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Abstract

TEs in camelid genomes have not been made available.

Background: Transposable elements (TEs) are common features in eukaryotic genomes that are known to affect
genome evolution critically and to play roles in gene regulation. Vertebrate genomes are dominated by TEs, which
can reach copy numbers in the hundreds of thousands. To date, details regarding the presence and characteristics of

Results: We conducted a genome-wide comparative analysis of camelid TEs, focusing on the identification of TEs
and elucidation of transposition histories in four species: Camelus dromedarius, C. bactrianus, C. ferus, and Vicugna
pacos. Our TE library was created using both de novo structure-based and homology-based searching strategies
(https://github.com/kacst-bioinfo-lab/TE_ideintification_pipeline). Annotation results indicated a similar proportion
of each genomes comprising TEs (35-36%). Class | LTR retrotransposons comprised 16-20% of genomes, and mostly
consisted of the endogenous retroviruses (ERVs) groups ERVL, ERVL-MalR, ERV_classl, and ERV_classll. Non-LTR
elements comprised about 12% of genomes and consisted of SINEs (MIRs) and the LINE superfamilies LINE1, LINE2,
L3/CR1, and RTE clades. Least represented were the Class Il DNA transposons (2%), consisting of hAT-Charlie,
TcMar-Tigger, and Helitron elements and comprising about 1-2% of each genome.

Conclusions: The findings of the present study revealed that the distribution of transposable elements across
camelid genomes is approximately similar. This investigation presents a characterization of TE content in four camelid
to contribute to developing a better understanding of camelid genome architecture and evolution.
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Background

Transposable elements (TEs) are influential in determin-
ing genome structural dynamics. TEs are DNA sequences
found in nearly all eukaryotes which encode various pro-
teins which carry out the molecular mechanisms which
facilitate their relocation and duplication within a host
genome [103]. They can comprise substantial proportions
of eukaryotic genomes, for example, 50% of the human
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genome, up to 90% of the maize genome, and varying from
2.7% to 47% of insect genomes [46]. The ability of a TE
to proliferate within a genome contributes to it under-
going natural selection as a discrete evolutionary entity,
separate from its host. Given this, TEs can be viewed
as selfish intragenomic parasitic sequences [27] because
their ability to undergo replicative transposition via an
RNA or DNA intermediate is not seen as adaptive in most
cases. The abundance and repetitive nature of TEs are
among the main challenges that complicate the correct
assembly of sequenced genomes [96]. However, the sig-
nificantly repetitive nature of the genomes of mammals
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and other vertebrates also plays an essential role in various
processes, contributing substantially to genome size and
architecture [24, 30, 55] as well as influencing functional
genomic components [14]. The technological develop-
ments in genomics and large-scale functional assays has
spotlighted the multi-faceted properties of TEs and their
importance in shaping genomes [15].

We are at the early stages of understanding how mobile
element insertions influence specific phenotypes. TEs can
disrupt host sequences and act as substrates for nonho-
mologous recombination, forming DNA rearrangements
such as deletions, duplications, inversions, and transloca-
tions [36, 47]. Such rearrangements can be deleterious for
the host through the alteration of gene-coding potential
and regulation or by modifying other necessary genomic
sequences [58]. TEs are, therefore, causes of mutations
and genetic diseases in humans and other organisms [41,
97]. In some cases, TEs are also proposed to be involved
in the rapid adaptation of invasive species to new envi-
ronments [19]. Environmental stressors represent a daily
challenge for some organisms, who must adapt to sur-
vive continuously changing conditions [20]. An increasing
number of studies support a link between TE activity
and species responsiveness to environmental conditions
[35, 64]. In this context, mobile elements contribute to
increasing genetic diversity, allowing organisms to bet-
ter adapt to new conditions [91]. Given this, TE activity
may have contributed to the high diversity of vertebrate
species that colonized many habitats, from water to land
and temperate to extreme environments [19].

Here, we have analyzed the global TE content in four
camelid genomes, contributing to a better understanding
of the genome organization and evolution in camelids.
Camelus dromedarius, frequently referred to as the Ara-
bian camel, is a heat stress-resistant animal [67] capable
of living in the extremely harsh climates of the Arabian
Peninsula. The adaptations of camelids to arid conditions
are remarkable. Camels can fluctuate their body temper-
ature from 34°C to 41.7°C and can conserve water by not
sweating [2]. Additional members of the camelid family
included in our study are the Bactrian camel (Camelus
bactrianus) and the Wild Bactrian camel (Camelus ferus)
of Asia, and the alpaca (Vicugna pacos) of South Amer-
ica [4, 38]. The extreme variation among their natural
habitats opens up a series of questions about how the
environment influences TEs in camelids. Such questions
cannot be addressed in the absence of a high quality TE
annotation and our work aims to bridge this gap.

In this work, we use a variety of bioinformatics
approaches to identify and classify camelid TEs, following
the system used by [103]. This system defines two classes
of elements according to their transposition mechanism.
Class I elements, known as retrotransposable elements
(REs), can transpose themselves via an RNA intermediate,
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self-replicating in the process. REs are the most abundant
repetitive elements in many genomes, often including
many long terminal repeat REs (LTR-RTs). Class II ele-
ments, also known as DNA transposons, can move by
means of a "rolling circle" Helitron, or “cut-and-paste”
action characterized by terminal inverted repeats (TIRs)
of variable length. Within these classes, TEs are fur-
ther categorized into superfamilies based on homology or
structural characteristics.

The great diversity of TEs can make their accurate
detection and annotation difficult [61]. Several compu-
tational approaches have been developed for identifying
TEs in assembled genomes, of which the two main strate-
gies are homology-based and structure-based methods
[12]. Additionally, TEs can be uncovered based on their
repetitive nature, with queries on the structural signa-
tures of specific TE types supporting the detection of
specific types of individual full-length elements; this ben-
efits the investigations of TE variation and evolution
[102]. Combining approaches leads to increased sensitiv-
ity of detection, resulting in more comprehensive results
[71, 74]. In this study, we annotated the TE fraction of the
whole genome of each sequenced camelid. We present a
detailed approach for the characterization of TEs in camel
genomes using homology and structure-based methods,
with the aim of providing a basis for future studies on TEs
that expand our understanding of genomic diversity and
evolution in camelid species. These sequences could be
valuable tools for elucidating new genomic dynamics and
making evolutionary inferences.

Methods

Data source

Four camelid species currently have draft genome
sequences available from the National Center of Biotech-
nology Information (NCBI), assembled at the scaffold
level. These sequences were downloaded from the NCBI
RefSeq database [79] in FASTA format: C. dromedar-
ius, accession GCF_000767585.1, assembled genome size
~2004 Mb; C. bactrianus, GCF_000767855.1, ~1992 Mb;
C. ferus, GCF_000311805.1, ~2009 Mb; and V. pacos,
GCF_000164845.2, ~2172 Mb [8, 104]. The genome
completeness of the four camelid species was evalu-
ated by Benchmarking Universal Single-Copy Orthologs
(BUSCO) v3.0.2 [88], based on mammalian orthologous
gene set (4,104 genes).

Identification of transposable elements

To construct reliable and comprehensive repeat libraries
is a challenging task due to the variation in repeat struc-
ture and the difficulty of assembling repeats in genome
sequences. As many elements vary considerably in genetic
structure and sequence, the only means of achieving reli-
able results when identifying and annotating TEs is to
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Fig. 1 Flowchart for de novo identification of canonical TE sequences using both structural and homology-based approaches

practice complementary approaches [80]. A flowchart
describing our overall approach to TE identification is
given in Fig. 1. The specific methods for each type
are detailed below. We employ de novo signature-based
detection programs that rely upon prior knowledge con-
cerning the sharing between different TEs of standard
architectural features necessary for the process of trans-
position. Examples of classification according to similarity
to known TEs include records in databases like Rep-
base [51] and protein profiles retrieved from the Pfam
database [31]. Unfortunately, only well-described TEs that
have a robust structural signature can be discovered by
these methods. Some TEs do not have such characteris-
tics and thus cannot be distinguished by this approach.
In contrast to homology-based methods, signature-based
methods are less biased by similarity to the set of known
elements.

Class | elements: LTR retrotransposons

Candidate LTR-RT loci were identified by employing the
program LTRharvest [29], a component of GenomeTools
[37], which searches the input sequence for direct repeats
(LTRs) that are separated by a given distance (default 1 kb)
and outside of which are apparent target site duplications
(TSDs). Candidates distinguished by LTRharvest were
then passed to LTRdigest [92], which annotates protein-
coding domains between the LTRs of each putative ele-
ment. Specifically, LTRdigest searches for homologs in
the putative LTR-RTs using HMMER3 [101] and a set of
TE-related pHMMs we provided from Pfam and GyDB
[31, 63]. Subsequently, the EMBOSS (v.6.6.0) program
getorf [84] was employed to annotate additional ORFs of
at least 100 amino acids in length that do not overlap the
LTRdigest predictions. Afterwards, the predicted LTR-
RTs were investigated for homology to LTR-RT sequences
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in Dfam and Repbase through applying nhmmer and
tblastx, respectively. Elements without homologs were
discarded as false positives. Each retained element was
considered a true positive and classified according to the
superfamily of the highest-scoring entry from Dfam or
Repbase. Finally, the elements were clustered using the
sequence similarity method suggested by [103], based on
the “80-80-80” rule, which allocates at least 80% sequence
similarity in >80% of the element length with a minimum
of 80 bp of aligned segments.

Elements were aligned using MAFFT v7.453 [57],
and putative intra-element gene conversion tracts
between LTRs were identified in those alignments using
GENECONYV v.1.81a [86], which detects stretches of
greater-than-likely similarity. Putative gene conversion
tracts with fewer than three total differences were not
accepted. Subsequent analyses were performed on each
cluster independently. Relative insertion times were cal-
culated for each element per the method of [85]. First, the
LTRs within a cluster were aligned and divergences were
estimated using PAUP* [94] under the HKY85 model of
nucleotide sequence evolution [42]. Since gene conversion
events erase the signal of time in a LTR alignment, diver-
gence estimates were improved under the assumption
that the part(s) of an LTR alignment containing a putative
gene conversion tract will exhibit the same rate of diver-
gence as the portion of the alignment not participating in
a gene conversion tract. Following the approach of [21]
for calculating divergence among protein-coding genes,
divergence estimates were scaled linearly relative to puta-
tive gene conversion tracts. Divergences were converted
to millions of years using a previously published estimate
of the C. dromedarius generational substitution rate of 2.5
x 10" and a generation time of five years [32]. Phylogenies
were inferred for each cluster in order to investigate the
evolutionary history of identified elements. Whole ele-
ments were aligned by MAFFT using 2 or three iterations
of the FFT-NS-2 algorithm respectively for clusters with
50 and fewer elements or between 50 and 500 elements,
and a single iteration of the FFT-NS-1 algorithm for clus-
ters having between 500 and 1000 elements. Alignments
were post-processed with trimAl [18] using the setting
-automatedl, and evolutionary trees were inferred using
FastTree2 [77] under the GTR-CAT model. Phylogenies
and LTR-RT diagrams were visualized using FigTree
v1.4.4 (2018) and ETE3 [48]. We also employed Kruskal-
Wallis and t-test using R stats package (R Core Team,
2019) to test for differences in underlying LTR-RT length
distributions and means between species, respectively.

Class | elements: Non-LTR retrotransposons

Here, we began with the recognized genomic coordinates
of LTR-RTs identified in the previous step. These candi-
dates were masked with maskfasta from BedTools [81]
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to avoid conflicts or duplicate hits. Next, open reading
frame sequences were extracted from the masked genome
by applying the getorf tool from EMBOSS v6.4.0.0. The
minimum ORF size was set to 500 bp in anticipation
of detecting the apyrimidinic endonuclease (APE) gene
(which is 600—-800 bp in 97% of inspected non-LTR ele-
ments). Non-LTRs have been previously classified into
clades or lineages [65], and subsequently into families. In
only two clades, the reverse transcriptase (RT) is encoded
by a single domain (R2 and CRE clades). The others have
an additional coding region for an APE. Some elements,
such as those belonging to clade I, have an extra RNaseH
domain [106]. Accordingly, we performed an exploration
of the genomic sequences with MGEScan-non-LTR [83],
which identifies and classifies non-LTR TEs in genomic
sequences using probabilistic models based on the struc-
ture of the 12 established non-LTR TE clades. More pre-
cisely, we used MGEScan-non-LTR and hmmsearch from
HMMER 3.0 [28] with two separate hidden Markov model
(HMM) profiles, one for the reverse transcriptase (RT)
gene and one for the endonuclease (APE) gene, both of
which are well conserved among non-LTR TEs.

Class Il elements
All eukaryotic DNA transposons reported so far belong to
a single category of elements which use the so-called “cut-
and-paste” transposition mechanism, except Helitrons,
which transpose by rolling-circle replication. Here, we
employed methodologies for the detection of DNA trans-
posons in the studied genomes based on the initial iden-
tification of TIR, and non-autonomous elements such as
miniature inverted-repeat elements (MITEs) and helitron.
MITEs are DNA-based elements that have TIRs but
lack a transposase gene, and their well-defined structural
features make them suitable for discovery by computa-
tional approaches. We utilized an accurate, valuable tool
for detecting MITEs in eukaryotic genomes, MiteFind-
erll [45]; this tool is capable of detecting both perfect
and imperfect inverted repeats through a string match-
ing approach [108]. It computes a new function to cluster
MITE sequences into different MITE families in several
steps. First, it builds a k-mer index and seeks inverted
repeats. Then, all sequence candidates are distinguished
by the presence of a TIR pair of default length and a
TSD pair. Second, the scaffolds are divided into multiple
sequence fragments that overlap by 800 bp, which is the
maximum length of MITEs, to guarantee that all inverted
repeats are identified. Third, pairs of TIRs having lengths
in the range of 50-800 bp are retained, and the remain-
der used as seeds for MITE candidates in the next step.
Finally, identified sequences are compared with MITEs in
the Repbase database using blastn [5]. Those with high
similarity are considered valid positives, and those with
low similarity as false positives. For each MITE cluster,
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the sequence with the highest blast score was selected via
an in-house script as the representative family sequence.
The tool was executed with default parameters, except for
the use of a confidence-score threshold of 0.5 to exclude
low-confidence candidates.

Helitrons are diverse across species and even within
one species. These are rolling circle eukaryotic trans-
posons that regularly catch gene sequences and do not
form target site duplications or end in TIRs. To investi-
gate the presence of Helitrons in camelid genome, we used
the structure-based tool HelitronScanner [105]. Helitron-
Scanner relies on sequence matches between trained local
combinational variables (LCVs) and genome. Specifically,
it scores 5’ and 3’ termini based on a training set of pub-
lished Helitrons, and then merges the coordinates and
scores for putative Helitron-like sequences. We increased
the threshold to 6 to avoid false positives. The predicted
candidates were clustered using CD-Hit [34] at 80% simi-
larity. Finally, we used tBlastn against Helitron sequences
deposited in RepBase-20181026 to retrieve the highest
scores.

Transposable element annotation, copy number and genome
coverage estimation

After all libraries were generated using the pro-
grams mentioned above, the TE repeat sequences
present in Camelidae species were extracted from Dfam
Consensus-20170127 and RepBase-20181026 using the
script “queryRepeatDatabase.pl” shipped with Repeat-
Masker. The results of both steps above were combined.
Next, duplicates were filtered using seqKit rmdup (-s) on
the basis of sequence. We then used RepeatMasker v.4.1.0
[90] to process the results for masking and annotation
[87]. We used RMBIast as the search algorithm with a
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Smith-Waterman cutoff of 225, -no_is, -gff -s -lib, -norna
and exclusion of low complexity regions -nolow; all other
parameters were default. Additionally, counting the copy
number of each TE and determined genome coverage
obtained from the RepeatMasker output files (.out), which
correspond to the number of insertions identified in the
masked genomes. The remaining unmasked portion of the
genome is scanned using RepeatModeler [33] with default
settings to detect any unclassified TEs such as TIRs that
were missed by structure-based TE identification and
merge it to the library for Re-annotation.

Results

Evaluation of genome assemblies

To evaluate the completeness of each of the four camelid
genome assemblies, we used BUSCO mammalian lin-
eage dataset (mammalia_odb9), which consisted of 4,104
single-copy orthologs. BUSCO results showed that 93.9—
95.2% of the 4104 mammalian single-copy orthologs were
complete across the four genome assemblies (Fig. 2A),
suggesting the four genomes are comparable and have
high-quality assemblies.

Construction of camelid repeat libraries

TE reference libraries were generated through system-
atic searching procedures using both de novo signature-
based and homology-based method strategies for four
camelid draft genomes: C. dromedarius, C. bactrianus, C.
ferus, and V. pacos. The joined libraries include related
repeats deposited in Dfam and Repbase. They respec-
tively consist of a total of 6026, 6594, 7241, and 8311
individual TE sequences, and cover both Class I (LTR-
RTs, non-LTR retrotransposons) and Class II elements
(TIR elements, Helitrons, and MITEs) 41,701,493 bp,
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Fig. 2 Genome assembly assessment and TE proportions. The BUSCO dataset of the mammalia_db9 including 4,104 BUSCO was utilized to evaluate
the four camelid assemblies (A). TE proportions in the four camelid genomes (B)
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32,935,780 bp, 26,533,293 bp, and 39,127,481 bp respec-
tively (Supplementary files S1-S4). The TE sequence
annotations generated by these libraries respectively com-
prise 734,069,793 bp (36.63%), 718,445,875 bp (36.05%),
711,915,199 bp (35.43%), and 783,294,957 bp (36.06%) of
the investigated camel genomes (Table 1, Fig. 2B, and
Supplementary files S5-S8).

Our findings revealed the relative contributions to
camelid genome of significant types of TEs, namely LTR,
LINE, and SINE retrotransposons, as well as DNA trans-
posons, (Fig. 2B). Here, we employed several procedures
to identify each order of TEs present in four camelid
genomes: C. dromedarius, C. bactrianus, C. ferus, and
V. pacos. The results are classified into four main cat-
egories: 1) LTR-RTs elements identified using LTRhar-
vest, and internal regions annotated employing LTRdigest:
these comprised respective totals of 4473, 4794, 5768, and
6877 elements in the studied genomes, and open read-
ing frames (ORFs) were simultaneously distinguished. 2)
Non-LTR retrotransposons were identified by aligning
reverse transcriptase accessions to ORFs predicted in the
genomes, yielding 495, 475, 87, and 11 sequences, respec-
tively. 3) Non-autonomous DNA elements (MITEs and
degraded DNA transposons) were identified by their TIRs
and TSDs using MITE-FinderIl, yielding 96, 76, 73, and
64 families respectively. 4) Helitron-like sequences were
identified using HelitronScanner, and consisted of 532,
557, 503, and 524 sequences, respectively.

LTR retrotransposons

LTR retrotransposons appear to dominate the camel
genomes, being the most significant component among
the identified TEs (Fig. 2B).

In the C. dromedarius genome, LTRharvest identified
11303 candidate LTR-RTs each consisting of two relatively
intact LTRs and flanking TSDs. After LTRdigest anno-
tation analyses, discarding the false-positive candidates
reduced the number to 4473 putative full-length LTR-RTs,
which comprise 39% of the total predicted candidates. The
lengths of these elements range from 205 to 25,500 bp,
with an average of 7,691.2 bp and a total genome-wide
footprint of 34,402,528 bp.

In the C. bactrianus genome, LTRharvest predicted
10920 candidate LTR-RTs with two relatively intact
LTRs and flanking TSDs. After discarding false positives,
reduced the number to 4,794 putative full-length LTR-
RTs, comprising 43% of the total predicted candidates.
The lengths of these elements ranged from 203 to 15,702
bp, with an average size of 5,211 bp and a total footprint
of 24,981,380 bp.

In the C. ferus genome, LTRharvest identified 17456
LTR-RTs candidates with two relatively intact LTRs
and flanking TSDs. Discarding false-positive candidates
reduced the list to 5768 putative full-length LTR-RTs,
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comprised 33% of the total predicted candidates. Their
lengths ranged from 203 to 15,701 bp, with an average size
of 3,480.4 bp and a total footprint of 20,075,064 bp.

In the V. pacos genome, LTRharvest predicted 24674
candidate LTR-RTs with two relatively intact LTRs and
flanking TSDs. Removal of false positives reduced the
total to 6877 putative full-length LTR-RTs, comprised 27%
of all predicted candidates. These elements ranged from
208 to 15,887 bp in length, with an average of 4,757.2 bp
and a total footprint of 32,715,308 bp.

The identified LTR-RTs were classified into 11 super-
families according to similarity (Table 2). In all four
genomes, the most abundant LTR-RT superfamily was
ERVL-MaLR (1503-2031 elements). The second most
prevalent was either ERV1 (1142-2455) or ERVL (987—
1316), followed by ERV2 (410-679) and then Gypsy
(15-56). Similar numbers were found in each genome
for the ERVL, ERV1, and ERV2 families, but counts of
ERV1, ERVL, and ERVL-MaLR elements were greater in
genomes with successively more total LTR-RTs (Table 3).

Histograms of intra-element ages by-species are
depicted in Fig. 3. When divergences were scaled based
on putative gene conversion tracts, the distribution
shapes remained very similar to those of the unaltered
divergences, except for having long tails; therefore, the
unaltered divergences are shown. In the genomes of C.
dromedarius and C. bactrianus, LTR-RTs appear to have
had consistently relatively low activity for the past 25
million years (mya). This contrasts with LTR-RTs in C.
ferus and V. pacos, where there have been recent bursts
between about 0.5 - 2.5 mya and 1.5 - 4 mya, respectively
(Fig. 3). Notably, the distributions of LTR-RT lengths dif-
fered among species (Fig. 4, Tables 4 and 5). Normalized
to C. dromedarius, the mean LTR-RT lengths of the other
three studied species were 0.69 (C. bactrianus), 0.46 (C.
ferus), and 0.63 (V. pacos).

Bean-plots of cluster size distributions show similar pat-
terns for all of the species, predominantly consisting of
singletons and smaller clusters (Fig. 5). The vast major-
ity of clusters contain elements that are heterogeneous
in length; relatively few contained the suite of domains
necessary for transposition, as recognizable through high
similarity to entries from Pfam and GyDB. However, there
are generally multiple ORFs in each element; it is likely
that at least some of these encode transposition machin-
ery, but are too divergent to be detected by the pHMM
search. The phylogenies of most clusters have poor boot-
strap support, with the exceptions of three small clusters
in the V. pacos genome, two of which ERV1 clusters (Fig. 6)
and one ERVL (Fig. 7). The ERV1 LTR-RTs in V. pacos are
also remarkable for the presence of multiple large clus-
ters that almost exclusively contain short elements, most
of which have no internal ORFs or identifiable LTR-RT-
related protein-coding domains. These elements may be
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Table 2 De novo classification of predicted Class | LTR
retrotransposons into superfamilies based on homology to
labeled sequences in Dfam and Repbase

Classification  C. dromedarius C. bactrianus C.ferus V.pacos
ERVL 987 1139 1297 1316
ERVL-MalLR 1503 1708 1881 2031
ERV1 1142 1160 1584 2455
ERV2 439 410 561 679
Gypsy 32 15 42 56
Copia 84 78 119 60
DIRS 117 120 46 56
Ngaro 15 14 45 25
Pao 6 2 8 4
Unknown 29 29 32 42
Undefined 119 119 153 153
Total 4,473 4,79 5,768 6,877

Table 3 Counts of LTR-RTs with evidence of intra-element gene
conversion
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non-autonomous and rely on protein products derived
from other elements.

The protein sequences identified internal to LTR-RTs
are summarized in Table 6. In total, 2889, 2350, 1365,
and 2409 proteins were respectively identified in the four
species (C. dromedarius, C. bactrianus, C. ferus, and V.
pacos) (Table 6). Most of the putative LTR-RTs contained
the RT-INT-ENV protein domain order (reverse tran-
scriptase, integrase, and envelop) characteristic of ERVs.

Non-LTR retrotransposons
Non-LTR retrotransposons were identified by applying
MGEScan-non-LTR to the LTR-masked genomes. This
tool discovered all known full-length elements and simul-
taneously classified them into the following clades: CRE, I,
Jockey, L1, R1, R2, and RTE. Notably, reverse transcriptase
(RT) is encoded by all autonomous non-LTR retrotrans-
posons, and therefore was used as the primary signal to
distinguish and classify these elements. Previous studies
have classified non-LTR retrotransposons into 11 clades
based on RT phylogeny [65].

The non-LTR retrotransposons identified in camelid

Species Elements with gene conversion . . . A
species are summarized in Table 7. Six clades were repre-
C. dromedarius 1,886 . . .. . .
sented in C. dromedarius, five in C. bactrianus, four in C.
C. bactrianus 1,765 ferus, and six in V. pacos. In the three Camelus species, L1
C. ferus 1,908 was the most abundant clade, represented by 442, 421, and
V. pacos 1,787 41 elements and comprising total footprints of 1,003,622
200 1
Species 1501 o
100+ )
. C.dromedarius 50+ &
. 0+
C.bactrianus
. C.ferus 2001 | | | a
V.pacos 1504 | I | g
1001 1 I I | 3
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Fig. 3 Distributions of LTR-RT ages in each of the four camelid genomes, with speciation event interval demarcated by vertical dashed lines.
Phylogenetic relationships among species are depicted by the tree on the right
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Fig. 4 LTR-RT length distributions in the four camelid genomes

bp, 1,571,496 bp, and 490,265 bp in C. dromedarius, C.
bactrianus, and C. ferus, respectively. Surprisingly, the
smallest number of ORF-conserving elements was iden-
tified in V. pacos; these elements collectively occupied
13,785 bp.

DNA transposons

Miniature inverted-repeat elements (MITEs) were one
such ubiquitous class, characterized by essential struc-
tural features such as TIRs and TSDs, AT-rich sequences,
and a lack of coding capacity for transposases. Canoni-
cal MITE sequences with perfect TSDs, perfect or near-
perfect TIR structure, and a length was between 50 and
650 bp were counted using MITEFinder software; a total
of 285 families across the four examined genomes. Rela-
tive empty site analysis showed that the TSD sequences
differed between families, being either 2, 3, 8, or 10 bp.
Moreover, we performed homology-based repeat analy-
sis on the library of identified camelid MITEs using a
subsection of the Repbase database carrying only class
II vertebrate and mammalian sequences. The resulting
superfamily classifications and the number of families
detected in each species are given in Table 8.

In the C. dromedarius genome, we identified a total of
69 MITE elements, which accounted for 13,922 bp of the
genome and comprised 9 different families. In C. bactri-
anus, we identified 76 MITE elements, which accounted

Table 4 Results of Kruskal-Wallis test for LTR-RT length
distributions between species. Significance (p <= 0.05) indicates
the LTR-RT lengths follow a different distribution in the two
species

C.dromedarius C. bactrianus C.ferus V. pacos
C.dromedarius 1 2.8E-189 14E-118 0
C. bactrianus 2.8E-189 1 0.016 4.6E-88
C. ferus 14E-118 0.016 1 3.7E-84
V. pacos 0 4.6E-88 3.7E-84 1
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Table 5 Results of t-test test for differences in LTR-RT length
means. Significance (p <= 0.05) indicates the mean LTR-RT length
differs between the two species

C.dromedarius C. bactrianus C.ferus V.pacos
C.dromedarius 1 54E-204 6.1E-124 0
C. bactrianus 5.4E-204 1 79E-7 9.2E-67
C. ferus 6.1E-124 7.9E-7 1 1.8E-91
V. pacos 0 9.2E-67 1.8E-91 1

for 14,364 bp of the genome and clustered into 7 fami-
lies, 74 of them being present in Repbase (1997 hits). In
C. ferus, we identified 73 MITE elements, which account
for 14,092 bp of the genome and clustered into 9 fami-
lies, 72 of them being present in Repbase. Finally, in the V.
pacos genome, 64 MITE elements were identified, which
accounted for 12,087 bp of the genome and clustered into
9 families, 62 of them being present in Repbase (1908 hits).
In all four species evaluated, the most abundant superfam-
ily of DNA transposons was hAT, represented by 26-29
families.

Finally, we employed HelitronScanner to identify
Helitron-like sequences using a structure-based approach.
HelitronScanner aims to extract more definitive Helitron
features than the few previously identified: the TC din-
ucleotide at the 5" end, the hairpin structure, the CTRR
(R = A or G) sequence at the 3’ end, and the A and
T residues respectively flanking the 5 and 3’ ends. It
assigns to each identified Helitron a LCV score, which
is an indicator of prediction confidence; we considered
elements with scores of 6 or greater for each end. More
than 500 double-ended Helitron sequences were identi-
fied in each camel genome (Table 8). These respectively
accounted for 5,702,516 bp, 5,774,487 bp, 5,355,741 bp,
and 5,491,739 bp total in C. dromedarius, C. bactrianus,
C. ferus, and V. pacos. These candidates were classified
into superfamilies based on homology (Table 9), with the
most abundant being Helitron DR (225, 237, 204, and 223
total elements) and Helitron GA (31, 32, 29, and 26 total
elements).

Discussion

We generated repeat libraries for each of the four camel
species with available genome sequences in order to inves-
tigate the abundance and character of repeat-derived
DNA within their genomes, as well as to facilitate the
repeat-masking of DNA in future studies. Notably, we
worked on assembled genome drafts, which frequently do
not include TE-rich regions like centromeres or other het-
erochromatic regions. Our analysis techniques were also
very conservative and may have dropped other types of
TEs or elements that are ancient and divergent. To ensure
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Species

the reliability of our results, we employed a method incor-
porating both known TEs and signature-based repeat
identification tools.

TEs are abundant in almost all living organisms and
closely related species have similar TE content [13, 40].
Here, our repeat analysis reveals significant similarity
in total TE content (35.43-36.63%) between genome
assemblies of the four species (Fig. 2B), which were
consistent with lizards (34.4%) [3], carp (31.3%) [107],

and western clawed frog (34.5%) [43]. Interestingly, early
studies on camelid cytogenetics have evidenced a strik-
ing uniformity in the karyotypes of Asian and South
American camelids, despite significant divergence times
and adaptation to different environments [10, 16, 95].
In this sense, our result of similarity in the overall
repeat content between camelid genomes could reflect
a general evolutionary trend of genome stability in this
family.
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Fig. 6 Phylogenetic tree for LTR-RTs in cluster 6 of the ERV1 group in Vicugna pacos, with diagrams showing LTR domain structure (A) and two
exemplar elements from cluster 4 (B)
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Overall, our investigation found that camelid genomes
are characterized by a strong predominance of retroele-
ments over DNA transposons. However, the genomes
were similar in the relative abundances of element types
(LTRs > non-LTRs > DNA) (Fig. 2B). Class I elements
constituted 22—32% of the annotated genomes, with LTRs
comprising 16-20%, SINEs only about 2%, and LINEs
10-11%. The observed high abundance of LTR might be
a distinctive feature of camelids. However, this pattern
is typical for plants compared to other mammals and
vertebrates [68, 73, 93], and this could reflect the high
variability of TE abundance across vertebrate genomes
[22, 75]. Class II elements collectively made up 4-5% of
the annotated genomes, with DNA Transposons compris-
ing about 2—-3% and Helitrons about 2%. Notably, DNA
repeat proliferation is one of the key factors that influence
species differences in genome size and composition; oth-
ers include whole-genome duplications, segmental dupli-
cations, and deletions [72]. Our findings revealed that
the examined camel genomes have similar total repetitive
makeup, with unique genome content comprising 1.26,
1.27, 1.29, and 1.38 GB respectively in C. dromedarius,
C. bactrianus, C. ferus, and V. pacos. [30] suggested that
larger genomes might have more TEs. The observed dif-
ferences between genomes could also stem from technical
limitations in sequencing and assembling repeats using
short-read sequencing.

LTR-RTs are usually more abundant than other types
of TEs, and so the identification of full-length ele-
ments benefits research into the structural variability,
diversity, and phylogenetic evolution of TEs in camelid
genomes. Accordingly, we investigated full-length LTR-
RTs in camelid genomes in detail. We discovered that the
most abundant full-length LTRs were ERVs, including the

ERVL, ERVL-MaLR, ERV classl, and ERV classlI super-
families. ERVs are remnants of past retroviral infections,
which may have arisen within genomes by at least two dif-
ferent mechanisms: retrotransposition from a pre-existing
endogenous retrovirus or the infection and integration
of an exogenous source virus [50]. LTR-RTs have also
been domesticated numerous times to perform roles in
functions such as placental development, host defence
against exogenous retroviruses, brain development, and
more [70]. Among camelid ERVs, ERV-MaLR was the
most frequent; this element is assumed to have been
inserted into the mammalian genome about 70 million
years ago [11]. Studies have revealed that ERV classllI is
one of the youngest members of endogenous retroviruses
[56], comprising only a low percentage of animal genomes
[1]. Consistent with this data, this study, found ERV Class
II to have the lowest representation of all ERV elements
across all four camel genomes.

To help elucidate the evolutionary history of camelid
LTR-RTs, we dated insertions of each full-length LTR-RT
by estimating sequence divergence (substitutions per site)
between long terminal repeats and scaling them by an esti-
mate of the C. dromedarius nuclear genome generational
mutation rate [32]. Considering the timing of evolution-
arily significant events such as speciations, distributions
of LTR-RT abundance across time can suggest mecha-
nisms that may have facilitated evolutionary change. For
example, hybrids often face massive TE de-repression due
to widespread DNA de-methylation, leading to a surge
in transposition activity [60]. In C. ferus, there is a peak
of LTR-RT abundance between about 0.3-2.1 mya, cor-
responding to the time of the speciation process that
separated the C. ferus from the C. bactrianus lineage
[17]. The V. pacos lineage experienced a burst of LTR-RT
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Table 6 Summary of all protein hits detected in the four camelid

genomes

Classification C.dromedarius C. bactrianus C.ferus V.pacos
Gag_p10 13 5 0 19
Gag_p24 16 4 1 19
Gag_p30 95 56 23 95
gag-asp_proteas 4 2 1 5
Gag_MA 57 35 1 63
Asp 1 0 0 0
Asp_protease_2 2 1 1 3
HTH_Tnp_Tc5 2 2 3 3
IN_DBD_C 9 6 4 8
zf_C2H2 12 24 29 12
zf_CCHC 25 14 7 21
zf_CCHC_5 12 4 2 15
zf_H2C2 15 8 5 14
zf_ H3C2 0 0 0 1
zfCCHC_2 2 1 0 0
ZfCCHC_3 0 0 0 1
Integrase_Zn 14 4 4 17
dUTPase 22 9 5 19
Exo_endo_phos_2 60 39 5 10
RNase_H 67 37 14 70
Transposase_22 247 262 126 165
N-Term_TEN 0 0 4 0
RVP 46 25 1 45
RVT_thumb 23 10 5 18
TLV_coat 95 63 27 109
rve 95 47 26 96
rve_3 0 0 1 0
RVT_1 511 395 184 358
RVT_2 1 0 0 0
DUF1725 1443 1299 863 1228
Total 2889 2350 1365 2409

activity from about 1-4 mya, a range that overlaps the
0.78-1.3 mya interval during which V. pacos diverged
from the extant or an extinct lineage of guanaco [25] only
slightly; during a time LTR-RTs were less active than they
were about a million years prior during the peak of the
burst. Therefore, the increased transposition rate could
reflect a process occurring in the lineage of the com-
mon ancestor of V. pacos and the extant or wild guanaco.
It would be interesting to see a distribution of LTR-RT
insertion dates for the exant wild guanaco. If the distri-
bution shares the peak of LTR-RT abundances aged 1-4
mya observed in V. pacos, then it would suggest the V.
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Table 7 Counts of ORF-preserving non-LTR retrotransposons
identified in the four camelid genomes

Clade C. dromedarius C. bactrianus C. ferus V. pacos
CR1 0 1 0 0
CRE 0 0 0 1

| 20 18 9 2
Jockey 27 31 18 1

L1 442 424 59 1

L2 - - - -

R1 2 0 0 0
R2 3 1 1 5
Randl - - - -
Rex - - - -
RTE 1 0 0 1
Tad1 - - - -
Total 495 475 87 11
Table 8 De novo classification of predicted Class Il MITEs into
superfamilies based on homology via altered Repbase
Classification  C. dromedarius C. bactrianus C.ferus V.pacos
haT 29 29 27 26
CACTA/EnSpm 12 16 15 16
Tc1-Mariner 6 14 1 4
Harbinger 5 6 7 5
piggyBac 4 4 4 4
Merlin 4 3 3 1
Kolobok 6 3 3 3

p 1 0 2 2
Mud 2 2 1 3
Helitron 532 557 503 524
Total 601 661 576 568

Table 9 The best predicted classification returned of Class Il
Helitron candidates into superfamilies based on homology via

altered Repbase

C.dromedarius C. bactrianus C.ferus V.pacos
Helitron-2_DR 62 53 60 64
Helitron-4_DR 54 67 57 67
Helitron-1_DR 49 50 43 37
Helitron-5_DR 26 31 18 25
Helitron-N3_DR 19 21 15 18
Helitron-N3b_DR 15 15 11 12
Helitron-1_GA 31 32 29 26
Helitron-1_OL 29 37 31 23
Helitron-1_AC 16 16 17 23
Helitron-N3_EL 14 16 15 8
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pacos lineage diverged from the extant wild guanaco lin-
eage more than 4 mya. If the distribution does not share
the peak, it would suggest V. pacos is derived from an
extinct wild guanaco lineage, in agreement with the model
of llama domestication proposed by [26]. It would also be
interesting to investigate whether genes in C. ferus and
V. pacos have LTR-RT insertions near promoters of tran-
scription factors or other genes which might be implicated
in phenotypic differences between these species [7].

We determined that LINE elements were the most
prevalent non-LTR repeat in camelids, contributing 10—
11% of the total assembled genomes (Table 1). The LINE
proportion in Camelids seems very similar to that of
lizards (12.34%) and higher than in birds (6%), coelacanth
(6.43%), cod (3.3%), and western clawed frog (5.4%) [3, 43,
98]. Among LINEs, the LINE1 (L1) represents the most
abundant family in mammals [59], and here confirmed
to be the most abundant in camelids (Table 1). Elements
that depend on L1-encoded proteins for retrotransposi-
tion are responsible for new germline insertions, mostly in
AT-rich regions, that can cause genetic diseases [9]. More-
over, L1 is capable of 3’ transduction [69]. In contrast, the
RTE clade was the least abundant LINE superfamily in
camelids. The RTE ORF appears most intimately related
to the corresponding ORF of the CR1 autonomous ele-
ment, another LINE clade which is predominantly found
in avian and reptile genomes [66]. A small proportion
of camelid genomes (about 0.2%) was found to consist
of CR1 elements, but these were determined to have
degenerated and become nonfunctional [98, 99].

The contribution of SINEs to camelid genome content
was much less significant than that of LINEs, compris-
ing only about 2% of each species’ total genome length
(Table 1). SINEs evolved from RNA genes, such as 7SL and
tRNA genes [89]. By definition, they are short, measur-
ing up to 1000 base pairs long. They do not encode their
retrotransposition machinery and are considered non-
autonomous elements. In most cases, SINES are mobi-
lized by L1-derived machinery [53]. Another characteris-
tic of SINEs is that they accept RNA polymerase III tran-
scription [24]. The Alu clade of SINE elements is mostly
enriched in GC-rich or gene-rich regions, and consid-
ered an abundant and conserved repeat family in primate
genomes [39]. This study observed no Alu elements in
camel genomes. Instead, we identified mammalian-wide
interspersed repeats (MIRs) as the predominant SINE
family in camelid genomes, constituting nearly all of the
identified SINE elements. MIRs are another prominent
SINE clade, whose putative ancestor sequences evolved
before the eutherian radiation and spread through mam-
malian lineages during the Mesozoic era, an estimated
130 million years ago. Accordingly, copies of MIRs have
been discovered in diverse mammalian groups, including
marsupials and monotremes [52]. [49] suggest that MIRs
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may play functional roles for their host genomes, and also
positively correlate to tissue-specific gene expression. Fur-
ther research using RNA-seq data could assist us in better
understanding the roles of MIRs in camelid genomes.

In this study, we found that DNA transposons constitute
about 3% of camelid genomes (Table 1). MITE content
has explicitly been estimated in vertebrates, including
mammals, birds, frog, and lizard [3, 6, 23, 43, 62, 109].
These elements are usually present in low copy numbers
relative to retrotransposons, occupying less than 3% of
mammalian genomes [76], consistent with our findings.
Previously, scientists believed that the last activity of DNA
transposons in mammalian genomes occurred at least 40
million years ago [82]. Their high copy number and struc-
tural homogeneity have served to distinguish them from
most of the previously described class II elements [100].
We identified a total of 285 DNA transposon families in
camelid genomes, which grouped into nine superfamilies
based on their TSDs and on known associations in Rep-
base (Table 8). Of these families, the hAT superfamily
predominated in all four studied genomes, and a particu-
lar diversity was observed for the hAT and Tcl/Mariner
families (Table 1).

Another DNA-based element, Helitrons, are diverse
both between species and also within one given species.
These elements were first described in plants, but are
also present in fungi and animals [44, 78]. They repli-
cate using a rolling-circle mechanism, and their insertion
does not result in a TSD [54]. Since their identification,
the role of Helitrons in reshaping host genomes has been
examined in many organisms, but their actual mecha-
nism of transposition has remained elusive. We employed
the tool HelitronScanner [105] to investigate the pres-
ence of Helitrons in camelid genomes, and found that
they constitute about 2% of the total genome lengths
(Table 1). Among the identified camelid Helitrons, the
greatest number showed homology to Helitron-2_DR and
Helitron-4_DR (Table 9).

In conclusion, the findings of this study will provide
a valuable resource for further studies on camel biol-
ogy. While the present study showed that the investi-
gated genomes had similar contents and distributions
of the identified repetitive regions (Fig. 2B), differences
were also identified that may be associated with factors
such as different evolutionary origins or discrepancies
in the assembly stage of these draft genomes. Addi-
tional research into camelid repetitive elements, perhaps
with more complete genome assemblies, would provide
more information about and awareness of the genomic
features of camels. Such additional genome-wide detail
could improve strategy design for camel maintenance and
breeding. Furthermore, the causes and consequences of
the high degree of variability that exists in the distribu-
tion, amount, and relative proportion of TEs in different
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genomes are still not wholly understood; it is essential
to continue characterizing this critical fraction of eukary-
otic genomes. Such characterizations can bring to light
evolutionary phenomena, including genomic rearrange-
ments and other dynamic events, that have occurred in
the past and may also be under way in contemporary
times.
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