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This study was designed to appraise the effect of licorice herbal supplement on the
immune status of rainbow trout fingerlings. Accordingly, five diets were formulated with
different levels of licorice extract (LE) including O (control), 0.5g kg~' (LE0.5), 1g kg™’
(LE1),2gkg~" (LE2), and 3gkg~" (LE3). The fingerlings (10.0 # 0.1 g initial mean weight)
received the diets in triplicates (30 fish in each replicate) for 56 days. The results showed
that the white blood cells and their differential number (lymphocytes and monocytes)
were remarkably increased by LE2 supplementation (P < 0.05). The oral administration
of LE2 significantly increased the levels of serum immunoglobulin (Ig), lysozyme activity,
and complement components (C3 and C4) compared with others. Meanwhile, the serum
bactericidal activity against Yersinia ruckeri in LE2 and LE3 treatments was significantly
higher than others except for LE1 (P < 0.05). In addition, serum alternative complement
activity significantly improved in all treated groups except LEO.5 compared with the
control group (P < 0.05). In terms of skin mucosal immunity, the fish fed with LE2 and
LES diets exhibited notably higher lysozyme activity, alkaline phosphatase activity, and Ig
value than other groups (P < 0.05). The highest skin mucus bactericidal activity against
Y. ruckeri was obtained in LE2 treatment (P < 0.05). In addition, dietary LE2 significantly
increased the relative expression of immune-associated genes including tumor necrosis
factor-a, interleukin-18, interleukin-8, and IgM and the former treatments showed higher
values than the control group. The cumulative mortality of fish against Y. ruckeri infection
was notably reduced from 53.6% in the control group to 29.0% in LE3 treatment. Overall,
the dietary administration of LE at 2 g kg~ had the best effects on immunocompetence
in rainbow trout.
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INTRODUCTION

Over the past decade, the global production of rainbow trout
(Oncorhynchus mykiss) has grown significantly and nearly
doubled. However, the immune system of fish can be suppressed
by various stressors in captivity conditions, and the emergence
of infectious diseases has hampered the growth performance
and survival rate of rainbow trout in aquaculture sectors (1).
It has been widely proven that the improvement of aquafeed
plays a chief role in fish health status (2-4). Therefore, a
healthy balanced diet should not only be formulated based on
the essential requirements of aquatic animals but should also
contain some ingredients to ameliorate the overall performance
of fish in captivity (5-7). In this regard, several functional
feedstuffs such as acidifiers, probiotics, and medicine plants with
diverse biological activities such as antioxidant and immune-
boosting properties have entered into aquaculture nutrition
(8-11). In recent years, there has been increasing attention
to the use of herbal supplements in aquaculture due to
their high potency (i.e., availability, relatively low price, easy
processing, and eco-friendly) (8-11). In fact, herbal supplements
display immunostimulatory effects on the host due to several
bioactive compounds that are unique for each medicinal plant
species (12).

Licorice, Glycyrrhiza glabra, is a medicinal plant belonging
to the Fabaceae family and native to the Mediterranean,
southern Russia, and Asia. In addition, it is cultivated
throughout Europe, the Middle East, and Asia (13). The roots
are the most important part of the plant, which is widely
used in the pharmaceutical, health, and food industries (13,
14). Flavonoids, glycyrrhizinic acid (glycyrrhizin), glabridin,
liqueurite, and liqueurizine are the main biomolecules of the
roots, which have potential antimicrobial, anti-inflammatory,
antihepatotoxic, antimutagenic, and antioxidant effects (14-
17). Recent studies have found that dietary licorice roots
can boost the non-specific immune system in several fish
species, such as common carp, Cyprinus carpio (18), and Nile
tilapia, Oreochromis niloticus (19). Moreover, other findings
showed that licorice root powder enhances hepatoprotective
and anti-stress effects in aquatic animals (20, 21). Herbal
extract supplements have become more common in aquaculture
nutrition than botanical powders due to higher absorption
rates, higher bioactive compounds, and lower dietary dosage
to meet the medicinal benefits. As with most plant extracts,
licorice root extract has more potency and consistency than
the powder form due to higher bioactive phytochemicals,
especially glycyrrhizin (22). However, the information about
the dietary effects of licorice root extract on immunological
defense mechanisms in fish or shellfish is scarce. Therefore,
in this research, the influence of dietary licorice extract (LE)
was evaluated for the first time on the immune system (skin
mucus and serum immune responses), the expression of related
genes, and Yersinia ruckeri resistance in rainbow trout as
one of the most widely introduced species in the finfish
aquaculture industry.

MATERIALS AND METHODS

Plant Hydro-Alcoholic Extraction Process
The dried and cleaned rhizomes and roots of licorice (G. glabra)
were prepared from Dineh Company, Tehran, Iran. Then, they
were pulverized into a fine powder (0.2 mm) using a grinder.
Then, the powder (300g) was soaked in 70% ethanol (1.5L)
at 4°C, and the mixture was stirred periodically. After 72h,
the mixture was filtered by Whatman No. 1 paper. The solvent
(ethanol) was removed by vacuum rotary method at 90 rpm at
50°C. A final 50 ml of concentrated extract was obtained from
300 g of dried rhizomes. Finally, the extract was dried at room
temperature and then stored in a refrigerator until use (23).

Experimental Diets

The basal diet (42.5% protein, 16.4% fat, and 9.6% ash) was
prepared by mixing the dry ingredients including 42% fish meal,
20.8% soybean meal, 16.8% wheat flour, 6% Kilka fish oil, 4%
soybean oil, 2% mineral premix, 2% vitamin premix, 1% cellulose,
0.3% phytase, 0.1% DL-methionine, and 0.2% antioxidant. To
make five experimental diets, different levels of LE including 0
(control), 0.5gkg ™! (LE0.5), 1 gkg ™! (LE1),2gkg ! (LE2),and
3gkg™! (LE 3) along with 250 ml of distilled water were mixed
with the feed stuffs for each experimental group. In the next step,
the prepared paste was turned into pellets using a meat grinder
(Pars Khazar, Tehran, Iran; 3-mm die), and then, the produced
pellets were dried at room temperature using a conventional fan
until their moisture content reached below 10%.

Experimental Fish

In this study, 500 rainbow trout fingerlings were purchased
from a private farm in Firuzkuh (Tehran, Iran) and transferred
alive to the Khojir Research Station (Tehran, Iran). The fish
health was checked by examining their physical appearance
and behavior such as skin color, swimming style, eye and gill
status, abnormalities in the spine, fin rot, and external parasitic
contaminations. Before the start of the feeding trial, the fish were
stored for 2 weeks in circular tanks (1,000 L) to acclimate to new
conditions (water temperature of 15.0-15.8°C, dissolved oxygen
of 7.5-8.5mg L~!, and pH 7.2-7.8), and they were fed with
the basal diet. At the end of 14 days, 450 rainbow trout (mean
weight &= SD; 10.0 £ 0.1 g) were distributed in 15 square concrete
tanks (700 L; 30 fish in each tank) with a 0.3L s~! water flow
rate. During the rearing period, feeding was done three times a
day (8:30, 12:30, and 16:30) on the basis of apparent satiety for
56 days.

Blood and Epidermal Mucus Sampling

At the end of the rearing period, the fish were deprived of feed
for 24 h and three fish were randomly caught from each tank and
then anesthetized with clove powder (150 mg L~!). Then, 2 ml of
blood was taken from each rainbow trout using a syringe from the
caudal vein. To measure hematological parameters, a part of the
individual blood sample was transferred to a heparinized tube.
The other part was transferred to a non-heparinized tube and

Frontiers in Veterinary Science | www.frontiersin.org

February 2022 | Volume 9 | Article 811684


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Darvishi et al.

Dietary Licorice Extract in Rainbow Trout

kept in the refrigerator for 4 h (for clotting) and then centrifuged
at 3,000 x g for 15 min at4°C. The collected supernatants (serum)
were stored at —80°C for further analysis.

To measure mucosal immune parameters, three fish were
randomly caught from each tank and individually placed in
polyethylene bags containing 2 ml of chloride sodium (50 mM).
The fish was gently rubbed for ~2min, the skin mucus was
collected and centrifuged at 1,500 xg for 10 min, and then the
supernatants were transferred to sterile tubes and kept at —80°C
for further experiments (24).

Blood and Skin Mucus Immune Parameters
White blood cells (WBCs) were calculated using a
hemocytometer slide on the basis of the method of Martins
et al. (25). In addition, the differential count of WBC including
neutrophils (Neu), lymphocytes (Lym), monocytes (Mono), and
eosinophils (Eos) was performed by preparing and staining the
blood smear according to the method recommended by Borges
etal. (26) under an optical microscope (Alphaphot-2 YS2, Nikon,
Japan). The total protein (TP) values of the skin mucus and
serum samples were estimated using the method described by
Lowry et al. (27).

Total immunoglobulin (Ig) of the serum or skin mucus sample
was measured according to the method previously recommended
by Siwicki and Anderson (28), in which the amount of Ig was
calculated by subtracting the protein concentration of the sample
before and after the addition of polyethylene glycol.

The serum or skin mucus lysozyme (LYZ) activity was
measured according to the protocol described by Ellis (29) using
the turbidimetric method. For this purpose, 50 11 of the serum or
skin mucus sample was mixed with 2 ml of bacterial suspension
along with citrate-phosphate buffer (0.2mg ml~! in a 0.05M
sodium phosphate buffer, pH 6.2). Then, the rate of reduction
of light absorption of each sample up to 15 min at 450 nm was
measured by an ELISA reader (800 TS, BioTek Instruments
Inc., USA). The amount of LYZ activity in each serum or
mucus sample was calculated using the standard egg white LYZ
curve (Sigma-Aldrich).

Serum alternative complement activity (ACH50) was
measured on the basis of the method described by Yano (30)
using sheep red blood cell hemolysis. The volume yielding 50%
hemolysis was estimated and, in turn, used for quantifying
the complement activity of the serum. In addition, the serum
complement components (C3 and C4) and skin mucus alkaline
phosphatase (ALP) were measured using the relevant commercial
diagnostic kits for fish (Hangzhou Eastbiopharm Co., Hangzhou,
China) by a clinical automated blood analyzer (Prestige 24i,
Tokyo Boeki, Japan) as previously used for rainbow trout (31).
Serum and mucus bactericidal activity (BA) against Y. ruckeri
(KC291153; isolated from infected rainbow trout and maintained
at the Faculty of Veterinary Science, University of Tehran, Iran)
was evaluated according to the method described by Fazelan et al.
(32). In brief, the bacterium was cultivated in a nutrient broth,
washed, and suspended in phosphate-buffered saline (PBS). The
optical density of the bacterial suspension was adjusted to 0.5
at 600 nm (33). This suspension was serially diluted five times
(1:10) by PBS. Afterward, 20 pl of the serum and 100 pl of

the mucus were added to 2 |l of the bacterial suspension and
incubated at 22°C for 1h. In addition, PBS (20 1) was used as
the control. Finally, the samples were cultured on trypticase soy
agar medium at 22°C for 24 h, and the grown colonies on the
plates (in triplicates) were counted to determine BA against Y.
ruckeri as logjo colony-forming unit (CFU) ml~!.

Gene Expression Study

To evaluate the expression of the immune-related gene, three
fish were randomly taken from each tank, and after euthanasia
with clove powder, the anterior kidney was removed on ice and
immediately stored at —196°C in sterile tubes. In the Genetic
Laboratory of Zakariya-Razi Complex Center (Science and
Research University, Tehran, Iran), 100 mg of the head kidney
was ground, transferred to sterilized tubes, and subjected to the
total RNA extraction process via an RNX-Plus kit® (SinaClon
Co., Tehran, Iran) according to the manufacturer’s instructions.
Besides, DNase (Invitrogen, USA) was used to remove possible
genomic DNA in the extracted RNA. The extracted RNA was
stored at —80°C until the synthesis of cDNA. For this purpose,
a cDNA synthesis kit (GeNet Bio Co., Daejeon, South Korea)
was used. Accordingly, 2 pl of the template RNA was transferred
to a 0.2-ml tube, and oligonucleotide reagents and primers were
added. Then, the mixture was incubated at 44°C for 60 min. In
the next step, the reaction was subjected to 75°C for 5min to
inactivate the cDNA degrading enzymes. The volume of solution
containing the synthesized cDNA was adjusted to 20 pl (34).

Quantitative real-time PCR was carried out using a SYBR
Green Master Mix kit (GeNet BIO Inc., Daejeon, South Korea) in
a real-time thermal cycler (Rotor-Gene Q, QIAGEN, Germany).
The thermal profile for the reactions consists of 2 min at 94°C
for initial denaturation; then 40 cycles for 30s at 94°C, 30s at
62°C, and 45 s at 72°C for annealing temperature; and one cycle
for 5 min at 70°C for the final extension.

The intensity of fluorescence at the end of each cycle was
recorded by the qPCR device (Rotor-Gene Q). B-actin gene
was used as a reference gene to normalize the expression of
the target genes. The primers used in this experiment were
designed using Primer3 online software version 0.4 (Table 1).
The relative expression of candidate genes in different treatments
was performed on the basis of the 2742t method.

In vivo Fish Infection Model

After the feeding trial, the resistance of the remaining fish against
Y. ruckeri (KC291153), the cause of red mouth disease in rainbow
trout, was evaluated for 10 days. In summary, the fish from
different treatments (N = 10) were transferred into 15 circular
fiberglass tanks (150 L) located in the Research Station laboratory
under the isolated and quarantined conditions. A dose of 1 x 107
bacterial cells/ml [based on the median lethal dose (LDs) test]
in PBS was prepared from Y. ruckeri using standard McFarland
tubes, and the fish were injected intraperitoneally (0.1 ml per
fish). The fish were fed with the experimental diets during the
challenge text. The mortality and clinical signs of the infected
fish were recorded daily. In addition, the standard bacteriological
culture was performed on the kidney tissue samples of all dead
fish to confirm the cause of death due to the pathogenic bacteria.
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The cumulative mortality was calculated on the basis of the
following equation:

Cumulative mortality (%) = (total number of dead fish/ total
number of stocked fish) x 100.

Statistical Analysis

First, the homogeneity and normality of the data were
investigated using the Levene’s test and Kolmogorov-Smirnov
test, respectively. Then, the data were analyzed by ANOVA
using SPSS software (version 20). The mean comparison between
different treatments was determined on the basis of the Tukey’s
multiple-range test at 5% probability level (P < 0.05).

RESULTS

Total and Differential Leukocyte Counts

Cellular immune responses of rainbow trout at the end of the
feeding trial are presented in Table 2. The WBC count in the
groups fed with LE1 and LE2 diets was significantly higher than
LE0.5 and the control groups (P < 0.05). In addition, Lym
and Mono percentages in the fish fed with dietary LE2 were
remarkably higher than those receiving the diet free from LE

TABLE 1 | Sequences of the oligonucleotide primers used in this study for
real-time gPCR".

Gene Primer sequences Efficiency Accession
(F/W forward and reverse primers) (%) number

TNF-a F: GGGGACAAACTGTGGACTGA 98.0 AJ277604.2
R: GAAGTTCTTGCCCTGCTCTG

IgM F: ACCCTCCTCTTGGTCGTTTC 96.7 S63348
R: TGATGACACCAACAGCAACA

IL-1 B F: ACATTGCCAACCTCATCATCG 97.1 AJ223954.1
R: TTGAGCAGGTCCTTGTCCTTG

IL-8 F: AGAATGTCAGCCAGCCTTGT 96.6 AJ279069
R: TCTCAGACTCATCCCCTCAGT

B-actin F: ACATCAAGGAGAAGCTGTGCTAC 97.8 AB196465

R: TACGGATGTCCACGTCACAC

*TNF-a, tumor necrosis factor o, IgM, immunoglobulin M; IL-1, interleukin-18, IL-
8, interleukin-8.

(control diet). Conversely, the lowest percentage of neutrophils
belonged to the trout fed a diet containing LE2, which recorded a
significant decrease compared with the control fish (P < 0.05). In
the case of eosinophils, no significant differences were recorded
between the different experimental groups (P > 0.05).

Serum Immune Parameters

As shown in Figure 1, the serum immune responses were affected
by different levels of LE in rainbow trout. The fish fed with
LE2 diet indicated significantly higher Ig, LYZ, C3, and C4
values than other treatments (P < 0.05). In addition, TP was
remarkably higher in fish fed diets supplemented with LE2
and LE3 than other groups (P < 0.05). ACH50 activity was
significantly enhanced in response to diets treated with LEI,
LE2, and LE3, whereas no significant differences were observed
between LEO0.5 treatment and the control group (P > 0.05).
Furthermore, the BA was significantly increased in the serum
of the fish treated with dietary LE, and the strongest reduction
of Y. ruckeri counts was recorded in the fish fed with LE2 and
LE3 diets.

Skin Mucus Immune Parameters

Figure 2 displays the effect of different levels of LE on the
skin mucosal immunity of rainbow trout. The supplemented
diets with LE2 and LE3 significantly enhanced the levels of
LYZ activity, Ig, and TP values (P < 0.05). The highest level
of ALP was determined in the fish treated with LE2 diet, and
other treatments showed intermediate values and a significant
difference compared with the control group (P < 0.05). The fish
fed LE2 showed a higher value of mucus BA compared with other
groups (P < 0.05). The control group, on the contrary, had the
lowest mucus BA against Y. ruckeri.

Immune-Related Gene Expression

Expression of immune-related genes was significantly
upregulated by LE dietary supplementation (Figure3). The
expression of IL-18, IgM, and TNF-a genes was significantly
increased in LE2 group (P < 0.05). In addition, the treated fish
with LE2 and LE3 diets significantly indicated a higher level of
IL-8 gene expression, when compared with the control group
and LEO0.5 treatment (P < 0.05).

TABLE 2 | Blood cell response of rainbow trout fed with diet containing different levels of licorice extract (LE) for 56 days*.

Leukogram variables

Treatments (g kg~')

Control LEO.5 LE1 LE2 LE3
WBC (x 10 ul=7) 21.55 4 0.01° 25.61 + 0.02° 25.80 + 0.082 25.83 4 0.082 25.69 + 0.06%
Neu (%) 17.00 + 1.002 16.33 + 1.532 16.33 + 0.582 12.00 + 2.00P 15.33 + 0.58?
Lym (%) 76.33 + 1.53° 77 £1.00° 77.33 £1.53° 80.00 + 1.002 77.33 £ 1.53°
Mono (%) 5.33 4+ 0.58° 6.33 &+ 1.15% 6.38 4 0.58% 7.67 + 0.582 7.00 + 1.002
Eos (%) 0.67 + 0.582 1.00 + 0.662 0.67 4+ 0.582 0.33 + 0.58° 0.33 +0.852

*Different letters in each column show significant differences among the experimental groups (P < 0.05). Value are showed as mean + SD (n = 3). WBC (g), white blood cells; Neu,

neutrophils; Lym, lymphocytes; Mono, monocytes; Eos, eosinophils.
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FIGURE 1| Evaluation of the serum immunological values of total immunoglobulin (Ig) (A), lysozyme activity (LYZ) (B), complement component 3 (C3) (C),
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Challenge Test 0.5g kg~!. In addition, the highest percentage of mortality was

The trend of rainbow trout mortality during 10 days of
experimentally challenged with Y. ruckeri infection is shown in
Figure 4. A significant reduction (P < 0.05) in the mortality was
observed in the fish fed with LE at higher concentrations than

recorded in the control (53.66%) and 0.5 g kg_1 LE (50.00%) at
the end of the bacterial challenge test. However, the mortality was
started with a delay of 1 day (fourth day) in the groups of 2 and
3g kg™ LE. The lowest mortality was observed in the fish fed
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FIGURE 4 | The cumulative mortality of rainbow trout fingerlings fed with different levels of licorice extract (LE) supplemented diets after experimentally challenged with
Yersinia ruckeri for 10 days. Bars assigned with the same superscripts are not significantly different (P > 0.05). Values are presented as the mean + SD (n = 3).
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with LE2 diet (29%), which was not significantly different from
LE3 treatment (33.66%; P > 0.05).

DISCUSSION

The application of feed supplements to improve the immune
system of aquatic animals can reduce the economic losses due
to infectious diseases outbreak in aquaculture sectors. In this
regard, traditional plants are considered a common strategy
to boost the immune system according to their remarkable
antimicrobial, antioxidant, and therapeutic properties (3, 5, 7).
Licorice is one of the most important medicinal plants and can be
effective as a strong immunostimulant, which is also supported
by our results on rainbow trout. However, the indicators of
immunocompetence at the highest dietary LE level were slightly
decreased compared with the fish belonging to LE2 treatment.
This outcome may be associated with various factors such
as the presence of anti-nutritional factors (saponin), allergic
reactions, hyperglycemia, excessive excretion of potassium ions,
and elevated plasma pH by consuming a high level of licorice
(5, 20). However, finding the accurate mechanisms of the above
topic in fish requires extensive studies in the future.

Improving leukocytes quantity and differential count is one
of the vital parameters in the specific and non-specific immune
system of fish that can be beneficially affected by adding herbal
supplements in the diets (2, 4, 35, 36). On the basis of the
results, the highest number of total leukocytes was observed in
LE-added groups, which was significantly higher than the control
group. The bioactive compounds in licorice (more than 20
triterpenoids and nearly 300 flavonoids), especially glycyrrhizin,
18B-glycyrrhetinic acid, licochalcone A and E, glabridin, and
liquiritigenin, exert strong antimicrobial properties, which can
modulate the immune system functions (37). Similar results
were reported in great sturgeon, Huso huso (38) and striped
catfish Pangasianodon hypophthalmus (35), when they were
administrated orally with Origanum vulgare and Phyllanthus
amarus, respectively. The main components of WBC engaged
in the innate immune system are neutrophils, monocytes,
macrophages, and eosinophils, which are potentially involved in
bactericidal activities and phagocytosis (35). Unlike the innate
mechanisms, B lymphocytes play a manifest role in specific
immunity via producing antibodies against pathogens (36). The
findings of the current study indicated that supplementation
of rainbow trout with LE, especially at the level of 2g kg™,
enhanced the lymphocyte and monocyte percentages, which
can reveal the positive impacts of dietary LE in enhancing
the defense system functions of rainbow trout. Moreover, our
findings indicated that the neutrophils count has an inverse
pattern with the lymphocytes. In agreement with our results,
Rashmeei et al. (24) showed a decrease in the neutrophils
count of goldfish (Carassius auratus) followed by an increase
in dietary chasteberry (Vitex agnus-castus) extract concentration.
Neutrophils and eosinophils are motile cells that accumulate at
infectious sites and kill pathogens by producing O~ and OH™~
ions through the process of respiratory burst (39). However, we
could not find a strong explanation for the role of LE on the

neutrophils. Therefore, further studies are needed to elucidate the
dietary effect of LE on fish neutrophils.

The humoral immune system has many molecules with
diverse activities. For instance, the complement system contains
35 types of soluble proteins that play a vital role in chemotaxis,
inflammatory, and phagocytic responses (40). Besides, LYZ and
Ig are two other known components of humoral immunity
that are involved in bacteria wall lysis and virus neutralization,
respectively (36). In our study, rainbow trout fed with LE2 diet
indicated higher values of serum LYZ, C3, C4, ACH50, and Ig
than the control fish. Similarly, Abdel-Tawwab and El-Araby (19)
reported that Nile tilapia fed the diet treated with 20g kg™!
licorice powder remarkably increased serum LYZ activity. In
addition, Adineh et al. (18) elucidated higher serum LYZ and
ACHS50 activities as well as Ig value in common carp fed diets
enriched with different levels of licorice powder. Improving
liver function by licorice root is one of the main reasons for
the increased serum TP, C3, C4, and ACH50 levels that were
previously suggested by Elabd et al. (20) and Yin et al. (21).
These findings may be related to the role of LE to improve liver
and other organs functions that produced serum proteins (18).
Earlier reports indicated that dietary administration of licorice
(main active compound: glycyrrhizin) can decrease liver damages
due to the hepatoprotective and antioxidant effects of G. glabra
in fish (19, 20). In fact, the protective effect of licorice against
liver fibrosis and cirrhosis may be related to its anti-inflammatory
activity and enhancement of antioxidant defense in the host
(41). In addition, an increase in the serum TP content can be
accompanied by increasing in the Ig and total globulin levels (17).
Moreover, it seems that increasing the number of lymphocytes
could beneficially affect the level of LYZ activity and Ig value of
rainbow trout (42, 43). In this study, the highest level of serum
BA activity was recorded in the fish fed LE2 diet by observing the
lowest Y. ruckeri count. This can be interpreted by improving the
integrity of the mucosal tissues due to the phenolic compounds
(mainly glycosides of liquiritigenin and isoliquiritigenin) found
in LE (44). Similarly, previous studies have also confirmed that
enhancing serum immune responses by diets containing plant
extracts such as Taraxacum officinale (45), Viscum album (46),
Mentha piperita (47), and Ziziphora clinopodioides (48) led to
increase serum BA in rainbow trout.

The skin and gills of fish are constantly exposed to
destructive agents such as pathogens, toxins, and stressors
(49, 50). Therefore, improving their protective layer, such as
epidermal mucus, is crucial in the first line of defense against
invading pathogens. Skin mucosal barrier in the fish defense
contains a variety of biomolecules such as lectins, peptides,
LYZ, immunoglobulin, and proteolytic enzymes (44, 45). In
recent years, several nutritional studies have been performed to
improve mucosal immunity (51-53). The possible mechanism
of immunostimulants in the regulation of mucosal immune
parameters is through stimulation or contact with lymphatic
tissue related to the skin or gills (51). Several studies have
shown that the oral administration of medicinal plants and their
derivatives stimulate lymph tissues to secrete more epidermal
mucus defense elements (53-55). Our findings showed that
dietary supplementation with different levels of LE, especially
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at 2 and 3g kg~!, resulted in a significant improvement in
LYZ and ALP activities as well as Ig value compared with
the control group. These findings were supported by previous
reports in rainbow trout fed with other medicinal plants. For
instance, Gholamhosseini et al. (56) showed that dietary Tarragon
(Artemisia dracunculus) improved LYZ and ALP activity and
TP value in rainbow trout. In another study, Ghafarifarsani
et al. (57) indicated that rainbow trout fed diet enriched
with oak acorn (Quercus liaotungensis) extract had remarkably
higher skin mucus LYZ and ALP activities compared with the
control group. The beneficial effects of licorice on the immune
responses may be due to immunomodulatory compounds such
as glycyrrhizin, which was previously reported (18-20). The
present findings on the mucus BA confirmed that LE can improve
skin mucus immune parameters in rainbow trout as a potential
source of antibacterial substances. Similarly, Oroji et al. (48)
reported that oral administration of Ziziphora clinopodioides
extract significantly increased the BA of skin mucus in rainbow
trout. In addition, Ghafarifarsani et al. (57) reported the strong
antibacterial effect of skin mucus extract against Y. ruckeri in
rainbow trout treated by dietary oak acorn extract.

Fish immune systems are complex and significantly influenced
by nutritional status (10, 58). In the context of immune and
inflammatory responses, cytokines are soluble glycoproteins
that play a major role in regulating immune responses and
can be divided into various groups such as interferons,
interleukins, tumor necrosis factor, and chemokines (59, 60).
Several studies have suggested that the expression of pro-
inflammatory cytokines genes (IL-18, IL-6, IL-8, and TNF-«) was
upregulated by plant-fortified diets such as Ginkgo biloba (61),
Phoenix dactylifera (62), Origanum vulgare (4), and Taraxacum
officinale (45). In this study, the expression of TNF-o and IL-
8 genes significantly increased in response to different levels
of LE, especially at 2g kg=!. In fact, TNF-a is involved in
initiating and enhancing inflammatory processes against gram-
negative bacteria and other pathogens (63). In addition, pro-
inflammatory cytokines such as IL-8 play a fundamental role in
the acute inflammatory process, neutrophil oxidative burst, and
wound healing (64). In the present study, the expression of IL-
1B and IgM genes significantly increased with the increase of
dietary LE and peaked at LE2; however, thereafter, they were
slightly decreased. IL-18 plays a key role in systemic responses
to infections and tissue injuries, and it has a similar function
with TNF-« and enhances the activity of LYZ and cytokines with
antibacterial properties such as IL-17 (65). To our knowledge,
no data are available on the effect of licorice on the expression
of immune-related genes of rainbow trout or other species.
However, a pair of studies showed that the supplementation
of rainbow trout diet with Polygonum minus (66) and Aloysia
citrodora (67) could upregulate the expression of TNF-«, IL-1f,
and IL8 genes. In this study, the expression of pro-inflammatory
cytokine genes was elevated in LE-added groups, especially at
2g kg~!, which may indicate the importance of phytogenic
bioactive compounds in LE to modulate immune responses in
rainbow trout.

The efficacy of dietary supplements can be evaluated in
aquaculture by exposing the fish to pathogens. Y. ruckeri is
the cause of enteric red mouth disease or yersiniosis, which

is a septicemic infection that affects salmonids, and rainbow
trout is more susceptible to this infection at early life stages
(68). This infectious disease is widespread and has caused
significant economic losses in the trout aquaculture industry
(69). In the present study, the infected rainbow trout with
Y. ruckeri indicated a significantly lower mortality rate in the
LE-added groups, especially in LE2 treatment, compared with
the control group. The positive effect of various medicinal
plants in increasing the survival rate of rainbow trout against
yersiniosis has been previously reported (23, 57, 66, 70, 71). The
increase in the survival and resistance of rainbow trout against
Y. ruckeri infection in LE 2 and LE3 treatments can confirm
the enhancement of the fish innate immunity and health, which
are in line with the improvements in the measured immune
parameters of serum and skin mucus.

Our findings revealed that using LE as a feed additive
can enhance innate immune responses in rainbow trout.
In this study, a diet containing LE at 2g kg~! effectively
improved the leukocyte count, serum, and mucus immune
responses as well as some immune-mediated genes in the
head kidney. The oral administration of LE, especially at
2g kg™! increased the resistance of fish to Y. ruckeri infection.
Therefore, it seems that the use of LE in rainbow trout diet
as an immunomodulatory agent can be effective to boost the
immune system.
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