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Abstract
Recently, an increasing disparity has emerged in the need for raw fish meal (FM) and its 
supply, along with the environmental and financial obstacles associated with its use. There-
fore, increasing and elevating the diversity of alternative protein sources for aquaculture 
nutrition is imperative. The study investigated the impact of substituting FM protein with 
EW meal on the growth, haemato-biochemical response and intestinal histomorphology 
of Nile tilapia. Up to 20% fishmeal replacement with EW meal had no adverse effects on 
fish growth performance. A quadratic analysis of the final body weight and EW meal level 
indicated the best growth performance at 17.5% replacement. Fish fed the 40% replace-
ment level had significantly decreased height and width of intestinal folds and number of 
mucosal goblet cells compared to the control. Although red and white blood cell counts 
were found unchanged between the control, the 10% and 20% replacement groups, a sig-
nificantly higher number of white blood cells and a lower number of red blood cells were 
found in the 40% group compared to the control. Blood glucose level was the highest, 
while haemoglobin level was the lowest in the 40% group. In the same group, significantly 
higher frequencies of erythrocyte cellular and nuclear abnormalities were noted. Lipid 
droplet accumulation in the liver was significantly higher in the 40% group, whilst the 10% 
and 20% groups showed no significant difference compared to the control.

Keywords Earthworm · Liver health · Erythrocyte abnormalities · Biochemical 
parameters · Growth · Nile tilapia

Introduction

Aquaculture production has expanded dramatically over the last decades as a sustainable 
and profitable economic activity. It aims to meet the high protein demand in the human 
diet (Madsen et  al. 2022). However, the continuous increase in aquafeed prices has 
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become a significant challenge influencing the sector’s potential. Protein content and 
quality are the most critical factors affecting farmed fish’s production cost and health 
(Younis et  al. 2018). Fishmeal (FM) has excellent amino and fatty acid profiles and 
improved digestibility. With the increasing production trend of aquaculture, it is pre-
dicted that the demand for FM will increase, which will also put pressure on the abun-
dance of the low-cost pelagic fish used as raw materials for FM production (Tacon and 
Metian 2008). Therefore, aquaculture has started exploring alternative, more sustainable 
protein sources to partially or totally replace FM (Albrektsen et al. 2022).

The research for alternative protein sources has focused on plant and animal pro-
tein sources (Siddik et  al. 2018; Van Vo et  al. 2020; Hender et  al. 2021). The results 
so far indicate that plant ingredients are less effective as aquafeed ingredients due to 
their endogenous anti-nutritional components (e.g., protease inhibitors, phytate, alka-
loids, gossypols, cyanogens, mimosine, etc.) and imbalanced amino acid profiles. They 
also contain high levels of ash and fibre, which reduce the palatability and digestibility 
of the feeds (Macias-Sancho et  al. 2014). On the other hand, animal protein sources 
have issues with improper amino acid profiles, such as lack of methionine in meat 
and bone meal, lysine deficiency in poultry by-products meal (Chaklader et al. 2020), 
reduced isoleucine content and digestibility in blood meal (Njieassam 2016). The issues 
of microbial contamination and potential disease transmission (from livestock to fish 
and humans) are additional concerns regarding animal-based protein sources (Ogello 
et  al. 2014). All these challenges have directed the research to other unconventional 
sources of low-cost proteins. One of these sources is the earthworm (EW) meal, which 
has recently attracted attention (Parolini et al. 2020).

Several EW species, including Lumbricus rubellus, Eisenia Andrei, and Dendrobaena 
veneta, are very rich in protein and beneficial amino acids and have high lipid levels, 
naturally rich in ω-6 and ω-3 fatty acids (Garczyńska et  al. 2023). Extensive biochemi-
cal analysis of EW by several researchers revealed that the protein and lipid content of 
EW vary from 50 to 70% and 5 to 10%, respectively, which are close to that of FM (Paro-
lini et  al. 2020). In addition, the mineral composition of EW is also ideal for fish (Sog-
besan and Ugwumba 2008). Many researchers have tested several EW species for aqua-
feed production and found that their nutritional compositions could meet the nutritional 
requirements of most fish species. The use of red EW, Perionyx excavatus in particular, 
can boost reproductivity, improve feed digestibility, increase survival rate and reduce stress 
levels (Musyoka et al. 2019). Olele (2011) suggested including up to 50% of EW in the 
feed for hybrid catfish Heteroclarias spp. fingerlings, whereas Sogbesan and Ugwumba 
(2008) recommended 7.5%—25% inclusion of EW in the diet of vundu catfish, H. longifi-
lis. An inclusion level of up to 35% of EW was suggested for the diet of Nile tilapia, Oreo-
chromis niloticus and, carp post larvae, Cyprinus carpio for increased growth performance 
(Musyoka et al. 2019). According to Ahmed et al. (2020), the blood analysis of Nile tilapia 
fed with FM also revealed that with increasing levels of EW in the diet, the amylase activ-
ity was increased in the fish, while the cholesterol in the blood serum was decreased, which 
suggested that EW could improve liver function and facilitate digestion.

EWs, however, may contain anti-nutritional factors, demonstrating that coelomic 
fluid in EW may reduce the absorption of nutrients, inhibit the digestive enzyme secre-
tion and reduce the nutrient bioavailability in fish. Also, this fluid may contain lysenin 
that binds to sphingomyelin with toxic effects. However, these toxic effects appear to 
depend on the technique used to preserve them (Nhi et  al. 2010). Lysenin and other 
haemolytic factors present in EW may be heat-labile proteins, as evidenced by the fact 
that heat treatment of coelomic fluid reduced the toxic effects (Kauschke et al. 2007). 
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EW pre-treatment methods recommended by Tacon et al. (1983) included removing the 
coelomic fluid, heating during drying, or blanching with hot water.

Nile tilapia is a high-profit aquaculture fish due to its excellent flesh quality, rapid 
growth, and resilience (El‐Sayed and Fitzsimmons 2023). Aquaculture’s fast growth has 
also accelerated the Nile tilapia’s global expansion (Khanjani and Sharifinia 2021). Nile 
tilapia, being an ideal choice for fish farming, has now become the second most cultured 
species after carps. The estimated market value of farmed Nile tilapia in 2020 was 12 
billion US dollars, representing a vital part of all cultured aquatic animals (FAO 2022). 
Tilapia require 30–45% protein daily for optimum growth (FAO 2021). Since the protein 
content of EW is about 45%, it can be utilized as a potential protein source in Nile tila-
pia diet.

This study aimed to assess the effectiveness of replacing FM with EW protein in the 
diet of Nile tilapia and to determine its potential impacts on the species’ growth, intesti-
nal health, haemato-biochemical response, and erythrocyte-metric parameters.

Materials and method

Experimental diets

Four isonitrogenous (~ 31%) and isolipidic (~ 7%) diets were prepared based on EW’s 
analysed crude protein and lipid levels. FM protein in the prepared diet was replaced 
by red EW protein at 0, 10, 20, and 40%. The diets were labelled as control, D1, D2 
and D3, respectively (Table 1). Experimental diets were formulated using the Pearson’s 
Square Method (Wagner and Stanton 2012). Firstly, the EW were purchased from the 
local farmers. To prepare the experimental feed, all feed ingredients were crushed into 
fine particles using a hammer mill. Once ground, all fine particles’ weights were meas-
ured. Subsequently, these fine particles were carefully placed in a clean drum mixer 
for thorough mixing with binders, where molasses served as the binder. To prepare the 
dough, water was added to the bowl containing all other components. Following dough 
preparation, a pellet machine was utilized to carry out the extrusion process, producing 
pellets of the desired size (2 mm). The moist pellets obtained were then left to air dry 
for a short period at room temperature. To prevent microbial and fungal contamina-
tion, the pellets were quickly moved to a hot air oven and dried for 72 h at 60 °C. Once 
dried in the oven, the pellets were allowed to cool down to room temperature. Finally, 
the prepared floating pelleted diets were meticulously packed into clean, plastic-sealed, 
and airtight containers for further use and stored in a refrigerator at 4 °C. The proximate 
compositions of the prepared feeds were examined using the standard method outlined 
in the "Official Methods of Analysis" (Horwitz and Latimer Jr 2006). Crude protein 
was determined by using the Kjeldahl apparatus (Bloc Digest 12, JP Selecta, Spain) 
and a 6.25 conversion factor was applied. Lipid content was measured using the Sox-
hlet apparatus (J-SH3, JISICO, Korea) with ether extraction methods. To determine the 
moisture, a hot air oven (HAS/50/TDIG/SS, Genlab, UK) was run at 105 0C. Ash was 
determined by operating a muffle furnace (HM-9MP, Raypa, Spain) for four hours at 
550 0C. Finally, the nitrogen-free extract (NFE) was measured by subtracting from the 
100 the total sum of crude protein, crude lipid, moisture, ash, and fibre. The ingredients 
and proximate composition of the four experimental feeds are detailed in Table 1.
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Experimental fish

Three hundred fingerlings of Nile tilapia were procured from Bhola Monosex tilapia hatch-
ery, Bhola, Barishal. Before giving the experimental diet, the fish were acclimated for one 
week in the laboratory with a commercial tilapia feed (crude protein 30.97%, lipid 6.43%, 
ash 12.13%, and crude fibre 5.89%). The feeding trial was conducted in a hapa (4ft × 3ft) 
setting, out in a fish pond at the university. Groups of 25 healthy and uniformly sized tila-
pia fingerlings with initial weight and length of 3.47 ± 0.02 g and 5.45 ± 0.13 cm, respec-
tively, were randomly distributed in triplicate hapas for each dietary treatment following 
a complete randomised design. Initially, feeding was done at a rate of 5% of body weight; 
however, this rate was later adjusted by the body weight gain during the trial. Fish were 
hand-fed twice daily for 56 days, at 8:00 and 16:00. Water quality parameters (dissolved 

Table 1  Feed ingredients and 
proximate chemical composition 
of the experimental diets (% dry 
weight basis)

a Fishmeal (65%): SUPER FISH MEAL (Mega International Trading 
Co., Bangladesh); Protein: 65%, moisture: 7%, ash: 14%, fat: 12%
b Earthworm: Collected from local farmers: protein: 46.57%., lipid: 
8%, ash: 22.06%, moisture: 17.05%, NFE: 6.32%
c Wheat flour: ACI Pure Flour Limited (ACI Limited, Bangladesh)
d Mineral premix: NutriFish (Popular Pharmaceuticals Ltd., Bangla-
desh); Each Kg Contains DL-Methionine USP 5.0 g, L-Lysine HCL 
USP 1.0 g, Vitamin A Acetate 600,000  IU, Vitamin D3 200,000  IU, 
Vitamin E Acetate 100.0  mg, Cobalt Sulphate 100.0  mg, Copper 
Sulphate 1.0  g, Ferrous Sulphate 10.0  g, Potassium Iodide 60.0  mg, 
Manganese Sulphate 50.0 g, Magnesium Oxide 5.0 g, Sodium Selenite 
30.0 mg, Zinc Oxide 4.0 g, Choline Chloride 15.0 g, Calcium Phos-
phate 65.0 g, Sodium Chloride 15.0 g, Blend of 12 Enzymes 20.0 g, 
Beta-glucan 20% + Mannan Oligosaccharides 15% 60.0  g, Butylated 
Hydroxytoluene 5.0 g, Calcium Carbonate q.s. to 1 kg & Fish Flavour

Feed ingredients (%) Control D1 D2 D3

Fishmeal (65%)a 8.0 7.2 6.4 4.8
Earthwormb 0 0.8 1.6 3.2
Soybean meal (44%) 32.0 32.0 32.0 32.0
Wheat  flourc 17.2 17.1 17.0 16.6
Wheat gluten 11.8 11.9 12.0 12.6
Rice bran 21.0 21.0 21.0 21.0
Vegetable oil 2.0 2.0 2.0 2.0
Fish oil 2.0 2.0 2.0 2.0
Starch 5.0 5.0 5.0 5.0
Lysine 0.5 0.5 0.5 0.5
NaCl 0.5 0.5 0.5 0.5
Mineral  premixd 1.0 1.0 1.0 1.0
Vitamin premix 1.0 1.0 1.0 1.0
Chemical composition (%) as fed basis
  Crude protein (CP) 31.16 31.09 31.02 31.13
  Crude lipid 6.93 6.90 6.88 6.83
  Crude fibre 6.22 6.21 6.20 6.16
  Ash 7.75 7.77 7.79 7.82
  Gross energy (MJ/Kg) 17.95 17.79 17.76 17.62
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oxygen, temperature, total ammonia, pH) were measured consistently by employing a mul-
timeter (AD800), and these parameters were within the acceptable range during the experi-
mental period (Table 2).

Sample collection

At the end of the feeding trial, all fish were euthanised with an overdose of anaesthesia 
(clove oil, 5.0 mg/L) and various samples were collected for analysis. For each treatment’s 
replication, six fish in total were randomly chosen for further analysis. For the histomor-
phometric evaluation, the distal intestine, liver, and dorsal muscles were collected, imme-
diately transferred into 10% buffered formalin for fixation, and stored at 4 ºC until further 
processing. Blood was immediately collected and processed according to standard proto-
cols for the biochemical assessment, and the blood cell counts and the assessment of the 
erythrocytes’ morphology.

Evaluation of growth performance and feed utilisation efficiency

At the end of the 56-day of feeding trial, the bulk weight of each replicate tank as well as 
individual fish weight and length were measured after fasting about 24 h. Growth param-
eters, such as final body weight (FBW), weight gain (WG), specific growth rate (SGR), 
feed conversion ratio (FCR), survival rate (SR%), and condition factor (CF) were calcu-
lated using the following equations:

Histological analysis

Histomorphological assessment of intestine

All histomorphometric procedures and quantitative assessment of intestinal indices were 
measured and assessed as described in previous publications  (Islam et  al. 2024). The 
collected tissue samples were immediately transferred into 10% buffered formalin for 
fixation and stored at 4 ºC until further processing. The samples were then dehydrated in 
a series of ethanol concentrations before being cleaned with pure chloroform. The sample 

WG(g) = [Mean final weight −Mean initial weight]

SGR(%∕d) = [(ln(final body weight) − ln(pooled initial weight)∕Days] × 100

FCR = [(Dry feed fed)∕(Wet weight gain)]

SR(%) = [Number of final fish∕number of initial fish] × 100

CF(%) = [Final body weight(g)∕body length(cm)3] × 100

Table 2  Water quality parameters monitored in different experimental groups

Parameters Control D-1 D-2 D-3

Temperature (0C) 28.08 ± 0.38 28.18 ± 0.25 28.16 ± 0.29 28.17 ± 0.28
pH 8.03 ± 0.18 8.04 ± 0.15 8.04 ± 0.11 8.05 ± 0.13
DO (mg/l) 6.38 ± 0.31 6.34 ± 0.23 6.36 ± 0.32 6.4 ± 0.26
Total ammonia (mg/l) 0.15 ± 0.02 0.16 ± 0.02 0.16 ± 0.03 0.16 ± 0.02
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blocks for sectioning were produced by embedding the tissues in paraffin and sectioned at 
a thickness of 5 µm. The sections were placed on slides and dried overnight. Subsequently, 
the slides were stained using Haematoxylin and Eosin (H&E) and covered with coverslips. 
The stained sections were photographed using a digital camera (Leica DM1000, Wetzlar, 
Germany) affixed to a digital light microscope (Leica DM1000, Wetzlar, Germany). Ten 
undistorted mucosal folds per section were randomly selected to assess and quantify the 
intestinal mucosal morphology in terms of height of mucosal folds (hMF), (µm); width 
of mucosal folds (wMF), (µm); lamina propria (LP), (µm); and number of goblet cells 
(GCs). GCs were counted in multiple fields of view to ensure a representative count, and 
the number of GCs in each field of view was recorded. Finally, the density of GCs (number 
of cells per unit area) was calculated.

Cryosectioning and oil red o staining of liver and muscle tissue

Oil-Red O (ORO) staining demonstrated lipid accumulation in the experimental fish in 
liver and muscle tissues. For this, fish liver and muscle samples were first kept in cry-
oprotectant solution for a few hours. Then, both tissue samples were removed and kept 
overnight in 30% sucrose. Then, the tissue samples were collected from sucrose and cov-
ered with aluminium foil to protect the sample’s quality. The frozen samples were then 
immersed in isopentane (stored in a stainless jar in liquid nitrogen) for 45 s and attached to 
particle cardboard using Shandon Cryomatrix (Thermo Scientific, Runcorn, UK). Then, all 
the processed samples were cryosectioned (15 µm), and the sections were fixed gently on 
microscope slides. Three different slides from each sample were prepared.

The prepared slides were then placed in propylene glycol and ORO (lipid stain) solu-
tion for 2 and 6 min, respectively. All the incubated slides were then placed into 85% pro-
pylene glycol for 1 min and then rinsed twice in distilled water. After that, all slides were 
incubated in haematoxylin for 1–2 min and then rinsed thoroughly with tap water. Subse-
quently, all slides were rinsed twice with distilled water and then covered with a coverslip 
using an aqueous mounting medium.

Blood sampling and biochemical analysis

Blood was collected by caudal venipuncture using a 1 ml syringe with a 25-gauge needle 
after anaesthetising the fish with clove oil. Blood samples were immediately collected in a 
BD vacutainer containing an anticoagulant (K2 EDTA). Haemoglobin and glucose content 
in blood were then determined by a digital EasyMate® GHb (Model: ET 232, Hb/Glu dou-
ble monitoring system, Bioptic technology Inc. Taiwan 35,057) using haemoglobin (Hb) 
and glucose (Glu) strips, respectively. The Neubauer hemacytometer was used to count red 
blood cells (RBC) and white blood cells (WBC) in blood smears.

Erythrocyte morphology assessment

The blood was smeared on a glass microscope slide soon after being collected. The slides were 
fixed with methanol and stained with 5% Giemsa solution. Stained slides were subsequently 
rinsed with distilled water and subsequently air-dried. DPX was used to mount the slides. 
Then ENA (erythrocyte nuclear abnormalities) and ECA (erythrocyte cellular abnormalities) 
were examined under a digital light microscope (Leica DM1000, Wetzlar, Germany) coupled 
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to a digital camera (Leica MC 170HD, Heersbrugg, Switzerland) at 20 × magnification. To 
reduce technical variation, ENA and ECA were scored blindly using randomised coded slides.

Different ENAs were scored following the criteria set by Islam et  al. (2020a). Different 
ENA were defined as: i) micronuclei separated by small circular chromatin bodies with the 
same staining shapes of the central nucleus, ii) blebbed nuclei with nuclear membrane evagi-
nation and euchromatin iii) notched nuclei with nuclear materials-free vacuoles. Different 
ECA were distinguished: i) cells having a teardrop shape, ii) distorted erythrocytes tugged 
with a nipple at one end, iii) two twin cells connected together by their cell surface, and iv) 
elongated cells with an unusual length.

Economic analysis

For the economic analysis, the economic conversion ratio (ECR, USD/Kg of fish) and eco-
nomic profit index (EPI, USD/Kg of fish) were calculated using the following formula (Mar-
tínez‐Llorens et al. 2007):

The price was calculated based on USD/Kg unit (1 USD = 109.21 BDT). Each ingredient 
price was as follows: FM = 1.0072, EW = 0.915, soybean meal = 0.5494, wheat flour = 0.5951, 
wheat gluten = 2.7470, rice bran = 0.4578, vegetable oil = 3.6626, fish oil = 6.8675, mineral 
premix = 3.7359, vitamin premix = 2.4265.

Statistical analysis

The open-source software R (version 4.2.2) and R Studio (2022.12.0 + 353) for Windows 
10 (Version 22H2; OS Build 19,045.3208) were used to perform the statistical analyses. All 
measured data were expressed as mean ± SD (standard deviation). One-way analysis of vari-
ance (ANOVA) was used to evaluate the differences between the various dietary groups, and 
post hoc Tukey’s test was used to determine significant differences (HSD) in multiple com-
parison tests. Orthogonal polynomial (linear and quadratic) regression was used to examine 
the effects of EW inclusion increasing in the diets. The datasets derived from (a) growth and 
haematology and (b) histomorphometry were subjected to two PCA (principal component 
analysis) respectively to evaluate the collective covariation of their respective variables. For 
PCA analysis “ggfortity” R package was used (Zhang et al. 2020). The first principal compo-
nent (PC1) scores were gathered in all cases, and then a mixed model was applied. A mixed 
regression model was applied to correlate PC1 values and CF. All mixed model analyses were 
carried out using the ‘R’ package “lme4” (Bates et al. 2015). The figures expressed different 
statistical significance as: ’*’, p < 0.05, or as ’**’, p < 0.01.

Results

Growth performance

The fish growth, feed intake, FCR and survival rate of juvenile tilapia are shown in Table 3. 
After the 56-day feeding trial, Nile tilapia supplemented with D3 appeared to have lower 

ECR = [feed intake(Kg) ∗ diet price(USD∕Kg)]∕weight gain(Kg∕fish)

EPI =
[

f inal weight
(

kg

fish

)

× fish sale price
(

USD

kg

)]

− [ECR × weight gain of f ish(kg∕fish)]
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growth performance. The FBW, WG, and SGR of fish fed D3 were found to be significantly 
lower (p < 0.05), while fish fed D1 and D2 were similar to those fed the control diet. How-
ever, FI and FCR showed no significant variation between control and test diets (p > 0.05). 
The survival rate of fish in the culture units ranged from 76.88 ± 1.21 to 85.33 ± 1.09% 
and was not affected by the dietary supplementation of EW. Condition factor (CF) was 
decreased in the D3 dietary group, whilst for the D1 and D2 groups, CF showed no dif-
ference compared to the control diet. Based on the quadratic regression analysis between 
FBW and dietary EW meal level  (R2 = 0.877; y = 31.57—0.1550*X -0.006740*X2), Nile 
tilapia showed to have the best growth performance when replacing 17.5% of FM in the 
diet with EW meal (Fig. 1). No evidence of disease was observed during the experimental 
period.

Economic analysis

Although increasing the level of EM in the diets decreased the cost of the experimental 
feeds, no significant difference (p > 0.05) was observed among the dietary groups for ECR 
and EPI (Table 3).

Histology

Histomorphological assessment of intestine

The intestinal tissues of Nile tilapia in group D3 exhibited mild to severe alternation. Sig-
nificantly decreased hMF and wMF were noted in fish fed the D3 diet, whilst fish from 

Table 3  Growth performance, feed utilisation and economic comparison among the dietary groups in 
response to EW inclusion in the diet of Nile tilapia

Note: IBW initial weight of fish, FBW final body weight, WG weight gain, SGR specific growth rate, FI feed 
intake, FCR feed conversion ratio, SR survival rate, CF condition factor, ECR economic conversion ratio, 
EPI economic profit index. Mean values in the same row with different superscript letters differ signifi-
cantly at p < 0.05. Values are the means of the three replicates per group ± standard deviation

Parameters Experimental diets p-value

Control D1 D2 D3

IBW (g) 3.44 ± 0.10 3.46 ± 0.15 3.55 ± 0.12 3.51 ± 0.28 0.429
FBW (g) 32.14 ± 1.97a 32.90 ± 0.81a 30.98 ± 1.53a 24.70 ± 0.77b 0.012
WG (g) 28.63 ± 1.97a 29.44 ± 0.92a 27.43 ± 1.46a 21.25 ± 0.60b 0.010
SGR (%/d) 3.95 ± 0.11a 4.02 ± 0.11a 3.87 ± 0.08a 3.51 ± 0.06b 0.046
FI (g/fish  d−1) 0.92 ± 0.11 0.0.96 ± 0.02 0.91 ± 0.09 0.75 ± 0.09 0.625
FCR 1.36 ± 0.24 1.37 ± 0.03 1.40 ± 0.27 1.68 ± 0.21 0.250
SR (%) 81.66 ± 1.53 85.33 ± 1.09 78.33 ± 1.15 76.88 ± 1.21 0.089
CF 0.0395 ± 0.002a 0.0395 ± 0.005a 0.0349 ± 0.003a 0.0762 ± 0.005b  < 0.0001
Economic analysis

  Diet price (USD) 1.36 1.25 1.14 1.07 −
  ECR
(USD/Kg fish)

1.57 ± 0.27 1.58 ± 0.03 1.59 ± 0.31 1.94 ± 0.24 0.263

  EPI (USD/Fish) 0.013 ± 0.008 0.013 ± 0.009 0.013 ± 0.009 0.004 ± 0.005 0.287



Aquaculture International 

1 3

the D1 and D2 groups showed non-significant differences (p > 0.05) compared to control 
(Fig. 2a & b). The LP was significantly increased (p < 0.01) in the D3 group, whilst the 
lamina propria was decreased in the D2 group (Fig. 2c). The GC index exhibited no signifi-
cant (p > 0.05) differences between the dietary groups (Fig. 2d). The assessment of differ-
ent indices of intestinal tissue is presented in the supplementary file (Fig. S.1).

Lipid droplet deposition

Images of ORO staining of neutral lipid droplets in hepatocytes are presented in Fig. 3a. 
The measurement of neutral lipid droplets is elaborated in the supplementary file (Fig. S.2). 
The level of neutral lipid droplets increased significantly (p < 0.05) in the D3 dietary group. 
In contrast, the D1 and D2 groups did not show any significant differences compared to the 
control diet (Fig. 3b).

Muscle quality

Lipid droplet deposition in dorsal muscle is presented in Fig.  4a. No significant differ-
ences were observed between the D1, D2 and the control groups. However, a significantly 
higher lipid droplet deposition was observed in the D3 dietary group compared to control 
(Fig. 4b).

Haematological parameters

FM replacement with EW at different levels significantly (p < 0.05) influenced the haema-
tological parameters in Nile tilapia. The WBC counts exhibited no significant differences in 
the D1 and D2 dietary groups compared to the control. In contrast, the count was increased 
in the D3 group (Fig.  5a). The RBC count decreased significantly in the D3 group but 
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Fig. 1  Quadratic regression analysis of final body weight of Nile tilapia against various levels of dietary 
earthworm meal. Values are expressed as mean from triplicate groups (n = 3) of fish
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exhibited no significant differences between the D1, D2 groups and the control (Fig. 5b). 
The glucose level was significantly higher in the D3 and D2 groups compared to control, 
whilst the value of the D1 group was similar to that of the control (Fig. 5c). The Hb level 
was increased significantly in the D1 group, while the level of Hb was markedly decreased 
in the D3 group, compared to control diet (Fig. 5d).

Erythrocytic nuclear and cellular abnormalities

The frequency distributions of various ENAs and ECAs in fish fed different levels of 
EW are shown in Fig. 6. The observed ENAs included regular cells (Fig. S.3a), notched 
nuclei (Fig. S.3b), blebbed nuclei and micronuclei (Fig. S.3c). Various ECAs were also 

Fig. 2  Histomorphological assessment of the intestine of Nile tilapia after 56 days of feeding EW at various 
levels. a. mucosal fold height (µm), b. mucosal fold width (µm), c. lamina propria (µm) and d. number of 
mucosal goblet cells/fold (GC). Significant levels are expressed as ’*’ p < 0.05; ’**’ p < 0.01
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Fig. 3  Assessment of neutral lipid droplets in the liver tissue of Nile tilapia. Cryosectioning was performed 
at -20 °C stained with ORO and haematoxylin solution. All images were captured using 40X magnification. 
Scale bar = 50 µm. a. neutral lipid droplets in liver tissue. b. area of neutral lipid droplets (%) measured in 
liver tissues using ImageJ software (version 1.53). The significant difference among the experimental diets 
is expressed as ’*’ p < 0.05

Fig. 4  Lipid droplet analysis of muscle samples of Nile tilapia tissue stained with ORO and solution H&E. 
All images were captured at 40X magnification. a. lipid droplets in muscle tissue. b. area of lipid droplets 
(%) in muscle tissues. All measurements were performed using ImageJ software (version 1.53). A signifi-
cant difference is expressed as ’*’ p < 0.05
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observed in the erythrocytes of the experimental fish, including twin (Fig. S.3d), elon-
gated (Fig. S.3e) and tear‐drop shaped cells (Fig. S.3f).

A significant increase (p < 0.05) of notched cells has been detected in the blood of 
fish fed the D3 diet compared to the control. In contrast, the D1 and D2 groups showed 
no significant differences compared to the control (Fig.  6a). Regarding micronuclei, 
there were no significant differences in the D2 group compared to the control diet. How-
ever, the D1 and D3 groups showed significant differences compared to the control diet 
(Fig. 6b).

The frequencies of teardrop-shaped cells appeared significantly lower in the group D1 
than those in the fish fed the D3 diet (Fig. 6c). The frequency of twin cells did not show 
any significant differences between groups (Fig. 6d). However, the frequency of elongated 
cells was significantly lower in the D1 group, whilst groups D2 and D3 were not influenced 
by the EW diets (Fig. 6e).

Fig. 5  Haematological profile of Nile tilapia after the 56-day feeding trial. a. red blood cell count (RBC); 
b. white blood cell count (WBCs); c. glucose (Glu) (mg/dl); d. haemoglobin (Hb) (g/dl). ’*’ indicates a sig-
nificant difference (p < 0.05)
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PCA analysis

Regarding the PCA, the loading of all the variables, including FCR, FBW, RBC, WBC, 
Glu, Hb, MN, NN, TD, EG, and TW, are presented in Fig. 7a. Among all the loading vari-
ables, FBW, Hb and RBC were positively correlated with each other in PC1. On the other 
hand, FCR, WBC, Glu, MN, NN, TD, EG, and TW showed a negative correlation with 
each other, whilst FCR and Glu overlapped. Among all the loading variables, FBW showed 
the highest positive loading on PC1 (Table S.1). This orientation of the variables reveals 
that the first principal component (hence referred to as ‘PC1’) explained 64.31% of the 
variance in the data and reflected a composite perspective of most of the loading variables. 
At the same time, the second principal component (PC2) explained 10.39% of the variance 
in the data.

Mixed model analysis

The loadings of all the histomorphometric variables in the intestine are presented in 
Fig. 7b. Loading of all variables, such as the height of hMF, wMF, LP and GC, were cor-
related with each other. Among all the variables, hMF, wMF and GC were positively corre-
lated with each other in PC1, while LP showed a negative correlation with others. Among 
all the loading variables, wMF showed the highest loading on PC1 (Table S.2). The first 
principal component explained 56.86% of the variance and was used to represent the 

Fig. 6  Frequencies of erythrocyte nuclear and cellular abnormalities of Nile tilapia after the 56-day feeding 
trial. a. frequency of notched nuclei; b. frequency of micronucleus; c. frequency of twin cells; d. frequency 
of elongated cells, e. frequency of tear-drop cells. ’*’ indicates a significant difference (p < 0.05)
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overall status of the intestine. The second principal component ‘PC2’ explained 21.13% of 
the variance in the data. The nested ANOVA on ‘PC1 intestinal health’ demonstrated that 
the D2 group significantly differed from the control group. Finally, ‘PC1 intestinal health 
positively correlated with condition factor (Fig. 7c).

Discussion

A significant concern in aquaculture production is the reliance on FM, so identifying more 
environmentally acceptable, economically sustainable feed ingredients is important. The 
excellent nutritional properties of EW, including its high protein and amino acid profile, 
make it a promising aquafeed ingredient (Mohanta et  al. 2016). However, over the past, 
most research on EW focused mainly on the nutritional status of the prepared diets and 
the possible influences they could have on growth performance and proximate composition 

Fig. 7  PCA biplot representing (a) growth and haematological parameters in fish. Different colours indicate 
the different dietary treatments; (b) intestinal histomorphometric indices (PC1_intestinal health) of the dis-
tal intestine; and (c) mixed-effects model of ‘PC1_intestinal health’ and condition factor of fish



Aquaculture International 

1 3

of the cultured fish (Chaves et al. 2015; Beg et al. 2016). The effects of EW on the hae-
matological and histological indices in fish have not yet been thoroughly studied. There-
fore, the present study gives an insight into the potential application of EW in Nile tilapia, 
focusing on some aspects of fish physiology. Our initial results suggested that substituting 
up to 20% of FM with EW in Nile tilapia diets has no negative impact on growth perfor-
mance compared to the control diet. Similar findings were noted in earlier studies. Russio 
et al. (2022), after supplementing up to 20% of EW meal in the experimental diets, did not 
observe any negative impacts on Nile tilapia’s growth. Similarly, replacing FM with EW 
meal up to 20% in the feed of Nile tilapia did not negatively affect the growth and physi-
ological performance of fish (El-Ouny et al. 2023). In another study, Sogbesan et al. (2007) 
investigated the potential beneficial effects of EW meal in the diet of vundu catfish, Het-
erobranchus longifilis. In that study, the authors observed the suitability of EW meals for 
this species’ diet, which agrees with our findings. Similar growth performances were also 
observed in the earlier study when a moderate substitution was made (up to 32.2%-40%), 
which could be explained by the comparable protein and lipid content of EW to FM, which 
could satisfy the nutritional needs of Nile tilapia (Bag et al. 2012; Mohanta et al. 2016).

However, the retardation of growth performance was observed when EW replaced 40% 
of the FM in the diet. This indicates that low FM diets may not provide enough nutrition 
or digestibility for Nile tilapia. Additionally, the high coelomic fluid content in EW can 
be toxic to fish (Kobayashi et  al. 2001) and reduce feed palatability (Ngoc et  al. 2016; 
Musyoka et al. 2019), which likely contributed to the poor growth performance of fish in 
the D3 group. EW, in particular, have a poisonous coelomic fluid that contains lysenin, a 
defense protein that can harm vertebrates (Yamaji et al. 1998). Since the EW used in our 
investigation was not pre-treated (heated), it is possible that the lysenin facilitated these 
adverse effects. Furthermore, the higher chitin content in whole EW at higher meal lev-
els can reduce feed efficiency and cause growth depression in fish due to the glucosamine 
polymer. Nile and blue tilapia are especially intolerant to chitin and exhibit suppressed 
growth, regardless of the inclusion level (Shiau and Yu 1999). A shortage of specific amino 
acids like lysine, methionine, and cysteine could also contribute to poor performance, but 
this varies depending on the species of fish (Pereira and Gomes 1995). For example, effi-
cient utilisation of EW was observed in butter catfish (Ompok pabda) (Chakraborty et al. 
2021), hybrid catfish fingerlings (Monebi and Ugwumba 2013) and Rohu (Labeo rohita) at 
more than 40% FM replacement (Mohanta et al. 2016). EW’s nutritional composition and 
digestibility also vary depending on the worm species and the EW culture system (Ding 
et al. 2019).

The microscopic structure and function of the intestine can be assessed by various indi-
ces, such as absorption surface area, height and width of the intestinal fold, and goblet 
cell density (Siddik et al. 2022; Khojasteh 2012). Multiple factors can impact the intesti-
nal structure, reduce nutrient absorption, and ultimately impact the growth performance 
(Rašković et  al. 2011). Among all the factors, diet is one of the most important factors 
that regulates the gut microbiota and affects local and general immune responses (Dawood 
2021). In the present study, we explored the effects of EW meal on the microscopic struc-
ture of fish intestine. The results showed that up to 20% FM substitution, no morphological 
alterations of the intestine were observed between the treatments and the FM-based control 
group. These observations do not agree with an earlier study on hybrid snakehead (Channa 
argus ♂ × Channa maculate ♀) fed different levels of EW. In that study, the author reported 
that including 10% EW in the diet enhanced the intestinal fold height, width and muscular 
structure (Chao et al. 2013). The variation in the findings could be due to the study dura-
tion or other experimental conditions, such as the ages and nature of EW.
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The histomorphological assessment of the intestine, substituting FM up to 20% with 
EW, exhibited no morphological alterations. On the other hand, intestines from the D3 
dietary group showed a reduction in intestinal fold height, width and GC index. Such alter-
nations may be associated with a decrease in the nutrient absorption area of the intestine 
in fish fed the highest inclusion level of EW. Similar results were observed in rainbow 
trout, where the authors identified an adverse effect on intestinal fold length when the fish 
were fed a high inclusion (50%) of full-fat insect meal (Cardinaletti et  al. 2019). These 
changes could be associated with excessive antinutrient factors or undigested material, 
though the role of altered gut microbiota cannot be excluded (Mi et al. 2022). In this study, 
GC increased slightly in the D2 dietary group, indicating the positive impacts of EW on 
the digestion and absorption of nutrients, leading to enhanced intestinal immunity of fish 
(Alesci et al. 2022).

Condition factor (CF) is considered indicative of the fish’s physiological state and is 
also connected to the fish’s welfare during different life stages (Nash et al. 2006). The prin-
ciple based on which conditions factors are generally used to assess the fitness of the fish 
is that the heavier a fish of a certain length is, the better its condition (Froese 2006). In the 
current study, we evaluated the overall intestine wellness using the association of PC1 with 
CF. This approach has also been used before to analyse the histomorphology of the intes-
tine in lumpfish (Willora et al. 2022). The present study measured several intestinal histo-
logical indices such as hMF, wMF, LP and GC. These histological indices have been used 
as biomarkers to assess the effect of the diets (Hernández et al. 2012). In the PCA biplot, 
PC1 explained most of the variance of intestinal histology indices, indicating the signifi-
cant nutritional effects in the dataset. Regarding the overall fitness of the intestine, a linear 
regression mixed effects model was employed between PC1 intestinal health and CF, and 
the result revealed a positive correlation. Although the positive scoring of the PC1 intesti-
nal indices (hMF, wMF, LP and GC) with the condition factor demonstrated the beneficial 
role of the dietary EW, further study is needed to examine the mechanisms and interactions 
that lead to the improvement of the overall health status of fish.

The haemato-biochemical parameters routinely assessed include RBC and WBC count, 
as well as Hb and Glu concentration (Burgos-Aceves et al. 2019). The differential blood 
cell counts can often be indicators of infectious diseases (Francesco et al. 2012). In the cur-
rent study, EW inclusion of up to 20% in the diets showed no significant impact on the val-
ues of the different haematological parameters. However, we observed significantly lower 
values of RBC and Hb in fish fed the highest inclusion levels of EW. Similar findings were 
also observed in earlier studies, where RBC and Hb were also decreased at high inclusion 
levels of black soldier fly meal in the diet of juvenile goldfish (Kamalii et al. 2022). As 
a high level of FM replacement with EW may not fulfil all the nutritional requirements 
of Nile tilapia, deficiencies of nutrients necessary for erythropoiesis may be responsible 
for reducing RBC and Hb, as Witeska (2015) has suggested. Such alterations in the blood 
parameters can substantially reduce the oxygen transfer to tissues and compromise multiple 
physiological functions.

Glucose is the primary energy source for various cell functions, and its blood levels are 
under hormonal regulation (Islam et al. 2020a). As plasma glucose is highly responsive to 
stress, variation in the blood glucose is often strongly connected with stress factors rather 
than with the nutritional state of fish (Wagner and Congleton 2004). Moreover, poor nutri-
tion is frequently regarded as a stressor for fish and chronic stress resulting from poor diet 
can also increase glucose levels in fish blood. In our study, fish fed the D3 diet showed 
increased blood glucose levels, which may be explained by the enhanced gluconeogenesis 
of a fish stressed from improper nutrition in response to their unsatisfied energy demand.
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In the present study, various erythrocytic morphological changes (cellular and nuclear) 
were noticed in the blood of Nile tilapia. These alternations may cause physiological com-
plications at higher inclusion levels of EW. The nucleus structure and morphology of blood 
cells might be altered in response to stressors or malnutrition (Sharaf et al. 2010). Though 
many studies demonstrated the potential of EW for growth promotion in Nile tilapia, none 
of these studies investigated any possible morphological alternations of erythrocytes in this 
species in response to EW. However, several studies reported nuclear and cellular erythro-
cytic alterations in different fish species due to many stressors other than malnutrition (Shah-
jahan et al. 2020; Al-Emran et al. 2022). For instance, according to a study by Islam et al. 
(2020a), high temperatures affected the morphology of blood cells and the haemato-bio-
chemical parameters of Nile tilapia. Similarly, multiple ECA, elongated forms, fusion, tear-
drop shape, and twin cells were detected in fish blood exposed to various salinities (Jahan 
et al. 2019). In addition, hazardous compounds alter cell metabolism, ion permeability, and 
membrane shape, causing structural damage to erythrocytes (Islam et al. 2020b; Ritu et al. 
2022; Sadiqul et al. 2016). Therefore, we believe that the cellular alternations observed here 
indicate a stress response due to the high levels of EW (Zafalon-Silva et al. 2017).

In the current study, the haematological analysis indicated that replacing fishmeal (FM) 
with earthworm (EW) at more than 20% can cause some toxic effects on Nile tilapia. How-
ever, in contrast to this, (Chakraborty et al. 2021) found that the haematology of the butter 
catfish, Ompok pabda was not affected when EW substituted the FM in the diet. According 
to their study, replacing FM protein with EW protein at any level had no toxic effect on the 
butter catfish. One possible reason for this difference could be that carnivorous butter cat-
fish are more resistant to the toxins of such organisms, which could be part of their diets.

Fish fed a high-lipid diet have generally been shown to accumulate excess lipids in vari-
ous organs of fish. For instance. Ruyter et  al. (2016) have reported a higher occurrence 
of hepatic lipid accumulation in fish liver fed diets containing < 1% of EPA and DHA. 
However, contradictory results were reported in the case of Atlantic salmon, where 100% 
replacement of FM with insect meal (Black soldier fly meal) in the diet did not show any 
significant changes in lipid accumulation in the liver or size distribution of the lipid drop-
lets in the liver (Belghit et al. 2019). A study by Li et al. (2017) reported histological alter-
nations in the liver of Jian carp using defatted black soldier fly larvae meal in the diet and 
notably lower lipid content in the liver. It might be because of the cuticular chitin content 
of the insects that inhibited fatty acid synthesis (Li et al. 2017). Lipid deposition is also 
regulated by hepatic lipogenesis, increased adipocyte lipolysis rates and the absorption of 
the released fatty acids from the adipose tissue (Vyas et al. 2012). Generally, excess lipid 
droplets accumulated in the liver of fish can lead to a condition known as hepatic steatosis 
or fatty liver disease. This excess accumulation of lipid droplets can interfere with nor-
mal cellular functions. Moreover, fatty acids are metabolised in the liver through various 
enzymatic pathways, including beta-oxidation and lipogenesis. Imbalances in these path-
ways can lead to altered production and accumulation of intermediate products that may 
influence cholesterol and triglyceride synthesis (Dai et al. 2015). Furthermore, these imbal-
ances can lead to metabolic alterations in the circulatory system in different body parts and 
ultimately compromise the fish’s growth performance (Li et al. 2019). However, the current 
study assumes that a higher inclusion level of EW might have produced excess caloric in 
the body and created stress and indigestibility that altered the normal physiological condi-
tion. The present study suggests that including up to 20% of EW in the diet has no apparent 
negative impact and significant variation in lipid deposition in the liver.

Muscle structure is an important parameter that reflects the nutritional condition but 
also the agility of fish. This muscle structure is also connected to the growth and quality 
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of fish and can be significantly influenced by dietary ingredients (Alami-Durante et al. 
2018). Thus, various nutritional deficiencies can alter the muscle structure of Atlan-
tic salmon, causing myodegeneration (Rodger et  al. 1991). In the present study, lipid 
droplets in the muscle increased significantly in the D3 dietary group compared to the 
control group. Although lipid droplets are essential sources of energy for muscle fibres, 
excessive lipid droplets may produce lipotoxicity stress and irrigate the structure of 
muscle fibre (Brøns and Grunnet 2017; Morales et al. 2017). Excessive lipids result in 
fatty infiltrations in the intermuscular adipose tissue. This adipose tissue can regulate 
inflammation by producing fatty acid-binding proteins, adipokines, resistin leptin and 
lipid droplet proteins (Wu et  al. 2014; Konigorski et  al. 2019). This change is related 
to the ageing process and can result in loss of muscle strength and a decrease in mus-
cle insulin sensitivity (Brioche et al. 2016). So, our study suggests that including up to 
20% of EW in the diet does not negatively impact lipid droplet deposition, muscle fibre 
strength and lipid metabolism pathways.

The simple economic analysis in the present study revealed that the diet price decreased 
while the ECR increased with the increasing levels of EW meal in the diets (Table 4). As 
the profit level is mainly affected by various factors, such as the prices of feed, the feed-
ing rate, the fish size, fish yield, the fish sales etc. (Hebicha et al. 2013), the net profit will 
therefore be increased if the fish selling price increases, or one of the main costly fac-
tors, like diet cost, decreases (Abdel-Tawwab et al. 2020). However, based on the obtained 
results, including EW as a replacer of FM in the diets has a positive economic outcome and 
reduces the feeding cost.

Conclusion

Based on the findings, it can be concluded that EW is a suitable alternative source of pro-
tein to replace up to 20% of FM in the diet of Nile tilapia. This conclusion is supported 
by the lack of histological alternations in the intestine or changes in blood parameters and 
lipid accumulation in the liver or muscle. Higher inclusion levels (40%) of EW affected 
the growth and the biochemical parameters while altering the erythrocyte morphology. In 
addition, it resulted in increased accumulation of lipid droplets in the liver and muscle tis-
sue. The current study also indicates a reduction in the cost of the diet with an increasing 
replacement level of EW in the diets.
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