
©200
7 L

ANDES 
BIOSCI

EN
CE.

 DO NOT D
IST

RIBUTE.

www.landesbioscience.com	 Fly	 205

[Fly	1:4,	205-211,	July/August	2007];	©2007	Landes	Bioscience

Research Paper  

Drosophila Polymorphism Database (DPDB)
A Portal for Nucleotide Polymorphism in Drosophila

Sònia Casillas1,*
Raquel Egea1

Natalia Petit1

Casey M. Bergman2

Antonio Barbadilla1

1Departament de Genètica i de Microbiologia; Universitat Autònoma de Barcelona; 
Bellaterra (Barcelona), Spain

2Faculty of Life Sciences; University of Manchester; Manchester, UK

*Correspondence to: Sònia Casillas; Universitat Autònoma de Barcelona; 
Departament de Genètica i de Microbiologia; Bellaterra (Barcelona) 08193 Spain; 
Tel.: 34.935812730; Fax: 34.935812387; Email: sonia.casillas@uab.cat 

Original manuscript submitted: 08/10/07
Revised manuscript submitted: 09/14/07
Manuscript accepted: 09/17/07

Previously published online as a Fly E-Publication:
http://www.landesbioscience.com/journals/fly/article/5043

KEy woRdS

nucleotide	 variation,	 DNA	 polymorphism,	
population	 genetics,	 Drosophila,	 database,	
large	scale	analyses,	bioinformatics	of	genetic	
diversity	

ABBREviAtioNS & ACRoNyMS

DPDB	 Drosophila	Polymorphism	Database
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CON	 constructed
EST	 expressed	sequence	tag
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GSS	 genome	sequence	scan
HTC	 high	throughput	cDNA	sequencing
HTG	 high	 throughput	 genome	

sequencing
PAT	 patents
PDA	 Pipeline	Diversity	Analysis
SNP	 single	nucleotide	polymorphism
STS	 sequence	tagged	site
SYN	 synthetic
TPA	 third	party	annotation
UTR	 untranslated	region
WGS	 whole	genome	shotgun

ABStRACt
As a growing number of haplotypic sequences from resequencing studies are now 

accumulating for Drosophila in the main primary sequence databases, collectively they 
can now be used to describe the general pattern of nucleotide variation across species 
and genes of this genus. The Drosophila Polymorphism Database (DPDB) is a secondary 
database that provides a collection of all well‑annotated polymorphic sequences in 
Drosophila together with their associated diversity measures and options for reanalysis 
of the data that greatly facilitate both multi‑locus and multi‑species diversity studies in one 
of the most important groups of model organisms. Here we describe the state‑of‑the‑art 
of the DPDB database and provide a step‑by‑step guide to all its searching and analytic 
capabilities. Finally, we illustrate its usefulness through selected examples. DPDB is freely 
available at http://dpdb.uab.cat.

iNtRoduCtioN

Biological	 evolution	 is	 essentially	 a	 process	 by	 which	 genetic	 variation	 among	
	individuals	within	populations	 is	 converted	 into	variation	between	groups	 in	 space	and	
time.1	 Genetic	 variation	 is	 the	 real	 material	 of	 the	 evolutionary	 process,	 and	 the	 main	
aim	of	population	genetics	is	thus	the	description	and	explanation	of	the	forces	control-
ling	 genetic	 variation	 within	 and	 between	 populations.2	The	 allozyme	 era,1	 the	 era	 of	
nucleotide	sequences3	and	the	current	genomics	era4	represent	the	three	major	stages	of	
the	evolutionary	research	of	genetic	diversity.	The	deciphering	of	an	explosive	number	of	
new	nucleotide	sequences	in	different	genes	and	species	has	changed	radically	the	scope	
of	 population	 genetics,	 transforming	 it	 from	 an	 empirically	 insufficient	 science	 into	 a	
powerfully	explanatory	 interdisciplinary	endeavour,	where	high-throughput	 instruments	
generating	new	sequence	data	are	integrated	with	bioinformatic	tools	for	data	mining	and	
management,	and	interpreted	using	advanced	theoretical	and	statistical	models.

Drosophila	has	been	the	experimental	model	par	excellence	to	inspire	and	to	test	the	
new	developments	in	molecular	population	genetics	theory.5,6	Nucleotide	studies	in	this	
genus	involve	the	resequencing	of	homologous	sequences	(haplotypes)	for	a	given	DNA	
region	and	species.	Most	of	these	studies	are	limited	to	a	few	species	and	genes,	although	
a	 few	 studies	 report	 tens	 or	 hundreds	 of	 loci.7-10	 As	 a	 growing	 number	 of	 haplotypic	
sequences	 from	 individual	 studies	 are	 now	 accumulating	 for	 this	 genus	 in	 the	 main	
molecular	biology	databases,11	they	can	opportunistically	be	used	to	describe	the	pattern	
of	nucleotide	variation	in	many	species	and	genes	of	this	genus.12	A	database	describing	
nucleotide	diversity	estimates	in	Drosophila	is	a	necessary	resource	that	greatly	facilitates	
both	multi-locus	and	multi-species	diversity	studies.	The	database	to	be	described	here	is	
such	a	bioinformatic	resource.

The	Drosophila	Polymorphism	Database	(DPDB)13	is	a	secondary	database	designed	
to	 provide	 a	 collection	 of	 all	 the	 existing	 polymorphic	 sequences	 in	 the	 Drosophila	
genus	 together	with	 their	 associated	diversity	measures.	Estimates	of	diversity	on	 single	
nucleotide	 polymorphisms	 (SNPs)	 are	 provided	 for	 each	 set	 of	 haplotypic	 homologous	
sequences,	 including	polymorphism	at	 synonymous	and	non-synonymous	 sites,	 linkage	
disequilibrium	and	codon	bias.	Data	gathering	from	GenBank,11	calculation	of	diversity	
measures	 and	 daily	 updates	 are	 automatically	 performed	 using	 PDA.14,15	 The	 DPDB	
website	(http://dpdb.uab.cat)	includes	several	interfaces	for	browsing	the	contents	of	the	
database	and	making	customizable	comparative	searches	of	different	species	or	taxonomic	
groups.	It	also	contains	a	set	of	tools	for	the	reanalysis	of	data	and	a	statistics	section	that	
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summarizes	 the	 contents	 of	 the	 database.	 As	 a	 result,	 DPDB	 aims	
to	 be	 a	 reference	 site	 for	 DNA	 polymorphism	 in	 Drosophila,16,17	
encompassing	 studies	 that	 try	 to	 describe	 and	 explain	 the	 under-
lying	causes	of	polymorphic	patterns	found	in	these	species,	such	as	
recombination	 rate,18,19	 sequence	 structure	 and	 complexity20,21	 or	
demographic	history.8

Here	 we	 describe	 the	 state-of-the-art	 of	 the	 DPDB	 database	
and	 provide	 a	 step-by-step	 guide	 to	 all	 its	 searching	 and	 analytic	
capabilities.	Finally,	we	 illustrate	 its	usefulness	by	 testing	a	 selected	
population	genetics	hypothesis,	which	is	solved	by	performing	simple	
queries	using	the	DPDB	interface.

thE ChAllENgE: AutoMAtiNg thE EStiMAtioN of gENEtiC 
divERSity

The	 large-scale	 estimation	 of	 genetic	 diversity	 from	 sources	 of	
heterogeneous	 sequences	 requires	 the	 development	 of	 elaborate	
modules	 of	 data	 mining	 and	 analysis,	 which	 operate	 together	 to	
automatically	extract	the	available	sequences	from	public	databases,	
align	 them	and	 compute	diversity	measures.	A	priori,	 the	 automa-
tion	of	this	process	seems	difficult,	since	variation	estimates	usually	
require	 a	 careful	 manual	 inspection.	 The	 main	 limitation	 of	 this	
process	 is	 undoubtedly	 the	heterogeneous	nature	 of	 the	 sequences,	
because	such	an	automatic	process	can	lump	together	sequences	that	
are	 fragmented,	paralogous,	 from	different	populations	or	chromo-
some	arrangements,	or	simply	incorrectly	annotated	sequences.	Also	
critical	 is	 the	 multiple	 alignments	 of	 sequences,	 which	 is	 sensitive	
to	 the	 choice	 of	 algorithm,	 the	 input	 parameters	 and	 the	 intrinsic	
characteristics	 of	 the	 sequences.	 However,	 millions	 of	 haplotypic	
sequences,	including	those	of	complete	chromosomes,	that	are	today	
stored	in	public	databases	are	an	outstanding	resource	for	the	estima-
tion	of	genetic	diversity	 that	cannot	be	neglected.	Therefore,	while	
conscious	of	the	limitations,	we	have	tackled	the	bioinformatic	auto-
mation	of	genetic	diversity	and	developed	both	appropriate	methods	
for	data	grouping	and	analysis,	and	rigorous	controls	for	data	quality	
assessment,	 to	 generate	 the	 first	 database	 of	 diversity	 measures	 in	
the	Drosophila	genus.	Quality	reports	considering	the	source	of	the	
sequences	and	the	alignments	are	provided	to	check	the	reliability	of	
the	estimates,	as	well	as	options	for	the	reanalysis	of	any	set	of	data.

thE dPdB APPRoACh

Data model.	A	key	step	in	the	process	of	large-scale	management	
of	sequence	data	is	to	define	appropriate	bioinformatic	data	objects	
that	facilitate	the	storage,	representation	and	analysis	of	genetic	diver-
sity	from	raw	data.	DPDB	introduces	two	novel	data	objects	based	
on	 two	 basic	 storing	 units:	 the	 ‘polymorphic	 set’	 and	 the	 ‘analysis	
unit’.	 The	 polymorphic	 set	 is	 a	 group	 of	 homologous	 sequences	
for	 a	 given	 gene	 and	 species	 obtained	 from	 the	 public	 databases.	
Polymorphic	sets	are	identified	by	unique	set	codes	in	DPDB	(e.g.,	
SET000033	 corresponds	 to	 the	 set	 of	 polymorphic	 sequences	 for	
the	gene	Adh	in	D. melanogaster	see	Fig.	1).	Homologous	subgroups	
are	 then	 created	 for	 each	 polymorphic	 set	 corresponding	 to	 the	
different	 annotated	 functional	 regions	 (i.e.,	 CDS,	 each	 different	
exon	 and	 intron,	 5'UTR,	 3'UTR	 and	 promoter)	 with	 sequences	
within	 a	 subgroup	 having	 ≥	95%	 sequence	 identity	 (otherwise,	
sequences	 are	 split	 into	different	 subsets).	These	 subgroups	 are	 the	
analysis	units	on	which	the	commonly	used	diversity	parameters	are	

estimated	(e.g.,	DPpol000025	identifies	the	current	analysis	for	the	
CDS	region	of	SET000033,	see	Fig.	1).	Since	analysis	units	within	
a	polymorphic	set	may	be	added,	removed	or	changed	during	daily	
updates,	 up-to-date	 identifiers	 for	 the	 analysis	 units	 are	 not	 stable	
(e.g.,	DPpol001600	is	a	deprecated	analysis	unit	for	the	CDS	region	
of	the	gene	tim	in	D. americana).	Thus,	the	DPDB	contents	should	
be	normally	 linked	 through	 set	 code	 identifiers	 (e.g.,	when	 linking	
DPDB	from	an	external	database).	However,	old	analysis	units	can	
be	 recovered	 from	 the	 DPDB	 interface	 and	 they	 may	 be	 cited	 in	
studies	that	use	specific	datasets	from	DPDB.	All	the	data	is	stored	
in	a	relational	MySQL	database	which	was	designed	according	to	the	
DPDB	data	model	(see	the	Help	section	in	the	DPDB	website).	For	
a	complete	description	of	the	DPDB	approach	and	implementation	
readers	are	referred	to	the	original	publication.13

Data gathering and processing.	Data	 collection,	 alignment	 and	
calculation	of	diversity	measures	are	performed	by	PDA,14,15	a	pipe-
line	made	up	of	a	set	of	Perl	modules	that	automates	the	mining	and	
analysis	of	sequences	stored	in	GenBank.11	Using	PDA	we	get	all	the	
publicly	available	Drosophila	nucleotide	sequences	from	the	Entrez	
Nucleotide	database	(GenBank)	that	are	well	annotated	(we	exclude	
sequences	from	divisions	CON,	EST,	GSS,	HTC,	HTG,	PAT,	STS,	
SYN,	TPA	and	WGS,	as	well	as	sequences	without	gene	annotations).	
We	also	obtain	their	cross-references	to	the	NCBI	PopSet22	database	
and	additional	information	including	Gene	Ontology	(GO)23	terms	
from	FlyBase.24	In	this	last	version	of	the	DPDB	database,	the	anno-
tated	sequences	of	 the	complete	chromosomes	of	D. melanogaster25	
are	also	used	for	the	estimation	of	genetic	diversity.	As	a	result,	the	
number	of	analysis	units	in	this	species	has	increased	by	~50%,	since	
many	genes	with	 a	 single	 sequence	 in	GenBank	 in	 addition	 to	 the	
genome	sequence	that	were	previously	discarded	can	now	be	analyzed	
together	with	its	corresponding	allele	in	the	genomic	sequence.

One	serious	problem	in	large-scale	studies	of	genetic	diversity	is	
the	 automatic	 detection	 of	 homologous	 DNA	 regions.	 According	
to	 the	 original	 DPDB	 data	 model,13	 homologous	 sequences	 were	
determined	 based	 on	 gene	 name.	 However,	 sequences	 stored	 in	
GenBank	use	sometimes	different	names	for	the	same	gene,	and	thus	
homologous	 sequences	 could	 eventually	 be	 grouped	 into	 different	
polymorphic	 sets	 in	 DPDB.	To	 cope	 with	 this	 problem,	 all	 gene	
synonyms	 recorded	 for	 each	 accepted	 gene	 symbol	 in	 Drosophila	
have	been	downloaded	from	FlyBase	and	gene	names	from	GenBank	
are	replaced	by	their	accepted	gene	symbol	before	being	introduced	
into	 the	 DPDB	 database.	 Following	 this	 procedure,	 the	 fraction	
of	 redundant	 polymorphic	 sets	 in	 the	 current	 release	 of	 DPDB	 is	
expected	 to	 be	 low	 (~98%	 of	 the	 D. melanogaster	 genes	 that	 are	
currently	 analyzed	 in	 DPDB	 match	 an	 accepted	 gene	 symbol	 in	
FlyBase).

Once	 the	 homologous	 sequences	 are	 determined,	 sequences	
are	 aligned.	 DPDB	 originally	 aligned	 homologous	 sequences	 with	
ClustalW.26	 However,	 Muscle27	 and	 T-Coffee28	 have	 been	 shown	
to	 achieve	 a	 better	 accuracy,	 especially	 in	 alignments	 with	 a	 high	
proportion	 of	 gaps.15,29	Thus,	 in	 the	 current	 release	 of	 DPDB	 all	
polymorphic	 sets	 have	 been	 realigned	 with	 Muscle	 and	 the	 corre-
sponding	 diversity	 measures	 recalculated.	 DPDB	 deals	 with	 the	
problem	of	non-homology	in	alignments	by	grouping	sequences	by	
similarity	 (a	 95%	 minimum	 identity	must	 exist	 between	 each	 pair	
of	 sequences	within	 an	 alignment).	On	 the	other	hand,	 given	 that	
sites	with	gaps	are	not	used	 for	 the	estimation	of	 single	nucleotide	
polymorphism,	 inclusion	 of	 short	 sequences	 tends	 to	 reduce	 the	
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amount	of	informative	content	in	an	alignment.	As	a	result,	DPDB	
has	recently	implemented	an	algorithm	for	the	maximization	of	the	
number	of	informative	sites	of	an	alignment15	in	which	sequences	are	
grouped	by	length	in	order	to	score	the	largest	number	of	informative	
sites	for	the	calculation	of	diversity	measures.

Finally,	 each	 alignment	 is	 mapped	 to	 the	 genome	 sequence	 of	
D. melanogaster.25	 First,	 a	 consensus	 sequence	 is	 obtained	 from	
the	multiple	 sequence	alignment.	The	consensus	 is	 then	aligned	 to	
the	 D. melanogaster	 genome	 using	 BLAT30	 and	 the	 corresponding	
coordinates	 are	 obtained	 and	 provided	 with	 the	 alignments.	These	
coordinates	are	used	to	link	each	analysis	unit	to	the	genome	browsers	
in	FlyBase24	and	UCSC.31	This	allows	users	to	integrate	analyses	of	
polymorphism	within	species	with	other	comparative	or	 functional	
genomic	resources	that	are	aligned	to	the	reference	genome	sequence.	
Additional	 links	 to	 FlyBase	 based	 on	 gene	 name,	 and	 related	 GO	
terms	are	also	provided.

Confidence assessment of each polymorphic set.	DPDB	provides	
several	 measures	 to	 assess	 the	 confidence	 of	 each	 polymorphic	 set,	

according	to	both	the	data	source	and	the	quality	of	the	alignment.	
For	 the	data	 source,	we	provide	 four	criteria	 to	help	determining	 if	
the	sequences	initially	were	reported	as	part	of	a	polymorphism	study:	
(1)	one	or	more	sequences	from	the	alignment	are	stored	in	the	NCBI	
PopSet	 database,	 (2)	 all	 the	 sequences	 have	 consecutive	 GenBank	
accession	numbers,	(3)	all	the	sequences	share	at	least	one	reference,	
and	(4)	one	or	more	references	are	from	journals	that	typically	publish	
polymorphism	studies	(i.e.,	Genetics,	Journal	of	Molecular	Evolution,	
Molecular	 Biology	 and	 Evolution,	 Molecular	 Phylogenetics	 and	
Evolution	 and	 Molecular	 Ecology).	 To	 assess	 the	 quality	 of	 an	
alignment	we	use	 three	other	 criteria:	 (1)	 the	number	of	 sequences	
included	in	the	alignment,	(2)	the	percentage	of	gaps	or	ambiguous	
bases	 within	 the	 alignment,	 and	 (3)	 the	 percentage	 of	 difference	
in	 length	 between	 the	 shortest	 and	 the	 longest	 sequences.	 Users	 of	
DPDB	are	advised	to:	(1)	revise	all	the	previous	parameters,	(2)	check	
the	alignments	and	phylogenetic	 trees	provided	for	each	alignment,	
(3)	revise	the	origin	of	the	sequences,	(4)	pay	special	attention	to	esti-
mates	of	polymorphism	giving	extreme	values,	and	(5)	reanalyze	the	

Figure 1. Example queries using the DPDB interface. (A) General Search (with the taxa selector pop‑up window). In the example, all polymorphic sets from 
the subgenus Sophophora are queried and a part of the complete report for an analysis unit is shown. (B) Comparative Search. In the example, nucleotide 
diversity is compared for the two Drosophila subgenus (Drosophila and Sophophora). From the results, graphical distributions and lists of data can be 
obtained, as well as browsing all averaged data within each taxon. Note that queries from the comparative search are always performed by gene region. 
(C) Graphical Search. In the example, nucleotide diversity for all CDSs from the subgenus Sophophora are displayed graphically. Dashed arrows: these 
links would display only a subset of the data shown in the image (i.e., only CDSs from the comparative search, and only CDSs with p < 0.00498 from the 
graphical search).
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data	when	needed.	See	a	detailed	guide	to	assess	the	reliability	of	the	
estimations	in	the	Help	section	of	the	DPDB	website.

uSiNg dPdB

DPDB	 allows	 browsing	 the	 contents	 of	 the	 database	 and	
	reanalyzing	 any	 subset	 of	 data	 by	 using	 different	 searching	 and	
analytic	 tools	 available	 from	 the	 website	 (http://dpdb.uab.cat).	 For	
example,	the	General	Search	is	used	to	browse	the	DPDB	database	
by	 organism,	 gene	 and	 gene	 region	 (Fig.	 1A)	 and	 allows	 filtering	
of	 results	 by	 diversity	 estimations	 or	 quality	 of	 the	 data.	 The	
Comparative	Search	is	used	to	compare	average	nucleotide	diversity	
estimates	in	different	species	or	taxonomic	groups	(Fig.	1B),	and	the	
Graphical	Search	generates	 graphical	distributions	 for	 any	diversity	
measure	on	any	taxon	or	gene	of	interest	(Fig.	1C).	Notably,	users	can	
easily	move	from	one	tool	to	another	within	the	same	dataset	(Fig.	1).	
Table	1	 summarizes	 all	 different	 searching	 and	 analytic	 options	 to	
help	navigating	around	the	DPDB	website.	Each	option	is	illustrated	
by	a	step-by-step	example.	To	perform	complex	queries	to	the	DPDB	
database	 or	 do	 any	 meta-analysis	 of	 the	 available	 data,	 users	 are	
encouraged	to	download	the	complete	MySQL	database	(Table	1).

CoNtENtS of thE dPdB dAtABASE ANd QuAlity  
of thE dAtA

At	the	time	of	writing,	 the	DPDB	database	contained	>	40,000	
sequences	from	GenBank,	corresponding	to	392	species	and	15,177	
different	 genes	 (Fig.	 2).	 When	 these	 sequences	 were	 filtered	 and	
analyzed,	DPDB	could	gather	informative	data	for	1,898	polymor-
phic	sets	(from	145	species	and	1,184	different	genes),	and	estimations	
were	calculated	on	3,741	analysis	units,	mostly	corresponding	to	the	
functional	 regions	 CDS,	 exon	 and	 intron.	 The	 best-represented	
species	 was	 D. melanogaster	 (53.2%	 of	 all	 analysis	 units),	 and	 the	
gene	with	 the	highest	number	of	 alignments	was	Adh	 (5.3%	of	 all	
analysis	units),	which	Drosophilists	 should	be	proud	to	note	 is	 the	
first	gene	in	any	species	whose	population	genetics	was	studied	using	
resequencing	methods.3	In	terms	of	quality	of	the	alignments,	many	
estimates	were	performed	on	alignments	with	<	6	sequences	(45.2%),	
but	 most	 of	 the	 alignments	 contain	 <	10%	 of	 gaps	 or	 ambiguous	
bases	(95.5%)	and	small	differences	in	sequence	length	(84.8%).	In	
terms	of	quality	of	 the	data	 source,	only	26%	of	 the	analysis	units	
contain	 sequences	 from	 the	 NCBI	 PopSet	 database,	 which	 means	
that	 DPDB	 contains	 an	 additional	 3-fold	 more	 genomic	 regions	
that	would	otherwise	be	overlooked	if	only	sequences	from	polymor-
phism	studies	deposited	 in	NCBI	PopSet	were	 searched.	The	PDA	
retrieval	system	used	in	the	construction	of	the	DPDB	database	has	
thus	provided	 a	notable	 enrichment	of	 the	 available	diversity	data.	
Daily-updated	statistics	of	the	DPDB	database	can	be	monitored	at	
the	Statistics	section	of	the	DPDB	website.

dPdB iN ACtioN

As	we	have	detailed	above,	DPDB	provides	estimates	of	nucleotide	
diversity	 for	 a	 large	 number	 of	 genes	 and	 species	 of	 Drosophila,	
which	 in	conjunction	with	 the	web	 interface	greatly	 facilitate	both	
multi-species	and	multi-locus	genetic	diversity	analyses	by	providing	
options	 to	 make	 totally	 customizable	 queries.	 Some	 examples	 of	
simple	 queries	 to	 the	 database	 involving	 one	 or	 more	 taxa	 have	

already	 been	 proposed	 in	 Table	 1.	 More	 interestingly,	 subsets	 of	
data	 from	DPDB	have	 already	been	used	 in	 large-scale	 analyses	 of	
nucleotide	diversity.	For	example,	Petit	et	al.21	have	recently	studied	
the	 association	 between	 coding	 polymorphism	 levels	 (estimates	
obtained	 from	 DPDB),	 intron	 content	 and	 expression	 patterns	 in	
D. melanogaster.	 The	 study	 reports	 that	 genes	 with	 low	 nonsyn-
onymous	polymorphism	contain	long	introns	with	a	high	content	of	
conserved	noncoding	sequences	(CNSs),	and	that	genes	with	CNSs	
in	their	introns	have	more	complex	regulation.	Also,	Casillas	et	al.29	
show	the	action	of	purifying	selection	maintaining	highly	conserved	
noncoding	 sequences	 by	 combining	 genomic	 data	 from	 recently	
completed	 insect	 genome	 projects	 with	 population	 genetic	 data	 in	
D. melanogaster.	For	this	study,	a	selected	set	of	noncoding	data	from	
genome	scans	was	gathered	and	analyzed	both	 for	point	mutations	
and	 insertions/deletions	 (indels)	 using	 PDA.	 As	 another	 example	
of	 use	 of	 DPDB,	 here	 we	 consider	 a	 simple	 study	 investigating	 a	
potential	 association	 between	 levels	 of	 synonymous	 polymorphism	
in	different	groups	of	Drosophila	and	the	length	of	the	genetic	map	
of	the	genome	(the	total	recombination	rate).

In	regions	of	low	recombination,	neutral	polymorphism	is	swept	
away	 by	 the	 action	 of	 both	 positive	 and	 background	 selection	 on	
linked	 selected	 mutations.18,35	 As	 a	 result,	 the	 level	 of	 nucleotide	
polymorphism	is	expected	to	be	positively	correlated	with	the	 level	
of	 recombination	rate	 in	Drosophila.18	Average	 recombination	rate	
is	 significantly	 different	 among	 groups	 of	 species	 in	 Drosophila,36	
and	 thus	 levels	 of	 synonymous	polymorphism	 are	 also	 expected	 to	
vary	among	groups	according	to	the	rate	of	recombination.	To	test	
this	hypothesis,	we	have	performed	comparative	 searches	using	 the	
DPDB	website.

We	 have	 obtained	 genomic	 recombination	 estimates	 for	 six	
species’	groups	of	Drosophila	(funebris,	melanogaster,	obscura,	repleta,	
saltans	 and	 tripunctata)	 from	 Cáceres	 et	 al.36	 and	 correlated	 them	
to	the	estimates	of	synonymous	polymorphism	in	coding	sequences	
(CDS)	for	the	same	groups	reported	in	DPDB	(see	Supplementary	
Material).	 The	 resulting	 correlation	 was	 positive	 but	 non-signifi-
cant	 (rPearson	=	0.00178,	 p	=	0.94790,	 N	=	1352).	 However,	 the	
same	 correlation	 became	 highly	 significant	 when	 D. melanogaster	
was	 excluded	 from	 the	 analysis	 (rPearson	=	0.13693,	 p	=	0.00075,	
N	=	603).	One	possible	 explanation	 is	 that	D. melanogaster,	which	
accounts	for	~70%	of	the	data	in	its	group,	has	an	unusually	small	
effective	 population	 size	 as	 a	 consequence	 of	 a	 bottleneck	 suffered	
after	 its	 dispersion	 out	 of	 Africa.37	 Small	 effective	 population	 size	
is	 known	 to	 cause	 low	 levels	 of	 synonymous	polymorphism	 in	 the	
genome,	and	this	may	explain	why	the	effect	of	recombination	rate	
on	 synonymous	 polymorphism	 is	 undetectable	 at	 the	 group	 level	
when	D. melanogaster	is	included	in	the	analysis.

This	 example	 illustrates	 the	 power	 of	 DPDB	 to	 reveal	 new	
knowledge	 about	 the	 evolutionary	 process	 in	 Drosophila	 without	
the	 need	 for	 labor-intensive	 sequence	 retrieval	 and	 data	 processing	
on	the	part	of	the	user.	The	wide	range	of	potential	queries	that	can	
be	performed	using	the	searching	capabilities	of	the	DPDB	website	
remarkably	 facilitate	 comprehensive	 multi-species	 and	 multi-locus	
analyses	of	nucleotide	diversity.	Future	improvements	to	DPDB	will	
include	the	integration	of	divergence	data	(i.e.,	outgroup	sequences	
to	 each	polymorphic	 set),	 additional	 tests	 of	neutrality	 such	 as	 the	
McDonald-Kreitman	 test38	 and	 derived	 allele	 frequency	 distribu-
tions,	 as	 well	 as	 the	 estimation	 of	 indel	 polymorphism.	 We	 will	
also	create	a	specific	section	within	DPDB	that	will	 include	all	 the	
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Table 1 Step‑by‑step guide to DPDB

option function usage
General Search Browse the contents of the DPDB database  1. Go to Search → General Search  
 by polymorphic sets  2. Select organisms/genes: click the ‘Sp’ button; in the pop‑up window,  
 E.g., retrieve all analysis units from   check Drosophila melanogaster and click the button ‘Add selected  
 D. melanogaster having high‑quality   organisms’ at the bottom of the pop‑up window  
 alignments (> 5 sequences, < 30% gaps,  3. Filter for diversity values: on ‘Nucleotide polymorphism’, choose  
 < 30% difference in sequences length and  ‘Nuc. Diversity (p)’≤0.001  
 ≥ 500 analyzed sites) with low values of  4. Filter for degree of confidence on the polymorphic set: choose  
 nucleotide diversity (p ≤ 0.001)  ‘Num. of sequences’ > 5, ‘Perc. gaps/ambiguous bases’< 30%,  
   ‘Perc. difference in seqs. length’< 30% and ‘Exclude alignments with  
   less than 500 analyzed sites’  
  5. Click the button ‘Run Search’  
  6. See detailed reports for each analysis unit (fourth column)

Comparative Search  Summarize and compare diversity measures  1. Go to Search → Comparative Search  
 across species or taxonomic groups32  2. Select organisms/genes: click the ‘Sp’ button; in the pop‑up  
 E.g., compare nucleotide diversity between   window, check Drosophila simulans and Drosophila sechellia,   
 the cosmopolitan species D. simulans and   and click the button ‘Add selected organisms’ at the bottom of the  
 the endemic species D. sechellia including   pop‑up window. Then check the box ‘Include only shared genes  
 only those genes that have been analyzed   among all organisms’  
 in both species 3. Select diversity parameters: leave defaults  
  4. Filter for degree of confidence on the polymorphic set: remove  
   default values to include all alignments  
  5. Click the button ‘Run Search’

Graphical Search Generate graphical distributions for any  1. Go to Search → Graphical Search  
 diversity measure on any taxon or 2. Select organisms/genes: click the ‘Sp’ button,  
 gene of interest   check Drosophila melanogaster, and click the button 
 E.g., generate the distribution of p values   ‘Add selected organisms’ at the bottom of the page  
 for any coding sequence in D. melanogaster,  3. Select distribution of: leave default (‘p’ distribution)  
 including only high‑quality alignments 4. Filter for degree of confidence on the polymorphic set: see  
   General Search above  
  5. Advanced options: in ‘Regions to be displayed’, unselect all  
   regions but ‘CDS’  
  6. Click the button ‘Run Search’

Search by  Search the DPDB database by any DPDB  1. Go to Search → General Search  
DPDB or GenBank or GenBank accession number  2. Search by Id: enter the accession number AF175215 in the box  
accession number E.g., display all analysis units which use  3. Click the button ‘Go’  
 the GenBank sequence AF175215  Note: this option accepts any DPDB accession (e.g., SET000033,  
   DPpol000025, DPseq001739) or GenBank accession  
   (e.g., AF175215, AF175215.1, 6002968)

Search by  Search the DPDB database by sequence  1. Go to Analysis → Sequence comparison → Blast  
sequence similarity similarity  2.  Choose your custom Blast parameters or leave defaults  
 E.g., find homologous sequences to a query  3.  Paste your sequence in the appropriate box  
 sequence in DPDB which can be used later  4.  Click the button ‘Run Blast’  
 to estimate nucleotide diversity  Note: the Blast package implemented in DPDB also allows sequence  
   similarity searches to any of the 12 Drosophila sequenced genomes  
   or Anopheles gambiae

Other analysis tools  Standard sequence comparison tools (Blast,33  1.  Once you have a set of homologous sequences (see above), align  
(all tools available  Clustal,26 Jalview34), and specific software   them with Clustal and revise/edit the alignment with Jalview  
from the Analysis  for the estimation of nucleotide diversity  2. Then perform a sliding‑window analysis with SNPs‑Graphic  
section in the website) (SNPs‑Graphic,13 PDA15)  3.  Alternatively, perform the analysis automatically with PDA  
 E.g., following the previous example,   Note: SNPs‑Graphic and PDA can be used independently with  
 perform a nucleotide diversity study  custom data (as in the previous example) or be executed from searches  
   to the DPDB database to reanalyze specific datasets

Local installation Perform complex queries to the DPDB  1.  Go to DPDB Home Page → Database download  
of DPDB database or do any meta‑analysis of the data 2.  Download and install the database following the instructions
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Figure 2. DPDB contents and quality of the data. Statistics are according to August 1, 2007. *Reference journals include: Genetics, Journal of Molecular 
Evolution, Molecular Biology and Evolution, Molecular Phylogenetics and Evolution and Molecular Ecology.
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SNPs	discovered	using	the	PDA	system.	Finally,	we	will	develop	new	
methods	to	deal	with	unannotated	noncoding	sequences	from	genome	
scans8-10	and	data	coming	from	SNP	mapping	studies	(http://flysnp.
imp.ac.at/),	 whole	 genome	 shotgun	 and	 tiling	 array	 resequencing	
(http://www.dpgp.org/).	 It	 is	 thus	 our	 goal	 that	 DPDB	 becomes	 a	
comprehensive	 reference	 site	 for	 intraspecific	 genetic	 variation	 in	
Drosophila,	describing	different	types	of	genetic	variation	(e.g.,	SNPs	
and	indels),	distinct	functional	regions	(e.g.,	coding	and	noncoding)	
and	accepting	diverse	sources	of	data	(e.g.,	resequencing	data,	SNP	
typing	and	whole	genome	sequencing).
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