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Abstract

The reefs at Palmyra Atoll, one of the northern Line Islands in the equatorial Pacific, have been
undergoing a phase shift from scleractinian corals to a corallimorph-dominated benthos. It has been
unclear whether there has been cryptic speciation or morphological plasticity leading to different ecotypes
of Rhodactis howesii. Here, | use mitochondrial genomic analysis to assess species validation and
underlying cause of morphological variation across the atoll. | mapped sequenced reads to Rhodactis
indosinensis, R. howesii’s closest recorded genomic taxon. In additon to one individual from American
Samoa, | assessed phylogenetic relationships of published corallimorph genomes with those from
Palmyra. There was no identifiable population structure within Palmyra, and available dinoflagellate
symbiont communities were consistent among the sequenced individuals. There were notable differences
in symbiont communities between Palmyra and American Samoa individuals, as well as six fixed
nucleotide differences. | conclude that the lack of taxonomically validated genetic reference material
together with vague species descriptions, morphological plasticity and overlap among morphological
characters, combine to raise doubts about the validity of the currently accepted species name, R. howesii.
Comparison of my results to all currently available genetic data for corallimorpharians suggests that the
species at Palmyra is most closely related to an unidentified species of Rhodactis from Okinawa.
However, taxonomically confirmed R. howesii is absent from genetic databases so no firm conclusions
about species identification can yet be drawn. It seems clear that this group is in need of additional
taxonomic work and a broad phylogenetic survey of taxa and geographic distribution would further my

understanding of marine biodiversity, conservation, and invasion dynamics of this understudied group.
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Introduction

Globally, coral reefs are subject to direct effects of human interaction, as well as indirect effects
such as coastal development, runoff, and ocean warming and acidification (Spalding et al. 2017). One
strategy to combat increasing anthropogenic pressures is the creation of large areas protected from fishing
and visitation to offset the loss of coral reef habitats due to local and global stressors and increase
spillover to adjacent habitats (Toonen et al. 2013; Cabral et al. 2020). One such area is the Pacific Remote
Islands Marine National Monument, co-administered by the ME Fish and Wildlife Service (USFWS) and
the National Oceanic Atmospheric Administration (NOAA). The Monument covers approximately
1,269,094 km? in the Central Pacific, protecting multiple atolls, as well as biodiverse seamounts. Recent
surveys show up to 200% increase in coral reef biodiversity since the Monument was established in 2001
(Kenyon et al. 2012).

Originally discovered by voyagers in 1802, Palmyra Atoll is the northern most atoll in the Line
Island chain located in the equatorial Pacific. Palmyra Atoll National Wildlife Refuge (NWR) was created
in 2001 following its purchase from the Fullard-Leo family by The Nature Conservancy in 2000, and has
been protected ever since (Work et al. 2008; Collen et al. 2019). The atoll, which has been characterized
as a nearly pristine coral reef ecosystem, has a productive trophic structure and high levels of coral cover
and recruitment (Sandin et al. 2008). In the last decade, however, areas of the nearshore reef have been
invaded by corallimorph colonies that can rapidly monopolize the benthos and reach 100% cover in some
areas (Carter et al. 2019). There is concern that the resulting phase shift from scleractinian-dominated
habitats may be irreversible due to a negative feedback loop of coral decline and subsequent algal,
sponge, or corallimorph domination (Kelly et al. 2012).

Phase shifts have been shown to follow both pulse disturbances to the ecosystem as well as large
scale events, such as shipwrecks and storms (Norstrom et al. 2009; Roff et al. 2015). In 1991, the fishing
vessel Hui Feng I was intentionally grounded on the forereef of Palmyra Atoll; this wreck has been
considered central to the outbreak of these corallimorphs (Work et al. 2008). Some believed that the
grounding initiated the invasion, but the corallimorph was observed around the atoll before the shipwreck
(Carter et al. 2019).

Corallimorphs are marine invertebrates that share traits with both anemones and scleractinian
corals, possessing cnidae but lacking a calcareous skeleton (Muhando et al. 2002). They are able to
reproduce asexually by budding and longitudinal fission, as well as through sexual reproduction
(Chadwick-Furman and Spiegel 2000; Kuguru et al. 2002). Corallimorph growth and reproduction tends
to increase in areas with higher nutrient loads and increased turbidity, conditions which tend to decrease
competitive ability in scleractinian corals (Kuguru et al. 2002). Because of this adaptability, corallimorphs
are excellent competitors; in addition to being able to Kill corals directly, they can quickly move into
disturbed areas and out-compete surrounding organisms (Chadwick-Furman and Spiegel 2000; Muhando
et al. 2002).

A USFWS employee in 2004 identified the corallimorph at Palmyra as Rhodactis howesii, but
permanent monitoring transects were not established until 2006 (T. Work, pers. comm.; Work et al.
2008). The shipwreck is believed to have favored the corallimorph, with some researchers proposing that
copper or iron enrichment may have increased population growth rates, and others arguing that the
disturbed habitat itself was ideal for colonization by this opportunistic species (Reichelt-Brushett and



Harrison 1999; Work et al. 2008). Removal of the shipwreck in 2013 resulted in a marked decrease in
corallimorph population density in the immediate vicinity (Carter et al. 2019). Despite the decline around
the site of the wreck removal, there was spread to additional undisturbed sites where the corallimorph
proved capable of overgrowing reef-building scleractinian corals (Work et al. 2018; Carter 2019). Control
efforts using chlorine treatments were undertaken in 2018, but although successful, proved impractical
due to limitations of the application and the scale of spread. The invasion remains a subject of
considerable concern to resource managers, and research into new control methods is on-going (Work et
al. 2018).

Two distinct morphs of R. howesii were recognized during initial monitoring surveys and also
appear in the original species description (Saville-Kent 1893). One morph is small and vibrantly green in
color and tends to occur in low densities that did not have displaced scleractinian corals. The second
morph is dull brown with large, fleshy polyps that occur in dense colonies which monopolize space across
broad areas (Figure 1) (A. Pollock, pers. obs.). Resource managers and researchers began to question
whether the green and brown morphs with varying invasive tendencies represent different ecotypes of R.
howesii, separate invasions, or perhaps even cryptic species. Corallimorpharians are notoriously difficult
to identify, and the poorly resolved taxonomy of this group led to a preliminary genetic survey in an effort
to confirm species identification, examine population genetic structure and determine possible origins of
the invasion (Carter 2014). Unfortunately, these results were inconclusive. The target gene region, 18S,
was highly conserved and uninformative, and there was little variation and no spatial structure among
ITS1 and 5.8S sequences sampled from individuals at all sites around Palmyra Atoll (Carter 2014). The
28S sequence matched that of R. howesii published by Chen et al. (1996), but there were only a handful of
corallimorpharian 28S sequences against which to compare at the time. In addition, at the time of upload
to GenBank this sequence was also mislabeled as a different Rhodactis species, and its validity in the
database is still questionable (A. Carter, pers. comm.).

Here, | applied a reduced representation genomic sequencing approach (restriction-associated
DNA sequencing, hereafter referred to as RAD-seq) to examine the current taxonomic classification of
the invasive corallimorph identified as Rhodactis howesii. | also compare the samples at Palmyra Atoll to
those in American Samoa as well as previously published studies. | initially set out to test whether the
observed color morphs might be cryptic species or multiple introductions using RAD-seq as well, but as
of 2019 observers noted that differences between the green and brown morphs were not as obvious as
they had previously been and it had become difficult to tell them apart in the field. Therefore, after
initially confirming no obvious genetic differences among the morphs, | did not pursue genetic analysis
further. Finally, | also examined the diversity and identity of Symbiodiniaceae within these
corallimorphs. These symbiontic dinoflagellates not only provide photosynthetic products that provide
nutrients to the corallimorpharian host, but also have the capacity to affect host pigmentation and tentacle
structure (Cha 2001; Kuguru et al. 2008; Hoadley et al. 2016), and | hypothesized that differences in
symbiont community may help to explain the morphological and color differences.



Materials and Methods

Study Species

Rhodactis howesii is a part of the family Discosomatidae, with a discoidal body shape, digit-form
marginal tentacles, and branched distal tentacles (Cha 2001). The genus Rhodactis also contains three
cnidae types: holotrichs, microbasic p- mastigophores, and microbasic b- mastigophores (Cha 2001).
Unfortunately the original species description (Saville-Kent 1893) lacks sufficient morphological detail to
confidently eliminate congeners (see Supplement.), and taxonomic opinions offered by experts are the
most reliable information currently available (Cha 2001; Fautin 2013).

Figure 1. Corallimorphs at the Penguin Spit site on the reef of Palmyra Atoll (a), on a reef in Tutuila,
American Samoa (b), putative green color morph on Palmyra (c & €), brown color morph on Palmyra (d

&f).



Site Selection

Two sites were chosen from separate geographical populations of corallimorpharians around the western
reef terrace of Palmyra (Figure 2). Other sides of the island were inaccessible to volunteer collectors due
to a lack of safe anchorage. Existing buoys marked these locations (Figure S1.). At each site,
corallimorphs of the putative color morphs (green or brown) within a fifty-meter radius of the buoy were
collected. Samples were also opportunistically collected from individuals in American Samoa by
USFWS collaborators (Figure 2).
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Figure 2. Collection sites of sequenced corallimorph individuals relative in the Pacific from Hawai‘i
(top); from Palmyra Atoll (left) and Tutuila, American Samoa (right). The uppermost point on the
forereef at Palmyra is the site Crazy Corals (CC), the source of a green individual from a high density
area, and the other is Penguin Spit, the source of one brown and one green individual (PSB & PSG).



Sample Collection, DNA Extraction, and Quantification

Tissue samples consisting of tentacle clips were collected from Palmyra Atoll and American Samoa, and
placed in a DMSO salt saturated buffer (Gaither et al. 2011) at a 4:1 solution to tissue ratio for
preservation and kept at room temperature until shipment to the Hawai‘i Institute of Marine Biology
(HIMB), where they were stored at -20°C. Tissue was prepared for extraction by first being blotted on a
Kimwipe tissue to remove extraneome mucome and allowed to dry for 5 min. Extractions were then
performed using the E.Z.N.A. Tissue Kit (Omega Bio-tek, Inc.) with an initial wash of 50 pl of HPLC
grade water followed by elution with 100 pl to ensure high molecular weight DNA. Extracted DNA was
visualized on a 1% agarose TAE gel, stained with GelRed (Biiotium, Inc.) next to a Quick-Load Purple 1
kb DNA ladder (New England BioLabs, Inc.) to assess quality.

Library Preparation and Sequencing

Reduced representation genomic sequencing employs the ez-RAD (Toonen et al. 2013) protocol of Knapp
et al. (2016) to prepare RAD libraries for four high molecular weight samples selected to represent each
of the green and brown color morphs, large geographical distance, and an individual from American
Samoa. Briefly, DNA was digested with the frequent cutter DpnlI restriction enzyme and quantified using
a Qubit Fluorometer (Life Technologies). Post-digest the libraries were cleaned at a ratio of 1:1.8
(DNA:beads) with AMPure XP beads. Libraries were prepared using the KAPA Hyper Prep kit (Roche
Sequencing and Life Science, Indianapolis, IN) following manufacturer protocols, and 325-700 bp
fragments were isolated using a Pippin Prep (Sage Science, Inc.). Sequencing libraries were then
amplified with nine rounds of PCR targeting 20 pl of prepared DNA. Another cleaning with AMPure XP
beads was performed post PCR with a 1:1 ratio. Libraries were validated by viewing on a 1% agarose
TAE gel as well as quantification with the Qubit Fluorometer (as above). Final samples contained 30.1,
32.6, 16.8, and 12.8 ng/ul of DNA for Crazy Corals (CC), Penguin Spit 1- brown morph (PSB), Penguin
Spit 2- green morph (PSG), and American Samoa (AmS), respectively. Libraries were sequenced by the
Advanced Studies in Genomics, Proteomics, and Bioinformatics (ASGPB) lab using an lllumina MiSeq
(V3 2x300bp) at the University of Hawai‘i at Manoa.

Bioinformatics

Sequence data returned in FASTQ format by the core lab was first run through FASTQC to assess the
quality of the reads (Andrews, 2010). The FASTQ reads were then imported to Geneious Prime
(v2020.1.2, http://www.geneious.com, Kearse et al., 2012) and paired. The BBDuk (Bushnell, B.
sourceforge.net/projects/bbmap/) was used to trim the reads and remove Illumina adapters, a minimum
quality score, sequence length, and overlap of 20. Reads were mapped to the reference sequence of
Rhodactis indosinensis using the Geneious mapper at medium-low sensitivity, iterating five times (Price
et al. 2016). The nucleotide sequences were then aligned using the Geneious global consensus aligner
with 93% similarity. The concluding consensus sequences from each individual were then multiple
aligned with Geneious to create the R. howesii mitochondrial genome consensus sequence (statistics from
each of these steps are included in Table 1). Two short regions in the consensus were edited manually,
due to high error rate at the ends of sequences and the difficulty of NGS sequencing to handle highly
repetitive segments. If a polymorphism occurred after >10 repeating bases, it was manually deleted or
edited to match the reference sequence (only four single nucleotides were removed this way). When
evaluating SNP’s across the consensus sequence, nucleotides were retained as polymorphisms if they had
at least 3x coverage, were flanked by at least 10 good reads on either side, and were not within 20 bp
from the end of a read.



To analyze phylogenetic relationships between the R. howesii mtDNA genome and other corallimorph
references, tree models were analyzed using jModelTest (jModelTest 2.1.10; Guindon and Gascuel 2003;
Darriba et al. 2012). The alignment was then put into RAXML (v 8.2.12, Stamatakis 2014) to compute
maximum likelihoods and bootstrap values after 1,000 replications. RAXML was used through the toolkit
provided by CIPRES science gateway (Miller et al. 2010). Tree data with bootstrap support values were
visualized and edited in the program FigTree (v 1.4.4., Rambaut 2018), and imported into Inkscape to
develop figures (Harrington et al. 2004). Pairwise nucleotide differences and phylogenetic tree support
was done in MEGA (Kumar et al. 2018). COI barcode sequences for these samples were extracted from
the mitochondrial genomes by mapping to the R. indosinensis COI segment using Geneious under the
same conditions as previously mentioned. The COI tree was created using the BOLD database
(Ratnasingham and Hebert 2007). Each individual was also read mapped to any corallimorph rDNA
sequences (28S, 5.8S, 18S, ITS1, or ITS2) located in GenBank using the same Geneious parameters as
listed above to create a comparative non-mitochondrial dataset (Table S4).

Symbiodiniaceae identification

The ITS2 region of Symbiodiniaceae ribosomal DNA was targeted for sequencing using Symbiodiniaceae
specific primers 454-1TSinfor2 (5'-GAATTGCAGAACTCCGTG-3"and 454-1TS2-reverse (5'-
GGGATCCATATGCTTAAGTTCAGCGGGT-3') modified from Arif et al (2014) to include Nextera
indexes to allow multiplexing (Table S1). Each 25 puL PCR included the following components: 5 ng/ul of
holobiont DNA, 5 ul of each 1.0uM forward and reverse primer, and 12.5 ul of HotSmart Taq 2X Master
Mix. The PCRs were run with an initial melt of 95°C for 3 min, followed by 25 cycles of 95°C for 30 s,
55°C for 30s, and 72°C for 30s, and a final extension of 72°C for 5 min. Amplification was checked
visually by electrophorese on an agarose gel.

PCR products were cleaned with the Mag-Bind® TotalPure NGS (Omega Bio-tek, Inc.) following the
clean-up protocol described in 16S Metagenomic Sequencing Library Preparation, quantified
fluorescently using Qubit (Invitrogen), and pooled according to their DNA concentration. Sequencing
library preparation followed the End repair and A-tailing and Adapter ligation steps described in KAPA
hyper prep library (Knapp et al. 2016). Post ligation cleanup was done following the same bead protocol
used previously.

Libraries were again sequenced at the UHM ASGPB sequencing facility. Sequences were demultiplexed
using cutadapt and submitted to Symportal (Hume et al. 2019), a community driven database using NGS
sequencing data to derive Symbiodiniaceae communities present using the ITS2 amplicon.



Results

Four individuals were sequenced (Table 1), but the remaining collections were deemed unnecessary after
learning that the color morphs were no longer as easily distinguishable in the field, and the discovery of
Carter‘s thesis (2014) during data review revealed no indication of population structure.

Complete mitochondrial genomes were recovered from all three sequenced individuals from Palmyra and
the one from American Samoa, with a ref-seq (coverage of at least one read per un-gapped sequence) of
100%. Although the sample from Penguin Spit (PSB) had the highest number of reads, the sample from
Crazy Corals (CC) had the highest number of mapped reads and the highest mean coverage (Table 1).

Individual Site Sequence Reads Mapped Reads Coverage Mean Pairwise Identity (%) Identical Sites (%)
American Samoa Gataivai, American Samoa 6,879,358 16,664 187.3 67.8 99.5
CC Crazy Corals, Palmyra 8,047,024 84,522 892.2 99.6 23.8
PSB Penguin Spit, Palmyra 8,577,144 11,106 125.8 99.5 74.9
PSG Penguin Spit, Palmyra 8,009,596 15,958 179.7 99.6 69.3

Table 1. Individual corallimorph sequence reads were mapped to a Rhodactis indosinensis mitogenome
reference (Table S2) using Geneiome Prime (v2020). For each individual, total number of reads
sequenced was recorded, followed by the number of those reads that mapped to the R. indosinensis
reference. Pairwise identity for each individual refers to the percent of reads at each nucleotide that were
identical. Identical sites are those loci that have at least two mapped nucleotides that do not contain gaps
and are identical.

The consensme sequence for the mitogenome of R. howesii generated from all four individuals was
20,354 base pairs in length, with 99.07% identical sites, 99.99% pairwise identity, and 0.36 expected
errors. The three samples from Palmyra were identical, but the individual from American Samoa had six
nucleotide differences across the mitogenome from them, all six widely separated throughout the
consensus.

Phylogenies

The corallimorpharian phylogeny (Figure S2) based on all mitogenomes currently avialable shows a deep
divergence with the Palmyra samples all falling within the same monophyletic clades. Corallimorphus
profundus and Corynactis californica fall in the corallimorph clade most closely related to hard corals
(Lin et al. 2014), and are evolutionarily divergent from the species of interest here. Therefore, C.
profundus, C. californica, R. yuma, R. florida, and Pseudocorynactis sp. were removed from further
analyses to better see the relationships between the R. howesii samples, which is supported by the
pairwise nucleotide differences (Table 2).

1 A. fenestrafer 1 2 3 4 5 6 7 8 9 10 11 12 13
2 American Samoa 0.010
3 Palmyra- Crazy Corals 0.010 0.000
4 C. profundus 0.125 0.125 0.128
5 C. californica 0.138 0.135 0.136 0.283
6 D. nummiforme 0.025 0.023 0.024 0.135 0.146
7 Palmyra- Penguin Spit (B) 0.011 0.001 0.001 0.129 0.141 0.024
8 Palmyra- Penguin Spit (G) 0.011 0.001 0.000 0.129 0.141 0.024 0.000
9 Pseudocorynactis sp. 0.082 0.079 0.080 0.163 0.175 0.089 0.080 0.080
10 R. indosinensis 0.012 0.002 0.002 0.130 0.143 0.026 0.002 0.002 0.082
11 R. mussoides 0.026 0.023 0.024 0.136 0.148 0.018 0.024 0.023 0.091 0.025
12 R. florida 0.090 0.088 0.088 0.209 0.232 0.102 0.088 0.087 0.104 0.087 0.102
13 R. yuma 0.096 0.090 0.091 0.207 0.234 0.111 0.089 0.089 0.111 0.091 0.109 0.041

Table 2. Pairwise nucleotide differences between each corallimorph species assessed in the mitochondrial
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phylogeny at 39,777 sites. Darker shades indicate higher nucleotide differences, for example, a value of
0.283 would mean those two species have about 72% identical base pairs. Table is read by aligning
numbers on top and left which represent the numbered species (i.e. The intersection of column 2 and row
3 is the difference between species 2- American Samoa and species 3-Palmyra CC). Yellow shaded boxes
are the lowest values, and represent relationships between American Samoa and CC, CC and PSG, and
PSB and PSG (top to bottom, left to right).

The smallest pairwise nucleotide differences (highest similarity) occured between the two color morphs
(PSG and PSB) and the American Samoa sample with CC and PSG separately, followed closely by
comparisons between Samoa and PSB, Samoa and PSG, and CC and PSB (Table 2).

Focusing on the monophyletic clade that contains the four samples characterized here (Figure 3), the
phylogeny based on complete mitogenomes groups the Palmyra samples with Rhodactis indosinensis
(branches in this clade have <75% bootstrap support). This tree splits out the individual from American
Samoa, but with no congeners other than R. indosinensis against which to compare, this analysis offers
little in terms of species-level identification of these corallimorphs.

Rhodactis mussoides

100

Discosoma nummiforme

Amplexidiscus fenestrafer

100 |— American Samoa

97

Rhodactis indosinensis

{ Palmyra- PSB
Palmyra- PSG
Palmyra- CC

Figure 3. Phylogenetic relationships among corallimorphs based on currently available mitochondrial
genomes. Branches <75% bootrsap support are collapsed.

0.002

Given the paucity of available mitogenomes for corallimorpharians, | extracted the rDNA loci from my
samples and compared them to all other corallimorph sequences currently available in GenBank (Table
S4). These loci again grouped my samples with other Rhodactis species, but phylogenic relationships
showed low support and relationships differed among loci (Table S5). There is 100% sequence match to
the only existing R. howesii 28S reference, but it is only 211 bp long, whereas there is also 100%
sequence match to multiple other species (e.g. R. byroides and R. rhodostoma) based on longer portions
of the rDNA (Table S5). Consistent with the mitogenome derived phylogenies, these data support both
the Palmyra and American Samoa samples belonging to the genus Rhodactis, but offer little more in
terms of species resolution.



The most extensive reference database currently available for corallimorph species is the Barcode of Life
Database (BOLD). Despite being the most extensive genetic sampling of corallimorph species available,
BOLD does not include Rhodactis howesii, for which the only published sequence is the 211 bp fragment
of 28S from Chen et al. (1996). This is also the sample for which the authors were uncertain of whether
the species name had been corrected (A. Carter pers. comm.). Extracting the COI sequences from all four
samples (Palmyra PSB, PSG, CC, and American Samoa) allowed me to compare my samples to other
corallimorpharians across the globe. Because this database lacks any reference for R. howesii | can not
confirm species identification, but as with the complete mitogenome phylogeny above, these samples
show affinity to R. indosinensis (Figure 4). Using the BOLD sequence query, the closest match based on
samples available in BOLD is an unidentified Rhodactis sp. ‘OKRhod’ collected from Okinawa, Japan
(Fukami et al. 2008), whereas the R. howesii sequenced by Chen et al. (1996) was collected from Magic
Island in the GBR, Australia.

Discosoma sp. (Okinawa Japan +4)

Rhodactis mussoides (Taiwan +2)

Discosoma nummiforme

Discosoma nummiforme
Actinodiscus nummiforme, Taiwan
Discosoma carlgreni, Belize

— | Amplexidiscus fenestrafer, Norway
Amplexidiscus fenestrafer (Taiwan +2)

Discosoma sp., Okinawa Japan

E Rhodactis sp.

Rhodactis sp.

Rhodactis indosinensis (Taiwan +1)

Rhodactis indosinensis

Rhodactis sp. OKRhod, Okinawa Japan

Rhodactis indosinensis, Singapore

[ l Palmyra and American Samoa ] e —

Figure 4. Phylogenetic relationships using COI sequences available in the BOLD systems database, where
the box indicates the samples discussed in this study. Each of the four individuals were run through the
sequence query separately, but all resulted in the same resulting phylogeny. Clades with minimal branch
lengths are collapsed (number indicated by +x) for presentation.

Symbiont communities
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Symportal results showed that all Palmyra samples had a diverse Symbiodiniaceae community, all
belonging to the genus Cladocopium [formerly known as clade C (LaJeunesse et al. 2018)], while the
corallimorph from American Samoa had only genus Durusdinium (clade D, type D4) (Figure 5.).
Symportal ITS2 type profiles show individuals CC and PG with highly similar symbiont communities,
with CC showing the greatest number of C1 types across all four individuals (Figure S3).
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Figure 5. Symbiodiniaceae community relative abundance (%) in corallimorphs of Palmyra (PG, CC, PB)
and American Samoa.
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Discussion

Palmyra Atoll NWR within the Pacific Remote Islands Marine National Monument provides a desirable
study site for those who seek to evaluate the structure and function of coral reef ecosystems with minimal
direct human influence (Sandin et al. 2008; Lafferty et al. 2008; McCauley et al. 2010; Williams et al.
2011; Koweek et al. 2015). Such intact and diverse reefs were once thought more resistant to alien
species (Mooney et al. 2005), but both sponges and corallimorphs are among those species that have
successfully invaded Palmyra Atoll (Work et al. 2008; Knapp et al. 2011; Carter et al. 2019). Both of
these groups are understudied and notoriously difficult to identify to species, even for taxonomic experts
(Cha 2001; Knapp et al. 2015).

Corallimorpharian systematics have been evaluated using COI (Nilkerd et al. 2015; Crane et al. 2016),
mitogenomes (Lin et al. 2014; this study), transcriptomes (Lin et al. 2017), 12S (Nilkerd et al. 2015), ITS
(Chen et al. 1996; Oh et al. 2019), and IGR (Oh et al. 2019). Although these previous studies have shed
light on the evolutionary split from scleractinian corals, there remains more detailed work to resolve
incongruencies among nominal species within the Corallimorpharia. For example, in both my analysis
and previous studies Rhodactis is polyphyletic with R. mussoides falling into a clade dominated by
Discosoma rather than other Rhodactis species (Figures 3, 4, & S5).

Corallimorpharian taxonomy has long been debated, and subject to change, due to a lack of skeletal
structures to use as characters, broad overlap of morphologic characteristics, inconsistency of names and
morphological plasticity, and brief and incomplete species and even genus descriptions (Cha 2001, Ocafia
et al. 2017, Nilkerd et al. 2015). Most observations and taxonomic work on corallimorpharians to date
has been done by scientists who specialized in Actinaria, with few specializing in this group specifically.
This lack of taxonomic focus has led to some misclassifications and revisions, and it is only recently that
morphological and genomic research has shown conclusively that Corallimorpharia is monophyletic and
separate from both the Actiniaria and Scleractinia (Lin et al. 2014; Oh et al. 2019; Lin et al. 2017).

The World Register of Marine Species highlights a history of synonymizing in Rhodactis with species
swapping into and out of the genus (Fautin 2013). R. howesii is recognized as a valid species since
description by Saville-Kent in 1893, but a literature search turned up no other studies until the outbreak at
Palmyra, with the only confirmed specimens being the original type collection from Australia (Fautin
2016). R. indosinenesis has been recorded from Cambodia, Vietnam, Japan, Micronesia, and Taiwan,
having many of the same morphological and ecological characteristics (Fautin 2016, Lin et al. 2014,
Crane et al. 2016, Oh et al. 2019). Saville-Kent (1893) mentions the similarity between marginal
tentacles of R. howesii and R. rhodostoma.

To date, the only published genetic information on R. howesii comes from Chen et al. (1995, 1996) and
subsequent phylogenetic analyses repeated this name using those same 28S, 5.8S, and ITS1 sequences
(Veron et al. 1996). In a more recent study with broader taxonomic sampling, Corallimorphus profundus
was shown to be the corallimorpharian that is sister to the scleractinians, and diverged first in this ancient
lineage. Analyzing phylogenetic relationships at both the nucleotide and protein levels, Rhodactis sp.
(CASIZ 17155, Table S2) is most closely related to R. indosinenesis with a phylogeny (Figure S2) that
matches the one produced in this study (Kitahara et al. 2014; Lin et al. 2014). Other studies using this
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same sequence from Rhodactis sp. show it to be sister taxa with R. indosinenesis (Oh et al. 2019), and in a
monophyletic clade with A. fenestrafer (Nilkerd et al. 2015). Crane et al. (2016) collected a Rhodactis sp.
from Okinawa, Japan and also report a sister relationship with R. indosinensis based on COI sequences.

R. indosinenesis described in Oh et al. (2019) has ““marginal and discal tentacles brown, usually similar
in color to oral disc. Tips of tentacles often a lighter shade or different in color (e.g., green).” which is
also consistent with both the morphological description of the corallimorph observed in Palmyra and the
original species description of R. howesii (see Online Resources). Oh et al. (2019) highlight that after
detailing both internal and external characteristics, there were in some cases multiple morphotypes
belonging to the same genetic species lineages, and concluded there was likely morphological plasticity in
both R. indosinensis and R. inchoata.

Consistent with previous studies my work highlights the need for taxonomic revision of this group to
unambiguously resolve the identity of this invasive corallimorpharian. My data show that the green and
brown morphs have essentially identical mitogenomes that likely represent a single polymorphic species,
and the fact that observers at Palmyra Atoll have found it increasingly difficult to distinguish the morphs
provides additional support for this finding. Previous studies report that symbiotic dinoflagellates can
alter host pigmentation and tentacle structure (Cha 2001, Kuguru et al. 2008, Hoadley et al. 2016) and |
examined the symbiont communities to determine whether there were any differences among the morphs.
In contrast to the hypothesis that differences in the symbiont community may help to explain the
morphological differences, | find remarkably consistent symbiont communities among sampling locations
and morphotypes (Fig. 6). Unfortunately, | do not have historical samples from when the morphs were
more obvious, so cannot distinguish between the possibilities that the symbiont community has converged
along with the polyp morphology through time, or that these morphs are not a result of thier symbiont
community.

It is striking that the community of Symbiodiniaceae recovered from the invasive population at Palmyra
differs from the sample at American Samoa. All samples from Palmyra host Cladocopium, expected due
to this being the most common symbiont among shallow water invertebrates. Surprisingly, the sample
from American Samoa contained only Durisdinium which is generally seen in deeper extremophilic
environments (LaJeunesse et al. 2018). Symbiont diversity has been highlighted as one of the factors
associated with resilience of reef corals in response to disturbance and anthropogenic impacts (e.g., Hill
1996, Baker 2004, Berkelmans and van Oppen, 2006, Nystrom 2006, Baskett et al. 2009, Ziegler et al.
2018). In corallimorpharians specifically, survival under rapid environmental change and stress was
attributed to symbiont shuffling (Kuguru et al. 2008), and symbiont composition has the capacity to affect
host physiology (Hoadley et al 2016). Crazy Corals is considered a low density site in Palmyra whereas
Penguin Spit is classified as high density, so the similarity of Cladocopium species and ITS2 relative
abundance profiles between CC and PSG suggests that Symbiodiniaceae communities are not playing a
large role in ability to overtake a reef. In additon, the presence of only one species difference between the
two putative color morphs from Penguin Spit (C42au from PSB and C3ew from PSG) makes it unlikely
that differences in symbiont makeup are responsible for the observed color differences. This conclusion is
further supported by the phenotypic similarities and symbiont differences between Palmyra and Samoan
corallimorphs (Figure 1).

Concordant differences in symbiont communities together with mitochondrial and nuclear differences
between individuals from American Samoa and Palmyra highlight the need for broader taxonomic and
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geographic sampling to confirm whether such differences are within the normal range of variation seen
within this group, or represent a species complex. Ultimately, these data cannot confirm that the invasive
corallimorph at Palmyra Atoll is correctly identified as Rhodactis howesii. Genetic reference material
aligns with R. indosinensis but no taxonomically confirmed samples exist in any database to confirm or
exclude genetic similarity to R. howesii. Further, the morphological characters from the species
descriptions could match several congeners including R. howesii, R. indosinensis or R. rhodostoma.

Regardless of an indisputable identification, this species of Rhodactis has been documented to rapidly
monopolize disturbed habitat at Palmyra Atoll, leading to a phase shift on the reef (Work et al. 2008).
Efforts to control the invasion included removal of the vessel at the epicenter of the initial spread and
subsequent eradication efforts (Work et al. 2018). The removal of the wreck resulted in a decline in
percent cover in that location, but increases in the sites of detection, percent cover and patch size
continued at other locations around Palmyra (Carter 2019).

Palmyra lies in the middle of the North Equatorial Countercurrent, which flows eastward and separates
the North and South Pacific tropical gyres (Hsin and Qiu 2012). This east-bound current from places like
Taiwan and Japan may have been a potential source for central Pacific populations given the rafting
ability of corallimorphs implies great dispersal potential (Chadwick-Furman et al. 2000). Palmyra’s
location along this current and on the equator also subjects it to an increase in nutrients and chlorophylls
due to an upwelling gradient (Johnson et al. 2020).

Alternatively, a similar corallimorph invasion detected at Ulithi Atoll, Micronesia, was also found to be
genetically identical to the Rhodactis species from Okinawa (the sequence that BOLD matched to the one
discussed in this study) (Crane et al. 2016). Like Palmyra Atoll, Ulithi Atoll was also subject to WWII
disturbance and high traffic from Japan (Mair 2008). Although often cited as a “near-pristine” coral reef,
Palmyra Atoll was heavily impacted during the Second World War, and areas of post-war Palmyra show
reduced water quality and poor circulation (Knapp et al. 2011). Corallimorphs are effective at colonizing
reefs after disturbance events, which is a common denominator in documented phase shifts to
corallimorph dominated benthos, and the genetic similarity of invasive populations in both these post-war
atolls may not be a coincidence.

Here | show that from the individuals sampled from the green and brown morphs of Rhodactis, as well as
from opposite ends of the Palmyra Atoll western terrace, show no evidence of cryptic divergence and
appear to represent a single polymorphic species. Both holobiont RAD data and host mitogenomes show
no cladal structure among Palmyra samples, but there were six fixed differences between the
mitogenomes of American Samoa and the Palmyra Rhodactis samples. Concordant with the host genetics,
assemblages of Symbiodiniaceae are strikingly different between corallimorpharians sampled at
American Samoa and Palmyra, with the invasive population at Palmyra hosting a diversity of
Cladocopium not seen in the sample from American Samoa. Insufficient genetic work has been done to
determine whether six fixed differences falls within the range of mitochondrial variation expected among
species of Rhodactis. The lack of taxonomically validated genetic reference material from this genus
together with vague species descriptions, morphological plasticity and overlap among morphological
characters combine to raise doubts about the validity of the currently accepted species name, R. howesii.
Comparison of my results to all currently available genetic data for corallimorpharians suggests the
invasive corallimorph at Palmyra is most closely related to an unidentified species of Rhodactis from
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Okinawa, but R. howesii is absent from genetic databases so no firm conclusions about species
identification can yet be drawn. It is clear that Corallimorpharia is in need of taxonomically validated
references sequences and that a broad phylogenetic survey of taxa and geographic distributions would
further our understanding of marine biodiversity, conservation, and invasion dynamics in this
understudied group.
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Figure S1. A map showing all corallimorph collection sites around Palmyra Atoll. Individuals selected
for sequencing came from the lower-most site (Penguin Spit) and the upper-most site (Crazy Corals).
Green and brown dots signify the putative different color morphs during collection.

Sample Site Collector

PSG Penguin Spit, Palmyra Fynn Peck, USFWS

PSB Penguin Spit, Palmyra Fynn Peck, USFWS

cc Crazy Corals, Palmyra Danielle Cantrell, USFWS
AmS Gataivai, American Samoa Tim Clark, USFWS

Table S1. Collector information for each individual of corallimorph sequenced with corresponding
sample name.
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Species Location Collected Length (bp) Accession No. Reference

A. fenestrafer Taiwan 20,054 MH308002
R. indosinesis Taiwan 20,100 NC_027103
D. nummiforme unknown 20,925 NC_027100
R. mussoides Taiwan 20,826 NC_027104
R. yuma Taiwan 22,015 NC_027106.1
R. florida Florida 21,376 NC_008159
Pseudocorynactis sp. Scripps Aquarium, California 21,239 KP938437

C. californica California 20,715 NC_027102
C. profundus Antarctic Ocean 20,488 KP938440
Rhodactis sp. CASIZ17155 Florida, Bahamas 20,093 DQ640647

Chiet al., 2019
Lin et al., 2014
Lin et al., 2014
Lin et al., 2014
Lin et al., 2014
Lin et al., 2014
Lin et al., 2014
Lin et al., 2014
Lin et al., 2014
Medina et al. 2006

Table S2. Mitogenomes used in phylogenetic analyses. Individuals in this study were reference mapped
against R. indosinensis (NC_027103), and compared using both mitogenomes and BOLD COI sequences
to Rhodactis sp. (DQ640647). After mapping, the individuals and each of the other species were aligned

in Geneious (v2020) to create resulting phylogenies.

Species Sequence Location Collected Length (bp) Accession No. Reference
5.85 Pet store (locality: AU) 178 DQ831315 Goddard et al, 2006
A. fenestrafer 28S Museum in CA (locality: AU) 299 EF589076 Cha, 2001
16S Museum in CA (locality: AU) 788 EF589053 Cha, 2001
D. nummiforme 18S, ITS1, 5.8S, 28S, ITS2 Aka Island, Okinawa, Japan 947 AB441417 Fukami et al., 2008
R. yuma 28S Swain Reef, GBR, AU 218 U69693 Chen et al., 1995
R. florida 18S,1TS1, 5.8S, 28S, ITS2 La Parguera, Puerto Rico 367 GQ465063 Torres-Pratts et al., 2011
28S Unknown (locality: Red Sea) 211 EF589080 Cha, 2001
R. rhodostoma .
18S Unknown (locality: Red Sea) 1782 EF589072 Cha, 2001
R. howesii 28S Magnetic Island, GBR, AU 211 RHU65512 Chen et al., 1995
R. indosinensis co1 Singapore 664 MN690353 Cheong Aden Ip et al. 2019
Rhodactis sp. co1 Okinawa, Japan 609 AB441625 Fukami et al. 2008

Table S3. rDNA and COI reference material and accession numbers
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Reference Sequence Length (bp) Individual  Mapped reads Ref-seq (%)
American Samoa 186 100
Rhodactis howesii 28S 211 PSB 0 N/A
PSG 112 100
CcC 28 100
American Samoa 1,224 100
Rhodactis bryoides 28S, 185, 5.8S, ITS1, ITS2 1,029 PSB 2 22.9
PSG 1,618 100
CcC 158 100
American Samoa 514 100
PSB N/A
Amplexidiscus fenestrafer ~ 28S, 18S, 5.8S, ITS1, ITS2 973 > 0 /
PSG 640 100
CC 70 95.1
American Samoa 16 50.1
Ricordea florida 28S, 18S, 5.8S, ITS1, ITS2 367 PSB 0 N/A
PSG 32 50.7
CcC 4 47.4
American Samoa 436 100
Discosoma nummiforme 28S, 18S, 5.8S, ITS1, ITS2 947 PSB 0 N/A
PSG 496 99.7
CcC 54 92.5
American Samoa 2,564 100
Rhodactis rhodostoma 18S 1,782 PSB 7,906 993
PSG 5,836 100
CcC 5,780 99.3
American Samoa 154 100
Rhodactis rhodostoma 28S 221 PSB 0 N/A
PSG 190 100
CcC 18 100
American Samoa 186 100
Ricordea yuma 28S 218 PSB 0 N/A
PSG 114 100
CcC 30 100

Table S4. Ribosomal reference mapping statistics (reference data in Table S4) showing the length of each
reference sequence and the number of corallimorph sequence reads mapped from each individual; Ref-seq
is the percent of the reference that is covered by at least one read.
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Table S5. Forward 5°-3” and Reverse 3’-5” Symbiodiniaceae primers with attached indexes.

Sample Forward primer with attached index Reverse primer with attached index

PSB TCGCCTTAGAATTGCAGAACTCCGTG AGCGTAGCGGGATCCATATGCTTAAGTTCAGCGGGT
CC TCGCCTTAGAATTGCAGAACTCCGTG CAGCCTCGGGGATCCATATGCTTAAGTTCAGCGGGT
AmS TCGCCTTAGAATTGCAGAACTCCGTG TGCCTCTTGGGATCCATATGCTTAAGTTCAGCGGGT
PSG TCGCCTTAGAATTGCAGAACTCCGTG TCCTCTACGGGATCCATATGCTTAAGTTCAGCGGGT

Discosoma nummiforme

Rhodactis mussoides

American Samoa (@)

paimyra- pse @

s0
[— Rhodactis indosinensis

a8
Paimyra- PSG @

paimyra- cc @

Pseudocorynactis sp. @)

Ricordea florida

Ricordea yuma

0.03

Figure S2. Complete corallimoprh phylogeny with corresponding collection sites for each species (D.
nummiforme is showing its locality, as the collection site is unknown) using full mitochondrial genomes.
Accession numbers and reference material can be found in Table S3.
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First morphological description of R. howesii (Saville-Kent 1893):

“This type, when expanded, is somewhat elevated and conical in outline; but it alters its shape, when
contracted, to an almost perfect spheroid. The tentacles are thickly developed throughout the area of the
disk. The inner circlet, situated in the immediate neighbourhood of the mouth, contains some four or five
tentacles only, which are simple in character; the remaining tentacles are compound and irregularly
palmate or pinnatifed in outline, consisting of a short cylindrical central shaft, around the distal half of
which, from five or six to as many as twenty secondary pinnules may be developed. When the tentacles
are expanded, these pinnules are elongate and subcylindrical, while in the contracted condition they are
drawn in closely to the central shaft, and are distinctly capitate or spheroidal, as shown in Fig. 2B of the
plate referred to. In colour, this species was observed to exhibit two well-marked variations. In the one,
the polyps were liver-brown thoroughout, excepting the tips of all the tentacle-pinnules, which were a
brilliant golden, green. In the second variation the golden-green hue of the pinnule tips was replaced by
a light pearl-grey. These two varieties of the same species were found growing massed together in
patches of considerable size on the reefs adjacent to the Bay Rock lighthouse, Cleveland Bay, near
Townsville. This species is provisionally referred to as the genus Rhodactis. In the type form of that
genus, Rhodactis rhodostoma, the tentacles nearly agree in structure and disposition, except that simple
tentacles are recorded as occurring on the outer margin of the disk and palmate ones around the oral
orifice; in the present species the few existing simple tentacles are stationed immediately around the
mouth as shown in Fig 2C. This anemone will probably have to be relegated to a distinct genus; in the
meantime it is referred to its nearest known affinity under the title of Rhodactis howesii. The name here
proposed for its specific distinction is associated with that of Prof. G. B. Howes, of the Royal College of
Science, to whom the author is beholden for much aid in the compilation of this work.”
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Figure S3. Symbiodiniaceae community relative abundance (%) in corallimorphs of Palmyra (PG, CC,
PB) and American Samoa expanded to show all types of each species.
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