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* Background and Aims The Greater Cape Floristic Region is one of the world’s biodiversity hotspots and is
considered poor in polyploids. To test this assumption, ploidy variation was investigated in a widespread Cape
shrub, Dicerothamnus rhinocerotis (renosterbos, Asteraceae). The aim was to elucidate the cytotype distribution
and population composition across the species range, and to assess differences in morphology, environmental
niches and genetics.

* Methods Ploidy level and genome size were determined via flow cytometry and cytotype assignment was
confirmed by chromosome counting. Restriction site-associated DNA sequencing (RADseq) analyses were
used to infer genetic relationships. Cytotype climatic and environmental niches were compared using a range
of environmental layers and a soil model, while morphological differences were examined using multivariate
methods.

e Key Results The survey of 171 populations and 2370 individuals showed that the species comprises dip-
loid and tetraploid cytotypes, no intermediates and only 16.8 % of mixed populations. Mean 2C values were
1.80-2.06 pg for diploids and 3.48-3.80 pg for tetraploids, with very similar monoploid genome sizes. Intra-
cytotype variation showed a significant positive correlation with altitude and longitude in both cytotypes and
with latitude in diploids. Although niches of both cytotypes were highly equivalent and similar, their optima
and breadth were shifted due to differences mainly in isothermality and available water capacity. Morphometric
analyses showed significant differences in the leaves and corolla traits, the number of florets per capitulum, and
cypsela dimensions between the two cytotypes. Genetic analyses revealed four groups, three of them including
both cytotypes.

* Conclusions Dicerothamnus rhinocerotis includes two distinct cytotypes that are genetically similar. While
tetraploids arise several times independently within different genetic groups, morphological and ecological dif-
ferences are evident between cytotypes. Our results open up new avenues for questions regarding the importance
of ploidy in the megadiverse Cape flora, and exemplify the need for population-based studies focused on ploidy
variation.

Key words: Asteraceae, Compositae, Elytropappus rhinocerotis, flow cytometry, Gnaphalieae, ploidy level,

RADseq, renosterbos, renosterveld, South Africa, Stoebe clade.

INTRODUCTION

Polyploidy, a state of bearing more than one complete set of
chromosomes, is one of the key factors affecting and shaping
plant diversity on Earth (Tank et al., 2015). It is estimated that
almost all plant lineages in the world have undergone several
polyploid events in their evolution, which are reflected in the
construction of their genomes (e.g. Soltis and Soltis, 2016; Ren
et al., 2018). A significant proportion of plants, already bearing
the remnants of ancient polyploidization, are experiencing the
effects of recent polyploidization, which is evidenced by the
high ploidy-level variation in some families, genera and spe-
cies. The geographic distribution of recent polyploidy on Earth

is not uniform, but shows a distinct clinal pattern where the
representation of polyploids increases from the equator to the
poles (Rice et al., 2019).

One exception to this rule is considered to be the Cape
flora, the megadiverse and highly endemic-rich flora of the
south-western tip of the southern African subcontinent, which
has been found to be more polyploid-poor than expected from
its geographic location (Oberlander et al., 2016). The Greater
Cape Floristic Region (GCFR), which is climatically charac-
terized by winter rainfall and summer drought, is composed of
two main biomes, Fynbos and Succulent Karoo (Bergh et al.,
2014). The Succulent Karoo is associated with drier and warmer
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conditions, and is found on plains and lower slopes with shale-
and granite-derived soils and annual rainfall between 20 and 300
mm and summer temperatures reaching up to 44 °C. In con-
trast, Fynbos is found on sandy lowland coastal plains as well as
mountains, but not in areas where annual rainfall is <200 mm,
with vegetation types adapted to the different edaphic character-
istics, including nutrient-poor quartzite-derived substrates and
shale- or granite-derived loamy mesotrophic substrates (Low et
al., 1996; Mucina et al., 2006; Rebelo et al., 2006). The Fynbos
biome is adapted to fires, which drive ecological processes such
as regeneration, succession and vegetation dynamics (Bond and
van Wilgen, 1996; Keeley et al., 2012).

The Cape’s polyploid paucity is usually explained as a con-
sequence of its stable climatic and geological history (Dynesius
and Jansson, 2000; Cowling et al., 2015) and the fact that much
of the local plant diversity is confined to a limited number of
radiated plant lineages (Linder, 2003; Oberlander et al., 2016).
On the other hand, there is increasing evidence that cytotype
variation is important in many plant groups that have diversi-
fied in the Cape, including some of the ‘Cape clades’ sensu
Linder (2003): African Restionaceae (Linder et al., 2017),
Oxalis (Oxalidaceae; Krejcikova et al., 2013a, b), Heliophila
(Brassicaceae; Manddkova et al., 2012; Dogan et al., 2021),
Helichrysum (Asteraceae tribe Gnaphalieae; Andrés-Sdnchez
et al.,2019) and Pteronia (Asteraceae tribe Astereae; Chumova
et al., 2022). Only detailed and population-targeted screening
can elucidate cytotype diversity within species and populations,
which is necessary for estimating the frequency of recent poly-
ploidy but often not detected when just a few individuals are
surveyed. However, few such studies have been carried out in
the Cape, although several plant families known for their fre-
quent polyploidy in other parts of the world are significantly
represented here. A notable example is the family Asteraceae,
by far the largest family in the Cape (Manning and Goldblatt,
2012) and with many independently radiated Cape lineages (e.g.
in tribes Arctotideae, Senecioneae and Gnaphalieae, amongst
others). Within Asteraceae globally, ancient polyploidization
is known to be associated with diversification (Huang et al.,
2016), and current species diversity harbours a high proportion
of recent polyploids (Semple and Watanabe, 2009).

Dicerothamnus  rhinocerotis  (L.f.) Koek. (formerly
Elytropappus rhinocerotis Less.; Koekemoer, 2019) is
a member of one of Linder’s (2003) ‘Cape Floral clades’ and
part of the Cape ‘Stoebe clade’ of Bergh and Linder (2009).
The species is an endemic Cape member of the Asteraceae
tribe Gnaphalieae (subtribe Gnaphaliinae) and is a shrub
with minute, cupressoid, tightly adpressed leaves on slender
wiry twigs, bearing masses of cryptic flowers in tiny brown
flowerheads. Commonly known as ‘renosterbos’ (‘rhinoceros
bush’), this species is one of the dominant members of, and
gives its name to, the Mediterranean-type shrubland known
locally as ‘renosterveld’, one of the most highly threatened
vegetation types (Kemper et al., 1999; Cowling and Heijnis,
2001) within the megadiverse GCFR and one of the most
threatened vegetation types globally. While renosterveld is
part of the Fynbos biome, it differs from the typical Fynbos
vegetation type in occurring on more nutrient-rich soils, so
the formations are bordered by Fynbos on one side, in other
places they grade into Succulent Karoo, especially at the
lower end of the rainfall spectrum. Renosterveld has received
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notably less focus than other fragmented ecosystems, des-
pite higher levels of habitat loss than other highly biodiverse
regions (Topp and Loos, 2019). Similarly, the renosterbos,
D. rhinocerotis, has received little taxonomic or ecological at-
tention since the first half of the last century, despite being an
important ecological indicator species with a strong palaeo-
pollen record (e.g. Chase and Meadows, 2007) and docu-
mented ethnopharmacological uses (e.g. Dekker et al., 1988;
Maroyi, 2019) as well as being the flagship species of a major
southern African vegetation type. The distribution of this
species ranges from Cape Town in the south-western Cape,
northwards, eastwards and inland outside of the GCFR into
the higher-elevation cool growing-season grasslands of the
Great Escarpment of South Africa. In addition to this appar-
ently very broad environmental tolerance, renosterbos plants
have a large reproductive output, producing >300 fruits on
just one small twig 7.5 cm long (Levyns, 1926), and with dis-
turbance (usually fire)-mediated recruitment from seedbanks
(Levyns, 1929), giving it the ability to form monocultures in
inappropriately managed veld. This has been noted for >100
years (e.g. Marloth, 1908) and can be a problem for farmers,
as the plant is not edible by stock.

Initial population screening to estimate genome size vari-
ation within D. rhinocerotis demonstrated striking variation,
resembling that found in mixed ploidy systems. Here, we fur-
ther examine multiple individuals from numerous populations
across the full geographic range of the species in order to elu-
cidate the cytotype and genetic composition of populations and
reveal the spatial distribution of variation in these factors. We
also explore the nature and maintenance of cytotype variation
by assessing differentiation between cytotypes in genetics,
morphology and environmental niche.

MATERIALS AND METHODS

Plant material

A total of 171 Dicerothamnus rhinocerotis populations were
sampled during 2014-22 (Fig. 1, Supplementary Data Table S1)
over a substantial part of its distribution range in South Africa.
At each locality, the following material was collected for each
population, where possible: (1) well-developed intact leaf tissue
from 1-20 individuals (depending on the population size) was
stored at 4-8 °C in a plastic bag for flow cytometry estima-
tion of ploidy level and nuclear genome size, flow cytometry
analyses being performed within 14 days of collection, usu-
ally sooner; (2) from one to eight of the individuals sampled
in (1) above, twigs were collected for morphometric investi-
gations, including both flowers and fruit where available (sam-
pled during the flowering season); and (3) mature achenes from
several individuals for germination in the experimental garden
of the Institute of Botany of the Czech Academy of Sciences in
Prithonice were studied for karyology. Vouchers of the above
material have been deposited in the PRC and NBG herbariums.

Flow cytometry

Flow cytometry was used to examine DNA ploidy level
(sensu Suda et al., 2006) for all collected leaf samples. The
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FiG. 1. Geographic distribution of cytotypes across the distribution range of D. rhinocerotis on an overlay showing elevation and the distribution of the Fynbos

and Succulent Karoo biomes. Sites where only a single cytotype was are indicated in red for diploids and blue for tetraploids. Sites where diploids and tetraploids

were found to co-occur are indicated in purple. Open triangles indicate sites sampled for morphometrics. The inset shows a typical image of the vegetation type
renosterveld dominated by D. rhinocerotis (large mixed-ploidy population at the foothills of the Swartberg).

ploidy determination followed the simplified protocol of Otto
(according to Dolezel et al., 2007) with the usage of DAPI
(4’,6-diamidino-2-phenylindole at the final concentration of
4 nug - mL™) as a staining dye and Solanum pseudocapsicum
as a primary internal standard (2C =2.59 pg; Temsch et al.,
2010). Occasionally, one individual of Hedera helix served as
a secondary internal standard (2C = 2.88 pg); its genome size
was estimated in 15 independent measurements against the pri-
mary internal standard. A subset of individuals (64 plants from
29 populations plus 3 individuals of the closest related species
Dicerothamnus adpressus) was also subjected to genome size
estimation with the same sample preparation, but after incu-
bation the suspension was stained with 1 mL of Otto II buffer
(0.4 M Na,HPO, - 12H,0) supplemented with the intercalating
fluorescent dye propidium iodide, RNAase ITA (both at the final
concentration of 50 pg - mL™") and -mercaptoethanol (2 pg -
mL™1).

Ploidy level was determined on a Partec CyFlow ML
cytometer equipped with an LED UV chip, and genome size
on a Partec CyFlow SL cytometer equipped with a 532-nm
diode-pumped solid-state laser as a source of excitation light
(both manufactured by Partec, Miinster, Germany). Both ap-
proaches were used in accordance with best practices in plant
flow cytometry (Sliwinska et al., 2022).

Chromosome preparation and fluorescent in situ hybridization

Actively growing young roots were collected from seed-
lings germinated in Petri dishes. The root tips were pretreated
with ice-cold water for 12 h, fixed in freshly prepared fixative
(ethanol:acetic acid, 3:1) for 24 h at4 °C and stored at —20 °C until
further use. Chromosome spreads were prepared for 12 individ-
uals as described by Mandédkova and Lysak (2016). Preparation
of the slides for fluorescent in situ hybridization (FISH) and the
procedure itself was done according to Garcia et al. (2010).

Slides were examined and photographed on a Zeiss Axio
Imager Z2 microscope system equipped with an ApoTome 2
Zen (Zeiss, Jena, Germany) and Adobe Photoshop software
(Adobe Systems, San Jose, CA, USA) was used for processing
the images.

DNA extraction

Total genomic DNA was extracted from ~0.5 g of leaf ma-
terial taken from the herbarium (PRC) specimens by the sorbitol
method (Storchovad et al., 2000). The samples were cleaned
with SPRI beads (Beckman Coulter Genomics, Danvers, MA,
USA; ratio 1:0.4 DNA:beads) and the quality of the DNA was
checked on 1 % agarose gel.



854

Generation of restriction site-associated DNA sequence data

Altogether 35 populations (91 individuals) of D. rhinocerotis
and 3 populations (5 individuals) of D. adpressus as an outgroup
(Supplementary Data Table S1) were used for library prepa-
ration. Genomic DNA from each sample was quantified using
a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA) and
diluted to the same concentration for all individuals. An ini-
tial amount of 500 ng DNA was used in a total volume of 30
pL. Construction of a ddRADseq library (following Peterson
et al.,, 2012) consisted of the following steps: digesting gen-
omic DNA with two restriction enzymes, Sphl and MIuCI
(New England BioLabs); ligating two different barcoded adap-
tors, P1 and P2 (Peterson et al., 2012), onto the ends of 100
ng of the purified digestion products; size-selecting from the
ligation products; and PCR-amplifying the remaining subset of
fragments. After ligation of the adaptors, 48 ligation products
differing in adapter barcode were pooled together, and cleaned
with SPRI again (ratio 1:1.2 DNA:beads, two times), and size-
selected fragments by Pippin Prep (Sage Science, Beverly,
MA, USA) for the size-selection range 500-600 bp were amp-
lified via multiple amplification reactions for each size-selected
sample (Peterson et al., 2012), purified twice with SPRI beads
(ratio 1:1.5 DNA:beads), quantified on a Qubit fluorometer and
pooled in equimolar concentrations. A 1.8 % agarose quality
check gel was performed and final concentration was measured
on a Bioanalyzer (Agilent, Santa Clara, CA, USA).

Sequencing was performed on an Illumina HiSegX instru-
ment at Macrogene (Seoul, Republic of Korea) using a 300-
cycle kit (v.5, [llumina, San Diego, CA, USA) to obtain 150-bp
paired-end reads. Raw sequence data are available in the NCBI
BioProjects repository under accession number PRINA962930.

Analysis of restriction site-associated DNA sequence data

The raw reads were quality-filtered and demultiplexed ac-
cording to individual barcodes using the process_radtags.pl
script implemented in Stacks (Catchen et al., 2011). Despite
our sampling aimed at diploid and tetraploid samples, we used
the standard data analysis for diploid species using Stacks
v.2.64 (Catchen et al., 2011). This procedure has been shown to
be efficient if closely related diploids and polyploids (presum-
ably autopolyploids) are compared (e.g. Edgeloe et al., 2022).
Restriction site-associated DNA (RAD) loci were assembled
and single nucleotide-polymorphisms (SNPs) were called de
novo, using the denovo_map.pl pipeline. Settings parameters
for the denovo_map.pl script were optimized on a pilot dataset
including ten randomly chosen accessions according to Paris
et al. (2017), and were set as follows: a minimum distance to
identify a stack (-m 3), a maximum distance between stacks
(M 3) and a maximum number of mismatches between loci
of different individuals (-n 3). The ‘populations’ routine was
used to extract and export the selected loci, filtered based on
the number of heterozygous genotypes per locus; the maximum
observed heterozygosity parameter (--max_obs_het) was set
to 0.65 to avoid combining paralogues within the same RAD
locus. Usage of only a single independent SNP per locus was
guaranteed by implementing --write-random-snp flag. Data
from the populations procedure was output to a vcf file using
--vcf flag.
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The vcf files were further processed using VCFtools
(Danecek et al., 2011), where the --minDP flag was used to se-
lect only genotypes with a given minimum depth, the --remove-
indels flag to exclude sites with indels, and the --max-missing
flag to exclude sites with a rate of missing data greater than
the given threshold. For the Structure-like analyses, additional
filtering for shared SNPs among a minimum number of indi-
viduals (--mac flag) was used. Subsequently, vcf files were
converted to nexus format by the python script vef2pyhilip.py
(Ortiz, 2019), and/or read and further processed in R via the
vcfR package (Knaus and Griinwald, 2017). Nexus files were
used to explore possible reticulation via NeighborNet ana-
lysis implemented in SplitsTree4 (Huson and Bryant, 2006).
The analysis with outgroup specimens was supplemented with
bootstrap support inferred from 500 replicates. Resulting vef
files were processed in R by their transfer to standard genlight
objects (vcfR2genlight function in vcfR) and further analysed
via the adegenet R package (Jombart and Ahmed, 2011) which
was used to conduct discriminant analysis of principal compo-
nents (DAPC; Jombart ef al., 2010) and principal component
analysis (PCA; via function glPca). For Structure-like analyses,
the vcf file was transformed in PGDSpider v2.1.1.5 (Lischer
and Excoffier, 2012) to Structure format. Structure analysis
was conducted in Structure v.2.3.4 (Pritchard er al., 2000)
using 1 000 000 Markov chain Monte Carlo generations and
a burn-in of 100 000, in ten replicates for each ancestral number
of populations K from K =1 to 15. Resulting data were ana-
lysed for optimal K using the approach of Evanno et al. (2005),
and all ten replicates were merged into a single Q-matrix using
the R package pophelper (Francis, 2017). The Structure input
file was also used in sparse non-negative matrix factorization
(sNMF) analysis algorithms (Frichot et al., 2014) conducted
in the R package LEA (Frichot and Francois, 2015), where the
best-supported number of ancestral populations was estimated
based on the cross-entropy criterion.

Individual assignment to genetic clusters was conducted with
a user script in R via the barplot function based on Q matrices
provided by the software (Structure and sNMF) or transform-
ation of their outputs (DAPC). To visualize the genetic grouping
assignment of individuals on NeighborNet, a user script was run
in the phangorn R package (Schliep, 2011). To visualize genetic
groupings at population level, a user script was run in the terra
(Hijmans et al., 2022) and marmap R packages (Pante and
Simon-Bouhet, 2013). The GMTED 2010 topographic model of
terrain (Danielson and Gesch, 2011) was used as a map base.

Niche modelling

To estimate potential differences in cytotype niche identity
and breadth we modelled environmental features of the collec-
tion localities. Climate layers were obtained from the CHELSA
database (Karger et al., 2017) with a suite of Bioclim and de-
rived variables in highest resolution (30 arc sec). In the first
run, the full set of 19 Bioclim variables and additional climatic
aggregations derived from monthly temperatures and precipita-
tion characteristics were used, as well as topographic variables
for the GCFR from Wiiest et al. (2019). For the sake of simpli-
city, we have used a suite of GeoTIFF layers devoted to South
African territory that are publicly available at the DRYAD
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digital repository (https://doi.org/10.5061/dryad.1cs77qn). Soil
characteristics were obtained from regionally modelled soil
layers for the GCFR (Cramer et al., 2019). Due to the avail-
ability of a complete set of environmental layers only for the
GCFR and the fact that our collection was primarily focused
on this area, niche modelling was performed only within this
region. An overview of the environment variables used is
available in Supplementary Data Table S2. In a first step, the
georeferenced occurrence data for both cytotypes were spatially
stratified to avoid uneven sampling across the distribution area.
A 10-km radius was used for both cytotypes separately using
the R package spThin (Aiello-Lammens et al., 2015). Data
from all raster layers were extracted using the extract function
in the R package terra (Hijmans et al., 2022) for georeferenced
collection sites after transformation to the same coordinate
system and spatial stratification. Pearson’s correlation coeffi-
cient (r<0.7) was used as a threshold to select uncorrelated
layers for subsequent analyses (according to Dormann et al.,
2013; Supplementary Data Table S3). Our choice of niche
modelling was based on comparison with background environ-
mental data, so the next step required pseudo-absence data to
set the global environment. Following recommendations (e.g.
McCormack et al., 2010; Warren et al., 2010), the background
area was taken from buffer zones around known occurrences
or from distribution maps. Therefore, we used a 10-km buffer
zone around the occurrence points of each cytotype to define
the background area (using the R package geobuffer; Valentin,
2022). From the pseudo-distribution area thus defined, 100
times the number of occurrence points of each cytotype were
randomly selected as background points and the same raster
layer data were obtained. The background point datasets for
both cytotypes were merged, cleaned of any duplicates, and
then used in subsequent analyses.

Two different approaches were used to investigate the asso-
ciation of cytotype with environmental conditions. In the first
approach, both cytotypes were subjected to quantification of
niche overlap, equivalence and similarity, using an ordination
technique that applies kernel smoothing to the presence of
cytotypes in the environmental space using the R package
ecospat (Broennimann et al., 2012; Di Cola et al., 2017). To
interpret the niche characteristics, a PCA partitioning of the en-
vironmental space (first two axes) into a 500 x 500-cell grid
was specified. The PCA output rasterized in this way was used
for calculations of niche overlap rates (derived from Schoener’s
D statistic; Schoener, 1968), simulation tests of niche similarity
and equivalence (Warren et al., 2008) and niche optimum and
niche width estimation (Theodoridis et al., 2013; Kirchheimer
et al., 2016; Duchoslav et al., 2021). A test of niche similarity
was calculated bidirectionally to determine whether cytotypes
differ from each other; equivalency was tested in order to test
whether the niche overlap was more equivalent than would be
expected by chance. Both tests were based on 1000 resamples
simulating the null distribution, which was compared with
observed Schoener’s D as described in Molina-Henao and
Hopkins (2019).

The second approach involved species distribution mod-
elling (SDM) using Maxent v.3.4.4 (Phillips et al., 2022) to
define the potential spatial distribution of each cytotype, and
their area of overlap. We used the defined background points
from the first approach to achieve the same conditions for both
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approaches by a post-projection of the results onto a map. The
cytotype distribution model was inferred from ten replicates of
the SDM calculation for both cytotypes based on equal training
sensitivity and specificity logistic threshold (ETSSLT; Liu et al.
2005). Cells of the average raster of suitable habitats for both
cytotypes were treated in a binary manner, where all cells with
a value below the ETSSLT for a given cytotype were replaced
by 0, while all cells with a value above ETSSLT were replaced
by 1. The potential co-occurrence of cytotypes was inferred by
the overlay of these rasters.

All computations (except Maxent) and graphical outputs
were conducted in R v.3.6.3 (R Core Team, 2021).

Multivariate morphometrics

Morphology was measured on a subset of flowering and
fruiting diploid and tetraploid samples from both mixed- and
single-cytotype populations mainly in the south-western Cape
(Fig. 1, Supplementary Data Table S1). Macromorphological
traits were measured using a calibrated Leica M50 stereomicro-
scope eyepiece micrometer. Each reported value represents
the average of three measurements per specimen (e.g. three
different leaves). An initial pilot study on a subset of speci-
mens examined multiple traits that are generally known to cor-
relate with ploidy (e.g. stomatal guard cell size; Levin, 2002;
Beaulieu et al., 2008; Hodgson et al., 2010) or that we hypothe-
sized, based on initial observations, to vary between ploidy
levels. Micromorphological characters, i.e. stomatal guard cell
dimensions, were examined using stomatal peels. Because the
stomata-bearing (adaxial) leaf surface is densely covered with
hairs in D. rhinocerotis, the peels were taken from the hair-
less adaxial surface of the middle involucral bracts, and imaged
using a Leica DM300 compound microscope. Dimensions were
obtained using ImagelJ software (Schneider et al., 2012). A final
set of ten primary traits comprising stem, leaf, floret, fruit, and
guard cell metrics was selected, from which additional ratios
were calculated, including in particular pseudo-shape traits ex-
pressed as width/length ratios (Table 1, Fig. 2, Supplementary
Data Table S4).

Prior to analyses, the traits were tested for normality (via
base R function shapiro.test) and log-transformed if necessary.
Pearson’s correlation between traits was calculated using the
corrplot R package (Murdoch and Chow, 1996; Friendly, 2002)
as a decision criterion for retaining or excluding traits in multi-
variate analyses with sensitivity for trait collinearity (Il > 0.85;
i.e. discriminant analysis; e.g. Innangi et al., 2020).

Morphometric data were analysed using PCA and canon-
ical discriminant analysis using the R package morphotools
(Koutecky, 2015). The main focus was on deterministic fea-
tures associated with cytotype delineation. All data were ana-
lysed using R v.3.6.3 (R Core Team, 2021).

RESULTS

Ploidy variation and cytogeography

Two distinct genome size peaks, corresponding to two DNA
ploidy levels, 2x and 4x, were detected among the 2370 ana-
lysed individuals from 171 populations (Fig. 1, Supplementary
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TABLE 1. Overview of recovered genetic groupings (colours as in Figs 4 and 5), their relationship to biomes, and their cytotype

composition.
Genetic cluster Level
Group 1 Group 2 Group 3 Group 4
(bright yellow) (pale yellow) (orange) (brown)
Biome
Albany Thicket 0 3 0 0 Populations
Fynbos 6 12 6 6
Grassland 0 2 0 0
Nama-Karoo 0 1 0 0
Succulent Karoo 1 2 1 0
Cytotype
2x 4 25 9 Individuals
4x 14 24 2

Fig. 2. (A) Twig segment and (B) floret of D. rhinocerotis showing how

selected morphological traits were measured. CW, corolla width; CL, corolla

length; FL, fruit length; FW, fruit width; LS, leaf spacing; LW, leaf width; LL,
leaf length.

Data Fig. S1, Supplementary Data Table S1). No intermediate
genome sizes were detected, although a low level of genome size
variation is evident within each ploidy level (see below). The
number of chromosomes counted for diploids was 2n = 2x = 16,
with one visible pair of linked 35S-5S rDNA loci on slides, and
2n = 4x = 32 for tetraploids, with two visible pairs of 35S rDNA
(Supplementary Data Table S1, Supplementary Data Fig. S1).
Most of the investigated populations were ploidy uniform (93
diploid, 50 tetraploid), although we detected 29 mixed popula-
tions that comprised individuals of both cytotypes.

The more geographically widespread cytotype is the 2x
D. rhinocerotis, which occurs throughout the species’ range,
and is the only cytotype detected outside of the GCFR in the
Great Escarpment and in the northern GCFR (Fig. 1). The 2x
cytotype is also the only one detected on the Cape Peninsula, in
coastal habitats, and in the far south-east of the species range
in the Eastern Cape Province. The tetraploid cytotype is much
more geographically restricted, being confined to the southern
parts of the range within the GCFR, and with only a few speci-
mens detected north of the —33° latitude line. However, the 4x

cytotype is extremely common from the south-western Cape
coastal forelands eastwards throughout the Overberg and Little
Karoo, in these areas co-occurring with the 2x cytotype at many
localities.

Within-cytotype variation in nuclear genome size

A degree of variation in genome size was observed within
each cytotype (Supplementary Data Fig. S1, Supplementary
Data Table S1). Mean 2C values varied from 1.80 to 2.06 pg
in diploids and from 3.48 to 3.80 pg in tetraploids. Diploid and
tetraploid cytotypes shared very similar monoploid genome
sizes (1Cx values) ranging from 0.44 to 0.52 pg, corroborated by
non-significance of the ANOVA test: F, ,, =1.24, P=0.273.
A very similar genome size was found in the closely related
species D. adpressus, 2C =1.97 +0.03 pg, corresponding to
the range of diploids.

Intra-cytotype variation in genome size was compared with
environmental variability in each environmental layer. Of the
45 raster layers, 18 showed significant linear correlations with
genome size of just one of the cytotypes, while 15 showed
significant correlation with genome size in both cytotypes
(Supplementary Data Figs S2 and S3 for diploids and tetra-
ploids, respectively; Supplementary Data Table S2). These
significant correlations were almost always in the same direc-
tion for both cytotypes (e.g. potential evaporation is positively
correlated with genome size in both cytotypes, while mean
temperature of the driest quarter, bio9, is negatively correlated
with genome size in both cytotypes; Supplementary Data Table
S2). Intra-cytotype variation also showed significant positive
correlation with altitude, latitude and longitude in diploids, and
with altitude and longitude in tetraploids (Fig. 3).

Restriction site-associated DNA sequence assessment of
population structure

After demultiplexing and filtering for raw reads, RADseq
data averaged 3.47 million (s.d. 1.25 million) reads per sample.
However, four samples were excluded due to a lower number
of reads (below the threshold set at 1.5 million; Supplementary


http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad084#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad084#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad084#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad084#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad084#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad084#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad084#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad084#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad084#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad084#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad084#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcad084#supplementary-data

Chumovd et al. — Cytotype distribution of Dicerothamnus rhinocerotis in the Cape 857

2x 4x
* 3
0.85 1657 _
R
@ 1.60
[0
§
G 0.80 1.55
()]
g
7 1.50
1<)
c -
S 075 1.45
©
2
8 1.40
) !
0.70 Fi1.08 = 19.76, R% = 0.168, P < 0.001 1.357 Fi1.68 = 76.39, R? = 0.529, p < 0.001
T T T T T T T T T T T T
18 20 22 24 26 19 20 21 22 23 24 25
Longitude (°) Longitude (°)
16 ©
0.85 651
8 1.60 -
(7]
£
2 0.80 1.55
()
()]
2 1.50
©
1<)
£ 0754 1.45
©
2 1.40
o
o
0.70 - Fio g = 90.74, R? = 0.481, P < 0.001 1.357 Fi g = 0.14, R? = 0.002, P=0.709
T T T T T T T T T
-34 -33 -32 -31 -340 -335 -330 -325 -320
Latitude (°) Latitude (°)
. ()
0.85 -| 1.65-
2
@ 1.60
[0
§
5 080- 155
g
g 1.50
o
c
S J 1.45
£ 075
2
S 1.40
0.70 Fis.g6 = 103.7, R% = 0514, P < 0.001 1.357 Fy8) = 34.56, R® = 0.337, P < 0.001
T T T T T T T T T
0 500 1000 1500 200 400 600 800 1000
Altitude (m) Altitude (m)

F1G. 3. Relationship between relative genome size and geographic data for populations of both cytotypes (left column for diploids, right column for tetraploids) of
D. rhinocerotis. Mean values of relative genome size of the population (plotted with standard deviation) are compared with longitude (top row), latitude (middle
row) and altitude (bottom row) and fitted with linear models. Statistically significant fits are shown by the red line.



858

Data Table S5). Thereafter, the mean number of reads in-
creased to 3.58 + 1.15 million (range 1.68—-6.82 million) for
all 92 included samples. An initial run of the de novo map
STACKS pipeline was performed on all samples (including five
D. adpressus individuals as an outgroup), yielding 5316 loci
with 5308 variant SNPs that were shared by at least 80 % of
individuals (-R flag of 0.8 in populations). Further filtering in
veftools for minimum depth of coverage (five reads per SNP)
and maximum proportion of missing data per sample (20 %)
left 4090 SNPs, which were used for determining the pos-
ition of the outgroup and to identify genetic clusters within D.
rhinocerotis (Fig. 4).

For the second set of data analyses, the outgroup specimens
were removed (by simply removing specimen names from the
popmap) before proceeding to the population-level analyses.
This yielded 5431 loci with 5422 SNP variants. Filtering with
vcftools with minimum depth of coverage (seven reads per
SNP) and maximum missing data per locus (20 %) left 3489
SNPs. This dataset was used in the NeighborNet and PCA ana-
lyses. Due to the sensitivity of Structure-like analyses to non-
shared (private) alleles, additional filtering for minimal SNP
sharing between at least three individuals (--mac 3) resulted in
1047 SNPs. This third dataset was used in all three clustering
analyses (DAPC, Structure, SNMF).

Initial analysis with outgroup specimens of D. adpressus
showed a clear separation of this species from all samples
of D. rhinocerotis (bootstrap support 100). Within the latter,
there is closer relative proximity of clusters, with high mutual
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connectivity, evidenced by the NeighborNet network and only
moderate bootstrap support (<100) for clusters of individuals
(Fig. 4).

All of the analyses performed to reveal genetic structure at
the individual/population level within D. rhinocerotis yielded
very similar results (Fig. 5). There are at least three genetic
clusters identified by Structure-like analyses. The fourth cluster
clearly distinguished in the DAPC and sNMF analyses com-
prises intermediate individuals in the Structure analysis (Fig.
5A). Both the simple ordination using PCA (Fig. 5B) and the
NeighborNet analysis (Fig. 5C) identify the same groupings,
indicating that these are supported by multiple independent ap-
proaches. In addition, these clusters show a strong correlation
with geography. To gain insight into the relationship between
genetic groups and habitat, we extracted the presence of gen-
etic clusters in populations and summarized them by biome
(based on the vegetation map of Mucina and Rutherford, 2006;
Table 1). The largest and most widespread cluster (group 2,
coloured pale yellow in Figs 4 and 5) comprises a roughly
equal number of diploids and tetraploids (Table 1, Figs 4 and
5). Group 2 is distributed longitudinally along the east—west
axis of the GCFR and beyond (from the west coast to the east-
ernmost populations) and occupies all five biomes (Table 1).
Group 2 is also most closely associated with the sister species
D. adpressus (Fig. 4). The remaining clusters are geograph-
ically more localized. Samples assigned to group 1 (coloured
bright yellow) occur only in the Fynbos and Succulent Karoo
biomes and are largely confined to the coastal forelands at the

Legend:
Group 1 O 2X
Group2 /\ 4x
Group 3
Group 4
T

Dicerothamnus adpressus

F1G. 4. NeighborNet network showing relationships between samples of D. rhinocerotis and of its closest relative, D. adpressus, based on RADseq data (4947
SNPs). Bootstrap support of major clades is shown.
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F1G. 5. Genetic structure in D. rhinocerotis based on RADseq data. (A) Q-matrices calculated by three different approaches based on 1047 SNPs yielded three
(Structure) or four (DAPC, sNMF) distinct groups. (B) The first two axes of PCA based on 3489 SNPs. (C) Population overview with spatial distribution of genetic
groups inferred by DAPC, supplemented with NeighborNet analysis from SplitsTree, coloured according to DAPC.

extreme south-west of the GCFR (Table 1, Figs 4 and 5). The of the GCFR and extending further north than any other sam-
next cluster, group 3 (coloured orange), comprises only diploid ples. As for group 1, these samples occur mostly in the Fynbos
samples geographically mostly confined to the north—south axis  but also in the Succulent Karoo biome (Table 1, Figs 4 and 5).
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Group 4 (coloured brown) occurs mainly in the Fynbos biome  passive projection of presence data of both cytotypes (Fig. 6A).
and is localized around the Agulhas plain region (Table 1, The most highly-contributing environmental variables for the
Figs 4 and 5). first axis include hydrology (vertical distance to the channel
network, valley depth), temperature (mean temperature of
the warmest quarter), evapotranspiration (topographic mois-
ture index) and soil pH (Fig. 6B). The second axis is primarily
governed by temperature and precipitation features of the cool

PCA data analysis was carried out using the 23 raster layers  season (isothermality and minimum temperature of the coldest
that provide non-correlated environmental data of background month, precipitation of the wettest month) and soil nutrients
pseudo-absence points serving as an ordination space for (particularly extractable potassium and phosphorus) (Fig. 6B).
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FiG. 6. Environmental niche modelling of D. rhinocerotis using the ecospat R package-based publicly available datasets that include CHELSA Bioclim data,
additional extra-CHELSA and topographic data taken from Wiiest et al. (2019) and soil data from Cramer et al. (2019). (A) PCA ordination (first two axes with
explained variability in parentheses) based on background points (grey) and the position of sampling points of both cytotypes: diploid (red) and tetraploid (blue).
Inset shows the contribution of main environmental characters to the first two PCA axes. (B) Percentage contributions of the five most important environmental
characters for the first two PCA axes. (C) Comparison of niches occupied by two cytotypes. Shaded colours follow the common pattern for cytotypes and their
putative niche overlap is in violet. Full and dashed contour lines illustrate 100 and 50 %, respectively, of available environments delimited by a 10-km buffer zone
around the occurrence points of each cytotype. (D) Niche optima (top two panels) and niche breadths (bottom two panels) for both cytotypes along the first (left)
and second (right) PCA axes. Abbreviations: vdc, vertical distance to channel network; bio10, mean temperature of warmest quarter; pH, soil pH; vd, valley depth;
twi, topographic wetness index; bio3, isothermality; bio6, minimal temperature of coldest month; biol3, precipitation of wettest month; Ext_K, extractable K from
soil; Ext_P, extractable P from soil; csc, cross-sectional curvature.
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Despite this, the PCA shows poor separation of cytotypes by
environmental variables, except for a slight separation along
the axis suggested by extractable potassium and biol3 (pre-
cipitation of the wettest month), with diploids occurring in
areas with slightly higher average precipitation in the wettest
month and in areas with somewhat lower average extractable
K. However, t-tests indicate no significant difference between
the cytotypes for either of these variables (Supplementary Data
Fig. S4). In contrast, significant differences between cytotypes
(in tests without background point interference; Supplementary
Data Fig. S4) were revealed for isothermality (bio3), avail-
able water capacity (awc), precipitation of the warmest quarter
(bio18), valley depth (vd), soil pH (pH) and mean temperature
of the driest quarter (bio9).

The highly significant variables for the first two PCA axes
contribute most to the hypervolume of the niches of both
cytotypes, and cause their slight differentiation in kernel
density in the ordination space, although the degree of sharing
of the common niche space is remarkable (Fig. 6C). Schoener’s
D statistic (D =0.723) indicates a high overlap of niches. The
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0.6
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0.2
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niche equivalence test showed a marginally insignificant shift
towards non-equivalent niches (P = 0.055; Supplementary Data
Fig. S5A); therefore, niche equivalency between cytotypes can
not be excluded. The test of niche similarity between cytotypes
in both directions proved that the niche overlap was more
similar than random (2x = 4x, P =0.049; 4x = 2x, P = 0.045;
Supplementary Data Fig. S5B, C). On the other hand, niche
optima and breadth showed displacement along the first two
PCA axes, indicating niche shift between cytotypes (Fig. 6D).
In particular, there is a notable shift along the second axis that
is related to gradients in temperature, precipitation and soil nu-
trients (see above).

The differences detected in niche hypervolume between
cytotypes are strongly reflected in the reconstruction of their
potential range of distribution within the GCFR only, using
Maxent species distribution modelling (Fig. 7). Suitable
habitat is inferred for diploids on the Cape Peninsula, the
coastline, and further inland on the high-lying regions of the
Great Escarpment, and the inner margins of the Cederberg and
Swartruggens mountains (at the inner angle of the ‘L’ formed
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FiG. 7. Species distribution models (SDMs) calculated in Maxent using user-defined background points (see Materials and methods section for details) for both

cytotypes (top panels). Potential spatial distributions are presented as the average probability taken from ten independent replicates and show the suitability of

areas on the likelihood scale shown in the colour scale (0—1). The lower panel shows the overlap of the two cytotypes (their presence was inferred from an SDM

based on equal training sensitivity and specificity logistic threshold: mean value for 2x = 0.407, 4x = 0.449) with the likely region of co-occurrence. The orange
line shows the border of the GCFR.
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by the Cape Fold Belt mountains). Tetraploids, in contrast, are
modelled as preferring the lowlands of the western coastal plat-
form, the Little Karoo, and the seaward-facing escarpments of
the Roggeveld and northern Bokkeveld mountains, as well as
the far eastern regions of the GCFR in the grassy fynbos of the
Albany region. Regions where both cytotypes are modelled as
co-occurring cover smaller areas but are widespread from near
Cape Town through to the Overberg region, and many mountain
fringes along the east—west arm of the GCFR.

Multivariate morphometrics

Before analyses, all variables were tested for normality and
log-transformed if required. Correlation analysis between all
traits revealed low to relatively high Pearson correlation coef-
ficients (0.0 < 11 £ 0.85), all of which are below the Il > 0.85
threshold for very high correlation (Supplementary Data Table
S3, Supplementary Data Fig. S6). Several traits show signifi-
cant differences among cytotypes, as indicated by #-tests (box
and whisker plots in Supplementary Data Fig. S7). Highly sig-
nificant differences were detected in the spacing, length and
shape (length/width ratio) of the leaves, in corolla dimensions
and shape, in the number of florets per capitulum, and in cyp-
sela dimensions between the two cytotypes.

Due to the correlated nature of the features, PCA was per-
formed on the entire dataset and demonstrates a degree of
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separation between the two cytotypes, although some outlier
tetraploid samples occur well within the space otherwise oc-
cupied by diploids (Fig. 8A). The contribution of the five most
important features for the first and second axes of the PCA is
plotted in Fig. 8B. A summary of the strength of the contribu-
tion of each trait to the first two PCA axes is given in Table 2.
To gain greater insight into the morphological delineation of
the two cytotypes, we performed a canonical discriminant ana-
lysis on the entire dataset (Fig. 9A), and with stepwise selection
of traits with highest discriminatory power (Fig. 9B). Stepwise
selection resulted in retention of only three traits whose linear
combination included significant discriminatory power for the
entire dataset. Both approaches showed good separation of
cytotypes and revealed the importance of individual traits for
cytotype discrimination (Table 2), with the two most discrimi-
natory traits being corolla width and leaf shape (Fig. 7C).

DISCUSSION

The Cape flora is extremely diverse, making it one of the
hotspots of biodiversity on Earth (Myers et al., 2000). At the
same time, the local flora is one of the best-studied of a par-
ticular area because its uniqueness has attracted the attention
of biologists for centuries (elaborated in detail by Glen and
Germishuizen, 2010). We therefore currently have reason-
ably good assumptions about the number of species that may
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TABLE 2. Description of morphological traits and their significance in PCA (PC1 and PC2) and canonical discriminant analysis (CDA;
for full data and stepwise selection) for D. rhinocerotis. Traits that were log-transformed prior the analyses due to normality violence
are noted with the prefix ‘log’.

Trait Character description PCA CDA
PC1 pPC2 Full Stepwise
Leaf length (logLL)" Length of leaves 0.390 0.071 0.777
Leaf width (LW)* Width of leaves at widest point 0.014 0.220 -0.112
Leaf spacing (logLS)" Distance between bases of vertically adjacent leaves 0.237 -0.355 0.424
Corolla length (CL)" Length of corolla tubes —-0.357 0.030 -0.509
Corolla width (logCW)* Width of corolla tubes at widest point 0.303 0.055 0.593 0.637
Fruit length (FL)" Length of mature fruit -0.367 -0.106 -0.416
Fruit width (logFW)” Width of fruit at widest point —-0.236 -0.301 -0.412
Number of florets (logFlor) Number of florets per capitulum -0.120 —-0.099 -0.454 —0.488
Guard cell length (GL) Length of stomatal guard cell 0.009 0.257 0.085
Guard cell width (GW) Width of stomatal guard cell at widest point —-0.004 0.380 0.104
Leaf shape (LSh) LW/LL —0.359 0.107 —-0.821 —-0.882
Leaf density (LDens) LL/LS -0.152 -0.431 -0.309
LS/LW —-0.193 0.432 —-0.408
Corolla shape (logCSh) CW/CL 0.409 0.019 0.692
Fruit shape (logFSh) FW/FL 0.104 -0.231 -0.016
Guard cell shape (GSh) GW/GL —-0.008 0.241 0.088
“How the character was measured is shown in Fig. 2.
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F1G. 9. Discriminant analyses of morphometric traits for both cytotypes (2x, dark grey; 4x, white) using (A) complete set of traits and (B) bidirectional stepwise
selection of traits with highest discrimination power. (C) Two traits with the best contribution to differentiation of both cytotypes (corolla width and leaf shape) are
plotted against each other. Corolla width was log-transformed prior to analysis due to normality violation.

occur here (Manning and Goldblatt, 2012; Snijman, 2013),
although new taxa are regularly described, especially from
remote areas. On the other hand, population-level variation,
including cytotype diversity, remains remarkably overlooked,
likely due to the long-standing hypothesis of polyploid paucity
in the region (nicely documented in Oberlander et al., 2016).
This lack of knowledge is only rarely mitigated by studies that
use population-targeted approaches accounting for cytotype
diversity (e.g. Krejcikovd et al., 2013a, b; Glennon et al., 2019).
Here we present such a study aimed at elucidating aspects of
ploidy variability in one of the dominant species of renosterveld
vegetation, and the most well-known since it is the namesake
for the vegetation type, D. rhinocerotis.

Cytogeography and intra-cytotype variation

Our data clearly show that D. rhinocerotis consists of diploids
and tetraploids, which usually form cytotypically uniform
populations, since <20 % of examined populations comprise
mixes of cytotypes. The estimated chromosome number for
the diploid 2n =16 corresponds well with the known data
for the most closely related species within the South African
Gnaphalieae, where even Disparago and Stoebe have a base
chromosome number x = 8 (Bayer et al., 2000). The position of
5S and 35S rDNA is in congruence with Garcia et al. (2010),
who presented the linked location of rDNA probes in the tribe
Gnaphalieae.
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Despite extensive sampling over the species range and quite
common co-occurrence of both cytotypes, no other minor
ploidy levels have been found, which is indicative of repro-
ductive isolation between cytotypes (e.g. Husband and Sabara,
2004; TravniCek et al., 2010). This may be due to, or at least re-
inforced by, a 2-week shift in flowering time between cytotypes,
at least at some co-occurring sites (authors, pers. obs.), where
the overlap in flowering is actually very short (similar, for ex-
ample, to Nuismer and Cunningham, 2005; Pegoraro et al.,
2016). Bergh et al. (2007) surveyed genetic variation across
the range of D. rhinocerotis but found no indication of any
genetic discontinuities, even though their sampling strategy
would have resulted in the inclusion of both diploids and tetra-
ploids. Instead, they recovered large intrapopulation variation
and some signal of isolation by distance. However, the genetic
marker system utilized [multilocus dominant inter simple se-
quence repeat (ISSR) markers] may be poor at detecting vari-
ation based on ploidy differences, and Bergh et al. (2007) did
not distinguish cytotypes. Accordingly, our RADseq data re-
vealed the existence of at least four relatively well-separated
clusters, none of which were exclusively tetraploid, and the
genetic distances between cytotypes do not exceed the usual
population-level distance (see below).

The nature of our data, which reflect sampling across nearly
the entire range, allows us to compare populations in terms of
intra-cytotype variation in relative genome size and to deter-
mine the degree to which this correlates with geographic and
environmental data (sensu e.g. Chumova et al., 2015, 2021; Vit
et al., 2016). Our findings, the first to our knowledge for the
Cape flora, show gradual changes in genome size as a function
of latitude, longitude and altitude in diploids as well as longi-
tude and altitude in tetraploids (Fig. 3). These three environ-
mental axes are strongly correlated with climatic clines in the
GCFR, such as precipitation amount and seasonality (Cowling
and Holmes, 1992; Proches et al., 2005), temperature, and to
a lesser degree, edaphic characteristics, since the Cape moun-
tains largely comprise coarse-grained, acidic nutrient-poor
quartzites while the lowlands harbour a more diverse range
of soil types. This assumption is underpinned by multiple
environmental layers that show a correlation with the genome
size variability found in both cytotypes (Supplementary Data
Figs S2 and S3, Supplementary Data Table S2). The GCFR is
also one of the most environmentally heterogeneous regions in
southern Africa, which correlates highly with species diversity
(Cramer and Verboom, 2017) and may create opportunities for
co-existence of entities with very similar niche requirements.
Correspondence of within-cytotype variation in genome size
and environmental gradients has been found in similar studies
conducted mainly in the northern hemisphere (e.g. Slovédk et
al., 2009; Cires et al., 2010; Diez et al., 2013; Duchoslav et
al., 2013; Stubiiovd et al., 2017, Rejlova er al., 2019). Most
of these studies show linear changes along gradients, but there
is no uniform response to geographic variables and each spe-
cies/cytotype responds differently. Interestingly, all significant
changes in average population genome sizes in D. rhinocerotis
show a positive response to all gradients examined. An excep-
tion is the absence of a correlated response of tetraploids to
latitude, but this is probably due to the relatively narrow distri-
bution of tetraploids along latitude (most populations are clus-
tered between 33° and 34.5 °S; Fig. 3).
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Genetic differentiation of individuals, populations and cytotypes

Using the RADseq procedure for non-model organisms, we
were able to unambiguously separate two closely related spe-
cies, D. adpressus and D. rhinocerotis (Fig. 4), and distinguish
four relatively well-separated genetic groups among individ-
uals of the latter (Fig. 5SA, B). The known ploidy level at the
individual level of D. rhinocerotis shows that tetraploids are
present in three of these groups. Only the fourth genetic group
(orange in Fig. 5) is composed exclusively of diploids. We en-
countered a predominance of tetraploids in the first group (dark
yellow in Fig. 5) comprising >70 % of the sampled individuals
(Table 1). A well-balanced proportion of cytotypes was found
in group 2 (light yellow in Fig. 5), which also represents the
largest group in terms of the number of individuals sampled
(Table 1). However, our data show no clustering of individual
genotypes based on ploidy level, suggesting a high degree of
SNP sharing between the two cytotypes and the very likely
emergence of tetraploids independently in each genetic cluster
containing them.

The affiliation of individuals to populations provides an op-
portunity to examine the spatial distribution of these groups
in the GCFR (Fig. 5C). It clearly shows that group 2 (pale
yellow) is also the most spatially distributed, extending almost
from the west coast in a longitudinal direction to the eastern-
most populations included in the study. This group is also the
only one that is able to colonize all the biomes that were as-
signed to the populations we sampled (Table 1). The other
three genetic groups are more spatially restricted but some-
times somewhat dispersed. The first group (bright yellow) is
almost exclusively restricted to the south-western part of the
GCFR, with the exception of a single spatially distant popu-
lation in the pass through the Swartberg Mountains between
De Rust and Klaastrom. The third group (orange), although
only nine individuals have been assigned to it, is widely dis-
persed and extends from Mossel Bay on the south coast to the
northernmost and westernmost populations near Kamieskroon.
The fourth group (brown) is spatially compact from the south-
ernmost tip of Agulhas to Touwsrivier. The overlapping area,
where all groups meet to form genetically mixed populations,
is the south-western part of the GCFR. This fits well with the
centre of species diversity (Born et al., 2006) and the region-
alization of the GCFR, where four distinct regions have been
found based on phylogenetic comparative analyses, with three
of them interconnecting in this region (Myburg and Daniels,
2022).

Environmental differentiation of cytotypes

The majority of populations are ploidy uniform, and there
are virtually distinct niche differences between the two
cytotypes, despite both cytotypes possessing a high degree
of overlap in niche hypervolume (Fig. 6C). However, derived
niche optima and niche breadths show notable shifts along
the first two PCA axes (Fig. 6D). This corresponds to the
relatively high value of Schoener’s D statistic alongside a
proven test for higher niche overlap similarity than random.
Contrarily, the test for niche equivalency showed that both
cytotypes are likely equivalent in their niches. This means,
in other words, that both cytotypes are similar enough to be
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able to share the same niche; on the other hand, their niche
preferences are little bit shifted, which is clearly mirrored
in their real as well as potential distribution (Figs 1 and 7,
respectively).

Diploids have slightly lower isothermality, reflected in their
modelled preference for coastal or, alternatively, high-altitude
habitats. Diploids also occur in areas with slightly greater avail-
able water capacity, likely reflecting either higher water tables
or greater clay content in soils, in keeping with the largely shale
bedrock underpinning large parts of the interiors of the Cape
Provinces of South Africa. Diploids also appear to occur in
habitats in which the driest season is both hotter and drier than
the driest season experienced by tetraploids, based on differ-
ences in biol8 (precipitation of the warmest quarter) and bio9
(mean temperature of the driest quarter). We interpret this as
an indication of the diploid cytotype occurring largely in areas
that experience more seasonal (winter-only) precipitation, with
warm dry summers, while the tetraploid cytotype, with its large
distribution in the eastern part of the GCFR, experiences a more
aseasonal precipitation regime, with more rainfall during the
very hot summers. These findings differ from the pattern ob-
served in the Cape Schoenus (Elliott et al., 2023), a taxon
occurring in both sandstone and shale substrates and at a wider
elevation range, where different ploidies show overlapping dis-
tribution in the GCFR but polyploids are prevalent in drier lo-
cations that have more variation in precipitation between dry
and wet months. In addition, there is a significant difference
in the soil pH ranges of the cytotypes, with diploids occurring
in more acidic soils across the GCFR. This is surprising given
the modelled association of diploids with coastal habitats, but
may be accounted for by the requirement for richer soils by
D. rhinocerotis, the coastal shales and granites being more
leached by higher rainfall.

Although we do not know the origin of Dicerothamnus tetra-
ploids with certainty, our genetic data rather point to their auto-
polyploid origin, which is also indirectly supported by the fact
that niche differentiation resulted only in niche shifting, not in
much greater niche breadth or occupation of completely dif-
ferent habitats, which is common in allopolyploids (e.g. Wu et
al., 2016; Dai et al., 2020; Akiyama et al., 2021). A similar
scenario with a high level of niche similarity and equivalence,
but accompanied by non-identity of niches, was observed in
the diploid—autopolyploid complex of Arabidopsis arenosa
(Molina-Henao and Hopkins, 2019). Similarly, assessment of
niche differentiation between diploids and their auto- and allo-
polyploid descendants in the Alyssum montanum species com-
plex shows only marginal shifts in the niches of autopolyploids
compared with substantial shifts in allopolyploids (Arrigo et
al., 2016).

Morphological differentiation of cytotypes

Dicerothamnus rhinocerotis is known for its morphological
variability (e.g. Levyns, 1926, 19354, b), but only with the
ability to distinguish cytotypes can some of the underlying
causes be assessed. Our data show that the overall morpho-
logical variability is at least partially ploidy dependent (Figs 8
and 9); in particular, variability in leaf and corolla traits is highly
associated with ploidy level (Supplementary Data Fig. S7).
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Interestingly, morphological studies conducted by Levyns in
the first half of the 20th century distinguished several morpho-
logical types. She noted three forms of the species, one very
tall and confined to inland watercourses, and the remaining two
forms being more common and widespread, and frequently
co-occurring (Levyns, 1926, 1935a, b). She described these
two main forms as being easily distinguished when in flower
due to differences in overall arrangement of the flowerheads,
but harder to distinguish when in the purely vegetative condi-
tion. Although we are not able to directly associate Levyns’
main forms with ploidy levels, some coincidences are remark-
able. The more common of the two main forms, first discovered
growing abundantly on Signal Hill in the city of Cape Town,
Levyns called the ‘Signal Hill’ form, and also noted that it is
very common throughout the range of the species. This form is
somewhat greener in colour due to contracted internodes and
smaller, more crowded leaves, and bears the capitula closer to
the older, woody portion of each branch; it corresponds well in
both morphology and distribution with the diploid cytotype. The
other form, the ‘Stellenbosch’ form, has slightly larger leaves
and more elongated axes, showing more of the white-woolly
stem and so having a greyer appearance overall. In this form,
small groups of capitula are borne near the tips of the young
branches. Levyns (1929) described the Stellenbosch form
as covering enormous tracts of country in the Stellenbosch,
Malmesbury, Ceres, Worcester, Swellendam and Riversdale
districts of the south-western Cape, and also co-occurring with
the Signal Hill form on the Cape Peninsula. The Stellenbosch
form corresponds with the tetraploid cytotype.

Taxonomic treatment

The potential shift in flowering time, the absence of tri-
ploids even within mixed populations, the different niche pref-
erences and, last but not least, a high level of morphological
discrimination of cytotypes, suggest that the two cytotypes
of D. rhinocerotis can be considered as separate taxa. On the
other hand, despite extensive examination of variation, Levyns
(1935a) did not consider this variation worthy of taxonomic
recognition. She found analogous variability in other close re-
latives in the former genus Elytropappus (E. gnaphaloides and
E. scaber), interpreting this predisposition to variability as
a genus-level character (Levyns, 1935a). Supportive evidence
provided by our RADseq data and ISSR data of Bergh et al.
(2007) points to the absence of any geographic structuring of
genetic variation that could be associated with cytotype dif-
ferentiation. Berg et al. (2007) examined spatial patterns of
genetic variation across the range of the species using an-
onymous multilocus dominant ISSR markers, and recovered
relatively high measures of genetic variation. No two individ-
uals shared the same ISSR banding pattern, and proportions
of polymorphic loci were very high, while nearly 80 % of the
ISSR variation resided among individuals within localities
rather than among localities. In contradiction to our results they
also found little geographic structuring of genetic variation,
although the north-western-most regions (Richersveld and nor-
thern Namaqualand) were distinct, and harboured the lowest
variation. However, this difference may simply be due to the
sensitivity of the two methods, where RADseq is at the highest
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level among population-based methods (comparable to micro-
satellites; e.g. Brandrud et al., 2017). Berg et al. (2007) also
recovered signals of isolation-by-distance across fairly large
spatial scales. These findings are consistent with high levels
of outcrossing and gene flow. On the other hand, the data pre-
sented here show the opposite scenario of genetic clustering
without the usual transitions from one to the other. The level
of admixture at the individual level is relatively low (if we con-
sider four groups, i.e. we take the single transition group in the
Structure analysis as a separate cluster, which other methods
clearly indicate), suggesting a low level of admixture between
different genetic clusters. In addition, no clustering towards
cytotype separation is present, and even tetraploids do not show
higher levels of admixture (Fig. 5).

All of the above evidence points to the fact that the mor-
phological differentiation and niche shifts demonstrated
in D. rhinocerotis cytotypes are not reflected in the genetic
structure and probably only demonstrate adaptation to local
ecological conditions, which also causes shifts in pheno-
typic plasticity towards apparent differences in phenology.
However, the origin of tetraploids is still unknown and de-
serves further study.

Conclusions

Although our study deals with only a tiny fraction of the
immense plant variation of the Cape flora, it highlights some
aspects of hidden or hitherto overlooked diversity. In par-
ticular, the research approach advocates population-targeted
screening that may provide new insights into intraspecific vari-
ation accompanied by ploidy differentiation. Such studies are
still very rare in the Cape, although some plant groups (spe-
cifically Asteraceae) represent ideal models. Our data on the
common and well-known flagship Cape species D. rhinocerotis
show a geographically structured distribution of cytotypes that
is accompanied by quite distinguished but ploidy-independent
genetic structure, and niche and morphological differentiation.
This opens a number of questions that could be answered in
future research on Cape systems and elsewhere, ranging from
cytotype formation and maintenance in mixed populations to
tetraploid origin, and to the adaptability of different cytotypes
in the face of climate change and other questions.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following.

Table S1: overview table of sampled populations, number of
analysed plants and results provided by flow cytometry. Table
S2: list and brief description of all environmental data and
their correlation with within-cytotype genome size variability
at population level. Table S3: list and brief description of un-
correlated environmental data that were used for niche model-
ling. Table S4: raw morphometric data measured in individuals
included in the morphology analysis. Table S5: raw RADseq
data inferred from Stacks de novo procedure. Figure S1: ex-
amples of histograms documenting flow cytometry analyses in
D. rhinocerotis. Figure S2: genome size variation correlated with
environmental data in diploid populations of D. rhinocerotis.
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Figure S3: genome size variation correlated with environmental
data in tetraploid populations of D. rhinocerotis. Figure S4: box
and whisker plots across all environmental variables tested be-
tween cytotypes of D. rhinocerotis. Figure S5: results of niche
equivalency and similarity tests between cytotypes. Figure S6:
correlogram of all morphological traits based on Pearson cor-
relation coefficients. Figure S7: box and whisker plots across all
morphological traits estimated for cytotypes of D. rhinocerotis.
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