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Introduction

 Since the 1990s, koi breeding has become an important economic 
industry in China’s fisheries. However, large-scale and high-density 
farming has led to a decline in the disease resistance of koi [1]. The 
increase in the frequency of diseases can cause damage to the body 
surface, resulting in scarring, which seriously reduces the ornamental 
quality of Koi and poses a major threat to the sustainable development 
of the Koi industry. In order to control diseases of aquatic organisms, 
breeders use a large number of compounds and antibiotics as growth 
promoters, which can harm the fish and may even cause illness in 
humans [2].

 Some plant derivatives, which, after a series of extractions or pro-
cessing, promote growth in fish, are also used as immunostimulants 
in fish diets. Many plant extracts are now used as aquafeed additives 
and are safe and effective during feeding [3]. For example, thyme, 
carvacrol, and limonene have been proven to have a beneficial im-
pact on the nutrition and health of animals [4]. Garlic is part of the 
genus Allium in the lily family and contains allicin and other bioac-
tive compounds. It originated in the Mediterranean Sea and is now 
cultivated worldwide, mainly in China, Korea, and the United States, 
among other countries. Since the beginning of its cultivation, garlic 
has been studied for its flavoring and medicinal properties [5]. Garlic 
is pharmacologically active because it contains a complex chemical 
composition that includes proteins, flavonoids, macronutrients, oli-
gosaccharides, and other substances in addition to sulfur-containing 
organic compounds. Currently, garlic is generally used in aquaculture 
by oral administration, injection, and infusion, with oral administra-
tion being the most frequently used method [6].

 According to research studies, garlic has a variety of health ben-
efits, including broad-spectrum antibacterial, sterilization [7] anti-in-
flammatory, and immunomodulation [8]. Garlic can be added in a 
variety of forms, but it can all be added to feed as an alternative to 
antibiotics [9]. Garlic powder has not been studied in koi, so the fo-
cus of this experiment was to assess whether garlic powder (GAL) 
produced beneficial effects on immune function, gut histology, and 
bacterial communities in koi.

Materials and methods

Fish and experimental design: The experiments were carried out 
at the Beijing Fisheries Research Institute of Beijing Academy of 
Agriculture and Forestry Sciences, China. 180 fish (15.2 ± 2.88 g) 
were purchased from a commercial fish farm and first fed in the cul-
ture system for 4 weeks to acclimatise to the environment. Fish were 
assigned to 4 treatments with 3 replications for 56 days (n= 45 fish 
per treatment). The recirculating rearing system contains three 200-L 
tanks per treatment. The inclusion rates of garlic powder (25% purity, 
Allium sativum L.) in the feed are 0 (Control), 500 (GAL-L), 1,500 
(GAL-M) and 4,500 (GAL-H) mg/kg. Experimental fish were fed at 
9am and at 5pm. The fish were weighed individually before starting 
to feed and 2% of their body weight was calculated as the amount to 
be fed. The composition and nutritional content of the basal diets for  
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	 This	research	aimed	to	assess	the	effects	of	garlic	powder	(GAL)	
on immune function, intestinal histology, and bacterial community in 
koi carp. Fish were randomly assigned to four treatments and fed 
diets	which	contained	various	concentrations	of	GAL	at	0	(control),	
500	(GAL-L),	1,500	(GAL-M)	or	4,500	(GAL-H)	mg/kg	diet.	After	the	
8-w feeding experiment, blood was sampled to analyze serum pa-
rameters.	Gut	samples	were	collected	to	determine	 intestinal	mor-
phology	and	microbiota.	The	result	showed	that	dietary	GAL	reduced	
the	levels	of	serum	TNF-α,	IL-1β	and	IL-6	(P=0.0001;	P<0.0001;	P<	
0.0001), but increased the activities of lysozyme, complement C3 
and	 C4	 (P=0.0008;	 P<0.0001;	 P<0.0001).	 Serum	 SOD	 and	 GPx	
activities	were	higher	in	the	GAL-M	and	GAL-H	groups	(P=0.0488;	
P<0.0001),	 while	 MDA	 activities	 was	 weaker	 in	 the	 GAL-L	 and	
GAL-H	groups	than	in	the	control	group	(P=0.0004).	Dietary	GAL	in-
creased	intestinal	muscle	thickness	in	the	GAL-L	and	GAL-M	groups	
(P=0.0028).	Additionally,	the	gut	microbiota	of	the	GAL-M	group	was	
different	from	that	of	the	control	(P=0.007).	28	differentially	abundant	
taxa	were	identified	as	potential	biomarkers	by	LEfSe	analysis.	Col-
lectively,	GAL-meditated	benefits	may	be	associated	with	intestinal	
microbiota
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the experimental fish are shown in Table 1. During the experimen-
tal period, water was exchanged daily and the water condition was 
maintained as follows: temperature 21±1°C, dissolved oxygen 8.0-
8.5 mg/L, ammonium 0-1.0 mg/L, and nitrite 0-0.05 mg/L.

Sampling: After 56 days of rearing experiments, the fish were anes-
thetized by immersion in 100 mg/L MS-222 (n=9 fish per treatment). 
The anaesthetised fish is placed on an ice box and a vein is found in 
the tail for blood sampling. Blood samples were left to stand for 4 
hours in a refrigerated chill, then centrifuged at 1200 × g for 10 min 
and the serum was decanted to analyze the concentrations of tumor 
necrosis factor α (TNF-α), interleukin (IL-)1β, interleukin (IL-)6, ly-
sozyme, complement C3, C4, Superoxide Dismutase Activity (SOD), 
Glutathione Peroxidase (GPx) and Malondialdehyde (MDA). The fish 
were subsequently dissected and the entire intestinal tracts were care-
fully sampled. Two segments of the proximal intestine (approximate-
ly 0.5 cm long) were collected. One segment was immobilized in 10% 
neutral formalin liquid for the evaluation of intestinal morphology, 
the other segment was frozen at −20°C for the measurement of the 
bacterial community.

Measurements

Blood parameters: Measurement of TNF-α, IL-1β and IL-6 levels in 
fish serum, this experiment was performed using an Enzyme-Linked 
Immunosorbent Assay (ELISA). Determination of the absorbance of 
a suspension of Micrococcus lysogenicus at 450 nm as a means of de-
termining the lysozyme activity [10]. Complement C3 or C4 activity 
was determined by detecting its increase in absorbance after immuni-
ty response of C3 or C4 and its increased antibody [11]. The activity 
of SOD was measured based on its ability to restrain the autoxidation 
process of pyrogallol [12]. GPx activity was assayed using a 5,5′-dith-
iobis (2-nitrobenzoic acid) reagent as per the method of Ellman [13]. 
The concentration of MDA was determined using Thiobarbituric Acid 
(TBA) as per the method of Buege and Aust [14].

Intestinal morphology: Intestinal samples were immobilized in 10% 
neutral buffered formalin, dehydrated in various concentrations of 
ethanol, embedded in paraffin, and sectioned in five-micron for hema-
toxylin and eosin staining. Sections were scanned using a microscop-
ic‐resolution scanner. Measurements of villus height, crypt depth,  

mucosal thickness were performed using NanoZoomerTM Digital 
Pathology software view2.

Gut microbiota: Total bacterial DNA was collected from each 
sample using the TIANamp Stool DNA kit. The quality of the ex-
tracted DNA was evaluated using a NanoDrop spectrophotometer. 
PCR amplification was then performed using primers 314f and 806r 
(341F: 5-CCTAYGGGRBGCASCAG-3; 806R: 5-GGACTACNNG-
GGTATCTAAT-3), which target the V3-V4 region of the 16S rRNA 
gene. The PCR mixture (30 mL) contains 15 mL of 2 ´ Phusion 
High-Fidelity PCR Master Mix (New England Biolabs, USA), 10 ng 
of DNA template, 0.6 mM of forward and reverse primers, and 2 mL 
of HPLC-grade water. The V3-V4 regions were amplified at 98°C 
for 1 min, followed by 30 cycles of 98°C for 10 s, 50°C for 30 s, and 
72°C for 30 s, and a final extension at 72°C for 5 min. The PCR prod-
ucts were verified with 2% (wt/vol) agarose gel electrophoresis. DNA 
libraries were constructed using Ion Plus Fragment Library Kit (Life 
Technologies, USA) following the manufacturer’s protocol. The next 
generation sequencing was performed using the Ion S5 XL platform 
by Novogene Bioinformatics Technology Co. Ltd. (China).

 Quality control of the raw reads was performed according to steps 
described by Caporaso [15]. Chimeric sequences were identified and 
removed using UCHIME [16]. Operational Taxonomic Units (OTUs) 
were clustered using UPARSE (v7.0.1001) at a 97% similarity thresh-
old using [17]. Taxonomic classifications were assigned using the 
SILVA SSURef database and RDP classifier via QIIME [18]. Alpha 
diversity estimators including Chao 1, ACE, Shannon and Simpson 
indexes were calculated using QIIME. Beta diversity was analyzed 
by principal coordinate analysis (PCoA) based on weighted UniFrac 
distance. Linear Discriminant Analysis of the Effect Size (LEfSe) was 
performed to identify significant differences among all the treatment 
groups [19].

Statistical analysis: Data of blood indices and intestinal morphology 
were examined using the general linear model of SAS. After signif-
icant interactions are detected, Duncan’s multiple range test is used 
for multiple comparisons. Alpha diversity estimators were analyzed 
by using t-test between the control and the GAL-treated groups. Dif-
ferences in the structure of bacterial community were determined by 
an Analysis of Similarity Randomization Test (ANOSIM) between 
the control and the GAL-treated groups. A P-value less than 0.05 
indicated significant differences. LEfSe analysis was conducted by 
Kruskal-Wallis test, and the Logarithmic Linear Discriminant (LDA) 
threshold score was set to 4.0.

Results

Blood parameters: Oral administration of GAL reduced serum 
TNF-α in the GAL-treated groups (P=0.0001). The level of serum IL-
1β was less in the GAL-H group than that in other groups (P<0.0001). 
The concentration of serum IL-6 was less in the GAL-M and GAL-H 
groups than that in the control (P<0.0001) (Figure 1). The lysozyme 
activity was higher in the GAL-M and GAL-H groups than that in the 
control (P=0.0008). The concentration of complement C3 was great-
est in the GAL-H group (P<0.0001), and that of C4 was greatest in the 
GAL-M and GAL-H groups (P<0.0001) (Figure 2). The activities of 
serum SOD and GPx were higher in the GAL-M and GAL-H groups 
than those in the control (P=0.0488; P<0.0001). The level of serum 
MDA was lower in the GAL-L and GAL-H groups than that in the 
control (P=0.0004) (Figure 3).

Ingredients g/kg

Soybean meal 300

Steam dried fish meal 317

Wheat flour 200

Wheat bran 150

Fish oil 23

Trace minerals and vitamins1 10

Nutrient g/kg

Dry Matter 896

Crude Protein 401.1

Crude Fat 62.9

Crude Ash 84.1

Calcium 13.1

Total Phosphate 10.9

Salt 11.1

Table 1: Ingredients and nutrient profiles of the basal feed.
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Intestinal morphology: Feeding GAL increased muscle thickness in 
the GAL-L and GAL-M groups (P=0.0028). The villus height, crypt 
depth, and the villus height and crypt depth ratio (V/C value) were 
similar among groups (Figure 4).

Gut microbiota: A total of 2,899,472 valid DNA nucleic acid se-
quences were obtained from the 36 samples in this experiment. These 
sequences were grouped into 2,809 operational taxonomic units 
(OTUs) based on 97% nucleotide sequence similarity. Of all the sam-
ples, Fusobacteria were the predominant phylum (30.97%), closely  

followed by Firmicutes (20.36%), Proteobacteria (19.21%), Acti-
nobacteria (13.17%), Bacteroidetes (6.53%), Spirochaetes (3.27%), 
Deinococcus-Thermus (0.35%), Cyanobacteria (0.29%), Acidobac-
teria (0.25%), Chloroflexi (0.12%), and Others (5.47%) (Figure 5). 

 The alpha diversity was similar between each GAL-treated 
group and the control group. However, principal coordinate analysis 
(PCoA) demonstrated that the gut microbiota of the GAL-M group 
was different from that of the control (ANOSIM, R=0.2778, P=0.007) 
(Figure 6). In total, 28 taxa of varying abundance were identified as 
potential biomarkers through LEfSe analysis. At the phylum level, 
Actinobacteria was abundant in the GAL-M group, Spirochaetes was 
abundant in the GAL-L group, and Bacteroidetes was abundant in 
the control. At the genus level, Photobacterium was abundant in the 
GAL-H group, Propionibacterium and Citrobacter were enriched in 
the GAL-M group, Brevinema and Phyllobacterium were abundant in 
the GAL-L group, and Vibrio was abundant in the control (Figure 7). 

Figure 1: The concentration of serum TNF-α, IL-1β and IL-6 in the con-
trol and GAL-treated groups.

Figure 2: The activities of serum lysozyme, complement C3 and C4 in the 
control and GAL-treated groups.

Figure 3: The concentration of serum SOD, GPx and MDA in the control 
and GAL-treated groups.

Figure 4: Intestinal morphology of fish in the control and GAL-treated 
groups.

Figure 5: The 10 most abundant phyla of intestinal bacteria in the control 
and GAL-treated groups.

Figure 6: Principal coordinate analysis of intestinal bacterial community.
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Correlation analysis: Correlations between blood parameters and 
microbial abundance at the phylum and genus level are illustrated in 
Figure 8. Notably, the phylum Bacteroidetes was positively associat-
ed with IL-6 and MDA (P=0.0162; P=0.0056), negatively associated 
with lysozyme, C3, C4 and SOD (P=0.0037; P=0.0066; P=0.0284; 
P=0.0053), respectively. The genus Photobacterium was positively 
associated with lysozyme, C3, C4, and SOD (P=0.0383; P=0.0011; 
P=0.0140; P=0.0005), negatively associated with IL-1β and IL-6 
(P=0.0006; P=0.0010), respectively.

Discussion

 Garlic powder has the characteristics of promoting growth [20], 
antibacterial [21, 22], anti-inflammatory [23, 24] and antioxidant [25, 
26]. In ammonia stress experiments, the addition of garlic promoted 
antioxidant capacity and had a hepatoprotective effect on the liver 
[27]. Garlic powder increased immunoglobulins in European seabass 
[28], its’ microencapsulated extract promoted the growth of rain-
bow trout and enhanced the activity of plasma proteins, albumin and  

lysozyme [29]. These studies show that garlic powder has been wide-
ly used to replace dietary antibiotics in animal feed [9].

 Dietary supplementation with GAL has been found to induce 
changes in hematological parameters. Similar findings have been 
made previously with rainbow trout, where the addition of garlic 
powder to the diet increased total serum protein, albumin, and glob-
ulin levels and improved immunity [30]. Meanwhile, GAL exerted 
beneficial effects on non-specific immunity by enhancing lysozyme 
activity, phagocytic activity, and respiratory burst [30, 31]. This was 
further confirmed by our findings that GAL increased the level of se-
rum lysozyme, complement C3, and complement C4. Similarly, sup-
plementation of garlic powder in the fish diet resulted in lower levels 
of some substances in fish serum, such as TNF-α, IL-1β, and IL-6.

 Studies have shown that feeding different concentrations of garlic 
powder can improve the body composition and growth of sturgeons 
[5]. The addition of garlic to the diet resulted in a significant increase 
in the body weight of rainbow trout compared to the control group, 
as well as an increase in SGR to varying degrees [32]. Reports shown 
that it can enhance obvious nutrient digestion in rainbow trout [27] 
and Nile tilapia [33], with improved protein efficiency and lipid ef-
ficiency. In addition, garlic powder can stimulate appetite [34, 35] 
and digestive enzyme secretion. We observed an improvement in in-
testinal histology in the experiment, which may also help to improve 
growth performance.

 Garlic possesses broad-spectrum antimicrobial activity [21,22, 
36]. Reports have shown that several aquatic pathogenic bacteria 
have been sensitive to garlic extracts, including A. hydrophila and 
Vibrio harveyi [37]. The antibacterial action of garlic relies primarily 
on allicin, the most important of which is thiosulfate, which has been 
shown to inhibit various thiol-dependent enzyme systems [38]. More-
over, some derivatives, such as Propyl Propane Thiosulfinate (PTS) 
and Propyl Propane Thiosulfonate (PTS-O), have antibacterial activ-
ity [39]. Dietary supplementation with PTS-O regulated the intestinal 
microbiota composition in growing broilers [40]. Garlic supplemen-
tation affects the bacteria in the intestinal tract and a recent study on 
fish showed that the addition of garlic to the diet of rainbow trout (On-
corhynchus mykiss) resulted in different bacterial communities in the 
intestinal system. We observed similar results in this study, especially 
when 1500 mg/kg of garlic powder was added to the feed. The intesti-
nal microbiota differed from the control group. The biological activity 
of garlic powder may be related to the composition of the intestinal 
tract structure. We observed that Photobacterium was positively cor-
related with lysozyme, C3, C4, and SOD and negatively correlated 
with IL-1β and IL-6. This genus was abundant in the GAL-H group, 
so it might contribute to the enhancement of the immune response and 
antioxidant ability.

Conclusion

 In conclusion, dietary supplementation with GAL improved 
non-specific immunity, antioxidative ability, and intestinal morpholo-
gy.

Data availability

 The data used to support the findings of this study are available 
from the corresponding author upon request.

Figure 7: Linear discriminant analysis coupled with effect size (LEfSe) of 
gut microbiota among treatment groups.

Figure 8: Correlations analysis between blood parameters and relative 
abundance of the 35 most abundant bacteria at (A) phylum level and (B) 
genus level. Blue and red represent negative and positive correlations, re-
spectively. *, **, *** represent significant differences at P < 0.05, P < 
0.001, P <0.0001, respectively.
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