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Abstract

Several recent studies have examined the function and evolution of a Drosophila homolog to the human breast cancer
susceptibility gene BRCA2, named dmbrca2. We previously identified what appeared to be a recent expansion in the RAD51-
binding BRC-repeat array in the ancestor of Drosophila yakuba. In this study, we examine patterns of variation and evolution of
the dmbrca2 BRC-repeat array within D. yakuba and its close relatives. We develop a model of how unequal crossing over may
have produced the expanded form, but we also observe short repeat forms, typical of other species in the D. melanogaster group,
segregating within D. yakuba and D. santomea. These short forms do not appear to be identical-by-descent, suggesting that the
history of dmbrca2 in the D. melanogaster subgroup has involved repeat unit contractions resulting in homoplasious forms. We
conclude that the evolutionary history of dmbrca2 in D. yakuba and perhaps in other Drosophila species may be more
complicated than can be inferred from examination of the published single genome sequences per species.
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Introduction

The human breast cancer susceptibility gene BRCA2 encodes a

protein widely studied due to its importance in DNA repair [1–3].

Mutations in human germline BRCA2 lead to a lifetime increased

susceptibility to breast and ovarian cancers [4,5], perhaps resulting

from inefficient repair of DNA double strand breaks (DSBs) during

homologous recombination [6–8]. In functional studies, BRCA2

has been shown to regulate RAD51 recombinase, an important

nucleoprotein filament that attaches to damaged, single-stranded

DNA at the site of DSBs and is crucial to initiation of the repair

process [9]. BRCA2 binds to RAD51 by association with sequence

motifs, called ‘‘BRC repeats’’ [10,11], which each consist of about

30 amino acids and are found in a highly conserved region of the

BRCA2 gene. These conserved repeats have been useful in

identifying BRCA2 homologs across many eukaryotic species

including, Arabidopsis thaliana, Caenorhabditis elegans, Drosophila

melanogaster, and Trypanosoma brucei [12,13]. Researchers still

struggle to determine how BRCA2 coordinates its RAD51 and

ssDNA-binding activities to facilitate the transfer of the RAD51

protein onto DNA (but see [14]), but Pellegrini and Venkitaraman

[9] suggested that ‘‘primitive organisms harboring a simpler

version of the BRCA2 protein will provide useful model systems.’’

A putatively simpler BRCA2 homolog was identified in the model

organism Drosophila melanogaster using sequence fingerprints represent-

ing key residues for BRCA2-RAD51 interactions in the locus

CG30169, later named ‘‘dmbrca2’’ [15]. Functional studies of this

Drosophila gene have shown that it interacts with D. melanogaster

Rad51 (spnA), and its disruption affects rates of mitotic and meiotic

DNA repair and homologous recombination [15–17], leading

Klovstad et. al. [16] to conclude that the Drosophila BRCA2

represents a functional homolog of the gene that can be used to

characterize its human counterpart. Unlike the mammalian BRCA,2

which has eight BRC repeats, the D. melanogaster homolog was found

to contain three repeats [13]. A later investigation of this gene across

the published Drosophila genomes showed great variability in

number of BRC repeats, with D. melanogaster and its subgroup having

three repeats (Figure 1), while other, more distantly related species

such as D. pseudoobscura and D. persimilis bearing up to eleven repeats

[18]. This variability in number of BRC repeats was also

demonstrated within individual species as well; ten selected strains

of D. pseudoobscura were found to have seven, nine or eleven BRC

repeats, perhaps indicating recent evolution within this gene [18].

Although there is large variation in repeat number across the

phylogeny of Drosophila, this variation appears to be absent within

the melanogaster group, in which the species that have published

genome sequences all contains 3 BRC repeats. The exception to this

pattern in the melanogaster group is D. yakuba, whose published

genome sequence of dmbrca2bears five BRC repeats. Observation of

this alternate repeat form raises several questions: is this higher repeat

number real or a genome mis-assembly artifact [19]? If it is real, is this

higher repeat number form ubiquitous across all D. yakuba strains, or

is a shorter form present in natural populations? Can we infer the

historical change in the number of repeats by analyzing nucleotide

sequence? And finally, if there are alternate forms, can we detect

evidence for associated natural selection in the spread of the large

number repeat form? In this study, we investigate the sequence and

evolution of the number of BRC repeats in the Drosophila homolog
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of BRCA2 in D. yakuba and its sister species D. santomea and place it into

an evolutionary context. Understanding the patterns observed in

these species may allow us to better know the genetic processes

affecting this gene that is important for the fundamental process of

recombination and human health more broadly.

Materials and Methods

Drosophila Stocks
Drosophila yakuba and D. santomea stocks used in the present study

were obtained from Dr. Jerry Coyne [20]. The flies were preserved

in absolute ethanol until the DNA was extracted in our lab.

DNA Isolation, PCR Amplification and Sequencing
Genomic DNA was isolated from adults of D. yakuba and D.

santomea with a single fly squish protocol [21]. Primers for PCR

amplification were designed from the published D. yakuba genome

sequence assembly [22]. The primers designed from the dmbrca2

region were used to PCR amplify segments of the gene in 25 mL

reaction volumes. Sizes of PCR products were confirmed by

electrophoresis on a 1% agarose gel. PCR products were purified

using ExoSAP-It (USB Corp) and sequenced using ABI BigDye at

the Duke University IGSP sequencing facility. Sequences were

deposited in the GenBank/EMBL databases under accession

numbers HM146151–HM146174.

Data Analyses
DNA sequences were aligned computationally using BioEdit

7.0.9 [23], and then modified by manual alignment. DNAsp [24]

was used to estimate nucleotide diversity (pi) and Tajima’s D [25],

for the dmbrca2 region. We obtained the values of Tajima’s D for

similar loci in D. yakuba and D. santomea from Llopart et. al. [26] for

comparison.

We examined the sequenced regions for each strain and

compared them to the full assembled sequence of this region from

the published D. yakuba genome [22]. In the published genome

region, we categorized the five distinct BRC repeats using

diagnostic amino acids and size differences, numbering them

numerically 1 through 5 from the 59 end [18]. We translated the

DNA sequence of the exons of our strains’ sequences and

manually compared each individual repeat to the numbered

genome repeats using the diagnostic amino acids and size

differences.

Phylogenetic analysis was performed with PAUP* 4.0b10

[27]. BRCA2 repeat motifs for D. melanogaster (Dme), D. sechellia

(Dse), D. simulans (Dsi), D. erecta (Der), and D. yakuba (Dya) were

obtained from the FlyBase reference genomes, and combined

with D. santomea (Dsa) and additional D. yakuba sequences

collected for this work. D. yakuba was used as a standard for

numbering repeat motifs: 1–5 from the amino-end to carboxyl-

end of peptide. D. persimilis repeat 2 (Dpe2) was used as an

outgroup. Sequence alignments were done in Seaview version

4.0 [28] with additional adjustments by eye. The sequence

motifs were delineated by the 35 amino acid long Pfam hidden

Markov model (HMM) for BRCA2 repeats [29]. Due to the

short sequence length and modest levels of sequence variation,

neighbor-joining with uncorrected p-distances was chosen for

tree estimation.

Figure 1. Phylogenetic tree of sequenced Drosophila species. This tree presents the number of ‘‘BRC’’ repeats from the published genome
sequence for each species in the genus Drosophila. The blue box highlights the melanogaster group, which has a pattern of apparent stability in
repeat number.
doi:10.1371/journal.pone.0011006.g001

Drosophila BRCA2 Evolution
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Results and Discussion

Prior phylogenetic analysis of the published D. melanogaster

subgroup genome sequences for the repeats revealed two major

clades: all even-numbered repeats and all odd-numbered repeats

[18]. D. yakuba repeat 3 (Dya3) belonged to the odd-numbered

clade but was unusual in not clustering with either first or third

repeats but instead remaining basal to both (see Figure 2). Visual

examination of the amino acid and nucleotide sequences revealed

that the 39 end of Dya3 bore strong sequence similarity to Dme1

and Der1, while the 59 end possessed a few diagnostic amino acids

that resembled Dme3 and Der3 (Figure 3). This observation

suggests that an unequal-crossing over event (Figure 4) may have

occurred between repeat 1 and repeat 3 giving rise to a repeat

expansion from an ancestral of 3 BRC repeats to a derived state of

5 repeats historically in the D. yakuba lineage. Although the Dya2

and Dya4 repeats cluster phylogenetically, the 17% amino acid

sequence divergence and 18 amino acid gap in the published

genome sequence of Dya4 relative to Dya2, indicate that such an

event, if it occurred at all, did not occur in the very recent past.

The D. yakuba homolog of dmbrca2 in the published genome

sequence contains 5 BRC repeats [18]; however, when we

visualized the amplified PCR products of this repetitive region in

43 D. yakuba and 18 D. santomea strains, we found two distinctly

different-sized bands. The larger product, observed in 57 of the 61

strains, corresponded with the expected size for 5 BRC repeats.

Hence, the 5-repeat form observed in the published genome

sequence is not fixed within natural populations. This repeat

number variation was confirmed by sequencing 11 of the long

strains and all 4 of the short forms, demonstrating that the long

forms possessed the expected 5 distinct BRC repeats while the

short strains possessed only 3.

We aligned the predicted amino acid sequences, compared

them to individual published genome repeats (and specifically

amino acids that appeared ‘‘diagnostic’’ with respect to Dya2

and Dya4), and discovered what appear to be multiple short

forms. D. yakuba strain Cascade 21 and D. santomea strain LAGO

1482 each have 3 total repeats, which include 1st and 3rd repeats

that resemble the full 1st and 5th repeats of the published D.

yakuba genome sequence. Their 2nd repeat, however, begins by

resembling the 2nd genome repeat—based on a diagnostic amino

acid and the presence of an 18 amino acid region specific to

Dya2—but switches mid-way through to resemble Dya4 based

on 4 diagnostic amino acids (see Figure 5). D. yakuba strain

Cascade 24 and D. santomea strain STO 7 also have only 3

repeats, but much more of their second repeat resembles Dya4,

including the 18 amino acid truncation (Figure 5). This

difference suggests that at least one truncation event led to the

appearance of a new form with 3 BRC repeats— and these

short forms may be independent deletions from a long, 5 repeat

form.

Figure 2. Neighbor joining tree created from individual
dmbrca2 BRC repeats from published genome sequences.
Sequences included are derived from Drosophila melanogaster (Dme),
D. yakuba (Dya), D. sechellia (Dse), D. erecta (Der), and D. simulans
(Dsi). Dya3c and Dya3n indicate 59 and 39 regions of repeat 3,
respectively.
doi:10.1371/journal.pone.0011006.g002

Figure 3. Amino acid sequences from individual dmbrca2 BRC
repeat units across Drosophila species. These amino acid
translations from the published genome sequences of Drosophila
melanogaster (Dmel), D. yakuba (Dya), D. sechellia (Dse), D. erecta, and D.
simulans (Dsi) are aligned and color coded to highlight the similarities
between them. D. yakuba repeat 3 (Dya3) is split into two halves that
seem to group as follows, the 39 end with the 1st repeats and the 59
end with the 3rd repeats.
doi:10.1371/journal.pone.0011006.g003

Figure 4. Schematic of possible unequal crossover event and a
hypothetical phylogenetic tree showing when it could have
occurred.
doi:10.1371/journal.pone.0011006.g004
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This observation of homoplasious 3 repeat allele forms raises the

question of whether the apparent stability of this form in the D.

melanogaster group belies hidden expansions and contractions in

repeat number. To test this hypothesis, we closely examined the

published dmbrca2 sequence of D. erecta (which, unfortunately, does

not have other strains available for direct sequencing). The D. erecta

2nd BRC repeat amino acid sequence resembled parts of the D.

yakuba 2nd and 4th BRC repeats in a manner consistent with it

being derived from a deletion of a five-repeat form (see Figure 5).

Specifically, it bears the 18 aminoacids that are present in Dya2

but not Dya4, but has three amino acids diagnostic of Dya4 at its

39 end. Hence, in contrast to the phylogenetic hypothesis in

Figure 4, the D. erecta 3-repeat form may have emerged secondarily

from an ancestral 5-repeat form. The dmbrca2 sequence of D.

melanogaster also shows a potentially similar pattern (Figure 5), but

conclusions are more difficult because of much greater sequence

divergence and possible multiple evolutionary changes in sequence

per amino acid.

To test for the signature of natural selection on the abundant

5-repeat form, we calculated Tajima’s D in D. yakuba

(D = 20.68518) and D. santomea (D = 20.27805). We were not

able to calculate Tajima’s for the short form due to its very low

frequency among our samples (and that some of the short alleles

are also not identical-by-descent). However, we compared the 5-

repeat form’s Tajima’s D values to published Tajima’s D values

from D. yakuba and D. santomea for other loci located similarly in

regions of reduced crossing over [26], due to the position of

dmbrca2 near the telomere of chromosome 2 and the known

effects of low recombination rates on site frequency spectra [30].

The observed values for dmbrca2 were well within the range of

these other published values (D. yakuba: mean = 20.34, range

21.03–1.05; D. santomea: mean = 20.29, range 21.27–1.03),

hence allowing us to rule out atypical selection pressures on this

locus.

We conclude that the evolutionary history of dmbrca2 in D.

yakuba, and perhaps in other Drosophila melanogaster subgroup

species, is more complicated than may be assumed from

examination of the single published genome sequences per

species, and we caution against characterizing whole species or

evolutionary processes from such limited data (e.g., [13]). We

present a model for an ancient expansion in dmbrca2 BRC repeat

number in D. yakuba (see Figure 4) and suggest that observed

shorter alleles within D. yakuba, D. santomea, and perhaps D. erecta

and other species arose from contractions of an ancestral long

form, producing homoplasious alleles. Such expansions and

contractions would be consistent with models of the evolution of

tandem repeat sequences, such as microsatellites (e.g., [31]). Our

conclusion is tentative, however, since we are unable to assess

the role of possible intragenic gene conversion among repeats

(i.e., convergent evolution) complicating our inferences - these

processes are difficult to fully disentangle (e.g., [32]).

Although testing for the precise mechanism of the proposed

historical increases and decreases in BRC repeat number is

beyond the scope of this paper, we argue that the findings from

population genetic and phylogenetic analyses of Drosophila

species [18], address an interesting phenomenon surrounding

an important feature of a gene pertinent to human health. At

least one BRC repeat is present in every organism in which the

homolog has been discovered, and they seem to be absolutely

necessary for the mediation of the interaction with RAD51.

One could hypothesize that natural selection might favor

increases in the number of repeats, since more repeats would

allow tighter interaction between these two proteins essential for

DNA double strand break repair; however, selection for longer

alleles may only extend up to a certain point, since

Gudmundsdottir and Ashworth [2] found that overexpressing

a single BRC repeat in mammalian cells actually disrupts

RAD51 filament formation and dissolves preassembled fila-

ments thereby creating a BRCA2-deficient phenotype. The

persistence of multiple shorter forms of dmbrca2 in populations

of D. yakuba and D. santomea argue against consistent and strong

directional selection for longer alleles. An intriguing possibility

to explore is whether variation in dmbrca2 BRC repeat number

is accompanied by corresponding changes in Rad51 sequence.

The continued investigation of the patterns of BRC repeat

increase and decrease will allow the further enlightenment of a

poorly understood mechanism regulating cancer susceptibility,

an important question in medicine today.

Acknowledgments

The authors thank L. Bukovnik (IGSP sequencing center) for technical

assistance, J. Coyne for Drosophila strains, V. L. Roth and L. Stevison for

help with figures, and C. Smukowski, S. McDermott, R. Varney, and two

anonymous reviewers for helpful comments on the manuscript.

Author Contributions

Conceived and designed the experiments: SMB JMM MAFN. Performed

the experiments: SMB. Analyzed the data: SMB JMM. Contributed

reagents/materials/analysis tools: SMB MAFN. Wrote the paper: SMB

MAFN.

Figure 5. Aligned amino acid sequences showing the different forms of the Drosophila 2nd BRC repeat. These amino acid translations
are from Dya2, Dya4, D. yakuba strains Cascade24 and Cascade 21, D. santomea strains STO7 and LAGO1482, Der and Dme. The asterisks above the
alignment indicate sites that have differences between the published genome sequences Dya2 and Dya4, but are not fixed among the sequenced 5-
repeat strains of D. yakuba (suggesting they are not ‘‘diagnostic’’).
doi:10.1371/journal.pone.0011006.g005

Drosophila BRCA2 Evolution

PLoS ONE | www.plosone.org 4 June 2010 | Volume 5 | Issue 6 | e11006



References

1. Venkitaraman AR (2002) Cancer susceptibility and the functions of BRCA1 and
BRCA2. Cell 108: 171–182.

2. Gundmundsdottir K, Ashworth A (2006) The roles of BRCA1 and BRCA2 and
associated proteins in the maintenance of genomic stability. Oncogene 25:

5864–5874.
3. Nagaraju G, Scully R (2007) Minding the gap: The underground functions of

BRCA1 and BRCA2 at stalled replication forks. DNA Repair (Amst) 6:

1018–1031.
4. Miki Y, Swensen J, Shattuck-Eidens D, Futreal PA, Harshman K, et al. (1994) A

strong candidate for the breast and ovarian cancer susceptibility gene BRCA1.
Science 266: 66–71.

5. Nathanson KN, Wooster R, Weber BL (2001) Breast cancer genetics: what we

know and what we need. Nature Med 7: 552–556.
6. Moynahan ME, Pierce AJ, Jasin M (2001) BRCA2 Is Required for Homology-

Directed Repair of Chromosomal Breaks. Mol Cell 7: 263–272.
7. Xia F, Taghian DG, DeFrank JS, Zeng ZC, Willers H, et al. (2001) Deficiency of

human BRCA2 leads to impaired homologous recombination but maintains

normal nonhomologous end joining. Proc Natl Acad Sci U S A 98: 8644–8649.
8. Tutt A, Bertwistle D, Valentine J, Gabriel A, Swift S, et al. (2001) Mutation in

Brca2 stimulates error-prone homology-directed repair of DNA double-strand
breaks occurring between repeated sequences. EMBO J 20: 4704–4716.

9. Pellegrini L, Venkitaraman A (2004) Emerging functions of BRCA2 in DNA
recombination. Trends Biochem Sci 29: 310–316.

10. Bork P, Blomberg N, Nilges M (1996) Internal repeats in the BRCA2 protein

sequence. Nature Genet 13: 22–23.
11. Pellegrini L, Yu DS, Lo T, Anand S, Lee M, et al. (2002) Insights into DNA

recombination from the structure of a RAD51-BRCA2 complex. Nature 420:
287–293.

12. Warren M, Smith A, Partridge N, Masabanda J, Griffin D, et al. (2002)

Structural analysis of the chicken BRCA2 gene facilitates identification of
functional domains and disease causing mutations. Hum Mol Genet 11:

841–851.
13. Lo T, Pellegrini L, Venkitaraman AR, Blundell TL (2003) Sequence fingerprints

in BRCA2 and RAD51: implications for DNA repair and cancer. DNA Repair
(Amst) 2: 1015–1028.

14. Shivji MK, Davies OR, Savill JM, Bates DL, Pellegrini L, et al. (2006) A region

of human BRCA2 containing multiple BRC repeats promotes RAD51-mediated
strand exchange. Nucleic Acids Res 34: 4000–4011.

15. Brough R, Wei D, Leulier S, Lord CJ, Rong YS, et al. (2008) Functional analysis
of Drosophila melanogaster BRCA2 in DNA repair. DNA Repair (Amst) 7:

10–19.

16. Klovstad M, Abdu U, Schupbach T (2008) Drosophila brca2 Is Required for
Mitotic and Meiotic DNA Repair and Efficient Activation of the Meiotic

Recombination Checkpoint. PLoS Genet 4: e31.
17. Barnwell CV, Kommaraju KP, Noor MAF (2008) Disruption of Drosophila

melanogaster dmbrca2 (CG30169) affects rates of female meiotic crossing over.
Drosoph Inf Serv 91: 1–4.

18. Bennett SM, Noor MAF (2009) Molecular evolution of a Drosophila homolog of

human BRCA2. Genetica 137: 213–219.
19. Kelly DR, Salzberg SL (2010) Detection and correction of false segmental

duplications caused by genome mis-assembly. Genome Biol 11: 28.
20. Coyne JA, Kim SY, Chang AS, Lachaise D, Elwyn S (2002) Sexual isolation

between two sibling species with overlapping ranges: Drosophila santomea and

Drosophila yakuba. Evolution 56: 2424–2434.
21. Gloor GB, Engels WR (1992) Single-fly DNA preps for PCR. Drosoph Inf Serv

71: 148–149.
22. Clark AG, Eisen MB, Smith DR, Bergman CM, Oliver B, et al. (2007) Evolution

of genes and genomes on the Drosophila phylogeny. Nature 450: 203–218.

23. Hall TA (1994) BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucl Acids Symp Ser 41: 95–98.

24. Rozas J, Sanchez-DelBarrio JC, Messeguer X, Rozas R (2003) DnaSP, DNA
polymorphism analyses by the coalescent and other methods. Bioinformatics 19:

2496–2497.
25. Tajima F (1989) Statistical method for testing the neutral mutation hypothesis by

DNA polymorphism. Genetics 123: 585–595.

26. Llopart A, Lachaise D, Coyne JA (2005) Multilocus analysis of introgression
between two sympatric sister species of Drosophila: Drosophila yakuba and D.

santomea. Genetics 171: 197–210.
27. Swofford DL (2003) PAUP*: Phylogenetic analysis using parsimony (* and other

methods). 4.0 b10 ed. Sunderland, MA: Sinauer Associates.

28. Galtier N, Gouy M, Gautier C (1996) SEAVIEW and PHYLO_WIN: two
graphic tools for sequence alignment and molecular phylogeny. Bioinformatics

12: 543–548.
29. Finn RD, Tate J, Mistry J, Coggill PC, Sammut SJ, et al. (2008) The Pfam

protein families database. Nucleic Acids Res 36: 281–288.
30. Thornton K (2005) Recombination and the Properties of Tajima’s D in the

Context of Approximate-Likelihood Calculation. Genetics 171: 2143–2148.

31. Buschiazzo E, Gemmell NJ (2006) The rise, fall and renaissance of
microsatellites in eukaryotic genomes. BioEssays 28: 1040–1050.

32. Carmon A, Larson M, Wayne M, MacIntyre R (2010) The Rate of Unequal
Crossing Over in the dumpy Gene from Drosophila melanogaster. J Mol Evol

70: 260–265.

Drosophila BRCA2 Evolution

PLoS ONE | www.plosone.org 5 June 2010 | Volume 5 | Issue 6 | e11006


