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Introduction

In 1897, the German plant pathologist and doyen of slime mold 
research (myxomycetology), Anton de Bary (1831–1888) intro-
duced the term “symbiosis” to refer to “the living together of dif-
ferently named organisms”. This classical definition encompasses 
both parasitic and mutualistic interactions.1 Today, the word 
“symbiosis” denotes a mutually beneficial association between 
two (or more) genetically unrelated organisms, inclusive of endo-
symbiotic relationships of organelles and cytoplasmatic compo-
nents within eukaryotic cells.2,3

Over the past decades, the nitrogen-fixing interactions 
between root bacteria of the genus Rhizobium and legumes such 
as soybean, and the mycorrhizal association between fungi and 
the majority of land plants (embryophytes), respectively, were 
the two most commonly analyzed symbioses with respect to 
the kingdom Plantae.3 However, the above-ground parts of all 
green, photosynthetic organisms, notably the leaf surfaces (phyl-
loplane), have also become a focus of microbiological research. 
In the phyllosphere of “lower living fossil plants,” such as liver-
worts and mosses, pink-pigmented facultatively methylotrophic 
microbes, prokaryotes that are ubiquitous in nature and hence 
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are found in a variety of habitats (inclusive of the leaf surfaces of 
seed plants), were discovered.4,5 These growth-promoting methy-
lobacteria form symbiotic interactions with their host organism 
that were characterized in detail.6,7 One isolate obtained from the 
free-living thallus of the liverwort Marchantia polymorpha was 
recently described as a novel bacterial species, Methylobacterium 
marchantiae Schauer et al.,8 a microbe that is characterized by a 
unique phenotype.

In this report, we describe a related strain isolated from 
the phylloids of the common cord moss Funaria hygrometrica 
Hedw. Based on morphological and molecular data, this sym-
biotic, growth-stimulating, plant-associated bacterium is named 
here Methylobacterium funariae and described as a new species. 
In addition, we further characterize the mutualistic interaction 
between this novel methylobacterium and its eukaryotic, photo-
autotrophic host organism.

Results and Discussion

Nine years ago, we isolated several Methylobacterium strains 
from the upper side of the phylloids of the leafy gametophytes 
of the common cord moss Funaria hygrometrica. This bryophyte, 
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by a single polar flagellum, whereas in microbes that have settled 
down and formed aggregates (or biofilms) no such corkscrew-
like appendages were detected. On the outer surface of the cells, 
numerous fimbriae-like structures occur, with densities of 100 to 
150 appendages per μm2. These “mini-pili” (diameter: 25–40 
nm; length up to ca. 50 nm) are similar to those observed in the 
related species M. marchantiae,8 but on average they are shorter. 
Additional phenotypic features to distinguish M. sp. F3.2 from 
related methylobacteria are listed in Table 1. In contrast to the 
closely related type strain of M. marchantiae,8 M. sp. F3.2 forms 
aggregates (or rosettes) in liquid culture and is motile when the 
cells are cultivated on semi-solid agar plates.

A phylogenetic tree of all known species of the genus 
Methylobacterium, based on 16S rRNA gene (DNA) sequences 
(length: 1,332–1,480 nt) is shown in Figure 3. These data docu-
ment that M. marchantiae and M. sp. F3.2 are closely related sis-
ter taxa. A comparison with other validly described species of the 
genus Methylobacterium shows that the sister taxa juxtaposed 
here are to the same degree phylogenetically related as the pairs 
M. mesophilicum/M. brachiatum, M. hispanicum/M. gregans and 
M. thiocyanatum/M. populi. However, these data alone are insuf-
ficient to establish our isolate M. sp. F3.2 as a nova species.

According to the currently accepted prokaryotic species defi-
nition (which is not a species concept), microbes are described 
on the basis of both phenotypic and genotypic properties. The 
most important genotypic feature is the degree of deoxyribonu-
cleic acid (DNA)-DNA hybridization (in %) between the iso-
late (i.e., our strain) under investigation and a reference taxon. 
If an un-identifiable isolate shows 70% or larger hybridization 
to a designated “type strain,” deposited in an accessible culture 
collection, then these bacteria are considered to be of the same 
species. However, if the hybridization level is lower than 70%, 
the isolate can be named as a new species.11,12

In two independent DNA-DNA hybridization (i.e., re-associ-
ation) experiments, strain M. sp. F3.2 displayed values of 9.2 and 
7.6%, respectively, (average 8.4%), compared with its sister taxon 
M. marchantiae (type strain JT1T). In addition, we compared the 
DNA-DNA similarities of strain M. sp. F3.2 with those of the 
described species M. adhaesivum DSM 17169T and M. ‘goesin-
gense’ iEII3T. In two sets of hybridization experiments, values of 
25.0/20.5% and 11.5/13.5%, respectively, were obtained. These 
quantitative data document the significant phylogenetic dis-
tance between M. sp. F3.2 and its sister taxa M. marchantiae,8 
M. adhaesivum, and M. ‘goesingense’.

Based on our phenotypic characterization (Fig. 2 and Table 1), 
the molecular phylogeny (Fig. 3), and the hybridization values of 
less than 70% we conclude that the isolate M. sp. F3.2 represents 
an un-described taxon.

Species description. Methylobacterium funariae sp. nov. (fu.
na.ri.ae. N.L. gen. n. funariae, of Funaria), isolated from the 
phylloid of a free-living gametophyte of the cord moss Funaria 
hygrometrica Hedw. (Fig. 1).

The bacterial cells (Fig. 2) are rod-shaped (size: 1.0–1.4 x 
1.7–3.4 μm) and stain Gram-negative. After 7 days of incubation 
on R2A agar at 28°C in darkness, colonies of Methylobacterium 
funariae sp. nov. show a pink to red color, are smooth, shiny, 

which is one of the most widely distributed mosses in the world, 
forms dense colonies in the moist areas in the Botanical Garden 
of the University of Kassel. Figure 1 shows groups of upright 
leafy haploid gametophytes of F. hygrometrica, with diploid spo-
rophytes (stems or setae) attached. At the tips of the setae mature 
(closed) and older (open) spore capsules are visible.

In order to isolate epiphytic bacteria from this “lower land 
plant,” single leaflets (phylloids, size ca. 1 x 3 mm) were removed 
from the gametophytes with sterile forceps and pressed onto the 
surface of germ-free agar plates.9 After removal of the samples 
and incubation of the petri dishes, colonies of methylobacteria 
developed. One laboratory strain (F3.2), isolated in November 
2001, was analyzed in more detail in reference 9.

In a “moss protonema-bioassay”, these microbes 
(Methylobacterium sp. F3.2) were found to stimulate cell- and 
organ growth via the secretion of cytokinins.9 Later, we discov-
ered that M. sp. F3.2 produces and releases a second phytohor-
mone, indole-3-acetic acid (auxin).10 Base on these and other 
findings, we classified these methylobacteria, microbes that 
can grow on the one-carbon compound methanol released via 
the stomatal pores as a by-product of cell-wall metabolism, as 
phytosymbionts.6

The unique phenotype of M. sp. F3.2 is shown in Figure 2. 
All methylobacteria obtained by sequential cultivation of this 
isolate (“founder population”) were Gram-negative, aerobic rods 
(size: 1.0–1.4 x 1.7–3.4 μm) which, when maintained in liquid 
culture, occur singly or, at high density, in large clusters/aggre-
gates of up to 2,000 cells. In liquid culture, the microbes live in 
a so-called “planctonic form.” These methylobacteria are motile 

Figure 1. Photograph of leafy gametophytes (G), with attached stalk-
like sporophytes S, (inclusive of the closed, turgid spore capsules, C) of 
the common cord moss Funaria hygrometrica (left half of the picture). 
In the older group of plantlets depicted on the right side, the spore 
capsules are empty and desiccated. Note the twisted stalks, which is a 
characteristic morphological feature of this moss species.
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University of Kassel, Germany (Central Europe, 51° 47' N 9° 
75' E).

Summary and conclusions. The results presented here docu-
ment that our isolate M. sp. strain F3.2, microbes characterized 
before as phytosymbionts on the leaf surface of the common moss 
Funaria hygrometrica,6,9,10 represents a new bacterial species.

Our phenotypic characterization and phylogenetic analysis 
revealed that Methylobacterium funariae sp. nov. is a sister taxon 
of M. marchantiae that inhabits a similar ecological niche as its 
closest relative. However, more work is required to further char-
acterize the carbon-containing nutrients on the thallus and leaf 
surfaces from which M. marchantiae and M. funariae sp. nov. 
were isolated. In our model describing the symbiotic relationship 
between these methylobacteria and the gametophytes of “lower 
living fossil plants,” methanol is assumed to be the major carbon 
source on which the phytohormone-producing epiphytes subsist.6 
Since simple sugars such as glucose, fructose, sucrose and a vari-
ety of amino acids leach from the interior of the leaves of higher 
plants,13 the symbiotic methylobacteria-Marchantia/Funaria-
relationship6,9,10 may be more complicated and diverse than pro-
posed by us and others.5,6,13-15 Our data show that M.  funariae 
sp. nov.  can use at least two amino acids as carbon and nitrogen 
sources. Hence, we suggest that these organic substances may be 
important nutrients for the prokaryotic epiphytes that inhabit 
the outer surface of the cord moss and other “lower plants”. 
However, more work is required to further corroborate this ten-
tative conclusion.

Finally, we want to emphasize that our physiological charac-
terization of the mutualistic association between the methylo-
bacteria M. marchantiae8 and M. funariae sp. nov. (Fig. 2) and 
their host organisms is restricted to the haploid (gametophytic) 
phase of the life cycle of bryophytes.6,9,15 Currently, we do not 
know whether or not the diploid sporophytes of Marchantia 
polymorpha (reviewed in ref. 15) and Funaria hygrometrica 
(Fig. 1), respectively, respond with a promotion of cell elonga-
tion in the presence of added methylobacteria, as the haploid 
gametophytes do.6 This lack of knowledge is due to the fact 

circular and convex with entire margins, and have diameters of 
1.5–2.0 mm (Fig. 4A; concerning the colony morphologies on 
two alternative media, see Fig. 4B and C). A series of cultivation 
experiments have documented that the bacterial cells grow on 
R2A medium, plate count agar, nutrient agar, glycerol-peptone 
agar (Fig. 4C) or mineral salts media23 (Fig. 4B) supplemented 
with the C1-compound methanol (CH

3
OH, 0.1–1.0%, v/v).

Methylobacterium funariae sp. nov. can utilize the alco-
hols methanol and ethanol, the amino acids L-aspartate and 
L-glutamate, and formate, citrate, glycerol and succinate as car-
bon source. The cells are incapable of utilizing D-xylose, tar-
trate and betaine. In contrast to its sister taxon M. marchantiae,8 
M. funariae sp. nov. (Fig. 2) can not utilize tartrate as sole carbon 
source.

Potassium nitrate, ammonium sulphate, ammonium chloride 
and the amino acids L-aspartate and L-glutamate are utilized as 
sole nitrogen sources. Cultivated cells of M. funariae sp. nov. are 
capable of reducing nitrate to nitrite. When maintained in liquid 
culture, populations of M. funariae sp. nov. grow at initial pH-
values of 6.0–10.0 and salt (NaCl) concentrations of up to 2% 
(w/v). On agar plates and in liquid cultures, bacterial cells grow 
at 32°C, but not at 35°C (optimum temperature: 25–30°C). The 
cells produce the enzymes oxidase, urease and katalase and are 
incapable to hydrolyse starch, CM-cellulose and gelatine. To fur-
ther characterize the biochemical capacities of the cells, we also 
performed two enzyme tests, β-glucosidase and β-galactosidase-
assays, which yielded negative results.

The type strain of M. funariae is F3.2T, isolated from the 
phylloid of the common cord moss Funaria hygrometrica Hedw., 
which was harvested in 2002 in the Botanical Garden of the 

Figure 2. Scanning electron micrograph of a cluster of cells of Methy-
lobacterium funariae F3.2T. The microbes were isolated from the upper 
side of a moss phylloid as shown in Figure 1. The bacteria depicted here 
grew on a protonema cell of the moss F. hygrometrica before the sample 
was fixed and prepared for microscopic examination.

Table 1. Differential phenotypic characteristics of Methylobacterium 
funariae sp. nov. (1) and other closely related species of the genus 
Methylobacterium

1 2 3 4 5

Cells occur

singly + + + + +

in pairs rarely rarely rarely rarely rarely

in aggregates/
rosettes

+ - + + +

Cell length (mm) 1.7–3.4 1.9–3.9 1.3–3.2 1.6–4.0 1.8–3.5

Cell width (mm) 1.0–1.4 1.0–1.3 1.0–1.4 1.1–1.5 0.8–1.2

Fimbriae + + - - -

Motility on 
semi-solid agar

+ - + + -

Species/strains: 1, F3.2T; 2, M. marchantiae JT1T; 3, M. adhaesivum DSM 
17169T; 4, M. ‘goesingense’ iEII3T; 5, M. jeotgali S2R03-9T. +, positive; -, 
negative.
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Figure 3. Phylogenetic tree reconstruction, based on a comparative analysis of 36 individual 16S rRNA gene (DNA) sequences (1,332–1,480 nt), docu-
menting the evolutionary relationships between strain F3.2T (GenBank accession number FJ157975), named Methylobacterium funariae sp. nov. (*) and 
related methylobacteria. The evolutionary history was inferred using the Neighbor-Joining method and Jukes-Cantor evolutionary distance matrix. 
All positions containing gaps were eliminated from the dataset. Bootstrap values (expressed as percentage of 10,000 replications) higher than 70% are 
shown at the nodes. The sequence of Rhodopseudomonas palustris DSM 123T was included as an outgroup. Bar = 1% sequence dis-similarity.
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the enzymes catalase and oxidase was assayed with ‘ID Color 
Catalase’ and ‘Oxidase Reagent’, respectively (bioMérieux, 
Nürtingen, Germany), according to the manufacturer’s instruc-
tions. Hydrolysis of gelatine as well as the production of the 
enzymes urease, β-galactosidase and β-glucosidase were deter-
mined using API 20 NE test strips (bioMérieux, Nürtingen, 
Germany). Due to the slow growth of Methylobacterium strains, 
the results were read after 7 days of incubation. Hydrolysis of 
CM-cellulose and starch was assayed on R2A agar medium 
using standard protocols. Physiological tests were performed as 
described in reference 8.

Genomic DNA required for sequencing the 16S ribosomal 
DNA (rDNA) was extracted using a commercially available 
kit (DNeasy Blood & Tissue Kit, Qiagen, Hilden, Germany) 
according to the manufacturer’s instruction for Gram-positive 
bacteria. Nearly full-length 16S rDNA (1,421 nt) was amplified 
with the universal eubacterial 16S rDNA primers FGPS6 and 
FGPS1509.24 Polymerase chain reaction (PCR) amplification, 
sequencing and phylogenetic tree reconstruction was performed 
as detailed in reference 8.

DNA-DNA hybridization studies were performed at the 
laboratories of the Deutsche Sammlung von Mikroorganismen 
und Zellkulturen (DSMZ, Braunschweig, Germany), which 
encompassed genomic DNA isolation using a French pressure 
cell (Thermo Spectronic) and purification by chromatography 
on hydroxyapatite as described by Cashion et al.26 DNA-DNA 
hybridization was carried out as described by De Ley et al.27 
taking into account the modifications described by Huss et 
al.28 using a model Cary 100 Bio UV/VIS-spectrophotometer 
equipped with a Peltier-thermostatted 6 x 6 multicell changer 
and a temperature controller with in situ temperature probe 
(Varian).

that our attempts to analyze the entire life cycle of these “lower 
land plants” in laboratory cultures have not yet yielded posi-
tive results. Circumstantial evidence suggests that the earliest, 
ca. 410‑ to 415‑million‑year‑old land plants (Zosterophyllum, 
Cooksonia) had a dimorphic diplobiontic life cycle in which the 
haploid (gametophytic) phase dominated.16-18 If this hypothesis, 
which rests on several lines of independent evidence,18-20 proves 
to be correct, our deduced bryophyte (gametophyte)/methylo-
bacteria-interaction may shed light on an ancestral host/sym-
biont-relationship of considerable evolutionary significance.18

Materials and Methods

In November 2001, samples of the common cord moss Funaria 
hygrometrica Hedw. were collected from the moist soil in the 
Botanical Garden of the University of Kassel, Germany. In 
order to isolate epiphytic, pink-pigmented, facultative methylo-
trophic bacteria and to analyze their growth-promoting effect 
on microbe-free fragments of “lower plants” such as bryophytes, 
the agar-impression-method and other techniques were used 
(reviewed in refs. 9 and 10).

Scanning electron-micrographs of methylobacteria were pre-
pared as described by Hornschuh et al.9 Cellular morphology 
and motility were determined microscopically (Photomikroskop 
III, Carl Zeiss, Oberkochen, Germany) with exponentially 
growing R2A-broth cultures (see ref. 25). Flagellation of bacte-
rial cells maintained in liquid culture (i.e., planctonic forms) 
was analyzed by the method of Heimbrook et al.21 Motility was 
also tested on one-tenth-strength R2A-medium supplemented 
with 0.2% agar.22

Gram staining was performed with a commercial kit 
(Sigma Diagnostics, Deisenhofen, Germany). Production of 

Figure 4. Representative colonies of Methylobacterium funariae sp. nov. F3.2 that were grown for 7 and 14 days at 28°C in darkness (upper and lower 
photographs, respectively). Media: R2A-agar (A), Choi-agar supplemented with 1.0% (v/v) methanol (B) and GP-agar (C). Note the pink color of the 
bacterial colonies, which is due to the biosynthesis of carotenoids (reviewed in ref. 4).
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