Chapter 3 - Molecular evidence for gene flow between species of Heliconius butterflies

Abstract

The view that gene flow between animal species is unimportant largely pre-dates today's sensitive molecular techniques.  Here I investigate an overlapping pair of sister species, the butterflies Heliconius cydno and H. melpomene. We sequenced mitochondrial COI/COII, and introns of sex-linked Tpi and autosomal Mpi. MtDNA and Tpi genealogies are consistent with reciprocal monophyly, whereas sympatric populations of the two species share haplotypes at Mpi despite evidence for rapid sequence evolution at this locus, giving strong evidence for recent gene flow.  These results demonstrate how the boundaries between animal species can remain porous to gene flow long after speciation.

Introduction

Introgression may play a key evolutionary role in plants (Arnold, 1997; Rieseberg, 1997), but is considered rare and controversial in animals (Dowling and Secor, 1997). This is due largely to the observation that animals hybridize rarely per individual, but also stems from the difficulty of detecting hybrids and generally “negative attitudes toward hybridisation” among zoologists (Dowling and Secor, 1997). Yet interspecific hybridisation is fairly common per species: for instance, hybrids are known between 9% of bird species (Grant and Grant, 1992) and 11% of European butterfly species (Guillamin and Descimon, 1976). Until recently we have lacked suitable genetic tools, and introgression between animal species has been observed only rarely (e.g. Wang et al, 1997; Ting et al, 2000; Machado et al, 2002). Even if rare, natural hybridisation could have very important consequences in ecology, evolution and conservation (Dowling and Secor, 1997), while introgression seems especially important to understand as genetically modified (GM) organisms begin to be released.

Heliconius butterflies are a rapidly radiating, tropical group, well known for diverse warning colors involved in Müllerian mimicry (Mallet et al, 1998). This study uses the sister species Heliconius cydno and H. melpomene, which overlap throughout Central America and the Northern Andes (Brower, 1996; Beltrán et al, 2002). They differ strongly in mimetic color pattern, as well as in larval and adult ecology (Mallet et al, 1998; Smiley, 1978; Estrada and Jiggins, 2002). Mitochondrial DNA divergence suggests the two species formed about 1.5 million years ago (Brower, 1996; Beltrán et al, 2002). Natural hybrids between these species are known in areas of overlap, but are usually rare due to strong assortative mating (Jiggins et al, 2001a), resulting in less than one in every 1000 individuals (Mallet et al, 1998). Introgression is, however, possible because although F1 hybrid females are sterile, in accordance with Haldane’s Rule, males are fertile and hybrids of both sexes are viable (Naisbit et al, 2002). 

There is direct evidence for hybridisation between H.melpomene and H.cydno in the form of museum specimens identified as F1 and backcross individuals. However, hybridisation does not necessarily mean that there has been gene flow, as introgressed alleles may be selected against and lost soon after entering a population (Harrison, 1990). This study tests whether introgression has occurred between the two species, and whether phylogenetic analysis and sequence-based population genetic parameters uphold this finding.

Methods

Sampling methods

A total of 31 wild butterflies were sampled (29 males and 2 females), 10 each of H.melpomene from Panama, H.melpomene from French Guiana and H.cydno from Panama, and 1 H. numata as an outgroup taxon. Butterflies were collected in the field, tissue was preserved in liquid nitrogen, and wings stored in envelopes, which are stored at the Smithsonian Tropical Research Institute in Panama. For a list of individuals used, see Chapter 4, Table 5.; for details of collection localities, see Naisbit et al, 2002.  From each individual, 1/3 of a thorax was ground in liquid nitrogen and the genomic DNA extracted using the standard phenol-chloroform method, Harrison et al (1987).

Choice of loci 

To investigate possible introgression, multiple sequences were obtained from three genomic regions: 1573bp of mitochondrial DNA (cytochrome oxidase I and II -- COI/COII), 620bp of a Z (sex)-linked locus (intron 3 of triose-phosphate isomerase -- Tpi), and 453bp of an autosomal locus (intron 3 of mannose-6-phosphate isomerase -- Mpi).

A region of mtDNA spanning the 3' end of cytochrome oxidase subunit I (COI), leucine tRNA, and cytochrome oxidase subunit II (COII) was selected as a mitochondrial gene.  The identity of this region was confirmed by comparison to sequences of H. cydno (GenBank accession U0851) and D. yakuba  (GenBank accession X03240). COI/COII was chosen as a useful mitochondrial gene as it has been used in many insect studies, and a similar, although shorter region was used in previous Heliconius phylogenetics studies (Brower, 1996; Brower and Egan, 1997).

Tpi is an important enzyme for carbohydrate metabolism encoded by a sex-linked nuclear gene in Lepidoptera (Logsden et al, 1995). For Tpi, the primers were situated in exon 3 and 4 of Heliothis (GenBank accession U23080) and spanned intron 3 of the Tpi gene. Previous work has shown that the region amplified is inherited in a Mendelian manner and is sex-linked in melpomene, as expected for the Tpi allozyme (Jiggins et al., 2001a; A. Tobler, personal communication). This gene was chosen as it is the only known example of a sex-linked nuclear gene in Heliconius.
Mpi is encoded by an autosomal gene and the expressed protein is highly polymorphic in Lepidoptera (Jiggins et al., 1997; Raijmann et al., 1997; Beltrán, 1999). The Mpi primers were situated in exons 3 and 4 (Homo sapiens GenBank accession numbers AF227216 and AF227217) and amplified intron 3. Mpi was chosen as it a good example of a rapidly-evolving single copy autosomal nuclear gene. Both the Tpi and Mpi regions selected span large introns, which have been shown to be useful markers for analyzing hybridisation and introgression between closely related species (Pacheco et al, 2002). 
PCR and sequencing methods

Mitochondrial gene PCR

The region was amplified from genomic DNA in two parts using primers Jerry and Pat for COI and George III and Imelda for COII (For a list of primers used, see Chapter 4, Table 6.). 25(l reactions contained 2(l of DNA, 1x buffer, 2 mM MgCl2, 0.8 mM dNTPs, 0.5mM of each primer and 0.025u/µl of Amplitaq polymerase. Both pairs of primers used a cycling profile of 94 oC for 1 min., then  (48oC for 45 sec. and 72oC for 60 sec., 4 cycles), followed by (94oC for 45 sec., 52oC for 45 sec. and 72oC for 1:30 sec., for 29 cycles). PCR products were electrophoretically separated on 1.5% low melting point agarose with ethidium bromide (1(g/ml).  Bands were cut from the gel and dissolved in gelase.
Nuclear gene PCR and cloning

Double-stranded DNA was synthesised in 25(l reactions containing 2(l of genomic DNA, 1x buffer, 3mM MgCl2, 0.8mM dNTPs, 0.5mM of each primer, and 0.03u/µl of Taq gold polymerase (Tpi), or Amplitaq (Mpi). 

Tpi was amplified using the following step-cycle profile: 94oC for 7 min., then (94oC for 45 sec., 58oC for 45 sec., 72oC for 1m 45 sec. for 10 cycles) with the annealing temperature reduced 0.5 oC per cycle, then 25 cycles with annealing temperature of 53 oC. Mpi amplification was carried out using the following step-cycle profile: 94 oC for 3 min., then (94oC for 40 sec., 55oC for 40 sec, 72oC for 45 sec. for 34 cycles).  

The PCR products obtained from genomic DNA were then run in a low-melting point agarose gel as for mtDNA and the bands excised and dissolved in gelase. The gelase products were cloned to obtain the sequence for each allele, using pGEM(-T Easy Vector System II (Promega).  Five or more clones per individual were selected; re-PCR’d, and run in an agarose gel. Positive bands were excised and dissolved in gelase.

TTGE

To check for duplicate loci, I screened for heterozygotes using Temporal Temperature Gradient gel Electrophoresis (TTGE) or heteroduplex gels which were run for PCR products from all individuals used in this study; several broods were also tested to verify Mendelian segregation. TTGE can be used to screen DNA fragments for small sequence changes or point mutations, based on the melting behaviour of DNA molecules (Orita et al, 1989). For Mpi, 8 (l of double stranded PCR product was run on a temporal temperature gradient gel using the BioRad ‘Dcode’ system to confirm that no more than two alleles were amplified per individual. Gels contained 8% acrylamide and 1.75 TAE, and were run from 46 - 53(C at a temperature ramp of 1(C per hour. For both Tpi and Mpi, no more than two alleles were observed in any individual, and both autosomal and sex-linked loci behaved as expected in broods. The region amplified by the primers segregate in a Mendelian manner and was inherited in complete linkage with the Mpi allozyme locus in broods of H. erato (A. Tobler, personal communication). 

Cycle sequencing and purification

The PCR templates from all loci were cycle sequenced using external primers, and a number of additional internal primers for mtDNA (Chapter 4, Table 6).  The 10(l cycle sequence reaction mixture contained 2(l dRhodamine, 2(l Halfterm, 1(l primer, and 5(l template. The cycle profile was 96oC for 15 sec., then cooling at 1 oC / sec to 50oC, then heating at 1 oC / sec to 60oC for 4 minutes, repeated for 24 cycles. This product was cleaned over Centrisep columns filled with 700(l G-50 Sephadex and dried. 

Sequencing

The samples were re-suspended in 0.9(l of a 5:1 deionized formamide: blue dextran/EDTA (pH 8.0) solution, denatured at 90oC for two minutes and loaded into 6% acrylamide gels. Gels were run on an ABI Prism 377 Sequencer (PE Applied Biosystems) for 7 hours.  
Sequence alignment

Chromatograms for all genes were edited, base calls checked and an alignment constructed manually using SEQUENCHER 3.1 (Gene Codes Corporation, Inc). All single base polymorphisms which occurred in only one or two individuals were checked to ensure they were real prior to phylogenetic analysis.

Taq error and allele selection

Unlike mitochondrial genes, nuclear genes can have two alleles in an individual (if diploid). This necessitates cloning of PCR products in order to separate the two alleles prior to sequencing. PCR can itself generate taq errors, where a single base will be substituted; but this is compounded when the extra steps of cloning and a second PCR step are added to the process (Wang and Wang, 1997; Bracho et al,1998; Kobayashi et al, 1999). In order to minimise this problem, I sequenced a minimum of 5 clones per individual. These were aligned and sorted into allele 1 or allele 2 (where heterozygous), and the consensus sequence was deduced by assuming that single-base taq induced error was likely to occur only once. I also found one clone with a recombinant recombinant Tpi allele, which matched one allele for part of its length and then matched the other allele for the rest, in an individual that also contained both parental alleles This was presumed to be due to a cloned PCR error.

Phylogenetic analysis

All sequences were checked for reading-frame errors and termination codons and translated to functional peptide sequences in MacClade 4.0 (Maddison and Maddison, 1997). Final sequences are deposited under Genbank accessions AF512970-AF512993 (COI/COII), AF516210-AF516255 (Mpi), and AF545437-AF545469 (Tpi). Phylogenetic analyses were performed with PAUP* version 4.0b8 (Swofford, 2000). Models of sequence evolution were compared by means of likelihood ratio tests using ModelTest 3.04 (Posada and Crandall, 1998).  PAUP* was then used to search for the maximum likelihood (ML) tree, based on the best fit model and parameter estimates given by ModelTest (table 2) and using a heuristic search with tree bisection reconnection (TBR).  Confidence in each node was tested using the likelihood-ratio test implemented by PAUP*, which sequentially collapses branch lengths to zero and compares resulting topologies to the ML tree. 

For comparison, maximum parsimony (MP) trees were obtained using a heuristic search with TBR branch swapping. The consensus tree was calculated using majority rule. Confidence in each node was assessed by bootstrapping (10000 replicates, Fast Stepwise Addition (FSA) with TBR branch swapping). These trees agreed with maximum likelihood genealogies for all major nodes, with one exception. The best maximum likelihood tree for the COI/COII data (ln L = -2946.15) has H. melpomene paraphyletic with respect to H. cydno, while maximum parsimony supported mutual monophyly of the species with a high (92%) bootstrap value. When monophyly of H. melpomene was added as a constraint, the likelihood was not significantly worse (ln L = -2946.90); I show this second COI/COII tree in Fig. 3a since it makes fewest assumptions. 

Polymorphisms, divergence estimates and Fst

In addition to phylogenetic analysis, the data were analyzed using a range of population genetic parameters. 

Polymorphism and divergence estimates were calculated using SITES 1.1 (Hey and Wakeley, 1997). Fixed differences are defined as “sites at which all of the sequences in one sample are different from all of the sequences in a second sample”, (Hey, 1991). Shared polymorphisms can be defined as the same two bases at a single position appearing in both population samples. These parameters work under the assumption that fixed differences will accumulate, and shared polymorphisms will diminish over time since the populations or species split.  When there are large numbers of fixed differences between populations, there is good evidence that the species separated some time ago, whereas high numbers of shared polymorphisms indicate recent divergence or ongoing gene flow between species. 

Net divergence is the difference between the average inter-population pairwise divergence and the average intra-population pairwise divergence; and is useful as it allows the calculation of divergence resulting solely from between-species differences. Divergence estimates provide an estimate of similarity between sequences from different populations or species, with high overall sequence divergence between groups indicating a long time since they split.

Estimates of Fst and exact contingency table tests of homogeneity were based on haplotype clade data and performed using Genepop 3.3 (Raymond and Rousset, 1995). Fst is the proportion of the total genetic variance contained in a subpopulation relative to the total genetic variance. Values can range from 0 to 1, with a low value implying a considerable degree of differentiation among populations. 

Results

As expected if allelic coalescence has occurred since the split between the two species, the maximum likelihood genealogy for COI/COII (Fig. 3a) is consistent with reciprocal monophyly for H. melpomene and H. cydno, with 2.5-3.0% net divergence between species (Table 3).  A previous parsimony study of COI/COII found French Guiana and Panama haplotypes of H. melpomene to be distinct, and suggested that the French Guiana clade was sister to a clade including Panama H. melpomene and H. cydno (Brower, 1996), making H. melpomene paraphyletic with respect to H. cydno at this locus.  Our results differ in that although melpomene paraphyly has a marginally greater likelihood, mutual monophyly could not be rejected. The paraphyly of H. melpomene as found by Brower (1996) in a parsimony analysis is, however strongly rejected by equal-weighted parsimony bootstrapping (Fig. 3a) whether or not we include Brower’s sequences in the analysis. The difference between the two analyses is probably due to the greater sequence length used here (1573 bp vs. 942 bp). Tpi (Fig. 3b) gives a similar genealogy, with a net divergence of 1.4-2.5% between species (Table 3). Both COI/COII and Tpi also show strong differentiation between French Guiana and Panama H.melpomene (0.4% and 1.3% respectively). In contrast, Mpi demonstrates a convincing lack of reciprocal monophyly between H. cydno and H. melpomene (Fig. 3c): net divergence between these species within Panama (0.03%) is much less than between populations of H. melpomene (1.91%, Table 3). In Fig. 3, the major branches or clades of the genealogy were classified allowing homogeneity tests of clade frequency between populations for each locus. There was highly significant differentiation (P < 0.007) for all pairwise comparisons except between sympatric H. cydno and H. melpomene at Mpi (P = 0.056). Within Mpi clades, several very similar or identical sequences are shared by the two species in Panama (in clades II, III, and VI). No sequences of the highly distinct clade I have yet been found within 16 H.melpomene haplotypes from Panama, but this is unsurprising with only four clade I sequences in a total of 30 Mpi haplotypes in H.cydno and H.melpomene from Panama: under the null hypothesis of equal frequency, P = (1 - 4/30)16 ( 0.1. For Mpi, the proportion of total allelic diversity found between species in Panama is only Fst = 0.13, compared with Fst = 0.60 between the French Guiana and Panama populations of H. melpomene for the same locus. In all other pairwise population comparisons for all three genes, Fst varies between 0.39 and 0.69. Four sequences at Mpi were identical across taxa (Fig. 3c, clade VI), with a 280bp deletion spanning most of the intron. These sequences contained very little phylogenetic information, and were therefore placed basally by maximum likelihood. These alleles segregated in a Mendelian fashion when TTGE gel electrophoresis was performed with broods.

Discussion

Why should Mpi not have coalesced between the two species when the other two genes have done so?  Two major explanations seem possible: (1) retention of ancestral Mpi polymorphism across the species boundary between H. cydno and H. melpomene, or (2) selective introgression of Mpi since speciation.  Ancestral polymorphism seems plausible at first glance because the effective population size (Ne) should be higher for autosomal Mpi than for sex-linked Tpi and maternally inherited COI/COII.  However, given a 1:1 sex ratio, ratios of Ne among the three gene regions (4:3:1 respectively) are not large: for example, average coalescence time for Mpi should be only 1.33-fold that for Tpi.  It seems possible that the intraspecific diversity at Mpi (1%-5% average pairwise divergence) is maintained by balancing selection. However, these “zero introgression” explanations would require extremely low rates of evolution within each ancestral Mpi allele to explain the presence of identical and near-identical intron sequences in species that split over 1 million years ago. Ancestral polymorphism is unlikely because rates of divergence at Mpi introns are similar or even faster than rates at COI/COII and Tpi when tested among more distantly related species (Beltrán et al, 2002). 

The second hypothesis, recent introgression at Mpi, provides a better explanation. Perhaps the most convincing evidence of introgression in Panama is seen when we compare the results for geographic populations within melpomene. In contrast to very low divergence and shared Mpi haplotypes between H. cydno and H. melpomene within Panama, net Mpi divergence between races of melpomene is similar to that at other loci (Fig. 3c, Table 3).  The allopatric French Guiana melpomene population acts as a control for divergence at this locus, and so the much lower net divergence (1/60) between melpomene and cydno in Panama is clearly aberrant. Additional evidence comes from nucleotide polymorphisms (Table 4). The number of fixed differences is expected to increase with time since a split between populations (Hey, 1991; Wakeley and Hey, 1997). For COI/COII and Tpi, our data are consistent with an ancient split between H. melpomene and H. cydno, and a much more recent split, or ongoing introgression between the two H. melpomene races. Only at Mpi are a large number of polymorphisms shared between H. cydno and H. melpomene, and then only in sympatric Panama populations. This striking pattern can be explained only as a result of recent or ongoing interspecific gene flow in Panama. 
Some loci embedded in strongly selected genomic regions may be less likely to cross the species boundary than others (Ting et al, 2000). Our data are consistent with knowledge of sterility between H.melpomene and H.cydno. Female hybrids between the two species are sterile (Naisbit et al, 2002), which should prevent mitochondrial transfer (Sperling, 1994).  Female hybrids between Panama and French Guiana H. melpomene are also sterile, but in only one direction of the cross (Jiggins et al, 2001b), so mitochondrial transfer should still sometimes be possible between these races.  Tpi may have a similar genealogy to COI/COII because the former is strongly associated with sex-linked sterility in Heliconius crosses (Naisbit et al, 2002; Jiggins et al, 2001b).  In contrast, introgression of autosomal Mpi haplotypes between H. cydno and H. melpomene may be possible within Panama because of an absence of any association with sterility. 

Introgression may play an important role in the evolution of Heliconius.  H. timareta, H. tristero and H. heurippa occur in the Eastern Andes and are currently considered separate species, although mitochondrial sequences place them with clades of H. cydno (Brower, 1996; Beltrán et al, 2002). These taxa have red-marked color patterns potentially derived from those present in nearby races of H. melpomene. It seems likely that introgression of color pattern alleles may have been exploited as a source of ready-made mimetic adaptations.  The use of a shared color pattern ‘toolbox’ of autosomal genes has been suggested as an explanation for homoplasious color pattern evolution throughout the H. melpomene – silvaniform clade of the genus Heliconius (Beltrán et al, 2002; Gilbert, 2002), in which many species are also prone to hybridize (Mallet et al, 1998); our evidence for introgression between two members of this subgroup at an autosomal locus lends the argument some credence.

Conclusions

This work adds to a small but growing body of evidence showing that genetic material can pass regularly, albeit sparingly, between related animal species in nature (Machado et al, 2002). If it is generally true that closely related, ecologically distinct animal species are not entirely isolated, the nature of such species, their ecology, causes of speciation (Arnold, 1997; Machado et al, 2002), phylogeny reconstruction (Sang and Zhong, 2000), as well as conservation issues concerning hybridizing populations (Allendorf et al, 2001) and GM organisms (Ellstrand et al, 1999) may all need re-evaluating. If some but not all genes can cross the species boundary in the wild, such results may also suggest safer strategies for the release of GM organisms. For example, it should be possible to prevent the escape of genes by using only transgenic constructs integrated within genomic regions under strong divergent selection. 
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Table 2 – Gene region summary statistics and maximum likelihood model parameters.


COI/II
Tpi
Mpi

No. of haplotypes sequenced
30
45
45

No. of base pairs
1573
621
453

Total no. variable sites
92
62
70

No. variable sites in non-coding region
1
55
66

No. variable sites in coding region
91
7
4

No. variable sites by codon position (1st/2nd/3rd)
9/0/82
2/0/5
1/0/3

Maximum likelihood model selected
TrN+I+G
TrN+G
HKY+G

Proportion of invariable sites (I)
0.80
-
-

Gamma distribution shape parameter (G)
0.90
0.22
0.44

Base composition                                                      A
0.34
0.36
0.37

C
0.13
0.14
0.13

G
0.12
0.18
0.11

T
0.41
0.32
0.39

Substitution rates                                                  A-C
1
1
1

A-G
13.58
1.43
1.50

A-T
1
1
1

C-G
1
1
1

C-T
35.7
3.6
1.50

G-T
1
1
1

Table 3 – Uncorrected average pairwise divergence per base pair (on and above diagonal), net pairwise divergence (below diagonal).

COI/COII
H. melpomene
H. cydno


Panama
French Guiana
Panama

H. melpomene
Panama
0.0092
0.0146
0.0376


French Guiana
0.0038
0.0125
0.0345

H. cydno
Panama
0.0299
0.0251
0.0063

Tpi
H. melpomene
H. cydno


Panama
French Guiana
Panama

H. melpomene
Panama
0.0079
0.0218
0.0283


French Guiana
0.0133
0.0078
0.0402

H. cydno
Panama
0.0136
0.0255
0.0212

Mpi
H. melpomene
H. cydno


Panama
French Guiana
Panama

H. melpomene
Panama
0.0394
0.0449
0.0454


French Guiana
0.0191
0.0109
0.0515

H. cydno
Panama
0.0003
0.0201
0.0497

Table 4 – Numbers of shared single nucleotide polymorphisms and fixed differences.

Locus
MP/MFG
MP/CP
CP/MFG


Shared polymor-

phisms
Fixed differ-ences
Shared polymor-

phisms
Fixed differ-ences
Shared polymor-phisms
Fixed differ-

ences

COI/II
38 
0 
5 
32 
5 
27 

Tpi
4 
0 
1 
3 
1 
3 

Mpi
4 
0 
37 
0 
4
1 

Figure 3 – Maximum likelihood genealogies for a) COI/COII, b) Tpi, c) Mpi. Branch lengths were estimated using likelihood. Parsimony bootstrap values (>70%) are given above the nodes, taken from the equivalent nodes on the parsimony trees. Insertions or deletions (indels) supporting groupings are shown as thick black lines. Homoplasious indels, not concordant with the given topologies are shown as triangles. Major branches or “clades”, mostly supported by high bootstrap values or indels are identified using Roman numerals.

MFG = H. melpomene (French Guiana), MP = H. melpomene (Panama) and 

CP = H. cydno (Panama).  
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