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Abstract

The present meta-analysis provides literature data on the effect of lichen extracts and single secondary metabolites used
against Fusarium spp. moulds. Lichen extracts were obtained from 51 corticolous, 17 terricolous and 18 saxicolous lichen
species and 37 secondary compounds were tested against eight fungal species, i.e., Fusarium acuminatum, F. avenaceum, F.
culmorum, F. fujikuroi, F. oxysporum, F. roseum, F. solani and F. udum. The researchers used several test methods, mostly
to determine MIC and IZ. Extracts were obtained using several solvents, mainly organic ones with use of the Soxhlet appa-
ratus. The most frequently tested species was F. oxysporum, against which lichen substances from Alectoria sarmentosa,
Cladonia mitis, C. rangiferina, Flavoparmelia caperata, Hypotrachyna cirrhata, Leucodermia leucomelos, Parmotrema
austrosinense, P. reticulatum, Physcia aipolia, Pseudevernia furfuracea, Roccella montagnei and Umbilicaria nylanderiana
and secondary metabolites such as 2-hydroxy-4-methoxy-3,6-dimethylbenzoic acid, atranorin, lecanoric and (4)-usnic acids
showed the highest antifungal potential. These agencies could compete with the potential of fungicides, such as flucytosine
and fluconazole. Other species have been poorly investigated. Statistical analysis of literature data showed that the fungistatic
potential of lichen extracts is significantly different from individual secondary metabolites. Similarly, the potential of sec-
ondary metabolites often differs significantly from that of non-lichen substances. This meta-analysis indicates the potential
of lichen substances as future anti-fusarial agents.

Keywords Antibiotics - Antifungal potential - Allelopathy - Fusarium - Lichen substances - Inhibition

Introduction

Lichens are an ecosystem complex (Hawksworth and Grube
2020) that relies upon a symbiosis resulting from the co-
relation of a heterotrophic fungus and an autotrophic pho-
tosynthetic component (Elkhateeb et al. 2020; Jiiriado et al.
2019). The fungus most often represents the Ascomycota
division (Wang et al. 2014), less frequently the Basidiomy-
cota one (Liicking et al. 2017), while the photobiont belongs
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to the Chlorophyta or Cyanobacteria division (Bates et al.
2011). This complex, in the cortical layer, can be enriched
by basidiomycete fungi (Spribille et al. 2016; Tuovinen et al.
2019), bacteria (Bates et al. 2011; Grube et al. 2009, 2015)
or other fungi involved in this relationship (Agrawal et al.
2020; Kellogg and Raja 2017; Yazici et al. 2020). Endoli-
chenic fungi may be important for the qualitative substance
profile of the lichen symbiosis (Agrawal et al. 2020; Kel-
logg and Raja 2017), as might the presence of lichenicol-
ous fungi altering the antioxidant potential of the extract
obtained (Khadhri et al. 2019). Due to the dominant role of
the fungus (Muggia and Grube 2018), the lichen relationship
is classified from the perspective of the Kingdom Fungi.
The establishment of this relationship results not only
in the formation of the diverse morphology of the lichen
thallus, but also in the metabolism of such a symbiosis (Fur-
manek 2019; Furmanek et al. 2019). Primary metabolism
pathways produce basic substances constituting the structure
of bionts, such as proteins, pigments, and vitamins (Shukla
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et al. 2018) or polysaccharides (Cordeiro et al. 2003) that
bind the lichen’s structure (Spribille et al. 2020). Their
bioproduction occurs in both lichen components, with no
direct way to identify the source of their origin (Rankovi¢
and Kosani¢ 2015). Many of which can be dissolved using
hot water (Elix and Stocker-Worgotter 2008; Surayot et al.
2019). The extraction of polysaccharides in different yields
depends upon the lichen species (Carbonero et al. 2001;
Cordeiro et al. 2003), but with similar chemical structures of
sugars, probably independent of their habitat (Cordeiro et al.
2003). Uniquely, isolichenin requires only a low-temperature
extraction process (Surayot et al. 2019). Polysaccharide bio-
synthesis may result from both the presence of a particular
mycobiont (Cordeiro et al. 2004; Ruthes et al. 2008) or from
the complicity of a photobiont (isolichenan: Cordeiro et al.
2004; Ruthes et al. 2008).

The aposymbiotic form of both components leads to
qualitatively different polysaccharides (Cordeiro et al. 2005,
2007). Their solubility is mainly determined by the specific
bond ratios (1 —3) to (1 — 4)-a-p-glucan with a ratio range
of 1:1 to 1:4 (Cordeiro et al. 2003). These factors affect the
sugar content, which can account for up to c. 57% of the
extracted compounds in the mixture of lichen substances
(Akbulut and Yildiz 2010; Boustie et al. 2011; Furmanek
et al. 2022).

Modest experiments showed that polysaccharides pos-
sess anticancer, antiviral (Olafsdottir and Ing6lfsdottir 2001
and literature cited therein) or immunostimulatory (Surayot
et al. 2019; Zhang et al. 2016) or anti-coagulant properties
(see broader: Ullah et al. 2019 and literature cited therein),
although lichenin did not significantly alter the mycelial
growth dynamics of plant root-sphere fungi (Ruotsalainen
et al. 2009).

The photobiont, in exchange for its protection by the myc-
obiont, provides useful carbohydrates which are converted
by the mycobiont, specific for the particular symbiosis, to
secondary metabolites (Furmanek 2019; Staskiewicz and
Szakiel 2020); these are deposited in the form of crystals
on the outer part of mycobiont or inside the fungal cell wall
(Grimm et al. 2021) and are thought to be rather insoluble
in water (Furmanek et al. 2022; Staskiewicz and Szakiel
2020), such as usnic acid (Jin et al. 2013), especially at a
pH less than 7 (Honegger 2009), although an increase in
temperature facilitates the passage of usnic acid into the
extract (Jin et al. 2013), as do polar functional groups
attached to secondary compounds (Furmanek et al. 2022;
Rundel 1978). The solubility of lichen phenols in water has
been increasingly reported (Zagoskina et al. 2013; Zavar-
zina et al. 2019). Lichen compounds are most efficiently
extracted with organic solvents, although deeper analysis
indicates more complex relationships; see chemical profiles,
for example, in Jin et al. (2013), Millot et al. (2017), Tekiela
et al. (2021) and Voicu et al. (2019). The role of secondary
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metabolites is primarily a protective function of the lichen
thallus against stress factors (Legouin et al. 2017; Veres et al.
2020); these may increase its dry weight (Farkas et al. 2020;
Proko’ev et al. 2018), by more than 50% in the case of a
single secondary compound such as physodic acid included
in a substances mixture (Latkowska et al. 2019). The use of
an organic solvent and changes in its pH can determine the
chemical structure of the secondary metabolites, as in the
case of atranorin (Vos et al. 2018).

The most prominent secondary metabolism pathway of
the symbiosis is the acetate-polymalonate pathway, which
involves the biosynthesis of most of the secondary metabo-
lites classified into various biochemical classes, including
those analysed in this review. These include, for example,
monocyclic aromatic derivatives, orcinol depsides, -orcinol
depsides, orcinol depsides, p-orcinol depsides, usnic acid
derivatives or aliphatic acids biosynthesized via the tricar-
boxylic acid cycle. The biosynthesis of structurally branched
secondary compounds occurs in the mevalonic acid pathway,
which includes metabolites belonging to the class of terpe-
noids or sterols. The shikimic acid pathway is characterized
by the biosynthesis of mainly pulvinic acid derived com-
pounds (Furmanek et al. 2022; Goga et al. 2018; Staskiewicz
and Szakiel 2020). Elix (2014) distinguishes c. 45 biochem-
ical classes of lichen secondary metabolites consisting of
more than 850 compounds.

Laboratory in vitro studies on the potential of lichen sec-
ondary metabolites report their broad biological properties
such as anticancer (Cardile et al. 2017; Tripathi et al. 2022
and literature cited therein), antioxidant (Hawryt et al. 2020;
Maulidiyah et al. 2021), antimicrobial (Shiromi et al. 2021;
Sargsyan et al. 2021), pro-health (Zhao et al. 2021 and lit-
erature cited therein) or anti-fusarial potentials described in
this meta-analysis.

Species in the Fusarium genus (Ascomycota) are ecologi-
cal plant pathogens and saprotrophs (Dignani and Anaissie
2004; Karim et al. 2016). Divergent estimates state that there
are more than 300 (Dongzhen et al. 2020) to as many as
1,500 species in this genus (Arie 2019), which are identi-
fied by their shape, cell number, and mode of division. The
genus is widespread (Arie 2019), forming a bright and floc-
culent mycelium in different shades of colour of small con-
idiophores (Chrdst 2016). Macroconidia of Fusarium spp.
species are curved and multicellular (Dignani and Anaissie
2004; Pitt and Hocking 2009). Their spores spread over con-
siderable distances, and the genetic similarity of analogues
of environmental and clinical isolates (Batista et al. 2020)
increases their infectivity potential of living organisms,
although their susceptibility to currently used antibiotics is
partly dependent on the source of their isolation (environ-
ment or patient) (Pujol et al. 1997).

Of particular interest is the ability of Fusarium spp.
pathogens to infect plants, such as F. avenaceum, F.
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fujikuroi, F. oxysporum and F. solani described in this
review; these damage crop plants, e.g., tomato wilt (Isaac
et 2018), yam wilt (Dongzhen et al. 2020), banana wilt
(Ujat et al. 2021), wheat seed (Koycii 2018) and ear rot
in maize (Oldenburg et al. 2017) or cause tree infections
(Pinus sylvestris, Alnus glutinosa and Larix decidua)
(Tekiela et al. 2021). Contamination of grains is the rea-
son for their loss of quality (Nelson et al. 1994) or food
products (Ji et al. 2019; Oldenburg et al. 2017).

Increased resistance of fungal complexes of F. fujik-
uroi, F. oxysporum and F. solani species may cause human
disorders (see: Batista et al. 2020; Dignani and Anais-
sie 2004; Herkert et al. 2019; Nelson et al. 1994; Song
et al. 2021), most commonly onychomycosis, skin infec-
tions and keratitis (see: Batista et al. 2020 and literature
cited therein; Herkert et al. 2019); they also contribute to
systemic conditions, including disorders of the nervous
system (see: Dignani and Anaissie 2004), the heart (endo-
carditis: Esnakula et al. 2013), and tissues, such as the
skin, lungs and sinuses (Dignani and Anaissie 2004). Their
presence may be the cause of the so-called sick-building
syndrome (Li and Yang 2004; Chrést 2016; Nag 2019),
and together with the mycotoxins produced by Fusarium
(Dignani and Anaissie 2004), can negatively affect the
quality of food products and the health of humans (Kdycii
2018; Nelson et al. 1994).

The most dangerous Fusarium species from a phytop-
harmacological point of view are F. culmorum, F. gramine-
arum (Koycii 2018), F. fujikuroi (Nelson et al. 1994) and F.
oxysporum (Arie 2019), while the most pathogenic from a
medical point of view, such as F. solani, can take advantage
of a weakened barrier of the human immune system (Man-
soory et al. 2003; Pujol et al. 1997).

In view of the increasing need for new antibiotic sub-
stances and in the context of declining possibilities against
Fusarium pathogens, (Batista et al. 2020; Esnakula et al.
2013; Guarro et al. 1999; Wolny-Kotadka 2016), this review
underlines the concept of green chemistry, with the potential
use of natural lichen-derived substances presenting. This is
especially true when considering the economic implications
(Batista et al. 2020; Dongzhen et al. 2020), food security
(Arie 2019; Koycii 2018), and even risks to swine (see: Nel-
son et al. 1994) and domestic animals (Witaszak et al. 2019).

Given the above and based on the results obtained, as well
as the conclusions drawn, the aim of this paper is to present
new perspectives on the control of excessive growth of the
genus Fusarium species in residential and public buildings,
and the search for and potential use of lichen substances
as future plant protection agents (fungicides) and as food
preservatives. For medical and veterinary practitioners, their
potential as agents of therapeutic value in the treatment of
human disease and as a replacement for currently used anti-
biotics should be of particular interest. Despite this relatively

under-researched area, the results obtained from this meta-
analysis demonstrate their future potential.

Materials and methods
General issues

This literature review is complementary to previous studies
on the effects of extracted complexes of lichen substances
and their secondary metabolites on dermatophytes (Fur-
manek et al. 2019 and literature cited therein) and genus
Aspergillus spp. (Furmanek et al. 2022 and literature cited
therein). The overall design of this review is mainly based on
the latter article, with the main difference being the statisti-
cal analysis of the literature data (meta-analysis).

The collected literature data on the effects of extracted
substances concern 51 corticolous species, 17 terricolous
species, and 18 saxicolous lichen species (Tab. S1). The
37 isolated secondary metabolites of lichens belonging to
13 biochemical classes have been tested (Tab. S2). Lichen
extracts and their secondary metabolites were investigated
against eight Fusarium species, namely F. acuminatum Ellis
& Everh., F. avenaceum (Fr.) Sacc., F. culmorum (Wm.G.
Sm.) Sacc, F. fujikuroi Nirenberg [syn. F. moniliforme J.
Sheld., F. subglutinans (Wollenw. & Reinking) P.E. Nelson,
Toussoun & Marasas, F. verticillioides (Sacc.) Nirenberg], F.
oxysporum Schltdl., F. roseum Link, F. solani (Mart.) Sacc.
and F. udum E.J. Butler. Data reported in the literature for
Fusarium tabacinum (J.F.H. Beyma) W. Gams have not been
included here, since this species is now recognized as Plecto-
sphaerella cucumerina (Lindf.) W. Gams. Species names are
given according to Index Fungorum (status on: 11.11.2021).

The lichen species were divided into ecological groups
according to the substrate; if more than one group was iden-
tified, then the dominant one was selected. Such a division
was intended to facilitate data compilation and interpreta-
tion as well as comparative analysis and meta-analysis of
the antifungal potential of lichen extracts growing on dif-
ferent substrates (epiphytes, epigeics and epilithics) (Tab.
S1). Similarly, the division of lichen secondary metabolites
was based on of their belonging to a specific biochemical
class (after: Elix 2014) for more practical compilation and
analysis of the collected data (Tab. S2).

Due to the different methodologies employed by research-
ers to extract substances from lichens, only the main extract-
ing solvent is given in the tables presented in this review;
however, if necessary, this issue was described in more
detail in the discussion for the most effective methodologi-
cal combinations. The data collected indicate the use of 11
solvents to obtain lichen extracts, the most frequently used
being methanol and acetone. Chloroform, ethanol, water and
ethyl acetate were used less frequently, and diethyl ether,
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hexane, 2-propanol, petroleum ether and dichloromethane
were used least of all. For data on the anti-fusarial potential
of secondary metabolites, only the major extracting solvents
are mentioned.

Test results were most often reported as Minimal Inhibi-
tory Concentration (MIC) and Inhibition Zone (IZ). In a few
cases, the extract concentration was reported as Minimal
Fungicidal Concentration (MFC). Occasionally, results were
given as a percentage measure of mycelial growth dynam-
ics (RG%), percentage inhibition of mycelial growth (IR%),
percentage inhibition of spore germination (SGI), and dose
resulting in inhibition of mycelial growth dynamics at 50%
efficiency level (EDsy).

To determine the MIC values, test methods such as disk
diffusion method (DDM) (see: Sanozlii et al. 2016; Tiirk et al.
2006), Broth tube dilution method (BTDM) (see: Rankovié
and Misi¢ 2007; Babiah et al. 2014a), Broth microdilution
method (BMM) (see: Aslan et al. 2006; Kosani¢ and Rankovi¢
2011a), Broth microdilution method with 2,3,5-triphenyltetra-
zolium chloride (BMMWTTC) (see: Shivanna and Garampalli
2015), and Microdilution method with resazurin (MMWwR)
(see: Sarozlii et al. 2016; Cankilic¢ et al. 2017) have been
used. BTDMs were used to determine MFC (see: Rankovié
and Misi¢ 2007). DDM was applied for IZ (see: Aslan et al.
2006; Sariozlii et al. 2016) and Agar well diffusion method
(AWDM) (see: Rankovi¢ and Misi¢ 2007; Shivanna and Gar-
ampalli 2015). Other methods for measuring mycelial growth
included poisoned food technique (PFT) (see: Halama and
van Haluwin 2004; Karabulut and Ozturk 2015; Tekiela et al.
2021) and Spore germination inhibition (SGI) (see: Shahi
et al. 2003). The most frequently used methods were DDM
and BTDM, while BMMwTTC, MMwR, AWDM, BMM and
PFT were used less frequently; SGI was only used in a few
cases. If the researchers did not directly state the name of the
research method used (i.e., PFT; Tekiela et al. 2021) or there
were some discrepancies in the names [i.e., Kirby and Bauer
disk diffusion method—as DDM (i.e., Babiah et al. 2014a)
or Microbroth dilution method—as MMwR (i.e., Sariozli
et al. 2016)], they were classified according to the method
employed. Professional descriptions of BTDM, BMM and
DDM are given by the Clinical and Laboratory Standards
Institute (CLSI 2015a, b; 2017).

The concentration unit for the test extracts, secondary
metabolites and antifungal non-lichen drugs was given as
mg ml~"; in some cases, these were converted to standardize
the presented results. It was not always possible to give the
concentration or dose of the substances used; this informa-
tion is mentioned in the text, where necessary.

Determination of the inhibitory potential level of the tested
extracted lichen compounds as extracts and individual second-
ary metabolites was conducted by comparing them to the anti-
fungal potential of reference substances against Fusarium spp.
The greatest attention in the results and discussion sections
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was paid to the description of combinations that could compete
with the effectiveness of the antibiotics.

Several tables are provided as supplementary material on
the journal’s official website.

Statistics

Statistical analysis was performed for positive Minimal Inhibi-
tory Concentrations and Inhibition Zone results if they met
the minimum number (N=15) of data collected for extracts
or secondary metabolites of lichen and non-lichen antifungal
references in the variants. This abundance was considered to
be the minimum for statistical analysis and for drawing any
conclusions regarding the potential of the analysed substances.
Therefore, statistical analysis was carried out using data con-
cerning extracts of all the three lichen ecological groups
against Fusarium oxysporum and from corticolous lichen spe-
cies against F. solani, and secondary metabolites tested against
F. fujikuroi as well as F. oxysporum.

An analogous criterion was applied to non-lichen antifungal
agents, although in some cases, cited MIC values were given
collectively for independently performed experiments. MIC
results of reference substances with a majority sign (>) were
not included in the statistical analysis. Where a range of MIC
values is given in a table, the smallest and largest values from
the given range were performed in the statistical analysis.

Statistical analysis did not take into account methodologi-
cal differences in the cited experiments and the use of various
strains of a given Fusarium species, as this would have pre-
vented analysis and conclusions.

The statistics of normal distribution were checked by the W
Shapiro—Wilk test and the 4 Kolmogorov—Smirnov test with
Lilliefors correction (for N<30) and by the X? test and the A
Kolmogorov—Smirnov test (for N >30). Because the assump-
tion of normality of data distribution was not met, tests to
check homogeneity of variance were not performed. Statisti-
cal significance was checked by using non-parametric tests for
two groups: U Mann—Whitney and 4 Kolmogorov—Smirnov.
A significance level of a=0.05 was used for all tests used. A
meta-analysis of the collected literature data was performed for
all possible combinations to meet the above criteria.

Results

Analyses of extracted-lichen compounds of various
lichen thalli

Potential of crude extracts against Fusarium acuminatum
(references: Tab. S3)

The tested mixtures of lichen substances were extracted from
six corticolous species (Evernia divaricata, E. prunastri,
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Parmelia saxatilis, Platismatia glauca, Ramalina pollinaria
and R. polymorpha), two terricolous species (Cladonia folia-
cea and C. rangiformis) and three saxicolous species (Derma-
tocarpon miniatum, Xanthoparmelia pulla and Umbilicaria
nylanderiana). The only effective potential of lichen sub-
stances was found for the methanol extract from E. divaricata
(MIC: 62.5x 10 mg ml™"), confirmed by a high IZ (30 mm).
The other extracts were found to be ineffective according to
the IZ values.

Potential of crude extracts against Fusarium avenaceum
(references: Tab. S4)

Tekiela et al. (2021) tested six combinations using corticolous
and terricolous lichen species. The highest level of relative
inhibition of mycelial growth dynamics was measured for ace-
tone-extracted substances from Cladonia mitis (6.6% relative
mycelial growth compared to mycelial dimensions in the con-
trol sample) after 180 h of the experiment. A slightly weaker
result (c. 13-16%) was obtained with acetone extract from
C. rangiferina and ethanol extract from mixed C. mitis+ C.
rangiferina lichen species.

Potential of crude extracts against Fusarium culmorum
(references: Tab. S5)

Lichen substances extracted from three corticolous (Evernia
prunastri, Parmelia sulcata, Pseudevernia furfuracea) and
two terricolous (Cetratria aculeata and Cladonia foliacea)
species were tested. According to the non-standard MIC value,
the acetone extract of P. furfuracea achieved the highest fungi-
static potential (320-597 pg/disk) (Tiirk et al. 2006). A mix-
ture of ethanol-extracted substances from Evernia prunastri
was fully effective (100% inhibition) (Karabulut and Ozturk
2015). Extracts from the terricolous species showed no activ-
ity MIC, 1Z).

Potential of crude extracts against Fusarium fujikuroi
(references: Table 1)

Mixtures of substances from 16 lichen species (eight
corticolous, five terricolous and three saxicolous) were
tested. According to the MIC, the acetone extract from
Bryoria capillaris proved to be the most effective, with
the analogous methanol extract being half that strength
(Sar16zlii et al. 2016). An alternative approach for MIC
values indicates that an ethanol-extracted mixture of
lichen substances from Pseudevernia furfuracea is a
potentially effective fungistatic agent (Tiirk et al. 2006).
The largest zone of inhibition was measured for methanol

extracts from epigeic species of Gyalolechia subbracteata
(Valadbeigi et al. 2014) and the saxicolous Blennothallia
crispa (Valadbeigi and Shaddel 2015) and Pyrenodesmia
variabilis (Valadbeigi et al. 2014).

Potential of crude extracts from corticolous lichens
against Fusarium oxysporum (references: Tab. S6)

Mixtures of lichen substances extracted from 48 corticolous
species have been tested. A MIC value below 1 ml mg~! was
achieved by one of a methanol extract from Flavoparmelia
caperata (0.097 mg ml™"), although its inhibitory poten-
tial according to IZ does not appear to be significant (IZ:
13.3 mm) (Shivanna and Garampalli 2014). Methanol extract
from Parmotrema austrosinense (MIC: 0.39 mg ml~!; 1Z:
21.3 mm), methanol and ethyl acetate extracts from Phys-
cia aipolia (MIC: 0.39 mg ml™'; 1Z: 12.3-12.6 mm) and
Roccella montagnei (MIC: 0.39 mg ml~!; 1Z: 11.3-13 mm)
(Shivanna and Garampalli 2014) also reached this level.

It is interesting to note that the mixture of substances
present in the ethanol and ethyl acetate extracts from Alec-
toria sarmentosa had a low inhibitory potential against F.
oxysporum (MIC 50 mg ml~!' and 100 mg ml~!, respec-
tively), but the combinations become valuable in light of the
fungicidal potential, MFC, respectively: 100 mg ml~! and
150 mg ml~! (Rankovi¢ and Misi¢ 2007). The largest diam-
eter of the mycelial growth inhibition zone was measured for
ethanol from Roccella montagnei (IZ: 32 mm) (Devashree
et al. 2019) and acetone extracts from Parmotrema perlatum
(IZ: 30 mm) (Thippeswamy et al. 2013).

Acetone extracts from Pseudevernia furfuracea also
appear to be noteworthy, being effective for a MIC con-
centration at 597-640 pg/disk (Tirk et al. 2006). The
water-extracted substances mixture from Hypotrachyna
cirrhata (Shahi et al. 2003) and Leucodermia leucomelos
(Shahi et al. 2001) was found to have fungicidal efficacy
according to the SGI method (concentration: 80 ul ml™").
The percentage inhibition rates of mycelial growth
dynamics (IR%) reached maximum of 68% inhibition of
mycelium growth exhibited by the potential of substances
included in acetone extract from Parmotrema reticulatum
(Babiah et al. 2014b). Based on the ED5, values of sub-
stances extracted from P. reticulatum, ethyl acetate (EDsy:
43.7 ug ml™") (Goel et al. 2011a) was the best solvent in
terms of inhibitory effects.
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Table 1 Effect of crude extracts from corticolous, terricolous and saxicolous lichens on Fusarium fujikuroi

Ecological group Lichen species Extracting solvent Results Measure-  New literature
MIC [mgml™']  MFC 1Z [mm] (dose) $ng o
[mg ml™']
Corticolous Bryoria capil- Acetone 156.2% 1073 b 11 (conc. 0.833 mg/ DDM 1]
lichens laris disk)
Chloroform b b 4
Methanol 312.5%1073 b 15 (conc. 0.833 mg/
disk)
Parmotrema Acetone b b 8.33 (15 ul) DDM 2]
andinum (conc.200 mg 2 ml™h)
2-Propanol b b 20.66 (15 pl) (conc.
200 mg 2 ml™")
Parmotrema 2-Propanol b b 6 (15 pl) (conc. DDM [3]
tinctorum 100 mg mI™")
Pseudevernia Acetone (test 597 ug/ b b DDM [4]
furfuracea sample 1 and 2)  disk (conc.
5.6 mgml™)
640 pg/ b b
disk (conc.
6 mg ml™")
Chloroform (test 787 pg/ b b DDM [4]
sample 1 and 2)  disk (conc.
7.4 mgml™)
1813 g/ b b
disk (conc.
8.5 mgml™!)
Ethanol (test sam- 1460 pg/ b b DDM [4]
ple 1 and 2) disk (conc.
6.8 mg ml~")
400 pg/ b b
disk (conc.
15 mg ml™!)
Ramalina fari-  Acetone b b a DDM [5]
nacea
Ramalina nervu-  Acetone b b a
losa
Ramalina Acetone b b 2
roesleri
Usnea florida Acetone b b a DDM [6]
Chloroform b b 2
Methanol b b a
Terricolous Cetraria aculeata Acetone b b a DDM [71
lichens Diethyl ether b b a
Ethanol b b a
Cladonia foliacea Acetone a b b DDM [8]
Chloroform 4 b b
Diethyl ether a b b
Ethanol 4 b b
Petroleum Ether  *# b b
Gyalolechia sub- Methanol b b 30.33 (15 pl) (conc. DDM [9]
bracteata 1000 mg ml™")
Catapyrenium Methanol b b 5 (uncertain: 15 pl) DDM [10]
squamulosum (conc. 1000 mg ml™")
Psora decipiens ~ Methanol b b a DDM [9]
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Table 1 (continued)

Ecological group Lichen species Extracting solvent Results Measure-  New literature
ment
MIC [mg ml™ 1] MFC 1Z [mm)] (dose) method
[mg ml™ 1]
Saxicolous Blennothallia Methanol b b 28 (uncertain: 15 pl) DDM [10]
lichens crispa (conc. 1000 mg ml™h)
Protoparmeliop- Methanol b b a DDM [9]
sis muralis
Pyrenodesmia b b 27.33 (15 pl) (conc.

variabilis

1000 mg ml™1)

Method of measurement abbreviations: DDM disk diffusion method (MIC, 1Z). For MIC, MFC and IZ abbreviations: see Table 3. Literature
abbreviations: [1] Sariozli et al. (2016); [2] Anjali et al. (2015a); [3] Anjali et al. (2015b); [4] Tiirk et al. (2006); [S] Gazo et al. (2019); [6]
Cankilig et al. (2017); [7] Tiirk et al. (2003); [8] Yilmaz et al. (2004); [9] Valadbeigi et al. (2014); [10] Valadbeigi and Shaddel (2015)

*No effect

"Not investigated

Potential of crude extracts from terricolous lichens
against Fusarium oxysporum (references: Tab. S7)

The inhibitory potential was investigated for extracts
from 13 terricolous lichen species. The strongest poten-
tial was obtained for the methanol extract from Cetraria
islandica (MIC: 2.5 mg ml™) (Grujici€ et al. 2014). The
use of ethanol and ethyl acetate to extract substances
from Cladonia rangiferina may determine fungistatic
and fungicidal effects at the same concentrations of
100 mg ml~! and 150 mg m1~!, respectively; however, the
1Z value may not support this (IZ:13—-14 mm) (Rankovi¢
and Misi¢ 2007).

Mycelial growth dynamics over time (PFT) shows the
fungistatic potential of acetone extract from C. rangife-
rina and C. mitis, which reduced mycelial growth dynam-
ics to more than one-fifth of the mycelial diameter com-
pared to the control sample after 180 h of the experiment.
The use of ethanol extract from C. mitis, acetone and
ethanol extracts from mixed C. mitis + C. rangiferina and
ethanol extract from C. rangiferina attenuated the inhibi-
tion potential to c. 40-50% of relative mycelial growth
(Tekiela et al. 2021).

Lichen substances extracted with hexane from Ste-
reocaulon himalayense inhibited mycelial growth at
a concentration of EDsy: 66.54 pg ml~! (Goel et al.
2011a).

Potential of crude extracts from saxicolous lichens
against Fusarium oxysporum (references: Tab. S8)

Extracts were obtained from 15 species of saxicolous
lichens. In the light of MIC values, the methanol extract

from Umbilicaria nylanderiana (62.5x 10~ mg ml~") exhib-
ited outstanding potential, which was also confirmed by the
highest IZ value (33 mm) (Gulluce et al. 2006). The sub-
stances extracted with methanol from U. polyphylla (MIC:
1.56 mg mI~!; IZ: 22 mm) (Rankovi¢ et al. 2009) also seem
to be among the more potent ones.

Potential of crude extracts from lichens against Fusarium
roseum (references: Tab. S9)

The extracts obtained from five corticolous lichen species
have been tested. The determination of the fungistatic poten-
tial of the extracts has so far been based only on the zone
of growth inhibition. The highest IZ value, reaching over
20 mm in diameter, was obtained with substances extracted
with methanol from Parmotrema thomsonii (Tiwari et al.
2011a).

Potential of crude extracts from lichens against Fusarium
solani (references: Table 2)

The tested extracts were obtained from 28 corticolous,
five terricolous and three saxicolous species of lichens.
Among the substances extracted from these species, the
best MIC value was obtained for the acetone extracts
(156.2x 107> mg ml™") and the second-best for the
methanol extracts (312.5x 107> mg m1~!) from Bryoria
capillaris, although the IZ value does not emphasize this
potential (IZ: 13—15 mm) (Sar16zlii et al. 2016). Values for
the methanol extract from Flavoparmelia caperata (MIC:

@ Springer



523 Page 8of31

Archives of Microbiology (2022) 204:523

Table 2 Effect of crude extracts from corticolous, terricolous and saxicolous lichens on Fusarium solani

Ecological Lichen species Extracting Results Measurement  Literature
group solvent - method
MIC [mg ml™'] MFC 1Z [mm)] (dose) Others
[mg ml~']
Corticolous Alectoria sar-  Ethanol 20 20 25 (20 pl/well) b BTDM; [1]
lichens mentosa AWDM
Ethyl acetate 50 50 20 (20 pl/well) — °
Water 50 50 8 (20 ul/well) b
Bryoria capil-  Acetone 156.2x103 °® 13 (conc. b DDM 2]
laris 0.833 mg/disk)
Chloroform b b a b
Methanol 3125%x10°  ° 15 (conc. b
0.833 mg/disk)
Bulbothrix Acetone b b c. 11 (5ml) b DDM [3]
setschwan- (conc.
ensis 50 mg ml~")
Chloroform b b 4 b
Methanol b b c. 8 (5ml) (conc. P
50 mg ml~Y)
Evernia divari- Methanol b b a b DDM [4]
cata
Evernia pru-  Methanol b b a b DDM [4]
i
st Acetone b b b RG%: 61.6  PFT (5]
Ethanol b b b IR%: 73.33 PFT [6]
(375 ul)
(extract
conc.: 10%)
Hypotrachyna  Acetone b b 2 b DDM [3]
nepalensis Chloroform b b a b
Methanol b b c. 16 (5 ml) b
(conc.
50 mg ml~!)
Flavoparmelia Acetone 12.5 b 10.3 (50 ul) b BTDM; DDM [7]
caperata b b
Chloroform 12.5 7 (50 pl) BTDM; DDM [7]
Ethyl acetate  ° b a b AWDM; [8]
BMMwTTC
Methanol 12.5 b 7.6 (50 ul) b BTDM; DDM [7]
1.562 b 12.6 (100 pl) b AWDM; [8]
(conc. BMMwWTTC
30 mg ml™")
Heterodermia  Acetone b b c. 10 (5 ml) b DDM [3]
diademata (conc.
50 mg ml~")
Chloroform b b 4 b
Methanol b b ¢. 20 (5 ml) b
(conc.
50 mg ml™")
Hypogymnia  Acetone b b b RG%: 32.3 PFT [5]
physodes
Parmelia Methanol b b a b DDM [9]
saxatilis
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Table 2 (continued)

Ecological Lichen species Extracting Results Measurement  Literature
group solvent 1 method
MIC [mg ml™'] MFC 1Z [mm)] (dose) Others
[mg ml™']
Parmelia Ethanol b b b IR%: 33.82 PFT [6]
sulcata (375 ul)
(extract
conc.: 10%)
Parmotrema Acetone b b 7.33 (15 pl) b DDM [10]
andinum (conc.
200 mg 2 ml™")
2-Propanol b b 19 (15 ul) (conc.  °
200 mg 2 ml™")
Parmotrema  Ethyl acetate  6.25 b 12.3 (100 pl) b AWDM,; [8]
austrosinense (conc. BMMWwWTTC
30 mg ml™)
Methanol b b a b
Parmotrema  Ethyl acetate  6.25 b 15.3 (100 pl) b AWDM; [8]
grayanum (conc. BMMwTTC
30 mg ml™h)
Methanol b b a b
Parmotrema Acetone 25 b 17 (50 pl) IR%: 89 BTDM; DDM [11]
ticulat
rENCUamm - cploroform 25 b 7.6 (50 pl) IR%: 50 BTDM; DDM  [11]
Ethyl acetate  6.25 b 17 (100 pl) (conc. ° AWDM; [8]
30 mg ml~!) BMMWwTTC
Methanol b b a b AWDM; [8]
BMMwTTC
25 b 11 (50 ul) IR%: 72 BTDM; DDM [11]
Parmotrema  Acetone b b 10.3 (5 ml) b DDM [12]
tinct
MCIOTUI Chloroform b a b DDM [12]
Ethyl acetate  1.562 b 18.6 (100 pl) b AWDM,; [8]
(conc. BMMWTTC
30 mg ml~!)
Methanol b b a b AWDM; [8]
BMMWTTC
b b 17.6 (5 ml) b DDM [12]
Parmotrema Acetone b b ¢.9(5ml) (conc. P DDM [3]
thomsonii 50 mg ml™")
Chloroform b b c. 18 (5ml) b
(conc.
50 mg ml~")
Methanol b b c. 12 (5ml) b
(conc.
50 mg ml~!)
Physcia Ethyl acetate  6.25 b 14 (100 pl) (conc. ° AWDM; [8]
aipolia 30 mg ml~!) BMMWTTC
Methanol b b 4 b
Platismatia Methanol b b a b DDM [9]
glauca
Ramalina Acetone b b a b DDM [13]
farinacea
Ramalina Acetone b b a b DDM [13]
nervulosa
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Table 2 (continued)

Ecological Lichen species Extracting Results Measurement  Literature
group solvent 1 method
MIC [mg ml™'] MFC 1Z [mm)] (dose) Others
[mg ml™']
Ramalina pol- Methanol b b a b DDM [9]
linaria
Ramalina poly- Methanol b b 4 b DDM [9]
morpha
Ramalica Acetone b b 2 b DDM [13]
roesleri
Roccella mon-  Ethyl acetate  6.25 b 13.3 (100 pl) b AWDM,; [8]
tagnei (conc. BMMWTTC
30 mg ml~)
Methanol 6.25 b 11.6 (100 pl) b
(conc.
30 mg ml™Y)
Teloschistes Ethyl acetate ~ 12.25 b 18.6 (100 pl) b AWDM; [8]
Sflavicans (conc. BMMwTTC
30 mg ml™")
Methanol b b 4 b
Pseudevernia  Ethanol b b b IR%: 21.25 PFT [6]
furfuracea (375 ul)
(extract
conc.: 10%)
Acetone 597 ng/ b b b DDM [14]
disk (conc.
5.6 mg ml™h)
640 g/ b b b
disk (conc.
6 mg ml™")
Chloroform 907 pg/ ° ® ° DDM [14]
disk (conc.
8.5 mg ml!)
1574 g/ b b b
disk (conc.
7.4 mg ml™h)
Ethanol 800 ug/ b b b DDM [14]
disk (conc.
15 mg ml™")
1460 pg/ b b b
disk (conc.
6.8 mg ml™!)
Usnea florida  Acetone b b a b DDM [15]
Chloroform b b a b
Methanol b b a b
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Table 2 (continued)

Ecological Lichen species Extracting Results Measurement  Literature
group solvent 1 method
MIC [mg ml™'] MFC 1Z [mm)] (dose) Others
[mg mi™']
Terricolous Cetraria acu-  Acetone b b a b DDM [16]
lichens leata Diethyl ether b b a b
Ethanol b b a b
Cladonia Methanol b b 2 b DDM [4]
foliacea
Cladonia Acetone b b b RG%: 72.4 PFT [5]
portentosa
Cladonia rang- Ethanol 100 100 16 (20 pl/well) b BTDM,; [1]
iferi AWDM
iferina Ethyl acetate 150 150 12 20 wliwell)  ®
Water 150 150 2 b
Cladonia Chloroform  ° b 2 b DDM [17]
rangiformis Methanol b b a b
Water b b 2 b
Saxicolous Dermatocar- Methanol b b a b DDM [4]
lichens pon miniatum
Xanthoparme- Methanol b b a b DDM [4]
lia pulla
Umbilicaria ~ Methanol b b 2 b DDM [9]
nylanderiana

Method of measurement abbreviations: BMMwTTC Broth microdilution method with 2, 3, 5-triphenyltetrazolium chloride (MIC), BTDM Broth
tube dilution method (MIC), DDM disk diffusion method (IZ, MIC, IR%), AWDM Agar well diffusion method (IZ), PFT poisoned food tech-
nique (IR%; RG%), IR% percentage fungus inhibition rate, RG% percentage relative growth of mycelium compared to the control sample. For
MIC, MFC and IZ abbreviations: see Table 3. Literature abbreviations: [1] Rankovié¢ and Misi¢ (2007); [2] Sariozlii et al. (2016); [3] Tiwari
et al. (2011a); [4] Aslan et al. (2006); [5] Halama and van Haluwin (2004); [6] Karabulut and Ozturk (2015); [7] Babiah et al. (2014a); [8] Shi-
vanna and Garampalli (2015); [9] Gulluce et al. (2006); [10] Anjali et al. (2015a); [11] Babiah et al. (2014b); [12] Tiwari et al. (2011b); [13]

Gazo et al. (2019); [14] Tiirk et al. (2006); [15] Cankilig et al. (2017); [16] Tiirk et al. (2003); [17] Yiicel et al. (2007)

“No effect

"Not investigated

1.562 mg mI~!; 1Z: 12.6 mm) and extract based on ethyl
acetate from Parmotrema tinctorum (MIC: 1.562 mg ml~";
1Z: 18.6 mm) (Shivanna and Garampalli 2015) are
noteworthy.

Substances extracted with ethanol, ethyl acetate and
water from Alectoria sarmentosa inhibited the growth of
the pathogen at the relatively weakest MIC value, a value
which ultimately provided a fungicidal potential (Minimal
Fungicidal Concentration: 20 mg ml~'—ethanol extract;
50 mg ml~'—ethyl acetate and water extracts). The high-
est effectiveness of the ethanol extract is also confirmed
by the IZ value (25 mm), relative to the other combina-
tions (Rankovi¢ and MiSi¢ 2007). The acetone extract from
Pseudevernia furfuracea should be focused on, with a MIC
value of 597-640 pg/disk (Tiirk et al. 2006).

In the case of the percentage inhibition of the Fusarium
solani mycelium, mixtures of substances extracted with acetone,
chloroform and methanol from Parmotrema reticulatum (Babiah
et al. 2014b) appear to have potential, as does ethanol from Ever-
nia prunastri (Karabulut and Ozturk 2015) and acetone extracts
from Hypogymnia physodes (Halama and van Haluwin 2004).

Among the rarely tested terricolous species, substances
extracted from Cladonia rangiferina appear to have antifungal
potential according to MIC and MFC (Rankovi¢ and Misi¢ 2007).

Potential of crude extracts from lichens against Fusarium
udum (references: Tab. S10)

Only three extracts from the corticolous Parmotrema reticu-
latum were used against F. udum. The ED5 value indicates
that the mixture of substances extracted with ethyl acetate
(43.7 ug ml™") and methanol (59.2 ug ml™") has the highest
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inhibitory potential, and the efficacy of the hexane extract
was about four times weaker (Goel et al. 2011Db).

Inhibitory potential of individual lichen secondary
compounds against five Fusarium species.

Potential of lichen secondary metabolites against F.
culmorum (references: Tab. S11)

Chloroatranorin (MIC: 7.5 mg ml™") and olivetoric acid
(MIC: 10 mg ml™") tested against F. culmorum showed a
weak inhibitory potential (Tiirk et al. 2006).

Potential of lichen secondary metabolites
against Fusarium fujikuroi (references: Table 3)

Ten lichen secondary metabolites have been tested

against F. fujikuroi to determine MIC values. Orsellinic,
lecanoric, diffractaic, norstictic, protocetraric and usnic
acids demonstrated MIC potential below a concentration of
20% 107> mg m1~! (Hanus et al. 2007).

Potential of lichen secondary metabolites against Fusarium
oxysporum (references: Tab. $12)

The antifungal potential of 20 lichen secondary metabo-
lites have been investigated. The MIC value shows that

Table 3 Effect of lichen secondary metabolites on Fusarium fujikuroi

the compound with the highest inhibitory potential is
2-hydroxy-4-methoxy-3,6-dimethylbenzoic acid (MIC:
4% 107 mg ml™!) supported by the relatively highest I1Z
value: 26 mm. In addition, the potential of atranorin (MIC:
16 10~ mg mI~!; 1Z: 19 mm) and isomer (4)-usnic acid
(MIC: 16 x 107> mg ml™'; 1Z: 13 mm) (Aravind et al. 2014)
are notable.

Potential of lichen secondary metabolites against Fusarium
solani (references: Tab. S13)

The antifungal potential of 11 lichen secondary metabolites
has been tested. The most fungistatic effect was achieved by
barbatolic acid (MIC: 200 10~ mg ml~") (Sar16zlii et al.
2016). However, a concentration of 200X 10~ mg ml~!
resulted in 90% of inhibition of mycelial growth dynamics
in the experiment with methyl p-orcinol carboxylate (Thad-
hani et al. 2012).

Potential of lichen secondary metabolites against Fusarium
udum (references: Tab. 514)

The potential of 13 lichen secondary metabolites has been
investigated against F. udum. According to the percentage
inhibition of mycelium growth, the most effective were
protolichesterinic acid (IG%: 90.33; EDs,: 55.68 ug ml™!)
and atranorin (IG%: 90; EDs,: 50.32 pg ml™"). Isousnic
acid (IG%: 81; EDg: 70.86 g ml~!) and evernyl (methyl

Biochemical class Secondary metabolites Extracting solvents Results Measure-  Literature
MIC [mg ml™!] 1Z [mm] Ezgfo d
Benzyl esters Barbatolic acid Methanol 400% 1073 b MMwR  [1]
Orcinol depsides Olivetoric acid Acetone 10 [=500 ug 50 ul~'] °® DDM [2]
Monocyclic aromatic deriva-  Orsellinic acid Ethanol-water-hydrogen 15.1x1073 b DDM [3]
tives chloride
Orcinol depsides Lecanoric acid Ethanol-water—hydrogen 14.8x107° b [3]
chloride
B-Orcinol depsides Chloroatranorin Acetone 7.5 [=300 pg 40 pl~!] b DDM 2]
Diffractaic acid Ethanol-water—hydrogen 16.3%x 107 b DDM [3]
chloride
Thamnolic acid Methanol a b MMwR [4]
B-Orcinol depsidones Norstictic acid Ethanol-water—hydrogen 16.1x107 b DDM [3]
Protocetraric acid chloride 12.6x107 b [3]
Usnic acid derivatives Usnic acid Ethanol-water-hydrogen 18.6x 107 b DDM [3]

chloride

Method of measurement abbreviations: DDM disk diffusion method (MIC), MMwR microdilution method with resazurin (MIC). For MIC and
1Z abbreviations: see Table 3. Literature abbreviations: [1] Sari6zlii et al. (2016); [2] Tiirk et al. (2006); [3] Hanus et al. (2007); [4] Cankili¢

etal. (2017)
*No effect

"Not investigated
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B-orcinol carboxylate) (IG%: 80.46; EDs,: 82.31 pg ml™")
(Goel et al. 2011b) were also highly effective. A comparison
of the EDs, concentration of sekikaic acid (32.85 ug ml™")
(Goel and Singh 2015) shows that it is the most effective,
even above that of protolichesteric acid and atranorin.

Statistics

The MIC value of the extracted substances mixtures
from corticolous lichens against F. oxysporum (Tab. S16)
was statistically significantly lower (x=12.47 mg ml~}!)
compared to the MIC value of terricolous (group no.
1; ¥=31.96 mg ml™!) and saxicolous (group no. 2;
x=15.88 mg ml~!) species. The confrontation of MIC val-
ues of the tested representatives of terricolous and saxicol-
ous lichens turned out to be statistically insignificant (group
no. 3).

There were no significant statistical differences between
the IZ values of extracts from corticolous (x=14.95 mm)
and terricolous (x=12.4 mm) (group no. 1) and saxicolous
(x=13.89 mm) (group no. 2) lichen species and between ter-
ricolous and saxicolous lichen species (group no. 3) against
F. oxysporum (see details: Tab. S17).

Against F. oxysporum (see: Tab. S18), in all the combi-
nations compared with each other, the MIC value of lichen
secondary metabolites (x=1.88 mg ml™!) turned out to be
statistically significantly lower than the MIC of the extracts
from the corticolous (group no. 1), terricolous (group no. 2)
and saxicolous (group no. 3) lichen species.

All MIC values of the three non-lichen antifungal sub-
stances against F. oxysporum, including amphotericin B,
ketoconazole, terbinafine, (see: Tab. S19) were found to
be statistically significantly lower compared to the extracts
from corticolous lichen species (group no. 1), terricolous
(group no. 2) and saxicolous (group no. 3) (vs. amphotericin
B—x=0.017 mg ml~!, ketoconazole—x=0.16 mg ml~! and
terbinafine—x=0.0115 mg ml™!).

The zone of mycelial growth inhibition induced by keto-
conazole (x = 25.29 mm) was found to be statistically sig-
nificantly broader in diameter than the IZ of extracts from
corticolous (group no. 1), terricolous (group no. 2) and saxi-
colous (group no. 3) lichen species against F. oxysporum
(see: Tab. S20).

Against F. solani (see: Tab. S21), all four com-
pared non-lichen reference substances (amphotericin
B—x=0.01 mg ml~!; flucytosine—x=0.41 mg ml™!;
itraconazole—x = 0.037 mg ml~! and voricona-
zole—x=0.012 mg ml~!) were found to have statistically
significantly lower MIC values compared to corticolous
lichen species (x=14.29 mg ml™).

Against F. fujikuroi (see: Tab. S22), the MIC values
of amphotericin B (x=0.003 mg ml~!), isavuconazole

(¥=0.005 mg ml~"), natamycin (X = 0.004 mg ml™"), posa-
conazole (x=0.00065 mg ml~') and voriconazole (X =
0.0037 mg ml~") was statistically significantly lower when
confronted with MIC values obtained by individual lichen
secondary metabolites (x=2 mg ml~"). There were no sig-
nificantly statistical differences between the lichen com-
pounds and fluconazole (¥=0.09 mg m1~!) and itraconazole
(x=0.027 mg™ml™}).

The MIC values of amphotericin B (x=0.017 mg ml™!),
ketoconazole (x=0.016 mg ml™"), terbinafine
(x=0.011 mg ml~!) were statistically significantly lower
compared to the MIC values of the secondary metabolites
against F. oxysporum (x=1.88 mg ml~!) (see: Tab. S23).

Discussion
Assays of crude extracts from various lichen species

The literature data on the effects of the mixture of extracted
substances from lichen species indicate their potential to
inhibit the mycelial growth of at least eight species of the
genus Fusarium species (F. acuminatum, F. avenaceum, F.
culmorum, F. fujikuroi, F. oxysporum, F. roseum, F. solani
and F. udum) studied. Taking into account the currently
known number of representatives of this genus, as well as
the number of lichen species investigated by the research-
ers, the present meta-analysis may constitute a preliminary
discernment for in-depth studies on the undertaken subject.
Nevertheless, the obtained results of the analysis show sev-
eral interesting issues.

As the MIC value is an overarching assessment of the
antifungal potential of the tested substances relative to the
1Z (Furmanek et al. 2019, 2022), the issues described below
arise mainly from an analysis of the lowest (methodologi-
cally beneficial) inhibitory concentration. Literature data of
antifungal non-lichen reference substances show that their
antifungal potential is exhibited mostly by MIC: < 1 mg ml™!
(Tab. S15A-B). For this reason, attention has been focused
on the most competitive and promising combinations of
lichen extracts showing concentrations below this MIC
value.

Fusarium acuminatum

The efficacy of a methanol extract from corticolous Evernia
divaricata (MIC: 62.5x 107> mg ml~!) (Aslan et al. 2006)
is potentially an extract against F. acuminatum at the level
of amphotericin B (references: Tab. S15A; cf. Tab. S3 and
S15A). Aslan et al. (2006) obtained the extract using a
Soxhlet apparatus (10 g of powdered lichen thalli/250 ml
of methanol/72 h of extraction process without exceeding
the methanol boiling point) (cf. proportions: Table 4); the
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extract obtained was subjected to filtration and it was con-
centrated and stored as a dry extract. For MIC determination,
the dried mixture of lichen substances was redissolved in
10% dimethylsulfoxide (DMSO), while for IZ, it was redis-
solved in methanol and filtered for sterilization.

Fusarium avenaceum

The antifungal potential of acetone-extracted substances
from Cladonia mitis and C. rangiferina against F. avena-
ceum was tested by Tekiela et al. (2021). They were obtained
by 24 h extraction of slightly crushed lichen thallus (0.3 g of
dry thalli) in 100 ml of solvent in a plastic container under
seal—implicitly, extraction conducted at room temperature
(cf. proportions: Table 4). The results show that a 1 ml dose
of the extract (although with an unknown total concentration
of extracted lichen substances) is a highly effective fungi-
static agent, especially in the prospective use of C. mitis.
A detailed look at the results of mycelial growth dynamics
shows that almost half of the biological replicates (14 of 30
ones) in the samples with C. rangiferina extract had fun-
gicidal potential or at least provided a strong allelopathic
barrier, completely inhibiting F. avenaceum mycelial growth
what is not obvious from Tekiela et al.’s (2021) experiment.
The use of substances from C. mitis increased this potential
to 70% (21 of 30 biological replicates). Equally effective eth-
anol mixed extract from C. mitis + C. rangiferina was found
to have an analogous fungicidal potential (14 of 30 biologi-
cal replicates) as the acetone extract from C. rangiferina
alone. Because the researchers adopted the PFT method, the
results obtained remain incomparable to other ones used to
determine the anti-fusarial potential of reference non-lichen
substances.

Fusarium culmorum

A completely growth-inhibiting extract from Evernia pru-
nastri was prepared using ethanol (Table 4) and drying the
extract, from which a solution of a particular concentration
was obtained for further experiments by redissolving in
ethanol (an ambiguous issue based on the description of the
extract preparation) (Karabulut and Ozturk 2015). An extract
from Pseudevernia furfuracea was obtained in acetone (cf.
Table 4) using ultrasound (sonification), overnight extrac-
tion, and its filtration and evaporation of the solvent (Tiirk
et al. 2006). The dried extract was then re-dissolved in the
same solvent to a certain concentration (Yilmaz et al. 2004;
Tiirk et al. 2006), but there is no possibility to equate the
results to the potential of non-lichen substances because of
the unit is expressed in a different way.
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Fusarium oxysporum

Among the corticolous lichens, the fungicidal potential of
acetone and ethyl acetate extracts from Alectoria sarmentosa
was achieved by extracting an uncertain proportion of lichen
thalli and solvent (see Table 4) using a Soxhlet apparatus and
dried extract (Rankovi¢ and MiSi¢ 2007). The MIC poten-
tial of the reference substances (Tab. S15A) is better than
the extract from A. sarmentosa, but the MFC potential may
prove to be effective because of lacking MFC potential of
the reference substances against F. oxysporum. The achieved
1Z value (15 and 18 mm) indicates that this species may be a
source of antibiotic substances partly competing with bavis-
tin and ketoconazole (cf. Tab. S6 and Tab. S15A).

The methanol extract from Flavoparmelia caperata
(MIC: 0.097 mg ml~!) was prepared by Shivanna and Gar-
ampalli (2014) by shaking (cf. proportions: Table 4) a thal-
lus in a solvent, filtration, its evaporation and re-dissolving
the dry extract. Based on the MIC, this extract indicates
an even stronger fungistatic potential than flucytosine and
fluconazole. Additionally, it appears to be slightly weaker
than ketoconazole and miconazole, but amphotericin B,
bavistin, itraconazole, natamycin, posaconazole, ravucona-
zole, terbinafine and voriconazole are more effective (cf.
Tab. S6 and Tab. S15A). It should be noted that the efficacy
of the different F. caperata extracts were within a rather
wide range of MIC values, which may be due not only to
different methodological assumptions of the experiments
(see details and references: Tab. S6), including the extrac-
tion process (Zizovic et al. 2012; Parrot et al. 2015), but
different concentrations of lichen substances in the lichen
thalli depending on biotic (Badridze et al. 2019; Farkas et al.
2020; Norouzi et al. 2020; Prokopiev et al. 2017) and abiotic
(Armaleo et al. 2008; Cansaran Duman et al. 2008; Nybak-
ken and Julkunen-Tiitto 2006; Smeds and Kytoviita 2010)
factors. However, the described example shows that more
in-depth research is needed to determine more precisely the
most optimal method for extracting a mixture of substances
from this corticolous species to achieve a relatively high
antifungal potential.

In an experiment by Shivanna and Garampalli (2014),
methanol-extracted substances from Parmotrema aus-
trosinense (MIC: 0.39 mg ml™"; IZ: 21.3 mm) and ethyl
acetate and methanol extracts from Physcia aipolia (MIC:
0.39 mg ml™!; 1Z: 12.3-12.6 mm) and Roccella montagnei
(MIC: 0.39 mg ml~!; 1Z: 11.3-13 mm) were tested. Based
on the available data, all these extracts appear to be more
effective than flucytosine but weaker than the others (ampho-
tericin B, bavistin, fluconazole, itraconazole, ketoconazole,
miconazole, natamycin, posaconazole, ravuconazole, terbi-
nafine and voriconazole) (cf. Tab. SI5A). From an IZ point
of view, they could also compete with bavistin and ketocona-
zole, but due to their weaker MIC potential, conclusions are
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Table 4 Proportions of lichen thalli weight and volume of solvent used to prepare the most effective extracts (MIC: <1 mg ml™'; SGI: 100%;
EDs,: < 50 pug ml~}) from the various lichen species used against different Fusarium species

Lichen species  Dry mass of State of lichen ~ Solvent volume Extracting Duration of Extraction References

(ecological lichen species  species (ml) solvents extraction method

group) (€9

Alectoria 40 Powdered Uncertain: 300  Ethanol, ethyl ~ 4h Soxhlet appa- Rankovi¢ and
sarmentosa acetate, water ratus Misié (2007)
(corticolous)

Cladonia mitis 0.3 Slightly crushed 100 Acetone 24 h Leftataroom  Tekiela et al.
(terricolous) temperature (2021)

Cladonia 0.3 Slightly crushed 100 Acetone 24 h Leftataroom  Tekiela et al.
rangiferina temperature (2021)
(terricolous)

Cladonia 0.3 Slightly crushed 100 Ethanol 24 h Left ataroom  Tekiela et al.
mitis+ C. temperature (2021)
rangiferina

(terricolous)

Evernia divari- 10 Powdered 250 Methanol 72h Soxhlet appa- Aslan et al.
cata (corticol- ratus (2006)
ous)

Evernia prunas- No data Powdered No data 96% ethanol 8h (at 25 °C) Soxhlet appa- Karabulut and
tri (corticol- ratus Ozturk (2015)
ous)

Flavoparmelia 1 Powdered 10 Methanol 24 h Roratory shak- ~ Shivanna and
caperata (cor- ing Garampalli
ticolous) (2014)

Hypotrachyna 10 Macerated 20 Water No data Maceration Shabhi et al.
cirrhata (cor- (2003)
ticolous)

Leucodermia 10 Macerated 20 Water No data Maceration Shahi et al.
leucomelos (2001)
(corticolous)

Parmotrema 1 Powdered 10 Methanol 24 h Roratory shak- ~ Shivanna and
austrosinense ing Garampalli
(corticolous) (2014)

Parmotrema 45-50 Powdered 500 Ethyl acetate 6h Soxhlet appa- Goel et al.
reticulatum ratus (2011a, b)
(corticolous)

Physcia aipolia 1 Powdered 10 Ethyl acetate, 24 h Roratory shak- ~ Shivanna and
(corticolous) methanol ing Garampalli

(2014)

Pseudevernia 10 Powdered 100 Acetone Sonicated—1 h; Sonication and  Tiirk et al. (2006)
furfuracea left overnight left overnight
(corticolous)

Roccella 1 Powdered 10 Ethyl acetate, 24 h Roratory shak- ~ Shivanna and
montagnei methanol ing Garampalli
(corticolous) (2014)

Umbilicaria 10 Powdered 250 Methanol 72h Soxhlet appa- Gulluce et al.
nylanderiana ratus (2006)
(saxicolous)

unwarranted. Nonetheless, for lichen extracts with relatively
high IZ values (acetone, ethanol, ethyl acetate and methanol
extracts from Cetrelia braunsiana, acetone and methanol

extracts from Parmotrema perlatum and ethanol extract from
R. montagnei), due to the lack of MIC data, further research
on the potential of these extracts is needed (see [Z details

and references: Tab. S6).

The effectiveness of acetone-extracted substances from
Pseudevernia furfuracea (Tab. S6) is repeated (Tiirk et al.
20006), as in their use against Fusarium culmorum (cf. Tab.

S4 and S6).

The fungicidal potential against F. oxysporum is pos-
sessed by water-extracted substances from Hypotrachyna
cirrhata (Shahi et al. 2003) and Leucodermia leucomelos

@ Springer
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(Shahi et al. 2001), which were obtained by maceration of
the lichen thallus in water (cf. proportions: Table 4) and fil-
tration of the obtained extract. The demonstrated fungicidal
effects (100% according to SGI) emphasize the necessity of
further research on substances from these two lichen species.

An ethyl acetate extract from Parmotrema reticulatum
is of interest, with the highest dose of EDs, (43.7 ug ml™1).
The weakest effect was obtained by a mixture of substances
extracted with water, and although re-dissolved in acetone
(Goel et al. 2011a) shows the possibility of its use as a safe
antifungal agent. An analogous conclusion was drawn from
the use of substances extracted from the epigeic Stereocau-
lon himalayense (Goel et al. 2011a). Among epigeic spe-
cies, the fungicidal potential (MFC) of the ethanol and ethyl
acetate extracts from Cladonia rangiferina (Rankovi¢ and
Misi¢ 2007) and, similarly to that against F. avenaceum,
the acetone extract of the same lichen species and C. mitis
in the study of Tekiela et al. (2021) are comparable (Tab.
S7). A methanol extract from epilithic Umbilicaria nylan-
deriana (MIC: 62.5%x 1073 mg ml™1; IZ: 33 mm) (Gulluce
et al. 2006) is the only one of the tested lichen species of this
ecological group (Tab. S8) that can compete with flucyto-
sine and fluconazole; a weaker advantage is maintained over
miconazole, while this value partly overlaps with the MIC
potential exhibited by amphotericin B and ketoconazole.
The potential of bavistin, itraconazole, natamycin, posa-
conazole, ravuconazole, terbinafine and voriconazole is still
more effective (cf. Tab. S8 and Tab. S15A). This extract was
obtained by extraction of the lichen thallus (cf. proportions:
Table 4) in a Soxhlet apparatus at a temperature not exceed-
ing the boiling point of methanol, followed by filtration and
evaporation of the solvent. For the determination of MIC,
the dry extract obtained was re-dissolved in 10% DMSO,
whereas for IZ, the dry extract was re-dissolved in methanol
to a particular concentration and sterilized by filtration.

Interestingly, theoretically, all combinations of extracts
against F. oxysporum that showed a positive result of the
inhibition zone (IZ) could have antifungal potential at
the ketoconazole level range. To a lesser extent, the 1Z
value <11 mm exhibited by different combinations of lichen
extracts may indicate an alternative to the systemic fungicide
bavistin (cf. Tab. S6, S7, S8 and Tab. S15A).

The present analysis provides preliminary evidence in
the literature for statistical differences in the potential of
extracts based on lichen species from different ecological
groups (Tab. S16). Extrapolation of these preliminary results
requires further experiments due to limited representa-
tives of tested terricolous and saxicolous lichens. Obtained
results show, however, that MIC values for extracts from
corticolous lichens had significantly stronger fungistatic
potential against F. oxysporum in a comparison to both
other groups, while IZ values does not show any significant
relationship between the three ecological groups (Tab. S17).

@ Springer

However, the results of lichen extracted substances against
F. oxysporum described above indirectly show the necessity
to increase the contribution of, at least more easily avail-
able, epigeic macro-lichen species as new sources of lichen
substances.

Fusarium roseum

Lichen extracts from five corticolous species have been
tested against F. roseum to investigate their IZ potential.
This fungal species remains untested against reference sub-
stances, with one exception, the lack of fungistatic effec-
tivity (IZ) of ketoconazole. On this basis, it can only be
concluded that all extracts tested so far, which showed a
positive effect, especially the methanol extract from Parmo-
trema thomsonii (IZ: c. 25 mm), are theoretically fungistatic
agents at the potential level of this antibiotic substance so
that further research in this direction is required (see Tab.
S9; cf. Tab. S9 and S15B).

Fusarium udum

Only the fungistatic potential of three extracts from corti-
colous Parmotrema reticulatum was tested against F. udum,
for which the extract of ethyl acetate (EDs: 43.7 ug ml™")
shows a higher potential (Goel et al. 2011b) (extraction pro-
cess: Goel et al. 2011a). The only comparison to the refer-
ence substance potential is possible for hexaconazole (EDs:
22.01 pug mI™") (Goel et al. 2011a), showing a weaker but
potentially replaceable antibiotic by a mixture of substances
from this lichen species (cf. Tab. S10 and Tab. S15B).

Inhibitory potential of crude extracts from lichen
species - implications

The greatest interest has been focused on natural antifungal
agents against F. oxysporum.

This review mentions 14 lichen species from which the
obtained mixtures of lichen substances seem to have the
highest inhibitory potential (Table 4), which may replace
in future some of the antibiotic reference substances. This
category includes mainly corticolous species (Alectoria sar-
mentosa, Evernia divaricata, E. prunastri, Flavoparmelia
caperata, Hypotrachyna cirrhata, Leucodermia leucomelos,
Parmotrema austrosinense, P. reticulatum, Physcia aipolia,
Pseudevernia furfuracea and Ramalina montagnet), two ter-
ricolous species (Cladonia mitis and C. rangiferina) and one
saxicolous species (Umbilicaria nylanderiana). Phenomena
shown by the most frequently tested corticolous species
seem to be linked to their easier accessibility to terricolous
and saxicolous ones. However, the significantly higher MIC
potential of lichen extracts from corticolous species against
F. oxysporum (Tab. S16) indicates that this may also be due
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to the qualitative-quantitative relationship of extracted lichen
substances (Furmanek et al. 2022) present in the dissolved
form in the extract or in the form of dry extract. However,
the review carried out herewith does not answer the question
of whether these differences could be due to evolutionary
and co-evolutionary relationships as interactions between
dissolved lichen substances and a pathogen/saprotroph such
as the species F. oxysporum under natural environmental
conditions.

The potential of the extract in the light of the sum of
interactions of lichen substances demonstrates the wide
range of MIC values exhibited by various combinations of
lichen extracts against Fusarium species (Tables 1 and 2;
Tab. S3-S10). The obtained lichen extract may consist of
different proportions of primary substances, such as poly-
saccharides (e.g., Cordeiro et al. 2003, 2011; Badridze et al.
2019; Freysdottir et al. 2008) or carotenes (e.g., Czeczuga
and Lallemant 1993; Czeczuga and Christensen 1994), as
well as from secondary metabolites of lichens (Farkas et al.
2020; Prokopiev et al. 2017; Prokop'ev et al. 2018; Lat-
kowska et al. 2019), including total phenolic compounds
(Badridze et al. 2019; Zagoskina et al. 2013; Zavarzina et al.
2019). In addition, such mixtures seem to be complemented
by low concentrations of lichen mycotoxins (Burkin and
Kononenko 2014, 2015a, 2015b); their potential depends
upon their mutual concentration (Raduly et al. 2020) as for
the mycotoxins that are present in lichen thalli (aflatoxin B1,
sterigmatocystin or ochratoxin A) (Burkin and Kononenko
2015b). Most mycotoxins are highly soluble in organic sol-
vents (Bennett and Klich 2003). Interestingly, it is conceiv-
able that in virtually every case, the potential of the extract
may be affected by the presence of usnic acid (Cansaran
Duman et al. 2008; Burkin et al. 2013). Determination of the
anti-fusarial potential based on the interactions occurring in
the extract remains in the realm of future experiments.

Regardless of the interaction between the extracted sub-
stances, a comparative listing of the elements comprising
the extraction procedure of the most effective lichen extracts
(Table 4) shows that their extraction proved not to be com-
pletely methodologically dependent, which may indirectly
indicate the influence of the interaction between the sub-
stances. The preparation of all the extracts described in
Table 4 emphasises the aim of new antifungal agents, limit-
ing the ecological point of view (although a small exception
by the work of Tekiela et al. (2021), due to the use of lichen
thalli in unpowdered form and the method of measuring
mycelial growth—PFT; see Tab. S4). The data show that
a small weight of lichen thallus can be sufficient to obtain
effective natural antifungal agents. The volume of the sol-
vent does not have any particular relationship to the weight
of lichen thalli, although it does have an influence on the
extraction process through diffusion and the experimental
methodology used, such as the dosage of substances present

in the extract. Mostly organic solvents (acetone, ethanol,
ethyl acetate and methanol) have been used to obtain the
most effective mixtures of lichen substances, although the
crystallization of the substances and their re-dissolution in
DMSO appear to influence their fungistatic potential, assum-
ing the interactions between them (Furmanek et al. 2022).
Most interesting is the use of water and the process of mac-
eration of the lichen thallus of Hypotrachyna cirrhata and
Leucodermia leucomelos at room temperature, indicating
the underestimation of water as an effective solvent. Moreo-
ver, if one combines, as shown above, the antifungal effects
with the extraction of usnic acid in the maceration process,
even using ethanol, the extracted volume of this metabolite
is rather relatively low (Zizovic et al. 2012), which indicates
that the represented fungicidal potential may be determined
by the efficiency of the water extract as in the experiments
of Shahi et al. (2001, 2003). The duration of the extraction
process may not prove to be directly related to the potential
of the extracts, at least for those extractions using organic
solvents and room temperature.

A unique experimental methodology was adopted by
Tekiela et al. (2021) by extracting lichen substances from
thalli of mixed lichen species, demonstrating that the mixing
of two epigeic species, Cladonia mitis and C. rangiferina,
may provide a good concept for their use against the patho-
gens of Fusarium spp. fungi. The methodology adopted for
this experiment illustrates the changes in mycelial growth
dynamics over time, which is lacking in other experiments
using the PFT method (Goel et al. 2011a, b; Goel and Singh
2015; Karabulut and Ozturk 2015; Thadhani et al. 2012;
Vinayaka et al. 2014). Repeating these combinations using
water may prove to be promising in the phytopharmacologi-
cal field.

Comparison of the MIC potential of the most effective
lichen extracts indicates possible substitution of flucytosine
and, to a lesser extent, amphotericin B, bavistin, miconazole,
fluconazole and ketoconazole against F. acuminatum and F.
oxysporum. Against the most commonly tested F. oxyspo-
rum, most reference substances showed a stronger potential
compared to the obtained lichen extracts (Table 6).

Assays of lichen secondary metabolites
against Fusarium species

Fusarium culmorum

Although the two secondary compounds tested (chloroatra-
norin and olivetoric acid) exerted a much weaker inhibitory
effect compared to the MIC potential of amphotericin B,
caspofungin, posaconazole, tebuconazole and voriconazole,
due to data scarcity indicating lack of efficacy of flucona-
zole, itraconazole and ketoconazole, these metabolites could
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theoretically prove to be competitive against them (Tab. S11;
cf. Tab. S11 and S15A).

Fusarium fujikuroi

The MIC potential of the secondary metabolites (orsellinic,
lecanoric, diffractaic, norstictic, protocetraric and usnic
acids) of <20x 10 mg ml~! can compete with flucyto-
sine (including barbatolic acid; MIC: 400 x 10~ mg m1~})
and fluconazole; a smaller advantage is maintained over
the potential of clotrimazole, itraconazole, ketoconazole,
miconazole, while there is little overlap with the potential
shown by amphotericin B, isavuconazole, posaconazole,
ravuconazole, terbinafine and voriconazole. The efficacy
of difenoconazole (agricultural fungicide), micafungin,
natamycin, propiconazole and tebuconazole is better than
the inhibitory potential of lichen compounds investigated
(Table 3; cf. Tab. 3 and S15A).

Fusarium oxysporum

The most effective of the tested secondary metabolites,
2-hydroxy-4-methoxy-3,6-dimethylbenzoic acid (MIC:
4% 1073 mg ml~'; 1Z: 26 mm), clearly prevails over the MIC
potential of flucytosine, fluconazole and miconazole. Its
potential is also more effective than bavistin (both in terms
of MIC and IZ) and is identical to the MIC of natamycin.
The compilation shows that this compound can compete
strongly with ketoconazole, also from the point of the IZ
view, partly competing with amphotericin B, itraconazole,
posaconazole, ravuconazole, terbinafine and voriconazole.
Consequently, 2-hydroxy-4-methoxy-3,6-dimethylbenzoic
acid has the potential to replace all described non-lichen
substances against F. oxysporum (cf. Tab. S12 and Tab.
S15A).

Atranorin (MIC: 16x 10~ mg ml™'; 1Z: 19 mm) and
(+)-usnic acid (MIC: 16 x 107> mg m1~!; IZ: 13 mm) pos-
sess a slightly weaker potential. Both secondary metabolites
are competitive with all the reference substances, in terms
of 2-hydroxy-4-methoxy-3,6-dimethylbenzoic acid poten-
tial, except natamycin (based on a conclusion derived from
only one literature source) (cf. Tab. S12 and Tab. S15A).
Against flucytosine and fluconazole, lecanoric acid (MIC:
0.125 mg ml~!) appears to have a higher potential, whereas
compared to flucytosine all secondary compounds reach-
ing MIC values of 0.25 mg ml™! (2'-O-methylanziaic, phy-
sodic, fumarprotocetraric, gyrophoric and usnic acids) and
0.5 mg ml~! (methyl evernate, atranorin and protocetraric
acid) appear to be more effective (cf. Tab. S12 and Tab.
S15A).

@ Springer

Fusarium solani

Based on literature data, barbatolic acid (200 X 1073 mg ml‘l)
has the highest MIC against F. solani, showing higher effi-
cacy than flucytosine and slightly weaker efficacy than flu-
conazole. The other antifungal substances (amphotericin B,
bavistin, caspofungin, isavuconazole, itraconazole, ketocon-
azole, miconazole, natamycin, posaconazole, propiconazole,
rifampin, terbinafine, tebuconazole and voriconazole) have
significantly greater efficacy (cf. Tab. S13 and Tab. S15B). It
is not possible to compare the potential of methyl orsellinate,
methyl p-orcinol carboxylate and lecanoric acid in relation
to the fungistatic efficacy of reference substances, but due
to the fact that these lichen secondary compounds show a
percentage of high inhibitory potential, further studies using
them are necessary.

Fusarium udum

The potential of hexaconazole (EDs,: 22.01 ug m1~!) has
proved to be higher than all secondary metabolites tested
against F. udum. However, the potential of protolichesterinic
and sekikaic acids and atranorin, methyl haematommate and
isousnic acid is only slightly weaker (cf. Tab. S14 and Tab.
S15B).

Inhibitory potential of secondary metabolites
from lichen species — implications

The a priori assumed antagonistic interactions between
substances extracted from the thalli of various lichen spe-
cies against Fusarium species should be confirmed con-
sidering the higher antifungal efficacy of lichen secondary
metabolites. A preliminary assessment is provided by com-
paring the abundance of the most effective lichen extracts
and secondary compounds (cf. Tables 5 and 6). The higher
fungistatic potential of the secondary lichen metabolites
(x=1.88 mg ml™"), although limited to F. oxysporum,
is confirmed by the MIC value as being statistically sig-
nificantly lower compared to extracts from the epiphytic
(¥=12.47 mg ml™!), epigeic (x=31.96 mg ml~") and epi-
lithic (x=15.88 mg ml™") lichen species (Tab. S18). Falsifi-
cation of these preliminary meta-analysis results will require
further experimentation and standardization of research
methodologies.

This finding proves to be further supported by the results
of the statistical analysis of the higher antibiotic potential
when confronted with lichen extracts against F. oxysporum
and F. solani and when compared to the potential of lichen
secondary compounds against F. fujikuroi and F. oxyspo-
rum (cf. Tab. S19, S20 and S21, and Tab. S22 and S23),
where for certain comparative combinations, the potential
of the reference substances did not prove to be statistically
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Table 6 Fungistatic potential of secondary metabolites of lichens against the tested Fusarium species in confrontation with the MIC and, if indi-
cated otherwise, the IZ potentials of non-lichen substances

Fusarium species

Lichen secondary metabolites

Reference substances

Lower potential compared Overlapping potential compared Higher poten-

to metabolite

to metabolite

tial compared to

metabolite
Fusarium culmorum Chloroatranorin Fluconazole 4 Amphotericin B
Olivetoric acid Itraconazole Caspofungin
Ketoconazole Posaconazole
Tebuconazole
Voriconazole
Fusarium fujikuroi Orsellinic acid Flucytosine Amphotericin B Difenoconazole
Lecanoric acid Fluconazole Isavuconazole Micafungin
Diffractaic acid Clotrimazole Posaconazole Natamycin
Norstictic acid Itraconazole Ravuconazole Propiconazole
Protocetraric acid Ketoconazole Terbinafine Tebuconazole
Usnic acid Miconazole Voriconazole
Barbatolic acid Flucytosine 4 Amphotericin B
Clotrimazole
Difenoconazole
Fluconazole
Isavuconazole
Itraconazole
Ketoconazole
Micafungin
Miconazole
Natamycin
Posaconazole
Propiconazole
Ravuconazole
Tebuconazole
Terbinafine
Voriconazole
Fusarium oxysporum 2-Hydroxy-4-methoxy-3,6-di- Bavistin (MIC and 1Z) Natamycin a
methylbenzoic acid Flucytosine Ketoconazole (MIC and 1Z)
Fluconazole Amphotericin B
Miconazole Itraconazole
Posaconazole
Ravuconazole
Terbinafine
Voriconazole
Atranorin 4 Amphotericin B Natamycin
(+)-Usnic acid Bavistin (MIC and 1Z)
Flucytosine
Fluconazole
Ketoconazole (MIC and 17)
Miconazole
Posaconazole
Ravuconazole
Terbinafine
Itraconazole
Voriconazole
Lecanoric acid Flucytosine i Amphotericin B
Fluconazole Bavistin
Ketoconazole
Miconazole
Natamycin
Posaconazole
Ravuconazole
Terbinafine
Itraconazole
Voriconazole
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Table 6 (continued)

Fusarium species Lichen secondary metabolites

Reference substances

Lower potential compared Overlapping potential compared Higher poten-

to metabolite

to metabolite tial compared to

metabolite
2'-O-methylanziaic acid Flucytosine 4 Amphotericin B
Atranorin Bavistin
Fumarprotocetraric acid Fluconazole
Gyrophoric acid Ketoconazole
Methyl evernate Miconazole
Physodalic acid Natamycin
Protocetraric acid Posaconazole
Usnic acid Ravuconazole
Terbinafine
Itraconazole
Voriconazole
Fusarium solani Barbatolic acid Flucytosine 4 Amphotericin B

Bavistin
Caspofungin
Fluconazole
Isavuconazole
Itraconazole
Ketoconazole
Miconazole
Natamycin
Posaconazole
Propiconazole
Rifampin
Terbinafine
Tebuconazole
Voriconazole

See details and references in adequate tables: Table 3 and Tab. S11, S12 and S13

*No data

significantly different against the group of tested second-
ary metabolites (Tab. S22). Probably, the small number of
groups influenced the obtained result of the statistical analy-
sis. On the other hand, the antifungal potential of some of
the antibiotics listed in Tab. SISA-B (e.g., flucytosine and
fluconazole) may turn out to be weaker with respect to the
lichen secondary metabolites, but the limited amount of data
only allows tentative conclusions to be drawn.

However, in general, the present data review and statisti-
cal analysis indicate antagonism among extracted substances
included in lichen extracts. The analysis of data does not
directly indicate synergistic or at least additive (in terms
of inhibitory potential) interactions of lichen substances,
although they seem likely to occur in mixtures of water-
extracted substances from Hypotrachyna cirrhata (Shahi
et al. 2003) and Leucodermia leucomelos (Shahi et al. 2001).
The use of water as a solvent indicates the implications in
terms of obtaining rather different qualitative and quanti-
tative compositions of the extracted substances relative to
organic solvents, which may have implications for the direc-
tion (inhibition or stimulation) and dynamics of mycelial
growth (viewed from a species-specific perspective). The

limited number of experiments using water extracts and
the research methodology used (e.g., few data using PFTs)
suggest a wider consideration of other research methods in
future experiments.

The data presented in Table 6 indicate the potential for
the use of several lichen secondary metabolites in the sub-
stitution of non-lichen antifungal substances. The reference
antibiotics that can be replaced include the most frequently
flucytosine or fluconazole and ketoconazole. Many of
the non-lichen antifungal substances achieve comparable
potential against lichen secondary metabolites. Interest-
ingly, 2-hydroxy-4-methoxy-3,6-dimethylbenzoic acid used
against F. oxysporum was found to be at least equally effec-
tive of all 12 reference substances, but this needs further
investigation. Indirectly, the different potential of the lichen
secondary compounds in relation to the reference substances
against Fusarium species seems to show this potential from
the point of view of resistance of the specific fungus spe-
cies, irrespective of the results obtained with the different
methodology (Table 6).
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Table 7 Chemical composition of the main secondary metabolites of lichens present in the thallus of species with distinctive anti-fusarial poten-

tial of the extracts obtained from these ones

Fusarium species Lichen species

Chemical profile of secondary metabolites
of lichen species in data literature

References for chemical profile of secondary
metabolites

Fusarium acuminatum Evernia divaricata

Fusarium avenaceum  Cladonia mitis

Cladonia rangiferina
Fusarium culmorum Evernia prunastri

Pseudevernia furfuracea

Fusarium oxysporum  Flavoparmelia caperata

Hypotrachyna cirrhata

Leucodermia leucomelos

Parmotrema austrosinense

Parmotrema reticulatum

Physcia aipolia

Roccella montagnei

Umbilicaria nylanderiana

Fusarium udum Parmotrema reticulatum

Divaricatic acid, evernic acid
Several terpenes derivatives (essential oils)
Usnic acid

Usnic acid, + fumarprotocetraric
acid, +rangiformic acid

Atranorin, fumarprotocetraric acid
Atranorin, evernic acid, usnic acid

Several terpenes derivatives (essential oils)
Atranorin, physodic acid, olivetoric acid

Atranorin, chloroatranorin, physodic acid,
olivetoric acid

Caperatic acid, protocetraric acid, usnic acid

Atranorin, chloroatranorin, consalazinic
acid, galbinic acid, protocetraric acid,
salazinic acid

Salazinic acid, zeorin

Atranorin, dihydrolichesterinic acid, chlo-
roatranorin, cladonioidesin, hydroxyben-
zoic acid, hypoconstictic acid, lecanoric
acid, lichesterinic acid/protolichesterinic
acid, 19-ethylprotolichesterinic acid,
linoleic acid, linoleic acid isomer, methyl
B-orsellinate, orsellinic acid

atranorin, chloroatranorin, salazinic acid
(major), consalazinic acid (minor)

atranorin, zeorin

Atranol, divarinol, divarinolmonomethyl-
ether, ethyl divaricatinate, ethyl haema-
tommate, ethyl orsellinate, haematommic
acid, methyl-2,6-dihydroxy-4-methylben-
zoate, orcinol

everninic acid, roccellic acid

Angardianic acid, erythrin, lecanoric acid,
montagnetol, orsellinylmontagnetol
A or B or C, orsellinylmontagnetol D,
roccellaric acid, roccellic acid, 8-meth-
oxytrypethelone methylether or bis-(2,4-
dihydroxy-6-n-propylphenyl)-methane or
pannaric acid

Gyrophoric acid

See: as above

Cobanoglu et al. (2010)

(detailed composition: Kahriman et al. 2011)
Tekiela et al. (2021)

Smith et al. (2009)

Tekiela et al. (2021)

Smith et al. (2009)

(detailed composition: Kahriman et al. 2011)
Smith et al. (2009)

Tiirk et al. (2006)

Smith et al. (2009)

Furmanek et al. (2022); Nash et al. (2002)

Furmanek et al. (2022); Smith et al. (2009)
Kumar et al. (2018)

Smith et al. (2009)

Smith et al. (2009)
Tatipamula et al. (2019)

Mishra et al. (2017)
Ferron et al. (2020)

Smith et al. (2009)
Smith et al. (2009)

The influence of secondary compounds
on inhibitory effect of lichen extracts—predictions

In understanding the antifungal potential of the most effec-
tive lichen extracts resulting from the sum of the inter-
actions of the substances present in them, an analysis of
the most effective individual secondary metabolites used
against a given fungal species should be helpful. However,
in the case of Evernia divaricata extract used against F.
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acuminatum, no data are available on the potential of indi-
vidual lichen compounds such as divaricatic and evernic
acids. Usnic acid, as well as atranorin and fumarprotoce-
tric acid, present in extracts from Cladonia mitis and C.
rangiferina, respectively (Tekiela et al. 2021), may have an
impact on limiting the growth dynamics of F. avenaceum
mycelium (not yet subjected to experiments using second-
ary compounds). All these metabolites exerted measurable
inhibition against F. oxysporum. Given the potential of the
extract of mixed thalli of these two species, combining
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their metabolites in this way may prove to be promising,
also in terms of the potential of isolated and mixed metab-
olites such as atranorin + usnic acid + fumarprotocetric
acid (cf. Tab. S4 and Table 7).

It is not possible to determine which metabolites of
Evernia prunastri could have strongly inhibited the growth
of F. culmorum. It is also difficult to determine whether
the presence of chloroatranorin and olivetoric acid could
have played a greater role in the growth inhibition of this
species. Their individual potential does not seem to indi-
cate this (Tab. S11); in this case, the influence of atranorin
plus additional interactions with other substances should
be considered (cf. Tab. S5, S11 and Table 7). The potency
of growth inhibition of F. oxysporum by Flavoparmelia
caperata extract may have been due to the presence of
protocetraric and usnic acids; the effect of caperatic acid
remains undetermined (cf. Tab. S6, S12 and Table 7).

In the context of the fungicidal efficacy of the Hypotra-
chyna cirrhata extract, the potential of single secondary
metabolites appears to be weakened. Atranorin appears
to be of the greatest importance alongside the weaker
protocetraric acid. Chloroatranorin and salazinic acid are
unlikely to have contributed to the specific efficacy of this
extract, although the latter in combination with zeorin
and other lichen substances appear to be important for
the fungicidal potential of an extract from Leucodermia
leucomelos. Determination of the effect resulting from the
combination of chloroatranorin and salazinic acid should
help to indicate the reason for the inhibitory strength of
the two water extracts discussed (cf. Tab. S6, S12 and
Table 7).

Considering many secondary metabolites present in the
Parmotrema austrosinense extract, its relatively strong
potential could be due to atranorin, and perhaps lecanoric
acid, and assumed influence of fatty acids such as liches-
terinic and protolichesterinic acids (Tab. S2), which may
have played a role, leading to the dysfunction of the cell
membrane (other fatty acids: Avis and Bélanger 2001;
Bhattacharyya et al. 2020). The latter strongly reduced
the growth of F. udum species, although analogous data
against F. oxysporum are lacking (cf. Tab. S6, S12 and
Table 7). The inhibitory efficiency of an extract from
Parmotrema reticulatum seems to be another example
where atranorin may play a major role, although due to
the presence of salazinic acid as the dominant compound,
an experiment using these two metabolites proved to
have potential. A similar conclusion can be drawn from
an extract from Physcia aipolia, in which atranorin and
zeorin are found, indicating further experiments involv-
ing these two combined compounds (cf. Tab. S6, S12 and
Table 7).

In the light of the potential of the many metabolites that
could be included in the extract of Roccella montagnei,

lecanoric acid may have influenced an effect (cf. Tab S6, S12
and Table 7). In the case of the Umbilicaria nylanderiana
extract, a significant contribution to its inhibitory potential
may be related to the presence of gyrophoric acid, although
the extract itself showed a stronger fungistatic potential (cf.
Tab. S8, S12 and Table 7). The potential, as in the case of
Parmotrema reticulatum extract against F. oxysporum, and
its effectiveness against F. udum may be related to the pres-
ence of mainly atranorin and salazinic acid (cf. Tab. S6, S14
and Table 7).

Extracts vs secondary metabolites—application

In absolute terms, the anti-fusarial potential of the iso-
lated secondary metabolites is stronger than the mycelial
growth inhibitory potential exerted by the mixture of sub-
stances included in the lichen extracts, apart from the few
exceptions.

Utilization of single secondary metabolites should have
been directed mainly to medical applications. Their contact
with the afflicted area (e.g., by oral application, oils, tablets
and drops) with their high potency to inhibit fungal growth
and thus indirectly limit the biosynthesis of their mycotox-
ins, may be an effective means to alleviate the course of a
disease. In this light, they could potentially replace currently
used antifungal antibiotics such as flucytosine, fluconazole,
itraconazole or ketoconazole and others (Table 6). Although
evidence is lacking, it seems that their advantage may be
their short duration of biological activity in the body. In
order to properly assess their safety and usefulness, experi-
ments on their pharmacokinetics in animals and man would
have to be performed.

There is evidence that usnic acid can synergistically sup-
port the antimicrobial potential of some antibiotics (Sega-
tore et al. 2012). In the context of antifungal activity, direct
data are lacking, but at the current stage of knowledge, an
attempt to link lichen secondary metabolites in interaction
with applied antibiotic agents seems promising.

It also appears that compounds that are highly soluble in
fat, e.g., protolichesterinic acid, could be used as potential
food preservatives, thereby extending the expiry date, for
example, meat.

The weaker antifungal potential of lichen extracts may
paradoxically be beneficial from the phytopharmacological
point of view, especially with the use of water as solvent.
Their application as potential fungistatic agents for use in
agriculture or forestry is not only dependent on the potency
of inhibition of spore germination and mycelial growth,
but primarily on the long-term duration of their biologi-
cal activity, especially during exposure to external factors.
A mixture of lichen substances (as an extract) seems to be
more resistant in the context of maintaining the chemical
structure of the constituent substances compared to single
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lichen metabolites. This is influenced by abiotic factors like
UV-A/B radiation causing the breakdown of the chemical
structure, i.e., compounds with relatively strong inhibi-
tory potential, atranorin (Begora and Fahselt 2001) or the
solvent used (Vos et al. 2018), and biotic factors, such as
the breakdown of usnic acid by fungi (Bandoni and Tow-
ers 1967). The different fungistatic potential of the extracts
may be influenced by the substrate from which the lichen
species were collected (Badridze et al. 2019; in vitro stud-
ies of substrate modifications: e.g., Elshobary et al. 2016),
including atranorin (Latkowska et al. 2019). This implies the
planning of experiments, aiming to obtain the highest pos-
sible concentrations of the desired lichen substances, if only
from the point of view of the concentration of the extract
with usnic acid (Ivanovic et al. 2013; Zizovic et al. 2012) or
the relative proportion of polysaccharides in it (Ullah et al.
2019), providing a background for the selective efficiency
of extracts against the growth dynamics of different fungal
species (not only against Fusarium spp.). On the other hand,
the breakdown of the chemical structure of substances and
their metabolism by other organisms is desirable in the light
of their ecological safety. If the long-term fungistatic effects
in the field for more than a week, as in the in vitro study
by Tekiela et al. (2021), could be confirmed (Tab. S4 and
Tab. S7), it would indicate the use of lichen extracts as plant
protection agents in future, especially as extracts based on
mixtures of lichen thalli from various species.

Notwithstanding the above, this review indicates that both
lichen extracts and their individual secondary metabolites
may constitute a source of natural antibiotic substances with
potential for use in medicine, agronomy, phytopharmacology
and forestry, especially in the light of increasing microbial
resistance to the currently substances used.

Conclusions

This meta-analysis of data on the inhibitory potential of
lichen extracts and lichen secondary metabolites against
Fusarium species shows that they will be increasingly
important as fungistatic agents in future.

The abundance of lichens subjected to experiments seems
to be high, but they represent only a small portion of the cur-
rently known species. Fusarium oxysporum is so far the most
frequently tested species of this genus. Less attention has
been paid to the possibility of preventing the growth of F.
solani. The other Fusarium species mentioned in this paper
represent only preliminary experiments, but the results of
some methodological combinations appear to be promising.

In general, the heterogeneity of the research methodolo-
gies used can be seen. While the variety of methods used
and forms of presentation of results is acceptable, report-
ing IZ results without testing the MIC may only encourage
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deeper research to determine this. Conversely, specifying
IZ alongside MIC may confirm the efficacy of a particu-
lar methodological combination due to a slightly differ-
ent interpretation of the results obtained (Furmanek et al.
2019). It is also apparent that the PFT method is underes-
timated, despite the fact that due to this, it is possible to
show relative changes (compared to control samples) in
mycelial growth dynamics over time (see: Tekiela et al.
2021); this possibility is not left to other methods such
as BTDM, BMM or DDM. In the light of the search for
solvents meeting the requirements of green chemistry, it is
necessary to extend and deepen experiments using water,
which, as described above, can effectively contribute to
the fungicidal effects of a mixture of lichen substances,
although rather at relatively high concentrations in the
extract.

In the context of the use of lichen extracts, this meta-
analysis has shown the following.

1. The greatest anti-fusarial potential is demonstrated by
extracts from the thallus of relatively easily available
epiphytic macrolichen species (Alectoria sarmentosa,
Evernia divaricata, E. prunastri, Flavoparmelia caper-
ata, Hypotrachyna cirrhata, Leucodermia leucomelos,
Parmotrema austrosinense, P. reticulatum, Physcia
aipolia, Pseudevernia furfuracea and Roccella montag-
nei), two epigeic (Cladonia mitis and C. rangiferina),
including a mixture of both species, and one epilithic
species (Umbilicaria nylanderiana).

2. An extract from Evernia divaricata can compete with
the potential of amphotericin B against F. acuminatum;
an extract from Flavoparmelia caperata can replace
flucytosine and fluconazole, extracts from Parmotrema
austrosinense, Physcia aipolia and Roccella montagnei
may replace bavistin, flucytosine and ketoconazole; the
effectiveness of an extract from Umbilicaria nylanderi-
ana is comparable to flucytosine, miconazole, ampho-
tericin B and ketoconazole against F. oxysporum; an
Alectoria sarmentosa extract may prove to be a potential
replacement for the systemic fungicide bavistin against
F. oxysporum.

3. Itis advisable to use a combination of extracts based on
thalli from more than one species.

4. Ttis advisable to undertake more extensive experiments
using poorly studied species of fungi of the genus Fusar-
ium and to focus more attention on the potential, at least,
of epigeic lichens.

5. It is necessary to pay more attention to lichen species
containing atranorin, usnic and fumarprotocetric acids
in higher concentrations (see also point 3 above) and
as well as the lichens with secondary compounds listed
below in the point 1 regarding individual secondary
metabolites.
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6. Field experiments using lichen extracts with the highest
fungistatic potential as plant protection agents must be
carried out.

In the context of the use of individual secondary
metabolites of lichens, the meta-analysis conducted
showed that:

1. the compounds with the highest fungistatic potential
include 2-hydroxy-4-methoxy-3,6-dimethylbenzoic acid,
atranorin, barbatolic acid, diffractaic acid, evernyl, leca-
noric acid, methyl orsellinate and norstictic, orsellinic,
protocetraric, protolichesterinic, sekikaic and (iso)usnic
acids,

2. their potential does not appear to be related to member-
ship of a particular biochemical group,

3. no compounds with strong fungistatic potential against
F. culmorum have been found so far; high inhibitory
effect against F. fujikuroi was shown by barbatolic, dif-
fractaic, lecanoric, norstictic, orsellinic, protocetraric
and usnic acids; reduction in mycelium growth of F.
oxysporum can be obtained by the use of 2-hydroxy-
4-methoxy-3,6-dimethylbenzoic acid, 2'-O-methylanzi-
aic acid, atranorin, fumarprotocetraric acid, gyrophoric
acid, lecanoric acid, methyl evernate, physodalic acid,
protocetraric acid and usnic acid; barbatolic acid can be
used against F. solani; all these metabolites can poten-
tially replace at least flucytosine and fluconazole, to a
lesser extent itraconazole, ketoconazole, clotrimazole
and miconazole; in the case of F. udum, further experi-
ments on MIC and IZ potential should be performed for
comparison with reference substances,

4. aresearch methodology using mixed secondary metabo-
lites is recommended, for example those that can poten-
tially exert a strong effect on lichen extracts from a given
lichen species,

5. itis recommended to extend experiments on solubil-
ity of metabolites in water using different factors (e.g.,
temperature, pH),

6. it is recommended that experiments be carried out on
secondary metabolites that are difficult to dissolve in
water, such as lichesterinic, protolichesterinic or rangi-
formic acids (higher aliphatic fatty acids) and that stud-
ies be carried out on the preservation potential of foods.
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