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The Larix kaempferi genome reveals new insights into wood properties
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Figure S1. K-mer analysis of genome survey based on the Illumina sequencing data
The genome size was estimated through the formula: Genome Size = K-mer_num / Peak_depth. For L. kaempferi, the K-mer (17-mer) number is 464,278,051,526, Peak depth is 41.02, thus the estimated genome size is nearly 11.32 Gb. We simulated the 48× Illumina sequencing data of the A. thaliana genome with different heterozygosities, and fitted the 17-mer distribution curve. The value in the bracket represents the heterozygosity of the simulated A. thaliana genome.
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Figure S2. Comparison of contig N50 and scaffold N50 sizes of L. kaempferi and other sequenced gymnosperms 

[image: image3.png]Reference: Scaffold06367 (356423 -- 469375); Length: 469375
BAC scaff: tig02 (0 -- 140573); Length: 143688; Mapping percentage: 97.83%

Reference: Scaffold05440 (103958 -- 259090); Length: 566116
BAC scaff: tig03 (0 -- 139817); Length: 139818; Mapping percentage: 99.99%

Reference: Scaffold00466 (772184 -- 904380); Length: 2836581
BAC scaff: tig04 (0 -- 132631); Length: 132631; Mapping percentage: 100%

Reference: Scaffold00559 (2431964 -- 2606295); Length: 2614197
BAC scaff: tig05 (0 -- 128031); Length: 130749; Mapping percentage: 97.92%

Reference: Scaffold02339 (381576 -- 892468); Length: 1193873
BAC scaff: tig06 (53 -- 129743); Length: 129744; Mapping percentage: 99.95%

Reference: Scaffold00782 (709888 -- 838044); Length: 2239667

BAC scaff: tig07 (0 -- 128167); Length: 128167; Mapping percentage: 100%

Reference: Scaffold00377 (532898 -- 2654950); Length: 3092952
BAC scaff: tig08 (143 -- 107271); Length: 126180; Mapping percentage: 84.9%

Reference: Scaffold00403 (2235849 -- 2360487); Length: 3008965

BAC scaff: tig09 (0 -- 124638); Length: 124638; Mapping percentage: 100%

Reference: Scaffold00377 (610250 -- 733306); Length: 3092952
BAC scaff: tig10 (0 -- 123058); Length: 123059; Mapping percentage: 99.99%

Reference: Scaffold00092 (1655749 -- 1778720); Length: 4704965
BAC scaff: tig11 (0 -- 122971); Length: 122972; Mapping percentage: 99.99%

Reference: Scaffold22406 (0 -- 46606); Length: 46606
BAC scaff: tig12 (50216 -- 98431); Length: 122468; Mapping percentage: 39.36%





Figure S3. BAC validation of the assembled L. kaempferi genome
Thirty-seven BACs were sequenced and assembled. After genome mapping, 12 BAC scaffolds were perfectly mapped on genome scaffolds, and 13 BAC scaffolds were highly mapped on the genome scaffolds with mapping percentage over 97%. Red and blue lines represent genome scaffolds and BAC scaffolds, respectively. The black lines represent gaps. The correspondence between genome and BAC is showed by gray blocks. The mapping percentages are calculated through the mapped bases divided by the total length of the BAC scaffolds.
Figure S3 (continued)
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Figure S3 (continued)
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Figure S4. The proportion of cluster containing different genes in the genome
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Figure S5. Gene annotation strategy in this study
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Figure S6. Volcano plot of the differential gene expression in immature xylems between HLC and LLC groups
DEGs were identified with cutoff of |log2(Fold Change)| > 1 and q value < 0.01.
Methods S1
Library Construction, Genome Sequencing and Full-length Transcriptome Sequencing
Using the modified CTAB method Allen et al., 2006()
, genomic DNA was extracted by Qiagen DNeasy Plant Mini Kit (TIANGEN Biotech Co., Ltd., Beijing, China) from its young needles to construct PacBio, Illumina, BioNano and BAC sequencing libraries. Moreover, total RNA of 11 tissues (root, phloem, cambium, xylem, branch, spore, sprout, needle, male flower, female flower, cone) in the same tree was extracted by Qiagen RNAprep Pure Kit (TIANGEN Biotech Co., Ltd., Beijing, China), and then equally mixed into one sample to carry out full-length transcriptome sequencing. In order to quantify gene expression, we performed RNA-Seq on five tissues: root, needle, phloem, immature cone and immature xylem. 
For genomic DNA de novo sequencing, libraries of genomic DNA extracted from young needles were prepared using the PacBio’s standard protocol (Pacific Biosciences, CA, USA). Briefly, using the 20 Kb preparation solutions, the PacBio libraries were constructed with the following five procedures: (1) gDNA shearing, (2) DNA damage repair, (3) blunt end-ligation with hairpin adapters, (4) size selection, and (5) binding to polymerase. A total of 718 single-molecule real-tine (SMRT) cells were sequenced on the platforms of RSⅡ (528 cells) and Sequel (190 cells), generating 1.30 Tb (~100×) SMRT data with a Subreads N50 length of 11.6 Kb. Next, to perform K-mer analysis and genome polishing, we constructed a paired-end library with 400 bp insert size according to the method of TruSeq Nano DNA Library Preparation (Illumina, San Diego, USA). This library was sequenced on the Illumina X Ten platform, yielding 0.52 Tb (~40×) clean data. For BioNano optical mapping, high-molecular-weight DNA was extracted, and digested with Nt. BspQⅠ (NEB, Beverly, MA, USA). The nicked DNA was incubated with fluorescently labeled deoxyuridine triphosphate and Taq DNA polymerase. Labeled repaired DNA was then loaded into SaphyrChips, and run on a Saphyr imaging instrument (BioNanoGenomics, CA, USA) following the Saphyr System User Guide (https://bionanogenomics.com/support-page/saphyr-system/). A total of 54,913,912 BioNano molecules (average label density: 5.85 per 100 Kb) were scanned, and their total length amounted to 1.64 Tb, covering ~126× of the L. kaempferi genome.

We performed BAC sequencing to assess genome assembly. The BAC DNA libraries were constructed following the method reported previously 
 ADDIN EN.CITE 
(Luo et al., 2001, Luo and Wing, 2003, Shi et al., 2011)
. High-molecular-weight DNA embedded in agarose was first partially digested by HindⅢ. Fractions at approximately 112 Kb were recovered and cloned into the pHZAUBAC1 vector. Using chloramphenicol as selectable marker, this study established a total of 49,920 BAC clones. Next, 37 BAC clones were randomly extracted, pooled together, and sequenced on PacBio Sequel platform (Pacific Biosciences, CA, USA). 20.6 Gb SMRT data was generated by BAC sequencing.
To carry out full-length transcriptome sequencing, mixed L. kaempferi RNA sample of 11 tissues (root, phloem, cambium, xylem, branch, spore, sprout, needle, male flower, female flower, cone) was reverse-transcribed by the Clontech SMARTer PCR cDNA Synthesis Kit (TAKARA). PCR amplification was performed through the PrimeSTAR GXL DNA polymerase. We separately recovered the amplified fragments at different lengths (i.e. < 1 Kb, 1 - 2 Kb, 2 - 3 Kb and > 3 Kb). According to the PacBio’s standard protocol, four Iso-seq libraries were constructed using the SMRTbell Template Prep Kit (Pacific Biosciences, CA, USA). A total of 25 SMAT cells were sequenced on RSⅡ platform, generating 56 Gb PacBio data. In addition, fifteen RNA-seq libraries of five tissues (root, needle, phloem, immature cone and immature xylem) were constructed for three ramets of the clone “RF27”, and they were sequenced on Illumina HiSeq 2500 platform, yielding 114.5 Gb data.
Methods S2
Genome Survey, Assembly and Validation
Using the 0.52 Tb Illumina clean data, we estimated the genome size and heterozygosity of L. kaempferi by Kmer-analysis Wuyun et al., 2018()
. The number of occurrences of 17-mers were counted by Jellyfish v1.1.10 Marçais and Kingsford, 2011()
. Using an in-house R script, we plotted the 17-mer depth distribution curve (Fig. S1). Genome size was estimated by the following equation: Genome size = K-mer_num / Peak_depth (where K-mer_num is the total number of 17-mers, and Peak_depth denotes peak depth). For heterozygosity estimation, we simulated 48× Illumina sequencing data of the A. thaliana genome at different heterozygous levels (0, 0.018, 0.019, 0.02), and fitted the 17-mer depth distribution curve as mentioned above.
We used the 1.30 Tb PacBio data to assemble the L. kaempferi genome by Falcon v1.8.7 Chin et al., 2016()
. After trying a variety of parameter settings, we obtained an optimal assembly with the settings of “length_cutoff = 12 Kb, length_cutoff_pr = 8 Kb”. To correct the assembling errors, firstly the original PacBio SMRT long-read data was mapped back to the assembled contigs using BLASR v5.1 Chaisson and Tesler, 2012()
 (parameters: --bam --bestn 1 --minMatch 18 --minSubreadLength 1000 --minAlnLength 500 --minPctAccuracy 70 --hitPolicy randombest --randomSeed 1). The raw contigs were subsequently corrected through Arrow v2.2.1 from the SMRTLink v5.1.0 pipeline (https://www.pacb.com/support/software-downloads/) with default parameters. For genome polishing, the Illumina clean reads were mapped onto the contigs using BWA v0.7.12-r1039 (http://bio-bwa.sourceforge.net/). We then iteratively polished the assembled genome three times by Pilon v1.22 Walker et al., 2014()
 (https://github.com/broadinstitute/pilon) (parameters: --changes --vcf --diploid --fix bases --mindepth). All the contigs were compared against each other by BLASTN v2.2.26 Altschul et al., 1997()
, and the redundant contigs (the shorter of two contigs sharing at least 80% identity and 80% overlap) were removed. In addition, contigs with abnormal GC depth distribution were aligned against the NCBI non-redundant nucleotide (Nt) database. The contigs of at least 90% identity and 90% overlap with the bacterial genome were considered as contaminants and were eliminated.
The clean data of 54,913,912 BioNano molecules were utilized to assemble genome maps by the BioNano Solve v3.0 (https://bionanogenomics.com/). We applied the merged consensus maps to scaffolding and orienting the assembled contigs. After scaffolding, possible redundant/heterozygous scaffolds were removed to further improve the genome assembly. All the scaffolds were compared pairwisely using BLASTN v2.2.26 Altschul et al., 1997()
. Redundant (scaffolds with pairwise coverage > 60% and identity > 75% compared with the reserved sequence) and short (< 5Kb) scaffolds without Iso-seq read support were removed in order to further avoid the influence of high heterozygosity. The total size of discarded short scaffolds without Iso-seq read support was 204.669 Kb. After these procedures, we generated the final genome assembly with 24,640 scaffolds, and its total length (10.97 Gb) accounts for 96.9% of the estimated genome size of L. kaempferi.
We used three strategies to validate the continuity and completeness of the genome assembly, namely, BAC clone mapping, unigene mapping, and BUSCO (Benchmarking Universal Single-Copy Orthologs: http://busco.ezlab.org/) evaluation Manni et al., 2021()
. BAC sequences were assembled by Falcon v1.8.7 Chin et al., 2016()
 and were subsequently mapped to the assembled genome by BLAT v35 Kent, 2002()
 (https://users.soe.ucsc.edu/). 164,300 unigene sequences Chen et al., 2015()
 assembled from L. kaempferi ESTs were mapped to the genome by BLAT v35 Kent, 2002()
 with default parameters. Using the 1,614 embryophyte_odb10 BUSCO genes as reference, we run BUSCO v5.3.0 pipeline Manni et al., 2021()
 to assess the completeness of our genome assembly, together with eight other gymnosperm genomes (G. montanum, G. biloba, P. abies, P. taeda, P. lambertiana, P. menziesii, L. sibirica and Abies alba).
Methods S3
Genes, Repeats and Noncoding RNA Annotation

We used the strategies of de novo prediction and homologous comparison to annotate repeats. For de novo prediction, a reference set of repeats was predicted by RepeatModeler v1.0.8 Smit and Hubley, 2012()
(http://www.repeatmasker.org). For homology-based identification, repeat sequences from Repbase Jurka et al., 2005()
, Mips-REdat Nussbaumer et al., 2012()
 and the reference set generated by RepeatModeler v1.0.8 above were combined as the database to identify repeats through RepeatMasker v4.0.7 (http://www.repeatmasker.org) with default parameters. Repetitive protein sequences were identified using RepeatProteinMask v1.36 (http://www.repeatmasker.org) (parameters: -noLowSimple -pvalue 0.0001). LTR elements were identified by LTR_Finder v1.06 Xu and Wang, 2007()
(https://github.com/xzhub/LTR_Finder) with the parameter “-w 0 -C”. Tandem repeat sequences were investigated by TRF v4.09 Benson, 1999()
 (http://tandem.bu.edu/trf/trf.html) with default parameters. Finally, the results of the repeat annotation generated from different tools were combined into one set, and we calculated the non-redundant repeat content by applying an in-house Perl script.
We used integrative gene-finding algorithms (de novo prediction, homology identification and transcriptome analysis) to annotate L. kaempferi genes (see Fig. S5). Before gene annotation, repeat sequences in the L. kaempferi genome were masked. Full-length transcriptome data was used to train gene models for de novo prediction. To be detailed, the full-length non-chimeric reads were clustered by ICE algorithm of SMRTLink v5.1.0 (https://www.pacb.com/support/software-downloads/), and the remaining reads were utilized to polish the clustered consensus isoforms by Arrow v2.2.1 with default parameters. Subsequently, the full-length transcripts were corrected and clustered by Lordec v0.9 Salmela and Rivals, 2014()
 (parameters: -k 19 -s 3) and CD-HIT v4.7 Li and Godzik, 2006()
, respectively. The clustered full-length transcripts were then mapped to the L. kaempferi genome by GMAP v2016-09-23 Wu and Watanabe, 2005()
 (https://github.com/genome-vendor/gmap-gsnap) with the parameter “-n 0”. Only the full-length transcripts that exactly mapped to the L. kaempferi genome were considered as high-quality isoforms. The high-quality isoforms were further collapsed by a Python script (collapse_isoforms_by_sam.py) with -min-coverage 0.85 and -min-identity 0.9. Using the collapsed high-quality isoforms, we trained gene models and annotated L. kaempferi genes by Augustus v3.2.2 Stanke and Waack, 2003()
 (http://augustus.gobics.de/). For homology-based method, protein sequences of the other five gymnosperms (G. montanum, G. biloba, P. abies, P. taeda and P. lambertiana) were used to annotate the L. kaempferi genes by Genewise v2.4.1 Birney et al., 2004()
 (http://www.ebi.ac.uk/). We then integrated the results of de novo prediction and homology identification by EVM v1.1.1 Haas et al., 2008()
. For transcriptome-based gene annotation, the collapsed high-quality isoforms and L. kaempferi genome sequences were subjected to PASA v2.2.0 (https://github.com/PASApipeline/). The results of EVM and PASA were merged. Further, protein-encoding ability of the annotated genes was evaluated by transdecoder v5.0.2 (http://transdecoder.sourceforge.net/), and transposons were predicted by TransposonPSI (http://transposonpsi.sourceforge.net/). After the removal of pseudogenes and transposons, we determined the final gene atlas.
Gene functional annotation was executed by InterProScan v5.25-64.0 Zdobnov and Apweiler, 2001()
 (http://www.ebi.ac.uk/interpro) and BLASTP-based homology alignment (e-value threshold: 1E-5) against annotated protein functional databases. To assess the quality of gene annotation, we investigated the gene expression in five transcriptome data set: (1) full-length transcriptome of 11 tissues, (2) transcriptome of five tissues, (3) population transcriptome, (4) age-related transcriptome Li et al., 2017()
, and (5) hydrogen-treated somatic embryos transcriptome Liu et al., 2016()
. Genes supported by high-quality isoforms were considered as expressed genes. For the Illumina transcriptome data, we removed the low-quality reads by an in-house Perl script, and mapped the clean reads to the L. kaempferi genome by HiSAT2 v2.1.0 Kim et al., 2015()
 (http://www.psc.edu/user-resources/software/hisat2) with default parameters. The FPKM (fragments per kilobase of exon per million fragments mapped) values were calculated for the L. kaempferi genes by Stringtie v1.3.4d Pertea et al., 2016()
.
For noncoding RNA annotation, we identified miRNAs, snRNAs and rRNAs using Infernal v1.1.2 Nawrocki, 2014()
 (http://infernal.janelia.org) with default parameters. Based on hidden Markov models, we annotated rRNAs and their subunits by RNAmmer Server v1.2 Lagesen et al., 2007()
 (http://www.cbs.dtu.dk/services/RNAmmer/). In addition, we predicted tRNAs through tRNAscan-SE v1.3.1 Lowe and Eddy, 1997()
 (http://lowelab.ucsc.edu/tRNAscan-SE/) by applying eukaryote parameters.
Methods S4
Genome Evolution and Phylogeny Analysis

Annotated genes and corresponding proteins of 14 land plant species (L. kaempferi, P. patens, S. moellendorffii, G. montanum, G. biloba, P. abies, P. taeda, P. lambertiana, P. menziesii, A. trichopoda, A. thaliana, O. sativa, P. trichocarpa and V. vinifera) (Table S14) were used for evolution and phylogeny analyses. We performed pairwise alignments of all the protein sequences by BLASTP v2.7.1 Altschul et al., 1997()
 with a threshold e-value of 1E-5. Using Markov model clustering algorithm, gene family clusters were determined by OrthoMCL v2.0.9 Li et al., 2003()
 (http://orthomcl.org). Since there were only three single-copy genes identified among all the 14 land plant species, we used the three single-copy together with 257 low-copy (i.e. the genes exhibited single-copy status in 12 or 13 species) genes to construct a phylogenetic tree. Protein sequences and CDS sequences of these genes were aligned respectively by Mafft v7.313beta Katoh and Standley, 2013()
 (https://mafft.cbrc.jp/). Using P. patens as the outgroup species, we built the phylogenetic tree by RaxML v8.2.10q Stamatakis, 2014()
 (http://github.com/stamtak) with the GTRGAMMA model. Fourfold synonymous third-codon transversion (4DTv) of all the single-copy and low-copy genes was calculated by an in-house Perl script. The divergent time of these plants was estimated by the program MCMCTREE from PAML v4.9e Yang, 1997()
 (http://evomics.org/) (parameters: clock = 2, RootAge <= 5.3, model = 7, BDparas = 110, kappa_gamma = 62, alpha_gamma = 11, rgene_gamma = 13.61, sigma2_gamma = 14.5). The species divergent time calculated in this study was further compared with the calibration time reported by TimeTree database (http://www.timetree.org/).
Using gene families shared between P. patens and at least one of the other species, we performed expansion/contraction analysis of gene families by CAFE v2.2 De Bie et al., 2006()
 (https://github.com/hahnlab/CAFE). Tandem duplicated genes in each of the 14 species were identified by SynOrths v1.0 Cheng et al., 2012()
 (http://brassicadb.org/brad/tools/SynOrths/) with default parameters. Using the whole genome genes as background, functional enrichment analysis was performed for the tandem duplicated genes in L. kaempferi to understand their roles.
Methods S5
Phenotype Measurement, Sample Collection, Transcriptome Sequencing, and Transcriptome Analysis 

A control-pollinated population that contains 80 trees yielded from eight full-sib families of L. kaempferi was developed 31 years ago. To study wood properties, we investigated several phenotypes for each individual. To measure lignin content, a small piece of wood block was taken for each individual of the breeding population at breast height of the trees by a 12-mm-diameter increment borer during 2014. Lignin content was then measured on the wood cores using the near infrared (NIR) technology Schimleck et al., 2000(, Stackpole et al., 2011)
. Based on wood lignin content, the population was divided into two groups, namely HLC (high lignin content) and LLC (low lignin content), of equal size. We measured tree height and breast diameter of each individual by altimeter and breast diameter ruler, respectively. Phenotype comparison between the two groups was performed by t test of R project (https://cran.r-project.org/).

We sampled the immature xylem of the 80 trees in July 2016 following a previous study He et al., 2020()
. Briefly, we peeled off the bark and phloem at breast height of the trees, and scraped the immature xylem with a blade. The immature xylem samples were wrapped in tinfoil paper, quickly frozen in liquid nitrogen, and kept at -80℃. Total RNA of the immature xylem samples was extracted using Qiagen RNAprep Pure Kit (No. DP441, TIANGEN Biotech Co., Ltd., China). Subsequently, the RNA-seq library was constructed by the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, USA). We sequenced the RNA-seq libraries on Illumina HiSeq X Ten platform, and this generated 599.6 Gb data. For RNA-seq data analysis, we removed low-quality reads by an in-house Perl script, and mapped clean reads of all the 80 samples to the L. kaempferi genome by HiSAT2 v2.1.0 Kim et al., 2015()
 with default parameters. In order to ensure the accuracy of the results, only the concordantly paired reads that uniquely mapped on the genome were used in downstream analysis 
 ADDIN EN.CITE 
(Baute et al., 2015, Baute et al., 2016)
. The expression level of each gene was quantified by calculating FPKM values with Stringtie v1.3.4d Pertea et al., 2016()
. Differentially expressed genes (DEGs) between HLC and LLC groups were identified through multiple testing by Ballgown package Frazee et al., 2015(, Pertea et al., 2016)
 at a cutoff of |log2(Fold change)| > 1 and q value < 0.01. Based on the functional annotation of L. kaempferi genes, we identified the important genes involved in lignin biosynthesis pathway. Benesty et al., 2009(For correlation analysis, Pearson correlation coefficients )
 were calculated between wood lignin content and gene expression levels by cor function in R project (https://cran.r-project.org/).
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