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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).

© 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.
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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

Kang and Nam Fisheries and Aquatic Sciences (2018) 21:31
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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).

Kang and Nam Fisheries and Aquatic Sciences (2018) 21:31
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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

Kang and Nam Fisheries and Aquatic Sciences (2018) 21:31
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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

Kang and Nam Fisheries and Aquatic Sciences (2018) 21:31
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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
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equally to this work.
3
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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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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
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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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of ripe individuals between 2012 and 2014; Stocked in January 2012; Data
are shown as mean ± SD (source: Ssenya fish farm, Lengo-Masaka). Data
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the period when fish began to show sexual maturity during growth in
ponds at the farm. (DOC 32 kb)
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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
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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
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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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