
BOTHALIA – African Biodiversity & Conservation
ISSN: (Online) 2311-9284, (Print) 0006-8241

| Open accesshttp://abcjournal.org |

| Original researchPage 1 of 41  

Background: South African brambles (Rubus L., Rosaceae) represent a complex 
group of six native species and at least 12 introduced taxa with different ploidy 
levels and varying tendencies to hybridisation. The role of hybridisation, intro-
gression and apomixis in the ongoing evolution has been hypothesised based on 
morphological observations, but it has not been rigorously studied to date, and 
nor has the phylogeny of the group. 

Objectives and methods: This paper aims to reveal the evolutionary patterns 
and mechanisms in South African brambles by employing three types of molec-
ular markers: plastid and nuclear ribosomal DNA sequences, and nuclear micro-
satellites. 

Results: The data confirmed the tetraploid R. thaumasius A.Beek and diploid 
R. ludwigii Eckl. & Zeyh. as distinct native species, while the other four native 
species are shown to be closely related and likely derived from three ancestors. 

Conclusion: Ancient hybridisation and limited gene flow between regions (par-
ticularly between winter- and summer-rainfall zones) appear to be the main driv-
ers of current patterns in the tetraploid R. pinnatus Willd. and hexaploid R. rigi-
dus Sm. Current hybridisation is also likely, although rare. The mechanism of 
‘octoploid bridge’ is proposed, which overcomes the ploidy reproduction barrier 
between R. pinnatus (or other tetraploids) and R. rigidus. No gene flow was de-
tected between native and alien taxa, but clonal duplications were discovered in 
the R. bergii × pinnatus hybrid, which implies the possibility of apomictic spread 
of homoploid hybrids formed between native and introduced brambles and the 
potential for a new invasion. On the other hand, heteroploid hybrids (R. bergii × 
rigidus) are formed recurrently and spread only vegetatively.

Keywords: apomixis, clonal spread, hybridisation, introgression, reticulate evo-
lution

Introduction 
Rubus L. (Rosaceae: Rosoideae), commonly known as brambles, blackberries, 
raspberries, dewberries etc., is a complex genus due to its thousands of species 
and diverse evolutionary mechanisms, of which hybridisation, polyploidisa-
tion and apomixis are among the most important (Sochor et al. 2015), and 
often exhibiting strong phylogeographic patterns (Sochor & Trávníček 2016; 
Sochor et al. 2017). The genus has been relatively intensively studied in some 
parts of the world, e.g., in central and northwestern Europe, where an elabo-
rate morphology-based system of a few sexual species and > 750 recognised 
apomictic microspecies (i.e., asexual genotypes of certain distribution areas 
and distinct morphology) organised in series, subsections and sections is in use 
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(Weber 1996; Kurtto et al. 2010). On the other hand, 
the genus has been relatively neglected in other regions 
(e.g., North America or the Caucasus: Alice et al. 2015; 
Sochor &Trávníček 2016). This uneven distribution of 
knowledge is reflected not only in the taxonomy but 
also in the phylogenetics, phylogeography and evolu-
tionary biology of the group (biosystematics in a wide 
sense).

The African continent belongs among the understudied 
regions of the world. None of the native African Rubus 
taxa (disregarding North Africa, which is home to a few 
species of predominantly European distribution) were 
included in the two worldwide phylogenetic studies 
(Alice & Campbell 1999; Carter et al. 2019), and just 
a single DNA sequence from a native sub-Saharan Af-
rican Rubus species is present in the NCBI GenBank 
nucleotide database (R. rigidus Sm., accession number 
U95229). Genetic diversity in African accessions has 
been analysed only among selected Kenyan specimens 
(unfortunately mostly undetermined and thus of un-
known primary origin) using morphological and mi-
crosatellite markers with the aim of characterising po-
tential breeding material (Ochieng et al. 2018, 2019). 
The evolution and phylogeny of African brambles are 
therefore unexplored.

Within the African continent, the taxonomy and funda-
mental biological properties (reproduction mode, poly-
ploidy) are best explored in the South African Rubus 
taxa owing to recent advances in our understanding of 
the species in the region (Sochor et al. 2018, 2022; Van 
de Beek 2021). Applying a very narrow morphology- 
based (micro-)species concept, inspired by the one used 
for European Rubus apomicts, Van de Beek (2021) dis-
tinguished 16 native species in six series in the Cape Flo-
ristic Region alone and commented on the existence of 
a number of other ‘species’, so far insufficiently studied. 

On the other hand, Sochor et al. (2022) incorporated 
ploidy level and reproductive mode data, and identi-
fied six native South African Rubus species in total (see 
Table 1 for overview), all of them sexual di-, tetra- or 
hexaploids (2n = 14, 28, 42, respectively), and some 
of them phenotypically highly variable. In addition, 12 
introduced taxa and 12 hybrids were identified, which 
indicated potential ongoing evolution in South African 
brambles via hybridisation, introgression and apomixis. 
However, the real effect of these processes on natural 
populations could not be evaluated properly based on 
phenotypic and cytometric data only.

In this work, we used the Rubus material that was stud-
ied in recent biosystematic/taxonomic investigations 
(Van de Beek 2021; Sochor et al. 2022) and analysed 
the sampled individuals by employing three types of 
DNA markers to address South African Rubus evolu-
tion from two perspectives. First, plastid and ribosomal 
nuclear sequence data were used for phylogenetic and 
phylogeographic reconstructions, and for identifying/
confirming the identity of hybrids and potential intro-
gressants. Specifically, we aimed at revealing not only 
phylogenetic relationships among taxa, but also at de-
tecting any signatures of potential ancient or ongoing 
gene flow between native species or between native 
and introduced taxa. Second, simple sequence repeats 
(SSR, microsatellites) were used for primary evaluation 
of genotypic diversity and microevolutionary processes 
in a model group of R. bergii (Cham. & Schltdl.) Eckl. & 
Zeyh., R. rigidus, R. pinnatus Willd. and their hybrids. In 
particular, we aimed at detecting clonal duplications and 
quantifying the degree of apomixis at a regional scale, 
and thus evaluating the evolutionary and invasive poten-
tial of the hybrids. The new DNA data helped us under-
stand the evolutionary history and phenotypic patterns 
in this relatively young and species-poor (in the context 
of the Cape flora) but evolutionary complex plant group.

Table 1. Overview of Rubus taxa occuring in South Africa with their distribution, ploidy level and reproductive mode (all from Sochor et 
al. 2022) and plastid haplotypes (detected in this study); LP = Limpopo; MP = Mpumalanga; G = Gauteng; FS = Free State; KZN = 
KwaZulu-Natal; EC = Eastern Cape; WC = Western Cape

Taxon/hybrid Distribution in South 
Africa (provinces)1

DNA ploidy 
level

Reproduction Plastid 
haplotype

Native taxa

R. apetalus Poir. LP, MP, KZN, EC 4x sexual Ape1, Ape2

R. ludwigii Eckl. & Zeyh. MP, FS, KZN, EC, WC 2x sexual Lud1

R. pinnatus subsp. pinnatus Willd. WC 4x sexual Pin1

R. pinnatus subsp. pappei (Eckl. & 
Zeyh.) Sochor

MP, KZN, EC 4x sexual Pin3, Rig6

R. rigidus Sm. All except Northern Cape 6x sexual Rig1–11

R. thaumasius A.Beek EC 4x sexual Tha1

R. transvaalensis Gust. MP, KZN 6x sexual Rig5
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Taxon/hybrid Distribution in South 
Africa (provinces)1

DNA ploidy 
level

Reproduction Plastid 
haplotype

North American taxa

R. sect. Arguti (Rydb.) L.H.Bailey LP, MP, G, FS, KZN, EC 4x apomictic Arg1

R. sect. Cuneifolii (L.H.Bailey) 
L.H.Bailey

KZN, EC 4x apomictic Cun2

R. titanus L.H.Bailey WC 6x sexual Urs1

R. trichogynus A.Beek LP, MP, FS, KZN, EC, WC 7x sexual Urs1

European/Caucasian taxa

R. armeniacus Focke EC, WC 4x apomictic Dol1

R. bergii (Cham. & Schltdl.) Eckl. 
& Zeyh.

EC, WC 4x apomictic Ulm1

R. aff. bergii KZN 4x apomictic Ulm2

R. ulmifolius Schott MP, KZN 2x sexual Ulm1, Ulm2

Asian taxa

R. ellipticus Sm. KZN 2x sexual Eli1

R. niveus Thunb. LP, MP, KZN, EC 2x sexual Niv1

R. phoenicolasius Maxim. KZN, EC 2x sexual Phe1

R. rosifolius Sm. KZN, (WC) 2x sexual Ros1

Hybrids

R. apetalus × R. ludwigii MP 3x not analysed Lud1

R. apetalus × R. pinnatus MP 4x sexual Ape2

R. sect. Arguti × R. pinnatus MP 4x apomictic Rig6

R. sect. Arguti × R. rigidus M, KZN, EC 5x, 8x sexual Rig1, Rig4, Rig5, 
Rig9

R. bergii × R. pinnatus WC 4x Pin1, Rig6

R. bergii × R. rigidus EC, WC 5x sexual Rig2, Rig3, Rig4, 
Rig6, Rig9

R. bergii × R. thaumasius EC 4x apomictic Tha1

R. ludwigii × R. pinnatus KZN 3x not analysed Lud1

R. niveus × R. transvaalensis MP 4x not analysed Niv1

R. pinnatus × R. rigidus WC, EC 5x, 8x sexual Rig3

R. rigidus × R. ulmifolius MP 4x not analysed Rig5

R. pinnatus × R. thaumasius EC not analysed not analysed Tha1

Table 1. Overview of Rubus taxa occuring in South Africa with their distribution, ploidy level and reproductive mode (all from Sochor et 
al. 2022) and plastid haplotypes (detected in this study); LP = Limpopo; MP = Mpumalanga; G = Gauteng; FS = Free State; KZN = 
KwaZulu-Natal; EC = Eastern Cape; WC = Western Cape (continued)
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Materials and methods
Sampling and DNA extraction

DNA samples (see Supplementary Table S1) were col-
lected during fieldwork for a biosystematic treatment of 
South African Rubus (see Sochor et al. 2022 for details). 
The specimens were simultaneously thoroughly stud-
ied morphologically and mostly also analysed for ploidy 
level and reproduction mode. Of the available collec-
tions, 224 specimens (particularly from non-apomictic 
taxa and hybrids) were used for sequencing, whereas 
only a selection of 45 specimens of R. bergii, R. rigi-
dus, R. pinnatus and their hybrids, mostly from Western 
Cape (see Supplementary Table S1), was used for SSR 
analysis for primary evaluation of genotypic and allelic 
diversity, confirmation of phenotypic determinations, 
as well as assessment of the suitability of the markers 
for further studies. Six specimens of R. bergii from its 
native range in Western Europe were included as well. 
DNA was extracted from silica gel-dried leaves using 
the CTAB method (Doyle & Doyle 1987). Eight spec-
imens, four of them being the type specimens, were 
provided by A. van de Beek, which represented his 
new species or his conception of old species (Supple-
mentary Table S1; Van de Beek 2021; see also Sochor 
et al. 2022 for further discussion and revised taxonomic 
concepts); their DNA was extracted from two seeds per 
specimen using GenEluteTM Plant Genomic DNA Mini-
prep kit (Sigma-Aldrich, USA).

Sequencing

Two plastid regions were analysed: the matK intron was 
amplified and sequenced with primers XFA and AST_R 
(Dunning & Savolainen 2010) and the trnL-trnF inter-
genic spacer with primers c and f (Taberlet et al. 1991). 
The ribosomal nuclear locus ITS (internal transcribed 
spacer) was amplified and sequenced with primers 
ITS1 and ITS4 (White et al. 1990). Polymerase chain 
reactions (PCRs) were performed using EliZyme FAST 
Taq mix (Elisabeth Pharmacon, Czechia) according to 
the manufacturer’s protocol in reaction volume of 15 
μL. PCR products were checked on agarose gel elec-
trophoresis, purified by precipitation with polyethylene 
glycol (10% PEG 6000 and 1.25 M NaCl in the precip-
itation mixture) and sequenced using the Sanger meth-
od at Macrogen Europe (the Netherlands). In selected 
specimens, the ITS amplicon was cloned into a bacte-
rial vector to obtain sequences of different ITS alleles 
(ribotypes) within one individual. In these cases, PCR 
was performed using EliZyme HIFI polymerase (Elisa-
beth Pharmacon) with proofreading activity. The PCR 
product was purified, its concentration estimated by 
Nanodrop 2000, and 18 ng of the PCR product was 
ligated in the total volume of 10 μL ligation mixture 
into pJET1.2/blunt cloning vector using CloneJET PCR 

Cloning Kit (Thermo Scientific, USA). The plasmid was 
further used for transformation of Escherichia coli strain 
DH5α using TransformAid Bacterial Transformation Kit 
(Thermo Scientific) following the overnight bacterial 
culture protocol, with a modification that the initial cul-
tivation in C-medium was not longer than six hours and 
the colony used for its inoculation was not older than 
one day. Transformed bacterial colonies were used as a 
template in a colony PCR with primers pJET1.2 forward 
and reverse (supplied with the cloning kit). PCR prod-
ucts were checked, purified and sequenced with the 
amplification primers similarly to direct sequencing as 
described above.

SSR analysis

Ten microsatellite loci (Graham et al. 2004, 2006; 
Woodhead et al. 2008) were selected based on am-
plification efficiency and variability in a selection of 
samples, and amplified using the EliZyme FAST Taq 
(Elisabeth Pharmacon) in 10μL reaction volume with 
7.5 ng template DNA following the standard manufac-
turer’s protocol (see Supplementary Table S2 for further 
details). Fluorescent labelling was performed using a 
nested PCR containing three primers: a template-com-
plementary forward primer with M13 tail at its 5’ end 
(final concentration 0.1 μM), a template-complementa-
ry reverse primer (concentration 0.4 μM), and a fluores-
cently 5’-modified M13 primer (5’-TGTAAAACGACG-
GCCAGT; NED™, PET®, VIC™ or FAM™ modification; 
concentration 0.4 μM). To facilitate annealing of the 
universal M13 primer the annealing temperature was 
lowered to 53°C in the last nine PCR cycles. Such la-
belled PCR products were separated together with the 
GeneScan 600LIZ® size standard on an ABI 3730XL 
capillary sequencer at Macrogen Europe. 

Data analysis

DNA sequence editing, alignments and haplotype/ 
ribotype identification were performed in Geneious 8 
(Biomatters, New Zealand). Plastid haplotypes were 
compared with the sequences of Sochor et al. (2015) 
and Sochor and Trávníček (2016), and their codes as-
signed accordingly. A median-joining algorithm was 
used to create a phylogenetic haplotype network in 
Network 10.1.0.0 (Bandelt et al. 1999). All sequences 
were deposited in NCBI GenBank (accession numbers 
OL899048–OL899299 [ITS], OL954095–OL954503 
[matK and trnL-trnF]). ITS data were checked for the 
presence of contaminations by microorganisms, 
pseudogenes and PCR recombinants as in Sochor et 
al. (2015). The filtered alignment was analysed in Net-
work using star contraction (number of mutations set 
to three) and median-joining algorithms, and in Splits-
Tree 4 (Huson & Bryant 2006) using NeighbourNet al-
gorithm with uncorrected P character transformation.
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SSR chromatograms were analysed and scored manu-
ally in Peak Scanner 1.0 (Applied Biosystems). Alleles 
were coded according to their length in bp and saved 
as both codominant and binary data. Shannon infor-
mation index was computed and principal coordinate 
analysis (PCoA) using the distance method with stan-
dardisation was performed in GenAlEx 6.5 (Peakall & 
Smouse 2012) based on the binary data matrix. Histo-
gram of genetic distances and genotype identification 
were performed in Genotype 2.0b23 (Meirmans & Van 
Tienderen 2004).

Results
Patterns in plastid DNA variation

Plastid DNA data were obtained for 219 specimens. 
Among native South African Rubus taxa, 18 plastid 
haplotypes were distinguished when both single nu-
cleotide polymorphisms (SNPs) and indels were con-
sidered, and 14 haplotypes when indels were rejected 
(Figure 1). Two haplotypes characterised R. ludwigii 
and R. thaumasius, respectively, and grouped sepa-
rately from other native species. The other haplotypes 
formed two mutually related groups shared mainly by 
R. pinnatus and R. rigidus. The haplotype of R. trans-
vaalensis (haplotype Rig5) was shared with R. rigidus, 
and two haplotypes (Ape1, Ape2) were found only 
in R. apetalus and its hybrid. Each of the Asian spe-
cies bore a single unique haplotype. Tetraploid Euro- 
Caucasian taxa were also characterised by their hap-
lotypes, but two haplotypes were detected in the dip-
loid R. ulmifolius – one shared with R. bergii and one 
with R. aff. bergii. Four haplotypes were distinguished 
among North American taxa, one borne by at least 
three morphotypes of R. sect. Arguti, one by R. sect. 
Cuneifolii, one by two undetermined morphotypes 
(one of them possibly belonging to R. sect. Alleghe-
nienses), and one haplotype was shared by R. titanus 
and R. trichogynus (Urs1; presumably derived from the 
western North American R. sect. Ursini).

The haplotypes of Rubus rigidus and R. pinnatus ex-
hibited clear patterns in geographic distribution. Rubus 
rigidus bore only three haplotypes in the westernmost 
part of the range, all from the A group (Figure 1D), 
whereas only haplotypes of the C group (with one ex-
ception of the Rig6 haplotype detected once near Alex-
andria, EC) were detected in eastern regions outside of 
the Cape Floristic Region, and the highest diversity was 
discovered in KwaZulu-Natal (KZN). A roughly similar 
pattern (Figure 1C) was detected in R. pinnatus and 
corresponded to its subspecific classification, in which 
western R. pinnatus subsp. pinnatus bore only the Pin1 
haplotype or its derivative Pin4, whereas R. pinnatus 
subsp. pappei had mostly the Rig6 haplotype shared 
with western R. rigidus, or one haplotype from the C 

group differing from the eastern R. rigidus haplotypes 
only in one indel (Pin3).

All of the studied hybrids of R. rigidus [R. bergii × rigi-
dus – 22 individuals (ind.); R. sect. Arguti × rigidus – 
11 ind.; R. rigidus × ulmifolius – 3 ind.; R. rigidus × 
pinnatus – 1 ind.] exhibited haplotypes derived from 
that species. Similarly, R. thaumasius served as the pis-
tillate parent of all of its studied hybrids (with R. ber-
gii – 3 ind.; and with R. pinnatus – 1 ind.), as did R. 
ludwigii (with R. apetalus – 1 ind.; and R. pinnatus – 1 
ind.). Rubus pinnatus served as pistillate parent in all of 
the studied hybrids with R. bergii (6 ind. representing 
4 genotypes) but not in the hybrids with R. apetalus, 
whose pistillate parent was the latter species (1 ind.). 
The hybrid R. niveus × transvaalensis shared the haplo-
type with the first species.

Variation in ITS
ITS data were generated from 118 individuals in to-
tal, of which 90 were sequenced directly (individuals 
without length variation in the amplicon) and 28 were 
cloned (Supplementary Table S1). One to eight cloned 
sequences (185 in total, 6.6 on average) were obtained 
per individual after the exclusion of contaminants (10 
sequences in total) and recombinants (14 sequences). 
275 sequences were included in the final analyses. ITS 
exhibited more variation than plastid DNA, but part of 
it was not shared among individuals and was thus unin-
formative. The cloned sequences from hybrids always 
confirmed their hybrid origin. Similarly, two or more 
divergent orthologous ITS alleles were detected in alien 
apomictic polyploids. Except for the (putatively prima-
ry) hybrids, no gene flow/introgression was detected 
between native and introduced taxa.

Among native taxa, R. thaumasius and R. ludwigii 
formed distinct phylogenetic lineages, while the oth-
er species formed three groups (A, B, C, correspond-
ing to the plastid haplotype groups according to their 
presumed origin), two of which could be subdivided 
into three subgroups each (Figure 2A). Rubus apetalus 
formed a separate distinct branch diverging from the 
base of the A group. Rubus transvaalensis was restrict-
ed to the C1 subgroup, which was not shared by any 
other species, but was placed at the split of C2 and C3 
subgroups belonging to R. rigidus. Specimens of R. pin-
natus subsp. pinnatus had only B2 ribotypes, but spec-
imens from the transitional zone in the eastern parts of 
WC, as well as R. pinnatus subsp. pappei from MP bore 
mostly B1 ribotypes, and the remaining eastern popu-
lations had B3 ribotypes (Figure 2B). The B1 subgroup 
was the only one shared with R. rigidus, although only 
rarely in KZN and MP. Rubus rigidus was otherwise rep-
resented in A and C groups (Figure 2C): A was detected 
almost throughout the studied area, C3 dominated the 
lowlands of KZN and C2 was detected in MP always as 
an ortholog together with B1.
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Figure 1. Plastid haplotype diversity patterns in South African Rubus taxa. A, haplotype network based on SNPs; B, haplotype network 
based on SNPs and indels (number of SNP mutations or indels shown above branches, forward and reverse mutations at the same 
position indicated by asterisks; symbol size corresponds with the frequency of the haplotype in the dataset); C and D, geographic 
distribution of haplotypes in R. pinnatus and R. rigidus (including their hybrids), respectively, in South Africa (symbol shapes and co-
lours correspond with A and B). Rubus apetalus (haplotypes Ape1, Ape2) and R. transvaalensis (Rig5) are not included in the maps.

A

C

D

B
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Figure 2. ITS ribotype diversity patterns in South African Rubus taxa. A, SplitsTree phylogenetic network based on cloned and directly 
sequenced ITS amplicons. B and C, geographic distribution of ribotypes in R. pinnatus and R. rigidus (including their hybrids), respec-
tively, in South Africa (symbol colours correspond with A). Note that the C1 group is exclusive for R. transvaalensis and is not included 
in the maps.

A

B

C
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Variation in microsatellites

Ten SSR loci were selected following our previous work 
(e.g., Király et al. 2017), but Rubus123a was excluded 
due to poor amplification efficiency. In total, 99 alleles 
were detected in the studied sample set of 45 individ-
uals across the nine loci (3–21 alleles per locus, mean 
± standard deviation 11.0 ± 5.8; Supplementary Table 
S3). However, only null alleles (no PCR products) were 
detected at two loci (Rubus26a and ERubLR_SQ01_
G16) in R. bergii and relatives. Distribution of genetic 
distances among individuals indicated the threshold 
between within-genotype and among-genotype varia-
tion to be set at three mutations (not shown). Applying 
this threshold, genotype assignment was almost identi-
cal to analysis with the threshold of zero (i.e., no muta-
tion within a genotype allowed; Table 2); only R. bergii 
exhibited three different mutations in three individuals 
(one per individual; Supplementary Table S3). Despite 
that, this species was clearly monoclonal in both its na-
tive and secondary range (Table 2). Besides R. bergii, 
clonality was detected in the hybrid R. bergii × pinna-
tus. In contrast, R. rigidus, R. pinnatus and R. bergii × 
rigidus exhibited no clonal duplication. PCoA analysis 
supported identification of the parents in all of the pre-
sumed hybrids (Figure 3).

Discussion
Evolutionary history is 
complex in native species

Both the ITS and cpDNA confirm that R. ludwigii and 
R. thaumasius are distinct native species that diverged 
from the common ancestor of all South African Rubus 
taxa. This finding is contrary to previous interpretations 
of the origin of R. thaumasius, which was originally 
presumed to be a hybrid of R. rigidus and some other 
taxon (Gustafsson 1934) or even of purely European or-
igin (Stirton 1981; Henderson 2011). However, its pre-
sumed relationship with tropical African species, such 
as R. runssorensis Engl. and R. friesiorum Gust. (Van 
de Beek 2021; Sochor et al. 2022), needs to be con-
firmed, as no material from tropical Africa was available 
for this study.

A different pattern was observed in the other four na-
tive species. Rubus apetalus is well differentiated for 
both ITS and cpDNA data and is not participating in the 
current evolution of the other species. It is undoubt-
edly closely related to both R. pinnatus and R. rigidus. 
Rubus transvaalensis is even more closely related to 

Figure 3. PCoA analysis of SSR 
data; the two axes explain 43% 
and 18% of the whole variation, 
respectively.

Table 2. Summary statistics of SSR data; N = number of individuals; G = number of genotypes identified at different mutation thresholds 
(th = 0 or 3 allowing no or up to three mutations within a genotype, respectively); Alleles = average number of observed alleles per 
individual across all nine loci (± standard deviation); Shannon index = Shannon information index computed in GenAlEx from a 
binary matrix (± standard error)

Taxon N G (th = 0) G (th = 3) Alleles (± S.D.) Shannon index (± S.E.)

R. pinnatus 3 3 3 15 (± 3.454) 0.092 (± 0.022)

R. rigidus 6 6 6 19.5 (± 2.950) 0.285 (± 0.026)

R. bergii 17 4 1 17 (0) 0.012 (± 0.005)

R. bergii × rigidus 11 11 11 22.8 (± 1.940) 0.195 (± 0.025)

R. bergii × pinnatus 5 2 2 23.8 (± 0.448) 0.082 (± 0.018)

R. pinnatus × rigidus 1 1 1 20 (NA) NA

R. aff. bergii 1 1 1 18 (NA) NA
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R. rigidus as inferred from phenotype (see Sochor et 
al. 2022) and DNA sequences (Figures 1, 2). Relation-
ships between R. pinnatus and R. rigidus appear to be 
complex due to shared haplotypes and ribotypes, but 
in relation to the geographic distributions, this pattern 
cannot be explained simply by free recurrent gene 
flow. Taking into account the phylogenetic relationships 
among haplotypes and ribotypes and taxonomic and 
geographic distribution patterns, the following scenario 
can be hypothesised (Figure 4).

Three ancestral species, possibly already tetraploid or 
even hexaploid, migrated through the coastal regions 
from northeast to southwest, occasionally hybridised 
and further evolved into the species as currently rec-
ognised, although the ancestral species themselves 
disappeared. The first ancestor, ‘R. archaeapetalus’, 
is represented in our data as the basal ribotypes and 
haplotypes of the A group (Figures 1A & 2A). This an-
cestor evolved directly into R. apetalus but must have 
contributed to the formation of R. rigidus, as implied 
from the A ribotypes throughout its range and the A 
haplotypes in the west (which, however, may have been 
derived also from the second ancestor despite the fact 
that the current geographic patterns rather contradict 
this possibility; Figures 1C & 1D). A second ancestor, 
‘R. archaepinnatus’ (B alleles) gave rise to R. pinnatus 
with considerable geographic genetic variation between 
the winter-rainfall and summer-rainfall zones but also 
contributed to the genome of R. rigidus to some extent, 
at least in the east (see ITS; Figure 2). A third ancestor, 
‘R. archaerigidus’ (C groups), must have had an identical 
ribotype (C1) and haplotype (Rig5) as R. transvaalensis 
and may have therefore also been very similar to this 
modern species in other respects (e.g., in hexaploidy?). 
This ancestor probably did not spread to westernmost 
South Africa as no traces of it have been detected in any 
modern taxon there. It must, however, have contributed 
to the formation of R. rigidus (mainly in eastern regions), 
of R. transvaalensis, and to a lesser degree also R. pin-
natus. However, as far as we know, R. pinnatus only 
bears one haplotype derived from ‘R. archaerigidus’ 

(Pin3). This haplotype differs from Rig5 in the absence of 
one 6-bp repetition, which makes Pin3 the basal-most 
haplotype within the C group. Therefore, the Pin3 hap-
lotype can only be a result of an ancient chloroplast 
capture, rather than a continuous gene flow from ‘R. 
archaerigidus’ to R. pinnatus. 

Similar reticulate evolution pathways are often ob-
served in polyploid complexes. For example, Fehrer 
et al. (2009) revealed very complex evolutionary pat-
terns in both diploid and polyploid accessions of Eu-
ropean Hieracium s.str. (Asteraceae). Highly reticulate 
evolution associated with late Quaternary phylogeog-
raphy of sexual ancestors was reconstructed in Europe-
an blackberries, among which more than 750 species 
are recognised, but these originate in just around six 
ancestral diploids, some of them extinct (Sochor et al. 
2015, 2017). However, hybridisation has long been 
recognised as an important process in plant evolution 
and speciation in general, not only in apomictic genera 
(Rieseberg 1995; Nolte & Tautz 2010).

Current gene flow among 
taxa seems to be limited

In our previous paper (Sochor et al. 2022), we reported 
on the occurrence of 12 hybrid combinations in South 
African brambles, some of which are locally even more 
frequent than their parents (e.g. R. bergii × R. rigidus). 
The hybrid origins of all of these taxa were supported 
by the molecular data presented here (Figure 3; see 
also Supplementary Table S1 for plastid haplotypes). 
The frequent occurrence of hybrids and the successful 
production of seeds and even the occurrence of fac-
ultative apomixis in some of them made us consider 
the evolutionary potential of hybridisation in South 
African brambles. Furthermore, two octoploid fertile 
sexual hybrids derived from R. rigidus (with R. pinnatus 
or R. sect. Arguti) were also discovered, which implies 
that such hybrids are not rare (the two specimens rep-
resented 4.5% of the 44 hybrid individuals with known 

Figure 4. Scheme of proposed evo-
lutionary relationships between 
modern species of the R. rigi-
dus–pinnatus–apetalus group and 
their hypothetical ancestors; see 
text for explanation.
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ploidy in our dataset). Hypothetically, these octoploids 
could backcross with the tetraploid parent (2x gamete) 
due to the formation of regular reduced 4x gametes 
(see Sochor et al. 2022). The offspring (6x) would then 
share ploidy level and ± 50% of the genome with the 
first parent. Therefore, only two generations can be 
sufficient to overcome the ploidy reproduction barrier 
between tetra- and hexaploids.

Although potentially very effective and explanatory for 
the extraordinary phenotypic variability of R. rigidus 
(see Sochor et al. 2022), this ‘octoploid bridge’ (par-
allelism of triploid bridge sensu Ramsey & Schemske 
1998) does not appear to be a common evolutionary 
mechanism, because no shared alleles have so far been 
detected between native and introduced taxa (except 
for the apparent hybrids), and only a few shared alleles 
were detected among native species. An example is the 
Rig6 haplotype in R. rigidus near Alexandria, EC, where 
this haplotype is shared with R. pinnatus, but R. rigidus 
bears it in regions much further west (because of shared 
ancestry) and a transition zone was only documented 
in the eastern parts of WC (Figure 1D). Another possi-
ble example are the B1 ribotypes, which seem to orig-
inate from the R. pinnatus/‘archaepinnatus’ lineage but 
were found also in R. rigidus in KZN and MP, in all cases 
together with the C ribotypes in each individual. This 
last fact could imply that the five R. rigidus individuals 
(all confirmed hexaploids) can actually be early-gener-
ation introgressants, because the ribosomal cistron has 
not yet been homogenised. However, due to the rather 
limited sample set, we cannot rule out the possibility 
of ancient gene flow between the two species and the 
local preservation of genes of R. pinnatus/‘archaepinna-
tus’ in R. rigidus.

Genetic diversity is 
geographically structured in 
R. pinnatus and R. rigidus
Genotypic and allelic diversity and its structuring are 
crucial information for the management of both intro-
duced and native taxa (especially those of conservation 
concern), and for understanding their evolutionary 
behaviour. Our data provide two perspectives. While 
DNA sequences from the conservative markers provide 
a wide and superficial overview, the population-genetic 
data from microsatellites enable much finer and deep-
er insights, but were restricted in this study to a single 
model system of R. bergii, R. rigidus, R. pinnatus and 
their hybrids.

From the wider, phylogeographic perspective, our se-
quence data imply relatively low genetic diversity in 
R. thaumasius, R. apetalus, R. transvaalensis, and also 
R. ludwigii. The latter was, however, included only mar-
ginally in this study and its geographic variation may not 

have been sampled. In contrast, R. pinnatus and par-
ticularly R. rigidus exhibit high diversity in plastid DNA 
and ITS, which is clearly geographically structured. 
This structuring appears to reflect not only the retic-
ulate evolution discussed above, but also a long-term 
isolation of populations and limited gene flow among 
regions. The most conspicuous genetic differences are 
between the summer-rainfall and winter-rainfall zones 
(Figures 1 & 2), implying that the haplotypic/ribotypic 
geographical differentiation may have been accompa-
nied by niche shift, which in turn may be associated 
with a slight phenotypic shift in R. pinnatus. These geo-
graphically linked differences justify its subdivision into 
two subspecies (Sochor et al. 2022).

In R. rigidus, on the other hand, major phenotypic traits 
(e.g. structure of leaves, fruit colour, leaf indumentum) 
do not correspond with haplotypes or ribotypes. Conse-
quently, putatively distinct morphotypes (or species sen-
su Van de Beek 2021) are widespread across South Af-
rica, but are obviously composed of diverse genotypes 
of different phylogenetic/genealogical history. In other 
words, taxonomic treatment of such morphotypes on 
the species level is contradicted not only by their obli-
gate sexuality (Sochor et al. 2022), but also their diverse 
polytopic origin. A narrow species concept, such as that 
used in Europe for apomictic genotypes, is, therefore, 
clearly inapplicable in South African native taxa. 

Clonality implies apomictic spread 
in R. bergii and R. bergii × pinnatus
Originally, we suspected the R. bergii × R. rigidus hy-
brids to be partly apomictic and able to persist and 
spread without recurrent formation of new genotypes 
via hybridisation (Sochor et al. 2018). This would result 
in the presence of the same genotype at different loca-
tions, and later in the dominance of one or a few suc-
cessful hybrid genotypes within each region. However, 
no clonal (i.e., apomictic) duplication was detected 
among the 11 hybrid individuals in our dataset, despite 
the fact that the sampling was focused on a small area 
in westernmost WC (see Supplementary Table S3). This 
fact supports our later conclusion (Sochor et al. 2022) 
that these pentaploid hybrids are possibly exclusively 
sterile and can persist and spread only via vegetative 
means. On the other hand, the high frequency of oc-
currence of the hybrid in some regions implies its easy 
and common recurrent formation.

Surprisingly, clonal duplications were identified in the 
hybrid R. bergii × pinnatus, although this was not in our 
primary focus and was therefore represented by only 
five individuals in our SSR data set. Four of the indi-
viduals turned out to belong to a single genotype (Ta-
ble 2; Supplementary Table S3). The sampled area was 
very small with distances between the individuals of the 
clone being 0.33–1.36 km. Such distances, however, 
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seem to be too long to be explained by the spontaneous 
vegetative spread. As human-mediated propagation can 
be most likely excluded, the most probable explanation 
for our finding is asexual dispersal via seeds – apomix-
is. We have reported on apomictic seeds in two other 
homoploid hybrids between native and introduced Ru-
bus taxa (R. bergii × thaumasius and R. pinnatus × sect. 
Arguti; Sochor et al. 2022) but it was not clear whether 
these seeds were viable and able to secure dispersal.

Similarly, Clark and Jasieniuk (2012) detected (rare) hy-
bridisation among native and introduced Rubus taxa in 
western United States, as well as apomixis at the level 
of the embryo. However, seedlings derived from the 
hybrids exhibited higher allelic variation than would be 
expected for apomictic offspring, and apomixis, there-
fore, was not confirmed on the level of seedlings. In 
contrast, the frequent occurrence of hybrids between 
Taraxacum officinale (alien) and T. japonicum (native) 
(Asteraceae) was reported in western Japan despite a 
very low hybridisation rate (Matsuyama et al. 2018). 
The number of hybrid genotypes detected in that study 
in natural populations was surprisingly high but still in-
dicated their apomictic spread. A combination of apo-
mixis, high genotypic diversity, and hybrid origin from 
a native species seemed to promote effective natural 
selection and propagation of well-adapted genotypes, 
and thus enhanced invasiveness.

Rubus bergii × pinnatus, as well as the other two hy-
brids with apomictic seeds, is only locally common and 
of rather low importance as an invader at this moment. 
However, these hybrids may potentially pose an initial 
phase of new invasion that can take advantage of local 
adaptations of the native parent (Pfennig et al. 2016), 
clonal multiplication of a superior genotype (Parepa et 
al. 2014), potential hybrid vigour (Ayres 2004) or simply 
of being an evolutionary novelty (Ellstrand & Schieren-
beck 2006). Targeted sampling of the tetraploid hybrids 
with subsequent assessment of genotypic diversity and 
invasive potential is required to evaluate this hypothesis.

High genotypic and allelic diversity were detected in 
R. rigidus (Table 2), three or four alleles per locus and 
individual being no exception, which is consistent with 
its sexual mode of reproduction and allopolyploid or-
igin. In contrast, R. bergii was confirmed to be mono-
clonal with no signs of recombination or introgression 
from other taxa, yet with relatively high allelic diversi-
ty (reflecting its allopolyploid origin; Table 2). Mono-
clonality in our dataset also confirmed the identity of 
South African R. bergii and European plants usually 
treated under the name R. vigorosus P.J.Müll. & Wirtg. 
(Kurtto et al. 2010; Van de Beek 2014). Such extreme-
ly low genotypic diversity is consistent with data from 
other apomictic Rubus microspecies (Király et al. 2017; 
Šarhanová et al. 2017). Although the monoclonality is 
contradictory to the relatively high proportion of sex-
ually derived embryos as detected by flow cytometric 

seed screen in the demonstrably monoclonal microspe-
cies (cf. Šarhanová et al. 2012; Sochor et al. 2022), this 
paradox appears to be a common phenomenon in Ru-
bus, so far without explanation (see also Šarhanová et 
al. 2017). Similar patterns are therefore presumed to 
occur in other South African alien apomictic blackber-
ries such as R. armeniacus and R. sect. Cuneifolii (both 
likely monoclonal in South Africa), and R. sect. Arguti 
with two widespread clones and several genotypes of 
local occurrence (Sochor et al., 2022).

Conclusion
South Africa is not a hotspot for Rubus diversity, but 
the genus is taxonomically challenging and has been 
rather overlooked in this region (Van de Beek 2021; So-
chor et al. 2022). A combination of traditional pheno-
type-based, molecular, and cytometric methods have 
improved our understanding of its diversity and evolu-
tionary behaviour.

Contrary to previous concerns and notions that the 
group (or at least some of the taxa) is a hardly intelligi-
ble tangle (Sochor et al. 2018; Van de Beek 2021), the 
biosystematics of South African Rubus is not intractable. 
Despite frequent hybridisation, gene flow among mod-
ern species appears to be weak, as the hybrids mostly do 
not contribute to further evolution via hybridogenesis or 
introgression. However, clonal duplications and asexual-
ly derived seeds detected in tetraploid hybrids of native 
and introduced taxa may indicate incipient new plant 
invasions, and this process deserves further attention.

High phenotypic variability in some species, which has 
caused much confusion, can readily be explained by 
their allopolyploid origin and phylogeographic patterns. 
For example, the extreme variability in R. rigidus seems 
to be caused by: 1) its hexaploidy; 2) its origin in (at 
least) three ancestral species (Figure 4); 3) among-pop-
ulation isolation and subsequent differentiation par-
ticularly between winter-rainfall and summer-rainfall 
zones but also within the zones to some extent; and 4) 
probably weak but possibly continuous gene flow from 
other species, such as R. pinnatus and R. transvaalensis.

The data presented here and in our previous papers are 
not exhaustive and should be regarded rather as a foun-
dation for further studies. Besides the invasive potential 
of the tetraploid hybrids, the most challenging task for 
the future is to unearth evolutionary links between the 
South African and tropical African Rubus flora, as well 
as better characterise the diversity of alien, particularly 
North American taxa, which seem to be quite rich, yet 
underexplored in the eastern regions of South Africa. 
However, our experiences show that new and often 
surprising discoveries can be expected around every 
corner of (not only) South African batology.
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Supplementary Table S3.  Samples used for SSR analyses, allelic data and genotype assignment as determined by GENOTYPE
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Genotype assignment at differ-
ent thresholds
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R. bergii × 
pinnatus

RSA05/17 SA, WC, Newlands, 
Riverside Road

-33.985 18.445 1 1 1 1 1 1 169+209+221 163+167+181+193 140+160+248 165+199 176 145+154+156+163 215+244 233+237+244+250 222

R. bergii × 
pinnatus

RSA09/17 SA, WC, Kirstenbosch 
arboretum, SW 
margin

-33.989 18.437 1 1 1 1 1 1 169+209+221 163+167+181+193 140+160+248 165+199 176 145+154+156+163 215+244 233+237+244+250 222

R. bergii × 
pinnatus

RSA11/17 SA, WC, Kirstenbosch 
arboretum, central 
part

-33.988 18.440 1 1 1 1 1 1 169+209+221 163+167+181+193 140+160+248 165+199 176 145+154+156+163 215+244 233+237+244+250 222

R. bergii × 
pinnatus

RSA15/17 SA, WC, at the road 
Kirstenbosch - Hout 
Bay

-34.007 18.418 2 2 2 2 2 2 209 163+169+181+193 144+160+178+248 161+180+197 162 145+154+156+163 215+244 223+233+244 222

R. bergii × 
pinnatus

RSA32/17 SA, WC, Kirstenbosch 
Bot. Garden, 200 m 
NW of the N entrance

-33.985 18.430 1 1 1 1 1 1 169+209+221 163+167+181+193 140+160+248 165+199 176 145+154+156+163 215+244 233+237+244+250 222

R. pinnatus RSA04/17 SA, WC, Table Mt., 
Woodhead Dam

-33.975 18.407 3 3 3 3 3 3 209 163+181 140+164 161+199 160 145+154 215 244 222

R. pinnatus RSA06/17 SA, WC, Rondebosch, 
300 m NW of the 
Rhodes Memorial

-33.951 18.456 4 4 4 4 4 4 209 163+181 140+144+168 161+165+197+201 160+176 145+151+154 215 233+244 222

R. pinnatus RSA13/17 SA, WC, Hout Bay, NE 
end of the town

-34.015 18.384 5 5 5 5 5 5 209 163+181 144+162+164 201 158 145+154 215 244 222

R. rigidus 
× pinnatus

RSA27/17 SA, WC, at the road 
R44 (Kleinmond - Bot 
River)

-34.304 19.135 6 6 6 6 6 6 209 163+173+181+200 134+152+162 167+188 158+182 145+151 215+242 233+244 222+231

R. rigidus RSA40/17 SA, WC, at the road 
R43, 6.2 km NNE of 
Fisherhaven

-34.306 19.146 7 7 7 7 7 7 209 163+173+202 134+162 167 158 145 215+242 233+244 231

R. rigidus MS04/18 SA, KZN, Royal Natal, 
Tugela Valley

-28.715 28.935 8 8 8 8 8 8 209 163+173+196 138+148+156 165+174 148 145+151+156 215+242 221+235+244 231

R. rigidus MS37/18 SA, KZN, Drakens-
berg, 0.5 km S of 
Injasuti Camp

-29.123 29.440 9 9 9 9 9 9 209 163+173+198 134+148+158 167+178+180 148 145+151+156 215+242 221+235+244 231

R. rigidus MS46/18 SA, M, Graskop, edge 
of the kloof

-24.944 30.841 10 10 10 10 10 10 209+215 163+177+198 146+152+158 163+184+188 156+178 145+149+156 244 235+241+246 233+235

R. rigidus MS13/18 SA, KZN, Assagay -29.784 30.739 11 11 11 11 11 11 209+215 163+177+200+204 128+238+144+152 187+189 158 145+156 215 233+235+244 233

R. rigidus MS17/18 SA, KZN, N of Hill-
crest, Ngwele Rd.

-29.752 30.778 12 12 12 12 12 12 209 163+171+177+179+193 128+140+152 165+191+203 154+158 145+148+156 215 235+239+244 233

R. bergii × 
rigidus

RSA20/17 SA, WC, Kylemore -33.912 18.944 13 13 13 13 13 13 209+221 163+167+185+198 148+160 167+176+180 158 145+156+163 215+242+244 231+235+237+244 231

R. bergii × 
rigidus

RSA21/17 SA, WC, between 
Simondium and 
Drakenstein 

-33.858 18.972 14 14 14 14 14 14 209 163+173+185+198 148+162+178+248 167+172+180 158 145+156 215+242+244 223+233+235+237+244 231

R. bergii × 
rigidus

RSA28/17 SA, WC, at the road 
R44 (Kleinmond - Bot 
River)

-34.304 19.135 15 15 15 15 15 15 209+221 163+167+173+181+185 134+160 167+180+186 158 145+163 215+242+244 231+233+244 231

R. bergii × 
rigidus

RSA30/17 SA, WC, Elgin 
Valley,10 km NNE of 
Kleinmond

-34.254 19.054 16 16 16 16 16 16 209+221 163+173+193 136+160+178 167+186 158 145+156 242+244 231+233+244 231
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Supplementary Table S3.  Samples used for SSR analyses, allelic data and genotype assignment as determined by GENOTYPE  
(continued)

Genotype assignment at differ-
ent thresholds
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R. bergii × 
rigidus

RSA31/17 SA, WC, Grabouw, 
Highlands Road

-34.216 19.055 17 17 17 17 15 15 209+221 163+167+173+181+185 134+160+178+248 167+186 158 145+156+163 215+242+244 231+233+244 231

R. bergii × 
rigidus

RSA39/17 SA, WC, between 
Patryslaagte and 
Houhoek

-34.192 19.110 18 18 18 18 17 17 209 163+173+185+200 134+162+178 167+184 158 145+163 215+242+244 233+237+244 231

R. bergii × 
rigidus

RSA41/17 SA, WC, between 
Sandbaai and Cale-
don, Creation

-34.333 19.331 19 19 19 19 18 18 209+221 163+167+173+185+204 134+162+248 167+188 158 145+156+163 215+242+244 231+233+235+237+244 231

R. bergii × 
rigidus

RSA42/17 SA, WC, SW margin 
of Genadendal

-34.049 19.553 20 20 20 20 19 19 209+221 163+173+185+200 134+160+178 167+174 158 145+156+163 215+242+244 233+237+244 231

R. bergii × 
rigidus

RSA44/17 SA, WC, between 
Genadendal and 
Helderstroom

-34.062 19.438 21 21 21 21 20 20 209+221 163+167+171+193+200 148+160 167+174+180 162 135+145+156+163 215+242+244 223+231++233+244 225

R. bergii × 
rigidus

RSA45/17 SA, WC, Helder-
stroom

-34.066 19.370 22 22 22 22 21 21 209+221 163+173+193+200 152+160 167+174+180 138 135+145+156+163 215+242+244 231+235+237+244 231

R. bergii × 
rigidus

Beek2018.15 SA, WC, Stellenbosch -33.912 18.942 23 23 23 23 22 22 209 163+167+173+185+198 158+162+178 165+176 158 145+156+163 215+242+244 233+235+237+244 231

R. bergii RSA29/17 SA, WC, ca 8.7 km 
NE of Kleinmond, 
Elgin Valley

-34.280 19.086 24 24 24 24 23 23 209+221 167+185+193 160+178+248 180 null 156+163 244 223+233+237 null

R. bergii RSA35/17 SA, WC, Table Mt., 
Disa Gorge

-33.978 18.399 24 24 24 24 23 23 209+221 167+185+193 160+178+248 180 null 156+163 244 223+233+237 null

R. bergii RSA38/17 SA, WC, Table Mt., 
Woodhead Dam

-33.975 18.407 25 25 24 24 23 23 209+221 167+185+193 160+178+248 182 null 156+163 244 223+233+237 null

R. bergii RSA43/17 SA, WC, Genadendal -34.036 19.556 26 26 24 24 23 23 209+221 167+185+193 162+178+248 180 null 156+163 244 223+233+237 null

R. bergii RSA08/17 SA, WC, Rondebosch, 
750 m W of the 
Rhodes Memorial

-33.953 18.451 24 24 24 24 23 23 209+221 167+185+193 160+178+248 180 null 156+163 244 223+233+237 null

R. bergii RSA16/17 SA, WC, Stellenbosch, 
Devonvallei

-33.948 18.819 24 24 24 24 23 23 209+221 167+185+193 160+178+248 180 null 156+163 244 223+233+237 null

R. bergii RSA17/17 SA, WC, Stellenbosch, 
base of Pappegaaiberg

-33.940 18.845 24 24 24 24 23 23 209+221 167+185+193 160+178+248 180 null 156+163 244 223+233+237 null

R. bergii RSA19/17 SA, WC, Kylemore, at 
the road Stellenbosch 
- Pniel

-33.912 18.944 24 24 24 24 23 23 209+221 167+185+193 160+178+248 180 null 156+163 244 223+233+237 null

R. bergii RSA22/17 SA, WC, between 
Simondium and Cillie

-33.816 18.951 24 24 24 24 23 23 209+221 167+185+193 160+178+248 180 null 156+163 244 223+233+237 null

R. bergii RSA23/17 SA, WC, Paarlsberg -33.735 18.947 24 24 24 24 23 23 209+221 167+185+193 160+178+248 180 null 156+163 244 223+233+237 null

R. bergii RSA24/17 SA, WC, Paarlsberg, 
under Victoria Dam

-33.759 18.948 24 24 24 24 23 23 209+221 167+185+193 160+178+248 180 null 156+163 244 223+233+237 null

R. bergii R151/11 Germany, Lower 
Saxony, Voltlage

52.430 7.753 24 24 24 24 23 23 209+221 167+185+193 160+178+248 0 null 156+163 244 223+233+237 null

R. bergii VŽ-Vig1 Germany, Hessen, 
Rotgau

50.035 8.903 24 24 24 24 23 23 209+221 167+185+193 160+178+248 180 null 156+163 244 223+233+237 null

R. bergii VŽ-Vig2 Germany, Hessen, 
Urberach

49.956 8.773 24 24 24 24 23 23 209+221 167+185+193 160+178+248 180 null 156+163 244 223+233+237 null
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Supplementary Table S3.  Samples used for SSR analyses, allelic data and genotype assignment as determined by GENOTYPE  
(continued)

Genotype assignment at differ-
ent thresholds

Detected alleles Detected alleles
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R. bergii VŽ-Vig4 Germany, Hes-
sen, Babenhausen

49.980 8.929 24 24 24 24 23 23 209+221 167+185+193 160+178+248 180 null 156+163 244 223+233+237 null

R. bergii VŽ-Vig5 Germany, Lower 
Saxony, Voltlage

52.430 7.753 27 27 24 24 23 23 209+221 167+185+193 160+178+248 176 null 156+163 244 223+233+237 null

R. aff. 
bergii

MS24/18 SA, KZN, Ingelabant-
wana Forest, N of 
Bulwer

-29.725 29.744 28 28 25 25 24 24 209 165+169+193 138+148+160 165+172 null 156+163+165 244 215+233+244 null
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