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We show that the cyanobacterial symbionts of a tripartite 
cyanolichen can produce hepatotoxic microcystins in situ. 
Microcystins were detected with high-performance liquid 
chromatography mass spectrometry both from cephalodia 
of the tripartite cyanolichen Peltigera leucophlebia and from 
a symbiotic Nostoc strain isolated from the same lichen 
specimen. Genetic identities of symbiotic Nostoc strains 
were studied by amplifying and sequencing the 16S rRNA 
gene. Also, the presence of the microcystin synthetase gene 
mcyE was confirmed by sequencing. Three highly toxic mi-
crocystins were detected from the lichen specimen. Several 
different Nostoc 16S rRNA haplotypes were present in the 
lichen sample but only one was found in the toxin-produc-
ing cultures. In culture, the toxin-producing Nostoc strain 
produced a total of 19 different microcystin variants. In phy-
logenetic analysis, this cyanobacterium and related strains 
from the lichen thallus grouped together with a previously 
known microcystin-producing Nostoc strain and other 
strains previously isolated from the symbiotic thalloid 
bryophyte Blasia pusilla. Our finding is the first direct 
evidence of in situ production of microcystins in lichens or 
plant–cyanobacterial symbioses. Microcystins may explain 
why cyanolichens and symbiotic bryophytes are not among 
the preferred food sources of most animal grazers. 

Microcystins are a family of cyclic peptide hepatotoxins 
produced by a number of cyanobacterial genera (Sivonen and 
Jones 1999). They are potent inhibitors of eukaryotic protein 
phosphatases 1 and 2A (MacKintosh et al. 1990). Microcystins 
are implicated in the toxicosis of wild and domestic animals 
throughout the world (Ressom et al. 1994). These toxins are 
transported into the liver cells via the bile acid route and lead to 
overphosphorylation and disruption of the cytoskeleton in 
hepatocytes (Carmichael 1994). Subsequent hepatocyte necrosis 
leads to pooling of blood in the liver. In acute poisoning, death is 
the result of intrahepatic hemorrhage and hypovolemic shock. 
Microcystins are also suspected to act as tumor promoters 
(Nishiwaki-Matsushima et al. 1992) and the use of water 
contaminated with the toxin in renal dialysis is held responsible 
for the deaths of 60 patients in Brazil (Jochimsen et al. 1998). 

Microcystins have a specific chemical structure and contain 
a number of nonproteinogenic amino acids (Sivonen and 
Börner 2008; Sivonen and Jones 1999). There are at least 85 
known microcystin variants having the common structure of 
cyclo(D-Ala1-X2-D-MeAsp3-Z4-Adda5-D-Glu6-Mdha7), where 
X and Z are variable L-amino acids, D-MeAsp is D-erythro-β-
methylaspartic acid, Adda is (2S,3S,8S,9S)-3-amino-9-meth-
oxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid, and Mdha 
is N-methyldehydroalanine (Sivonen and Börner 2008). All of 
the amino acids have been reported to vary but, in addition to 
the variable amino acids in positions 2 and 4, the most com-
mon substitutions involve demethylation of the amino acids in 
positions 3 and 7. Also, the peculiar Adda structure may be de-
methylated into DMAdda or ADMAdda, which has an ace-
toxyl instead of the methoxyl group (Namikoshi et al. 1992; 
Sivonen and Jones 1999). Microcystins are synthesized on 
large, mixed nonribosomal and polyketide synthetases in a 
programmed biosynthetic event (Christiansen et al. 2003; 
Nishizawa et al. 1999, 2000; Rouhiainen et al. 2004; Tillett et 
al. 2000). The mcyE gene was chosen for the genetic analysis 
because it is involved in the synthesis of Adda and the forma-
tion of the bond between Adda and D-glutamate, which vary 
less than other amino acids in the molecule and are essential 
for toxicity. The mcyE gene has also been shown to be unaf-
fected by horizontal gene transfer (Rantala et al. 2004; Tillett 
et al. 2000). 

Microcystins are produced by many different cyanobacteria, 
and the genera Anabaena, Hapalosiphon, Microcystis, Nostoc, 
and Planktothrix all contain microcystin-producing strains. A 
toxic strain usually produces several microcystin variants si-
multaneously but only one or two of these variants are domi-
nant. Microcystin-producing strains are relatively rare among 
cyanobacteria and typically, even within a single species, some 
but not all strains actually produce microcystins. Environ-
mental conditions, such as temperature and light, affect micro-
cystin production. Microcystins are chemically very stable but 
some bacteria in aquatic environments have an ability to break 
them down (Sivonen and Jones 1999; van Apeldoorn et al. 
2007). 

It is estimated that 13% of all lichen species have cyanobac-
terial symbionts and the most common cyanobacterial genus in 
lichen symbioses is Nostoc (Rikkinen 2002). Symbiotic 
Nostoc strains can also establish well-defined symbiotic asso-
ciations with the glomeromycete Geosiphon (Kluge et al. 
2002), some thalloid bryophytes (Rikkinen and Virtanen 
2008), cycads (Costa et al 2004), and the angiosperm Gunnera 
(Bergman 2002). 

In a previous study, a lichen-associated Nostoc strain was 
found to produce microcystins in culture (Oksanen et al. 
2004). The toxin-producing cyanobacterium was isolated 

Corresponding author: Jouko Rikkinen; Telephone: +358 50 415 0426; 
Fax: +358 9 191 58754; E-mail: jouko.rikkinen@helsinki.fi 

Nucleotide sequence data is available in the National Center for Biotech-
nology Information GenBank database. 

*The e-Xtra logo stands for “electronic extra” and indicates that a supple-
mentary table and supplementary material about microcystins in Peltigera 
leucophlebia are published online.  

e-Xtra*



696 / Molecular Plant-Microbe Interactions 

from a thallus fragment of the bipartite cyanolichen Proto-
pannaria pezizoides from central Finland. However, the ecol-
ogy of this cyanobacterium remained somewhat uncertain, 
because the identity of the lichen symbiont was not con-
firmed by sequencing the intact lichen. Here, we report the 
results of further studies on microcystin-production in lichen-
associated cyanobacteria and focus on the cephalodial sym-
bionts of the tripartite cyanolichen Peltigera leucophlebia 
(Nyl.) Gyeln. (Fig. 1). 

RESULTS 

Genetic diversity of Nostoc cyanobionts of P. leucophlebia.  
We amplified the 16S rRNA gene from genomic DNA 

extracted from a pooled sample (approximately 200 in total) of 
P. leucophlebia cephalodia and constructed a clone library. All 
the cephalodia were collected from the upper surface of a sin-
gle lichen thallus (size approximately 15 cm2). The 39 clones 
sequenced represented 29 different Nostoc 16S rRNA gene 
haplotypes (National Center for Biotechnology Information 
[NCBI] GenBank accession number FJ815293-321). In our 
analysis of the 29 16S rRNA sequences and other related 
sequences obtained from NCBI GenBank neighbor-joining, 
maximum likelihood and maximum parsimony produced phy-
logenetic trees with only minor differences. Most Nostoc hap-

lotypes from the cephalodia were placed into three closely 
related groups among a diversity of sequences previously ob-
tained from symbiotic Nostoc strains of different Peltigera spp. 
and other terricolous cyanolichens, but also from the thalloid 
bryophytes Blasia and Anthoceros, various Gunnera spp., and 
the cycad Macrozamia (Fig. 2). 

Single-strain cultures of symbiotic cyanobacteria were ob-
tained from nine different cephalodia of P. leucophlebia. All 
the cultured cyanobacteria were filamentous, heterocystous, 
and showed no evidence of branching. They formed slowly 
spreading, gelatinous colonies typical of Nostoc spp. Sequenc-
ing the 16S rRNA gene revealed that all six analyzed cultures 
belonged to the same Nostoc haplotype (UK18), which had 
also been the most common haplotype among the sequences 
obtained directly from lichen cephalodia. The most similar se-
quence in NCBI GenBank was that of Nostoc sp. strain IO-
102-I, a microcystin-producing cyanobacterium that had been 
found to be associated with the bipartite cyanolichen Proto-
pannaria pezizoides in Sysmä, central Finland. Also, several 
other Nostoc haplotypes amplified directly from Peltigera leu-
cophlebia cephalodia were nearly identical to these two strains 
(Fig. 2). 

The mcyE microcystin synthetase gene fragment was ampli-
fied directly from the pooled sample of P. leucophlebia cephalo-
dia (NCBI GenBank accession number FJ815292). The same 

Fig. 1. Toxin-producing cyanolichen. A, Peltigera leucophlebia in natural habitat (scale bar 1 cm). B, Cephalodia (fungal structures containing symbiotic 
cyanobacteria) on the upper surface of the lichen thallus (scale bar: 1 mm). The white spots on the lichen surface are pine pollen. C, Isolated microcystin-
producing Nostoc sp. strain UK18 in pure culture (scale bar: 20 μm). 
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Fig. 2. Phylogenetic relationships among symbiotic Nostoc strains (maximum-likelihood tree of 16S rRNA sequences). Symbiotic strains are named after 
their host species. Known microcystin producers are on black and the sequences from our clone library of Peltigera leucophlebia cephalodia are on gray 
backgrounds. Bootstrap values >50% are given at the node for maximum likelihood, maximum parsimony, and neighbor-joining, respectively. 
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mcyE gene haplotype was detected in all cloned samples (n = 
16). The length of these gene fragments was 769 bp. They 
were nearly identical to the sequence previously obtained from 
Nostoc sp. strain IO-102-I (single difference at base number 
183). 

Microcystin production by the Nostoc cyanobionts.  
We detected three highly toxic microcystins from a pooled 

sample of cephalodia collected from the surface of a P. leuco-
phlebia thallus (Table 1; Fig. 1B). The major microcystin 
[ADMAdda5]MC-LR had a mass of 1,022 Da and accounted 
for approximately 60% of the total intensity of the microcystin 
peaks. Two other microcystins, [DMAdda5]MC-LR and [D-
Asp3, ADMAdda5]MC-LR, each accounted for 20% of the to-
tal intensity and had a mass of 980 and 1,008 Da, respectively. 

Strains were isolated and cultured from nine separate cephalo-
dia of P. leucophlebia and all of them produced the same 19 
microcystin variants with practically the same abundance (Ta-
ble 1). The total amount of microcystin produced by the strains 
was approximately 0.4 μg/mg of dry weight. In addition to the 
microcystins detected from the P. leucophlebia cephalodia, 
several other previously known variants and new microcystin 
structures were found. The four most intensive microcystin 
peaks in the chromatograms obtained from of the cultured 
Nostoc strains were [ADMAdda5]MC-LR (m/z 1,023, [M+H]+), 
[ADMAdda5]MC-(H4)YR (m/z 1,077, [M+H]+), [D-Asp3, 
ADMAdda5]MC-LR (m/z 1,009, [M+H]+), and [ADMAdda5] 
MC-HilR (m/z 1,037, [M+H]+), and they accounted for approxi-
mately 70, 15, <10, and <10% of the total intensity, respec-
tively. Rare nonproteinogenic amino acids such as tetrahydro-
tyrosine (H4)Y and homoisoleucine Hil are proposed in second 
position on the grounds of mass spectrometric (MS) analysis. 

The assignment of the main ions of the microcystins de-
tected from P. leucophlebia cephalodia and in the four major 
variants of the cultured Nostoc strains is presented in Table 2. 
In the case of [ADMAdda5]MC-LR, the important ADMAdda 
diagnostic ion m/z 627 [Arg-ADMAdda-Glu + H+] and ion m/z 
553 [Mdha-Ala-Leu-MeAsp-Arg + H+] are present (Table 2). 
Also, the DMAdda structure diagnostic ion m/z 585 [Arg-
DMAdda-Glu + H+] and the ion m/z 553 can be seen in the 
spectrum of [DMAdda5]MC-LR. In both spectra, [D-Asp3, 

ADMAdda5]MC-LR ions m/z 627 and m/z 539 [Mdha-Ala-
Leu-Asp-Arg + H+] were intensive. 

DISCUSSION 

Three microcystin variants were detected from the cephalo-
dia of the tripartite cyanolichen P. leucophlebia. This finding 
proves that some lichen-symbiotic Nostoc strains do produce 
microcystins in situ. 

We found a considerable diversity of different 16S rRNA 
gene haplotypes in our pooled sample of P. leucophlebia 
cephalodia. Generally, lichen-forming fungi are believed to 
be quite selective in their choice of cyanobacterial symbionts 
and, typically, only a limited number of closely related Nostoc 
strains are found from the thalli of an individual lichen spe-
cies (Myllys et al. 2007; Paulsrud and Lindblad 1998; 
Paulsrud et al. 2000). Previous studies have shown that this is 
also true of some tripartite Peltigera spp., such as P. aph-
thosa (Paulsrud et al. 2001), but more variation has been 
detected in other species, such as P. venosa (Paulsrud et al. 
2000) and P. leucophlebia (Myllys et al. 2007). The diversity 
of Nostoc haplotypes found in the present study may have 
been partly related to the sampling method used. In order to 
obtain sufficient biomass for chemical analysis, hundreds of 
minute cephalodia had to be collected from the lichen surface 
and pooled into one sample. All the detected haplotypes 
belonged to a rather diverse group of symbiotic Nostoc strains 
typical of the Peltigera guild (Rikkinen et al. 2002). In our 
trees, the only major group gaining strong bootstrap support 
was that of GenBank sequences of Nostoc symbionts of 
lichens that belong to the Nephroma guild. This pattern is in 
good accordance with previous results (Myllys et al. 2007; 
O’Brien et al. 2005; Rikkinen et al. 2002).  

Although no cyanobacteria were seen on cephalodial sur-
faces in microscopic examination, it is quite possible that some 
Nostoc haplotypes in the pooled sample were surface contami-
nants. However, a few incidental cells from outside the cephalo-
dia could not have produced microcystins in detectable amounts. 
Also, all nine strains cultured from the P. leucophlebia cephalo-
dia produced microcystins and belonged to the same haplotype 
that was most common among the sequences obtained directly 

Table 1. Microcystin variants detected from the tripartite cyanolichen Peltigera leucophlebia and its cultured symbiont (Nostoc sp. strain UK18)a 

Microcystin variant m/z [M+H]+ tR (min) Cep. variant (%)b UK18 variant (%)c 

[DMAdda5]mc-(H4)YR 1,035 28.5 … <0.5 
Microcystin 967 33.3 … <0.5 
[D-Asp3, DMAdda5]mc-LR 967 33.8 … <0.5 
[DMAdda5]mc-LR 981 34.2 20 <2 
[DMAdda5]mc-FR 1,015 35.3 … <0.5 
[D-Asp3, ADMAdda5]mc-(H4)YR 1,063 37.0 … <2 
[DMAdda5]mc-HilR 995 37.6 … <0.5 
[ADMAdda5]mc-(H4)YRHar 1,091 38.0 … <0.5 
[ADMAdda5]mc-(H4)YR 1,077 38.1 … 15 
[ADMAdda5]mc-YR 1,073 38.9 … <0.5 
Microcystin 1,009 40.4 … <0.5 
[ADMAdda5]mc-LR 1,023 40.9 … <2 
[D-Asp3, ADMAdda5]mc-LR 1,009 41.5 20 <10 
[ADMAdda5]mc-LR* 1,023 41.7 60 70 
[ADMAdda5]mc-FR 1,057 42.3 … <2 
[ADMAdda5, Dha7]mc-LR 1,009 42.7 … <2 
[ADMAdda5]mc-HilR 1,037 44.0 … <10 
[ADMAdda5]mc-HilR 1,037 45.2 … <2 
Microcystin 1,051 48.3 … <0.5 
a Protonated molecular ion [M+H]+, retention time tR, and the relative proportions of the variants detected by liquid chromatography mass spectrometry (MS) 

are given. The three microcystins detected from both the lichen sample and Nostoc sp. UK18 are in boldface. Structural differences were not detected in 
MS analysis in two pairs of microcystin isomers (m/z 1,023 and 1,037 Da) and * indicates the known late-eluting isomer. Three microcystin structures 
remained unresolved. 

a  Relative proportion of the microcystin variant in Peltigera leucophlebia cephalodia. 
b  Relative proportion of the microcystin variant in the Nostoc sp. strain UK18.
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from lichen cephalodia. Hence, there is strong reason to believe 
that the toxin producers were the true cyanobiont of P. leuco-
phlebia. 

The microcystin-producing Nostoc sp. IO-102-I was origi-
nally isolated from a Finnish specimen of the bipartite cyano-
lichen Protopannaria pezizoides. However, because the iden-
tity of the cyanobacterial symbiont or microcystin production 
was not confirmed by analyzing the intact lichen, the exact 
ecology of Nostoc sp. IO-102-I remained unclear (Oksanen et 
al. 2004). Because 16S rRNA sequences now show Nostoc sp. 
UK18 to be the closest known relative of Nostoc sp. IO-102-I, 
it is almost certain that the later strain is also a lichen symbi-
ont. Both strains were isolated from lichens in Finland but 
from locations more than 500 km apart. The lichen genus 
Peltigera is quite widespread on most continents (Martinez et 
al. 2003) and the cyanobacterial genus Nostoc is cosmopolitan 
(Wright et al. 2001). All this suggests that microcystin-produc-
ing lichen cyanobionts will not turn out to be only a local phe-
nomenon. 

Reindeer are ruminants that selectively forage according to 
digestibility of their food plants and fungi (Danell et al. 1994; 
Hofmann 1989). Lichen species are important winter feed for 
reindeer and caribou and, for example, in Northern Finland, 
Cladonia spp. with green algal symbionts are heavily grazed 
(Danell et al. 1994; den Herder et al. 2003). The nitrogen con-
tent of lichens with only green algae as a photobiont is so low 
that reindeer fed on a lichen diet composed mainly of Clado-
nia tend to lose weight (Storeheier et al. 2002). Nitrogen con-
tent of cyanolichens is substantially higher (Rai 2002), which 
would indicate a better nutritional value compared with green 
algal lichens. However, reindeer distinctly avoid eating cyano-
lichens even during starvation and the only previously proposed 
explanation for this phenomenon is the apparently poor digesti-
bility of some cyanolichen species (Hofmann 1989; Storeheier 

et al. 2002). The microcystin concentration of Nostoc UK18 
was 0.4 μg/mg (dry weight), which is slightly more than the 
reported microcystin production of the strain IO-102-I (Oksanen 
et al. 2004). We estimate that, in the Peltigera leucophlebia 
thalli studied, the cephalodial Nostoc cyanobionts accounted 
for approximately 1% of the cyanolichen dry weight. For ma-
ture reindeer feeding on reindeer lichen, the intake is approxi-
mately 60 g/kg of dry lichen per body weight in a day 
(Holleman et al. 1979). Hence, a reindeer grazing solely on P. 
leucophlebia could theoretically accumulate microcystins at 
approximately 240 μg/kg in a day, while the acute toxicity 
value LD50 of [ADMAdda5]microcystin-LR is approximately 
60 μg/kg of body weight in mice (Sivonen and Jones 1999). 
The microcystin content could be significantly higher in the 
case of bipartite cyanolichens like Protopannaria pezizoides 
(Rikkinen 2002). In heteromerous bipartite lichens, the propor-
tion of photobiont cells is typically 5 to 15% (Honegger 1991). 
Whether the distribution of toxic cyanobacteria among lichen 
symbionts and the levels of microcystins in lichens could pose 
a risk to reindeer under some conditions should be studied 
further. 

Nostoc is the most common cyanobacterial genus in lichen 
symbioses (Rikkinen 2002). In addition to lichen-forming 
fungi, symbiotic Nostoc strains also establish well-defined as-
sociations with several types of plants, including some thalloid 
liverworts and all hornworts, cycads, and species of Gunnera 
(Bergman 2002; Costa et al. 2004; Rikkinen and Virtanen 
2008). The Nostoc symbionts of thalloid liverworts are closely 
related to those found in many terricolous lichens. In fact, se-
quence-identical Nostoc haplotypes have been identified from 
the liverwort Blasia pusilla (Blasiales) and several Peltigera 
spp. (Rikkinen and Virtanen 2008). Also, in the present study, 
both toxin-producing lichen symbionts grouped together with 
several Nostoc strains from B. pusilla—pointing toward the 

Table 2. Assignment of the main ions in microcystins detected from Peltigera leucophlebia cephalodia and in the four major microcystin variants of the 
cultured cyanobionts in liquid chromatography mass spectrometry analysis 
 

Microcystina 

 P. leucophlebia cephalodia Nostoc sp. strain UK18 

Fragment of [M + H]+b 1 2 3 4 2 3 5c 

M + H 981 1,009 1,023 1,077 1,009 1,023 1,037 
M + H – H2O 963 991 1,005 1,059 991 1,005 1,019 
M + H – COOH 936 964 978 1,032 964 978 992 
Ala-X-(Me)Asp-Arg-(A)DMAdda-Glu-Mdha – CO + H 953 981 995 1,049 981 995 1,009 
Ala-X-(Me)Asp-Arg-(A)DMAdda-Glu-Mdha – NH3 + H 964 992 1,006 1,060 992 1,006c 1,020 
Ala-X-(Me)Asp-Arg + H 470 456 470 524 456 470 484 
X-(Me)Asp-Arg – NH3 + H 382 … 382 436 368 382 396 
(Me)Asp-Arg-(A)DMAdda-Glu + H 714 742 756 756 742 756 756 
(Me)Asp-Arg-(A)DMAdda-Glu – NH3 + H 697 725 739 739 725 739 739 
Arg-(A)DMAdda-Glu-Mdha-Ala-X + H 852 894 894 948 894 894 908 
Arg-(A)DMAdda-Glu-Mdha-Ala-X + NH2 + 2H 869 911 911 965 911 911 925 
Arg-(A)DMAdda-Glu-Mdha-Ala-X – CO + H 824 866 866 920 866 866 880 
Arg-(A)DMAdda-Glu-Mdha + H 668 710 710 710 710 710 710 
Arg-(A)DMAdda-Glu + H 585 627 627 627 627 627c 627 
Arg-(A)DMAdda-Glu – CO + H 557 599 599 599 599 599 599 
Arg-(A)DMAdda-Glu – NH3 + H 568 610 610 610 610 610 610 
Arg-(A)DMAdda + H 456 498 498 498 498 498 498 
Arg-(A)DMAdda – NH3 + H 439 481 481 481 481 481 481 
Mdha-Ala-X-(Me)Asp-Arg-(A)DMAdda + H 852 880 894 948 880 894 908 
Mdha-Ala-X-(Me)Asp-Arg-(A)DMAdda + NH2 + 2H 869 … 911 965 … 911 925 
Mdha-Ala-X-(Me)Asp-Arg-(A)DMAdda – CO + H 824 … 866 920 852 866 880 
Mdha-Ala-X-(Me)Asp-Arg + H 553 539 553 607 539 553 567 
Mdha-Ala-X-(Me)Asp-Arg + NH2 + 2H 570 556 570 624 556 570 584 
Mdha-Ala-X-(Me)Asp-Arg – CO + H 525 511 525 579 511 525 539 
a The most intensive peaks are in boldface and the base peaks of the spectra with a relative intensity of 100% are underlined. Column numbers indicate the

following: 1 = [DMAdda5]mc-LR, 2 = [D-Asp3, ADMAdda5]mc-LR, 3 = [ADMAdda5]mc-LR, 4 = [ADMAdda5]mc-(H4)YR, and 5 = [ADMAdda5]mc-
HilR. 

b X is the variable amino acid in position two: L, (H4)Y, or Hil. 
c [ADMAdda5]MC-LR had two base peaks with intensity of 100%. 
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possibility that microcystin-producing Nostoc strains could 
also occur in plant symbioses. 

Nostoc-containing lichens are eaten and used in traditional 
medicine in China (Wang et al. 2001). Now that it is known 
that lichen-symbiotic Nostoc spp. do produce microcystins, it 
would be essential to screen for microcystins at least among 
the species that are consumed by humans. It has also been 
noticed that, even though certain ADMAdda containing micro-
cystins do strongly inhibit protein phosphatases, they show 
low cross-reactivity with antibodies used in the enzyme-linked 
immunosorbent assay, which is often used to test the toxicity 
of microcystins (Laub et al. 2002). 

To conclude, we have now provided the first direct evidence 
of in situ production of microcystins in lichens. The toxin-pro-
ducing lichen symbiont was very closely related to several 
bryophyte-associated Nostoc strains; therefore, one could ex-
pect to also find some toxin-producing strains among the 
cyanobacterial symbionts of B. pusilla and other thalloid bry-
phytes. Both plant and fungal hosts might benefit from the 
production of cyanobacterial microcystins because they are 
detrimental to animal grazers. However, the true significance 
of microcystin production for the producers themselves re-
mains one interesting question to be explored in further studies. 

MATERIALS AND METHODS 

Symbiont culture.  
Specimens of Peltigera leucophlebia were collected during 

week 40 in 2006 from the commune of Autti within the area of 
reindeer husbandry in northern Finland. Cyanobacterial symbi-
onts were isolated from nine cephalodia and cultured on Z8 
medium plates lacking nitrogen in continuous light at room 
temperature (Kotai 1972). In order to obtain clonal cultures, 
the cyanobacteria were replated repeatedly from single fila-
ments and then grown in liquid Z8 medium to obtain sufficient 
biomass for liquid chromatography (LC)-MS analysis. 

Microcystin extraction.  
The upper surface of the lichen thallus was rinsed thoroughly 

with distilled water prior to collection of the cephalodia, after 
which cephalodia were scraped off. Cyanobacteria from the 
liquid cultures were harvested by centrifugation for 7 min at 
7,400 × g and 10 min at 10,600 × g. The cephalodia and the 
cultured cyanobacterial trichomes were freeze dried, homoge-
nized with a mortar, and stored at –18°C. A sample of freeze-
dried cephalodia (approximately 0.04 g dry weight) or cultured 
cyanobacteria was shaken in a Fast Prep (FP120; Bio 101, Sa-
vant, Thermo Electron Corporation, Mitford, MA, U.S.A.) cell 
disrupter three times for 20 s with 1.0 ml of methanol and 
glass beads (0.5 mm) and then centrifuged at 10,600 × g for 5 
min. The supernatant was passed through a 0.2-μm-pore-size 
filter (GHP Acrodisc; PALL Life Sciences, New York). In the 
case of cultured strains, the samples were also sonicated twice 
in between of shakings and the supernatant was not filtered. 

Freeze-dried microcystin-producing Nostoc sp. strains IO-
102-I and 152 were also analyzed in addition to the samples of 
P. leucophlebia cephalodia and cephaloidal cyanobacteria in 
culture. Samples of all cultured cyanobacterial strains were 
prepared in the same way as the cephalodia sample. 

Microcystin analysis.  
Microcystins were identified by LC-MS/MS according to 

their microcystin characteristic protonated molecular ions 
[M+H]+, fragment ions of the [M+H]+, byproduct ion fragmen-
tation (MS3), and by comparing the results to reference strains 
Nostoc sp. 152 and IO-102-I (Oksanen et al. 2004; Sivonen et 
al. 1992). The extracts were analyzed (injection volume 10 μl) 

with an Agilent 1100 Series LC/MSD Trap System high-per-
formance liquid chromatograph (Agilent Technologies, Palo 
Alto, CA, U.S.A.), which has an XCT Plus model ion trap as a 
mass detector. The ionization method used was electrospray 
ionization (ESI) in positive mode. The column used in high-
performance LC was Phenomenex Luna C18 (150 by 2.0 mm, 
5 μm) (Phenomenex, Torrance, CA, U.S.A.). The mobile phase 
was composed of 0.1% formic acid in water (A) and 0.1% for-
mic acid in 2-propanol (B) The gradient run was from 5% B to 
100% B over 50 min at a flow rate of 0.15 ml min–1 at 40°C. 

In ion source nebulizer gas (N2) pressure was 207 kPa, 
desolvation gas flow rate 8 liters/min, and the desolvation tem-
perature was 350°C. The capillary voltage was set to 3,270 V, 
the capillary exit offset was 152.4 V, the skimmer potential was 
40.0 V, and the trap drive value was 106.1. Spectra were re-
corded 50 to 1,200 m/z and a scanning rate of 26,000 m/z s–1. 

The structure of certain microcystin product ions was con-
firmed by fragmentation. The MS2 fragmentation amplitude 
was 0.5 V and MS3 fragmentation amplitude was 1.0 V. The 
total microcystin concentration of the strain was approximated 
with a microcystin-LR standard (a gift from Z. Grzonka, Fac-
ulty of Chemistry, University of Gdansk, Poland). 

DNA extraction, amplification, and sequencing.  
DNA was extracted from the same biological material that 

had been used in the chemical analysis. Trace methanol was 
evaporated in a vacuum centrifuge and DNA was extracted by 
using the DNEasy plant mini kit (Qiagen GmbH, Hilden, Ger-
many). 

Amplification of cyanobacterial 16S rRNA genes from the 
lichen sample was performed with three primer pairs: 27F and 
23S30R, 359F and 23S30R, and 359F and 781Ra/b (Bustil et 
al. 2002; Nübel et al. 1997). Amplification was performed in 
an 80-μl volume containing 22 ng of genomic DNA, 200 μM 
deoxynucleoside triphosphate (Finnzymes Espoo, Finland), 
0.75 μM each primer, 0.1 U of DynaZyme EXT DNA poly-
merase (Finnzymes), and 2 μl of dimethyl sulfoxide. The heat-
ing cycle was as follows: the initial denaturation of 3 min at 
94°C was followed by 35 cycles of 1 min at 94°C, 1 min at 
54°C, and 2 min at 72°C, with a final extension of 10 min at 
72°C. The 16S rRNA gene amplification from cultured cyano-
bacteria was performed in a 40-μl volume with the same reagent 
concentrations and conditions, but only with primers 27F and 
23S30R and enzyme DynaZyme II DNA polymerase (Finn-
zymes). 

The microcystin synthetase mcyE gene fragment was ampli-
fied and sequenced directly from P. leucophlebia cephalodia. 
The amplification was performed with 2 and 11 ng of extracted 
DNA with the same reagent concentrations as the 16S rRNA 
from the lichen sample but with primers mcyE-F2 and mcyE-
R4 (Rantala et al. 2004). The heating cycle started with the 
initial denaturation of 3 min at 94°C and was followed by 35 
cycles of 30 s at 94°C, 30 s at 52°C, and 1 min at 72°C, with a 
final extension of 10 min at 72°C. The mcyE gene fragment 
was sequenced with a Big Dye cycle sequencing kit (Applied 
Biosystems, Foster City, CA, U.S.A.). Then, 1 μl of 
amplificated DNA, 5× buffer, 1 μl of Big Dye, and 10 μM 
concentrations of the primers mcyE-F2, mcyE-R4, pEintF (5′-
aatataactatcaagaacc-3′), and pEintR (5′-cctaaatctccggttctaaa-
3′) were used in a volume of 10 μl. The heat cycle consisted 
25 cycles of 10 s at 96°C, 5 s at 50°C, and 4 min at 60°C. The 
products were purified by salt and ethanol precipitation and 
analyzed by an ABI Prism 310 DNA sequencer (Applied Bio-
systems). 

The 16S rRNA gene amplification products and some prod-
ucts from the mcyE gene amplification were purified with gel 
electrophoresis and QIAQuick gel extraction kit (Qiagen). 
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Purified DNA was cloned with the TOPO TA cloning kit (Invi-
trogen, Groningen, The Netherlands). The clones amplified 
with primer pairs 27F-23S30R and 359F-23S30R were now 
also amplified with primers 359F and the cyanobacteria-spe-
cific 781Ra/b to determine whether the cloned DNA was 
cyanobacterial 16S rDNA. Clones with cyanobacterial DNA 
were then amplified with M13F and M13R (Invitrogen user 
manual) with 4 μl of bacterial colony resuspended in Luria-
Bertani medium, with the same reagent concentrations and 
conditions as the genes from the cultured cyanobacteria. 

Amplification products were purified with the Montage 
polymerase chain reaction clean-up kit (Millipore, Billerica, 
MA, U.S.A.) and Bio 101 Systems Geneclean Turbokit (MP 
Biomedicals Europe, Illkirch, France). The mcyE gene frag-
ment was sequenced with primers M13F and M13R and 16S 
rRNA gene with primers 27F, pEF, pDF, and pER (Edwards et 
al. 1989). Sequencing was performed by Macrogen Inc. in 
South Korea. The chromatograms of mcyE and 16S rRNA 
gene sequences were checked and edited with the Chromas 2.2 
program (Technelysium Pty, Tewantin, Australia) and the contig 
assembly and the alignment of the sequences were performed 
with Bioedit sequence alignment editor. 

Phylogenetic DNA sequence analyses.  
The new 16S rRNA gene sequences and related cyanobacte-

rial sequences from GenBank at the NCBI were analyzed with 
phylogenetic methods. Additional sequences used to construct 
phylogenetic trees were searched with BLAST through the 
website of the NCBI and chosen on the grounds of overall 
similarity and in order to attain representative sampling from 
ecologically different Nostoc strains. 

The length of the sequences used in the phylogenetic analy-
ses was 1,361 bp. Sequences were aligned with ClustalW in 
the program BioEdit. The alignment was also edited manually. 
Phylogenetic analyses were conducted by using PAUP* (ver-
sion 4) with 1,380-character-long aligned sequences of the 16S 
rRNA genes (Swofford 1998). Phylogenetic trees were inferred 
by using neighbor-joining, maximum parsimony, and maxi-
mum likelihood. To test the stability of monophyletic groups, 
1,000 bootstrap replicates were analyzed in neighbor-joining 
and maximum parsimony and 100 replicates in maximum like-
lihood. In distance analyses, the neighbor-joining method used 
maximum-likelihood distances. Maximum-likelihood and 
maximum-parsimony analyses were performed with 10 heuris-
tic searches, random addition sequence starting trees, and tree 
bisection and reconnection branch arrangements, with the 
number of rearrangements limited to 10,000. However, in 
maximum likelihood, bootstrap analyses were performed with-
out the 10 random sequence addition replicates. The GTR 
model of DNA substitution with a γ distribution of rates and 
constant sites removed in proportion to base frequencies was 
used in maximum-likelihood analyses. Phylogenetic trees were 
rooted using Azolla filiculoides cyanobiont (AY742450). 
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