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Abstract
Probiotics have evolved as a successful heavy-metal removal approach in aquaculture. 
In this study, probiotic Lactobacillus plantarum encapsulated with alginate/chitosan 
nanoparticles were evaluated for lead toxicity mitigation, growth, and hematological 
development and modification in the intestinal enzyme activity in rainbow trout 
(Oncorhynchus mykiss). Six hundred juvenile fish (15±1.2 g; Mean±SD) were 
divided into five groups in triplicates as follows: first and second groups (G1 and 
G2) were fed with encapsulated and free Lactobacillus plantarum  (108 CFU  g-1) 
respectively. The third group (G3) was fed with diets containing alginate/chitosan free 
probiotic, and the control groups (G4 and G5) were fed with basal diet. After 8 weeks, 
lead acetate salt (500 μg  g-1 of feed) was used for 3 weeks in all groups except G5. 
Growth, hemato-immunological indices, expression of metallothionein gene in liver 
as well as intestinal enzymes activity were evaluated at day zero, and weeks 8, 9, 
10, and 11. Results showed that almost all growth indices and some immunological 
significantly (P<0.05) improved in G1 compare to control group. Hematological 
parameters, intestinal enzymes activity, and resistance against bacterial challenge as 
well as metallothionein gene expression elevated in G1 and G2 compared to the other 
groups (P<0.05). Hence, based on the results of this experiment, it can be concluded 
that using microencapsulated L. plantarum with alginate/chitosan in the diet not 
only reduced lead destructive toxicity, but also improved the growth and hemato-
immunogical indices and resistance against bacterial challenge in rainbow trout, so 
this method is recommended to remove lead from the polluted ecosystems
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Introduction

Aquatic environments are at high risk of contamination with various pollutants, including heavy 
metals (Rahman et al. 2012). Heavy metal contamination has become a serious problem due 
to its chemical stability, biodegradability, and ability to bioaccumulate in living organisms 
(Emenike et al. 2022; Das et al. 2022). Although these metals are naturally present in the envi-
ronment, their levels are increased by human activities such as the rapid growth of industries, 
urbanization, and the increase in wastewater (Chen et al. 2022). Metals, with their complex struc-
ture, disrupt the normal activity of cells, and this leads to different physiological and biochemical 
responses in the body of living organisms (El-Greisy and El- Gamal 2015). Lead is one of the 
most important heavy metal pollutants in aquatic ecosystems. In aqueous environment, most of 
the lead is deposited in sediments and some of it remains soluble in water. When the pH of water 
suddenly drops, large amounts of precipitated lead are released and dissolved in water. Thus, 
lead-containing sediments are a very dangerous source for aquatic organisms (Chen et al. 2022; 
Lee et al. 2019). The mechanism of lead toxicity has been attributed to direct damage to mito-
chondria, disturbance in calcium homeostasis, competition for zinc-binding sites, disruption of 
intracellular sulfhydryl homeostasis, and induction of oxidative stress (Shi et al. 2014). Thera-
peutic and preventive strategies for the control of heavy metal poisoning have been reported in 
several studies However, these approaches are not necessarily enough considering a vast area 
and the amount of pollution, meanwhile most of these strategies have implementation problems 
(Bhattacharya 2019).

Probiotics positively affected fish health and can reduce the pollutant side effects in fish 
(Kirillova et al. 2017). The heavy metals elimination from an organism using probiotics has 
been successfully applied in the past few decades and recently termed as “gut remediation” 
(Liu et al. 2019). The beneficial effects of probiotics directly depend on their presence in the 
hindgut. Due to probiotics’ sensitivity to various conditions such as acidic conditions, bile 
salts, bacteriophages, and enzymes in the gastrointestinal tract, probiotics need methods to 
increase their bioavailability in target organs (Abumourad et al. 2013). Microencapsulation is 
a process in which probiotic cells are incorporated into an encapsulating matrix or membrane 
to provide a microenvironment favorable to the encapsulated microorganism (Antunes et al. 
2013; Hooshyar et al. 2020). In recent years, several studies have been conducted in the field 
of probiotic microcoating using various materials such as alginate, starch, xanthan-gelan, 
chitosan, gelatin, which enhancing probiotic bacteria’s bioavailability (Homayouni et  al. 
2008; Nezamdoost et al. 2023). Some novel researches reported that probiotics can reduce 
adverse effect of lead toxicity in fish and microencapsulation of probiotics can improve 
their probiotic characterizations (Kirillova et  al. 2017). Then in this study the effect of 
lactobacillus plantarum (none encapsulation) and nano/microencapsulated with alginate/
chitosan on growth indices, hemato-immunological and intestinal enzymes parameters of 
rainbow trout (Oncorhynchus mykiss) after poisoning with Lead was evaluated.

Materials and method

Experimental design

Six hundred apparently healthy rainbow trout with average weight of 15 ± 1.2 g were 
obtained from trout farms without any disease in the last three years and transferred 



339Aquaculture International (2024) 32:337–359 

1 3

to the wet laboratory of the Faculty of Veterinary Medicine of the Shahid Cham-
ran University of Ahvaz and stored for 2 weeks under standard conditions (15°C, 
pH=7.8–8.1) for adaptability to laboratory conditions. During adaptation and experi-
ment period chemo-physical parameters of water maintained in optimum condition 
by means of aeration pumps, biofilters and frequent water changes (100% daily) for 
all groups. The health status of the investigated fish was examined by taking wet 
mount samples from the skin and gills for external parasitic diseases and bacteriologi-
cal sampling from the brain and kidney for bacterial diseases. During the adaptation 
period, the fish were fed twice daily with 3% of the body weight of the commercial 
diet (Biomar, France company). After the adaptation period, the fish were randomly 
divided into five equal groups in triplicates (40 fish in each replicate). The diet of the 
first group (G1) contained  108 CFU  g−1 of L. plantarum encapsulated with alginate 
and chitosan; the second group (G2) was fed with a diet containing  108 CFU  g−1 L. 
plantarum; the third group (G3) was fed with diet incorporated with alginate and chi-
tosan (the same amount of encapsulated group without probiotic); the fourth group 
(G4) was fed with basal feed (negative control) and the fifth group (G5) was fed with 
diet incorporated with lead without any enrichment (positive control). After 8 weeks, 
all groups (except G4= negative control) were exposed to lead in the form of acetate 
salt (500 μg/gr) for three weeks (Alves and Wood 2006). Fish were sampled at day 
zero and at the end of  8th,  9th,  10th, and  11th weeks of experiment. By the end of the 
period, remained fish challenge with Streptococcus iniae and cumulative mortality 
compered among the groups.

Preparation of the suspension of probiotic

The probiotic L. plantarum, which was identified using the 16S rRNA gene, isolated 
from the gut of native fish, Tor grypus (Mohammadian et  al. 2016). The bacterium 
was isolated and identified using the 16S rRNA gene (Mohammadian 2016). L. plan-
tarum was cultured in MRS broth under anaerobic conditions. After the growth, the 
bacteria were rinsed with a centrifuge (1500 rpm, 15 min), and its concentration 
adjusted by McFarland standard tubes, and plated count method. Probiotic concen-
tration was adjusted to, 2.4 ×109 CFU  ml-1 and final concentration of probiotics in 
the feed was adjusted to  108 CFU  g-1. Sterile PBS was sprayed on food of the control 
group (Vine et al. 2006).

Microencapsulation process

Internal emulsion method was used according to (Song et  al. 2013). First, calcium 
carbonate (Merck,102066) suspension was slowly added to sodium alginate solution, 
then the resulting solution was slowly mixed with bacterial suspension (2.4 ×109). In 
the other beaker, olive oil (Sigma: O1514) with 1.5% Span 80 (Sigma: 85548), then 
mix the contents of the first and the second beaker with an electric mixer for 15 min-
utes. In the third beaker, olive oil was mixed with 5% acetic acid and added dropwise 
to the above solution to reach a pH of 3.5. The oil was separated from the solution by 
adding phosphate buffer and centrifuging the product. In the next step, 15 ml of 0.4% 
chitosan solution was added to the solution and stirred thoroughly for one hour. The 
resulting solution was finally centrifuged at 4,000 rpm for 15 min (Song et al. 2013).

https://www.merckmillipore.com/INTL/en/product/Calcium-carbonate,MDA_CHEM-102067
https://www.sigmaaldrich.com/DE/en/product/sial/85548
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Characteristics of microparticles

Efficacy of microencapsulation

To estimate the number of probiotic cells in the encapsulation product, the initial 
number of incorporated bacteria for the encapsulation procedure was counted. One 
gram of microencapsulated probiotic was dissolved in 99 ml of 1% w/v sterile sodium 
citrate at pH 7.2. After 20 min at room temperature, microspheres were dissolved 
entirely and bacteria were released; the number of bacteria was counted using serial 
dilution and pour plate method on MRS agar (Halimi et al. 2020). The ratio of bacte-
ria in the microencapsulated product to the initial bacteria was determined as micro-
encapsulation efficiency.

Analysis of particle size and distribution

Size and distribution of the particles were determined by photon correlation spectros-
copy using a particle size analyzer (ScatterScope 1 qudix, Korea). The microcapsules 
were dispersed in disinfected deionized water and the consequences were examined 
based on the mean diameter (VMD) of the particle ± standard error,  dpeak,  d10,  d50, 
and  d90, based on the mean diameter formulas.

Determining the zeta potential

The zeta potential of the particles dispersions was determined using a zeta sizer (Zen 3600; 
Malvern instruments; UK). The encapsulated probiotics dispersion was diluted (1:100 
(v/v)) with double distilled water before the assessments.

Determination of particle morphology

The phase contrast microscopy of particles was used for morphology of particles 
in different phases of encapsulation procedure. To determine particle ultrastructure 
and the shape and the surface morphology of the particles, SEM technique was used 
by electron microscopy (LEO 1455 VP, Germany) with the electron beam 10 kV. 
Accordingly, capsules were fixed and dried with ascending concentration of ethanol 
(25%, 50%, 75%, and 96%) and then double-sided glue on cautery (SC 7620, Eng-
land) was used. Finally, particles coated with gold and palladium for 2 min and SEM 
images were prepared.

Preparation of simulated gastric conditions

Simulated gastric fluid conditions were performed according to the method of (Pinto 
et al. 2006). The pepsin (7000 Sigma Aldrich P) was mixed with 0.5% sodium chlo-
ride solution to a concentration of 3 g/l, and then its pH was reduced to 2 and 4 by 
sterile hydrochloric acid (0.1 M). It was sterilized by 0.45 μm (Millipore) microfilter.
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Preparation of simulated intestinal conditions

Simulated intestinal fluid conditions were performed according to the method of 
(Charteris et  al. 1998). Thus, pancreatin (1500Sigma Aldrich P) was mixed with 
0.5% sodium chloride to a final concentration of 1 g / L with 4.5% bile salt solu-
tion (Oxoid, Basingstoke UK), then pH with 0.1 M sodium bicarbonate solution. The 
sterilization was reduced to about 7.2, the resulting solution was sterilized by a 0.45 
μm microfilter.

Evaluation of bacterial viability in simulated gastric and intestinal conditions

The method recommended by Vizoso (Pinto et  al. 2006) was used to compare the 
survival of bacteria in normal and microscopic conditions in simulated gastric and 
intestinal conditions. To prepare gastric juice, electrolyte solution containing 6.23 g/l 
sodium chloride, 2.29 g/l potassium chloride, 0.229 g/l calcium chloride and 1.2 g/l 
sodium bicarbonate in sterile form and its pH with hydrochloric acid 8 normal to 
Decreased by 2 ± 0.2. During the experiment, pepsin was added to a final concentra-
tion of 0.3%. Simulated intestinal juice was prepared using sterile electrolyte solution 
containing 0.239 g / l potassium chloride, 1.28 g / l sodium chloride, 6.4 g / l calcium 
bicarbonate and 0.5% oxal (X gal).

Then, 1 g of bacterial capsules or the equivalent of one ml of free bacterial 
suspension was poured into a tube containing 9 ml of gastric juice. Place in a 25°C 
incubator for two hours, shaking, then remove. Transfer to a tube containing 10 ml 
of the simulated intestinal medium and incubate for 2 h at 25°C, during which time 
the number of viable cells at 0-, 30-, 60-, 90-, and 120-min intervals. In samples 
containing probiotics, it was cultured freely using Peptone Water dilution method and 
counted after 24 to 48 h in the incubator. This was done with 3 replications for each 
sample.

Growth indices

The growth indices of experimental groups were calculated and compared based on fol-
lowing formula:

Daily weight gain (DWG): (FW – IW) / experimental period (d).
Specific growth rate (SGR): [(ln FW – ln IW) ×100] / experimental period (d).
Feed conversion ratio (FCR): feed consumed (g) / (FW – IW).
Protein efficiency ratio (PER): (FW – IW) / protein intake (g).
Condition factor (CF): (FW × 100) / standard length3 (cm).

Hematological parameters

Three fish from each replicate were selected and blood was collected from the 
caudal vein by heparinized syringe. The hematological profile was determined 
immediately after collection of whole-blood samples using a manual hematology 
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method (Feldman et  al. 2000). Hemoglobin (Hb) measurement was determined 
by the cianometahemoglobin method. Packed cell volume (PCV) was determined 
by micro-hematocrit apparatus. Total red blood cell was calculated by Neubauer 
hemocytometer after diluting in Natt–Herrick solution. The blood sample was diluted 
with Natt–Herrick solution to determine total white blood cell (TWBC) by using 
Neubauer hemocytometer chamber; then, the Total WBC was calculated.

Digestive enzyme activity

To evaluate the effect of probiotics on digestive enzymes, alpha-amylase activity was 
measured according to the modified Bernfeld method as described previously (Areeki-
jseree et al. 2004), trypsin (Erlanger et al. 1961), chymotrypsin (Hummel 1959), lipase 
(Worthington 1991), protease, and alkaline phosphatase (Badoei-Dalfard et  al. 2020) 
were sampled from the gastrointestinal tract of fish (3 pieces per replication) (Chang 
et al. 2002). The fish intestines were immediately stored in a nitrogen tank (-196°C) until 
enzymatic activity was measured (Kuzmina 2010).

Immunological responses of treated fish

Respiratory burst activity (NBT) Assay

To evaluate the respiratory burst of leukocytes, 100 μl of heparinized blood was 
placed in microplate wells and 100 μl of 0.2% nitrobltetrazolium (NBT) solution was 
added. The plate was incubated for 30 min at laboratory temperature and then 0.1 ml 
of the resulting mixture was added to a test tube containing 2 ml of dimethylforma-
mide. After centrifugation of the sample at 3000 rpm for 10 min, the optical absorp-
tion of the supernatant was read at 620 nm (Ellis 1990).

Measurement of total protein and plasma immunoglobulin

Total immunoglobulin concentration was measured based on the method described by 
(Ellis 1990). In summary, total protein and plasma albumin were measured using total pro-
tein and albumin kit (Pars Azmoun Co, Iran). Serum total immunoglobulin was calculated 
by subtracting albumin from total plasma protein.

Serum lysozyme activity

Serum lysozyme activity was measured by turbidity method based on (Ellis 1990) 
with some modification. For this purpose, 10 μl of serum with 200 μl of suspension 
of Micrococcus lysodeikticus (0.2 mg/ml) (Sigma) in 0.05 mol of sodium phosphate 
buffer, pH = 6.2 was added to 96-well pellets and light absorption Samples were read 
after 1 and 6 minutes using an ELISA pellet reader at 530 nm. Each unit of enzyme 
activity was measured as the amount of enzyme that reduced uptake by 0.001 per 
minute per ml of serum. Different concentrations of this enzyme were compared using 
standard curves of egg white lysozyme concentrations. PBS was used as a blank.
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Complement activity

The activity of complement system (ACH) was measured spectro-photometrically at 540 
nm by the hemolysis of rabbit red blood cells (RRBC) based on the method described by 
(Yano et  al. 1988) with some modifications. For this purpose, serum samples were first 
diluted in Veronal buffer and then 1% RRBC suspension was added. After previous stage, 
the solution was incubated for 24 h at 4°C and then centrifuged at 3500 g for 5 min. Even-
tually, the supernatant (150 μl) was poured into wells of an ELISA reader (Accu Reader, 
Taiwan) to read the optical density at 540 nm.

Bactericidal activity

The bactericidal activity was assayed dependent on the method for Budino et al. 2006 with 
some changes. Briefly, 50 μl of bacterial suspension  (106 cfu  ml-1) was added to 25 μl of 
serum sample diluted in 25 μl sterile PBS. The brooding procedure of this suspension was 
done for 6 h at room temperature. After brooding, 50 μl MTT (dimethylthiazol-diphenyl 
tetrazolium bromid) (Sigma, M5655) was poured to suspension and after that hatched at 
room temperature for 15 min. At last, by using an ELISA reader (Accu Reader, Taiwan), 
the viable bacteria (Formazan positive cells) were assessed spectrophotometrically at 600 
nm.

Metallothionein gene expression in the liver

Gene samples were taken from the liver of three fish from each treatment in the eighth and 
eleventh weeks. Tissue samples were placed in liquid nitrogen immediately after sampling 
and transferred to -70°C freezer after one hour and kept in this condition until RNA extrac-
tion (Matsuyama et al. 2007; Mohanty and Sahoo 2010).

RNA extraction

RNA extraction was performed using RNXTM reagent and according to the instructions of 
the manufacturer (Sinagen Iran).

CDNA synthesis from RNA

For this purpose, the YT4500 cDNA synthesis kit was Yekta Tajhiz (Iran). The volume of 
PCR reactions was considered to be 20 μl. The list of primers used in this study is given in 
Table 1.

Table 1  Primers used for real-
time PCR

Primer Sequence Sequence length

MetalA GCT CCA AAA CTG GAT CTT GC 146
AAG TCT TGC CCT TGC ACA 

EF-1 CAA GGA TAT CCG TCG TGG CA 117
ACA GCG AAA CGA CCA AGA GG
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Performing real‑time PCR reactions

For real-time PCR, the resulting cDNA sample was diluted 1: 2 with sterile distilled water. 
For this purpose, because the final volume of cDNA was 20 μl, 20 μl of distilled water was 
added to it. The following compounds were added to the 2-ml cap strips for real-time PCR 
reaction (Biorad, USA), respectively. Reactions were performed in a volume of 12, 25 μl. 
Fifty cycles were considered for each gene.

Bacterial challenge

To evaluate the effect of lead toxicity, probiotic and encapsulation of probiotics on 
protective immunity of rainbow trout against bacterial challenge, at the end of week 
11, remained fish of each group were challenged with Streptococcus iniae which iso-
lated, identified and its LD50 was calculated in our previous work (Hassani et  al. 
2021) and mortality rate was recorded for 10 days after the challenge, the recorded 

Fig. 1  Phase contrast microscope 
image of Lactobacillus plan-
tarum microencapsulated with 
alginate-chitosan via internal 
emulsification method (1000×)

Fig. 2  SEM electron microscope image of Lactobacillus plantarum microencapsulated with alginate-chi-
tosan via internal emulsification method (10000×)
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losses and the percentage of losses between treatments were compared by Kaplan-
Meier (KM) method.

Data analysis

Statistical analysis of data was performed using SPSS software version 23. In order to 
statistically compare the results between groups, one-way ANOVA method was used 
and Duncan post hoc test was used to evaluate the significance of the mean differ-
ences at a significant level (p <0.05). Charts and tables were also drawn in Excel 
software space.

Results

Characterization of microcapsules

The output of particle size analyzer showed the average diameter of the microcap-
sules in the final emulsion product were 2.87±0.51μm (Mean ±ST). Phase contrast 
microscope observations showed relatively similar and round capsules in final prod-
uct (Fig. 1). SEM observation showed successful encapsulation of Lactococcus plan-
tarum bacteria with alginate/chitosan and the produced capsules were largely spheri-
cal and elliptical in appearance (Figs. 2 and 3).

Fig. 3  SEM electron microscope 
image of Lactobacillus plan-
tarum microencapsulated with 
alginate-chitosan via internal 
emulsification method (2000 ×)

Table 2  Number (cfu  g-1) and survival rates (%) of microencapsulated and uncoated (free form) Lactobacil-
lus plantarum after 60 and 120-h incubation in artificial gastrointestinal conditions

Groups Time 0 After 60 min After 120 min

Survival rate (%) Number
(cfu  g-1)

Survival rate (%) Number (cfu  g-1) Number
(cfu  g-1)

53.2 1.51± 0.09×109 61.3 1.74± 0.09×109 2.84± 0.061×109 Free form bacteria
82 2.21± 0.09×109 90 2.42± 0.09×109 2.69± 0.055×109 microencapsulated bacteria
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Zeta potential of microcapsules produced by internal emulsion using alginate and chi-
tosan method was determined to be + 39.2 mv.

Survival rates of probiotic in simulating GI condition

In this study, the probiotic survival of Lactobacillus plantarum in two different free 
(uncoated) and emulsion-coated (internal) methods was evaluated for 120 min in simu-
lated gastric and intestinal conditions (Table 2).

The survival rate of uncoated probiotic cells decreased to 61.3 and 53.2% of the initial 
number 1 and 2 h after exposure in the same stomach and intestine conditions, and these 
percentages were 90 and 82 in the encapsulated treatment (Fig. 4).

Fig. 4  Metallothionein gene expression rate in experimental groups in weeks 8 and 11 of experiment. (G1: 
encapsulated probiotic-treated group, G2: probiotic-treated group, G3: alginate/chitosan-treated group, G4: 
untreated or control group and G5: lead-treated control group). Results are reported based on Means ± SD. 
Non-identical Latin letters on the standard deviation bar indicate a significant difference at the level of 0.05 
in each column

Table 3  Comparison of growth indices among the experimental groups in weeks 8 and of experiment. (G1: 
encapsulated probiotic-treated group, G2: probiotic-treated group, G3: alginate/chitosan-treated group, G4: 
untreated or control group and G5: lead-treated control group). Results are reported based on Means ± SD. 
Non-identical Latin letters on the standard deviation indicate a significant difference at the level of 0.05 in 
each column

Mean±SD CF SGR FCR PER DWG

Week 8 G1 1.14 ±0.2 a 1.28 ±0.13 ab 1.38 ±0.14 ab 0.51±0.05 ab 0.56 ±0.05ab

G2 1.17±0.25 a 1.38 ±0.14 a 1.25 ±0.12 b 0.60 ±0.05 a 0.59 ±0.05 a

G3 1.12 ±0.25 a 1.10±0.10 b 1.45 ±0.14 a 0.44 ±0.04 b 0.44 ±0.04 b

G4 1.16 ±0.24 a 1.01±0.09 b 1.47 ±0.14 a 0.40 ±0.03 b 0.45 ±0.04 b

G5 0.99 ±0.22 a 1.08±0.12 b 1.48 ±0.16 a 0.43 ±0.04 b 0.51 ±0.05 b

Week 11 G1 1.17 ±0.26 a 1.17±0.11 ab 1.40 ±0.13 bc 0.47 ±0.04 ab 0.51 ±0.04 a

G2 1.16 ±0.29 a 1.32±0.12 a 1.29 ±0.12 c 0.53 ±0.04 a 0.54 ±0.04 a

G3 1.14 ±0.20 a 1.09±0.10 b 1.48 ±0.15 b 0.40 ±0.04 b 0.45±0.04 a

G4 1.11 ±0.18 a 1.11±0.11 b 1.41 ±0.14 b 0.44 ±0.04 b 0.42 ±0.04 b

G5 1.02 ±0.19 a 1.05±0.11 b 1.67 ±0.17 a 0.45 ±0.04 b 0.40 ±0.04 b
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Growth performance indices

Results of growth performance indices were in eight and eleventh weeks of experi-
ment shown in Table 3. Analyzing of growth indices showed that the growth perfor-
mance indices including special growth rate, protein efficiency rate, and daily weight 
gain increased significantly (P<0.05) in G2 (encapsulated probiotic-treated group) 
compare to the control group.

The mentioned indices increased in G1 (free probiotic-treated group) but not in significant 
extent (P>0.05). However, the lowest FCR in the eighth and eleventh weeks was observed in 
G2 and G1, respectively; there was no difference in FCR value among the other groups. Results 
showed no significant difference in condition factor (CF) among the experimental groups 
(P>0.05).

Hematological parameters

Among the blood indices in the 8th week of the experiment, a significant increase 
in RBC, WBC, hemoglobin, and hematocrit was observed in the G2 compared to 
other groups. At this sampling point, a relative increase in the above indices was 
also observed just in the probiotic-treated groups. After lead poisoning period, WBC 
and hematocrit increased in the ninth week in both G1 and G2. Meanwhile after lead 
administration, a decrease in the above indicators was observed in the group of lead 
poisoning (positive control) in the eleventh week.

MCV, MCH, and MCHC hematopoietic indices did not show significant differences 
between treatments and different stages of sampling (Tables 4, 5, 6).

The investigated enzymes in the eighth and ninth weeks in the G2 and G1 treat-
ments showed the highest activity compared to the other treatments, which had a 
significant difference compared to the other treatments. In the first, 10th and 11th 
weeks, no significant difference was observed between the digestive enzyme activity 
of the research treatments.

Metallothionein gene expression rate

Although no significant difference was observed in metallothionein gene expression rate of 
liver samples in week 8 of experiment, a significant upregulation of this gene was seen in 
G1 and G2 compare to control groups (p<0.05).

Bacterial challenge

The results of cumulative mortality of experimental groups after bacterial challenge 
at the end of week 11 with the pathogenic Streptococcus iniae is shown in Fig.  5. 
As showed the highest mortality rate was in lead-treated control group (100%) and 
control group (80%) respectively, while probiotic-treated groups (G1 and G2) showed 
the lowest mortality rate (30% and 50%), respectively. This study showed that 
encapsulated L. plantarum increased rainbow trout resistance to Streptococcus iniae 
infection.
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Dissection

In this study, not only the positive effect of uncoated and encapsulated L. plantarum on 
growth and health indices but also, the beneficial effects of microencapsulated L. plan-
tarum in reducing of lead toxicity in rainbow trout were reported.

Table 4  Comparison of hematological parameters among the experimental groups in 5 sampling steps. (G1: 
encapsulated probiotic-treated group, G2: probiotic-treated group, G3: alginate/chitosan-treated group, G4: 
untreated or control group and G5: lead-treated control group). Results are reported based on Means ± SD. 
Non-identical Latin letters on the standard deviation indicate a significant difference at the level of 0.05 in 
each column

Week zero Week 8 Week 9 Week 10 Week 11

RBC G1 1.33±0.42a 1.39±0.37ab 1.77± 0.54a 1.65±0.71a 1.91±0.70a

G2 1.28±0.44a 1.990.12a 1.25±0.37a 1.47±0.65b 1.45± 1.00a

G3 1.381±0.49a 1.25±0.39b 1.71±0.57a 1.23±0.11b 1.46±0.15a

G4 1.31±0.34a 1.17±0.35b 1.22±0.35a 1.51±0.33b 1.19± 0.26b

G5 1.31±0.32a 1.04±0.27b 1.41±0.36a 1.35±0.72b 1.38 ±0.79a

WBC G1 23.75±5.90a 31.66±3.86a 28.00±5.88a 31.40±6.27a 26.02±8.43a

G2 27.92±8.76a 32.00±4.26a 29.80±9.42a 33.80±10.06a 27.25±7.40a

G3 24.16±3.02a 25.66±9.95ab 22.25±5.37b 28.00±12.43a 26.66±8.50a

G4 23.35±5.29a 21.15±5.44b 21.25±3.86b 24.90±7.08a 19.22±5.22b

G5 22.21±5.13a 20.80±4.50b 23.50±5.37b 25.80±8.18a 22.66±4.16ab

Hb G1 4.36±1.09a 4.91±1.03ab 4.34±1.90a 4.87±1.61ab 4.59±0.86a

G2 4.19±0.83a 5.86±1.07a 4.21±1.91a 6.56±3.27a 4.68±0.39a

G3 4.28±0.84a 4.20±0.74b 4.76±1.52a 4.36±1.13b 4.58±0.49a

G4 4.05±0.58a 4.25±0.50b 4.08±0.44a 4.17±1.04ab 4.02±0.23b

G5 4.05±0.58a 4.35±0.50b 4.89±1.47a 4.09±1.10ab 4.39±0.44a

Htc G1 32.33±11.18a 38.5±4.84a 36.66±3.39ab 32.15±3.45a 34.12±2.69a

G2 31.38±11.44a 39.93±3.31a 38.00±6.60a 33.81±4.51a 37.65±4.25a

G3 30.20±10.30a 34.33±5.16ab 32.00±4.56b 31.00±7.73a 33.66±5.03a

G4 29.60±10.50a 32.00±3.63b 31.60±3.91b 31.60±3.91a 32.20±3.70a

G5 29.30±7.16a 32.00±3.51b 32.71±3.81b 30.42±3.04a 33.12±3.18a

MCV G1 358.73±220.49a 349.19±143.49 a 214.23±74.75a 329.37±104.05a 285.40±67.15a

G2 321.81±155.07a 329.27±76.93a 290.96±119.74a 295.53±102.64a 310.82±67.02a

G3 308.04±155.51a 335.45±43.39 a 305.74±60.31a 319.89±137.08a 297.23±129.07a

G4 325.48±110.31a 377.46±82.73 a 299.85±25.39a 298.81±49.20a 290.8±52.98a

G5 328.90±121.89a 382.50±85.26 a 306.17±114.54a 289.92±123.37a 322.37±149.03a

MCH G1 32.33±11.64a 28.59±14.14a 31.62±20.80a 31.22±12.95a 31.79±6.47a

G2 34.83±15.18a 33.47±16.32a 36.02±12.78a 37.22±16.78a 34.62±11.89a

G3 33.29±14.96a 39.43±19.83a 35.46±10.05a 28.73±11.14a 29.26±8.51a

G4 33.26±6.46a 36.60±6.19a 30.04±5.82a 27.63±9.03a 28.72±6.95a

G5 33.25±6.46a 34.10±5.94a 30.34±11.96a 31.20±13.45a 34.35±8.19a

MCHC G1 21.72±5.94a 23.87±7.80a 27.07±14.01a 29.26±4.99a 22.84±2.91a

G2 21.15±4.70a 22.60±3.34a 26.35±15.72a 22.92±8.94a 21.53±6.71a

G3 21.97±4.60a 22.63±9.41a 22.83±5.67a 22.95±13.27a 21.90±5.60a

G4 21.20±3.76a 22.51±6.20a 23.07±1.94a 21.8±3.27a 21.78±1.98a

G5 20.63±3.33a 20.52±2.20a 21.87±7.07a 21.73±4.86a 20.41±5.84a
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Heavy metal (HM) exposure remains a global occupational and environmental prob-
lem that creates a hazard to general health. Even low-level exposure to toxic metals con-
tributes to the pathogenesis of various metabolic and immunological diseases, whereas, 
in this process, the gut microbiota serves as a major target and mediator of HM bioavail-
ability and toxicity.

Probiotic-based protective strategies against HM-induced gut dysbiosis are now well 
established from studies that suggest the relationship between gut microbiota and HM 
exposure is mutual and bidirectional. In the present study, in order to increase the sur-
vival of L. plantarum in the stomach and intestine of rainbow trout exposed to lead, this 

Table 5  Comparison of digestive enzyme activity among the experimental groups in 5 sampling steps of 
experiment. (G1: encapsulated probiotic-treated group, G2: probiotic-treated group, G3: alginate/chitosan-
treated group, G4: untreated or control group and G5: lead-treated control group). Results are reported 
based on Means ± SD. Non-identical Latin letters on the standard deviation indicate a significant difference 
at the level of 0.05 in each column

Week zero Week 8 Week 9 Week 10 Week 11

ALP G1 0.44±0.24a 1.00±0.60a 1.20±0.10ab 0.63±0.08a 0.79±1.11a

G2 0.54±0.11a 1.74±0.96a 1.24±0.77a 0.79±0.31a 0.53±0.23a

G3 0.46±0.10a 0.40±0.11b 0.46±0.15b 0.67±0.08a 0.57±0.34a

G4 0.49±0.12a 0.49±0.07b 0.49±0.15b 0.49±0.15a 0.50±0.14a

G5 0.44±0.14a 0.42±0.05b 0.52±0.22b 0.42±0.26a 0.47±0.21a

Lipase G1 1.31±0.18a 3.76±1.57b 1.63±0.28ab 1.45±4.43a 1.76±0.40a

G2 1.08±0.14a 6.84±2.38a 1.75±0.12a 1.73±3.18a 1.60±0.44a

G3 1.19±0.19a 1.61±0.43c 1.36±0.21b 1.80±0.89a 1.58±0.82a

G4 1.13±0.27a 1.21±0.34c 1.21±0.34b 1.321±0.15a 1.42±2.26a

G5 1.13±0.27a 1.05±0.18c 1.44±0.44b 1.61±1.25b 8.03±2.64a

Trypsin G1 7.34±2.68a 17.23±1.29b 14.49±3.71a 11.06±5.90a 12.54±6.00a

G2 8.02±1.90a 22.98±2.41a 16.03±5.21a 12.9±5.23a 15.63±3.16a

G3 7.86±1.40a 9.69±1.42c 10.32±5.15b 14.59±3.78a 12.92±7.39a

G4 7.54±2.80a 6.78±0.87c 11.78±0.87b 14.78±0.87a 11.62±1.00a

G5 7.40±2.73a 7.51±0.97c 10.91±3.06b 13.57±0.02a 10.57±2.58a

Chymotrypsin G1 0.34±0.04a 1.36±0.2a 0.48±0.07a 0.36±0.19a 0.66±0.18a

G2 0.41±0.03a 1.43±0.28a 0.53±0.11a 0.43±0.12a 0.62±0.17a

G3 0.40±0.03a 0.59±0.02b 0.46±0.07a 0.45±0.09a 0.49±0.28a

G4 0.33±0.29a 0.44±0.02b 0.35±0.14a 0.35±0.08a 0.45±0.14b

G5 0.41±0.04a 0.13±0.02b 0.36±0.09a 0.53±0.07a 0.48±0.05b

Amylase G1 0.21±0.03a 0.62±0.086ab 0.63±0.024ab 0.47±0.09a 0.21±0.03a

G2 0.22±0.02a 0.83±0.09a 0.95±0.061a 0.49±0.05a 0.29±0.04a

G3 0.33±0.029a 0.42±0.04b 0.38±0.042b 0.38±0.08a 0.38±0.04a

G4 0.31±0.038a 0.53±0.07b 0.47±0.068b 0.39±0.08a 0.36±0.08a

G5 0.3±0.043a 0.51±0.021ab 0.39±0.046b 0.33±0.06a 0.31±0.059a

Protease G1 0.22±0.03a 0.24±0.105ab 0.26±0.090b 0.27±0.03a 0.29±0.033a

G2 0.23±0.02a 0.36±0.102a 0.45±0.143a 0.25±0.02a 0.29±0.032a

G3 0.31±0.029a 0.18±0.046b 0.14±0.038c 0.31±0.029a 0.30±0.029a

G4 0.32±0.038a 0.16±0.037b 0.18±0.050c 0.32±0.036a 0.33±0.056a

G5 0.3±0.043a 0.16±0.035b 0.13±0.014c 0.27±0.044a 0.28±0.034a



350 Aquaculture International (2024) 32:337–359

1 3

bacterium was coated with sodium alginate and chitosan by internal emulsion method. The 
results of the characteristics of encapsulated probiotics showed suitable encapsulation of 
probiotic cells with biological polymers. In addition to the diameter of the capsules, the 
type of protected microorganism also affects the viability of the bacteria. In current work 
the survival rate of L. plantarum under gastric and intestinal simulation conditions was 

Table 6  Comparison of non-specific immune response indices among the experimental groups in 5 sam-
pling steps of experiment. (G1: encapsulated probiotic-treated group, G2: probiotic-treated group, G3: algi-
nate/chitosan-treated group, G4: untreated or control group and G5: lead-treated control group). results are 
reported based on Means ± SD. Non-identical Latin letters on the standard deviation indicate a significant 
difference at the level of 0.05 in each column

Groups Week zero Week 8 Week 9 Week 10 Week 11

Albumin G1 2.14±0.41a 2.20±0.43a 1.79±0.65a 1.96±0.44a 1.86±0.88a

G2 2.16±0.39a 1.97±0.43a 1.94±0.73a 1.84±0.44a 1.87±0.58a

G3 2.04±0.38a 2.03±0.32a 1.88±0.29a 1.82±0.50a 1.98±0.28a

G4 1.83±0.30a 1.93±0.17a 1.98±0.42a 1.93±0.17a 1.85±0.39a

G5 2.26±0.11a 1.99±0.19a 1.96±0.37a 1.95±0.26a 1.96±0.80a

Globulin G1 3.14±0.42a 4.03±0.43ab 3.150.42a 2.95±0.32a 3.11
G2 2.91±0.33a 4.88±0.52a 3.11±0.45a 2.96±0.39a 3.14±0.39a

G3 3.08±0.24a 3.26±0.32b 3.02±0.32a 3.02±0.42a 2.98±0.49a

G4 2.96±0.42a 3.10±0.29b 3.07±0.42a 3.06±0.34a 3.13±0.36a

G5 2.82±0.47a 3.15±0.25b 3.32±0.36a 3.04±0.41a 3.06±0.28a

Protein G1 5.27±0.35a 6.22±0.13ab 4.97±0.97a 4.68±1.31a 5.02±2.06a

G2 4.91±0.12a 6.81±0.68a 5.02±0.88a 4.68±2.75a 5.14±1.00a

G3 5.17±0.73a 5.29±0.41b 4.70±0.95a 4.82±1.21a 4.79±0.72a

G4 4.94±0.33a 5.05±0.33b 5.05±0.33a 5.05±0.33a 5.05±0.52a

G5 4.90±0.33a 5.19±0.26b 5.34±0.75a 4.99±0.83a 5.05±1.36a

Lysozyme G1 458.0±34.55a 604.0±70.6a 553.3±67.51a 383.4±180.9a 345.7±124.87a

G2 387.2±130.6a 671.5±85.1a 545.5±110.46a 395.5±87.4a 340.2±67.1a

G3 392.6±80.6a 366.6±67.5b 370.3±124.87b 362.2±77.7a 338.1±73.9a

G4 346.4±81.5a 342.5±17.4b 353.9±17.98b 375.7±78.1a 346.4±61.3a

G5 327.1±87.3a 362.2±17.6b 391.1±51.32b 335.7±5.5a 386.4±52.6a

Complement G1 562.5±30.57a 566.7±67.89a 485.7±30.02a 437.0±56.35a 388.5±68.7a

G2 551.9±25.42a 509.5±100.19a 518.5±27.98a 444.4±72.90a 373.2±64.24a

G3 494.4±31.14a 489.4±76.98a 465.4±23.67a 488.9±73.67a 357.6±203.67a

G4 528.1±69.49a 580.9±121.10a 538.3±104.83a 493.3±29.39a 385.5±27.25a

G5 503.5±69.49a 516.7±136.62a 516.7±66.19a 453.3±78.17a 385.5±85.56a

Bactericidal G1 135.9±49.15a 131.4±71.08a 175.7±89.14a 174.0±71.66a 147.4±73.87a

G2 135.8±56.98a 131.3±50.47a 188.0±54.69a 162.0±43.04a 164.4±69.30a

G3 163.0±63.82a 178.3±53.97a 179.3±90.89a 189.3±55.94a 144.5±72.69a

G4 173.9±67.16a 176.6±56.29a 189.3±54.76a 190.6±42.37a 169.1±32.95a

G5 174.4±67.00a 194.3±31.05a 191.1±36.98a 199.0±26.74a 169.0±54.37a

NBT G1 0.23±0.11a 0.31±0.09a 0.27±0.09a 0.30±0.10a 0.32±0.05a

G2 0.35±0.11a 0.39±0.16a 0.30±0.08a 0.31±0.05a 0.28±0.12a

G3 0.28±0.07a 0.26±0.14ab 0.25±0.11a 0.26±0.13a 0.28±0.02a

G4 0.25±0.11a 0.15±0.09b 0.19±0.08a 0.21±0.07a 0.14±0.02b

G5 0.28±0.09a 0.22±0.09b 0.23±0.12a 0.24±0.09a 0.26±0.03c
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investigated and as expected, microencapsulation of L. plantarum significantly increased 
bacterial survival.

Results indicated that the microcapsules produced by internal emulsification tech-
niques exhibited relatively homogeneous and rational particle-size distribution. Obser-
vation by phase contrast light microscope and SEM showed that the capsules are 
largely spherical and elliptical shape. Particle’ size was 2.87±0.51μm which is suitable 
size, proper distribution, and homogeny for encapsulated probiotics. Mohammadian 
et al. (2022) report a similar size and distribution for encapsulated Lactocucus bulgari-
cus with alginate/chitosan. The average particle size of microcapsules is an important 
feature for stability, efficacy and viability. Microcapsules with a greater size provide 
more protection against environmental stress, but have a negative impact on quorum 
sensing characteristics of bacteria. The microcapsules of small size may not provide 
adequate protection for probiotics (Yudiati et al. 2020; Liu et al. 2019). In accordance 
with our work, (Dezfuly et al. 2020) reported similar size, and distribution of encapsu-
lated Yersinia ruckeri oral vaccine using alginate/chitosan via similar method.

Zeta potential values obtained by microcapsules were +39.2 mv. This high zeta 
potential lead to better stability and it is important to prevent agglomeration. Similarly, 
Halimi et al. 2020 reported zeta potential around +36 mv for microspheres of alginate/
chitosan encapsulated Streptococcus iniae oral vaccine developed via similar method. 
Zeta potential is an important and useful indicator of electrical condition of particle 
surfaces which can be used to predict and control the stability of colloidal suspensions 
or emulsions. High level of zeta potential in colloidal particles lead to the rise of elec-
trostatic repulsion force and the physical stability of the system and as a result physical 
consistency increases (Burgos and Moreno 2009). Zeta potential above +30 or below 
-30 mv is usually considered to be more balanced.

The survival rates of microencapsulated L. plantarum after 60- and 120-min incuba-
tion in GI simulated situation were significantly higher than free bacteria. Preserva-
tion of cell viability is an important factor in selecting the encapsulation method for 
probiotics. The small number of lost bacteria indicates the proper accuracy used in the 
method of encapsulation. In the study of (Song et  al. 2013), which coated the yeast 
cells with the emulsion method, the microenvironment efficiency of the internal emul-
sion method was reported to be 80%.

Fig. 5  Kaplan Meyer curves for survival rates of different groups after intraperitoneal injection with patho-
genic bacteria, Streptococcus inae 
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Encapsulated L. plantarum effects on growth indices of poisoned fish

Results of this study showed that the use of encapsulated L. plantarum not only posi-
tively affected most of growth indices of rainbow trout even after lead poisoning, but also 
reduce the adverse effects of lead toxicity on intestinal enzymes. The highest SGR, BWG, 
and FCR were seen in encapsulated probiotic-treated group (G1) and non-coated probi-
otic groups (G2) respectively which significantly (P<0.05) improved compare to control 
groups. Meanwhile, the activity of intestinal enzymes including of lipase, trypsin and chy-
motrypsin and protease were significantly (P<0.05) higher in G1 and G2 at weeks 8, 9, and 
11 of experiment. This event probably can refer to the higher concentration and efficacy of 
L. plantarum in the gastrointestinal tract of encapsulated probiotic-treated group compare 
to the other groups. In accordance with results of the present study, (Veisi et  al. 2023) 
reported the protective effects of Lactobacillus casei against Cadmium toxicity in common 
carp. Meanwhile (Mohammadian et  al. 2020) showed positive effect of microencapsula-
tion on protective effects of Lactococcus bulgaricus and L. delbrueckii against Lead toxic-
ity in rainbow trout. Similarly (Boonanuntanasarn et al. 2019) reported significant positive 
effects of encapsulation of Saccharomyces cerevisiae on growth indices in Striped Catfish 
(Pangasianodon hypophthalmus). On the contrary to our results (He et al. 2020) showed 
that dietary microcapsulated probiotic with chitosan had suppressive effect on the growth 
performance parameters of silver carp.

HM exposure alters the microbiome composition and metabolomic profiles of the gut 
microbiota, conversely, the gut microbiota has strong HM-metabolizing capabilities to 
limit HM absorption while increasing HM excretion from the fish body. For this reason, the 
application of probiotics is considered as a promising approach to alleviating HM-induced 
toxicity, which raises great prospects to be the next-generation therapeutics for HM intoxi-
cation (Emenike et al. 2022). Various mechanisms have been presented so far as modes of 
probiotic resistance against HM intoxication, 1—they directly affected the absorption and 
metabolism of HMs within the intestine; 2—they have intense abilities to bioaccumulate, 
bind, or transform HMs via various enzymatic reactions; 3—they are considered as strong 
antioxidants with immune regulatory capability (Musawi et al. 2019). Based on these three 
strategies, it can be concluded that encapsulated L. plantarum effectively survived in GI 
situation and showed stronger and more efficient protective effects against HM toxicity 
compare to other groups. Moreover, the negative charge on L. plantarum particularly in 
encapsulated form and the cationic charges of HMs, result in the chelation of HMs and 
decreasing its bioavailability. on the other hand, the metabolites such as extracellular pro-
teins, organic acids, indole, bacteriocins, hydrogen peroxide, and nitrous oxide produced 
by probiotics induce goblet cells to secrete mucus, increase the productivity of antimicro-
bial peptides, and enhance the expression of tight  junct ion (TJ) proteins to protect the gut 
epithelial barrier.

Encapsulated L. plantarum effects on intestinal enzymes of poisoned fish

Intestinal enzymes activity of fish is an important indicator for evaluating the health 
status, environmental quality and the presence of toxic compounds (Assan et  al. 
2022). In this study, the results of the use of probiotics in rainbow trout for eight 
weeks showed that the amount of lipase enzymes, chymotrypsin in fish fed with 
microencapsulated probiotics and, the levels of protease and alkaline phosphatase 

https://en.wikipedia.org/wiki/Tight_junction_proteins
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increased in fish fed just with probiotic, but only the increase of alkaline phosphatase 
and protease was insignificant (p<0.05). The reason may be due to the increasing of 
enzyme-secreting cells, the secretion of a wide range of probiotic bacterial enzymes 
(exoenzymes) or the increase in the activity of digestive enzymes (endoenzymes). The 
amount of trypsin enzyme also relatively increased in fish fed with microcoated pro-
biotic compared to the control group. L. plantarum play a vital role in improving the 
activity of digestive enzymes such as amylase, protease and lipase due to better diges-
tion of starch, fat, and protein (Abumourad et al. 2013). (Mohammadian et al. 2022) 
reported a significant increase in the activity of amylase, protease and lipase digestive 
enzymes in rainbow trout as a result of consuming commercial probiotics and prebiot-
ics for 12 weeks. ALP has been introduced as a good biomarker in toxicological stud-
ies. In the present study, significant increase in the amount of ALP in the first week 
after being exposed to lead in microencapsulated probiotic treatment showed com-
pared to the other treatments and controls (p ˂0.05). Since the membranes of intestinal 
microvilli of fish have the ability to make ALP enzyme, this increase in activity prob-
ably indicates the further development of the membranes microvilli of enterocytes in 
these groups. It can be stated that probably the encapsulated probiotics in the present 
study have been enhanced the development of brush-like microvillis of rainbow trout 
enterocytes.

Effect of Lactobacillus plantarum on Hematoimmunological parameters

In this study, the amount of RBC, hemoglobin, hematocrit, MCH, and MCV Significantly 
increased in encapsulated and non-capsulated probiotic-fed treatments, and also in probiotic-
containing treatments that were exposed to lead. The increasing number of these cells indi-
cates the immunogenic effects and microbial defense by probiotics. In similar works has been 
shown that food supplementation with alginate along with Pediococcus acidilactici in Asian 
sea bass (Ashouri et al. 2018) and Bacillus bulgaricus in rainbow trout (Mohammadian et al. 
2022) and Bacillus plantarom in Common carp (Mohammadian et al. 2020) led to improve-
ment of hematological parameters. The positive change in hematological parameters might 
be attributed to increased hematoopoietic stimulation and improvement of health statues in 
probiotic-treated fish. Furthermore, the glycopeptide cell wall of probiotic enhances the fish 
immune response by activating lymphocytes (Hotel 2001). Under stressful conditions, imma-
ture erythrocytes are released from the spleen, and as metabolism increases, oxygen delivery 
increases to important organs, followed by erythrocytes, hemoglobin concentration, and hema-
tocrit levels being increased (NavinChandran 2014). Also, the high number of blood RBCs in 
the encapsulated probiotic-treated group can indicate the health and strengthening of the blood 
circulatory system of the rainbow trout and the higher oxygenation of the gills in stressful con-
ditions such as oxygen reduction and exposure to heavy metals (Li et al. 2022). In fact, one of 
the reasons for higher RBC level is the accumulation of RBC in the gills of fish exposed to the 
stress condition caused by the pollutant, which causes a decrease in their number in the blood 
(Narain and Srivastava 1989).

In the present study, the total number of WBC increased with the start of feeding 
the experimental diets, so that in the eighth week, the fish receiving microencapsu-
lated L. plantarum showed a significant increase compared to the control group and 
the lead control group (p<0.05). After the addition of lead to the experimental diets, 
the number of WBCs of probiotic treatments in three weeks of sampling increased 
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compared to other treatments, showing that the normal probiotic treatment had the 
highest number of WBCs (p<0.05).

Encapsulated L .plantarum effects on immune response of poisoned fish

Based on the results of the present study, it can be stated that the use of encapsulated 
L.plantarum significantly increases the serum lysozyme and complement activity in 
most of sampling points (p<0.05). After adding lead to the experimental diets, the serum 
lysozyme levels in the ninth and tenth weeks were significantly reduced in the probiotic 
treatment, respectively. In the study of (Mohammadian et al. 2016), the probiotic positive 
effects of some lactic acid bacteria on Tor grypus were evaluated. In similar study, Lacto-
coccus lactis showed the highest antibacterial activity against Aeromonas hydrophila in 
huso huso (Soltani et al. 2016). Such antibacterial activity against Aeromonas hydrophila 
may be due to the production of organic acids, hydrogen peroxide, carbon dioxide, acetic 
acid, bacteriocins, diacetyl, acetaldehyde, ethanol, and low molecular weight antimicrobial 
compounds of some bacteria. Be lactic acid (Lee et al. 2019).

After the addition of lead, G2 showed the highest amount of NBT reduction (p<0.05). 
Increased respiratory burst strength in leukocytes is caused by immune cytokines, which 
are immune mediators. The results of the present study showed that in the eighth week, 
total protein and serum immunoglobulin increased in the G1 and 2 compared to the con-
trol group. Changes in serum immunoglobulin levels have been reported in many studies 
following the use of immune stimulants, probiotics, and prebiotics (Nayak 2010; Kandati 
et al. 2023).

Based on the results, it can be concluded that the addition of regular and finely microen-
capsulated probiotic Lactobacillus plantarum in the diet of rainbow trout can improve some 
of the immune responses of this fish even after exposure to lead.

Effect of Lactobacillus plantarum on metallothionein gene expression

As mentioned in the results, before the addition of lead a significant increase on the expres-
sion of metallothionein (MT) gene was seen compared to other treatments (p <0.05), while 
the use of chitosan and alginate in the diet of rainbow trout (G3) had no effect on gene 
expression. In the last sampling point after the addition of lead, a significant increase was 
observed in all probiotic-treated groups. Due to the importance of the detoxification of 
MTs, these proteins can be considered as biomarkers of toxic metal pollution in the envi-
ronment. On the other hand, the comparison between the number of heavy metals and MT 
measured is not only useful from the environmental toxicology point of view, but also from 
a biochemical point of view, because it provides a better understanding of the functions of 
MT in an organism (Sarkar et al. 2006).

The biological functions of metallothioneins include the storage, transport or separation 
of essential metals and the neutralization of excess amounts of heavy metals in the cell, and 
they can also be considered as biomarkers for inorganic contaminants (Vardy et al. 2014). 
Exposure to heavy metals increases MT in liver, kidney, and gill tissues in a dose- and 
time-dependent manner. Heavy metals are reabsorbed through the active transfer process 
in renal tubular cells, which are rich in MT protein. The liver appears to be the first organ 
of detoxification. When the liver is saturated, the metallothionein-heavy metal complex is 
delivered to the kidneys. MT is then observed in the kidney as a response to reabsorption 
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of this complex and synthesis of renal MT to store heavy metals (Chowdhury et al. 2005). 
Wangsongsak et  al reported the expression of MT mRNA at very low concentrations 
(0.012 mg / L) in the liver and kidneys of Puntius gonionotus after exposure to different 
concentrations of Pb. They also found that MT mRNA expression in the liver was time-
dependent and in the kidney was concentration-dependent.

Bacterial challenge

In the present study, challenge with Streptococcus iniae at the end of experiment showed 
the lowest mortality (30% and 50%) in G1 and G2 respectively which was significantly 
lower than control group (80%) and lead-treated group (100%). This study showed that 
microcoated Lactobacillus plantarum increased their resistance to Streptococcus iniae 
infection by increasing the health statue and immune responses. This finding is consistent 
with the study of (Abumourad et al. 2013). The results of their study showed an improve-
ment in survival rate in Nile tilapia treated with Lactolacillus plantarum after challenge 
with Pseudomonas fluorescence. (Aly et al. 2008) also reported the positive effect of Bacil-
lus pumilus on the growth, survival, and resistance of the pathogen Aeromonas hydrophila.

Conclusion

Based on the results of this experiment, it can be concluded that using microencapsulated 
L. plantarum with alginate/chitosan in the diet of rainbow trout cause:

1. reducing the adverse side effects of lead toxicity
2. improving the hemato-immunological parameters of rainbow trout.
3. increasing resistance against gastrointestinal conditions of rainbow trout and its intes-

tinal enzyme activity.
4. higher metallothionein gene expression in liver of treated fish
5. increasing the growth performance indices of rainbow trout even in lead-treated fish
6. reducing the mortality rate after challenge with S. iniae even in lead-treated fish

Therefore, the use of microencapsulation of probiotics with alginate/chitosan can be 
used for reducing lead toxicity as well as increasing the health status, growth, and immune 
response of rainbow trout, so, this method is recommendable in lead-polluted ecosystems.
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