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ABSTRACT Intraspecific genomic diversity brings the potential for an unreported and
diverse reservoir of cryptic antibiotic resistance genes in pathogens, as cryptic resistance
can occur without major mutations and horizontal transmission. Here, we predicted the
differences in the types of antibiotics and genes that induce cryptic and latent resistance
between micro-diverse Escherichia coli strains. For example, we hypothesize that known
resistance genes will be the culprit of latent resistance within clinical strains. We used a
modified functional metagenomics method to induce expression in eight E. coli strains.
We found a total of 66 individual genes conferring phenotypic resistance to 11 out of
16 antibiotics. A total of 14 known antibiotic resistance genes comprised 21% of total
identified genes, whereas the majority (52 genes) were unclassified cryptic resistance
genes. Between the eight strains, 1.2% of core orthologous genes were positive
(conferred resistance in at least one strain). Sixty-four percent of positive orthologous
genes conferred resistance to only one strain, demonstrating high intraspecific variability
of latent resistance genes. Cryptic resistance genes comprised most resistance genes
among laboratory and clinical strains as well as natural, semisynthetic, and synthetic
antibiotics. Known antibiotic resistance genes primarily conferred resistance to multiple
antibiotics from varying origins and within multiple strains. Hence, it is uncommon for
E. coli to develop cross-cryptic resistance to antibiotics from multiple origins or within
multiple strains. We have uncovered prospective and previously unknown resistance
genes as well as antibiotics that have the potential to trigger latent antibiotic resistance
in E. coli strains from varying origins.

IMPORTANCE Intraspecific genomic diversity may be a driving force in the emer-
gence of adaptive antibiotic resistance. Adaptive antibiotic resistance enables sensitive
bacterial cells to acquire temporary antibiotic resistance, creating an optimal window
for the development of permanent mutational resistance. In this study, we investi-
gate cryptic resistance, an adaptive resistance mechanism, and unveil novel (cryptic)
antibiotic resistance genes that confer resistance when amplified within eight E. coli
strains derived from clinical and laboratory origins. We identify the potential of cryptic
resistance genes to confer cross-resistance to antibiotics from varying origins and within
multiple strains. We discern antibiotic characteristics that promote latent resistance in
multiple strains, considering intraspecific diversity. This study may help detect novel
resistance genes and functional genes that could become responsible for cryptic
resistance among diverse strains and antibiotics, thus also identifying potential novel
antibiotic targets and mechanisms.

KEYWORDS antibiotic resistance, intraspecific variation, functional metagenomics,
drug resistance mechanisms, drug resistance evolution

he rapid evolution and dissemination of resistance genes contribute to the antibiotic
resistance crisis (1). To effectively mitigate this threat to human health (2, 3), it is
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important to identify and characterize antibiotic resistance (AR) genes as well as
bacterial resistance mechanisms. Antibiotic resistance typically emerges due to
acquired, intrinsic, or adaptive resistance mechanisms (4). Acquired resistance pertains
to chromosomal mutations or the assimilation of genetic elements, while intrinsic
resistance characterizes the innate properties of a bacterium to circumvent the impact
of antibiotics. Adaptive resistance, caused by changes in gene expression, occurs in
response to environmental conditions, such as antibiotic exposure. Latent resistance is a
form of adaptive resistance and can occur from the activation of unknown (cryptic) AR
within the cell (5-10). Thus far, few studies have considered the link between antibiotic
resistance and the upregulation of cryptic AR genes among micro-diverse lineages (5-
10).

Intraspecific variation, which includes the genomic diversity found within popula-
tions, can correspond to variation in a wide range of functional traits including antibiotic
resistance (11). Intraspecific genomic diversity promotes the potential for an unreported
and diverse reservoir of latent AR genes in pathogens because cryptic resistance can
occur without major mutations or horizontal transmission. Large differences in genomic
content have been shown among closely related E. coli strains (12). For example, one
article detailed that three distinct E. coli strains shared about 40% of genes, and two of
the three were clinical, pathogenic strains. These two clinical strains were as different
from each other as they were from nonpathogenic strains. The acquisition of genomic
islands encoding virulence factors led to pathogenicity in the clinical strains (12).

Functional metagenomics is used to investigate intraspecific latent antibiotic
resistance. Microbiomes from humans (13, 14), sea gulls (15), soils (16, 17), rivers (18),
and ocean water (19) have revealed reservoirs of diverse known and unknown latent
AR genes. Functional metagenomics is an efficient and powerful technique for AR gene
detection (20, 21) due to three key advantages: (i) no need for culturing microorgan-
isms apart from the donor strain, (ii) no prior knowledge required about the resistance
gene sequence, and (iii) a direct association between a genotype and a demonstrated
resistance phenotype (22). Functional metagenomics uses a surrogate host to identify
resistance genes, but this can confound results as phenotypic resistance in donor strains
may not translate to resistance in the native genomic context.

We have developed an assay that circumvents this limitation and expresses genes in
the organism of interest (10). Delineating the intraspecific potential for cryptic antibiotic
resistance is important to further elucidate the emergence of antibiotic resistance. We
use our method to test the hypothesis that there is a highly diverse reservoir of cryptic
latent AR genes between strains of the same species that confer an AR phenotype when
upregulated. We therefore predict that strain origin will affect the type of genes and
antibiotics inducing resistance. For example, we expect that known resistance genes
will primarily cause latent resistance within clinical strains. Additionally, we predict that
cryptic resistance is more likely to occur to hydrophilic antibiotics due to the highly
hydrophobic outer membrane in E. coli (10). Here, we use a functional metagenomics
assay that induces a large increase in gene copy number to assay intraspecific variation
in AR potential. We specifically ask the following questions: (i) what are the groups of
orthologous genes (orthogroups) among E. coli strains that confer an AR phenotype
when upregulated and (ii) how do strain and antibiotic origin affect which orthogroups
induce latent resistance in this manner?

MATERIALS AND METHODS
Strains, media, and culture conditions

E. cloni (E. coli K-12 derivative) 10G supreme cells (Lucigen, Middleton, WI, USA), E. coli
40B, and E. coli 72 were grown in Luria-Bertani (LB) media and incubated overnight at
37°C, unless otherwise stated. Genomic DNA from the following strains was obtained
from the American Type Culture Collection (ATCC): E. coli FDA strain Seattle 1946 (ATCC
25922), E. coli H10407 (ATCC 35401), E. coli Crooks (ATCC 8739), E. coli RIMD 0509952
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(ATCC BAA-460), and E. coli AMC 198 (ATCC 11229). Genomic data including gene
annotations for each ATCC strain are publicly available (23). E. coli 40B and E. coli 72
were isolated from the blood of infants with bacteremia at the Children’s Hospital Orange
County with approval from IRB#120775. E. coli 40B presents H and O serotype markers,
while E. coli 72 presents H serotype markers. Both strains harbor the resistance genes
fyuA, iucC, ompT, and sfaS. We assessed latent antibiotic resistance in eight strains by
transforming fractions of their DNA into E. cloni. The strains were chosen to represent
clinical and laboratory origins. Only two laboratory strains were selected as most readily
available laboratory E. coli strains are derived from E. coli K-12, resulting in low genetic
variation between strains.

Resistance profile

The minimum concentration of antibiotics needed to inhibit (MIC) the growth of 10° E.
cloni cells was determined for all antibiotics (Table 1), as described in (10). The listed
antibiotics were tested to include a range of classes (mechanisms of action) and origins
(natural, semisynthetic, or synthetic) if available.

Cloning and screening

The following methods were completed separately for each strain (10). Genomic DNA
was extracted from E. cloni, E. coli 40B, and E. coli 72 cells using the Wizard Genomic
DNA purification Kit (Promega Corporation, Madison, WI, USA). At least 5 micrograms of
genomic DNA from each strain (including the ATCC strains) was sheared to a target size
of 2 kb using a Covaris S220 Focus Acoustic Shearer (Covaris Inc., Woburn, MA, USA).
Fragments of 1 to 3 kb were extracted from a 1% agarose gel using the Zymoclean
Gel DNA Recovery Kit (Zymo Research, Irvine, CA, USA). DNA was treated with the
NEBNext End Repair Module to create blunt ends on the fragmented DNA (New England
Biolabs, Ipswich, MA, USA). The end-repaired DNA was purified using the DNA Clean
and Concentrator-10 kit (Zymo Research). DNA was ligated into the pSMART-HCKan

TABLE 1 Total antibiotics tested and their respective properties

Biochemical Site of action Class and subclass Origin Antibiotic Antibiotic EUCAST
property concentration’ ECOFF®
Hydrophilic Cell wall Beta-lactam
Penicillins Natural Penicillin 64 NA
Cephalosporins Semisynthetic Ampicillin 8 8
Cephalothin 32 32
Cefoxitin 64 16
Cefotaxime 0.25 0.25
Cefepime 0.125 0.125
Monobactams Synthetic Aztreonam 0.25 0.25
D-cycloserine Natural D-cycloserine 32 NA
Amphipathic Cytoplasmic Polymyxins Natural Polymyxin B 0.5 NA
membrane
Hydrophobic Protein synthesis Chloramphenicol Synthetic Chloramphenicol 8 16
Aminoglycosides Natural Gentamicin 4 2
Semisynthetic Amikacin 16 8
Tetracyclines Natural Tetracycline 4 8
Natural Chlortetracycline 4 NA
Semisynthetic Doxycycline 4 8
DNA synthesis Fluoroquinolones Synthetic Nalidixic Acid 4 8
Synthetic Norfloxacin 0.125 NA
Nitrofurans Synthetic Nitrofurantoin 1 64

“The minimum concentration of antibiotics (ug/mL) needed to inhibit the growth of E. cloni cells (Lucigen). This concentration (MIC) was used to screen clones from all E. coli
strains for cryptic antibiotic resistance.
®Epidemiological cut-offs (ECOFFs) in ug/mL for E. coli, as defined by the European Committee on Antimicrobial Susceptibility Testing (EUCAST).
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vector (accession number AF532107) and then electroporated into E. cloni cells following
the instructions of the CloneSmart Blunt Cloning Kit (Lucigen). Transformed cells were
recovered at 37°C for 1 hour.

To test for cryptic antibiotic resistance, 150 uL of undiluted recovered transformants
was plated on LB Lennox kanamycin agar (necessary for plasmid selection) containing
one of eighteen antibiotics (Table 1). After overnight incubation, resistant transformants
were pooled for each antibiotic using 1-2 mL of phosphate-buffered saline (PBS). Pooled
plasmid DNA was extracted from each PBS suspension (one from each resistance-posi-
tive antibiotic) using the ZR Plasmid Miniprep kit (Zymo Research) and stored at —20°C.
Plasmid inserts containing latent AR genes were amplified via the polymerase chain
reaction (PCR). This PCR used 25-uL reactions, including 12.5 uL of AccuStart Il PCR
SuperMix 2X (Quantabio), 3 uL (1.5 ng) of plasmid DNA, 4.5 uL of nuclease-free water,
and 2.5 uL of SL1 and SR2 primers (Lucigen). The reaction cycle conditions follow those
delineated for AccuStart Il PCR SuperMix 2X (Quantabio). PCR products were purified
using the QIAquick PCR Purification Kit (Qiagen) and quantified using the Invitrogen
Qubit fluorimeter (Thermo Fisher Scientific). A low quantity of DNA was generated from
cephalothin and polymyxin B-resistant clones, suggesting that these were not plasmid-
containing colonies. Therefore, these clones were excluded from subsequent analysis
and sequencing for all strains.

Library preparation, sequencing, and analysis

For pooled plasmids (separated by strain), library preparation and sequencing were
performed (10). Sequencing was done on the MinlON flow cell (FLO-Min106 R9.4.1
version; Oxford Nanopore Technologies) using the MinlON device (Mk1B version).
Base-calling was done in real-time using MinKNOW software (Oxford Nanopore
Technologies) on a local computer. Each sequencing run was carried out for about 15
hours, and the barcoded base-called reads were demultiplexed by MinKNOW during the
sequencing run. Demultiplexed reads were trimmed post-sequencing using MinKNOW
to remove barcodes. Trimmed reads were aligned and mapped to their respective E. coli
reference genome using Bowtie 2 (24). Mapped reads were assembled and processed
with Anvi'o (25), which provided coverage, identity, and location within the reference
strain for each aligned gene.

We fit a gamma distribution to gene coverage values and selected genes that had
coverage within the 95% Cl as putative resistance genes. Gene coverage values were
normalized by total coverage values for each resistance-positive antibiotic prior to
obtaining the confidence interval. Gene identities were confirmed with NCBI BLASTx, and
gene names present within the Comprehensive AR Database, CARD (26), were identified
as known AR genes. Gene names not present within the CARD were designated as
cryptic/unknown AR genes. Latent AR genes include known and cryptic AR genes. For
each resistance-positive antibiotic, we identified the gene with the highest coverage
as the most probable resistance gene when multiple genes were located within close
proximity in the respective reference strain (i.e., the eight E. coli strains). After taking this
into account, we found a total of 66 individual AR genes across all resistance-positive
antibiotics from all strains.

OrthoFinder 2.0 (27) was used to find groups of orthologous genes (orthogroups),
and the Interactive Tree of Life v5 (28) was used to build the phylogenetic tree
showing the genetic relatedness among all strains (Fig. 1). For heatmap hierarchical
clustering of orthogroups and strains (based on positive antibiotic resistance genes),
R's “ggdendro” package was used. The “ggplot2” package was used for displaying the
heatmap dendrogram clustering. To determine the correlation between the dendro-
grams generated based on phylogeny (Fig. 1) and resistance profile (Fig. 5), R’s “vegan”
package was used to perform the Mantel test.
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FIG 1 Genetic relatedness between all strains tested for cryptic antibiotic resistance. The strains in blue are laboratory strains, and those in black are clinical

strains.

RESULTS AND DISCUSSION

Through a modified functional metagenomics approach (Fig. S1), we tested for the
intraspecific potential of cryptic antibiotic resistance in eight E. coli strains (Fig. 1). In
this study, “resistance” meant that clones were able to grow at the MICs determined
from the original host strain (E. cloni). We conducted a quantitative analysis of latent AR
genes according to their functional categories and between strains. We examined the
relation between cryptic/latent resistance and strain origin and antibiotic type. Thus, we
characterized the intraspecific variation of the cryptic/latent AR potential by this gene
amplification assay.

We observed a wide diversity of latent AR genes. We found a total of 66 individual
genes conferring latent resistance to 11 out of 16 tested antibiotics. Known resistance
types (CARD-positive) comprised 21% of identified AR genes, whereas the majority
(79%) of the identified AR genes were unclassified (CARD-negative) (Fig. 2). Resistance-
positive antibiotics included chloramphenicol, D-cycloserine, nitrofurantoin, norfloxacin,
tetracycline, and six beta-lactams (Fig. 3). Latent AR gene functions vary for each
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FIG 2 Distribution of antibiotic resistance gene functional categories conferring latent resistance at the MICs. We identified a

total of 66 individual resistance orthologous genes across all resistance-positive antibiotics from all strains.
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FIG 3 Number of antibiotic resistance genes conferring latent resistance to antibiotics at the MICs. Penicillin-aztreonam are beta-lactams.

antibiotic, but known AR genes conferred resistance to the highest number of antibiot-
ics (Fig. 3). Genes from all functional categories (known AR genes, efflux pump/trans-
porter, hypothetical/uncharacterized, membrane structure, miscellaneous, and stress
response/DNA repair) conferred resistance to the class of beta-lactam antibiotics (Fig.
4a). Hypothetical/uncharacterized, stress response/DNA repair, and miscellaneous genes
conferred resistance to all antibiotic classes, except for nitrofurantoin, D-cycloserine,
and chloramphenicol. Genes related to membrane structure conferred resistance to
beta-lactams and D-cycloserine (Fig. 4a). This result was expected as beta-lactams
and D-cycloserine are the only antibiotic classes that inhibit cell wall synthesis. Stress
response/DNA repair was the most represented (54%) gene functional category for
known AR genes across all antibiotic classes (Fig. 4b). Within unknown AR genes,
miscellaneous genes were the most common (25%). Stress response/DNA repair was
represented to be the highest (33%) across all latent genes for all antibiotic classes (Fig.
4b). Bacterial transcriptional responses to stress have presented a lack of specificity to
the given stress (29), as also shown in our study with a high proportion of miscellaneous
and stress response genes. Therefore, the regulated genes may constitute an integral
component of a nonspecific stress response, offering the advantage of conferring
cross-protection against multiple environmental conditions that may often co-occur
(29). For example, a combination of antibiotics is advantageous for cases of multidrug
resistant Gram-negative infections and severe pneumonia and group A streptococcal
infections (30).

We next analyzed AR orthogroups shared between E. coli strains and the antibiot-
ics resisted by each orthogroup (Fig. 5). Between the eight strains, a total of 35,823
genes were classified into 5,551 orthologous groups, including single-gene groups. The
proportion of positive orthologs (conferred resistance in at least one strain) was 1.2%
or 66 genes. Eighty-six percent of AR genes (57 genes) were shared between the eight
strains, and nine AR genes were not shared within all eight strains (Fig. 5). Sixty-four
percent of positive orthologs conferred resistance to only one strain, demonstrating high
intraspecific variability of latent AR genes. This result is noteworthy because the majority
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of AR genes were shared within all strains. Multiple reasons could be the cause for high
intraspecific variability, including mutation or movement of the gene within each strain.
The genomic background of the gene may vary across strains. Bacterial species have
shown considerable variations in genetic diversity and have displayed historical rates of
recombination, horizontal gene transfer, and recurrent mutation (31-33). For example,
TEM-1 beta-lactamase (orthogroup 5306), may have been horizontally transmitted in E.
coli 72 and E. coli 40B as this gene conferred latent resistance while being absent in the
remaining strains (Fig. 5). TEM beta-lactamases are normally transferred by horizontal
gene transfer, such as plasmids as these genes can be found in many mobile genetic
elements (34). Also, sampling error could be the culprit causing an incomplete screen of
the genome for latent AR genes. However, with an average of 75,000 clones being tested
on each antibiotic, the probability of missing a gene is very low.

Eighteen percent (12 genes) of positive orthogroups conferred resistance in at least
half of all strains (0.22% of all orthologs, Fig. 5). Three of the 12 genes are unclassified
AR genes: arfB, recA, and eamA. Alternative rescue factor A (ArfB) encodes a ribosome
rescue system commonly present in bacteria (35). Although ArfB has not been directly
linked to antibiotic resistance, ribosome rescue inhibitors have been suggested as
potential antibiotic mechanisms (35, 36). ArfB also contributes to heat stress resistance
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in Azotobacter vinelandii (37), demonstrating how ribosome rescue mechanisms can play
a role in tolerance to stressors. Even though recA is not a classified AR gene, it has
been well-known to induce antibiotic resistance via the SOS response (38-40). EamA
is an exporter classified within the drug/metabolite transporter superfamily (41). Three
percent of positive orthologs conferred resistance in all eight strains. These include two
known AR genes: ampC and marA. ampC is encoded on the chromosomes of many
Enterobacteriaceae but is normally expressed at low levels (42). Mutation and plasmid
mediation of ampC can lead to overexpression, resulting in beta-lactam resistance (42).
Extremely high copy numbers are not necessary to enable rapid evolution of plasmid-
encoded AR genes. A multicopy number plasmid (19 copies/cell) carrying the blaTEM-1
gene enabled resistance to ceftazidime when compared to E. coli carrying the gene on
the chromosome (43). The combination of an increased rate of mutations in blaTEM-1
with an improved rate of ceftazidime hydrolysis and the amplification of these mutations
led to the evolution of resistance. We uncovered a highly variable intraspecific reservoir
of latent AR genes, which uncommonly develop cross-cryptic resistance within multiple
strains.

We found that cryptic AR genes present a low potential of developing cross-cryptic
resistance to multiple antibiotics as compared to known AR genes (Fig. 5). Positive
orthologs did not confer latent resistance to nalidixic acid, chlortetracycline, doxycycline,
gentamicin, or amikacin. Hence, E. coli strains may not have the potential to develop
latent or cryptic resistance to aminoglycosides. Even though the plasmid used in this
assay encodes kanamycin resistance as a selection agent, and the resistance gene aphA1
inactivates kanamycin and neomycin (44), none of the aminoglycosides tested for latent
resistance in this study. One orthogroup (marA, known AR gene) conferred resistance to
at least half of all antibiotics. Four orthogroups of known AR genes conferred resistance
to at least half of all antibiotic classes. These genes are marA, soxS, robA, and mdfA. Thus,
E. coli strains may not be as capable of developing cross-cryptic resistance to multiple
antibiotics as known AR genes conferred resistance to at least half of all antibiotics and
antibiotic classes. Seventy-seven percent of positive orthogroups conferred resistance
to only one antibiotic, highlighting the variability of latent AR genes and suggesting
that these genes may stem from a certain gene response specific to the antibiotic.
The dendrograms in Fig. 5 are generated based on the resistance profile, and the
dendrogram in Fig. 1 is generated according to genetic relatedness between the strains.
It is noteworthy that the two laboratory strains are clustered within the same clade
when based on the resistance potential. Although the two dendrograms differ, there is
phylogenetic conservatism to the antibiotic resistance potential as there is a significant
relationship between the resistance profile and phylogeny (Mantel test, P < 0.05).

A vast reservoir of cryptic AR genes conferred resistance across strains from labora-
tory and clinical origins (Fig. 6). Sixty-eight percent and 73% of genes conferring latent
resistance in laboratory and clinical strains were unclassified AR genes. However, most
latent AR genes (59%) conferring cross-resistance in strains from laboratory and clinical
origins were known AR genes. Known AR genes may not always be the culprit of latent
resistance in clinical strains, as we predicted. The cryptic AR genes conferring resistance
in strains from both origins are arfB, recA, marB, creA, yecF, nlpD, and eamA. MarB is
part of the multiple antibiotic resistance operon, marRAB, in which marA and marR
are classified AR genes (45). MarB has an unknown function, but it has been shown
to increase the level of MarA. CreA has an uncharacterized function, but it is adjacent
to the CreBC two-component regulatory system and robA, a known AR gene (46). creA
was also shown to confer cryptic resistance to multiple beta-lactam antibiotics from
varying origins (10). YecF has an uncharacterized function, but it has been shown to be
upregulated in response to antibiotic exposure (10, 47). Additionally, YecF is adjacent
to sdiA, a known AR gene (48). NIpD is involved in maintaining cell membrane permea-
bility and integrity (49). Since nlpD conferred resistance to cefotaxime, this alleviates
the stress on cell wall biosynthesis caused by the beta-lactam cefotaxime (50). Here,
eamA conferred resistance to D-cycloserine in seven E. coli strains, and it has also been
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FIG 6 Antibiotic resistance genes shared between all strains, separated by strain origin. We identified 66 antibiotic resistance genes (shown) causing resistance

at the MICs. Known antibiotic resistance genes were classified using the comprehensive antibiotic resistance database by gene name.

shown to confer cryptic resistance to D-cycloserine in a laboratory E. coli strain (10).
For both origins (individually and combined), stress response genes comprised the
highest number of AR genes compared to other gene functions, demonstrating the
broad intraspecific latent AR potential for this gene function. Bacterial stress response
mechanisms such as the general (51, 52), SOS (38-40), oxidative (53, 54), and envelope
stress responses (55, 56) have been commonly shown to reduce antibiotic susceptibility.
Even though known AR genes contributed to cross-resistance within distinct strains, a
diversity of cryptic AR genes led to cryptic resistance among E. coli strains.

We found that cross-latent resistance to multiple origins of antibiotics is driven by
known AR genes (Fig. 7). Specifically, 80% of genes conferring latent resistance to
all antibiotic origins (natural, semisynthetic, and synthetic) are known AR genes. The
only cryptic AR gene conferring resistance to all antibiotic origins is creA. Even though
known AR genes primarily conferred cross-latent resistance to multiple antibiotic origins,
cryptic AR genes comprised the majority of natural [64%], semisynthetic [74%)], and
synthetic [70%)] antibiotics. There were the fewest natural resistance-positive antibiotics
[3], compared to semisynthetic [4] or synthetic [4] antibiotics. We had predicted that
latent resistance would be most common in the presence of natural antibiotics, but
this was not the case as presented in this study and previously (10). Additionally, latent
resistance occurred to all hydrophilic antibiotics (Table 1), as we predicted. This occurred
possibly due to the highly hydrophobic outer membrane present in Gram-negative
bacteria being a barrier for hydrophilic (water-soluble) antibiotics (10). Sixty-four percent
of resistance-positive antibiotics were hydrophilic and inhibited cell wall synthesis (Table
1), potentially showing a link between antibiotic mechanism of action and latent
resistance. Antibiotics that inhibited the cell wall synthesis or cytoplasmic membrane
also comprised most resistance-positive antibiotics when testing for latent resistance
in a laboratory strain of E. coli (10). For semisynthetic and synthetic antibiotics, stress
response/DNA repair genes comprised the highest number of AR genes compared to
other gene functional categories, highlighting the significant role of this gene functional
category in latent resistance. While known AR genes were the main contributors to
cross-latent resistance, cryptic AR genes comprised the majority for natural, semisyn-
thetic, and synthetic antibiotics.
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FIG 7 Antibiotic resistance genes shared between all strains, separated by resistance-positive antibiotic origin. We identified 66 antibiotic resistance genes

(shown) causing resistance at the MICs. Known antibiotic resistance genes were classified using the comprehensive antibiotic resistance database by gene name.

Methodological considerations

Our study demonstrates an unambiguous increase in the resistance level of E. coli K-12 (E.
cloni) due to the presence of latent AR genes. We carefully tested the MICs by replicat-
ing the approach (LB agar plate) that was used to screen clones for cryptic antibiotic
resistance. We observed how latent resistance genes, including cryptic and known AR
genes, allowed E. coli K-12 to grow at the MICs of a variety of antibiotics. However, for
many genes, the increase in resistance was moderate as 50% increased the MIC for a
factor of 2 in our earlier evaluation of this approach (10). In contrast, latent AR genes
increased the MIC of E. coli K-12 to 4x the MIC of only two resistance-positive antibiotics.
However, there may be more effective latent resistance genetic systems that were not
picked up as our system would not capture complex gene regulation or require multiple
genes.

In terms of interpreting our data in a broader sense for antibiotic resistance, there
are additional considerations. The MIC methodology used in this study was specifically
tailored to align with our assay as our primary objective was to identify new latent
biological resistance mechanisms. Translation for a clinical setting would require further
examination of the inhibition concentrations using a clinical standard method with
more clinical strains. Latent resistance was observed for nitrofurantoin, tetracycline, and
chloramphenicol, which have an MIC value less than the ECOFF (57) system (Table 1).
In a management context, these instances may not be labeled as antibiotic resistance,
but our gene amplification assay has illustrated how they have caused a change in
the resistance profile in our target strain. Through this study and previously (10), we
presented how this genetic mechanism increases the resistance level in E. coli K-12
through a wide diversity of latent AR genes. Given the general biological similarity
among E. coli strains, we would strongly predict that the overexpression of these latent
AR genes would cause an increase in the resistance profile for other E. coli strains as
well. We assume it is very likely that this would be seen for other E. coli strains, but the
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extent of the interaction between the genetic background and resistance profile remains
unknown.

Outlook

Functional metagenomic studies have shown that latent AR genes are a common
occurrence among bacteria. However, due to the small insert size harboring the
resistance gene, functional metagenomic studies have limited information about the
phylogeny of the original host organism (20). This holds true even if used in conjunction
with sequence-based metagenomics. Functional metagenomic studies have been used
to identify resistance genes from certain environments but rarely from strains with
distinct origins against a comprehensive panel of antibiotics. Additionally, functional
metagenomic studies utilize a surrogate host. We have addressed these limitations to
better comprehend the intraspecific potential for latent and cryptic antibiotic resistance.
Intraspecific genomic diversity may be a driving force in the emergence of antibiotic
resistance. By utilizing this platform, we aim to gain an improved understanding of
the antibiotic characteristics that promote latent resistance in multiple strains, while
considering intraspecific diversity. This platform offers the potential to uncover genes
and functional gene categories that could become responsible for inducing cross-latent
resistance to varying antibiotics within diverse strains. Thus, this study may prove
valuable in the identification of novel antibiotic targets and mechanisms.
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