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Functional metagenomics is a powerful experimental tool to identify
antibiotic resistance genes (ARGs) in the environment, but the range

of suitable host bacterial species is limited. This limitation affects both

the scope of the identified ARGs and the interpretation of their clinical
relevance. Here we present a functional metagenomics pipeline called
Reprogrammed Bacteriophage Particle Assisted Multi-species Functional
Metagenomics (DEEPMINE). This approach combines and improves the use
of T7 bacteriophage with exchanged tail fibres and targeted mutagenesis to
expand phage host-specificity and efficiency for functional metagenomics.
These modified phage particles were used to introduce large metagenomic
plasmid librariesinto clinically relevant bacterial pathogens. By screening
for ARGs in soil and gut microbiomes and clinical genomes against

13 antibiotics, we demonstrate that this approach substantially expands
thelist of identified ARGs. Many ARGs have species-specific effects on
resistance; they provide a high level of resistance in one bacterial species but
yield very limited resistance in arelated species. Finally, we identified mobile
ARGs against antibiotics that are currently under clinical development or
have recently been approved. Overall, DEEPMINE expands the functional
metagenomics toolbox for studying microbial communities.

Metagenomics allows the exhaustive analysis of microbial communi- DNA for the presence of genes that encode specific molecular func-
ties, including species that cannot be cultivated in laboratory con-  tions®™. Cloning and expressing fragmented metagenomic DNA ina
ditions. By extracting genomic data from environmental samples, bacterial host canreveal previously undescribed proteins. Applications
researchers gain knowledge on the species compositions and function-  of functional metagenomics include the identification of enzymes,
ality of the microbiome in arange of natural environments’. In particu-  exploring bioactive agents and screening for antibiotic resistance genes
lar, functional metagenomics is devoted to screening metagenomic  residinginthe environment® . The libraries typically contain millions
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of DNA fragments, correspondingto a total coverage of 5-100 Gb, the
size of thousands of bacterial genomes””°.

Although functional metagenomics can potentially be useful
for several research areas, in its present form the methodology is far
from perfect, limiting its applicability. Given the enormous size of
the plasmid libraries, efficient introduction of these libraries into
a bacterial host is of central importance. However, this process—
typically by electroporation, conjugation or conventional bacterio-
phage transduction—is cumbersome and is only efficient for alimited
range of laboratory strains™". This limitation has far-reaching conse-
quences on the applicability of functional metagenomic screens and
the generality of conclusions that can be drawn*. For example, it
hinders screening for biotechnologically or clinically relevant genes
thatare functional in only specific bacterial species'>>'°. In particular,
most metagenomic screens for antibiotic resistance genes (ARGs)
rely heavily on the use of laboratory strains of Escherichia coli as bac-
terial hosts>”'®, Therefore, ARGs that do not provide resistance in
these strains but do so in other clinically relevant pathogens remain
undetectable. Indeed, previous studies indicate that the impact of
antibiotic resistance mutations onresistance phenotypes depends on
thebacterial host’s genetic background”. Additionally, metagenomic
screens in multiple host bacteria could provide valuable information
oninterspecies functional compatibility and mobility of ARGs?.

Inthis paper, we present Reprogrammed Bacteriophage Particle
Assisted Multi-species Functional Metagenomics (DEEPMINE), which
provides asolutionto these problems (Fig.1a). DEEPMINE isbased ona
previous work that aimed to extend the host range of T7 phage particles
for DNA transduction by exchanging the tails between different types
of bacteriophages®. DEEPMINE employs such modified bacteriophage
transducing particles to deliver large metagenomic plasmid libraries
into a range of bacterial species. Additionally, we applied directed
laboratory evolutiontoincrease the efficiency of suchlibrary delivery?.
Using this approach, we performed metagenomic screensin clinically
relevant bacterial pathogens from the Enterobacteriaceae family. We
identified several previously unreported ARGs with species-specific
effects on antibiotic susceptibility. Additionally, we studied a set of
antibiotics that have only recently been approved for clinical use or are
inlate-stage clinical development, and show that these new antibiotics
arejustas prone toresistance formation as old antibiotics after decades
of clinical use (Extended Data Table 1).

Results

DNA library delivery by reprogrammed bacteriophage
particles

We first tested whether hybrid T7 bacteriophage particles with
exchanged tail proteins are suitable tools to deliver functional
metagenomic plasmid libraries into bacterial cultures. In brief, we
created metagenomic libraries to obtain environmental and clinical
resistomes®, including (1) river sediment and soil samples from seven
antibiotic polluted industrial sites in the close vicinity of antibiotic
production plantsinIndia (thatis, anthropogenic soil microbiome)**%,
(2) feacal samples from 10 European individuals who had not taken
any antibiotics for at least 1 yr before sample donation (that s, gut
microbiome) and (3) samples from a pool of 68 multi-drug resistant
bacteriaisolated in healthcare facilities or obtained from strain col-
lections (that is, clinical microbiome; see Methods, Fig. 1a and Sup-
plementary Table 1).

DNA fragmentsranging from1.5to 5 kbin size were shotgun cloned
into a low-copy cloning plasmid capable of replication in selected
orders ofthe class Gammaproteobacteria® (see Methods). The plasmid
DNA carries a packaging signal sequence that allows translocation of
the plasmidintothe T7 bacteriophage independent of the T7 genome
(Fig. 1a). Each constructed library contained 3-5 million DNA frag-
ments, corresponding to a total coverage of 25 Gb (that is, the size
of ~5,000 bacterial genomes). The resulting plasmid libraries were

packaged in two previously characterized hybrid T7 phage particles
that display tail fibre proteins from Salmonella phage ®SG-JL2 and
Klebsiella phage K11*'. The three metagenomic libraries were trans-
duced into Salmonella enterica subsp. enterica serovar Typhimurium
str.LT2 and K. pneumoniaeNCTC 9131, both of which are known bacte-
rial targets of these two hybrid T7 bacteriophage particles”. In paral-
lel, we electroporated the libraries in the model bacterium E. coli K12
(Methods). Finally, we analysed whether transduction by T7 phage
particles introduces any bias into the size and composition of the
libraries (Methods).

Strikingly, both the ®SG-JL2 and K11 tail-displaying hybrid T7
bacteriophage particles delivered the plasmid librariesintoitstargeted
bacterial strain at least as efficiently as electroporation does into the
laboratory E. colimodel strain (Fig. 1b and Supplementary Table 2).In
particular, the maximum number of plasmids delivered to the host bac-
teriawere at least two orders of magnitude higher by transduction than
by electroporation (Extended Data Fig.1aand Supplementary Table 2).

Additionally, long-read deep sequencing shows that both the aver-
age DNA fragment sizes and the fragment diversities of the libraries
delivered by T7 phage particles are comparable to that of the library
delivered by electroporationinto £. coli (Fig. 1c,d and Supplementary
Table 3). Thisindicates that transduction by reprogrammed bacterio-
phage particles has no serious distorting effect on the size and diversity
of the delivered metagenomic libraries. Finally, we sequenced the
plasmid content of 38 isolated individual bacterial clones after phage
transduction. Reassuringly, co-transduction of two plasmids into the
same cell, a phenomenon that results in false positive hitchhiker hits
in a screening campaign, was detected in only 5% of the cells, while
co-transformation of two plasmids into the same cell by electropora-
tionoccurredin10% of the cells (Extended Data Fig. 1b). Overall, these
results indicate that certain T7 transducing bacteriophage particles
with exchanged tail fibres are suitable delivery vehicles for functional
metagenomics.

Directed evolution optimizes DNA library delivery

Our next goal was to generalize our approach for the involvement of
additional bacterial pathogen species. Transduction efficiencies of
most hybrid phage particles are well below the threshold (>10 trans-
ductants per ml) required for the delivery of entire functional metagen-
omiclibrariesinto the target bacterial cells”. Moreover, the delivery of
suchlibraries requires the use of high concentrations of the transducing
phage particles. Insuch cases, replicative phage contamination,acom-
mon issue of transducing bacteriophage particle generation?, kills a
large fraction of the target cells (Extended Data Fig. 1c).

To overcome these two problems, we set up a directed evolution
experimentto genetically modify the tail fibre regionsinthe T7 phage
particles. Specifically, we aimed to select for point mutations in the
host-range-determining regions (HRDRs) of the phage tail fibres that
alter host specificity’*. To this end, we first selected three tail fibres
(Escherichia phage T7, Salmonella phage ®SG-JL2 and Salmonella
phage Vi06) with especially broad host ranges?. Then, we identified
potential HRDRs inthe tail fibre gene gp17 of Salmonella phage ®SG-JL2
and vi06_43 of Salmonella phage Vi06. The identification was based
onsequence homology to four HRDRs in the receptor binding domain
(RBD) of the well-characterized T7 and T3 phage tail fibre gene gp17
(Methods and Supplementary Table 4)*%. Next, we introduced ran-
domly distributed mutations within and in the vicinity of the HRDRs
of tail fibre genes derived from ®SG-JL2, Vi06 and T7 phages using a
high-frequency site-directed mutagenesis method called DIVERGE
(Fig.2a and Methods)*. Compared with other mutagenesis protocols,
DIVERGE has the advantage of introducing random mutations along
multiple DNA sites simultaneously, and can cover relatively long DNA
segments, potentially beyond the predicted HRDRs™.

Using a transduction optimization protocol”, we next selected
phage tail variants with an improved capacity to deliver plasmid
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Fig.1|Functional metagenomics by reprogrammed bacteriophage
particles. a, Schematic overview of DEEPMINE. DEEPMINE employs hybrid

T7 bacteriophage transducing particles and directed evolution to alter phage
host-specificity and efficiency for functional metagenomics in target clinical
strains. Environmental DNA in the form of metagenomic plasmid library is then
packaged into these bacteriophage particles and transduced into the hosts of
interest. Comparative analysis of screening hits is enabled by a dual-barcoded
PCR-free DNA fragment sequencing pipeline. b, Functional metagenomic
library transduction by specific hybrid T7 bacteriophage particlesis at least as
efficient as electroporation (electroporation into E. coli vs transduction into
K. pneumoniae P=0.010545, two-sample one-sided t-test, n = 3 biologically

Frequency of fragments

K. pneumoniae (transduction) S. enterica (transduction)

independent experiments; electroporationinto £. coli vs transduction into
S.enterica P=0.15, two-sample one-sided ¢-test, n = 3 biologically independent
experiments; Supplementary Table 2). Mean +s.e.m. ¢,d, Delivered metagenomic
DNA fragment lengths (c) and diversities (d), determined by using PCR-free long-
read deep sequencing right after electroporation and transduction (Methods).
Dashed lines represent the average size of the DNA fragments. Shannon alpha
diversity indices (H) were calculated on the basis of the frequency of fragments
withidentical sequencesin the libraries (see Methods, n=276,899,n = 188,317 and
n=180,497 for E. coli, K. pneumoniae and S. enterica, respectively; Supplementary
Table 3). Please note that only a fraction of the delivered libraries was sequenced.

libraries into representatives of three pathogenic bacterial species:
Enterobacter cloacae ATCC 23355, Shigella sonnei HNCMB 25021 and
E.coliNCTC13351(Methods, Fig.2b and Supplementary Table 4). Simul-
taneously, as a positive control, we selected the T7 phage tail library
with the same protocol in the presence of a phage-resistant E. coli
modelstrain (BW25113AtrxAAwaaR) with deficient cell wall-embedded
lipopolysaccharide receptors of T7-like phages®*.

As aresult of directed evolution, DNA transduction efficiency
was improved by one to seven orders of magnitude in all three patho-
genic bacterial strains tested (Fig. 2b). With Shigella sonnei HNCMB
25021, the transduction efficiency reached the level suitable for the
delivery of entire metagenomic plasmid libraries (Fig. 2b). In the case
of the positive control AwaaR model strain, the most efficient mutant
T7 gp17 HRDRs carry specific combinations of mutations, 28% of which
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Table 1| ARGs identified against ‘recent’ antibiotics

Apramycin sulfate Delafloxacin Eravacycline Omadacycline Gepotidacin Sulopenem Ceftobiprole
AAC(3)-XI ramA (2)° ramA (2) ramA (2)° ramA (2)° VIM-1? CblA-1(2)
PmpM QnrB46 tet(X)? adeS cdeA (2) NDM-1? CcrA
AAC(3)-Ivb (8) mfpA tet(X5)? marA (3) evgS AIM-1(4) cepA
aadS QnrA1 marA (4) mepA (2) hmrM (3) BAT-1 cfiA1
Txr tet(37) marA cfiAl cmeB
tet(X)? mdfA LMB-1(2) CTX-M-14?
Txr mdtK (3) marA DHA-7°
mdtM (2) mecR1 LMB-1(2)
PmpM (5) NmcR?® mecR1
QnrB46 OXA-198 (2) mexB
OXA-2 NDM-1*
OXA-21° OXA-198 (4)
OXA-53 OXA-2
OXA-209
OXA-21°
OXA-395
OXA-444
OXA-486
OXA-53
ramA?
SHV-12°
TLA-1
TLA-2
VIM-12

Numbers in brackets show the number of detected ARG clusters (with 95% sequence identity threshold). *Horizontally transferred (see Methods). Data are available in Supplementary Table 7.

have previously been described as adaptive mutations (Extended Data
Fig. 2a-c). Overall, the adaptive mutations increased transduction
efficiency (Fig.2b, Extended Data Fig. 2d and Supplementary Table 4),
and at least in one case (T7 gp17¥***¢ (Mutl on Fig. 2b) with Shigella
sonnei HNCMB 25021), it also minimized replicative phage contamina-
tion (for an explanation, see Extended Data Fig. 3 and Supplementary
Table 5). Reassuringly, the transduction of the three metagenomic
libraries into Shigella sonnei HNCMB 25021 by this T7 phage tail vari-
antresulted in functional metagenomic libraries that are as large and
diverse asthelibraryachieved by electroporationinthe £. coli K12 strain
(Extended DataFig. 4 and Supplementary Tables 2 and 3). Overall, we
found that directed evolution of the phage tail improves the delivery
of metagenomic libraries into previously untapped bacterial strains
compared with the delivery of the same libraries by electroporation.

Involving multiple pathogenic hosts expands the ARG
repertoire

Our next goal was to improve sampling of the bacterial antibiotic
resistome through functional metagenomics in multiple bacterial
hosts. To this end, we screened the above-described three metagen-
omic libraries (soil, gut, clinical) in three pathogenic bacterial hosts
(Salmonellaenterical T2, K. pneumoniaeNCTC 9131and Shigella sonnei
HNCMB 25021) and in £. coli BW25113. The screens were performed
on solid agar in the presence of one of 13 selected antibiotics cover-
ing five major antibiotic classes (Extended Data Table 1) at concen-
trations where the wild-type (WT) host strains are susceptible. The
listincludes six antibiotics (doxycycline (DOX), gentamicin (GEN),
cefdinir (CFD), cefoxitin (CEF), meropenem (MER) and moxifloxacin
(MOX)) withlong clinical history (‘old’), and seven others (eravacycline

(ERA), omadacycline (OMA), apramycin sulfate (APS), ceftobiprole
(CEF), sulopenem (SUL), delafloxacin (DEL) and gepotidacin (GEP))
thathave recently beenintroducedinto the clinic (after 2017) or are cur-
rentlyin clinical development (‘recent’, as of April 2020, Extended Data
Table1). All studied antibiotics, including CEF*, have demonstrated
activity against Gram-negative pathogens. Of note, APS has been used
inveterinary medicine for over adecadebutis currently under clinical
trial to treat systemic Gram-negative infections in humans™.

The obtained resistance-conferring plasmids were pooled and
sequenced withamodified dual-barcoded shotgun expression library
sequencing pipeline (Extended DataFig.5and Methods; see also ref.**).
The protocol avoids PCR amplification of resistance-conferring DNA
fragments, thus preserving the original composition of the samples.
By aligning the obtained DNA sequences to antibiotic resistance genes
in relevant databases®?¢, we found that 84% of the 571 fragments dis-
played sufficient sequence similarity (Methods) to known resistance
genes (Supplementary Table 6). As many of the detected ARGs were
isolated on several different DNA fragments, ARGs were clustered
at 95% identity and coverage to reduce sequence redundancy in the
dataset”. To quantify the reproducibility of the pipeline, we repeated
the full protocol (onelibrary delivery, screening and sequencing) with
K. pneumoniae. Reassuringly, 83.3% of the ARGs were isolated in both
biological replicates (Fig. 3a).

In total, 114 ARGs were detected, many of which were present in
multiple DNA fragments (Supplementary Tables 6 and 7). The analysis
alsorevealed substantial differencesin theidentified ARG repertoires
across the four examined hostbacterial species. In particular, when the
analysis was restricted to E. coli as the bacterial host, 43% of the total
114 ARGs remained undetected (Fig. 3b-d and Extended Data Fig. 6).
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Fig. 2| Directed evolution optimizes functional metagenomiclibrary delivery.
a, Schematic overview of the directed evolution experiment consisting of the
following steps. (1) Phage tail mutagenesisin E. coli using DIVERGE. DIVERGE is a
recombineering technique thatincorporates soft-randomized single-stranded
(ss) DNA oligonucleotides into multiple target sites (Methods). Phage tails are
encoded on packageable plasmids. (2) Infecting the E. coli with T7 lacking the

tail genes (T7A(gp11-12-17)). This step generates mutated phage particles, each
containing the cognate mutant phage-tail-encoding plasmid. (3) Selection

of phage tail variants that inject DNA into the selected target cells (1-3) with
improved efficiency. The selection pressure is exerted by an antibiotic against
which an antibiotic selection marker is encoded on the plasmid. b, Transduction
efficiencies (t.f.u. ml™) of the most efficient mutant tail fibres as compared to

the parental WT tails. The target cells are Enterobacter cloacae ATCC 23355,
Shigella sonnei HNCMB 25021 and E. coli NCTC 13351 as well as the phage-resistant
E. colimodel strain (BW25113AtrxAAwaaR). Mean + s.e.m. (n = 3 biologically
independent experiments). Data are available in Supplementary Table 4.

Thisindicates that DEEPMINE allows a more comprehensive sampling
ofthebacterial resistomes by the utilization of multiple host bacteria.
Efflux pumps, their corresponding transcriptional regulators and anti-
bioticinactivating enzymes were common among the detected ARGs
(Fig. 3c and Extended Data Fig. 7a). A substantial fraction of the ARGs
isolated from the gut, soil and clinical microbiomes originated from
Proteobacteria, which are phylogenetically close relatives of the host
bacterial speciesin our screens (Extended Data Fig. 7b).

Then, we determined whether the ARGs detected in our screen
are prone to horizontal gene transfer in nature. ARGs that have been
mobilized in the past in human-associated environments may pose a
higher health hazard as they have the potential to become widespread
among human pathogens®®. To investigate this issue, we generated a
mobile gene catalogue on the basis of identification of nearly identi-
cal genes that are shared by distantly related bacterial genomes®**4°,
Specifically, we carried out the pairwise alignment of 2,794 genomes
of phylogenetically diverse human-related bacterial species (Supple-
mentary Table 8). This dataset was extended with asequence database
0f 27,939 natural plasmids derived from diverse environments (ref. *,
Methods). ARGs carried by plasmids were especially likely to be trans-
ferred between bacterial species, with a 91% agreement between the
two datasets on mobile ARGs (Supplementary Table 7). Remarkably,
ARGs present in multiple DNA fragments in our screen were more

frequently subjected to horizontal gene transfer in nature compared
with ARGs that are only presentin asingle DNA fragment (Fig. 3e).

Species-specific activity of ARGs across bacterial species

Next, we asked how the variationinthe detected ARG repertoires across
the four bacterial hosts can be explained. The first hypothesis was that
certain ARGs remain undetected due to stochastic plasmid loss. This
canhappen during transduction of the metagenomiclibrary into their
new hosts or during the screening process. Alternatively, the trans-
ferred ARGs may not be functionally compatible with the physiology
of all bacterial hosts®. Therefore, several ARGs provide resistance in
specific bacterial species only. While the first hypothesis is certainly
relevant, several lines of evidence indicate substantial differences in
the resistance phenotype of ARGs across bacterial species.

To test these hypotheses, we first examined how DNA fragments
that provide antibiotic resistance in E. coli shape antibiotic suscep-
tibility in the other three host bacterial species. We analysed a rep-
resentative set of 13 resistance-conferring DNA fragments derived
fromour screens by measuring the levels of antibiotic resistance they
provide across the bacterial hosts. As certain ARGs have been detected
inmultiple antibiotic screens, we studied 20 antibiotic-DNA fragment
combinations in total (Fig. 4a). In seven out of the 20 studied cases,
the DNA fragment provided no changes in resistance level in at least
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Fig.3|Involving multiple pathogenic hosts expands the ARG repertoire.

a, Reproducibility of the pipeline. Venn diagram shows the number of ARGs
detected in two biological replicate screens with K. pneumoniae. The intersection
represents the ARGs isolated in both replicates, corresponding to an 83%
reproducibility (Supplementary Table 6). b, Venn diagram showing the

number of isolated ARGs using E. coli and the rest of the host species. When
E.coliwas used as the sole host, 43% of the total 114 ARGs remained undetected
(Supplementary Table 6). ¢, Heat map showing gene families of the ARGs
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identified using the four host species. Colour code quantifies the number
ofidentified ARGs belonging to the gene family (Supplementary Table 7).

d, Number of ARGs identified in the four hosts across the three used resistomes
(Supplementary Table 6). e, Number of mobile (depicted as HGT to denote the
detection of involvement in horizontal gene transfer) and non-mobile (depicted
asnon-HGT to denote the lack of involvement in horizontal gene transfer) ARGs
present on multiple and single contigs in the metagenomic libraries (two-sided
Fisher’s exact test, P=1.058 x 107, n =114; Supplementary Table 6).

one of the three other bacterial species (using a twofold change in
minimum inhibitory concentrations (MIC) as a cut-off). Therefore,
on average, only 80% of the functional ARGs overlapped between the
pairsof E. coliand the other three species. Additionally, we observed a
substantial, up to 256-fold variation in the resistance level provided by
the specific DNA fragments (Fig. 4a and Supplementary Table 9). Efflux
pumps, transcriptional regulatory proteins and antibiotic-modifying
enzymes alike displayed such major variationin resistance levels across
the studied bacterial species (Fig. 4a).

Finally, were-investigated all resistance-conferring DNA fragments
detected in the metagenomic screens. We pooled the corresponding
plasmids and re-introduced the resulting pre-selected plasmid library
into each of the four native bacterial host species. We subsequently per-
formed new antibiotic selection screens with this library onsolid agar,
aspreviously described. To control for stochastic plasmid loss during
transduction, we sequenced the new plasmid library before and after
antibiotic selection. Of the ARGs, 70% (80 out of 114) were represented

by atleast one plasmid in all four bacterial host species after transduc-
tion, but before antibiotic selection (Supplementary Table 10). After
antibiotic selection, 63 of these ARGs were detected to show antibac-
terial activity in atleast one of the four bacterial host species (Supple-
mentary Table10). Notably, 16 out of the 17 ARGs lost during antibiotic
selection were encoded by only a single resistance-conferring DNA
fragment (Extended Data Fig. 8a). After adjusting the overlaps with
theaccuracy of the screen (Extended Data Fig. 8b), on average, 70% of
the ARGs overlapped between pairs of species (Fig. 4b and Extended
Data Fig. 8c). In total, only ~46% of the ARGs (-29 out of 63) provided
resistance in all four bacterial host species (Extended Data Fig. 8d).
Clearly, future work on larger metagenomic datasets should reveal
the exact biochemical, cellular and phylogenetic features that shape
the species-specificity profiles of ARGs.

Together, these results indicate that ARGs, when transferred to
new bacterial hosts, frequently have species-specific effects on anti-
biotic susceptibility.
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Fig. 4| Species-specific activity of ARGs across bacterial species. a, Heat

map showing substantial variation in the resistance levels provided by the

13 resistance-conferring DNA fragments in the four host species. Colour code
quantifies MIC fold changes. White colour means no change in resistance level,
using atwofold change in MIC as a cut-off. Data are available in Supplementary
Table 9.b, Adjusted Jaccard similarity coefficients that represent the overlaps

of functional ARG sets between pairs of host species after controlling for
measurement noise (see Methods and Extended Data Fig. 8). Numbers in brackets
represent 95% confidence intervals (Methods).

Potential resistance to recently developed antibiotics

Next, we estimated how prone the ‘recent’ antibiotics are to ARG mobi-
lization compared to the ‘old” antibiotics. We found that the overall
numbers of ARGs are statistically the same for the two antibiotic groups
(Fig. 5a, Table 1), regardless of the microbiomes that were considered

(Extended Data Fig. 9a). Moreover, when the analysis was restricted
to ARGs with established horizontal gene transfer events, the above
results remained (Fig. 5b and Extended Data Fig. 9b). As expected,
the resistance mechanisms largely overlap between ‘old’ and ‘recent’
antibiotics belonging to the same drug classes (Fig. 5¢), suggesting that
cross-resistance could be prevalent. CEF, a fifth-generation cephalo-
sporin that has recently been approved for the treatment of hospital-
and community-acquired pneumonia*>* highlights this point. Both
the overall frequency of ARGs (for example, S-lactamases) and the
frequency of mobile ARGs were exceptionally high against CEF (Table1),
evenwhen compared to those of ‘old’ 8-lactam antibiotics with decades
of clinical use (Fig. 5a-c). Indeed, extended-spectrum S-lactamases
(ESBLs) generally hydrolyse ceftobiprole*, hence its clinical utility
against Gram-negative multidrug-resistant pathogens producing such
ESBLsis limited™®.

A notable exception to this trend is APS, an antibiotic in clinical
trial for applicationin humans. Only asingle ARG was detected against
this antibiotic in the gut resistome and none in the pooled collection
of clinical isolates (Supplementary Table 7). However, in agreement
with extensive use of APSin veterinary medicine for decades, multiple
ARGs against APS were detected in the soil microbiome (Fig. 5¢). The
identified ARGs are mostly aminoglycoside acetyltransferases that
are functionally compatible in multiple pathogenic hosts (Table 1,
Supplementary Table 7 and Fig. 5c). This suggests that these genes
can be of potential clinical risk in the future. In agreement with this
expectation, one of these aminoglycoside acetyltransferases, AAC(3)-1V,
has already been detected in APS-resistant clinical bacteria*®. Over-
all, DEEPMINE could be a useful tool to predict ARGs currently only
detectable in non-human-associated microbiomes with potential
healthimplications.

Discussion

In this work, we introduce DEEPMINE, an approach that broadens
the range of host bacterial species applicable in functional metagen-
omics. Previous work showed that bacteriophage host range can be
broadened by exchanging the tail fibre of the E. coli phage T7 or by
generating random mutations in the T7 tail-fibre-encoding genes?.
DEEPMINE employs such reprogrammed bacteriophage transducing
particles with exchanged and/or mutagenized tail fibres to deliver
large metagenomic plasmid libraries into a range of bacterial species
(Fig.1). The main advantage of DEEPMINE over existing techniques
for functional metagenomics, such as electroporation or conjuga-
tion, is its higher efficiency. In particular, we found that DEEPMINE is
moresuitable forintroducing small-insert (1.5 kb-5 kb) metagenomic
plasmid libraries to the selected bacterial hosts than electroporation
(Fig.1and Extended Data Fig. 1)**". While conjugation is frequently
used todeliver libraries with large insert sizes (10 kb-40 kb) that typi-
cally contain10*-10° clones, it is very challenging to obtain more than
10%-107 transconjugants with this technique***. On the other hand,
asmall-insert (1.5 kb-5 kb) metagenomic library such as used in this
study usually requires more than >10® plasmids to deliver libraries
with sufficient coverage.

Using our approach, we performed 156 metagenomics screens
with all possible combinations of 13 antibiotics, three metagenomic
libraries (isolated from soil, gut and clinical microbiomes) and four
related Enterobacteriaceae species. We demonstrate that by studying
multiple host species, the bacterial resistome is substantially expanded;
43% of the non-overlapping ARGs remain undetected whenonly asingle
species (E. coli) was considered (Fig. 3). Accordingly, DEEPMINE allows
the identification of ARGs that provide resistance only in specific
clinically relevant pathogens. Indeed, we identified alarge set of ARGs
againstrecently developed antibiotics with potential tobecome future
health risks (Fig. 5). On the basis of these results, we anticipate that
DEEPMINE will be a useful tool to predict the future dissemination of
ARGs forwhich thereis agrowing general interest®'***%%°_ However, the

Nature Microbiology | Volume 8 | March 2023 | 410-423

416


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-023-01320-2

NS

I
o
I

Number of
ARGs
N w
o o
L L

5]
|

T
2 & > Q& XY S QG & &
& & FEE N ' & O &P R\4

Type of Antibiotic

10 A NS

6 4

4 4

| i

o [

T T T
& & 3
S LS & & 0<$ c§<0 <<o+ oJr oJr @3‘

o <
Recent . Oold

Number of
mobile ARGs

° mﬁ

GE
DEL

[ |
Il vox

CEF
CFD
FOX

Beta-lactamase

Tetracycline resistance protein
Tetracycline inactivation enzyme

Qnr

Aminoglycoside acetyltransferase [l
Aminoglycoside nucleotidyltransferase
ABC efflux pump

General bacterial porin; RND efflux pump
MATE transporter

MFS efflux pump

MFS; RND efflux pump

RND efflux pump

.._._ ARG counts Type of antibiotic
%  HWou
20 Recent
10 Antibiotic class

Aminoglycoside
0 Carbapenem
. Cephalosporin
. Gyrase inhibitor

Tetracycline
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‘recent’; Supplementary Table 7). b, The same is true for ARGs with established
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Table 7). ¢, Resistance mechanisms largely overlap between ‘old’ and ‘recent’
antibiotics belonging to the same drug classes. Heat map shows the clustering
of the antibiotics based on the ARG profiles. Colour coding quantifies the
number of detected ARGs that are grouped by mechanism. Data are available in
Supplementary Table 7.

current limitation of DEEPMINE is that it takes considerable time and
resources to engineer suitable phage particles to enable host bacteria
of interest to be used for functional metagenomics.

Insummary, our work provides a deeper insightinto the forces that
shape the mobile resistome. Future work should expand the metagen-
omiclibrariesinvolved to classify mobility and functional compatibility
of the detected ARGs in a more comprehensive manner and testin a
broader range of clinical isolates.

Methods

This research complies with all relevant ethical regulations approved
by the Human Investigation Review Board of Albert Szent-Gyorgyi
Clinical Centre of the University of Szeged and the National Biodiversity
Authority (NBA) of India. Permission for the faecal sample collection
was obtained from the Human Investigation Review Board of Albert
Szent-Gyorgyi Clinical Centre, University of Szeged (registered under
72/2019-SZTE). Volunteer participants were selected on the basis of
strict criteria that (1) they did not take any antibiotics for at least one yr
before sample donationand (2) they areinagood health. These require-
ments are standard in the field and secure a bias-free comparison
of the antibiotic resistomes in the healthy human gut microbiome.
Informed consent was obtained from all participants. Soil and river
sediment sample collection from around the city of Hyderabad and
Lucknow was approved by the National Biodiversity Authority (NBA),
India (application number: NBA/Tech Appl/9/1822/17/18-19/3535).No
statistical methods were used to pre-determine sample sizes, but our
samplesizes are similar to those reported in previous publications™*"*,
Samples were not allocated to experimental groups. Samples for each
individual experiment were handled by one person in charge. Data

collection and analysis were not performed blind to the conditions
of the experiments. No data were excluded from the analysis. Unless
otherwise stated, when using a kit, we followed the manufacturer’s
instructions.

Plasmid construction for DEEPMINE

A custom plasmid was created from pZE21 expression vector (Supple-
mentary Table 11) for compatibility with the T7 transduction and the
sequencing pipelines. Specifically, the replication origin was switched
from ColE1to p15A, and the packaging signal of the T7 bacteriophage
wasintroduced (enzymes and primers used arelisted in Supplementary
Table 11). Subsequently, the pZE21_p15A vector was amplified by PCR
using a mixture of primers containing 10-nt-long random barcodes
(Supplementary Table 11), followed by digestion and self-ligation.

Sample collection and construction of metagenomic libraries
For the gut microbiome library, we collected faecal samples from 10
unrelated, healthy individuals with no history of taking antibiotics in
the year before sample donation. For the anthropogenic soil micro-
biome, samples were collected from highly antibiotic-contaminated
industrial areas in India®. Metagenomic DNA from the gut and soil
samples was extracted using DNeasy PowerSoil kit (Qiagen, 47016).
Genomic DNA of clinical bacterial isolates (Supplementary Table 1)
was isolated using the Sigma GenElute bacterial genomic DNA kit
(Sigma, NA2110-1KT).

From each sample, 40 pg of extracted DNA was digested with
MluClenzyme (NEB, RO538L) (10 min, 37 °C), followed by inactivation
(20 min, 85 °C). The quantity of the MluCl enzyme was varied to obtain
DNA in the target size range of 1-5 kbp. DNA was isolated with pulsed
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field gel electrophoresis (Sage Science, PB02901) witha 0.75% agarose
gel cassette and low-voltage 1-6 kbp marker S1 cassette definition.
The metagenomic DNA fragments were ligated into the pZE21_p15A
plasmid at the EcoRl site using a 3:1 mass ratio of insert:vector. Pure
ligation mixture was electroporated into 40 pl of either E. coli MegaX
(Invitrogen, C640003) or E. coli10G ELITE (Lucigen, 60080-2) cells.
Following one h of incubation at 37 °C, transformants were plated
onto 50 pg ml™ kanamycin containing Luria Bertani (LB) agar plates
in10'x,10°x and 10*x dilutions for colony forming unit determination.
Therestof therecovered cells were grown overnight on LB agar plates
supplemented with kanamycin. The next day, plasmids were isolated.
Insert size distribution was estimated by PCR amplification of relevant
plasmid regions from 10-20 randomly selected clones. The average
insert size was determined to be 2-3 kbp.

Transducing hybrid bacteriophage particle preparation
Transducing hybrid bacteriophage preparation was adapted from
ref.”. Inbrief, E. coli BW25113 cells containing phage-tail-encoding plas-
mids (Supplementary Table 11) were grown to optical density (OD)¢oonm
~0.7 (250 r.p.m. at 37 °C), then placed on ice for 15 min. Next, cultures
were centrifuged (2,200 x g,4 °C,10 min), supernatant was discarded
andthe cellsresuspended in the same amount of medium (LB or Terrific
Broth (TB)). Afterwards, T7 bacteriophageslacking T7 fibre-encoding
regions (T7A(gp11-12-17)) were used to infect cells at multiplicity of
infection (MOI) 2-3. Following 2 h of incubation (100 r.p.m., 37 °C),
cells were treated with 2% chloroform and vortexed. The mixture was
then centrifuged with the same parameters as above. Finally, the super-
natant containing phage particles was collected.

Measuring transduction efficiency

Transduction efficiencies were measured as previously described?.
In brief, target bacterial cells were grown to OD, ~0.5 (250 r.p.m. at
37 °C), followed by 15-min-long incubation on ice, during which dilu-
tions of the transducing phage particles were prepared with tenfold
dilutionsteps. Then, 50 pl of target cells were mixed with 50 pl of phage
particles fromeach dilution. Plates were incubated at 37 °Cat 180 r.p.m.
for1h.Samples then were spotted on antibiotic-supplied agar plates.
Transductant forming units per ml (t.f.u. mI™) were calculated on the
basis of colony counts.

Assembly of transducing particles containing the
metagenomic libraries

E.coliK12 BW25113 strain containing phage-tail-encoding plasmids were
electroporated with 30 ng of each plasmid library in five parallels to
achieve suitable colony numbers, then plated on antibiotic-containing
LB agar plates and grown overnight. Following growth, cells were stored
in20% glycerol at —80 °C. Next, frozen cells containing the library were
grownin40 ml LB supplemented with kanamycin 50 and streptomycin
100 by shaking at230 r.p.m. at 37 °C until OD4, 0.7. Cells were cooled
down onice, centrifuged at 2,000 x g (4 °C, 10 min) and resuspended
in LB medium. Then, the T7A(gp11-12-17) bacteriophage was used to
infect cellsat MOI 2-3. Following 2 h of incubation (100 r.p.m.at 37 °C),
cells were treated with 2% chloroform and vortexed. The mixture was
then centrifuged and supernatant was collected.

Delivery of the metagenomic libraries by transducing phage
particles and by electroporation

Overnight cultures of the corresponding bacterial strains were diluted
t0 0D, 0.1in 50 mILB mediumto grow at 230 r.p.m.at37 °Cuntil ODg,
0.5.Next, weadded 20 ml of library containing transducing particles to
the cells, followed by one hincubation at the same parameters. Next,
cells were centrifuged at 2,200 x g for 10 min at 4 °C, resuspended in
1-5 mILB medium, plated on LB + kanamycin 50 and grown overnight.
The next day, cells were collected and stored with glycerol at—80 °C. Of
each library, 50 ng was electroporated into E. coli K12 BW25113 in five

parallels. Cells were recovered in SOC medium for one h at 37 °C and
plated on LB + kanamycin50 plates and grown overnight. The next day,
cells were collected and stored in 20% glycerol at =80 °C.

Phage tail mutagenesis

Tolocate the HRDRs of the tail fibre genes, we used pairwise sequence
alignment, where the recently identified HRDRs of gp17 of T3
coliphage® were aligned to the tail fibre sequences of Escherichia
phage T7 gpl17, Salmonella phage ®SG-JL2 gp17 and Salmonella phage
Vi06 gp43. The determined sites and the proximal regions were then
subjected to targeted mutagenesis by DIVERGE?, atechnique based on
thetargeted incorporation of mutational load carrying 90-mer oligos.
Inbrief, E. coliBW25113 cells carrying the phage-tail-encoding plasmid
tobe mutated and the plasmid mediating the mutagenesis*were grown
t0~0Dy(00.3-0.4in TB (250 r.p.m. at 37 °C) supplied with appropriate
antibiotics. Next, m-toluic acid was added (1 mM final concentration)
toinduce gene expression and after one hincubation, cells were trans-
ferred to ice for 15 min. Cell culture was made electrocompetent by
repeated washing and centrifuging (2,200 x g,4 °C,10 min, three times),
then electroporated with 2.5 uM oligos (Supplementary Table 11).
Following recovery in TB (250 r.p.m., 37 °C, one h), cells were trans-
ferredto19 mI TB supplied withappropriate antibiotics and left to grow
overnight. Mutagenesis cycle wasrepeated if it was deemed necessary.

Selection of mutant phage tails withimproved transduction
efficiency

To select for tail mutants with improved delivery capacity, we applied
atransduction optimization protocol. In brief, we chose three patho-
genic bacterial strains (Enterobacter cloacae ATCC 23355, Shigella
sonnei HNCMB 25021 and E£. coli NCTC 13351) based on initial weak
T7 bacteriophage infectivity. These target bacterial cells were grown
t0 ~ODg0 0.5 (250 r.p.m. at 37 °C) in LB, cells were placed on ice for
15 min, mixed with 2 ml of phage particles in a 1:1 volume ratio, and
incubated at 37 °C and 100 r.p.m. for one h. The mixture was then
plated and placed at 37 °C to grow overnight. The same protocol was
carried out with non-mutagenized wild-type phage-tail-carrying
particles. Colonies were pooled the next day and plasmid DNA was
isolated using GeneJET plasmid miniprep kit (Thermo Fisher), then
further purified using DNA Clean and Concentrator-5(Zymo Research
kit, D4004). Of the plasmids, 100 ng were electroporated into E. coli
BW25113 cells. After recovery, cells were supplied with appropriate
antibiotics, spread onto agar plates after one h of incubation and left
togrow overnight. The following day, the cells were pooledin4 miILB,
250 plwere transferred into 40 ml TB supplied with appropriate anti-
bioticsand grownto-ODg,, 0.7 (250 r.p.m.at 37 °C). After growth, cells
were placed onice for 15 min, centrifuged (2,200 x g,4 °C,10 min) and
resuspended. Next, cell cultures were infected with T7A(gp11-12-17) bac-
teriophages. After two h (100 r.p.m. at 37 °C), cells were treated with 2%
chloroformand vortexed. After centrifugation at the above parameters,
phages present in the supernatant were collected. The transduction
of the investigated bacterial strain was repeated until saturation in
the number of transduced cells (~two or three rounds) was observ-
able. Finally, plasmids from single colonies were sequenced to reveal
tail mutations.

Quantifying replicative phage contamination

E. coli cells containing MGP4240 or MGP4240_gp17¥***¢ and pZE21_
p15A plasmids were infected with T7A(gp11-12-17) phage to package
the pZE21_p15A plasmid. The resulting phage particles were used to
generate phage lysates in £. coli BW25113 and S. sonnei HNCMB 25021
harbouring either MGP4240 or MGP4240 gp17¥°**®. The presence of
the phage-tail-encoding plasmids in the target cells was necessary
for replicative phage contamination to form plaques. For the plaque
assays, 4 mltop agar was prepared and supplemented with100 pg mi™*
streptomycin (Sigma, S6501-25G) and 400 pl of the overnight cultures.
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Finally, from each phage stock, 10 pl was dropped onto the top agar in
1-10"times dilutions.

Site-directed mutagenesis of phage-tail-encoding plasmids
For functional metagenomic library delivery, the mutation identi-
fiedin the T7 gp17¥°**¢ phage tail variant was introduced into plasmid
MGP4240” by using whole plasmid amplification with primers carrying
the corresponding mutation, followed by Dpnl (Thermo Fisher, ER1701)
treatment to eliminate the original, methylated template plasmid DNA
and subsequent gel electrophoresis, gel extraction and self-ligation.
The plasmids were then electroporated into E. coliBW25113 cells. Trans-
formants carrying the desired constructs were identified by PCR and
validated via sequencing.

Functional selection of antibiotic resistance

Functional selections for resistance were performed on Mueller Hinton
Broth (Sigma, 90922) agar plates containing a concentration gradient
ofagivenantibiotic (adapted fromref.>*). Antibiotics were purchased
from Sigma or MedChem Express. The number of plated cells covered
atleast10x the size of the corresponding metagenomiclibrary. Plates
were incubated at 37 °C for 24 h. For each functional selection, a con-
trol plate was prepared with the same number of cells containing the
empty plasmid (thatis, the plasmid without a cloned DNA fragmentin
the multiple cloning site) that showed the inhibitory zone of the anti-
microbial compound for the cells without any resistance plasmid. The
resistant clones from the libraries were isolated by washing together
the sporadic colonies from the plate region (distal to the inhibition
zone and containing higher antibiotic concentration), defined by
visualinspectionin comparison to theinhibition zone fromthe control
plate. Half of the culture suspended in LB was used for plasmidisolation
(GeneJET plasmid miniprep kit; Thermo Fisher, PLN70-1KT), and the
rest was frozen with glycerol and stored at —80 °C.

Sample preparation for sequencing

The obtained resistance-conferring plasmids were sequenced with
a hybrid sequencing pipeline (Extended Data Fig. 5) based on ref. **.
Long-read sequencing identifies the metagenomic DNA fragments
(inserts) and the two 10-nt-long randombarcodes pre-cloned up-and
down-stream (uptag and downtag, respectively) of each metagenomic
DNA fragment. Aliquots of plasmid DNA preparations obtained from
each screen were pooled in an equimolar ratio. Genomic DNA con-
tamination was removed from the mixture by Lambda-exonuclease and
Exonuclease-ldouble digestion. The resulting sample was cleaned (DNA
Cleanand Concentrator-5, Zymo Research kit) and quantified. Next, the
plasmid mixture was linearized by adding 5 U of Srfl restriction endo-
nuclease (NEB,R0629S) for every1 pg of plasmid DNA (one hat 37 °C,
followed by inactivation at 65 °C for 20 min), and DNA was quantified
using Qubit dsDNA broad-range assay kit (Thermo Fisher,Q33266)
before applying to Oxford Nanopore long-read sequencing. Parallel,
multiplexed short-read deep sequencing was applied on each func-
tional metagenomic plasmid DNA preparation (previous pooling) to
associate nanopore contigs with screening samples (Extended Data
Fig.5). To this end, we amplified the up- and downtag barcodes on the
plasmid preparations of each selection experiment separately, using
Illumina specific forward and reverse primer pairs. Each primer pair
contained P5 and P7 adapter sequences, respectively, and 8-nt-long
barcodes for multiplexing and plasmid annealing sites (Supplementary
Table11). We performed PCR using Phusion high-fidelity DNA polymer-
ase (Thermo Fisher, F530S) using the following reaction mixture: 15 ng
oftemplate plasmid DNA, 4 pl 5x GC buffer, 0.2 pul Phusion high-fidelity
DNA polymerase, 0.6 pl DMSO (dimethyl sulfoxide), 0.2 mM dNTPs,
0.5-0.5 uM forward and reverse primers and water in a final volume
of 20 pl. The following thermocycler conditions were used: 95 °C for
five min, 30 cycles of 95 °Cfor30s+59 °Cfor30s+72°Cfor5s,72°C
for seven min. Following concentration measurement of each PCR

reaction, we mixed the samplesinal:l1 massratio. Next, weisolated the
137-bp-long fragment mixture from 0.75% agarose gel.

Nanopore sequencing

Libraries were prepared by using a ligation sequencing kit (Oxford
Nanopore Technologies, SQK-LSK109) with 1 pg plasmid DNA. The
DNA was end-prepped with the NEBNext FFPE Repair (M6630S) and
Ultra Il End Prep kit (E7546S), purified using Agencourt AMPure XP
(Beckman Coulter, A63882) and then the adapter ligated using NEB-
Next Quick T4 DNA ligase (E6056S). Finally, the adapted library was
purified by Agencourt AMPure, quantified using Qubit 3.0, mixed with
ONT running buffer and loading beads, primed with FLO-MIN106 9.4.1
SpotON flow cell attached to aMinlON device and run for 72 h. Guppy
algorithm (v8.25) with high-accuracy config settings was used for base-
calling. Raw reads were filtered on the basis of quality value (QC > 7) and
length (4,000-8,000 bp) using NanoFilt v2.7.1°. Reads were mapped
to the reference sequence with minimap2 (v2.17)°%; SAM files were
converted to sorted BAMs; the insert sequences were exctracted,
and barcodes were identified and added to the read/insert names
applying samtools tview (1.11-9-ga53817f) subcommand®’; individual
FASTQfiles were created using SEQTK (v0.13.2)°®; consensus sequences
were generated using SPOA (v4.0.2)°° with the following parameters:
-10-r 0-g-2.Finally, the raw consensus inserts were polished using the
relevant set of insert sequences by minimap2 and racon (v1.4.19)* to
create thefinal consensusinserts with atleast 100 coverage. Delivered
metagenomic DNA fragment lengths and diversities were determined
by using long-read deep sequencing right after electroporation into
E. coli BW25113 and transduction into Salmonella enterica subsp.
enterica serovar Typhimurium str.LT2, K. pneumoniaeNCTC 9131 and
S.sonnei HNCMB 25021. Shannon alpha diversity indices (H) were cal-
culated onthe basis of the frequency of each of the contigs of all hosts
using the vegan R package (2.5-7)°.

Illuminasequencing

Pooled sequencinglibraries were denatured with 0.1 MNaOH, diluted
to12 pMwith HT1 hybridization buffer (Ilumina) and mixed with 40%
PhiX Control v3 (Illumina) sequencing control library. Denatured
sequencing pools were loaded onto MiSeq Reagent kit V2-300 (Illu-
mina) and 2 x 70 bp sequence reads were generated with an lllumina
MiSeq instrument with custom read 1, read 2 and index 1 sequencing
primers spiked in the appropriate cartridge positions (12,14 and 13,
respectively) ata final concentration of 0.5 pM.

Host ranges of the ARGs encoded by the functional
metagenomic DNA contigs

Resistant plasmid pools collected from the metagenomic screen were
mixed and re-transformed or re-electroporated into the four hosts.
Selection experiments were performed on gradient agar plates as
described previously (see ‘Functional selection of antibiotic resistance’
above). Resistant colonies were collected and following plasmid prepa-
ration, barcodes onthe plasmids were sequenced by llluminasequenc-
ing (Supplementary methods). For calculating the overlaps between
functional ARG sets across species, we first estimated the accuracy of
the screen by comparing the results to that of the MIC measurements
ofthe13 selected resistance-conferring DNA fragments. On the basis of
these comparisons, we estimated the true positive, false positive, true
negative and false negative rates of the screen. Next, we calculated an
adjustedjJaccard index for each species pair, which takes into account
the screen’s accuracy as follows. For each species, we replaced the
original vector of presence/absence of detected resistance instances
with a new vector where the original presence (absence) values were
randomly kept withaprobability equal to the positive (negative) predic-
tive value (that is, the proportion of true positives among all positive
cases and the proportion of true negatives among all negative cases).
The procedure was repeated 50,000 times, and the medians and 95%
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confidence intervals of the Jaccard indices between pairs of species
were calculated.

Resistance levelsinthe bacterial hosts

We measured how DNA fragments that provide antibiotic resistance
to E. coli influence susceptibility in Shigella sonnei HNCMB 25021,
K. pneumoniae NCTC 9131 and Salmonella enterica subsp. enterica
serovar Typhimurium str. LT2. For this purpose, we used a representa-
tive set of 13 plasmids that were isolated in our antibiotic selection
screens. For each strain, the provided resistance levels (that is, the
MIC) were measured with astandard 12-step microdilution methodin
96-well plates, and the MIC fold change was determined by comparing
themtothe MIC of the corresponding empty vector harbouring control
strains. MICs were determined on the basis of cell growth (OD,) after
24 hincubation (37 °C,180 r.p.m.).

Sequencing data analysis and functional annotation of ARGs
Each consensusinsert sequence from nanopore sequencing was associ-
ated with screening samples (host, resistome, antibiotic) by combin-
ing the Nanopore and Illumina datasets through the unique uptag
and downtag barcodes with a custom R script. To identify ARGs in the
metagenomic contigs, two parallel approaches were used: (1) Open
Reading Frame (ORF) prediction with prodigal ¢, followed by annota-
tion with BLASTP search against CARD* and ResFinder*® databases,
with coverage >50 bp at e-value <107 and (2) BLASTX search with the
same parameters but without ORF prediction to decrease the risk of
truncated ORFs due to frame-shifting sequencing errors. To remove
low-fidelity sequencing data from the dataset, metagenomic DNA
fragments supported by <10 consensus insert sequences in the nano-
pore dataset and <9 reads in the lllumina uptag and downtag barcode
dataset were filtered out.

If a metagenomic DNA fragment contained more than one pre-
dicted ARG, ARGs known to act on an antibiotic class (based on CARD
and ResFinder reference databases) other than the one we used in the
selection experiment were filtered out. ARG sequences having at least
95% identity and coverage on the DNA sequence level were collapsed
into ARG clusters™. Each cluster was represented by the closest hit to
known ARGsin the Card® and ResFinder** databases (Supplementary
Table 6). Donor organisms from which the assembled DNA contig
sequences originated were identified by nucleotide sequence similar-
ity search using the DNA contigs as query against the NCBI Reference
Prokaryotic database (RefProk, downloaded 21 March 2021) with a
threshold e-value 0f 107, The taxonomic hierarchy (kingdom, phylum,
class, order, family, genus, species) was acquired using the taxonomizr
packageinR (v0.8.0).

Mobilization of the isolated ARGs

To create the mobile gene catalogue (that is, a database of recently
transferred DNA sequences between bacterial species*®), we down-
loaded 1,377 genomes of diverse human-related bacterial species
from the Integrated Microbial Genomes and Microbiomes database
as done previously*® and 1,417 genomes of Gram-negative ESKAPE
pathogens from the NCBI RefSeq database (Supplementary Table 8).
Using NCBI blastn 2.10.1+°?, we searched the nucleotide sequences
shared between genomes belonging to different species. The param-
eters for filtering the NCBI blastn 2.10.1+ blast results were the fol-
lowing: minimum percentage of identity, 99%; minimum alignment
length, 500; maximum alignment length, 20,000. The blast hits were
clustered by cd-hit-est 4.8.1°**, with sequence identity threshold of
99%. We predicted the ORFs on the blast hits with prodigal v2.6.3°,
keeping only those longer than 500 nt. Then, to generate the mobile
gene catalogue, we compared them with the merged CARD 3.1.0* and
ResFinder (d48a0fe)* databases using diamond v2.0.4.142%, Finally,
natural plasmid sequences were identified by downloading 27,939
complete plasmid sequences from the PLSDB database (v2020-11-19)*.

Then, representative sequences of the isolated 114 ARG clusters were
BLASTN searched both in the mobile gene catalogue and in natural
plasmid sequences, with an identity and coverage threshold of 90%.
ARGs that were presentin the mobile gene catalogue and/or in natural
plasmid sequences were considered as mobile.

Statistical analysis

Statistical analysis was performed using R (v4.1.1). The parametric
two-sample ¢-test was used to assess the differences between the means
of the groups of samples. Fisher’s exact test was used to determine
significant associations between two variables. Shannon alpha diver-
sity index was used to characterize the diversity of DNA contigs in the
libraries using the vegan package (v2.5-7) in R®. Data distribution was
assumed to be normal, but this was not formally tested.

Reporting summary
Furtherinformation onresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Illuminareads and Nanopore contigs for this study have been deposited
in the European Nucleotide Archive (ENA) at EMBL-EBI under acces-
sionnumber PRJEB54063 (https://www.ebi.ac.uk/ena/browser/view/
PRJEB54063). Source data are provided with this paper.

Code availability
Scripts and other files needed to reproduce the analysis are available
at https://github.com/stitam/Apjok-et-al-DEEPMINE-NatMicrobiol.
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Extended Data Fig. 1| Characterization of functional metagenomic library
delivery by hybrid T7 bacteriophage transducing particles into the

target clinical strains. a, Comparison of electroporation and transduction
efficiencies. The figure shows that the maximum number of plasmids delivered
tothe hostsis at least two orders of magnitude higher by transduction than by
electroporationinall 3 pathogenic host species (Centre and error bars represent
mean and standard error (n=3 biologically independent experiments)). Data
available in Supplementary Table 2. b, PCR amplified metagenomicinserts from
transduced cells. Following transduction and electroporation, the metagenomic
DNA fragments were PCR amplified by using plasmid specific primers at both
sides of the metagenomic DNA fragment and subsequently sequenced by
capillary sequencing. This experiment differentiates monoclonal cells (single
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PCR product and DNA sequence) from those that were co-transduced by two

or more plasmids (double bands on the gel and mixed signal in the capillary
sequence). PCR was repeated in case of each host-library pair with similar
results. ¢, During the generation of transducing bacteriophage particles, alarge
portion of phages remains replicative and kills the bacterial cells used for phage
generation. Therefore, with the increasing phage concentration, transduction
efficiency is not growing as would be expected, but declines. The figure shows
the transduction efficiency of the T7 transducing phage particle harboring T7
phage tail (black line) on Shigella sonnei HNCMB 25021 at different dilutions
(see Methods). Red dashed line shows the expected increase in transduction
efficiency without any detectable killing effect of replicative phages. Data
available in Supplementary Table 2.
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Extended Data Fig. 2 | Distributions and transduction efficiencies of the most
enriched mutationsin the T7 and the ®SG-JL2 tail fibre displaying hybrid
T7bacteriophage particles when selected on E. coli AwaaR model strain.

a, The mutant T7 gp17 HRDRs usually carry specific combinations of mutations,
28% of which have been described as adaptive mutations previously. Heatmap
representing the number of cases amutation occurs in the 50 sequenced T7
phage tail HRDRs. Adaptive mutations according to (Huss et al.?®) are indicated
withared dot. The frequent combination of specific adaptive mutations
indicates the potential of DIVERGE to find host-specificity altering mutations
with high efficiency. Data available in Supplementary Table 4. b,c, Distribution
of detected mutations across the mutagenized phage tail fibre genes Escherichia

phage T7 gp17 and Salmonella phage ®SG-JL2 gp17. Predicted HRDRs are
distinguished via colorized regions asin (Yehl et al.”’) with the T3 bacteriophage.
d, Transduction efficiencies of the mutant T7 (grey) and ®SG-JL2 (yellow)

phage tails as compared to their wild type counterparts with E. coli K12 BW25113
AtrxAAwaaR LPS deficient strain. Y axis shows the number of transduced cells
in1mL. Centre and error bars represent mean and standard error (n =3
biologically independent experiments). Note that we did not observe any
enriched mutant Salmonella phage Vi06 gp43, indicating that Salmonella phage
ViO06 tail fibre binds to a cell surface receptor other than LPS. Data availablein
Supplementary Table 4.
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Extended DataFig. 3| The effect of T7 gp17"°**° mutation onreplicative
phage contamination and on the transduction of the metagenomic plasmid.
a, Schematic representation of transducing phage particle generation with T7
gp17"". During the first step of the process, the T7 bacteriophage lacking its tail
fibre encoding genes inits genome but otherwise displaying the wild type T7

tail fibre infects the E. coli BW25113 cell carrying the metagenomic plasmid and a
phage tail expressing plasmid. The infection resultsin the production of phage
particles carrying either the metagenomic plasmid (transducing phage particle)
or the phage genome (replicative phage) according to Yosef et al. If the phage
tail encoded by the phage tail expressing plasmid (and therefore, displayed
onthe generated T7 particles) can efficiently infect £. coli, the replicative

phage continoulsy accumulates during the process, since the phage genome
containing phage particle caninitiate anew reproduction cycle. b, The number of
metagenomic plasmids that are delivered in Shigella sonnei HNCMB 25021 by the
T7 phage particles harboring gp17*7 (blue) or gp17** (green) tail fibers (two-
sample one-sided t-test, P= 0.01944. Centre and error bars represent mean and
standard error, n =3 biologically independent experiments). Data s available in
Supplementary Table S. ¢, Replicative phage contamination measured by plaque
formation of the T7 transducing phage particles harboring the gp17*7 (blue) or
gpl7¥3*¢ (green) tail fibers (see Methods). Plaque assay was carried out both with
E. coliBW25113 and with S. sonnei HNCMB 25021 (Two-sample two-sided t-test,

P=0.000168 and P=0.013476 when applied with E. coli and S. sonnei,
respectively. Centre and error bars represent mean and standard error;n=3
biologicallyindependent experiments). Data is available in Supplementary
Table 5.d, Replicative phage contamination measured by transduced S. sonnei
HNCMB 25021 colony numbers with T7 phage particles harbouring the gp17"'"
(blue) or gp17¥**¢ (green) tail fibers. Lower amount of replicative phage in the
T7 gpl17¥***¢ transducing particle sample is indicated by the increasing colony
numbers even at high concentrations of the transducing particle. Notably, unlike
in Supplementary Fig. 5c, replicative phage activity is detected at the highest
concentration of the transducing particle in this experiment. (n = 2 biological
replicates. Centre and error bars represent mean and standard error.) Data
available in Supplementary Table 5. e, Transduction efficiencies of the T7 phage
particles harboring gp17"" (blue) or gp17****° (green) tail fibers in E. coli BW25113
(two-sample two-sided ¢-test, P= 0.00553, n = 3 biologically independent
experiments. Centre and error bars represent mean and standard error). Datais
available in Supplementary Table 5.f, Schematic representation of the assumed
transducing phage particle generation scheme with T7 gp17'***¢. The decreased
transduction efficiency for E. coliBW25113 abolishes the reproduction of the
replicative phage after the first infection cycle. Note that the firstinfection cycle
is carried out by the T7 gp17"". In sum, the inefficient infection of E. coli by the
mutant phage tail results in alower amount of replicative phages.
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Extended Data Fig. 4 | Functional metagenomic plasmid library delivery by
gpl7'**C displaying T7 bacteriophage particles into Shigella sonnei HNCMB
25021. a, Functional metagenomic plasmid library delivery is as efficient by

T7 gp17>**“bacteriophage particles into Shigella sonnei HNCMB 25021 as by
electroporationinto £. coli BW25113 (P = 0.19769, two-sample one-sided ¢-test,
n=3biologicallyindependent experiments. Centre and error bars represent
mean and standard error.) Data available in Supplementary Table 2.b,c,

Delivered metagenomic DNA fragment lengths and diversities, respectively,
determined by using long-read deep sequencing right after electroporation
and transduction (Methods). Dashed lines represent the average size of the
DNA fragments. Shannon alpha diversity indices (H) were calculated based
on the frequency of fragments with identical sequences in the libraries
(n=276899,n=162107, for E. coliand S. sonnei, respectively). Data available in
Supplementary Table 3.
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following steps. First, all the functional metagenomic plasmids obtained from
the screens were pooled and then linearized using Srfl restriction endonuclease.
Srfl has an eight base-pair-long recognition sequence to minimize the digestion
ofthe metagenomicinsert. The linearized plasmids are then subjected to
Nanopore long-read sequencing (Methods). Long-read sequencing identifies
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barcodes pre-cloned up- and down-stream (Uptag and Downtag, respectively)
of each metagenomic DNA fragment (Methods). Parallel, prior pooling the
metagenomic plasmids from each screen, amultiplexed short-read deep-
sequencing was applied to read out the plasmid-encoded unique barcodes

on each side of the metagenomic fragments in each functional metagenomic
screen. Specifically, the Uptag and Downtag sequences were PCR amplified with
barcoded lllumina sequencing compatible primers (BC). Following illumina
sequencing and demultiplexing of the samples using the BC barcodes, the
Nanopore and lllumina datasets are combined to assign each plasmid (identified
by the Up- and Downtags) to a screening batch that is a unique host, antibiotic
and library combination.
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a, Percentage of ARGs identified in each of the four hosts uniquely (blue) and (center horizontal line), the first and third quartiles (bottom and top of box,
inoverlap with at least one more host (red). £. coliidentified only 57% of the respectively), with whiskers showing either the maximum (minimum) value

114 ARGs. b, On average, only 44% (labelled by a horizontal dashed line) of or1.5times theinterquartile range of the data; n = 80 for E. coli, n =101 for

the detected ARGs overlap between pairs of species after accounting for the K. pneumoniae, n =56 for S. enterica and n = 37 for S. sonnei, where ‘n’ is the
variability of the replicate screens (83%), that is dividing the percentage overlap number of ARGs identified in the given host). Datais available in Supplementary
between pairs of species by the percentage overlap between replicate screens Table 6.
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Dataavailable in Source DataFile 7. b, The figure shows the number of
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Extended Data Fig. 8 | Re-investigation of all resistance-conferring DNA
fragments from the metagenomic screens. a, A significantly higher portion
of ARGs not being detected to provide a resistance phenotype in any species
were present on a single resistance-conferring DNA fragment as compared to
ARGs being detected to provide a resistance phenotype in at least one species
(Two-tailed Fisher’s exact test, P= 0.032, n = 80, Supplementary Table 10).

b, Estimated accuracy of the screen based on taking the MIC measurements as
agold standard dataset. Note that we excluded one ARG (QnrB73) from the MIC
measurements, as re-introduction of this ARG into each of the four host bacterial
species was not confirmed by sequencing of the plasmid library (Source Data
File 9). Presence of resistance in the MIC dataset was defined as amore than
two-fold change in relative MIC value. False negative hits are those ARGs that
were not detected in the screen but showed aresistance phenotype in the MIC
measurements. False positive hits are those that did not provide resistance in
the MIC measurements but were detected to show a resistance phenotypeinthe
screen. We assumed plasmid hitchhiking as a primary source of false positives.

Datais available in Supplementary Table 9 ¢, The distribution of adjusted
Jaccard similarity coefficients that represent the overlaps of functional ARG sets
between pairs of host species after controlling for measurement accuracy using a
stochastic approach (Methods). Dashed line, blue line and red lines represent the
measured Jaccard similarity coefficient for host species pairs, the median of the
adjusted Jaccard similarity coefficients and the lower and upper bounds of the
95% confidenceintervals, respectively.d, In total, only ~46% of the ARGs

(-29 out of 63) are estimated to provide resistance in all four bacterial host
species. Histogram shows the number of ARGs that are estimated to confer
resistance in all four host species when taking into account the false positive and
false negative rates of the screen by using a stochastic approach (see Methods).
Dashed line, blue line and red lines represent the measured Jaccard similarity
coefficient for host species pairs, the median of the adjusted Jaccard similarity
coefficients and the lower and upper bounds of the 95% confidence intervals,
respectively. (see Methods).
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Extended Data Fig. 9 | Number of ARGs and mobile ARGs identified in the
different antibiotic classes. a, The overall number of ARGs are statistically the
same for the old and new antibiotic groups, no matter which microbiomes were
considered. (anthropogenic soil: P= 0.4377, human-associated (gut/clinical):
P=0.601, Welch Two-Sample two-sided ¢-test,n=5and n =5 for new and old,
where 'n’represents the number of antibiotics, respectively; boxplots show the
median (center horizontal line), the first and third quartiles (bottom and top
ofbox, respectively), with whiskers showing either the maximum (minimum)

value or 1.5 times the interquartile range of the data). b, The above results
remained when the analysis was restricted to ARGs with established horizontal
gene transfer events (anthropogenic soil: P = 0.1994, Welch Two-Sample two-
sided t-test, n =3 and n=2for new and old, where 'n’ represents the number of
antibiotics, respectively; human-associated (gut/clinical): P= 0.6426, Welch
Two-Sample t-test,n=4and n =5, for new and old, respectively). Data is available
inSupplementary Table 7.
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Extended Data Table 1] List of antibiotics used in this study

Date of
Antibiotic class Antibiotic Abbreviation | approval/Clinical Type Mode of action
phase
Doxycycline DOX 1966 old
. . Protein synthesis
Tetracyclines Eravacycline ERA 2018 recent s
inhibitor
Omadacycline OMA 2018 recent
Gentamicin GEN 1964 old . .
. . Protein synthesis
Aminoglycosides inhibitor
Apramycin sulfate APS Phase 1 recent
Cefdinir CFD 1991 old .
. N Cell wall synthesis
Cephalosporins Cefoxitin FOX 1977 old inhibitor
Ceftobiprole CEF 2019 recent
Meropenem MER 1996 old Cell wall synthesis
Carbapenems s
Sulopenem SUL Phase 3 recent inhibitor
Moxifloxacin MOX 1989 old DNA gyrase and
Topoisomerase inhibitors Delafloxacin DEL 2017 recent topoisomerase IV
Gepotidacin GEP Phase 3 recent inhibitor

Seven recent antibiotics were selected based on WHO reports (https://www.who.int/publications/i/item/9789240021303) and commercial availability.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code

Policy information about availability of computer code

Data collection ~ We did not use any code or software to collect data for this study.

Data analysis Guppy algorithm (v8.25), NanoFilt v 2.7.1., SEQTK (v0.13.2), SPOA (v4.0.2), minimap2 (ver 2.17), samtools tview (1.11-9-ga53817f), racon
(v1.4.19), prodigal v2.6.3, diamond v2.0.4.142, CARD 3.1.0, ResFinder (d48a0fe), NCBI blastn 2.10.1+, cd-hit-est 4.8.1, RefProk (03.21.2021),
taxonomizr R package (v0.8.0), vegan R package (2.5-7), PLSDB database (version 2020-11-19)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Illumina reads and Nanopore contigs for this study have been deposited in the European Nucleotide Archive (ENA) at EMBL-EBI under accession number
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Data exclusions  No data were excluded.
Replication All experiments were carried out at least in two replicates.
Randomization  Samples were not allocated to experimental groups. For one type of experiments all samples were handled by one person in charge.

Blinding Data collection and analysis were not performed blind to the conditions of the experiments, because it is not a standard procedure in this
field.
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Human research participants

Policy information about studies involving human research participants

Population characteristics Human stool samples were obtained from ten healthy unrelated individuals, The five male and 5 female participants were in
the age range of 26-42 years.

Recruitment Volunteer participants were selected based on the strict criteria that (1) they did not take any antibiotics at least for one year
prior sample donation, (2) they are in a good health condition. These requirements are standard in the field and secure a bias
free comparison of the antibiotic resistomes in the healthy human gut microbiome. Informed consent was obtained by all
participants.

Ethics oversight Human Investigation Review Board of Albert Szent-Gyérgyi Clinical Centre, University of Szeged (registered under 72/2019-
SZTE)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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