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Two species of invasive rats (Rattus norvegicus and R. rattus) arrived in New Zealand
with Europeans in the mid to late eighteenth and nineteenth century respectively.
They rapidly spread across the main islands of New Zealand and its offshore islands,
displacing the historically introduced R. exulans. Today both species are widespread
although the distribution of the sub-dominant R. norvegicus is patchy. Tissue samples
were obtained from 425 R. rattus and 130 R. norvegicus across the New Zealand
archipelago and neighboring islands. We sequenced a standard 545 base pair section
of the mitochondrial D-loop in order to construct a modern phylogeography of the two
species and to make inference on historical invasion pathways and spread across the
country. We found limited diversity in R. norvegicus haplotypes, with two widespread
haplotypes across New Zealand and its offshore islands most likely corresponding to
two independent invasions, potentially with English and Chinese origins, respectively.
In contrast we found widespread diversity in R. rattus haplotypes across New Zealand
and its offshore islands, most likely corresponding to at least four independent invasions
to the main North and South Islands, Great Barrier Island archipelago, and Stewart
Island archipelago. The most common R. rattus haplogroup was found throughout New
Zealand and many of its offshore islands, as well as neighboring islands in the Tasman
Sea, and has been documented elsewhere across the Pacific, but with European origins.
We also found both geographic partitioning and secondary invasions of haplotypes
within the main North and South Island. In addition to distinct haplogroups differing by
over three base pairs, which exhibit geographical partitioning suggestive of independent
invasion events, for both species we also found instances of single base-pair differences
within localities, elevating haplotype diversity. The geographical distribution of pelage
color morphs also correlates with haplotype distribution, lending further support to the
hypothesis and role of independent invasion events.

Keywords: D-loop, genetics, island, mitochondrial DNA, rattus, rodent

INTRODUCTION

Three species of rats have been introduced to the New Zealand archipelago: Rattus exulans (Pacific
or Polynesian rat), R. norvegicus (Norway or brown rat) and R. rattus (ship or black rat). R. exulans
was introduced by Polynesian settlers in the late thirteenth century (Wilmshurst et al., 2008), while
R. norvegicus and R. rattus were introduced by European explorers and settlers in the mid to
late eighteenth and nineteenth century respectively (Atkinson, 1973). Each species rapidly spread
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throughout the country, and in turn displaced those rat species
which had arrived previous to it (Russell et al., 2014). As of the
late twentieth century R. exulans was mostly restricted to remote
parts of the main islands and a few offshore islands of New
Zealand, R. norvegicus was distributed patchily across the main
islands and some offshore islands of New Zealand, and R. rattus
was distributed abundantly across the main islands and some
offshore islands of New Zealand (Russell and Clout, 2004).

Since the middle of the twentieth century these rat species
have been progressively eradicated from the uninhabited offshore
islands of New Zealand (Clout and Russell, 2006; Russell and
Broome, 2016), and since the start of the twenty-first century
controlled widely across the main islands of New Zealand (Brown
et al., 2015; Russell et al., 2015). The rat species of European
origin (R. norvegicus and R. rattus) have well-documented
dispersal capabilities over water and land (Russell et al., 2005;
Abdelkrim et al., 2010), indeed R. norvegicus is particularly
effective at dispersal by swimming and can cross water gaps
of two kilometers, while R. rattus can cross gaps of hundreds
of meters (Bassett et al., 2016). Population genetic studies have
helped determine the putative origin of rats on islands (Robins
et al,, 2016), and whether rats discovered on islands following
eradication are survivors or reinvaders (Russell et al., 2010). Such
genetic studies have contributed to improved management of
invasive rats across New Zealand.

The population genetics of house mice (Mus musculus) has
been rigorously assessed across the New Zealand archipelago
using a variety of genetic markers (Searle et al., 2009; King
et al, 2016; Veale et al, 2018). The population genetics of
R. exulans has also been assessed, as a proxy for Polynesian
migration (Matisoo-Smith et al., 1998). However, to date, there
has not been a comprehensive national survey of R. norvegicus
and R. rattus genetic diversity across the entirety of the New
Zealand archipelago. Regional studies of genetic diversity in New
Zealand have been undertaken, particularly for island groups
and adjacent coastlines (Russell et al., 2009, 2010; Abdelkrim
et al.,, 2010; Fewster et al., 2011; Robins et al., 2016). Similar
regional studies of R. norvegicus and R. rattus have also been
undertaken internationally (Aplin et al., 2011; Song et al., 2014).
Such molecular studies can have a variety of applications,
including increasing knowledge of invasive rat taxonomy (Bastos
et al, 2011; Conroy et al, 2013), evolutionary biology (Lack
et al.,, 2012; Konecny et al., 2013,), ecology (Theuerkauf et al.,
2015; Varudkar and Ramakrishnan, 2015), disease epidemiology
(Tollenaere et al., 2012; Brouat et al., 2013; Richardson et al.,
2017), management (Kaleme et al., 2011; Kajdacsi et al., 2013;
Haniza et al., 2015) and historical biogeography (Tollenaere et al.,
2010; Lack et al.,, 2013; Lopez et al., 2013; Brouat et al., 2014;
Colangelo et al., 2015; Berthier et al., 2016). In this work, the
first comprehensive national survey of mitochondrial genetic
diversity for R. norvegicus and R. rattus across the New Zealand
archipelago and surrounding islands is undertaken.

MATERIALS AND METHODS

Samples
Tissue samples were acquired from New Zealand and
surrounding islands from 2001 to 2015 through research

collections (i.e., regional studies), opportunistic collection
(e.g., road kill), and requests to people or groups undertaking
rat trapping (Supplementary Table 1). Tissue samples were
provided as a by-product of pest control in accordance with the
Conservation Act (1987) and thus were exempt from animal
ethics committee approval under the New Zealand Animal
Welfare Act (1999) 30B.1.b.iii, except where indicated in cited
studies. Collections were made with a focus on representative
geographic coverage of as many islands as possible on which
either rat species was known to be or have been present, and for
islands larger than 100,000 hectares representative coverage was
sought across those islands (i.e., North, South, Stewart). As well as
all outlying islands within the New Zealand Exclusive Economic
Zone (Campbell, Chatham and Raoul Islands), samples were
also obtained from Macquarie, Lord Howe and Norfolk Islands,
and Port Jackson, Sydney (Australia). Tissue samples ranged
in quality from freshly caught to degraded by some weeks, but
previous work assured us that this did not affect the quality
of DNA extraction for the level of molecular resolution we
required. Tissue samples were geoindexed precisely with GPS or
on large islands approximately to nearby landmarks (variation
of a few kilometers). Rat species identification was not always
known or accurate, but was invariably confirmed following
molecular typing.

Sequencing

DNA was extracted using the DNeasy Tissue Kit (Qiagen), or the
High Pure PCR Template Preparation Kit (Roche Diagnostics).
The 585 bp amplicon of the D-Loop was amplified with the
primers EGL4L and RJ3R (Robins et al., 2007). The reaction
volume was 20 pL comprising: 10 mM Tris HCI pH 8.3; 50 mM
KCl, 2.5 mM MgCl,, primers at 0.5 M each, dNTPs at 0.15mM
each; 0.5 U of Taq polymerase, 1 L of DNA template. The PCR
(polymerase chain reaction) regime was an initial denaturation
step of 94°C for 2 min; 35 cycles of 94°C for 30, 60°C for 30s
and 72°C for 1 min with a final extension step of 72°C for 5 min.
PCR products were visualized and quantified, using a low mass
ladder for comparison, on ethidium bromide stained 1% agarose
gels. PCR products were purified with ExoSAP-IT (Affymetrix,
Inc.). Sequencing was carried out at the Massey University
Genome Service, Palmerston North, New Zealand using the
BigDye Terminator version 3 sequencing kit, the GeneAmp PCR
System 9700 and a capillary ABI3730 DNA analyser, all from
Applied Biosystems.

Analysis

The raw sequences were trimmed, edited, aligned, and
grouped into haplotypes using the software package
SEQUENCHER (Gene Codes). The relationships among
the haplotypes were estimated with a minimum spanning
haplotype network (Bandelt et al, 1999) as implemented in
PopART (http://popart.otago.ac.nz).

RESULTS

A total of 23 unique haplotypes were found and lodged in
GenBank (Table 1).
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TABLE 1 | The number of unique haplotypes across New Zealand and surrounding islands with GenBank accession numbers.

Haplotype n Location GenBank accession
NorhapO1 87 North Island and neighboring islands; Raoul Island; Chatham Island; Campbell Island; MH751483

township of Oban (on Stewart Island)
Norhap02 39 South Island; Stewart Island MH751484
Norhap03 1 Township of Bluff on South Island MH751485
Norhap04 1 Rare on North Island MH751486
Norhap05 1 Rare on North Island MH751487
Norhap06 1 Rare on North Island MH751488
Rathap01 176 Upper North Island (north of the Auckland isthmus); most of the South Island KR559034

(excluding Southland) and neighboring islands; Big South Cape Island (off Stewart

Island); Lord Howe Island; Norfolk Island; Port Jackson, Sydney
Rathap02 141 Most of the North Island (south of the Auckland isthmus); southern-most South Island KR559035

(Southland) and neighboring islands; Ponui Island, Kawau Island, Kaikoura Island and

neighbours, and Rakitu Island (all Hauraki Gulf); Macquarie Island; Chatham Island.
Rathap03 8 Township of Bluff on South Island KR559036
Rathap04 27 Great Barrier Island and Kaikoura Island and neighbours MH751489
Rathap05 1 Rare on Kaikoura Island MH751490
Rathap06 3 Rare on Kaikoura Island MH751491
Rathap07 57 Stewart Island and neighboring islands KR559037
Rathap08 0 Known from museum samples from Stewart Island (Robins et al., 2016) KR559038
Rathap09 1 Rare on Stewart Island KR559039
Rathap10 2 Lord Howe Island MH751492
Rathap11 1 Rare on North Island MH751493
Rathap12 1 Rare on North Island MH751494
Rathap13 1 Rare on South Island MH751495
Rathap14 1 Rare on South Island MH751496
Rathap15 1 Rare on South Island MH751497
Rathap16 1 Rare on South Island MH751498
Rathap17 3 Rangitoto Island MH751499

Rattus norvegicus

A total of 130 samples of R. norvegicus, from 24 islands, were
included in our study. Notable absences included Kapiti and
Mayor Islands (eradicated and no samples located). The aligned
sequences, 545 nucleotides long, had differences in the base
composition at 12 positions, and six haplotypes were found
(Table 2). The relationships among the haplotypes are shown
in Figurel, and their distribution across New Zealand and
surrounding islands in Figure 2.

Two  geographically  partitioned  haplotypes  were
predominant. Norhap0l was found throughout the North
Island and neighboring islands; Raoul Island; Chatham Island;
and Campbell Island. The substantially different Norhap02
was found throughout the South Island and neighboring
islands. Both Norhap01 and Norhap02 were found on Stewart
Island, but Norhap01 was restricted to the port town of Oban.
Forming a haplogroup with Norhap0l, single instances of
Norhap04, Norhap05 and Norhap06, singleton variations
of Norhap0l, were also found scattered throughout the
North Island. The distinct haplotype Norhap03, intermediate
between Norhapl and Norhap02, was found in the port town
of Bluff.

Rattus rattus

A total of 425 samples of R. rattus, from 31 islands, were
included in our study. The only absence of note was Arapawa
Island (extant but no samples located). The aligned sequences,
545 nucleotides long, had differences in the base composition
at 17 positions, and 17 haplotypes were found (Table 3). The
relationships among the haplotypes are shown in Figure 3 and
their distribution across New Zealand and surrounding islands
in Figures 4-6.

Two  geographically  partitioned  haplotypes  were
predominant. Rathap01 was found in the upper North Island
(north of the Auckland isthmus); most of the South Island
(excluding Southland) and neighboring islands; as well as Big
South Cape Island (off Stewart Island); Lord Howe Island;
Norfolk Island; and Port Jackson, Sydney. The closely related
Rathap02 was found in most of the North Island (south of the
Auckland isthmus); southern-most South Island (Southland)
and neighboring islands; as well as Ponui Island, Kawau
Island, Kaikoura Island and neighbours, and Rakitu Island (all
Hauraki Gulf, Figure 5); Macquarie Island; and Chatham Island.
Two other haplotypes were common. Rathap04 was found
in Great Barrier Island and Kaikoura Island and neighbours,
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TABLE 2 | Differences in the base composition of R. norvegicus haplotypes from across the New Zealand archipelago.

Position 15507 15549 15568 15569 15579 15588 15589 15590 15609 15616 15638 15810
NorhapO1 T T G A A T A T T G T T
Norhap02 C . A C G C . ¢} ¢} . . C
Norhap03 C . A G G . . . . C
Norhap04 . . A
Norhap05 . C .
Norhap06 C
Base positions are numbered relative to the mitochondrial reference genome for R. norvegicus (GenBank NC_001665.2).
Norhap04 Norhap03
Norhap05
Norhap06
FIGURE 1 | Median joining haplotype network for 130 R. norvegicus individuals from across the New Zealand archipelago.

and Rathap07 was found in Stewart Island and neighboring  between distinct haplogroups, suggesting that
islands (Figure 6). more than one introduction of each species took

Forming a haplogroup with Rathap0Ol, a few instances of  place. Multiple independent  introductions have
Rathapl7 and Rathap03, singleton variations of Rathap01, were  also  been  inferred  from  mitochondrial =~ DNA
found on Rangitoto Island and in the port town of Bluff. Single = haplotypes of R. exulans and M. musculus in New

instances of Rathapl3, Rathapl4, Rathapl5, and Rathaplé,
singleton variations of Rathap0l, were also found scattered
throughout the South Island. Rathap10, also a singleton variation
of Rathap01, was found on Lord Howe Island. Forming a
haplogroup with Rathap02, single instances of Rathapll and
Rathapl2, singleton variations of Rathap02, were also found
scattered throughout the North Island. Forming a haplogroup
with Rathap04, a few instances of Rathap05 and Rathap06,
singleton variations of Rathap04, were also found on Kaikoura
Island. Forming a haplogroup with Rathap07, a single instance
of Rathap09, a singleton variation of Rathap07, was also found
on Stewart Island. We only had coverage of the area of the
genome distinguishing RatHap09 from RatHap07 for 25% of
samples from Stewart Island (the only location where either
haplotype occurred). However, we had coverage of this area of the
genome for 60% of samples in total, and did not find any further
mutations. Nonetheless, RatHap09 might be under-represented
in our results.

Zealand (Matisoo-Smith et al., 1998; King et al., 2016).

From known historical records R. norvegicus was first
observed in the North Island in 1772 and was widespread
by the 1830s, while in the South Island the first observations
were in the 1850s (Innes, 2005a), and was first observed in
Stewart Island in the 1870s (Thomson, 1922). These records are
in agreement with the two haplogroups identified, which are
suggestive of at least two independent introductions. In keeping
with the earlier North Island introduction date, single base-pair
mutations from the dominant haplogroup were only detected
in the North Island. Similar within-archipelago independent
introductions of R. norvegicus have also been found in the
Falklands Islands (Hingston et al., 2016). Large gaps in our
coverage of the South Island for R. norvegicus correspond
with the extent of alpine and beech forest distribution in
New Zealand (Wardle, 1984), from where R. norvegicus is
seemingly absent.

From known historical records R. rattus was only widespread
in the North Island and Great Barrier Island after 1860,

DISCUSSION in the South Island after 1890, and was first observed on

Stewart Island in 1911 (Atkinson, 1973). These records
The phylogeographies of both rat species introduced are in agreement with the four geographically partitioned
by Europeans exhibit marked geographic partitioning  haplogroups identified, which are suggestive of at least
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FIGURE 2 | The distribution of R. norvegicus haplotypes across New Zealand
and surrounding islands.

four independent introductions across the North Island,
South Island, Great Barrier Island, and Stewart Island.
In keeping with the similar introduction dates, single
base-pair mutations from the dominant haplogroups
were detected on all four islands. Together this evidence
suggests invasion and spread were rapid across islands,
and therefore a limited role for bridgehead effects from
subsequent invasions (Bertelsmeier et al., 2018). Instead,
incumbent advantage appears to have inhibited over-invasion by
conspecifics (Waters et al., 2013).

For both species our findings most likely represent a
minimum number of introductions, as additional introductions
of an already-extant haplotype may also have taken place,
perhaps explaining observations such as the dispersed
geographic distributions of Rathap0l and Rathap02 across
the North Island and South Island. Rare pre- or post-
introduction mutations of single base pairs also cannot be
unequivocally distinguished from additional introductions.
Although there is good national coverage, sampling
intensity was generally low within sites across the North
Island and South Island. Thus, with rare haplotypes being
detected, the results presented here should be interpreted
cautiously (Muirhead et al., 2008).

Many of the haplotypes found in this study have been
reported in other studies worldwide, but global representation
is too patchy to support conclusive inference on historical
invasion pathways to New Zealand. For R. norvegicus, Norhap01
was the most common haplotype found in modern samples
from England (Haniza et al., 2015), while Norhap02 has only
been reported in China (Liu et al, 2012). For R. rattus,
Rathap01 has been found in modern relict island populations in
England (Hingston et al., 2005) and across the Pacific Islands
from New Guinea to French Polynesia (Robins et al., 2007).
Closely related haplotypes to Rathap0l and Rathap02 have
been found throughout the Mediterranean basin (Colangelo
et al, 2015). Rathap04 has not been reported anywhere
previously, while Rathap07 has been reported in New South
Wales, Australia (Rowe et al., 2011). These links reaffirm the
correspondence of R. rattus and R. norvegicus with European
movements throughout the wider Pacific. The Asian link
with Norhap02 might indicate a non-European origin for R.
norvegicus in the South Island of New Zealand, as has also
been inferred for introduced mice in the southern South
Island (King et al., 2016).

Our study also detected evidence of ongoing contemporary
movement of both rat species within New Zealand, particularly
where we had comprehensive sampling on Great Barrier and
Stewart Islands. A subset of data from this study has already
been used to determine the putative distant origin of the R. rattus
which invaded Big South Cape Island, off Stewart Island, in the
1960s (Robins et al., 2016). Stewart Island itself was probably
colonized first by the South Island haplotype of R. norvegicus,
and then more recently by the North Island haplotype restricted
to the port town of Oban. Similarly, unique haplotypes were
found for both R. norvegicus and R. rattus in the southern port
town of Bluff, and had seemingly not spread far beyond this
locality. Kaikoura Island and its neighboring islands (Nelson
Island and Motuhaku Island), off the western coast of Great
Barrier Island, had an unusual number of R. rattus haplotypes,
with five haplotypes identified from 29 samples comprising a
mix of the North Island and Great Barrier Island haplotypes,
possibly indicative of recent long-distance transportation by boat.
Invasive rats demonstrate a strong incumbent advantage both
between and within species (Russell et al., 2014), so localized
occurrence of a haplotype may indicate that this haplotype
arrived subsequent to the initial invasion. This is especially
suggestive for R. norvegicus, where the Bluff haplotype differs
from all other sampled haplotypes by several base pairs, so is not
a plausible in-situ mutation. Together, these results are suggestive
that long-distance rat movements occurred at least well into the
twentieth century.

The documented proportion of R. rattus pelage phenotypes
in a region also appears to correspond to our haplotype
distributions (Innes, 2005b). For example, higher proportions
of the melanistic “rattus” (black) pelage occur in the
South Island and upper North Island, corresponding with
haplotype Rathap01l, but are almost absent from Stewart
Island, corresponding with Rathap07. The inheritance of
pelage color is through known genetic markers unrelated to
mtDNA haplotype (Kambe et al., 2011), but a geographical
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TABLE 3 | Differences in the base composition of R. rattus haplotypes from across the New Zealand archipelago.

Position 15469 15487 15489 15513 15543 15563 15572

15581

15604 15619 15653 15716 15757 15760 15761 15808 15822

Rathap01 T T T C C T A T
Rathap02 .

Rathap03 . . . T . . . .
Rathap04 . . . . . . . ¢}
Rathap05 . . . . . C .
Rathap06 C . . . . C . ¢}
Rathap07 . . . . T

Rathap08 . .
Rathap09 . . . . T
Rathap10 . .

Rathap11 . C

Rathap12 .

Rathap13 . . C

Rathap14 . . . . .
Rathap15 . . . . . . G
Rathap16

Rathap17

(@)

—

A G C T C A G C T

G

Base positions are numbered relative to the mitochondrial reference genome for R. rattus (GenBank NC_012374).

Rathapl17

Rathap10

Rathap13

Rathap14

Rathapl5

Rathapl6
Rathap03

Rathap08

FIGURE 3 | Median joining haplotype network for 425 R, rattus individuals from across the New Zealand archipelago.

Rathap05 Rathap06

@

Rathap12

Rathapl1

Rathap09

association between pelage color and haplogroup may arise
due to the genetic makeup of different founding populations.
Similarly, the rare occurrence in R. rattus of the Tyr25Phe

mutation in VKorcl, which is associated with anti-coagulant
resistance, also corresponds with the distribution of haplotype
Rathap02 (Cowan et al., 2017).
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FIGURE 4 | The distribution of R. rattus haplotypes across New Zealand and
surrounding islands.

FIGURE 5 | The distribution of R. rattus haplotypes across the Hauraki Gulf,
Auckland. © = RatHap01, A = RatHap02, V = RatHap04, RatHap05 &
RatHap06, [ = RatHap17.

Great Barrier

Kaikoura

1 1
0 5 10km

Big South * x

Cape "@i

0 510km

FIGURE 6 | The distribution of R. rattus haplotypes on (top) Great Barrier
Island and neighboring islands, O= RatHap01, A= RatHap02, V=
RatHap04, RatHap05 & RatHap06; and (bottom) Stewart Island and
neighboring islands, ©= RatHapO01, A= RatHap02, 0 = RatHap03, V=
RatHap07, RatHap08 & RatHap09.

Advances in molecular biology since this work was
undertaken already allow higher resolution characterisation of
individual genetic variability. Single nucleotide polymorphisms
(SNPs) in particular facilitate deeper insight into the population
genetics of invasive rats (e.g., Puckett et al., 2016). Results at a
higher resolution from future genetic studies of invasive rats
in New Zealand may help further distinguish independent
introductions, and better facilitate characterisation of invasion
spread across New Zealand. Such studies may be facilitated
by the availability of high-throughput tools such as SNP
chips developed for medical research on laboratory rats, once
ascertainment bias has been accounted for. Ultimately, the
availability of low-cost genomes for individual invasive rats will
usher in the era of population genomics (Aitman et al., 2008).
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