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abstract
Azolla meal was included in fish feed at different levels (10%, 20%, and 30%) and was fed to 
genetically-improved farmed tilapia (GIFT) for 90 days. The obtained results demonstrated that 
the final body weight, weight gain, and specific growth rate decreased significantly in fish fed 
30% Azolla (P<0.05), while tilapia fed 10% and 20% did not differ significantly from those of 
the control (P>0.05). However, the feed conversion ratio increased significantly in fish fed 30% 
Azolla (P<0.05), while tilapia fed 10% and 20% did not differ significantly from those of the con-
trol (P>0.05). The body proximate analysis, amylase, lipase, protease, blood phagocytic index, and 
phagocytic and lysozyme activity were not affected by the inclusion of Azolla in tilapia diets and 
remained similar to those of the control group (P>0.05). The villus length of the foregut was not 
significantly affected by Azolla inclusion in tilapia diets (P>0.05). In the midgut, the villus length 
significantly (P<0.05) increased in fish fed Azolla at 20% and 30% compared to the control, with 
no differences from those fed at 10% (P>0.05). The villus length significantly (P<0.05) increased in 
the hind gut in fish fed Azolla at 30% compared to the control, with no differences from those fed at 
10% and 20% (P>0.05). The mucosal length of the tilapia foregut significantly (P<0.05) increased 
in fish fed Azolla at 10% compared to the control, with no differences from those fed at 20% and 
30% (P>0.05). In the foregut and hindgut, the number of goblet cells significantly increased in fish 
fed Azolla at 3% compared to the control, with no differences from those fed at 10% and 20% 
(P>0.05), while in the midgut, the number of goblet cells significantly (P<0.05) increased in fish 
fed Azolla at 20% and 30% compared to the control, with no differences from those fed at 10% 
(P>0.05). Feeding tilapia with Azolla resulted in normal hematological and biochemical functions, 
with insignificant differences for the measured parameters except for the red blood cell count, 
which significantly (P<0.05) increased in fish fed Azolla at 20% compared to the control, with no 
differences from those fed at 20% and 30%.
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Nile tilapia (Oreochromis niloticus) freshwater fish are easy to cultivate and re-
sistant to disease, can live in tropical climates, and have high economic value (Da-
wood et al., 2019 a; Van Doan et al., 2019). GIFT are a particular strain, developed 
to be fast growing and adaptable to a wide range of environments (Dawood et al., 
2019 b; Long et al., 2015). The increasing production and quality of tilapia continues 
to this day; therefore, feed is an important factor in increasing the growth and qual-
ity of GIFT (Amin et al., 2019; Dawood et al., 2019 c). In aquaculture, the cost of 
purchasing fish feed is quite high, so an alternative ingredient is needed that is cheap, 
easily available, and environmentally friendly (Sithara and Kamalaveni, 2008). The 
right feed ingredients can be extracted from water weeds, but to date, water weeds 
have been considered as waste; thus, the use of water weeds as substitute feed could 
facilitate the development of a new type of fishery production system.

Some types of aquatic weeds that can be used to feed tilapia, among others, are 
Lemna minor, Azolla pinnata, and Salvinia molesta (Nekoubin et al., 2013). Azolla 
as a source of plant protein (13–30% dry weight protein) has a higher nutrient con-
tent than other types of water weeds, such as S. molesta (Das et al., 2018; Mithraja 
et al., 2011; Mosha, 2018; Sudaryono, 2006). Earlier studies have suggested that  
a 10–45% Azolla level can be incorporated in the diet of tilapia species, except for 
T. zillii, which requires more than 40% protein content (Abou et al., 2007; Djissou 
et al., 2017; Youssouf, 2012), while in fish belonging to the family Cyprinidae, the 
inclusion level should be 10–50% and 10–25% for Labeo rohita and the other fam-
ily members, respectively (Kumari et al., 2017; Maity and Patra, 2008; Panigrahi et 
al., 2014), except for L. fimbriatus, which showed no effect with up to 40% Azolla 
inclusion in its diet.

Azolla pinnata, belonging to the family Azollaceae, grows in environments with 
the blue-green algae Anabaena azollae, which is considered to be a promising feed 
because of its high nutritive value, ease of cultivation, and high productivity (Maity 
and Patra, 2008; Prabina and Kumar, 2010). A. pinnata appears to be a good source 
of protein and contains almost all the essential amino acids, making it superior to 
wheat bran, maize, offal, and similar (Basak et al., 2002; Cherryl et al., 2014). Gener-
ally, the crude protein content of this plant species is in the range of 25% to 30% in 
dry matter, based on optimum growth conditions (Basak et al., 2002). Under natural 
conditions, protein values of 20% to 22% are frequent; therefore, the protein content 
of A. pinnata is comparable to, or higher than, that of most other aquatic macro-
phytes. The plant is naturally rich in minerals, such as iron, calcium, magnesium, po-
tassium, phosphorus, and manganese, together with appreciable quantities of vitamin 
A, precursor beta-carotene, and vitamin B12 (Anitha et al., 2016). Azolla plants also 
contain some probiotics and biopolymers (Anitha et al., 2016).

In Egypt, the cost of feeding fish is about 70 percent of the total cost of farm-
ing. The high price and low availability of fish meal have increased the cost of pel-
leted feeds, in turn decreasing the profitability of tilapia farming; therefore, the  
present study aimed to evaluate the effect of the inclusion of Azolla on the growth 
performance, digestive enzyme activity, histomorphology, and health condition of 
GIFT.
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Material and methods

Diet preparation
After reviewing the Azolla inclusion levels used in previous studies (Abou et al., 

2007; Djissou et al., 2017; Youssouf, 2012), four isonitrogenous and isolipidic diets 
were formulated to include 0%, 10%, 20%, and 30% Azolla powder (Table 1). All the 
ingredients were completely mixed, then water was added to produce a stiff dough. 
The dough was subsequently extruded using a pelleting machine with a die of 1 to 
2 mm, then the pellets were air-dried. The diets obtained were stored at –20°C until 
they were used. A standard method was used to confirm the nutritional profile of the 
Azolla and test diets (AOAC, 2005) (Table 1).

Table 1. Basal diet and proximate chemical composition (on dry matter basis)

Ingredient (%)
Test diet

Control 10% 20% 30%
Fish meal 10 10 10 10
Soybean meal 38 35 31 29
Azolla meal 0 10 20 30
Wheat bran 10 8 7 6
Yellow corn 22 17 11 8
Gluten 3 3 3 3
Rice bran 10 10 11 7
Oil 5 5 5 5
Dicalcium phosphate 1 1 1 1
Vitamins and minerals mixture 1 1 1 1
Chemical composition    
Dry matter 90.9 90.8 91.0 90.9
Crude protein 30.1 30.0 30.0 30.1
Ether extract 6.3 5.8 6.9 6.7
Total ash 7.7 9.6 12.1 13.0
Crude fiber 3.4 3.2 3.4 4.2
Gross energy (KJ g−1)* 18.6 18.2 18.0 17.7

*Gross energy was calculated based on the values of values for protein, lipid and carbohydrate as 23.6, 39.5 
and 17.2 kJ g−1, respectively.

Fish and experimental protocol
Nile tilapia were provided by a private farm in Kafrelsheikh Governorate, Egypt. 

The fish were kept for two weeks’ adaptation on a basal diet (Table 1) before the  
experiment. Thereafter, 375 fish with similar body weight (initial body weight 
11±0.01 g) were distributed across 12 Habas (enclosures) (0.5 m width × 1 m length 
× 0.5 m depth each, replicates), which were fixed in an earthen pond in a random 
manner, with 25 fish per Haba. The earthen ponds were provided with a running 
water system. The feeding rate was 3% of body weight and the fish were visually 
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fed twice daily (08:00 and 16:00 h) during the acclimation period and feeding trial, 
which lasted for 90 days. The water temperature remained constant at 23.12±0.3°C, 
and the pH varied in the range of 7.36–7.77. Dissolved oxygen and nitrite nitrogen 
were maintained above 6.00 mg/L and below 0.04 mg/L, respectively, with photo-
periods (12 h light:12 h darkness).

Sampling schedule
All the fish were starved for 24 hours before the sampling. The fish were quick-

ly captured after being anesthetized with 100 mg/L tricaine methanesulfonate and 
weighed individually to obtain their final body weights (Dawood et al., 2019 d; 
Yarahmadi et al., 2014). Using a syringe without anticoagulant, blood samples were 
collected from the caudal blood vessels of three fish per Haba, and serum was sepa-
rated by centrifuging the clotted blood at 3,000 rpm/15 min at 4ºC, then stored at 
−20ºC. The collected serum samples were analyzed within 7 days to avoid spoilage 
of the samples. The intestines of nine fish from each group (three fish per Haba) 
were quickly removed and segments from the foregut, midgut, and hindgut were 
then placed in 10% formalin for intestinal morphological analysis (Amin et al., 2019; 
Dawood et al., 2019 c). The collected fish were taken, and intestines were removed 
(nine fish per group), then washed with phosphate-buffered saline (PBS) (pH 7.5; 1 g 
per 10 mL), homogenized, and centrifuged at 8,000 rpm for 5 minutes. The collected 
supernatant was then stored at 4°C until the preparation of the solutions that were 
required for the measuring of the digestive enzyme activity.

Digestive enzyme activity
The total protein content was measured by following Lowry et al. (1951) method, 

in which bovine serum albumin (BSA) was used as a standard. The protease activ-
ity was evaluated using Folin-Ciocalteu phenol reagent, and amylase activity was 
measured using iodine solution to detect non-hydrolyzed starch according to Jiang 
(1982) and Worthington (1993). The activity of protease and amylase was expressed 
as “units per mg of protein”. On the basis of the protocol described by Borlongan 
(1990) and Jin (1995), with olive oil as a substratum, the specific activity of lipase 
was assessed and expressed as the intestinal content in “units per gram.”

Intestinal morphology
Standard paraffin embedding procedures were used to stain each sample (three 

cross-sections) using hematoxylin-eosin (Bancroft et al., 1996). Intestinal morphol-
ogy was determined by the height of the villus (from the tip of the villus to the villus 
crypt junction) and the depth of the crypt (from the villus crypt junction to the lower 
limit of the crypt), and the ratio of the height of the villus to the depth of the crypt 
(height of villus/depth of crypt) was measured using ImageJ software. A total of 
six wells, and random villi and villus-associated crypts, were determined for each 
intestinal cross-section. Goblet cells were stained with periodic acid–Schiff (PAS) 
and counted according to same-sized villi (n = 9). The results are shown as averages 
(±SE)
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Blood hematological, biochemical, and immune parameters
Red blood cells (RBCs) and white blood cells (WBCs) were counted with  

a hemocytometer immediately after dilution with Natt and Herrick’s solution (Hou-
ston, 1990). For the differential leucocytic count, blood films were prepared and 
stained according to Lucky (1977), while cells were calculated by following Jain 
(1986). For the hemoglobin assay, Drabkin’s solution was added to the blood and the 
solution was then centrifuged (3,500 g for 6 min) to remove interferents. Thereafter, 
blood hemoglobin concentration was determined with a spectrophotometer (Model 
RA 1000, Technicon Corporation, USA) at 540 nm using Blaxhall and Daisley’s 
(1973) method.

Serum total protein and albumin was determined according to Doumas et al. 
(1981) and Doumas and Biggs (1972). The globulin content was calculated math-
ematically. The activities of aspartate aminotransferase (AST) and alanine ami-
notransferase (ALT) were determined calorimetrically at a wavelength of 540 nm 
(Reitman and Frankel, 1957). Serum creatinine, urea, and bilirubin were calorimetri-
cally determined according to Coulombe and Favreau (1963) and Heinegård and 
Tiderström (1973), respectively. Glucose (MG/100 ml) was determined using glu-
cose enzymatic PAP kits obtained from Bio-Mérieux (France) (Trinder, 1969).

Blood lysozyme activity was determined using turbidimetric assay (Parry et al., 
1965). Briefly, the lysozyme substrate consisted of 0.75 mg/ml of gram-positive Mi-
crococcus lysodeikticus lyophilized bacterium cells (Sigma, St. Louis, MO). The 
substrate was suspended in 0.1 M sodium phosphate/citric acid buffer, pH 5.8. The 
serum samples (25 μl) were placed, in triplicate, into a microtiter plate and 175 μl 
of substrate solution was added to each well at 25°C. The reduction in absorbance 
at 450 nm was read after 0 and 20 minutes using an ELX800G microplate ELISA 
reader (BioTek, VT, USA). The units of lysozyme present in the plasma or mucus 
(μg/ml) were obtained from a standard curve produced by lyophilized hen egg white 
lysozyme (Sigma).

Phagocytic activity was determined according to Kawahara et al. (1991). Briefly, 
50 mg Candida albicans culture was added to 1 ml of blood sample and shaken in  
a water bath at 25°C for 5 hours. The blood smears were then stained with Giemsa 
stain solution. Phagocytosis was estimated by determining the proportion of mac-
rophages that contained intracellular yeast cells in a random count of 300 macrophag-
es and expressed as a percentage of phagocytic activity. To calculate the phagocytic 
index according to the following equations, the numbers of phagocytized and phago-
cytic cells were counted: Phagocytic activity = macrophages containing yeast/total 
number of macrophages × 100; phagocytic index = number of cells phagocytized/
number of phagocytic cells.

Growth performance calculations
All the fish per tank were weighed and counted separately during the final sam-

pling. Weight gain (WG), specific growth rate (SGR), feed conversion ratio (FCR), 
and survival were evaluated. The following formulae were used: WG = (FBW – 
IBW) × 100/IBW; SGR (BW/day) = 100 ((LnFBW - LnIBW)/T); FCR = FI/WG; 
survival = (final number of fish/initial number) × 100, where FBW = final body 
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weight (g), IBW = initial body weight (g), T = duration of the trial in days, WG = wet 
weight gain (g), and FI = estimated feed intake (g).

statistical analysis
Shapiro-Wilk and Levene tests confirmed the normal distribution and homogene-

ity of variance. The obtained data was subjected to a one-way ANOVA to evaluate 
the effect of dietary Azolla inclusion. Differences between the means were tested 
at the 5% probability level using a Duncan test as a post-hoc test. All the statistical 
analyses were conducted with SPSS version 22 (SPSS® Inc., IL, USA).

results

Growth performance and carcass composition
The results of the growth performance are displayed in Table 2. The obtained 

results revealed that the final body weight, weight gain, and specific growth rate de-
creased significantly in fish fed 30% Azolla (P<0.05), while tilapia fed 10% and 20% 
did not differ significantly from those of the control (P>0.05). However, the feed 
conversion ratio increased significantly in fish fed 30% Azolla (P<0.05), while tilapia 
fed 10% and 20% did not differ significantly from those of the control (P>0.05). The 
body proximate analysis showed no effect of Azolla inclusion in tilapia diets, and the 
results were similar to those of the control group (P>0.05) (Table 3).

Table 2. Growth performance, nutrient utilization and survival of GIFT fed test diets for 90 days*

Item
Test diet 

Control 10% 20% 30%
Initial body weight 11±0.01 10.99±0.01 11±0.01 11±0.01
Final body weight 31.03±0.14 b 30.61±0.24 ab 30.22±0.11 ab 29.87±0.13 a
Weight gain (%) 182.1±1.61 b 178.46±2.34 ab 174.72±0.7 ab 171.56±0.9 a
Specific growth rate 1.73±0.01 b 1.71±0.01 ab 1.69±0 ab 1.66±0.01 a
Feed intake 34.48±0.51 34.41±0.3 34±0.58 33.9±0
Feed conversion ratio 1.72±0.02 a 1.75±0.03 ab 1.77±0.02 ab 1.8±0.01 b
Survival 97.5±1.44 95.83±0.83 96.67±1.67 97.5±0

*Values expressed as means ± SE (n = 3). Different superscript letters indicate significant differences for 
each pairwise comparison between treatments.

Table 3. Body composition (as wet weight basis) in GIFT fed test diets for 90 days*

Item
Test diet 

Control 10% 20% 30%
Crude protein 26.15±0.29 27.2±0.51 26.85±0.64 26. 8±0.60
Total lipid 16.43±0.21 16.22±0.15 16.3±0.31 16.25±0.08
Ash 2.15±0.04 2.41±0.17 2.3±0.27 2.25±0.08

*Values expressed as means ± SE (n = 3).
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Intestinal digestive enzymes and morphometric analysis
The amylase, lipase, and protease activities were not significantly affected by 

Azolla inclusion in tilapia diets (P>0.05) (Figure 1); nor was the villus length of the 
foregut significantly affected by Azolla inclusion (P>0.05) (Figure 2). In the midgut, 
the villus length significantly (P<0.05) increased in fish fed Azolla at 20% and 30% 
compared to the control, with no differences from those fed at 10% (P>0.05) (Fi- 
gure 2). The villus length significantly (P<0.05) increased in the hind gut in fish fed 
Azolla at 30% compared to the control, with no differences from those fed at 10% 
and 20% (P>0.05) (Figure 2).

Figure 1. Intestinal digestive enzymes activities (U/mg) of GIFT fed test diets for 90 days. Values are 
expressed as mean ± SE from triplicate groups. Bars without asterisks are non-significantly different 

from those of control group (P>0.05)

Figure 2. Intestinal villi length (μm) of GIFT fed test diets for 90 days. Values are expressed as mean ± 
SE from triplicate groups. Bars with an asterisk are significantly different from those of control group 

(P<0.05)

Test diets

Test diets
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The mucosal length of the tilapia foregut significantly (P<0.05) increased in fish 
fed Azolla at 10% compared to the control, with no differences from those fed at 
20% and 30% (P>0.05) (Figure 3). In the foregut and hindgut, the number of goblet 
cells significantly increased in fish fed Azolla at 30% compared to the control, with 
no differences from those fed at 10% and 20% (P>0.05), while in the midgut, the 
number of goblet cells significantly (P<0.05) increased in fish fed Azolla at 20% and 
30% compared to the control, with no differences from those fed at 10% (P>0.05) 
(Figure 3).

Figure 3. Mucosal length (μm) of GIFT fed test diets for 90 days. Values are expressed as mean ± 
SE from triplicate groups. Bars with an asterisk are significantly different from those of control group 

(P<0.05)

The anterior, middle, and posterior parts of the fish intestines of the control and 
Azolla-treated groups exhibited normal structure; intact tunica mucosa, submucosa, 
muscularis, and serosa. Increases in the length, branching, and density of intestinal 
villi were evident in fish fed Azolla diets (Figure 6).

Figure 6. Lysozyme activity in GIFT fed test diets for 90 days. Values are expressed as mean ± SE 
from triplicate groups. Bars without asterisks are non-significantly different from those of control group 

(P>0.05)

Test diets

Test diets
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Blood hematological and biochemical analysis
Feeding tilapia with Azolla resulted in normal blood hematological and biochem-

ical results, with insignificant differences for the measured parameters, except for 
the red blood cell count, which significantly increased in fish fed Azolla at 20% 
compared to the control, with no differences from those fed at 20% and 30% (Ta- 
bles 4 and 5).

Table 4. Blood hematological parameters of GIFT fed test diets for 90 days*

Item
Test diet

Control 10% 20% 30%
Hb (g/100ml) 7.06±0.65 8.62±1.52 9.79±0.33 9.26±0.46
RBCs (×106/μL) 2.39±0.2 a 3.13±0.53 ab 3.44±0.15 b 2.96±0.04 ab
WBCs (×103/μL) 30.05±0.73 36.1±5.01 32.6±2.76 31.42±1
Heterophils (%) 7.33±0.88 10.33±3.38 7±0.58 8±1.15
Lymphocyte (%) 86.67±0.33 80.67±3.18 83.67±2.96 84.67±2.73
Eosinophils (%) 0.67±0.33 1±0.58 2.67±1.76 0.67±0.33
Basophils (%) 0.67±0.33 1±0.58 0.67±0.33 0.67±0.07
PEV 22.33±1.76 26±4.04 29.67±1.2 27.33±0.88
MCV MCV (mm3) 93.67±0.76 83.69±1.79 86.47±3.21 92..35±2.85
MCH (Pg) 29.54±0.35 27.5±0.25 28.52±0.3 31.3±1.15
MCHC (%) 31.54±0.63 32.93±0.66 33.07±1.14 33.85±0.6

*Values expressed as means ± SE (n = 3). Different superscript letters indicate significant differences for 
each pairwise comparison between treatments.

Table 5. Blood biochemical parameters of GIFT fed test diets for 90 days*

Item
Test diet

Control 10% 20% 30%

ALT (U/L) 4.56±0.22 10.67±6.39 4.49±0.16 4.55±0.1
AST (U/L) 81.82±1.29 98.95±19.14 82.16±1.49 76.64±4.2
Total protein (mg/dl) 5.29±0.11 5.08±0.43 4.74±0.33 5.47±0.25
Albumin (mg/dl) 3.5±0.21 3.17±0.57 2.91±0.46 3.61±0.27
Globulin (mg/dl) 1.78±0.25 1.91±0.16 1.84±0.18 1.86±0.02
Urea (mg/dl) 6.16±0.06 6.38±0.26 6.24±0.08 6.19±0.05
Creatinine (mg/dl) 0.27±0.02 0.27±0.02 0.22±0.02 0.22±0.02
Uric acid (mg/dl) 2.17±0.12 2.25±0.13 2.08±0.04 2.22±0.09
Glucose (mg/dl) 14.26±0.17 14.24±0.35 14±0.36 14.62±0.37
Cholesterol (mg/dl) 82.51±3.04 80.33±5.38 82.23±4.2 79.82±1.61
Triglyceride (mg/dl) 139.97±2.68 141.44±8.06 144.74±3.11 149.55±0.77

*Values expressed as means ± SE (n = 3). Different superscript letters indicate significant differences for 
each pairwise comparison between treatments.
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Immune responses
The blood phagocytic index, and the phagocytic and lysozyme activities, were 

not affected by Azolla inclusion in tilapia diets and they remained similar to those of 
the control group (P>0.05) (Figures 4 and 5).

Figure 4. Number of goblet cells of GIFT fed test diets for 90 days. Values are expressed as mean ± 
SE from triplicate groups. Bars with an asterisk are significantly different from those of control group 

(P<0.05)

Figure 5. Phagocytic activity (A) and phagocytic index (B) of GIFT fed test diets for 90 days. Values 
are expressed as mean ± SE from triplicate groups. Bars without asterisks are non-significantly different 

from those of control group (P>0.05)
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Figure 7. Intestinal morphology of fish fed the test diets (H&E, X100). The intestine of fish fed on 
Azolla showing increase the density of intestinal villi. The intestine of fish fed on Azolla showing 

increase in the length and branching intestinal villi (arrow)

Discussion

Selection of feed ingredients is one of the most important factors for the formula-
tion and commercial production of aquafeeds (Dawood and Koshio, 2019; Dossou et 
al., 2019). Although fish meal is a widely used feed ingredient as an animal protein 
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source and valued for its high protein composition and essential amino acids, it is 
more expensive than the available plant protein sources (Bairagi et al., 2002; Dossou 
et al., 2018 a). In addition, the availability of fish meal is steadily decreasing, due 
to the high demand for it in other industries than aquaculture, such as livestock or 
poultry farming. The decreased supply of fish meal in the future will dramatically af-
fect fish production; hence, it is essential to partially reduce or completely eliminate 
fish meal in fish diets. One approach to reducing fish meal in fish diets is to replace 
it with alternative, less expensive, non-traditional, and readily-available plant pro-
tein, which will allow for the continued expansion of aquaculture. Consequently,  
a number of plant protein sources have been evaluated as replacements for fish meal 
(Dawood et al., 2015; Dossou et al., 2018 b; Gatlin III et al., 2007). The proximate 
composition of Azolla meal relates to its high content of crude protein and essential 
amino acids (especially lysine). In the current study, all the experimental feeds were 
actively fed to and accepted by the fish throughout the experimental period, which 
could be as a result of the palatability of the feed, indicating that the levels of incor-
poration of Azolla did not affect the palatability of the diets. Furthermore, the final 
body weight, weight gain, and specific growth rate parameters did not decline with 
up to 20% inclusion of Azolla in tilapia diets. Interestingly, Das et al. (2018) reported 
improved growth performance at a similar inclusion level (25%) for common carp 
fed Azolla. The level of Azolla required to give maximum growth performance may 
vary according to Azolla inclusion levels, periods of administration, experimental 
procedures, and fish species and sizes.

Significant decreases in growth performance were evident for the higher inclu-
sion level of Azolla (30%) in the present study. Azolla has high fiber and antinutri-
tional factors (ANFs), which may negatively affect the feed efficiency of fish, and 
hence the growth performance (Kamali-Sanzighi et al., 2019; Li et al., 2012). High 
levels of Azolla have been shown to reduce weight by increasing both the metabolic 
rate and energy expenditure, while decreasing the digestibility of ingredients, due to 
its ANF content (e.g., tannin, catechin monomers, and caffeine) (Ahmed et al., 2017; 
Habib et al., 2014; Mohammadi et al., 2018). Azolla has been found to exert an in-
fluence upon the emulsion interface, interacting with digestive enzymes to decrease 
feed utilization and growth performance (Sotolu et al., 2013).

The activities of digestive enzymes (lipase, amylase, and protease) observed in 
the current study were the main factors that helped fish to digest Azolla efficiently, 
without reducing the feed intake. High levels of Azolla inclusion may weaken the 
digestion and feed consumption by affecting digestive enzyme activity (Hong et al., 
2004; Sithara and Kamalaveni, 2008); thus, the growth performance may be associ-
ated with the improved digestibility of nutrients and feed efficiency.

Morphometric measurement of the heights and widths of intestinal villi, as well 
as the number of goblet cells, can help in predicting the absorption and digestion 
mechanisms in fish guts (Dawood et al., 2019 d; Lauriano et al., 2016; Rašković et 
al., 2011; Trischitta and Faggio, 2008). The measured villous length and width of the 
three intestinal sections were enlarged in fish fed Azolla in the present study. The villi 
surface areas for nutrient absorption in animals can be enhanced if the size of the tun-
nels, the number of villi, and the height of the intestinal villus are increased (Caspary, 
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1992). Furthermore, Azolla contains high levels of crude protein and essential amino 
acids that can improve the intestinal absorptive capacity, decrease scours, and en-
hance the growth of fish (Cherryl et al., 2014; Hong et al., 2004; Mosha, 2018). The 
enhanced feed utilization of fish fed Azolla can be attributed to the content in intesti-
nal cells of protein that improves the metabolism and absorption of nutrients (Mello 
et al., 2013). The improved intestinal morphology in this study could be explained 
by the Azolla increasing cell proliferation and protein synthesis. Overall, Azolla posi-
tively increased the ability of tilapia to digest diets more efficiently, which in turn 
increased the growth performance.

Besides their role in the digestion process, the intestinal goblet cells can excrete 
mucous and antibacterial substances that protect the mucosal layer from dehydra-
tion, damage, and pathogens (Noga, 1996; Pirarat et al., 2015). These antibacterial 
substances contain glycoproteins and low molecular weight fatty acids that affect 
the lysozyme activity (Junqueira and Carneiro, 2005). The number of goblet cells in 
fish intestines is affected by the richness of the diet and its nutritional value, as well 
as environmental stressors (e.g., pathogens and rearing conditions) (Schwarz et al., 
2010). The inclusion of Azolla in this study resulted in an increased number of goblet 
cells, which may improve immunity and resistance to infectious diseases.

Hematological, biochemical, and physiological markers could be utilized to rec-
ognize the probable nutritional effects on the health of aquatic animals (Burgos-
Aceves et al., 2019; Dawood et al., 2016, 2019 d, 2020; Faggio et al., 2014 a, b). The 
hematology and biochemical variables measured in the current study revealed stable 
and normal values, showing the non-harmful effect of Azolla inclusion in tilapia di-
ets. The improved RBC values indicated that the fish were free of anemia as a result 
of Azolla feeding. Inclusion of Azolla improved hematological parameters compared 
with the control and other groups in this study (20%). It was assumed that dietary 
Azolla could positively ameliorate most of the blood indices in fish as a result of 
improved immunity. The presence of Azolla helped to improve the immune function 
in fish blood by activating the immunity of intestinal barriers. 

In the present study, the serum lysozyme activity was insignificantly affected 
by Azolla inclusion compared to the control. Saurabh and Sahoo (2008) linked the 
increase in the lysozyme activity of fish to the abundance of cells related to the im-
mune system; monocytes, macrophages, and polymorphonucleated granulocytes are 
the main source of such proteolytic enzymes. In addition, the increase in lysozyme in 
the blood of stimulated fish is associated either with proliferating phagocytes or in-
creased amounts of lysozymes produced from lysosomes, rendering lysozyme activi-
ty one of the best markers for evaluating the bactericidal effect of the diets’ nutrition-
al value. A similar improvement in blood phagocytosis was observed in the current 
study through Azolla feeding. Phagocytosis is recognized as an immune defensive 
component that helps fish to avoid the risk of infectious diseases (Harikrishnan et 
al., 2011). The obtained results confirmed that Azolla inclusion can maintain the 
immune responses (lysozyme activity and phagocytosis) that facilitate resistance to 
pathogens.
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Conclusion
It is obvious that Azolla has beneficial effects on the digestive enzymes, intestinal 

morphometry, immune functions, and growth performance of GIFT. Considering the 
low price of Azolla, the results obtained showed the importance of including Azolla 
in tilapia diets. The optimal inclusion levels, based on the obtained results, ranged 
from 10 to 20% of the diet.
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