. mongolica, and F. sylvatica.

Fig. 3 Flavonoid metabolic composition and gene expression during the leaf color
changes of Q. dentata. a Leaf color change in Q. dentata (S1-S5)bar=1cm. b Relative
contents of anthocyanins (Pelargonidin-3-O-glucoside, Cyanidin-3-O-glucoside,
Cyanidin-3-O-arabinoside, Cyanidin-3,5-O-diglucoside, Delphinidin-3-O-glucoside),
flavonols (Naringenin, Naringenin chalcone, Taxifolin, Dihydrokaempferol and
Kaempferol), flavanols (Epicatechin, Catechin, Gallocatechin, Epigallocatechin,
Epiafzelechin) at three leaf color stages. Data are presented as mean + s.d. (Student’s t-
test, ***P <0.001, **P<0.01, *P<0.05). ¢ PCA distance biplot. The PCAbiplot shows
both, the PC scores of samples (here: three sampled leaves for each of the three leaf
color change stages shown as dots) and the loadings of variables (here: the individual
metabolite variables as vectors) in 2D space defined by PC1 and PC2. The PCA biplot

shows both the PC scores of metabolites as dots and variable loadings as vectors. when
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two vectors form a large angle, then the variables these vectors represent are negatively
correlated; when they form a small angle, the two variables they represent are positively
correlated. d Cluster dendrogramm of transcriptomes. Anthocyanins are noted in
magenta color.

Fig. 4 Flavonoids biosynthetic pathways and gene expression in Q. dentata. Gene
expression levels (logio(FPKM+1)) at different leaf color change stages (S1-S5) are
represented by color grading. Gene IDs are shown on the right side of each heatmap.
Genes identified in tandem clusters are marked in turquois color. The leaf anthocyanins
and flavonoid glycosides are marked and framed. PAL, phenylalanine ammonia-lyase,
C4H, cinnamate-4-hydroxylase, 4CL, 4-coumarate CoA ligase 4, CHS, chalcone
synthase, CHI, chalcone isomerase, F3H, flavanone 3-hydroxylase, F3'H, flavonoid 3'-
hydroxylase, F3'5'H, flavonoid 3'5'-hydroxylase, FLS, flavonol synthase, DFR,
dihydroflavonol 4-reductase, ANR, anthocyanidin reductase, LAR, leucoanthocyanidin
reductase, ANS, anthocyanidin synthase, A30GT, anthocyanidin-3-O-glucosyl
transferase.

Fig. 5 Transcriptomic and metabolic correlation analysis across leaf color change
stages (S1-S5) in Q. dentata.a Dendrogram showing co-expression modules identified
by WGCNA across leaf color changes. b Heat map exposing the correlations between
gene expression modules and flavonoid metabolites. Each of the 11 rows corresponds
to a specific module (ME) indicated by a different color. Each of the 19 columns
corresponds to a flavonoid compound. Red color indicates a positive correlation. Green
color indicates a negative correlation. ¢ Expression trend of each module across the five
time stages (S1-SS5). Anthocyanins are noted in magenta color.

Fig. 6 Identification of key TFs and transcriptional regulatory network associated
with leaf color transition. a DNA binding sites of promoter sequences within 2.0 kb
upstream of PAO, NYCI, SGR, CHS, ANS and F3'H genes. b The resolved gene
regulatory network of key flavonoid biosynthesis and chlorophyll degradation in Q.

dentata. Red and green hexagons represent structural genes involved in flavonoid
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synthesis and chlorophyll degradation, respectively. Blue squares represent hub genes
involved in flavonoid metabolism and chlorophyll degradation within the brown
module. Colored circles represent different families of transcription factors within the
same module. ¢ Gene expression pattern (logl O(FPKM+1)) heat map of significantly
differentially expressed genes of different TFs classes during leaf color change (S1-S5).
Fig. 7 Sub-network of chlorophyll degradation and flavonoids biosynthesis
pathways. a Sub-network of QdNYC1, QdSGR and QdPAO. b Sub-network of QdANS
and QdCHS genes. ¢ DNA binding sites of promoter sequences located 2.0 kb upstream
of NAC, MYB and WRKY. d Resolved hierarchical regulation for CHS, ANS and
chlorophyll catabolic genes (CCGs). e Yeast two-hybrid assay showing interaction
between pGADT7- NAC QD08G038820 and pGBKT7-MYB QOD01G020890. f Yeast
one-hybrid assays verifying interactions between pGADT7-NAC QOD08G038820 and
upstream 2.0 kb promoter fragment of SGR QDI12G029700; pGADT7-MYB

OD01G020890 and upstream 2.0 kb promoter fragment of CHS QD06G044950.
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Supporting Information
Fig. S1 K-mer (25-mer) based estimation of genome characters of Q. dentata.
Fig. S2 Length distribution of ONT long-reads.

Fig. S3 Genome-wide chromatin interaction analysis of Q. dentata based on Hi-C data.

Fig. S4 Mapping quality ofthe ONT long-read mapped across the genome of Q. dentata.

Fig. SS Coverage of the ONT long-read mapped across the genome of Q. dentata.
Fig. S6 GO functional enrichment analysis of expanded gene families in the Q. dentata
genome.

Fig. S7 KEGG functional enrichment analysis of expanded gene families in the Q.
dentata genome.

Fig. S8 Distribution of NB- LRR and RLK genes on the chromosomes of Q. dentata.
NB-LRR genes are indicated in blue and RLK genes are indicated in orange.

Fig. S9 Syntenic dot-plot of intra-genomic comparison in the Q. dentata genome.

Fig. S10 Syntenic dot-plot between the Q. dentata and V. vinifera genome.

Fig. S11 Chromosome collinearity analysis between Q. dentata and V. vinifera (a) and
between Q. dentata and Q. robur, Q. lobata, Q. variabilis, Q. acutissima, Q. mongolica,
and F. sylvatica (b).

Fig. S12 Statistics of KEGG enrichment of significantly differential metabolites.

Fig. S13 Carotenoids biosynthetic pathways and gene expression in Q. dentata.

Fig. S14 The number of up- and down regulated differentially expressied genes (DEGs)

in 10 comparisons. S1-S5 are the 5 different leaf color change stages.

Fig. S15 GO functional enrichment analysis of the gene co-expression module tightly
correlated with flavonoid metabolites.

Methods S1 Protocol of HMW (high-molecular-weight) DNA extraction for whole
genome sequencing.

Methods S2 Hi-C library construction.

Methods S3. Ultra performance liquid chromatography-mass spectrometry (UPLC-
MS/MS)

Table S1 Statistics of the short-read sequencing and Hi-C data.
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Table S2 Statistics of the final assembly.

Table S3 Summary of BUSCO evaluation results for the final assembly.

Table S4 Statistics of ONT long reads and quality control of the genome assembly of
Q. dentata.

Table S5 Summary of the annotated repeat elements in the genome of Q. dentata.
Table S6 Statistics of the predicted genes in the genome of Q. dentata.

Table S7 Summary of noncoding RNA genes annotated in the Q. dentata genome.
Table S8 Location and sequence of RN A genes annotated in the genome of Q. dentata.
Table S9 Number of ribosomal RNA genes annotated in the Quercus species.

Table S10. Statistics of annotated coding genes.

Table S11 Homologous gene families identified in 7 Quercus species.

Table S12 Summary of intra- and inter- genomic collinearity among oak species.
Table S13 List of orthologous gene pairs identified among Quercus and Fagus species.
Table S14 Summary of 188 flavonoid metabolites detected based on UPLC-MS/MS.
Table S15 Statistics of qualities of RNA-seq data.

Table S16 Expression levels of chlorophyll catabolic genes (CCGs) and flavonoid
biosynthesis genes.

Table S17 Statistics of significantly differential metabolites among three stages.
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