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Abstract

Lithophyllum okamurae is one of the important encrusting coralline algae, which plays important roles as primary
producer, carbonate sediment builder, and habitat provider in the marine ecosystems. In this study, L. okamurae
was collected from tropical coast of Sanya, and firstly described based on both detailed morph-anatomical
characteristics and molecular studies of typic DNA sequences. The structure of the thalli of L. okamurae was
pseudoparenchymatous construction with radially organized dimerous organizations in the crustose portion. The
pseudoparenchymatous construction were composed of three parts, including 1 to 3 layers of epithelia cells which
had flatten to round outermost walls, one layer of square or rectangular cells of the hypothallia and multiple layers
of square or elongated rectangular peripheral cells. Palisade cells were observed, and the cells of the contiguous
vegetative filaments were connected by secondary pit-connections with cell fusions absent. The carposporangial
conceptacles, the spermatangial conceptacles, the bisporangial conceptacles and the tetrasporangial
conceptacles were observed, and all these four kinds of conceptacles were uniporate. The spermatangial
conceptacles were slightly convex and buried at shallow depths in the thalli tissues, and the carposporangial
conceptacles and asexual conceptacles were protruding and conical. Phylogenetic studies based on DNA
barcoding markers of 18S rDNA, COI, rbcL and psbA revealed that L. okamurae clustered with the closest relation
of L. atlanticum, and formed a distinct branch. Based on the comparative anatomical features and the molecular
data, the detailed description of the valid species of L. okamurae was firstly given in this study to provide
theoretical basis for algae resources utilization and conservation in marine ecosystems.
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1 Introduction

Lithophyllum Philippi (1837: 387) is one of the currently re-
cognized genera with living representatives in order Corallinales.
It is a common non-geniculate rhodolith-forming genus of the
subfamily Lithophylloideae Setchell (1943:134) (Harvey and
Woelkerling, 2007; Li et al., 2018), which possess secondary pit
connections and lack of genicula (Woelkerling, 1996; Harvey and
Woelkerling, 2007). Species in Lithophyllum genus are known to
form rhodoliths and commonly occur in marine environments
such as coral reefs, rocky shores and rhodolith beds (Riosmena-
Rodriguez et al., 1999; Harvey and Woelkerling, 2007). Species of
genus Lithophyllum neither produce haustoria nor have thalli
which are composed of flattened branches with isobilateral in-
ternal organizations (Woelkerling, 1996; Harvey and Woelkerling,
2007; Richards et al., 2014). Members of this genus are capable of
building calcified concretions that cover large portions of rocky

bottoms and other substrates (Xia, 2004; Li et al., 2018). Their
critical roles in marine ecosystems are widely acknowledged, es-
pecially for their contributions to primary production, biod-
iversity repository and carbon burial (Nelson, 2009; McCoy and
Kamenos, 2015; van der Heijden and Kamenos, 2015; Riosmena-
Rodriguez et al., 2017).

Traditionally, classification of non-geniculate coralline is lim-
ited to morph-anatomical characters such as construction of the
thalli, arrangement of basal filaments, cell fusions, conceptacle
perforations, and the development of spores and gemmates
(Woelkerling, 1983; Braga and Aguirre, 2004; Harvey et al., 2006;
Harvey and Woelkerling, 2007; Villas-Boas et al., 2009; Kundal,
2011; Xia, 2004; Vieira-Pinto et al., 2014). However, non-genicu-
late coralline algae have also been regarded as highly morpholo-
gically variable, which depends on environmental conditions
(Steneck, 1986; Woelkerling et al., 1993; Maneveldt et al., 2008).
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And it is both time consuming and technically challenging to de-
calcify non-geniculate coralline algae prior the detailed observa-
tion of anatomical features (Steneck, 1986; Woelkerling et al.,
1993; Maneveldt et al., 2008; Nelson et al., 2015). All the above
reasons make it difficult to classify non-geniculate coralline al-
gae in the field by morph-anatomical features alone (Woelker-
ling, 1996; Nelson et al., 2015). Over the past decade, molecular
phylogenetics has been developed as an increasingly accepted
method for algal species identification (Maggs et al., 2007). And
this method has been widely used to investigate accurate phylo-
geny of non-geniculate coralline algae, in which a range of genet-
ic markers have been employed to unravel the relationships of
them (Vieira-Pinto et al., 2014; Nelson et al., 2015; Rosler et al.,
2016; Liu et al., 2018). The use of DNA sequence data as methods
of identification become increasingly important in researches on
systematic taxonomy, genetic diversity, population boundaries
and connectivity of non-geniculate coralline algae (Rosler et al.,
2016; Penia et al., 2018; Torrano-Silva et al., 2018). The use of DNA
sequence data to assist with identification has both greatly aided
taxonomic investigations, and also enabled the reliability of tra-
ditional taxonomic characters to be re-evaluated (Hajibabaei et
al., 2007; Nelson et al., 2015). Therefore, it is crucial for accurate
systematic evaluation of Lithophyllum species to combine de-
tailed morph-anatomical characteristics and molecular DNA se-
quences (Vidal et al., 2003).

Lithophyllum okamurae is an abundant species of Lithophyl-
lum genus, which is usually distributed in the pinkish-gray algal
ridges at the windward reef bump band of the rocky coast in cor-
al reef ecosystems (Xia, 2004; Ding et al., 2015; Phang et al., 2016;
Li et al., 2018). Similar to the other non-geniculate coralline al-
gae, L. okamurae has a triphasic life history, and it disperses
mostly by spores (bispores/tetraspores and carpospores) (Chi-
hara, 1974; Johansen, 1976; Verlaque, 2010). However, few stud-
ies regarding the descriptions of L. okamurae were available (Xia,
2004), especially on the DNA molecular taxonomic datasets. In
this study, detailed descriptions of the morpho-anatomical fea-
tures of L. okamurae were presented and four DNA molecular
markers were used to determine the phylogenetic relations of
this species to other species in Lithophyllum genus, including a
portion of the nuclear-encoded 18S rDNA gene (LSU), the mito-
chondria-encoded gene COI, and two chloroplast-encoded genes
rbcL and psbA. The aim of this study is to describe L. okamurae
base on morphological, anatomical and molecular analyses, and
to lay basis for algae resources conservation and utilization in the
marine ecosystems.

2 Materials and methods

2.1 Sample collection

Samples were obtained at the shore of the Luhuitou Penin-
sula (18.216 7°-18.218 7°N, 109.482 6°-109.487 9°E) in
the Sanya Bay, Hainan Island, China. The fragments of well-de-
veloped, healthy populations of L. okamurae with 3-10 cm? out-
er superficial area were carefully cut off from the substrate using
a hammer and chisel via scuba diving at depths ranging from 1 m
to 3 m in March, 2016. All the samples were placed in oxygenated
transit cases filled with seawater and transported to the laborat-

ory.

2.2 Morphological and anatomical analysis

For morphological observation, thalli of L. okamurae were
observed and examined using a stereomicroscope (Stemi, 2000,
Zeiss, Germany). For anatomical observation and measure-

ments, thalli of L. okamurae were fixed in 4% formalin in seawa-
ter, and serial sections were prepared and stained with aniline
blue after decalcification, dehydration and embedding step by
step (Basso et al., 2004; Basso and Rodondi, 2006). Finally, the
permanent slides were examined and photographed using a light
microscope (BX53, Olympus, Japan) with a camera (Leica DMRB,
Germany). For detail morphometrical observation and anatom-
ical measurements, thalli of L. okamurae were air-dried and
mounted on silver stubs using graphite conductive adhesive and
coated with 10 nm of gold. The treated measurements were ob-
served using a scanning electron microscope (SEM) (Hitachi S-
3400N, Japan). The growth form of the specimen was character-
ized according to Woelkerling et al. (1993). Measurements of
anatomical terminologies of were determined by the method de-
scribed by Adey and Adey (1973) and Woelkerling (1988). The
measurements of conceptacles and cells were measured accord-
ing to the instructions adopted by Adey and Adey (1973) and
Basso et al. (2004), respectively.

2.3 Molecular phylogenetic analysis

For molecular analysis, sample of L. okamurae was pro-
cessed, and total genomic DNA was extracted using the eDNA HP
Plant DNA Kit (Omega, USA), following the manufacturer’s in-
structions. A total of four pairs of primers mentioned in Table 1
were used for PCR amplifications of the gene sequences of 18S
rDNA, COJ, rbcL and psbA, respectively. The 18S rDNA sequence
was amplified with the primers and methods published by Harp-
er and Saunders (2001). The COI was amplified with the primers
published by Saunders (2005) and methods modified by Clark-
ston and Saunders (2010). The rbcL and psbA locus were ampli-
fied using the primers and protocols as Yoon et al. (2002). Purific-
ation and sequencing reactions were performed by BGI Genom-
ics Co. Ltd., Shenzhen, China. The quality of the sequence data
was verified by visual inspection of the electropherograms in Se-
quence Scanner 1.0 (Applied Biosystems, Waltham, MA, USA).
Forward and reverse sequences were assembled by BioEdit ver-
sion 5.0.6 (Hall, 1999), and chromatograms were checked to con-
firm the validity of ambiguous nucleotides. Multiple sequence
alignments were performed for these gene sequences of 18S
rDNA, CO], rbcL and psbA datasets using Clustal-W in Mega ver-
sion 5 (Tamura et al., 2011), and phylogenetic datasets were con-
structed for each marker individually.

Phylogenetic analyses were performed using maximum likeli-
hood (ML) and Bayesian (BA) methods. Maximum likelihood for
all four sequences data were conducted in MEGA 5 using the
Tamura-Nei model with 1 000 bootstrap replicates to assess
branch support. Bayesian analyses were estimated using a
Bayesian Markov chain Monte Carlo (MCMC) method imple-
mented in BEAST package v1.8.0 (Drummond et al., 2005). The
model used in these Bayesian analyses were general time revers-
ible (GTR) substitution in which gamma distribution rate (G) and
invariant sites (I'4) was chosen on the basis of log likelihood (InL)
and Akaike’s Information Criterion (AIC) scores inferred by Mr-
Modeltest v2.3 (Nylander, 2004). Chains were conducted for 1x
108 generations and sampled every 10 000 steps for each molecu-
lar clock model. Posterior probabilities were calculated using the
software Tracer v. 1.6 after 10% burn-in. In all analyses, unrooted
trees were calculated and the ingroup taxa subsequently rooted
with Phymatolithon sp. as designated outgroup (Adey et al., 2015;
Hernéndez-Kantun et al., 2016; Liu et al., 2018).

3 Results
Lithophyllum okamurae Foslie, 1900, p. 4; 1904, p. 59, pls
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Table 1. Four pairs of primers used to perform the sequences

Primer Sequence Reference
18S-G01 5'-CACCTGGTTGATCCTGCCAG-3' Harper and Saunders (2001)
18S-G14 5-CTTGGCAGACGCTTTCGCAG-3' Harper and Saunders (2001)
COI-F 5'-TCAACAAATCATAAAGATATTGG-3' Saunders (2005)
COI-R 5'-ACTTCTGGATGTCCAAAAAAYCA-3' Saunders (2005)
rbcL-090F 5'-CCATATGCYAAAATGGGATATTGG-3' Yoon et al. (2002)
R-rbcS start 5-TGTGTTGCGGCCGCCCTTGTGTTAGTCTCAC-3' Yoon et al. (2002)
psbA-F 5-ATGACTGCTACTTTAGAAAGACG-3' Yoon et al. (2002)
psbA-R2 5'-TCATGCATWACTTCCATACCTA-3' Yoon et al. (2002)

11-19, Figs 11-19; 1929, p. 26, p1. 64, Figs 1-6; Dawson, 1954, p.
427, Fig. 39; Masaki and Tokida, 1963, p. 1, pls 1-3; Masaki, 1968,
p- 36, pl. 62, Fig. 6; Zhou and Zhang, 1985, p. 42, p1.1II: 4, 5; 1991,
p- 17; Lee, In Kyu and Jae, 1986, p. 320; Baba, 1987, p. 22, Figs
22-29, pls 9-11; Silva et al., 1987, p. 36; Silva et al., 1996, p. 249;
Yoshida, 1998, p. 577, Figs 3-25 A-G; Woelkerling et al., 2005, p.
176, 178; Xia, 2004, p. 66, Figs 50-51; Guiry and Guiry, 2018.

Homotypic and heterotypic synonyms: Lithophyllum
okamurae f. trincomaliense

Foslie 1906; Lithophyllum okamurae f. validum Foslie 1906;
Lithophyllum validum (Foslie) Foslie 1909.

Type Locality: Marine Laboratory, Sagami Province
(Kanagawa Prefecture), Japan (Woelkerling et al., 2005).

Geographic Distribution: L. okamurae occurs in the South-
east Asia (Indonesia, Myanmar, Vietnam), South-west Asia (In-
dia, Sri Lanka, Israel, Saudi Arabia), Asia (China, Japan, Korea),
Pacific Islands (Fiji, Republic of Palau, Solomon Islands), and the
Indian Ocean islands (Xia, 2004; Ding et al., 2015; Phang et al.,
2016; Guiry and Guiry, 2018).

Habitat and Phenology: Plants attached to rocks, shells and
coral skeletons, in shallow water of lagoons (Xia, 2004).

3.1 Morphological and anatomical analyses

3.1.1 Morphological analysis

Plants of L. okamurae were non-geniculate and attached
ventrally to the substratum, growth-form encrusting to warty to
lumpy (Fig. 1a). Wart-like short branches crowded on the thalli
surfaces were 4 to 8 mm in diameter and 5 to 10 mm in height,
and they were usually combined with each other to form flat or
depressed apexes (Fig. 1a). Color of the L. okamurae thalli ranged
from grayish-purple to dark purple (Fig. 1a). The structure of the
crustose portion was pseudoparenchymatous with dimerous or-
ganization which internally organization dorsiventral and usu-
ally crusted up to 500 to 10,000 pm thick (Fig. 1b). Based on the
anatomical microscope images, apical growth of L. okamurae fil-
aments produced visible growth bands (Fig. 1b). Color of the new
tissues near the crust surfaces, the older tissues of deeper layered

crusts and the oldest tissues of deepest parts of the crusts were
greyish purple, yellow and white, respectively (Fig. 1b). On the
surface view of the fertile thalli, conceptacles distributed on both
the thalli surfaces and branches (Fig. 1c).

3.1.2 Anatomical analysis

The internal crustose parts of the thalli were pseudoparen-
chymatous construction with dimerous organization (Figs 1b and
2a). The construction of the crusts was composed of epithallium,
hypothallium and the peripheral portions (Fig. 2a). The epithalli-
um parts were composed of one to three layers of square or rect-
angular cells. The diameters in both transverse and longitudinal
sections of the square cells were 4.0-7.0 um, while the rectangu-
lar cells were 5.0-9.0 pm in diameter and 3.0-6.0 pm in height
(Figs 2a, b). In view of surface, the polygonal epithallial cells were
flat or had rim-like tops, and the outer peripheral parts of the epi-
thallial cells with lost roofs were uncalcified (Fig. 2b). The hypo-
thallium parts were composed of one layer of square or rectangu-
lar cells. The diameters in both transverse and longitudinal sec-
tions of the square cells were 7.0-13.0 um, while the rectangular
cells were 4.0-7.0 pm in diameter and 13.0-17.0 um in height
(Fig. 2a). The peripheral regions were composed of multiple lay-
ers of square or elongated rectangular cells. The square cells were
8.0-11.0 pm in diameters in both transverse and longitudinal sec-
tions, while the elongated rectangular cells were (5.0-) 7.0-8.0
(-10.0) pm in diameter and (10.0-) 12.0-17.0 (-23.0) pm in height
(Figs 2a, c). In peripheral regions of the crusts, cells of adjacent
filaments were joined only by secondary pit-connections, and
cell fusions were absent (Fig. 2c). The palisade cells were ob-
served, which were significantly taller than the width (Fig. 2d). As
intracellular storage polymers, floridean starch grains were com-
monly found in the peripheral cells, but they were absent in the
epithallium cells (Figs 2a, d). Calcium carbonate was deposited
in the cell walls, while outer peripheral parts of the epithallium
cells were uncalcified (Figs 2b, c). Calcium carbonate was or-
derly arranged in the cell walls (Fig. 2c). Periodical epithallium
sloughing (synchronous epithallium shedding) was commonly
observed in L. okamurae, which was epithallium cells flaked off

Fig. 1. Vegetative structures of Lithophyllum okamurae. a. External morphology of alga individuals growing on rocks, and sloughing
cells (sl) in sheets form residual on the crust (white arrow). Scale bar is 3 cm. b. Cross-section showing the pseudoparenchymatous
construction of the alga thallus, and conceptacles (white arrow) in it. Scale bar is 5 mm. c. Surface view of the thallus, showing
conceptacles (white arrow) distributed on both surface and branches. Scale bar is 5 mm.
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Fig. 2. Anatomical features of Lithophyllum okamurae. a. Vertical fracture showing the thallus crust with dimerous organization, and
unistratose hypothallium (h), perithallium (bracket) and epithallium (e) visible. Scale bar is 50 pm. b. Surface view of polygonal
epithallial cells with intact (t) and lost (r) roofs. The outer peripheral parts of epithallial cells with lost roofs were uncalcified. Scale bar
is 30 pm. c. Vertical fracture showing primary pit connections (pp) and secondary pit connections (sp) among the filaments in
peripheral region of the crusts, and calcium carbonate (cc) deposited in the cell walls, and floridean starch grains (sg) stored in the
perithallium cells. Scale bar is 30 pm. d. Palisade cells (white arrow) in perithallium part of the crust. Scale bar is 100 pm.
e. Epithallium cells sloughing (sl) in form of face peeling under optical microscope. Scale bar is 10 pm.

as large sheets of cells (Figs 1a and 2e). These sheets were white,
thin and extensive on the thalli surfaces (Fig. 1a). During the
sloughing process, the outer walls of the newly formed epithalli-
um cells were ruptured and shed together with the sloughing epi-
thallium cells (Fig. 2e).

3.1.3 Reproductive structures

In this study, the color of the conceptacles which buried in
the crusts of L. okamurae was translucent or white (Fig. 1b).
Gametangial thalli of L. okamurae were dioecious (Figs 3a, d).
Uniporate conceptacles were mainly immersed in the perithallus
region at both the thalli crusts and branches, and the unburied
conceptacles were flushed with the thalli surfaces or raised (Figs 1c
and 3a, d, g, h). There were four types of conceptacles, including
the spermatangial conceptacles (Figs 3b, c), cystocarpic concept-
acles (Figs 3e, f), bisporangial conceptacles (Figs 3j, 1) and tet-
rasporangial conceptacles (Figs 3k, m, n) in L. okamurae. For the
cystocarpic conceptacles and the asexual conceptacles (includ-
ing the bisporangial conceptacles and tetrasporangial concept-
acles), columellae were located in central of the conceptacle
chambers (Figs 3d, g). In the asexual conceptacles, pores were
formed by breakdown of upper parts of the columellae (Figs 3j-n).
The spermatangial conceptacles were slightly convex, and usu-
ally shallow buried in the thalli tissues (Fig. 3a). The chambers of
the spermatangial conceptacles were (123.0-) 138.0-163.0
(~175.0) pm in diameter in the longitudinal sections, and (38.0-)
53.0-63.0 (-80.0) um in height in the transverse sections (Figs 3a,
b, c). The spermatangia were numerous, small and narrowly cyl-
indrical, which stood only on the chamber floors (Figs 3b, c). The
spermatangia were 10.5-12.5 (-14.1) pm in length and (2.6-)
3.1-3.7 (-4.1) pm in diameter (Figs 3b, c). The cystocarpic con-
ceptacles were submerged in the crusts, with their chambers
82.0-112.0 (-131.0) pm in height and (159.6-) 167.5-201.5 (-223)
pum in diameter (Figs 3d, e, f). The carpogonia were in egg form,

which were 19.3-26.0 um in the longitudinal sections and
11.3-17.5 pm in the transverse sections (Figs 3e, f). The asexual
conceptacles were flattened mound-like structures (Fig. 3h),
whose chambers were buried in the crusts (Figs 3g, i), and the
chambers were elliptical with steepled topped roofs (Fig. 3h). The
height and diameter of the chambers of these asexual concept-
acles were (100.0-) 125.0-150.0 pm and (170.0-) 240.0-265.0
(-315.0) pm, respectively. The columellae at the central parts of
these asexual conceptacle chambers were formed by the up-
heaved chamber floors which crowned with hair cells (Figs 3j, n).
Bisporangia and tetrasporangia were developed and arranged
around the prominent central columellae in the bisporangial
conceptacle and tetrasporangial conceptacle chambers, respect-
ively (Figs 31, m). The bisporangia were bipartite and stood on the
periphery of conceptacle floors with long egg form with 39.0-73.2
pm in length and 16.8-28.5 pm in diameter (Figs 3j, 1). The tet-
rasporangia were tetrad and stood on the periphery of concept-
acle floors. They were also in long egg form with 39.6-52.8 pm in
length and 9.9-23.1 um in diameter, respectively (Figs 3k, m).
The spermatangia (Fig. 3b), carpogonia (Fig. 3f), bisporangia
(Fig. 3j) and tetrasporangia (Fig. 3n) were all released through
the pores of the conceptacle chambers.

3.2 Phylogenetic analyses

In this study, all the four primers were successfully amplified
for L. okamurae. Overall, an 805 base-pair portion of the 18S
rDNA sequence, a 669 base-pair portion of the COI sequence, a
1 437 base-pair portion of the rbcL sequence, and a 901 base-pair
portion of the psbA sequence of this alga were generated, re-
spectively. All these sequences had been deposited in GenBank
(18S rDNA: MH663996; COI: MH823811; rbcL: MH788639; psbA:
MH788638). However, the amplified COI sequence was a NUMTs
(nuclear mitochondrial DNA), and there were four terminator
codes in it.
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Fig. 3. Anatomical features of fertile crusts and the conceptacles of Lithophyllum okamurae. a. Cross section through a male plant
showing spermatangial conceptacles (white arrow) of different developing stages. Scale bar is 1 mm. b. Two spermatangial
conceptacles showing apical oblique divisions forming spermatangia (white arrow), and the spermatangia were releasing from the
pore (black arrow). Scale bar is 100 um. c. A spermatangial conceptacle in elder production stage, where spermatangia were produced
on the floor of the conceptacle chamber. Scale bar is 50 pm. d. Cross section through a female plant showing cystocarpic conceptacles
(white arrow) of different developing stages. Scale bar is 1 mm. e. A developing cystocarpic conceptacle with several cystocarps (cy) in
the chamber. Scale bar is 50 pm. f. A cystocarpic conceptacle which was releasing its cystocarps (cy). Scale bar is 50 pm. g. Cross
section through an asexual plant showing tetrasporangial or bisporangial conceptacles (white arrow). Scale bar is 1 mm. h. Surface
view of a fertile thallus showing uniporate (white arrow) conceptacles, and a uniporate conceptacle with steepled topped roofs (black
arrow). Scale bar is 500 pm. i. A fertile tetrasporophyte thalli with a bisporangial conceptacle (black arrow) and several tetrasporangial
conceptacles (white arrow) originated in the crust. Scale bar is 1 mm. j. A bisporangial conceptacle with zonate bisporangia (white
arrow) and central columella (c) in the chamber, with the bisporangia was releasing. Scale bar is 50 pm. k. A tetrasporangial
conceptacle with zonate bisporangia (white arrow) and central columella (c) in the chamber. Scale bar is 50 pm. 1. A bisporangial
conceptacle with roof and showing putative zonately arranged bisporangia (bs), and the bisporangia arranged around a prominent
central columella. Scale bar is 100 pm. m. A tetrasporangial conceptacle with roof showing putative zonately arranged tetrasporangia,
and the tetrasporangia arranged around a prominent central columella (c). Scale bar is 100 pm. n. A tetrasporangial conceptacle
which was releasing its tetrasporangia. Scale bar is 50 pm.

The final alignment for 18S rDNA consisted of 34 taxa, includ-
ing the new sequence and 33 previously published coralline al-
gae sequences, and the final dataset was a 765 base-pair portion
of the 18S rDNA gene in the nuclear genome. The alignment for
COI was composed of 37 taxa, including the new sequence and
36 GenBank sequences, and the final dataset was a 551 base-pair
portion of the COI gene in the mitochondria genome. The align-
ment for rbcL consisted of 36 taxa, including the new sequence
and 35 GenBank sequences, and the final dataset was a 630 base-
pair portion of the rbcL gene in the plastid genome. The align-
ment for psbA was composed of 77 taxa, including the new se-
quence and 76 previously published sequences, and the final
dataset was a 732 base-pair portion of the psbA gene in the

plastid genome. For each of the sequence datasets, one ML tree
and one BA tree were generated by bootstrap results from the
distance analyses and Bayesian inference with posterior probab-
ilities, respectively. A total of eight trees were generated in this
study, and the topologies of the ML and BA trees were largely
congruent. Then the ML trees were generated by both the boot-
strap results and Bayesian inference for the sequence data (Fig. 4,
Fig. S1, Fig. 5, Fig. S2). The ML trees for the COI (Fig. S1) and ps-
DA (Fig. S2) sequence datasets, and the BA trees for the 18S rDNA
(Fig. S3), COI (Fig. S4), rbcL (Fig. S5) and psbA (Fig. S6) sequence
datasets were in supplement materials. And in all phylogenetic
reconstructions, ambiguities were observed among L. okamurae
and the other specimens of genus Lithophyllum.
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Lithophyllum stictaeforme NZC0864 (EF628241)
Lithophyllum sp. JJHK-2013 GALW 15745 (JQ896266)

A Lithophyllum okamurae SY: 1601 (MH663996)
Lithophyllum atlanticum FLOR: 14569 (KP192388)
Lithophyllum atlanticum FLOR: 14576 (KP192390)
6Y- | Lithophyllum atlanticum FLOR: 14568 (KP192386)
Lithophyllum atlanticum FLOR: 14566 (KP192389)
Lithophyllum atlanticum FLOR: 14567 (KP192387)
Lithophyllum margaritae GALW: 15764 (JQ896262)
Lithophyllum byssoides GALM: 15732 (JQ896278)
Lithophyllum kotschyanum b6C (KM073287)
ILithophyllum pustulatum TE1 (KM073290)
- Lithophyllum acrocamptum 6E (KM073277)

—
0.005

Lithophyllum riosmenae WELT A029213 (KM369051)

97/1 Phymatolithon rugulosum US 170942 (KP142808)
Phymatolithon lenormandii US 170941 (KP142810
64/0.6p 1
Phymatolithon margoundulatus NTOU 001423 (MH377045)

Fig. 4. Tree constructed with ML for the 18S rDNA alignment. Values at branches represent distance analyses of 1 000 bootstrap
replicates (left value) and Bayesian posterior probabilities (right value). Branches lacking values received <50% support. GenBank
accession numbers provided. The newly generated sequence was shown in bold.

3.2.1 Phylogenetic relationships of Lithophyllum species based on
nuclear 18S rDNA sequence data

One 18S rDNA sequence was newly determined for this study.
A phylogenetic tree was generated by bootstrap results from the
distance and Bayesian inference with posterior probabilities (Fig. 4).
The genus Lithophyllum was monophyletic with strong support
(97% in bootstrap support and 1 in posterior probabilities). There
were 19 well-supported monophyletic clades among the in-
cluded Lithophyllum spp. was resolved based on our analyses,
including 16 taxa described Lithophyllum spp. and 4 indetermin-
ate known specific name specimens (Fig. 4). The 18S rDNA se-
quence of L. okamurae showed interspecific variation among the
Lithophyllum species in these analyses ranged from 3 to 49 bp
(0.4%-6.1%), and it showed interspecific variation with L. at-
lanticum sequences ranged from 3 to 5 bp (0.4%-0.67%). The
single species of L. okamurae comprised a monophyletic lineage,
which was strongly allied to the distinct clade of L. atlanticum
from Brazil and L. margaritae from Mexico (96% in bootstrap
support and 1 in posterior probabilities). And it was remotely re-
lated with the other clades of genus Lithophyllum. The species of
L. okamurae formed an individual clade with full support.

3.2.2 Phylogenetic relationships of Lithophyllum species based on
nuclear COI sequence data

One COI sequence was newly determined for this study. A

phylogenetic tree was generated by bootstrap results from the

distance and Bayesian inference with posterior probabilities (Fig.

S1). The genus Lithophyllum was monophyletic with strong sup-
port (95% in bootstrap support and 1 in posterior probabilities).
The analyses showed 14 monophyletic clades among the Litho-
phyllum spp., including 13 taxa described Lithophyllum spp. and
9 indeterminate known specific name specimens (Fig. S1). Ac-
cording to the results, COI sequence of L. okamurae showed in-
terspecific variation among the Lithophyllum species in these
analyses ranged from 46 to 95 bp (7.1%-14.6%), and it showed in-
terspecific variation with the L. atlanticum sequences ranged
from 46 to 47 bp (7.1%-7.3%). The single species of L. okamurae
comprised a monophyletic lineage, which was moderately allied
to the distinct clade of L. atlanticum from Brazil (52% in boot-
strap support) and highly allied to the distinct clade of Lithophy!-
lum sp. LAF7219 from Panama (96% in bootstrap support and 1
in posterior probabilities). The position of L. okamurae from the
species of L. atlanticum from Brazil and Lithophyllum sp.
LAF7219 was similar to that of the 18S rDNA reconstruction
shown in Fig. 4, and L. okamurae formed an individual clade with
full support.

3.2.3 Phylogenetic relationships of Lithophyllum species based on
nuclear rbcLsequence data

One rbcL sequence was newly determined for this study. A

phylogenetic tree was generated by bootstrap results from the

distance and Bayesian inference with posterior probabilities (Fig. 5).

The genus Lithophyllum was monophyletic with strong support

(100% in bootstrap support and 1 in posterior probabilities). The
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Lithophyllum hibernicum NCU600537 (KR708590)
Lithophyllum hibernicum E223 (KR708565)
Lithophyllum hibernicum NCU600688 (KR708591)
Lithophyllum hibernicum NCU600696 (KR708592)
Lithophyllum hibernicum E215 (KR708566)
-Lithophyllum dentatum E152 (KR708567)
Lithophyllum dentatum E218 (KR708568)

Lithophyllum incrustans E231 (KR708583)

Lithophyllum incrustans E172 (KR708589)
Lithophyllum incrustans E25 (KR708588)
Lithophyllum incrustans E226 (KR708587)

100/1 |—Lithophyllum cf. racemus JHK-2015 E255 (KR708572)
Lithophyllum cf. racemus JHK-2015 E244 (KR708571)

Lithophyllum orbiculatum E222 (KR708546)

Lithophyllum byssoides E72 (KR708574)
Lithophyllum sp. SYK-2014 WELT A029216 (KM369165)

Lithophyllum johansenii WELT A029184 (KM369166)
Lithophyllum pustulatum WELT A029193 (KM369168)
Lithophyllum stictaeforme WELT A029229 (KM369167)

Lithophyllum impressum KM42_10ii09a (JX393128)
Lithophyllum impressum NCU: 585607 (HQ322335)

ophyllum kaiseri NCU607187 (KX020478)

100/1 Lithophyllum neocongestum US223011 (KX020484)
%Lithophyllum platyphyllum S44 (KX020483)
Lithophyllum platyphyllum S46 (KX020482)

Lithophyllum sp. LAF4294 (KJ652015)
Lithophyllum sp. LAF5438 (KJ652012)

i10a (JX393121)

Lithophyllum grumosum Lpro10xii08Lgru (JX393106)

rae SY: 1601 (MH788936)

Lithophyllum atlanticum ibc1289 (MG648015)

Cweed-1838 (MG515119)

Lithophyllum atlanticum ibc2646 (MG648019)

100/1 Phymatolithon calcareum E246 (MH274809)
97/1 Phymatolithon borealis L82 (MH274818)
Phymatolithon laevigatum S179 (MH274816)

Fig. 5. Tree constructed with ML for the rbcL alignment. Values at branches represent distance analyses of 1 000 bootstrap replicates
(left value) and Bayesian posterior probabilities (right value). Branches lacking values received <50% support. GenBank accession
numbers provided. The newly generated sequence was shown in bold.

analyses showed 17 monophyletic clades among the Lithophyl-
lum spp., including 16 taxa described Lithophyllum spp. and 9 in-
determinate known specific name specimens (Fig. 5). According
to the results, the rbcL sequence of L. okamurae showed inter-
specific variation among the Lithophyllum species in this analys-
is ranged from 90 to 210 bp (6.6%-15.7%), and it showed inter-
specific variation with the L. atlanticum sequences ranged from
90 to 112 bp (6.6%-8.2%). The single species of L. okamurae com-
prised a monophyletic lineage, which was highly allied to the dis-
tinct clade of L. atlanticum from Brazil (95% in bootstrap support
and 1 in posterior probabilities). The position of L. okamurae
from the clade of L. atlanticum from Brazil was similar to that of
the 18S rDNA and COI reconstructions shown in Fig. 4 and Fig.
S1, and L. okamurae formed an individual clade with full sup-
port.

3.2.4 Phylogenetic relationships of Lithophyllum species based on
nuclear psbA sequence data

One psbA sequence was newly determined for this study. A
phylogenetic tree was generated by bootstrap results from the
distance and Bayesian inference with posterior probabilities (Fig.
S2). The genus Lithophyllum was monophyletic with strong sup-
port (99% in bootstrap support and 1 in posterior probabilities).
The analyses showed 25 monophyletic clades among the Litho-

phyllum spp., including 26 taxa described Lithophyllum spp. and
12 indeterminate known specific name specimens (Fig. S2). Ac-
cording to the results, the psbA sequence of L. okamurae showed
interspecific variation among the Lithophyllum species in this
analysis ranged from 23 to 108 bp (2.6%-12.6%), and it showed
interspecific variation with the Lithophyllum sp. LAF7219
(Panama) and L. margaritae (Mexico) of 23 bp. Based on the ps-
bA phylogram results, individual of L. okamurae specimen com-
prised a monophyletic lineage, which was moderately allied to
the distinct clade of L. margaritae from Mexico (59% in bootstrap
support). The clade of L. okamurae was separated from the speci-
mens identified as L. atlanticum (Brazil) with branching order of
ML distance value equalling 70% and posterior probabilities
equalling 0.8, and highly allied to the distinct clade of Lithophyl-
lum sp. LAF7219 (Panama) (94% in bootstrap support and 1 in
posterior probabilities). The position of L. okamurae from the
species of L. margaritae from Mexico, L. atlanticum from Brazil
and Lithophyllum sp. LAF7219 from Panama was similar to that
of the 18S rDNA, COI and rbcL reconstruction shown in Fig. 4,
Fig. S1 and Fig. 5, and L. okamurae formed an individual clade
with full support.

4 Discussion
Plant morpho-anatomical characteristics of L. okamurae re-
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vealed a suite of morphological diagnostic characteristics con-
gruent with the characterization of the genus Lithophyllum Phil-
ippi (1837), and these characteristics were stated as follows: (1)
non-parasitic thalli; (2) lack of genicula; (3) dorsiventral thalli or-
ganization; (4) presence of secondary pit connections and ab-
sence of cell fusions between the cells of adjacent filaments; (5)
rounded or flattened epithallial cells; (6) length of subepithallial
initial cells as long or longer compared to cells immediately sub-
tending them; (7) uniporate conceptacles; (8) only unbranched
spermatangial filaments were in a single conceptacle and sper-
matangia formation only on floors of male conceptacle cham-
bers; (9) mature carposporangia terminated several-celled gon-
imoblast filaments that arise from a central fusion cell (Woelker-
ling, 1988; Woelkerling and Campbell, 1992; Harvey and
Woelkerling, 2007; Xia, 2004; Basso et al., 2014).

Based on the morpho-anatomical analyses, thalli of L.
okamurae were dorsiventral orientation crusts which consisted
of three parts. The cells of the adjacent filaments of L. okamurae
were connected only by secondary pit-connections, and the four
types of conceptacles of L. okamurae were all uniporate. The
morpho-anatomical characteristics of L. okamurae, which was
firstly reported in the Sanya Bay, China, were in accordance with
that previously described by Xia (2004). The sexual reproduction
tissues were firstly described in this study which has not been de-
scribed by Xia (2004). The characteristics of L. okamurae in com-
parison with species of the genus Lithophyllum were listed in
Table 2. Various differences were observed among L. okamurae
and the other reported species in genus Lithophyllum. For ex-
ample, the epithallial cells of L. okamurae were square or rectan-
gular in shape, and the peripheral regions were composed of
square or elongated rectangular cells, which varied with that of
the reported species of genus Lithophyllum (Table 2). In addi-
tion, the asexual conceptacles of L. okamurae were smaller than
that of L. atlanticum from Brazil, but they were relatively larger
than that of the other Lithophyllum species which were listed in
Table 2 (Chamberlain, 1996; Vieira-Pinto et al., 2014; Xia, 2004).
The spermatangial conceptacles of L. okamurae were relatively
smaller than that of L. incrassatum (Chamberlain, 1996) and lar-
ger than that of L. corallinae (Xia, 2004). The carposporangial
conceptacles of L. okamurae were relatively larger than that of L.
corallinae (Xia, 2004). In this study, periodically synchronous
epithallial shedding of L. okamurae was observed. Thus the at-
tachment and growth of other reef organisms which adhered on
this alga might be inhibited, which might bring implications to
reef community structure (Keats et al., 1997; Pueschel and Keats,
1997; Nylund and Pavia, 2005; da Gama et al., 2014). The color of
the conceptacles was translucent or white, which might indicate
that the sporangia or carposporangia of L. okamurae were trans-
lucent. Therefore, DNA sequencing of L. okamurae was needed
in order to clarify the species boundaries between the closely re-
lated populations.

DNA-based phylogenies have been widely applied in phylo-
genetic reconstructions of the species in subfamily Lithophyl-
loideae (Vieira-Pinto et al., 2014; Basso et al., 2015; Hernandez-
Kantun et al., 2015, 2016; Pezzolesi et al., 2017; Richards et al.,
2014, 2018; Torrano-Silva et al., 2018), and this molecular meth-
od was hypothesized to reveal additional undescribed species of
genus Lithophyllum (Hernandez-Kantun et al., 2016). However,
none of the molecular researches had included the species of L.
okamurae till now. In this study, the divergence values of
0.4%-6.1% in the 18S rDNA analyses, 7.1%-14.6% in the COI ana-
lyses, 6.6%-15.7% in the rbcL analyses and 2.6%-12.6% in the ps-
bA analyses among L. okamurae and the other species of genus
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Lithophyllum provided molecular evidence to distinguish L.
okamurae as a new species. The topology and branch pattern of
the phylogenetic trees based on the four markers showed much
degree of similarities with the topology of the phylogenetic trees
in previous articles (Vieira-Pinto et al., 2014; Basso et al., 2015;
Herniandez-Kantun et al., 2015, 2016; Pezzolesi et al., 2017;
Richards et al., 2014, 2018; Torrano-Silva et al., 2018). Based on
the 18S rDNA phylogram results, individual of L. okamurae com-
prised a monophyletic lineage, which was closely related to the
clade consisting of L. atlanticum (Brazil) and L. margaritae (Mex-
ico) (ML distance value=96%, posterior probability=1), and re-
motely related to the other clades. In the COI tree, individual of L.
okamurae comprised a monophyletic lineage, which was highly
allied to the clade consisting of Lithophyllum sp. LAF7219
(Panama) (ML distance value=96%, posterior probability=1), and
remotely related to the other clades. The rbcL tree shown that L.
okamurae comprised a monophyletic lineage and was highly al-
lied to the clade consisting of L. atlanticum (Brazil) (ML distance
value=95%, posterior probability=1), and it was remotely related
to the other clades. Based on the psbA phylogram results, indi-
vidual of L. okamurae comprised a monophyletic lineage, which
was closely related to the clade consisting of Lithophyllum sp.
LAF7219 (Panama) (ML distance value=94%, posterior probabil-
ity=1), and remotely related to the other clades. In general, L.
okamurae was separated from the species in genus Lithophyllum,
critical assessment of L. okamurae as a valid species could be
made with confidence.

In conclusion, the morpho-anatomical characteristics of L.
okamurae were firstly described in detail, and phylogenetic ana-
lyses based on four gene sequence datasets were also deeply
studied in this study. Given the apparent instability of many dia-
gnostic features used for species delimitation in genus Lithophyl-
lum, the following combination of characters as reliable dia-
gnostic characters for L. okamurae was proposed: (1) growth
form encrusting to warty to lumpy; (2) 1 to 3 layer of epithallial
cells rounded to flattened in section with polygonal, thick-walled
cells in surface view; (3) palisade cells present; (4) spermatangial
conceptacles (123.0-) 138.0-163.0 (-175.0) pm x (38.0-) 53.0-63.0
(-80.0) um; (5) cystocarpic conceptacles (159.6-) 167.5-201.5
(-223) pm x 82.0-112.0 (-131.0) pum; (6) asexual conceptacles
(170.0-) 240.0-265.0 (-315.0) pm x (100.0-) 125.0-150.0 pm. The
species of L. okamurae was critically assessed as a valid species,
and the closest clades of it were the clade consisting of L. at-
lanticum (Brazil) and L. margaritae (Mexico) and the clade con-
sisting of Lithophyllum sp. LAF7219 (Panama). L. okamurae was
remotely related to the other clades of genus Lithophyllum. Giv-
en the indispensable importance and ecological functions of the
calcifying algae, it is necessary to investigate species diversity
within the Lithophylloideae to provide theoretical basis for algae
resources utilization and conservation in marine ecosystems.
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