Conservation genomics of
Prostanthera densa and P. marifolia :
species status, management and
translocation advice
November 2020
FINAL REPORT
Research Centre for Ecosystem Resilience (The Royal Botanic Gardens & Domain Trust)

1
Conservation genomics of Prostanthera densa & P. marifolia
RBG&DT

Acknowledgements
We acknowledge the Traditional Custodians of the land on which the plant species in this study are found on,
and pay respects to Elders past and present. We acknowledge all collectors who conducted the field sampling.
Citation
Yap J-YS, Wilson TC, Rossetto M (2020) Conservation genomics of Prostanthera densa and P. marifolia in support of species status, management and translocation advice. Research Centre for Ecosystem Resilience, Royal
Botanic Garden Sydney.
Cover image
Photographs are provided by T.C. Wilson and M. Wood.

Conservation genomics of Eidothea hardeniana RBG&DT

Contents
1.

Introduction .................................................................................................................................. 4
1.1 Background ................................................................................................................................. 4
1.2 Aims and objective of this study ................................................................................................. 7
2.1 Sampling ..................................................................................................................................... 8
2.2 DNA extraction and sequencing .................................................................................................. 9
2.3 Data analysis ............................................................................................................................... 9
2.3a Quality screening and control of Single Nucleotide Polymorphism data .............................. 9
2.3b Genetic relationships considering reticulate evolution and hybridisation ............................ 9
2.3c Phylogenetic analyses ........................................................................................................... 9
2.3d Population structure analyses ............................................................................................. 10
2.3e Population genetic diversity measures ............................................................................... 10
2.3f Kinship ................................................................................................................................. 10
2.3g Optimal genetic diversity for translocation ......................................................................... 11

2.

Results and interpretation .......................................................................................................... 12
3.1 Summary ................................................................................................................................... 12
3.2 Prostanthera densa and P. marifolia are distinct species. ........................................................ 12
3.4 Genetic health and population structure across Prostanthera densa. ...................................... 14
3.3 Genetic health of the critically endangered Prostanthera marifolia. ........................................ 15
3.4 Translocation advice for Prostanthera marifolia and P. densa.................................................. 16

3.

Conclusions and implications ...................................................................................................... 17

4.

Figures and tables ....................................................................................................................... 18

5.

REFERENCES ................................................................................................................................ 27

2
Conservation genomics of Eidothea hardeniana
RBG&DT

EXECUTIVE SUMMARY
The genetic diversity of two closely related species, Prostanthera densa and P. marifolia was
measured using high quality genome scans. We provide the first unequivocal support that P.
densa and P. marifolia are genetically distinct, not prone to hybridisation, and should be
recognised as separate species. Infraspecific variation is present within both species, with P.
marifolia characterised by a lack of clonality, but high inbreeding is present among its
individuals. High genetic disparity is reported between some populations of P. densa, which
has presumably occurred through historical isolation, and therefore a distinct subspecific rank
is warranted. Most of the distinct populations assessed can be regarded as ‘genetically
healthy’, but continued conservation efforts need to carefully select individuals to preserve
the distinct entities within P. densa. Assuring maximum levels of genetic diversity in a
translocated population increases fitness by reducing the risk of inbreeding and increasing
the adaptive potential to environmental change and other pressures. There is currently a
paucity of genetic diversity represented in the ex situ collections for both species, with each
species being represented by an individual from one site. We estimated the necessary
combinations of propagules to ensure the establishment of suitably evolutionary resilient
translocated populations of various sizes.
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1. INTRODUCTION
1.1 Background
Prostanthera marifolia R.Br. (Lamiaceae) was a species presumed extinct, but then
rediscovered with approximately 100 individuals remaining in the Manly-Warringah area of
the Sydney region (Conn 1992), which resulted in its classification as ‘Critically Endangered’
according to the New South Wales Threatened Species Conservation Act 1995. A remarkably
similar-looking species, P. densa A.A.Ham., grows in similar habitat as P. marifolia, between
the Beecroft Peninsula near Jervis Bay to Port Stephens, New South Wales (NSW) but both
species are never sympatric. Similar to P. marifolia, the vulnerable P. densa is also protected
under the New South Wales Threatened Species Conservation Act 1995 due to it having only
five populations that are in jeopardy by encroaching urbanisation. The similarity between
these two species poses an interesting challenge with respect to how conservation
management plans should proceed effectively given the immediacy of key threatening
processes such as urbanisation.
Until recently, the identity of both P. densa and P. marifolia was frequently confused because
their description lacked adequate detail, and herbaria were provided with innumerable
unchecked misidentifications. Both species are small woody shrubs with ovate green leaves
covered by a characteristically sericate or villous indumentum. Robert Brown first described
P. marifolia in the Sydney north shore area (as 'Port Jackson'), but its concept seems to have
been lost through numerous misapplications of its name throughout NSW (Wilson et al.
2019). As urban areas in Sydney grew, numerous populations in the Port Jackson area were
destroyed, and the concept of P. marifolia drifted into obscurity whilst P. densa was described
in the early 1900's from material collected in the Cronulla area.
The very close relationship between both P. densa and P. marifolia was first demonstrated by
a molecular phylogenetic analysis of the genus that used both chloroplast and nuclear DNA
markers (Wilson et al. 2012). Recent morphological and molecular studies have since studied
both P. densa and P. marifolia but could not unequivocally resolve their distinctiveness as
independent lineages. Morphologically, the purple bilabiate flowers of both species are nearly
indistinct because both share a similar corolla shape and a protandrous pollination
mechanism (Wilson et al. 2017). Hence, the vegetative morphology of each species, namely
habit and leaf size, is the major distinction between the two: P. marifolia is a scandent
spreading prostrate subshrub with small leaves inserted at widely spaced nodes, whereas P.
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densa is a robust upright shrub with larger leaves inserted at shorter internodal distances.
Whether these differences are merely the result of varied growth in response to exposure of
environmental stresses such as wind or salt pruning has long been questioned. For instance,
P. densa individuals in sheltered areas of its largest population (the Beecroft peninsula) grow
as less compact shrubs that are more prostrate with smaller leaves. Morphological variation
in the sheltered population of P. densa in Helensburgh also provides confusion because its
habit appears intermediate between P. densa of Royal National Park nearby, and that of P.
marifolia. A population-level study using morphological and molecular data demonstrated
that populations of P. densa and P. marifolia are distinct, but based on the limitations of the
nuclear and chloroplast datasets, resolution of their distinctiveness as independent lineages
remained ambiguous (Conn et al. 2013). The study therefore concluded that high resolution
sampling and molecular markers would be required to gain a clearer understanding of the
genetic diversity, evolutionary history and species boundaries of these closely related taxa.
Hybridisation is a relatively common process associated with the evolution of new lineages or
species of plants, although it has never been identified in situ between sympatric species of
Prostanthera. This process tends to be more pronounced in circumstances where a small
population of one species is found in close proximity to a larger population of a closely related
species with a shared flowering time – both P. marifolia and P. densa flower sporadically
throughout the year (Conn et al. 2013). If postzygotic barriers are relaxed, a
disproportionately large pollen load received from the larger population can result in genetic
swamping. This is a process where in outcrossing species (e.g. Prostanthera and other labiates
that have precision pollination mechanisms) is the underlying preference for the smaller
population to receive outcrossed pollen, driving the increased uptake of inter-specific pollen
and augmenting the production of admixed propagules (n.b. relatively few plants of P. densa
and P. marifolia have ever been examined with mature seed, which would support the
relative unlikely nature of autogamy). With respect to the distinctively intermediate
morphology of the Helensburgh population, if it is a fixed phenotype (i.e. not the response to
environmental variation), and both P. densa and P. marifolia are distinct species, the site
could represent a relictual hybrid swarm where both species had been in contact historically.
Identifying any influence of hybridisation, as well as confirming if P. densa and P. marifolia
are bona fide species, will be essential to the effective conservation and management of these
plants.
Loss of genetic diversity can reduce the health and fitness of a population, and consequently
increase the risk of local extinction. Small populations, such as that of P. marifolia (estimated
population size of 100), tend to lose genetic diversity more quickly than large populations as
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a result of stochastic events (e.g. fire, land clearing), and therefore are highly vulnerable to
extinction – currently, not much is known about the fire-tolerance for many Australian
Prostanthera, except for some species such as P. gilesii that seem to be able recover from fire
by growing adventitious roots (T. Wilson pers. com.). Making matters worse, the prostrate
habit of P. marifolia introduces ambiguity as to whether it is capable of vegetative
reproduction by rhizome, a habit that undermines our ability to assess recruitment and
demography of a population because it prevents the estimation of an individual’s age and the
physical extent of a given genet. The populations of P. densa are also highly disjunct and many
have progressively suffered loss of genetic diversity and gene flow disruptions through habitat
loss and fragmentation across the Sydney region.
Under the premise that Prostanthera densa is a vulnerable species and P. marifolia is a
critically endangered species, a conservation and management plan was developed under the
Saving Our Species initiative by the New South Wales Office of Environment & Heritage (OEH,
now part of the Department of Planning, Industry and Environment (DPIE)). The Royal Botanic
Gardens & Domain Trust (RBG&DT) was subsequently contracted by the organisation to study
the genetic diversity of P. densa and P. marifolia to assist with providing the foundational
knowledge essential for developing effective conservation strategies. The benefits of a
genetic study in the framework of conservation work are manifold as outputs can be used to
rigorously test species status, quantitatively assess genetic diversity (at individual, population
and species level), determine genetic health, identify hybrids and provide solutions to longterm management strategies. Genetic tests also concomitantly permit the determination of
species relationships for a better understanding of processes of speciation, and an
assessment of plant reproduction, such as by testing whether the prostrate P. marifolia
produces clonal populations. Since genetic diversity is inherently linked to higher survival
rates of individual species, an understanding of genetic diversity at the population level and
ensuring maintenance of high diversity are integral for the several conservation strategies of
P. densa and P. marifolia involving: population translocations (e.g. the translocation design
for three sites across Tomaree National Park); genetic rescue and incorporation of living
collections (the current ex situ collection for P. densa or P. marifolia is small and located at
Australian Botanic Gardens, Hunter Region Botanic Gardens and Cronulla council); and
understanding parentage and genetic diversity.
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1.2 Aims and objective of this study
In order to support the research brief identified above, the conservation genomic study on
Prostanthera densa and P. marifolia has the following aims:
1. Test the species concept of P. densa and P. marifolia by examining both taxa within

the current phylogenetic framework.
2. Assess the extent of clonality, kinship and genetic diversity within and between wild
populations.
3. Assess diversity, genetic provenance of the ex situ P. densa and P. marifolia collection

at the Australian Botanic Gardens, Mt Annan (ABGMA) and Hunter Region Botanic
Garden
4. Inform and assist with future conservation management strategies.
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2.1 Sampling
Sampling was undertaken by the Royal Botanic Gardens & Domains Trust (RBG&DT) and
conservation officers from Department of Planning, Industry and Environment (DPIE). A total
of 163 specimens of Prostanthera, which primarily included Prostanthera densa (98 wildsourced samples and 5 ex situ samples) and P. marifolia (49 wild-sourced samples and 5 ex
situ samples), were included in analyses to test the species concepts, determine relationships
between populations, identify instances of hybridisation, and verify the identity and kinship
of ex situ ramets and genets (Table 1).
The Prostanthera phylogeny constructed by Wilson et al. (2012) indicates the placement of
the species pair within a large clade (clade 'C'). Specific representatives from the clade 'C'
were included here to highlight the genetic similarities between P. densa and P. marifolia and
their relative placement within the framework of the Prostanthera phylogeny. These
representatives are: P. hirtula (1 sample), P. denticulata (1 samples), P. granitica (1 sample),
P. phylicifolia (1 sample), P. rhombea (1 sample), P. scutellarioides (1 sample). P. denticulata
occurs within the Sydney region, together with P. densa and P. marifolia (but never sympatric
with either), enabling the potential to detect potential admixture.
When collecting multiple individuals of a species at a site, individuals at a minimum 10 metres
apart were collected where possible to maximise capture of genetic diversity across all sites.
The sites of P. densa and P. marifolia varied in the number of individuals (Table 2). The largest
sites (Abraham’s Bosom and Manly Dam) were sampled more intensively to increase the
likelihood of observing an accurate amount of genetic diversity per site.
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2.2 DNA extraction and sequencing
All samples were sent to Diversity Arrays Technology (DArT) Pty Ltd in Canberra for DNA
extraction and genotype-by-sequencing analysis (referred to as DArTseq analysis) using the
documented in-house procedure. DNA was extracted from each sample using the Plant DNA
Extraction Protocol for DArT.

2.3 Data analysis
2.3a Quality screening and control of Single Nucleotide Polymorphism data
Single nucleotide polymorphisms (SNP) data was checked for quality using the filtering scripts
implemented by an in-house designed package called RRtools package v1.0 (as described in
Rossetto et al. 2019) in the open-source software program R (version 3.3.0, R Core
Development Team 2013). Loci that did not pass standardised quality thresholds were not
used in downstream analysis. This ensures that only high quality DArTseq markers were used
for analyses, that is only SNPs with a reproducibility of 96% or higher (i.e. high proportion of
replicate assay pairs for which the marker score is consistent) and with less than 30% missing
data were included in the dataset.
2.3b Genetic relationships considering reticulate evolution and hybridisation
Splitstree Program ver. 4.14.6 (Huson et al. 2008) with default software settings was used to
generate a network from the quality SNP matrix to provide a preliminary estimation of genetic
relationships across the entire dataset. The network can represent evolutionary histories with
substantial reticulation that arise from incomplete lineage sorting and hybridisation, which in
the network are indicated by the extent of “webbing” associated between branches of the
network.
2.3c Phylogenetic analyses
A phylogenetic tree attempts to explain relationships from an evolutionary history (i.e. based
on inference of a common ancestor) rather than by observed genetic or phenetic similarities.
Since taxonomy is integrated with an understanding of evolutionary history and lineage
diversification, examining the evolutionary history of P. densa and P. marifolia is required for
making taxonomic decisions and understanding of hybridisation events. The coalescent-based
phylogenetic tool SVDquartets package ver. 1 (Chifman and Kubatko 2014) implemented in
the PAUP software v4.0a (Swofford 2002) was used to estimate relationships among
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populations of P. densa and P. marifolia. The multispecies coalescent model was set up with
the following parameters: 100,000 quartets and 1000 bootstrap replicates (as a measure of
branch support). This program is designed to accept SNP data and can accept a large number
of specimens and data while still producing relatively robust phylogenetic results (see Chou
et al. 2015 for a critical review of this program). We examined results of all analyses using at
least three independent runs for multi-species coalescent analysis by allocating samples
within their respective populations.
2.3d Population structure analyses
Adegenet package v2.1.1 in R was used to perform a Principle Component Analysis (PCA) on
a Euclidean transformed dissimilarity matrix of the SNP data to assess genetic similarity at the
individual and population level. Genetic structure analysis was performed on the SNP data
using LEA v2.4.0 (an R Package for Landscape and Ecological Association Studies). This
statistical method estimates ancestry coefficients from large genotypic matrices and
evaluates the number of ancestral populations. LEA implements the snmf function (sparse
Non-Negative Matrix Factorization algorithms) to estimate individual admixture coefficients
from the genotype matrix. A measure of fit (i.e. the entropy criterion) is evaluated between
the statistical model and data, and is used to choose the best number of ancestral populations
(K) that explain the data. We examined the minimum cross-entropy for up to K = 8, wherein
we selected optimal K based on the post-stabilisation of the steepest decline in cross-entropy
values.
2.3e Population genetic diversity measures
In order to evaluate F-statistics and population-level measures of diversity, populations
consisting of five or more individuals were used. The RRtools package v1.0 was used for
generating a matrix of spatial distances between the populations and calculating expected
(He) and observed heterozygosity (Ho) and inbreeding coefficient (Fis) across each population.
2.3f Kinship
Genetic similarity between individuals located at the same site and corresponding cultivated
material was estimated using the unweighted pair group method with arithmetic mean
(UPGMA) hierarchical clustering method as implemented in the phanghorn package v2.4.0 in
R. Kinship (relatedness) measurements were used in assessing the degree of clonality across
the in situ plants of P. densa and P. marifolia. Pairwise kinship coefficient was estimated from
the genotype data using an Identity-by-descent (IBD) analysis in SNPrelate package v1.17.1 in
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R. Distance matrices of pairwise kinship were generated for each P. densa and P. marifolia
site after observing the preliminary results from principal component and network analyses
that clonality occur within each site. The matrices were combined to generate a supermatrix
that was drawn using the heatmap function from the Phytools package v0.6-60.

2.3g Optimal genetic diversity for translocation
If maximal genetic diversity (and hence greater expected fitness) is desired in a population
created by future translocation efforts, an explicit proportion of genetically distinct
individuals (i.e. genets determined from the kinship results in Table 1) will be required. In a
species with multiple highly differentiated populations, preserving the diversity of each
population (i.e. no mixing of differentiated individuals) will be important to preserve the
species’ adaptive potential to respond to environmental variation. This is applicable to P.
densa as our results show it is characterised by highly differentiated northern and southern
clades, and with less priority to be preserved, an intermediate clade of Helensburgh
individuals that possibly originated from an ancestral hybridisation between P. densa and P.
marifolia as suggested by our results (Fig. 1). In contrast, preservation of diversity in P.
marifolia should consider individuals from all populations given that the geographically
adjacent populations are genetically similar.
We explored translocation options using the number of initial propagules and the target size
for a translocated population (i.e. number of cuttings for any given number of starting
propagules). Optimisation of mixtures analyses were implemented on the package
OptGenMix developed at the RBG&DT, Sydney, (Bragg et al. 2020). This package sought the
optimal proportion of genets by evaluating the highest proportion of shared alleles among
individuals for all combinations. The package recommends having multiple ramets (either
cuttings or individuals with the same genet) for each selected genotype for two biologically
meaningful reasons: 1) our estimate of genetic diversity is not always comprehensive, and
therefore genetically similar individuals might represent important variation at any given
allele; 2) survival of translocated individuals is not guaranteed, and having more cuttings from
the same genet might buffer a complete loss of one genotype, at least to some extent.
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2. RESULTS AND INTERPRETATION
3.1 Summary
We report results based on high-quality genome scans of 163 samples of Prostanthera to
assess species concept and genetic history of the critically endangered P. marifolia and the
vulnerable P. densa, and to provide an understanding of genetic diversity to assist with future
conservation management. The genomic data from DArTseq enabled differentiation between
Prostanthera species, quantification of genetic diversity and relatedness between and within
populations, assessment of kinship and admixture, and an estimation of associative patterns
between genetic and geographic structure. A strategy that maximises genetic diversity was
proposed for ex situ collections and / or translocation plans.
The significant findings are:
-

Prostanthera densa and P. marifolia are distinct species;

-

P. densa is characterised by low clonality and diversity within populations and high
genetic differentiation among populations, whereas P. marifolia is characterised by
high inbreeding and no clonality;

-

Higher genetic similarity for P. densa exists among populations north of Helensburgh
rather than among Abraham’s Bosom / Honeymoon and Helensburgh in the south;

-

The ex situ collection of P. densa and P. marifolia do not represent in situ genetic
diversity. The individuals of P. densa are all derived from Gaan Gaan Hill, and
individuals of P. marifolia are derived from one genet;

-

Translocation scenarios based on the empirical evolutionary information on P. densa
and P. marifolia are provided.

3.2 Prostanthera densa and P. marifolia are distinct species.
High priority was assigned to review taxonomic classification for the critically endangered P.
marifolia and the vulnerable P. densa, since both species are closely related, morphologically
similar, and distributed in the highly urbanised Sydney region. The genomic signature we
obtained from 46,000 genome-wide markers (SNPs) for 163 samples representing P. densa,
P. marifolia and related species of Prostanthera (Fig. 1) supports that P. densa and P. marifolia
are related, but distinct species.
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Coalescent analysis using SVDquartets recovered a tree topology consistent with the network
results. Both analyses showed that two P. marifolia sites form a clade that is sister to another
clade consisting of all five P. densa sites (Fig. 1c). This tree topology demonstrates that P.
densa and P. marifolia are very closely related with respect to other species we included in
our analysis. This close relationship has been identified previously through results of
phylogenetic analysis using chloroplast and nuclear markers (Wilson et al. 2012; Conn et al.
2013; 2016). Furthermore, reinforced by the low incomplete lineage sorting detected by our
SVDquartets analysis, this tree topology supports that P. densa and P. marifolia are each
monophyletic (i.e. two evolutionary distinct lineages). Accordingly, from the perspective of a
monophyletic species hypothesis, P. densa and P. marifolia can be considered as distinct
species.
Of additional value, the tree was able to provide strong bootstrap support for the two
subclades within P. densa: one consisting of northern sites (Royal NP, Bass & Flinders, Karrara,
Gaan Gaan hill) and the other of southern sites (Helensburgh, Abraham's Bosom,
Honeymoon). This is the first confident inference about infraspecific relationships in P. densa
and P. marifolia, and the north-south split in P. densa matches morphological results
identified by Conn et al. (2013). Future mapping of character traits (leaves, anther appendage,
habit) as examined by Conn et al. (2013) onto the phylogeny will be interesting to establish
directional evolutionary trends with respect to shifts in leaf size and habit. The northern sites,
which have a larger leaf size and a more erect habit, are placed as a derived clade within the
greater P. densa-P.marifolia clade, which suggests that larger leaves and an erect habit has
only recently evolved (more sophisticated analysis would be needed to explore this further).
An interesting site is Helensburgh, where P. densa shares the closest morphological
similarities to P. marifolia (Hamilton 1920, Conn et al. 2013). This could be indicative of a
grade between two morphological extremes of a single species, or the vestige of a contact
zone from an ancestral hybridisation. Although our results showed members of this site are
not closely related to P. marifolia, the network showed the cluster of Helensburgh individuals
are in an intermediate position along a main branch that separates P. densa and P. marifolia.
The narrow branches between the Helensburgh site and P. marifolia provides support that
few recombination events have occurred, much like the indication of low incomplete lineage
sorting by SVDquartets. However, these differences are also evident between sites of P. densa
which suggests that P. densa has not been subject to cohesive gene flow for almost as long as
it has been isolated from P. marifolia. Overall, our results cannot refute the possibility of an
ancestral hybridisation, even though the phylogenetic evidence suggests that P. marifolia is
the earliest divergent lineage of the P. densa / P. marifolia clade.
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3.4 Genetic health and population structure across Prostanthera densa.
In order to prepare well-informed long-term management strategies for P. densa, a
quantification of evolutionary resilience was pursued by measuring the extent of clonality,
kinship and genetic diversity at the population scale. Genomic data from 103 samples
representing all P. densa sites was analysed and showed that genetic variability is present
within and between sites. Diversity is indicated by the separation of four large and discrete
clusters in the PCA ordinations (Fig. 2a), wherein subclustering of geographically proximal
sites was found in three of the clusters: Karrara Hill + Gaan Gaan Hill; Royal NP + Bass Flinders,
and Abraham’s Bosom + Honeymoon Bay (Fig. 2a). The strong genetic differentiation is
consistent with high pairwise Fst estimates between most P. densa populations, with the least
gene flow observed between pairs of populations involving Abraham’s Bosom or Honeymoon
Bay (Table 2). In contrast to the limited genetic connectivity of some populations, other P.
densa sites display low pairwise Fst values, such as between Karrara Hill + Gaan Gaan Hill sites,
and between Royal NP + Bass Flinders sites, suggesting the species is still capable of high levels
of gene flow.
Genetic diversity (as measured via expected and observed heterozygosity) was estimated
across all sites, and all P. densa sites are characterised by low levels of heterozygosity (Table
3). The corresponding inbreeding coefficients for most sites were low or near zero (Table 3),
other than two sites, Helensburgh and Abraham’s Bosom, that displayed high inbreeding
suggesting the likelihood of biparental inbreeding (as expected in circumstances of low
diversity and limited between-site gene flow).
Surprisingly, clonality was detected across numerous populations of P. densa (Fig. 3) even
though the species appears to be incapable of layering due to its typically upright habit lacking
rhizomes or extended branches. It is not exactly clear how clonality occurs, a possible
explanation is apomixis (clonal seed production), but this will require further genetic testing
of P. densa seedlings.
The ex situ collection of P. densa from the Hunter River Regional Botanic Gardens (HRRBG) is
clonal as cuttings belong to a unique genet from Gaan Gaan hill (Fig. 3). Another ex situ
specimen held at the Australian Botanic Gardens Mount Annan (ABGMA) also appears to be
a clone of a genet from Gaan Gaan Hill, and this genet is very closely related to the HRRBG
genet.
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3.3 Genetic health of the critically endangered Prostanthera marifolia.
When P. marifolia was classified as critically endangered in (New South Wales Threatened
Species Conservation Act 1995), approximately 100 individuals remained. The species is
expected to decline further due to its proximal distribution to urban areas, but the scandent
shrub with its branches frequently buried in leaf litter gives an impression that it is clonal,
making it extremely difficult to estimate population size (Hughes 2011). Given this and the
fact that the species is extremely rare, genetic sampling at the remaining sites of P. marifolia
was opportunistic and correspondingly much more intensive in comparison to P. densa. Our
kinship analyses indicate no genets with multiple ramets among the 49 P. marifolia individuals
sampled (most individuals in the field were sampled, so presumably this approaches the
current population size of P. marifolia), and even more surprisingly, very few individuals had
close kinship (Fig. 3). This is supported by the presence of low genetic variability from the PCA
results showing slight differentiation between the proximally located Wakehurst Golf Course
and Manly Dam sites (Fig. 2d), as well as low diversity within both sites. Unsurprisingly, these
last two remaining sites of P. marifolia are likely components of the same population since no
discrete clusters were formed in the PCA or splitstree network (Figs 1b, 2d). Although
relatively higher levels of heterozygosity values were measured for P. marifolia than P. densa,
high levels inbreeding were also detected, suggesting the incidence of high levels of
biparental inbreeding (as expected in small populations with an even smaller effective
population size).
Based on the composite results of the kinship analysis and UPGMA tree (Fig. 4), ex situ
individuals from ABGMA were identified as belonging to a single genet (Fig. 4, Table 1).
Although it is known that the ABGMA material was collected from cuttings of a specific
georeferenced individual at the Manly site, our results did not match the ex situ samples to
any of the in situ individuals collected for us. This highlights the importance of including ex
situ material within the genetic study, as it might identify genets that are no longer alive in
situ but might still be able to contribute to the species recovery.
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3.4 Translocation advice for Prostanthera marifolia and P. densa.

We used genomic data to estimate the necessary combinations of propagules that would
ensure the establishment of suitably evolutionary resilient translocated populations of
various sizes (Fig. 5). To select the optimal individuals for translocation we applied a more
stringent SNP quality assessment on the genotype data of individuals of P. marifolia,
individuals of northern and southern clade of P. densa (i.e. we used loci with no missingness
across the three datasets).

We tested the diversity of simulated translocation populations for each dataset, using
simulations that predicted the genetic diversity remaining after 10 generations of genetic drift
(as could be expected in natural circumstances with no external gene flow). All simulations
showed that selecting individuals by optimising on the basis of genomic data or by using a
random sampling approach are both effective in capturing high genetic diversity, provided
that at least 20 propagules spaced at least 2 m apart were sampled (Fig. 5). This number of
propagules will capture 95% or more of the diversity represented within each of the datasets
analysed (Fig. 5). It should be noted that if additional individuals of P. marifolia and/or P.
densa were to be genotyped, we can re-calculate the scenarios accordingly to re-establish
optimal selection of material (although given the amount of diversity captured and its
distribution, we would not expect a significantly different outcome).
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3. CONCLUSIONS AND IMPLICATIONS
This project highlights the following results:
•

Prostanthera densa and P. marifolia are very closely related, but distinct species;

•

The Abraham’s Bosom / Honeymoon Bay populations are most genetically
differentiated from other populations of P. densa, and together with the population
from Helensburgh, which shares some morphological traits, may warrant a distinct
subspecific rank;

•

Although all sites of P. densa and P. marifolia are genetically distinct from each other
(i.e. no genets are shared between sites), species have low within-site diversity, likely
as a result of no gene flow between populations, and therefore have relatively high
levels of inbreeding;

•

Clonality is low in both species: this is unexpected as P. marifolia was suspected to
have the capacity for being rhizomatous;

•

The ex situ collection for both species consists of a low amount of genetic diversity,
representing only one in situ genet for each species. The ABGMA material of P.
marifolia represents one genet from the Golf course site, and the ABGMA and Hunter
Region Botanic Gardens material of P. densa both represent two separate individuals
originating from the Gaan Gaan Hill site. These collections are not suitable to further
management or translocation activities.
Translocation scenarios for northern and southern clades of P. densa and for P.
marifolia are proposed. To maximise genetic diversity in translocated populations, we
recommend:
o A random approach, involving the selection of at least 20 individuals spaced at
least 2m apart in the source population.
o A targeted approach, relying on genetically selected individuals based on a
range of propagation targets. This is currently not achievable, as individuals
have not been tagged in situ and therefore cannot be re-identified beyond any
doubt.
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4. FIGURES AND TABLES

Figure 1: Study sites (a), Splitstree network analysis (b) and SVDquartets phylogenetic coalescent tree of
Prostanthera densa, P. marifolia and closely-related Prostanthera species (c). Splitstree was generated
from Single Nucleotide Polymorphism (SNP) data for 87 specimens of P. densa and 49 specimens of P.
marifolia with unique genets (determined from kinship analysis as detailed in methods), and six related
Prostanthera species. The coalescent tree, indicating bootstrap support values over 50 % above branches (>
80 % is strong support for a branch), shows that P. densa and P. marifolia form separate well-supported
monophyletic clades; The total weight of incompatible quartets = 7,788 (7.79 %), and total weight of
compatible quartets = 92,212 (92.21 %).
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Figure 2. Population structure (a, c) and Principal Component Analyses (b, d) for Prostanthera densa and P. marifolia SNP datasets. (a,c) Pie
charts show the averaged ratios of assigned ancestry (K=2) in each population.
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Figure 3. Composite UPGMA tree/Kinship heatmap analysed from Single Nucleotide Polymorphism loci
for 103 in situ and ex situ specimens of Prostanthera densa.
All 103 specimens were studied in a pairwise kinship analysis, and this resulted in the heatmap above
consists of pairwise kinship coefficients displayed as colours: RED colouration corresponding to the
highest pairwise kinship coefficients (0.4 or greater = clone), ORANGE-YELLOW colouration corresponding
to medium pairwise kinship coefficients (less than 0.4 but greater than 0.25 = sibling) and EGGSHELL
WHITE colouration corresponding to the lowest pairwise kinship coefficients (0). The descending red
diagonal on the graph is the result of an individual matched with itself.
From the UPGMA labels (to the left side of the heatmap), individuals that belong to genets of multiple
ramets are highlighted and a genet name is provided (see Table 3). The UPGMA tree indicates that there
are two distinct clusters, one of individuals from Helensburgh, Royal NP Marley, Bass Flinders, Karrara Hill
and Gaan Gaan Hill, and the other cluster of Abaham’s Bosom and Honeymoon Bay. The ex situ individuals
from ABGMA and the Hunter BG both cluster with Gaan Gaan Hill individuals.
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Figure 4. Composite UPGMA tree/Kinship heatmap analysed from Single Nucleotide Polymorphism
loci for 54 in situ and ex situ specimens of Prostanthera marifolia.
All 54 specimens were studied in a pairwise kinship analysis, and this resulted in the heatmap above
consists of pairwise kinship coefficients displayed as colours: RED colouration corresponding to the
highest pairwise kinship coefficients (0.4 or greater = clone), ORANGE-YELLOW colouration
corresponding to medium pairwise kinship coefficients (less than 0.4 but greater than 0.25 = sibling)
and EGGSHELL WHITE colouration corresponding to the lowest pairwise kinship coefficients (0). The
descending red diagonal on the graph is the result of an individual matched with itself.
From the UPGMA labels (to the left side of the heatmap), individuals that belong to genets of multiple
ramets are highlighted and a genet name is provided (see Table 3). The UPGMA tree indicates the
absence of distinct clusters. All ex situ individuals from ABGMA shares a unique genet.
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Table 1: Sampling sites and sample numbers of Prostanthera densa and P. marifolia used in
this study. Asterisks indicate individuals collected from ex situ collections. The symbol ‘^’
indicates that the one unique genet from Hunter BG is shared with Gaan Gaan Hill.

P. densa
Hunter BG
Gaan Gaan Hill
Karrara Hill
Bass Flinders
Royal NP Marley
Helensburgh
Honeymoon Bay
Abraham's Bosom
ABGMA
Total
P. marifolia
Manly Dam
Wakehurst GC
ABGMA
Total

N individuals
sampled

N
unique
genets

N genets
with multiple
ramets

4*
8
6
8
7
14
10
45
1*
103

0^
3
6
5
7
14
9
42
1
87

0
1
0
1
0
0
1
3
0

36
13
5*
54

36
13
1
50

0
0
1
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Table 2: Pairwise matrix of observed genetic diversity (Fst) values derived from single nucleotide
polymorphism (SNP) data for sites belonging to Prostanthera densa and P. marifolia. Heat map colours,

0
0.469
0
0.697 0.79
0
0.724 0.811 0.115
0
0.761 0.832 0.795 0.794
0
0.737 0.812 0.783 0.793 0.028

P. marifolia Wakehurst GC

P. marifolia Manly Dam

P. densa Abraham’ s Bosom

0
0.558
0.703
0.749
0.77
0.797
0.772

P. densa Honeymoon Bay

0
0.094
0.535
0.678
0.756
0.772
0.813
0.771

P. densa Bass Flinders

P. densa Karrara Hill

0
0.632
0.632
0.554
0.668
0.632
0.651
0.721
0.71

P. densa Royal NP Marley

P. densa Gaan Gaan Hill

P. densa Helensburgh
P. densa Gaan Gaan Hill
P. densa Karrara Hill
P. densa Royal NP Marley
P. densa Bass Flinders
P. densa Honeymoon Bay
P. densa Abraham’s Bosom
P. marifolia Manly Dam
P. marifolia Wakehurst GC

P. densa Helensburgh

from green to red, are indicative of lowest to highest Fst values, respectively.

0
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Table 3: Observed heterozygosity (HO), expected heterozygosity (HE), inbreeding coefficient (FIS) and
number of unique genets (N) for Prostanthera densa and P. marifolia sites. An asterisk (*) indicates that
a species has a unique genet from the ABGMA that was not included in the diversity estimation.
N

HO

HE

FIS

Karrara Hill

6

0.095

0.092

-0.036

Gaan Gaan Hill

3

0.086

0.069

-0.236

Bass Flinders

5

0.044

0.048

0.053

Royal NP Marley

7

0.108

0.123

0.092

Helensburgh

14

0.097

0.139

0.264

Honeymoon Bay

9

0.095

0.123

0.189

Abraham’s Bosom

42

0.1

0.138

0.239

Average

0.09

0.105

Manly Dam

36

0.24

0.336

0.281

Wakehurst GC

13

0.235

0.335

0.278

Average

0.238

0.336

P. densa (Total N=86*)

P. marifolia (Total N=49*)
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Table 4: A list of Prostanthera densa and P. marifolia samples with identification of genets and their
corresponding ramets. E.g., For Abraham’s Bosom, NSW1069363 and NSW1042613 are ramets of the
genet we described as “Abrahams1”.
species

P. densa

P. marifolia

site

sample
NSW1069363
NSW1042613
NSW1042615
Abraham’s Bosom
NSW1069016
NSW1069042
NSW1069041
NSW1041918
NSW1041919
Bass Flinders
NSW1041917
NSW1057827
NSW1057787
NSW1040594
NSW1040605
Gaan Gaan Hill
NSW1040600
NSW1040609
NSW1040604
NSW1040587
NSW1040603
Hunter BG
NSW1040586
NSW1040591
NSW1042614
Honeymoon Bay
NSW1069025
NSW1067574
NSW1069853
Mt Annan Manly NSW1069799
NSW1069819
NSW1069804

Genet type
Abrahams1
Abrahams1
Abrahams2
Abrahams2
Abrahams3
Abrahams3
Bass1
Bass1
Bass1
Bass1
Gaan1
Gaan1
Gaan1
Gaan1
Gaan1
Gaan1
Gaan1
Gaan1
Gaan1
Gaan1
Honeymoon1
Honeymoon1
Manly1
Manly1
Manly1
Manly1
Manly1
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Figure 5: The proportion of loci that were polymorphic in different candidate propagation populations
of the northern clade of Prostanthera densa (a), southern clade of Prostanthera densa (b), and P.
marifolia (c).
To analyse each of the three datasets, different numbers of individuals (horizontal axis) were selected by
optimizing on the basis of gene diversity (black symbols) and by choosing at random (blue symbols,
representing means of 100 replicates). Gene diversity was estimated by calculating the proportion of SNP
loci that were polymorphic, i.e. where the minor allele was common (allele frequency > 3%, vertical axis).
The orange triangular point in each scenario represents the optimal number of propagules to select for
translocation.
For each analysis, using either genetic-based or random approach will enable us to maximise diversity,
provided that over 20 individuals are selected (i.e. we can select just over 20 individuals to maintain over
95% of the population diversity).
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