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® The genetic control underlying natural variation in lignin content and composition in trees is
not fully understood. We performed a systems genetic analysis to uncover the genetic regula-
tion of lignin biosynthesis in a natural ‘SwAsp’ population of aspen (Populus tremula) trees.

* We analyzed gene expression by RNA sequencing (RNA-seq) in differentiating xylem tis-
sues, and lignin content and composition using Pyrolysis-GC-MS in mature wood of 268 trees
from 99 genotypes.

¢ Abundant variation was observed for lignin content and composition, and genome-wide
association study identified proteins in the pentose phosphate pathway and arabinogalactan
protein glycosylation among the top-ranked genes that are associated with these traits. Varia-
tion in gene expression and the associated genetic polymorphism was revealed through the
identification of 312 705 local and 292 003 distant expression quantitative trait loci (eQTL). A
co-expression network analysis suggested modularization of lignin biosynthesis and novel
functions for the lignin-biosynthetic CINNAMYL ALCOHOL DEHYDROGENASE 2 and
CAFFEOYL-CoA O-METHYLTRANSFERASE 3. PHENYLALANINE AMMONIA LYASE 3 was
co-expressed with HOMEOBOX PROTEIN 5 (HB5), and the role of HB5 in stimulating lignifi-
cation was demonstrated in transgenic trees.

e The systems genetic approach allowed linking natural variation in lignin biosynthesis to
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trees” responses to external cues such as mechanical stimulus and nutrient availability.

Introduction

Lignin is a phenolic polymer that is synthesized not only in vas-
cular plants as part of normal plant development but also in
response to various external stimuli (Chantreau & Tuomi-
nen, 2022). In xylem tissues, lignin consists of three main types
of monolignol subunits, the guaiacyl (G), p-hydroxyphenyl (H),
and syringyl (S) lignin, which are deposited through oxidative
coupling reactions into the secondary cell walls (Boerjan
et al., 2003; Vanholme ez a/., 2019). The chemically robust struc-
ture of the lignin polymer is a major contributor to the recalci-
trance of woody biomass during the bioprocessing of forest tree
feedstocks (Ragauskas ez al., 2014; Meng ez al., 2017; De Meester
et al., 2022). Good knowledge on the monolignol biosynthetic
pathway and its transcriptional regulation (Zhang ez 4/, 2020)
has during the last 15 yr given rise to extensive efforts to improve
feedstock processability by genetic engineering, but which were
in most cases hampered by a trade-off with biomass production
(Chanoca et al., 2019; De Meester et al., 2022). More subtle
approaches are therefore needed to improve wood processability.
Exploiting natural variation in lignin biosynthesis is an alterna-
tive approach to provide feedstocks that are better suited for
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tools, such as
genome-wide association studies (GWAS) and gene expression

bioprocessing. Combined with genomic

analysis, natural variation can also reveal novel factors underlying
lignin traits.

In various Populus species, considerable variation has been
reported in the lignin content of natural variants (Studer ez af,
2011; Fahrenkrog er al, 2017; Furches et al., 2019; Escamez
et al., 2023). This variation has enabled the identification of
associations between lignin traits and the underlying genetic
variants by GWAS. Both Guerra ez @l (2013) and Fahrenkrog
et al. (2017) detected associations for the S:G ratio in
the gene region of FERULATE-5-HYDROXYLASE 3. The
5-enolpyruvylshikimate 3-phosphate synthase gene (EPSP) was
identified by Xie ez a/. (2018) as a novel regulator of lignin con-
tent using a linkage disequilibrium-based association mapping.
EPSP was shown to control the accumulation of phenylpropa-
noid pathway metabolites, possibly through its function as a tran-
scriptional repressor of a SLEEPER-like gene which itself is a
repressor of the Populus homolog for the Arabidopsis secondary
cell wall master regulator MYB46 (Xie ez al., 2018). More recent
GWAS studies in Populus revealed large numbers of genes asso-
ciated with various lignin traits (Bryant er af, 2023; Li
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et al., 2023). However, the identified variants collectively explain
only a small part of the variation in lignin content or composi-
tion, suggesting a complex genetic architecture with many genes
having a small effect on lignification, and thus advocating for
further GWAS in various populations and species.

Variation in global gene expression provides a further under-
standing of the genetic architecture of complex traits. This can be
achieved through expression quantitative trait locus (eQTL) ana-
lysis (Nica & Dermitzakis, 2013), which utilizes the same princi-
ple as GWAS but where associations are detected between gene
expression and genetic markers such as single-nucleotide poly-
morphisms (SNPs). Further exploration of the transcriptome
often includes the construction of gene co-expression networks
(Stuart et al., 2003), which can facilitate the identification of reg-
ulatory relationships and the identification of biological function
through the use of enrichment tests of, for example, Gene Ontol-
ogy (GO) in clusters of co-expressed sets of genes. This approach
has been used successfully to study lignin traits in various species.
An eQTL analysis, combined with functional studies, identified
MYB125 as a novel transcription factor regulating the expression
of lignin-biosynthetic genes and lignin content in Populus del-
toides (Balmant et al, 2020). In another ¢QTL analysis of
P. deltoides X simonii parents and hybrids, a calmodulin protein
PdCaM247 not only correlated in expression but also interacted
with MYB156, a negative regulator of lignin biosynthesis (Zhang
et al., 2023). An eQTL analysis with a focus on the HYDROXY-
CINNAMOYLTRANSFERASE (HCT) gene family supported
the association of HC72 with the accumulation of the phenyl-
propanoid pathway metabolites cis- and #rans-3- O-caffeoylquinic
acids in Populus trichocarpa (Zhang et al., 2018). These studies
have pioneered the use of systems genetics to identify new factors
influencing lignin biosynthesis, encouraging further integration
of the different genetic methods. They have also highlighted that
the loci explaining natural variation in lignin vary between spe-
cies and populations.

In this study, we performed a systems genetic analysis, inte-
grating eQTL, gene co-expression network, and GWAS analyses
to reveal novel regulatory aspects of lignification in a collection of
aspen (Populus tremula) trees sampled across the distribution
range in Sweden and grown in a common garden. The lignin
content and composition, analyzed by Pyrolysis-GC-MS (Py-
GC-MS), as well as gene expression varied significantly within
the collection. Co-expression network analyses revealed the regu-
latory network of lignin biosynthesis, validated by transgenic
modification of the HD-ZIP III family member HOMEOBOX
PROTEIN 5 (HB5). Furthermore, integration of the GWAS and
eQTL analyses revealed putative novel loci controlling the accu-
mulation of G- and S-type lignin and their association with tran-
scriptional regulation.

Materials and Methods

Tree growth and collection of the material

This study utilized aspen (Populus tremula L.) trees from the
Swedish Aspen (SwAsp) collection (Luquez e al, 2008).
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The collection consists of 112 genetically unrelated genotypes,
originating from 12 locations across Sweden, which show no
population structure (Wang et al., 2018). The trees were grown
in randomized blocks in a common garden located in Ekebo
(13.1°E, 55.9°N). The current study assayed shoots sprouting
from the root stool of trees that were cut down in the winter of
2013-14 (Escamez et al., 2023). Five-year-old shoots, represent-
ing 99 SwAsp genotypes, were sampled between 1 July and 3 July
2019, between 09:00 h and 15:00 h. The shoots ranged from 10
to 86 mm in diameter. Stem disks of 3—5 cm thickness were col-
lected ¢. 20 cm above the base of the stem, transported on dry
ice, and stored at —80°C.

Selected GWAS results were validated in the Umed Aspen
(UmAsp) collection (Fracheboud ez al., 2009), which consists of
227 P. tremula genotypes originating from the surroundings
of Umed, Sweden. Clonal replicates of the collection were grown
for 10-13 years in a randomized block design in a common gar-
den in Sivar (20.6°E, 63.9°N). Micro-cores were taken with the
Trephor tool (Rossi e al., 2006) from the base of the stems 10—
20 cm above the ground on 23 May 2022. The cores were
oven-dried at 60°C for 72 h, and processed and analyzed for
wood chemistry using Pyrolysis-GC-MS.

Analysis of wood chemical composition with
Pyrolysis-GC-MS (Py-GC-MS)

A quarter segment from the SwAsp stem disks and the micro-cores
from the UmAsp trees were debarked, and the wood was cut into
small pieces and freeze-dried. Dried wood pieces were homoge-
nized by coarse milling (Retsch ZM200 centrifugal mill, Retsch
GmbH, Germany) and sieved (Retsch AS200) into a particle size
of 0.1 mm. Sixty- to seventy micrograms of homogenized wood
powder was loaded into an autosampler (PY-2020iD and AS-
1020E; Frontier Labs, Japan), and a sub-sample (c. 1 pug) was fed
into the pyrolizer (Agilent, 7890A/5975C; Agilent Technologies
AB, Sundbyberg, Sweden). Following pyrolysis, the samples were
separated along a DB-5MS capillary column (30 m X 0.25 mm
i.d., 0.25-um-film thickness; J&W, Agilent Technologies) and
scanned by a mass spectrometer along the 7/z range 35-250. The
number of replicates is given in Supporting Information Table S1.
The Py-GC-MS reveals the relative contents of carbohydrates, lig-
nin subunits (S, G, H), other phenolic compounds (P; generic
benzene derivatives without OH group on the aromatic ring, most
probably originated from lignin), and unknown compounds as a
percentage of the sum of the area of the peaks corresponding to
their respective pyrolytic products in relation to the total GC peak
area (Gerber ez al., 2012). The relative total lignin content was cal-
culated by summing up S, G, H, and P contents. Py-GC-MS pro-
vides relative abundances for the secondary cell wall components
in a manner that is comparable to NMR (Renstrom et al., 2024).

RNA extraction

Another quarter segment from the SwAsp stem disks was used for
RNA extraction. Frozen material was debarked, and the differen-
tiating xylem was collected by scraping from the exposed wood
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surface to the depth of 2-4 mm. The scraped material was
ground in liquid nitrogen using a mortar and pestle. RNA
was extracted with the Trizol-chloroform method (Chomczynski
& Sacchi, 2006), followed by treatment with DNase (Ambion
DNase I, Thermo Fisher Scientific, Stockholm, Sweden), puri-
fied with MinElute (Qiagen) followed with additional purifica-
tion steps using RNA precipitation solution (1.2 M NaCl; 0.8 M
Trisodium Citrate) and isopropanol (1:1). The sample purity
and quantity were assessed using Qubit and NanoDrop (Thermo
Fisher Scientific). RNA integrity was determined using Bioanaly-
zer (Agilent).

RNA sequencing and data preprocessing

RNA sequencing (RNA-seq) was performed by Novogene using
an Illumina NovaSeq 6000 sequencer. A target 12M 150-bp
paired-end reads were produced per sample. The RNA-seq data
were preprocessed following an in-house pipeline (Delhomme
et al., 2014). Unless specified, default parameters were used for
all tools. Briefly, sequence quality was assessed using MuLTIQC
(v.1.8.0; Ewels ez al, 2016), ribosomal RNA reads were filtered
using SORTMERNA (v.2.1b; Kopylova ez al., 2012), adapters,
low-quality bases and reads were removed using TRIMMOMATIC
(v.0.39; Bolger er al., 2014). After filtering and rRNA removal,
the quality was assessed again using MULTIQC (v.1.8.0; Ewels
et al., 2016). Reads were then aligned against the Populus tremula
v.2.2 genome assembly (Robinson e al, 2024) using STAR
(v.2.7.2; Dobin ez al., 2013). Transcript abundance was quanti-
fied using SALMON (v.0.14.1; Patro et al., 2017).

eQTL analysis

The RNA-seq data were used for eQTL analysis in the SwAsp
collection. The sequenced collection consists of 99 unrelated gen-
otypes with 6806717 bi-allelic SNPs (Robinson ez al, 2024).
Similar to Mihler ez al. (2017), SNPs located further than 2 kbp
from the associated gene were considered intergenic, and SNPs
located within the region of a gene (2-kbp flanking, 5 /3’ UTR,
exon, intron) were considered to be associated with that gene.

Gene expression data from RNA-seq was prefiltered to remove
any genes with no expression, followed by transformation of the
expression data using the VST function implemented in DESEQ2
(v.1.42; Love et al., 2014). Mean normalized gene expression
values per genotype were used for the association mapping.
Expression QTL (eQTL) mapping was performed using the R
package Matrix EQTL (v.4.0.0; Shabalin, 2012) according to
Mibhler er al. (2017). The eQTLs were categorized as local if the
SNPs were within 1 Mbp of the associated gene and distant if
the distance exceeded 1 Mbp.

Gene co-expression network

Thirteen network inference methods were computed using the
Seidr crowd network tool (v.0.14.4; Schiffthaler ez al, 2023).
The network inference included use of the following implemen-
ted algorithms: ARACNE (Margolin ez al, 2006), CLR (Faith
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et al., 2007), Elastic Net ensembles (ELNET) (Ruyssinck ez al.,
2014), GENIE3 (Huynh-Thu et 4/, 2010), linear SVM (LLR)
(Ruyssinck et al, 2014), mutual information (MI) (Song
et al., 2012), Narromi (Zhang et al., 2013), partial correlation
PCor, Pearson correlation, PLSNET (Guo ez al., 2016), Spear-
man, TIGRESS (Haury ez al., 2012), and TOM similarity (Lang-
felder & Horvath, 2008). For each symmetric edge pair, the one
with the highest score was kept in case of nonsymmetrical scoring
by the algorithm. Networks were aggregated according to the
inverse rank product method (Zhong ez 4l., 2014), and the edges
were filtered according to a noise-corrected backbone at a sigma
of 2.32 (Coscia & Neftke, 2017). Network clustering was per-
formed using INFOMAP (v.1.8.0; Rosvall & Bergstrom, 2008)
using a Markov time of 1 with default settings. Node centrality
statistics were calculated using SEIDR.

A lignin subnetwork was inferred from the whole-
transcriptome co-expression network by selecting the lignin-
biosynthetic genes and their first-degree neighbors. P. tremula
lignin-biosynthetic genes were identified on the basis of the high-
est BLASTN e-value to the P. trichocarpa lignin-biosynthetic genes
listed in Shi ez /. (2010). In addition, correlation values (exceed-
ing Spearman correlation R > 0.3) between the Py-GC-MS traits
and gene expression were included as edges in the lignin subnet-
work. Transcription factors within the network were identified
using the annotations at PlantGenlIE.org (Sundell ez al, 2015).

Genome-wide association studies

The GWAS pipeline included a set of quality control steps and
the estimation of a best linear unbiased predictor (BLUP) pheno-
typic value for each SwAsp genotype and for each trait in the
GWAS. Briefly, phenotypic outliers were identified and
non-normally distributed random effects and error terms were
Ordered Quantile transformed with BESTNORMALIZE package in R
(v.1.6.1; Peterson & Cavanaugh, 2019). Phenotypic BLUP
values were calculated according to Wang ez a/. (2018). The gen-
otype was considered as random effect, and the field block was
considered as fixed effect. The same set of 6806717 bi-allelic
SNPs (Robinson ez al., 2024) was used as for the eQTL analysis.

The GWAS was conducted using a linear mixed model in
GEMMA (v.0.98.1; Zhou & Stephens, 2012). The GWAS model
included the use of two covariates: latitude of origin, which was
included to remove any association that could have been caused
by the origin of the genotypes (Luquez ez al., 2008), and related-
ness matrix of all individuals, as described previously (Mihler
et al., 2020). GWAS results were plotted as Manhattan plots gen-
erated using the R package QqQMaN (Turner, 2014). Boxplots dis-
playing the allelic effect on a trait were generated using the R
package GpLOT2 (Wickham, 2011). Figures visualizing the geno-
mic regions for the SNPs identified in the GWAS were created
using custom build of JBrowse (Buels ez al., 2016).

False discovery rate (FDR) for associations was calculated
using Q-VALUE package in R (v.2.22.0; Storey ¢t al., 2020) accord-
ing to the Benjamini—~Hochberg procedure (Storey & Tibshir-
ani, 2003). The phenotypic variance explained (PVE%) was
calculated according to Wang ez al. (2018).
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The GWAS results were validated for two selected alleles in the
UmAsp population (Fracheboud ez al, 2009). The re-sequencing
data and SNP calling of UmAsp are presented in Robinson
et al. (2024). Of the 229 UmAsp trees, 59 were selected based on
the associated alleles for the most significant candidate genes for G-
type (Potra2nl1c22479) and S-type lignin (Potra2n1c3762) from
the GWAS. For the SNP (chr11_1139060_C_G) associating with
G-type lignin, 37 genotypes were homozygous for the major allele,
21 heterozygous, and 1 homozygous for the minor allele. For the
SNP (chrl_48493303_A_G) associating with S-type lignin,
26 were homozygous for the major allele, 8 heterozygous, and 25
homozygous for the minor allele.

Genetic analyses

The repeatability of the assumed upper bound estimate of
broad-sense heritability was calculated for gene expression and
phenotype data (Dohm, 2002). Estimates of clonal heritability
were calculated using the repeatability function of the R package
HERITABILITY (v.1.3.0; Kruijer e al, 2015). The analysis was
restricted to clones with at least three replicates.

To estimate population differentiation, Qs was calculated
according to the formula:

Vbetween

QST B Vbetween +2 Vwithin

where Vieaween describes the variance between the populations
and Viimin the residual genetic variance among genotypes within
a population. Calculations were performed using the Imer func-
tion from the R package LME4 (v.1.1-33; Bates er al, 2015)
according to Mihler et 4/. (2017).

Statistical analyses

Correlations between the expression of the lignin-biosynthetic
genes were calculated using the base R function ‘cor.” Descriptive
statistics, including mean, SD, and coefficient of variation for
wood chemical composition were calculated with PrisM GrapH-
PAD 9 software (v.9.5.0 for Windows). Heatmaps were created
using the R package pHEATMAP (Kolde, 2015).

For phylogenetic trees, amino acid sequences were retrieved
from PlantGenlE.org and aligned using Multiple Sequence Com-
parison by MUlItiple Sequence Comparison by Log-Expectation
(Muscte) (Edgar, 2004). The trees were inferred using a Maxi-
mum likelihood tree using the Bootstrap method with 1000
Bootstrap replications using the Jones—Taylor—Thornton substi-
tution model (Jones ez al., 1992). Scales were drawn with branch
lengths measured in the number of substitution sites.

JASPAR motif analysis

Transcription factor motifs were identified in the promoters of
lignin-biosynthetic genes. First, transcription factor binding
motifs from the JASPAR 2020 CORE_plant database (Fornes
et al., 2020) were mapped to the P. tremula reference genome
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(Robinson et al., 2024) using FiMo (Grant ¢t al., 2011) from the
MEME SUITE (v.5.0.5; Bailey ez al., 2015). A promoter region was
defined as the sequence 2000-bp upstream from the transcription
start site. The intersection between mapped motifs and the pro-
moter regions was identified using BEDToo0Ls (v.2.29.0; Quin-
lan & Hall, 2010). The promoters were compared for their
presence or absence of mapped motifs, and clustered based on
their average Jaccard distance using RVENN (v.1.1.0; Akyol,
2019). For the PHENYLALANINE AMMONIA LYASE 3
(PAL3) promoter analysis, JASPAR 2014 CORE plant database
was used (Rauluseviciute ez al., 2024).

Generation, wood chemistry, and gRT-PCR of RNAi lines

To generate the RNAI constructs for hybrid aspen (Populus tre-
mula x P. tremuloides) HB5 (Potrx046843g13917) and HBG
(Potrx065083¢25217), a 274-bp fragment was amplified from
hybrid aspen ¢cDNA using forward (agaaagctgggtGAAGGTGG
TGGTTCAATTATAC) and reverse primers (aaaaagcaggetC-
CATCCCTCATCACTAAATCC). The resulting fragment was
recombined through pDONOR201 to pK7GWIWG2(I) which
was transformed into hybrid aspen clone T89 according to Nils-
son et al. (1992). Two transgenic lines (SAA and 5AB) were
grown, along with wild-type (WT) (T89), in the glasshouse
under long-day conditions (18 h:6h, light:dark and relative
humidity of 50-70%) and fertilized once a week with Rika-S
(Weibulls, Aby, Sweden). After 2 months of growth, stem height
and diameter at the base were measured, and material was col-
lected for quantitative reverse transcription polymerase chain
reaction and Py-GC-MS analysis.

Stem pieces, . 10 cm long, of 4-5 biological replicates, were
harvested, immediately frozen, and stored at —80°C until furcher
use. After peeling off the bark, differentiating xylem tissue was
scraped and homogenized to a fine powder with liquid nitrogen.
Around 100 mg of tissue was taken for the total RNA extraction
using the Spectrum™ Plant Total RNA Kit (Cat# STRN250;
Sigma-Aldrich) and On-Column DNase I Digest Set (Cat#
DNASE70; Sigma-Aldrich). Nucleotide purity and concentra-
tion were verified using NanoDrop™ Spectrophotometer
(Thermo Scientific). For cDNA synthesis, 1 pg of total RNA for
each sample was utilized for a reverse transcription reaction using
the iScript™ cDNA Synthesis Kit (Bio-Rad). Primers for quanti-
tative reverse transcription polymerase chain reaction were
designed using the PRIMER3 web server (v.4.1.0; Untergasser
et al., 2012). The primers for HB5 (Potrx046843g13917) were
5- TGGTTTTCGCATCATTCCCC-3 ' and 5 -AGAAGCGA
GGTCCAAGGTAC-3 " and for HB6 (Potrx065083¢25217) 5 '-
GCATCCAGTGATCATTCTGCT-3 ' and 5’-ATGCCACCC
TCTGAACTGAA-3 . Ubiquitin (Potra2n1c3635) was used as
the reference gene using primers 5'-AGATGTGCTGTTCA
TGTTGTCC-3" and 5'-ACAGCCACTCCAAACAGTACC-
3'. The polymerase chain reaction comprised 1.5pl of 5X
diluted ¢cDNA, 1x LightCycler 480® SYBR® Green I Master
(Roche), 100-200 nmol each of forward, and reverse primer in a
total volume of 15 pl. The polymerase chain reaction program
included an initial denaturation at 95°C for 3 min, followed by
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Population

40 cycles, each comprising of denaturation at 95°C for 10s,
annealing at 60°C for 10s, and extension at 72°C for 30s and
one melting curve ranging from 65°C to 95°C with a step of
0.5°C. All reactions were performed in triplicates in 96-well
plates on a C1000Touch™ Thermal Cycler (Bio-Rad) with ¢
values acquired with the CFEX96™ Maestro software (Bio-Rad).
Relative expression levels were calculated using the 2744
method (Livak & Schmittgen, 2001), normalized for each line

relative to the average of the WT.

Results

Natural variation in wood chemistry of the Swedish Aspen
collection

Wood chemistry was analyzed in 268 SwAsp trees, representing
99 genotypes, by Pyrolysis-GC-MS (Py-GC-MS), which

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.
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identified the relative contents of the secondary cell wall carbohy-
drates and the different types of lignin (Fig. la—c; Tables 1, S1).
The total lignin content varied from 22% to 33% (Fig. 1a). The
most abundant lignin subunit was the syringyl-type (S) lignin,
which varied from 14% to 23%, followed by guaiacyl-type (G)
lignin, which varied from 5.3% to 11% (Fig. 1b,c; Table 1).

Population-wide gene expression in the Swedish Aspen
collection

RNA sequencing was performed in differentiating xylem tissues
of all SwAsp trees. First, an analysis of the population structure
was performed based on the expression of 500 genes with the
most variable expression among genotypes. No clear population
structure was observed (Fig. S1), which is in agreement with a
previous analysis of the population structure in the SwAsp collec-
tion (Wang ez al, 2018). Broad-sense heritability (H?) of gene
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Table 1 Wood chemical composition in the Swedish Aspen (SwAsp) trees.

Trait Mean SD COV (%) H?

Carbohydrates 68.3 1.8 2.7% 0.33
G-type lignin 8.3 1.0 12.5% 0.47
S-type lignin 18.7 1.4 7.6% 0.28
S: Gratio 23 0.31 13.5% 0.45
Total lignin 28.4 1.87 6.6% 0.33

Wood chemistry was analyzed in basal stem samples using Pyrolysis-GC-
MS. The values for carbohydrates (C), guaiacyl-type (G), syringyl-type (S),
and total lignin are relative (%) to the total peak area from the GC-MS.
COV, coefficient of variation; H?, broad-sense heritability.

expression varied between 0 and 0.99 (Fig. 2a) with a mean A
of 0.23. Qst, describing the genetic differentiation among the
populations, was low, with a mean value of 0.16 (Fig. 2b). There
was a slight positive correlation between median gene expression
and broad-sense heritability of gene expression (Pearson
r=0.13, df =34 179, P-value < 2.2¢-16), indicating that highly
expressed genes are under tighter genetic control than genes with
low expression. The correlation between population differentia-
tion (Qst) and median gene expression was negative (Pearson
r=—0.16, P-value < 2.2e-16).

An eQTL analysis was performed to detect associations
between SNPs and gene expression. Similar to an earlier study
(Mihler et 4l., 2017), hidden confounders, caused by unknown
independent variables, were removed from the RNA-seq data.
Altogether six confounders were removed without significantly
reducing the number of eQTLs (Fig. S2). Using 1 Mbp as a
threshold to distinguish between distant and local eQTLs,
292003 distant (Fig. 2d) and 312705 local eQTLs (Fig. 2e;
Table S2) were found statistically significant (FDR < 0.05). In
contrast to local eQTLs, which presumably act through poly-
morphisms in or around the associated gene, distant eQTLs are
likely to influence the expression of the associated gene either by
causing a change to the protein-coding sequence of a transcrip-
tion factor, by affecting expression of a transcription factor or
through other mechanisms, such as being within a distantly
located enhancer element.

The greatest number of significantly associated SNPs was
located either upstream or downstream of coding regions, and less
frequently in the intergenic region (Fig. 2¢). Earlier eQTL studies
have identified eQTL hotspots, that is genomic regions with a
higher than expected number of distant acting SNPs (Balmant
et al., 2020; Yao et al., 2023; Zhang ez al., 2023), although such
hotspots are not uniformly reported. Examination of the distribu-
tion of distant eQTLs and their target genes across all chromo-
somes did not reveal any clear hotspots in the current data
(Fig. 2f). However, a few genetic loci with a high abundance of cis
and trans eQTLs were found when considering 1000-bp windows
(Fig. 2g; Table S2). Most of these loci were intergenic, requiring
further studies to understand their significance (Table S2). An
intronic #ranseQTL was discovered in FLOWERING LOCUS T
2b (Potra2n10c20839), which together with its associated gene
expression provides an interesting source of candidate genes for
further studies of wood formation (Table S2).

New Phytologist (2024) 243: 2157-2174
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Whole-transcriptome co-expression network and the lignin
subnetwork

The RNA-seq data were used to create a whole-transcriptome co-
expression network that consisted of 548 clusters, 1048 575 edges
(gene—gene interactions), and 34 623 nodes (genes). The expres-
sion data, cluster analysis, co-expression network centrality
values, and correlation with lignin traits are presented in
Dataset S1.

A lignin subnetwork was constructed based on the expression
of P. tremula homologs for the lignin-biosynthetic genes from
Shi er al. (2010) and their first-degree neighbors (Table S3) as
well as the correlation with the cell wall chemical components
from the Py-GC-MS analysis. Most of the lignin-biosynthetic
genes were connected in the lignin subnetwork (Fig. 3a) and
showed strong Pearson correlations (Fig. 3b). The lignin traits
(total lignin, S-type, and G-type lignin) were also connected in
the network (Fig. 3a).

The lignin subnetwork consisted of 14 clusters (Table S3).
The lignin-biosynthetic genes were represented in seven different
clusters, which might reflect the modularization of lignin
biosynthesis. Cluster 17 contained the highest number of lignin-
biosynthetic genes and enrichment of GO terms such as phenyl-
propanoid metabolism and vesicle trafficking (Fig. S3). The clus-
tering pattern suggested connection of HCT1 (in cluster 81) to
metabolism related to pathogen responses, CAFFEOYL-CoA
O-METHYLTRANSFERASE 3 (CCaOMT3, in cluster 86) to
processes involving reactive oxygen species and abiotic stress, and
4-COUMARATE:CoA LIGASE 3 (4CL3, in cluster 87) to circa-
dian rhythms and polysaccharide biosynthesis and metabolism.
Somewhat surprisingly, all three PAL genes (that are presumably
involved in the biosynthesis of several different types of secondary
metabolites) were in cluster 202 that was almost exclusively asso-
ciated with the GO term ‘lignin-biosynthetic processes’.

Significant eQTLs were found for nine of the 22 lignin-
biosynthetic genes (Fig. S4). CINNAMATE-4-HYDROXYLASE
2 (C4H2; Potra2n19c¢33285) had both local and distant eQTLs
(Fig. S4v), while eQTLs for the other lignin-biosynthetic genes
were either local or distant. For instance, a large number of local
eQTLs were found for CAFFEOYL SHIKIMATE ESTERASE 1
(CSEI) (Potra2n3c7945; Fig. S4h,w).

The distinct expression patterns of CAD2 and CCoAOMT3

CINNAMYL ALCOHOL DEHYDROGENASE 2 (CAD2,
Potra2n16¢29966) was not part of the lignin subnetwork and did
not correlate in expression with the other lignin-biosynthetic
genes (Fig. 3a,b). Also, the expression of CAFFEOYL-COA O-
METHYLTRANSFERASE 3 (CCoAOMT3, Potra2n8c17885)
showed low correlation with the other lignin-biosynthetic genes
(Fig. 3b). The expression pattern of these two genes also differed
from those of other lignin-biosynthetic genes in the AspWood
dataset, which consists of high spatial resolution RNA-seq data
from woody tissues of P. tremula (Sundell et al, 2017) at
PlantGenlE.org (Sundell ez al., 2015) (Fig. 3¢). Despite the dis-
tinct co-expression pattern of these genes, CAD2 correlated

© 2024 The Author(s).
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positively with the S-type and total lignin content of the
wood while CCoAOMT3 correlated negatively with total lignin
content (Fig. 3b), supporting their regulatory roles in lignin
biosynthesis.

CADZ2 and CCoAOMT3 had also distinct co-expression pat-
terns with the transcription factors in the lignin subnetwork
(Table S4). CAD2 was co-expressed with four transcription
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factors, out of which RGA-like 2 (Potra2n17c30832) was the
only one with high expression in the AspWood dataset.
CCoAOMT3 was co-expressed only with NIN-like transcription
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Fig. 3 Expression of lignin-biosynthetic genes in the Swedish Aspen collection. (a) The lignin subnetwork connecting lignin traits and the expression of
lignin-biosynthetic genes and their first-degree neighbors. Each hub represents a lignin-biosynthetic gene (represented as a triangle) and its first-degree
neighbor (represented as circles) based on the whole-transcriptome co-expression network. Node color is assigned based on the infomap clustering
(Supporting Information Dataset S1). The lignin traits were derived from the Pyrolysis-GC-MS analysis. L, relative total lignin content; S, relative syringy!
lignin content; G, relative guaiacyl lignin content. The Populus tremula lignin-biosynthetic genes were identified on the basis of the highest BLastn e-value
to the Populus trichocarpa lignin-biosynthetic genes listed in Shi et al. (2010). (b) Heatmap representation of the correlation between the Pyrolysis-GC-MS
traits and the expression of the lignin-biosynthetic genes. The colors correspond to Pearson correlation values. Asterisks indicate the statistical significance
of the Pearson correlation coefficients using t-distribution; *, P < 0.05; *#, P < 0.01; *** P < 0.001. C, relative total carbohydrate content; G, relative
guaiacyl lignin content; S, relative syringyl lignin content; P, relative content of generic benzene derivatives, most probably originated from lignin in plants;
L, relative total lignin content; S : G, syringyl and guaiacyl lignin ratio; CL, carbohydrate and lignin ratio. (c) The expression of the lignin-biosynthetic genes
in aspen stem tissues. The data on tangential cryosections (1-25) across the cambial tissues of aspen (Tree 1) are obtained from the AspWood dataset
(Sundell et al., 2017) in PlantGenlE.org (Sundell et al., 2015). Gene expression values are VST normalized. CD, cell death; Exp, expanding xylem; P/C,

phloem; SCW, secondary cell wall formation.

(Fornes ez al., 2020), there were no clear differences in the pre-
sence or absence of motifs in promoter regions of CAD2 com-
pared with the promoters of the other lignin-biosynthetic genes.

However, CCoAOMT3 had a profile that differed from the other
lignin-biosynthetic genes (Fig. S5).

Transcriptional regulation of the lignin-biosynthetic
pathway

The lignin subnetwork allowed elucidation of the transcriptional
regulation of the lignin-biosynthetic genes. Eighty-nine transcrip-
tion factors, enriched with WD and MYB-like domain-
containing factors, were identified among the 850 genes of the
lignin subnetwork (Table S4). These included transcription fac-
tors, such as the homologs for the Arabidopsis MYB42
and MYBS85, known to control the expression of the lignin-
biosynthetic genes (Zhong e al., 2008; Geng ez al., 2020), but
mostly transcription factors not previously connected to tran-
scriptional regulation of lignin biosynthesis. One of the transcrip-
tion factors in the lignin subnetwork was Potra2nlcl657,
annotated as HB5 (HB5 aka POPCORONA in P. trichocarpa; Du
et al., 2011), which belongs to the Class III homeodomain-
leucine zipper family (Fig. 4a,b). HB5 was co-expressed with the
lignin-biosynthetic PAL3 (Potra2n16¢30091), which in turn co-
varied with the S-type lignin content (Fig. 3a).

HB5 is expressed in the cambial region and differentiating
xylem elements according to the AspWood dataset (Fig. 4c). The
impact of HB5 on lignin content was confirmed in two Populus
tremula X P. tremuloides “T89" RNAI lines 5AA and 5AB with
decreased expression of both HB5 and its paralog, HB6
(Potra2n3c8027) (Fig. 4d). Both G- and S-type lignin contents
were significantly reduced in the RNAI lines compared with the
T89 WT control (Fig. 4e). The plant height and stem diameter
of the RNA] lines were increased (Figs 4f,g, S6a) while wood
density (Fig. 4h) and anatomy (Fig. S6b,c) were similar to that of
the control plants. As expected on the basis of co-expression of
PAL3 with HB5, the expression of PAL3 was lower in the trans-
genic HB5 RNAI lines when compared to control even though
statistically significant in only one of the lines (Fig. S7a). Accord-
ingly, a binding motif was present for ActHB-15, the closest Ara-
bidopsis homolog of the Populus HB5, in the PAL3 2-kb
promoter region (Fig. S7b). These results demonstrate that HB5

© 2024 The Author(s).
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is involved in regulating lignin content, and hence provide func-
tional validation for the lignin subnetwork.

Genome-wide association analysis of wood chemistry in
the Swedish Aspen collection

GWAS was performed for eight wood chemical composition
traits (as listed in Table S1) in 99 SwAsp genotypes (Table S5).
The strongest associations were obtained for G- and S-type lignin
(Table 2).

For S-type lignin, the highest association was observed
for a SNP in a UDP-glucosyl transferase family protein
Potra2n1c2130 (Tables 2, S5; Fig. 5a) but which was not
expressed in the developing xylem according to the AspWood
dataset and therefore not analyzed further. The second highest
association was for SNPs in a galactosyl transferase family pro-
tein Potra2n1c3762, annotated as G731 _32 in Kumar et al
(2019) (Tables 2, S5). GT31_32 is homolog of the Arabidopsis
GLYCOSYLTRANSFERASE GT31 A (GALT31A; AT1G32930;
Fig. 5b) which has been implicated in glycosylation of arabino-
galactan proteins (Geshi ez al., 2013). A role of GT731_32in ara-
binogalactan homeostasis was supported by co-expression with
four homologs of the Arabidopsis FASCICLIN-LIKE ARABI-
NOGALACTAN PROTEIN 12 (FLAI2) in the whole-
transcriptome co-expression network (Dataset S1). In the
AspWood dataset, GT731_32 is highly expressed in the cambial
region and expanding xylem as well as during late xylem matura-
tion (Fig. 5¢). The SNP chrl_48493303A_G in G731_32
resulted in an exonic, synonymous mutation (Table 2). The gen-
otypic variants for the homozygous and heterozygous alleles of
chrl_48493303A_G showed statistically significant differences
in S-type lignin content (Fig. 5d), but not in the expression of
GT31_32 (Fig. 5e), which suggests that GT31_32 does not
influence S-type lignin accumulation through changes in its
expression. However, the genomic region of G731_32 con-
tained several local eQTLs (Fig. 5f). Furthermore, G731_32
was co-expressed with CCoAOMT?2, and shared 19 co-expressed
genes with CCoAOMT?2 (Potra2n1c2649) in the lignin subnet-
work (Table S3), which altogether supports the importance of
GT31_32 expression in lignin accumulation. Notably, the
expression of GT31_32 correlated negatively with the expression
of CCoAOMT2 (Dataset S1).
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Gene Name P. trichocarpa P. tr la P tr x P. treumloides (T89) Arabidopsis thaliana
HB1 Potri.009G014500 Potra2n9c19989 Potrx053501g00010 AT5G60690, REVOLUTA
HB2 Potri.004G211300 Potra2n4c10264 Potrx062371g00010 AT5G60690, REVOLUTA
HB3 Potri.011G098300 Potra2n11c23064 Potrx053214g00010 AT2G34710, PHABULOSA, AtHB-14
HB4 Potri.001G372300 Potra2n1c3263 Potrx065319g00010 AT2G34710, PHABULOSA, AtHB-14
HB5 Potri.001G188800 Potra2n1c1657 Potrx046843913917 AT1G52150, CORONA, AtHb-15
HB6 Potri.003G050100 Potra2n3c8027 Potrx065083925217 AT1G52150, CORONA, AtHb-15
HB7 Potri.018G045100 Potra2n18c32866 AT4G32880, AtHB-8
Potra2n18c32867
HB8 Potri.006G237500 Potra2n6c13216 Potrx057596900010 AT4G32880, AtHB-8
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Fig. 4 Function of the HOMEOBOX PROTEIN 5 (HB5) in the regulation of lignin biosynthesis. (a) Class Il homeodomain-leucine zipper (HD-Zip 1) gene
family in Arabidopsis thaliana, Populus tremula, Populus trichocarpa, and P. tremula x P. tremuloides. The sequences were retrieved from PlantGenlE.org
(Sundell et al., 2015). (b) Phylogeny of the HD-Zip 1l gene family reconstructed using iTOL/v6 (https://itol.embl.de/). (c) Expression profiles of HB5 and
HB6 in aspen stem tissues corresponding to phloem (P/C), expanding xylem (Exp), secondary cell wall (SCW) formation, and cell death (CD). Gene expres-
sion values (VST normalized) represent Tree1 in the aspen wood (AspWood) dataset (Sundell et al., 2017) from PlantGenlE.org (Sundell et al., 2015).

(d) Relative expression of HB5 and HB6 in T89 wild-type (WT) and HB5 RNAI lines 5AA and 5AB. The data represent average 22 values from quantita-
tive reverse transcription polymerase chain reaction analysis. n = 4-5. (e) Total lignin, G-type lignin, and S-type lignin content in T89 WT and HB5 RNAI
lines 5AA and 5AB. The data are obtained with Pyrolysis-GC-MS. (f-h) Tree height (f), stem diameter (g), and wood density (h) at the base of the stem in
two HB5 5AA and 5AB RNAI lines and T89 WT. The experiment with the transgenic lines was repeated twice. Asterisks indicate significant differences from
the T89 WT at ##, P < 0.01; or *##*, P < 0.001 according to a t-test. Error bars indicate SD.
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Table 2 Top-ranked genes in genome-wide association study (GWAS) for wood chemical composition in the Swedish Aspen (SwAsp) collection.

No SNPs in Arabidopsis
Trait Locus SNP locus P-value g-Value PVE Feature gene Arabidopsis description
G-type Potra2n11c22479  chr11_1139060C_G 3 9.29E-09 0.031 0.29 Upstream AT5G44520 RPI-like, NagB/RpiA/
lignin chr11_1139068T_A Upstream CoA transferase-like
chr11_1139090G_A Upstream superfamily protein
Potra2n3c6909 &  chr3_4092633G_C 1 2.26E-08 0.037 0.28 Intergenic
Potra2n3c6910
S-type Potra2n1c2130 chr1_25487896T_A 1 1.47E-08 0.136 0.29 Exonic, AT3G46660 UDP-glucosyl
lignin nonsynonomous transferase 76E12
Potra2n1c3762 chr1_48493303A_G 3 4.16E-08 0.136 0.28 Exonic, synonomous AT1G32930 GALT31A,

chr1_48493246T_G
chr1_48493255T_C

Exonic, synonomous
Exonic, synonomous

Galactosyltransferase
family protein

PVE, phenotypic variation explained; SNP, the genomic location of the single-nucleotide polymorphism.

The three most significant SNPs (4 < 0.05) for G-type lignin
were located within  1500-bp upstream of R/BOSE-5-
PHOSPHATE ISOMERASE-LIKE (RPI-like) Potra2nl11c22479
(Fig. 6a; Tables 2, S5), the closest homolog to Arabidopsis RPI4
(At5g44520; Fig. 6b). The aspen RPI-like is highly expressed
in the phloem, cambium, and expanding xylem according to
the AspWood dataset (Fig. 6c). The most significant SNP
(chr11_1139060C_G) was associated with variation in G-lignin
content (Fig. 6d), but not RPI[-like expression (Fig. 6e) even
though multiple local SNPs were found upstream of the RP/-like
in the eQTL analysis (Fig. 6f). The association between SNP
chr11_1139060C_G and G-lignin content was verified also in an
independent aspen population (UmAsp; Fig. S8).

Discussion

Natural variation in lignin chemistry in Swedish aspen

We observed a range of 22 to 33% variation for the relative lignin
content of woody tissues in a geographically representative collec-
tion of aspen trees from Sweden (Fig. 1a; Table S1). This varia-
tion is similar to earlier observations in other Populus species
(Studer et al, 2011; Guerra et al, 2013; Porth et al, 2013;
Muchero ez al., 2015; Fahrenkrog et al., 2017). The S: G ratio
varied between 1.4 and 3.2 (Table S1), which exceeds the magni-
tude of variation reported previously for P. nigra and P. deltoides
(Guerra ez al., 2013; Fahrenkrog er al., 2017). In view of these
results, and given the importance of S: G-lignin ratio on the
recalcitrance of woody biomass (Studer ez al, 2011; Yoo
et al., 2017; Anderson ez al., 2019), it is reasonable to consider
the lignin subunit composition as a promising trait for any Popu-
Jus tree improvement initiative.

Variation in a quantitative trait such as lignin content is crucial
for adaptation to the surrounding environment and ultimately
the survival of the species (Crivellaro et al., 2022). One such
environmental factor is the day length, which causes strong latitu-
dinal clines on many traits in Sweden (Wang ez al., 2018; Liha-
vainen et al., 2023). However, there were no latitudinal clines in
lignin content or composition within the SwAsp population
(Fig. 1). Variation in lignin content of SwAsp trees should there-
fore serve other purposes, such as responses to light, circadian

© 2024 The Author(s).
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clock, defense against pathogens, and abiotic as well as mechani-
cal stresses that are all known to influence lignin biosynthesis
(Chantreau & Tuominen, 2022).

Unique aspects of the transcriptional regulation of lignin
biosynthesis

The extent of natural variation in the expression of the lignin-
biosynthetic genes remains poorly understood. The eQTL analy-
sis revealed significant variation (P < 5 X 107%) in the expression
of almost half of the lignin-biosynthetic genes (Fig. S4). How-
ever, the variation did not seem to influence lignin content since
the genes were either poorly or not at all associated with lignin
traits in the GWAS (Table S3).

Most of the lignin-biosynthetic genes, except for CAD2 and
CCoAOMT3, correlated in expression within the SwAsp collec-
tion and had similar spatial expression patterns (Fig. 3). Interest-
ingly, CAD2 and CCoAOMT3 had the most distinct increase in
expression in the AspWood dataset in the last sample of the series
(Fig. 3c), which represents gene expression in rays since the fibers
are already dead at this point (Sundell ez al, 2017). Therefore,
these genes might be regulated by factors derived from the sap.
Ray expression has been shown for members of both CAD and
CCoAOMT families (Feuillet ez al, 1995; Chen et al, 2000).
However, the importance of CAD2 and CCoAOMT3 in lignifi-
cation has remained somewhat unclear especially since Crispr
Cas9 knockout in either of them does not influence lignin con-
tent or composition (Sulis ez al., 2023).

CAD?2 was earlier defined as SINAPYL ALCOHOL DEHY-
DROGENASE (SAD) having a sinapyl aldehyde specific enzy-
matic activity (Li et al, 2001). More recently, CAD2 was shown
to accept both coniferyl aldehyde and sinapyl aldehyde as the
substrate even though sinapyl aldehyde was the preferred sub-
strate on the basis of lower Michaelis constant (Km) values (Chao
et al., 2014; Wang et al., 2014). Our analysis identified positive
correlation between the expression of CADZ2 and the S-type lig-
nin content (Fig. 3b), which supports the preferential function of
CAD2 toward S-type lignin biosynthesis. However, functional
studies in tobacco (Barakate ez al, 2011) or poplar (Sulis
et al., 2023) have not supported the function of CAD2 on S-type
lignin biosynthesis.
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Fig. 5 Overview of the genome-wide association study results for the S-type lignin in the Swedish Aspen (SwAsp) collection. (a) Manhattan plot displaying
genome-wide associations for S-type lignin in the SwAsp collection. The statistical significance of the association (—logo (P)-value) is shown for each
single-nucleotide polymorphism (SNP) according to its genomic position. The top-ranked SNPs are enclosed by a square and indicated with the
corresponding gene models. (b) Phylogeny of galactosyltransferase GT31_32 in Populus tremula and Arabidopsis thaliana. (c) Expression profile of the
galactosyltransferase GT37_32 (Potra2n1c3762) in sections across the cambial region in the aspen stem. Gene expression values are from Tree 1 of the
aspen wood (AspWood) dataset (Sundell et al., 2017) from PlantGenlE.org (Sundell et al., 2015). P/C, phloem; SCW, secondary cell wall; CD, cell death
zone. (d, ) Relative S-type lignin content (d) and expression of GT37_32 (e) in the three genotypic groups of the SNP chr1_48493303A_G in GT37_32in
SwAsp collection. The relative S-type lignin content was estimated by Pyrolysis-GC-MS. Gene expression values are VST normalized. Analysis of variance
F-ratios and P-values are shown. *** P < 0.0001. (f) Representation of the genomic region containing SNP chr1_48493303A_G_for GT37_32 in chromo-
some 1. The black downward-pointing arrowhead indicates the location of the SNP chr1_48493303A_G from GWAS. The brown arrowhead indicates a
local expression quantitative trait locus (eQTL) for GT37_32 (Potra2n1¢3762). The orange arrowheads indicate local eQTLs for Potra2n1c3764.
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Fig. 6 Overview of the genome-wide association study results for the G-type lignin in the Swedish Aspen (SwAsp) collection. (a) Manhattan plot displaying
associations for G-type lignin in the SwAsp collection. The statistical significance (—logo (P)-value) is shown for each individual variant according to its
genomic position. The top-ranked single-nucleotide polymorphisms (SNPs) are enclosed by a square and indicated with the corresponding gene models.

(b) Phylogeny of the RIBOSE-5-PHOSPHATE ISOMERASE (RPI) gene family in Populus tremula and Arabidopsis thaliana. (c) The expression profile of P.
tremula RPI-like (Potra2n11c22479) in sections across the cambial region in the aspen stem. Gene expression values are from Tree 1 of the aspen wood
(AspWood) dataset (Sundell et al., 2017) from PlantGenlE.org (Sundell et al., 2015). CD, cell death zone; P/C, phloem; SCW, secondary cell wall.

(d, e) The relative G-type lignin content (d) and the expression of the RPI-like (e) in the three genotypic groups of the SNP chr11_1139060C_G in RPI-like
in SwAsp collection. The relative G-type lignin content was estimated by Pyrolysis-GC-MS. Gene expression values are VST normalized. Analysis of variance
F-ratios and P-values are shown. *##, P < 0.0001. (f) Representation of the genomic region containing the SNP chr11_1139060C_G in the RP/-like in chro-
mosome 11. Arrowheads depict local eQTLs, and the color indicates the gene with which the SNP associates.
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CCoAOMT3 had a distinct profile for transcription factor bind-
ing motifs among the lignin-biosynthetic genes (Fig. S5). A NIN-
like transcription factor, NLPIa, was co-expressed exclusively with
CCoAOMT3 in the lignin network (Table S4). The Populus
NLP1a is the closest homolog of Arabidopsis NLP2, which regu-
lates nitrogen assimilation and metabolism (Liu ez al, 2022). A
link between lignin and nitrogen availability is well known (Pitre
et al., 2007), and the expression of CCoAOMT3 has also been
linked with nitrogen availability (Cooke e al, 2003; Zhao
et al., 2022). It is therefore possible that the variation in lignin
content in response to nitrogen availability is mediated through
changes in CCoAOMT3 expression. Interestingly, the expression
of CCoAOMT3 correlated negatively with lignin content
(Fig. 3b), suggesting that CCoAOMT3 might have an unknown
function in suppressing the accumulation of lignin.

The function of Populus AtHB-15 homologs in lignification

Members of the Arabidopsis HD-ZIP III family members, such
as PHAVOLUTA, PHABULOSA, REVOLUTA, AtHB-15/
CORONA, and AtHB-8, are linked to the regulation of meris-
tem activities and organ polarity. In the current study, evidence
was obtained on the function of HB5, the Populus homolog of
AtHB-15, in lignification. HB5 was co-expressed with PAL3 in
the SwAsp population, and suppression of HB5 together with its
paralog HBG6 by RNA: resulted in lower lignin content of trans-
genic trees, supporting their role in stimulating lignin biosynth-
esis through PAL3 (Figs 4, S7). Even though evidence was
obtained on a direct function of HB5 on PAL3 expression
(Fig. S7b), it is possible that the effect of HB5 is indirect through
the negative effect it has on the radial growth of the stem. The
negative effect of HB5 on radial growth of the stem is consistent
with earlier reports on AtHB-15 in Arabidopsis (Kim
et al., 2005; Wei er al., 2023) and on the AtHB-15 homologs
POPCORONA (HB5) and Pt.AtHB.11 (HB6) in Populus (Du
et al., 2011). The role of the AtHB-15 homologs and the other
members of the HD-ZIP III family members has however largely
been overlooked in xylem differentiation.

Arabinogalactans proteins and S-type lignin accumulation

One of the top-ranked genes in the GWAS analysis of S-type lig-
nin was G731_32 which encodes a protein that is likely involved
in the glycosylaton of arabinogalactan proteins (Geshi
et al., 2013) (Fig. 5). GT31_32 was co-expressed with both the
lignin-biosynthetic CCoAOMT2 and several FASCICLIN-LIKE
ARABINOGALACTAN (FLA) genes (Dataset S1), supporting
interaction between arabinogalactan proteins and lignin in the
secondary cell wall context. Populus species have 35 FLA genes
(Zang et al., 2015), which has hampered their functional charac-
terization. However, it is well known that both the expression of
FLA genes and the accumulation of arabinogalactan proteins are
stimulated during tension wood formation, coinciding with sup-
pressed accumulation of lignin (Pilate ez al, 2004; Lin et al,
2022). The negative correlation between the expression of FLA
genes and CCoAOMT2 in our data (Dataset S1) supports the
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mutually exclusive accumulation of the arabinogalactan proteins
and lignin. On the basis of these results, we hypothesize that the
function of GT31_32 is related to S-type lignin accumulation
indirectly through its regulatory function on the arabinogalactan
proteins in situations when lignin biosynthesis is suppressed, such
as during tension wood formation, in favor of the biosynthesis of
arabinogalactan proteins and cellulose. This would also mean
that there is variation among the trees in their response to
mechanical stimulus resulting in tension wood formation.

Pentose phosphate pathway and G-type lignin biosynthesis

Variation in the RPI-like (Potra2nl11c22479) sequence was
significantly associated with the content of G-lignin in two inde-
pendent aspen populations (Figs 6a, S8). Arabidopsis has
four ribose-5-phosphate isomerases; RP/I (Atlg71100), RPI2
(At2g01290), RPI3 (At3g04790), and RPI4 (At5g44520), which
belong to three different clades (Xiong ez 4/, 2009). RPIs are
involved in the pentose phosphate pathway that feeds into the
biosynthesis pathways of both cellulose and lignin (Stincone
et al., 2015). Accordingly, a mutation in RP/I reduced the level
of cellulosic glucose in Arabidopsis seedlings (Howles et al,
2006). It is therefore possible that the observed association
between RPI-like and G-lignin content is indirect and that the
primary cause for the observed variation is through the impact of
the RPI-like variant on cellulose biosynthesis. However, a muta-
tion in another pentose phosphate pathway gene, TRANSALDO-
LASE 2 (TRA2), resulted in a 15% reduction in lignin content
and an increased S:G ratio in Arabidopsis (Vanholme
et al., 2012). Possible homologs of the Arabidopsis 7RA2 were
also found associated with H-lignin (Bryant ez 4/, 2023). Alto-
gether, these results support the effect of pentose phosphate path-
way and hence also RPI-like primarily on the lignin pathway and
in particular the lignin composition.

In conclusion, a systems genetic study was performed on lig-
nin biosynthesis and its regulation in the SwAsp collection.
The analysis revealed associations for complex traits such as G-
and S-type lignin, including an association between a RPI-like
gene and G-type lignin content that was also validated in the
independent Umed aspen (UmAsp) collection. New insights
were gained into the expression and regulation of lignin-
biosynthetic genes, including distinct features of CAD2,
CCoAOMT?2, and CCoAOMT3 expression. While CAD2 con-
tributes preferentially to S-type lignification, CCoAOMT2 and
CCoAOMT3 seem to control lignification in response to speci-
fic external conditions, such as tension wood formation and
nitrogen status, respectively. Taken together, this work demon-
strates the value of systems genetics in studying the genetic
architecture of complex traits such as lignin content and com-
position in woody tissues.
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Fig. S8 Validation of the SwAsp GWAS results in an indepen-
dent Umed aspen (UmAsp) collection.

Table S1 Complete Pyrolysis-GC-MS data in the SwAsp and
UmAsp collections.

Table S2 Details of the eQTL analysis.
Table S3 Details of the lignin subnetwork.
Table S4 Transcription factors in the lignin subnetwork.

Table S5 The 1000 most significant SNP associations for the lignin-
related Pyrolysis-GC-MS traits in the GWAS analysis of SwAsp.
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