International Scholarly Research Network
ISRN Ecology
Volume 2012, Article ID 795924, 9 pages
doi:10.5402/2012/795924

Research Article
Molecular Evidence for the Wide Distribution of Two Lineages
of Terrestrial Green Algae (Chlorophyta) over Tropics to
Temperate Zone
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Phylogenetic analyses of 18S rDNA sequences from environmental clones and culture strains revealed a widespread distribution
of two subaerial green algal lineages, Jenufa and Xylochloris, recently described from rainforests in southeast Asia. A new lineage of
Jenufa (Chlorophyceae), most closely related to or even conspecific with J. minuta, was formed by sequences of European origin.
Two more lineages of Jenufa were formed by three additional sequences from Ecuador and Panama. The other lineage was a close
relative of Xylochloris irregularis (Trebouxiophyceae), probably representing a new species of the genus and distinct from the only
so far described species, X. irregularis. It comprised two distinct clades each containing almost identical sequences from Germany
and Ecuador. Analyses of the new sequences for both genera allowed to presume a preference of J. minuta to subaerial growth on
rock or artificial hard substrates combined with a remarkable adaptation to extended periods of darkness, whereas Xylochloris may
preferably occur on tree bark or in the soil.

1. Introduction
The neutral dispersal model [1] suggests that microorganisms do not exhibit biogeography, that is, they are so small
that no distribution barriers exist for them. This has been
subject of debates by several authors, that is, geographic
distribution was found in ciliates [2] and some microalgae
[3]. A recent study based on 18S rDNA sequence comparisons provided evidence for endemism in an Antarctic
habitat, that is, several new independent lineages of green
algae were found in the benthos of an Antarctic lake [4, 5].
However, caution needs to be applied because there may
still be an insuﬃcient number of sequences available for
many groups within the green algae. A lineage may appear
“endemic” only as long as no other close relatives to it are
known and this may easily change with the availability of
new sequences from close relatives. In contrast to benthic
freshwater algae, subaerial algae may be widely dispersed due

to their remarkable adaptation to fast changing and adverse
environmental conditions. Their resting cysts may easily
survive transportation over long distances in the air being
resistant to drought, high as well as low light intensities,
and high UV radiation, for example, due to the presence of
thickened cell walls or light protection pigments [6–9].
Recently, subaerial microalgae from southeast Asian
tropical rainforest habitats gained increased interest by a
series of studies [10–14] which lead to the establishment of
two new genera of green algae, Jenufa [13] and Xylochloris
[14]. Both genera appeared as somehow distant to any
known genera of green algae, despite a taxon sampling
as large as possible that has been applied in the 18S
rDNA sequence analyses of both studies. The environmental
sequencing approach extends the data pool available for
diversity comparisons and may enable us to assess distribution patterns of protists [15, 16]. In the present study we
took the advantage of an extended taxon sampling available

2
through new 18S rDNA environmental sequences that we
obtained from our own ongoing studies which focus on
changes in the algal diversity of certain terrestrial habitats
along gradients of abiotic parameters in Europe (Germany,
Ukraine) and South America (Ecuador). In addition, a variety of closely related environmental sequences have become
available from GenBank. Here we demonstrate the presence
of new lineages for both recently described genera, Jenufa
(Chlorophyceae) and Xylochloris (Trebouxiophyceae), their
wide distribution over long geographic distances, and that
both diﬀer in their preferences towards certain substrates.

2. Materials and Methods
2.1. Origin of Analysed Sequences. The analysed sequences
and culture strains were provided by several our own ongoing studies which focus on the algal diversities of various
terrestrial habitats, see Table 1. They were derived from
soil, tree bark or stone surfaces samples at four temperate
habitats and one tropical habitat (Table 1). The majority
of sequences were from environmental 18S rDNA clone
libraries (334–1761 base pairs long), three from cultured
strains which were accessioned by the SAG culture collection
as strains SAG 2378, SAG 2382, and SAG 2383. Soil and
tree bark samples originating from Germany were collected
within the frame of the German Biodiversity Exploratories project (http://www.biodiversity-exploratories.de), for
project description see Fischer et al. [17] (Figure 1(a)).
Samples of biofilms dominated by green algae were investigated from the surface of sandstone samples within the
framework of another study, focusing on wall sections of the
castle “Burg Gleichen,” near Gotha (Thuringia, Germany)
[18]. The biofilm samples were either from a sun-exposed
wall area (Figure 1(b)) or from the inner face of a scale
from a dark basement vault (Figure 1(c)). Samples from
an even less light-exposed locality were from the concrete
walls inside a World War II bunker monument on the
North Sea oﬀshore island Helgoland, Germany (Figures
1(d) and 1(e)). Here the algal biofilms were exposed to
extended periods of darkness because light is available from
fluorescent tubes only during guided tours for tourists, that
is, 1.5 hrs per day and around 8 months per years. The
soil sample from Ukraine was from the arid steppe zone
(Chernomorskiy Biosphere Reserve). The soil and tree bark
samples from South America originated from the tropical
mountain rain forest in southern Ecuador along an elevation
transect at 1000 m, 2000 m, and 3000 m above sea level (a.s.l.)
corresponding to three diﬀerent regions (Table 1; Figures
1(f) and 1(g)).
2.2. Microscopy and rDNA Sequence Determination. Microscopic observations of cultures were conducted using an
Olympus BX60 microscope (Tokyo, Japan) with Nomarski
DIC optics and an attached ColorView III camera (Soft
Imaging System, Münster, Germany). Micrographs were processed using Cell∧ D image software (Soft Imaging System,
Münster, Germany). The detailed experimental procedures
on how the 18S rDNA clone libraries and cultures were
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established will be described elsewhere. Briefly, DNA was
extracted from environmental samples using MoBio PowerSoil DNA isolation Kit (MoBio Laboratories Inc., Carlsbad,
CA, USA) and from mechanically disrupted cultured algal
cells using Invisorb Spin Plant Mini Kit (Stratec, Berlin,
Germany). Almost full-length 18S rDNA sequences were
amplified from the cultures and European environmental
samples with primers preferentially binding to green algal
rDNAs, for the samples from Ecuador a region from about
350 base pairs upstream of the 3 end of 18S rDNA
downstream to the 26S rDNA which included the ITS2 rDNA
for DNA barcoding purposes was amplified. Either almost
full 18S rDNA sequences were obtained or partial sequences
comprising either the hypervariable regions V2, V3 and
V4 (European environmental samples) or hypervariable
regions V8 and V9 regions (Ecuador environmental samples)
of 18S rDNA [19, 20]. The newly determined sequences
are available from GenBank under the accession numbers
JQ988923 and JQ988943.
2.3. Phylogenetic Analyses. The newly determined sequences
were used in database queries using BLAST [21] at NCBI
(http://www.ncbi.nlm.nih.gov/) to retrieve their closest
neighboring sequences available from public sequence data
bases (state in March 2012). In addition, the newly determined and their retrieved closest relative sequences were
compared to a broad selection of green algal sequences
which was available in the internal 18S rDNA sequence
database of our laboratory and is maintained in the ARB
program (version 05.05.26, 2004, http://www.arb-home.de)
[22]. This database was updated with all currently available 18S rDNA sequences from green algae. The comparisons identified sequences of both genera, Jenufa and
Xylochloris, as well as their next relatives. Potential chimeras
were identified by Bellerophon [23] and excluded from
the analyses. The almost full 18S rDNA sequences of
Jenufa, Xylochloris, and their close relatives were aligned
in two separated data sets, that is, together with representatives of all known lineages from the two green
algal classes, Chlorophyceae and Trebouxiophyceae. First
the sequences were aligned with MAFFT version 6 [24]
online (http://maﬀt.cbrc.jp/alignment/server/index.html) in
order to identify and exclude intron positions. Then the
sequences from each class were aligned with MUSCLE online
(http://www.ebi.ac.uk/Tools/msa/muscle). The alignments
were carefully checked for possible misaligned positions
by eye in BioEdit [25]. The final alignment of Chlorophyceae comprised 97 sequences and 1790 positions (742
variable/535 parsimony informative sites), the alignment of
Trebouxiophyceae included 99 sequences and 1807 positions
(710 variable/497 parsimony informative sites). Based on the
AIC criterion in jModelTest 0.1.1 [26], the GTR + Γ + I
nucleotide substitution model was selected as to fit best both
alignments. ML phylogenies were obtained from RAxML
7.0.4 [27]. Confidence values for the obtained groups (edge
support) were inferred from rapid bootstrapping algorithm
(1000 replicates) as implemented in RAxML. Bayesian
posterior probabilities for internal nodes were obtained

JQ988932

JQ988929
JQ988928
JQ988927
JQ988943
JQ988923
JQ988925
JQ988924
JQ988926

GS1K32J

KB4B5-06J

X: Xylochloris; J: Jenufa; ∗ new cultured strain.

KB2B11-06J
SAG 2378J∗
U33B-K2708X
FLUL-B69M5-34J
C32U6-13X
S46L1-7J
S30L6-32X

Accession number
JQ988938
JQ988934
JQ988939
JQ988942
JQ988933
JQ988937
JQ988940
JQ988941
JQ988936
JQ988935
JQ988931

Clone/isolate identifier
AEW2R-K255X
AEW2R-K265X
BOAEW3R1-K03X
SAG 2382X∗
SAG 2383J∗
AEG1B-K1547X
HEG9B-K2617X
HEW4SB-K5606X
HEW4SB-K5577X
HEW10SB-K5621X
3GA1K3658J

1570
1596
1563
628
335
334
338
334

1761

Length (base pairs)
1734
842
716
1719
1700
748
1702
733
854
854
851

Germany, Helgoland
Germany, Helgoland
Germany, Helgoland
Ukraine, Ascania Nova
Ecuador, Bombuscaro
Ecuador, Cajanuma
Ecuador, San Francisco
Ecuador, San Francisco

Germany, Drei Gleichen

Region of origin
Germany, Swabian Alb
Germany, Swabian Alb
Germany, Swabian Alb
Germany, Swabian Alb
Germany, Swabian Alb
Germany, Swabian Alb
Germany, Hainich
Germany, Hainich
Germany, Hainich
Germany, Hainich
Germany, Drei Gleichen


54 11 N, 7 53 E
54◦ 11 N, 7◦ 53 E
54◦ 11 N, 7◦ 53 E
46◦ 27 N, 33◦ 54 E
4◦ 07 S, 78◦ 58 W
4◦ 06 S, 79◦ 10 W
3◦ 58 S, 79◦ 04 W
3◦ 58 S, 79◦ 04 W

◦

Bunker
Bunker
Bunker
Steppe
Rainforest 1000 m a.s.l.
Rainforest 3000 m a.s.l.
Rainforest 2000 m a.s.l.
Rainforest 2000 m a.s.l.

Castle Gleichen


50◦ 52 N, 10◦ 50 E
◦

Habitat
Spruce forest
Spruce forest
Spruce forest
Beech forest
Beech forest
Grassland
Grassland
Beech forest
Beech forest
Beech forest
Castle Gleichen

GPS-coordinates
48◦ 37 N, 9◦ 35 E
48◦ 37 N, 9◦ 35 E
48◦ 41 N, 9◦ 35 E
48◦ 39 N, 9◦ 26 E
48◦ 38 N, 9◦ 38 E
48◦ 23 N, 9◦ 20 E
51◦ 13 N, 10◦ 22 E
51◦ 24 N, 10◦ 32 E
51◦ 24 N, 10◦ 32 E
51◦ 05 N, 10◦ 27 E
50◦ 52 N, 10◦ 50 E

Table 1: List of new sequences obtained for this study.
Substrate
Tree bark, Picea abies
Tree bark, Picea abies
Tree bark, Picea abies
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Sandstone, surface
Sandstone, scale
(endolithic)
Concrete
Concrete
Concrete
Soil
Tree bark
Soil
Soil
Tree bark
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(e)

(d)

(f)

(g)

Figure 1: Sampling sites. (a) Young spruce forest in the Swabian Alb, (b-c) wall sections of castle Gleichen (Germany), (b) sun-exposed
wall area, (c) inner face of a scale from a dark basement vault (the white arrow shows the sampled green biofilm), (d-e) biofilm samples
from concrete walls in a World War II bunker on the North Sea oﬀshore island Helgoland, (e) sampled green biofilm in detail, (f-g) tropical
submountain rainforest in Ecuador (the study site in Bombuscaro, 1000 m a.s.l.), and (g) green biofilms on tree bark in detail.

using MrBayes 3.2 [28]. Two MCMC runs for four million
generations each with one cold and three heated chains using
the GTR + Γ + I + COV evolutionary model (parameters
were estimated from the data) were performed with trees
sampled every 100 generations.
For comparisons of European with Ecuadorian environmental clones for which diﬀerent regions of the 18S rDNA
were determined (see above), only the hypervariable regions
V8/V9 of the 18S rDNA could be used because they represent
an overlapping sequence region available in both data sets
(European data set comprised the full sequences whereas the
Ecuadorian one the partial ones). Then only sequences of

closest relatives were used for the phylogenetic analyses, that
is, the investigated datasets comprised less than 10 sequences
and were only about 300 base pairs long. Bioneighborjoining distance phylogenies based on Jukes-Cantor genetic
distances and 1000 bootstrap replicates were computed in
the program SeaView version 4 [29]. The parsimony analysis
was conducted using DNAPARS as implemented in SeaView
with 10 times randomization of the sequence order and
1000 bootstrap replicates. Evolutionary distances among
selected sequences were computed as p-distances in MEGA5
[30] with ambiguous alignment positions removed for each
sequence pair.
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2.4. Multivariate Statistical Analysis. In order to compare
the clones originating from the diﬀerent substrates within
Europe (tree bark, soil, and stone surfaces) Nonmetric
Multidimensional Scaling (NMDS) analysis based on genetic
distances was computed. The analysis was conducted on
the matrix of Jukes-Cantor genetic distances (within alignments comprising hypervariable regions V2, V3, and V4 of
the 18S rDNA) as implemented in the program package
PAST version 2.12 [31]. The reliability of the resulting
ordination was examined by checking the stress values from
Shepard-plot. The alignment comprising the new sequences
of Jenufa minuta relatives included 8 sequences and 658
positions (Figure 2(d)), whereas the other comprising the
new sequences of Xylochloris relatives included 10 sequences
and 595 positions (Figure 3(d)).

3. Results and Discussion
3.1. Jenufa Lineage. The 18S rDNA phylogeny revealed the
position of several of the obtained new environmental
sequences and the three cultured isolates into the immediate vicinity of the genera Jenufa (Chlorophyceae, Figures
2(a), 2(b), and 2(d); Figure S1 in Supplementary Material
available online at doi:10.5402/2012/795924) and Xylochloris
(Trebouxiophyceae, Figures 3(a), 3(b), and 3(d); Figure S2 in
Supplementary Material). We recovered sequences assigned
to Jenufa from environmental clone libraries from Germany
(soil, hard substrates), Ukraine (soil), and Ecuador (soil, tree
bark) (Table 1). The full European environmental sequences
and the culture strains formed a well-supported monophyletic cluster (p-distances 0.001–0.004) closely related to
Jenufa minuta. The p-distances among European sequences
and J. minuta (0.016–0.019) were about two times lower
than between J. minuta and J. perforata (0.038). The partial
environmental sequences from Ecuador constitute a lineage
by its own positioned between J. minuta and J. perforata,
but without significant bootstrap support (Figure 2(d)).
As already discussed previously [13], Jenufa may represent
a distinct probably new lineage of Chlorophyceae of still
unresolved relationship to the orders Sphaeropleales and
Chlamydomonadales. Within the 18S rDNA phylogeny presented here, Jenufa is placed together with Golenkinia on
the very basis of Chlamydomonadales, although without
statistical support ((ML/BI—69/0.83) in Figure 2(a); Figure
S1 in Supplementary Material). In contrast, in Bayesian
tree topology, Jenufa- and Golenkinia-clades formed a lineage independent of the Chlamydomonadales and Sphaeropleales.
The light-microscopic observations on the two available
culture strains SAG 2383 and SAG 2378 were in agreement with their assignment to Jenufa inferred from the
18S rDNA phylogenetic analyses. Both strains exhibited
morphological characters as previously described for J.
minuta and J. perforata (Figure 4(a)). Bot species were found
indistinguishable from each other without the use of a
confocal microscope and the analysis of cell wall structures
[13].
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3.2. Xylochloris Lineage. Other new environmental sequences and the sequence of strain SAG 2382 were closely
neighboring to Xylochloris irregularis (Trebouxiophyceae) in
the 18S rDNA phylogenetic analyses, but without significant
bootstrap support (Figure 3(b)). The p-distances among the
full European sequences and X. irregularis (0.031–0.035)
were slightly smaller than those between the two previously
described species of Jenufa (Chlorophyceae) which may
imply that the European sequences and SAG 2382 represent
a species independent of X. irregularis. The Xylochloris clade
comprised environmental clones from soils and tree bark
from Germany, Singapore, and Ecuador (Figure 3(d)). The
addition of new sequences supported a sister-group relationship of Xylochloris with a clade comprising of environmental
clones from cold-fumarole soils of the Andes [32] and two
culture strains from terrestrial habitats in Germany assigned
to Dictyochloropsis (Figure 3(b), Figure S2 in Supplementary
Material). The latter clade was well supported in bootstrap
tests, whereas its sister-group relationship with Xylochloris
was only supported in BI analyses. Strain SAG 2382 shared
several morphological characters with X. irregularis [14],
that is, the presence of a pyrenoid, the lobed chloroplast
in vegetative cells, similar cell size, and the irregular cell
shape. However, the strain also exhibited distinguishing
characters of its own, namely, the presence cylindrical as
well as spherical autospores at the same time (Figures 4(b)–
4(d)).
3.3. Substrate Preferences of Jenufa and Xylochloris. Jenufa
(Chlorophyceae) and Xylochloris (Trebouxiophyceae) represent distinct lineages of terrestrial green algae without any
known members from freshwater habitats. Despite Jenufa
and Xylochloris were detected in both habitats, soils, and tree
barks; in the tropics, the sequence analysis of their closest
relatives from Europe suggests a pattern reflecting diﬀerent
substrate preferences for both genera. In our study Jenufa
was recovered from hard substrates, except for one isolate
(SAG 2383) established from soil. The hard substrates were
epilithic biofilms (surface of bunker walls on Helgoland,
outer surface of walls of castle Gleichen, walls of Altamira
cave in Spain) as well as endolithic biofilms (rocks in Piora
Valley/1,965 m a.s.l./Swiss Alps [33], or and the upper side of
wall scales on castle Gleichen). Although the NMDS analysis
(Figure 5) of European partial sequences did not point out
any clear groupings due to substrate type (endolithic versus
epilithic/soil), the second ordination axis indicated variation
among sequences due to diﬀerent light intensities at the
sampling sites. This may be seen among Jenufa sequences
from the Helgoland bunker monument. Two sequences,
(KB2B11-06 and SAG 2378, originating from two sites of
low irradiance within the bunker were genetically closer than
both to another Jenufa sequence, KB4B5-06, from a site
of three times higher irradiance (HR unpublished results).
In addition, the genetic diﬀerences between two Jenufa
sequences, 3GA1K3658 from epilithic and GS1K32 from
endolithic habitats of the Gleichen castle sandstone walls,
may be explained by adaptation to diﬀerent light intensities
as well, as pointed out by the NMDS-plot (Figure 5). The
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CW-clade
(Chlamydomonadales)

AF499923 Golenkinia longispicula SAG 73.80
Golenkinia
AF499924 Golenkinia sp. UTEX B 931
HM563743 Jenufa perforata CAUP H8101 (tree bark/Singapore)
GQ462996 Uncultured eukaryote clone e15 2 8 (tree bark/Panama)
100/1
HM563744 Jenufa minuta CAUP H8102 (tree bark/Singapore)
AB257659 Uncultured Chlorophyta clone DA-01 (endolithic, Alps)
99/1
JQ988927 Jenufa sp. SAG 2378 (epilithic/Germany)
76/– JQ988932 Jenufa clone GS1K32 (endolithic/Germany)
JQ988933 Jenufa sp. SAG 2383 (soil/beech forest/Germany)

100/1

Golenkinia
Jenufa
DO-clade
(Sphaeropleales)
Chaetophorales

100/1

Chaetopeltidales

Jenufa

6

(b)

Oedogoniophyceae
Ulvophyceae
Trebouxiophyceae
Chlorodendrophyceae
Picocystis
Nephroselmidophyceae

JQ988927 Jenufa sp. SAG 2378 (epilithic/Germany)

(a)

JQ988932 Jenufa clone GS1K32 (endolithic/Germany)
100/96

AB257659 Uncultured Chlorophyta clone DA-01 (endolithic/Swiss Alps)

HM563744 Jenufa minuta CAUP H8102 (tree bark/Singapore)
JQ988923 Jenufa clone FLUL-B69M5-34 (tree bark/1000 m a.s.l./Ecuador) ∗

Jenufa

JQ988933 Jenufa sp. SAG 2383 (soil/beech forest/Germany)

–/59

JQ988924 Jenufa clone S46L1-7 (soil/forest/2000 m a.s.l./Ecuador) ∗

53/59

HM563743 Jenufa perforata CAUP H8101 (tree bark/Singapore)
GQ462996 Uncultured eukaryote clone e15 2 8 (tree bark/forest/Panama)∗

100/91
0.01

(d)

(c)

Figure 2: (a) Schematic 18S-based phylogenetic tree of the Chlorophyceae showing the position of sequences assigned to Jenufa minuta,
(b) Jenufa/Golenkinia-clades in detail shown as a section of the full 18S rDNA ML-phylogenetic tree (Figure S1 in Supplementary Material),
(c) world map with dots representing regions where Jenufa sequences were detected, and (d) BioNJ-tree based on partial 18S sequences
(hypervariable regions V8 and V9). Colors in figures (c) and (d) indicate three geographical regions where Jenufa occurs (orange—southeast
Asia, green—south and Latin America, blue—Europe). Names in bold represent specimens analysed as both partial- and full-length 18S
rDNA sequences.

Choricystis/Botryococcus-clade
Microthamnion
Xylochloris
Dictyochloropsis sp.
Leptosira terrestris
Lobosphaera-clade
Apatococcus
Dictyochloropsis reticulata
Watanabea-clade
Trebouxiales
Parietochloris pseudoalveolaris
Parietochloris alveolaris
Coenocystis inconstans
Prasiola-clade

100/1 JQ988942 Xylochloris sp. SAG 2382 (soil/forest/Germany)
99/1
JQ988940 Xylochloris clone HEG9B-K2617 (soil/grassland/Germany)
Xylochloris
JQ988938 Xylochloris clone AEW2R-K255 (tree bark/forest/Germany)
EU105209 Xylochloris irregularis CAUP H 7801 (tree bark/Singapore)
64/0.99
JQ988930  Dictyochloropsis  sp. LH-aw3050 (soil/forest/Germany)
GU017658  Dictyochloropsis  sp. SAG 2305 (tree bark/forest/Germany)
–/–
100/1
FJ592469 Uncultured eukaryote clone B12_SE1B (cold-fumarole soil/5824 m a.s.l./Andes)
67/0.95
FJ592457 Uncultured eukaryote clone A11_SE1B (cold-fumarole soil/5824 m a.s.l./Andes)
Z28973 Leptosira terrestris SAG 463–3
AB006051 Lobosphaera tirolensis ASIB S234
Lobosphaera-clade
EU878374  Parietochloris  ovoidea ACKU 177 03
100/1
EU878372  Parietochloris  cohaerens UTEX 1707
59/–

Chlorellales

(b)

Ulvophyceae
Chlorophyceae
Chlorodendrophyceae
Picocystis
Nephroselmidophyceae

JQ988942 Xylochloris sp. SAG 2382 (soil/forest/Germany)
∗
98/99 = JQ988943 Xylochloris clone U33B-K2708 (soil/steppe/Ukraine)

(a)

JQ988926 Xylochloris clone S30L6-32 (tree bark/forest/2000 m a.s.l./Ecuador) ∗
JQ988938 Xylochloris clone AEW2R-K255 (tree bark/spruce forest/Germany)
67/75
JQ988925 Xylochloris clone C32U6-13 (soil/forest/3000 m a.s.l./Ecuador) ∗

Xylochloris

JQ988940 Xylochloris clone HEG9B-K2617 (soil/grassland/Germany)

EU105208 Xylochloris irregularis CAUP H 7802 (tree bark/forest/Singapore)
100/100
0.01

(c)

EU105209 Xylochloris irregularis CAUP H 7801 (tree bark/forest/Singapore)

(d)

Figure 3: (a) Schematic 18S-based phylogenetic tree of the Trebouxiophyceae showing the placement of sequences assigned to Xylochloris, (b)
the clade including Xylochloris irregularis and its closest relatives from Europe shown as a section of the full 18S rDNA ML-phylogenetic tree
of the Trebouxiophyceae (Figure S2), (c) world map with dots representing regions where Xylochloris sequences were detected, and (d) BioNJtree based on partial 18S sequences (hypervariable regions V8 and V9). Colors in Figures (c) and (d) indicate three geographical regions
where Xylochloris occurs (orange—southeast Asia, green—South and Latin America, blue—Europe). Names in bold represent specimens
analysed as both partial- and full-length 18S rDNA sequences.
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(b)

(a)
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Figure 4: Microphotographs of the strains SAG 2383 (a) and SAG 2382 (b–d), (a) vegetative cells and autospores of the European Jenufa
strain SAG 2383 isolated from a soil sample from Swabian Alb (Germany), (b) vegetative cell of Xylochloris strain SAG 2382 exhibiting the
presence of one pyrenoid, (c) irregular cylindrical to oval autospores typical for the strain, and (d) vegetative cells with lobed margins of the
chloroplast. Scale bar represents 20 µm.

Stress = 0.1

KB4B5-06
Epilithic/bunker

Stress = 0.12

0.2

Coordinate 2

BUNKER
AB257659
Endolithic/Swiss Alps

0

SAG 2383
Soil/forest

KB2B11-06
Epilithic/bunker
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Epilithic/Altamira cave

−0.2
GS1K32
Endolithic/wall scale
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0

0.4
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Figure 5: Nonmetric multidimensional Scaling (NMDS) diagram.
The ordination analysis based on the Jukes-Cantor genetic distances among 6 environmental clones and 2 isolates representing
sequences of Jenufa minuta detected in Europe on various hard
substrates. For the analysis, 18S partial sequences comprising hypervariable regions V2, V3, and V4 were used. The red-colored points
represent sequences from the walls of castle Gleichen/Germany, the
blue ones are from the bunker on Helgoland, an oﬀshore island
in the North Sea. For the corresponding accession numbers of the
sequences see Table 1.

newly determined Xylochloris sequences were all recovered
from tree bark as well as from soils. The NMDS analysis
pointed out a separation of two groups of very closely
related sequences from tree bark against from those from
soils (Figure 6). These two groups may represent even two
separate taxa at the level of species or below, as already
discussed above. Members of both groups were recovered
also from Ecuador, hence both may be widespread as well.
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Steppe
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HEG9B-K2617
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Pasture
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−0.2
−0.4
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0
0.2
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Forest
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AEW2R-K265
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Figure 6: Nonmetric multidimensional scaling (NMDS) diagram.
The ordination based on Jukes-Cantor genetic distances among 9
environmental clones and 1 isolate representing a yet undescribed
European species of the genus Xylochloris. For the analysis 18S
partial sequences comprising hypervariable regions V2, V3, and
V4 were used. The colors encode for three diﬀerent habitats:
green—tree bark, blue—forest soil, brown—grassland soil. For the
corresponding accession numbers of the sequences see Table 1.

3.4. Identification of Environmental rDNA Clones Using New
Cultured Isolates. A high 18S rDNA sequence similarity
between strains of closely related terrestrial green algae from
tropics and temperate habitats has already been presented
recently [13]. Two cultured isolates of J. minuta from the
tropics were found closely related to hitherto unidentified
environmental clones from the Swiss Alps. This example
shows that unidentified environmental clones may become
identified as soon as cultures of close relatives become
available, at least at the generic level if a morphologybased species or generic concept is applied. In our study
we revealed two new isolates, SAG 2378 and SAG 2383,
whose sequences were almost identical (p-distances 0.001–
0.004) to the environmental clones from the Swiss Alps.
Another case where environmental clones became identified
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due to the availability of culture strains was found in
the “Dictyochloropsis” clade, sister with Xylochloris in the
Trebouxiophyceae (Figure 3(d)). Due to the very low genetic
distances (p-distances 0.001– 0.005) present within the
clade, the strains of Dictyochloropsis from tree barks in
Germany and the environmental clones from the high
Andes mountains (Chile) may be regarded as member of
a single species which again exhibits a wide geographic
distribution. The genetic distances between the Andes
clones/Dictyochloropsis pairs were even shorter (0.003-0.004)
than between both Andes environmental clones (0.005). In
conclusion, for a better understanding of the biogeography
of terrestrial microalgae, it seems to be of crucial importance
not only to sequence environmental clones from somehow exotic or extreme habitats, but also to establish and
sequence cultures from seemingly well-investigated regions
like central Europe. For the studies on biogeography of
terrestrial algae we are still faced with the lack of suﬃcient
molecular data to compare new findings to, because the
most diversity evidences from either central Europe or
many other geographical regions relies on morphological
observations only (e.g., [34–37]). We expect the situation
to change in the future through extended application of
the next generation sequencing (e.g., 454-pyrosequencing)
concentrated on hypervariable regions of the 18S rDNA
[38].

Abbreviations
BioNJ: Bioneighbor-joining
CS:
chlorophyte superclades including
Chlamydomonadales and
Sphaeropleales
BI:
Bayesian inference
ML:
Maximum likelihood
MP:
Maximum parsimony
NMDS: Nonmetric multidimensional scaling.
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