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Abstract: The pig intestinal microbiota perform multiple physiological functions during the lifespan of the host. Host 
genetics is considered a major factor shaping the intestinal microbiota. This study explored the jejunal microbial 
diversity and potential functional differences between Dahe (DH) and Diannan small-ear (DS) pigs, two important 
native Chinese breeds with different growth characteristics. Nine piglets of each breed (DH and DS) were fed sow 
milk until the age of 35 days. Jejunal chyme samples were collected for 16S rRNA sequencing. The birth weight, final 
body weight at day 35, and average daily gain tended to increase more in DH piglets than in DS piglets. The jejunal 
microbial Shannon index was also higher in DH piglets than in DS piglets (P < 0.05). At the genus level, the relative 
abundances of Clostridium XI, Clostridium sensu stricto, Turicibacter, Megasphaera, Veillonella, Mitsuokella, and 
Selenomonas in DH pigs were higher than those in DS individuals, whereas Streptophyta, Enterococcus, Lactococcus, 
and Weissella were lower in DH pigs than in DS pigs (P < 0.05). Furthermore, linear discriminant effect size analy-
ses revealed 25 differential bacterial taxa between DH and DS piglets. Spearman’s analysis found that Enterococcus 
was negatively correlated with final body weight (P = 0.025, r = –0.56) and average daily gain (P = 0.034, r = –0.53), 
while average daily gain was positively correlated with Clostridium XI (P = 0.01, r = 0.63) and Mitsuokella (P =0.007, 
r = 0.64). Kyoto Encyclopedia of Genes and Genomes annotation identified eight functional categories related to amino 
acids and energy metabolism in DH piglets, while three categories were related to lipid metabolism in DS piglets. Our 
findings suggest that DH pigs have higher microbial diversity, while DS pigs may have higher fat deposition ability.
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of probiotics and prebiotics, and supplementa-
tion of in-feed antibiotics (Bian et al. 2016). More 
importantly, host genetics has been considered 
an indispensable factor in shaping the intestinal 
microbiota of mammals (Lynch and Hsiao 2019). 

The mammalian gut is colonized by complex and 
abundant microorganisms (Kamada et al. 2013), 
the composition and colonization of the gut micro-
biota in newborn animals are shaped by complicat-
ed factors, such as dietary change, administration 
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The gut microbiota provide animals with many es-
sential functions, including maintenance of normal 
functions of the intestinal villi, regulation of immune 
responses, enhanced resistance to pathogens, pro-
duction of volatile fatty acids and vitamins, and in-
creased energy harvesting capacity (Buffie and Pamer 
2013). The small intestine is the first place of contact 
between the intestine and the diet, providing carbon 
sources and other nutrients to the microbiota before 
passing into the large intestine (Piccolo et al. 2017). 
Although the  small intestine harbours microbes 
with lower diversity and abundance (≈103–105 mi-
crobial cells/g) than the colon (≈1010–1012 cells/g) 
(Macpherson and Harris 2004), the microbes in the 
small intestine are critical transducers of dietary 
signals that allow the host to adapt to changes in li-
pid digestion and absorption (Martinez-Guryn et al. 
2018). Furthermore, the jejunum has a unique imme-
diate role in responding to the luminal microbe-diet 
interplay, and the microbiota in the jejunum strongly 
influence glucose and energy metabolism (El Aidy 
et al. 2013). Therefore, the jejunal microbiota exert 
a profound impact on the host.

The breed can influence early-life microbiota 
colonization in pigs (Mu et al. 2019). Indigenous 
Chinese pigs exhibit high adaptability to envi-
ronmental changes and resistance to  diseases, 
along  with expressing ultra-fine muscle fibres, 
strong meat cutability, high intramuscular fat, and 
flavourful meat (Hao et al. 2011; Zhang et al. 2018). 
The Dahe (DH) and Diannan small-ear (DS) pigs are 
indigenous breeds found in Dahe-Yingshang town, 
Qujing city, and Xishuangbanna city in the Yunnan 
province of China. Both breeds have been labelled 
as national protected breeds of livestock and poul-
try genetic resources by the National Agriculture 
Ministry of China (Dong et al. 2014). Little is known 
about the gut microbiota of indigenous Chinese pig-
lets in terms of colonization and function; therefore, 
DH and DS sucking piglets at 35 days of age were 
selected to explore jejunal microbiota diversity and 
the inferred functions of the jejunal microbiota.

MATERIAL AND METHODS

Experimental animal management  
and sampling

Three DH sows (Dahe Breeding Pig Farm, Yunnan 
Province, China) and three DS sows (Bangge Animal 

Husbandry Technology Co., Ltd., Yunnan Province, 
China) at the third parity born on the same day 
were chosen for insemination by the same boar, 
in order to confer the piglets from each breed with 
the same genetic background. The six sows were 
reared in separate pens in a house on an experimen-
tal farm at Yunnan Agricultural University and fed 
the same National Research Council (NRC 2012) 
antibiotic-free diet. All piglets from the six sows 
were fed breast milk from birth until day 35. 
Birth weight (BW) and final body weight (FBW) 
on day 35 were recorded to calculate the average 
daily gain (ADG) to evaluate growth performance. 
On day 35, for each pig breed, nine piglets from 
three sows (three piglets per sow) were randomly 
selected (random number generator) and eutha-
nized within 30 min by overdose with a pento-
barbital solution (100 mg/kg, Xinyu Biological 
Technology Co., Ltd., Shanghai, China) delivered 
intravenously into the vena cava. The chyme of the 
middle section of the jejunum was collected and 
immediately preserved in liquid nitrogen for sub-
sequent DNA extraction and 16S rRNA ampli-
con sequencing, as previously described (Li et al. 
2019). All pig experimental procedures were ap-
proved by the Institutional Animal Care and Use 
Committee of the Yunnan Agricultural University 
(YNAU20190416). The care and use of animals fully 
complied with local animal welfare laws, guidelines 
and policies.

Microbial DNA extraction and 16S rRNA 
amplification

Total genomic DNA of jejunal chyme samples 
was extracted with the Fast DNA Stool Mini kit 
(Cat No. 19593; Qiagen, Düsseldorf, Germany), 
following the manufacturer’s recommendations. 
The V3–V4 region of the 16S rRNA gene was am-
plified via PCR using the universal primer pair 
341F (5'-CCTACGGGRSGCAGCAG-3') and 
806R (5'-GGACTACVVGGGTATCTAATC-3'). 
The amplification was initially denatured at 95 °C 
for 3 min, followed by 30 cycles of 98 °C for 20 s, 
58 °C for 15 s, 72 °C for 20 s and a final extension 
at 72 °C for 5 minutes. All the amplicon pooled 
libraries were sequenced on the Illumina MiSeq 
PE250 (Illumina, San Diego, CA, USA) at Realbio 
Technology Co., Ltd. (Shanghai, China). The data-
sets generated for this study were deposited as raw 
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RESULTS

Growth performance of DH and DS piglets

As shown in Table 1, birth weight (BW), final 
body weight at day 35 (FBW) and average daily 
gain (ADG) tended to increase more in DH piglets 
than in DS piglets. 

Taxonomic distribution of jejunal 
microbiota in DH and DS piglets

All jejunal chyme samples from the 18 piglets 
were subjected to 16S rRNA sequencing. One sam-
ple from each group was excluded from further 
analysis because of the low quality of DNA. After 
quality control, a total of 958 142 clean reads were 
generated, with an average of 53 524 clean reads 
(44 615–61 124) per sample and an average clean 
read length of 419 bp [Table S1 in electronic sup-
plementary material (ESM); for the supplementary 
material see the electronic version]. Based on 97% 
sequence similarity, we obtained 639 OTUs in the 
DH piglets and 523 in the DS piglets (Figure 1). 
To minimize the effect of the sequencing depth 
on the measurement of microbial composition, the 

fastq files in Sequence Read Archive with accession 
number PRJNA681410 (https://www.ncbi.nlm.nih.
gov/bioproject/?term=prjna681410).

Bioinformatics analyses 

Bioinformatics analysis was performed according 
to the recommendations of a previous study (Li et al. 
2019). Briefly, paired-end reads in the FASTA files 
were assembled using PANDAseq software v2.8.1  
(https://github.com/neufeld/pandaseq/releases/tag/ 
v2.8.1). Quality control of sequencing data and 
the filtering process were conducted as the methods 
described by predecessors (Caporaso et al. 2010). 
Each representative read was assigned to a taxon 
by the ribosomal database project (RDP) database 
(http://rdp.cme.msu.edu/) with a threshold value 
of 0.8–1. The operational taxonomic units (OTUs)-
based analysis with a 97% similarity was performed 
using UPARSE (http://drive5.com/uparse/). 

The bacterial annotation and taxonomic informa-
tion for each OTU were determined to estimate 
the richness of the microbial species of each sam-
ple. Alpha diversity of Chao1, Shannon, Simpson, 
Good’s coverage, observed species, PD whole tree, 
and beta diversity of principal component analy-
sis and analysis of similarities based on unweighted 
UniFrac distance metrics were determined using 
QIIME software v1.9.1 (Caporaso et  al. 2010). 
A linear discriminant effect size analysis was con-
ducted to identify the biomarkers among groups 
(Segata et al. 2011). Based on high-quality reads, 
functional categories of the Kyoto Encyclopaedia 
of Genes and Genomes (KEGG) orthology were 
predicted by phylogenetic investigation of com-
munities by reconstruction of unobserved states 
(PICRUSt) (Langille et al. 2013).

Statistical analysis

The growth performance data were analysed 
using the  analysis of  covariances with SPSS 
v22.0 software (IBM Corp., Armonk, NY, USA). 
The growth performance data are expressed as 
the mean ± standard error of  the mean (SEM). 
GraphPad Prism v7.0 Spearman’s analysis was used 
to estimate the correlation between host growth 
performance and jejunal microbiota. Statistical 
significance was set at P < 0.05. 

Figure  1. Operational taxonomic unit overlap of  Dahe 
(DH) and Diannan small-ear (DS) pigs

DH DS

Table 1. Growth performance of Dahe (DH) and Dian-
nan small-ear (DS) piglets

Items DH DS P-value
Birth weight (kg) 0.85 ± 0.09a 0.68 ± 0.1b 0.017
Final body weight (kg) 5.34 ± 0.42 4.51 ± 0.77 0.084
Average daily gain (kg) 0.13 ± 0.01 0.11 ± 0.02 0.084
a,bMeans in the same row with different superscripts are 
significantly different (P < 0.05)
Data are presented as mean ± SEM, n = 9 per treatment group
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library size was rarefied to 35 316 reads per sample 
using the QIIME pipeline. 

Bacterial community richness, diversity, and 
sequencing depth were characterized by calculat-
ing the alpha diversity indices based on the OTUs 
of each sample. Good’s coverage estimator indi-
ces of the samples ranged from 0.997 2 to 0.999 0 
(Table S2 in ESM), suggesting that the sequenc-
ing results likely represent the bacterial diversity 
of the entire sampled population. The Shannon and 
Simpson indices were used to determine the bacte-
rial community diversity, which was greater in DH 
piglets (Shannon: DH – 3.60, DS – 2.03, P = 0.009) 
than in DS piglets (Simpson: DH – 0.80, DS – 0.52, 
P = 0.044) (Figure 2A). There was no significant dif-
ference between DH and DS piglets in the Chao1 and 
observed species indices used to determine the bac-
terial community richness (Chao1: DH – 279.89 vs DS 
– 230.17, P = 0.356; observed species: DH – 225.37 
vs DH – 153.13, P = 0.145) (Figure 2B). We then 
compared the two groups in terms of beta diversity 
using principal component analysis, which returned 
that the microbial OTUs were clearly divided into 
two groups (Figure 3A). We also calculated analysis 
of similarities based on unweighted UniFrac distanc-
es between DH and DS piglets. When all samples 
were analysed, the microbiota compositions of the 
two breeds were significantly different (R = 0.484;  
P = 0.002) (Figure 3B).

Bacterial community structure  
in DH and DS piglets

We conducted a taxonomic analysis using the RDP 
classifier to define the composition of the jejunal mi-
crobiota. At the phylum level, the three most domi-
nant phyla detected in both groups were Firmicutes 
(79.08% in DH and 60.81% in DS), Proteobacteria 
(13.81% in DH and 33.27% in DS), and Bacteroidetes 

(4.14% in  DH and 0.89% in  DS) (Figure  4A). 
Meanwhile, the ratio of Firmicutes/Bacteroidetes 
was 69.46 in DH and 286.77 in DS pigs. 

At  the genus level, the  predominated genera 
for both breeds were Lactobacillus, Clostridium 
XI, Veillonella, Clostridium sensu stricto and 
Escherichia/Shigella (Figure 4B). The relative abun-
dances of Clostridium XI, Clostridium sensu stricto, 
Veillonella, Turicibacter, Megasphaera, Mitsuokella, 

Figure  2. Boxplot of  alpha diversity 
indices between groups
(A) Analysis of  bacterial community 
diversity (Shannon and Simpson) of jeju-
nal microbiota. (B) Analysis of bacterial 
community richness indices (Chao1 and 
observed species) of jejunal microbiota 
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ence between the two pig breeds (Lactobacillus: 
DH – 23.57% vs DS – 39.80%, P = 0.35; Escherichia/
Shigella: DH – 1.92% vs DS – 21.29%, P = 0.16).

Correlation between growth performance 
and differential genera

The correlation between the jejunal differential 
microbiota and host growth performance is shown 

Helicobacter, Acinetobacter, Clostridium XlVb, 
Methanobrevibacter, Howardella, Sharpea and 
Rhizobium in DH piglets were significantly higher 
than those of DS piglets (P < 0.05); whereas the 
relative abundances of Streptophyta, Enterococcus, 
Lactococcus and Weissella in DH pigs were sig-
nificantly lower than those of DS pigs (P < 0.05) 
(Figure 5). In addition, the relative abundances 
of  the genera Lactobacillus and Escherichia/
Shigella showed no statistically significant differ-
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riched in the DH piglets comprised one phylum 
(Euryarchaeota), six classes (Alphaproteobacteria, 
Methanobacteria, Epsilonproteobacteria, Erysi- 
pelotrichia, Negativicutes and Clostridia), six 
orders (Methanomassilicoccales, Rhizobiales, 
Campylobacterales, Erysipelotrichales, Seleno- 
monadales  and Clostr idiales) ,  10 famil ies 
(Sanguibacteraceae, Hyphomicrobiaceae, Metha- 
nobacteriaceae, Phyllobacteriaceae, Rhizobiaceae, 
Acidaminococcaceae, Helicobacteraceae, Lachno- 
spiraceae, Erysipelotrichaceae, Veillonellaceae and 
Peptostreptococcaceae), and 21 genera (Sanguibacter, 
Howardella, Blautia, Cellulosilyticum, Clostridium 
XlVb, Devosia, Acinetobacter, Methanobrevibacter, 
Allisonella, Sharpea, Luteolibacter, Rhizobium, 
Acidaminococcus, Helicobacter, Selenomonas, 
Turicibacter, Mitsuokella, Veillonella, Megasphaera, 
Clostridium sensu stricto and Clostridium XI). 
The  phylotypes enriched in  the DS piglets in-
cluded two families (Leuconostocaceae and Strep- 
tomycetaceae) and four genera (Weissella , 
Lactococcus, Enterococcus, and Kitasatospora).

According to the PICRUSt-based functional pre-
diction, 54 KEGG pathways in the jejunal chyme 
microbiota were significantly different between 
the two pig breeds (linear discriminant analysis, 
LDA > 2) (Figure 8). The pathways enriched in the 
DH piglets were mainly related to amino acid me-
tabolism (including phosphonate and phosphi-
nate, cyanoamino acid, histidine, glycine, serine, 
threonine, alanine, aspartate, glutamate, arginine, 
proline, cysteine, methionine, and lysine biosyn-
thesis), and energy metabolism (carbon fixation 
pathways in prokaryotes and methane metabo-
lism). The pathways enriched in the DS piglets were 
mainly related to lipid metabolism (such as alpha-
linolenic acid, lipoic acid, and fatty acid).

DISCUSSION

Previous reports have shown that breed differ-
ences contribute to varying growth traits in pigs 
(White et al. 1995). China has a long history of rais-
ing pigs and has nurtured 88 indigenous breeds (Yu 
et al. 2013) that generally have a lower growth per-
formance than European commercial pig breeds, 
such as Duroc, Landrace, and Yorkshire. However, 
many Chinese indigenous pigs, including DH and 
DS, have the unique characteristics of consuming 
coarse grain feed and conferring good meat qual-

in Figure 6. Enterococcus was negatively correlated 
with FBW (P = 0.025, r = –0.56), and ADG (P = 
0.034, r = –0.53). BW was positively correlated with 
Clostridium XI (P = 0.001, r = 0.74), Clostridium 
sensu stricto (P = 0.003, r = 0.70), Veillonella (P = 
0.032, r = 0.54), Mitsuokella (P = 0.036, r = 0.53), 
Turicibacter (P < 0.01, r = 0.82), Acinetobacter (P = 
0.022, r = 0.58), Methanobrevibacter (P = 0.006, 
r = 0.67), and Rhizobium (P = 0.018, r = 0.59). FBW 
was positively correlated with Clostridium XI 
(P = 0.003, r = 0.070), Mitsuokella (P = 0.004, 
r = 0.68), Turicibacter (P = 0.024, r = 0.56), and 
Methanobrevibacter (P = 0.006, r = 0.52). ADG 
was positively correlated with Clostridium XI 
(P = 0.01, r = 0.63) and Mitsuokella (P =0.007, 
r = 0.64).

Structures and functions of the jejunal 
microbiota in DH and DS piglets

To uncover the  specific bacterial taxa asso-
ciated with the  distinct pig breeds, linear dis-
criminant effect size analysis was  performed 
to  compare the  jejunal microbial composition 
between the  DH and DS piglets. The  most dif-
ferentially abundant phylotypes in  the two pig 
breeds are shown in Figure 7. The phylotypes en-
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Figure  6. Spearman’s correlation analysis of  differential 
genera and growth performance in Dahe (DH) and Dian-
nan small-ear (DS) pigs
Blue represents a significant negative correlation (P < 0.05), 
red represents a significant positive correlation (P < 0.05). 
The number represents the value of r
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ity (Dai et al. 2010). In the present study, the BW, 
FBW, and ADG of DH piglets tended to be greater 
than in DS piglets, suggesting that DH pigs may 
have a higher growth potential.

The gut microbiota is involved in host physi-
ological functions during the host’s entire lifespan 
(Milani et al. 2017). Microbiota colonization is 
initiated at birth and shaped by various factors, 
including host genetics (Ursell et al. 2012). Gut 
microbes are transmissible through generations, 
and host genetics may influence gut bacterial com-
position and biodiversity in animals and humans 

(Lu et al. 2018). Previous studies have indicated 
that genetically related individuals tend to have 
more similar microbial communities than unrelated 
individuals (Tims et al. 2013), and the intestinal 
microbiota in monozygotic twins are more similar 
than in dizygotic twins (Hansen et al. 2011). 

In terms of pigs, the faecal microbiota compo-
sition of Duroc boars, Yorkshire, Landrace, and 
Hampshire pigs were related to the breed (Xiao 
et al. 2017). The bacterial communities were more 
diverse in the duodenum, jejunum, and caecum 
of Jinhua pigs than in Landrace pigs (Xiao et al. 
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2018), which is why the samples were collected 
from the jejunum in our study. We demonstrat-
ed that the Shannon and Simpson indices in DH 
piglets were higher than in DS pigs, indicating 
that DH piglets have greater jejunal microbial 
diversity. The difference in microbial diversity 
between the two breeds may partly be attribut-
ed to the difference in the genetic background  
of the host.

Breastfeeding may enrich vaginally acquired lac-
tic acid-producing bacteria in the intestine of the 
offspring and constrain the  growth of  several 
strains of E. coli (Chen et al. 2018). Lactobacillus 
is a  major player in  disease prevention, while 
strains from Escherichia-Shigella have been prov-
en potential pathogens that  could induce dys-
entery and diarrhoea (Fairbrother et  al. 2005). 
The abundance of Lactobacillus in Meishan piglets 
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Figure 8. KEGG analysis of enriched pathways at L3 hierarchy in  the Dahe (DH) and Diannan small-ear (DS) pig 
groups (linear discriminant analysis – LDA > 2)
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was higher than in Yorkshire piglets whereas the 
abundance of Escherichia-Shigella in Meishan pig-
lets was lower (Bian et al. 2016). In the present 
study, the abundance of Lactobacillus was higher 
in DH piglets than in DS piglets, whereas that of 
Escherichia-Shigella was lower, suggesting that the 
growth of  Escherichia-Shigella was  restricted 
by Lactobacillus. 

Lactococcus produces L (+) lactate from glucose 
(Ringo et al. 2018). The genus Weissella are obligate 
heterofermentative bacteria producing CO2 from 
carbohydrate metabolism with either D (–) lactic 
acid or a mixture of D (–)- and L (+) lactic acid 
and acetic acid as the major end products of sugar 
metabolism (Ringo et al. 2018). The relative abun-
dances of Lactococcus and Weissella in DH pigs 
were lower than in DS pigs, implying that DS piglets 
may have higher lactate production ability. 

The relative abundances of Veillonella, Turici- 
bacter, Megasphaera, Mitsuokella, and Selenomonas 
in DH piglets were greater than in  DS piglets. 
Previous research revealed that members of the 
genera Veillonella, Megasphaera, Mitsuokella, and 
Selenomonas are capable of utilizing lactate and/
or succinate to  produce short-chain fatty acids 
(SCFAs) (Duncan et al. 2004; Bhute et al. 2016; 
Zhang et al. 2019), thus playing an important role 
in improving intestinal health, restraining intestinal 
inflammation, and stimulating the growth and pro-
liferation of small intestine cells in pigs (Liu 2015). 
Furthermore, SCFAs can lower the gut pH and sub-
sequently provide added value for probiotic micro-
biota such as Turicibacter, which thrive at lower pH 
(Getachew et al. 2018). In addition, the majority 
of SCFAs can be utilized as an energy source by co-
lonocytes (Bergman 1990). Correlation analysis 
revealed that  Veillonella and Mitsuokella were 
positively correlated with BW, while Mitsuokella 
was positively correlated with FBW and ADG in the 
present study. Therefore, these lactate-utilizing bac-
teria in DH piglets may produce abundant SCFAs 
and further promote their growth. 

In the present study, the jejunal microbiota of the 
DH and DS piglets were dominated by Firmicutes, 
Bacteroidetes, and Proteobacteria in agreement 
with published data (Pajarillo et al. 2014). The ratio 
of Firmicutes/Bacteroidetes in DH pigs was lower 
than in DS pigs and the predicted functions in DS 
piglets are mainly related to fat deposition, which 
may suggest that the DS pigs have higher fat dep-
osition ability, corroborating previous findings 

that this ratio was positively related to fat deposi-
tion in humans (Mariat et al. 2009).

CONCLUSIONS

In summary, DH pigs have higher microbial di-
versity, while DS pigs may have higher fat deposi-
tion ability. Our findings reveal information on 
the intestinal microbiota of DH and DS piglets and 
may suggest a strategy for improving growth per-
formance in the indigenous pig industry.
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