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Lignin is a phenolic biopolymer mainly found in secondary
walls of specialized cells of supportive and water-conductive
tissues. Lignin provides mechanical strength and hydropho-
bicity to such cells, allowing them to withstand the force of
gravity and transport water and nutrients along the plant
(Bonawitz and Chapple, 2010).

As products of the phenylpropanoid pathway, lignin mono-
mers are synthesized via the deamination of phenylalanine,
followed by the reduction of the carboxylic moiety of the
propane tail and by the sequential methoxylation of the aro-
matic ring. The combined activities of more than 10 enzymes
yield three hydroxycinnamyl alcohols (i.e. monolignols), p-cou-
maryl, coniferyl, and sinapyl alcohols, differing in the degree
of methoxylation. Once incorporated into the polymer, these
monolignols form the p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S) lignin units, respectively (Ralph et al, 2019). Lignin
content, composition, and the frequency of its linkage types
vary according to the cell type, developmental stage, and
plant species (Barros et al, 2015). Given that the investment
of carbon and energy into lignin is irreversible, developmental
lignification is tightly controlled at the transcriptional, post-
transcriptional, and post-translational levels. Additionally, lig-
nin deposition is also triggered in response to various biotic
and abiotic stresses (Cesarino, 2019).

Several studies have shown that lignin content and com-
position can be altered via misregulation of lignin biosyn-
thetic genes. However, these pathway perturbations not
only result in altered lignification but also cause shifts in
both primary and secondary metabolism and in global

transcriptional reprogramming (Rohde et al, 2004; Dauwe
et al, 2007; Vanholme et al, 2012; Bonawitz et al, 2014
Saluja et al, 20271; Ferreira et al, 2022). Moreover, lignin
pathway perturbations often have far-reaching effects on
other biochemical routes, affecting diverse biological pro-
cesses that are unrelated to lignin metabolism. However,
given that most of the studies have focused on a few indi-
vidual genes in different species, the major regulatory mech-
anisms underlying the molecular responses to altered
lignification remain largely unresolved. For instance, it is
unclear whether blocking particular steps in monolignol bio-
synthesis redirects the carbon flux through the phenylpropa-
noid pathway in a systematic way and to what extent the
pathway is regulated by feedback systems. A systems biology
approach based on metabolomics and transcriptomics was
previously employed for single mutants in ten lignin biosyn-
thetic steps in Arabidopsis (Arabidopsis thaliana; Vanholme
et al, 2012). Mutants that produced less lignin upregulated
shikimate, methyl-donor, and phenylpropanoid pathways
(ie. the pathways supplying the monolignols), whereas
mutants with altered lignin compositions downregulated
the very same pathways. Additionally, reductions in the car-
bon flux towards lignin were associated with the accumula-
tion of various classes of hexosylated phenylpropanoids
(Vanholme et al, 2012). Despite this valuable information,
our understanding of the systemic responses to defects in
lignification remains fragmented and disconnected.

In this issue of Plant Physiology, Wang et al. (2022)
employed a systemic approach based on large-scale
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transcriptomics and phenylpropanoid profiling to study the
transcriptional and metabolic responses to lignin pathway
perturbations in a set of 13 Arabidopsis mutants (Figure 1A).
Complementary to the previous work of Vanholme et al.
(2012), which employed only single mutants for different
steps of the monolignol pathway, here the authors selected
double mutants with a stronger deficiency in some lignin
biosynthetic steps, mutants with different syringyl/guaiacyl
ratios in the lignin polymer, mutants of the transcriptional
regulator Mediator subunits MED5a and MED5b (MED5a/b),
and a mutant in the glucosinolate biosynthetic pathway that
has reduced levels of phenylpropanoids.

RNA-seq experiments were conducted using the basal
part of inflorescence stems, a tissue undergoing active lignifi-
cation, from the 13 mutants and wild-type plants. First, the
authors examined the effect of the mutations on transcript
levels of genes involved in phenylpropanoid metabolism.
Transcript abundance of phenylpropanoid biosynthetic
genes and lignin-related transcription factors increased or
remained unchanged in most of the mutants, except for
cse2 (caffeoyl shikimate esterase2), fSh (ferulate 5-hydroxy-
lase), and ref2 (reduced epidermal fluorescence 2), in which
the same genes were downregulated. In line with the repres-
sive role of MED5a/b in pathway homeostasis (Bonawitz
et al, 2014), phenylpropanoid biosynthetic genes showed in-
creased expression in genotypes containing med5 mutations.
Interestingly, genes encoding laccases and peroxidases in-
volved in lignin polymerization were downregulated in these
genotypes, suggesting that Mediator activates their expres-
sion, distinct from its role in repressing monolignol biosyn-
thetic genes. The authors suggest that repression of lignin
biosynthetic genes and activation of monolignol oxidases by
MED5a/b may together suppress the accumulation of po-
tentially toxic/bioactive soluble phenylpropanoids.

Next, the genes involved in the biosynthesis of aromatic
amino acids were evaluated to determine whether phenylal-
anine production was affected at the transcriptional level in
any of the mutants. Hierarchical clustering of the expression
of the shikimate and monolignol pathway genes showed
that genes from the two pathways were mixed in the clus-
ters and were similarly upregulated in most of the mutants
but downregulated in cse2, f5h, and ref2. The similar tran-
scriptional responses found for shikimate and lignin biosyn-
thetic genes in the same groups of mutants suggest that the
transcription of genes involved in phenylalanine biosynthesis
and in subsequent lignification is coordinated in rapidly lig-
nifying Arabidopsis stem tissue.

Are there any cross-talks between phenylpropanoid me-
tabolism and other biological processes? To answer this, the
global impact of the 13 mutations on the transcriptome
was analyzed by identifying the differentially expressed genes
(DEGs) between the mutants and wild-type plants. In total,
5581 genes were misregulated in all mutants, and these
DEGs were quantitatively examined among the genotypes
using Pearson’s correlation analysis. Interestingly, groups of
mutants with a similar number of DEGs also showed
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positively correlated DEG profiles, suggesting that common
DEGs were similarly misexpressed. Hierarchical clustering
analysis used to identify the DEGs that contributed to these
correlations clustered the mutants and DEGs into five sub-
groups. The five mutants with fewer DEGs clustered to-
gether and were designated subgroups A and B, showing
decreased transcripts for genes involved in defense
responses, responses to ethylene and abscisic acid (ABA),
and cold acclimation and increased transcripts for genes re-
lated to glucosinolate biosynthesis, auxin-related processes,
cell wall-related processes, and photosynthesis (Figure 1B).
The other eight mutants with more DEGs clustered into
subgroups C, D, and E, showing downregulation of genes re-
sponsible for photosynthesis, lipid catabolism, and auxin sig-
naling and upregulation of genes involved in various defense
responses and salicylic acid, jasmonic acid, and ABA signal-
ing (Figure 1B). These data indicate that mutations in genes
of the phenylpropanoid metabolism affect other biological
processes unrelated to lignin or another branch of the phe-
nylpropanoid pathway.

To assess how the perturbations in the lignin pathway af-
fect levels of phenylpropanoids, the authors first quantified
18 selected metabolites in the same stem tissues used for
the transcriptomic analysis from all genotypes. Subsequently,
they created a system-wide Pearson correlation matrix of
pairwise comparisons between gene expression and metabo-
lite content across all 14 genotypes to identify genes and
metabolites with strong correlation, which would suggest
the genes and metabolites are potentially functionally re-
lated in vivo. A total of 2,987 genes were identified with a
significant correlation with at least one of the 18 metabo-
lites. When hierarchical clustering analysis of the Pearson
correlation coefficients was performed, these 2,987 genes
were grouped into six clusters and the 18 metabolites into
two major subgroups. The first subgroup comprised metab-
olites mostly upstream of the shikimate shunt in the lignin
biosynthetic pathway, such as phenylalanine, p-coumarate,
and p-coumaroyl CoA, among others. These metabolites
generally showed a negative correlation with genes involved
in the biosynthesis of methionine and glucosinolates and a
positive correlation with genes related to cell cycle and cell
division. The other subgroup included downstream pathway
intermediates, together with free CoA, shikimate, and p-cou-
maraldehyde. These compounds strongly and positively cor-
related with genes related to the cytosolic ribosome and
glucosinolate biosynthesis and negatively correlated with
genes involved in cell cycle and acetyl CoA metabolism.
These results indicate that the accumulation of certain phe-
nylpropanoids upon lignin pathway perturbation correlates
with genes involved in biological processes with no obvious
connection with lignification.

The work of Wang et al. (2022) not only reveals the mo-
lecular responses to lignin pathway perturbations in a
unique set of Arabidopsis mutants but also provides targets
for the determination of functional relationships between
the correlated genes and metabolites. Future analyses will
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Figure 1 Transcriptional and metabolic responses to lignin pathway perturbations. A, Scheme of the lignin biosynthetic pathway. The enzymes
for which genes were targeted in this study are highlighted in red. The enzyme corresponding with the F5H gene from Selaginella moellendorffii is
highlighted in blue. The blue panel in the top right shows a simplified scheme of the aliphatic glucosinolate biosynthetic pathway. B, Hierarchical
clustering of DEGs from 13 lignin mutants compared with wild type. Gene ontology terms of biological processes for 16 clusters are shown on the
right. Terms written in black are statistically significant (false discovery rate, FDR < 0.01) and those in gray indicate FDR between 0.01 and 0.1.
This figure was modified from figure 7 from Wang et al. (2022). Subgroups highlighted in yellow: mutants with fewer DEGs; subgroups highlighted

in red: mutants with more DEGs.
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help to determine whether and how phenylpropanoids
might act as bioactive signaling molecules that regulate tran-
scriptional reprogramming upon pathway perturbations.
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