
Chapter 4 - Selective gene flow between species of Heliconius butterflies

Abstract

A number of studies have shown that there can be gene flow between animal species at some, but not all loci. Chapter 3 of this thesis shows evidence for recent introgression between the sympatric butterfly species Heliconius melpomene and H. cydno at an autosomal locus, Mpi. In contrast, no evidence for gene flow was found at a mitochondrial locus (COI/COII), or a sex-linked locus (Tpi). Here a further two autosomal loci are sequenced in the same individuals to test whether gene flow is common to all autosomal loci, or if Mpi represents an exception. The data show evidence for gene flow at Ci, but no gene flow at Ddc, and demonstrate that the phylogenetic pattern is not always clearly delineated. The different topologies revealed by the five genealogies reveal problems that can arise when using DNA as a tool for taxonomy and phylogeny reconstruction.

Introduction

It is well documented that some plant species can exchange genes with close relatives by hybridisation, and a growing body of recent evidence indicates that the same may also be true in animal taxa (e.g. Ting et al, 2000; Wang et al, 1997; Machado et al, 2002; Chapters 2 and 3, this thesis). The question now is not ‘can introgression occur between animal species?’, but rather ‘how often, at which loci and why?’ 

It is recognised that some regions of the genome may introgress more readily than others (Clarke et al, 1996; della Torre et al, 1997; Wang et al, 1997; Reiseberg et al, 1999; Jiang et al, 2000; Ting et al, 2000; Noor et al, 2001; Machado et al, 2002). In hybridising species, natural selection will reduce gene flow in genomic regions associated with sterility or species-specific adaptations. Conversely, genes unlinked to loci coding for barriers to gene exchange may be able to penetrate the species boundary more easily, as predicted by the divergence-with-gene-flow model of speciation (Maynard-Smith, 1966). In this way, species can be maintained that are distinct from each other at some genes, in spite of gene flow at other loci. While it is known that some areas of the genome can exchange genetic material, most previous studies lack sufficient loci to be able to determine how frequently introgression occurs (Noor et al, 2001). 

Ting et al, (2000) found that a nuclear gene region tightly linked to hybrid sterility between Drosophila mauritiana and D. simulans showed no evidence for introgression, however a region less than 2kb away showed a different topology consistent with gene exchange. Thus introgression may be widespread throughout the genome in closely related species that still hybridise.

Heliconius are a diverse tropical group of butterflies, famous for their Müllerian mimicry. Previous studies using this group have documented evidence for gene flow between closely related Heliconius species at some, but not all loci (Beltrán et al, 2002; Chapter 3, this thesis).  A pattern consistent with reciprocal monophyly of the species was found at both mitochondrial (COI/COII) and sex-linked (Tpi) loci, but introgression of alleles between species was observed at the only autosomal locus (Mpi) sampled. Further autosomal loci were needed to investigate whether introgression of the type observed for Mpi was widespread throughout the genome.

Here I investigate two additional autosomal loci, Dopa decarboxylase (Ddc) and Cubitus interruptus (Ci), using the same individuals of Heliconius melpomene and H. cydno as in Chapter 3. 

Methods
Choice of loci

I chose introns of Ddc and Ci because both are rapidly evolving nuclear loci and are thought to be single-copy. Ddc is involved in the melanin pathway in Lepidoptera, where it catalyses the conversion of dopa to dopamine. Ci is a transcription factor serving to activate the transcription of wingless (Motzny and Holmgren, 1995), and involved in wing-patterning in some butterflies (Beldade and Brakefield, 2002). Primers were designed by Owen McMillan et al. (unpub.) using comparisons between sequences from Heliconius himera, Precis coenia and Drosophila melanogaster for Ci, and from H. himera, Manduca sexta and D. melanogaster for Ddc. 


PCR and sequencing methods

Samples used were as for Chapter 3, and PCR reactions used the same protocols. For a list of individuals used see Table 5, and for primers see Table 6.
  For Ddc, I used a step-cycle profile of 94 oC for 2 min., then 30 cycles of (94oC for 30 sec., 53oC for 1 min and 72oC for 45 sec). For Ci, I used a step-cycle profile of 94 oC for 2 min., then 35 cycles of (94oC for 30 sec., 58oC for 1 min and 72oC for 45 sec). Ddc proved difficult to amplify, and re-amplification was often required to get sufficient DNA for cloning. Cloning and sequencing protocols were as in Chapter 3. 

Phylogeny reconstruction and data analysis

Sequence alignment, phylogeny reconstruction and data analysis followed the same protocols as for Mpi, Tpi and COI/COII. Maximum likelihood parameters and summary statistics can be found in Table 7.
Not all Ddc sequences could be aligned manually, so sequences were verified using BLAST. From this, it was clear that around half of my ‘Ddc’ sequences were junk DNA plus cloning vector. These sequences were discarded, and only those verified as definitely being Ddc were included for analysis. Although amplification succeeded in many H. melpomene  individuals, no individuals of H. cydno were successfully amplified using the external (Ddc-fo and Ddc-ro) primers. However, amplifying a shorter region using an internal primer (Ddc-fi and Ddc-ro) produced readable sequences for two test H. cydno individuals. Data analyses were conducted using both the alignment with only long H. melpomene sequences, and a separate alignment including the short H. cydno sequences, with all H. melpomene sequences truncated to the same length. 

For the Ci dataset, an indel of 274bp was found in 3 clones (545A, 545B and 809A), which aligned well between these clones, but was unalignable with the rest of the sequences. This region was deleted prior to analysis, as inclusion produced a tree in which the long branch lengths in these two individuals stood out and obscured the relationships among the rest of the samples in the genealogy. Unalignable sections of sequences are a widespread problem in molecular evolutionary biology (Lee, 2001), and their deletion can lead to a loss of information. For this reason, I conducted all analyses both with and without the unalignable indel. When the indels were excluded, the topology was nearly identical to that produced when the regions were included, with the only differences being the branch lengths of the three problem taxa, and the relocation of 545B from being grouped with 545A and 809A, to a group with 418A. Net divergence estimates and shared polymorphism counts changed significantly when the unalignable regions were included, but as these changes were based on only 3 individuals, they distorted the overall results, and therefore all analyses were performed on the data set with unalignable areas excluded. 

Results 

The Ddc genealogy (Figure 4a) is inconclusive due to lack of sequences. Although the Ddc data set is incomplete, it appears that this locus will also show a pattern consistent with the mitochondrial COI/COII and sex linked Tpi genealogies, i.e. the two species being reciprocally monophyletic. Ddc also shows some differentiation between the two geographic races of H. melpomene with the French Guiana race being monophyletic, but the Panama race paraphyletic. The fact that H. cydno could not be amplified using the primers, but H. melpomene could suggests that the sequences are significantly different, and therefore may be expected to form separate monophyletic clades if less specific primers were to be used. The two H. cydno sequences which I was able to amplify using internal primers had a high number of fixed differences between H. cydno and the two races of H. melpomene combined, coupled with an absence of shared polymorphisms. This indicates a lack of gene flow (Table 8). The data also showed very high pairwise divergence (Table 9) between species (6 – 7%) based on these sequences, despite the shorter length of only 473bp (compared with 861bp in the full sequences). Although the data for this locus remain inconclusive, I hypothesise that were the data set complete, we would see a species split in the genealogy. This remains untested and represents an area for future research. 

Ci shows a pattern similar to that found at Mpi for these individuals (Figure 4b). There appears to be gene flow between the two species in sympatry, while some alleles from allopatric populations of H. melpomene form a distinct clade. The pattern is, however not as clear in Ci as was previously found in Mpi, with a few deviations from this general pattern being observed (415B, 418A, 436A and 507A), so that there are differences in allelic frequency between the two races.  Net pairwise divergence (Table 9) at this locus gives very strong evidence for introgression, with only 0. 7% divergence between the species in Panama, compared with 1.8% net divergence between H. melpomene races. However, there are no fixed differences between any pair of taxa, and the numbers of shared polymorphisms appear to be roughly equal between all comparisons, both within and between species at this locus (Table 8).

Discussion

These results show no evidence for gene flow at Ddc, but some introgression of alleles between the species in sympatry at Ci. 

Conclusions about whether there is gene flow at Ddc could not be verified, as it was difficult to consistently amplify the target region of Ddc, particularly for H. cydno, resulting in a limited dataset. There may be several reasons for this. Friedlander et al (1992) state that “Ddc appears to be single copy, but its intronic organisation is very different in Drosophila and Manduca”. It is therefore possible that Ddc may have multiple copies in Heliconius, or that H. melpomene vs H. cydno really does show a very large divergence in length between the two species. Another possibility is that there are differences at the primer binding site for Ddc-fo. The polymorphism and net divergence estimates (Tables 8,9) indicate strong differentiation between the species for the haplotypes sequenced so far, showing that the inclusion of nucleotide-based statistics such as these can be a very valuable tool in confirming the results seen in a genealogy, particularly when data are limited. Gene flow may be impeded at this locus as it is involved in the melanin pathway, and could therefore be important for colour determination in butterflies. 
Ci in contrast to Ddc shows evidence for introgression between the species. This is particularly evident in the net divergence, which is lower between the species in Panama than for all other comparisons. There is strong evidence for introgression between the species in Panama, although this result is not as ‘tidy’ as in Mpi, with four H. melpomene individuals from French Guiana found within the so-called ‘Panama’ clades. Gene flow may be permitted at Ci because the locus is not known to be linked to sterility or any other barriers to gene exchange. 

The data presented here and in Chapter 3 illustrate the problem when trying to reconstruct phylogenies for closely related species. For this study, five loci (one mitochondrial, one sex-linked and three autosomal) were sequenced, making a total of 4348 bp per individual for each of 30 individuals; almost 3000 bp must be added per individual because both alleles were sequenced for each nuclear gene in heterozygous individuals.  Of the five genealogies produced, two agreed with the traditional morphological tree, giving reciprocal monophyly of species; two showed evidence for introgression between the species in sympatry and differentiation between geographic races, and one was inconclusive due to lack of data, although I hypothesise that this is another locus showing reciprocal monophyly. Of the two showing evidence for introgression, Mpi demonstrated fixed allelic differences, with no French Guiana alleles found within Panama clades; whereas the Ci showed some mixing of alleles. 

Incongruence between mitochondrial and nuclear gene trees may be the result simply of differences between analytical and methodological procedures (Brower et al, 1996). Alternatively, effective population size can affect how quickly monophyly at a given locus is reached, and different loci will arrive at monophyly (allelic fixation) at different times purely by chance (Machado et al, 2002). Recombination confuses things further, and can obscure evidence for gene flow or ancestral polymorphisms. Here, the different topologies appear to be the result of recent gene flow between H. melpomene and H. cydno in Panama at some loci where gene flow is not prevented, but not in others where the locus is linked to sterility or other barriers. 


Conclusions
This study shows that where closely related species can mate to form hybrids, however rarely, there may be selective flow of genes between the species. The results of a number of discordant genealogies can be confusing, and taking the results of any one locus in isolation may result in a misleading topology. We are undergoing a biodiversity crisis, with only about a tenth of all species currently being described (Wilson, 2003). It is clear from this work that genealogies can be very misleading in elucidating the phylogeny of a given set of taxa. This confirms the importance of sequencing a number of unlinked loci in order to obtain the best possible estimate of species relationships. This problem is particularly pronounced when considering closely related species such as those studied here, where retained ancestral polymorphisms, or recent introgression can obscure the ‘true’ phylogeny (e.g. Wang et al, 1997; Beltrán et al, 2002; Machado et al, 2002). 
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Table 5 – List of individuals. Figures in brackets indicate short sequences not included in the genealogy.
SPECIES
LOCATION
ID
SEX
#ALLELES





CO
Tpi
Mpi
Ddc
Ci

H. cydno chioneus
Panama
813
M
1
2
1
0
1

H. cydno chioneus
Panama
559
M
1
2
1
0
2

H. cydno chioneus
Panama
570
M
1
2
1
0
2

H. cydno chioneus
Panama
569
M
1
2
1
0
2

H. cydno chioneus
Panama
567
M
1
2
1
0
1

H. cydno chioneus
Panama
566
M
1
2
2
0
1

H. cydno chioneus
Panama
560
M
1
1
2
(1)
1

H. cydno chioneus
Panama
809
F
1
1
2
0
2

H. cydno chioneus
Panama
552
M
1
2
1
(1)
1

H. cydno chioneus
Panama
553
M
1
2
2
0
2

H. melpomene rosina
Panama
810
F
1
1
2
2
1

H. melpomene rosina
Panama
546
M
1
1
2
0
1

H. melpomene rosina
Panama
547
M
1
1
1
2
1

H. melpomene rosina
Panama
544
M
1
2
1
1
1

H. melpomene rosina
Panama
531
M
1
1
1
0
1

H. melpomene rosina
Panama
532
M
1
2
2
0
1

H. melpomene rosina
Panama
533
M
1
1
2
2
2

H. melpomene rosina
Panama
545
M
1
1
2
0
2

H. melpomene rosina
Panama
548
M
1
1
1
0
1

H. melpomene rosina
Panama
811
M
1
2
2
0
1

H. melpomene melpomene
French Guiana
437
M
1
2
2
2
2

H. melpomene melpomene
French Guiana
507
M
1
1
1
2
1

H. melpomene melpomene
French Guiana
436
M
1
2
1
2
1

H. melpomene melpomene
French Guiana
438
M
1
1
2
2
1

H. melpomene melpomene
French Guiana
441
M
1
2
2
0
2

H. melpomene melpomene
French Guiana
439
M
1
1
1
1
1

H. melpomene melpomene
French Guiana
415
M
1
2
1
2
2

H. melpomene melpomene
French Guiana
417
M
1
1
2
1
2

H. melpomene melpomene
French Guiana
418
M
1
1
2
2
2

H. melpomene melpomene
French Guiana
527
M
1
1
1
2
2

H. numata
French Guiana
346
F
1
1
1
0
0

H. himera



0
0
0
1
1

Table 6 - Primers used to amplify Heliconius DNA.  
Cytochrome oxidase (COI and COII) 3’ end positions are given relative to Drosophila yakuba  (X03240).  Positions for Tpi and Mpi are given relative to Heliothis (U23080) and Homo sapiens (AF227216 and AF227217) respectively. Positions for Ddc and Ci are given relative to Drosophila melanogaster.

Gene
Primer
Designer
Position
Sequence (5' to 3')

COI
Jerry
Harrison lab.*
2183
CAACATTTATTTTGATTTTTTGG


Dick
Harrison lab.*
2442
CCAACAGGAATTAAAATTTTTAGATGATTAGC


Pat
Harrison lab.*
3014
TCCAATGCACTAATCTGCCATATTA

COII
George III
Harrison lab.*
2783
TAGGATTAGCTGGAATACC


Romeo
Harrison lab.*
3039
TAATATGACAGATTATATGTAATGGA


Strom II
Harrison lab.*
3297
TGAACTATTTTACC(AGT)GC


Imelda
Harrison lab.*
3812
CATTAGAAGTAATTGCTAATTTACTA

Tpi
Tpi-1
O.McMillan
424
GGTCACTCTGAAAGGAGAACCATCTT


Tpi-2
O.McMillan
660
CACAACATTTGCCCAGTTGTTGCCAA

Mpi
Mpi 4+
David Heckel
1600
TTTAAGGTGCTCTATATAAGRAARGC


Mpi 5-
David Heckel
456
TTCTGGTTTGTGATTTGGATCYTTRTA


Mpi-f
Vanessa Bull

ATTCAAGCTCATCCAACTAAGG


Mpi-r
Vanessa Bull

TTATGAAGTTGTTCTGCATGGT

Ddc
Ddc-fo
Alex Tobler
4226
CAGAGGGTCAAGGAACAGCAC


Ddc-ro
Alex Tobler
4575
TCATGAGGTAGCGGTACTCGG


Ddc-fi
Alex Tobler
4301
CAAGCTCATTCGTCTGTCGAG

Ci
Ci-fi
Alex Tobler
19510
ATGCGGAGACATACTGGTGAA


Ci-ro
Alex Tobler
19853
TGTATCTTTTAGTGCAACCCG

* Harrison Laboratory, Cornell University NY
Table 7 – Gene region summary statistics and maximum likelihood model parameters.

Ci
Ddc

No. of haplotypes sequenced
43
23

No. of base pairs
840
861

Total no. variable sites
186
40

No. variable sites in non-coding region
167
35

No. variable sites in coding region
19
5

No. variable sites by codon position (1st/2nd/3rd)
2/2/15
2/2/1

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

Ti/tv ratio
-
1.7645

Proportion of invariable sites (I)
0.4305
0

Gamma distribution shape parameter (G)
0.7473
0.0091

Base composition                                                                  A
0.3480
0.3259

C
0.1436
0.1808

G
0.1632
0.1903

T
0.3452
0.3030

Substitution rates                                                               A-C
1
-

A-G
1.5411
-

A-T
1
-

C-G
1
-

C-T
2.9523
-

G-T
1
-

Table 8 – 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

Ci (840 bp)
40
0
38
0
39
0

Ddc (473 bp)
0
0
0
13
0
12

Table 9 – Uncorrected average pairwise divergence per base pair (on and above diagonal), net pairwise divergence (below diagonal). For Ddc, the numbers in brackets are the results of analysis using short sequences only.
Ci

H. melpomene
H. cydno



French Guiana
Panama
Panama

H. melpomene
French Guiana
0.03611
0.05671
0.07267


Panama
0.01846
0.03716
0.05067

H. cydno
Panama
0.02905
0.00725
0.04732

Ddc

H. melpomene
H. cydno



French Guiana
Panama
Panama

H. melpomene
French Guiana
0.00784 (0.01613)
0.01263

(0.01934)
-

(0.07437)


Panama
0.00574

(0.01128)
0.00595

(0.00000)
-

(0.06383)

H. cydno
Panama
(0.06305)
(0.06079)
(0.00621)

Figure 4 – Maximum likelihood genealogies for a) Ddc b) Ci. Branch lengths were estimated using likelihood. Parsimony bootstrap values (>70%) are given above the nodes, taken from the equivalent nodes on the parsimony trees. For figure 4b, a star next to a sequence label indicates incongruence with the general topology.

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

Figure 4a.  Gene genealogy for Ddc. [image: image3..pict]
Figure 4b.  Gene genealogy for Ci. 
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