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Summary 

Authors for correspondence: � Wood formation was present in early angiosperms, but has been highly modifed through 

evolution to generate the anatomical diversity seen in extant angiosperm lineages. In this pro-

ject, we modeled changes in gene coexpression relationships associated with the evolution of 

wood formation in a phylogenetic survey of 13 angiosperm tree species. 
� Gravitropic stimulation was used as an experimental treatment to alter wood formation and 

also perturb gene expression. Gene transcript abundances were determined using RNA 

sequencing of developing wood tissues from upright trees, and from the top (tension wood) 

and bottom (opposite wood) tissues of gravistimulated trees. 
� A network-based approach was employed to align gene coexpression networks across

species based on orthologous relationships. A large-scale, multilayer network was modeled 

that identifed both lineage-specifc gene coexpression modules and modules conserved

across multiple species. Functional annotation and analysis of modules identifed specifc regu-

latory processes associated with conserved modules, including regulation of hormones, pro-

tein phosphorylation, meristem development and epigenetic processes. 
� Our results provide novel insights into the evolution and development of wood formation, 

and demonstrate the ability to identify biological processes and genes important for the evolu-

tion of a foundational trait in nonmodel, undomesticated forest trees. 
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& Groover, 2019), are all quantitative. A further challenge is
posed by nonmodel plants, including undomesticated trees, for 
which candidate genes and tractable research approaches are often 
lacking (Abzhanov et al., 2008). Evolutionary genomic 
approaches that exploit recent advances in DNA sequencing tech

Introduction 

A fundamental goal of biology is to describe the evolution of 
genetic mechanisms regulating phenotypic traits, including how 
those mechanisms are modified to produce phenotypic diversity 
and novelty. In plants, the evolution and development of simple 
traits such as flower morphology have been modeled based on 
diversification of a small number of well-studied homeotic genes 
(Chanderbali et al., 2016). But the majority of traits that are of 
ecological or economic importance for plants are complex, quan-
titative traits, influenced by large numbers of genes (Holland, 
2007; Ingvarsson & Street, 2011). For example, with forest trees, 
economic traits including yield (Bastiaanse et al., 2019), wood 
biochemistry (Wierzbicki et al., 2019) and architecture (Wu & 
Stettler, 1994) are all quantitative. Likewise ecological traits of 
trees, including disease and insect interactions (Newcombe & 
Bradshaw Jr, 1996), phenology (Bradshaw-Jr & Stettler, 1995) 
and response to drought (Street et al., 2006; Rodriguez-Zaccaro 

-
nologies and computational biology can now be used to investi-
gate these previously intractable problems (Groover & Cronk, 
2013). 

Conceptually, comparative and evolutionary genomic 
approaches can be used to uncover fundamental properties of 
phenotypic traits (Wray, 2013). A general approach is to seek 
correlations between phenotypic traits and changes in DNA or 
protein sequence within a phylogenetic context. For example, 
phylostratigraphic analysis seeks to identify the last common 
ancestor that contains a gene or gene family of interest 
(Domazet-Lo�so et al., 2007). This information can then be used 
for hypothesis generation regarding co-occurrence of a gene and 
a new trait. For example the comparative genomics project, PLAZA 
4.0 (Van Bel et al., 2017), integrates phylogenetic relationships 
with protein similarity and sequence-derived functional *These authors contributed equally to this work. 
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annotations to analyze the evolution of groups of genes in plant 
species. However, additional approaches are needed to fully 
understand the evolution of traits, as evolutionary innovations 
arise not only by the appearance of new genes, but also through 
the co-option and modification (e.g. change in expression pat-
tern) of existing genes and genetic mechanisms (Abzhanov et al., 
2008). Additionally, phenotypic traits are not conditioned by 
individual genes, but rather by the collective interaction of many 
genes. It is thus ultimately desirable to model the interaction of 
genes underlying quantitative trait variation, including how those 
interactions are modified to create phenotypic diversity during 
evolution. 

Gene coexpression analysis within a phylogenetic context can 
potentially reveal putative ancestral mechanisms underlying a 
phenotypic trait, by identifying orthologous groups of genes 
whose coexpression relationships are maintained across species 
(Ruprecht et al., 2017b). Analysis of such gene modules can ulti-
mately describe general features of conserved mechanism, and 
how those mechanisms have been modified through evolution 
and speciation to create new traits and trait diversity (Masalia 
et al., 2017; Ruprecht et al., 2017a,b). DNA sequencing tech-
nologies enable comprehensive cataloging and quantification of 
gene expression in species and tissues of interest using RNA 
sequencing. The challenge now is how to use these extensive 
datasets to model the properties of individual genes and func-
tional groups of genes associated with traits within a phylogenetic 
context. Coexpression analyses cluster genes into modules based 
on correlated expression levels across samples (Zhang & Horvath, 
2005). Experimentally, gene expression can be perturbed for 
coexpression approaches through experimental treatments or 
genetic modifications, or else through examination of different 
cell or tissue types relevant to the trait being studied (Langfelder 
& Horvath, 2008). Gene modules have the advantage of enabling 
functional analysis, for example through determination of enrich-
ment of genes within modules associated with specific cellular 
processes, localization, or biochemical function (e.g. gene ontol-
ogy (GO) analysis; Langfelder & Horvath, 2008). Recently, 
coexpression analysis has been applied to wood formation in 
poplar trees, and used to identify gene modules associated with 
specific biological functions and correlated to complex traits of 
ecological and economic importance (Gerttula et al., 2015; Sun-
dell et al., 2016; Zinkgraf et al., 2017, 2018a). 

As a group, the angiosperms (flowering plants) encompass 
large numbers of species characterized by surprising degrees of 
variation and diverse phenotypic traits (Wang et al., 2009). 
Indeed, the rapid radiation and diversification of the angiosperms 
posed an ‘abominable mystery’ to Darwin (Friedman, 2009). 
Advances in comparative genomics and phylogenetics have pro-
vided important clues as to the nature of angiosperm evolution 
(Chase et al., 2016). In general, the evolutionary history of 
angiosperm genomes highlights a surprisingly plastic nature, with 
many lineages’ genomes being shaped by polyploidization and 
gene duplications, subsequent selective retention and fractiona-
tion of gene content, tandem duplication, and translocations 
(Soltis et al., 2009; Jiao et al., 2011; AmborellaGenomeProject, 
2013). As a result, chromosomal number and syntenic 
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relationships are highly variable across angiosperm genomes. 
How these genomes have undergone such radical changes with-
out catastrophic consequences or more dramatic effects on phe-
notypes is in some regards a new abominable mystery, and 
presents the challenge of comprehensively describing the genetic 
changes and evolutionary mechanisms that generated the 
observed diversity in extinct and extant angiosperms. 

Wood formation is an ecologically and economically impor-
tant process that was present in early angiosperms (Sinnott & 
Bailey, 1915; Spicer & Groover, 2010). Wood formation as pro-
duced by a bifacial cambial meristem has arisen independently in 
the evolution of land plants, but it appears likely that wood for-
mation in angiosperms ultimately derives from progymnosperm 
progenitors to the angiosperms (Spicer & Groover, 2010; 
Tomescu & Groover, 2019). Among extant angiosperms, 
Amborella trichopoda represents the most basal lineage 
(AmborellaGenomeProject, 2013). Amborella grows as a shrub or 
small tree, and possesses a bifacial cambium that produces wood 
with ‘primitive’ features, including lacking the water-conducting 
vessel elements found in more derived angiosperms (Carlquist & 
Schneider, 2001). Notably, wood formation has undergone 
extensive modification during angiosperm evolution (Spicer & 
Groover, 2010). The mechanical properties of wood have been 
modified to enable an array of growth forms ranging from mas-
sive forest trees to lianas (Chery et al., 2020; Groover, 2020). At 
the same time, wood is the water-conducting tissue of woody 
stems, and wood anatomy has been modified in various lineages 
to exploit habitats with extremes in water stress (Rodriguez-Zac-
caro & Groover, 2019). Biochemical variation in angiosperm 
wood is also abundant, affecting both ecological traits as well as 
lumber, bioenergy and pulp traits critical to forest industries 
(Higuchi, 2012). 

Wood formation in angiosperms is highly modified in 
response to gravistimulation (Groover, 2016). For example when 
an angiosperm tree is displaced from the vertical (e.g. by wind, 
avalanche, or erosion), the tree will produce a highly modified 
‘tension wood’ on the upper facing side of the stem (Timell, 
1986). Tension wood is capable of creating tremendous contrac-
tile force, pulling the tree upright against the force of gravity 
(Mellerowicz et al., 2008). Gravistimulation and tension wood 
formation are accompanied by complex changes in gene expres-
sion and can be used as a controlled experimental treatment to 
perturb gene expression during wood formation. For example, 
gravistimulation has been used to perturb wood gene formation, 
allowing identification of biologically functional gene coexpres-
sion modules associated with specific biological processes under-
lying wood formation in the model Populus (Gerttula et al., 
2015; Zinkgraf et al., 2018a). 

Angiosperm trees pose challenges for evolutionary genomic 
studies, as they are typically highly outcrossing, heterozygous, 
undomesticated, and have complex genomes shaped by varied 
evolutionary histories (White et al., 2007). In this report, we took 
an evolutionary genomics approach based on gene coexpression 
relationships in a phylogenetic survey of angiosperm trees from 
North America and Asia. We report the identification and char-
acterization of conserved coexpression gene modules underlying 
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wood formation, including conserved modules highly enriched 
for genes of specific functions. Lineage-specific modules were also 
identified that point to potential mechanisms involved in diversi-
fication of wood development in different lineages. Together 
these results demonstrate that dissection of the evolution and 
development of a complex trait in trees is now tractable, and they 
provide specific new insights into the evolution of wood forma-
tion in trees. 

Materials and Methods 

Plant material and sample collection 

The wood formation experiments were conducted at the Insti-
tute of Forest Genetics in Placerville, CA, USA, and at the 
Chinese Academy of Forestry in Beijing, China, during July 
2015. A total of 13 species were included in the experiments 
and are listed in Table 1. Experiments for each species were 
started with upright grown trees that were 2–3 years old with 
two to three replicates per species that were randomly assigned 
to control (upright grown) and gravistimulation groups. Grav-
istimulation was conducted by placing potted plants horizon-
tally on a glasshouse bench for 48 h as previously described 
(Gerttula et al., 2015). 

Woody tissues were collected from the middle third of the 
stem and harvested by lightly scraping the xylem side of a 
debarked stem using a double-sided razor blade. For gravistimu-
lation experiments, developing xylem was collected from the 
upper surface (tension wood) and lower surface (opposite wood) 
of the leaning stem. For upright-grown control plants, two sam-
ples of developing xylem were sampled per stem by vertically 
dividing the stem in half. All tissue samples were immediately 
flash-frozen in liquid nitrogen and stored at –80°C. 

Table 1 List of woody species included in study. 

Experimental 
Species Order Native range locationa,b 

Liriodendron chinense Magnoliales Asia Bejing, China 
Liriodendron tulipifera Magnoliales North America CA, USA 
Liquidambar formosana Saxifragales Asia Bejing, China 
Liquidambar styraciflua Saxifragales North America CA, USA 
Eucalyptus grandis Myrtales Australia CA, USA 
Salix aegyptiaca Malpighiales Southwest Asia CA, USA 
Salix babylonica Malpighiales Northern China CA, USA 
Salix chaenomeloides Malpighiales Asia CA, USA 
Salix purpuria Malpighiales North America CA, USA 
Salix suchowensis Malpighiales Asia Bejing, China 
Populus tomentosa Malpighiales Asia Bejing, China 
Populus tremuloidies Malpighiales North America CA, USA 
Populus 

trichocarpa × deltoides 

Malpighiales North America CA, USA 

aInstitute of Forest Genetics, Pacifc Southwest Research Station, USDA 
Forest Service, Placerville, CA 95667, USA. 
bState Key Laboratory of Tree Genetics and Breeding, Research Institute of 
Forestry, Chinese Academy of Forestry, Beijing 100091, China. 
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RNA library construction and sequencing 

Frozen tissue was ground in liquid nitrogen to a fine powder and 
stored at –80�C. Total RNA was extracted from the frozen tissue 
using TRIzol reagent (Invitrogen) and cleaned using a Qiagen 
RNeasy on-column DNase treatment (Qiagen) following the 
manufacturer protocols. The quantity of the RNA was measured 
using Qubit V2 (Invitrogen) and quality assessed using Bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA). 

North American samples were sequenced using two 
approaches. First, multiplexed libraries generated from individual 
samples were sequenced using 50 bp single-end runs and utilized 
for expression analysis. Second, single pooled libraries for each 
species containing equal proportions of library product from each 
sample (normal, tension and opposite wood) were sequences 
using 150 bp paired-end runs and used to assemble species-speci-
fic transcriptomes. All library preparation for North American 
samples were generated using KAPA mRNA Hyper Prep Kit 
(KAPA BioSystems, Indianapolis, IN, USA) following the manu-
facturer’s instructions and multiplexed using 12 unique adapter 
sequences (KAPA BioSystems). Individual and pooled libraries 
were sequenced on an Illumina HiSeq 4000 system at the QB3 
Vincent J. Coates Genomics Sequencing Laboratory in October 
2016. 

Library preparations for all Chinese samples were generated 
using NEBNext® UltraTM RNA Library Prep Kit for Illumina 
(NEB, Ipswich, MA, USA) and individual samples were multi-
plexed using 12 unique adapter sequences. Multiplexed libraries 
were sequenced using 150 bp paired-end sequencing on an Illu-
mina HiSeq 4000 system at Novogene in Beijing, China, in April 
2016. The frequency of sequencing read counts for libraries used 
in the analyses presented here are shown in Fig. S1. 

Transcriptome assembly and annotation 

To construct transcriptome assemblies for the eight species that 
were lacking genomic-level resources (Table S1), we uniformly pro-
cessed the 150 bp paired-end reads for each species using the fol-
lowing steps. First, adaptor contaminations were removed using 
SCYTHE v.0.991 (https://github.com/vsbuffalo/scythe) and reads 
were trimmed using SICKLE v.1.33 using an average phred quality 
of 30 and minimum length of 100 bp (https://github.com/najoshi/ 
sickle). Second, cleaned reads were assembled using TRINITY v.2.2.0 
with a minimum contig length of 350 bp and default parameters 
(Grabherr et al., 2011). De novo assemblies were generated for 
species from the genera Liquidambar and Liriodendron. Genome-
guided assemblies were generated for the other species, using 
Populus trichocarpa v.3.0 to guide the Populus tomentosa assembly 
and Salix purpurea v.1.0 to guide the Salix assemblies. Third, we 
applied the tr2aacds analysis pipeline with default setting from Evi-
dentialGene (http://arthropods.eugenes.org/EvidentialGene/evige 
ne/) to identify an optimal set of transcripts, and to predict the cod-
ing and amino acid sequences. The tr2aacds pipeline reduces the 
complexity of the transcriptome assembly by filtering out: partial 
or fragmented transcripts; transcripts of high sequence similarity; 
and transcripts with low coding potential. Fourth, the predicted 
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protein sequences for each transcriptome assembly were annotated 
using best Arabidopsis BLAST hits and determined using TAIR10 
peptide sequences (https://www.arabidopsis.org/) and BLASTP 

v.2.2.25 (Altschul et al., 1997) with an e-value cutoff of less than 
1e–05. The quality of each assembly was assessed using N50 statis-
tics, the percentage of reads that were represented by each assembly 
and single-copy orthologs from BUSCO. To do this, cleaned reads 
were mapped back onto an assembly using BOWTIE2 v.2.2.9 (Lang-
mead & Salzberg, 2012) and the percentage was quantified using a 
Trinity utility (SAM_nameSorted_to_uniq_count_stats.pl). The 
completeness of the new transcriptome assemblies were assessed 
using BUSCO (v.3.1.0) (Sim~ao et al., 2015) and single-copy orthol-
ogy from the embryophyta (version odb10) (Kriventseva et al., 
2019) dataset. 

Orthologous relationships of protein sequences between all 
species were calculated using INPARANOID v.4.1 (Remm et al., 
2001) with the BLOSUM62 substitution matrix and default set-
tings. Clusters of orthologous groups across all species were iden-
tified using the Markov clustering algorithm (MCL) on the 
orthology and paralogy relationships generated from INPARA-
NOID. MCL clustering was performed using an inflation value of 
1.5 and overlap of orthologous groups was visualized using 
OrthoVenn (Wang et al., 2015). 

Gene expression and comparative network analysis 

Gene expression for each tissue sample (normal, tension and oppo-
site wood) across all 13 species were quantified using 50 bp single-
end reads for North American experiments and 150 bp for Chinese 
experiments (Table 1). RNA-seq libraries were demultiplexed and 
uniformly processed using the following steps. First, adaptor con-
taminations were removed using SCYTHE v.0.991 and reads were 
trimmed using SICKLE v.1.33 using an average phred quality of 20 
and minimum length of 30 bp. Second, cleaned sequencing reads 
were mapped using HISAT2 v.2.1.0 (Anders et al., 2014; Kim et al., 
2015) to each species assembly that had organellar contamination 
removed. Potential chloroplast and mitochondria gene models in 
each transcriptome and genome assembly were identified using 
TAIR10 peptide sequences and BLASTP with an e-value cutoff of 
1e–05. Third, uniquely mapped reads were counted for each gene 
model using HTSEQ v.0.9.1 (Anders et al., 2014) for nonstranded 
reads with default settings. Fourth, normalized expression for each 
gene model was calculated using the TMM normalization method 
in EDGER v.3.22.3 (Robinson et al.,  2010) and output  as reads per
kilobase per million reads (RPKM). 

To generate coexpression networks from our 13 species experi-
ments, we applied FASTOC (Zinkgraf et al., 2018b), a multilayer 
network approach developed by expanding on an existing tool, 
ORTHOCLUST (Yan et al., 2014). FASTOC identifies gene modules 
conserved across species, and unique to phylogenetic lineages and 
individual species. It comprises the following steps. First, within-
species coexpression relationships were identified by finding and 
connecting to a gene the 10 genes with the most highly correlated, 
three-tissue sample expression profiles. The correlations were deter-
mined using normalized RNA-seq expression (RPKM) and Pear-
son’s correlation coefficient analysis. We only used the top 10 most 
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correlated profiles to make the computation tractable. Second, the 
Louvain community detection method was applied to the above 
network to find compact clusters (i.e. modules) of genes. The Lou-
vain method is a heuristic that builds communities based on ran-
dom starting points in large networks and assigns genes (nodes) to 
communities to optimize community modularity. Using many 
Louvain runs (n = 850), we calculated how often genes coappear in 
the same Louvain communities. Groups of genes (modules) that 
display high coappearance in Louvain communities were identified 
using hierarchical clustering and dynamic tree cutting (Langfelder 
& Horvath, 2008). Third, weighted orthologous gene relationships 
were used to align the within-species modules across all species. 
Between-species links in the network were determined using all 
pairwise orthologous relationships and weighted based on the nor-
malized number of orthologs per gene. 

Functional enrichment of modules 

To ascertain the functional role of each conserved module, two 
approaches were utilized. First, GO enrichment analysis of con-
served modules was performed using Arabidopsis best BLAST hit of 
gene models, and significant (P < 0.01) enrichment of GO terms 
was calculated using GOSTATS v.2.50.0 (Falcon & Gentleman, 
2007). Arabidopsis annotations for TAIR10 were used for the 
GO enrichment and downloaded from AGRIGO (http://bioinf 
o.cau.edu.cn/agriGO/). Visualization and parsing of the GO 
terms were conducted using the package TREEGO (https:// 
github.com/mzinkgraf/treeGO). GO terms from the Biological 
Processes (BP) were parsed for functions associated with hor-
mones, peroxisome, protein localization, saccharides, cell walls, 
meristem/cambium, phosphorylation, epigenetics, development 
and gravitropism. Second, we compiled a list of genes and 
orthologs (4345 genes) that have previously been implicated in 
vascular cambium development, xylem formation and secondary 
growth (Nieminen et al., 2015; Ye & Zhong, 2015; Roodt et al., 
2017). This list of genes was based on direct molecular experi-
mentation, gene expression profiling in vascular tissues and bioin-
formatic approaches across 30 + angiosperm species. As our 
understanding of genes associated with wood formation and 
functional annotations has been highly influenced by the model 
plant Arabidopsis and A. thaliana gene IDs are a common output 
of gene annotation pipelines, we used A. thaliana gene IDs to 
conduct this analysis. Using these genes, we tested if conserved 
modules were overrepresented with wood-related genes using a 
hypergeometric test and adjusted P-value significance to control 
for multiple testing using the false discovery rate (FDR; Ben-
jamini & Hochberg, 1995) of FDR < 0.05. 

Phylogenetic analysis 

The evolutionary relationship between the 13 woody species 
(Table 1) and Amborella trichopoda was generated using 948 sin-
gle-copy gene trees that could be identified in all species using 
MCL clustering on the orthology and paralogy relationships gen-
erated from INPARANOID. For each gene, DNA sequence align-
ments were generated using MUSCLE and maximum likelihood 
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trees were generated using the GTRGAMMA model in RAXML 
(v.8.2.12) (Stamatakis, 2014) with 200 bootstraps. A species tree 
was constructed using the coalescence approach ASTRAL-MP 
(v.5.14.3) (Yin et al., 2019), with the 948 best maximum likeli-
hood trees for the 948 gene trees, and significance was obtained 
based on 200 bootstraps. 

Results 

Experimental design and tree species analyzed 

As summarized in Table 1, a total of 13 forest tree species were 
selected from five diverse angiosperm genera and included in the 
experiments here. As shown in an angiosperm phylogeny in 
Fig. 1, genera sampled include the Liriodendron (order Magno-
liales in the Magnoliids), Liquidambar (order Saxifragales in the 
core eudicots), Eucalyptus (order Myratales in the Rosids), Salix 
(Family Salicaceae, order Malphighiales, in the Rosid 1 clade), 
and Populus (Family Salicaceae, order Malphighiales, in the 
Rosid 1 clade). Additionally, with the exception of Eucalyptus, all 
other genera included sampling of species from both North 
America and Asia. Although not included in the analyses pre-
sented here, these species pairs allow potential comparisons 
within genera as well as speciation events associated with the east-
ern Asian–eastern North American disjunct (Wen, 1999) (e.g. 
Liriodendron tulipifera from North America and 
Liriodendron chinense from Asia). Five Salix and three Populus 
species were included, allowing for comparisons at the family 
level (Salix and Populus are within the Salicaceae). 

For each species, gravistimulation was used as an experimental 
treatment to perturb gene expression, by assigning replicates of 
each species to be placed either upright or placed horizontally. 
After 48 h of treatment, wood-forming tissues were harvested for 
RNA sequencing from ‘normal wood’ of upright trees, or down-
ward-facing ‘opposite wood’ and upward facing ‘tension wood’ 
from horizontal trees (see the Materials and Methods section). 

Transcriptome analysis 

For the eight species in the experiment lacking reference 
genomes, reference transcriptomes were assembled (see the Mate-
rials and Methods section) and are summarized in Tables S1 and 
S2. Quality of transcriptome completeness was assessed using 
BUSCO, with 85.2 ± 7.5% (± SD) identification of complete 
orthologs (single and duplicated), c. 10% lower than the five 
whole genomes included in the study (Fig. S2) and consistent 
with high-quality assemblies. 

To account for complex orthologous relationships that arise 
because of shared and lineage-specific gene duplications across 
plant lineages, clusters of orthologous groups (COGs) among all 
13 species were calculated using protein sequences from reference 
genomes and transcriptome gene models (see the Materials and 
Methods section). Each orthologous group contains clusters of 
individual proteins, paralogs or groups of co-orthologs found in 
at least one species based on sequence similarity. The number of 
orthologous groups was similar across species and did not scale 
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with genome size or phylogenetic distance (Fig. 2a). Comparison 
of COGs among representative species from each genus (Fig. 2b) 
show that many of the COGs were present across all species 
(9258) and between more closely related genera, such as 
Liquidambar–Liriodendron (2582), Populus–Salix–Eucalyptus– 
Liquidambar (2270) and Populus–Salix (2175). Modest numbers 
of COGs were specific to individual species (Fig. 2b). The total 
number of genes across the eight species was within a two-fold 
range, with the exception of L. chinense, which showed an unex-
pectedly c. two-fold larger total number of genes than other 
species. It is not clear if this is a reflection of a biological feature 
or of the transcriptome assembly, but recent sequencing of the 
L. chinense genome and resequencing of L. tulipifera (Chen et al., 
2019) revealed 10-fold higher nucleotide diversity in L. chinense 
than in L. tulipifera. High nucleotide diversity has been shown to 
increase the likelihood of assembly of haplotype-specific gene 
models (Pryszcz & Gabald�on, 2016). 

To further validate our Liriodendron transcriptome assemblies, 
we compared the transcriptome gene features against unique pro-
tein-coding sequences from the recent L. chinense NJFU_Lchi_2.0 
genome (Table S3). Based on BLASTP results for each of the tran-
scriptome assemblies and reference protein sequences, > 90% of 
the reference proteins (n = 35 269 proteins) had a significant (e-
value < 1e-5) match to at least one of the transcriptome features. 
For each of the recovered proteins, the mean percentage alignment 
per reference protein was high. For example, when comparing the 
L. chinense transcriptome to the reference genome, the single 
longest alignment recovered 76.28 ±  23.8% (mean ± SD) and all 
significant alignments recovered 91.98 ± 14.3% of the amino acid 
sequence for reference proteins. Overall, these results are constant 
with our transcriptome assemblies being of high quality and robust 
for the analyses described in the following sections. 

Comparative gene network analyses reveal conserved gene 
modules 

A comparative network analysis was used to compare and align 
gene coexpression modules across species. As described in the 
Materials and Methods section, gene coexpression modules were 
identified within each species, and then genes within modules 
were aligned across species based on weighted orthologous rela-
tionships (Zinkgraf et al., 2018b). The approach accommodated 
and applied weighted values of orthology not only to the one-to-
one but also to the more complex paralogous relationships (e.g. 
one-to-many paralogs). The approach and experimental design 
enabled identification of gene coexpression modules that are 
unique to a species, unique to a taxonomic unit (e.g. a genus), or 
modules that are shared across all species (our primary goal). The 
coexpression relationships for modules shared across species have 
been conserved across the entire phylogenetic spectrum surveyed, 
and thus represent excellent candidates for genes and mechanisms 
that were involved in wood formation in the common ancestor of 
the sampled angiosperm trees. 

Coexpression modules were recovered that were specific to all 
species, specific to families, and specific to individual species. As pre-
sented in Table 2, a total of 19 coexpression modules were identified 
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Fig. 1 Angiosperm phylogeny and genera of trees sampled in current study. 

that were common to all species. Between one and four modules 
were specific to individual lineages, with Liriodendron spp. and 
Liquidambar spp. having larger numbers of shared modules 

(Table 2). The number of species-specific modules ranged from zero 
to 31, with a weak positive relationship between earlier diverging lin-
eages and larger numbers of modules. 
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comparisons between species, with comparison of any two species 
represented by an intersection, as illustrated by the figure inset. 
Comparisons across species reveal whether modules are conserved 
only in individual species, or if a module is found in additional 
species (e.g. if a module co-occurs in one or more off-diagonal 
rectangles). Thus, within the graph, conserved modules can be
visually inspected across species within a phylogenetic frame

 
-

work. For example, the inset panel in Fig. 3 highlights two (c4, 
c5) of the 19 conserved module between P. tremuloidies and 
P. trichocarpa × deltoides. 

As summarized in Table S4, the number of genes varied both 
among modules within a species and for individual modules 
across species. The largest modules were found in Liquidambar 
styraciflua and contained 2826 genes (c11), 1560 genes (c2) and 
1344 genes (c12). These modules were outliers, containing an 
order of magnitude more genes than the same modules in other 
species. Overall, the number of genes within conserved modules 
across all species was small, with a median of 181 genes per mod-
ule and a mean (± SD) of 248.7 ±  187.1 genes per module. 
These smaller numbers of genes within the conserved modules 
reflect the strict filtering resulting from the requirement that 
coexpression relationships are maintained across multiple species. 

Conserved modules have distinct enrichments of genes of 
specifc function 

Putative functions of modules were assigned using GO to iden-
tify enrichment of genes within specific GO categories associated 
with wood formation. Fig. 4 shows a heatmap of overrepresenta-
tion of genes within individual GO terms and species for the 19 
conserved modules. In general, conserved modules display dis-
tinct patterns of enrichment for specific GO categories, and reject 
the hypothesis that genes within conserved modules are random 
assemblages. 

Interestingly, the strongest enrichment within individual mod-
ules was for GO categories primarily corresponding to regulatory 
mechanisms, whereas enrichment for categories associated with 
the biosynthesis of secondary cell walls (which comprises the 

Fig. 2 (a) The number of genes and clusters of orthologous groups 
identifed in the reference assemblies across each species. (b) Overlap of 
orthologous groups based on protein sequence similarity using 
representative species from each genera. Asterisks designate a species with 
whole-genome sequence. 

Fig. 3 shows a graphical representation of the coexpression 
modules in a phylogenetic framework, illustrating their presence 
within and among species and visualizing spatial characteristics of 
modules. For each gene combination, co-occurrence in a network 
module was calculated using weighted scores of both coexpres-
sion and orthologous relationships (see the Materials and Meth-
ods section), with colors within the heatmap reflecting the 
significance of co-occurrence. The half-matrix shown is a mod-
ule-to-module heatmap, with diamonds along the left side of the 
graph circumscribing modules of coexpressed genes in each 
species. The rectangles off the main diagonal are pairwise 
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Table 2 Number of modules identifed in each species. 

Lineage-
specifc 

Species-
specifc Species Conserved Total 

Liriodendron chinense 19 4 31 54 
Liriodendron tulipifera 19 4 19 42 
Liquidambar formosana 19 3 8 30 
Liquidambar styraciflua 19 3 15 37 
Eucalyptus grandis 19 1 14 34 
Salix aegyptiaca 19 1 0 20 
Salix babylonica 19 1 1 21 
Salix chaenomeloides 19 1 0 20 
Salix purpuria 19 1 15 35 
Salix suchowensis 19 1 4 24 
Populus tomentosa 19 1 0 20 
Populus tremuloidies 19 1 8 28 
Populus trichocarpa × deltoides 19 1 20 40 
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primary mass of wood) were distributed among many modules 
(Fig. 4). For example, hormones are known to be fundamental to 
the regulation of wood formation, and conserved module c1 
shows strong enrichment for multiple hormone-related GO cate-
gories across all species. Protein localization is another fundamen-
tal process regulating wood formation (Tomescu & Groover, 
2019), characterized by highly asymmetric polar growth of cell 
types (e.g. cambial initials), asymmetric deposition of cell walls, 
and polarized auxin transport (Schrader et al., 2003; Dan et al., 
2018). Genes within GO categories associated with these pro-
cesses are highly enriched in conserved module c5. Genes 
involved in gravitropism response, the stimulus used in this 
experiment to perturb gene expression, are highly enriched in 
conserved modules c15 and c16. Interestingly, little is known 
about the role of epigenetics in wood formation, but two con-
served modules (c4, c5) show strong enrichment for epigenetic 
GO categories, related to chromatin remodeling, DNA methyla-
tion and histone modification. A potentially interesting co-occur-
rence of functions within modules can also be inferred; for 

Fig. 3 Comparative network analysis 
between 13 woody species. Blocks along the 
diagonal represent genes that occur in 
coexpression modules within individual 
species. Blocks along the off-diagonal with 
strong co-occurrence represent conserved 
module relationships between species. For 
each gene combination, co-occurrence in a 
network module was calculated using 
weighted scores of both coexpression and 
orthologous relationships (see the Materials 
and Methods section), with colors within the 
heatmap refecting the signifcance of co-
occurrence. The inset fgure shows an 
expanded view of Populus tremuloidies and 
Populus trichocarpa 9 deltoides, and 
highlights the conserved relationships 
between two (c4, c5) of the 19 conserved 
modules. 

example, conserved module c4 is enriched for meristem, phos-
phorylation, epigenetic and development GO categories. 

Next, we tested if conserved modules were enriched for wood 
formation genes identified in the literature that have previously 
been implicated in vascular cambium development, xylem forma-
tion, and secondary growth (Nieminen et al., 2015; Ye & Zhong, 
2015; Roodt et al., 2017). Of the 4345 Arabidopsis orthologs 
associated with wood formation, 4276 were expressed in the net-
work and a subset of 2793 genes could be assigned to conserved 
modules using the best hit results from BLASTP (e-value < 1e–5). 
The number of wood formation genes in each conserved module 
ranged from 82 to 887 genes and, based on a hypergeometric 
test, 17 of the 19 conserved modules were significantly enriched 
for wood-related genes (Table S5). A full cross-tabulated list of 
wood formation genes (A. thaliana IDs) and the number of 
occurrences in each conserved module can be found in Table S6. 
Overall, the overlap between genes found in conserved modules 
and the curated literature provides additional support to the bio-
logical relevance of the conserved modules, and also suggests 
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Fig. 4 Functional annotation of 19 conserved modules using gene ontology (GO) enrichment analysis with annotations from biological processes. 
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graph detail). 

what genes identified from previous studies in Arabidopsis might 
be most relevant to wood formation in other angiosperm species. 

Discussion 

In this study, we examined the evolutionary processes underlying 
wood formation in angiosperm tree species through the perspec-
tive of gene coexpression relationships in a phylogenetic frame-
work. The approach was successful in identifying gene modules 
comprising orthologous genes whose coexpression relationships 
were maintained across species, and thus through evolutionary 
history. Thus, these results move beyond the observations made 
in studies of a limited number of model species to give new 
insights into what genes and mechanisms may be fundamental to 
wood formation in angiosperms. 

Our ability to detect signal, in terms of conserved coexpression 
modules, suggests that the plasticity of angiosperm genomes is 

enabled by maintenance of key gene regulatory relationships dur-
ing genome rearrangements, irrespective of physical locations of 
genes on chromosomes. Indeed, despite extensive genome dupli-
cation, rearrangements, fractionation and other differences 
among species included in the study, some coexpression relation-
ships have been maintained over the 140 Myr separating the 
divergence of the lineages included in the study (Magall�on & 
Sanderson, 2005). Thus, our analyses stress the importance of 
the interactions of genes and gene products, irrespective of their 
physical location within the genome, as being a central feature of 
angiosperm genome evolution. The variation we observed among 
conserved modules in terms of size (number of genes) and gene 
connectivity probably reflect in part the whole-genome duplica-
tions and subsequent gene fractionation common to many 
angiosperm lineages (Panchy et al., 2016), including the Salicoid 
duplication (Populus and Salix (Tuskan et al., 2006); 
Liriodendron-specific duplication (Chen et al., 2019)) and the 
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gamma whole-genome triplication shared with all eudicots (Jail-
lon et al., 2007). Gene duplications have been shown to have a 
significant impact on the evolution of phenotypic variation 
(Panchy et al., 2016) and genetic networks (Presser et al., 2008; 
De Smet & Van de Peer, 2012), for example, when duplicated 
gene pairs have the potential to influence gene interactions and 
network topology by adding redundancy to existing pathways, 
dosage-based responses or divergent interactions that can lead to 
expression variation (Presser et al., 2008). Relaxed selection that 
results from gene duplications allows for rewiring of the network, 
and suggested for Populus where genes with low connectivity dis-
play increased sequence diversity and natural variation in expres-
sion (M€ahler et al., 2017). 

Our results show that it is possible to take an evolutionary 
coexpression approach to understand fundamental features of 
trait evolution, a central challenge for nonmodel species lacking 
genomic resources and for poorly understood traits (Abzhanov 
et al., 2008). Technically, a major challenge of our approach ini-
tially was determining orthologous relationships across multiple 
species for all expressed genes, and aligning coexpression net-
works across species. Additionally, some of the species included 
in this study did not have fully sequenced genomes available, thus 
requiring de novo assembly of transcriptomes. This situation 
excluded any analysis of orthology based on syntenic relation-
ships but does capture paralog and co-ortholog relationships that 
result from gene duplication events, such as whole-genome dupli-
cation. Our approach was enabled by expanding on an existing 
tool, ORTHOCLUST (Yan et al., 2014), to make it more efficient 
and scalable across multiple species using only gene expression 
data (Zinkgraf et al., 2018b). Importantly, the size of the con-
served modules recovered using this approach were modest. The 
smaller module sizes arise from additional criteria of phylogenetic 
conservation in defining modules, and may be an effective way of 
fractionating genes from analyses by removing genes that repre-
sent random associations or species-level variation. In a practical 
sense, this stringent selection also reduces data dimensionality for 
downstream analyses or candidate gene identification. 

Not all genes are equally tractable to the approach here, how-
ever. In general, genes that are best captured within conserved 
coexpressed modules should have features including strong 
changes in expression in response to the experimental stimulus 
(in this study, gravistimulation), consistent changes in expression 
across species, and conserved sequence across species. Indeed, 
genes captured within conserved coexpression modules include 
orthologs of FASCICLIN-Like Arabinogalactan 11 (FLA11: con-
served module c13) and ENDOTRANSGLUCOSYLASE/ 
HYDROLASE-like genes (XTH15 and XTH16-like: conserved 
modules c1), that were initially identified as among the most 
strongly upregulated genes expressed in tension wood (Lafar-
guette et al., 2004; Andersson-Gunneras et al., 2006). Additional 
well-characterized genes regulating wood formation captured 
within conserved modules include orthologs of VND7 (module 
c2), WOX4 (module c4), ATHB8 and ATHB15 (module c17), 
KAN1 and KAN2 (module c9), and KNAT7 (module c13) 
(Nieminen et al., 2015; Ye & Zhong, 2015; Roodt et al., 2017). 
On the other hand, genes that do not change in expression in 
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response to the experimental stimulus, that show sporadic 
changes in expression across species, or that have poor sequence 
conservation across species are less likely to be captured within 
conserved coexpression modules. Examples of known genes 
important for wood formation that are in the network model but 
not captured within conserved modules include orthologs of 
SHOOT MERISTEMLESS (Groover et al., 2006), BREVI 
PEDILELLUS (Du et al., 2009), MYB83 and MYB55 (Zhong & 
Ye, 2015), REVOLUTA (Robischon et al., 2011), PHLOEM 
INTERCALATED WITH XYLEM (Etchells et al., 2015) and 
MONOPTEROS/AUXIN RESPONSE FACTOR 5 (Brackmann 
et al., 2018). 

Studies focusing on single species (often model organisms) 
have contributed to our understanding of plant development 
but in a practical sense these studies are also limited. Typi-
cally it is not known which findings in a model species can 
be extrapolated to other species, as there is no measure of the 
evolutionary history leading to the trait under study. For 
example, Gerttula et al. (2015) conducted an analysis of gene 
coexpression in hybrid aspen (Populus alba 9 P. tremula) wood 
formation using multiple experimental and genetic treatments 
to perturb gene expression. This study identified 11 robust 
coexpression modules, six of which were significantly enriched 
in the conserved modules (Fig S3), showing that conserved 
genes and mechanisms can be extracted from previous 
research using the results reported here. Additionally, our 
analysis identified which of the previously known genes 
curated from the wood formation literature were contained 
within conserved modules, providing additional interpretation 
of previous studies. Additionally, we identified factors that 
were not described in previous, single-species, studies. Interest-
ingly, genes associated with epigenetic processes were highly 
enriched in two conserved modules (c4 and c5; Fig. 4). 
Although poorly studied in trees, epigenetic regulation could 
be a very important point of control for developmental traits 
such as wood formation in long-lived trees exposed to diverse 
environmental changes (Br€autigam et al., 2013). Together, 
this comparative approach for forest trees is valuable, as most 
trees do not have genomic or experimental resources, and 
thus the informed ability to extend (or not) findings from 
model trees to other species at different phylogenetic distance 
is of practical importance for forest conservation and manage-
ment. 

Interestingly, individual conserved modules were identified 
that were highly enriched for genes with specific regulatory func-
tions, while genes encoding proteins responsible for the massive 
biosynthesis of the secondary cell walls comprising the bulk of 
wood were more distributed across the network of modules. This 
is consistent with previous findings that gene function gets more 
specific in transcriptional regulatory networks towards the 
periphery of the networks, and less specific (i.e., more diffuse) 
within the network (Filkov & Shah, 2008). It also tracks with 
findings that highly specific function occurring in well-separated 
modules can decrease cross-talk between functional modules and 
increase the overall network robustness through localization of 
the effects of deleterious perturbations (Maslov & Sneppen, 
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2002). Biologically, these observations are consistent with regula-
tory genes being more localized and constrained within the over-
all network, while genes associated with the biosynthesis of cell 
walls are distributed across the network. This overall topology 
could enable emergent network properties that underlie the 
extreme flexibility required in modifying cell wall biosynthesis in 
response to diverse environmental conditions, and reflective of 
the variation in anatomy and biochemical features of wood 
among angiosperm species. 

Future studies can further refine our broad findings here. 
Importantly, the validation of the general approach can now be 
extended, by adding additional species and treatments, and by 
integrating phenotypic data to explore correlations between gene 
modules and traits. Indeed, a significant limitation of our experi-
mental design here was the inability to link findings to pheno-
typic variation. Predictions from coexpression models could be 
tested experimentally, using independent datasets or through the 
use of CRISPR of key genes from conserved and lineage-specific 
modules in a transformable model (e.g. Populus). While challeng-
ing, the existing data could be further explored for signal in coex-
pression relationships related to the Asian–North American 
floristic disjunction, and within and among genera. Integration 
of other data types in future experiments may allow for more 
direct linkages between the evolution of gene networks and phe-
notypes, and provide new mechanistic insights into Darwin’s 
abominable mystery. 
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