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Abstract

Studies focusing on marine macrophyte metabarcoding from environmental samples are scarce, 

due to the lack of a universal barcode for these taxa, and to their poor representation in DNA 

databases. Here, we searched for a short barcode able to identify marine macrophytes from tissue 

samples; then, we created a DNA reference library which was used to identify macrophytes in eDNA 

from coastal sediments. Barcoding of seagrasses, mangroves and marine macroalgae (Chlorophyta, 

Rhodophyta and Phaeophyceae) was tested using 18 primer pairs from six barcoding genes: the plant 

barcodes rbcL, matK and trnL, plus the genes ITS2, COI and 18S. The 18S gene showed the highest 

universality among marine macrophytes, amplifying 95-100% of samples; amplification performance 

of the other barcodes was limited. Taxonomy was assigned using a phylogeny-based approach to 

create an 18S DNA reference library. Macrophyte tissue sequences were accurately identified within 

their phyla (88%), order (76%), genus (71%) and species (23%). Nevertheless, out of 86 macrophytes 

tested, only 48% and 15% had a reference sequence at genus and at species level, respectively. 

Identification at these levels can be improved by more inclusive reference libraries. Using the 18S 

mini-barcode and the reference library, we recovered eDNA from 21 marine macrophytes in 

sediments, demonstrating the barcode’s ability to trace primary producers that contribute to blue 

carbon. We expect this barcode to also be useful for other ecological questions, such as tracing macro 

primary producers in marine food webs.

Keywords: DNA barcoding, mini-barcode, macroalgae, marine macrophytes, environmental DNA, 

eDNA.
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Introduction

Marine macrophytes, especially macroalgae, form highly productive ecosystems, with a global net 

primary production of about 2 Pg C year-1 spread across 4 million km2 in coastal areas (Duarte, 2017). 

Marine macrophytes export most of their net production to the global ocean and seafloor (Duarte & 

Cebrián, 1996; Duarte & Krause-Jensen, 2017; Krause-Jensen & Duarte, 2016; Ortega et al., 2019). 

Exported macrophyte biomass play important roles in marine ecosystems, such as contributing to 

organic carbon sequestration in coastal sediments and in the deep-sea (Krause-Jensen & Duarte, 2016; 

Ortega et al., 2019), and supporting food webs beyond the macrophyte habitat (Baker et al., 2018; 

Queirós et al., 2019). However, tracing the export of marine macrophytes is challenging (Geraldi et 

al., 2019). Several techniques have been used to determine the origin of primary producers in studies 

of marine sediments, food webs and diet analyses based on gut content; among these, stable isotopes 
13C and 15N in bulk biomass are commonly used (Loneragan, Bunn, & Kellaway, 1997; Raven et al., 

2002; Shimada et al., 2014). Nevertheless, isotopic signals often overlap between primary producers, 

failing to provide conclusive fingerprinting of individual groups of primary producers (Geraldi et al., 

2019; Loneragan et al., 1997; McKee, Rogers, & Saintilan, 2012; Raven et al., 2002).

Environmental DNA (eDNA) metabarcoding could enhance our ability to identify marine 

macrophytes. Extraction and sequencing of eDNA —or the DNA left by organisms in their 

surroundings, is increasingly used to assess and monitor marine biodiversity (Aylagas, Borja, Muxika, 

& Rodríguez-Ezpeleta, 2018; Stat et al., 2017; Thomsen et al., 2012; Thomsen & Willerslev, 2015). 

However, marine macrophytes are underrepresented in the eDNA assessments from marine samples 

with the first studies only recently appearing. A pioneering study used eDNA to resolve seagrass, 

mangroves, and saltmarshes in sediment samples, but did not identify macroalgae (Reef et al., 2017). 

One study reported marine biodiversity from eDNA using ToL-metabarcoding, and although four 

photosynthetic eukaryote phyla were recovered, the results did not provide deeper differentiation 

among major macrophyte lineages (Stat et al., 2017). Another study recovered macroalgal eDNA 

from sediments, but only identified four species while the remaining were classified as OTU (Queirós 

et al., 2019).

In contrast to the universality of barcoding in animals (Hebert, Ratnasingham, & de Waard, 2003), 

there is no universal barcoding for plants nor for marine macrophytes (CBOL, 2009; Hebert, Gregory, A
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& Savolainen, 2005; Hollingsworth, Graham, & Little, 2011; Taberlet et al., 2007). The complex 

origin and broad genetic divergence of macrophytes challenge the development of a single barcode 

for these taxa (Hollingsworth et al., 2011; Pennisi, 2007; Rubinoff, Cameron, & Will, 2006). 

Eukaryota has several supergroups, and marine macrophytes belong to two of them (Burki, Roger, 

Brown, & Simpson, 2019). Embryophyta (plants), Rhodophyta and Chlorophyta are clades in the 

Archaeplastida supergroup, and Phaeophyceae is a whole clade in the TSAR supergroup. On the 

contrary, Metazoa, the target of many eDNA studies to date, is only a single clade within the 

supergroup Amorphea (Burki et al., 2019). Therefore, barcode development for the widely diverse 

photosynthetic eukaryotes, and in particularly understudied groups such as marine macrophytes, 

represents a higher complexity in comparison to the development of barcodes for animals (CBOL, 

2009; Chase et al., 2007; Hebert et al., 2003; Hollingsworth et al., 2011; Pennisi, 2007; Rubinoff et 

al., 2006).

Many of the available barcodes and primers for photosynthetic eukaryotes are designed for 

Embryophyta, mainly angiosperms, and are not recoverable in other groups such as marine 

macrophytes, especially macroalgae (CBOL, 2009; Chase et al., 2007; De Groot et al., 2011; Kuo, Li, 

Chiou, & Wang, 2011; Lahaye et al., 2008; Taberlet et al., 2007; Yao et al., 2010; Yu, Xue, & Zhou, 

2011). With the exception of some COI primer combinations that can identify taxa within 

Rhodophyta (Saunders, 2005), regions such as trnH-psbA, trnL, matK, and rbcL have been tested in 

selective macroalgal species with little PCR or sequencing success (Du et al., 2014; Heinecke et al., 

2017; McDevit & Saunders, 2009; Saunders & Kucera, 2010; Saunders & McDevit, 2012).

The limitations for marine macrophyte differentiation are likely due to the minimum scientific 

interest in studying these groups, reflected in the insufficient availability of DNA resources such as 

barcodes and reference libraries. This lack of DNA resources restricts the application of eDNA 

analysis to fingerprint marine macrophytes from the environment (Geraldi et al., 2019; Reef et al., 

2017). Moreover, eDNA analyses require barcodes able to recover short DNA amplicons from 

environmental samples.

Although quality of eDNA depends on several abiotic factors (Barnes et al., 2014), eDNA quality 

is generally lower than the quality of DNA isolated directly from the organisms (Hajibabaei et al., 

2006; Little, 2014); therefore, metabarcoding from environmental samples relies mainly on A
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fragmented eDNA (Epp et al., 2012). The average size of amplicons from most available plant 

barcodes is over 500 bp, whereas much shorter barcodes (100-300 bp) are required for amplification 

of fragmented eDNA (Epp et al., 2012; Hajibabaei et al., 2006; Little, 2014). Still, the level of 

taxonomical resolution reduces with barcode length. This reduction may be an acceptable trade-off for 

environmental applications requiring biological assessment of broad taxonomic categories, where 

classification of marine macrophytes at the level of major lineages would suffice. For our purpose of 

differentiating macro primary producers in coastal sediments, the identification of marine 

macrophytes at family, order and even phylum level is an acceptable trade-off, as these levels of 

taxonomical identification are not achieved with traditional methods such as the stable isotopes.

In this study, we searched for barcodes and primer pairs able to fingerprint green, brown and red 

macroalgae (Chlorophyta, Phaeophyceae and Rhodophyta, respectively), and seagrasses and 

mangroves (Embryophyta). We created a DNA reference library and tested the identification of 

marine macrophytes from eDNA collected in coastal sediments, using the chosen primer pair. We 

searched both barcode universality and barcode specificity for each macrophyte group. The tested 

barcodes include the 18S gene, widely known for its universality across eukaryotes (Amaral-Zettler, 

McCliment, Ducklow, & Huse, 2009; Guardiola et al., 2015; Stoeck et al., 2010), and the CBOL 

suggested regions rbcL (Little, 2014; Reef et al., 2017), matK (CBOL, 2009), trnL (Epp et al., 2012; 

Taberlet et al., 2007), ITS2 (Yao et al., 2010) and COI (Saunders, 2005).

Materials and Methods

Primer selection

We tested the amplification of barcodes within rbcL, matK, trnL, COI, ITS2 and 18S regions using 

18 primer pairs on DNA extracted from tissue of macroalgae, mangroves, seagrasses, and terrestrial 

plants (including ferns, gymnosperms and angiosperms). Plastid regions rbcL, matK and trnL are 

recommended candidates by the CBOL Plant Working Group (CBOL, 2009). rbcL and matK genes 

present high levels of species discrimination in angiosperms (Lahaye et al., 2008; Reef et al., 2017); 

rbcL has also been used for identification of marine angiosperms in sediment samples (Reef et al., 

2017). Although trnL intron and the nuclear internal transcribed spacer ITS2 have low phylogenetic 

resolution in closely related samples, these regions have identified less studied groups such as A
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bryophytes and gymnosperms (Taberlet et al., 2007). Furthermore, these barcodes have been reported 

to perform better than others for degraded plant samples (Epp et al., 2012; Taberlet et al., 2007; Yao 

et al., 2010).

The initial aim was to find a specific barcode for each marine macrophyte group. Nevertheless, 

none of the primer pairs were lineage-specific. Since the proposed combinations of plastid genes were 

less efficient beyond angiosperms, and since our needs do not require high taxonomical identification 

and can be fulfilled with resolution at even phylum level, we included the universal barcodes from the 

mitochondrial COI and the nuclear ribosomal 18S genes. Both regions have successfully identified 

some macroalgal groups, although based on long amplicons (McDevit & Saunders, 2009; Queirós et 

al., 2019; Saunders, 2005).

Of the 18 primer pairs tested, five were designed in this study, while the rest were selected from 

the literature (Table 1). EcoPrimers software (Riaz et al., 2011) was used to design the primers from 

regions rbcL and matK, targeting the taxa Embryophyta (taxid: 3193), Chlorophyta (taxid: 3041), 

Rhodophyta (taxid: 2763) and Phaeophyceae (taxid: 2870) available in the NCBI database 

(https://www.ncbi.nlm.nih.gov/). Targeted amplicons were between 120 and 220 bp length, following 

a mini-barcode approach (Little, 2014); no primer mismatches were allowed.

Selection of the primers was based on their ability to amplify the majority of species across a wide 

range of macrophytes. Amplification of the 18 primers was initially tested on 10-20 species, including 

green, red, and brown macroalgae, and land and marine embryophytes (Table 2). Based on their 

performance (that is, amplification of at least one sample per lineage), we selected some primers for a 

second test on a broader range of samples. For some primers, the test was stopped when the 

amplification was inconsistent with the new set of tissue samples, while for others, the number of 

samples was increased when the primer was consistently amplifying most or all the species tested 

(Table 3, Figure 1).

Primer amplification and taxonomic resolution were tested in silico using EcoPCR software 

(Ficetola et al., 2010), focusing on sequences from the targeted macrophyte lineages (Embryophyta, 

Chlorophyta, Phaeophyceae and Rhodophyta) available in the EMBL database 

(https://www.embl.de/), with eight mismatches, and amplicon length between 120 and 220 bp.
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Sample collection

To create a DNA reference database, tissue of 126 macrophytes and terrestrial plants were 

collected along the Arabian coast of the Red Sea, in Cyprus, in Finland, and in Greenland. These 

samples included macrophytes from lineages of interest for this research: terrestrial and marine 

angiosperms (seagrass and mangrove) and macroalgae (within Chlorophyta, Phaeophyceae and 

Rhodophyta). Seven gymnosperms and two ferns were included to test the primer universality for 

macrophytes (Table 2). Seagrasses and macroalgae were harvested by tearing the whole individual 

from the substrate, sometimes requiring snorkeling or diving (1-5 m), while several leaves were 

collected from mangrove and land plants; each sample was placed into a zip-lock bag and frozen or 

dried as soon as possible until DNA extraction. Seagrasses, mangroves and other Embryophyta were 

identified at species level following common botany knowledge, while macroalgae were identified at 

species or genus level following guides (Lieske, Fiedler, & Myers, 2004; Pedersen, 2011; Richmond, 

2002), or the AlgaeBase (Guiry, 2013) when the species were not available in the taxonomic keys.

To demonstrate the utility of the barcode, environmental DNA samples were collected from 

surface sediments (top 1 cm) of five seagrass meadows and five mangrove forests along the Arabian 

coast of the Red Sea (28o-18oN, 35o-41o E; Figure 3). Seagrass species found in the meadows during 

sampling included Halodule uninervis, Halophila stipulacea, H. decipiens, H. ovalis, 

Thalassodendron ciliatum and Thalassia hemprichii; while the mangrove Avicennia marina was the 

only species found in the mangrove forests. In each sampling site, five sediment replicates were 

collected randomly along the meadow or the forest, then pooled together as a single eDNA sample. 

Sediments were collected using gloves and bleach-sterilized 50 ml tubes, placed into sterilized bags, 

kept cold and protected from the light, then frozen at -80 ◦C until eDNA extraction.

DNA extraction

To isolate DNA from the targeted marine macrophyte, we removed epiphytes growing on the 

surface. The tissue surface was cleaned with a scalpel, and sterilized by applying bleach and ethanol 

for a fixed time (Coombs & Franco, 2003). However, we noticed after sterilization that the procedure 

should be adjusted to each tissue sample, as the bleach removed pigments and it has been shown to 

remove chloroplast DNA (Aires, Marbà, Serrao, Duarte, & Arnaud‐Haond, 2012). For instance, green A
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algae (i.e. Ulva lactuca) should be bleached for a shorter time (1 min) than brown algae (i.e 

Turbinaria ornata; 3 min), whose cell wall have greater resistance to bleach-sterilization. 

Homogenization was done grinding the tissue with a pestle in a mortar with liquid nitrogen. The 

pestle and mortar were cleaned between samples with 5% bleach and 70% ethanol. Genomic DNA 

was extracted from 100 mg of homogenized tissue using the NucleoSpin Plant II kit (Macherey-

Nagel) following the manufacturer’s protocol.

Intracellular and extracellular environmental DNA from each of the 10 sediment samples were 

extracted with chloroform:isoamyl alcohol following the method developed by Lever et al. (2015). 

Extracellular eDNA is the pool of DNA that can be recovered directly from the sediment matrix, 

while intracellular eDNA is the DNA within cells, that will become available in the sediment matrix 

after cell lysis (Lever et al., 2015). A step-by-step protocol of this method is in the Supplementary 

Information.

DNA amplification and sequencing

To avoid cross-contamination, DNA extractions and PCR preparations were performed in separate 

areas of the laboratory and with separate material. Benches and instruments were frequently cleaned 

either with 5% bleach and 70% ethanol or using RNaseZap (Invitrogen) during the process. The PCR 

station and consumables were UV-sterilized before use. Annealing temperature per primer was 

estimated after running a triplicated gradient PCR (40-60 ◦C, optimal Tm are reported in Table 1). 

PCR cocktails of each primer were performed in five replicates of 10 μl reactions, by adding 5 μl of 

QIAGEN Multiplex PCR Master Mix (which does not contain a proofreading polymerase), 1 μl of 

each primer (1.0 μM), 1 μl of DNA template, and 2 μl of PCR water. Thermocycler program for 

primer 18S-V4 was as described in Stoeck et al. (2010), while for the other primers was: 15 min at 95 

◦C, followed by 35 cycles of 30 s at 94 ◦C, then 45 s at each primer Tm (see Table 1), 90 s at 72 ◦C, 

and a final extension at 72 ◦C for 10 min. The same program was used for environmental DNA. To 

reduce PCR inhibitors and improve amplification performance, eDNA samples were diluted at either 

1:1, 1:10, 1:50 or 1:100 before preparing PCR reactions. Blanks –reagents with DNA-free water 

instead of sample– for DNA/eDNA extractions and for PCR were prepared and run for each primer. 

Mangrove Avicennia marina was included as PCR positive control for all primers. PCR products were A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

visualized on 2% agarose gel. Successful amplicons from the best two primer pair candidates were 

prepared for sequencing by excising amplicons from gel, purifying with Wizard SV Gel and PCR 

Clean-up purification kit (Promega). DNA concentration was measured by Qubit 2.0 Fluorometer 

(Invitrogen).

Since we used up most of the PCR amplicons of one of the primer pair candidates (18S2) during 

the initial sequencing tests that failed, we could not create a DNA reference library that included all 

collected species for the two candidate primers. Thus, eDNA sequencing was performed only with 

one primer pair (Euka02). DNA from tissue samples and eDNA from sediments were sequenced, 

separately, using the MiSeq Illumina platform. Amplicons were cleaned and indexed (Nextera XT 

Index Kit) following Illumina Metagenomic Sequencing Library Preparation protocol (Illumina). 

Average sequencing depth was 92,662 (SD  33,771) reads per sample.

Before opting for Miseq of the macrophyte tissue, we initially Sanger sequenced DNA from non-

sterilized tissue using primers Euka02, 18S1, 18S2, minirbcL, COI GF1-DR1, sgmatK1 and sgmatK2. 

Those sequencing attempts failed. For most land plants, there was no consensus on the forward and 

reverse sequences, and blast was biased towards well-represented species in the databases 

(Supplementary Table 1). For marine macrophyte, the poor-quality of the sequences was likely 

influenced by additional DNA sources from organisms growing on the surface of the tissue. This was 

confirmed from the MiSeq sequencing which included epiphytic fauna (sponges, anemones, 

mollusks). In addition, some Sanger sequences had multiple nucleotides per site and did not blast with 

any taxa. We attempted Sanger sequencing a second time with amplicons from sterilized plant tissue 

using primers 18S2 and minirbcL. However, sequencing attempts failed again (Supplementary Table 

1).

Sequencing analyses and clustering

Illumina MiSeq sequencing outputs were demultiplexed using the Illumina protocol and primers 

were trimmed using Cutadapt 1.17 with default settings (Martin, 2011). FASTQ files were analyzed 

following default DADA2 pipeline version 1.8.0 (Callahan et al., 2016) using R Studio version 

1.1.453 (Team, 2015); sequence variants were generated. DADA2 inspects the read quality, 

preprocesses the data by filtering and trimming the sequences (parameters as default, A
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TruncLen=c(110,110)), learns the error rates, eliminates redundant reads, merges paired reads, 

removes chimeras and then provides an amplicon sequence variants table.

DNA sequences from macrophyte tissue were compared against the SILVA database using the 

assignTaxonomy function in DADA2, but the taxonomical assignment was unsuccessful. Assigning 

species to sequences using reference databases depends on availability of reference sequences, yet 

most macroalgae taxonomy is undescribed and we found that there were not enough genome 

reference databases, thus we could not determine which species was successfully sequenced. As the 

traditional assignment techniques preclude identification of most species of macroalgae, we opted for 

a phylogeny-based approach for taxonomical assignment. The top five most abundant MiSeq 

sequence variants per tissue sample were aligned (MUSCLE), along reference sequences from a 

costume database of 102 macrophytes from similar species, genera, or orders. This database was 

based on the SILVA 132 SSURef_Nr99_tax reference database (http://www.arb-silva.de), but 

included only sequences that amplified in silico using the virtualPCR function with default parameters 

from the Insect package (Wilkinson, Davy, Bunce, & Stat, 2018) in R. The sequences were clustered 

in GENEIOUS version 11.1.4 (Biomatters Ltd.) with a PhyML tree using TN93 model and 1,000 

replicates (Guindon et al., 2010). Sequence clusters were edited in FigTree (Rambaut, 2007). From 

the five most abundant sequence variants, those that clustered near the expected reference taxon or the 

closest available (genus, family, order) were chosen to be the representative sequence of the species 

sampled, and a DNA reference library of these macrophytes was created. In total, the created 

reference library included 88 sequence variants from all the 86 tissue samples. Using this DNA 

reference library and the SILVA database, taxonomy was assigned to the eDNA sequences extracted 

from sediments using the assignTaxonomy function in DADA2.

Results

Primer performance

The nuclear ribosomal 18S barcode performed the best. The four 18S primers amplified across all 

macrophytes (Table 3). However, two primers (18S1 and 18S-V4) amplified only 30-67% of the 

macrophytes, and an even lower percentage of macroalgae (Supplementary Table 2). Conversely, 

primers 18S2 (V9 region) and Euka02 (V7 region) amplified well in all lineages (95-100%, 88-119 A
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species; Table 3). Both Euka02 and 18S2 amplified in silico the highest number of macroalgae (37 

and 29 macroalgae, respectively). Hence, Euka02 and 18S2 were chosen for the sequencing tests.

Performance of the primer pairs from the nuclear internal transcribed spacer ITS2 and plastid 

regions trnL, matK and rbcL was limited for macroalgae (Table 3; Supplementary Table 2). All 

primers from trnL and three of the four matK primers amplified angiosperms but failed to amplify 

macroalgae; overall amplification was between 21 and 29% of the species tested. The remaining 

matK primer pair (sgmatK2) amplified all lineages (83%, 35 out of 41 species), although macroalgae 

amplification was limited to 57% of species tested (8 out of 14 species); this primer did not amplify in 

silico any of our macroalgae (Supplementary Table 4). One of the rbcL primers amplified in all 

lineages but did not work in all the tissue samples (60%, 9 out of 15 samples); in silico amplification 

of macroalgae was restricted to four samples (Supplementary Table 4). Although the minirbcL primer 

pair amplified in silico all Embryophyta, none of the land angiosperms were amplified 

experimentally; this primer amplified 47% of the other macrophytes (14 out of 30 tissue samples; 

Table 3, Supplementary Table 2).

Whereas in silico amplification of algae was higher in primers that poorly amplified our 

macroalgae samples, most of those in silico amplifications correspond to unicellular microalgae 

(Supplementary Table 3). For instance, primer minirbcL amplified in silico 5,739 algae but only three 

of those are macroalgae tested in this study. COI GF1-DR1 primer amplified 2,125 algal species in 

silico, 40 of which belong to our macroalgae; nevertheless, we tested amplification of 19 of those 

species and only three macroalgae amplified experimentally (Supplementary Table 4). This result was 

similar for the remaining COI primers, which only amplified a small percentage of macroalgae (2-

11%; Table 3; Supplementary Table 2). Moreover, none of the COI primers amplified any of our 

Embryophyta neither in silico nor experimentally. On the contrary, 37 out of 214 algae that amplified 

in silico using primer Euka02 belong to this study (Supplementary Table 4). Furthermore, 41 and 29 

macroalgae amplified experimentally but did not amplify in silico with the primers 18S2 and Euka02, 

respectively (Supplementary Table 4).

Amplification of environmental DNA from seagrass and mangrove sediments was tested with the 

primers sgmatK2, the two rbcL primers, and with 18S2 and Euka02 from the 18S barcode; all primers 
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amplified with dilutions of either 1:1, 1:10, 1:50 or 1:100. The best performance was achieved with 

the 18S barcodes.

DNA reference library

MiSeq sequencing from macrophyte tissue was conducted for amplicons from primers 18S2 (11 

samples) and Euka02 (86 samples). For the DNA reference library, we focused on the sequences from 

the Euka02 primer for which we had the highest number of samples. Similarly, as the DNA reference 

library was a requirement for macrophyte fingerprinting, eDNA metabarcoding of sediments was 

performed only on Euka02 amplicons. Nevertheless, we have successfully used both primers for 

different applications on eDNA from marine sediments (unpublished data, see amplification in 

Supplementary Figure 2).

Taxonomical assignment based on blasting against the SILVA database was ineffective for most 

marine macrophytes, due to a lack of existing DNA references for those species in the database. Thus, 

we followed a phylogeny-based approach and clustered the sequences from our 86 macrophytes along 

with 102 reference sequences; these reference sequences ranged from the same species or genus, 

when available, to other species within the same order of the tested macrophytes.

Since the MiSeq output for each single macrophyte sample generated several sequence variants, 

we chose the five most abundant sequence variants per tissue sample. These sequences represented 

about 88% of the total reads per sample (94% in Embryophyta, 93% in Phaeophyceae, 85% in 

Rhodophyta, and 74% in Chlorophyta). We assumed that the actual macrophyte is within the top 

sequence variants, while the others could be epiphytes growing on the surface of the tissue or 

endophytes living within the macrophyte cells. Taxonomy was assigned to the sequence variant (or 

sequence variants) that clustered near the expected reference taxon. Following this approach, we 

created a DNA reference library for 76 out of the 86 macrophytes sequenced with the Euka02 primer.

Discrimination success

Barcoding with the 18S gene clearly distinguished each lineage of macrophytes. Maximum-

likelihood clusters from the Euka02 primer displayed high taxonomical cohesion, except for green 

algae (Figure 2; similar findings from the primer 18S2 are shown in the Supplementary Figure 1). A
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Sequences from embryophytes (marine angiosperms and land plants), brown and red algae grouped in 

their own assemblages and clustered with the expected reference sequences (Figure 2).

Barcoding using the primer Euka02 accurately assigned 88% of macrophytes to their lineage: 

Embryophyta 95% (19 out of 20 species), Rhodophyta 81% (17 out of 21 species), and Phaeophyceae 

86% (24 out of 28 species; Table 4). Although no Chlorophyta clustered with the reference sequences, 

most green algae (94%, 16 out of 17 species) formed their own clade apart from the other phyla. 

Order level was accurately aligned to 77% of the samples, while 52% of samples were aligned to the 

correct family (Table 4). Genus level was accurately aligned to 79% (37 out of 47) of the samples for 

which a reference genus was available. Four macrophytes clustered with their reference at species 

level, although only 15 out of 86 macrophytes had a reference sequence at this taxonomic rank 

available in the reference database.

All Embryophyta formed a single clade and the barcoding region could separate angiosperms from 

gymnosperms, and monocots from eudicots. Exceptions were the seagrasses Thalassia hemprichii that 

clustered within the red algae, and one of the two samples of Posidonia oceanica that, although 

classified within the phylum, clustered with gymnosperms (Figure 2); the reference sequences of 

these species clustered in the correct clade. Cupressus sempervirens, the sole gymnosperm sequenced 

here, accurately clustered with the reference species C. tonkinensis and with Pinus taeda, which 

belongs to the same order (Pinales). The seagrass order (Alismatales) formed a subclade clustering 

most samples with all reference sequences for this order. However, the seagrass family 

Hydrocharitaceae clustered in several branches while all reference sequences from the family 

Cymodoceae clustered together. Cyperus sp. wrongly clustered within Alismatales, although both taxa 

are monocotyledons. The three mangroves samples clustered at species level, and the land plants 

clustered at genus level — no species reference were available for land plants.

The Rhodophyta lineage clustered together and displayed two distinctive branches. The larger 

branch included only species of the subphylum Eurhodophytina, while species from several subphyla 

were included in the smaller branch (Figure 2). Prior to sequencing, we morphologically identified 

each collected species. However, we were uncertain of accurate identification of a few Red Sea 

macroalga species due to a lack of identification keys. The main uncertainties in Rhodophyta were 

species of the Laurencia complex, a genus that was recently split in four genera (Martin-Lescanne et A
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al., 2010). We were unsure of four samples in this complex: we identified three of them as Laurencia 

species, while one was morphologically identified as Chondrophycus. Nevertheless, the sequences of 

both Laurencia and Chondrophycus clustered next to each other, and these species could belong to the 

same genus. Similarly, although the two crustose algae that we identified as Lithothamnion spp. 

clustered next to each other, they did not cluster with their reference genus but instead with the genus 

Lithophyllum; these Lithothamnion spp. could have been Lithophyllum. These two genera of crustose 

algae both belong to the order Corallinales, which formed a distinct clade from the other 

Eurhodophytina (subdivision of Rhodophyta). The red macroalgae Palmaria palmata, Dilsea carnosa 

(sample number 2), Turnerella pennyi, and Laurencia sp. grouped in the wrong lineages (Figure 2).

The Euka02 amplicon resolved Phaeophyceae as a monophyletic lineage where most of the 

sequences grouped either next to their reference or in the neighboring clade. The exceptions were 

Dictyosiphon foeniculaceus, Chatopteris plumosa, and Dictyotaceae Padina sp. and Canistrocarpus 

crispata (sample number 2). The other Dictyotaceae samples clustered within the lineage and next to 

the reference sequences. Brown algae orders clustered separately, with all Ectocarpales and all 

Laminariales forming a single subclade each. However, Fucales and Dictyotales formed two 

subclades each (Figure 2). Although a genus reference was provided for only 13 brown algae samples, 

there were seven additional samples that clustered next to the other samples from the same genera. 

This was the case of all Saccharina and all Laminaria samples: although there were no references, 

these samples clustered together at species levels, indicating high barcode discrimination.

In contrast, the lineage of green macroalgae (Chlorophyta) displayed taxonomic ambiguity. All 

reference sequences formed a monophyletic group separate from our sequenced green algal species, 

despite belonging to the same class (Ulvophyceae, Figure 2). Nevertheless, there was a certain level 

of identification since the sequenced samples formed a monophyletic group and the order 

Bryopsidales and most Ulvales separated into their own clades. Only Valonia ventricosa clustered 

within the wrong lineage (among Embryophyta).

In some cases, the Euka02 amplicon failed to align sequence variants with the correct taxonomical 

lineage. When this happened for taxa supported by duplicated samples (two individuals from the same 

species), and one of the samples was correctly assigned while the other was not, we assumed the 

primer to be still appropriate for that taxon. This was the case for Phaeophyceae Padina sp. and A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Canistrocarpus crispata, Rhodophyta Dilsea carnosa and Laurencia sp., and the seagrass Thalassia 

hemprichii. In contrast, for unique samples of Dictyosiphon foeniculaceus and Chaetopteris plumosa 

(Phaeophyceae), and Palmaria palmata and Turnerella pennyi (Rhodophyta), we had no reference 

sequence available for comparison nor duplicated sample. Hence, in these cases, we cannot conclude 

whether the sequence was wrongly assigned or the primer was not appropriate for these species 

(Figure 2). Despite those cases, barcoding using the Euka02 primer from the universal 18S gene 

clearly distinguished each macroalga lineage and provided the highest taxonomic resolution from a 

broader set of species. No other non 18S gene barcode tested here matched these results.

eDNA metabarcoding

The Euka02 primer from the universal 18S gene fingerprinted several lineages of eukaryotic 

organisms in environmental samples from coastal sediments. Marine macrophytes represented 13.3% 

of the total reads (362,161 out of 2,727,626); intracellular eDNA contributed the most (72.4% of the 

362,161 marine macrophyte reads; Supplementary Table 5). The other taxa included land 

embryophytes (0.8%), fungi (3.6%), microalgae and other unicellular organisms (14.5% and 0.8%, 

respectively), and metazoans (arthropods 7.3%, non-arthropods marine invertebrate 36.3%, marine 

vertebrates 5.2%, vertebrates 0.2%). Unassigned sequences represented 18% of the total reads 

(Supplementary Table 5).

The resolution of marine macrophyte eDNA taxonomic identification beyond family level 

increased from 36% to 76% after inclusion of the created DNA reference library from macrophyte 

tissue. The Euka02 barcode identified 21 marine macrophytes, 14 at genus or species level and the 

rest at lower taxonomic resolution (Table 5). Five of the seven species present in the sampling sites 

were identified in the sediments: the seagrasses Halophila stipulacea, H. ovalis, Thalassodendron 

ciliatum and Halodule uninervis, and the mangrove Avicennia marina. Nevertheless, the other two 

species were not available in the created DNA reference library: tissue of Halophila decipiens did not 

amplify with the Euka02 primer, and the sequence of Thalassia hemprichii was aligned to the wrong 

phylum (see Figure 2, within Rhodophyta). Avicennia marina was the only mangrove species reported 

in situ and contributed 94.8% of the reads in mangrove sediments; 4.2% of the reads were macroalgae 

and 0.95% were seagrasses (Table 5; Figure 3). In sediments from seagrass meadows, mangrove A
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contributed 66.5%, seagrasses 30.4% and macroalgae 3% of the eDNA reads (Table 5; Figure 3). The 

remaining 16 marine macrophytes from both sediment types were macroalgae: three Chlorophyta, six 

Phaeophyceae and seven Rhodophyta; of those, eight species are not included in the DNA reference 

library and were identified at family or order level (Table 5).

Discussion

18S barcoding distinguishes major lineages of marine macrophytes

Out of 18 candidates, the 18S gene primers Euka02 and 18S2 differentiate among macroalgae 

lineages and marine embryophytes (seagrasses and mangroves), becoming good candidates for 

barcoding of marine macrophytes. Additionally, the short length of the amplicons makes these 

primers suitable for metabarcoding of environmental samples, as demonstrated here by fingerprinting 

marine macrophyte eDNA from coastal sediments.

Depending on the application, barcoding is a trade-off between assigning either few taxa to species 

level, or many taxa to higher taxonomical levels such as order or even phylum. While other DNA 

regions may offer higher species-discrimination power, none of the primer pairs tested here amplified 

a broader set of non-related photosynthetic eukaryotes than those from the 18S region.

A major drawback of the 18S barcoding was the taxonomical ambiguity for green algae. Although 

the samples did not cluster in the same clade as the reference sequences, 94% of Chlorophyta 

clustered in a single clade and as a distinct lineage apart from the other macroalgae and 

embryophytes; most taxa from the same order clustered together and the genera clustered next to each 

other. This result indicates an acceptable level of identification, yet barcoding of green algae is a 

challenge and needs improvement. Earlier studies have noted poor performance of both plasmid and 

mitochondrial markers in some orders of the class Ulvophyceae (to which all our samples belong) and 

within the genus Caulerpa (same genus for five species tested here) (Famà, Wysor, Kooistra, & 

Zuccarello, 2002; Kazi, Reddy, & Jha, 2013; Saunders & McDevit, 2012; Zuccarello, Price, 

Verbruggen, & Leliaert, 2009). The possible high incidence of introns within green algae may 

complicate the barcoding of Chlorophyta (Saunders & Kucera, 2010; Saunders & McDevit, 2012).

Limitations of plant barcodes for marine macrophyte barcodingA
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We tested whether the available barcodes for Embryophyta could distinguish among marine 

macrophytes. The ITS2 locus did not amplify any of the marine macrophytes tested here, in contrast 

to previous results for seagrass species (Chen et al., 2010; Uchimura, Jean Faye, Shimada, Inoue, & 

Nakamura, 2008). The trnL primers inconsistently amplified our angiosperms and were unsuccessful 

in our targeted marine macrophytes. Several studies have shown the usefulness of barcoding regions 

matK and rbcL on angiosperms, including mangrove and seagrass species (CBOL, 2009; Lucas, 

Thangaradjou, & Papenbrock, 2012; Newmaster, Fazekas, & Ragupathy, 2006; Yu et al., 2011). 

However, the performance of these regions on macroalgae is rather limited and ambiguous, as 

confirmed here and reported earlier (Reef et al., 2017; Saunders & Kucera, 2010; Saunders & 

McDevit, 2012). Thus, primers used here from the recommended Embryophyta barcodes ITS2, trnL, 

matK and rbcL are likely not suitable for studies on marine macrophytes.

Saunders (2005) pioneered efforts for DNA barcoding of macroalgae, and developed a set of 

primers that amplified the COI region in Rhodophyta and Phaeophyceae, while also drawing attention 

to the low performance of this region for Chlorophyta (McDevit & Saunders, 2009; Saunders & 

McDevit, 2012). However, we obtained a very low performance using those primers: only 5 out of 45 

macroalgal species amplified. Furthermore, these primers are probably too long (>700 bp) for 

metabarcoding of fragmented eDNA from sediments.

A suitable primer for metabarcoding marine macrophytes

eDNA metabarcoding of marine macrophyte is a valuable technique for marine environmental 

studies. For instance, past and present biodiversity assessments of plants and other eukaryotes (Epp et 

al., 2012; Willerslev et al., 2003) could be extended to marine macrophytes. We identified 21 species 

of marine macrophytes in Red Sea sediments, of which 14 species recovered were not reported in situ 

during the sampling events. These results show the potential of eDNA analysis to fingerprint the most 

important macrophytes in marine ecosystems. eDNA fingerprinting of marine macrophytes can also 

help tracing their contribution to marine food webs, which mainly rely on manual identification of gut 

content and on stable isotope analyses (de la Morinière et al., 2003; Figgener, Bernardo, & Plotkin, 

2019; Tol, Coles, & Congdon, 2016). eDNA fingerprinting of marine macrophytes is also an 

outstanding tool for estimating the contribution of marine macrophytes to organic carbon in the open A
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ocean (Ortega et al., 2019) and in coastal habitats (Ortega, 2019). Our metabarcoding not only 

discriminated between seagrass, mangrove and macroalgae lineages in organic carbon sediments, but 

provided a first approximation to their relative contributions (Figure 3).

Challenges for barcoding of marine macrophytes

Our initial aim was to identify a unique primer pair for marine angiosperms and a unique primer 

pair for each of the three macroalga lineages, so that we could use methods such as qPCR to estimate 

their relative abundance in environmental samples. However, creation of those primers was 

challenging and we could not find a specific primer from the tested candidates. When designing de 

novo macroalgal primers, we found that the scarcity of reference libraries restricted development of 

unique primers, as the investigated taxa are largely missing from the databases. This scarcity was 

confirmed with the in silico PCR amplification, where only 40 of our macroalgae amplified while 

thousands of microalgae –which are also Chlorophyta, Rhodophyta and Phaeophyceae– were 

recovered in the analysis (Supplementary Table 4).

Taxonomical resolution below family level is still limited for most marine macrophytes with both 

18S candidates (Euka02 and 18S2). This limitation will likely be overcome by increasing sequences 

in the reference databases. Out of 86 macrophyte species sequenced here, only 41 could be compared 

against a reference sequence at genus level and 13 at species level, while the remaining macrophyte 

species were absent in the databases and compared only at family or order level. Hence, there is an 

urgent need to increase studies and efforts to generate DNA resources, including genotyping of a 

broad set of species from the three lineages of macroalgae. Currently, universal barcodes like the 18S 

gene seems to be the most suitable option for recovering less-studied groups such as marine 

macrophytes.

An inconvenience for sequencing of marine macrophytes, particularly seagrasses and macroalgae, 

is that these organisms live underwater and are colonized by epiphytes growing on their surface 

(sponges, cnidarians, gastropods, etc.), or by endophytes that can penetrate their cells (bacteria, fungi, 

etc.). The use of a universal primer that amplifies both macrophytes and their colonizer increases the 

challenges for marine macrophyte barcoding, as the non-targeted organisms can add significant noise 

compared to when the amplification is restricted to targeted taxa. Our Sanger sequences reflected this A
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issue, as several sequences matched marine colonizers even after surface sterilization. For instance, 

the forward sequence of a Laurencia sample matched to Janczewskia morimotoi –its closest parasitic 

algae (Nonomura & West, 1980), while the reverse sequence matched the real sample (Supplementary 

Table 1). Although Sanger sequencing can be a faster and a cheaper approach for barcoding of a 

single organism, it requires high-quality amplicons from the targeted organism (Shokralla et al., 

2014). We demonstrate that Sanger may not be appropriate for marine macrophytes where the 

presence of other DNA sources (such as DNA from colonizer organisms) hampered the sequencing of 

the targeted taxa; this led to poor quality sequences unacceptable for DNA barcoding. Until specific 

primers are proven to be successful for targeted DNA amplification of these taxa, we recommend 

high-throughput sequencing for barcoding of marine macrophytes. High-throughput sequencing has 

been shown to be an effective method for DNA barcoding of targeted taxa (Shokralla et al., 2014) and 

even at a low cost (Meier, Wong, Srivathsan, & Foo, 2016); it is also an useful tool for genome 

skimming and generation of new barcode markers (Bista et al., 2018; Liu, Yang, Zhou, & Zhou, 2017; 

Straub et al., 2012).

Conclusions

Considering the difficulties in designing macroalgal primers, the limited availability of reference 

databases, and the need to identify widely-separated lineages such as macroalgae from marine 

angiosperms, we recommend the 18S region as a universal barcode for macrophytes, particularly for 

eDNA applications. As shown here, this barcode clearly resolves major phylogenetic patterns within 

macrophytes at order and family level, and can identify those taxa in marine sediment samples. 

Furthermore, this region has brought high taxonomical resolution to the animal branch of the tree of 

life, and we also identified metazoans in our eDNA metabarcoding (Supplementary Table 5). A 

universal barcode such as the 18S provides a parsimonious approach to resolving not just 

photosynthetic organisms but most marine eukaryotic biodiversity in a single eDNA sediment sample.
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Tables

Table 1. Primer pairs tested for the identification of marine macrophytes. Primers amplify ITS2, 18S, 

matK, COI, rbcL, and trnL DNA regions.

Primer pair Primer sequence (5'-3')
Length 

(bp)

Tm 

(◦C)
Reference

F - CCAGCASCYGCGGTAATTCC 400 57-4818S-V4

R - ACTTTCGTTCTTGATYRA   

Stoeck et al. 2010

F - CCAGCASCYGCGGTAATTCC 399 5818S1 (V4)

R - ACTTTCGTTCTTGATYRA   

Stoeck et al. 2010

F - CCAGCASCYGCGGTAATTCC 130 5818S2 (V9)

R - CCTTCYGCAGGTTCACCTA   

Stoeck et al. 2010, 

Amaral-Zettler et al. 2009

F - TTTGTCTGSTTAATTSCG 133 5318S Euka02 (V7)

R - CACAGACCTGTTATTGC   

Guardiola et al. 2015 

F - GCGGGTGTTAAAGAGTACAA 146 59rbcL

R - AGTAGAAGATTCGGCAGCTA   

This paper

F - GTTGGATTCAAAGCTGGTGTTA 350 53minirbcL F52-rbcLB

R - AACCYTCTTCAAAAAGGTC   

Little et al. 2014, Reef et 

al. 2017

F - TCCCGGATTCCAGATGTTCC 136 58sgmatK1

R - AGGAACCGAAAGAGTCTTGGA   

This paper

F - TGTTACCTTGTTCGTTTTTGGCA 142 58sgmatK2

R - CTCCGGACTGCCAAAGGATT   

This paper

F - ACTGCTTGTGAAACGGTTAA 130 58mgmatK1

R - ACCCCTCCGATATGATTTGA   

This paper

F - CGCCAGTGGATTCTATGTTT 128 58mgmatK2

R - TCGCTCTTTTGATTTCGGAA   

This paper

F - TCAACAAATCATAAAGATATTGG 740 60COI GF1-GR1 

R - ACTTCTGGATGTCCAAAAAAYCA   

Saunders 2005

F - TCAACAAATCATAAAGATATTGG 740 50COI GF1-DR1 

R - AAAAAYCARAATAAATGTTGA   

Saunders 2005

F - CCAACCAYAAAGATATWGGTAC 740 58COI GF2-GR1 

R - ACTTCTGGATGTCCAAAAAAYCA   

Saunders 2005

F - CCAACCAYAAAGATATWGGTAC 740 50COI GF2-DR1 

R - AAAAAYCARAATAAATGTTGA   

Saunders 2005
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F - ATGCGATACTTGGTGTGAAT 162 56ITS2 

R - GACGCTTCTCCAGACTACAAT   

Yao et al. 2010

F - CGAAATCGGTAGACGCTACG 456 55trnL c-d 

R - GGGGATAGAGGGACTTGAAC   

Taberlet et al. 2006

F - GGGCAATCCTGAGCCAA 40 55trnL g-h 

R - CCATTGAGTCTCTGCACCTATC   

Taberlet et al. 2006

F - GATTCAGGGAAACTTAGGTTG 200 55trnL bryo_P6 -h 

R - CCATTGAGTCTCTGCACCTATC   

Epp et al. 2012, Taberlet 

et al. 2006
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Table 2. Species used in the barcoding test. Questionable identification is denoted as “?” for some species. Abbreviations: NA, North 

Atlantic; E., Embryophyta.
Lineage Species Location Lineage Species Location

Chlorophyta Caulerpa brownii Red Sea Phaeophyceae Halidrys siliquosa NA (Arctic)

Chlorophyta Caulerpa racemosa var. cylindracea Red Sea Phaeophyceae Laminaria digitata NA (Arctic)

Chlorophyta Caulerpa racemosa var. lamourouxii? Red Sea Phaeophyceae Laminaria solidungula NA (Arctic)

Chlorophyta Caulerpa serrulata Red Sea Phaeophyceae Padina boergesenii? Red Sea

Chlorophyta Caulerpa serrulata f. spiralis Red Sea Phaeophyceae Padina boryana? Red Sea

Chlorophyta Caulerpa sertularioides Red Sea Phaeophyceae Padina sp. Red Sea

Chlorophyta Caulerpa taxifolia Red Sea Phaeophyceae Punctaria glacialis NA (Arctic)

Chlorophyta Chaetomorpha linum NA (Arctic) Phaeophyceae Punctaria plantaginea NA (Arctic)

Chlorophyta Codium fragile NA (Arctic) Phaeophyceae Pylaiella varia NA (Arctic)

Chlorophyta Dictyosphaeria cavernosa Red Sea Phaeophyceae Saccharina latissima NA (Arctic)

Chlorophyta Enteromorpha prolifera NA (Arctic) Phaeophyceae Saccharina nigripes NA (Arctic)

Chlorophyta Halimeda discoidea? Red Sea Phaeophyceae Sargassum aspe Red Sea

Chlorophyta Halimeda incrassata Red Sea Phaeophyceae Sargassum ilicifolium? Red Sea

Chlorophyta Halimeda macroloba? Red Sea Phaeophyceae Sargassum mutium? Red Sea

Chlorophyta Halimeda sp. Red Sea Phaeophyceae Sargassum natans? Red Sea

Chlorophyta Ulva lactuca NA (Arctic) Phaeophyceae Scytosiphon complanatus NA (Arctic)

Chlorophyta Ulva? sp. Red Sea Phaeophyceae Stictyosiphon tortilis NA (Arctic)

Chlorophyta Valonia aegagropila Red Sea Phaeophyceae Turbinaria ornata var. serrata Red Sea

Chlorophyta Valonia ventricosa Red Sea Rhodophyta Chondrophycus? papillosus? Red Sea

Phaeophyceae Agarum clathratum NA (Arctic) Rhodophyta Chondrus crispus NA (Arctic)

Phaeophyceae Alaria esculenta NA (Arctic) Rhodophyta Coccotylus truncatus NA (Arctic)
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Phaeophyceae Ascophyllum nodosum NA (Arctic) Rhodophyta Delesseria sanguinea NA (Arctic)

Phaeophyceae Chaetopteris plumosa NA (Arctic) Rhodophyta Dilsea carnosa NA (Arctic)

Phaeophyceae Cystoseira trinodis Red Sea Rhodophyta Furcellaria lumbricalis NA (Arctic)

Phaeophyceae Desmarestia aculeata NA (Arctic) Rhodophyta Gracilaria sp. Red Sea

Phaeophyceae Dictyosiphon foeniculaceus NA (Arctic) Rhodophyta Hypnea cornuta Red Sea

Phaeophyceae Canistrocarpus crispata? Red Sea Rhodophyta Hypnea sp. Red Sea

Phaeophyceae Dictyota humifusa? Red Sea Rhodophyta Jania pumila Red Sea

Phaeophyceae Fucus evanescens NA (Arctic) Rhodophyta Laurencia mcdermidiae Red Sea

Phaeophyceae Fucus serratus NA (Arctic) Rhodophyta Laurencia mcdermidiae? Red Sea

Phaeophyceae Fucus vesiculosus NA (Arctic) Rhodophyta Laurencia sp1. Red Sea

Table 2. Continuation. Species used in the barcoding test.
Lineage Species Location Lineage Species Location

Rhodophyta Laurencia? sp2. Red Sea E. (Angiosperm) Aloe vera Red Sea

Rhodophyta Laurencia? sp3. Red Sea E. (Angiosperm) Callistemon viminalis Red Sea

Rhodophyta Lithothamnion? sp. Red Sea E. (Angiosperm) Caryota mitis Red Sea

Rhodophyta Membranoptera alata NA (Arctic) E. (Angiosperm) Chamaerops hormilis Red Sea

Rhodophyta Odonthalia dentata NA (Arctic) E. (Angiosperm) Cocos nucifera Red Sea

Rhodophyta Palmaria palmata NA (Arctic) E. (Angiosperm) Cordia subcordata Red Sea

Rhodophyta Phycodrys rubens NA (Arctic) E. (Angiosperm) Cymbopogon sp. Red Sea

Rhodophyta Phyllophora pseudoceranoides NA (Arctic) E. (Angiosperm) Erythrina crista-galli Red Sea

Rhodophyta Polysiphonia arctica NA (Arctic) E. (Angiosperm) Erythrina variegata Red Sea

Rhodophyta Polysiphonia nigrescens NA (Arctic) E. (Angiosperm) Eucalyptus sp. Cyprus

Rhodophyta Rhodomela confervoides NA (Arctic) E. (Angiosperm) Ficus nitida Red Sea
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Rhodophyta Turnerella pennyi NA (Arctic) E. (Angiosperm) Halocnemum strobilaceum Red Sea

Rhodophyta Unknown sp5. (Rhodophyta) Red Sea E. (Angiosperm) Nerium oleander Red Sea

Rhodophyta Unknown sp6. (Rhodophyta) Red Sea E. (Angiosperm) Olea europaea Cyprus

Macroalgae Unknown sp1. Red Sea E. (Angiosperm) Phoenix canarensis Red Sea

Macroalgae Unknown sp2. Red Sea E. (Angiosperm) Pistacia lentiscus Red Sea

Macroalgae Unknown sp3. Red Sea E. (Angiosperm) Plumeria rubra Red Sea

Macroalgae Unknown sp4. Red Sea E. (Angiosperm) Punica granatum Cyprus

E. (Mangrove) Avicennia marina Red Sea E. (Angiosperm) Ravenala madagascariensis Red Sea

E. (Mangrove) Rhizophora mucronata Red Sea E. (Angiosperm) Suaeda monoica Red Sea

E. (Seagrass) Cymodocea nodosa Cyprus E. (Angiosperm) Cascabela thevetia Red Sea

E. (Seagrass) Cymodocea rotundata Red Sea E. (Angiosperm) Vitis sp. Cyprus

E. (Seagrass) Cymodocea serrulata Red Sea E. (Angiosperm) Ziziphus jujuba Red Sea

E. (Seagrass) Enhalus acoroides Red Sea E. (Other) Araucaria sp. Cyprus

E. (Seagrass) Halodule uninervis Red Sea E. (Other) Callitris sp. Cyprus

E. (Seagrass) Halophila decipiens Red Sea E. (Other) Cupressus sempervirens Cyprus

E. (Seagrass) Halophila ovalis Red Sea E. (Other) Cycas revoluta Red Sea

E. (Seagrass) Halophila stipulacea Red Sea E. (Other) Cyperus sp. Red Sea

E. (Seagrass) Posidonia oceanica Cyprus E. (Other) Pinus silvestris Finland

E. (Seagrass) Thalassia hemprichii Red Sea E. (Other) Pinus sp. Finland

E. (Seagrass) Thalassodendrom ciliatum Red Sea E. (Other) Polypodium vulgare Finland

E. (Angiosperm) Adenium obesum Red Sea E. (Other) Pteridium aquilinum Finland
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Table 3. Amplification performance of primer pairs for lineage of macrophytes. Number of samples 

varied among primers and lineages. Percentage represents species (not total of samples) that amplified 

among the total number of species tested. Not all amplicons were sequenced. ‘Land other’ includes 

coniferous trees, ferns, and a cycad species.

Primer pair Total Macroalgae Mangrove Seagrass
Land 

angiosperms 

Land 

other

18S2 100% (119/119) 100% (81/81) 100% (2/2) 100% (7/7) 100% (24/24) 100% (5/5)

Euka02 94% (81/86) 97% (64/66) 100% (2/2) 100% (11/11) 100% (2/2) 40% (2/5)

18S-V4 67% (10/15) 63% (5/8) 100% (1/1) 100% (1/1) 60% (3/5) -

18S1 30% (20/67) 12% (5/42) 50% (1/2) 75% (3/4) 58% (11/19) -

rbcL 60% (9/15) 67% (4/6) 50% (1/2) 25% (1/4) 100% (3/3) -

minirbcL 47% (14/30) 50% (7/14) 50% (1/2) 71% (5/7) 0% (0/6) 0% (0/1)

sgmatK2 85% (35/41) 57% (8/14) 100% (2/2) 83% (5/6) 100% (19/19) -

sgmatK1 21% (7/33) 0% (0/7) 50% (1/2) 50% (2/4) 21% (4/19) 100% (1/1)

mgmatK1 29% (4/14) 0% (0/7) 50% (1/2) 0% (0/2) 100% (3/3) -

mgmatK2 29% (4/14) 0% (0/7) 50% (1/2) 0% (0/2) 100% (3/3) -

COI GF1-GR1 7% (3/45) 8% (3/39) 0% (0/1) 0% (0/2) 0% (0/3) -

COI GF1-DR1 11% (5/45) 13% (5/39) 0% (0/1) 0% (0/2) 0% (0/3) -

COI GF2-GR1 9% (4/45) 10% (4/39) 0% (0/1) 0% (0/2) 0% (0/3) -

COI GF2-DR1 2% (1/45) 3% (1/39) 0% (0/1) 0% (0/2) 0% (0/3) -

ITS2 29% (4/14) 0% (0/7) 0% (0/1) 0% (0/1) 80% (4/5) -

trnL c-d 20% (2/10) 0% (0/3) 0% (0/1) 0% (0/3) 67% (2/3) -

trnL g-h 10% (1/10) 0% (0/3) 0% (0/1) 0% (0/3) 33% (1/3) -

trnL bryo_P6 -h 10% (1/10) 0% (0/3) 0% (0/1) 0% (0/3) 33% (1/3) -
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Total indicates the percentage of assignment to the taxonomic rank among the total number of 

samples (n = 86 for Euka02 and n= 11 for 18S2). Ref indicates the percentage of sample 

assignments within the subset of samples that had a reference sequences at that taxonomic level 

(n Ref). For example, the primer Euka02 accurately identified in the right genus 71% of the 

samples with available genus reference (29 out of 41). 

 

 

 

 

 

 

 

 

 

 

  

Rank 
Euka02 18S2 

Total Ref n Ref Total Ref n Ref 

Phylum 88% 88% 86 91% 91% 11 

Order 76% 76% 59 45% 45% 11 

Family 54% 54% 42 45% 45% 11 

Genus  37% 71% 41 27% 30% 10 

Species 4% 23% 13 0% 0% 5 
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Euka02. All seagrass and mangrove species listed below were spotted on site during the sediment 

sampling. 

Lineage Species eDNA Reads 

Chlorophyta Caulerpa serrulata f. spiralis 110 

Chlorophyta Halimeda macroloba 10,551 

Phaeophyceae Ectocarpales 59 

Phaeophyceae Fucus vesiculosus 1,100 

Phaeophyceae Laminariales 274 

Phaeophyceae Padina sp. 226 

Phaeophyceae Saccharina japonica 15 

Phaeophyceae Sargassum sp. 1,109 

Rhodophyta Ceramiaceae 76 

Rhodophyta Corallinales 20 

Rhodophyta Florideophyceae 346 

Rhodophyta Laurencia mcdermidiae 981 

Rhodophyta Lithothamnion sp. 4,886 

Rhodophyta Neosiphonia sp2. 6 

Rhodophyta Rhodomelaceae 1,051 

Rhodophyta Rhodophysema elegans 58 

Seagrass Halodule uninervis 17,948 

Seagrass Halophila ovalis 26,890 

Seagrass Halophila stipulacea 16,822 

Seagrass Thalassodendron ciliatum 10,675 

Mangrove Avicennia marina 467,728 

Total 560,931 

In situ marine macrophytes 385,629 

% in situ marine macrophytes 68.75 
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Figure Legends

Figure 1. Schematic representation of the steps followed to choose a suitable DNA barcoding to 

distinguish marine macrophyte lineages.

Figure 2. Taxonomical assignment based on sequence cluster of the macrophytes amplified with the 

Euka02 primer. The cluster clearly differentiates macrophyte lineages, as most species were 

accurately assigned to their lineage: 95% of Embryophyta (blue), 94% of Chlorophyta (green), 86% 

of Phaeophyceae (brown) and 81% of Rhodophyta samples. The reference sequences are labelled with 

“Ref_” before the species name. Samples from species Caulerpa serrulata and Fucus vesiculosus 

have the letter “A” or “B”, indicating that two sequence variants from that sample were chosen for the 

cluster.

Figure 3. Location of the mangrove forest (tree icon) and seagrass meadows (grass icon) where 

sediments were sampled in the Red Sea. Pies indicate the proportion of marine macrophytes to the 

eDNA sediment pool by sampling location. Bars indicate the mean proportion of eDNA from 

seagrasses, mangroves and macroalgae by coastal habitat.
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Supplementary Information

Supplementary Table Legends (Tables are in the SI_Supplementary_Tables.xlsx file)

Supplementary Table 1. Summary of Sanger sequencing attempts. BLAST match indicates the taxon 

to which the sequence was assigned.

Supplementary Table 2. Amplification performance of the six barcodes and the 18 primers tested. X 

indicates failed amplification, Y indicates successful amplification, - indicates that the primer was not 

tested on that species.

Supplementary Table 3. Results of in silico PCR for seven primer pairs aiming marine macrophyte 

sequences from the EMBL database; eight mismatches were allowed. Data indicate the taxonomical 

level outputs (ecotaxspecificity). “Taxon_total” indicates the number of taxa to distinguish, 

“Taxon_ok” indicates the taxa that can be distinguished based on the database. “Percentage” indicates 

the identification percentage of each taxa present in the EMBL sequences. “Total algal species” 

indicates all Chlorophyta, Rhodophyta and Phaeophyceae that amplified in silico; those species also 

include unicellular microalgae. 

Supplementary Table 4. In silico PCR amplification of macroalgae included in this study, using 

seven primer pairs. Yes or No indicates whether the species amplified in silico. + or - indicates 

whether the species amplified or not during the lab experiments.

Supplementary Table 5. Eukaryotic diversity based on intracellular and extracellular eDNA from 

coastal sediment samples, and using the primer Euka02 from the 18S gene. Values represent eDNA 

reads; Marine macrophytes include macroalgae (Chlorophyta, Rhodophyta and Phaeophyceae), 

mangrove and seagrass.
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Supplementary Figure Legend

Supplementary Figure 1. Taxonomical assignment based on sequence cluster of the macrophytes 

amplified with the 18S2 primer. The cluster clearly differentiates macrophyte lineages. The reference 

sequences are labelled with “Ref_” before the species name. Some species names have the letter “A”, 

“B” or “C”, indicating that two or three sequence variants from that sample were chosen for the 

cluster. Contrary to primer Euka02, 18S2 primer clustered Valonia ventricosa next to its reference, 

and two Halimeda species next to the reference sequences of the class.

Supplementary Figure 2. Evidence of the amplification of eDNA from marine sediments using the 

18S2 primer pairs. Upper gel: amplification of eDNA from Red Sea sediments. Lower gel: 

amplification of eDNA from Arctic marine sediments.
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