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Abstract 18 

Metagenomics can be used to monitor the spread of antibiotic resistance genes (ARGs). ARGs 19 

found in databases such as ResFinder and CARD primarily originate from culturable and 20 

pathogenic bacteria. However, ARGs composing the resistome of the human gut microbiota or 21 

the environment remain understudied. Functional metagenomics is based on phenotypic gene 22 

selection and can identify ARGs from non-culturable bacteria with a potentially low identity 23 

shared with known ARGs. In 2016, the ResFinderFG v1.0 database was created to collect ARGs 24 

from functional metagenomics studies. Here, we present the database second version, 25 

ResFinderFG v2.0. Functional metagenomics studies were analyzed and DNA sequences 26 

described were retrieved, deduplicated and annotated. Sequences were curated to include only 27 

ARG sequences. ResFinderFG v2.0 was then compared to other databases for their relative 28 

sensitivity in searches for ARGs in subcatalogs from the Global Microbial Gene Catalog 29 

(GMGC). Fifty publications were considered, for a total of 23’764 ARGs identified from different 30 

environments. After deduplication, annotation and curation, 3’913 ARGs were included. New 31 

ARGs included are mainly glycopeptides/cycloserine or beta-lactams resistance genes identified 32 

mostly in human-associated samples. Results of GMGC gene subcatalogs annotation showed 33 

that ResFinderFG v2.0 detected comparable or higher ARG numbers than those detected with 34 

other databases. Most of the unigene hits obtained were database-specific and ResFinderFG 35 

v2.0 specific unigene hits included among others: glycopeptides/cycloserine, 36 

sulofnamides/trimethoprim resistance genes and beta-lactamases encoding genes. 37 

ResFinderFG v2.0 can be used to identify ARGs differing from those found in conventional 38 

databases and therefore improve the description of resistomes.  39 

Introduction 40 

Antimicrobial resistance (AMR) is recognized as a global threat possibly leading to the lack of 41 

efficient treatment against deadly infections1. From a genetic perspective, AMR is driven by 42 

mutational events (e.g. fluoroquinolone resistance is driven by mutations in the topoisomerase-43 

encoding genes) and the expression of antibiotic resistance genes (ARGs). ARGs are 44 

widespread in human- and animal-associated microbiomes, and in the environment2. Hence, 45 

these microbial niches are now considered in a One Health manner3. Although not every ARG 46 

represents a direct risk for human health4,  genes are able to travel from one environment to 47 

another by strain dissemination or horizontal gene transfer5. In this way, some ARGs represent a 48 

risk as they may be transferred to pathogenic bacteria. 49 
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Identifying ARGs and assessing this risk is essential to better understand and putatively find 50 

means to prevent their dissemination in pathogenic bacteria. To identify ARGs, culture-based 51 

methods, PCR, qPCR6, genomic and metagenomic sequencing have been used. Metagenomics 52 

makes it possible to sequence all the DNA from a sample and, thanks to sequences comparison 53 

with specific databases, allows ARG identification in an environment or host. Several AMR 54 

public reference databases7 exist such as CARD8 or ResFinder9. However, since the detection is 55 

matching newly obtained sequences to ARG sequences in databases, only sequences that are 56 

similar to previously-described ones will be detected with an acceptable degree of confidence. 57 

Therefore, unknown ARGs, or ARGs sharing a low identity with ARGs included in the chosen 58 

database may not be detected. 59 

Although culturable and/or pathogenic bacteria only represent a small fraction of microbial 60 

diversity, their genes make up the vast majority of the ARGs present in existing databases. In 61 

order to detect new ARGs or low sequence similarity percentage ARGs, functional 62 

metagenomics has been used10. This technique is based on phenotypic detection by expressing 63 

exogenous DNA in an antibiotic-susceptible host. Using functional metagenomics, ARGs sharing 64 

low amino acid identity to their closest homologue in NCBI11, or even not previously classified as 65 

ARGs12, could be detected in human12–22, animal22–29, wastewater30–37 and other environmental 66 

samples5,11,38–60. Despite being a laborious technique, genes described by functional 67 

metagenomics are mainly absent in classical ARG databases. Two databases listing specifically 68 

functionally identified ARGs were created: ResFinderFG v1.061 and FARME DB62. ResFinderFG 69 

v1.0 (https://cge.food.dtu.dk/services/ResFinderFG-1.0/) was based on the data coming from 4 70 

publications, while FARME DB includes data from 30 publications, mainly reporting 71 

environmental genes which were not necessarily cured to include only ARGs sequences63. Here, 72 

we report a new version of the ResFinderFG database, ResFinderFG v2.0, providing well-73 

curated data from functional metagenomics publications available until 2021 that include 74 

environmental and host-associated samples.   75 

Methods 76 

Construction of ResFinderFG v.2.0 77 

To retrieve publications using functional metagenomics for the identification of antibiotic 78 

resistance genes, the 4 publications used to construct ResFinderFG v1.0 were first considered. 79 

Then, all the publications which were cited by these 4 publications and all the publications that 80 

cited one of these publications were collected. In addition, publications found with the following 81 
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terms on PubMed: “functional metagenomics” AND “antibiotic resistance”, were added to this 82 

pool. After filtering out all the reviews, publications were screened one by one to check whether 83 

functional metagenomics was actually used to study antibiotic resistance and whether insert 84 

sequences described were available. Database construction and curation was then performed 85 

as follows (Figure 1). Accession numbers describing insert DNA sequences functionally selected 86 

using antibiotics were included and DNA sequences were retrieved using Batch Entrez. CD-87 

HIT64 was used to remove redundant DNA sequences and annotation of the remaining was done 88 

using PROKKA v.1.1465. To specifically select insert DNA sequences with ARG annotations, a 89 

representative pool of ARG annotations was obtained by applying the PROKKA annotation 90 

process to the ResFinder v4.0 database. Resulting annotations were used as a reference to 91 

specifically select insert DNA sequences containing an ARG. Accession number of the 92 

remaining inserts were used to retrieve information on the insert DNA sequences, such as the 93 

origin of the sample and the antibiotic used for selection. Additional filtering steps were added to 94 

check the antibiotic used for selection and ARG annotation link, minimum gene size with at list 95 

the median amino acid (aa) size of antibiotic resistance determinant (ARD) from the same ARD 96 

family (260 aa for beta-lactamase, 378 for tetracycline efflux genes, 641 aa for tetracycline 97 

resistance ribosomal protection genes, 178 aa for chloramphenicol acetyltransferase,  247 aa for 98 

methyltransferase genes and 158 aa for dihydrofolate reductase genes) and the presence of one 99 

unique annotation corresponding to an ARG on the insert DNA sequence. The database also 100 

includes metadata (habitat categorization, antibiotic used for selection, ARG family) and ARO 101 

annotation for each gene for comparability with other databases using ARO ontologies8. 102 
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 103 

Figure 1: ResFinderFG v.2.0 construction workflow. 104 

Description of ResFinderFG v2.0 105 

To assess the update of the ResFinderFG v2.0 database, the database was first compared in 106 

terms of number of ARGs, ARG families and sample sources with ResFinderFG v1.0. ARG 107 

families were categorized according to the antibiotic families they conferred resistance to: 108 

glycopeptides/cycloserine, sulfonamides/trimethoprim, beta-lactams, aminoglycosides, 109 

macrolides-lincosamides-streptogramins, tetracyclines, phenicols and quinolones. Sample 110 

sources were categorized as follows: aquatic, animal-associated, human-associated, plants-111 

associated, polluted environment and soil. Then, to detect the presence of ARGs in several gene 112 

subcatalogs (human gut, soil and marine-freshwater) coming from the Global Microbial Gene 113 

Catalog (GMGC, https://gmgc.embl.de/download.cgi2), ABRicate66 was run using default 114 

parameters with different databases (ResFinderFG v2.0, ResFinder v4.0, CARD v3.0.8, ARG-115 

ANNOT v5, NCBI v3.6).  116 

Data and code availability 117 
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All the computational steps and data used in the construction of the ResFinderFG v2.0 database 118 

and the database itself are available on the following public GitHub repository: 119 

https://github.com/RemiGSC/ResFinder_FG_Construction. The database was also deposited on 120 

the Center of Genomic Epidemiology (CGE) server, where it can be used online 121 

https://cge.food.dtu.dk/services/ResFinderFG/. Analysis processes for the description of 122 

ResFinderFG v2.0 are accessible on the following public GitHub repository: 123 

https://github.com/RemiGSC/ResFinder_FG_Analysis. 124 

Results 125 

Construction of ResFinderFG v2.0 126 

A total of 50 publications using functional metagenomics to analyze ARG content were selected, 127 

resulting in 23’776 accession numbers. CD-HIT identified 2’629 perfectly redundant insert 128 

sequences (100% sequence identity). PROKKA identified 41’977 open reading frames (ORFs). 129 

Among them, 7’787 ORFs matched with an ARG annotation of ResFinder v4.0 (228 unique ARG 130 

annotations). Another 1’165 ORFs were removed because of a discordance between the 131 

annotation and the antibiotic used for selection in the functional metagenomics experiment, 132 

1’064 for an unexpected size relative to the ARG family, and 398 because more than one 133 

putative ARG was present in the insert. A second round of CD-HIT was used to avoid 134 

redundancy (100% sequence identity) in the ARG sequences and 3’913 ARGs remained and 135 

form the database. 136 

Comparison with ResFinderFG v1.0 137 

First, the ARGs present in ResFinderFG v.2.0 were compared to the ones present in 138 

ResFinderFG v1.0 (Figure 2). A total of 1’631 new ARGs were present in ResFinderFG v.2.0, 139 

mainly due to new glycopeptides/cycloserine (+906 genes) and beta-lactams (+333 genes) 140 

resistance genes. The glycopeptides/cycloserine resistance genes were mostly annotated as 141 

homologues of D-Ala-D-X ligase. New beta-lactams antibiotics used for functional selection 142 

compared to v1.0 were cefepime, meropenem and tazobactam. Regarding the sources of ARGs, 143 

new ARGs mostly originated from human-associated samples (+1’333 genes).  144 
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 145 

Figure 2: a. Number of ARGs in the ResFinderFG v.1.0 and v.2.0 databases depending on a. 146 

the antibiotic families involved; b. the sample sources. 147 

ARG detection in several GMGC gene subcatalogs using ResFinderFG v.2.0 and other 148 

databases 149 

ABRicate (default parameters) was used to detect ARGs in GMGC human gut (Figure 3), soil 150 

(Supplementary Figure 1a.) and aquatic (marine and freshwater) subcatalogs (Supplementary 151 

Figure 1b.). Using ResFinderFG v2.0, 3’025, 211 and 129 unigene hits were obtained analyzing 152 

human gut, soil and aquatic subcatalogs respectively. The 3 most frequently detected ARG 153 

families in all gene catalogs were glycopeptides/cycloserine resistance genes (20.9 to 39.7% of 154 

detected ARGs), sulfonamides/trimethoprim resistance genes (21.8 to 58.1% of detected ARGs) 155 

and beta-lactamases encoding genes (7.9 to 25.6% of detected ARGs). Phenicols (up to 6.0% of 156 

detected ARGs), aminoglycosides (up to 5.3%), cyclines (up to 6.2%) and macrolides/ 157 

lincosamides/streptogramins resistance genes (up to 0.03%) were also detected. Also, 158 

ResFinderFG v2.0 provides habitat information on where a given ARG was first identified by 159 

functional metagenomics. A majority of ARGs identified in the gut subcatalog (90.2%) were 160 

indeed initially identified in the human gut by functional metagenomics (supplementary table 2). 161 
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In the soil gene subcatalog, 62.6% of ARGs detected were also genes identified initially in soil 162 

with functional metagenomics. However, ARGs detected in the aquatic gene subcatalog were 163 

primarily first identified by functional metagenomics in soil. 164 

 165 

Figure 3: Number of unigene hits obtained analyzing GMGC human gut subcatalog using 166 

several databases (ResFinder v4.0, NCBI v3.6, ARG-ANNOT v5, ResFinderFG v2.0 and CARD 167 

v3.0.8) annotated by their antibiotic family. Others: bicyclomycin, beta-lactams, bleomycin, 168 

disinfectant and antiseptic agents, fosfomycin, fusidic acid, multidrug, mupirocin, nitroimidazole, 169 

nucleoside, peptide, rifampicin, streptothricin.  170 

To compare ResFinderFG v2.0 to other databases, we ran the same ABRicate analysis of 171 

GMGC gene subcatalogs using ResFinder v.4.0, CARD v3.0.8, ARG-ANNOT v5 and NCBI v3.6. 172 

ResFinderFG v2.0 identified a comparable or even greater number of ARGs compared to other 173 

databases. We observed that the most frequently observed ARG family depended on the 174 

database used. In the human gut gene subcatalog, glycopeptides/cycloserine resistance gene 175 
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was the most frequent ARG family found by ResFinderFG v2.0 (39.7% of all unigene hits 176 

obtained with ResFinderFG v2.0). In contrast, the beta-lactamase family was the top ARG family 177 

with ARG-ANNOT (21.2%). NCBI and ResFinder detected mostly tetracycline resistance genes 178 

(20.4 and 23.8% respectively). Finally, multidrug efflux pump unigene hits were the most 179 

frequent using CARD (39.4%).  180 

ResFinderFG v2.0 was the database with the highest fraction of database-specific hits, with 181 

89.1% of specific unigene hits composed mainly by glycopeptides/cycloserine resistance genes 182 

(D-alanine-D-alanine ligase ; supplementary table 3) and sulfonamides/trimethoprim resistance 183 

genes (dihydrofolate reductase). By comparison, CARD had 73.7% of specific unigene hits, 184 

mostly composed by gene encoding multidrug efflux pumps. Of note, 16.2% of unique CARD 185 

specific multidrug efflux pump unigene hits found in the human gut were regulatory genes 186 

(supplementary Table 3).  187 

Between 2.6 and 4.2% of all unigene hits depending on the gene subcatalog analyzed were 188 

shared by all the databases used. Beta-lactamases – encoding genes were the most prevalent 189 

among them (ranging from 38.1 to 51.3% of the shared unigene hits), followed by, phenicols, 190 

aminoglycosides and tetracyclines resistance genes. However, 25.1, 23.2 and 46.3% of beta-191 

lactamases, aminoglycosides and phenicols resistance genes respectively, were only detected 192 

using ResFinderFG v2.0 (Figure 3; supplementary Figure 1).  193 

Discussion   194 

ResFinderFG v2.0 contains 3’913 ARGs which were described with functional metagenomics in 195 

50 publications. Here, we showed that using ResFinderFG v2.0 enabled us to describe the 196 

resistome with ARGs that were not detected by other databases. Notably, ResFinderFG v2.0 197 

permitted a better description of sulfonamides/trimethoprim, glycopeptides/cycloserine resistant 198 

genes and beta-lactamase encoding genes.  199 

Exhaustive description of ARG content in the environment can be complicated since most ARG 200 

databases are biased towards ARGs coming from culturable and/or pathogenic bacteria. One 201 

way to detect genes that are not described in such databases, or that are too different from 202 

described genes, is to use functional metagenomics: a laborious and low throughput method that 203 

was used by only a few research groups10 which allows phenotypic identification rather than 204 

sequence-based identification of ARGs. Yet, most of the ARGs characterized using functional 205 

metagenomics were not deposited in ARG databases until the creation of ResFinderFG v1.0 in 206 
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201661. Since then, the database has not been updated but another database called FARME DB 207 

was made including data coming from 30 publications62. Nevertheless, it contains all the inserts 208 

sequences selected with functional metagenomics and therefore it also contains genes that are 209 

not ARGs63. Therefore, we updated ResFinderFG v1.0 by including more publications using 210 

functional metagenomics to characterize ARGs and we made a curation effort to ensure that the 211 

sequences described are the unique ARGs responsible for the resistance phenotype in the initial 212 

insert sequence.  213 

ResFinderFG v2.0 includes more ARGs coming from human-associated samples12–22. For 214 

example, characterization of the gut resistome with functional metagenomics showed that its 215 

ARGs were not well described in ARG databases14. Inclusion of these ARGs is therefore 216 

important for future metagenomic characterization of resistomes. Regarding the ARG family 217 

concerned, most of the new ARGs included compared to ResFinderFG v1.0 are 218 

glycopeptides/cycloserine or beta-lactams resistance genes. Glycopeptides/cycloserine 219 

resistance genes were selected using cycloserine, an antibiotic used in the therapy of 220 

tuberculosis caused by multi resistant mycobacteria67. Beta-lactams resistant genes are of high 221 

concern because beta-lactams antibiotics are widely used against priority pathogens68.  222 

Using ResFinderFG v2.0, sulfonamides/trimethoprim, glycopeptides/cycloserine, beta-lactams, 223 

phenicols, cyclines, quinolones, macrolides/lincosamides/streptogramins and aminoglycosides 224 

resistance genes were evidenced studying three GMGC gene subcatalogs (human gut, soil and 225 

aquatic). As expected, regarding their representation in the database, the most frequent unigene 226 

hits were glycopeptide, cycloserine, sulfonamides/trimethoprim resistance genes. Analogous 227 

analyses performed with other databases showed that ResFinderFG v2.0 detected a 228 

comparable or higher number of ARGs depending on the other database used. Beta-lactamase 229 

encoding genes were the most represented ARGs in unigene hits shared by all databases. Yet, 230 

ResFinderFG v2.0 allowed the detection of a significant proportion of beta-lactamases encoding 231 

genes which were not detected with other databases. It was expected since many publications 232 

using functional metagenomics reported beta-lactamase encoding genes distant from the ones 233 

described in ARG databases11,14,31,34,46,54,59 and a distant one has been evidenced recently from 234 

soil samples39. Other antibiotic families were even more specifically associated with 235 

ResFinderFG v2.0, such as sulfonamides/trimethoprim, phenicols, glycopeptides/cycloserine 236 

resistance genes. 237 
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Our study has limitations, however. To ensure that genes included are true ARGs, we selected 238 

only insert which had part of their sequence annotated as an ARG by PROKKA. Thus, ARGs not 239 

identified by PROKKA may have been missed. Moreover, we did not recheck whether described 240 

sequences were actually conferring resistance in vitro. Only the sequence corresponding to the 241 

ARG annotation was included and we were not able to determine if the surrounding insert DNA 242 

sequence was required to produce the resistant phenotype. Yet, since the original accession 243 

numbers are available in each ResFinderFG v2.0 ARG sequence header, researchers can 244 

easily obtain the complete insert DNA sequence to investigate. 245 

Conclusion 246 

ResFinderFG v2.0 is the new version of the ResFinderFG v1.0 database and includes 1’631 247 

additional ARGs. This makes possible the detection of ARGs which would not be identified using 248 

other currently used databases. Nevertheless, other databases also contain ARGs that are 249 

absent in ResFinderFG v2.0. Therefore, to make an exhaustive description of the resistome of a 250 

sample, ResFinderFG v2.0 should be used alongside other databases.  251 
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