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Abstract

Leptospermum scoparium is the basis of a flourishing honey industry in Aotearoa New Zealand (NZ) and Australia. The
genetic structure of L. scoparium across its range in NZ and Australia was previously assessed using pooled, whole genome
sequencing; however, only one sampling site in Tasmania was included. Here, we used a single nucleotide polymorphism
(SNP) array for genotyping samples of L. scoparium collected in natural stands around Tasmania and NZ, to determine the
genetic relationship between L. scoparium individuals from the two regions. In total, 2069 high quality, polymorphic SNP
markers were applied across the sample set of 504 individuals, revealing that Tasmanian L. scoparium are genetically dis-
tinct from NZ manuka, confirming the observation from the pooled whole genome sequencing project. Fgp and discriminant
analysis of principal components confirmed that the Tasmanian populations are well differentiated genetically from NZ popu-
lations, suggesting that they should be recognised as a separate, endemic Australian species. Within NZ, eight geographic
groups are distinguished with genotypic variation exhibiting north to south landscape scale patterns with regional genetic
clusters. We found support for isolation by distance, and this was reflected in the range of pairwise Fgp values estimated
between NZ genetic clusters (0.056 to 0.356); however, each geographic genetic group exhibits geneflow and is only weakly
differentiated from neighbouring clusters as evidenced by low population differentiation (low pairwise Fgr). These data
provide little support for taxonomic revision and subdividing L. scoparium into segregate species within NZ.
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Introduction

Leptospermum scoparium J.R Forst. & G.Forst. is a woody
tree species, native to Aotearoa New Zealand (NZ) and forms
the basis of a flourishing honey industry, attracting premium
prices due to its unique non-peroxide antimicrobial prop-
erties (Ministry for Primary Industries 2018). The species
is known as manuka by Maori who have many traditional
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uses for it and consider it a taonga (culturally significant/
treasure). Chemical, morphological, and genetic studies have
indicated geographic variation of manuka across its range
in NZ and genetic differentiation between NZ and Australia
(Ronghua et al. 1984; Perry et al. 1997; Williams et al. 2014;
Koot et al. 2022). Pooled whole genome re-sequencing of
76 L. scoparium and outgroup populations from NZ and
Australia (Koot et al. 2022) previously determined the
genetic structure and relatedness of L. scoparium across
NZ, as well as between populations in NZ and Australia.
Population genomic investigation of this dataset, consisting
of ~2.5 million single nucleotide polymorphisms (SNPs),
suggested that there are five geographically and genetically
distinct manuka clusters within NZ, with evidence of gene
flow occurring between these clusters. Manuka populations
in NZ are genetically distinct from populations in Australia,
with coalescent modelling suggesting that these two clades
diverged ~9-12 million years ago. However, the research
by Koot et al. (2022) included only a single sampling site
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from Tasmania, a region where L. scoparium grows naturally
and abundantly and contributes to local honey production.
Here we addressed this sampling gap by increasing the rep-
resentation of L. scoparium samples from across Tasmania,
including from the eastern, northern, and western coasts of
Tasmania. We also increased the representation of NZ popu-
lations by sampling over a wider geographic area, filling in
sampling gaps of the Koot et al. 2022 study.

The study published by Koot and colleagues used a
method based on pooling DNA samples from each site (i.e.,
30 L. scoparium trees sampled and pooled for each of the
76 sites) and then performing whole genome sequencing
at high depth (> 160 X coverage of the full genome). The
pooled sequencing method is well recognised as capable of
estimating DNA variant frequencies, genetic structure, and
diversity within and among populations, and it can be used
to calculate genetic differentiation using Fgr metrics (Futs-
chik and Schlotterer 2010; Schiétterer et al. 2014). Genotyp-
ing using markers screened on individual samples (instead
of pools) can help confirm the results obtained by the pooled
whole genome sequencing method. Hundreds of DNA mark-
ers distributed across the genome are typically applied for
such population genetics analysis. Here, we implemented a
new method based on a SNP array capable of screening nine
thousand DNA markers simultaneously. SNP arrays are a
widely used technology for genotyping DNA of many organ-
isms, including animals and plants for selective breeding or
pedigree analysis, as well as elucidating phylogeographic
patterns and taxonomic structure (Montanari et al. 2022).

Leptospermum scoparium has traditionally been inter-
preted as a naturally variable species in NZ. While taxa L.
scoparium var. scoparium and L. scoparium var. incanum
Cockayne have been accepted (Cockayne 1917; Allan 1961),
Thompson (1983) recognised only L. scoparium. More
recently, the species L. repo has been formally recognised
(de Lange and Schmid 2021). Remarkably, and despite only
three (Buys et al. 2019) and five (Koot et al. 2022) genetic
groups being distinguished, there remain fourteen other
morphotypes provisionally recognised from NZ (Li et al.
2022). These morphotypes are claimed to represent potential
unnamed species based on their growth habit, leaf shape,
flower size and colour, and capsule shape, size and colour
(Li et al. 2022). However, they are not scientifically named
and described (i.e., with diagnostic characters and known
distributions) making it difficult to independently test them
with genetic data. Our approach in this study is to determine
whether genetically discrete metapopulation lineages (sensu
de Queiroz 2007) of NZ Leptospermum can be retrieved.

This research describes the genetic variability of wild
populations of L. scoparium across their natural range. Col-
lection of L. scoparium samples from Tasmania was geno-
typed with a SNP array to confirm that L. scoparium popula-
tions from NZ and Australia are differentiated genetically.
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To address variation among NZ populations, our approach
was to utilise these SNP data to recover any metapopulation
genetic lineages that require further systematics research.
Furthermore, additional sampling of NZ populations pro-
vided improved phylogeographic resolution compared to
previous studies.

Material and methods
Sampling and DNA extraction

In total, 720 samples (Supplementary Table 1) were col-
lected from 24 locations across Tasmania, Australia (Supple-
mentary Fig. 1). The sampling was done in 96-well format,
with the plates placed in a Styrofoam box with silica beads at
the bottom of the wells to allow desiccation of the leaves on
site. In total, eight 96-well plates were sampled. Between 10
and 15 leaves were collected in each well. Young expanding
leaves at the tip of actively growing shoots were picked and
up to 30 individuals per site were identified and sampled,
ensuring as much distance as possible between sampled
trees to avoid collecting siblings. Plates were then sealed and
shipped to Intertek, Adelaide, Australia, for DNA extraction
using their automated plant DNA protocol. Intertek reported
DNA concentrations of approximately 10 ng/uL for the eight
plates, with 1 pg of DNA per sample. DNA samples were
dried and shipped to Labogena, Jouy-en-Josas, France, for
SNP array genotyping.

A total of 264 DNA samples from the Koot et al. (2022)
study, representative of three NZ provenances (Northland,
East Cape and south-western South Island) were available
for genotyping (Supplementary Table 2). The DNA sam-
ples that had already been extracted for the whole genome
sequencing were aliquoted, dried, and sent for genotyping at
Labogena. Informed consent was obtained from the Maori
governance group listed in Koot et al. (2022) for re-using
these DNA samples for the purpose of this study. A further
set of 192 samples was obtained from 22 locations across
NZ, including one location from Chatham Islands. Samples
were collected in zip-lock bags containing silica gel. DNA
was manually extracted using the Macherey—Nagel Plant 11
extraction kit, using the PL2 extraction buffer. DNA was
quantified with the Quant-iT™ PicoGreen dsDNA assay
(Invitrogen), which revealed an average concentration of
18 ng/uL and 0.7 pg per sample.

SNP array genotyping

The array technology was the Applied Biosystems®
Axiom™ gsystem (Thermo-Fisher Scientific) and the array
design and evaluation are described by Montanari et al.
(2022). The Axiom array genotyping was performed by
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Labogena, using standard protocols. The array contained
9002 SNPs for manuka, as well as SNPs for other spe-
cies (the fish trevally and snapper, and the fruits raspberry
and blackberry). Bioinformatics analyses of the DNA
sequences flanking the manuka SNPs were carried out at
the array design stage to verify that manuka DNA would
not hybridise with the markers targeting other species. All
manuka samples screened were mixed with snapper DNA
for multiplexing as described and evaluated by Montanari
et al. (2022). No replicate samples were included between
experimental units (96-well plates). After genotyping, the
SNP array data were analysed using the Axiom Analysis
Suite v5.1.1 software applying a dish QC threshold of 0.82
and a QC Call Rate > 95. Visual inspection of SNP cluster
plots was performed for SNPs classified as ‘PolyHighReso-
Iution’ (PHR) and ‘CallRateBelowThreshold’ (CRBT) in the
Axiom Analysis Suite software, and SNP calls were manu-
ally curated. During this manual curation, SNPs for which
genotypic clusters were not clearly defined were removed.
Specifically, SNPs that had two distinct groups of samples
(corresponding to different sampling batches) assigned to
the same genotypic clusters were discarded.

Genetic diversity analysis

Population structure was explored using k-means cluster-
ing (find.clusters) and discriminant analysis of principal
components (DAPC) functions from the R package ade-
genet v2.1.1 (Jombart et al. 2010; Jombart and Ahmed
2011). The k-means clustering analysis was carried out
using the following parameters: max.n =20, n.pca=500,
scale =FALSE, choose.n.clust=FALSE, criterion = “min”.
An initial DAPC analysis was then performed, applying:
grp=grp$grp, n.pca= 100, n.da= 100, scale=FALSE, var.
contrib=FALSE. Subsequently, an optimum number of
principal components (PCs) was determined from this ini-
tial run using the adegenet optim.a.score function. A final
DAPC run was then carried out, applying both optimized
K and PC values. Additionally, population structure was
explored using the R packages LEA (Frichot and Francois
2015) and tess3r (Caye et al. 2016) applying the snmf and
tess3 functions, respectively. The following parameters were
used for the snmf analysis: K=1:15, entropy =T, ploidy =2,
project="“new”, repetitions = 10, tolerance =0.00001. And
the following parameters were used for the tess3() analysis:
K=1:15, method = “projected.ls”, ploidy =2.

After establishing the number of clusters in the data-
set, the R package dartR v2.0.3 (Mijangos et al. 2022) was
used to estimate summary statistics for each cluster apply-
ing the gl.basic.stats function, and outputting estimates of
mean observed heterozygosities (Ho), mean gene diversi-
ties within population (Hs) and inbreeding coefficients (Fis).
The R package StAMPP v1.6.3 (Pembleton et al. 2013) was

used to estimate individual pairwise Nei’s genetic distances
(stamppNeisD) (Nei 1972), and population pairwise fixa-
tion indices (Fgp) (stamppFst) (Weir and Cockerham 1984),
using the clusters identified across analyses as the popula-
tions for comparison. An unrooted Neighbor-net network
and Isolation by Distance (IBD) analyses were implemented
in SplitsTree4 v4.14.8 (Huson and Bryant 2005) and ade4
v1.7-15 (Dray and Dufour 2007), respectively, both using
the Nei’s genetic distances estimated in StAMPP. TreeMix
v1.13 (Pickrell and Pritchard 2012) was used to investigate
migration and historical relationships between populations.
Ten migration events were explored for five iterations, and
the trees were rooted by Tasmanian samples. The R package
OptM v0.1.3 (Fitak 2021) was then used to estimate the opti-
mal number of migration edges that would best explain the
dataset, applying the evanno method and a threshold of 0.05.

The relationship between NZ clusters and the environ-
ment was explored using a permutational multivariate
analysis of variance (PERMANOVA). Data for seven envi-
ronmental variables were extracted from the New Zealand
Environmental Data Stack (McCarthy et al. 2021): annual
precipitation, annual solar radiation, October vapour pres-
sure deficit, mean annual temperature, mean temperature of
the coldest quarter, potential evapotranspiration ratio and
soil particle size. The contribution of environmental vari-
ables was investigated using principal components analysis
(PCA), applying the R stats v3.6.2 prcomp function. The
function adornis2 from the R package vegan v2.6—4 (Dixon
2003) and the package pairwiseAdonis v0.4 (Martinez
Arbizu 2017) were used to run permutational multivariate
analysis of variance analyses (PERMOVAs), testing for sig-
nificant differences between clusters. Each analysis was run
for 100,000 permutations and Bonferroni correction meth-
ods were applied.

Data sovereignty statement

Manuka is considered taonga (treasured entity) by Maori.
The notion of taonga describes physical entities such as
plants and wildlife, but also cultural works, and intangible
things such as language, haka, identity and culture. As a
taonga, Maori have traditional responsibilities of guardian-
ship (kaitiakitanga) over manuka. Informed consent was
granted by Maori landowners to re-use the reference genome
of L. scoparium ‘Crimson Glory’ (Thrimawithana et al.
2019), as well as the pool-sequencing data and DNA sam-
ples of Koot et al. (2022), for the purpose of analysing the
genetic difference between NZ and Australia L. scoparium.
Due to the sensitivity of the indigenous intellectual prop-
erty of these samples, exact sampling sites and the identities
of those who contributed material are excluded, and only
regions of origin will be used to describe sampling locations.
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Results
SNP array analysis

Of the total 9002 manuka SNPs on the array, 3003 and 1861
were classified as PHR and CRBT using the Axiom Analy-
sis Suite software, respectively. Following manual curation,
2069 SNPs were kept for further analysis. Of the full dataset
of 1182 L. scoparium samples, 418 samples from NZ (92.5%
of 456 in total, including 43 L. repo), and 86 samples from
Tasmania (11.9% of 720 in total; Supplementary Table 3)
— totalling 504 samples, produced successful genotyping
results (Fig. 1; Table 1). The 86 Tasmanian samples that
were successfully genotyped represented a distribution of
locations around Tasmania, and the data were therefore used
for further analysis of genetic diversity.

Genetic diversity analysis

The k-means clustering analysis determined there to be
ten genetically and geographically distinct clusters within
the dataset (Fig. 2A). Of the 20 K values explored by the
k-means clustering analysis, K= 10 had the lowest Bayesian
information criterion (BIC) value (BIC =3273), followed
by K=9 (BIC=3275.3) and K=8 (BIC=3275.6) (Supple-
mentary Table 4). The DAPC analysis using this optimal K
value supported the segregation of the 504 samples into ten
clusters (Fig. 2B). Linear dimensions (LD) one, two and
three (LD1, LD2, and LD3) of the DAPC (K =10) explained
65.8%, 13.7% and 9.1% of the data variation, respectively
(Supplementary Table 5). Along LDI, clear separation
between NZ and Tasmanian samples is visible, as well as the
separation of Tasmanian samples into two clusters. Along
LD2 and LD3, NZ samples form clusters that closely match
their geographical distribution, with LD2 separating sam-
ples north—south, and LD3 separating samples east—west.

Fig.1 Map of sampling loca-
tions in Aotearoa New Zealand
and Tasmania (Australia). Sam-
pling sites are named according
to their region of origin and
points are purposefully enlarged
to address the sensitivity of this
indigenous intellectual property 0
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The two Tasmanian clusters represent samples from north-
ern and western Tasmania (NWT) and southern and east-
ern Tasmania (SET), while the eight NZ clusters comprise
samples from northern Northland (NNI1 and NNI2), cen-
tral and southern North Island (CSNI), East Cape North
Island (ECNI), northern South Island (NSI), north-eastern
South Island (NESI), south-western South Island (SWSI)
and a cluster of L. repo samples from central North Island
(Table 1). There were four notable instances where a sam-
ple did not group with the genetic cluster it was predicted
to, based on geographic location and genetic clusters estab-
lished by Koot et al. 2022. This includes two samples from
the West Coast 2 population clustering with CSNI (instead
of SWSI); a sample from Canterbury 9 that clustered with
NESI (instead of SWSI), a sample from Southland 2 that
clustered with ECNI (instead of SWSI) and a sample from
Wellington 1 that clustered with L. repo (instead of CSNI)
(Table 1).

LEA ancestral admixture was explored across three K
values (K=9 to K=11) (Fig. 2C), based on the k-means
clustering result. When K =9, eight ancestral clusters were
identified within the NZ sampling, with all Tasmanian sam-
ples forming one distinct cluster. The eight NZ clusters com-
prise samples from NNI1, NNI2, CSNI, ECNI, NESI, SWSI,
the Chatham Islands (CI) and a cluster of L. repo samples.
When K =10, the eight NZ clusters remain, with an addi-
tional cluster emerging within the Tasmanian samples, split-
ting them into NWT and SET. When K=11, an additional
cluster within the South Island samples emerges, represent-
ing samples from Canterbury 1 and Tasman in northern
South Island (NSI). Admixture between NN1 and NNI2,
NNI1 and CSNI, NNI1 and L. repo, CSNI and ECNI, CSNI
and L. repo, NESI and CSNI, NESI and L. repo, NESI and
CI, and low levels of admixture between SWSI and all other
clusters is apparent across all K values — and largely reflects
introgression between geographically neighbouring clusters.

Aotearoa New Zealand
Auckland

Wellington

Canterbury Chatham Islands

Southland

Stewart Island
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Table1 Numbers of individuals sampled per population, organ-
ised by country, predicted genetic cluster and region. Aotearoa New
Zealand regional populations were placed into predicted genetic
clusters based on findings of Koot et al. 2022: NNI: northern North
Island (NZ); CSNI: central and southern North Island (NZ); ECNI:
East Cape North Island (NZ); NESI: northeast South Island (NZ),
SWSI: south-western South Island (NZ). Sampling locations within
Aotearoa New Zealand are intentionally kept broad to address the

sensitivity of indigenous intellectual property. ‘DAPC Genetic clus-
ter’ column is the genetic cluster populations were determined to
belong to based on results of the k-means clustering analysis car-
ried out in this study: NNI2: northern North Island subcluster #2
(NZ); NNI1: northern North Island subcluster #1 (NZ); NSI: north-
ern South Island (NZ); NWT: northwest Tasmania (Australia); SET:
southeast Tasmania (Australia)

Country Predicted genetic cluster Region DAPC genetic cluster ~ Number of
samples
North Island, Aotearoa New NNI Northland 1 NNI2 10
Zealand
Northland 2 NNI2 9
Northland 3 NNI2 8
Northland 4 NNI2 8
Northland 5 NNI1 3
Northland 6 NNI1 8
Auckland 1 NNI1 8
Auckland 2 NNI1 4
Auckland 3 NNI1 10
Auckland 4 NNI1 7
Waikato 1 NNI1 16
Total 91
CSNI Wellington 1 CSNI & L. repo (1) 8
Wellington 2 CSNI 8
Manawata-Wanganui CSNI 8
Hawke’s Bay CSNI 8
Rotorua CSNI 16
Taranaki CSNI 7
Total 55
ECNI Gisborne 1 ECNI
Gisborne 2 ECNI 7
Gisborne 3 ECNI 7
Gisborne 4 ECNI 14
Total 34
L. repo Waikato 2 L. repo 2
Waikato 3 L. repo
Waikato 4 L. repo
Waikato 5 L. repo
Hauraki Plains L. repo 25
Total 43
North Island, Aotearoa New Zea- 223
land Total
South Island, Aotearoa New NESI Marlborough NESI 16
Zealand
Canterbury 1 NSI
Canterbury 2 NESI 8
Canterbury 3 NESI 10
Canterbury 4 NESI 7
Canterbury 5 NESI 9
Canterbury 6 NESI 8
Canterbury 7 NESI 8
Canterbury 8 NESI 9
Total 84
@ Springer
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Table 1 (continued)

Country Predicted genetic cluster Region DAPC genetic cluster ~ Number of
samples
SWSI West Coast 1 SWSI
West Coast 2 SWSI & CSNI (2)
Tasman NSI 10
Canterbury 9 SWSI & NESI (1) 8
Otago 1 SWSI 15
Otago 2 SWSI 16
Southland 1 SWSI 10
Southland 2 SWSI & ECNI (1) 16
Stewart Island SWSI 13
Total 101
South Island, Aotearoa New Zea- 185
land Total
Chatam Islands, Aotearoa New Chatham Island Chatham Island NESI 10
Zealand
Total 10
Tasmania, Australia North-west Merdith Ranges, West Coast NWT 14
Rocky Cape, Stanley NWT 30
Strahan, West Coast NTW 28
Total 72
South-east Friendly Beaches, Freycinet ~SET 2
Lake Leake, Midlands SET 3
McKays Road, Freycinet SET 1
Tasman Arch, Tasman & SET 8
South East
Total 14
Tasmania Total 86
Grand Total 504

Structure within NZ samples was further explored using
DAPC and tess3r (Fig. 3). The DAPC of just NZ samples
identified seven clusters within the dataset — NNI1, NNI2,
CSNI, ECNI, NESI, SWSI and L. repo, with LD1, LD2,
and LD3 of the DAPC (K=7) explaining 43.0%, 30.0%
and 11.0% of the data variation, respectively (Fig. 3A).
Results for K=7 to K=9 of the tess3r analysis were
explored, with K =7 identifying the same seven clusters
as the DAPC anlysis (Fig. 3c). K=8 performed similarly
to the K=9 LEA admixture analysis, with CI samples
splitting off into their own cluster. When K =9, the South
Island samples formed a third cluster (NSI), as seen in the
LEA K =11 results. As with the LEA admixture analysis,
admixture was apparent between NNI1 and NNI2, NNI1
and CSNI, NNI and L. repo, CSNI and ECNI, CSNI and
L. repo, NESI and CSNI, NESI and L. repo, and low levels
of admixture between SWSI and all other clusters is appar-
ent across all K values (Fig. 3C). The results of the tess3r
analysis were projected across maps of NZ, so that the
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geographic structuring of the clusters can be more easily
visualised (Fig. 3B).

Nei’s genetic distances were estimated between individu-
als and the distance matrix was subsequently used to pro-
duce an unrooted SplitsTree Neighbor-net network (Fig. 4).
Clear divergence between NZ and Tasmanian samples is
visible. NZ samples form clusters matching similarly to
those determined by k-means clustering, DAPC and admix-
ture analyses, although clustering is not always as distinct
(e.g. SWSI, NESI, and NSI; NNII an L.repo; NESI; CSNI)
and conflicting signal is evident in the central boxes formed
within the network. There are two samples from CSNI
that sit away from other CSNI samples but closely with
NESI. These two CSNI samples are from the West Coast
of the South Island (West Coast 2) but clustered with CSNI
samples in the DAPC. The network suggests that NNI2 is
derived from NNI1, and similarly ECNI from CSNI. The
Nei’s genetic distance matrix was also used to run an IBD
analysis across NZ samples, with a significant relationship
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Fig.2 Population structure and admixture of Aotearoa New Zea-
land (NZ) and Tasmanian Leptospermum scoparium and L. repo.
LD: Linear Dimension; SWSI: Southwest South Island (NZ); NNI2:
northern North Island subcluster #2 (NZ); NWT: northwest Tas-
mania (Australia); CSNI: central and southern North Island (NZ);
ECNI: East Cape North Island (NZ); SET: southeast Tasmania
(Australia); NNI1: northern North Island subcluster #1 (NZ); NESI:

being identified between genetic and geographic distances
(R*=0.2165, p-value =0.001).

Summary statistics and pairwise Fgp distances were esti-
mated based on the ten clusters identified by the k-means
clustering analysis. As cluster sizes varied greatly, a random
subset of individuals from each cluster was selected, so that
each cluster subset had the same number of individuals as
the smallest cluster (n=14) for genetic diversity estimation.
Observed heterozygosity (Hg) ranged from 0.278 (SWSI)
to 0.292 (NSI) within the NZ samples, and 0.286 (NWT) to
0.290 (SET) within the Tasmanian samples (Table 2). Within
population gene diversity (Hg) ranged from 0.185 (SWSI) to
0.203 (NNI1) within the NZ samples, and from 0.181 (NWT)
to 0.186 (SET) within the Tasmanian samples. And observed
inbreeding coefficients (Fjg) ranged from —0.582 (NSI)
to —0.430 (NNI1) within the NZ sampling, and from —0.576
(NWT) to—0.563 (SET) within the Tasmanian samples.
Mean pairwise Fgp distances between NZ clusters was 0.21,

northeast South Island (NZ), NSI: northern South Island (NZ); and
CI: Chatham Islands (NZ). (A) Bayesian information criterion (BIC)
plotted against the number of clusters (K) tested. The optimal number
of clusters is indicated by the lowest BIC value (K=10). (B) Discri-
minant analysis of principal components (DAPC) of 504 samples of
L. scoparium and L. repo. (C) Lea admixture analysis with number of
clusters ranging from K=9 to K=11

and Fgp between the two Tasmanian populations was 0.14
(Fig. 5). Pairwise Fgr within NZ samples ranged from 0.062
(NESI and SWSI) to 0.365 (NSI and NNI2). Mean Fgr dis-
tance between NZ and Tasmanian clusters was 0.33. Pairwise
Fgr between NZ and Tasmanian clusters ranged from 0.27
(SET and NNI1) and 0.39 (NWT and ECNI). All pairwise Fg
estimates were statistically significant (p-values= <0.001).
TreeMix was used to explore migration between clusters.
Of the 10 migration events explored, OptM determined four to
be the optimal number of migration events that best explained
the dataset, with a Delta m score of 4.51 and mean f of 0.99
(Fig. 6A; Supplementary Table 6). The four migration edges
identified by TreeMix were from NWT to the NNI2 cluster,
NNII1 to L. repo, CSNI/ECNI to NNI1 and from CSNI/ECNI
to NESI, with no migration edges occurring from NZ back to
Tasmania. The Maximum Likelihood (ML) tree produced by
TreeMix (m=4) was rooted by the Tasmanian cluster NWT,
with both Tasmanian clusters remaining separate from the NZ
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Fig. 3 Population structure and admixture of Aotearoa New Zealand
(NZ) Leptospermum scoparium and L. repo. LD: Linear Dimen-
sion; SWSI: Southwest South Island (NZ); NNI2: northern North
Island subcluster #2 (NZ); CSNI: central and southern North Island
(NZ); ECNI: East Cape North Island (NZ); NNI1: northern North
Island subcluster #1 (NZ); NESI: northeast South Island (NZ), CI:

Fig.4 Unrooted Neighbor-net network of Leptospermum scoparium
and L. repo from Aotearoa New Zealand (NZ) and Tasmania (Aus-
tralia) calculated using Nei’s genetic distance, coloured by k-means
cluster. NWT: northwest Tasmania (Australia); SET: southeast Tas-
mania (Australia); NESI: northeast South Island (NZ); CSNI: cen-
tral and southern North Island (NZ); ECNI: East Cape North Island
(NZ); NNI1: northern North Island subcluster #1 (NZ); NNI2: north-
ern North Island subcluster #2 (NZ); SWSI: Southwest South Island
(NZ); NSI: northern North Island (NZ)
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Chatham Islands (NZ). (A) Discriminant analysis of principal compo-
nents (DAPC) of 422 samples of L. scoparium and L. repo from NZ.
(B) Geographical distribution of NZ clusters ranging from K=7 to
K=9. Note that the Chatham Islands are not visible on this map. (C)
Admixture analysis of NZ clusters using the tess3r package ranging
from K=7to K=9

Table 2 Population diversity of ten clusters of Leptospermum sco-
parium and L. repo from Aotearoa New Zealand (NZ) and Tasmania
(Australia). Hy: Observed heterozygosity; Hg: within population gene
diversity; Fig: inbreeding coefficient; SWSI: Southwest South Island
(NZ); NESI: northeast South Island (NZ); NSI: northern South Island
(NZ), NNI2: northern North Island subcluster #2 (NZ); NWT: north-
west Tasmania (Australia); CSNI: central and southern North Island
(NZ); NNI1: northern North Island subcluster #1 (NZ); SET: south-
east Tasmania (Australia); ECNI: East Cape North Island (NZ)

Pop Ho Hg Fis

SWSI 0.278 0.185 —0.506
L. repo 0.290 0.192 -0.512
NESI 0.284 0.191 —0.488
NSI 0.292 0.185 —0.582
NNI2 0.292 0.195 —0.494
NWT 0.286 0.181 -0.576
CSNI 0.291 0.196 —0.484
NNI1 0.290 0.203 —0.430
SET 0.290 0.186 —0.563
ECNI 0.287 0.191 -0.499
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Fig.5 A heatmap of pairwise Fgr values for ten clusters of Lepto-
spermum scoparium and L. repo in Aotearoa New Zealand (NZ) and
Tasmania (Australia). SWSI: Southwest South Island (NZ); NESI:
northeast South Island (NZ); NSI: northern South Island (NZ), NNI2:
northern North Island subcluster #2 (NZ); NWT: northwest Tasma-
nia (Australia); CSNI: central and southern North Island (NZ); NNI1:
northern North Island subcluster #1 (NZ); SET: southeast Tasmania
(Australia); ECNI: East Cape North Island (NZ). Dark blue coloured
squares reflect low Fgp values, and red coloured squares reflect high
Fgr values

Migrations (m)
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clusters (Fig. 6B). The ML tree places the two clusters from
Northland (NNI1 and NNI2) as a sister clade to the remaining
six clusters from NZ, while SWSI, NSI and NESI form a clade
sister to CSNI, ECNI and L. repo.

Environmental effect

Principal component analysis dimensions one (Dim1), two
(Dim2) and three (Dim3) explained 52.0%, 22.6% and 11.7% of
variance within the environmental dataset, respectively (Fig. 7).
Mean annual temperature (25.4%), potential evapotranspira-
tion ratio (23.8%) and mean temperature of the coldest quarter
(23.3%) made the greatest contribution towards Dim1, with
annual precipitation (0.34%) and soil particle size (0.0003%)
making the lowest contributions. Annual precipitation (41.5),
October vapour pressure deficit (29.2%) and soil particle size
(27.8%) made the greatest contributions towards Dim2, and
annual solar radiation (0.05%) and mean annual temperature
(0.04%) made the lowest contributions. A PCA of the SNP data-
set was also carried out for comparison, with Dim1, Dim2 and
Dim3 explaining 13.3%, 7.12% and 2.7% of variance within the
dataset, respectively. Results of the PERMOVA revealed there
is a significant relationship between clusters and the environ-
mental variables (R2 =0.278, F=156.46, p-value=9.99E-04).
When explored further via pairwise comparisons of clusters, all
28 comparisons were found to be significant (p-values= <0.05;
Supplementary Table 7).

ID.S
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5 3

SWsI
L. repo
NESI
NNI1
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Fig.6 TreeMix genetic migration analysis of ten clusters of Lepto-
spermum scoparium and L. repo from Aotearoa New Zealand (NZ)
and Tasmania (Australia). (A) Graph of Delta m and mean f scores
for 10 migration events modelled by TreeMix analysis. (B) Maxi-
mum likelihood (ML) phylogenetic tree of L. scoparium and L. repo
samples for m=4. Colour of migration edges (arrows) indicates sig-
nificance of migration event: yellow =less significant, red = very sig-

0.02
Drift parameter

nificant. SWSI: Southwest South Island (NZ); NSI: northern South
Island (NZ); NESI: northeast South Island (NZ); CSNI: central and
southern North Island (NZ); ECNI: East Cape North Island (NZ);
NNI2: northern North Island subcluster #2 (NZ); NNI1: northern
North Island subcluster #1 (NZ); SET: southeast Tasmania (Aus-
tralia); NWT: northwest Tasmania (Australia). C) Heatmap of resid-
ual fit from TreeMix ML tree
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Fig.7 PCA of seven environmental variables for Leptospermum
scoparium and L. repo in Aotearoa New Zealand. (A) Bar plot of
explained variance for first seven principal components of PCA. (B)

Discussion

Strong genetic differentiation between Aotearoa
New Zealand and Tasmanian L. scoparium
populations

Our population genetic analysis of L. scoparium using 2069
SNPs indicated a strong genetic differentiation between NZ
and Australian populations. The results from the DAPC and
Fgr analysis reported in this study, which included sam-
ples from multiple locations in Tasmania, are similar to
the results obtained by Koot et al. (2022) that used pooled
whole genome re-sequencing. However, the results pre-
sented here represent a wider distribution of L. scoparium
samples from Tasmania than in the Koot et al. (2022) study,
expanding from one site in Tasmania, to seven sites from
the west, northwest, east and southeast of Tasmania. In both
Koot et al. (2022) and this new study, the DAPC and Fgy
analyses clearly discriminated L. scoparium populations
from NZ and Australian origins. The Fg; values measured
by both approaches indicate very high genetic differentia-
tion. Fgp values greater than 0.25 are widely accepted as
being indicative of very different genetic stocks (Hartl et al.
1997; Frankham et al. 2002). Taken together, these find-
ings confirm that the Tasmanian populations are genetically
distinct from NZ populations, which provides evidence that
they should be recognised as an endemic Australian species
separate from L. scoparium, and subsequently L. scoparium
be treated as endemic to NZ where the type specimen is
from. The taxonomic consequences of variation within the
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PCA biplot of environmental variables, with variables coloured by
level of contribution — with red indicating a greater level of contri-
bution, and blue indicating less contribution

Tasmanian samples require further investigation with two
subclusters being distinguished (Fig. 2, 4).

Taxonomic considerations of Aotearoa New Zealand
populations

Compared with earlier studies (Buys et al. 2019; Koot et al.
2022), our increased sampling across a wide geographic area
provides new insights and contributes to two taxonomic out-
comes for NZ manuka. First, L. scoparium is a NZ endemic
metapopulation lineage and, second, there is no support for
taxonomic recognition among NZ populations for either L.
repo or any of the other morphological segregates provision-
ally recognised (de Lange and Schmid 2021; Li et al. (2022);.
Recognition of these morphological segregates is perplexing
as none are recovered as groups by Buys et al. (2019), Koot
et al. (2022) or in this study. It would be expected that if
any taxonomic group exist, they would be recovered in this
study of genome-wide SNPs. While the ancestral admixture
analyses (Fig. 2C, 3C) indicated groupings among NZ popu-
lations of L. scoparium and L. repo, the DAPC (Fig. 2B,
3A), Neighbor-net network (Fig. 4), pairwise Fgr (Fig. 5)
and TreeMix (Fig. 6) analyses showed detailed aspects of
close relationships among these groups. A case in point is
the low genetic differentiation (Fgr values) of L. repo from
adjacent northern North Island (Fgr=0.1-0.18) and central
and southern North Island populations (Fgp=0.2) (Fig. 5).
Moreover, in the Neighbor-net analysis the reticulate central
area of the network and long edges connecting L. repo to
northern North Island or central and southern North Island
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populations attests to ambiguity regarding its distinctiveness
and clarity of relationships (Fig. 4), as does the overlap of L.
repo with northern North Island populations in the DAPC
(Fig. 2A), and migration events with NNI1 demonstrated by
the TreeMix analysis (Fig. 6). Similar can be said for clusters
identified from the South Island (e.g. NESI, SWSI and NSI)
and Northland (NNI1 and NNI2) (Fig. 2A, 3A, 4).

This lack of support for any taxonomic subdivision and
recognition of geographic structure in Leptospermum is sim-
ilar to that of Kunzea ericoides (Heenan et al. 2022, 2023a).
The basis for species recognition in Kunzea was discussed
in some detail by Heenan et al. (2022), with recognition of
a single metapopulation lineage (sensu de Queiroz (2007))
referred to as K. ericoides and many of the points raised
there (e.g., ecotypic and phenotypic differentiation, repro-
ductive isolation, genotypic variation and gene flow) apply
to L. scoparium.

Phylogeography

The genetic structure recovered within NZ L. scoparium
comprises a strong north—south geographic pattern within
which there is differentiation into regional genetic clusters
(Buys et al. 2019; Koot et al. 2022); this study). This geo-
graphic structure is explained by environmental variables
such as mean annual temperature, potential evapotranspi-
ration ratio and mean temperature of the coldest quarter,
which often vary across NZ in steep longitudinal, latitudi-
nal and elevational gradients (Heenan et al. 2021). With the
environmental variables providing considerable explana-
tory power these are considered the major driver of phe-
notypic and ecotypic variation.

Buys et al. (2019) recognised three geographically struc-
tured groups and observed that the NZ Leptospermum clade
is characterised by short and often poorly supported branches
and that there was a north—south geographic structure. They
specifically noted ‘the genetic structure of NZ L. scoparium
more strongly reflects geographical proximity than it does
morphological similarity’. In the present study, we found a sig-
nificant relationship between genetic and geographic distance
(IBD), and this was further supported by L. repo and the seven
NZ regional genetic clusters each having their lowest pairwise
Fgr values with an adjacent region, suggesting L. repo and
each of the regional clusters are poorly differentiated and have
recurrent gene flow with neighbouring populations. Indicative
of this, for example, the East Cape cluster (ECNI) is nested
within the central and southern North Island (CSNI) cluster
(Fig. 4; pairwise Fgr 0.1) and the three South Island clusters
(pairwise Fgr 0.06-0.09) are very closely related. Collectively,
the three South Island groups comprise a small subset of the
genetic variability across all of NZ, are tightly clustered with
short edges, and likely reflect repeated genetic bottle-necking

through recurring Pleistocene glacial cycles when the woody
flora was extirpated or at best patchily distributed.

The overall north to south, landscape-scale, latitudinal
distribution with regional genetic clusters that are poorly
differentiated (and closely related) in L. scoparium mirrors
another microphyllous endemic Myrtaceae, Kunzea ericoides
(A.Rich.) Joy Thomps., which is interpreted as comprising a
single species and panmictic, metapopulation lineage (Heenan
et al. 2022, 2023a). Genetic variation and phylogeography in
both K. ericoides and L. scoparium can mostly be explained
by variation in environmental variables (Heenan et al. 2023a;
this study). Moreover, review of population genetic studies
of NZ tree species found latitudinal and regional patterns of
genetic variation are common and these often match estab-
lished biogeographic boundaries for the entire flora (Heenan
et al. 2023b).

Genotyping in L. scoparium using a SNP array

A total of 2069 high quality SNPs covering the entire genome
was used to genotype L. scoparium and L. repo samples. The
SNP array method is attractive compared with whole genome
pooled sequencing as it requires less bioinformatics capac-
ity for analysing the data and is cheaper than whole genome
sequencing. One key challenge is to obtain a suitable quantity
and quality of DNA; however, that problem is the same for
whole genome sequencing. A lower success rate was obtained
for the Tasmanian samples, which is possibly due to the medi-
ocre quality of the leaf or DNA samples. Most likely the Tas-
manian samples may have degraded in the processing stages
between sampling from the trees to the DNA extraction and
SNP array analysis. The samples extracted in NZ were col-
lected in 2-mL screw cap tubes containing silica beads allow-
ing the sample to desiccate, and were purified individually. The
DNA yield obtained using this technique was high (>20 ng/uLL
concentration and > 2 ug per sample). Conversely, the Tasma-
nian samples were collected in 96-well plates, which were kept
in a box containing silica beads during the collection, shipped
to the lab and extracted in 96-well format. It’s possible that the
desiccation process may have failed and that only a subset of
86 samples desiccated properly. The 86 Tasmanian samples
successfully genotyped were from seven locations in Tasma-
nia and were therefore used for the genetic diversity analysis.
These 86 samples grouped into two gene clusters according
to their geographical origins in Tasmania, indicating that our
sampling captured genetic diversity within this region.

Conclusion
Our analysis of over 500 L. scoparium samples from

Tasmania and NZ screened using over 2000 DNA mark-
ers distributed across the genome supports strong genetic
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differentiation between both regions, and strongly suggests
that taxonomic revision of the Australian plants is required.
Our results support manuka as a single endemic NZ species
with marked geographic provenances that have significant
gene flow, with phenotypic variation largely explained by
environmental conditions. These results have significant cul-
tural and commercial implications. The common name in
NZ is manuka, a Te Reo Maori word and taonga (treasure),
i.e., issued from the language of NZ indigenous Maori peo-
ples. L. scoparium growing in NZ is strongly differentiated
genetically from Australian L. scoparium to the point that
we recommend it being taxonomically assigned as a different
species. The Te Reo Maori term manuka (or manuka) should
not be used when referring to Australian Leptospermum spe-
cies. Consequently, our research indicates that honeys mar-
keted from L. scoparium growing in Australia should not be
called by the Maori term manuka.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11295-023-01606-w.
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