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Seagrasses are marine flowering plants found along both tropical and temperate coastlines; they
possess great ecological importance as nurseries, nutrient sinks, and providers of critical marine
habitat. Understanding the distribution and diversity of seagrass habitats is important for their
conservation and management, however this is impeded by varying species’ diversity, the extensive
distribution of seagrasses and taxonomic uncertainty. In the Fiji Islands, the tropical seagrass Halophila
ovalis and its subspecies H. ovalis bullosa are the subject of taxonomic controversy, as a singular

Keywords:

DNA barcoding morphological characteristic distinguishes the two. This characteristic is the bullated, or blister-like
Seagrass leaves of the latter, compared to the smooth leaves of the former, which in some instances have been
Halophila observed on the same plant (S.S., pers. obs.). This study examined material from both taxa, along with

Nuclear marker
Chloroplast marker
Taxonomic identification

three other seagrass species (Halodule pinifolia, H. uninervis and Syringodium isoetifolium; total n = 95)
and used independent morphological and molecular barcoding approaches to assess the conspecificity
of the two Halophila taxa. Examination of vegetative and reproductive characters was not able to
distinguish between H. ovalis and H. ovalis subsp. bullosa, while phylogenetic reconstructions using
ITS2, matK and trnH-psbA barcodes supported their monophyly. We recommend revision and merger
of these taxa, while the approach used here is highly useful for taxonomic resolution in other seagrass
taxa, for their conservation, restoration and management.

© 2019 Elsevier B.V. All rights reserved.

Investigating worldwide seagrass distribution and diversity is
an important first step in understanding these complex habitats,
which permits geographical comparisons of seagrass ecology,
evolution, and taxonomy. Such comparisons allow evaluation of
past and present human-mediated impacts on seagrass ecosys-
tems, and may reveal insights into conservation measures for
their future protection (Short et al, 2007). However, the ex-
tensive distribution of seagrasses, varying species diversity pat-
terns and widespread areas of undocumented seagrass habitat, all
present challenges for investigating species’ ranges, ecology and
taxonomy (Short et al., 2007; Waycott et al., 2006).

In addition to these impediments, ecological studies of sea-
grasses can be confounded by taxonomic uncertainty. Despite
seagrasses representing less than 0.1% of all known angiosperm
taxa, the taxonomic status of some species remains unclear, with
high morphological similarity within certain groups of taxa con-
tributing to this (Vanitha et al., 2016). For a few taxa, conver-

1. Introduction

Seagrasses are marine flowering plants with a wide global
distribution along both tropical and temperate coastlines (den
Hartog and Kuo, 2006; Short et al., 2007). Collectively, seagrasses
possess great ecological importance, as they support high levels
of biodiversity, play important roles in fisheries, provide nursing
grounds, stabilise coastal sediments, facilitate nutrient cycling, act
as carbon sinks and reservoirs, and provide many other ecosys-
tem functions (Short et al., 2007). While seagrass species diversity
is low compared to other marine taxa (<60 species described),
species’ ranges can be highly extensive, covering several thou-
sands of kilometres of coastal habitat (Short et al., 2007; Waycott
et al., 2006).
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gent morphology has been documented (Waycott et al., 2006),
which along with morphological plasticity (Maxwell et al., 2014;
McDonald et al.,, 2016), can render species identification using
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traditional phenotypic characters alone ineffective, or highly chal-
lenging. The use of molecular information, such as DNA barcoding
genes have been used to resolve taxonomic relationships in sev-
eral seagrass taxa (den Hartog and Kuo, 2006; Waycott et al.,
2002), and when combined with phenotypic information (Ji et al.,
2013; Cowart et al., 2015; Trivedi et al.,, 2016), can potentially
resolve previously confounded species-level relationships.

An example of a seagrass group possessing uncertain taxon-
omy is the genus Halophila (Thouars), which contains approx-
imately 21 species and comprises five sections. Species within
this genus are currently described on the basis of morphological
differences (den Hartog and Kuo, 2006; Kuo et al., 2006; Short
et al, 2011; Kim et al., 2017). However, similarities in mor-
phological characters and subtle irregularities between published
species and sub-species descriptions have raised questions on
the validity of these relationships (den Hartog and Kuo, 2006;
Kim et al.,, 2017). In the Fiji Islands, five species of seagrass from
two families (Hydrocharitaceae and Cymodoceaceae) have been
described, including Halophila ovalis, and its subspecies H. ovalis
bullosa (Skelton and South, 2006; McKenzie and Yoshida, 2007;
Tuiwawa et al., 2014).

Halophila ovalis presents an interesting study subject among
tropical seagrasses, as the species has a wide Indo-Pacific distri-
bution, ranging from East Africa to the western Pacific, while its
subspecies H. ovalis bullosa is much more range-restricted, being
endemic to Fiji, Tonga and Samoa (Tuiwawa et al., 2014). While
Tuiwawa et al. (2014) and Skelton and South (2006) described
morphological characters to identify H. ovalis, the primary differ-
entiating character between this taxon and its subspecies H. ovalis
bullosa remain the bullations (blisters or pucker-like structures)
present on the leaf blades, compared to the smooth blades of the
former. During field collections for this study, several specimens
of H. ovalis were observed to possess both smooth and bullated
leaves (Shalini Singh, pers. obs.). Similar observations have been
recorded previously in literature, where experimental manip-
ulations were able to induce bullate-leaved plants to produce
smooth leaves, and vice versa, suggesting that environmental
factors may play a role in the expression of this phenotype
(McMillan and Bridges, 1982; Skelton and South, 2006).

These observations suggest that H. ovalis possesses phenotypic
plasticity (Maxwell et al., 2014; McDonald et al., 2016), and given
that discrimination between it and H. ovalis subsp. bullosa is based
largely on a single morphological feature, recognition of the latter
as a distinct taxon requires further investigation. This study ad-
dresses the taxonomic identities of H. ovalis and its subspecies H.
ovalis bullosa from the Fiji Islands using independent morpholog-
ical and molecular barcoding approaches (Ji et al., 2013; Cowart
et al., 2015; Trivedi et al., 2016). Both vegetative and reproductive
morphological characters were examined, and together with two
barcoding genes, used to resolve if Fijian H. ovalis and H. ovalis
subsp. bullosa are in fact conspecific. This investigation is the
first of its kind to employ complementary morphological and
molecular approaches to examine Fijian seagrass material, and
the findings generated have high utility for resolving uncertain
taxonomy in other aquatic plant taxa, and for informing global
seagrass conservation and management efforts.

2. Methodology
2.1. Study area

The Fiji Islands are located in the southwest Pacific Ocean
between the latitudes of 15° to 22°S and longitude 177°W to
174°E. Fiji consists of more than 332 islands, most of which are
volcanic, and about 100 are inhabited, covering a total land area of
18,376 km? and an exclusive economic zone of 1.3 million km?.

The two major islands are Viti Levu and Vanua Levu, with the
weather marked by a wet/warm season from October to March,
and a cool/dry season from April to September. The climate of
Fiji is generally categorised as an oceanic tropical marine cli-
mate, averaging 26 °C with annual rainfall ranging from 1800 to
2600 mm. The major features that drive Fiji's climate are the El
Nino Southern Oscillation (ENSO) phenomenon that occurs every
four years on average, the South Pacific Convergence Zone and the
Trade Winds (see Fig. 1).

2.2. Seagrass tissue sampling, collection and morphometric analyses

Seagrass samples (total n = 95) were collected from July to
September 2017 at 22 coastal sites in the Fiji Islands by wading
in the intertidal zone. These included H. uninervis (n = 21), H.
pinifolia (n = 20), H. ovalis (n = 15), H. ovalis subsp. bullosa (n
= 21) and S. isoetifolium (n = 18). Leaf morphometric analyses
were conducted on 15 leaves from different leaf pairs collected
randomly across the seagrass bed at each collection site. Repro-
ductive shoots (including female and male flowers, and fruits)
were also collected from Nasese (site 1) and Hilton Denarau
(site 18), which were counted and measured. Field identification
to species level was made using the taxonomic keys of Tui-
wawa et al. (2014) and the Seagrass-Watch field guide (McKenzie
and Yoshida, 2007). Seagrass-Watch is a global scientific, non-
destructive, seagrass assessment and monitoring program (http:
/[www.seagrasswatch.org).

At each site, 3-5 whole plant samples were collected at ran-
dom from each of the taxa present. In general, the seagrasses
were dug out, cleaned in seawater to remove accompanying
debris, and transported in labelled Ziploc® plastic bags to the
laboratory. Epiphytes such as coralline algae adhering to both
sides of the seagrass leaves were removed by gentle scraping us-
ing a microscope slide, and samples washed in clean freshwater.
Although whole plants were taken, only the leaf fragments were
immediately placed into labelled Ziploc® plastic bags containing
silica gel desiccant and stored at room temperature until use.

Sites were mapped in the field with a handheld Global Po-
sitioning System (GPS) unit (Garmin eTrex10). To ensure that
specimen records from each specimen was traceable, sample
collection data including GPS coordinates, taxonomic information
and photographic images recorded during field collections were
uploaded to the Barcoding of Life Data (BOLD) system reposi-
tory (http://www.boldsystems.org), (Ratnasingham and Hebert,
2007, 2013). This enabled the provision of support for identifica-
tions, and permitted easier comparisons between species, as per
Kuzmina et al. (2017).

2.3. DNA extraction, amplification, sequencing and sequence editing

Silica gel-dried leaf tissue (1 x 0.5 cm size) from each sample
were transferred into 96 well-microplates (250 pL, semi-skirted;
Eppendorf, Hamburg, Germany), and submitted to the Canadian
Centre for DNA Barcoding (CCDB) in Guelph, Ontario, Canada,
for genotyping under the BOLD system (http://www.boldsystems.
org), (Ratnasingham and Hebert, 2007, 2013). At CCDB, the leaf
tissue samples were processed for genomic DNA (gDNA) extrac-
tion using a semi-automated glass fibre plate DNA extraction
protocol (Ivanova et al., 2006, 2008; Whitlock et al., 2008).

Briefly, approximately 1-5 mg of dried leaf tissue was pul-
verised using a TissueLyser II (Qiagen, Germantown, Maryland,
USA) homogeniser, and the Axygen Mini Tube System (Axygen
Scientific, Union City, California, USA), as per Kuzmina et al.
(2017). A single 3.17 mm stainless steel bead was used per tube,
and disruption was carried out at 28 Hz for 60-90 s at room
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Fig. 1. Map of sampling locations of Hydrocharitaceae and Cymodoceaceae seagrass meadows along the coastlines in the Fiji Islands. Coastal outlines are presented
in black and 95 sampling site GPS point clusters are shown by circles. Colour codes of circles represent the following: blue represents a single GPS point; green
represents more than 1 point and yellow represents more than 10 points. Numbers presented within the circles indicate the sample sizes of seagrass specimens
collected and used in phylogenetic analyses. Sampling site codes represent the following locations: NB, Natewa Bay, Labasa; NV, Navolau village, Rakiraki; LW, Lawaki
village, Tailevu; SV, My Suva Park, Suva; GS, Fisheries Galoa station, Navua; CC, site at Coral coast, Sigatoka; OR, site at Outrigger reef, Sigatoka; IN, Intercontinental
Natadola, Sigatoka; DR, Denarau Island, Nadi. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
Source: The map base layer has been adapted from Lal et al. (2016).

temperature. Cell lysis was implemented using 2 x cetyltrimethy-
lammonium bromide (CTAB) buffer (250-400 L), and the lysate
incubated at 65 °C for 60-90 min, following which 50 wL vol-
umes per sample were transferred to 96-well microplates with
a Liquidator 96 (Mettler Toledo, Mississauga, Ontario, Canada)
robotic liquid handler (Kuzmina et al., 2017). On a Biomek FX
Workstation (Beckman Coulter, Mississauga, Ontario, Canada),
gDNA was isolated and purified by binding to glass fibre filtration
columns (Ivanova et al., 2008; Kuzmina et al., 2017).

Sequences in the internal transcribed spacer (ITS2) region
of nuclear ribosomal DNA (nrDNA), together with the maturase
K (matK) plastid gene and trnH-psbA intergenic spacer region
(cpDNA) were amplified via PCR as per Kuzmina and Ivanova
(2011a,b) and Kuzmina et al. (2017). The primer pairs used for
targeting these regions were as follows. ITS2: ITS-S2F(20/20bp)
(Chen et al.,, 2010) (3'-ATGCGATACTTGGTGTGAAT-5") with ITS4
(White et al, 1990) (5’-TCCTCCGCTTATTGATATGC-3'); matK:
matK-xf (Ford et al, 2009) (3'-TAATTTACGATCAATTCATTC-5')
with matKMALP(21/18bp) (Dunning and Savolainen, 2010) (5'-
ACAAGAAAGTCGAAGTAT-3'); and trnH-psbA: psbA3_f(21/22bp)
(Sang et al, 1997) (3-GTTATGCATGAACGTAATGCT-5") with
trnHf 05 (Tate and Simpson, 2003) (5'-CGCGCATGGTGGATT
CACAATC-3').

All PCR amplification was carried out on a Vapo.protect
Mastercycler® pro S (Eppendorf, Hamburg, Germany) thermal
cycler, with PCR cocktail mixes as described by Kuzmina et al.
(2017). Platinum DNA Polymerase (Invitrogen) was used for am-
plification of the ITS2 region in all samples, under the following
cycling conditions: 94 °C for 5 min; 35 cycles of 94 °C for 30 s,
56 °C for 30 s, 72 °C for 45 s, and a final extension step at 72 °C for

10 min. Phusion High Fidelity DNA Polymerase (Thermo Fisher)
was used for the matK and trnH-psbA regions, with the following
cycling conditions for the former: 98 °C for 45 s; 35 cycles of
98 °C for 10 s, 54 °C for 30 s, 72 °C for 40 s, and final extension
at 72 °C for 10 min. For the latter, cycling conditions were 98 °C
for 45 s; 35 cycles of 98 °C for 10 s, 64 °C for 30 s, 72 °C for
40 s, and final extension at 72 °C for 10 min. Following PCR,
amplified products were cleaned and sequenced on an ABI 3730xI
DNA Analyzer (Applied Biosystems, Foster City, California, USA),
following standard manufacturer’s procedures.

Chromatograms obtained post-sequencing were edited using
CodonCode Aligner versions 3.7.1-6.0.2 (CodonCode Co., Center-
ville, Massachusetts, USA), with MUItiple Sequence Comparison
by Log-Expectation (MUSCLE) alignments and BLASTn searches
used to remove primer sequences, contaminant sequences and
sequencing errors as per Kuzmina et al. (2017). Cleaned, filtered
and edited sequences were then uploaded to the BOLD repository
(www.boldsystems.org) for subsequent phylogenetic analyses.

2.4. Phylogenetic analyses

2.4.1. Model testing and selection

Nucleotide sequence analyses were performed in the MEGA6
package (Tamura et al,, 2013), to edit sequences and perform
alignments. Gaps in the sequences were treated as missing data,
and final alignments for sequences in each of the three gene
regions was by MUSCLE (Edgar, 2004). Aligned sequences for each
region was then subjected to substitution model testing in the
jModelTest package (Posada, 2008). Following calculation of like-
lihood scores as per the jModelTest manual, Bayesian Information
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Criterion (BIC) scores including the negative log likelihood (-InL)
and BIC difference (delta parameter), were used to select the
optimal model for use in phylogenetic inference. Reconstructions
were carried out using both Bayesian and Maximum Likelihood
(ML) methods.

2.5. Phylogenetic reconstruction

2.5.1. Bayeslan reconstructions

Bayesian inference of phylogenetic relationships was carried
out for all three data sets, with the MrBayes v3.2 package
(Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck,
2003; Ronquist et al., 2012). Parameter settings were selected
following test runs, and the appropriate substitution model se-
lection determined using earlier jModelTest results.

For the matK sequences, because there is no direct implemen-
tation for the selected TPM1uf substitution model in MrBayes
(see results), the analogous K8 1uf+G model as per Kimura (1981)
and Lecocq et al. (2013) was utilised. The inputs for the data
block were then set as follows: Iset applyto=(all), nst = 6, rates
= gamma; prset applyto = (all), revmatpr = dirichlet (1,1,1,1,
1,1), statefreqpr = fixed(equal), shapepr = uniform (0.1,50) and
pinvarpr = uniform (0,1). The selected models for the ITS2 and
trnH-psbA regions are supported by MrBayes, and therefore stan-
dard inputs were used for these datasets.

Each analysis incorporated two runs of 100,000,000, 2,900,000
and 3,100,000 generations, for the ITS2, matK and trnH-psbA
regions, respectively. Each run comprised 4 independent chains,
with a temperature of 0.10 set for the heated chains, sam-
pling frequency of 1000 and burn-in fraction of 20%. The burn-
in threshold was selected on the basis that both independent
runs had achieved convergence (i.e. stable log likelihood val-
ues reached for all sampled trees, gauged by the average stan-
dard deviation of split frequencies <0.01). Convergence was also
independently assessed using Tracer v.1.6 (Rambaut et al., 2003).

The final trees for the Bayesian analysis were generated by
selecting only those post-burn in trees found with the highest
individual (p) and cumulative posterior (P) probabilities during
Markov Chain Monte Carlo (MCMC) computations. These criteria
varied between datasets, with the respective thresholds for the
ITS2, matK and trnH-psbA datasets being p = 0.000, P>0.990; p =
0.000, P>0.980 and p = 0.000, P>0.980, respectively. Consensus
trees were then constructed from the final credible sets of trees
using the strict consensus rule in the Dendroscope 3.5.7 package
(Huson et al., 2007). All phylograms were visualised, inspected
and edited in FigTree v.1.4.2 (Rambaut, 2014).

2.5.2. Maximum likelihood reconstructions

The sequential version of the Randomised Axelerated Maxi-
mum Likelihood (RAXML) package v.8.2.11 was used for all ML
inferences of phylogeny (Stamatakis, 2014). Two different nu-
cleotide substitution rate and site-specific evolutionary rate mod-
els were used for the three datasets. For the ITS2 data, the GTRCAT
model was selected, while the GTRGAMMA model was utilised for
both the trnH-psbA and matK sequences.

For each dataset, a total of 100 ML trees were generated
on distinct starting trees, to obtain a single tree with the best
likelihood in the first step of the analysis. Subsequently, the rapid
bootstrapping algorithm was implemented, by selection of the
‘autoMRE’ bootstrap convergence criterion option. Finally, the
bootstrapped replicate trees computed by the previous step were
used to draw taxon bipartitions on the best ML tree retained in
the first step (Lewis and Olmstead, 2001; Pattengale et al., 2010;
Stamatakis, 2014). The final ML trees generated for each of the
three datasets were then edited in the Dendroscope 3.5.7 (Huson
et al., 2007) and FigTree v.1.4.2 (Rambaut, 2014) packages.

2.5.3. Evolutionary divergence calculations

For examination of the magnitudes of evolutionary divergence
between species, net evolutionary divergence estimates were
computed in MEGA6 (Tamura et al., 2013). Computations were
carried out independently for each marker, all using the Tamura-
Nei model (Tamura and Nei, 1993), involving 72, 77 and 82
nucleotide sequences for the ITS2, trnH-psbA and matK regions,
respectively. No data was available for S. isoetifolium samples in
the ITS2 region, as they all failed to amplify (see results).

Codon positions included for the trnH-psbA sequences were
1st + 2nd + 3rd + Noncoding, with all positions for all sequences
containing less than 5% site coverage eliminated, i.e. fewer than
95% alignment gaps, missing data and ambiguous bases were
allowed at any position. Totals of 350, 380 and 907 positions for
the ITS2, trnH-psbA and matK regions, respectively, were retained
in the final datasets for computation. Standard error estimates
for each divergence value calculated were obtained following a
bootstrap procedure involving 1000 replicates.

3. Results
3.1. Morphological analyses

Morphological trait analyses of leaves between H. ovalis and
the endemic H. ovalis subsp. bullosa (Fig. 2) showed no significant
differences. The leaf blades of H. ovalis and H. ovalis subsp. bullosa
are grass green in colour, oval to oblong or paddle-like in shape
with a rounded apex (Fig. 2B). In both taxa, a pair of leaves
usually arise from a 10-45 mm long petiole. The leaves of H.
ovalis and H. ovalis subsp. bullosa have six to ten pairs of pinnate
cross veins, which join the intra-marginal veins. Similarly, the
leaf margin is smooth throughout and lack hairs on the surface
of both species. However, the leaf surface of H. ovalis lacks the
blister-like or bullate indentations present on both sides of the
leaf blade in H. ovalis subsp. bullosa. All Fijian specimens are small,
with a slender, prostrate, branched, pale white rhizome 2 mm in
diameter, which is either wiry and tough, or fragile and delicate,
depending on the wave energy environment the plant is collected
from. Morphological analyses of the collected Halophila samples
indicate the material to be H. ovalis. The smooth-surfaced, paddle-
shaped, paired leaves, without serrated leaf margins, are typical
of H. ovalis (den Hartog, 1970; Short et al., 2010), and the female
flowers and fruits were also consistent with this species (Fig. 2).

Vegetative and reproductive character comparisons between
H. ovalis and the endemic H. ovalis subsp. bullosa are presented
in Table 1. Moreover, H. ovalis subsp. bullosa have similar mor-
phological characteristics to those previously described in the
literature for H. ovalis, except for leaf surface texture and the
number of seeds per fruit.

3.2. Phylogenetic inferences

3.2.1. Sequence alignments and substitution model testing

Following sequence editing and alignment, final nexus for-
mat files were generated for each marker type. Table 2 de-
tails the numbers of cleaned and aligned sequences retained
for each species, for each respective marker type. Unfortunately,
all S. isoetifolium samples failed to amplify for the ITS2 region,
and therefore no sequences were available for this taxon/marker
combination.

Substitution model selection tests implemented in jModelTest
revealed differing model choices for each gene region, based on
14, 8, and 5 sequences tested for the ITS2, trnH-psbA and matK
regions, respectively. The number of input sequences for model
testing needed to be trimmed from the full datasets, as there
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Fig. 2. Halophila ovalis subsp. bullosa from Fiji Islands; Clockwise from upper left: A - Female flower comprising an ovary, a hypanthium, three styles (scale bar =
1 mm). B - Leaf showing the tip and the mid-vein, bullated surface (scale bar = 1 cm). C- Male flower comprised of anther and shorter stalk (scale bar = 1 mm).
D - Mature male flower showing anther and three tepals (scale bar = 1 mm). E - Fruit attached to rhizomes containing globose seeds enclosed by a testa with
small peg like projection called hypanthium (scale bar = 1 mm). F- Seeds released from fruit (scale bar = 1 mm). Photographs: S. Singh. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Comparison of vegetative and reproductive characters of Halophila ovalis from den Hartog (1970)
with Halophila ovalis subsp. bullosa from Fiji. Bold print indicates characters lacking overlap with
H. ovalis.

Parameters Character comparison

Halophila ovalis
den Hartog (1970)
and Tuiwawa et al.

Halophila ovalis subsp.
bullosa from Fiji
present study (n = 15)

(2014)
Vegetative morphology
Rhizome internode length (mm) 10-50 15-30
Scale hairs Absent Absent
Petiole length (mm) 10-45 6-45
Leaf form Oval-oblong Oval-oblong
Leaf length (mm) 10-40 10-40
Leaf width (mm) 5-20 5-20
Leaf surface Smooth Blister-like or bullate
Leaf margins Entire Entire
Number of cross-veins 10-25 6-10
Reproductive morphology
Flowering spathe hairs Absent Absent
Male flower Known Known
Female flower
Ovary length (mm) 1-15 1-15
Style length (mm) 10-20 10-25
Seeds (numbers per fruit) 20-30 7-12
Table 2 be optimal (-InL = 807.23, BIC = 1727.58 and delta = 0.00). For
Numbers of edited and aligned sequences retained for each gene region for each the matK data, the TPM1uf model (-InL = 1876.11, BIC = 3840.75
species. ! ] o ’
Species 52 prr— p— and delta = 0.00) had the best fit.
Halodule uninervis 18 20 20 )
Halodule pinifolia 20 20 20 3.2.2. Reconstructions
Z“fOPZ{ﬁa OVG?S b bull }g }g ;g Bayesian and ML reconstructions generated using the ITS2 and
alophila ovalis subsp. bullosa ~ i .
Syringodium isoetifolium 0 5 8 thnH pstbA s:quencgs atrl: presg?ted in Figs. 3 acrlld 4arespelct%\cllely.
Total number of sequences 72 77 82 econstructions using the ma sequences produced nearly iden-

tical topologies to the trnH-psbA data, and therefore are not
shown. For the ITS2 sequences, because all S. isoetifolium samples
experienced amplification issues with this marker, H. pinifolia

is an upper limit to the number of sequences and characters
jModelTest is able to accept.

The Hasegawa-Kishono-Yano (HKY) model was determined to
have the best fit for the ITS2 data (-InL = 849.45, BIC = 1876.47
and delta = 0.00), while for the trnH-psbA sequences, the HKY
model with gamma-shaped rate variation (HKY+G) was found to

was selected as the outgroup. The remaining cpDNA markers
included S. isoetifolium samples however, and therefore this taxon
was chosen as the outgroup. Sequence quality data for all three
markers is accessible under the BOLD system repository available
online at http://www.boldsystems.org, under the project name
“FSDNA Fiji Islands Seagrass DNA Barcoding”.
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Fig. 3. Bayesian (left) and Maximum Likelihood (right) reconstructions based on 72 ITS2 nucleotide sequences. Bayesian inference (MrBayes) utilised the HKY model,
while ML reconstruction (RAXML) was under the GTRGAMMA model. The Bayesian tree is a strict consensus of 169 highly credible trees (cumulative posterior P
= 0.990). Node support values represent posterior probabilities for the Bayesian tree, while bootstrap values are presented on the ML tree. The branch length is
presented in parentheses for the H. ovalis/H. ovalis subsp. bullosa clade, as the branch had to be truncated for presentation. The H. ovalis/H. ovalis subsp. bullosa clades
on both trees have been highlighted in green, and for both trees, H. pinifolia was used as the outgroup. Scale bars represent the number of substitutions per site.
[Image credit: http://www.seagrasswatch.org & http://www.supagro.fr]. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

3.2.3. Bayesian and ML reconstructions 6204 and 4648/5808 trees which were sampled from both Mr-

Bayesian reconstructions using the ITS2, trnH-psbA and matK Bayes runs. Following discard of the burn-in set (20%); 15,842,

sequences respectively, generated totals of 16002/20002; 4964/ 4915 and 4602 credible trees remained for calculation of


http://www.seagrasswatch.org
http://www.supagro.fr

S. Singh, P.C. Southgate and M.M. Lal / Regional Studies in Marine Science 32 (2019) 100809 7

posterior probabilities for each marker, respectively. The final
average standard deviation of split frequencies achieved was
0.0033; 0.0048 and 0.0047 for the ITS2, trnH-psbA and matK
datasets, respectively, with an average potential scale reduction
factor (PSRF) for parameter values of 1.000 in all runs.

Within the final sets of credible trees, cut-off thresholds for
individual tree and cumulative posterior probabilities resulted
in 169, 102 and 96 highly credible trees being retained for the
ITS2, trnH-psbA and matK datasets, respectively. Subsequently,
consensus phylograms for each marker were generated, with
differing clades/taxa being selected as outgroups.

Maximum Likelihood inferences recovered the most likely tree
(highest likelihood score) during searches of the first 50 ran-
domised trees generated during initial trial runs for all datasets.
Therefore, all final runs were carried out specifying 100 trees
to generate the best ML tree. The rapid automatic bootstrapping
function using the Extended Majority Rules (‘autoMRE’) method
converged for all datasets after applying less than 500 bootstraps.

3.2.4. Phylogenetic relationships

The Bayesian and ML reconstructions generated nearly iden-
tical relationships among the seagrass genera sampled across all
three markers, with strong support for the monophyly of all H.
ovalis and H. ovalis subsp. bullosa samples (Bayesian posterior
probability node support and ML bootstrap values = 100).

Samples of H. ovalis and H. ovalis subsp. bullosa resolved as a
monophyletic clade across the ITS2, trnH-psbA and matK datasets,
with consistently short internal branch lengths among clade
members. Individual monophyletic clades in all reconstructions
were also resolved for H. uninervis and H. pinifolia, respectively,
which are known to be sister-taxa. When trees were rooted
with S. isoetifolium as the outgroup (which was possible only for
the trnH-psbA and matK sequences), both Halodule taxa grouped
together in a parallel branch to the Halophila ovalis/ovalis subsp.
bullosa clade.

Both Bayesian and ML reconstructions using the two plastid
markers revealed H. uninervis grouping in a basal clade to H.
pinifolia (Fig. 3), while S. isoetifolium remained the most distantly
related taxon to both Halodule and Halophila.

3.2.5. Evolutionary divergence estimates

Calculations of the net average estimate of base substitutions
per site among and between taxa, strongly supported divergence
patterns identified in the Bayesian and ML tree topologies (Ta-
ble 3). Pairwise divergence estimates between H. ovalis and H.
ovalis subsp. bullosa were zero for each of the ITS2, trnH-psbA and
matK gene regions respectively, suggesting the conspecificity of
these taxa. Low levels of divergence were also estimated between
H. uninervis and H. pinifolia, with the ITS2 calculations producing
the highest values (0.248 + 0.408). Estimates at the two cpDNA
markers were substantially lower however, being 0.011 £ 0.006
and 0.001 £ 0.001 for the trnH-psbA and matK loci, respectively,
highlighting sensitivity differences between nrDNA and plastid
gene regions.

The ITS2 sequences also produced the largest range of diver-
gence estimates, from 0 (H. ovalis vs. H. ovalis subsp. bullosa) to
1.751 (H. uninervis vs. H. ovalis), while variation between the two
cpDNA loci was smaller (e.g. trnH-psbA = 0.260 cf. matK = 0.198
for H. uninervis vs. H. ovalis; see Table 3). For all pairwise com-
parisons, trnH-psbA values were larger than those computed with
matK sequences. Marked separation between H. ovalis/H. ovalis
subsp. bullosa and H. uninervis with H. pinifolia was apparent only
at the ITS2 locus, with pairwise estimates of 1.625 + 0.293 and
1.751 £ 0.322 for H. uninervis, against H. ovalis subsp. bullosa
and H. ovalis, respectively. Corresponding estimates for H. pinifolia
were 1.220 4+ 0.166 and 1.222 + 0.169, against H. ovalis subsp.

bullosa and H. ovalis, respectively. Divergence estimates at the
matK locus were nearly identical, ranging from 0.200-0.198 (H.
uninervis vs. H. ovalis subsp. bullosa and H. ovalis, respectively),
cf. corresponding values of 0.198-0.197 for H. pinifolia. Similar
patterns were evident for trnH-psbA sequences (Table 3).

Of all five taxa sampled, S. isoetifolium was found to be the
most divergent, with pairwise estimates of 0.262 + 0.039 and
0.268 £ 0.040 at the trnH-psbA locus when compared with H.
ovalis subsp. bullosa and H. ovalis samples, respectively. Closer
affinity with the two Halodule taxa was evident however, with
estimates of 0.119 4 0.021 and 0.133 &£ 0.022 with H. uninervis
and H. pinifolia, respectively. Similar patterns were apparent at
the matK locus, and consistent with both Bayesian and ML tree
topologies.

4. Discussion

This study used independent morphological and molecular
barcoding approaches to determine if Fijian H. ovalis and H. ovalis
subsp. bullosa are conspecific. Comparisons of morphological ob-
servations of both vegetative and floral structures of H. ovalis
subsp. bullosa to characteristics described and observed in H.
ovalis, showed only minor differences, principally for the leaf
surface type and number of seeds per fruits. These differences
however, were within the ranges described for H. ovalis, making
the taxa indistinguishable on the basis of morphology alone.
Molecular phylogenetic reconstructions using two independent
gene regions resolved one clade comprising H. ovalis and H. ovalis
subsp. bullosa, confirming their conspecificity.

4.1. Molecular barcoding in seagrasses and examination of H. ovalis

Short et al. (2011) recently suggested that taxa should be ac-
cepted as new species only if a complete published taxonomic de-
scription exists, documenting unique sexual reproductive charac-
ters and significant genetic differences. However, there is no gen-
eral agreement on the recommended DNA barcoding approach
to be used for seagrasses (Lucas et al., 2012). Hence, previous
molecular analyses of other seagrass and plant taxa (Kuzmina
et al,, 2017; Kuzmina and Ivanova, 2011a,b; Waycott et al., 2002,
2006) were used for selection of the nuclear (ITS) and chloroplast
markers (trnH-psbA and matK) for the current study.

Using phylogenetic reconstructions, both nuclear and chloro-
plast markers showed that the specimens identified as H. ovalis
subsp. bullosa belong to the same clade as H. ovalis. In addition,
both phylogenetic trees (Bayesian and ML methods), plus pair-
wise estimations of evolutionary divergence support the mono-
phyly of H. ovalis and H. ovalis subsp. bullosa. Thus, the endemic
H. ovalis subsp. bullosa recognised in Fiji as a subspecies (Skelton
and South, 2006; Tuiwawa et al., 2014), is not separable from
H. ovalis at both nuclear (ITS2) and chloroplast markers (trnH-
psbA and matK), and are in fact conspecific. This position is also
supported by morphological data provided in the current study.

Results of the current study indicate that the ITS, trnH-psbA
and matK regions are useful at differentiating within Halophila
taxa, and are likely to be informative for investigating taxo-
nomic relationships within other seagrass genera, or indeed other
aquatic plant taxa. Overall, our results support the conclusion of
Waycott et al. (2002) for a critical taxonomic revision of the genus
Halophila, and mandate a merger between the endemic H. ovalis
subsp. bullosa and H. ovalis for the Fiji Islands.
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Table 3

Pairwise estimates of net evolutionary divergence between species. The number of base substitutions per site, from estimation of
the net average between groups of sequences is shown in order for the ITS2, trnH-psbA and matK gene regions respectively, from

top to bottom, below the diagonal. Standard error estimates are shown above the diagonal in blue.

Syringodium Halophila ovalis Halophila Halodule Halodule
Species isoetifolium subsp. bullosa ovalis uninervis pinifolia
Syringodium 0.039 0.040 0.021 0.022
isoetifolium 0.018 0.018 0.009 0.009
- 0.002 0.293 0.166
Halophila ovalis 0.262 0.000 0.038 0.037
subsp. bullosa 0.205 0.000 0.018 0.018
- 0.000 0.322 0.169
Halophila 0.268 0.000 0.038 0.038
ovalis 0.204 0.000 0.018 0.018
- 1.625 1.751 0.408
0.119 0.255 0.260 0.006
Halodule uninervis 0.070 0.200 0.198 0.001
- 1.220 1.222 0.248
Halodule 0.133 0.248 0.253 0.011
pinifolia 0.068 0.198 0.197 0.001
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Fig. 4. Bayesian (left) and Maximum Likelihood (right) reconstructions based on 77 trnH-psbA nucleotide sequences. Bayesian inference (MrBayes) utilised the HKY+G
model, while ML reconstruction (RAXML) was under the GTRGAMMA model. The Bayesian tree is a strict consensus of 102 highly credible trees (cumulative posterior
P = 0.980). Node support values represent posterior probabilities for the Bayesian tree, while bootstrap values are presented on the ML tree. The H. ovalis/ovalis
subsp. bullosa clades on both trees have been highlighted in green, while H. uninervis clades are highlighted in blue. For both trees, S. isoetifolium was used as the
outgroup. Scale bars represent the number of substitutions per site. [Image credit: http://www.seagrasswatch.org & http://www.supagro.fr]. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.2. Morphological insights

Reproductive material from both H. ovalis and H. ovalis subsp.
bullosa showed identical female and male reproductive parts
(pers. obs., Fig. 2). Some small differences in plant morphology
were found between the species descriptors of H. ovalis (den Har-
tog, 1970; Tuiwawa et al., 2014), and samples of H. ovalis subsp.
bullosa (Table 1). These differences occur on the leaf surface as
blister-like or bullate indentations on both sides of the blade, and
the number of seeds per fruit being between 7-12 seeds (cf. up
to 30 seeds per fruit for H. ovalis). Additionally, the leaf surface
bullation feature of H. ovalis subsp. bullosa (Fig. 2B) is not reported
for H. ovalis (den Hartog, 1970; Tuiwawa et al., 2014), but leaf
morphology variations have been reported in some widespread
populations of H. ovalis from Egypt, Thailand, China, Guam and
the Philippines (Short et al., 2010). Overall, the morphological
characteristics of H. ovalis subsp. bullosa are remarkably similar
to H. ovalis, especially the male and female flowers described in
literature. Likewise, during field collections of H. ovalis specimens,
smooth and bullated leaves were at some locations found to be
present on the same plant, and similarly population dominance of
both species fluctuated seasonally in the same locations (Shalini
Singh, pers. obs).

4.3. Halophila relationships and phenotypic plasticity

Species within the genus Halophila have long been recog-
nised for variation of leaf morphology relating to shape, texture,
colour and blade size. This is particularly the case for H. ovalis
(Short et al,, 2007; Hedge et al., 2009; Nguyen et al., 2014), H.
hawaiana (McDermid et al., 2003), and H. nipponica (Shimada
et al,, 2012). The application of traditional classification methods,
largely based on leaf morphology, has often been challenging,
and misidentification of species has caused disagreement among
seagrass taxonomists (Short et al.,, 2011; Shimada et al.,, 2012;
Nguyen et al., 2014). Conversely, molecular markers were found
to have higher discriminatory power between Halophila species,
especially at nuclear markers e.g. ITS (Nguyen et al,, 2014), and
the chloroplast markers trnH-psbA and matK reported by Nguyen
et al. (2013) and Lucas et al. (2012).

Among the H. ovalis and H. ovalis subsp. bullosa samples ex-
amined here, the lack of DNA sequence variation and their res-
olution as a monophyletic clade despite subtle morphological
differences, supports the notion that affiliates of this group are
either very closely related, or actually the same taxon. This notion
agrees with the conclusions of Waycott et al. (2002). Furthermore,
McMillan and Bridges (1982) who investigated Halophila samples
possessing smooth and bullated leaves on different individual
plants from both Fiji and Samoa, reported identical isozyme pat-
terns for five enzyme systems. In addition, culture experiments
on plants from both Fiji and Samoa, observed that environmen-
tal manipulations can induce bullated or smooth leaved plants
(Skelton and South, 2006).

The apparent plastic leaf phenotype of H. ovalis subsp. bullosa
may be influenced by environmental conditions, as demonstrated
in various Halophila species reported by McDermid et al. (2003).
Suggestions for the monophyly of H. ovalis are not new, as mor-
phological diversity in a species may be accompanied by genetic
diversity. Consequently, Waycott et al. (2002) considered H. ovalis
to be a complex of closely related individuals, whose leaves are
highly plastic, especially in relation to blade size, shape, colour
and texture (McKenzie and Yoshida, 2007).

Despite this suggestion, several morphologically distinct taxa
are also recognised e.g. H. hawaiiana, H. johnsonii, H. ovata and
H. minor. Moreover, Short et al. (2010) concluded that the H.
ovalis species complex contains little variation (genetic diver-
gences ranging from 0-0.016% between H. ovalis from Antigua,

cf. H. ovalis/johnsonii/hawaiiana from Indonesia, Florida and Viet-
nam, respectively), but wide morphological plasticity. In addition,
Papenbrock (2012) stated that Halophila species exhibit various
degrees of morphological variation depending on habitat and
reproduction. Similarly, Bricker et al. (2011) suggested that phe-
notypic plasticity could be an underestimated trait for seagrasses,
enabling survival in different niches such as intertidal areas,
shallow turbid waters, light limited areas and deep waters (Lucas
et al,, 2012).

5. Conclusion

Results of this study indicate that the vegetative and repro-
ductive morphology of Halophila ovalis subsp. bullosa falls within
the bounds of what has been reported for Halophila ovalis, de-
spite small differences in certain character counts. Parallel phy-
logenetic analyses also confirm the common taxonomic iden-
tity of Fijian Halophila ovalis and H. ovalis subsp. bullosa ma-
terial, supporting revision and merger recommendations of this
species and subspecies, as they may have been misidentified.
The findings described here while applied for resolving the tax-
onomic identity of a Fijian seagrass, may also be useful for re-
solving relationships in other seagrass taxa, with the use of a
joint morphological-molecular barcoding approach. Such an ap-
proach is important for describing diversity and distribution in
seagrasses and other aquatic plants, and has high utility for
informing global conservation and management efforts.
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