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Simple Summary: The rearing system is one of the significant non-genetic factors that influence
growth performance and immune status in goose husbandry. Therefore, it is of great significance to
understand the effects of two major dryland systems on goose growth performance and immune
status. The current study revealed that the floor rearing system (FRS) improved growth performance,
but the immune function of geese was promoted to some extent in the cage-rearing system (CRS).
Moreover, we found the phenylalanine metabolism pathway could exert positive effects on the
immune function of geese under CRS. These findings can provide a reliable reference for selecting a
dryland rearing system in geese.

Abstract: Currently, FRS and CRS are the two predominant dryland rearing systems in the goose
industry. However, the effects of these two systems on goose growth performance and health, as
well as the underlying mechanisms, have not been fully clarified. Thus, this study aimed to compare
growth performance and immune status, as well as investigate the genome-wide transcriptomic
profiles of spleen in geese, between CRS and FRS at 270 d of age. Phenotypically, the body weight
and body size traits were higher in geese under FRS, while the weight and organ index of spleen
were higher in geese under CRS (p < 0.05). Noticeably, the bursa of Fabricius of geese under FRS
was degenerated, while that under CRS was retained. At the serum level, the immune globulin-G
(IgG) and interleukin-6 (IL-6) levels were higher in geese under CRS (p < 0.05). At the transcriptomic
level, we identified 251 differentially expressed genes (DEGs) in the spleen between CRS and FRS,
which were mainly enriched in scavenger receptor activity, inflammatory response, immune response,
neuroactive ligand–receptor interaction, phenylalanine metabolism, ECM receptor interaction, cal-
cium signaling pathway, phenylalanine, tyrosine, and tryptophan biosynthesis, regulation of actin
cytoskeleton, and MAPK signaling pathways. Furthermore, through protein–protein interaction
(PPI) network analysis, ten candidate genes were identified, namely, VEGFA, FGF2, NGF, GPC1,
NKX2-5, FGFR1, FGF1, MEIS1, CD36, and PAH. Further analysis demonstrated that geese in CRS
could improve their immune ability through the “phenylalanine metabolism” pathway. Our results
revealed that the FRS improved growth performance, whereas the CRS improved goose immune
function by increasing levels of IL-6 and IgG in serum. Moreover, the phenylalanine metabolism
pathway could exert positive effects on immune function of geese under CRS. These results can
provide reliable references for understanding how floor and cage rearing systems affect goose growth
performance and immune capacity.

Keywords: Sichuan white goose; rearing system; growth performance; immune status; transcriptomic
analysis
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1. Introduction

With the rapid development of goose husbandry, the market demands for goose prod-
ucts are increasing. Meanwhile, as increasing attention has been focused on environmental
protection and production efficiency, the rearing method of geese is transitioning from free
range with water to modern dryland systems [1]. Currently, the net rearing system (NRS),
cage rearing system (CRS), and floor rearing system (FRS) are the most common dryland
rearing models in China [2], which greatly minimize the need for water bodies [3]. Previous
studies have indicated that the rearing systems can affect poultry comfort, welfare, health
status, intestinal microbial composition, and production performance [1,4–6]. However, in
many countries of the world, the cage rearing system in geese is unknown. Geese are reared
in an extensive or semi-intensive system (with access to a paddock and water (swimming
pools, ponds, lakes). Thus, it is crucial to explore the growth performance and health status
of geese under different rearing systems.

Recently, several studies have investigated the production performance and health
status of poultry under different rearing systems. Zhang et al. [7] found that, compared to
FRS, ducks under NRS showed a higher final body weight (BW), average daily gain (ADG),
and average daily feed intake (ADFI), but a lower feed conversion rate (FCR), and there have
also been significant changes in biochemical indicators of duck serum between FRS and
NRS. In goose, Li et al. [1] showed that CRS significantly changes intestinal morphological
characteristics and microbial composition, thereby affecting goose physiological functions
and slaughter traits. Furthermore, in a study by Zhao et al. [8], the Shaoxing ducks reared in
NRS had better health status compared to traditional rearing. It has been observed that the
FRS appeared to be propitious for gastrointestinal development and health of broilers [9].
Moreover, NRS can improve duck immune function by promoting the development of
major immune organs and increasing serum immunity cytokines levels [10]. However, CRS
as a novel rearing system for geese, and the influence of growth performance and health
status remains unclear.

Therefore, this experiment aimed to (1) explore the effects of different rearing systems
(CRS vs. FRS) on goose growth performance and immune status, and (2) compare the
spleen transcriptome profiles between CRS and FRS using RNA-seq. These results can help
further understand how floor and cage rearing systems affect goose growth performance
and immune capacity.

2. Materials and Method
2.1. Ethics Statement

In this study, all Sichuan white geese (SWG) were obtained from the Sichuan Agricul-
tural University Waterfowls Breeding Farm (Ya’an, China). All experimental procedures
that involved in animal manipulation were approved by the Institutional Animal Care
and Use Committee (IACUC) of Sichuan Agricultural University (Chengdu, China) under
Approval No. 20160067.

2.2. Management of Experimental Geese

For the present study, a total of 60 male Sichuan white goose with similar body weights
were used as experimental material. These geese were incubated in the same batch and
taken from the Waterfowl Breeding Experimental Farm of Sichuan Agricultural University
(Ya’an, China). After incubating (28 d), these geese underwent the brooding stage and
were raised in the same environment before the age of 120 d. Then, the experiment geese
(average BW 2.75 kg) were randomly allocated into CRS and FRS (namely, 30 geese in
each group) at the age of 120 d. In this study, geese in FRS were reared in an indoor area
with 60 m2 cement playground and an 18 m2 fermentation bed (length (L) × width (W):
6 × 13 m). In the CRS, geese were reared in a single cage (L × W × height (H): 0.55 × 0.37
× 0.7 m, and the bottom of the cage is 1.5 m above the ground. During the experimental
period, all diets (Table 1; Sanwang Agriculture and animal Husbandry Co., Ltd., Chengdu,
China) and water were provided the same and ad libitum to geese. The temperature and
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humidity were kept at approximately 18 to 25 ◦C and at 50% and 60%, respectively. The
lighting schedule was set 16 h on and 8 h off, with lights on at 08:00 A.M. for CRS and FRS.

Table 1. Ingredients and nutrients composition of basal diets in CRS and FRS geese.

Items Stage (28–270 d)

Ingredients
Corn (%) 57.70
Soybean meal (%) 27.50
Wheat middling (%) 7.50
Wheat bran (%) 2.00
Calcium hydrogen phosphate (%) 1.62
Soybean oil (%) 1.40
Limestone powder (%) 0.93
NaCl (%) 0.35
Vitamin and mineral premix (%) 1.00
Total (%) 100

Nutrients
Metabolizable energy (Mcal/kg) 2900
(Mcal/kg) Dry matter (%) 87.12
Crude protein (%) 17.50
Crude fat (%) 4.13
Crude fiber (%) 3.00
Calcium (%) 0.85
Total phosphorus (%) 0.65
Available phosphorus (%) 0.40
Lysine (%) 0.85
Methionine (%) 0.40
Methionine + cystine (%) 0.70
Threonine (%) 0.60
Tryptophan (%) 0.19

2.3. Growth Performance Measurement and Sample Collection

At 270 d of age, BW and body size traits were measured individually. Body size traits
including half-diving length (HDL), body straight length (TSL), body slope length (BSL),
breast width (XK), breast depth (BD), fossil bone length (FBL), shank length (SL), and shank
circumference (SC) were measured. Measurement of body size traits were performed in
accordance with the standards of agricultural industry of the People’s Republic of China
(NY/T 828-2004). After measured, blood samples (5 mL) were collected from the wing
vein in the blood vessels with EDTA (Jiangsu, China) for each goose. The whole blood was
placed at −4 ◦C for 24 h for static stratification. The serum (the light-yellow fluid) was
collected and stored at −20 ◦C for further determination of geese immune status.

Then, 18 geese were randomly selected from CRS and FRS, respectively, for slaughter
and tissue collection. After slaughter (carbon dioxide to render the geese unconscious,
and then cervical dislocation to euthanize the geese), three tissues were collected, namely,
spleen, thymus, and bursa of Fabricius. Subsequently, quick measurements of the spleen,
thymus, and bursa of Fabricius weight were performed, before calculating the immune
organs index using the following formula: organ index = organ weight (g)/body weight
(g) × 100%. Lastly, approximately 1 g of spleen tissue was collected and placed in liquid
nitrogen, before storing at −80 ◦C until RNA extraction.

2.4. Determination of Immune Organ Parameters and Serum Immune Cytokine Profiles

In this experiment, the immune status of geese under CRS and FRS was mainly
explored through two aspects: immune organ development and serum immunity cytokines
levels. In terms of immune organs, we calculated six immune organ parameters, including
organ weight (spleen, thymus, and bursa of Fabricius weight) and organ index (spleen,
thymus, and bursa of Fabricius index). In addition, we measured the levels of immune
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globulin-G (IgG), interleukin-1β (IL-1β), interleukin-4 (IL-4), interleukin-6 (IL-6), and
interferon-γ (IFN-γ) in serum using ELISA kits (Shanghai, China), respectively.

2.5. Histological Observation

Firstly, the spleen tissue was fixed with 4% paraformaldehyde for 24 h, ensuring
that paraformaldehyde completely immersed the spleen tissue. Then, the fixed spleen
tissue was dehydrated completely using 75%, 85%, 95%, and absolute alcohol. After the
dehydration of the spleen tissue, it was swept in xylene, unfiltered, and embedded in
melted paraffin. Then, the embedded sample was cut using a rotary microtome (Leica
RM2235, Oskar-Barnack, Munich, Germany), with a slice of 5 um thickness. During
staining, HE staining was performed on the cross-sectional area of the sliced sample and
photographed using a digital three camera microscope BA410-Digital (Motic China Group
Co. Ltd., Xiamen, China). Lastly, the red pulp (RP), central artery (CA), splenic trabecula
(TL), splenic corpuscle (AL), and trabecular artery (TA) were counted by Image-Pro Plus 6.0.

2.6. RNA Isolation and Sequencing

In this experiment, we used RNeasy Mini Kit (QIAGEN, Beijing, China) to extract
total RNA from the spleen tissues of CRS (n = 3) and FRS (n = 3) geese. After extraction,
the integrity of RNA from different samples was detected using Agilent Bioanalyzer 2100
(Agilent, CA, USA). Then, we selected high-integrity (RIN value from 7.9 to 9.7) spleen
tissues to construct RNA libraries by Glibizzia Bioscience (Glibizzia, Beijing, China). All
RNA-libraries were sequenced by the DNBSEQ-T7-PE150 (HuaDa, Shenzhen, Chian).
Standard quality control of FastaQC software was used to filter low-quality reads and
obtain clean reads.

2.7. Transcriptome Alignment and Assembly

HISAT2 (version 2.1.0) software was used to compare clean reads with the reference
genome of Sichuan white goose (data being published) that we assembled [11]. In terms of
file conversion, SAMtools (version 1.13) software was used to convert the output SAM files
into BAM files and sort them [12]. Subsequently, featureCounts (version 2.02) software to
calculate the counts values of each transcript, using the following calculation criteria: the
gene length and the read count were mapped to the transcript [13].

2.8. Identification of the DEGs and Functional Analysis

According to the above groups (CRS and FRS), the DESeq2 package was used to
identify differentially expressed genes (DEGs), and p adj values < 0.05 and |log2FC|
> 1 as the criteria [14]. KOBAS 3.0 was used to functional analysis of DEGs [15]. The
STRING 10 database (http://string-db.org/ accessed on 19 Augst 2022) was used to analyze
DEGs–protein interaction networks in this study. Finally, the Cytoscape (version 3.2.1)
software was used to network visualization [16].

2.9. Statistics Analysis

The experimental data were analyzed using the SPSS 23.0 software (IBM, Armonk,
NY, USA). Differences in growth performance traits, weight for spleen, thymus, bursa
of Fabricius, spleen histomorphological characteristics, and immune cytokines profiles
between CRS and FRS through ANOVA testing. Furthermore, we analyzed the significance
of different traits between CRS and FRS through t-tests; when p < 0.05, a statistically
significant difference was recognized.

3. Results
3.1. Effects of CRS vs. FRS on Goose Growth Performance

The results of growth performance are shown in Table 2. Geese in FRS showed higher
BW (p < 0.05). As for body size traits, compared with the CRS, the BSL, TSL, FBL, XK, and
SC in FRS were significantly higher (p < 0.05).

http://string-db.org/
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Table 2. Effects of FRS and CRS on growth performance of geese.

Items CRS (n = 18) FRS (n = 18) p-Value

BW (g) 4195.6 ± 541.5 4603.9 ± 327.2 0.01
HDL (cm) 79.2 ± 2.8 79.6 ± 2.2 0.60
BSL (cm) 31.0 ± 1.6 32.2 ± 1.5 0.01
TSL (cm) 29.8 ± 1.6 30.8 ± 1.4 0.03
FBL (cm) 16.4 ± 0.9 17.1 ± 0.8 0.01
BD (cm) 9.5 ± 0.9 10.0 ± 1.9 0.31
XK (cm) 11.7 ± 0.8 12.9 ± 0.8 0.01
SL (cm) 9.7 ± 0.4 10.2 ± 1.7 0.17
SC (cm) 5.3 ± 0.3 5.7 ± 0.4 0.01

Abbreviations: CRS, cage rearing system; FRS, floor rearing system; HDL, half-diving length; BSL, body slope
length; TSL, body straight length; FBL, fossil bone length; XK, breast width; BD, breast depth; SL, shank length;
SC, shank circumference. All results are presented as the mean ± standard deviation (SD).

3.2. Effects of CRS vs. FRS on Goose Immune Organs Development and Serum Immune
Cytokine Profiles

The results of immune organ weights and indices was shown in Table 3. As for
immune organs, the weight and organ index of the spleen were significantly higher in
geese under CRS (p < 0.05). Noticeably, the bursa of Fabricius of geese under FRS was
degenerated, while that under CRS was retained. As shown in Figure 1, at the serum level,
the immune IgG and IL-6 levels were significantly higher in geese under CRS (p < 0.05),
while the IL-4, IL-1β, and IFN-γ levels were not significantly difference between the CRS
and FRS groups.
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Table 3. Effects of FRS and CRS on immune organ development of geese.

Items CRS (n = 18) FRS (n = 18) p-Value

Spleen weight (g) 2.41 ± 0.71 1.77 ± 0.69
0.017Spleen index (‰) 0.65 ± 0.37 0.36 ± 0.12

Thymus weight (g) 1.98 ± 0.60 1.78 ± 0.76
0.468Thymus index (‰) 0.47 ± 0.13 0.38 ± 0.17

Abbreviations: CRS, cage rearing system; FRS, floor rearing system. All results are presented as the mean ± standard
deviation (SD).

3.3. Effects of CRS vs. FRS on Goose Spleen Histomorphology

To determine the changes in spleen between CRS and FRS, histological analysis was
performed (Figure 2A). As shown in Figure 2B, compared with the FRS, the diameter of
splenic corpuscle (AL), the area of spleen trabecula (TL), and red pulp (RP) were signifi-
cantly higher in geese under CRS (p < 0.05).
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Figure 2. Histomorphological difference of the spleen between CRS and FRS. (A) Morphological
differences of spleen between CRS and FRS (200×). (B) Spleen histomorphological parameters of
geese between CRS and FRS. Abbreviations: RP, red pulp; CA, central artery; TL, splenic trabecula;
AL, splenic corpuscle; TA, trabecular artery. * and ** indicate a significant difference at p < 0.05 and
p < 0.01 between the two different groups, respectively.
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3.4. Overview of the mRNA Transcriptome of Spleen between CRS and FRS

As shown in Supplementary Table S1, total of 51.8 Gb raw reads were obtained through
RNA-seq, about 8.6 Gb clean reads of each sample were obtained through quality control,
and the Q20 and Q30 ranges were 97.68–98.03% and 92.82–93.76%, respectively. Compared
with the reference genome, it was shown that the mapping rate was between 91.31 and
92.71%.

3.5. Identification of the Spleen DEGs between CRS and FRS

In this study, PCA results indicated that the clustering of samples within the same
group was relatively concentrated, while the clustering of samples among groups was
relatively dispersed (Figure 3A). Furthermore, there were 251 DEGs (42 downregulated,
209 upregulated) identified in the spleen (Figure 3B and Supplementary Table S2). The
clustering heatmap results also showed that the gene expression patterns had significant
differences among CRS and FRS goose spleen (Figure 3C).
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3.6. Functional Analysis of the DEGs Identified between CRS and FRS

To better understand the possible functions of DEGs in immunity, the spleen DEGs
between CRS and FRS were annotated with the GO database. We found that 251 DEGs
identified in the spleen were mainly enriched in the biological process (BP), cellular component
(CC), and molecular function (MF) categories of GO classification (Supplementary Table S3).
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The top 30 of 229 GO terms were obtained and are presented in Figure 4A. Most DEGs
in the spleen were enriched in inflammatory response, positive regulation of transcrip-
tion by RNA polymerase II, scavenger receptor activity, angiogenesis, extracellular space,
positive regulation of kinase activity, activation of protein kinase B activity, immune re-
sponse, positive regulation of protein kinase B signaling, and positive regulation of tyrosine
phosphorylation of STAT protein (Figure 4B).

According to the KEGG pathway enrichment results, 251 DEGs were enriched in
78 pathways (Figure 4C and Supplementary Table S4). The DEGs were found significantly
enriched in phenylalanine metabolism, phenylalanine, tyrosine, and tryptophan biosynthe-
sis, neuroactive ligand–receptor interaction, ECM receptor interaction, calcium signaling
pathway, regulation of actin cytoskeleton, and MAPK signaling pathway (p < 0.05).

Animals 2023, 13, x FOR PEER REVIEW 9 of 13 
 

 
Figure 4. Functional analysis of the DEGs between CRS and FRS. (A,B) GO terms enriched by DEGs. 
(C) Top 20 significantly enriched KEGG pathways. The Rich factor represents the degree of enrich-
ment: the larger its value, the higher the degree of enrichment, calculated using the following equa-
tion: Rich factor = the number of DEGs in the pathway/the total number of genes in the pathway. 
The q-value represents the p-value corrected for multiple hypothesis tests, with a range of 0–1: the 
smaller the q-value, the more significant the enrichment. 

3.7. Network Analysis of the DEGs Involved in Regulating Immune Status between CRS and 
FRS 

In order to further explore the interaction relationship between candidate DEGs, we 
conducted a more comprehensive bioinformatics analysis of the DEGs using PPI networks 
(Figure 5A). Functional analysis results showed that the pathways of “phenylalanine me-
tabolism” and “phenylalanine, tyrosine, and tryptophan biosynthesis” were significantly 
enriched in this PPI network. The top highest degree genes including VEGFA, FGF2, NGF, 
GPC1, NKX2-5, FGFR1, FGF1, MEIS1, CD36, and PAH. Notably, our results showed that 
geese in CRS could enhanced their immune ability through “phenylalanine metabolism” 
pathway to respond to virus (Figure 5B). 
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DEGs. (C) Top 20 significantly enriched KEGG pathways. The Rich factor represents the degree of
enrichment: the larger its value, the higher the degree of enrichment, calculated using the following
equation: Rich factor = the number of DEGs in the pathway/the total number of genes in the pathway.
The q-value represents the p-value corrected for multiple hypothesis tests, with a range of 0–1: the
smaller the q-value, the more significant the enrichment.

3.7. Network Analysis of the DEGs Involved in Regulating Immune Status between CRS and FRS

In order to further explore the interaction relationship between candidate DEGs, we
conducted a more comprehensive bioinformatics analysis of the DEGs using PPI networks
(Figure 5A). Functional analysis results showed that the pathways of “phenylalanine
metabolism” and “phenylalanine, tyrosine, and tryptophan biosynthesis” were significantly
enriched in this PPI network. The top highest degree genes including VEGFA, FGF2, NGF,
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GPC1, NKX2-5, FGFR1, FGF1, MEIS1, CD36, and PAH. Notably, our results showed that
geese in CRS could enhanced their immune ability through “phenylalanine metabolism”
pathway to respond to virus (Figure 5B).
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Figure 5. Network analyses of the DEGs between CRS and FRS. (A) PPI networks of the DEGs. The
network was constructed by 251 DEGs based on DEGs, GO enrichment, and KEGG pathway, which
consisted of 2 significantly enriched pathways. (B) Regulation network construction involved in
immune function changes of geese under CRS and FRS.

4. Discussion

It is generally believed that growth performance is the most direct indicator for
evaluating poultry production efficiency, and a study found that it is influenced by the
rearing system [17]. In a study by Chen et al. [18], the ducks reared in the intensive system
compared with those of semi-intensive system ducks, showed that the growth performance
and meat quality were significantly different. Similarly, in Chaohu ducks and Moulard
ducks, NRS had better growth performance compared to FRS, as reflected in its higher
final BW and ADG [7,19]. In geese, different rearing systems showed a strong association
with growth performance, carcass traits, and meat quality [20,21]. Furthermore, a study
on Yangzhou geese showed that geese reared in NRS had higher final BW and ADG than
those in FRS [22]. In this study, geese in the FRS showed higher BW and body size traits
(BSL, TSL, FBL, XK, and SC), illustrating that the growth performance of geese under FRS
was better.

In terms of immune status, a previous study reported that ducks reared in NRS im-
proved their immune function by promoting the development of the thymus and spleen
when compared with FRS [10]. Consistent with this, we found that the weight and organ
index of spleen were significantly higher in geese under CRS, indicating that the devel-
opment of spleen in CRS geese was promoted. Numerous studies have shown that the
bursa of Fabricius is a key humoral immune organ in poultry and plays an important
role in the differentiation of B lymphocytes [23,24]. Interestingly, the bursa of Fabricius
of geese under FRS were degenerated at 270 d old, while those under CRS were retained,
implying that the immune function was enhanced in CRS geese. Furthermore, this study
also showed that the serum immune cytokines were extensively affected by rearing systems,
with higher IgG and IL-6 levels in geese under CRS. In general, the higher interleukin and
IgG levels in CRS geese indicated a better immune status. Previous studies have shown
that interleukin contribute to T helper type-2 cell activity [25–27], and IFN-γ contributes
to T helper type-1 cell activity [28]. Taken together, our results suggested that CRS could
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promote immune organs development and increase the levels of certain immune cytokines
to improve immune ability of geese.

To further understand the molecular mechanisms underlying how the two rearing
systems differentially affected goose immune functions, we used RNA-seq to compare
the spleen transcriptomic mRNA profiles between CRS and FRS. As a result, a total
of 251 DEGs were identified in the spleen, and most of them were enriched in the im-
mune response-related GO terms, including the positive regulation of transcription by
RNAPII (RNA polymerase II), kinase activity, scavenger receptor activity, inflammatory
response, activation of protein kinase B activity, immune response, STAT protein tyrosine
phosphorylation, and protein kinase B signaling, and KEGG results showed that DEGs
was significantly enriched in the pathways of phenylalanine metabolism, neuroactive
ligand–receptor interaction, calcium signaling, ECM receptor interaction, phenylalanine,
tyrosine and tryptophan biosynthesis, regulation of actin cytoskeleton, and MAPK signal-
ing, which were crucial for regulating immune functions. Previous studies have shown
that the phenylalanine metabolism, MAPK signaling, and regulation of actin cytoskeleton
pathways plays a crucial in regulating poultry immune ability [23,29,30].

Furthermore, we performed a network analysis to reveal the role of these identified
DEGs and signaling pathways in regulating goose immune function. It was observed
that the “phenylalanine metabolism” pathway could play a critical role in affecting geese
immune ability between different rearing systems. In this study, DEGs identified in the
spleen between CRS and FRS significantly enriched the phenylalanine metabolic pathway.
Moreover, transcriptome studies in human [31], chicken [32], fish [33], and white shrimp
Litopenaeus vannamei [34] have also shown that the important role of phenylalanine
metabolic pathway in the control of immune ability. Moreover, our results showed that
all the DEGs (PAH, TAT, and AOC3) enriched in the phenylalanine metabolism pathway
were significantly upregulated, indicating that the phenylalanine metabolism pathway was
promoted in CRS geese. Notably, the expression of PAH (log2FC = 5.96) was significantly
different in the spleen between CRS and FRS. A previous study found that, as an important
metabolic enzyme, PAH synthesizes catecholamines and melanin by providing the starting
material; hence, it is involved in immune defense reactions [35]. The above results suggested
that overactivation of the phenylalanine metabolism pathway in the spleen of CRS geese
may be one of the reasons for the enhanced immune ability.

5. Conclusions

In conclusion, compared to CRS, the growth performance was improved in geese
under FRS. CRS increased levels of IL-6 and IgG in serum and promoted the development
of the bursa of Fabricius and spleen to improve goose immune function. Furthermore, we
constructed the first transcriptomic profiles of the spleen between CRS and FRS. Notably,
the expression of PAH was significantly different in the spleen between CRS and FRS,
indicating that it may be a candidate gene related to goose immune status. Moreover, the
phenylalanine metabolism pathway was promoted in the spleen, which exerted a positive
effect on immune ability in geese under CRS. These results can provide a reliable reference
for selecting a dryland rearing system in geese.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ani13162682/s1: Supplementary Table S1. The read count and
mapping rate of samples; Supplementary Table S2. The differentially expressed genes in spleen
between CRS and FRS; Supplementary Table S3. GO terms enriched by the DEGs in spleen and
related information; Supplementary Table S4. KEGG pathways enriched by the DEGs in spleen and
related information.
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Baltić, M. RETRACTED: Growth performance, carcass characteristics, and selected meat quality traits of two strains of Pekin
duck reared in intensive vs semi-intensive housing systems. Animal 2021, 15, 100087. [CrossRef]

19. Mohammed, H.; Abdelaty, A.; Saleem, A.-S.; Youssef, M.; Abdel-Hamid, S. Effect of bedding materials on duck’s welfare and
growth performance. Slov. Veter. Res. 2019, 56, 22. [CrossRef]

20. Sabek, A.A.; Laithy, S.M.E.; Mahmoud, E.A.; Karousa, M.M.; Sadaka, A.H. Effect of Housing Enrichment on Performance,
Behavior and Meat Quality of Egyptian Geese. Asian J. Poult. Sci. 2016, 10, 153–157. [CrossRef]

21. Chen, J.; Weng, K.; Liu, J.; Gu, W.; Luo, S.; Zheng, M.; Cao, Z.; Zhang, Y.; Zhang, Y.; Chen, G.; et al. Effect of different free-range
systems on the growth performance, carcass traits, and meat quality of Yangzhou geese. Anim. Biotechnol. 2022, 21, 1–7. [CrossRef]
[PubMed]

22. Liu, B.Y.; Wang, Z.Y.; Yang, H.M.; Wang, J.M.; Xu, D.; Zhang, R.; Wang, Q. Influence of rearing system on growth performance,
carcass traits, and meat quality of Yangzhou geese. Poult. Sci. 2011, 90, 653–659. [CrossRef] [PubMed]

23. Liu, X.-D.; Zhang, F.; Shan, H.; Wang, S.-B.; Chen, P.-Y. mRNA expression in different developmental stages of the chicken bursa
of Fabricius. Poult. Sci. 2016, 95, 1787–1794. [CrossRef] [PubMed]

24. Wang, X.; Wu, J.; Hu, S.; Peng, Q.; Yang, F.; Zhao, L.; Lin, Y.; Tang, Q.; Jin, L.; Ma, J.; et al. Transcriptome analysis revealed the
roles of long non-coding RNA and mRNA in the bursa of Fabricius during pigeon (Columba livia) development. Front. Immunol.
2022, 13, 916086. [CrossRef]

25. Yitbarek, A.; Rodriguez-Lecompte, J.C.; Echeverry, H.M.; Munyaka, P.; Barjesteh, N.; Sharif, S.; Camelo-Jaimes, G. Performance,
histomorphology, and Toll-like receptor, chemokine, and cytokine profile locally and systemically in broiler chickens fed diets
supplemented with yeast-derived macromolecules. Poult. Sci. 2013, 92, 2299–2310. [CrossRef]

26. Migliorini, P.; Italiani, P.; Pratesi, F.; Puxeddu, I.; Boraschi, D. The IL-1 family cytokines and receptors in autoimmune diseases.
Autoimmun. Rev. 2020, 19, 102617. [CrossRef]

27. Dinarello, C.A. Immunological and Inflammatory Functions of the Interleukin-1 Family. Annu. Rev. Immunol. 2009, 27, 519–550.
[CrossRef] [PubMed]

28. Yitbarek, A.; Echeverry, H.; Munyaka, P.; Rodriguez-Lecompte, J.C. Innate immune response of pullets fed diets supplemented
with prebiotics and synbiotics. Poult. Sci. 2015, 94, 1802–1811. [CrossRef]

29. He, S.; Yu, Q.; He, Y.; Hu, R.; Xia, S.; He, J. Dietary resveratrol supplementation inhibits heat stress-induced high-activated innate
immunity and inflammatory re-sponse in spleen of yellow-feather broilers. Poult. Sci. 2019, 98, 6378–6387. [CrossRef]

30. Strasser, B.; Sperner-Unterweger, B.; Fuchs, D.; Gostner, J.M. Mechanisms of Inflammation-Associated Depression: Immune
Influences on Tryptophan and Phenylalanine Metab-olisms. Curr. Top. Behav. Neurosci. 2017, 31, 95–115. [PubMed]

31. Stražar, M.; Mourits, V.P.; Koeken, V.A.C.M.; de Bree, L.C.J.; Moorlag, S.J.C.F.M.; Joosten, L.A.B.; van Crevel, R.; Vlamakis, H.;
Netea, M.G.; Xavier, R.J. The influence of the gut microbiome on BCG-induced trained immunity. Genome Biol. 2021, 22, 275.
[CrossRef] [PubMed]

32. Woo, S.J.; Choi, H.J.; Park, Y.H.; Rengaraj, D.; Kim, J.-K.; Han, J.Y. Amplification of immunity by engineering chicken MDA5
combined with the C terminal domain (CTD) of RIG-I. Appl. Microbiol. Biotechnol. 2022, 106, 1599–1613. [CrossRef] [PubMed]

33. Li, G.; Zhao, Y.; Guo, S.; Liu, B.; Chen, Y.; Sun, X.; Feng, J. Comparative analysis of spleen transcriptome detects differences in
evolutionary adaptation of immune defense functions in bighead carp and silver carp. Fish Shellfish Immunol. 2018, 84, 148–157.
[CrossRef] [PubMed]

34. Kuo, C.-H.; Ballantyne, R.; Huang, P.-L.; Ding, S.; Hong, M.-C.; Lin, T.-Y.; Wu, F.-C.; Xu, Z.-Y.; Chiu, K.; Chen, B.; et al. Sarcodia
suae modulates the immunity and disease resistance of white shrimp Litopenaeus vannamei against Vibrio alginolyticus via the
purine metabolism and phenylalanine metabolism. Fish Shellfish Immunol. 2022, 127, 766–777. [CrossRef] [PubMed]

35. Yao, Y.; Shi, L.; Xiao, W.; Guo, S.; Liu, S.; Li, H.; Zhang, S. Phenylalanine hydroxylase (PAH) plays a positive role during WSSV
and Vibrio parahaemolyticus infection in Li-topenaeus vannamei. Fish Shellfish Immunol. 2022, 120, 515–525. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.4314/sajas.v45i2.8
https://doi.org/10.1016/j.animal.2020.100087
https://doi.org/10.26873/SVR-752-2019
https://doi.org/10.3923/ajpsaj.2016.153.157
https://doi.org/10.1080/10495398.2022.2147842
https://www.ncbi.nlm.nih.gov/pubmed/36409685
https://doi.org/10.3382/ps.2009-00591
https://www.ncbi.nlm.nih.gov/pubmed/21325238
https://doi.org/10.3382/ps/pew102
https://www.ncbi.nlm.nih.gov/pubmed/26994188
https://doi.org/10.3389/fimmu.2022.916086
https://doi.org/10.3382/ps.2013-03141
https://doi.org/10.1016/j.autrev.2020.102617
https://doi.org/10.1146/annurev.immunol.021908.132612
https://www.ncbi.nlm.nih.gov/pubmed/19302047
https://doi.org/10.3382/ps/pev147
https://doi.org/10.3382/ps/pez471
https://www.ncbi.nlm.nih.gov/pubmed/27278641
https://doi.org/10.1186/s13059-021-02482-0
https://www.ncbi.nlm.nih.gov/pubmed/34551799
https://doi.org/10.1007/s00253-022-11806-4
https://www.ncbi.nlm.nih.gov/pubmed/35129655
https://doi.org/10.1016/j.fsi.2018.09.077
https://www.ncbi.nlm.nih.gov/pubmed/30287346
https://doi.org/10.1016/j.fsi.2022.07.011
https://www.ncbi.nlm.nih.gov/pubmed/35810966
https://doi.org/10.1016/j.fsi.2021.12.028

	Introduction 
	Materials and Method 
	Ethics Statement 
	Management of Experimental Geese 
	Growth Performance Measurement and Sample Collection 
	Determination of Immune Organ Parameters and Serum Immune Cytokine Profiles 
	Histological Observation 
	RNA Isolation and Sequencing 
	Transcriptome Alignment and Assembly 
	Identification of the DEGs and Functional Analysis 
	Statistics Analysis 

	Results 
	Effects of CRS vs. FRS on Goose Growth Performance 
	Effects of CRS vs. FRS on Goose Immune Organs Development and Serum ImmuneCytokine Profiles 
	Effects of CRS vs. FRS on Goose Spleen Histomorphology 
	Overview of the mRNA Transcriptome of Spleen between CRS and FRS 
	Identification of the Spleen DEGs between CRS and FRS 
	Functional Analysis of the DEGs Identified between CRS and FRS 
	Network Analysis of the DEGs Involved in Regulating Immune Status between CRS and FRS 

	Discussion 
	Conclusions 
	References

