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Abstract

Secondary metabolism in plants gives rise to a vast array of small molecule natural
products. The discovery of operon-like gene clusters in plants has provided a new
perspective on the evolution of specialized metabolism and the opportunity to rapidly
advance the metabolic engineering of natural product production. Here we review
historical aspects of the study of plant metabolic gene clusters as well as general
strategies for identifying plant metabolic gene clusters in the multi-omics era. We also
emphasize the exploration of their natural variation and evolution, as well as new
strategies for the prospecting of plant metabolic gene clusters and deeper understanding

as to how their structure influences their function.

Plant secondary metabolism and metabolic gene clusters

More than 200,000 primary and secondary metabolites have been identified in plants,
with the majority categorized as secondary (or specialized) metabolites [1-4]. Generally,
primary metabolites such as amino acids, sugar, and nucleic acids are essential for
growth and development and are ubiquitously produced by most cell types of all plant
species. Different classes of secondary metabolites including terpenoids,
phenylpropanoids and alkaloids assist in survival across ecological niches where they
provide protection against biotic and abiotic stress [5, 6] and assist in sexual
reproduction and dispersal. These metabolites also provide humankind with a huge
catalog of compounds with pharmacological and other industrial properties [5, 7-10].
Synthesis of such an array of secondary metabolites has been underpinned by the
evolution of gene families with hundreds of members encoding enzymes such as
cytochrome P450 (P450) oxidases and methyl transferases that are responsible for
building the structural complexity of secondary metabolites [11-13].

Understanding the biosynthetic pathways, regulatory mechanisms and transport
processes responsible for production of secondary metabolites will be essential to fully

explore the potential of this treasure trove of natural products for the benefit of human
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society and the environment [14-18]. In contrast to the situation in prokaryotes, genes
involved in plant secondary metabolism are generally randomly distributed across the
plant genome, which typically means that genes encoding the enzymes of a biochemical
pathway have to be discovered one step at a time. Even today with the advent of gene
sequence information [19-26], discovery of the full complement of genes responsible
for biochemical pathways underlying plant specialized metabolism remains a
considerable challenge.

Plant metabolic gene clusters can be defined as being composed of two or more
non-homologous and closely linked genes that encode enzymes from the same
biosynthetic pathway [27]. Moreover, the genes within the clusters are usually
coordinately regulated [28]. These features render plant metabolic gene clusters a
valuable tool for the functional characterization of biosynthetic pathways that they are
associated with [29]. Meanwhile, the development of multi-omics approaches
(combining two or more of genomics, transcriptomics, metabolomics or epigenomics)
offers new strategies and opportunities to discover natural product pathways. For
example, a metabolite-based genome-wide association study (mGWAS) was performed
and successfully identified a subspecies-specific diterpene (5,10-diketo-casbene) gene
cluster and a hydroxycinnamoyl-tyramine gene cluster in rice (Oryza sativa L.) [30, 31].
Recently, a pathogen-responsive gene cluster that is responsible for biosynthetic
falcarindiol was identified by using a combination of metabolomics and RNA
sequencing analysis in tomato (Solanum lycopersicum) [32]. Here we review recent
advances in the field of plant metabolic gene cluster discovery. For this purpose, we
provide a historical framework prior to discussing emerging strategies in the post-
genomic era as well as emphasizing the exploration of natural variation in plant
metabolic gene clusters using forward genetic approaches such as genome-wide
association studies. Finally, we present a perspective for a more comprehensive

understanding of plant metabolic gene clusters.
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Historical Aspects and General Strategies for Plant Metabolic Gene Cluster

Identification

In 1960, the term operon was coined by Francois Jacob and Jacques Monod who
discovered and characterized the lac operon in Escherichia coli (E. coli). The lac operon
confers the ability to grow on lactose as sole carbon source (Figure 1). The discoveries
of the operon structure provided Francois Jacob, Andre Michel Lwoff, and Jacques
Monod the opportunity to receive the 1965 Nobel Prize for Physiology and Medicine.
Originally, operons were thought to be a uniquely microbial phenomenon. Indeed,
about 50% of the genes in prokaryotes are clumped together as gene cluster [33, 34].
The first operon-like cluster in plants was identified in 1997 (Figure 1 and Table 1) [35].
After that, more than 30 metabolic gene clusters from distant phylogenetic clades across
the plant kingdom have been reported (Figure 1 and Table 1) [36-39]. For instance, the
first diterpene gene cluster in Oryza sativa and triterpene gene cluster in arabidopsis
(Arabidopsis thaliana) was identified in 2004 and 2008, respectively (Figure 1 and
Table 1) [40, 41]. With the exception of a few metabolic gene clusters, most plant
metabolic gene clusters were identified with a time lag following the publication of the
plant genomes to which they belong (Figure 1). It appears that while metabolic gene
clusters are generally found in the genomes of all plant species, they remain the
exception rather than the rule in describing the organization of genes associated with
metabolic pathways unlike the situation in microbes.

Generally, two main strategies have been used for gene identifying and
characterizing: forward genetic (from phenotype to gene) strategies and the reverse
genetics (from gene to phenotype) strategies (Figure 2). In the identification of plant
gene cluster, forward genetic strategies are one of the powerful strategies that have been
verified multiple times. Genome-wide association studies (GWAS), map-based cloning,
and bulked-segregant analyses are three common forward genetic approaches used for
causal gene(s) identification and characterization. Among these, the genome-wide

association studies (GWAS) and map-based cloning demonstrated great utility in the
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identification of metabolic gene clusters in plants (Figure 2A and 2B). For example,
five clustered genes encoding enzymes required for the biosynthesis of cucurbitacins
were successfully identified through genome-wide association analysis using variation
maps of 115 different cucumber varieties [42] (Figure 2A). In tomato, a natural
population consisting of 600 lines were studied by using systematic metabolome and
genomic analysis strategies. A potential gene cluster on chromosome 10 containing a
P450 oxidoreductase, an acyltransferase, an acetyl-CoA dehydrogenase and an UDP-
glucosyltransferase, in addition to the previously identified gene cluster on
chromosome 7 was uncovered [43, 44]. Further study showed that this locus was
responsible for the natural variation of the toxic anti-nutritional factor a-solanine in
tomato [44]. Recently, Zhan and Shen et al. performed metabolic GWAS (mGWAS) in
monocot rice populations and revealed three brand-new gene clusters: diterpenoid gene
cluster on chromosome 7, DGC7; hydroxycinnamoyl tyramine gene cluster, a HT gene
cluster; a hydroxycinnamoyl putrescine gene cluster and a HP gene cluster [30, 31, 45].
They also demonstrated that all end-products synthesized by these three gene clusters
can confer disease resistance in rice [30, 31, 38, 45, 46]. Comparison of the
transcriptome of stems and capsules from opium poppy varieties HN1, HM1 and HT1
(which producing high levels of noscapine, high morphine, and high thebaine,
respectively) revealed 10 co-expressed genes specifically existed in HN1 [47]. By
screening the HN1 Bacterial Artificial Chromosome (BAC) library and analyzing the
F2 population, a 10 gene metabolic gene cluster specific to HN1 was found, which is
responsible for the production of noscapine [47]. Through using seventeen putative
mutants that were crossed into an inbred line of maize, Bx//BxI. The first plant
metabolic gene cluster — the DIMBOA gene cluster was identified [35]. A few years
later, Qi et al. used the recombinant inbred lines that derived from A. strigose C13815
x A. wiestii C11994 to successfully map the gene, AsbASI, which responsible for
biosynthesize the beta-amyrin which is the skeleton of avenacins [48]. Further studies
uncovered that this gene was part of an antimicrobial triterpenoid gene cluster at the

locus, containing a total of 12 genes [49, 50]. In barley, Cer-Cqu was mapped to a
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discrete location on chromosome arm 2HS using population mapping method.
Combined with BAC library data and sequencing, three candidate genes (Cer-C, Cer-
Q and Cer-U) were identified [51]. These three genes were distributed over a 101 Kb
chromosomal interval and were highly co-expressed in leaf sheath tissue, confirming
that they formed a metabolic gene cluster that catalyzed the biosynthesis of f-diketone.
Taken together these studies clearly illustrate the power of forward genetics in the
identification of plant metabolic gene clusters.

The advent of multiple omics technologies has offered us new strategies for the
identification of the plant metabolic gene clusters (Figure 2C). The bio-informatic
computational pipeline strategy is a special reverse strategy worthy to mention here.
For example, algorithms such as PlantiSMASH and PhytoClust have been developed
and applied to predict the secondary metabolic gene clusters in plants [52, 53]. Both
tools adopt accurate Hidden Markov Model profiles (pHMMS) to judge different
biosynthesis genes and predict candidate gene clusters in combination with genome
locations. Generally, most of the retrieval rules of these computer algorithms are based
on the typical combination of the “signature enzymes” and “tailoring enzymes” (Figure
2C). For example, the terpene synthase (TPS) and cytochrome P450 enzyme (CYP450)
are the main types of enzymes that are involved in terpenoid metabolic pathways. Of
these, the terpene synthases are considered to act as the “signature enzymes”, whereas
cytochrome P450 enzymes are “tailoring enzymes”. Based on these basic rules, Topfer
Nadine et al., searched TPS/CYP450 combinations across multiple plant genomes and
identified both known and novel terpene gene clusters [53]. It is known that this
approach is able to render the identification of plant metabolic gene clusters more facile
and the accuracy of such predictions will be increased through integration of genome
and transcriptome data (Figure 2D and 2E) [52, 53]. Availability of user-friendly
interfaces for such algorithms in combination with developments in the fields of next-
generation sequencing, analytical chemistry, synthetic biology, and systems biology
will considerably accelerate the speed of discoveries of gene clusters in diverse non-

model plants. Specifically, the combination of different strategies, such as different
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omics, will provide more clues to narrow the gap between phenotypic diversity and
genetic variation. For example, through parallel mGWAS and a gene-based association
analysis using metabolic, genetic, and phenotypic data, new candidate gene clusters for

the natural variation in content of tyramine were identified [31].

Cluster Constituents and Organization

Constituents of Metabolic Gene Cluster
Plant metabolic gene clusters, reported so far, range from ~ 35 kb to several hundred
kb in size and consist of three to 15 genes [49, 54]. In addition to the signature enzyme
that initiate the metabolic pathway, the metabolic gene cluster usually contains various
modifying enzymes, such as: cytochrome oxidases, glycosyltransferases,
acyltransferases, methyltransferases, dioxygenases, carboxylesterases,
dehydrogenase/reductases, transaminases, etc. The detailed characteristics and
examples of plant metabolic gene clusters components mentioned above that have been
summarized in previous reviews [29, 55]. In general, the richer the variety and number
of modifying enzymes in a gene cluster, the larger the gene cluster needs to be.
Interestingly, recent studies have shown that in addition to genes encoding enzymes
other genes, encoding transporters and cofactor synthases, can also be associated with
plant metabolic clusters [31, 56]. Darbani Behrooz et al. have reported that the
cyanogenic glucoside gene cluster consists of four different genes: CYP79D3,
CYP79D4, CYP736A2 and UGTS85K3. Another study uncovered that the gene
SbMATE?2, which encodes a transporter that is required for the transport of non-
endogenous cyanogenic glucosides is located within the same cluster in Sorghum
bicolor [56]. A cofactor is a non-protein substance which is required for a protein to be
catalytically active. In the hydroxycinnamoyl tyramine (HT) gene cluster, besides the
biosynthetic genes (tyrosine decarboxylase, OsTyDCl1; tyrosine decarboxylase,

OsTyDCl; acyl transferases, OsTHT1 and OsTHT2), a pyridoxal 5-phosphate (PLP)
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cofactor synthetase OsPDX3 is also embedded in these gene clusters [31]. PLPis a type
of cofactor that is required for the catalysis of enzymes such as transaminases,
isomerases, decarboxylases, racemases, aldolases, deaminases, and aminotransferases.
In vitro enzyme analyses demonstrated that the HT gene cluster member OsPDX3 acted
as a cofactor donor for the PLP-dependent tyrosine decarboxylase OsTyDCl,
suggesting that the cofactor synthase was indirectly necessary for the production of the
end products (Figure 3A). Such step-by-step characterization not only enriches our
understanding of the scope of their function but also broadens our understanding of the
enzyme catalog of gene cluster components. Indeed, the presence of these novel
members suggest that bioinformatic tools will need to be refined in order to

accommodate such members of plant metabolic gene clusters.

Organization of Metabolic Gene Cluster

Various plant gene clusters have been described and most fall into the compact gene
cluster type. Here we will also discuss the type of super metabolic gene clusters (Figure
3).

The thalianol gene cluster in arabidopsis is the smallest plant compact gene cluster
with only 35~38 Kb [41]. Other clusters belonging to this structural form are the
falcarindiol gene cluster in tomato [32], the hydroxycinnamoyl-tyramine gene cluster
[31], the 5,10-diketo-casbene gene cluster in rice and the dhurrin gene cluster (Figure
3A) [30, 56, 57]. Interestingly, combined with the analysis of metabolite biosynthesis
pathway, it was found that the distribution order of the compact gene cluster members
was roughly collinear with the reaction steps, revealing a new pattern for plant
metabolic gene cluster assembly [49]. For example, the genes within the noscapine gene
cluster in opium poppy could be roughly divided into three reaction sequence modules.
The early module contains CYP82Y1, PSMT3, CYP719A21 and PSMTI; the middle
module contains CYP82X1, CYP82X2, PSATI and PSMT2; the late module contains
PSSDR1 and PSCXE1, which exactly corresponds to sequentially genome organization

in poppy [47]. Moreover, the organization of the avenacin cluster components appears
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to be broadly collinear with the order of the biosynthetic pathway on oat chromosome
1. Specifically, the gene encoding the first step bAS1/Sadl is located closest to the
telomere and the late pathway genes including CYP72A476, UGT91G16 and TG1/Sad3
that are also required for avenacin biosynthesis are more distal to the telomere [49]. The
authors proposed that placing UGT91G16 and TG1/ SAD3 genes farthest from the
telomeres may be a gene arrangement strategy to mitigate the occurrence of toxin
accumulation caused on telomere deletions. These examples show that collinearity of
gene order and biosynthetic pathway reactions is quite common in compact pathways
identified to date and may provide some insight into how gene clusters have evolved in
response to natural selection.

One possibility is that compact gene clusters offer a selective advantage in their
co-expression, co-inheritance or in the construction of metabolons. Metabolon is a
complex formed by the non-covalently bound interactions of enzymes that promote
substrate channeling between successive steps in metabolic pathways [58, 59]. This
organization type may promote the efficient delivery of intermediates and prevents
unnecessary metabolic crossovers to maintain metabolic flexibility. Until now, with
neither the glycolytic metabolon nor the TCA cycle metabolon [60, 61] forming plant
metabolic gene clusters, the dhurrin gene cluster is the only metabolic gene cluster that
is able to form metabolons [62, 63]. UGT85B1 interacts with CYP79A1 and CYP71El1
to form a channel complex that guides the rapid flow of metabolic intermediates to
dhurrin biosynthesis [57]. Gene fusions that contain multiple domains can be
considered as a tighter physical association of a metabolon. One such example is
STORR [(S) - to (R)-reticuline] a fusion of a cytochrome P450 and oxidoreductase genes
that resulted in the key gateway reaction essential for morphine biosynthesis in opium
poppy [64]. Interestingly, STORR is a member of the 15 gene BIA cluster in opium
poppy [65]. Collectively, this modular assembly implies that for some metabolites
plants may have experienced selective pressures that has resulted in not only gene
clustering but specific ordering of genes within a cluster. Whether or not this relates to

metabolon function remains to be determined but the evidence to date suggests such
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ordering is the exception rather than the rule.

Loose gene clusters are defined as closely adjacent core gene cluster components
and distantly distributed metabolic pathway initiation enzymes, modification enzymes
or regulators, indicative of a fragmented pathway (Figure 3B). For example, the
majority of the genes that comprise the cucurbitenol gene cluster including the gene for
the oxidosqualene cyclase, three different types of CYP genes and an acyltransferase
gene are clustered on chromosome 6. However, the other four CYP genes that from the
gene cluster that is also required for cucurbitacins biosynthesis are located on
chromosome 3 and chromosome 1, respectively (Figure 3B). In addition, two
transcription factors which can regulate the synthesis of cucurbitacin C are located on
different chromosomes to the core gene cluster [66]. Similarly, both the a-solanine
biosynthetic gene cluster of tomato and the a-solanine synthetic gene cluster of potato
are typical loose gene clusters, whose components are mainly distributed on
chromosome 7 and chromosome 12, with the major structural genes being collinear
between tomato and potato (Figure 3B) [43]. This phenomenon implies that loosely
arranged gene clusters among close- homology species may have experienced common
evolutionary trajectories. In summary, the loose gene cluster is a broader definition of
metabolic gene cluster that may reflect an intermediate form of dynamic clustering gene
cluster components from related pathways. Whether these components will continue to
operate remotely or, in future, form more tightly packed clusters remain to be seen.

Super gene clusters may be defined as different metabolic gene clusters coming
together as hotspots in the genome. Recently, studies have shown that the gene cluster
responsible for the synthesis of middle-chain acyl sugars in tomato is composed of
tricyclic specific SI-AACS (acyl-CoA synthase) and SI-AECH (ethyl CoA hydrase)
genes, which are closely arranged on chromosome 7 (Figure 3C). Interestingly, the
organization of these genes, along with the sterol alkaloid gene cluster, form such a
"super metabolic gene cluster" in tomato [43, 67]. Tomato steroid alkaloids and
acylsugars both play defensive roles in plants, but are structurally distinct and stored in

different tissues. Co-localization of these gene clusters may confer a selective
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advantage through an additive or synergistic effect of numerous defensive metabolites.
Similarly, another recent study based on the obtained high-quality complete genome
information, using plantiSMASH algorithm analysis and cluster density score revealed
that the terminal 100 Mb region of chromosome 1 in A. strigosa genome is a gene
cluster hotspot that contains a total of 19 putative gene clusters, of which 17 clusters
include at least three co-expressed genes, where the avenacin gene cluster is located
[49]. This poses the question why so many different gene clusters are grouped in the
same locations, such as the sub-telomeric regions of eukaryotic genomes? Answering
this question will require that we continue mining the metabolic gene clusters from a
wider range of plant species and analyzing the effects of gene clusters in both

evolutionary and ecological contexts.

Classes of Metabolites synthesized by gene clusters

Clusters of non-homologous genes responsible for the biosynthesis of diverse classes
of specialized metabolites have been reported in arabidopsis, rice (Oryza sativa) and a

range of other plant species (Figure 4).

Oxylipins

Falcarindiol (FAD, FaDOH, (3R,8S)-Falcarindiol), a cytotoxic and anti-inflammatory
polyacetylenic oxylipin, present in many edible crops such as tomatoes, carrots and
celery, exhibits antifungal, anti-bacterial, antimutagenic and anticancer activities, and
it could be potentially used as a food additive (Figure 4) [32, 68-70]. The genes
(ACETla, Solycl2g100250; ACET1b, Solycl12g100270), which encode a desaturase
and a decarboxylase respectively, have been proved to form a falcarindiol gene cluster

(Figure 4) [32].

Terpenoids
Terpenoids are the most structurally diverse group of plant metabolites and more than

half the known metabolic gene clusters are associated with pathways for terpene
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biosynthesis. A noteworthy example is the diterpene gene clusters in rice. Rice can
produce large quantities of labdane-related (which includes the ubiquitous gibberellins)
and casbene-type diterpenoids. The former includes momilactones A&B [71-74],
phytocassanes A-E [75, 76], oryzalexins A-F [77-80], oryzalexin S [81] and the latter
include 5,10-diketo-casbene [30]. Most of these specialized metabolites are produced
by biosynthetic pathways encoded by metabolic gene clusters and additionally exhibit
antimicrobial properties [30, 82]. A recent study revealed that the labdane-related
diterpenoid in rice not only play important roles in rice disease resistance and act as
important allelochemicals, but may also act as a regulatory switch that triggers stomatal
closure [83-85]. Results suggest that CPS2 and/or CPS4 knockout lines exhibit
significantly increased susceptibility to drought [85]. While casbene-type diterpenoids
have only so far been reported in rice from among the Poaceae [86, 87], they are
widespread in the Euphorbiaceae family of plants where they are recognized for their
pharmacological activities [88-91]. These diterpenoids are produced by gene clusters
that are evolutionary conserved across the Euphorpbiaceae [92, 93]. Most interestingly,
casbene synthesizing enzymes have evolved independently in the Poaceae and
Euphorbiaceae but both have adopted a strategy of forming gene clusters for production
of the same diterpenoid class of molecules [30].

Other terpenoid compounds associated with metabolic clusters include thalianol
[41], arabidiol [94], tirucalladienol [95] and marneral [96] in Arabidopsis thaliana,
avenacin [48] in Avena strigose, kauralexins [97] and zealexins [97] in maize,
cucurbitacin C [42, 66] in cucumber, cucurbitacin B [66] in melon and cucurbitacin E
[66] in watermelon, 20-hydroxy-betulinic acid in Lotus japonicus and monoterpenes in
Solanum lycopersicum [9, 97, 98]. The triterpene gene clusters were reported to play
important roles in modulating the Arabidopsis thaliana root microbiota [95]; disk
assays for antifungal activity revealed that Avenacin A-1 is an antifungal triterpenoid
[99]; Cucurbitacin C is associated with the distinctive taste of cucumber and confers
bitterness on the entire plant [42]. Similarly, 20-hydroxy-betulinic acid may be involved

in the process of nodulation [100], however, the functions of arabidopsis marneral,

12
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maize kauralexin and zealexin and the S. lycopersium monoterpenes are at present less

clear.

Phenylpropanoids

Phenylpropanoids are large, structurally diverse, and widely distributed compounds
[101] and to date only two metabolic gene clusters have been shown to be associated
with these compounds [31, 45]. A combination of metabolite-based genome-wide
association studies (mGWAS), biochemical validation and co-expression data
identified gene clusters associated with biosynthesis of the aromatic
hydroxycinnamoyl-tyramine [31] and aliphatic hydroxycinnamoyl-putrescine (Figure
5) [45] phenolamines in rice. Further pathogen incubation assays with transgenic
material demonstrated that both aromatic and aliphatic phenolamines contribute to
enhanced disease resistance to Magnaporthe oryzae (M. oryzae). In addition, the
aromatic hydroxycinnamoyl-tyramine also displayed broad-spectrum disease
resistance to bacterial blight (Figure 5). Together, these results indicate that the
phenomenon of gene clustering also extends to the biosynthesis of phenylpropanoid
pathway derivatives [31, 45]. Similarly, in this respect is the recent extension of the
flavonol-phenylacyltransferase (FPT) cluster in a recent study examining the evolution
of high light responses suggest clustering is involved in some steps of phenylpropanoid

biosynthesis [39].

Benzoxazinoids

A further set of widely distributed compounds — the Benzoxazinoids (Bxs), are a class
of specialized metabolites that were discovered in the 1950’s in cereals [102].
Benzoxazines have been shown to be involved in a range of biological processes, such
as defense against pathogens and resistance to insects [103, 104]. 2,4-dihydroxy-7-
methoxy-1,4-benzoxazin-3-one (DIMBOA) is the key defensive compound in maize
(Zea mays) (Figure 4). As a representative Bxs, DIMBOA biosynthesis has been

reported to be mediated by a metabolic gene cluster [35]. The complete biosynthetic
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pathway involves nine enzymes (Bx/ to Bx9) which act sequentially in the synthesis of
DIMBOA-glucoside from indole-3-glycerol phosphate. In the beginning, the 2.4-
dihydroxy-1,4-benzoxazin-3-one (DIBOA) gene cluster was defined as a group of five
genes (Bx 1-5). However, further experiments revealed that there are four additional
genes (Bx6-Bx9) that are required for biosynthesis of DIMBOA [105-107]. Interestingly,
this cluster is split in other plants of the Poaceae [108, 109]. For example, the cluster
genes are split in two parts in wheat. One part (Bx3, Bx4 and Bx5) of them is located on
the short arm of chromosome 5 (A-, B- and D-genome), another part (an additional Bx3
copy) was detected on the long arm of chromosome 5B [107]. Similar to the metabolites
biosynthesized by already characterized plant metabolic gene clusters, both DIBOA and
BIMBOA can confer the pathogen resistance and also contribute to defense against

herbivores [109].

Alkaloids

Alkaloids are a class of basic nitrogen containing natural products and in plants are best
known for their pharmacological activities. In Papaver somniferum (opium poppy) a
cluster of 10 genes encode enzymes for production of the antitussive and anticancer
compound noscapine which is a member of the phthalideisoquinoline subclass of
benzylisoquinoline alkaloids (BIAs; 118). Assembly of the opium poppy genome led
to the discovery that the noscapine gene cluster is part of a larger 15 gene cluster that
also encodes five enzymes involved in the pathway leading to production of the
morphinan class of BIAs which include the well-known analgesic painkillers codeine
and morphine (Figure 4) [47, 65, 110, 111].

Steroidal glycoalkaloids (SGAs) in species of the Solonaceae can act as
antinutritional alkaloids [112]. Comparative analysis between potato and tomato has
revealed an array of ten genes encoding enzymes of SGAs biosynthesis [43]. Six of
these genes are located in an adjacent region of chromosome 7, whereas two others are

on chromosome 12 [43].
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Cyanogenic glucosides

Over 2,600 plant species, including a number of cereals (i.e. barley, Hordeum vulgare;
rye, Secale cereal; oat, Avena sativa; wheat, Triticum aestivum; sorghum, Sorghum
bicolor; sugar cane, Saccharum officinarum; millet, Setaria italica; maize, Zea mays
and rice, Oryza sativa), have been confirmed to contain cyanogenic glycosides (CGs)
(Figure 4) [113]. Up to now, about 60 kinds of cyanogenic glycosides have been found
[62]. Interestingly, three different kinds of amino acids (L-valine, L-isoleucine and L-
tyrosine) are involved as precursors, and the genes that are responsible for their
biosynthesis are also clustered [62]. The CYP79D3 gene in Lotus japonicus encodes a
cytochrome P450 enzyme that is responsible for the first step in cyanogenic glucoside
biosynthesis. Meanwhile, the other two genes (CYP736A2 and UGTS85K3) which are
located around the CYP79D3, together with CYP79D3 constitute the entire pathway for
cyanogenic glucoside biosynthesis [62]. Interestingly, the gene of SbMATE2 in
Sorghum bicolor that encode a transporter is also located in the cluster and is co-
expressed with the other biosynthesis genes [56]. Evidence suggests that these CGs may
play an important role in survival against pathogens or herbivores [114]. Earlier reports
suggest that CGs can act as a kind of herbivore deterrents to protect the Arabidopsis
thaliana and Sorghum bicolor [113, 115]. Another study found a relationship between

Fusarium wilt resistance in flax and HCN release in roots [116].

Other metabolites

The f-diketones are polyketides that are also encoded by a gene cluster (Figure 4) [51].
As the main components of leaf surface wax, the f-diketones protect against pathogens
and pests [51]. Recently, a tomato gene cluster on chromosome 7 that is involved in
acyl-sugar accumulation has been identified. This cluster co-localizes with the steroidal
alkaloid gene cluster [65, 67, 117]. Interestingly, both acylsugars and alkaloids are

active defensive compounds in plants.
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Regulation

It has been shown that plant metabolic cluster genes are intended to be co-expressed or
accordingly co-regulated. In general, the spatiotemporal expression patterns of gene
clustering components are closely related to the accumulation patterns of metabolites.
Acylsugars are mainly found in the glandular trichomes of Solanaceae [67]; the
noscapine and pro-morphinan genes of the BIA gene cluster are coordinately regulated
with noscapine and morphinan accumulation in the stems and capsules of opium poppy
[47]; avenacin preferentially accumulated in oat root tips [48, 49]. These studies
demonstrate that expression of genes in metabolic clusters is consistent with the tissue
specific accumulation of the corresponding metabolites. While the discovery of
metabolic gene clusters in plants has advanced our understanding of the related
metabolic pathways, we are only beginning to understand the relevance of gene
expression for gene cluster formation. In the following section, we summarize current
knowledge of the regulatory mechanism for metabolic gene clusters starting from

transcription factor to chromatin modifications.

Transcriptional regulation

Not surprisingly transcription factors play a role in regulation of genes that are clustered.
Momilactone A&B, phytocassane A-E, oryzalide A-C and oryzalexin A-F are
diterpenoids, and their biosynthesis is closely related to two classical diterpene gene
clusters in rice. A basic leucine zipper (bZIP) family transcription factor OSTGAP1 was
reported to be involved in regulating the synthesis of diterpenes in rice, it was found
that this could cooperatively but indirectly regulate the transcript level of the
diterpenoid gene cluster components [28]. Indeed, a couple of homologous basic helix-
loop-helix transcription factors controls expression of the cucurbitacin clusters in
cucumber, melon, and watermelon. Individual members of the group mediate diverse
fruit-, leaf-, and root-specific cluster expression patterns [66].

Different from the idea of co-regulation, some transcription factors reported to
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regulate certain components of gene cluster specifically. For example, GAMEY, an AP2
family transcription factor, regulates the transcription of a-solanine genes cluster
components GMAE4&7 by binds to another transcription factor, MYC2 in Solanaceae.
Notably, recently reports demonstrate that GLYCOALKALOID METABOLISM 9
(GAMEDY) is the transcription factor which regulates the biosynthesis of SGAs in potato
and tomato [118]. Transformation analysis of tomato and potato showed that expression
of genes associated with SGAs and the upstream mevalonate pathway are altered in
GAMEDY knockdown and overexpression plants [118]. Similarly, the bZIP transcription
factor OsAPIP5, a negative regulator of cell death, directly binds the
hydroxycinnamoyl-putrescine gene cluster component OsPHT4 promoter, repressing
its transcription [45]. Together, these cases suggest that the transcriptional regulation of
plant metabolic gene clusters may operate under mechanisms that we have not yet fully
explored. Further studies of transcription factor regulation cases are needed to gain

deeper insight into such mechanisms.

The epigenetic regulation

Chromatin modification plays an important role in the regulation of gene clusters in
plants. For instance, the chromatin mark of histone H3 lysine 27 trimethylation
(H3K27me3) is associated with repression of cluster expression. On the contrary, the
histone variant H2A.Z marks are associated with activation of cluster expression. As
reported, two clusters in A. thaliana are associated with chromatin decondensation.
These clustered pathways (thalianol and marneral clusters) are characterized by
chromatin signatures of trimethylation of histone H3 lysine 27 (H3K27me3) [119, 120].
The expression levels of the thalianol and marneral cluster genes were altered in the
CURLY LEAF (CLF) and PICKLE (PKL) mutants and these changes were restricted
to the clusters and did not extend to the genes that directly flank the clusters [119, 120].
Besides, another exciting finding concerning the chromatin regulation of these two gene
clusters is that they have also been positively regulated by the SWR1 chromatin

remodeling complex [119, 121, 122]. Further study revealed that ARP6 is indispensable
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for the incorporation of H2A.Z into nucleosomes and its mutant can alter the expression
of all four genes of the cluster [119]. Another interesting story of epigenetic regulation
of plant gene clusters is a histone demethylase JMJ705 that can directly regulate genes
from DGC7 (arice diterpenoid gene cluster) via methyl jasmonate-mediated epigenetic
control [30]. Further research uncovered that this gene cluster is implicated in rice

disease resistance [30, 46].

Natural Variation and Evolution

The genetic linkage of enzyme-coding genes in plant metabolic gene clusters confer to
them some features of coinheritance [29]. However, recent research revealed that this
phenomenon is only suit for the mature or fixed clusters [92]. Zhan et al. report the
identification of one terpene synthase (OsTPS28) and two cytochrome P450 oxidases
(OsCYP71Z2 and CYP71Z21) form a metabolic gene cluster in rice [30]. The pan-
genome data of DGC7 demonstrated that the intact DGC7 is highly enriched in the
Jjaponica varieties (102/109) compared to the indica varieties (13/313) (Figure 6).
Moreover, the results of Fst and 7 studies further revealed that the DGC7 was located
in the sweep region. These results suggested that the DGC7 was subject to selection
during the domestication in japonica while not in indica or in the wild rice ancestor O.
rufipogon [30]. Similarly, recent research uncovered that the natural variation of
chromosomal inversion exists in the triterpene gene cluster in Arabidopsis thaliana [41,
123]. This natural selection shuffles the distant genes into the thalianol cluster thereby
rendering it compact.

Apart from the structural variation, single nucleotide polymorphisms (SNPs) and
small indels are also an important part of natural variations and have been identified in
several different plant metabolic gene clusters. For instance, Shen et al., suggest that
the coordinated transcription of OsTyDC1 and OsTHT1 are influenced by natural
variation and this may be a reason for the combination of genes for favorable traits [31].
Genomic co-linear analysis of wild and cultivated rice species shows that due to lack

of the OsTyDC1 homologs, the Oryza punctata (BB genome lineage), Oryza
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brachyantha (FF genome lineage) have not formed the HT gene cluster. However, this
cluster is conserved in the AA genome lineage. Unlike the HT gene cluster, the
acylsugar gene cluster is missing or incomplete in most Solanaceae family species [67].
Another example is the steroidal glycoalkaloid gene cluster in tomato. A natural
variation of a Solyc10g085230 introduces a premature stop codon to this gene and this
variation can reduce the steroidal glycoalkaloid content during ripening [44, 65, 123-

127].

Concluding Remarks and Future Perspectives

DIMBOA is the first reported plant metabolic gene cluster, identified 24 years ago [35].
At that time no plant genomes had been published and scientists used a range of
molecular biology cloning methods to identify genes associated with specific proteins.
Although great achievements were made with these laborious approaches, they were
low-throughput and focused on specific enzyme activities. The first reported complete
sequence of a plant genome was that of Arabidopsis thaliana in 2000 [128]. This
landmark event greatly accelerated the process of functional annotation of plant genes.
The resulting gain in genome-level information sparked a rapid development period for
research on plant metabolic gene clusters. During the last decade, the advent of next-
generation sequencing and the development of multi-omics technologies greatly
improved our ability to identify and dissect metabolic gene clusters in plants. Many
aspects of the research of plant metabolic gene clusters have been considerably
expanded in this period, providing insights on biosynthetic genes and regulatory genes
[42], transcriptional regulation and epigenetic regulation [30, 119], and secondary
metabolism and primary metabolism [32]. However, the current rate of discovery of
plant metabolic gene clusters suggests that our catalog is far from complete.
Furthermore, in addition to existing tools such as genomics, transcriptomics,
metabolomics, epigenomics, proteomics, phenomics, next-generation sequencing and
advanced bioinformatics an ever-increasing arsenal of tools is being used to crack the

mysteries of plant metabolic gene clusters (Figure 7) [129-135]. Applying the advances
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in artificial intelligence (Al) are also worth considering. One of the primary means in
Al is deep learning which has been applied already in different fields related to plant
science. For instance, to improve the accuracy of protein 3D structure prediction [136].
In the foreseeable future, we believe that Al will also play an important role in the
research of plant metabolic gene cluster.

Apart from the enzymes that are responsible for the synthesis of compounds, co-
enzymes can also be an important part of plant metabolic gene clusters [31]. This hints
to the possibility that other kinds of genes or proteins, for example, transcription factors,
may also be located within gene clusters. In addition to the general structure of
individual gene clusters, super gene clusters represent a very compelling area for future
research. Given their characteristics, representing a combination of different metabolic
traits, it is worth thinking about why these combinations were selected during plant
genome evolution and which set of circumstances may have led to this. There are still
many mysteries embedded in plant genomes. The integration of association analysis
technology, including GWAS, rapid and efficient plant transformation [137-141], and
epigenetic and synthetic biology technologies, should render the analysis [137, 142-
146], discovery, and utilization of plant metabolic gene clusters more efficient as well
as allowing us deeper understanding of the mechanisms underlying their structure,
formation and utility. Of particular note in this respect is mGWAS which has proven a
highly effective manner of identifying plant metabolic gene clusters. Indeed, many of
the plant metabolic gene clusters reported in these studies were not present in the now-
defunct plant metabolic gene cluster databases such as Planti-SMASH and PhytoClust.
A second advantage of this approach is that it highlights only physiologically relevant
gene clusters, i.e. those whose variance controls the genetic architecture of the
accumulation of the pathway end-product, thereby ensuring the biological relevance of
their assemblies. As such, expansion of the scope of mMGWAS to encompass a broader
range of plant species will likely prove instrumental in the identification and genetic
dissection of plant metabolic gene clusters in the next decades (see also outstanding

questions).
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Glossary

Plant metabolic gene cluster: a group of closely linked non-homologous genes
encoding enzymes from a multi-step process such as the biosynthesis of a
secondary/primary metabolite in plants.

Super gene cluster: a large (two or more) metabolic gene clusters with related
functions colocalizing in a genomic region.

Multi-omics: the analysis that integrate more than one profiling technology — capturing,
for instance, the genome, transcriptome, metabolome, proteome and epigenome —
across a common set of the samples.

Natural variation: the genetic diversity of an individual organism under natural
conditions.

Specialized metabolism: The metabolites which have various functions, including
been used by humans as medicines, dyes, pigments, cosmetics, agrochemicals and so
on.
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Figure Legends

Figure 1. Timeline of the plant gene clusters and its related genomes. Left, the
timeline of the discovered plant gene cluster; Right, the timeline of the reported plant
genomes. DIMBOA, 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one; FPT, flavonol-
phenylacyltransferase; Zx, zealexin.

Figure 2. Strategies for plant gene cluster identification. (A) Identification of the
plant gene cluster through genome-wide association studies. (B) Identification of the
plant gene cluster through quantitative trait loci (QTLs). (C) Identification of the plant
gene cluster through special algorithms. (D) Identification of the plant gene cluster
through genome mining. (E) Identification of the plant gene cluster through the
combination analysis of omics data. The figures are modified from refs3!4%-80:118,

Figure 3. Types of cluster organization. (A) Compact gene clusters. (B) Loose gene
clusters. (C) Super gene cluster — combination of different metabolic gene clusters.

Figure 4. Main categories of plant metabolic cluster products and their
agronomic/medical functions. Terpenoid: Avenacin A-1 in Avena strigose;
Diterpenoid: Casbene diterpenoid: Casbene diterpenoid in Ricinus communis;
Phenylpropanoids: Feruloyl-tyramine in Oryza sativa; Benzoxazinoids: DIMBOA-
glucoside in Zea mays; Alkaloid: Noscapine in Papaver somniferum; Cyanogenic
glycoside: dhurrin in Sorghum bicolor; Fatty acids: f-diketones in Hordeum vulgare;
Falcarindiol in Solanum lycopersicum.

Figure 5. Two distinct phenolamide gene clusters confer broad spectrum disease
resistance in rice. Aromatic phenolamide gene cluster: hydroxycinnamoyl tyramine
(HT) gene cluster include a pyridoxamine 5’-phos-phate oxidase (OsPDX3) producing
the cofactor pyridoxal 5’-phosphate (PLP), a PLP-dependent tyrosine decarboxylase
(OsTyDC1), and two duplicated hydroxycinnamoyl transferases (OsTHT1 and
OsTHT?2) and this gene cluster conserved in Oryza AA genome lineage; Aliphatic
phenolamide gene cluster: hydroxycinnamoyl putrescine (HP) gene cluster include a
decarboxylase (OsODC) and two tandem-duplicated genes encoding putrescine
hydroxycinnamoyl acyltransferases (OsPHT3 and OsPHT4) and this gene cluster
conserved in monocots. Chr., chromosome.

Figure 6. The evolution of DGC?7. The relative proportion of six types of gene modules.
The intact DGC7 is highly enriched in the japonica varieties (102/109) compared to the
indica varieties (13/313), suggesting the selection of DGC7 during domestication.

Figure 7. The omics data can be used to crack the mysteries of plant gene clusters.

Various interaction networks exist both within each omics network and also between
omics networks. The features can help to crack the mysteries of plant gene clusters.
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containing
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Cyanogenic
glycoside
Cyanogenic

glycoside

Cyanogenic
glycoside

Secondary
metabolite

B-Phellandrene

Lycosantalonol

Casbene
diterpenoids

Casbene
diterpenoids

Casbene
diterpenoids

Casbene
diterpenoids

Momilactones

Momilactones

Momilactones

Phytocassanes
/oryzalides

Zealexin

Avenacins

Thalianol

Marneral
Tirucalla-7,24-dien-

3b-ol
Arabidiol

Cucurbitacins C

Cucurbitacins B
Cucurbitacins E
Thalianol
Tirucallol

20-Hydroxy-
betulinic acid

Linamarin/lotaustra
lin

Linamarin/lotaustra
lin

Dhurrin

Phyto
group

Eudicot

Eudicot
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Bryophyte

Monocots
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Plant species

Solanum
lycopersicum

Solanum
lycopersicum

Euphorbia
peplus

Jatropha
curcas
Ricinus
communis

Oryza sativa

Calohypnum
plumiforme

Echinochloa
crus-galli

Oryza sativa

Oryza sativa

Zea mays

Avena
strigosa

Arabidopsis
thaliana

Arabidopsis
thaliana
Arabidopsis
thaliana

Arabidopsis
thaliana

Cucumis
sativus

Cucumis melo
1L,

Citrullus
lanatus L.

Arabidopsis
lyrata
Capsella
rubella

Lotus
Jjaponicus

Lotus
Jjaponicus

Manihot
esculenta

Sorghum
bicolor

Expression
pattern

Induced co-
expression

Induced co-
expression

Root

Root

root/leaf

Induced co-
expression

Induced co-
expression

Induced co-
expression

Induced co-
expression
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expression

Root

Root

Root
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Induced co-
expression

Stem/leaf/fruit

Root/fruit
Root/fruit

Root

Buds

Root/induced
co-expression

Not strictly co-
expression

Not strictly co-
expression

Not strictly co-
expression

Table 1. Clustered pathways for the biosynthesis of plant natural products

Method of cluster
discovery

Characterized
biosyntheticgenes to
cluster

Characterized biosynthetic
genes to cluster

Characterized biosynthetic
genes to cluster

Genome mining; genetics

Cluster mining;
characterized
biosyntheticgenes to
cluster

mGWAS-based discovery

Characterized biosynthetic
genes to cluster; genomics

Induced co-expression
based discovery

Characterized biosynthetic
genes to cluster

Characterized biosynthetic
genes to cluster

Characterized biosynthetic
genes to cluster

Forward screen mutants

Induced co-expression
based discovery

Cluster mining
Cluster mining

Cluster mining

Forward screen the Bi
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Comparative genomics

Comparative genomics
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Cluster mining
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Refs.

(37]

[147]

[92]

[92]

92]

(30]

[148]

(83]

[40,
149]

[150]

[97]

[41,
48-50,
151,
152]

[96]

[94]
[153]

42]

[66]
[66]
[95,
124]

[124]

[100]

[62]

[62]

[62]



946

947

Alkaloid

Alkaloid

Benzenoids

Phenyl-
propanoids

Fatty acids

Benzylisoquin
oline
alkaloid

Steroidal
alkaloid

Teroidal
alkaloid

Hydroxamic
acid

Hydroxamic
acid

Phenylpropano
id derivatives

Phenylpropano
id derivatives

Phenylpropano
id derivatives

Polyketide

Modified fatty
acids

Sugar aliphatic
esters

Sugar aliphatic
esters

Sugar aliphatic
esters

Noscapine

a-Tomatine

a-Chaconine
a-Solanine

2,4-dihydroxy-7-
methoxy-1,4-
benzoxazin-3-one
(DIMBOA)

2,4-dihydroxy-7-
methoxy-1,4-
benzoxazin-3-one
(DIMBOA)

Hydroxycinnamoyl-
tyramine

Hydroxycinnamoyl-
putrescine

Hydroxycinnamoyl-
agmatine

b-Diketones

Falcarindiol

Medium chain
acylsugar

Medium chain
acylsugar

Medium chain
acylsugar

Eudicot

Eudicot

Eudicot

Monocots

Monocots

Monocots

Monocots

Monocots

Monocots

Eudicot

Eudicot

Eudicot

Eudicot

32

Papaver
somniferum

Solanum
lycopersicum

Solanum
tuberosum

Zea mays

Echinochloa
crus-galli

Oryza sativa

Oryza sativa

Brachypodiu
m distachyon

Hordeum
vulgare

Solanum
lycopersicum
Solanum
lycopersicum

Solanum
pennellii

Solanum
melongena

Stem

Fruit

Tubers

Induced co-
expression

Induced co-
expression

Induced co-
expression

Induced co-
expression

Induced co-
expression

Leaf sheath

Induced co-
expression

Trichome

Trichome

Trichome

Forward screen; Tissue-
specific coexpression

Characterized biosynthetic
genes to cluster

Characterized biosynthetic

genes to cluster;
Comparative genomics

Forward screen screen for
bxI mutants

Cluster mining

mGWAS-based discovery

mGWAS-based discovery

Induced co-expression
based discovery

Forward screen the Cer-
cqu leaf wax locus

Induced co-expression
based discovery
Forward screen; Tissue-
specific coexpression

Comparative genomics

Comparative genomics

[47]

[43]

(43]

[35,

105,

106,
154]

(83]

(31]

[45]

[155]

[51]

(32]

[67]

[67]

[67]



Outstanding Questions

10

11

12

13

Outstanding Questions
How to dissect the regulatory mechanisms, natural variation, evolution, constituents
and function of plant metabolic gene clusters more directly and efficiently with multi-

omics strategies?

How to reveal and simulate the full life cycle (birth, life and death) of plant metabolic

gene cluster?

Why do most of the class of compounds biosynthesized by the plant gene cluster belong

to secondary (or specialized) metabolites rather than primary metabolites?

How can we rationally develop the synthetic biology strategies for the production of

bioactive compounds biosynthesized by the plant gene cluster?
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