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e Background and Aims Polyploidy and hybridization are important factors for generating diversity in plants. The
species-rich dog roses (Rosa sect. Caninae) originated by allopolyploidy and are characterized by unbalanced meio-
sis producing polyploid egg cells (usually 4x) and haploid sperm cells (1x). In extant natural stands species hybrid-
ize spontaneously, but the extent of natural hybridization is unknown. The aim of the study was to document the fre-
quency of reciprocal hybridization between the subsections Rubigineae and Caninae with special reference to the
contribution of unreduced egg cells (5x) producing 6x offspring after fertilization with reduced (1x) sperm cells. We
tested whether hybrids arose by independent multiple events or via a single or few incidences followed by a subse-
quent spread of hybrids.

e Methods Population genetics of 45 mixed stands of dog roses across central and south-eastern Europe were ana-
lysed using microsatellite markers and flow cytometry. Hybrids were recognized by the presence of diagnostic al-
leles and multivariate statistics were used to display the relationships between parental species and hybrids.

e Key Results Among plants classified to subsect. Rubigineae, 32 % hybridogenic individuals were detected but
only 8 % hybrids were found in plants assigned to subsect. Caninae. This bias between reciprocal crossings was ac-
companied by a higher ploidy level in Rubigineae hybrids, which originated more frequently by unreduced egg
cells. Genetic patterns of hybrids were strongly geographically structured, supporting their independent origin.

e Conclusions The biased crossing barriers between subsections are explained by the facilitated production of unre-
duced gametes in subsect. Rubigineae. Unreduced egg cells probably provide the highly homologous chromosome
sets required for correct chromosome pairing in hybrids. Furthermore, the higher frequency of Rubigineae hybrids
is probably influenced by abundance effects because the plants of subsect. Caninae are much more abundant and
thus provide large quantities of pollen. Hybrids are formed spontaneously, leading to highly diverse mixed stands,
which are insufficiently characterized by the actual taxonomy.
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INTRODUCTION

In angiosperms, polyploidy is a nearly ubiquitous phenomenon
and is often observed in extant lineages (Soltis ez al., 2014),
and whole-genome duplications have also occurred several
times during the phylogeny of angiosperms (Jiao et al., 2011).
However, it is still debated whether polyploidy acts as an evolu-
tionary driving force enhancing speciation or whether it has no
major impact on the long-term evolutionary success of a line-
age (Stebbins, 1950, 1971; Otto and Whitton, 2000; Van de
Peer, 2011; Heslop-Harrison, 2012). Recent polyploidization
events have very often been accompanied by hybridization and
are then termed allopolyploidy, which is considered a major
pathway of sympatric speciation in plants (Soltis and Soltis,
2009). Since genome doubling in hybrids facilitates correct bi-
valent formation during meiosis, it could provide a loophole
from hybrid sterility (Rieseberg and Willis, 2007). The most
prominent process of polyploid formation is the production of
unreduced gametes (Ramsey and Schemske, 1998), which are
more often developed in hybrids with susceptible meiosis
(Mason and Pires, 2015).

The northern hemisphere woody genus Rosa serves as a
good example for studying the evolutionary effects of poly-
ploidy and hybridization because most lineages contain allo-
polyploid taxa (Wissemann and Ritz, 2005; Joly and Bruneau,
2006, 2007; Joly et al., 2006; Fougere-Danezan et al., 2015).
This is especially true for the polyploid sect. Caninae (dog
roses), which evolved by multiple hybridization events
(Wissemann, 1999, 2000; Ritz et al., 2005). Genomes involved
refer to diploid progenitors related to at least two different sec-
tions of Rosa and to a so-called Protocaninae genome, which
has not been found in extant diploid roses (Ritz et al., 2005).
Dog roses are tetra- to hexa- (rarely hepta- and octo-)ploid but
pentaploid cytotypes are most frequent (2n=5x=235)
(Klasterska, 1969; Klasterska and Natarajan, 1974; Koncalova
and Klastersky, 1978; Matecka and Popek, 1982, 1984; Pachl,
2011). Despite their predominant somatic odd ploidy, dog roses
reproduce sexually due to the unique canina meiosis
(Tackholm, 1920, 1922; Blackburn and Harrison, 1921;
Blackburn, 1925). During this meiosis, only two sets of chro-
mosomes form bivalents: one set of bivalent-forming chromo-
somes is transmitted by the haploid pollen grain (1n=1x=7)
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and the other is transmitted together with all sets of univalent-
forming chromosomes by the egg cell. The number of
univalent-forming chromosome sets depends on the somatic
ploidy level, e.g. pentaploids (27 = 5x = 35) have tetraploid egg
cells (1n =4x=28) with three univalent-forming chromosome
sets. Molecular studies revealed that chromosome pairing is not
random, because always the same genetically very similar chro-
mosome sets form bivalents during meiosis (Nybom ef al.,
2004, 2006; Ritz and Wissemann, 2011). Dog roses are distrib-
uted from Europe to West Asia and comprise ~60 species
(Henker, 2000). Due to the above-mentioned allopolyploid con-
stitution, skewed maternal inheritance and ongoing hybridiza-
tion, the taxonomy of sect. Caninae is notoriously difficult.
Dog roses are conventionally divided into six subsections; the
three larger of these (Caninae, Rubigineae and Vestitae) are un-
ambiguously differentiated and each contains several less clear-
cut microspecies (Henker, 2000). During this study we focus on
subsects. Caninae and Rubigineae, which are morphologically
as well as genetically clearly separated from each other (De
Cock et al., 2008; Koopman et al., 2008; De Riek et al., 2013).

Apart from the hybridogenic origin of the section, numerous
cases of hybridization involving extant dog rose species have
been observed in single populations (Schanzer and Vagina,
2007; Schanzer and Kutlunina, 2010; Ritz and Wissemann,
2011; Kellner et al., 2012; Herklotz and Ritz, 2014). Using mi-
crosatellite and morphological data, Ritz and Wissemann
(2003, 2011) and Herklotz and Ritz (2014) demonstrated that
both Rosa micrantha and Rosa agrestis (subsect. Rubigineae)
originated by hybridization between a maternal parent from
subsect. Rubigineae and a paternal parent from subsect.
Caninae. In both cases hybrids were mainly hexaploid, al-
though they originated from pentaploid parents, because unre-
duced egg cells were involved. We hypothesized that the
establishment of hybrids is facilitated by unreduced gametes
since they provide the two highly homologous chromosome
sets needed for correct bivalent formation during canina
meiosis.

Since the above-mentioned observations of spontaneous hy-
bridization between subsections Rubigineae and Caninae have
remained anecdotal, the aim of the present study was to investi-
gate the extent to which hybridogenic individuals occur in
mixed stands of the two parental subsections across a wide geo-
graphic range by analysing ploidy levels and microsatellites. In
particular, we wanted to answer the following questions: (1)
Does the number of hybridogenic individuals vary between the
two parental subsections (reciprocal crossings: maternal
Rubigineae x paternal Caninae versus maternal Caninae X pa-
ternal Rubigineae) and are these hybrids more frequently
formed by unreduced gametes? (2) Do hybrids originate inde-
pendently and multiple times in mixed stands (polytopic origin)
or are they related to one or few hybridogenic ancestors that
subsequently spread across the area (monotopic origin)?

MATERIALS AND METHODS
Study species

Subsection Caninae is widely distributed in Europe, occurring
in hedgerows and forest edges on various soils, and is
characterized by glabrous or hairy leaves and pedicels with no
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or odourless glands (Henker, 2000, 2011). Subsection
Rubigineae is found in more thermophilic habitats on base-rich
soils (Henker, 2000); the leaflets are pubescent and bear numer-
ous glands spreading a fruity scent. Within subsect. Rubigineae
a group of morphotypes with wide-angled, roundish leaflet ba-
ses and glandular pedicels are summarized as Rosa rubiginosa
agg. (Christ, 1873; Henker, 2000). In contrast, the Rosa
elliptica agg. is characterized by leaflets with acute-angled, cu-
neate bases and non-glandular pedicels. Within each subsection
or aggregate, several microspecies are differentiated based on
sets of correlated characters emphasizing fruit morphology
(Christ, 1873; Henker, 2000). For the purpose of the present
study we focus on subsections and aggregates.

Plant material

We collected 811 samples of Rosa at 45 stands in central and
south-eastern Europe in August to September 2012 and 2013
(Fig. 2; Supplementary Data Table S1). Additionally, two
stands from the Ukraine and one individual from Azerbaijan
were included. Subsection Caninae and subsect. Rubigineae
co-occurred at 36 stands. We sampled (4-) 15-20 (—32) indi-
viduals per stand (on average ten individuals of subsect.
Caninae and seven of subsect. Rubigineae). We aimed for a
balanced sampling between the number of individuals of both
subsections and tried to sample all microspecies at a stand.
Species belonging to other taxonomic groups of Rosa were oc-
casionally found but were excluded from further analysis (29
individuals in total; Table S1). For each individual the geo-
graphic position was determined as WGS84 coordinates using a
GPS device; leaf material was dried in silica gel and a herbar-
ium specimen was deposited in the Herbarium
Senckenbergianum Gorlitz, Germany (GLM) (Table SI).
Identification of rose species followed Henker (2000, 2011).

Flow cytometry

Ploidy levels were determined by flow cytometry from
silica-dried leaflets. Rosa arvensis (2n =2x = 14) grown in the
garden of the Senckenberg Museum of Natural History Gorlitz
was analysed simultaneously as an internal standard in each
sample. The exact chromosome number of this calibration stan-
dard was determined with traditional cytological methods
(Supplementary Data Fig. S1). Leaf material was chopped with
a sharp razor blade in nucleus extraction buffer according to
Pfosser et al. (1995) or woody plant buffer (Loureiro et al.,
2007). Both buffers were modified with 10 g L™ polyvinylpyr-
rolidone K30 (Yokoya et al., 2000) and 200 mm D(—)-mannitol
(Dolezel et al., 2007). The lysates were filtered through nylon
gauze (30 pm) and stained with Otto II buffer including
4 ug mL~" 4, 6-diamidino-2-phenylindole. In case of the ex-
traction buffer of Pfosser er al. (1995) we added 2 pl mL™" f-
mercaptoethanol to the Otto II buffer. Fluorescence intensity
was measured with a CyFlow Ploidy Analyzer (Partec,
Miinster, Germany) equipped with a UV LED (365 nm). Each
sample was measured at least twice with a minimum of 3000
particles and a mean coefficient of variation <6 %. Primary
data were analysed with the software Cyflogic v. 1.2.1 (Cyflo
Ltd, Finland). Ploidy levels were calculated from the ratio of
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fluorescence intensity between the sample and the internal cali-
bration standard.

Microsatellites

DNA was extracted from silica-gel-dried leaflets according
to Dumolin et al. (1995) and deposited in the Senckenberg
DNA bank (http://sesam.senckenberg.de/). We amplified nine
microsatellite loci (RhEO506, RhD201, RhB303, RhAB73,
RhP507, RhP50, RhO517, RhD206, RhP518) with primers de-
veloped for Rosa hybrida (Esselink et al., 2003). For three of
them we used the M13 ‘poor man’s’ labelling technique ac-
cording to Schuelke (2000). The non-M13-labelled amplifica-
tions were carried out in 11 pL of reaction mixture containing
30 ng of template DNA, 1xY-Reaction Buffer (Peqlab,
Erlangen, Germany), 2 mm MgCl,, 200 pm dNTPs, 0-07 pm for-
ward primer, 0-36 pum reverse primer and 0-05 U Tag DNA po-
lymerase (Peglab, Erlangen, Germany). Forward primers were
directly labelled with fluorochromes (6-FAM, VIC, PET,
NED). The PCRs were performed in an Eppendorf
Mastercycler EP S (Eppendorf, Hamburg, Germany) pro-
grammed for 180 s at 94 °C followed by 32 cycles of 30 s at
94°C, 30 s at 53°C and 45 s at 72 °C and a final extension for
5 min at 72 °C. For the nested amplification with M13-labelled
primers we followed Schuelke (2000). Fragment analysis was
performed using an ABI3730 automated sequencer (Life
Technology, Darmstadt, Germany) and the size standard LIZ-
500 (Life Technology) at the Senckenberg Biodiversity and
Climate Research Centre (BIK-F) in Frankfurt am Main
(Germany). Scoring of fragments was done with the software
Peak Scanner v. 1.0 (Thermo Fisher Scientific). The length of
M13-labelled fragments was reduced by 18 bp according to the
M13 sequence length.

Identification of hybrids

Since canina meiosis violates the assumptions for hybrid
identification used by common software applications, we iden-
tified hybrids according to the following premises derived from
previous studies (Nybom er al., 2004, 2006; Ritz and
Wissemann, 2011; Herklotz and Ritz, 2014). Dog roses often
contain fewer alleles per locus than expected from their ploidy
level (e.g. at maximum four different alleles in pentaploids).
Thus, at least one allele has two identical copies, which are pre-
sumably located on the highly homologous bivalent-forming
chromosome sets. Pentaploid and hexaploid hybrids (the latter
were derived from unreduced egg cells) may have five different
alleles at a locus when the pollen parent contributed an allele
not present in the egg cell.

For hybrid identification, all individuals were first assigned
to one of the two subsections by morphology. An individual as-
signed to a subsection represents either a potential maternal par-
ent or a hybrid derived from the maternal parent of this
subsection and a paternal parent of the other. Henceforward, we
refer to hybrids arising from maternal parents of subsect.
Caninae as Caninae hybrids and hybrids derived from the sub-
sect. Rubigineae maternal parent as Rubigineae hybrids.
Second, we determined diagnostic alleles of the respective pa-
ternal subsection according to the following premises. (1) A
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candidate allele must be more frequent in samples of the mater-
nal subsection with five or more alleles per locus (at at least
one of nine investigated loci) compared with samples of the
same subsection containing a maximum of four alleles per lo-
cus. (2) After passing the first criterion, alleles were considered
diagnostic if their relative frequency was at least 5-fold lower
in samples of the maternal subsection with a maximum of four
alleles per locus than their relative frequency in individuals of
the paternal subsection with a maximum of four alleles per lo-
cus (1/5 = pmaw/Ppars)- The relative frequencies for each subsec-
tion were calculated by dividing the frequency of the respective
allele in samples with a maximum of four alleles per locus by
the total number of individuals with a maximum of four alleles
per locus to account for the higher number of investigated
plants and the higher allelic diversity in subsect. Caninae com-
pared with Rubigineae. Third, all investigated plants of a sub-
section (without taking the number of alleles per locus into
account) were screened for the presence of diagnostic alleles.
Plants with at least three diagnostic alleles across all loci were
considered to be hybrids. Additionally, we performed a series
of analyses changing the threshold for comparing the relative
frequencies of the two subsections from one to nine to test its
quantitative influence on hybrid identification.

Statistical analysis

We treated the microsatellite data as allelic phenotypes (pres-
ence/absence of alleles). Samples containing missing values at
more than one locus were excluded. Thus, the final data set
contained 2-1% missing values and was reduced to 742 sam-
ples. These data were transferred into Bruvo distances (Bruvo
et al., 2004) using the POLYSAT package (Clark and
Jasieniuk, 2011) running under the R environment (R Core
Team, 2015). Since microsatellite genotypes are mostly un-
known in polyploids, Bruvo distances assume ambiguous allele
copy numbers in partial heterozygotes and take mutational dis-
tances into account by including repeat themes of the microsat-
ellites. Principal coordinate analysis (PCoA) based on
square-rooted Bruvo distances was computed in R using the
VEGAN package version 2.3.5 (Oksanen ef al., 2015). To ana-
lyse molecular variation at several hierarchical levels (subsec-
tions, aggregates, species, ploidy levels), analysis of molecular
variance (AMOVA) was performed using the POPPR package
(Kamvar et al., 2014, 2015). Percentages of polymorphic alleles
were computed with GenAlEx 6.5 (Peakall and Smouse, 2006,
2012). To test matrix correlations between geographic distances
(WGS84 coordinates transformed into Euclidean distances) and
genetic distances, Mantel tests with 9999 permutations were
computed with the ADE-4 package (Dray et al., 2007), but
samples from outlier locations (Azerbaijan, Ukraine) were
excluded.

Due to the above-mentioned challenges of canina meiosis,
traditional methods for analysing hybrid origin cannot be ap-
plied. Thus, we used a multiple response permutation procedure
(MRPP) based on Bruvo distances with 999 permutations im-
plemented in the VEGAN package. If hybrids originated inde-
pendently in mixed stands, genetic distances between hybrids
within a locality should be smaller than between randomly se-
lected hybrids from ‘pseudo-localities’ generated by
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TaBLE 1. Characteristics of microsatellite loci and the number of diagnostic alleles per locus used for hybrid identification

Range of allele length (bp) No. of detected alleles

No. of alleles per individual

No. of diagnostic alleles

subsect. Caninae subsect. Rubigineae

2-6 3 4
1-5 4 3
1-4 0 2
1-3 4 1
2-6 2 2
3-7 2 7
12 0 1
3-6 3 1
1-4 4 1

22 22

Locus
RhEO506 188-251 21
RhD201 169-231 22
RhB303 100-146 16
RhAB73 155-191 19
RhP507 89-203 18
RhP50 225-364 40
RhOS517 163-270 8
RhD206 185-365 31
RhP518 123-183 16
Total
A 350 subsect. Caninae (n = 385)
300
“©
% 250
=
E 200
° 150
)
o
E 100
S
P4
50
0 - ) ;
4x non- 5x non- 6x non-  4x hybrids 5x hybrids 6x hybrids
hybrids hybrids hybrids
B 120 subsect. Rubigineae
«» 100
©
3
s %
°
c
= 60
o
g 40
S
S
= 20
N | — . |-
4x non- 5x non- 6x non-  5x hybrids 6x hybrids 7x hybrids
hybrids hybrids hybrids

W R. rubiginosa agg. (N = 177) O R. elliptica agg. (n=74)

FiG. 1. Proportions of different cytotypes in hybrids and non-hybrids of subsect.
Caninae (A) and in the two aggregates [R. rubiginosa agg. (black) and R. ellip-
tica agg. (white)] of subsect. Rubigineae (B).

permutations. In the case of a single hybridogenic origin, hy-
brids differ slightly among localities. Localities with a single
hybrid plant were excluded from the analysis.

RESULTS
Species composition

We analysed five species of the subsect. Caninae [Rosa can-
ina (316 individuals), R. subcanina (44), R. dumalis Bechst.
(3), R. corymbifera (87), R. subcollina (10)] and five species of

subsect. Rubigineae [R. inodora (25), R. agrestis (63) of the
R. elliptica agg. and R. rubiginosa (25), R. gremlii (87),
R. micrantha (82) of the R. rubiginosa agg.] at our study sites
(in total 742 individuals) (Supplementary Data Table S2).
However, except for R. rubiginosa and a few individuals of
R. dumalis we did not find the so called D-type microspecies
of either subsection (Henker, 2000; R. elliptica, R. caesia).

Microsatellite alleles

Alleles ranged from 89 to 365 bp in length (Table 1). The
highest number of alleles (40) was found at locus RhP50 and
the lowest (eight) at locus RhO517. Individuals contained be-
tween one and seven alleles per locus. We detected 22 diagnos-
tic alleles across all loci for each subsection (Table S2). The
number of diagnostic alleles per individual counted across all
loci ranged from zero to four for subsect. Caninae and from
one to seven for subsect. Rubigineae. In most individuals we
found at most one diagnostic allele per locus. In subsect.
Caninae a few individuals contained two diagnostic alleles per
locus (one 4x, eight 6x and six 6x individuals; Table S2). In
subsect. Rubigineae only three heptaploid individuals contained
a maximum of two diagnostic alleles per locus.

Ploidy levels and hybrids

Ploidy levels ranged from 4x to 7x (Fig. 1, Table 2; Table
S2). However, we were not able to determine ploidy levels in
75 individuals of subsect. Caninae and 31 individuals of sub-
sect. Rubigineae due to withered leaf samples. Pentaploids
were most frequent (71 % Caninae, 64 % R. rubiginosa agg.,
55% R. elliptica agg.); tetraploids were rare (7% in each
of subsect. Caninae and R. rubiginosa agg.) and missing in
the R. elliptica agg. Hexaploids occurred more frequently
in subsect. Rubigineae (20 % in R. rubiginosa agg. and 25 % in
R. elliptica agg.) compared with subsect. Caninae (6 %). We
detected one heptaploid individual in R. rubiginosa agg. and
four heptaploids in the R. elliptica agg.

In sum, 45 % (128 individuals) of subsect. Rubigineae and
24 % (110 individuals) of subsect. Caninae met the first precon-
dition for harbouring candidate alleles (five or more alleles at
one or more loci) without taking relative allele frequencies into
account. Low thresholds for ppq/ppas turned out to be unreal-
istic because the number of diagnostic alleles per individual
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TABLE 2. Number of plant samples per subsection and aggregate, hybrid status and ploidy levels
Taxonomic affiliation Number of plants (%)
Total Non-hybrids Hybrids Ploidy level
n.d.?* 4x Sx 6x Tx

Subsect. Caninae 460 424 (92) 36 (8) 75 (16) 31(7) 325(71) 29 (6)
Subsect. Rubigineae 282 192 (68) 90 (32) 31(11) 14 (5) 172 (61) 60 (21) 5(2)

R. elliptica agg. 88 49 (56) 39 (44) 14 (16) 48 (55) 22 (25) 4 (4-5)

R. rubiginosa agg. 194 143 (74) 51 (26) 17 (9) 14(7) 124 (64) 38 (20) 1(05)

“Not determined.

and locus exceeded expectations from canina meiosis (one or,
in case of pollen grains that were not fully reduced, two diag-
nostic alleles per individual and locus; Supplementary Data
Fig. S2). However, the overall trend across different thresholds
remained the same: subsect. Caninae contained fewer hybrids
compared with subsect. Rubigineae (Fig. S2). Applying a
threshold of 1/5 for pmau/ppas. We identified 126 hybrids
(17 %) in total. Thirty-six of these hybrids were found in sub-
sect. Caninae (8% of subsect. Canine; Fig. 1, Table 2).
Hybrids were much more frequent in subsect. Rubigineae, con-
taining 90 hybrids [32 %: 39 in R. elliptica agg. (44 %) and 51
in R. rubiginosa agg. (26 %)].

Non-hybridogenic dog roses were mostly pentaploid
(Fig. 1), while the majority of hybrids were hexaploid
(57 %). Except for two individuals (IM8 and LBI11; Table
S2), all hexa- and heptaploids of subsect. Rubigineae were
identified as hybrids. Within R. rubiginosa agg. we detected
ten pentaploid hybrids, 37 hexaploid hybrids and one hepta-
ploid hybrid (Fig. 1). The R. elliptica agg. contained five
pentaploid, 21 hexaploid and four heptaploid hybrids. In
subsect. Caninae one tetraploid, ten pentaploids and 13
hexaploids were identified as hybrids.

Pentaploid cytotypes were recorded at every mixed stand
(Fig. 2). The highest diversity of ploidy levels (4x—6x) was
found at the mixed stands OH and IV in Austria and Italy, re-
spectively. The 45 tetraploid individuals were found in northern
Germany, in Austria or irregularly dispersed in the south of the
study area. In southern Germany and the Czech Republic hexa-
ploid Rubigineae were frequent, but they were also recorded
from eastern Poland, northern Italy and the western Balkan
states. We found numerous hybrids close to the Alps, in
Hungary (UP), Serbia (RD, RB) and southern Poland (PP). In
sum, there was no apparent geographical pattern of cytotypes,
hybrids and species.

Genetic structure within subsections and aggregates

In the PCoA all individuals of subsect. Caninae were clearly
separated from subsect. Rubigineae (Fig. 3). All individuals of
subsect. Caninae were densely clustered and we did not detect
any structure when analysing data from subsect. Caninae sepa-
rately (Supplementary Data Fig. S3). The ordination differenti-
ated between the non-hybrids of the R. rubiginosa agg. and the
R. elliptica agg. of subsect. Rubigineae. Most of the 6x
Rubigineae hybrids were separated from the Rubigineae non-
hybrids along the second axis, which, however, explained only
5-5% of the variation (Fig. 3). The pentaploid and hexaploid

Caninae hybrids were intermingled with Caninae-non-hybrids
(Fig. 3). The 6x hybrids of the R. rubiginosa agg. and the
R. elliptica agg. were close to each other. Heptaploid hybrids
of the R. elliptica agg. were closer to subsect. Caninae.

Analysis of molecular variance attributed 26 % of the varia-
tion to subsections (Table 3). The largest share of variance
(55 %) was partitioned to individuals within localities. Within
subsect. Caninae only 1% of the variation was within mi-
crospecies, while 79 % of the variation was found between indi-
viduals within localities. Aggregates in subsect. Rubigineae
explained 19 % of the variance; the remaining variance was at-
tributed to localities (40 %) and individuals within localities
(41 %). Differences between microspecies within Rubigineae
aggregates hardly captured any variance. Ploidy level within
subsect. Rubigineae explained 20 % of the variation, which was
not surprising because almost all 6x individuals were assigned
as hybrids containing alleles of subsect. Caninae.

The percentage of polymorphic alleles was ~3-fold lower in
subsect. Rubigineae (R. rubiginosa agg. 11-5%, R. elliptica
agg. 10-3%) compared with subsect. Caninae (28-5%).
Genetic and geographic distances were only very weakly corre-
lated in non-hybridogenic individuals of subsect. Caninae, but
moderately correlated in subsect. Rubigineae (Table 4).

Monotypic versus polytopic origin of hybrids

Since we detected many more hybrids in subsect. Rubigineae
(Fig. 1) and Caninae hybrids occurred often as single individ-
uals per stand (Fig. 2), we focused the analysis on Rubigineae
hybrids. In the PCoAs, hybrids clustered according to their geo-
graphic origin (Fig. 4A, B). Hybrids from the Serbian popula-
tion (RD) were clearly separated along the second axis; hybrids
from German populations were separated along the first axis
and some of them were densely clustered (Bd, Rt, Wb, Wc).
Accordingly, in the R. elliptica agg., hybrids originating from
the same locality clustered together and the Hungarian (UV,
UP) hybrids were separated from the rest (Fig. 4B).

The AMOVA (Table 5) covering variation between and
within localities attributed the major part of the variance to dif-
ferences between localities for hybrids of the R. rubiginosa
agg. (58 %, P <0-001) and for hybrids of the R. elliptica agg.
(68 %, P < 0-001).

The Mantel tests detected a slightly higher correlation be-
tween geographic and genetic distances in hybrids compared
with non-hybrids in the R. rubiginosa agg. but no differences
were observed between hybrids and non-hybrids of the
R. elliptica agg. (Table 4).
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FiG. 2. Distribution of cytotypes and hybrids of subsect. Caninae and Rubigineae in the study area. Study sites are abbreviated according to Table S1. The first bar

plot represents the cytotypes in subsect. Caninae, the second bar plot cytotypes in the R. elliptica agg. and the third bar plot cytotypes in the R. rubiginosa agg. of

subsect. Rubigineae. Localities with fewer than five samples are not shown (As, SE, HP, OB, UV; see Table S2). A, Austria; CZ, Czech Republic; D, Germany; HR,
Croatia; H, Hungary; I, Italy; PL, Poland; SK, Slovakia; SLO, Slovenia; SRB, Serbia; UA, Ukraine.

The MRPP for the hybrids of the R. rubiginosa agg.
grouped by localities resulted in a chance-corrected within-
group agreement of A=0-56 (P <0-001). An even stronger
agreement was detected for hybrids of the R. elliptica agg.
(A=0-74; P <0-001). In the case of agreement of A=1 all
hybrids are identical within a locality, and in the case of
A =0 the heterogeneity of hybrids within a locality is equal
to the heterogeneity of randomly selected hybrids across all
localities (represented by permutations of pseudo-localities).
Relatively high values imply a close relationship of hybrids
within a locality and thus support the ‘multiple origins’
hypothesis.

DISCUSSION
Genetic characterization of intersectional hybrids

Genetic data supported a clear distinction between subsections
and aggregates (Fig. 3, Table 3), which is in agreement with

previous studies using AFLP markers (De Cock et al., 2008;
De Riek et al., 2013). Within these groups genetic variance was
mainly attributed to localities, individuals or cytotypes, but
morphology-defined microspecies were not reflected (Table 3),
which will be discussed in a separate study (V. Herklotz and
C. M. Ritz, unpubl. res.).

In ~80 % of all pentaploids and hexaploids we detected a
maximum of four or five different microsatellite alleles per
locus, respectively (Table S2). This result matches previous
observations that dog rose species often contain at least one
allele with two identical copies, which are assumed to be lo-
cated on the highly homologous bivalent-forming chromo-
somes (Nybom et al., 2004,2006; Ritz and Wissemann, 2011;
Ritz et al., 2011). In contrast, we found 33 tetraploids with
four and 12 tetraploids with five alleles in at least one locus
(Table S2). We suspect that, at least in the latter case, ploidy
level estimation failed and/or aneuploids occurred. Twenty-
two percent of the pentaploids (109 individuals) had five al-
leles in at least one locus but we identified only 15 % of these
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FiG. 3. PCoA of 742 samples based on 177 alleles of nine microsatellite loci transformed into square-rooted Bruvo distances.

TaBLE 3. Distribution of molecular variance between subsections, aggregates, microspecies and cytotypes

Source of variation d.f. Sum of squares Mean of squares Percentage of variance DOgr P-value
AMOVA on subsections (all samples)

Between subsections 1 21-60 21-60 26 0-25 0.001

Between localities within subsections 81 43-12 0-53 19 0-26 0-001

Within localities 659 84-66 0-12 55 0-45 0-001
AMOVA on species of subsect. Caninae

Between species 4 131 0-33 1 0-01 0-015

Between localities within species 105 29-65 0-28 20 0-20 0-001

Within localities 350 4847 0-14 79 0-21 0-001
AMOVA on aggregates of subsect. Rubigineae

Between aggregates 1 520 5-20 19 0-18 0-001

Between localities within aggregate 47 24-14 0-51 40 0-50 0-001

Within localities 233 18-37 0-09 41 0-59 0-001
AMOVA on ploidy levels of subsect. Rubigineae

Between ploidy levels 4 7-82 1.96 20 0-20 0-001

Between localities within ploidy level 51 23-55 0-46 42 0-52 0-001

Within localities 226 16-34 0-07 38 0-62 0-001
AMOVA on species of R. rubiginosa agg.

Between species 2-35 1-18 9 0-09 0-003

Between localities within species 54 16-90 0-31 52 0-57 0-001

Within localities 137 7-88 0-06 39 0-61 0-001
AMOVA on species of R. elliptica agg.

Between species 1 0-54 0-54 -3 —0-02 0-608

Between localities within species 23 10-07 0-44 62 0-48 0-001

Within localities 63 461 0-07 41 0-47 0-001

d.f., degrees of freedom.

plants (16 individuals) as hybrids (Table S2). In contrast,
hexaploid Rubigineae with five or six alleles were all classi-
fied as hybrids (Table S2).

We set rather high thresholds for the recognition of diagnos-
tic alleles (Fig. S2), possibly leading to the underestimation of

hybrids. We chose this conservative threshold to minimize ran-
dom effects of allele frequencies, mutations of microsatellite al-
leles and PCR artefacts. However, irrespective of the height of
threshold, subsect. Caninae contained fewer hybrids compared
with subsect. Rubigineae (Fig. S2). The number of alleles
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diagnostic for subsect. Caninae could be underestimated be-
cause the percentage of polymorphic alleles was 3-fold higher
in subsect. Caninae and the percentage of variance within indi-
viduals per stand was twice as high compared with subsect.
Rubigineae (Table 3), a fact that we tried to compensate for by
computing relative allele frequencies. Another reason for
unidentified diagnostic alleles might be hybridization with
other non-investigated rose species. Such hybridization events
are probably more frequent if the widespread subsect. Caninae
is involved because most interspecific hybrids recorded in
Great Britain originated from at least one parental species of
subsect. Caninae (Graham and Primavesi, 1993; Stace et al.,
2015). We found only occasionally other rose species at the

TaBLE 4. Standardized Mantel correlations between geographic
and genetic distances

Herklotz and Ritz — Asymmetrical hybridization in Rosa

mixed stands, yet wild roses are pollinated by bees and bumble-
bees flying distances of up to 1.5 km (Walther-Hellwig and
Frankl, 2000; Osborne et al., 2008; Zurbuchen et al., 2010).
Apart from a few exceptions, we detected one diagnostic
allele per locus and individual in hybrids. This is in line
with expectations of canina meiosis because the diagnostic
alleles were transmitted by haploid pollen grains.
Interestingly, three of five 7x hybrids carried two diagnostic
alleles at one locus, implying that they arose by a merger of
an unreduced 5x egg cell of subsect. Rubigineae and an in-
completely reduced 2x pollen grain of subsect. Caninae.
Alternatively, they could be derived from unreduced egg
cells of a 6x Rubigineae hybrid backcrossing with a fully re-
duced pollen grain (1x) of subsect. Caninae. Unfortunately,
our study could not cover the potential effects of backcross-
ing. Since the pollen parent transmits only one genome to
the F; and the segregation of genomes during meiosis in the
F is unknown, the paternal genome could be either trans-

Subsection Aggregates Non-hybrids Hybrids : N
sares Y Y mitted to the egg cell or the pollen grain produced by F hy-
Caninae 0-093#* 0-01* brids. In the latter case, the hybrid egg cell would be
Rubigineae : . . .
enetically identical to an egg cell of a non-hybrid, prevent-
R. elliptica agg. 0-41%%* 0-40%** g y . . g8 . y P
R. rubiginosa agg. 031 %% 0-50%x 1IN the origin of backcrossing lineages.
*P < 0-05; ***P < 0-001.
A B
02 A AA e o Localities
“ o 021 4 ° Bd 7
=) o e Hw
° o o Tw
01}f ° 0o & ° o o Rt [Germany
o o e 01} o Wb
. o 4] . o v . o% ® Wc J
2 ° 2 ° <
- 00 L8 o e e o o o R n e rCzech R.
O o ° o ° N~ 00F R = PP }Poland
?u/ ° K * 0B rAustria
L _01F e 2 v ¢ 0S|
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FiG. 4. PCoA of hybrids from the R. rubiginosa agg. (A, n=>51) and the R. elliptica agg. (B, n=40) based on 177 alleles of nine microsatellite loci converted into
square-rooted Bruvo distances. Colours and symbols indicate localities (see also Table S1).

TaBLE 5. Distribution of molecular variance among Rubigineae hybrids between and within localities

Source of variation df. Sum of squares Mean of squares Percentage of variance P-value
AMOVA on hybrids of R. rubiginosa agg.
Between localities 7 3-19 0-46 58 0-001
Within localities 37 1.95 0-05 42
AMOVA on hybrids of R. elliptica agg.
Between localities 6 2-54 0-42 68 0-001
Within localities 27 1-02 0-04 32

d.f., degrees of freedom.
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Asymmetrical hybridization towards hexaploid
Rubigineae hybrids

Although the strong bias towards Rubigineae hybrids (Table
2; Fig. 1) might be partly influenced by methodological short-
comings of hybrid identification, there are two additional argu-
ments supporting our results. First, the Caninae microspecies R.
caesia and R. dumalis were absent or very rare at the mixed
stands (Table SI1). A previous study showed that they were
morphologically identical to artificial Caninae hybrids (Ritz
and Wissemann, 2003). Based on genetic analyses, Herklotz
and Ritz (2014) demonstrated that individuals of these species
constituted Caninae hybrids in a single population in Eastern
Germany. However, R. dumalis is obviously not exclusively
hybridogenic (Table S2; Ritz and Wissemann, 2011).

Second, and more important, the majority of hybrids were
hexaploid, whereas non-hybrids were mostly pentaploid and the
proportion of hexaploids varied considerably between both sub-
sections (Fig. 1). Thus, hybrid formation occurs more fre-
quently in subsect. Rubiginae, involving unreduced gametes.
Since 6x Rubigineae hybrids contained a maximum of one di-
agnostic allele per locus, they originated from unreduced (5x)
egg cells and haploid (1x) pollen grains. In contrast, Nybom
et al. (2006) reported hexaploid synthetic dog rose hybrids that
arose either from unreduced egg cells or unreduced (2x) pollen
grains, and unreduced gametes of both sexes also gave rise to
spontaneous Cardamine hybrids (Mandakova ef al., 2013).

Asymmetrical crossing barriers have been already docu-
mented in wild roses (Kellner et al., 2012) and in many other
plant genera, and are caused by either pre- or postzygotic isola-
tion mechanisms (Tiffin ez al., 2001). The biased hybrid forma-
tion is not likely to be caused by intrinsic prezygotic barriers
leading to unidirectional mating, because both subsections are
self-compatible (Wissemann and Hellwig, 1997) and their pol-
len viability does not differ (Herklotz and Ritz, 2014).
Flowering times are largely overlapping, but the most frequent
microspecies of subsect. Caninae start to flower early and
bloom for a long period (Henker, 2000). In addition, subsect.
Caninae is more abundant (Kurtto et al., 2004). Both facts lead
to a surplus of Caninae pollen available for potential hybridiza-
tions. Such frequency-dependent effects were also shown in hy-
brids of Rosa (Kellner et al., 2012) and Morus (Burgess et al.,
2005).

Furthermore, the coincidence of hexaploidy and hybridiza-
tion suggests either a facilitated origin of unreduced egg cells in
subsect. Rubigineae or a non-reciprocal selective advantage for
these hybrids. We hypothesized that the unreduced egg cells
provide the two highly homologous chromosome sets required
for correct bivalent formation in these hybrids (Ritz and
Wissemann, 2011; Herklotz and Ritz, 2014). Unreduced gam-
etes are considered to be the primary mechanism for polyploid-
ization (Harlan, 1975; Mason and Pires, 2015) and are more
frequently developed in hybrids with low fertility (Ramsey and
Schemske, 1998). All dog roses are allopolyploids (Wissemann
and Hellwig, 1998; Wissemann, 2000; Ritz et al., 2005).
Studies on microsatellite markers revealed close similarities
among the presumed bivalent-forming genome and larger dif-
ferences among the univalent-forming genomes, whose compo-
sition might differ between subsections (Nybom et al., 2004,
2006; Zhang et al., 2013). However, recent phylogenies based
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on chloroplast markers placed subsect. Caninae and subsect.
Rubigineae into different clades, suggesting a polyphyletic ori-
gin of dog roses and canina meioisis (Wissemann and Ritz,
2005; Bruneau et al., 2007; Fougere-Danezan et al., 2015).
Possibly, the meiosis in subsect. Rubigineae is more prone to
the production of unreduced gametes. However, referring to the
above-mentioned correlation between hybrid fertility and unre-
duced gametes, differences in seed set between subsections
were not observed (Herklotz and Ritz, 2014). Unreduced gam-
ete formation is also triggered by environmental stress (Ramsey
and Schemske, 1998; De Storme and Geelen, 2013), but we
lack ecological data on growing conditions at the mixed stands.
The biased hybridization could also be affected by asymmetri-
cal gene dosage (Osborn et al., 2003) or plastome—genome in-
compatibilities (Greiner er al., 2008). Data on differential
hybrid fitness are scarce: pollen was less viable in Caninae hy-
brids compared with Rubigineae hybrids but ploidy was not
taken into account (Herklotz and Ritz, 2014). In a comparable
study, Werlemark (2000) detected lower male fitness of hybrids
compared with their parents, but the direction of crossing had
no influence on pollen viability. In contrast, seed set of penta-
ploid artificial crossings between Rubigineae seed parents and
Caninae pollen parents was lower than vice versa (Wissemann
and Hellwig 1997; Werlemark, 2000), but the surviving off-
spring in the first-mentioned study were pentaploid (Ritz and
Wissemann, 2011) and those in the second study were of un-
known ploidy.

Polytopic origin of hybrids

Given that hybrids were mostly hexaploids (Fig. 1, Table 2)
and that species and cytotypes co-occurred and were not geo-
graphically clustered (Fig. 2), a multiple origin of hybrids is
likely. In support of this hypothesis, microsatellite data grouped
hybrids according to their locality (Fig. 4), genetic distances of
hybrids were more strongly correlated with geographic dis-
tances compared with non-hybrids in the extensively sampled
R. rubiginosa agg. (Table 4), and the largest part of the genetic
variance in hybrids was attributed to locality (Table 5).
Furthermore, the MRPP suggested high genetic similarity
among hybrids of the same locality compared with randomly
chosen hybrids. Unfortunately, an extensive screening of 11
chloroplast markers revealed no variation within sequences of
the respective subsections (Fiedler, 2015). High levels of gene
flow between rose species within localities were also reported
by De Cock et al. (2008). Multiple origins of allopolyploids ap-
pear to be more common (reviewed in Soltis and Soltis, 2000;
Weiss-Schneeweiss et al., 2013) than single origins reported for
e.g. Aster amellus (Miinzbergova et al., 2013), Helianthus par-
adoxus (Welch and Rieseberg, 2002) and Spartina anglica
(Raybould et al., 1991). Interestingly, hybridogenic species of
Onosma, characterized also by an unbalanced meiosis, origi-
nated multiple times (Kolarcik et al., 2014). Further research is
needed to investigate whether these polytopic dog rose hybrids
represent distinct evolutionary entities that are differentiated
from their parents by ecological features (e.g. occupying certain
niches) or by reproductive barriers preventing backcrossing
(e.g. apomixes or assortative mating among hexaploids).
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In conclusion, natural dog rose stands consist of a mixture of
hybridogenic and non-hybridogenic individuals, whose genetic
relatedness is inadequately reflected by the current taxonomic
system (Henker, 2000). Hybrids evolve independently and ap-
parently do not disperse across larger areas. Hybridization oc-
curs much more frequently if the rarer subsect. Rubigineae
serves as seed parent and the frequent subsect. Caninae as pol-
len parent. Furthermore, hybridization is often accompanied by
unreduced Rubigineae egg cells probably providing the homol-
ogous chromosome sets for bivalent formation. However, the
meiotic behaviour and fertility of hexaploid hybrids have not
been studied and should be the subject of future investigations.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford
journals.org and consist of the following. Figure S1: mitotic
metaphase plate of R. arvensis. Figure S2: different thresh-
olds of relative allele frequencies for assigning diagnostic al-
leles. Figure S3: PCoA based on samples of subsect.
Caninae. Table S1: taxonomic affiliation and collection infor-
mation. Table S2: information on microsatellite alleles, hy-
brid status and ploidy levels.
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