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Abstract
Osteoglossomorpha is a significant taxon for studies of evolution and various aspects of fish biology as an evolutionarily old group of fish.
The taxon exhibits anatomical, morphological and physiological diversity and various adaptations such as air breathing or electrorecep-
tion as well as modifications visible in sight and olfactory organs. A peculiarity of this group is the presence of four types of spermatozoa,
namely complex introsperm and uni-, bi-, and aflagellate aquasperm. Given the unique morphology and large dimensions of some spe-
cies, osteoglossomorphs are popular in aquaristics as ornamental fish, and in fisheries because they are an important source of food in
many countries. The aim of this paper is to focus on some aspects of the biology and unique features as well as the importance for humans

of this unusual group of fish.
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The taxon of bony-tongue fishes (Osteoglossomor-
pha) is one of the most diverse groups among teleosts.
Early divergence during the Jurassic period as well as a
long separate evolution of each family seem to be the
main causes of the observed diversity within this taxon
(Betancur et al., 2017; Hilton and Lavoué, 2018; Lavoué,
2016). Representatives of the bony-tongue fishes exhibit
numerous modifications visible in anatomy, morphology,
physiology and behaviour, therefore this group is signifi-
cant for studies of evolution and various aspects of fish
biology (Braford Jr, 1986; A.M. Dymek et al., 2021 a,
b, 2021; Dymek and Pecio, 2019; J. Dymek et al., 2021;
J. Dymek, 2021; Greenwood et al., 1966; Hilton, 2003;
Hopkins, 1980, 1986, 1999; Hopkins and Bass, 1981;
Nelson, 1969; Sullivan et al., 2000; Taverne, 1979, 1998;
Wilson and Murray, 2008). Osteoglossomorphs exhibit
a morphological diversity visible e.g., in body size. The
smallest species, Petrocephalus catostoma, is a 4-cm-
long fish, whereas the biggest one, Arapaima gigas, can
reach up to 300 cm in length (Froese and Pauly, 2019).
Thanks to the morphological variation and large sizes
reached by mature specimens of some species, they
are also popular among aquarists and in aquaculture
(Hossain and Mohsin, 2021; Monentcham et al., 2009;
Oladimeji et al., 2021; Sarkar et al., 2008; Tavares-Dias
et al., 2007). The aim of this review is to focus on some
aspects of the biology and unique features as well as the
significance for humans of this unusual group of fish.

Phylogeny, taxonomy and biogeography

The late Jurassic and early Cretaceous fossil records
including species of the family fLycopteridae found in
Asia are closely associated with Osteoglossomorpha and
this family seems to be a stem group of the bony-tongue
fishes (Figure 1) (Hilton and Lavoué, 2018; Nelson et al.,
2016; Tse et al., 2015).

Extant osteoglossomorphs are divided into two orders,
Hiodontiformes and Osteoglossiformes (Figure 1) (Betan-
cur et al., 2017). They are only freshwater fish, however
extinct species were also marine (Forey and Hilton, 2010).

Within Hiodontiformes, there is one family, Hio-
dontidae, in which extinct TEohiodon and two species
of Hiodon (H. alosoides and H. tergisus) are classified.
They are the only extant osteoglossomorphs that live in
North America (Berra, 2001). Stem groups of Hiodon-
tiformes (fYanbiania, fJiaohichthys, tPlesiolycoptera)
from the Cretaceous were found in China (Hilton and
Lavoug, 2018).

The order Osteoglossiformes includes five families:
Pantodontidae, Osteoglossidae, Notopteridae, Gym-
narchidae and Mormyridae (Figure 1), the divergence
of which occurred 100-150 Mya (Hilton and Lavoug,
2018). They occupy mostly tropical regions of Africa,
Asia, Australia and South America (Berra, 2001).

Pantodontidae comprise only one species, Pantodon
buchholzi living in Africa (Nelson et al., 2016). The late
Cretaceous fossils of closely related fPrognathoglos-
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sum kalassyi found in the Lebanon may indicate early
divergence of this family from other osteoglossiforms
(Taverne and Capasso, 2012). As a result of numerous
apomorphies observed in P. buchholzi, its phylogenetical
position within Osteoglossiformes evokes extensive dis-
cussions among scientists, however, it is often described
as a sister group to Osteoglossidae (Hilton, 2003; Nelson,
1969; Taverne, 1979).

‘FLycopteridae

Hiodontiformes

Hiodontidae

Pantodontidae

Osteoglossomorphal

Osteoglossiformes Osteoglossidae
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Figure 1. Phylogenetic tree of Osteoglossomorpha and its stem
groups. Based on Lavoué (2016) with modifications

The family Osteoglossidae is divided into two sub-
families, Osteoglossinae (two species of Osteoglossum
and four species of Scleropages) and Arapaiminae (four
species of Arapaima and Heterotis niloticus) (Betancur
et al., 2017), however some authors (see Hilton, 2003)
distinguished these two lineages as two sister families,
namely Osteoglossidae and Arapaimidae. Besides the
above-mentioned extant species, numerous Paleogene
fossil taxa are also included in this family (Hilton and
Lavoug¢, 2018). Species classified within Osteoglossidae
exhibit a peculiar trans-oceanic distribution: Osteoglos-
sum and Arapaima live in South America, Heterotis in
Africa, whereas Scleropages in Asia and Australia (Crac-
raft, 1974; Nelson, 1969).

Notopteridae include ten extant species in four gen-
era: Chitala, Notopterus living in Asia as well as Pa-
pyrocranus and Xenomystus from Africa (Moyle and
Cech, 2004). The carlier fossil classified in this fam-
ily is Cretaceous tPalaconotopterus greenwoodi from
Maroko (Forey, 1997; Taverne and Maisey, 1999).
Nelson (1969) proposed that osteoglossiforms’ trans-
oceanic dispersal is correlated with plate tectonics and
continents fragmentation, whereas Patterson (1975) and
Taverne (1979) included also marine fossils in their
analysis and indicated possible marine dispersion in
some cases.

Gymnarchidae, with only a single species, Gymnar-
chus niloticus, and Mormyridae, which include more
than 200 species in 21 genera, together are classified as

Mormyroidea, a sister taxon to Notopteridae, and the
youngest group of Osteoglossomorpha (Guo-Qing and
Wilson, 1996; Lavoué and Sullivan, 2004; Sullivan et al.,
2000; Taverne, 1979). All members occur in Africa (Sti-
assny et al., 2007). The earliest fossils of this taxon are
Pliocene; however, this group is poorly documented in
the fossil record (Greenwood, 1972).

Pantodon buchholzi

Osteoglossum bicirrhosum

Arapaima gigas

Notopterus notopterus

Gymnarchus niloticus

Figure 2. Schemes of olfactory rosettes of osteoglossiforms. Based on

J. Dymek et al. (2021) and Patle (2014) with modifications. Abbrevia-

tions: cs — cudgel shaped structure; mr — median raphe; ol — olfactory
lamellae

Sense organs and electroreception

Olfaction

All the osteoglossiforms investigated so far possess
an olfactory rosette within an olfactory chamber, how-
ever the morphology of this structure varies even across
closely related species (Figure 2). Only P. buchholzi and
N. notopterus possess a typical, multilamellar olfactory
rosette with an elongate, centrally located median ra-
phe and two rows of olfactory lamellae (J. Dymek et al.,
2021; Patle, 2014). Moreover, in the olfactory chamber of
P. buchholzi, there is a peculiar cudgel-shaped structure,
which can slow down the water passing through the ol-
factory chamber when the fish jumps out of water (J. Dy-
mek et al., 2021). In O. bicirrhosum, the olfactory rosette
consists of one row of nearly parallel organized olfac-
tory lamellae, whereas 4. gigas possesses semicircularly
arranged olfactory lamellae merged to a small median
raphe. In the olfactory rosette of G. niloticus, olfactory
lamellae are organized circularly (J. Dymek et al., 2021).
Among the species investigated to date, only members
of the family Osteoglossidae possess a folded olfactory
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epithelium with a sensory area placed in concavities.
In P. buchholzi and N. notopterus, the sensory region
covers proximal parts of olfactory lamellae, whereas in
G. niloticus, it lines the bottom of the olfactory chamber
and basal parts of olfactory lamellae (J. Dymek et al.,
2021; Patle, 2014). A comparison of morphometrical data
on the olfactory organs of osteoglossiforms indicated that
P. buchholzi possesses a nearly ten times larger total area
of the sensory epithelium than other species of this taxon
(J. Dymek et al., 2021).

Sight

An analysis of the sense of vision allowed identify-
ing some differences in the eye morphology among os-
teoglossomorphs (Saidel and Braford Jr, 1985). The em-
bryonic fissure is present in Hiodontidae, Pantodontidae
and Osteoglossidae, whereas a lack of this structure was
noted in Notopteridae and Mormyroidea. The existence
of the falciform process has been described only in Pan-
todontidae and Osteoglossidae. In the subfamily Arapa-
iminae this structure is of the usual length (from the optic
disc to the ora terminalis), while in the rest of species
the process is placed across the entire retina (Saidel and
Braford Jr, 1985). A horizontal (or nearly horizontal as
in Arapaiminae) arrangement of the falciform process
in these taxa is probably an adaptation to the subsurface
visual environment (Saidel, 2000).

Electroreception

Electroreceptors (ampullary organs) are present in the
African notopterids, Xenomystus and Papyrocranus, as
well as Mormyroidea, in which there are also electric or-
gans made of electrocytes (Braford Jr, 1986; Bullock and
Northcutt, 1982; Carlson and Arnegard, 2011; Hopkins,
1999, 1980; Hopkins and Bass, 1981; Kirschbaum, 1995,
1987; Sullivan et al., 2000). Electric organs differ be-
tween Gymnarchidae and Mormyridae because G. niloti-
cus possesses stalkless electrocytes, whereas mormyrids
exhibit the presence of two main types of stalked electro-
cytes: with or without stalks penetrating the electrocytes

(Figure 3) (Sullivan et al., 2000). Additionally, Orlov et
al. (2015) indicated that despite the lack of any data on
the presence of the electrogenic tissue in Osteoglossidae,
both O. bicirrhosum and H. niloticus can produce weak
electric discharges. Therefore, Orlov et al. (2015) postu-
lated that in these fish there might be a primitive electric
organ and suggested further investigation of weak spo-
radic discharges in other osteoglossomorphs.

Air breathing

The gas bladder of a few osteoglossiforms is adapt-
ed to aerial respiration as well as buoyancy regulation,
sound production and reception (Graham, 1997). The
ability of breathing air is seen in representatives of each
family (Graham, 1997; Graham and Wegner, 2010;
Moritz and Linsenmair, 2007). To breathe, 4. gigas and
H. niloticus use a voluminous alveolate gas bladder,
whereas G. niloticus possesses a highly developed, lung-
like gas bladder (Figure 4) (Graham, 1997; Liem, 1989).
P. buchholzi uses its bladder with numerous extensions
(Figure 4) pneumatizing the skeleton also to detect
sounds. Such a specialized organ, as found in this spe-
cies, allows maximizing both respiratory and buoyancy
functions (Graham, 1997; Liem, 1989; Poll and Nysten,
1962; Schwartz, 1969). In Notopterus spp., a highly spe-
cialized, voluminous gas bladder with caudal extension
and finger-like projections (Figure 4) plays an additional
role in sound production and detection (Graham, 1997,
Greenwood, 1963; Liem, 1989). B. niger does not have
a specialized gas bladder, however observations of the
air-gulping manoeuvre (Moritz and Linsenmair, 2007)
and long-term surviving in drying ponds (Benech
and Lek, 1981) may indicate that this species is air-
breathing.

Reproductive biology

The bony-tongue fishes reveal great diversity in terms
of reproduction. With the exception of inseminating P
buchholzi, all osteoglossomorphs are externally fertiliz-
ing.

stalkless non-penetrating
electrocyte stalk electrocyte
Gymnarchus Petrocephalus
Mormyrus

" inverted -
penetrating
stalk electrocyte
Mormyrops

penetrating
stalk electrocyte

Marcusenius
Gnathonemus

Figure 3. Drawings of electrocytes found in representatives of Gymnarchidae and Mormyridae. Based on Hopkins (1995) with modifications
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Figure 4. Schemes of gas bladders found in osteoglossiforms. Based
on Liem (1989) with modifications. Abbreviations: e — esophagus; eg
— extension of gas bladder; gb — gas bladder; s — stomach

Species classified in Osteoglossidae, Notopteridae,
Mormyridae and Gymnarchidae exhibit parental care.
Males of N. notopterus as well as Chitala spp. guard
eggs, whereas A. gigas, H. niloticus and G. niloticus
guard nests with eggs and juveniles (Axelrod and Bur-
gess, 1981; Daget, 1957; Johnels, 1954; Pinxteren, 1974).
In Osteoglossum and Scleropages (with the exception of
S. leichardtii whose females exhibit parental care) males
are mouthbrooders (Merrick and Green, 1982).

Only Hiodontidae and Pantodontidae possess typical
paired gonads. In other osteoglossiforms, there is atrophy
of the right gonad, therefore only the left one is func-
tional (A.M. Dymek, 2021, A.M. Dymek et al., 2021 b;
Dymek and Pecio, 2019; Godinho et al., 2005; Opadokun
and Ajani, 2015; Pankhurst et al., 1986; Talajic, 1980).
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Males possess tubular testes, which consist of numer-
ous anastomosing tubules (A.M. Dymek, 2021; Dymek
and Pecio, 2019). This type is characteristic for evolu-
tionarily older fish taxa, because in Neoteleostei testes
are lobular (Billard, 1970; Pecio, 2020). In P. buchholzi,
testes are divided into the anterior spermatogenic part,
in which cysts with cells at different stages of spermat-
ogenesis are located, and the posterior aspermatogenic
part functioning as a reservoir of sperm packets and as a
testicular gland. The testicular gland has so far been de-
scribed only in externally fertilizing species, and P. buch-
holzi is the first known inseminating species in which this
structure is present (Dymek and Pecio, 2019). A laterally
placed testicular gland was observed in N. notopterus,
whereas it was absent in X. nigri and C. alces (A.M. Dy-
mek, 2021). The testicular gland in teleosts is a place of
steroidogenesis and sperm maturation. Its secretion may
nourish sperm (Lahnsteiner et al., 1990; Mansour et al.,
2004).

Given the occurrence of four sperm types in osteo-
glossiforms, this taxon is one of the most diverse among
vertebrates in terms of sperm morphology (Figure 5).
Only in P. buchholzi can one find complex introsperm
(Figure 5), defined by Jamieson (1991) as a one of the
most compound gametes among all vertebrates. It con-
sists of a conical head, an extremely long (~ 60% of the
total sperm length) midpiece with 9 helical mitochondri-
al derivatives, a fenestrated sheath with vesicles present
just under the membrane and a free flagellum (Dymek
and Pecio, 2020; van Deurs, 1973; van Deurs and Last-
ein, 1973).

Other osteoglossiforms possess aquasperm with
a round head and a short midpiece with a few mitochon-
dria (Figure 5). An uniflagellate spermatozoon was de-
scribed in P. afer, whereas a biflagellate one was found
in H. niloticus (Mattei, 1970; Mattei et al., 2019). Unique
among vertebrates, an aflagellate spermatozoon was re-
ported in G. niloticus as well as in five mormyrids, B.
niger, M. senegalensis, H. bebe, M. rume and P. bovei
(Mattei, 1991; Mattei et al., 1967, 1972).

As in most teleosts, females of the bony-tongue fishes

Petrocephalus
bovei

Gymnarchus
niloticus

Figure 5. Drawings of spermatozoa that occur in osteoglossiform representatives. Based on Mattei et al. (1967; 2019) with modifications.
Abbreviations: f — flagellum; fs — fenestrated sheath; m — mitochondrion; md — midpiece with mitochondrial derivatives; nc — nucleus with
condensed chromatin; nu — nucleus with uncondensed chromatin
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have cystovaries with a centrally located lumen (A.M.
Dymek et al., 2021 b). In ovaries of many inseminating
species, there are some modifications related to this type
of reproduction (Koya, 1995; Koya et al., 1997; Mufioz
et al., 2002, 2000, 1999; Potter and Kramer, 2000; Uribe
et al., 2010). In P. buchholzi, epithelial invaginations as
well as secretory activity and apical specializations of the
cells (cilia and microvilli) have been observed (A.M. Dy-
mek et al., 2021 b).

An analysis of the oocyte development in a few os-
teoglossiforms revealed a great variation of cell composi-
tion and the Balbiani body formation even across closely
related species (A.M. Dymek et al., 2021 a, b). In previ-
tellogenic oocytes of P. buchholzi, there are three types
of ooplasm with different electron densities, whereas in
O. bicirrhosum, M. cyprinoides and B. niger, two types
— centrally located homogenous and peripheral granular
ooplasm (A.M. Dymek et al., 2021 b). Cytoplasmatic in-
clusions also appear in different manners. Cortical alveoli
appear before oil droplets in P. buchholzi, G. petersii and
M. rume, whereas in O. bicirrhosum and M. cyprinoides
both structures are present at the same time in ooplasm
(A.M. Dymek et al., 2021 b).

Importance for humans

Some species of osteoglossiforms are popular in
aquaristics as ornamental fish, namely, animals used to
beautify aquariums. P. buchholzi is one of the most fa-
voured species by aquarists given its large pectoral fins as
well as unusual way of feeding — this species can capture
prey above the water level (Ibim and Ike, 2019).

The Asian arowana, S. formosus, is a common fish in
aquaria, especially in Asia, because of its colours (three
main varieties of green, gold and red) (Medipally et al.,
2016). Additionally, as a result of the presence of two bar-
bels on the jaw, this fish resembles the oriental dragon, the
symbol of good Iuck in Asian culture (Ng and Tan, 1997).

Osteoglossiforms are also important in inland fish-
eries of some countries. H. niloticus is one of the most
highly valued species in African fisheries. In aquaculture,
it exhibits great growth performances (Adite et al., 2006;
Ezekiel and Abowei, 2013; Moreau, 1982; Odo et al.,
2009). However, the lack of sexual dimorphism makes
its breeding in captivity difficult (Carreiro et al., 2011;
Monentcham et al., 2009; Nufez-Rodriguez et al., 2020;
Obi, 2010).

Closely related South American A. gigas, one of the
biggest freshwater species, has been utilized by people
as an important source of food (Goulding, 1980; Hrbek
et al., 2007; Sanchez, 1960; Van Damme et al., 2015).
Unfortunately, it had been the main cause of the dramatic
decline of this species in the Amazon by the 1980s, which
resulted in a ban for fishing of 4. gigas for a few years
in Brazil (Castello et al., 2009). In the 21st century, this
species has begun to be common in the Amazon (Farrel
and Azurduy, 2006; Van Damme et al., 2015).

Members of the family Mormyridae are of high im-
portance in African fisheries. They occur in many top riv-

ers (e.g., the Nile, the Niger, the Zambezi, etc.) as well as
in streams (Adjibade et al., 2019). Adjibade et al. (2019)
indicated that in the Niger River the most common spe-
cies are Marcusenius senegalensis, Mormyrus macroph-
thalmus, Hyperopisus bebe, Petrocephalus bovei, Mor-
myrus rume and Hippopotamyrus psittacus.

Summary

Osteoglossomorpha, an ancient lineage of Teleostei,
is a very diverse taxon, which probably results from the
early divergence of this group. Numerous adaptations ob-
served in some families or species allow for an analysis
of the evolution of different aspects of fish biology. Ad-
ditionally, the bony-tongue fishes are of great importance
for humans as a significant source of food and aquarium
attractions (some species). However, the level of the hu-
man impact on the populations of these fishes should be
balanced to protect them for further generations.

References

Adite A., Winemiller K.O., Fiogbe E.D. (2006). Population structure
and reproduction of the African bonytongue Heterotis niloticus
in the S6 River-floodplain system (West Africa): implications for
management. Ecol. Freshw. Fish, 15: 30-39.

Adjibade K.N., Adite A., Arame H., Sidi Imorou R., Sonon S.P. (2019).
Biodiversity and community structure of mormyridae (Pisces: Te-
leostei: Osteoglossiformes) from Niger River in Northern Benin:
Threats, conservation and valorization perspectives. Int. J. Sci.,
8: 106-116.

Axelrod H.R., Burgess W.E. (1981). Spawning Notopterus notopterus.
Trop. Fish Hobbyist, 29: 36-42.

Benech V., Lek S. (1981). Resistance to hypoxia and ecological obser-
vations in 16 fish species from Chad [oxygen consumption, mor-
tality causes, environmental effects, freshwater fish, Chad lake].
Rev. d’Hydrobiologie Trop., 14: 153-168.

Berra T.M. (2001). Freshwater Fish Distribution. Academic Press, San
Diego.

Betancur R.R., Wiley E.O., Arratia G., Acero A., Bailly N., Miya M.,
Lecointre G., Orti G. (2017). Phylogenetic classification of bony
fishes. BMC Evol. Biol., 17: 1-40.

Billard R. (1970). Ultrastructure comparée de spermatozoides de
quelques poissons téléostéens. Acad. Press, New York, 71-79 pp.

Braford Jr M.R. (1986). African Knifefishes. The Xenomystines. Elec-
troreception. New York, John Wiley & Sons, 453-464 pp.

Bullock T.H., Northcutt R.G. (1982). A new electroreceptive teleost:
Xenomystus nigri (Osteoglossiformes: Notopteridae). J. Comp.
Physiol., 148: 345-352.

Carlson B.A., Arnegard M.E. (2011). Neural innovations and the di-
versification of African weakly electric fishes. Commun. Integr.
Biol., 4: 720-725.

Carreiro C.R.P., Furtado-Neto M.A. de A., Mesquita P.E.C., Bezerra
T.A. (2011). Sex determination in the Giant fish of Amazon Basin,
Arapaima gigas (Osteoglossiformes, Arapaimatidae), using lapa-
roscopy. Acta Amaz., 41: 415-419.

Castello L., Viana J.P., Watkins G., Pinedo-Vasquez M., Luzadis V.A.
(2009). Lessons from integrating fishers of arapaima in small-
scale fisheries management at the Mamiraua Reserve, Amazon.
Environ. Manage., 43: 197-209.

Cracraft J. (1974). Continental drift and vertebrate distribution. Annu.
Rev. Ecol. Syst., 5: 215-261.

Daget J. (1957). Mémoires sur la biologie des poissons du Niger moy-
en. III. Reproduction et croissance d’Heterotis niloticus Ehren-
berg. Bull. I’Institut Frangais d’Afrique Noire, 19: 295-323.

Dymek A.M. (2021). Struktura gonad a zréznicowane mechanizmy



1198

A.M. Dymek et al.

biologii rozrodu u ryb kostnojezykowych (Teleostei: Osteoglos-
somorpha) (in Polish). Doctoral thesis, Jagiellonian University.
Krakow, Poland.

Dymek J. (2021). Zréznicowanie morfologiczne narzadu wechu
u wybranych przedstawicieli Chondrichthyes i Osteichthyes (in
Polish). Doctoral dissertation, Jagiellonian University. Krakow,
Poland.

Dymek A.M., Pecio A. (2019). Testis structure and sperm packet for-
mation in the phylogenetically basal teleost Pantodon buchholzi.
Zool. Anz., 279: 103—110.

Dymek A.M., Pecio A. (2020). Spermatogenesis in the inseminating
African Butterflyfish Pantodon buchholzi (Teleostei: Osteoglos-
siformes: Pantodontidae) with the revision of residual bodies for-
mation. J. Fish Biol., 97: 1491-1506.

Dymek A.M., Pecio A., Piprek R.P. (2021 a). Diversity of Balbiani
body formation in internally and externally fertilizing represen-
tatives of Osteoglossiformes (Teleostei: Osteoglossomorpha).
J. Morphol. 282, 1313-1329.

Dymek A.M., Piprek R.P., Boron A., Kirschbaum F., Pecio A. (2021
b). Ovary structure and oogenesis in internally and externally fer-
tilizing Osteoglossiformes (Teleostei: Osteoglossomorpha). Acta
Zool., https://doi.org/10.1111/azo.12378.

Dymek J., Kuciel M., Zuwata K. (2021). Structural diversity of olfac-
tory organs in Osteoglossiformes. J. Zool., 314: 43-57.

Ezekiel E.N., Abowei J.EN. (2013). Length-weight relationship and
condition factor of Heterotis niloticus from Amassoma flood
plain, Niger Delta, Nigeria. App. Sci. Rep., 4: 164-172.

Farrel M.E., Azurduy H. (2006). El paiche (Arapaima gigas): depreda-
dor o depredado. Rev. del Grup. Apoyo a la Biol., 1: 20-22.

Forey P.L. (1997). A Cretaceous notopterid (Pisces: Osteoglossomor-
pha) from Morocco. S. Aft. J. Sci., 93: 564-569.

Forey P.L., Hilton E.J. (2010). Two new Tertiary osteoglossid fishes
(Teleostei: Osteoglossomorpha) with notes on the history of the
family. In: Morphology, Phylogeny and Paleobiogeography of
Fossil Fishes, Elliott D.K., Maisey J.G., Yu X., Miao D. (eds).
Verlag Dr. Friedrich Pfeil, Miinchen, pp. 215-246.

Froese R., Pauly D. (2019). Fishbase [WWW Document]. World Wide
Web Electron. Publ.

Godinho H.P., Santos J.E., Formagio P.S., Guimaraes-Cruz R.J. (2005).
Gonadal morphology and reproductive traits of the Amazonian
fish Arapaima gigas (Schinz, 1822). Acta Zool., 86: 289-294.

Goulding M. (1980). The fishes and the forest. University of California
Press.

Graham J.B. (1997). Air-breathing fishes: evolution, diversity, and ad-
aptation. San Diego, CA, Elsevier.

Graham J.B., Wegner N.C. (2010). Breathing air in water and in
air: The air-breathing fishes. In: Respiratory physiology of ver-
tebrates: life with and without oxygen, Nilsson G.E. (ed.).
Cambridge University Press, Cambridge and New York,
pp. 174-221.

Greenwood P.H. (1963). The swimbladder in African Notopteridae
(Pisces) and its bearing on the taxonomy of the family. Bull. Br.
Mus. (Nat. Hist.), 11: 411-412.

Greenwood P.H. (1972). New fish fossils from the Pliocene of Wadi
Natrun, Egypt. J. Zool., 168: 503-519.

Greenwood P.H., Rosen D.E., Weitzman S.H., Myers G.S. (1966).
Phyletic studies of teleostean fishes, with a provisional classifica-
tion of living forms. Bulletin of the AMNH, 131: 4.

Guo-Qing L., Wilson M.V.H. (1996). The discovery of Heterotidinae
(Teleostei: Osteoglossidae) from the Paleocene Paskapoo forma-
tion of Alberta, Canada. J. Vertebr. Paleontol., 16: 198-209.

Hilton E.J. (2003). Comparative osteology and phylogenetic systemat-
ics of fossil and living bony-tongue fishes (Actinopterygii, Tele-
ostei, Osteoglossomorpha). Zool. J. Linn. Soc., 137: 1-100.

Hilton E.J., Lavoué S. (2018). A review of the systematic biology of
fossil and living bony-tongue fishes, Osteoglossomorpha (Acti-
nopterygii: Teleostei). Neotrop. Ichthyol., 16: 1-35.

Hopkins C. (1980). Evolution of electric communication channels of
mormyrids. Behav. Ecol. Sociobiol., 7: 1-13.

Hopkins C. (1986). Behavior of Mormyridae. In: Electroreception,
Bullock T.H., Heiligenberg W. (eds). John Wiley & Sons, New
York, pp. 527-576.

Hopkins C. (1995). Convergent designs for electrogenesis and electro-
reception. Curr. Opin. Neurobiol., 5: 769-777.

Hopkins C. (1999). Signal evolution in electric communication. In:
Neuronal mechanisms of communication, Hauser M., Konishi M.
(eds). MIT Press, Cambridge, pp. 461-491.

Hopkins C., Bass A.H. (1981). Temporal coding of species recognition
signals in an electric fish. Science, 212: 85-87.

Hossain 1., Mohsin A.B.M. (2021). Native and non-native ornamen-
tal aquarium fishes of Bangladesh. Indonesian J. Trop. Aquat., 4:
1-13.

Hrbek T., Crossa M., Farias [.P. (2007). Conservation strategies for
Arapaima gigas (Schinz, 1822) and the Amazonian varzea eco-
system. Brazilian J. Biol., 67: 909-917.

Ibim A.T., Ike J.O. (2019). Aspects of the biology and culture of the
butterfly fish, Pantodon buchholzi; A potential aquarium fish in
Nigeria. J. Appl. Sci. Environ. Manag., 23: 1273-1277.

Jamieson B.G.M. (1991). Fish evolution and systematics: evidence
from spermatozoa: with a survey of lophophorate, echinoderm
and protochordate sperm and an account of gamete cryopreserva-
tion. Cambridge, Cambridge University Press.

Johnels A.G. (1954). Notes on fishes from the Gambia River. Ark.
Zool., 6: 327-411.

Kirschbaum F. (1987). Reproduction and development of the weakly
electric fish, Pollimyrus isidori (Mormyridae, Teleostei) in captiv-
ity. Environ. Biol. Fishes, 20: 11-31.

Kirschbaum F. (1995). Reproduction and development in mor-
myriform and gymnotiform fishes. In: Electric Fishes, history
and behavior, Moller P. (ed.). Chapman and Hall, New York,
pp- 267-301.

Koya Y. (1995). Ultrastructural observations on the inner ovarian epi-
thelia of kichiji rockfish Sebastolobus macrochir with special ref-
erence to the production of gelatinous material surrounding the
eggs. Bull. Hokkaido Natl. Fish. Res. Inst., 59: 1-17.

Koya Y., Matsubara T., Ikeuchi T., Adachi S., Yamauchi K. (1997).
Annual changes in serum vitellogenin concentrations in vivipa-
rous eelpout, Zoarces elongatus. Comp. Biochem. Physiol. Part A
Physiol., 118: 1217-1223.

Lahnsteiner F., Richtarski U., Patzner R.A. (1990). Functions of the
testicular gland in two blenniid fishes, Salaria (= Blennius) pavo
and Lipophrys (= Blennius) dalmatinus (Blenniidae, Teleostei)
as revealed by electron microscopy and enzyme histochemistry.
J. Fish Biol., 37: 85-97.

Lavoué S. (2016). Was Gondwanan breakup the cause of the inter-
continental distribution of Osteoglossiformes? A time-calibrated
phylogenetic test combining molecular, morphological, and pale-
ontological evidence. Mol. Phylogenet. Evol., 99: 34-43.

Lavoué S., Sullivan J.P. (2004). Simultaneous analysis of five molecu-
lar markers provides a well-supported phylogenetic hypothesis
for the living bony-tongue fishes (Osteoglossomorpha: Teleostei).
Mol. Phylogenet. Evol., 33: 171-185.

Liem K.F. (1989). Respiratory gas bladders in teleosts: functional con-
servatism and morphological diversity. Am. Zool., 29: 333-352.

Mansour N., Lahnsteiner F., Patzner R.A. (2004). Seminal vesicle se-
cretion of African catfish, its composition, its behaviour in water
and saline solutions and its influence on gamete fertilizability.
J. Exp. Zool. Part A Comp. Exp. Biol., 301: 745-755.

Mattei X. (1970). Spermiogenése comparée des poissons. In: Com-
parative spermatology, Baccetti B. (ed.). Academic Press, New
York, pp. 57-59.

Mattei X. (1991). Spermatozoon ultrastructure and its systematic im-
plications in fishes. Can. J. Zool., 69: 3038-3055.

Mattei X., Boisson C., Mattei C., Reizer C. (1967). Spermatozoides
aflagellés chez un poisson: Gymnarchus niloticus (Téléostéen,
Gymnarchidae). Comptes rendus 1’ Académie des Sci. Paris, 265:
2010-2012.

Mattei X., Mattei C., Reizer C., Chevalier J. (1972). Ultrastructure of
nonflagellated spermatozoa of Teleost family Mormyridae. J. Mi-
crosc., 15: 67-78.

Mattei X., Marchand B., Quilichini Y. (2019). A biflagellate sperma-
tozoon in the African bonytongue Heterotis niloticus (Teleostei,
Osteoglossidae). J. Fish Biol., 94: 335-338.

Medipally S.R., Yusoff F.M., Sharithuddin N., Shariff M. (2016).



Peculiarity of bony tongue fishes (Osteoglossomorpha)

1199

Sustainable aquaculture of Asian arowana — a review. J. Environ.
Biol., 37: 829-838.

Merrick J.R., Green L.C. (1982). Pond culture of the spotted barra-
mundi, Scleropages leichardti (Pisces: Osteoglossidae). Aquacul-
ture, 29: 171-176.

Monentcham S.-E., Kouam J., Pouomogne V., Kestemont P. (2009). Bi-
ology and prospect for aquaculture of African bonytongue, Hetero-
tis niloticus (Cuvier, 1829): A review. Aquaculture, 289: 191-198.

Moreau J. (1982). Exposé synoptique des données biologiques sur la
perche du Nil: Lates niloticus (Linnaeus, 1762). Fisheries Synop-
sis, no. 132.

Moritz T., Linsenmair K.E. (2007). The air-breathing behaviour of
Brevimyrus niger (Osteoglossomorpha, Mormyridae). J. Fish
Biol., 71: 279-283.

Moyle P.B., Cech J.J. (2004). Fishes: An Introduction to Ichthyology.
Upper Saddle River, NJ, Pearson, 5th ed.

Muiioz M., Casadevall M., Bonet S. (1999). Annual reproductive cycle
of Helicolenus dactylopterus dactylopterus (Teleostei: Scorpae-
niformes) with special reference to the ovaries sperm storage.
J. Mar. Biol. Assoc., 79: 521-529.

Muiioz M., Casadevall M., Bonet S., Quagio-Grassiotto 1. (2000).
Sperm storage structures in the ovary of Helicolenus dactylop-
terus dactylopterus (Teleostei: Scorpaenidae): an ultrastructural
study. Environ. Biol. Fishes, 58: 53-59.

Muiioz M., Koya Y., Casadevall M. (2002). Histochemical analysis of
sperm storage in Helicolenus dactylopterus dactylopterus (Tele-
ostei: Scorpaenidae). J. Exp. Zool., 292: 156-164.

Nelson G.J. (1969). Infraorbital bones and their bearing on the phy-
logeny and geography of osteoglossomorph fishes. American Mu-
seum Novitates, no. 2394,

Nelson J.S., Grande T.C., Wilson M.V.H. (2016). Fishes of the World.
Hoboken (NJ), Wiley, 5th ed.

Ng PK.L., Tan H.H. (1997). Freshwater fishes of Southeast Asia: po-
tential for the aquarium fish trade and conservation issues. Aquar-
ium Sci. Conserv., 1: 79-90.

Nuilez-Rodriguez J., Orjuela J., Zatylny-Gaudin C., Dubos M.-P., Ber-
nay B., Pontin J., Corre E., Henry J. (2020). Identification and
structural characterization of the factors involved in vitellogenesis
and its regulation in the African Osteoglossiforme of aquacultural
interest Heterotis niloticus (Cuvier, 1829). Gen. Comp. Endocri-
nol., 296: 113532.

Obi A. (2010). Sex determination in Heterotis niloticus (Cuvier 1829)
based on morphometric features. ASSET An. Int. J. (Series B),
6: 22-30.

Odo G.E., Nwamba H.O., Eyo J.E. (2009). Aspects of the biology of
Heterotis niloticus Cuvier 1829 (Osteoglossiformes: Osteoglossi-
dae) in the Anambra flood river system, Nigeria. Anim. Res. Int.,
6:994-1002.

Oladimeji T.E., Caballero I.C., Mateos M., Awodiran M.O., Winemill-
er K.O., Adite A., Hurtado L.A. (2021). Genetic identification and
diversity of stocks of the African Bonytongue, Heterotis Niloticus
(Osteoglossiformes: Arapaiminae), in Nigeria, West Africa. Re-
search Square, preprint.

Opadokun 1.O., Ajani E.K. (2015). Some aspects of the reproductive
biology of Gymnarchus niloticus Cuvier, 1829 (Knifefish) in Le-
kki Lagoon, Nigeria. Int. J. Fish. Aquat. Stud., 2: 166-170.

Orlov A.A., Golubtsov A.S., Baron V.D., Pavlov D.S. (2015). Bioelec-
tric fields of the African marbled lungfish Protopterus aethiopicus
(Sarcopterygii: Protopteridae), African (Heterotis niloticus) and
South American silver (Osteoglossum bicirrhosum) arowanas
(Actinopterygii: Osteoglossidae): Primitive electrogenes. J. Ich-
thyol., 55: 874-879.

Pankhurst N.W., Stacey N.E., Kraak G. Van Der (1986). Reproduc-
tive development and plasma levels of reproductive hormones of
goldeye, Hiodon alosoides (Rafinesque), taken from the North
Saskatchewan River during the open-water season. Can. J. Zool.,
64:2843-2849.

Patle P.J. (2014). Morphology, morphometry and neuroanatomy of the
olfactory epithelium and the olfactory bulb of a featherback fish,
Notopterus notopterus. Int. J. Life Sci., 2: 1-12.

Patterson C. (1975). The distribution of Mesozoic freshwater fishes.
Mem Mus Natl Hist Nat, 88: 155-174.

Pecio A. (2020). Testis structure, Spermatogenesis, and spermatozoa
in teleost fishes. In: The Histology of Fishes, Kirschbaum F.,
Formicki K. (eds). CRC Press, Boca Raton, London, New York,
pp. 177-206.

Pinxteren M.C.A. van (1974). Gelungene Zucht mit einem Messer-
fisch, Notopterus spec. Aquar. Terrar. Ztschr., 37: 364-369.

Poll M., Nysten M. (1962). Vessie natatoire pulmonoide et pneuma-
tisation des vertébres chez Pantodon buchholzi Peters. Bull. des
Séances, Académie R. des Sci. d’Outre-Mer, 8: 434-454.

Potter H., Kramer C.R. (2000). Ultrastructural observations on sperm
storage in the ovary of the platyfish, Xiphophorus maculatus (Te-
leostei: Poeciliidae): the role of the duct epithelium. J. Morphol.,
245: 110-129.

Saidel W.M. (2000). Coherence in nervous system design: the visual
system of Pantodon buchholzi. Philos. Trans. R. Soc. London. Ser.
B Biol. Sci., 355: 1177-1181.

Saidel W.M., Braford Jr M.R. (1985). Fundal variations in the eyes
of the osteoglossomorph fishes. Brain. Behav. Evol., 27: 80-92.

Sanchez J. (1960). El paiche: aspectos de su historia natural, ecologia
y aprovechamiento. Rev. Caza y Pesca, 10: 17-63.

Sarkar U.K., Negi R.S., Deepak P.K., Lakra W.S., Paul S.K. (2008).
Biological parameters of the endangered fish Chitala chitala (Os-
teoglossiformes: Notopteridae) from some Indian rivers. Fish.
Res., 90: 170-177.

Schwartz E. (1969). Luftatmung bei Pantodon buchholzi und ihre
Beziehung zur Kiemenatmung. Z. Vgl. Physiol., 65: 324-339.
Stiassny M.L.J., Teugels G.G., Hopkins C.D. (2007). The fresh and
brackish water fishes of Lower Guinea, West-Central Africa. Par-

is, Royal Museum for Central Africa.

Sullivan J.P., Lavoue S., Hopkins C.D. (2000). Molecular systemat-
ics of the African electric fishes (Mormyroidea: Teleostei) and a
model for the evolution of their electric organs. J. Exp. Biol., 203:
665-683.

Talajic F. (1980). Age, growth, food, sexual dimorphism, maturity,
fecundity and proximate analysis of mooneye, Hiodon tergisus,
Le Sueur in two areas of the Ottawa River. Ottawa, University
of Ottawa.

Tavares-Dias M., Barcellos J.F.M., Marcon J.L., Menezes G.C., Ono
E.A., Affonso E.G. (2007). Hematological and biochemical pa-
rameters for the pirarucu Arapaima gigas Schinz, 1822 (Osteo-
glossiformes, Arapaimatidae) in net cage culture. Electron. J. Ich-
thyol., 2: 61-68.

Taverne L. (1979). Ostéologie, phylogenese et systématique des té-
léostéens fossiles et actuels du super-ordre des Ostéoglossomor-
phes. Part I1I. Evolution des structures ostéologiques et conclu-
sions générales relatives ala phylogenese et ala systématique du
super-ordre. Bruxelles, Palais des académie.

Taverne L. (1998). Les ostéoglossomorphes marins de I’Eocéne du
Monte Bolca (Italie): Monopteros Volta 1796, Thrissopterus
Heckel, 1856 et Foreyichthys Taverne, 1979. Considérations sur
la phylogénie des téléostéens ostéoglossomorphes. Stud. e Ric. sui
Giacimenti Terziari di Bolca, 7: 67-158.

Taverne L., Capasso L. (2012). Osteology and relationships of Prog-
nathoglossum kalassyi gen. and sp. nov.(Teleostei, Osteoglos-
siformes, Pantodontidae) from the marine Cenomanian (Upper
Cretaceous) of En Nammoura (Lebanon). Cybium, 36: 563-574.

Taverne L., Maisey J.G. (1999). A notopterid skull (Teleostei, Osteo-
glossomorpha) from the continental early Cretaceous of southern
Morocco. American Museum Novitates, no. 3260.

Tse T.-K., Pittman M., Chang M. (2015). A specimen of Paralycop-
tera Chang & Chou 1977 (Teleostei: Osteoglossoidei) from Hong
Kong (China) with a potential Late Jurassic age that extends the
temporal and geographical range of the genus. Peer J., 3: 865.

Uribe M.C., Aguilar-Morales M., De la Rosa-Cruz G., Garcia-Alarcon
A., Campuzano-Caballero J.C., Guerrero-Estévez S.M. (2010).
Ovarian structure and embryonic traits associated with viviparity
in poeciliids and goodeids. In: Viviparous Fishes II, Uribe M.C.,
Grier H.J. (eds). Homestead, Florida, New Life Publications, pp.
211-229.

Van Damme P.A., Méndez C.C., Zapata M., Carvajal-Vallejos F.M.,
Carolsfeld J., Olden J.D. (2015). The expansion of Arapaima cf.
gigas (Osteoglossiformes: Arapaimidae) in the Bolivian Amazon



1200 A.M. Dymek et al.

as informed by citizen and formal science. Manag. Biol. Inva- eny, biogeography, and fossil record and the significance of key
sions, 6: 375. African and Chinese fossil taxa. In: Fishes and the Break-up of

Van Deurs B. (1973). Helical, striated rootlets in the midpiece of a tele- Pangea, Cavin L., Longbottom A., Richter M. (eds). London,
ost fish spermatozoon. Z. Anat. Entwicklungsgesch., 140: 11-17. Geological Society, pp. 185-219.

Van Deurs B., Lastein U. (1973). Ultrastructure of the spermatozoa of

the teleost Pantodon buchholzi Peters, with particular reference to

the midpiece. J. Ultrasructure Res., 42: 517-533. Received: 512022
Wilson M.V.H., Murray A.M. (2008). Osteoglossomorpha: phylog-  Accepted: 18 V 2022



