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Abstract

Studies have shown that cultivars of the carrageenophytes Kappaphycus and Eucheuma are clones of a limited number of
strains originally domesticated from wild populations. For the development and selection of new cultivars, it is important that
a comprehensive record of available variants exists. This study was conducted to provide up-to-date analysis and compilation
of the current state of cultivars as the last list of cultivars was compiled nearly a decade ago. The present study analyzed the
cox2-3 spacer and cox1 (1356 bp) genetic diversity of cultivars collected from 2019 to 2020 from the east coast of Sabah
where the seaweed farms are concentrated. These data were compared with cultivars reported from 2010 to 2012 to assess
changes, if any, to the gene pool of farmed eucheumatoid in Malaysia. Kappaphycus alvarezii, K. striatus, and K. malesianus
are currently cultivated while Eucheuma denticulatum is no longer an important cultivar compared to a decade ago, prob-
ably due to its lower price. Analysis of the cox2-3 spacer revealed a new haplotype, LBT10, and, by including published
GenBank data, a further four previously unnamed haplotypes were recognized from Sabah. This study confirms that there
is a limited gene pool within cultivars in Malaysia and suggests the need for new or genetically diverse cultivars which can
adapt to a changing environment, to ensure a more sustainable carrageenan industry.
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Introduction

Kappaphycus and Eucheuma (herein referred to as
eucheumatoids) are commercially important red
(Rhodophyta) seaweeds valued for carrageenan, a useful
phycocolloid especially in the food and cosmetic industries.
The increasing demand for carrageenan has spurred on the
commercial introduction of these rhodophytes to various
parts of the world (Bixler and Porse 2011; FAO 2020;
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on a declining trend since a peak in 2012 (Online Resource ~ the probably original K. alvarezii cultivar which has
1). This is partly because the local farmers still rely on ~ been vegetatively propagated for the past 50 years. The
conventional farming techniques, including the use of  decline in production has probably also been affected by
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«Fig. 1 Map showing the sampling locations of cultivated eucheuma-
toids (depicted in shapes): 1, Madai; 2, Ampilan; 3, Ligit-ligitan; 4,
Lok Buton; 5, Pallang-pallang; 6, Silapang; 7, Pelantar B Karind-
ingan; 8, Pondohan Karindingan; 9, Sangaban; 10, Sipanggau; 11,
Silungan; 12, Umas-umas; 13, Bust Point; 14, Pangkor Island; 15,
Gaya Island; 16, Sandakan; 17, Kunak; 18, Sebangkat; 19, Omadal;
20, Salakan; 21, Sisipan; 22, Pababag. Circles denote collection sites
of current study, triangles for sites from Lim et al. (2014), and dia-
mond for site reported in Thien et al. (2020). Note that Thien et al.
(2020) only mentioned Semporna (in general) and Pulau Gaya as the
collection sites

difficulties in generating healthy and vigorous seed stock,
disease problems, and climate change (FAO 2018; Kumar
et al. 2020; Ward et al. 2021). It is therefore crucial that
Malaysia focus on the selection of good quality cultivars as
a replacement for the declining strains. These qualities may
include high carrageenan yield, fast growth, disease resistance,
and heat tolerance among others. This can ultimately be
achieved via marker-assisted selection (MAS), in which certain
genetic markers correlate to traits of interest such as recent
progresses seen in Saccharina japonica (Wang et al. 2018)
and Pyropia yezoensis (Huang and Yan 2019; Yu et al. 2020).

Previous eucheumatoid genetic studies have shown the
suitability of molecular markers in identifying species, infer-
ring phylogeny, and assessing genetic variability (Zuccarello
et al. 2006; Conklin et al. 2009; Tan et al. 2012, 2013; Bar-
ros-Barreto et al. 2013; Halling et al. 2013; Lim et al. 2014;
Tano et al. 2015; Dumilag et al. 2016a, b, 2017; Thien et al.
2016, 2020; Roleda et al. 2021). The genetic characterization
of Kappaphycus and Eucheuma in Southeast Asia using the
cox1 gene and cox2-3 spacer by Lim et al. (2014) revealed
numerous species and haplotypes of Kappaphycus that war-
ranted further investigation for strain selection. However,
the study raised concerns about the general lack of genetic
diversity among the Kappaphycus and Eucheuma cultivars.
Despite attempts to revisit the cultivation sites reported in
Lim et al. (2014), seaweed farming has ceased at some of the
sites (Sebangkat, Salakan, Sisipan, Pababag, Pangkor Island)
for a variety of reasons, such as turtle and rabbitfish grazing
and diseases (pers. comm. from farmers and fisheries offic-
ers). Nevertheless, since the collections made in 2010 to
2012, several new farming sites have been set up and collec-
tions were made from these areas including Umas-umas and
Bust Point in Tawau (the latter close to the border with Indo-
nesia) and new sites (Silungan, Silapang, Pallang-pallang,
Ligit-ligitan, and Sangaban) near Semporna. Some farmers
may change the location of farms seasonally or when pro-
duction drops due to disease outbreaks (Brakel et al. 2021).
As such, farming sites are likely to change over the years.
Given the continuing decline in production since 2012, it
is timely to reassess the genetic diversity of current culti-
vars used in Sabah as part of the measures to revitalize the
industry. As this genetic information is deemed critical prior

to any form of marker-assisted selection or cultivar devel-
opment, the present study (i) assesses the cox1 and cox2-3
spacer genetic diversity of eucheumatoid cultivars from key
farming localities in Sabah, Malaysia, and (ii) compares the
genetic variation of these cultivars against those collected
over the past decade.

Materials and methods

Eucheumatoid cultivars at various stages of culture (subject
to availability at each farm) were collected from 13 farming
sites in Semporna, Tawau, and Kunak, which are the top
three production areas in Sabah (Fig. 1), from April 2019 to
March 2020. Samples were selected by eye from the various
colors and forms available at each farm at the time of collec-
tion with the intention to maximize the diversity of cultivars
surveyed. For each species collected, the sample size ranged
from 1 to 45 individuals, depending on their availability at
each farm surveyed during the sampling period. Specimens
were photographed and preserved as vouchers which were
deposited in the University of Malaya Seaweeds and Sea-
grasses Herbarium (KLU). Depending on the sample size
from each farm, one to three samples of each morphotype
were selected accordingly for molecular analysis and the
growing tips of each thallus were cut and dehydrated in silica
gel. Details of the specimens examined in this study are sum-
marized in Table 1.

Genomic DNA extraction and PCR amplifications
followed Lim et al. (2014). Purified products were sequenced
by Apical Scientific Sdn Bhd, Malaysia. The forward and
reverse sequence reads were edited and assembled with
ChromasPro v1.5 (Technelysium Pty. Ltd., Australia).
Sequence data for both cox2-3 spacer and cox1 markers
were generated for 74 cultivated eucheumatoids (Table 1).
In addition, 88 cox2-3 spacer and 45 cox1 sequences
of eucheumatoids were downloaded from GenBank
(Online Resource 2), representing all recorded molecular
diversity to date for Kappaphycus spp. and Eucheuma
denticulatum. The sequences were aligned in ClustalX v.
2.0.8 (Larkin et al. 2007) and the alignments were manually
revised and trimmed in Bioedit v. 7.0.9.0 (Hall 1999).

Haplotype networks were drawn in PopART v. 1.7 (http://
popart.otago.ac.nz) (Leigh and Bryant 2015) by opting for
the TCS network parameter with a default 95% connection
limit and gaps as missing characters. DNA sequences with
zero absolute and pairwise distance were collapsed into hap-
lotypes and assigned the same haplotype code. Haplotype
codes from previous studies were adopted for both phyloge-
netic and haplotype analyses (Zuccarello et al. 2006; Conk-
lin et al. 2009; Tan et al. 2012; Barros-Barreto et al. 2013;
Halling et al. 2013; Tan et al. 2013; Dumilag et al. 2016a,
2017). Haplotype analyses were performed separately for
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Table 1 Collection details, GenBank accession numbers, and haplotype codes for the cultivar specimens collected in this study

Collection site Number of sam- GenBank accession number

Haplotype

(numbered in Fig. 1) ples analyzed

cox2-3 spacer coxl cox2-3 spacer cox1 Concatenated

Kappaphycus alvarezii

7* n=4 MZ170811-MZ170814 MZ170885-MZ170888 3 KA KA

11° n=3 MZ170815-MZ170817 MZ170889-MZ170891 3 KA KA

6* n=2 MZ170818-MZ170819 MZ170892-MZ170893 3 KA KA

1€ n=4 MZ170820-MZ170823 MZ170894-MZ170897 3 KA KA

2¢ n=2 MZ170824-MZ170825 MZ170898-MZ170899 3 KA KA

12°¢ n=17 MZ170826-MZ170832 MZ170900-MZ170906 3 KA KA

8° n=8§ MZ170833-MZ170840 MZ170907-MZ170914 3 KA KA

13°¢ n=4 MZ170841-MZ170844 MZ170915-MZ170918 3 KA KA

54 n=3 MZ170845-MZ170847 MZ170919-MZ170921 3 KA KA
Kappaphycus striatus

43 n=>5 MZ170848-MZ17049, MZ170922-MZ170923, 89 KSA KSA

MZ170851-MZ17053 MZ170925-MZ170927

42 n=1 MZ170850 MZ170924 LBT10 KSA LBT10

10° n=6 MZ170854-MZ170859 MZ170928-MZ170933 89 KSA KSA

7* n=1 MZ170860 MZ170934 89 KSA KSA

8° n=5 MZ170861-MZ170865 MZ170935-MZ170939 89 KSA KSA

34 n=6 MZ170866-MZ170871 MZ170940-MZ170945 89 KSA KSA

9d n=6 MZ170872-MZ170877 MZ170946-MZ170951 89 KSA KSA
Kappaphycus malesianus

7* n=3 MZ170878-MZ170880 MZ170952-MZ170954 MY216 MY216 MY216

8¢ n=2 MZ170881-MZ170882 MZ170955-MZ170956 MY216 MY216 MY216

54 n=2 MZ170883-MZ170884 MZ170957-MZ170958 MY216 MY216 MY216

New haplotypes uncovered in this study are indicated in bold. *Collected in April 2019; ®collected in July 2019; collected in November 2019;

deollected in February 2020

Kappaphycus spp. and E. denticulatum specimens. Hap-
lotype network of the cox2-3 spacer was constructed and
redrawn to visualize the relationships among haplotypes in
each dataset. Only specimens with complementary cox2—-3
spacer and coxl (excluding cox1-5") sequences were
included in the concatenated dataset for analysis of mito-
chondrial haplotype diversity and frequency in Table 2.

Results
Overview of the dataset

During the sampling period from 2019 to 2020, only spe-
cies of Kappaphycus (K. alvarezii, K. striatus, and K.
malesianus) were cultivated in farms on the east coast
of Sabah, Malaysia. Among these, K. alvarezii was the
most widely cultivated species found in all three produc-
tion areas (Semporna, Kunak, and Tawau). In contrast, the
least cultivated species K. malesianus was only found in
two cultivation sites in Semporna viz. Karindingan and
Pallang-pallang. Sequences used in the phylogenetic trees

@ Springer

were labeled according to their haplotypes (see Table 1 and
Online Resource 2). Previously unrecognized haplotypes
from Thien et al. (2020) were given codes and included in
the analyses: K. alvarezii haplotypes SCK6 (cultivar from
Semporna) and GCK3 (cultivar and wild from Semporna
and Gaya Island in the northeast of Sabah), K. striatus hap-
lotype SCK15 in cultivars and natural populations from
Semporna and Gaya Island, and E. denticulatum haplotype
SCE7 in cultivars and wild specimens from Semporna and
Gaya Island.

Genetic diversity of eucheumatoid cultivars
in Sabah, Malaysia

A total of 14 cox2-3 spacer haplotypes of K. alvarezii are
now known to science (Fig. 2) and this includes the newly
recognized haplotypes SCK6 and GCK3. One to three nucle-
otide differences separated the two new haplotypes from
haplotype 3. In total, eight haplotypes are now recorded
within K. striatus, of which five haplotypes have been
found in Malaysia: in our dataset, cultivated K. striatus was
dominated by haplotype 89 (29 out of 30 seaweeds), and we
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Table2 Summary of the haplotype information within each culti-
vated species according to their period of collection. NH denotes the
total number of haplotypes, N denotes the total number of samples,

and n denotes the number of samples of the corresponding haplotype.
Data for 2010-2012 are obtained from Lim et al. (2014) and Thien
et al. (2020)

Cultivated spe-  cox2-3 spacer haplotypes

Concatenated cox2-3 spacer-cox1 haplotypes

cies

2010-2012 Freq. of haplo-  2019-2020 Freq. of haplo- 2010-2012 Freq. of haplo-  2019-2020 Freq. of
type (present type type (present haplotype
study) study)

K. alvarezii NH=3 N=26 NH=1 N=37 NH=2 N=16 NH=1 N=37
3 n=17 3 n=37 KA n=15 KA n=37
SCK6 n=2 MY40 n=1
GCK3 n="7

K. striatus NH=3 N=14 NH=2 N=30 NH=1 N= NH=2 N=30
89 n=6 89 n=29 KSA n=>5 KSA n=29
117 n=3 LBTI10 n=1 LBT10 n=1
SCKI15 n=>5

K. malesianus ~ NH=1 N=5 NH=1 N=7 NH=1 N=5 NH=1 N=7
MY216 n=>5 MY216 n=7 MY216 n=>5 MY216 n=17

E. denticulatum NH=3 N=12 NH=0 NH=3 N=4 NH=0
13 n=7 EDA n=2
32 n=2 EDB n=1
SCE7 n=3 MY41 n=1

retrieved a new haplotype LBT10 (n=1). Haplotype LBT10
differed from haplotype 89, which was also found in wild
specimens from Malaysia and Indonesia, by one nucleotide
each. The morphologies of LBT10 and 89 (Online Resource
3) are indistinguishable except for their color. All specimens
of cultivated K. malesianus in this study were represented
by a single haplotype for each dataset. None of the Malay-
sian cultivars that we collected in 2019-2020 belonged to
Eucheuma. However, mining GenBank data enabled us to
newly identify haplotype SCE7, which was found in cul-
tivars and natural populations of E. denticulatum from
Malaysia (Thien et al. 2020). This brings the total number
of known cox2-3 spacer E. denticulatum haplotypes up to
ten, of which three were previously observed in Malaysia
(13, 32, and SCE?7).

Comparison of genetic diversity within farmed
eucheumatoids between 2010 and 2012 and 2019-
2020

The number of haplotypes discovered within each spe-
cies, haplotype codes, and abundance of each haplotype is
summarized in Table 2. In 2019-2020, our sampling of K.
alvarezii in Malaysian farms only retrieved cox2-3 spacer
haplotype 3. In contrast, three haplotypes were found in
cultivars collected from 2010 to 2012 with haplotype 3 as
the most common cultivar (17 out of 26 seaweeds), fol-
lowed by GCK3 (n=7) and SCK6 (n=2). With respect to
concatenated haplotypes, KA was the most common culti-
var reported in 2010-2012 (15 out of 16 seaweeds) while

haplotype MY40 (n=1) which had been found cultivated
in Salakan, Sabah, by Lim et al. (2014) was not found again
in this sampling campaign. Regarding K. malesianus culti-
vars, MY216 was the only haplotype observed (n=7) since
2010 until 2020. The concatenated haplotypes reported
earlier from wild populations in Malaysia viz. MY218 and
MYO92 have not apparently been introduced as cultivars, at
least they were not found within our latest collections. The
number of haplotypes for cultivated K. striatus in Malaysia
declined from three (89, 117, and SCK15) in 2010-2012 to
two (89, LBT10) in 2019-2020. Similar to the more recent
results, haplotype 89 was the most common (6 out of 14 sea-
weeds) cultivar followed by SCK15 (n=5) and 117 (n=3).
For E. denticulatum, haplotype 13 was the most common
cultivar (n=7) followed by SCE7 (n=3) and 32 (n=2)
back in 2010 to 2012. Haplotype SCE7 was last reported in
December 2010 from farm(s) in Semporna and a wild speci-
men from Gaya Island by Thien et al. (2020). Haplotypes 32,
MY41, and EDB previously reported as cultivars have not
been found since Lim et al. (2014).

Discussion

This study demonstrated a lack of mitochondrial haplotype
diversity within Malaysian cultivars in the past 2 years, as
only one haplotype each was found in K. alvarezii and K.
malesianus, and two for K. striatus. Cultivars are also less
diverse genetically compared to wild specimens. This is due
to the repetitive vegetative propagation under a continuously
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a

K. alvarezii

Fig.2 Statistical parsimony networks based on cox2-3 spacer for a
Kappaphycus and b Eucheuma denticulatum. Each square box repre-
sents a haplotype. Haplotypes of the specimens collected in this study
are indicated by asterisks and n=number of specimens. Each line
between haplotypes indicates one mutation change. Missing haplo-
types are indicated by small empty circles. The dashed circle denotes
the new haplotype collected in this study and dashed boxes denote
haplotypes newly recognized from published GenBank entries. Let-

active selection of the farmed stock (Ask and Azanza 2002).
This scenario is not limited to Malaysia, but is also observed
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ters in square brackets indicate the collection status of the specimens,
W =wild specimen and C=cultivated specimen. Letters in parenthe-
ses indicate countries of origin and abbreviated as follow: BR., Bra-
zil; ID., Indonesia; MG., Madagascar; MU., Mauritius; MY., Malay-
sia; PH., Philippines; TZ., Tanzania; VN., Vietnam; SEA., Southeast
Asia (Malaysia, Indonesia, Vietnam, and the Philippines); GL., global
distribution

in neighboring Southeast Asian countries involved in
eucheumatoid cultivation (Dumilag et al. 2016a; Ratnawati
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et al. 2020). A low level of genetic variation within cultivars
potentially hinders their capacity for adaptation to environ-
mental stress and disease resistance in the farming industry
(Tano et al. 2015; Valero et al. 2017). While it is recognized
that low mitochondrial diversity does not necessarily imply
a limited overall genetic diversity and the inability to adapt,
the absence of recombination especially from asexual propa-
gation over the past five decades may have led to a gradual
age-dependent fitness decay (Janko et al. 2008; Hollister
et al. 2015). The use of the same cultivar strain affects the
quality and overall productivity over time as they are more
vulnerable to disease outbreak, particularly “ice-ice,” and
epiphyte infestations which lead to significant losses to the
stakeholders (Sade et al. 2006; Brakel et al. 2021).

The discovery of several novel haplotypes from Sabah
based on published GenBank entries suggests the intro-
duction of natural populations into culture, introduction of
cultivars from elsewhere, or potential genetic pollution of
cultivars into the wild. The origin of K. alvarezii cultivars
with haplotypes SCK6 and GCK3 is unclear, particularly the
latter which was found in both cultivars and wild specimens.
The sampling extent and abundance of these haplotypes,
along with SCK15 and SCE7, are unknown due to limited
information in the original report by Thien et al. (2020). It
is possible that the native population was introduced into
farms for cultivation or that the cultivar introduced from
elsewhere becomes an escapee from a farm. Despite the
sharing of sea borders between Malaysia and its neighbors,
specific cultivars reported only in Indonesia (e.g., INL5) and
the Philippines (e.g., KALV-1 and KALV-2) have not been
detected within farms in Malaysia. This may be a result of
undersampling or that these haplotypes were rare and with
locally restricted occurrence in the sites where they were
first reported. Nevertheless, the movement of highly abun-
dant strains across the sea borders is expected and this poses
a biosecurity risk as diseases and pests may inadvertently be
introduced from one place to another.

Like GCK3, the origin of SCK15 is unknown, although it
was found in cultivars from Semporna and Gaya Island and a
wild sample from Semporna. Haplotype 117 which was pre-
viously reported from natural populations (Lim et al. 2014)
was later found in cultivars (Thien et al. 2020), indicating the
possible introduction of wild genetic stock into the farms.
There is also a possibility for wild samples of haplotype
117 being farm escapees that thrive in the natural habitats.
Haplotypes MY220 and KSB previously reported in the wild
have yet to be found within cultivars. In addition, cultivars
used in Sitangkai, Tawi Tawi Philippines (SIT4 and SIT7),
were not found in farms within Malaysian waters despite the
proximity to Sabah. This may be due to their low abundance,
one each out of 14 cultivated K. striatus reported in Lim
et al. (2014). The absence of Eucheuma farming during our
latest survey of eucheumatoid cultivation sites in Sabah for

the past 2 years was unexpected and differed from a decade
ago (Lim et al. 2014; Thien et al. 2020). In the past, both
Kappaphycus and Eucheuma cultivars were encountered
with the majority collected from the east coast of Sabah and
a few K. alvarezii from Pangkor Island off the west coast of
Peninsular Malaysia. Eucheuma produces iota-carrageenan
which has a lower market demand and value over kappa-
carrageenan produced by Kappaphycus species. This has
inadvertently led to the cessation of E. denticulatum cultiva-
tion in Malaysia, as the seaweed farmers prefer to farm the
higher-value Kappaphycus species with high carrageenan
yield especially K. alvarezii.

A low accessible gene pool restricts the selection oppor-
tunity for strains well adapted to unfavorable environmental
conditions (Halling et al. 2013). Therefore, it is important to
increase the variation within the farmed stock by developing
strains from the continuous selection of wild varieties and
breeding programs to secure sustained production (Halling
et al. 2013), in addition to preserving genetically distinct
cultivars that are in use to maintain them as a source for
breeding. Despite the morphological variations observed
within the cultivars, morphological and genetic diversities
may not have responded to the same environmental driv-
ers (Cabrera-Toledo et al. 2020). Our results showed that
the newly identified cultivars represented by haplotypes
LBT10, SCK6, GCK3, and SCK15 could be promoted as
potential alternatives to the dominant cultivars, subject to
the assessment of their phenotypic qualities such as growth
rate, carrageenan yield, and quality. The selection of strains
from wild populations is also a potential means to diversify
the number of cultivated genotypes, as they are a resource
for new recombination with cultivated strains or between
wild individuals for future genetic improvement of the crops.
These highlight the urgent need for a regulated local biobank
where (i) farmers can source their seedlings for cultivation
instead of obtaining the seedlings indiscriminately from
unregulated sources with implications for biosecurity and
(i) where the genetically distinct native germplasm, both
currently available cultivars and natural populations, can be
conserved for a sustainable seedstock supply.

In summary, the genetic diversity of eucheumatoid cultivars
in Malaysia from 2010 to 2020 remains low despite the
discovery of several new haplotypes. Concerningly, up to five
previously reported haplotypes from cultivars were not found
from recent sampling. This emphasizes the need to genotype
currently cultivated strains and to ensure their conservation
in preventing the loss of genetically distinct cultivars.
Nevertheless, the genetic diversity of eucheumatoids in
Malaysia is likely to be underestimated as there is insufficient
sampling coverage for wild populations. Subsequent studies
should place more focus on the wild eucheumatoids and
the search for new markers, such as the whole genome or
organellar genome sequencing, that can improve the resolution
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of intraspecific genetic variation within cultivars. Despite
the lower demand for iofa-carrageenan, farmers in Malaysia
should consider the cultivation of E. denticulatum in tandem
with Kappaphycus as the former has been reported to be less
susceptible to ice-ice disease and epiphytes than Kappaphycus
cultivars (Tisera and Naguit 2009; Pang et al. 2015). Research
and development into improving or modifying the chemical
properties of iota-carrageenan to suit the wide range of
applications in the various industries may help to boost the
demand for Eucheuma farming in the future.
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