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Abstract

Background: Affordable high-throughput DNA and RNA sequencing technologies are
allowing genomic analysis of plant and animal populations and as a result empowering
new systems genetics approaches to study complex traits. The availability of intuitive
tools to browse and analyze the resulting large-scale genetic and genomic datasets
remain a significant challenge. Furthermore, these integrative genomics approaches
require innovative methods to dissect the flow and interconnectedness of biological
information underlying complex trait variation. The Plant Genome Integrative Explorer
(PlantGenlE.org) is a multi-species database and domain that houses online tools for
model and woody plant species including Eucalyptus. Since the Fucalyptus Genome
Integrative Explorer (EucGenlE) is integrated within PlantGenlE, it shares genome and
expression analysis tools previously implemented within the various subdomains
(ConGenlE, PopGenlE and AtGenlE). Despite the success in setting up integrative
genomics databases, online tools for systems genetics modelling and high-resolution
dissection of complex trait variation in plant populations have been lacking.

Results: We have developed gtlIXplorer (https://eucgenie.org/QTLXplorer) for visual-
izing and exploring systems genetics data from genome-wide association studies
including quantitative trait loci (QTLs) and expression-based QTL (eQTL) associations.
This module allows users to, for example, find co-located QTLs and eQTLs using an
interactive version of Circos, or explore underlying genes using JBrowse. It provides
users with a means to build systems genetics models and generate hypotheses from
large-scale population genomics data. We also substantially upgraded the EucGenlE
resource and show how it enables users to combine genomics and systems genetics
approaches to discover candidate genes involved in biotic stress responses and wood
formation by focusing on two multigene families, laccases and peroxidases.

Conclusions: gtiXplorer adds a new dimension, population genomics, to the EucG-
enlE and PlantGenlE environment. The resource will be of interest to researchers and
molecular breeders working in Fucalyptus and other woody plant species. It provides
an example of how systems genetics data can be integrated with functional genetics
data to provide biological insight and formulate hypotheses. Importantly, integration
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within PlantGenlE enables novel comparative genomics analyses to be performed from
population-scale data.

Keywords: gtlXplorer, Fucalyptus, EucGenlE, Systems genetics, eQTL, Co-expression,
‘Omics integration, Online resource, Database, Genome browser

Background

Systems genetics approaches aim to understand how molecular components interact to
determine the complex relationships between gene networks and traits [1]. In contrast
to systems biology, which typically investigates biological systems in a common genetic
background, the focus shifts to studying populations of genetically diverse individuals
[2]. One of the challenges to exploring large systems genetics data sets, e.g. in genome-
wide association analyses such as expression quantitative trait locus (eQTL) mapping,
is the integration and visualization of different data layers [3]. Compared to systems
biology resources, there is a lack of databases with an integrated suite of tools for plant
systems genetics. For systems genetics studies, new database structures, queries and vis-
ualization tools are required to effectively interrogate the data with a focus on genetic
variation linked to molecular traits such as transcript and metabolite variation.

As in other biological fields, the state-of-the-art in plant genomics research is shift-
ing towards integrative, systems-level analyses of biological processes. Online genom-
ics resources have been developed to cope with the large amounts of ‘omics data now
available for many plant species and to provide researchers access to web-based tools for
online analysis and visualization of increasingly complex ‘omics datasets [4]. Online plat-
forms such as Phytozome [5], Ensembl Plants [6], Gramene [7] and PLAZA [8] provide
broad taxonomic coverage, while others such as The Arabidopsis Information Resource
(TAIR) [9] and the Maize Genetics and Genomics Database (MaizeGDB) [10] provide
access to deep genomics and genetics information for individual model species. Some
online resources such as the Bio-Analytic Resource (BAR) [11] and the Plant Genome
Integrative Explorer (PlantGenlE) [12] have specialized in online browsing and visuali-
zation of plant transcriptome data, using tools such as electronic Fluorescent Pictograph
(eFP) [13] and Expression Angler [14]. Another example, Genevestigator [15], is an
online transcriptome analysis resource that is highly curated and commercialized, while
PlaNet [16] was designed to transfer knowledge across species via conserved co-expres-
sion networks and sequence relationships.

Wood from plantation forestry is a renewable feedstock for bio-based materials (tim-
ber, pulp and paper) and energy and thus will increasingly contribute to the transition
from a fossil carbon economy to a more sustainable bio-based economy [17]. Further-
more, woody plants have a crucial role in global carbon sequestration. A recent study
in climate change ecology has suggested that a global effort to plant one trillion trees
would sequester sufficient carbon to remove two thirds of anthropogenic CO, (~205 Gt
of ~300 Gt) from the atmosphere [18]. However, over 200 million ha, mostly in the trop-
ics, are under threat and may disappear by 2050. A challenge in woody plant biology
research is therefore to understand climate adaptation in forest trees and, in the case
of plantation forestry, to produce more wood with improved properties from a shrink-
ing land base. Even though forest tree genomes generally are highly diverse and out-
bred and, in the case of conifers, highly complex and large (19-22 Gbp) [19], excellent
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resources have been developed to meet the needs of the forest tree research community,
supporting data from various ‘omic layers, as well as analysis and cross-site queries in
a web-based environment [20]. These resources are becoming part of integrated con-
tent management systems (CMS) that support specific, shareable modules for query and
analysis. For example, TreeGenes [21], Hardwood Genomics Project [22] and Genome
Database for Rosaceae [23] recently migrated to Tripal [24], and PlantGenlE [12] has
been updated to Genome Integrative Explorer System (GenlE-Sys) [25].

The Plant Genome Integrative Explorer (PlantGenlE) web resource [12] has a primary
focus on tools for exploring forest tree genomics and transcriptomics data from model
woody angiosperm (Populus, PopGenlE) and conifer (Picea, ConGenlE) systems. The
PlantGenlE.org umbrella platform consists of a common set of tools that are available
across species and the architecture facilitates the addition of new analysis and browsing
tools for visualizing gene expression profiles from RNA-sequencing (RNA-seq) datasets
(exImage, exPlot and exHeatmap), exploring co-expression networks (exNet), com-
parative co-expression network conservation (ComPIEx) [26] and testing for functional
category enrichment (Enrichment). Additional gene expression resources for aspen
(AspWood) [27] and Norway spruce (NorWood) [28] comprising high-spatial-resolution
transcriptome profiles during wood formation are being integrated within the PopGenIE
and ConGenlE sites, respectively.

Eucalyptus species and hybrids comprise the most widely cultivated hardwood fibre
crop (over 20 million ha of plantations globally), which has become an important renew-
able feedstock for lignocellulosic products and fiber for pulp and paper production. The
completion of a reference genome [29], subsequent transcriptomics studies [30] and
development of genome-wide genotyping resources [31] has produced a rapidly growing
base of genomics and genetic data. The first version of EucGenlE [32] was developed to
host an early transcriptome assembly and RNA-seq datasets from a range of developing
tissues [33] and, after completion of the reference genome, many other transcriptomes
from xylogenic [34], photosynthetic and reproductive tissues [35], as well as pest and
disease responses [36—38] were added.

Here we describe qtlXplorer, a new tool for browsing systems genetics data, as part of
a remodelled version of the EucGenlE resource. EucGenlE was recently implemented
within PlantGenlIE (via the GenIE-Sys) and is a dedicated platform for the exploration of
Eucalyptus genomics data. Together with the existing PlantGenlE tools, qtlXplorer pro-
vides a means to generate hypotheses from evidence of co-expression and co-regulation
in large-scale population genomics data. To illustrate the features and capability of qtIX-
plorer within EucGenlE, we present a case study investigating the roles of laccases and
peroxidases in biotic stress response and wood formation in Eucalyptus. We combined
systems biology and systems genetics analyses to prioritize the best candidate laccase
and peroxidase genes involved in lignin polymerization and highlight the genetic archi-
tecture of their regulation in the form of a systems genetics model.

Construction and content

We developed qtlXplorer as the first population genomics tool in the PlantGenlIE.org
environment. qtlXplorer is available as a tool to browse Eucalyptus systems genetic
data in EucGenlE, which is one of the four species-specific subdomains of the online
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PlantGenlE.org umbrella platform (Fig. 1a). In contrast to other EucGenlE tools that
focus on analysis and visualization of gene expression data across tissues and environ-
mental perturbations, qtlXplorer enables mining profiles of quantitative traits such as
wood growth, wood composition, and gene transcript levels, across individuals from a
population; and exploring regions in the genome that affect variation in these traits and
genes (trait QTLs and eQTLs).

Currently qtlXplorer allows exploration of transcriptomic data for 283 samples from
two E. grandis x E. urophylla backcross populations (sample collection 1 in Additional
file 1: Table S1). The population-wide transcriptome data was used to map eQTLs, com-
pute gene pairwise correlations and identify co-expression modules. For each co-expres-
sion module, a module eigengene (ME; weighted summary profile representing that
module) was calculated and ME QTLs were mapped. In addition, population-wide phe-
notype data (wood property and growth traits) was used to map trait QTLs. Additional
file 2: Method S1 provides detail on the expression profiling of the population transcrip-
tome datasets and Additional file 2: Method S2 on the trait QTL and eQTL mapping
and analysis steps in the data processing pipeline [39]. As a result, trait QTL and eQTL
data are available for four population-map combinations: (1) E. urophylla backcross—
F1 Hybrid map, (2) E. urophylla backcross—backcross parent map, (3) E. grandis back-
cross—F1 Hybrid map and (4) E. grandis backcross—backcross parent map.

qtlXplorer provides the user with six different panels (starting points) for browsing
and querying the available systems genetics data. These include phenotypic traits, trait
QTLs, genes, eQTLs, MEs and ME QTLs (Fig. 1b). Gene and QTL annotations are pro-
vided, including gene co-expression module membership, trans-eQTL hotspot member-
ship and eQTL classification as cis or trans (Additional file 2: Method S2). Each panel
consists of a searchable and sortable table from which a user can select various items
to use as a basis for QTL angling. For example, after importing a gene list, a user can
(i) get the eQTLs mapped for the query genes, (ii) get QTLs that overlap (co-localize)
with the genomic positions of these genes or (iii) filter to keep only genes with a high,
user-provided cut-off, gene—gene correlation (co-expression). In addition, after selecting

(See figure on next page.)

Fig. 1 Overview of the Eucalyptus Genome Integrative Explorer (EucGenlE) and gtlXplorer architecture. a
EucGenlE integrates data from various sources and makes it available for query and exploration via a set

of centralized plugins, e.g. interactive visualisation tools within the Genome Integrative Explorer System
(GenlE-Sys). The Plant Genome Integrative Explorer (http://PlantGenlE.org) domain serves as an umbrella
site linking four species-specific subdomains including EucGenlE.org. The databases contain tables for
genomic, expression and QTL data from various sources. The Gene Search tool queries data from the genome
table, enabling the user to search the database using gene identifiers or free-text search terms to create
gene lists. A user can subsequently select tools to explore expression and annotation data linked to the
genes in the active gene list, or create cross-species gene lists using orthology inference methods to move
between different PlantGenlE domains. In the example presented, 84 laccase-related Eucalyptus genes were
identified using the free text search term ‘laccase’ This corresponds to 23 poplar, 19 spruce and 11 Arabidopsis
orthologs. PlantGenlE has external links to different web resources such as PLAZA, TAIR and Phytozome,

to enable further downstream, in-depth exploration of biological data. b gtiXplorer is the first population
genomics tool for the exploration of systems genetics data, currently only implemented in EucGenlE.org.
There are six different starting points (1-6) for querying and browsing the data on an interactive Circos plot
updating in real-time. Starting points 3 and 4 can also include other component traits (e.g. metabolites

and metabolite QTLs) and starting points 5 and 6 can also include eigentraits or eigenmetabolites with

the corresponding eigenQTLs. Each starting point consists of a searchable and sortable table from where a
user can select instances. Input to gtiXplorer can be new or existing gene lists from the Gene Search tool in
EucGenlE. Gene lists can be exported for further exploration in EucGenlE
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Fig. 1 (See legend on previous page.)

a set of eQTLs from the eQTL panel, a user can (iv) save the target genes to a gene list
(for further exploration within EucGenlE), (v) get genes that underlie the query eQTLs
or (vi) get eQTLs or trait QTLs that overlap (co-localize) with the genomic position of
the query eQTLs (Fig. 1b). Each query will redirect the user to the relevant panel where
the results can be exported as a tabulated file, and from where a follow-up query will be

possible.

In a parallel view, the genomic positions of genes and QTLs (eQTLs, trait QTLs and
ME QTLs) are displayed on-the-fly, on a Circos plot [40] (Fig. 1b). A user can switch

Page 5 of 21
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between instances of QTLs by changing the selection in the table. qtIXplorer was devel-
oped in Java, using Google Web Toolkit (GWT) [41]. The web-based front-end commu-
nicates with the database via PHP and data is sent in JavaScript Object Notation (JSON)
format. The configuration file for the interactive Circos is created based on the selected
items and then executed and linked to an image map file (https://accessibility.psu.edu/
imagemaps/). This links the areas on the image to the JBrowse instance in EucGenlIE.
Therefore, selecting a QTL of interest on the interactive Circos plot will open the EucG-
enlE JBrowse tool—making it possible to explore and browse the underlying genes.

In addition to qtIXplorer, as mentioned above, EucGenlE comprises an array of generic
tools provided by the GenlE-Sys that are available in each of the PlantGenlIE resources.
These tools have been integrated as centralized groups of tools, which include Gene
Search tools, Genome tools, Analysis tools, Expression tools and Population Genomics
tools (Table 1). Additional file 2: Method S3 gives an overview of the EucGenlE tools and
the case study below provides an illustration of how these tools can be used to explore
genomic data. Sample collections for expression data currently hosted in EucGenlE
include (Additional file 1: Table S1): (1) E. grandis x E. urophylla population transcrip-
tomes data, (2) the E. grandis tissues exAtlas, (3) the E. grandis x E. urophylla tissues

Table 1 Overview of the analysis and visualization tools available in EucGenlE

Category / Tool name Description Tool status

Gene Search tools

Page 6 of 21

Genelist Search and save genes to a gene list Customized for EucGenlE
Cross-species Genelist Create a PlantGenlE (cross-species) gene list using New tool
ortholog information
Genome tools
BLAST Performs sequence homology searches GenlE-Sys
JBrowse Browse genomics data on genome browser GenlE-Sys
ChrDiagram Plots the location of genes in the active gene list in GenlE-Sys
chromosomes
SeqSearch Extracts sequence information for genes in the active Improved (GenlE-Sys)

Expression tools

gene list

exNet Displays co-expression networks based on precalculated  Improved (GenlE-Sys)
transcriptional expression networks

exlmage Visualizes single gene expression profiles using an elec- Improved (GenlE-Sys)
tronic fluorescent pictograph (eFP) Customized for EucGenlE

exPlot Generates line graphs of expression profiles across sam- GenlE-Sys
ples in the selected experiment

exHeatmap Represents expression profiles for genes in the active Improved (GenlE-Sys)
gene list using a heatmap representation

exMatch Finds groups of genes with the desired expression profile  New tool

Analysis tools

Venn Generates an interactive Venn diagram of the gene lists New tool
stored in EucGenlE

Enrichment Performs enrichment analysis for gene ontology (GO) Improved (GenlE-Sys)

Population Genomics tools
qtliXplorer

categories, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways and Protein family (Pfam) domains
within a gene list

Performs on-the-fly systems genetics data queries using
an interactive version of Circos

New tool
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exAtlas and (4) biotic interactions data. Data in the last three sample collections can be
explored with the Expression tools (Table 1; Additional file 2: Method S1 gives detail
on expression profiling of these RNA-seq datasets) in EucGenlE, while the first sample
collection is reserved for systems genetics analyses with qtlXplorer. Annotation, gene
expression and QTL data are stored in the GenlE-Sys database, while DNA sequence
data, after conversion, is stored as BLAST and JBrowse indices (Fig. 1a). There are two
additional databases, one for user-created gene lists and one for translating gene lists
across the set of species available in PlantGenIE. The "translation" database contains all
the ortholog information of the plant species included in PlantGenlE, to enable users to
move between different tools and subdomains (Additional file 2: Method S4).

Utility and discussion

Case study introduction: laccases and peroxidases

Wood secondary cell walls (SCW) constitute a major biomass feedstock for a variety
of lignocellulosic products, including a new generation of bio-based chemicals and bio-
materials. However, conversion of lignocellulosic biomass to cellulose-based products
is severely impaired by lignin, a phenolic polymer responsible for the recalcitrance of
SCWs. Despite extensive work on the lignin biosynthetic pathway in biomass crops [42,
43], the genes encoding the specific enzymes required for the last step of lignin biosyn-
thesis (polymerization of monolignols) remain unknown in Eucalyptus. Several mem-
bers of the two multigenic families of apoplastic oxidases, laccases (LAC) and Class III
peroxidases (PRX), have been implicated in radical-coupling of monolignols leading to
lignin polymerization in different plant species [44—47]. As key actors in reactive oxygen
species (ROS) homeostasis, these two protein families have also been associated with
biotic stress responses [48, 49], including ROS scavenging, ROS signalling, apoplastic
oxidative burst and synthesis of bioactive secondary metabolites [50, 51]. In this study,
we demonstrate how the genomic and systems genetics tools available in EucGenlE
can be used to prioritize a set of LAC and PRX genes potentially involved in SCW bio-
synthesis, and also highlight several LAC and PRX genes likely involved in biotic stress
responses in Eucalyptus.

Candidate gene discovery by browsing genomics data via interactive visualization tools
in EucGenlE
The Genelist tool is the central function that allows searching and filtering for genes
based on different types of annotation and subsequently saves custom gene lists. Using
the GeneList tool starting with the keyword “laccase’, in combination with external
genomic tools (see Additional file 2: Method S5), we identified a set of 44 genes cod-
ing for putative LAC genes likely to be functional and targeted to the apoplast, of which
34 were previously annotated in E. grandis by a comprehensive study (Additional file 1:
Table S2) [52]. Ninety-three Class III PRX coding genes previously annotated in E. gran-
dis (http://peroxibase.toulouse.inra.fr/) [53] were also added to the active gene list, cre-
ating a gene list of 137 LAC and PRX genes.

To associate subsets of the 137 LAC/PRX genes with biological functions, we per-
formed a co-expression analysis using the exNet tool, which allows the visualization of
gene profile correlations across the 72 expression datasets available in EucGenlE (sample
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collections 2—4 in Additional file 1: Table S1; Additional file 3: Figure S1a). exNet also
allows expansion of the initial network to identify neighbouring genes directly co-
expressed with candidate genes at a certain threshold, and subnetworks (or specific
nodes) can then manually be selected to create new gene lists for further analysis (Addi-
tional file 3: Figure S1b). The expanded network of the 137 LAC/PRX genes resulted in
two main subnetworks (Fig. 2) that were saved as separate gene lists to investigate their
expression profile and enrichment for biological functions using exHeatmap and Enrich-
ment tools, respectively. The subnetwork 1 contained 51 LAC/PRX genes showing
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o

exHeatmap exNet Enrichment
GO Id GO Term

GO:0055114  oxidation-reduction process

G0:0008152

G0:0009607

Subnetwork 1

G0:0006952
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[}
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\ - B J
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Fig. 2 Co-expression analysis of the LAC and PRX genes based on EucGenlE datasets. a Visualization of the
co-expression network using exNet (default threshold = 5) and expression clusters using exHeatmap, for

the initial set of LAC/PRX candidate genes; b GO enrichment analysis of the two main subnetworks using
Enrichment. The exNet tool allowed the generation of a co-expression network based on 72 transcriptomic
datasets across different tissues (exAtlas) and biotic conditions (interaction with Chrysoporthe austroafricana,
Phytophthora cinnamomi and Leptocybe invasa). Nodes are coloured according to gene preferential
expression across the six tissues in E. grandis x E. urophylla tissues (exAtlas) and edge thickness is proportional
to the absolute correlation value. Heatmaps were created using the exHeatmap tool to visualize standardized
values of absolute expression (VST) of genes across the nine tissues in the £. grandis tissues in exAtlas.
Clustering of genes is based on the Ward method [79] and clusters are related to the main subnetworks.
Biological process GO enrichment tests were performed using the Enrichment tool and coloured according
to enrichment significance
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preferential expression in various tissues (Fig. 2a) including roots (brown), flowers (yel-
low) and leaves (green), while the second smaller subnetwork (subnetwork 2) contained
eight LAC/PRX genes (Additional file 1: Table S3), all preferentially expressed in ligni-
fied tissues: phloem/immature xylem (tan) and to a lesser extent roots (Fig. 2a). Subnet-
work 1 was significantly enriched for gene ontology (GO) terms related to biotic stress
response (defense response, oxidation-reduction and metabolic process; Fig. 2b), while
subnetwork 2 showed enrichment for GO terms related to plant development, more
specifically cell wall development (cell wall organization or biogenesis, extracellular and
cellular organization, and growth; Fig. 2b).

For hypothesis formulation regarding candidate gene function, more detailed expres-
sion profiles across tissues and environmental perturbations can be visualized using
exPlot and exImage tools. exPlot displays expression profiles of a compendium of genes
as a line chart, while exImage displays eFP browser type plots for individual genes that
can be selected interactively. As illustrated for three genes in Fig. 3a (exPlot) and one
gene in Fig. 3b (exImage), most of the 51 LAC/PRX genes from the stress-enriched
subnetwork 1 were found induced in leaves or stem of Eucalyptus seedlings infected
by fungal (C. austroafricana) or oomycete (P. cinnamomi) pathogens, or in response to
insect (L. invasa) infestation. This included 10 putative orthologs of genes characterized
for their function in stress response in various species, as well as 13 genes previously
found induced in stress conditions in Eucalyptus (Additional file 1: Table S3). In con-
trast, the majority of the stem preferentially expressed LAC/PRX genes from subnet-
work 2 remained unaffected or were repressed in response to biotic stress as illustrated
in Fig. 3a.

Furthermore, to test the hypothesis that the eight LAC/PRX genes from subnetwork
2 could be involved in stem development, and investigate a possible role in SCW for-
mation, we again employed exNet and exImage tools. The aims were to i) test the eight
LAC/PRX genes’ co-expression specifically with SCW biosynthesis genes previously
annotated in E. grandis [29, 54] and ii) visualize their detailed expression profile in stem
tissues. In the network obtained from exNet, the eight genes were part of a co-expres-
sion network with 59 SCW biosynthesis genes, including 35 genes involved in xylan bio-
synthesis, 16 in lignin biosynthesis and eight in cellulose biosynthesis (Fig. 4a; Additional
file 1: Table S4). Within stem tissues (phloem, immature xylem, mature xylem), all eight
candidate genes showed preferential expression in immature xylem (Fig. 4a).

This SCW network was expanded and 16 transcription factors (TFs) were identified
in the neighbourhood of the eight candidate genes (Fig. 4b, Additional file 1: Table S4).
These included known regulators of SCW formation process in Eucalyptus, such as
EgMYB2 and its paralog EgMYB31 (respectively Eucgr.G03385, ortholog of AtMYBS83,
and Eucgr.B03684, ortholog of AtMYB46) [55], as well as EgMYBI137 (Eucgr.K02806)
[56], and 11 closest orthologs of key regulators of SCW biosynthesis in Arabidop-
sis (AtNST1, AtNST2, AtVND1, AtSND2, AtSND3, AtMYB61, AtMYB103, AtASL11,
AtC3H14, AtBLH6, HAT22) [57] (Fig. 4b).

Comparative analysis across species can also be used to refine hypotheses by taking
advantage of datasets available in other plant species. From the Cross-species GeneL-
ist tool, the best diamond hit option allowed the selection of closest orthologs of the
eight LAC/PRX candidates in other plant species and the creation of a PlantGenlIE gene
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Fig. 3 Expression profiles of LAC/PRX genes in response to biotic stress in Eucalyptus. a Expression profiles
of three LAC/PRX genes selected out of 51 genes in subnetwork 1 (significantly enriched for stress-related
genes; Fig. 2b) and three of the eight LAC/PRX genes in subnetwork 2 (significantly enriched in SCW-related
genes; Fig. 2b) visualized using exPlot; b example of eximage output for the gene Eucgr.K00806/EgrPrx161
from subnetwork 1. exPlot and eximage tools allowed the visualization of the normalized expression data
(TPM values) and relative expression to the mean (log,(fold change)) respectively. Additional file 1: Table S1
provides a summary of the experimental information of the different biotic interaction experiments and
relative transcript levels are provided in Additional file 1: Table S3

list to study their conserved co-expression pattern with SCW TFs in the herbaceous
model plant Arabidopsis (Fig. 4c) and in another tree species Populus (Fig. 4d). Briefly,
this approach revealed that the closest orthologs of these Eucalyptus genes identified
in Arabidopsis (AtLAC4, AtLAC17, AtLACS and AtPRX64), all known to be involved
in cell wall formation [58-62] are also correlated to SCW regulators (Fig. 4c). Similarly
in poplar, four of the putative orthologs of the LAC genes (PtrLAC26, PtrLAC27, Ptr-
LAC40 and PtrLAC41) were previously related to cell wall formation [63, 64], including
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PtrLAC27 functionally associated with lignin biosynthesis [65, 66], and all were directly
correlated to the orthologs of regulators of SCW formation (Fig. 4d).

Accordingly, this approach showed that combining the co-expression and expression
profile visualization tools to analyse the large amount of transcriptomic data available
in EucGenlE (as well as the other domains of PlantGenlIE), allowed narrowing down the
roles of the initial list of LAC/PRX genes. From the 137 candidate genes, eight are likely
dedicated primarily to SCW formation during secondary xylem development in Euca-
lyptus, while the majority of the remaining genes, gathered in subnetwork 1, tend to be

associated with stress response in different tissues.

Systems genetics analysis of candidate genes using qtIXplorer

To further prioritize the best candidates associated with variation in cell wall proper-
ties in Eucalyptus secondary xylem, we took advantage of qtlXplorer to perform a sys-
tems genetics analysis focusing on the eight LAC/PRX candidates highlighted by the
co-expression analysis (subnetwork 2 genes in Additional file 1: Table S3). After select-
ing the eight LAC/PRX genes in the “Genes” panel, we used the “Get eQTLs” function
(using data from the E. urophylla backcross, F1 Hybrid map), to retrieve 14 eQTLs
mapped to 7 chromosomes (13 mapped in trans and one in cis) (Fig. 5a). These eQTLs
spanned 73.2 Mb across the 7 chromosomes, including 4519 underlying genes, retrieved
using the function “Get underlying genes’, that could be browsed directly via the interac-
tive Circos plot through the JBrowse tool (Fig. 5b) and saved as a tab-delimited text file.
In addition, the function “Get overlapping Trait QTLs” allowed the identification of nine
phenotypic traits related to wood composition and processing, that overlapped with the
candidate genes or their eQTL peak positions (Fig. 5a, Additional file 1: Table S5), sup-
porting a role of these genes in wood formation.

In order to exploit all the ‘omics data that can be mined through qtlXplorer and
demonstrate the full power of this approach, we further visualized and analysed the
final systems genetics model as a network using an external tool (Cytoscape) [67]. In
this model (Fig. 6), nodes represent either genes (blue, green or grey), eQTL peak
positions (turquoise) or phenotypic traits (purple), while edges represent different
types of associations: cis- or trans-eQTL (red or blue arrows respectively), gene cor-
relations (grey solid lines), overlap with eQTL peak positions (grey dashed lines), or
overlap with trait QTLs (green dashed lines). Using the function “Get overlapping

(See figure on next page.)

Fig. 4 Co-expression of LAC/PRX genes with secondary cell wall (SCW) biosynthesis-related genes. a exNet
was used to analyse the co-expression of the eight LAC/PRX genes from subnetwork 2 (Fig. 2, Additional
file 1: Table S3) specifically with 59 genes involved in the biosynthesis of cellulose, hemicellulose and lignin
(Additional file 1: Table S4). eximage allowed the visualization of their detailed absolute expression profiles
(TPM) across Eucalyptus tissues. b Co-expression of the eight candidate genes, with 14 TFs that are putative
orthologs of SCW-biosynthesis regulators in Arabidopsis and two TFs of unknown function in Eucalyptus
(Additional file 1: Table S4) (EucGenlE.org); ¢ Co-expression of four putative orthologs of the eight Fucalyptus
LAC/PRX genes (AtLAC4, AtLACS, AtLACT7 and AtPRX64), with eight TFs involved in the regulation of

SCW biosynthesis and one TF of unknown function in Arabidopsis (AtGenlE.org); d Co-expression of seven
putative orthologs of the eight Fucalyptus LAC/PRX genes in Populus, with 14 TF homologs of Arabidopsis
SCW regulators (PopGenlE.org). The best diamond BLAST hit option available in the GeneList tool allowed
the identification of the putative orthologs of the eight candidate genes in the different GenlE domains
(from EucGenlE to AtGenlE and PopGenlE), and exNet was used to generate and visualize the co-expression
networks
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eQTLs” in qtlXplorer, we extracted a total of 1729 genes with 1821 eQTL peaks
that co-localize with the eQTL peak positions of our eight candidates (Additional
file 1: Table S6). These genes included 124 SCW genes with eQTLs mapped mainly
to four positions (annotated 9_1, 10_13, 10_31 and 10_38), together with the eQTLs
of three of the eight candidate genes (Eucgr.K02996/EgrLAC44, Eucgr.A01282/Egr-
LACI, Eucgr.G03098/EgrLAC35; Additional file 1: Table S6, Table S7). Figure 6 gives
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Fig.5 eQTL associations and trait QTL overlap of eight SCW-related LAC/PRX genes visualized using
qtlIXplorer. a Circos plot representation of the genomic positions of seven out of the eight LAC/PRX
candidates from subnetwork 2 (Fig. 2, Additional file 1: Table S3) (blue circles; gene Eucgr.L01734 was
excluded) across the 11 chromosomes, their eQTL associations (turquoise triangles represent eQTL peaks),
and nine QTLs (Additional file 1: Table S5) for lignin content/composition (total lignin content, S content,

G content and S/G ratio) and sugar release (glucose release, xylose release and glucose + xylose release)
overlapping with the candidate genes or their eQTL peak positions. b Genomic information for the QTL
position, for example bin 6_1, can be browsed directly from the interactive Circos plot using the JBrowse tool.
The position of the eQTL peak bin is delimited in turquoise in the first track (top), while the position of the
visualized area is highlighted in red. The three subsequent tracks represent gene annotation in the genomic
region and RNA-seq coverage in xylem and young leaves. All the transcriptomes available in EucGenlE can be
visualized as additional tracks using the JBrowse tool
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the network around these three candidate LAC genes and four SCW-enriched eQTL
positions as a simplified example (the complete model for all eight LAC/PRX candi-
date genes can be viewed in Additional file 4: Figure S2). Noteworthy, two of these
candidate genes (Eucgr.A01282/EgrLAC1, Eucgr.G03098/EgrLAC35) and one of their
eQTL peak positions overlapped with a number of QTLs for sugar release and lignin
content/composition traits in secondary xylem of Eucalyptus (Fig. 6). These results
support the hypothesis that some of these genes play a role in SCW formation in
Eucalyptus.

Considering that the eQTL positions represent putative polymorphic regulatory loci,
this approach allows prioritizing a set of underlying genes possibly involved in the regu-
lation of the candidate genes. The function “Get underlying genes” of qtlXplorer, allowed
the retrieving of a list of underlying genes for each eQTL peak position, from which we
retained TFs as expected regulators of target genes. Subsequently, co-expression asso-
ciations between TFs underlying an eQTL peak position and the genes with eQTLs
mapped at that particular position were retrieved using the “Filter gene—gene correla-
tion” function from the “Genes” panel in qtIXplorer. The underlying TFs with the high-
est number and stronger correlations were identified as the most probable regulatory
genes causal of these eQTLs (Additional file 2: Method S5, Additional file 1: Table S8).
For the three overlapping SCW-enriched eQTL positions on chromosome 10 (10_13,
10_31 and 10_38), the closest homolog of the SCW regulator AtMYB43 in Arabidopsis
(EgrMYB122) [68], appeared as one of the top candidate regulators (Fig. 6). Furthermore,
for the two eQTL positions 10_13 and 9_1, other known regulators of SCW forma-
tion and/or involved in vascular development such as EgrLBD37 in Eucalyptus [69] and
homologs of AtVNII, AtWRKY13 and AtDof2.1 in Arabidopsis [70-72], were detected
underlying these positions. These results demonstrate that in addition to sharing eQTLs
with SCW genes and overlapping with important wood growth and composition trait
QTLs, these candidate genes might be under the control of major regulatory loci con-
trolling SCW formation in Eucalyptus xylem. When calculating a score taking into
account all these lines of evidence (see Additional file 2: Method S5, Additional file 1:
Table S9), EgrLAC44, EgrLACI and EgrLAC35 appeared as top-ranked candidates sup-
porting their direct involvement in lignin biosynthesis during xylogenesis in Eucalyptus.

(See figure on next page.)

Fig. 6 Systems genetics analysis of LAC/PRX genes associated with SCW biosynthesis in Eucalyptus xylem
formation. The network was built from data exported from gtiXplorer and illustrates a systems genetics
model for three candidate genes out of the eight previously presented. Cis- and trans-eQTL associations
connecting candidate genes (blue nodes) or cell wall-related genes (green nodes) to eQTL peak positions
(turquoise triangles) are represented by red and blue edges, respectively. Transcription factors (TFs)
underlying eQTL peak positions are represented by grey or green (SCW-related) squares and connected

to eQTL peak positions via grey dashed line edges. Gene expression profile correlations are represented

by grey solid edges, with thickness proportional to the absolute value of the correlation. Physical overlap

of trait QTLs (purple nodes) with candidate gene or eQTL peak positions are represented by green dashed
lines. eQTL peak position node size is proportional to the number of genes having eQTLs (cis or trans)
mapped at that genomic position. Underlying TF node size is proportional to the number and average

value of the correlations of TFs with genes having cis- or trans-eQTLs mapped at that position (underlying TF
score; Additional file 1: Table S8). Candidate gene node size is proportional to its score for prioritization (see
Additional file 2: Methods S5; Additional file 1: Table S9), taking into account (i) their correlations (number and
average value) with SCW genes across the population-wide transcriptomic data, (ii) the number of physical
overlaps with candidate gene/SCW-related QTLs, (i) the number of eQTLs mapped at SCW-enriched eQTL
positions, (iv) the number of overlaps of their eQTL positions with SCW-related trait QTLs, and (v) the number
of SCW-related TFs in the top 10 best candidate TFs underlying their eQTL positions
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Overall, this case study illustrates how a complex systems genetics model can be built
using qtlXplorer to analyse the genetic architecture and investigate the function of can-
didate genes. The results showed an overrepresentation of LAC genes as potential can-
didates for lignin biosynthesis, in agreement with a higher contribution of LAC genes
to SCW lignification in Arabidopsis [61], while the role of class III PRX genes seems
to be restricted to biogenesis of cell wall domains in a tissue and/or cell type specific
manner [46, 73, 74]. In addition, our approach related a large set of 51 PRX and LAC
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genes to defense or more generally stress responses, suggesting that several members of
these expanded families are likely to be key determinants of perennial plants adaptation
to their environment. The EucGenlIE environment now provides a powerful combination
of genomics and systems genetics tools to investigate the role of such multigenic families
like Class III PRX and LAC in tree development and stress response.

Future work

The successful integration of multi-dimensional plant ‘omics datasets into biologically
meaningful and human-interpretable systems models will require advanced data science
skills, including the application of next-generation artificial intelligence (Al) i.e. the inte-
gration of two or more dimensional ‘omics datasets [75, 76]. Towards this, a number of
large scale plant genomics resources are currently available and new online ‘omics data-
bases are being developed that will facilitate the transition to integrative Al approaches
for systems modelling. We have developed qtlXplorer, a genetic variation module in
PlantGenlE and EucGenlE for mining population genomics data. We will add other
Eucalyptus population genetics datasets as well as datasets linked to other PlantGenIE
subdomains in the future, for example the eQTL data from the poplar GWAS study in
Maibhler et al. [77].

A particular focus of PlantGenlE is to make available genomics data from forest tree
species, which represent many key biological evolutionary innovations, such as second-
ary growth, stress resilience, adaptability allowing long life span, perenniality and dor-
mancy. The EucGenlE online resource and qtlXplorer provide an intuitive environment
to explore and integrate genomics, transcriptomics and systems genetics data with inter-
active search and visualization tools. Even though the EucGenlE database is focused on
exploring Eucalyptus data, orthology inference methods allow switching between differ-
ent PlantGenlE domains to explore the same gene list in other plant species. Therefore,
PlantGenlIE facilitates comparative genomic analyses in non-model species, building
analyses on data available for well characterised species.

As demonstrated in the case study, incorporating different layers of ‘omics informa-
tion in a systems genetics network-based model is a powerful approach to highlight key
regulators responsible for co-regulation of genes and to provide links between genes and
phenotypic traits. However, the manual integration of these networks and the analysis of
complex systems models can be labour intensive. This raises the necessity of expanding
the suite of population genomics tools in the future, by adding an eQTL network angling
tool that would incorporate eQTL information with co-expression data and trait QTL
overlap, to further facilitate systems genetics analyses. A new generation of integrative
approaches based on machine learning methods could also represent a further evolution
of these tools to fully explore the associations between genotype and phenotype, while
keeping in mind the computational challenges associated with this type of integrative
analysis [78].

We anticipate that the range of species available in PlantGenlE.org will expand as ade-
quate data resources are developed and we would welcome involvement from the com-
munities of researchers working on other plant species. Since EucGenlE is implemented
using an open source generic system (GenlE-Sys), users wanting to integrate their own
published data or develop and implement additional features can do so, or collaborate
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with the authors. We recommend cloning the current version of the site from GitHub as
a starting point. EucGenlE provides standardized query and visualization tools to ana-
lyse experiments individually (e.g. exPlot, ExImage, exHeatmap) which is valuable to fur-
ther explore previously published datasets. Furthermore, integration of larger numbers
of diverse Eucalyptus transcriptome datasets into meta-gene expression networks (e.g.
exNet) will allow greater resolution for identifying key role players (regulators) underly-
ing the unique biology, adaptations and perennial lifestyles of eucalypt species.

Conclusions

qtlXplorer, within the PlantGenlE.org environment, provides an intuitive platform for
exploring and integrating tree genomics, transcriptomics and systems genetics data with
interactive visualization tools.
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Additional file 4: Figure S2. Systems genetics analysis of the eight LAC/PRX genes associated with secondary cell
wall (SCW) biosynthesis in Eucalyptus xylem formation. The network was built from data exported from gtlXplorer
and follows the same structure as presented in Fig. 6. Cis- and trans-eQTL associations connecting candidate genes
(blue nodes) or cell wall-related genes (green nodes) to eQTL peak positions (turquoise triangles) are represented
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S5; Additional file 1: Table S9), taking into account (i) their correlations (number and average value) with SCW genes
across the population-wide transcriptomic data, (i) the number of physical overlaps with candidate gene/SCW-
related QTLs, (iii) the number of eQTLs mapped at SCW-enriched eQTL positions, (iv) the number of overlaps of their
eQTL positions with SCW-related trait QTLs, and (v) the number of SCW-related TFs in the top 10 best candidate TFs
underlying their eQTL positions.
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