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ABSTRACT ARTICLE HISTORY
We examined the origins of Sophora seeds collected from the Received 2 February 2017
beaches of the Kermadec and Chatham Islands using chloroplast ~ Accepted 21 March 2017
DNA sequencing and comparison with published sequences of
known provenance. Sophora does not grow on the Kermadec H : )
. . ydrochory; long distance
Islands but two species grow on the Chatham Islands, both in low dispersal; oceanic dispersal;
numbers. All seeds sequenced were confirmed to be from seed dispersal; Sophora
Sophora sect. Edwardsia. Several seeds exhibited novel DNA
sequences that had not been found in past sampling. The
remaining haplotypes have all been previously detected in the
North and/or South Islands and some have also been recorded
from Chile, Gough Island or the Juan Fernandez Islands. The two
haplotypes that had been sequenced in the resident Chatham
Islands S. chathamica population were both found in the beach-
cast seeds from the islands. However, an additional four
haplotypes were also detected in the Chatham Islands beach-cast
seeds, indicating dispersal from elsewhere.

KEYWORDS

Introduction

Oceanographic features, such as currents, can strongly influence the diversity patterns of
taxa with sea-dispersed propagules (Gillespie et al. 2012). They provide directionality and
can either promote gene flow or act as a barrier to dispersal. Beach-cast biological speci-
mens have the potential to contribute to our understanding of oceanic connectivity pat-
terns but have only been examined in a few marine taxa (e.g. Collins et al. 2010;
Bussolini & Waters 2015).

Sophora sect. Edwardsia Salisb. is well known for its Southern Hemisphere distribution.
Phylogenetic analyses have indicated that the 19 species in the section are closely related
and have a recent origin (Hurr et al. 1999; Mitchell & Heenan 2002; Shepherd & Heenan
submitted). Sister to sect. Edwardsia, and the type species for the genus Sophora (Heenan
etal. 2004), is S. tomentosa in sect. Sophora L., a pantropical coloniser of beaches and sand
dunes in Africa, Asia and central America. It is well known for the dispersal of its seeds by
ocean currents (e.g. Ridley 1930). The distribution of Sophora sect. Edwardsia is also
thought to result from oceanic dispersal of its buoyant seeds (Heenan et al. 2001).
Charles Darwin used the genus to support his idea that the similarity of the New
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Zealand and South American floras resulted from seed dispersal across oceans, suggesting
that Sophora seeds may have floated between New Zealand and Chile (Darwin 1887). The
seeds have a hard and impervious seed coat protecting the embryo and can remain afloat
and viable in seawater for years (Sykes & Godley 1968). Sophora seed dispersal may also
occur through the ingestion by seabirds of seeds floating at sea, followed by regurgitation
(Tennyson 1995; Smith 2012). In a phylogenetic study of the section, DNA haplotypes of
Sophora were found to be shared between Chile, New Zealand, Gough Island and Juan
Fernandez Island, indicating recent connections (Shepherd & Heenan submitted). In con-
trast, islands further north in the Pacific (Hawaii, French Polynesia, Easter Island and Lord
Howe Island) and Réunion Island in the Indian Ocean each exhibited unique haplotypes
suggesting that the species on these islands are more isolated.

Within New Zealand, which with eight species is the centre of species diversity for S.
sect. Edwardsia, a chloroplast phylogeographic study indicated moderate population
differentiation but found variation was not partitioned by species boundaries (Shepherd
et al. 2017) and therefore species could not be identified by chloroplast sequences.
Although some haplotypes had wide distributions many others were restricted to small
areas.

Here we examine the origins of beach-cast Sophora seeds collected from the Chatham
and Kermadec Islands. The Chatham Islands archipelago, 850 km east of the main New
Zealand islands (considered here as the North, South and Stewart Islands), does have
several small populations of S. chathamica on Chatham Island. The largest and most
well-known population is located on the margins of Te Whanga Lagoon, which is often
closed off from the sea (Molloy 2002). Past sequencing of individuals from this population
revealed two chloroplast haplotypes, both of which also occurred in mainland New
Zealand (Shepherd et al. 2017).

Sophora seeds, which are a distinctive bright yellow colour, are a common sight on
Chatham Island beaches. For example, Molloy (2002) collected 256 seeds over a 400 m
stretch of beach in a single day. Scientists have speculated about the origins of these
seeds for over 150 years. Travers (1865) found a Sophora seed on the northwest coast
of Pitt Island, which he assumed had floated on currents from mainland New Zealand.
He also noted the presence of wood from mainland New Zealand trees on Chatham
Island beaches, which he concluded indicated the existence of direct oceanic currents
from mainland New Zealand to the Chatham Islands. Cockayne (1902) disputed
Travers’ mainland New Zealand origin hypothesis for these beach-cast Sophora seeds
and suggested they more likely to come from the resident Chatham Island population
of S. chathamica. Molloy (2002) germinated Sophora seeds collected from the strandline
of Te One Beach on Chatham Island. He reported that the majority of resulting seedlings
had the divaricating morphology characteristic of the most common mainland New
Zealand species S. microphylla, rather than the non-divaricating seedling form of resident
S. chathamica, supporting a mainland New Zealand origin. However, more recently, three
small S. microphylla trees were found at Blind Jims, on the margin of Te Whanga Lagoon,
on Chatham Island (CHR 604802; de Lange et al. 2011). The origin of these plants is
uncertain as they occur in a site well away from where any beach strand seed could
occur and they may derive from cultivated plants used in ecological restoration plantings
at the site.
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Based on data from the Global Drifter Program, which deploys satellite-tracked drifters
at a 15 m depth, and simulations of propagule dispersal, the predominant currents arriv-
ing in the Chatham Islands originate from the east coasts of the North and South Islands
(Chiswell & Rickard 2006, 2011). The dispersal time from mainland New Zealand to the
Chatham Islands has been estimated to be at least 82 days (Chiswell & Rickard 2011).

In contrast to the Chatham Islands, the Kermadec Islands archipelago, which is 920 km
north of the North Island, does not have a resident population of Sophora. Sykes & Godley
(1968) collected Sophora seed from the beaches of Raoul and Macauley Islands in the Ker-
madec Islands. They suggested these seeds originated from mainland New Zealand and,
like Travers, used the presence of wood from endemic New Zealand trees recorded on
the shores of the Kermadec Islands (Sykes & Godley 1968; Oliver 1910) as support for dis-
persal from mainland New Zealand. However, seeds of tropical plant species have also
been recorded on Kermadec Island beaches (Sykes & Godley 1968), indicating dispersal
can also occur from the north. The Kermadecs are situated near the centre of the South
Pacific Subtropical Gyre, which is characterised by weak, variable currents (Sutton et al.
2012). Dispersal simulations have indicated that drift dispersal between the mainland
and the Kermadecs takes 30-50 days (Sutton et al. 2012).

Our main aim was to use chloroplast DNA sequences to examine the origins of Sophora
seeds collected from beaches of the Kermadec and Chatham Islands. In particular we
wanted to test whether the beach-cast seeds from the Chatham Islands shared haplotypes
with the resident S. chathamica population.

Methods

Leaves from seedlings germinated from 13 Chatham Islands beach-cast seeds that had
been collected by Molloy (2002), and from four Kermadec Islands beach-cast seeds col-
lected by Sykes & Godley (1968), were dried in silica gel. Genomic DNA was obtained
from these silica gel-dried samples using a modified-CTAB extraction method (steps 1,
3-7 from table 1 in Shepherd & McLay 2011). Polymerase chain reaction and sequencing
of the chloroplast trnQ-5'rps16 and trnHY-psbA intergenic spacers were performed as
described in Shepherd & Heenan (submitted).

Two datasets were constructed. The first, a full-length dataset where the DNA
sequences for both chloroplast loci from the seeds were aligned with the sequences
from Shepherd & Heenan (submitted). These sequences represent the diversity found
within mainland New Zealand and also include sequences from all other members of
Sophora sect. Edwardsia, except S. masafuerana. In the second dataset the trnQ-5rps16
sequences from the seeds were aligned with the sequences of 416 known provenance
samples of Sophora sect. Edwardsia from mainland New Zealand (Shepherd et al.
2017). For the trnQ-5'rps16 haplotypes sequenced from the seeds, this larger sample
set allowed comparison with the distribution and frequency of the same haplotypes
found in mainland New Zealand and the resident Chatham Island S. chathamica.

For both datasets, sequences were aligned with MUSCLE (Edgar 2004) with default par-
ameters and manual alignment of large indels (insertions and deletions). For alignment 2,
indels in mononucleotide runs were recoded as single events. For alignment 1, mononu-
cleotide repeats of varying length were excluded, since analyses in Shepherd & Heenan
(submitted) indicated reticulation in this dataset and these regions are prone to homoplasy
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at larger geographic scales (Ingvarsson et al. 2003). For both datasets the remaining indels,
and a 6 bp inversion in the trnH“Y“-psbA intergenic spacer in alignment 1, were recoded
as single events.

Median-joining networks (Bandelt et al. 1999) were produced for each alignment using
Network v5.0.0.0 (www.fluxus-engineering.com) and transitions and transversions were
equally weighted.

Results

All newly-generated DNA sequences have been deposited in GenBank (accession numbers
KY555093-KY555126). Alignment 1 had a total of length of 908 bp (552 bp and 356 bp
for the trnQ-5'rps16 and trnHYC-psbA intergenic spacers, respectively) prior to indel
recoding and exclusion of mononucleotide runs. Following the recoding of indels and
removal of mononucleotide runs, 23 haplotypes were detected (named 1 to 23). The
relationships between them are shown in the median-joining network (Figure 1). Seven
of the 23 haplotypes were detected in the beach-cast seeds (three from the Kermadec
Islands and four from the Chatham Islands). Three haplotypes were only detected from
beach-cast seeds (one from the Kermadec Islands and two from the Chatham Islands)

(a)

[J New Zealand

M Lord Howe Island
[ chile

[l Gough Island

[ Hawaii

M Easter Island

[ French Polynesia
[ Juan Fernandez 14
[ Reunion Island
B Chatham Island seeds
B Kermadec Island seeds

(b)

S.chrysophylla
ATLANTIC INDIAN PACIFIC OCEAN 5. masafuerana
OCEAN Q OCEAN < howiidula S.manqarevaensis . fernandeziana:
» 0 %
S.denudata. ‘ Si raivavaensis’ S tgomira
S. cassioides ™Y S. rapaensis
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S. fulvida S. prostrata S. cassioides

S. chathamica_ S. molloyii
S. microphylla S. longicarinata

S. tetraptera  S. godleyi

Figure 1. A, Median-joining network of alignment 1 dataset, which was the trnQ-5'rps16 and trnH®"°-
psbA intergenic spacers, from Sophora sect. Edwardsia. Circle size is proportional to frequency and small
black circles represent missing intermediate haplotypes; B, the distribution of S. sect. Edwardsia.
Species included in the sampling for alignment 1 are underlined. The locations of the Chatham and
Kermadec Islands are also indicated.
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and each differed by one to two mutational changes from its closest related haplotype
(Figure 1). The remaining three Kermadec Islands seeds possessed haplotypes only
detected from New Zealand (one seed had haplotype 19 and two had haplotype 7).
Eight of the Chatham Islands seeds had haplotype 20, which was also found in New
Zealand, Chile and Gough Island in the Atlantic Ocean. Another three seeds had haplo-
type 3, which occurs in New Zealand and the Juan Fernandez Islands.

For alignment 2, which comprised only the trnQ-5rps16 region with mononucleotide
repeat length changes coded, a total of 24 haplotypes were defined (named A to X). Eight
haplotypes were detected from the beach-cast seeds (three from the Kermadec Islands and
six from the Chatham Islands). Two of these haplotypes had not been found in our pre-
vious sampling from New Zealand. One of these, haplotype W from the Chatham Islands,
was most closely related to haplotype F, from which it differed by a single base pair sub-
stitution (Figure 2). The other unique haplotype, haplotype X, from the Kermadec Islands,
also differed by a 1 bp substitution from its most closely related haplotype, haplotype H
(Figure 2). Of the remaining three Kermadec Islands seeds, two had haplotype B and
one had haplotype J. Haplotype B is most common in the northern North Island
(Figure 2). Haplotype J has a widespread distribution in New Zealand but is more
common in the North Island, particularly in the north and west (Figure 2). Two seeds
from the Chatham Islands also had haplotype J. This haplotype has also been detected
from the resident S. chathamica population on the Chatham Islands. The most
common haplotype in the remaining Chatham Islands seeds was haplotype F (detected
in five seeds). This haplotype is the most common haplotype in the South Island, is
also found in the southern North Island and is the most common haplotype in the resident
Chatham Islands S. chathamica population. Three Chatham Islands seeds contained hap-
lotype K. This haplotype is most frequent in the eastern North Island but has been
detected once in the eastern South Island. Finally, haplotypes C and I were each detected
from a single Chatham Islands seed. Both these haplotypes have widespread distributions
in New Zealand but haplotype C is uncommon in the South Island.

Discussion

A high diversity of haplotypes was detected, even with our relatively small sampling of
Sophora beach-cast seeds. Several of these haplotypes had not been detected in our pre-
vious sampling of S. sect. Edwardsia from the main New Zealand islands or overseas
(Shepherd et al. 2017; Shepherd & Heenan submitted), suggesting diversity remains to
be found within the section. Our previous study of 416 Sophora individuals from New
Zealand (Shepherd et al. 2017) found that rare haplotypes were a feature of the New
Zealand dataset with 15 of the 22 haplotypes occurring at a frequency of less than 5%
and six of these are only found in one to two individuals. Although it is not possible to
determine the exact origins of these novel beach-cast haplotypes, it is notable that each
of them was most closely related to haplotypes detected from New Zealand (although
sampling effort was also considerably greater in New Zealand than elsewhere).

For the seeds that exhibited haplotypes that had been detected in our previous
sampling, no haplotypes were shared with the north Pacific Islands (Hawaii, French Poly-
nesia, Lord Howe Island or Easter Island) or Réunion Island in the Indian Ocean. Instead
all remaining seeds shared haplotypes that have been sequenced from New Zealand and,
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SEEDS

KERMADEC ISLANDS

RESIDENT

CHATHAM ISLANDS

Figure 2. Median-joining network of alignment 2 sequences (the trnQ-5'rps16 intergenic spacer). The
haplotypes present in each Ecological Province of New Zealand are indicated (precise sample location is
given in Shepherd et al. 2017). Pie sizes are proportional to frequency.

for some haplotypes, also sequenced from Chile and Gough Islands or the Juan Fernandez
Islands. Given the predominant current patterns it is possible that all the beach-cast seeds
sampled from the Kermadec and Chatham Islands originated from New Zealand, but a
South American origin for some of the seeds cannot be excluded based on our data.

For alignment 2, which compared the beach-cast seed trnQ-5'rps16 sequences with an
extensive database of New Zealand sequences, apart from the novel haplotypes, the hap-
lotypes found in the beach-cast seeds were reasonably common and/or had widespread
distributions on the New Zealand mainland. This limited their usefulness for determining
beach-cast seeds origins.
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Six haplotypes were detected from the Chatham Islands seeds for alignment 2. Only two
of these haplotypes had been sequenced from the resident Chatham Islands S. chathamica
population (haplotype F and J); these haplotypes were also common on mainland New
Zealand. The remaining four haplotypes are likely to be a result of dispersal, supporting
the suggestion of seed dispersal from New Zealand to the Chatham Islands (Travers
1865; Molloy 2002).

In conclusion, the genetic analysis of beach-cast Sophora seeds has provided some
insights into seed origins, with many of the seeds examined likely dispersing from the
main New Zealand islands to more distant offshore islands. However, the limited
genetic structuring observed in the section and the wide distributions of many haplotypes,
both within mainland New Zealand and across the southern Pacific Ocean, limits prove-
nance determination of dispersed seeds. This result is comparable to previous studies of
the genetic relationships of Chatham Islands plants. Heenan et al. (2010) showed that a
considerable number of species endemic to the Chatham Islands have as their closest rela-
tive common and widespread species from the main New Zealand islands. In a similar
way, the fern Asplenium hookerianum has two haplotypes on the Chatham Islands that
are more closely related to haplotypes from the main New Zealand islands than they
are to each other (Shepherd et al. 2009).
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