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Abstract

For long-term management and conservation of marine resources in Thailand an understanding
of their genetic diversity and geographic distribution is necessary. Gracialria salicornia is a marine
red alga, which commonly found in tropical and subtropical regions. Despite its diverse ecology
and board distribution, spatial genetic variation and population structure of this species remains
understudied, especially in Thai-Malay peninsula. We analyzed genetic diversity, phylogeographic
patterns and population structure of G. salicornia using nuclear (ITS2), chloroplast (RuBisCo
spacer) and mitochondrial DNA (COI) sequence from eastern and western coasts of Thailand. A
total of 140 samples was collected from 14 populations (9 populations from Andaman Sea and
5 populations from the Gulf of Thailand). Our genetic analysis indicated a relatively low genetic
diversity, consisting of six haplotypes of RuBisCo spacer (GS1 - GS6), eight haplotypes for COI (GC1
- GC8) and five haplotypes for ITS2 (GI1 - GI5). Our data also demonstrated a genetically
homogeneous populations in the Gulf of Thailand. While, a high genetic diversity was observed
from Andaman Sea populations. Population pairwise Fst values indicated that Andaman Sea
population was genetically distinct from the gulf populations. Results of SAMOVA based on COI
sequences also indicated weak but significant genetic break between eastern and western
populations. Our study suggests the east-west phylogeographic break of G. salicornia population
in Thai-Malay peninsula and this pattern can likely be facilitated by historical biogeographic events

of Sundaland, climate change and regional and local current pattern.
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Introduction to the research problem and its significance

Red alea Gracilaria salicornia (C.Agardh) E.Y.Dawson is relatively common in tropical and
subtropical regions, especially in Southeast Asia (Lim et al. 2001; Yang et al. 2013). It is
characterized by decumbent and segmented constricted thallus and irregularly branching pattern
(Lewmanomont 1994) (Fig. 1). This species has been used for local food and as a source of agar
(Critcheley and Ohno 1998; Lewmanonomont 1998). Furthermore, the extract of G. salicornia
possesses antioxidant activity and appreciable antimicrobial activity (Vijayavel and Martinez 2010;

Rasooli et al. 2015).

Fig. 1. Habit of Gracilaria salicornia from southern Thailand

In Thailand, G. salicornia is widely distributed along two coastal areas of the country: west

coast — the Andaman Sea (Indian Ocean) and east coast — the Gulf of Thailand (Pacific Ocean)



(Lewmonomont 1994, Chirapart 2008). This alga is used more commonly as a source of local food
and fertilizer, especially in southern and eastern part (Lewmanomont 1978).

Recently commercial utilizations of G. salicornia are likely to be rapidly increased in
Thailand, while the cultivation of G. salicornia is still limited to small and medium scale. In
addition, previous study on long term monitoring of gracilarioid algae in Thailand clearly indicated
the decrease of G. salicornia biomass along the coasts of the upper Gulf of Thailand (Chirapart,
2016). It is likely that the natural population of G. salicornia is being threatened by overharvesting
due to expanding markets and increasing demand, and this can lead to the resources destruction,
including the losses in genetic diversity that result in the extinction at population level or even
whole species. However, there have been no studies examining the population genetic diversity
of G. salicaornia in Thailand.

As a result, knowledge regarding genetic diversity, population structure and geographic
distribution of this alga is needed for the establishment of resources management as well as for

the conservation and sustainable use of natural community.

Literature review

Gracilaria in Thailand

Red alga Gracilaria Greville is the most diverse genus within the Family Gracilariaceae,
which includes more than 120 species widely distributed in tropical and subtropical waters
throughout the world (Guiry and Guiry 2016). This alga is a major source of food for human and
aquatic animal, and also plays an important role in the production of agar (Oliveira et al. 2002).
In addition, some species of Gracilaria have the potential of pharmacological use for treating
condition such as cancer, AIDS, general inflammation, arthritis as well as bacteria infection
(Almeida et al. 2011). Due to their economic and medical importance, many Gracilaria species
are currently cultivated in several countries, for example, Chile, China, Taiwan, Indonesia,

Philippine and Thailand (Armisen 1995; Lewmanomont 1998).



In Thailand, about 17 species of Gracilaria have been recognized, including G. bangmeina,
G. changii, G. edulis, G. eucheumatoides, G. firma, G. fisheri, G. lantanensis, G. longirostris. G.
minuta, G. multifurcata, G. percurrens, G. rhodymenioides, G. rubra, G. salicornia, G. tenuistipitata,
G. textorii and G. urvillei (Lewmanomont 1994; Chirapart and Ruangchauy 1999; Lewmanomont
and Chirapart 2004, Chirapart 2008, Muangmai et al. 2014a) (Fig. 2.). These taxa are found in several

parts of the country, particularly in Pattani, Songkhla and Trat Provinces.

5 m;qmqpmmu
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Fig. 2. Habit of some Gracilaria distributed in Thai waters. (a) G. edulis, (b) G. salicornia (c)
Gracilariopsis sp., (d) G. firma, (e) G. changii, (f) Gracilaria sp., (¢) G. rubra, (h) G. rhodymenioides,
and (i) G. tenuistipitata (Chirapart et al. 2016)
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Among Thai Gracilaria species, G. changii, G. edulis, G. fisheri, G. salicornia and G.
tenuistipitata are the most abundant and are commonly harvested for human food, agar

extraction and abalone feed (Chirapart 2016) (Fig. 3).

Fig. 3. Monoline cultivation of Gracilaria fisheri in earthen pond (Photo by Anong Chirapart)

Classification of Thai Gracilaria species is traditionally base on habit morphology and
reproductive features (Lewmanomont 1994; Chirapart and Ruangchauy 1999; Lewmanomont and
Chirapart 2004, Chirapart 2008). Due to a few diagnostic morphological characteristics and high
level of intraspecific morphological variation, species identification is still uncertain. Recently a
combined morphological and molecular data is applied to solve a taxonomic problem of some
Gracilaria species in Thailand, for examples, the transfer of Gracilaria irrigularis to the genus
Gracilariopsis (Muangmai et al 2014b), and to establish a new species, for example, a flattened
species Gracilaria lantaensis (Muangmai et al 2014a) (Fig. 4.). However, diversity and taxonomic
studies of Gracilaria species in the country are poorly documented in comparison with that
research from other country in Asia, such as Malaysia (Lim and Phang 2004; Yow et al. 2011, 2013;
Ng et al. 2014), Singapore (Ng et al. 2015), Taiwan (Lin 2006; Lin et al. 2012) and Korea (Yang et
al. 2008, 2012, 2013). Taking this into account, the species richness of Gracilaria species could be

underestimated, with many yet to be described species in Thai water.
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Fig. 4. Habit of Gracilaria lantanensis, a flattened species from Lanta Island, Krabi province,

southern Thailand (Photo by Jantana Saengkaew)
Phylogeny and genetic diversity of Gracilaria

Molecular biology has revolutionized the understanding of diversity and phylogenetic
relationships of the Gracialriaceae (Bird et al. 1992; Bellorin et al. 2002; Gurgel and Fredericq 2004;
Lyra et al. 2015). Plastid DNA, especially the large subunit of ribulose-1,5-bisphosphate
carboxylase (rbcl), has often been used to investigate the systematics and phylogeny of the
Gracilariaceae, and clearly indicated the two main clades, one clade representing the genus
Gracialria (a species with solitary spermatangial cavity) and another clade representing the genus
Hydropuntia (a species with multi spermatangial cavities) (Gurgel and Furdericq 2004). However,
a recent study using the combined three-gene (rbcl, UPA and cox1) showed that the monophyly
of the two genera is not supported and returned all the species to the genus Gracilaria (Lyra et

al. 2015) (Fig. 5.).
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Fig. 5. Maximum likelihood (ML) tree based on the combined three-gene (rbcl, UPA, and cox1) of

Gracilaria species.

Different molecular markers have been applied in studies of phylogeny and genetic diversity of
Gracilaria, including internal transcribed spacer (ITS) of nuclear DNA (Goff et al. 1994; Bellorin et
al. 2002), cytochrome oxidase 2-cytochrome oxidase 3 intergenic spacer (cox2-3 spacer) (Rueness
2005; Yang et al. 2013) and cytochrome c oxidase subunit | (COI) (Yang et al. 2008, 2013) of
mitochondrial DNA, and RuBisCo large and small subunit intergenic spacer (RuBisCo spacer) of
plastid DNA (Byrne et al. 2002, Guillemin et al. 2008). These molecular markers can be useful to
determine the intra- and interspecific genetic variation, population structure and connectivity of
Gracilaria species (Yang et al. 2008; Kim et al. 2010; Yang et al. 2013; Yow et al. 2013, 2014,

Guillemin et al. 2014).
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In Southeast Asia, many previous studies have been done to examine the genetic diversity of
some Gracilaria species. For example, intraspecific genetic variation of G. tenuistipitata has been
investigated, suggesting a low level of genetic diversity in Southeast Asian waters (Song et al,
2015). In contrast, pattern of high genetic diversity was observed in G. salicornia, and eight
mitochondrial haplotypes (H1 — H2) were detected along the coastal areas of Southeast Asian (Ng

et al. 2015, Yang et al 2013) (Fig. 6.)

Philippines

H1

(n=13)

Philippines

Malaysia
Thailand
Hainan

Philippines

H3

Thailand
H8

(n=4)

Malaysia Malaysia
(n=1) (n=1)

Okinawa
(n=2)

Fig. 6. A statistical parsimony network for COI sequences of 8 haplotypes (H1-H8) in

Gracilaria salicornia (Yang et al. 2013)

Phylogeographic pattern of Gracilaria in Southeast Asia

Phylogeography is the field of study that aims to explain the process of geographical distribution
of gene lineages within the population (Avise 2000). Mitochondrial DNA (mtDNA) sequences are
most frequently employed for studying intraspecific phylogeography, especially cytochrome
oxidase | (COI) because of its relatively rapid substitution rate and non-recombining maternal

mode of inheritance (Avise 2000). In marine algae, other genetic markers are also used, for
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example, RuBisCo spacer (plastid DNA) and ITS (non-coding nuclear regions) (Cho et al. 2007,
Zuccarello et al. 2011).

Phylogeography and population genetic structure have been done in G. salicornia along
the coast of Malaysia (Ng et al 2015), indicating the low level of genetic variation among algal
populations, and lack of apparent geographic structure. Despite low genetic variation, molecular
data clearly suggested a phylogeographic split that largely corresponded to Peninsular Malaysia
and East Malaysia (Ng et al 2015). Additionally, Ferrer et al. (2019) examined the genetic diversity
of G. salicornia populations in Philippines and found the high level of genetic diversity, with
recognition of eight novel COI haplotypes (Fig. 7). Recently 16 COI haplotypes of G. salicornia are

reported worldwide.

oA

No. of individuals

Fig. 7. Haplotype diversity of G. salicornia. (a) COIl haplotype network, (b) COI haplotype

distribution in Philippine (Ferrer et al 2019)
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In Thailand, many phylogeographic studies have been mostly conducted for marine brown
algae along the coasts of Thai-Malay peninsula. Molecular genetic analyses have found a genetic
break between Andaman Sea and Gulf of Thailand populations of Sargassum polycystum
(Kantachumpoo et al. 2014) and Padina boryana (Wichachucherd et al. 2014). This
phylogeographic separation may potentially affect other algal species around the peninsula.
However, very little is known about the phylogeographic structure, genetic variation and

population structure of red seaweed, including Gracilaria species, in the country.

Materials and methods

Algal Sampling

Samples of Gracilaria salicornia were collected from 14 sites along the Gulf of Thailand
and the Andaman Sea (Fig. 8.) in 2017 to 2018. In each study site, algal samples were randomly
collected at least 10-15 samples and then preserved in silica gel for both morphological and
molecular analyses. Voucher specimens were deposited at the Department of Fishery Biology,
Faculty of Fisheries, Kasetsart University, Thailand. For morphological observation, hand cut
sections of preserved samples were made with razor blades and subsequently simultaneously
staining and preserving the specimens in 1 % aniline blue acidified with 1 % HCl and mounted in
50 % glucose syrup (Karo Syrup, Corn Products) on microscope slides. Images were photographed
with a microscope digital camera and eventually edited using Photoshop 2020 (Adobe, San Jose,
CA, USA). All specimens were morphologically identified based on previous species descriptions
(e.g. Lewmanomont 1994, Lewmanomont and Ogawa 1995). For DNA analyses, algal samples were
rinsed with autoclaved seawater to remove any sand and dirt, and then the apical portions were

used for DNA isolation.
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Fig. 8. Map showing the collection sides around
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Andaman Sea: (1-2) Ranong Province, (3)
PhangNga Province, (4-5) Phuket Province, (6)
Krabi Province, (7-8) Trang Province, (9) Satun
Province

The Gulf of Thailand: (10) Trad Province, (11)
Chonburi Province, (12-13) Prachuap Khiri Khan

Province, (14) Chumphon Province

Total DNA was extracted from 5-10 mg of dried algal tissue using a modified Chelex

method (Zuccarello et al. 1999a) or using a QIAGEN DNeasy Plant Mini Kit (Qiagen, Valentica,

California USA) according to the manufacturer’s protocols. Four different molecular markers were

used: ITS2 (nuclear DNA), and COI (mitochondrial DNA) and RuBisCo spacer (plastid DNA). PCR and

sequencing will be performed using different primer combination: ITS3 and ITS4 (White et al. 1990)
for ITS2; GazF1 and GazR1 (Saunders 2005) for COI; spacer-F and spacer-R, or rbcF1 and rbcR2-M2

(Maggs et al.1992; Zuccarello et al. 1992b) for RuBisCo spacer. PCR procedures followed Nunez-

Resendiz et al. (2015). PCR products were confirmed by gel electrophoresis in 1% agarose, and
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then purified using QlAquick PCR Purification Kit (Qiagen, Valentica, California USA). Purified PCR

products were commercially sequenced (Macrogen Inc., Seoul, Korea).

Alignment of DNA sequence and data analyses

ALl DNA sequences were edited and aligned using Geneious Prime software (Biomatters,
http://www.geneious.com) and then manually checked by eye. For phylogenetic analyses, the
data set included haplotypes obtained from this study and additional sequences retrieved from
GenBank. Phylogenetic relationships were determined using maximum likelihood (ML) and
Bayesian Inference (BI). DNA substitution models were determined using Kakusan 4 (Tanabe 2011).
ML analyses were performed in raxmlGUI v1.3 (Silvestro and Michalak 2012) with the GTR + | + R
under the option ‘ML + thorough bootstrap’, and bootstrapping values were calculated from
1,000 pseudoreplicates. Bl analyses were conducted with MrBayes v3.2 (Ronquist et al. 2012)
under the appropriated model indicated by BIC (K80 + G to the codon position 1 and HKY85 + G
to the codon position 2 and 3). Analyses were run for 2,000,000 generations of four Markov chains
in two runs, sampling every 100 generation, and the first 25% of saved trees will be discarded as
burn-in. ML and BI trees were edited with the program FigTree v1.3.1 (Rambaut 2009).

Haplotype analysis was performed using the data set that included all sequences
generated in this study and haplotypes from previous studies (e.g. Yang et al. 2013). The genetic
diversity indices, including number of haplotype (H), haplotype diversity (Hd) and nucleotide
diversity (TT), for each population was assessed using DnaSP v5.10.01 (Librado and Rozas 2009).
Statistical parsimony networks were constructed using PopART v1.7 (University of Otago, available
from http://popart.otago.ac.nz.) to observe the relationship among haplotypes.

For population structure analysis, pairwise fixation index (FST) values between populations
was calculated through Arlequin v 3.5.1.3 (Excoffier and Lischer 2010). Population structure was
further analyzed using the SAMOVA algorithm (Dupanloup et al. 2002) to define groups of
populations based on the combined information between geographic distances and genetic
variation, implemented in SPADS 1.0 (Dellicour and Mardulyn 2014).

Historic population demography was determined using two different methods: statistical
tests of neutrality and mismatch distribution. Tajima’s D (Tajima 1989) and Fu’s FS tests will be

used to test for deviation from selective neutrality, and these analyses were carried out using
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DnaSP. Analyses of mismatch distribution were performed in Arlequin with 1000 bootstrap
replicates. This method was usually applied to measure the past population expansion with two
different mode shapes: unimodal for a recent population expansion and multimodal for a

stationary population at demographic equilibrium (Harpending 1994).

Results

Morphological observation

Morpholosically, G. salicornia is characterized by prostrate, semierect or erect thalli,
cylindrical branches with constricted segments, oval spermatangial conceptacle, globose
cystocarp with thick pericarp and lateral and upper nutritive filaments within mature cystocarp.

All samples of G. salicornia collected in this study were identified into two major thallus
type: an erect form with segmented constricted thalli (Fig. 9A) and a prostrate form with non-

segmented constricted thalli (Fig. 9B). The two forms can be found on both coasts of the country.

Fig. 9. Habit of Gracilaria salicornia
(A) Erect form, with segmented constricted thalli
(B) Prostrate form, with non- segmented

constricted thalli
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Molecular analyses

RuBisCo spacer sequences

The RuBisCo spacer sequences of 340 — 360 bp, including gaps, were successfully generated from
121 samples of 14 populations of G. salicornia from both coasts of Thailand; nine populations (1-
9) from Andaman Sea and five populations (10-14) from the Gulf of Thailand (Table 1). Genetic
distance among these sequences ranged from 0.2 to 1.4%. ML and Bl analyses yielded almost
completely topologically congruent, and ML tree is only presented in Fig. 10. Phylogenetic
analyses demonstrated the monophyly of G. salicornia, with a recognition of two clade: one for
Pacific Ocean populations and one for Indian Ocean populations. A total of 6 different haplotypes
(CS1 - CS6) were identified in this study (Table 1). Haplotype and genetic diversity indices of the
two cryptic species in each population are presented in Table 1. Haplotype diversity (Hd) ranged
from 0.00 to 0.436. Nucleotide diversity (TT) was relatively low, varying from 0.0000 to 0.0059
(Table 1).
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Table 1. Collection localities and genetic diversity parameters referred from RuBisCo spacer of Gracilaria salicornia in Thailand

Population Locality Number of Haplotype Hd 14
number individuals Present
examined

Andaman Sea

1 Bang Ben Beach, Ranong 9 GS3(5), GS5(1), 0.537(+0.13) 0.00236(+0.0001)
GS6(3)

2 Koh Kum Nui, Ranong 10 GS3(4), GS5(2), 0.522(+0.11) 0.00408(+0.0001)
GS6(4)

3 Ao Khoei, Phang Nga 10 GS2(2), GS4(2), 0.611(x0.07) 0.00593(+0.0004)

GS5(3), GS6(3)
4 Nai Yang Beach, Phuket 9 GS2(1),  GS4(2), 0.436(+0.13) 0.00187(+0.0012)

GS5(3), GS6(2)

5 Rawai Beach, Phuket 7 GS2(1), GS3(3), 0.462(+0.09) 0.00261(+0.0005)
GS4(3),
6 Lanta Island, Krabi 9 GS2(1), GS3(2), 0.600(+0.10) 0.00234(+0.0001)

GS4(3), GS6(2)
7 Li Bong Island, Trang 10 GS2(2), GS3(2), 0.572(+0.06) 0.00322(+0.0006)

GS5(3), GS6(3)



Ratchamongkol Beach, Trang

Pak Bara, Satun

The Gulf of Thailand

10

11

12

13

14

Laem Sok, Trad

Samaesan, Chonburi

Ta Mong Rai, Prachuap Khiri
Khan

Wanakorn Beach, Prachuap Khiri
Khan

Thungwualaen Beach,

Chumphon

7 GS1(3),  GS4(3),
GS5(1)
10 GS1(2),  GS2(2),

GS4(3), GS6(3)

9 GS1(5), GS2(4)
9 GS1(5), GS2(4)
7 GS1(7)
8 GS1(7)
7 GS1(7)

0.551(+0.09)

0.678(+0.09)

0.436(+0.13)

0.436(+0.13)

0.00

0.00

0.00

0.00208(+0.0017)

0.00341(+0.0012)

0.00153(+0.0004)

0.00153(+0.0004)

0.00

0.00

0.00
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Fig. 11. ML tree of RuBisco spacer sequence data of Gracilaria salicornia and other closely related
species. Support values at each node are bootstrap percentage from ML (left) and Bayesian poster
probability (PP) (right). Asterisk (*) indicates full support (100%, 1.0). Taxa in bold labeled

correspond to new sequences from this study.
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COl sequences

The COI sequences of 666 bp were successfully generated from 135 samples of 14 populations
of G. salicornia from both coasts of Thailand; nine populations (1-9) from Andaman Sea and five
populations (10-14) from the Gulf of Thailand (Table 2). Genetic distance among these sequences
ranged from 0.1 to 1.8%. ML and Bl analyses yielded almost completely topologically congruent,
and ML tree is only presented in Fig. 11. Phylogenetic analyses demonstrated the monophyly of
G. salicornia, with a recognition of two clade: one for Pacific Ocean population and one for Indian
Ocean population. A total of 8 different haplotypes (GC1 - GC8) were identified in this study
(Table 2) Haplotype and genetic diversity indices of the two cryptic species in each population

are presented in Table 2. Haplotype diversity (Hd) ranged from 0.00 to 0.71. Nucleotide diversity
(TU) was relatively low, varying from 0.0000 to 0.0059 (Table 2).
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Table 2. Collection localities and genetic diversity parameters referred from COI of Gracilaria salicornia in Thailand

Population Locality Number of Haplotype Hd 14
number individuals Present
examined
Andaman Sea
1 Bang Ben Beach, Ranong 10 GC7(4), GC4(6) 0.530(+0.13) 0.00236(+0.0001)
2 Koh Kum Nui, Ranong 10 GC2(5), GC4(5) 0.510(x0.11) 0.00331(x0.0003)
3 Ao Khoei, Phang Nga 10 GC2(6), GC3(2), 0.621(+0.11) 0.00293(+0.0008)
GC4(2)
4 Nai Yang Beach, Phuket 8 GC6(5), GC7(3) 0.363(+0.13) 0.00153(+0.0005)
5 Rawai Beach, Phuket 10 GC6(5), GC7(5) 0.420(+0.11) 0.00251(+0.0003)
6 Lanta Island, Krabi 8 GC2(4), GC8(4) 0.445(+0.10) 0.00360(+0.00001)
7 Li Bong Island, Trang 14 GC3(3), GC5(6), 0.580(+0.11) 0.00313(+0.00001)
GC6(4), GC7(1)
8 Ratchamongkol Beach, Trang 12 GC2(1), GC4(3), 0.713(x0.11) 0.00594(+0.0008)
GC5(5), GC6(3)
9 Pak Bara, Satun 7 GC2(3), GC5(1), 0.502(+0.11) 0.00133(+0.0012)

GC4(2), GCs(1)

25



The Gulf of Thailand

10

11

12

13

14

Laem Sok, Trad

Samaesan, Chonburi

Ta Mong Rai, Prachuap Khiri
Khan

Wanakorn Beach, Prachuap Khiri
Khan

Thungwualaen Beach,

Chumphon

10

10

9

10

GC1(10)

GC1(10)

GC1(9)

GC1(7)

GC1(10)

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00
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ITSZ2 sequences

The ITS2 sequences of 911 bp, including gaps, were successfully generated from 41 samples of
14 populations of G. salicornia from both coasts of Thailand (Table 3). Genetic distance among
these sequences ranged from 0.1 to 0.8%. ML and Bl analyses yielded almost completely
topologically congruent, and ML tree is only presented in Fig. 12. Phylogenetic analyses
demonstrated the monophyly of G. salicornia, with a recognition of two clade: one for Pacific
Ocean population and one for Indian Ocean population. A total of 5 different haplotypes (GI1 -
GI5) were identified in this study (Table 3). Haplotype and genetic diversity indices of the two
cryptic species in each population are presented in Table 3. Haplotype diversity (Hd) ranged from

0.00 to 0.43. Nucleotide diversity (T was relatively low, varying from 0.0000 to 0.0037 (Table 3).
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Table 3. Collection localities and genetic diversity parameters referred from ITS2 of Gracilaria salicornia in Thailand

Population Locality Number of Haplotype Hd 14
number individuals Present
examined
Andaman Sea
1 Bang Ben Beach, Ranong 5 GI2(3), GI3(1), 0.432(+0.13) 0.00336(+0.0001)
Gld(1)
2 Koh Kum Nui, Ranong 3 GI2(2), GI3(1) 0.282(+0.01) 0.00214(+0.00001)
3 Ao Khoei, Phang Nga 2 GI2(2) 0.00 0.00
a4 Nai Yang Beach, Phuket 2 GI3(2) 0.00 0.00
5 Rawai Beach, Phuket 2 GI2(2) 0.00 0.00
6 Lanta Island, Krabi 2 Gl2(2) 0.00 0.00
7 Li Bong Island, Trang 3 GI2(2), Gla(1) 0.312(+0.05) 0.00372(+0.00005)
8 Ratchamongkol Beach, Trang 3 GI2(3) 0.00 0.00
9 Pak Bara, Satun 1 GI2(1) 0.00 0.00
The Gulf of Thailand
10 Laem Sok, Trad 5 GI1(5) 0.00 0.00
11 Samaesan, Chonburi il GI1(3), GI5(1) 0.412(+0.03) 0.00112 (x0.00001)
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12

13

14

Ta Mong Rai, Prachuap Khiri
Khan
Wanakorn Beach, Prachuap Khiri
Khan
Thungwualaen Beach,

Chumphon

5

GI1(5)

GI1(2), GI5(1)

GI1(3)

0.00

0.307(+0.03)

0.00

0.00

0.00212(+0.00001)

0.00
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Fig. 12. ML tree of ITS2 sequence data of Gracilaria salicornia and other closely related species.
Support values at each node are bootstrap percentage from ML (left) and Bayesian posterior
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Haplotype distribution

Due to a limited sequence of ITS2, we used only COI and RuBisCO spacer sequences for generating
the pattern of haplotype distribution pattern (Fig. 13). Along the Gulf of Thailand, diversity of COI
and RuBisCo spacer sequences were homogenous. Only COI haplotype GC1 and RuBisCo
haplotypes GS1 and GS2 were observed in the gulf (Fig. 13). On the other hand, COI haplotypes
GC2 - GC8 and RuBisCo haplotypes GS1 - GS6 were distributed along the Andaman Sea.
Haplotype diversity in Andaman Sea populations was higher than the Gulf of Thailand

populations.

Haplotypes network

RuBisco haplotype network

Median-joining haplotype network constructed using RuBisco spacer sequences was presented in
Fig. 14. Gracilaria salicornia consisted of six haplotypes (GS1 - GS6). Haplotypes network of this
species was relatively complex. Common haplotype was GS1 (45% of samples) and GS2 (25% of
samples), occurring across nearly all populations (Table 1). Haplotype GS1 and GS2 were shared
on both coasts of the country. Other four haplotypes were restricted to Andaman Sea. Population
pairwise Fstvalues showed moderately significant population differentiation between Andaman

Sea and the upper Gulf of Thailand (P<0.05).

COl haplotype network
Gracilaria salicornia revealed eight haplotypes (GC1 — GC8) (Fig. 15.). Haplotype GC1 was common,

accounting for 30% of all samples, and it occurred only in the Gulf of Thailand. Haplotype GC2
was common, accounting for 25% of all sample, and confined in Andaman Sea (Table 2).
Haplotype GC2 - GC8 was only detected from Andaman Sea. Population pairwise Fst values

indicated that Andaman Sea population was genetically distinct from the gulf populations
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Fig. 13. Haplotype distribution of Gracilaria salicornia referred from COI and RuBisCo spacer
sequences along the coastal areas of Thailand. Each pie chart shows the proportion of haplotypes.

Population codes and sample sizes (in parentheses) are indicated next to the pie charts.
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GS6

Fig. 14. RuBisCo haplotype networks Gracilaria salicornia obtained from the median-joining

analyses.

ITS2 haplotype network

Five haplotypes (GI1 — GI5) was detected for G. Salicornia (Fig. 16). Haplotypes Gl and G5 were
mainly observed from the culf, and GI2, GI3 and Gl4 were detected from Andaman Sea.
Haplotypes GlI1 and GI2 were common in this study. Haplotype GI3 was confined to northern
Andaman Sea (populations 1 and 2 from Ranong Province) and Haplotype Gl4 was found in

populations 1 (Ranong Province) and 7 (Trang Province) (Table 3).
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GC8

Fig. 15. COI haplotype networks Gracilaria salicornia obtained from the median-joining analyses.

Fig. 16. COI haplotype networks Gracilaria salicornia obtained from the median-joining analyses.
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Populations structure

SAMOVA (Spatial Analysis of Molecular Variance) was employed to group populations of G.
salicornia based on genetic similarity and geographic distance. COI sequences of population 1, 2,
5,6, 8 and 9 from Andaman Sea and population 10, 11, 12, 13 and 14 from the gulf were used
for SAMOVA analysis. Population structure analyses based on the SAMOVA algorithm showed that
10 populations of G. salicornia were clustered into two groups (K = 2, Fcr = 0.52, P < 0.05):
Andaman Sea population (group 1) and the Gulf of Thailand population (group 2) (Fig. 17).

SAMOVA analysis indicated the genetic differentiation between the two sides of peninsula.

Thailand

Vietnam

Malaysia

Indonesia

Fig. 17. Cluster analyses based on SAMOVA for species Gracilaria salicornia. Small circles
represent the populations sampled in this analysis (Table 2). Shaded areas show population

grouping designated by K=2; orange circle for group 1 and green circle for group 2.
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Discussions

In Thailand, G. salicornia possesses a relatively low genetic diversity comparing to other
studies of G. salicornia in other areas (Kim et al. 2016, Ferrer et al. 2019). For example, Ferrer et
al. (2019) reported about 16 COI haplotypes of G. salicornia from Philippine, which consisted of
eight endemic haplotypes. This could be due to limited sampling site in this study.

Low genetic diversity is also observed in other algal marine species in Asia. For example,
commercial red seaweed, Kappaphycus alvarezii contained five haplotypes from southeast Asian
region (Lim et al. 2014). Common brown seaweed, Sargassum polycystum, comprised seven
different haplotypes occurring across southeast Asia, and only four haplotypes were record in
Thailand (Kantachumpoo et al. 2014). Additionally, phylogeographical study of the brown
macroalga, Sareassum aquifolium revealed genetic homogeneity in Southeast Asia (Chan et al,,
2014). Low genetic diversity of several species of seaweed could be explained by their recent
recolonization, high dispersal ability or asexual propagation.

The present study also showed that genetic diversity G. salicornia from Andaman Sea was
higher than from the Gulf of Thailand. Similarly, S. polycystum showed higher cox3 haplotype
diversity (four haplotype) in Andaman Sea than in the Gulf of Thailand (one haplotype). Padina
boryana also demonstrated higher genetic diversity from Andaman Sea (seven ribotypes) than
from the Gulf of Thailand populations (four ribotypes) (Wichachucherd et al. 2014). The difference
of genetic composition between east-west coasts of Thailand could be explained by local ocean
circulation and historical event.

Analysis of population structure of G. salicornia indicated the genetic discontinuity
between Andaman Sea and the Gulf of Thailand. Many previous phylogeographic studies indicated
the genetic difference between east and west coast of Thailand for marine species, for example,
seagrass Halophila ovalis (R. Brown) J.D. Hooker (Nguyen et al., 2014), the mangrove Rhizophora
apiculata Blume (Ng et al,, 2015) and Asian moon scallop Amusium pleuronectes Linnaeus
(Mahidol, U. et al. 2007). Genetic differences between the two coastal areas of Thailand could be
explained based on the basis of physical oceanographic difference around the Thai-Malay

peninsula.
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