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Abstract: Antimicrobial peptides are a promising new class of antimicrobials that
could address the antibiotic resistance crisis, which poses a major threat to human
health. These peptides are present in all kingdoms of life, but especially in
microorganisms, where they have multiple origins in diverse taxa. To date, there has
been no global study on the diversity of antimicrobial peptides, the hosts in which these
occur, and the potential for resistance to these agents. Here we investigated the diversity
and number of antimicrobial peptides in four main habitats (aquatic, terrestrial, human,
and engineered), by analyzing 52,515 metagenome-assembled genomes. The richness
of antimicrobial peptides was higher in the human gut microbiome than in other habitats,
and most hosts of antimicrobial peptides were habitat-specific. The abundance of genes
that confer resistance to antimicrobial peptides varied between habitats and was
generally at a low level, except for the built environment and on human skin. The
horizontal transfer of potential resistance genes among these habitats was constrained
by ecological barriers. We systematically quantified the risk of each resistance
determinant to human health and found almost one third pose a risk, especially those
that confer resistance to polymyxin B, bacitracin, and defensin. Our results help to
identify the biosynthetic potential of antimicrobial peptides in the global microbiome,

further identifying peptides where there is a low risk of developing resistance.

Keywords: antibiotic; antimicrobial peptide; resistance; metagenome-assembled

genomes; health risk; biosynthesis
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The prevalence of antibiotic-resistant pathogens exacerbates difficult-to-treat infections
in the clinic and poses a serious threat to human health. Infection-related deaths owing
to drug-resistant pathogens are projected to account for the highest proportion of deaths
worldwide by 2050. Many currently available antibiotics are ineffective due to the
development of antibiotic resistance, leading to a crisis in our ability to control bacterial
infections (1, 2). Designing and producing novel effective antimicrobial agents is
therefore urgently needed.

Antimicrobial peptides (AMPSs) are attractive antibacterial drug candidates for
overcoming the crisis of antibiotic resistance, due to their high diversity and broad
activity (3). AMPs are relatively short, structurally diverse small proteins that usually
have amphipathic and cationic host-defense properties against pathogen invasion. They
are found in diverse taxa, from mammals to soil microorganisms and aquatic
environments (4, 5). Thousands of AMPs have been identified from plant, animal, and
microbial sources (6), and dozens of AMPs are being evaluated against important
pathogens in clinical trials (7—12). AMPs operate by multiple mechanisms, such as
membrane disruption, intracellular osmosis, and immune regulation (13). For instance,
positively charged AMPs interact with negatively charged substances such as the
phospholipids and lipopolysaccharides in bacterial membranes to form lesions and
cause cell lysis (5).

AMPs are present in all kingdoms of life. Nearly 40% of AMPs in clinical trials,
however, are of human origin (3), raising legitimate concerns that the evolution of

resistance against AMPs may lead to collateral resistance to endogenous human



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

immunity, which would increase the threat to human health. Therefore, it would be
prudent to mine AMPs from other domains of life, and especially from microorganisms,
where there is immense phylogenetic and functional diversity.

The very ubiquity of AMPs in the environment potentially provides strong
selective pressure to drive resistance (5, 14-17), even though the pharmacodynamics
and killing mechanisms of AMPs are less conducive to the evolution of resistance than
traditional antibiotics (3). However, similarly to antibiotic resistance, antimicrobial
peptide resistance genes (AMPRGs) could be acquired by new hosts through horizontal
gene transfer (18). This does greatly increase the chance of pathogens potentially
acquiring these genes. Thus, before AMPs are used to replace antibiotics in clinical use
(19), we should assess the potential threats, screen and develop low threat AMPs to
avoid a similar fate to the antibiotic resistance crisis.

The identification of genes that encode AMPs has largely been facilitated by
studying cultivable microorganisms. However, most microbes are not yet cultivated,
and therefore the potential for AMP biosynthesis in most microorganisms remains
largely unknown. Further, assigning these genes to their respective hosts remains
challenging. In this work, to avoid cultivation bias, we characterized the potential for
AMP biosynthesis in microbes at a global scale by analyzing 52,515 metagenome-
assembled genomes (MAGs) constructed by Nayfach et al (20) in diverse habitats. By
mining these metagenomic data, we discovered widespread AMPs in global
microbiomes. Next, we annotated the MAGs with AMPRGs to systematically analyze

their distribution patterns and identify their hosts at the global scale. This allowed us to
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quantify the threat of AMPRGs to human health via three indicators (human
accessibility, mobility, and human pathogenicity). These data will guide the

development of low health threat AMPs to address the growing antibiotic crisis.

Results
Global distribution patterns of AMPs and their hosts
We conducted AMP mining in global microbiome data via the combination of Attention
(ATT), long short-term memory (LSTM), and Bidirectional Encoder Representations
from Transformers (BERT) models constructing by Ma et al (21). We only keep the
results that the accuracy of the three models is greater than 50% suggested by the above
reference. Herein, a total of 4,917 AMPs with a length distribution ranging from 21 to
50 amino acids in 4,697 non-redundant MAGs were identified to explore the global
distribution patterns of AMP biosynthetic potential in microbes (Table S1 and Fig 1b).
These MAGs were classified into six habitat categories including air, aquatic, terrestrial,
human, engineered, and other hosts (Fig. 1a and Table S1). We used only four main
habitats (aquatic, terrestrial, human, and engineered, mainly the built environment) in
the subsequent analysis because they covered 90% of samples.

In all, 4,364 AMPs were identified from four main habitats based on deep learning
predictions. Of four habitats, the human gut had the highest richness of AMPs (Fig. 1¢).
This conforms to predictions that this habitat has many potential AMP families that are

yet to be intensively studied (22).
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Determining the hosts of AMPs is helpful in mining AMPs with potential
applications. Therefore, we identified the AMP hosts by taxonomically annotating each
MAG (see “Methods”) and then explored the distribution of these hosts across diverse
habitats. A great diversity of hosts carried AMPS in various habitats. A total of 85 phyla
were identified across all MAGs, but a more limited number of bacterial phyla were
dominant (Fig. 1d). The composition of the hosts of AMPs differed greatly between the
four habitats at the phylum level. Firmicutes, common in the human gut microbiota
(23), accounted for a large proportion of hosts in human-associated habitats (53.21%),
further reflecting the widespread distribution of AMPs in the human gut. Proteobacteria
dominated in engineered (27.71%), aquatic (24.80%), and terrestrial (20.97%) habitats.
The hosts of AMPs in aquatic and terrestrial environments were more diverse than those
in engineered and human habitats, perhaps as a consequence of higher species diversity
in these habitats, allowing more diverse sources of AMPs (24). Lachnospiraceae was
the main host of AMPs (Fig. 1e), which is abundant in the unperturbed adult microbiota
and promotes colonization resistance against intestinal pathogens (25), pointing to this
family as a potentially source of AMPs, suggesting that AMPs might participate in
pathogen inhibition. The distribution pattern of most hosts of AMPs indicated habitat

specificity, with only a few hosts shared between two or more habitats.
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Figure 1. Global distribution patterns of antimicrobial peptides (AMPs) and their
hosts. a, Geographical distribution of samples with AMPs, showing richness in various
habitats. The size of the dots represents the richness of the AMPs at each sampling site
and the colors represents different habitats. The number of samples is in parentheses.
Sampling sites without clear geographic coordinates were represented as 0° latitude and
0° longitude. b, Length distribution of 4,917 AMPs from the metagenome-assembled
genomes (MAGs) in our study. d, Composition of AMP hosts in the four main habitats
at the phylum level. e, Number of MAG in each family (most common 20). f, Venn
network of shared and specific AMP hosts at the species level in various habitats.
Global patterns of genes conferring resistance to AMPs

A total of 129 genes predicted to confer resistance to AMPs (AMPRGs) were identified

from 4,434 non-redundant MAGs. These predictions were based on the AMP resistance
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gene database we constructed. This database identified eight different types of
resistance phenotypes (Fig. 2a and Table S2; see “Methods™). Of the 129 AMPRGs, 76
were predicted to confer resistance to only one class of AMP, while 53 AMPRGs were
predicted to confer resistance to multiple AMP classes.

The abundance of AMPRGs varied across habitats and was generally low in all
sub-habitats, except for the built environment and on human skin (Fig. 2b). The
abundance of AMPRGs was highest on human skin, but the number of AMPRGs per
metagenome sample in the human digestive system was higher than that on human skin
(»<0.001, one-way ANOVA test; Fig. 2¢). In addition, the high abundance of AMPRGs
in the built environment (mainly urban subways) (Fig. 2b) could increase the possibility
of AMPRG transmission, in a situation similar to the dissemination of ARGs (26).
Given that several types of AMPRG might confer resistance to the same AMP or a
single AMPRG might confer resistance to multiple AMPs, we summed the relative
abundance of AMPRGs in each AMP category for each sample. This revealed an
uneven abundance distribution among the various AMPRG types (Fig. 2d). AMPRGs
conferring resistance to multiple AMPs were at highest abundance in sub-habitats,
except that AMPRGs for colistin and polymyxin B were dominant in both the built
environment and on human skin (Fig. 2d). Use of AMPs in these two environments
could raise the threat of AMPRGs becoming widespread and potentially cause AMP
failure during treatment of infections. For all 129 identified AMPRGs, almost a quarter

were specific to one habitat, while one third of AMPRGs were shared among all four
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main habitats. These latter AMPRGs were mainly predicted to confer resistance to
multiple AMPs and polymyxin B (Fig. 2e).

Because there was a high abundance and diversity of AMPRGs in habitats
dominated by humans, we divided all samples into groups of high and low population
density based on the threshold of 58 people per square kilometer (27) to explore the
impact of anthropogenic activities on the distribution of AMPRGs. Almost all
AMPRGs could be detected in the high population density environments. These were
mainly AMPRGs conferring multiple or polymyxin resistance. Only one AMPRG was
specific to the low population density environment (Fig. 2f, h). The abundance of
AMPRGs in the high-density environments was significantly higher than that in the
low-density environments (p < 0.001, two-tailed Welch’s #-test; Fig. 2g). These results
suggest that anthropogenic activities drive increases in the abundance and relative

diversity of the AMPRGs.
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Figure 2. Global distribution patterns of antimicrobial peptide resistance genes
(AMPRGsS). a, Geographic distribution of samples with AMPRG abundance in various
habitats. The size of the dot represents the average abundance of the AMPRGs at each
sampling site and the colors represent different habitats. The number of samples is
shown in parentheses. Sampling sites without clear geographic coordinates were
represented as 0° latitude and 0° longitude. b to d, Abundance (b), number (c), and
proportion (d) of AMPRGs grouped by sub-habitats. Abundance was calculated as
Reads Per Kilobase per Million mapped reads (RPKM). Different letters indicate group
differences between groups determined using a one-way ANOVA test (p < 0.05). e,
Upset plot of shared and specific AMPRGs in the four main habitats. The circle

represents the classification of AMPRGs shared by the four habitats. f, Venn plot of
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shared and specific AMPRGs in low- or high-intensity human activities. g, The
abundance of AMPRGs in low- or high-intensity human activities. The p value
represents the statistical significance (two-tailed Welch’s #-test). h, The classification

of shared and specific AMPRGs in low- or high-intensity human activities.

Distribution of AMPRGs host and mobile genetic elements (MGEs)

After taxonomic profiling, 27 bacterial phyla carrying AMPRGs were identified across
all MAGs (Table S2). Gammaproteobacteria were the main carrier of AMPRGs, unlike
AMPs, in all habitats (Fig. 3a), with Enterobacteriaceae carrying the most AMPRGs,
followed by Staphylococcaceae (Fig. 3b). Some AMPRG types tended to be carried by
specific bacteria, showing host-specific patterns at the species level. For example, the
host of bacitracin resistance genes were almost always Enterobacteriaceae.
Enterobacteriaceae also carried other types of AMPRGs, indicating that this taxon was
an important reservoir of AMPRGs, much as it is also an important reservoir of
antibiotic resistance. Most AMPRG-carrying hosts were unique to particular habitats,
especially in engineered and human environments, with a few hosts shared by two or
three habitats, showing habitat specificity, further illustrated by the large differences in
host composition among the 42 shared AMPRGS in the four habitats (Figs. 3c and S1).
Only one host was found in all habitats. Moreover, AMPRG hosts in human habitats
were more prone to be shared with the engineered environment than with other habitats.
Different habitats contained the same dominant host of AMPRGs, suggesting that

AMPRGs confer site-specific advantages on hosts.
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The analysis of MGEs by the MAG approaches is largely invalid because these
MGESs can have different coverage and nucleotide compositions, they are challenging
to metagenomically bin correctly (28). Therefore, we collected 47,169 bacterial
genomes in NCBI database from aquatic, engineered, human, and terrestrial habitats.
Finally, a total of 13,091 bacterial genomes were annotated to the AMPRGs and 6,001
of them were identified as pathogens (Table S3). Then, we selected 5 kb upstream and
downstream around each AMPRGs to determine the most closely related MGEs most
likely to be involved in AMPRGs transfer from a bioinformatic perspective (29). A total
of 1439 MGEs were identified in 4,808 bacterial genomes, most of which were
transposases (918/1439) (Table S4). The terrestrial and engineered habitats possessed
many specific MGEs (Fig. S2). Only Gammaproteobacteria, Alphaproteobacteria,
Betaproteobacteria, Firmicutes, Bacteroidota, and Acinobacteriota carried MGEs,
with Gammaproteobacteria carrying a large proportion (63.4%) (Fig. S3a). Notably,
72.7% of AMPRGs transported between bacteria within the Gammaproteobacteria (Fig.
3d). The AMPRG hosts in the various habitats were also notably dominated by
Gammaproteobacteria (Fig. 3a). The potentially mobile AMPRGs conferring multiple
AMP resistance (40.3%) and polymyxin B (26.4%) resistance were dominant in
Gammaproteobacteria (Fig. S3b). Of the 129 evaluated AMPRGs, 75 (58.1%) were
identified as potentially mobile AMPRGs in diverse habitats, mainly the engineered
and human environments (Table S5).

Unique environmental conditions in different ecosystems can affect the

distribution of MGEs (30, 31), altering the composition of AMPRG-carrying hosts in
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diverse habitats. The AMPRG hosts in various habitats in our study, however, were all
dominated by Gammaproteobacteria; we assumed that prevalence of all evaluated
AMPRGs carried by MGEs in all metagenomic samples was less than 25% due to
ecological barriers, even though they are carried by more MGEs (Fig. S4). Moreover,
the mobile AMPRGs in bacterial genomes were shared between fewer bacterial species,
suggesting fewer transfer events per AMPRG (Fig. 3e). A total of 54.5% (54) of mobile
AMPRGs were shared in nonpathogens and pathogens (Fig. S5), suggesting that

pathogens may acquire AMP resistance by horizontal gene transfer from nonpathogens.
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the different families of AMPRGs. ¢, Venn network of shared and specific hosts
containing AMPRGs at the species level in various habitats. d, Network representation
of the mobile AMPRGs shared between hosts. Node size and numbers indicate the total
number of mobile AMPRGs in each host. Straight and curved lines represent genes that
were shared between hosts at different phyla (classes in Proteobacteria) and the same
phylum (classes in Proteobacteria), respectively. Line thickness represents the number
of mobile AMPRGs shared among the hosts. Only Gammaproteobacteria,
Alphaproteobacteria,  Betaproteobacteria, Firmicutes, Bacteroidota, and
Acinobacteriota carried MGEs. e, Unique mobile AMPRGs were transferred between
different numbers of species, only values with at least two transferred AMPRGs were

shown.

Determination of the threat of AMPRGs to human health

We quantified the threat of each AMPRG to human health based on its associated
pathogenicity (proportion of pathogenic hosts), human accessibility, and mobility
(number of MGEs) (see “Methods”), in a similar fashion to the threat evaluation of
antibiotic resistance genes (27). Indicators of human pathogenicity and accessibility
covered more than 75% of the AMPRGs, with more than half being potentially mobile
(Fig. 4a and Table S6). Ultimately, 44.96% AMPRGs posed a significant threat to
human health based on our evaluation framework (Fig. 4b). We ranked all the AMPRGs
according to their threat and divided the AMPRGs with risks > 0 into four categories

(Q1: top 25%, Q2: 25-50%, Q3: 50-75% and Q4: bottom 25%). The multiple AMPs
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and polymyxin B resistance genes had a wide distribution in the four risk ranks (Fig.
4c), and the average risks for Human Cathepsin G and multiple AMPs resistance genes
were much higher than others (Fig. 4d). We also calculated the threat for each sample
in various habitats, and the results indicated that the samples from engineered

environments had the highest threat, followed by human habitats (Fig. 4e).
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Figure 4. Health threat evaluation of AMPRGs to human health. a, Number of
AMPRGs with risk index (RI) > 0 in each indicator, including human pathogenicity
(HP), human accessibility (HA), and mobility (MO). b, 44.96% of AMPRGs had a risk
index RI > 0. The AMPRGs with an RI > 0 were partitioned three categories based on
the rank of their RI: (Q1: top 25%, Q2: 25-50%, Q3: 50-75% and Q4: bottom 25%)). ¢,
The composition of risk AMPRGs in different AMPRG types. d, The average risk of
the AMPRGs in each class. e, RI of each sample in the four major habitats. The
engineered environments (mainly built environment) had the highest risk of
antimicrobial peptide resistance. The RI of each sample was calculated as the
combination of abundance and the RI of the AMPRGs. Data were showed as mean +

standard error of mean (SEM). Different letters indicate differences between groups
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determined by a one-way ANOVA (p <0.05).

Discussion

The rapid spread of resistance to conventional antibiotics in pathogens has led to one
of the most urgent global health concerns. The development of novel antimicrobial
agents such as AMPs is the most promising component of the defensive strategy against
these pathogens. Soil, human, and marine microbiota contain a large number of bacteria
competing for nutrients. This competition could drive the evolution of new AMPs and
AMPRGs (32). Any of these microbiotas could be reservoirs of potentially useful AMPs
(33).

Traditional techniques for culturing microbes, however, limit the exploitation of
unculturable microorganisms that represent sources of biodiversity of unexploited
AMPs (34). We focused on mining the potential for novel AMPs in microbes.
Previously, tools like sequence alignment-based BLAST or hidden Markov models for
identifying conserved motifs and domains were typical methods for identifying proteins
with similar functions. However, these approaches are difficult to work with in the
identification of short peptides like AMPs, especially those that lack significant
homology. Many machine learning approaches have been developed recently to address
this challenge. Ma et al (21) successfully used three different natural language
processing (NLP) models (ATT, LSTM, and BERT) for AMP-mining in human gut
microbiomes. Herein, we applied the unified pipeline combined with these models to

predict AMPs in the global microbiome, resulting in 4,917 AMPs. Please note all AMPs
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predicted in this study were potential AMPs, so it is necessary to verify their functions
in future experiments. The AMPs were identified in diverse habitats, especially in the
human digestive system (mainly the human gut). The diversity of AMPs probably
reflects the ability of species to adapt to the unique microbial environment of the niche
they occupy, as a single mutation can greatly change the biological activity of each
peptide. Complex microbial ecosystems such as the human gut are locations where
long-term competition and co-evolution could generate antimicrobial compounds such
as AMPs (35). Therefore, the human gut microbiome could serve as a source of AMPs
that could be used to address the antibiotic resistance crisis.

Some AMPs in the current databases have been experimentally verified, but many
of the AMPs in these databases are based on prediction by homology. This is a key
knowledge gap, and more information is required to understand how differences in
sequence diversity affects biological functions of presumptive AMPs, how these AMPs
might then exert their activity against different taxa, and the functional mechanisms by
which they operate. Therefore, matching AMPs with their corresponding resistance
genes is a dilemma. Further study of the functions of presumptive AMPs is therefore
necessary. Classical in vitro assays can evaluate AMPs specific functions (3). However,
results in vitro assays can be strongly influenced by assay conditions, such as pH, salt
concentrations, nutrients and osmotic stress, and might not accurately reflect the AMPs
activity in vivo. Synergistic effects among different AMPs in vivo may also lower the
possibility of resistance evolving (36). Some AMPs form pores on the bacterial

membrane that then enable other AMPs to enter and attack the cells (37), implying that
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synergistic and efficacious AMP cocktails from several of these structural classes could
be deployed. In summary, the function of AMPs should be tested in vivo to more
accurately account for the mechanisms of action of AMPs.

An unprecedented view of the global distribution of resistance genes for
antimicrobial peptides was generated in this study. A total of 129 AMPRGs were
identified in 4434 MAGs. By examining various sub-habitats of each habitat, we
demonstrated that AMPRGs were most abundant in the built environment and on
human skin. Our results indicate that anthropogenic activities have promoted the spread
of AMPRGs. AMPRG abundance, however, was generally low in other sub-habitats.

It is still unclear why AMPs are widespread in different habitats, yet resistance
genes are at low abundance. The pharmacology of AMPs might contribute to a lower
likelihood of developing resistance (38). Unlike antibiotics, most AMPs function by
modifying bacterial cell membranes (39), and can kill bacteria within minutes (40).
This could prevent bacterial growth and accumulation of potential resistance mutations,
especially if the action is all or nothing. Such a situation might mean that there is only
a very narrow window of sub-inhibitory concentrations where genetic variants can be
selected. Additionally, to resist antimicrobial peptide attack, microorganisms might
have to alter the lipid composition and/or organization of their cell membranes, which
could be very costly. AMP resistance is often generated via nonspecific mechanisms,
and so fewer mutational pathways are available by which resistance to AMPs may

evolve (41).
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We also identified the hosts of AMPRGs in diverse habitats.
Gammaproteobacteria were the dominant carrier of AMPRGs in all habitats, and the
distribution pattern of hosts was habitat-specific at the species level.
Gammaproteobacteria also carried the most mobile genetic elements associated with
AMPRGs. We reasoned that the lateral transfer of AMPRGs among microorganisms
could be constrained by taxonomic barriers.

AMPRGs act primarily by modifying cell membranes. Since membrane formation
is the result of networks of interacting proteins that are highly interconnected, it might
be difficult for lateral gene transfer to modify these complex cellular subsystems (42,
43). However, even so, we do not conclude that AMPs in the clinic or for clinical use
are resistance free. For example, once the colistin resistance gene became plasmid
borne, it has spread rapidly around the globe (44). Consequently, clinical use of AMPs
could accelerate resistance dissemination by selecting for complex mobile genetic
elements, as has been seen in the antibiotic crisis.

We should learn from the current antibiotic crisis, and prioritize the risks posed by
known AMPRGs before widespread adoption of AMPs as therapeutic agents. In doing
so, we might avoid the premature appearance of resistance to this promising class of
antibacterial agents. With this in mind, we quantified the threat of each of the AMPRGs
we detected, based on their human accessibility, mobility and pathogenicity associated
with their hosts. Near half of the 129 AMPRGs we detected were determined to pose
some risk of compromising future AMP therapies. Most of these genes conferred

resistance to multiple AMPs and polymyxin B. For these AMPRGs, we could apply
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AMP cocktails to minimize the effect of resistance selection or adjuvants to maximize
the cost of developing AMP resistance (18).

Our study provides a view of the AMP biosynthetic potential in the global
microbiome, which will be conducive to mining the resources of AMPs and minimizing
the risk of the development of resistance to endogenous host defenses. Apparently low
levels of AMP resistance and the potential for phylogenetic barriers to horizontal
transfer for AMPRGs do not mean that risks to human health will not occur. However,
by learning the lessons of antibiotic resistance, we might be able to prevent the

appearance of resistance to AMPs in the future.

Methods

Data sets

Nayfach et al (20) constructed a database of 52,515 MAGs recovered from
environmentally diverse metagenomes. We downloaded these MAGs with permission
from https://genome.jgi.doe.gov/GEMs. The database also provided information for the
taxonomies and habitats of MAGs.

We constructed an AMP resistance genes database, including the genes with
experimentally confirmed influence on AMP susceptibility, collected from the
references provided by Kintses et al (45), and the genes associated with AMP resistance
in the Comprehensive Antibiotic Resistance Database (CARD) (46). The remaining
genes in CARD not associated with AMP resistance were used as a comparable data

set.
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We collected 47,169 bacterial genomes in NCBI database from aquatic (12,037),
engineered (11,204), human-associated (12,007), and terrestrial (11,921) habitat to

evaluate the mobility and human pathogenicity of AMPRGs more accurately.

Prediction of AMPs in MAGs

Ma et al (21) used AMP sequences from four AMP databases, APD (6), ADAM(47),
CAMP(48), and LAMP(49), that contained many AMPs from different species as input
data and combined several deep-learning-based natural language processing models,
whose performance they optimized to design a pipeline for AMP identification. The
combination of ATT, LSTM, and BERT models showed the highest precision.
Therefore, we used the combination of the above three models to identify AMPs in

52,515 MAGs.

Annotation and calculation of the abundance of AMPRGs in the MAGs

The AMPRGs were annotated with the AMP resistance genes we constructed with strict
parameters (e-value <1071, >70% identity at the protein level, and 60% query coverage)
using Diamond (v2.0.11.149) (50). Reads in each MAG were mapped to AMPRGs
using BWA (v0.7.13) (51) and the unmapped reads were removed using Samtools
(v1.3.1) (52). The abundance of AMPRGs in each MAG was calculated as Reads Per
Kilobase per Million mapped reads based on the number of mapped reads and length
of genes. To identify the hosts of AMPRGs, we taxonomically annotated the MAGs

containing AMPRGs using the methods described by Nayfach et al (20). Pathogenic
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hosts were identified using the A-to-Z database (53). We manually reclassified
AMPRGs based on the AMPs to which they confer resistance, including polymyxin B,
colistin, class Ila bacteriocins, bacitracin, cathelicidins, defensin and nisin. AMPRGs
providing resistance to more than one AMP class were classified as multiple resistance

determinants.

Annotation of the MGEs in the MAGs

We extracted 5000 bp (29) upstream and downstream of the AMPRGs identified in the
bacterial genomes to annotate the MGEs. We used BLASTN (e-value <1072, identity
80%, query coverage 80%) to annotate inserted sequences (ISs) with the 1Sfinder
database (54). We annotated transposases and integrases with the NCBI reference
sequences that were clustered using CD-HIT (v4.7) (55), with a threshold >90%, an e-
value <1071°, and minimum amino acid identity of 60% over 60% query coverage (56)

using Diamond (v2.0.11.149).

Acquisition of population data

We collected the population density of each sampling site from the SEDAC Population
Estimation Service (56) and classified all samples into high (>58 people/km?) and low
(<58 people/km?) population densities based on the global average density (27). We

only considered the samples for which clear coordinate information was available.

Determination of AMPRG threat to human health
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We quantified the threat of AMPRGs to human health based on three indicators, as
calculated in our previous study (27): human accessibility, mobility, and human
pathogenicity. The accessibility of AMPRGs to humans was the ability to transfer from
the environment to humans, calculated as the average abundance and prevalence of the
AMPRGs in habitats associated with humans. AMPRG mobility was considered the
ability to transfer between hosts by horizontal transfer, calculated as the sum of the
number of MGEs (ISs, transposases, and integrases) detected in each bacterial genome.
The pathogenicity of an AMPRG was determined using the A-to-Z database (53) and
defined as the proportion of pathogenic hosts containing it. Finally, we ranked all the
AMPRGs by their threat to human health and divided the AMPRGs with risks >0 into

four categories (Q1, Q2, Q3 and Q4).

Statistical analysis and visualization

The data are presented as means + standard errors of the means. A one-way ANOVA
was performed in IBM SPSS Statistics v25.0.0 (IBM Corp., Armonk, NY, USA). Values
were considered to differ significantly at p < 0.05. Two-tailed Welch’s t-tests were
performed in Excel Analysis Tools (Microsoft Corporation, Redmond, USA). Maps of
the geographic distribution of the samples were constructed using the ggmap and
ggplot2 packages in R (v4.2.1). Venn diagrams, upset plots, and heatmaps were
generated using the OmicStudio tools at https://www.omicstudio.cn. Venn network

plots of shared and specific hosts containing AMPs and AMPRGs in diverse habitats
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were visualized using Cytoscape (v3.9.0). Other plots were visualized using GraphPad

Prism (v9.1.1).

Data availability

All metagenome-assembled genomes used in this study are available in IMG/M portal.

The bacterial genomes are available in NCBI database.

Code availability

All the scripts and codes for gene annotation, abundance calculation, and visualization

used in this study are available online at https://github.com/bingfeng-micro.
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