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Aeromonas hydrophila infection is one of the major diseases that cause inflammation
and immunodepression in aquatic animals. Likewise, waterborne toxins are known
for their negative impact on the immunity and antioxidant responses of aquatic
organisms. In this study, Lactobacillus plantarum (LP20) was incorporated in Nile tilapia,
Oreochromis niloticus, diets (50 mg/kg) to investigate its role in the antioxidant capacity,
immunity, and anti-inflammation induced by deltamethrin (DLM) toxicity (96-h LC50 was
14.9 µg/L) and A. hydrophila (LD50, 2 × 108 CFU/ml). One hundred and twenty healthy
fish with an initial weight of 28.21 ± 1.34 g were allotted in 12 glass aquaria (60 L)
and divided randomly into four groups (triplicates, 10 fish per aquarium). The control
fish neither received LP20 nor were exposed to DLM. The second group of fish was
fed the control diet and subjected to DLM (DLM group). The third group of fish was
provided with LP20 without DLM toxicity (LP20 group), and the fourth group of fish
was fed LP20 and subjected to DLM (DLM + LP20 group). After 30 days, fish were
intraperitoneally injected with A. hydrophila. Ten days post infection, the survival rate
was lower in fish exposed to DLM than those exposed to LP20. Further, fish fed on
LP20 had elevated serum total protein (sTP), albumin (ALB), globulin (GLB), phagocytic
index (PI), phagocytic (PA), and lysozyme activities (LZM), but they had lower urea, uric
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GRAPHICAL ABSTRACT |

acid bilirubin, creatinine, glucose, aspartate aminotransferase (AST), alkaline
phosphatase (ALP), and alanine aminotransferase (ALT) activities after 24 h, 48 h,
and 1 week post A. hydrophila challenge. However, fish exposed to DLM had lower
sTP, ALB, GLB and higher urea, uric acid, bilirubin, creatinine, glucose, ALT, AST, and
ALP after 24 h, 48 h, and 1 week post A. hydrophila challenge. Markedly, after the
A. hydrophila challenge, fish exposed to DLM + LP20 displayed upregulated levels of
superoxide dismutase (SOD), catalase (CAT ), and glutathione peroxidase (GPx) genes.
The transcription of interferon gamma (IFN-γ), interleukin 12 (IL-12), and tumor necrosis
factor alpha (TNF-α) was upregulated in DLM and DLM + LP20 groups. Fish exposed to
DLM downregulated interleukin 8 (IL-8) gene expression after A. hydrophila challenge.
Further, fish displayed upregulation of heat shock protein 70 (HSP70) gene expression
after DLM toxicity. Besides, fish exposed to DLM toxicity and A. hydrophila infection
had severe inflammatory features in the liver, spleen, gills, and intestine, while dietary
LP20 relieved the inflammatory features. In summary, dietary LP20 relieves Nile tilapia
from oxidative stress, immunosuppression, and inflammation induced by DLM and
A. hydrophila infection.

Keywords: multi stressors, Lactobacillus plantarum, Nile tilapia, anti-inflammatory, histopathology

INTRODUCTION

Aquaculture production has expanded recently as a primary
source of animal protein with feasible cost compared to the
other animal protein sources (Dawood, 2021). This activity
requires many factors to ensure its success, including the
availability of seeds, technical skills, optimal feed requirements,

and reasonable environmental conditions (Wu et al., 2019).
In closed and indoor aquaculture systems, all factors can
be controlled to avoid stressful conditions that could impair
aquatic organisms’ performance; however, in outdoor systems,
the farming conditions cannot be fully controlled (Zaki et al.,
2020). Stressful environmental conditions (e.g., high or low water
temperature, high stocking rate, malnutrition, and infectious
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diseases) weaken the organism’s immune system, increase attack
by infectious invaders on the body, and induce severe mortality
(Shourbela et al., 2021). Pesticide and insecticide derivatives
resulting from the agriculture sector pollute the drainage water
likely to be used for the rearing of aquatic animals (El Megid
et al., 2020; Abdo et al., 2021). The remaining derivatives
generally accumulate in the fish body and impair growth
performances and health condition. Deltamethrin (DLM) is
one of the common pyrethroid insecticides regularly used in
agriculture-related activities (Bradbury and Coats, 1989). It
weakens the immune system of fish and makes them vulnerable
to bacterial pathogens (Eder et al., 2007). Aeromonas hydrophila
is a bacterial pathogen that widely attacks aquatic organisms,
especially when they suffer from stressful conditions, including
water pollution (Fernandes et al., 2019). A. hydrophila infection
is increasing in cultured organisms because of the rising natural
resistance to pathogens due to the excessive use of antibiotics,
resulting in severe fish farming hazards (Ahmadifar et al., 2019).
A. hydrophila can survive in fresh or brackish water under aerobic
and anaerobic environments, which threatens the aquaculture
industry (Chen et al., 2018). A. hydrophila induces hemorrhagic
disease, ulcerative syndrome, and motile Aeromonas septicemia
in Nile tilapia (Oreochromis niloticus), usually resulting in high
mortalities (Nicholson et al., 2020). Although antibiotics are
suggested to enhance the resistance of aquatic organisms against
infectious diseases, they have other side effects (e.g., weakening
the natural immunity, reducing the resistance to pathogenic
bacteria, and indirectly impacting the human body) (Dawood
et al., 2021; Limbu et al., 2021). Thus, several countries have
banned chemotherapies and encourage farmers to use alternative
friendly substances (Chen et al., 2020).

The concept of using functional additives is practiced for
its positive impact on aquatic animal efficiency (Ringo et al.,
2018; Dawood et al., 2020a). Probiotics can enhance the variety
of intestinal microbiota, compete for harmful microorganisms,
facilitate absorption of nutrients through the intestinal villi,
and activate the local intestinal immunity, increasing innate
immunity (Dawood et al., 2018; Ringø et al., 2020). Generally,
bacteria, including Lactobacillus plantarum, Lactococcus lactis,
Enterococcus faecium, Bacillus subtilis, and Saccharomyces
cerevisiae, have been utilized as probiotics for aquatic animals
(Newaj-Fyzul et al., 2014). Among them, L. plantarum (LP20)
recently has attracted extensive attention as a probiotic in feed
industries due to its non-toxic, significant stress resistance (low
pH and bile salt resistance) (Ismaeil et al., 2020), beneficial effect
on the hosts (Van Nguyen et al., 2019), and stability under
processing conditions (Dawood et al., 2016). Interestingly, LP20
has been known to serve as a protector against DLM toxicity.
For instance, LP20 inclusion in the Nile tilapia diet improved
immune and antioxidant defenses to ambient DLM toxicity via
anti-inflammatory impact in the gills, liver, spleen, and intestinal
tissues (Dawood et al., 2020b). Further, dietary LP20 protected
Nile tilapia from ammonium chloride toxicity and Streptococcus
agalactiae infection (Van Nguyen et al., 2019).

Nile tilapia is a freshwater species and widely cultured in
several countries due to its fast growth rate, high market need,
and reasonable prices (FAO, 2018). However, in some countries

(e.g., Egypt), the effluent water from the agriculture sector
is usually used in Nile tilapia farming ponds. The drainage
water is rich in pesticides and insecticides that negatively affect
fish performance. Concurrently, the current study investigated
the impact of LP20 in the alleviation of oxidative injury,
immunosuppression, and inflammation generated by DLM and
A. hydrophila in Nile tilapia.

MATERIALS AND METHODS

Experimental Design
Fish were obtained from Tahoun farm located in the Kafr El
Sheikh governorate and transferred to the Sakha Aquaculture
Research Unit, Kafr El Sheikh, Egypt. After accommodation for
7 days (with basal diet), 120 healthy fish with an initial weight
of 28.21 ± 1.34 g were allocated into 12 glass aquaria (60 L)
and divided into four groups: hereafter, control, DLM, LP20,
and DLM + LP20 in triplicates (10 fish per aquarium) where all
aquaria were allocated randomly without locating aquaria from
the same group beside each other.

Two sets of diets were created by supplementing the basal diet
with 0 or 50 mg LP20/kg (L. plantarum, 2 × 1011 CFU/g, House
Wellness Foods Corp., Itami, Japan) (Dawood et al., 2020d); then
30–40% water was added. The LP20 was added to the fish oil
and well mixed and then added to the remaining ingredients
and mixed again. A meat mincer subsequently pelleted the
dough through a die of 1 to 2 mm. The pellets were air-dried
at room temperature for 24 h and finally kept at 4◦C for the
trial. The prepared diet composition was checked by using the
standard method (AOAC, 2007). The formulation and chemical
composition of the basal diet are provided as a Table 1. The
prepared diets were fed to Nile tilapia for 30 days. Fish were
fed the test diets at 3% of the total biomass twice (at 08:00 and
16:00) daily. The LP20 dose was chosen based on the report
done by Dawood et al. (2020d).

The DLM was obtained from the Kafr El-Zayat Company
for Chemicals and Pesticides, Egypt, with 98.5% purity. Then,

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

Ingredient % Chemical composition %

Fish meal 10 Dry matter 92.8

Soybean meal 44.4 Crude protein 30.9

Wheat bran 10 Ether extract 7.1

Yellow corn 18.6 Total ash 7.2

Rice bran 10 Gross energy (kcal/100 g)2 446

Fish oil 5

Dicalcium phosphate 1

Vitamins and minerals mixture1 1

1Vitamin mixture (except vitamin E, mg kg−1 premix): vitamin A (3300 IU),
vitamin D3 (410 IU), vitamin B1 (133 mg), vitamin B2 (580 mg), vitamin B6
(410 mg), vitamin B12 (50 mg), biotin (9,330 mg), colin chloride (4,000 mg), vitamin
C (2,660 mg), inositol (330 mg), para-amino benzoic acid (9,330 mg), niacin
(26.60 mg), pantothenic acid (2,000 mg), manganese (325 mg), iron (200 mg),
copper (25 mg), and iodine, cobalt (5 mg). 2Gross energy was calculated as 5.65,
9.45, and 4.11 kcaL/g for protein, lipid, and carbohydrates, respectively.
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DLM was dissolved in ethanol to have a concentration of
14.5 µg/L. The 96-h LC50 was 14.5 µg/L, and the lower and upper
values were 14.1 and 14.9 µg/L, respectively, within the 95%
confidence limits as previously reported by Cengiz et al. (2017)
and Golow and Godzi (1994). A stock solution was prepared
by diluting DLM with acetone to give a dosing concentration
of 14.9 µg/L. One third of the water in each aquarium was
changed daily and replaced with the prepared DLM solution
to keep the DLM level constant during the trial (14.9 µg/L).
The trial was conducted under a natural light-and-dark cycle
(12 h:12 h). The water temperature was 21 ± 2◦C, while pH
was 7.1 ± 0.8, dissolved oxygen was 6.5 ± 0.5 mg/L, and total
ammonia was 0.23 ± 0.03 mg/L. After 30 days, all fish were
euthanized by tricaine methanesulfonate (100 mg/L), and then
the liver, gills, intestine, and spleen tissues were taken from
three fish per aquarium for histopathological analysis (using
40% ethyl alcohol).

Aeromonas hydrophila Infection and
Sampling
The A. hydrophila inoculum was generously supplied by
the Department of Fish Diseases and Management, Faculty
of Veterinary Medicine, Kafrelsheikh University, Egypt. The
A. hydrophila inoculum was made by culturing the organism
using tryptic soy agar (TSA) at 37◦C for 24 h with continuous
shaking (250 rpm). The LD50 (lethal dose, the dose which
kills 50% of the injected fish) was assessed before the final
challenge up to 10 days by following Reed and Muench
(1938). The bacterial fluid was diluted in phosphate-buffered
saline (PBS, pH 7.2) and adjusted to a concentration of
2× 108 CFU/ml.

After the DLM exposure trial (30 days), the remaining
fish in each aquarium (seven fish per aquarium, triplicates
per group) were intraperitoneally injected with 0.2 ml/fish of
(2.8 × 106 CFU) A. hydrophila, according to Li et al. (2011)
and Ran et al. (2018). Fish were offered feed at 2% of the
bodyweight daily for 10 days. The challenged fish were observed
daily, and all mortalities were recorded when fish showed no
movement for 1 h (Lu et al., 2019). To confirm that the
death was caused by A. hydrophila, the clinical–pathological
features were observed, including swimming abnormalities,
pale gills, bloat, skin ulcerations, skin ulcers, septicemia, and
hemorrhagic features. The daily relative percentage of survival
was calculated (Saputra et al., 2016). After A. hydrophila
challenge, all fish were anesthetized using 150 mg/L of MS222
(Argent Laboratories, Redmond, Washington). Blood samples
were taken (1 ml from three fish per aquarium at each
sampling point) from the caudal vein using disposable 3-cc
syringes and 21-gauge needles (AMECO, Cairo, Egypt). The
blood was collected after 24 h, 48 h, and 1 week using
EDTA-coated vials, while non-coated vials were utilized for
serum collection. Blood samples were kept for 2 h and then
centrifuged at 3,500 × g for 15 min at 4◦C to obtain the serum.
The serum was maintained at −20◦C for further evaluation.
The challenge with A. hydrophila lasted until the 10th day,
and then the fish (six fish per group) were dissected to

collect the liver, gills, intestine, and spleen tissues for gene
expression (kept at−80◦C) and histopathological analysis (using
40% ethyl alcohol).

Blood Examination
Serum total protein (sTP) were assessed using a biuret
test by following Doumas et al. (1981), and albumins
were determined by following Dumas and Biggs (1972),
while globulin concentration was assessed mathematically.
Activities of aspartate aminotransferase (AST), alkaline
phosphatase (ALP), and alanine aminotransferase (ALT)
were evaluated calorimetrically at a wavelength of 540 nm
(Reitman and Frankel, 1957). Serum creatinine, uric acid,
urea, and bilirubin were calorimetrically assessed, following
Heinegård and Tiderström (1973) and Coulombe and
Favreau (1963). Blood cortisol levels (MG/100 ml) were
ascertained using enzymatic colorimetric analysis with glucose
oxidase and 4-aminoantipyrine (GOD/PAP) kits bought from
BioMérieux (France) (Trinder, 1969). Leukocyte phagocytic
index (PI) and phagocytic activity (PA) were examined
following the method of Cai et al. (2004). The lysozyme
activity (LZM) of sera was assayed according to the method
described by Demers and Bayne (1997).

Gene Transcription
Reverse-transcription polymerase chain reaction (RT-PCR)
analysis of mRNA expression for different genes and β-actin
(as an internal reference for normalization of gene expression
data) was performed using the primers shown in Table 2 (Ming
et al., 2013; Pang et al., 2013; Chen et al., 2016; Xie et al.,
2016; Ting et al., 2018). The total RNA was extracted from the
liver samples utilizing TRIzol reagents (iNtRON Biotechnology)
following the manufacturer’s protocol. The quality of the
extracted RNA was confirmed with 2% agarose electrophoresis.
The quality and quantity of the extracted RNA were determined
by NanoDrop (Quawell, United States). Samples with 1.8 or
more A260/A280 RNA were used. Two micrograms of total RNA
was reverse-transcribed using a cDNA synthesis kit (Bioline,
United Kingdom) directed by the manufacturer. Real-time PCR
amplifications were performed using a SensiFAST SYBR Lo-
ROX kit (Bioline) in 20 µl reaction mixtures containing 2
µl of cDNA, the gene-specific primers (0.5 µM each), and
SYBR (10 µl). The thermal cycling conditions were initial
denaturation at 95◦C for 10 min, followed by 40 cycles at
95◦C for 15 s, annealing temperature as presented in Table 2,
and 60◦C for 1 min. All genes were tested in triplicates, and
the fold change method was used to calculate (2−11 CT) by
following Livak and Schmittgen (2001).

Histopathology
The histopathological examination for liver, gills, intestine,
and spleen tissues was adopted, according to Abumandour
and Gewaily (2016). The sections were taken with a Leica
rotatory microtome (RM 20352035; Leica Microsystems, Wetzlar,
Germany) and stained with hematoxylin and eosin. Afterward,
the tissue sections were examined using a BX50/BXFLA
microscope (Olympus, Tokyo, Japan).
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TABLE 2 | Primers used for qRT-PCR analysis.

Gene Primer Target size (bp) Annealing (◦C) Slope Efficiency Efficiency% Accession number References

β-actin F: AGCAAGCAGGAGTACGATGAG 143 58.5 −3.521 1.923137 92.3137 KJ126772 Pang et al., 2013

R: TGTGTGGTGTGTGGTTGTTTTG

HSP70 F: TGGAGTCCTACGCCTTCAACA 85 59 −3.47 1.94171 94.17103 FJ213839.1 Chen et al., 2016

R: CAGGTAGCACCAGTGGGCAT

CAT F: TCAGCACAGAAGACACAGACA 189 58 −3.68 1.869559 86.95588 JF801726.1 Xie et al., 2016

R: GACCATTCCTCCACTCCAGAT

GPx F: CCAAGAGAACTGCAAGAACGA 107 58 −3.48 1.938011 93.80114 NM_001279711.1 Xie et al., 2016

R: CAGGACACGTCATTCCTACAC

SOD F: GACGTGACAACACAGGTTGC 95 55 −3.33 1.996642 99.66425 JF801727.1 Xie et al., 2016

R: TACAGCCACCGTAACAGCAG

IL-12 F: GGCGGAAGATACTGGTGA 159 60 −3.65 1.879198 87.91983 XM_003437924.4 Ting et al., 2018

R: TCCACAGAGCACTTGTGTT

TNF-α F: GAGGTCGGCGTGCCAAGA 119 60 −3.69 1.866391 86.63913 NM_001279533.1 Chen et al., 2016

R: TGGTTTCCGTCCACAGCGT

IL-8 F: GCACTGCCGCTGCATTAAG 180 55 −3.45 1.949194 94.9194 NM_001279704.1 Ming et al., 2013

R: GCAGTGGGAGTTGGGAAGAA

IFN-γ F: TGACCACATCGTTCAGAGCA 128 57 −3.69 1.866391 86.63913 NM_001287402 Chen et al., 2016

R: GGCGACCTTTAGCCTTTGT

Statistical Analysis
The normality and homogeneity distribution of all the collected
data (biochemical, immunological, relative gene expression, and
survival rate) were verified by Shapiro–Wilk and Levene tests,
respectively. Results are presented as means with the standard
error of means, and they were assessed by one-way analysis
of variance (ANOVA) using SPSS 22.0 (SPSS version 22, SPSS
Inc., IL, United States). Duncan’s multiple-range test was used
to ascertain differences among treatments with significance set at
P < 0.05.

RESULTS

Survival Rate Post Aeromonas
hydrophila Challenge
The mortalities were delayed to the second-day post-challenge
in all groups except for the LP20 treatment, which showed the
beginning of mortality on the fifth day. After 10 days, the survival
rate was lower in Nile tilapia exposed to DLM toxicity compared
to those subjected to LP20 treatment (Figure 1). Fish in control,
LP20, and LP20+DLM treatments had higher survival rates than
fish in the DLM treatment (P < 0.05).

Blood Measurements
Nile tilapia fed LP20 had higher total protein, albumin, and
globulin but lower urea, uric acid, bilirubin, creatinine, glucose,
ALT, AST, and ALP compared to the others at 24 h, 48 h,
and 1 week post A. hydrophila infection (Table 3). Conversely,
fish exposed to DLM had lower total protein, albumin, and
globulin but higher urea, uric acid, bilirubin, creatinine, glucose,
ALT, AST, and ALP than fish fed dietary LP20 (P < 0.05).
Interestingly, LP20 decreased the uric acid, urea, creatinine,
cortisol, ALP, ALT, and AST but increased total protein, albumin,

and globulin in Nile tilapia fed LP20 and exposed to DLM
(DLM + LP20) compared to fish subjected to DLM especially
at 48 h and 1 week post A. hydrophila challenge (Table 3). Fish
in the control and DLM treatments had increased uric acid,
creatinine, bilirubin, ALT, and AST levels at 48 h and 1 week post
A. hydrophila challenge. However, fish fed LP20 had reduced uric
acid, creatinine, bilirubin, ALT, and AST levels.

Fish fed dietary LP20 had higher LZM (Figure 2A), PA
activities (Figure 2B), and PI (Figure 2C) than fish exposed to
DLM at 24 h, 48 h, and 1 week post A. hydrophila challenge
(P < 0.05). Fish fed LP20 and exposed to DLM (DLM + LP20)
had similar LZM with the control at 24 and 48 h post
A. hydrophila challenge, whereas after 1 week of A. hydrophila
challenge, the LZM was reduced (Figure 2A). PA and PI displayed

FIGURE 1 | The survival rate of Nile tilapia exposed to DLM and challenged
with Aeromonas hydrophila and fed diets with or without LP20 for 30 days.
The survival rate was calculated according to the Kaplan–Meier method on a
daily basis until the 10th day post challenge and expressed as mean ± SE
from triplicate groups. Different letters on each period indicate significant
difference P < 0.05.
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TABLE 3 | Blood biochemical parameters of Nile tilapia exposed to deltamethrin (DLM) and challenged with Aeromonas hydrophila and fed diets with or without LP20 for
30 days.

Item Sampling post infection Control DLM LP20 DLM + LP20

Uric acid (mg/dl) 24 h 1.99 ± 0.01Aa 2.06 ± 0.02Ab 1.94 ± 0.03a 1.99 ± 0.01Aa

48 h 2.09 ± 0.03Bb 2.05 ± 0.03Ab 1.88 ± 0.04a 1.96 ± 0.01Aa

1 week 2.15 ± 0.02Cbc 2.25 ± 0.04Bc 1.92 ± 0.05a 2.07 ± 0.04Bb

Creatinine (mg/dl) 24 h 0.23 ± 0.02Aab 0.36 ± 0.00c 0.19 ± 0.01Ba 0.27 ± 0.01b

48 h 0.26 ± 0.01Bb 0.36 ± 0.01c 0.19 ± 0.01Ba 0.29 ± 0.01b

1 week 0.27 ± 0.00Bb 0.36 ± 0.00c 0.16 ± 0.03Aa 0.29 ± 0.03b

Urea (mg/dl) 24 h 3.90 ± 0.09Ab 4.52 ± 0.03c 3.74 ± 0.09a 4.23 ± 0.10Abc

48 h 3.83 ± 0.02a 4.47 ± 0.02c 3.91 ± 0.02a 4.29 ± 0.10ABb

1 week 3.90 ± 0.01a 4.56 ± 0.02c 3.87 ± 0.02a 4.40 ± 0.06Bb

Bilirubin (mg/dl) 24 h 3.16 ± 0.25Aa 4.12 ± 0.02Ab 2.93 ± 0.01Ba 3.97 ± 0.01b

48 h 3.19 ± 0.16Aa 4.19 ± 0.04Bb 2.92 ± 0.02Ba 4.02 ± 0.01b

1 week 3.71 ± 0.43Bb 4.18 ± 0.03Bb 2.77 ± 0.01Aa 3.93 ± 0.04b

Globulin (g/dl) 24 h 2.37 ± 0.23b 1.57 ± 0.03a 2.71 ± 0.13b 1.91 ± 0.01Aab

48 h 2.30 ± 0.14b 1.54 ± 0.03a 2.68 ± 0.05c 2.23 ± 0.02Bb

1 week 2.38 ± 0.13b 1.50 ± 0.04a 2.69 ± 0.05b 2.19 ± 0.05Bb

Albumin (g/dl) 24 h 1.39 ± 0.18Ab 1.17 ± 0.02Ba 1.69 ± 0.11Ab 1.42 ± 0.04Bab

48 h 1.25 ± 0.07a 1.14 ± 0.02Ba 1.73 ± 0.00Bc 1.42 ± 0.03Bb

1 week 1.26 ± 0.07b 1.10 ± 0.00Aa 1.73 ± 0.01Bc 1.32 ± 0.01Ab

Total protein (g/dl) 24 h 3.76 ± 0.42Bc 2.73 ± 0.05Ba 4.40 ± 0.23c 3.14 ± 0.02Aab

48 h 3.55 ± 0.20b 2.68 ± 0.05Ba 4.40 ± 0.06c 3.55 ± 0.01Bb

1 week 3.64 ± 0.20c 2.59 ± 0.05Aa 4.42 ± 0.04d 3.51 ± 0.04Bb

ALP (U/L) 24 h 76.33 ± 3.04Ba 98.73 ± 0.16Bc 74.28 ± 0.59Ba 83.87 ± 2.04Bb

48 h 77.93 ± 0.60Ca 99.65 ± 0.08Bc 76.27 ± 0.65Ba 85.79 ± 1.47Bb

1 week 71.29 ± 0.58Aa 92.80 ± 0.38Ac 71.93 ± 1.20Aa 81.84 ± 2.59Ab

AST (U/L) 24 h 77.77 ± 4.02Aab 89.94 ± 0.09Ac 68.95 ± 3.61Aa 84.91 ± 0.83Ab

48 h 107.05 ± 4.15Cb 91.13 ± 0.51Bb 85.26 ± 2.25Ba 87.66 ± 1.14Ba

1 week 92.03 ± 1.36Ba 122.60 ± 8.43Cb 97.27 ± 0.61Ca 86.28 ± 0.81Ba

ALT (U/L) 24 h 3.32 ± 0.23Aab 4.13 ± 0.05Ac 3.10 ± 0.05Aa 3.78 ± 0.07Abc

48 h 3.54 ± 0.02Bb 4.49 ± 0.04Bd 3.34 ± 0.04Ba 3.87 ± 0.03Ac

1 week 3.57 ± 0.04Bb 4.73 ± 0.02Bd 3.40 ± 0.02Ba 4.03 ± 0.02Bc

Cortisol (ng/ml) 24 h 63.25 ± 3.01b 78.16 ± 1.05d 56.34 ± 2.63Aa 72.48 ± 0.53Ac

48 h 65.66 ± 1.28b 78.81 ± 0.82d 61.16 ± 0.75Ba 75.40 ± 0.61Bc

1 week 64.12 ± 0.64b 76.66 ± 1.38d 58.84 ± 0.12Aa 71.06 ± 1.63Ac

*Values expressed as means ± SE (n = 3). Capital superscript letters indicate significant differences between groups, while small letters refer to differences within the
same group and among the different sampling periods for each parameter (P < 0.05).

similar results at 24 h post challenge. However, at 48 h and
1 week post A. hydrophila challenge, Nile tilapia fed LP20 and
exposed to DLM (DLM + LP20) had higher PA (Figure 2B)
and PI (Figure 2C) than those under DLM toxicity. Fish fed
the control diet had reduced LZM at 48 h and 1 week post
A. hydrophila challenge compared to fish fed LP20. Also, PA was
substantially increased in fish fed LP20 diet at 48 h and 1 week
post A. hydrophila challenge.

Gene Transcription Profile
After the A. hydrophila challenge, fish exposed to DLM + LP20
displayed upregulated quantities of superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GPx) genes
(Figure 3). Besides, fish exposed to DLM and DLM + LP20
showed downregulated interferon gamma (IFN-γ), interleukin
12 (IL-12), and tumor necrosis factor alpha (TNF-α) gene

expressions (Figures 4A,C,D). However, IL-8 was downregulated
by DLM after the A. hydrophila challenge (Figure 4B). The
transcription of HSP70 displayed increased expression under
DLM toxicity (Figure 5).

Histopathology
The gills of fish fed with the control diet exhibited integral
epithelium with copious mucous cells (Figure 6A). After
A. hydrophila infection (Figure 6B), the blood vessels were
slightly congested, and the apical ends of the secondary
filaments were slightly dilated. The DLM toxicity produced
telangiectasis, engorged blood supply, and inflammatory cell
infiltration (Figure 6C). After infection (Figure 6D), the
secondary epithelium presented deterioration, inflammatory
edema, and increased invasion of leukocytes. In the LP20
treatment (Figure 6E), the gills were similar to the control
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FIGURE 2 | Blood lysozyme activity (A), phagocytic activity (B), and phagocytic index (C) of Nile tilapia exposed to DLM and challenged with Aeromonas hydrophila
and fed diets with or without LP20 for 30 days. Values are expressed as mean ± SE from triplicate groups (nine fish per group). Bars with capital superscript letters
indicate significant differences between groups, while those with small letters refer to differences within the same group and among the different sampling periods for
each parameter (P < 0.05).
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FIGURE 3 | Relative expression of antioxidative genes (SOD, CAT, and GPx) of Nile tilapia exposed to DLM and challenged with Aeromonas hydrophila and fed diets
with or without LP20 for 30 days. Values are expressed as mean ± SE from triplicate groups (six fish per group). Bars with different letters indicate significant
difference from the control group (P < 0.05).

FIGURE 4 | Relative expression of immune-related genes (IFN-γ, IL-8, IL-12, and TNF-α) of Nile tilapia exposed to DLM and challenged with A. hydrophila and fed
diets with or without LP20 for 30 days. Values are expressed as mean ± SE from triplicate groups (six fish per group). Bars with different letters indicate significant
difference from the control group (P < 0.05).
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FIGURE 5 | Relative expression of heat shock protein 70 (HSP70) gene of Nile
tilapia exposed to DLM and challenged with Aeromonas hydrophila and fed
diets with or without LP20 for 30 days. Values are expressed as mean ± SE
from triplicate groups (nine fish per group). Bars with different letters indicate
significant difference from the control group (P < 0.05).

treatment in addition to abundant immune cells. After infection
(Figure 6F), the epithelium remained intact; however, the
immune cells decreased in number. In the co-treated fish
(DLM + LP20) (Figure 6G), the epithelium looked intact with
mononuclear cell permeation. After A. hydrophila infection
(Figure 6H), there was a slight telangiectasis with a little
infiltration of immune cells.

The intestinal villi of the control fish exhibited normal
structure and were formed of integral absorptive cells with
goblet cells in between (Figure 7A). Post A. hydrophila infection,
the intestine displayed stunted villi with degenerated and
desquamated enterocytes (Figure 7B). DLM caused congestion
of the apical part of the villi with augmented goblet cells
(Figure 7C). Post A. hydrophila infection, there were stunted
villi with severe edema, degeneration, and desquamation of
enterocytes in addition to lymphoepithelium in the intact
region of the villi (Figure 7D). In the LP20 fish (Figure 7E),
the intestinal structure was similar to the control fish with
increased length of intestinal villi and lymphoepithelium. After
infection, the intestinal mucosa remained intact with some
vacuolation and degeneration (Figure 7F). In the fish co-treated
with DLM + LP20, the villi exposed some degeneration with
desquamation in the apical region (Figure 7G). After infection,
the apical part of dwarfed villi was congested while the connective
tissue cores of villi were invaded with lymphocytes that migrated
in the epithelium, making the lymphoepithelium (Figure 7H).

The hepatopancreas in the control and LP20-fed fish
(Figures 8A,E) revealed intact hepatocytes that organized in
cords separated by blood sinusoids and typical pancreatic
acini. The infection triggered fatty degeneration of hepatocytes,
congestion of blood sinusoids, and slight degeneration of
pancreatic cells (Figure 8B). The post-infected LP20-fed fish
presented minor congestion of blood sinusoids (Figure 8F).
The DLM-exposed fish revealed deterioration of hepatic and
pancreatic cells and the appearance of melanomacrophages
(Figure 8C). After infection, the liver was similar to that of
fish exposed to DLM in addition to dilated blood sinusoids,
lymphocytic permeation, and increased melanomacrophages

FIGURE 6 | Histomicrograph of gills of Nile tilapia subjected to four treatments
(control, DLM, LP20, and DLM + LP20) before (A,C,E,G) and after (B,D,F,H)
infection. In panels (A,E,G), the gills show normal histological structures
including primary filaments (PF), secondary filaments (SF), and mucous cells
(black arrowhead) between the secondary filaments. The toxic effect of DLM
(C) causes telangiectasia (black arrow) of the secondary filaments, congestion
of blood vessels (bv) of primary filaments, and leukocytic cell infiltration (blue
arrowhead). In the post-infected groups, the histopathological effect became
more severe in the DLM group [the red arrow in panel (D) refers to
degeneration and separation of the secondary epithelium] followed by the
control group, while panels (F,H) showed normal histological structures due to
the effect of LP20. Stain H&E. Bar = 100 µm.

(Figure 8D). The hepatopancreas in DLM + LP20 fish
(Figure 8G) revealed protuberant lymphocyte infiltration. After
infection, a slight fatty degeneration of the hepatic cells appeared
with slightly congested blood sinusoids (Figure 8H).

The histological image of the spleen in both control and
LP20-fed fish (Figures 9A,E) displayed regular red and white
pulps and normal blood sinusoids. The melanomacrophage
center was conspicuous in the LP20-fed fish (Figure 9E).
After infection occurred in both treatments (Figures 9B,F), the
melanomacrophages were increased, but the degenerated cells
were obvious only in the post-infected control fish (Figure 9B).
The DLM toxicity triggered a severe lymphocytic infiltration with
dispersed melanomacrophages (Figure 9C). The infection of the
DLM-exposed fish instigated severe deterioration of splenic cells
and edema. The melanomacrophage centers were also present
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FIGURE 7 | Histomicrograph of the intestine of Nile tilapia subjected to four
treatments (control, DLM, LP20, and DLM + LP20) before infection (A,C,E,G)
and after (B,D,F,H) infection. Panel (A) shows normal histological structures
including the intestinal villi (V) lined by enterocytes with goblet cells (red
arrowhead), lamina propria submucosa (LP), tunica muscularis (M), and tunica
serosa (S), while the post-infected group (B) shows degeneration and
necrosis of the apical half of the villi with desquamated enterocytes (black
arrow) with lymphoepithelium (yellow arrowhead). The toxic effect of DLM (C)
causes congestion of the apical part of the villi with increased goblet cells (red
arrowhead) and lymphoepithelium (yellow arrowhead), while the post-infected
group (D) shows severe edema (blue arrowhead), degeneration and
desquamation of enterocytes (black arrow), and lymphoepithelium (yellow
arrowhead). The LP20 group shows increased length of the villi, while the
post-infected group (F) shows intact villi with pyknotic nuclei of the apical
enterocyte (black arrow) with lymphoepithelium (yellow arrowhead) and
immune cell infiltration (green arrowhead). In panel (G), the intestinal villi are
intact and appeared normal except some degeneration and desquamation in
the apical region of the villi (black arrow), while the post-infected group (H)
shows stunted growth with lymphoepithelium (yellow arrowhead) and
mononuclear cells (green arrowhead). Stain H&E. Bar = 100 µm.

(Figure 9D). The DLM + LP20 treatment (Figure 9G) revealed
a little disintegration with apparent melanomacrophage centers,
but after infection, there were minor vascular congestion, edema,
and lymphocytic infiltration (Figure 9H).

DISCUSSION

The obtained results showed that dietary L. plantarum (LP20)
allowed Nile tilapia to overcome the negative impacts induced

FIGURE 8 | Histomicrograph of the liver of Nile tilapia subjected to four
treatments (control, DLM, LP20, and DLM + LP20) before (A,C,E,G) and after
(B,D,F,H) infection. Panel (A) shows intact hepatocytes that arranged in cords
separated by blood sinusoids (H), and the pancreatic acini appeared normal
with a basophilic basal part and eosinophilic apical part (P). Panel (B) shows
fatty degeneration of hepatocytes, congested blood sinusoids (red
arrowhead), and degenerated pancreatic cells (white arrow). The toxic effect
of DLM (C) causes degeneration of hepatocytes with pyknotic nuclei (black
arrow), degenerated pancreatic cells (white arrow), and melanomacrophages
(yellow arrowhead). The DLM post-infected group shows degeneration of
hepatic (black arrow) and pancreatic (white arrow) cells, dilated blood
sinusoids (red arrowhead), melanomacrophage center (yellow arrowhead),
and leukocytic infiltration (green arrowhead). LP20 improves the normal
appearance of the hepatopancreas (E), while post-infection decreases
histopathological deviation except slight degeneration of hepatocytes (black
arrow). In panel (G,H), the hepatopancreas retains its normal structure in
either the hepatic (H) or pancreatic part (P) with immune cell infiltration (green
arrowhead) before infection and slight fatty degeneration (black arrow) post
infection. Stain H&E. Bar = 100 µm.

by DLM toxicity and A. hydrophila infection. On the 10th day
post A. hydrophila challenge, fish fed with control, LP20, and
DLM + LP20 displayed higher survival rates than fish exposed
to DLM. The study indicates that LP20 is a crucial factor
for protecting Nile tilapia from A. hydrophila infection in the
presence of DLM toxicity. No earlier reports examined the role
of LP20 against A. hydrophila in fish; however, Van Nguyen et al.
(2019) stated that Nile tilapia fed LP20 exhibited lower mortality
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FIGURE 9 | Histomicrograph of the spleen of Nile tilapia subjected to four
treatments (control, DLM, LP20, and DLM + LP20) before (A,C,E,G) and after
(B,D,F,H) infection. The control group (A) shows normal architecture of red (R)
and white (W) bulbs and normal blood sinusoids, while the post-infected
group (B) shows degenerated cells (black arrow), dilated blood sinusoids (red
arrowhead), and melanomacrophages (yellow arrowhead). DLM (C) shows
distributed degeneration (black arrow) in both white and red bulbs, while the
post-infected DLM group (D) shows degeneration (black arrow), dilated blood
sinusoids (red arrowhead), and melanomacrophage center. LP20 (E) shows
normal architecture with distributed melanomacrophage centers (yellow
arrowhead), while the post-infected group (F) shows normal red and white
bulbs with dilated blood vessels (red arrowhead) and leukocytic infiltration
(green arrowhead). LP20 added with DLM (G) shows increased
melanomacrophage centers (yellow arrowhead) and slight degeneration (black
arrow), while the post-infected group shows leukocytic infiltration (green
arrowhead) besides the increased melanomacrophage centers (yellow
arrowhead). Stain H&E. Bar = 100 µm.

when infected with S. agalactiae. Probiotics in their heat-killed
form enhances the intestinal immunity through the adhesion in
the innate defense system and increase in the colonization of
beneficial bacteria in the gastrointestinal tract (GIT) (Dawood
et al., 2020c), which compete with the pathogenic bacteria and
in turn increase the resistance against pathogens (Liu et al., 2016;
Van Nguyen et al., 2019).

During exposure to toxins, the kidney loses its function
by lowering glomerular filtration and catabolic protein rates
followed by unregulated secretion of urea, uric acid, and

creatinine (Jyothi and Narayan, 1999; Akturk et al., 2006). In
this study, DLM toxicity and A. hydrophila infection caused the
high secretion of urea, uric acid, creatinine, albumin, ALT, AST,
and ALP. Nevertheless, Nile tilapia fed LP20 showed regulated
levels of these values, ensuring the healthy status of the renal and
hepatic tissues in fish fed LP20. Similarly, Nile tilapia exposed
to DLM showed high activities of ALT, AST, and ALP (Dawood
et al., 2020d). Concurrently, blood total protein and globulin
were reduced by DLM and A. hydrophila but improved by LP20.
The obtained results illustrated the importance of using LP20
to enhance the immune capacity of Nile tilapia under toxicity
conditions (Ellis et al., 1981).

Exposure of fish to DLM also increased the level of cortisol,
while feeding with LP20 presented reduced levels. The cortisol
hormone can alleviate the stress effect through the secretion of
glucose as a supplier of energy to manage the side effects of stress.
Therefore, the increased cortisol level indicates stress induced by
DLM toxicity in Nile tilapia, while LP20 lowered the stressful
effect. Similarly, fish fed LP20 displayed increased resistance
against stress via modulating the secretion of the cortisol
hormone (Van Nguyen et al., 2019; Dawood et al., 2020d).

Serum PI, PA, and LZM were enhanced by LP20, while
DLM decreased the activities at 24 h, 48 h, and 1 week
post A. hydrophila challenge. Similarly, probiotics increased
significantly the LZM of serum in fish (Chen et al., 2015).
Furthermore, Van Nguyen et al. (2019) and Dawood et al.
(2020d) observed that PA and LZM levels were elevated in
LP20-fed fish. Concurrent with these results, fish delivered
LP20 had upregulated IL-8 and IL-12 gene expressions, but
fish exposed to DLM displayed downregulated IL-8 and IL-
12 gene expressions. The improved PA and LZM levels and
IL-8 and IL-12 gene expressions probably occurred because of
the role of LP20 on macrophages through continuous feeding,
which led to the accumulation of nutrients in the fish and, in
turn, to the activation of the macrophages to produce lysozyme
and interleukins (Xu et al., 2016). Besides, fish fed LP20 and
exposed to DLM and A. hydrophila infection had enhanced IFN-
γ gene expression that can be considered a pro-inflammatory
cytokine regulated by an IL-12 precursor (Striz et al., 2014).
Concurrently, Dawood et al. (2020d) reported upregulated IFN-γ
gene expression in fish fed LP20 and exposed to DLM, referring to
a pro-inflammatory potential of LP20 to alleviate the impairment
induced by DLM and A. hydrophila. The functionality of LP20
as an immunostimulant agent is probably attributed to its high
content of peptidoglycan and lipopolysaccharides, which can
promote T lymphocytes (Hasan et al., 2019). Therefore, the
reduced mortality rates of fish exposed to DLM and infected
with A. hydrophila is associated with the enhanced immunity and
pro-inflammatory cytokines by dietary LP20.

The overexpression of HSP70 is a stress response (Jun
et al., 2015). The existing study demonstrated that the HSP70
transcription was increased in Nile tilapia subjected to DLM.
At the same time, LP20 resulted in low expression of HSP70,
which verifies that LP20 acts efficiently in balancing HSP70 in
Nile tilapia under DLM toxicity and A. hydrophila infection. The
toxicity with DLM and infection with A. hydrophila induced
severe inflammatory characteristics in the intestine, liver, gills,
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and spleen of Nile tilapia, as shown in the histopathological study.
This inflammation is also confirmed through the upregulation of
the inflammatory genes (TNF-α and IFN-γ) and stress-involved
gene (HSP70). Xenobiotics and toxins are primarily absorbed
by the gills, and the skin of the fish body then can reach the
remaining tissues (Ahmadifar et al., 2020). Once the intestine
is attacked by the toxicity of such toxins (e.g., DLM), it will
lose its function in absorbing nutrients, and the local immunity
will be suppressed (Kim and Ho, 2010; Gipson, 2016). The liver
detoxifying the toxins from the body of fish and the overdose
of toxicity induce impaired liver function and inflammation
(Groschwitz and Hogan, 2009; Ma et al., 2015). The spleen also
showed inflammatory features caused by DLM and A. hydrophila
infection, which can be attributed to the suppressed immunity
in the spleen. Attractively, the incorporation of LP20 in Nile
tilapia diets resulted in alleviating the inflammation in the gills,
intestine, liver, and spleen. These results soundly supported the
potential influence of LP20 to enhance the immunity and anti-
inflammation caused by DLM and A. hydrophila infection in
Nile tilapia. LP20 has abundant peptidoglycans that induce an
immunostimulant role in the intestinal barriers (Dawood et al.,
2016). Consequently, damage of the intestinal mucosal barrier
owing to DLM toxicity and A. hydrophila infection may be
one cause of the tissue lesions detected in the liver, spleen,
gills, and intestine tissues of the Nile tilapia. Overproduction
of reactive oxygen species (ROS) is also expected to impair the
tissues of Nile tilapia body, which has been confirmed by the
histopathological study in the current study (Rjeibi et al., 2016).
However, LP20 feeding helped in protecting fish gills, intestine,
spleen, and liver tissues, maybe by alleviating the role of ROS
via enhanced antioxidative and proinflammatory responses. The
SOD, CAT, and GPx genes are related to the capacity of fish
to scavenge the excessive ROS, which generates during stress,
toxicity, and outbreaks (Aliko et al., 2018; Dawood et al., 2020e).
The toxicity with DLM decreased SOD, CAT, and GPx gene
transcription, while LP20 feeding increased SOD, CAT, and GPx
gene expressions under A. hydrophila infection. The results can
explain the improved antioxidant status in the liver of DLM-
stressed Nile tilapia treated with LP20 in this experiment. The
cross talk between the antioxidant status and immunity is the
main reason to increase fish resistance against DLM toxicity
and A. hydrophila infection. In this sense, the inclusion of LP20
boosted the resistance of Nile tilapia against DLM toxicity by
increasing the transcription of immune-related genes (Petit and
Wiegertjes, 2016; Dawood et al., 2019; El-Murr et al., 2019). In
this regard, Nile tilapia fed LP20 showed enhanced immunity and
antioxidant capacity to cope with DLM toxicity (Dawood et al.,
2020d). However, the present study investigated the role of LP20
in fish under DLM toxicity and A. hydrophila infection.

The obtained results reflected the harmful impact of DLM on
blood health and inflammatory features, which can be attributed
to the effects of DLM in breaking down the ability of blood
cells to carry oxygen to the whole-body tissues. Correspondingly,
fish are suffering from anemia, hemolysis, oxidative stress, and
lipid peroxidation. More specifically, dietary LP20 supported Nile
tilapia during DLM toxicity by reducing the oxidative stress
and inflammation and increasing its ability to carry oxygen to

reduce hemolysis. Concurrent with the present study, Dawood
et al. (2020d) stated that LP20 mitigated the impacts of DLM on
Nile tilapia via improving the immune and anti-inflammatory
responses. Based on that, fish displayed improved resistance
against A. hydrophila infection.

The nervous system (brain) is the target/prime organ
affected by DLM toxicity (Saoudi et al., 2017). Although DLM
pesticide is known for the induction of several neurotoxic
effects by inhibiting acetylcholinesterase activity or incrementing
acetylcholine in the brain of several fish species (Ajima et al.,
2017; Singh et al., 2018), in the present study, the toxic impacts
of DLM were tested in the gills, intestine, liver, and spleen
tissues due to the challenge with A. hydrophila, which reduces
the targeted immunity tissues. The combined stressors of DLM
toxicity and A. hydrophila challenge suggested that other tissues
rather than the brain can be impaired, which was very clear in
the present study.

CONCLUSION

Nile tilapia exposed to DLM toxicity and A. hydrophila infection
had suppressed immunity and antioxidant capacity. Moreover,
the histopathological study revealed that DLM toxicity and
A. hydrophila infection induced inflammatory alterations in
the gills, intestine, spleen, and liver tissues. Dietary LP20
alleviated the inflammatory features caused by DLM toxicity and
A. hydrophila by regulating immune-related genes.
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