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A B S T R A C T   

Halophila stipulacea, a small seagrass species native to the Indo-Pacific, is a Lessepsian migrant and a high-profile 
invader that has successfully colonized two exotic regions, the Mediterranean (first observed in 1894) and the 
Caribbean (2002). In 1961, an intracellular phytomyxid parasite, Marinomyxa marina (SAR: Rhizaria: Endomyxa: 
Phytomyxea) was discovered in the petioles of H. stipulacea in the Red Sea, and three decades later, it was re-
ported off the coast of Sicily (Mediterranean), suggesting parallel migration of the two organisms. In 2018, 
infected petioles of H. stipulacea were also observed in St. Eustatius (Caribbean), but the identity of the causative 
agent remained unresolved. Here, we provide information on four new localities of phytomyxid-infested pop-
ulations of H. stipulacea in Greece (Mediterranean), and Bonaire and Martinique (Caribbean), including notes on 
infection prevalence and seasonal dynamics. Using the 18S rRNA barcoding gene, we bring molecular evidence 
that the disease is caused by a genetically uniform variant of M. marina at all the examined sites. We conclude 
that the parasite is now widespread throughout both invaded regions and has been present in the Caribbean since 
2013 at the latest. For the first time, the production of fruits in infected plants is observed, indicating a non-lethal 
nature of the symbiosis. While the arrival of M. marina to the Caribbean is unlikely to alleviate the current 
invasiveness of H. stipulacea, we emphasize the need for its further monitoring since the host-specificity and 
general biology of seagrass-associated phytomyxids are still poorly understood.   

1. Introduction 

Biological invasions and introductions of non-native species into new 
habitats are considered a great threat to the already declining biodi-
versity and functioning of ecosystems worldwide (Sala et al., 2000). 
They are often exacerbated by human activities like increased global 
traffic (Hulme, 2009; Galil et al., 2015), which both directly and indi-
rectly damage the health and balance of long-established biocenoses 
(Blackburn et al., 2004). In affected areas, inflicted changes may result 
in deterioration of existing ecosystem services, and subsequently a loss 
of income to local residents, despite economic resources being spent in 

(often inefficient) attempts to eradicate the invaders, slow down their 
spread or reduce their impact (Bradshaw et al., 2016; Walsh et al., 
2016). In marine environments with indistinct geographical barriers and 
limited human awareness and management, artificial species in-
troductions are particularly difficult to detect in time, restrict or all the 
more prevent (Giakoumi et al., 2019). As a result, the number of 
recognized marine invaders tends to be underestimated and rising, 
leading to previously distinct aquatic communities becoming altered 
and homogenized (Layman et al., 2014; Morri et al., 2019). 

Halophila stipulacea (Alismatales: Hydrocharitaceae; Fig. 1a), a small 
(sub)tropical seagrass native to the Indian Ocean, Persian Gulf and the 
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Red Sea (den Hartog, 1970), is a textbook example of a marine organism 
that has colonized vast areas beyond its original habitat due to human 
‘help.’ After the opening of the Suez Canal in 1869, H. stipulacea was one 
of the first documented Lessepsian migrants in the Mediterranean Sea 
(Lipkin, 1975). As the earliest observed meadows were established 
mainly in or near Eastern Mediterranean ports (den Hartog, 1972; Lip-
kin, 1975), it is likely that the seagrass was dragged through the Canal 
via shipping. In the same way, it was eventually introduced into the 
Caribbean, where it has spread rapidly since the first observation in 
Grenada in 2002 (Ruiz et al., 2004; Willette et al., 2014). Currently, 
H. stipulacea commonly occurs in the Mediterranean; throughout the 
Eastern Mediterranean Basin, along parts of southwest Italy (Winters 
et al., 2020; di Genio et al., 2021) and in the south of France (Thibaut 
et al., 2022). In the Caribbean, its range is continuously expanding and 
includes the coasts of Puerto Rico, the Lesser Antilles and continental 
Venezuela (Vera et al., 2014; Ruiz et al., 2017; Winters et al., 2020). 

The invasive nature of H. stipulacea appears to be promoted by its 
phenotypic plasticity and physiological adaptability to a broad spectrum 
of environmental conditions (Winters et al., 2020). The seagrass shoots 
adapt to varied irradiance levels by altering their leaf surface area 
(Schwarz and Hellblom, 2002), increasing the synthesis of photosyn-
thetic pigments and fatty acids to promote chloroplast membrane 
fluidity (Beca-Carretero et al., 2019), and by chloroplast clumping (a 
mechanism to protect against photodamage) (Drew, 1979). Halophila 
stipulacea can also shift its thermal optimum in response to the pre-
vailing ambient water temperature (Wesselmann et al., 2020) and 
thrives in eutrophic conditions where it forms much denser mats than 
other deeper rooting seagrass species (van Tussenbroek et al., 2016). All 
these attributes enable H. stipulacea to fill free niches when introduced to 
exotic areas and in some cases displace indigenous seagrass populations, 
as reported in the Caribbean (Willette and Ambrose, 2012). While in the 
Mediterranean its invasive potential appears to be limited by the low 
winter water temperatures (Wesselmann et al., 2020), in the Caribbean, 
the similarity in climate to its native habitat has allowed H. stipulacea to 
become a serious threat to local coastal ecosystems (Hayes, 2008; Wil-
lette and Ambrose, 2012). 

Recently, we brought to attention the long-overlooked fact that 
H. stipulacea serves as a host to the phytomyxid parasite Marinomyxa 
marina (Kolátková et al., 2021) (Fig. 1b). Phytomyxids (SAR: Rhizaria: 
Endomyxa: Phytomyxea) are microscopic obligately biotrophic protists 
who complete their complex life cycles within cells of various photo-
synthesizing organisms or their parasites such as oomycetes (Bulman 
and Neuhauser, 2017). Although greatly understudied, they appear to be 
ubiquitous in the marine environment (Neuhauser et al., 2011) and 

closely associated with narrow ranges of hosts (Kolátková et al., 2021). 
No experimental studies have been carried out to understand their 
pathogenic potential in the oceans or the possibility of transmission to 
other host taxa, although several cross-kingdom host shifts have already 
occurred during their evolution (Neuhauser et al., 2014). Once intro-
duced to a particular locality, infection often becomes well-established 
and can be repeatedly found at affected sites, sometimes even after de-
cades (Schnepf et al., 2000; Kolátková et al., 2020). This phenomenon 
has been well described in terrestrial phytomyxid representatives, which 
infest economically significant crops, whereby resting spores dispersed 
in the soil stay viable and capable of infecting suitable hosts after several 
years of dormancy (Balendres et al., 2017; Ernst et al., 2019). 

Since its discovery in the Red Sea in 1961 (Lipkin and Avidor, 1974), 
the presence of M. marina in the leaf petioles of H. stipulacea has been 
confirmed at two distant localities in the Mediterranean (Marziano et al., 
1995; Vohník et al., 2017; Kolátková et al., 2020). Furthermore in 2018, 
Maitz et al. (2021) noted an apparent phytomyxid infection in 
H. stipulacea specimens from St. Eustatius, Caribbean, suggesting that 
the invasive seagrass may host a similar disease in this region also, 
although the identity of the phytomyxid was not determined. While a 
trans-oceanic dispersal has been previously observed in some marine 
phytomyxids (Mabey et al., 2021), it remains unclear whether this is the 
case for M. marina or whether a different organism causes the infection 
observed in the Caribbean specimens. As parasite co-introductions 
continue to be a highly discussed topic given the complexity of poten-
tial ecological impacts, the former scenario raises earnest concerns, all 
the more so when the impact of phytomyxids on the seagrass hosts re-
mains not understood. 

To shed more light on the ecological amplitude and geographical 
range of M. marina, we examined several populations of H. stipulacea 
outside the Indo-Pacific, evincing signs of phytomyxid infection. We 
analyzed the specimens on a molecular level and compared them with 
available sequences of M. marina from the Red Sea (i.e., the native re-
gion of its host). Where possible, we also recorded data on the infection 
rates and monitored the seagrass populations throughout the season to 
better understand the dynamics of the symbiosis and determine whether 
the parasite is established at the site. 

2. Materials and methods 

2.1. Sampling and data collection in the Mediterranean 

In late October 2018, during routine fieldwork off the coast of Samos, 
Greece, near the Pythagoreio port (N 37.69745, E 26.96998), shoots of 

Fig. 1. Morphology of the invasive seagrass Halophila stipulacea and its phytomyxid infection. (a) Population of H. stipulacea in a small municipal harbour on the west 
coast of Crete (Greece, Mediterranean Sea). (b) Detail of H. stipulacea’s petioles infected with the protist parasite Marinomyxa marina (Phytomyxea). Coloration of 
formed galls varies from white to dark brown based on the parasite’s maturation stage (see Vohník et al., 2017). Scale bar = 2 mm. 
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Halophila stipulacea were observed in ~6 m depth with visibly swelled 
petioles resembling phytomyxid infection. The water temperature at the 
site was recorded using a HOBO logger (Onset Computer Corporation, 
USA) placed 20 cm above the seafloor. The infection prevalence was 
evaluated by collecting biomass from 10 benthic chambers (surface area 
0.071 m2 per chamber) installed in the surrounding seagrass meadow 
for other research purposes (Ward, 2020). All the leaves from the 
chambers were dried, counted and screened for the presence of phyto-
myxids. The percentage of infected leaves was determined. In November 
2018, the site was revisited, and samples of the infected shoots were 
collected via free diving and stored in 70% EtOH for further analyses. 
The locality was further monitored, and screening dives were performed 
in February/March and September 2019. The infection prevalence was 
calculated again during the latter, although this time, using the protocol 
described in Kolátková et al. (2020) to unify the methods. Briefly, leaves 
were collected from three microsites with confirmed presence of the 
infection, all collected leaves were screened, and the percentage of 
infected ones was determined (Supplementary Table 1). This calculation 
method was also used in all the onward mentioned surveys. The main 
difference between the two applied approaches lies in examining 
random H. stipulacea microsites (October 2018) vs. only examining 
microsites where the parasite was actually found (September 2019). To 
allow further comparison, microsites not containing any infected leaves 
were excluded from the former when calculating average infection 
prevalence. 

In September 2019, another locality with H. stipulacea phytomyxid 
infection was discovered off the Greece mainland coast, near the town 
Kineta (N 37.97467, E 23.24077) at 6–7 m depth. Water temperature 
was recorded with a Freedom diving computer (Divesoft Ltd., Czech 
Republic), and infection prevalence was calculated. Samples were 
collected and fixed by mixing local seawater with 96% ethanol (final 
solution ~30–50% EtOH) and transported to the laboratory, where they 
were kept in a refrigerator (4–7 ◦C) before further examination. The 
material collected at both sites was later transferred into 70% EtOH in 
deionized water for long-term storage. 

2.2. Sampling and data collection in the Caribbean 

Hypertrophied petioles in H. stipulacea were first observed in the 
Caribbean in May/June 2013 in Lac Bay, Bonaire (N 12.10556, W 
68.22250) (B. van Tussenbroek, pers. comm.) and later in November 
2015 on the opposite side of the same bay (N 12.10065, W 68.24009) 
but the infection was not further investigated at those times. Infected 
leaves were spotted again during fieldwork at the latter locality in 
September 2018 in ~2 m depth. The prevalence was calculated, water 
temperature measured with a HOBO logger, and specimens collected via 
scuba diving and transported to the laboratory. There, fragments were 
fixed in 30% EtOH (and later transferred into 70% EtOH for long-term 
herbarium storage), 3% formalin in seawater, and pressed and moun-
ted on paper sheets (also for herbarium storage). A number of screening 
dives were subsequently carried out during January, February and April 
2019 and January 2020. 

In July 2018, several infected leaves were also found in H. stipulacea 
meadow near the Fort de France’s harbour, Martinique (N 14.59994, W 
61.06805). The infection at this site was too scarce to calculate its 
prevalence. The few discovered specimens were fixed and treated as 
described above. 

After completing all analyses, samples from all four newly discovered 
localities were deposited in the Herbarium of the Institute of Botany, 
Czech Academy of Sciences, Průhonice (PRA; Table 1), and are available 
for loan. Photographs of the examined material were taken in situ using 
a Sealife DC1400 underwater camera and a Canon G10 camera in a WP- 
DC28 underwater case and in the laboratory using an Olympus SZX12 
stereomicroscope equipped with an Olympus DP70 camera and Quick-
PHOTO MICRO 3.2 software (Promicra Ltd., Czech Republic). 

2.3. DNA extraction, amplification and sequencing 

Three to five infected H. stipulacea petioles per locality were selected 
for molecular identification. The DNA was extracted using the DNeasy 
Plant Mini Kit (QIAGEN Inc., the Netherlands) according to the manu-
facturer’s instructions except for the final elution step when 10 mM Tris 
was used instead of the provided buffer. The barcoding 18S rRNA gene 
was amplified following a nested PCR protocol described in Kolátková 
et al. (2020). The amplicons were purified using a QIAquick PCR Puri-
fication Kit (QIAGEN), and Sanger sequenced by SEQme Ltd. (Czech 
Republic) using the following internal primers: 577F (GCCAG-
CAGCCGCGGT), 577R (ACCGCGGCTGCTGGC), 1055F 
(GGTGGTGCATGGCCG) and 1055R (CGGCCATGCACCACC) (Elwood 
et al., 1985). Newly obtained sequences were visually inspected for 
quality and trimmed using Finch TV 1.4.0 (Geospiza Inc., www.geo 
spiza.com). They were then manually assembled in BioEdit 7.0.4.1 
(www.mbio.ncsu.edu/BioEdit/bioedit.html) and deposited in GenBank 
(www.ncbi.nlm.nih.gov/genbank/) under the accession numbers 
MW558606–MW558609. 

3. Results 

3.1. The Mediterranean 

In agreement with the data presented in Kolátková et al. (2020), the 
phytomyxid infection in Halophila stipulacea petioles was only observed 
during the late summer/autumn months in the Mediterranean localities 
(Table 1). In February/March 2019, no infected H. stipulacea leaves were 
found in Samos, although >5000 were examined (Supplementary Table 
1). In fact, many rhizomes bore no leaves at all, and pale leaves with 
dark veining were highly abundant (Fig. 2a). The ambient water tem-
perature was lower during this time period and fluctuated between 16 
and 17 ◦C compared to the 21–23.8 ◦C measured in the late summer 
months. In Samos, the infection prevalence ranged from 0.8% to 9.9% 
per microsite in October 2018 and from 0.8% to 33.1 % in September 
2019. In Kineta, 3.8–4.3 % of the examined leaves were infected in 
September 2019. Notably, galls were also developed in plants producing 
fruits (Fig. 2b), indicating that the parasite does not necessarily interfere 
with the seagrass’ life cycle or viability. 

3.2. The Caribbean 

Although the measured water temperature remained constant 
(28–29 ◦C) all year round in the Caribbean, most of the infected petioles 
were interestingly also discovered during the second half of the year (i. 
e., Atlantic hurricane season). In September 2018, the infection preva-
lence in Lac Bay, Bonaire, ranged from 1.5% to 3.1%. In January/ 
February 2019 as well as in January 2020, no phytomyxid galls were 
observed at the site, and in April 2019, only two infected H. stipulacea 
fragments were found during a two-week-long survey. Dwarfism of the 
plants, previously reported by Maitz et al. (2021), was partially observed 
in the form of shortened internodes (Fig. 2c), but this mainly applied to 
the youngest infected shoots and not to the entire length of the rhizome. 
No co-occurrence of galls and fruits was recorded at either of these sites, 
corresponding with the reality that H. stipulacea is not known to 
reproduce sexually in the Caribbean so far (Smulders et al., 2020). 

3.3. DNA extraction, amplification and sequencing 

All four newly obtained phytomyxid sequences were identical in all 
1503 bp to the 18S rRNA sequences of Marinomyxa marina previously 
published in Kolátková et al. (2020, 2021) originating from the Strait of 
Messina (Mediterranean) and the Gulf of Aqaba (Red Sea), respectively. 
The only noticeable genetic variability was represented by subtle 
chromatogram double peaks in two adjacent base pairs (position 99 and 
100), common for both sequences from the Greek localities. Given the 
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Table 1 
List of all Marinomyxa marina reports and relevant data arranged in chronological order. First observations in each region (Red, Mediterranean or Caribbean Sea) are in 
bold. Observations reported in this study are highlighted in grey.  

date of 
observation 

region location GPS depth 
(m) 

water 
temperature 
(◦C) 

average 
infection 
prevalencea 

substrate herbariumb reference 
sequence # 

source 

1961 Jun Red Sea Israel, Eilat N/A 0.5–7 N/A <1% coralligenous 
sand 

N/A N/A Lipkin and 
Avidor (1974) 

1963 Jul Red Sea Israel, Eilat N/A 0.5–7 N/A <1% coralligenous 
sand 

N/A N/A Lipkin and 
Avidor (1974) 

1969 Mar Red Sea Egypt, Taba N/A 0.5–7 N/A <1% coralligenous 
sand 

N/A N/A Lipkin and 
Avidor (1974) 

1969 Dec Red Sea Egypt, 
Shorat El 
Manqata 

N/A 0.5–7 N/A <1% coralligenous 
sand 

PHYT 2261 N/A Lipkin and 
Avidor (1974) 

1973 Jul Red Sea Egypt, 
Shorat El 
Manqata 

N/A 0.5–7 N/A <1% coralligenous 
sand 

N/A N/A Lipkin and 
Avidor (1974) 

1973 Aug Red Sea Egypt, Ras 
Burqa 

N/A 0.5–7 N/A <1% coralligenous 
sand 

N/A N/A Lipkin and 
Avidor (1974) 

1990s Mediterranean Italy, 
Giardini 
Naxos 
/Riposto 

N/A N/A N/A <1% N/A lost N/A Marziano et al. 
(1995) 

2015 Aug Mediterranean Turkey, 
Marmaris 

N36.79082 
E28.30403 

7–8 22 high 
(similar 
to Messina, 
see below) 

coarse sand PRA-12834 
(dried); 
PRA-12835 
(EtOH) 

N/A Vohník et al. 
(2017) 

2013 May/ 
June 

Caribbean Bonaire, 
Lac Bay 

N 
12.10556 
W 
68.22250 

0.5–2.5 N/A N/A sand, coarse 
sand 

N/A 
(photos 
available) 

N/A B. van 
Tussenbroek 
(pers. comm., 
2021) 

2015 Nov Caribbean Bonaire, Lac 
Bay 

N12.10065 
W68.24009 

~ 2 29 N/A sand, coarse 
sand 

N/A 
(photos 
available) 

N/A this study 

2017 Sep Mediterranean Italy, 
Messina 

N38.22915 
E15.57089 

11–14 26 ~40% sand, coarse 
sand 

PRA-13417, 
PRA-13418 
(dried); 
PRA-13419 
(EtOH) 

MN128644 Kolátková 
et al. (2020) 

2018 Jan Red Sea Israel, Eilat, 
Taba border 
crossing 

N29.49764 
E34.91328 

8–24 23 ~4% coralligenous 
sand 

PRA-13846 
(dried); 
PRA-13847 
(EtOH) 

MT482407 Kolátková 
et al. (2021) 

2018 Mar Red Sea Israel, Eilat, 
North- 
western 
beach 

N 29.53986 
E 34.94780 

9 22 ~4% sand TAU-3098 
(dried) 

N/A Kolátková 
et al. (2021) 

2018 May Red Sea Israel, Eilat, 
North beach 

N 29.53466 
E 34.97285 

0.5–1 26 ~4% sand TAU-3321, 
TAU-3330, 
TAU-3350 
(dried) 

N/A Kolátková 
et al. (2021) 

2018 Jul Caribbean Martinique, 
Fort de 
France 

N14.59994 
W61.06805 

~ 2 28 <1% muddy sand PRA-18052 
(EtOH) 

MW558606 this study 

2018 Sep Mediterranean Italy, 
Messina 

N38.22915 
E15.57089 

11–14 23 ~30% sand, coarse 
sand 

N/A N/A Kolátková 
et al. (2020) 

2018 Sep Caribbean Bonaire, Lac 
Bay 

N12.10065 
W68.24009 

~ 2 29 ~2% sand, coarse 
sand 

PRA-15024 
(dried); 
PRA-15117 
(EtOH) 

MW558607 this study 

2018 Oct Mediterranean Greece, 
Samos 

N37.69745 
E26.96998 

~ 6 22 ~4% sand, coarse 
sand 

PRA-15920 
(dried); 
PRA-15921 
(EtOH) 

MW558608 this study 

2018 Oct Caribbean St. Eustatius N17.47987 
W62.99402 

18 N/A N/A N/A N/A N/A Maitz et al. 
(2021) 

2019 Feb Red Sea Egypt, 
Nuweiba, 
Maagana 
Camp 

N29.10598 
E34.67545 

~ 6 21 <1% coralligenous 
sand 

PRA-18051 
(EtOH) 

MT482410 Kolátková 
et al. (2021) 

2019 Sep Mediterranean Greece, 
Samos 

N37.69745 
E26.96998 

~ 5 22 ~13% sand, coarse 
sand 

PRA-16126 
(EtOH) 

N/A this study 

2019 Sep Mediterranean Greece, 
Kineta 

N37.97467 
E23.24077 

6–7 25 ~4% sand PRA-16127 
(EtOH) 

MW558609 this study 

2020 Feb/ 
Mar 

Caribbean St. Eustatius N17.47987 
W62.99402 

18 N/A N/A N/A N/A N/A Maitz et al. 
(2021)  

a Percentage of infected leaves at examined microsites. 
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biogeographical range of the collected samples (Fig. 3a,b), the genetic 
uniformity of M. marina contrasts with the previously described distinct 
18S rRNA gene variants of Marinomyxa halophilae (99.28 % sequence 
identity) found less than 200 km apart (Kolátková et al., 2021). 

4. Discussion 

Marinomyxa marina, the phytomyxid parasite of the invasive seagrass 
Halophila stipulacea first discovered in the Red Sea in 1961 (Lipkin and 

Avidor, 1974) and in the Mediterranean Sea no later than 1993 (Mar-
ziano et al., 1995), is now present at several distant localities in the 
Lesser Antilles (Caribbean) (Fig. 3b), and well-established at least at one 
of them (Lac Bay, Bonaire, repeated observations from 2013 to 2020). 
The first known observation of M. marina in the Caribbean dates to 
May/June 2013 (Lac Bay, Bonaire; B. van Tussenbroek, pers. comm.). 
The initial identification of the parasite based on the characteristic 
morphology of the galls was confirmed at the same locality in 2018 
using molecular analyses of the 18 S rRNA gene. The parasite has also 

b PHYT/TAU = herbarium of the Steinhardt Museum of Natural History and Israel National Center for Biodiversity Studies, Tel Aviv, Israel; PRA = herbarium of the 
Institute of Botany, Czech Academy of Sciences, Průhonice, Czech Republic. 

Fig. 2. Remarkable features observed in 
phytomyxid-infested populations of Halophila 
stipulacea. (a) Meadow showing signs of dete-
rioration such as dark veining (asterisks) and 
naked shootless rhizomes (arrows). Observed in 
Samos (Greece) in February 2019. (b) Fragment 
of H. stipulacea infected with Marinomyxa 
marina (arrows) bearing developed fruits (as-
terisks). Collected in Kineta (Greece) in 
September 2019, decolorized due to preserva-
tion in ethanol. Scale bar = 3 mm. (c) Speci-
mens of H. stipulacea with visible dark swellings 
in leaf petioles and unusually shortened in-
ternodes. Collected in Bonaire (Caribbean) in 
September 2018.   

Fig. 3. Geographical distribution of Marinomyxa marina. (a) Map of the Eastern Mediterranean Basin showing the current distribution of Halophila stipulacea 
meadows (green) and the reported occurrences of its phytomyxid parasite M. marina based on genetic/morphological (black dot) or solely morphological (crossed 
circle) evidence. Red discontinuous arrows indicate hypothetical introduction routes of H. stipulacea based on the data gathered by Chiquillo (2021). (b) Map of 
eastern Caribbean Sea showing the current distribution of H. stipulacea meadows (green) and the reported occurrences of M. marina based on genetic/morphological 
(black dot) or solely morphological (crossed circle) evidence. Red discontinuous arrow indicates the arrival of H. stipulacea from the Mediterranean Sea via the 
trans-Atlantic route (see Chiquillo, 2021). 
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been recorded (chronologically, see Table 1) in a harbour of Fort de 
France, Martinique (sequence-based identification; this study), and on 
St. Estuatius (morphology-based identification; Maitz et al., 2021). In 
addition, while putting together data for this study, we learned that a 
morphologically similar phytomyxid infection in H. stipulacea had also 
been observed in Spanish Water, Curaçao in November 2020 (N. Slik-
boer, pers. comm.) and Barcadera bay, Aruba repeatedly since May 2018 
(S. T. Becker, pers. comm.). Unfortunately, the infected specimens were 
discarded due to the lack of knowledge of such parasite’s existence. 

Although the presence of M. marina in the Caribbean before the 
arrival of H. stipulacea cannot be ruled out, the genetic uniformity of the 
available 18 S rRNA gene sequences of the parasite from the Red, 
Mediterranean and Caribbean Sea, together with the increasing evi-
dence that H. stipulacea arrived in the Caribbean from the Mediterranean 
(Chiquillo, 2021), indicate that M. marina was more likely co-introduced 
to the region together with its host. In the Mediterranean, the parasite is 
now known to occur and prosper along the northern coast of the Eastern 
Basin (Vohník et al., 2017; this study), as well as the heavily trafficked 
Strait of Messina, one of the two gates to the Western Basin (Kolátková 
et al., 2020, 2021) (Fig. 3a). Since the Mediterranean is responding 
strongly to ongoing climate change (Bianchi and Morri, 2003; Borghini 
et al., 2014), with the range of H. stipulacea slowly expanding north-
wards and beyond the geographical borders of the Eastern Basin (Pro-
caccini et al., 1999; Gambi et al., 2009; Thibaut et al., 2022), a 
simultaneous spread of M. marina into those waters may be expected as 
well. 

The observed seasonal pattern in the infection incidence is presum-
ably linked to H. stipulacea’s population dynamics. Biological rhythms 
have been hypothesized to represent key elements of host-parasites in-
teractions (Martinez-Bakker and Helm, 2015). Annual and daily fluc-
tuations in environmental conditions and available resources imprint in 
the hosts’ immunity variation, which leads to cycles in infection (Mar-
tinez-Bakker and Helm, 2015). In the Mediterranean, H. stipulacea un-
dergoes its growth peak (i.e., the highest cover percentage, shoot 
density, leaf surface area and total above-ground biomass) during 
autumn months (Nguyen et al., 2020; di Genio et al., 2021), which 
correlates with the reported infection occurrence. Furthermore, the 
seagrass flowering in this region appears to reach its maximum during 
July-September (Nguyen et al., 2018; Dural et al., 2020), preceding the 
phytomyxid infection outbreak. In H. stipulacea’s native habitat in lower 
latitudes, sea surface temperatures remain above 20 ◦C throughout the 
year, and seasonal changes in phenology are much subtler within its 
meadows (Nguyen et al., 2018; Beca-Carretero et al., 2020). We spec-
ulate this is why leaves with phytomyxid infection can be spotted 
year-round in the Gulf of Aqaba (Lipkin and Avidor, 1974; Kolátková 
et al., 2021) (Table 1). In the Caribbean, where climate and physical 
conditions are somewhat similar to those in the Red Sea, we expected 
the infection also to be present year-round, yet seasonal patterns still 
seem to play a role regarding M. marina’s activity in this newly invaded 
region. Since seasonal variation in immunity is often based on genetic 
components (Versteegh et al., 2014), the infection seasonality in the 
Caribbean might be a physiological relict inherited from seagrass pop-
ulations responding to the variable Mediterranean habitat. 

At present, M. marina does not appear to cause harm significant 
enough to threaten the survival or reproductive ability of H. stipulacea. 
The fruits observed on the infected plants from Samos, Greece (Fig. 2b) 
represent the first piece of evidence for low pathogenicity of phyto-
myxids in their natural seagrass hosts. However, co-introduction events 
account for radical interventions in symbiotic relationships, and the 
established equilibrium can be broken in such circumstances. In addi-
tion, a question arises whether M. marina represents a threat to any of 
the seagrass species native to the two invaded regions. So far, marine 
phytomyxid representatives are considered relatively host-specific (den 
Hartog, 1965, 1989; Kolátková et al., 2021), but recent studies on 
Maullinia, the only genus of phytomyxids known to parasitize brown 
algae (Phaeophyceae), provide a signal that closely related parasite 

strains can be found in phylogenetically distant algal hosts (Maier et al., 
2000; Blake et al., 2017). Particularly Maullinia ectocarpii has now been 
confirmed to form lesions in the tissue of several southern bull kelp 
species (Durvillaea spp., Fucales) (Blake et al., 2017) as well as to infect 
Ectocarpus spp. (Ectocarpales) and other filamentous brown algae 
growing on rocks or epiphytically on other algae belonging to Fucales 
and Laminariales (Maier et al., 2000). It is, therefore, possible that direct 
proximity may also play a partial role in phytomyxid transfers. 

Considering the environmental value of seagrass meadows, which 
rank among some of the most productive and complex marine ecosys-
tems (Duffy, 2006; Duarte et al., 2010), but which are undergoing 
worldwide decline (Orth et al., 2006; Short et al., 2006, 2014), we 
propose that the occurrence of their microbial parasites should be 
further monitored. Since H. stipulacea is already a point of scientific 
interest due to its invasive nature, it represents a convenient model or-
ganism for research of such complex trophic interactions. We suggest a 
close eye is kept on the presence of M. marina in the Caribbean, as there 
are four other Halophila species found in the region (i.e., H. baillonis, 
H. decipiens, H. engelmannii and H. ovalis – also known as H. johnsonii) 
(Creed et al., 2003; Waycott et al., 2021) which may be susceptible to 
this or similar phytomyxid parasites (Kolátková et al., 2021). Under-
standing the relationships between seagrasses and their parasites may be 
a crucial component in our endeavour to conserve these valuable eco-
systems and is not to be taken lightly. 

CRediT Authorship Contribution Statement 

VK: Investigation (Molecular Analysis), Data curation, Visualization, 
Writing – original draft, Writing – review & editing, Funding acquisition. 
FOHS: Investigation (Field work & Data collection), Resources, Writing 
– review & editing. EAW: Investigation (Field work & Data collection), 
Resources, Writing – review & editing. MV: Investigation (Field work & 
Data collection), Resources, Writing – review & editing, Funding 
acquisition, Supervision. All authors gave final approval for 
publication. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This study has been supported by the Charles University Grant 
Agency (GAUK 1308218), Czech Academy of Sciences, Institute of 
Botany (RVO 67985939) and Charles University, Faculty of Science 
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V. Kolátková et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.aquabot.2021.103465
https://doi.org/10.1016/j.seares.2016.05.005
https://doi.org/10.1016/j.seares.2016.05.005
https://doi.org/10.18475/cjos.v48i1.a11
https://doi.org/10.1242/jeb.097105
https://doi.org/10.12681/mms.14053
https://doi.org/10.1073/pnas.1600366113
http://refhub.elsevier.com/S0304-3770(22)00066-3/sbref59
http://refhub.elsevier.com/S0304-3770(22)00066-3/sbref59
https://doi.org/10.3389/fmars.2021.740958
https://doi.org/10.1098/rspb.2019.3001
https://doi.org/10.1016/j.aquabot.2012.06.007
https://doi.org/10.1016/j.aquabot.2012.06.007
https://doi.org/10.1016/j.aquabot.2013.10.001
https://doi.org/10.3389/fmars.2020.00300

	Range expansion of Marinomyxa marina, a phytomyxid parasite of the invasive seagrass Halophila stipulacea, to the Caribbean
	1 Introduction
	2 Materials and methods
	2.1 Sampling and data collection in the Mediterranean
	2.2 Sampling and data collection in the Caribbean
	2.3 DNA extraction, amplification and sequencing

	3 Results
	3.1 The Mediterranean
	3.2 The Caribbean
	3.3 DNA extraction, amplification and sequencing

	4 Discussion
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


