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Abstract. Ningrum AM, Chasani AR. 2021. Numerical phenetic and phylogenetic relationships in silico among brown seaweeds
(Phaeophyceae) from Gunungkidul, Yogyakarta, Indonesia. Biodiversitas 22: 3057-3064. Human activities such as industrial and
tourism development on coastal areas in Indonesia are dreaded to affect seaweed diversity, including brown seaweeds (Phaeophyceae).
Though study on brown seaweeds diversity has been done quite a lot, there is no record of analysis of phenetic and phylogenetic
relationships among brown seaweeds. Hence, this study aims to determine the phenetic and phylogenetic relationships in silico among
brown seaweeds and define characters that play a role in the clustering of brown seaweeds from Gunungkidul, Yogyakarta, Indonesia.
Exploration was done using purposive sampling method. Numerical phenetic analysis was generated using MVSP 3.1. Further clustering
method was implemented to identify phenetic relationships The PCA method was used to reveal morphological, anatomical, and
biochemical characters that determine the clustering pattern. The phylogenetic relationships in silico analysis were conducted using rbcL
genes from NCBI GenBank database. All multiple sequences were aligned using ClustalW and phylogram reconstruction was performed
using Neighbor-Joining (NJ) method in MEGA 7.0. Our study showed that both the analyses, i.e., numerical phenetic and phylogenetic
relationships in silico resulted in two main clusters although the species composition of the clusters was slightly different. The PCA
analysis indicated that the morphological characters i.e. blade shape, phylloid shape, thalli height, length of the main axis, and the water

bladder shape play an important role in the clustering of brown seaweeds species.
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INTRODUCTION

Brown seaweeds (Phaeophyceae) are benthic marine
macroalgae that are distributed abundantly in the intertidal
and sub-littoral zones of marine waters and can be found
between the tropics and arctic region. As benthic
thallophytes, brown seaweeds grow attached to the
substrate to often establish on reef flats (Kadi 2005).
According to Chasani and Suyono (2020), brown seaweeds
are mostly found between shallow areas up to 200 m below
sea level. The wide distribution of these seaweeds allows a
high species diversity. Also, brown seaweeds are the main
element of the vegetation in rocky shores, mainly
dominated by the order Fucales (Sahoo and Seckbach
2015).

The class of brown seaweeds consists of 16 orders, 54
families with 285 genera, and about 1800 species
worldwide (Silberferd et al. 2014). The main character that
distinguishes brown seaweeds from the rest of seaweeds
lies in their thalli color. Brown seaweeds have a variation
in thalli color from yellow to dark brown due to the
characteristic pigment content of fucoxanthin, chlorophyll
a, chlorophyll ¢, and B-carotene produces a brownish
yellow color on the thalli. In addition, the genus Sargassum
has air bladder, which is one of the distinguishing
characters of green and red seaweeds (Karleskint 2010).

Brown seaweeds have macroscopic immobile and
multicellular thalli with a variety of shapes. Their
morphology are dominated by the leafy thalli shape which
has holdfast, stipe, and blade parts as in Sargassum spp.
and Turbinaria spp. However, some species also have
variety of thalli morphology from filament-shaped,
cylindrical, or another complex shape  with
indistinguishable parts of holdfast, stipe, and blade
structures (Draisma et al. 2001). The reproductive organs
can be either unilocular (one cell) or plurilocular (many
cells). Reproduction can be asexual or sexual, i.e. isogamy,
anisogamy, or oogamy. Their life cycle generally involves
the diploid (asexual) and the haploid (sexual) generation
and both these generations live freely in nature and have
the same or different forms (Smith 1951).

The variety of morphological characters found in brown
seaweeds is the basis for phenotypic markers, to distinguish
certain species. Environmental conditions and geographic
distribution easily influence phenotypic characters, so
identification work based on solely morphological
characters is complicated. Consequently, a molecular
approach is needed to support the identification work.
Genes from three genetic compartments (nucleus, plastid,
and mitochondrion) have recently been utilized for
phylogenetic reconstruction and have also provided useful
information for taxonomic study (Zhang et al. 2013).
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Recently, many studies have focused on species
diversity of brown seaweeds in Indonesia. However, there
is no study covering the relationships among brown algae
based on numerical phenetic and phylogenetic analysis.
The numerical phenetic relationships can be detected
through phenograms constructed by morphological,
anatomical, and  biochemical  characters  while
determination of the phylogenetic relationships can be done
through phylogram constructed using molecular data in
silico (Soltis et al. 2012). The present study explores
species diversity and the determination of phenetic and
phylogenetic relationships to define characters playing key
roles in clustering brown seaweeds from Gunungkidul,
Yogyakarta, Indonesia.

MATERIALS AND METHODS

Study sites

Samples were collected from September 2019 to
February 2020, from six locations (Figure 1), i.e. Porok,
Sepanjang, Drini, Sarangan, Krakal, and Wediombo
Southern coastal areas of Gunungkidul District,
Yogyakarta, Indonesia. Collections were made by hand-
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picking during low tide per 15" of the Lunar calendar,
regardless of sex or life-cycle stage. Collections were
preserved temporarily in specimen box and labeled with
collection numbers, date of collection, and location.
Identification of samples and phenetic-phylogenetic
relationship analysis was carried out from February to June
2020 in Plant Systematics Laboratory at Faculty of
Biology, Universitas Gadjah Mada, Yogyakarta, Indonesia.

Procedures
Sample collection and identification

Brown seaweed sample collection was done by
purposive sampling method. Samples were identified with
standard references (Dawes 1998; Abbott and Dawson
1987; Littler and Littler 2003; Readdie et al. 2006),
compared to the seaweeds herbarium collections in the
Plant Systematics Laboratory, Faculty of Biology,
Universitas Gadjah Mada and also with expert help.
www.algabase.org was consulted for nomenclature,
classification, and verification of identified samples. A list
of the identified brown seaweeds from Gunungkidul,
Yogyakarta, Indonesia is presented in Table 1.

f

Figure 1. Distribution of sampling sites in Southern coast of Gunungkidul District, Yogyakarta, Indonesia: a. Porok, b. Sepanjang, c.

Drini, d. Sarangan, e. Krakal, and f. Wediombo
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Table 1. Brown seaweeds from Gunungkidul, Yogyakarta, Indonesia

Class Order Family Species
Phaeophyceae Ectocarpales Corynophlaceae Cylindrocarpus rugosus Okamura
Punctariaceae Hydroclathrus clathratus (C.Agardh) M.Howe
Dictyotales Dictyotaceae Padina minor Yamada
Fucales Sargassaceae Sargassum crassifolium J.Agardh

Sargassum cristaefolium C.Agardh
Sargassum hemiphyllum (Turner) C.Agardh
Sargassum odontocarpum Sonder
Sargassum oligocystum Montagne
Sargassum polycystum C.Agardh
Turbinaria conoides (J.Agardh) Kitzing
Turbinaria ornata (Turner) J.Agardh

Morphology-anatomy observation

Anatomical observation is needed to recognize the cell
layer on brown seaweed thallus for each species. Small and
thin thalli, which were difficult to be dissected, were put on
glass slide and water medium covered with cover glass,
while bigger thalli were directly dissected and observed
under the microscope connected to an opti-lab.

Pigment analysis

Pigment analysis of brown seaweeds was performed
using Thin Layer Chromatography (TLC) method. Firstly,
the samples were oven-dried at a temperature of 40°-50°C.
Around 2-5 g dried sample was taken and crushed using
mortar and pestle. Chloroform solution and methanol (in

Sequence sources

For phylogenetic relationships in silico analysis, DNA
sequences of ribulose bisphosphate carboxylase large
(rbcL) plastid genome of brown seaweeds were
downloaded from the National Centre for Biotechnology
Information (NCBI) nucleotide database
(www.ncbi.nlm.nih.gov). The rbcL brown seaweeds
species and accession number were shown in Table 3.

Table 2. Pigments content assessment based on Rf value (Bhatia
et al. 2015)

1:1 ratio) were added as the solvent. The brown seaweed

extract thus obtained, was pasted using a capillary pipe to a
silica gel plate (stationary phase) with gap of
approximately 0.5-1 cm from the tip until a spot was
detected. After the spot dried out, the silica gel plates were
placed in the chamber containing hexane solution and ethyl
acetate by ratio 7:3 (mobile phase). The movement of
motion phase was observed until it was passed through the

Pigment Rf value
Chlorophyll a 0.68
Chlorophyll b 0.54
Chlorophyll ¢ 0.03
[p-Carotene 0.94
Fucoxanthin 0.51
Lutein 0.43
Violaxanthin 0.22
Neoxanthin 0.08

stationary phase to the limit of £10 cm. The pigment
examination was done visually using the UV trans-
illuminator. The Racing Factor (Rf) value was calculated
using the formula below:

_ the distance travelled by the compound

Table 3. The rbcL brown seaweeds for phylogenetic relationships
in silico analysis

Rf =

the distance travelled by the solvent

The Rf value obtained from TLC was compared to the
standard Rf value for estimating the brown seaweed
pigments (Table 2).

Sequence sources

For phylogenetic relationships in silico analysis, DNA
sequences of ribulose bisphosphate carboxylase large
(rbcL) plastid genome of brown seaweeds were
downloaded from the National Centre for Biotechnology

Species Accession number
Cylindrocarpus rugosus HQ990512
Hydroclathrus clathratus HQ990537
Padina minor KM598301
Sargassum crassifolium KP101271
Sargassum cristaefolium KP101275
Sargassum hemiphyllum KC782895
Sargassum odontocarpum KJ872543
Sargassum oligocystum KP096248
Sargassum polycystum KX254589
Turbinaria conoides DQ448834
Turbinaria ornata DQ448832

Information (NCBI) nucleotide database
(www.ncbi.nlm.nih.gov). The rbcL brown seaweeds
species and accession number were shown in Table 3.
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Data analysis
Numerical phenetic relationship analysis

The phenetic relationships of brown seaweeds was
analyzed quantitatively using the numerical taxonomy
method. Morphological, anatomical, and biochemical
characters data were scored, standardized, re-scored and
converted into binary data. Using the binary data,
clustering analysis was analyzed by the UPGMA method
based on Gower similarity coefficient while ordination was
performed based on the principal component analysis
(PCA) method. Clustering and ordination were computed
in MVSP 3.1.

Phylogenetic relationships in silico analysis

The eleven identified brown seaweed species were
subjected to phylogenetic analysis. The sequences were
written into multi-sequence FASTA files. All multiple
sequences were aligned using ClustalW and phylogram
reconstruction was performed using Neighbor-Joining (NJ)
method in MEGA 7.0.

RESULTS AND DISCUSSION

Numerical phenetic relationships

Phenetics is a method of analyzing relationships based
on similarities of phenetic characters such as
morphological, anatomical, biochemical or other
observable traits. The most widely used method to analyze
the phenetic relationship is the numerical taxonomy or
taxometrics. Numerical taxonomy aims to determine the
phenetic relationship between organisms or taxa based on
the similarity of all existing characters and such organisms
or taxa undergoing such observation are referred to as
Operational Taxonomic Units (OTUs) (Stuessy 2009). The
present study examines 55 morphological, anatomical, and
biochemical taxonomic characters (Table 4). Those
characters were qualitative and quantitative in nature and
included categorical, continuous, or binary character types.

Clustering pattern was calculated using the Gower
coefficient association and the UPGMA (Unweighted Pair
Group Method using Arithmetic Averages) method. The
Gower coefficient was used for determining similarity
between OTUs as it is reported to be more efficient to use
on complex binary, multistate, and quantitative data
(Stuessy 2009). The UPGMA phenogram can be observed
in Figure 2.

Principal Component Analysis (PCA) is generally used
to simplify data variables and reduce data dimension by
converting them into new variables called principal
components (Miranda et al. 2008). A scattered plot of the
PCA result that presented the grouping of OTUs based on
prominent characters can be seen in Figure 3 and the value
of main component was shown in Table 5.

From Figure 3, we understand that the PCA analysis
using the Euclidean biplot on morphological, anatomical,
and biochemical characters resulted in cumulative
percentage of 71.37% from two main components,
indicating that 71.37% of 55 characters plays an important
role in clustering pattern between OTUs. The principal
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component value on first axis (PC1) was 55.42%, while the
value on second axis (PC2) was 15.95%, which showed
that the value on first axis had higher contribution to the
clustering patterns compared to second axis (Table 5).

Table 4. Taxonomic characters of brown seaweeds based on
morphological, anatomical, and biochemical characters

Character Type of character
General form thalli Categorical
Growth direction Continuous
Height of thalli Continuous
Thalli color Categorical
Substrate Categorical
Habitat Categorical
Position on shore (deep) Categorical
Blades shape Categorical
Length of blades Continuous
Width of blades Continuous
Position of blades Categorical
Blades tip Categorical
Margin Categorical
Midrib Categorical
Presence of air bladder Binary

Air bladder shape Categorical
Diameter of air bladder Continuous
Position of air bladder Categorical
Presence of crypto stomata Binary
Crypto stomata form Categorical
Position of crypto stomata Categorical
Number of crypto stomata Categorical
Presence of holdfast Binary
Holdfast shape Categorical
Presence of stipe/stalk Binary
Length of main axis Continuous
Main axis form Categorical
Main axis diameter Continuous
Type of branching Categorical
Spine on stalk Binary
Presence of phylloid Binary
Phylloid form Categorical
Presence of fertile branchlets Binary
(receptacle)

Receptacle form Categorical
Growth system Categorical
Sexual reproduction Binary
Cell layer of main axis (stipe) Binary
Meristoderm shape Binary
Cortex shape Binary
Medulla shape Binary
Cell layer of blades Binary
Meristoderm shape Binary
Cortex shape Binary
Medulla shape Binary
Cell layer of air bladders Binary
Meristoderm shape Binary
Cortex shape Binary

Cell color Categorical
Chlorophyll a Binary
Chlorophyll ¢ Binary

p —Carotene Binary
Lutein Binary
Violaxanthin Binary
Fucoxanthin Binary
Neoxanthin Binary
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Table 5. The principal components of morphological, anatomical,
and biochemical characters values of brown seaweeds

Characters Axis 1 Axis 2
General form thalli 0.403 -0.001
Growth direction 0.411 0
Height of thalli 0.191 -0.245
Thalli color 0.05 0.363
Substrate 0.411 0
Position on shore (deep) 0.042 0.254
Blades shape 0.12 0.373
Length of blades 0.025 0.127
Width of blades 0.025 0.127
Position of blades 0.203 0.486
Blades tip 0.254 -0.076
Margin 0,197 -0,135
Midrib 0.054 -0.053
Air bladder shape 0.249 -0.258
Crypto stomata form 0.249 0.064
Position of crypto stomata 0.085 -0.069
Holdfast shape 0.301 -0.059
Length of main axis 0.195 -0.206
Main axis form 0.058 -0.014
Type of branching 0.094 -0.129
Phylloid form 0.137 0.131
Receptacle form 0.045 0.074
Growth system 0.025 0.127
Cell color 0.05 0.363

The characters with high component values on axis 1
(more than 0.1 or less than -0.1) have a role in clustering
between OTUs as stated by Chahal et al. (2002), the greater
the value of the main component on the first axis, the
greater the effect of this character in grouping or clustering.

Phylogenetic relationships analysis

The reconstruction of phylogram was done by the NJ
grouping method. This method is one of the most
commonly applied distance-based methods and it uses
evolutionary distance data to reconstruct phylogenetic
trees. NJ gives the assumption that each OTUs has different

UPGMA
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evolutionary rate. The principle of NJ is to find OTUs or
neighbors that minimize the total branch length (Baxevanis
and Oullette 2005). The result of the phylogram
reconstruction using the NJ method was shown in Figure 4.

Discussion
Numerical phenetic relationships

Based on Figure 2, Sargassum crassifolium and S.
cristaefolium had the highest similarity value (0.982) and
were closely clustered. S. cristaefolium is the synonym of
S. duplicatum J. Agardh because it is considered a
"duplicate” of S. crassifolium. In general, the
morphological appearance of these two species looks
similar. The striking difference between them is located in
its blades margin morphology. S. cristaefolium has thick
margins and is double-edged and each edge pointed in a
different direction. These double edges itself usually found
on the blade located in the base near its lateral branch (Ang
and Trono 1987). Turbinaria conoides and T. ornata have a
relatively high similarity value (0.964) due to their usual
characteristic of Turbinaria which is turbinate-shaped
thalli. T. conoides and T. ornata only differ in the shape of
the blade. While, T. conoides have a reinformed blade with
a serrated margin and have air bladder which protrudes
from the middle of the blade, T. ornata blade is conical
with serrated margin and the inside of the blade is warped
inward. Moreover, T. ornata has an intramarginal crown
with rough serration that surrounds the middle cavity of the
blade and the air bladder of a T. ornata is relatively
‘sunken’ in the middle of the blade (Rohfritsch et al. 2007).

The UPGMA phenogram (Figure 2) forms two clusters
(Figure 2). The OTUs belong to the Fucales grouped into
cluster I, while others were grouped into cluster Il. Cluster
I is divided into sub-clusters la and Ib. Subcluster la is a
group of Sargassum spp. except for S. hemiphyllum. S.
hemiphyllum grouped with the Turbinaria in the sub-
cluster Ib. S. hemiphyllum was clustered near Turbinaria
due to resemblance of blade shape of S. hemiphyllum to
that of Turbinaria, which is serrated at the top with a
flattened and thick blade.

0,964 [ Padina minor

IIb
0,873 L Hydroclathrus clathratus i
Cylindrocarpus rugosus I 11a
0964 [ Turbinaria ornata
o 0,891 L Turbinaria conoides b
0,847 Sargassum hemiphylium
0.909 Sargassum o@ontocarpum I
0,888 Sargassum oligocystum
0,918 Sargassum polycystum Ia
0.982 Sargassum crassifolium
I: Sargassum cristaefolium

T T T T T
076 08 084 088 0,82

Gower General Similarity Coefficient

T 1
096 1

Figure 2. The UPGMA phenogram of brown seaweeds from Gunungkidul, Yogyakarta, Indonesia
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Figure 3. Scattered plot of the PCA of brown seaweeds based on morphological, anatomical, and biochemical characters with the
cumulative percentage of first and second components were 71.37% (PC1 55.42% and PC2 15.95%).

0'05§argassum cristaefolium KP137680
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1273 387y pinaria omata DO448832
73 Padina minor AB358922 JiIa
47,32 L= Hydroclathrus clathratus DQ239769 II
IIb
10.16 [S.4% Cylindrocarpus rugosus AY396364

Figure 4. The NJ phylogram of brown seaweeds from Gunungkidul Yogyakarta Indonesia

In Figure 3, the scattered-plot PCA forms two clusters.  Table 5, the characters of the general form of the thalli, the
Cluster | consist of Fucales members and Cluster 1l had direction of growth of the thalli, and the substrate are the
members of Dictyotales and Ectocarpales. Each character  characters with the highest component values. It was also
determined its effect in forming clusters between OTUs. In  shown in Figure 2, that three characters had the longest
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Euclidean distance leading to cluster I. These three
characters distinguishing Hydroclathrus, Cylindrocarpus,
and Padina, which have an irregular thallus with many
perforated holes, a cushion-like shape, and a fan-like shape
respectively; the direction of growth is spread and
pulvinate; with a variety of substrates, some are free-living
such as Hydroclathrus, attached to corals reefs such as
Cylindrocarpus and sandy substrate such as Padina. In
cluster 11, the blade position had the highest value and was
plotted in PCA with a longer line leading to cluster II.
Blade positions on C. rugosus, H. clathratus, and P. minor
were on the upper surface, while Sargassum and
Turbinaria were dense to form cylindrical, solid in the
main branch, or clustered in Turbinaria.

Based on Table 5, we obtained the component values of
more than 0.1 or less than -0.1 on both axes. These
characters include the height of the thalli, the shape of the
blade, the length of the main axis, the shape of the air
bladder, and the shape of the phylloid. These characters
were deducted as characters that play a role in separation
between cluster | and cluster 11 due to the Sargassum and
Turbinaria thalii was far higher than Hydroclathrus,
Cylindrocarpus, and Padina. The thalli of Sargassum and
Turbinaria ranges from 30-50 cm while Hydroclathrus,
Cylindrocarpus, and Padina varied between 2-8 cm. The
blade of Sargassum is foliose form, Turbinaria is turbinate,
Cylindrocarpus is convoluted-rugose, Hydroclathrus is
irregular with perforations, and Padina is fan-shaped.
Furthermore, cluster 1 members have air bladder with
various shapes while cluster 11 does not have an air bladder.
Additionally, the phylloid are only found in Fucales
(Sargassum and Turbinaria) with various forms.

Based on the value of each component generated from
the PCA analysis, it can be assumed that the higher the
value of the character, the greater the character will affect
the clustering between OTUs. The value of principal
component for each character shows that morphological
characters showed more variations than the anatomical and
biochemical characters. The morphology is the main
feature that is used in the classical botanical taxonomy, due
to convenience. Every specific taxon has a set of
morphological traits. Morphology of thalli, blade shape,
blade margin shape, air bladder, and the shape of holdfast
could be character traits of brown seaweeds. Hence, the
morphological characters are the easiest data to observe
and analyze for numerical phenetic analysis.

Phylogenetic relationship analysis

Phylogenetic relationships in silico is an approach
method to determine the relationship of the organisms
based on their evolutionary relationships through computer
simulations. In silico analysis using bioinformatics and the
availability of database information (DNA, RNA, protein,
etc.) which can be accessed openly on an online site. One
of the genetic materials used for phylogenetic analysis is
the rbcL gene found in plastids. The rbcL gene is widely
used for species identification in plants and organisms with
chloroplast because it shows a high mutation rate (Purty
and Chatterjee 2016).
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Based on the reconstruction of NJ phylogram (Figure
4), two clusters and two sub-clusters each were formed.
Cluster | consist of Fucales, further divided into sub-cluster
la (Sargassum spp.) and sub-cluster Ib (Turbinaria spp.).
This close cluster indicated that Sargassum and Turbinaria
are monophyletic and originated from the same ancestor.
Within sub-cluster I, S. crassifolium and S. cristaefolium
were closely related (or might be similar species) compared
to other species as indicated by the branching distance
value of 0.0. Further, the NJ phylogram also described the
changes that occurred in the marker genes for each species.
The longer branch meant the more changes in the marker
genes during the evolutionary process, so that the species
on that branch could be more advanced. The Dictyotales
and Ectocarpales were clustered in sub-cluster 11, separated
to sub-cluster lla (Dictyotales) and sub-cluster Ilb
(Ectocarpales), which indicated that Dictyotales be closely
related to Ectocarpales and assumed to be monophyletic.

Specifically, the phenogram (Figure 2) of the numerical
phenetic analysis showed that the S. hemiphyllum were
grouped near Turbinaria and Padina minor was grouped
near Hydroclathrus clathratus. Conversely, phylogram of
the phylogenetic analysis (Figure 4) unveil that S.
hemiphyllum was grouped with other species belonging to
the Sargassum and H. clathratus grouped near
Cylindrocarpus rugosus as both belong to the order
Ectocarpales, while Padina minor (Dictyotales) formed its
own sub-cluster. The phylogenetic relationships analysis in
silico using the rbcL gene showed that there were close
relationships between the Dictyotales, Ectocarpales, and
Fucales.

In conclusion, our study reveals that relationships
analysis among brown seaweeds from Gunungkidul
Yogyakarta Indonesia based on numerical phenetic and
phylogenetic relationships in silico both forming two
clusters even though the species that compose the sub-
cluster were slightly different. The characteristics that play
an important role in grouping brown seaweeds consist of
the length of thalli, the shape of the blade, the length of the
main axis, the shape of the air bladder, and the shape of the
phylloid.
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