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Abstract: Since the long-term application of synthetic chemicals as insecticides and the chemotherapy of protozoal diseases have had various negative effects (non-target effects, resistance), research
on less harmful biological products is underway. This review is focused on lichens with potential
insecticidal and antiprotozoal activity. Literature sources (27) were surveyed from five bibliographic
databases and analyzed according to the taxonomic group of the insect, the protozoal disease and
the lichen, the type of bioactive compounds (including method of application and mount applied),
and the potential bioactivity based on mortalities caused after 24 h of exposure on insects and on
parasitic protozoa. Six species of protozoa and five species of mosquitoes, three kinds of larval
stages of insects and three protozoa stages were tested. Insecticidal and antiprotozoal effects of
crude extracts and seven lichen secondary metabolites (mostly usnic acid) of 32 lichen species were
determined. Physiological and morphological changes on parasitic protozoa were observed. Mortality rates caused by LSMs on insect vectors closer to (or somewhat above) the WHO threshold
were considered to be insecticides. The results are based on laboratory experiments; however, the
efficacy of metabolites should be confirmed in the field and on non-human primates to control the
insect vectors and human protozoal diseases transmitted by insects.
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larvicidal; lichens; literature survey; secondary substances

Received: 30 June 2021
Accepted: 22 July 2021
Published: 26 July 2021
Publisher’s Note: MDPI stays neutral with regard to jurisdictional

1. Introduction

claims in published maps and institu-

While insects have important roles in the ecosystem, several of them are problematic
to human populations. Insects are known to be vectors of agents that cause serious illnesses to humans and domestic animals, as well as those which feed and/or damage crops
thereby reducing yield [1]. The mosquito genera such as Aedes, Anopheles and Culex transmit dreadful pathogens that cause severe diseases in humans [2]. Mosquitoes are known
to be vectors of diseases such as malaria, dengue fever, yellow fever, Japanese encephalitis, chikungunya and filariasis [2]. Hence, the control of insects is critical in the prevention
of human diseases that are transmitted by blood-sucking vectors [3–9].
The management and control of insect vectors are commonly achieved using synthetic chemicals [10]. These chemical agents may act as ovicidal, larvicidal and adulticidal
agents. However, they are faced with challenges such as high costs, residual effects in the
environment leading to pollution problems, deleterious effects on non-target organisms,
and ill effects in humans and animals through contamination of food and water [11].
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The primary concern in vector control using synthetic insecticides is the emergence
of resistance. This situation necessitated the search for safe alternatives that are not associated with the development of resistance.
Biopesticides can be used as alternative chemical agents when used in integrated pest
management approaches, and biological control is one of the potential alternatives for insect control. Microorganisms (such as bacteria, fungi, and viruses) and natural products,
including lichen secondary metabolites (LSMs), appear to be promising biopesticides
[9,12–21].
Phytochemicals have a bioactive potential against insects, pests, human diseases and
predators, and allelopathic effects of plant metabolites are known [22]; they also have a
natural ability to protect plants against herbivores and help the plant adjust to abiotic
stress [23].
The discovery of many phytochemicals may ensure a drop in the use of synthetic
insecticides in insect control and give way for more eco-friendly and highly potent insecticidal activity. As an example, Calotropis procera (Aiton) Dryand. (Apocynaceae) found in
West Africa, Asia, and tropical regions, shows defense strategies against insects, pests,
fungi and viruses [24]. Its natural products possess insecticidal, fungicidal and pesticidal
effects. Extracts of C. procera have ovicidal activities on almond moth, Cadra cautella
(Walker) (Lepidoptera: Pyralidae). Leaf extracts of C. procera have shown larvicidal activities on Anopheles species. The latex of this plant also affects hatching in Aedes aegypti Linnaeus 1758 [25–27].
Vector-borne diseases (e.g., dengue fever, Lyme disease, malaria, West Nile virus)
are human illnesses caused by microorganisms that are transmitted by arthropod and
non-arthropod vectors (usually blood-feeding arthropods, such as mosquitoes, ticks, and
fleas or other non-arthropod vectors such as snails) and account for more than 17% of all
infectious diseases, causing more than 700,000 deaths every year. Those that are transmitted by an insect bite include malaria, dengue fever, schistosomiasis, human African trypanosomiasis, leishmaniasis, Chagas disease, yellow fever, Japanese encephalitis and onchocerciasis [2]. In Brazil, Chagas disease represents a serious health problem to humans;
it is caused by a hemoflagellate protozoa Trypanosoma cruzi transmitted by means of a bite
by triatomine bugs (Triatominae). Nifurtimox and benznidazole are used for treatment,
but is toxic to humans [28]. Chemotherapy using these drugs has demonstrated cure rate
of 60% among acute patients indicating that there is urgent need to develop alternative
drugs with the potential to fill these limitations [29,30]. Leishmania species when inoculated by sandfly bites in humans cause two major forms of diseases, cutaneous leishmaniasis and mucocutaneous leishmaniasis, both of which are endemic in South America with
high transmission rates in Paraguay [31]. Chemotherapy for leishmaniasis is achieved
through pentavalent antimony as stibogluco-monate (Glucantime) and with pentamidine
or amphotericin B with the limitations of the parasite developing resistance and toxicity
to the host [32,33].
Based on a global report [2], it is estimated that 229 million malaria cases occurred in
2019 in 87 malaria endemic countries. Over 3.1 billion treatment courses of artemisininbased combination therapy (ACT) were sold globally by manufacturers in 2010–2019 to
reduce mortality and morbidity; at least 2.1 billion of these courses were delivered in the
public sector and in malaria endemic countries. First-line treatments for Plasmodium falciparum include artemether-lumefantrine (AL), artesunate-amodiaquine (AS-AQ) and dihydroartemisinin-piperaquine (DHA-PPQ). Malaria chemotherapy using these combinations or as single drug for P. falciparum was 98.0% for AL, 98.4% for AS-AQ and 99.4% for
DHA-PPQ and did not change over time. Partial resistance was seen to be independent
with artemisinin-based chemotherapy in several foci in global malaria surveillance [2].
LSMs are attracting research on their application in other human diseases based on
existing promising results on their bioactivity [17]. If such activity on insect vectors can be
similarly applied on the pathogens they transmit, then just one single chemical substance
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from lichens would work on the vector as well as on the infectious agent with modification
of the method of application, dosage and target host.
To promote these studies, our aim was to review the results so far achieved on the
diversity of lichen species applied, their LSMs, the target organisms and details of application methods. This topic has been treated briefly in a review by Sachin et al. [34] who
treated insecticide LSMs applied not only on insect vectors, but also against agricultural
pests; however, studies on a possible antiprotozoal role of LSMS were not covered.
2. Materials and Methods
The public databases Google Scholar, PubMed, Recent Literature on Lichens, Scopus
and Web of Science were used in the survey to search for literature in English language
from the internet. The following common search words were used: ”lichen secondary metabolites” AND ”insect vectors” AND ”human diseases” AND (“insecticidal” OR ”bioassay” OR, ”bioactive”) and (“insect vectors of parasitic” AND ”human” AND ”protozoa”
AND ”diseases”) at all times in order to get as many papers as possible according to basic
guidelines from recommendations and proposed steps to follow when conducting systematic review [35].
Duplicates of published papers were grouped together and their contents were revised for the papers that addressed the topic on LSMs and their biological activities on
insect vectors of human diseases and lichen substances on parasitic protozoa transmitted
by insect vectors to humans were considered for this review. Those that contained studies
on other insects and non-protozoa and not transmitted by insect bites were not included.
Altogether 27 journal publications were filtered and used for the analysis below.
3. Diversity of Bioactivity of LSMs from Various Aspects
3.1. Lichen Species and Their LSMs Tested for Bioactivity on Insect Vectors of Human Diseases
and for Antiprotozoal Activity
From the literature survey, 57 species of lichens were tested for biological activities
on insect vectors of human diseases and a further 4 lichen species were tested on vectorborne diseases. Altogether 61 species were studied either for insecticide or antiprotozoal
activity, however only those records of lichen species that exhibited high mortality effect
of between 91% to 100% are included in Table 1. Nanayakkara et al. [18] applied 48 species
on larvae of Aedes aegypti, however only those were selected that had a high mortality
effect above 91% were selected.
These lichens contain the following 15 LSMs: (atranorin), 1′chloropannarin,
(erythrin), evernic acid, (galbinic acid), gyrophoric acid, (lecanoric acid, norstictic acid,
orsellinic acid), psoromic acid, pannarin, (salazinic acid, sekikaic acid), usnic acid, and
vulpic acid. Only 7 of them were tested on insect vectors or on protozoa. Eight of the listed
compounds (given in brackets) were identified by chromatography, but several of them
were occasionally applied together and therefore it is not known which was the effective
component. In other cases pure LSMs were used without mentioning the species from
which the LSM was extracted from.
Table 1. Lichen species and LSMs having antivector or antiprotozoal bioactivity (N/A = not available).
Lichen species
Cladonia coniocraea (Flörke) Spreng.
Cladonia foliacea (Huds.) Willd.
Cladonia substellata Vain.
Dirinaria applanata (Fée) D.D. Awasthi
Erioderma leylandi (Taylor) Müll. Arg.
Everniastrum sp.
Hypogymnia sp.
Lepraria atrotomentosa Orange & Wolseley

LSM
crude extract
(-)-usnic acid
(+)-usnic acid
crude extract
1′chloropannarin
crude extract
crude extract
crude extract

Bioactivity
antivector activity
antivector activity
antiprotozoal activity
antivector activity
antiprotozoal activity
antivector activity
antivector activity
antivector activity

References
[18]
[13]
[36]
[18]
[37]
[18]
[18]
[18]
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Leptogium papillosum (de Lesd.) C.W. Dodge
crude extract
Leucodermia leucomelos (L.) Kalb (syn. Heterodermia crude extract (atranorin, salazinic
leucomelos (L.) Poelt)
acid)
Myriotrema spp. (2)
crude extract
Notoparmelia erumpens (Kurok.) A. Crespo,
Ferencová & Divakar (syn. Parmelia erumpens
crude extract
Kurok.)
Ocellularia sp.
crude extract
Parmeliella sp.
crude extract
Parmelina tiliacea (Hoffm.) Hale
crude extract
Parmotrema chinense (Osbeck) Hale & Ahti
crude extract
Parmotrema kamatti Patw. & Prabhu
crude extract
Parmotrema reticulatum (Taylor) M. Choisy (syn.
crude extract
Rimelia reticulata (Taylor) Hale & A. Fletcher)
crude extract (lecanoric acid,
Parmotrema tinctorum (Despr. ex Nyl.) Hale
orsellinic acid)
Protousnea malacea (Stirt.) Krog
(+)-usnic acid
Psoroma pallidum Nyl.
pannarin
crude extract (salazinic, sekikaic
Ramalina conduplicans Vain.
acid, usnic acid, (tannins,
steroids))
Ramalina farinacea (L.) Ach.
usnic acid
crude extract (sekikaic acid, usnic
Ramalina hossei Vain.
acid, (tannins, terpenoids))
crude extract (sekikaic acid, usnic
Ramalina nervulosa (Müll. Arg.) Abbayes
acid)
crude extract (salazinic acid,
Ramalina pacifica Asahina
usnic acid)
Ramalina usnea (L.) R. Howe
usnic acid
crude extract (erythrin, lecanoric
Roccella montagnei Bél.
acid)
Stereocaulon sp.
crude extract
crude extract (galbinic acid,
Usnea galbinifera Asahina
norstictic acid)
Usnea sp.
crude extract
N/A
evernic acid
N/A
gyrophoric acid
N/A
psoromic acid
N/A
(+)-usnic acid
N/A
vulpic acid
+ and - signs indicate optical enantiomers.

antivector activity

[38]

antivector activity

[18,39]

antivector activity

[18]

antivector activity

[38]

antivector activity
antivector activity
antivector activity
antivector activity
antivector activity

[18]
[18]
[18]
[18]
[38]

antivector activity

[18]

antivector activity

[18,38,40]

antiprotozoal activity
antiprotozoal activity

[37]
[37]

antivector activity

[41]

antivector activity

[13]

antivector activity

[41]

antivector activity

[40]

antivector activity

[40]

antivector activity

[42]

antivector activity

[18,38,40]

antivector activity

[18]

antivector activity

[40]

antivector activity
antiprotozoal activity
antivector activity
antiprotozoal activity
antiprotozoal activity
antiprotozoal activity

[18]
[43]
[44]
[43]
[43]
[43]

3.2. Groups of Insect Vectors and Parasitic Protozoa Tested on Effectiveness of LSMs
3.2.1. Mosquitoes
The following group of insects belonging to order Diptera and found to be vectors of
human diseases were tested to determine the efficacy of LSMs in the cited literature
sources. Nomenclature of the taxonomic groups follows the “Mosquito Taxonomic Inventory” [45].
Family: Culicidae
Subfamily: Anophelinae
Genus: Anopheles Meigen 1818
Anopheles stephensi Liston 1901 [38]
Subfamily: Culicinae
Genus: Aedes Meigen
Aedes aegypti Linnaeus 1758 [40]
Genus: Culex Linnaeus
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Culex pipiens Linnaeus 1758 [13]
Culex quinquefasciatus Say 1823 [38]
Genus: Culiseta Felt 1904
Culiseta longiareolata Macquart 1838 [44]
The LSMs were mostly tested for insecticide efficacy on various larval stages of the
above groups of mosquitoes. Second and third instar larvae [38,40,44] were usually tested,
but the sensitivity of the fourth instar larvae was investigated in one study [13].
The first instar larvae were not used during the test period based on guidelines for
laboratory and field testing of mosquito larvicides [46] and most studies show that the
second instar larvae were the most preferred by the authors of the reviewed articles.
3.2.2. Parasitic Protozoa
The following parasitic protozoa (with the disease they cause indicated in brackets)
and that are transmitted by insect bites to humans were found in the cited references.
Phylum: Euglenozoa
Class: Kinetoplastea
Order: Trypanosomatida Honigberg 1963 emend. Vickerman 1976
Family: Trypanosomatidae Doflein 1901 emend. Grobben 1905
Genus: Leishmania Borovsky 1898
Leishmania amazonensis Lainson & Shaw 1972 (cutaneous leishmaniasis) [37]
L. braziliensis Vianna 1911 (cutaneous leishmaniasis) [37]
L. donovani (Laveran & Mesnil 1902) Ross 1903 (cutaneous leishmaniasis) [37]
Genus: Trypanosoma Gruby 1843
Trypanosoma cruzi Chagas 1909 (Chagas disease) [36]
Phylum: Apicomplexa Levine 1980
Class: Aconoidasida
Order: Haemosporida
Family: Plasmodiidae
Genus: Plasmodium Marchiafava & Celli 1885
Plasmodium berghei Vincke & Lips 1948 (malaria) [43]
P. falciparum Welch 1897 (malaria) [43]
Furthermore, three developmental stages of T. cruzi (epimastigotes, trypomastigotes,
amastigotes) were studied [36]). Generally, the liver stage of Plasmodium species and the
stages amastigote and promastigote of Leishmania species were investigated in the publications analyzed [37,43]. Further details (concentration of LSMs showing potential bioactivity on parasites, enzyme inhibition as a biological target) are discussed in Section 4 and
summarized in Table 2.
Table 2. LSMs that have antiprotozoal activity on parasitic diseases transmitted by insect vectors,
the target stage of the parasite and the effective concentrations (LS = liver stage; PfFabI, PfFabG,
PfFabZ = enzymes of type II fatty acid biosynthesis (FAS-II) pathway in Plasmodium falciparum).
LSM

1′chloropannarin

evernic acid

pannarin

Target Stage of
Species of Parasitic
Protozoa or Inhibited References
Protozoa
Enzyme
Leishmania
promastigote
amazonensis
50 µg/mL (in vitro)
[37]
L. braziliensis
promastigote
L. donovani
promastigote
Plasmodium
36.1 µM
LS of PfFabI
falciparum
[43]
> 200 µM
P. falciparum
LS of PfFabG
10.7 µM
P. falciparum
LS of PfFabZ
L. amazonensis
promastigote
50 µg/mL (in vitro)
[37]
L. braziliensis
promastigote
Concentration of
active LSM
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psoromic acid

(+)-usnic acid

71.4 µM
183 µM
35.2 µM
25 mg/kg (in vivo)
25 µg/mL (in vitro)
25 µg/mL (in vitro)
2.3 µM
47.3 µM

L. donovani
P. falciparum
P. falciparum
P. falciparum
L. amazonensis
L. braziliensis
L. donovani
P. berghei
P. falciparum

> 200 µM

P. falciparum

5–30 µg/mL
Trypanosoma cruzi
40 and 80 µg/mL
T. cruzi
20, 40 and 80 µg/mL
T. cruzi
>140 µM
P. falciparum
vulpic acid
>200 µM
P. falciparum
20.5 µM
P. falciparum
+ signs indicate optical enantiomers.

promastigote
LS of PfFabI
LS of PfFabG
LS of PfFabZ
promastigote
promastigote
promastigote
liver stage (LS)
blood stage (BS)
LS of PfFabI, PfFabG
and PfFabZ
epimastigote
trypomastigote
amastigote
LS of PfFabI
LS of PfFabG
LS of PfFabZ

[43]

[37]

[43]

[36]

[43]

3.3. Methods of Extraction of LSMs for Bioassay on Insect Vectors and Antiprotozoal Activity
Field collected lichens were air dried [13,47] or dried under shade in room temperature [38,42]. A Soxhlet apparatus used for extraction and evaporation was done in a rotary
evaporator. Methanol (e.g., [42]), acetone or chloroform (e.g., [47]) were the three solvents
used to extract LSMs.
3.4. Methods of Application of LSMs on Mosquitoes and the Strength of LSMs
The preferred stage of mosquitoes used in the reviewed studies was based on the fact
that their larval stages live in water. Three different methods of application of the LSMs
were found as follows:
1.

1.0, 2.5 and 5.0 mg/mL LSMs in 10% DMSO in 100 mL water were used and mortality
determined after 24 h, where 20 mosquito larvae were used in laboratory set up [40];

2.

0.02 g of LSMs in 1 mL of acetone as stock solution was prepared and diluted to apply
1.0, 2.5 and 50 µg/mL solutions in 250 mL glass jars containing 100 mL of the solution,
where 25 mosquito larvae were used in the laboratory set up [44];

3.

0.02 g usnic acid (+) and (–) was dissolved in 1 mL acetone and six concentrations
obtained, i.e., 0.1, 0.5, 1.0, 2.5, 5.0 and 10 µg/mL in distilled water in 250 mL glass jars
containing 100–100 mL usnic acid solutions, where 25 mosquito larvae were used in
thelaboratory set up.
For the above-mentioned applications the WHO protocol [46] developed and
adopted in 1963 was used by the authors of reviewed articles with minor variation that
did not significantly vary the outcomes from the mortality data obtained after 24 h.
Table 3 contains the names of lichens and the most important data of the tests (concentration of the known LSM or the crude extract of the lichen; mortality rate ranging
from 50 to 100%) for comparison.
Table 3. Applied concentration of the crude lichen extract or LSM extracted from the given lichen
species and mortality of mosquitoes (Aedes and Culex) connected to tests carried out.
Lichen Species
Cladonia coniocraea
Cladonia foliacea
Dirinaria applanata
Everniastrum sp.
Hypogymnia sp.

Concentration of LSM or
Crude Extract (μg/mL)
≤5000 *
10 ***
≤5000 *
≤5000 *
≤5000 *

Mortality Effect
(LC50)
91–100%
100%
91–100%
91–100%
91–100%

References
[18]
[13]
[18]
[18]
[18]
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Lepraria atrotomentosa
Leptogium papillosum
Leucodermia leucomelos
Leucodermia leucomelos
Myriotrema spp.
Notoparmelia erumpens
Ocellularia sp.
Parmeliella sp.
Parmelina tiliacea
Parmotrema chinense
Parmotrema kamatti
Parmotrema reticulatum
Parmotrema reticulatum
Parmotrema tinctorum
Parmotrema tinctorum

≤5000 *
91–100%
81.1 *, 89.1 **, 9.0 ****
100%
1000–2000 *
(50–)100%
≤5000 *
91–100%
≤5000 *
91–100%
341.0 *, 112.0 **, 9.3 ****
100%
≤5000 *
91–100%
≤5000 *
91–100%
≤5000 *
91–100%
≤5000 *
91–100%
296.3 *, 153.3 **, 13.2 ****
100%
417.1 *, 102.1 **, 10.2 ****
100%
≤5000 *
91–100%
≤5000 *
91–100%
201.1 *, 156.2 **, 5.3 ****, (660*)
100%
5000 *
25%
Ramalina conduplicans
10,000 *
40%
20,000 *
85%
Ramalina farinacea
5 ***
100%
5000 *
50%
Ramalina hossei
10,000 *
70%
20,000 *
100%
Ramalina nervulosa
1000 *
100%
Ramalina pacifica
830 *
100%
Ramalina usnea
150 *
96.6%
Roccella montagnei
640.9 *, 127.4 **, 7.0 ****, (830*)
100%
Roccella montagnei
≤5000 *
91–100%
Stereocaulon sp.
≤5000 *
91–100%
Usnea galbinifera
760 *
100%
Usnea sp.
≤5000 *
91–100%
* = A. aegypti, ** = A. stephensi, *** = C. pipiens, **** = C. quinquefasciatus.

[18]
[38]
[39]
[18]
[18]
[38]
[18]
[18]
[18]
[18]
[38]
[38]
[18]
[18]
[37,(40)]
[41]
[13]
[41]
[40]
[40]
[42]
[38,(40)]
[18]
[18]
[40]
[18]

3.5. Dosage, Methods, Application of LSMs and Their Physiological and Morphological Effects
on Protozoa
Effect of LSMs on parasitic protozoa in vivo or in vitro at various concentrations (dosage) and the methods applied (routes of administration) on test animal BALB c mice of
the active compound are summarized in Table 4. The effect of LSMs on the organelles and
various aspects of physiology of the given stages of parasitic protozoa species that could
lead to their death are found in Table 5.
Table 4. Concentration (dosage) and method (the route of administration) in applying LSMs on
the given species of protozoa.
Species of
Protozoa
Leishmania
spp.
Leishmania
spp.

1′chloropannarin

50 µg/mL

pannarin

50 µg/mL

Leishmania
spp.

(+)-usnic acid

25 µg/mL

Leishmania
spp.

(+)-usnic acid

25 mg/kg

Plasmodium
berghei

evernic acid

77.3 µΜ (LS)

LSM

Concentration The Route of
of LSM
Administration

Control Agent

pentamidine and
ketoconazole
pentamidine and
in vitro
ketoconazole
Glucantime (NSubcutaneous *
methylglucamine
and oral *
antimonate)
Glucantime (NIntralesional * methylglucamine
antimonate)
in vitro

in vitro

Atovaquone

References
[37]
[37]
[37]

[37]
[43]
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P. berghei
P. berghei
P. berghei
P. falciparum
P. falciparum
P. falciparum
P. falciparum

psoromic acid
(+)-usnic acid
vulpic acid
evernic acid
psoromic acid
(+)-usnic acid
vulpic acid

31.6 µM (LS)
in vitro
Atovaquone
[43]
2.3 µΜ (LS)
in vitro
Atovaquone
[43]
10.0 µM (LS)
in vitro
Atovaquone
[43]
142.1 µM (BS)
in vitro
Atovaquone
[43]
29.2 µM (BS)
in vitro
Atovaquone
[43]
47.3 µM (BS)
in vitro
Atovaquone
[43]
48.5 µM (BS)
in vitro
Atovaquone
[43]
5 up to 50
Trypanosoma
(+)-usnic acid
µg/mL ** and
in vitro
DMSO
[36]
cruzi
80 µg/mL ***
* = BALB c mice was used for in vivo experiments; DMSO = dimethyl sulfoxide; ** = epimastigote;
*** = trypomastigote; LS = liver stage parasite; BS = blood stage parasite..+ signs indicate optical
enantiomers.
Table 5. Physiological and morphological effects of LSMs on parasitic protozoa.
LSM

Stage of Protozoa

Effect on Parasite or
Affected Organelles

References

evernic acid and
psoromic acid
vulpic acid and (+)-usnic
acid

liver stage of Plasmodium
none (10 µM)
spp.
liver stage of Plasmodium
size reduction (10 µM)
spp.
epimastigotes
ultrastructural changes
(+)-usnic acid
(Trypanosoma cruzi)
of mitochondria
(+)-usnic acid
trypomastigotes (T. cruzi)
lysis, flagellar pocket
(+)-usnic acid
amastigote (T. cruzi)
cytoplasm vacuolation
amastigote (Leishmania
(+)-usnic acid
None *
amazonensis)
amastigote (L.
reduced weight of lesion
(+)-usnic acid
amazonensis)
and parasite loads **
* = oral & subcutaneous; ** = intralesional; + signs indicate optical enantiomers.

[43]
[43]
[36]
[36]
[36]
[37]
[37]

3.6. Effective LSMs Documented by Toxicity Tests
The ability of LSMs to control insects or human parasitic protozoa transmitted by
insect vectors was evident in the reviewed articles, in this regard it is necessary to highlight in detail if such bioactive compounds can be used safely in the environment and on
humans. Some of the documented results from such important toxicity tests done on bioactive LSMs were extracted from the reviewed papers and then compared. Table 6 contains more details on toxicological tests carried out in experiments with LSMs applied on
parasitic protozoa.
Table 6. The results of documented toxicological tests of LSMs applied to determine safety level.
LSM

Type of Experimental
Animal or Subject Used

Safety Status

References

evernic, vulpic and psoromic acids

zebrafish larvae **

liver toxicity detected
(reduction of size and
enlarged liver)

[43]

human hepatoma cell *

safe

[43]

zebrafish larvae **
murine peritoneal
macrophages *

safe
safe (morphology and
ultrastructure not affected)

[43]

evernic, vulpic, psoromic and (+)-usnic
acids
(+)-usnic acid
(+)-usnic acid

* = in vitro, ** = in vivo, .+ signs indicate optical enantiomers.

[36]
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4. Discussion
The five databases surveyed with the same search words (see Section 2) contained
only 27 literature sources. It shows that in contrary to the wide application of LSMs [17],
their research on bioactivity potential for antivector and antiprotozoal application is limited. The papers mentioned the application of 61 lichen species of which only 4 were used
in the studies concentrating on protection against vector-borne protozoa. However, the
lichen species contains only 15 bioactive components investigated, 7 of which were isolated and tested independently and 8 were present in lichens applied as crude extracts.
The application of usnic acid is especially remarkable, since it is equally useful against
insect vectors and parasitic protozoa transferred by them. Four additional LSMs,
atranorin, diffractaic acid, gyrophoric acid and salazinic acid, were also tested against
mosquitoes being one of the insect vectors of human protozoal diseases and results indicated that mortalities recorded are above the minimum 80% recommended by WHO
[13,18,38,39,48], and a further 5, evernic acid, 1′chloropannarin, pannarin, psoromic acid
and vulpic acid, are effective against protozoa [37,43].
Main connections between lichens, LSMs, insect vectors and human diseases transmitted by parasitic protozoa are illustrated in Figure 1. The studied publications indicated
that the larval stages had priority in application over the adult forms [38,40,44] and the
various larval stages were not used with the same frequency [13]. The first instar larvae
of the mosquito vectors were not used during the test period corresponding with the practice applied in the usual mosquito tests as proposed by the World Health Organization on
larvicide activity [46]—and most studies show that the second instar larvae were the most
preferred by the researchers [38,40,44].

Figure 1. The subject of the survey summarized. Green arrows symbolize the origin of LSMs from
various lichens, red arrows represent the effects of LSMs on insect vectors, their various larval
developmental stages (L1–L4) and human diseases caused by parasitic protozoa transmitted by
insect vectors.

The various stages of protozoa were also distinguished during the analyses
[36,37,43]. The stages amastigote, epimastigote and trypomastigote of the studied three
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developmental stages of Trypanosoma cruzi were affected by (+)-usnic acid extracted from
Cladonia substellata [34]. In addition, (+)-usnic acid displayed the highest liver stage (LS)
activity and stage specificity in Plasmodium species [43]. Furthermore the activity of (+)usnic acid in the first place, and two other LSMs (pannarin and 1′-chloropannarin) were
described on the amastigotes and promastigotes of Leishmania species [37].
The wide range of concentrations (c. 5–100 µg/mL of LSMs and c. 1000–5000(–20,000
µg/mL) for crude extracts) represent comparable dosage for insect vectors and protozoa
[13,37,38,41]. The difference is explained by the high natural variation of the concentrations of LSMs in lichen thalli ranging from c. 0.1% to 10%(–30%) of their dry weight [17].
The larger necessary concentration of the crude extract is explained by the amount of the
LSM present in the thallus [49].
The following results describe the complexity of these studies. Karthik et al. [39], for
example, investigated insecticidal activities of Leucodermia leucomelos containing atranorin
and salazinic acid on mosquito larvae (2nd and 3rd larval stages of Aedes aegypti with 20
larvae tested) using different concentrations at 1000, 1500, and 2000 µg/mL when mortality was recorded after 24 h. The mortality differed by concentrations: the highest mortality
was 80% at 1000 µg/mL for the 2nd instar larvae and the lowest was 50% for the 3rd instar
larvae at 1.5 mg/mL. The susceptibility was 80% for 3rd instar larvae and 100% for 2nd instar
larvae, while at 2000 µg/mL survival rate was 0% indicating 100% mortality, hence 2000
µg/mL is the best concentration to kill 2nd instar larvae of A. aegypti if these results are
compared to 10% dimethyl sulfoxide (DMSO) as a control in the investigation protocol
[40].
LSMs, such as usnic acid (and its enantiomers), a widespread cortical dibenzofuran,
have been known to show larvicidal activity based on bioassay studies against the 3rd and
4th instar larvae of the house mosquito (Culex pipiens); susceptibility to the bioactive compounds based on larval mortality was also dose-dependent [13]. LSMs from various taxonomic groups showed that bioactivity exhibited at LC50 was as follows: atranorin—0.52
µg/mL, 3-hydroxyphysodic acid—0.97 µg/mL, gyrophoric acid—0.41 µg/mL, (+)-usnic
acid—0.48 µg/mL indicating that gyrophoric acid showed the highest toxicity [44].
When biological activities of LSMs are analyzed, their role in nature should also be
considered through experimental studies as medicines in humans or animals. Their population size must be monitored while LSMs are applied to kill insects.
This review found that the insect transmitted human diseases, such as cutaneous
leishmaniasis, malaria and Chagas disease, can be controlled using LSMs derived from
Cladonia substellata, Erioderma leylandii, Protousnea malacea and Psoroma pallidum [36,37,43].
Based on laboratory results these contain (+)-usnic acid, pannarin, 1′chloropannarin, evernic acid, vulpic acid, and psoromic acid (Table 2) tested on parasitic protozoa. Usnic acid
was applied the most widely by authors [36,37,43]. In vitro studies have also shown that
(+)-usnic acid has a strong effect against Toxoplasma gondii Nicolle & Manceaux 1908 [50]
and Trichomonas vaginalis Donné 1836 [51], which are also parasitic protozoa, although not
transmitted through insect bites. (+)-usnic acid has also been shown to inhibit the viability
of the tachyzoite of T gondii. An in vivo experiment with (+)-usnic acid-liposome showed
prolonged survival time of mice. The most promising result with (+)-usnic acid and (+)usnic acid-liposome is that they have low toxicity on experimental mice and could still
cause an inhibitory effect on the viability of toxoplasma tachyzoite by interfering with
normal structures of organelles of T. gondii [50].
However, based on the mode of application, the efficacy of usnic acid revealed notable variation by having no effect on target Leishmania parasites through oral and subcutaneous administration. Promising results were seen with usnic acid on Leishmania species
through intralesional use including a 43.34% and 72.28% reduction of lesion and parasite
load respectively (Table 3) [37]. The most susceptible stage of parasitic protozoa was trypomastigote where usnic acid had severe physiological and morphological effects on its
membrane causing lysis and flagellar pocket. Effects of (+)-usnic acid on epimastigote
forms were seen to have a target on mitochondria and kinetoplasts (Table 4). (+)-usnic acid
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had the highest inhibitory effects on the liver stage of Plasmodium berghei at 2.3 µΜ [43].
Evidence of reduced activity on the blood stage of Plasmodium falciparum exists for (+)usnic acid and vulpic acid (Table 4). Psoromic acid was more effective on the blood stage
and moderate on the liver stage, while evernic acid showed the lowest efficacy. When
compared to their effect on FAS-II enzymes, evernic acid had high affinity for PfFabI and
PfFabZ, but did not show effects on morphology on liver stage of P. falciparum [43].
Bioactivities of the LSMs on parasitic protozoa were conducted in vitro and in vivo
using BALB c mice, hence the response from these studies can be compared to those expected in the case of human hosts. To confirm this claim, LSMs were subjected to toxicological assessments. Zebrafish were used for in vivo studies and human hepatocytes, murine peritoneal macrophages and cancer cells for in vitro studies [43]. However, according
to studies by Fournet et al. [37], there was no toxicological test available as they only reported safety from their own observations and personal judgement and therefore the exact safety level was undetermined (Table 5). The (+)-usnic acid exhibited definite safety
levels, but lower than at other acids. De Carvalho and coworkers (“unpubl.” in [36] (p.
160)) reported no side effects in Trypanosoma cruzi-infected mice treated for 5 days with 25
mg/kg/day of usnic acid, but other authors [52,53] have reported toxic effects of usnic acid
and this information needs further study to exploit the unique properties of usnic acid in
the future. Evernic, vulpic and psoromic acids showed a reduction in size and enlargement of the liver of zebrafish larvae [43]. These are cautions that also need to be considered
during further experiments and intended applications. Finally, the fine difference between the two optical enantiomers of usnic acid—existing naturally in various species
[54]—may cause differences in efficacy during various applications, as it was justified in
a series of bioactivity analyses [55]. This topic was treated only exceptionally in the field
of insect vectors (e.g., [13]), and is thus worthy of further studies.
5. Conclusions
If the number of lichen species known worldwide (c. 18–20,000 [56]) is compared to
the number of insecticides justified so far on insect vectors and parasitic protozoa carried
by them, it is obvious that there are potentially many more efficacious species. Similarly,
the number of applicable LSMs of the existing c. 1000 [57] should be higher than those
tested so far. Furthermore, more attention should be paid to the diversity due to optical
enantiomers in the future [cf. 13,55] when testing their insecticide and antiprotozoal role.
This review strongly revealed that very little information is available on the application of LSMs to determine their efficacy in the field compared to laboratory tests as well
as toxicological information when using LSMs on non-target organisms in the environment. Higher vertebrates should also be considered for widening the range of taxa where
LSMs are applied and their effects are controlled.
There is therefore the need to use those lichens that have been identified as having
the highest biological activity against insects and perform field survey for consideration
as new tools in insect vectors control and in management of parasitic protozoal diseases
for commercial production in the market. In general the publications reviewed contained
more detailed information on antiprotozoal application. These were more thorough studies based on recent sophisticated instrumental, ultrastructural and metabolomic studies
[36,43]. There is a possible advantage in analyzing the so far less investigated and less
frequent volatile LSMs by methods established in the study of natural products of vascular plants [58,59]. It is necessary to also consider recent methods in analysis for application,
too, for example the possibilities of microencapsulation (where the active substances are
protected by encapsulation and their activity kept constant after this process) in order to
facilitate environmental protection and sustainable development [60]. This will supplement the existing control and management tools of human diseases, vectors of human and
animal diseases and non-communicable and communicable diseases when further studies
are done on several lichen groups that have demonstrated bioactive potentials.
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