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UNDERSTANDING ADAPTATION 

Adaptation underlies the ability of species to survive in changing 
environments, host-pathogen interactions, resistance to pesticides and drugs  
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Barret	and	Hoekstra	2008;	Storz	and	Wheat	2010		

•  Func.onal	valida.on	of	
candidate	muta.ons	

• Genome-wide	
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• Gene	expression	
• Gene	structure	
•  Epigene.c	changes	
	

UNDERSTANDING ADAPTATION 



TEs represent a sizable proportion of all genomes  



TIR	 Transposase	 TIR	

TEs are diverse 

Class	I:	retrotransposons	

Class	II:	DNA	transposons	

POL	 ENV	 LTR	GAG	LTR	



TEs are a potent source of regulatory mutations 

Addition of TFBSs 

Sundaram	et	al	2014	Genome	Res	
Chuong	et	al	2016	Science	

Epigenetic marks 

Lee	and	Karpen	2017	eLIFE	
Guio	et	al	2018	Sci	Reports	

Alternative transcription 
start sites 

Batut	et	al	2013	Genome	Res	
Merenciano	et	al	2016	PLoS	Gen		



Ignored	because	difficult	to	annotate	
 
•  Most current genomes 
 



≈19,000	years	ago	

Le	and	Stephan	2006,	Thornton	and	Andolfa`o	2006,	Arguello	et	al	2019	

Why Drosophila melanogaster? 



Le	and	Stephan	2006,	Thornton	and	Andolfa`o	2006,	Arguello	et	al	2019	

Why Drosophila melanogaster? 

Recent adaptations must be common in this species 
•  new pathogens 
•  new diet 
•  range of temperatures 
•  toxic environments 
 
 



Ref	strain	

Transposable	elements	in	Drosophila	
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Strain	n	

Strong selection against TE insertions 
due to ectopic recombination (Petrov et 
al 2011 Mol Biol Evol) 
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Strain	n	

Strong selection against TE insertions 
due to ectopic recombination (Petrov et 
al 2011 Mol Biol Evol) 

Strain	2	

Strain	4	

	

Strain	3	

Adaptive effect 
overcomes the initial 
disadvantage? 

Transposable	elements	in	Drosophila	

Ref	strain	



Identify candidate adaptive mutations 
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91 samples from 60 natural populations  

Rech et al 2019 PLoS Gen @rechgab	



61 labs: 24 European 
countries + Morocco, 
Israel, US, Colombia, 
Ecuador, Australia  

www.droseu.net 
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Pooled-seq data: 
2014: 32 populations 
2015: 39 populations 
2016: 38 populations 
 
Kapun et al 2018, bioRxiv 
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Individual	and	pooled	NGS	datasets	
Detects	TE	presence	and	absence		
Iden.fies	miss-annotated	TEs	
Drosophila	and	humans	reference	inser.ons	
	
New	mapper:	BWA-MEM	
New	filtering	steps:	increased	accuracy	
Available	in	Github:	improved	manual,	test	
datasets	
hUps://github.com/GonzalezLab/T-lex3	

T-lex3:	accurate	assessment	of	TE	popula5on	
frequencies	

Bogaerts-Márquez	et	al	(submi`ed)		

Maria	Bogaerts	
PhD	student	



o Selective sweeps 
•  iHS 
•  nSL 
•  H12 

o FST 

 
o Age 
 

o Length 

Fig). Note that we discarded that these GO enrichments were due to insertion biases of families
enriched in our dataset (S8E and S8F Table, see Material and Methods).

To gain more insight into the function of genes nearby the candidate adaptive TEs, we
looked whether they were previously described as candidate genes for several fitness-related
traits (S9 Table, see Material and Methods). Among the 111 genes nearby the 84 candidate
adaptive TEs, 41 have previously been identified as candidates for stress-related phenotypes,
including 21 genes associated with alcohol exposure, six with heavy-metal, and 11 with immu-
nity (Fig 6B, S10A Table). In addition, we also found enrichment of genes related with behav-
ioral phenotypes such as olfaction and aggressiveness, and with pigmentation (Fig 6B, S10A
Table). Similar enrichments were found for genes located nearby the 300 High Freq TEs (Fig
6B, S10B Table) and for the genes located nearby the OOA and the AF-OOA datasets (S6 Fig,
S10C and S10D Table). Note that among the 363 genes nearby HighFreq TEs, 171 genes
(hypergeometic test p-value = 1.00e-05) have previously been identified as candidates for
stress-, behavior- and other fitness-related traits (Fig 6B, S9 Table). Indeed, 148 of the 363

Fig 6. Functional enrichment analysis of genes nearby TEs showing evidence of selection (in this or previous works) and HighFreq TEs. Bar colors indicates similar
biological functions of the DAVID clusters (A) and the fitness-related traits (B): Green: stress response, Red: behavior, Blue: development Yellow: pigmentation. A)
Significant gene ontology clusters according to DAVID functional annotation tool (enrichment score> 1.3). For genes nearby HighFreq TEs, only top five clusters are
showed. The horizontal axis represent DAVID enrichment score (see S8A and S8B Table for details). B) Significantly overrepresented fitness-related genes according to
previous genome association studies. All FDR corrected p-values< 0.05, Chi-square (χ2) test (see S10A and S10B Table for details). The horizontal axis represents the
log10(χ

2). In both, A) and B), numbers nearby each bar indicate total number of genes in that cluster/category.

https://doi.org/10.1371/journal.pgen.1007900.g006

Adaptive insertions in Drosophila

PLOSGenetics | https://doi.org/10.1371/journal.pgen.1007900 February 12, 2019 13 / 33

Stress, behaviour and development are 
shaped by TEs 
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Rech et al 2019 PLoS Gen @rechgab	
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FBti0019386 allele is up-regulated in 
infected conditions 
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Allele-specific expression analyses 

x 
T	

T	 G	

G	

T	

G	

Infected Non-infected 

Anna  
Ullastres 

PhD 

Ullastres et al 2019 bioRxiv 



FBti0019386 adds a TSS  

Ullastres et al 2019 bioRxiv 



FBti0019386 allele expression is background dependent 

Ullastres et al 2019 bioRxiv 



0 
1 
2 
3 
4 
5 
6 

nonstress  stress 

G
fp

 v
s A

ct
5C

 

N-Inf. Inf. 

qRT-PCR Gfp 

Enhancer assay design 
***	

FBti0019386 drives the expression of a 
reporter gene 
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FBti0019386 is associated with increased 
infection tolerance 
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Ullastres et al 2019 bioRxiv 
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In	prep	

TEs	are	an	important	source	of	adap\ve	muta\ons	

INTRONIC	 COLD	STRESS	
RESPONSE	

AFFECTS	
EXPRESSION	

Falqués	et	al.		
In	prep	

INTRONIC	
FASTER	

DEVELOPMENTAL	TIME	
AFFECTS	

EXPRESSION	LEVEL	
Ullastres	et	al.		
Mol	Biol	Evol.	2015	

INTRONIC	
HEAVY	METAL	
RESPONSE	

Le	et	al.			
Sci	Rep	2017	ADDS	TFBS	

5’	UTR	 COLD	STRESS	
RESPONSE	ADDS	A	TSS	

Merenciano	et	al.		
PLoS	Gene\cs	2016	

INTERGENIC	 ADDS	TFBS	AND	
EPIGENETIC	MARKS	

OXIDATIVE	STRESS	
RESPONSE	

Guio	et	al.	Mol	Ecol.	2014		
Guio	et	al	Sci	Rep	2018	

3’	UTR	
AFFECTS	POLY-A	

TRANSCRIPT	LENGTH	
XENOBIOTIC	
RESPONSE	

Mateo	et	al.		
PLoS	Gene\cs.	2014	

5’	UTR	
ADDS	TSS		
ENHANCER	

IMMUNE	
RESPONSE	

Ullastres	et	al.		
In	prep	





 

Stress-response pathways are highly conserved across organisms 

Oxidative stress   Cnc/Nrf2 
Xenobiotic stress  Cnc/Nrf2 
Hypoxia stress      HIF1 
Heavy-metal stress  MTF1 
Heat shock stress  HSF 
Immune stress   caudal, Deaf1, nub, XBP1, dorsal 

What is the impact of TEs in the regulation of stress-
response genes? 

Villanueva-Cañas, Horvath et al 2019 Nuc Acids Res 



Fan et al 2016 Science 

Adaptation in humans is also related to several stress-responses 



TFBSs	

In	vivo	enhancer		
assays	
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Popula\on	
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Enhancer	features	
Open	chroma.n/	
histone	marks	

CBP	co-binding	

TFFMs	

TFBMs	

PWMs	

PREDICTIONS	 ADDITIONAL	EVIDENCE	 VALIDATION	

Villanueva-Cañas, Horvath et al 2019 Nuc Acids Res 



TEs are a considerable source of stress-response TFBS  
ChIP-seq PWM TFFM 

 
•  Proportion of TFBS in TEs is 
TF-specific 

17% to 37% in Drosophila 
6% to 86% in humans 

 
*	
*	

*	

*	

*	

*	

*	

*	



TEs containing TFBS are not globally enriched for enhancer features  

 Histone marks Open chromatin CBP co-binding Genomic location	

*	

*	

*	

*	



TEs with ≥ 3 TFBS are present at high population frequencies 

all	TEs	 ≧	1	TFBS	 ≧	3	TFBS	 ≧	3	ChIP-seq	TFBS	

Low	frequent	 High	Frequent	 Fixed	

25.9%	
16.2%	

11%	 42.1%	



A.#CG10943#transcript((((

B.#Enhancer#assay#design#

tdn8((4)#

tdn8((+)#

*"

lacZ%

lacZ%

CG10943-RA% ""
"" tdn8(CG10943(

C.#qRT4PCR#lacZ#transgenic#flies#gut#

D.#β4GAL#immunostaining#

td
n
8
((
4)
#

Non4infected## Infected#

td
n
8
((
+
)#

0"

0.02"

0.04"

0.06"

0.08"

0.1"

Non4infected# Infected#
N

o
rm

a
li
z
e

d
 d

e
lt

a
 c

t 
e

x
p

re
s

s
io

n
 

tdn8(4)#

tdn8(+)#

tdn8(

A.#CG10943#transcript((((

B.#Enhancer#assay#design#

tdn8((4)#

tdn8((+)#

*"

lacZ%

lacZ%

CG10943-RA% ""
"" tdn8(CG10943(

C.#qRT4PCR#lacZ#transgenic#flies#gut#

D.#β4GAL#immunostaining#

td
n
8
((
4)
#

Non4infected## Infected#

td
n
8
((
+
)#

0"

0.02"

0.04"

0.06"

0.08"

0.1"

Non4infected# Infected#

N
o

rm
a

li
z
e

d
 d

e
lt

a
 c

t 
e

x
p

re
s

s
io

n
 

tdn8(4)#

tdn8(+)#

tdn8(

A.#CG10943#transcript((((

B.#Enhancer#assay#design#

tdn8((4)#

tdn8((+)#

*"

lacZ%

lacZ%

CG10943-RA% ""
"" tdn8(CG10943(

C.#qRT4PCR#lacZ#transgenic#flies#gut#

D.#β4GAL#immunostaining#

td
n
8
((
4)
#

Non4infected## Infected#

td
n
8
((
+
)#

0"

0.02"

0.04"

0.06"

0.08"

0.1"

Non4infected# Infected#

N
o

rm
a

li
z
e

d
 d

e
lt

a
 c

t 
e

x
p

re
s

s
io

n
 

tdn8(4)#

tdn8(+)#

tdn8(

Functional validation of candidate TEs 

A.#CG10943#transcript((((

B.#Enhancer#assay#design#

tdn8((4)#

tdn8((+)#

*"

lacZ%

lacZ%

CG10943-RA% ""
"" tdn8(CG10943(

C.#qRT4PCR#lacZ#transgenic#flies#gut#

D.#β4GAL#immunostaining#

td
n
8
((
4)
#

Non4infected## Infected#

td
n
8
((
+
)#

0"

0.02"

0.04"

0.06"

0.08"

0.1"

Non4infected# Infected#

N
o

rm
a

li
z
e

d
 d

e
lt

a
 c

t 
e

x
p

re
s

s
io

n
 

tdn8(4)#

tdn8(+)#

tdn8(



Functional validation of candidate TEs 

We	validated	six	out	of	12	TEs	tested	
	
o  All	six	TEs	affected	expression	of	the	reporter	gene	under	stress	condi.ons,	

sugges.ng	that	these	TEs	are	indeed	involved	in	stress	gene	regula.on	

o  Five	of	the	six	TEs	add	TFBS	that	were	already	present	in	the	promoter	region	
of	the	nearby	gene	

o  	All	six	TEs	were	either	LTR	or	LINE	from	different	families:	roo,	jockey,	
invader4,	Rt1b,	BS,	and	transpac	while	most	of	the	non-validated	TEs	were	TIRs	

o  Non-validated	TEs:		
Some	might	required	genomic	context	that	is	not	present	in	the	vector	
May	serve	as	a	landing	pad	for	TFs	to	scan	DNA	
Buffer	of	extra	binding	sites	to	trap	TF	

Villanueva-Cañas, Horvath et al 2019 Nuc Acids Res 



Iden\fied	
muta\ons	

All	adap\ve	
muta\ons	



San Cristobal, ES 

Akaa, FI 

Raleigh, NC 

Tomelloso, ES 

Baza, ES 

Gimenells, ES 

Slankamen, RS 

Munich, DE 

Stockholm, SE 

Kyiv, UA 

Jutland, DK 

Lund, SE 

@rechgab	

13 new Dmel reference genomes 



CANU	1.7	 QUIVER	+	
finisherSC	 RaGoo	

CANU	1.7	 RACON	(x2)	+	
Nanopolish	 RaGoo	

PILON	
(Illumina	46x)	

Scaffolding Assembly Polishing 

13 new Dmel reference genomes 

ONT 

PacBio 



Technology Genome Coverage Genome size N50 BUSCO 
PacBio	 MUN 117X 142,0 7.8Mb 98.5%

TOM 86X 150,4 3.2Mb 98.1%
ONT	 FIN 107X 142,7 18.9Mb 98.6%

LUN 96X 138,1 2.0Mb 98.4%
B22 90X 142,4 3.0Mb 97.3%
COR 82X 138,1 7.8Mb 98.0%
JUT 81X 138,4 4.0Mb 98.4%
SLA 68X 143,7 0.8Mb 97.3%
GIM 65X 142,3 6.8Mb 98.6%
R177 61X 141,9 14.5Mb 97.4%
TEN 60X 140,5 1.1Mb 97.4%
KIE 51X 143,8 3.8Mb 98.4%

R375 47X 141,2 13.5Mb 96.1%

13 new Dmel reference genomes 



	

De	novo	
library	#2	

Genome Strain 2 Genome Strain 3 

	

De	novo	
library	#3	

Genome Strain 14 

	

De	novo	
library	#14	

Genome Strain 1 

	

De	novo	
library	#1	

…	

…	
De novo annotation of TEs with REPET 

Curated	
Library	

Manual	cura\on	
BDGP	and	RepBase	family	assignment	

Consensus	building		

Individual genome annotation 

Flutre	et	al	2011	PLoS	One,	Quesneville	et	al	2005	PLoS	Comp	Bio		



TE annotation in the new 13 reference genomes 

133	

4	
19	

1	

10	

BDGP	consensus	

Dmel	families	not	in	BDGP	

Consensus	similar	to	copies	
in	other	Drosophila	species	
Consensus	similar	to	
Chymomyza	amoena	



Genomes differ in family abundance and total copy number 



				IDENTIFY	
CANDIDATE	
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Barret	and	Hoekstra	2008;	Storz	and	Wheat	2010		

•  Stress,	development	and	
behavior	

•  TEs	affect	immune-
response	genes	(bioRxiv)	

	

•  	300	polymorphic	TEs	
likely	to	be	enriched	for	
adap\ve	inser\ons	

•  Several	case	studies	show	the	
diversity	of	molecular	
mechanisms	

•  	TEs	adds	stress-related	TFBS	
(Nucleic	Acids	Res,	2019)	

SUMMARY 
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