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New record of Dumontia contorta and D.
alaskana (Dumontiaceae, Gigartinales) in
Korea
Pil Joon Kang, Jae Woo An and Ki Wan Nam*

Abstract
During a survey of marine algal flora, two gigartinalean species were collected from Pohang and Youngdeok located
on the eastern coast of Korea. They share the generic morphological features of Dumontia. One is characterized by
cylindrical to complanate thallus with multi- and uniaxial structure, somewhat inflated and contorted branches, and
hollow medulla and cortex consisting of progressively smaller cells outwards. The other shows basically the same
features as the former species but was smaller in size, as having 4–7 cm in thallus length and 1–2 mm in branch width
rather than 15 and 2–5 mm. Both species are distinguished from each other only by these morphometric features.
However, it is supported by molecular analysis that both species are genetically distinct. In a phylogenetic tree based
on internal transcribed spacer sequence, the two species nest in the same clade as Dumontia contorta and D. alaskana,
respectively. The genetic distance between both sequences within the clade was calculated as 0.0–0.2%, considered to
be intra-specific for Dumontia. Based on the morphological and molecular analyses, the two Korean species are
identified as D. contorta and D. alaskana described originally from Netherlands and Alaska, respectively. This is the first
record of the two Dumontia species in Korea.
Keywords: Dumontia contorta, D. alaskana, Marine algae, Gigartinalean species, First record, Korea

Background
Gigartinales F. Schmitz is a large red algal order in
which 38 families are currently accepted worldwide
(Guiry and Guiry 2018). This order has an anatomical
complex structure within Rhodophyta (Kraft and Robins
1985) and is characterized by vegetative and reproductive features, such as pit plugs without cap layers, auxiliary cells produced prior to fertilization, and transfer of
zygote or zygote-derived nuclei from the carpogonium
via an external connection (Kraft and Robins 1985).
One of the gigartinalean algae, Dumontia J.V. Lamouroux, is a common marine red algal genus with broad
distribution in cool temperate waters of the Northern
Hemisphere including Korea, Japan, USSR, Alaska, and
the North Atlantic (eastern Canada and USA, Iceland,
and Europe) (Guiry and Guiry 2018; Lindstrom 1988;
Wilce and Davis 1984). This genus was established by
Lamouroux (1813) to include four species. Of these,
* Correspondence: kwnam@pknu.ac.kr
Department of Marine Biology, Pukyong National University, Busan 48513,
South Korea

however, only D. contorta (S.G. Gmelin) Ruprecht has
been retained in the genus as lectotype species, while
the remaining species have been transferred to other
genera (Guiry and Guiry 2018; Setchell 1914). It belongs to
Dumontiaceae Bory, in which all species have the carpogonial and auxiliary cell branches of a separate system (nonprocarpic) and carogonium fusing with another cell of the
carpogonial branch before the formation of connecting
filaments (Mitchell 1966). In addition, species of the genus
Dumontia shares the following features: cylindrical to complanate thallus with multi- and uniaxial structure, branched
or unbranched axis, filamentous and mostly hollow medulla, cortex of progressively smaller and nearly spherical
cells, superficial spermatangia cut off by oblique walls,
immersed cystocarps, and isomorphic tetrasporophyte with
large and cruciate tetrasporangia originated from the inner
cortical cells (Abbott 1979; Guiry and Guiry 2018; Lindstrom 1985, 1988; Tai et al. 2001; Wilce and Davis 1984).
Six species are currently placed under the genus Dumontia (Guiry and Guiry 2018). Of these, only Dumontia simplex A.D. Cotton (1906), which was originally described
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from Korea, has been reported in the marine algal flora of
Korea (Kim et al. 2013; Lee and Kang 1986, 2002). During a
survey of marine algal flora, two gigartinalean algae were
collected from Pohang and Youngdeok on the eastern coast
of Korea. These two species were identified based on morphological and molecular analyses and are newly recorded
in Korea in the present study.

Methods
Specimens for this study were collected from Pohang and
Youngdeok located on the eastern coast of Korea. Taxonomic data were obtained from fresh, liquid-preserved,
and herbarium specimens. Liquid-preserved material was
stored in a 10% solution of formalin/seawater. The blades
dissected from the cleared materials were hand sectioned,
transferred to a slide with distilled water, and mounted in
pure glycerin. Measurements are given as width and
length. For permanent slides, the glycerin was exchanged
with 10–20% corn syrup.
Total
genomic
DNA
was
extracted
from
silica-gel-preserved samples using the DNeasy Plant
Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. Before extraction, dried material was crushed with liquid nitrogen using a mortar and
pestle. Extracted DNA was used for amplification of
internal transcribed spacer (ITS) regions. PCR amplifications were performed in a TaKaRa PCR Thermal Cycler
Dice (TaKaRa Bio Inc., Otsu, Japan). ITS regions were
PCR amplified as a single fragment with the primers
ITSP1 (5′ GGAAGGAGAAGTCGTAACAAGG 3′) and
G4 (5′ CTTTTCCTCCGCTTATTGATATG 3′) (Harper
and Saunders 2001) or as two overlapping fragments
with the primers ITSP1 and ITSR1 (5′ TTCAAAGAT
TCGATGATTCAC 3′) and P5 (5′ GCATCGATGAAGA
ACGCAG 3′) and G4 (Harper and Saunders 2001). The
PCR products were moved to Macrogen Sequencing
Service for sequencing (Macrogen, Seoul, Korea). The
PCR primers were also used for sequencing.
Sequences for the ITS region were aligned using BioEdit
(Hall 1999). Phylogenetic analyses were performed using
neighbor-joining, maximum-likelihood, and maximum
parsimony methods. Bootstrap values were calculated with
1000 replications. ITS sequences of other species were
obtained from GenBank. Phyllophora crispa (Hudson) P.S.
Dixon was used as an out-group.
Results and discussion
Dumontia contorta (S.G. Gmelin) Ruprecht 1850: 103.
Type locality: Ad litus Scheuelingense prope Hagam
comium e mari reiectum Cel. Pallas (Gmelin 1768).
Korean name: Dong-hae-mi-kkeul-pul nom. nov. (신
칭: 동해미끌풀).
Specimens examined: NIBRRD0000001652, MGARBb00
0750 (Igari, Pohang: 04.xii.2015).
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Habitat: Epilithic near the intertidal.
Morphology: Thalli up to 15 cm high, erect, terete
near base but becoming flattened, somewhat inflated
and contorted, hollow, bright to dark red in color, lubricous in texture, attached to substratum by discoid holdfast (Fig. 1a); main axes multiaxial in lower part but
uniaxial near apex, issuing irregularly lateral uniaxial
branches with wide axils, 2–5 mm in width; branches
markedly attenuate, slightly constricted at base, with tapering apex (Fig. 1b); cortex compact, several cell layers
thick, consisting of progressively smaller, round to elliptical cells of 2–3 × 4–5 μm in size (Fig. 1c); medullary
cells large, ovoid to elliptical, intermixed with filaments
of 50–150 μm in diam (Fig. 1d–f ). Tetrasporangial and
sexual plants were not observed in the present study.
Dumontia alaskana V. Tai, S.C. Lindstrom & G.W.
Saunders 2001: 194.
Type locality: Shaman Island, Alaska, USA (Tai et
al. 2001).
Korean name: Buk-bang-mi-kkeul-pul nom. nov. (신
칭: 북방미끌풀).
Specimens examined: NIBRRD0000001654, MGARBb
000751 (Daejin, Youngdeok: 04.xii.2016).
Habitat: Epilithic near the intertidal.
Morphology: Thalli 4–7 cm high, erect, terete, hollow,
dark red in color, cartilagenous or somewhat lubricous in
texture, attached to substratum by discoid holdfast
(Fig. 2a); main axes issuing irregularly lateral branches
with wide axils, 1–2 mm in width; mature structure multiaxial; cortex compact, several cell layers thick, consisting
of small, round to elliptical cells of 2–5 × 4–7 μm in size
(Fig. 2c); medulla of large cells, intermixed with filaments
of 70–80 μm in diam (Fig. 2b); tetrasporangia produced
from inner cortical cells (Fig. 2e), with cruciate division,
ovoid to elliptical, 15–20 × 26–50 μm in size (Fig. 2d).
Sexual plants were not observed in the present study.
Lectotype species of the genus Dumontia is D. incrassata
(O.F. Müller) J.V. Lamouroux (Guiry and Guiry 2018).
However, the correct name currently accepted for the type
species is D. contorta (S.G. Gmelin) Ruprecht lectotypified
with Gmelin’s original illustration (Gmelin 1768, pl. XXII,
Fig. 1) (Abbott 1979). According to Gmelin’s original
descriptions based on the specimen collected from Scheveningen, Netherlands, thalli of D. contorta appear to be flat,
subundulate, and suncontorted. In particular, its thalli often
become inflated, distorted, and twisted when old, in sheltered areas (Irvine 1983). These gross morphological
features are found in the Korean alga collected from Igari,
Pohang. However, the thallus length and branch diameter
of the Korean specimens were not as large as those of D.
contorta reported by the previous authors (Rosenvinge
1917; Whelden 1928; Tai et al. 2001, see 195p.).
Recently, D. alaskana was described from North
Pacific isolate (Alaska), which is genetically distinct from
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Fig. 1 Dumontia contorta (S.G. Gmelin) Ruprecht. a Vegetative plants. b Herbarium specimen. c Cortical cell layers. d Medulla intermixed with
filaments. e Transverse section of flattened branch with hollow medulla. f Multiaxial medulla of round to elliptical cells in the lower part of main
axis. Bars in a 2 cm, b 3 cm, c 20 μm, d 20 μm, e 200 μm, and f 200 μm

Fig. 2 Dumontia alaskana V. Tai, S.C. Lindstrom & G.W. Saunders. a Herbarium specimen. b Transverse section of the branch with hollow medulla.
c Cortex consisting of progressively smaller cells outwards. d Cortical cell layers with tetrasporangium (arrowhead). e Tetrasporangium
(arrowhead) produced from the inner cortical cell (arrow). Bars in a 2 cm, b 200 μm, c 20 μm, d 30 μm, and e 20 μm

Kang et al. Fisheries and Aquatic Sciences (2018) 21:27
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Fig. 3 Phylogenetic tree of species in Dumontiaceae obtained from maximum-likelihood method based on ITS sequences. Bootstrap proportion
values (1000 replicates samples) are shown above branches. Scale bar = 0.05 substitutions/site

North Atlantic populations of D. contorta (Tai et al.
2001). Morphological differences between both species
are observed only in quantitative features, such as size of
the thallus, carposporangia, and tetrasporangia (Tai et al.
2001). However, this species is currently accepted (Guiry
and Guiry 2018). Similarly, the second Korean species,
which was collected from Daejin, shares the same morphological features as D. alaskana, but differs from the
species in their size. Its thallus length and branch diameter were smaller than those of D. alaskana (Lindstrom
1985; Tai et al. 2001). Tetrasporangia size was also
smaller, as compared with that of D. alaskana described
originally from Alaska (Tai et al. 2001). It does not
appear to be genetically distinct from D. alaskana, even
though the Korean alga shows different size in the vegetative and reproductive features. This is also supported
by molecular analyses (Fig. 3).
According to Tai et al. (2001), D. alaskana has a
smaller thallus but larger sporangia, as compared with
D. contorta. This morphometric feature of the thallus
between both species was also found in the Korean specimens collected during the present study, even though
comparison of sporangia cannot be made. The Korean
populations of both species seem to have remarkably
smaller thallus than those from Alaska and the North
Atlantic based on the present observation.
In a phylogenetic tree based on ITS sequence (Fig. 3), the
Korean algal sequences nest in the same clade as those of
D. contorta from Canada (the North Atlantic) and D. alaskana from Alaska (type locality), respectively. The genetic
distance between both sequences within each clade was
0.0–0.2%. According to Hu et al. (2009), the intra- and
inter-specific divergence range for Dumontia are 0.0–0.2

and 9.6–18.4%, respectively. In the present study,
inter-specific distance was calculated as 0.4–14.2% in
Dumontiaceae. This morphological and molecular evidence
suggests that the two Korean gigartinalean algae should be
identified as D. contorta and D. alaskana, respectively. This
is the first record of the two Dumontia species in Korea.

Conclusions
Based on the morphological and molecular analyses, two
gigartinalean species that were collected from Pohang
and Youngdeok located on the eastern coast of Korea
are identified as D. contorta and D. alaskana described
originally from Netherlands (the North Atlantic) and
Alaska, respectively. This is the first record of the two
Dumontia species in Korea.
Abbreviation
ITS: Internal transcribed spacer
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New record of three economic Hypnea
species (Gigartinales) in Korea
Pil Joon Kang and Ki Wan Nam*

Abstract
Three economic marine algae that have been used as food and carrageenan sources were collected from Korea
during a survey of marine algal flora. They share the generic features of Hypnea, and three major clades supported
by the sectional features were confirmed in a phylogenetic tree based on rbcL sequences. The first species, which
belongs to a species group corresponding to the sect. Spinuligerae, nests in the same clade with Hypnea yamadae
in a genetic distance of 0%. It is morphologically characterized by an entangled base, subcompressed or subterete
to terete axes, somewhat percurrent main axis, irregularly alternately branching with wide angle, and rarely hooked
spinous branchlets. The second one is also referred to the sect. Spinuligerae and formed the same clade as Hypnea
cenomyce. The genetic distance between both sequences was calculated as 0.0–0.1%, which is considered to be
intraspecific. This species is distinct by somewhat entangled thallus at the basal part, percurrent axis, short spine-like
branchlets densely covering the axis, and medullary lenticular thickenings. The third alga, which forms a species
group corresponding to the sect. Pulvinatae, nests in the same clade as Hypnea nidulans (no intraspecific divergence). It
shows occasionally epiphytic habitat rather than epilithic habitat of low mat-forming growth and percurrent erect main
axes with dense lateral branchlets. Based on these morphological and molecular data, the three Korean species are
identified as H. yamadae, H. cenomyce, and H. nidulans. This is the first record of the Hypnea species in Korea.
Keywords: Hypnea species, Economic marine algae, rbcL, Molecular data, First record, Korea

Background
The marine red algal genus Hypnea J.V. Lamouroux,
which has a wide geographical distribution around the
world, is economically important as food and as one of
the sources of carrageenan, particularly in the tropics
(Mshigeni and Chapman 1994; Geraldino et al. 2010). This
genus was established based on six species (Lamouroux
1813) but later lectotypified by H. musciformis (Wulfen)
J.V. Lamouroux (Kylin 1930; Papenfuss 1958).
Agardh (1852) proposed three sections within the genus
Hypnea on the basis of thallus habit. The sect. Pulvinatae
has creeping thalli of intricate cushion-like mat form. The
sect. Virgatae is characterized by an erect, caespitose, and
non-intricate thallus with main axis and dense lateral
branchlets, while the sect. Spinuligerae in which the species show intricate and caespitose thalli with alternate
branching and short spine-like branchlets. Recently, this
infrageneric taxonomic scheme, with some exceptional
* Correspondence: kwnam@pknu.ac.kr
Department of Marine Biology, Pukyong National University, Busan 48513,
Korea

species, was strongly supported by molecular analyses
(Geraldino et al. 2010).
Since Lamouroux (1813), many species have been reported in this genus (Agardh 1851, 1852; Tanaka 1941,
1960; Schneider and Searles 1976; Nauer et al. 2014,
2015; Geraldino et al. 2009, 2010; Jesus et al. 2013).
Therefore, Hypnea is a large genus in which 60 species
are currently accepted within the family Cystocloniaceae
(Guiry and Guiry 2018). This genus is characterized by a
terete to compressed, branched thalli with short lateral
branchlets, protuberant globular cystocarps, and zonately
divided tetrasporangia on short lateral branchlet (Lamouroux 1813; Mshigeni 1978; Womersley 1994). However,
species delimitation is complicated by the high degree of
morphological variation within individual species, which
may be chiefly influenced by environmental factors occurring in specific habitats. Furthermore, the taxonomy based
mainly on vegetative features, with a relatively simple and
plastic morphology, has caused many difficulties in identifying the species within Hypnea (Nauer et al. 2014, 2016;
the present study).
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In Korea, 13 species have been reported. During a survey of marine algal flora, three gigartinalean species were
collected from Korea. They share the generic morphological features of Hypnea. The Hypnea species are
newly recorded in Korea based on the morphological
and molecular analyses herein.

Methods
Specimens for this study were collected from Pohang and
Sacheonjin located on the eastern coasts of Korea. Taxonomic data were obtained from fresh, liquid-preserved,
and herbarium specimens. Liquid-preserved material was
stored in a 10% solution of formalin/seawater. Blades dissected from the cleared materials were hand sectioned,
transferred to a slide with distilled water, and mounted in
pure glycerin. Measurements are given as width and
length. For permanent slides, the glycerin was exchanged
with 10–20% corn syrup.
Total genomic DNA was extracted from silica gel-preserved samples using the DNeasy Plant Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol. Before extraction, dried material was crushed with liquid nitrogen using a mortar and pestle. Extracted DNA
was used for amplification of ribulose-1, 5-bisphosphate
carboxylase large subunit (rbcL) regions. For rbcL, the
gene was amplified in three overlapping parts with the primer pairs FrbcL start (5′-TGTGTTGTCGACATGTCTA
ACTCTGTAGAAG-3′) - R753 (5′-GCTCTTTCATACATA
TCTTCC-3′), F492 (5′-CGTATGGATAAATTTGGTC
G-3′) - R1150 (5′-GCATTTGTCCGCAGTGAATACC-3′),
and F993 (5′-GGTACTGTTGTAGGTAAATTAGAAG
G-3′) - RrbcS (5′-TGTGTTGCGGCCGCCCTTGTGTT
AGTCTCAC-3′) (Freshwater and Rueness 1994). PCR
amplifications were performed in a TaKaRa PCR Thermal
Cycler Dice (TaKaRa Bio Inc., Otsu, Japan). PCR was performed with an initial denaturation step at 94 °C for
10 min, followed by 35 cycles of 30 s at 90 °C, 30 s at 50 °
C, and 2 min at 72 °C, with a final 10-min extension cycle
at 72 °C. The PCR products were moved to Macrogen Sequencing Service for sequencing (Macrogen, Seoul,
Korea). The PCR primers were also used for sequencing.
Six rbcL sequences were generated. A total of 31 sequences
from Hypnea, including Cystoclonium purpureum (Hudson)
Batters as an outgroup, was aligned using 1356 base pairs
(bp) of the rbcL gene using BioEdit (Hall 1999). Phylogenetic
analyses were performed using neighbor-joining and
maximum-likelihood methods using Mega 6 program.
Bootstrap values were calculated with 1000 replications. RbcL
sequences of other species were obtained from GenBank.
Results
Hypnea yamadae Tanaka 1960: 94

Type locality: Uji Islands, Kagoshima Prefecture, Japan
(Yamagishi and Masuda 1997)
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Korean name: Mit-eong-kin-ga-si-u-mu nom. nov. (신
칭: 밑엉킨가시우무)
Specimens examined: NIBRAL0000146496, MGARBb0
00744, MGARBb000745, MGARBb000746 (Daebori: 07.
viii.2014)
Habitat: Epilithic in upper to lower intertidal
Morphology: Thalli up to 10–15 cm high, epilithic,
subcompressed or subterete to terete, somewhat entangled at base, without iridescence, light brown to dark
brown in color, cartilaginous in texture (Fig. 1a); main
axes more or less percurrent, issuing irregularly or alternately branches with wide angle and proliferations;
branches bearing a few branchlets in alternate to spiral
manner (Fig. 1b); branchlets short, spinous, slender,
rarely hooked, without constriction near base, 5–20 mm
long (Fig. 1d); apical cells distinct at the apices of axes
(Fig. 1c); lenticular thickenings usually absent in the wall
of medullary cells; cortex 2–3 cell layers thick; medullary
cells round to elliptical in transverse section, linear to
cylindrical shape in longitudinal section, with many pit
connection between adjacent cells; tetrasporangia produced from cortical cell (Fig. 1f ), restricted in ultimate
branchlets (Fig. 1e), zonately divided, 25–35 × 55–70 μm.
Sexual plants were not collected during the present
study.
Hypnea cenomyce J. Agardh 1851: 452

Type locality: ad oras Novae Hollandiae (Silva et al.
1996)
Korean name: God-eun-ga-si-u-mu nom. nov. (신칭:
곧은가시우무)
Specimens examined: NIBRAL0000146479, MGARBb
000747, MGARBb000748, MGARBb000749 (Sacheonjin:
03.vii.2014)
Habitat: Epilithic in upper to lower intertidal
Morphology: Thalli up to 10–15 cm high, epilithic,
terete, somewhat entangled at basal part, without iridescence, dark red to brown in color, cartilaginous in
texture (Fig. 2a); main axes often more or less percurrent, issuing irregular or alternate branches and proliferations; branches bearing abundant branchlets in
alternate to spiral manner (Fig. 2b); branchlets short,
spinous, usually with constriction near base, 5–15 mm
long; apical cells distinct at the apices of axes (Fig. 2d);
lenticular thickenings occasionally present in the medullary cell walls (Fig. 2c); cortex 2–3 cell layers thick;
medullary cells round to elliptical in transverse section,
linear to cylindrical shape in longitudinal section, with
many pit connection between adjacent cells; tetrasporangia produced from cortical cell (Fig. 2f ), restricted in
ultimate branchlets (Fig. 2e), zonately divided, 10–20 ×
20–40 μm. Sexual plants were not collected during the
present study.
Hypnea nidulans Setchell 1924: 161
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Fig. 1 Hypnea yamadae Tanaka. a Herbarium specimen entangled at the base. b Details of vegetative branches. c Subterete to subcompressed
branch with the axial cell (arrow) in the transverse section. d Spinous branchlet without basal constriction (arrow). e Ultimate branchlet with
tetrasporangia. f Tetrasporangial initial (arrow) produced from the cortical cell (arrowhead). Bars in a 3 cm, b 5 mm, c 150 μm, d 80 μm, e 80 μm,
f 20 μm

Type locality: Tutuila Island, American Samoa
(Silva et al. 1996; Setchell 1924)
Korean name: Gi-neun-ga-si-u-mu nom. nov. (신칭:
기는가시우무)
Specimens examined: NIBRAL0000146497, MGARBb0
00741, MGARBb000742, MGARBb000743 (Sachenjin:
20.vii.2017)
Habitat: Epilithic or occasionally epiphytic in upper to
lower intertidal
Morphology: Thalli up to 5–10 cm high, interwoven,
loosely entangled, terete to subterete, without iridescence, red to brown in color, cartilaginous in texture
(Fig. 3a); main axes erect, often percurrent, issuing irregularly branches and proliferations; branches bearing
numerous branchlets in alternate to spiral manner
(Fig. 3b); branchlets short, linear to lanceolate, usually

with constriction near base, 2–10 mm long; apical cells
distinct at the apices of axes; lenticular thickenings
present in the wall of medullary cells (Fig. 3c, d); cortex
2–3 cell layers thick; medullary cells round to elliptical
in transverse section, linear to cylindrical shape in longitudinal section, with many pit connection between adjacent cells; tetrasporangia produced from cortical cell
(Fig. 3f), restricted in ultimate branchlets (Fig. 3e), zonately
divided, 20–30 × 45–60 μm. Sexual plants were not collected during the present study.

Discussion
In a phylogenetic tree based on rbcL sequences, three
major clades were confirmed (Fig. 4). These clades appear to be supported by the sectional features suggested
by Agardh (1852).
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Fig. 2 Hypnea cenomyce J. Agardh. a Herbarium specimen. b Details of the tetrasporangial branches. c Lenticular thickenings (arrowheads) in the
medullary cell walls. d Transverse section of the branch with axial cell (arrowhead). e Tetrasporangial branchlet. f Tetrasporangial initial (arrow)
produced from the cortical cell (arrowhead). Bars in a 3 cm, b 5 mm, c 200 μm, d 200 μm, e 50 μm, and f 15 μm

The first species, which belongs to a species group
corresponding to the sect. Spinuligerae, nests in the
same clade with H. yamadae in a genetic distance of
0% (Fig. 4). It is also morphologically characterized by
an entangled base of creeping branches, subcompressed
or subterete to terete axes, somewhat percurrent main
axis, irregular or alternate branching with wide angle,
and rarely hooked spinous branchlets as H. yamadae
reported previously by some authors (Tanaka 1960;
Yamagishi and Masuda 1997). However, somewhat terete thalli and slender branchlets rarely hooked in the
species differed from the original description of H.
yamadae (Tanaka 1960) (Table 1). It was distinguished
from its sister species, H. rosea Papenfuss (1947), by
terete branch rather than subcompressed or subterete
to terete one.

The second one is also referred to the sect. Spinuligerae and formed the same clade as H. cenomyce (Fig. 4).
The genetic distance between both sequences within the
clade was calculated as 0.0–0.1%. In general, the presence
or absence of medullary lenticular thickenings is considered as one of the useful taxonomic characters in Hypnea
(Tseng 1984; Chiang 1997; Xia and Wang 1997; Geraldino
et al. 2010). It has thickenings in medullary cell walls like
Hypnea cenomyce (Chiang 1997; Yoshida 1998) (Table 1)
and is distinguished from other Korean Hypnea species,
such as H. boergesenii, H. cornuta, H. flexicaulis, H. japonica, H. saidana, and H. spinella, by the presence of this feature. H. flava forming its sister clade is distinguished from
H. cenomyce by epiphytic habitat and presence of anastomoses (Nauer et al. 2016, see table 2). In addition to the
presence of lenticular thickenings in the medullary cell
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Fig. 3 Hypnea nidulans Setchell. a Herbarium specimen. b Details of vegetative branches. c Transverse section of the branch. d Lenticular thickening
(arrowhead). e Branchlet with tetrasporangia (arrows). f Tetraspornagia initial (arrow) produced from the cortical cell (arrowhead). Bars in a 3 cm,
b 2 cm, c 200 μm, d 50 μm, e 50 μm, and f 10 μm

walls, this Korean alga is characterized by somewhat
entangled thallus at the basal part, percurrent axis, and
short spine-like branchlets densely covering axis.
The third alga, which forms a species group corresponding to the sect. Pulvinatae, nests in the same clade
as H. nidulans (no intraspecific divergence) (Fig. 4). According to Tanaka (1941), H. nidulans is loosely entangled,
and tetrasporangial sori are saddle-shaped, while H. pannosa has densely entangled plants and tetrasporangial sori
usually growing on one side of the branchlets, then gradually completely surrounding the branchlets. Dawson
(1954) distinguished H. pannosa from H. nidulans by the
small size and compact tufts of the former species, but he
reduced H. nidulans to the synonymy of H. pannosa based
on an examination of the type specimens of both species
(Dawson 1961). Later, however, Silva et al. (1996) retained

it as a separate species. This is currently accepted (Guiry
and Guiry 2018) and is also supported by the present
study. H. nidulans appears to be distinguished from those
species forming a sister group, such as H. japonica, H.
caespitosa, H. pannosa, and H. viridis, by occasionally epiphytic habitat rather than epilithic habitat of low matforming growth, as based on the present observation. Percurrent erect main axes, with dense lateral branchlets, also
distinguish H. nidulans from those species. This is a feature of the sect. Virgatae rather than the sect. Pulvinatae.

Conclusions
In general, the value of interspecific divergence in the
Gigartinales varies from 2.8 to 16.5% (Hommersand et al.
1994; Kato et al. 2009). The interspecific divergence range
within the genus Hypnea was calculated as 0.6–7.6% in
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Fig. 4 Phylogenetic tree of Hypnea species obtained from maximum-likelihood analysis based on rbcL sequences. Bootstrap percentages
(1000 replicates samples) are shown above the branches. Scale bar = 0.02 substitutions/site

Table 1 Comparison of morphological features found in the three Hypnea species
Characters

Species
H. yamadae

H. cenomyce

H. nidulans

Habitat

Epilithic in intertidal to subtidal

Epilithic in intertidal

Epilithic or occasionally
epiphytic in intertidal

Thalli

Terete to compressed

Terete

Terete to subterete

Size (cm)

9–37

4–15

2–10

Branching type

Irregular, alternate or dichotomous

Alternate or irregular

Alternate to spiral, irregular

Branchlets

A few

Several (or abundant)

Numerous

Basal constriction of branchlets

Absent

Present

Present

Hooked branchlets

Absent or rarely present

Absent

Absent

Lenticular thickening

Absent

Often or occasionally present

Present

Size of tetrasporangia (μm)

–

50 × 25

12 × 58

References

Tanaka 1960; Yamagishi and
Masuda 1997; the present study

Chiang 1997; the present study

Chiang 1997; Yamagishi and
Masuda 1997; the present study
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the present study. This indicates that the genetic distance
of 0.0–0.1% between both sequences within each clade
formed by the three Korean species is intraspecific within
the genus. Based on these morphological and molecular
analyses, these Korean Hypnea species are identified as H.
yamadae, H. cenomyce, and H. nidulans. This is the first
record of these Hypnea species in Korea.
Abbreviation
rbcL: Ribulose-1, 5-bisphosphate carboxylase large subunit
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Abstract
Trout production is a growing activity in recent years but requires new alternative sources of feed to be sustainable
over time. The objective of this research was to determine the apparent digestibility coefficient (ADC) of dry matter
(DM), organic matter (OM), crude protein (CP) and digestible energy (DE) of kañiwa (Chenopodium pallidicaule Aellen),
kiwicha (Amaranthus caudatus L), quinoa (Chenopodium quinoa Willd), beans (Phaseolus vulgaris L.), sacha inchi,
(Plukenetia volubilis L) and jumbo squid (Dosidicus gigas) meal in juvenile rainbow trout. The experimental diets were
composed of a 70% basal diet and 30% of any raw materials. The ADC was determined by the indirect method using
insoluble ash as a non-digestible marker. Jumbo squid, sacha inchi and quinoa showed the highest values of ADC (%)
of DM (84.5, 73.5 and 69.7), OM (89.1, 78.4 and 72.9), CP (93.2, 98.0 and 90.3), and DE (4.57, 4.15 and 2.95 Mcal/kg DM),
respectively. The ADC values for kañiwa, kiwicha and bean were significantly lower. In conclusion, quinoa meal and
jumbo squid meal have an acceptable digestibility but sacha inchi meal is a potential alternative for rainbow trout
feeding in the future.
Keywords: Digestibility, Jumbo squid meal, Quinoa, Rainbow trout feed, Sacha inchi

Background
Trout production in Peru has experienced considerable
growth during the last 10 years (7.5 times), and Puno
region produced 43,290 tons lately ([PRODUCE] Ministerio de la Producción 2017). Production of organic
trout is also being considered due to the increase in
demand for organic aquaculture.
Trout feeding requires feeds with high protein and
energy content, which are mostly covered with fishmeal
and fish oil (NRC (National Research Council) 2011).
The availability of these raw materials is decreasing and
therefore prices are increasing (FAO (Food and Agriculture Organization of the United Nations) 2016). The
* Correspondence: halleyal@gmail.com
†
Abimael Ortiz-Chura and Marcelino Jorge Araníbar Araníbar contributed
equally to this work.
3
Facultad de Medicina Veterinaria y Zootecnia, Universidad Nacional del
Altiplano, Av. Floral 1153, Puno, Peru
Full list of author information is available at the end of the article

current trend of trout producers is to reduce the inclusion of fishmeal in the rations and replace it with vegetable raw materials but must supply essential nutrients
for optimal fish performance (Glencross 2011). If an
acceptable trout production with alternative raw materials is achieved, then it will increase profits and maintain its sustainability (Li et al. 2006).
The successful use of vegetable ingredients as a partial
replacement for fish meal has been documented by several researchers (Gomes et al. 1995; Kaushik et al. 1995;
Kumar et al. 2011; Lund et al. 2011; Lech and Reigh
2012). In fact, some diets that include proteins of vegetable origin are capable of producing acceptable growth
comparable to traditional diets based on fishmeal
(Gaylord et al. 2007; Davidson et al. 2013). However, it is
necessary to identify and determine the nutritional value
of newly available plant resources that can be used in
the formulation of diets for fish.
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The Andean grains such as kañiwa (Chenopodium
pallidicaule Aellen), kiwicha, (Amaranthus caudatus
L) and quinoa (Chenopodium quinoa Willd) contain
proteins of high biological value and are the main
source of protein and energy in the diet of the
Andean people (Repo-Carrasco et al. 2003; RepoCarrasco et al. 2009; Molina-Poveda et al. 2015) since
more than 80% of world production is carried out in
Peru and Bolivia (Bazile et al. 2016). Likewise, beans
(Phaseolus vulgaris L.) are an important source of nutrients in human nutrition (Barampama and Simard
1993; Prolla et al. 2010) and in aquafeeds
(Rodríguez-Miranda et al. 2014).
Sacha inchi (Plukenetia volubilis L) produced in the
Peruvian Amazonia has seeds rich in protein, oil and
vitamins. The sacha inchi meal is an extruded byproduct obtained after the extraction of its oil which
is used for beneficial purposes in humans as improving the lipid profile of patients with dyslipidemia
(Garmendia et al. 2011). Because of its high content
of proteins of nutritional value (Ruiz et al. 2013),
sacha inchi becomes an attractive alternative for animal feed.
The squid (Dosidicus gigas) is an abundant marine
resource and a potential source of protein in Perú.
The squid meal is produced based on the residues
from the slaughtering process and has been used as
an ingredient in shrimp diet (Córdova-Murueta and
Garcı́a-Carreño 2002).
Evaluating the digestibility of novel raw materials is
important not only because it determines the proportion of nutrients that are available for trout but also
because it also allows us to know the proportion of
waste that is eliminated in the aquatic environment.
In addition, it is necessary for identified sources of
organic feed ingredients to develop organic feed formulations to produce organic aquacultured products
for this burgeoning market.
The objective of the present study was to determine
the apparent digestibility of dry matter, organic matter,
crude protein and digestible energy of five organically
certified plant protein sources (kañiwa, kiwicha, quinoa,
beans, sacha inchi) and a marine protein source (jumbo
squid) in juvenile rainbow trout.

Methods
Location, experimental design and analytical determination

All the experimental procedures were carried out in the
Faculty of Veterinary of the National University of the
Altiplano, Puno, Perú, at an altitude of 3828 m (15°49′
29″S, 70°00′56″W). The digestibility test was performed in a water recirculation system (0.5 l/s)
equipped with a closed water treatment system, gravel
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filter (STF Filtre System Leri Model 002737), activated
carbon filter, biological filter (clays with Nitrifying Bacteria, Proline®) and UV filter (X-Ray UV Light Boyo®,
China).
The system consisted of digestibility tanks (500 l
capacity), each one provided with a sedimentation
unit for fecal collection (Rodehutscord et al. 2000).
The average water quality parameters were pH 8.6,
temperature 12 °C (Peachimeter SI Analytics Lab
850®, Germany) and dissolved oxygen 6.2 mg/l (HI
9146 Dissolved Oxygen Meter HANNA®). A total of
198 juvenile rainbow trout from a commercial line
(Troutlodge®, USA) of 130 days of age were used,
with an initial weight of 92.6 ± 3.32 g and a total
length (Ichthyometer, Aquatic Eco-Systems®) of 20.2 ±
0.42 cm (mean ± SD). The fish were randomly distributed in the digestibility tanks with an average load
density of 4.4 kg/m3. The small farmers used around
stocking density of 10 kg/m3. Before handling, the
fish were placed in a smaller aerated tank containing
tricaine methanesulfonate (50 mg/l) until they lost
consciousness.
The chemical proximal composition of raw materials
and experimental diets are shown in Tables 1 and 2, respectively. Seven diets were evaluated (basal diet and six
experimental diets), and three tanks were considered per
treatment (diet). The experimental diets were composed
of a 70% basal diet and 30% of any of the five vegetable
raw materials (kañiwa, kiwicha, quinoa, beans and sacha
inchi) organically certified by Bio Latina, Perú and an
animal raw material (jumbo squid), according to the
methodology proposed by (Glencross et al. 2007). The
basal diet was formulated considering the nutritional requirements for trout (NRC (National Research Council)
2011). The ingredients were mixed and then extruded
(Khal® EE800, Germany). The apparent digestibility of
the ingredients was determined by the indirect method
using a non-digestible marker (Hyflo Super Cel®) according to (Rodehutscord et al. 2000). The test consisted of
10 days of habituation to the diet, to the environment
and to the management and another 15 days of sample
collection. The experimental diets were fed to the juveniles twice a day (10:00 and 16:00 h) until apparent satiety.
After feeding, all waste of uneaten feed was collected and
eliminated from the system and then excreta were collected directly from the sedimentation bottle. The experiment was carried out under a regime of natural light.
The novel ingredients, diets and feces, were analyzed
according to the methodology of the (AOAC (Association of Official of Analytical Chemists) 2011). The dry
matter was determined after drying for 4 h at 105 °C. In
addition, gross energy (GE) was determined with a bomb
calorimeter (Parr Instrument 6772® USA). The indigestible marker in the diets and feces were determined
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Table 1 Chemical proximal composition of the novel raw materials
Parameters (%)

Kañiwa

Kiwicha

Quinoa

Bean

Sacha inchi

Jumbo squid

Dry matter

89.8 ± 0.26

91.0 ± 0.18

89.7 ± 0.27

90.2 ± 0.37

93.2 ± 0.20

90.5 ± 0.82

Organic matter

95.5 ± 0.01

96.1 ± 0.07

96.6 ± 0.02

96.0 ± 0.06

94.5 ± 0.02

87.9 ± 0.07

Crude protein

13.4 ± 1.03

15.4 ± 0.74

11.1 ± 0.76

21.9 ± 0.44

54.9 ± 1.82

72.0 ± 0.33

Crude lipid

4.5 ± 0.36

7.5 ± 1.14

6.7 ± 0.56

4.1 ± 0.19

9.9 ± 0.52

3.5 ± 0.97

Fibre

9.2 ± 0.25

7.5 ± 0.79

5.1 ± 0.25

4.8 ± 0.26

4.9 ± 0.87

2.2 ± 0.35

Carbohydrates1

58.2 ± 0.38

56.6 ± 0.90

63.4 ± 0.38

55.4 ± 0.47

18.0 ± 1.94

0.6 ± 0.51

Ash

4.5 ± 0.01

3.9 ± 0.07

3.4 ± 0.02

4.0 ± 0.06

5.5 ± 0.02

12.1 ± 0.07

Gross energy2

4.64 ± 0.04

4.61 ± 0.01

4.53 ± 0.01

4.44 ± 0.01

5.25 ± 0.02

5.08 ± 0.08

Values are means ± SD for three replicates
1
CH = DM − (CP + CL + F + A)
2
Analyzed by combustion (Mcal/kg DM)

Table 2 The ingredients and chemical composition of experimental diets
Diets
Basal

Kañiwa

Kiwicha

Quinoa

Bean

Sacha inchi

Jumbo squid

Ingredients, %
Fish meal

44.00

Kañiwa

29.61

Kiwicha

29.61

Quinoa

29.61

Bean

29.61

Sacha inchi

29.61

Jumbo squid

29.61

Soybean meal

24.40

Corn meal

8.00

Wheat middlings

14.00

Fish oil

8.00

Common salt

0.30

Marker (Hyflo Super Cel®)1

1.00

2

Premix

0.30

Basal diet
Total

100.00

0.30

0.30

0.30

0.30

0.30

0.30

0.09

0.09

0.09

0.09

0.09

0.09

70.00

70.00

70.000

70.00

70.00

70.00

100.00

100.00

100.00

100.00

100.00

100.00

Analyzed composition (%)

1

Dry matter

93.3

93.4

92.1

93.3

93.1

91.9

90.4

Organic matter

87.4

89.4

88.8

89.4

89.2

88.6

86.8

Crude protein

40.0

32.4

34.1

32.8

35.4

44.1

48.9

Crude fat

28.9

25.1

25.1

27.2

21.9

26.3

26.3

Ash

12.6

10.6

11.2

10.6

10.8

11.4

13.2

Gross energy3

5.29

5.08

5.19

5.03

5.03

5.29

5.29

Internal marker for determination of digestibility
DSM Aquaculture Premix per kg of feed provided: Vitamins A = 14,000 UI, D3 = 2800 UI, E = 140 UI, K3 = 8 mg, B1 (thiamine) = 18 mg, B2 (riboflavin) 20 mg,
Nicotinamide =150 mg, Pantothenic acid = 50 mg, B6 (pyridoxine) = 15 mg, Biotin = 0.8 mg, Folic acid = 4 mg, C (ascorbic acid) = 600 mg, B12 (cyanocobalamin) = 0.03 mg,
Choline = 600 mg; and Minerals: Manganese = 40 mg, Iron = 20 mg, Zinc = 20 mg, Copper 1.5 mg, Iodine = 1.5 mg, Selenium = 0.3 mg, Cobalt = 0.15 mg, BHT
(butylated hydroxytoluene) = 120 mg
3
Analyzed by combustion (Mcal/kg DM)
2
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according to the methodology proposed by (Scott and
Boldaji 1997).
Digestibility of dry matter, organic matter, protein and
digestible energy

The apparent digestibility of DM, OM, CP and DE of
the experimental diets were determined using the equation (I) proposed by (Forster 1999).

  
MD
NF
ADð%Þ ¼ 100−100 

ð1Þ
MF
ND
where AD is the apparent digestibility (%), MD is the
marker in the diet (%), MF is the marker in the feces
(%), NF is the nutrient in the feces (%) and ND is the
nutrient in the diet (%).
The digestibility of DM, OM, CP and DE of novel ingredients under study were estimated according to the
equation (II) proposed by (Sugiura et al. 1998).
ADi ð%Þ ¼ ADC
t


ð1‐sÞDb
 ðADCt−ADCbÞ
þ
s  Dt

ð2Þ

where ADi is the apparent digestibility of the ingredient under study (%), ADCt is the apparent digestibility
coefficient of the evaluated diet, ADCb is the apparent
digestibility coefficient of the basal diet (%), Db is the
nutrients of the basal diet (%), Dt is the nutrients of the
test diet (%), s is the proportion of the ingredient evaluated in the diet and 1-s is the proportion of the basal
diet in the test diet.
Statistical analysis

The data analysis was performed using the analysis of
variance procedure (ANOVA) in the SAS statistical

program (SAS Institute Inc 2004). The digestibility
means differences of the DM, OM, CP and ED among
the kañiwa, kiwicha, quinoa, bean, sacha inchi and
jumbo squid were compared by the Tukey test. The differences were considered significant at P < 0.05.

Results
The apparent digestibility of DM, OM, CP and DE
among the kañiwa, kiwicha, quinoa, bean, sacha inchi
and jumbo squid were significantly different among the
experimental diets and among the new raw materials
studied (Table 3, P ≤ 0.001).
The experimental diets of jumbo squid, sacha inchi
and quinoa had higher values of DM and OM digestibility than the diets containing kiwicha, kañiwa and
beans. These results are consistent with the greater
apparent digestibility of CP in diets containing sacha
inchi meal (92.8%), jumbo squid meal (91.3%), quinoa
meal (90.3%) and kiwicha meal (90.1%) and lower in
the diets with kañiwa meal and bean meal. The DE
value was also higher in the diets with jumbo squid
meal (4.36 Mcal/kg DM) and sacha inchi meal
(4.19 Mcal/kg DM) and lower in the diets with quinoa,
kañiwa, kiwicha and bean meal.
Consequently, the apparent digestibility of DM and
OM in novel raw materials was higher for jumbo
squid and sacha inchi meals, followed by quinoa,
kiwicha, kañiwa and bean meals. Consistent with the
previous results, the apparent digestibility coefficient of
CP was higher for sacha inchi (98.0%), jumbo squid
(93.2%), quinoa (90.3%) and kiwicha (89.1%), followed by
kañiwa meal (82.5%) and bean meal (71.6%). Consistently,
jumbo squid (4.57 Mcal/kg DM) and sacha inchi
(4.15 Mcal/kg DM) meals had also the highest values of
DE, while quinoa (2.95 Mcal/kg DM), kiwicha (2.74 Mcal/

Table 3 Apparent digestibility of dry matter, organic matter, crude protein and digestible energy of diets and novel raw materials in
juvenile rainbow trout (Oncorhynchus mykiss)
SEM1

Treatments
Basal

Kañiwa

Kiwicha

Quinoa

Bean

Sacha inchi

Jumbo squid

72.9ab

65.5d

68.8cd

72.1bc

56.5e

73.1ab

76.3a

1.11

ab

d

bc

e

ab

80.3a

1.18

b

Diets (%)
Dry matter
Organic matter

76.6

b

Crude protein

90.3

Digestible energy2

4.19b

68.3

c

c

72.5

b

75.4

b

60.4

d

77.2

a

88.3

90.1

90.3

84.9

92.8

91.3

0.40

3.57c

3.81d

3.78c

3.32e

4.19b

4.36a

0.05

47.5d

58.9c

69.7b

36.6e

73.5b

84.5a

1.43

e

d

c

f

b

a

Novel raw materials (%)
Dry matter
Organic matter

49.2

63.1

72.9

40.4

78.4

89.1

1.54

Crude protein

82.5d

89.1c

90.3bc

71.6e

98.0a

93.2b

1.14

d

c

e

b

a

0.09

2

Digestible energy

2.25

2.74

c

2.95

1.75

4.15

4.57

Means with different letters in the same row differ significantly at P < 0.05
1
Standard error mean (n = 3). The P value in all variables studied in diets and novel raw materials were statistically significant P < 0.001
2
Expressed in Mcal/kg DM
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kg DM), kañiwa (2.25 Mcal/kg DM) and bean (1.75 Mcal/
kg DM) meals presented the lowest values.

Discussion
The apparent digestibility of DM, OM, CP and DE was
significantly different between the raw materials of vegetable origin (sacha inchi, quinoa, kiwicha, kañiwa and
bean) and that of animal origin (jumbo squid) used in
this study. The lower digestibility of the DM and the
OM of the vegetable ingredients can be explained by the
higher content of fiber in its composition (4.8–9.2%)
than in the jumbo squid meal (2.2%, Table 1). The levels
of fiber in the vegetable ingredients are those that occur
naturally, since these raw materials did not receive any
previous treatment before the manufacture of the
experimental feeds, except for sacha inchi meal that was
extruded and defatted. The presence of antinutritional
compounds such as saponins and tannins in plant feeds
(Ruiz et al. 2013) also causes less nutrient digestibility
(Gatlin et al. 2007). On the other hand, trout are carnivorous and therefore have a gut less specialized in the
digestion of vegetable raw materials. However, since the
extrusion was done to improve digestibility
(Rodríguez-Miranda et al. 2014), the lower digestibility
in the vegetable ingredients was attributed to higher
fibre content. In fact, the digestibility of the protein depends on the methods of feed processing. The extrusion
process improved the digestibility of the protein compared
to pelleting in feed for trout (Fenerci and Sener 2005).
The digestibility value of the protein for squid meal in
this study was similar to that reported for fishmeal (NRC
(National Research Council) 2011; Gaylord et al. 2008).
The higher protein digestibility of jumbo squid is attributed to the fact that feed from animal origin is with a high
protein content (Córdova-Murueta and Garcı́a-Carreño
2002) and also because trout are carnivorous fishes.
The sacha inchi meal had the highest values of digestibility among all the vegetable ingredients evaluated.
This could be explained by the fact that it had been
pre-processed (extrusion and extraction of oil). The integral seed of sacha inchi has around 24% CP and 42% fat
(Gutiérrez et al. 2011), while the extruded and degreased
meal used in this study had 54.9% CP, 9.9% fat and
5.25 Mcal/kg DM. In general, the CP and GE content of
sacha inchi meal is similar to that of soybean meal
solvent-extracted and cottonseed meal solvent-extracted.
However, the results show that the digestibility of DM,
OM, CP and DE for sacha inchi was higher than for soybean meal (NRC (National Research Council) 2011;
Glencross 2011; Gaylord et al. 2008) and cottonseed
meal (NRC (National Research Council) 2011; Gaylord
et al. 2008).
The apparent digestibility of DM, OM, CP (%) and DE
(Mcal/kg DM) of the ‘Andean grains’ were moderately
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high values, highlighting the apparent digestibility of
DM and CP of quinoa meal (69.7 and 90.3, respectively).
In a research carried out by (Muñoz et al. 2015) in juvenile fish Oplegnathus insignis, the apparent digestibility of DM and CP of quinoa was lower (64.1 and 80.2,
respectively). In another study conducted by (MolinaPoveda et al. 2015) in shrimp Litopenaeus vannamei,
they showed that fish meal can be replaced up to 45%
with quinoa meal and only up to 15% with kiwicha meal
without compromising the digestibility and performance.
These results indicated to a greater digestibility of the
CP in quinoa and lower in the kiwicha.
On the other hand, bean meal presented low digestibility values of DM, OM, CP and DE, and this can be attributed mainly to the presence of antinutritional factors in its
composition (Lech and Reigh 2012) that reduce the nutritional quality. The antinutritional factors can, however, be
eliminated with thermal treatment and soaking (Pfeffer et
al. 1995). The digestibility of CP (71.6%) of the beans obtained in our study agrees with the studies carried out by
(Tiril et al. 2009) for common bean (Phaseolus vulgaris L.)
in juvenile rainbow trout (72.9%). In vegetable ingredients,
it is difficult to decrease the content of indigestible carbohydrates, which reduces the nutritional value in fish
(Krogdahl et al. 2010). The functional properties of aquaculture feeds containing 15% bean meal were improved
with the extrusion process (120 °C and 18% humidity) by
Rodríguez-Miranda et al. 2014.
In general, digestibility values of DM, OM, CP and
DE in new raw materials showed significant differences.
The results suggest that the juvenile rainbow trout was
more efficient in the digestion of the protein and
energy of the jumbo squid and sacha inchi meal and
less efficient in ‘Andean grains’ and beans. Probably the
digestibility energy of plant vegetable ingredients could
have been affected by intrinsic factors or amylose/
amylopectin ratio (Gomes et al. 1995; Gaylord et al.
2010). It is important to consider the value of the
digestibility of raw materials in the preparation of diets
for trout in order to reduce the release of fecal material
and solids suspended in water (Davidson et al. 2013) as
well as the feed wastage.
Finally, the most acceptable novel feeds for juvenile
trout according to the digestibility values of the protein
(%) and the digestible energy (Mcal/kg DM) are sacha
inchi meal (98.0 and 4.15), jumbo squid meal (93.2 and
4.57) and quinoa meal (90.2 and 2.95), respectively. Also,
kiwicha meal presents intermediate values, while kañiwa
and bean meal presented digestibility values less recommendable to be included in the ration of juvenile trout.

Conclusion
This study represents the first nutritional assessment
of apparent digestibility coefficient of kañiwa, kiwicha,
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quinoa, sacha inchi and jumbo squid. Our results suggest that quinoa meal and jumbo squid meal have an
acceptable digestibility and can be used in feed formulation but sacha inchi meal is a potential ingredient for the feeding of juvenile rainbow trout. Further
researches are needed to evaluate the influence of
these ingredients on growth performance and feed
utilization in rainbow trout.
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antioxidant, and DNA protective
compounds
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Abstract
As a process for commercial application, production of reducing sugar, antioxidant, and DNA protective compounds
from shrimp-shell powder was investigated in a fed-batch biodegradation using Bacillus cereus EW5. The fed-batch
biodegradation was operated in a 5-L bioreactor for 96 h according to three times pulse-feeding strategy. On the basis
of the equal working volume (3 L), the fed-batch biodegradation showed a better production of the target compounds
than the batch biodegradation, with higher cell density and shortened biodegradation period. The maximum values of
the target compounds were 0.297 mg/mL of reducing sugar, 92.35% DPPH radical scavenging activity, 98.16%
ABTS radical scavenging activity, and 1.55 reducing power at A700, which were approximately 12.1, 3.4, 5.2,
and 8.4% enhanced, respectively, compared with those obtained from the batch biodegradation. The fed-batch culture
supernatant also showed the enhanced DNA damage inhibition activity than the batch culture supernatant. As a result,
the fed-batch biodegradation accompanied by high cell density could produce more useful compounds, enabling an
increase in the reutilization value of shrimp-shell waste.
Keywords: Shrimp-shell waste, Reducing sugar, Antioxidant activity, DNA protective ability, Fed-batch biodegradation

Background
Shrimp-shell waste (SSW) is generated in huge quantities from the shrimp processing industries throughout the world, and it is primarily disposed of into the
sea, causing intense environmental pollution (Suresh
2012). Since this chitinous waste is considered as a
valuable renewable resource, related studies have been
carried out to convert it into useful compounds.
Recently, environmentally friendly reutilization of
SSW using microorganisms has attracted our interest.
Thereupon, fermentation productions of chitin, mono-,
di-, and oligo-saccharides have been reported from SSW
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School of Global Fisheries, Pukyong National University, Busan 48513,
Republic of Korea
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by chitin-degrading bacterial strains (Halder et al. 2013;
Sorokulova et al. 2009; Wang et al. 2012). The chitosaccharides have exhibited diverse functional properties, such
as antitumor activity (Liang et al. 2007; Wang et al.
2008b), antimicrobial activity (Tsai et al. 2000; Wang et al.
2008a; Wang and Yeh 2008), and antioxidant activity
(Annamalai et al. 2011; Azam et al. 2014; Wang et al.
2010). In particular, N-Acetylglucosamine (GlcNAc) as a
unit of chitin has been reported to have a great prospect
for the treatment of several diseases, such as osteoarthritis
(Talent and Gracy 1996), gastritis, and inflammatory
bowel disease (Chen et al. 2011).
Among studies on microbial reclamation of shrimp
processing waste, Bacillus cereus has been known as
an efficient microorganism for shrimp-waste degradation (Azam et al. 2014; Banik and Prakash 2004;
Ghorbel-Bellaaj et al. 2012; Sorokulova et al. 2009;
Wang et al. 2009; Wang et al. 2012). The strain B.
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cereus EW5 was reported to produce chitinolytic
(Azam et al. 2014), proteolytic, and lipolytic enzymes
(Kim et al. 2010). Bioactive chitosaccharides, chitobiose, and GlcNAc were also recovered by SSW biodegradation using the B. cereus EW5 (Azam et al.
2014; Banik and Prakash 2004; Chen et al. 2011;
Ghorbel-Bellaaj et al. 2012; Kim et al. 2010; Talent
and Gracy 1996; Wang et al. 2009). Since competent
production of the chitosaccharides from SSW has not
yet reported, it is necessary to study the enhanced
SSW biodegradation in a bioreactor level for commercial application.
Fed-batch is a commonly used means for the production of microbial biomass, ethanol, organic acids, antibiotics, vitamins, enzymes, and other compounds in which
the culture medium is added continuously or in pulses
to reach the maximum volume (Hadiyanto et al. 2013).
The advantages of fed-batch over the conventional batch
operation include higher biodegradation rate, higher
productivity, higher dissolved oxygen (DO) in the
medium, and decrease in fermentation time and toxic
effect of the medium components (Abou-taleb 2015;
Cheng et al. 2009). In the fed-batch operation, the
design of the feeding strategy and feed control is of great
importance, as both overfeeding and underfeeding of the
nutrient affect the cell growth and the formation of desired products (Bretz and Kabasci 2012). The feeding
strategies in the fed-batch operation include a constant
feeding rate, a pulse feeding rate, and an exponential
feeding rate. Since actively growing cells fed at a constant rate in fed-batch operation are overfed at early reaction stages and underfed at later stages, feeding based
on the specific growth rate of the main microbe has
been known to yield a better bioreaction (Salehmin et al.
2014). In this study, therefore, the production of reducing sugar, antioxidant, and DNA protective compounds
was investigated in the fed-batch SSW biodegradation
using a pulse feeding strategy for high production. The
changes in kinetic parameters and the production of the
bioactive compounds were compared with those obtained from the batch biodegradation to demonstrate
the advantage of fed-batch biodegradation.

Methods
Microorganism and culture medium

The microorganism used in this study was a chitin-degrading strain B. cereus EW5 (GenBank accession no.
DQ923487) previously isolated from the earthworm
viscera (Azam et al. 2014) and ordinary maintained in the
deep freezer at − 70 °C. It has potentially proteolytic and
lipolytic activities with fairly good salt endurance. As a
competent microorganism, the strain B. cereus EW5 was
first cultivated in the liquid nutrient broth after thawing,
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incubated for 14 h at 47 °C, and then maintained at 4 °C
for further use.
The culture medium was composed of (w/v): 1%
shrimp-shell powder (SSP); 0.5% NH4Cl; 0.1%, K2HPO4;
and 0.05% MgSO4.7H2O (pH 7.0). The SSP was prepared
from the shell parts of the frozen whiteleg shrimp (Litopenaeus vannamei) purchased from the local market.
The shell parts were initially washed with tap water,
boiled for 15 min, and then dried in an oven at 120 °C
for 12 h. The dried shells were ground to powder form,
sieved with a particle size of less than 38 μm, and stored
at 4 °C until used. To activate the biodegradation, the
prepared SSP was pretreated: it was sonicated for 1 h,
treated with NaOH at pH 12.5 ± 0.1 on a hot plate at 80
± 5 °C with mild stirring for 5 h for deproteinization,
and then treated with HCl at pH 4.0 ± 0.1 at room
temperature, followed by continuous stirring overnight
for demineralization to increase its solubility. The other
constituents of the culture medium excluding SSP were
separately autoclaved at 121 °C for 15 min. After then,
the other constituents’ solution was mixed with the pretreated SSP solution. Finally, the SSP culture medium
for biodegradation experiments was prepared after pH
of the mixed solution was adjusted to 7.
Biodegradation of SSP

To produce useful compounds from SSP, the biodegradation experiments were carried out in a 5 L bioreactor
(Winpact Bench-Top Fermenter, Major Science, USA)
with working volume of 3 L. This bioreactor system was
equipped with three six-bladed adjustable Rushton-type
impellers, four peristaltic pumps, polarographic DO sensor, pH electrode, temperature control, inlet air flow
meter, baffle, condenser, and real-time recording and
control system within the vessel. The stirred reactor was
aerated by an air pump (LP-40A, Young Nam Yasunaga
Co., Korea). The airflow rate and rotation speed were 2
LPM and 200 rpm, respectively. During the biodegradation, DO level was maintained at 50–70% saturation by
adjustment of agitation speed and aeration rate. The inoculum (10%, v/v) for the biodegradation was prepared
in a 250-mL conical flask containing the 100-mL SSP
culture medium. After B. cereus EW5 was seeded, the
flask was incubated at 47 ± 1 °C and 170 ± 5 rpm for
1 day to proliferate cells until a log-phase. To prevent
severe foaming, 1% antifoam emulsion was pumped into
the reactor. Since evaporative liquid loss was taken place
in the reactor due to high reaction temperature and
airflow, it was compensated with sterile distilled water
(DW). Samples were taken periodically during the
biodegradation for analyses of cell density and useful
compounds produced from SSP. The culture supernatant was collected by the centrifugation at 4 °C and
10,000 rpm for 10 min.
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The biodegradation was executed in both batch and
fed-batch operations. The bioreactor temperature was
47 ± 1 °C, pH was not controlled, and antifoam emulsion
was pumped into the bioreactor when foam occurred
plentifully. In the batch operation, 2700 mL of the sterile
SSP culture medium was initially filled in the bioreactor
vessel. The pH and DO probes were calibrated in advance, and all process set points were entered on the
control unit installed on the reactor body. The agitation
speed was set at 200 rpm with airflow rate of 1.0 vvm
for complete mixing. After the parameters were at their
set points, 300 mL of inoculum (10%, v/v) was pumped
aseptically into the bioreactor vessel using a peristaltic
pump. Therefore, the batch biodegradation started with
initial working volume of 3 L, and samples were taken
periodically for analyses of reaction parameters.
The fed-batch biodegradation started after the characteristic data were obtained from the batch biodegradation. The fed-batch operation was initiated as a batch
culture with 1080-mL SSP culture medium and 120-mL
(10%, v/v) seed culture of B. cereus EW5. According to
the growth characteristics of the batch culture, pulse
feeding was executed at 14, 42, and 72 h of biodegradation periods when the cells reached early-, mid-, and
late-exponential phases, respectively. The amounts of
pulse feeding at 14, 42, and 72 h were 390, 785, and
625 mL, respectively. The final working volume was 3 L,
which was equivalent to the working volume of the
batch biodegradation. The SPP culture medium was
injected into the bioreactor using a peristaltic pump at a
flow rate of 46.80 mL/h, and the biodegradation lasted
for 96 h. All the experiments were carried out in
triplicate.
Cell density

At each sample period, a 10-mL sample was taken from
the bioreactor, and 1 mL was used for the determination
of change in cell density during the biodegradation.
Against control, the cell density was measured as optical
density (OD) using spectrophotometer (Optizen,
Mecasys Co., Korea) at 600 nm, and each measurement
was carried out in triplicate. The rest of the sample was
centrifuged at 4 °C and 10,000 rpm for 10 min, and then
the supernatant was immediately frozen at − 20 °C for
later analyses of reducing sugar, antioxidant activity, and
DNA damage inhibition activity.
Measurement of reducing sugar

A slightly customized method of Imoto and Yagishita
(1971) was used to determine the concentration of reducing sugar produced from the SSP. Four milliliters of the
color reagent (98% dinitrosalicylic acid; Sigma-Aldrich,
St. Louis, USA) was mixed with 1 mL of the culture
supernatant, followed by incubation in boiling water in a
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glass tube for 8 min. Then, the absorbance of the mixture was measured using the spectrophotometer at
420 nm after cooled at room temperature. The concentration of reducing sugar was finally determined by
means of the standard curve using GlcNAc (Sigma-Aldrich) as a reference compound.
Antioxidant activities of biodegraded SSP
DPPH radical scavenging assay

To determine the DPPH (2,2-diphenyl-1-picrylhydrazyl)
free radical scavenging activity of the culture supernatant, the slightly customized Blois (1958) method was
applied. Two milliliters of 0.1 mM DPPH (dissolved in
80% ethanol) solution was added to 1 mL of the culture
supernatant, and the resultant mixture was placed at
room temperature in the dark for 30 min. After then,
the mixture solution was measured using the spectrophotometer at 517 nm. The sample blank was prepared
by replacing DPPH with 80% ethanol. DPPH radical
scavenging activity was finally obtained from the following calculation:
Scavenging activity ð%Þ ¼

Absorbance of control  Absorbance of sample
 100
Absorbance of control

ð1Þ
The control sample was the mixture of 2 mL of
0.1 mM DPPH and 1 mL of 80% ethanol. As a positive control, L-ascorbic acid (0.1 mM) was used under
the same measurement conditions. The assay was
done in triplicate.
ABTS radical cation decolorization assay

For ABTS (2, 2′-Azino-bis 3-ethylbenzothiazoline-6-sulfonic acid) radical cation decolorization assay, a slightly
customized method of Re et al. (1999) was applied. To
prepare the ABTS radical cation (ABTS reagent), 5 mL
of 7 mM ABTS was mixed with 5 mL of 4.9 mM Potassium persulfate (K2S2O8) in DW. The mixture was
placed in a dark at room temperature for 16 h. The absorbance of the ABTS reagent was then modulated to
0.720 ± 0.02 at 734 nm with 80% ethanol. Finally, 1.8 mL
of the ABTS reagents was added to 0.2 mL of the culture
supernatant, followed by measurement of the absorbance at 734 nm. As a positive control, L-ascorbic acid
(0.3 mM) was used under the same measurement conditions. The percentage of inhibition was obtained from
the following calculation:
%Inhibition ¼

Absorbance of control  Absorbance of sample
 100
Absorbance of control

ð2Þ

DW was used as the control, and the sample blank
was prepared with 80% ethanol by replacing the ABTS
reagent. The assay was done in triplicate.
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Reducing power assay

A slightly customized method of Wu et al. (2010) was
used for reducing power assay. One milliliter of the culture supernatant was mixed with 1.0 mL of 0.2 M phosphate buffer (pH 6.6) and 1.0 mL of 1% potassium
ferricyanide, followed by incubation at 50 °C for 20 min.
After the incubation, the reaction was stopped by adding
1.0 mL of 10% (w/v) trichloroacetic acid, and then the
reaction mixture was centrifuged at 3,000 rpm for
10 min. Two milliliters of the centrifuged solution was
taken from the upper layer and mixed with 2 mL of DW
and 0.4 mL of 0.1% FeCl3, followed by incubation at
room temperature for 10 min. After incubation, absorbance of the solutions was measured using the spectrophotometer at 700 nm. The control was prepared with
DW by replacing the culture supernatant. The assay was
conducted in triplicate.
Determination of DNA damage inhibition

The protective effect of the biodegraded SSP culture
supernatant against hydroxyl radical-induced oxidative
DNA was performed according to a slightly customized
method of Lee et al. (2002). For the determination of
DNA damage inhibition, 2 and 4 μL of the 48-h culture
supernatants were exposed to 2 μL of 300 ng/μL λ DNA
(Takara Bio Inc., Japan) with 1/4 concentration of freshly
prepared Fenton’s reagents (mixture of 20 mM FeCL3,
12.5 mM ascorbic acid and 7.5 mM hydrogen peroxide).
In each determination, two different amounts (2.5 and
5 μL) of Fenton’s reagents were used. Positive control
was prepared by mixing DW with the 2-μL λ DNA in
the absence of the culture supernatant and Fenton’s
reagents, while negative control was prepared by mixing
2-μL λ DNA, 2-μL Fenton’s reagents, and 16-μL DW
excluding the culture supernatant. Final volume of each
mixed solution was kept at 20 μL. Each mixture was
then incubated at 37 °C for 30 min, and the DNA was
analyzed on 1.5% agarose gel, followed by ethidium bromide staining and visualization under UV-transilluminator
using Gel Documentation system (Vilber Loumat, France).

Results and discussion
A batch biodegradation was first executed, and then a
fed-batch biodegradation based on the growth characteristics of the batch biodegradation was followed to enhance the production of useful compounds from SSP.
The enhancement in the fed-batch operation over the
batch operation was evaluated by the comparison between their values of reaction parameters.
Changes in cell density and pH

A batch biodegradation of SSP using B. cereus EW5 was
carried out for 96 h, and changes in cell concentration
and pH are shown in Fig. 1a. The profile of cell density
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displayed a typical batch growth pattern. For the first 12 h,
a lag phase of the cell growth was revealed, followed by
early-, mid-, and late-exponential phases. After then, cell
growth slowly reached a stationary phase. The highest optical cell density was 2.5 at 96 h. During the biodegradation, the specific growth rate (μ) gradually slowed down,
and those values at early-, mid-, and late-exponential
phases were approximately 0.04, 0.03, and 0.02 h−1, respectively. This tendency in the growth rate was also
shown in the previous study of SSP biodegradation (Azam
et al. 2014). Meanwhile, pH dropped to 6.43 for the first
12 h, and thereafter, it started to increase to 7.09 for the
next 12 h of biodegradation (Fig. 1b). The drop in pH occurred when SSP was deproteinized and demineralized by
B. cereus EW5 (Rao et al. 2000), and accumulation of chitosaccharides containing an amino group caused an increase in pH (Halder et al. 2013). Similar findings were
found in other studies of shellfish-waste biodegradations
(Rajdeep and Krishna 2012; Wang et al. 2009). After 24 h,
the pH decreased gradually and reached at the lowest
value of 4.57 at 96 h. This result was supported by the
study of Ghorbel-Bellaaj et al. (2011) in which pH
dropped from 7.0 to 4.4 over 7 days of SSP fermentation
using Pseudomonas aeruginosa. In that study, the
demineralization rate was the maximum (92%) when the
pH reached at 4.4. Similar result was also found from the
chitin fermentation using Chitinbacter tainanesis (Chen et
al. 2010). In this case, pH decreased gradually from 7.4 to
5.3 for 14 h.
After the batch biodegradation, a fed-batch biodegradation was executed using the pulse feeding strategy. The
amounts of feeding substrates were 390, 785, and 625 mL
at 14, 42, and 72 h, respectively, to adjust the dilution rate
to μ at each growth phase characterized from the batch biodegradation. The change in the cell density in the fed-batch
operation is shown in Fig. 1a. During the first batch-type
operation with working volume of 1.2 L for 14 h, a relatively high value of optical cell density was displayed, compared with that of the batch operation with working
volume of 3 L. This was probably because the environmental conditions of aeration and mixing were more favorable
to a smaller quantity of working volume (Gwon and Kim
2012). Cell proliferation increased after the first pulse feeding for 14 h, and this trend was more intense after the second and third pulse feedings. The optical cell density (4.76
at OD600) in the fed-batch biodegradation at 96 h was approximately 1.9 times as much as that (2.5) of the batch
biodegradation. This result indicates that the fed-batch operation was more favorable for cell proliferation than the
batch operation. It was because the pulse feeding was based
on μ of B. cereus EW5, providing a better environment for
cell growth (Abou-taleb 2015). Meanwhile, the change in
pH showed a little different pattern in the fed-batch biodegradation (Fig. 1b). For the first 24 h, the pattern of pH was
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Fig. 1 Changes in the optical cell density (a) and pH (b) during the batch biodegradation (circle) and the fed-batch (tringle) biodegradation of
1% SSP by B. cereus EW5. All data correspond to the mean ± SD (n = 3) of triplicate determination

similar to that of the batch biodegradation. After then, pH
slightly fluctuated between 5.74 and 6.50. In the batch biodegradation, on the other hand, pH gradually dropped to
4.57 until the end. Therefore, additional substrate feeding
in the fed-batch operation might contribute better cell
growth and consequently lead the production of various
metabolites (Abou-taleb 2015). It was also reported that
change in alkalinity was caused due to breakage of peptide linkages of chitin by proteolysis (Bajaj et al. 2016),
and high demineralization rate was found at pH 5.86
during the batch degradation of chitin (Ghorbel-Bellaaj
et al. 2011). GlcNAc was reported to result from the
chitin degradation optimally at pH 5.3 (Chen et al.
2010). From all the above information, it was concluded
that a different pH pattern shown in the fed-batch biodegradation was due to the enhancement in cell density
with higher production of metabolites.

Production of reducing sugar

During the biodegradation of SSP, reducing sugar as one
of useful compounds was produced by B. cereus EW5.
The reducing sugar was produced from the beginning of
the batch biodegradation, and its concentration increased until 60 h, with the maximum value of
0.265 mg/mL (Fig. 2). After then, it decreased slightly to
0.222 mg/mL at 96 h. This trend could be generally
found in the biodegradation using polymer substrates
(Azam et al. 2014). Up to the middle of exponential
growth phase, the strain EW5 continuously produced
the reducing sugar by its extracellular chitinolytic enzyme. Meanwhile, decrease in the reducing sugar concentration at a later biodegradation period was probably
because the strain EW5 utilized the reducing sugar as an
easier uptake substrate, instead of SSP. In the previous
study (Azam et al. 2014), 0.24 mg/mL of reducing sugar
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Fig. 2 Production of reducing sugar during the batch biodegradation (circle) and the fed-batch (triangle) biodegradation of 1% SSP by B. cereus
EW5. All data correspond to the mean ± SD (n = 3) of triplicate determination

was produced from SSP after 4 days of incubation in a
shake-flask level. Therefore, batch culture in a bioreactor
level clearly enhanced the production of reducing sugar
and simultaneously shortened the biodegradation time.
In the fed-batch biodegradation prior to the pulse feeding, the pattern of reducing-sugar production followed that
of the batch biodegradation (Fig. 2). After the pulse feeding,
the production rate of reducing sugar in the fed-batch biodegradation exceeded that of the batch biodegradation. The
maximum value of 0.297 mg/mL was achieved at 48 h, and
it maintained more or less up to 84 h. This value was approximately 12.1% higher than that of the batch biodegradation with shorter biodegradation time. As a result, the
substrate feeding adjusted to μ of the strain EW5 could
provide a better environment for production of reducing
sugar. The concentration of reducing sugar also decreased
in the later fed-batch biodegradation, as shown in the batch
biodegradation.
Antioxidant activities of the biodegraded compounds
DPPH radical scavenging activity

As a bioactive compound, an antioxidant has been known
to be produced from the SSP biodegradation (Azam et al.
2014). For this reason, three different types of antioxidant
activities were measured for the biodegraded products
produced from the batch and fed-batch biodegradations.
First, DPPH radical was applied to measure the free-radical
scavenging capacity of the culture supernatant. In this
measurement, reduction in absorbance occurred by scavenging the free radicals when DPPH radicals encountered a
proton-donating substance (Bersuder et al. 1998). As shown
in Fig. 3, DPPH radical scavenging activity in the batch
operation increased as SSP was biodegraded up to 60 h

with a value of 89.33%, and then it decreased gradually to
66.57% at the end. The maximum activity was superior to
the positive control of 0.1 mM L-Ascorbic acid (81.35%).
The DPPH radical scavenging activities reported in the
previous studies ranged over a wide variety of values: 56%
DPPH radical scavenging activity from SSP fermentation
using B. cereus (Wang et al. 2009); 64.86 and 79.84% activities from cooked and raw shells of shrimp (Litopenaeus
schmitti), respectively (Lira et al. 2017); 68.5–83.4% activities during 8 days of biodegradation (Azam et al. 2014);
82% activity from shrimp waste by treatment with crude
protease isolated from Bacillus cereus SV1 (Manni et al.
2010); 82.5% activity after 64 h of SSP biodegradation
using Aeromonas hydrophila SBK1 (Halder et al. 2013);
and 90% maximum activity after 3 days of SSP fermentation using Pseudomonas aeruginosa (Ghorbel-Bellaaj et al.
2011). Although the DPPH radical scavenging activity
could become different with the reaction conditions, a
relatively high activity was obtained through this study.
The DPPH radical scavenging activity was enhanced by
the fed-batch operation. The maximum value of 92.35%
was determined at 48 h, and the activity remained more or
less until 84 h. Thereafter, it decreased to 75.63% at the
end. The DPPH radical scavenging activity was overall enhanced, the maximum activity was achieved in a shorter
biodegradation time, and the activity was maintained for a
longer time, compared with the result of the batch operation. The enhancement in the DPPH radical scavenging
activity could result from the maintenance of active biodegradation using the pulse feeding adjusted to μ of B. cereus
EW5. Protein-astaxanthin complexes of shrimp waste were
reported to produce a complex mixture of bioactive compounds (free amino acids, peptides, carotenoids, etc.) by the
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Fig. 3 DPPH free radical scavenging activity of 1-mL culture supernatant during the batch biodegradation (circle) and the fed-batch biodegradation
(triangle) of 1% SSP by B. cereus EW5. All data correspond to the mean ± SD (n = 3) of triplicate determination

bacterial enzyme hydrolysis (Manni et al. 2010). Consequently, the fed-batch culture supernatant could contain
more oxidant compounds that acted as electron donors,
which converted the free radical to more stable products
and terminated the radical chain reaction.
ABTS radical scavenging activity

The ABTS radical cation decolorization assay was applied to measure the antioxidant activity of the culture
supernatant. It is often used to evaluate the antioxidant

activity of both lipophilic and hydrophilic antioxidant
(Bersuder et al. 1998). The ABTS radical scavenging activity of the batch culture supernatant ranged from 71.42
to 93.33% during 96 h of biodegradation (Fig. 4). These
activities were superior to that (73.2%) of 0.3-mM ascorbic acid as a positive control. In the same manner,
Sachindra and Bhaskar (2008) reported high radical
scavenging activity of 94.82% from the fermentation of
SSP, and Azam et al. (2014) reported high radical scavenging activity of 93.4–99.6% during the biodegradation
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Fig. 4 ABTS radical scavenging activity of 0.2-mL culture supernatant during the batch biodegradation (circle) and the fed-batch biodegradation
(triangle) of 1% SSP by B. cereus EW5. All data correspond to the mean ± SD (n = 3) of triplicate determination
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of SSP. On the contrary, Walke et al. (2014) reported
24% ABTS scavenging activity from shrimp shell against
a positive control (0.05 mg/mL butylated hydroxyanisole), Sujeetha et al. (2015) reported 41% activity from
mud crab (Scylla serrata) extracts, and Lira et al. (2017)
reported 43.86 and 45.23% activities for cooked and raw
shells of shrimp (Litopenaeus schmitti), respectively.
In this study, the ABTS radical scavenging activity was
enhanced by the fed-batch operation (Fig. 4). The ABTS
radical scavenging activity ranged 85.70–98.16% during
96-h fed-batch operation, and the highest activity was
achieved after 48 h. In the fed-batch operation, there
was no big drop in the ABTS radical scavenging activity
until the end of biodegradation, which was not displayed
in the batch operation. This indicates that the pulse
feeding provided a better environment for the production of antioxidant compounds in the fed-batch operation. High ABTS radical scavenging activity was known
to be caused mostly by the production of GlcNAc and
chitobiose from SSP (Azam et al. 2014). This high ABTS
scavenging activity was also reported in the study of SSP
fermentation by Sachindra and Bhaskar (2008).
Reducing power

The reducing power assay is often used to appraise the
ability of an antioxidant to donate electron or hydrogen
(Gao et al. 2012). It was known that there was a direct
correlation between antioxidant activity and reducing
power of certain bioactive compounds (Bahri-Sahloul et
al. 2014). Accordingly, the action of antioxidant compounds resulted in the neutralization of free radicals,
converting them into more stable non-reactive species

and thus terminating the free radical-initiated chain reactions (Bersuder et al. 1998). In this study, the reducing
power of the batch culture supernatant showed a linear
increase with time (Fig. 5). The highest value (1.43) of
reducing power was recorded at 96 h against the control
(0.025). As reported in other studies (Ghorbel-Bellaaj et
al. 2012; Sachindra and Bhaskar 2008; Wang et al. 2009),
a positive correlation between reducing power and antioxidant activity based on the radical scavenging activity
was also found in this study. The reducing power reported in previous studies of SSP were in a wide range
of values: Azam et al. (2014) reported a reducing power
of 0.34 after 5 days of incubation in a flask level, whereas
Maruthiah (2017) reported 1.32 as the reducing power
of SSP hydrolysate. Furthermore, a reducing power of
1.7 was reported after 1 day of SSP fermentation using
P. aeruginosa (Ghorbel-Bellaaj et al. 2011), and a reducing power of 1.55 was reported for hydrolysate of SSP
achieved by Bacillus pumilus A1 (Ghorbel-Bellaaj et al.
2012). Although the production of reducing power compounds from SSP could vary under different culture conditions, a relatively high reducing power was obtained
through this study.
In the fed-batch operation, the reducing power of the
culture supernatant also increased linearly with time
(Fig. 5). The highest value of reducing power was 1.55 at
96 h, which was enhanced by 8% in comparison with
that of batch operation. It was reported that antioxidant
activity was closely related to the concentrations of bioactive compounds, such as phenolics, chitooligosaccharides, oligopeptides, peptides, and free amino acids, and
they were most likely produced during the fermentation
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Fig. 5 Reducing power of the culture supernatant during the batch biodegradation (circle) and the fed-batch biodegradation (triangle) of 1% SSP
by B. cereus EW5. All data correspond to the mean ± SD (n = 3) of triplicate determination
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of shrimp waste (Ghorbel-Bellaaj et al. 2012; Sachindra and
Bhaskar 2008; Wang et al. 2009). As a result, the enhancement in reducing power in the fed-batch operation could
result from high production of antioxidant compounds by
the pulse feeding adjusted to μ of the strain EW5.
DNA damage inhibition activity

Free hydroxyl radicals were known to induce some damage to the DNA, leading to mutation (Saenjum et al.
2010) or further to cell death (Kim et al. 2012). For this
reason, natural antioxidant compounds are concerned
about their protective ability of cellular components. To
evaluate DNA damage inhibition activity of the 48-h culture supernatant, hydroxyl radicals were exposed to λ
DNA either in the presence or in the absence of the culture supernatant. As shown in Fig. 6, DNA damage
inhibition activity did not appear in the absence of the
culture supernatant. When 2 μL of the 48-h culture
supernatant was applied to this assay, λ DNA treated
with 2.5 μL of Fenton’s reagents (containing hydroxyl
radicals) displayed a clear band exclusively in the presence of the fed-batch culture supernatant (lane 5 in
Fig. 6a). Compounds produced from SSP were reported
to have DNA protection activity against damage by
hydroxyl radicals and recommended for potential use in
gene therapy: astaxanthin (Sila et al. 2013) and chitosaccharidies (Halder et al. 2014) from the treatment of protease and chitinase, respectively. In this study, however,
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the DNA damage inhibition activity did not appear in
the presence of either the batch culture supernatant or a
higher free-radical concentration at 5 μL of Fenton’s reagents. When 4 μL (as a double dose) of the 48-h culture
supernatant was exposed to λ DNA, the DNA damage
inhibition activity of the batch culture supernatant could
be clearly visible on 1.5% agarose gel (lane 3 in Fig. 6b),
which was not shown in 2 μL of the batch culture supernatant. However, any DNA damage inhibition activity
was still not displayed in the present of 5 μL of Fenton’s
reagents, even if the dose of the culture supernatant was
doubled. From the above results, it was concluded that
the DNA damage inhibition activity of the fed-batch culture supernatant was superior to that of the batch
culture supernatant. This was because relatively high
production of DNA damage inhibitory compounds was
obtained from the fed-batch operation under a better
environment for SSP biodegradation (Abou-taleb 2015).

Conclusions
For commercial-scale production, production of useful
compounds from SSP in a reactor level was investigated.
A fed-batch biodegradation using a pulse feeding strategy demonstrated an enhancement in reducing sugar
concentration, antioxidant activities, and DNA damage
inhibition activity, compared with those obtained from
the batch biodegradation. This enhancement was accompanied by high cell density and shortened biodegradation period. As a result, it could not only increase the
reutilization value of SSW, but also provide a solution
for environmental pollution problem. To our knowledge,
this is the first scientific report about the enhanced
production of useful compounds from SSP through the
fed-batch operation.
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Abstract
Sexual maturity (L50), the length at which 50% of fish in a size class are mature, is a key aspect of domestication of
new fish species because it guides the procedure for identification of appropriate broodstock size for artificial
spawning. In this study, the L50 was determined for 1083 Barbus altianalis samples obtained from Lake Edward and
the Upper Victoria Nile. Gonads of freshly killed samples were examined macroscopically and verified with standard
histological procedures for the maturation stages that were used to determine L50. Oocytes and spermatogenic cell
sizes were compared for fish obtained from both water bodies. Results indicated that there were no variations in
macro gonad features observed for fish from Lake Edward and Upper Victoria Nile. Similarly, there were no significant
differences in oocyte sizes (P > 0.05) between the two populations but significant differences in spermatogenic cell
sizes were noted (P < 0.05) except for spermatozoa (P > 0.05). This however did not suggest peculiar differences
between the two populations for staging the gonads. Consequently, no staging variations were suggested for both
populations in determination of L50. Sexual maturity was found in the same class size of fork length (FL) 20–24.9 cm
and 35–39.9 cm for males and females from both water bodies, respectively. At this FL, however, males were too small,
and for good selection of vigor broodstocks for spawning and conservation purposes, they are better picked from class
size of 30–34.9 cm FL and above. These findings were crucial for integration of appropriate breeding size in spawning
protocol by farmers and fisheries scientists conserving wild B. altianalis populations.
Keywords: Sexual maturation, Staging, Oocyte sizes, Spermatozoa

Background
Barbus altianalis also known as the Ripon Barbel is a
freshwater cyprinid inhabiting the lacustrine-riverine
system of Lakes Edward and Upper Victoria Nile in East
Africa (Greenwood 1966). It is a high-value species and
a cherished delicacy in the East African region. Its successful induced spawning by Rutaisire et al. (2015) was
in response to the drastically declining catches in the region (Ondhoro et al. 2016; Rutaisire et al. 2015). The
* Correspondence: caruho@yahoo.com; aruhoc@gmail.com
1
Aquaculture Research and Development Center, Kajjansi, PO Box 530,
Kampala, Uganda
Full list of author information is available at the end of the article

successful spawning triggered more research activities in
technologies aimed at improving its availability for commercial production. For instance, the optimal spawning
conditions and its larval growth performance has been
improved to ensure mass seed production for distribution (Aruho 2017). However, during the improvement
process of spawning, the appropriate size for spawning
was found to be an important aspect required for inclusion in spawning protocol. The size at maturity is the
size at which 50% of the fish in a given class size is sexually mature (Booth 1997). Length and weight are the
most commonly used mean indices for estimating the
size at which 50% of the fish become mature in a given
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class size (Hossain et al. 2012; Lambert et al. 2003). The
size at maturity in fish is determined based on gonadal
maturation and developmental patterns in a given species (Brown-Peterson et al. 2011; Lambert et al. 2003).
Fish grows through egg-larval, juvenile, and mature
ontogenetic phases which are genetically and environmentally controlled (Gunnarsson et al. 2006; Nickolskii
1969). Transformation from immature to sexually mature phases in teleosts is a critical developing period
when the fish enters the reproductive cycle (Brown-Peterson et al. 2011). Thus, the transition from juvenile to
sexual maturity in both females and males occurs when
appropriate environmental and biological cues trigger
the initiation and transformation for the first time of
pre-vitellogenic oocytes and spermatogonia into vitellogenic oocytes and spermatozoa respectively. The attainment of size at maturity in the same species may vary
with changing environmental conditions over time and
in the same or different geographical locations (Cao et
al. 2009; Lambert et al. 2003). The size at maturity has
been determined for many teleosts and is regarded as a
remarkable factor of reproductive potential that has been
widely used in fisheries to control and regulate fish exploitation for sustainable conservation. Its use has apparently been extended into studies for domestication of
fish species, guiding culturalists to identify sexually
mature and ripe individuals for induced spawning
(Aruho et al. 2013; Rutaisire and Booth 2004). Identification of suitable candidates for induced spawning
requires adequate knowledge of the size of the fish
with high chances of oocytes that have reached ripening stage ready for ovulation (Basiita et al. 2011;
Rutaisire et al. 2015).
Although induced spawning was successfully achieved
for B. atlianalis (Rutaisire et al. 2015), the appropriate
size at sexual maturity was never determined. Any fish
ranging from 100 to 7000 g could be used for spawning
as long as it had milt or eggs and this is still the trend.
However, this raised questions of conservational size and
often heightened a potential conflict between fisheries,
law enforcers, and breeding scientists as this was seen as
a bad habit of encouraging fishers to catch undersized
fish. Apparently, it is difficult to state the appropriate
size of wild fish for inclusion in the breeding protocol of
B. altianalis. In spite of the successful larval weaning
and juvenile growth experiments that have been conducted to improve survival and growth of B. altianalis
(Aruho 2017), the selection of an appropriate size for
breeding is still an important requirement and this is
still based on the wild source. This is because there has
not been a reported breakthrough of the completion of
the breeding cycle of B. altianalis in captivity. Rutaisire
et al. (2015) recommended a semi-natural method as
one of the propagation methods in which the brood fish
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could be collected, induced, and left to spawn naturally
in ponds. However, the collection of wild species for
acclimatization, conditioning, and subsequent domestication requires known length at sexual maturity.
Knowledge of size at sexual maturity is an important reproductive aspect that was crucial in defining and integrating the right size of brood fish in artificial spawning
protocol of B. altianalis. Thus this study focused on determination of appropriate size (length and weight) at
maturity of B. altianalis from two populations of Lake
Edward and Upper Victoria Nile to guide in selection of
right fish size for induction during artificial spawning.

Methods
Collection of wild fish samples for determination of size
at maturity

B. altianalis samples were collected from Lake Edward
(S00.08835, E029.76159; S00.13530, E029.86539) and
Upper Victoria Nile (33° 05′ E, 0° 35′ N; 33° 05′ E, 0° 45′
N) between February and April 2015. Samples from Upper
Victoria Nile were collected using both hooks and nets.
The hooks were of size 9–7 (14–13 mm hook gape size,
respectively) mounted on long lines in a fleet of 100–
500 m in length and baited with tilapia fingerlings. The
fishing nets were used for catching fish in both Upper
Victoria Nile and Lake Edward. A fleet of nets each of ply
36, 26 m in width and 90 m deep (for Lake Edward) and
25 m in width and 10 m deep (for Upper Victoria River),
with mesh size ranging from 0.5 to 10 inc. were joined together. However, the nets in Lake Edward were not fixed
but left to drift in the fishing ground (this is the commonest method used by fishermen for catching B. altianalis in
Lake Edward). The nets were set for 12 h at night and for
three consecutive days. However, our experimental nets
could not catch enough specimens and were therefore
supplemented by purchasing all the landed fish on the
sampling day. In total, 220 fish were captured with experimental nets from Lake Edward but 303 were purchased,
while 200 fish were caught with experimental nets in
Upper Victoria Nile but 360 fish were purchase at the
landing sites. The total weight (g) was recorded to the
nearest 0.1 g and standard length (SL), fork length (FL),
and total length (TL) were measured using a calibrated
fish measuring board to the nearest 0.1 mm. Fish was dissected to obtain the gonads that were classified into maturity stages based on modifications from Brown-Peterson
et al. (2011) classification (Table 1 and Table 4). To validate the stages, small portions of gonads for each fish were
immediately preserved in Bouin’s solution for further
histological analysis. The preserved samples were
taken to the College of Veterinary Medicine, Animal
Resources and Bio-security (COVAB) histology laboratory at Makerere University and were processed based
on standard histological procedures by Bancroft and
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Table 1 Classification of maturity stages for female B. altianalis
Stage I (immature): Strand-like reddish gonads (dominated by oogonia
and primary growth oocytes)

Stage II (developing): Minute off-white speckles (cortical alveolar oocytes)
are observed within the ovary. Few Vtg1 and Vtg2 are also observed

Stage III (spawning capable): Early stage; clear gonads with batches of
off-white and pale yellow eggs. This stage is dominated by Vtg1 and
Vtg2 oocytes. But still enlarging in size

Stage III (spawning capable): Spawning stage; clear gonads with batches
of off-white and pale yellow eggs parked in the ovary. The observed
oocytes are largely dominated by Vtg3 and mature oocytes with some
POFs. But all oocytes types are present qualifying it as a batch spawner

Stage IV (regressing): Flabby gonads with observed residual eggs.
Residues are degenerating atretic oocytes

Stage V (regenerating): Same as II but slightly bigger. Old POFs, melano
microphage centers, and OO and PG oocytes are observed

Gamble (2002). Tissue subsections of 5 μm of the
preserved gonads were dehydrated in different alcohol
concentrations in an automatic tissue processor, embedded in wax, further sectioned with a microtome,
mounted, rehydrated, and stained using Gill’s
hematoxylin and eosin (H&E) and/or Masson’s trichome (MT). The sections were then examined using a
light microscope (model Leica DM 500, Made by
Microsystems Switzerland Ltd) for identification of
oocyte and spermatogenesis stages. The diameter of
oocytes and spermatogenic cells were measured by
sub sampling at least 5 oocytes for each type in each
egg (in 17–25 ovaries from each lake) and at least 30
spermatogenic cells for each type in each testis (in
12–17 testes from each lake) under a light microscope with a calibrated stage micrometer in the eyepiece lenses. For the oocytes, three planes of oocytes
and their nuclei diameters were measured and an
average size was recorded. The number of nucleoli
was counted for each nucleus and recorded.

Statistical analysis

The differences in sex ratios of fish from each natural
water body were estimated by use of a chi-squire method
to determine if the ratios were significantly different from
the hypothetical 1:1 female to male ratio. Differences in
oocyte and spermatogenic cell sizes between fish from
Lake Edward and Upper Victoria Nile were determined by
student's t-test statistic. The fish were sampled as experimental units from Lake Edward and Upper River Nile
using SPSS statistical software (IBM SPSS Statistics for
Windows, Version 22.0. Armonk, NY: IBM Corp, 2013).
The length at which 50% (L50) of individuals in a class size
were sexually mature was estimated from the ratio of the
coefficients of a binary logistic regression of length and
maturity level (mature; immature individuals). These coefficients (α and β) of the binary regression were estimated
by Excel-solver statistical program in Excel micro software
(Windows 2010). The length L50 = Alpha (α)/Beta (β),
where α and β are the coefficients of a two-parameter
non-linear model (Booth 1997) obtained by stabilizing the
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coefficients and fitting the logistic ogive curve using
Excel-solver.
The two-parameter logistic ogive was described by the
non-linear equation:
n
o
PL ¼ 1= 1 þ expðα−βLÞ
where PL is the predicted proportion of mature fish at
length of the fish L, α and β were coefficients of the parameter model. All individuals in developing phase (stage
II) and above (stages II, IV, and V) were taken as mature
individuals (Brown-Peterson et al. 2011). A regression
between length and weight was run using Excel Microsoft to predict the corresponding weight at L50 for SL,
FL, and TL (cm). Comparisons of coefficient b of power
equations obtained were based on Froese (2006). To obtain the size frequency distributions (number of sampled
fish in each size class) for each size class for the collected data from each lake, individual sizes of fish were
grouped in intervals of 5 units using a pivot table in
Microsoft Excel. A graph of individual sizes was plotted
against the class intervals.

Results
Sex ratios

A total of 523 specimens from Lake Edward were collected. Females were 314 while the males were 209, constituting a female to male ratio of 1:0.64 which was
statistically different from the hypothetical 1:1(χ2 = 18.00,
df = 1, P < 0.001). Comparatively, there were 560 fish samples from Upper Victoria Nile. Females were 360 and
males were 200 constituting a ratio of 1:0.56. This ratio
was significantly deviating from the hypothetical 1:1 female to male ratio (χ2 = 45.71, df = 1, P < 0.001).
Macroscopic and microscopic description of female
classification stages

Stage I was dominated by the oogonia and primary growth
oocytes which included chromatin nucleolar oocytes and
the perinuclear oocytes (Fig. 1a). Macroscopically, the female gonads in stage I were thread-like and transparent
(Table 1). In stage II, the primary oocytes developed into
cortical alveolar oocytes that later transformed into primary and secondary vitellogenic oocytes (Fig. 1b). Macroscopically, gonads in stage II begun to show minute
speckles which later became large and began to fill up the
gonad. The gonad became pale yellow as the primary and
secondary yolk vesicles began to fill up the gonads
(Table 1). In stage III, the secondary vitellogenic oocytes
were transformed into tertiary vitellogenic oocytes and
mature oocytes. Microscopically, all types of oocytes at
this stage were present in the monthly samples indicating
batch characteristic development (Fig. 1c). Macroscopically, the gonads swell in size and they became yellowish in
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color with off-white and yellow egg batches (Table 1, stage
III). Stage IV had some post ovulatory follicles (POFs),
atretic oocytes, and sometimes very few remaining oocytes
(Fig. 1d). The gonad became regressed in size and had
relatively bloody looking vessels (Table 1, stage IV). In
stage V, only the oogonia and other primary growth oocytes were proliferating. This stage was distinguished from
the virgin females by the presence of melano macrophage centers, some increased bloody vessels, old
POFs, and atresia of most of vitellogenic stages. The
gonad was further reduced but looked dark reddish
and not transparent (Table 1, stage V).
There were no significant differences in oocyte sizes
for each oocyte type between fish from Lake Edward and
those from River Nile (P > 0.5) (Tables 2 and 3).
Macroscopic and microscopic description of male
classification stages

In stage I, only the primary spermatogonia were present.
The testis was tiny, strand-like, and difficult to differentiate from that of the female. In stage II, spermatogonia
developed into primary spermatocytes and secondary
spermatocytes (Fig. 2a). In stage II, however, few of the
secondary spermatocytes had transformed into spermatids and into spermatozoa. The gonads looked off-white
with serrations or appearance of lobulations (Table 4). In
late stages for stage II, a number of spermertocytes
transforming into spermatids and spermatozoa increased. Stage III was characterized by the presence of
all spermatogenic cells dominated by the spermatozoa
(Fig. 2b). The gonads were bigger than other stages with
off-white coloration (Table 4). In stage IV, the number of
sperms reduced tremendously living large empty spaces,
though there was still presence of all other spermatogenic cells. The gonads were bloody looking. Stage V
was characterized by the presence of many spermatogonia with very few residual spermatozoa only.
Significant differences in sizes were observed in
spermatogonia, spermatocytes, and spermatids between
the individuals from Lake Edward and those from Upper
Victoria Nile (Table 5). However, no significant differences were observed with spermatozoa between the two
populations (P > 0.05). All the spermatogenic cells of
males from the Upper Victoria Nile were slightly bigger
than those from Lake Edward.
Size at sexual maturity, L50 from Lake Edward and River
Nile

Females and males from Lake Edward reached their sexual maturity at an earlier stage (smaller size) than those
from Upper Victoria Nile. Length at maturity L50 for females from Lake Edward and the Upper Victoria Nile
were attained at 35.4 cm FL (Fig. 3) and 36.9 cm FL
(Fig. 4) respectively and were all found in the same class
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Fig. 1 Cross section of female gonad. a Stage I gonad with oogonia (OO), chromatin nucleolar oocytes (CN), and perinucleolar oocytes (PN). The
three types constitute primary growth oocytes (PG). b Stage II gonads with cortical alveolar oocytes (CA), primary vitellogenic oocytes (Vtg1), and
secondary vitellogenic oocytes (Vtg2). c Stage III constituted all other oocyte types with tertiary vitellogenic oocytes (Vtg3) and mature oocytes
(MO). d Stage V with primary growth oocytes (PG), old post ovulatory follicles (POF), and degenerating atretic oocytes (AT). (H&E)

Table 2 Measurements of B. altianalis oocytes for fish obtained from Lake Edward. Data are shown as mean ± SD
Lake Edward
No Oocyte type
1

Average cell size (μm) Nucleus size (μm)
Estimated number of Ratio between oocyte Total number of
recorded for diameter recorded for diameter nucleoli for each egg and nuclei sizes
oocytes measured

Primary growth oocytes
Oogonia

14.14 ± 2.97

Chromatin nucleolar oocytes 51.10 ± 12.11

9.21 ± 1.76

–

0.65 ± 0.83

194

22.14 ± 5.10

3.89 ± 2.867

0.44 ± 0.10

159

Perinucleolar oocytes

162 ± 52.98

72.76 ± 27.13

17.66 ± 5.39

0.42 ± 0.13

259

2

Cortical alveolar

325.30 ± 45.34

122.75 ± 29.11

34.04 ± 13.16

0.38 ± 0.08

100

3

Vtg1 oocytes

530.64 ± 91.83

125.47 ± 37.35

46.97 ± 28.28

0.24 ± 08

80

4

Vtg2 oocytes

724.12 ± 120.56

166.81 ± 51.00

38.61 ± 14.25

0.22 ± 0.06

92

5

Vtg3 oocytes

1046.21 ± 397.41

155.26 ± 68.46

38.6 ± 13.35

0.14 ± 0.04

111

6

Mature oocytes

1510.67 ± 182

196.34 ± 42.70

26.14 ± 13.40

0.143 ± 0.04

85
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Table 3 Measurements of B. altianalis oocytes for fish obtained from Upper Victoria Nile; Data are shown as mean ± SD
River Nile
No

Oocyte type

1

Primary growth oocyte

Average cell size (μm)
recorded for diameter

Nucleus size (μm)
recorded for diameter

Estimated number of
nucleoli for each egg

Ratio between oocyte
and nuclei sizes

Total number of
oocytes measured

Oogonia

13.95 ± 2.97

9.40 ± 1.82

–

0.64 ± 0.10

168

Chromatin nucleolar

48.85 ± 10.47

21.23 ± 4.36

1.81 ± 1.17

0.44 ± 0.10

175

Perinucleolar oocytes

162 ± 64.82

67.40 ± 36.90

16.84 ± 7.94

0.32 ± 0.13

364

2

Cortical alveolar

330.63 ± 62.75

121.93 ± 28.23

31.40 ± 9.43

0.37 ± 0.76

134

3

Vtg1 oocytes

502.88 ± 114.97

124.04 ± 0.34

28.82 ± 9.23

0.27 ± 0.07

102

4

Vtg2 oocytes

767.40 ± 124.08

154.02 ± 46.16

29.67 ± 12.06

0.21 ± 0.07

96

5

Vtg3 oocytes

1036.60 ± 286.93

160.56 ± 0.042

21.90 ± 9.37

0.15 ± 0.044

82

6

Mature oocytes

1540.05 ± 184.68

204.31 ± 76.34

22.32 ± 15.30

0.135 ± 0.04

80

size of 35–39.9 cm FL. Similarly, the L50 for males from
Lake Edward and Upper Victoria Nile were attained in
the same class size of 20–24.9 cm FL. Males in Lake
Edward attained their maturity at 21.1 cm FL (Fig. 3)
while those from River Nile attained their L50 at 22.9 cm

FL (Fig. 4). Generally, males from both water bodies
attained their L50 much earlier (smaller size) than the females. The L50 at standard length SL and total length TL
are also provided in Table 6. The smallest mature female
caught from Lake Edward was 22.6 cm FL while the
smallest mature male was 18.2 cm FL. The biggest female caught from Lake Edward was 89.5 cm FL (100
TL) while the biggest male was 73.2 cm FL (82.2 cm
TL). All males above 37.9 cm FL were mature and all females above 47.7 cm FL were mature. Smallest mature
female from Upper Victoria Nile was 24.6 cm FL while
the biggest fish caught was 77.0 cm FL (83.0 cm TL).
The smallest male caught was 14.5 cm FL while the
biggest male caught was 66.2 cm FL (70 cm TL). All
females above 52.7 cm FL were mature and all males
above 37.6 cm FL were mature.
Length–weight relationships

There was a strong and positive correlation between
length and weight (r ≥ 0.90) for both individuals from
Lake Edward and Upper Victoria Nile (Table 6). The
weights corresponding to L50 (SL, FL, and TL) were estimated by the power equations at each length (Table 6).
The power equation value of “b” was ≥ 3.100 for both females and males from Lake Edward and Upper Victoria
Nile which was significantly higher than the value of b =
3, as determined by Froese (2006) (Table 6).

Size frequency distribution (distribution of number of
sampled fish in class size)
Fig. 2 A cross section of testis showing spermatogenic cells at
different stages. a Stage II testis dominated by primary spermatocytes
(Sc1) but fewer spermatids and spermatozoans (Sz) are observed. b
Stage III testis with all the types of spermatogenic cells that include
primary spermatogonia (Sg1) with a large nucleus (Nu), secondary
spermatogonia (Sg2), primary spermatocytes (Sc1), secondary
spermatocytes (Sc2), and spermatids (St). The stage is dominated by
spermatozoa (Sz). The sertoli cell (SC) is also observed. (H&E)

Size frequency distributions of females and males in
Lake Edward followed the same pattern, with the highest
number of fish recorded in 25–29.9 cm FL class size for
both sexes and gradually declining in other class sizes
(Fig. 5). The variations shown for males and females
from Upper Victoria Nile did not follow a same pattern
as those from Lake Edward (Fig. 6). The males were
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Table 4 Classification of maturity stages for males B. altianalis
Stages

Description

Stage I: Immature
Strand-like Y-shaped gonad and transparent. This stage
is dominated by spermatogonia only

Stage II: Developing

Easily distinguishable as males and off-white colored
gonads. The majority of the cells are spermatogonia,
and spermatocytes but occasionally few groups of
spermatids and very few spermatozoa are observed

Stage III: Spawning capable

Large gonads, off-white coloration; dominated by lobules
filled with spermatozoa

Stage IV: Regressed
Reduced in size with bloody perches. Other portions
still look off-white. Microscopically they are large
empty spaces with residual spermatozoa. However
other portions may still have some viable spermatozoa.

Stage V: Regenerating
Further reduced in size with pale reddish coloration.
This stage largely contains parked spermatogonia
with reduced spaces containing very few residual
spermatozoa.

more frequent in class size of 30–34.9 cm to 45–
49.9 cm FL and there after they declined. The highest
peak for females was obtained in a class size of 55–
59.9 cm FL. The males from both water bodies were
conspicuously absent or very few in upper class sizes
above 60–64.5 cm FL compared to females. For the females from Upper Victoria Nile, high frequencies were

noted in upper class sizes while males almost disappeared (Fig. 6).

Discussion
The availability of quality and sufficient seed is the
cornerstone for the successful commercialization of
domesticated fish species (George et al. 2010; Mair
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Table 5 Spermatogenic cell measurements in B. altianalis. Data are shown as mean ± SD
Cell type

Lake Edward (μm)

Upper Victoria Nile (μm)

Average size for both water bodies

t-test (p = 0.05)

Spermatozoa

Cell size

2.09 ± 0.23a

2.12 ± 0.23a

2.10 ± 0.23

t403 = -1.08

Spermatids

Cell size

2.31 ± 0.33a

2.78 ± 0.60b

2.49 ± 0.51

t211.57 = -8.914

Secondary spermatocyte

Cell size

a

3.14 ± 0.45

b

4.13 ± 0.93

3.57 ± 0.86

t293.07 = -14.66

Primary spermatocyte

Cell size

4.76 ± 0.62a

5.47 ± 0.82b

5.00 ± 0.78

t237.74 = -9.21

Cell size

a

7.90 ± 1.55

b

8.63 ± 2.35

8.28 ± 2.03

t328 = -3.495

Nucleus

6.12 ± 1.12a

7.09 ± 1.65b

6.61 ± 1.50

t371 = -6.720

Secondary spermatogonia

Primary spermatogonia

a

b

Cell size

12.44 ± 1.53

13.97 ± 1.71

13.26 ± 1.26

t393.08 = -9.55

Nucleus

8.48 ± 1.17a

10.40 ± 1.78b

9.51 ± 1.82

t371.73 = -12.72

Different subscripts a, b across rows indicate significant differences

2002). The seed is a reflection of a healthy and quality
broodstock that will eventually determine the availability
of quality seed for commercial production of the species.
In a number of cultured species, the brood fish is an integral process of a well-planned seed production system
(Bondad-Reantaso 2007). One of the key characteristics
of the spawning technology is the appropriate size and
the source as well as availability of both broodstock females and males. The wild sources are still the most
significant sources of the broodstock for newly domesticated fish and grading up of genetically depressed captive stocks. In this study, sex distribution from Lake
Edward and Upper Victoria Nile were found to be the
same, thus the sex ratios of females to males were similar in both water bodies. The ratios were skewed toward
more females. Skewed sex ratios could suggest some

migratory activity related to breeding seasons (Mahmood et al. 2011), a shorter life span for males, a natural
intrinsic characteristic for biased sexes, or environmental
variations (Baroiller et al. 2009; Vandeputte and Quillet
2012). In spite of the fact that samples were peaked in a
dry month of February and wet months of March and
April, a biased sex ratio was observed. Therefore, it
seems that sex ratio bias toward females is genetically
predisposed. Nevertheless, the occurrence of males and
females at the same sampling points suggested that it is
much easier for the farmer to collect both males and females for breeding (Aruho et al. 2013).
This study observed that the general developmental
and maturation process in B. altianalis was similar to
that described in other cyprinid species (Booth and Weyl
2000; Lone and Hussain 2009; Maack and Segner 2003;

Fig. 3 Maturity ogives for male and female B. altianalis sampled from Lake Edward in 2015. Ogive is fitted to estimate length at maturity L50 in
females and males represented by dotted lines
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Fig. 4 Maturity ogives for male and female B. altianalis sampled from Victoria Nile in 2015. Ogive is fitted to estimate length at maturity L50 in
females and males represented by dotted lines

Table 6 Sexual maturity and length–weight relationships for B. altianalis from Lake Edward and Upper Victoria Nile
Parameters at
L50

Lake Edward

Upper River Nile

Females

Males

Females

Males

Class size

30–34.9

15–19.9

30–34.9

15–19.9

SL (cm)

31.9

18.0

33.1

Standard length (SL)

W(g) = aSL

b

W(g)

3.116

3.130

19.1
3.153

W = 0.014SL

W = 0.020SL

W = 0.013SL

W = 0.013SL3.150

627.4

127.2

716.8

141.4

r

0.923

0.908

0.940

0.931

r2

0.978

0.972

0.991

0.984

35–39.9

20–24.9

35–39.9

20–24.9

Fork length (FL)
Class size
FL (cm)

35.4

21.1

36.9

22.9

W(g) = aFLb

W = 0.01FL3.129

W = 0.010FL3.128

W = 0.008FL3.164

W = 0.0103.126

W(g)

702.8

135.8

726.4

178.7

r

0.925

0.915

0.939

0.930

0.976

0.979

0.910

0.984

Class size

40–45.9

20–24.9

40–44.9

20–24.9

TL (cm)

41.6

23.5

40.0

2

r

Total length (TL)

3.160

3.149

24.2

W(g) = aTL

W = 0.006TL

W = 0.006TL

W = 0.004TL

W = 0.004TL3.251

W(g)

784.0

124.6

726.4

126.10

b

3.281

r

0.926

0.911

0.933

0.921

r2

0.973

0.965

0.989

0.980
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Fig. 5 Length–frequency distribution of B. altianalis from Lake Edward. Bars with shaded textboxes in the middle indicate the class size with L50

Smith and Walker 2004). However, special specific processes including the color and size of gonads, oocytes,
and spermatogenic cells, the location of the nucleus, and
number of nuclei may vary for each species and were inevitably described to ensure a clear guided description
for identification of classification staging as suggested by
Brown-Peterson et al. (2011). Although size variations
were only noted with spermatogonia, spermatocytes, and
spermatids among the two populations, the final spermatozoa sizes emerging from the cysts during spermiation
process were the same, attributing the variations to
differences in cytoplasmic volume. As observed with
spermatozoa, there were no differences in oocyte sizes
between the two populations from both water bodies.
However, a study by Muwanika et al. (2012) suggested
that morphological and genetical differences occurred
between the two population clusters but did not identify
them as different morphs or species and recommended
further investigations because the sample size was small
and required robust genetic methods. Based on the

current results, it seems the two populations remain the
same with less divergent strategies or rather still “primitive” in its evolutionary process. Slight differences observed in cytoplasic volume between the two populations
could be linked to localized environmental conditions for
each water body. Localized changes in the water environment, preferential food requirements, or fishing pressure
may account for the observed differences (Lam 1983).
Genetic studies are required to help ascertain if the differences between these groups exist. However, since no significant differences in oocytes and spermatozoa were
observed between the two populations, the same classification (staging) was maintained for B. altianalis from both
water bodies for description of length at maturity. This is
important for guiding farmers and other fisheries scientists in staging B. altianalis gonads.
Results from this study showed that the size at maturity L50 for B. altianalis males from Upper Victoria Nile
and from Lake Edward were obtained in the same class
size as was for females. This finding further suggests that

Fig. 6 Length–frequency distribution of B. altianalis from Victoria Nile. Bars with shaded textboxes in the middle indicate the class size with L50
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in spite of two water bodies being separated or having
no close connection the species has not separated into
other morphs or forms. Despite the fact that they were
in the same class size, the L50 values were not exactly of
the same length. In species such as Oreochromis niloticus (Duponchelle and Panfili 1998), Peritalbagrus fulvidraco (Cao et al. 2009), and Hippoglossoides platessoides
(Morgan and Colbourne 1999), the variations observed
in L50 in their population cohorts in different sampling
areas were attributed to fishing pressure and environmental differences (phenotypic plasticity) other than
genetic differences. Therefore, the minor differences in
L50 observed in B. altianalis were probably linked to
environmental differences other than genetic variations.
It seems B. altianalis still retains very primitive traits
with longer evolutionary characteristics and thus fish
from Lake Edward and Upper Victoria Nile could
easily be crossbred to obtain the best traits possible
for culture. The study also revealed that males matured much earlier than females. Early maturation of
males ensures that all eggs produced by females are
fertilized during spawning (Aruho 2017).
The selection of an appropriate broodfish for spawning
is largely linked to knowledge of maturation size and
takes into cognizance of conservation of the wild stocks
to avoid over exploitation. For instance size frequency
distribution noted in this study suggests that the 50% of
the sampled population (L50) for B. altianalis males
from Lake Edward and Upper Victoria Nile obtained in
a class size of 20–24.9 cm FL (135.8 g–178.7 g) was
smaller than the minimum legally recommended sizes of
30–34.9 cm FL (about 500 g). The recommended fishing
nets for catching this size is ≥ 4.5 in. mesh size (amendment Fish Act, 1951). This implied that any size below
30–34.9 cm FL is not legally acceptable for harvesting as
broodfish. Secondly, in spite of the fact that the noted
L50 could appropriately be collected for spawning, the
weight is rather small for handling in order to obtain
milt and also not appropriate for selection of good
breeds. Hence, this study suggests that males for breeding fish could appropriately be picked from class size of
≥ 30–34.9 cm FL (417–675 g) for males and ≥ 35–
39.9 cm FL (700–726.4 g) for females.
The study showed that males and females from Lake
Edward were more frequent in a class size of 25–
29.9 cm FL than in other class sizes suggesting an
improved enforcement effort of fishing regulations for
the right net sizes on the lake. The reduction thereafter
implied fishing effort or activity. The pattern of females
and males in Upper Victoria Nile did not suggest a relationship with fishing activity. The frequency of females
was notably high in the class sizes of 15–19.9 to 25–
29.9 cm FL and from 40–44.9 to 60–64.9 cm FL, while
the male frequencies were high between 30–34.9 and
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45–49.9 cm FL. This implied that there was little fishing
pressure. There is a reported regular interruption of
power generating activities at Kira and Bujagali power
Dams that bars fishers from fishing daily and some portions are restricted and inaccessible by fishermen (personal communication with fishers; David Odong, head
of fishermen at Kiira landing site). This could further explain why the L50 values for fish from Upper Victoria
Nile were slightly higher than those from Lake Edward
for both females and males. Hence, sustained fishing
pressure of B. altinalis is more likely to influence evolutionary changes in L50 for Lake Edward individuals first
before those from Upper Victoria Nile. Sustained selective fishing pressure has been suggested to cause rapid
changes in evolution of maturation schedules in many
fish species (Audzijonyte et al. 2013; Hunter et al. 2015;
Law 2000). The frequency distribution and the L50 observed in B. altianalis from this study showed that very
few or no males were caught above 65 cm FL. In some
fish species, shorter male life spans were associated with
aggressive behavior of males making them vulnerable to
enemies during feeding or mating (King et al. 2013;
Reichard et al. 2014). However, further investigations are
necessary to ascertain if there is any behavior that makes
B. altianalis susceptible to predators or fishing.
The coefficient “b” of the power curves obtained for
the weight–length relationship of the sampled population suggested that natural growth rates were similar for
both populations from Lake Edward and Upper Victoria
Nile because all the “b” values were in the same range of
3.126–3.164 for both males and females. This was also
reported by Ondhoro et al. (2016) for the same species.
These values were significantly higher than b = 3 (Froese
2006) implying that the fish girth increased much faster
than the length (Froese 2006; Karachle and Stergiou
2012). Therefore, B. altianalis from Lake Edward and
Upper Victoria Nile were accurately grouped under species with positively allometric growth. The weight–
length power equation had a strong r2 of > 97%; hence,
the weights at each L50 were and can be accurately estimated using the power equations obtained in this study.
The farm records for the cultured B. altianalis (Additional file 1) also indicated that males matured at
smaller sizes than females as in the wild populations. In
spite of the fact that L50 was not determined for the
farm record samples because of the very small numbers,
the fewer number of fish from the records show that
both females and males matured at smaller sizes compared to their counterparts in the wild. This is common
with many cultured species, and it is a strategy by the
fish to ensure earlier production of offsprings under
confined and or unpredictable environmental conditions
(Brummett 1995; Longalong et al. 1999). It is imperative
though to use bigger males (≥ 30–34.9 cm FL) as earlier
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suggested, than the indicated sizes for easier selection of
good broodstock. However, a thorough experimental
study is recommended for determination of appropriate
values of L50 in ponds with appropriate feed.

Conclusions
Evidence obtained from sex ratios, L50, power equations,
and germ cell sizes in this study indicated that B. altianalis
males and females from Lake Edward were similar to those
from Upper Victoria Nile; hence, there are no clear evolutionary lines detected for this species and the species has
remained more or less primitive. The species could therefore be crossbred where applicable for the best cultured
traits. The length at which 50% individuals were mature
was 20–24.9 cm FL for males and 35–39.9 cm FL for females. But because of the need to strict adherence to fishing
regulations and conservation of the wild resources as well
as the need to have selection of good broodfish, the study
recommends selecting individuals from 30 to 34.9 cm FL
for males and 35 to 39.9 cm FL for females to be included
in the spawning protocol. These individuals could be picked
from the same areas for breeding and during the periods
when breeding fish are prominent (Rutaisire et al. 2015).
Because the famed fish attained smaller sizes at maturity
than their wild counterparts, this may point to the fact that
more growth study experiments with appropriate conditions and diet could be required to improve the growth
performance of B. altianalis.
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Bacterial quality evaluation on the shellfishproducing area along the south coast of
Korea and suitability for the consumption
of shellfish products therein
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Abstract
Background: To confirm whether shellfish are suitable for consumption, the quality of seawater and shellfish in
shellfish-producing areas must be assessed regularly. This study was conducted to evaluate the bacterial quality on
the Changseon area, containing a designated shellfish-producing area, in Korea during 2011–2013.
Result: Even though many inland pollutants near the area were identified, they showed no significant impact on
the designated area and the shellfish therein. The concentrations of fecal bacteria in all the seawater and mussel
samples from the designated area during the harvesting season were within the standards of various countries.
Pathogenic bacteria were not detected in any of the mussel samples. In our previous study, the hazardous metal
levels in all the mussels from the same area were also within the limits of different countries.
Conclusion: The mussel products in this area are suitable for consumption based on fecal pollution, pathogenic
bacteria, and also heavy metals.
Keywords: Fecal-indicator bacteria, Mussel, Pollutant, Changseon area, Shellfish-producing area

Background
Shellfish are a commercially important seafood species
all around the world. A variety of shellfish, such as oyster, mussel, and clam, are cultured extensively along the
coastal regions of Korea (Ministry of Oceans and Fisheries (MOF) 2015b; Mok et al. 2015a). Especially, seven
shellfish-producing areas were designated along the
Korean coast based on the regulation standard of fecal
coliform (MOF 2015b; Mok et al. 2016a). The Changseon
area is one of shellfish-producing areas designated by the
Korean government. In 2009, the Korean authority designated the Changseon area as the sixth designated
shellfish-producing area, which is significant mussel production region (MOF 2015a, b). The Changseon area is a
semi-enclosed coastal region located among Goseong-gun,
Sacheon City, Changseon Island, and Saryang Island on the
* Correspondence: kilbo1221@korea.kr
1
Food Safety and Processing Research Division, National Institute of Fisheries
Science, 216, Gijanghaean-ro, Gijang-eup, Gijang-gun, Busan 46083, Republic
of Korea
Full list of author information is available at the end of the article

south coast of Korea (Fig. 1). Mussel products are both
consumed domestically and exported, mainly to the European Union (EU) (Mok et al. 2014). In Korea, the production amount of mussels ranked second in the shellfish,
accounting for 51,463 tons of meat/shell in 2014 (Statistics
Korea 2014).
A large amount of inland wastewater is discharged
into near-shore waters, delivering fecal-associated microorganisms such as fecal coliforms, Salmonella spp.,
and viruses (Biancani et al. 2012; Mok et al. 2016a; Park
et al. 2016). Bivalves are filter-feeding animals that concentrate fecal-associated pathogenic bacteria from the
surrounding water in their body, so that consumption of
bivalves from polluted waters presents a risk to human
health (Azalea et al. 2010; Mok et al. 2016b; Park et al.
2016). Each year, consumption of contaminated seafood
including bivalves is implicated in food-poisoning outbreaks caused by pathogenic microorganisms in Korea
(Korea Ministry of Food and Drug Safety (KMFDS)
2016). Fecal coliforms, including Escherichia coli, are
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Fig. 1 Sampling sites of inland pollution sources (▲), seawater (●), and mussels from the Changseon area of the Korean coast. A black closed
line represents the boundary line of the designated shellfish-producing area

useful as fecal contamination indicators to assess the
bacterial quality of bivalve-producing area and the bivalves therein (Mok et al. 2016a; Kang et al. 2017; Kim
et al. 2017). To protect public health, various countries,
including Korea, the United States (US), EU, and New
Zealand, have established regulatory criteria and monitoring programs using fecal indicators for bivalves and
their growing areas (European Commission (EC) 2005;
New Zealand Food Safety Authority (NZFSA) 2006; US
Food and Drug Administration (US FDA) 2015; MOF
2015a; KMFDS 2016). Hence, the levels of fecal coliforms in bivalves or their growing areas must be monitored regularly to determine whether shellfish are safe
for consumption. Also, bacterial quality evaluation of

shellfish-producing areas and the impact level of pollution sources on them are considerably needed to inform
better shellfish management and protect public health.
In the present study, the fecal coliform levels were
monitored in inland pollutants around the Changseon
area, including a designated shellfish-producing area,
along the Korean coast and their impact on the shellfish
therein. In addition, bacteriological quality was assessed
based on the levels of indicators of fecal contamination,
including fecal coliform or E. coli, in seawater and
mussel samples regularly collected from the study area
during 2011–2013. While levels of these microorganisms
in seawater and bivalves in other sea areas have been
studied, this is the first work that we are aware of that
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evaluates the levels of fecal indicators using a full
sanitary survey (e.g., inland pollution sources, seawater,
and mussels) in Changseon area, Korea.

Materials and methods
Sample collection

An on-site shoreline survey is to identify and evaluate
various inland pollutants (actual and potential), which
may affect the water quality of shellfish-producing area
(US FDA 2015; MOF 2015a). In the present study, the
on-site shoreline survey was conducted during dry periods between October and November 2013 within the
mussel-harvesting season in Korea to minimize
non-point pollution source (NPS) inputs to the inland
pollution sources, caused by precipitation. During this
survey near the Changseon area, we identified 164 direct
and indirect sources in the drainage area. Among them,
33 sources occurred with the flow of discharged water;
however, the other sources were not flowing during the
study period. The sources with discharging water were
selected as sampling sites to assess the impact of these
sources on the water quality of the shellfish-producing
area, the Changseon area along the south coast of Korea
(Fig. 1). The inland water samples were collected in sterilized wide-mouth bottles (250 mL) to analyze fecal coliform bacteria.
Seawater sampling locations were selected based on
different geographical situations and potential fecal
pollutants in or near the Changseon area, including a
designated shellfish-producing area (Fig. 1). The bacteriological water quality of the shellfish-producing area
was evaluated with seawater samples collected over
3 years according to the criteria set by the Korean Shellfish Sanitation Program (KSSP; MOF 2015a) and National Shellfish Sanitation Program (NSSP; US FDA
2015). Seawater samples were collected once a month
from 2011 to 2013 at 31 sites in the study area. The 612
of seawater samples were collected from 17 sites in the
designated area, and other 504 samples were collected
from 14 sites in the adjacent area. Samples of mussel
(Mytilus galloprovincialis) were also collected at five
sites during the seawater sampling periods (Fig. 1). In
the designated area, 108 mussel samples were collected
from sites D6, D7, and D8, and in the adjacent area, 55
samples were collected from sites A13 and A14.
All collected samples for the analysis of fecal coliform
bacteria including E. coli were maintained below 10 °C.
Water temperature and salinity were measured during
the seawater sampling periods using a YSI 556 Multiprobe System (YSI, Yellow Springs, OH, USA).
Analysis of fecal-indicator bacteria

The levels of fecal coliform and E. coli in the samples
were enumerated by the most probable number (MPN)
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method. The MPN method used was a five-tube test
using three 10-fold serial dilutions. The recommended
procedures for the examination of seawater and shellfish
according to American Public Health Association
(APHA) were applied for fecal coliform enumeration
(APHA 1970). In addition, the ISO/TS 16649-3 method
(ISO 2015) was used for E. coli enumeration. Results are
expressed as MPN/100 mL for seawater and MPN/100 g
for shellfish tissue. The limits of detection of these
methods were 1.8 MPN/100 mL of seawater and 18
MPN/100 g of tissue for fecal coliform, and 20 MPN/
100 g of tissues for E. coli.
Evaluation of inland pollution sources and seawater
quality

The pollution sources were evaluated using the method
suggested by the US FDA (Mok et al. 2016a; Jung et al.
2017). The flow rates of the discharged water were calculated with the velocity–area method based on values
measured using a hydrometer (Flo-Mate 2000, Marsh
McBirney, Loveland, CO, USA). According to US FDA
guidelines (US FDA 2015), the degree of pollution was
calculated as the amount of water required to dilute the
fecal coliform density to less than the standard level of
14 MPN/100 mL in seawater samples.
The seawater quality in the Changseon area was evaluated according to the sanitation standard operating procedure for shellfish-producing areas suggested by the
KSSP (MOF 2015a) and NSSP (US FDA 2015). The seawater quality was evaluated based on the geometric
mean and estimated 90th percentile of fecal coliforms in
seawater samples collected from each station more than
30 times over 3 years.
Statistical analysis

The statistical test was conducted using analysis of variance with SAS software for Windows (SAS ver. 9.2, SAS
Institute, Cary, NC, USA). Duncan’s multiple-range tests
were used to compare differences between bacteria
numbers.

Results and discussion
Fecal coliform number and impact of inland pollution
sources

Table 1 summarizes the fecal coliform numbers in the
pollution sources collected from the 33 sites near the
Changseon area and their impact on the sea area therein. According to the locations of the shoreline pollution sources,
the drainage area consisted of four subregions: Hai-myeon in
Goseong-gun, Sacheon City, and Changseon-myeon and
Samdong-myeon in Namhae-gun. Of 164 potential pollution
sources during this survey, 33 sites were actual pollution
sources with discharged water, including six in Hai-myeon,
three in Sacheon City, 12 in Changseon-myeon, and 12 in
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Table 1 Concentration and impact of fecal coliforms in the water samples collected from inland pollution sources in the drainage
area near the Changseon area, in Korea between October and November 2013
Station

TD

a

FRD
(L/min)

FC
(MPN/100 mL)

AD
(m)

DL
(MPN/day)

DWR
(m3)

IA
(m2)

RHC
(m)

3

160,000

1

6.9 × 109

4.9 × 104

4.9 × 104

8

3

3

Hai-myeon in Goseong-gun
L1

DW

177

L2

SW

149

330

1

7.1 × 10

5.1 × 10

5.1 × 10

57

L3

SW

48

790

1

5.4 × 108

3.9 × 103

3.9 × 103

50

L4

LFFW

14,000

< 1.8

–

–

–

–

–

L5

SW

74

2400

1

2.6 × 109

1.8 × 104

1.8 × 104

108

L6

LFFW

16,000

< 1.8

–

–

–

–

–

SW

500

33

1

2.4 × 108

1.7 × 103

1.7 × 103

33

1

9

4

4.9 × 104

176

3

3

Sacheon City
L7
L8
L9

SW
SW

600
900

790

6.8 × 10

8

4.9 × 10

49

1

6.4 × 10

4.5 × 10

4.5 × 10

54

4900

1

5.5 × 109

3.9 × 104

3.9 × 104

158

8

2

Changseon-myeon in Namhae-gun
L10

SW

78

L11

SW

21

330

1

1.0 × 10

7.1 × 10

7.1 × 102

21

L12

LFFW

30,000

< 1.8

–

–

–

–

–

L13

LFFW

30,000

< 1.8

–

–

–

–

10

5

–
5

L14

SW

500

11,000

3

7.9 × 10

5.7 × 10

1.9 × 10

347

L15

SW

35

79

1

4.0 × 107

2.8 × 102

2.8 × 102

13

8

2

2

L16

DW

3

2400

1

1.0 × 10

7.4 × 10

7.4 × 10

22

L17

SW

510

2400

2

1.8 × 1010

1.3 × 105

6.3 × 104

200

2

2

7

L18

SW

55

49

1

3.9 × 10

2.8 × 10

2.8 × 10

13

L19

SW

3

920

1

4.0 × 107

2.8 × 102

2.8 × 102

13

9

4

4

L20

DW

20

5400

1

1.6 × 10

1.1 × 10

1.1 × 10

84

L21

DW

10

28,000

1

4.0 × 109

2.9 × 104

2.9 × 104

135

24,000

1

3.5 × 109

2.5 × 104

2.5 × 104

125

6

5

Samdong-myeon in Namhae-gun
L22

SW

10

11

L23

SW

60

240,000

3

2.1 × 10

1.5 × 10

4.9 × 10

561

L24

SW

90

130

1

1.7 × 108

1.2 × 103

1.2 × 103

28

9

4

4

L25

SW

3400

110

1

5.4 × 10

3.8 × 10

3.8 × 10

157

L26

SW

220

33

1

1.0 × 108

7.5 × 102

7.5 × 102

22

8

2

2

L27

SW

18

490

1

1.3 × 10

9.1 × 10

9.1 × 10

24

L28

SW

8

2

1

2.3 × 105

1.6 × 100

1.6 × 100

1

9

3

3

L29

SW

1000

79

1

1.1 × 10

8.1 × 10

8.1 × 10

72

L30

SW

55

7900

1

6.3 × 109

4.5 × 104

4.5 × 104

169

8

2

2

L31

SW

120

79

1

1.4 × 10

9.8 × 10

9.8 × 10

25

L32

SW

82

24,000

2

2.8 × 1010

2.0 × 105

1.0 × 105

254

2

2

L33

DW

2

1300

1

7

3.7 × 10

2.7 × 10

2.7 × 10

13

TD type of discharge, FRD flow rate of discharge, FC fecal coliform, AD average depth; DL daily load = FC concentration × FRD; DWR dilution water required =
DL/standard level, where FC standard level is 14 MPN/100 mL; IA impact area = DWR/AD; RHC radius of half-circle = square root (IA × 2 /3.14)
a
DW domestic wastewater, SW stream water, LFFW land-based fish farm wastewater

Samdong-myeon (Fig. 1 and Table 1). The other sources did
not discharge during the survey period. The total flow rate
of 33 sites was 118,573 L/min (range, 2–50,000 L/min),
which included 8535 L/min of stream water, 38 L/min of

domestic wastewater, and 110,000 L/min of land-based fish
farm wastewater. No food-processing plant or industrial or
livestock wastewater was included. The daily load of fecal coliforms in 33 discharges ranged from 2.3 × 105 to 2.1 × 1011
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MPN/day. Their affected radii into the sea varied from 1 to
561 m, among which radii > 200 m were identified for sites
L14, L17, L23, and L32. These findings support that the pollutants appear to reach the boundary line of the designated
area but they are at acceptable levels.
Two stream waters (L14 and L17) in Changseonmyeon of Namhae-gun had high flow rates and fecal
coliform levels, with ranges of 500–510 and 2400–
11,000 MPN/100 mL, respectively. Their impact radii
ranged from 200 to 347 m due to a relatively densely
populated residential area in the drainage area. The flow
rates of two stream waters (L23 and L32) from
Samdong-myeon, Namhae-gun, were relatively low, with
the ranges of 60–82 L/min; however, their fecal coliform
numbers were very high, in the ranges of 24,000–
240,000 MPN/100 mL. The impact radii of these sources
ranged from 254 to 561 m. The results show that the
stream waters were very large contamination sources in
the study area. The highest impact radius among the discharges was observed at site L23, a stream located in
Samdong-myeon of Namhae-gun, because the stream
flowed directly into the sea area through a relatively
densely populated residential area without a wastewater
treatment plant (WWTP).
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The results indicate that four discharges, containing
sites L14, L17, L23, and L32 with the large impact radii,
were clearly confirmed as substantial polluters. Although
the discharged waters are highly contaminated with different pollutants from populated residential areas, they
were diluted sufficiently in the sea area, such that they
had no significant impact on the designated shellfishproducing area. However, we recommend that the local
government authority in Namhae-gun should construct
new WWTPs in regions without WWTPs to better protect the shellfish-producing area and to secure the safety
of shellfish produced in the area.
Seasonal variation in environmental factors

Figure 2a shows the monthly mean values in water
temperature and salinity in the Changseon area during
2011–2013. The mean water temperature varied from
7.3 °C in January to 25.8 °C in August, exhibiting large
seasonal variation. The mean salinity was in the ranges
of 30.86–33.92 practical salinity units (psu). The lowest
salinity (28.78 psu) was measured in September 2012
due to heavy rainfall prior to sampling. These results
mean that the water temperature was relatively high in
summer and low in winter; however, the salinity was

A

B

Fig. 2 Seasonal variation in mean water temperature and salinity (a), and mean rainfall (b) in the Changseon area, Korea during 2011–2013. The
scale bars represent standard deviations. Rainfall data were obtained from the meteorological observatory of Namhae-gun in Korea
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relatively high in winter and low in summer. Figure 2b
shows the monthly mean variations in rainfall throughout the survey period. The mean rainfall was relatively
high between July and August within the Korean wet
season. The present findings show that the variation patterns in the water temperature and salinity and rainfall
in the Changseon area are similar to those on the southern coast of Korea reported by Mok et al. (2016a).
Spatial distribution of fecal coliform concentrations in
seawater

Figure 3 shows the geometric mean and estimated 90th
percentiles of fecal coliforms in 1116 seawater samples
from 31 monitoring stations, including the designated
(17 stations) and adjacent (14 stations) areas in the
Changseon area during 2011–2013. In the designated
area, the geometric mean and estimated 90th percentile
levels of fecal coliforms at each station ranged from <
1.8 to 2.1 and from 1.8 to 8.9 MPN/100 mL, respectively,
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with a maximum observed at station D13. In the adjacent area, their values at each site were with the ranges
of 1.9–4.1 and 3.9–39.6 MPN/100 mL, respectively. The
highest values were observed at station A3. We assume
that high concentrations of fecal coliforms (240–17,000
MPN/100 mL) in the samples collected at sites A1 and
A3 after heavy rainfall between June and July 2011
(range, 47.0–52.2 mm) were due to waste discharge from
the densely populated residential area of Sacheon City
(Fig. 1). Our results demonstrated that the fecal coliform
levels in the designated area were significantly higher (P
< 0.05) than those in the adjacent area.
Seawater stations A1–A7 and D3–D5 were established
to evaluate the impacts of major pollution sources in
Sacheon City, located to the north of the Changseon
area, on the water quality of the shellfish-producing area
(Fig. 1). Among these stations, A1 and A3 were closest
to Sacheon City, including a densely populated residential area. Station A1 was located at the mouth of the

A

B

Fig. 3 Spatial variation of the geometric mean and estimated 90th percentile of fecal coliform levels in seawater samples from the designated
shellfish-producing area (a) and adjacent area (b) of the Changseon area in Korea during 2011–2013
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Samcheonpo Port in Sacheon City, and was affected by
waste discharges from the Bongnam Stream (L8) and
Samcheonpo Stream (L9), which drain into the sea after
passing through the city. Station A3 was located ~ 2.0
km from Bonghyeon Stream (L7) and the Samcheonpo
WWTP in Sacheon City. The Samcheonpo WWTP had
a discharge flow rate of 19,210 L/min, with 7900 MPN/
100 mL and 2.2 × 1012 MPN/day daily load of fecal coliform during the on-site shoreline survey in 2013. The
estimated 90th percentiles of fecal coliforms over 3 years
at sites A1 and A3 were 21.4 and 39.6 MPN/100 mL, respectively. At these stations, contamination increased
rapidly due to heavy rainfall, as noted above. Moreover,
station A4, which was ~ 2.0 km from both stations A1
and A3, had an estimated 90th percentile of 31.6 MPN/
100 mL for fecal coliforms, which was ~ 1.5-fold higher
than that of station A1 but 0.8-fold lower than that of
station A3. The estimated 90th percentiles of fecal coliforms at stations A5 and A6, which were 2.0 and 2.5 km
from station A3, were 17.7 and 7.2 MPN/100 mL, respectively. The estimated 90th percentiles of fecal coliforms at these stations, which were relatively closer to
the designated area, decreased in the order of station A3
(39.6 MPN/100 mL) > station A4 (31.6 MPN/100 mL) >
station A5 (17.7 MPN/100 mL) > station A6 (7.2 MPN/
100 mL). Conversely, stations D3, D4, and D5, located
on the boundary line of the designated area, were > 6.0
km from station A3. The estimated 90th percentiles of
fecal coliforms at stations D3–D5 over the three study
years ranged from 3.1 to 4.1 MPN/100 mL, showing
good water quality. These results proved that, although
many fecal contaminants including bacteria flowed into
the sea area from inland area, they were diluted and reduced in passing through the buffer zone between the
coastline and designated area in the Changseon area.
The pollutant dilution pattern was similar to that in the
Jaranman-Saryangdo area reported by Mok et al.
(2016a). In summer, the fecal coliform levels at these stations were affected by rainfall. Other researchers have
reported that reductions in fecal coliform concentrations
within coastal water from wastewater discharges were attributed to dilution, removal, death, or sedimentation
(Chigbu et al. 2005; Azalea et al. 2010; Park et al. 2016).
After fecal coliform bacteria are transported into the sea
area via runoff, their loss rates from the water column
depend on a multitude of factors, including nutrient
availability, temperature, salinity, turbidity, degree of
water mixing, solar radiation, predation and competition
(Chigbu et al. 2005).
In this study, the fecal coliform levels at all stations in
the designated area were far below the regulation limit
of the geometric mean and estimated 90th percentile (14
and 43 MPN/100 mL, respectively) for fecal coliforms
set by Korea (MOF 2015a), the US (US FDA 2015) and
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New Zealand (NZFSA 2006) for approved areas. Moreover, no stations in the adjacent area exceeded the limit.
These results support that the sanitary conditions of the
Changseon area meet the criteria set by Korea, the US,
and New Zealand, and shellfish, including mussels, produced in the area are suitable for raw consumption. By
comparison, Chigbu et al. (2004) reported that only one
of 11 years met the approved area classification criterion
for shellfish-producing areas in the Mississippi Sound,
USA, which was consistent with the current classification for the conditional approval of areas for shellfish
harvest.
Seasonal variation of fecal coliform in seawater

Figure 4 shows the monthly variations of fecal coliforms
in seawater samples from the Changseon area over 3
years. In the designated area, the monthly geometric
mean and estimated 90th percentile levels of fecal coliforms ranged from < 1.8 to 2.7 and from < 1.8 to 14.7
MPN/100 mL, respectively, with the highest values observed in July (Fig. 4b). In particular, the monthly estimated 90th percentile level of fecal coliforms in July
2011 was 88.1 MPN/100 mL, which exceeded the fecal
coliform criteria of 43 MPN/100 mL for the approved
area set by the KSSP (MOF 2015a) and NSSP (US FDA,
2015). However, with the exception of samples collected
immediately after a heavy rainfall (47.0 mm) in July
2011, the monthly bacteriological water quality showed
favorable conditions in the designated area.
In the adjacent area, the monthly geometric mean and
estimated 90th percentile levels of fecal coliforms ranged
from < 1.8 to 5.5 and from 1.8 to 100.8 MPN/100 mL,
respectively, with maximum levels observed in July
(Fig. 4b). In particular, the monthly estimated 90th percentile levels of fecal coliforms in the samples collected
immediately after heavy rainfalls in June (52.2 mm), July
(47.0 mm), and November (76.6 mm) 2011 and in June
2012 (37.0 mm), exceeded the regulation limit of fecal
coliform for the approved area set by the KSSP (MOF
2015a) and NSSP (US FDA 2015). Similarly, Chigbu et
al. (2004) reported that fecal coliform levels were positively correlated with rainfall in the Mississippi Sound.
In this study, rainfall information was useful for evaluating the potential effects on water quality and the classification of shellfish-producing waters to protect
humans from consuming contaminated shellfish. According to the KSSP criteria based on the amount of
rainfall for the conditionally approved area in the
Changseon area, when 15–22 or > 22 mm of rain falls
within 24 h, shellfish harvesting is prohibited for 48 or
168 h, respectively, after the rain stops (MOF 2015a). In
this study, relatively high fecal coliform concentrations
were observed in samples collected immediately after
heavy rainfalls. However, based on the KSSP closure
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A

B

Fig. 4 Seasonal variation of the geometric mean and estimated 90th percentile of fecal coliform levels in seawater samples from the designated
shellfish-producing area (a) and adjacent area (b) of the Changseon area in Korea during 2011–2013

Table 2 The concentration of fecal coliform or Escherichia coli in seawater and mussels, and bioaccumulation factors of fecal
coliform in mussels
Station

Seawater
90th
of FC

BFc

Mussel
No. of
samples

90th
of FC
(MPN/
100 g)

E. coli
Range

> 230 (No. of samples)

a

(MPN/
100
mL)

b

(MPN/100 g)

No. of
samples

Designated area
D6

7.9

36

120.2

< 20–1300

1

36

15.2

D7

2.6

36

79.2

< 20–490

1

36

30.5

D8

2.3

36

62.7

< 20–220

0

36

27.3

A13

9.0

36

105.4

< 20–2400

1

36

11.7

A14

7.4

36

109.5

< 20–700

2

19

14.8

Adjacent area

a

90th the estimated 90th percentile; FC fecal coliform
b
E. coli Escherichia coli
c
The bioaccumulation factor (BF) was calculated as 90th value of fecal coliform in 100 g of oyster divided by that in 100 mL of seawater
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criteria, shellfish harvesting in the designated area is
prohibited during regular closure periods based on rainfall. Therefore, it is unnecessary to adjust both the existing boundary line and the current classification of the
designated area.

Levels and bioaccumulation of coliform bacteria in
mussels

Table 2 shows the E. coli counts in 163 mussel samples
collected from five stations in the sea area throughout
the sampling period. The E. coli levels in all mussel samples varied from < 20 to 2400 MPN/100 g. Among them,
the five samples, including two and three samples from
the designated and adjacent areas, respectively, exceeded
the regulation limit of E. coli 230 MPN/100 g for raw
shellfish set by New Zealand (NZFSA 2006) and the EU
(EC 2005). All samples exceeding the limit for E. coli
were collected after heavy rainfall (47–51 mm) during
the rainy season between June and July 2011, which was
within the non-harvesting season for mussels in Korea.
Therefore, these cases had no effect on the safety of
shellfish in this area. Korean consumers eat only the
boiled tissue of mussel; however, some consumers from
other cultures occasionally eat raw mussels. No pathogenic bacteria, such as Salmonella spp. or Shigella spp.,
were detected in all the mussel samples collected from
the study area (data not shown). According to Korea
Centers for Disease Control & Prevention (KCDC 2018),
only two infected patients were caused by both Salmonella
spp. and Shigella spp. in Namhae-gun including the survey
area during same period as this study, accounting for 0.17%
of total infected patients associated with these pathogens in
Korea. Therefore, it indicates that, although various fecal
pollution sources were discharged into the sea area, they
contained not only very few pathogenic bacteria due to very
low rate of their infection around this survey area, but also
were diluted sufficiently and reduced in the sea area, such
that the pathogens were not detected in all the mussel
samples.
In addition, we previously also reported that the
concentration of eight heavy metals was determined
in the mussels collected from the Changseon area
along the southern coast of Korea from 2008 to 2013
including this study period (Mok et al. 2014). In all
tested mussel samples, the concentrations of the three
hazardous metals (cadmium, lead, and mercury) were
below the limits set by Korea and other countries,
and the hazard index for all tested metals was far less
than 1.0. Therefore, these results confirm that the
mussels produced in the Changseon area do not
present an appreciable hazard to human health based
on heavy metals as well as fecal pollution and pathogenic bacteria.
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Microorganisms usually accumulate in bivalve to concentrations much higher than that in the surrounding
seawater, and accumulation amounts vary according to
their filter ability, from a few folds to above a hundred
folds (Doré and Lees 1995; Burkhardt and Calci 2000).
In this study, the accumulation factors of fecal coliforms
in all mussel samples were in the ranges of 11.7–30.5
folds; the highest level was observed at site D7 in the
designated area (Table 2). The bioaccumulation factor of
fecal coliforms in mussels showed relatively high values
at the sites with lower fecal coliform concentration in
seawater and also slightly higher at sites in the designated area than at them in the adjacent area. It showed
that the accumulation level of fecal coliforms in mussels
was slightly higher than that in oysters from the southern coast of Korea, with the ranges of 6.9–13.4 folds
(Mok et al. 2016a). But the accumulation pattern of fecal
coliforms in mussels, accumulated relatively higher in
cleaner seawater sites, was similar to that in oysters. We
previously reported that the bioaccumulation levels of
heavy metals in oysters (Mok et al. 2015b) and mussels
(Mok et al. 2014) from the Korean coast varied from
1413 to 618,958 fold and from 429 to 74,794 fold, respectively. Furthermore, Burkhardt and Calci (2000) reported that F-specific coliphages were selectively
accumulated up to 99 fold in oysters. These results signify that bivalves such as mussels and oysters accumulate fecal coliforms at relatively lower levels than they
accumulate heavy metals and F-specific coliphages. Also,
they accumulate a variety of pollutants at different levels
relative to the surrounding water.

Conclusions
In the present study, we determined the fecal coliform
concentrations in inland pollution sources near the
Changseon area on the southern coast of Korea and
evaluated their impact on the shellfish therein. In
addition, the concentrations of fecal-indicator bacteria in
seawater and mussels were determined to evaluate the
bacteriological quality of the seawater and mussels. The
164 of potential pollution sources were identified during
the survey, including 33 sources with discharged water.
Four stream waters (sites L14, L17, L23, and L32) were
confirmed as the major pollution sources, with impact
radii > 200 m. Overall, many pollution sources were
identified in this study, but the pollutants had no any of
impact on the boundary line of the designated area because of an existing buffer zone in which bacteria were
diluted, thereby reducing their concentrations in the
designated area.
We confirmed that all seawater stations in the designated area from 2011 to 2013 had fecal coliforms concentrations far below the regulation limit set by a variety
of countries. Of 108 mussel samples collected over 3
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years in the designated area, only three samples had E.
coli concentrations exceeding the regulation limit for
raw shellfish set by New Zealand and the EU; however,
these samples were collected after heavy rainfall (47–51
mm) during the non-harvesting season in Korea. Fecal
coliform levels were higher in seawater samples collected
immediately after heavy rainfall than in other samples.
However, according to the KSSP closure criteria based
on rainfall volume, shellfish harvesting in this area has
been prohibited during regular closure periods. Therefore, it is unnecessary to adjust the existing boundary
line of the designated area.
No bacterial pathogens, such as Salmonella spp. or
Shigella spp., were detected in all the mussel samples. In
our previous study, the concentrations of the three hazardous metals (cadmium, lead, and mercury) in all of the
mussels collected from this study area, during 2008–
2013 including this study period, were below the limits
set by Korea and other countries. These results indicate
that mussels produced in this area do not present an appreciable hazard to human health based on not only
their bacterial quality including fecal bacteria and bacterial pathogens, but also heavy metals.
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Genetical identification and morphological
description of the larvae and juveniles of
Porocottus leptosomus (Pisces: Cottidae)
from Korea
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Abstract
The larvae and juveniles of Porocottus leptosomus belonging to the family Cottidae were collected (n = 95, 3.9–16.5 mm
in body length, BL) from Busan, Korea, in March 2015. The larvae and juvenile were identified using DNA barcoding as
P. leptosomus, and their morphological description was presented in detail. The yolk-sac larvae (3.9–5.6 mm BL) body
was slightly compressed, the head was large, the eye was round and large, and the anus was before the middle of the
body. The preflexion larvae (5.2–10.0 mm BL) body length drastically increased; caudal fin rays began to occur. The
flexion larvae (9.4–11.8 mm BL) notochord flexion started; dorsal, pectoral, and anal fin rays began to occur; pelvic fin
buds are seen; they possessed a pair of parietal spine; and a pair of supraocular cirri was first to develop. At 12 mm BL,
the notochord was completely flexed. The larva stage (3.9–12.6 mm SL) had the stellate melanophores in the head,
isthmus, gut, and tail (along to the ventral midline). During the juvenile stage (11.4–16.5 mm BL), melanophores
covered the head and began to form five black bands on the side of the body. The larvae of P. leptosomus spent
pelagic life, but moved to the bottom during the juvenile stage. The larvae and juveniles of P. leptosomus differ
from other cottid larval fishes by body shape, melanophore head pattern, and spine development. P. leptosomus
can be distinguished from Porocottus allisi by morphological development and the occurrence of larval fish:
preopercular spine development, melanophore pattern, and caudal fin development.
Keywords: Porocottus leptosomus, Fish larvae, Juvenile, Morphological development, Korea

Introduction
The family Cottidae, in the suborder Cottoidei, contains
282 species and 70 genera worldwide, with 39 species
and 20 genera in Korea (National Institute of Biological
Resources) 2011; Song et al. 2012; Nelson 2016; Shin et
al. 2016). This family is widely distributed worldwide except in the Indian Ocean, showing greatest species diversity occurs in the North Pacific (Watanabe 1969;
Richardson 1981; Eschmeyer 1965; Yabe 1985; Cartwright 2009; Knope 2013). They are not commercially
important, but the cottid fishes are important components of North Pacific coastal ecosystems (Cartwright
2009; Blood and Matarese 2010).
* Correspondence: taengko@hanmail.net
3
Department of Marine Biology, Pukyong National University, Busan 48513,
South Korea
Full list of author information is available at the end of the article

The cottid fishes are an oviparous fish, which generally
produce demersal eggs and provide parental care or deposit their eggs in concealed spaces or cavities (Matarese
et al. 1989; Kendall Jr. 2011). The larvae and juveniles
are generally characterized by a slender body, short
snout, fan-like pectoral fin, four or serrate preopercular
spines, and heavy pigment on dorsal surface of the gut,
nape, and along the postanal ventral midline (Kendall Jr.
2011; Okiyama 2014). Larvae and juveniles of cottid
fishes can be identified based on pigmentation pattern,
head spine development, cirri development, and preanal
length (Richardson 1981; Kendall Jr. 2011; Okiyama
2014). However, the systematics and life histories of the
most cottid species are poorly known (Matarese et al.
1989; Cartwright 2009; Blood and Matarese 2010). The
DNA barcoding can help resolve the difficulties on species identification.

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Shin et al. Fisheries and Aquatic Sciences

(2018) 21:37

Porocottus leptosomus (Muto et al. 2002) was originally
described as a new species based on specimens collected
from Taean, eastern margin of the Yellow Sea. P. leptosomus has been collected from the Shandong Peninsula,
China, and the intertidal zone around Gyeongju,
Gyeongsangbuk-do, Korea, in recent years; its distribution was newly added to the western margin of the Yellow Sea and the Korea Strait (Choi and Yang 2008; Choi
et al. 2008). This species must be protected because the
habitat of P. leptosomus is highly restricted, requiring
further researches on population genetics and ecology.
Larval fish identification of the family Cottidae has
caused confusion as the systematics and early life histories of most species are poorly known (Cartwright 2009).
It is needed for the study on the morphological development of larval stages to clarify the species identification.
There are few studies on P. leptosomus except for reports on species occurrence.
In this study, the larvae and juveniles of P. leptosomus
were identified using DNA barcoding, and their morphological description was presented in detail.

Materials and methods
A total of 95 larvae and juveniles of P. leptosomus [3.9–
16.5 mm body length (BL)] were collected in Cheongsapo
and Dadaepo, Busan, Korea, on March, 2015, and January,
2016, utilizing a scoop net (Fig. 1). They were preserved in
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95% ethanol. The larvae and juveniles of P. leptosomus are
deposited at the Ichthyoplankton Laboratory of Pukyong
National University (PKUI).
Total DNA was extracted from eyeballs of larvae and juveniles (n = 21) and from muscle tissue of adult collected
from Taean (type locality) using a DNA Extraction Kit
(Bioneer Trade Co. LTD, Korea). The specimens were
studied using VF2 (5′-TCA ACC AAC CAC AAA GAC
ATT GGC AC-3′) and FishR2 (5’-ACT TCA GGG TGA
CCG AAG AAT CAG AA-3′) primers, which amplify the
mitochondrial DNA cytochrome oxidase subunit I (COI)
(Ward et al. 2005; Ivanova et al. 2007). The condition of
PCR and purification of PCR products were followed by
the method of Ward et al. (2005), with some modification.
DNA was sequenced on an ABI 3730XL Sequencer (Applied Biosystems, Foster City, CA, USA) using the ABI
PRISM BigDye Terminator v3.1 Ready Reaction Cycle Sequencing Kit (Applied Biosystems). The sequences were
aligned using ClustalW (Thompson et al. 1994) in BioEdit
ver. 7 (Hall 1999). Genetic distances were calculated using
the Kimura two-parameter method (Kimura 1980) in
MEGA 6 (Tamura et al. 2013). A neighbor-joining (NJ)
tree was constructed with the Kimura two-parameter
method (Kimura 1980) and 1000 bootstrap replications
using MEGA 6 (Tamura et al. 2013).
Morphological developments were observed using a
microscope (Olympus SZX16, Japan). Measurements were

Fig. 1 Map showing the sampling area of larvae and juveniles of Porocottus leptosomus
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made according to the methods of Eschmeyer (1999)
(body parts were measured to the nearest 0.1 mm). The
terminology of developmental stages followed Kim et al.
(2011), the terminology of head spination followed Moser
and Ahlstrom (1978), and the terminology of head cirri
followed Muto et al. (1994). In addition, we subdivided
the pigmentation patterns of preflexion larvae into 16 positions, a modification of the 26 positions suggested by
Kendall and Lenarz (1986) (Fig. 2).
Growth patterns during the early development were
modeled by a power function of BL and the allometric
patterns were described by the growth coefficient in the
equation Y = aXb, where Y is the dependent variable (measured characteristic), X the independent variable (BL), a is
the intercept, and b is the allometric coefficient. Isometric
growth occurred when b = 1; allometric growth was positive when b > 1 and negative when b < 1. In addition, linear
regressions were performed on log-transformed data and
the inflection points were calculated. Inflection points are
the X values where the slope of growth changes.
Materials examined

Examined materials included yolk-sac larvae (3.9–5.6 mm
BL, n = 10; PKUI 400, 470, 471, 473, 474, 506, 508, 526–
528), preflexion larvae (5.2–10.0 mm BL, n = 52; PKUI
361, 469, 472, 475–505, 507, 509–525), flexion larvae
(9.4–11.8 mm BL, n = 14; PKUI 359, 360, 362, 401–406,
412–414, 416, 418), postflexion larvae (11.8–12.6 mm BL,
n = 5; PKUI 407, 408, 411, 415, 417), and juveniles (11.4–
16.5 mm BL, n = 14; PKUI 351–358, 363–366, 409, 410).
mtDNA COI sequences of 6 species of the family Cottidae were obtained from PKU and the National Center
for Biotechnology Information (NCBI) as follows: Porocottus leptosomus (PKU 8158, 13005), Porocottus allisi
(PKU 7742), Icelinus quadriseriatus (KF929994), Asemichthys taylori (KP827345), Trachidermus fasciatus
(JX029074), Icelinus borealis (JQ354140).

Results
Molecular identification

A total of 500 base pairs of the mtDNA COI sequences
of 21 larvae and juveniles of P. leptosomus (KY305147–
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305167) were compared with those of 6 other cottid species including P. leptosomus adults collected from type
locality and Busan (Fig. 3). The neighbor-joining tree
showed that the 21 larvae and juveniles were clustered
together with adults of P. leptosomus (pairwise genetic
distance, d = 0.000–0.006) (Fig. 2). The 21 larvae and juveniles differed from Porocottus allisi (Jordan and Starks,
1904) (d = 0.125–0.132). The 21 larvae and juveniles differed from other species of the family Cottidae: Icelinus
quadriseriatus (d = 0.158–0.163), Asemichthys taylori (d
= 0.186–0.191), Trachidermus fasciatus (d = 0.208–
0.211), Icelinus borealis (d = 0.175–0.178). The 21 larvae
and juveniles examined in this study were identified as
P. leptosomus.
Morphological development

Drawings of larvae and juveniles are shown in Figs. 4
and 5. Measurements are shown in Fig. 6 and Table 1.
The yolk-sac larvae (3.9–5.6 mm BL) body was slightly
compressed; head was large; eye was round and large;
mouth was large, oblique, and subterminal; posterior
end of the upper jaw was not reaching the middle of the
eye; they have a pair of nostrils; origin of dorsal fin was
vertically above the origin of the pectoral fin; anus was
before the middle of the body; and the origin of the anal
fin was behind the anus. The preflexion larvae (5.2–10.0
mm BL) body length drastically increased, they have a
slender body, and all body proportions decreased (Fig. 7).
The flexion larvae have 9.4–11.8 mm BL. At 9.5 mm BL,
notochord flexion started; body proportions except the
eye diameter increased; the eye diameter steadily decreased; and they have two pairs of circular nostrils. The
postflexion larvae have 11.8–12.6 mm BL. At 12 mm BL,
the notochord was completely flexed, maxilla has teeth,
they have two pairs of nostrils, and both nostrils have a
short tube. Juveniles (11.4–16.5 mm BL) head length increased; posterior end of upper jaw was reaching the
middle of the eye; lateral line scales begin to form when
four black bands are on the side of the body.
The yolk-sac larvae (3.9–5.6 mm BL) lacked head
spines (Fig. 4a), but at 5.5 mm BL, they possessed four
preopercular spines (Fig. 4b). The flexion larvae (9.4–

Fig. 2 Pigment position of a preflexion larva. The numbering of position modified from Kendall and Lenarz (Kendall Jr and Lenarz 1986)
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Fig. 3 Neighbor joining tree showing the relationships among larvae and juveniles of Porocottus leptosomus collected from Busan, and P.
leptosomus adult collected from Taean (type locality) and five cottid species. Numbers at branches indicate bootstrap probabilities in 1000
bootstrap replications. Bar indicates genetic distance of 0.02

11.8 mm BL) possessed a pair of parietal spine (Fig. 4c).
At 10.5 mm BL, the fourth preopercular spine was bicuspid (Fig. 4d). The postflexion larvae (11.8–12.6 mm BL)
had similar spines but they developed spines (Fig. 5a).
During the juvenile stage (11.4–16.5 mm BL), the first
and second preopercular spines were well developed and
curved upward (Fig. 5b, c).
At 11 mm BL, a pair of supraocular cirri was first to
develop (Fig. 4d). During the postflexion larva stage
(11.8–12.6 mm BL), supraocular cirri became elongated
(Fig. 5a). During the juvenile stage (11.4–16.5 mm BL),
the tip of cirri became branched (Fig. 5b, c).
The yolk-sac larvae (3.9–5.6 mm BL) possessed a primordial finfold; pectoral fin looked like a fan and lacked real
fin rays, and the pectoral fin was short, not reaching the
anus (Fig. 4a). At 6.5 mm BL, caudal fin rays began to
occur (Fig. 4b). At 9.5 mm BL, dorsal, pectoral, and anal
fin rays began to occur; pelvic fin buds are seen (Fig. 4c).
At 11.5 mm BL, pelvic fin rays began to develop, ray segmentation was initiated in the caudal fin, all fin rays were
reaching the margin of the fin, and the second dorsal and
anal fins were separated from the caudal fin (Fig. 4d).

During the postflexion larva stage (11.8–12.6 mm BL), the
development of dorsal fin spines was completed; the dorsal and anal fins were separated from the caudal fin
(Fig. 5a). During the juvenile stage (11.4–16.5 mm BL), the
numbers of fin spine and ray were equal to those in adults:
VI~VII-18~19 dorsal, 12~14 anal, 15~16 pectoral, and I, 3
pelvic. All soft fin rays were segmented (Table 2).
The yolk-sac larvae (3.9–5.6 mm BL) had the stellate
melanophores in head, isthmus, gut, and tail (along to
the ventral midline) (Fig. 4a). The preflexion larvae (5.2–
10.0 mm BL) showed a similar melanophore pattern with
that of yolk-sac larvae (Fig. 4b). The flexion larvae (9.4–
11.8 mm BL) had the spotted-shaped melanophores in
the head (Fig. 4c, d). The postflexion larvae (11.8–12.6
mm BL) had spotted-shaped melanophores in the gut;
all posflexion larvae except two specimens had
spotted-shaped melanophores in the head (Fig. 5a). During the juvenile stage (11.4–16.5 mm BL), melanophores
covered the head and began to form five black bands on
the side of the body (Fig. 5b, c).
The percentage of pectoral fin length (PL) to BL increased with size, and the percentage of eye diameter
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Fig. 4 Drawings of larvae of Porocottus leptosomus. a Yolk-sac larva (5.6 mm BL) (PKUI 400). b Preflexion larva (8.5 mm BL) (PKUI 491). c Flexion
larva (10.5 mm BL) (PKUI 406). d Flexion larva (11.5 mm BL) (PKUI 403). Bars 1 mm

(ED) to head length (HL) decreased with size (Fig. 7).
The percentage of preanal length (PAL), body depth
(BD), and head length (HL) to BL decreased before
notochord flexion. These percentages showed a further
increase at the flexion larva stage (Fig. 7). The percentages of PAL, BD, and HL to BL during the preflexion
stage are plotted (Fig. 7).

Discussion
A total of 500 base pairs of the mtDNA COI gene of 21
larvae and juveniles of P. leptosomus were compared
with those of 6 other cottid species (Fig. 3). The 21 larvae and juveniles examined in this study were identified
as P. leptosomus. The larvae and juveniles belong to the
genus Porocottus for having a slender body, a short
snout, a fan-like pectoral fin, four or serrate preopercular spines, and heavy pigment on dorsal surface of the
gut, nape, and epural, and along the postanal ventral
midline (Kendall Jr. 2011; Okiyama 2014). These characters were well corresponded to our specimens.
The occurrence season of P. leptosomus larvae was
similar to that of Hexagrammos otakii and Furcina ishikawae. So compared with these species, P. leptosomus
can be misidentified as Hexagrammos otakii and F.

ishikawae by the following characters such as fin development and melanophore pattern: fin development
(around 12.5 mm BL in P. leptosomus vs. over 19 mm BL
in H. otakii vs. 17~18 mm BL in F. ishikawae), melanophore pattern (no melanophores on lateral trunk in P.
leptosomus vs. melanophores on lateral trunk in H. otakii and F. ishikawae), cirri development (at 11 mm BL in
P. leptosomus vs. absent in H. otakii vs. at 16 mm BL in
F. ishikawae) (Okiyama 2014). The fin and cirri development of P. leptosomus was faster than those of other
intertidal fishes. These differences may be survival strategies that have the potential to decrease mortality of the
eggs, larvae, and juveniles through camouflage and development of swimming ability.
Matarese et al. (1989) divide the cottid larval fishes in
Northeastern Pacific Ocean into eight groups based on
morphological characters. The larvae and juveniles of P.
leptosomus are morphologically similar to the “Myoxocephalus group” in Matarese et al. (1989) based on the following features: slender body, pointed snout, four
preopercular spines, melanophore pattern. These results
were consistent with the results of morphological classification in Yabe (1985) and the results of molecular phylogeny in Knope (2013). However, the genus Porocottus
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Fig. 5 Drawings of larvae and juveniles of Porocottus leptosomus. a Postflexion larva (12.3 mm BL) (PKUI 408). b Juvenile (13.3 mm BL) (PKUI 358).
c Juvenile (16.5 mm BL) (PKUI 351). Bars 1 mm

Fig. 6 Relative growth of fin count in larvae and juveniles of Porocottus leptosomus
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Table 1 Measurements of larvae and juveniles of Porocottus leptosomus. Values for each body proportion are expressed as
percentage of body length (BL) or head length (HL): mean and range
Yolk sac

Preflexion

Flexion

Postflexion

Juveniles

Number of specimens

10

52

14

5

14

Body length (mm)

3.9–5.6

5.2–10

9.4–11.8

11.8–12.6

11.4–16.5

Preanal length/SL (%)

38.5–50.0
(44.5)

32.9–48.3
(39.3)

34.5–50.5
(40.4)

41.3–50.0
(44.9)

39.8–57.0
(45.8)

Head length/SL (%)

20.5–30.0
(26.3)

17.3–29.3
(22.5)

20.5–33.6
(25.4)

24.0–29.7
(26.8)

23.6–35.2
(29.5)

Body depth/SL (%)

17.9–27.8
(23.0)

15.6–27.6
(21.0)

17.1–27.4
(21.4)

21.5–25.4
(23.2)

19.5–26.1
(22.9)

Pectoral fin length/SL (%)

6.6–12.0
(8.6)

8.5–13.3
(10.4)

12.0–25.3
(18.4)

19.0–23.2
(21.1)

17.3–26.1
(22.3)

Snout length/HL (%)

13.3–27.3
(19.6)

12.5–26.3
(20.3)

16.7–29.6
(23.2)

23.3–27.6
(25.0)

20.0–26.3
(23.2)

Eye diameter/HL (%)

35.7–63.6
(46.3)

29.4–46.7
(39.3)

25.0–41.7
(35.6)

29.4–34.5
(32.4)

28.2–38.7
(35.0)

can be distinguished from the genus Myoxocephalus by
preopercular spine shape and fin development: the genus
Myoxocephalus develop four preopercular spines, and
then preopercular spines except the first and second preopercular spine disappear, but P. leptosomus have four
preopercular spines during larval development; the fin
completion of P. leptosomus is faster than that of the

genus Myoxocephalus (at 12 mm BL in P. leptosomus vs.
over 14 mm BL in the genus Myoxocephalus) (Matarese
et al. 1989; Okiyama 2014). The larvae and juveniles of
most cottids generally developed 4~5 preopercular
spines and then reduced the size or number of preopercular spines (Okiyama 2014). In most of adult cottids,
they have a large first preopercular spine which is simple

Fig. 7 Relative growth of various body proportions in larvae and juveniles of Porocottus leptosomus. ◆, Porocottus leptosomus; ○, Porocottus allisi
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Table 2 Fin rays, head spines, and head cirri development in Porocottus leptosomus
Elements

Yolk-sac larvae

Preflexion larvae

Body length (mni) Flexion larvae

Postflexion larvae

Juvenile

3.9

5.5

9.5

10.8

11.8

12.4

6.2

16.5

Fin rays
Dorsal-fin rays

VI, 16

VII, 17

VII, 18

VII, 18

VII, 18

Anal-fin rays

12

13

12

12

14

Pectoral-fin rays

11

14

14

15

15

Pelvic-fin rays

Bud

Incipient

I,2

I,3

I,3

10

12

13

15

15

O

O

O

O

O

4

4b

4b

4b

4b

Bud

Incipient

O

O

Caudal-fin rays

w.anlage

Head spines
Parietal spine
Preopercular spine

2

4

4

Head cirri
Supraocular cirri
w Indicates weak; b Indicates bicuspid

HL decreased with size (Sado et al. 2005; Blood and
Matarese 2010; Okiyama 2014; Fig. 7). The percentages
of PAL, BD, and HL to BL during larval development
are plotted because the body length rapidly grows in the
preflexion larvae stage (Figs. 7 and 8). The experimental
values of PAL, BD, and HL continue to increase with
size (Fig. 8).
Compared with P. allisi, counts and measurements
have no difference (Han and Kim 1997; Okiyama 2014;
Fig. 7). But P. leptosomus can be distinguished from P.
allisi by morphological development and the occurrence
of larval fish: preopercular spine development (four
spines in P. leptosomus vs. spines increases from two to

or highly modified (Yabe 1985; Nakabo and Kai 2013).
The preopercular spine development of P. leptosomus
will be similar to those of other cottid. After juvenile
stage, P. leptosomus expected to reduce size or number
of preopercular spines. Melanophore pattern of preflexion larvae compared with these of other cottid species
(Table 3). Compared with the genus Myoxocephalus
which is close to the genus Porocottus, P. leptosomus
having melanophores in ventral abdominal and hypural
has no melanophores in the upper jaws, nape, and dorsal
contour. As in other species of Cottidae, larvae and juveniles of P. leptosomus showed that the percentage of PL
to BL increased with size and the percentage of ED to

Table 3 Comparison of pigmentation pattern in preflexion larvae of 14 cottid fishes
Species

Melanophore position
1

2

3

4

References
5

6

7

8

9

1

1

1

1

1

1

1

0

1

2

3

4

5

6

Porocottus leptosomus

0

1

0

0

1

1

1

1

1

1

0

0

1

0

1

1

Present study

Porocottus allisi

0

1

0

0

1

1

1

1

1

1

0

0

1

1

1

1

Okiyama (2014)

Myoxocephalus stelleri

1

1

1

0

0

1

1

0

0

0

1

1

1

1

0

0

Okiyama (2014)

Enophrys diceraus

0

1

1

0

1

1

1

0

1

1

0

1

1

0

0

1

Okiyama (2014)

Oligocottus maculosus

0

1

1

0

0

1

0

0

0

0

0

0

1

0

0

1

Stein (1973)

Gymnocanthus herzensteini

1

1

1

1

0

1

0

0

1

1

0

1

1

0

0

1

Kyshin (1970)

Alcichthys alcicornis

0

1

1

1

1

1

0

1

1

1

0

1

1

0

0

1

Okiyama (2014)

Furcina ishikawae

0

1

1

1

0

1

0

0

0

0

0

0

1

1

0

1

Okiyama (2014)

Ocynectes maschalis

1

1

1

0

0

1

1

1

1

1

0

0

1

0

0

1

Okiyama (2014)

Pseudoblennius marmoratus

0

0

1

1

0

1

1

0

0

1

0

0

1

0

0

1

Sado et al. (2005)

Icelinus japonicus

0

0

0

0

0

1

0

0

0

0

0

0

1

0

0

1

Okiyama (2014)

Astrocottus matsubarae

1

1

1

1

1

1

1

1

1

1

1

1

1

1

0

1

Okiyama (2014)

Cottus pollux

0

0

0

0

1

1

0

1

1

0

0

0

1

0

0

1

Kurawaka (1976)

Trachidermus fasciatus

0

0

0

0

0

1

0

1

0

0

0

1

1

0

0

0

Takeshita et al. (1997)

0 Absent; 1 Present
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Fig. 8 Relative growth of various experimental of body in larvae and juveniles of Porocottus leptosomus

four in P. allisi), notochord flexion (at 10 mm TL in P.
leptosomus vs. at 8.2 mm TL in P. allisi), melanophore
pattern (no melanophores on lateral trunk in P. leptosomus vs. melanophores on lateral trunk in P. allisi), pelvic
fin development (buds at 10.3 mm TL, complete at 13
mm TL in P. leptosomus vs. buds at 13 mm TL,
complete at 16 mm TL in P. allisi), caudal fin development (first appear at 7 mm TL, separate other fins at 13
mm TL in P. leptosomus vs. first appear at 9.5 mm TL,
separate other fins between 16.8 and 20.3 mm TL in P.
allisi), the occurrence of larval fish in Busan (from January in P. leptosomus vs. March and April in P. allisi)
(Han and Kim 1997; Okiyama 2014; Figs. 4 and 5).
Sculpins are known to display high site fidelity as
adults and produce demersal eggs, so gene flow is mediated only through the larvae (Matarese et al. 1989;
Yoshiyama et al. 1992; Ramon 2007; Kendall Jr. 2011;
Knope 2013). However, the larvae of intertidal species
are generally only found near shore and population genetic studies have found low to moderate levels of gene
flow among populations (Marliave 1986; Waples 1987;
Ramon 2007). According to Choi and Yang (2008) and
Choi et al. (2008), Chinese P. leptosomus can be distinguished from the original description in the count of
dorsal fin rays (16 rays in Chinese P. leptosomus vs.
18~19 rays in the specimens of holotype and paratypes)
(Muto et al. 2002). P. leptosomus population around
Korea and China will be divided into two groups and be
genetically different from each other. So we need to
check Chinese specimens and to reveal the phylogenetic
relationship by morphological and molecular analyses.

pectoral, and anal fin rays began to occur; pelvic fin buds
are seen; they possessed a pair of parietal spine; and a
pair of supraocular cirri was first to develop. At 12 mm
BL, the notochord was completely flexed. The larva
stage (3.9–12.6 mm SL) had the stellate melanophores in
the head, isthmus, gut, and tail (along to the ventral
midline). During the juvenile stage (11.4–16.5 mm BL),
melanophores covered the head and began to form five
black bands on the side of the body. P. leptosomus can
be distinguished from P. allisi by morphological development and the occurrence of larval fish: preopercular
spine development, melanophores pattern, caudal fin
development.

Conclusions
The larvae and juveniles of Porocottus leptosomus belonging to the family Cottidae were collected from Busan, Korea. The larvae and juvenile of P. leptosomus
were identified using DNA barcoding as P. leptosomus.
The yolk-sac larvae (3.9–5.6 mm BL) body was slightly
compressed, head was large, eye was round and large,
and anus was before the middle of the body. The preflexion larvae (5.2–10.0 mm BL) body length drastically
increased. The flexion larvae (9.4–11.8 mm BL) dorsal,
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A novel BACE inhibitor isolated from Eisenia
bicyclis exhibits neuroprotective activity
against β-amyloid toxicity
Jung Kwon Lee and Hee-Guk Byun*

Abstract
Alzheimer’s disease (AD) is a disturbing and advanced neurodegenerative disease and is characterized pathologically by
the accumulation of amyloid beta (Aβ) and the hyperphosphorylation of tau proteins in the brain. The deposition of Aβ
aggregates triggers synaptic dysfunction, and neurodegeneration, which lead to cognitive disorders. Here, we found that
FF isolated from an eatable perennial brown seaweed E.bicyclis protect against Aβ-induced neurotoxicity in neuroblastoma
cells stably transfected with two amyloid precursor protein (APP) constructs: the APP695 cDNA (SH-SY5Y-APP695swe). The
FF demonstrated strong inhibitory activity for β-secretase (IC50 16.1 μM) and its inhibition pattern was investigated using
Lineweaver-Burk and Dixon plots, and found to be non-competitive. Then, we tested whether FF could inhibit production
of Aβ in SH-SY5Y-APP695swe. FF inhibited the production of Aβ and soluble-APP, residue of APP from cleaved APP by
β-secretase. Our data show that FF can inhibit the production of Aβ and soluble-APPβ via inhibition of β-secretase
activity. Taken together these results suggest that FF may be worthy of future study as an anti-AD treatment.
Keywords: β-Secretase inhibitory activity, Eisenia bicyclis ethanol extract, Fucofuroeckol-b, β-Amyloid, Amyloid
precursor protein, Alzheimer’s disease

Background
Alzheimer’s disease (AD) is a neurodegenerative disease,
and its prevalence is increasing rapidly in the elderly
population. Dementia is the most prevalent symptom of
AD, which is also characterized by progressive cognitive
decline, memory impairment, vast neuronal loss, decline
in cholinergic transmission, and the presence of senile
plaques. AD is pathologically characterized by the presence of extracellular deposition of plaques comprised of
amyloid-β (Aβ) peptide and neurofibrillary tangles
(NFTs) comprised of hyperphosphorylated-tau protein,
accumulating evidence suggests that these abnormal
protein deposits are unlikely the causative events in AD
as Aβ plaque or NFT volume poorly correlate with the
severity of dementia (Šimić et al. 2016). Moreover, the
degree of dementia in postmortem brains of AD patients
correlates more closely with the level of soluble
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oligomers of Aβ species, especially in hippocampal and
cortex regions associated with learning and memory
function. Aβ peptides are proteolytic products of the
amyloid precursor protein (APP) and are sequentially
cleaved by β- and γ-secretases (Murphy and LeVine
2010). Although Aβ peptides of varying length are produced, Aβ-42 is considered to be comparatively more
amyloidogenic and readily assembles into soluble oligomers and consequent fibril deposits. Instead, Aβ oligomers termed as Aβ-derived diffusible ligands, are
thought to induce synaptic loss and progressive cognitive decline in AD (Masters and Selkoe 2012).
Currently, marine plants are intriguing materials as
nutraceuticals and pharmaceuticals, given their numerous biological and phytochemical benefits. Marine algae
can be classified into three classes based on their pigmentation, namely brown, red, and green algae, which
are referred to as Phaeophyceae, Rhodophyceae, and
Chlorophyceae, respectively (Khan et al. 2010). Since the
1940s, production of algal polysaccharides has attained
commercial significance through their application as
thickening and gelling agents for various food and
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industrial applications (Burtin 2003). Researchers have
revealed that marine algae-originated compounds exhibit
various biological activities, including anticoagulant
(Athukorala et al. 2007), anti-viral (Artan et al. 2008),
antioxidant (Heo et al. 2005), anti-allergic (Li et al. 2008),
anti-cancer (Kong et al. 2009), and anti-inflammatory
(Kim et al. 2009) activities, among others. Furthermore,
several scientific studies have provided insight into the putative neuroprotective properties of marine algae (Zarros
2009). Eisenia bicyclis (Kjellman) is a perennial brown
alga, of the family Laminariaceae. It is extensively distributed in Korea and Japan, and is especially abundant in
Ulleung and on Dok Island in Korea. It is frequently used
as a dietary alternative for Laminaria japonica, along with
Ecklonia stolonifera and Ecklonia cava. This species contains several bioactive components, including phlorotannins, polysaccharides, pyropheophytin, sterol, lipids,
tripeptides, and oxylipins (Noda et al. 1989; Kurata et al.
1990; Kousaka et al. 2003; Okada et al. 2004). In particular,
phlorotannins produced by the polymerization of phloroglucinol (1,3,5-trihydroxybenzene) (Ragan and Glombitza
1986), have been reported to possess various biological activities, such as antioxidant (Kang et al. 2003),
anti-inflammatory (Shin et al. 2006), and β-secretase1
(BACE1) inhibitory (Jung et al. 2010) activities. Although
several reports on the cholinesterase and β-secretase inhibitory activities of brown algae and their phlorotannins
have been reported, the neuroprotective effects of E. bicyclis and its phlorotannins on Aβ-induced neurotoxicity
have not yet been studied. Natural products from brown
algae effectively modulate the type of neurodegenerative
changes seen in AD, suggesting therapeutic potential. The
present work focuses on the chemistry of polyphenols and
their role in modulating APP processing. We also provide
new hypotheses on how these therapeutic molecules may
modulate APP processing, prevent Aβ aggregation.
Therefore, the aims of this study were to study the potential of E. bicyclis and its isolated β-secretase inhibitor
to protect against Aβ-induced neurotoxicity, and to reduce Aβ in neuroblastoma cells.

Material and methods
Sample preparation

Brown alga (E. bicyclis) was collected from the coast of
Ullengdo, Ullengdo Island, South Korea, in July 2013.
The samples were washed three times with tap water to
remove salt, epiphytes, and sand attached to the surface
and then rinsed with fresh water, dried under shade, and
homogenized with a grinder.
Preparation of ethanolic extract and fractions

The algal powder (1 kg) was extracted with 3 L of 80%
ethanol at 37 °C for 24 h and then filtered. After filtration, the ethanol extracts were dried using a rotary
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evaporator under vacuum. Each extract was partitioned
with organic solvents to yield n-hexane, ethyl acetate,
and H2O fractions (Fig. 1a).
Isolation of compounds

The active fraction was purified using a silica gel-filled
Sephadex LH-20 (Sigma-Aldrich, MO, USA) chromatography column, and the column was eluted with
methanol at a flow rate of 1.5 mL/min. The isolated
fraction from the Sephadex LH-20 column was isolated
using a solid phase extraction (SPE) column (Hi-Load
18, 5 g, 20 mL, Chrom Tech, Inc.) and a thin-layer
chromatography (TLC) (0.25 mm Silica gel 60 F254,
Merck, Co.) preparative separation. The active fraction
was separated by high-performance liquid chromatography (HPLC) (Agilent 1100 series, USA) on a C18
ODS column (4.6 × 250 mm, 5 μm, Shodex, Tokyo,
Japan) at a flow rate of 1.0 mL/min at 215 nm.
NMR analysis

All non-aqueous reactions were performed in flame-dried
glassware under a nitrogen atmosphere with magnetic
stirring. NMR spectra were obtained on a JOEL Lambda
300 spectrometer and recorded at 300 MHz for 1H (75
MHz for 13C) with CDCl3 as a solvent and (CH3)4Si (1H)
or CDCl3 (13C, 77.0 ppm) as internal standards, unless
otherwise stated. All 31P NMR chemical shifts are reported in ppm relative to 85% H3PO4 (the external standard). FT-IR spectra were recorded on a JASCO FR-IR 460
series unit. High-resolution FAB mass spectra were
attained from a hybrid LC-quadrapole-TOF tandem mass
spectrometer at Gangneung-Wonju National University.
Measurement of β-secretase inhibitory activity

β-Secretase inhibitory activity was measured following
Johnston’s method (Johnston et al. 2008), using a commercially available fluorogenic substrate, MCA-EVKMD
AEFK-(DNP)-NH2. This substrate is analogous to the
wild-type APP sequence and is derivatized at its
N-terminus with a fluorescent 7-methoxycoumarin-4-yl
acetyl (MCA) group and at its C-terminal lysine residue
with a 2,4-dinitrophenyl (DNP) group. In the whole peptide, the fluorescence of the MCA group is eliminated by
internal quenching from the DNP group. Once cleaved by
β-secretase activity, the MCA fluorescence can be detected.
Tests were carried out in 96-well black plates using a spectrofluorometer (Tecan, Switzerland). β-Secretase and
β-secretase substrate I were incubated in a final volume of
200 μL of assay buffer (50 mM sodium acetate, pH 4.5).
The hydrolysis of β-secretase substrate I was followed at 37
°C for 30 min by measuring the associated increase in fluorescence. Readings (excitation 325 nm, emission 393 nm)
were obtained every 60 s. The inhibition ratio was calculated using the following equation: inhibition (%) = [1−{(S
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Fig. 1 Extraction and isolation procedure for E. bicyclis processing. a Steps to purify the active compound from the ethanol extract of E. bicyclis.
To purify the active compound, liquid-liquid extraction, Sephadex LH-20 column chromatography, solid phase extraction (SPE) column
chromatography, thin-layer chromatography (TLC), and high-performance liquid chromatography (HPLC) were used for the purification steps.
b IC50 values (μg/mL) of the separated fractions from the purification steps of the active compound (Fr. B1-F1A). c Chromatograph of the purified
active fraction (B1-F1A) from E. bicyclis by HPLC

−S0)/(C−C0)} × 100], where C is the fluorescence of a control (enzyme, assay buffer, and substrate) after 60 min of incubation, C0 is the fluorescence of the control at zero time,
S is the fluorescence of test samples (enzyme, sample solution, and substrate) after 60 min of incubation, and S0 is
the fluorescence of the relevant test sample at zero time.
All data are the mean of triplicate experiments.

Kinetic analysis

To investigate the mode of β-secretase inhibition by the
purified inhibitor, the purified inhibitor was added to
each reaction mixture. The inhibition constants (Ki) of
β-secretase inhibitors were calculated using Dixon plots.
To determine the kinetics of purified compounds, inhibition rates were measured at four concentrations of the
substrate (500, 750, 1000, and 1500 nM). For the Dixon
plots, data were acquired as mean values of 1/V (reaction
velocity), the inverse of the intensification of fluorescence
intensity per min (min/relative fluorescence units, RFU)
of three independent tests with different concentrations

(0, 2.5, 5.0, and 10 μM) of inhibitor. The assay was carried
out in the presence of purified inhibitor.
Cell culture

Human neuroblastoma SH-SY5Y cells were maintained in Dulbecco’s modified Eagle medium nutrient
mix F12 medium (GIBCO, Carlsbad, CA, USA) containing L-glutamine and 15 mM HEPES, supplemented
with 10% fetal bovine serum (GIBCO, Carlsbad, CA,
USA) and 100 U/mL penicillin-streptomycin at 37 °C,
under 5% CO2. SH-SY5Y-APP695swe cells stably
transfected with the human Swedish mutation were
generated as previously described (Jämsä et al. 2011).
The cDNA encoding human APP695swe was inserted
into the expression vector pIREShyg (Clontech) before
being stably transfected into SH-SY5Y cells. DNA
(30 μg) was introduced into the cells by electroporation in 4-mm cuvettes with a pulse of 250 V and
1650 μF using an ECM630 electroporator (BTX
Harvard Apparatus, Holliston, MA). Selection for cells
containing the required construct was performed in
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normal growth medium with 0.15 mg/mL hygromycin B
(Invitrogen, Paisley, UK). Cells were grown to 90–100%
confluency, washed twice with phosphate-buffered saline
solution (pH 7.4, GIBCO, Carlsbad, CA, USA), and incubated in 10 mL of serum-free Opti-MEM (Invitrogen, ON,
USA) for 24 h. The conditioned medium was harvested,
and 5 mL was concentrated to 200 μL using 10-kDa cutoff
Vivaspin filtration columns (Millipore, Billerica, MA). The
remaining 5-mL conditioned media sample from the
SH-SY5Y cells was used for analysis of Aβ42 using an
ELISA kit (Invitrogen, ON, USA).
Aβ-induced toxicity on SH-SY5Y cells

On the experiment day, the culture media were removed,
and cells were incubated at 37 °C in fresh culture media
and exposed to either Aβ42 for 24 h, in the presence or
absence of a β-secretase inhibitor. Aβ42 was dissolved by
briefly vortexing in distilled water containing ammonium
hydroxide 0.02% (v/v) and stored at − 20 °C before use.
Cells were also treated with the inactive reverse sequence
peptide Aβ42 to confirm the specificity of the toxic effects
of the fragment Aβ42. Cell viability was assessed 24 h later
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) colorimetric assay.
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were blocked with 5% dry nonfat milk in Tris-buffered saline plus 0.05% Tween-20 (TBST) for 1 h at room
temperature and then incubated with primary antibodies
against the C-terminus of APP (1:2000, A8717), sAPPβ
(3 μg/mL, SIG-39138), Aβ (1:1000, B-4, Santacruz Biotech), and β-actin (1:2000, Sigma-Aldrich, MO, USA) in
TBST containing 5% dry nonfat milk overnight at 4 °C and
then for 30 min at room temperature. The membranes
were washed with TBST and incubated with horseradish
peroxidase-conjugated secondary antibodies for 2 h at
room temperature. The immunoreactive proteins were detected with ECL Advance Western Blotting Detection Reagents (Amersham Biosciences, Piscataway, NJ, USA). All
bands were standardized to β-actin and then compared
and quantified with ImageJ software (National Institutes
of Health, Bethesda, MD, USA).
Statistical analyses

Data were analyzed for statistical significance using analysis of variance (ANOVA) followed by Dunnett’s multiple comparison test with SPSS software (version 14).
All values obtained from three different experiments
were expressed as the mean value ± SEM.

Results and discussion
MTT assay

To evaluate the toxicity of the active sample, cells were
seeded in 96-well plates (5 × 104 cells/mL) and incubated
with varying sample concentrations (6.5, 15, 25, and
50 μM) for 24 h. The cell culture media were changed
immediately before the MTT assay to avoid interaction
between MTT and the sample, and 10 μL MTT (5 mg/
mL, Sigma-Aldrich, MO, USA) solution was added,
followed by incubation for 4 h. The supernatant was removed, and 100 μL DMSO was added to dissolve the
dye crystals. Absorbance was read at 490 nm, and the
percentage of viable cells was calculated.
Western blot

Cells were harvested, and proteins were prepared by direct
extraction on ice in Tricine sample buffer (Bio-Rad Laboratories, Hercules, CA, USA) containing a protease inhibitor cocktail (Roche, Indianapolis, IN, USA), followed
by centrifugation at 4 °C for 5 min. The supernatant protein concentration was measured using a BCA Protein
Assay Kit (Thermo Scientific, Waltham, MA, USA). The
protein samples were aliquoted and then frozen at − 80 °C.
Approximately 40 μg of total protein was loaded into the
wells in 8–12% sodium dodecyl sulfate (SDS)-polyacrylamide gels for determination of full-length APP or in 16%
SDS–Tricine polyacrylamide gels for sAPPβ and Aβ blots.
Afterward, the proteins were transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica,
MA, USA). After protein transfer, the PVDF membranes

Isolation of a β-secretase inhibitor using ethanol
extraction and partitioning into solvent fractions

A novel β-secretase inhibitor from E. bicyclis was purified using multiple purification methods include organic
solvent extraction, LH-20 Sephadex chromatography,
thin layer chromatography (TLC), solid phase extraction
(SPE) and high performance chromatography (Fig. 1a).
Among the fractions separated, the active fractions were
selected through β-secretase inhibitory activity assay.
As shown in Table 1, ethanol extract or its fractions
isolated by hexane, ethyl acetate and H O fraction exhibited β-secretase inhibitory activity with an IC50 value of
0.70, 1.02, 0.24 and 2.12 mg/mL, respectively. Among
the fractions, the ethyl acetate fraction had the highest
β-secretase inhibitory activity.
The ethyl acetate fraction was separated on a silica
gel-filled Sephadex LH-20 column into six fractions
(A-F). Among the separated fractions, fraction B had the
highest β-secretase inhibitory activity, with an IC50 value
Table 1 IC50 values of β-secretase inhibitory activity of the
ethanol extract and its individual fractions from E. bicyclis
Sample

IC50 value (mg/mL)*

Ethanol extract

0.70 ± 0.21b

Hexane fraction

1.02 ± 0.11c

Ethyl acetate fraction

0.24 ± 0.08a

H2O fraction

2.12 ± 0.27d

*Values (mean ± S.E.M. of three replications) not sharing a common superscript
letter are significantly different (p < 0.05)
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of 0.16 mg/mL (Fig. 1b). Fraction B from the Sephadex
LH-20 column was then purified using an SPE column.
In addition, that purified fraction was further isolated
using a TLC preparative separation. The TLC purification was carried out in developing solvent (n-Hexane-ethyl-acetate-acetone (6:5:1, v/v)) and scanned under
wavelength UN light (365 nm). Finally, an active fraction, B1-F1A, was purified from the B1-F1 fraction from
TLC separation by HPLC. The β-secretase inhibitory activity of B1-F1A was purified over 13.2-fold from the
ethyl acetate fraction using a purification of five steps
(Fig. 1b). The purified fraction possessed β-secretase inhibitory activity with an IC50 value of 16.1 μM (Fig. 1c)
and exhibited a molecular weight of 478.054 Da according to Q-TOF-MS (data not shown). The structure of
the purified fraction B1-F1A was identified by comparing its NMR spectral data with those in the existing
literature.
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Identification of compounds isolated from E. bicyclis

Figure 2 shows the spectroscopic properties of the purified fraction, B1-F1A: C24H14O11; 1H-NMR (300 MHz,
DMSO-d6) δ 11.58 (1H, s, 14-OH), 10.05 (1H, S, 4-OH),
9.88 (1H, s, 10-OH), 9.45 (1H, s, 2-OH), 9.11 (2H, s, 3′
5′-OH), 8.22 (1H, s, 8-OH), 6.71 (1H, s, H-13), 6.48 (1H,
d, J = 1.1 Hz, H-11), 6.34 (1H, s, H-3), 6.38 (1H, d, J =
1.5 Hz, H-9), 5.86 (1H, s, H-4′), 5.83 (2H, d, J = 1.5 Hz,
H-2, 6′); 13C-NMR (300 MHz, DMSO-d6) δ 160.22
(C-1′), 158.81 (C-3, 5′), 158.23 (C-11a), 157.62 (C-10),
150.46 (C-12a), 150.33 (C-8), 146.46 (C-2), 144.33
(C-14), 141.56 (C-4), 136.82 (C-15a), 133.63 (C-5a),
123.58 (C-14a), 122.4 (C-4a), 122.04 (C-1), 103.13 (C-6),
102.48 (C-7), 98.43 (C-3), 98.23 (C-9), 96.6 (C-4′), 96.14
(C-13), 93.2, (C-2′,6′) 90.68 (C-11).
The molecular structure of the purified compound
C24H14O11 based on the NMR spectra data is shown in
Fig. 2a, b. The proton NMR (1H-NMR) spectrum

Fig. 2 13C-NMR spectrum (a) and 1H-NMR spectrum (b) of fraction B1-F1B in DMSO-d6. c 13C-NMR data for the isolated fraction B1-F1B in DMSOd6. d Structure of the isolated fraction B1-F1B from E. bicyclis. The isolated fraction B1-F1B was identified as fucofuroeckol-b (FF) based on the
NMR spectra results
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contained signals characteristic of active aromatic protons. AB2 system had signals at δ-6.71 (1H, s) and 6.47
(1H, d, J = 1.10 Hz), δ6.25 (1H, d, J-1.46 Hz) and 5.76
(2H, d, J = 1.46 Hz), and two singlets at δ6.29 (1H, s) and
5.83 (1H, s), as well as eight phenolic hydroxyl signals at
δ10.05, 9.88, 9.76, and 8.22. The carbon–13 nuclear
magnetic resonance (13C-NMR) spectrum of the purified
compound indicated the presence of 7 methanes, 15
O-bearing aromatic carbons, and 2 quaternary carbons
(δ103.1, 102.4). The compound is composed of four benzene rings that are joined together via a furanoid, a 1,4
dioxin structure, and a phenyl ether bridge. The chemical shifts of C-5a, C-13, C-14, and C-14a were very
close to those of the subsequent signals of eckol, and
those of the two other carbons [C-6 (δ103.1) and C-12a
(δ150.5)] were different from the subsequent signals.
Thus, the purified compound had to be an eckol
switched with phloroglucinol via a biaryl bond at C-9.
The removal of one molecule of water from the hydroxyl
groups at C-2 of the phloroglucinol and C-8 of the eckol
unit must then have caused the creation of the furan
ring. These data indicate that this compound contains
an eckol moiety and that C-12a or C-13 can be altered
or can exist close to the variation. Therefore, the purified compound was identified as fucofuroeckol-b (FF)
based on the NMR spectrum results.
FF was first isolated as its free form from natural
sources from E. bicyclis, although the hepta-acetate of FF
has been previously isolated from Eisenia arborea (Glombitza and Gerstberger 1985). The β-secretase inhibition
pattern of FF from E. bicyclis was investigated using
Lineweaver-Burk plots and Dixon plots, and it was found
to be non-competitive (Fig. 3a). Thus, it could bind with
both the enzyme and the enzyme-substrate complex and
interact independently of the substrate. In addition, the inhibitor did not change the substrate-enzyme binding affinity. With increasing concentrations, a sequence of lines
was observed that had a shared intercept on the 1/[S] axis
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but different slopes. To determine the manner of
β-secretase inhibition, kinetic analysis was performed
using different substrate (500, 750, 1000, and 1500 nM)
and inhibitor concentrations. The inhibition constants
(Ki) were obtained by analysis of the Dixon plots, in which
the value of the x-axis denoted Ki. The Dixon plot is a
graphical approach [plot of 1/enzyme velocity (1/V)
against inhibitor concentration] to determine the type of
enzyme inhibition, and it can be used to determine the
dissociation or Ki for the enzyme-inhibitor complex
(Cornish-Bowden and Eisenthal 1974). In the case of competitive inhibition, the x-axis indicates Ki when 1/V = 1/
Vmax. In non-competitive inhibition, the x-axis indicates
Ki when 1/V = 0. As shown in Fig. 3b, FF (Ki = 10.1)
showed a non-competitive inhibition pattern in the Dixon
plots. Typically, the lower the Ki value, the stronger the
binding with the enzyme, and the more efficient an inhibitor is; thus, the results indicated that FF may be a strong
candidate for a β-secretase inhibitor. Jung et al. (2010) reported that various phlorotannins demonstrated significant and non-competitive inhibition against β-secretase:
dioxinodehydroeckol
(Ki = 8.0),
eckol
(Ki = 13.9);
phlorofurofucoeckol-A (Ki = 1.3), triphloroethol-A (Ki =
12.1), and 7-phloroethol (Ki = 7.2). The Ki value of FF was
higher than that of eckol and triphloroethol but lower
than that of phlorofurofucoeckol-A. However, they all exhibited a non-competitive inhibition pattern. The E. bicyclis extract and the phlorotannins contained in it likely
have value for the development of therapeutic and preventive agents for AD.
Cell cytotoxicity of FF in neuronal cells

We tested the toxicity of compound FF on SH-SY5Y
cells overexpressing APP695swe. Cells were treated with
increasing concentrations of FF (15, 25, 50, and 100 μg/
mL) for 24 h, and cell viability was assessed by MTT
assay. Cells treated with concentrations of the compound up to 15 μg/mL did not exhibit reduced viability,

Fig. 3 a Lineweaver-Burk plots for the inhibition of β-secretase in the presence of FF. Concentrations of FF for the curves were 50, 100, and
200 μg/mL, using the substrate as the control. b Dixon plots for the inhibition of β-secretase by FF in the presence of different concentrations of
the substrate: 500 nM (black circle), 750 nM (white circle), 1000 nM (white square), and 1500 nM (black square)
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Fig. 4 Cytotoxicity of a SH-SY5Y cells overexpressing APP695swe that were treated with FF (0, 15, 25, 50, and 100 μg/mL) for 24 h. b Effects of
purified FF on Aβ42-induced cytotoxicity in SH-SY5Y cells. Cells were exposed to various concentrations of FF (25, 50, and 100 μg/mL) for 24 h. After
pretreatment, cells were treated with Aβ42 (5 μM) for 24 h, and cell viability was determined by MTT assay. *P < 0.05; **P < 0.01 versus Aβ42-treated
cells. #P < 0.01 versus Aβ42 non-treated cells. c FF treatment did not alter APP expression levels. SH-SY5Y cells overexpressing APP695swe were treated
with increasing concentrations of FF (25, 50, and 100 μg/mL) for 24 h. The expression of full-length APP was determined by both RT-PCR and western
blotting analysis. The levels of APP mRNA (c) and protein (d) did not significantly differ between control and FF-treated cells. Results are shown as the
mean ± SEM of experiments performed in triplicate (n = 3). e Expression levels of sAPPβ and Aβ42 in SH-SY5Y-APP695swe cells treated with Leu-Asn
peptide measured by western blot analysis. f FF reduced Aβ42 levels in both cell culture medium supernatants and cell lysates. SH-SY5Y cells
overexpressing APP695swe were treated with increasing concentrations of FF (25, 50, and 100 μg/mL) for 24 h. Aβ42 levels were determined using
Aβ40- and Aβ42-specific sandwich ELISAs. Total Aβ42 was the sum of Aβ42 in the supernatant and lysate. Results are expressed in picogram per
milliliter, and all experiments were performed in triplicate (n = 3). *P < 0.05, **P < 0.01 compared with the control

nor was cell toxicity observed at concentrations of 50
and 100 μg/mL (Fig. 4a). As illustrated in Fig. 4b, Aβ42
(5 μM for 24 h) treatment decreased SH-SY5Y cell viability to 47.5 ± 0.5%, while FF (25, 50, and 100 μg/mL)
treatment prevented Aβ42-induced damage, restoring
cell survival to 66.9 ± 1.6%, 80.7 ± 2.5%, and 98.0 ± 1.3%
(mean ± S.E.M., n = 3), respectively.
Diverse pathologies and etiologies are involved in neurodegenerative disorders, including AD. A growing body
of data suggests free radical-induced toxicity, oxidative
impairment, mitochondrial dysfunction, and inflammatory mechanisms may represent common aspects in the
pathogenesis of neurodegeneration (Crouch et al. 2008).
Among the brain’s cells, microglia have been reported to
play important roles in neuropathological conditions. In
response to a variety of neurotoxic stimuli, microglia become active and secrete a number of pro-inflammatory
cytokines and cytotoxic molecules, including ROS and
reactive nitrogen species (RNS) (Durrenberger et al.
2012). Conversely, vitamin E and minocycline have been
shown to exhibit neuroprotective roles by inhibiting
microglial activation (Ryu et al. 2004). Therefore, in this
study, we examined the protective effect of FF, a major
constituent of brown algae polyphenolics, against
Aβ-induced oxidative cell death in SH-SY5Y neuroblastoma cells. We initially examined Aβ-induced cytotoxicity
in SH-SY5Y cells with an MTT reduction assay. Aβ decreased cell viability in SH-SY5Y cells, though this damage was effectively attenuated in the presence of FF. The
molecular mechanisms of Aβ-mediated neurotoxicity are
not completely understood, but this finding suggested
that β-secretase inhibitor, FF rescues cell death induced
by Aβ may rely on inhibition β-secretase-mediated
downregulation of Aβ.
Inhibition of amyloidogenic APP processing in SH-SYSYAPP695swe cells

Human neuroblastoma SH-SY5Y-APP695swe cells
overexpressing APP were treated with 25, 50, and
100 μg/mL FF, and APP expression was determined via
RT-PCR and western blot analysis (Fig. 4c and d). As
shown in Fig. 4c and d, treatment with 25, 50, and

100 μg/mL FF did not induce significant changes in
APP levels compared to those in the control. We then
examined whether FF affected Aβ production, we measured soluble-APPβ (sAPPβ) and Aβ42 levels produced
in SH-SY5Y-APP695swe cells after administration of FF
at different concentrations for 24 h. The western blot
results indicated that FF treatment decreased sAPPβ
and Aβ42 expression in a dose-dependent manner in
SH-SY5Y-APP695swe cells (Fig. 4e).
Both the culture medium supernatants and cell lysates
were collected, and Aβ concentrations were determined
by ELISA. Total Aβ was the sum of Aβ in the supernatant and lysate. FF significantly decreased Aβ in both
the lysate of SH-SY5Y-APP695swe cells and the cell culture supernatant in a dose-dependent manner (Fig. 4f ).
Aβ production is likely a primary event in the pathogenesis of AD; therefore, understanding the manner in
which APP and the secretases are brought together
could provide needed data for designing therapeutic
strategies for AD. Previous studies have shown that synthesized peptides such as OM99-2 and KMI 420 bind to
β-secretase and prevent its access to APP, thereby reducing Aβ generation. However, the molecular mechanisms
by which APP and β-secretase come in close proximity
to each other in transient or stable complexes are essentially unknown (Ghosh et al. 2012). In this study, we
demonstrated that FF strongly reduced β-secretase
cleavage of APP and Aβ generation in a transgenic
SH-SY5Y cell line.

Conclusions
We have attempted purification of a novel β-secretase
inhibitor, FF from marine brown algae, E. bicyclis extracts for the first time. FF exhibited the strongly inhibitory activity against β-secretase and Aβ production on
in-vitro. We have characterized this β-secretase inhibitor
to aid the development of a novel anti-AD treatment for
the drug or food supplement industries.
Abbreviations
AD: Alzheimer’s disease; ANOVA: Analysis of variance; APP: Amyloid precursor
protein; Aβ: β-Amyloid peptide; BACE1: The β-site APP-cleaving enzyme;
BCA: Bicinchoninic acid; DMSO: Dimethyl sulfoxide; DNA: Deoxyribonucleic

Lee and Byun Fisheries and Aquatic Sciences

(2018) 21:38

acid; DNP: 2,4-Dinitrophenyl; ECL: Enhanced chemiluminescence;
ELISA: Enzyme-linked immunosorbent assay; FAB: Fast atom bombardment;
FF: Fucofuroeckol-b; FT-IR: Fourier-transform infrared; HPLC: Highperformance liquid chromatography; IRES: Internal ribosome entry site;
LC: Liquid chromatography; MCA: 7-Methoxycoumarin-4-yl acetyl;
MEM: Modified Eagle’s medium; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide; NMR: Nuclear magnetic resonance;
ODS: Octadecylsilane; PVDF: Polyvinylidene fluoride; Q-TOF-MS: Quadrupole
time-of-flight mass spectrometry; RFU: Relative fluorescence units;
RNS: Reactive nitrogen species; ROS: Reactive oxygen species; RTPCR: Reverse transcription polymerase chain reaction; sAPPβ: Soluble-APPβ;
SDS: Sodium dodecyl sulfate; SEM: Scanning electron microscope; SPE: Solid
phase extraction; SPSS: Statistical package for the social sciences; TBST: Trisbuffered saline with Tween20; TLC: Thin layer chromatography; TOF: Time-offlight; UV: Ultraviolet visible
Acknowledgements
This research was supported by the Marine Biotechnology Program of the
Korea Institute of Marine Science and Technology Promotion (KIMST) funded
by the Ministry of Oceans and Fisheries (MOF) (No. 20140441).
Funding
The design of the study; collection, analysis, and interpretation of the data
and writing of the manuscript were funded by a grant from the Ministry of
Oceans and Fisheries (MOF) (No. 20140441).
Availability of data and materials
All datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.
Authors’ contributions
HGB and LJK conceived and designed the study and helped to draft the
manuscript and revised the manuscript. LJK performed the experiments,
analyzed the data, and drafted the manuscript. All authors read and
approved the final manuscript.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Received: 30 October 2018 Accepted: 5 December 2018

References
Artan M, Li Y, Karadeniz F, Lee SH, Kim MM, Kim SK. Anti-HIV-1 activity of
phloroglucinol derivative, 6, 6′-bieckol. from Ecklonia cava. Bioorgan Med
Chem. 2008;16:7921–6.
Athukorala Y, Lee KW, Kim SK, Jeon YJ. Anticoagulant activity of marine green
and brown algae collected from Jeju Island in Korea. Bioresour Technol.
2007;98:1711–6.
Burtin P. Nutritional value of seaweeds. EJEAFChe. 2003;2:498–503.
Cornish-Bowden A, Eisenthal R. Statistical considerations in the estimation of
enzyme kinetic parameters by the direct plot and other methods. Biochem J.
1974;139:721–30.
Crouch PJ, Harding SME, White AR, Camakaris J, Bush AI, Masters CL. Mechanisms
of Aβ mediated neurodegeneration in Alzheimer’s disease. Int J Biochem Cell
Biol. 2008;40:181–98.
Durrenberger PF, Fernando FS, Magliozzi R, Kashefi SN, Bonnert TP, Ferrer I,
Reynolds R. Selection of novel reference genesfor use in the human central
nervous system: a BrainNet Europe Study. Acta Neuropathol. 2012;124:893–903.
Ghosh AK, Brindish M, Tang J. Developing β-secretase inhibitors for treatment of
Alzheimer’s disease. J Neurochem. 2012;120:71–83.

Page 9 of 9

Glombitza KW, Gerstberger G. Phlorotannins with dibenzodioxin structural elements
from the brown alga Eisenia arborea. Phytochemistry. 1985;24:543–51.
Heo SJ, Park EJ, Lee KW, Jeon YJ. Antioxidant activities of enzymatic extracts from
brown seaweeds. Bioresour Technol. 2005;96:1613–23.
Jämsä A, Belda O, Edlund M, Lindstrom E. BACE-1 inhibition prevents the γsecretase inhibitor evoked Aβ rise in human neuroblastoma SH-SY5Y cells. J
Biomed Sci. 2011;18:76.
Johnston JA, Liu WW, Coulson DTR, Todd S, Murphy S, Brennan S, Passmore AP.
Platelet β-secretase activity is increased in Alzheimer’ disease. Neurobiol
Agin. 2008;29:661–8.
Jung HA, Oh SH, Choi JS. Molecular docking studies of phlorotannins from Eisenia
bicyclis with BACE1 inhibitory activity. Bioorg Med Chem Lett. 2010;20:3211–5.
Kang HS, Chung HY, Jung JH, Son BW, Choi JS. A new phlorotannin from the
brown alga Ecklonia stolonifera. Chem Pharm Bull. 2003;51:1012–4.
Khan SB, Kong CS, Kim JA, Kim SK. Protective effect of Amphiroa dilatata on ROS
induced oxidative damage and MMP expressions in HT1080 cells. Biotechnol
Bioprocess Eng. 2010;15:191–8.
Kim MM, Rajapakse N, Kim SK. Anti-inflammatory effect of Ishige okamurae
ethanolic extract via inhibition of NF-κB transcription factor in RAW 2647
cells. Phytother Res. 2009;23:628–34.
Kong CS, Kim JA, Yoon NY, Kim SK. Induction of apoptosis by phloroglucinol
derivative from Ecklonia cava in MCF-7 human breast cancer cells. Food
Chem Toxicol. 2009;47:1653–8.
Kousaka K, Ogi N, Akazawa Y, Fujieda M, Yamamoto Y, Takada Y, Kimura J. Novel
oxylipin metabolites from the brown alga Eisenia bicyclis. J Nat Prod. 2003;66:
1318–23.
Kurata K, Taniguchi K, Shiraishi K, Suzuki MA. C26 sterol from the brown alga
Eisenia bicyclis. Phytochemistry. 1990;29:3678–80.
Li Y, Lee S, Le Q, Kim M, Kim S. Anti-allergic effects of phlorotannins on histamine
release via binding inhibition between IgE and FcεRI. J Agr Food Chem.
2008;56:12073–80.
Masters CL, Selkoe DJ. Biochemistry of amyloid β-protein and amyloid deposits in
Alzheimer disease. Cold Spring Harb Perspect Med. 2012;2:a006262.
Murphy MP, LeVine H. Alzheimer's disease and the amyloid-beta peptide. J
Alzheimers Dis. 2010;19:311–23.
Noda H, Amano H, Arashima K, Hashimoto S, Nishizawa K. Studies on the
antitumor activity of marine algae. Bull Jpn Soc Sci Fish. 1989;55:1254–64.
Okada Y, Ishimaru A, Suzuki R, Okuyama T. A new phloroglucinol derivatives from
the brown alga Eisenia bicyclis: potential for the effective treatment of
diabetic complications. J Nat Prod. 2004;67:103–5.
Ragan MA, Glombitza KW. Phlorotannins, brown algal polyphenols. Prog Phycol
Res. 1986;4:177–241.
Ryu JK, Franciosi S, Sattayaprasert P, Kim SU, McLarnon JG. Minocycline inhibits
neuronal death and glial activation induced by β-amyloid peptide in rat
hippocampus. Glia. 2004;48:85–90.
Shin HC, Hwang HJ, Kang KJ, Lee BH. An antioxidative and anti-inflammatory
agent for potential treatment of osteoarthritis from Ecklonia cava. Arch
Pharm Res. 2006;29:165–71.
Šimić G, Babić Leko M, Wray S, Harrington C, Delalle I, Jovanov-Milošević N,
Bažadona D, Buée L, de Silva R, Di Giovanni G, Wischik C, Hof PR. Tau protein
hyperphosphorylation and aggregation in Alzheimer’s disease and other
tauopathies, and possible neuroprotective strategies. Biomolecules. 2016;6:6.
Zarros A. In which cases is neuroprotection useful. Adv Altern Think Neurosci.
2009;1:3–5.

Lee and Lee Fisheries and Aquatic Sciences (2018) 21:30
https://doi.org/10.1186/s41240-018-0105-0

SHORT REPORT

Open Access

Dietary protein requirement of Pacific
white shrimp Litopenaeus vannamei in
three different growth stages
Chorong Lee and Kyeong-Jun Lee*

Abstract
A study of three feeding trials was conducted to investigate the dietary protein requirements of Pacific white
shrimp (Litopenaeus vannamei) at three different growth stages. Six experimental diets were formulated to include
increasing protein levels of 25, 30, 35, 40, 45, and 50% (designated as P25, P30, P35, P40, P45, and P50, respectively)
for three feeding trials. The three feeding trials were conducted in different-sized shrimp at 0.65 g (trial 1), 4.80 g
(trial 2), and 10.5 g (trial 3). Triplicate groups of shrimp were fed one of the experimental diets for 36, 42, and
48 days in trials 1, 2, and 3, respectively. In trial 1, the growth performance was not affected by the dietary protein
levels. However, protein efficiency ratio was significantly higher in P30 diet compared to P40, P45, and P50 diets. In
trial 2, growth rate was significantly higher in P35 diet than in P25 diet. In trial 3, the lowest growth performance
was obtained in P25 diet which significantly differed from that of other experimental diets. Broken line analysis of
growth data indicates that the optimal dietary level of crude protein is 34.5, 35.6, and 32.2% for small-, medium-,
and large-sized (juvenile, sub-adult, and adult stages) Pacific white shrimp, respectively.
Keywords: Protein requirement, Semi-purified diet, Growth performance, Litopenaeus vannamei

Background
The Pacific white shrimp, Litopenaeus vannamei (Boone,
1931), one of the most important farming shrimp species
in the last decade, occupies a vital position in aquaculture industry. However, basic nutritional data such as
protein requirement, P/E ratio, vitamins, and minerals in
diets for the shrimp have not been fully established. The
nutritional study in shrimp is generally complicated by
the difficulties associated with making water-stable experimental diet. Crustaceans including shrimp shred
their food particles prior to ingestion, which leads to
rapid leaching and thereby makes their food consumption measurements very difficult Wilson 2002.
Cultured shrimp is supposed to get essential amino
acids through the feeds because they cannot synthesize
all the amino acids (National Research Council 2011). A
minimum dietary protein level is required to supply
adequate amino acids for normal maintenance of
metabolism and physiology in aquatic animals. Generally,
* Correspondence: kjlee@jejunu.ac.kr
Department of Marine Life Sciences, Jeju National University, Jeju 63243,
South Korea

low levels of dietary protein lead to rapid growth reduction and weight loss because animals withdraw the
necessary protein from their tissues to maintain vital
physiological functions. On the other hand, high levels of
dietary protein can lead an increment of feed costs and
nitrogen excretion into the water because animals only
use portions of protein for their body building block and
the remaining portion is converted into energy which
can be easily obtained from cheap carbohydrates or
lipids (Zhou et al. 2007). The dietary protein contents
can significantly affect the water quality via nitrogen
excretion. In the case of shrimp culture system, most of
nitrogen input into the water column is generated by
feeds and is not converted to shrimp tissues.
The optimal dietary protein requirement of L. vannamei
has been reported from 20 to 45% depending on the
shrimp size, water conditions, and dietary characteristics
such as, protein quality, energy content, and palatability
(Velasco et al. 2000; Martinez-Cordova et al. 2003;
Perez-Velazquez et al. 2007; Venero et al. 2008; Jatobá et
al. 2014; Shahkar et al. 2014; Sui et al. 2015; Yun et al.
2015; Yun et al. 2016). Most of the previous studies have
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used practical diets for the requirement of protein in
shrimp. This study, therefore, was conducted to determine
the optimal protein requirements of Pacific white shrimp
in three different growth stages following exposure to a
semi-purified diet.

Materials and methods
Experimental diets and design

Formulation and proximate compositions of the experimental diets for trials 1, 2, and 3 are shown in
Table 1. Six semi-purified diets were formulated to
contain crude protein levels of 25, 30, 35, 40, 45, and
50% (designated as P25, P30, P35, P40, P45, and P50,
respectively) by increasing casein and gelatin at the
expense of starch. All dry materials were thoroughly
mixed (NVM-16, Gyeonggido, South Korea) and pelleted through a pellet machine (SP-50; Gumgang
Engineering, Daegu, South Korea) after addition of
fish oil and distilled water. The pelleted diets were
dried at 25 °C for 24 h, crushed into desirable particle
sizes, and stored at − 24 °C until used.
Table 1 Dietary formulation and proximate composition of the
six experimental diets for L. vannamei (% dry matter). All three
experimental (trial 1, 2, and 3) diets were produced using the
same diet formulation
Ingredients

Experimental diets
P25

P30

P35

P40

P45

P50

18.0

18.0

18.0

18.0

18.0

18.0

2

Gelatin

0.50

1.50

2.50

3.50

4.50

5.50

Casein3

2.00

6.00

10.0

14.0

18.0

22.0

Soybean meal

4.00

4.00

4.00

4.00

4.00

4.00

Squid liver meal

5.00

5.00

5.00

5.00

5.00

5.00

Wheat flour

34.5

34.5

34.5

34.5

34.5

34.5

Starch

30.0

25.0

20.0

15.0

10.0

5.00

Brown fish meal1

Fish oil

2.00

2.00

2.00

2.00

2.00

2.00

Vitamin/mineral
premix4

2.00

2.00

2.00

2.00

2.00

2.00

Choline chloride

1.00

1.00

1.00

1.00

1.00

1.00

Lecithin

1.00

1.00

1.00

1.00

1.00

1.00

Chemical composition (% dry matter)

1

The three feeding trials were conducted in an indoor
shrimp culture facility at the Institute of Marine Sciences
of Jeju National University (Jeju, South Korea). Three different size groups of L. vannamei were obtained from
NeoEnBiz shrimp farm (Dangjin, South Korea) and were
acclimated for 2 weeks each during which the shrimp
were fed a proper commercial diet (SAJO DongA One,
Seoul, South Korea).
In the first feeding trial (trial 1, 0.65 g size shrimp),
the shrimp were randomly distributed into 18 acryl
aquaria of 92 L capacity at a density of 18 shrimp per
aquarium with aeration to maintain enough dissolved
oxygen. Triplicate groups of shrimp were hand-fed with
one of the diets four times a day at 08:30, 13:00, 17:30,
and 20:00 h for 36 days. The daily feeding rates were
slowly reduced from 15 to 6% of wet body weight during
36 days of the feeding trial.
In the second feeding trial (trial 2, 4.80 g size shrimp),
the shrimp were randomly distributed into 18 acryl
aquaria of 92 L capacity at a density of 12 shrimp per
aquarium with enough aeration. The feeding protocol
was the same to the trial 1, but the feeding rate was
slightly reduced from 10 to 4% of biomass during 42 days
of the feeding trial.
In the third feeding trial (trial 3, 10.5 g size shrimp),
the shrimp were randomly stocked into 18 acryl aquaria
of 216 L capacity at a density of 11 shrimp per aquarium
with enough aeration. The feeding protocol was the
same to the trial 1, but the feeding rate was 5% of the
biomass during 48 days of the feeding trial.
Three feeding trials were conducted in the same way
except for the duration, shrimp size, and respective
feeding rates. The culture water was changed every
3 days, and the aquaria were cleaned with a sponge to
prevent the growth of microflora. Fluorescent lighting
was maintained for 12 h light/dark cycle. The water
temperature was 28 ± 2 °C, pH was 7.5 ± 0.2, salinity
was 30 g L−1, and dissolved oxygen was above 7.0 mg L−1.
Total ammonia nitrogen and nitrite were kept < 0.1 and
0.005 mg L− 1, respectively, during the three feeding trials.
Shrimp growth was measured every 2 weeks. Feeding was
stopped 18 h prior to weighing to minimize handling
stress on the shrimp.

Dry matter

89.0

88.8

88.4

88.9

89.0

88.6

Crude protein

25.9

30.4

35.8

40.2

45.0

50.1

Sample collection and analyses

Crude lipid

8.12

8.09

8.18

8.17

8.27

8.23

Crude ash

5.19

5.13

5.15

5.28

5.14

5.33

At the end of each feeding trial, all the shrimp in each
tank were counted and individually weighed for calculation of weight gain (WG), daily body increase (DBI), feed
conversion ratio (FCR), protein efficiency ratio (PER),
and survival. After weighing, three medium sizes of
shrimp were selected from each tank (nine shrimp per dietary treatment) for whole-body analysis in trials 1 and 3.
Analyses of moisture and ash contents of the experimental

Suhyup Feed Co. Ltd., South Korea (crude protein: 73.1%, crude lipid: 6.60%)
Sigma Chemicals, Gelatin
3
Casein was purchased from USB Co. Ltd., Cleveland, OH, USA
4
Vitamin/mineral premix (g kg−1of mixture): retinol, 3.0; cholecalciferol, 1.0;
ascorbic acid, 20.0; tocopherol, 20.0; menadione, 2.0; thiamine, 4.0; riboflavin,
6.0; pyridoxine, 5.0; cobalamin, 6.0; inositol, 54.0; panththenic acid, 12.0; biotin,
0.2; niacin amide, 40.0; folic acid, 2.0; Ferriccitrate, 10.0; Cu, 1.0; Zn, 30; Mn, 2.0;
Co, 10.; I, 1.0; K, 6.0; Se, 0.01
2

Shrimp and feeding trials
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diets and whole-body samples were performed by the
standard procedures (AOAC 2005). Crude protein was
measured by using an automatic Kjeltec Analyzer Unit
2300 (Foss Tecator, Höganäs, Sweden), and crude lipid was
analyzed by Folch et al. (1957).
Statistical analysis

All diets were assigned by a completely randomized design. Data were analyzed one-way analysis of variance
(ANOVA) in SPSS version 18.0 (SPSS Inc., Chicago, IL,
USA). When ANOVA identified differences among groups,
the difference in means was compared with Duncan’s multiple range tests. Statistical significance was determined at
P < 0.05. Weight gain results were fitted to broken line
models for the estimation of optimal dietary protein level
(Fig. 1). Data are presented as mean ± SD. Percentage data
were arcsine transformed before analysis.

Results
The results of growth performance, feed utilization, and
survival are shown in Table 2. The average survival was
86.9, 85.2, and 86.9% for trials 1, 2, and 3, respectively.
In trial 1, the growth performance was not affected by
the dietary protein levels. However, PER was significantly
higher in shrimp fed P30 diet compared to those fed
P40, P45, and P50 diets. In trial 2, significantly higher
growth rate was observed in shrimp fed P35 diet compared to shrimp fed P25 diet. FCR was significantly
lower in shrimp fed P35 and P40 diets than that in
shrimp exposed to P25 diet. Shrimp exposed to P25,
P30, and P35 diets showed significantly higher PER compared to those fed P45 and P50 diets. In trial 3, P25 diet
resulted in significantly lower growth rate than other experimental diets. FCR was significantly higher in shrimp
fed P25 diet than other experimental diets. PER was significantly higher in shrimp fed P30 diet compared to
that of shrimp fed P25, P40, P45, and P50 diets.
As shown in Table 3, significantly higher moisture
content was observed in P25 group than in other groups
in trial 1. In trial 3, moisture was significantly higher in
P25 and P50 than in P30, P40, and P45 groups.
Whole-body protein was significantly lower in P25 group
than that in other groups.
Broken line analysis of growth data indicates that the
optimal levels of crude protein would be 34.5, 35.6, and
32.2% in diets for small, medium, and large (juvenile,
sub-adult, and adult stages) shrimp, respectively.
Discussion
Growth and feed utilization of aquatic animals fed purified
diets are normally lower than those of the animals exposed to practical diets (Kim et al. 1991). Nonetheless, the
use of purified diets is inevitable for the study of nutrient
requirements. In the present study, fish meal as an

Fig. 1 Broken-line analysis of weight gain (g) of L. vannamei to
different dietary protein levels (%). (a) trial 1 (0.65 g size shrimp), (b)
trial 2 (4.80 g size shrimp) and (c) trial 3 (10.5 g size shrimp)

attractant and gelatin and casein as purified ingredients
were used as the main protein sources. The semi-purified
experimental diets were readily accepted by the shrimp
during the whole feeding trials. The growth of the shrimp
was equal to or better than that reported for similar-sized
L. vannamei exposed to formulated diets in which no
purified ingredients are used. Smith et al. (1985) conducted three feeding trials with similar-sized groups of L.
vannamei and found 0.21, 0.15, and 0.10 g body increase
per day for 4.0, 9.8, and 20.8 g sized groups, respectively.
Rosas et al. (2001) reported daily body increase of 0.04
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Table 2 Growth performance and feed utilization of L. vannamei fed the six experimental diets containing six different levels of
crude protein (25, 30, 35, 40, 45, and 50% for P25, P30, P35, P40, P45, and P50, respectively)
Experimental diets
P25

P30

P35

P40

P45

P50

4.34 ± 0.66

4.46 ± 0.38

4.68 ± 0.24

4.92 ± 0.66

4.80 ± 0.53

4.40 ± 0.28

WG

571 ± 103

586 ± 58.4

619 ± 36.3

660 ± 102

637 ± 86.8

579 ± 44.1

DBI3

0.10 ± 0.02

0.11 ± 0.01

0.11 ± 0.01

0.12 ± 0.02

0.12 ± 0.01

0.10 ± 0.01

4

FCR

1.77 ± 0.36

1.43 ± 0.35

1.32 ± 0.23

1.49 ± 0.34

1.58 ± 0.19

1.41 ± 0.36

PER5

2.33 ± 0.45ab

2.37 ± 0.58a

2.16 ± 0.40abc

1.58 ± 0.37bc

1.42 ± 0.18c

1.47 ± 0.33bc

Survival6

88.9 ± 7.86

85.2 ± 3.21

85.2 ± 3.21

86.1 ± 3.93

92.6 ± 32.1

83.3 ± 0.00

10.8 ± 0.93b

11.6 ± 0.43ab

13.1 ± 1.18a

12.2 ± 0.92ab

11.7 ± 0.15ab

12.0 ± 1.32ab

b

ab

a

ab

ab

148 ± 27.4ab

0.17 ± 0.00ab

0.17 ± 0.03ab

ab

Trial 1 (initial BW 0.65 g)
FBW1
2

Trial 2 (initial BW 4.81 g)
FBW1
2

WG

125 ± 19.1

141 ± 8.43

173 ± 23.5

153 ± 18.6

DBI3

0.14 ± 0.02b

0.16 ± 0.01ab

0.20 ± 0.03b

4

a

ab

b

FCR

PER5
6

Survival

0.18 ± 0.02ab
b

145 ± 3.94

2.29 ± 0.25

2.06 ± 0.13

1.71 ± 0.29

1.71 ± 0.18

2.01 ± 0.27

1.83 ± 0.33ab

1.70 ± 0.19a

1.60 ± 0.10a

1.67 ± 0.31a

1.47 ± 0.16ab

1.12 ± 0.16b

1.12 ± 0.18b

91.7 ± 8.33

88.9 ± 12.7

83.3 ± 8.33

80.6 ± 4.81

80.6 ± 9.62

86.1 ± 12.7

15.5 ± 0.47b

18.7 ± 0.77a

19.5 ± 2.02a

18.0 ± 0.26a

18.2 ± 0.73a

18.3 ± 1.05a

b

a

a

a

a

72.9 ± 10.4a

a

Trial 3 (initial BW 10.5 g)
FBW1
2

WG

3

46.8 ± 4.59

77.8 ± 6.88

a

85.2 ± 19.4
0.19 ± 0.04

0.16 ± 0.01

0.16 ± 0.01

0.16 ± 0.02a

FCR4

2.76 ± 0.26a

1.64 ± 0.16 b

1.55 ± 0.32 b

1.72 ± 0.14b

1.69 ± 0.22b

1.80 ± 0.29b

5

PER

c

1.38 ± 0.13

1.98 ± 0.19

1.88 ± 0.41

1.49 ± 0.12

c

1.33 ± 0.17

1.15 ± 0.18c

Survival6

87.9 ± 10.5

97.0 ± 5.25

90.9 ± 0.00

81.8 ± 15.7

81.8 ± 0.00

81.8 ± 9.09

ab

a

72.8 ± 6.62

0.17 ± 0.02

a

a

70.9 ± 2.95

0.10 ± 0.01

DBI

b

bc

Values are mean of triplicate groups and presented as mean ± S.D. Values with different superscript letters in the same row are significantly different (P < 0.05).
The lack of superscript letter indicates no significant differences among treatments
1
FBW final body weight (g)
2
Weight gain (%) = [(final mean body weight − initial mean body weight)/initial mean body weight] × 100
3
Daily body increase (g/day) = (final body weight − initial body weight)/days
4
Feed conversion ratio = dry feed fed (g)/wet weight gain (g)
5
Protein efficiency ratio = wet weight gain/total protein given
6
Survival (%)

Table 3 Whole-body composition of L. vannamei fed the six experimental diets containing six different levels of crude protein
(25, 30, 35, 40, 45, and 50% for P25, P30, P35, P40, P45, and P50, respectively)
Experimental diets
P25

P30

P35

P40

P45

P50

Trial 1 (initial BW 0.65 g)
Moisture

83.6 ± 3.12a

76.3 ± 2.73c

77.6 ± 1.17bc

76.5 ± 1.61c

77.4 ± 0.78bc

79.1 ± 0.45b

Protein

76.6 ± 4.78

76.8 ± 5.47

80.9 ± 5.13

78.3 ± 6.69

76.6 ± 3.91

79.3 ± 2.04

Lipid

5.15 ± 0.95

4.87 ± 0.88

4.57 ± 0.08

4.22 ± 0.65

4.93 ± 0.75

5.42 ± 0.97

Ash

21.0 ± 2.46

20.2 ± 1.66

20.2 ± 1.67

20.9 ± 1.26

20.7 ± 0.93

20.5 ± 1.05

74.6 ± 1.47bc

75.6 ± 1.08ab

74.5 ± 0.24bc

73.4 ± 1.35c

76.2 ± 0.55a

a

Trial 3 (initial BW 10.5 g)
Moisture

76.5 ± 1.13a
b

a

a

a

Protein

75.6 ± 3.63

82.8 ± 1.60

82.7 ± 1.93

82.9 ± 2.54

84.1 ± 0.92

83.7 ± 2.04a

Lipid

4.45 ± 0.34

4.67 ± 0.31

4.64 ± 0.47

4.57 ± 0.34

4.70 ± 0.15

4.57 ± 0.31

Ash

13.0 ± 1.32

12.3 ± 1.14

13.1 ± 1.20

12.6 ± 0.68

12.6 ± 0.68

13.7 ± 0.95

Values are mean of triplicate groups and presented as mean ± S.D. Values with different superscript letters in the same row are significantly different (P < 0.05).
The lack of superscript letter indicates no significant differences among treatments

Lee and Lee Fisheries and Aquatic Sciences (2018) 21:30

and 0.13 g for 0.3 and 1.5 g sized groups of L. vannamei, respectively. Xia et al. (2010) also reported a daily
body increase of approximately 0.10 g in 6.2 g sized L.
vannamei. These previous studies (Smith et al. 1985;
Rosas et al. 2001; Xia et al. 2010) had used all practical
diets for the feeding trials. In the present study, higher
growth was observed as calculated as daily body increase of 0.11, 0.17, and 0.15 for 0.65, 4.81, and 10.5 g
sized groups of L. vannamei, although semi-purified
diets were used. Therefore, the semi-purified diet in the
present study seems to be formulated nutritionally well
balanced to support optimal growth of juvenile, sub-adult,
and adult sized of L. vannamei.
Generally, practical experimental diets have been used
in most protein requirement studies for Penaeid shrimps.
Most previous studies had used practical ingredients, i.e.,
fish meal and soybean meal as the main protein sources to
increase or decrease the crude protein levels in the practical experimental diets. When fish meal is used as the
main protein source to gradually increase the crude protein in diets for protein requirement study (Xia et al. 2010;
Yun et al. 2016), the result might be over-estimated because of unknown growth factors in fish meal. On the
other hand, when soybean meal (Kureshy and Davis 2002)
is used as the main protein source, the result might be
under-estimated because of its anti-nutritional factors. In
this regard, the present result could be very significant in
providing protein requirement data for Penaeid shrimp by
using semi-purified experimental diets.
The recommended dietary protein levels from previous studies vary from 30 to 57% for Penaeid shrimps.
The present study showed that the difference in protein
levels affected the growth and feed utilization of L. vannamei (Table 2). A broken line analysis based on weight
gain suggested that the optimal dietary protein levels
would be 34.5 and 35.6% for small-sized (0.6–5 g) and
medium-sized (4–13 g) groups of L. vannamei. The
optimum dietary protein level for maximum growth of
L. vannamei can be affected by differences in shrimp
size, stocking density, species of shrimp, culture system,
and dietary protein sources. In the range of approximately 1 g sized shrimp, optimal growth was observed
with 33 to 44% crude protein in diets when krill meal
was used as a main protein source (Rosas et al. 2001).
Gao et al. (2016) reported that the optimum dietary protein level for L. vannamei (0.31–6.0 g size) was 34%
when a semi-purified diet was used. Shahkar et al.
(2014) reported that 33% dietary protein level is
optimum for an optimal growth of L. vannamei (approximately 1–11 g size) when fish meal was used as the
main protein source, whereas Martinez-cordova et al.
(2003) found that the optimal protein level was 25%
when L. vannamei (1–17 g size) was cultured in a pond
system with three commercial diets containing 25, 35,
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and 40% CP for 16 weeks. In a very high salinity condition (60 g/L), the optimum dietary protein level was estimated to 46.7% when the L. vannamei (0.09–2.2 g size)
was fed a semi-purified diet (Sui et al. 2015).
Most of the protein requirement studies on shrimp are
limited to the juvenile stages, and the protein requirements of post-juvenile stages have mostly been estimated. There has been little information about the
protein requirement during the adult stage of the
shrimp. Based on the growth of large shrimp (10–20 g
size) in the present study, the optimal dietary protein
level was estimated to be 32.2% by a broken line analysis.
To the best of our knowledge, one study (Smith et al.
1985) is available with which to compare the growth of
large (10–20 g size) L. vannamei in the present study.
Smith et al. (1985) reported that adult-sized (20–25 g)
shrimp was not affected by the protein levels but affected by protein sources (animal or plant), whereas
small-sized shrimp (4–11 g) was significantly affected by
protein levels. The difference in results between the
present study and Smith et al. (1985) can be explained
mainly by the difference in protein sources such as
semi-purified sources (casein and gelatin) and practical
sources (shrimp meal), respectively, as well as different
experimental conditions.
The PER tended to decrease with increased dietary
protein, which is consistent with results in shrimp (Hu
et al. 2008; Xia et al. 2010; Shahkar et al. 2014). The lowest PER found in 40 to 50% protein diets indicates that
the excessive protein was used for metabolic purposes
other than growth. Usually, a low dietary protein is efficiently utilized for protein synthesis by shrimp (Shiau
and Peng 1992; Hu et al. 2008; Xia et al. 2010). Also, the
differences in protein sources could result in different
PER values (Hajra et al. 1988). In the present study, fish
meal was fixed to 18% and then casein and gelatin mix
(4:1, v/v) was gradually increased to make the dietary
protein level different. Therefore, the differences in PER
values in the present study might be attributed to the
difference only in protein level rather than protein
quality.
The differences in the quantity or quality of protein, the
ratio of dietary protein to energy, and species contribute
to the varying effects of dietary protein on carcass composition (Hubbard et al. 1986; Siccardi, 2006). The lower
whole-body protein content was observed in low level of
dietary protein (P25 diet) which was often reported in fish
species (Kim and Lee 2009; Shahkar et al. 2014). Also,
Siccardi (2006) evaluated the requirement of daily digestible protein (DP) and digestible energy (DE) of L. vannamei with two types of diets (25% CP diet and 35% CP diet)
and different feeding regimes. They concluded that the
protein requirement of shrimp needs to be reevaluated
considering feeding methods such as ad libitum/restricted
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feeding and daily feeding amount as well as dietary energy
contents.

Conclusion
In conclusion, the broken line analysis of growth rate
suggests that the optimum dietary crude protein level
could be 34.5, 35.6, and 32.2% for L. vannamei in three
different growth stages (small-, medium-, and large-sized
shrimp, respectively).
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Abstract
Background: The aim of this study was to investigate the in vitro inhibitory effects of Fucofuroeckol-A isolated
from Eisenia bicyclis against tyrosinase activity and 3-isobutyl-1-methylxanthine (IBMX)-induced melanin biosynthesis
in B16F10 melanoma cells.
Result: Among the ethanolic (EtOH) extract of E. bicyclis and its organic solvent fractions, the ethyl acetate (EtOAc)
soluble fraction showed a noticeable inhibitory effect on mushroom tyrosinase with an IC50 value of 37.6 ± 0.1 μg/mL.
Repeated column chromatography of the active EtOAc fraction resulted in the isolation of Fucofuroeckol-A. It evidenced
more potent tyrosinase inhibitory effect with an IC50 value of 11.4 ± 1.4 μM than arbutin (IC50 = 1076.6 ± 44.3 μM), which
was used as a positive control. Lineweaver-Burk plots suggest that Fucofuroeckol-A plays as a noncompetitive inhibitor
against tyrosinase. Furthermore, we have evaluated the inhibitory effects of Fucofuroeckol-A on IBMX-induced melanin
formation in B16F10 melanoma cells. Fucofuroeckol-A (12.5–100 μM) exhibited a significant inhibition of melanin
production in the melanoma cells.
Conclusion: In the present study, we suggested that Fucofuroeckol-A might prove possibility as a novel inhibitor
of melanin biosynthesis in cosmetic applications.
Keywords: Eisenia bicyclis, Biosynthesis, Fucofuroekcol-A, Tyrosinase, B16F10 cell

Background
Melanin, a major pigment determines the color of skin,
hair, and eyes, is synthesized within dermal melanocytes and plays a crucial role of protection against UV
irradiation and oxidative stress-induced skin damage
(Hanmura et al., 2008). Melanogenesis, melanin formation reaction, is initiated and modulated by tyrosinase
(EC 1.14.18.1) in melanocytes confined in separate
cytoplasmic organelles called melanosomes. Skin colors
are determined by size, shape, amount, and distribution of
occurred melanosomes (Lin and Fisher, 2007). Excessive generation and abnormal accumulation of melanin

* Correspondence: kilbo1221@korea.kr
Food Safety and Processing Research Division, National Institute of Fisheries
Science, Busan 46083, Republic of Korea

pigments can lead to hyperpigmentation-related diseases, including melasma, freckles, nevus, ephelis, postinflammatory hyperpigmentation, senile lentigines, malignant melanomas, and aged spots (Picardo et al., 1999;
Brenner and Hearing, 2008; Costin and Hearing, 2007).
The inhibition of tyrosinase, a key enzyme of melanogenesis, is one of the most effective methods for suppressing
increases in synthesis of the melanin pigment, and its inhibitors have been used to decrease pigmentation of food,
skin, and pigmentary disorders in cosmetic, pharmaceutical, and food industry fields for a long time (Chen and
Kubo, 2002; Lim et al., 2009; Nihei and Kubo, 2003; Matsuura et al., 2006; Seo et al., 2003; Tsuji-Naito et al., 2007).
A variety of tyrosinase inhibitors such as glycolic acid,
hydroquinone, kojic acid (Chang, 2009), ascorbic acid derivatives (Pillaiyar et al., 2017), azelaic acid (Hermanns et
al., 2002), retinoids (Yoshimura et al., 2001), arbutin

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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(Garcia-Jimenez et al., 2017), tretinoin, N-acetylglucosamine, niacinamide, linoleic acid, ellagic acid, methimazole, dioic acid, and rucinol (Seo et al., 2003) have been
used to treat hyperpigmentation (Lee and Noh, 2013;
Woolery-Lloyd and Kammer, 2011). However, hydroquinone and kojic acid, well known as skin-whitening
agents, have undesirable side effects such as cytotoxicity, skin cancer, hepato-carcinogenesis, and dermatitis
(Solano et al., 2006). Therefore, there is a need for safe
and effective hypopigmentation agents from natural
products, which are useful for the prevention of hyperpigmentation and pigmentation disorders and in the
development of cosmetic resource as skin-whitening
agents.
Eisenia bicyclis (Kjellman) Setchell is a perennial
brown alga belonging to the family Laminariaceae that
distributes throughout the coastal areas of Ullengdo and
Dokdo in Republic of Korea. It has been used as a foodstuff, along with Laminaria japonica, Porphyra tenera,
and Undaria pinnatifida. In previous researches, E. bicyclis has been studied its many beneficial bioactivities such
as antioxidant, anti-dementia, anti-inflammation, and diabetic complication inhibitory effects (Fujii et al., 2013;
Yoon et al., 2011; Jung et al., 2010; Shibata et al., 2007;
Okada et al., 2004). In particular, phlorotannins, major
metabolites of Eisenia, and Ecklonia species such as Eisenia bicyclis, Ecklonia stolonifera, and Ecklonia cava are
polyphenolic compounds in algae and have been reported
a variety of positive physiological effects including antioxidant, anti-dementia, anti-hyperlipidemic, angiotensin converting I enzyme, and quinone reductase inhibitory
activities (Yoon et al., 2011; Yoon et al., 2008a; Yoon et al.,
2008b; Jung et al., 2006; Yoon et al., 2013).
In the present study, we have investigated the inhibitory effects of Fucofuroeckol-A derived from E.
bicyclis on mushroom tyrosinase activity and intracellular melanin formation in B16F10 murine melanoma cells. We also carried out kinetic analysis to
evaluate the enzyme kinetic parameters and inhibition types.

Isolation of Fucofuroeckol-A from E. bicyclis

Materials and methods

where, A = absorbance at 490 nm with the test sample
and enzyme, B = absorbance at 490 nm with the test
sample and without enzyme, and C = absorbance at
490 nm with enzyme and without the test sample.

Chemicals and reagents

3-(4,5-Dimethyl-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), fetal bovine serum (FBS), Dulbecco’s modified
Eagle’s medium (DMEM), arbutin, 3-isobutyl-1-methylxanthine (IBMX), dimethylsulfoxide (DMSO), phosphatebuffered saline (PBS), and mushroom tyrosinase (EC
1.14.18.1) were obtained from Sigma Chemical Company
(St. Louis, MO). L-tyrosine and K2HPO4 were obtained
from Junsei Chemical Co., Ltd. (Tokyo, Japan), and
KH2PO4 was obtained from Yakuri Pure Chemicals Co.,
Ltd. (Osaka, Japan).

Dried leafy thallus of E. bicyclis was purchased from
Ullengdomall (Ullengdo, Republic of Korea) in September 2014 and was stored in a freezer at − 20 °C until use.
A voucher specimen was deposited in the author’s laboratory. The dried powder of E. bicyclis (3.0 kg) was extracted with ethanol (EtOH, 10 L) three times at 70 °C.
The EtOH extract (624.3 g) was partitioned successively
with organic solvents to yield dichloromethane (CH2Cl2,
170.5 g), ethyl acetate (EtOAc, 90.4 g), and n-butanol
(n-BuOH, 100.8 g) fractions, in addition to a H2O residue (262.6 g). The EtOAc fraction (90.4 g) of E. bicyclis
was subjected to column chromatography over a Sephadex LH-20 with MeOH, yielding 10 subfractions
(EF01-EF10) based on TLC analysis. The RP-18 column
chromatography of EF07 (1.6 g) using 40–60% aqueous
MeOH led to the isolation of compound 1 (32 mg). The
structure of compound was identified as Fucofuroeckol-A
and verified via a comparison to the published spectral
data (Yoon et al., 2013).
Tyrosinase inhibitory activity

The inhibitory activity on tyrosinase was measured using
the spectrophotometric method developed by No et al.
(1999). A total of 10 μL of each sample solution with different concentrations and 20 μL of mushroom tyrosinase
(1000 units/mL) in 50 mM phosphate buffer (pH 6.5)
were added to 170 μL of an assay mixture containing a
ratio of 10:10:9 of 1 mM L-tyrosine solution, 50 mM potassium phosphate buffer (pH 6.5), and distilled water in
a 96-well microplate. After 30 min of incubation at 37 °
C, the absorbance of the mixture was determined at
490 nm using spectrophotometer (BioMate 5; Thermo
Electron, Waltham, MA, USA). The tyrosinase inhibitory
activities of samples were expressed as the concentration
required for a 50% inhibition (IC50). The percentage inhibition of tyrosinase activity was calculated via the following equation:
Inhibitory activity ð%Þ ¼ ½1  fðA−BÞ=C g  100

Kinetic analysis

The reaction mixture consisted of five different concentrations of L-tyrosine (0.5–4 mM) as a substrate and mushroom tyrosinase in 50 mM potassium phosphate buffer.
Each sample was added to the reaction mixture at several
different concentrations, respectively. The Michaelis constant (Km) and maximal velocity (Vmax) of the tyrosinase
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were determined by Lineweaver-Burk plots using various
concentrations of L-tyrosine as substrates.

HO

OH

Cell viability

The murine melanoma B16F10 cells (KCLB no. 80008)
were acquired from the Korean Cell Line Bank (KCLB,
Seoul, Republic of Korea). B16F10 cells were maintained
in DMEM supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 100 units/mL penicillin G, and
100 mg/mL streptomycin and cultured at 37 °C in a humidified atmosphere with 5% CO2. The cytotoxicity
levels of compounds on melanoma B16F10 cells were
assessed via the MTT method as described by Mosmann
(Hansen et al., 1989). The cells were grown in 96-well
plates at a density of 1 × 104 cells/well. After 24 h, the
cells were washed in fresh medium and treated with different concentrations of samples. After 48 h of incubation, the cells were rewashed and 100 μL of MTT
solution (5 mg/ml) was added and incubated for 4 h. Finally, DMSO (100 μL) was added to solubilize the
formed formazan salt, and the amount of formazan salt
was quantified by measuring the absorbance at 540 nm
using a spectrophotometer (BioMate 5; Thermo Electron, Waltham, MA, USA). Relative cell viability was determined by the quantity of MTT converted into
formazan salt. Relative cell viability was calculated compared to the non-treated control group.

OH

O
OH

O

O

O

OH

OH

HO
Fig. 1 Chemical structure of Fucofuroeckol-A

Melanin contents analysis

The melanin content of melanin formation in murine
melanoma cell was determined in accordance with the
procedure described by Hosoi et al. (1985). The B16F10
melanoma cells were seeded at a density of 2 × 104 cells
per well in 24-well culture plates and then incubated for
24 h. The cells were treated with various concentrations
of sample (12.5–100 μM). After 1 h, 100 μM 3-isobutyl1-methylxanthine (IBMX) was added and incubated for
72 h. The cells were washed twice in PBS and dissolved in
1 N NaOH (in 10% DMSO) by 30 min of boiling (60 °C).
Table 1 Tyrosinase inhibitory activity of the methanolic extract
of E. bicyclis and its solvent fractions
Samples

IC50 (μg/mL)a

EtOH ex.

499.0 ± 6.6

n-hexane fr.

> 1000

The lysates were centrifuged for 5 min at × 3000g, and
then, the absorbance value of the supernatant was measured at 405 nm.
Statistical analysis

Data were expressed as the mean ± standard deviation
(SD) values of three experiments. The means were statistically analyzed using Student’s t test. Values of p < 0.001,
0.01, and 0.05 were considered statistically significant.

Results and discussion
In this study, we attempted to estimate the tyrosinase inhibitory activities of the EtOH extract derived from E.
bicyclis, along with its solvent soluble fractions, including n-hexane, CH2Cl2, EtOAc, n-BuOH, and a H2O layer
and their data were shown in Table 1. Among the EtOH

CH2Cl2 fr.

254.2 ± 0.3

EtOAc fr.

37.6 ± 0.1

Table 2 Tyrosinase inhibitory activity of Fucofuroeckol-A
derived from active EtOAc fraction of E. bicyclis

n-BuOH fr.

82.4 ± 0.1

Samples

IC50 (μM)a

H2O fr.

514.9 ± 9.4

Fucofureockol-A

11.4 ± 1.4

b

Arbutin
a

299.3 ± 12.3

Inhibition activity was expressed as 50% inhibitory concentration obtained by
interpolation of the concentration inhibition %
b
Arbutin was used as a positive control

b

Arbutin
a

1076.6 ± 44.3

Inhibition activity was expressed as 50% inhibitory concentration obtained by
interpolation of the concentration inhibition %
b
Arbutin was used as a positive control
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Fig. 2 Lineweaver-Burk plot of mushroom tyrosinase in the presence of Fucofuroeckol-A. Data were expressed as the means of three independent
test concentration of L-tyrosine used as a substrate. Concentrations of Fucofuroeckol-A as an inhibitor were as follows: ▲, 20 μM; ○, 10 μM; ●, control

extract of E. bicyclis and its partitioned fractions, the
EtOAc-soluble fraction exhibited the most potent tyrosinase inhibition activity IC50 value of 37.6 ± 0.1 μg/mL.
The EtOAc fraction exhibited more noticeable inhibitory
activity on tyrosinase than that of arbutin (IC50 value of
299.3 ± 12.3 μg/mL), which was employed as a positive
control. According to the previous studies, the EtOAc
fraction of E. bicyclis contains above 70% polyphenols
and it is composed of phlorotannins, representative
polyphenolic components of Eisenia sp. (Yoon et al.,
2011; Yoon et al., 2013).
For further phytochemical investigations, we undertook the isolation of bioactive compounds from the active
EtOAc fraction via repeated column chromatography over
Sephadex LH-20 and RP-18 gel, which led to the isolation
of one compound. The structure of compound was verified by spectroscopic analyses and identified by comparisons to published data (Elyashberg, 2015). The chemical
structure of compound was identified as Fucofuroeckol-A
(Fig. 1). The inhibitory effect of Fucofuroeckol-A against
mushroom tyrosinase was also evaluated (Table 2).
Fucofuroeckol-A showed potent inhibitory activity on
tyrosinase with IC50 values of 11.4 ± 1.4 μM. In particular, Fucofuroeckol-A evidenced inhibitory effects
94-fold stronger than that of the positive control,
arbutin (1076.6 ± 44.3 μM).
The inhibition kinetic study of Fucofuroeckol-A on
tyrosinase-induced L-tyrosine oxidation was determined
by using a Lineweaver-Burk plot. The Lineweaver-Burk
plots in the presence of Fucofuroeckol-A yield three
straight lines with different slopes and with a common
intercept on the X-axis. Its kinetic parameters of tyrosinase were shown in Fig. 2 and Table 3. The Ki values of
Fucofuroeckol-A were estimated to be 1.3 μM at 2.3 μM

and 6.4 μM at 7.4 μM, respectively. The tyrosinase inhibitory activity of Fucofuroeckol-A exhibited the same
Km value of 1.4 × 10−3 M and Vmax values of 7.5 × 10−2
and 2.7 × 10−2 ΔOD 490/min at 1.3 and 6.4 μM, respectively. Therefore, these results indicated that FucofuroeckolA was identified as a noncompetitive inhibitor of the mushroom tyrosinase which can bind with both the free enzyme
and the enzyme-substrate complex, and the equilibrium
constants are the same.
To further verify the inhibitory property of
Fucofuroeckol-A on melanogenesis, we examined the
inhibitory effect of Fucofuroeckol-A on IBMX-induced
melanin synthesis in murine melanoma (B16F10) cells.
We first evaluated the cell viability of FucofuroeckolA and arbutin, used as a positive control, using MTT
assay on B16F10 cells. These exerted no cytotoxicity
on B16F10 cell in the concentration range of 12.5–
100 μM and 0.5–3.6 mM, respectively (data not
shown). Thus, we investigated the inhibitory effects of
Fucofuroeckol-A on IBMX-induced melanin synthesis in
dose range without cytotoxicity. IBMX, a well-known melanogenesis stimulator, act as a potent cyclic adenosine
monophosphate (cAMP) phosphodiesterase inhibitor and
is increased cAMP in melanocytes (Röhrig et al., 2017;
Levy et al., 2016). cAMP is regarded as a key messenger in
the regulation of melanin synthesis. It has been shown to
Table 3 Kinetic parameters of tyrosinase in the presence of
Fucofuroeckol-A
Compound

Km (M)

Fucofureockol-A

1.41 × 10−3

Vmax (ΔOD490/min)

Ki (μM)

1.28 μM

7.51 × 10− 2

2.28

6.40 μM

2.67 × 10− 2

7.40
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Fig. 3 Inhibitory effects of Fucofuroeckol-A on IBMX-induced melanin formation in B16F10 melanoma cells. The values are expressed as the
means ± SD from three experiments. (*) P < 0.05, (**) P < 0.01, and (***) P < 0.001 versus the IBMX-treated group

induce significant elevations in melanin production following a single treatment in melanoma cells (Buscà and
Ballotti, 2000). Fucofuroeckol-A exhibited significant inhibitory effects against melanin synthesis and reduced
significantly its melanin content in a dose-dependent
manner on IBMX-induced melanin synthesis in B16F10
cells (Fig. 3). However, arbutin, used as a positive control, showed a moderate melanin formation inhibitory
effect and its melanin contents declined at the concentration range of 0.5–3.6 mM on IBMX-induced melanin

synthesis in B16F10 cells (Fig. 4). As shown in Table 4,
Fucofuroeckol-A with EC50 value of 31.9 ± 2.8 μM was
shown to function as a potent melanin production inhibitor on IBMX-induced melanin production in B16F10 melanoma cells and its efficacy was much better than that of
arbutin (EC50 = 4100 ± 257 μM).
In the present study, it was demonstrated that
Fucofuroeckol-A exerted significant inhibitory effects on
both mushroom tyrosinase and melanin synthesis in
melanoma cells. According to previous researches, the
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Fig. 4 Inhibitory effects of arbutin on IBMX-induced melanin formation in B16F10 melanoma cells. The values are expressed as the means ± SD
from three experiments. (*) P < 0.05 and (**) P < 0.01 versus the IBMX-treated group
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Table 4 Inhibitory effects of Fucofuroeckol-A on IBMX-induced
melanin formation in B16F10 melanoma cells
Samples

EC50 (μM)a

Fucofureockol-A

31.9 ± 2.8

Arbutinb

4100 ± 257

a

Data were expressed as 50% effective concentration
b
Arbutin was used as a positive control

inhibitory effects on the mushroom tyrosinase and melanin synthesis in melanoma cells of various phlorotannins such as phloroglucinol, dioxinodehydroeckol, eckol,
phlorofucofuroeckol-A, dieckol, and 7-phlorockol derived from Ecklonia stolonifera and Ecklonia cava were
reported (Kang et al., 2004; Yoon et al., 2009). However,
this is the first report concerning the hypopigmentation
effects of Fucofuroeckol-A derived from Eisenia bicyclis.
The various biological activities of Fucofuroeckol-A
have been investigated, including pancreatic lipase, αglucosidase and α-amylase inhibitory activities, antimicrobial and antibacterial effects, and quinone reductase induction activity (Eom et al., 2012a, b and 2013;
Lee et al., 2015; Yoon et al., 2013).
Arbutin, used as a positive control, is a well-known
tyrosinase inhibitor. However, despite its low efficacy, it
has been commercially used as skin-whitening cosmetic
ingredient and medicinal agent for the treatment of a
variety of cutaneous hyperpigmentation disorders because of its safety (Solano et al., 2006).
In the present study, we have demonstrated that the
ethanolic extract of E. bicyclis and its bioactive compound,
Fucofuroeckol-A, exhibited potent inhibitory effects on
mushroom tyrosinase. Fucofuroeckol-A was also identified as a noncompetitive inhibitor against mushroom tyrosinase and evidenced a significant inhibitory effect on
IBMX-induced melanin synthesis in B16F10 melanoma
cells.
Therefore, these results indicated the possibility of
Fucofuroeckol-A from E. bicyclis can be a good candidate
as a hyperpigmentation inhibitor or a skin-whitening
agent in cosmetic industry. Furthermore, we plan to conduct additional studies into the mechanisms underlying
the inhibitory properties of this compound.

Conclusion
In the present study, we were demonstrated that the
ethanolic extract of E. bicyclis and its bioactive compound, Fucofuroeckol-A, exhibited potent inhibitory
effects on mushroom tyrosinase. Fucofuroeckol-A was
also identified as a noncompetitive inhibitor against
mushroom tyrosinase and evidenced a significant inhibitory effect on IBMX-induced melanin synthesis in
B16F10 melanoma cells.
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