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Biogeography and host-specificity of cyanobacterial symbionts
in colonial ascidians of the genus Lissoclinum
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Ascidians are known to harbour bacterial symbionts in their tunics. In particular, the ascidian genus Lissoclinum can
host abundant and diverse cyanobacterial associates. Here, we determined the diversity and host-specificity of
cyanobacteria inhabiting 28 ascidian samples corresponding to eight Lissoclinum species: L. bistratum, L. midui, L.
patella, L. punctatum, and L. timorense from Japan, L. aff. fragile and L. verrilli from the Bahamas, and L. perforatum
from Spain and Chile. Cyanobacterial symbionts were characterized using both partial 16S rRNA gene sequences and
sequences obtained for the entire 16S-23S rRNA internal transcribed spacer region (ITS). We found that both host
species and geographic location played a role in structuring ascidian-cyanobacterial symbioses. Broad biogeographic
trends included the dominance of Prochloron symbionts in Japanese ascidians and the presence of a novel
cyanobacterial lineage in L. aff. fragile hosts from the Bahamas. Within each geographic region, a high degree of hostspecificity was observed, where similar symbionts were recovered from ascidian hosts across multiple collection
locations. Further, our analysis revealed the existence of nine distinct Prochloron clades in Japan, some of which
corresponded to particular host species and sampling sites. For L. aff. fragile, further differences were observed between
cyanobacterial symbionts in ascidians from reef and mangrove habitats. Our results showed high host-specificity in
ascidian-cyanobacterial symbioses characterized by cryptic diversity and structured by host identity, location and habitat.
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Introduction
Ascidians (class Ascidiacea), commonly known as sea
squirts, are sessile marine filter-feeding invertebrates in
the phylum Chordata and the subphylum Tunicata.
Tunicates owe their name to the presence of an outer
covering called a ‘tunic’, which is mainly composed of
cellulose (called ‘tunicine’ in tunicates). The tunic provides protection, adhesion to the substrate and can also
harbour symbiotic microorganisms, notably cyanobacteria (e.g. Carpenter & Foster, 2002; Hirose, 2009;
L!
opez-Legentil et al., 2011). Ascidians are the largest
class of tunicates, with over 3,000 known species inhabiting the world’s oceans, including tropical, temperate,
and polar habitats (Shenkar & Swalla, 2011).
Accordingly, most tunicate-cyanobacterial associations
described to date have been reported for ascidians and,
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in particular, between the colonial ascidian family
Didemnidae (e.g. genera Lissoclinum, Didemnum,
Trididemnum, Diplosoma; Kott, 2001) and cyanobacteria
from the genera Prochloron (Prochlorales; e.g. Hirose
et al., 2009) and Synechocystis (Chroococcales, e.g.
Lafargue & Duclaux, 1979; L!opez-Legentil et al., 2011;
M€unchhoff et al., 2007; Sybesma et al., 1981).
Symbiotic relationships among didemnid ascidians
and Prochloron cyanobacteria appear to be obligate and
mutualistic, since Prochloron is vertically transmitted
from parent to offspring (reviewed in Hirose, 2015) and
provides fixed carbon (Griffiths & Thinh, 1983; Pardy
& Lewin, 1981) and possibly nitrogen (Pearl, 1984) to
the ascidian host. Prochloron symbionts also contain the
genes necessary for mycosporine-like amino acid (Donia
et al., 2011) and patellamide (Schmidt et al., 2005) biosynthesis (reviewed in Schmidt, 2015). Mycosporinelike amino acids absorb ultraviolet (UV) radiation,
which may confer protection to the ascidian against
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harmful UV exposure (Donia et al., 2011). Patellamides
are cytotoxic cyclic peptides that may defend the ascidian colony against predation (Schmidt et al., 2005).
Interestingly, these cyclic peptides also have a potential
use as anti-cancer treatments (Fu et al., 1998; Williams
& Jacobs, 1993). In return, Prochloron symbionts obtain
a stable and protected habitat from potential predators
and environmental changes (Hirose & Maruyama,
2004). Ascidian waste and in particular nitrogen (in the
form of ammonia and urea, Goodbody, 1974; Markus &
Lambert, 1983) may also be recycled by Prochloron
cells, since the cyanobacterium contains genes that code
for urease and urea transport and genes able to convert
ammonia into glutamine (Donia et al., 2011).
Symbiotic associations with Synechocystis occur
mainly with didemnid ascidians from the genus
Trididemnum (Lafargue & Duclaux, 1979; L!opezLegentil et al., 2011; M€unchhoff et al., 2007; Shimada
et al., 2003; Sybesma et al., 1981), and occasionally the
genus Didemnum (Parry, 1984). Unlike the Prochlorondidemnid association, little is known about the role of
each partner in Trididemnun-Synechocystis symbioses.
However, Synechocystis symbionts are vertically transmitted to the progeny, similar to Prochloron and indicative of an obligate photosymbiosis (Hirose, 2015). In
fact, although Synechocystis is the predominant symbiont taxa in Trididemnum hosts, it can coexist with
Prochloron cells in a few ascidian species (e.g. T. clinides, T. cyanophorum, and T. paracyclops; Hirose et al.,
2009; L!
opez-Legentil et al., 2011; M€unchhoff et al.,
2007, respectively). Coexistence of these two (or more)
cyanobacteria may not be surprising (Kojima, & Hirose
et al., 2012), since both Synechocystis and Prochloron
share a common ancestor and similar cytological structures (Shimada et al., 2003). The two cyanobacteria genera also differ in the photosynthetic pigment
composition, with Synechocystis containing chlorophyll
a and phycobilin proteins (Neveux et al., 1988) and
Prochloron species utilizing both chlorophyll a and b as
light-harvesting pigments and lacking phycobiliproteins
(Lewin & Withers, 1975).
More recently, a third cyanobacterial genus with a
unique light-harvesting pigment (chlorophyll d) was
reported in association with the didemnid Lissoclinum
patella (Miyashita et al., 1996; Miyashita et al., 2003).
These symbionts were related to the genus
Acaryochloris and subsequently reported to form biofilms on the underside of Lissoclinum and Diplosoma
ascidians (Behrendt et al., 2012; K€uhl et al., 2005),
form clusters within the lower section of Cystodytes dellechiajei tunic (Mart!ınez-Garc!ıa et al., 2011) or be
embedded in the tunic matrix in Lissoclinum fragile
(L!opez-Legentil et al., 2011). The role of Acaryochloris
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in the symbiosis remains unknown and may vary among
species, although evidence to date suggests that the
cyanobacterium may be an obligate symbiont in at least
a few of these associations. Indeed, Acaryochloris-like
cells were observed in the inner tunic of L. fragile larvae, evidence of vertically transmission to the progeny
(L!opez-Legentil et al., 2011).
Most studies to date have revealed a high degree of
host-specificity between ascidians and cyanobacteria
(Hirose et al., 2012; L!opez-Legentil et al., 2011; Parry
& Kott, 1988). In addition to host-specificity, slight differences in photosymbiont identity were also correlated
with geographic location in some cases (e.g.
Lissoclinum fragile; L!opez-Legentil et al., 2011). On the
other hand, M€unchhoff et al. (2007) concluded that symbiosis between didemnids and Prochloron sp. were independent of both host species and geographic origin and
attributed the lack of host-specificity to the low genetic
variation within the genus Prochloron. Although apparently contradictory, different conclusions from these
studies may results from the varying resolution of the
genetic marker utilized. M€unchhoff et al. (2007)
sequenced a fragment of the 16S rRNA gene, while
L!opez-Legentil et al. (2011) sequenced the same 16S
rRNA gene and the complete 16S-23S rRNA internal
transcribed spacer (ITS) gene region. The ITS region is
much more variable than the 16S rRNA gene and allows
for the genetic characterization and identification of
closely related cyanobacterial species and strains (e.g.
Erwin & Thacker, 2008). Thus, the conservative nature
of the 16S rRNA gene may mask host-specific relationships between didemnids and Prochloron, as observed
in
sponge-associated
cyanobacteria
(Erwin
&
Thacker, 2008).
In this study, we aimed to determine the host-specificity of ascidian-Prochloron associations and the influence of geographic location on host-symbiont structure.
To achieve our goal, we sequenced a fragment of the
mitochondrial gene cytochrome oxidase I (COI) to identify host genotypes, and partial 16S rRNA and entire
ITS gene regions to characterize the cyanobacteria
inhabiting the tunic of these ascidians. We targeted species in the didemnid genus Lissoclinum because this
genus is well known to harbour abundant and diverse
cyanobacterial symbionts: L. punctatum, L. midui, L.
timorense, and L. patella can harbour Prochloron
(Behrendt et al., 2012; Hirose & Hirose, 2011; Hirose
et al., 2014; M€unchhoff et al., 2007; Ohkubo &
Miyashita, 2012), while L. patella has also been found
to harbour Acaryochloris spp. and Planktothricoides sp.
(Behrendt et al., 2012; Ohkubo & Miyashita, 2012).
Furthermore, L. fragile and L. aff. fragile were found to
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Materials & methods

Science. The COI sequence for L. perforatum from
Chile (code C111R) was published in a previous study
(Turon et al., 2016), sequences for all other samples
have been deposited in GenBank (accession numbers
MN586601 to MN586626).

Sample collection
Twenty-eight ascidian samples representing eight species of the genus Lissoclinum were investigated: L. aff.
fragile, L. bistratum, L. midui, L. patella, L. perforatum,
L. punctatum, L. timorense and L. verrilli (Fig. 1). L.
aff. fragile exists in multiple colour morphs and the
samples collected herein were red, pink and brown,
while samples of this species analysed previously in
L!
opez-Legentil et al. (2011) were green. Samples were
collected from four different countries: Japan, the
Bahamas, Spain, and Chile (Table 1; Fig. 2). Samples
were collected by snorkelling or SCUBA diving, immediately fixed in 100% ethanol and stored at -20 ! C. Prior
to DNA extraction, each sample was carefully separated
under a dissecting microscope into zooid and tunic fractions to maximize ascidian and cyanobacterial DNA
yield, respectively. Tunic fractions including sections of
the cloacal cavity for L. bistratum and L. timorense
("0.1 cm2) were devoid of epibionts.

Ascidian DNA extraction and sequencing
DNA extraction was performed on dissected zooids
using the DNeasy Blood and Tissue Kit (Qiagen). PCR
amplification of a fragment of the mitochondrial
Cytochrome c Oxidase subunit I (COI) gene was done
using the primer sets LCO1490 and HCO2198 (Folmer
et al., 1994) or Tun_forward and Tun_reverse2
(Stefaniak et al., 2009). PCR amplifications were performed with 1 to 2 mL of extracted DNA, 1 mL of the
forward and reverse primers (10 mM), 12 mL of
MyTaqTM HS Red Mix (Bioline), and water to obtain a
final reaction volume of 25 mL. For both primer sets, an
initial denaturation step at 95 ! C for 1 min was followed
by 35 to 40 amplification cycles of denaturation at
95 ! C for 15 sec, annealing at 42 ! C for the
Tun_forward/Tun_reverse2 primers or 47 ! C for the
LCO1490/HCO2198 primers for 15 sec, and extension at
72 ! C for 10 sec, followed by a final extension at 72 ! C
for 1 min. All PCR reactions were carried out in a MJ
Research Peltier PTC-200 thermal cycler. PCR products
were purified using the QIAquick PCR Purification Kit
(Qiagen). Sequencing reactions were performed using
the BigDyeTM terminator v. 3.1 (Life Technologies) and
the same primer set used during PCR amplification.
Automated sequencing was performed on a 3130xl
Genetic Analyzer available at UNCW Center for Marine

Cyanobacterial DNA extraction
and sequencing
DNA extraction was performed on dissected tunic tissue
using the DNeasy Blood and Tissue Kit (Qiagen). The
primer set CYA359F and CYA23S1R (Iteman et al.,
2000; N€ubel et al., 1997) was used to amplify the 30
end of the 16S rRNA gene, the complete internal transcribed spacer (ITS) gene region between the 16S and
23S rRNA genes, and a small fragment of the 23S
rRNA gene (16S-ITS-23S rRNA). Each PCR reaction
contained 0.5 mL of extracted DNA, 0.5 mL of the forward and reverse primers (10 mM), 12.5 mL of MyTaqTM
HS Red Mix (Bioline), and 11 mL of water to obtain a
final reaction volume of 25 mL. An initial denaturation
step at 95 ! C for 2 min was followed by 35 amplification
cycles (denaturation at 95 ! C for 15 sec; annealing at
50 ! C for 15 sec; and extension at 72 ! C for 20 sec), and
a final extension at 72 ! C for 2 min in a MJ Research
Peltier PTC-200 thermal cycler.
Purified DNA was cloned in E. coli using the TOPO
TA Cloning kit (Invitrogen, Life Technologies) according to the manufacturer’s instructions. Five to ten separate clones per ascidian sample were screened by PCR
using the plasmid primers T3 and T7 (included in the
kit) and a total reaction volume of 25 mL: 0.5 mL of each
primer (10 mM), 12.5 mL of MyTaqTM HS Red Mix, and
11.5 mL of PCR water. The following PCR cycle parameters were used: a single denaturation step at 95 ! C for
2 min, followed by 35 amplification cycles (denaturation
at 95 ! C for 15 s; annealing at 50 ! C for 15 s; and extension at 72 ! C for 20 s), and a final extension step at
72 ! C for 2 min in a MJ Research Peltier PTC-200 thermal cycler. Sequencing for most samples was performed
as described above for ascidian DNA sequencing; however, successful sequencing of a few cyanobacterial
products required an additional sequencing reaction with
an internal primer (an equimolar mixture of the primers
CYA781Fa and CYA781Fb; N€ubel et al., 1997). All
sequences have been deposited in GenBank separately
by data set partition (see below, accession numbers for
the 185 sequences of the 16S rRNA gene fragment:
MN596431 to MN596615; and for the 196 sequences of
the 16S-ITS-23S rRNA gene fragment: MN596616
to MN596811).
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Figure 1. In situ pictures of the Lissoclinum ascidian species analysed in this study. Species name, colour morph (when
appropriate) and sample location are indicated. Arrows indicate ascidians that may be difficult to detect. (A) Lissoclinum aff. fragile
(brown), Bahamas; (B) Lissoclinum aff. fragile (red), Bahamas; (C) Lissoclinum aff. fragile (pink), Bahamas; (D) Lissoclinum
verrilli, Bahamas; (E) Lissoclinum bistratum, Japan; (F) Lissoclinum midui, Japan; (G) Lissoclinum patella, Japan; (H) Lissoclinum
punctatum, Japan; (I) Lissoclinum timorense, Japan; and (J) Lissoclinum perforatum, Chile (Photo credit: X. Turon). Scale bar: 1 cm.
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Date
10-Jun-08
31-May-08
3-Jun-08
1-Jun-08
3-Jul-10
5-Jul-10
8-Jul-10
13-Jul-11

C111R

T2
T3
ZLPS1

LPK7
LPK8
A15
A42
A100
T1

M2
M3
LPK6

LBJ3
ZLBY1
ZLBY3
ZLBY5
ZLBY6
A41
M1

Sample
As77
As52
As58
As95
As222
As240
As256
LBJ1

Els Caials, Cadaqu#es,
Catalonia, Spain
Universidad Cat!olica del
Norte, Chile

Hirakubo, Ishigakijima Island, Japan
Bise, Okinawajima Island, Japan
Ara-hama, Kumejima Island, Japan
Yobuko-hama, Tonakijima
Island, Japan

Kurimajima, Miyakojima
Islands, Japan

Bise, Okinawajima Island, Japan
Shinri-hama, Kumejima
Island, Japan

Yonehara, Ishigakijima Island, Japan

Location
Sweeting's Cay Reef, Bahamas
Sweeting's Cay Reef, Bahamas
Great Stirrup Cay, Bahamas
Sweeting's Cay Reef, Bahamas
Sweeting's Cay Mangrove, Bahamas
Sweeting's Cay Reef, Bahamas
San Salvador, Bahamas
Unarizaki, Iriomotejima
Island, Japan

NA

42! 170 07"N; 03! 170 46"E
29! 570 58"S; 71! 210 12"W

124! 190 00"E
127! 520 38"E
126! 460 24"E
127! 080 31"E

5
10
9
8
10
9

9
10
7

8
8
5
8
2
10
9

16S
rRNA
NA
NA
NA
5
9
8
11
6

9
10
NA

24! 360 50"N;
24! 420 34"N;
26! 180 55"N;
26! 210 29"N;

24! 430 30"N; 125! 150 17"E

24! 420 40"N; 127! 520 50"E
26! 210 00"N; 126! 420 43"E

24! 270 280 'N; 124! 110 410 'E

GPS Coordinates
26! 340 04"N; 77! 530 12"W
26! 380 35"N; 77! 570 44"W
25! 490 31"N; 77! 530 43"W
26! 380 35"N; 77! 570 44"W
26! 330 08"N; 77! 510 41"W
26! 330 41"N; 77! 530 03"W
24! 350 49"N; 74! 320 37"W
24! 250 320 'N; 123! 450 540 'E

NA

9
10
NA

5
10
9
8
10
9

9
10
7

8
8
12
9
5
10
9

16S-ITS-23S
rRNA
NA
NA
NA
5
9
8
11
6

Total:
185
196
Location code (Figure 2), ascidian species, collection date, sample code and collection location and GPS position are indicated. 16S rRNA refers to partial 16S rRNA gene
sequences ranging from 716 to 1,146 bp. 16S-ITS-23S rRNA gene sequences include the 3’ end of the 16S rRNA gene, the complete internal transcribed spacer (ITS) gene
region between the 16S and 23S rRNA genes, and a small fragment of the 23S rRNA gene.

punctatum
timorense
timorense
timorense

Species
Lissoclinum verrilli
Lissoclinum verrilli
Lissoclinum verrilli
Lissoclinum aff. fragile
Lissoclinum aff. fragile
Lissoclinum aff. fragile
Lissoclinum aff. fragile
Lissoclinum bistratum

Code
1
2
3
4
5
6
7
8

Table 1. Ascidians and cyanobacterial DNA sequences analysed in this study.
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Figure 2. Map showing the sampling sites of the Lissoclinum ascidians analysed in this study. Sites are as follow: (1), (2), (4)
and (6) Sweeting’s Cay reef; (3) Great Stirrup; (5) Sweeting’s Cay mangrove; (7) San Salvador; (8) Unarizaki, Iriomotejima Island;
(9) Yonehara, Ishigakijima Island; (10) Bise, Okinawajima Island; (11) Shinri-hama, Kumejima Island; (12) Kurimajima; (13)
Hirakubo, Ishigakijima Island; (14) Bise, Okinawajima Island; (15) Ara-hama, Kumejima Island; (16) Yobuko-hama, Tonakijima
Island; (17) Els Caials, Cadaqu#es; and (18) Universidad Cat!olica del Norte. For further details see Table 1.

Phylogenetic analyses
Ascidian COI sequences were aligned with ClustalW
implemented in Geneious v8 (Biomatters, Auckland,
New Zealand; Kearse et al., 2012). Phylogenetic trees
and the best model of evolution for the COI sequences
were determined using MEGA v5 (Tamura et al., 2011).
The neighbour-joining (NJ) tree was computed using the
Tamura-Nei model, gamma distributed rates among sites
and 1,000 bootstrap replications. A maximum likelihood
(ML) analysis was performed using the TN93 þ G
model of evolution and 1,000 bootstrap replicates.
Cyanobacterial sequences were aligned using MAFFT
(Katoh et al., 2002) as implemented in Geneious. As
above, phylogenetic trees and the best models of evolution were determined with MEGA. ML and NJ analyses
were performed on three different data sets: 1. Partial
16S rRNA gene sequences; 2. full 16S-ITS-23S rRNA
sequence amplicons (including the 30 end of the 16S
rRNA gene, the complete ITS gene region, and a small
fragment of the 23S rRNA gene) from Prochloron
found in Japanese ascidians, and 3. full 16S-ITS-23S
rRNA sequence amplicons (same gene fragment as in
2.) from cyanobacteria found in Bahamian ascidians. All
NJ analyses were done using the Tamura-Nei model,

gamma distributed rates among sites, and 1,000 bootstrap replicates. The 16S rRNA (data set 1) ML tree
was constructed using the GTR þ G model and 100
bootstrap replicates. ML analyses for the Prochloron
16S-ITS-23S rRNA (data set 2) and the Bahamian 16SITS-23S rRNA (data set 3) included the K2 þ G and K2
evolutionary models, respectively and 100 bootstrap replicates. Additional ascidian COI and 16S rRNA cyanobacterial sequences to build the trees were retrieved
from GenBank.

Results
Ascidian COI phylogeny
A sequence fragment of the COI gene ranging from 532
to 600 bp was obtained for each sample. Phylogenetic
analyses revealed that Lissoclinum sequences formed a
separate clade from other didemnid species of the genera Diplosoma, Didemnum, and Trididemnum (Fig. 3).
Each Lissoclinum species formed a distinct clade with
bootstrap support values >50 and, when available, clustered with reference sequences from GenBank (Fig. 3).
Sequences obtained for L. bistratum from Japan formed
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Figure 3. Host phylogeny with partial COI gene sequences. Bold lettering represents sequences obtained in this study. Labels on
terminal nodes indicate the ascidian species name and sample code (as in Table 1) or GenBank accession number. Location and
country of sample provenance is in parenthesis. Tree topology was obtained from neighbour-joining (NJ) analysis with bootstrap
support values located on the nodes (only values >50 are shown). Colour coded circles on tree nodes indicate bootstrap values from
maximum-likelihood (ML) analysis. The Stolidobranchia species Styela plicata was used as an outgroup taxon.

a clade with two well-supported sub-clades (bootstrap
values >89 in all analyses): one containing five samples
(ZLBY1, ZLBY3, ZLBY6, A41 and LBJ3), and one
containing two samples (ZLBY5 and LBJ1, Fig. 3). The
two sub-clades of L. bistratum did not strictly correspond to collection location, as samples from the
Iriomotejima or Ishigakijima Islands were represented in
both clades. Sequences of L. timorense were obtained
from individuals collected from three different locations
within Japan and formed a single, well-supported clade

(bootstrap values >90 in all analyses). The three samples analysed here for L. patella were collected in
Okinawa (Japan) and formed a robust clade (bootstrap
values ¼ 100 in all analyses) with sequences retrieved
from GenBank. The sequence obtained from the one
sample available for L. punctatum from Japan formed a
distant clade (bootstrap >90) with all the L. verrilli
sequences obtained here from the Bahamas plus a previously published L. verrilli sequence from a Panamanian
sample (Fig. 3). Sequences of the Japanese L. midui
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Figure 4. Phylogeny of partial 16S rRNA gene sequences from cyanobacteria in Lissoclinum ascidians. Bold lettering represents
sequences of cyanobacterial groups obtained in this study. Labels on terminal nodes indicate the total number of cyanobacterial
sequences in a clade, followed by the species name, GenBank accession number, and sequence source or number of sequences
obtained here and their location in parenthesis. Tree topology was obtained from maximum likelihood (ML) analysis with bootstrap
support values located on the nodes (only values >50 are shown). Circles contain colours indicating the bootstrap support value for
neighbour-joining (NJ) analysis. Black triangles indicate that sequences for ascidian photosymbionts are included in the clade. White
triangles indicate no ascidian photosymbionts within these groups. Cyanobacterial group names as described in Shih et al. (2013) and
the main text.

formed a well-supported clade (bootstrap values ¼ 100
in all analyses). L. perforatum sequences obtained from
samples collected from Chile and Spain formed a wellsupported clade (bootstrap values >90 in all analyses)
within a larger clade that included sequences of L. fragile and L. aff. fragile from the Bahamas obtained
herein and retrieved from GenBank. Finally, all L. fragile sequences formed a robust clade (bootstrap values
¼ 100 in all analyses; Fig. 3).

Cyanobacterial phylogeny
Cyanobacterial sequences were obtained from six out of
the eight species of Lissoclinum species analysed: L.
bistratum, L. midui, L. punctatum, L. timorense, L.
patella from Japan and L. aff. fragile from the
Bahamas. No positive amplification for cyanobacterial
DNA was obtained for the sample of L. perforatum

collected from Chile (C111R) and the one from Spain
(ZLPS1), nor L. verrilli from the Bahamas (As77, As52
and As58). Partial cyanobacterial 16S rRNA gene
sequences obtained in this study (data set 1, n ¼ 185)
ranged from 716 to 1,146 bp and were compared
to cyanobacterial 16S rRNA gene sequences retrieved
from GenBank to determine their taxonomic affiliation
(Fig. 4), with cyanobacterial group names following
Shih et al. (2013). All 16S rRNA gene sequences
obtained from Japanese Lissoclinum species formed a
single clade with other Prochloron sequences obtained
from GenBank (Fig. 4) and a high bootstrap support
value (>90 in all analyses). The 16S rRNA gene
sequences from the cyanobacteria obtained from the
Bahamian L. aff. fragile represented a novel cyanobacterial lineage within Group C and, in particular, were
most closely related to Group C3 (Fig. 4). Group C3 is
comprised of common cyanobacterial genera such as
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Figure 5. Phylogeny of 16S-ITS-23S rRNA gene sequences obtained for Prochloron in Japanese ascidians. 16S-ITS-23S rRNA
sequences include the 3’ end of the 16S rRNA gene, the complete internal transcribed spacer (ITS) gene region between the 16S and
23S rRNA genes, and a small fragment of the 23S rRNA gene. Clades A-I contain sequences obtained in this study and are in bold
lettering. Labels on terminal nodes indicate clade name, number of sequences in each clade, ascidian host species, and sample code
and location in parenthesis. Clade J contains sequences retrieved from GenBank for Trididemnum cyanophorum photosymbionts
(accession numbers: JF506246, JF506247, JF506250, JF506252). Tree topology was obtained from maximum likelihood (ML)
analysis with bootstrap support values located on the nodes (only values >50 are shown). Circles contain colours indicating the
bootstrap support value for NJ analyses. Outgroup contains reference sequences from uncultured Synechocystis spp. (GenBank
accession numbers: JF506237, JF506241, JF506243).

Synechococcus and Leptolyngbya, and includes many
sequences obtained from marine invertebrate photosymbionts. One cyanobacterial sequence from a sample of
L. bistratum (LBY6) formed a well-supported clade
(bootstrap values >90) with a sequence from the genus
Planktothricoides and other uncultured cyanobacteria
found in sediment and a sulfidic spring (Fig. 4).
The 163 sequences obtained to build the Prochloron
16S-ITS-23S rRNA phylogenetic tree (data set 2) ranged
from 507 to 1,522 bp, and formed 9 distinct and wellsupported symbiont clades (Clades A to I; Fig. 5), some
of which corresponded to particular species and sampling sites. The Prochloron ITS gene region was 5
times more variable than the Prochloron 16S rRNA
gene portion sequenced here, averaging 5.6% divergence
between clades (compared to 1.2% for the 16S rRNA).

Overall, there was a high degree of host-specificity.
Clade A contained Prochloron sequences from all five
samples of L. timorense (T1-T3, A42, A100) collected
from three different locations in Japan (Yokubo-hama,
Ara-hama and Bise; Fig. 5). Other sequences obtained
for L. timorense (samples T1-T3, A42) were grouped in
Clade F and originated from two islands in Japan
(Yobuco-hama and Bise; Fig. 5). The Prochloron symbiont sequences obtained for L. bistratum formed four
clades (Clade B, C, D, and E). Clade B contained
Prochloron sequences obtained from a single sample of
L. bistratum (ZLBY5), Clade C contained sequences
from two samples (LBJ1, ZLBY5), Clade D from four
samples (A41, ZLBY1, ZLBY3, ZLBY6), and Clade E
from all samples except LBJ1, spanning the 3 locations
where this species was collected (Fig. 5). Photosymbionts
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(Clade G and H), both of which contained cyanobacteria
sequences from all three samples (M1-M3; Fig. 5).
Finally, Prochloron sequences obtained for L. punctatum
(A15) were distributed in Clade A (7 sequences) and
Clade I (2 sequences).
Phylogenetic analyses based on 33 16S-ITS-23S rRNA
cyanobacteria sequences ranging from 1,552 to 1,721 bp for
the Bahamian ascidian host L. aff. fragile (data set 3) and
sequences retrieved from GenBank for L. fragile formed 3
symbiont clades (Fig. 6). Sequences for L. fragile photosymbionts formed a well-supported clade (>90 bootstrap support), while the majority of cyanobacteria sequences
obtained from the three L. aff. fragile samples (As95, As240,
As256) collected from reefs (Sweeting’s Cay Reef and San
Salvador) were closely related and clustered together (Fig.
6). Similarly, all cyanobacteria sequences obtained from the
L. aff. fragile host (As222) collected from a mangrove were
clustered together in a well-supported clade (bootstrap values
>70 for both analyses; Fig. 6).

Discussion

Figure 6. Phylogeny of 16S-ITS-23S rRNA gene sequences
obtained for cyanobacteria in Lissoclinum aff. fragile from the
Bahamas. 16S-ITS-23S rRNA sequences include the 3’ end of the
16S rRNA gene, the complete internal transcribed spacer (ITS) gene
region between the 16S and 23S rRNA genes, and a small fragment
of the 23S rRNA gene. Bold lettering represents sequences obtained
in this study. Terminal nodes contain the ascidian host species name,
code (Table 1) and collection habitat (reef vs. mangroves). Tree
topology was obtained from maximum likelihood (ML) analysis with
bootstrap support values located on the nodes (only values >50 are
shown). Circles contain colours indicating the bootstrap support value
for NJ analyses. All sequences retrieved from GenBank for L. fragile
are of an uncultured cyanobacterium.

for L. patella (LPK6-LPK8) were also grouped within
Clade E (Fig. 5). Prochloron sequences retrieved from L.
midui were distributed in two closely related clades

Cyanobacterial symbionts were present in the Japanese
species Lissoclinum bistratum, L. timorense, L. midui, L.
punctatum, L. patella and the Bahamian L. aff. fragile,
and were not detected in L. perforatum from Chile and
Spain, and L. verrilli from the Bahamas. 16S rRNA
gene sequences showed that the Japanese ascidians
hosted Prochloron cyanobacteria, while the Bahamian
ascidian hosted a novel cyanobacterial lineage previously retrieved from L. fragile (also from the Bahamas;
L!opez-Legentil et al., 2011) but of unknown cyanobacterial affiliation. ITS sequences exhibited higher variability than 16S gene sequences and revealed fine-scale
patterns of host-specificity and location effects. 16SITS-23S rRNA sequences from Prochloron symbionts
formed 9 well-supported and distinct clades (Clades A
to I), some formed by sequences from a particular species and location (e.g. Clades B, G, H) and others by
multiple species or locations (e.g. Clade A, E). 16SITS-23S rRNA sequences from L. aff. fragile symbionts
collected from reefs clustered separately from those
obtained from a mangrove habitat.
Lissoclinum species are often found in association
with cyanobacterial symbionts, in particular the genera
Prochloron or Synechocystis (Erwin et al., 2014; Hirose
et al., 2012; Kott, 2001; L!opez-Legentil et al., 2011).
However, in this study, no photosymbionts were
detected by PCR amplification in two of the
Lissoclinum species investigated: the Caribbean L. verrilli and L. perforatum collected in Chile and Spain. In
an earlier study from the Caribbean, Hirose et al. (2012)
reported
both
Prochloron
and
Synechocystis
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photosymbionts in the tunic surface of L. verrilli from
Panama forming a facultative association. The authors
collected individuals from the species that were exposed
to the light and reported a greenish pigmentation in their
samples (see Fig. 1 in Hirose et al., 2012). The samples of
L. verrilli utilized in the present study were brown and
white (Fig. 1D), and were collected on the underside of
rocks. The lack of light exposure in these habitats likely
explains the absence of cyanobacterial symbionts in these
samples and further supports the facultative nature of photosymbionts in L. verrilli. To the best of our knowledge,
no previous study has investigated the presence of microbial symbionts in L. perforatum. This ascidian species is
mostly white with some orange streaks (Fig. 1J) and commonly found in overhangs, thus not directly exposed to
the light. As for the L. verrilli samples analysed here, the
habitat preference of L. perforatum may explain the lack
of photosymbionts, although further samples need to be
analysed to confirm the lack of symbionts found herein.
In addition to differences in habitat preference, overall
variation in ascidian coloration has also been correlated
with symbiont composition (e.g. Hirose et al., 2014;
Lewin & Cheng, 1975). Here, no Acaryochloris bahamiensis photosymbiont was detected in our brown, red or
pink L. aff. fragile samples, while L!opez-Legentil et al.
(2011) reported A. bahamiensis as the main photosymbiont in green color morphs of L. aff. fragile collected in
the same area and habitat.
Phylogenetic analyses revealed that all except for one
of the 16S rRNA sequences obtained here belonged to
two well defined and well-supported cyanobacterial
clades. The first clade was exclusively composed of
Prochloron sequences, and the second consisted of all
sequences from L. aff. fragile and other marine invertebrate symbionts, yet no cultured cyanobacterial species.
A single cyanobacterial sequence most closely related to
Planktothricoides raciborskii was obtained from one
sample of L. bistratum (Ishigakijima Island, Japan), possibly representing a transient species or denoting a facultative association. Further analyses of the Prochloron
clade utilizing the ITS gene region revealed a high
degree of host-specificity between ascidians and their
cyanobacterial symbionts. For instance, the two wellsupported clades of L. bistratum obtained in the ascidian
COI phylogeny hosted two different cyanobacterial communities (Clades B-C, and Clades D-E). Ascidian samples ZLBY5 and LBJ1 had Prochloron symbionts from
Clade B and C, while photosymbionts for all the other
L. bistratum samples formed Clade D and E. Hostspecificity was also observed for L. midui, with all
Prochloron sequences obtained here forming two distinct
clades that were unique to this ascidian species. All
Prochloron sequences obtained for L. patella grouped

within the same clade (Clade E), but were not specific to
the species. Similarly, some cyanobacterial sequences for
the remaining two ascidian species (L. punctatum and L.
timorense) were grouped together in a mixed clade (Clade
A), while the others formed host-specific clades (Clade I
and Clade F, respectively). Thus, most Prochloron
sequences were specific to a given host species, though
some are shared among species, suggesting different
modes of symbiont acquisition.
Species-specific photosymbionts are likely acquired
through vertical transmission (reviewed in Hirose,
2015), while others may be harvested from the surrounding seawater (M€unchhoff et al., 2007) to maintain
symbiont genetic diversity (Donia et al., 2006). The
mode of symbiont transmission has been studied for all
Lissoclinum species investigated herein, and suggests a
genetic basis for transmission mode reflected in the
symbiont phylogeny (Fig. 5, Clades A to I). L. punctatum harbours Prochloron cells (Clades A and I) intracellularly in the tunic and extracellularly in the
peribranchial and common cloacal cavities; however,
Prochloron cells were not present in the gametes or the
embryo and were only acquired when the hatching larvae passed through the common cloacal cavity (Kojima
& Hirose, 2010). Similarly, Prochloron symbionts in L.
timorense (Clades A and F) and L. bistratum (Clades B,
C, D, and E) were only acquired when the larvae
hatched into the common cloacal cavity in which many
Prochloron cells occurred (Hirose & Nakabayashi,
2008; Hirose et al., 2006, respectively). However, unlike
for L. punctatum, in L. bistratum and L. patella (Clade
E), Prochloron cells were exclusively distributed in the
peribranchial and cloacal cavities and absent in the tunic
(Hirose, 2015). Interestingly, in L. midui, Prochloron
symbionts form unique genetic clades (Clades G and
H), are extracellular, and are exclusively found in the
tunic (Hirose & Hirose, 2011). Phylogenetic analyses
based on the COI gene revealed that this species occupied a basal position relative to the other 4 Lissoclinum
species from Japan (Hirose & Hirose, 2011; here), more
closely related to the aposymbiotic L. perforatum from
Chile and Spain, and L. aff. fragile from the Bahamas.
The high degree of host-specificity observed here for L.
midui and its cyanobacterial symbionts further confirms
that Prochloron cells are transmitted vertically to the
progeny (Hirose & Nozawa, 2020). Finally, L. verrilli is
known to form facultative associations with Prochloron,
where the cyanobacterial cells are loosely distributed on
the colony surface (Hirose et al., 2012; Hirose, 2015).
Here, no Prochloron sequences were obtained from our
samples supporting the facultative nature of the association and the likely acquisition of these symbionts by
horizontal transmission.
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The cyanobacterial sequences obtained here from all
Bahamian specimens of L. aff. fragile belonged to a novel
cyanobacterial lineage that was unrelated to common
didemnid
photosymbionts
(Prochloron
and
Synechocystis). The clade consisted exclusively of uncultured cyanobacteria retrieved from a range of sources,
including the ascidian L. fragile (L!opez-Legentil et al.,
2011), other invertebrate hosts (sponges, corals), and biofilms. No further information regarding phylogenetic position was discernible for this clade; although it was most
closely related to the cyanobacterial Group C3. Group C3
is formed by Synechococcus and Leptolyngbya species
(Shih et al., 2013), however, this relationship was poorly
supported (bootstrap values <50). Interestingly, analysis
of the 16S-ITS-23S rRNA gene region for symbionts
within this novel cyanobacterial clade revealed a high
degree of host-specificity related to the habitat where
each ascidian sample was collected (mangrove vs. reef).
Mangrove habitats are characterized by turbid and nutrient-rich waters, while reef environments typically exhibit
transparent and nutrient-poor waters. Both light exposure
and nutrient availability are important factors for the
physiology of cyanobacterial symbionts. For instance,
Prochloron cells isolated from ascidians in light-exposed
and shaded environments exhibited different rates of
photosynthesis and respiration (Alberte et al., 1986).
Thus, differences in the environmental factors that characterize these two habitats may be sufficient to select for
different photosymbiont strains.
In summary, we investigated 8 species of Lissoclinum
for their cyanobacterial symbionts. Two species had no
photosymbionts, one (L. verrilli) representing aposymbiotic colonies of species known to form facultative associations with Prochloron and Synechocystis (Hirose et al.,
2012). Six species hosted photosymbionts: the five
Japanese species harboured Prochloron symbionts and
one Bahamian species (L. aff. fragile) harboured a novel
cyanobacterial lineage. Contrary to previous studies
(Hirose et al., 2009; M€unchhoff et al., 2007), we found a
high degree of host-specificity between ascidian hosts and
cyanobacterial symbionts using a highly variable marker
(ITS gene region) that revealed cryptic diversity structured by host identity and habitat. This study highlights
the importance of using sufficiently variable genetic
markers to investigate the evolutionary relationships
between cyanobacteria and their ascidian hosts.
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