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Abstract

Purpose of Review The current review focuses on opportunities for new areas and new methods to isolate microorganisms

from soil that could lead to new antimicrobial compounds.

Recent Findings Ongoing investigation of wetland microbial communities is vital for identifying novel antibiotics to combat
the escalating threat of AMR. Exploring uncultured bacteria in soil has also led to promising compounds like teixobactin,

which is effective against drug-resistant bacteria.

Summary Bioprospecting for new antimicrobials in wetland environments that focus on previously unculturable bacteria is
an emerging field of study. The need for new antimicrobials demands innovative approaches to discovery, such as the Tiny
Earth project, and a collaborative focus, such as the One Health Initiative.
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Introduction

Antimicrobial compounds, better known as antibiotics, are
frequently used to treat bacterial infections by inhibiting
further growth or damaging and killing the bacteria. Today,
antibiotic misuse and overuse are widespread, increasing
antibiotic resistance in the environment [1-5]. Consequently,
antimicrobial resistance (AMR), a significant threat to human
health, is increasing worldwide, pressuring the discovery and
development of new antibiotics [2, 6, 7]. The growing gap
between how fast microbes are developing resistance and
the development of new antimicrobials is a public health
threat [5] that keeps growing due to the inability to prevent
inappropriate antibiotic use, lack of adequate guidelines [8],
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as well as poor sanitation, and hygiene [9]. “Superbugs,”
opportunistic strains of bacteria, viruses, parasites, and
fungi that are resistant to most of the antibiotics and other
medications commonly used to treat infections are rapidly
acquiring resistant genes against most of the familiar
antimicrobial substances, both of natural and synthetic
origin [10]. The best example represents methicillin-resistant
Staphylococcus aureus, usually referred to as MRSA that
became resistant to an entire class of antibiotics called
beta-lactams [11]. The World Health Organization (WHO)
identified a new “Priority 1: Critical” bacterial group as
Gram-negative ESKAPE pathogens, i.e., Enterococcus
spp-, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp. [12, 13e]. These bacteria pose a significant
threat worldwide as they are observed to be multidrug-
resistant (MDR), extensively drug-resistant (XDR), and pan-
drug-resistant [14], including resistance to oxazolidinones,
lipopeptides, macrolides, fluoroquinolones, tetracyclines,
B-lactams, p-lactam—f-lactamase inhibitor combinations, and
last-line antibiotics including carbapenems, glycopeptides,
and polymyxins [8, 13e].
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What is the Current Status of Antibiotic
Resistance?

MRSA and ESKAPE pathogens’ proficiency in expressing
resistance to a broad range of antibiotics is influenced by
the selective pressure on pathogenic bacteria to acquire
an extensive range of antibiotic resistance genes (ARGs)
via horizontal gene transfer [15]. For example, a recent
study demonstrated that out of 79 samples, a total of seven
were a mcr-1 positive E. coli (MCREC) strain, which indi-
cates a multidrug-resistant strain with a gene for the type
IV secretion system (T4SS). T4SS aids in the plasmid-
mediated horizontal transfer of genes encoding virulence
and antibiotic resistance [16]. This characteristic causes
multidrug resistance to spread more quickly among vari-
ous populations of pathogens. This situation is exacerbated
in many low- and middle-income countries due to limited
resources to combat the issues mentioned above for the
societal causes of the spread of antibiotic resistance [5].

The resistance to penicillin, an antibiotic that has been
treating bacterial infections for over 70 years, is, unfor-
tunately, the fate of all antibiotics now on the market. As
more microorganisms are acquiring resistance to existing
antibiotics, further discovery and characterization of bac-
terial genes involved in synthesizing antimicrobial com-
pounds are crucial for developing new antibiotics. The
pharmaceutical industry has employed various strategies
over the last two decades. The basic strategy involved
screening for new active compounds, generally from
bacterial-derived natural products, followed by chemical
optimization around a scaffolding [17].

Many pharmaceutically essential secondary metabolite
natural products are synthesized by polyketide synthase
(PKS) and non-ribosomal polypetide synthetases (NPRS),
including two crucial microbial secondary products PK
and NPR that exhibit antimicrobial, anticancer, and immu-
nosuppressive bioactivities [18, 19]. Additionally, it has
been found that the PKS and NRPS gene sequences are
dominant in the Actinobacteria genome and specifically
more abundant in the Streptomyces species [18, 20]. The
third most prominent bacterial family, Actinobacteria, has
produced over 20,000 secondary metabolites that have
shown a wide array of activities as bioactive compounds
[10]. This emphasizes the importance of the Actinobac-
teria bacterial family, with Streptomyces being in the
spotlight as the genus known for its extensive ability to
produce antibiotics [18, 20].

As antimicrobial resistance has become a worldwide
phenomenon, the urgency for discovering new bioactive
compounds is spreading, and attention is being directed
back towards the soil microbiome. Some of the most well-
known antibiotics, such as penicillin and streptomycin,

were developed from soil microorganisms [21, 22]. Wet-
lands provide unique and varied soil habitats for microbial
diversity due to their physical and chemical characteris-
tics. The absence of oxygen in this environment creates a
niche for anaerobic microorganisms not typically found in
other environments.

What are Wetlands and What Bacteria
Inhabit Them?

Wetlands create surroundings with low oxygen levels,
prompting the growth of methanogenic bacteria and sulfate-
reducing bacteria. This largely unexplored environment rep-
resents a rich source of diverse bacterial communities that
produce a range of unique compounds and could be ripe for
bioprospecting in the future.

Studies have found that actinomycetes, the most prolific
producer of antibiotics [23], are more abundant in wetland
soils compared to other soil types and can harbor unique strains
of Actinobacteria in wetlands with high levels of organic mat-
ter, nitrogen, and phosphorus [24-27]. This provides a source
of energy and nutrients for microbial growth, prompting the
diversity and abundance of microbial communities in these
environments. Many studies have demonstrated the existence
of bacterial communities that have not been cultured in the
laboratory [28, 29ee]. Thus, wetland soils are potentially a sig-
nificant source of new antibiotics if these previously uncul-
tured bacteria could be cultured in the laboratory.

Microbial communities are integral components of the
biota in wetlands and play essential roles in shaping the
composition and function of these ecosystems. The vari-
ety of wetland microbial communities is tightly linked with
plant biota through nutrient cycling, plant-microbe interac-
tions, and direct impacts on plant growth and health [30].
It has been demonstrated that the type of plants present,
including vascular plants and bryophytes, significantly influ-
enced microbial diversity, richness, and bacteria commu-
nity structure [31, 32]. Sphagnum peat mosses are a crucial
player as they construct Sphagnum peat bogs that are one
of the prevailing ecosystems in the Northern Hemisphere’s
boreal and tundra zones and store 30% of total soil organic
carbon [33, 34]. This cosmopolitan genus of mosses aids in
the formation of peat by amassing organic material, which
produces a physical barrier that retains water and nutrients.
Combined with high moisture, decreased temperature, low
pH, nutrient richness, and anoxic conditions [35], these
specific environments were a hotspot for specific bacterial
communities that fulfill essential ecosystem functions and
health roles [31]. Proteobacteria, Actinobacteria, and Aci-
dobacteria are the predominant bacterial taxonomic groups
in peat bogs, followed by Cyanobacteria, Bacteroidetes,
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and Verrucomicrobia [31e, 36, 37]. In addition to the high
functional genetic diversity observed in the Sphagnum-
associated microbes, many bacterial taxa within these com-
munities have yet to be identified [38, 39]. Studying these
environments is crucial for identifying the microbial com-
munity diversity and structure because many of these micro-
organisms produce compounds involved in various biologi-
cal processes. Additionally, it offers a possibility for new
antimicrobial activity investigations and bioprospecting as
this diversity produces distinctive compounds such as bac-
teriocins, antibiotics, and antifungal agents that can be used
to counter pathogenic species and drug-resistant bacteria.

A recent study has demonstrated a strong correlation
between alterations in soil microbial populations across vari-
ous regions and changes in soil chemistry [40]. The diversity
of microbial communities that inhabit various soil types is
significantly impacted by soil properties such as soil pH,
temperature, texture, moisture, and amount of organic matter
[41, 42]. Generally, soil characteristics are intricately linked
to the variety of microbial populations; hence, we can better
manage and maintain healthy soils that support diverse and
productive ecosystems by understanding how different soil
properties impact soil microbiomes.

There is a correlation between bacterial diversity and
community composition primarily associated with pH [43],
with different groups of organisms thriving in soil with dif-
ferent pH ranges. Relative abundance and distribution of
Acidobacteria, a predominant bacterial phylum in wetland
soils [41, 44], exhibit distinct and significant reactions to pH
changes. For example, Acidobacteria subgroups Gp1-3 were
found to be adversely affected by pH [2, 41e, 45, 46] and
being abundant in acidic bogs. Similarly, the relative abun-
dance of Alphaproteobacteria and Gammaproteobacteria
decreased towards higher pH [47]. In contrast, Acidobacteria
subgroups Gp4-7 were positively correlated with higher pH
values [45, 46], thus thriving in a less acidic environment.
Given that Acidobacteria, as a group, are bacteria that are
notoriously difficult to cultivate in the laboratory [30], they
remain largely unexplored for antimicrobial production.

While bog wetlands are one example of Sphagnum-asso-
ciated wetland communities with decreased pH values, fens
represent the other end of the extreme, with basic or alkaline
soil. Fens are found where springs or streams bring ground-
water to the surface rich in alkaline and other minerals that
lead to unique microbial diversity [37, 48—50]. The most
prevalent group in all alkaline soils is the class Actinobac-
teria, where DNA sequences’ abundance decreased as pH
levels decreased [51, 52]. Moreover, previous research has
established a positive correlation between high levels of pro-
teobacterial groups and greater availability of carbon [53].
In addition, Proteobacteria and Actinobacteria abundance
increased in nutrient-rich soils. At the same time, Acido-
bacteria, categorized as oligotrophic bacteria, are commonly
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found in nutrient-deficient and highly acidic habitats, as
mentioned above [54].

What is the Current Status of Bioprospecting
in Wetlands?

A potential source of novel antimicrobial compounds is a
diverse range of microorganisms that inhabit wetland eco-
systems, including actinomycetes. These Gram-positive fila-
mentous bacteria that belong to the species of Actinobacteria
(Actinomycetota) have been shown to produce a wide range
of bioactive compounds, including antibiotics, antimicrobial
peptides, bacteriocins, as well as antifungals, and anticancer
agents [55]. The wetland environment is believed to provide
a unique niche for actinomycetes, allowing them to compete
with other microorganisms for resources and develop unique
biosynthetic pathways for bioactive compound production
[56]. Therefore, further research on actinomycetes isolated
from wetlands could provide a valuable source of natural
antimicrobial agents. A study on the actinobacterial com-
munities in Sanggou Bay and the Swan Lake wetlands on
the coast of Weihai, China, found that out of 109 actinobac-
terial strains, 104 (95.4%) expressed inhibition against at
least one indicator strain, namely, Pseudomonas aeruginosa,
Bacillus subtilis, Staphylococcus aureus, Candida albicans,
Vibrio anguillarum, and Vibrio parahaemolyticu [18]. In
2022, another study aimed to discover the presence of anti-
bacterial activity among wetland Actinobacteria by isolat-
ing rare halophilic actinomycetes from hypersaline soils of
Algerian inland Wetland Ecosystems “Sebkhas-Chotts.”
Hypersaline soil ecosystems represent a rich reservoir for
the isolation of significant rare halophilic actinomycetes,
and isolates collected from this wetland have been found to
express high antibacterial activity against Bacillus cereus,
Bacillus subtilis, Micrococcus luteus, and Staphylococcus
aureus [57]. Furthermore, the Bacillus sp. sed 2.2 strain,
which was isolated from wetlands in Sao Leopoldo, South-
ern Brazil, showed inhibitory activity; the antimicrobial
substance produced by this strain was partially purified and
found to be active against pathogenic Gram-positive bac-
teria, including some species of Listeria [58]. A wetland
sediment isolate, Bacillus sp. sed 1.4, was also observed
to have antimicrobial activity against Listeria. However,
there was not a noticeable inhibition against Gram-negative
bacteria, yeast, and other Gram-positive species [59]. This
study conducted a comprehensive screening to evaluate the
hydrolytic enzymes, antibacterial, and anticandidal activi-
ties of eight carefully selected actinomycetes isolates from
the natural wetland ecosystem. These isolates were further
categorized into four rare genera, namely, Actinomadura,
Nocardia, Nonomuraea, and Micromonospora, collectively
called rare actinomyces [60]. Notably, rare actinomycetes,
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particularly non-Streptomyces Actinobacteria, are known for
their inherent difficulty in cultivation; however, their poten-
tial as valuable sources of diverse secondary metabolites
with medicinal properties is well-documented [61]. Remark-
ably, the screened isolates exhibited significant anticandidal
and antibacterial activities against Gram-positive and Gram-
negative bacteria [60].

Regarding Streptomyces specifically, researchers have
identified a wetland-derived Streptomyces sp. Actif450 as
Streptomyces malaysiensis with increasing antibacterial
activity against pathogenic staphylococci. In addition, this
species showed inhibition against fungal pathogens includ-
ing molds and yeasts, such as Arthroderma vanbreuseghe-
mii, Aspergillus fumigatus, A. niger, Candida albicans, C.
glabarta, C. krusei, C. parapsilosis, Fusarium oxysporum,
F. solani, Microsporum canis, Rhodotorula mucilaginous,
and Scodapulariopsis candida [25]. In another study, a col-
lection of 125 Streptomyces strains was obtained from Fet-
zara Lake, an Algerian wetland. This research revealed that
the isolated strains exhibited antimicrobial activity against
two Gram-positive bacteria, namely Bacillus subtilis and
Micrococcus luteus, and against a Gram-negative bacterium,
Escherichia coli. Among the isolated Streptomyces strains,
six exhibited broad-spectrum inhibitory activity against all
three indicator strains, indicating significant promise for
discovering novel antibiotics [62]. Streptomyces species are
acknowledged for their remarkable capacity to synthesize
diverse biological compounds [11], where over 90% of the
possible secondary metabolites, including several clinical
antibiotics like erythromycin and streptomycin, are derived
from this species [12, 63]. Additionally, 16 Streptomyces
strains of these species isolated from rhizosphere habitat in
the Zhalong wetland were active against the Gram-positive
bacterial test strains, S. aureus and B. subtilis, and ten iso-
lates showed activity against Pseudomonas aeruginosa [64].

What are the Challenges, Limitations,
and Future Avenues of Research?

A few new antimicrobial compounds have been recently
discovered in wetland organisms [60] that can inhibit the
growth of drug-resistant bacteria. Ongoing demand has been
particularly increased for Gram-negative pathogens with a
highly restrictive barrier, limiting the effectiveness of most
drugs. The last time a class of antibiotics expressed effi-
cacy against Gram-negative bacteria was developed was in
the 1960s, and little progress has been marked since [65].
However, researchers at the University of Tiibingen in 2019
described a new drug, darobactin, a class of antibiotics that
prevents further growth of Gram-positive pathogens, includ-
ing MRSA, both in vitro and in animal infection models
[66]. One of the main challenges is the need for effective

screening methods to isolate potential microbially derived
bioactive compounds. Actinobacteria are a diverse group
of bacteria, but many have demonstrated a recalcitrant
reluctance to be cultured in the laboratory [61]. As a result,
screening for new antimicrobial compounds from Actino-
bacteria requires high-throughput screening methods and
innovative cultivation techniques.

An initiative to address the need for high-throughput
screening could be answered by a crowdsourcing initia-
tive called Tiny Earth. Dr. Jo Handelsman created it at the
University of Wisconsin Madison to isolate and identify
potentially new sources of antibiotics and “inspire and train
students in the sciences” [67]. The Tiny Earth project is
composed now of students across the globe who participate
in this antibiotic discovery community dedicated to discov-
ering potential new antimicrobials. According to the Tiny
Earth website [67], over 14,000 students have participated,
with over 19,000 isolates and at least 16 antibiotic structures
identified to date. This initiative, as mentioned, is global
and could lead to low- and middle-income countries lead-
ing the way towards drug discovery that is not based on the
pharmaceutical industry strategies, as mentioned earlier. The
additional goal of the initiative to “inspire and train students
in the sciences” has the potential to promote scientific lit-
eracy and advocacy in all parts of the world. The idea of
citizen scientists searching for new antimicrobial compounds
worldwide is intriguing and worth pursuing.

A secondary alternative approach to the standard phar-
maceutical strategy could involve utilizing techniques to
promote cultivating previously uncultured bacteria. Many
studies have demonstrated that roughly just 1% of soil bac-
teria have been cultured to date [28, 29ee]. This fact lends
itself to be further explored using innovative culturing tech-
niques to improve the recovery rate of soil bacterial strains.
Such strategies have produced promising pharmaceutical
and environmental potential from previously uncultured
bacteria [68]. Exploiting previously uncultured bacteria in
the soil led to a promising new antibiotic, teixobactin, and
has since been synthesized. The newly uncovered compound
has been successful in targeting the cell wall of many bacte-
ria, even some that are resistant to existing antibiotics, such
as methicillin-resistant Staphylococcus aureus (MRSA) and
Mycobacterium tuberculosis [60, 69ee]. More uncultured
bacteria are likely waiting to be explored for beneficial
bioactive compounds in the wetland environment. These
innovative techniques can be divided into in situ and ex situ
cultivation strategies. Bacteria may not grow in the labora-
tory initially because of issues involving “growth initiation
factors” only present in intact soil conditions. In situ culti-
vation can overcome this, which generally requires initial
incubation in the field for several weeks to months. The
alternative ex situ method involves environmental soil sam-
ples being “conditioned” to various membranes exposed to
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the soil in the laboratory. Studies have demonstrated more
significant recovery of bacterial strains using these methods
compared to traditional standard direct plating [28, 29ee].
These methods are both cost-effective and have produced
promising results. These same studies have demonstrated
that the isolation of filamentous Actinobacteria, the micro-
organisms responsible for most of the naturally derived anti-
microbials, is enhanced through these innovative cultivation
techniques. The potential to culture previously unculturable
bacteria in areas that contain Actinobacteria is an intriguing
focus of future research.

Conclusion

Antimicrobial resistance (AMR) poses a global health crisis,
necessitating the discovery of new antibiotics. Wetlands
host diverse microbial communities with unique traits
that make them promising sources of novel antimicrobial
compounds. Actinomycetes, in the phylum Actinobacteria,
are prolific producers of bioactive compounds, including
antibiotics. Wetlands provide a niche environment that
fosters the development of distinct biosynthetic pathways
in actinomycetes, offering opportunities to isolate natural
antimicrobial agents. Microbial community diversity in
wetlands is influenced by pH, moisture, organic matter, plant
communities, and nutrient availability. Recent studies reveal
diverse bacterial taxa in wetlands, such as Proteobacteria,
Actinobacteria, and Acidobacteria. Bioprospecting efforts
have successfully identified actinomycetes with potent
antimicrobial activities against pathogenic bacteria and fungi.

Ongoing investigation of wetland microbial communities
is vital for identifying novel antibiotics to combat the
escalating threat of AMR. Exploring uncultured bacteria in
soils has also led to promising compounds like teixobactin,
which is effective against drug-resistant bacteria. The cost-
effective and innovative cultivation methods described in
this review potentially provide a roadmap for discovering
new antimicrobial compounds.

A second complementary approach would be to develop
strategies to identify and develop new antimicrobials col-
laboratively. As mentioned above, the Tiny Earth project
has produced results regarding collaboration and combining
resources in drug discovery. The aim to “train and inspire
students in the sciences” is aspirational; however, it is also
critically important to solve or at least mitigate the worst
of the antibiotic resistance crisis. To this end, several of
the authors in this review are undergraduates being exposed
to the nature of science. The One Health initiative repre-
sents a similar global approach. According to the Centers
for Disease Control and Prevention (CDC) website, One
Health “recognizes the connection between the health of
people, animals and the environment” [70]. This statement
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summarizes this review’s central message: we must focus
on the connection between the environment and the world’s
health crisis.
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