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Abstract A new homoploid hybrid lineage needs to establish a degree of reproductive isolation from its parent
species if it is to persist as an independent entity, but the role hybridization plays in this process is known in only a
handful of cases. The homoploid hybrid ragwort species, Senecio squalidus (Oxford ragwort), originated following
the introduction of hybrid plants to the UK approximately 320 years ago. The source of the hybrid plants was from
a naturally occurring hybrid zone between S. aethnensis and S. chrysanthemifolius on Mount Etna, Sicily. Previous
studies of the parent species found evidence for multiple incompatibility loci causing transmission ratio distortion
of genetic markers in their hybrid progeny. This study closes the hybridization triangle by reporting a genetic map-
ping analysis of the remaining two paired cross combinations between S. squalidus and its parents. Genetic maps
produced from F, mapping families were generally collinear but with half of the linkage groups showing evidence
of genomic reorganization between genetic maps. The new maps produced from crosses between S. squalidus and
each parent showed multiple incompatibility loci distributed across the genome, some of which co-locate with pre-
viously reported incompatibility loci between the parents. These findings suggest that this young homoploid hybrid
species has inherited a unique combination of genomic rearrangements and incompatibilities from its parents that
contribute to its reproductive isolation.

Keywords: Genetic incompatibility, genetic mapping, genomic rearrangement, reproductive isolation, transmis-
sion ratio distortion

Introduction of novel genetic diversity, the contribution of hybridi-
zation to speciation is of particular interest. Genome
duplication following hybridization (allopolyploidy) is a
frequent mode of speciation in plants with increasing
evidence for its occurrence in animals (Rieseberg and
Willis 2007; Mable et al. 2011; Soltis et al. 2014). Despite
the challenges involved in identifying and confirming

Hybridization is an important contributor to biodiversity
and speciation with approximately 25 % of all plant spe-
cies and 10 % of all animal species estimated to have
experienced hybridization during their evolution (Mallet
2005; Baack and Reiseberg 2007). Beyond introgression
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cases of hybrid speciation without change in ploidy,
i.e. homoploid hybrid speciation, improving genetic
technologies are accelerating the rate of identifica-
tion of examples of homoploid hybrid species (Abbott
et al. 2013; Yakimowski and Rieseberg 2014; Goulet
et al. 2017). Moreover, textbook examples of homop-
loid hybrid speciation are now available for Heliconius
butterflies (Mavarez et al. 2006; Duenez-Guzman et al.
2009) and Helianthus sunflowers (Rieseberg 2001; Burke
et al. 2004; Lai et al. 2005), although proof of homoploid
hybrid speciation remains controversial (Schumer et al.
2014b; Nieto Feliner et al. 2017).

Homoploid hybrid speciation is theoretically chal-
lenging to explain, particularly when hybrids show
sympatry with their progenitors, because reproductive
barriers will usually be incomplete, and ongoing hybrid-
ization and gene flow are expected to limit the evolution
of reproductive isolation and the origin of a homoploid
hybrid species (Abbott et al. 2013; Schumer et al. 2014b).
However, various evolutionary processes have been
identified as contributing to hybrid speciation without
ploidal change. Hybridization is effective at generat-
ing a range of new trait combinations and transgres-
sive trait expression that occasionally enable hybrids
to exhibit higher fitness than parents in particular eco-
logical contexts (Buerkle et al. 2000; Lexer et al. 2003;
Schwarz et al. 2005; Jiggins et al. 2008; Stelkens and
Seehausen 2009). Under these conditions, positive se-
lection can promote the establishment and persistence
of new homoploid hybrid species even in the presence of
ongoing gene flow (Buerkle et al. 2000). This process is
further facilitated if novel hybrid traits, such as changes
in reproductive phenology, pollinator or mating prefer-
ence, directly reduce gene flow between parents and
their hybrids (Servedio et al. 2011; Marques et al. 2016).

Another mechanism reducing gene flow and promot-
ing reproductive isolation between hybrids and their pro-
genitors concerns genetic incompatibilities caused by
chromosomal rearrangements and/or negative epistasis
between parental alleles in the hybrid. New hybrids will
often show reduced fitness due to (1) meiotic problems
caused by possession of different parental chromosomal
rearrangements and (2) the negative interaction of new
combinations of alleles inherited from both parents.
However, fitness can be recovered through re-assort-
ment of both chromosomal rearrangements and genetic
incompatibilities in later generation hybrids (Grant 1981;
McCarthy et al. 1995; Lai et al. 2005; Schumer et al. 2015).

Although genetic incompatibilities might be of indi-
vidually small effect, they appear to be common and
their combined effects can be potent evolutionary driv-
ers of speciation (Orr and Presgraves 2000; Presgraves
2010; Schumer et al. 2014aq; Lindtke and Buerkle 2015).

For example, alleles at different loci that have nega-
tive epistatic interactions (Bateson-Dobzhansky-Muller
incompatibilities or BDMs) arise readily between iso-
lated populations either through divergent selection or
through genetic drift (Coyne and Orr 2004; Paixdo et al.
2014; Schumer et al. 2015). Recent theoretical models
further suggest that selection against negative epista-
sis within hybrid populations can lead to fixation of
combinations of alleles that show genetic incompat-
ibility between hybrids and both parents, thus promot-
ing reproductive isolation (Paixdo et al. 2014; Schumer
et al. 2015). In reality, multiple interacting evolution-
ary processes probably interact to promote homoploid
hybrid speciation. For example, hybrid Helianthus spe-
cies clearly show contributions from both hybridiza-
tion-induced genomic reorganization and adaptation
to novel ecological niches (Rieseberg 2001; Lexer et al.
2003; Burke et al. 2004; Lai et al. 2005).

Genetic mapping studies are effective at giving a
genome-wide perspective of the evolutionary processes
driving homoploid hybrid speciation. This study returns
to the recent homoploid hybrid origin of S. squalidus
(Oxford ragwort) from its parental species, S. aethnensis
and S. chrysanthemifolius. The human-aided transloca-
tion of hybrids to the UK from a natural hybrid zone on
Mount Etna, Sicily, approximately 320 years ago was cru-
cial to the origin of S. squalidus as a new stabilized hybrid
species, and its subsequent invasive spread (Abbott et al.
2009). While geographical isolation allowed the estab-
lishment of this homoploid hybrid species, the contribu-
tion of genetic incompatibilities to reproductive isolation
at the early stages of hybrid speciation is still of interest.

Senecio squalidus shows molecular genetic and
quantitative trait divergence from each parent spe-
cies (and hybrids occurring on Mount Etna), as well as
local adaptation associated with latitude within the UK
and between the UK and Sicily (Allan and Pannell 2009;
Brennan et al. 2012; Ross 2010). The hybrid zone on
Mount Etna is stable despite relatively high gene flow
between parent species since they first diverged dur-
ing the last 150k years (Filatov et al. 2016) due to both
intrinsic hybrid incompatibilities and strong divergent
ecological selection associated with elevation (Brennan
et al. 2009; Ross et al. 2012; Chapman et al. 2013, 2016;
Brennan et al. 2014). All three species are readily hybrid-
ized in the glasshouse with few apparent fertility or fit-
ness consequences apart from low seed germination
at the F, generation (Hegarty et al. 2008; Brennan et al.
2013). However, recent genetic mapping studies using
F, families derived from crosses between S. aethnensis
and S. chrysanthemifolius have characterized genetic
incompatibilities in the form of transmission ratio dis-
tortion (TRD), breakdown of fitness at the F, generation,
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and associations between transmission ratio distortion
loci (TRDL) and quantitative traits (Chapman et al. 2013,
2016; Brennan et al. 2014, 2016). These characteristics
of hybrid crosses function as genetic incompatibilities
by increasing reproductive barriers between taxa (Hall
and Willis 2005; Moyle and Graham 2006). Here, we con-
duct, for the first time, genetic mapping studies using
F, crosses between each of these two species and their
hybrid descendent, S. squalidus. In contrast to the hybrid
zone on Mount Etna, where selection against hybrids
prevents individual hybrid lineages from persisting for
many generations (Brennan et al. 2009), S. squalidus
in the UK is a stabilized hybrid descendent that has
adapted to a new environment (Abbott et al. 2009).
This set of hybridizing taxa is therefore of considerable
interest for a better understanding of the early stages of
hybrid speciation.

The genetic mapping studies reported here complete
the hybridization triangle of all paired cross combinations
between the two parents and their hybrid derivative, and
thus increase our understanding of hybrid evolution in
this system. Specifically, we test the following hypotheses
based on prior knowledge about this hybridizing Senecio
system and predictions from the hybrid speciation lit-
erature. (1) Hybrid speciation has been accompanied by
little major genomic restructuring as suggested by simi-
lar genome structures of the parent species; (2) intrinsic
genetic incompatibilities are present between S. squalidus
and its parents; and (3) they are likely to have been inher-
ited in S. squalidus from its parent species. We discuss our
findings in terms of their wider implications for under-
standing hybridization and homoploid hybrid speciation.

Material and Methods

Mapping families

F, mapping families were founded from each of three
paired cross combinations between three glasshouse
grown (F) individuals representing each of S. aethnensis,
S. chrysanthemifolius, and S. squalidus. Senecio aethnen-
sis and S. chrysanthemifolius F, parental individuals were
originally sampled as seed from populations VB and C1
on Mount Etna as described in James and Abbott (2005),
whereas the S. squalidus F, individual was sampled as
seed from the Oxford (Ox), UK, population as described
in Hiscock (2000). Reciprocal controlled crosses were per-
formed between parental individuals by gently brushing
together open flower heads and excluding illegitimate
pollen transfer with pollination bags before and after pol-
lination as described in Hiscock (2000) to produce F, fam-
ilies where the maternal and paternal species of each
individual were known. Floral emasculations have been

shown to be unnecessary for these typically strongly
self-incompatible species (Hiscock 2000). Seeds result-
ing from these crosses were grown to flowering stage
and further reciprocal crosses were performed between
full-sib F, individuals with distinct maternal cytoplasms
(i.e. F, progeny of the same parental individuals but pro-
duced from opposite cross directions). From each of the
three originally paired species combinations, one recip-
rocally crossed pair of F.'s was chosen to found each of
three F, mapping families, maintaining approximately
equal frequencies of maternal cytoplasm per family. The
family hereafter referred to as F2AC was derived from
the original cross between S. aethnensis and S. chrysan-
themifolius, F2AS was derived from the cross between
S. aethnensis and S. squalidus, and F2CS was derived from
the cross between S. chrysanthemifolius and S. squalidus.
The F2 individuals were labelled in a way to keep track
of their maternal origin. The analysis of the F2AC family
was previously described in Brennan et al. (2014) but is
included here for completeness and comparison with the
analysis of the two other F2 families.

Genotyping

Genomic DNA was extracted from leaf tissue samples as
described in Brennan et al. (2009) from all F, F, and F,
plants. The number of F, offspring from which DNA was
extracted was 100, 100 and 107 for the F2AC, F2AS and
F2CS mapping families, respectively. Approximately 10
% of samples were extracted twice to serve as quality
controls.

Samples were genotyped for eight selective
primer combinations of Amplified Fragment Length
Polymorphisms (AFLPs) according to Brennan et al.
(2014), with the final choice of primer combinations and
bands scored based on polymorphism in the FO and F1
parents, high scorability (fluorescence signal >100 rfu),
and high repeatability (repeated samples >95 % similar).
In addition, the F, mapping families were genotyped for
a total of 75 codominant genetic markers that were
found to be polymorphic in the F  and F, parents. These
comprised 61 expressed sequence tag simple sequence
repeats (EST SSRs) and EST indels that were developed
from the Senecio expressed sequence tag database
(www.seneciodb.org, Hegarty et al. 2008), and 14 other
codominant SSRs and indels derived from previously
published Senecio sequences as described in Brennan
et al. (2014). Genetic markers were amplified using a
three primer system with universal M13 primers fluores-
cently labelled with FAM6, HEX or NED using a common
Polymerase Chain Reaction (PCR) protocol for genotyp-
ing on a Beckman Coulter CEQ 8000 capillary sequencer
as described in Brennan et al. (2009).
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Genetic mapping

Genetic maps were constructed for each of the map-
ping families using JoinMap v4.0 (Van Ooijen 2001)
as previously described for the F2AC mapping family
(Brennan et al. 2014). Because each F, mapping family
was derived from two outbred F, parents, between two
and four alleles segregated at each polymorphic genetic
locus. Genotype data for AFLPs and other genetic mark-
ers were first formatted according to JoinMap outcrossed
mapping family (Crossed Parent or CP type) that allows
markers with different segregation patterns, phases and
dominance expression to be combined for genetic map
construction. Linkage groups (LGs) were identified as sets
of markers sharing at least one logarithm of odds (LOD)
linkage score >3 and genetic distances <20 Kosambi cen-
tiMorgans (cM) following LG regression mapping. Marker
order for each LG was determined by iterative rounds of
regression mapping, excluding markers that had a large
influence on marker order or goodness-of-fit statistics.
Each genetic map was summarized for total length
according to two different estimators (Chakravarti et al.
1991, Fishman et al. 2001), map coverage according
to Fishman et al. (2001), and genetic marker clustering
using dispersion tests (Brennan et al. 2014).

Genomic rearrangements

Equivalent LGs in each of the three genetic maps were
identified on the basis of shared genetic markers. A few
genetic markers were found to be mapped to non-equiv-
alent LGs, possibly representing genomic translocations.
These markers were excluded from subsequent analyses
of relative marker order (synteny). The relative orienta-
tion of equivalent LGs on different genetic maps with five
or more shared markers was identified by comparing
the results of Kendall’s tau correlation tests of shared
genetic marker rank order in R v3.1.2 (R Development
Core Team 2017). The relative orientation of LGs with
fewer than five shared markers was determined by
comparing the mean absolute difference in marker
rank order. Overall synteny of genetic maps was then
assessed using Kendall’s tau correlation tests. Potential
genomic rearrangements were identified by examining
marker order differences for each paired LG comparison
where no combination of LG orientations across the three
maps could counteract uncorrelated marker orders in at
least one map. Rearrangments typically manifested as
transversions with the sequence of marker order differ-
ences switching from positive to negative or vice versa.
The start and end points of rearrangements were esti-
mated as half the distance between the outermost rear-
ranged marker and the next non-rearranged marker.
Recombination rates were compared between rear-
ranged and non-rearranged genomic regions in each

map using two sample unpaired rank-sum Wilcox tests
of mapped marker distances.

Transmission ratio distortion

To identify genomic regions containing genetic incom-
patibilities between species, genotype data for each
marker in each mapping family were initially tested
(Test 1) for TRD against the null hypothesis of Mendelian
segregation with %2 tests using Microsoft Excel 2010
(Microsoft Corp). Genetic markers were considered to
show TRD if %2 tests were significant at a 95 % confi-
dence level before examining the effect of using a 100-
fold stricter confidence level to account for multiple
marker tests per map.

All markers linked to a genetic incompatibility locus
are expected to show similar patterns of TRD. Therefore,
clusters of genetic markers showing similar patterns of
TRD and linked by less than 10 ctM map distance were
identified as TRDLs. Single genetic markers showing in-
dependent patterns of TRD and located more than 10
cM from other markers with TRD were considered as
additional TRDLs, albeit with less supporting evidence.
The extent of a genomic region affected by TRD was es-
timated as halfway to the next marker not showing TRD.

Genotype data were further examined to determine
the possible causes of TRD by means of the following
tests. Test 2: Cytonuclear incompatibilities depend-
ent on cross direction were examined by testing for
genotypic TRD in the subsets of each mapping fam-
ily in each reciprocal cross direction (i.e. sharing the
same species cytoplasm). Test 3: For those TRDLs con-
taining genetic markers for which all alleles could be
assigned to each F parent, the influence of pre-zygotic
incompatibilities acting at the haploid gametophyte
stage was assessed by performing 2 tests of allelic
frequencies against null expectations. Dominantly
scored markers or markers where parental genotypes
shared some alleles could not be tested in this way.
Test 4: Also, for those TRDLs containing genetic mark-
ers for which all alleles could be assigned to each F
parent, deficits or excesses of heterozygotes in terms
of F, parental origin were tested with y? tests against
null expectations. Test 5: Two-locus negative epistatic
interactions, also known as BDMs were tested by build-
ing contingency tables of genotype combinations for
the most distorted marker within each pair of TRDLs
and performing Fisher’s exact tests for biases in geno-
type frequency combinations.

Co-location of TRDLs across the different genetic
maps and with genomic rearrangements

The locations of observed TRDLs and genomic rear-
rangements were compared between the different
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genetic maps by transposing them onto the F2AC map
according to common genetic markers. For this, the
location of the genetic marker in the F2AC map that
showed most TRD in each TRDL and the midpoint of
each rearranged genomic region were used for sub-
sequent analyses of co-location. Co-location between
TRDLs identified by genotype tests in each pair of
genetic maps after transposition onto the F2AC genetic
map was tested using sampling without replacement
tests as described in Brennan et al. (2016). Briefly, the
genetic map was divided into ‘n’ intervals of equal
length and the frequency of TRDL occurrence and co-
occurrence in each interval was tested against null
expectations of no association between the genomic
distributions of TRDLs in each genetic map. The influ-
ence of including either TRDs with individual- and map-
level 95 % confidence levels at a range of interval sizes
on the test statistic was investigated. Those TRDLs that
mapped to different equivalent LGs when transposed

onto the F2AC genetic map were excluded from the
TRDL co-location analysis due to uncertainty over their
map position. Following these analyses, the co-loca-
tion between genomic rearrangements and TRDLs was
examined in the same way.

Results

Genetic maps

Detailsof allgeneticmarkersused to genotypeindividuals
for the construction of genetic maps including: type (SSR,
indel or AFLP), EST match in the Senecio EST database,
primer sequences, F, genotypes and genetic mapping
information are provided in Supporting Information—
Table S1. The full F2AS, F2AC and F2CS genetic maps are
illustrated in Supporting Information—Figure S1 with
a summary of five LGs presented in Fig. 1 and summary
statistics provided in Table 1. The F2AC genetic map
was described previously (see Brennan et al. 2014 and
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Figure 1. Interleaved genetic maps of selected linkage groups (LGs) from the F2AC, F2AS and F2CS mapping families. Map distances in
Kosambi centiMorgans are shown in the scale to the left of LGs. Linkage groups are represented by vertical bars with mapped marker posi-
tions indicated with horizontal lines. Linkage group names are presented in bold above each LG with letters indicating the pair of F species;
S. aethnensis (A), S. chrysanthemifolius (C) or S. squalidus (S) that founded the mapping family and numbers indicating equivalent LGs that
share genetic markers across the three maps. Weakly linked LGs that are thought to belong to the same chromosome are aligned vertically
under a single overall LG name. Marker names are listed to the left of LGs in grey if they are common to another genetic map or in black if
they are uniquely present on that genetic map. Dotted lines link common marker positions on the equivalent LGs of different genetic maps.
Black shaded portions of LGs indicate chromosomal transversions identified from switches in marker order compared with equivalent LGs. See

Supporting Information—Figure S1 for a depiction of all LGs corresponding to 10 chromosomes.
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Dryad Digital Repository: doi:10.5061/dryad.7b56k) and
is included here for comparative purposes. F, genotype
data used to construct the F2AS and F2CS genetic maps
are available at (DRYAD Digital Repository; doi:10.5061/
dryad.82d5f33).

Each map comprised 13 to 15 LGs based on our min-
imum linkage criteria of greater than 3 LOD linkage be-
tween pairs of markers and <20 Kosambi cM distance
between markers. However, some pairs of LGs showed
weaker evidence of linkage or were part of the same
equivalent LG in another genetic map leading to the
conclusion that these maps correspond to the n = 10
chromosomes expected for these Senecio species
(Alexander 1979). The F2AS and F2CS maps contained
slightly more markers (139 and 143, respectively) than
the F2AC map (127 markers), but were slightly shorter
in total map length (289.3 and 294.8 Kosambi cM, re-
spectively) relative to the F2AC map (313.8 Kosambi cM).
Genetic markers were separated by mean distances of
2.8, 2.4 and 2.3 Kosambi cM within the F2AC, F2AS and
F2CS genetic maps, respectively, with between >95.6 %
and > 99.8 % of the genome predicted to be within 5
and 10 Kosambi cM of a mapped maker. However, ac-
cording to dispersion tests the distributions of genetic
markers were significantly clumped across all three
maps (P < 10-'¢, all maps), indicating that some regions
of each map show better marker coverage than others.

Genomic rearrangements

Paired comparisons between the three genetic maps
showed that almost half (62 to 70) of the genetic mark-
ers were shared between each pair of maps allowing
identification and orientation of equivalent LGs [see
Supporting Information—Figure S1 and Table 2]. The
maps showed high synteny overall as indicated by high
Kendall’s tau correlation coefficients for genetic marker
rank order (Fig. 2). Based on the magnitude of the tau
coefficient, the overall AS-CS comparison showed high-
est synteny, followed by AC-AS and then AC-CS (Fig. 2).
Nonetheless, one to three genetic markers per map
were discordant with the overall sharing of markers
between LGs and were present on a non-equivalent LG
in another of the maps, as labelled in Fig. 2. Moreover,
ten instances of switches in marker order, correspond-
ing to five genomic regions, were detected when shared
marker order was examined between pairs of maps at
an LG level (Fig. 1, Table 2). These likely genomic rear-
rangements were present on LGs 8 and 4 in the F2AC
and F2AS maps, respectively, and on LGs 3, 9 and 10 in
the F2CS map, as highlighted in Fig. 1. It was further evi-
dent that mapped marker distances were significantly
shorter within genomic regions associated with these
rearrangements compared with other genomic regions

(mean + SD 0.6 + 0.7 versus 3.8 + 4.1 for F2AC, 0.6 £ 0.8
versus 3.1 + 3.8 for F2AS, 0.5 * 0.6 versus 3.0 * 4.3 for
F2CS, Wilcox test P < 10 for each map) in accordance
with expectations of reduced recombination within rear-
ranged regions.

Transmission ratio distortion

Results of all TRD tests for genetic markers ana-
lysed in the F2AS and F2CS families are presented in
Supporting Information—Tables S2 and S3, respect-
ively. Equivalent results for the F2AC family are avail-
able in Table S2 of Brennan et al. (2014). The three
F, mapping families differed significantly in the fre-
quency of genetic markers showing genotypic TRD
[Test 1, see Supporting Information—Table S4], with
26.8 %, 14 % and 2.9 % of markers exhibiting TRD
in the F2AC, F2CS and F2AS mapping families, re-
spectively. When genotypic TRD was tested using the
more stringent map-wide 95 % confidence level, no
difference was detected between the F2AC and F2CS
mapping families in frequency of genetic markers
showing TRD, but the difference between these two
families and the F2AS mapping family remained,
with the latter map containing no markers exhib-
iting genotypic TRD at this threshold [see Supporting
Information—Table S4]. Unmapped genetic markers
were more likely to show genotypic TRD in each map-
ping population.

After combined markers with genotypic TRD into
TRDLs, it was apparent that fewer TRDLs were detected in
the F2AS and F2CS maps (containing four and six TRDLs,
respectively) (Table 3, Fig. 3) than in the F2AC genetic
map (containing nine TRDLs) (Table 3 in Brennan et al.
2014). Although most TRDLs identified in the F2AS and
F2CS maps mapped to equivalent LGs in the F2AC gen-
etic map, there were two notable exceptions. These in-
cluded a TRDL represented by genetic marker E3M5_65,
which mapped to LGs AC2 and AS4, and another rep-
resented by E8M5_110 that mapped to LGs AC8 and
CS1. These exceptions could represent translocations or
errors in mapping potentially caused by TRD itself.

Further tests indicated the possible causes of TRD at
a locus. Thus, Test 2 indicated examples of asymmet-
ric TRD (i.e. dependent on cross direction) at three of
four TRDLs resolved in the F2AS mapping family, but at
none of the six loci resolved in the F2CS family (Table 3).
Rather surprisingly, some additional asymmetric TRDLs
(eight and four in the F2AS and F2CS maps, respectively)
were detected by these cross-specific tests (Table 3, Fig.
3) that were not detected in the analysis of entire F2
progenies (Test 1).

Tests of pre-zygotic (or allelic) TRD (Test 3) were sig-
nificant for one F2AS and four F2CS TRDLs (Table 3),

AoB PLANTS https://academic.oup.com/aobpla

© The Author(s) 2019

610z Aieniga4 g uo Jasn weyin( Jo Ausieaiun Aq L8¥+22S/8.20A1d/1/1 | 1oensge-adie/e|dgoe/woo dno-olwapeose)/:sdijy Woll papeojumo(]


http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply078#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply078#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply078#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply078#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply078#supplementary-data

Brennan et al. — Hybridizing incompatibilities in Senecio

Downloaded from https://academic.oup.com/aobpla/article-abstract/11/1/ply078/5274481 by University of Durham user on 05 February 2019

‘suoslipduwod dow paJipd omy ay3 uo paspq
uoibas dow d132usb awps 8y} Ul ‘Aj9Al30adsal ‘suoisod pua UOISISAUDI} 0M] 3y} Jo 196D 9y} puUD SUO[HSOd 1DIS UOISISAUDI} OM} JO J3]|DWS Y3 34D Uof}sod pus Xxpw pup uolisod 1pls

ully "sdow Jay30 Yy1oq yym uoibas doul awDSs Y3 Ul S9IUIDHIP P40 J3IDW SMOYS 30y3 dpul 2139uab ay3 S| dpul palaAsuUDI] “J9pJ0 Jaxpwl Ul 96ubyd 3y} Jo pus pup 1ip1s dow Jyz4 3y}
U?3M3}3q 92UD3SIp UDBIONIIUDD BY3 S| (WD) YibuaT 4axiow paddpul Jyz4 1S240aU 3y} 03 JaXIDW PUS/}DIS 9Y} USIMIDG 9IUDISIP 9y} SD palp|n2ipd si uolyisod a1pwixoiddp up ‘dpw Jyz4 9y}
U0 Judsa.d JOU BID SISHIDW PUS/HDIS UBYM JBPJO JdXIDW Ul 96UDYd 83 Jo uorisod pua/ips dpw Jyz4 JUSIPAINDa 8y} s uoilisod pua/1iD3s J 4BPJO JaxIDW Ul 86UDYD 8y} JO pud/1IDIS By}
01 J9¥4pw paddow Jyz4 1S24D3U B3 S| J9XIDW PUS/DIS IV "PUNOS SDM ISPIO JSXIDW Ul 9IUBISHIP SY3 249YM 97T JZ4 JUSIDAINDS 3Y3 SI DT IV "SINJDA (341p)sgp J3)|pwls 01 buippa) Ino 4ay1o
oD3 |392UDJ 1DY3 2UBIHIP 3AI}ISOd YIIM PUS PUD S92UDILIP SAIIDH3U Y3IM 1UDIS 10] JSP.O J9XIDW Ul SUOISISASUDI] 93DIIPUI SSN|DA (JJIP)SD-41pSqD 496.D] 43P0 YUDJ Ul S3IUBIBHIP JXIDW
UDAW JO 93N10SAD B3 SNUIL JSPJO YUDJ Ul 3IUIS44IP 9INJOS]D JSXIDW UDSW Y3 SI }H ‘S9IUSIBYIP JSPIO JSNIDW SSZLUDWWINS (JJIP)SGD-JJIPSD "WOPUDA UDY] JUIS441P AJUDpd1IubISul 34D s1apio
Jax4pow pasndwiod ay3 3py3 buapdipul umoys aIp G0'Q UDY3 41930346 S3INSaJ 3593 ‘SaNJDA ND} PaAIsqO 3y} 4o A3jIqpqoad a3 si an|pA 4 *AuajuAs Jaybiy buiipaipul sanjoa 1abip) yym T 03 0 ol
abupJ saN|DA 21351103S AIDWWINS 1S9} UOIID|3440D }uD4 paJipd ||ppudy ay3 s np} "'sdow d13auab paipdwod Jo Jipd Yops Jo 57 JUI|DAINDS Y3 UO SISHIDW UOWLLIOD JO JDqUINU BY] S| SINIDW #

€0 VA 889113 'S €ZT LW8I 01DV 9ST  (IT0) €%0 6 SJ¢4 pup Syed

9'¢ 7S 8¢ SJdAd 91 7'y 0¢s3 8¢ IIZ LWI3 01DV SZT1 (0T°0) 6%°0 8 §J74 pPupb Jved

VA3 L'ST S0Z SW83 €l €GT SW83 6IV 1 (zz0o)9v0 9 SJ¢4 pup Sy¢d

66 L'ST 8'S SJ¢A 69 Lt LT€ €WI3 8'q SYA 60V €€T  (L%0)€€0 9 SJ¢4 pub Jved

8’1 991 €0T 9WS3 8%l IZT €EWI3 8V €e’l (70°0) 95°0 6 S$J¢4 pPup Jved

6'€ /T 9¢l Jved 6'€ /T 8411 9¢l 10% 9WS3 8JV 9¢'z  (¢1°0)8€0 11 $J¢4 pup Syed

[4 181 ¢1603 191 LST SW83 #JV 1 (90°0) £SO 8 SJ¢4 pup Sv¢d

Sy 9°0¢ 191 Svad €'¢ 9'0¢ 6.1 LWY3 (WA ZST LWv3 %OV 6C'C (920010 L SO¢4 pup Syzd

[ard 7'9¢ €5% 9WS3 ye [8T 9WST €IV Tara (55°0) 120 8 S$J¢4 pup Svzd

'L €1y e Sodd 8y €1y 207 SWI3 G9¢ S0% €WNSI €IV £9°0  (90°0) 69°0 9 §$J¢4 pup Jved
(W2) (W2)

(W3) uomisod  uonisod dow (W2)  (wd) uonisod PN (W»2) uorsod FENPLII] (331p)sqp (@npA g) uosupdwod

yibus] pua xow DIS UIW  papdAsUDAl  Yibud) pus DV pus DV 1D1S DV 1D1S DV 910V -HIpsqp noj si9Mjipw # dop

‘uostpdwod dowi d139uab pasipd Yops Ul 97 YdD3 10} J9PIO IBNIDW PRIDYS JO AUDIUAS 10) S3S91 Aq Pa1da1ap SUOISISASUDI] JO AIDWWNS *Z 91qDpL

© The Author(s) 2019

//lacademic.oup.com/aobpla

AoB PLANTS https

8



Brennan et al. — Hybridizing incompatibilities in Senecio

o _ o o
[*e} [*e] [<e]
N N ’y’ N 'o{
2 84 o B 31 A 2 8A S
o & [} K S
x og x (d ~ Eiv3 o7 ;%
’,v“, N o 4
2 34 > 8 24 S gz 82 - /:.‘“
N 4 & &
4 E1M3_147
OESMS_'GQ Fot4ts & )(
2 A P4 2 A . { - ’
~ # 4
p v E8M5_110 of
¥ s o y
o o o 7
<4 < J g J
) ) ) ) ) ) ) | ) ) ) ) ) | ) ) ) ) ) ) ) |
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

F2AC rank order

F2AC rank order F2AS rank order

Figure 2. Paired comparisons of marker order between the F2AC, F2AS and F2CS genetic maps. Points indicate the relative map order of gen-
etic markers common to each pair of compared genetic maps. Blocks of alternating light grey and black points indicate different LGs. Labelled
circles indicate genetic markers in discrepant map positions (>10 difference in relative map order) in each pair of compared genetic maps. The
dashed lines indicate identical marker order for comparison. Summaries of Kendall’s rank correlation tests are shown in the top left corner

of each panel.

whereas tests of parental allele heterozygote surplus
or deficit (Test 4) showed deficits for one F2CS and two
F2AS TRDLs resolved in the analyses of entire F2 fami-
lies and two additional F2AS TRDLs resolved in the tests
of asymmetric TRD (Table 3). Finally, tests of negative
epistasis between TRDLs (Test 5) were significant for
three interacting F2CS TRDLs represented by markers
EC296B, EIM3_264 and E8M5_110 (Table 3). The minor-
ity genotype combinations for these TRDLs suggested a
lack of S. squalidus-like genotypes. Two of these TRDLs,
EC296B and E8M5_110, while on separate LGs in the
F2CS map, form part of a large TRDL located on the AC1
LG of the F2AC map (Brennan et al. 2014).

Co-location of TRDLs (genetic incompatibilities)
across genetic maps and with genomic
rearrangements

Comparison of the genomic distribution of TRDLs indi-
cated that all LGs contained TRDLs across the three
genetic maps with between one and five TRDLs observed
per LG (Fig. 3, Table 3). There was evidence for co-loca-
tion of TRDLs between genetic maps. In particular, the
F2AC and F2CS genetic maps showed significantly more
co-located TRDLs than expected by chance for all sub-
sets of TRDLs and across a range of map interval test
lengths from 2 to 8 cM [see Supporting Information—
Figure S2]. Co-location tests at larger map interval
lengths were probably more conservative as the ran-
dom chance of multiple TRDLs occurring within the

same large interval increased. Visual inspection of the
maps identified these co-located TRDLs on LGs 1, 4, 7
and 10. No significant co-location of TRDLs was evi-
dent from comparisons of the F2AC and F2AS or the
F2AS and F2CS maps. Co-location tests involving TRDLs
that remained significant after correction for multiple
testing found significant co-location of TRDLs on LGs
1 and 4 of the F2AC and F2CS maps [see Supporting
Information—Figure S2]. No evidence was found for
TRDLs being co-located with the midpoints of genomic
rearrangments as inclusion of these data into the co-
location analyses did not change the significance of test
statistics [see Supporting Information—Figure S2].

Discussion

The genetic mapping and TRD analyses conducted on F,
families generated from pairwise species crosses indi-
cate that the homoploid hybrid species, Senecio squali-
dus, has inherited genetic incompatibilities from both of
its parental species, S. aethnensis and S. chrysanthemi-
folius. These findings lend support to a model of how
reproductive isolation of a homoploid hybrid species can
be initiated by inheritance of pre-existing genetic incom-
patibilities between the parental species (Schumer et al.
2015). Although reproductive isolation of S. squalidus
from its parents is primarily dependent on ecogeo-
graphic isolation, with some isolating effects possibly
resulting from genetic drift or selection during its origin
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Figure 3. Genetic map locations and evidence for co-location of F2AS and F2CS transmission distortion loci transposed onto the F2AC gen-
etic map. The F2AC genetic map was used as a reference against which to compare TRDL locations. Genetic map features are as described in
the notes to Fig. 1. TRDL locations are represented as vertical lines to the right of F2AC LGs and named after the genetic map in which they
were observed. The lines depicting TRDLs extend to cover linked genetic markers showing TRD. A bold cross hatch indicates the location of
the marker with greatest TRD within that TRDL. Black lines indicate TRDLs identified from significantly biased genotype frequencies while
grey lines indicate TRDLs identified by other tests (see Table 2). * after TRDL names indicates that 2 test resulted in P < 0.0005. ~ before TRDL
names indicates that the marker with greatest TRD was not found on the F2AC map but the approximate position and extent of the TRDL was
estimated from synteny across genetic maps. » before TRDL names indicates that the marker with greatest TRD was present on a different LG
compared to its F2AC location (see Table 2).

and establishment in the UK (James and Abbott 2005;
Abbott et al. 2009; Ross 2010; Brennan et al. 2012), our
results indicate that inherited genetic incompatibili-
ties also contribute to the reproductive isolation of this
homoploid hybrid species.

Genetic maps

Our previous genetic mapping study using the same
S. aethnensis and S. chyrsanthemifolius parental individu-
als as in this study suggested that the large-scale struc-
ture of the genomes of both species was similar with no
genetic evidence of fusions, fissions or translocations
among chromosomes (Brennan et al. 2014). This finding
was further supported by the results of an independent
genetic mapping study conducted by Chapman et al.

(2016). The present investigation extended these
analyses to a comparison of the genomic structure
of S. squalidus with its progenitors and indicated that
some large-scale genomic restructuring had occurred
during the origin of S. squalidus, although the three
genetic maps were very similar overall, in terms of
number and length of LGs detected. Comparisons
between the three genetic maps indicated that the
13 to 15 LGs present in each map could be assigned
to the ten chromosomes expected for these Senecio
species (Fig. 1 and Supporting Information—Fig. S1,
Table 1). The maps also showed similar total and indi-
vidual LG lengths, which corroborates the similar 2C
nuclear DNA content measures of 1.57, 1.63 and 1.41
pg recorded for S. aethnensis, S. chrysanthemifolius
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and S. squalidus, respectively (Coyle and Abbott,
unpubl. results). It seems, therefore, that genome
size increase caused by retrotransposon proliferation
activated by hybridization as reported in Helianthus
(Baack et al. 2005; Ungerer et al. 2006) and Aegilops
(Senerchia et al. 2016) is probably not a feature of this
Senecio system.

Nature of genomic rearrangements

Genetic mapping showed that approximately half of
all component genetic markers were shared between
each pair of genetic maps and these shared markers
indicated high overall synteny between maps based on
correlation tests (Fig. 2). A few genetic translocations be-
tween LGs, involving only one to three genetic markers
that were found on non-equivalent LGs per paired map
comparison, were observed (Fig. 2), and might reflect
small-scale genomic translocations affecting indi-
vidual genetic markers at a scale of 2 to 5 cM (one to
two times the mean cM distance between mapped
markers). However, an alternative explanation is that
some of these genetic markers that map to different LGs
in different genetic maps also show strong genotypic
TRD in one or both genetic maps (E5M3_65 for the F2AC
versus F2AS comparison and E1M7_207 and E8M5_110
for the F2AC versus F2CS comparison). Strong TRD could
cause false associations between genotypes of unlinked
markers leading to errors in map location.

Tests of marker order at the LG level found evidence
for genomic transversions affecting at least five differ-
ent genomic regions; one present on each of the F2AC
(LG8) and F2AS (LG4) maps and three on LGs 3,9 and 10
of the F2CS map (Fig. 1). These results suggest that the
genomes of the three parental individuals represent-
ing each of the three study species are distinguished
by one to three genomic rearrangements. Determining
which rearrangement is associated with each species
and which rearrangements might have been inherited
by S. squalidus from its parental species would require
additional genetic mapping studies of within species
crosses. These rearranged genomic regions also show
significantly shorter mapped marker distances than
other genomic regions. This is because recombination is
negatively selected within these genomic regions in the
progeny of individuals heterozyogous for the rearrange-
ment as it generates large deleterious insertion-deletion
mutations (Fishman et al. 2013).

The genomic rearrangements identified could indi-
cate genomic regions that potentially harbour many
genes of functional significance that are protected
from interspecific gene flow and upon which selection
can act to promote divergent evolution. Genomic inver-
sions have been found to be associated with multiple

examples of divergent adaptive evolution in the pres-
ence of gene flow, for example, perennial and annual
ecotypes of Mimulus guttatus (Twyford and Friedman
2015), and different Mullerian host mimics in the but-
terfly, Heliconius numata (Joron et al. 2011). It would be
of interest to investigate further the potential contribu-
tion that genomic rearrangements between S. aethnen-
sis and S. chrysanthemifolius make towards maintaining
ecological differentiation despite gene flow across the
Mount Etna hybrid zone. The interspecific genomic rear-
rangements observed in these genetic maps could also
contribute to genetic incompatibility between S. squali-
dus and both of its parental species.

Genomic reconstruction during the origin of
S. squalidus agrees with reports of the same in other
homoploid hybrid species, e.g. in Helianthus (Burke
et al. 2004) and in Iris (Tang et al. 2010; Taylor et al.
2013). In these cases, genomic reorganization was in-
terpreted as a ‘genomic shock’ response to hybridiza-
tion (McClintock 1984; Rieseberg 2001; Chen and Ni
2006), enabling stabilization of the hybrid genome,
and associated positively with evolutionary diver-
gence of the parental genomes. The parental spe-
cies of S. squalidus are estimated to have diverged
relatively recently, around 150 000 years ago, once
suitable habitats for the high altitude species S. aeth-
nensis became available with the rise of the volcano,
Mount Etna, in Sicily (Chapman et al. 2013; Osborne
et al. 2013). Despite their very recent origin, some
genomic rearrangements appear to have already
emerged between these two species. In combination
with findings for other homoploid hybrid species (Tang
et al. 2010; Taylor et al. 2013), our results suggest that
genomic restructuring is a frequent feature of the suc-
cessful establishment of new hybrid species in com-
bination with ecological and/or spatial divergence
from parental species (Buerkle et al. 2000; Baack and
Rieseberg 2007, Karrenberg et al. 2007).

Transmission ratio distortion

The presence of TRD among genotyped progenies is
indicative of genetic incompatibilities between the
parental lines because particular alleles, genotypes, or
combinations of these have been selected against in
hybrid offspring (Fishman et al. 2001; Harushima et al.
2001; Hall and Willis 2005; Moyle and Graham 2006).
Comparisons between genetic maps showed that TRD
was present at multiple genomic regions across all chro-
mosomes. Most genotype-level TRDLs and the highest
proportion of genetic markers exhibiting TRD were evi-
dent in the F2AC map (Fig. 3, Table 3 and Supporting
Information—Table S4). This observation fits with evi-
dence that hybrid incompatibilities have accumulated
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and been reinforced by divergent ecological selection
between the parental species on Mount Etna (Osborne
et al. 2013; Brennan et al. 2014; Chapman et al. 2016;
Filatov et al. 2016), in contrast to incompatibilities
involving the hybrid species that no longer interacts with
its parents due to geographic isolation.

The crossing design used to produce the F, mapping
families involved full-sib F, crosses raising the possi-
bility that some of the observed TRD could be due to bi-
parental inbreeding. These species are self-incompatible
and S. squalidus has been shown to suffer from inbreed-
ing depression when selfed (Brennan et al. 2005, 2013).
Inbreeding depression would affect patterns of TRD in the
form of selection against reconstituted homozygous F,
parental genotypes in the F, progeny. However, at TRDLs
where tests of TRD of heterozygosity of marker alleles of
different F, parental origin could be applied, the majority
of significant results were in favour of a deficit of hetero-
zygotes (one out of one tests for the F2AC map, four out of
four tests for the F2AS map, two out of three tests for the
F2CS map, Table 3). Therefore, most TRDLs in these map-
ping families appear to be caused by genetic incompatibil-
ities between species rather than inbreeding depression.

Less TRD was evident in the F, families produced from
crosses between each parental species and S. squalidus
than between the two parent species. For the families
involving S. squalidus, 14 % of markers were distributed
across six TRDLs in the F2CS family compared with 2.9
% of markers showing TRD across four TRDLs in the
F2AS family (Supporting Information—Table S4). The
extent of genotypic TRD was also more pronounced for
many F2CS TRDLs relative to F2AS TRDLs, indicating that
S. squalidus inherited a greater number of S. aethnen-
sis-like incompatibility alleles or local rearrangements
that preferentially cause genetic incompatibility with
the S. chrysanthemifolius parent. Asymmetric back-
cross incompatibility and directions of introgression
have been reported for a number of hybridizing spe-
cies and can be caused by cytoplasmic incompatibilities
between nuclear and chloroplastic genomes (Buerkle
and Rieseberg 2001; Martin et al. 2005; Scascitelli et al.
2010; Senerchia et al. 2016; Abbott 2017). In the case
of S. squalidus, samples have been found to share the
same chloroplast DNA haplotype with both parental
species, so the direction of the original hybrid cross is
currently uncertain (Abbott et al. 1995; Abbott and
Comes 2001; Simon Hiscock, unpubl. data). The TRD
tests that took cytoplasmic identity into account (Test
2) found only two instances of asymmetric TRD in each
of the F2AS and F2CS mapping families, suggesting that
cytoplasmic incompabilities are minor contributors to
the overall hybrid incompatibility observed in this sys-
tem and supporting the hypothesis that hybridization in

both cross directions could contribute to gene flow and
hybrid evolution.

The greater prevalence of genetic incompatibilities
between S. squalidus and S. chrysanthemifolius does not
appear to have biased parental contributions to the hy-
brid genome of S. squalidus (James and Abbott 2005;
Brennan et al. 2012; Filatov et al. 2016). Instead, the
effect of these genetic incompatibilities on hybridization
dynamics would seem to be restricted to smaller gen-
omic regions. Considering all the forms of TRD identified,
each cross showed multiple TRDLs distributed across the
genome that function in a mixture of cross directions, so
that their combined effect would contribute to genetic
incompatibility in both cross directions.

Similar to results previously reported for the F2AC
mapping family (Brennan et al. 2014), additional tests of
TRD provided evidence for cytonuclear incompatibilities,
allelic pre-zygotic incompatibilities, heterozygote (and
homozygote) deficit and two-locus epistatic incompat-
ibilities as causes of TRD in both F2AS and F2CS mapping
families (Table 3). Moreover, neighbouring TRDLs (<10
cM apart) were identified to exhibit TRD resulting from
different causes, as demonstrated for the neighbouring
pairs of F2AS TRDLs on LGs 1 and 2 (Fig. 3). It seems likely,
therefore, that additional TRDLs would be detected if TRD
in hybrid crosses were to be studied at greater resolu-
tion with more markers employed. Insufficient genomic
resolution might, in part, explain why some TRDLs were
observed in only one family out of the three studied.
It needs emphasizing that the construction of these
genetic maps involved a single representative of each
species and therefore represents a snapshot of all the
genetic incompatibilities that are present in this system.
Genetic maps built from different parents might reveal a
slightly different subset of genetic incompatibilities if the
alleles causing these incompatiblities have not been fixed
in the different species, as noted in hybridizing Mimulus
guttatus and M. nasutus (Sweigart et al. 2007; Martin and
Willis 2010). It is less likely, but not inconceiveable, that
new genetic incompatibilities such as BDMs could have
emerged between the parental species and S. squalidus
since it became allopatrically isolated in the UK approxi-
mately 320 generations ago.

The results of this study confirm that, in addition
to previously identified intrinsic hybrid incompat-
ibilities between S. aethnensis and S. chrysanthemifolius
(Brennan et al. 2009, 2014; Chapman et al. 2016), genetic
incompatibilities are also present between the homoploid
hybrid species, S. squalidus, and its parental species. We
also found support for the hypothesis that these genetic
incompatibilities in S. squalidus were inherited from its
progenitors by testing for genetic incompatibilities that
were shared between the different F, mapping families.
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TRDLs were found to be significantly co-located between
the F2AC and F2CS maps based on four co-located TRDLs
on LGs 1, 4, 7 and 10 (Fig. 3). Taken overall, the evidence
we obtained of multiple shared TRDLs in the genetic maps
of crosses between the hybrid species and its progenitors
supports the evolutionary potential of inheritance and
re-assortment of hybrid incompatibilities (Grant 1981;
Paixdo et al. 2014; Schumer et al. 2015b).

Conclusions

While evidence for the contribution of hybridization to
speciation continues to accumulate in the literature
(Abbott 2017 and references therein), our understand-
ing of the process at a genomic level is still very limited.
Our study addresses this knowledge gap using a genetic
mapping approach to investigate the structure of the
genome of a new homoploid hybrid species in com-
parison to its progenitors. Our results reinforce the view
that hybridization has heterogeneous effects across
the genome at multiple dispersed genomic locations.
A challenge for the future is to examine a greater variety
of naturally hybridizing systems at a sufficiently dense
genomic resolution to determine the generality of these
observations and to zoom in on the particular genes or
genomic structures acting as hybridizing barriers (e.g.
Christe et al. 2017). There continues to be a need to
integrate new genetic data with data on the effects of
hybridization on quantitative traits and fitness, particu-
larly in the environments where hybridization actually
occurs (Goulet et al. 2017). The developing applicability
of high-throughput sequencing methods and their anal-
ysis to non-model hybridizing systems will contribute to
these issues and provide new insights into the evolution-
ary consequences of hybridization.
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