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characterised by a vivid green colour due to its algal symbi-
ont (Douglas 1983; Arboleda et al. 2018). The relationship 
between T. convolutae and S. roscoffensis provides the host 
with all of its nutritional needs and no heterotrophic feeding 
is known to take place (Bailly et al. 2014; Arboleda et al. 
2018; Thomas et al. 2023a). While symbiosis can occur with 
other members of the Genus Tetraselmis in the laboratory, 
suboptimal algal species can result in increased mortality 
(Arboleda et al. 2018; Thomas et al. 2023b). Aposymbiotic 
juveniles acquire algal cells from the environment, as they 
do not transfer vertically via the parental line (Bailly et al. 
2014; Provasoli et al. 1968).

Since it was first discovered in Roscoff in 1879 (Ged-
des 1879), populations of S. roscoffensis have been reported 
in Wales, France, the Channel Islands, Spain and Portugal 
(Jondelius et al. 2011; Carvalho et al. 2013; Bailly et al. 
2014; Franks et al. 2016; Mettam 1979). The intertidal zone, 
where S. roscoffensis resides, is a dynamic environment. 
Inhabitants are often exposed to prevailing weather condi-
tions during low tide, and surrounding conditions can change 
rapidly as a result. The only sighting of the worm in the UK 
was in Limpet Bay in East Aberthaw, Wales (Mettam 1979). 

1  Introduction

Symsagittifera roscoffensis (previously Convoluta 
roscoffensis) is an Acoel in the phylum Xenacoelomorpha 
(previously Platyhelminthes; ITIS 2019), and lives within 
the intertidal zone. First taxonomically described over 
a century ago, it was termed a “plant animal” due to its 
symbiotic relationship with the chlorophyte alga Tetrasel-
mis convolutae (von Graff 1891). An adult is 2–4  mm in 
length, lacks a defined coelom (Bailly et al. 2014), and is 
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Abstract
Known as the Roscoff worm or mint-sauce worm, Symsagittifera roscoffensis is an Acoel distinguishable due to the pres-
ence of symbiotic alga Tetraselmis convolutae, held beneath the epidermis. Isolated populations of S. roscoffensis span a 
broad geographical range along the north-eastern Atlantic coast, from Wales to Portugal. The only known population of 
the worm in the United Kingdom was discovered in Wales decades ago, but very little research has been conducted since. 
For 13 months, we measured how environmental conditions such as temperature, salinity and light intensity coincided with 
population size at the Welsh field site. To establish phylogenetic relationships among the different populations and their 
algal symbionts, we designed new polymerase chain reaction (PCR) oligonucleotides to assess the nucleotide diversity of 
the mitochondrial cytochrome c oxidase I subunit (COI) gene in gDNA extracted from representative worms across their 
known range (Wales, France, Portugal, Spain, and Guernsey). We also targeted the 18S rRNA gene of their algal symbiont, 
Tetraselmis convolutae. We observed temporal shifts in environmental factors coinciding with fluctuating worm colony 
size, notably temperature. Based on the molecular data, the worm exhibited different ecotypes across locations, while the 
algal symbiont showed little genetic variation.
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The beach is rocky with limited open patches of sand; the 
rocks are primarily limestone arising from the falling cliff-
face of the Jurassic coastline (Fig. 1A and B). Open patches 
of sand are rare on the beach, instead clear spaces are domi-
nated by thick clay and no sand (in some places the rocks 
are upon the clay with no visible sand underneath). Rocks 
in the area where worms are found are also small and have 
been eroded by the sea. Larger rocks are in place behind S. 
roscoffensis’ habitat closer to the cliff face. Symsagittifera 
roscoffensis is found in the small pools of water, between 
these rocks where the underlaying substrate is sand. Upon 
discovery of a population at this Welsh site, Mettam (1979) 
speculated that S. roscoffensis had made its way up the 
Bristol Channel from the nearest population in the Chan-
nel Islands; however, there has been no genetic data on the 
intra-specific diversity of S. roscoffensis to confirm or refute 
this hypothesis.

Newly emerged worms are aposymbiotic, i.e. lacking 
the T. convolutae symbiont. Survival and successful estab-
lishment of a new colony requires the worms to acquire 
the algal symbionts post-hatching (Oschman 1966; Doug-
las and Gooday 1982). Symbiotic T. convolutae may travel 
with the founder worm population and be released upon the 
worm’s death and establish a local supply of algal cells or 
may already be present in the substrate upon the worm’s 
arrival. The ability of the worms to acquire the algae exter-
nally from the environment may lead to distinct clades of T. 
convolutae being associated with different populations of S. 
roscoffensis (Riewluang and Wakeman 2023), it may also 
be the case that alternative symbionts are associated with 
distinct populations. The first to suggest this was Mettam 

(1979) and Mcfarlane (1982), stating that individuals of 
the Welsh site indeed formed a symbiotic relationship with 
a different local species of Tetraselmis, with early results 
suggesting that the alternative symbiont could be found in 
up to 55% of individuals. The variation between the pre-
ferred symbiont T. convolutae and an alternative symbi-
ont reported by Mettam (1979) and Mcfarlane (1982) was 
dependent upon its location along the intertidal zone. How-
ever, there were no reports of mixed symbionts within a 
single worm. The authors distinguished the different algal 
symbionts by microscopy, based on differences in the shape 
of the pyrenoid between species. Macfarlane (1982) sug-
gested the reason for differences in symbiont profiles was 
due to the preferred Tetraselmis being less abundant at the 
Welsh field site.

The site in Wales is the most northerly location of S. 
roscoffensis’ known distribution (Mcfarlane 1982), but the 
literature provides scant information regarding this colony. 
To address this knowledge gap, we measured environmen-
tal parameters and population characteristics of the worm 
at the Welsh site for a period of 13 months. Secondly, we 
isolated worm DNA from geographically distinct popula-
tions (Wales, Guernsey, France, Portugal) and used the 
cytochrome c oxidase I gene to determine population relat-
edness. Lastly, using the same worm extracts, we probed 
DNA from the algal symbionts of S. roscoffensis collected 
from Wales, Guernsey, France and Portugal using the 18S 
rRNA gene to confirm the identity of the algal symbiont.

Fig. 1  Locations of Symsagittifera roscoffensis populations used in 
the present study. Symsagittifera roscoffensis populations exist along 
the Atlantic cost (A). Limpet Bay (red), East Aberthaw (Wales, UK) 
represents our study site; green, Alderney, Guernsey; blue, Costa da 

Caparica, Portugal; yellow, Roscoff, France. (B) Image of Limpet Bay 
(Wales, UK). Worms are located along the tide mark where there is a 
distinctive colour change in the rocks (from intertidal to supratidal)
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2  Methods

2.1  Field sampling

Data collection started in August 2020 and ended in August 
2021. Twice per month we collected measurements at the 
field location in East Aberthaw, Wales (GIS:51.38158, 
-3.36363). We selected six colonies along a transect at the 
habitat range of S. roscoffensis; each colony was assigned a 
permanent marker point. We then returned to the same point 
each time to measure colony size, temperature, salinity, and 
light intensity. During the entire study period (13 months), 
and subsequent visits for sample collections and observa-
tions, we noted that low or high tides did not seem to cover 
the colonies at any point.

About 50 ml of sea water was collected as close as pos-
sible to each marker, and the water temperature was mea-
sured immediately with a thermometer (Silverline digital). 
Salinity was measured with a refractometer (D-D True 
Seawater). Light intensity was measured using an Apogee 
MQ-500 Quantum meter placed directly above the worm 
colony. Environmental data are presented as mean ± SE for 
each month (at least 6 technical measures were taken across 
the site on a given sampling day).

Pictures of each colony were taken alongside a reference 
object for scale, images were processed using Image J soft-
ware. We set the scale in Image J based on the reference 
object in the picture, then measured the size of each colony 
as surface area. The individual colony size measurements 
were summed to calculate the cumulative colony size, yield-
ing two cumulative colony size measurements per month. 
Population size data are expressed as cumulative colony 
size ± SE for each month.

2.2  Worm collection and DNA extraction

Samples of S. roscoffensis collected from France, Guernsey, 
and Portugal (Fig. 1A) were preserved in 70% ethanol and 
stored at -80 °C upon arrival and prior to gDNA extractions. 
Samples from Wales were collected at East Aberthaw (see 
Sect. 2.1), maintained temporarily using culture conditions 
described by Thomas et al. (2023a), salinity of 30 enriched 
with 10 ml per L of Guillards solution (Guillard and Ryther 
1962) (F/4), 14.5 ºC, 16 L/8D, and 69 µmol m− 2 s− 1. DNA 
was extracted from live worms collected from the Welsh 
field site only.

Worms suspended (approx. 50 individuals) in 1.5 ml of 
F/4 medium, seawater or ethanol were centrifuged at 10 x 
g for 10 min at room temperature (~ 22 °C); the pellet was 
retained, and the supernatant was discarded. Each prepa-
ration was probe for both the worm (cox1) and algal (18S 
rRNA) gene targets. Genomic DNA was extracted using a 

Qiagen blood and tissue kit (https://www.qiagen.com). The 
manufacturer’s protocol was followed with a minor amend-
ment to the lysis time: Fresh samples were incubated at 
56 °C for 10 min with 15s vortexing every 5 min. For each 
of the samples preserved in 70% EtOH and frozen at -80 °C, 
the incubation time was increased to 1 h with intermittent 
vortexing for a maximum duration of 15s. Post gDNA puri-
fication, elutants were assessed for potential contaminants 
(salt, protein) using the Nanodrop Spectrophotometer.

2.3  Targeting the cytochrome c oxidase I and 18S 
rRNA genes

Amplification of both genes was achieved using end-point 
PCR. For the host S. roscoffensis, we targeted the cytochrome 
oxidase I gene (cox1), whereas for the algal symbiont, we 
targeted the 18S ribosomal RNA gene (18S rRNA). Cox 
1 amplification was performed using newly designed oli-
gonucleotide primers (synthesised by Eurofins, Ebersberg, 
Germany): Forward, 5′-GCTTATAATGTGGTRATTACT-
GCTC–3′, and Reverse, 5′-CAGTAAGAAGTATTGTA-
ATACCTCCTGC-3′. These primers were selected following 
multiple alignment (Clustal Omega; https://www.ebi.ac.uk/
Tools/msa/clustalo/), and scrutiny, of available sequences 
for S. roscoffensis (HM233750, FR837904) and Convolu-
triloba retrogemma (EU710942, EU710925) in GenBank. 
Each PCR reaction was carried out in a total of 25 µL using 
2X Master Mix (New England Biolabs), containing 1.5 mM 
MgCl2, 0.2 mM dNTPs, 25 units/ml Taq DNA Polymerase, 
1 µl of each primer at 10 mM working stock and ~ 190 ng 
template DNA per reaction. Thermocycling conditions con-
sisted of an initial denaturation step of 94 °C for 2 min, fol-
lowed by 34 cycles of 94 °C for 30 s, 57 °C for 1 min and 
72 °C for 1 min, prior to a final extension step of 72 °C for 
5 min (post PCR, samples were stored at 4 °C).

The algal 18S rRNA gene was amplified using published 
primers and thermocycling conditions; Forward: 5′-GCG-
GTAATTCCAGCTCCAATAGC–3′ and Reverse: 5′-GAC-
CATACTCCCCCCGGAACC-3′ (Lim et al. 2012). PCR 
reactions were carried out in a total of 25 µL reaction vol-
ume using 2X Master Mix (New England Biolabs), contain-
ing 1.5 mM MgCl2, 0.2 mM dNTPs, 25 units/ml Taq DNA 
Polymerase, 1 µl of each primer at 10 mM working stock 
and ~ 152 ng template DNA per reaction. An initial dena-
turation step of 94 °C for 5 min, followed by 30 cycles of 
95 °C for 30 s, 57 °C for 30 s and 72 °C for 1 min, prior to a 
final extension step of 72 °C for 10 min (post PCR, samples 
were stored at 4 °C).

PCR-derived amplicons of the expected size for cox1 
(478  bp) and 18S (549  bp) were confirmed using 2% 
(w/v) agarose gel electrophoresis and a NZYDNA ladder 
V (www.nzytech.com) ranging from 100 to 1000 bp. Both 
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sequences retrieved from GenBank covering multiple algal 
genera (e.g., Tetraselmis, Dunaliella, Chlorella) were added 
to our new sequences (GenBank: OQ538146 to OQ538151), 
yielding 57 in total (See Table 3).

Multiple sequence alignments for the cox1 and 18S rRNA 
datasets were performed in MEGA11 using the MUSCLE 
function (Tamura et al. 2021). Evolutionary reconstructions 
were performed using the maximum likelihood method 
(1,000 bootstrap re-samplings) based on either the Tamura 
3-perameter model (Tamura 1992) for cox1 or the Kimura 
2-parameter model for 18S rRNA (Kimura 1980). DNA 
substitution models were selected based on the ranked 
Bayesian information criteria via ModelFinder in MEGA11.

Additionally, the same multiple sequence alignments 
for cox1 and 18S rRNA were used to reconstruct Bayes-
ian trees in BEAST (v2.6.7); based on a yule model and 
MCMC chain length of 10,000,000. We used a burn in rate 
of 10% to summarise the posterior sample of our trees to 
produce the maximum clade credibility tree in tree annota-
tor v2.6.7. FigTree software (v 1.4.4 http://tree.bio.ed.ac.uk/
software/figtree/) was used to visualise the initial outputs. 
Final trees were formatted in iTOL (Letunic and Bork 2019) 
using the Bayesian generated topologies (outputs from both 

the cox1 and 18S rRNA gene targets were cleaned-up prior 
to sequencing using a Thermo-Scientific EXOSAP kit, post 
amplification DNA yields were confirmed using a Qubit 
fluorometer (Thermo Fisher Scientific). Samples were sent 
to Eurofins genomics (Ebersberg, Germany) for Sanger 
sequencing using both forward and reverse reactions.

2.4  Sequence identity and phylogenetic analyses

Eight cox1 sequences (two per worm) were used to con-
struct consensus sequences. For the algae, 14 samples were 
sent for sequencing (18S rRNA), but two failed to produce 
reliable data. All resolved DNA sequences were inspected 
and trimmed manually of their primer regions. BLASTn for 
the 18S rRNA gene and BLASTX for the cox1 gene search 
algorithms (Altschul et al. 1990) were used to confirm 
sequence identities (top three matches for each are listed in 
Tables 1 and 2). For the cox1 target, we gathered a broader 
set of 24 reference sequences from the Convolutidae (Gen-
Bank), which were added to our newly generated sequences 
herein (GenBank: OQ536360 to OQ536363), yielding 28 
in total, each spanning ~ 424 nucleotides (or 140 amino 
acids) (See Table 3). For the 18S rRNA target, 51 reference 

Table 1  The top 3 BLAST results for cox1 from Symsagittifera roscoffensis
Obtained sequence (query length) E-value Coverage Identity GenBank accession number Sequence match 
Symsagittifera roscoffensis from South Wales (431 bp) 2e-68

7e-68
7e-68

98%
98%
98%

90.14%
88.03%
88.03%

FR837904.1
LC515766.1
LC515768.1

S. roscoffensis
Symsagittifera sp.
Symsagittifera sp.

Symsagittifera roscoffensis from Portugal (431 bp) 3e-64
5e-64
8e-64

99%
99%
99%

86.86%
86.43%
86.43%

FR837904.1
LC515766.1
LC515768.1

S. roscoffensis
Symsagittifera sp.
Symsagittifera sp.

Symsagittifera roscoffensis from Guernsey (426 bp) 9e-68
2e-67
3e-67

99%
99%
99%

89.36%
87.23%
87.23%

FR837904.1
LC515766.1
LC515768.1

S. roscoffensis
Symsagittifera sp.
Symsagittifera sp.

Symsagittifera roscoffensis from France (426 bp) 8e-79
2e-76
1e-75

99%
99%
99%

90.07%
87.23%
89.36%

FR837904.1
MZ519776.1
NC014578.1

S. roscoffensis
Symsagittifera schultzei
S. roscoffensis

Table 2  BLAST results for 18S rRNA from the algal symbionts of Symsagittifera roscoffensis
Obtained sequence (query length) E-value Coverage Identity Accession number 

(GenBank)
Sequence 
match 

Tetraselmis convolutae from Welsh 
population (499 bp)

0.0
0.0
0.0

100%
100%
100%

100%
99.29%
99.29%

MK542679.1
KY054995.1
KX904704.1

Tetraselmis sp.
T. marina
T. rubens

Tetraselmis convolutae from Por-
tugal (489 bp)

0.0
0.0
0.0

99%
99%
99%

100%
100%
99.79%

KT860914.1
KT860913.1
EF526921.1

T. convolutae
T. convolutae
Uncultured 
marine 
organism

Tetraselmis convolutae from 
France (489 bp) 

0.0
0.0
0.0

99%
99%
99%

99.80%
99.80%
99.60%

KT860914.1
KT860913.1
EF526921.1

T. convolutae

Tetraselmis convolu-
tae CCAP66/36 (484 bp)

0.0
0.0
0.0

100%
100%
100%

100%
100%
100%

MT489380.1
MT489359.1
MN721295.1

Tetraselmis sp.
Tetraselmis sp.
T. tetrathele
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Convolutidae species GenBank id Gene target Algae species GenBank id Gene 
target

Symsagittifera roscoffensis OQ536360 OQ536361
OQ536362
OQ536363 FR837904.1
NC014578.1

COI Tetraselmis convolutae OQ538146
OQ538147
OQ538148
OQ538149
OQ538150
OQ538151
KT860913.1
MT982710.1

18S 
rRNA

Symsagittifera schultzei MZ519776.1 COI Tetraselmis chuii JQ423150.1
DQ207405.1

18S 
rRNA

Symsagittifera psammophila FR837903.1 COI Tetraselmis suecica FJ559381.1
JQ423151.1

18S 
rRNA

Symsagittifera sp. LC515767.1, 
LC515766.1, 
LC515768.1

COI Tetraselmis sp. FJ559406.1
JQ423158.1
FR744761.1
MH055453.1
AJ431370.2
MH055456.1
KT860916.1
MH055454.1
KT860627.1
KT860876.1
AB058392.1
MH071711.1
MH055448.1
MH055449.1
MH055452.1
MH055444.1
KX998797.1

18S 
rRNA

Convolutriloba macropyga EU710922.1 COI Tetraselmis striata GQ917220.1 18S 
rRNA

Convolutriloba hastifera EU710926.1 COI Tetraselmis gracilis KP662695.1 18S 
rRNA

Convolutriloba retrogemma EU710924.1 COI Tetraselmis astigmatica JN376804.1 18S 
rRNA

Convolutriloba longifissura FR837853.1 COI Dunaliella primolecta DQ009764.1 18S 
rRNA

Convoluta convoluta FR837852.1 COI Dunaliella salina EU589199.1
JQ423154.1

18S 
rRNA

Praesagittifera naikaiensis LC515740 COI Dunaliella sp. FJ164062.1 18S 
rRNA

Stomatricha hochbergi FR837902.1 COI Chlorella vulgaris FR865683.1 18S 
rRNA

Amphiscolops bermudensis FR837839.1 COI Chlorella sp. JQ423156.1
JF950558.1

18S 
rRNA

Heterochaerus blumi FR837864.1 COI Chaetoceros muellerii AY485453.1
AY625896.1
JQ423153.1

18S 
rRNA

Anaperus gardineri FR837840.1 COI Chaetoceros calcitrans DQ887756.1 18S 
rRNA

Neochildia fusca FR837876.1 COI Chaetoceros sp. FR865488.1 18S 
rRNA

Anaperus rubellus FR837841.1 COI Nannochloropsis oceanica FJ896231.1
HQ710567.1

18S 
rRNA

Anaperus singularis FR837842.1 COI Nannochloropsis sp. HQ710568.1
JQ423160.1

18S 
rRNA

Archaphanostoma 
sublittoralis

KM527303.1 COI Nannochloropsis oculata GU220364.1 18S 
rRNA

Table 3  Worm and algae sequences used to reconstruct phylogenies
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3.2  Phylogenetic analyses of worm ecotypes and 
their algal symbionts

3.2.1  S. roscoffensis

BLASTX searches of the cox1 sequence amplified from 
the Welsh worms shared ~ 90% identity to S. roscoffen-
sis collected from Spain in 2010 (GenBank acc. No. 
FR837904.1). Worms from Portugal, Guernsey and those 
re-sequenced from France were ~ 88 to > 90% similar to 
the same sequence from Spain (FR837904.1). In a recent 
publication of the genome of S. roscoffensis, Martinez et 
al.  (2023) stated that the population of the worms have a 
high level of heterozygosity; however, they did not reas-
sess the mitochondrial genome. Independent evolutionary 
analyses of the cox1 gene from the Convolutidae – using 
both maximum likelihood (ML) and Bayesian approaches 
– yielded trees of near identical topology (Fig.  3). All 
worm sequences we generated from this study, and existing 
sequences for France (Roscoff) and Spain (Galiza), formed 
a highly supported clade with 99% ML bootstrap support 
and a Bayesian posterior probability (BPP) of 1 (Fig.  3). 
This clade bifurcated (BBP = 0.99) between the sequence 
from Portugal (OQ536361) and all the other sampling loca-
tions (Fig. 3), and further separated the sequence from Spain 
(FR837904; BBP = 0.99) to those from Wales, France, and 
Guernsey.

Notably, the two sequences from Roscoff were not identi-
cal, one is 10 years old (NC014578), and the other we gen-
erated for this study (OQ536363). Closer inspection of the 
nucleotide sequences revealed three (A to G) substitutions, 
i.e., transitions (Supp. Figure  1A), which coincided with 
two hydrophobic amino acid substitutions (i.e., methionine 
to isoleucine), and one lysine to serine substitution (Supp. 
Figure 1B). Looking at all the cox1 data, transitions were 
the most frequent single point mutations, as expected (Supp. 
Figure 2).

maximum likelihood and Bayesian inference were in good 
agreement).

2.5  Statistical analysis

For the environmental data (colony size, temperature, light 
intensity, and salinity), statistical analysis was performed 
using a binomial generalised linear model. Normality was 
confirmed using the R package DHARMa version 4.1.3 (R 
studio version 1.41717) that uses the Kolmogorov-Smirnov 
test.

3  Results

3.1  Population size and environmental conditions

The population of Symsagittifera roscoffensis at the Welsh 
site was at its largest during the spring months, peak-
ing in May with 489.7 ± 27.8 cm2 (accumulative ± SE; 
Fig. 2). During May, water temperature was 19.7 ± 0.2 °C 
(mean ± SE) while salinity was 22 ± 0.7 and light intensity 
was 1007.4 ± 228.7 µmol m− 2 s− 1. The smallest colony 
sizes were observed during summer, 28.05 ± 3.1 cm2 in July, 
when water temperature was at its highest (27.2 ± 0.8 °C), 
while salinity was 24 ± 1.6 and light intensity was 
1338 ± 169 µmol m− 2 s− 1. Throughout the winter, colony 
sizes decreased gradually: 206.15 ± 21.6 cm2 in December, 
140.05 ± 22.4 cm2 in January and 125 ± 23.6 cm2 in Febru-
ary. Temperature in the winter months ranged from 13.3 to 
5.3 °C, salinity was between 23 and 14, while light intensity 
was between 96.19 and 26.54 µmol m− 2 s− 1. Using bino-
mial generalized linear models (GLMs),  the variation in 
colony sizes between months was deemed significant,  and 
temperature was ranked as a significant predictor variable 
associated with the colony size of S. roscoffensis (Table 4).

Convolutidae species GenBank id Gene target Algae species GenBank id Gene 
target

Parahaploposthia 
cerebroepitheliata

MZ519768.1 COI Porphyridium purpureum KR904907.1 18S 
rRNA

Daku woorimensis FR837854.1 COI Pavlova lutheri JQ423159.1
JF714238.1

18S 
rRNA

Diopisthoporus sp. FR837856.1 COI Pavlova salina AF106059.1
JQ423155.1

18S 
rRNA

Pavlova sp. JF714245.1 18S 
rRNA

Isochrysis galbana HM149543.1
HQ877903.1
JQ423157.1

18S 
rRNA

Table 3  (continued) 
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3.2.2  Algal symbionts (Tetraselmis spp.)

The 18S rRNA sequences retrieved from algal symbionts 
in the Welsh worms had 100% similarity to Tetraselmis 
sp. (MK542679.1) from Roscoff, France (2019 sample). 
Resident algae from worms located in Portugal, Roscoff 
and Guernsey shared 99.6–100% sequence identity to T. 
convolutae (KT860914.1). Algae initially extracted from 
living S. roscoffensis and subsequently grown in culture 
at Swansea University for ~ 6 months had a similarly high 
identity (99.8%) to T. convolutae (KT860914.1) – again, 
from Roscoff, France (2015). Interestingly, the partial 18S 
rRNA gene from T. convolutae – an archived sample from 
CCAP66/36 – shared 100% similarity to Tetraselmis sp. 
SMS19 (MT489380.1).

Independent evolutionary analyses of 18S rRNAs gath-
ered from diverse algal genera, using both maximum like-
lihood (ML) and Bayesian approaches, produced trees 
with consistent topology (Fig.  4). The genus Tetraselmis 
was highly supported, distinct to Dunaliella (ML = 81%; 
BPP = 1), and both of which formed an independent clade 
to Chlorella (ML = 99%; BPP = 1). The sequences isolated 
from France, Portugal, Guernsey, and Wales formed a large, 
highly supported clade (BPP = 0.99) with T. convolutae, 
some uncultured species, and one T. astigmatica sequence 
(JN376804.1). These data clearly indicated the algal sym-
bionts of worms from all locations represent Tetraselmis 
convolutae. Interestingly, both 18S rRNA sequences from 
the culture collection (T. convolutae CCAP66/36) and 
Swansea University short-term culture formed a diverse 
clade (BPP = 0.99) with all the other Tetraselmis species; 
T. striata, T. gracilis, T. chuii and T. suecica (Fig. 4), indi-
cating some potential contamination from sub-culturing, 
or the presence of an algal consortium associated with S. 
roscoffensis.

4  Discussion

We completed a 13-month field campaign monitoring the 
environmental conditions of S. roscoffensis colonies in 
the least studied population of its known distribution, i.e., 
Wales, UK. Additionally, we gathered DNA from Welsh 
worms as well as those from other populations and assessed 
the genetic relatedness between populations (using cox1) 
and its algal symbiont (using 18S rRNA).

4.1  Environmental influences on S. roscoffensis 
colonies

Originally we expected to see the largest colony size during 
the summer months (Arboleda et al. 2018; Bailly et al. 2014; 

Table 4  Outputs from the binomial generalised linear model for the 
environmental data

Coefficient 
Estimate

Std. error Z-value P-value

Intercept 4.2801590 1.3370863 3.201 0.001
Months 0.2908985 0.1249699 2.328 0.01
Salinity -0.0882170 0.0635780 -1.215 0.224548
Temperature -0.2223250 0.0648652 -3.427 0.0006
Light intensity 0.0007326 0.0005339 1.372 0.170023
Bold indicates P-values less than 0.05

Fig. 2  Data from the field site in East Aberthaw, Wales for (A) cumu-
lative colony size (accumulative ± SE) of Symsagittifera roscoffensis, 
(B) salinity (mean ± SE), (C) water temperature (mean ± SE) and (D) 
ambient light intensity (mean ± SE), from August 2020-August 2021. 
There were significant differences between months and concerning the 
effect of temperature on colony sizes (Binomial, Generalized linear 
model; P < 0.05). Salinity and light intensity did not have a significant 
effect on colony sizes (GLM; P > 0.05)
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wide; these small water bodies offered little buffering capac-
ity against environmental stresses. Multiple worm colonies 
were present along the edge of the supratidal zone at the 
Welsh Site (Fig. 1B). During field sampling, we noted that 
the average incoming tide at this location did not reach the 
supratidal zone; therefore, these colonies would be exposed 
to extended periods of temperature or osmotic stresses and 
photoinhibition during photosynthetically active hours. 
While colonies of the worm would not normally survive 
without additional water from the incoming tide (i.e., desic-
cation), the unique location of the Welsh population means 
that it is situated in front of a saltmarsh. This could act as a 
potential saltwater source keeping the worms’ substrate wet 
in the absence of tidal water. We speculate that this could be 
the reason why the Welsh population is limited to one area 
of the beach.

Our field data indicated that colony sizes increased 
steadily during the spring months (March-May; Fig.  2). 
During this period, salinity varied little and temperature 
was between 15 and 20 °C, which was comparable to the 
reported optimal temperature for the worm in laboratory 
settings (10–20 °C; Thomas et al. 2023a). Salinity did not 

Douglas 1985), as this would be the period of maximum 
photosynthetic activity, hence growth of the worms. We 
also expected that during the winter months, there would be 
few to no worms because of the harsh environmental condi-
tions. Our findings showed that during the winter months 
when both water temperature and light intensity dropped 
precipitously (below 10 °C and below 100 µmol m− 2 s− 1, 
respectively), colony sizes decreased but remained at size-
able numbers at the Welsh site (Fig. 2), suggesting that the 
worms were able to survive the winter condition and remain 
active.

Contrary to our expectation, during the summer months, 
population sizes reduced to lower levels than those observed 
in the winter months. During this period, the worms were 
exposed to ambient monthly average water temperature 
reaching > 27°C, for comparison the average ocean tem-
perature for the same month was 17.7°C (Accessed: 26-10-
2023. World Sea Temperatures 2023) The worms also 
experienced very high light intensities (> 1000 µmol m− 2 
s− 1) that could have resulted in photoinhibition (Androuin 
et al. 2020). At low tides, the worms were often trapped 
in small pools of water only 2–10 cm deep and 1–40 cm 

Fig. 3  Bayesian phylogenetic tree of the partial cytochrome c oxidase 
subunit 1 gene from marine Acoel worms (Convolutidae). Bayes-
ian posterior probability (BPP) > 0.5 and maximum likelihood (ML) 
bootstrap support > 70 (from 1000 resamplings) are placed beside the 
respective node. The tree is rooted with a COI sequence from Daku 

woorimensis (FR837854). In total 28 nucleotide sequences were used 
for reconstructions, with four of those generated from the present 
study (GenBank: OQ536360 to OQ536363). Coloured circles indicate 
sample locations for Symsagittifera roscoffensis. The scale bar repre-
sents nucleotide substitutions per site
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steadily increased from < 100 to ~ 1000 µmol m− 2 s− 1, which 
would have allowed the worm to increase photosynthetic 
activity and growth, thereby increasing their abundance. 
However, once temperatures exceeded 20 °C, light intensity 
exceeded 1200 µmol m− 2 s− 1 in the summer months (June-
August), colony sizes decreased sharply (Fig. 2), suggesting 

seem to have an overall effect on colony sizes in situ, which 
complements our previous work on worm photosynthetic 
output in vitro (salinity variation from 20 to 40 had little 
effect on photosynthetic rates; Thomas et al. 2023a). It is 
unsurprising that organisms living within the intertidal zone 
are adapted to deal with fluctuating salinity. Light intensity 

Fig. 4  Bayesian phylogenetic tree of the partial 18S rRNA gene from 
algae. Bayesian posterior probability (BPP) > 0.80 and maximum 
likelihood (ML) bootstrap support > 70 (from 1000 resamplings) are 
placed beside the respective node. The tree is rooted with the 18S 
rRNA sequence from Pavlova lutheri AC538 (JF714238). In total 
57 nucleotide sequences were used for reconstructions, with six of 

those generated from the present study (GenBank: OQ538146 to 
OQ538151). Coloured circles indicate sample locations for Symsagit-
tifera roscoffensis (containing algal symbionts). The scale bar repre-
sents nucleotide substitutions per site. The black lines, continuous and 
broken, represent two putative subclades within the Tetraselmis genus

 

1 3

145



N. J. Thomas et al.

result in a conformational change in protein structure (Bordo 
and Argos 1994; Ohmura et al. 2001); therefore, it is likely 
to persist in the population. Non-deleterious SNPs are also 
known to accumulate in populations that have little to no 
gene flow between populations, acting as a driver for natural 
selection, such as in the case of the worm populations (Fer-
chaud et al. 2020). Considering the disparate geographical 
areas of the worms’ known distribution, it is probable that 
some populations exist but have yet to be discovered. The 
worms have very limited mobility and are unlikely to swim 
across large distances. Isolation by distance also occurs to 
even larger, more mobile marine species such as reef fish 
and invertebrates due to restriction by physical barriers such 
as ocean currents (Planes and Fauvelot 2002; Johannesson 
et al. 2010). In other marine invertebrates that are isolated 
by distance, the ecotypes that form become locally adapted 
to conditions, for instance, temperature or salinity (Johan-
nesson and André 2006; Barrett and Schluter 2008). This 
may also be the case for S. roscoffensis given the fact that 
different populations span large geographical and environ-
mental gradients and as such, each S. roscoffensis popula-
tion would be adapted to local conditions and vary in their 
tolerances. Of course, further field data is needed to attri-
bute local environmental conditions to local adaptations for 
known populations of S. roscoffensis.

Concerning the algal symbiont, the results are more 
straightforward. T. convolutae is specific to all worms 
across all locations tested (Fig. 4). While S. roscoffensis in 
a laboratory setting can be manipulated to expel and switch 
its algal symbiont (Dupont et al. 2012; Arboleda et al. 2018; 
Thomas et al. 2023b), in the field we did not find any evi-
dence that supports a more diverse symbiont profile other 
than T. convolutae. Our findings contradict Mettam (1979) 
and Mcfarlane (1982), who both claimed that populations at 
the Welsh field site differed in their resident algae. It should 
be noted that Mettam (1979) and Mcfarlane (1982) relied on 
microscopy, whereas our 18S rRNA data provided arguably 
more reliable algal species identity. While the worms do not 
acquire the algae directly from the parents, we have data to 
suggest that aposymbiotic worms can detect algae within 
their surrounding environment and move towards it (unpub-
lished observations by the authors). Given the fact that the 
worms will reject any alga in the presence of T. convolutae, 
populations are likely to maintain the same symbiont spe-
cies across multiple generations (Provasoli et al. 1968).

Tetraselmis convolutae CCAP66/36 and our own short-
term culture maintained at Swansea University clustered 
together with diverse Tetraselmis spp. This difference 
may be due to the fact that algae, when in symbiosis, have 
slower growth than its free-living counterpart. For instance, 
algae in symbiosis has a doubling time of between 70 and 
100 days, while free-living algae can double every 3 days 

that the environmental conditions became too stressful for 
the worm.

From our BLR model, temperature was ranked as the 
most likely predictor of colony size. A decrease in tempera-
ture during the wintertime could coincide with a reduction 
in worm populations. Temperature flux beyond the thermal 
(optimal) range can adversely affect the photosynthetic out-
put of S. roscoffensis. Under laboratory conditions, oxygen 
production decreased by > 50% when temperature was 
raised from 14oC to 30oC (Thomas et al. 2023a). Data from 
the field site suggests that populations of S. roscoffensis sur-
vive the seasonal variation in conditions at the site, reflect-
ing broad environmental plasticity (Thomas et al. 2023a). 
Intraspecific variation in temperature tolerance between 
the different geographical populations of S. roscoffensis is 
likely.

4.2  Molecular and phylogenetic assessments of S. 
roscoffensis and their algal symbionts

Using the cox1 mitochondrial gene, both maximum likeli-
hood and Bayesian phylogenetic reconstructions placed 
all the S. roscoffensis samples together. There were some 
subtle differences between the worm populations tested here 
(Fig. 3). Our data goes some way to addressing the limited 
molecular and biogeographical information available for S. 
roscoffensis. First, the worms from Portugal were the most 
distantly related to those from France and Guernsey, fol-
lowed by Spain, although they shared a common ancestor. 
Second, if we speculate the worms from France were the 
founder population (first discovered in Roscoff), the spe-
cies has developed distinct ecotypes in the north (Guernsey 
and Wales), and south (Spain and Portugal). Interestingly, 
this gradient complements the ecological conditions that 
populations would experience at their respective loca-
tions. For instance, worm populations in Spain and Portu-
gal would experience on average higher mean temperatures 
and longer day lengths in comparison to populations fur-
ther north. While the sequences retrieved from Wales, 
France and Guernsey formed a subclade within the spe-
cies (Fig.  3), they further placed the Welsh worms and a 
10-year-old sequence from Roscoff together, whereas the 
two sequences we retrieved from Roscoff and Guernsey in 
this study were clustered. The sequences that we generated 
from worms taken from the Roscoff site did not show an 
identical match to those already in GenBank. Given the fact 
that the sequences in the data base are > 10 years apart, we 
suspect that these differences were due to single nucleotide 
polymorphisms (SNPs) within our sequences. Transitions 
between A/Gs and C/Ts occur regularly in such populations. 
The substitution of methionine to isoleucine is considered a 
“safe” substitution (Supp. Figure 1A and 1B) and does not 
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if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.
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