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INSECTICIDAL ACTIVITY - A NEW BIOACTIVE PROPERTY
OF THE CYANOBACTERIUM FISCHERELLA

ABSTRACT: Cyanobacterial biofilms serve
as food and shelter for benthic invertebrates, such
as juvenile insects. Chironomids are often the
most widely distributed and abundant insect lar-
vae in freshwater ecosystems. As a consequence
of high grazing pressure, effective defence mecha-
nisms can be expected in biofilm-forming organ-
isms. The presence of chemical defence was stud-
ied in 12 axenic and monoxenic cyanobacterial
species. Flakes of cyanobacterial biofilms were
offered to Chironomus riparius (Meigen) over a
period of 8 days. Mortality and body-length of
the surviving animals were used as indicators for
the toxicity of the cyanobacteria and their suit-
ability as food. Toxicity and inhibition of larval
growth were found for several cyanobacteria
tested. Fischerella sp. (ATCC 43239) was the most
active and caused 100% mortality in Chironomus
larvae within 24 h. Mortality was also high (87%)
for larvae fed with Aphanothece sp. Moderate tox-
icity (40-60% mortality) was found for Calothrix
sp. (PCC 7507), C. braunii Bornet et Flahault, C.
thermalis (Schwabe) Hansgirg and a cyanobacte-
rium of the LPP group designated JU 5. Mortal-
ity of 7-33% was observed for Calothrix parietina
(Négeli) Thuret, Oscillatoria brevis (Kiitzing)
Gomont, Cylindrospermum sp., Nostoc sp., Calo-
thrix anomala Mitra and a cyanobacterium of the
LPP group designated 5 KB. Differences depend-
ing on the cyanobacterial food offered were also
seen in the lengths of surviving larvae. Fischerella
sp. (ATCC 43239) was studied in more detail to

chemically characterise the observed insecticidal
activity. The insecticidal activity could be extract-
ed with 60% aq. methanol from the fresh biomass
and caused 100% mortality in Chironomus.

A literature survey was performed on the
bioactive compounds so far isolated and charac-
terised from Fischerella and related Stigonema-
tales. It is noticeable that no insecticidal activity
has been shown for any of these compounds yet.
The newly found insecticidal property of Fisch-
erella may lead to the identification of bioactive
compounds which may be important as chemical
defence against insect grazers.

KEY WORDS: cyanobacterial Dbiofilm,
chemical defence, Fischerella, Chironomus, insec-
ticide

1. INTRODUCTION

Juvenile insects are a prominent group of
invertebrate grazers in running and standing
waters. Their grazing on benthic biofilms has
a strong impact on the abundance of algal
and cyanobacterial species (Hart 1985, Hill
and Knight 1987). The insect communities
that develop on stony lake shores are often
dominated by caddisfly and chironomid
larvae (Harrison and Hildrew 1998).
These mainly herbivorous insects influence
the productivity of periphyton (Lamberti
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and Resh 1983) and the structure of algal
assemblages (Peterson et al. 1998). Hart
(1985) reported that filaments of the cyano-
bacterium Microcoleus sp. were avoided by
insect grazers. Though not suggested by the
authors, chemicals may be responsible for
this discrimination.

Among insect larvae, juvenile chirono-
mids are often the most abundant insects in
fresh water. A comprehensive overview on
their biology and ecology was given by Ar-
mitage et al. (1995). Larvae of chironomids
use algae, detritus and associated microor-
ganisms, macrophytes, woody debris and
invertebrates as food sources. Chironomids
can be considered as an important link in
aquatic food webs because of their efficient
conversion of primary into secondary pro-
duction (Benke 1998). Secondary consum-
ers, such as fish, waterfowl and predating
insects, prey on juvenile chironomid larvae,
and adult insects are consumed by birds, bats
and amphibians.

Non-selective grazing of chironomids
can result in a sharp decline in biomass as
shown for epiphytic algae in Lake Kasum-
igaura, Japan (Takamura et al. 1990), where
grazing on algae and cyanobacteria was de-
scribed for chironomids which were living
in surficial sediment and for species living in
biofilms. Brook (1954) studied chironomid
larvae from sand-filter beds of waterworks
and observed that the larvae largely ingested
filamentous green algae and diatoms. Juve-
nile chironomids of the genus Cricotopus live
in the biofilm of the benthic cyanobacterium
Nostoc parmelioides (Kiitzing). The interac-
tion is considered to be mutualistic as Nos-
toc provides food and shelter for the insect
larvae and the cyanobacterium profits from
the larvae, which cement the biofilms to the
substratum (Brock 1960) and may also en-
hance productivity of the cyanobacteria by
mineralization of biomass and release of nu-
trients.

Some cyanobacteria are a suitable food
for Chironomus (Ali 1990), but others are
reported to be less favourable. Observations
indicate that some species may be indigestible
and toxic. An example is given by Johnson
et al. (1989). They observed high concentra-
tions of the cyanobacterium Microcystis and
the diatom Melosira in the gut of Chironomus
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plumosus (L.) collected from the sediment of
the eutrophic Lake Vallentunasjon, Sweden.
The total number of Microcystis cells (show-
ing strong or weak fluorescence) did not
decrease during gut passage but the ratio of
weakly fluorescent cells became more abun-
dant. This decrease of fluorescence intensity
can be taken as an indication that Microcystis
is attacked by the digestive enzymes of the
gut, but efficient and complete digestion of
the cells seems not to be possible, most likely
due to the presence of protease inhibitors
(Yamaki et al. 2005).

In a feeding experiment under laboratory
conditions, some cyanobacteria (Lyngbya cf.
aeruginosa (Kiitzing) Gomont and Anabaena
flos-aquae (Lynagbye) Brébisson allowed
complete development of the chironomid
Glyptotendipes paripes Edwards whereas Mi-
crocystis fed larvae showed significant body
mass reduction and death before completion
of their development (Frouz et al. 2004).

Cyanobacteria, like other biofilm-form-
ing benthic organisms, are under control
of invertebrate grazers such as protozoa,
worms, crustaceans, snails and insect larvae.
As a consequence of this grazing pressure, the
presence of chemical defence mechanisms in
benthic cyanobacteria might be expected.
This topic appears poorly studied, however,
compared to pelagic interactions between
phytoplankton (including cyanobacteria) and
invertebrate grazers. In this study, therefore,
we focused our efforts on finding chemical
defence of benthic cyanobacteria against in-
sect larvae and on studying the compounds
responsible for such reactions.

2. CHEMICAL DEFENCE
OF BENTHIC CYANOBACTERIA
AGAINST CHIRONOMUS

Axenic and monoxenic cyanobacte-
ria that exhibit biofilm growth habit were
grown in 300-ml Erlenmeyer flasks. Flakes
from these cultures were offered larvae of
Chironomus. We used natural populations
of Chironomus that were collected from the
stony shore of Lake Ziirich. In addition, to
minimize variation between the test animals
and to achieve independence from the popu-
lation dynamics of the larvae in the lake, we
established a laboratory culture of C. riparius
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(Meigen). We offered flakes of biofilms sus-
pended in artificial lake water (moderately
hard, Weber 1993) to the Chironomus lar-
vae. Toxicity tests were performed in 24-
well tissue culture plates over a period of 8
days. Results presented here relate to tests
with larvae from the laboratory cultures of
C. riparius.

Twelve cyanobacterial biofilms of dif-
ferent species were tested for toxicity to C.
riparius (Table 1). The highest acute toxicity
was found for Fischerella sp. (ATCC 43239).
All animals in wells that were supplied with
this cyanobacterium were dead within 24 h.
As Chironomus died very soon after feed-
ing on Fischerella, the biofilm of the fila-
mentous, multicellular Fischerella was only
slightly reduced at termination of the exper-
iment. The biofilms of the other cyanobacte-
ria were continuously grazed by C. riparius
larvae during the eight days of observation.
To avoid starvation of the animals, the sur-
viving larvae were supplied every day with
fresh flakes of cyanobacterial biofilms.

Although effects were much less than for
Fischerella sp. (ATCC 43239), mortality was

also observed in assays with the other elev-
en biofilm-forming cyanobacteria. Several
of these cyanobacteria had already shown
toxic effects in tests with Chironomus larvae
from Lake Ziirich. In general, the chirono-
mids collected from the lake were more sen-
sitive than the animals from the laboratory
cultures. Aphanothece sp. caused mortality
in 26 of 30 larvae. This cynaobacterium is
a strong producer of mucilage, which may
have inhibited ingestion and digestion. Inad-
equacy of mucilaginous algae and cyanobac-
teria as potential food organisms has been
discussed extensively for planktonic species
(Porter 1973, Lampert 1987). Moderate
toxicity was observed for biofilms produced
by Calothrix sp. (PCC 7507), C. braunii, C.
thermalis and a cyanobacterium of the LPP
group designated JU 5 isolated from epipelic
biofilms of Lake Tiirlersee, Switzerland. Bio-
tilms of C. parietina, Oscillatoria brevis, Cyl-
indrospermum sp. and a cyanobacterium of
the LPP group designated 5 KB isolated from
a biofilm in Taiwan caused weaker toxic ef-
fects. Mortality was low on Nostoc sp. and
C. anomala.

Table 1. Percentage mortality of larvae from a laboratory culture of Chironomus riparius which were
fed on different cyanobacterial biofilms. Each biofilm was tested on 30 newly hatched larvae. The body
lengths of the surviving larvae were measured at the end of the eight days of incubation (mean + stand-

ard deviation).

Cyanobacterial strain assayed ?1?1::;2 Mo(roz)a)lity L(e }?Hglt)h
Fischerella sp. (ATCC 43239) + 100(*,¥%) -
Nostoc sp. (ATCC 43238) + 7(*) 3054 + 647
Aphanothece sp. (Taiwan) - 87(%) 1554+ 42
Cylindrospermum sp. (ATCC 29412) + 33(%) 1908 + 299
Calothrix anomala (SAG 1410-4) - 10(*) 3850 + 802
Calothrix thermalis (SAG 37.79) - 40(%) 2482 + 640
Calothrix braunii (ASW) - 50 2414+ 494
Calothrix sp. (PCC 7507) + 60 1780 + 347
Calothrix parietina (PCC 6303) + 20 3008 + 533
Oscillatoria brevis (Taiwan) - 33 3012 + 753
JU 5 (Tiirler See) - 53 1815+ 391
5 KB (Taiwan) - 33 2244 + 641

*Cyanobacterial strain has shown toxic effects in preliminary tests on Chironomus larvae from Lake Ziirich.

**All larvae showed mortality within 24 hours.
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Body-lengths of the surviving larvae of
the bioassays were measured after 8 days
incubation time and tested by analysis of
variance (ANOVA). The low number of
four surviving larvae fed with Aphanothece
sp. was not included in this analysis. Body
lengths were log-transformed to meet the
assumptions for ANOVA. Effects of the
single treatments were tested by an honest
significant difference test (HSD). Differenc-
es in body length of the larvae indicated
that the cyanobacteria tested significantly
affected the growth of the larvae (Table 1
and Fig. 1). Larvae fed with C. anomala
did not only show low mortality but also
larger body length than the other larvae.
Nostoc sp., Oscillatoria sp. and C. parietina
also allowed body lengths of more than
three millimetres. Other larvae, such as
those fed with the biofilms designated JU 5
and Calothrix sp. (PCC 7507), reached less
than two millimetres and were significantly
smaller.

We focused our studies on the com-
pounds responsible for the acute toxicity
of Fischerella sp. (ATCC 43239) with the
intention of characterising the bioactive
agents responsible for the insecticidal effect

on Chironomus. Fresh biomass of Fischer-
ella was extracted with 60% aq. methanol.
This treatment removed the insecticidal
compounds from the cells and when the
extract was tested, high mortality to C. ri-
parius larvae was observed. The solvent-
free residue of an equivalent to 4.1 mg (wet
weight) extracted biomass, dissolved in 1 ml
of water (containing 1% methanol), caused
100% mortality to the tested larvae within
24 h. This confirmed the presence of insec-
ticidal compounds in Fischerella sp. (ATCC
43239). The elucidation of the structures
of the compounds in this toxic fraction is
under investigation (Becher and Jiittner
2005). Since a large number of bioactive
compounds has already been described in
Fischerella and phylogenetically related spe-
cies, we present an overview of the current
literature on secondary metabolites.

3. SECONDARY METABOLITES
ISOLATED FROM STIGONEMATALES
(CYANOBACTERIA)

A review of the literature provides a
bewildering record of bioactive metabolites
isolated from Fischerella and other species
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Fig. 1. Numbers (bars) and log of body lengths (points, mean squares with standard errors) of treat-
ments with 212 surviving C. riparius larvae after eight days of incubation on different cyanobacterial
biofilms. Points labelled with the same letters are not significantly different (HSD following ANOVA;

F(9, 188) = 25.34, P <0.05).
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of the order Stigonematales. Table 2 gives
an overview of the compiled information
about the chemistry of the metabolites,
their bioactivities and the cyanobacterial
sources. With the exception of fischerellins,
parsiguine and ambigols, the compounds
listed are indole derivatives.

Hapalindoles, the largest group of cya-
nobacterial indole alkaloids, have tricyclic
and tetracyclic structures and show differ-
ent biological activities. The large number of
possible stereoisomers of hapalindoles com-
plicates the differentiation of the derivatives
and makes the analysis rather difficult. The
first hapalindoles were isolated from the
terrestrial cyanobacterium Hapalosiphon
fontinalis (Agardh) Bornet by Moore et al.
(1984). The lipophilic extract of H. fontinalis
was characterised to be antimycotic and an-
tialgal (in the sense of “antiblue-green algal”
= anticyanobacterial). Moore et al. (1987a)
later described this activity as antibacterial.
Antigreenalgal activity of hapalindoles was
shown in a subsequent paper of Moore’s
group (Bonjouklian et al. 1988) and in
other studies (Doan et al. 2000, Etchega-
ray et al. 2004). In the study by Doan et
al. (2000) toxicity directed to Gram positive
and Gram negative bacteria, cyanobacteria,
green algae, fungi and mouse myeloma cells
was shown. Toxicities associated with ha-
palindoles were also described for extracts
from Hapalosiphon laingii Hoffmann, an
isolate from the surface of a dead coral de-
bris on Laing Island, Papua New Guinea.
A mixture of extracted hapalindoles and
hapalindolinones killed the nauplii of Arte-
mia sp. (Klein et al. 1995). An inhibitory
effect to RNA polymerase was described
as primary target of 12-epi hapalindole E
isonitrile. However, this inhibition site does
not seem to be the only target and other
effects can be expected (Doan et al. 2000,
2001).

Fischerindole L from Fischerella musci-
cola (Thuret) Gomont was the first repre-
sentative isolated of another class of indole
alkaloids, the fischerindoles. This tetracyclic
alkaloid was described as antifungal (Park
et al. 1992). Four more fischerindoles were
isolated from the freshwater cyanobacterium
Hapalosiphon welwitschii W. et G. S. West
in an extensive study by Stratmann et al

(1994). The productione of fischerindole
was also described for an additional strain of
FE. muscicola (Jimenez et al. 1999).

Ambiguine isonitriles were first isolated
from the terrestrial cyanobacteria Fischerella
ambigua (Nageli) Gomont, Hapalosiphon
hibernicus W. et G. S. West and Westiellopsis
prolifica Janet. The indole moiety of these
alkaloids is modified by an isoprene unit.
These compounds are described as fungi-
cidal (Smitka et al. 1992).

Biological activities were found for sev-
eral other indole alkaloids from Fischerella
and other Stigonematales. Hapalindolinones
and welwitindolinones belong to the oxin-
doles, a subgroup of indole alkaloids which
is known from plants and marine organisms
(Lin et al. 1990, Carletti et al. 2000). Ha-
palindolinone A, one of the indole alkaloids
which were isolated from the terrestrial cya-
nobacterium Fischerella sp. (ATCC 53558),
was characterised as an inhibitor for the
binding of arginine vasopressin in kidney
tissue (Schwartz et al. 1987). Hapalosiphon
laingii was described as another producer of
hapalindolinones (Klein et al. 1995). Wel-
witindolinones were first isolated from H.
welwitschii and the edaphic Westiella intrica-
ta Borzi isolated from a soil sample (Strat-
mann et al. 1994). N-Methylwelwitindo-
linone C isothiocyanate, the major indole
alkaloid in these two cyanobacterial strains,
was apparently responsible for the multi-drug
resistance reversing activity in tumour cells.
This activity was subsequently confirmed
for N-methylwelwitindolinone C isothio-
cyanate and its non-methylated derivative
(Smith et al. 1995, Zhang and Smith
1996). Insecticidal activity against blowfly
larvae of the lipophilic extract of W. intricata
is mentioned in the work of Stratmann et
al. (1994). Unfortunately, though the authors
associate the toxicity against blowfly larvae
with N-methylwelwitindolinone C isothio-
cyanate, no data are shown for this property
in their work or the relating references. Wel-
witindolinones were also found in E musci-
cola and E major Gomont (Jimenez et al.
1999).

Tjipanazole D, an indolocarbazole pres-
ent in F ambigua, showed no significant bio-
logical activity (Falch et al. 1993) although
tjipanazoles have previously been described
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as antifungal agents (Bonjouklian et al
1991).

Though the listed bioactivities are rather
diverse, no insecticidal activity has yet been
shown. This is surprising, as from an eco-
logical point of view, defence against grazing
insects might be one of the most important
requirements for benthic primary produc-
ers, such as cyanobacteria. In a previous
publication (Becher and Jittner 2005),
we described the separation of four com-
pounds from Fischerella sp. (ATCC 43239)
by HPLC. Characteristic UV-absorption
spectra and heavily clustered quasi-molecu-
lar ions of the electrospray ionisation mass
spectra were indicative of compounds also
belonging to the group of indole derivatives.
Extensive sampling and purification of the
compounds is now required, to obtain ad-
equate amounts for structural determina-
tions. Knowledge of the chemical structure
is essential to link the insecticidal activity
of Fischerella sp. (ATCC 43239) to the caus-
ative agents. The chemical characterisation
of the insecticidal compounds would also
allow clarification of their distribution in
Fischerella and other genera of the order Sti-
gonematales and further evaluation of their
ecological significance as chemicals of de-
fence particularly directed against grazing
insects.

ABBREVIATIONS AND SUPPORTING IN-
FORMATION: ATCC: American Type Culture
Collection, Rockville, USA; SAG: Sammlung
von Algenkulturen, Géttingen, Germany; UTEX:
Culture collection, University of Texas, Austin,
USA; Trebon: Culture collection, Czech Acad-
emy of Sciences, Tiebon, Czech Republic; ASW:
Algenkultursammlung Wien, Austria; JU 5 (iso-
lated from Lake Tiirlersee, Switzerland); biofilms
designated as Taiwan (Jiittner and Wu 2000) were
collected by FE Jiittner. Fischerella sp. (ATCC
43239) was originally isolated from a sample tak-
en in the Philippines (personal communication
by C.P. Wolk (Michigan State University, East
Lansing, USA)) and Milagrosa Martinez-Goss
(University of the Philippines, Los Bailos). The
culture of Nostoc sp. (ATCC 43238) is identical
to Anabaena 78-12A (renamed Nostoc 78-12A),
and was obtained from C.P. Wolk. Detailed in-
formation on abbreviated culture collections
mentioned in the review part of this paper can be
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found in the literature cited. Information about
culture conditions of cyanobacteria used in our
toxicity assays and about culturing of C. riparius
are available (Becher and Jittner 2005).
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