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EXECUTIVE SUMMARY

The genetic diversity of the endangered Magenta Lilly Pilly (Syzygium paniculatum) was
assessed for a representative sample of hundreds of individuals spanning the species’ known
distribution using genome-wide scans. These scans confirmed low levels of genetic diversity,
consistent with predominantly asexual reproduction. The unprecedented scale of sampling
for this study, including progeny of wild individuals across 10 sites, captured a detailed
depiction of the species' current distribution of genetic variation on the landscape. Several
unique genetic clusters were identified, corresponding with lineages persisting through
predominantly clonal reproduction. The first insights into a complicated relationship between
S. paniculatum and co-occurring species S. oleosum were revealed. Although historical
interbreeding among species may have contributed to the formation of lineages described in
this study, the contemporary frequency of hybridisation was discovered to be low. This report
provides an actionable basis for management decisions about the conservation of S.
paniculatum.
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1.

INTRODUCTION

1.1 Premise of the study
The rainforest tree Syzygium paniculatum Gaertn. (Myrtaceae), also known as Magenta Lilly
Pilly, is endemic to coastal New South Wales (NSW), mainly occurring in small numbers at 44
documented sites between Upper Lansdowne in the north and Conjola National Park in the
south (NRP 2012). Its specific habitat (moist, sandy pockets of littoral or subtropical
rainforest) has contracted under the prevailing patterns of land use in NSW during the last
several decades, and a long term decline in its abundance is believed to be ongoing and likely
to continue (NRP 2012). In light of these considerations, S. paniculatum is listed as
endangered under the NSW Biodiversity Conservation Act 2016, and vulnerable under the
Commonwealth Environment Protection and Biodiversity Conservation Act 1999.
In 2012, a National Recovery Plan was delivered by the NSW Office of Environment and
Heritage (OEH) to protect the species and foster its long term viability in the wild (NRP 2012).
Among the objectives of this plan were to increase understanding of the biology and ecology
of S. paniculatum, to reduce the impacts of myrtle rust, and to maintain representative ex situ
collections. A foundational understanding of population genetics (i.e. the current and
historical distribution patterns of genetic diversity on the landscape) underpins each of these
objectives and is critical to achieving them. This study, presented in two parts, was
commissioned by the Department of Planning, Industry and Environment (DPIE hereafter) to
provide definitive insights into the population genetics of S. paniculatum, which will inform
improvements to in situ and ex situ management strategies for this listed species.
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1.2 Background
Syzygium paniculatum was recognised as a distinct and naturally occurring species by Hyland
(1983) in a relatively recent taxonomic revision, which resolved confusion between S.
paniculatum and the more common, co-occurring species S. australe and S. oleosum.
Syzygium paniculatum shares superficial similarities with these species, but is clearly
distinguished by its polyembryonic seeds, with each seed typically containing 2-8 embryos.
Polyembryony in S. paniculatum results in multiple seedlings arising from a single seed, the
majority of which are clones of the parent plant and produced via apomixis (Thurlby 2010;
2012). Although apomixis may increase short term fitness within reproductively isolated and
environmentally stable environments, clonal reproduction reduces genetic diversity over
time, which may limit the ability of a population to adapt to environmental change, and thus
increase longer term risks of localised extinction.
Low genetic diversity has been identified and highlighted as a potential threat to the
conservation of S. paniculatum (Thurlby 2010; 2012; NRP 2012). Based on microsatellite data,
Thurlby (2012) found only 9 distinct genotypes among 79 plants spanning 11 sites across the
known range of the species; with all individuals sampled south of Cam’s Wharf of almost
uniform genotype, while sites further north harbored more divergent genotypes. An
expanded study relying on improved technologies is warranted to explore and assess the full
range of genetic diversity in the species in greater resolution.
Hybridisation poses another management challenge, with inter-species morphological
hybrids occurring at documented sites (Foster & Mulcahy 2019). In the typically small
populations of S. paniculatum, cross-fertilization may disproportionately involve pollen from
a co-occurring interfertile species with a larger population (such as S. oleosum). This process
of genetic swamping introduces a bias toward hybrid offspring, reducing population size and
fitness. The circumstances under which hybrids occur and persist in the wild, including the
identity of the parental species, must be established to assess and mitigate the threat to S.
paniculatum. The horticultural popularity of Syzygium should also be considered in this
context; cultivated plants (including S. paniculatum) of unknown origin are ubiquitous in
developed landscapes near remnant populations, obscuring local provenance and potentially
transferring non-local pollen and seed.
Finally, polyploidy (whole genome duplication) is an important consideration in the
management of S. paniculatum, which appears to be partly or uniformly tetraploid (Thurlby
2010, 2011, 2012). This is not unexpected considering polyploidy often co-occurs with
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polyembryony. As a baseline, it should be established whether variation in ploidy exists, and
if so, how it is distributed on the landscape. This would facilitate future studies further
investigating its effects on fitness and sexual reproduction.
There is a clear need to thoroughly characterise the distribution of genetic diversity in S.
paniculatum, together with interrelated patterns in its modes of reproduction. This will
provide foundational insight into the processes affecting the persistence of this species both
in- and ex-situ. The first part of this study (described in this report) combined a dense
sampling of known and accessible populations with a genome-wide approach to genotypingby-sequencing to generate and analyse thousands of Single Nucleotide Polymorphisms across
459 samples of S. paniculatum and related species, including 92 progeny from genotyped
mothers. The findings are reported and interpreted in light of their conservation implications
to support direct management decisions. A second part of this study employed whole genome
sequencing at 25x depth in a subset of 40 samples of S. paniculatum and related species, and
will be reported on in Part II to provide additional scientific interpretations on the origins and
history of these taxa.
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1.3 Objectives
Using genome-wide marker data across an extensive sampling representing the full
geographic range of Syzygium paniculatum, including parents and progeny for a subset of
sites, this report addresses the following aims:
1. Characterise the patterns of genetic diversity to provide a qualitative assessment of
the species’ genetic health. Specifically:
a. quantify the remaining genetic diversity;
b. identify how it is distributed among and within sites;
c. examine the reproductive mode by which it is maintained at sites where seed
was collected.
2. Investigate the relationships between S. paniculatum and related co-occurring species
(particularly S. oleosum), to reveal the patterns and prevalence of interspecific
introgression on the landscape. Specifically:
a. evaluate whether there is genetic evidence of hybridisation;
b. identify where and how frequently hybrids are found;
c. quantify the proportion of hybrid seedlings produced at sites where seed was
collected.
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2.

METHODS

2.1 Sampling
Sampling was undertaken by conservation officers from Department of Planning, Industry and
Environment (DPIE), across 70 sites spanning the natural geographic range of S. paniculatum.
At each site, leaf material from S. paniculatum and co-occurring species (S. oleosum and S.
australe, if present) was collected for DNA extraction and sequencing. A minimum of six
samples were targeted at each site (>10 metres apart where possible) to maximise capture of
genetic diversity across all sites.
A total of 459 specimens of Syzygium paniculatum and 3 related species (including
morphological intermediates) were compiled to evaluate patterns of genetic diversity and
reproduction, with focus on delimiting genetic clusters, identifying hybrids, and comparing
offspring and parents.
Sampling of S. paniculatum consisted of 367 established trees (including 19 known or
suspected plantings) from 47 sites distributed from the species’ southern limit near Jervis Bay
to its northern limit at Upper Lansdowne. Another 92 S. paniculatum samples were the
progeny (grown from seed) of adult trees sampled at 10 sites between Yacaaba Head and
Saltwater National Park. Nine specimens from the collection of the National Herbarium of
NSW were sampled to represent areas which were unable to be sampled in the field.

2.1a Seed germination and seedling sampling
Seeds were collected by conservation officers in June 2020 from 10 sites where leaf material
was also collected, and cleaned within 1 week of collection by manually removing them from
fruits, surface washing in mild detergent, and rinsing in water. Cleaned seeds were stored at
4oC and sowed within 6 weeks of collection. Up to 8 seeds per mother plant were sowed on
moist seed raising mix and incubated at 20oC with a light/dark cycle of 12h L/12h D. Seedling
leaf tissue was harvested 9-11 weeks after sowing for DNA extraction and sequencing.
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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 medium-density genotyping-by-sequencing analysis (DArTseq) using
documented in-house procedures (as described in Rossetto et al. 2019). DNA was extracted
from each sample using the Plant DNA Extraction Protocol for DArT. Genome-wide marker
data were generated via DArTseq and returned as Single Nucleotide Polymorphism (SNP)
genotype matrices, consisting of sample genotypes across all SNP loci.

2.3 Data analysis
2.3a Data screening and quality control
Single nucleotide polymorphism (SNP) data returned by DArT were quality controlled using
the filtering scripts implemented in the RRtools package v1.0 (as described in Rossetto et al.
2019) for the R statistical environment (R, v3.6.3, R Core Team 2020). Loci that did not pass
standardised quality thresholds were excluded from all downstream analysis. This ensures
that only high quality DArTseq markers were analysed, that is only SNP loci 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 qualityfiltered dataset.
For some analyses, the quality-filtered dataset was then further filtered to remove samples
where data were missing for a majority of all loci (>50% missing data). Samples with large
proportions of missing data can lead to systematic bias in some cases, potentially confounding
the interpretation of results (for example, if similarities are inferred from incidental patterns
of missing data, rather than from shared genetic variation). Thus, for some analyses, excluding
samples can enable higher confidence in the results.

2.3b Identification of genetic clusters
The “adegenet” package v2.1.3 (Jombart & Ahmed 2011) for R was used to perform a Principal
Component Analysis (PCA) on a Euclidean transformed dissimilarity matrix of the qualityfiltered SNP data (all species and all samples included) to provide a broad assessment of
overall genetic similarity among all samples at the individual, population, and species level.
Plotting individual sample scores along the principal component axes allows clusters of similar
samples to be visualized.
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Splitstree version 4.14.6 (Huson et al. 2006) with default software settings was used to
generate a network from the quality- and sample-filtered SNP data set (samples with >50%
missing data excluded) to provide an estimation of genetic relationships among samples. 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 Patterns of genetic diversity within and between clusters
To further evaluate genetic similarity among samples, sites, and species, pairwise Euclidean
distances were calculated between all individual samples in the quality- and sample-filtered
SNP data set (using the package “poppr” v2.9.2 for R; Kamvar et al. 2014), and samples were
clustered hierarchically by distance using the complete linkage method as implemented in the
R function “hclust”.
A Euclidean distance matrix was also calculated for progeny arrays representing wild parents
and their offspring; additional sample filtering was performed prior to this analysis such that
only progeny of wild mothers with fewer than 600 loci missing were included to limit biases
introduced by variable data quality among samples.
Individual levels of heterozygosity (where both alleles of a biallelic SNP locus are present)
provide a measure of genetic variability that can be compared among individuals and
populations; the proportion of SNP loci that were heterozygous was calculated for each
sample in the quality- and sample-filtered SNP data set.
Population-level measures of diversity were evaluated by estimating pairwise FST between
sample sites, for sites where five or more individuals were sampled in the field which were
morphologically identified as S. paniculatum (not S. oleosum or morphological intermediates).
The “SNPrelate” v1.20.1 package for R (Zheng et al. 2012) was used to calculate FST values
using the relative beta estimator of Weir and Hill (2002).

2.3d Identification of hybrids
Evidence of hybridisation and admixture among sampled individuals of S. paniculatum and S.
oleosum was evaluated by investigating patterns in allele frequencies for subsets of samples
representing major genetic clusters.
Genetic structure and admixture coefficients were explored using the package “LEA” v2.8.0
for R (Frichot and Francois 2015), analysing the quality- and sample-filtered data set where
five or more individuals were sampled per site. LEA models shared genotypic variation among
11
Conservation genetics of Syzygium paniculatum
Research Centre for Ecosystem Resilience

a range of hypothetical ancestral populations (K) using statistical methods (Sparse NonNegative Matrix Factorization) and evaluates a measure of fit between the models and the
data (the entropy criterion). We examined the minimum cross-entropy for up to K = 20, and
selected optimal K (the number of ancestral populations that best explains the data) based
on the post-stabilisation of the steepest decline in cross-entropy values.
Newhybrids v2.0 (Anderson & Thompson 2002) was used to evaluate whether allelic ratios in
representative samples of major genetic clusters were consistent with expected allelic ratios
under a scenario of recent hybridisation between two parental populations. Thirty-four
samples (with each major genetic cluster represented by at least two samples) were analysed
using default settings for 1M sweeps with a 250k burnin; the parental populations were left
unspecified to be inferred from the data.
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3.

RESULTS AND INTERPRETATION

3.1 Summary
We report results based on analyses of genome-wide markers for 459 samples of S.
paniculatum and related species to evaluate patterns of genetic diversity on the landscape in
the context of conservation management. Genotyping-by-sequencing via DArTseq for the
extensive sample across the species’ geographic range enabled the clear identification of
distinct genetic clusters and their distribution across sites, and provided genetic evidence with
which to evaluate the occurrence of hybridisation between S. paniculatum and S. oleosum in
the wild.
The significant findings are:
-

There is little overall genetic diversity in Syzygium paniculatum; consistent with
predominantly asexual reproduction.

-

S. paniculatum is split into several distinctly divergent genetic clusters, with the most
widespread group dominating the southern part of the range from The Entrance south
to Jervis Bay; within this southern group, genetic diversity (heterozygosity and
variation among sites) is particularly low.

-

S. paniculatum sites north of The Entrance are highly diverse and divergent relative to
the widespread southern group, and appear to share greater affinities with S.
oleosum. This raises questions about the evolutionary history of these northern
groups, and more broadly, the taxonomic delineation between S. paniculatum and S.
oleosum.

-

The analysis of mature plants on the landscape and seedlings suggest that
spontaneous hybridisation between S. paniculatum and S. oleosum is relatively
uncommon, with the vast majority of samples belonging to identified genetic clusters.

3.2 Syzygium paniculatum shows low levels of genetic variation
Prior to filtering, 6,582 raw SNPs across 459 samples were returned from DArTseq analysis,
of which 1,720 passed quality thresholds. After excluding samples missing > 50% of SNP loci,
the quality- and sample-filtered data set consisted of 2,045 SNPs for 380 samples. This is
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relatively few SNPs compared with similar studies in other taxa (e.g. Rutherford et al. 2019;
van der Merwe et al. 2021), suggesting limited genomic variation among individuals and
populations of S. paniculatum.
From 2,045 SNPs, The genetic distance among samples (pairwise Euclidean distances) ranged
from 2.2 (most similar) to 38.7 (most distant), with a mean of 26.3, demonstrating a high
degree of genomic similarity among individuals (including those identified as S. oleosum),
consistent with the relatively low total number of SNPs recovered from DArTseq.

3.2a progeny are highly similar to parents
Seedlings from 192 seeds collected from 10 sites between Yacaaba Head and Saltwater
National Park began emerging after 14 days; 72% of seeds produced at least one emergent
seedling, with a mean of 1.94 seedlings emerging per seed (seeds from 5 mothers exclusively
produced a single seedling each). This is consistent with previously recorded observations of
polyembryony in S. paniculatum (Hyland 1983; Thurlby 2012).
Seedlings clustered together with their wild mother plants in the results of the Principal
Component Analysis (PCA) and Splitstree dendrogram (Figs. 1-2, Table 1). For progeny
analysis, genotype data for 61 seedlings from 17 families were analysed. All seedlings were
highly similar within families, with very little divergence from the maternal genotype (Fig. 3.c).
This overall low variation, together with uncertainty in expected rates of genotyping error
among samples, impedes precise inference of reproductive mode (sexual vs. asexual) for each
seedling. However, no evidence of admixture between genetic clusters was found in any
seedling, including seedlings from sites where multiple genetic clusters were present.
Previous studies reported majorities of seedlings were produced asexually at rates between
68% (Thurlby et al. 2012) – 100% (Thurlby 2010). We found that, irrespective of mode of
reproduction, 100% of seedlings belonged to the same genetic cluster as their maternal
parent. Thus, reproduction via seed in S. paniculatum maintains distinct genetic clusters
through apomixis, self-fertilization, and/or bi-parental inbreeding (cross-fertilization between
co-members of a genetic cluster, which may be clones or close relatives).

3.2b few heterozygous loci are insufficient to indicate ploidy
The inference of ploidy level (number of chromosome sets) from data sources such as
DArTseq relies on the comparison of allelic ratios detected among sequencing reads for
heterozygous loci. The average proportion of heterozygosity for all 459 samples was 0.058,
relatively low compared with similar studies in other taxa (e.g. Blyth et al. 2020). With the
total number of loci reported also low (6,582 raw SNPs), there is too little signal to detect
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ploidy variation in the present data set. Part II of this study will reassess ploidy, once
assembled genomes for a subset of samples are fully analysed.

3.3 Multiple distinct genetic clusters are present
The results of PCA, phylogenetic network analysis, and visualisation of the Euclidean distance
matrix all reveal groups of samples which are genetically similar to one another, and distinct
from other such groups (Figs. 1-3). All results clearly identify a widespread southern S.
paniculatum group, but reveal a more complicated pattern of diverse lineages north of The
Entrance (Figs. 1-3; Table 1). The first three principal components axes (Fig. 1) clearly separate
a cluster representing most S. paniculatum samples from Jervis Bay north to The Entrance
(PC1 axis), a cluster of S. paniculatum samples (including seedlings) from Yacaaba north to
Seal Rocks (PC2 axis), and a cluster of S. paniculatum (including seedlings) from Booti Booti
National Park (PC3 axis) from the remainder of samples, including S. oleosum. The clusters
identified in the PCA correspond with branches on the Splitstree dendrogram (Fig. 2), where
additional genetic clusters are discernible as branches. These (together with notable samples
that do not fall into major clusters) are labelled in Figs. 2-3 and described in Table 1.
It should be emphasized that seedling samples included in the analysis do not exist in the wild,
and are first-degree relatives; thus, lineages which comprise large proportions of seedling
samples (e.g., group 3; Fig. 2.b, Table 1) may be less conspicuous and more genetically
heterogeneous on the landscape than they appear in analyses presented here. Importantly,
however, the identification of groups is largely robust to the inclusion or exclusion of
seedlings from the analysis (Figs. 2.b, 2.c).
The pairwise Euclidean distance between SNP genotypes of samples within major groups
(lineages) was 6.8 on average; whereas the typical distance between samples of different
groups was > 30 (Fig. 3.a, 3.b). Thus, genetic homogeneity within groups is high, consistent
with the idea that each group represents a lineage that is perpetuated largely through selffertilisation and/or asexual reproduction. Pairwise FST estimates between sites where S.
paniculatum was collected (excluding samples identified as S. oleosum) supported the
identification of the distinct groups and their distribution patterns, and FST estimates between
groups revealed patterns of substantial differentiation between them (Fig. 4). All FST estimates
among sites south of The Entrance were close to zero, indicating near-uniform allele
frequencies, whereas the range in F ST among sites further north was consistent with the
presence of multiple lineages in this part of the distribution (Fig. 4.a). Almost all FST estimates
among groups (lineages) were > 0.3, indicating moderate to strong differentiation; notably
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high FST between the southern S. paniculatum and sympatric S. oleosum groups (0.896)
reflects almost no shared genetic diversity, in contrast with more moderate differentiation
between S. oleosum and northern S. paniculatum groups (Fig. 4.b).

3.3a lower genetic diversity in the southern group
The S. paniculatum southern group dominates the species’ range from its southern limit north
to Munmorah; some overlap with group 1 occurs along the Wyong River (1 / 4 samples =
southern group) and Lake Macquarie (5 / 16 samples = southern group). Samples of S.
paniculatum from Coalcliff and the Wollongong Botanic Garden comprise group d (4 / 7) in
addition to the southern group; group d is atypical and might represent a transplant, hybrid,
or garden origin lineage. Two individuals of other groups from Ourimbah Creek (group 9) and
Nesca Park (group 5) are likely to represent transplants or mislabelled samples, as are four
southern group individuals occurring north of Lake Macquarie (Forster: 2; Lemon Tree
Passage: 1; The Ruins: 1).
Individual heterozygosity varied with group and geographic distribution, with markedly less
heterozygosity in the southern S. paniculatum group compared with northern S. paniculatum
(with the exception of group d samples from the Illawarra region; Fig. 5). Low heterozygosity,
especially in the southern group, is indicative of multiple generations of self-fertilisation.
Pairwise Euclidean distances between samples in the S. paniculatum southern group were
lower than between samples within other groups (Fig. 3.b), indicating greater similarity
between individuals in this group. These results indicate that the most clearly distinct and
geographically widespread group of S. paniculatum is notable for its low genetic diversity
(individuals that are more homozygous and more genetically similar to one another compared
with other groups).

3.4 Current species concepts are in need of revision
Many of the groups identified here comprise individuals identified as either S. paniculatum or
S. oleosum in the field, together with individuals noted to be morphologically intermediate
between S. paniculatum and either S. oleosum or S. australe (Table 1). Straightforward
identification of species and/or lineages is obscured by complicated, overlapping patterns of
morphological variation in this case. This is not unexpected, given the difficulty in applying
traditional species concepts to apomictic lineages and their relatives (Majesky et al. 2017;
Horandl 2018).
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3.4a distinction from S. crebrinerve and S. australe
Samples of Syzygium crebrinerve, a non-sympatric but closely related species to S.
paniculatum, are clearly distinct and divergent from all other samples in the phylogenetic
network analysis of SNP genotype data (Fig. 2), as well as in PCA (data not shown). This
supports the concept of S. crebrinerve and S. paniculatum as related, but separate species.
Syzygium australe has a large geographic distribution, overlapping in part with S.
paniculatum; some morphological intermediates between S. paniculatum and S. australe
have been identified in the field (Table 1). In this study, samples of S. australe do not cluster
clearly together or diverge markedly from clusters of other samples in the PCA and
phylogenetic network analyses (Fig. 1, 2). This indicates that the SNP data are deficient in
genomic signal to clearly place the S. australe samples relative to the rest. Part II of this study
will reassess the relationship between S. paniculatum and S. australe using genome
assemblies for a subset of samples.

3.4b Syzygium oleosum and northern S. paniculatum are intertwined
Samples of S. oleosum occurring sympatrically with S. paniculatum (35 samples from S.
oleosum’s southern limit to S. paniculatum’s northern limit) form a discrete branch in the
phylogenetic network analysis (Fig. 2), but are clustered close to samples of S. paniculatum in
the PCA (Fig. 1). Non-sympatric S. oleosum (four samples from beyond the northern limit of
S. paniculatum) do not cluster together with sympatric S. oleosum; three were unresolved in
analyses (possibly due to poor quality DNA yield attributable to sampling from Herbarium
specimens), but one sample originating from Iluka was placed on a branch with S. paniculatum
group 7 (Fig. 2). This suggests that the taxonomy of S. oleosum may not be straightforward;
this species may comprise multiple lineages across its distribution.
This study sheds light on the complexity of species delimitation between S. paniculatum and
S. oleosum, revealing several distinct genetic clusters occurring north of the Central Coast of
NSW which defy straightforward assignment to species (Figs. 1-2, Table 1). However, fully
resolving the taxonomic distinction between S. paniculatum and S. oleosum will require a
large-scale molecular systematic study spanning the full geographic distributions of these and
several related species; this is beyond the scope of the present conservation genetics study
of S. paniculatum.
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3.4 Infrequent hybridisation between genetic clusters
The observation of morphological intermediates between S. paniculatum and related species
has been reported as putative evidence for hybridisation (Foster & Mulcahy 2019). We show
here that these intermediates (from the Central to Mid-North Coast of NSW) represent a
range of independently persistent lineages, rather than clear instances of recent hybridisation
(Figs. 1-3, Table 1). Of two notable putative hybrid zones which were densely sampled in the
present study, one consisted entirely of either S. paniculatum southern group or S. oleosum
individuals (Wyrrabalong National Park), and the other of members of four distinct genetic
clusters (Booti Booti National Park).
Estimation of admixture coefficients (LEA) under a scenario of 7 ancestral populations
identifies genetic clusters corresponding to southern S. paniculatum and groups 2, 3, 5, 6, 10,
and a cluster comprising sympatric S. oleosum plus groups 7 – 9, with other groups inferred
to be admixed (e.g., groups 1 and 4). Analyses of allele frequencies using Newhybrids resulted
in the inference of southern S. paniculatum and sympatric S. oleosum as the two parental
populations, with some northern lineages inferred to belong to the S. oleosum parental
population (e.g., groups 5 – 10), and others inferred to be hybrids (e.g., groups 1 – 2; Fig. 7).
While these results provide hypotheses on the historical origins of lineages identified in this
study, we emphasize that any interpretation as such is premature pending further
investigation to test these (and other) hypotheses. Part II of this study will reassess the
relationships among lineages using genome assemblies for a subset of samples; hereafter we
evaluate and report on evidence for contemporary hybridisation and admixture between
lineages (groups) identified here.
Two individuals which appear to be putatively hybrid on the Splitstree dendrogram
(individuals a and b; Fig. 1) also stand out with mixed ancestry in the LEA results (Fig. 6). These
individuals are inferred with high confidence in the Newhybrids analysis to be backcrossed to
southern S. paniculatum and F2 respectively, and a third individual (g) is also assigned some
probability of being backcrossed to southern S. paniculatum (41%; Fig. 7). With only two or
three admixed individuals out of 127 sampled from the S. paniculatum southern group,
natural hybridisation south of Lake Macquarie appears to be rare. Interpretation is more
complicated further north, with multiple genetic clusters co-occurring on the landscape.
However, the finding of 0 of 61 seedlings from 10 sites with mixed parentage between groups
(discussed in 3.2a) is consistent with infrequent interbreeding between genetic clusters.
Further, the seedling results suggest that barriers to hybridisation act before seedling
emergence (i.e., do not depend on environmentally-imposed selection against hybrids).
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3.6 Implications for species management
The precise nature and origin of the multiple lineages identified in this report have yet to be
characterised, but each one represents unique evolutionary events and processes which
merit conservation. Further work will offer additional insights into the systematics and
reproductive biology of S. paniculatum and its relatives; however, while many questions of
academic interest remain to be investigated, the most relevant findings for biodiversity
management are reported here and can be operated on immediately. Below, we suggest
management strategies within this context.
Low genetic diversity at the population level in S. paniculatum is likely to be the consequence
of its reproductive behaviour, rather than of anthropogenic impacts. Given the way that
reproduction acts in this species to perpetuate distinct genetic clusters, it is advisable to allow
these processes to continue without intervention. While low genetic diversity is theorised to
increase extinction risk, it is to be expected in both apomictic and inbred lineages, which may
trade off this risk for other benefits to persistence afforded by asexual reproduction and selffertilisation (Horandl 2018; Wright et al. 2013). Based on current understanding and findings
presented here, we do not see an immediate, clear need for genetic rescue strategies; we
suggest that efforts to preserve genetic diversity take the form of in- and ex-situ conservation
of genetic variation already present on the landscape.
3.6a In-situ and ex-situ conservation strategies
In-situ management of S. paniculatum can focus on conservation of important sites. Since all
sites from Jervis Bay to The Entrance essentially comprise a single, highly homogeneous
genetic cluster (the southern group), conservation priority can be decided by other factors
(e.g., location, number of individuals, broader conservation value of habitat/companion
species, etc.). From Lake Macquarie northwards, sites comprise multiple groups which
represent unique genetic lineages (irrespective of their potential origins in historic
hybridisation events). Most of the genetic diversity of S. paniculatum (in the broad sense of
the species concept) occurs in this northern part of its range, and in-situ conservation
priorities can be decided accordingly. Table 1 provides a summary of the distributions of
groups (genetic clusters), as a basis for decision-making.
Ex-situ collections should focus on representing known groups as identified here (may require
genotyping at northern sites), as well as remaining alert to the possible discovery of new
groups (will require genotyping). We emphasize that groups may be distributed across
multiple sites, and that a single site may harbour multiple groups. While genotyping can
identify plants to group, groups are too genomically homogeneous to pinpoint an individual’s
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locality of origin. This does not rule out the potential importance of small local variations in
an evolutionary sense, even if they are undetectable by genome-wide scans. Therefore,
keeping meticulous records of source will be essential. When designing ex-situ collections,
detailed locality data should be included, and it is also advisable (particularly in the north of
the range where members of more than one genetic cluster may be found at a site) to tag
and track the individual source tree(s) of germplasm collections.
3.6b ornamental cultivars
Natural introgression between genetic clusters is infrequent in the wild, suggesting that the
risk of genetic pollution from cross-fertilization between wild and cultivated plants is
relatively low. The dispersal of seed from cultivated plants into wild populations is likely to
pose a greater risk, via competition between the offspring of wild and cultivated plants. The
most conservative approach to managing these risks would be to avoid landscaping use of
horticultural varieties of Syzygium in proximity with conservation sites, and/or remove them,
where practical.
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4.

CONCLUSIONS

This project highlights the following results:
•

Genetic diversity in Syzygium paniculatum is low, consistent with our understanding
of its reproductive mode, and with the results of previous studies; however, it does
not present a clear need for genetic rescue interventions.

•

In the southern part of its range, S. paniculatum comprises a single, distinct, and highly
homogeneous genetic cluster or lineage, whereas from Lake Macquarie northward
multiple lineages are present; each unique lineage can be considered a unit for
conservation.

•

The relationship between S. paniculatum and S. oleosum is complicated, and beyond
the scope of this study to disentangle; however, the frequency of natural hybridisation
between the two species as currently recognised is low.
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5.

FIGURES AND TABLES

Figure 1. Three-dimensional plot of the first three Principal Component axes from PCA of
1,720 SNPs among 459 samples. Points correspond to individual samples and are coloured
by area of origin with size proportional to individual heterozygosity. Inset (left) depicts
sampling areas mapped on the coastline of NSW. Clusters of individuals corresponding with
S. paniculatum collected between Jervis Bay and The Entrance (southern group) and S.
oleosum collected throughout its overlapping range with S. paniculatum are labeled; the S.
paniculatum southern group cluster is highly distinct along the PC1 axis, whereas the S.
oleosum sympatric cluster is in close proximity to other clusters of samples in the first three
PC axes plotted here.
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Figure 2. Dendrograms representing phylogenetic networks inferred using Splitstree for (a) a
subset of 92 samples showing differentiation of S. crebrinerve from S. paniculatum and S.
oleosum; (b) the full quality- and sample-filtered data set of 2,045 SNPs among 380 samples
including seedlings; (c) full quality- and sample-filtered data set with seedlings excluded.
Individuals and clusters of individuals are labelled here and detailed in Table 1. S. oleosum
sample from Iluka (non-sympatric) denoted with an asterisk *.

(a)

S. australe
S. australe
S. australe

(b)
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(c)
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Table 1. Summary and description of individuals and groups (genetic clusters) identified in
Principal Component and phylogenetic network analyses (Figs. 1-2). Sample type (column 4)
indicates total number of wild and seedling samples analysed in the quality- and samplefiltered data set. *Does not include individuals likely to be transplanted or mislabeled.
Group label
S. paniculatum
southern group

1
2

Occurrence sites *
Kitty’s Point, St. George’s
Basin, Booderee, Dart Point,
Target Beach, Duck Hole,
Honeymoon Bay, Long
Beach, Green Point,
Abraham’s Bosom, Coalcliff,
Walker’s Garden, Towra
Point, Cooper Park, Parsley
Bay, Ettalong Bay,
Wamberal, Mangrove Creek,
Ourimbah Creek,
Wyrrabalong, Norah Head,
Wyong River, Munmorah,
Nord’s Wharf, Nesca Park,
Speer’s Point Park
Cams Wharf, Swansea,
Wallarah, Wyong River
Janie’s Corner, The Ruins,
Upper Lansdowne

3
4

Saltwater, Forster
Seal Rocks

5

Dark Point, Mungo Brush,
Janie’s Corner, The Ruins,
Big Gibber
Yacaaba Head, Jimmy’s
Beach
The Ruins

6
7
8

9

10

a
b
c
d
e
f
g
S. oleosum
sympatric

Shelley Beach, Elizabeth
Beach, Mungo Brush, The
Ruins, Big Gibber
Saltwater, Forster, Cape
Hawke, The Ruins
Yacaaba Head, Yagon,
Shelley Beach, Mungo
Beach, Seal Rocks
Towra Point
Munmorah
Mungo Brush
Coalcliff
Elizabeth Beach
Elizabeth beach
Wamberal
Coalcliff, Walker’s Garden,
Wamberal, Mangrove Creek,
Wyrrabalong, Munmorah,
Glenrock, Mungo Brush,
Mungo Beach, Big Gibber,
Seal Rocks, The Ruins,
Janie’s Corner, Saltwater

Field identification(s)
S. paniculatum, intermediate
between S. paniculatum and
S. australe

Wild / seedling
127 / 0

S. paniculatum

13 / 0

S. paniculatum, intermediate
between S. paniculatum and
S. australe
S. paniculatum
S. paniculatum, intermediate
between S. paniculatum and
S. oleosum
S. paniculatum, intermediate
between S. paniculatum and
S. oleosum
S. paniculatum, numerous oil
glands noted
Intermediate between S.
paniculatum and S. oleosum
S. oleosum, intermediate
between S. paniculatum and
S. oleosum
S. paniculatum, S. oleosum,
intermediate between S.
paniculatum and S. oleosum
S. paniculatum, intermediate
between S. paniculatum and
S. oleosum
S. paniculatum
S. oleosum
S. paniculatum
Intermediate between S.
paniculatum and S. australe
S. paniculatum
S. paniculatum
S. paniculatum
S. oleosum, intermediate
between S. paniculatum and
S. oleosum

9 / 20

3 / 14
6/0

19 / 11

19 / 8
8/0
15 / 2

10 / 5

21 / 24

1/0
1/0
1/4
4/0
1/0
1/0
1/0
35 / 0
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Figure 3 (a). Pairwise Euclidean distance matrix calculated from 2,045 SNPs among 380
samples, visualized as a heat map with warmer colours denoting greater similarity (less
distance) between samples, where each row and column of the matrix represents a sample
compared with all other samples in the data set. Labels (left) identify where blocks of
greater similarity (less distance) between samples correspond with groups (genetic clusters)
depicted and described in Figs. 1-2 and Table 1. Dendrogram (top) shows samples clustered
hierarchically by distance.

(a)
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Figure 3 (b). Boxplots of pairwise Euclidean distances between samples within major groups
(genetic clusters). Inset histogram (right) shows relative frequency of paiwise Euclidean
distances between all samples, with bimodal distribution of distances within clusters (peak
at 4-6) and between clusters (peak at 30-32).

(b)
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Figure 3 (c). Pairwise Euclidean distance matrix between wild-sampled plants and their
seedlings; labels (left) identify the group (genetic cluster), site, family, and seed (where
applicable) of each individual sample. Groups are denoted by numbers as depicted and
described in Fig. 2 and Table 1. Site and family are denoted by an abbreviation (sb = Shelley
Beach, jb = Jimmy’s Beach, yc = Yacaaba, jc = Janie’s Corner, dp = Dark Point, fr = Forster, mb
= Mungo Beach, yg = Yagon, tr = The Ruins, sw = Saltwater) and colored by area of origin (as
in Fig. 1). Each sample is labelled with either “m” (denoting wild mother plant) or a symbol
denoting which seed it grew from.

(c)
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Figure 4. Heat map of pairwise FST estimates, (a) calculated between sites at which five or
more samples were collected, of individuals identified in the field as S. paniculatum only;
(b) calculated between groups (lineages) identified in this study including sympatric S.
oleosum (labeled after Fig. 2 and Table 1), with seedlings excludedIntensity of colour (red)
denotes greater differentiation in allele frequencies as indicated by higher F ST.

(a)
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(b)
S. oleosum

S. oleosum

southern group

southern group
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Figure 5. Boxplots of individual heterozygosity of wild-collected individuals (the proportion
of loci observed to be heterozygous for each individual) arranged by group (lineage) as
identified in this study (labeled after Fig. 2 and Table 1). Individual heterozygosity of
seedling samples is represented by points overlaid on boxplots of lineages for which
seedlings were analysed.
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Figure 6. Barplots visualising admixture coefficients inferred for each sample from sites at
which five or more samples were collected, from LEA with 7 hypothetical ancestral
populations. S. paniculatum samples are ordered from left to right according to increasing
latitude (south to north) with colours indicating ancestral population corresponding to
groups (genetic clusters). Bars for individuals a and b as identified in Fig. 2 and Table 1 are
marked at top. Inset (lower right) depicts sites mapped on the coastline of NSW, with pie
charts indicating site-average admixture coefficients.
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Figure 7. Barplots visualising posterior probabilities assigned to recent-generation hybrid
categories by Newhybrids analysis for 34 samples representing selected groups (genetic
clusters) and individuals as identified in Fig. 2 and Table 1.

Parental population 1
Parental population 2
F1 (first generation) hybrid
F2 (F1 x F1) hybrid
Backcrossed hybrid (F1 x 1)
Backcrossed hybrid (F1 x 2)
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