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Transposable elements: a key piece csm
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Abstract

Background Myrtaceae is a family of woody trees with over 5,800 species, representing the sixth most diverse
plant family. It includes many economically important members distributed throughout East Asia, Oceania, and
the Americas, including but not limited to Eucalyptus grandis and Syzygium aromaticum. Most available Myrtaceae
genome assemblies are arranged in 11 chromosomes, and possess large variability in genome sizes, sometimes
over triple the size. Although coding sequences add to this disparity, transposable elements (TEs) are the main
contributors to genome size variation.

Results In our research, we have characterized the landscape of TEs in 18 species of Myrtaceae. Our results showed
that LTR Class | elements are the main contributors to genome size variations in Myrtaceae. Furthermore, specific
lineages among the Gypsy and Copia superfamilies are linked to historical events of transposon activity amongst
Myrtaceae tribes. Extracted climatic and distribution data were in correlation with TE profiles, indicating possible
lineages more sensitive to climatic conditions. A gene ontology over-representation analysis revealed shared
biological processes influenced by TEs, and exclusive ones linked to different environmental responses. Lastly, we
identified high-identity sequences among many species, and performed phylogenies for horizontal transposable
element transfer (HTT) events analysis. A positive HTT of a Copia/lvana TE among Syzygieae and Myrteae tribes could
affect the regulation of proximal microorganism defense response genes.

Conclusions Our findings suggest that TEs may influence the genetic diversity present in Myrtaceae, where TE
lineages contribute asymmetrically to their genomic profiles. More importantly, specific lineages are correlated with
climatic variables possibly by their influence on proximal genes, a balance between genetic variation and fitness
influence. Lastly, the impact of TEs on microorganism defense response genes appears to be a key element in the
adaptation process of Myrtaceae species.
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Background
Myrtaceae is a family of woody trees with 17 tribes and
more than 5,800 species, representing the sixth most
diverse plant family [1]. It is suggested that the earli-
est common ancestor of the family may have originated
90 million years ago (Mya) in Gondwana, before the
split of the southern continents [2]. Naturally, it is pro-
posed that speciation events followed the shifting of the
tectonic plates, becoming the foundation of the huge
diversity within this family. Currently, members are dis-
persed along the tropical and subtropical regions in all
continents, especially in the southern hemisphere, where
subsequent diversification events are postulated to have
taken place (Fig. 1). For example, the Syzygium genus -
the most varied woody tree genus - reached continental
Asia with a history of migration and speciation events
starting from Australia and New Guinea [3]. The Eugenia
genus, on the other hand, ascended South America and
acclimated to the humid tropical forests where it thrived
and rapidly expanded. Currently, it is the most prevalent
genus in the Amazon Rain Forest and the most diverse
tree genus in the Atlantic Forest. It also has been dis-
persed to the Caribbean and Pacific regions, overseas to
Asia [4], and every continent due to its high adaptability.
In Myrtaceae, a plethora of molecular markers have
been used to explore their diversity, from phylogenetic
relationships to population genetics, in both the Neo-
tropics and Oceania [5, 6]. Efforts have also been made to
assemble the chloroplastid and nuclear genomes of dif-
ferent members of this family, with a primary focus on
the Eucalyptus genus due to its high economical interest,
being the first Myrtaceae genome published [7]. A total
of 78 genomes are publicly available in NCBI Genomes as
of April 2025, 45 being from Eucalyptus species, a genus
native to Australia. However, this represents only 1% of
the diversity of the family, exemplifying the potential
for future studies in Myrtaceae. In general, the available
genomic sequences of Myrtaceae species are arranged in
11 chromosomes with high levels of synteny for coding
sequences compared to the genome sequence of Eucalip-
tus grandis [8, 9]. Yet, this similarity in genetic arrange-
ment contrasts with their variability in genome size and
non-coding regions, ranging from around 270 Mbp in
Melaleuca quinquenervia to 930 Mbp in Rhodomyrtus
psidioides, over triple the size. Although gene tandem
repeats and gene family expansions add to this disparity,
the vast majority are likely to be transposable elements,
since they are the main contributors to genome size vari-
ation [10].

Transposable elements (TEs) are DNA sequences able
to transverse the genome through self excision (or self-
copying) and insertion. They are divided into two main
classes, based on the molecule used for the transposition
process: Class I includes TEs with an intermediary RNA
molecule for transposition, which allows the reverse
transcription of multiple self-copies, while Class II TEs
are excised from their residing locus in the genome and
transposed to another locus [11, 12]. The former is nota-
bly prevalent in plants, making up to 85% of genome
sequence composition in Zea mays [13], especially those
of the Long Terminal Repeat (LTR) family. TEs insertions
are not always random or dispersed. Instead, there are
some loci insertion tendencies that depend on the family
of TEs, host tissue, or even the TE life cycle. This is likely
due to both TE-specific adaptations and a heterogeneous
purifying force acting in the genome [14]. Furthermore,
they provide a tool for generating genetic diversity, if the
host is able to balance deleterious mutations and diversi-
fying forces.

TE genome activity results in genome size increase and
may cause nucleotypic effects, which influence biologi-
cal characteristics such as life cycle, minimum genera-
tion time, and growth rates [15]. TEs have an extensive
repertoire of case studies with gene neofunctionalization,
environmental adaptation, and have even been reported
to be key players in the coevolution of plants and micro-
organisms [16, 17]. A TE characterization study in Rosa-
ceae identified variety-specific expression of TEs that
may influence gene expression between Malus domestica
cvs. ‘Gala’ and ‘GDDH13’ [18]. A study described that the
pericentromeric TE-rich regions of Cucumis melo har-
bor many melon-specific genes, while distal chromosome
arm regions aggregate genes shared with closely related
taxa, such as Cucumis sativus, thus acting as prone
regions to the formation of novel genes [19]. Another
study on maize identified a TE responsible for repressing
the expression of a gene related to light signaling, allow-
ing the adaptation of the crop to the longer days of higher
latitudes [20]. A recent study on Zymoseptoria tritici, a
wheat pathogen, identified multiple copy number varia-
tions derived from TE activity in its genome [21]. The
authors postulate that the genetic variation introduced
by these elements served as the basis for their adaptation
process across different global temperature ranges. Simi-
larly, variations in palm species genome size appear to be
related to environmental aridity, where specific TE lin-
eages are differentially abundant depending on the plant’s
niche [22]. Suffice it to say, TEs are one of the main
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Fig. 1 Phylogenetic relationships of the 18 Myrtaceae species present in this study (A). Proximate Myrtaceae distribution along their native regions (B

and Q)

sources of variability and directly influence diversity and
adaptation.

In this study, our objective was to identify and charac-
terize TE in Myrtaceae, while analyzing the classes that
contribute most to genome size variation. We have also
classified them into lineages and investigated their activ-
ity profile to explain the variable contributions among
18 Myrtaceae. Furthermore, we constructed a robust
approach for horizontal TE transfer (HTT) analysis and

examined the TE landscape for high identity sequences.
Lastly, by comparing publicly available climatic data with
TE profiles, some LTR lineage expansions appear to be
correlated with the ecological distributions of Myrtaceae.
By investigating TE proximal regions, we have identified
candidate gene families that may be under direct influ-
ence of TE activity and other diversifying forces.
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Methods

Genome quality and annotation

A total of 22 species from the Myrtaceae family had
their genomic sequences downloaded from NCBI's Gen-
Bank (Supplementary Material S1). Only up to three
individual species from each genus were considered
for further analyses to prevent over-representation.
Genomes passed through a BUSCO [23] filtering step,
where sequences with completeness lower than 90%
were excluded. The resulting genomes had their metrics
measured by QUAST [24] and annotated for transpos-
able elements using a de novo approach with the EDTA
(v2.0.0) pipeline [25]. The resulting libraries were reanno-
tated using TEsorter [26] to identify the TE lineages and
reduce unknown sequence numbers. Genome sequences
were softmasked using the predicted TE libraries with
RepeatMasker [27] and, together with protein evidence
from Eucalyptus grandis and Arabidopsis thaliana
(downloaded from Phytozomevl3, phytozome-next.jgi.
doe.gov), were used as input for gene prediction using
Braker3 [28]. Linear models of TE composition and
genome assembly metrics were performed by normal-
izing phylogenetic relationships using the phylogenetic
generalized least squares (PGLS) method available in the
R package caper [28].

Horizontal TE transfer identification

Identified BUSCO genes for each species were pair-
wise compared using the BLASTn algorithm [29]. Simi-
lar to Aubin et al. 2023 [30], the single top hit for each
BUSCO gene was kept to create species-pairwise fre-
quency distribution plots, which were used to calculate
a threshold value for statistically deviating sequence
identities (o < 0.05 & o > 2.00). Additionally, TE librar-
ies were pairwise compared using BLASTn, and hits
with smaller sequence coverage greater than 80% and
sequence identity over the calculated threshold value for
species-specific pairwise comparison were kept for fur-
ther horizontal transfer analysis. Finally, to validate can-
didate sequences as horizontal transfers, each candidate
was used as a query to retrieve sequences from a merged
database of all Myrtaceae TE sequences identified previ-
ously. After filtering for duplicates, sequences were used
as input for phylogenetic analysis and branch selection.

Phylogenetic and evolutionary selection analysis

Possible HTT sequences were aligned using MAFFT [31].
Aligned regions corresponding to conserved domains,
as identified by NCBI's CDD (www.ncbi.nlm.nih.gov/S
tructure/cdd/wrpsb.cgi), were used as input for model
selection and maximum-likelihood phylogenetic recon-
struction under IQTREE2 software [32]. For the species
tree provided to the PGLS model, 100 BUSCO genes
shared by all species analyzed were randomly selected,
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and their protein sequences were aligned using MAFFT.
Amino acid sequences were translated back to DNA, and
gaps were replaced by missing data. The resulting align-
ments were concatenated and used as input for phyloge-
netic reconstruction in IQTREE2. Specified parameters
included the gene partition file and flags -m MF+MERGE
and -rcluster 10. Branch support was done using 1000
replicates of UFBootstrap [33], and the resulting trees
were visualized using the FigTree software (tree.bio.ed.ac.
uk/). To further support the HTT hypothesis, an analysis
of branch selection was done using the phylogenetic tree
and in-frame sequence alignment on the EasyCodeML
software [34]. In the case of a branch analysis with posi-
tive selection, an HT'T hypothesis is more parsimonious,
for signals of purifying selection may indicate a domesti-
cation by the host’s genome of the TE sequence. In other
words, the TE gained functional relevancy within the
host’s genome, and is now being conserved along its lin-
eage, explaining the phylogenetic discrepancy.

Estimation of TE divergence times

TE lineages annotated by TEsorter were retrieved and
aligned using MAFFT [31]. Distance matrices were cal-
culated for every LTR lineage using the Kimura-2 sub-
stitution matrix [35] available in the EMBOSS package
[36]. Each distance value (K) was used to calculate the
expected insertion time (T) using the following formula:
T = K/2r, where r is a constant mutation rate of 1.5x10-8.
This same mutation rate was previously employed for the
estimation of TE insertion times in other Myrtaceae spe-
cies [9, 37]. Not all species are included in insertion time
plots for some lineages, since we were unable to retrieve
their 3’/5’ LTR regions. This also resulted in a decrease
in the expected number of comparisons for species with
high amounts of some LTR lineages.

Climatic variables and GO over-representation

Climatic variables (list available in Supplementary Mate-
rial 6) were downloaded from WorldClim [38] (world-
clim.org), and species occurrence data were retrieved
from GBIF [39] (gbif.org) using the Python package pyg-
bif. Native distributions for each species were checked on
the Royal Botanical Garden WCVP database [40] (powo.
science.kew.org), and only points from close regions were
processed. Principal Component Analysis (PCA) clus-
tering and bi-plot were done in python by standardizing
each variable to have a mean and unit variance equal to
zero. Gene ontology over-representation analysis was
conducted by extracting genes present in a 2 kbp region
upstream or downstream of annotated TEs. The ami-
noacid sequences encoded by these genes were used as
query for a BLASTp [29] search against the E. grandis
ENSEMBL proteome (e-value = 1e-20), and only the top
hit for each gene was considered. Different species hits
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were merged if they were from the same LTR lineage
to increase statistical power. The resulting list of genes
served as input to the GO over-representation analysis in
the Panther database (www.pantherdb.org) using default
parameters and p-value equal or less than 0.05 [41].

Results

Myrtaceae class | TEs greatly influence genome size
variation

Out of 22 Myrtaceae species retrieved from the NCBI
genome database, 19 had BUSCO completeness over
90% and were used for TE annotation (with the removal
of Campomaneisa xanthocarpa, Eugenia klotzchiana,
and Psidium friedrichsthalianum). Many reached over
95% completeness, an indication of high-quality assem-
blies. Assembly sizes varied considerably, from 269 Mbp
(Melaleuca quinquenervia) to 931 Mbp (Rhodomyrtus
psidioides), as did their N50 values, 28 Kbp (Eugenia uni-
flora) to 58 Mbp (Eucalyptus grandis). Unfortunately,
there is a lack of flow cytometry studies analyzing DNA
content and estimated genome size for most species in
our study, as such we cannot affirm the overall complete-
ness of retrieved assemblies.

The genome assemblies passed through the EDTA
pipeline, and the resulting libraries were re-annotated by
the TEsorter software in order to reduce the number of
unknown sequences and annotate LTR lineages. E. uni-
flora was excluded due to its high fragmentation, so the
subsequent analyses were carried out with 18 species
(Table 1).

Table 1 Myrtaceae species genome assembly metrics
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Among the Myrtaceae species analyzed, the percent-
age values of genomic repeats varied according to assem-
bly size, with the assembly of Melaleuca quinquenervia
(269 Mbp) harboring 25.42% of repeats and Rhodomyr-
tus psidioides (931 Mbp) with 93.59%, over 870 Mbp of
repeated sequences (Fig. 2A). The other species ranged
mainly from 35-60% of genomic repeats, with a mean of
47.96% for the entire dataset. Overall, a total of 17 differ-
ent TE types were found, plus regions related to pararet-
rovirus sequences. The majority of TEs, which belonged
to the Class I LTRs, such as LTR/Gypsy and LTR/Copia,
ranging from as little as 3.94% and 6.77% in the assem-
bly of Melaleuca quinquenervia to 32.05% and 24.81% in
the assembly of Rhodomyrtus psidioides, for Gypsy and
Copia super-families respectively. The other fractions of
the genome are mainly composed of DNA/Helitron and
LINEs. Five species (Corymbia citriodora, Eucalyptus
grandis, Metrosideros polymorpha, Rhodamnia argen-
tea and Syzygium oleosum) presented a very specific TE
profile of Class II elements, including TIR/CACTA, TIR/
Mutator, TIR/PIF Harbinger, and TIR/hAT (Fig. 2A),
which is not found on other species.

As the assemblies were retrieved from NCBI’'s genome
database, we investigated whether any ulterior informa-
tion could be associated with the results obtained. Avail-
able metadata on genome sequencing methods was not
correlated with overall TE sequence numbers (data not
shown). Furthermore, we calculated whether assembly
fragmentation could have impacted TE identification,
and apart from polintons, no other TE sequence numbers
were found to be associated with assembly fragmentation

BUSCO Metrics

Species C S D F M N50 Scaffolds > 50kbp Size

Angophora floribunda 96.9 929 4.0 1.3 1.8 36.024 37 25 388.348
Corymbia calophylla 97.8 93.7 4.1 09 1.3 39.866 35 17 394.859
Corymbia citriodora 98.4 928 5.6 0.8 0.8 31.549 14887 569 537.870
Corymbia maculata 97.3 95.0 2.3 1.0 1.7 40.548 25 15 403.964
Eucalyptus camaldulensis 96.8 923 4.5 13 1.9 52.653 18 14 558.569
Eucalyptus globulus 96.7 91.8 49 13 20 51.386 48 43 545015
Eucalyptus grandis 96.2 90.2 6.0 1.6 22 58.486 37 34 616.359
Melaleuca alternifolia 984 913 7.1 0.5 1.1 1.894 3128 504 362.022
Melaleuca quinquenervia 98.5 96.8 1.7 0.6 0.9 22.766 196 92 269.216
Metrosideros polymorpha 97.7 95.7 20 1.0 13 26.760 11 11 274748
Psidium guajava 98.4 96.3 2.1 0.6 1.0 40.370 44 35 443.753
Rhodamnia argentea 98.1 94.8 33 0.7 12 32337 75 35 346.711
Rhodamnia rubescens 96.9 91.2 5.7 13 1.8 3.644 174 165 353.992
Rhodomyrtus psidioides 98.6 87.5 11.1 04 1.0 5.669 828 380 931.146
Rhodomyrtus tomentosa 98.1 96.0 2.1 0.7 1.2 43.802 11 11 470350
Syzygium aromaticum 98.1 959 22 09 1.0 35418 24 22 370.222
Syzygium grande 94.5 919 2.6 1.3 4.2 39.560 174 m 405.097
Syzygium oleosum 98.1 929 52 0.7 1.2 11.740 72 72 407.067

BUSCO genes are divided into percentages of complete (C), single (S), duplicated (D), fragmented (F) and missing (M). BUSCO annotation was done using the

eudicots_odb10 library with 2326 genes. Metrics are given in Mbp
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Fig. 2 Myrtaceae TE composition and correlation with genome metrics. TE composition of 18 Myrtaceae species ordered by assembly size. The X axis
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values (N50) (Fig. 2B, D, F, H) (Supplementary Figure 1
and Supplementary Material 2).

Considering that TEs are the main players in genome
size variations, we sought to identify the main lineages
with the highest impacts. To achieve this, we plotted lin-
ear correlations among assembly sizes and TE genome
coverage values, calculating the p-value by normaliz-
ing for phylogenetic relationships for each plot (Supple-
mentary Figure 2). A total of eight TEs were found to be
statistically correlated with assembly size. Half of which
(Penelope, DIRS, TIR/Solal, and LTR/mixture) had val-
ues proximal to zero. The other half comprises the Class
II DNA/Helitron (Fig. 2I), negatively correlated with
assembly size, and the major division of LTR elements
(LTR/Unknown, LTR/Gypsy, and LTR/Copia) (Fig. 2C, E,
G), all positively correlated with assembly size.

LTR/Copia and Gypsy are taxon-specifically enriched

As Gypsy and Copia are TE super-families, we sought to
annotate the identified LTR sequences into their differ-
ent lineages. Fifteen lineages of LTRs were identified with
over 100 members in at least one out of the 18 species,
including the nine Copia lineages (Ale, Alesia, Angela,
Bianca, Ikeros, Ivana, SIRE, TAR, and Tork) and six
Gypsy lineages (Athila, CRM, Galadriel, Ogre, Tekay, and
non-chromo-outgroup).
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Similarly, the copy number of each LTR lineage was
plotted against the genomic N50 values to identify poten-
tial biases in their identification, but no p-value was sig-
nificant (Supplementary Figure 3 and Supplementary
Material 3). On the contrary, when comparing copy num-
bers against genome size, all of the LTR lineages resulted
in statistically significant p-values, indicating that all lin-
eages play a role in genome size variations (Supplemen-
tary Figure 4). Furthermore, by exploring the relative
abundance of LTR lineages among Myrtaceae (Fig. 3A),
we can identify taxon-specific clusters. For example, the
lineages of Copia elements, Ikeros and SIRE, were found
to be enriched specifically on the Eucalyptus genus, devi-
ating from others in its tribe. The Gypsy/Tekay elements
are the ones that contribute the most to the overall TE
libraries of Myrtaceae species, especially in the Syzy-
gieae tribe. Rhodomyrtus tomentosa represents a special
case with inflation of Gypsy/Tekay numbers, the highest
number identified in all species (11615 sequences, repre-
senting 41% of the total LTRs identified in R. tomentosa).
This event is likely very recent in its genus diversifica-
tion, and thus species-specific, as no similar profiles have
been identified in Myrteae. Lastly, the lineage of Gypsy/
Ogre TEs is another significant contributor to genome
size variation in the Myrteae tribe species. Interestingly,
Rhodamnia argentea possesses almost 30% of the total
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size of the library as Ogre elements, much more than
any other species. Considering Syzygium oleosum has the
highest assembly size of the analyzed Syzygieae species,
it also appears to harbor the highest amount of Gypsy/
Ogre elements (21% of total LTRs, compared to only 15%
and 9.7% for Syzygium aromaticum and Syzygium grande
respectively).

In order to shed light on the ancestry of such lineage
expansions and LTR activity, every LTR lineage had its
divergence times calculated and analyzed by species
(Fig. 3B-E) (Supplementary Figure 5 and 6). Overall,
divergence times fluctuate between recent times and 3.5
Mya, with very few LTRs over the 4 Mya mark. These
values represent a very recent time window compared
to the speciation and distribution of the tribes within
the Myrtaceae family, which occurred around 50 mil-
lion years ago (Mya). Consequently, any inference about
ancestral expansion events (those that happened more
than 10 Mya) is limited due to these sequences’ half-life
but can be extrapolated by lineage representation among
closely related species. After all, vertical inheritance from
a common ancestor is more evolutionary parsimonious
than many distinct events of TE replication. LTR lineages
show very contrasting peak profiles when comparing LTR
divergence times among the Myrtaceae family (Fig. 3B-
E) (Supplementary Figure 5 and 6). The Copia/lkeros
lineage possesses two peaks (= 3 Mya. and ~ 0.5 Mya)
(Fig. 3A). On the other hand, The Copia/SIRE lineage
profile is more complex (Fig. 3B), with peak numbers
varying among species. The Eucalyptus genus, where it
is more prevalent, has a main peak just short of 1 Mya.
and shares more recent activities with other members of
its tribe. Lineages Gypsy/Ogre and Gypsy/Tekay also dis-
play many peaks, with more recent events of duplication
notable in separate species in the family: the genus Rho-
damnia, Psidium guajava and Syzygium aromaticum for
Gypsy/Ogre, and Rhodomyrtus tomentosa, Psidium gua-
java and Corymbia calophyla for Gypsy/Tekay (Fig. 3D
and E). Another information to note is that the genus
Syzygiumn - with proportionally the most contribution
of Gypsy/Tekay elements - has had little to no activity
detected in the last 1 My. Looking at the lineages that
contribute the most to genome size variation, we find
that Gypsy/Tekay elements are comparatively the most
prevalent lineage in Myrtaceae, composing roughly 20%
of the TE repertoire in Myrteae and Syzygieae tribes.
Additionally, majority of these elements are likely to be
vertically inherited from a common ancestor across all
Myrtaceae, purified from the genome ever since. This is
corroborated by element divergence times, where species
with higher copy numbers, compared to their mean tribe
value, are found to have insertion peaks below 0.5 Mya,
likely from recent transpositional activity events.

Page 8 of 15

TEs influence diversity and adaptation mechanisms
Knowing that TEs are drivers of genetic variability and
have previously been correlated with species adapta-
tion, we sought to identify whether the species-specific
TE landscape could, to an extent, be linked to the real-
world distribution of Myrtaceae species. For this, we
gathered the TE data previously generated, and climatic
data from the natural distributions of each Myrtaceae
species (Fig. 4A). Species distribution was divided into
three main groups: the center-most group composed of
Myrtaceae species with east-australian origins, the left
group denotes species encompassing regions in Aus-
tralia not limited to the east coast, and the right group
includes species originating from east and south-east
Asia. Ungroupped dots are P. guajava, with South Ameri-
can origin, and M. polymorpha, native to the islands of
Hawaii.

By plotting the PCA features, we are able to interpret
which variables best explain the dataset’s distribution
(Fig. 4B, C, and D). As expected, most variables with the
highest magnitudes represent climatic features, while TEs
explain each less than 1.5% of total variance. However,
some TEs appear to contribute more than others to PCA
loadings, such as Copia/SIRE, Copia/Bianca and Gypsy/
Tekay (Fig. 4C). To evaluate potential TE correlations to
climatic variables, a Generalized Additive Model (GAM)
was performed among every pair of features using their
z-scores relative to the overall species distribution. Two
comparisons obtained p-values below 0.05 and are shown
in Fig. 4E and F. In general, both interactions indicate an
increase in TE numbers as the climatic variables deviate
from the group mean, which could be a sign of TE activ-
ity in more extreme abiotic conditions.

Furthermore, we performed a Gene Ontology over-
representation analysis including genes within 2 kbp of
detected TEs, and separated them by lineages (Fig. 5).
Overall, the genes that are under the most influence par-
ticipate in processes related to signaling, cell communica-
tion, and defense responses, present in almost all lineages.
Some biological processes refer to different facets of the
same process. These include: toxin regulation (signalling,
synthesis, metabolism, xenobiotic export, and xenobi-
otic detoxification), carbohydrate pathways (metabolism,
and transport), response to bacteria (defense response,
and unspecified response), reactive species detoxifica-
tion (hydrogen peroxide metabolism, catabolism, and
detoxification), and lipid pathways (metabolism, catabo-
lism, and biosynthesis). Other biological processes are
related to plant secondary metabolism and were found
to be specific to some LTR lineages, for example Gypsy/
Tekay elements are near terpenoid, diterpenoid, and iso-
prenoid biosynthetic genes, while Gypsy/Ogre elements
were one of the few TEs enriched in the vicinity of lipid
biosynthetic genes and carbohydrate transporters. This is
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11 Syzygium grande
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interesting because these TEs could influence the diver-
sity of secondary metabolites in Myrtaceae and subse-
quently affect adaptation mechanisms.

Myrtaceae TE composition faces ecosystem interaction
In order to identify possible HTT events occuring in
Myrtaceae, we retrieved high identity hits between spe-
cies. For each pair comparison among Myrtaceae species,
hits above a calculated identity threshold (see Methods
“Horizontal TE transfer identification” section) were
retrieved and are available in the Supplementary Figure
7 and 8.

Many hits were from E. grandis and the tribes Myrteae
and Syzygieae. Some of the hits provide alignment

bit-scores above 6000, indicating not only high levels of
identity, but along most of the sequence (Supplementary
Figure 8). Many of these hits belonged to the Copia and
Gypsy super-families, and recovered the species phylo-
genetic relationships. Although phylogenetic analyses
indicate they do not represent HTT events, these are
likely many ancestral domestication events that have
been vertically inherited. However, we retrieved one phy-
logenetic relationship of a Copia/lvana TE suggesting
a positive HTT event (Fig. 6A). To determine its likeli-
hood and to dispose of a TE domestication hypothesis,
we used both the tree topology and codon-alingment of
the available overlapping domains, restricted to only the
gag domain, in a selective pressure analysis. By selecting
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the tree branches related to the HTT + Syzygium clade
and its main subbranches, the analysis resulted in a non-
statistically significant p-value (p-value = 0.05208). Thus,
the model that best explains the selective evolutionary
forces among the branches of the tree is a contiguous and
homogeneous negative pressure/neutral evolution, favor-
ing synonymous substitutions over non-synonymous,
i.e. 0N/dS (w) < 1. Furthermore, even if the M1 model
reached statistical significance, given the proximity of the
p-value, the w value calculated for the branch of HTT R.
argentea sequences tends to infinity (w = 999). This indi-
cates diversifying selection, adding more support to the
HTT hypothesis if the p-value reaches significance. In
light of this, the phylogenetical incongruence is likely a
HTT event of a Copia/lvana TE between R. argentea and
S. grande (Fig. 6B). The direction of the transposition is
not clear, but given the distance values of the branches,
it is more parsimonious that a Copia/Ivana TE jumped
from S. grande onto R. argentea, and has slowly been
purified by the host since entering. Although R. argentea
plants have not been reported in Malaysa nor the Philip-
pines, S. grande has a wider global distribution, includ-
ing Australia, which could explain the necessary contact
for an HT'T event. Furthermore, S. grande seeds are dis-
persed by flying migratory animals, such as bats, and are
also capable of being dispersed by water, increasing the
genetic flow between island regions.

Discussion

Myrtaceae species are part of one of the most diverse
families in the plant kingdom. This diversity is reflected
in their repertoire of secondary metabolites, adapta-
tion capabilities, and genome organization. The publish-
ing of the first Myrtaceae genome was a huge stepping
stone, allowing a more thorough study of complex gene
networks and regulatory sequences to this day [7]. How-
ever, only 1% of the family has sequenced genomes, with
great bias between its tribes. Nonetheless, in our study,
we analyzed available genomic data of Myrtaceae to
understand the genetic mechanisms related to TEs that
drive their diversity and adaptation. Of the 22 publicly
available genome assemblies chosen, 18 were suitable
for downstream analyses, a couple with published data
on TE identification. When comparing studies, many
discrepancies in TE identification were detected, which
are inherent to tool usage, and given that the majority
of studies choose mainly RepeatModeler, we expect that
a robust approach using EDTA, a pipeline that incor-
porates RepeatModeler and other five programs [25]
(together with TEsorter for TE reannotation), will con-
tribute to better annotated libraries.

In addition to Eudicots and Myrtales genome dupli-
cation events [42], TEs appear to be the main players in
genome size variation within Myrtaceae. Specifically,
the LTR super-families Gypsy and Copia were found
to be positively correlated with an increase in assembly
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size. Additionally, these super-families are divided into
many different lineages, and nearly all were found to be
positively correlated with assembly size. Specific lin-
eage contributions can be seen in Fig. 3A, together with
TE divergence times for the most prevalent ones. Over-
all, lineage divergences appear distinct, with Gypsy/
Tekay losing activity in some species, while Copia/SIRE
elements seem more active in recent times, and finally
Copia/Ikeros with peaks both in recent and more distant
time windows. In general, it is a considerable limitation
of any study to seek correlations between TE profiles and
climate, because the latter is only available for the past
100 years, while TE profiles result from a cumulative his-
tory of climate interactions for the past millions of years,
together with each species biological history. Neverthe-
less, we sought to identify whether there is any correla-
tion and, if so, to what extent each impacts each other.
As such, most TE profiles do not correlate with current
climate variables, with the exception of Copia/Alesia
and Copia/SIRE elements (Fig. 4E and F). The former
appears to correlate with precipitation values and the lat-
ter with maximum temperature, both with an R? close to
60%. As the values deviate from the mean, a TE increase
is expected. Both lineages also appear to have the most

activity in recent times, which may help explain why they
better correlate with climatic variables (Supplementary
Figures 5 and 6).

Copia/lvana elements were not correlated with any
variables, although they were increased Psidium guajava
and in the Melaleuca genus (Fig. 3). Its major activity
peak stands around 2 to 3 Mya and displays recent activ-
ity across all species. The most prevalent genetic net-
works influenced by Copia/Ivana elements seem to act in
microorganism detection and signaling, such as response
to bacterium, defense response to bacterium, xenobiotic
export from cell, and xenobiotic detoxification by trans-
membrane export. Curiously, these TEs were also found
to have partaken in a HTT event between Syzygium
grande and Rhodamnia argentea (Fig. 6). HT Ts have been
detected across the plant kingdom in a widely distributed
fashion [43], indicating an influence of the ecosystem
onto the species genome (since they jump the repro-
ductive barrier), and as many of the Myrtaceae species
here analyzed share a common incidence region, they
are likely subjected to similar evolutionary influences.
While the majority of other TEs analyzed displayed
genomic patterns more akin to domestication, a single
Copia/lvana element likely jumped from S. grande - in a
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genomic region near an autophagy-related protein2-like
gene - onto a genomic locus in R. argentea rich in L-type
Lectin Receptor Kinases (LRKs) over 800 thousand
years ago. These L-type LRKs compose a gene family
that orchestrates plant immunity by providing broad-
spectrum disease resistance. By acting as cell membrane
receptors, these genes were also found to respond to
plant-hormones and consequently abiotic stresses [44].
As such, HT'T events are likely related to adaptation pro-
cesses in Myrtaceae, in this case the transfer of a Copia/
Ivana element from S. grande onto a genomic region in
R. argentea, where it duplicated in the last 50 thousand
years, and both copies possibly influence L-type LRKs in
their role in plant immune responses and abiotic stresses.
Lastly, it is uncertain whether there are more HTT events
among Myrtaceae, since our approach of BUSCO iden-
tity distributions may have proven to be too strict (once it
did not allow comparisons among the same genera). This
may also have been due to HTT events being intrinsically
challenging to detect in this family, either because they
are rare or efficiently purified from the genome. Other
studies that analyzed HTT events across distantly related
plant taxa have also included Eucalyptus grandis in their
analyses, but did not report any positive cases [43, 45].

By checking genes that were recovered in all species
(Supplementary Material 4), disregarding the LTR lin-
eage, many presented the Toll/Interleukin-1 receptor
(TIR) domain, with 239 TIR domain genes found in the
GO over-representation gene list. This domain is com-
monly found in a subgroup of nucleotide binding sites
and leucine-rich repeat (NBS-LRR) proteins, responsible
for monitoring pathogen infection and mediating plant
immune responses [46], one of the over-represented
biological processes recovered. NBS-LRR genes are one
of the biggest gene superfamilies in plants, representing
over 1% of coding genes. 1215 putative genes were iden-
tified in E. grandis, with Myrtaceae species sharing an
increase in NBS-LRR TIR-domain containing (TNL) sub-
group numbers in both E.grandis and Melaleuca quin-
quenervia [47, 48]. This incredible diversity is explained
by repeated tandem duplications of genes in uneven
crossing-over events, yet this mechanism is not suffi-
cient to explain their distribution across chromosomes,
and mixed subfamily gene clusters [46, 49]. Furthermore,
TNLs in Lactuca sativa were able to be divided in Type-
I, and Type-II based on a number of characteristics that
mainly relate to different rates of evolution [50]. Type-I
sequences were enriched in the center of gene clusters
and presented 3’ intron identities higher than flank-
ing coding sequences, which could be a case of LTR TE
mediated template switching [51].

Other enriched gene families are the terpene synthase
(TPS) and terpene cyclase genes. These genes encode
for a family of enzymes responsible for the production
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of a class of fragrant oils that are heavily sough after in
the industry, especially in Myrtaceae [52]. The phyloge-
netic relationships among the TPS genes subdivide them
into seven clades, with superposition of chemical prod-
ucts [53]. Subfamilies a, b and g are mainly involved in
the secondary metabolism of plants, while subfamilies c,
e and f are specialized in the primary metabolism [54].
A previous genome-wide study analyzed this gene fam-
ily in 50 plant genomes, and found lineage-specific fam-
ily expansions events, especially in E. grandis [55]. The
Eucalyptus genera possesses around 100 TPS genes
arranged in genetic clusters with many events of pseudo-
genization [56], similar to the NBS-LRR family. Further-
more, 30% of TPS genes were found to be flanked by TEs
in maize, and although tandem duplication plays a major
role in the increase of gene copy numbers, TEs were also
found to contribute to the diversification of the TPS gene
family in some plant lineages [55]. This indicates that the
great diversity of TPS genes in Myrtaceae has likely been
influenced by transpositional activity.

Lastly, many genes presented the 2-oxoglutarate/
Fe(II)-dependent dioxygenase (20GD) domain, cata-
lyzing chemical reactions including, but not limited to,
hydroxylations, demethylations, desaturations, ring clo-
sure and ring cleavage [57]. These genes are part of the
20GD gene superfamily, with 130 members identified in
Arabidopsis thaliana and 271 members in Brassica napus
[58]. Its biggest subfamily - DOXC - partakes in the bio-
synthetic process of many plant hormones and second-
ary metabolites [59], and comprises genes present in the
GO over-representation list, such as antocyanidin syn-
thase and flavonol synthase related to antocyanidin bio-
synthesis [60]. Other DOXC members have been found
to increase drought tolerance when silenced [61], and
the knockdown mutant of downy-mildew resistant 6 was
found to also grant disease resistance to necrotrophic
pathogens [62] (downy-mildew resistant 6 was also found
in our GO over-representation list). Overall, TEs seem
to influence the majority of plant biology aspects; this is
likely done by influencing the evolution and neofunction-
alization of gene superfamilies, which in turn are respon-
sible for core mechanisms that orchestrate the organism’s
biology and adaptation to the environment.

Conclusion

Myrtaceae is one of the most diverse families in plants,
with economically important species due to their wood,
spices, fleshy fruits and essential oils. This plant family
includes already declared invasive members with world-
wide distributions, exemplifying their high adaptability to
different environments. Other members are more known
for their resistance to stress, ability to survive in nutrient
poor soils as well as water deficient environments [63].
It is well known that TEs influence gene expression and
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may lead to gene duplications, thus acting as diversifying
forces to adaptation processes. In our study, we charac-
terized the TE landscape in 18 Myrtaceae species, iden-
tifying Class I retrotransposons as the main contributors
to genome size variations encountered in these species.
More specifically, every LTR lineage of the retrotranspo-
sons analyzed contributed to genome variation. More-
over, some lineages are more enriched in some taxons
than others, leading to characteristic profiles within the
subdivisions of this plant family that may, or may not,
have similar transpositional activity histories. By explor-
ing species distribution and climatic data, we were able
to correlate the presence of certain LTR lineages with
abiotic factors. Together with a GO over-representation
analysis of proximal genes, we identified the main bio-
logical processes these same TEs may influence and
consequently aid the adaptation process of some species
within the Myrtaceae plant family. The vast repertoire of
influenced genes were found to act in defense responses
to other organisms, especially the TNS subgroup of NBS-
LRR proteins. This indicates a deep interplay between
TEs and gene superfamilies to the molecular communi-
cation with microorganisms, be they pathogens or sym-
biotic. Furthermore, it also suggests that microorganisms
interactions may play a bigger role in the adaptation
process than previously thought. An adaptation process
that is not dependent on only a singular species. As our
HTT analysis suggests, TEs may jump the horizontal
barrier amongst Myrtaceae species, and insert them-
selves in gene-rich regions and influence proximal genes.
In the case of Rhodamnia argentea, a Copia/lvana TE
likely jumped from Syzygium grande onto an L-type LRK
gene rich region, where it may influence the regulation
of interspecies communication with microorganisms.
Additionally, TPS genes, responsible for the production
of terpenes and essential oils (a huge factor in the eco-
nomical relevancy of Myrtaceae species) also seem to be
affected by TEs. Recently, a study detected HTT events
between TPS genes amongst plants and microorganisms
[64], which together with our results, may point to TEs as
a possible explanation to these events. It would be inter-
esting to evaluate how much these interspecies interac-
tions influenced by defense response genes facilitate
HTT events and the genetic diversity of plant secondary
metabolites.

Abbreviations

20GD 2-oxoglutarate/Fe(ll)-dependent dioxygenase
GO Gene ontology

HTT Horizontal transposable element transfer

LRK Lectin receptor kinase

LTR Long terminal repeats

L-type LRK  Legume-type LRK

NBS-LRR Nucleotide binding sites and leucine-rich repeat
PCA Principal component analysis

TE Transposable element

TIR Toll/Interleukin-1 receptor
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