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Abstract

The increase in multidrug resistance in microorganisms and the rise of emergent infec-
tious diseases worldwide is a threat to human and animal health. Therefore, research on
new molecules with antibiotic potential is a priority. Lichens have a unique secondary
metabolism with relatively untapped potential, yet their essential oils (EOs) and volatile
organic compounds (VOCs) remain a relatively untapped resource. This systematic re-
view was conducted following PRISMA 2020 guidelines, with a comprehensive search
performed in the Web of Science database for studies published up to 2023. From 254 iden-
tified records, six studies involving nine lichen species (Evernia prunastri, Evernia divaricata,
Cladonia rangiformis, Cladonia furcata, Parmotrema perlatum, Lichina pygmaea, Parmelia perlata,
Hypogymnia physodes, and Parmelia sulcata) met the eligibility criteria. The synthesized
data show that these volatile fractions possess significant antimicrobial potential, with
minimum inhibitory concentrations (MICs) generally lower than 1 mg/mL. Major bioactive
constituents identified include atraric acid, orsellinates, and various sesquiterpenes. While
the current evidence highlights a strong potential of lichen volatiles against pathogens,
research is limited to a small fraction of known species. This review identifies a critical gap
in testing these compounds directly against MDR clinical isolates and suggests that future
research should focus on high-biomass species and the heterologous expression of lichen
biosynthetic genes to develop sustainable antimicrobial applications.

Keywords: lichens; essential oils; volatile organic compounds (VOCs); systematic review;
PRISMA 2020; multidrug resistance; antimicrobial activity; secondary metabolites
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1. Introduction

Multidrug-resistant microorganisms and emergent infectious diseases are a public
health threat worldwide [1,2]. According to Murray et al. [3], in 2019, 4.95 million deaths
globally were attributed to drug-resistant infections. Among the critical steps in mitigat-
ing the impact of antimicrobial resistance is the constant investment in developing new
antimicrobial compounds [3]. Nature has been found to be a viable source of antibiotics [4].
Molecules such as abyssomicins produced by Verrucosispora sp., for instance, have shown
interesting potential as an antitubercular pro-drug [5], while capsaicin and dihydrocap-
saicin isolated from Capsicum annum demonstrated potential against Methicillin-resistant
Staphylococcus aureus (MRSA) with efflux pumps and also against R-plasmid conjugal trans-
fer [6]. In this context, lichens are considered a relatively untapped resource with a unique
secondary metabolism [7]. A range of compounds, generally obtained by organic solvent
extraction followed by fractionation have already been assessed for their antimicrobial
potential [8]. For instance, usnic acid, a compound isolated from Usnea, Cladonia, Lecanora,
Ramalina and Evernia species, has shown activity against a wide range of microorgan-
isms [9]; atranorin and fumarprotocetraric acid, isolated from Cladonia foliacea, have also
demonstrated antimicrobial potential [10]; and other compounds such as barbatic acid from
Cladonia borealis [11], diffractaic acid from Usnea blepharea [12], divaricatic acid from Evernia
mesomorpha [13], evernic acid from Evernia prunastri [14] and lecanoric acid from Melanelia
subaurifera and Melanelia fuliginosa [15] have also shown antimicrobial potential [8].

While the antimicrobial potential of lichens has been the subject of several comprehen-
sive reviews, the vast majority of the existing literature focuses on “classical” secondary
metabolites derived from organic solvent extracts [16,17]. The volatile fraction, consisting of
essential oils and low-molecular-weight VOCs, remains largely untapped and poorly syn-
thesized. This study represents the first systematic review, conducted under the PRISMA
2020 framework, to focus exclusively on these volatile components. Beyond merely cata-
loging antimicrobial activity, this review provides a novel comparative analysis between
volatile fractions and traditional extracts for the same species and establishes a mechanistic
framework for their application against multidrug-resistant (MDR) pathogens, thereby
addressing a critical gap in current lichenological and pharmacological research. In this
review, we highlight the gap in the literature regarding this specific type of compound
from lichens. We also propose an explanation as to why the gap exists and what strategies
should be used to optimize future work on this aspect.

2. Materials and Methods
2.1. Search Strategy and Information Sources

This systematic review was conducted in accordance with the PRISMA 2020 (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) guidelines. A comprehensive
literature search was performed in the Web of Science (WoS) (all databases). The search
was conducted in March 2026, covering all records indexed from the database’s inception
until December 2023. The primary search string utilized was: lichen* AND (“essential oil*”
OR “volatile compound*” OR “volatile organic compound*”). To ensure the capture of
all relevant literature, the database search was supplemented by citation searching and
handsearching of retrieved reports, which identified one additional relevant study by
Magbul et al. [18] that did not contain the keyword “lichen” in its metadata.

2.2. Inclusion and Exclusion Criteria

To fulfill the objectives of this review, studies were selected based on the following
inclusion criteria:

1.  Primary research articles focusing on lichen-forming fungi.

https:/ /doi.org/10.3390/microorganisms14040924
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2. Extraction of volatile fractions specifically via steam distillation, hydrodistillation, or
Clevenger-type apparatus, following the definitions by Bicchi and Joulain [19].

3. Chemical characterization of the volatile profile using gas chromatography—mass
spectrometry (GC-MS) or similar methods.

The exclusion criteria were: (i) studies focusing exclusively on traditional organic sol-
vent extracts (e.g., acetone, methanol) without a dedicated volatile analysis; and (ii) review
articles, conference proceedings, or book chapters.

2.3. Study Selection and Screening

The selection process was summarized using a PRISMA flow diagram (Figure 1).
Initially, two reviewers (Y.E. and S.E.A.Z.) independently screened the titles and abstracts
of the n = 254 identified records. Discrepancies were resolved through consensus or
consultation with a third reviewer (B.O). After the removal of irrelevant records (n = 248),
the full-text versions of the remaining six articles were retrieved and assessed for eligibility.
All six reports met the criteria and were included in the qualitative synthesis.

l Identification of studies via databases and registers ]
—
Records identified from: Web of Records removed before
§ Science all databases SEIEEIg:
= = Duplicate records removed
3 Datgbases (n=253) (n=0)
£ Regls_ters (n =0) = Records marked as ineligible
c Records identified by other 5 .
o methods (n = 1) by automation tools (n = 0)
o Records removed for other
reasons (n = 0)
!
Records screened » Records excluded
(n = 254) (n = 248)
Reports sought for retrieval .| Reports not retrieved
2 (n=86) (n=0)
£
o
: :
o
(7]
Reports assessed for eligibility | Reports excluded:
(n=6) i BGE)
A4
o Studies included in review
B[ | (=9
o Reports of included studies
= (n=6)

Figure 1. PRISMA 2020 flow diagram for the systematic review of lichen essential oils and volatile
compounds.

2.4. Data Extraction and Synthesis

Data were extracted from the included studies regarding: lichen species, geographical
origin, extraction yield, major chemical constituents (with Kovats retention indices), and
antimicrobial parameters against target pathogens. For the six species where antimicrobial
data were available, an additional targeted search was performed using the species name
and the terms “antimicrobial,” “antibacterial,” or “antifungal” to retrieve data on their
respective organic solvent extracts for comparative analysis. This allowed for a qualita-
tive synthesis comparing the potency of volatile fractions against established secondary
metabolites. We noted that no data were found for Lichina pygmaea (Lightf.) C. Agardh
organic solvent extracts.
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2.5. Risk of Bias and Quality Assessment

The quality of the included studies was assessed based on the standardization of the
antimicrobial assays (e.g., use of ATCC reference strains) and the rigor of the chemical
identification (e.g., confirmation of constituents via both mass spectra and retention indices).
As this is a qualitative systematic review of laboratory data, a formal meta-analysis was
not performed.

3. Lichen General Characteristics

Lichens are the macroscopic representation of lichen-forming fungi in their symbi-
otic state with a photosynthetic microorganism [20]. They are generally composed of an
ascomycete as an “exhabitant” heterotrophic organism, referred to as a mycobiont in the
context of the symbiosis, and a green microalgae as an “inhabitant” autotrophic microor-
ganism, referred to as a photobiont in the context of the symbiosis [20-23]. The mycobiont
presumably provides a favorable environment for the photobiont to develop and helps to
aggregate essential minerals and oligo-elements from airborne dust by a mechanism that
remains to be fully described [24,25], whereas the photobiont produces photosynthates
useful to the mycobiont.

A metabolic coupling loop has indeed been uncovered between the mycobiont and
the photobiont. The mycobiont, consuming O, and photosynthates produced by the photo-
biont, releases CO; that is in turn used to produce photosynthates by the photobiont under
light conditions [26]. With regard to these two essential elements of the organism, a large
number of exceptions to the general rule are known and new ones keep being discovered.
Currently, the photobiont is a Chlorophyceae in 90% of cases and a Cyanophyceae in
10% of known lichens [21,23]. Similarly, the mycobiont in most lichens is an ascomycete,
although in some cases it is a basidiomycete [27]. However, “composite/tripartite” lichens
exist too, comprising a mycobiont associated with a Chlorophyceae and with pockets of
Cyanophyceae called “cephalodia” [21,23]. Lichen symbiosis also involves an associated
microbiome of lichen-associated fungi [25], lichenicolous fungi [28], bacteria (alphapro-
teobacteria and actinobacteria, among others) [23], viruses [29-31], and protozoa [32].

A microecosystem view of these organisms has been proposed, supported by the
extreme difficulty of resynthesizing macroscopic lichen in the laboratory under axenic
conditions [33-37]. This showcases the actual lack of knowledge on the morphogenesis
mechanisms in this group [21].

Lichens are commonly described based on their thallus form. Honegger [38] described
the main classes of lichen thalli (Table 1).

For instance, gelatinous lichens, such as Collema or Lichina, have a characteristic thallus
that swells in the presence of water and shrinks in dry conditions. The crustose lichens are
the most widespread and display photobionts in high proportions in comparison with the
mycobiont, and scattered on the thallus, they are devoid of stratification and peripheral
cortices. The foliose and fruticose lichens have the most complex thalli, with a stratified
architecture, an inner and outer cortex, and a dorsi-ventral differentiation, forming a leaf-
like structure for the foliose lichens and a plant-like structure for the fruticose lichens [38,39].

The taxonomical consensus regarding the naming of lichens (macroscopic organisms)
is the use of the name of the mycobiont (lichen-forming fungi) as a descriptor for the
whole organism, without citing the photobiont, which can be referred to using the classical
nomenclature [25]. Furthermore, around 20,000 species are recognized worldwide [27].
New species are discovered at a high rate using molecular methods in biodiversity hotspots
such as Colombia and Brazil [40,41].

https:/ /doi.org/10.3390 /microorganisms14040924
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Lichens are extremely resilient organisms, with a very flexible and condition-
dependent metabolism [42]. Their metabolism can be slowed to the point of nearly stopping
in the absence of water, but as soon as it is present, it restarts and runs at full speed [38,43].
They are also very resistant to UV light [42,44,45]. These characteristics explain the fact that
they occupy a very wide ecological niche, ranging from deserts to forests, high-altitude,
low-temperature areas, and volcanic islands [25,38,44,46]. They can be understood as
pioneer organisms that colonize hostile media and partake in rendering them hospitable
for other organisms like vascular plants by eroding the bedrock and generating the first
layers of soil in newly formed volcanic islands, for example [47-51].

One noticeable characteristic of lichens is their relatively slow growth rate, which
ranges from less than 1 mm to a few millimeters per year [38]. Nevertheless, lichen growth
rate is dependent on environmental conditions, and the same species can grow at various
rates [52]. The genii Lobaria and Ramalina have representatives with the highest growth
rates. A growth rate of around 43 cm per year has been recorded for Ramalina menziesii [38].

Lichens have been used by researchers as bio-indicators of pollution by exploiting
their mineral- and oligo-element-accumulating potential, which extends to pollutants,
radionuclides, and heavy metals [38]. Therefore, some lichens are tolerant of pollution, or
rather thrive in it, while others tend to disappear in polluted areas and be present in areas
with better air quality [25,38].

Traditional uses of lichens by human populations are relatively anecdotal compared
to those of other organisms such as vascular plants, probably because of the relatively low
biomass availability and the difficulties associated with their harvesting, but also because
of the slow regeneration rate of these organisms [53]. Various cultures use lichens as food,
medicine, dyes, cataplasm, spice, and fodder [53,54]. In the polar region, lichens such as
Cladonia sp. are consumed by the herds of Rangifer tarandus as forage during the winter
period [55-57]. However, the fragrance and dye industries are the only ones to use lichens
on an industrial scale [54,58,59].

4. Secondary Metabolites from Lichens
4.1. Overview of Some Lichenic Compounds

Lichens produce a wide variety of secondary metabolites, somewhat different from
those produced by vascular plants [60]. Approximately one thousand molecules have
been identified in lichens [8,60]. Because of the microecosystem nature of lichens, the
metabolites, probably produced by the mycobiont, can undergo transformations mediated
by the microorganisms associated with the lichen [25]. They tend to be deposited as crystals
in the cortex outer layer, as shown by numerous electron microscope images [61-64]. The
biosynthetic pathways of these secondary metabolites mainly pass through the shikimic
acid path, the mevalonic acid path, or the polyketide path, or are derived from photobiont
photosynthetic products [60,65]. The major classes of secondary metabolites produced by
lichens are depsides, depsidones, depsones, dibenzofurans, xanthones, anthraquinones,
and chromones [60,65]. Moreover, atranorin, usnic acid, gyrophoric acid, lecanoric acid,
olivetoric acid, and physodic acid are among the most widely studied secondary metabo-
lites of lichen origin for their biological activities, and several reviews have already been
published about them [8,66]. This section consists of an overview of the most commonly
studied secondary metabolites from lichens, their structure, biosynthetic pathways, antimi-
crobial potential, other bioactive potential and toxicity (Figure 2, Table 2).

https:/ /doi.org/10.3390/microorganisms14040924
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Figure 2. The molecular structure of some secondary metabolites from lichens. (a) Olivetoric acid.
(b) Usnic acid. (c) Gyrophoric acid. (d) Atranorin. (e) Lecanoric acid. (f) Physodic acid.

Several organic extracts of lichens have been studied. Acetone, methanol, ethyl acetate
and hexane are the main solvents used in lichen compound extraction for the screening
of their biological activities. The most common protocol of extraction involves biomass
grinding, and then maceration in the solvent for some time with agitation (generally 24
to 48 h), or successive macerations with renewed solvents, before filtering, mixing the
solvent batches together and evaporating the solvent in a Rotavapor to retain the extract.
Soxhlet extractions using the same types of solvents at 50 °C for 12 h is also relatively
common [65,82-85].

Most of the extracts contain the main lichenic compounds in different proportions, as
shown by HPLC analysis in numerous studies [65,86]. Nevertheless, the acetonic extracts
seem to be the most bioactive overall against the microorganisms evaluated [86,87].

Acetone is one of the most used solvents for extracting lichen secondary metabolites
because it can solvate compounds with a wide range of polarities; it was also historically
used in the microscopic identification of lichenic compounds using the microcrystal test [65].
Komaty et al. [87] conducted an optimization experiment, trying to find the most efficient
pulverization method and the best solvent for extracting secondary metabolites from
lichens, guiding their work using scanning electron microscopy. Their findings pointed
towards grinding with an electrical grinder and using acetone for extraction as the most
efficient way to extract microscopically visible crystal deposits of secondary metabolites
from the thallus.

Some mentions are made in the literature of aqueous extracts of various lichen species.
Unfortunately, very few chemical characterizations of these types of extracts were made. In
fact, the antimicrobial activity of aqueous extracts is quite rare, even nonexistent, in the
literature investigated. The main hypothesis as to why these types of extracts are ineffective
is that the secondary metabolites from lichens are insoluble in water and therefore are not
extracted, or only in extremely low yields, by these methods. Another explanation for this
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lack of activity might be the use of ineffective extraction procedures. We, therefore, suggest
that after extracting the lichen biomass with water, and filtering the aqueous extract with
0.2 pm sterile syringe filters to get rid of contaminants, freeze-drying them in order to be
able to assess the yield of extraction and meticulously control the concentrations used in
the tests.

The characterization of the composition of “classical” (acetone, methanol, and hexane,
among others) extracts of lichens in articles discussing their antimicrobial potential tends to
be done using HPLC methods and standards of major lichen compounds such as atranorin.
Another means of qualitative characterization of the extracts is the determination of the
total phenolic compounds and total flavonoid content. These methods are quite solid,
but the main drawback in our opinion is that minor compounds of the extracts may be
responsible for the activity observed, and therefore, a more thorough investigation and
fractionation of the composition of the extracts is needed to assess the real potential of the
different compounds contained in them.

4.2. Antimicrobial Activity of Volatile Compounds and Essential Oils from Lichens

Volatile organic compounds (VOCs) are defined by the European Union as any com-
pound with a vapor pressure of 0.01 kPa or more at a temperature of 293.15 °K or with a
corresponding volatility under the particular conditions of use [88]. This definition includes
volatile solvents and chemical derivatives of industrial origin [88]. These compounds are
generally composed of carbon and hydrogen, with substitution of some of the hydrogens
on the hydrocarbon chain by halogens, oxygen, sulfur, silicon, nitrogen, and phosphorous,
except for carbon oxides, and inorganic carbonates and bicarbonates [88].

Alternative definitions exist, such as compounds that show more than 95% by-weight
evaporation after 6 months under ambient conditions [89]. These compounds, especially
those of anthropogenic origin, are considered potentially harmful to the environment
as they are capable of evaporating, disseminating, and transforming into other com-
pounds [88]. Nevertheless, VOCs are also produced by a wide array of organisms, in-
cluding plants, seaweeds, and microorganisms [90]. Biogenic VOCs of vegetal origin seem
to play a role in the ecosystem—atmosphere regulation loop [91,92].

Essential oils are derived from vegetable raw materials, and are obtained through
various methods such as water or steam distillation, extraction from the epicarp of Citrus
spp. fruits via a mechanical process, or dry distillation. After extraction, the essential
oil is separated from the aqueous phase by physical means [19]. The components of
essential oils are volatile because they have boiling points low enough for distillation,
particularly atmospheric-pressure steam distillation. Thus, the components have molecular
weights below 300 Daltons (with molecular mass relative to hydrogen being 1) and tend
to be fairly hydrophobic [93]. Essential oils contain a mixture of VOCs, either directly
biosynthesized by the organism from which they are extracted, or indirectly, by chemical
transformation of precursor compounds produced by the organism [94]. They are generally
composed of monoterpenes, sesquiterpenes, and diterpenes. Additionally, they often
contain phenylpropanoids, fatty acids and their esters, or their decomposition products as
volatile components [95].

The distinction should be made, as pointed out by Bicchi and Joulain [19], between
essential oils, as defined before, and other types of volatile extracts, obtained, for example,
by washing the distillate water with a volatile solvent like dichloromethane. These other
types of volatile extracts should be clearly defined and therefore not called “essential oils”
as they do not strictly fall under this definition. Nevertheless, this review focuses on volatile
compounds from lichens obtained by means of steam distillation, hydrodistillation, or by
extraction using a Clevenger-type apparatus. The extract of interest can therefore be an
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essential oil, clearly distinguishable from the distillation water, or a fraction obtained by
washing the distillation water with an organic solvent, as described by Sanad et al. [96],
for example. The main benefit of applying this extraction procedure to lichens is that it
selectively separates the volatile compounds with a molecular weight inferior to 300 Da
and therefore enables the use of gas chromatography techniques for their analysis, without
prior derivatization. This type of compound (volatile) seems to be relatively rare in lichens
and their study is hindered by the fact that the majority of lichenic compounds are polar
and present low volatility [65]. This review draws attention to the antimicrobial potential
of essential oils and volatile compounds from lichens, a relatively untapped resource, in
the already widely studied field of secondary metabolites and extracts from lichens with
antimicrobial potential.

To the best of our knowledge, very few reports exist about essential oils and volatile
compounds extracted from lichens. We have found, at the date of this review, only six arti-
cles on this subject [18,96-100]. Among these six articles, four investigated the antimicrobial
potential of lichen volatile compounds [18,96-98], and provided chemical characterization
by GC-MS, whereas the other two studies provided only the GC-MS chemical composition
without investigating the antimicrobial potential [99,100]. We noticed that the article by
Magbul et al. [18] is unclear regarding the dose of essential oil or hydrolat used against
the different pathogens. As mentioned previously, the essential oil and volatile compound
extraction process using a Clevenger or hydrodistillation apparatus has an impact on the
composition of the extract [94]. The heating process, associated with water or steam contact,
is probably responsible for an array of chemical transformations which result in the unique
composition of these extracts, and probably results in the presence of compounds not
previously described in the organism of origin [94]. Moreover, the process of extraction
also results in a narrower spectrum of compounds compared to classical extracts [94]. From
a chemical point of view, the composition of these new types of extracts seems interesting.

The compilation of the exploitable data of GC-MS (Table 3) highlights the presence
of 106 compounds in seven lichen species. The Kovats retention index (KI) ranges from
927 to 2900.

Lichens of the genus Evernia harvested from Posof, Ardahan, Turkey, demonstrated a
quite similar composition [97], whereas the composition of two Evernia prunastri extracts
from Turkey and Serbia were quite different. This is probably due to the difference in the
protocols of extraction used. The Turkish E. prunastri extract is an essential oil, whereas
the other is the acetone fraction of a methanolic extract [97,99]. The major compounds
detected were y-himachalene (37.51%) in L. pygmae, olivetol (33.5%) in H. physodes, atraric
acid (30.3 and 30.1%) respectively in P. sulcata and E. prunastri, orcinol (25%) in E. prunastri,
and o-tocopherol (24.7%) in P. sulcata.

In comparison with classical extracts, volatile compounds from lichens seem to be
active against the tested microorganisms with low MICs (minimum inhibitory concentra-
tions), generally less than 1 mg/mL (Table 4). They are more active against Gram-positive
bacteria, as “classical” extracts are, and against fungi. Nevertheless, the scarcity of data on
the subject makes it difficult to formulate assumptions and extract relevant conclusions.

https:/ /doi.org/10.3390/microorganisms14040924
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We formulate in this review the hypothesis that hydrodistillation, steam distillation,
and Clevenger-type distillation in water are interesting and novel ways of extracting
compounds with a bioactive potential from lichens. The absence of previous in-depth work
on the subject can be explained, in our opinion, by the relatively low yield of extraction
(E. prunastri (0.32%) and E. divaricata (0.22%)) [97], in comparison with maceration or Soxhlet
with organic solvents (around 2 to 10%). Another parameter to consider is the relatively
low biomass available in the field, and the long regeneration time of these organisms [25,38].
Another limitation of this review is the potential for publication bias, as studies demonstrating
potent antimicrobial activity from lichen volatiles are more likely to be published than those
with null results. Furthermore, the scarcity of research in this specific niche may lead to an
over-representation of certain prolific lichen genera, such as Evernia or Cladonia.

Despite these limitations, a more thorough investigation should be pursued in the field
to unveil potential new molecules with high added value, such as antihuman pathogens
and antiproliferative activities. This research should focus on the screening, identification,
and fractionation of lichen volatile compounds. After these steps are completed, we
suggest the development of hemi-synthesis of these potentially interesting molecules using
organic molecules from organisms without these growth and regeneration limitations, or by
integrating lichen genes in fast-growing organisms such as yeast [74]. This is particularly
relevant because in vitro lichen resynthesis is extremely difficult and is not yet sufficiently
efficient to yield enough biomass production in laboratory conditions [101,102].

5. Antimicrobial Potential of Lichen Extracts

Lichens are a unique reservoir of low-molecular-weight compounds with promising
biological activities [86,103]. Their extracts display a wide range of activities, ranging
from antimicrobial [7,86] to antifungal [104], antioxidant [103], and anticancer [7]. The
first investigation focusing on the antimicrobial potential of lichen extracts dates to the
1940s and was probably motivated by the isolation of penicillin from a fungus [105]. Since
then, a variety of extracts have been characterized by analytical methods and compounds
isolated from numerous lichen species and investigated for their bioactivities [103]. The
antimicrobial potential of lichen extracts seems overall to be promising against Gram-
positive bacteria and yeasts of the genus Candida, while the effect of the extracts against
Gram-negative bacteria is more anecdotal [8].

5.1. Evernia prunastri (L.) Ach. Extracts

Evernia prunastri (L.) Ach. is a lichen of the Parmeliaceae family characterized by a
fruticose thallus, generally pendant and ramified. The upper surface containing the photo-
biont is generally yellowish-green to grayish-green and the underside whitish. The cortex
generally contains usnic acid, atranorin, and chloroatranorin, and the medulla evernic acid.
Evernia prunastri usually grows on neutral to acidic bark (stems, branches and twigs), espe-
cially of oaks and other broadleaf trees or shrubs (only occasionally on conifers), usually at
lower elevations (but up to 1675 m) in areas with high humidity but mainly in sunny, often
windswept zones. It has a very wide distribution; it is incompletely circumpolar. It can be
found in western North America, Europe, northern Africa and Japan [106]. The extracts of
this lichen are widely used in perfumery under the denomination of “Oakmoss absolute”
and are one of the most sought-after lichen products [59]. Due to its relative abundance
and ease of identification, it is one of the main studied lichens. The most notable biological
properties of this lichen are antioxidant, antibacterial [14], antifungal [107], cytotoxic [108],
anticancer [109], and anti-genotoxic [110]. Regarding the antimicrobial potential of ex-
tracts of this lichen (Table 5), the dichloromethane extract demonstrated the lowest MIC in
Staphylococcus aureus (MIC = 4 png/mL) [14].

https:/ /doi.org/10.3390/microorganisms14040924
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The acetone extract is the most used, followed by the methanol extract. Other organic
solvents are used, but more marginally, as is the case with acetonitrile, dichloromethane,
hexane, and ethanol. Extracts of E. prunastri appear to be most potent against Gram-
positive bacteria and Candida yeasts. The lowest potential is observed against Gram-
negative bacteria.

5.2. Evernia divaricata (L.) Extracts

Evernia divaricata (L.) is a lichen of the Parmeliaceae family. It has a long fruticulose
and pendant thallus. It is richly but irregularly branched. The color ranges from greenish
gray to grayish yellowish green or pale yellowish green when fresh, often with irregularly
elongated and branched maculae of a paler, more yellowish color than the rest, and the
finer branches becoming gray-brown, darkest at the extreme tips. The cortex contains usnic
acid, and the medulla divaricatic acid. Evernia divaricata grows on stems, branches, or
twigs, mostly of conifers (especially spruce), in humid locations in montane to subalpine
forests. It can be found in Europe, the Near East, China, and western North America [106].
Extracts of this lichen have shown antimicrobial [120], antioxidant [112], antiproliferative
and apoptotic activities [121]. The most potent antibacterial activity of this species (Table 6)
was demonstrated by the methanolic extract, with an MIC of 15.62 ug/mlL, against Klebsiella
pneumonia, Proteus vulgaris, Pseudomonas aeruginosa, and Staphylococcus aureus [112].

Table 6. Antimicrobial activity of various extracts of the lichen Evernia divaricata (L.) Ach from
different localities.

Type of Extract Harvest Location Target Microorganism M})C. Values/ZI EXtra.Ct. References
iameters Composition
Acinetobacter baumanii 31.25 pg/mL
Bacillus macerans 31.25 pg/mL
Bacillus megaterium 31.25 pug/mL
Bacillus subtilis 62.5 pug/mL
Brucella abortus 31.25 pg/mL
Clavibacter michiganense 62.5 pug/mL
Enterobacter cloacae 62.5 ug/mL
Enterococcus faecalis 31.25 pg/mL
Escherichia coli 62.5 pug/mL
. . Klebsiella pneumoniae 15.62 ug/mL
Methanol extracts Artv? Pl:ovmce, Proteuspvulgaris 15.62 pg/ mL N/A1 [112]
ureey Pseudomonas aeruginosa 15.62 pg/mL
Pseudomonas syringae. pv. tomato 31.25 pg/mL
Salmonella enteritidis 31.25 pg/mL
Staphylococcus aureus 15.62 ug/mL
Streptococcus pyogenes 31.25 ug/mL
Xanthomonas campestris 62.5 ug/mL
Fusarium acuminatum 62.5 ug/mL
Microsporum canis 31.25 pg/mL
Rhizoctonia solani 31.25 pg/mL
Sclorotinia sclerotiorum 125 ug/mL
Bacillus toyonensis 60 ug/mL
Bacillus mojavensis 240 pug/mL
. Bacillus amyloliquefaciens 60 nug/mL
Acetone extract Kastam]? mll( Province, Bacilluys suZtil{s 240 ugg /mL N/A [122]
urkey Bacillus cereus >240 pg/mL
Bacillus velezensis >240 pg/mL
Bacillus licheniformis >240 pg/mL
Acetone extract Kastamonu Province, Enterococcus durans >240 pg/mL N/A [123]
Turkey
Aeromonas hydrophila N/A
Aeromonas salmonicida N/A
Methanol, aqueous and Lake Golcuk, Bolu Yersinia ruckeri N/A N/A [119]
acetone extracts Province, Turkey Enterococcus faecalis N/A
Lactococcus garvieae N/A
Streptococcus agalactiae N/A

1 N/A: data not available.
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5.3. Cladonia Rangiformis Hoffm. Extracts

Cladonia rangiformis Hoffm. is a lichen of the Cladoniaceae family. It has a ramified
fruticose thallus, with a round cross-section, and a squamulate shape. The surface appears
spotted due to the uneven distribution of algal cells. The thallus contains atranorin, fu-
marprotocetraric acid, and rangiformic acid [124]. Cladonia rangiformis Hoffm. extracts
have shown antimicrobial [125,126], antioxidant [127,128], anti-genotoxic [129], antimuta-
genic [130,131], anti-inflammatory [132], antiproliferative and apoptotic potential [133]. The
most potent antibacterial extract (Table 7) was the chloroform extract, with an MIC value
of 6 ug/mL against Escherichia coli and Pseudomonas aeruginosa [125], whereas the most
potent antifungal was the cyclohexane extract with an MIC of 8 pg/mL against Candida
glabrata [126].

Table 7. Antimicrobial activity of extracts of the lichen Cladonia rangiformis Hoffm. from various

localities.
Type of Extract Harvest Location Target Microorganism M;Ci:;allel:::ZI Extract Composition References
Escherichia coli N/A
Pseudomonas aeruginosa N/A
Methanol extract Enterococcus faecalis N/A
Kandira District, Staphylococcus aureus N/A
Kocaeli Province, Candida albicans 161 ug/mL N/A [125]
East Marmara Escherichia coli 6 pg/mL
Region, Turkey Pseudomonas aeruginosa 6 pug/mL
Chloroform extract Enterococcus faecalis N/A
Staphylococcus aureus 8.4 ug/mL
Candida albicans 9.6 ug/mL
Candida albicans 16 ug/mL
Candida glabrata 8 ug/mL
Cyclohexane extract Aspergillus fumigatus >250 pug/mL
Staphylococcus aureus 100 pug/mL
Escherichia coli >100 pg/mL
Candida albicans >250 pg/mL ISOI‘an%lfOI‘l:nlC a,iild’
Dichloromethane/ Cascade des Candida glabrata >250 pug/mL rangl (f)rmlq acid (/:l
chlorome e vautours, massif Aspergillus fumigatus >250 pg/mL traces O usnic acid, [126]
methanol extract Edoueh, Aleri atranorin, roccellic,
gh, Algeria Staphylococcus aureus 100 pug/mL N .
Escherichia coli >100 g/ mL jackinic, squamatic
and evernic acids
Candida albicans >250 pug/mL
Methanol/ Candidu glabrata >250 pug/mL
water extract Aspergillus fumigatus >250 pug/mL
Staphylococcus aureus >100 pg/mL
Escherichia coli >100 pg/mL

1 N/A: data not available.

5.4. Cladonia furcata (Huds.) Schrad Extracts

Cladonia furcata (Huds.) is a lichen of the Cladoniaceae family. The primary thallus is
squamulose, usually disappearing. The squamules are up to 4 mm long and 3 mm wide,
irregularly lobate to crenate-lobate. The podetia are 15 to 80 mm tall, 0.5-5 mm wide, pale,
or bluish gray to dark brown, subulate, without cups or, occasionally, forming cup-like
axils, dichotomously branched. The thallus contains fumarprotocetraric acid. It grows on
soil or among mosses, rarely on rotting wood. It has a temperate distribution. It is present
on all continents except Antarctica [106]. Extracts of Cladonia furcata have demonstrated
antimicrobial [134-136], antioxidant [137,138], cytotoxic [139], anticancer [140,141], antipro-
liferative [115], and anti-phytopathogenic activities [142]. The acetone extract is the most
investigated (Table 8), followed by the methanol extract and lastly the water extract.
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Table 8. Antimicrobial activity of extracts of the lichen Cladonia furcata (Huds.) Schrad from vari-

ous localities.

Type of Extract Harvest Location Mi Target . MIC. Values/ZI Extract Composition  Reference
icroorganism Diameters
Bacillus mycoides 0.78 mg/mL
Bacillus subtilis 0.78 mg/mL
Staphylococcus aureus 0.78 mg/mL
Enterobacter cloaceae 0.78 mg/mL
Escherichia coli 1.56 mg/mL
Klebsiella pneumoniae 0.78 mg/mL
Aspergillus flavus 25 mg/mL
Asperqillus fumigatus 12.5 mg/mL
Acetone extract %o(tgrytis j:iner(gu 25 mgg/mL N/AT
Candida albicans 6.25 mg/mL
Fusarium oxysporum 25 mg/mL
Mucor mucedo 25 mg/mL
Paecilomyces variotii 12.5 mg/mL
Penicillium purpurescens 25 mg/mL
Penicillium verrucosum 25 mg/mL
Trichoderma harsianum 25 mg/mL
Bacillus mycoides 3.12 mg/mL
Bacillus subtilis 3.12 mg/mL
Staphylococcus aureus 3.12 mg/mL
Enterobacter cloaceae 3.12mg/mL
Escherichia coli 6.25 mg/mL
Klebsiella pneumoniae 6.25 mg/mL
Aspergillus flavus 25 mg/mL
Aspergillus fumigatus 12.5 mg/mL
Methanol extract pBoi’ytis J:iner(ga 125 mg /mL N/A
Candida albicans 6.25 mg/mL
Fusarium oxysporum 25 mg/mL
Mucor mucedo 25 mg/mL
Paecilonyces variotii 12.5 mg/mL
Penicillium purpurescens 25 mg/mL
Penicillium verrucosum 25 mg/mL
. . Trichoderma harsianum 25 mg/mL
Kopaonik, Serbia - - [143]
Bacillus mycoides
Bacillus subtilis
Staphylococcus aureus
Enterobacter cloaceae
Escherichia coli
Klebsiella pneumoniae
Aspergillus flavus
Water extract Aspergillus fumigatus >50 mg/mL N/A

Fumarprotocetraric acid

Botrytis cinerea
Candida albicans
Fusarium oxysporum
Mucor mucedo
Paecilomyces variotii
Penicillium purpurescens
Penicillium verrucosum
Trichoderma harsianum

against all

Bacillus mycoides
Bacillus subtilis
Staphylococcus aureus
Enterobacter cloaceae
Escherichia coli
Kilebsiella pneumoniae
Aspergillus flavus
Aspergillus fumigatus
Botrytis cinerea
Candida albicans
Fusarium oxysporum
Mucor mucedo
Paecilomyces variotii
Penicillium purpurescens
Penicillium verrucosum
Trichoderma harsianum

0.062 mg/mL
0.062 mg/mL
0.062 mg/mL
0.062 mg/mL
0.062 mg/mL
0.25 mg/mL
0.25 mg/mL
0.125 mg/mL
0.125 mg/mL
0.25 mg/mL
0.25 mg/mL
0.125 mg/mL
0.25 mg/mL
0.25 mg/mL
0.25 mg/mL
0.25 mg/mL
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Table 8. Cont.
Type of Extract Harvest Location Mi Target . MIC. Values/ZI Extract Composition ~ Reference
icroorganism Diameters
Bacillus mycoides 0.78 mg/mL
Bacillus subtilis 0.78 mg/mL
Escherichia coli 1.56 mg/mL
Klebsiella pneumoniae 0.78 mg/mL
Staphylococcus aureus 0.78 mg/mL .
Acetone extract /fs pye rgillus flavus 25 mgg/mL Atranorin
Aspergillus fumigatus 12.5 mg/mL
Candida albicans 6.25 mg/mL
Penicillium purpurescens 25 mg/mL
Penicillium verrucosum 25 mg/mL
Kopaonik, Serbia - - [138]
Bacillus mycoides 0.015 mg/mL
Bacillus subtilis 0.0312 mg/mL
Escherichia coli 1mg/mL
Klebsiella pneumoniae 0.5 mg/mL
. Staphylococcus aureus 0.25 mg/mL
Atranorin z‘fspyergillus flavus 1 mg;g mL
Aspergillus fumigatus 0.5mg/mL
Candida albicans 0.25 mg/mL
Penicillium purpurescens 1mg/mL
Penicillium verrucosum 1mg/mL
Bacillus cereus 2.5 mg/mL
Bacillus subtilis 5mg/mL
Staphylococcus aureus 10 mg/mL
Escherichia coli 20 mg/mL
Proteus mirabilis 2.5 mg/mL
Aspergi.llus ﬂqvus >40 mg/mL Hypoprotocetraric
Aspergillus niger 10 mg/mL acid and
Acetone extract Serbia Candida albicans 5mg/mL f . [139]
Mucor mucedo 10 mg/mL umarprotocetraric
. . 5 acid
Trichoderma viride 5mg/mL
Cladosporium cladosporioides 5mg/mL
Fusarium oxysporum 10 mg/mL
Alternaria alternata 10 mg/mL
Penicillium expansum 20 mg/mL
Penicillium chrysogenum 10 mg/mL
Staphylococcus aureus 250 pg/mL
Staphylococcus aureus 250 pg/mL Atranorin and
Acetone extract N/A Enterococcus faecalis >250 pg/mL fumarprotocetraric [11]
Enterococcus faecium >250 pg/mL acid
Escherichia coli >250 pg/mL
Bacillus mycoides 0.78 mg/mL
Bacillus subtilis 0.78 mg/mL
Staphylococcus aureus 0.78 mg/mL
Enterobacter cloaceae 0.78 mg/mL
Escherichia coli 1.56 mg/mL
Klebsiella pneumoniae 0.78 mg/mL
Aspergillus flavus 25 mg/mL
Mount Kopaonik, Aspergillus fumigatus 12.5 mg/mL
Acetone extract SerbiI; pBoi’ytis ]c(iner(ga 25 mgg/mL N/A [136]
Candida albicans 6.25 mg/mL
Fusarium oxysporum 25 mg/mL
Mucor mucedo 25 mg/mL
Paecilontyces variotii 12.5 mg/mL
Penicillium purpurescens 25 mg/mL
Penicillium verrucosum 25 mg/mL
Trichoderma harsianum 25 mg/mL

https:/ /doi.org/10.3390 /microorganisms14040924
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Table 8. Cont.
Type of Extract Harvest Location Mi Target . MIC. Values/ZI Extract Composition ~ Reference
icroorganism Diameters
Bacillus mycoides 3.12mg/mL
Bacillus subtilis 3.12 mg/mL
Staphylococcus aureus 3.12 mg/mL
Enterobacter cloaceae 3.12 mg/mL
Escherichia coli 6.25 mg/mL
Klebsiella pneumoniae 6.25 mg/mL
Aspergillus flavus 25 mg/mL
Mount Kopaonik, Asperqillus fumigatus 12.5 mg/mL
Methanol extract Serbira)l pBofrytis j:inerga 12.5 mg/ mL N/A [136]
Candida albicans 6.25 mg/mL
Fusarium oxysporum 25 mg/mL
Mucor mucedo 25 mg/mL
Paecilonyces variotii 12.5 mg/mL
Penicillium purpurescens 25 mg/mL
Penicillium verrucosum 25 mg/mL
Trichoderma harsianum 25 mg/mL
Bacillus mycoides 0.78 mg/mL
Bacillus subtilis 0.39 mg/mL
Staphylococcus aureus 0.78 mg/mL
Enterobacter cloaceae 0.78 mg/mL
Escherichia coli >50 mg/mL
Klebsiella pneumoniae 0.78 mg/mL
Aspergillus flavus 25 mg/mL
Asperqillus fumigatus 12.5 mg/mL
Acetone extract %o%rytis jc[iner'ga 25 mgg/mL
Candida albicans 6.25 mg/mL
Fusarium oxysporum 25 mg/mL
Mucor mucedo >50 mg/mL
Paecilomyces variotii 12.5 mg/mL
Penicillium purpurescens 25 mg/mL
Penicillium verrucosum >50 mg/mL
Trichoderma harsianum 25 mg/mL
Mt. Kopaonik, Serbia - - N/A [134]
Bacillus mycoides 3.12mg/mL
Bacillus subtilis 3.12 mg/mL
Staphylococcus aureus 3.12 mg/mL
Enterobacter cloaceae 3.12mg/mL
Escherichia coli >50 mg/mL
Klebsiella pneumoniae 6.25 mg/mL
Aspergillus flavus 25 mg/mL
Aspergillus fumigatus 12.5 mg/mL
Methanol extract otrutis T 125 me/ml.
Candida albicans 6.25 mg/mL
Fusarium oxysporum 25 mg/mL
Mucor mucedo >50 mg/mL
Paecilomyces variotii 12.5 mg/mL
Penicillium purpurescens 25 mg/mL
Penicillium verrucosum >50 mg/mL
Trichoderma harsianum 25 mg/mL
Bacillus mycoides 0.78 mg/mL
Bacillus subtilis 0.78 mg/mL
Staphylococcus aureus 0.78 mg/mL
Enterobacter cloaceae 0.78 mg/mL
Escherichia coli 1.56 mg/mL
Klebsiella pneumoniae 0.78 mg/mL
Aspergillus flavus 25 mg/mL
Acetone extract Kopaonik, Serbia Aspergillus fumigatus 12.5 mg/mL N/A [144]
Botrytis cinerea 25 mg/mL
Candida albicans 6.25 mg/mL
Fusarium oxysporum 25 mg/mL
Mucor mucedo 25 mg/mL
Paecilomyces variotii 12.5 mg/mL
Penicillium purpurescens 25 mg/mL
Penicillium verrucosum 25 mg/mL

1 N/A: data not available.
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The most potent extract is the acetone extract with an MIC of 0.39 mg/mL against
Bacillus subtilis [134]. Atranorin is the most potent of the compounds isolated from this
lichen species, with an MIC of 0.015 mg/mL against Bacillus mycoides [138].

5.5. Parmotrema perlatum (Huds) M. Choisy Extracts

Parmotrema perlatum (Hudson) M. Choisy is a lichen of the Parmeliaceae family. The
thallus is foliose, adnate with a diameter ranging from 3 to 20 cm, and is lobate. The lobes
are sub-irregular, elongated, often imbricate, and plane; they are separate and measure
4 to 15 mm in width. The upper surface is gray and smooth, sometimes with some
blackened areas. The medulla is white, with a continuous algal layer. The lower surface
is black with a peripheral brown naked zone. The upper cortex contains atranorin and
chloroatranorin, while the medulla contains stictic acid (major), constictic acid (minor), and
norstictic, menegazziaic and cryptostictic acids (traces). Parmotrema perlatum usually grows
on hardwood trees in open habitats, occasionally on rocks. It is a widespread lichen found
in temperate region of the Northern and Southern Hemispheres [106]. Its extracts have
been investigated for biological activities such as antimicrobial [145-147], antioxidant [147],
spasmolytic, bronchodilatory and vasodilatory [148]. The most frequently investigated
solvents for this lichen species are hexane, followed by methanol, chloroform, ethanol, and
water (Table 9).

Table 9. Antimicrobial activity of extracts of the lichen Parmotrema perlatum (Huds) M. Choisy from

different localities.

Type of Extract Harvest Location Mi Target . MIC. Values/ZI Extract Composition Reference
icroorganism Diameters
Escherichia coli 0.625 mg/mL
Pseudomonas sp. 1.25 mg/mL
. Bacillus subtilis 0.312 mg/mL
Hexane extract Local market, de@, Cryptococcus neoformans 25 mg%mL N/A! [145]
Uttar Pradesh, India K , .
Candida albicans 2.5 mg/mL
Aspergillus niger 2.5mg/mL
Aspergillus fumigatus 1.25 mg/mL
Bacillus subtilis 15 mg/mL
Bacillus cereus 15 mg/mL
Water extract Staphylococcus cohnii 15 mg/mL N/A
Enterobacter aerogenes 1.875 mg/mL
Proteus vulgaris 3.75 mg/mL
Bacillus subtilis 7.5 mg/mL
Bacillus cereus 7.5 mg/mL
Gordonia rubripertincta 15 mg/mL
Staphylococcus cohnii 7.5 mg/mL
Ethanol extract Yersinri)a %seudotuberculosis 7.5 mg /mL N/A
Giresun, Center, Saccharomyces cerevisiae 0.9346 mg/mL
Boztekke Candida tropicalis 0.46875 mg/mL [146]
Village, Turkey Candida albicans 0.46875 mg/mL
Bacillus subtilis 7.5 mg/mL
Staphylococcus aureus 7.5 mg/mL
Bacillus cereus 3.75 mg/mL
Gordonia rubripertincta 15 mg/mL
Staphylococcus cohnii 7.5 mg/mL
Chloroform extract Enterobacter aerogenes 7.5mg/mL N/A
Proteus vulgaris 7.5 mg/mL
Yersinia pseudotuberculosis 7.5 mg/mL
Saccharomyces cerevisiae 15 mg/mL
Candida tropicalis 0.46875 mg/mL
Candida albicans 7.5 mg/mL
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Table 9. Cont.
Type of Extract Harvest Location . Target . MIC. Values/ZI Extract Composition Reference
Microorganism Diameters
Pseudomonas aeruginosa 1310.84 pg/mL D-carvone, Sambucol,
Hexane extract Klebsiella pneumoniae 1106.66 pg/mL Copaene, Cubebene,
Clostridium difficile 238.64 ug/mL Viridifloral, Rishitin,
Local market of Streptococcus pyogenes 1027.64 png/mL Esculetin, Daphnetin.
Trivendrum, . _di - 149
Kerala, India Pseudomonas aeruginosa 185.10 ug/mL SICZ)SII;ZSEO)](?}{iaH;?;ﬂ [149]
Klebsiella pneumoniae 177.84 ug/mL o !
Methanol extract . PP Longidione, Gamolenic
Clostridium difficile 186.28 pug/mL . :
Streptococcus pyogenes 202.60 pg/mL acid, Stigmastan
’ 3,5-diene.
Orcinol (63.26%), and
atraric acid (21.38%).
Lactobacillus plantarum 19 + 0.1 mm Savinin,
Methanol fraction Chromobacterium violaceum 16 £ 0.1 mm tetrahydroterotri-L-
Pseudomonas aeruginosa 04 + 0.06 mm glutamate, primidolol,
ustiloxin, mallotinic
acid, and mecambrine
Shop in Chenna?, Tamil Lactobacillus plantarum 15 4 0.05 mm Benzoic acid (92.47%) [147]
Chloroform fraction Nadu, India Chromobacterium violaceum 11 £ 0.05 mm and 1,4-ben-zenediol,
Pseudomonas aeruginosa 01 £ 0.05 mm 2,5-dimethyl (4.518%).
Benzoic acid,
Lactobacillus plantarum 17 £ 0.05 mm . 24-dihydroxy-3,6-
. . . dimethyl-, methyl ester
Hexane fraction Chromobacterium violaceum 13 £ 0.05 mm o
. (62.2%), and
Pseudomonas aeruginosa 02 £+ 0.1 mm . .
phosphinous chloride
(1.737%).

1 N/A: data not available.

A study by Devi et al. [149] has highlighted the potential antibacterial activity of
Parmotrema perlatum n-hexane and methanolic extracts against some drug-resistant bacteria
(Carbapenem-resistant Pseudomonas aeruginosa and Klebsiella pneumoniae, Cephalosporin-
resistant Clostridium difficile, and Macrolide-resistant Streptococcus pyogenes), and against
Mycobacterium tuberculosis. The composition of the extract has been assessed and is different
between methanol and hexane. Moreover, the methanolic extract seems to be the most po-
tent against all the tested bacteria, with an MIC of 185.10, 177.84, 186.28 and 202.60 pg/mL
against P. aeruginosa, K. pneumoniae, C. difficile, and S. pyogenes, respectively. Regarding
Mycobacterium tuberculosis, the methanolic extract demonstrated a 90% growth inhibition
of the strain h37 Rv at 80 pug/mL. The major compounds of the methanolic extract in-
clude Stigmastan 3,5-diene, Gamolenic acid, Longidione, Platambin, and 5,7-dihydroxy
4-methyl coumarin.

6. Discussion and Perspectives
6.1. Mechanisms of Action of Lichen Volatiles Against Resistant Pathogens

The findings of this systematic review suggest that the volatile fraction of lichens
could represent a chemically distinct antimicrobial resource, though it has often been
overshadowed by “classical” secondary metabolites such as usnic acid and atranorin
(detailed in Section 5). While traditional solvent extracts (acetone/methanol) frequently
rely on larger, relatively immobile molecules, the essential oils and VOCs identified in
this study, rich in low-molecular-weight phenolics and sesquiterpenes, appear to offer
certain pharmacological advantages. Their characteristic volatility and lipophilicity may
indicate a potential that likely complements, rather than merely replicates, the activity of
traditional extracts. This represents a direction of research that remains relatively untapped,
potentially due to the practical challenges associated with biomass constraints. While the
primary studies included in this review focused on standard ATCC strains, the chemical
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profiles identified, rich in atraric acid, orcinol, and sesquiterpenes, point toward specific
mechanisms that are highly relevant to overcoming multidrug resistance. Unlike traditional
antibiotics that often target a single protein, lichen volatiles appear to exert multi-target
effects [150]:

- Membrane Permeabilization: The high concentration of phenolic volatiles, such as
atraric acid and methyl haematommate, suggests a mechanism involving the dis-
ruption of the bacterial lipid bilayer. Phenolic compounds are known to integrate
into the cell membrane, altering its fluidity and increasing permeability, which leads
to the leakage of essential intracellular components [151]. This “leakage” effect is
particularly effective against Gram-positive bacteria and can serve as a synergistic tool
to help conventional antibiotics bypass the physical barriers of resistant strains [152].

- Efflux Pump Interference: Several sesquiterpenes identified in species like Lichina pyg-
maea (e.g., Y-himachalene) belong to chemical classes known to act as efflux pump in-
hibitors. By blocking the proteins that bacteria use to “spit out” drug molecules, these
volatiles could potentially restore the efficacy of currently obsolete antibiotics [153].

- Biofilm Disruption: Volatile organic compounds (VOCs) are known to interfere with
Quorum Sensing (QS), the chemical signaling bacteria use to coordinate the formation
of protective biofilms [154]. Since biofilms represent a primary defense mechanism for
MDR pathogens, disrupting these structures is a critical strategy in treating chronic
and persistent infections.

6.2. Sustainability and the “Biomass Bottleneck”

As noted in our findings, the extraction yields for lichen essential oils are significantly
lower (generally <1% w/w) than those of traditional organic solvent extracts, which can
reach 10% w/w or more. This disparity creates a profound sustainability challenge. Lichens
are notorious for their slow growth rates, often measured in millimeters per year, and
their complex symbiotic nature makes large-scale cultivation in bioreactors extremely
difficult [102]. Consequently, harvesting massive quantities of wild lichen biomass to
extract trace amounts of volatiles is ecologically unviable and poses a threat to biodiversity.
Therefore, lichen antimicrobial potential should not be viewed as a resource to be exploited
through direct bulk extraction, but rather as a chemical blueprint for the development of
synthetic or semi-synthetic analogs.

6.3. Future Directions: From Thallus to Lab

The transition of lichen volatiles into the therapeutic arsenal requires moving away
from wild harvesting toward laboratory-based production. Two primary strategies emerge
as the most viable:

- Heterologous Expression: Recent advances in lichen genomics have identified specific
polyketide synthase (PKS) gene clusters responsible for the biosynthesis of phenolic
volatiles like atraric acid and orsellinic acid derivatives [66]. By integrating these
genes into fast-growing, easily cultivable heterologous hosts such as Saccharomyces
cerevisiae or Escherichia coli, researchers can produce specific lichen metabolites at scale
without the need for thallus biomass [74].

- Hemi-synthesis and Biomimetic Synthesis: Many lichen volatiles possess a relatively
simple phenolic core. Future pharmaceutical development could utilize more abun-
dant, plant-derived phenolics (such as resorcinol or orcinol derivatives) as scaffolds.
These can be chemically modified through esterification or halogenation to “mimic”

the unique structures found in lichens, such as chloroatranol or methyl haematommate,

creating a sustainable supply of lead compounds for drug testing [60].
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7. Conclusions

This systematic review identifies lichen-derived volatile compounds and essential
oils as a promising, yet critically under-researched, antimicrobial resource. Based on our
qualitative synthesis, the certainty of evidence is considered moderate for Gram-positive
pathogens, where consistent growth inhibition was observed across independent reports.
However, the certainty remains low for Gram-negative bacteria and clinical multidrug-
resistant (MDR) isolates, primarily due to the limited number of studies (n = 6), high
chemical variability, and a current reliance on standard laboratory strains.

To transition these “hidden” metabolites into the therapeutic pipeline, a paradigm
shift is required. Future research must move beyond the preliminary screening of wild-
harvested thalli toward the evaluation of pure lead compounds against resistant clinical
phenotypes. Furthermore, while this review focused on antimicrobial potential, the total
lack of data regarding the cytotoxic, antidiabetic, or neuroprotective effects of these volatile
fractions represents a significant missed opportunity for drug discovery.

Ultimately, the sustainability of this field depends on decoupling research from
biomass consumption. By adopting the laboratory-based production strategies outlined in
this review, namely biosynthetic engineering and biomimetic synthesis, researchers can
explore the full pharmaceutical potential of lichen volatiles without compromising the
biodiversity of these slow-growing organisms.
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The following abbreviations are used in this manuscript:

MICs Minimum Inhibitory Concentrations

MRSA Methicillin-Resistant Staphylococcus aureus

VOCs Volatile Organic Compounds

GC-MS Gas Chromatography—Mass Spectrometry

GC-FID-MS Gas Chromatography-Flame Ionization Detector-Mass Spectrometry
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HPLC High-Performance Liquid Chromatography

UHPLC-HRMS,/MS Ultra-High-Performance Liquid Chromatography-High-Resolution
Tandem Mass Spectrometry

KI Kovats Retention Index

Z1 Zone of Inhibition

1ZD Inhibition Zone Diameter

RIZD Relative Inhibition Zone Diameter

DMSO Dimethyl Sulfoxide

PKS Polyketide Synthase

ATCC American Type Culture Collection

t Trace

N/A Not Available
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