Coral Reefs (2023) 42:1343-1350
https://doi.org/10.1007/s00338-023-02432-1

)

Check for
updates

NOTE

Genetic confirmation of Tridacna noae (Roding 1798) in the Cook

Islands

Kirby Morejohn!©® - Lara Ainley'® - Jane Williamson?

Libby Liggins**® - Vivian R. Cumbo?

- Ryan Nevatte?
- Michael Gillings*®

Received: 18 May 2023 / Accepted: 2 October 2023 / Published online: 27 October 2023

© Crown 2023

Abstract Giant clams are common across a broad geo-
graphic range and contribute important ecological functions
within coral reef environments. However, giant clams are
subject to considerable harvest pressure and require careful
management that is underpinned by accurate data collection.
The taxonomy of giant clams has undergone many changes,
and recently, Tridacna noae (Roding 1798) has been resur-
rected as a valid species, distinct from the morphologically
similar Tridacna maxima (Roding 1798). Using genetic
analysis, this research confirms the presence of 7. noae for
the first time in the Cook Islands, extending the currently
known distribution of the species by 1340 km south-east.
This confirmation highlights that 7. noae was possibly pre-
viously misidentified, causing overestimations of the abun-
dance of other giant clam species. This new record improves
the accuracy of identification and stock assessments, and
ongoing management in the Cook Islands.
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Introduction

Giant clams (Cardiidae: Tridacninae) occur across the Indo-
Pacific region and play important roles in coral reef ecosys-
tems, including habitat provisioning, contributing to the reef
carbonate structure, food for other species and increasing
water clarity (Klumpp and Griffiths 1994; Neo et al. 2015).
Globally, populations of giant clams are declining due to
overharvesting and habitat destruction, highlighting the
need for improved management (Gilbert et al. 2006; Neo
and Todd 2012; Richter et al. 2008).

Current management regimes for giant clams span trade
and harvest controls that include international trade restric-
tions through Appendix II of the Convention on Interna-
tional Trade in Endangered Species of Wild Fauna and Flora
(CITES), minimum size limits, quotas and refuge in marine
protected areas (Andréfouét et al. 2018; Ramah et al. 2019;
Van Wynsberge et al. 2013). Despite conservation and man-
agement efforts to halt the decline of these iconic molluscs,
species misidentification undermines the efficacy of the
efforts (Bortolus 2008). Misreporting or lumping species
together can be problematic for populations with reported
overharvest by leading to overestimation of population den-
sities and underestimation of local extinction risk (Borsa
et al. 2015b; Huelsken et al. 2013).

The taxonomy of giant clams has undergone many
changes, largely due to historically divergent lines of
thought between Iredale (1937) and Rosewater (1965).
There has been ongoing confusion over the differentiation
of two morphologically similar species: Tridacna maxima
(Roding 1798) and Tridacna noae (Roding 1798). T. noae
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was recently resurrected as a valid species by Su et al.
(2014) based on genetic distinctness and genetically con-
firmed occurrences in Western Australia (Penny and Willan
2014; initially referred to as Tridacna ningaloo and since
synonymized with 7. noae as per Borsa et al. 2015a), the
Solomon Islands (Huelsken et al. 2013) and Taiwan (Su
et al. 2014). Most recently, with an increasing availability of
genetic material, Tan et al. (2021) have reappraised the phy-
logenetic structure of tridacnid species, further supporting
the validity of T. noae as a species distinct from 7. maxima.

The current known range of 7. noae extends from the
Ryuku Islands in Japan, west to Christmas Island in Aus-
tralia, south to Ningaloo Reef in north-western Australia,

east to American Samoa and north-east to Kiritimati in Kiri-
bati (Borsa et al. 2015b; Kubo and Iwai 2007; Marra-Biggs
et al. 2022; Neo and Low 2018). However, several regions of
the Pacific are yet to be confidently surveyed for the presence
of T. noae, where it may have been previously confused with
T. maxima based on their similar morphology and occupa-
tion of similar reef habitat types. Observations of T. noae
have been made across the Indo-Pacific, including in the
Cook Islands (Marra-Biggs et al. 2022; Neo et al. 2017), but
these have not been genetically confirmed.

The Cook Islands are located over 1340 km ESE of
American Samoa in the Pacific Ocean. The Cook Islands
exclusive economic zone is large, spanning approximately
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Fig. 1 Maximum-likelihood phylogeny of giant clam COl
sequences, comparing samples of putative Tridacna noae collected
from Rarotonga (RAR) in the Cook Islands (highlighted in bold)
with other tridacnid species and the T. noae lineages identified by
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Fauvelot et al. (2019). Ultrafast bootstrap support values>75% are
shown on branches. GenBank accession numbers for each compara-
tive sequence are provided after the species name



Coral Reefs (2023) 42:1343-1350

1345

two million square kilometers. To date, 7. maxima and T.
squamosa (Lamarck 1819) are the only confirmed giant
clam species native to the Cook Islands (Neo et al. 2017;
Paulay 1987). In the early 2000s, however, observations of
a unique clam with morphology distinct from these two spe-
cies were made on the southern Cook Islands of Aitutaki
and Rarotonga (I. Bertram, pers. comm. 2019). Based on
the morphology of the clams, including mantle patterns of
lighter spots bound by white rings (sensu Su et al. 2014),
they were putatively identified as T. noae. In recent years,
surveys by the Cook Islands Ministry of Marine Resources
(MMR) have also detected potential 7. noae individuals on
the islands of Rarotonga and neighboring Mangaia. For sub-
sequent reporting, however, all clams were identified to at
least genus level (e.g., Tridacna sp.), but if to species level,
T. noae clams were likely misreported as 7. maxima or T.
squamosa (Morejohn et al. 2018).

Although some morphological differences are apparent
between T. noae and T. maxima (i.e., mantle ornamenta-
tion), shell characteristics cannot reliably distinguish the
species (i.e., rib characters, Su et al. 2014). Hence, the res-
urrection of the 7. noae as a valid species and its confirmed
occurrence in new locations has often required confirmation
through genetic analysis (Borsa et al. 2015a; Su et al. 2014;
Tan et al. 2021). This study confirms the presence of T. noae
clams on Rarotonga, Cook Islands, using the mitochondrial
Cytochrome Oxidase I gene region (CO1). Confirmation of
the occurrence of T. noae in the Cook Islands has important
implications for understanding the evolutionary and bio-
geographic history of giant clams and will help to inform
accurate stock assessments of Tridacna species in the region
for their ongoing conservation and sustainable management.

Fig. 2 Median-joining haplo-
type network of Tridacna noae
collected from Rarotonga in the
Cook Islands, showing associa-
tion with samples from other
parts of its distribution and the
described lineages within 7.
noae (following Fauvelot et al.
2019). Each circle represents a
distinct haplotype, hatch marks
indicate the number of muta-
tional steps between haplotypes,
and circle size is proportional
to the number of individuals.
Small black dots represent
hypothetical or unsampled
haplotypes

Lineage I

Methods
Field sampling

Tissue samples were collected from clams at four sites in
Rarotonga, Cook Islands, from 2019 to 2020 by the MMR.
Sampling was done by reef walk, snorkel and scuba. Clams
with 7. noae mantle patterns (sensu Su et al. 2014) were
noted and photographed. Six clams, putatively identified
as T. noae, were found in multiple habitats (e.g., reef flats,
lagoons and fore reefs) and in depths ranging from 0.2 to
8.8 m. The clams ranged in size from 70 to 260 mm maxi-
mum shell length. Hemostats and scissors were used to
remove a 1 cm? piece of mantle tissue from each clam. Tis-
sue samples were taken from six clams. Non-lethal methods
were used for five clams. One clam was too small for a non-
lethal sample and was therefore harvested.

Tissue samples were preserved in 4-mL vials filled
with 100% ethanol and stored at 4 °C. Ethanol levels were
checked monthly and refreshed to ensure vials remained
full. Samples were shipped at room temperature to Australia
under CITES Appendix II export permit.

Laboratory methods and genetic analysis

DNA was extracted from a 20 mg tissue subsample that had
been blotted dry on filter paper using a salting out procedure
(Sunnucks and Hales 1996) and then purified using Monarch
genomic DNA purification columns following the manufac-
turer’s instructions. The concentration of extracted genomic
DNA was assessed using Qubit fluorometry, and 10 ng
was used for PCR amplification of the mitochondrial CO1
gene. Previous studies have confirmed the utility of CO1 in
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«Fig. 3 Dorsal views of Tridacna noae from Rarotonga in the Cook
Islands showing the brown mantle color morphology, including one
of the six specimens used in the genetic analysis to confirm the spe-
cies identification (specimen indicated by red dot). Other individuals
were observed in the same area, were of similar size (approximately
20-27 cm) and putatively identified as 7. noae. Photographs: Kirby
Morejohn, Cook Islands Ministry of Marine Resources

distinguishing Tridacna species (including 7. noae; Borsa
et al. 2015a; Borsa et al. 2015b; Huelsken et al. 2013; Penny
and Willan 2014; Su et al. 2014; Tan et al. 2021) and among
phylogeographic clades of T. noae (Fauvelot et al. 2019).
Two PCR assays were tested to generate amplicons of CO1.
PCR using the primer pair CO1 Trichro Frwrd/CO1 Trichro
Rev (Kochzius and Nuryanto 2008) generated inconsistent
results, while the primer pair SQUAF3/SQUAR1 (DeBoer
et al. 2012) was more reliable, especially when the PCR
thermocycling was modified to use touchdown conditions
(Hajibabaei et al. 2006). The final PCRs were performed
in 50 pl reactions, using GoTaq colorless mix, 3 mM Mg>™,
supplemented with 1 pl of 1 mg/ml RNAse A, and a cycling
program of 94 °C for 3 min; six cycles of 94 °C for 30 s,
45 °C for 30 s, 72 °C for 75 s; followed by 36 cycles of 94 °C
for 30s, 51 °C for 30 s, 72 °C for 75 s; and a final extension
at 72 °C for 5 min.

PCR products were electrophoresed in 2% agarose poured
in TBE buffer, post-stained with GelRed (Biotium) and pho-
tographed using transilluminated UV light. PCR with the
primers SQUAF3/SQUARI1 generated a single DNA product
of approximately 600 base pairs that were sent to Macro-
gen, Korea, for purification and dideoxy Sanger sequencing.
Primer SQUARI generated poor sequencing results, so the
SQUAF3 primer was used for all subsequent sequencing.

DNA sequences from Macrogen were edited using Gen-
eStudio, with the 3’ end of the sequence trimmed to remove
the SQUARI primer. After editing the 5° sequence, the
sequences for each sample were trimmed to 455 nucleotides
that could be used in alignments and for subsequent analysis.

For confirmation of species identity, sequences of the six
putative 7. noae sampled in the Cook Islands were com-
pared with other Tridacna CO1 reference sequences from
GenBank, including those used in the resurrected species
descriptions of T. noae by Su et al. (2014). Additional
sequences for T. gigas and T. derasa from other studies (Fau-
velot et al. 2020; Lizano and Santos 2014; Plazzi and Pas-
samonti 2010) were also included. Furthermore, as 7. noae is
comprised of three distinct mitochondrial lineages (Fauvelot
et al. 2019), haplotypes representing these lineages were
included to display intraspecific relationships (for details on
haplotype identification see next paragraph). All sequences
were imported into MEGA version 11 (Tamura et al. 2021),
aligned with MUSCLE (Edgar 2004) and trimmed to a
common length of 347 nucleotides. A maximum-likeli-
hood phylogeny was then generated using the web server

implementation of IQ-TREE (Nguyen et al. 2014; Trifino-
poulos et al. 2016) with default settings and branch support
tested with 1,000 ultrafast bootstrap replicates (Hoang et al.
2017). The best fitting substitution model (HKY +F+ G4)
was identified based on the Bayesian information criterion
(BIC) with ModelFinder (Kalyaanamoorthy et al. 2017).
The final tree was visualized with the online software iTOL
(Letunic and Bork 2021).

Intraspecific relationships within 7. noae were further
explored through the construction of a haplotype network.
All sequences listed in Fauvelot et al. (2019) and 20 T. noae
sequences from Ningaloo Reef in Johnson et al. (2016) were
downloaded from GenBank and MUSCLE-aligned with
the six Cook Islands sequences in MEGA. The alignment
was trimmed to a common length of 347 nucleotides. Two
sequences (GenBank accessions: KT899619 and JX974905)
containing ambiguous bases in the middle of this alignment
were removed to simplify the construction of the haplo-
type network. Removal of these sequences had no impact
on the results as, aside from an ambiguous base, they were
identical to other sequences in the alignment. Sequences
were then collapsed into haplotypes with DnaSP version
6.12.03 (Rozas et al. 2017). Haplotypes represented by a
sequence with a GenBank accession number were identified
for inclusion in the phylogeny (see previous paragraph). If
the haplotype was represented by more than one sequence,
one randomly selected GenBank-associated sequence was
used in the phylogeny. A median-joining haplotype network
(Bandelt et al. 1999) was generated in PopART version 1.7
(Leigh and Bryant 2015), with the Epsilon value set to 0.
All haplotypes were assigned to lineages and geographic
location following Fauvelot et al. (2019).

All sequences were deposited in NCBI (Accessions:
0Q547099 — 0Q547104) and metadata uploaded to the
Genomic Observatories Metadatabase (GEOME, acces-
sioned as Tridacna_CooklIslands at https://n2t.net/ark:/
21547/FGv2).

Results and discussion

The first records of Tridacna noae in the Cook Islands were
confirmed. Based on the maximum-likelihood phylogeny,
all six individuals putatively identified as T. noae dur-
ing the original field collection were confirmed to reside
within the clade for this species (Fig. 1). This clade com-
prised the two individuals used in the resurrected species
description of T. noae (GenBank accessions: DQ168140
and KC456023), along with sequences from other studies
since its re-establishment as a valid species, and was distinct
from the clades for the two other Tridacna species native
to the Cook Islands: T. maxima and T. squamosa. Both the
phylogeny and haplotype network showed that the six Cook
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Fig. 4 Previously known distribution of 7. noae is indicated by the
light gray shaded polygon. Triangles represent genetically confirmed
observations and circles represent visual observations. New geneti-
cally confirmed records from the Cook Islands and expanded range

Island specimens can be placed within mitochondrial Lin-
eage III (Figs. 1 and 2), which includes individuals from
Central Polynesia (Samoa and Wallis and Futuna (Fauvelot
et al. 2019)). Additionally, the haplotype network revealed
the presence of four novel haplotypes for T. noae from the
Cook Islands.

Field identification of all six T. noae, using mantle col-
oration of lighter spots bound by white rings, confirmed by
subsequent genetic analysis, supports findings by Su et al.
(2014) that mantle pattern may be sufficient for identifica-
tion and differentiation from 7. maxima. Mantle coloration
of Tridacna noae observed in Rarotonga varied, including
a dark brown to near-black coloration with numerous light
brown ocellate spots bound by white rings (Fig. 3). Ocel-
late spots on the mantle edge were smaller than those medi-
ally and opened to a thin white margin on the mantle edge.
Interestingly, no T. noae of the Cook Islands were observed
with the vivid blue and green mantles found elsewhere (Su
et al. 2014). It may be that preferential harvest of these non-
cryptic color variants has removed these color morphs from
Cook Islands’ populations, or that these morphs have never
occurred within the Cook Islands.

Our findings, confirmed by DNA analysis, extend the
known range of T. noae, increasing the south-eastern dis-
tribution by over 1340 km (Fig. 4). Prior to our study, the
south-eastern distributional limit of 7. noae was determined
by Kiritimati in Kiribati and Wallis in Wallis and Futuna

@ Springer
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are indicated by the red triangle, red line, and dark gray shading.
Inset: Locations of new genetically confirmed 7. noae records from
Rarotonga, Cook Islands. Additional detail on known locations of 7.
noae throughout the region is provided in Online Resource 1

(Borsa et al. 2015b), American Samoa (Marra-Biggs et al.
2022) and New Caledonia (Fauvelot et al. 2019). This indi-
cates that nearby countries (e.g., French Polynesia, Tonga
and Niue) may also hold undocumented populations of 7.
noae. Consequently, there are important implications for
appropriate conservation and management of Tridacna spe-
cies in those areas.

Similar to the findings of others (Huelsken et al. 2013;
Borsa 2015b), the presence of T. noae in the Cook Islands
also suggests that the densities of 7. maxima and T. squa-
mosa might have been overestimated because 7. noae was
likely included in counts of one or both species. Depend-
ing on the ratio of 7. noae to the other two native Tridacna
species, this overestimation could mean that 7. maxima
and T. squamosa populations may be smaller than previ-
ously reported. Furthermore, because T. noae had never
been included in previous Cook Islands surveys, this spe-
cies may already be overharvested or unknowingly extir-
pated from some islands. In Rarotonga, T. noae could
have been afforded some protection by their cryptic brown
coloration (Fig. 3) and because their habitat extends into
waters deeper than those where most local clam harvests
occur (K. Morejohn, unpublished data).

Although only recently confirmed as a valid species
within Tridacna (Borsa et al. 2015a; Su et al. 2014; Tan
et al. 2021), our study confirms that 7. noae is relatively
widespread. Our field observations of 7. noae suggest this
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species occurs in a range of habitats (including reef flats,
lagoons and fore reefs) and depths (0.2 to 8.8 m) and may
be more tolerant of shading than co-occurring 7. maxima
individuals. Such ecological understanding of T. noae,
however, is in its infancy and conservation and manage-
ment measures will now benefit from the knowledge that
their populations in the Cook Islands can be confidently
identified, surveyed and monitored.
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