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SUMMaRY

The plant kingdom is a rich source of specialized metabolites—complex biochemical 
compounds that play a crucial role in plant defense and often possess valuable pharmaceutical 
or agricultural properties. The biosynthesis of these metabolites is in many cases encoded 
within biosynthetic gene clusters (BGCs), which are loci in the genome that harbor most 
or all of the genes required for biosynthesis in close linkage. In this thesis, I investigated the 
evolutionary trajectories of two BGCs responsible for biosynthesising distinct metabolites: 
the diterpene momilactones in the genus Oryza, and the triterpene withanolides in the 
family Solanaceae. Using a genome-mining approach and a suite of phylogenetic tools, I 
explored how BGCs generally exhibit rearrangements, gene copy variation, and occasional 
cluster loss at both the genus and family levels. Specifically, together with my collaborators, I 
characterized the architecture of the momilactone biosynthetic gene cluster (MBGC) across 
multiple yet unexplored Oryza lineages, quantified momilactone content of representative 
species with a MBGC, and identified a previously unknown MBGC architecture in Oryza 
coarctata. Additionally, we characterized the enzymatic activity of the enzyme leading to 
the first committed step in momilactone biosynthesis across representative Oryza lineages. 
These findings led me to propose an alternative hypothesis to the existing model of 
MBGC evolution. In the second part of my thesis, I describe the discovery of a withanolide 
biosynthetic gene cluster (WBGC) in Physalis grisea. I was able to show that this BGC 
features a sub-cluster architecture, that is, a tandem duplication of core biosynthetic genes 
with contrasting tissue-specific expression patterns in above- and below-ground tissues. 
A comprehensive epigenetic analysis - including DNA methylation profiling, chromatin 
compaction studies, and chromatin topology mapping - suggests that this tissue-specific 
regulation may be controlled at the epigenetic level. Furthermore, I demonstrated that the 
sub-cluster architecture of the WBGC is conserved within the Physalideae tribe, and that 
this cluster likely evolved from a common ancestor in early-diverging Solanaceae species. 
Overall, this doctoral thesis advances our understanding of BGC evolution in plant families 
and provides new insights into the epigenomic regulation of these loci. Importantly, it lays 
the foundation for future multidisciplinary investigations into the function and molecular 
regulation of these BGCs.
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INTRODUCTION

1. SPECIALISED METABOLISM IN PLANTS

Plants are master chemists and produce a plethora of biochemicals conventionally 
grouped into the core and specialized metabolism (also known as primary and secondary 
metabolism, respectively). The core metabolism refers to the biochemical reactions 
responsible for the biosynthesis of metabolites that are essential for the assembly of 
the organism’s building blocks and for obtaining energy (Wang et al., 2022). The core 
metabolites, such as amino acids, nucleic acids, lipids, carbohydrates and phytohormones, 
are generally conserved across all plants and are fundamental for growth, development, 
and general cellular function (Ji et al., 2024; Wang et al., 2022). In contrast, specialized 
metabolism refers to often lineage-specific metabolites that have evolved as adaptive 
responses to environmental cues, with an ecological role as defensive molecules or as 
mediators of the interaction with other living organisms (Kessler and Kalske, 2018; Wang 
et al., 2022). Based on their chemical nature, specialized metabolites can be generally 
divided into phenolics (containing phenol groups), alkaloids (containing nitrogen in their 
chemical structure), terpenes (derived from the condensation of 5-C isoprene units), 
sulfur-containing, cyanogenic glycosides (nitrile containing metabolites), highly modified 
sugars, ribosomally synthesized and post-translationally modified peptides, and fatty acid 
derivatives (Ji et al., 2024). The precursors of specialised metabolites are fueled by the 
core metabolism and have often evolved from duplication and neofunctionalization of 
genes from the core metabolism (Ji et al., 2024). Although the specialised metabolism was 
initially classified based on an apparent ‘secondary’ or less important function, in recent 
years, it has become more evident that plant specialized metabolites are also integrated in 
the ‘essential’ metabolic network, contributing to the growth, development and correct 
functioning of the corresponding plant species (Erb and Kliebenstein, 2020).

1.1 Harnessing plant specialised metabolism diversity

Given the taxa specificity of specialised metabolites, these are highly diverse across 
the plant kingdom; currently, more than 200,000 plant metabolites have been identified 
(Kessler and Kalske, 2018). The diversity of plant specialised chemicals has been tightly 
associated with the development of human populations and cultures (Li and Weng, 2017). 
By means of trial and error, ancient human civilizations used extracts from plants as 
remedies for treating several diseases or conditions. Today, these practices are referred to 
as traditional medicine. In modern medicine, plant specialised metabolites have been and 
are a recurrent source of compounds for the use and design of pharmaceutically relevant 
drugs for the treatment of various diseases. Classical examples of plant-derived drugs are 
paclitaxel, the diterpene alkaloid isolated from the pacific yew (Taxus brevifolia) and used 
in cancer chemotherapy on different types of cancer (Li and Weng, 2017); artemisinin, 
the discovery of which was inspired by Chinese traditional medicine, isolated from sweet 
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geranylgeranyl diphosphate (GGPP) for diterpenoids (C20) and geranylfarnesyl diphosphate 
(GFPP) for sesterterpenoids (C25) (Figure 1) (Zhou and Pichersky, 2020). The activity of 
terpene synthases (TPS), which remove the diphosphate group from GPP, (E,E)-FPP and 
GGPP, generates the scaffolds for monoterpenes, sesquiterpenes and diterpenes, respectively 
(Figure 1). In turn, squalene synthases (farnesyl-diphosphate farnesyltransferase, SQS) and 
phytoene synthases (geranylgeranyl-diphosphate geranylgeranyltransferase, PSY) catalyze 
the condensation of two molecules of (E,E)-FPP and GGPP to generate squalene (C30), 
precursor of triterpenoids and sterols, and phytoene (C40), precursor of carotenoids, 
respectively (Figure 1) (Zhou and Pichersky, 2020).

Figure 1. General overview of terpene biosynthetic pathways and their compartmentalization in 
plants. The different prenyl diphosphate precursors are highlighted by color: green (C5), red (C10), light 
blue (C15), orange (C20) and magenta (C25). Arrows indicate the different steps with the corresponding 
enzyme labels in bold. Prenyltransferases are indicated in blue, TPSs in green and purple, CYP450s in yellow 
and all other enzymes in black. For a detailed description of the abbreviations in the figure, please refer to the 
original publication (Figure reproduced with permission from Zhou and Pichersky, 2020 under the license 
CC BY-NC-ND 4.0 https:// creativecommons.org/licenses/by-nc-nd/4.0/).
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The vast diversity of terpenoids arises in the first place from the action of the TPS that 
cyclize the terpenoid precursors for mono-, sesqui- and diterpenes (Wang et al., 2023; 
Zhou and Pichersky, 2020). In the case of triterpenoids, after the oxidation of squalene 
into 2,3-oxidosqualene, the oxidosqualene cyclase (OSC) constitutes a key enzyme leading 
to the diverse biosynthesis of either sterols and steroidal saponins, or to non-steroidal 
triterpenoids (Cárdenas et al., 2019; Lacchini et al., 2023). Genes encoding for TPS and 
OSC are abundant in plant genomes and TPS can produce several products from the same 
precursor (Boutanaev et al., 2015; Cárdenas et al., 2019; Lacchini et al., 2023; Liu et al., 
2020b; Pichersky and Raguso, 2018). Additionally, these terpenoid skeletons are further 
decorated and modified, mostly by the action of Cytochrome P450s (CYP450s) (Figure 
1), promiscuous enzymes with usually more than one hundred copies in plant genomes 
(Hansen et al., 2021; Lacchini et al., 2023). Other enzyme families that can further act on 
terpenoids are oxidoreductases such as Short-Chain Dehydrogenase/Reductases (SDRs) 
or the oxidases 2-oxoglutarate-dependent dioxygenases (2ODD) (Wang et al., 2023). 
Terpenoid scaffolds are further decorated with other chemical groups by the action of 
acyltransferases (ACTs) or glycosyltransferases (Pichersky and Raguso, 2018). Thus, 
genetic variants arising in these enzymes can lead to a large new repertoire of products that, 
upon certain ecological conditions, can be selected in the metabolic network (Pichersky 
and Raguso, 2018).

2. REGULATION OF PLANT SPECIALISED METABOLISM

The complexity of chemical structures in specialised metabolism arises from long 
biosynthetic pathways involving a large number of sequential steps, each catalysed 
by different enzymes. The coordinated and joint action of these enzymes to produce a 
metabolite at the right time, in the right place, and at the correct level requires a precise 
spatiotemporal regulation of the inducibility, compartmentalisation, and coordination with 
the developmental stage.

Inducibility. In alignment with their defensive role, the production of many specialised 
metabolites is typically induced in response to biotic or abiotic stresses (Isah, 2019). An 
example of specialised metabolites that are inducible are momilactone, which are specific 
defensive diterpenoids in rice. Momilactone A and B act predominantly as anti-fungal and 
allelopathic molecules (i.e., they inhibit the germination and growth of nearby plants) (Serra 
Serra et al., 2021). Momilactone biosynthesis is induced by various elicitors, including 
biotic factors such as fungal infection or the presence of nearby plants, or abiotic stresses 
such as ultraviolet (UV) light or CuCl2 (Kato-Noguchi, 2023).

Compartmentalisation. The biosynthesis of specialised metabolites is often confined or 
compartmentalised across specific tissues and cell types. In opium poppy, the biosynthesis 
of morphine takes place almost completely in the sieve elements of the phloem (Onoyovwe 
et al., 2013). The latter three steps of the pathway occur in highly specialised cells 
associated with the phloem known as laticifers (Onoyovwe et al., 2013). This intricate cell 
compartmentalisation is becoming even more evident with the recent use of single-cell 
technologies to study specialised metabolism. For instance, the biosynthesis of monoterpene 
indole alkaloids (MIAs) produced by Madagascar periwinkle (Catharanthus roseus), some of 
which have been approved as anticancer drugs, is highly compartmentalized into three 
cell types in leaf: inner phloem-associated parenchyma (specialised vasculature-associated 
cell type), epidermis, and idioblast (a rare and specialise cell-type) (Li et al., 2023). At the 
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chromatin level, the MIA biosynthetic genes exhibit epigenetic features of gene activation 
when expressed in these specific three cell types (Li et al., 2025). Another example is the 
antidepressant hyperforin, the biosynthesis of which takes place in a rare cell type, termed 
“Hyper cells”, in the leaves and flowers of St. John’s wort (Hypericum perforatum) (Wu et 
al., 2024).

Developmental stage. Plant-specialised metabolites are usually produced at specific 
developmental stages. In many instances, these metabolites are synthesized and accumulate 
in new growth tissues, where the biosynthetic enzymes are expressed (Nett et al., 2021, 
2018). In other cases, a particular class of specialised metabolites is produced in new growth 
tissues but accumulates in the mature tissues (Mehta et al., 2024).

All in all, these features and examples underscore that plants have evolved an intricate 
regulatory network with several layers to regulate a tightly controlled spatiotemporal 
production of specialised metabolites. Apart from the classical enzymatic/allosteric 
feedback inhibition level, these layers include regulation at the genomic, transcriptional 
and epigenomic level (Lacchini and Goossens, 2020; Li et al., 2024; Méteignier et al., 
2022).

2.1 Transcriptional regulation mediated by transcription factors

Transcriptional regulation is regarded as the primary mechanism underpinning 
the spatiotemporal control of specialised metabolism and remains the most extensively 
studied. Transcriptional regulation is exerted by transcription factors (TFs), DNA-
binding proteins that interact with specific DNA sequences (cis-regulatory elements) 
enriched in the promoter of the targeted genes. TFs guide the RNA polymerases into 
the promoter and recruit different proteins such as chromatin remodelers, which in turn 
regulate promoter accessibility and transcription initiation (Cramer, 2019). TFs can 
also control gene expression by binding to regulatory elements located distally from the 
targeted genes (Schmitz et al., 2022). The action of TFs results from integrating signaling 
cascades in response to environmental cues or developmental stages. In the context of 
specialised metabolism, the phytohormone jasmonic acid (JA) is regarded as one the 
main activators of specialised metabolism in response to biotic and abiotic stress (Afrin 
et al., 2015; Lacchini and Goossens, 2020). There are many examples of TFs directly 
or indirectly controlling the expression of biosynthetic genes. Common TF families 
controlling specialised metabolism in different plant species and taxa include the MYB, 
JA-responsive transcription factors APETALA2/ETHYLENE RESPONSE FACTOR 
(AP2/ERF), and basic helix-loop-helix (bHLH) families (Shoji, 2019). An example of a 
well-studied case of transcriptional regulation in the context of specialised metabolism is 
the MIA biosynthesis in the medicinal plant C. roseus. MIAs, although produced at basal 
levels by the plant, are induced by JA. This induction is mediated by the master regulator 
bHLH TF MYC2, which further activates the TF families bHLH Iridoid Synthesis (BIS) 
and Octadecanoid-derivate Responsive Catharantus AP2-domain (ORCA) (Kazan and 
Manners, 2013; Shoji, 2019). A recent study on the cell-type specificity of the individual 
biosynthesis steps uncovered another TF, Idioblast MYB1 (CrIDM1), which activates the 
later steps specifically in the specialised cell-type idioblasts (Li et al., 2025).
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2.2 Genomic organization of plant secondary metabolism: biosynthetic gene 
clusters

Originally discovered in plants in the context of benzoxazinoids in maize, BGCs are more 
and more emerging as a common feature of the genomic organization of many biosynthetic 
pathways in plants (Frey et al., 1997; Polturak et al., 2022b). Conceptually following a 
principle similar to that of bacterial operons, BGCs refer to the co-occurrence of (at least 
three) phylogenetically unrelated genes that are involved in the same biosynthetic pathway 
and that are located in physical proximity to each other in the plant genome (Nützmann and 
Osbourn, 2014). Although not all biosynthetic pathways for specialised metabolites appear 
fully or partially clustered, there are tools that exploit the characteristic features of BGCs 
to mine a given genome for new biosynthetic pathways (Kautsar et al., 2017; Schläpfer et 
al., 2017; Töpfer et al., 2017). The collinear organization of functionally related genes in a 
BGC is not restricted to plants and has also been found in fungi and recently observed in a 
few animal taxa (Nützmann et al., 2018; Scesa et al., 2022). BGCs do not per se constitute 
a mechanism of regulation, but it is generally accepted that such an organisation confers 
an evolutionary and regulatory advantage in terms of co-expression and co-regulation, 
co-inheritance, prevention of auto-toxicity, and/or channeling of the metabolic products 
through metabolons (Nützmann et al., 2016; Polturak et al., 2022b). These advantages, 
hypothesised to drive the assembly of BGCs, are not characteristic of all of them and may 
apply to some but not to others.

Co-expression. In order to produce a given metabolic product, it is required that the 
genes from the same biosynthetic pathway are co-expressed. This is commonly the case 
for BGCs; it has been proposed that the physical aggregation from a linear point of view 
of the genome allows that these genes fall into the same chromatin environment in the 3D 
space of the genome, which in turn permits the interaction with common cis-regulatory 
elements, allowing a coordinated expression (Nützmann et al., 2016). A canonical 
example for co-expression is the BGC for the triterpenoid thalianol in Arabidopsis, which 
includes an OSC, two CYP450s, and two ACTs. The genes embedded in this locus are 
specifically co-expressed in root tissue, silenced in leaf, and interact with a specific cis-
regulatory element to achieve the co-ordinated expression (Liu et al., 2020a; Zhao et al., 
2022). There are exceptions to this principle; for instance, the BGC for phytocassanes, 
defensive diterpenoids in rice, also includes an essential gene encoding a CYP450 involved 
in the biosynthesis of momilactones, as well as other TPSs for the biosynthesis of other 
diterpenoids (Swaminathan et al., 2009). Even though these genes appear in physical 
proximity in the linear genome, not all of them are co-expressed and co-regulated, 
arguing against co-expression as an advantage and driving force for the assembly of BGCs 
(Swaminathan et al., 2009; Wang et al., 2023).

Co-inheritance. Typically, the products resulting from BGC-encoded pathways have 
defensive properties and have been selected through evolution under certain ecological 
selection pressures. The aggregation of the genes in close proximity to each other reduces 
the likelihood of loss by recombination, thus maintaining this complex and beneficial 
trait and allowing the coinheritance of beneficial allele combinations (Takos and Rook, 
2012). In fact, some BGCs are under positive selection pressure or have a reduced linkage 
disequilibrium compared to their flanking regions (Liu et al., 2020a; Zhan et al., 2020). 
Similarly, under negative selection pressures, these self-contained pathways could be 
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deleted all at once from the genome much more easily than dispersed biosynthetic pathways 
(Takos and Rook, 2012). 

Autotoxicity. Following the same principle of co-inheritance, by means of a reduced 
recombination likelihood, the prevention of loss of individual steps or accumulation 
of disruptive alleles in specific steps of the pathway would prevent the accumulation of 
bioactive intermediates, which in many cases would be toxic for the plant (Nützmann et 
al., 2016). There are examples of disrupted pathways resulting in altered phenotypes. For 
instance, knockouts of the first committed step in the momilactone pathway led to reduced 
germination of rice seeds (Xu et al., 2012). Similarly, mutations of the Saponin-deficient3 
(Sad3) gene, responsible for a late step in the avenacin (defensive triterpenoid produced by 
oat) pathway, led to shorter roots as the result of accumulation of intermediate metabolites 
in the pathway (Mylona et al., 2008). Intriguingly, the avenacin biosynthesis is encoded 
in a BGC located in a subtelomeric region in Avena strigosa, in which the gene order 
nearly follows the order of the biosynthetic pathway (Li et al., 2021). The later steps of 
the pathway, which have shown detrimental effects after mutation, are positioned distant 
from the telomere (Li et al., 2021). Li and colleagues speculated that such an arrangement 
might also play a role in mitigating the autotoxicity by reducing the risk of losing the genes 
responsible for later steps due to telomeric gene deletion (Li et al., 2021).

Metabolons. Lastly, it has been hypothesized that the clustering might allow the assembly 
of enzyme complexes through non-covalent interactions, allowing the channelling of the 
intermediate metabolic products to the final product through metabolons, thus avoiding 
autotoxicity (Nützmann et al., 2016). However, it is not clear how clustering of the genes 
would mechanistically contribute to the formation of metabolons (Nützmann et al., 2016).

2.3 Epigenetic regulation of plant secondary metabolism and BGCs

Epigenetics refers to heritable changes in gene activity and expression that occur 
without mutations in the DNA sequence, mediated through mechanisms such as DNA 
methylation, histone modifications, or non-coding RNAs (Gibney and Nolan, 2010). 
As introduced in the previous section, the physical co-localization of biosynthetic genes 
enables, in many instances, their coordinated regulation. Since the co-regulation facilitated 
by co-localization likely occurs at the chromatin level, epigenomic control of secondary 
metabolism is emerging as a key aspect of the controlled production of metabolites in the 
context of BGCs (Cawood and Ton, 2024; Conneely et al., 2022; Méteignier et al., 2022). 
This regulation is not limited to clustered pathways and occurs across the whole genome, 
affecting unclustered pathways as well. However, the role of epigenetics in specialized 
metabolism remains poorly understood and has been studied primarily in model plant 
Arabidopsis. 

2.3.1 DNA methylation

In plants, DNA methylation, more precisely 5’-C methylation of cytosine, occurs in 
three different sequence contexts: CG, CHG and CHH (where H is either A, C or T). 
DNA methylation is generally involved in maintaining genome stability by silencing 
transposable elements (TEs) (Zhang et al., 2018). DNA methylation in plants is also 
associated with gene regulation via methylation of gene promoters, by which binding of 
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TFs or activators is suppressed and the gene is silenced (Zhang et al., 2018). Less frequent 
and less well understood is the opposite case, in which higher methylation correlates with 
higher methylation, potentially by preventing the binding of repressors (Zhang et al., 
2018).

In the context of specialized metabolism, DNA methylation has not been extensively 
studied, but existing evidence suggests a significant role in its regulation. Arabidopsis 
Epigenetic Recombinant Inbred Lines (epiRILs), lines with fixed and mosaic differences 
in DNA methylation, have been employed to study the quantitative effect of DNA 
methylation on specialised metabolism (Cortijo et al., 2014; Kooke et al., 2019). Kooke 
and colleagues found that epigenetic quantitative trait loci (epiQTLs) affected the profile 
of some secondary metabolites and identified three causative genes on which the regulation 
in both cis and trans affected the metabolites profile (Kooke et al., 2019). At the population 
level, natural variation in Arabidopsis specialised metabolism is also associated with varying 
levels of CG methylation in the promoter of some genes (Shirai et al., 2021). Other studies 
in different plant species (C. roseus, Platycodon grandiflorus and Malus domestica) have also 
shown that the expression of the biosynthetic genes from different specialised metabolites 
are generally negatively correlated with DNA methylation (Dugé de Bernonville et al., 
2020; Kim et al., 2020; Li et al., 2019). However, to date, there have been no studies 
associating DNA methylation with BGC regulation.

2.3.2 Histone variants and post-translational modifications

Histones are proteins that interact with the DNA, forming the basic unit of the 
chromatin: the nucleosome. A nucleosome consists of an octamer of histones (two units 
each of histones H3, H4, H2A, and H2B) around which approximately 146 base pairs of 
DNA are wrapped (Luger et al., 1997). Nucleosomes are connected by linker DNA that 
can also associate with the linker histone H1. Post-translational modifications (PTMs) 
of histone N-terminal tails are key for controlling gene expression, DNA replication 
and reparation, and genome topology as they can lead to the compaction or relaxation 
of the DNA-histone interaction, impeding or facilitating the access for and recruitment 
of TFs, RNA polymerases, chromatin remodelers, and other proteins relevant in gene 
expression (Berger, 2007; Millán-Zambrano et al., 2022). Additionally, there are paralogs 
of the core histone units, known as histone variants, which differ in specific regions of their 
amino acid sequence. Their precise deposition can modulate the stability of DNA-histone 
interactions, influence chromatin compaction, and facilitate the recruitment of specific 
chromatin-binding proteins (Candela-Ferre et al., 2024).

In the context of specialised metabolism, the local chromatin state, i.e., the combinatorial 
configuration of histone PTMs, histone variants, and DNA methylation, has been less well 
studied. In Arabidopsis, the (unclustered) biosynthetic genes of the camalexin biosynthetic 
pathway - an important indole alkaloid produced in response to biotic and abiotic stresses 
- are delineated by a bivalent chromatin state of transcriptionally repressive histone H3 
lysine 27 trimethylation (H3K27me3) and transcriptionally activating acetylation of lysine 
18 of histone H3 (H3K18ac), respectively (Zhao et al., 2021). Histone modifications have 
also gained attention in the context of BGCs, since physical clustering could favour the 
co-expression by means of the existence of chromatin environments. Pioneering studies 
in Arabidopsis showed that repressed BGCs are associated with higher abundance of the 
histone PTM H3K27me3, while active clusters are associated with the histone variant 
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H2A.Z, which increases chromatin accessibility (Nützmann and Osbourn, 2015; Yu et al., 
2016). A recent study in Cannabis sativa has corroborated the delineation of some inhibited 
BGCs with the repressive mark H3K27me3 (Conneely et al., 2024). The authors found 
that the chromatin state of active BGCs was more variable: while one of the studied BGCs 
was associated with the histone marks histone H3 lysine 4 trimethylation (H3K4me3) 
and acetylation of lysine 56 of histone H3 (H3K56ac) (both transcriptionally activating), 
another was not marked by these histone modifications but instead delineated by the 
histone variant H2A.Z. 

2.3.3 Long non-coding RNAs

Long non-coding RNAs (lncRNAs) are emerging as important players and regulators of 
gene expression and chromatin structure (Yang et al., 2023). Although little is known on the 
role of these RNAs in the context of specialized metabolism regulation, a recent publication 
has shown that a lncRNA influences the expression of a BGC in Arabidopsis (Roulé et 
al., 2022). In response to the phytohormone abscisic acid (ABA), MARneral Silencing 
(MARS) lncRNA, which is located within the marneral BGC, prevents the deposition 
of the repressive chromatin mark H3K27me3 by interacting with the POLYCOMB 
REPRESSIVE COMPLEX 1 (PRC1) component LIKE HETEROCHROMATIN 
PROTEIN 1 (LHP1) (Roulé et al., 2022). This interaction relaxes the chromatin state 
and in turn promotes a chromatin loop between a ABA–responsive cis-regulatory element 
and the promoter of the gene MARNERAL SYNTHASE 1 (MRN1). Because lncRNAs 
are abundant within BGCs in Arabidopsis, Roule and colleagues have proposed a general 
important role of these RNAs in the epigenetic regulation of BGCs (Roulé et al., 2022).

2.3.4 Chromatin architecture

The use of high-throughput chromosome conformation capture (Hi-C) sequencing has 
allowed the study of the chromatin-chromatin interactions and the topology of the genome 
beyond the nucleosome (Lieberman-Aiden et al., 2009). From lower to higher resolution, 
the chromosomes exhibit two types of compartments, conventionally called A and B, that 
faithfully correlate with euchromatin (less compacted) and heterochromatin (with higher 
degree of compaction), respectively (Domb et al., 2022). Inside these compartments, 
segments of chromatin are further structured in topologically associated domains (TADs), 
self-interacting domains with reduced interactions with neighbouring chromatin (Domb et 
al., 2022). Such an organisation permits private long-range interaction with cis-regulatory 
elements specifically within the domain. At a higher resolution, the chromatin can fold 
into chromatin loops, which enable a cis-regulatory element and the promoter of its target 
gene to come into closer proximity (Domb et al., 2022). 

The 3D architecture and topological organization of the genome is a key feature 
controlling gene regulation, and recent studies are pointing towards a prominent role in 
BGC regulation (C. Li et al., 2023; Nützmann et al., 2020; Yang et al., 2021). Some BGCs 
have been shown to be located in TAD-like domains (C. Li et al., 2023; Nützmann et al., 
2020; Yang et al., 2021). In Arabidopsis, active BGCs associate with euchromatic regions in 
the nucleus, exhibit a more relaxed chromatin conformation, and display a higher frequency 
of self-interaction. In contrast, repressed BGCs are linked to heterochromatin, exhibit 
more condensed chromatin structure, and a lower degree of self-interaction (Nützmann 
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the diversity of genera within a family (Bryson et al., 2023; Kerwin et al., 2024; H. Li 
et al., 2023; Liu et al., 2023; Sun et al., 2023). A striking example is the momilactone 
BGC in the genus Oryza. The momilactone BGC was initially thought to have evolved 
specifically within later-diverging lineages of the genus (Miyamoto et al., 2016). However, 
the study from Miyamoto and colleagues included the limited number of species with a 
genome assembly at the time. Moreover, a year later, a momilactone BGC was reported 
in Echinochloa crus-galli, a distantly related species outside the Oryza genus (Guo et al., 
2017). Recent studies at the family level in Poaceae have shown signatures of plant-plant 
horizontal gene transfer (HGT) among these BGCs (Wu et al. 2022). However, these 
results are purely based on phylogenomic analysis, and currently no mechanism is known 
by which plant-plant lateral gene transfer can occur. Thus, the lack of resolution obscures 
tracing the evolutionary direction of a BGC at a larger phylogenomic scale, and more 
species need to be included in this kind of analysis.
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OBJECTIVES aND aCHIEVEMENTS

OF THE THESIS

In this doctoral thesis, I set out to further investigate the evolution and epigenetic 
regulation of biosynthetic gene clusters in plants. To do so, I focused my research on 
two agriculturally and pharmaceutically relevant classes of terpenoids: momilactones, 
diterpenoids produced by rice and relative wild species in the Oryza genus (Poaceae 
family), and withanolides, triterpenes produced by species in the Solanaceae family. I 
applied comparative genomics to discover and get more insights into the species-specific 
architecture, evolutionary trajectory, and sub-functionalization of the MBGC and the 
WBGC in Oryza and Solanaceae, respectively. The results presented in this thesis show that 
the evolution of the MBGC and WBGC are marked by lineage-specific rearrangements, 
gene copy number variation, and occasional cluster loss. In the particular case of 
momilactones, we describe an as-yet undiscovered alternative architecture of the MBGC 
in the Oryza genus, represented in the species O. coarctata. This discovery has allowed us 
to speculate and provide a newer hypothesis for the evolution of the MBGC in the family 
Poaceae. As for withanolides, I present the first identification of a withanolide BGC, in the 
species Physalis grisea (Solanaceae). Through the combination of transcriptomic, epigenomic 
and metabolic techniques, I have been able to uncover the subfunctionalization of the 
WBGC into two tandemly duplicated sub-clusters that exhibit contrasting tissue-specific 
expression. By applying Assay for Transposase-Accessible Chromatin (ATAC), Whole-
Genome Bisulfite (WGBS) and Hi-C sequencing, I could show that this tissue-specific 
expression of the WBGC is most likely regulated at the chromatin level, with contrasting 
chromatin accessibility, DNA methylation, and chromatin topology. Lastly, my thesis work 
shows that this sub-cluster architecture is conserved in species of the Physalideae tribe. As a 
whole, this thesis illustrates the evolutionary and functional dynamics of two BGCs, within 
a genus and a family, respectively, and expands our knowledge in the general evolution and 
epigenetic regulation of BGCs.
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RESULTS

Publication I: 
Evolution and diversification of the momilactone biosynthetic gene cluster in the genus 

Oryza. 
Priego-Cubero S, Liu Y, Toyomasu T, Gigl M, Hasegawa Y, Nojiri H, Dawid C, 

Okada K, Becker C. (2025), Evolution and diversification of the momilactone biosynthetic 
gene cluster in the genus Oryza. New Phytol, 245: 2681-2697. https://doi.org/10.1111/
nph.20416
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Summary
� Plants are master chemists and collectively are able to produce hundreds of thousands of
different organic compounds. The genes underlying the biosynthesis of many specialized
metabolites are organized in biosynthetic gene clusters (BGCs), which is hypothesized to
ensure their faithful coinheritance and to facilitate their coordinated expression. In rice (Oryza
sativa), momilactones are diterpenoids that act in plant defence and various organismic inter-
actions. Many of the genes essential for momilactone biosynthesis are grouped in a BGC.
� We applied comparative genomics of diploid and allotetraploid Oryza species to reconstruct
the species-speci�c architecture, evolutionary trajectory, and sub-functionalisation of the
momilactone biosynthetic gene cluster (MBGC) in the Oryza genus.
� Our data show that the evolution of the MBGC is marked by lineage-speci�c rearrange-
ments and gene copy number variation, as well as by occasional cluster loss. We identi�ed a
distinct cluster architecture in Oryza coarctata, which represents the �rst instance of an alter-
native architecture of the MBGC in Oryza and strengthens the idea of a common origin of the
cluster in Oryza and the distantly related genus Echinochloa.
� Our research illustrates the evolutionary and functional dynamics of a biosynthetic gene
cluster within a plant genus.

Introduction

Biosynthetic gene clusters and their evolution

With more and more plant reference genome assemblies
becoming available, biosynthetic gene clusters (BGCs), i.e., the
co-localization of often phylogenetically unrelated genes that par-
ticipate in the same biosynthetic cascade of specialized metabo-
lites, have emerged as a common feature of genomic organization
in plants (Polturak et al., 2022b). BGCs are postulated to confer
evolutionary advantages because they facilitate coordinated gene
expression, enable the reliable coinheritance of genes involved in
the same metabolic pathway (thereby preventing the accumula-
tion of toxic intermediates), or facilitate the formation of meta-
bolons (N�utzmann et al., 2016). However, the mechanisms by
which such nonorthologous genes become localized in the same
genomic region and act in the same biosynthetic pathway are still
poorly understood. Currently, the most common model proposes
that they have formed through a series of events that is driven by
both positive- and negative-selection pressure, starting with gene

duplication, followed by neofunctionalization, and ultimately
relocation. In some cases, this process appears to have been
mediated by transposable elements (Polturak et al., 2022b; Smit
& Lichman, 2022).

Biological functions of rice phytoalexins, labdane-related
diterpenoids and momilactones

Phytoalexins are low-molecular-mass specialized plant metabo-
lites that are often produced under biotic and abiotic stress
conditions (Ahuja et al., 2012). In rice (Oryza sativa), the
major phytoalexins are a group of labdane-related diterpenoids
(reviewed in Toyomasu et al., 2020), which derive from the cycli-
zation of geranylgeranyl diphosphate (GGPP) into ent, syn, or
normal stereoisomers of copalyl diphosphate (CDP) by the class
II diterpene synthases Copalyl Diphosphate Synthases (CPSs).
The biosynthesis of these metabolites has evolved from that of
gibberellins (GAs), ent labdane-related diterpenoids themselves,
through duplication and neofunctionalization of core biosyn-
thetic enzymes (Zi et al., 2014). Several ent and syn (but not nor-
mal) rice labdane-related diterpenoids have been identi�ed,
including momilactones A and B, phytocassanes A to F, and
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� 2025 The Author(s).
New Phytologist � 2025 New Phytologist Foundation.

New Phytologist (2025) 1
www.newphytologist.com

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.

Research



33Título: On the evolution and epigenetic regulation of plant biosynthetic gene clusters RESULTS

oryzalexins (A to F, and S) (Zi et al., 2014; Toyomasu
et al., 2020). Notably, momilactone A and, more prominently,
momilactone B have a strong allelopathic activity, that is they
inhibit the germination and growth of nearby plants upon being
released by the rice plants into the soil (Kato et al., 1973;
Kato-Noguchi et al., 2010; Serra Serra et al., 2021). Both com-
pounds accumulate in rice husks but are also exuded from the
roots (Kato-Noguchi & Ino, 2003; Kato-Noguchi et al., 2010).

Biosynthesis of momilactones and clustering of
momilactone genes

Momilactone biosynthesis (Fig. 1a) starts with the cyclization of
GGPP into syn-copalyl diphosphate (syn-CDP), catalysed by the
Copalyl Diphosphate Synthase 4 (CPS4) (Otomo et al., 2004b;

Xu et al., 2004). syn-CDP is further cyclized into 9bH-pimara-
7,15-diene (also known as syn-pimaradiene in the literature) by
ent-kaurene synthase-like 4 (KSL4), a class I diterpene synthase
(Otomo et al., 2004a; Wilderman et al., 2004). Because syn-CDP
is also a substrate for oryzalexin S biosynthesis, the
KSL4-mediated cyclization is the �rst truly dedicated step
towards momilactone production (Tamogani et al., 1993). 9bH-
pimara-7,15-diene undergoes several oxidation steps, catalysed
�rst by cytochrome P450 (CYP) monooxygenases CYP76M8
and CYP99A3, followed by the short-chain alcohol dehydrogen-
ase MOMILACTONE A SYNTHASE (MAS) and CYP701A8,
to yield momilactone A (Fig. 1a) (De La Pe�na & Sattely, 2021;
Kitaoka et al., 2021). CYP76M14 catalyses the �nal hydroxyla-
tion of C20, leading to spontaneous closure of the hemi-acetal
ring and forming momilactone B (De La Pe�na & Sattely, 2021).

Fig. 1 The momilactone biosynthetic gene cluster in the Oryza genus. (a) Simpli�ed representation of the momilactone biosynthetic pathway, adapted
from De La Pe�na & Sattely (2021) and Kitaoka et al. (2021). (b) Phylogenetic relationship between the different Oryza species and sub-genomes included
in this study, the outgroup Leersia perrieri, and their respective MBGCs. The species tree represents the maximum-likelihood tree inferred from a
concatenated multiple-sequence alignment of single-copy orthologues using 4069 orthogroups with a minimum of 100.0% of species having single-copy
genes in any orthogroup. Coloured block arrows represent genes. Scaffold and positional information on all genes is provided in Table S2. (c) Microsynteny
between the genomic regions containing the MBGC from Oryza sativa, Oryza punctata, Oryza of�cinalis, Oryza alta, Oryza coarctata, Oryza
brachyantha, and L. perrieri. In (c), grey lines connect the respective orthologues. �Nonrelated� refers to genes that do not seem to be functionally related
to the main biosynthetic cascade of the cluster.
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