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Abstract

Comparative transcriptomics has emerged as a powerful
approach that allows us to unravel the genetic basis of organ
morphogenesis and its diversification processes during evo-
lution. However, the application of comparative transcriptomics
in studying plant morphological diversity addresses challenges
such as identifying homologous gene pairs, selecting appro-
priate developmental stages for comparison, and extracting
biologically meaningful networks. Methods such as phylos-
tratigraphy, clustering, and gene co-expression networks are
explored to identify functionally equivalent genes, align devel-
opmental stages, and uncover gene regulatory relationships.
In the current review, we highlight the importance of these
approaches in overcoming the complexity of plant genomes,
the impact of heterochrony on stage alignment, and the inte-
gration of gene networks with additional data for a compre-
hensive understanding of morphological evolution.
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BOX.

Homologous genes: Genes that are similar in sequence and
structure because they share a common ancestor.

Orthologous genes: Homologous genes found in different species
that evolved from a single gene in the last common ancestor of
those species.

Paralogous genes: Homologous genes found in the same species
that have evolved through gene duplication events.

Developmental toolkit genes A set of genes that are shared
among different organisms and play critical roles in developmental
processes. Such as Hox genes in animals and WOX genes
in plants.

Gene co-expression networks: Networks of genes that are co-
expressed across different samples or conditions, providing a
more holistic view of gene expression patterns without directionality.

Gene regulatory networks: Networks of genes that are co-
expressed and linked by regulatory interactions, providing a more
detailed understanding of the mechanisms underlying gene
expression with directionality.

Phylostratigraphy: A method for dating the origin of genes based
on the age of the earliest known homolog in other species.

Homologous organs: anatomical structures in different species that
have evolved from a common ancestral structure but may or may not
serve different functions.

Hub gene: A gene that is highly connected to other genes in a
network, and is thought to be important for the regulation of the
network as a whole.
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2 Growth and development 2023

Introduction

A major challenge in biology is to understand how organs
are formed in ontogeny and how they diversified during
evolution [1]. In plants, the molecular mechanisms of
organ formation are well-investigated in several model
species [2]. Based on this knowledge, researchers have
tried to identify conserved modules during many
developmental processes and examine how these
conserved modules may have generated morphological
diversity over time. Evolutionary developmental biology
(Evo-devo) has tackled this open question [3,4] by
comparing molecular developmental mechanisms
among model species and non-model species [5,6] or
distantly related species [7,8].

Comparative transcriptomics allows us to capturing
changes in gene expression along a developmental tra-
jectory and it has contributed to our understanding of
the molecular and genetic mechanisms underlying
diversification processes. large-scale comparisons of
gene profiles among phyla have been made in metazoans
[9,10]. Transcriptomics data from roundworms (Caeno-
rhabditis elegans), fruit flies (Drosophila melanogaster), and
humans (Homo sapiens) reveal a common phylotypic
stage during embryogenesis where all conserved mod-
ules show the lowest expression divergence [9,10]. A
comparative analysis of this type has the potential to
explain how homologous organs are formed and diver-
sified at the molecular level , unraveling conserved
gene expression patterns and identifying key factors
driving organ development. However, in plants, such
research has not yet flourished, and many comparable
studies have been conducted only within the same
genus or the same family [11—14]. Unlike metazoans,
plant genomes are often more complex, having been
subjected to polyploidy and whole genome duplication
events [15]. This has made identification of homologous
and functionally equivalent genes a significant issue.
Also, many plant morphological traits have arisen
through multiple events of convergent evolution
[16,17], making it challenging to select the “right”
organ, tissue, and stage to compare across distantly
related species.

In this review, we discuss three issues 1) identification
of orthologous 2) stage alignment during development,
and 3) extraction of biologically meaningful networks
when comparing transcriptomes across species by
providing examples and possible alternatives.

What to compare? Ortholog conjecture and
functional homology

Comparative analysis of gene expression across species
begins by identifying orthologous (Figure 1). Ortholo-
gous are assumed to retain their original function more
often than non-orthologous. This is known as the
ortholog conjecture [18]. Correct identification of

orthologous is essential for comparing functionally
equivalent across different species, particularly in plants
with limited genome annotation and functional studies.
Identifying orthologs allows annotation transfer from a
well-studied model species such as Arabidopsis (Arabi-
dopsis thaliana) to uncover the putative function of pre-
viously uncharacterized genes in non-model species,
leading to a more comprehensive understanding of gene
function in plants [18]. The degree of relatedness be-
tween species impacts the sequence similarity and
functional conservation of genes, necessitating different
methods for orthologous gene identification to account
for these variations. For closely related species, methods
such as BLAST [19], sequence-based clustering [20],
synteny [21,22], and integrative approaches [23] can be
used to identify orthologous. These straightforward
methods are based on sequence similarity and genome
structure, offering advantages in term of computational
efficiency and ease of implementation. However, for
more distantly related species, phylogenetic-tree-based
methods such as OrthoFinder [24] can be more effec-
tive in identifying orthologous. Nevertheless, it’s
important to note that OrthoFinder can be computa-
tionally intensive, may require parameter tuning, and
may not distinguish between different types of dupli-
cated genes effectively, which can necessitate additional
manual curation.

While the orthology approach is a powerful tool for
comparative transcriptomics, there are also limitations
to its use. Firstly, it is often challenging to identify gene
orthologs due to computational limitations and genome
complexity [25]. Many developmental toolkit genes
involved in morphological changes, such as CUC genes,
belong to large transcription factor families. Their family
members vary in the number of paralogs, sequences and
function even between relatively closely related species
[26]. Secondly, the orthology conjecture is not always
applicable. Orthologous are not always functionally
equivalent, particularly in cases of gene duplication
followed by sub-functionalization or neo-
functionalization (for instance, o and (6; and o) in
Figure 1A) [27]. A functional prediction analysis of two
pairs of mammalian and fungal species suggested that in
some cases paralogs might lead to better functional
prediction than orthologs alone [28]. The researchers
utilized gene family trees to infer duplication events and
specify different homologous relationships: orthologs,
in-paralogs and out-paralogs (Figure 1). Notably, they
observed that functional similarity based on gene
ontology annotations had the best performance when all
homologs were used. The removal of orthologs or
paralogs, especially the removal of in-paralogs resulted
in a significant decrease in prediction performance
across all ontologies Therefore, they concluded that
maximizing the amount of data used for function pre-
diction, regardless of whether it comes from orthologs or
paralogs, is crucial for achieving higher prediction

Current Opinion in Plant Biology 2023, 76:102474

www.sciencedirect.com


www.sciencedirect.com/science/journal/13695266

Comparative transcriptomics for morphology Li et al. 3

Figure 1
Gene duplication
( ) Homologs
@D orthogroups
. In-paralogs
Species A @D e 9
a @D outparaiogs
Most
recent )
common to-one ortholog
ancester
E— Species B @
. One-to-many ortholog
Species C 2
—
1 - " ;
Many-to-many ortholog
Species D
Current Opinion in Plant Biology

lllustration of phylogenetic relationships and gene duplications through hypothetical gene trees. The gray tree represents the phylogenetic re-
lationships among four hypothetical taxa. The embedded trees illustrate the evolution of a hypothetical protein a, highlighting the concepts of homologs,
orthologs, in-paralogs, and out-paralogs. The yellow star indicates a gene duplication event. Yellow boxes represent homologous originating from a
common ancestor. Orange boxes represent orthogroups resulting from speciation events. The orange lines on the right denotes different types of
orthologous relationships. Green boxes represent in-paralogouss arising from duplication events within the same species. Purple boxess represent out-

paralogous resulting from duplication events in different lineages.

accuracy. Although no similar studies have been con-
ducted in plants yet, the abundance of whole genome
duplications and local duplications in plants suggests
that this may also be true in plants.

To address the limitations of orthology-based ap-
proaches in comparative transcriptomics, two
commonly employed alternatives exist. The first
alternative is to use orthogroups, which refer to groups
of genes that include both orthologous and paralogous
derived from a single ancestral gene, and compare
them as a whole. Many algorithms such as OrthoFinder
generate orthogroups [24], although often only one set
of orthologs is selected for further comparison to
decrease the computational burden. This approach can
be implemented using clustering methods and
network construction methods [20], which allow for
the inclusion of both orthologs and paralogs at the
outset. By considering orthogroups as groups of genes
sharing common functions at the beginning step, we
can compare their expression patterns across species,
even in the absence of direct orthologous pairs
[24,29,30]. After cross-species comparison, we can
examine transcripts within the orthogroups of interest
in a particular species, considering their sequence
conservation, gene expression patterns, and functional

annotations to determine their detailed orthologous
relationship. This allows us to identify potential sub-
and  neo-functionalization events  within  the
orthogroups and gain insights into the evolutionary
dynamics of gene function. This approach is particu-
larly valuable for studying evolutionary phenomena like
sub-functionalization and neo-functionalization.
Expression patterns often differ between paralogs
that have undergone these processes, allowing us to
discern their functional distinctions. Thus, this
approach not only addresses the challenge of func-
tional divergence but also provides insights into func-
tional innovation within plant gene families. Another
approach is to incorporate other types of information,
such as phylostratigraphy and single-cell RNA
sequencing data to identify functionally equivalent
genes that may not be orthologous but have similar
functions during specific developmental processes
[31]. A comparative study of the transcriptomes of ten
phylogenetically representative land plant species
showed that most organ transcriptomes are conserved
across land plants and reported the identity of hun-
dreds of organ-specific orthogroups [32]. Such infor-
mation can be used to identify homologous that are
functionally equivalent in a particular organ or devel-
opmental process. Functionally equivalent homologs
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are also likely to have similar expression patterns or co-
expression relationships [33,34]. However, expression
levels measured in one organ or tissue are an average of
expression levels of the cell types constituting this
tissue. Recent reports from single-cell RNA
sequencing (scRNA-seq) and spatial transcriptomics
can provide even more detailed insights into the mo-
lecular programs of individual cells and tissues and can
be helpful to identify genes with similar expression
patterns in specific cell types [35]. Indeed, in a
comparative analysis of three grass species — Zea mays,
Sorghum bicolor and Setaria virdis, the researchers suc-
cessfully identified orthologs that can serve as cell-
type specific markers with scRNA-seq and single-
nucleus RNA-seq data, providing valuable insights
into the conservation and evolutionary relationships of
genes across these species [36].

When to compare? Heterochrony and stage
alignment

Unlike animals, where organogenesis is mostly
completed during embryogenesis, plants often undergo
post-embryonic and iterative development, allowing for
a prolonged window to study organ formation and the
generation of morphological diversity [37]. This
extended developmental process provides a valuable
opportunity to focus on the morphogenesis of individual
organs and understand how morphological diversity
emerges over time. By examining the dynamic changes
during post-embryonic development, we can gain in-
sights into the regulatory mechanisms underlying organ
formation and the evolutionary processes that shape
plant morphology (Figure 2A). However, studying plant
development presents a challenge due to heterochrony -
the variability in the timing and duration of develop-
mental processes among different species [3]. Patterns
of heterochrony can be discerned within transcriptomic
data. Expression levels of certain genes obtained by
sampling across time points can provide insights into the
temporal state of organs [38,39]. To minimize the ef-
fects of heterochrony and increase comparability, one
can utilize the expression levels of a set of “feature
genes” to divide a developmental trajectory into distinct
developmental periods for comparison [36,40,41] or
identify stages solely based on their stage-specific
expression patterns [42] (Figure 2B). Feature genes
are often the most variable orthogroups during a specific
morphogenesis process. The selection of feature genes
depends on the nature of datasets, the evolutionary re-
lationships between the species under study, and the
existing knowledge of the relevant developmental pro-
cesses [3,38,41]. Theoretically, when comparing more
distantly related species, the selected feature genes may
exhibit a higher degree of conservation. Aligning stages
with feature genes enables a focused investigation of
specific developmental genes instead of analyzing all
differentially expressed genes.

In a study comparing inflorescence development in
Z. mays and Sorghum bicolor, two closely-related species
with distinct morphology, the authors applied the
random forest method to analyze the 5,000 most variable
transcripts for each species [38]. They selected the top
3,000 informative, stage-specific genes as feature genes
for sample alignment. By categorizing 40 maize tassels
and 47 sorghum panicles into their respective develop-
mental stages, the researchers identified expression
shifts in key regulators that contributed to the
morphological differences between the species. Recent
research in phylostratigraphy and comparative func-
tional genomics has revealed tissue-specific and lineage-
specific genes [32,43]. These genes could serve as
suitable feature gene candidates when comparing
distantly-related species.

To achieve accurate stage alignment in comparative
transcriptomics, it is crucial to prioritize sufficient sam-
pling that effectively captures the complex morphogen-
esis patterns specific to each species. This necessitates
the collection of a comprehensive set of samples,
encompassing diverse developmental time points and
tissue types. Such an approach ensures a thorough rep-
resentation of the dynamic morphological changes
occurring throughout development, enabling meaningful
statistical comparisons and enhancing the reliability of
transcriptomic analyses in a comparative context.

How to compare? Genes and connection
The analysis of differential gene expression (DGE)
patterns is routinely the first step in comparative tran-
scriptomics examining the molecular basis of morpho-
logical diversity [44]. However, DGE analysis alone does
not provide a comprehensive view of how genes and
gene networks contribute to morphological evolution
[44]. Given the complexity of morphogenesis and the
involvement of numerous genes, it is crucial to employ
suitable algorithms for visualizing gene profiles and
integrate additional data (like organ-specific gene sets
and phylostratigraphic analysis) to identify key genes
and facilitate meaningful comparisons. The examples
provided below may be limited in their direct relevance
to the topic of plant morphological diversity. However,
they serve as valuable references from which we can
draw inspiration and learn methodological approaches
that can be adapted and applied to study plant
morphological diversity.

Gene co-expression networks are networks composed of
nodes (genes) and edges (connections) that indicate the
degree of co-expression between genes [45,46], and the
choice of input data and biological context is essential for
generating biologically meaningful networks [44].
Different GCNs can be created by using different data
matrices and selecting various stages, which can offer
insights into putative gene regulation and functional
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Two stage-alignment approaches of cross-species comparative transcriptomic analysis. (a) Developmental process illustrates the progression
from the meristem to mature organ stages. (b) Stage alignment using hierarchical clustering of specific feature genes. (¢) Stage alignment based on
expression patterns of conserved genes. Pink and blue bars indicate two distinct developmental stages identified by transcriptomics during morpho-

genesis. The figure was created using BioRender.

connections in different biological contexts. Integrating
GCN analysis with other types of data can facilitate un-
derstanding of the genetic basis of morphological di-
versity, while dissection and stage-by-stage analysis of
GCNs can help understand how differences in tran-
scriptional regulation affect morphological traits over
time [47]. One common approach is to combine GCNs
with phylogenetic data (i.e., phylostraitigraphic and
orthogroups information) to reveal conserved modules
and clade-specific interactions [48—51]. This approach
can identify genes and pathways that have been
conserved throughout evolution and can provide insights
into the evolutionary relationships between different
species (Figure 3A). Another approach is to integrate
GCNs with additional experimental data such as chro-
matin accessibility [52] or use GRN inference algorithms
such as GRNBoost2 [53] and GENIE3 [54] to extract
gene regulatory networks (GRNs) to reduce complexity.
This approach can provide a more detailed understand-
ing of the mechanisms underlying morphological di-
versity by identifying the regulatory relationships

between different genes and proteins. The identification
of hub genes that are highly connected within the
network can also provide insights into key regulators of
morphological development [55] (Figure 3B). Tran-
scriptome profiling of ontogeny or time-course data
across two species can also be used to investigate how
core network components change over space and time
[38,56]. This approach can identify genes that are
conserved between species and those that have diverged,
providing insights into the genetic basis of morphological
differences between species (Figure 3C).

The choice of approach will depend on the genetic data
available for the species, the sampling method, and the
quality and depth of the transcriptomics data. Ulti-
mately, the choice of approach will depend on the spe-
cific research question and the available genetic data for
each species. For example, if the goal is to understand
the evolutionary relationships between different spe-
cies, a phylogenetically-informed approach may be most
appropriate. Ruprecht et al., presented a method that
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Figure 3
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Overview of pairwise comparison of cross-species comparative transcriptomic analysis. The three approaches aimed to construct and compare
(a) gene co-expression networks, (b) gene regulatory networks and (c) stage-ordered networks to explain morphological differences during organ
development between Species A and Species B. (a) Combines phylogenetic information, such as orthologous groups or phylostratigraphic data, with
gene co-expression networks to extract developmental sub-networks based on shared patterns of gene expression among orthologs. This approach
highlights the significance of evolutionary conservation in developmental processes. (b) Integrates transcriptomics data with inferred transcriptional
regulation relationships (e.g., promoter binding sites) or experimentally validated protein—protein interactions to construct species-specific gene regu-
latory networks, providing insights into the molecular mechanisms underlying organ development. (c) Focuses on a set of master regulators, key genes
controlling developmental processes, and uses ontogeny transcriptomes as datasets to capture GRN changes over a developmental phase. Stage-
ordered networks are constructed by aligning the expression patterns of these master regulators, facilitating the identification of conserved and divergent

regulatory mechanisms. The figure was created using BioRender.

uses genomic and phylogenetic data with gene co-
expression networks to study the evolutionary make-
up of modules in moss and two angiosperms [48]. The
analysis revealed modules that emerged at a specific
time in plant evolution, and added phylogenetic infor-
mation that revealed duplication and speciation events
on the module level to uncover the evolutionary re-
lationships of the conserved modules across the plant
kingdom. On the other hand, if the goal is to identify
specific genes or gene networks that are involved in
shaping morphological differences between species, a
more targeted approach that integrates protein—protein
interaction data or focuses on core modules may be more
appropriate. In a comparative network-based analysis of
six angiosperm species, the authors integrated tran-
scriptomic datasets with proteomic datasets to identify
tissue-specific conserved modules and clade-specific
gene sets to explain different species-specific pheno-
typic traits [43].

Conclusion

Comparative transcriptomics is a valuable tool for un-
derstanding the molecular mechanisms of organ forma-
tion and diversification during evolution. However,
when applying this approach to plant transcriptome
data, there are challenges in identifying homologous
gene pairs and functional orthologs, selecting the
appropriate developmental stage to compare, and
extracting biological networks. To overcome these
challenges, researchers can utilize methods such as
orthogroups and phylostratigraphy to identify function-
ally equivalent genes that may not be orthologous but
have similar functions. Additionally, network construc-
tion methods and combining other layered data can be
employed to identify gene regulatory networks and infer
gene function.

Despite the challenges, comparative transcriptomics has
the huge potential to provide new insights into the
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evolution of plant morphology and the genetic basis of
plant development. Further research in this area
including developing new algorithms and integration of
Al technologies can help to elucidate the conserved/
species-specific modules and key regulatory genes that
underlie the formation of homologous organs across
plant species and shed light on the mechanisms of
morphological diversification.
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