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ABSTRACT
Little is known about the immune status of different pig breeds and
the role of dietary protein intake. The present study, performed on
96 barrows (48 pure-bred Bama mini-pigs (fatty genotype) and 48
Landrace pigs (lean genotype)) randomly assigned to two dietary
treatment groups (low- or adequate protein diet), with twenty-
four24 individuals per treatment), evaluated the levels of
immunoglobulins and cytokines in serum, and intestinal and splenic
innate immunity on the two breeds. Data showed significant
interactions between breed and diet for adaptive and innate
immunity. Throughout the experiment, Landrace pigs showed
significantly higher intestinal immune responses than Bama mini-
pigs, and an adequate provision of dietary protein improved the
expression of specific antibodies in early growth phases. These
finding have important implication for improving the immune status
of Landrace pigs, which are a major source of protein for humans.

Abbreviations: BW: BodyWeight; NRC diet: National Research Council
diet; GB diet: Chinese conventional diet; CSFV: Classical Swine Fever
Virus; IgG: Immunoglobulin G; IgM: Immunoglobulin M; SIgA:
Secretory Immunoglobulin A.
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1. Introduction

Pig is a major protein source for human consumption, and health problems in the swine
industry cause significant economical loses worldwide (Tang et al., 2014; Tang, Li, et al.,
2015; Tang, Tan, et al., 2015). In addition to vaccines and antibiotics (Gonzalez-Perez
et al., 2016; Zhang et al., 2017), nutritional methods, including dietary supplementation
with amino acids (Tan et al., 2009), probiotics (Lan & Kim, 2017), zinc (Uemura,
Katsuge, Sasaki, Goto, & Sueyoshi, 2017), or herbs (Bai et al., 2016), have been used to
improve pig immunity.
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More than 30 indigenous pig breeds have been established in China. Bama mini-pig
(Liu, Li, He, et al., 2015; Tang, Tan, et al., 2015), a Chinese breed grown in subtropical
southern China, displays tolerance to infection and heat stress, thereby constituting a
good model for research on pig immunity status. In contrast, Landrace pig, a typical
lean genotype, shows fast-growing ability and has been extensively used to produce a
large amount of meat (Liu, Kong, Jiang, et al., 2015).

Few reports indicate that dietary protein levels play an important role in regulating immune
functions (Opapeju, Rademacher, & Nyachoti, 2009; Peng et al., 2016; Procajlo, Srzweda,
Siwicki, Platt-Samoraj, & Mikulska-Skupien, 2010; Yengkokpam et al., 2016). The present
study aimed to determine the effects of dietary nutrient levels on the specific and innate
immune status of Bama mini-pigs and Landrace pigs during three phase of their growth.

2. Materials and methods

2.1. Animals and dietary treatment

Ninety-six barrows (48 Bama mini-pigs, average initial body weight (BW) 3·38 ± 0·96 kg,
Chinese local breed; and 48 Landrace pigs, average initial BW 7·68 ± 0·89 kg) were fed
different diets from five weeks of age to market weight. Four different treatments were
applied in a 2 × 2 factorial arrangement (Table 1) comprising two breeds (Bama mini-
pigs vs. Landrace pigs) and two dietary protein levels [National Research Council diet
(NRC diet) vs. Chinese conventional diet (GB diet)]. Barrows from each genotype were
randomly assigned to one of the two dietary treatments (24 barrows per treatment).
The NRC diet was formulated to meet NRC requirements, whereas the GB diet, with
lower protein level than the NRC diet, was formulated to meet the recommendations of
the Chinese National Feeding Standard for Swine. The animals were individually
housed in 0·6 m × 1·2 m pens with hard plastic slatted flooring, and had free access
to drinking water and their respective diets. The dietary phase was based on animals’
physiological stage. The experiment was carried out in accordance with the Chinese
Guidelines for Animal Welfare and Experimental Protocol, and approved by the
Animal Care and Use Committee of the Institute of Subtropical Agriculture, Chinese
Academy of Sciences.

2.2. Vaccination and sample collection

All Landrace pigs and Bama mini-pigs were confirmed negative for classical swine fever
virus (CSFV) by real-time PCR (RT–PCR). Pigs of each group were inoculated with the
Classical Swine Fever Vaccine (Weike Biotechnology, China) in the muscle of the neck,
behind the ear, according to the manufacturer’s recommendation, at the age of 21 days.

Table 1. Animals and treatments.

Item

Landrace pig Bama mini-pig

Body weight GB diet group NRC diet group Body weight GB diet group NRC diet group

Nursery phase 10–20,kg GB diet 1 NRC diet 1 10–20,kg GB diet 1 NRC diet 1
Growing phase 20–50,kg GB diet 2 NRC diet 2 20–50,kg GB diet 2 NRC diet 2
Finishing phase 50–90,kg GB diet 3 NRC diet 3 50–90,kg GB diet 3 NRC diet 3

Note: GB diet, Chinese conventional diet.
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Following vaccination, pigs were monitored daily for temperature/clinical signs and bled
for serology and cytokine analyses during nursery, growing, and finishing phases (here-
after designated phases 1, 2, and 3, respectively). The BW ranges of Landrace pigs in
phases 1, 2, and 3 were 7–20, 20–50, and 50–90 kg, respectively, while BW ranges for
Bama mini-pigs were 3–15, 15–35, and 35–55 kg, respectively. At the end of each
phase, blood samples from eight pigs under each treatment were collected into 10-ml cen-
trifuge tubes containing sodium heparin (14.3 USP units/ml). Plasma was recovered from
each sample after centrifugation at 900 × g for 10 min at 4°C, and stored at −80°C until
analysis. Spleens were immediately snap-frozen in liquid nitrogen and stored at −80°C
for the extraction of total RNA.

2.3. Analysis of serum swine fever antibodies, and immunoglobulins G and M
(IgG and IgM, respectively) and cytokines

Specific immune responses were determined by the concentration of swine fever anti-
bodies (Cusabio Biotech Company Limited). Two aliquots (100 μl) of each sample or stan-
dard were added to the wells of a microtitre plate previously pre-coated with an
appropriate antigen. The negative control serum was used as the negative control. The
plate was incubated for 1 h at 37°C, and, after removing the liquid within each well, horse-
radish peroxidase (HRP)-conjugate antibody (100 µl) was added and the plate incubated
for another hour at 37°C. After this period, wells were washed five times with 200 µl of
washing buffer, and Trimethylborane (TMB) was added. After incubation for 15 min at
37°C, the reaction was stopped with 50 μl of the terminating solution, and the absorbance
of the resulting solution was measured at 450 nm.

Serum concentrations of IgG and IgM were measured using immunoassay kits pur-
chased from Triple J Farms (Bellingham, WA, USA), according to the manufacturer’s
instructions. Serum concentrations of interleukin IL-2, IL-10 and tumour necrosis
factor (TNF)-a were determined by radio-immunoassays using kits provided by Beijing
Chemclin Biotech (Beijing, China).

2.4. Measurement of intestinal innate immunity and cytokine gene expression
levels

The abundance of secretory immunoglobulin A (SIgA) was determined using an enzyme-
linked immunosorbent assay (ELISA) kit (Abcam. USA.), following the manufacturer’s
instructions. The jejunum was collected for RNA extraction and immediately frozen
at −80°C until additional processing. Total RNA was extracted using the RNA simple
kit (Sangon Inc. Ltd., Shanghai, China), according to the instructions of the
manufacturer. Purity and quantity of RNA were measured on a NanoDrop spectropho-
tometer (Thermo Fisher Scientific, DE, USA), and RT–PCR was performed as described in
the following section.

2.5. Analysis of cytokine gene expression in the spleen

Tissue is gently dissociated and whole spleens are prepared to single-cell suspensions of
splenocytes. Total RNA was extracted from the splenocytes using the RNA simple kit
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(Sangon Inc. Ltd) and treated with DNase I (Takara, Dalian, China) at 37°C for 30 min.
Purity and quantity of RNA were measured on a NanoDrop spectrophotometer (Thermo
Fisher Scientific). Only intact RNA samples with 260:280 nm ratio between 2.0 and 2.2
were used for cDNA synthesis. First-strand cDNA was synthesized from total RNA
using the M-MLV First-Strand cDNA synthesis kit (Promega, USA). Quantitative RT–
PCR was conducted to detect relative mRNA expression levels using β-actin as the internal
control gene and the SYBR® Green Real-time PCR Master Mix kit (ToYoBo Co. Ltd,
Japan), according to the manufacturer’s instructions. Reaction mixtures included 7.5 μL
PCR master mix, 0.4 μL 10 μM primers (Table 1), and 1 μL cDNA, and PCR profile
was performed at 95°C for 30 s, followed by 40 cycles at 95°C for 10 s, 55°C for 10 s,
and 72°C for 15 s, in the iQ5TM real-time multicolour PCR detector (Bio-Rad, USA).
The relative quantification of gene amplification by RT–PCR was performed using the
cycle threshold (Ct) method in which expression levels of cytokine genes were determined
in relation to those of β-actin.

2.6. Statistical analysis

Data were analyzed using a mixed-effects model in SAS version 8.2 (SAS Institute Inc.,
Cary, NC, USA). Diet, breed, and the interactions between these factors were included
in the statistical model. Effects were considered statistically significant at P < 0.05. Prob-
ability values between 0.05 and 0.10 were considered trends.

3. Results

3.1. Immunoglobulins and cytokines in serum

In phases 1 and 2, Landrace pigs fed the NRC diet showed higher level of specific anti-
bodies for swine fever than Landrace pigs fed the GB diet, while there was no different
in phase 3 Landrace pigs. In addition, interaction between Bama mini-pigs and Landrace
pigs was not significant, although mean values were greater in Bama mini-pigs (Figure 1
(a)). The concentration of IgG showed significant breed interaction (P < 0.05) in phase 2
but not in phases 1 and 3 (Figure 1(b)). Similar levels of IgM were found among the three
different phases (P > 0.05) (Figure 1(c)).

Dietary protein levels showed no significant breed × diet effect (P > 0.05) on serum con-
centrations of IL-2 and TNF-α in the three phases, except for the slight fluctuations of IL-2
in phase 3 and TNF-α in phase 1 (Table 2). The level of IL-10 was significantly affected by
breed and diet, and Landrace pigs fed the NRC diet generally produced higher IL-10 than
those fed the GB diet. On the contrary, Bama mini-pigs fed the GB diet activated more IL-
10 secretion in serum than Bama mini-pigs fed the NRC diet.

3.2. Intestinal innate immunity and cytokines

As shown in Figure 2, jejunum SIgA was higher in Landrace pigs than in Bama-mini-pigs,
showing breed interaction (P < 0.05) but not diet interaction (P > 0.05). Breed differences
in SIgA were consistent with cytokines expression levels. In phase 1, there was no signifi-
cant breed or diet interaction (P > 0.05) for IL-2, IL-4, IL-10, IL-1β, TNF-α, and TGF-β1,
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although Landrace pigs had significantly lower IL-6 and significantly higher IFN-γ than
Bama mini-pigs. In phase 2, breed × diet interaction was significant (P > 0.05) for IFN-γ
and TGF-β1, and breed significantly affected (P < 0.05) the gene expression of IL-4 and
IL-10 (Table 2). In phase 3, there were significant breed × diet interactions for IFN-γ
and TNF-α, and Landrace pigs had significantly higher IL-6, IL-10, IL-1β, and TGF-β1
expression levels than Bama mini-pigs. Diet, on the other hand, did not affect gene
expression (P > 0.05) (Table 2).

3.3. Cytokines in spleen

As show in Table 2, there was no significant breed or diet interaction for IL-4, IL-1β,
IFN-γ, and TNF-α in the three different phases. In phase 1, breed interaction was signifi-
cant (P < 0.05) for the splenic expression of IL-2, IL-6, IL-10, and TGF-β1 as Landrace pigs
fed GB or NRC diets had higher expression level than Bama mini-pigs. However, no
significant diet interactions (P > 0.05) were observed for the expression of these cytokines.
In phases 2 and 3, only IL-6 and IL-10 showed significant breed interactions (P < 0.05).
Significant breed × diet interactions were only shown for IL-10 expression during phase
2 (P < 0.05).

Figure 1. Effects of dietary protein intake and breed on the levels of specific classical swine fever virus
(CSFV) antibodies and immunoglobulins G and M in serum, in growth phases 1, 2, and 3. (a) concen-
tration of CSFV antibodies; (b) concentration of IgG; (c) concentrations of IgM. Landrace pig/Chinese
conventional (GB) diet group; Landrace pig/National Research Council (NRC) diet group; Bama
mini-pig/GB diet group; Bama mini-pig/NRC diet group. Values are means (n = 8), and standard
errors are represented by vertical bars. Effects were considered statistically significant if P < 0.05.
S × D, strain × diet interaction.
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Table 2. Effects of dietary protein level and breed on serum concentrations of cytokines in the serum
and relative mRNA level of intestinal and spleen.

Item

Landrace pig Bama mini-pig

SEM

P-value

GB diets NRC diets GB diets NRC diets Breed Diet B*D

Nursery phase
IL-2 (Sr) 2.62 1.98 2.4 2.42 0.18 0.63 0.19 0.17
IL-2 (J) 0.81 0.45 0.73 0.63 0.12 0.67 0.09 0.33
IL-2 (Sp) 1.86a 1.61a 0.94b 1.34ab 0.16 0.0023 0.68 0.08
IL-4 (J) 0.75 0.94 0.93 1.12 0.18 0.38 0.35 0.99
IL-4(Sp) 1.26 1 1.1 1.52 0.18 0.34 0.68 0.09
IL-6 (J) 1.23ab 1.39ab 2.12a 1.07b 0.32 0.38 0.18 0.07
IL-6(Sp) 1.38ab 1.89a 0.98b 0.71b 0.21 0.0019 0.61 0.1
IL-10 (Sr) 2.49b 3.44a 3.66a 2.71b 0.16 0.3 0.99 0.0003
IL-10 (J) 1.26 1.79 1.13 1.13 0.39 0.33 0.51 0.51
IL-10(Sp) 1.18ab 1.45a 0.93ab 0.70b 0.16 0.0087 0.91 0.16
IL-1β (J) 1.26 1.01 1.66 1.14 0.23 0.26 0.11 0.55
IL-1β(Sp) 1.12 1.25 1.47 1.19 0.13 0.29 0.59 0.14
IFN-γ (J) 1.50a 1.28a 0.62ab 0.24b 0.3 0.0039 0.35 0.79
IFN-γ(Sp) 1.33 1.48 1.02 0.94 0.2 0.06 0.86 0.61
TNF-α (Sr) 1.55a 0.95bc 1.50ab 0.84c 0.15 0.68 0.0045 0.88
TNF-α (J) 1.27 1.43 2.3 1.22 0.35 0.26 0.2 0.09
TNF-α(Sp) 0.94 1.14 0.93 0.89 0.1 0.23 0.44 0.24
TGF-β1 (J) 1.43 1.66 1.49 0.82 0.3 0.21 0.48 0.15
TGF-β1(Sp) 0.98ab 1.21a 0.94ab 0.90b 0.09 0.07 0.35 0.15
Growing phase
IL-2 (Sr) 1.99 1.99 2.42 2.39 0.19 0.09 0.94 0.96
IL-2 (J) 1.72 1.14 2.13 1.73 0.32 0.19 0.19 0.81
IL-2(Sp) 1.1 1.1 1.19 0.84 0.13 0.6 0.28 0.28
IL-4 (J) 0.95bc 0.71c 1.93ab 2.29a 0.32 0.0023 0.87 0.42
IL-4(Sp) 1.75 0.96 1.29 1.09 0.24 0.56 0.09 0.3
IL-6 (J) 1.09 1.15 0.52 1.18 0.26 0.36 0.23 0.31
IL-6(Sp) 1.46ab 1.69a 1.09b 1.10b 0.13 0.0045 0.42 0.48
IL-10 (Sr) 3.85c 3.20c 45.80a 17.96b 1.82 <0.0001 <0.0001 <0.0001
IL-10 (J) 1.48b 1.11b 2.52a 1.61b 0.24 0.0079 0.02 0.32
IL-10(Sp) 1.31b 1.46b 2.72a 1.04b 0.28 0.012 0.02 0.0086
IL-1β (J) 1.86 1.6 1.01 1.26 0.27 0.06 0.99 0.42
IL-1β(Sp) 1.27 1.21 1.17 1.73 0.2 0.38 0.29 0.19
IFN-γ (J) 3.91a 1.76b 1.04b 1.92b 0.34 0.0017 0.11 0.0006
IFN-γ(Sp) 1.69 1.04 1.09 1.65 0.23 0.99 0.86 0.03
TNF-α (Sr) 0.98 0.98 0.94 0.74 0.06 0.1 0.23 0.19
TNF-α (J) 1.12 1.21 0.52 1.22 0.27 0.33 0.2 0.31
TNF-α(Sp) 1.22 1.21 1.26 1.34 0.16 0.63 0.86 0.77
TGF-β1 (J) 2.24a 1.32b 0.82b 1.24b 0.25 0.01 0.38 0.03
TGF-β1(Sp) 1.32 0.84 1.2 1.08 0.14 0.69 0.07 0.26
Finishing phase
IL-2 (Sr) 1.95b 1.97b 2.31b 3.11a 0.2 0.01 0.13 0.15
IL-2 (J) 1.48 2.69 2.02 1.23 0.41 0.39 0.69 0.07
IL-2(Sp) 0.81 1 0.81 0.7 0.1 0.2 0.74 0.2
IL-4 (J) 1.52 1.85 1.94 1.01 0.35 0.64 0.5 0.17
IL-4(Sp) 0.8 0.74 0.98 0.97 0.09 0.07 0.73 0.81
IL-6 (J) 1.48a 2.48a 0.36b 1.61a 0.31 0.01 0.0065 0.74
IL-6(Sp) 0.97ab 1.06a 0.52c 0.62bc 0.11 0.0019 0.44 0.96
IL-10 (Sr) 2.89b 4.35ab 4.92a 3.93ab 0.38 0.11 0.63 0.02
IL-10 (J) 2.14a 2.23a 0.09b 0.65b 0.21 <0.0001 0.21 0.35
IL-10(Sp) 1.17a 1.01ab 0.72bc 0.58c 0.12 0.0042 0.28 0.94
IL-1β (J) 1.76a 2.13a 0.22b 0.59b 0.25 <0.0001 0.23 1
IL-1β(Sp) 0.55 0.87 0.94 1 0.17 0.2 0.35 0.52
IFN-γ (J) 1.99b 3.40a 0.88bc 0.56c 0.33 <0.0001 0.18 0.04
IFN-γ(Sp) 1.35 1.1 0.65 0.81 0.29 0.15 0.89 0.53
TNF-α (Sr) 1.49 1.43 1.5 1.41 0.1 0.98 0.57 0.89
TNF-α (J) 1.43ab 2.55a 0.34b 1.56a 0.31 0.01 0.005 0.02
TNF-α(Sp) 1.18 1.02 0.83 1.03 0.16 0.37 0.91 0.33

(Continued )
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4. Discussion

All pigs showed healthy growth throughout the experimental period, and their growth
performance, meat quality, plasma metabolites, and lipid metabolism have been described
previously (Liu, Kong, Jiang, et al., 2015; Liu, Li, He, et al., 2015; Liu, Li, Kong, et al., 2015).
Because the immune status of pigs depends on the interactive effects of genotype, vacci-
nation, antibiotics’ supply, and nutritional condition, the present study focused on evalu-
ating the effects of breed and dietary protein level on adaptive and innate immunity. Diet
significantly affected the specific immunity of Landrace pigs, with increasing levels of
dietary protein increasing the titer of CFSV antibodies, although both IgG and IgM
levels did not significantly differed between diets. Cytokines (Tan et al., 2009; Thorum
et al., 2013), such as IL-2, IL-10, and TNF-α, are crucial protein mediators in humoral
immunity, and the mRNA levels of cytokines in serum were affected by both diet and
breed, particularly for IL-10, which enhances B cell survival and antibody production.
These results indicated that cytokines in serum were significantly affected by breed or
diet, and high levels of dietary protein increased the level of specific antibodies on early
growth stages.

The intestinal immune system is an important line of defense and can protect the
animal from pathogenic microorganisms and toxins (Tang, Li, et al., 2015). Levels of
SIgA (Min, Yang, Xu, & Gao, 2016; Tian et al., 2014), as a key mark for intestinal immu-
nity, showed significantly breed interaction with Landrace pigs showing higher SIgA levels

Table 2. Continued.

Item

Landrace pig Bama mini-pig

SEM

P-value

GB diets NRC diets GB diets NRC diets Breed Diet B*D

TGF-β1 (J) 2.94a 2.50a 0.28b 0.29b 0.32 <0.0001 0.59 0.57
TGF-β1(Sp) 0.9 1.22 1 1.29 0.13 0.56 0.04 0.94

Note: GB diets, Chinese conventional diets; B × D, breed × diet interaction; Sr, Serum; J, Jejunum; Sp, Spleen.
a,b,cMean values with unlike superscript letters were significantly different (P < 0.05). n = 8.

Figure 2. Effects of dietary protein intake and breed on the intestinal secretion of secretory immuno-
globulin A (SIgA) in growth phases 1, 2, and 3. (a) concentration of SIgA in jejunum; (b) concentration of
SIgA in the lumen of jejunum. Landrace pig/ Chinese conventional (GB) diet group; Landrace
pig/ National Research Council (NRC) diet group; Bama mini-pig/GB diet group; Bama mini-pig/
NRC diet group; Values are means (n = 8), and standard errors represented by vertical bars. Effects were
considered statistically significant if P < 0.05. S × D, strain × diet interaction.
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than Bama mini-pigs, and the high-protein diet increased SIgA levels in Landrace pigs in
phase 1 but not in phases 2 and 3. Consistent with SIgA levels, the expression of partial
cytokines in Bama mini-pigs were upregulated by approximately 200%–300%, in relation
to Landrace pigs. Thus, Landrace pigs seem to have stronger intestinal immune responses
than Bama mini-pigs, and high protein intake seems to improve gene regulation in the
intestine of Landrace pigs during phase 1.

The spleen plays important roles in the immune system and in antibodies’ production,
which might indicate the immune status of an animal. The present results indicated sig-
nificant effects of breed, but not of diet, on cytokines’ expression in the spleen.

5. Conclusion

In summary, the results of the present study suggest an interaction effect between breed
and diet. Landrace pigs show more diet benefits on intestinal immune responses, and
increasing dietary protein intake in animals belonging to this breed might improve
their immune status to some extent, while the Bama mini-pigs are suitable to lower
protein level for their immune status.
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