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Effect of dietary oregano oil on
growth performance, disease
resistance, intestinal
morphology, immunity, and
microbiota of hybrid grouper
(Epinephelus fuscoguttatus ♀ ×
Epinephelus lanceolatus ♂)
Yu Xin1,2, Hao Liu1,2, Xiaobo Yan1,2, Weibin Huang1,2,
Simiao Pan1,2, Menglong Zhou1,2, Baiquan Lu1,2,
Beiping Tan1,2,3, Xiaohui Dong1,2,3* and Yuanzhi Yang1

1Laboratory of Aquatic Nutrition and Feed, College of Fisheries, Guangdong Ocean University,
Zhanjiang, Guangdong, China, 2Aquatic Animals Precision Nutrition and High Efficiency Feed
Engineering Research Center of Guangdong Province, Zhanjiang, Guangdong, China,
3Key Laboratory of Aquatic, Livestock and Poultry Feed Science and Technology in South China,
Ministry of Agriculture, Zhanjiang, Guangdong, China
The study aimed to investigate the effects of oregano oil (OO) supplement in

the diet on the growth performance, disease resistance, immunity, and

intestinal health of hybrid grouper. Six isonitrogenous and isolipidic diets

were fed to the grouper with an initial weight of 19.10 ± 0.12 g for 8 weeks,

of which the dietary OO levels were 0 (Control), 0.1 (OO-0.1), 0.3 (OO-0.3), 0.6

(OO-0.6), 0.9 (OO-0.9), or 1.2 (OO-1.2) g kg-1. The results showed that there

were no significant differences in growth performance among the six groups,

while the OO supplement could improve the disease resistance ability of

grouper. Our findings have demonstrated that the OO supplement, especially

0.3 g kg-1, could improve the intestinal morphology via increasing the villus

number and muscle thickness and elevate digestive enzyme activities such as

those of amylase (AMS) and lipase. The 0.3-g kg-1 OO supplement also can

activate the antioxidant defense system, reduce nuclear factor erythroid 2-

related factor 2-like 2 (Nrf2)/Kelch-like-ECH-associated protein 1 (Keap1)

expression, and then enhance the immune ability via acid phosphatase (ACP),

lysozyme (LYS), complement C3 (C3), and tight junction-associated signaling

pathways in hybrid grouper. Meanwhile, the relative abundance of Firmicutes

and Bacteroidetes in the OO-0.3 group was significantly higher than that of

Control group (P< 0.05), while the relative abundance of Proteobacteria

showed a basically opposite trend (P< 0.05). These findings suggested that

dietary OO supplementation could significantly improve intestinal health and

induce the antioxidant defense system and immunity, which means that OO
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could be used as a functional feed additive to protect the intestine, and the

appropriate addition level of OO should be 0.3 g kg-1.
KEYWORDS

oregano essential oil, hybrid grouper, intestinal immunity, intestinal microbiota, tight
junction-associated signaling pathways
Introduction

Oregano oil (OO) is an aromatic volatile oil extracted from

oregano and has many biological activities, such as anti-

inflammatory, antibacterial, and antioxidative activities (Goulas

and Kontominas, 2007; Scramlin et al., 2010; Rodriguez-Garcia

et al., 2016). Therefore, it has attracted a lot of attention regarding

its application in both humans (Avola et al., 2020) and animals,

such as cows (Benchaar, 2020), mice (Gilling et al., 2014), and

poultry (Al-Hijazeen et al., 2018; Migliorini et al., 2019; Zhou et al.,

2019). Previous research has shown that the feed efficiency of turbot

is improved when feeding OO by stimulating beneficial intestinal

microorganisms, while it could inhibit the growth of pathogenic

microorganisms, i.e., Escherichia coli and Staphylococcus aureus

(Preuss et al., 2005). Furthermore, carvacrol and thymol, the

principal compounds in OO, have preeminent antioxidant

properties and are effective in retarding the process of lipid

peroxidation in fatty food and scavenging free radicals (Quiroga

et al., 2013; Rodriguez-Garcia et al., 2016; Asensio et al., 2017).

However, despite the fact that previous studies have shown thatOO

also has growth-promoting effects in fish and the dose is a very

important factor (Ferreira et al., 2014), research onOO in fish is still

relatively limited and incomplete.

The intestine represents the largest compartment of the

immune system, an extremely complex living system involved in

protecting the host by providing a strong defense against stresses

from the external environment (Bourlioux et al., 2003). The

intestine always is a port of entry for many clinically important

pathogens (Mowat and Agace, 2014), and intestinal homeostasis is

therefore extremely cardinal for animals to maintain their

organismal health, which is a process that requires a prudent

balance between the host’s response to a beneficial intestinal

microbial community and potentially pathogenic stimuli (Moreira

Lopes et al., 2020). However, stimulation by numerous extracellular

factors, such as inflammatory cytokines and reactive oxygen species

(ROS), can disrupt the intestinal mucosal barrier and thus disrupt

this balance, leading to a further inflammatory response and

numerous diseases of the intestine (Rombout et al., 2011; Suzuki

and Hara, 2011). OO has been shown to be effective in repairing the

human intestinal mucosal barrier and maintaining homeostasis in

the intestine (Llana-Ruiz-Cabello et al., 2015; Allaoua et al., 2018;
02
Gaur et al., 2018; Kaschubek et al., 2018). Furthermore, the function

of the intestinal mucosal barrier is tightly associated with the

interaction of several barrier components, for example, the

mucous layer and the tight junction (TJ) between adjacent

epithelial cells (Turner, 2009; Ou et al., 2019). In turn, relevant

studies have shown that damage to the TJ shield is a major

determinant of intestinal barrier function and is associated with

various diseases (Suzuki and Hara, 2011; Camilleri et al., 2012;

Dokladny et al., 2016). Numerous studies have reported that TJ

protein expression and binding to the actin cytoskeleton, which

determines TJ permeability, were dynamically regulated by various

intracellular signaling molecules and signaling pathways, such as

protein kinases, protein phosphatases, and nuclear factor-kB (NF-

kB) signaling pathway (Sheth et al., 2003; Seth et al., 2007; Suzuki

et al., 2009; Zou et al., 2016). In addition, OO can strengthen the

intestinal TJ functions and enhance the barrier integrity in pigs

(Zou et al., 2016). However, deeper molecular mechanisms of

dietary OO on TJ-associated signaling pathways in the fish

intestinal have not been reported.

The hybrid grouper is a new species produced by the cross

between giant grouper (Epinephelus lanceolatus ♂) and brown

marbled grouper (Epinephelus fuscoguttatus ♀), which has been

widely farmed in the southeast coast of China with the

advantages of fast growth, strong disease resistance, excellent

taste, and high economic value (Sun et al., 2016; Tan et al., 2018;

Tan et al., 2020). In the present study, we hypothesized that

dietary OO supplementation promotes the intestinal barrier

integrity by regulating intestinal bacteria and inflammation.

We thus use the hybrid grouper to test this hypothesis and

study the morphology and permeability of the intestine, the

composition of the intestinal microbiota, innate immunity, and

disease resistance after OO supplementation.
Materials and methods

Ethics statement

Animal care and treatment procedures in the current study

were approved by the Animal Care and Use Committee of

Guangdong Ocean University, China.
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Experimental diets

Six isonitrogenous and isolipidic experimental diets were

formulated to contain 0 (Control), 0.1 (OO-0.1), 0.3 (OO-0.3),

0.6 (OO-0.6), 0.9 (OO-0.9), or 1.2 (OO-1.2) g kg-1 OO (Table 1).

All dietary ingredients were ground into fine powder through a

320-mm mesh, and then they were thoroughly mixed with fish

oil. After adding water, the stiff dough was produced, and it was

pelleted with an experimental single-screw feed extruder. Finally,

the feeds were dried for about 12 h in a ventilated oven at 45°C

and then stored at −20°C.
Feeding trial

Juvenile hybrid grouper (initial body weight 19.10 ± 0.12 g)

were bought from a commercial farm in Zhanjiang, China. After

being fed with the commercial diet for 2 weeks to acclimate to

the experimental conditions, a total of 540 fish were fasted for

24 h and weighed, then they were randomly distributed to 18

cylindrical fiberglass tanks (300 L) with continuous aeration and

circulating water. Each experimental feed was randomly
Frontiers in Marine Science 03
assigned to triplicate tanks. Fish were slowly hand-fed to

apparent satiation twice daily (7:00 a.m. and 7:00 p.m.).

During the feeding period (8 weeks), seawater was disinfected

with chlorine dioxide. The water quality factors were measured

during the experiment period, and the water temperature was

25°C–27°C, salinity was 30–33‰, dissolved oxygen was more

than 7 mg/L, and ammonia and nitrate remained below 0.03

mg/L.
Sample collection

After the 8-week feeding trial, the fish in each tank were

fasted for 24 h and anesthetized using 100 mg/L tricaine

methanesulfonate (MS-222, Sigma, USA). Then, the fish were

weighed and counted to calculate the growth performance

indexes such as weight gain rate (WG) and specific growth

rate (SGR). Hepatosomatic index (HSI), viscerosomatic index

(VSI) and condition factor (CF), gut-somatic index (GSI), and

gut-length index (GLI) were determined from three individual

fish by obtaining tissues (viscera and liver) and expression ratios

as a percentage of body weight. The intestines of three fish were
TABLE 1 Formulation and proximate compositions of the experimental diets (% DM).

Ingredients Group

Control OO-0.1 OO-0.3 OO-0.6 OO-0.9 OO-1.2

Fish meal 45 45 45 45 45 45

Soybean meal 10 10 10 10 10 10

Wheat flour 17.1 17.09 17.07 17.04 17.01 16.98

Corn gluten meal 5 5 5 5 5 5

Casein 12 12 12 12 12 12

Fish oil 8 8 8 8 8 8

Vitamin premix a 0.2 0.2 0.2 0.2 0.2 0.2

Mineral premix b 0.5 0.5 0.5 0.5 0.5 0.5

Choline hydrochloride (98%) 0.5 0.5 0.5 0.5 0.5 0.5

Vitamin C 0.05 0.05 0.05 0.05 0.05 0.05

Ca(H2PO4)2 1.5 1.5 1.5 1.5 1.5 1.5

Feed attractant 0.1 0.1 0.1 0.1 0.1 0.1

Antioxidant 0.05 0.05 0.05 0.05 0.05 0.05

Oregano oil 0 0.01 0.03 0.06 0.09 0.12

Total 100 100 100 100 100 100

Proximate analysis

Moisture 7.73 7.73 7.83 7.77 7.67 7.70

Crude protein 48.92 49.11 49.79 49.51 49.81 49.47

Crude lipid 10.63 10.82 10.84 10.93 11.01 10.08

Crude ash 9.83 10.10 10.10 10.10 10.03 10.13

Calcium 2.13 2.14 2.12 2.09 2.09 2.08

Total phosphate 1.73 1.79 1.68 1.81 1.77 1.75
front
aVitamin premix consisted of (g kg−1 premix) VB1 17.00 g, VB2 16.67 g, VB6 33.33 g, VB12 0.07 g, VK 3.33 g, VE 66.00 g, retinyl acetate 6.67 g, VD 33.33 g, nicotinic acid 67.33 g, D−calcium
pantothenate 40.67 g, biotin 16.67 g, folic acid 4.17 g, inositol 102.04 g, and cellulose 592.72 g.
bMineral premix consisted of (g kg−1 premix) FeSO4•H2O 18.785 g, ZnSO4•H2O 32.0991 g, MgSO4•H2O 65.1927 g, CuSO4•5H2O 11.0721 g, CoCl2•6H2O (10%) 5.5555 g, KIO3 0.0213 g,
KCl 22.7411 g, Na2SeO3 (10%) 0.5555 g, and zeolite powder 843.9777 g.
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selected for histological analysis. The intestines of three fish in

each tank were pulled into 1.5-ml frozen tubes randomly and

then stored at −80°C for enzyme activity assay and gene

expression analysis and microbial community analysis.
Biochemical parameter test

Before determining, the intestine was homogenized with

normal saline and centrifuged at 6,000× g for 10 min at 4°C, and

the supernatant was taken for the determination of biochemical

parameters. A total protein quantitative assay kit was used by the

Bicinchoninic Acid Assay (BCA) method to determine the total

protein content of the intestine homogenate supernatant as a

prerequisite for the calculation of biochemical parameters of the

intestine. Amylase (AMS), lipase, trypsin, alkaline phosphatase

(AKP), acid phosphatase (ACP), and lysozyme (LYS) were

determined by assay kits (Nanjing Jiancheng Bioengineering

Institute, China) and detected through a UV spectrophotometer.

The concentrations of complement 3 (C3) and complement

4 (C4) in the intestine were determined through enzyme-linked

immunosorbent assay (ELISA) kits (Shanghai Jianglai Industry

Co., Ltd., Shanghai, China) following the manufacturer’s

instructions.
Intestine histology

Intestine samples were fixed in Bouin’s solution for 24 h and

then transferred to 70% ethanol. The samples were dehydrated in

ethanol of different grades, followed by embedding in paraffin.

Sections were stained with hematoxylin and eosin and viewed under

a microscope (Nikon Ni-U, Japan). Subsequently, three parameters

of intestine histology were measured using ImageJ software,

including the villus length, muscle thickness, and goblet cells per

villus, as well as the villus number. The average value of six parallels

per parameter in each sample wasmeasured randomly to determine

significant differences among the test groups.
Real-time quantitative RT-PCR analysis

Total RNA was extracted from the intestine of fish with

TRIzol (Takara Biotech, Kyoto, Japan), its quality and quantity

were determined by a NanoDrop 2000 spectrophotometer

(Thermo, MA, USA), and its integrity was assessed by 1%

agarose gel electrophoresis (Wang et al., 2015). The cDNA was

synthesized with PrimeScript reverse transcriptase (Takara

Biotech, Kyoto, Japan) in a 20-ml reaction volume containing 1

mg total RNA. The reaction mixture was stored at −20°C for

future use. Quantitative real-time RT-PCR (qRT-PCR)

experiments were performed in a CFX96 Multicolor Real-Time

PCR Detection System (Bio-Rad Laboratories, Inc., CA, USA)
Frontiers in Marine Science 04
using SYBR Mixture (Takara Biotech, Kyoto, Japan). In this

study, b-actin was used as an internal reference gene. Each

sample was paralleled three times. PCRs were performed on a

total reaction volume of 20 ml containing 4 ml of cDNA, 0.5 ml of
primer, 10 ml of SYBR Mixture, and 5 ml of ddH2O. The thermal

cycling program was as follows: activation at 95°C for 10 min,

followed by 35 cycles of 95°C for 10 s, several annealing

temperatures for 30 s, and 72°C for 32 s; melting curve

detection was performed from 60°C to 95°C (increments of

0.5°C) for 5 s. Quantitative analyses were performed using the

2−DDCt method. The PCR cycling protocol was 95°C for 60 s, 40

cycles of 94°C for 5 s and 60°C for 30 s, followed by 95.0°C for 5

s; melting curve analysis was performed from 65.0°C to 95.0°C

(increments of 0.5°C) for 5 s. Quantitative analyses were

performed using the 2−DDCt method. The primer sequences are

described in Table 2.
Intestinal microbiota analysis

Intestine microbial DNA from three fish per tank in the

Control and OO-0.3 groups was extracted with EZNA Fecal DNA

Kit (Omega Bio-Tek, Inc., USA). The V3-V4 variable region of the

16S rRNA gene was amplified by PCR. Amplicons were separated

on a 2% agarose gel, followed by purifying using the AxyPrep

DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA,

USA) and quantifying using an ABI StepOnePlus real-time PCR

instrument (Life Technologies, Carlsbad, USA). Then, purified

amplicons were mixed in equimolar amounts, and paired-end

sequencing (2 × 250) was conducted on an Illumina platform

(HiSeq 2,500, Illumina, San Diego, CA, USA). After filtering for

noisy sequences and checking for the presence of chimeras, data

were assigned to the same operational taxonomic units (OTUs).

Intergroup Venn analysis was conducted to identify endemic and

shared OTUs using the microbial indicative analysis function of

the Omicshare platform (https://www.omicshare.com/).

Moreover, the overall microbial composition was conducted

with beta analysis through partial least squares discriminant

analysis in the Omicshare platform. The RDP classifier software

was used for microbial species annotation (version 2.2, http://

sourceforge.net/projects/rdpclassifier/).
Challenge test

Ten fish from each tank were randomly sampled after the 8-

week feeding experiment for the bacterial challenge. Frozen stock

culture of Vibrio harveyi was obtained from the Key Laboratory of

Control for Disease of Aquatic Economic Animals of Guangdong

Higher Education Institutes (Zhanjiang, China). According to our

previous study (An et al., 2020), each fish was intraperitoneally

injected with a dose of 200 ml phosphate-buffered saline (PBS)

containing 6.7 × 107 CFU V. harveyi. The cumulative mortality was
frontiersin.org
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recorded until 72 h, and the relative percentage survival was

calculated. The formula used was Cumulative mortality (%) =

(100 × total mortality per treatment/total number of fish

challenged), whereas that of the Percentage survival (%) = 100 ×

(1 – [percent mortality in treatment groups/percent mortality in

Control group]).
Calculation formulas and
statistical analyses

The growth parameters and morphological indices were

calculated as follows:

Weight gain rate  %ð Þ  =   final body weight  −  initial body weightð Þ=
initial body weight �  100

Specific growth rate  %  day−1
� �

  =  ½ln final body weightð Þ  −
 ln initial body weightð Þ�=days of feeding trial  �  100

Feed conversion ratio  FCRð Þ 
=  feed consumed= final body weight  −  initial body weightð Þ

Viscerosomatic index  %ð Þ 
=  100 

�  Viscerosomatic wet weight  gð Þ=body wet weight  gð Þ

Hepatosomatic index  %ð Þ 
=  100 �  liver wet weight  gð Þ=body wet weight  gð Þ

Gut − length index  %ð Þ
=  100 �  gutlength cmð Þ=bodylength cmð Þ
Frontiers in Marine Science 05
Condition factor  g  cm3� �−1h i
 

=  100 �  body wet weight  gð Þ=body length  cmð Þ3

Feed intake  FI,   %  day−1
� �

=  100 

�  feed intake= initial weight  +  final weightð Þ=2½ �=days

Survival rate  SR,   %ð Þ 
=  final number of fish=initial number of fish  �  100

All analyses were carried out using the SPSS software (version

26.0). The data were assessed for homogeneity of variances, then

were analyzed by one-way analysis of variance (ANOVA)

followed by Tukey's test. For statistically significant differences,

P< 0.05 was required. All data were expressed as means ± SEM.
Results

Effect of dietary oregano oil on growth
performance and cumulative mortality
after Vibrio harveyi challenge

As shown in Table 3, there were no significant differences in

WG, SGR, FCR, VSI, HSI, GLI, FI, and SR among the six groups (P

> 0.05). With the increasing dietary OO levels, the GSI increased

clearly and the OO group was significantly higher than that in the

Control group except the OO-0.3 group (P< 0.05). CF showed a

similar pattern and reached the maximum value in the OO-

0.6 group.

The results of the V. harveyi challenge test were shown in

Figure 1. At 72 h after injection, the cumulative mortality rate of

fish fed the OO-supplemented diet was significantly lower than
TABLE 2 Sequences of the PCR primers used in this study.

Primers Forward (5'–3') Reverse (5'–3')

b-actin TACGAGCTGCCTGACGGACA GGCTGTGATCTCCTTCTGC

GPx TACCCTACCAAGTCCTCCAACC AACAAACACCCGACACCCA

CAT GCGTTTGGTTACTTTGAGGTGA GAGAAGCGGACAGCAATAGGT

GR CTTTCACTCCGATGTATCACGC GCTTTGGTAGCACCCATTTTG

Keap1 CCAGAAGGAATGTGTGGCTAAA TGGTTGGTCATCGGGTTGTA

Nrf2 TATGGAGATGGGTCCTTTGGTG GCTTCTTTTCCTGCGTCTGTTG

ZO-1 ACCTGCCAGTCAGTCCCTCT CGCCTCCTCTCGGATTATG

ZO-2 CAAGATTCTCCTCCGACCA AACATCATTACCTCCTGCCA

ZO-3 GAGCCAATCTACTCCCTTCC CTGGTCTCCCTCTTTCATCC

Occludin TCAGAACATCCAGGGCAATC CCACCATCAGACCCAAAACT

Claudin-3a ACTCTATGCTCGCCCTCTCT TGGATGCCTCGTCGTCA
GPx, glutathione peroxidase; CAT, catalase; GR, glutathione reductase; Keap1, Kelch-like-ECH-associated protein 1; Nrf2, nuclear factor erythroid 2-related factor 2-like 2; ZO-1, zonula
occludens 1; ZO-2, zonula occludens 2; ZO-3, zonula occludens 3.
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that of fish fed the control diet, and the OO-0.1 and OO-0.3

groups showed higher SR compared with the other groups.
Effect of dietary oregano oil on
intestinal morphology

The effects of dietary OO on intestinal morphology in juvenile

hybrid grouper were presented in Table 4 and Figure 2. Compared

to the Control group, the villus length distinctly increased in the

OO-0.1 group (P< 0.05) and slightly rose in the OO-0.3 and OO-

0.6 groups while consequently declined in the OO-0.9 and OO-1.2

groups with no significant difference (P > 0.05). The muscle

thickness of the intestine of the OO groups except the OO-0.6

group was significantly higher than that in the Control group, and

there was no significant difference among the OO-0.6 and Control

groups. The number of goblet cells increased first and then

decreased with the dietary OO increasing, and the number of

goblet cells in the OO groups except the OO-1.2 group was

significantly higher than those in the Control group (P< 0.05).

Additionally, our study found that the villus number in the OO-

0.3 group increased significantly, whereas it diminished

remarkably in the OO-0.9 and OO-1.2 groups (P< 0.05), which

showed no significant changes among the Control, OO-0.1, and

OO-0.6 groups (P > 0.05).
Effect of dietary oregano oil on digestive
enzyme activities and immunological
parameters of the intestine

Digestive enzyme activities of the intestine were shown in

Figure 3A. The AMS activity of the OO-0.1, OO-0.3, and OO-0.6

groups was significantly higher in comparison with that of the

Control group (P< 0.05), while the maximum value was obtained

in the OO-0.3 group, and there was no significant difference
Frontiers in Marine Science 06
between the other groups and the Control group. As the dietary

OO level increased to more than 0.3 g kg-1, the activity of AMS

was gradually decreased, but there was no apparent difference in

the OO-0.6, OO-0.9, and OO-1.2 groups (P > 0.05). However, the

activity of lipase was obviously increased in the OO-0.3, OO-0.6,

and OO-1.2 groups (P< 0.05) and reached the highest level in the

OO-0.3 group by approximately 2-fold relative to that of the

Control group, whereas no significant difference was observed

among the Control, OO-0.1, and OO-0.9 groups regarding the

activity of lipase (P > 0.05). The addition of OO in the diet

significantly increased the activity of trypsin in the intestine. From

Figure 3A, we can see that the trypsin activity of all OO-treated

groups was higher than that of the Control group (P< 0.05).

Consistent with the results of AMS and lipase, the activity of

trypsin also exhibited the highest value in the OO-0.3 group.

Results of immunological parameters of the intestine were

shown in Figure 3B. It is worth noting that the AKP activity was

apparently higher (P< 0.05) in the OO-0.6 group compared to

the OO-0.1, OO-0.9, and Control groups, while the activity of

AKP marginally decreased in the OO-0.1 group compared to

that of the Control group, and there was no significant difference

in AKP activity in the OO-0.3, OO-0.6, and OO-1.2 groups. Our

study demonstrated that the activity of ACP in the groups

adding OO was significantly higher than that in the Control

group (P< 0.05), and the level of ACP reached a maximum in the

OO-0.3 group, which was nearly 1.5 times than that in the

Control group. In addition, the activity of LYS obviously

increased in the OO-0.3 and OO-0.6 groups (P< 0.05), while

there was no significant difference among the Control, OO-0.1,

OO-0.9, and OO-1.2 groups (P > 0.05). The concentrations of C3

and C4 in the intestine were consistently significantly higher in

all OO-treated groups than that in the Control group (P< 0.05).

The concentration of C3 in the intestine increased first and then

decreased, and the highest value was obtained in the OO-0.3

group, and then decreased distinctly in the OO-0.9 and OO-1.2

groups (P< 0.05). Furthermore, the concentration of C4
TABLE 3 Effect of dietary OO on growth performance and body indices of juvenile hybrid grouper fed the experimental diets for 8 weeks.

Index Control OO-0.1 OO-0.3 OO-0.6 OO-0.9 OO-1.2

Weight gain rate (WG, %) 676.59±10.63 680.34±20.26 650.99±43.75 596.86±35.48 664.49±73.45 638.94±16.11

Specific growth rate (SGR, % day-1) 2.93±0.02 2.93±0.04 2.88±0.08 2.77±0.07 2.90±0.01 2.86±0.03

Feed conversion ratio (FCR) 1.04 ±0.03 0.99 ±0.04 0.99 ±0.04 1.03 ±0.04 0.99 ±0.07 1.01 ±0.02

Viscerosomatic index (VSI, %) 9.90±0.88 10.93±0.30 10.23±0.42 10.67±0.55 9.89±0.78 10.16±0.82

Hepatosomatic index (HSI, %) 2.90±0.12 2.96±0.25 3.06±0.19 2.89±0.32 3.02±0.45 2.52±0.24

Gut-somatic index (GSI, %) 0.58±0.02a 0.67±0.05bc 0.61±0.04ab 0.67±0.06bc 0.70±0.04bc 0.74±0.05c

Gut-length index (GLI, %) 132.33±1.16 131.61±1.15 127.46±6.99 136.10±2.44 129.29±7.69 126.51±19.78

Condition factor [CF, g (cm3) -1] 2.55±0.20a 2.65±0.08ab 2.63±0.14a 3.05±0.05c 2.95±0.14bc 2.85±0.26abc

Feed intake (FI, % day-1) 2.27±0.06 2.17±0.07 2.17±0.06 2.20±0.06 2.17±0.10 2.19±0.03

Survival rate (SR, %) 97.14±2.86 97.14±2.86 99.05±1.65 100 99.05±1.65 99.05±1.65
f

aData are presented as means ± SEM. Different superscript letters in each row show significant differences among treatments by Tukey’s test (P < 0.05).
SEM, standard error of the mean.
Different superscript letters show significant differences among treatments by Tukey’s test (P < 0.05).
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increased significantly from group OO-0.1 to group OO-0.3 (P<

0.05) and reached its highest concentration in group OO-0.3,

which was consistent with the result of C3. Afterward, the

concentration of C4 decreased significantly in the OO-0.6 and

OO-0.9 groups (P< 0.05) and finally increased in the OO-1.2

group, but there was no significant difference in the intestinal C4

concentration among the last three groups.
Effect of dietary oregano oil on the
relative mRNA expression of antioxidant
genes in the intestine

As shown in Figure 4, the mRNA expressions of glutathione

peroxidase (GPx), catalase (CAT), and glutathione reductase

(GR) were outstandingly upregulated in the OO-treated groups

compared to those in the Control group (P< 0.05). It is worth

noting that GPx and CAT mRNA expression levels were highest

in the OO-0.3 group, and the mRNA expression of GPx and

CAT showed no difference among the OO-0.1, OO-0.6, OO-0.9,

and OO-1.2 groups. Interestingly, the expression of GR in all

OO-treated groups showed no change (P< 0.05).

The nuclear factor erythroid 2-related factor 2-like 2 (Nrf2)

mRNA expression levels reached the minimum in the OO-0.1

and OO-0.3 groups, which was significantly lower than that in

the Control, OO-0.6, OO-0.9, and OO-1.2 groups (P< 0.05). At
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the same time, Kelch-like-ECH-associated protein 1 (Keap1)

showed a similar pattern compared with Nrf2. The Keap1

mRNA expression level of the intestine was suppressed by 0.1

and 0.3 g kg-1 OO in the diet and significantly lower than that in

the OO-0.9, OO-1.2, and Control groups (P< 0.05).
Effect of dietary oregano oil on the
mRNA expression of tight junction-
associated protein genes

Figure 5 exhibited the effect of OO on the mRNA expression

of junction-associated protein genes in the intestine of hybrid

grouper. The mRNA expression of ZO-1 was significantly

upregulated in all OO-treated groups compared to that of the

Control group (P< 0.05), peaking at the OO-0.6 group, and the

ZO-1 mRNA expression was significantly higher than that of the

other OO-treated groups. Compared with the OO-1.2 and

Control groups, dietary supplementation with 0.1, 0.3, 0.6, and

0.9 g kg-1 OO significantly upregulated the mRNA expression of

ZO-2 and ZO-3 (P< 0.05). Meanwhile, the expression of ZO-2

reached its highest level in the OO-0.3 group and consistent with

the trend of ZO-1 expression in the OO-0.6 group, and there was

no significant difference in the ZO-3 mRNA expression among

the OO-0.1, OO-0.3, OO-0.6, and OO-0.9 groups. Furthermore,

the occludin mRNA expression level in the fish fed with the diet
TABLE 4 Effects of dietary oregano oil on intestinal morphology of juvenile hybrid grouper.

Control OO-0.1 OO-0.3 OO-0.6 OO-0.9 OO-1.2

Villus length (mm) 1,097.50±66.80ab 1,295.03±48.53c 1,172.85±61.83bc 1,104.08±9.13ab 1,016.41±115.40a 992.33±140.56a

Muscle thickness (mm) 157.01±10.68a 256.45±3.58b 240.69±12.41b 166.03±3.21a 287.79±12.24c 352.64±9.43d

Goblet cells (per villus) 12.00±2.00a 19.33±1.51b 23.67±0.58c 27.67±3.06d 21.00±2.65bc 14.67±0.58a

Villus number 60.00±4.00b 56.33±3.21b 65.67±2.08c 55.67±0.58b 37.00±2.65a 41.67±2.89a
f

Different superscript letters in each row show significant differences among treatments by Tukey’s test (P < 0.05).
FIGURE 1

Effect of dietary oregano oil (OO) on cumulative mortality of juvenile hybrid grouper fed the experimental diets for 8 weeks after the Vibrio
harveyi challenge.
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FIGURE 3

Effect of dietary oregano oil (OO) on the digestive enzyme activities and immunity capacity in the intestine of juvenile hybrid grouper fed the
experimental diets for 8 weeks. (A) The content of amylase (AMS), lipase and trypsin. (B) The content of alkaline phosphatase (AKP), acid
phosphatase (ACP),lysozyme (LYS), complement 3 (C3) and complement 4 (C4). Different lowercase letters show significant differences among
treatments by Tukey’s test (P < 0.05).
FIGURE 2

Effect of dietary oregano oil (OO) on the intestinal morphology of juvenile hybrid grouper fed the experimental diets for 8 weeks. Black arrow:
goblet cell; red arrow: epithelioid cell. Scale size: 200 mm.
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supplemented with 0.1, 0.3, and 0.6 g kg-1 OO was remarkably

higher than that in the OO-0.9, OO-1.2, and Control groups

(P< 0.05) and reached its highest level in the OO-0.3 group.

Additionally, the mRNA expression of Claudin-3a obviously

increased in the OO-0.1, OO-0.3, OO-0.6, and OO-1.2 groups

compared to that of the OO-0.9 and Control groups (P< 0.05),

reaching the peak at the OO-0.3 group.
Effect of dietary oregano oil on the
intestinal microbiota

As shown in Figure 6A, the unique operational taxonomic

units (OUTs) for the Control and OO-0.3 groups were 347 and

491, respectively. Figures 6B, C showed the relative abundance of

intestinal microbiota at the phylum and genus levels induced by

different diets. At the phylum level, Firmicutes, Proteobacteria,

Bacteroidetes, Actinobacteria, and Fusobacteria were the top 5

ranked phyla in both groups. The relative abundance of

Firmicutes and Bacteroidetes in fish fed the OO-0.3 diet was

significantly higher than that fed the control diet (P< 0.05), while

the relative abundance of Proteobacteria in fish fed the control

diet was significantly higher than that fed the OO-0.3 diet

(P< 0.05). At the genus level, Vibrio, Muribaculaceae,

Streptococcus , Lachnospiraceae_NK4A136_group , and

Clostridium_sensu_stricto_1 were the top 5 ranked genera in

the two groups. The relative abundance of Vibrio was
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significantly higher in fish fed the control diet than that fed

the OO-0.3 diet (P< 0.05).

The LDA Effect Size (LEfSe) analysis results of the Control

and OO-0.3 groups are shown in Figure 7A. Overall, 5 and >60

biomarkers were detected in the Control and OO-0.3 groups,

respectively. Additional order-, family-, and genus-level

biomarkers of the Control and OO-0.3 groups are shown

in Figure 7B.
Discussion

In this study, OO supplementation did not affect the growth

performance of fish. The current study is consistent with a

previous study that showed that feeding with OO

supplementation also did not significantly affect the growth

performance of Black Sea salmon, Salmo labrax (Ozel et al.,

2022). However, some research (Magouz et al., 2022) reported

that 0.5 and 1 g OO/kg diet could not only relieve the impacts of

heat stress but also markedly enhance the final weight, weight

gain, and SGR of Nile tilapia. Additionally, OO was proven to

enhance the growth performance, immunity, and antioxidative

status of Oreochromis niloticus reared under intensive systems

(Shourbela et al., 2021). This difference might be due to the

different species and different environments in the study.

Bacterial infection and climatic changes are the most

important factors impacting the aquaculture industry and
FIGURE 4

Effect of dietary oregano oil (OO) on the relative expression of antioxidant genes in the intestine of hybrid grouper. Different lowercase letters
show significant differences among treatments by Tukey’s test (P < 0.05).
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FIGURE 6

Effect of dietary oregano oil (OO) on the composition of intestinal microbiota of juvenile hybrid grouper fed the control and OO-0.3 diets for 8
weeks. Venn diagrams analysis at the (A) OUT level, (B) phylum level, and (C) genus level.
FIGURE 5

Effect of dietary oregano oil (OO) on the relative expression of tight junction-associated protein genes in the intestine of hybrid grouper.
Different lowercase letters show significant differences among treatments by Tukey’s test (P < 0.05).
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resulting in low productivity and high economic loss (Wang

et al., 2012; Xin et al., 2022). The cumulative mortality rate after

the challenge by pathogenic bacteria is commonly used as an

indicator of disease resistance in animals (Deng et al., 2013). In

this study, the V. harveyi challenge was used to assess the disease

resistance of fish according to previous research (An et al., 2020).

Fish fed the OO diet had a lower cumulative mortality rate than

those fed the control diet, indicating that the disease resistance to

V. harveyi was significantly correlated with the dietary OO

supplementation. Similar to our results, other previous studies

had also proven that OO had a pronounced influence on the

innate immunity in Tilapia zillii and increased the fish resistance

to Vibrio anguillarum (Mabrok and Wahdan, 2018). Moreover,

OO also could reduce Vibrio virulence and mediate antivirulence

therapy against Vibrio in Penaeus vannamei (Dominguez-

Borbor et al., 2020). These data gave clear insight into the

potential use of OO in prophylactic strategies against

threatening pathogens.

The intestine is one of the most important organs for aquatic

organisms to absorb nutrients and the primary “frontline”

physical barrier for protection, which played an essential role

with intestinal microflora in fish health by stimulating the

immune system and handling in nutrient absorption (Ye et al.,

2019; Shi et al., 2022). Previous studies have shown that the

increase in villus height and number contributed to facilitating
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the intestinal absorption capacity, which had a positive impact

on nutrient utilization (Xu et al., 2020). This was consistent with

the fact that the OO-0.3 diet remarkably increased the intestinal

villus height of juvenile hybrid grouper compared with the

control diet in this study. As the physiological and

immunologic barrier to a variety of microorganisms and

foreign objects, the intestinal mucosa’s overlying mucus-gel

layer is the first line of defense formed by the secretion of

goblet cells (Xia et al., 2022). Our study found that the diet

supplemented with 0.3 and 0.6 g kg-1 OO significantly increased

the number of goblet cells. Most noteworthy, the diet added 0.6 g

kg-1 OO also apparently boosts the villus number, which is

similar to the results of turbot (Scophthalmus maximus) after

supplementation with OO (Guangxin et al . , 2022).

Consequently, we believe that 0.3 g kg-1 and 0.6 g kg-1 of OO

were the suitable dietary supplements for improving the

intestinal metabolism through elevating the intestinal

development of hybrid grouper.

Intestinal digestive enzymes are often used as an indicator of

the digestive capacity and nutritional status of fish. In some cases,

fish can regulate the activity of digestive enzymes in response to

food sources and dietary nutrient concentrations (Abolfathi et al.,

2012). Previous studies have shown that adding OO to the fish’s

diet improved the growth performance (Shourbela et al., 2021;

Guangxin et al., 2022); therefore, we thought that one of the
A B

FIGURE 7

Effect of dietary oregano oil (OO) on the differences in the intestinal microbiota of juvenile hybrid grouper fed the control and OO-0.3 diets for
8 weeks. (A) The linear discriminant analysis score of the abundance of taxa. (B) Cladogram showing differences in the abundance of taxa
(phylum to genus) in the intestinal microbiota.
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possible reasons was the activation of digestive enzymes.

Furthermore, OO supplementation in the diet made a

contribution to the secretion of digestive enzymes in poultry

(Jang et al., 2007). In our study, the OO supplementation in the

diet increased the digestive enzyme activity to some extent in the

hybrid grouper. It shall be noted that adding 0.3 g kg-1 of OO into

the diet of hybrid grouper significantly increased the activities of

AMS, lipase, trypsin, ACP, and LYS, while the dietary 0.6 g kg-1

OO obviously increased the activities of AKP, which is consistent

with the results of the koi carp (Cyprinus carpio) with the diet

supplemented with OO (Zhang et al., 2020). Interestingly, the

activities of AMS, AKP, and LYS of the hybrid grouper fed with a

high concentration of OO (0.9 and 1.2 g kg-1) showed no

significant difference from those of the Control group, thereby,

we suggested that the hybrid grouper was less sensitive to high

concentrations of OO (0.9 and 1.2 g kg-1).

Complement plays an important part in the regulation and

enhancement of humoral immunity (Kuroda et al., 2000).

However, C3 and C4 had a vital effect in the activation of the

complement system, which were non-catalytic but essential

components of the C3 convertases as alternative and classical

pathways, respectively (Nakao and Yano, 1998). Previous studies

have shown that OO plays a momentous role in enhancing

nonspecific immune responses (Mabrok and Wahdan, 2018),

suggesting that dietary supplementation with OO was important

in the innate immunity of fish. We found that the concentration

of C3 and C4 significantly increased in the intestine of hybrid

grouper with the diet supplemented with OO. Interestingly, 0.3 g

kg-1 of OO distinctly increased the concentrations of C3 and C4

in the intestine, which was consistent with the finding in the koi

carp (Zhang et al., 2020). Consequently, these data implied that

optimum dietary OO supplementation (0.3 g kg-1) could

enhance the immune response in fish.

Oxidative stress is the result of the imbalance of oxidants and

antioxidants in the internal environment, which can cause

irreversible damage to macromolecules and cells and cause

serious damage to the body (Gonsette, 2008). Nevertheless,

fish have the ability of scavenging free radicals and dealing

with oxidative stress by enzyme (such as GPx, CAT, and GR)

and non-enzyme antioxidant defense such as Nrf2/Keap1 system

(Sinha et al., 2014). In the present study, OO-treated diets

increased the levels of GPx, CAT, and GR expression in the

intestine of hybrid grouper. It should be noted that the highest

expression of GPx and CAT was observed in the grouper hybrids

fed the 0.3 g kg-1 OO diet, remarkably higher than those in the

other groups. As a basic leucine zipper redox-sensitive

transcriptional factor, Nrf2 always plays an important central

role in antioxidant response elements that mediated the

induction of antioxidant enzymes. These data suggested that

the diet supplemented with OO enhanced the Nrf2-mediated

antioxidant status of hybrid grouper, which was consistent with

the findings in Nile tilapia (O. niloticus) (Shourbela et al., 2021)

and koi carp (Zhang et al., 2020).
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Intestinal epithelial cells and TJ-associated protein are the

main components of the mechanical epithelial barrier, which

plays a tremendous part in preventing the entry of harmful

microorganisms, antigens, and related toxins (Groschwitz and

Hogan, 2009; Lee, 2015). A previous study has shown that

dietary benzoic acid , Baci l lus coagulans , and OO

supplementation is beneficial to improve the immune status

and intestinal barrier integrity and microflora of piglets

(Pu et al., 2020). In this study, we observed crucial alterations

in the gene expression of TJ-associated proteins. Our study

found that OO supplementation contributed to upregulating

the expression level of ZO-1 in the intestine of hybrid grouper. It

is worth noting that the highest expression levels of ZO-2,

Occludin, and Claudin-3a were found in fish fed 0.3 g kg-1

dietary OO and remarkably higher than those of the other

groups. These results implied that optimum dietary OO

supplementation could reduce the intestinal permeability and

enhance the intestinal barrier function, thus strengthening the

intestinal tract resistance to the pathogenic bacterial infection.

Another biological barrier of the intestine is the microbiota,

which means that the stable intestinal microbiota and intact

intestine structure contribute to a healthy intestine, and it thus

always affects physiology, immune functions, nutrition, and

metabolism (Tran et al., 2018). Firmicutes and Proteobacteria

are commonly the most stable bacteria located in the intestine

regardless of diet changes in tilapia and barramundi (Lates

calcarifer) (Siddik et al., 2020; Li et al., 2022), which was

consistent with our study. We also found that the relative

abundance of Firmicutes in fish fed the OO-0.3 diet was

significantly higher than that fed the control diet. A previous

study showed that Firmicutes can oxidize sugar through lactic

acid fermentation to fight the invasion of external pathogens,

which is beneficial to the body’s growth and intestinal health

(Huang et al., 2018). There are also some evidence showing that

the increase of Firmicutes of hybrid snakehead fed dietary

arginine may be regarded to effectively improve the intestinal

microbiota composition and maintain the intestinal microbiota

balance (Li et al., 2022). Additionally, in this research, the

relative abundance of Vibrio was significantly higher in fish

fed the control diet than that fed the OO-0.3 diet. Lots of

previous studies showed that Vibrio is known as an

opportunistic bacterial pathogen in invertebrate species and

marine fish, which was consistent with this study (Austin and

Austin, 1999; He et al., 2022). Therefore, this study suggested

that the OO-0.3 diet can increase the abundance of beneficial

bacteria and decrease that of harmful bacteria in the intestinal

microbiota offish, which means reducing the Vibrio bacteria and

affecting the balance of the intestinal microbiota.

In conclusion, our findings have demonstrated that the OO-

supplemented diet has no significant effect on the growth

performance, while OO could improve the disease resistance

ability of grouper. In this study, 0.3 g kg-1 OO could improve the

intestinal morphology via increasing the villus number and
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muscle thickness and elevate the digestive enzyme activities such

as AMS and lipase. The 0.3-g kg-1 OO supplement also can

activate the antioxidant defense system, reduce the Nrf2/Keap1

expression, and then enhance the immune ability via ACP, LYS,

C3, and TJ-associated signaling pathways in hybrid grouper. The

relative abundance of Firmicutes and Bacteroidetes in fish fed

the OO-0.3 diet was significantly higher than that fed the control

diet (P< 0.05), while the relative abundance of Proteobacteria in

fish fed the control diet was significantly higher than that fed the

OO-0.3 diet (P< 0.05). All of these findings suggested that OO

supplementation could significantly improve intestinal health

and induce the antioxidant defense system and immunity, which

means that OO could be used as a functional feed additive to

protect the intestine, and the optimal addition level of OO

should be 0.3 g kg-1.
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