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Evidence of animal mtDNA recombination between divergent populations of the
potato cyst nematode Globodera pallida

Abstract

Recombination is typically assumed to be absent in animal mitochondrial genomes (mtDNA). However,
the maternal mode of inheritance means that recombinant products are indistinguishable from their
progenitor molecules. The majority of studies of mtDNA recombination assess past recombination
events, where patterns of recombination are inferred by comparing the mtDNA of different individuals.
Few studies assess contemporary mtDNA recombination, where recombinant molecules are observed as
direct mosaics of known progenitor molecules. Here we use the potato cyst nematode, Globodera pallida,
to investigate past and contemporary recombination. Past recombination was assessed within and
between populations of G. pallida, and contemporary recombination was assessed in the progeny of
experimental crosses of these populations. Breeding of genetically divergent organisms may cause
paternal mtDNA leakage, resulting in heteroplasmy and facilitating the detection of recombination. To
assess contemporary recombination we looked for evidence of recombination between the mtDNA of the
parental populations within the mtDNA of progeny. Past recombination was detected between a South
American population and several UK populations of G. pallida, as well as between two South American
populations. This suggests that these populations may have interbred, paternal mtDNA leakage occurred,
and the mtDNA of these populations subsequently recombined. This evidence challenges two dogmas of
animal mtDNA evolution; no recombination and maternal inheritance. No contemporary recombination
between the parental populations was detected in the progeny of the experimental crosses. This supports
current arguments that mtDNA recombination events are rare. More sensitive detection methods may be
required to adequately assess contemporary mtDNA recombination in animals.
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ABSTRACT

Recombination is typically assumed to be absent in animal mitochondrial genomes (mtDNA). However, the
maternal mode of inheritance means that recombinant products are indistinguishable from their progenitor
molecules. The majority of studies of mtDNA recombination assess past recombination events, where patterns
of recombination are inferred by comparing the mtDNA of different individuals. Few studies assess
contemporary mtDNA recombination, where recombinant molecules are observed as direct mosaics of known
progenitor molecules. Here we use the potato cyst nematode, Globodera pallida, to investigate past and
contemporary recombination. Past recombination was assessed within and between populations of G. pallida,
and contemporary recombination was assessed in the progeny of experimental crosses of these populations.
Breeding of genetically divergent organisms may cause paternal mtDNA leakage, resulting in heteroplasmy and
facilitating the detection of recombination. To assess contemporary recombination we looked for evidence of
recombination between the mtDNA of the parental populations within the mtDNA of progeny. Past
recombination was detected between a South American population and several European populations of G.
pallida, as well as between two South American populations. This suggests that these populations may have
interbred, paternal mtDNA leakage occurred, and the mtDNA of these populations subsequently recombined.
This evidence challenges two dogmas of animal mtDNA evolution; no recombination and maternal inheritance.
No contemporary recombination between the parental populations was detected in the progeny of the
experimental crosses. This supports current arguments that mtDNA recombination events are rare. More
sensitive detection methods may be required to adequately assess contemporary mtDNA recombination in

animals.
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INTRODUCTION

Animal mitochondrial genomes (mtDNA) are used frequently in phylogenetic analyses. The strictly maternal
mode of inheritance (Birky 2008) (except in several bivalves; see Breton et al. 2007) and lack of recombination
(Avise 1994; Harrison 1989) make it an ideal marker for tracing evolutionary lineages. However, there is a
continuing debate as to the extent of recombination in animal mtDNA (e.g. Hey 2000; Maynard Smith and
Smith 2002), and the impact it has on phylogenetics (Kivisild et al. 2000). Strictly maternal inheritance results
in identical mtDNA molecules within an individual (i.e. homoplasmy). This makes recombination detection
difficult as recombinant products are most readily identified as mosaics of different (heteroplasmic) progenitor
molecules (Rokas et al. 2003). Evidence for mtDNA recombination has been reported infrequently in a broad
range of animals. Nearly all studies that have looked for evidence of recombination among mitochondrial
sequences have looked for evidence of past recombination events - mitochondrial sequences from individuals
have been compared, and recombination inferred from the pattern of variation between the sequences (e.g.
Armstrong et al. 2007; Shao et al. 2009). Computational programs are frequently used to detect such evidence of
recombination in mtDNA sequence data (Awadalla et al. 1999; Ladoukakis and Zouros 2001b; Piganeau et al.
2004; Tsaousis et al. 2005). There have been few studies that have reported evidence of contemporary
recombination events. For detection of contemporary recombination, mitochondrial sequences from progeny are
directly compared with their parents, and recombination inferred due to an alternating pattern of maternal and
paternal sequences in the mitochondrial genome of the progeny. A few studies have directly observed evidence
of contemporary recombination (e.g. Kraytsberg et al. 2004; Lunt and Hyman 1997), while other studies have
reported evidence of contemporary recombination after several backcrosses (e.g. Arunkumar et al. 2006; Guo et
al. 2006). Recombination was also observed in several species of mussels (Burzynski et al. 2003; Ladoukakis
and Zouros 2001a). These and other bivalves have two distinct mtDNAS, one inherited maternally, and the other
inherited paternally. While females only inherit the maternal mtDNA, males inherit both (Zouros et al. 1994). In
several males recombination between parental mtDNA sequences was identified. Simulation studies have
attempted to predict the affect that recombination has on phylogenetic analysis. These studies demonstrated that
recombination among recently diverged (Posada and Crandall 2002) and rapidly-evolving (Schierup and Hein
2000) sequences can mislead phylogenetic analysis, with distinct incongruence between the resolved phylogeny
and the underlying, true phylogeny. However, the impact of recombination on phylogenetics has not been

examined using biological data.



The lack of heteroplasmic mtDNA in animals means that few model systems are available to examine the
incidence and mechanism of mtDNA recombination. However, heteroplasmy resulting from paternal mtDNA
leakage has been linked with the interbreeding of divergent animal populations or species (Fontaine et al. 2007;
Gyllensten et al. 1991; Kaneda et al. 1995; Kondo et al. 1990; Kvist et al. 2003; Magoulas and Zouros 1993,;
Meusel and Moritz 1993; Niki et al. 1989; Shitara et al. 1998; Zhao et al. 2001). Paternal leakage is suggested to
be a result of underdeveloped reproductive barriers between the hybridising organisms that would otherwise
prevent paternal mtDNA inheritance (Wagner et al. 1991). The resultant heteroplasmy enables the detection of
recombination events between the mtDNASs of the interbred organisms. Consistent with this, the mtDNA of a
lizard was described as a mosaic of the mtDNAs from two populations living in close proximity (Ujvari et al.
2007). Further, the mtDNA of a salmon (Ciborowski et al. 2007) and a plant (Jaramillo-Correa and Bousquet
2005) were reported to resemble intermediate forms of the mtDNAs from two organisms living in the same
habitat (i.e. that may have interbred). Recombination detected in hybrid zones is typically from past
recombination events, as determination of the direct parental sequences is difficult. Therefore, the assessment of
contemporary recombination is limited. As yet, no studies have assessed contemporary recombination

associated with hybrid zones.

In this study, we looked for evidence of both past and contemporary recombination in the mtDNA of a
nematode, Globodera pallida. G. pallida nematodes have a multipartite mitochondrial genome. Most
populations have at least 5-6 subgenomic mtDNA circles (scmtDNAs; Armstrong et al. 2000), with an
overlapping pattern of mitochondrial genes distributed on the different circles (Gibson et al. 2007). It was
previously established that past recombination could be readily detected in one of the subgenomic circles
(scmtDNA V) from one population of G. pallida, P4A (Armstrong et al. 2007). This population was chosen by
Armstrong and others, as restriction digestion evidence suggested that its sScmtDNA 1V had a greater degree of
genetic heterogeneity than other populations of this nematode. scmtDNA IV has been reported to be more stable
than other subgenomic circles in several population of G. pallida (Armstrong et al. 2007). While scmtDNAs |
and 111 were absent in several populations, sScsmtDNA IV was detected in all populations studied, using both
RFLP and Southern hybridisation approaches. Thus, sSsmtDNA IV appears to be the most evolutionarily stable
of these minicircles, and may be suitable for studying interpopulation genetic interactions. In the present study,
we expand on this work by assessing recombination in the mtDNA of other populations of this nematode,

demonstrating that this phenomenon is readily detected between a number of populations of G. pallida.



There are a number of distinct populations of this plant parasitic nematode, with the evolutionary relationships
among them relatively well characterised (Madani et al. 2010; Subbotin et al. 2000; Plantard et al. 2008). G.
pallida is suggested to have originated in South America (Evans and Stone 1977; Picard et al. 2007) and was
imported into Europe and the UK on its host, potato tubers (Stone 1985). The relationships among the five
populations of G. pallida used in the present study are shown in Figure 1, with the South American population
P4A more closely related to the European and UK populations than to the other South American population,
P5A (Subbotin et al. 2000; Grenier et al. 2001). We assessed past and contemporary mtDNA recombination in
these populations, and in the progeny of crosses of these populations, respectively, by characterising a 3.4 kb
fragment from one of the six sScmtDNAs in the mitochondrial genome of G. pallida. Both the parental
populations and the progeny of the crosses were sequenced to investigate whether past and contemporary
recombination could be detected, respectively. This has significant implications for animal mtDNA
phylogenetic analyses that assume strict maternal inheritance and an absence of recombination as we show that

recombination may be occurring when divergent populations interbreed.

METHODS

Source of the parental G. pallida populations and the progeny from population crosses

To look for evidence of past recombination events within and between populations, populations of the nematode
G. pallida were used. Populations were from the potato cyst nematode collection at the James Hutton Institute,
which were previously collected from field sites in the UK (Lindley from England; Gourdie and Luffness from

Scotland) and South America (P4A, P5A).

To look for evidence of contemporary recombination events, these populations were experimentally crossed and
the progeny screened for recombination between the maternal and paternal mtDNA. For the experimental
crosses, females from two South American and two UK populations were crossed with the UK population
Lindley (see Fig. 1). The experimental crosses of these populations are described in Hoolahan et al. (submitted).
To summarise; juveniles from cysts of each population were hatched using a tomato root diffusate (Forrest and
Farrer 1983). Juveniles were used to inoculate potato tubers (cv. Désirée). The plants were subsequently washed

free of soil and suspended in tanks of aerated water 3 weeks after inoculation of the roots. This process



facilitated the physical separation of males from females; the adult females, now sedentary, remained attached to
the root, while the motile males emerged and fell away from the root. Adult males of the Lindley population
were collected for the experimental crosses. Infection of the suspended plants by adult females was assessed
after 5 weeks. Protrusions on the surface of the root indicated the presence of adult females, as these are the
gravid posterior of the female which later develops into a cyst containing fertilized eggs when the female dies.
Plants were suspended for a further 3 weeks to allow any remaining males to emerge before being placed back
into the soil. Experimental crosses were then performed by applying approximately 250 males of the Lindley
population to each plant infected with females from either population Gourdie, Luffness, P4A or P5A. Cysts
from the crossings (containing the progeny) and from the parental populations were recovered from the dried
soil of each plant by flotation. Comparable numbers of cysts were recovered from the control plants (parental)
and the experimental (progeny) crossings. Each cyst collected from the experimental crossings contains the
progeny of a single female. The success of the crosses was assessed via sequencing and RFLP analyses of the
nuclear internal transcribed spacer region (ITS) region of the parental populations and progeny nematodes (see
Hoolahan et al. submitted). Hybridizations were deemed successful if there were evidence of both maternal and
paternal ITS alleles present. Few progeny cysts were collected at the end of each experiment. This may be a due
to the females being left in hydroponics for 8 weeks prior to the experimental crosses, as females would
typically mate with males several weeks earlier (Chitwood and Buhrer 1945). From each of the
GourdieXLindley and LuffnessXLindley cross, 1 cyst was analysed. From the PAAXLindley cross, progeny

from 3 cysts were analysed. From the PSAXLindley cross, progeny from 4 cysts were analysed.

Genomic DNA Extraction

Total genomic DNA was extracted separately from the populations Lindley, Luffness, Gourdie and P5A. (DNA
analysis of population P4A was previously reported; Armstrong et al. 2007). For each population, 5 cysts were
randomly sampled and pooled for DNA extractions. Genomic DNA from these populations was extracted using
the “salting-out” method of Sunnucks and Hales (1996). DNA was also extracted from the progeny of the
experimental crosses. Single cysts collected from the crosses were separately used for genomic DNA extractions

with the DNeasy® Blood and Tissue Kit (QIAGEN).

Sequencing of Cloned mtDNA Amplification Products



We looked for evidence of mtDNA recombination by sequencing PCR products of a relatively long (3.4 kb)
non-coding mtDNA fragment that were cloned into a vector. This fragment is specific to one of the six small
circular mitochondrial genomes (scmtDNA 1V) from the mtDNA of G. pallida (Gibson et al. 2007). This region
had already been sequenced in 10 clones for the population P4A (Armstrong et al. 2007), and these sequences
were retrieved from GenBank (Accession numbers DQ288929-DQ288939). We characterised this fragment in
the populations Lindley, Gourdie, Luffness and P5A, and in the progeny of the crosses. Amplifications from
extracted genomic DNA used the BIO-X-ACT™ Long DNA Polymerase Kit (Bioline), and cycling conditions
were 94°C for 2 min, 35-40 cycles of 94°C for 30 s, 57°C for 30 s and 68°C for 10 min, followed by 68°C for
10 min. Products were purified for cloning using either the MinElute® Gel Extraction Kit (QIAGEN) or the
Wizard® SV Gel and PCR Clean-Up System (Promega), ligated into the pPGEM®-T Easy Vector System
(Promega), and transformed into either chemically competent JM109 Escherichia coli cells (Promega) or a-
Select Electrocompetent cells (Bioline). For sequencing, positive clones were purified using the GeneJET™
Plasmid Miniprep Kit (Fermentas) or the Wizard® Plus SV Minipreps DNA Purification System (Promega).
Sequencing reactions were performed using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems), and raw sequence data were analysed using ChromasPro (Technelysium Ltd., Tewantin) and

BioEdit (Hall 1999).

mtDNA Sequence Alignments and Analysis

Sequences were aligned using MAFFT (multiple sequence alignment based on fast Fourier transform) (Katoh et
al. 2002) using the generic mode for globally-alignable sequences (G-INS-1), as this approach was found to be
most reliable in a comparison of six popular alignment approaches (Golubchik et al. 2007). The default scoring
matrix was used (200PAM). BioEdit (Hall 1999) was used to perform pair-wise alignments and perform

sequence identity matricies.

mtDNA Recombination Detection

Evidence of recombination was assessed using RDP (beta, version 3.41) (Heath et al. 2006; Martin et al. 2010).
The settings used were: sequences assumed to be linear, highest acceptable p-value = 0.01, Bonferroni
corrections used (to correct p-values for multiple tests), phylogenetic evidence required, breakpoints polished,
check for alignment consistency, list events detected by more than two methods. Methods used were RDP

(Martin and Rybicki 2000), GENECONYV (Padidam et al. 1999), BOOTSCAN (Martin et al. 2005), Maximum



Chi-Squared (Smith 1992), CHIMAERA (Posada and Crandall 2001), SiScan (Gibbs et al. 2000), 3SEQ (Boni
et al. 2007), TOPAL (McGuire and Wright 2000) and recombination breakpoint hotspots plots (Heath et al.
2006). In addition, highly similar sequences were masked, using the ‘automask for optimal recombination
detection’ feature. Neighbour-joining analysis was performed in RDP using the default settings (Felsenstein

1989).



RESULTS

We looked for evidence of both past and contemporary recombination in one of the subgenomic circles
(scmtDNA 1V) of G. pallida nematodes using different populations of the nematode G. pallida by assessing (1)
evidence of past recombination events within other populations of G. pallida, (2) evidence of past
recombination events between the various populations of G. pallida, and (3) evidence of contemporary
recombination, by performing experimental crosses using males and females from different populations.
Recombination was assessed using a range of statistical and phylogenetic methods to determine potential
recombinant regions, breakpoints and the parental sequences involved in the recombination event. This analysis
approach assesses the statistical support for these potential recombinant regions, constructs the phylogeny of the
recombinant and non-recombinant regions of the alignment, and compares the resultant tree topologies. The
strongest evidence for recombination is apparent when the topologies of these regions are not congruent. If there
were a single underlying hierarchical relationship among the aligned sequences, then it would be expected that
phylogenies derived from any region of that alignment would generate the same tree topologies. However, if
there has been an exchange of DNA fragments between these sequences, then this will affect the branching
order of the effected region, and thus the topology for this region. Therefore, an observation of differing
phylogenetic topologies for differing regions in a sequence alignment is indicative of multiple underlying
hierarchical relationships, and thus recombination (Husmeier 2005; Husmeier and McGuire 2003). We did not
test for recombination between the various circles. Although such intercircle recombination may well occur (the
various circles are likely formed by recombination - Gibson et al. 2007), it is difficult to test for this, as the

circles that are found in different populations vary (Armstrong et al. 2000).

Evidence of past recombination events

To look for evidence of ancestral recombination, the 3.4 kb mtDNA sequences from each population were

aligned separately, and each population analysed for evidence of recombination.

Recombination is not detectable within four populations of G. pallida

Within each population, all clones were >98% identical for the length of the 3.4 kb fragment. RDP analysis
indicated that none of the four populations sequenced in the present study showed evidence of recombination.

We then examined the P4A sequences generated by Armstrong et al. (2007), using RDP. There were eight



recombination events detected, each with highly significant p-values (Bonferroni corrected p-values between 6 x
10 and 4 x 10™). Armstrong et al. (2007) had previously reported evidence of recombination in these
sequences using programs that were (TOPAL) and were not (RECPARS and Probabilistic Divergence Measure)
applied in the present study. This indicates that the different detection approaches described by Armstrong et al.
(2007) and described here were not responsible for the lack of recombination detected in populations Lindley,

Gourdie, Luffness and P5A.

Recombination is not detectable between European populations of G. pallida

Next we aligned all of the European populations (Gourdie, Lindley and Luffness), and analysed these for

evidence of recombination. There was no evidence of recombination between these three populations.

Recombination is readily detectable between population P4A and European populations of G. pallida

We then looked for evidence of recombination between P4A and the European populations. To avoid the
confounding effects of recombination among the genetically different sScmtDNA IV members of the P4A
population, we separately assessed each sampled member of the P4A population with the combined European
scmtDNA 1V sequences from the populations Lindley, Gourdie and Luffness. To do this, we aligned each P4A
sequence separately with all of the European population sequences, and analysed each of these 11 alignments
for evidence of recombination. These analyses showed strong evidence of recombination between all members
of the P4A population and the European populations, except two representatives (DQ288929 and DQ288932)
(for a summary, see Table 1; for details of individual statistical analysis outcomes and identified parental
sequences, see Online Resource 1). For example, two P4A representatives (DQ288931 and DQ288933) showed
strong evidence of the same recombination event, between nucleotides 917 and 1498. Both of these P4A
representatives are members of a P4A clade identified by Armstrong et al. (2007), the p22 clade. To illustrate
the recombination event further, we describe more fully the recombination evident between DQ288931 and the

European populations.

Recombination should be evident where different portions of the alignment confidently support different
phylogenies. A neighbour-joining tree of the non-recombinant section (nucleotides 1-916 and 1499-end) showed
the topology that would be expected if recombination was absent; the European populations cluster together,

while the P4A sequence is the most distantly related sequence (Fig. 2A). A neighbour-joining tree of the

10



recombinant section (nucleotides 917-1498) showed a different topology, with the P4A sequence closely related
to the Gourdie and Lindley populations (Fig. 2B). This indicates that the recombination event may have
involved a section from the Gourdie/Lindley population moving into the P4A sequence. The recombination
event could be confirmed by visual inspection of the alignment, particularly if only the variable (informative)
sites are included in the alignment (for an example, which involves P4A member DQ288931 and a member
from each European population, see Fig. 3). In the non-recombinant section, the European populations are more
similar, while the recombinant section indicates a greater similarity between P4A and the Gourdie/Lindley

populations. This pattern of similarity was consistent throughout the non-recombinant and recombinant pieces.

A similar, single recombination event was evident when each of DQ288930, DQ288934, DQ288937 and
DQ288939 were compared with the European populations. Each of these sequences belongs to clade p37, as
identified by Armstrong et al. (2007). The recombinant piece was slightly smaller than in the above example,
and there was similarly strong topological evidence in that the recombinant piece clustered with the
Gourdie/Lindley populations, whereas the European populations clustered in the non-recombinant piece. A third
recombination event was evident when DQ288938 was compared with the European populations — this was also

confirmed by topological evidence.

However, in two comparisons, strong evidence of recombination was not directly supported by topological
evidence. In the DQ288935/European populations comparison, the non-recombinant piece of DQ288935
clustered with the Gourdie/Lindley populations, while the recombinant piece clustered with the Luffness
population. This is consistent with this event being confounded by the earlier recombination of the ancestor to
the p22 clade recombining with Gourdie/Lindley, with the secondary recombination being a product of

recombination with Luffness.

Recombination is detectable between one member of population P4A and P5A

Both P4A and P5A are from South America. We looked for evidence of recombination between P5A and P4A
by aligning individual members of P4A with all members of P5A. In contrast to the broad evidence of
recombination between members of P4A and the European populations, only a single P4A sequence showed
evidence of recombination with the P5A sequences. This was between DQ288934 and the P5A members, where

there was evidence of a single recombination event (Table 1). In this alignment, nucleotides 19-1771 showed the

11



expected topology, with P4A a monophyletic clade, and the P5A sequence more distantly related, while
nucleotides 1772-end had a different topology, with the P5A sequence nesting within the P4A clade. However,
the significance of this recombination was lower than for any of the P4AA/European recombination events, with a

Bonferroni corrected p-value for the former of 2 x 10°°.

Evidence of contemporary recombination events

We then looked for evidence of contemporary mtDNA recombination in a series of experimental crosses.
Populations were crossed on a gradient of genetic divergence to assess whether increasing genetic divergence
(between parental populations) has an impact on recombination. The mtDNA sequence identity between the
parental populations used for each cross were 98% (Lindley compared with Gourdie; GourdieXLindley), 89%
(Lindley compared with Luffness; LuffnessXLindley), 73-90% (Lindley compared with P4A; PAAXLindley),
and 79% (Lindley compared with P5A; PSAXLindley), for the 3.4 kb region analysed. To detect recombination
between parental mtDNA, the maternal and paternal mtDNA must be sufficiently different, as recombinants will
be most readily detected as mosaics of maternal and paternal sequences. Further, many mitochondrial genomes
may have to be sequenced in order to detect the few that are products of recombination. In the present study, we
amplified and sequenced a 3.4 kb fragment of the G. pallida mitochondrial genome to screen for evidence of
recombination. We generally sequenced 10 clones from each progeny, producing approximately 34 kb of
sequence data for the assessment. Nevertheless, with 34 kb we are only able to detect recombination if at least

one of the 10 clones is a recombinant.

Ancestral recombination is detectable in the progeny of one cross between European populations of G. pallida

The populations Lindley, Luffness and Gourdie are all from the UK, and have high sequence similarity, relative
to that of the South American populations. For the populations Gourdie and Lindley, sequence data indicated
that there were no polymorphic sites between these that could be used to differentiate the maternal and paternal
nuclear or mitochondrial DNA in the progeny; comparative sequences from each population were >98%
identical. Consequently, the success of the hybridization could not be confirmed in this cross. Regardless, RDP

analysis did not detect recombination in the mtDNA of the progeny from this cross.

For the cross of populations Luffness and Lindley, 5 clones were >98% identical to the maternal mtDNA, while

the other 5 clones were only 91% identical. RDP analysis showed strong evidence of recombination in 4 of the

12



latter clones, and weaker evidence of recombination in one of the latter clones. In this case, a central section of
the 3.4 kb fragment showed greater sequence identity with the father than the mother (94% compared with
75%), whereas the remaining portion showed greater sequence identity with the mother (93% compared with
89%). However, for this ‘apparent recombinant’ to be a direct product of the experimental cross (i.e.
contemporary recombination), we would expect to see portions of sequence that were 99-100% identical to the
maternal and paternal sequences. The observation that the level of sequence identity was lower than this
prompted us to consider the possibility that the ‘apparent recombinant’ was inherited (i.e. was an ancestral
polymorphism), rather than derived directly from the experimental cross. Indeed, a comparison of the ‘apparent
recombinant’ with the P4A sequences generated by Armstrong et al. (2007) indicated a high degree of sequence
identity (98-99%) with three of the P4A sequences. This suggests that the progeny sequences were inherited,
and that no recombination occurred as a direct result of the cross. To confirm this, we aligned the recombinant
and non-recombinant regions to the P4A sequences separately. Both regions were 98-99% identical to the P4A
sequences; c.f. <95% for the parental sequences. This further suggests that the recombination was an ancestral

event.

Recombination is not detectable in the progeny of a cross between population P4A and a European population

of G. pallida

From the P4AAXLindley cross, 3 cysts were analysed. The sequence identity matrix shows that the P4AxLindley
clones are 99% identical to at least one of the parental sequences. This suggests that the progeny sequences were
inherited, and that no recombination occurred as a direct result of the cross. This was confirmed by RDP
analysis identifying the same recombination event in the P4AxLindley progeny and in the parental population

P4A.

Recombination is not detectable in the progeny of a cross between population P5A and a European population

of G. pallida

From the PSAXLindley cross, 4 cysts were analysed. Almost all clones were >99% identical within each cyst,
and >98% identical to either the maternal or paternal mtDNA. In one P5AXLindley cyst, all 10 clones had a 122
bp deletion and an unrelated 148 bp insertion relative to the maternal (P5A) sequence, but were otherwise >98%

identical to P5A.

13



DISCUSSION

We assessed past and contemporary mtDNA recombination using the nematode G. pallida as a model organism.
Past mtDNA recombination has previously been observed in a single G. pallida population (Armstrong et al.
2007). Further, the mtDNA of G. pallida has an overlapping genetic organisation, consistent with the operation
of recombination (Gibson et al. 2007). Here we report the first example of evidence of past recombination
readily detected between divergent populations of G. pallida. mtDNA sequences from the South American
population P4A had recombinant regions that resembled the mtDNA of several European populations.
Additionally, we report similar evidence of recombination between the South American populations P4A and
P5A. Sequence identity comparisons indicated a discrepancy between the sequences predicted to be involved in
a recombination event, and the corresponding sequences in the recombinant. As the recombination events are
likely ancestral, it is possible that point mutations and intra- or intermolecular DNA exchanges may have

occurred subsequent to the recombination event that was detected.

South American populations of G. pallida are considered to be ancestors of the European populations, with G.
pallida having originated in Peru (Subbotin et al. 2000; Grenier et al. 2001). The observation of recombination
between European-like mtDNA sequences within the mtDNA of P4A is therefore intriguing, and may assist in
providing information on the introduction/s of G. pallida into Europe. For example, one explanation for this
observation may be that ancestral South American populations of G. pallida contained mtDNA types that
resembled the modern European populations Luffness and Lindley/Gourdie. These heterogeneous populations
may have (i) interacted with one another to generate the recombinant mtDNA molecules observed within the
modern South American population P4A, and (ii) maintained their European-like mtDNA during introductions
into Europe, ancestors of the modern populations Luffness, Lindley and Gourdie. In this example,
recombination was reported between mtDNA sequences most similar to that observed in the populations
Luffness and Lindley, that is, between mtDNA molecules that are approximately 11% divergent (based on the
3.4 kb mtDNA region analysed in these populations. Following observations of recombination in the doubly
uniparentally inherited mtDNA of mussels, it had previously been suggested that, for homologous
recombination to occur, mtDNA molecules ideally need to be approximately 4% divergent. If DNA sequences
are less divergent, then recombination events cannot be detected, and if they are too divergent (for example,

>10%; Smith et al. 2007), then the mismatch repair system may prevent recombination (Ladoukakis and Zouros
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2001a). However, recently recombination between mtDNA molecules that were 16 to 23% divergent was
reported within this mussel system (Ladoukakis et al. 2011). From this observation, Ladoukakis et al. (2011)
hypothesised that the mismatch repair system may not be active in the mitochondria of animals, possibly
because it is unnecessary in this typically homoplasmic mtDNA. However, it is difficult to compare the results
of Ladoukakis et al. (2011) with the homologous recombination observed here, as it is impossible to know the
sequence homology between the two ancestral mtDNA molecules that were involved in the past recombination
event. Nevertheless, this sequence homology between G. pallida populations can be broadly estimated by
calculating the sequence identity between the non-recombinant regions of the modern mtDNA molecules
analysed in these populations. This indicated that the sequence divergence ranged from approximately 2 to 24%
between populations identified as having ancestral recombination (including comparisons of the populations
P5A and P4A, and P4A and the European populations). These sequence divergence values are equally as high as
those reported by Ladoukakis et al. (2011). Thus, these results may also provide evidence that there is no
mismatch repair system operating in the mitochondria of those metazoan taxa in which recombination has been
detected. Further investigation of this hypothesis is required.

Paternal mtDNA leakage can result in heteroplasmy (Gyllensten et al. 1991), providing the parental molecules
necessary for detecting recombination events. Paternal leakage has been observed in experimental (Kondo et al.
1990) and natural (Kvist et al. 2003) crosses of genetically dissimilar organisms. Evidence for animal mtDNA
recombination that may have resulted from interbreeding has been reported in a lizard (Ujvari et al. 2007) and a
salmon (Ciborowski et al. 2007). In these studies a new mtDNA haplotype was identified that resembled a
composite of the mtDNA haplotypes of different organisms living in the same habitat. In the present study we
also show evidence of animal mtDNA recombination that may have resulted from interbreeding, through
observations of ancestral recombination between divergent populations of G. pallida. This is supported by the
observation of paternal mtDNA leakage in experimental crosses of these populations of G. pallida (see

Hoolahan et al. submitted).

In the present study, progeny from experimental crosses of these populations of G. pallida had no evidence of
contemporary recombination between the mtDNA of the maternal and paternal populations; i.e. resulting
directly from the experimental crosses. This is despite several of these progeny having both maternal and
paternal mtDNA present (Hoolahan et al. submitted). This supports current arguments that animal mtDNA

recombination events are rare (Innan and Nordberg 2002; Kivisild et al. 2000). Recombination may have

15



occurred at a frequency below the threshold of detection permitted by the approach used in the present study
(i.e. below 10%). Alternatively, recombination may have occurred in a region of the mtDNA not analysed. This
may indicate that more sensitive approaches are may be required to detect contemporary mtDNA recombination.
Methods such as high throughput next generation sequencing technologies (NGST) may be suitable (Rokas and
Abbot 2009), as a single run of a 3.4 kb fragment facilitates a detection frequency of 0.003%. Alternatively, a
series of experimental backcrosses may assist in amplifying the recombination signal and therefore assist in
estimating the biological frequency of recombination. This is because (i) mtDNA haplotypes have an unequal
fitness during transmission between generations (de Stordeur 1997), potentially allowing for the accumulation
of recombinant mtDNA haplotypes, and (ii)backcrosses may increase the extent of paternal mtDNA leakage,

and thus heteroplasmy (Kondo et al. 1990).

Here, we show that animal mtDNA recombination may be occurring between divergent populations. If these
conditions are commonly met in natural populations, the assumption that mtDNA does not recombine may be
unrealistic. We expect that this assumption may most often be violated when genetically divergent populations
breed, as this creates a heteroplasmic mtDNA population, which may facilitate recombination. To assess this, a
more comprehensive scale of genetic divergence between hybridizing organisms is needed. Further, the
approach for mating these organisms would ideally involve mating males and females individually by
performing direct crosses in a microtiter dish, as opposed to crossing the males and females en masse. Finally,
for the results to be applicable to all animal mtDNAs, these assessments will ultimately need to be performed in

animal models with typical, non-multipartite mitochondrial genomes.
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Table 1. Recombinant regions predicted by RDP analysis of mtDNA sequences from the South American

population of G. pallida, P4A, when compared with European populations and population P5A.

P4A clone Comparison Number of Position in Corrected p Topological
mtDNA recombination alignment evidence®
population events
Clade p22
DQ288931 European 1 917-1498 2x 10" Yes
DQ288933 European 1 917-1498 2x 107 Yes
DQ288935 European 1 189-2324 6x 1078 No
DQ288936 European 2 155-856, 1513-end 111x 10™:6x10°  No, No
Clade p37
DQ288930 European 1 972-1219 1x10™%° Yes
DQ288934 European 1 972-1219 4x107° Yes
P5A 1 1772-end 2x10° Yes
DQ288937 European 1 972-1269 3x 10" Yes
DQ288939 European 1 972-1219 3x10™ Yes
Clade p15
DQ288938 European 1 973-1270 2x10™%° Yes

®See figure 2 for an example, or see Online Resource 1
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FIGURE LEGENDS

Fig. 1 Relative phylogenetic relationships between populations of Globodera pallida used in this study.
Populations Lindley, Gourdie and Luffness are from the UK. Populations P4A and P5A are from South
America. For the experimental crosses, males from the population Lindley were crossed with females from the
remaining 4 populations. This phylogeny is based on phylogenetic analysis of the internal transcribed spacer

region (Grenier et al. 2001; Subbotin et al. 2000)

Fig. 2 Neighbour-Joining phylogenetic analysis of the mtDNA of European populations of G. pallida (Lindley,
Gourdie and Luffness) and a representative of the South American population P4A (DQ288931). A comparison
of the (A) non-recombinant section, and (B) recombinant section, as identified by RDP analysis. Numbers at

nodes indicate bootstrap proportions

Fig. 3 mtDNA sequence alignment of the variable sites between a representative of the European populations of
G. pallida (Gourdie, Lindley and Luffness), and a South American population P4A (DQ288931). Recombinant

and non-recombinant sections are indicated by shading, and boxed shading, respectively.

Online Resource 1 Recombinant regions predicted by RDP analysis of mtDNA sequences from the South
American population of G. pallida, P4A, when compared with European populations and population P5A.
Included for each recombination event detected are: the alignment position, p values generated by programs
supporting the event, the overall corrected p value, parental sequences, phylogenies of the recombinant and non-

recombinant regions, and the inferred topological evidence for this event
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