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ABSTRACT

The objective of the current study was to investigate the histological characteristics of larval or-
ganogenesis in Cyprinus carpio var. koi. The eggs and several developmental stages of C. carpio
var. koi larvae were preserved in Bouin's fluid. Histological examinations were conducted daily
from the first day after fertilisation (DAF) to the 12" DAF and the 16, 24 3274 and 40" DAF.
Histological examinations of C. carpio var. koi eggs revealed the development of an embryonic
disc, followed by the formation of the neural tube and embryonic eyes on the second day after
fertilisation (DAF). The just-emerged larvae have distinct eyes and a neural tube that has under-
gone differentiation into the brain. Following that, an examination was conducted on the develop-
ment of the digestive system, swim bladder, gills, skin, and fins. The ontogeny developments were
categorised into five distinct stages. During larval development, the initial two stages have exhib-
ited variations in their organogenesis. The larvae head was aligned and devoid of the yolk, but
their body was connected to the yolk sac and gill arches, which were visible between the 3rd and
5th days after fertilisation (DAF), and their total length range was 4.35-6.83mm. The digestive
system had a linear configuration, with an enlargement in both the dorsal and ventral regions of
the body on the ninth day after fertilisation (DAF). During the 10 to 17" developmental stages,
larvae have a total length range of 11.23-14.35mm. The operculum, gill lamella, and dorsal fin
were developed in this stage. Between the 24" and 40" days after fertilisation (DAF), the larvae
acquired a fin, a coiled gut, and well-developed accessory glands and their total length was meas-
ured between 15.01 and 23.68mm.
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Introduction

The embryonic development and organogenesis of common
carp (Cyprinus carpio var. koi) are vital processes that signif-
icantly impact the growth and maturity of this economically
valuable fish species. Gaining a comprehensive understand-
ing of the complexities involved in the development of organs
and the growth of embryos in common carp is crucial for
maximising the efficiency of aquaculture production and
guaranteeing the long-term viability of fish populations.
Fugowska & Kondera (2018) provide a detailed account of
the initial growth stages of vimba under varying temperature
conditions. Muthupriya et al. (2022) studied the account of
the ontogenic development of Carassius auratus in detail.
This data enhances our comprehension of the various stages
of growth in this particular species. In addition, the research
conducted by Burggren and Pinder (1991) emphasised the
significant growth in size that occurs throughout the develop-
ment of lesser vertebrates such as common carp. This study
showed the astonishing metamorphosis from a small larva to
a fully mature adult. In their study, Milan et al. (2006) exam-
ined the zebrafish as a prominent model organism for study-
ing development, particularly about the formation of organs.
Common carp's embryonic development and organogenesis
are intricate processes impacted by genetic, environmental,
and ecological variables. By deciphering the intricacies of
these developmental processes, scientists can improve aqua-
culture methods, preserve fish populations, and minimise the
effects of invasive species such as common carp on aquatic
environments. The stages of embryonic development, onto-
genesis, organogenesis, and early larval stages play a vital
role in the life cycle of fishes, affecting their growth, survival,
and ecological interactions. Understanding these processes is
crucial for knowing fish biology's intricacies and enhancing
aquaculture methods. The study conducted by China and
Holzman (2014) focused on the difficulties larval fish en-
counter when they experience hydrodynamic famine during
the initial feeding stage. The research highlighted the crucial
shift from limited success in capturing prey to enhanced eat-
ing behaviour throughout early growth.

In addition, Zimmer et al. (2017) conducted studies that ex-
amined the molecular and transcriptional characteristics as-
sociated with the processing of ammonia and the develop-
ment of larvae in fish. These studies offer valuable infor-
mation about the physiological adjustments that occur
throughout the early stages of life. Nowlin & Drenner (2000)
and Nebeker et al. (1985) studies emphasise the intricate re-
lationship between fish development, environmental condi-
tions, and species interactions in aquatic habitats. The initial
phases of fish development encompass a variety of processes
that impact their growth, behaviour, and ecological functions.
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By clarifying the processes involved in embryonic, onto-
genic, and organogenetic events, scientists can improve con-
servation initiatives, aquaculture administration, and our
comprehensive comprehension of fish biology.

Organogenesis is a crucial step in the development of organ-
isms that significantly impacts the structure and function of
different organs. When studying fish, having knowledge of
the histological aspects of organogenesis helps us gain a sig-
nificant understanding of the complex cellular and tissue-
level transformations that take place during the development
of embryos and larvae. Boulhic & Gabaudan (1992) studied
the histological examination of organogenesis in the digestive
system and swim bladder of the Dover sole (Solea solea).
This research provided insights into the structural growth of
these crucial organs in fish. It explored the intricate aspects
of tissue development, providing a thorough understanding of
how organs are formed in a particular fish species. In addi-
tion, Behrouz et al. (2014) studied the histological aspects of
larval organogenesis in Schizothorax zarudnyi. Their re-
search provided an in-depth understanding of the develop-
ment of important organs like the gills, heart, kidney, bladder,
and spleen during the initial phases of life. This study pro-
vided significant insights into the structural condition of these
organs during their development. Histological examinations,
as shown in this research, are crucial for understanding the
cellular mechanisms and tissue structure involved in fish or-
gan development. By analysing minute alterations that occur
throughout growth, scientists can better understand the pro-
cesses by which organs are shaped and operate in various fish
species. This knowledge contributes to the broader field of
developmental biology and aids in advancing aquaculture op-
erations. The present study examined many stages of organ-
ogenesis in C. carpio var. koi, specifically focusing on the
development of various organs.

Materials and Methods

Breeding of Common Carp C. carpio var. Koi

The experiment was conducted at the School of Aquaculture,
Department of Zoology, The New College, Chennai, Tamil
Nadu, India, in the laboratory, breeding and spawning of the
common carp. The broodstock of this species was obtained
from a Tamil Nadu hatchery located in Poondi, Tamil Nadu,
India. The organisms were housed in concrete tanks and nour-
ished with live feed consisting of tubifex worms and chiron-
omids larvae. The breeding and spawning tanks, measuring
10 x 4 x 5 ft, were thoroughly cleaned and then filled with tap
water that had been filtered. For optimal breeding conditions,
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it is preferable to have water with a pH of 6.8 and a tempera-
ture ranging from 28.67+1.92C. A continual aeration process
is necessary for water. Aquatic weed (Chara sp.) was sup-
plied in the breeding tanks. The breeders were introduced into
the breeding tanks during the late evening hours. The typical
male-to-female ratio of introduced fish was 4:1 (Mohale et
al., 2020).

The female swam rapidly through the plants and laid the eggs
directly on the leaves. The male then releases milk to fertilise
the eggs. Spawning in fish often occurs in the early morning
hours and lasts 2 to 4 hours. Once the spawning process was
over, the breeders were delicately relocated to a different
tank. The aquatic weed with attached eggs was delicately ex-
tracted from the breeding tank and evenly dispersed into a
hatching hapa, measuring 2.5 x 1 x 1.5 meters, constructed
from thin fabric. The hapa was then placed in water with qual-
ities comparable to the breeding tanks. The hapa containing
developing eggs was undisturbed until the eggs hatched into
larvae (Sivakumar, 2005).

Process of Larval Rearing

We chose newly born larvae that were just one day old for
larval rearing. The larval rearing of C. carpio var. koi was
nourished with pelletised feed and a combination of live feed
consisting of cladoceran (Moina micrura) and cyclopoid
(Thermocyclops decipiens). A group of 100 newly hatched
larvae of C. carpio var. koi, all of the same size, were placed
into a concrete experimental tank of 75 cm in length and 40
cm in diameter, containing 35 litres of water. The larval tank
was aerated and kept without food during the non-feeding
stage of the larvae, following the natural light-dark cycle. The
larvae of C. carpio var. koi began feeding on external food
sources on the seventh day after fertilisation. The larvae were
provided unlimited food, and studies were carried out for 40
days. Each morning, the larval rearing tank was cleaned by
removing faecal matter and surplus feed, and 50% of the wa-
ter was replaced. The dimensions of eggs and larvae were as-
sessed using a micrometre (Qin & Fast, 1997; Sivakumar,
2005).

In order to conduct histological analysis, C. carpio var. koi
eggs and larvae were chosen from the earliest stage of freshly
hatched eggs to larvae that had reached a maturity of 40 days.
The larvae were rendered unconscious using a concentration
of 50 mg/l of benzocaine and preserved daily from the first
day after fertilisation (DAF) to the 12th DAF. They were also
preserved on the 16™, 24" 327 and 40" DAF. The eggs and
larvae were euthanasia (0.4 ml of clove oil/litre) and im-
mersed in aqueous Bouin's fluid for 12 hours. They were
rinsed in flowing tap water until the yellow hue of picric acid
was eliminated.

Histological Study

The samples were dehydrated using a progressive sequence
of ethyl alcohol concentrations (30%, 50%, 70%, 90%, and
absolute alcohol), followed by clearing with xylene. The
specimens were immersed in paraffin wax at a temperature of
52°C. The specimens were sliced into longitudinal sections
(L.S.) and cross sections (C.S.) at a thickness of 8§ um using
an Erma rotatory microtome. Tissue sections were stained us-
ing the hematoxylin and eosin staining method. The sections
underwent deparaffinisation in xylene and were then hy-
drated in a declining ethanol series. The specimens under-
went water treatment and a 30-minute staining process using
hematoxylin. The specimens were rinsed using tap water and
subsequently treated with 30%, 50%, and 70% ethanol. Fol-
lowing this, they were stained with alcoholic eosin for around
5 minutes. Additionally, dehydration was conducted by sub-
jecting them to 90% absolute alcohol. After drying, the sec-
tions were treated with xylene to remove any remaining mois-
ture. Subsequently, permanent mounts were created using
Canadian balsam (Martins et al., 2018).

Observations were made on the structure of the egg and the
development of larvae, including the eye, nervous system, di-
gestive system, gills, pigmentation, and fins. Photomicrogra-
phy captured the specimens using a Samsung (CCD) camera
connected to a Leica ATC 2000 microscope. The images
were taken at various levels of magnification.

Results and Discussion

Fertilised Eggs

The fertilised eggs of C. carpio var. koi have a sticky surface,
and at some particular points, they have adhesive material
consisting of hexagonal compartments. The fertilised eggs
are attached to the leaves of the aquatic plants. The fertilised
eggs of koi carp are either spherical or oval, with a light yel-
lowish colouration, while unfertilised eggs appear whitish.
Scanning electron microscopy of the eggs (Fig. 1) reveals ir-
regular folding of the outer membrane with depressed regions
that aid in attaching the eggs to vegetation. The breeding tank
water temperature for koi carp should be maintained between
25°C and 30°C to facilitate breeding (Wu et al., 2007). Re-
garding aquaculture, koi carp are raised globally, especially
in Japan, as an ornamental variety of common carp. During
further development, embryonic tissue rises from the yolk
surface, constricting the broad connection between the body
of the embryo and the yolk into a narrow zone. Through this
narrow zone, yolk material, after enzymatic breakdown, is
transported to the embryo. As the embryo grows, the connec-
tion between the body and the yolk is further constricted,
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forming a stalk with which the embryo proper is connected to
the yolk sac.

When hatching, the larva has a small yolk sac attached to it
ventrally. The newly hatched-out larva is transparent and has
a laterally compressed body. The yolk sac is oval. Within two
days after hatching, the yolk is completely utilised, and the
yolk sac is absorbed ventrally. The eyes are dark, and there is
a faint black pigmentation near the lateral line of the anterior
part of the larva. As growth proceeds, the larva shows mor-
phological changes such as the formation of distinct head and
body regions, the development of eyes, the appearance of
buccal invagination, and the formation of upper and lower
jaws. During further development, the caudal fin is fully dis-
tinct from the embryonic fin fold, and the pectoral fins appear
as flaps just behind the operculum. The morphological struc-
tures of the head and body of the larva resemble those of the
juvenile koi carp. The larva starts surfacing and swims ac-
tively in the water column. It feeds voraciously on zooplank-
ton and grows into a juvenile, showing most adult character-
istics (Table 1).

Histological Aspects of Eggs and Larvae of C. carpio var.
Koi

Eggs

The incubation period of koi carp eggs typically ranges from
four to seven days, a duration influenced by the temperature
of the medium. Approximately 80 to 90% of these eggs hatch
into larvae, with the fertilised eggs having a diameter ranging
from 1.15 to 1.51 mm. Unlike some species, koi carp eggs do
not contain oil globules. The development of fertilised koi
carp eggs begins with the accumulation of active cytoplasm
towards the animal pole, followed by cleavage (Adamek et
al., 2017). During this process, the yolk granules and plates
get more compactly arranged at the centre of the egg. Blasto-
derm is formed at the cytoplasmic cap, and the yolk and a thin
layer of cytoplasm surrounding it remain unaffected. The per-
iblast did not contribute to the formation of the embryo. The
blastoderm cells undergo epibolic and embolic movement to
form a gastrula. Further, development leads to the blastodisc
formation, which thickens to become the embryonic shield
(Fig. 2a). The primary organ rudiments, such as the neural
plate, neural tube, notochord, and lateral somites, are formed
in the embryonic shield. The formation of primary organ ru-
diments starts at the anteriormost part and progresses back-
ward (Fig. 2b). The lateral edges of the blastodisc develop
progressively to form the embryo's body. The lateral edges of
the blastodisc are drawn towards the midline, forming more
posterior parts of the body and the tail. At this stage, the body
is formed completely around the yolk sac, and the head and
eyes are visible (Fig. 2¢).

Histology of the egg undergoing embryonic development
shows granular yolk, borderer cells, and active cytoplasm
(Fig. 2d). The development of the fertilised egg commences
with the accumulation of cytoplasm at the animal pole of the
egg. In this species, the active cytoplasm forms a mount on
the yolk and undergoes meroblastic cleavage. The active cy-
toplasm stains blue with hematoxylin and eosin, while yolk
granules stain pink and bluish-brown with these dyes. The
border cells are large and highly acidophilic, appearing bright
pink with haematoxylin and eosin. These cells have a cen-
trally located, prominent nucleus. After cleavage, a blastodisc
is formed, which lies over the yolk at the animal pole. Gas-
trulation proceeds with the epibolic and embolic movement
of the blastomeres in the spreading of the embryo over the
yolk and the commencement of organogenesis. At this stage,
the vitelline envelope is formed, leading to the formation of
the yolk sac. The embryo now has a curved body distin-
guished into a head and trunk (Fig. 2e). As development pro-
ceeds, the embryo grows over the yolk sac to the extent that
the head and tail end come into proximity (Fig. 2f). Initially,
the head region of the embryo is acidophilic, and the trunk
appears to be basophilic. When embryonic development is
complete, the entire embryo becomes basophilic. At the end
of embryonic development, the tail region gradually detaches
from the yolk sac and moves away; however, the head is di-
rected downwards and still attached to the yolk. The release
of the embryo's body from the yolk and its straightening nar-
row the contact point between the embryo and the yolk sac.
Yolk material is broken down at this contact point, and nutri-
ents are transferred to the embryo. Sections passing through
the head region of the embryo indicate differentiation of the
anterior part of the neural tube into the cephalon. At this
stage, the optic vesicles are differentiated; however, the eyes
are not pigmented. The duration of embryonic development
is about three days, and the larva with an elongated yolk sac
hatches out.

Nervous System

During gastrulation, neural cells differentiate from blasto-
meres to form the neural plate, which subsequently folds to
give rise to the neural tube. By the second day of embryonic
development, the neural tube differentiates into the brain and
spinal cord (Fig. 3a), with histological sections indicating the
division of the brain into the forebrain, midbrain, and hind-
brain (Fig. 3b). The process of neural tube formation and sub-
sequent brain and spinal cord development is crucial for the
proper functioning of the central nervous system. An inter-
play between molecules like Robo and N-cadherin plays a
role in sorting spinal commissural axons within the spinal
cord, facilitating their targeting to the brain (Sakai et al.,
2012). In the hatched-out larva, differentiation of the brain
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into the telencephalon, diencephalon, mesencephalon, meten-
cephalon, and myelencephalon is evident (Figure 3c¢). In fifth-
day-old larvae, olfactory bulbs and olfactory lobes are
formed. The diencephalon shows the formation of the thala-
mus and hypothalamus. The optic lobes, cerebellum, and me-
dulla oblongata take shape in this stage. The pineal and pitu-
itary glands are observed in the tenth-day-old larval olfactory
tract. In twelfth-day-old larvae, brain structures are fully
formed. The spinal cord is enclosed in the vertebral canal.

Eye

During the second day of embryonic development, a critical
stage in eye formation, a pair of optic vesicles emerges in the
anterior region of the embryo. These optic vesicles are spher-
ical and darker than other regions of the embryo. As the larva
hatches, the eyes are located dorso-laterally as dark spherical
structures, increasing their size the following day. Pigmenta-
tion is not initially observed during these early stages of eye
development (Fig. 4a). By the time the larva is two days old,
differentiation of eye structures such as the sclera, choroids,
cornea, and lens become apparent. Subsequent stages show
intensified pigmentation and differentiation of the cornea. By
the fourth day, distinct layers of the retina are distinguishable,
including the pigment layer, visual cell layer, outer plexiform
layer, nuclear layer, inner plexiform layer, ganglionic cell
layer, and nerve fibre layer (Fig. 4b). Further development
leads to the formation of a compact retina lining the choroid
coat, with the completion of lens formation dividing the eye
into aqueous and vitreous chambers. By the fifth day, eye de-
velopment is complete. The development of the eye has high-
lighted the crucial roles of various signalling molecules and
transcription factors. Bone Morphogenetic Protein 7 (BMP-
7) has been identified as an inducer of nephrogenesis and is
required for eye development and skeletal patterning, empha-
sising its significance in early eye development in both flies
and vertebrates (Luo et al., 1995). Proper patterning of the
optic fissure has been shown to require the sequential activity
of BMP7 and Sonic Hedgehog (SHH), underscoring the im-
portance of lens-derived signalling in the regionalisation of
the optic vesicle (Morcillo et al., 2006).

Furthermore, the differentiation of the optic vesicle into dis-
tinct eye structures involves complex molecular interactions.
Studies have indicated that dorsal and ventral specification in
the early optic vesicle is crucial in proper eye development
(Uemonsa et al., 2002). The transcription factor Six3 has been
identified as necessary for neuroretinal specification by reg-
ulating cell signalling and survival, particularly in a small
population of progenitors during early eye formation (Liu &
Cvekl, 2017). Moreover, retinoic acid signalling, generated
from the optic vesicles and retina, has been implicated in eye

development, highlighting the intricate molecular mecha-
nisms involved (Duester, 2022).

Digestive System

The development in larval fish is a critical process involving
transforming simple structures into fully functional organs.
During the early stages of larval development, the digestive
tract consists of a basic tubular structure without a mouth or
anal opening. The oral cavity, pharynx, and oesophagus are
lined with squamous epithelium, and the stomach and intes-
tine exhibit infoldings along their inner surfaces. As the larva
progresses, the formation of the mouth and anal opening oc-
curs, with the appearance of an oral invagination on the first
day and the development of a buccal opening by the second
day. Exogenous feeding becomes evident as the larva con-
sumes cladocerans and copepods, showing the initiation of
feeding behaviour. Histological studies have revealed the dif-
ferentiation of various digestive organs around the stomach
region, including the liver and pancreas. The stomach transi-
tions into a sac-like structure with deep infoldings, while the
intestine becomes coiled with a wider lumen. Taste buds are
observed in the oral cavity and pharyngeal region, indicating
sensory development (Fig. 5). By the fourth day, the stomach
transforms into a round muscular structure, and the liver be-
comes well-developed with vacuolated hepatocytes. The pan-
creas forms acini, contributing to digestive enzyme produc-
tion. By the twelfth day, the digestive system is fully formed,
with taste buds in the pharynx and well-developed gastric
glands in the stomach. The intestine differentiates into ante-
rior and posterior regions, and mucous cells line the inner sur-
face of the digestive tract. Understanding the ontogeny of the
digestive system in larval fish is crucial for optimising feed-
ing practices and rearing protocols to enhance larval survival
and growth. Research on the histological development of the
digestive system in various fish species provides valuable in-
sights into the maturation of digestive organs and enzymatic
activities during larval development, aiding in the formula-
tion of appropriate diets and feeding strategies tailored to lar-
val fish's nutritional requirements and digestive capacities.

Swim Bladder

The development in larval fish is a complex process that in-
volves the differentiation of epithelial cells from the anterior
part of the stomach to form the primordial cells of the swim
bladder. As the larva progresses, these cells develop into a
swim bladder, enclosing a cavity with one or two layers of
epithelial cells. The swim bladder exhibits thickened regions
at the anterior and posterior ends, with the thickened region
at the anterior end constituting the gas gland. The swim blad-
der inflates at the onset of the exclusively exogenous feeding
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stage, and its size increases during further larval develop-
ment. By the twelfth day, the swim bladder takes on a round
and large shape anteriorly and an elongated and narrow shape
posteriorly. Research on swim bladder morphology and de-
velopment in fish species has provided valuable insights into
the functional significance of swim bladders (Fig. 6). Studies
have shown that swim bladder morphology can influence
hearing sensitivity in cichlid species, highlighting the rela-
tionship between swim bladder structure and auditory abili-
ties (Schulz-Mirbach et al., 2012). Additionally, the swim
bladder has been implicated in expanding the frequency range
of sound detection in sciaenid fishes with different swim
bladder-inner ear configurations, underscoring the im-
portance of swim bladder morphology in auditory functions
(Ramcharitar et al., 2006). Understanding the ontogeny of the
swim bladder in larval fish is crucial for elucidating its role
in buoyancy regulation and sound detection. Studies have
demonstrated that swim bladder inflation affects larval den-
sity and buoyancy, with larvae exhibiting diel changes in
swim bladder volume to adjust their vertical distribution in
the water column (Leis, 2007). Furthermore, the swim blad-
der has been linked to larval survival and growth, with swim
bladder inflation influencing larval behaviour and feeding ac-
tivity (Witeska et al., 2013).

Gill

The development of gill structures in larval fish is a crucial
process that involves the differentiation of primordial gill
arches into functional respiratory organs. In freshly hatched
larvae, primordial gill arches appear on either side of the
branchial region. By the second day, these gill arches differ-
entiate into conical structures within the branchial cavity
(Fig. 7a). Subsequent stages show the formation of undiffer-
entiated cells at the base of the gill arches, which give rise to
gill filaments in later stages. The development of gill fila-
ments involves the formation of lamellaec composed of pillar
cells, with chloride cells observed at the base of the lamellae.
Blood supply becomes evident in the gill filaments of five-
day-old larvae, with further development leading to an in-
crease in the length of gill lamellae and filaments (Fig. 7b).
The gill development in fish species has provided insights
into the morphological and physiological adaptations of gills
for respiratory and ionoregulatory functions. Studies have
shown that neuroepithelial cells in the gills of zebrafish play
a role in oxygen sensing, contributing to the detection of
changes in oxygen tension in embryos and larvae (Jonz &
Nurse, 2003; 2005). Additionally, chloride cells in gill struc-
tures have been linked to ion regulation and osmoregulation
in fish larvae, highlighting the importance of gill function in
maintaining internal homeostasis (Saltys et al., 2005).
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Heart

During embryonic development, the heart transforms from
primordial cells located ventrally beneath the pharyngeal re-
gion to a fully functional organ. The initial organisation of
these cells into a simple tube marks the onset of heart devel-
opment, with the observation of the heartbeat preceding
hatching. The heart exhibits a slightly broader posterior and
narrow anterior tube in newly hatched larvae. As larval de-
velopment progresses, the tubular heart undergoes intricate
foldings, leading to the formation of distinct cardiac struc-
tures, including the sinus venosus, atrium, ventricle, and
bulbous arteriosus (Fig. 8). Subsequent development in-
volves the formation of blood vessels that initially vascularise
the gills, highlighting the intricate process of heart develop-
ment and vascularisation in larval fish. The study of heart or-
ganogenesis in vertebrates has shed light on the regulatory
mechanisms and morphogenetic processes that drive the for-
mation of cardiac structures. Studies have shown that regu-
lated patterns of gene expression and proliferation within the
embryonic heart play a crucial role in the morphogenesis of
atrial and ventricular chambers. At the same time, the for-
mation of cardiac cushions contributes to the development of
definitive valves in the heart (Miquerol & Kelly, 2012). The
developmental processes of the heart in larval fish are essen-
tial for elucidating the molecular and cellular events that gov-
ern cardiac morphogenesis and function. Research on heart
development in fish species provides valuable insights into
the evolutionary conservation of cardiac developmental path-
ways and the adaptive mechanisms that enable efficient car-
diovascular function in aquatic environments.

Kidney

Kidney development in larval fish involves a series of intri-
cate processes leading to distinct renal structures. In a freshly
hatched larva, the kidney appears as an elongated structure
below the notochord, distinguishable into the head kidney
and trunk kidney, consisting of pronephros, internal lym-
phoid, and hematopoietic tissue. By the fifth day, renal cor-
puscles and tubules become distinguishable, and the urinary
bladder opens directly to the exterior. By the twelfth day, the
mesonephros are well developed, marking the maturation of
the kidney in the larval fish (Figs. 9a and 9b). Research on
kidney development in various species has provided insights
into the molecular and cellular mechanisms underlying
nephrogenesis and renal maturation. Studies have shown that
mesonephric nephrons in teleosts are derived from precursor
cells within the nephrogenic zone, with the nephrogenic ca-
pacity of cells maintained throughout life, allowing for neo-
nephrogenesis (Zhou et al., 2010). Understanding the devel-
opmental processes of the kidney in larval fish is essential for
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elucidating the evolutionary conservation of renal structures
and their functional adaptations in aquatic environments. Fur-
thermore, investigations into the ontogeny of the kidney in
fish larvae have implications for understanding renal physi-
ology and osmoregulation in early life stages.

Muscle

The skeletal muscle in larval fish is a complex structure com-
posed of muscle bundles, or myotomes, formed of myofibers.
These myofibers exhibit striations and contain multiple nu-
clei within them. The muscle bundles are separated by the
myoseptum, contributing to the organisation and segmenta-
tion of the skeletal muscle. In a 7-day-old larva, the notochord
is well flexed, indicating the ongoing musculoskeletal devel-
opment in the larval fish (Figs. 10a and 10b). The develop-
ment of skeletal muscle in vertebrates has highlighted the role
of signalling pathways and transcription factors in regulating
myogenesis and muscle fibre differentiation. Studies have
shown that hedgehog signalling plays a crucial role in the reg-
ulation of muscle fibre types, including slow-twitch and fast-
twitch fibres, contributing to the diversity of muscle function
in vertebrates (Grimaldi et al., 2004; Du et al., 1997). Estab-
lishing the epaxial-hypaxial boundary in the myotome also
segregates trunk skeletal muscles into distinct regions, re-
flecting the spatial organisation of muscle groups in the larval
fish (Ahmed et al., 2006). The morphological and functional
aspects of skeletal muscle development in larval fish are es-
sential for elucidating the mechanisms underlying muscle
growth and locomotor abilities. The myotome organisation,
myoseptum structure, and muscle fibre differentiation pro-
vide valuable insights into the evolutionary conservation of
musculoskeletal systems and their adaptations to diverse en-
vironmental conditions.

Fin

The development in larval fish is a dynamic process that in-
volves the differentiation and morphogenesis of various fin
structures. In the hatched-out larva, the presence of marginal
fin folds and pectoral fins marks the initial stages of fin de-
velopment. By the second day after hatching, differentiation
of the caudal fin is observed, leading to the formation of a
homocercal caudal fin in five-day-old larvae, which subse-
quently differentiates into a homocercal caudal fin. By the
twelfth day, the larva exhibits a well-developed caudal fin,
with fin rays formed in the pectoral, pelvic, and caudal fins
(Figs. 11a—11b). The dorsal fin begins its differentiation
around the tenth day and is fully formed by the twentieth day
in larval fish. The fin development in fish species has pro-
vided insights into the genetic and molecular mechanisms
that govern fin morphogenesis and patterning. Investigations
into the ontogeny of fins in larval fish have implications for

understanding the evolutionary origins and functional adap-
tations of fins in aquatic organisms (Thorsen & Hale, 2007;
Cajado et al., 2021). The developmental processes of fins in
larval fish are essential for elucidating fins' structural diver-
sity and functional roles in locomotion, stability, and ma-
noeuvrability. Research on fin differentiation, fin ray for-
mation, and fin morphology provides valuable insights into
fins' evolutionary and ecological significance in fish species.

Skin

Histologically, the skin of larval fish is composed of three
main layers: the epidermis, dermis, and hypodermis. The ep-
ithelium of the skin consists of layers of squamous and co-
lumnar cells, with club-shaped cells and goblet cells inter-
spersed between them. In the dermis, two distinct layers, the
stratum spongiosum and stratum compactum, are observed,
with scales originating from this layer. The hypodermis is
present as a thin layer. In a two-day-old larva, pigment cells
are observed in the dermis and hypodermis, with the intensity
of pigment cells and pigments progressively increasing dur-
ing further larval development. The histological characteris-
tics of the skin in larval fish are essential for elucidating the
skin's structural composition and functional adaptations in
early life stages. Research on skin histology provides insights
into the cellular organisation, pigment distribution, and de-
velopmental changes in the skin of larval fish, contributing to
our understanding of skin biology and physiology in aquatic
organisms.
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Figure 1. SEM of C. carpio var. koi
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F}gures 2. a. Fertilized egg of C. carpio var. koi; b. Egg showing the development of head
and eye; c. Advanced stage embryo; d. C.S. of egg showing cleavage; e. C.S. of egg show-
ing the formation of the head; f. C.S. of egg showing fully formed embryo

Figures 3. a. Section of the egg showing neural tube (nt- noto cord); b. L.S. of an embryo
showing brain (b- brain); c. V.S. of the brain showing differentiation of different regions of
forebrain, midbrain and hindbrain (ole- olfactory epithelium, ot- olfactory tract, ob- olfac-
tory bulb, ol- olfactory lobe, ms- mesencephalon, mt- metencephalon)

Figures 4. a. Histology of embryonic eye; b. 168 Histology of the eye showing
different layers of the retina (PGL- pigment layer, vcl- visual layer, epl- external
plexiform layer, nl- nuclear layer, ipl- internal plexiform layer, gcl- ganglion cell

layer, nfl- nerve fibre layer)

~
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Figure 5. L.S. of larva showing differentiation of stomach (ph-
pharynx, oe- oesophagus, 1- liver, pst- pyloric stomach, cst- car-
diac stomach, in- intestine, p- pancreas)

Figure 6. 153 L.S. of larva showing exclusively exogenous feeding
(fb- forebrain, mb- midbrain, hb- hindbrain, hk- head kidney, tk- trunk
kidney, gr- gill racker, gf- gill filament, h- heart, 1- liver, p- pancreas,
st- stomach, sb- swim bladder, in- intestine)

2 " | =
r , ? “ 1
)‘ S

e branchi

=

al region showing differentiation of gill filaments (gf- gill

filament); b. Higher magnification of gill lamellae showing pillar cells and chloride cells
(cc- chloride cells, pc- pillar cells)

Figures 7. a. C.S. of th

Figure: 8. L.S. of larva showing differentiation of brain lobe, gill
filament and caudal fin lobe (fb- forebrain, mb- midbrain, h-
heart, hb- hindbrain, gf- gill filament, sb- swim bladder)
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Figures 10 a. L.S. of longitudinal and circular muscle; L.S. of larva showing
notochord (nc- noto cord, sc- spinal cord)
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Figures 11. a. L.S. of larva showing fin rays; L.S. of laa showingJ differéntiation of caudal fin

Figures 12. a & b. The skin of different body regions of a larva shows pigmentation
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Conclusion

The current study on larval organogenesis in C. carpio var
koi demonstrates species-specific variation in the incubation
duration and distinct ontogenic processes occurring in larvae
at different trophic levels. Key developmental milestones in-
clude the maturation of the brain, digestive tract, liver, pan-
creas, gills, kidney, muscles, skin, and fins. Coordinated de-
velopment is crucial for achieving the functions of eating,
breathing, osmoregulation, and behaviour. The transition
from an internal to an external energy source was recognised
as a crucial phase that could result in significant mortality
rates throughout the early stages of life. Investigating the var-
iation in the timing of start feeding among different fish spe-
cies, the yolk sac larvae that exhibit successful prey consump-
tion are more likely to survive than those that commence
feeding later. The transition phase in which tropical fishes
switch from relying on internal food sources to external food
sources for energy is brief. A wait of more than 24 hours in
initiating feeding, either after eye pigmentation or after yolk
absorption, is considered crucial for the survival of these spe-
cies. The larvae are well adapted for this transition in the en-
ergy source since they can be raised with a greater survival
rate when provided with suitable live feed.
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