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Background: Protium species produce abundant aro-
matic oleoresins composed mainly of different types of
terpenes, which are highly sought after by the flavor
and fragrance industry. Results: Here we present (i) the
first draft genome of an endemic tree of the Brazil’s At-
lantic Rainforest (Mata Atlântica), Protium kleinii Cua-
trec., (ii) a first characterization of its genes involved in
the terpene pathways, and (iii) the composition of the
resin’s volatile fraction. The de novo draft genome was
assembled using Illumina paired-end-only data, total-
izing 407 Mb in size present in 229,912 scaffolds. The
N50 is 2.60 Kb and the longest scaffold is 52.26 Kb. De-
spite its fragmentation, we were able to infer 53,538
gene models of which 5,434 were complete. The draft
genome of P. kleinii presents 76.67 % (62.01 % complete
and 14.66 % partial) of plant-core BUSCO genes. In-
terProScan was able to assign at least one Gene On-
tology annotation and one Pfam domain for 13,629 and
26,469 sequences, respectively. We were able to identify
116 enzymes involved in terpene biosynthesis, such
as monoterpenes α-terpineol, 1,8-cineole, geraniol, (+)-
neomenthol and (+)-(R)-limonene. Through the phy-
logenetic analysis of the Terpene Synthases gene fam-
ily, three candidates of limonene synthase were identi-
fied. Chemical analysis of the resin’s volatile fraction
identified four monoterpenes: terpinolene, limonene,
α-pinene and α-phellandrene. Conclusion: These re-
sults provide resources for further studies to identify
the molecular bases of the main aroma compounds and
new biotechnological approaches to their production.
© 2018 Optical Society of America
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1. INTRODUCTION

Among the secondary metabolites that plants produce, terpenes
are the largest class, comprising more than 40,000 structurally
different substances [1]. They play important roles as pollinator
attractants, antimicrobials, antiherbivores, allelopathics, hor-
mones, vitamins and membrane stabilizers [2]. Terpenes are also
notable for their biotechnological applications in the food, cos-
metic and pharmaceutical industries as flavors, fragrances, col-
orants, and medications, with demand growing in recent years
[3, 4]. Protium species are known to produce more than one
hundred terpenes [5]. The volatile fraction of their oleoresins is
composed mainly of mono- and sesqui-terpenes while the solid
fraction is composed of triterpenes [6]. Terpene production is
catalyzed by enzymes encoded by the extremely diverse Terpene
Synthase (TPS) family of genes [7, 8]. The monoterpene vari-
ety seen in Protium is thought to reflect this gene diversity [9],
oleoresin modification over time [5] and the multiple catalytic
functions observed in monoterpene biosynthesis [10]. Genome
characterization is one of the most informative descriptions of a
species’ biology [11]. It can contribute to a better understanding
of metabolic pathways involved in the production of several
metabolite classes and also identify the molecular basis, po-
tentially illuminating new biotechnological approaches to their
production [12]. Here we present a comprehensive analysis of
the draft genome of the Protium kleinii Cuatrec. (Burseraceae
Family).

2. EXAMPLES OF ARTICLE COMPONENTS

The sections below show examples of different article compo-
nents.

3. RESULTS

A. Genome assembly and gene content
This study aimed to achieve a de novo assembly of the first
genome of a species belonging to the Protium genus with suf-
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ficient precision for gene identification. The Illumina run gen-
erated 525,305,928 raw reads and 99.08% of reads passed the
cleaning steps and were used for assembly with SOAPdenovo.
K-mer analysis (31 bp in size) estimated the genome size as 445
Mb with 1.15% heterozygosity (Fig. 1). The draft genome was
assembled in 229,912 scaffolds with a N50 of 2.6 Kb and a final
size of 407 Mb [Table 1]. The GC content was estimated to be
33.22% with 41.70% repetitive elements [Additional file 1: Table
S1]. The maximum scaffold length generated was 52.26 Kb. It
is not necessary to place figures and tables at the back of the
manuscript. Figures and tables should be sized as they are to
appear in the final article. Do not include a separate list of figure
captions and table titles.

Fig. 1. K-mer distribution of P. kleinii Illumina DNA reads.

Table 1. Assembly statistics for the draft genome of P. kleinii

Parameter Value

Estimated genome size by k-mer analysis, bp 445,396,070

Total size of assembled genome, Mb 407.28

Number of scaffolds 229,912

Number of contigs 563,793

Scaffold N50, Kb 2.60

Maximum scaffold length, Kb 52.26

Percentage of genome in scaffolds > 50 Kb 0.03 %

Masked percentage of total genome 41.76 %

Scaffolds were evaluated for gene content with gVolante,
which found 76.67% (partial or complete) of the 1,440 plant core
genes [Additional file 2: Table S2]. In this first assembly, we have
predicted 57,538 gene models, which were then annotated us-
ing different databases. BLASTp identified 29,995 (52.10%) hits

against the UniProtKB/Swiss-Prot database and 12,952 (22.50%)
using NCBI non-redundant databases [Additional file 3: Table
S3]. Using the BLASTp results against the UniProt and perl
scripts [13] we showed that this first assembly generated 5,434
gene models that are represented by nearly full-length tran-
scripts, with >80% of alignment coverage once BLASTed against
a Swiss-Prot database sequence. InterProScan analysis with all
protein sequences was able to assign at least one Gene Ontology
(GO) term annotation and one Pfam domain to 13,629 (23.70%)
and 26,469 (46.00%) sequences, respectively, while KAAS (KEGG
Automatic Annotation Server Version 2.1; [14]) assigned 7,477
(13.00%) KEGG Orthology (KO) to the putative proteins of P.
kleinii [Table 2; Additional file 4: Table S4].

Table 2. Summary of gene prediction and general functional
annotation of P. kleinii

Parameter Value

Total number of genes 57,538

Total number of exons 193,945

Total number of proteins 57,538

Average protein size 221 aa

Number of proteins BLAST hits* with Uniprot 29,995

Number of proteins BLAST hits* with NR NCBIª 12,952

Number of proteins InterProScan hits with Pfam 26,469

Number of proteins with KO assigned by KEGG 7,477

* all considered hits had a maximum E-value of 1e-05

ª no hits with Uniprot

The complete InterProScan analyses with the default thresh-
old revealed significant similarities with at least one protein
signatures database in 44,616 (77.50 %) of the putative protein
sequences of P. kleinii. It was possible to retrieve 35,310 GO terms
comprising the three categories of biological process, molecular
function, and cellular component [Additional file 5: Table S5].
Molecular function retrieved the majority of GO annotation as-
signments (22,551), followed by biological process (10,195) and
cellular component (2,602) [Additional file 6: Figure S1].

B. Comparative genomic analysis
P. kleinii gene models were analyzed together with the gene
sets of Citrus sinensis (NCBI ID: 10702; [15], Arabdopsis thaliana
(Ensembl ID: TAIR10; [16], Glycine max (Ensembl ID: Glycine
max v2.0; [17], Vitis vinifera (Ensembl ID: IGGP12x; [18], and
the monocotyledone Oryza sativa (ASM465v1; [19], in order to
find shared genes and specific expansions and retractions of P.
kleinii [Fig. 2]. This analysis yielded 17,204 (66.50%) groups of
orthologue-containing sequences of two or more species. Within
these clusters, 8,456 have orthologues of all six species, where 581
comprise single-copy genes [Additional file 7: Table S6]. Most
were assigned to GO terms related to essential processes such
as DNA replication, transcription and translation machinery,
cell cycle control, cell signaling, metabolism and transport. A
summary containing the number of clusters by GO categories
is available in Additional file 8: Table S7. Although we have
used the protein dataset of closely related-species of plants such
as C. sinensis and the model organism, A. thaliana [20] , 1,795
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clusters were unique to P. kleinii. Of these, 1,214 (67.60%) had no
protein with a significant hit against the UniProt database and,
hence, were classified as “unknown function” [Additional file
9: Table S8]. Among those that could be annotated, 36 clusters
comprise 1,333 sequences with elements commonly found in
viral polyproteins. This comparative analysis, also allowed us
to identify putative cases of gene loss in P. kleinii. Of all clusters,
1,300 had at least one orthologue of each species, except for P.
kleinii [Additional file 9: Table S8]. This analysis also revealed
26,497 singletons [Additional file 10: Table S9].

Fig. 2. OrthoVenn diagram presenting the number of clustered
genes in P. kleinii and five other plant species. P. kleinii area is
colored in green, C. sinensis - blue, A thaliana - pink, G. max -
yellow, V. vinifera - orange and O. sativa - light brow. Shared
orthologous among all species are contained in 8,456 clusters.
Putative specific gene expansions of P. kleinii are comprised in
1,795 clusters.

C. P. kleinii essential oil analysis
In order to investigate the chemical profile of the essential oil
extracted from the resin of P. kleinii (the yield was 5.00%), Gas-
phase Chromatography coupled to Mass Spectrometry (GC-MS)
was performed. This chemical analysis revealed the presence of
terpinolene (79.66%); limonene (8.72%); α-pinene (5.55%) and
α-phellandrene (1.57%) [Additional file 11: Table S10] Together
these four compounds comprised 95.50% of the extracted oil.
The chromatogram obtained by GC-MS analysis and mass spec-
trometry spectra are available in additional file 12: Documenta-
tion 1. We believe this is the first published report detailing the
composition of the volatile fraction of P. kleinii resin.

D. In silico identification of Terpene Biosynthesis Pathway
genes

In a first attempt to identify genes of P. kleinii involved in the
molecular pathways of terpene biosynthesis, we used the Kyoto
Encyclopedia of Genes and Genomes database (KEGG; [21]) to
search for enzymes assigned to these processes. We were able
to map 115 enzymes to the four terpene pathways. Seventy
belonged to the terpenoid backbone pathway (map00900) [Addi-
tional file 13: Figure S2], 13 to monoterpene (map00902) [Addi-

tional file 14: Figure S3], 22 to diterpene (map00904) [Additional
file 15: Figure S4] and 10 to tri- and sesquiterpenes (map00909)
[Additional file 16: Figure S5]. And limonene synthase was
found employing a phylogenetic methodology. The complete set
of enzymes of the plastidial methylerythritol phosphate (MEP)
pathway and five of six enzymes primarily from the cytosolic
mevalonic acid (MVA) pathway found in the other four rosids
were mapped to P. kleinii using the KEGG database. From this
terpenoid backbone biosynthesis pathway, the other three ter-
penoids biosynthesis pathways (maps 00902, 00904, 00909) are
derived [Additional file 13: Figure S2]. From the 31 KO groups
related to monoterpene biosynthesis, we were able to map three
TPS into α-terpineol and 1,8-cineole producing enzymes (group
K07385) and two into geranylpyrophosphate (GPP) to geraniol
transformation enzymes (group K20979). We also found eight
(+)-neomenthol dehydrogenases (group K15095), that are de-
picted in [Additional file 14: Figure S3]. As a second strategy to
confirm the integrity of the monoterpene pathway, we searched
for missing orthologues in the scaffold of P. kleinii. Although
we had been using the protein sequence of the closest plant
orthologue available in the KEGG database [Additional file 17:
Table S11] in the query, Exonerate did not succeed in finding
any of the absent genes [Additional file 14: Figure S3]. Due
to their importance in the monoterpene production [5, 8], we
searched all TPS gene families in the P. kleinii genome taking both
conserved domains as references (PF01397.20 and PF03936.15;
[22]. With this approach, we managed to recover 68 TPS of P.
kleinii, where 20 were considered full length and 48 were par-
tially predicted [Additional File 18: Table S12]. This enabled us
to assess the evolution of the whole TPS genes family in P. kleinii.
Of the nine query TPS, only limonene synthase of C. sinensis
(KEGG accession number: 102607029) nested with three TPS
of P. kleinii (scaffold100846.g17599.t1; scaffold187198.g29710.t1
and scaffold3882.g770.t1) and one TPS of P. decandrum (NCBI
accession number: KC881151.1) in a clade with a reliable value
of bootstrap (94% of bootstrap) (purple bar; Figure 3). In spite
of the low values of bootstrap, eight TPS of P. kleinii TPS were
grouped with TPS (fragments 2) belonging to the clades identi-
fied as C2 (66% of bootstrap), C3 (100% of bootstrap) and C4/C5
(100% of bootstrap) by authors Zapata and Fine [9] (yellow bar;
Figure 3). The assembly of the P. kleinii genome allowed us
to identify at least 60 putative TPS that were never previously
studied (green bar; [Fig. 3]).

4. DISCUSSION

In this work we present the first genome characterization of
P. kleinii, a Burseraceae from the Brazilian Atlantic Rainforest
(Mata Atlântica). After consulting the Genomes Online Database
(GOLD) [23] we believe we are the first to contribute the genome
of a tree endemic to Brazil that occurs in the Mata Atlântica.
Compounds of its resin essential oil demonstrate antinociceptive
and anti-inflammatory effects [24, 25]. The plant biodiversity
of Brazilian biomes is considered the most diverse in the world
[26]. Sequencing the genomes of these species for conservation
purposes and for biotechnology applications represents an enor-
mous challenge. Just to assemble the complete genome of a
single plant poses daunting challenges from both technological
and cost perspectives. Draft genomes can offer a cost-effective
alternative for the prediction of genes that could be employed
in the drug discovery process, by the cosmetics industry, and
in flora conservation efforts [5, 25] This study demonstrates
how the assembled genome of P.kleinii could allow us to begin
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Fig. 3. Phylogenetic tree of the TPS gene family.Green bars shows the clades containing paralogues of P. kleinii. Limonene synthase
orthologues are highlighted with a purple bar. Yellow bar shows the clades C2, C3 and C4/C5 described in Zapata and Fine [9].
TPS recovered from the genome of P. kleinii are colored in red, queries accessed in the KEGG database are in blue and sequences
retrieved (fragment 2) from Zapata and Fine [9] are in black. Only bootstrap higher than 50% are shown.
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to investigate a genus that has species able to produce abun-
dant aromatic oleoresins featuring different types of terpenes
[5, 25], identifying specific genes and corresponding molecular
pathways worthy of further study. The assembled genome has
a total size of 407 Mb, which is comparable to the predicted
genome size (445 Mb) [Figure 1] and is in accordance with the
genome size of other rosids such as C. medica (404,9 Mb, [27]
and V. vinifera (475 Mb, [18]. The low N50 in this work can be
attributed to two main factors (i) the use of only paired-end
Illumina data for genome assembly, and (ii) the high level of
heterozygosity (1.15%) encountered with P. kleinii. The N50 is
an important metric used to describe the contiguity and com-
pleteness of an assembled genome. Generally, the greater the
N50, the better the genome assembly and the more accurate the
prediction of complete genes and gene copies [28]. Nevertheless,
even with this fragmented first draft, we were able to predict
76.67% of the genes – 62.01% complete genes and 14.66% partial
genes – considered to be commonly shared among plants. Our
AUGUSTUS gene prediction resulted in 57,538 gene models,
which is higher than the gene dataset of other Sapindales such
as C. medica (32,579 genes, [27], C. unshiu (29,024, [29], C. sinensis
(29,445, [15] and even for other rosids such as V. vinifera (30,434,
[18] and A. thaliana (25,498, The Arabidopsis Genome [30]. The
higher number of genes in P. kleinii can be attributed to the pre-
diction of cleaved genes and splitting loci [31, 32] because we
did not use any long DNA reads to build long scaffolds and tran-
scriptome data to support the gene prediction analysis. Despite
fragmentation and overestimation of gene model prediction, we
identified 5,434 nearly full-length genes, indicating the utility
of draft genomes of Protium in our efforts to improve the un-
derstanding of TPS diversity in the genus. In the comparative
analysis run with four rosids, the number of clusters unique of
P. kleinii (1,795) was similar to those of the soya (2,120) and rice
(2,035) genomes. This is not surprising since the angiosperm
group is highly diversified [33] and it is the first time that the
genome composition of a species of the Protium genus has been
analyzed. On the other hand, these results suggest that the gene
dataset of P. kleinii may be overestimated due to the splitting
of the allelic variation in separated loci [31]. We cannot discard
the possibility of recent gene duplication events [34]. Compara-
tive analysis reported 26,497 singletons which can be the result
of duplicated genes that evolved under positive selection [35].
However, they could also be artifacts generated during the step
of gene prediction [36]. Last but not least, 1,300 clusters had at
least one sequence from all of the other five species, but none
for P. kleinii. This suggests that they could not be predicted
with the applied methodology or they are probably absent in its
genome. The availability of new genomes – especially genomes
of “non-model” plants that produce a large diversity of terpenes
– could facilitate the search for new compounds of interest or
increase the production of known ones [9]. Furthermore, an
improved knowledge base about plant terpene metabolism will
facilitate the manipulation of the terpene pathway to change
agronomic traits such as fruit flavors, floral scent, and plant
defense against insects, and provide knowledge to engineer
terpenoid production on a large-scale [37]. Although terpene
compounds have diverse chemical structures, all are derived
from two five-carbon isomeric basic building blocks: isopen-
tenyldiphosphate (IPP) and dimethylallyldiphosphate (DMAPP)
[38, 39]. In plants, production of IPP and DMAPP involves two
pathways: the MVA and MEP pathways. The simultaneous
condensation of IPP and DMAPP in various combinations gives
rise to different intermediate precursors for the biosynthesis of

plant terpenes. For more details see Tholl, 2015. Our chem-
ical analysis of P. kleinii essential oil revealed the presence of
the monoterpenes terpinolene (79.66%); limonene (8.72%); α-
pinene (5.55%) and -phellandrene (1.57%). Monoterpenes are
produced through many steps of oxidation and ionization of
the GPP, which are catalyzed by monooxygenases and TPS, re-
spectively, [37] and are the principal components of the volatile
fraction of oleoresins from Protium species [25]. Terpinolene
was the major component found in the essential oil from resin.
This compound purportedly has therapeutic properties such as
antifungal, antibacterial, anticancer, antioxidant and sedative ac-
tivity [40, 41] and is also the most abundant compound of fresh
P. heptaphyllum oleoresin [5]. Parts of the P. heptaphyllum genome
were previously sequenced in order to study the repertoire of
monoterpene synthases and to better understand monoterpene
synthesis in Protium; they concluded that the chemical compo-
sition of P. heptaphyllum oleoresins changes over time [5]. We
searched in our draft genome for genes involved in the path-
ways of terpene biosynthesis, which include the terpenoid back-
bone biosynthesis pathway and three other pathways which
generate mono-, di-, tri- and sesquiterpenes. Our draft genome
presents 68 genes – of which 20 are full length genes – in-
volved in these terpene pathways. The presence of genes cod-
ing for enzymes involved in terpene biosynthesis shows that P.
kleinii most likely produces the monoterpenes limonene, geran-
iol, α-terpineol, 1-8 cineole and (+)-neomenthol; the diterpene
(E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT); the triter-
pene β-amyrin; and the sesquiterpenes (E,E)-farnesol, (E,E)-α-
farnesene, (-)-germacrene D. In our essential oil chemical analy-
sis we did not encounter certain monoterpenes that are reported
in the literature as being produced by other Protium species, such
as α-terpineol, 1,8-cineole and (+)-neomenthol [25]. However,
the KEGG-mapped enzymes strongly suggest that P. kleinii has
the terpene synthases that are responsible for the production
of these compounds. Although geraniol is not mentioned in
the literature about Protium resins, we mapped geranyl diphos-
phate diphosphatase, a key enzyme involved in its synthesis,
and showed that geraniol probably can be produced by the plant,
as observed with other rosids, such as Citrus [42] and Vitis [43].
Geraniol is an important alcohol present in essential oil from
aromatic plants, and is largely used as a fragrance in industry.
Geraniol is also reported to be present in flowers and vegeta-
tive tissues [44] and it is being studied as an alternative biofuel
produced by microbial engineering [45]. The TPS and monooxy-
genases gene families – two main enzyme families involved in
terpene synthesis – are molecularly highly diverse [37], which
can jeopardize the identification of orthologues in the genomes
of related species when conducting similarities searches. In fact,
the terpene pathway is not fully identified in the genomes of
four other rosids that we compared. It is important to note that
it was possible to identify genes related to the production of the
enzyme involved in β-amirin synthesis. β-amirin and α-amirin
are reported as important components of the fixed fraction of the
oleoresin P. kleinii [24, 46]. This is consistent with our chemical
analysis of the volatile fraction, in which we, likewise, did not
detect the presence of β-amirin or α-amirin. In this first draft
genome, we could not find the synthases genes responsible for
the TPS which, according to the KEGG database, produce the
major compounds terpinolene, α-pinene and α-phellanderene.
Exonerate did not succeed in finding them, perhaps because of
the high molecular diversity within the Protium group [9] and
in other plants [8] and the lack of a closer orthologue. Another
possible explanation is the high fragmentation of the presented
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draft genome. Thus, the TPS genes responsible for the biosynthe-
sis of the four major metabolites present in the volatile fraction
of the P. kleinii resin were screened using the HMMsearch soft-
ware. The phylogenetic tree shows that of the nine TPS queries
of monoterpene pathways, only the limonene synthase of C.
sinensis nested with sequences of P. kleinii in a well-supported
clade. These data show that these enzymes may perform the
same function in P. kleinii. With this analysis we also observed
that the TPS repertoire in the genome of P. kleinii may be more
extensive than what is described for other plants in this group [5,
9]. This may enable the discovery and study of new compounds
of scientific and commercial interest. As terpenes extraction
is laborious, can result in low yields, and is usually less cost-
effective than chemical synthesis, biotechnological production
represents an intriguing alternative, that may permit high regio-
and stereoselectivity reactions and large-scale production [37,
47]

5. CONCLUSION

We generated a draft P. Kleinii genome and gene annotation that
enabled us to predict 5,434 full length genes. Among these are
20 terpene synthesis pathways genes which code for specific
terpene synthase (TPS) enzymes essential for the production
of mono- and other terpenes. These data will directly support
further studies to elucidate the molecular bases of these key
aroma compounds, and will set the stage for future conservation
research, bioprospecting, and novel biotechnology approaches
to highly-scaled production of naturally synthesized terpene
chemicals with important pharmaceutical and cosmetic applica-
tions.

6. METHODS

A. Plant material
Samples of young leaves of Protium kleinii Cautrec. (Burser-
aceae), popularly known as almécega or white-tar, were collected
at the Legado das Águas Reserve, in São Paulo, in southeastern
Brazil, and deposited at the São Paulo municipal herbarium
under the number PMSP 18043. Access to the Brazilian biodiver-
sity was registered in the National System of Genetic Resource
Management and Associated Traditional Knowledge under the
number A0BCB8D.

B. DNA Extraction, Genome Sequencing and Assembly
Genomic DNA was extracted from a young leaf of P. kleinii
(10 cm2) using the DNeasy plant mini Kit® (Qiagen, Hilden,
Germany) following the manufacturer’s instructions. Sequenc-
ing was performed on an IlluminaHiSeq 2500 platform using
100 bp paired-end reads. The quality of the reads was ana-
lyzed by FastQC [48]. Low quality reads (<33 quality score)
and below 80 bp in length were filtered using Trimmomatic
[49]. K-mer analysis was then performed with Jellyfish [50] and
genomescope browser [51]. Next, the reads were assembled de
novo using SOAPdenovo2 [52]. After genome assembly, only
scaffolds larger than 500 bp were maintained for further analysis.
Repeats were ab initio identified with RepeatModeler [53] and
the genome was masked using this de novo library of repeats and
RepeatMasker[54]. Fastq files are available in Data S1.

C. Assembly gene content assessment
In order to evaluate the completeness of the current genome
assembly, we submitted all masked scaffolds to the gVolante

server [55]. We set 1 as value for cut-off length, which means that
all scaffolds were analyzed. Single-copy genes were predicted
using AUGUSTUS [56] and then were assessed with lineage-
specific hidden Markov profiles of Benchmarking Universal
Single-Copy Orthologs (BUSCO) [57] in order to assign them to
one of the orthologues groups.

D. Gene Prediction and Annotation

Gene prediction was performed using the masked genome
as input for AUGUSTUS (ver. 2.5.5; [56] trained for A.
thaliana with parameters –genemodel=complete –strand=both –
noInFrameStop=true. The functional annotation of the predicted
proteins was determined through similarity and homology anal-
ysis using BLASTp (ver.2.5.0; [58] with a maximum E-value
of 1e-05, in which the sequences were first searched against
the UniProtKB/Swiss-Prot database [59]. All sequences that
could not be identified at this stage were then submitted to
BLASTp against the NCBI non-redundant database [60]. An
automatic annotation of BLASTp results was carried out using
Blast2GO (ver. 5.1.1; [61]). Metabolic pathway and orthology-
oriented functional annotation of the protein sequences were
performed against the KEGG database [21] using the KAAS [14]
with the bi-directional best hit strategy and all datasets of dicot
and monocot plants selected as reference organisms. All putative
proteins were also annotated against all databases available in
InterProScan (ver. 5.29-68.0; [62]) for conserved domains search
and GO terms mapping.

E. Comparative genomics

In order to find orthologues of P. kleinii shared with other species
of plants, we performed a clustering analysis with OrthoVenn
server [63] using all amino acid sequences deduced in the
genome of P. kleinii, four rosids (A. thaliana, C. sinensis, G. max
and V. vinifera; [15–18] and one monocotyledone (O. sativa; [19],
as the outgroup. The datasets of proteins of each species avail-
able in OrthoVenn server were accessed in the Ensembl Plants
repository [64], except for C. sinensis which was downloaded
from the NCBI (ID: 10702; [15] and then manually uploaded. We
set an E-value of 1e-5 as cutoff for all-to-all protein similarity
comparisons and 1.5 as inflation value for the generation of or-
thologues clusters using the Markov Cluster Algorithm. The first
protein added to the cluster was submitted to a BLASTp search
against the UniProt database [59] and the first hit was used to
infer the GO term assigned to one of the three categories (Bio-
logical process, molecular function, or cellular component). The
plain text output containing all clusters was accessed and parsed
with in-house scripts in order to identify orthologues shared
with the other five species of plants, specific gene expansions of
P. kleinii, and singletons.

F. Essential oil analysis

Chemical analysis of the essential oil from 100 grams of P. kleinii
resin was performed. The volatile fraction of the resin was sepa-
rated by hydrodistillation in a Clevenger apparatus, dried with
sodium sulfate anhydrous (Na2SO4), and then analyzed by GC-
MS. Next, the oil was diluted 1:100 in hexane (Sigma Aldrich,
Brazil) and the analyses were made on a Shimadzu QP2010 Plus
system using a DB5-MS fused silica capillary column (30 m, 0.25
mm I.D., 0.25 µm film thickness). The oven temperature was
programmed to increase 3º C per minute over the course of one
hour from 60º C to 240º C where the temperature was main-
tained for another 50 minutes. Other operating conditions were:
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carrier gas: He (99.999%); flow rate: 1.03 mL/min; injector tem-
perature: 250º C; interface temperature: 250º C and ion source
temperature: 200º C. Samples were injected in the split mode
(1:50). Mass spectra were obtained under electroionization at 70
eV. Mass range: m/z 40 D to 500 D. The identification of indi-
vidual components was based on comparison of mass spectral
fragmentation patterns with those available in the NIST Mass
Spectral Library and the GC Kovats retention Indices (KI) on a
DB-5 column and literature data [65].

G. Terpene Biosynthesis Pathways genes
All genes belonging to terpene biosynthesis pathways were re-
covered from the KAAS result using the KO numbers as refer-
ence. This was done using in-house scripts. In order to confirm
the presence and absence of the orthologues of P. kleinii in the
monoterpene biosynthesis pathway, we searched for them in
all soft masked scaffolds using Exonerate software [66]. Next,
we used the amino acid sequence of the closest orthologue of P.
kleinii available in KEGG database as a query [Additional Table
11]. All coding sequences found were translated using Transeq
software [67] and submitted to BlastKOALA [21] in order to con-
firm whether one or more of the retrieved sequences belonged
to the same KO group of the respective query. Additionally, the
orthology relationship between of P. kleinii genes and other TPS
[Additional Table 11 and fragment 2 described in Zapata and
Fine [9]] was inferred through phylogenetic analysis. For this
purpose, we first searched all members of the family within the
P. kleinii protein dataset with HMMsearch [68] using the respec-
tive conserved domain profile available in the Protein Family
Database (Pfam; [22]. All TPS were aligned with MAFFT [69],
then the global alignment was manually inspected with Seaview
[70] and used to build a neighbor-joining tree using MEGA DNA
version 7 [71] with 500 replicates of bootstrap [72]. When pro-
teins grouped together in clades with 80% or higher bootstrap
support, we marked them as candidate genes that were highly
likely to belong to the family of terpene biosynthesis pathways.
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