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Figure 3
Distribution of TEs across the eukaryote phylogeny. Reference genome size (sea green circles) varies dramatically across eukaryotes and is loosely correlated with TE
content. Here, the honey bee TE content is likely an underestimate, as approximately 3% of the genome derives from unusual large retrotransposon derivatives (39). For
ease of visualization, YR retroelements have been included with LTRs and all class II elements are included under DNA. Data were acquired from genome RepeatMasker
output !les. Figure adapted with permission from Huang et al. (71); the Volvox carteri silhouette was provided by Matt Crook. Abbreviations: LINE, long interspersed
nuclear element; LTR, long terminal repeat; SINE, short interspersed nuclear element; TE, transposable element; YR, tyrosine recombinase.
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TRANSPOSABLE ELEMENTS
present across the tree of life, represent a sizable portion of the genome 

Barbara McClintock 1940’s 
controllers of gene expression
Nobel prize 1983



1162 VOLUME 43 | NUMBER 11 | NOVEMBER 2011 NATURE GENETICS

L E T T E R S

mutation rate21, strongly suggesting that the Hopscotch insertion (and 
thus, the older Tourist as well) existed as standing genetic variation in 
the teosinte ancestor of maize. Thus, we conclude that the Hopscotch 
insertion likely predated domestication by more than 10,000 years and 
the Tourist insertion by an even greater amount of time.

We identified four fixed differences in the portion of the proximal 
and distal components of the control region that show evidence of 
selection. We used transient assays in maize leaf protoplasts to test 
all four differences for effects on gene expression. Maize and teosinte 
chromosomal segments for the portions of the proximal and distal 
components with these four differences were cloned into reporter 
constructs upstream of the minimal promoter of the cauliflower 
mosaic virus (mpCaMV), the firefly luciferase ORF and the nopaline 
synthase (NOS) terminator (Fig. 4). Each construct was assayed for 
luminescence after transformation by electroporation into maize pro-
toplast. The constructs for the distal component contrast the effects 
of the Tourist insertion plus the single fixed nucleotide substitution 
that distinguish maize and teosinte. Both the maize and teosinte 
constructs for the distal component repressed luciferase expression 

relative to the minimal promoter alone. The maize construct with 
Tourist excised gave luciferase expression equivalent to the native 
maize and teosinte constructs and less expression than the minimal 
promoter alone. These results indicate that this segment is function-
ally important, acting as a repressor of luciferase expression and, by 
inference, of tb1 expression in vivo. However, we did not observe any 
difference between the maize and teosinte constructs as anticipated. 
One possible cause for the lack of differences in expression between 
the maize and teosinte constructs might be that additional proteins 
required to cause these differences are not present in maize leaf pro-
toplast. Another possibility is that the factor affecting phenotype in 
the distal component lies in the unselected region between −64.8 and 
−69.5 kb, which is not included in the construct. Nevertheless, the 
results do indicate that the distal component has a functional element 
that acts as a repressor. The functional importance of this segment is 
supported by its low level of nucleotide diversity (Fig. 3a), suggesting 
a history of purifying selection.

The constructs for the proximal component of the control region 
contrast the effects of the Hopscotch insertion plus a single fixed nucleo-
tide substitution that distinguish maize and teosinte. The construct 
with the maize sequence including Hopscotch increased expression of 
the luciferase reporter twofold relative to the teosinte construct for 
the proximal control region and the minimal promoter alone (Fig. 4).  
Luciferase expression was returned to the level of the teosinte con-
struct and the minimal promoter construct by deleting the Hopscotch 
element from the full maize construct. These results indicate  
that the Hopscotch element enhances luciferase expression and, by 
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Figure 3 Sequence diversity in maize and teosinte across the control 
region. (a) Nucleotide diversity across the tb1 upstream control region. 
Base-pair positions are relative to AGPv2 position 265,745,977 of the 
maize reference genome sequence. P values correspond to HKA neutrality 
tests for regions A–D, as defined by the dotted lines. Green shading 
signifies evidence of neutrality, and pink shading signifies regions of 
non-neutral evolution. Nucleotide diversity (P) for maize (yellow line) 
and teosinte (green line) were calculated using a 500-bp sliding window 
with a 25-bp step. The distal and proximal components of the control 
region with four fixed sequence differences between the most common 
maize haplotype and teosinte haplotype are shown below. (b) A minimum 
spanning tree for the control region with 16 diverse maize and 17 diverse 
teosinte sequences. Size of the circles for each haplotype group (yellow, 
maize; green, teosinte) is proportional to the number of individuals within 
that haplotype.
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Figure 4 Constructs and corresponding normalized luciferase expression 
levels. Transient assays were performed in maize leaf protoplast. Each 
construct is drawn to scale. The construct backbone consists of the 
minimal promoter from the cauliflower mosaic virus (mpCaMV, gray box), 
luciferase ORF (luc, white box) and the nopaline synthase terminator 
(black box). Portions of the proximal and distal components of the 
control region (hatched boxes) from maize and teosinte were cloned 
into restriction sites upstream of the minimal promoter. “$” denotes 
the excision of either the Tourist or Hopscotch element from the maize 
construct. Horizontal green bars show the normalized mean with s.e.m.  
for each construct.

TRANSPOSABLE ELEMENTS CAN HAVE PHENOTYPIC EFFECTS

Lynch et al 2015, Cell RepVan’t Hof et al 2016, Nature Studer et al 2011, Nat Genet
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Drosophila melanogaster

El paper dels cromosomes en l’herència.
Thomas H. Morgan. Premi Nobel 1933

Les radiacions causen mutacions.
Hermann J. Mueller. Premi Nobel 1946



Drosophila melanogaster

Identificació dels gens que controlen el 
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Edward B. Lewis, Christiane Nusslein-Volhard, 
Eric F. Wieschaus. Premi Nobel 1995.

Immunitat innata i adaptativa.
Jules Hoffman, Bruce Beutler and Ralph 
Steinmann. 
Premi Nobel 2011. 



Drosophila melanogaster

Ritmes circadians.
Jeffrey C. Hall, Michael Rosbash and Michael W. Young
Premi Nobel 2017. 
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• Secuenciación de las muestras de 
2014-2016: 271 muestras.

• Describimos un “pipeline” para poder 
analizar de forma automática 
múltiples secuencias genómicas

• Identificamos variantes genéticas 
que permiten identificar la 
procedencia geográfica de un 
genoma



• En Drosophila solo se conocían 
dos virus de DNA antes del análisis 
de las poblaciones naturales 
recolectadas por los científicos y 
los ciudadanos, ahora se conocen 
13 virus de DNA

• Cuantos mas nuevos virus se 
descubren mas podemos entender 
su biologia



TEs shape stress response, development, behavior and pigmentation

Despite their crucial role and high prevalence in most
eukaryotic genomes, transposable elements (TEs) and
other structural variants (SVs) remain largely under-

studied. This is mainly a consequence of the limitations of high
throughput sequencing read length, tightly restricted to short-
reads in the last decades1–3. Short-reads not only limited the
annotation of SVs to what inference methods were able to
identify4–9, but also required a reference genome to map the
reads, which has at least three major drawbacks: (i) the infor-
mation about the genetic background and genomic context of the
SVs are usually lost4; (ii) the analyses are biased to what is pos-
sible to identify using a specific reference genome3,10,11; and (iii)
repetitive sequences in the reference genome are not well char-
acterized when they are longer than the sequenced reads12. In the
particular case of TEs, the limitations of using short-reads are
exacerbated even further for two reasons: sequence divergence of
the copies, and their extremely repetitive nature13. Such a com-
plexity has severely restricted inter- and intra-species TE
dynamics studies, a crucial aspect that needs to be addressed in
order to better understand the organization, function, and evo-
lution of genomes14.

During the last years, technological developments in DNA
sequencing read length have lead not only to an improvement in
the quality and completeness of reference genomes15–20, but also
to a significant rise in the number of high-quality genomes for
multiple individuals of the same species, opening a new era in
comparative population genomics21,22. The ability of long-reads
to span repetitive regions of the genome, together with the rela-
tive low price of generating sequences for several individuals, has
opened up the possibility of resolving and comparing previously
absent or misassembled regions in the genome3,8,23–25, which can
lead to a significant improvement in our ability to study TE
structure, activity and dynamics in different organisms20,26,27.

Drosophila melanogaster represents one of the best model
animals for studying TEs, not only for having one of the best
annotated eukaryotic genomes28,29, but also for containing sev-
eral active TE families30. Interestingly, even in such a well-studied
organism, long-read sequencing approaches have made novel
insights into the evolutionary dynamics of TEs8,31,32. However,
these studies do not take full advantage of the variability present
in the populations analyzed, as they mainly use standard
homology-based approaches (e.g., RepeatMasker and RepBase)
for annotating and analyzing TEs, which limits their analysis to
TE families already present in the available libraries.

Here, we used long-read sequences to generate high quality
genome assemblies for 32 D. melanogaster natural strains col-
lected mainly in Europe from populations located in five dif-
ferent climatic regions and belonging to three of the five main
climate types (Fig. 1). We used this new genomic resource for
the de novo construction and manual curation of a library of
consensus TE sequences that account for the variability
observed in natural populations. Genome annotations per-
formed with this manually curated library of TEs not only
outperformed the current D. melanogaster gold-standard TE
annotation (FlyBase), but also showed significant improve-
ments compared with the state-of-the-art short-read-based
methods for TE annotation. Furthermore, a joint in-depth
analysis of TE copies annotated in the 32 newly sequenced
genomes, 14 additional worldwide high-quality genomes, and
the reference genome, revealed that analyzing 20 genomes is
sufficient to recover most of the common genetic variation in
out-of-Africa D. melanogaster natural populations; identified
hundreds of TEs associated with changes in expression of their
nearby genes; and allowed to identify 31% more TEs with
evidence of positive selection compared with the previous most
extensive analysis33.

Results
Thirty-two highly complete D. melanogaster genomes in terms
of genes and transposable elements. In order to access as much
TE diversity as possible in natural populations of D. melanogaster,
we performed sequencing and de novo genome assembly of
32 strains using long-read sequencing technologies (Fig. 1,
Table 1, Supplementary Data 1 and 2, Supplementary Note 1).
These 32 strains were collected from 12 geographical locations:
24 strains were collected from 11 European locations and eight
strains were collected in a North American population34. These
12 populations represent five different climatic regions belonging
to three main climatic types: arid, temperate, and cold (Fig. 1;
Supplementary Data 1). Long-read sequencing resulted in
458.7 Gb, representing a theoretical average coverage of 82X
(ranging from 45X to 123X) and average read length > 5.6 Kb,
which has been previously shown to be sufficient for generating
highly contiguous genome assemblies in other Drosophila
species35; Supplementary Data 2).

Genome assembly, polishing, deduplication and contaminant
removal resulted in genomes with a number of contigs ranging
from 153 to 1185 (average 367), genome sizes from 136.6 Mb to
151.3 Mb (average 142Mb), N50 values from 400 Kb to 18.9 Mb
(average 3.8 Mb) complete BUSCO scores between 96.1% and
99%, and per base quality values (QV scores) between 37.2 and
52.9 (Table 1 and Supplementary Notes 2–4). CUSCO scores, i.e.,
percentage of contiguously assembled piRNA clusters36, range
from 35.3% to 84.7% (average 64.1%; Table 1). The detectability
of a cluster was inversely correlated with its size (Pearson´s
correlation=−0.47; Supplementary Data 3b, Supplementary
Fig. 1 and Supplementary Note 5). Although the high variability,
these results are comparable with genomes previously obtained
using similar sequencing and assembling strategies35. Note that
differences in sequencing coverage did not explain the observed
differences in genome size or TE content across genomes
(Supplementary Fig. 2). Similarly, differences in read length and
N50 values do not correlate with differences in genome size, TE
content, or BUSCO scores (Supplementary Fig. 2).

After reference-guided scaffolding using the ISO1 reference
genome, on average >90% of the contigs mapped to major
chromosomal arms, which contained >98.5% of the bases in the
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Fig. 1 Geographical location of the 12 D. melanogaster natural populations
analyzed in this work. The 32 sequenced and assembled genomes
correspond to strains obtained from: Tenerife, Spain: TEN (1), Munich,
Germany: MUN (6), Gimenells, Spain: GIM (2), Raleigh, USA: RAL (8),
Cortes de Baza, Spain: COR (4), Tomelloso, Spain: TOM (2), Jutland,
Denmark: JUT (2), Stockholm, Sweden: STO (1), Lund, Sweden: LUN (2),
Slankamen, Serbia: SLA (1), Kiev, Ukraine: KIE (1) and Akka, Finland: AKA
(2). In brackets, the number of genomes sequenced from each location.
Map colors represent different climatic regions according to the Köppen
climate classification (Supplementary Data 1).
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other structural variants (SVs) remain largely under-
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annotation of SVs to what inference methods were able to
identify4–9, but also required a reference genome to map the
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SVs are usually lost4; (ii) the analyses are biased to what is pos-
sible to identify using a specific reference genome3,10,11; and (iii)
repetitive sequences in the reference genome are not well char-
acterized when they are longer than the sequenced reads12. In the
particular case of TEs, the limitations of using short-reads are
exacerbated even further for two reasons: sequence divergence of
the copies, and their extremely repetitive nature13. Such a com-
plexity has severely restricted inter- and intra-species TE
dynamics studies, a crucial aspect that needs to be addressed in
order to better understand the organization, function, and evo-
lution of genomes14.

During the last years, technological developments in DNA
sequencing read length have lead not only to an improvement in
the quality and completeness of reference genomes15–20, but also
to a significant rise in the number of high-quality genomes for
multiple individuals of the same species, opening a new era in
comparative population genomics21,22. The ability of long-reads
to span repetitive regions of the genome, together with the rela-
tive low price of generating sequences for several individuals, has
opened up the possibility of resolving and comparing previously
absent or misassembled regions in the genome3,8,23–25, which can
lead to a significant improvement in our ability to study TE
structure, activity and dynamics in different organisms20,26,27.

Drosophila melanogaster represents one of the best model
animals for studying TEs, not only for having one of the best
annotated eukaryotic genomes28,29, but also for containing sev-
eral active TE families30. Interestingly, even in such a well-studied
organism, long-read sequencing approaches have made novel
insights into the evolutionary dynamics of TEs8,31,32. However,
these studies do not take full advantage of the variability present
in the populations analyzed, as they mainly use standard
homology-based approaches (e.g., RepeatMasker and RepBase)
for annotating and analyzing TEs, which limits their analysis to
TE families already present in the available libraries.
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lected mainly in Europe from populations located in five dif-
ferent climatic regions and belonging to three of the five main
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outperformed the current D. melanogaster gold-standard TE
annotation (FlyBase), but also showed significant improve-
ments compared with the state-of-the-art short-read-based
methods for TE annotation. Furthermore, a joint in-depth
analysis of TE copies annotated in the 32 newly sequenced
genomes, 14 additional worldwide high-quality genomes, and
the reference genome, revealed that analyzing 20 genomes is
sufficient to recover most of the common genetic variation in
out-of-Africa D. melanogaster natural populations; identified
hundreds of TEs associated with changes in expression of their
nearby genes; and allowed to identify 31% more TEs with
evidence of positive selection compared with the previous most
extensive analysis33.
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Thirty-two highly complete D. melanogaster genomes in terms
of genes and transposable elements. In order to access as much
TE diversity as possible in natural populations of D. melanogaster,
we performed sequencing and de novo genome assembly of
32 strains using long-read sequencing technologies (Fig. 1,
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458.7 Gb, representing a theoretical average coverage of 82X
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species35; Supplementary Data 2).
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(average 3.8 Mb) complete BUSCO scores between 96.1% and
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from 35.3% to 84.7% (average 64.1%; Table 1). The detectability
of a cluster was inversely correlated with its size (Pearson´s
correlation=−0.47; Supplementary Data 3b, Supplementary
Fig. 1 and Supplementary Note 5). Although the high variability,
these results are comparable with genomes previously obtained
using similar sequencing and assembling strategies35. Note that
differences in sequencing coverage did not explain the observed
differences in genome size or TE content across genomes
(Supplementary Fig. 2). Similarly, differences in read length and
N50 values do not correlate with differences in genome size, TE
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Regulatory miRNAs from DroID and e Transcription Factors from DroID. Only statistically significant terms are shown (Fisher test (two sided) adjusted p-
value <0.05). Horizontal axis represents the Enrichr Combined Score. For Regulatory miRNAs and Transcription Factors, putative biological functions or
phenotypes associated were assigned based on FlyBase gene summaries. Bar colors indicate similar biological functions as specified at the bottom of the
figure.
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Despite their crucial role and high prevalence in most
eukaryotic genomes, transposable elements (TEs) and
other structural variants (SVs) remain largely under-

studied. This is mainly a consequence of the limitations of high
throughput sequencing read length, tightly restricted to short-
reads in the last decades1–3. Short-reads not only limited the
annotation of SVs to what inference methods were able to
identify4–9, but also required a reference genome to map the
reads, which has at least three major drawbacks: (i) the infor-
mation about the genetic background and genomic context of the
SVs are usually lost4; (ii) the analyses are biased to what is pos-
sible to identify using a specific reference genome3,10,11; and (iii)
repetitive sequences in the reference genome are not well char-
acterized when they are longer than the sequenced reads12. In the
particular case of TEs, the limitations of using short-reads are
exacerbated even further for two reasons: sequence divergence of
the copies, and their extremely repetitive nature13. Such a com-
plexity has severely restricted inter- and intra-species TE
dynamics studies, a crucial aspect that needs to be addressed in
order to better understand the organization, function, and evo-
lution of genomes14.

During the last years, technological developments in DNA
sequencing read length have lead not only to an improvement in
the quality and completeness of reference genomes15–20, but also
to a significant rise in the number of high-quality genomes for
multiple individuals of the same species, opening a new era in
comparative population genomics21,22. The ability of long-reads
to span repetitive regions of the genome, together with the rela-
tive low price of generating sequences for several individuals, has
opened up the possibility of resolving and comparing previously
absent or misassembled regions in the genome3,8,23–25, which can
lead to a significant improvement in our ability to study TE
structure, activity and dynamics in different organisms20,26,27.

Drosophila melanogaster represents one of the best model
animals for studying TEs, not only for having one of the best
annotated eukaryotic genomes28,29, but also for containing sev-
eral active TE families30. Interestingly, even in such a well-studied
organism, long-read sequencing approaches have made novel
insights into the evolutionary dynamics of TEs8,31,32. However,
these studies do not take full advantage of the variability present
in the populations analyzed, as they mainly use standard
homology-based approaches (e.g., RepeatMasker and RepBase)
for annotating and analyzing TEs, which limits their analysis to
TE families already present in the available libraries.

Here, we used long-read sequences to generate high quality
genome assemblies for 32 D. melanogaster natural strains col-
lected mainly in Europe from populations located in five dif-
ferent climatic regions and belonging to three of the five main
climate types (Fig. 1). We used this new genomic resource for
the de novo construction and manual curation of a library of
consensus TE sequences that account for the variability
observed in natural populations. Genome annotations per-
formed with this manually curated library of TEs not only
outperformed the current D. melanogaster gold-standard TE
annotation (FlyBase), but also showed significant improve-
ments compared with the state-of-the-art short-read-based
methods for TE annotation. Furthermore, a joint in-depth
analysis of TE copies annotated in the 32 newly sequenced
genomes, 14 additional worldwide high-quality genomes, and
the reference genome, revealed that analyzing 20 genomes is
sufficient to recover most of the common genetic variation in
out-of-Africa D. melanogaster natural populations; identified
hundreds of TEs associated with changes in expression of their
nearby genes; and allowed to identify 31% more TEs with
evidence of positive selection compared with the previous most
extensive analysis33.

Results
Thirty-two highly complete D. melanogaster genomes in terms
of genes and transposable elements. In order to access as much
TE diversity as possible in natural populations of D. melanogaster,
we performed sequencing and de novo genome assembly of
32 strains using long-read sequencing technologies (Fig. 1,
Table 1, Supplementary Data 1 and 2, Supplementary Note 1).
These 32 strains were collected from 12 geographical locations:
24 strains were collected from 11 European locations and eight
strains were collected in a North American population34. These
12 populations represent five different climatic regions belonging
to three main climatic types: arid, temperate, and cold (Fig. 1;
Supplementary Data 1). Long-read sequencing resulted in
458.7 Gb, representing a theoretical average coverage of 82X
(ranging from 45X to 123X) and average read length > 5.6 Kb,
which has been previously shown to be sufficient for generating
highly contiguous genome assemblies in other Drosophila
species35; Supplementary Data 2).

Genome assembly, polishing, deduplication and contaminant
removal resulted in genomes with a number of contigs ranging
from 153 to 1185 (average 367), genome sizes from 136.6 Mb to
151.3 Mb (average 142Mb), N50 values from 400 Kb to 18.9 Mb
(average 3.8 Mb) complete BUSCO scores between 96.1% and
99%, and per base quality values (QV scores) between 37.2 and
52.9 (Table 1 and Supplementary Notes 2–4). CUSCO scores, i.e.,
percentage of contiguously assembled piRNA clusters36, range
from 35.3% to 84.7% (average 64.1%; Table 1). The detectability
of a cluster was inversely correlated with its size (Pearson´s
correlation=−0.47; Supplementary Data 3b, Supplementary
Fig. 1 and Supplementary Note 5). Although the high variability,
these results are comparable with genomes previously obtained
using similar sequencing and assembling strategies35. Note that
differences in sequencing coverage did not explain the observed
differences in genome size or TE content across genomes
(Supplementary Fig. 2). Similarly, differences in read length and
N50 values do not correlate with differences in genome size, TE
content, or BUSCO scores (Supplementary Fig. 2).

After reference-guided scaffolding using the ISO1 reference
genome, on average >90% of the contigs mapped to major
chromosomal arms, which contained >98.5% of the bases in the
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Fig. 1 Geographical location of the 12 D. melanogaster natural populations
analyzed in this work. The 32 sequenced and assembled genomes
correspond to strains obtained from: Tenerife, Spain: TEN (1), Munich,
Germany: MUN (6), Gimenells, Spain: GIM (2), Raleigh, USA: RAL (8),
Cortes de Baza, Spain: COR (4), Tomelloso, Spain: TOM (2), Jutland,
Denmark: JUT (2), Stockholm, Sweden: STO (1), Lund, Sweden: LUN (2),
Slankamen, Serbia: SLA (1), Kiev, Ukraine: KIE (1) and Akka, Finland: AKA
(2). In brackets, the number of genomes sequenced from each location.
Map colors represent different climatic regions according to the Köppen
climate classification (Supplementary Data 1).
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