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Abstract
Background The dissemination of antibiotic resistance genes (ARGs) poses a substantial threat to environmental 
safety and human health. Herein, we present a longitudinal paired study across the swine lifetime from birth to 
market, coupled with metagenomic sequencing to explore the dynamics of ARGs and their health risk in the swine 
fecal microbiome.

Results We systematically characterized the composition and distribution of ARGs among the different growth 
stages. In total, 829 ARG subtypes belonging to 21 different ARG types were detected, in which tetracycline, 
aminoglycoside, and MLS were the most abundant types. Indeed, 134 core ARG subtypes were shared in all stages 
and displayed a growth stage-associated pattern. Furthermore, the correlation between ARGs, gut microbiota and 
mobile genetic elements (MGEs) revealed Escherichia coli represented the main carrier of ARGs. We also found that in 
most cases, the dominant ARGs could be transmitted to progeny piglets, suggesting the potential ARGs generation 
transmission. Finally, the evaluation of the antibiotic resistance threats provides us some early warning of those high 
health risk ARGs.

Conclusions Collectively, this relatively more comprehensive study provides a primary overview of ARG profile in 
swine microbiome across the lifetime and highlights the health risk and the intergenerational spread of ARGs in pig 
farm.
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Introduction
Globally, an estimated 73% of antibiotics are used in 
food-animal production [1]. Worldwide antimicrobi-
als use facilitates the occurrence of antimicrobial resis-
tance (AMR), posing a substantial threat to animal 
and human health [2–4]. It is predicted that AMR now 
causes 700,000 or more deaths every year and could fur-
ther grow to 10 million by 2050 [5, 6]. The occurrence of 
AMR is largely driven by antibiotics selection pressure 
and promotes the mobilization and horizontal transfer 
of antibiotic resistance genes (ARGs), the emerging envi-
ronmental contaminants [7, 8]. The concurrent spread of 
ARGs by mobile genetic elements (MGEs) could occur 
between human, animal and the environment, which fur-
ther aggravated the persistence and spread of ARGs [9].

Gut microbiota is considered a reservoir of ARGs 
[10, 11]. Studies have suggested the close associations 
between the bacteria and human or animal gut antibiot-
ics resistome [12–14]. For example, Escherichia coli (E. 
coli), as a widespread commensal in the gastrointestinal 
tract of both humans and animals, is widely studied as 
a key indicator bacterium carrying drug-resistant genes 
[8, 15]. Long-term use of antibiotics in food animals even 
at low doses could accelerate the production of antibi-
otic-resistant bacteria (ARB) [16]. In turn, the antibiotic 

resistance of ARB from animals can be transferred to 
humans, causing a range of health impacts [6, 17].

Swine farms are considered as the potential hot spot for 
the dissemination and development of ARGs. Pigs as an 
important source of ARGs, accounting for 52.2% of the 
total antimicrobial usage in China [18]. The characteriza-
tion of the swine gut resistome at various gut locations 
or farm locations has provided references for optimiz-
ing the use of antimicrobials in pigs [19, 20]. Recently, 
human studies indicated that ARG composition is altered 
at different ages, highlighting that age needs to be consid-
ered a critical factor for ARGs studies [21]. Furthermore, 
human maternal gut microbes harbour ARGs able to 
transfer to newborn infants during or shortly after birth, 
which reveals the mother-to-child ARG transmission 
pattern [22, 23]. Although recent technological advances 
have promoted a rapidly increasing number of swine gut 
resistome research, systematic longitudinal research on 
the transmission of the swine gut resistome from both 
maternal and infant generations or the dynamics of ARG 
profiles across the different growth ages is lacking.

Here, we present a paired longitudinal study of 144 
fecal samples from F0-F1 generation across the swine 
lifetime from birth to market, coupled with metagenomic 
sequencing to bridge this knowledge gap. We systemati-
cally characterized the composition and distribution of 
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ARGs among the different growth stages in the swine 
microbiome and identified a different growth stage-asso-
ciated ARGs pattern. Furthermore, we determined the 
link between ARGs and gut microbiota, identifying that 
E. coli might as the main host microbe of ARGs. We fur-
ther found that in most cases, the dominant ARGs of the 
F0 sow generation might be transmitted to infant piglets, 
which might be associated with gut bacterial transmis-
sion. Finally, the evaluation of the antibiotic resistance 
threats during each growth stage of pig farms provides us 
with some early warning of those related high-risk ARGs.

Results
Distribution and abundance of ARGs among the different 
growth stages in pigs
PCoA based on the relative abundance of ARGs revealed 
a significantly different ARG pattern between pig samples 
(Fig. S2). For example, the ARG patterns in newborn pig-
lets were found to be more discrete than those in other 

stages, which might have resulted from environmental 
exposure (Fig. S2). Additionally, weaned pigs showed a 
tendency to the finishing stage (Fig. S2). The ARG abun-
dance (copies per 16  S rRNA gene) was significantly 
higher in pigs of the F0 generation and F1 newborn 
piglets (Fig.  1A). Furthermore, the abundance of ARGs 
was obviously decreased at the post-weaning stage but 
slightly increased from the nursing stage to the finishing 
growth stage in pig samples (Fig. 1A, Table S1). In con-
trast, the changes in the detected ARG subtype number 
decreased from the weaning to the finishing growth stage 
(Fig. 1B, Table S1).

In general, these ARGs were divided into 21 main 
ARG types, in which aminoglycoside, tetracycline, and 
MLS were the most dominant types specifically to “W_
Piglets_1W to Finish_Pigs stages, accounting for approxi-
mately 80% of the total abundance; additionally, the 
predominant ARG types for the Boar, Sow, and N_Pig-
lets were aminoglycoside, tetracycline, and Multidrug 

Fig. 1 Characteristics of ARGs among the different growth stage in pigs. (A) Box plot showing the total ARGs type abundance (copy/16s rRNA gene) in 
each growth stages. (B) Detected ARG subtypes numbers in each growth stages. (C) Distribution of relative ARG abundance in pigs with different types. 
(D) Top 20 ARGs subtypes based on the abundance in each sample
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(Fig. 1C). Moreover, the F1 generation of newborn piglets 
showed ARG type patterns similar to those of the F0 gen-
eration of boar and sow samples (Fig. 1C). From the nurs-
ing stage to the finishing growth stage, the abundance of 
chloramphenicol increased (Fig. 1C). However, the rich-
ness of the AMR class was decreased in those stages, 
consistent with the reduced ARG numbers (Fig.  1C). 
In addition, the multidrug level was much higher in the 
boar, sow and newborn piglet groups (Fig. 1C). The gen-
eral ARG type pattern remained similar during the fat-
tening and finishing stages (Fig. 1C).

A total of 829 ARG subtypes conferring resistance to 21 
different ARG types were further detected. Subtypes with 
abundances greater than 0.1% were identified as domi-
nant ARGs, which included 98 subtypes and accounted 
for 93.8% of the total abundance. The top 20 most abun-
dant dominant ARG subtypes are displayed in stacked 
bar charts in Fig.  1D. Among these ARG subtypes, 11 
belong to tetracycline resistance genes, including tetW, 
tetM, tetQ, tet(40), tet(44), tetA, tetO and tetL, the most 
dominant ARG class throughout most of the stages, 
especially in the nursery, growing and finishing stages 
(Fig.  1D). Furthermore, 3 aminoglycosides resistance 
subtypes (aadE, aph(3)-III, ant(9)-I) were also enriched 
in almost all growth stages (Fig. 1D).

Different resistance mechanisms among the different 
growth stages in pigs
We further identified resistance mechanisms for ARG 
subtypes, which cover 4 different resistance mecha-
nisms (Fig. S3). As shown in Fig. S3, the two predomi-
nant mechanisms among the samples were resistance to 
antibiotic inactivation and antibiotic target protection. 
In particular, the ARGs that confer resistance to multiple 
antibiotics using efflux mechanisms were more abundant 
in the F0 boar, newborn piglets, and weaned piglets than 
in other stages (Fig. S3).

Core and stage-associated ARGs among the different 
growth stages in pigs
ARG subtypes presenting in at least 95% of the samples 
were defined as core ARGs, and a total of 134 core ARG 
subtypes belonging to 17 ARG types were shared in all 
the samples. The co-occurrence patterns of the ARG sub-
types were explored using network inference with strong 
(Spearman’s correlation coefficient (ρ) > 0.9) and signifi-
cant (p-value < 0.01) correlations (Fig. S4). Fig. S4 consists 
of 51 nodes (ARG subtypes) and 455 edges. Based on 
the modularity class, the entire network could be parsed 
into five major modules. The multidrug resistance genes 
formed the largest module I, whereas ARGs resistance 
to aminoglycoside formed the module II, in which Aph 
(6’)-I was the hub; In addition, tetracycline resistance 
genes, including tet (X) formed Module III (Fig. S4).

Stage-associated ARGs were further identified by using 
LEfSe as visualized on a heatmap (Fig.  2). As shown 
in Fig.  2, although the core ARG subtypes persisted 
throughout all stages, their presence also followed a 
stage-associated pattern. For instance, the trimethoprim 
resistance gene adeJ, multidrug resistance genes mphB, 
mdfA and mdtA, and MLS resistance genes mphB and 
marB were abundant in the F0 generation of boar and 
sow samples but remarkably lower after weaning at sub-
sequent stages. The aminoglycoside resistance genes 
were higher in the weaning stage for 1 to 4 weeks but 
decreased in subsequent stages. The abundance of tetra-
cycline resistance genes increased from the nursing stage 
to the finishing stage.

Microbiome profiles among the different growth stages in 
pigs
Significant shifts in the bacterial community and struc-
ture among experimental pigs from all stages were 
observed in the PCoA plots based on Bray-Curtis dis-
tance (Fig. 3A). For the different growth stages, fattening 
and finishing stage pigs showed a distinct different bacte-
rial community pattern (R value = 0.3669; P value = 0.001), 
and the microbiota profiles in nursing piglet samples was 
also significant different with the fattening and finishing 
stage samples (R value = 0.4161; P value = 0.001). Addi-
tionally, the newborn samples were distinct from those 
and more similar to the F0 sow samples (R value = 0.6772; 
P value = 0.001). The overall alpha richness significantly 
increased over time starting from the birth stage and 
decreased from the nursery stage, as demonstrated by the 
Shannon index (Fig.  3B, Table S1). However, the alpha 
diversity of the Chao 1 index increased in the postwean-
ing stages (Fig. S5A-B). Newborn piglets that harboured 
fewer gut microbes showed lower bacterial diversity and 
richness (Fig. 3B and Fig. S5A-B).

At the phylum level, Firmicutes was the dominant phy-
lum in all samples, which increased from the weaning to 
the finishing stages (Fig.  3C and Fig. S5C). The relative 
abundance of Proteobacteria decreased during the new-
born to finishing stages (Fig. S5C). In addition, Actino-
bacteria levels were higher in the piglet stage, especially 
in the weaned pig samples. Moreover, F0 generation sam-
ples showed higher levels of Bacteroidetes. At the genus 
level (Fig. S5D), Lactobacillus, Escherichia, and Clostrid-
ium were the top three genera in all samples. Lactoba-
cillus was more abundant in the fattening and finishing 
stage samples. Pathogens such as Escherichia were higher 
in the F0 generation, newborn and finishing stage sam-
ples (Fig. S5D).

Next, correlation analyses between microbiota com-
munities and ARGs were conducted to identify key bac-
teria that affecting the diversity of ARGs. In this study, 
the most abundant phyla Firmicutes was found to be 
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significantly correlated with almost all the types of ARGs 
and cooccurred with sulfonamide, beta-lactam, quino-
line, trimethoprim, multidrug, polymyxin, fosmidomycin 
and kasugamycin resistance genes (Fig. S5E). In addition, 
Firmicutes was positively associated with aminoglyco-
sides, bacteria, chloramphenicol, tetracycline, bleomycin, 
and MLS, which was similar to a previous report [24]. In 
contrast, Proteobacteria and Bacteroidetes were posi-
tively linked to ARGs, such as beta-lactam, quinoline, 
trimethoprim, and multidrug, indicating that Proteobac-
teria and Bacteroidetes might harbour these ARGs (Fig. 
S5E).

Distribution and abundance of MGEs among the different 
growth stages in pigs
The distribution and total abundance of MGEs among 
experimental pigs are shown in Fig. S6. The boar and 
sow F0 generation contained higher MGE abundances 
than the other groups. Furthermore, the detected MGE 
numbers decreased in the postweaning stages (Fig. 
S6B). As shown in the stacked bar charts, the domi-
nant MGEs in all samples belonged to transposase and 
IS (Fig. S6C). TnpA, a transposase, was the most domi-
nant MGE subtype among all the samples, especially in 

the finishing stage (Fig. S6D). In addition, weaning stress 
might increase the abundance of IS10 and tnpAB, as they 
were higher in the weaned piglets (Fig. S6D).

Co-occurrence patterns between ARGs, MGEs and bacteria
To further explore the association between the micro-
bial community, ARGs and MGEs, we used Procrustes 
analysis to correlate these profiles (Fig. 4A and Table S2). 
The results showed that ARG profiles were significantly 
related with the bacterial community (Mantel_r = 0.774, 
Proc_r = 0.597, p < 0.001) and MGEs (Mantel_r = 0.520, 
Proc_r = 0.620, p < 0.001). Additionally, MGEs were sig-
nificantly associated with the bacterial community 
(Mantel_r = 0.374, Proc_r = 0.809, p < 0.001) (Fig.  4A and 
Table S2).

The co-occurrence network among core ARGs, MGEs 
and bacterial species consisted of 116 nodes and 526 
edges (Spearman correlation > (0.9), p-value < 0.01). 
In this regard, pathogens belonging to the Shigella and 
Escherichia genera (Shigella dysenteriae, Shigella fles-
neri, Escherichia marmotae and E.coli), multidrug resis-
tance genes (such as mdtB, mdtE, mdtF, mdtM, ompR, 
and ompF), MLS resistance genes (such as macA, mexE 
and mexX) and MGEs (such as IS10, IS62, IS26 and IS 

Fig. 2 The stage associated ARGs among the different growth stage in pigs. Heat map shows the 90 stage-associated ARG subtypes identified by LEfSe 
(LDA > 3) among samples. Heat map shows the normalized average abundances based on the row. The left line means the ARG types in which those 
ARGs subtypes belonging to
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CR1) formed the largest module, suggesting interac-
tions among them (Fig. 4B). S.dysenteriae, S.flesneri and 
E.coli may be carriers of IS62, IS26 and ISCR1. In some 
other modules, most bacterial species displayed a stron-
ger association with only one specific ARG subtype. For 
example, Clostridium spp. displayed a significant cor-
relation with tet(35), which is a tetracycline resistance 
gene. In addition, Tannerella forsythia, Paeniclostridium 

sordellii and Acinetobacter sp. SWBY1 may act as a 
potential host of mefA, tetP, tet39 and adeJ. The results 
also showed that Weissella paramesenteroides might act 
as the carrier of tnpAB.

E.coli associated with ARGs distribution in pigs
Since we found E. coli and Shigella spp. strongly associ-
ated with most ARGs in the pig samples, we identified 

Fig. 3 Microbiome profiles among the different growth stage in pigs. (A) PCoA plots show the distinct clusters in each group. (B) Boxplot showing the 
microbial richness of Shannon index in each group. (C) The distribution of bacteria at different taxonomy tax from phylum to species levels. The colors of 
the rectangles represent different bacteria
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those E. coli-associated ARGs as potential risk ARGs. 
The heatmap showed that potential risk ARGs were 
mainly enriched in the F0 generation and newborn 
samples. In Fig. 5A, we found the relative abundance of 
E. coli to be associated with most of the variation of the 
ARGs (Fig.  5A). We further plotted the relative abun-
dance of E. coli (log10) versus the abundance and num-
ber of ARGs and MGEs from all samples to directly 
determine the association between E. coli and overall 
resistome outcomes. The scatterplots show a strong asso-
ciation between E. coli and ARG and MGE abundance 
and detected numbers across different growth stages 
(Fig. 5B).

Health risks of ARG evaluation among the different growth 
stages in pigs
Next, ARG risk rank analysis was performed to evaluate 
ARG risk and to identify the ARGs that have significant 
potential to endanger public health [25]. As shown in 
Fig. 6, the highest risk Rank I (already present in patho-
gens of ARGs)-associated ARGs were increased during 
the early life of newborn piglets but decreased in the 
nursing stage. However, it increased during the fattening 
and finishing stage. In particular, high-risk ARGs were 
highest in newborn piglets. In addition, rank I contained 
tetracycline, aminoglycoside, and MLS resistance ARGs. 
The top 50 high-risk ARGs in all growth stages are shown 
in Fig. 6C. We found that Cluster 2, including tetracycline 
and aminoglycoside resistance genes, especially aph(3)-
III, tetM, tetO, tet40, sul3, qnrS and dfrA 14, displayed 
similar patterns between the F0 and F1 early-life pigs, 

Fig. 4 Co-occurrence patterns between ARGs, MGEs and bacteria species. (A) The association in the abundance of ARGs and microbes, ARGs and MGEs, 
microbes and MGEs by Procrustes analysis and Mantel test. (B) Network analysis, the nodes were coloured according to different ARGs subtype, MGEs 
subtypes and bacteria species with the correlation of a strong (Spearman’s correlation coefficient (ρ) > 0.9) and significant (p-value < 0.01) correlation. 
Node size representing the number of connections and edges representing the correlation coefficient
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indicating that those ARGs might be transmitted from 
the sow mother generations. However, we also found 
that rmtB, ermT, tetW, ermC, mphA, aph(3), sul1, and 
erm(39) were enriched in the newborn piglets but were 
missing in the F0 generation (Cluster 1) (Fig. 6C). During 
the growth and finishing stages, the health risk slightly 
increased, which might have resulted from the increased 
abundance of aad(9), tet32, tetL, aadE and vgaA (Cluster 
4) (Fig. 6C).

Discussion
In the present study, a relatively more comprehensive 
metagenomic analysis was conducted to explore ARG 
profiles of the swine microbiome across different growth 
stages, including the F0 generation of boars, sows, new-
born piglets, weaning piglets, nursery piglets, fattening 
pigs and finishing pigs. We systematically characterized 
the composition and distribution of ARGs among the dif-
ferent growth stages in the swine microbiome. In total, 
829 ARG subtypes belonging to 21 different ARG types 
were detected. Aminoglycoside, tetracycline, and MLS 
were the most abundant ARG types in pig samples. A 
total of 134 core ARG subtypes belonging to 17 types 
were shared in all samples and displayed different growth 
stage associated ARG patterns. Furthermore, the link 
between ARGs, gut microbiota and MGEs suggested an 
association between ARGs and gut microbiota, in which 
E. coli might as the main host microbe. Interestingly, we 

found that in most cases, the dominant ARGs of the F0 
sow generation of sows’ dominant ARGs might be trans-
mitted to infant piglets, which might be associated with 
gut bacterial transmission. Finally, the evaluation of the 
antibiotic resistance threats during each growth stage of 
pig farms provides us with some early warning of high-
risk ARGs.

The dynamics of the antibiotic resistomes in swine gut 
microbiome
Previous studies have revealed that the pig fecal 
resistome varies among farms, which might result from 
different locations, housing conditions, weather climates 
and environments [3, 26]. The ARG types mainly con-
ferred resistance to tetracycline, aminoglycosides, and 
MLS. In our study, we found that the majority of ARG 
types of fecal resistomes from all growth stages also 
belonged to tetracycline, aminoglycoside, MLS and mul-
tidrug. A study focused on the fecal resistome of dairy 
cattle suggested that dynamic changes in the resistome 
are closely associated with diet transition [27]. In addi-
tion, human study identified the age-specific associated 
antimicrobials within children, adults and elderly individ-
uals, highlighting the association between age groups and 
antimicrobials used during each age stage [28]. Thus, the 
ARG profiles in abundance and richness differed between 
different growth stages in swine microbiome, might be 
caused by diet, antimicrobial use and ages in this study.

Fig. 5 E.coli associated with ARGs distribution in pigs. (A) Heatmap showing the abundance of these ARGs in pigs among different growth stages. (B) 
The correlation between the abundance of E. coli with the ARG and MGEs abundance, number
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After the weaning stage, pigs appeared more resistant 
to tetracycline and aminoglycosides. Tetracyclines were 
used the most to treat the respiratory organs of fatten-
ing and postweaning pigs, which explained why we 
found that the abundance of tetracyclines was increased 
from the weaning stage in our study [29]. In addition, 
fecal ARGs of the nursing, fattening and finishing stages 
showed resistance to chloramphenicol, which is also 
commonly used for disease prevention in pig farms. 
Despite the decrease of abundance in total ARGs, an 
overall increasing ARG subtypes number was observed 
during the lifetime of pigs, raising concerns that ARG 
richness was increased with age.

From the stage associated ARG subtypes, we found 
that resistance genes conferring multidrug resistance 
were more abundant in the F0 generation sow samples, 
which may be due to the long-term use of antibiotics in 
sows, particularly during farrowing. Oral medication in 
suckling and post-weaning periods were the most com-
mon applications of antibiotic administration in pig pro-
duction. Considering the phase of pig, the most used was 

colistin in piglets and weaners, and tylosin in fatteners for 
gastrointestinal conditions [30, 31]. Pleuromutilin were 
commonly used for respiratory tract infections in sow 
and piglets [32]. Although the different ARG subtypes 
were enriched in distinct growth stages, the co-occur-
rence pattern revealed that the hubs and related cooccur-
ring ARGs in each module might be harboured in some 
specific bacteria taxa that might be shared within differ-
ent growth stages.

The gut microbiota composition contributed to the 
occurrence of ARGs
Increased gut microbial diversity (Shannon index) from 
newborn to 2 weeks postweaning was found in this study, 
consistent with previous studies [27]. We found that pig 
guts harboured a lower diversity of microbiota and fecal 
resistomes but higher ARG abundance, consistent with 
the guts of patients who underwent antibiotic treatment 
[33]. However, richness indices (number of observed spe-
cies) continued to increase until the end of the experi-
ment. These results suggest that antibiotic administration 

Fig. 6 ARGs health risks evaluation among the different growth stage in pigs. (A) The distribution of Rank risk ARGs among each group. (B) Abundance 
of Rank I risk ARGs among each group. (C) Top 50 of identified Rank I risk ARGs subtypes based on abundance. Different color cluster means the different 
Rank I risk ARG subtypes pattern among growth stages
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could reduce the diversity of the bacteria, promote the 
enrichment of ARB, further accelerating the rise of AMR 
levels.

There are more concerns about some human-asso-
ciated pathogens, especially those potentially carrying 
antibiotic resistance. The bacterial species that showed a 
strong association with ARG subtypes may be regarded 
as potential ARG carriers [34]. For example, E. coli are 
pathogens inhabiting the intestinal tract of humans and 
animals that have been reported to harbour the largest 
number of ARGs, showing multidrug, fluoroquinolone 
and macrolide resistance [35, 36]. We also found that the 
E. coli-associated ARGs were resistant to tetracycline and 
other antibiotics. Shigella is another major pathogen that 
causes diarrheal diseases in humans and animals [37]. 
Our data showed that Shigella species (S. dysenteriae and 
S. flexneri) were related to the majority of ARGs similar 
to E. coli, indicating the health risk of those-associated 
ARGs to humans and animals.

We also found some ARGs were carried by multiple 
bacteria. The gene tet (32) was identified in the Clos-
tridium-related bacterium. Herein, tet(35) was found 
to be associated with Clostridium spp., suggesting that 
the Clostridium-like strain might also be the carrier of 
tet (35). Aminoglycoside resistance genes such as aph 
and aad were determined to be related to Corynebacte-
rium-related species. Aminoglycosides are second-line 
or complementary antibiotics used for the treatment of 
pathogenic Corynebacterium infections [38]. We thus 
proposed that the long-term use of aminoglycosides 
enhanced AMR risks. On the other hand, Lactobacillus-
related species, such as L. helveticus and L. kefiranofa-
ciens, with potential benefits were also identified as ARGs 
carriers, suggesting that the use of potential probiotics in 
pig production also needs to be done with caution.

The potential ARGs transmission patterns from the F0 to F1 
might associate with bacterial transmission
Another important finding in our study is that we found 
the potential “mother-to child” ARGs transmission in 
pigs. Human studies previously reported mother-to-child 
bacterial transmission events [23]. Evidence also proved 
that maternal gut microbes harbouring ARGs are trans-
ferred to newborn infants during the first few days after 
birth [22, 23]. In the present study, E. coli-associated 
ARGs in newborn piglets were similar to those in sow 
samples. E. coli, which was highly abundant in the sow 
sample, was abundant in newborns but phased out after 
weaning in our study. These results suggest that the F0 
generation of sows’ dominant ARGs might transmit to 
infant piglets, which might be associated with gut bacte-
rial transmission patterns such as E. coli. However, the 
direct isolation of E. coli and the identification of ARGs 

carried still need further confirmation to support our 
hypothesis.

Some co-occur high risk ARG, such as aph(3)-III, 
aac(6)-I, aph(2)-II, and tet (M/O/G) were found in the F0 
generation and newborn piglets but rarely in other stages, 
also suggesting their vertical inheritance. The examina-
tion of “mother-to-child” ARGs transmission brings us 
closer to understanding the maternal transmission and 
their contributions to the infant ARGs profile changes, 
remaindering us of to focus on maternal antibiotic use. 
However, larger, well-balanced cohorts still needed to 
confirm the ARGs or microbial acquisition patterns in 
further studies.

The evaluation of the antibiotic resistance threats during 
each growth stage
Current research on pig resistance genes is mainly based 
on composition or abundance; however, the health risk 
of ARGs should also be taken into consideration [25, 39, 
40]. Study had developed an omics-based framework to 
evaluate the health risk of ARG by considering human-
associated enrichment, gene mobility, and host patho-
genicity [25]. Our results demonstrated that 21.3% of 
the ARGs pose the highest health risk, especially those 
conferring beta-lactam and multidrug resistance. Among 
these, high-risk ARGs, such as aph(3)-I, aac(3)-II, tetQ, 
tetL, aph(6)-I, and aph(2)- II, were also identified by the 
World Health Organization (WHO), warning that these 
ARGs may be “current threats”, which have the highest 
potential to result in multidrug resistance in pathogens. 
The F0 generation of boars and sows was often used for 
breeding and has been raised for 2 years. It is reasonable 
that we found that the F0 generation of boars and sows 
showed the highest health risk due to the long-term use 
of antibiotics. Previous study revealed that animal expo-
sure may as a potential determinant for resistome or 
microbiome composition in interconnected humans [14]. 
The evaluation of the antibiotic resistance threats dur-
ing each growth stage in pig farms provides us with some 
early warning of those high-risk ARGs. In other words, 
these high-health-risk ARGs also provide potential mark-
ers for evaluating the risk by simplified methods (e.g., 
quantitative PCR).

In conclusion, the pig ARG profiles exhibited a growth-
stage associated patterns, which partly due to the diets 
and gut microbiota changes. Some ARGs co-occur in F0 
generation and newborn piglets, suggesting their inheri-
tance. Apparently, more attention should be paid to the 
health risk of ARGs in pig farms since these ARGs could 
be easily transferred to zoonotic pathogens. Collectively, 
this relatively more comprehensive study provides a pri-
mary overview of ARG profiles in swine microbiome 
across the lifetime and highlights that the risk of ARGs 
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and intergenerational impact of antibiotics should not be 
ignored.

Materials and methods
Study design and sample collection
The pig farm is located in Lin’an District, Hangzhou city, 
Zhejiang province, China (30°14′10″N 119°42′55″E). In 
this study, 18 boars and 18 sows were used as F0 genera-
tion. And total of 18 samples (one piglet from each F0 
family based on the average bodyweight) were identi-
fied as F1 (Fig.S1). Among these pigs, 18 male pigs were 
paired across the different growth stages, including new-
born (d 2 ~ 3), two weaning phases (d 26 for weaning 1 
week and d 35 for weaning 2 weeks), nursery (d 49 ~ 50), 
fattening (d ~ 120) and finishing stage (d ~ 180). Rectal 
swabs were collected at the end of each phase. Related 
sample information has been listed in Table S3.

Metagenomic sequencing
Microbial DNA of the total 144 samples was extracted 
according to the manufacturer’s instructions using a 
E.Z.N.A.® DNA Kit (Omega Bio-tek, Norcross, GA, USA). 
Metagenomic sequencing libraries were performed at 
the Shanghai Biozeron Biological Technology Co. Ltd. 
(Shanghai, China). All samples were sequenced on Illu-
mina Novaseq 6000 (Illumina, Inc.San Diego, California 
USA). Adaptor contaminants and low-quality reads were 
removed by Trimmomatic (V 0.32) [41]. Bwa2 was used 
to remove host DNA. And the reference genome was Sus 
scrofa genome assembly Sscrofa11.1. Reads with host 
genome contamination and low-quality data removed are 
called clean data and used for further analysis.

Bacterial taxa, ARGs and MGEs annotation
For the quantification of ARGs, the reads were used as 
inputs to the ARG-analysis pipeline ARGs-OAP v2.0, 
integrating detection of ARGs by the SARG v2.0 refer-
ence database [42, 43]. ARGs was normalized by the 
number of 16  S rRNA genes, which were expressed as 
copies per 16  S rRNA gene. The related information of 
ARG types and subtypes in the present study have shown 
in Table S4-S5. For the quantification of MGEs, the ref-
erence database with the published MGEs database was 
used [44]. It contains 278 different genes and more than 
2000 reference sequences. We classify all genes based 
on their gene structures and evolutionary relationships. 
Mobile gene units are divided into two levels: type and 
subtype, where type is the type of mobile gene unit (such 
as plasmid, integron, etc.), and subtype is a specific gene 
(such as intI1, tnpA, etc.). The MGEs was also normalized 
by the number of 16 S rRNA genes. The related informa-
tion of MGE type and subtypes in the present study have 
shown in Table S6-S7. For taxonomic classification, reads 
were cleaned by Kraken2 (v2.0.7) with NCBI taxonomical 

ID, and a customized complete genome k-mer data-
base [45]. The classification results were further passed 
through with Bracken 2.0 [46].

ARGs health risk evaluation
The health risk assessment of ARGs was evaluated 
according to the criteria proposed by [25] according to 
these perspectives: (1) enrichment in human-associ-
ated environments; (2) gene mobility; (3) presence in 
host pathogenicity. ARGs were classified into four ranks 
ARGs: (1) Rank IV (lowest risk): ARGs that do not meet 
the first criterion; (2) Rank III: ARGs that meet the first, 
but not the second; (3) Rank II: ARGs that meet the first 
and second but not the third; (4) Rank I (the highest risk): 
ARGs that meet all three criteria.

Statistical analysis
Statistical analysis was performed by R (Version 4.0.2). 
Principal coordinates analysis (PCoA) based on Bray-
Curtis was used to determine beta-diversity of bacte-
rial communities and ARGs distribution among groups. 
Procrustes analysis was used to assess the congruency 
of sample separations within the bacteria species, ARG 
and MEG profiles. The Spearman correlation coefficient 
of ARG types was performed to analyze the correlation. 
Network visualization was performed using Cytoscape 
3.8.2 and Gephi 0.9.2 [47].
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