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ABSTRACT

Triterpenes are one of the most structurally diverse plant natural products. They play important roles in ecological and survival
strategies, contributing to protection against biotic and abiotic stresses. To date, the experimental characterization has shown
that the diverse compounds of triterpene in plants were synthesized from groups of chromosomally clustered enzymatic genes,
known as biosynthetic gene clusters (BGCs). However, how gene clusters are formed, and how plants make highly-diverged
gene clusters is merely understood. Our analyses reveal an evolutionary insight into triterpene clusters by comparison with
14 genomes across the Brassicaceae family and 3 genomes from closely related families to Brassicaceae. We predicted a
total of 158 triterpene clusters with more than 100 novel triterpene cluster candidates, which allowed for a chance to study
the evolutionary dynamics. Our evolutionary analysis and phylogenetic reconstruction showed that the number of triterpene
biosynthetic gene clusters have no correlation to the genome size. We further show that the triterpene clusters are more likely
to be evolved from tandem array duplication rather than whole-genome duplication events. We first reveal that the putatively
functional triterpene cluster is most likely to be formed by the Oxidosqualene cyclases (OSCs) genes that particularly are found
in an early diverging OSCs domain. We highlight that the triterpene clusters are rapidly evolving even among closely related
species, which is in contrast to the feature of prokaryotic gene clusters. We further identified that biosynthetic genes in the
triterpene clusters are evolutionarily more conserved compared to non-biosynthetic genes, indicating a sign of strong purifying
selection. Collectively, our work provides a new footprint of the diversification of the triterpene clusters in plants.
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INTRODUCTION
Plant secondary metabolites (also referred to as “specialized metabolites”) are well-known to be synthesized for plant survival
strategies1, 2. These compounds typically play a role in the interaction of their own and environment, and may also be involved
in the developmental processes3, 4. In bacteria and fungi, secondary metabolites compounds are often produced from a group of
enzymatic genes physically clustered in the chromosome, called biosynthetic gene clusters (BGCs)5. These BGCs contain
enzyme-coding genes necessary for the synthesis of the corresponding metabolite’s core structure and side-chain modifications
that introduce specificity to the molecule6, 7. In plants, it has not always been clear how secondary metabolite BGCs are related
to secondary metabolic pathways. Recently, the first BGC in plants has been found in Maize, synthesizing a cyclic hydroxamic
acid 2,4-dihydroxy-1,4-benzoxazin-3- one (DIBOA) compound8. This was considered as a successive step to opening the door
to find an origin of a large community of plants secondary metabolites. Further investigation of plants’ BGCs were described in
Avena spp. for avenacin9, Oryza sativa for phytocassane10, and Arabidopsis thaliana for thalianol11; in total, up to twenty of
biosynthetic gene cluster from different plant species have been reported at the time of writing4. It is clear that the number of
identified plant BGCs is rapidly growing, suggesting that these forms of gene organization for synthesis of secondary metabolite
compounds in plants may be common12.

Among a wide variety of secondary metabolite compounds, one of the largest and most diverse groups is constituted by
Triterpenes, with more than 20,000 reported to date13. In triterpene biosynthesis, all triterpene compounds are derived from
a simple linear isoprenoid substrate 2,3-oxidosqualene. These substrate is then cyclized by oxidosqualene cyclase enzymes
(OSCs) to generate a triterpene scaffold. This cyclization step from OSC enzymatic reaction is the first committed step of the
triterpene biosynthetic pathway14–16. Currently, over a 100 different triterpene scaffolds converted from OSCs are known from
diverse plant species17. In addition, the resulting triterpene scaffolds are often followed by a concerted series of modification
steps using tailoring enzymes, such as cytochrome P450s, sugar transferases, and acyltransferases14, 18. This results in a massive
structural diversification of the triterpene compounds. Until now, many triterpene BGCs in plants have already been identified
in several species, for example those for the biosynthesis of thalianol and marneral in Arabidopsis thaliana11 , avenacin
A-1 in Avena spp.9, and a triterpene cluster in Lotus japonicus19. However, this is a small percentage from the number of



triterpene structures that have been identified in plants, and insight into the formation of triterpene BGCs and their evolutionary
relationships in plants lineages are still unknown20.

Brassicaceae (Cruciferae) is one of the most important plant families for human life: it comprises over 3,700 species
including model species in experimental biology (e.g., Arabidopsis thaliana) and economic crops (e.g., Cauliflower, Arabis,
Broccoli, Cabbages)21. This family is referred to as an outstanding evolutionary model in plant family from two main
reasons. First, the family contains extensive genome resources, with over 20 publicly available genome sequences from
GenBank database (http://www.ncbi.nlm.nih.gov/genomes/); and second, the model plant A. thaliana provide an
impressive information of gene annotation22. In addition, Brassicaceae experienced the most recent whole-genome duplications,
called alpha duplication, which open up opportunities to explore its early evolutionary history23, 24.

Here, we integrate genomic and phylogenetic approaches to study the evolutionary dynamics of the triterpenes clusters
from seventeen plant genomes (14 of Brassicaceae family and 3 additional genomes from others families). We show a clear
evidence of how triterpene clusters have been formed. We first present the new evidence of rapid evolution of triterpene clusters,
which have been found even in closely related species. We propose that both biosynthetic genes and non-biosynthetic genes are
influenced to rapid evolution of the triterpene clusters. In addition, we reveal that the biosynthetic genes show more evolutionary
conservation which can be interpreted as a sign of stronger selection, compared to non-biosynthetic genes

RESULTS AND DISCUSSION

Identification of triterpene gene clusters
To uncover the evolution dynamics of triterpene gene clusters, we first identified the triterpene gene clusters candidate using
automated pipeline, plantiSMASH. As a result, we found a total of 158 triterpene clusters with more than 100 novel triterpene
cluster candidates from fourteen genomes of Brassicaceae family and three additional plant genomes from other families, which
originated in ancient duplication events. The number of detected triterpene clusters per genome ranged from 3 in Carrica
papaya to 18 in Brassica juncea as seen in Supplementary Table 1. To see if the number of triterpene clusters was correlated
with the genome size, the ratio of number of clusters to genome size were calculated. The result showed that there was no
strong correlation between genome size and the number of triterpene clusters among taxa or lineages with the R-value of
0.065 (Figure 1A). We also compared this ratio among the taxa from the different whole genome duplication events and found
that the ratios were not different among the different duplication events as shown in Figure 1B. This may suggest that the
number of triterpene gene clusters in Brassicaceae family were evolved independently from whole genome duplication events.
However, when considering only within the Brassicaceae clade, we found that the averaged values of plants from the most
recent Brassicaceae lineage, Brassicaceae lineage I, had the higher average ratio (0.05) than the earlier diverging Brassicaceae
lineage, (lineage II at 0.02) (Figure 1B). These may suggest that the speed of triterpene cluster formation may be specific to the
different Brassicaceae lineage.

Figure 1. (A) Graph showing the correlation between the number of triterpene (Y axis) and genome size (X axis). (B) Bar
chart show the average ratio of Brassicaceae lineage I had the higher average ratio (0.05) than the earlier diverging Brassicaceae
lineage II (0.02).
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Triterpene clusters are likely to be formed with the recently derived OSCs domain
The reaction catalyzed by OSCs defines the first committed step to determine triterpene biosynthesis14. To understand the
evolutionary origin of triterpene biosynthetic gene clusters, the architecture of all triterpene gene clusters, including cluster-less
genomic neighborhoods of OSC genes, were mapped onto the phylogeny of OSCs domains from seventeen plant genomes.
From the phylogenetic reconstruction, we first spotted that the composition of triterpene clusters in closely related species
are similar, but not identical, as shown in Figure 2B. Unexpectedly, we cannot observe syntenic triterpene clusters in closely
related species, suggesting that the triterpene clusters were more likely formed by tandem duplication20 rather than by whole
genome duplication events. We further found that the accessions in the late diverging groups tend to have OSCs genes in a close
physical distance (Figure 2C), whereas the accessions in the more recently derived group often have individual OSCs genes
or multiple OSCs genes farther apart from each other (Figure 2A). We suggested that, in the early-diverging clade, a close
physical distance of OSCs genes was associated to fewer genes that encode triterpene modifying enzymes in the triterpene
clusters. The closed physical distance would produce excessive amount of intermediates, such as 2,3-oxidosqualene, which can
be used in alternative pathways instead of triterpene biosynthesis25, 26. This overproduction of these intermediate compounds
would result to a negative catalysis, which may be the driving force of OSCs genes in order to recruit the triterpene modifying
enzymes. Meanwhile, we further highlighted that OSC genes in the recently diverging groups are mostly clustered with at least
three triterpene-modifying genes, which are considered to be a putatively functional triterpene cluster5.

Figure 2. Phylogenetic relationships of OSCs domain mapped to biosynthetic genes from seventeen plant genomes.
(A) The clade delimited in blue lines indicates highly similar gene clusters from closely related species, but no identical pairs
were found. (B) The composition of the genomic neighborhoods surrounded by the red lines shows the early diversifying of
OSCs domain are most likely to recruit the triterpene modifying enzymatic genes. In contrast to the clade surrounded by the
green lines. (C) The composition of the genomic neighborhoods shows the late diversifying of OSCs domain are rarely to be
formed with the triterpene modifying enzymatic genes.
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Triterpene clusters in Brassicaceae are rapidly evolving
To further understand how triterpene clusters diverged in Brassicaceae, core biosynthetic genes of the earliest diverging clade
were used to build a dissimilarity index heatmap of gene clusters. The dissimilarity values were ranged from 0 to 1, which
indicates low-dissimilarity to high-dissimilarity respectively. Overall, the heatmap of the dissimilarity index (Figure 3) showed
a high diversification of gene clusters among taxa, with a slightly lower value among the closely related species. The example
can be observed in Brassica spp. and Arabidopsis spp. In the Brassica spp. (including B. napus, B. juncea. B. rapa, B. nigra
and B. oleracea), seven triterpene clusters showed about 40 percent of dissimilarity among the gene clusters (Figure 3C).
While the gene composition in clusters was identical, many genes were fragmented and re-organized. Another evidence of
rapid evolution of the gene cluster could be highlighted in Arabidopsis thaliana and Arabidopsis lyrata. Both species have
the identified gene clusters, encoding the biosynthesis of thalianol, which contained the same biosynthetic gene composition,
OSC, CYP708, CYP705 and BAHD acyltransferase. Because the thalianol clusters have been recently recruited at 17.9 ±4.8
Mya27, and these clusters have been only found in Arabidopsis spp., we expected to see a very low dissimilarity of the thalianol
clusters within Arabidopsis thaliana and Arabidopsis lyrata, but the cluster dissimilarity showed about 30 percent differences
between the thalianol clusters (Figure 3B). To further understand the sources of dissimilarity in thalianol clusters, the amino
acid sequences from each clusters’ genes were used to calculate the sequence similarity index by using Fitch matrix in SeqINR
package28 and displaying it as a heatmap. The result of this can be seen in Figure 4A, where yellow indicates the low similarity
and blue indicates the high similarity. The BAHD acyltransferase showed about 50 percent similarity, while the OSC, CYP708,
and CYP705 showed about 90 percent similarity (Figure 3A). The rapid evolution among Arabidopsis spp. could be further
supported by the non-synonymous (dN) and synonymous (dS) ratio, indicating that BAHD acyltransferase genes are under
strong selection and therefore are more divergent (Figure 4B)29. However, OSC, CYP708, and CYP705 sequences are highly
conserved, implying that these compositions may have an important, yet unknown, advantages to the cluster11. Our results
showed that even within the same gene clusters, the sequence similarity of genes compositions can be different. We therefore
suggested that after the triterpene clusters were formed by tandem array duplication events, each gene composition in the
clusters could be conserved or independently derived depending on evolutionary driving force in each gene composition.

Figure 3. Heatmap of clusters dissimilarity index of biosynthetic genes in triterpene clusters. Thought, Figure 3A
shows an overall cluster dissimilarity index of the triterpene clusters. Arabidopsis thaliana and Arabidopsis lyrata (labelled in
red) and Brassica spp. (labelled in blue) were selected as example to determine the diversifying of biosynthetic genes in the
triterpene clusters in closely related species. Figure 3B shows the values of cluster dissimilarity between Arabidopsis thaliana
and Arabidopsis lyrata. Figure 3C shows the values of cluster dissimilarity between Brassica spp.
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Figure 4. (A) heatmap of similarity of gene composition in the thalianol cluster. Throughout, BAHD acyltransferase in
the thalianol clusters shows about 50 percent similarity, while other genes show around 90 percent similarity. (B) The
comparison between dN/dS in thalianol cluster of Arabidopsis thaliana and Arabidopsis lyrata. The BAHD acyltransferase
(indicated in blue color) show the highest number of dS among the gene composition in the thalianol cluster, representing a
strong selection. (The dN/dS was adapted from Reference number 28)

Both biosynthetic genes and non-biosynthetic genes show evolutionarily conservation
The previous results in Figure 3 demonstrated that the biosynthetic genes showed a high dissimilarity index among taxa,
but the value was decreased when considering in the closely related species. To understand how the non-biosynthetic genes
contributed the differences among the clusters, the dissimilarity index of non-biosynthetic genes were also calculated. Overall,
the pattern of dissimilarity in non-biosynthetic genes were similar to that of the core-biosynthetic gene, showing a generally high
dissimilarity of gene clusters among the taxa and slightly lower dissimilarity index among the closely related species (Figure
5A). However, when considering the dissimilarity of non-biosynthetic genes and core-biosynthetic genes, non-biosynthetic
genes showed the higher dissimilarity value. An example can be observed in Brassica spp. (Figure 5C) which showed relatively
high dissimilarity among the congeneric taxa, as observed in core-biosynthetic genes (Figure 3C). The average dissimilarity
among seven accessions from B. napus, B. juncea, B. rapa, B. nigra and B. oleracea was 80 percent, which was higher than 40
percent in core-biosynthetic genes. Such a difference was more clearly observed in Arabidopsis thaliana and Arabidopsis lyrata,
showing about 90 percent of dissimilarity in non-biosynthetic genes of the thalianol clusters, compared to only 30 percent in
the core-biosynthetic genes (Figure 5B). These revealed that non-biosynthetic genes are more diverged than biosynthetic genes,
suggesting that non-biosynthetic genes are evolutionarily less conserved. To further confirm the result of non-biosynthetic
genes dissimilarity, the number of non-biosynthetic genes in Arabidopsis thaliana and Arabidopsis lyrata were calculated.
In Arabidopsis thaliana, a total of 13 non-biosynthetic genes were detected in the thalianol clusters (Figure 6A), while the
number of non-biosynthetic genes rose to 21 in Arabidopsis lyrata (Figure 6B). This analysis revealed that the non-biosynthetic
genes in the clusters are less conserved, which can be interpreted as a sign of stronger selection compared to the biosynthetic
genes, however, we did not calculate the evolving speed in biosynthetic genes and non-biosynthetic genes in the clusters. It is
worth noting that neighboring genes in eukaryotes genomes including plants, fungi and animals, tend to be more frequently
co-expressed than would be expected simply by chance30. Therefore, we propose that the non-biosynthetic genes in the clusters
may be functionally related to the biosynthetic genes, corresponding to gene architecture or co-regulation.
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Figure 5. Heatmap of clusters dissimilarity index of non-biosynthetic genes in triterpene clusters. Thought, Figure 5A
shows an overall cluster dissimilarity index of the triterpene clusters. Arabidopsis thaliana and Arabidopsis lyrata (labelled in
red) and Brassica spp. (labelled in blue) were selected as example to determine the diversifying of non-biosynthetic genes in
the triterpene clusters in closely related species. Figure 5B shows the values of cluster dissimilarity between Arabidopsis
thaliana and Arabidopsis lyrata. Figure 5C shows the values of cluster dissimilarity between Brassica spp.

Figure 6. The thalianol clusters including biosynthetic genes and non-biosynthetic genes. (A) The thalianol cluster in
Arabidopsis lyrata (B) The thalianol cluster in Arabidopsis thaliana: Gray color indicate non-biosynthetic genes, while blue,
red and green represent BAHD acyltransferase, cytochrome P450 and oxidosqualene cyclase gene, respectively.

CONCLUSION
Clusters of genes that encode the biosynthetic enzyme for secondary metabolites are a conspicuous feature of bacterial
genomes31. However, recent evidence shows that the feature of gene clustering for secondary metabolic pathways has also
been found in plants4. One of the major unanswered questions about biosynthetic gene clusters in plants lie in understanding
how gene clusters are formed, and how plants make highly diverged gene clusters4. Our evolution analysis and phylogeny
reconstruction reveal that triterpene clusters are most likely originated from tandem array duplication rather than whole-genome
duplication, supporting the previous findings in Arabidopsis thaliana20, even though compositions of genes in tandem array
duplication process may have an ancestral genetic composition from whole-genome duplication32. Putatively functional
triterpene clusters are most likely to be formed by the OSCs genes that particularly contained an early diverging OSCs domain,
suggesting that the OSCs domain may influenced to the recruitment of triterpene modifying enzymatic genes. Triterpene
clusters are rapidly evolving, which is in contrast to the features of prokaryotes where the gene clusters are highly conserved in
closely related species33, 34. In either case of triterpene clusters, both biosynthetic genes and non-biosynthetic genes are rapidly
changing. These suggest that after the triterpene clusters have formed, each gene compositions have its own evolutionary driving
force and induce an independent evolution. Notably, the biosynthetic genes are evolutionarily more conserved comparing to
non-biosynthetic genes, indicating the sign of strong purifying selection in biosynthetic genes, while non-biosynthetic genes in
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the triterpene clusters may functionally related to gene clusters architecture, corresponding to co-regulation of gene expression.
In summary, our analyses provide a new insight into a fundamental understanding of triterpene cluster formation and open up
the possibility to shed light on triterpene clusters in plant genomes.

Methods
Sequence collection
Seventeen plant genomes sequences and corresponding annotations in scaffold and chromosome level were retrieved from
three main available genome databases: 1) The National Center for Biotechnology Information (https://www.ncbi.nlm.
gov/genome), 2) Phytozome (http://phytozome.jgi.doe.gov/pz/portal.html), and 3) Brassica database
(http://brassicadb.org/brad). Fourteen genomes from Brassicaceae were chosen to represent alpha duplication.
The genome of Cleome hassleriana represented the beta event, and finally the genomes Populus trichocarpa (Sillicaceae) and
Carica papaya (Caricaceae) represented the gamma duplication. Information for the taxa included in this study is listed in
Supplementary Table 1.

Identification of triterpene gene clusters from plantiSMASH
The triterpene biosynthetic gene clusters were detected by plantiSMASH program version 1.135 with the Pfam database
version 31.036, using parameters: taxon plants and clusterblast. In order to compare the detected gene clusters to the known
gene clusters, knownclusterblast parameter was also included. The cluster rule of plantiSMASH program was modified to
define only gene clusters that contained squalene cyclase domain in C-terminal and N-terminal which served as a key step of
triterpene biosynthesis. The cut-off value was set at 10 kb to define hits space of locating clusters of signature gene profile
Hidden Markov Models (pHMM). Flanking accessory genes were detected with an extension value of 2 kb on each side of
the last signature gene pHMM. Minimum unique domains value was set at 1. Detected gene clusters output were written
in Genbank format, json format and html format. An official release of plantiSMASH program version 1.1 is available at
http://plantismash.secondarymetabolites.org.

Oxidosqualene cyclase domain (OSCs) domain phylogeny construction
Amino acid sequence of oxidosqualene cyclase domain (OSCs) in C-terminal and N-terminal were retrieved from a json-format
file from the plantiSMASH output. The sequences were then written into the multi-fasta format, and aligned to the Profile Hid-
den Markov Models (pHMM) of squalene cyclase domain (SQHop cyclase C.hmm and SQHop cyclase N.hmm). Automated
pipeline of domain sequence extraction was performed using a python script (extract domains.py).

To reconstruct phylogenetic relationship, a protein sequence alignment in the multi-fasta format was converted to the phylip
format using a perl script (Fasta2phylib.pl). The phylogeny was estimated by the Maximum-likelihood method in RAxML
version 8.0.037. The best model was calculated by PROTGAMMAAUTO parameters, using 1,000 pseudoreplications for
bootstrapping.

Visualization of triterpene gene clusters
The phylogenetic tree of triterpene domains was visualized in Interactive Tree of Life (ITOL) platform (http://itol.embl.
de/)38, genecluster.js file from plantiSMASH output was used to extract gene locations and domain types, using a python
script (protein format.py). Data was converted to follow the protein template format, provided in http://itol.embl.
de/gallery.cgi. The phylogenetic tree with bootstrap value was added to ITOL platform with protein template. The
most recent phylogenetic clade with at least three biosynthetic domain were selected to analyze gene clusters similarity. Gene
clusters that did not meet criteria was discarded from the phylogenetic tree using ape library in a R Script (Droptip script.R).

Gene cluster dissimilarity from BIGSCAPE
A total of 56 locus tags from plantiSMASH’s output in Genbank format from the most recent phylogenetic clade were
used to calculate gene clusters dissimilarity in the BIGSCAPE program, with default settings. Biosynthetic genes and
non-biosynthetic genes in the triterpene clusters were analyzed separately. Three main values of shared domain con-
tent (Jaccard index), similarity of domain sequences (DDS index), and shared domain-pair content (Adjacency index)
were calculated and combined to calculate a distance matrix. The latest update of BIGSCAPE is available at https:
//git.wageningenur.nl/yeong001/BGC_networks.

To visualize a pattern of cluster similarity from a large matrix data, BIGSCAPE output (all mix c1.00.network) was written to
the heatmap template format (http://itol.embl.de/gallery.cgi) using a python script (find cluster.py). The data
was used to generate a heatmap of similarities among triterpene gene clusters.
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Comparing the similarity of gene compositions from the same biosynthetic gene clusters in closely related
species
To examine the patterns of cluster dissimilarity in more details, a subset of specific gene clusters was selected manually,
based on gene compositions and structural components. Amino acid sequence from all genes in a particular gene cluster were
extracted using a python script. Then, the sequences were aligned using MAFFT program version 739, and were calculated the
sequence similarity matrix using R program with SeqINR package version 3.3-640. The automated pipeline is available in a
python script (extract clusters.py).

Figure 7. The pipeline approach for evolutionary dynamics study.
Input file in Genbank format or FASTA format with GFF format are used for triterpene identification using plantiSMASH. The
output from plantiSMASH in JSON format are further extracted by a python script and reconstruct the phylogeny. Meanwhile,
the output in Genbank format are further used for cluster dissimilarity analysis and sequence similarity analysis. Source code
and data are available at https://github.com/harnv001/Master_Thesis.
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SUPREMENTARY

Table 1. The summary of genome samples

Taxa Duplication events Brassica lineages Genome size (Mbp) Assembly level References
Populus trichocarpa Before β - 417.287 chromosome 41

Carica papaya Before β - 369.76 scaffold 42

Cleome hassleriana β −α - 249.93 scaffold 43

Aethionema arabicum α Unassigned 192.48 scaffold 44

Eutrema salsugineum α EII 237.5 chromosome 45

Boechera stricta α II 264 scaffold 46

Arabis alpina α II 308.03 chromosome 47

Brassica juncea α II 1068 scaffold 47

Brassica napus α II 1132 chromosome 47

Brassica nigra α II 632 scaffold 47

Brassica oleracea α II 632 chromosome 47

Brassica rapa α II 529 chromosome 47

Capsella rubella α I 219 scaffold 48

Camelina sativa α I 750 chromosome 49

Arabidopsis halleri α I 196.24 scaffold 50

Arabidopsis lyrata α I 207 scaffold 51

Arabidopsis thaliana α I 120 chromosome 52
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