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Introduction

Common carp Cyprinus carpio Linnaeus, 1758 
and gibel carp Carassius gibelio Bloch,  1782 are 
phylogenetically closely related freshwater fishes 
commonly found in Czech aquaculture. While 
common carp is a commercially important fish, gibel 
carp is an invasive fish entering breeding ponds, 
whose expansion into new territories is mainly 
attributed to its reproductive strategy combining 
sexual and gynogenetic reproduction, i.e. asexual 
reproduction in which offspring are formed 

parthenogenetically, but the egg development is 
induced by sperm of the same or phylogenetically 
closely related sexually reproducing species (Fuad et 
al. 2021). The gibel carp was imported to Europe from 
Chinese aquaculture around 1611-1691. Repeated 
introductions and translocations (including public 
releases) resulted in an extremely wide distribution 
of gibel carp across Europe, with its later invasions 
into all suitable aquatic environments (Copp et 
al. 2005). Following the invasion of gibel carp 
into breeding ponds for common carp, combined 
morphological and molecular diagnostics revealed  
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Abstract. Hybridisation is a commonly reported phenomenon in fish. This study focuses on cyprinid species, 
Cyprinus carpio and Carassius gibelio and their hybrids, including F1, F2 and backcross generations obtained 
by artificial breeding, to investigate the effect of the various types of crossbreeding representing different 
genomic contributions of common carp and gibel carp on the health and histoarchitecture of key organs 
involved in metabolism and immunity – the liver and spleen. Comparative histology revealed no clear trend 
in the organisation of liver and spleen parenchyma based on the type of crossbreeding. However, there are 
similarities between certain fish lines, most noticeable in the specific properties of hepatocytes and the pattern 
of glycogen distribution in their cytoplasm, and in the organisation of splenic fibrous skeleton. Moreover, this 
study suggests that long-term breeding of wild fish species in artificial conditions can affect their physiology, as 
we noted extravascular haemolysis affecting parts of the splenic parenchyma and small foci of hepatic necrosis. 
Compared to gibel carp and hybrid lines, the common carp with a longer history of cultivation showed the 
mildest forms of the pathologies detected, indicating that it coped best with the conditions of artificial breeding.
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the occurrence of F1 hybrids of these two fish species 
(Šimková et al. 2015). 

Hybrid genotypes may possess lower, equivalent 
or higher levels of fitness relative to their parental 
taxa (Arnold & Hodges 1995, Burke & Arnold 2001). 
Usually, F1 hybrids are superior to their parents 
in traits related to the development, growth and 
resistance to environmental factors and show higher 
fitness and survival (e.g. Sun et al. 2016, Bartley 
et al. 2000, Šimková et al. 2021). In contrast, the 
hybrids of post-F1 generations often show reduced 
fitness as they suffer from sterility, low survival, 
developmental abnormalities and high susceptibility 
to pathogens (Renaut et al. 2009, Renaut & Bernatchez 
2011, Tichopád et al. 2020). The unidirectional 
hybridisation of common carp and gibel carp studied 
in Czech breeding ponds has been shown to result 
solely in the presence of F1 hybrids with C. gibelio 
mtDNA, which exhibit many fish health- and fitness-
related traits intermediate between those of parental 
species (Šimková et al. 2013, 2015). While F1 hybrids 
usually exhibit heterosis advantage for fitness-related 
traits (including the resistance to parasites) and are 
characterised by high vigour, the post-F1 generations 
of fish hybrids (backcrosses and F2 generations) 
often exhibit low viability and reduced survival 
due to asymmetrical genetic incompatibilities (i.e. 
hybrid breakdown; Stelkens et al. 2015, Šimková et 
al. 2022). The body shape morphology of F1 hybrids 
(common carp × gibel carp) is intermediate between 
parental species (Šimková et al. 2015). Based on 
the intermediate values of intestine size as well as 
cholesterol and glucose concentrations, their study 
suggests that hybridisation determines the food 
range, nutritional status, metabolic activity, and 
energy intake in hybrid offspring. 

Previous research on F1 and post-F1 hybrids of 
common carp and gibel carp emphasised the need to 
investigate the effects of various types of crossbreeding 
representing different genomic contributions of 
common carp and gibel carp to the hybrid offspring 
on the vigour and immunocompetence of hybrids 
(Šimková et al. 2013, 2024, Vetešník et al. 2024). In this 
work, we focus on two organs, the liver and spleen, 
which play a key role in fish metabolism and immunity 
(Sales et al. 2017). The liver in fish represents an 
important metabolic centre that performs numerous 
vital functions, such as removing toxins, waste 
products and foreign particles from the bloodstream, 
regulating blood clotting and blood sugar levels, and 
producing essential nutrients (Berillis et al. 2011). It 
is crucial for metabolising nutrients absorbed in the 

digestive tract and storing lipids, carbohydrates, iron 
and vitamin A. The liver covers the catabolism that 
breaks down metabolites to produce active energy 
(e.g. glycogenolysis, nitrogen) and the anabolism 
that uses these products (proteins, lipids, and 
carbohydrates) to build a  new tissue needed for 
growth and reproduction. Due to its central role in 
fish physiology and immunity, the changes in hepatic 
tissue can serve as a  good indicator of fish health 
(Berillis et al. 2011). The spleen is considered a major 
peripheral lymphoid organ in fish and is responsible 
for the induction of adaptive immune responses and 
has an important role in responses against pathogen 
invasion and elimination of immune complexes 
(Sales et al. 2017, Sayed et al. 2022, Zapata 2024). 
Moreover, it serves as a selective filter of the vascular 
system that performs hemocateresis and promotes 
lymphocyte maturation in cellular and humoral 
immunity (Press & Evensen 1999, Sales et al. 2017). 
In this study, we aimed to investigate the effect of 
the various types of crossbreeding representing 
different genomic contribution of C. carpio and C. 
gibelio on the health and architecture of the liver and 
spleen in their progeny lines obtained by artificial 
breeding. Since histology, despite the growing 
possibilities of applying molecular methods, still 
occupies an irreplaceable place in the evaluation of 
various pathological manifestations, we performed 
a  comparative histological analysis of these two 
parenchymal organs in nine fish lines obtained by 
hybridisation between common carp and gibel carp 
(including F1, F2 and backcross generations).

Material and Methods

Fish collection and preparation of breed lines
The cyprinid species C. carpio, C. gibelio, and their 
naturally occurring F1 hybrids were caught from 
the Hlohovecký fishpond (48°46’51’’ N, 16°47’2’’ E; 
Danube River basin, Czech Republic) and transported 
live to the breeding facility. The identification and 
further handling of fish specimens and artificial 
breeding follow Šimková et al. (2022). The parental 
combinations listed in Table 1 were used for artificial 
spawning based on the mating of individual pairs 
(for the details, see Šimková et al. 2022). Nine fish 
lines resulting from artificial breeding were used for 
the study: i) single pure line of C. carpio (termed ‘pure 
C. carpio’ with the abbreviation ‘CyCy’); ii) single 
pure line of C. gibelio (pure C. gibelio/CaCa); iii) two 
lines of the F1 generation: F1 with C. gibelio mtDNA 
(F1 C. gibelio × C. carpio/F1 CaCy) and F1 with C. carpio 
mtDNA (F1 C. carpio × C. gibelio/F1 CyCa); iv) four 
lines of backcrosses including two lines of maternal 
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backcrosses (backcross C. gibelio × F1 hybrid/BC CaF1; 
backcross F1 hybrid × C. gibelio/BC F1Ca) and two 
lines of paternal backcrosses (backcross C. carpio × F1 
hybrid/BC CyF1; backcross F1 hybrid × C. carpio/BC 
F1Cy); and v) single line of the F2 generation/F2 (both 
parents being representatives of the F1 generation 
with C. gibelio mtDNA). The fish were maintained 
under static conditions at 20 °C in aerated 90 L aquaria 
filled with settled tap water. The water in aquaria, with 
pH maintained at 7.2 ± 0.2 and conductivity ranging 
between 450-500 µS/cm, was filtered with an internal 
filter throughout the experiment. The fish were fed 
daily with frozen adult Artemia, dried pellets (www.
exothobby.cz) and flakes (Tetra Min). All nine progeny 
lines were reared to the age of three years; the sample 
size and mean standard body length for each progeny 
line are provided in Table 2. The hepatopancreas and 
spleen were collected from all individuals by fish 
dissection and weighed to determine the values of the 
hepatosomatic (HSI) and spleen-somatic (SSI) indexes 
as follows: HSI = (hepatopancreas weight/body 
weight without viscera) × 100; SSI = (spleen weight/
body weight without viscera) × 100. Control wild fish 
(C. carpio, C. gibelio and F1 hybrids) were collected 
from Hlohovecký fishpond in November 2021.

Fish manipulation was in accordance with Law No. 
207/2004 of the collections of Laws of the Czech 
Republic on the protection, breeding, and use of 
experimental animals. The study was conducted 
under the experimental project approved by the 
Ministry of Education, Sports and Youth (MŠMT 
in Czech) under document n. 33,579/2019-2. The 
experiment was approved by the Animal Care and 
Use Committee of the Faculty of Science, Masaryk 
University in Brno (Czech Republic). All methods 
were carried out following ARRIVE guidelines. 

Histological analysis  
Liver and spleen collected from three randomly 
selected individuals per experimental fish line (27 
individuals in total), as well as three wild control fish 
for each of common carp, gibel carp and F1 hybrid 
with C. gibelio mtDNA (nine individuals in total), were 
fixed in AFA (alcohol-formalin-acetic acid) fixative 

and processed using standard histological methods 
(Valigurová & Koudela 2008). The tissues were 
embedded in BaWax (Bamed, Czech Republic) and 
sectioned to 7-μm thickness. Sections were stained 
with haematoxylin-eosin, Masson’s trichrome (fast 
green method) or Alcian Blue-Periodic Acid-Schiff 
technique (Humason 1967). The Periodic Acid-Schiff 
(PAS) technique was used to visualise the glycogen 
in the liver. Its combination with Alcian Blue staining 
allowed to distinguish neutral and acid mucins, where 
Alcian blue at pH 2.5 stains acid mucins deep blue and 
subsequent application of the PAS stains the neutral 
mucins bright magenta, while tissues/cells containing 
both the acid and neutral mucins may show a dark blue 
or purple staining (Myers 2024). Stained and mounted 
sections were subjected to histological analysis using 
a motorised Olympus microscope BX61 with a digital 
camera and software. Tissue processing, specific 
staining and light microscopic observations were 
always performed under the same conditions and 
within one set simultaneously containing all specimens  
(i.e. all fish lines). Terminology used in this study 
follows previously published histopathological works 
(Wolf & Wolfe 2005, Wolf & Wheeler 2018, Torbenson 
et al. 2022). 

Ultrastructural analysis
Liver tissue samples were fixed in 2.5% glutaraldehyde 
in 0.1 M cacodylate buffer, post-fixed with 1% OsO4 
in cacodylate buffer, dehydrated in the ethanol series 
and embedded into Epoxy resin blocks. The ultrathin 
sections were made using Reichert Ultracut E 
ultramicrotome and stained according to the standard 
protocol (Valigurová & Koudela 2008). Samples were 
observed with a  JEOL-1010 transmission electron 
microscope. Tissue processing, staining and electron 
microscopic observations were performed under the 
same conditions and within one set simultaneously 
containing all specimens.

Results

Liver
Gross examination of the liver showed no definite 
shape of this organ in specimens of all fish lines. 

Table 1. Summary of parental combinations used for artificial breeding and abbreviated designation of obtained fish lines. * Wild living 
F1 hybrids were offspring of C. gibelio female and C. carpio male.

Parents (species, gender) Cyprinus carpio ♀ Carassius gibelio ♀ F1 hybrid ♀*
Cyprinus carpio ♂ CyCy F1 CaCy BC F1Cy
Carassius gibelio ♂ F1 CyCa CaCa BC F1Ca
F1 hybrid ♂* BC CyF1 BC CaF1 F2
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Macroscopic differences in the livers among fish 
lines were observed mainly in the size, firmness and 
colour of the tissue. These differences were most 
pronounced in the pure lines of common carp and 
gibel carp: while the liver of common carp was brown 
and had the usual texture, the gibel carp liver was 
pale and appeared to be much more fluid, and it was 
larger than in common carp. All fish lines resulting 
from breeding with at least one parent being gibel 
carp had a  more liquid liver. The hepatosomatic 
indexes (HSI, mean ± SD) for all fish lines are provided  
in Table 3.

Histopathological analysis using three staining 
techniques, haematoxylin-eosin (HE), Masson’s 
trichrome (MT) and Alcian Blue-Periodic Acid-
Schiff (AB-PAS), supported by transmission electron 
microscopy (TEM), was used to assess differences in 
the general architecture of liver tissue and cytological 
characteristics of hepatocytes among all fish lines 
(Figs. 1-7). The serial sections of the liver of all fish 
lines showed the organisation of hepatocytes in 
a  continuous cell mass interrupted by sinusoids, 
isolated vessels and bile ducts. No typical hexagonal 
lobules were observed (i.e. the lobules were absent 
from connective tissue septa), the parenchyma 
arrangement (i.e. the hepatocyte-sinusoidal structures) 
corresponded to the tubular form with double-
layered hepatocyte liming separated by sinusoids. 
The predominantly polyhedral hepatocytes possessed 
a large spherical nucleus (mostly eccentrically located) 
with a prominent dark nucleolus. The AB-PAS reaction 
revealed differences in glycogen abundance and 
distribution in individual fish lines (Figs. 2, 4 and 6). 
No fish line showed signs of fatty degeneration (Figs. 
1-7). Interestingly, the livers of all fish lines showed 
mild to severe sinusoidal congestion and dilated 
sinusoids with occasional hemosiderosis. Signs of 
cell death (e.g. shrinkage of hepatocytes, pyknosis or 
nuclear karyorrhexis, karyolysis, cell lysis, presence 
of cell debris and occasionally apoptotic bodies) as 
well as regeneration of liver parenchyma were present 
in all fish lines. Moreover, the liver parenchyma of 
both experimental and wild control fish showed 
more significant necrotic changes that were localised 
mainly on its periphery and in the range of spotted 
focal/multifocal to confluent necrosis. Necrotic foci 
were accompanied by mild or no inflammatory 
infiltration and fibrotic changes in some fish lines. 
Since these pathological manifestations showed no 
association with any fish line, they are not further 
described or included in the comparative histology, 
but the summary and evaluation of their range can be 
found in Table 3. The other histomorphological and Ta
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ultrastructural characteristics of the liver parenchyma 
are described below for each of the fish lines. 

Pure C. carpio (CyCy): dark brown MMCs of small 
to medium sizes (up to 40 μm) were frequently seen 
scattered in the liver tissue. In liver parenchyma, the 
cell boundaries of hepatocytes were indistinct, and 
their shape was not regularly polyhedral (Figs. 1a and 
2a). The cytoplasm of the hepatocytes was densely 
granulated with high affinity for plasma stains (eosin 
in HE and acid fuchsin/xylidine ponceau in MT), their 
spherical nuclei were regularly sized and contained 
a prominent central nucleolus (Fig. 1a). In HE-stained 
sections, both the nuclear lamina and nucleolus were 
stained purple, and the colouration of internal nuclear 
matrix was similar to the hepatocyte cytoplasm. 
Staining with MT confirmed confirmed confirmed 
the granular structure of the hepatocyte cytoplasm as 
well as the regular shape of the nucleus. Liver sections 
stained with AB-PAS showed a low glycogen load in 
the hepatocyte cytoplasm with a  granular pattern 
(Fig. 2a). While histological sections showed no lipid 
deposition, semithin and ultrathin sections revealed 
lipid droplets of various sizes scattered throughout 
the liver parenchyma. These were almost colourless 
or blue in semithin sections (stained with toluidine 
blue). The number of lipid droplets in hepatocytes 
varied; while some hepatocytes were free of fat, 
others showed numerous lipid droplets. In addition, 
some regions of the liver parenchyma showed higher 
lipid deposition than others. The observation under 
TEM confirmed the homogeneous and very dense 
granulation of the hepatocyte cytoplasm and low 
amount of glycogen particles (Fig. 7a). Moreover, it 
revealed the presence of abundant large mitochondria 
and irregularly distributed lamellae of the rough 
endoplasmic reticulum (RER). While mitochondrial 
swelling was not observed, vacuoles, lysosomes 
and large autophagosomes were commonly found 
in hepatocyte cytoplasm (not shown). The plasma 
membrane delimiting the hepatocyte was hardly 
discernible (Fig. 7a). 

Pure C. gibelio (CaCa): darkly pigmented MMCs 
of small sizes were rarely found in the liver tissue. 
The liver parenchyma consisted of hypertrophic, 
more or less polyhedral hepatocytes with wavy 
borders (Figs. 1b and 2b). In a major part of the liver, 
the hepatocyte cytoplasm in MT- and HE-stained 
sections was almost colourless with few granules. 
Compared to CyCy, their irregularly shaped nuclei 
and nucleoli were smaller and condensed (Fig. 1b). 
The hepatocytes showed mild and uneven glycogen-
type vacuolisation (Fig. 1b), and AB-PAS staining Pr
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revealed a high glycogen load in liver tissue (Fig. 2b). 
At lower magnification, PAS-stained hepatocytes in 
a  major part of the parenchyma showed a  brightly 
stained periphery and perinuclear space, while in the 
remaining part, intense staining gave the cells a cup-
shaped appearance, leading to a plastic appearance 
of the tissue. Higher magnification revealed that 
the cytoplasm of the cup-shaped hepatocytes 
was packed with irregularly distributed glycogen 
of noticeably higher concentration. The second 
type of hepatocytes with a  bright border showed 
glycogen accumulation at their periphery and in 
rays radiating from the nucleus. Neither histological, 
semithin, nor ultrathin sections demonstrated the 
presence of lipid droplets in the liver parenchyma. 
Fine structure analysis of hepatocytes showed their 
cytoplasm with low electron density being packed 
with abundant glycogen particles, mitochondria, 
and RER lamellae accumulating in the perinuclear 
space and beneath the plasma membrane (Fig. 7b). 
Differently sized clusters of dense granules were 
interspersed among glycogen particles of almost 
uniform size. The wavy appearance of the plasma 
membrane observed in the histological sections 
(Fig. 1b) was caused by the focal clustering of RER 
lamellae and mitochondria (Fig. 7b). Both the number 
of mitochondria and the amount of RER differed 
between individual hepatocytes in ultrathin sections 
and some hepatocytes additionally contained large 
lysosomes. A  swelling of approximately half of the 
mitochondria was present in almost all hepatocytes. 
Autophagosomes were rare, lipid droplets were not 
observed in the cytoplasm of hepatocytes.

F1 C. gibelio × C. carpio (F1 CaCy): the darkly 
pigmented MMCs of small to medium sizes (up to 
40 μm) were commonly observed in the liver tissue. 
In the organisation and structure of hepatocytes (i.e. 
hepatocytes with granular, strongly eosinophilic 
cytoplasm), the liver parenchyma resembled 
that of CyCy, but the hepatocyte nuclei showed 
more pronounced basophilic staining and carried 
irregularly shaped nucleolus (Figs. 1c and 2c). 
In addition, the hepatocytes had slightly more 
pronounced borders than seen in CyCy but these were 
not as distinct as in the other fish lines. In histological 
sections, only very mild and uneven glycogen-type 
vacuolisation of hepatocytes was observed, with 
some hepatocytes having more vacuolated cytoplasm 
than others (Fig. 1c). The AB-PAS staining revealed 
a moderate to high glycogen load with almost regular 
distribution throughout the liver tissue (Fig. 2c). The 
peripheral tissue stained less intensively with PAS 
than the central area and at higher magnification 

the intense staining overlapped the hepatocyte 
boundaries. Although no lipid deposition was 
detected histologically, clusters of blue-stained 
lipid droplets were detected in some hepatocytes 
in semithin sections and were occasionally seen in 
ultrathin sections. Under TEM, the electron-dense 
cytoplasm of the hepatocytes was packed with 
abundant and large mitochondria and several RER 
lamellae (Fig. 7c). Although the plasma membrane 
was not underlined by the RER (seen in CaCa), the 
demarcation of the round hepatocytes by their plasma 
membrane was more pronounced than in CyCy. Also, 
the small cytoplasmic inclusions differed from those 
in CyCy in that they contained a higher amount of 
glycogen particles dispersed among dense granules 
(Fig. 7c). While hepatocytes contained numerous 
lysosomes, autophagosomes were only occasionally 
detected. A swelling of several mitochondria (of the 
many found in the cytoplasm) was conspicuous and 
found in almost every hepatocyte.

F1 C. carpio × C. gibelio (F1 CyCa): numerous small, 
darkly pigmented MMCs were scattered throughout 
the liver tissue (Fig. 3a). The liver parenchyma 
contained polyhedral hepatocytes that were clearly 
demarcated by their plasma membrane (Figs. 3a and 
4a). In HE- and MT-stained sections, the hepatocyte 
cytoplasm showed significantly lower granularity 
and affinity for plasma dyes (Fig. 3a) when compared 
to CyCy and F1 CaCy lines. The hepatocyte nuclei 
of irregular shape and size showed an intensely 
stained matrix. Mild vacuolisation of hepatocyte 
cytoplasm visible in histological sections was of 
the glycogen type. The liver stained with AB-PAS 
showed abundant glycogen with almost regular 
distribution, where central tissue stained more 
intensively than the peripheral area (Fig. 4a), as 
observed in F1 CaCy. Due to a  high glycogen load 
in the hepatocyte cytoplasm, it was impossible to 
observe the boundaries of individual cells in AB-PAS-
stained sections. Ultrastructural analysis showed 
the hepatocyte cytoplasm of low density filled with 
abundant and homogeneously distributed glycogen 
particles and small clusters of electron-dense granules 
scattered between them (Fig. 7d). Abundant RER 
lamellae surrounding the mitochondria, glycogen 
particles and granular material completely filled the 
perinuclear space. Moreover, a  thick irregular layer 
of RER underlined the hepatocyte plasma membrane 
(Fig. 7d), resulting in the distinct cell demarcation 
observed in histological sections (Fig. 3a). RER 
lamellae surrounded most of the mitochondria 
found in ultrathin sections, while only a  few were 
freely dispersed in the hepatocyte cytoplasm. Lipid 
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droplets were not detected. Swollen mitochondria, 
lysosomes and autophagosomes were present in 
some hepatocytes.

Backcross C. gibelio × F1 hybrid (BC CaF1): the 
small, darkly pigmented MMCs were occasionally 
found in the liver tissue. The liver parenchyma was 
composed of markedly hypertrophic hepatocytes 
with considerable irregularity in size and containing 
almost colourless cytoplasm without granulation 
visible in HE and MT-stained sections (Figs. 3b and 
4b). Their irregularly shaped nuclei and nucleoli 
were condensed, and the plasma membrane was 
distinct with irregular thickness. The pattern of 
glycogen-type vacuolisation observed in histological 
sections was similar to that in CaCa. The liver stained 
with AB-PAS confirmed very abundant glycogen 
with a  similar distribution pattern to that observed 
in CaCa. The hepatocytes either had the glycogen 
concentrated at their peripheries and in rays 
surrounding the nucleus, or they showed very intense 
PAS staining evenly covering the entire cell (Fig. 4b). 
No lipid deposition was detected histologically, but 
several hepatocytes found in semithin and ultrathin 
sections contained single or clustered lipid droplets 
(staining blue in semithin sections). Under TEM, 
the hepatocytes showed a  cytoplasm of medium 
density with unevenly distributed but abundant 
clusters of glycogen particles and dense granules, 
numerous mitochondria (with occasional swelling) 
and a  relatively abundant RER accumulating in 
the perinuclear space and beneath the plasma 
membrane (Fig. 7e). The number of mitochondria 
and the RER lamellae that surrounded them differed 
between individual hepatocytes. Some areas of 
liver parenchyma consisted of hepatocytes with 
a  significantly higher density of dense granules, 
giving the cytoplasm a  much more granular 
appearance (less visible on histological sections). 
Irregularities of the plasma membrane observed 
in histological sections (Fig. 3b) were caused by 
focal accumulation of RER and mitochondria (Fig. 
7e). Some hepatocytes contained one or two lipid 
droplets. Several autophagosomes were observed 
in hepatocytes, but lysosomes were rarely found in 
ultrathin sections.

Backcross F1 hybrid × C. gibelio (BC F1Ca): only 
a few darkly pigmented MMCs of various sizes (up 
to 80 μm) were found in the liver tissue. The liver 
parenchyma consisted of hypertrophic hepatocytes 
with wavy borders and cytoplasm showing mild 
granulation mainly concentrated around the nucleus 
(Fig. 3c). Their nuclei were condensed with irregular 

nucleolus. The hepatocyte vacuolisation was of 
glycogen-type (Fig. 3c). The AB-PAS reaction revealed 
the highest glycogen content in liver parenchyma 
among all fish lines, with intense staining completely 
covering the hepatocytes (Fig. 4c). No lipid deposition 
was detected in histological or ultrathin sections, and 
semithin sections revealed only a  few blue-stained 
lipid droplets occurring outside the hepatocytes. The 
TEM analysis of the hepatocytes showed that their 
cytoplasm with low electron density was packed with 
very abundant glycogen particles, numerous small 
clusters of dense granules with regular distribution, 
few peroxisomes, as well as massive RER surrounding 
the nucleus and several mitochondria (Fig. 7f). A thin 
layer of RER with focally adjacent mitochondria lined 
the cytoplasmic surface of the plasma membrane 
(Fig. 7f), giving hepatocytes a  distinct and wavy 
border seen in histological sections (Fig. 3c). While 
most mitochondria showed clear signs of swelling, 
lysosomes and/or autophagosomes were observed in 
only a few hepatocytes.

Backcross C. carpio × F1 hybrid (BC CyF1): several 
small, darkly pigmented MMCs were observed in 
the liver tissue. The liver parenchyma consisted 
of hypertrophic hepatocytes that were irregular 
in shape and contained condensed nucleus and 
nucleolus (Figs. 5a and 6a). Their cytoplasm in HE- 
and MT-stained sections remained almost colourless 
and without granulation (Fig. 5a). The demarcation 
of hepatocytes by the plasma membrane was clearly 
visible but not completely continuous. Liver stained 
with AB-PAS showed a high glycogen content with 
irregular distribution (Fig. 6a). In most hepatocytes, 
the glycogen was concentrated peripherally and 
in radial protrusions around the nucleus, but in 
some hepatocytes, very intense staining uniformly 
covered almost the entire cell. While in histological 
sections, most of the hepatocytes showed distinct 
cytoplasmic vacuolisation of the glycogen type 
(similar to BC F1Ca), semithin and ultrathin sections 
revealed single tiny lipid droplets or large clusters of 
lipid droplets of various sizes in some hepatocytes. 
These were almost always coloured blue in semithin 
sections. The TEM analysis of hepatocytes revealed 
that their cytoplasm of low electron density was 
packed with abundant glycogen particles and 
numerous mitochondria (Fig. 7g). Individual 
hepatocytes contained glycogen particles of different 
sizes and uneven distribution. The long lamellae of 
the RER surrounded the large nucleus, with several 
branches surrounding the large mitochondria and 
ascending through the cytoplasm to the region below 
the hepatocyte plasma membrane. The number of 
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lipid droplets and the amount of glycogen particles 
and RER differed between individual hepatocytes. 
In addition, areas of liver parenchyma with normal 
hepatocytes alternated with areas with hepatocytes 
that had swollen mitochondria and showed obvious 
signs of cell damage. Lysosomes were commonly 
observed (mainly in damaged hepatocytes), while 
autophagosomes were rare.

Backcross F1 hybrid × C. carpio (BC F1Cy): darkly 
pigmented MMCs of various sizes (up to 80 μm) 
were commonly seen scattered throughout the liver 
tissue (Fig. 5b). The organisation of liver parenchyma 
differed from all studied fish lines (Figs. 5b and 6b). 
The hepatocytes were not hypertrophic and were 
similar in size to the hepatocytes of CyCy and F1 CaCy 
lines, but their cytoplasm was divided into granular 
and vacuolated regions, giving them a  plastic 
appearance (Fig. 5b). Moreover, the granulated 
regions of hepatocyte cytoplasm appeared basophilic. 
The nuclei were large with condensed nucleolus. 
Histological sections revealed mild glycogen-
type vacuolisation of hepatocyte cytoplasm. Liver 
stained with AB-PAS showed a  moderate glycogen 
load with less intensively stained tissue at its 
periphery (Fig. 6b). Higher magnification revealed 
a cytoplasmic staining pattern similar to that of HE- 
or MT-stained hepatocytes, with unstained areas of 
cytoplasm alternating with intensely stained ones. 
Lipid deposition was not detected in hepatocytes in 
histological or ultrathin sections, but blue-stained 
lipid droplets occurring singly or in clusters within 
or outside the hepatocytes were seen in semithin 
sections. Under TEM, the hepatocyte cytoplasm was 
packed with very abundant glycogen particles (not 
wholly consistent with PAS reaction results) and 
numerous clusters of electron-dense granules with 
regular distribution (Fig. 7h). Hepatocyte cytoplasm 
also contained abundant mitochondria surrounded 
by several RER lamellae. The lamellae of RER with 
several mitochondria formed an irregular layer 
lining the cytoplasmic face of the plasma membrane, 
resulting in a  clear demarcation of the hepatocyte. 
Furthermore, peroxisomes and large autophagosomes 
were present in most hepatocytes. The empty round 
areas (sometimes containing membranous remnants) 
(Fig. 7h) appear to correspond to the non-stained 
vacuolated areas in the cytoplasm of the PAS-positive 
hepatocytes (Fig. 6b). 

F2 generation (F2): darkly pigmented MMCs of 
small to medium (up to 30 μm) size were present 
in low numbers. The liver parenchyma contained 
polyhedral hepatocytes that were hypertrophic and 

clearly demarcated by the plasma membrane (Figs. 5c 
and 6c). Like CaCa, the hepatocytes contained a more 
condensed nucleus, and their plasma membrane was 
less wavy. In MT-stained sections, the cytoplasm of 
hepatocytes had a  slightly red tint, while the HE-
staining appeared less intense compared to other 
fish lines (Fig. 5c). The pattern of glycogen-type 
vacuolisation observed in histological sections was 
similar to that of the CaCa and BC CaF1 lines, as well 
as the BC CyF1 line although less distinct in this case. 
Liver stained with AB-PAS showed a high glycogen 
load with a slightly uneven distribution in the tissue 
(Fig. 6c). The PAS staining pattern was similar to that 
of BC CyF1 and BC CaF1. Most of the hepatocytes 
contained glycogen accumulated mainly at their 
periphery and radially around the nucleus, while few 
showed an intense PAS reaction covering the entire 
cell (Fig. 6c). In terms of hepatocyte size and shape, 
overall appearance, and glycogen distribution, liver 
parenchyma most closely resembled that of BC 
CyF1. Semithin and ultrathin sections occasionally 
showed the presence of lipid droplets (more or less 
blue coloured in semithin sections) in hepatocytes. 
The TEM analysis revealed that the low-density 
cytoplasm of hepatocytes was packed with abundant 
glycogen particles and interspersed electron-dense 
granules, numerous large mitochondria, and massive 
RER (Fig. 7i). The electron-dense granules, as well 
as the glycogen particles of different sizes formed 
clusters, and their cytoplasmic distribution was 
slightly uneven. Similarly, the distribution of RER 
lamellae and mitochondria in the cytoplasm was 
uneven, with higher accumulation in the perinuclear 
space and often on one side of the hepatocyte. 
The cytoplasmic surface of the plasma membrane 
was lined with the RER lamellae and, in places, 
adjacent mitochondria (Fig. 7i), resulting in a distinct 
demarcation of hepatocytes seen in histological 
sections (Fig. 5c). No lipid droplets were observed 
in the cytoplasm of hepatocytes. Hepatocytes often 
contained large lysosomes and/or autophagosomes, 
as well as swollen mitochondria. 

Spleen
The spleen of the studied fish lines did not show 
obvious macroscopic differences. The spleen-somatic 
indexes (SSI, mean ± SD) for all fish lines are shown 
in Table 3.

In all fish lines, the histological analysis (HE and 
MT staining) revealed the presence of a thin capsule 
surrounding the spleen, trabeculae penetrating 
into the parenchyma, as well as other major splenic 
structures of higher vertebrates, such as red and white 
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pulps, blood vessels and ellipsoids (termination of 
splenic arterioles). However, the splenic parenchyma 
of all fish studied lacked nodular organisation and no 
border between the red and white pulp was observed 
(Figs. 8a-i and 9a-i). While white and red pulp were 
easier to distinguish at low magnification (Figs. 8a-
i), higher magnification allowed the identification 
of specific cells (e.g. lymphocytes, erythrocytes, 
reticular cells, fibroblasts) and structures such as 
ellipsoids (Figs. 9a-i). The individual lines did not 
show significant deviations in the general architecture 
of the splenic parenchyma at low magnification in 
HE- (Figs. 8a-i; lower micrographs) and MT-stained 
sections. However, some differences could be 
observed in the organisation of the trabeculae and 
ellipsoids. The fibrous skeleton formed by trabeculae 
was most regularly arranged in the spleen of CyCy, 
followed by F1 CaCy, F1 CyCa and F2, and finally 
CaCa, BC CaF1, BC F1Ca, BC CyF1 and BC F1Cy. 
The trabeculae in CyCy, CaCa, F1 CaCy, BC CaF1, 
BC F1Ca, BC CyF1 and F2 were relatively thick, 
while those in F1 CyCa and BC F1Cy were thin. 
The ellipsoids were very prominent and numerous 
in CaCa and BC F1Ca, giving their parenchyma an 
island-like appearance (Fig. 8b and f), followed by 
F1 CaCy, F1 CyCa, BC CaF1, BC CyF1 and F2, while 
they were least numerous and distinct in CyCy and 
BC F1Cy. In F1 CyCa, BC CyF1 and F2, the MMCs 
were often present around the ellipsoids.

Surprisingly, parts of the spleen from all experimental 
fish lines (but not control wild fish) appeared 
haemorrhagic, with higher magnification revealing 
extravascular haemolysis accompanied by deposition 
of hematogenous pigments in the parenchyma. In 
addition to the degree of erythrocyte accumulation 
and haemolysis, the most significant differences were 
observed in the differentiation of hematogenous red 
pulp and lymphoid white pulp, the overall amount of 
white pulp, and the frequency of MMCs. The splenic 
parenchyma in all experimental fish lines, except 
CyCy, showed increased erythrocyte accumulation 
and massive haemolysis with yellow to brown 
pigment deposits present in at least a  third of the 
spleen (Figs. 8b-i; upper micrographs). In CyCy, only 
a small portion of the splenic parenchyma showed light 
accumulation of yellow to rusty pigment indicative of 
ongoing mild haemolysis (Fig. 8a; upper micrograph). 
Moderate haemolysis with increased deposition of 
a  rusty to brown pigment (presumed hemosiderin) 
was detected in the central parenchyma of BC CyF1 
(Fig. 8g; upper micrographs). In the remaining fish 
lines, foci of deposited pigment gradually formed 
as a  result of progressive haemolysis. Moderate to 

severe, predominantly diffuse haemolysis in F2 and 
BC F1Ca (Figs. 8i, f; upper micrographs) and gradual 
formation of haemolytic foci in CaCa and BC CaF1 
(Figs. 8b, e; upper micrographs) were accompanied 
by intense rusty pigmentation. Distinct foci of severe 
haemolysis with rusty to brown pigment depositions 
were found in the splenic parenchyma of F1 CaCy, F1 
CyCa and BC F1Cy (Figs. 8c, d, h; upper micrographs). 
Regarding other pathological manifestations, few 
necrotic foci (mostly perivascular) were detected 
in the spleen parenchyma of F2, while these were 
relatively rare in CaCa (Fig. S1c), F1 CaCy (Fig. S1e), 
F1 CyCa, and BC F1Cy, and completely absent in 
CyCy, BC CaF1, BC F1Ca and BC CyF1.

The frequency and size of MMCs differed among 
the fish lines studied (Figs. 8 and S1). The lowest 
number of small MMCs (up to 60 μm) was observed 
in the spleen of BC CaF1 (Fig. 8e). This was followed 
by CaCa and F1 CaCy lines with small MMCs 
supplemented by several medium-sized (up to 
100 μm) and distinct MMCs, and then CyCy with 
numerous MMCs that were of various sizes (up to 
150 μm) and with a regular distribution throughout 
the splenic parenchyma (Figs. 8a-c and Figs. S1a, c, 
e). Next were F1 CyCa with small to medium-sized 
MMCs (up to 120 μm) regularly scattered throughout 
the tissue and BC F1Ca, which, although had fewer 
MMCs than F1 CyCa, these were very large (up to 260 
μm) and compact (Figs. 8d, f). The BC CyF1, BC F1Cy 
and F2 lines had similar amounts of MMCs, which 
were predominantly medium-sized in BC CyF1 and 
BC F1Cy (up to 100 μm), whereas splenic parenchyma 
of F2 contained both medium- and large-sized (up to 
200 μm) MMCs (Figs. 8g-i). The largest MMCs in the 
F2 line, present in non-haemolytic areas, were yellow 
in colour and compact (Fig. 8i). Overall, the largest 
and compact MMCs were almost always found in 
the non-haemolytic splenic parenchyma, while areas 
with ongoing or past haemolysis contained MMCs of 
smaller sizes and elongated shape.

Cell density in white pulp was evaluated in non-
haemolytic parts of the spleen. After evaluating all 
sections from both staining methods, the cell density 
in white pulp appeared highest in CaCa and lowest 
in CyCy, F1 CaCy, F1 CyCa, BC CyF1, and BC F1Cy, 
with the least contrastingly coloured nuclei in CyCy, 
F1 CyCa and F1 CaCy (Figs. 8a-i). Approximately 
one-third of the spleen in BC F1Ca and CaCa was 
almost depleted of the erythrocytes (Figs. 8b, f; lower 
micrographs), with high magnification revealing an 
increased proportion of lymphocytes. In both HE- and 
MT-stained (Figs. 9a-i) sections of the spleen, evaluated 
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at high magnification, the violet areas outstanding at 
low magnification of HE-stained sections (Figs. 8a-i) 
were proved to be lymphocyte clusters, while scattered 
lymphocytes were also often detected. Histological 
sections of the spleens in CyCy, F1 CyCa and F2 
showed erythrocytes of normal size, while the more or 
less haemolytic splenic parenchyma in other fish lines 
(F1 CaCy, BC CaF1, BC F1Ca, BC CyF1, CaCa, and BC 
F1Cy) contained clusters of enlarged erythrocytes and 
putative hemosiderin (Figs. 9a-i). 

Discussion

Previous studies have shown that changes in fish 
physiology tend to manifest as histopathological 
alternations in certain organs, such as the gills 
and liver, and these tissues are suitable targets 
for evaluating the effects of pollutants or other 
adverse environmental factors, making them good 
indicators of water quality (Ghafarifarsani et al. 
2023). In this study, we performed a detailed analysis 
of the architecture and possible histopathological 
abnormalities in two organs, the liver and spleen, 
which are crucial for metabolic and immune processes 
in fish, to evaluate the outcome of the hybridisation 
effects (Šimková et al. 2015, Sales et al. 2017). Previous 
studies demonstrated that the physiological, 
biochemical and immune parameters of F1 hybrids 
show an intermediate character between the parental 
species or were more similar to common carp, i.e. 
species in the paternal position (Šimková et al. 2015). 

Liver 
The architecture of a  normal liver reflects not only 
its complex function but also many processes 
(physiological or pathological) taking place in other 
organs, as well as metabolic adaptations to dietary 
changes and environmental conditions. While it is 
one of the key organs in toxicological studies on 
vertebrates, interpretation of microscopic liver findings 
in fish is often challenging (Wolf & Wheeler 2018). Our 
observations agree with the general presumptions that 
lobules in the teleost liver are not defined compared 
with those in higher vertebrates (Akiyoshi & Inoue 
2004, Mokhtar 2018). As already hypothesised for 
zebrafish, the liver lobes in fish could fulfil the function 
of mammalian hepatic lobules (Hardman et al. 2007, 
Yao et al. 2012). An in-depth analysis of 200 teleost 
livers confirmed a  considerable variability in their 
histological features, and all of them differed from the 
image of mammalian livers (Akiyoshi & Inoue 2004). 
Their study classified the fish hepatocyte-sinusoidal 
structures into three types (cord-like, tubular and solid 
form) and hypothesises that during fish evolution, the 

parenchymal arrangement progressed from solid or 
tubular form to cord-like form, with the hepatocytes 
changing from round to square and polyhedral cells. 
While in the cord-like form, most of the hepatocyte 
lining is single-layered (polyhedral hepatocytes with 
a  round nucleus), in the tubular form, it is double-
layered (polyhedral or round with a round nucleus). 
In solid form, the majority of the hepatocyte lining 
is multi-layered, with hepatocytes being round with 
a  small round nucleus (Akiyoshi & Inoue 2004). 
The arrangement of the parenchyma in all fish lines 
studied in this work corresponds to the tubular 
form. In general, the appearance and organisation 
of hepatocytes in the liver parenchyma in pure lines 
of common carp and gibel carp were consistent with 
other studies (Mitsoura et al. 2013, Zhao et al. 2021, 
Uyisenga et al. 2023).

Two types of hepatocytes, lipid-rich and glycogen-
rich, occur in teleost livers, with one predominant 
in each species (Akiyoshi & Inoue 2004). Fish 
hepatocytes are generally more vacuolated than 
mammalian ones due to higher glycogen and/
or lipid contents compared to mammals (Wolf & 
Wolfe 2005). In addition to AB-PAS staining of 
histological sections, we subjected the liver to TEM 
analysis to distinguish with greater certainty the 
glycogen or lipid nature of hepatocyte vacuolisation 
and to analyse the changes found in histological 
sections more deeply. Ultrastructural appearance of 
glycogen particles, lipid droplets, as well as major 
hepatocyte organelles or structures such as nucleus, 
mitochondria, RER and bile canaliculi corresponded 
to that in other fish species (Tanuma 1980, Rocha et al. 
1994, Dyková et al. 2022). 

Glycogen is a polysaccharide that stores carbohydrates 
and is especially abundant in the liver and muscle 
tissue. It represents a  labile, readily available, but 
energy-intensive compound that can be converted to 
glucose at critical times, such as when toxins enter 
fish tissues or in anoxic conditions (Makarenko et al. 
2022). For example, a  reduced number of glycogen 
particles was demonstrated in the hepatocytes of 
starved fish, with low glycogen levels remaining after 
30 days of refeeding (Souza et al. 2001). Gibel carp 
keeps the largest glycogen stores among vertebrates 
(25-30% of the liver being glycogen), enabling it to 
survive anoxia for prolonged periods (Hochachka & 
Somero 1984, De Boeck et al. 2010, Fuad et al. 2021). 
A strong reaction of hepatocytes with PAS and Best’s 
carmine has also been reported in other cyprinids, 
for example, in grass carp Ctenopharyngodon idella 
(Mokhtar 2018). However, compared to other 
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fish species, the quantity of glycogen particles in 
Carassius spp. liver is two times higher (Balashov & 
Recoubratsky 2011). Our observations agree with this 
fact, since the hepatocytes in all fish lines analysed in 
this study, except the CyCy line (pure C. carpio), were 
glycogen-rich with glycogen-type vacuolisation. The 
highest glycogen load we observed in hepatocytes 
of F1 CyCa (F1 with C. carpio mtDNA), BC F1Ca and 
BC CaF1 (maternal backcrosses), followed by BC 
CyF1 (paternal backcross), F2 (both parents being F1 
hybrids with C. gibelio mtDNA) and CaCa (pure C. 
gibelio), and then BC F1Cy (paternal backcross) and 
F1 CaCy (F1 with C. gibelio mtDNA). Thus, it is clear 
that compared to CyCy, the genomic contribution 
of gibel carp led to an increase in the amount of 
glycogen in the liver tissue of all progeny lines. The 
lowest glycogen load in the CyCy liver parenchyma 
contradicts the results of PAS staining in another 
study (Giari et al. 2016). However, in the mentioned 
study, the hepatocytes in all studied individuals of 
common carp showed foamy vacuolisation (similar to 
that observed in hepatocytes of CaCa and hybrid fish 
in our study), which is not characteristic of C. carpio 
liver (Mitsoura et al. 2013, Emadi et al. 2018, Korkmaz 
et al. 2020). Similar hepatocyte vacuolisation was 
induced in common carp fed a  high-fat and high-
carbohydrate diet (Yang et al. 2023), which was 
confirmed by another study demonstrating that 
different types of diets influence the vacuolisation 
and pathological alterations of liver parenchyma 
(Yang et al. 2019). Since the common carp is an 
omnivorous fish, individuals fed a  mixed (animal 
and vegetable) diet showed stronger antioxidant 
capacity and liver parenchyma with an almost 
normal appearance (Yang et al. 2019). Moreover, 
numerous abiotic and biotic factors may influence the 
accumulation of glycogen and lipids in fish tissues. 
One of them is the reproductive cycle of female fish 
(Jordanova et al. 2016a). In our study, no fish line 
showed a significant increase in liver fat deposition 
(Table 3), confirming that the experimental fish were 
not exposed to nutritional stress (Ruiz-Ramírez et al. 
2019). Although we observed the highest number of 
lipid droplets in liver parenchyma of CyCy, these 
were only observable in ultrathin sections or semithin 
sections stained with toluidine blue, but not in 
histological sections. Semithin sections stained with 
toluidine blue proved to be much more sensitive when 
comparing the liver fat content across fish lines, as 
the lipid droplets stained light or steel blue and were, 
therefore, easily distinguished from the surrounding 
purple liver tissue. Accordingly, the electron density 
of lipid droplets in ultrathin sections varied from light 
to dark grey with an osmiophilic contour, reflecting 

their saturation degree, as saturated lipids do  not 
react with OsO4 and remain translucent (Hayat 2000). 
Interestingly, no lipid droplets were detected in the 
liver parenchyma of the CaCa line despite its fatty-
like appearance in HE-stained histological sections. 

Various causes, including the accumulation 
of glycogen, lipids and water, as well as the 
proliferation of cellular organelles, can lead to the 
enlargement of hepatocytes (Rosenthal et al. 1984, 
Wolf & Wolfe 2005). Hepatocytes hypertrophied due 
to exposure to pollutants typically show excessive 
lipid accumulation and endoplasmic reticulum 
proliferation (Rosenthal et al. 1984). Hepatocyte 
hypertrophy, giving the affected cells a pale, ground 
glass appearance (Gopinath et al. 1987), was most 
pronounced in BC CaF1, followed by BC F1Ca and 
CaCa, and finally BC CyF1 and F2. However, contrary 
to the general assumptions discussed in some works 
(Wolf & Wolfe 2005), the hepatocyte hypertrophy 
observed in this study did not correspond to an 
increase in HSI nor to the proliferation of specific 
organelles or cytoplasmic inclusions (Table 3). 
Although hepatocellular hypertrophy usually 
occurs after exposure to xenobiotic agents that cause 
induction of liver enzymes, physiological hepatocyte 
hypertrophy can be observed in reproductively 
active female fish or male fish exposed to exogenous 
estrogenic compounds (Gopinath et al. 1987, Wolf 
& Wolfe 2005). Since in our study, all fish were 
reared under the same experimental conditions 
and hepatocyte hypertrophy was observed in both 
females and males, we hypothesise that this is the 
physiological state of hepatocytes characteristic of 
the given fish lines. 

The liver parenchyma showed similarities in some 
fish lines, especially in the organisation and shape 
of hepatocytes, their size and overall appearance, 
hepatocyte demarcation and degree of hypertrophy, 
condensation of nuclei/nucleoli, vacuolisation pattern 
and glycogen content. Accordingly, these fish lines 
also showed the similar fine structure of hepatocytes, 
particularly in terms of the granularity of their 
cytoplasm, the number of glycogen particles, the 
appearance and size of the nucleus, as well as the 
amount and accumulation of RER lamellae and 
mitochondria in the perinuclear space and beneath 
the plasma membrane. From this point of view, the 
liver parenchyma of CyCy was most similar to F1 
CaCy and partly to BC F1Cy (with hepatocytes having 
significantly less granulated cytoplasm), suggesting 
the significance of the genomic contribution of the 
fish species in the paternal position (in this case 

Downloaded From: https://bioone.org/journals/Journal-of-Vertebrate-Biology on 03 Feb 2025
Terms of Use: https://bioone.org/terms-of-use



J. Vertebr. Biol. 2025, 74: 24098 13 Liver and spleen architecture in hybrids of common and gibel carp

common carp). However, this trend did not match 
the situation in the other fish lines, as the liver 
parenchyma of CaCa was most similar to BC CaF1 
and slightly less similar to BC F1Ca (hepatocytes 
with more granulated cytoplasm) and F2 generation 
(less hypertrophied hepatocytes), while the liver 
parenchyma of F1 CyCa and BC CyF1 shared the 
features of both groups. 

Interestingly, the liver of all fish lines showed 
histopathological changes, such as sinusoidal 
congestion, fibrosis and necrosis. The signs of 
liver necrosis were found in all fish lines and were 
always accompanied by parenchymal regeneration, 
indicating a  chronic process. The ultrastructure 
of hepatocytes and potential alternations in their 
subcellular organisation could only be verified in 
pure lines of common carp and gibel carp, but not 
in hybrid fish lines, which have not yet been studied 
from this point of view. As far as we can evaluate 
based on the published data (very limited and 
often inconsistent), the subcellular organisation of 
hepatocytes in the CyCy and CaCa lines is consistent 
with that documented in other studies on common 
carp and gibel carp (e.g. Braunbeck & Appelbaum 
1999, Zhang et al. 2021, Gao et al. 2023). However, 
the hepatocytes of both fish lines showed some 
abnormalities. In CyCy hepatocytes, the RER lamellae 
sheathing abundant mitochondria were irregularly 
arranged, and some appeared fragmented, with 
autophagosomes commonly present in our specimens 
indicating hepatocellular pathology. In addition 
to the disorderly arranged and fragmented RER 
lamellae, the hepatocytes of CaCa frequently showed 
mitochondrial swelling. These subcellular changes 
in fish liver have been often attributed to various 
agents such as pesticides, herbicides and other water 
pollutants (Peters et al. 1987, Grund et al. 2010), heavy 
metals and metal nanoparticles (Franchini et al. 1991, 
Diniz et al. 2013, Naguib et al. 2020), cyanobacterial 
toxins (Li et al. 2005, Drobac et al. 2016), microbial 
infections (Almendras et al. 2000, Kent & Myers 2000), 
transport anoxia, and hypoxic conditions in rearing 
tanks (Speare 2000). Nevertheless, these were usually 
accompanied by other liver alternations not detected 
in our study, such as haemorrhage, increase in MMCs, 
glycogen depletion, fatty degeneration, frequent 
nuclear changes, RER vesiculation and proliferation 
of the smooth endoplasmic reticulum (e.g. Kent 
& Myers 2000, Grund et al. 2010, Li et al. 2021). It 
is important to mention that we did not detect any 
microbial infection in the liver tissue of experimental 
fish analysed by electron microscopy. Similar liver 
pathology can also be induced by certain diets, such as 

a high-starch diet, which has been shown to promote 
synthesis and excessive accumulation of glycogen, 
leading to significant tissue damage manifested by 
vacuolar degeneration, sinusoidal congestion with 
inflammatory cell infiltration, and moderate to severe 
necrosis (Zhong et al. 2022). Since the necrotic foci 
observed in the experimental fish were associated 
with relatively little or no inflammation, we consider 
the hepatic necrosis to be bland and caused by direct 
liver damage, most likely due to stopped or slowed 
blood flow (ischemia). For example, hepatic infarction 
or ischemic hepatitis (also known as hypoxic hepatitis 
or shock liver; Ebert 2006, Spengler & Fontana 2018) 
are not mediated by an inflammatory process. In 
the ischemic liver, the hepatocytes are damaged by 
chronic recurrent hypoxic conditions and increased 
sinusoidal pressure (Ebert 2006). This condition might 
be related to profound anaemia (Okas et al. 2001). 
However, it should be mentioned that liver necrosis is 
reported to be quite common in fish, and its increased 
occurrence in gibel carp has been recorded in autumn 
(Kurchenko et al. 2021). Accordingly, control wild 
fish in our study also showed liver necrosis, with the 
mildest form (diffuse patchy necrosis) in common 
carp and the most severe (multifocal necrosis) in 
the F1 generation. Interestingly, even among the 
experimental fish lines, pure common carp showed 
the mildest form of liver necrosis.

Spleen
The immune system of fish considerably differs from 
that of mammals, mainly due to the lack of bone 
marrow and lymph nodes. Instead, the kidney plays 
the role of the main lymphoid organ in fish, along 
with the spleen, thymus, and mucosa-associated 
lymphoid tissues (Press & Evensen 1999), with the 
spleen considered the major secondary lymphoid 
organ (Sayed et al. 2022). It was suggested that the 
immunocompetence of fish may be determined by 
the emergence of immunological capacities rather 
than the histological maturation of lymphoid organs 
(Zapata 2024). Accordingly, the adult teleost spleen 
usually shows poorly developed lymphoid tissue 
scattered throughout the reticular splenic parenchyma 
surrounding small arteries and MMCs, but the splenic 
lymphoid tissue increases significantly after antigenic 
stimulation (Zapata 2024). The splenic tissue of fish 
does contain red and white pulp, but unlike the 
spleen of mammals, there are no boundaries between 
them. The white pulp, formed by lymphoid tissue, 
surrounds small arteries and diffusely intermeshes 
with the red pulp. Blood filtration occurring through 
sheets of leukocytes of the white pulp (lymphoid 
tissue) is released in the red pulp, composed only 
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of the peripheral blood surrounding the white pulp 
(Bjørgen & Koppang 2021). The relative volumes 
of red and white pulp in fish are known to change 
throughout their reproductive cycle, with white pulp 
increasing significantly and red pulp decreasing from 
pre-vitellogenesis to spawning. The opposite trend 
occurs towards post-spawning (Rebok et al. 2011). 

Our observations of splenic parenchyma in all 
fish lines are consistent with published works 
which, with a  few exceptions, report the absence 
of the typical nodular organisation of fish splenic 
parenchyma with barely discernible boundaries 
between white and red pulp (Marancik et al. 2014, 
Sales et al. 2017, Dyková et al. 2022). However, in 
contrast to other fish (Ruiz et al. 2020), cyprinid fish 
used in our study appear to have fewer trabeculae. 
Moreover, although the collagen fibres around the 
muscles were intensely stained green with MT, the 
connective tissue in splenic trabeculae showed only 
very faint green staining in all specimens (Figs. 9a-i), 
suggesting that the fibrous skeleton of the fish spleen 
may contain less collagen and more reticular fibres. 
The histoarchitecture of the spleen of the studied 
fish lines did not differ significantly, although some 
differences were documented. For example, the 
spleen of CaCa showed an irregular organisation 
of the fibrous skeleton (the most collagen-rich of 
all fish lines) with thick but short trabeculae, the 
most numerous and prominent ellipsoids, and the 
highest cell density in the white pulp. In contrast, 
the most regular organisation of the fibrous skeleton 
was observed in CyCy, accompanied by indistinct 
ellipsoids and white pulp with the lowest cell density. 

Surprisingly, at least part of the spleen in all 
experimental fish lines examined in this study 
exhibited extensive parenchymal areas with 
marked accumulation of erythrocytes and 
haemolysis accompanied by increased deposition 
of hematogenous pigments. From these, only CyCy 
showed mild haemolysis confined to a  relatively 
small part of the spleen, followed by BC CyF1 with 
moderate haemolytic changes in splenic parenchyma. 
Abundant hemosiderin, produced by the degradation 
of haemoglobin, as well as aggregates of pigmented 
macrophages, are often detected during haemolytic 
anaemia (Wolke 1992, Agius & Roberts 2003, Kasprzak 
et al. 2023), a  blood disorder caused by a  variety 
of factors such as vitamin B deficiency, viral and 
bacterial infections, haemoparasites, and intoxication 
with various substances including cyanotoxins 
(Clauss et al. 2008, Zhou et al. 2012, Witeska 2015). 
A  haemolytic effect has also been described in the 

bacterial pathogen Aeromonas, often associated with 
haemorrhages in fish internal organs, but infected 
individuals also show other signs of systemic 
infection (Abdelhamed et al. 2017, Baumgartner et al. 
2017, Bakiyev et al. 2023). 

Besides significant haemolysis, we detected 
enlarged erythrocytes in some fish lines (CaCa, F1 
CaCy, BC CaF1, BC F1Ca, BC CyF1, and BC F1Cy). 
Enlarged erythrocytes may be related to macrocytic 
anaemia, toxins, bacteria, parasites, and hypoxia 
but may also reflect chronic liver disease (Agarwal 
et al. 1984). For example, cyprinid fish (including 
C. carpio) can develop macrocytic anaemia due to 
stress and reduced food supply, for example, due 
to competition for food (Roy George et al. 2015). 
However, macrocytosis can also be associated with 
haemolytic anaemia and/or anaemia recovery (Kaferle 
& Strzoda 2009). Similar to common carp or other 
fish exposed to heavy metals or chemicals (David 
& Kartheek 2015, Abu Zeid et al. 2021, Farhan et al. 
2021), we observed an intensification of red pulp with 
increasing hemosiderosis and increasing numbers of 
dark brown melanomacrophages (aggregating into 
MMCs), accompanied by white pulp depletion with 
disappearance of large MMCs. Mild necrosis observed 
in splenic parenchyma of some experimental fish 
lines may also be related to anaemia (Noyes et al. 
1991). In contrast, no extravascular haemolysis (Fig. 
S1a) or necrotic changes were found in the splenic 
parenchyma of wild control fish, except for a single 
individual of gibel carp, whose spleen had a  small 
necrotic area with mild fibrotic changes indicating 
a reparative process (Fig. S1d). 

It is almost impossible for experimental fish  
maintained in aquaria with settled tap water under 
controlled conditions to become intoxicated by 
chemicals or heavy metals or to become infected 
with pathogens commonly found in aquacultures. In 
addition, live fish showed no visible signs of chronic 
or acute disease, and we did not observe macroscopic 
changes in the internal organs during their dissection. 
We, therefore, consider a  monotonous diet (e.g. 
vitamin B deficiency) or specific tap water parameters 
(such as high hardness or unsuitable pH) as possible 
factors. Although the mixed diet comprising dried 
pellets and flakes enriched by frozen adult Artemia 
should cover the nutritional requirements, the 
vitamins might be less available due to the lower 
digestibility (Mæland et al. 2000). However, it seems 
more likely that the fish were not comfortable with 
long-term (three years) breeding in tap water in 
the limited space of the aquarium. Variations in 
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physicochemical parameters, such as pH and water 
hardness, are known to induce oxidative stress in fish 
(Menon et al. 2023). The tap water in Brno is considered 
hard on the water hardness scale. Currently, the tap 
water in the area of our laboratory has a hardness of 
2.8 mmol/L (corresponding to 280.25 mg CaCO3/L) 
and a  pH of 7.46 (Brněnské vodárny a  kanalizace 
2024, https://www.bvk.cz/pitna-voda/kvalita-vody). 
For fish cultivation, water hardness in the range of 
50-150 mg/L of CaCO3 is considered desirable (most 
preferably above 100 mg/L), while above 300 mg/L, 
it has been found to be lethal for fish (Swain et al. 
2020). It has been shown that chronic exposure of fish 
to elevated water hardness can result in a significant 
decline in the haemoglobin content and haematocrit, 
indicating the development of anaemic conditions 
(Limbaugh et al. 2021). In both acidic and alkaline 
environments, cyprinid fish might experience the 
distortion and lysis of red blood, which can be 
compensated at intermediate pH values (i.e. pH 6.5 
and 8.5) by the production of immature erythrocytes 
through stimulated haemopoiesis, and the fish then 
suffer from haemolytic anaemia (Das et al. 2006, 
Ghanbari et al. 2012). While the optimum pH range 
differs among fish species, the best pH range for 
common carp survival and growth is between 7.5 and 
8.0 (Heydarnejad 2012). At the time we conducted 
the experiments, the tap water in our laboratory had 
a pH of 7.2 ± 0.2, which is slightly more acidic than 
the optimum range mentioned above. It is also worth 
noting that an unfavourable pH can also negatively 
affect the efficiency of the use of nutrients from food. 

The melanomacrophage centres
The MMCs, composed of specialised cells of the 
innate immune system, are polymorphic structures 
most often present in the spleen, kidneys and 
sometimes liver of fishes, but they can also be 
found in other organs, especially in connection 
with inflammation (Wolke 1992). Simply put, they 
represent a focal accumulation of pigment-containing 
macrophages, enlarging after active phagocytosis 
of heterogeneous materials (Agius & Roberts 2003). 
The MMCs perform various functions, including 
recycling, storing and detoxifying cellular wastes 
and exogenous substances and focal deposition for 
resistant intracellular bacteria (Montero et al. 1999, 
Agius & Roberts 2003). Since in higher teleosts, they 
rather represent complex discrete centres containing 
lymphocytes and macrophages, they are considered 
primitive analogues of the germinal centres of lymph 
nodes (Agius & Roberts 2003). The MMCs of fish, 
increasing in size or frequency under environmental 

stress, could serve as biomarkers of water quality 
in terms of deoxygenation and iatrogenic chemical 
pollution (Agius & Roberts 2003). Aquaculture 
studies have linked the increase in MMC size to 
stress and inflammation (Kasprzak et al. 2023). The 
number and size of MMCs, along with their pigment 
contents, vary with fish health and environmental 
degradation, and it has been suggested that increased 
numbers of MMCs in the fish spleen are induced 
by stress and environmental factors rather than by 
tissue catabolism (Sayed et al. 2022). Nevertheless, 
the occurrence of MMCs in fish hematopoietic tissues 
is also influenced by other factors, such as fish age 
or sex, vitamin deficiency, starvation, disease process 
and bleeding (Montero et al. 1999, Mikula et al. 2008, 
Jordanova et al. 2016b). For example, while starved 
or stressed fish tend to show increased density 
of splenic MMCs, a  reduction in MMCs size and 
number has been reported in fish from polluted 
environments, possibly due to pollutant-induced 
immunosuppression (De Vico et al. 2008). As a result, 
wild fish seem to have fewer MMCs than farmed fish 
(Kurtović et al. 2008). Although MMCs are generally 
considered to be a  broadly applicable histological 
indicator of fish immune and health status as well 
as overall well-being, this may not be the case in 
all fish species as it is not entirely clear how these 
structures respond to various stimulating or stressing 
factors (Steinel & Bolnick 2017, Kasprzak et al. 2023, 
Passantino et al. 2024). 

In the fish spleen, the melanomacrophages were 
reported to be arranged either in clusters or more 
loosely dispersed within the white pulp, depending 
on species. Apart from erythrocyte fragments, these 
phagocytic cells contain various pigments such 
as melanin, ceroid, hemosiderin, and lipofuscin 
localised in vacuoles, which increase in volume and 
range in older fish or because of a cachectic disease 
(Agius & Roberts 2003, Mikula et al. 2008, Sayed 
et al. 2022). Hemosiderin is related to iron storage 
and recycling, while ceroid and lipofuscin originate 
from cell/organelle peroxidation and melanin may 
play a  role in defence mechanisms (Montero et al. 
1999). The fact that splenic MMCs are storage sites 
for blood breakdown products such as hemosiderin 
and lipofuscin (De Vico et al. 2008) also explains 
their high occurrence in haemolytic lesions found in 
the splenic parenchyma of experimental fish in our 
study. Hemosiderin distribution in teleosts appears 
to be restricted mainly to the splenic MMCs, and it 
is possible that only these are normally involved in 
hemosiderin handling in both healthy and diseased 
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fish (Agius & Roberts 2003). The association between 
haemolytic anaemia and increased deposition of 
haemosiderin in MMCs was reported in previous 
studies (Roberts & Rodger 2012, Pronina et al. 2014, 
Manrique et al. 2019). 

The differences observed in the MMCs between 
individual experimental fish lines studied in our 
work are not surprising, as MMCs were shown 
to vary between species (Agius & Roberts 2003). 
However, we also observed differences between the 
wild and experimental fish of the same species. The 
spleen of wild C. carpio (Fig. S1b) had larger and more 
compact MMCs compared to the experimental line 
of pure C. carpio (CyCy; Fig. S1a), while the hepatic 
MMCs were more abundant in experimental fish. 
The pigment detected in the spleen of wild C. carpio 
was rusty in colour, while the splenic parenchyma 
of the experimental fish contained dark brown 
pigment dispersed in smaller clusters (Figs. S1a, b). 
The spleen in the experimental line of pure C. gibelio 
(CaCa) had more frequent MMCs (Fig. S1c) when 
compared to wild C. gibelio individuals (Fig. S1d). 
The deposited pigment was again of rusty colour in 
wild fish. The hepatic MMCs were extremely rare in 
both the wild and experimental C. gibelio. A different 
situation occurred in F1 hybrids with C. gibelio 
mtDNA (Figs. S1e, f). While the laboratory-bred F1 
hybrids (F1 CaCy) exhibited numerous and variously 
sized MMCs with dark brown pigment (Fig. S1e), 
histological examination of wild individuals revealed 
significant variability in the frequency and size 
of splenic MMCs (Fig. S1f). One of the three fish 
examined had a spleen with abundant and variously 
sized MMCs with brown pigment, while the other 
had only a  few medium-sized MMCs with rusty to 
brown pigment, and the third had almost no MMCs 
with light, yellow-brown pigment. In contrast, liver 
parenchyma showed no significant differences in 
the number or size of MMCs between experimental 
and wild F1 hybrids. Our observations are consistent 
with the general assumption that, compared to the 
spleen, hepatic MMCs are known to be smaller and 
less numerous (Kasprzak et al. 2023). Moreover, 
changes in MMCs are likely to occur earlier in the 
liver than in the spleen, and small MMCs might 
disappear due to their atrophy or emigration from 
the liver (Kasprzak et al. 2023). The differences in 
the number and appearance of MMC between the 
wild and experimental fish of the same species in 
our study most likely arose as a  result of massive 
haemolysis, during which the number of dark brown 
melanomacrophages forming small aggregations 
increases and large MMCs disappear (David & 

Kartheek 2015, Abu Zeid et al. 2021, Farhan et al. 
2021). Similar differences were observed between 
haemolytic and non-haemolytic splenic parenchyma 
of experimental fish, the latter containing significantly 
larger and more compact MMCs. 

Conclusions

While the organisation of liver and spleen parenchyma 
did not show a  clear trend based on the type of 
crossbreeding representing the different genomic 
contributions of common carp and gibel carp, some 
similarities could be observed between certain fish 
lines. Differences in the liver were most evident in 
the specific properties of hepatocytes, the pattern 
of glycogen distribution in their cytoplasm, and 
in the spleen in the organisation of trabeculae and 
ellipsoids. Moreover, this study revealed pathological 
changes in all experimental fish lines, particularly 
significant extravascular haemolysis in the splenic 
parenchyma and foci of hepatic necrosis observed 
mainly at the periphery of the liver parenchyma. After 
considering the possible factors known to lead to 
such pathological manifestations, we assume that the 
haemolysis developed in experimental fish as a result 
of long-term breeding in settled and aerated tap water, 
which, although commonly used for experiments 
on freshwater fish, may not have the most suitable 
parameters for the normal physiology of wild species. 
The chronic haemolysis could lead to an anaemic state 
and hypovolaemic hypotension, causing necrosis of 
the liver parenchyma. Compared to invasive gibel 
carp and hybrid lines, common carp with a  longer 
history of cultivation coped best with these artificial 
conditions and showed the mildest forms of observed 
pathologies. 
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BC F1Ca – backcross F1 hybrid × C. gibelio
BC F1Cy – backcross F1 hybrid × C. carpio
CaCa – pure C. gibelio
CyCy – pure C. carpio
F1 CaCy – F1 C. gibelio × C. carpio
F1 CyCa – F1 C. carpio × C. gibelio
F2 – F2 generation
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HIS – hepatosomatic index
MMCs – melanomacrophage centers
MT – Masson’s trichrome
PAS – Periodic Acid–Schiff
RER – rough endoplasmic reticulum
SSI – spleen-somatic index
TEM – transmission electron microscopy

Supplementary online material

Fig. S1. Comparison of splenic melanomacrophage centres in experimental and wild control fish. (a-b) Pure 
Cyprinus carpio. (a) General view of the splenic parenchyma of experimental fish with few MMCs containing 
the brown pigment, compared to (b) the spleen of wild common carp exhibiting the abundant and much larger 
light-pigmented MMCs. (c-d) Pure Carassius gibelio. (c) General view of the splenic pachynema of experimental 
fish with numerous MMCs compared to (d) the spleen of wild gibel carp with less frequent MMCs containing 
lighter pigment.  (e-f) F1 C. gibelio × C. carpio. (e) General view of the splenic parenchyma of experimental fish 
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with abundant MMCs varying in size and containing the dark brown pigment, compared to (f) the spleen 
of wild F1 hybrids showing significantly higher variability in the number and size of MMCs. While one 
individual showed frequent and variously sized MMCs with dark brown pigment (i), another had only a few 
medium-sized MMCs with lighter pigment (ii). (a-c): paraffine sections stained with haematoxylin-eosin,  
BF-LM. f – fibrosis; mc – melanomacrophage centres; n – necrosis (https://www.ivb.cz/wp-content/uploads/
JVB-vol.-74-2025-Valigurova-A.-et-al.-Fig.-S1-1.pdf)..
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Fig. 1. Liver architecture in pure Cyprinus carpio, pure Carassius gibelio and F1 generation with C. gibelio mtDNA. (a) Pure 
C. carpio. General view (i) of the liver parenchyma. Detailed views (ii, iii) of the parenchyma showing hepatocytes with a slightly 
outlined polyhedral shape and with confluent borders. Note the densely granulated hepatocyte cytoplasm with a high affinity 
for plasma dyes. (b) Pure C. gibelio. General view (i) of the liver parenchyma. Detailed views (ii, iii) of the parenchyma with 
hypertrophic hepatocytes. Note the wavy plasma membrane lining the more or less polyhedral hepatocytes, the colourless 
cytoplasm with few granules, and the irregularly shaped, highly condensed nuclei. (c) F1 C. gibelio × C. carpio. General 
view (i) of the liver parenchyma. Detailed views (ii, iii) of the parenchyma revealing that hepatocytes with granular, strongly 
eosinophilic cytoplasm alternate with hepatocytes with vacuolated cytoplasm. Note the distinct plasma membrane lining 
the hepatocytes. Applies to (a-c): paraffine sections stained with Masson’s trichrome (i, ii) or haematoxylin-eosin (iii), BF-LM. 
bd – bile duct; black arrow – pycnotic hepatocyte; black arrowhead – karyorrhectic hepatocyte; black asterisk – sinusoid(s); 
pv – portal vein; v – central vein.
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Fig. 2. Liver glycogen storage in pure Cyprinus carpio, pure Carassius gibelio and F1 generation with C. gibelio mtDNA. (a) 
Pure C. carpio. General view (i) and higher magnification (ii) of liver sections with a low glycogen load. Note the hepatocyte 
cytoplasm with a granular pattern (iii). (b) Pure C. gibelio. General view (i) and higher magnification (ii) of liver sections 
with a high glycogen content. Note the upper part of the tissue (i) with hepatocytes with glycogen accumulating at their 
periphery and in rays radiating from the nucleus (ii, iii – top micrographs), and the lower tissue area (i) with irregularly 
distributed glycogen of higher concentration giving the hepatocytes a cup-like appearance (ii, iii – bottom micrographs). (c) 
F1 C. gibelio × C. carpio. General view (i) and higher magnification (ii) of liver sections with a high glycogen load regularly 
distributed throughout the tissue, where the peripheral tissue shows less intense staining than its central area. The high 
glycogen load in the cytoplasm led to very intense staining overlapping the boundaries of individual hepatocytes (iii). Applies 
to (a-c): paraffine sections stained with Alcian Blue-Periodic Acid-Schiff, BF-LM. bd – bile duct; black asterisk – sinusoid(s); 
p – pancreatic tissue; v – central vein; ve – blood vessel; white rectangle – necrotic area.
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Fig. 3. Liver architecture in F1 generation with Cyprinus carpio mtDNA and maternal backcrosses. (a) F1 C. carpio × C. 
gibelio. General view (i) of the liver parenchyma. Detailed views (ii, iii) of the parenchyma with polyhedral hepatocytes clearly 
demarcated by their plasma membranes. Note the less granulated cytoplasm of hepatocytes with lower affinity for plasma 
dyes. (b) Backcross C. gibelio × F1 hybrid. General view (i) of the liver parenchyma. Detailed views (ii, iii) of the parenchyma with 
hypertrophic hepatocytes. Note that the hepatocytes of various sizes have almost colourless cytoplasm without granules 
and condensed nuclei. (c) Backcross F1 hybrid × C. gibelio. General view (i) of the liver parenchyma. Detailed views (ii, iii) 
of the parenchyma with hypertrophic hepatocytes clearly demarcated by their wavy plasma membranes. The hepatocyte 
cytoplasm shows mild granulation surrounding a condensed nucleus with irregular nucleolus. Applies to (a-c): paraffine 
sections stained with Masson’s trichrome (i, ii) or haematoxylin-eosin (iii), BF-LM. black arrow – pycnotic hepatocyte; black 
arrowhead – karyorrhectic hepatocyte; black asterisk – sinusoid(s); black circle – MMCs; black rectangle – necrotic area; 
cv – congested vein; k – Kupffer cell; v – central vein; ve – blood vessel; white asterisk – congested sinusoid(s); white 
arrowhead – nuclear vacuolisation; white arrow – single cell necrosis.
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Fig. 4. Liver glycogen storage in F1 generation with Cyprinus carpio mtDNA and maternal backcrosses. (a) F1 C. carpio × C. 
gibelio. General view (i) and higher magnification (ii) of liver sections with very abundant glycogen, the central tissue being 
more intensively stained than its periphery. Detailed view revealing extremely high glycogen load in hepatocytes where 
staining overlapped their boundaries (iii). (b) Backcross C. gibelio × F1 hybrid. General view (i) and higher magnification 
(ii) of liver sections with very abundant glycogen regularly distributed through the tissue. Hepatocytes either have the 
glycogen accumulated at their periphery and in rays radiating from the nucleus, or the very intense PAS staining evenly 
covered the entire cell (iii). (c) Backcross F1 hybrid × C. gibelio. General view (i) and higher magnification (ii) of liver sections 
revealing the highest glycogen load among all fish lines. The very intense PAS staining completely covers the hepatocytes 
(iii). Applies to (a-c): paraffine sections stained with Alcian Blue-Periodic Acid-Schiff, BF-LM. black asterisk – sinusoid(s); 
p – pancreatic tissue; v – central vein; white rectangle – necrotic area.
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Fig. 5. Liver architecture in paternal backcrosses and F2 generation. (a) Backcross C. carpio × F1 hybrid. General view (i) of 
the liver parenchyma. Detailed views (ii, iii) of the parenchyma consisting of hypertrophic hepatocytes varying in shape and 
size, with almost colourless cytoplasm lacking granulation. Note the distinct but discontinuous demarcation of hepatocytes 
by their plasma membranes. (b) Backcross F1 hybrid × C. carpio. General view (i) of the liver parenchyma. Detailed views (ii, 
iii) of the parenchyma consisting of hepatocytes with cytoplasm divided into granular (basophilic) and vacuolated regions. 
Note the large nuclei and condensed nucleoli. (c) F2 generation. General view (i) of the liver parenchyma. Detailed views 
(ii, iii) of the parenchyma with hypertrophic polyhedral hepatocytes. Note the distinct demarcation of the hepatocytes by 
their slightly wavy plasma membranes and the condensed nuclei. Applies to (a-c): paraffine sections stained with Masson’s 
trichrome (i, ii) or haematoxylin-eosin (iii), BF-LM. black arrow – pycnotic hepatocyte; black arrowhead – karyorrhectic 
hepatocyte; black asterisk – sinusoid(s); black circle – MMCs; black rectangle – necrotic area; k – Kupffer cell; pv – portal 
vein; v – central vein; white asterisk – congested sinusoid(s).
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Fig. 6. Liver glycogen storage in paternal backcrosses and F2 generation. (a) Backcross C. carpio × F1 hybrid. General view 
(i) and higher magnification (ii) of liver sections with abundant glycogen irregularly distributed through the tissue. The 
glycogen is either concentrated at the hepatocyte periphery and in radial protrusions around the nucleus, or the intense 
PAS staining uniformly covers almost the entire cell. (b) Backcross F1 hybrid × C. carpio. General view (i) and higher 
magnification (ii) of liver sections with a moderate glycogen load irregularly distributed throughout the tissue. The uneven 
distribution of glycogen is well visible at higher magnification (iii – top micrograph vs. bottom micrograph). The cytoplasm 
of hepatocytes shows unstained areas alternating with intensely stained ones (iii). (c) F2 generation. General view (i) and 
higher magnification (ii) of liver sections with very abundant glycogen. The peripheral tissue (ii – top micrograph) shows 
less intense PAS staining than the central region (ii – bottom micrograph). Most hepatocytes have glycogen accumulated 
at the periphery and radially around the nucleus, while some show intense staining covering the entire cell (iii). Applies to 
(a-c): paraffine sections stained with Alcian Blue-Periodic Acid-Schiff, BF-LM. bd – bile duct; black asterisk – sinusoid(s); 
lv – lymphatic vessel; p – pancreatic tissue; v – central vein. 
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Fig. 7. Subcellular organisation of hepatocytes in all fish lines. (a) Pure C. carpio. The homogeneously granulated cytoplasm of the 
roundish hepatocyte is packed with several RER lamellae and abundant mitochondria surrounding the large round nucleus. (b) Pure C. 
gibelio. The cytoplasm of the polyhedral hepatocyte is packed with glycogen particles, large mitochondria, and RER. The RER lamellae are 
concentrated around the irregular nucleus and beneath the plasma membrane. (c) F1 C. gibelio × C. carpio. The almost homogeneously 
granulated cytoplasm of the roundish hepatocyte is packed with numerous swollen mitochondria, RER and a small nucleus. Note the 
dense autophagosomes with lamellar contents. (d) F1 C. carpio × C. gibelio. The cytoplasm of the polyhedral hepatocyte is filled with 
abundant glycogen particles, RER and abundant mitochondria. The RER lamellae are accumulated around the roundish nucleus and 
form an irregularly thick layer beneath the plasma membrane. (e) Backcross C. gibelio × F1 hybrid. The cytoplasm of the polyhedral 
hepatocyte is packed with glycogen particles, few mitochondria, RER, and a round nucleus. The plasma membrane is underlain by the 
RER lamellae. (f) Backcross F1 hybrid × C. gibelio. The electron-lucent cytoplasm of the polyhedral hepatocyte is packed with glycogen 
particles, RER and a few small mitochondria. While most RER lamellae are concentrated around the irregularly shaped nucleus, a few 
form a thin layer lining the cytoplasmic face of the plasma membrane. (g) Backcross C. carpio × F1 hybrid. The cytoplasm of the 
polyhedral hepatocyte is packed with abundant glycogen particles, several lipid droplets, numerous mitochondria, a round nucleus, and 
a small amount of RER. (h) Backcross F1 hybrid × C. carpio. The hepatocyte cytoplasm contains a large, slightly oval nucleus, abundant 
glycogen particles, and numerous mitochondria surrounded by several RER lamellae. The RER also forms an irregular layer lining the 
cytoplasmic face of the plasma membrane. (i) F2 generation. The cytoplasm of the polyhedral hepatocyte is packed with abundant 
glycogen particles, numerous mitochondria and a massive RER. The RER lamellae are accumulated around the round nucleus and on 
one side of the hepatocyte, while several lamellae surround the mitochondria and line the cytoplasmic face of the plasma membrane. 
Applies to (a-i): TEM. af – autophagosome; b – bile canaliculus; black arrowheads – hepatocyte plasma membrane; black asterisk – 
mitochondria; er – rough endoplasmic reticulum; g – glycogen; l – lysosome; ld – lipid droplet; p – peroxisome; n – hepatocyte nucleus; 
white asterisk – swollen mitochondria.
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Fig. 8. General view of the splenic parenchyma in all fish lines. (a) Pure C. carpio. Splenic parenchyma with normal appearance (lower 
micrograph), and parenchyma with increased accumulation of erythrocytes (upper micrograph). (b) Pure C. gibelio. Splenic parenchyma 
depleted of erythrocytes (lower micrograph), and parenchyma showing severe haemolysis and focal deposition of hematogenous 
pigments (upper micrograph). (c) F1 C. gibelio × C. carpio. Normal-appearing splenic parenchyma (lower micrograph) and parenchyma 
with severe haemolysis and foci of deposited pigments (upper micrograph). (d) F1 C. carpio × C. gibelio. Normal-appearing splenic 
parenchyma containing MMCs of various sizes (lower micrograph) and parenchyma with severe haemolysis and pigment deposition 
(upper micrograph). (e) Backcross C. gibelio × F1 hybrid. Splenic parenchyma showing mild haemolysis detectable by the deposited brown 
pigment (lower micrograph) and parenchyma with moderate to severe haemolysis and foci of deposited pigments (upper micrograph). 
(f) Backcross F1 hybrid × C. gibelio. Splenic parenchyma is depleted of erythrocytes and contains large MMCs (lower micrograph). 
Parenchyma shows moderate to severe haemolysis and pigment deposition (upper micrograph). (g) Backcross C. carpio × F1 hybrid. 
Splenic parenchyma with almost normal appearance (lower micrograph) and parenchyma showing moderate diffuse haemolysis 
(upper micrograph). (h) Backcross F1 hybrid × C. carpio. Splenic parenchyma showing very mild haemolysis (lower micrograph) and 
parenchyma with severe haemolysis and foci of deposited pigments (upper micrograph). (i) F2 generation. Normal-appearing splenic 
parenchyma (lower micrograph) and parenchyma showing moderate to severe diffuse haemolysis with pigment deposition (upper 
micrograph). Applies to (a-i): paraffine sections stained with haematoxylin-eosin, BF-LM. black arrow – capsule; black asterisks – red 
pulp; el – ellipsoid; mc – melanomacrophage centres (MMCs); v – vein; t – trabeculae; white asterisk – white pulp.
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Fig. 9. High magnification of splenic parenchyma in all fish lines. (a) Pure C. carpio. Splenic parenchyma showing a well-developed 
trabecular network and indistinct ellipsoids. (b) Pure C. gibelio. Splenic parenchyma showing distinct ellipsoids and erythrocyte 
accumulations with a hint of rusty to brown discolouration. Note the clusters of enlarged erythrocytes. (c) F1 C. gibelio × C. carpio. 
Splenic parenchyma with abundant and thick trabeculae lacking regular organisation and indistinct ellipsoids. Note the clusters of 
enlarged erythrocytes and brown discolouration. (d) F1 C. carpio × C. gibelio. Splenic parenchyma showing few thin trabeculae and 
accumulated erythrocytes with a hint of rusty discolouration. (e) Backcross C. gibelio × F1 hybrid. Splenic parenchyma showing few 
thick but short trabeculae, distinct ellipsoids, and erythrocyte accumulations with rusty to brown discolouration. Note the scattered 
enlarged erythrocytes. (f) Backcross F1 hybrid × C. gibelio. Splenic parenchyma showing distinct ellipsoids and irregularly organised thick 
trabeculae. Note the erythrocyte accumulation with a hint of rusty to brown discolouration as well as scattered enlarged erythrocytes. 
(g) Backcross C. carpio × F1 hybrid. Splenic parenchyma showing few thick trabeculae and erythrocyte accumulation with a hint of 
rusty discolouration. Note the aggregates of considerably enlarged erythrocytes and scattered brown pigmentation. (h) Backcross F1 
hybrid × C. carpio. Splenic parenchyma showing thin, irregularly organised trabeculae, accumulation of erythrocytes, and brown pigment 
deposits. Note the clusters of enlarged erythrocytes. (i) F2 generation. Splenic parenchyma showing medium-thick trabeculae and a 
small amount of scattered brown pigment. Applies to (a-i): paraffine sections stained with Masson’s trichrome, BF-LM. e – erythrocyte; 
el – ellipsoid; f – fibroblast; l – lymphocyte; mc – melanomacrophage centres; r – reticular cell; t – trabeculae.
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