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Abstract It has recently been predicted that 91 % of marine species diversity is
still unknown. Given that the future of marine habitats is threatened by anthro-
pogenic activities and climate change, there is a pressing need to accelerate the
documentation of marine biodiversity. The traditional morphological biodiversity
screening could be aided by molecular approach such as DNA barcoding. In this
study, we search for single DNA marker that could be used as DNA barcode for all
seagrasses, irrespective of the lineages and the geographical locations. We found
that the nuclear phyB followed by the plastid matK emerged as the best candidates.
Although both markers have their own strengths and limitations, we suggest they
could be prioritised in seagrass biodiversity assessment pending future
improvements.
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1 Introduction

How many species are there and how do we recognize them? A recent prediction of
species richness estimated that global ecosystems harbor 8.7 million species,
including 2.2 million marine species (Mora et al. 2011). Of this impressive
diversity, 86 % of terrestrial and 91 % of marine species are currently unknown
(Mora et al. 2011), raising an urgent need for accelerating the process and
increasing our commitment for biodiversity assessment. This need for biodiversity
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assessment is even more pressing given the current extinction crisis driven by an
unprecedented rate of species loss estimated to be 1,000—10,000 times greater than
that recorded in the past (Millennium Ecosystem Assessment 2005; Barnosky et al.
2011). Traditionally, we assess species diversity using morphological features, a
long-standing approach that can be very tedious and questionable owing to the
potential subjectivity attached to it since the relevance of morphological features to
be used is to the discretion of the taxonomist. Although, this approach is irre-
placeable, it has its own limitations (e.g. see Packer et al. 2009). For example it took
>250 years to describe less than a 1/4 of the world species (see review in
Radulovici et al. 2010). Given the unprecedented rate of species extinction, we
cannot afford to wait again for more than two centuries to know a tiny proportion of
earth’s diversity; a quicker and integrative approach (that combines perhaps mor-
phology and molecular data) that can help accelerate biodiversity assessment, the
discovery of new species including cryptic species become a matter of urgency.

DNA barcoding has been proposed as an important molecular tool that provides
complementary information overlooked in morphology-based biodiversity assess-
ment (Hebert et al. 2003). It is a technique that uses short sequences of DNA to
either confirm species identity or assign unknown biological materials (e.g. plants,
animals and fungi at any stage of life cycle) to corresponding species or higher
taxonomic groups or reveal cryptic species (morphologically similar but genetically
distinct species). The technique has witnessed a great application for assessing
biodiversity (Smith et al. 2005; Papadopoulou et al. 2015; van der Bank and
Greenfield 2015; see also Trivedi et al. 2016 for a comprehensive review).
However, more attention has been given to terrestrial ecosystems (see Fig. 1 in
Radulovici et al. 2010), although oceans cover more than 70 % of our planet and
are potentially as species-rich as terrestrial ecosystems. For example, of the cur-
rently known 35 animal phyla, 14 are marine endemics (Briggs 1994; Gray 1997).
In general, marine ecosystems provide unique ecosystem services to humanity:
foods (e.g. fish, prawns, etc.), biotechnological and non-living resources, as well as
indicator of environmental health and ecosystem functioning (food webs), erosion
control and carbon sinks (e.g. mangroves) etc. Given major anthropogenic factors
that threaten marine ecosystems (e.g. habitat loss, overharvesting, global warming,
pollution, invasive species, etc.), there is a need to know the ecosystem engineers
that ensure the provision of goods and services for humanity in oceans.

The application of DNA barcoding to assess marine biodiversity is increasingly
generating renewed interest (see reviews in Radulovici et al. 2010; Trivedi et al.
2016). However, of the few studies that show interests into marine biodiversity
(compared to terrestrial biodiversity), most have focused on marine animals
(Radulovici et al. 2010; Trivedi et al. 2016, see also Marine Barcode of Life
MarBOL, www.marinebarcoding.org; accessed March 20, 2015), resulting poten-
tially in comparatively poorer knowledge of marine plant diversity. In the present
study, we focus on seagrasses, an ecologically important plant taxonomic group in
marine ecosystems.

Seagrasses belong to the monocot order Alismatales comprising 72 species
represented in 13 genera and five families (Les et al. 1997; den Hartog and Kuo
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2006). They have a wide range of vegetative and floral diversity (Fig. 1), and are
widely distributed along all marine coastlines worldwide from intertidal to subtidal
depths (den Hartog 1970; Green and Short 2003), providing key ecosystem services
such as primary productivity, nutrient cycling etc. (Hemminga and Duarte 2000;
Duarte 2002; Les et al. 2002; Orth et al. 2006; McGlathery et al. 2007). They are
also well-known in traditional medicine for the valuable secondary compounds (e.g.
phenolic acids, rosmarinic acid and zosteric acid) widely used as an antioxidant and
effective antifouling agent (Trivedi et al. 2016). Nonetheless, these marine plants
are undergoing a rapid decline in both species richness and geographic cover: we
are losing seagrasses at a rate of 110 km? per year (Waycott et al. 2009), prompting
the need for documenting the diversity of seagrasses before we lose what we do not
yet know about them. However, species boundaries among the lineages are still not
resolved (Tomlinson and Posluszny 2001; den Hartogand Kuo 2006). The real
challenge lies with the fact that they are submerged plants with high prevalence of
cryptic species (Briggs 2003; Trivedi et al. 2016). Because they occur submerged in
marine water, they may have acquired adaptations such as reduced morphology in
both vegetative and floral structures, making morphological identification difficult.
In fact, seagrass species in the field or archived in herbaria are often devoid of

Fig. 1 Representatives of seagrass species showing variation and diversity in the
group. a Cymodocea nodosa; b Lepilaena australis; ¢ Posidonia oceanica; d Halophila beccarii;
e Thalassia hemprichii; £ Seagrass meadow—a feeding trail for sea cow (Dugong dugon) in
ChekJawa, Singapore; g Enhalus acoroides (male flowers); h Cymodocea rotundata; i Halophila
spinulosa; j Syringodium isoetifolium; k Halophila ovalis; 1 shoot of Thalassia hemprichii.—
Photographs: a, b courtesy Y. Ito; ¢ J.A. Rodriguez; d-1 R. Tan
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diagnostic flowers (Trivedi et al. 2016; Personal observations). This calls for an
urgent need for a fast, reliable, and cost-efficient technique for recognition and
identification of seagrasses especially by non-experts (Cocheret de la Moriniere
et al. 2003).

Lucas et al. (2012) showed the importance of DNA barcoding in delimiting
species boundaries for seagrasses in India. For 14 species examined using matK and
rbcL, sequence divergence for discriminating species is higher for matK than rbcL.
Another study showed the success of DNA barcoding in identifying six seagrass
species in the gut of rabbit fish Siganus fuscescens in Moreton Bay, Australia
(Chelsky Budarf et al. 2011). Other studies have focused on single clades using
different markers e.g. trnK and rbcL for Zostera (Les et al. 2002), ITS for Halophila
(Waycott et al. 2002), 5.8S rDNA and ITS2 for Halophila (Uchimura et al. 2008),
ITS1, matK, rbcL, psbA-trnH for Zosteraceae (Coyer et al. 2013). As indicated in
these studies, they focus either on a single geographic location or a single genus of
seagrasses, leaving a knowledge gap on whether a single DNA barcode could help
screen seagrass diversity irrespective of the geographic locations or genera.

In this study, we explored this possibility by first assessing the potential of nine
markers to discriminate seagrass species of the world, and second, assess the effi-
cacy of barcodes across major seagrass clades.

2 Materials and Methods

2.1 Taxon Sampling

We retrieved from GenBank/EBI all available sequences of seagrasses for nine
molecular markers, atp1, cob, ITS, matK, NADS, phyB, rbcL, rpoB and trnH-psbA.
These sequences are from 44 species belonging to all the five seagrass families
Cymodoceaceae, Hydrocharitaceae, Posidoniaceae, Ruppiaceae, and Zosteraceae
(Appendix A). Our sampling comprised 95 specimens (see Appendix A). The
sequences were aligned using SEAVIEWv.4 (Gouy et al. 2010) and manually
adjusted using MEesqQuiTEv.2.5 (Maddison and Maddison 2008).

2.2 Barcoding Analyses

First, we evaluated the performance of the various plant DNA regions in dis-
criminating seagrass species by applying three criteria commonly used in DNA
barcoding literature: the barcode gap of Meyer and Paulay (2005), the level of
sequence divergence and the discriminatory power. Barcode gap was assessed by
comparing intra-specific variation (i.e. the amount of genetic variation within
species) to inter-specific variation (between species). A good barcode should
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exhibit a significant gap, meaning that sequence divergence within species should
be significantly lower than between species. Statistical significance between intra-
and inter-specific variation was assessed using Wilcoxon test in R (R Core Team
2013). In addition, we calculated the distribution of range, mean and standard
deviation of both intra- and inter-specific distances.

Second, we identified the best DNA barcode using two distance-based methods;
near neighbour and best close match (Meier et al. 2006) using the functions near
Neighbour and best Close Match respectively, implemented in the R package
SpiDER (Brown et al. 2012). This was done by combining all sequences. Prior to the
evaluation of discriminatory power of each barcode candidate, we determined the
distance threshold i.e. the optimised genetic distance for species delimitation, given
that the 1 % threshold suggested by BOLD does not hold for every organism
(Meyer and Paulay 2005). This distance cut-off was identified using the function
local Minima implemented in SPIDER, which evaluates the transition between intra-
and inter-specific distances (Brown et al. 2012). The optimised threshold was used
especially in best close match method.

Lastly, given the possibility that the performance of marker could vary between
taxonomic levels (Gere et al. 2013), we further assessed the performance of the core
barcode within two families, Cymodoceaceae and Ruppiaceae; the other seagrass
families were not considered here due to lack of sufficient DNA sequences.

3 Results and Discussion

Information on aligned sequence length, number of species, mean number of
substitutions per nucleotide for all DNA regions considered singly or in combi-
nation, the range and means of intra- and interspecific distances are summarized in
Table 1. The mean interspecific distance for the single and combined regions are
lower than 1 %, ranging from 0.011 in cob to 0.77 in ITS. The mean intraspecific
variation for each and combined DNA regions was also low ranging from 0.00008
in rbcL + matK + cob to 0.024 in ITS (Table 1).

We show that the ranges and mean intraspecific distances for all markers when
considered singly or in combination with the core barcodes (matK + rbcL), are
significantly lower than interspecific distances (Wilcoxon test, p < 0.01; Fig. 2),
suggesting the presence of barcode gap. Comparison of the proportion of sequences
with barcode gap showed that trnH-psbA (88 %) followed by rpoB (78 %) had the
highest proportion with the lowest proportion found in cob (0 %),
rbcL + matK + atpl (0 %), and rbcL + matK + cob (0 %) (Table 2).

We calculated the optimised genetic distance (threshold distance) that is
appropriate for species delimitation. The thresholds range from 0.0014 for rpoB to
0.29 for ITS. Using these cut-offs, for the best close match method, phyB exhibited
the highest species identification rate of 71 % for single regions, which improved to
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Table 2 Percentage barcode gap using best close match method (Meier et al. 2006)

Gene region Number of sequences without gap | Proportion of sequences with gap (%)

atpl 15 40

cob 25 0

ITS 23 56

matK 61 67

NADS 6 73

phyB 18 74

rbcL 89 41

rpoB 22 78

trnH-psbA 11 88

rbcL + matK 84 26

rbcL + matK + atpl 24 0

rbcL + matK + cob 25 0

rbcL + matK + ITS 22 58

rbcL + matK + NADS |20 9

rbcL + matK + phyB 24 45

rbcL + matK + rpoB 18 54

rbcL + matK + trnH- | 27 54

psbA

Combined 23 15
atpl cob s matk NADS phyB rpoB trnH-psbA core
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Fig. 2 Comparison of the distribution range of inter- and intra-specific distances using boxplot.
The bottom and top of boxes show the first and third quartiles respectively, the median is indicated
by the horizontal line, the range of the data by the vertical dashed line and outliers (points outside
1.5 times the interquartile range) by circles. a = interspecific, b = intraspecific
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86 % when combined with the core barcodes (i.e. for phyB + rbcL + matK). This
was followed by matK (52 % for single regions) and 77 % for
rbcL + matK + rpoB. The core barcodes alone yielded an identification success of
62 % (Table 3). Similarly, for the near neighbour method, phyB followed by rpoB
yielded the highest identification rates for the single regions (86 % and 85 %,
respectively), which improved markedly when combined with the core barcodes
(phyB + matK + rbcL = 91 % and rpoB + matK + rbcL = 82 %).

Lastly, at the family level, we found that the combination of phyB and the core
barcodes (matK + rbcL) improve species discrimination in Ruppiaceae from 86 to
88 % (phyB alone vs matK + rbcL + phyB, respectively), and 78 to 80 % in
Cymodoceaceae for phyB alone vs matK + rbcL + phyB, respectively (Table 4).

Several criteria have been defined for the identification of the best DNA barcode
candidate (Hebert et al. 2004; Kress and Erickson 2007; Lahaye et al. 2008; CBOL
Plant Working Group 2009). Firstly, it must provide maximal discrimination
between species, and this ability to discriminate depends on the existence of a
barcode gap (Meyer and Paulay 2005). All the nine markers tested exhibit signif-
icant barcode gap, indicating that they are all good candidates for DNA barcode of
seagrasses. To identify the best candidate, we tested their discriminatory power
using two distance methods, the near neighbour and best close match methods. In
both methods, phyB followed by matK yielded the best identification rates, thus

Table 3 Identification efficacy of potential DNA barcodes using distance based methods

Gene region Near neighbor Best close match
True False Ambiguous Correct Incorrect No ID
(%) (%) (%) (%) (%) (%)
atpl 36 64 16 20 56 8
cob 28 72 40 0 48 12
ITS 65 35 27 35 15 23
matK 81 19 33 52 12 3
NADS5 14 86 36 5 45 14
phyB 86 14 13 71 9
rbcL 66 34 51 28 16
rpoB 85 15 74 21 2 3
trnH-psbA 52 48 34 33 20 13
rbcL + matK 65 35 9 62 26 3
rbcL + matK + atpl 38 62 0 38 29 33
rbcL + matK + cob 44 56 0 44 24 32
rbcL + matK + ITS 62 38 0 60 19 21
rbcL + matK + NADS | 50 50 0 50 50 0
rbcL + matK + phyB 91 9 0 86 5 9
rbcL + matK + rpoB 82 18 0 77 10 13
rbcL + matK + trnH- 66 34 0 63 25 12
psbA
Combined 56 44 0 56 18 26
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making them the priority markers for further analyses. We then assessed their
performance in combination with the core barcodes. The combination core + phyB
emerged as the best candidate in both near neighbor and best close match. The core
barcodes alone perform poorly and this has already been reported in many cases for
different plant taxonomic groups (Hollingsworth et al. 2009; Pettengill and Neel
2010; Roy et al. 2010; Wang et al. 2010; Clement and Donoghue 2012).

Phytochrome B (phyB) is a low copy nuclear DNA marker active in light-grown
plants, and plays a key role in regulating circadian rhythm in plants (Somers et al.
1998). Previous phylogenetic studies have shown its utility in resolving relation-
ships in angiosperms (Mathews et al. 2000; Simmons et al. 2001), and in detecting
polyploids and hybrids in some seagrass lineages (Ito et al. 2010, 2013). Given that
hybridization is very common in aquatic monocots, including seagrasses (Les and
Philbrick 1993), our study lends support to the utility of phyB as a barcode can-
didate for identifying a complex taxonomic group like seagrasses. In addition to
phyB, matK emerged second best in species identification. Although matK region
has been initially proposed as best plant barcode (Lahaye et al. 2008), some studies
have identified potential pitfalls against its suitability (e.g. lack of universal primers;
Chase et al. 2007). However more recent studies revealed that such drawback was
unjustified for seagrasses. Overall, the nuclear phyB and the plastid matK are single
best candidates that can be used to assess or screen the diversity of seagrasses, but
each of both has its own strength and limitations.

Molecular and morphological data do not always concord with regard to species
delimitation and this has also been reported for seagrasses (e.g. see Les et al. 2002;
Kato et al. 2003; Tanaka et al. 2003 versus den Hartog and Kuo 2006 for the
Zostera capricorni complex in Australia/New Zealand). Potential reasons for this
include mechanisms such as different ecotypes for a single species, ongoing spe-
ciation and incomplete lineage sorting or hybridisation through introgression
(Coyer et al. 2008). These mechanisms and introgression in particular, obscure
taxonomic delimitation caused by deep intraspecific splits in gene trees, resulting in
species appearing as paraphyletic or polyphyletic (Pentinsaari et al. 2014).
However, introgression concerns less frequently nuclear markers compared to
chloroplast (Rieseberg et al. 1991) and mitochondrial markers (Pentinsaari et al.
2014), giving an advantage for nuclear gene (here phyB). Also, introgression is
more likely to occur between closely related species (Rieseberg et al. 1991; Coyer
et al. 2008), suggesting that the differentiation between higher taxa (e.g. genera or
families) than species is likely to be more efficient (see Lucas et al. 2012). Our
evaluation of the performance of the core barcode at family level for Ruppiaceae
and Cymodoceaceae confirms this with a discriminatory power of 86 % and 78 %,
respectively. The core barcode performs poorly on all dataset but performs better
when its use is limited to diversity within a family. The difference in the barcoding
performance between the two could reflect differences in evolutionary history,
incomplete lineage sorting, different ecological types, or hybridisation (Coyer et al.

barnabas_daru@fas.harvard.edu



A Search for a Single DNA Barcode for Seagrasses of the World 323

2008, 2013). Ruppiaceae is a monogeneric family widely distributed in brackish
waters along tropical and temperate coastlines of the world (Verhoeven 1979),
characterised by species with highly similar morphology, and high level of intro-
gression due to polyploidisation and hybridisation (Ito et al. 2010). Similarly, the
family Cymodoceaceae is another seagrass lineage with reportedly high level of
hybridisation (Ito and Tanaka 2011).

4 Conclusion

Seagrasses are submerged angiosperms that provide important ecosystem services
such as nutrient recycling, high primary productivity, and sources of medicinal
molecules. However, we are losing them at an alarming rate, in term of diversity
and geographical ranges (Waycott et al. 2009; Daru and le Roux 2016), prompting
the need for accelerating the screening of seagrass diversity as part of the global
campaign for documenting biodiversity. In this need, molecular techniques could
complement traditional taxonomic approach, and efforts to identify appropriate
marker as DNA barcodes for seagrasses has attracted much attention (Les et al.
2002; Waycott et al. 2002; Uchimura et al. 2008; Lucas et al. 2012). The search for
single marker for the entire seagrasses is more convenient as it is cheaper and less
time-consuming than the search for multiple markers for each seagrass lineage.
Pending future studies with additional sampling and DNA markers, we proposed
that the nuclear phyB and, secondarily the plastid matK as suitable single DNA
barcode for genetic identification of seagrass species.

Appendix

See (Table A.1).
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