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Abstract 

Transposable elements are genetic sequences that can replicate within a genome and 

are present in all domains of life. They act as a source of genetic variation, and their 

dynamics depend on the balance between the mechanisms of transposition and 

suppression; this balance depends on demography, recombination, selection, and the 

environment. This genetic variation can be adaptive. Domestication affects and relies 

on genetic diversity, and therefore could harness the genetic variation generated by 

transposons. South American camelids have 4 species: two are domesticated, and 

there is a wild counterpart for each, which makes them ideal to explore the role of 

transposons in domestication. Hence, we hypothesized that domesticated South 

American camelids had more recent transposition events than their wild counterparts. 

Using publicly available Illumina reads, we tested that hypothesis by measuring the 

relative age of transposons in domesticated species (llama and alpaca) and comparing 

it with their wild counterparts (guanaco and vicuña, respectively). The resulting pattern 

depends on the transposon family. LINEs and SINEs age can be explained by 

phylogenetic relationships: Llama sp. have younger copies than Vicugna sp. In 

contrast, LTR patterns are species and transposon specific. None of the families 

showed a pattern that would be congruent with a difference in transposition rates 

attributable to domestication. Finally, we also found evidence of genetic exchange of 

repetitive elements between llama un alpaca, either a consequence of their admixture 

or horizontal transfer. 

 

 

Keywords: South American camelids, transposons, domestication.  
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Zusammenfassung 

Transposons sind genetische Sequenzen, die sich innerhalb eines Genoms replizieren 

können und in allen Lebensbereichen vorkommen. Sie erhöhen die genetische 

Variation, und ihre Dynamik hängt vom Gleichgewicht zwischen den Mechanismen der 

Transposition und des Verlustes ab; dieses Gleichgewicht hängt von Demografie, 

Rekombination, Selektion und der Umgebung ab. Diese genetische Variation kann 

adaptiv sein. Südamerikanische Kameliden haben 4 Arten: zwei sind domestiziert, und 

für jede gibt es ein wildes Gegenstück. Deswegen sind sie ideal, um die Rolle von 

Transposons bei der Domestikation zu erkunden. Daher stellten wir die Hypothese auf, 

dass es bei der Domestikation südamerikanischer Kameliden eine Rolle spielen 

könnte. Mit Illumina-Reads haben wir diese Hypothese getestet, indem wir das relative 

Alter von Transposons bei domestizierten Arten (Lama und Alpaka) gemessen und mit 

ihren wilden Gegenstücken (Guanako und Vicugna) verglichen haben. Jeder 

Transposon-Familie verhält sich anders. Das Alter von LINEs und SINEs kann durch 

phylogenetische Beziehungen erklärt werden: Llama sp. haben jüngere Exemplare als 

Vicugna sp. Im Gegensatz dazu sind LTRs Art- und Transposon spezifisch. Kein 

Transposon unterstützt unsere Hypothese. Schließlich fanden wir Hinweise auf einen 

genetischen Austausch repetitiver DNA zwischen Lama und Alpaka, entweder als 

Folge ihrer Introgression oder horizontalen Transfer. 

 

Schlüsselwörter: südamerikanischer Kameliden, Transposons, Domestikation. 
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Introduction 

 

Transposable element (TE) is an umbrella term that encompasses different DNA 

sequences that can replicate (increase copy number) within a host genome, and 

subsequently be transmitted across generations (Bourgeois & Boissinot, 2019; Wells 

& Feschotte, 2020). They have been found in every domain of life (Makałowski et al., 

2019). Likewise, they have different origins rather than a single phylogenetic origin 

(Piégu et al., 2015); some TEs share evolutionary origins with virophages (Campbell 

et al., 2017; Koonin et al., 2015), or retroviruses (Platt et al., 2018), while others derive 

from tRNA (Platt et al., 2018). TEs evolutionary origins is still an active research area. 

And the prevalent horizontal transfer coupled with the gain and loss of modular motifs 

results in a phylogenetic network rather than a tree (Koonin & Krupovic, 2017). 

TEs are classified into two different groups, depending on the mechanism of replication 

within the genome: class I transposons have an RNA intermediate, whereas class II 

transposons have a DNA intermediate (Makałowski et al., 2019). Class I transposons, 

also called copy and paste, transcribe the sequence into RNA to then use a reverse 

polymerase (Makałowski et al., 2019; Wells & Feschotte, 2020); Class II get excised 

and then reinserted elsewhere (Makałowski et al., 2019; Wells & Feschotte, 2020). 

Within each class, TEs are further classified by the mechanism of transposition (Piégu 

et al., 2015). In practice, new members are added to a TE family according to the 80-

80-80 rule, which states that a TE belongs to a family if it has a length > 80 bp and 

shares at least 80% of sequence identity over 80% of its length (Wells & Feschotte, 

2020). This rule only reflects phylogeny if the sequences evolved neutrally after a 

single burst (Wells & Feschotte, 2020). 

Unlike in other taxa, mammals have fewer TE families with very high copy numbers 

(Le Rouzic & Deceliere, 2005) and occupy between 30% and 50% of the host’s 

genomes (Platt et al., 2018). The few copies of class II transposons that remain are 

inactive (in most species), and of the class I transposons, LINEs and SINEs are the 

most abundant, followed by LTRs (Platt et al., 2018). Both LINEs and SINEs are non-

LTR TEs, meaning that they do not have flanking long terminal repeats (Figure 1). 

LINEs codify two proteins, ORF1 and ORF2 (Figure 1), that catalyze the reverse 
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transcription and transposition of the LINE RNA, whereas SINEs are parasite RNAs 

that highjack the LINE machinery to transpose (Makałowski et al., 2019; Wells & 

Feschotte, 2020). LTRs also use a reverse-polymerase and are characterized by 

flanking long terminal repeats (Figure 1) (Makałowski et al., 2019). 
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Figure 1. Mammalian TEs (Platt et al., 2018). A) Structure of common mammalian TEs. 

SINEs: Short Interspersed Nuclear Elements; LINEs: Long Interspersed Nuclear 

Elements; LTRs: Long Terminal Repeat (retrotransposons). B) Common mammalian 

transposons drawn to scale. 

 

It was originally expected that genomic TE content could be explained by the effective 

population size, and that it would correlate with genome size, but the full explanation 

is more complex (Bourgeois & Boissinot, 2019; Makałowski et al., 2019; Wells & 

Feschotte, 2020). TE microevolution proved to be a depend on the selection-drift 

balance, population demography, the environment and the regulation of transposition 

and deletion events (Figure 2) (Guio & González, 2019). TE abundance is controlled 

by the balance between rates of transposition, fixation and deletion (Wells & Feschotte, 

2020); so to keep them in check, they have to be (self)inhibited or they can be kept in 

check via negative selection (Le Rouzic & Deceliere, 2005). The rates of transposition 

and deletion need not to be in equilibrium, which can cause bursts of transposition 

(Bourgeois & Boissinot, 2019; Le Rouzic & Deceliere, 2005). The effect of selection 

depends on the population size, but also on TE allele frequencies and recombination: 

TEs that cause non-homogeneous recombination are more deleterious, and that effect 

is mitigated as the frequency of TEs in a population increases and depends on the TE 

copy number in the genome (Bourgeois & Boissinot, 2019). This negative selection 

and mechanisms that allow for preferential transposition to specific regions in a 

genome generate non-random spatial TE distributions (Sultana et al., 2017). TE 

spread on the long run also depends on horizontal transmission events and sex 

(Bourgeois & Boissinot, 2019; Gilbert & Feschotte, 2018). 

TEs are a source of genomic variation, and therefore they have an adaptive potential 

as well (Percharde et al., 2020). Because of the continuous arms race between TE 

suppression and escape (Platt et al., 2018), mechanisms that arose to control TE 

proliferation have been exapted into more general roles, like DNA methylation and 

KRAB Zink Fingers (KZNFs) (Branco & Chuong, 2020). Likewise, the mechanisms that 

allow TEs to interact with the cellular machinery can be exapted to interfere with other 

selfish genetic elements (Jangam et al., 2017). TEs often affect gene expression 
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during stressful situations (Branco & Chuong, 2020); but also, if environmental factors 

affect the expression of genes that control the expression of mobile elements, then the 

environment can trigger a mobile element mediated rewiring of transcriptional networks 

(Shapiro, 2017). Hence, stressful conditions can trigger bursts of transpositions which 

can (but do not need to be) be adaptive (Bourgeois & Boissinot, 2019). Also, because 

new TEs are only transmitted vertically through the germline, they need to be 

expressed early in the embryogenesis (Percharde et al., 2020). Therefore, some TEs 

play a role early in the embryogenesis (Branco & Chuong, 2020), and in combination 

with their suppressors, provide robustness and flexibility (Percharde et al., 2020). 

Considering all of that, it has been proposed that TEs should be considered symbionts 

rather than only parasites (Percharde et al., 2020). 
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Figure 2. Processes that affect the spread and diversity of TEs (Guio & González, 

2019). 
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Given this capacity of TEs to connect environment and life history traits with evolution 

and adaptation, they could play a role in the process of domestication. According to 

the expended evolutionary synthesis, niche construction leads to transmission of 

genetic, behavioural, ecologic, and cultural information, leading to periods of stasis and 

change, enabled by phenotypic plasticity (Zeder, 2017). If TEs play a role in adaptation 

during domestication, or if the transposition rate increases because of the 

domestication process, we would expect increased transposition events in 

domesticated species. 

Therefore, we wanted to test that comparing domesticated species with their wild 

counterparts, and South American camelids (SACs) are ideal for that. They belong to 

the Camelidae family, together with old world camels (Wheeler, 2012). The four 

surviving species are divided into two genera: Llama and Vicugna. Each genus has a 

wild species and a domesticated counterpart: Llama glama (Llama) was domesticated 

from a subspecies of L. guanicoe (Guanaco), and Vicugna pacos (Alpaca) was 

domesticated from V. vicugna (Vicuña) (Fan et al., 2020; Wheeler, 2012). Whereas 

vicuñas occupy areas of high elevation in the high Andes, guanacos descend more, 

reaching the Pacific shore (Wheeler, 2012). Additionally, there is ongoing introgression 

between llamas and alpacas (Fan et al., 2020; Wheeler, 2012). 

In this thesis, we compared the relative transposon age between domesticated South 

American camelids (llamas and alpacas) and their wild counterparts (guanacos and 

vicuñas, respectively). Younger transposons would imply an increased transposition 

rate. Additionally, we tested if the recent admixture between the domesticated species 

lead to genetic exchange of TEs.   
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Materials and methods 

DNA samples 

We used the samples from Fan et al. (2020), available at the NCBI with the project 

accession number PRJNA612032. Briefly, seven individuals per each species (llama, 

guanaco, vicuña and alpaca) were sampled, throughout all their geographical range. 

The resulting Illumina paired end reads had a depth between 16 and 22-fold. One V. 

vicugna sample was corrupted, hence we leaved it out from the analysis. 

 

Transposon detection and annotation 

We used two pipelines to detect and annotate repetitive elements: RepeatExplorer2 

(Figure 3) and dnaPipeTE (Figure 4). Both use low coverage (less than 1) samples as 

an input, because only repeated elements will have enough reads to be assembled. 

The inverse of the coverage defines how many repeats need to be present in the 

genome for the repeat to be detected: for instance, a transposon with two copies can 

be detected with a coverage of 0.5, and if it had four copies it would need a minimum 

coverage of 0.25. RepeatExplorer2 works by assembling graphs, where each read is 

a node, and two reads share a link if one can be aligned with the other (Novák et al., 

2013). Repeated elements will form clusters, and then the reads from each cluster are 

assembled into contigs. Because we know the sample each read belongs to, it is 

possible to make comparisons of the relative abundances of reads per cluster. In 

contrast, dnaPipeTE relies on Trinity (Grabherr et al., 2013), an algorithm developed 

to assemble mRNA from proteins with alternative splicing. Trinity assembles a graph 

with k-mers of a given length as nodes, and two k-mers are connected if the sequences 

are the same, displaced by one nucleotide. Paths in the network represent alternative 

possible assemblies, and they are weighted according to the number of reads that 

support them. The pipeline runs Trinity on the down-sampled reads from a genome 

iteratively, to detect repeated elements that could have been lost due to the random 

sampling. Besides the annotated contigs and the quantified abundances of each 

repeated element, the pipeline also estimates the distance from each read to the contig 

it maps to, and the resulting distribution gives a relative measure of the age of the 

repeated elements.  
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Figure 3. RepeatExplorer pipeline workflow (Novák et al., 2013). 
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Figure 4. dnaPipeTE pipeline (Goubert et al., 2015). 

We ran the RepeatExplorer2 pipeline (Figure 3) (Neumann et al., 2019; Novák et al., 

2010, 2013, 2017), as explained in the second protocol of (Novák et al., 2020). Briefly, 

we took a random subset of reads per sample so that the final coverage is 0.1%. The 

same reads need to be selected in the forward and reverse reads. After uploading the 
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reads in fastq format to the RepeatExplorer galaxy server (Galaxy (cerit-sc.cz)), we 

performed a quality control with FastQC using default settings (Andrews, 2015) 

followed by trimming with the RepeatExplorer utilities with the default parameters 

except for ‘end position’ = 150. Then, the samples were concatenated, and we ran the 

pipeline in comparative mode and with the option of masking satellites turned on. Each 

sample, corresponding to a different individual, was treated as a separate genome 

(rather than pooling the reads of all samples per species). Our average coverage per 

sample was 0.0018x, for a genome of size = 2.6 Gb. The pipeline generates a tentative 

annotation that was checked manually before being plotted. Besides plotting the copy 

number per cluster and sample and the corresponding average copy number per 

species, we also did a PCoA using a Bray-Curtis dissimilarity matrix, using the R 

package Vegan (Oksanen et al., 2020). 

We used dnaPipeTE version 1.3 (Figure 4) (Goubert et al., 2015), installed with Trinity 

version 2.5.1 (Grabherr et al., 2013), Tandem Repeats Finder version 4.09 (Benson, 

1999) and RepeatMasker version 4.1.2 (RRID:SCR_012954; RepeatMasker Home 

Page) complemented with the RepeatMasker libraries, and using RMBlastn version 

2.11.0, Blastn version 2.11.0 as search engines. Given that dnaPipeTE can only 

process single end reads, we used only the forward reads. We ran the pipeline on each 

sample with the following parameters: genome size = 2.6 Gb, coverage = 0.1, sample 

number = 2 and species = Camelidae. 

 

Differences in relative copy numbers 

All the subsequent analysis were carried out in R (R Core Team, 2020). We compared 

the estimated abundances between species using an ANOVA on each cluster. The 

null hypothesis is that all four species have the same copy number; and the alternative 

hypothesis states that at least one species has a different copy number. The equation 

can be written as: 

𝑦𝑖𝑗 = 𝛽0 + 𝛽𝑖 + 𝜀𝑖𝑗 

Where the abundance of a cluster 𝑦𝑖𝑗 in the species 𝑖 and sample 𝑗 is explained by an 

intercept 𝛽0 and a species-specific slope 𝛽𝑖. The error was denoted as 𝜀𝑖𝑗.  

https://repeatexplorer-elixir.cerit-sc.cz/galaxy
https://www.repeatmasker.org/
https://www.repeatmasker.org/
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Differences in relative age 

Additionally, we compared the relative distances from reads to contigs from dnaPipeTE 

as a proxy for relative age. Only four samples per species were used, given the high 

processing time required. We used gamlss (Rigby & Stasinopoulos, 2005) to run the 

following generalized linear model (one model per contig), with a logistic link and a 

zero-inflated beta distribution: 

𝑦𝑖𝑗 = 𝑔−1(𝛽0 + 𝛽𝑖 + 𝜀𝑖𝑗) 

Where 𝑦𝑖𝑗 is the proportion of divergence between a read 𝑗 from species 𝑖  and the 

contig it maps to; 𝛽0 and 𝛽𝑖 are the intercept and the slope of species 𝑖 respectively; 

𝜀𝑖𝑗 is the error and 𝑔−1 is the logistic link. The models (with or without species as a 

factor) were ranked according to the corrected Akaike information criterion (AICc). We 

followed that with a post-hoc analysis —using emmeans (Lenth, 2021)— for the 

contigs where 2 + 𝐴𝐼𝐶𝑐𝑓𝑢𝑙𝑙 ≤ 𝐴𝐼𝐶𝑐𝑛𝑢𝑙𝑙, meaning that the best model includes species 

as a factor.  

 

Genetic exchange of transposons 

If there has been genetic exchange of TEs between alpacas and llamas due to 

introgression (or, alternatively, horizontal transfer), the corresponding reads of the two 

species should be more similar than expected. That similarity can be measured as the 

link density in the RepeatExplorer networks. Hence, we clustered samples according 

to the link density. We used the ratio of expected to observed links between samples 

as a dissimilarity metric, as it should be independent of the number of reads per 

sample. The samples were clustered using UPGMA (unweighted pair group method 

with arithmetic mean). We made trees for the RepeatExplorer networks with significant 

p-values in the ANOVA test. 
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Results and discussion 

 

Our study can be divided in three parts. First, we provided a description of the TE 

families present in SACs. Knowing that baseline, we explored if there are differences 

in copy number between and within species. Those differences do not imply a 

difference in the transposition rate, as a change in the rate of deletion can generate 

the same patterns. Second, we tested a possible connection between domestication 

and transposition rates by looking at the relative age of TEs. Older copies had more 

time to diverge neutrally, whereas newer copies are more self-similar. At last, we 

sought evidence of inter-species genetic exchange of TEs. 

Transposon detection and annotation 

Our first aim as to detect and annotate the TEs present in SACs, for which we used 

two different pipelines: RepeatExplorer and dnaPipeTE. The annotation of 

RepeatExplorer (Figure 5) shows 76 clusters -each cluster corresponds to a contig-. 

Most contigs have very low abundances, and the abundances do not change 

drastically across species (but clusters 2, 5, 6 and 7 do show noticeable differences in 

copy numbers). Many clusters, and particularly those with small counts, are not 

annotated. From the annotated clusters, satellites are the most abundant, followed by 

LINEs and then LTRs. Comparing to previous measurements, the alpaca genome 

VicPac3.1 shows LINEs as the most common TEs, followed by LTRs and then SINEs 

(Richardson et al., 2019). 
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Figure 5. RepeatExplorer annotation per species. Top: Average number of reads 

(cluster size) per cluster. Each bar is a different cluster (the cluster id is at the bottom). 

Middle: Average number of reads per cluster per species. The bars correspond to 

clusters (the same as above), and the colours represent the annotation. Each row is 

one species. Labels: vv = vicuña (V. vicugna); vp = alpaca (V. pacos); lg = llama (L. 

glama); lo = guanaco (L. guanicoe). Bottom: A scale that maps repeat abundance (in 

the middle plot) with estimated proportion in the genome. 
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The dnaPipeTE annotation (Figure 6) also shows congruent proportions across 

species. LINEs are the most abundant TEs, followed by LTRs and simple repeats. In 

contrast to RepeatExplorer, there are almost no satellites detected. SINEs are also 

present in a small proportion, whereas they were not detected before. There is some 

ribosomal DNA detected by both pipelines, in small quantities. The overall trend of 

LINEs >> LTRs > SINEs coincides with the VicPac3.1 genome (Richardson et al., 

2019); which also coincides with the proportions of the Bactrian and dromedary camels 

(Khalkhali-Evrigh et al., 2019; Zare, 2021).  Whereas RepeatExplorer estimates that 

the proportion of the genome occupied by repetitive elements is smaller than 0.3 

(Figure S1), dnaPipeTE estimates a proportion around 0.3 (Figures 6, S2). That 

difference can be explained by the variation in coverage: the higher coverage used in 

dnaPipeTE allows it to detect repeated elements with lower copy numbers. Previous 

estimations for Alpacas include 32.1% (Wu et al., 2014) and 33.5% (Richardson et al., 

2019), in the same range as our results (Figure 6B). The proportions of TEs in old 

world camelids are also estimated to be around 30% (Khalkhali-Evrigh et al., 2019; Wu 

et al., 2014; Zare, 2021). Therefore, TE abundance is a conserved trait across all 

camelids. 
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Figure 6. Estimated genome proportion of repeated elements, using dnaPipeTE. We 

show a single sample per species. A) vicuña (V. vicugna); B) alpaca (V. pacos); C = 

llama (L. glama); D) guanaco (L. guanicoe) 

 

Differences in relative copy numbers 

Whereas most LINE and LTR clusters appear to have roughly the same copy number 

across samples and species, some satellites are more variable (Figure 7). If samples 

are ordered according to the similarity of copy numbers, they do not necessarily align 

by species or genus (Figure 7). Hence, we used an ANOVA to find clusters where the 

variation in copy number can be explained by the species (Table S1).  29 out of 76 

clusters have a p-value smaller than 0.01. Given that we are comparing samples with 

low coverage, the differences could be caused by the stochastic sampling of reads. 

Therefore, we plotted the number of reads per cluster against the p-values (Figure 8). 

Most of the clusters with low p-values also have high counts, suggesting that the 

differences are not an artifact of the low coverage (Figure 8). Most clusters with low p-

values are LTRs or are not annotated, and a few are LINEs or satellites. The within-

species variation of satellites (Figure 7) could override the between-species variation. 

Lastly, we did a Non-metric Multi-dimensional Scaling (NMDS) to see if the species 

have characteristic quantities of copy numbers, when considering all the clusters at the 

same time. There is a clear division between the two genera (Figure 9), as well as 

between species within a genus. Two guanaco samples cluster more closely with llama 

samples. That could be explained by a mislabelling of the samples: ADMIXTURE 

analysis of the same samples showed some guanacos that had a majority of llama 

ancestry (Fan et al., 2020), however we cannot confirm if those individuals correspond 

to ours, as they used a different ID. 
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Figure 7. RepeatExplorer annotation per sample. Top: Number of reads (cluster size) 

per cluster. Each bar is a different cluster (the cluster id is at the bottom). Middle: 

Number of reads per cluster per individual. The bars correspond to clusters (the same 

as above), and the colours represent the annotation. Grey represents non annotated 

clusters. The rows represent individuals and are arranged according to similarity. 

Labels: vv = vicuña (V. vicugna); vp = alpaca (V. pacos); lg = llama (L. glama); lo = 

guanaco (L. guanicoe). Bottom: A scale that maps repeat abundance (in the middle 

plot) with estimated proportion in the genome. 

 

 

Figure 8. ANOVA p-values per cluster, against total number of reads per cluster. The 

colour represents the final annotation. 
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Figure 9. PCoA on cluster counts. Each colour represents a different species. Labels: 

vv = vicuña (V. vicugna); vp = alpaca (V. pacos); lg = llama (L. glama); lo = guanaco 

(L. guanicoe). 

 

Differences in relative age 

After events of transposition, TEs that evolve neutrally accumulate mutations, hence 

older transposons will have more divergence between copies compared to recent 

transposons. We compared this divergence between species, to see if some TEs are 

younger, and if that can be connected to the evolutionary history of SACs, particularly 

to domestication. The overall divergence distribution has the same shape for all TE 

families across species (Figure 10), suggesting that most duplication events predate 

the genus split. We ran a glm on each family to detect the more recent differences 

(Table 1). Most TEs show inter-species differences in the relative age. We followed 

that with a post-hock to find out which species have younger TEs.  For most LTRs, 

LINEs and SINE, the genus explains most of the difference: Llama spp. have smaller 

slopes than Vicugna spp. (Figure 11), meaning that llama and guanaco have younger 

transposons. Within each genus, guanacos and alpacas have younger transposons 
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than llamas and vicuñas, respectively (Figure 11). Therefore, domestication was not 

the main process driving TE evolution in SACs. Looking at each TE family, all LINEs 

and SINEs have the same pattern -with the exception of LINE/CR1-, whereas LTRs 

vary more. This suggests that the rate of transposition is controlled in a way that is 

mainly dependent on the mechanism of transposition. SINEs have the same pattern 

as LINEs because they hijack the machinery of LINEs to transpose (Wells & Feschotte, 

2020). The differing patterns of relative age in LTRs (Figure 11) and the differences in 

LTR copy numbers (Figure 8) suggest that different LTRs retain various levels of 

activity, but are controlled in different ways, or affected by different processes. 

Selection and population dynamics can also interact with the rates of transposition, 

and ideally rates of transposition should be estimated with selection signatures 

simultaneously (Bourgeois & Boissinot, 2019). Those interactions can only be 

unraveled with an accurate mapping of the TEs, which would allow the reconstruction 

of an allele frequency spectrum (Bourgeois & Boissinot, 2019). We suggest that 

specific to combinations of species and LTRs could reflect environmental effects on 

TE regulation.  
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Figure 10. dnaPipeTE landscape plots. For each read in a sample, the x axis is the 

proportion of differences when compared to the contig it maps to. The y axis is the 

number of reads with that specific proportions (a histogram). The corresponding 

annotation is plotted at the left of each histogram. Only four samples -one per species- 

are shown. A) llama (L. glama); B) guanaco (L. guanicoe); C) alpaca (V. pacos); D) 

vicuña (V. vicugna). 

 

Table 1. GLMs on the relative age of repetitive elements across species. In all cases, 

the full model only includes species as a factor. Delta is calculated as AICc(null) - 

AICc(full). Hence, a Delta > 2 implies that the full model is the best, and a Delta < -2 

implies that the null model is the best. 

Annotation AICc full  AICc null  Delta 

DNA -266324.9 -265258.2 1066.7 

LINE/CR1 -4038 -4033.9 4.1 

LINE/L1 -6009419 -5986986 22433 

LINE/L2 -135661.9 -135318.6 343.3 

LINE/RTE-

BovB -243.4 -248.2 -4.8 

LINE/RTE-X -23563 -23396.3 166.7 

LTR -9168 -9161.4 6.6 

LTR/ERV1 -799169.6 -795053.9 4115.7 

LTR/ERVK -70537.4 -70303.2 234.2 

LTR/ERVL-

MaLR -196114.7 -195497.3 617.4 

LTR/ERVL -155787 -155141.3 645.7 

LTR/Gypsy -8851.1 -8755.6 95.5 

Other -1350.4 -1351.1 -0.7 

SINE -658679.2 -656624.6 2054.6 
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Figure 11. Estimated slopes of significant repeated elements. Y axis: species. X axis: 

estimated marginal means (dots), and their standard error (bars). Species: vv = vicuña 

(V. vicugna); vp = alpaca (V. pacos); lg = llama (L. glama); lo = guanaco (L. guanicoe). 

 

Genetic exchange of transposons 

The ongoing admixture between domesticated SACs could lead to between species 

transfer of TEs: whereas most TEs will be lost due to drift in a few generations, some 

will fixate. This would lead to a higher-than-expected similarity between TEs of llamas 

and alpacas. We used the RepeatExplorer networks to test this hypothesis: the more 

similar two samples, the more links they will share. Therefore, if we cluster individuals 

according to this (dis)similarity, mixed groups of llamas and alpacas would be evidence 

of genetic exchange of TEs. Most clusters do not show a pattern at all (results not 

shown), which implies that those TEs have not had enough time to diverge neutrally 

from each other.  A few networks showed a division among genus and species, like in 

Figure 12 (A), and a satellite showed alpacas clustered with llamas (Figure 12 B). 

Therefore, at least some satellites are transferred from llamas to alpacas. There are 

two possible explanations for the transfer of only specific TE families: Old introgression 

events followed by loss of deleterious/neutral TEs (and transposition of active copies, 

if any); or horizontal gene transfer of active TEs. It should be possible to differentiate 

the two by comparing TE similarity and the overall segment similarity if the copies are 

mapped to a reference genome. The satellite network (Figure 13) has a ball-like 

topology, which is expected for short contigs that have repeated motifs (Novák et al., 

2013). Each cluster shows a different behaviour, even when they have the same 

annotation, showing again that TE regulation depends on a combination of the 
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transposition mechanism and other processes. The probability of horizontal 

transmission is influenced by both the TE transposition mechanism and the host 

species (Bourgeois & Boissinot, 2019). 

 

 

Figure 12. UPGMA tree of clusters 5 (A) and 2 (B). Each branch is one sample. Labels: 

vv = vicuña (V. vicugna); vp = alpaca (V. pacos); lg = llama (L. glama); lo = guanaco 

(L. guanicoe). 

 

Figure 13. RepeatExplorer network of cluster 2. Each vertex is a read, and two reads 

are connected if they can be mutually aligned. Colors represent samples. Species: vv 

= vicuña (V. vicugna); vp = alpaca (V. pacos); lg = llama (L. glama); lo = guanaco (L. 

guanicoe).  
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Conclusions 

 

TE composition and abundance in SACs is congruent with the composition of old-world 

camelids. The genome proportion covered by TEs is approximately 0.3 for all SACs, 

and the majority of TEs are LINEs, which are more common that SINEs and LTRs. 

Whereas LINE and SINE relative ages reflect the phylogenetic history of SACs, LTR 

recent evolution depends on a combination of species and TE family, and they show 

inter-species variation of copy numbers. Domestication is not a driver of global 

transposition rates, but in SACs it enabled genetic exchange of specific repetitive 

elements, either via introgression or horizontal transfer. 
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Supplementary Material 

 

 

Figure S1. Clustering results of RepeatExplorer. The bars are superclusters, and the 

divisions within each bar mark each cluster. The y axis represents the number of 

reads of a (super)cluster, and the X axis is the proportion of reads that belongs to a 

cluster. The green bar is the cluster affected by the satellite filtering. The blue region 

delimits the reads that clustered, and thus are repeated across the genome, from the 

reads that are not repeated, in pink. 
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Figure S2. dnaPipeTE alignment results from a L. glama sample. Each bar 

represents a contig and its height corresponds to the number of bases that mapped 

to it. The x axis shows the genome proportion of each contig, and the colors delimit 

the fraction of the genome occupied by repetitive elements. 

 

Table S1. p-values of ANOVA test. Rows were sorted according to the p-value. All 

tests have degrees of freedom = 3, 23. 

Clust

er 

Superclu

ster 

Size_adjus

ted Final_annotation F pval 

5 3 6210 All 

59.244

35 

5.65E-

11 

7 3 5926 All 

35.861

98 

7.68E-

09 

22 3 3263 All 

28.931

81 

5.54E-

08 

38 14 1447 All 

25.252

9 

1.85E-

07 

29 11 2770 All 

20.378

21 

1.14E-

06 
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18 2 3444 

All/repeat/mobile_element/Clas

s_I/LTR 

18.282

27 

2.74E-

06 

32 2 2388 

All/repeat/mobile_element/Clas

s_I/LTR 

17.058

38 
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06 

15 2 3884 

All/repeat/mobile_element/Clas

s_I/LTR 

16.851

73 

5.21E-

06 

2 6 8666 All/repeat/satellite 
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s_I/LINE 
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25 2 3038 
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02 

7.04E-

06 

64 39 128 All 
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13 
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06 

30 2 2657 
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s_I/LTR 
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4 

1.35E-

05 

16 2 3634 
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12 

5.56E-

05 

17 2 3619 
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85 

6.13E-

05 

13 1 4088 
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12.022

7 

6.16E-

05 

26 1 2861 
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47 
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05 
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88 
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05 
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52 
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