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Environmental proteomics, also referred to as metaproteomics, is an emerging technology to

study the structure and function of microbial communities. Here, we applied semi-quanti-

tative label-free proteomics using one-dimensional gel electrophoresis combined with

LC-MS/MS and normalized spectral counting together with fluorescence in situ hybridization

and confocal laser scanning microscopy to characterize the metaproteome of the lung lichen

symbiosis Lobaria pulmonaria. In addition to the myco- and photobiont, L. pulmonaria harbors

proteins from a highly diverse prokaryotic community, which is dominated by Proteobacteria
and including also Archaea. While fungal proteins are most dominant (75.4% of all assigned

spectra), about the same amount of spectra were assigned to prokaryotic proteins (10%) and

to the green algal photobiont (9%). While the latter proteins were found to be mainly asso-

ciated with energy and carbohydrate metabolism, a major proportion of fungal and bacterial

proteins appeared to be involved in PTMs and protein turnover and other diverse functions.
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Lichens are ecologically obligate, self-sustaining symbioses

between a fungal partner (the mycobiont) and an inhabitant

population of extracellularly located unicellular or fila-

mentous algal or cyanobacterial cells (the photobiont) [1].

The emergence of the lichen habit coincides with a

substantial primary evolutionary radiation of ascomycetous

fungi and allows both partners to develop complex and

exposed thallus structures under environmental situations

that would usually not be favorable for them in biological

solitude [2]. Even under rather hostile circumstances, the

composite organisms or thalli can take thousands of years to

develop [3].

In the last years it was shown that lichens form mini-

ecosystems, which harbor in addition highly abundant and

diverse bacterial communities [4–6]. They form biofilm-like

structures and show a high degree of species specificity [7].

Although the structure and composition of lichen-associated

bacterial communities have been studied by molecular tools

(reviewed in [8]) it is difficult to analyze their function.

Investigations on bacterial isolates and functional genes

suggested that they are involved in nitrogen fixation and

nutrient cycling [6]. For a deeper understanding of the
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lichen symbiosis, and in particular to learn more about the

bacterial community and ecosystem functioning, integrated

approaches are needed.

Thus, we combined a metaproteomics approach

(reviewed in [9]), which allows to study many protein func-

tions and responses simultaneously with fluorescence in

situ hybridization and confocal laser scanning microscopy

(FISH-CLSM) to analyze the structure and key functions of

the symbiosis partners of Lobaria pulmonaria (Fig. 1A). This

lichen forms impressive foliose thalli on trees and widely

occurs in the northern hemisphere and south-eastern

Africa. L. pulmonaria is a valued indicator of ecological

continuity and species richness in forest ecosystems [10].

Because of its high sensitivity to air pollution, it is today

considered endangered in many parts of central Europe and

other industrialized regions. Apart from its ecological

significance, L. pulmonaria has also been used in traditional

medicine and is recently regaining pharmacological interest

[11].

The microbial community associated to L. pulmonaria
was analyzed by FISH using EUB338I, II and III, universal

bacterial probes, and ALF968, a specific probe for the

Alphaproteobacteria (for detailed protocol see Supporting

Information). Microscopic inspection revealed that the

surface of the lichen thallus was densely colonized by

bacteria, which formed a thin biofilm-like layer on the

fungal hyphae (Fig. 1B and C). Cells belonging to Alpha-

proteobacteria showed a clear predominance; this confirms

our findings for the reindeer lichen Cladonia arbuscula [5]

and other lichen species [7] as well as recent data obtained

for different foliose green algal lichen species collected from

granite rock outcrops in northern Colorado [6].

A metaproteomics approach was then used to analyze

structure and function of the symbiotic consortium. Proteins

extracted from two lichen samples of L. pulmonaria (replicates

I and II; sampled in April 2009 in Switzerland) were analyzed

by one-dimensional gel electrophoresis (1-D SDS-PAGE)

combined with LC-MS/MS and the resulting MS and MS/MS

data were searched against a database consisting of protein

sequences obtained from the public UniRef100 database (for

detailed description of extraction, MS and data analyses see

Supporting Information).

In total, 463 unique proteins or protein clusters were

assigned to different phylogenetic and functional groups.

Detailed information is given in three Supporting Infor-

mation Tables: Table S1 presents an overview of repre-

sentative proteins assigned to different phyla and functional

categories, Table S2 shows all proteins belonging to the

different clusters as well as the respective peptide sequence

and charge state information, and Table S3 depicts mass

spectra of proteins or protein clusters that were assigned by

only one unique peptide. Moreover, MASCOT raw data were

uploaded to the PRIDE database (http://www.ebi.ac.uk/

pride/; accession number 16470) [12]. A semi-quantitative

Figure 1. Bacterial colonization of L. pulmonaria and dominance of alphaproteobacteria. Thalli of L. pulmonaria (A) were sampled using

sterilized forceps and cut in 30 mm-thick cryosections. The cryosections were stained by FISH-CLSM (B–D). Confocal stacks were acquired

with a Leica TSC SP (Leica Microsystems, Germany). Three-dimensional reconstruction (D) was created with the software Imaris 6.4.0

(Bitplane, Switzerland). (B and C) Green: algal chlorophyll; yellowish: fungal tissues; pink: Alphaproteobacteria; red: other bacteria.

(D) Green surface: algal chlorophyll; yellowish surface: fungal tissues; blue/red spots: Alphaproteobacteria; red spots: other bacteria. In

(C and D) the fluorescent signals from bacterial and fungal tissues were partially cropped, to evidence the stratification of layers. Scale

bars, (A) 1 cm, (B) 2 mm, (C) and (D) 20 mm. For details about the FISH-CLSM procedures, see Supporting Information.
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analysis based on a normalized unique spectral counting

by the Scaffold Software and the newly developed

Perl-script-based automated bioinformatics workflow

PROPHANE (Proteomics result Pruning & Homology

group ANnotation Engine; described in detail in the

Supporting Information and Methods I and II) demon-

strated that the majority of spectra could be assigned to

fungal proteins (75.4%), followed by green algal proteins

(10%), bacterial proteins (9.5%) and proteins from Archaea
(0.5%) (Fig. 2A; Supporting Information Table S4). More-

over, a significant number of spectra could be assigned to

plant, animal and viral proteins; however, these proteins are

most probably contaminations occurring prior to or during

sampling. As expected from microscopic observations, fungi

are the most abundant partner in the lichen symbiosis. The

majority of fungal spectra belonged to proteins of the

Ascomycota group (98.9%), spectra of the Basidiomycota
fungi represented only a small proportion; they might

belong to basidiomycete yeasts that have been reported

repeatedly from lichens. The photobiont of L. pulmonaria is

a monoculture of the green algae Dictyochloropsis reticulata
[13]. Notably, Bacteria and Archaea contributed as many

normalized numbers of spectra than green algae (207.3

versus 186.8); a fact underlining the importance of prokar-

yotes in the lichen symbiosis. To our knowledge, this is the

first report providing evidence that Archaea, which are well-

known inhabitants of other extremophilic ecological niches

[14] and the hypothallosphere of intertidal maritime lichens

[15] but not of thalli of inland lichens, could also play a role

in lichen symbioses. LC-MS/MS analysis assigned proteins

to seven phylogenetic groups of bacteria (Fig. 2B, Support-

ing Information Table S4). Most spectra (76.8% of all

eubacterial spectra) were assigned to proteins from Proteo-
bacteria. The dominance of Alphaproteobacteria (65.1% of all

proteobacterial spectra) within Proteobacteria corroborated

the FISH-CLSM results (Fig. 2C, Supporting Information
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Figure 2. Assignment of spectra obtained by 1-D SDS-PAGE combined with LC-MS/MS to taxonomic groups associated to the lichen thalli

(A–C) and to clusters of orthologous group (COG/KOG) functions (D–F). Numbers in brackets indicate total normalized numbers of spectra

(calculated by the Scaffold software), which were assigned to the respective phylogenetic and functional group(s). For details about MS

and data analyses, see Supporting Information; absolute values are given in Supporting Information Table S2.
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Table S4). The remaining eubacteria spectra were assigned

to proteins of Cyanobacteria (5.5%), Actinobacteria (5.5%),
Firmicutes (4.4%), Bacteriodetes (4.4%), Verrucomicrobia
(2.2%) and Chloroflexi (1.1%). Cyanobacteria are well known

as sole photosynthetic or as accessory N-fixing partners in

different lineages of lichen-forming Ascomycota [16]. In

Lobaria, cyanobacteria of the genus Nostoc form internal

cephalopodia [17]. Members of Firmicutes were isolated from

lichens [18] as well as found in cultivation-independent

analyses of lichen-associated microbial communities [6, 7].

In a recent study of Bates et al., [6] members of Actino-
bacteria, Bacteriodetes and Verrucomicrobia were found in

lichens isolated from granite rocks by employing a 16S

rRNA sequencing approach. The metaproteomic data

revealed a high diversity of the lichen-associated bacterial

community; taxonomic diversity appeared even higher than

found with microbial fingerprints on the basis of the 16S

rRNA or functional genes for other alpine lichen species [7].

This could be explained by limitations of the methods,

where the uncommon are often ignored [19].

The majority of bacterial, fungal and green algal spectra

could be assigned to functional categories according to

clusters of orthologous groups of proteins (COG/KOGs);

however, the distribution of protein functions varied

strongly for each phylogenetic group (Fig. 2D–F). Spectra

assigned to proteins involved in PTMs, protein turnover and

chaperones are highly abundant in bacteria (42.7% of all

spectra) and fungi (20.9% of all spectra). Furthermore,

spectra assigned to proteins involved in energy production

and conversion (7.9% of bacterial and 14.5% of fungal

spectra) were dominating in both groups. Various proteins

involved in transport processes and metabolism can be

differentiated. Carbohydrate metabolism appears to play a

major role in fungi: 15.1% of the fungal spectra were

assigned to this functional category. Protein and carbohy-

drate turnover functions would agree with previous findings

of lytic activities found with cultivable lichen bacteria [7].

Proteins responsible for transport of amino acids, nucleo-

tides, coenzymes and lipids are well present in bacteria and

in fungi. This agrees well with reports of amino acid release

of lichen-associated bacteria [20], and supports the theory

that reallocation of resources in the lichens ecosystem is

assisted by bacterial functions. Numerous fungal but also

bacterial spectra assigned to proteins involved in biosynth-

esis of secondary metabolites were found. The mycobiont of

L. pulmonaria is known to produce melanin as sun-screen-

ing polymer [21]. So far no sun-protecting compounds are

known from the bacterial partners in L. pulmonaria; notably,

we could assign bacterial spectra to the phytoene dehy-

drogenase CrtI, an enzyme that mediates the conversion of

phytoene into colored carotenoids, known to protect bacteria

against reactive oxygen species [22].

The protein profiles of the photosynthetic green algal

symbiosis partner showed a completely other picture.

Spectra were assigned to proteins belonging to only five

functional groups. Proteins involved in energy production

and conversion strongly dominate the protein fraction of

green algae (83.6%). This was followed by proteins respon-

sible for carbohydrate transport and metabolism (10.3%)

and confirms the main and well-known function of algae in

the symbiosis: photosynthesis and provision of carbohy-

drates.

The analysis of the L. pulmonaria metaproteome provides

new insights into the structure and function of the lichens

symbiosis and highlights the importance of the bacterial

community in the symbiotic ecosystem – the number of

prokaryotic spectra was as high as the number of normal-

ized spectral counts of the green algal photobiont. Further-

more, they are phylogenetically more diverse than found in

the previous studies using other techniques and investigat-

ing alpine lichen species. Our study provided a first hint that

Archaea could also be associated with lichens; however, this

finding has to be verified by complementary approaches.

Functional analysis confirmed the symbiotic function of the

photobiont and multiple functions for the bacterial partner.

This first metaproteome data set creates new baseline

information for future studies on the influence of environ-

mental parameters on the endangered lung lichen and,

more generally, the coordinated interaction of the partners

in the lichen symbiotic system.

The complete MASCOT data set is provided on the PRIDE
database [12]. The link is http://www.ebi.ac.uk/pride/; the
accession number is 16470.
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