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Abstract 
Molecular techniques have proven useful not only in resolving taxonomic and systematic issues 
among several genera in the red algal family Gracilariaceae but also in the rapid identification of 
cryptic invasive species (e.g., Gracilaria vermiculophylla and G. parvispora). In Hawai‘i 
(U.S.A.), Gracilaria is both economically and culturally important, with G. coronopifolia being 
highly prized. Molecular analyses of chloroplast rbcL and mitochondrial COI sequence data 
indicate that recent collections of Hawaiian “G. coronopifolia” are polyphyletic and consist of 
two species representing two different genera, Gracilaria and Hydropuntia. This is the first 
formal record of the genus Hydropuntia in Hawai‘i. These results also reveal that Hawaiian 
collections of Hydropuntia are closely related to an Australian alga, Gracilaria perplexa, with 
both taxa belonging to a strongly supported Hydropuntia clade, and suggest that both cases 
represent cryptic invasions. We formally propose the transfer of G. perplexa to Hydropuntia and 
also recognize Hawaiian specimens of Hydropuntia as that same species: Hydropuntia perplexa 
(Byrne et Zuccarello) Conklin, O’Doherty et A.R. Sherwood comb. nov. 
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Introduction 

 Most anthropogenic introductions of marine algae (both unintentional and intentional) are 

attributed to shipping [e.g., hull fouling (Inderjit et al. 2006, Williams and Smith 2007), ballast 

water release (Flagella et al. 2007)] or mariculture [e.g., release of economically important 

species, or arriving as hitchhikers on cultivated plants (Pickering 2006, Pickering et al. 2007)].  

Such introductions may result in invasion by cryptic species, which are generally defined as 

invaders that go undetected due to morphological similarities with native species (Geller et al. 

2010).  Molecular tools have greatly improved and increased our ability to identify introductions 

of cryptic, non-indigenous algal species (Geoffroy et al. 2012, Saunders 2009, Thomsen et al. 

2005, Wolf et al. 2012). 

The family Gracilariaceae contains seven genera (Congracilaria Yamamoto, Curdiea 

Harvey, Gracilaria Greville, Gracilariophila Setchell & H.L. Wilson, Gracilariopsis E.Y. 

Dawson, Hydropuntia Montagne, and Melanthalia Montagne). Some of these genera have wide 

distributions and contain numerous species (e.g., Gracilaria, which is found in both temperate 

and tropical habitats and contains 169 currently recognized species), and some are more 

narrowly defined and distributed (e.g., Melanthalia, in which four out of five species are 

endemic to southern Australia and New Zealand) (Guiry and Guiry 2013). Morphological 

plasticity and the presence of few distinguishing non-reproductive characters make species 

delimitation within the family problematic (Bellorin et al. 2002, Gargiulo et al. 2006), and 

taxonomic revision of the genus Gracilaria has been undertaken a number of times over the last 

few decades (Abbott et al. 1991, Gurgel and Fredericq 2004, Liao and Hommersand 2003). 

Molecular markers have proven useful not only in resolving taxonomic and systematic issues 

among several genera in the Gracilariaceae (Gargiulo et al. 2006, Gurgel and Fredericq 2004), 
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but also in rapid identification of morphologically indistinct, or cryptic, specimens (i.e., DNA 

barcoding) (Costa et al. 2012, Freshwater et al. 2006, Kim et al. 2010, Saunders 2009).  

Considerable research has focused on Gracilaria.  While many of these species are 

economically important seaweeds and part of an industry whose value is estimated at US$ 5.5-6 

billion (FAO 2003), characters that make the genus ideal for mariculture [e.g., vegetative 

propagation, rapid growth, wide environmental tolerance ranges (Bird and McLachlan 1986, 

Phooprong et al. 2007, Smith et al. 2004)] are also qualities that may contribute to their 

invasiveness (Inderjit et al. 2006, Pickering et al. 2007).  Gracilaria species are some of the 

world’s chief sources of agar (Santelices and Doty 1989, Tseng and Xia 1999), are used in the 

pharmaceutical industry (Kazłowski et al. 2012), as fertilizers (FAO 2003), in 

aquaculture/agriculture feeds (Olin 1994), and as sources of food for humans (Bezerra and 

Marinho-Soriano 2010, Zemke-White and Ohno 1999).  Gracilaria also includes the highly 

invasive G. vermiculophylla (Ohmi) Papenfuss, which has spread rapidly along the west and east 

coasts of North America, northern Europe, and the Mediterranean Sea (Freshwater et al. 2006, 

Kim et al. 2010, Saunders 2009, Sfriso et al. 2010) and has begun changing the soft-sediment 

estuarine ecosystems in both United States and Sweden by providing structure where none was 

previously present (Byers et al. 2012, Nyberg et al. 2009).  Most recently, García-Rodríguez et 

al. (2013) reported the introduction and invasion of G. parvispora Abbott to northwestern 

Mexico, where the alga forms extensive mats with G. vermiculophylla in anthropogenically 

affected areas of high nutrients. 

In Hawai‘i (U.S.A.), Gracilaria is both economically and culturally important but also 

strongly invasive in certain areas of the main islands where an introduced species has become 

abundant.  Nine species are currently recognized in the archipelago, two of which are highly 

prized as food sources, G. coronopifolia J. Agardh and G. parvispora (Abbott 1999).  Compared 
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to other Polynesian cultures, Hawaiians use and have used many seaweeds as seasonal staples in 

their diets as well as in cultural ceremonies (Abbott 1978, 1984, McDermid and Stuercke 2004). 

Gracilaria coronopifolia (or limu manauea in Hawaiian) is one of the most sought-after edible 

seaweeds and shortages in natural populations in the late 1980s led to the passing of State law 

prohibiting the collection of cystocarpic plants in order to replenish wild sources (Abbott 1999). 

Several species of Gracilaria, both wild and cultivated, are sold as fresh produce (McDermid et 

al. 2005, Nelson et al. 2009), valued at approximately US$ 1–3 million annually (Abbott 1999, 

Nelson et al. 2009) with estimated weekly demands in Hawai‘i exceeding 1,000 kg.  Though G. 

salicornia (C. Agardh) E. Y. Dawson has a discontinuous distribution (i.e., in scattered sites 

along the coastlines of Hawai‘i, Moloka‘i and O‘ahu), it is highly dominant in the areas where it 

is found (Smith et al. 2002), with as much as 5.193 kg/m2 of biomass (Smith et al. 2004), and is 

postulated to have led to reef degradation, habitat decline, and reduced biomass of fishery-target 

species in the Waikīkī Marine Life Conservation District (O‘ahu) (Williams et al. 2006). 

The Hawaiian Rhodophyta Biodiversity Survey (2006-2010) revealed considerable 

sequence variation within the plastid, mitochondrial, and nuclear barcode regions studied for 

specimens initially collected and morphologically identified as G. coronopifolia (Sherwood et al. 

2010). Previous studies of the Gracilariaceae have used the rbcL region to better understand 

species level phylogenetic relationships (e.g., Gurgel and Fredericq 2004, Kim et al. 2008) and, 

thus, a large dataset exists for species comparisons within this family using this marker. Red 

algal DNA barcoding relies on a portion of the mitochondrial cytochrome c oxidase I (COI) gene 

for species-level identifications (Saunders 2005), and was shown to be effective in 

discriminating members of the Gracilariaceae in recent studies (Kim et al. 2010, Costa et al. 

2012, Saunders 2009). In this study, we use both rbcL and COI sequence data to further resolve 

previously highlighted molecular variation among these Hawaiian “G. coronopifolia” samples 
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(Sherwood et al. 2010), and illustrate the presence of a previously undocumented genus in 

Hawaiian waters. 

 

Materials and Methods 

Twelve samples morphologically identified as Gracilaria coronopifolia were collected from 11 

sites around the Main Hawaiian Islands (MHI) (Table 1). Fresh collections were cleaned of 

epiphytes under a dissecting scope and either frozen at -20 °C or dried using silica gel as a 

desiccant for molecular analysis. Herbarium vouchers were made for all samples and any 

remaining material was preserved in 4 % buffered formalin/seawater. All morphological 

vouchers are presently located in the Sherwood Laboratory at the University of Hawai‘i at 

Mānoa and will ultimately be deposited the Bernice Pauahi Bishop Museum (BISH) Herbarium 

Pacificum.  

 Genomic DNA extraction followed Conklin et al. (2009).  Polymerase chain reaction 

(PCR) was performed using an Eppendorf Mastercycler ep gradient S thermal cycler (Eppendorf 

AG, Hamburg, Germany). The plastid-encoded rbcL gene was amplified using the primer 

combinations of F7 + R753 and F645 + RrbcS following Gurgel and Fredericq (2004), and the 5´ 

end of the mitochondrial cytochrome oxidase subunit I gene region (COI) was amplified and 

sequenced using the GazF1 and GazR1 primers following Saunders (2005). PCR reactions (25.0 

µl total) consisted of 5.0 µl of 5X MangoTaq reaction buffer (Bioline, MA, USA), 1.5 µl of 

MgCl2 (50 mM), 1.5 µl of 1% bovine serum albumin solution, 1.0 µl of each primer (10 mM), 

1.0 µl of each dNTP (20 mM), 0.2 µl of MangoTaq DNA polymerase (Bioline, MA, USA; 5 

mM), 9.8 µl of PCR water, and 1.0 µl genomic DNA.  All PCR products were electrophoresed in 

1.5% agarose and 0.5X tris-borate-EDTA (TBE) buffer to verify product size. 
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 Successful PCR products were purified using ExoSAP-IT (Affymetrix, Santa Clara, CA, 

USA) following the manufacturer’s protocol and were sequenced in both directions at the 

Greenwood Molecular Biology Core Facility (University of Hawai‘i at Mānoa, Honolulu, HI, 

USA) using an ABI 3130XL Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). 

Sequences were assembled using Geneious (Drummond 2010), and 16 additional COI sequences 

and 25 rbcL sequences of other Gracilariaceae were retrieved from the National Center for 

Biotechnology Information (NCBI) Genbank database for comparison to our sequences of 

Hawaiian collections (Table 1). 

 Data sets were aligned with MAFFT v6.814b (Katoh et al. 2002) implemented in 

Geneious, using Gracilariopsis species as outgroups. Alignments were corrected by eye and 

were trimmed so that all sequences in the datasets were the same length. For the rbcL data set, 

Maximum Likelihood (ML) and Bayesian Inference (BI) analyses were conducted. The optimal 

molecular phylogenetic tree and bootstrap values were heuristically searched by the ML method 

(initial tree = BioNJ [variant of NJ], subtree pruning-regrafting [SPR] branch swapping, 1,000 

replicates) using PhyML (Guindon and Gascuel 2003) implemented in Geneious. The most 

appropriate parameter values and substitution model for the ML analysis were determined under 

the Bayesian Information Criterion (BIC) implemented in jModeltest 0.1.1 (Posada 2008). The 

optimal substitution model was identified as TrN+G (Tamura-Nei 1993 model with gamma 

distribution) and the parameters used were as follows: assumed nucleotide frequencies A = 

0.3244; C = 0.1327; G = 0.2010; T = 0.3420; substitution rate matrix A-C substitutions = 1.0000; 

A-G = 4.7783; A-T = 1.0000; C-G = 1.0000; C-T = 10.2581; G-T = 1.0000; rates for variable 

sites assumed to follow a gamma distribution with shape parameter = 0.2220. The BI analysis 

(four chains of Markov Chain Monte Carlo, temp = 0.2, sampling every 100 generations, 

convergence diagnostic calculated every 1,000 generations, stop value set at 0.01) was conducted 
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using MrBayes version 3.1.2 (Huelsenbeck and Ronquist 2001).  The GTR+I+G (general time 

reversible model with invariable sites and gamma distribution) substitution model was selected 

as the optimal model for the BI analysis using the Akaike Information Criterion (AIC) 

implemented in MrModeltest version 2.2 (Nylander 2006). 

For the COI dataset, DNA barcode analyses were employed to estimate species 

boundaries, a method previously used in a number of red algal studies (Conklin et al. 2009, 

Robba et al. 2006, Saunders 2005).  A neighbor-joining (NJ) analysis (Saitou and Nei 1987) was 

performed using MEGA5 (Tamura et al. 2011), based on Kimura 2-parameter distances (Kimura 

1980).   

 

Results 

The final rbcL dataset consisted of 31 sequences and included 1,201 base-pair (bp) positions. 

The ML and BI analyses separated Hawaiian specimens morphologically identified as Gracilaria 

coronopifolia into two strongly supported, distinct clades: a true G. coronopifolia clade, closely 

related to other Gracilaria species, and a Hydropuntia sp. clade, clustering with other 

Hydropuntia species and “Gracilaria” perplexa (Fig. 1). Between these two clades, sequence 

divergence ranged from 10.16-10.32 %. Hawaiian specimens within the Hydropuntia clade 

(03561 and 08267) were separated by only 0.67-0.75 % sequence divergence from “G”. perplexa 

(AY112677), which also clustered strongly with other Hydropuntia species. Very little sequence 

variation was found among Hawaiian samples (0–1 bp). 

The COI dataset consisted of 34 sequences and included 614 bp. The NJ analysis of this 

mitochondrial region separated Hawaiian specimens into the same G. coronopifolia and 

Hydropuntia sp. clades recovered by the rbcL phylogenetic analyses (Fig. 2). Between these 

clusters sequence divergence ranged from 12.70-13.36 %. Within the G. coronopifolia clade, 
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sequences varied by 1-7 bp (up to 1.14 %), with O‘ahu specimens clustering together and other 

MHI specimens clustering separately. The Hawaiian Hydropuntia cluster was separated from H. 

edulis by 7.82-8.14 % sequence divergence, and Hawaiian sequences differed by 0-6 bp (up to 

0.98 %), with Kaua‘i specimens clustering together and O‘ahu and Maui specimens clustering 

separately.   

Hydropuntia perplexa (Byrne et Zuccarello) Conklin, O’Doherty et A.R. Sherwood 

comb. nov.  (Fig. 3). 

Basionym: Gracilaria perplexa Byrne et Zuccarello, 2002, Phyc. Res. 50:302. 

 

 

Discussion 

Gurgel and Fredericq’s (2004) assessment of the systematics of the Gracilariaceae provided both 

molecular and morphological evidence for the separation of the genus Hydropuntia from 

Gracilaria. In their study, ten species of Gracilaria (G. urvillei [the type species of 

Hydropuntia], G. edulis, G. eucheumatoides, G. pressiana, G. rangiferina, G. caudata, G. 

cornea, G. crassissima, G. secunda, and G. usneoides) were ultimately transferred to 

Hydropuntia. Following the global Gracilariaceae re-classification proposed by Gurgel and 

Fredericq (2004), our study recovered a true G. coronopifolia clade and also revealed the 

presence of a Hydropuntia clade – which represents the first formal record of this red algal genus 

in Hawai‘i. 

For taxa in which morphological discrimination is difficult (especially when important 

and distinguishing reproductive characters are lacking), DNA-assisted identifications have 

proven extremely useful for species delimitation and have assisted in many algal systematic 

revisions and new species descriptions (Dixon et al. 2012, Leliaert et al. 2009, Lin et al. 2013). 
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Unlike members of Gracilaria sensu stricto, Hydropuntia species have: (1) deeply embedded, 

multicavitied spermatangial conceptacles in clusters in which spermatangial parent cells always 

interact (via secondary pit-connections) with medullary cells, and spermatangia that cover the 

entire surface of the conceptacles (Chang and Xia 1963, Gurgel and Fredericq 2004, Tseng and 

Xia 1999, Xia and Abbott 1987), and, (2) gonimoblasts that originate indirectly from the fusion 

cell in which irregularly-shaped conspicuous tubular nutritive (also, absorbing or transversing) 

filaments emerge (Abbott et al. 1991, Chang and Xia 1963, Fredericq and Norris 1985). To date, 

no reproductive material of Hydropuntia has been observed from Hawai‘i.   

Based on our rbcL results, Hawaiian collections of Hydropuntia are related to the 

endemic Australian alga, Gracilaria perplexa Byrne et Zuccarello, with both taxa falling well 

within a strongly supported Hydropuntia clade. Gracilaria perplexa was first described in 2002 

by Byrne et al. and was not included in the 2004 study by Gurgel and Fredericq in which several 

Gracilaria species were transferred to Hydropuntia. Along with its molecular phylogenetic 

placement within the Hydropuntia clade, G. perplexa also possesses diagnostic characters that 

correspond to the generic concept of Hydropuntia [i.e., spermatangia forming a branch system 

covering the entire inner surface of the multicavitied conceptacles and traversing filaments 

directed toward cystocarp cavity floor (Byrne et al. 2002)]. Thus, we propose the transfer of G. 

perplexa to Hydropuntia and also recognize Hawaiian Hydropuntia as that same species, based 

on the morphological similarity and low sequence divergence between these two taxa (8-9 bp 

variation, 0.67-0.75 %). 

While the results of the COI marker were congruent with the rbcL marker, they further 

revealed interesting trends within both the G. coronopifolia clade and the Hydropuntia clade. 

Other species of Gracilaria from Hawai‘i were included in the COI dataset, and the placement of 

the endemic G. dotyi Hoyle (sample 03492) within the G. coronopifolia clade suggests that this 
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species may be conspecific with the latter, which will require further investigation.  Sequence 

variation within G. coronopifolia was high for this marker (up to 1.14 %), separating O‘ahu (type 

locality) collections from other Main Hawaiian Islands (MHI) collections.  While this result is 

not unexpected given the alga’s extreme morphological variability in its own native locale [e.g., 

axils are normally terete but are also frequently flattened or compressed and “branching patterns 

vary too much to be generalized about” (Abbott 1999)] , this intraspecific genetic variation is 

higher than previous studies have shown for other species of Gracilaria (up to 0.8 - 0.9 % for G. 

caudata and G. vermiculophylla, respectively (Costa et al. 2012, Yang et al. 2008)).  Limu 

manauea (=G. coronopifolia) has long had a place in Hawaiian culture and its present-day 

populations might be explained by the local custom of moving highly desirable seaweeds 

between the MHI islands, sometimes as living plants on rocks, and their further cultivation at 

their new sites, even placing a kapu (or restriction) on such plants to keep them from being 

destroyed (Abbott 1984).  Fertile plants also appear to be common, both in recent collections and 

surveys as well as in old collections archived in BISH (Conklin, personal observation), and help 

to explain the high sequence variation in G. coronopifolia. 

Surprisingly, substantial COI sequence variation (up to 0.98 %) and similar island-based 

clustering (a Kaua‘i clade and an O‘ahu/Maui clade) were also found for the Hawaiian 

Hydropuntia collections, perhaps suggesting a similar history to G. coronopifolia in the islands.  

However, several additional factors lead us to believe otherwise.  While 0.65 - 0.98 % sequence 

variation was recovered between the Kaua‘i and the O‘ahu/Maui clades, there is little actual 

variation within these clades (only 1 bp difference within clades, 0.16 %).  Additionally, with 

reproductive material apparently lacking for this taxon in Hawai‘i (i.e., they most likely only 

employ fragmentation, an asexual form of reproduction, to spread), we find support for the 

hypothesis of multiple cryptic invasions rather than a single introduction in the early stages of 
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incipient speciation.  This hypothesis is also supported by the rbcL dataset, in which very low 

sequence divergence separated Hawaiian Hydropuntia from the Australian H. perplexa 

(previously G. perplexa), the latter only recently described from two locations within Botany 

Bay, New South Wales, Australia (Byrne et al. 2002).  Considering the vast amount of 

phycological research that has been accomplished in both Hawai‘i and Australia by renowned 

taxonomists (i.e., M. S. Doty, I. A. Abbott, H. B. S. Womersley, and G. T. Kraft), the presence of 

a new species such as this in heavily trafficked, well-collected areas would suggest cryptic 

introductions from a locale that might be less well-studied and not a species native to either 

Hawai‘i or Australia.   

One possibility for the source of the introduction might be Micronesia. Meneses and 

Abbott (1987) highlight Hydropuntia and G. coronopifolia anatomical and morphological 

similarities, noting that a group of herbarium specimens from Micronesia are recognized as 

similar to H. tsudae (I.A. Abbott & I. Meneses) M.J. Wynne (as P. tsudae) but with their internal 

structure resembling that of G. coronopifolia and having some structural affinities with H. edulis 

(S.G. Gmelin) Gurgel & Fredericq (as G. edulis), even going so far as stating that G. 

coronopifolia may contain more than one taxon.  Micronesia (specifically, Guam) is considered 

the source location of another introduced and highly invasive red alga, Acanthophora spicifera 

(Vahl) Børgesen, in Hawai‘i, and it most likely arrived via the fouled bottom of a ship (Doty 

1961).  Thus, it is entirely plausible that Hydropuntia arrived anthropogenically from the western 

Pacific. 

Misidentification of Hydropuntia in Hawai‘i as G. coronopifolia may have led to its 

introduction(s) going unnoticed and increased its chances of being spread from one island to 

another while being protected as a locally prized alga. Cryptic algal introductions in Hawai‘i 

have been previously reported, including that of the highly desirable native red alga, 
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Asparagopsis taxiformis, and another native red alga, Spyridia filamentosa (Sherwood 2008, 

Conklin and Sherwood 2012). Unlike in these cases, which revealed genetic lineage 

introductions within the same species, this study reports the presence of a previously undetected 

genus in the Hawaiian Islands.  The ecological effects of introduced Hydropuntia are yet 

unknown, though the damage by invasive introduced species of Gracilaria might give insight 

into potential deleterious outcomes.  For example, the introduced species G. vermiculophylla has 

exploded in population size in areas of the southeastern U.S.A., constituting 74 % of the entire 

algal biomass in Hog Island Bay, Virginia (Thomsen et al. 2006), altering estuarine mudflats 

(i.e., ecosystem engineer) in South Carolina and Georgia (Byers et al. 2012), and negatively 

affecting commercial fishing and industries in North Carolina (Freshwater et al. 2006).  

Gracilaria salicornia is one of five introduced marine macroalgal species that have become 

successful in Hawai‘i (Smith et al. 2002); its damage to the islands’ coral reefs has been 

documented and large-scale manual removal efforts are being used to control this taxon (Smith et 

al. 2004).  Currently, Hydropuntia is only readily collected from Kaimana, Ala Moana, and 

Ka‘a‘awa around east and south shores of O‘ahu (Conklin and O’Doherty, personal 

observations), and this study highlights the necessity of molecular tools in identifying cryptic 

invasions as soon as possible. 

The following characters are useful in field identifications of H. perplexa and G. 

coronopifolia in Hawaiian waters: H. perplexa is usually attached at multiple points, has a 

creeping, somewhat tangled growth habit, is darker in color (wine red to pink), and has more 

tapered apices (Fig. 3A, 3C); G. coronopfiolia usually arises from a single attachment point, has 

upright growth with greater branching in upper parts of plants, is lighter in color (yellowish-

white but may gradually become more red toward base), and has more blunt apices (Fig. 3B, 

3D). 
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TABLE 1 

Collection details of Gracilariaceae specimens examined in the current study and sequence 

information for GenBank accessions included in the phylogenetic analyses. (“G.” = Gracilaria, 

“H.” = Hydropuntia, “Gp.” = Gracilariopsis). Asterisk indicates samples initially identified as G. 

coronopifolia or Gracilaria sp. in Sherwood et al. 2010. 

SPECIES COLLECTION DETAILS SHERWOOD 
ACCESSION rbcL COI 

G. abbottiana 

Ka‘alāwai, O‘ahu; 28 April 
1974; W.H. Magruder; BISH 
636694. 
 

00939 - HQ422734 

G. 
coronopifolia* 

Kualoa, O‘ahu; 16 February 
2005; D. O’Doherty & A. 
Sherwood. 
 

00184 XXXXXXX HQ422886 

G. 
coronopifolia* 

Lipoa St., Maui; 28 January 
2007; T. Sauvage. 
 

01944 XXXXXXX HQ422684 

G. 
coronopifolia* 

Lāwai, Kaua‘i; 18 March 
2007; 
K. Conklin. 
 

02322 XXXXXXX HQ422645 

G. 
coronopifolia* 

Lāwai, Kaua‘i; 18 March 
2007; 
K. Conklin. 
 

02322 XXXXXXX HQ422645 

G. 
coronopifolia* 

Ala Moana Beach Park, 
O‘ahu; 
12 September 2007; D. 
Amato. 
 

02893 XXXXXXX HQ422738 

G. 
coronopifolia* 

Wavecrest Condos, Moloka‘i; 
21 March 2008; K. Conklin. 
 

03578 - HQ423010 

G. dawsonii 
Hamoa, Maui; 11 December, 
2007; T. Sauvage. 
 

03112 - HQ422813 

G. dawsonii 

Honolui Maloo Bay, 
Moloka‘i; 11 February 2007; 
A. Kurihara. 
 

03486 - HQ422798 

G. dawsonii Honolui Maloo Bay, 
Moloka‘i; 11 February 2007; 03501 - HQ422786 
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A. Kurihara. 
 

G. “dotyii” 

Kahana Bay, O‘ahu; 29 
September, 2007; A. 
Kurihara. 
 

03492 XXXXXXX HQ422792 

Hydropuntia 
sp.* 

Lipoa St., Maui; 28 January 
2007; K. Conklin. 
 

02012 - HQ422637 

Hydropuntia 
sp.* 

Kekaha, Kaua‘i; 18 March 
2007; A. Kurihara. 
 

02326 XXXXXXX HQ422939 

Hydropuntia 
sp.* 

Kaimana, O‘ahu; 12 
September 2007; D. Amato. 
 

02894 XXXXXXX HQ422739 

Hydropuntia 
sp.* 

Black Point, O‘ahu; 12 
September 2007; D. Amato. 
 

02895 XXXXXXX HQ422740 

Hydropuntia 
sp.* 

Waikīkī Natatorium, O‘ahu; 
17 October 2008; A. 
Kurihara. 
 

03028 - HQ422854 

Hydropuntia 
sp.* 

Spouting Horn Beach Park, 
Kaua‘i; 01 March 2008; A. 
Kurihara. 
 

03561 - HQ422963 

Hydropuntia sp. 
Magic Island, O‘ahu; 16 
April 2012; G. Hart. 
 

08267 XXXXXXX XXXXXXX 

G. bursa-
pastoris 

 

Italy. 
 - AY049373 - 

G. bursa-
pastoris 

 

England, United Kingdom. 
 - AY049374 - 

G. bursa-
pastoris 

 
France. - AY049375 - 

G. cuneata Cabo Branco, Paraiba, Brazil. 
 - - JQ843325 

G. domingensis Sao Paulo, Brazil. 
 - - JQ843328 

G. gracilis Portugal. 
 - - FJ499509 

G. incurvata Hansuri, Jeju, South Korea. 
 - - HQ322019 

G. incurvata Jongdal, Jeju, South Korea. 
 - - HQ322060 
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G. intermedia Puerto Escondido, Venezuela. 
 - AY049336 - 

G. isabellana Sao Paulo, Brazil. 
 - - JQ843339 

G. pacifica British Columbia, Canada. 
 - - FJ499515 

G. parvispora Honolulu, Hawaii, USA. 
 - EF434945 - 

G. perplexa 
Bare Island, New South 
Wales, Australia. 
 

- AY112677 - 

G. salicornia Sulpa, Cebu, Philippines. 
 - AY049385 - 

G. salicornia New South Wales, Australia. 
 - - FJ499537 

G. textorii Pyosun, Jeju, South Korea. 
 - - HQ322051 

G. tikvahiae New Brunswick, Canada. 
 - - FJ499549 

G. 
venezuelensis 

 
Indian River, Florida, USA. - AF539603 - 

G. 
venezuelensis 

 
Tampa Bay, Florida, USA. - DQ239487 - 

G. 
vermiculophylla 

 
Sinyang, Jeju, South Korea. - - HQ322039 

G. 
yoneshigueana 

 

Prainha beach, Rio de 
Janeiro, Brazil. - AY049372 - 

G. 
yoneshigueana 

 
Carapibus, Paraiba, Brazil. - - JQ843340 

H. caudata 
 

Sao Paulo, Brazil. 
 - - JQ843310 

H. cornea Ceara, Brazil. 
 - - JQ843321 

H. cornea Puerto Escondido, Venezuela. 
 - AY049338 - 

H. crassissima 
Fort Randolph, Colon City, 
Panama. 
 

- AY049351 - 

H. edulis Malaysia. 
 - AY049391 - 

H. edulis 
Hilutangdn, Cebu, 
Philippines. 
 

- AY049381 - 
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H. edulis Batac, Philippines. 
 - EF434914 - 

H. edulis Sulpa, Cebu, Philippines. 
 - AY049382 - 

H. edulis Little Santa Cruz, Philippines. 
 - AY049387 - 

H. edulis 
Tanguisson, Guam; 17 March 
2006; R. Tsuda. 
 

00859 XXXXXXX XXXXXXX

H. 
eucheumatoides 

 

Tambuli, Cebu, Philippines. 
 - AY049389 - 

H. preissiana Cervantes, Australia. 
 - AY049403 - 

H. rangiferina Terna, Ghana. 
 - AY049379 - 

H. rangiferina 
La Vista del Mar, Zamboanga 
City, Philippines. 
 

- AY049380 - 

H. secunda Tampa Bay, Florida, USA. 
 - AY049360 - 

H. urvilleii Lee Pt., Darwin, Australia. 
 - AY049402 - 

Gp. andersonii British Columbia, Canada. 
 - - FJ499659 

Gp. chorda Jongdal, Jeju, South Korea. 
 - - HQ322031 

Gp. 
Lemaneiformis 

 

Qingdao, China. 
 - AY769262 - 

Gp. longissima Venetian Lagoon, Italy. 
 - AY049404 - 
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Figure 1. Maximum likelihood inferred topology for the rbcL region of Gracilaria sensu lato, 
rooted with Gracilariopsis longissima and Gp. lemaneiformis (BIC-derived parameters, -ln L = 
5434.02940). Branch lengths are proportional to the amount of sequence change, and bootstrap 
values and posterior probabilities for ML (first, 1,000 replicates) and BI (second, 2,000,000 
generations) analyses are indicated at the nodes. Support values lower than 50% are not shown. 
White bar = Gracilaria sensu stricto clade and black bar = Hydropuntia clade, following Gurgel 
and Fredericq’s (2004) treatment of the Gracilariaceae. Gracilaria perplexa is transferred to the 
genus Hydropuntia. Scale bar indicates nucleotide substitutions per site. 
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Figure 2. Topology of a neighbor-joining (Kimura 2-parameter) analysis based on the 
mitochondrial COI region reveals two separate clusters of “Gracilaria coronopifolia” from 
Hawai‘i: a true G. coronopifolia clade and a Hydropuntia II clade, the latter following Gurgel 
and Fredericq’s (2004) treatment of Gracilariaceae. Numbers within parentheses report either 
GenBank accession numbers or the Sherwood laboratory accession numbers and their collection 
sites. Scale bar indicates nucleotide substitutions per site. 
  



21 
 

 
 
Figure 3. Comparison of general habits of Hydropuntia perplexa (Byrne et Zuccarello) Conklin, 
O’Doherty et A.R. Sherwood comb. nov. and Gracilaria coronopifolia in Hawai‘i. (A) Fresh 
specimen of H. perplexa showing tapered apices (arrows), prostrate growth form, and dark-
colored thallus. Scale bar, 10 mm. (B) Fresh specimen of G. coronopifolia showing blunt apices 
(arrows), upright growth, and light-colored thallus. Scale bar, 10 mm. (C) H. perplexa (sample 
08267) from Magic Island, O‘ahu showing multiple attachment points (arrows) and creeping, 
somewhat tangled, growth habit. Scale bar, 10 mm. (D) G. coronopifolia (sample 02322) from 
Lāwai, Kaua‘i showing a single attachment point (arrow) and an upright growth habit. Scale bar, 
10 mm. 
 

 

 



22 
 

Literature Cited 

Abbott, I. A. 1978. The uses of seaweed as food in Hawaii. Econ. Bot. 32:409-412. 

 

———. 1984. Limu: an ethnobotanical study of some Hawaiian seaweeds. National Tropical 

Botanical Garden, Lawai. 

 

———. 1999. Marine Red Algae of the Hawaiian Islands. Bishop Museum Press, Honolulu. 

 

Abbott, I. A., J. Zhang and B. Xia. 1991. Gracilaria mixta, sp. nov. and Other Western Pacific 

species of the genus (Rhodophyta: Gracilariaceae). Pac. Sci. 45:12-27. 

 

Bellorin, A. M., M. C. Oliveira and E. C. Oliveira. 2002. Phylogeny and systematics of the 

marine algal family Gracilariaceae (Gracilariales, Rhodophyta) based on small subunit 

rDNA and its sequences of Atlantic and Pacific Species. J. Phycol. 38:551-563. 

 

Bezerra, A. F. and E. Marinho-Soriano. 2010. Cultivation of the red seaweed Gracilaria birdia 

(Gracilariales, Rhodophyta) in tropical waters of northeast Brazil. Biomass Bioenerg. 

34:1813-1817. 

 

Bird, C. J. And J. McLachlan. 1986. The effect of salinity on distribution of species of  

Gracilaria Grev. (Rhodophyta, Gigartinales): an experimental assessment. Bot. Mar.  

29:231-238. 

 



23 
 

Byrne, K., G. C. Zuccarello, J. West, M.-L. Liao and G. T. Kraft. 2002. Gracilaria species 

(Gracilariaceae, Rhodophyta) from southeastern Australia, including a new species, 

Gracliaria perplexa sp. nov.: morphology, molecular relationships and agar content. 

Phycol. Res. 50:295-311. 

 

Byers, J. E., P. E. Gribben, C. Yeager, and E. E. Sotka. 2012. Impacts of an abundant introduced  

ecosystem engineer within mudflats of the southeastern US coast. Biol. Invasions.  

14:2587-2600. 

 

Chang, C. F. and B. M. Xia. 1963. Polycavernosa, a new genus of the Gracilariaceae. Stud. Mar. 

Sin. 3:119-126. 

 

Conklin, K. Y., A. Kurihara and A. R. Sherwood. 2009. A molecular method for identification of 

the morphologically plastic invasive algal genera Eucheuma and Kappaphycus 

(Rhodophyta, Gigartinales) in Hawaii. J. Appl. Phycol. 21:691-699. 

 

Costa, E. S., E. M. Plastino, R. Petti, E. C. Oliveira and M. C. Oliveira. 2012. The Gracilariaceae 

Germplasm Bank of the University of São Paulo, Brazil - a DNA barcoding approach. J. 

Appl. Phycol. 24:1643-1653. 

 

Dixon, R. R. M., J. M. Huisman, J. Buchanan, C. F. D. Gurgel and P. Spencer. 2012. A 

morphological and molecular study of austral Sargassum (Fucales, Phaeophyceae) 

supports the recognition of Phyllotricha at genus level, with further additions to the genus 

Sargassopsis. J. Phycol. 48:1119-1129. 



24 
 

 

Doty, M. S. 1961. Acanthophora, a possible invader of the marine flora of Hawaii. Pac. Sci.  

15:547-552. 

 

Drummond, A. J., B. Ashton, S. Buxton, M. Cheung, A. Cooper, C. Duran, M. Field, J. Heled,  

M. Kearse, S. Markowitz, R. Mois, S. Stones-Havas, S. Sturrock, T. Thierer, and A. 

Wilson. 2010. Geneious v5.3.6. Available from http://www.geneious.com. 

 

FAO. 2003. A guide to the seaweed industry. In: FAO Fisheries Technical Paper (Ed. by D. J.  

McHugh), p. 105. Food and Agriculture Organication of the United Nations, Rome, Italy. 

 

Flagella, M. M., M. Verlaque, A. Soria, M. C. Buia. 2007. Marcoalgal survival in ballast water  

tanks. Mar. Pollut. Bull. 54:1395-1401. 

 

Fredericq, S. and J. N. Norris. 1985. Morphological studies on some tropical species of  

Gracilaria Grev. (Rhodophyta, Graciliariaceae). In: Taxonomy of Economic Seaweeds 

With reference to some Pacific and Caribbean species (Ed. by I. A. Abbott and J. N. 

Norris), pp. 137-155. California Sea Grant Publication, La Jolla, California. 

 

Freshwater, D. W., F. Montgomery, J. K. Greene, R. M. Hamner, M. Williams, and P. E.  

Whitfield. 2006. Distribution and identification of an invasive Gracilaria species that is  

hampering commercial fishing operations in southeastern North Carolina, USA. Biol.  

Invasions. 8:631-637. 

 



25 
 

García-Rodríguez, L. D., R. Riosmena-Rodríguez, S. Y. Kim, M. López-Meyer, J. Orduña- 

Rojas, J. M. López-Vivas, and S. M. Boo. 2013. Recent introduction of Gracilaria  

parvispora (Gracilariales, Rhodophyta) in Baja California, Mexico. Bot. Mar. 56:143- 

150. 

 

Gargiulo, G. M., M. Morabito, G. Genovese and F. De Masi. 2006. Molecular systematics and 

phylogenetics of Gracilariacean species from the Mediterranean Sea. J. Appl. Phycol. 

18:497-504. 

 

Geller, J. B., J. A. Darling, and J. T. Carlton. 2010. Genetic perspectives on marine biological  

invasions. Annu. Rev. Mar. Sci. 2:367-393. 

 

Geoffroy, A., L. Le Gall, and C. Destombe. 2012. Cryptic introduction of the red alga  

Polysiphonia morrowii Harvey (Rhodomelaceae, Rhodophyta) in the North Atlantic  

Ocean highlighted by a DNA barcoding approach. Aquat. Bot. 100: 67-71. 

 

Guindon, S. And O. Gascuel. 2003. A simple, fast and accurate algorithm to estimate large  

phylogenies by maximum likelihood. Syst. Biol. 52:696-704. 

 

Guiry, M. D. And G. M. Guiry. 2013. AlgaeBase. Available from http://www.algaebase.com. 

 

Gurgel, C. F. D. and S. Fredericq. 2004. Systematics of the Gracilariaceae (Gracilariales, 

Rhodophyta): a critical assessment based on rbcL sequence analyses. J. Phycol. 40:138-

159. 



26 
 

 

Huelsenbeck, J. P. and F. Ronquist. 2001. MRBAYES: Bayesian inference of phylogenetic trees. 

Bioinformatics (Oxf). 17:754-755. 

 

Inderjit, D. Chapman, M. Ranelletti, and S. Kaushik. 2006. Invasive marine algae: an ecological  

perspective. Bot. Rev. 72:153-178. 

 

Katoh, K., K. Misawa, K. Kuma and T. Miyata. 2002. MAFFT: a novel method for rapid 

multiple sequence alignment based on fast Fourier transform. Nucleic Acids Res. 

30:3059-3066. 

 

Kazłowski, B., Y.-H. Chiu, K. Kazłowski, C.-L. Pan and C.-J. Wu. 2012. Prevention of Japanese  

encephalitis virus infections by low-degree-polymerisation sulfated saccharides from 

Gracilaria sp. and Monostroma nitidum. Food Chem. 133:866-874. 

 

Kim, M. S., M. Kim, R. Terada, E. C. Yang & S. M. Boo. 2008. Gracilaria parvispora is the  

correct name of the species known as G. bursa-pastoris in Korea and Japan. Taxon. 

57:231-237. 

 

Kim, M. S., M. Y. Yang and G. Y. Cho. 2010. Applying DNA barcoding to Korean 

Gracilariaceae (Rhodophyta). Crypto. Algol. 31:387-401. 

 

Kimura, M. 1980. A simple method for estimating evolutionary rates of base substitutions 

through comparative studies of nucleotide sequences. J. Mol. Evol. 16:111-120. 



27 
 

 

Leliaert, F., H. Verbruggen, B. Wysor and O. De Clerck. 2009. DNA taxonomy in 

morphologically plastic taxa: algorithmic species delimitation in the Boodlea complex 

(Chlorophyta: Cladophorales). Mol. Phylogenet. Evol. 53:122-133. 

 

Liao, L. and M. H. Hommersand. 2003. A morphological study and taxonomic reassessment of 

the generitype species in the Gracilariaceae. J. Phycol. 39:1207-1232. 

 

Lin, S.-M., J. M. Huisman and C. Payri. 2013. Characterization of Liagora ceranoides 

(Liagoraceae, Rhodophyta) on the basis of rbcL sequence analyses and carposporophyte 

development, including Yoshizakia indopacifica gen. et sp. nov. from the Indo-Pacific 

region. Phycologia 52:161-170. 

 

McDermid, K. J. And B. Stuercke. 2004. A comparison of the nutritional composition of  

Hawaiian Gracilaria species. In: Taxonomy of Economic Seaweeds. (Ed. by I. A. Abbott 

& K. J. McDermid), pp. 211-226. Hawaii Sea Grant College Program, Honolulu, Hawaii. 

 

McDermid, K. J., B. Stuercke and O. J. Haleakala. 2005. Total dietary fiber content in Hawaiian 

marine algae. Bot. Mar. 48:437-440. 

 

Meneses, I. and I. A. Abbott. 1987. Gracilaria and Polycavernosa (Rhodophyta) from 

Micronesia. Micronesica. 20:187-200. 

 



28 
 

Nelson, S. G., E. P. Glenn, D. Moore and B. Ambrose. 2009. Growth and distribution of the 

macroalgae Gracilaria salicornia and G. parvispora (Rhodophyta) established from 

aquaculture introductions at Molokai, Hawaii. Pac. Sci. 63:383-396. 

 

Nyberg, C. D., M. S. Thomsen, and I. Wallentinus. 2009. Flora and fauna associated with the  

introduced red alga Gracilaria vermiculophylla. Eur. J. Phycol. 44:395-403. 

 

Nylander, J. A. A. 2004. MrModeltest v2. Program distributed by the author. Evolutionary  

Biology Centre, Uppsala University, Uppsala, Sweden. 

 

Phooprong, S., H. Ogawa, and K. Hayashizaki. 2007. Photosynthetic and respiratory responses  

of Gracilaria salicornia (C. Ag.) Dawson (Gracilariales, Rhodophyta) from Thailand and  

Japan. J. Appl. Phycol. 19:795-801. 

 

Pickering, T. 2006. Advances in seaweed aquaculture among Pacific Island countries. J. Appl.  

Phycol. 18:227-234. 

 

Pickering, T. D., P. Skelton, and R. J. Sulu. 2007. Intentional introductions of commercially 

harvested alien seaweeds. Bot. Mar. 50:338-350. 

 

Posada, D. 2008. jModelTest: phylogenetic model averaging. Mol. Biol. Evol. 25:1253-1256. 

 



29 
 

Robba, L., S. J. Russell, G. L. Barker and J. Brodie. 2006. Assessing the use of the mitochondrial 

cox1 marker for use in DNA barcoding of red algae (Rhodophyta). Am. J. Bot. 93:1101-

1108. 

 

Saitou, N. and M. Nei. 1987. The neighbor-joining method: a new method for reconstructing 

phylogenetic trees. Mol. Biol. Evol. 4:406-425. 

 

Santelices, B. and M. S. Doty. 1989. A review of Gracilaria farming. Aquaculture 78:95-133. 

 

Saunders, G. W. 2005. Applying DNA barcoding to red macroalgae: a preliminary appraisal 

holds promise for future applications. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 

360:1879-1888. 

 

Saunders, G. W. 2009. Routine DNA barcoding of Canadian Gracilariales (Rhodophyta) reveals  

the invasive species Gracilaria vermiculophylla in British Columbia. Mol. Ecol. Resour.  

9:140-150. 

 

Sfriso, A., S. Maistro, C. Andreoli, and I. Moro. 2010. First record of Gracilaria vermiculophylla  

(Gracilariales, Rhodophyta) in the Po Delta Lagoons, Mediterranean Sea (Italy). J.  

Phycol. 46:1024-1027. 

 

Sherwood, A. R. 2008. Phylogeography of Asparagopsis taxiformis (Bonnemaisoniales,  

Rhodophyta) in the Hawaiian Islands: two mtDNA markers support three separate 

introductions. Phycologia 47:79-88. 



30 
 

 

Sherwood, A. R., A. Kurihara, K. Y. Conklin, T. Sauvage and G. G. Presting. 2010. The 

Hawaiian Rhodophyta Biodiversity Survey (2006-2010): a summary of principal 

findings. BMC Plant Biol. 10:1-29. 

 

Sherwood, A. R. And A. L. Carlile. 2012. Schimmelmannia (Rhodophyta: Acrosymphytales):  

First Report of the Genus in Hawai‘i. Pac. Sci. 66:529-533. 

 

Smith, J. E., C. L. Hunter and C. M. Smith. 2002. Distribution and reproductive characteristics of 

nonindigenous and invasive marine algae in the Hawaiian Islands. Pac. Sci. 56:299-315. 

 

Smith, J. E., C. L. Hunter, E. J. Conklin, R. Most, T. Sauvage, C. Squair, and C. M. Smith. 2004.  

Ecology of the invasive red alga Gracilaria salicornia (Rhodophyta) on O‘ahu, Hawai‘i.  

Pac. Sci. 58:325-343. 

 

Tamura, K., D. Peterson, N. Peterson, G. Stecher, M. Nei and S. Kumar. 2011. MEGA5: 

Molecular Evolutionary Genetics Analysis using Maximum Likelihood, Evolutionary 

Distance, and Maximum Parsimony Methods. Mol. Biol. Evol. 28:2731-2739. 

 

Thomsen, M. S., C. F. D. Gurgel, S. Fredericq, and K. J. McGlathery. 2005. Gracilaria  

vermiculophylla (Rhodophyta, Gracilariales) in Hog Island Bay, Virginia: a cryptic alien  

and invasive macroalga and taxonomic correction. J. Phycol. 42:139-141. 

 



31 
 

Tseng, C. K. and B.-M. Xia. 1999. On the Gracilaria in the Western Pacific and the 

Southeastern Asia region. Bot. Mar. 42:209-217. 

 

Williams, I. D., W. J. Walsh, A. Miyasaka, and A. M. Friedlander. 2006. Effects of rotational  

closure on coral reef fishes in Waikiki-Diamond Head Fishery Management Area, Oahu, 

Hawaii. Mar. Ecol. Prog. Ser. 310:139-149. 

 

Williams, S. L. and J. E. Smith. 2007. A global review of the distribution, taxonomy, and  

impacts of introduced seaweeds. Annu. Rev. Ecol. Evol. Syst. 38:327-359. 

 

Wolf, M. A., K. Sciuto, C. Andreoli, and I. Moro. 2012. Ulva (Chlorophyta, Ulvales)  

biodiversity in the north Adriatic Sea (Mediterranean, Italy): cryptic species and new  

introductions. J. Phycol. 48:1510-1521. 

 

Xia, B. M. and I. A. Abbott. 1987. New species of Polycavernosa Chang & Xia (Gracilariaceae, 

Rhodophyta) from the western Pacific. Phycologia 26:405-418. 

 

Yang, E. C., M. S. Kim, P. J. L. Geraldino, D. Sahoo, J-A. Shin, and S. M. Boo. 2008.  

Mitochondrial cox1 and plastid rbcL genes of Gracilaria vermiculophylla  

(Gracilariaceae, Rhodophyta). J. Appl. Phycol. 20:161-168. 

 

Zemke-White, W. L. and M. Ohno. 1999. World seaweed utilisation: an end-of-century 

summary. J. Appl. Phycol. 11:369-376.   

 


