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ABSTRACT

The urgent need for antibiotics of novel molecular architecture to manage the rapid spread of multidrug-resistant pathogens (MDR) cannot be
overstressed. It is obvious that compared with mere modifications of existing antibiotics, compounds of molecular structures hitherto not
experienced by the pathogens would be more effective and also reduce the rate of evolution of drug resistance among them. We argue that
instead of the routine exercise of bioprospecting different classes of microbes, the chances of finding such novel antibiotics are more if MDR
pathogens are made to interact with microbes, especially with fungi from less explored and extreme habitats (LEEH).
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INTRODUCTION

The discovery of antibiotics was one of the critical factors
which improved several facets of human life in the 20th
century (Dasgupta, 2021). However, the evolution and rapid
spread of antibiotic resistance among human pathogenic
bacteria and fungi is pushing the world to the pre-antibiotic
period thus posing a formidable global health threat.
Recently, Dr. Tedros Adhanom Ghebreyesus, Director-
General of WHO has declared, “Never has the threat of
antimicrobial resistance been more immediate and the need
for solutions more urgent” (https://www.who.int/
news/item/17-01-2020-lack-of-new-antibiotics-threatens-
global-efforts-to-contain-drug-resistant-infections). It is
projected that by 2050 these multidrug-resistant (MDR), pan-
drug-resistant (PDR) and extensively drug-resistant (XDR)
microbes would cause 10 million deaths annually resulting in
a global cost of 100 trillion USD (Trotter et al., 2019).
Although many infections by MDR pathogens are
nosocomial, some of them are community-acquired. These
pathogens possess antibiotic resistance trait that exist even
when the antibiotic pressure is absent thus aiding in their
extraordinary wide dispersal (van Duin and Paterson, 2016).
To manage this global health problem, the World Health
Organization (WHO) recommends that future research
strategies should focus on the discovery and development of
new antibiotics specifically active against MDR and XDR
microbes (https://www.who. int/news/item/27-02-2017-
who-publishes-list-of-bacteria-for-which-new-antibiotics-
are-urgently-needed).

THE WORSENING CRISIS OF ANTIBIOTIC
RESISTANCE

Although evolution of antibiotic resistance among
susceptible microbes is a natural process, the rapid evolution
of MDR pathogens is ascribed to the indiscriminate and
overuse of antibiotics (Ventola, 2015). This situation is
compounded by the reluctance of pharmaceutical companies
to produce new antibiotics mainly due to lack of economic
viability (Plackett, 2020). The very low economic returns
compared to the expenditure in trying to find new antibiotics,
the failure of many potential antibiotics to perform at the
preclinical trial stage, the policy of the governments of many
countries to subsidize medicine costs, the strategy of the
physicians in not prescribing new antibiotics to delay the

evolution of resistance, and the almost total lack of
knowledge about the economics of drug resistance are the
main causes for pharmaceutical companies not investing in
antibiotic research (Plackett, 2020). The reluctance in sharing
negative research results among researchers also retards
significantly the discovery of new antibiotics (Yu, 2021).
Furthermore, the so-called novel antibiotics in use are only
chemical modifications of those for which resistance has been
already developed and hence their effective life is bound to be
short (Renwick et al., 2016). Only very few of the antibiotics
approved in the last 40 years are new classes of molecules
(Miethke ef al., 2021). The screening of synthetic chemical
libraries and synthetic drug chemical approaches (Ortholand
and Ganesan, 2004) have not yielded new antibiotics (Brown
et al., 2014). 1t is arguable that the methods advocated to
control MDR such as chemical modifications of ineffective
antibiotics, use of antibiotic resistant breakers and directed
drug delivery systems (Laws ez al., 2019) are stable solutions.
Although methods such as the use of bacteriocins, antibodies,
phage therapy, nanotherapy (Vivas et al., 2019) and deep
learning approach are being tried (Stokes et al, 2020),
bioprospecting for natural antibiotics to manage MDR
pathogens could still be worthwhile as this holds more
promise for finding truly novel antibiotics.

FUNGI OF LEEH IN BATTLE WITH MDR
PATHOGENS INCREASED CHANCES OF FINDING
NOVEL ANTIBIOTICS

Although research on natural products compared to synthetic
ones holds promise to deliver new antibiotics especially
owing to their 'loose adherence' to Lipinski's rule of five
(Miethke et al.,, 2021), searching for effective antibiotics
among natural products is fraught with a major drawback of
the repeated discovery of the same molecules (Cox et al.,
2017). One reason for this could be that almost all the
currently used antibiotics have been obtained from bacteria
and fungi of only one ecological niche, the soil (Gogineni et
al., 2020). Thus, it would be prudent to bioprospect microbes
of less explored and extreme habitats (LEEH) for different
chemical classes of antibiotics (Marcolefas et al., 2019;
Schneider, 2021). Although a ratiocinative conclusion is that
the need for antibiotics for microbes of such ‘unusual’
environments would be less due to the depauperate species
abundance in such settings, several recent reports suggest
otherwise. For instance, marine planctomycetes bacteria
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appear to be an excellent source of many novel antibiotics
(Wiegand et al, 2020); similarly, marine actinobacteria
elaborate novel antibiotics effective against drug resistant
fungal (Zhang et al., 2020a) and bacterial pathogens (Igarashi
etal., 2021). Microbes associated with sponges (Zhang et al.,
2020b) and corals produce novel antimicrobial compounds
(Zhangetal., 2020c).

Here, fungi seem to hold promise. Fungi possess diverse
biosynthetic pathways (Kiick ez al., 2014). In fungi, the genes
encoding enzymes involved in synthesizing secondary
metabolites are in continuous arrangement forming
biosynthetic gene clusters (BGCs). A single fungus houses 30
to 70 BGCs; along with the information gleaned from the
number of sequenced fungal genomes, this indicate that the
secondary metabolite spectrum of fungi has hardly been
explored (Keller, 2019). The fact that merely 8% of the
estimated 2.2 to 3.8 million existing species of fungi are
known currently (Hawksworth and Liicking, 2017) lends
credence to the high expectation of obtaining novel drugs
from fungi. Owing to their phenotypic plasticity, fungi
survive in extreme habitats exhibiting desiccation (Barnard et
al., 2013), high and low temperatures (McKay et al., 2003;
Onofti et al., 2007), acidic and alkaline pH (Gonzalez-Toril ez
al., 2003; Gonsalves, 2012), or salinity, or radiation
(Zhdanova et al., 2004; Dadachova and Casadevall, 2008;
Fendrihan et al, 2009; Stan-Lotter and Fendrihan, 2013);
they are known to tolerate radiation and dry heat
(Suryanarayanan et al., 2011) and survive even under
simulated Mars conditions (Blachowicz ef al., 2019). Fungi
from such extreme environments have hardly been addressed
for their metabolite profile (Suryanarayanan and
Hawksworth, 2005) though a few studies endorse that they
produce several novel metabolites including those with
potential antibiotic properties. Zhang et al. (2018) in their
review have collated a total of 314 novel compounds from
extremophilic fungi of which 161 are bioactive compounds. It
is known that environmental factors such as temperature, pH,
and carbon source and nitrogen source affect secondary
metabolite production in fungi (Calvo et al., 2002). As one of
the adaptations to survive in harsh conditions, fungi could
have evolved a metabolite spectrum different from those of
normal environment. Thus, fungi from LEEH are a good
source of novel metabolites (Chavez et al., 2015).

To enhance the chances of finding novel antibiotics, we
propose creating artificial microbial communities where
MDR pathogen(s) are made to interact with fungi of LEEH.
Such interactions could result in antibiosis as one of the
mechanisms to overcome competition between the microbes
for space and resource (Fig. 1). This could be more effective
than a routine search of any natural environment including
coculture method since habitat filtering selects microbes with
suitable traits to survive in particular habitats (Feinstein and
Blackwood, 2013; Crowther et al., 2014). The three aspects of
this proposal which could bolster the possibility of
identifying new antibiotics are (1) the use of MDR assures the
detection of , at least at the screening level, antibiotics acting
against them since secondary metabolite gene clusters in
fungi are activated by interactions and communications with

bacteria (Netzker et al., 2015), (2) fungi of LEEH have hardly
been explored for their antibiotic spectrum, and (3) since
extreme habitats harbor low species diversity of microbes
sharing a common selective pressure, it would be easier to
construct synthetic communities (Ponomarova et al., 2017)
for further exploration. MDR pathogens isolated from
dressings, tissues and body fluid wastes of infected patients,
catheters and disposable tissues could be grown in the
laboratory as axenic cultures. They could then be challenged
with fungi of LEEH to know if they produce antibiotics
against the MDR pathogens. It is essential to subject this
challenging setup to different grades of stress conditions since
the physiology of some halophilic fungi is known to change as
aresponse to the external salinity (Pérez-Llano et al., 2020).

Fig. 1: Possible ways by which novel antibiotics could be
produced when LEEH fungi are allowed to interact
with MDR in a simulated harsh environment. A. A
fungus (d), as a response to the harsh condition,
produces a metabolite (1) which inhibits MDR. B.
Interaction between two fungi (c¢) and (a), induces
production of a metabolite (2) by one of them which
inhibits MDR. C. Interaction of the fungi (b) and (a)
induces production of a metabolite by one of them
which is biotransformed by the fungus (d) which
inhibits MDR.

a,b,cand d - LEEH fungal species, ®MDR pathogen.

SIMPLE METHODS TO SCREEN LEEH FOR
ANTIBIOTICS

Some LEEH fungi such as thermotolerant, pH or salt-tolerant
fungi are highly adaptable and grow both under harsh and
normal environments. To screen such fungi, we propose a
modified Rossi-Cholodny buried slide technique (Cholodny,
1930; Rossi, 1936). A mixture of LEEH fungi (spores and/or
mycelial bits) isolated from an environment is added to a
molten water agar medium, mixed and poured in a sterile
beaker. After the medium has set, slots are made in it by
inserting sterile microscope slides and removed. Sterile
microscope slide coated with nutrient agar inoculated with a
MDR pathogen is inserted in the slot and incubated in a moist
chamber. The slide is removed periodically and plated on a
nutritive agar medium to isolate the fungi attached to the
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slide. Based on the principle that a natural filtering
mechanism works in a competitive environment, it is likely
that some of the fungi which have come in contact with the
slide supporting the growth of the MDR pathogen could
exhibit antibiosis. Hence, the fungi isolated from the slide can
be tested by simple agar diffusion method for production of
anti-MDR metabolites. The same procedure could be
repeated for obligate extremophiles by simulating conditions
of the harsh environments and after ensuring that the test
MDR pathogen is not killed by the harsh environment.
Solidified nanofibrous cellulose-containing media which
withstand extreme conditions could be used for culturing
acidophiles, alkaliphiles, thermophiles, acidothermophiles
and alkalithermophiles (Tsudome ez al., 2009).

RAPID QUALITATIVE SCREENING FOR
ANTIBIOTIC PRODUCTION

A LEEH fungus is cultured in suitable liquid medium (with
and without extreme conditions) for 3-4 weeks. Its culture
filtrate (secretome) is collected, extracted with a solvent and
concentrated. The concentrated secretome (20-50 pL of each
fungus) is spotted on a silica gel coated aluminium thin-layer
chromatography (TLC) sheet. The TLC sheet is then sprayed
with an MDR pathogen suspended in a growth medium and
incubated for 3-5 days in moist chambers. Then the TLC plate
is sprayed with tetrazolium salt such as MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide].
Living MDR bacteria convert tetrazolium salt to purple
formazan and hence the uncoloured spots on the TLC indicate
dead MDR bacteria suggesting the production of antibiotic
metabolites (Choma and Jesionek, 2015).

A major concern in bioprospecting LEEH microbes including
fungi, is the non-cultivable nature of many of them. Thus, any
effort involving the culturable microbes alone would capture
only a part of their chemical diversity. Occurrence in very
low numbers in an ecological niche, slow growth rates,
specific growth requirements, low competitive ability, or
dependence on chemicals produced by co-occurring
microbes are among the major factors that are responsible for
the inability of some microbes to grow in culture. Hence,
different methods to encourage the growth of the unculturable
LEEH fungi have to be tried to enhance the chances of the
discovery of novel antibiotics. Some of these include the
reduction of nutrients in the growth media, reduction of the
diversity of microbes by dilution to culture the species
occurring in very low numbers, long term incubation to
encourage slow growers, and creating growth conditions
mimicking natural habitats (Vartoukian et al., 2010). Once a
potential antibiotic producing fungus is identified, co-
culturing methods, exposure to light, adjustment of nutrients,
epigenetic manipulation and expression of its BGCs in
heterologous systems could be tried for activation of its genes
to produce effective antibiotics (Keller, 2019).

CONCLUSION

We conclude that creating a battlefield for MDR and LEEH
and involving all the possible culture and molecular
techniques would increase appreciably the chances of finding
novel antibiotics to manage such pathogens than random

bioprospecting. As stressed by Suryanarayanan and
Hawksworth (2018), funding agencies should encourage
exploration of fungi from unexplored habitats for the
production of novel compounds active against MDR
pathogens.
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