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Aim: A bacterial genetics-guided approach was utilized for the discovery of new compounds affecting
bacterial genome stability. Materials & methods: Fungal extracts and fractions were tested for
genome instability-mediated antibacterial activity. Interaction assays and RT-qPCR were used to identify
compounds that boost the activity of sub-minimum inhibitory concentration streptomycin and obtain
insights on the molecular mechanisms of the primary hit compound, respectively. Results: Several extracts
and fractions caused bacterial genome instability. Codeine, in synergy with streptomycin, regulates
double-strand break (DSB) repair and causes bacterial ribosome dysfunction in the absence of DSBs, and
dysregulation of ribosome biogenesis in a DSB-dependent manner. Conclusion: This study demonstrates
a potential viable strategy that we are exploring for the discovery of new chemical entities with activities
against Escherichia coli and other bacterial pathogens.
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Infections caused by Gram-negative bacteria are usually difficult to treat in clinics [1,2]. This phenomenon is partly newlands

caused by intrinsic antimicrobial resistance due to presence of an outer membrane consisting of lipopolysaccharides, press
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and the acquisition of resistance phenotypes from the indiscriminate usage of antibiotics [3,4]. Currently, restrictive
and supervised usage of antibiotics in clinics is anticipated to minimize emergence and spread of antimicrobial-
resistant bacterial strains [5]. However, it is also imperative to constantly screen for new bioactive molecules
endowed with potent antibacterial activities and new mechanisms of action. Moreover, the development of relevant
approaches for enhancing the efficiency of existing antibiotics long term is expedient [6].

Fluoroquinolones are notable antibiotics for the treatment of diverse bacterial infections (7,8]. The bactericidal
activity of fluoroquinolones is as a result of the formation of DNA double-strand breaks (DSBs) in bacterial
chromosomes, which is a concomitant outcome of inhibition of the ligase activity of bacterial type II topoisomerases
following chromosomal cleavage by the same enzyme [9,10]. In Escherichia coli, DSBs are mainly repaired via
homologous recombination when the RecBCD protein complex binds and processes the ends of the DSBs for
downstream recombination events [11]. Owing to the lethality of a single unrepaired DSB, fluoroquinolones exhibit
rapid bactericidal activity at very low concentrations of the antibiotic in susceptible strains.

Fungi are important natural sources of new and potent antibacterial compounds that exhibit new mechanisms
of action. They are notable for the production of diverse secondary metabolites including peptides (nonribosomal),
alkaloids, terpenoids and polyketides [12,13]. The production of diverse secondary metabolites is usually attributed
to the rich genome and the adaptable metabolic states of these fungi [13]. The enormous chemical diversity of
fungal secondary metabolites may imply their spectrum of biological activities could be applicable to the treatment
of a wide scope of disease conditions, including both infectious and noncommunicable diseases [14-19]. Hence,
it is not surprising that secondary metabolites from fermentation cultures of wood-decaying fungi are endowed
with antibacterial, antifungal and anticancer activities [20,21]. In addition, these fungal metabolites are valuable
resources for screening and identification of new bioactive compounds that could be enrolled as drug candidates for
the development of novel chemotherapeutic agents. In spite of the versatility of fungal secondary metabolites, they
have not been exhaustively explored for novel drug development, especially in the current era where new antibiotics
are urgently required for controlling nosocomial infections [22].

The continual reliance on the prototype model for screening of natural products for antibacterial candidates
would most likely identify the same classes of compounds that are already known for their antibacterial activities. In
our previous perspective, we discussed a new paradigm for the discovery of new classes of antibiotics via the strategy
of targeting bacterial genome stability [6]. E. coli strains containing specific insertions of genetic elements that were
originally designed to study the cellular mechanisms of DSB repair were used in this study for the screening of
fungal natural products for drug discovery [6,23]. Since natural products derived from fungal secondary metabolites
are currently under-explored for their potential role in novel drug development, we utilized our collection of
extracts and fractions from fungal fermentation cultures for identification of compounds that could potentially
target bacterial genome stability. A phenotypic-based screening approach was also optimized to investigate cellular
targets in E. coli that are affected by a novel mechanism that increases the susceptibility of the bacteria to DSB
formation.

Methods

Fermentation of fungi & extraction of secondary metabolites

Pure fungal isolates (soil-borne fungi, terrestrial endophytic fungi and marine endophytic fungi) were inoculated
into 500-ml culture bottles containing 200 ml of broth. The constituent of the broth was yeast extract, peptone,
malt extract and dextrose (5 g/1, 5 g/1, 5 g/l and 30 g/1, respectively). The inoculated broths were incubated at 30°C
for 2 months with brief swirling of the culture bottles daily. Secondary metabolites produced in each fermentation
culture were extracted using an equal volume of ethyl acetate and dried at 45°C under reduced pressure using a
rotary evaporator [20,21]. The concentrated metabolites were reconstituted in methanol.

Fractionation of fungal extracts using preparative TLC

Preparative thin-layer chromatography (TLC) fractionation of fungal extracts was conducted using silica gel 60
coated with the Fjs4 fluorescent indicator on aluminium plates [20). The first round of TLC fractionation was
performed using a mobile phase consisting of 35 ml ethyl acetate, 10 ml acetonitrile and 5 ml petroleum ether.
After fractionation, TLC plates were dried and visualized under UV light at high (365 nm) and low (254 nm)
wavelengths. TLC bands that were obtained were eluted from the silica gel using methanol and referred to as
1D-TLC fractions. The 1D-TLC fractions were fractionated again by preparative TLC, as described previously [21],

10.4155/fdd-2023-0005 Future Drug. Discov. FDD84 future science group

fs



Codeine dysregulates ribosome biogenesis in E. coli with DNA double-strand breaks charts path to new classes antibi-
otics

and the bands obtained were eluted and referred to as 2D-TLC fractions. The final round of TLC fractionation
was performed using the 2D-TLC fractions to obtain 3D-TLC fractions.

Analysis of the antibacterial activities of the fungal extracts & fractions
The fungal extracts were all initially screened for the presence of antibacterial agents using the disc diffusion
assay. Sterile Whatman paper discs (6 mm in diameter) were infused with 40 pl (60 mg) of extract under aseptic
conditions and air dried. E. coli strains were grown overnight in nutrient broth and diluted to optical density at
600 nm (ODygp) of 0.2. The nutrient broth used for dilution of the overnight E. co/i cultures was supplemented
with 0.2% arabinose to ensure induction of the site-specific DSB at the chromosomal /zcZ locus of the E. coli::DSB
strain [11; Supplementary data). In addition, sterile cotton swabs were used to uniformly spread 50 pl of 0.2%
arabinose solution on Mueller—Hinton agar plates and air dry under aseptic conditions for 30 min. The arabinose-
coated agar plates were subsequently inoculated with the diluted cultures using sterile cotton swaps. The paper discs
infused with the fungal extracts were uniformly placed on the inoculated agar plates. Sterile paper discs infused
with either ethyl acetate or methanol were air dried and used as negative controls. All agar plates were incubated
at 37°C for 18 h and examined for the presence of zones of inhibition [20]. disc diffusion assays were performed
in duplicates. A set of 19 commercial antibiotics were also used for quality control purposes for all disc diffusion
assays, as previously reported [6].

Fungal fractions (1D-TLC and 3D-TLC fractions) were also tested via disc diffusion assay at 10 mg/disc.

For pairwise (synergistic) analysis of antibacterial activities, the nutrient broth used for dilution of the overnight
E. coli culture (the control strain) was not supplemented with arabinose. Moreover, the Mueller—Hinton agar plates
were not precoated with arabinose prior to the disc diffusion assay. Paper discs were infused with 20 pl (30 mg)
of inducers of DNA DSBs (iDSB) or DSB repair inhibitors (DSBRi) extracts and an iDSB extract-containing paper
disc was placed alongside a DSBRI extract-infused paper disc on the inoculated agar plates prior to incubation at

37°C for 18 h.

Compound interaction assays using the disc diffusion method

For the initial screening of the library of 56 compounds (Supplementary data), 50 pl of 0.5 mg/ml of streptomycin
(25 pg) was uniformly spread onto Mueller—Hinton agar plates precoated with 0.2% arabinose under aseptic condi-
tions. The arabinose and streptomycin-coated agar plates were air dried under aseptic conditions for 30 min before
inoculation with the diluted E. co/i cultures at ODgq of 0.2; the nutrient broth used for dilution of the overnight
E. coli cultures was supplemented with 0.2% arabinose. The 56 compounds were tested at 10 pg/disc using the
disc diffusion assay, with the exception of 5-fluorouracil, which was tested at 1 pg/disc.

The five compounds (codeine, gliclazide, hydrochlorothiazide, serine hydroxamate and N-acetylglucosamine)
that were selected from the library of 56 compounds were used for the preparation of 10-mg/ml solutions. An
aliquot of 100 pl of the 10-mg/ml solutions was uniformly spread onto the Mueller—Hinton agar plates precoated
with arabinose and air dried prior to determination of the MIC of streptomycin via the disc diffusion method.

For analysis of the super-regulation effect of codeine, the Mueller—Hinton agar plates were initially coated with
50 pl of 0.2% arabinose, air dried for 30 min and recoated with 50 pl of 0.5 mg/ml of streptomycin (25 ug).
The agar plates were air dried and coated again with 100 pl of a 10 mg/ml codeine solution. After air drying for
30 min, the agar plates were inoculated with the diluted E. co/i cultures at ODgpg of 0.2; the nutrient broth used
for dilution of the overnight E. coli cultures was supplemented with 0.2% arabinose. The five compounds (codeine,
gliclazide, hydrochlorothiazide, serine hydroxamate and N-acetylglucosamine) were tested for antibacterial activity
at 10 pg/disc.

Viability assay using the broth microdilution method

The broth microdilution assay was performed using nutrient broth supplemented with 0.2% arabinose at a total
assay volume of 200 pl per well. Overnight cultures were diluted to a final ODggg of 0.05 per well. Codeine
was used at a final concentration of 0.05 mg/ml (10 pg per well) and streptomycin was utilized at twofold serial
dilutions, starting with an initial amount of 5 pg per well (0.025 mg/ml). The 96-well plates containing the E. coli
cells were initially incubated at 37°C for 24 h and the absorbance at 600 nm was recorded using a Varioskan plate
reader. For fluorescence measurements, 10 pl of 0.2 mg/ml of resazurin dye was added to each well of the 96-well
plate and incubated at 37°C in the absence of light. Fluorescence measurements were recorded using a Varioskan
plate reader at 18, 20 and 24 h after addition of the dye.
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RNA extraction & RT-gPCR analysis

Overnight cultures of the E. coli strains were diluted to a final ODggg of 0.05 using nutrient broth supplemented
with 0.2% arabinose. Streptomycin and codeine were added, where required, at final concentrations of 0.05 mg/ml
(2.5 mg per 50 ml of bacterial culture) and 1 x 10 mg/ml (7.8125 pg per 50 ml bacterial culture), respectively.
The diluted cultures were incubated at 37°C for 24 h and total RNA was extracted from the bacterial cell pellets
using the Zymo Research Fungal/Bacterial RNA MiniPrep kit, according to the manufacturer’s instructions. The
total RNA was eluted using nuclease-free water, quantified, and its purity determined using a nanodrop prior to
storage at -80°C.

The RT-qPCR assay was performed at a total reaction volume of 20 pl using the Luna® Universal One-Step
RT-qPCR Kit, according to the manufacturer’s instructions. Total RNA was diluted using nuclease-free water and
used at an amount of 87.5 ug per reaction. The reaction cycle was: reverse transcription at 55°C for 10 min,
initial denaturation at 95°C for 1 min; 40 cycles of denaturation at 95°C for 10 s, annealing at 50°C for 30 s
and extension at 60°C for 30 s. Primers are listed in the Supplementary data. The E. coli mazE gene was used as a
housekeeping gene for normalization of the raw Ct values via the 2"22¢T method.

Results

Abundance of fungal natural products exhibiting iDSB & DSBRi activities in E. coli

We have previously described a new strategy for the discovery of new classes of antibiotics targeting bacterial
genome stability [6]. In this study, E. coli strains containing insertions of specific genetic elements were used for the
screening of natural products for drug discovery (6].

A library of 628 extracts from fungal fermentation cultures were screened to identify candidates that exhibit
antibacterial activities affecting genome stability in E. coli. These extracts were obtained from fermentation cultures
of soil-borne fungi (SBF; 201 extracts), terrestrial endophytic fungi (TEF; 306 extracts) and marine endophytic
fungi (121 MEF extracts). Extracts that selectively exhibited antibacterial activity against a 7ecB-mutant strain of
E. coli (E. coliz:recB) were inferred as putative iDSBs (Figure 1A). Extracts that selectively exhibited activity against
an E. coli strain containing a genetic system for induction of a site-specific DSB at the chromosomal /zcZ locus (E.
coli::DSB) were inferred as putative inhibitors of DSB repair (DSBR; Figure 1B). An E. coli strain that was proficient
for DSB repair (had no mutation in the recB gene) and was also incapable of site-specific DSB induction at the
chromosomal /zcZ locus was used as a control strain (wild-type; WT) for identification of extracts that exhibited
general antibacterial activities via mechanisms that were not dependent on either DSB formation or inhibition
of DSB repair (general growth inhibitors; Figure 1C). A total of 25 extracts were identified as zDSB while 28
other extracts were identified as DSBRi (Figure 1D & E). It is inferred that these 53 extracts contain antibacterial
compounds that affect the integrity of the genome of E. coli. Five extracts exhibited antibacterial activity against
WT but not the E. colz::recB strain, while eight extracts inhibited the growth of WT but not the E. co/z::DSB strain.
Moreover, 108 extracts exhibited antibacterial activities against both the WT and E. coli::recB strains while 103
extracts inhibited growth of both the WT and E. ¢co/i::DSB strains. Interestingly, these 103 extracts also exhibited
antibacterial activity against the E. coli::recB strain, implying they might contain compounds that nonselectively
perturb other vital bacterial cellular processes (general growth inhibitors). Collectively, these initial observations
demonstrate fungal natural products affecting bacterial genome stability is only twofold less than the general growth
inhibitors and highlight the unique and critical role of fungal secondary metabolites in the development of novel
antibacterial compounds targeting bacterial genome integrity.

Pairs of iDSB & DSBRi exhibit potent antibacterial activities against WT E. coli

A crucial proof required to demonstrate the feasibility of using fungal metabolites for targeting genome stability of
bacterial pathogens is the pairwise testing of ZDSB and DSBRi candidates against the WT strain. We reckoned that
this proof of concept is vital, even though several ZDSB and DSBR: fungal extracts were obtained from the initial
screening procedure. As a result, the ZDSB and DSBR; extracts were ranked according to the magnitude of their
antibacterial activities and the top five candidates from each category were utilized for pairwise testing against only
the WT strain. Nine of the 25 pairwise combinations of an 7DSB with a DSBR: exhibited synergistic antibacterial
activity against the WT strain, which is indicative of a genome instability-mediated antibacterial activity (Table 1).
The MEF184 extract did not exhibit antibacterial activity when paired with any of the five selected iDSBs. In
contrast, synergistic antibacterial activity against the WT strain was observed when the MEF178 extract was paired
with each of the five selected iDSBs. This observation might indicate that the MEF178 extract is a highly potent
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Figure 1. Screening for
double-strand break-inducing and
double-strand break repair-inhibiting
extracts against Escherichia coli. (A)
Representative image illustrating the
antibacterial activity of DSB-inducing
(iDSB) extracts. (B) Representative
image illustrating the antibacterial
activity of DSB repair-inhibiting
(DSBRI) extracts. (C) Representative
image illustrating extracts exhibiting
antibacterial activity against the
control Escherichia coli strain. (D)
Extracts exhibiting antibacterial
activity via induction of DSBs. (E)
Extracts exhibiting antibacterial
activity via inhibition of DSB repair. E.
coliz:recB represents an E. coli strain
containing a mutation in the recB
gene, which renders the strain
susceptible to DNA DSBs. E. coli::DSB
represents a strain of E. coli that
contains a genetic system for inducing
a site-specific DNA DSB at the lacZ
locus of the chromosome [11]. E.
coli::No DSB, which is also the WT
strain, represents the control E. coli n = 628 fungal extracts

strain that is unable to induce the E.coli::DSB E.coli::No DSB
site-specific DNA DSB at the /acZ locus (WT)
and has no mutation in the recB gene.
White arrows show visible zones of
inhibition.

DSB: Double-strand break; WT:
Wild-type.

n = 628 fungal extracts
E.coli::recB WT

Table 1. Additive antibacterial activities of double-strand break-inducing and double-strand break repair-inhibiting

extracts against the wild type Escherichia coli strain.

TEF extracts (iDSB) MEF extracts (DSBRi)
MEF 164 MEF 178 MEF 184 MEF 185 MEF 237
TEF 252 X N X X X
TEF 281 Vv Vv X X N
TEF 284 X N X N X
TEF 285 X Vv X X Vv
TEF 287 X Vv X X X
TEF: Terrestrial endophytic fungi.

inhibitor of DSB repair, hence its ability to effectively inhibit growth of the WT strain in the presence of DSBs that
were potentially generated by the five 7DSBs. Collectively, these data confirm the potential role of fungal secondary
metabolites as useful resources for the development of combination antibiotic chemotherapy targeting the genome
integrity of E. coli, as we have previously reported [6].

Several fungal extracts with iDSB & DSBRi activities produce active fractions

The chemical constituents of fungal extracts are numerous and diverse, necessitating extensive fractionation pro-
cedures for isolating compounds exhibiting bioactivity of interest. As a result, partially purified fractions obtained
from the fungal extracts were screened against the E. coli strains to ascertain whether the antibacterial activities
exhibited by the extracts are also reproducibly shown by the fractions. A total of 51 1D-TLC fractions obtained
from nine MEF extracts were screened against the E. coli strains; the nine MEF extracts comprised of four DSBRi
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®

n =51 1D-TLC MEF fractions n =51 1D-TLC MEF fractions
E. coli::recB WT E. coli:DSB E. coliz:No DSB
(WT)
n =144 3D-TLC SBF and TEF n =144 3D-TLC SBF and TEF
fractions fractions
E. coli::recB WT E. coli:DSB E. coli::No DSB
(WT)

Figure 2. Antibacterial activities of fractions from the fungal extracts. (A) Antibacterial activities of 1D-TLC fractions
from marine endophytic fungal extracts. (B) Antibacterial activities of 3D-TLC fractions from soil-borne and terrestrial
endophytic fungal extracts. E. coli::recB represents an Escherichia coli strain containing a mutation in the recB gene,
which renders the strain susceptible to DNA DSBs. E. coli::DSB represents a strain of E. coli that contains a genetic
system for inducing a site-specific DNA DSB at the /acZ locus of the chromosome [11]. E. coli::No DSB, which is also the
WT strain, represents the control Escherichia coli strain which is unable to induce the site-specific DNA DSB at the /lacZ
locus and has no mutation in the recB gene.

DSB: Double-strand break; SBF: Soil-borne fungi; TEF: Terrestrial endophytic fungi; WT: Wild type.

Table 2. Antibacterial activity of 1D-TLC fractions obtained from double-strand break-inducing and double-strand break

repair inhibiting extracts.

iDSB and DSBRi extracts 1D-TLC fractions
Eluted fractions Inducers of DSB DSB repair inhibitors
SBF 182 7 2 1
TEF 105 6 0 0
TEF 238 6 0 0
TEF 248 6 1 1
TEF 249 6 0 0
TEF 277 7 1 4
TEF 285 6 3 1
TEF 287 6 0 0
TEF 293 6 3 4
Total 56 10 1
DSB: Double-strand break; DSBRi: Double strand break repair inhibitor; iDSB: Inducer of DNA double-strand break; SBF: Soil-borne fungi; TEF: Terrestrial endophytic fungi.

(MEF167, MEF184, MEF185 and MEF232) and five general growth inhibitors (MEF198, MEF202, MEF206,
MEF216 and MEF222). None of the 51 fractions exhibited selective antibacterial activity against the E. coli::DSB
strain, while 26 fractions exhibited selective activity against the E. coli::recB strain (Figure 2A). A total of 19 frac-
tions also inhibited growth of the WT strain, even though ten of these fractions also showed activity against the E.
coliz:recB strain. This suggests that the fungal extracts previously identified as DSBRi may also contain compounds
that exhibit ZDSB activity. A total of 56 1D-TLC fractions obtained from one SBF and eight TEF extracts that
previously showed ZzDSB or DSBR: activities were also screened against the E. coli strains (Table 2). The TEF285
and TEF293 extracts previously exhibited Z7DSB activity. Nevertheless, these two 7DSB extracts generated TLC
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Table 3. Antibacterial activity of 1D-TLC fractions obtained from inactive extracts.

Extracts inactive against Escherichia coli 1D-TLC fractions

Eluted fractions Inducers of DSB DSB repair inhibitors
SBF 061 6 0 0
SBF 062 6 0 1
SBF 068 6 4 3
SBF 118 6 3 3
SBF 134 6 1 2
SBF 181 6 1 1
SBF 188 6 1 1
TEF 074 6 3 2
TEF 281 6 0 1
Total 54 13 14
DSB: Double-strand break; SBF: Soil-borne fungi; TEF: Terrestrial endophytic fungi.

fractions that exhibited both iDSB and DSBRi activities. Thus, TEF285 and TEF293 extracts are composed of
distinct chemical entities capable of DSB formation and inhibition of repair in E. coli.

iDSB & DSBRi active fractions from inactive total extracts

TEF249 and TEF287 extracts previously showed ZzDSB activity; however, none of their TLC fractions exhibited
iDSB nor DSBR; activities, indicating a potential loss of genome stability-mediated antibacterial activity during
fractionation (Table 2). This phenomenon could be due to the low abundance of chemical agents acting as
synergistic combinations that have separated out below their limits of detection.

The screening of 54 1D-TLC fractions obtained from previously inactive SBF and TEF extracts also demonstrated
that fractionation of previously inactive extracts generate fractions endowed with Z2DSB or DSBRi activities (Table 3).
In addition, 144 extensively purified fractions (3D-TLC fractions) also obtained from previously inactive SBF
extracts (SBF118 and SBF134) were also screened against the E. coli strains. These 3D-TLC fractionations were
originally intended for a different study, but we took advantage of their availability to investigate the depth of
distribution of iDSB and DSBRi chemical agents in extracts that did not show such activities at the total extract
level. One of the 144 fractions showed 7DSB activity while ten other fractions showed DSBR; activity, indicating
that the extracts from SBF118 and SBF134 contain antibacterial compounds affecting genome stability in E. coli
(Figure 2B). The level of detection was not as high as would be anticipated for those extracts that exhibited /DSB
or DSBR activities at the total extract and 1D-TLC fraction levels. Nonetheless, these are interesting observations
that suggest that zDSB or DSBR; activities are ubiquitous, notwithstanding the tedious work and great expense
needed to obtain pure active zDSB or DSBR: compounds. Importantly, these observations also highlight a potential
pitfall in bioactivity-guided fractionation, where inactive partially purified fractions are usually eliminated from
downstream ultrafractionation procedures if they do not exhibit the desired antibacterial activity after fractionation.

Codeine as a regulator of iDSB or DSBRi activities

Natural antibacterial products of interest might usually be produced in very small quantities in fungal fermentation
cultures, necessitating the utilization of suitable approaches for facilitating the identification and isolation of these
compounds from the other myriad of compounds. We have previously reported that the E. coli::DSB strain is
marginally sensitive to chloramphenicol, erythromycin, streptomycin and gentamycin in comparison to the WT
strain [6]. The plausibility of exacerbating the susceptibility of DSB repair-proficient E. coli to the site-specific
DSB induced at the /zcZ locus was investigated by screening a library of 56 compounds against the E. co/i::DSB
and WT strains using agar plates precoated with streptomycin. Eight of the 56 compounds exhibited marginal
growth inhibition of the E. coli::DSB strain but caused no perturbation of growth of the WT strain, indicating
that these eight compounds increased the sensitivity of E. coli to the DSB induced at the chromosomal /zcZ
locus in the presence of streptomycin (Figure 3A). Five of these eight compounds were selected for assessment
of their effect on the MIC of streptomycin against the E. co/i::DSB and WT strains (Figure 3B). Gliclazide
showed no effect on the MIC of streptomycin against both the E. co/z::DSB and WT strains in comparison to
the control assay (MIC = 0.5 pg). Serine hydroxamate and N-acetylglucosamine caused an increase in the MIC
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Figure 3. Screening for existing compounds that boosts the susceptibility of double-strand break repair-proficient
Escherichia coli to site-specific double-strand breaks in the presence of streptomycin. (A) The antibacterial profile of
56 existing compounds against Escherichia coli subjected to DSB induction in the presence of streptomycin. (B)
Analysis of the effect of five (out of the 56) compounds on the minimum inhibitory concentration of streptomycin
against E. coli subjected to DSB formation. E. coli::DSB represents a strain of E. coli that contains a genetic system for
inducing a site-specific DNA DSB at the /acZ locus of the chromosome [11]. E. coli::No DSB represents the control E. coli
strain that is unable to induce the site-specific DNA DSB at the /acZ locus.

DSB: Double-strand break.
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Table 4. Super-regulation of the effect of codeine and sub-MIC of streptomycin in Escherichia coli subjected to

constitutive double-strand break induction.

Compound Zone of inhibition (mm)
E. coli::No DSB (wild-type) E. coli::DSB

Hydrochlorothiazide 0 15.3

Gliclazide 0 17.5

Codeine 0 16.0

N-acetylglucosamine 0 17.7

Serine hydroxamate 0 0

DSB: Double-strand break.

of streptomycin against both the E. coli:DSB and WT strains (MIC = 1.0 pg). Codeine showed no effect on the
MIC of streptomycin against the E. coli::DSB strain (MIC = 0.5 pg) but caused an increase in the MIC against
the WT strain (MIC = 1.0 pg); the opposite effect was shown by hydrochlorothiazide against the E. coli strains.
These results suggest that codeine induces a resistance mechanism to streptomycin in the WT strain; however, DSB
induction in E. coli abrogates this resistance mechanism. The reversal of the resistance phenotype could also be
deduced as representing a codeine-dependent increase in the sensitivity of E. coli to streptomycin in the presence
of DSBs.

It is expected that the increased susceptibility phenotype caused by codeine as a result of DSB induction in
E. coli may be very useful for the screening and identification of novel antibacterial natural products that are
usually produced in very small quantities in extracts from fungal fermentation. The insufficient production of
these compounds leads to unnoticeable growth inhibition against test organisms using the routine disc diffusion or
viability assays. We reckon that the antibacterial effect of these less abundant compounds can be manifested in E.
coli cells exhibiting compromised fitness due to the phenotypic effect of codeine.

DSBRi super-regulation

A phenotypic interaction assay was used to explore the possibility of further compromising the fitness of E. coli by
precoating agar plates with codeine and a sub-MIC of streptomycin, and testing for growth inhibition using paper
discs infused with either hydrochlorothiazide, gliclazide, codeine, N-acetylglucosamine or serine hydroxamate.
None of the five compounds inhibited growth of the WT strain, confirming their lack of antibacterial activity in
the absence of DSB induction (Table 4). In contrast, serine hydroxamate was the only compound that did not exhibit
inhibition of growth of the E. co/i::DSB strain. Paper discs infused with either gliclazide or N-acetylglucosamine
showed higher inhibition of growth of the E. co/i::DSB strain in comparison to codeine-infused paper discs. These
observations demonstrate that the fitness of E. coli was further compromised by the combination of codeine
with either gliclazide or N-acetylglucosamine in the presence of DSB induction and sub-MIC of streptomycin.
The data illustrate a model for combinatorial antibacterial chemotherapy that utilizes a set of nonbacteriostatic or
nonbactericidal compounds to reduce the fitness of E. co/i in the presence of DSBs. This would also be instrumental
for screening and identification of novel antibacterial natural compounds that exhibit their antibacterial effects via
iDSB and DSBRi mechanisms and are usually produced below the limits of detection of standard assays.

Codeine sensitizes E. coli to DSB through ribosome dysregulation

Since the sensitization effect of codeine and sub-MIC of streptomycin against the E. co/7::DSB strain was detected
using the disc diffusion assay, we also investigated whether this effect could be reproduced in liquid growth medium
(nutrient broth). The growth assay for E. co/i::DSB and WT strains in nutrient broth showed that the MIC of
streptomycin for both strains was 0.125 ug (Figure 4A). Codeine also affected the growth of the E. co/i::DSB strain
in the absence of streptomycin, indicating the sensitization effect of codeine is reproduced in liquid growth medium.
Viability assays using alamar blue dye demonstrated that, generally, the E. co/i::DSB strain exhibited lower viability
compared with the WT strain in the presence of sub-MICs of streptomycin (Figures 4B, 5A & B). Nonetheless,
the viability of both strains of Escherichia coli was almost equivalent at 0.008 pg of streptomycin in the presence or
absence of codeine. Hence, the equivalence of this amount of streptomycin was used for the subsequent molecular
assays that investigated the effect of codeine and streptomycin on expression profiles of selected genes.
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Figure 4. Effect of codeine and double-strand break induction on growth and viability of Escherichia coli at
sub-minimum inhibitory concentrations of streptomycin. (A) Analysis of the effect of codeine, streptomycin and DSB
induction on the growth of Escherichia coli. (B) Analysis of the effect of codeine, streptomycin and DSB induction on
the viability of E. coli at 16 h after the addition of alamar blue dye. E. coli::DSB represents a strain of E. coli that
contains a genetic system for inducing a site-specific DNA DSB at the /acZ locus of the chromosome [11]. E. coli::No
DSB represents the control E. coli strain that is unable to induce the site-specific DNA DSB at the /acZ locus. Error bars
represent the standard error of the mean of three independent experiments.

DSB: Double-strand break.

The recB gene (encoding a major DSB repair protein), #orD and recX genes (encoding regulators of DSB repair),
rrsA gene (encoding the RNA component of the 30S ribosomal subunit) and mazF gene (encoding the toxin
component of a toxin—antitoxin system) were utilized for gene-expression analysis (Table 5). The uvrD and rrsA
genes are located within close proximity to the origin of replication on the right arm of the E. coli chromosome.
The recB, recX, mazE and mazF genes are found on the left arm of the chromosome (Figure 6).

Surprisingly, the 7754 gene, which was initially selected as a housekeeping gene for the purposes of data normal-
ization, was found to be a key target gene for the molecular assay. This led us to consider types of normalizations
with two completely different outcomes but similar overall inferences and conclusions (Figures 7 & 8).
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Figure 5. Effect of codeine and double-strand break induction on viability of Escherichia coli at sub-minimum
inhibitory concentrations of streptomycin. (A) Analysis of the effect of codeine, streptomycin and DSB induction on
the viability of E. coli at 20 h after the addition of alamar blue dye. (B) Analysis of the effect of codeine, streptomycin
and DSB induction on the viability of E. coli at 24 h after the addition of alamar blue dye. E. coli::DSB represents a
strain of E. coli that contains a genetic system for inducing a site-specific DNA double-strand break at the /acZ locus of
the chromosome [11]. E. coli::No DSB represents the control E. coli strain that is unable to induce the site-specific DNA
DSB at the /acZ locus. Error bars represent the standard error of the mean of three independent experiments.

DSB: Double-strand break.

Table 5. Functions of the Escherichia coli genes selected for the RT-qPCR assay.

Escherichia coli genes Functions

uvrD Helicase activity in nucleotide excision repair, methyl-directed mismatch repair and regulation of recombination
recB Nucleolytic processing of double-strand breaks ends and loading of RecA during homologous recombination
recX Anti-recombinase protein

mazEF Type Il toxin-antitoxin system

rrsA Structural RNA component of the 30S (small) ribosomal subunit
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Despite the crucial role of DSB induction in compromising the fitness of E. coli, the expression profiles of
the recB, recX or uvrD genes in the E. coli::DSB strain were only marginally affected by codeine, streptomycin
or the combination of these compounds, relative to the WT strain (Figures 7 & 8). Similarly, these treatment
conditions did not perturb the expression of the mazF gene in the E. coli::DSB strain in comparison to the WT
strain. The untreated E. coli::DSB strain showed higher expression levels for the four genes (recB, recX, uvrD and
mazF) compared with the untreated WT strain, confirming that DSB elicits a subtle increase in gene expression
levels in the stress response genes. Furthermore, the expression levels of these four genes in treated and untreated
E.coli::DSB strain were similar, which might possibly indicate a more predominant post-transcriptional regulatory
DSB response mechanisms.

Streptomycin caused a 7.54-fold increase in expression of the 7754 gene in the E. coli::DSB strain in comparison
to the untreated WT strain and 3.43-fold increase when compared to the corresponding streptomycin-treated WT
strain (Figure 7). This observation might suggest that increased perturbation in ribosome function could be a cause
of the increased susceptibility of E. coli to the ribosome-targeted antibiotic in the presence of DSBs, as we have
previously reported [6], leading to a robust increase in expression of the 7754 gene. Codeine also caused 4.13- and
3.87-fold increases in expression of the 7754 gene in the WT and E. coli::DSB strains, respectively, in comparison
to the untreated WT strain. This indicates that the compromised fitness of the E. co/i::DSB strain in response to
treatment with codeine might be mediated via a potential reduction in global protein synthesis and not only DSB
repair proteins (Figure 8). Moreover, the combination of codeine and streptomycin caused only 2.96- and 2.10-fold
increases in the expression of the 7754 gene in the E. co/i:DSB and WT strains, respectively, in comparison to the
untreated WT strain. This indicates a net reduction by 0.91- and 4.58-fold for the individual treatments with
codeine and streptomycin, respectively. Moreover, the expression levels of the 7754 gene in the WT strain treated
with streptomycin alone and codeine-streptomycin was nearly the same at fold changes of 2.2 and 2.1, respectively,
in comparison to the untreated WT strain. This might suggest a form of contention between two distinct ribosome
dysregulation mechanisms, resulting in higher loss of fitness in a DSB-dependent manner.

The strain-specific normalization approach did not demonstrate any significant treatment-dependent changes
in the expression of the four stress-response genes, although the expression levels of the recX and maxF genes
were moderately higher in the E. co/i::DSB strain compared with WT across all the three treatment conditions.
Conversely, the expression levels of the #vrD gene were higher in the WT compared with the E. co/i::DSB strain.
In relation to the 7754 gene, streptomycin caused an opposite effect; a fold change of 3.11 was obtained for the
E. coli::DSB strain in comparison to the 2.2-fold change obtained for the WT strain (Figure 8). Consequently,
we infer that the molecular mechanism underlying the compromised fitness of the E. co/i::DSB strain in response
to treatment with codeine only or codeine-streptomycin is most likely different from the known mechanism of
action of streptomycin. Moreover, the dysregulation of ribosome function caused by codeine in the WT strain,
leading to higher expression of the 7754 gene, is counteracted in the presence of DSB or streptomycin. Overall, the
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Figure 7. Effect of codeine and sub-minimum inhibitory concentration of streptomycin on the expression profile of
selected genes in Escherichia coli subjected to double-strand break formation. The E. coli::No DSB-untreated cultures
were used for normalization of the E. coli::No DSB-treated cultures, the E. coli::DSB-untreated cultures and the E.
coli:DSB-treated cultures. E. coli::DSB represents a strain of Escherichia coli that contains a genetic system for
inducing a site-specific DNA DSB at the /acZ locus of the chromosome [11]. E. coli::No DSB represents the control E. coli
strain that is unable to induce the site-specific DNA DSB at the /acZ locus. Error bars represent the standard error of

the mean of three independent experiments.
DSB: Double-strand break.

effect of codeine might be occurring at both the upstream of ribosome biogenesis and downstream of ribosome
function, with dysregulation of the upstream biogenesis phase being more dominant-negative. Furthermore, this
effect is dependent on the presence of DSB as suppression of the r7:4 gene occurs in the E. co/i::DSB strain and in

combination with streptomycin.

Discussion
The global antimicrobial resistance menace necessitates the utilization of unorthodox approaches, in addition

to paradigm methodologies, for the discovery of novel antibiotics that would be useful for preventing the spread
of bacterial pathogens [24-27]. In this study, a bacterial genomics-guided approach was utilized to identify fungal
secondary metabolites that are capable of instigating genome instability in E. coli. We observed that 8.44% of the
total fungal extracts consist of natural products that disrupt genome stability via formation of DSBs or inhibition
of DSB repair, which occurs mainly via homologous recombination in E. coli. The number of extracts containing
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Figure 8. Effect of codeine and sub-minimum inhibitory concentrations of streptomycin on the expression profile of
selected genes in Escherichia coli subjected to double-strand break formation. E. coli::DSB-treated cultures were
normalized to E. coli::DSB-untreated cultures and E. coli::No DSB-treated cultures were normalized to E. coli::No
DSB-untreated cultures. E. coli::DSB represents a strain of Escherichia coli that contains a genetic system for inducing a
site-specific DNA DSB at the /acZ locus of the chromosome [11]. E. coli::No DSB represents the control E. coli strain that
is unable to induce the site-specific DNA DSB at the /acZ locus. Error bars represent the standard error of the mean of

three independent experiments.
DSB: Double-strand break.

natural products affecting bacterial genome stability was only twofold less than the general growth inhibitors
identified in this study, indicating that these classes of compounds are not produced rarely by fungi. Moreover, the
synergistic antibacterial activities of these two categories of natural products (DSB and DSBR:) against the WT
E. coli strain shows that these compounds are suitable candidates for the development of combination antibiotic
chemotherapy, especially against the diverse infections caused by Gram-negative bacteria. The data in this study
provide additional evidence for the vital role of fungal biodiversity as sources of antibacterial natural products that
could be explored for novel antibiotic drug discovery [28-30].

Bioactive natural products of interest are usually produced together with several other compounds, thereby
necessitating extensive fractionation techniques for the isolation and characterization of these compounds from
their native sources [31]. Bioactivity-guided fractionation has previously been utilized for the discovery of natural
products exhibiting anticancer and antibacterial activities [32,33]. The isolation and purification of bioactive natural
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products from the initial crude extract represents one of the strenuous tasks associated with exploring natural
products for the discovery and development of novel drugs (34. Nonetheless, recent advancements in available
technologies facilitates timely isolation of novel bioactive compounds [35]. Fractionation of the iDSB and DSBR:
extracts showed that natural products affecting bacterial genome stability were present in some of the eluted
fractions, even though the fractionation also led to some loss of iDSB or DSBR; activities previously detected in
these extracts. Conversely, we also demonstrated that previously inactive extracts generated fractions showing i.DSB
and DSBR; activities. These observations highlight potential challenges that are usually associated with bioactivity-
guided fractionation procedures [36]. Nevertheless, the consistent detection of natural products exhibiting iDSB
and DSBR; activities in the extensively purified 3D-TLC fractions shows that these compounds have the potential
to be isolated in a pure state from extracts for downstream elucidation of their chemical structure and validation of
their antibacterial activities.

Fluoroquinolones are the most notable antibiotics currently used in clinics that have been shown to elicit
bactericidal activity via DSB formation [9]. Cystobactamids are also natural antibacterial products isolated from
myxobacteria that share the same cellular targets as the fluoroquinolones. Interestingly, it has been reported
that despite the increasing emergence of drug-resistant bacterial pathogens against fluoroquinolones, there is
no crossresistance of cystobactamids to fluoroquinolones [37). It is possible that the natural products displaying
iDSB activity in this study may also affect bacterial topoisomerase II enzymes (DNA gyrase or topoisomerase IV
inhibitors). Nevertheless, the isolation of natural products exhibiting ZDSB activities from several morphologically
diverse fungi in this study could suggest that 7DSB activities could also be a concomitant effect of inhibition of
other bacterial cellular targets, that is, nongyrase or nontopoisomerase IV inhibitors.

A chemical biology-based approach for drug repurposing was also utilized in this study for two main reasons.
First, to identify already existing compounds that could exacerbate the antibacterial effect of sub-MIC streptomycin
in E. coli subjected to constitutive DSB formation. Second, we were also interested in the identification of cellular
targets underlying the chemically mediated increase in susceptibility of E. coli to sub-MIC streptomycin in the
presence of DSB formation. Interestingly, the compounds that exacerbated this desired phenotype in E. coli were
not notable for boosting the antibacterial activity of streptomycin or other antibiotics used in clinics. We have
previously demonstrated that codeine, a weak opioid used for pain management in clinics [38], caused an increase
in the MIC of streptomycin against E. col7, and this phenotype was reversed in the presence of DSB induction e].
This DSB-dependent susceptibility caused by codeine is hypothesized to represent a booster of the antibacterial
effect of sub-MIC of streptomycin against E.coli. We are optimistic that the chemically mediated susceptibility
phenotype in E. coli, in addition to the available DSB-modified/mutant strains, would be useful for screening
and identification of antibacterial natural products. Moreover, these natural products would be relevant, especially
when the active agents are produced in very small quantities by fungal species, and hence are mostly undetected
by paradigm viability assays [35]. The targeted isolation of these originally undetectable natural products could lead
to the availability of a plethora of antibacterial drug candidates that have not been exposed to existing bacterial
pathogens. As these potential novel antibacterial compounds are derived from natural sources, they are also more
likely to exhibit desirable pharmacological properties in comparison to synthetic compounds (39]. The combinatorial
nature of the strategy for targeting bacterial genome stability will also create diverse antibacterial regimens that can
be selected to be specific to different species of bacterial pathogens.

Preliminary gene-expression analysis has eliminated the potential role of a DSB repair gene (recB) [40] or regulators
of DSB repair (recX and uvrD) [41,42] in the molecular mechanism underlying the chemically mediated susceptibility
phenotype in E. coli. In contrast, 16S rRNA, which is a target for streptomycin, was affected by codeine treatment,
albeit via a mechanism that is opposite to the effect of streptomycin treatment. The effect of the combination of
codeine and streptomycin on expression of the 16S rRNA gene was also identical to the effect exhibited by codeine
only, but not streptomycin only. Thus, we hypothesize that the molecular mechanism underlying the chemically
mediated susceptibility phenotype in E. coli is different from the known mode of action of streptomycin. A previous
study that utilized x-ray crystallography demonstrated that helices 1, 18, 27 and 44 of 16S rRNA and ribosomal
protein S12 constitute the binding site for streptomycin [43]. A subsequent study also showed that streptomycin
causes misreading of the genetic code by inducing a lateral shift or distortion of helix 44 of 16S rRNA [44). We
propose a mechanism of ribosomal destabilization by streptomycin and codeine when utilized individually, and
the dysregulation of ribosome biogenesis in a DSB-dependent manner by codeine. Moreover, codeine may exhibit
dominant-negative effects in the presence of DSBs, thereby overriding suppression of the mechanism driving
increased synthesis of 16S rRNA when utilized alone and in combination with streptomycin.
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Future studies using whole-transcriptome sequencing and high-resolution imaging would reveal holistic bacterial
gene-expression profiles and mechanisms of chromatin dynamics that are disturbed during the increased suscep-
tibility of E. coli to streptomycin in the presence of DSBs and codeine. Final isolation of the /DSB and DSBRi
metabolites in their pure state would also be followed by validation of their antibacterial activities and mechanisms
of action. Ultimately, it is anticipated that these approaches would lead to the identification of new bacterial cellular
targets and novel antibacterial compounds that could be explored for antibiotic drug discovery.

Conclusion

Fungal secondary metabolites affecting bacterial genome stability represent new classes of antibacterial compounds
that are being explored for the development of antibiotic combination chemotherapy. Codeine exacerbates the
antibacterial effect of sub-MIC streptomycin in E. coli subjected to constitutive DSB formation. This effect of
codeine could be useful for screening and identification of antibacterial natural products that are usually produced
in very small quantities and are mostly undetected by the paradigm viability assays. Finally, this study demonstrates
that even though codeine disrupts the expression of the 765 »RNA gene, its molecular mechanism is different from
the known mechanism of action of streptomycin.

Summary points

e The increasing prevalence of drug resistant bacterial strains in clinics necessitates continual screening of
underexplored natural products for the identification of novel antibacterial compounds. This menace also
underscores the need to utilize unorthodox approaches, in addition to the paradigm methodologies, for the
discovery of novel antibiotics that affect new cellular targets in bacteria.

e A bacterial genetics-guided approach was used in this study for screening of extracts and fractions obtained from
fungal fermentation cultures for the identification of candidates that exhibit antibacterial activities via either the
formation of DNA double-strand breaks (DSBs) or inhibition of the concomitant repair event in Escherichia coli. A
chemical biology-based approach was also used to identify already existing compounds that exacerbate the
antibacterial effect of sub-MIC streptomycin in E. coli subjected to constitutive DSB formation.

e A total of 8.44% of the extracts exhibited antibacterial activity via either formation of DSBs (iDSB) or inhibition of
DSB repair (DSBRI) in E. coli. Pairing of iDSB extracts with DSBRi extracts demonstrated that these two categories
of antibacterial extracts exhibit synergistic activity against E. coli.

e Fractionation of DSBRi extracts led to the identification of fractions that exhibit iDSB activity; fractionation of
iDSB extracts generated fractions that exhibits both iDSB and DSBRi activities; and fractionation of inactive
extracts generated fractions endowed with iDSB or DSBRi activities.

e Codeine induces a resistance mechanism to streptomycin in E. coli, which is abrogated in response to DSB
induction.

e Reversal of the resistance phenotype in the presence of DSBs represents a codeine-dependent increase in the
sensitivity of E. coli to streptomycin.

e The fitness of E. coli was further compromised by the combination of codeine with either gliclazide or
N-acetylglucosamine in the presence of DSB induction and sub-minimum inhibitory concentrations (MICs) of
streptomycin.

e Molecular analysis demonstrated that expression of a DSBR gene and its regulators was only marginally affected
by codeine, streptomycin or the combination of these compounds, in response to DSB induction. Similarly, these
treatment conditions did not perturb expression of the mazF gene.

e Streptomycin caused a disruption in expression of the rrsA gene, which was exacerbated in response to DSB
induction. Codeine caused a significant disruption in expression of the rrsA gene, but was opposite to the effect
exhibited by streptomycin. Codeine exhibited a dominant effect in the expression of the rrsA gene in the
presence of streptomycin.

e This study corroborates the vital role of fungal biodiversity as a source of natural antibacterial products that
could be explored for novel antibiotic drug discovery.

e Fungal metabolites exhibiting iDSB and DSBRi antibacterial activities have great potential for the development of
new antibiotic combination chemotherapy regimens.

e The DSB-dependent increase in the activity of sub-MIC streptomycin caused by codeine might be useful for the
screening and identification of natural antibacterial products that are usually produced in very small quantities
and are mostly undetected by paradigm viability assays.
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