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In the original definition, synteny implied physical co-localization of genetic loci – i.e., 

genes – as demonstrated by genetic linkage. This applies to the emerging realization that 

plants appear to have shuffled their genomes to assemble biosynthetic gene clusters (BGCs) 

for more specialized metabolism (Nutzmann et al., 2018). However, this assembly process is 

not well understood. Indeed, the evolutionary timescale over which these BGCs can be 

assembled, or persist, has not been widely explored. In this issue of New Phytologist Liu et 

al. (pp. 1109–1123) have carried out such analysis of a particular type of BGC in the 

Brassicaceae. Specifically, by anchoring their studies with oxidosqualene cyclases, the 

authors are then limited to examining triterpenoid metabolism. Nevertheless, within this 

context comprehensive bioinformatic analyses were carried out, along with biochemical 

characterization of selected BGCs. The results strongly indicate that at least these 

Brassicaceae triterpenoid BGCs exhibit a surprisingly dynamic nature, with many clearly 

having arisen since the evolutionary divergence of the constituent species examined here. In 

particular, while synteny is evident, the co-clustered genes generally are differentially 

ordered and, although often containing members of the same enzymatic sub-families, 

phylogenetically distinct. Distinct triterpenoid natural product outcome was shown for two 

such BGCs by recombinant biochemical characterization. By contrast, others of these BGCs 

appear to have persisted, with their orthologous function demonstrated by biochemical 

characterization for one pair, implying consistent selective pressure for retention of the 

resulting triterpenoids, with strong biological activity recently shown for at least the 

thalianol product of the pair of BGCs examined here (Huang et al., 2019). Accordingly, 

these BGCs are readily assembled, yet also can be retained, indicating more than just 

genomic instability underlies their appearance. While the results reported here strictly 

pertain to Brassicaceae triterpenoid BGCs, it seems most likely that such dynamic gene 

shuffling applies to plant BGCs more broadly, providing wider import.

As noted by Liu et al., the repeated appearance of genes from the same enzymatic sub-

families indicates that these provide “a core palette of triterpene-diversifying enzymes” that 

have been shuffled in such BGC assembly, and that these provide “natural combinatorics of 

enzyme families, which can be mimicked using synthetic biology to engineer diverse 

bioactive molecules”. Even beyond those enzymatic families highlighted here, it should be 

noted that other plant families may have utilized distinct enzymatic (sub-)families to 
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generate similar chemical diversity. For example, while Liu et al. suggest that the CYP716A 

sub-family of cytochrome P450 (CYP) mono-oxygenases appears only rarely, their own data 

indicates that members of this sub-family do exhibit a significant association with 

oxidosqualene cyclases. Thus, given the already noted frequent use of the CYP716 family in 

generating triterpenoid diversity (Miettinen et al., 2017), it can be hypothesized that 

members of this CYP family might be even more prevalent in triterpenoid BGCs in other 

plant families and, hence, should be included in the “core palette”. More generally, previous 

work on gene pairing of CYPs and terpene synthases more broadly has highlighted a number 

of other CYP families (Boutanaev et al., 2015), which can then be similarly hypothesized to 

serve in the “core palette” for diversification of smaller terpenoid natural products and, 

presumably, drawn upon for such combinatorial biosynthetic efforts as well.

One limitation of the results reported by Liu et al. is that the BGC conservation 

demonstrated by biochemical characterization involves species from same genus 

(Arabidopsis), which means the timescale of such conservation is somewhat restricted. 

Fortunately, work on a BGC associated with production of the diterpenoid momilactones in 

the Poaceae plant family provides at least one example of conservation over much greater 

phylogenetic distance. Similar to the Arabidopsis triterpenoid BGC, conservation of not only 

gene content but also order was observed between the momilactone BGCs found in rice 

(Oryza sativa) and its wild relative Oryza punctata, both of which produce this diterpenoid, 

while the more distantly related Oryza brachyantha does not produce momilactones nor 

contain the corresponding BGC (Miyamoto et al., 2016). More informatively, Echinochloa 
crus-galli, which falls into a different clade of the Poaceae than Oryza, nevertheless 

produces momilactones and contains an apparently orthologous BGC, although this has 

undergone minimization (i.e., loss of the local gene duplicates evident in Oryza), along with 

some change in gene order, yet phylogenetic analysis of the constituent genes indicates 

nearest homology to those from the Oryza BGC rather than with members of the relevant 

enzymatic families from more closely related plant species (Guo et al., 2017). Given the 

phylogenetic distance between E. crus-galli and Oryza it can be hypothesized that this 

orthology may reflect an ancient hybridization event, presumably enabled by overlapping 

geographic range of the extant species, and subsequent natural introgression of the 

momilactone BGC into the E. crus-galli lineage, indicating that there was strong selective 

pressure for production of this particular diterpenoid. Intriguingly, while genomic cohesion 

of the momilactone BGC in E. crus-galli might simply reflect the synteny required for 

introgression, another CYP is now found in this BGC. It can be speculated that this might 

play a role in momilactone biosynthesis, as the biochemical activity observed with a member 

of the same CYP76M sub-family has been used to suggest a role in rice momilactone 

biosynthesis (Wang et al., 2012a), but that then begs the question why this CYP is not 

present in the Oryza momilactone BGCs.

Answers to such questions may be found in the realization that plant BGCs assembly is not 

driven by the need for co-inheritance of the entire biosynthetic pathway as a discrete genetic 

locus. As noted above, the rice momilactone BGC is not “complete” in this sense. Instead, it 

has been hypothesized that BGC assembly in plants requires not only positive selection 

pressure provided by the bioactivity of the resulting natural product, but also negative 

selection against partial pathway inheritance (Takos & Rook, 2012), as the latter has long 
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been appreciated to drive genetic linkage (Fisher, 1930). Consistent with this hypothesis, 

deleterious effects from loss of genes encoding enzymes acting later in the biosynthetic 

process have been reported for at least a few plant BGCs, including that for momilactones in 

rice (Xu et al., 2012; Kemen et al., 2014). Strikingly, it appears that examination of 

momilactone biosynthesis will continue to be informative with regards to the effect that this 

particular diterpenoid biosynthetic pathway exerts on genome organization, as the early 

diverging land plant Hypnum plumaeforme produces momilactones and the only relevant 

gene identified to-date is clearly phylogenetic distinct (Okada et al., 2016). Thus, it will be 

of interest to determine if this moss also contains a corresponding BGC, as this presumably 

would have had to arisen via convergent evolution, and investigation of which might then 

help clarify the role of negative selection pressure in such BGC assembly.

Finally, it should be noted that the essentially exclusive use of vertical gene transmission in 

plants imposes distinct parameters on their assembly of BGCs relative to the horizontal gene 

transfer that drives microbial BGC synteny. In particular, genetic linkage of enzymatic genes 

for more specialized metabolism to essential genes negates any need to ‘recruit’ the former 

to a BGC as co-inheritance is guaranteed. For example, biochemical characterization of the 

rice CYP701A sub-family, which arose from multiple tandem gene duplication events and, 

hence, form an array in the rice genome, not only verified the ent-kaurene oxidase activity of 

the gene already known to be required for gibberellin phytohormone biosynthesis (Sakamoto 

et al., 2004), but also divergent activity for one of the paralogs indicative of a role in 

momilactone (Kitaoka et al., 2015), as well as other more specialized diterpenoid 

metabolism (Wang et al., 2012b). Such linked genes may then be absent from BGCs, but still 

fall into the “core palette” of diversifying/tailoring enzyme families and, of relevance to the 

contention of Liu et al., then be worth including in combinatorial biosynthetic efforts. By 

contrast, the CYP76M sub-family member suggested to play a role in rice momilactone 

biosynthesis is found within a different diterpenoid BGC, suggesting the potential for co-

evolution of BGCs found in the same lineage. While the role of these CYPs outside the rice 

momilactone BGC remain to be proven, the incomplete nature of this BGC certainly 

highlights the need to look beyond BGCs for the relevant enzymatic genes in plant natural 

products biosynthesis. In some sense, this hypothesis is consistent with the dynamic nature 

of plant BGCs indicated by the analysis of Brassicaceae triterpenoid BGCs reported by Liu 

et al in this issue, as such rapid gene shuffling must be driven by strong selective pressure, 

potentially both positive and negative as described above, but yet these BGCs do not seem to 

necessarily need to be ‘complete’. Accordingly, more work remains to be done to fully 

elucidate the impact that more specialized metabolism has had on plant genome 

organization, specifically the gene shuffling that leads to the close synteny of BGCs.
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