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Preface

PREFACE

The presented habilitation thesis is the sum of 20 articles published in international
impacted journals, focusing on uncovering the hidden, formally undescribed or even unknown
diversity in green subaerial algae. This thesis presents my researcheaativthis particular
field, carried out over the last nine years. Many of the results presented herein are closely
related to the research activities at the Phycology Research Group at the Department of
Botany of the Charles University in Prague, whecerhpleted my PhD in Botany in 2008. |
was truly glad to have been involved in several projects related to the taxonomy and diversity
of subaerial green algae.

The underlying main scientific questions structuring this work are the following:

1 What is thereal species diversity within traditionally defined taxa of subaerial
green algae?

1 How do the green subaerial algae evolve, speciate and morphologically
diversify?

1 Could the morphologically unrecognisable, cryptic species be defined by their
different eological traits?

1 How can we define and identify species in protists, characterised by the lack of
reliable morphological features?

The introductory part of this habilitation thesis includes two general chapters to
summarise the present statekabwledge in protist diversity, with emphasis on green algae,
and to specify and characterise green subaerial algae. These are followed by three core
chapters corresponding, respectively, to the three stages of resolving themsmiomed
questions. A marity of papers included in this habilitation thesis are briefly introduced or
mentioned there.

The third chapter focuses on the hidden diversity at the level of higher taxa. The chapter
is primarily concerned with the discovery and description of senerallineages comprising
morphologically simple,Chlorella-like subaerial green algae collected in tropical and
subtropical environments.

In the fourth chapter, the focus lies on investigation of the real species diversity within
selected model subaergieen algae and particular investigations aimed at assessing potential
ecological differentiation of the hidden, morphologically uniform taxa.

Finally, the outputs of the aboweentioned investigations are used in the fifthlast
introductory chapter of thilesis to discuss the species concept of green algae, or more
generally, protist organisms.

PragueOctober7™, 2013
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Introduction

INTRODUCTION

Protist diversity

Diversity of eukaryotic microorganisms is generally poorly known and likely
underestimated, especially when compared to animals and land plants. In the past two
decades, the use of molecular tools has revolutionised microbial diversity research, including
the discovery of numerous deeply branching phylogenetic lineages (Edgcomb et al. 2002,
Kawachi et al. 2002, Moriya et al. 2002, Kawai et al. 2003, Stoeck et al. 2006, Kai et al. 2008,
L - p-@azcia & Moreira 2008, Zhao et al. 2012).

The significant underésnation of species diversity in protists is mainly related to the
great absence of morphological features that could be used to clearly distinguish one species
from another. Molecular studies typically reveal a large amount of sgeerdsdiversity
hidden within particular nominal taxa, that is, protist species that have been discovered and
described using traditional methods based on morphological criteria (e.g. von der Heyden et
al. 2004, Scheckenbach et al. 2006, Amato et al. 2007, Lilly et al. Ed@nAs et al. 2008,
Kooistra et al. 2008). In addition, convergent morphological evolution often resulted in the
existence of simple morphotypes, covering an extremely high diversity with regard to
phylogeny (Huss et al. 1999).

In general, the undiscoverespecies diversity among protists may be orders of
magnitude greater than previously thought. The overall species diversity in environmental
protist populations is still largely unknown, because most genetic studies are carried out on
isolated, clonal culires. Nevertheless, the growing number of environmental studies of
eukaryotic diversity, often based on Next Generation Sequencing (NGS) data, gives us better
insight into the real diversity of protist species (e.g. Behnke et al. 2011, Edgcomb et al. 2011,
Lecrog et al. 2011, Logares et al. 2012). In fact, the genetic divergence observed within major
protist groups greatly exceeds that found in each of the three multicellular kingdoms
(Pawlowski et al. 2012), indicating millions of undescribed protist sgd€iig. 1).

In this habilitation thesis, | focus on the hidden diversity in green algae. Despite their
long taxonomic history, new green algal lineages are frequently being identified and described
as higher taxa (e.g. Rindi et al. 2006, Zhang et al. 208l&ert et al. 2009a, Aboal & Werner
2011, Carlile et al. 2011, Somogyi et al. 2011). Interestingly, many of these new higher taxa
are in fact based on molecular analysis of described species. For example, molecular and
ultrastructural data have showmat the Prasinophyceae, traditionally comprising a diverse
array of flagellates with organic body scales, comprise a paraphyletic assemblage of early
diverging lineages, which are now being defined as new orders or classes (Marin &
Melkonian 2010, Leliaeret al. 2012). Similarly, the identification of an unrecognised deeply
branching clade of green algae, the Palmophyllales (Zechman et al. 2010) was based on a
genus that had been known for over a centur
endophytt marine green algaBlastophysa rhizopus the marine quadriflagellate
Oltmannsiellopsis viridis the subaerial, coccoidgnatius tetrasporusand the epizoic,
filamentous Trichophilus welckeri which have been recovered as distinct lineages of
Ulvophyceaela k ayama et al . 1996, Friedl & O6Kel |\

~3~



Introduction

Cocquyt et al. 2010, Suutari et al. 2010). In other cases, molecular data have resulted in
unexpected taxonomic transfers. For example, the invertebrate patHetjeosporidium
consicered to be either a fungus or a protozoan of uncertain affinity, was phylogenetically
inferred among the green algal class Trebouxiophyceae (Tartar et al. 2002). Similarly, the
uniflagellate genusPedinomonas traditionally affiliated with either Prasinopteae
(Moestrup 1991) or Ulvophyceae (Melkonian 1990), has been recovered as a distinct clade,
sister to the core chlorophytes (Marin 2012).

A. Catalogued species B. Environmental OTUs
(Ntot= 2 million) (1430 18S V4 rDNA 97%)

P Metazoa P Stramenopila | | Amoebozoa

= Fungi Alveolata - Excavata

[ Streptophyta [ 'l Archaeplastida o] "Hacrobia’
= Rhizaria Opisthokonta
PROTISTS

Figure 1. Morphological versus genetic views of total eukaryotic diversity. (A) Relative numbers of
described species per eukaryotic supergroup. (B) Relative number of V4 18S rDNA Operational
Taxonomic Units (97%) per eukaryotic supergroup, based on 59 rDNA dloraey| surveys of
marine, freshwater and terrestrial total eukaryotic biodiversity (after Pawlowski et al. 2012).

Similarly, several molecular studies recently contributed to the discovery of genetic
variability and hidden diversity within several genefayreen algae. In Trebouxiophyceae, a
substantial number of cryptic species was discovered in g&ioaella (Bock et al. 2011),
Dictyosphaeriun{Krienitz et al. 2010)Micractinium (Luo et al. 2010) offrebouxia(Kroken
& Taylor 2000). Within the clas€hlorophyceae, a high level of cryptic diversity was
determined in gener®esmodesmugVanormelingen et al. 2007, Fawley et al. 2011),
Scenedesmuygewis & Flechtner 2004)MychonastegKrienitz et al. 2011)Pseudomuriella
(Ful 2kov§8 etBrageadcoccug Fuly kenv@ et al. 2013). Cr
detected within the protist genera of Ulvophyceae (Rindi et al. 2009) and in Prasinophyceae
(Gl apeta et al . 2006) . I n proti st streptoph
recognisedn Klebsormidium(Rindi et al. 2008, 2011) and desmids (Denboh et al. 2003,
Neustupa et al. 2010, Nemjov§ et al. 2011, G

~4~



Introduction

Characteristics of greensubaerial algae

Green algae form an important part of aerophytic and terrestrial natmnmunities.
Due to their primary photosynthetic production, easy dispersion and fast growth, subaerial
algae are very important in the colonisation of pioneer biotopes (Evans & Johansen 1999).
However, knowledge on diversity and distribution of grelyaea in subaerial habitats still
lags considerably behind those of freshwater and marine environments. In particular, the
significant drought stress drives selection of all subaerial organisms towards the globular or
elliptical forms having low surfaem-volume ratios (Hoffmann 1989). Consequently,

mor phol ogi cal identiycation of subaeri al g
distinguishing minute differences in structure and variation of form in populations that would
be compl etel yewern diemd etyeadtl ®bloeg in the yeld m

Unicellular and filamentous green algae are those which are most frequently isolated
from subaerial habitats (Bold 1970, Metting 1981). The most comprehensive overview on the
diversity of green subaerial algae hasé&on publ i shed by Ett/| & Gar
more than 600 species reported from various aerophytical or terrestrial habitats. Most of these
algae were classified into the classes Chlorophyceae (275) and Chlamydophyceae (176),
followed by the desmidand species classified into the order Trentepohliales. However, the
traditional classification of green algae is being replaced by a new, more natural, phylogenetic
system (Fig. 2), so that the biodiversity and systematics of subaerial algae should be
sulst anti al |l y -Baatgstaetal.200d. (Lop ®z

Chlorophyta
chloroph?/gi ] (

Ulvophyceae
Chlorophyceae

Trebouxiophyce: !
prasinophytes Coleochaetophyceae
( 4 Chlorodendrophyceae 7 onemsophycese
7 @ Picocystis

f ' Mamiellophyceae
\\,/,"‘4 .!"\ Pyramimonadales

Streptophyta
Land plants

charophyte
~ green algae

/7
’Nia
\

Charophyceae

Pycnococcaceae
-fil—ephroselmido‘ [
@ phyceae

* Klebsormidiophyceae

Chlorokybophyceae %

e

Mesostigmatophyceae ™

p
0 Prasinococcales

Palmophyllales

Figure 2. Diversity of green subaerial algae (star symbols) mapped along the green tree of life. The
size of symbols illustrates the relative differences in the number of subaerial algae classified into the
particular lineages (modified after Leliaert et al. 2012).
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According to recent knowledge of the green algal phylogeny, the majority of subaerial
algae belong to the chlorophyte class Trebouxiophyceae, which includes several very
common, widespread genera (exdplorella, StichococcusTrebouxiaandAsterochlorig. The
three remaining classes of Chlorophyta mostly include freshwater algae, though they
comprise several important lineages of subaerial algae (the géraceacoccus
Chlorococcumand Tetracystiswithin the Chlorophyceae; and the order Trentepoldiale
within the Ulvophyceae). Within Streptophyta, an evolutionary lineage which gave rise to
seed plants, the subaerial algae are found in the classes Chlorokybophyceae,
Klebsormidiophyceae and Zygnematophyceae (Fig. 2).

Although subaerial algae of nearlywegy biotope have been studied, the habitats
receiving the most attention have been the microbial crusts on desert soils. Crusts are
considered key components of arid ecosystems, as they stabilise the soil surface, thus
reducing wind and water erosion (Ea& Johansen 1999, Belnap & Lange 2001, Belnap
2003) and they increase soil fertility by biotic nitrogen and carbon fixation (Johnston 1997,
Hawkes & Flechtner 2002). Much of the early work on soil algae of arid habitats was
conducted by Cameron (1960,64 in the United States. African desert microbial commu
nities have been investigated by Killian & Fehrer (1935, 1939) and Reynauld & Roger (1981).

The general diversity of green algae associated with lichens and mosses in cryptogamic crusts
has been extsively studied by Johansen (see Johansen 1993 for a review).

Apart from the works focusing on the diversity of desert crust communities, there are
several ecological studies investigating the influence of various phgisernical factors on
the species guposition of subaerial algal assemblages, including green algae. For example,
Heden-s et al . (2007) il lustrated that abunc
with the forest stand age. In addition, climatic factors were found to represejbrafactor
affecting the species composition of subaer:i
a significant impact of frequency of precipitation on the development of subaerial algal
communities in southern Africa. Similarly, climatic factoprobably control the species
composition of aerophytic algal communities growing on urban walls (Prasidahemated
assemblages in Atlantic parts of EuropeKigbsormidiuradominated growths in continental
and Mediterranean cities; Rindi & Guiry 2Q@Rindi 2007).

However, detailed data on the influence of environmental conditions on the composition
of subaerial communities are still extremely scarce. Therefore, we conducted tree ecological
studies to better understand the processes structuring puosdy known microbial
communities. InPAPER[1] ( Gk al oud 2009) , I i nvestigated t
chemical factors on the subaeri al al gal flor
presence of unique winter warm air exhalationscated ventaroles. Statistical analyses
resoled pH, temperature and humidity to be the major factors influencing species
composition of subaerial algae. PaPERs[2] and[3] ( Neust upa & Gkal oud 2C
investigated the diversity patterns of aerophytic algae in tropical habitats, to evaéusatée
of habitat conditions in the structuring of these poorly known microbial communities. First,
we illustrated higher diversity of corticolous algae in oppace tropical mountainous
habitats in comparison with the shaded closed forest undergifowtte ust upa & Gk a
2008). In addition, we reported significant changes between microalgal samples from bark
and bare wood of trees in the | owland tropic

~6~



Introduction

Hidden diversity at the level of higher taxa

Since the 1990s, thapplication of phylogenetic analyses of molecular markers has
demonstrated that the traditional circumscription of genera based on morphological criteria is
artificial for most of the green algae and needs to be revised (Chapman & Buchheim 1991,
Husseth . 1999, Krienitz et al. 2001, Pr°o°schol d
coccoid green algae, mainly because of their simple morphology, which presumably evolved
multiple times during the diversification of the green tree of life. Theaifsignt re
establishment of the traditional generic concept of coccoid green algae could be well
demonstrated on the genGklorella, representing one of the most famous microalgal genera
worldwide. Due to its high growth rate and easy cultivatiShlordla is among the most
extensively used microorganisms in industry. Various strains of this organism are
commercially produced by more than 70 companies, with world annual sales extending 38
billon USD (Yamaguchi 1997).

Ironically, the generic concept @hlorella is one of the worst among the green algae,
and the majority of commercially exploit&hlorella strains most likely belong to different or
even yet undescribed lineages. According to the recent molecular phylogenetic investigations,
species havingypical Chlorellamorphology (i.e. unicellular green algal species with globular
to oval cells reproducing entirely by autospores) were found to be polyphyletic, comprising
several unrelated phylogenetic lineag#ispersed over two classes of chlorophytdse
Chlorophyceae and the Trebouxiophyceae (Huss et al. 1999). According to the present
knowledge, the traditionally conceived gertislorella forms at least 10 particular lineages
corresponding to different generaukenochlorellaChlorella, Chloroidium, Chromochloris
Desmodesmus Heterochlorella Mychonastes Parachlorells Pseudochloris and
Scenedesmug\n et al. 1999, Huss et al. 1999, Krienitz et al. 2004, Darienko et al. 2010,
Neustupa et al . 2009, Ful 2 kov § @itiorl, seweras 2 0 1 Z
organisms possessing characteri§idorella morphotypes have been recently described as
new, phylogenetically distinct genera, such lksveochlorella (Zhang et al. 2008),
Marinichlorella (Aslam et al. 2007)Meyerella(Fawley et al. 2005)Parachlorella (Krienitz
et al. 2004) andPlanktochlorella( Gk al oud et al . 2014). Finally
features used to delimit the genblorella were found to be artificial, not applicable to all
recently included species (Bock et2011).

During the last five years, we investigated the diversity of suba&fdbrella-like
green algae in tropical and subtropical environments to obtain better insight into the real
diversity of those morphologically simple organisms. As a resulglis@vered a number of
novel green algal lineages, which we described as new genera. Within the Chlorophyceae, we
uncovered two new lineages: faPER[4] ( El 1 89 et al . 2010) , we d
Hylodesmus based on the detailed morphological and molecular characterisation of an
autosporic coccoid green alga isolated from decaying wood in a natural forest in Singapore.
Phylogenetic analyses inferred the novel genus as a distinct member of the family
Scenedsmaceae (Sphaeropleales, Chlorophyceae), related to the DQesmsodesmus
despite lacking the defining phenotypic featuredDesmodesmusf a cell wall with four
sporopolleninic layers ornamented with peculiar submicroscopic struclareépPer [5]

(NRmv 8§ et al . 2011) , we anal ysed i n det ai

~7~
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morphologically distinctChlorella-like organism, which we had frequently observed during

our ecological studies on aerophytic algae in tropical habiaieRs [2] and[3]; Neudupa

& Gkaloud 2008, 2010) . Mol ecul ar phyl ogenet
discovered a novel, deeply branching lineage in an unresolved position within the
chlorophycean CS clade (Chlamydomonadales + Sphaeropleales). Accordingly, we dlescribe

this lineage ashe new genusjJenufa Investigation of several strains isolated from algal

bi oyl ms growing on tree bark in a Southeas
description of two specied, perforataandJ. minuta Interestingly, ourrbpical strains were

found to be phylogenetically closely related to previously reported environmental sequences
from an endolithic microbial community in dolomite rock from the central Alps in
Switzerland.

In Trebouxiophyceae, our investigations on neisbtatedChlorella-like organisms led
to the description of three new gerlasel lineages. I®PAPER [6] (Neustupa et al. 2009e
characterised the morphology, ultrastructure and phylogenetic position of a strain isolated
from a bamboo stem in Singapofiéhe phylogenetic reconstructions clearly indicated that it
represents a new lineage of the trebouxiophy®atanabeaclade, which we described as a
novel genusKalinella. In addition, we proposed a new generic nareterochlorellato
accommodate a spesie pr evi ous | yChlorellddduteoviedis formong anetherd
distinct lineage within the Watanabea clade. HaPER [7] (Neustupa et al. 2013a),
phylogenetic analyses of a strain isolated from the microbial biofilm growing bark in Slovenia
resultedin the description of a new genusgptochlorella Both the 18S rDNA andbcL
sequence data consistently resolMegptochlorellaas a distinct clade in an unresolved
position within the Trebouxiophyceae. Interestingly, molecular diversity studies basieel on
sequencing of environmental samples already detected this novel genus in two profoundly
different habitats: phytobenthos of a lake in Antarctica (De Wever et al. 2009) and quartz
pavement in central Tibet (Wong et al. 2010). The apparent differemegseicology of these
organisms suggest that all these organisms almost certainly beldiifgtent species of the
genusLeptochlorella Finally, in PAPER [8] (Neustupa et al. 2013b), we described another
new genus within the trebouxiophyce@fatanabedineage, thé?arachloroidium based on
investigations of the Mediterranean corticolous phototrophic biofilms. Based on the molecular
phylogenetic investigations, the genus was inferred as a sister lineage to the genus
Chloroidium Interestingly, both generaere shown to share a unique single amino acid
insertion of lysine in thebcL gene. As far as we know, this insertion was never detected in
the organisms belonging to the kingdom Viridiplantae, so far.

Apart from theChlorella-like organisms, we also investigated several morphologically
distinct genera. InPAPER [9] (Neustupa et al. 2011), we investigated the phylogenetic
position, morphology and ultrastructure of a subaerial green alga, characterized by having
elongated cellpossessing single banghaped chloroplast with undulate margins, slightly
disaffiliated from the cytoplasmic membrane on its parietal side. Molecular characterisation
of two isolates found on tropical trees in Singapore revealed that this organisnemepses
independent trebouxiophycean lineage without an obvious sister group, which we described
as a genuXylochloris In PAPER [10] (Gaysina et al. 2013), we focused on morphologically
distinct coccoid subaerial green alga, isolated from a soil sampheforeskteppe in the
South Urals in Russia. This alga was characterised by the formation of spherical or pyriform

~ 8~
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cells often grouped in irregular masses or colonies. The cells harboured a morphologically
complex, pyrenoidacking parietal chloroplaswith the undulated margin. Molecular
phylogenetic investigations revealed this alga a®w trebouxiophycean lineage related to
the genud.eptosirg which we described as a novel ge@idoropyrula

As mentioned in the first introductory chapter, a nunddenewly described higher taxa
are in fact based on molecular analysis of already described species, which, in some cases,
had even been known for over a century (e.g. Zechman et al. 2010). In particular, molecular
investigation of morphologically distit, yet molecularly uncharacterised genera could
improve our understanding of green algal evolution. One such green algal genus has been
investigated inPAPER [11] ( Gk al oud et al . 2013) . I n t hi s
morphology and phylogenetic positi of 11 strains determined as members of the genus
Scotinosphaeraln fact, the study was initiated by the isolation of a morphologically
remarkableScotinosphaer& t r ai n during the investigation
Hill ventaroles PAPER [1], Gkaloud 2009) . To infer the ph
Scotinosphaeraroperly, the phylogenetic reconstructions were based on the analyses of two
data sets, including a broad, concatenated alignment of small subunit rDNA and rbcL
sequences, and 10gene alignment of 32 selected taxa. All phylogenetic reconstructions
inferred Scotinosphaeraas a distinct and highly divergent clade within the Ulvophyceae,
which we recognised as a new order, the Scotinosphaerales. Morphologically, the order can
be characterised by large cells bearing local cell wall thickenings, pyrenoid matrix dissected
by numerous anastomosing cytoplasmatic channels, sporogenesis comprising the
accumulation of secondary carotenoids in the cell periphery and almost simultaneous
cytokinesis. Importantly, the close relationship of the Scotinosphaerales with other early
diverging ulvophycean orders enforces the notion that nonmotile unicellular freshwater
organi sms have played an i mportarhyceae.ol e i n t

Hidden diversity at the species level

Systematics and species delimitation of protists has become a very controversial topic in
the last 15 years, primarily in relation to the neutral model of ubiquitous dispersal of
microorganisms raised by Faaly & Cl ar ke (1999) . Speciycally
global protist species diversity is much lower than for macroscopic animals and plants
because most smadlzed protist species have global dispersal (Fenchel & Finlay 2004,
Fenchel 2005). Accomdg to this theory, the small size, extremely large populations and high
dispersal potential of protist species should facilitate migration, making allopatric speciation
almost impossible (Finlay 2002, Finlay & Fenchel 2004). However, many studies based on
molecular data recently revealed a large amount of cryptic diversity within morphologically
deyned taxa (see Protist diversity chapter),
protist diversity hypothesis. Accordingly, Fenchel & Finlay (200&tplated that the use of
genetic data brought confusion into the estimations of real diversity in protists. They proposed

that the variation in molecul ar mar kers rep
historical times rather than the existerafemorphologically indiscernible, cryptic species.
Finally, they emphasised the usefulness of t

real species of protists (Fenchel & Finlay 2006).
-~ 9 -~
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In this habilitation thesis, | present several studies to demonstrate that the genetic
diversity within the single protist morphospecies is definitely not a result of mere
accumulation of neutral mutations, but it certainly reflects the existence of aumgber of
cryptic species. | focused on two model taxa, the subaerial algal d€lebsormidiumand
Asterochloris characterised by generally very uniform morphology and the presence of a
substantial genetic diversity. In both genera, the genetic and morphological diversities have
been investigated to uncover the evolutionary processes and meaningfulness of pegEs s
in a protist morphospecies.

Klebsormidiumr e pr esent s a ylamentous green al g
terrestrial and freshwater habitats worldwide. AlthoddBbsormidiumis one of the most
widespread microchlorophytes in the world, the dsdiron of species boundaries is very
problematic, particularly because of the lack of relevant discriminating morphological
features. h PAPER [12] ( Gk al oud 2006) , I aimed to evalua
discriminating features (cell dimensionsdareproductive characters) in culture conditions,
with emphasis on how environmental factors may affect the filament appearance during long
term laboratory cultivation. As a main output of this study, | reported a large overlap in
morphology between tratiibnally circumscribedKlebsormidiumspecies. In addition, some
features considered taxonomically important were demonstrated to show some variation
depending on the age and the physiological conditions of the specimens examireaRI
[13] ( Gk a | o indi 2083), WwR compared the variety of morphological features with the
molecular phylogenetic data, based on the analysis of a single, genetically highly variable
Klebsormidiumiineage. The results of inferred character evolution indicated the existence of
phylogenetic signal in only two phenotypic characters (production of hegellent
yl ament s and mor phol ogy of zoosporangi a) .
exhibited strong ecological preferences to one of the three habitat types: i) nabawediad
Ssubstrata, i1i) artiycial subaerial substrata
point to the existence of a high number of cryptic species within the single morphospecies.

The genusAsterochloris represents one of the mosbmmon lichen symbionts,
predominantly occurring in thalli of lichens classified into the suborder Cladoniineae of
Lecanorales. RarehAsterochlorishas been reported outside the lichen thallus aslifrieg
populations (Ahmadijian 1987). Determination prticular Asterochlorisspecies is mainly
based on the cell shape and dimensions, as well as on the structure of deeply lobed
chloroplasts. In a series of four papers, we gradually uncovered and characterised the
substantial cryptic diversity within thigenus. First, irrAPER[14] ( Gk al oud & Pek s a
we used laser scanning confocal microscopy to investigate the chloroplast morphology and
ontogeny in five selectedsterochlorisstrains. The examination revealed the existence of
interspecific differencg in the chloroplast ontogeny Akterochloris based upon the specific
chloroplast structures observed in a single species. NerPER [15] ( Gk al oud & Pe
2010), we formally circumscribed the genAsterochlorisand presented the extensive
investigadion of its real genetic diversity. The phylogenetic reconstructions based on the ITS
rDNA and actin data revealed the existence of amazing cryptic variability in the genus.
Indeed, only 15% of isolated photobionts considered in the study have beendassigng
previously described species. In addition, morphological similarity among the lineages stress
ed the impossibility of resolving the real species diversity by the mere phenotypic criteria.
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When assessing the influence of increased levels of heatalsyon the composition of
lichen photobionts HAPER [16], Ba | k or et al . 2010) , we reco
Asterochlorislineages, which were not discovered in our previous study. Interestingly, we
found that the photobiont inventory is rather rich ewethe heavy metal polluted habitats. In
addition, we reported the occurrence of more than one algal genotype in a single lichen
thallus. Coexistence of two photobiont genotypes could indicate that they in fact represent
two species, likely differentiatedy probably complementary ecophysiological responses
(Casano et al. 2011). Finally, mrPER[17] ( Peksa & Gkal oud 2011), \
putative environmental requirements of particuesterochlorislineages inLepraria and
Stereocaulorichens. Pllogenetic analysis based on the concatenated set of ITS rDNA and
actin type | intron sequences revealed 13 lineages, which significantly differ by their
ecological preferences. The rain and sun exposure were the most significant environmental
factors, clarly distinguishing the particula’Asterochloris lineages. Interestingly, the
photobionts from ombrophobic and ombrophilic lichens were clustered in completely distinct
clades. Moreover, two photobiont taxa were obviously differentiated based on théiateubs
and climatic preferences. Our study thus revealed that the photobiont, generally the subsidiary
member of the symbiotic lichen association, could exhibit clear preferences for environmental
factors. In fact, these algal preferences may limit theogaml niches available to lichens
and lead to the existence of specific lichen guilds.

Along with the longterm investigation of model taxdebsormidiumandAsterochloris
we investigated the cryptic diversity in some other subaerial taxsPER[18] ( Gk al oud et
al. 2005), we investigated the chloroplast morphology and ontogeny in the genus
Dictyochloropsis using laser scanning confocal microscopy. The revealed morphological
diversity of chloroplast structure greatly exceeded those reported in atibdesspecies. In
addition, one investigated strain was characterised by a unique, so far undescribed chloroplast
structure, formed by flat lobes arranged in parallel. All these features clearly indicate the
presence of cryptic diversity iDictyochloropss, which was indeed made obvious by
following preliminary mol ecar[l19/f ERNBHYyses al Gk
we investigated a subaerial corticolous strain, tentatively determineBlligsochloris
bilobata Detailed morphological, monemetrical and molecular analyses clearly recognised
a newly isolated strain from the authentic strairEotilobatg suggesting the existence of
two distinct hidden species. However, to fully satisfy a particular reviewer during the
manuscript revisionthe newly recognised hidden species has been finally described as a
variety ofE. bilobatg var.corticola.

Finally, we have reported a-$ar rare case of taxonomic inflation in coccoid subaerial
algae PAPER [20], EI i 8¢9 et al . 2013) , t hat i s, t he
associated with the traditional taxonomic schenmastead of resolving several cryptic species
within a single morphospecies, we realised that a series of algal strains, identified as
Nephrodiella spp., Ellipsoidion parvumand Neocystisspp., in fact represent just two
morphologically similar trebouxiophycean genotypes. In addition, the morphological and
molecular investigations revealed that the degree of morphological variabilityher l@igong
strains of the same genotype than between the genotypes. Our results thus suggested that all
the strains represent only two closely related cryptic species of trebouxiophycean algae, which
may be identified akleocystis breviandNeocystis mucas
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Species concept in green subaerial algae

Species are one of the fundamental units of biology, making them comparable in
importance to genes, cells and organisms. The proper delimitation of species is therefore an
essential requirement for both biodisiy assessments and a correct understanding of their
ecology, biogeography, evolutionary history and speciation mechanisms. Although most
systematists would probably agree that species are real and important, it is sometimes
extremely difficult to identy and delimit them. In fact, the issue of species delimitation has
been confused by a problem involving the concept of species itself. To date, a wide range of
species concepts have been proposed, and many of them are even associated with several
definitions. Moreover, many of the concepts are incompatible in that they can lead to different
conclusions concerning the boundaries and numbers of species (De Queiroz 2007).

As is the case for almost every group of organisms, the species concept in green algae
has been discussed in many publications and is still highly controversial. An introduction to
the three most utilised species concepts in green algae (i.e. the morphological, ultrastructural
and phylogenetic species ¢ ondarpR0p7),amswillbeen ¢
not discuss them in this habilitation thesis. Instead, | will briefly introduce and discuss the
three modern species concepts, recently applied to determine species boundaries in green
algae. These concepts are based on i) the eosapory base changes (CBCs) in the-2TS
rDNA molecule, ii) the barcoding of the ITS rDNA molecule and iii) the algorithmic
species delimitation using the General Mixed YGQlealescent model. The application of
these concepts to the diversity data omega Klebsormidium and Asterochloris will
subsequently illustrate their potential power and pitfalls in species delimitation.

The ITS2 CBGCbased species concept was introduced by Coleman (2000), who
reported the coincidence between the mating abilityGohium pectoraleclones and the
presence of soalled compensatory base changes (CBCs) in the conserved regions of the
ITS-2 rRNA molecule (Fig. 3). Accordingly, it was postulated that the presence of even a
single CBC in the conserved regions of helideand Il of ITS-2 rRNA should discriminate
among the different biological species.

AAU AAA
U U U U
-C -G
5 =U a=-U
<__;__) C-{ ==~ ———U-A U-A
=C =5
UA-UCA UA-UCA
TRENDS in Biotechnology

Figure 3. The compensatory base change (CBC) represents a eidéteEbase change of a nucleotide

pair in a helix, retaining its secondary structure. In additidhdécusual WatsarCrick base pairs, less

stable GU pairs (sometimes called o6wobble pairso) a
substitutions leading to the development of CBCs (after Gorodkin et al. 2010).
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The concept has been slightly modified b, | | er et al (2007) ,
presence of CBCs in all I'T3 rRNA helices, including the variable regions. Lasgale
testing on more than 1300 species revealed a high probability (93%) of the correlation
between the classification of two organisinto separate species and the presence of CBCs in
their ITS2 molecules. Finally, it was demonstrated that in the case of intragenomic
variability, the particular ITS variants do not generally differ by CBCs (Wolf et al. 2013).
Although the ITS2 CBGbased species concept has been recently applied in several studies to
recognise closely related species in green algae (Bock et al. 2011, Demchenko et al. 2012,
Hegewal d et al 2010, Krienitz et al 2011) ,
al. 2011, 2013, Assun-«o0o et al 2012). I n pa
diagnostic at the species level and that even genera, families and orders of green algae could
| ack CBCs i n such regions ( Coms snotlie§ genera al
AsterochlorisandKlebsormidiuncorroborate the abowaentioned criticism, as the particular
hidden species were mostly not discriminated by CBCsAdterochloris the majority of
species pairs lack CBC differentiation, though the preseri CBCs was analysed in both
ITS-1 and ITS2 rRNA molecules KAPER [15]; Gkal oud &In Rdgittos, som2 0 1 0)
species (e.gA. glomerataand A. irregularis) did not differ by a single CBC with any other
Asterochloris species. InKlebsormidium none of the recognised, ecologically defined
Klebsormidiumclades was differentiated by a single CB@HER [13]; Gkal oud & Ri
2013. Therefore, the IT& CBGbased species concept is obviously not generally applicable
to differentiate the species of greelgae, in particular those forming the hidden species
complexes.

Quite recently, Demchenko et al. (2012) introduced the newly developed DA
barcode species concept, based on the molecular signatures (DNA barcodes) gained from the
conserved regions dhe ITS2 molecule. More specifically, the authors first selected the
conserved, paired regions of the molecule (sensu Coleman 2009). Then, the sequences were
translated into the base pair alignment by replacing each base pair by a numbét(relA
UA=2 GC=3,G=4, 43U =5, UG =6, mismatch = 7, deletion/unpaired or single
bases = 8). As a result, each species could be characterised by a unique series of numbers,
representing the IT-8 DNA barcode (Fig. 4).

Helix Helix Helix
5.85 - LsSU I II III

Positions
in
alignment

Barcode position

000000000000000 00000
000000000111111 11112
123456789012345 67890

111111111111111 00000
655555555554444 22222
098765432109876 54321
000000000111111 11112
123456789012345 67890

00000000000 0000000000000000000000000000000000000000000000000
22223333333 4455555555556666666666777777777788888888889999999
67890123456 8901234567890123456789012345678901234567890123456

00000000000 1111111111111111111111111111111111111111111111000
44444444333 4444443333333333222222222211111111110000000000999
76543210987 5432109876543210987654321098765432109876543210987
22222222233 3333333344444444445555555555666666666677777777778
12345678901 2345678901234567890123456789012345678901234567890

M. monadina

Figure 4. ITS-2 DNA barcode species concept. Particilacroglenaspeciesare characterised by a
unique series of 80 numbers (barcodes A, B, C). The barcodes are generated by translation of a base

Barcode A:

(SAG 55.72) e e e K R e e

M. basinucleata Barcode B: 237421342453326 64142 65342374441 3231383382611434133884884484344541142434884341348
(SAG 67.72) K et e e *o *EL L o K e

M. braunii Barcode C: 234421342453326 64112 65342374441 3281313388143438431844884383344541164341814341348
(SAG 50.86) e K e o * o LU,

pair alignment, using a humber coding for each base pair (aftectizeko et al. 2012).
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This species concept has been recently proposed to distinguish and clearly identify the
species of various subaerial green algae, including ge@éatarella, Coccomyxaand
Chlamydomona§ Pr ° schol d et al . 2 0 1 BQ specidgltancept,dhe mp a r ¢
ITS-2 DNA barcode concept could recognise a higher number of taxa when analysing
identical ITS2 rRNA sequence data. In fact, the presence of any mismatched, deleted or
unpaired nucleotide in the conserved regions of-2TiS interpeted as a hallmark of the
presence of two separate species.

Using the procedure described in Demchenko et al. (2012), | have identified tRe ITS
DNA barcodes for all investigated strains in genésterochloris and Klebsormidium
However, similarly to tB CBCbased species concept, the barcoding concept did not
corroborate the species delimitation based on the phylogenetic and ecological evidences. In
Asterochloris a total of 10 barcodes have been identified (Fig. 5). In fact, only four hidden
species A. glomerataand the clades A4, A7, 8) could be correctly defined based on these
barcodes. Most commonly, the barcodes either failed to discriminate among the different
species (e.g. the barcode A), or split the species into several groups (the claddsAa2)an
In Klebsormidium | identified only four barcodes, each differing by a single base pair
modi fication (Fig. 6). Most of the hidden sy
the other hand, two of the four recognised barcodes split tHegametically and genetically
circumscribed species into two groups (clades 2, 5).

Al - A. phycobiontica A 688544241332425 44224 63364773234 2316142341333744543344154633618342244
A2 -0P233 A i it ieiesaes teaaee aessaaasese Eeaaaeaeraaerseeseraeassatetaaaneaaan
A2 - OP866 - T T S P Y
A2-C1 C i B
A3 3 PP 2
A4 3 T T U PP -
A5 F o ittt rriee aeeeraaees e A e e
A6 T T T s A et
A7 P B .
A8 -
A9 - S
Al10 3 2
All - OP869 - S S
All-0P868 . 7 T
A12 - A. glomerata Ty P N At it it a i
A13 —A. irregularis F o it iiias i asasaaasass e e
03 - A. magnha L I T T T
04 - A. erici T T T T T
05 - A. excentrica A e i et ettt e e e eaeaetes et eeaeaeieeeeaeai ettt ean
08 O 7 T
12 C i e
13 - A. italiana - Bttt it i

Figure 5. ITS-2 DNA barcoding of the genuAsterochloris For each sequence, a series of 68
numbers was generated using the base pairs coding £AL;, UA=2, GC=3,CiG=4,3U =5,

UiG = 6, mismatch = 7, deletion/unpaired bases = 8). Numbers identical to the first, reference
sequence are replaced by dots. Clades containing several unique barcodes are given in red.
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clade 1 238423423133241 64147 53443744538 347512348118344341344443341835434434
clade 2 - K42

clade 2 -K11

clade 3

clade 4

clade 5—-SAG 37.91
clade 5-TR 31
clade 6

clade 7

clade 8

clade 9

clade 10

clade 11

clade 12

clade 13

clade 14

K 39

TR 18

> O > prp>rrPePpPpPr0n>rPrPPEr®P>

Figure 6. ITS-2 DNA barcoding of the genuklebsormidium For each sequence, a series of 67
numbers was generated using the base pairs coding (for further explanation, see the Figure 5 legend).

Finally, a newly developed general mixed Y-lmalescent model (GMYC) has been
recently used to delimit @ependently evolving species of many organisms (Pons et al. 2006,
Fontaneto et al. 2007), including the green algal g8uwlea(Leliaert et al. 2009b). The
method detects species boundaries based on differences in branching rates at the level of
speciesand populations. The branching rate is analysed on an ultrametric tree, using a
lineagethroughtime plot. Specifically, a combined maximum likelihood (ML) model that
separately describes population (a neutral coalescent model) and speciation (acstoghasti
only or Yule model) processes, that is, a general mixed-dadggescent (GMYC) model, is
fitted on the ultrametric tree to detect the threshold between the interspecific and intraspecific
processes (Fig. 7).

Figure 7. Schematic diagram showing the
application of a general mixed Yule
coalescent (GMYC) model to delimit the
species. Black diamonds indicate the
ancestral nodes of the biological species.
Branches in dashed and solid lines represent
speciation and  coalescentbranches,
respectively. The bar next to the tips
represents the species delimitation defined
by the ancestral nodes shown on the tree.
The GMYC approach analyses first the
timing of branching events (x1, x2, x3
periods between the dashed vertical lines).
Then, the likelihood of observed waiting
times on the tree is calculated, assuming a
mixed model of coalescence within species
and diversification among species (after
x1 x2 x3 Fujisawa & Barraclough 2013).

I D Sy =g B
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Using the method described by Hdehden (2012) and Bawrkugh (2013), | have
applied a GMYC approach to delimit putative species inKhlabsormidiumdataset. The
analysis identified 39 clusters (i.e. separate spegies; 0.03), with, however, a broad
confidence interval (35 clusters). The number of 39 ptita species greatly exceeds the 16
lineages delimited on the basis of the phylogenetic and ecological evidence (Fig. 8). In
addition, the 12 identical sequences comprising the clade 12 have been, quite surprisingly,
split into four clusters. Although tte@mulation studies showed the GMYC method tolerant to
a moderate amount of identical sequences (Fujisawa & Barraclough 2013), the presence of
clades consisting of identical sequences only obviously affects the resulting optimisation.
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Figure 8. Ultrametic tree of the genukklebsormidium The graph below represents the corresponding
lineagethroughtime plot. The red vertical line indicates the threshold between the interspecific and
intraspecific variability, as estimated by a general mixed okesent (GMYC) model. The
vertical red and blue lines indicate clusters of species identified by the GMYC model (red) and the
ecological data (blu@APER[13]; Gkal oud & Rindi 2013).
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Interestingly, this artefact of identical sequences has been recentlyetepgriHoef
Emden (2012), who investigated the application of the GMYC approach on the cryptophyte
data. Obviously, the GMYC model is highly dependent on taxon sampling and population
structure (Lohse 2009). Therefore, undersampling or unequal taxon saroplitd cause
weird results, including biased numbers of clusters or the splitting of identical sequences into
several species. Unfortunately, such difficulties greatly embarrass the application of the
GMYC concept to delimit species in green subaerisd@l@s achieving a good sampling of
these organisms is generally problematic.

In conclusion, the presented data clearly demonstrate the obvious, significant
differences among the newly developed species concepdelrsormidium application of
various concepts on the identical genetic data resulted in the distinction of either a single
species (the CBC concept) or a bunch of 39 different species (the GMYC concept). Although
the newly proposed species concepts have been podtitatepresent virtually objective
methods, they in fact require a subjective evaluation of assessed criteria. For example, to
delimit the species boundaries by the CBC concept, the conserved regions of 4he ITS
molecule should be selected first. Howewatious authors select the conserved regions in
di fferent ways (e. g. Col eman 2000, M¢ecl | er e
selection of conserved regions strongly affects the total number of inferre@ b odes
(i.e. the total numbeonf putative species). Finally, the optimisation of the threshold value by
the GMYC model is significantly affected by the taxon sampling.

Even if it seems a trivial note, it is really important to stress that species are not rigid
entities, but mutable, gdually changing lineages. Therefore, the application of automated
species delimitation pipelines is in principle incorrect, such as the delimitation of species by
fixed thresholds of genetic divergence. In fact, both CBCs and base pair differences in the
ITS-2 molecule are direct consequences of the accumulation of mutations in evolutionary
processes. The presence and number of these putative speciation markers thus simply reflect
the genetic distance among the organisms: older species are more likelglifeetentiated
by CBCs and genetic barcodes. If we assume a punctual speciation event for the origin of two
hypothetical species, these will definitely possess the identice2 Im8lecules.

There are a number of evolutionary processes that make thetalbn of species taxa
from each other very difficult. The most important iscedled mosaic evolution, resulting in
discord between the messages provided by various characters (Mayr 1996, De Queiroz 2007).
As a consequence, drawing the species linevden closely related taxa remains quite
difficult for many protist organisms (Caron 2009). No species concept, including the newly
proposed ones, is universally applicable across all organisms. Therefore, a careful assessment
of several independent criterrepresents probably the best way to delimit the species
correctly. Only with a good knowledge of the genetic diversity, phenotype and ecology, the
biological information could be quantified and organised in a meaningful fashion.
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Species composition and diversity of aero-terrestrial algae and
cyanobacteria of the Borec Hill ventaroles

Pavel SkaLoup

Department of Botany, Faculty of Science, Charles University, Bendtskd 2, CZ-12801, Prague 2, Czech
Republic; e-mail: skaloud@natur.cuni.cz;

Abstract: The algal flora of the Boreé Hill ventaroles was examined and compared with the flora of their close
surroundings. In comparison to unaffected sites, the ventaroles differ in seasonal temperature fluctuation as well as
in soil pH. Winter exhalations caused by continual air circulation in the cranny system of rock massive result in a
significant increase in air temperature and soil pH. The ventaroles were inhabited by a markedly richer and more
diversified algal flora. Over half of investigated species occurred only in the ventaroles, including all chrysophyte,
eustigmatophyte and desmid taxa. In contrast to the unaffected sites, different algal populations were discovered in
the ventaroles. The investigated species could be separated into two groups: ventarole-specific ones preferentially
occurred in both the ventaroles, and those occurred only in a large ventarole. There, water condensation in moss
plants during winter exhalations enables a short-term occurrence of several algal species preferring aquatic
environments. The diatom flora of the ventaroles resembles well the species composition found in the caves. By
contrast, the desmid flora is rather similar to algal communities found in ephemeral water bodieslike temporary
peat bog pools or dripping rocks. Thus, the Bore€ Hill ventaroles represent a unicue tvpe of biotope, with a specific
algal flora adapted to periodical periods of warm, moist air exhalations of several months’ duration.

Key words: aerophytic algae, Chlorophyta, desmids, diatoms, ecology, soil pH, Streptophyta, terrestrial algae,

ventaroles

Introduction

Debris fields are characterized by their unique
air movement regime. In some cases, the cranny
system of rock massive allows continual air
circulation, resulting in the origin of summer ice
holes and winter warm air exhalations, so-called
ventaroles. The most famous ventarole locality
in the Czech Republic is situated in the top parts
of Boreé Hill (The Ceské Stiedohofi Mts., Czech
Republic). In winter, warm vapours rise from the
top due to air circulation in the crevices. In spring
and summer, the circulation is reversed and small
ice stalagmites appear at the foot of the hill (Fig.
1). The differences in temperatures inside and
outsides the ventaroles could reach 25°C ( ANKERT
1917, KusAT 1971).

The Bore¢ Hill ventaroles are especially
unique due to occurrence of several plant and
animal species, intolerant of freezing temperatures.
The locality is known as the only one recorded
habitat of the Mediterranean liverwort 7argionia
hypophylla L. in the Czech Republic (Prous

1959). Rare plant, moss, and beetle species were
recorded by several authors (Lozex 1954, KusAt
1971, Puimanovi 1990, Nimcova 2001, Rozicka
2003). In this paper, the algal flora of ventaroles is
reported for the first time. The main aims of this
paper were 1) to compare the algal communities
of the ventaroles and neighbouring areas, and 2)
to ascertain the effect of the ventarole regime on
the species composition and total diversity.

Materials and Methods

The research was realized in the top parts of Boreé
Hill, in the south-western part of The Ceské Stiedohoit
Mts., the Czech Republic. Four sampling sites were
allocated: two sites situated inside the ventaroles
characterized by intense winter air exhalations, and
two sites situated in the neighbouring area without
winter exhalations:

1. A large ventarole near the information table No. 3,
probably artificially enlarged in the 1950s (Pmous
1959 (50°30°51.3” N, 13°59°19.4” E, 443 m.
as.l).
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2. A small unaffected ventarole northwards to the site
1(50°30°51.9" N, 13°59°19.8" E, 441 m. a.s.1.).

3. Area of 1 m? without winter exhalations, south-
eastwards to the site 2 (50°30°51.7" N, 13°59°20.2”
E, 443 m. as.l.).

4, Area of 1 P without winter exhalations, north-
westwards to the site 2 (50°30°52.1” N, 13°59°15.¢”
E,439m. a.s.l).

The localities were regularly investigated
in three-month intervals (from December 2000 to
February 2003). Three microbiotopes were sampled
on each sampling date: “soil” (surface sample from the
horizon of 0-2 cm), “moss” (moss individuals or, in
the winter, water squeezed from mosses growing in the
ventaroles) and “rock™ (mechanically scrapped rock
surface). The samples were placed in sterile tubes and
transported to the laboratory for analysis. Subsequently,
the samples were both overfilled with liquid BBM
medium (BizcHoFF & BoLp 1963) and the sample
suspension was spread on Petri dishes with BBM-
agar. Algal microcolonies grown up after 8-10 weeks
(at 15°C under daylight conditions) were isolated into
unialgal cultures and cultivated at temperature 20°C
under an illumination of 40 pmol.m2.s™ provided by
18W cool fluorescent tubes (Philips TLD 18W/33). To
prepare diatom slides, the organic matter was removed
by soaking in hydrogen peroxide (H,0,; KrammER &
Lance-BerTarLoT 1986). The frustules were dried on a
coverslip and mounted in Pleurax resin. For a detailed
investigation of diatom frustules and chrysophyte
scales, drops were also dried onto formvar coated grids
and examined with Philips 300 transmission electron
microscope.

Individual species were identified wusing
microscopic methods and Olympus BXS51 light
microgcope with differential and phase contrasts
and Olympus Z5060 microphotographic equipment.
Identification was baged on taxonomic monographs and
reference books for terrestrial algae and cyancbacteria
(MicuLa 1907, GeTLer 1932, Koréikov 1953, PRINTZ
1964, PrescoTT et al. 1972, STarmack 1972, ETrL 1978,
1983, Rozicka 1981, Komarek & FoTT 1983, KRAMMER
& Lance-BertarLor 1986, 1988, 1991a, b, ETL &
GARTNER 1988, 1995, Hmwpixk 1996, LENZENWEGER
1996, LoxHorsT 1996, ANDREEVA 1 998, Krammer 2000,
Lavce-BERTaroT 2001, KoMAREK & ANACNOSTIDIS
2005). Formation of zoospores was stimulated by
transferring unialgal cultures to tubes with both diluted
BBM medium and fresh distilled water. The tubes were
placed in darkness at a temperature of about 10°C.
Some of the unialgal cultures obtained were deposited
either in the Culture Collection of Algae of Charles
University in Prague (CAUP) or in the author’s private
culture collection.

Statistical analyses were carried out using
the programme Canoco for Windows (TER BRask
& SmiLaver 2002) and results of ordination were

SxavLoun: Algae of Bore¢ Hill ventaroles

summarized using the programme CanoDraw (TER
Brask & SMILAUER 1998).

fonalite chalk ground debris cool debris cold air  warm air

Fig. 1. Schematic drawing of the air circulation in the
cranny system of rock massive in Boret Hill: {a) winter
air circulation; (b) summer air circulation {modified after
Ku&era 1999).

a2 NN
(=3

o 0 o O

temperature (°C)

\

9/01 11/01 4/02 5/02 8/02 11/02 2/03
date

Fig. 2. Seazonal temperature fluctuation, measured in four
investigated study sites (black circle, solid line — ventarole 1,
white circle, dashed line — ventarole 2; white square, dashed
line — sampling site 3; black square, solid line — sampling
site 4).
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Results and discussion

Analyses of environmental conditions
Seasonal temperature fluctuation significantly
differs betweenthe ventaroles and unaffected study
sites (Fig. 2). Whereas differences in temperature
measured in the winter and summer reached 25°C
in the unaffected sites, the temperature in the
ventaroles oscillated only in the range of 10°C. In
the spring and summer, when the air circulation is
reversed, the temperature was nearly identical in
all the sites. However, during winter exhalations
the ventaroles were distinctively warmer. The
temperature of exhaled air was identical in
both the ventaroles without reference to their
size. A method of the continuous temperature
measurement was used in 2003 to determine the
lowest temperature that can occur in the ventaroles
The lowest recorded temperature was 10.5°C
{even acquired in the summer).

All four study sites are situated on phonolite,
i.e. extrusive igneous rocks (lavas). Though the
phonolite belongs to alkaline igneous rocks,
measured scil pH had an acidic reaction (Fig. 3).
This could be caused by several factors, e.g. human
distractions like acidification and air pollution,
rainwater leaching away basic ions, vegetation,
or carbon dioxide from decomposing organic
matter (Tanns & HarrerAckEw 1986). Interestingly,
obvious difference between the ventaroles and
unaffected study sites was noted in soil pH, which
was higherin both the ventaroles (Fig. 3). Although
pH values slightly fluctuated during the vear, no
seasonal changes were observed. The ventarcles
are situated closely to the unaffected study sites.
Accordingly, the difference in pH reaction has to
be caused by the ventarole conditions. In contrast
to the temperature difference caused by winter
exhalations, the disparity in soil pH is difficult to
interpret but has a principal biological importance.
As pH levels drop below 5.5, the population of soil
microbes changes and is dramatically reduced due
to aluminium and manganese toxicity and reduced
nutrient availability (McFarravp et al. 2001).
By contrast, correct balance of trace elements is
obtained where the soil pH is between 5.5 and 7.5.
Therefore, the scil pH in the ventaroles (pH 4.7—
5.8) offers more favourable conditions for algal
growth in comparison to the adjacent localities
(pH 3.74.4).

Species composition and diversity
Algal diversity of the ventaroles greatly exceeded

67

that found in the adjacent sampling sites. The
ventaroles were inhabited by a markedly richer
and more diversified algal flora. From a total of
112 species, 107 species of cyanobacteria and
algae were recorded in the ventaroles, in contrast
to 42 species found in their vicinity. Chrysophytes,
eustigmatophytes and desmids occurred only in
the ventaroles. Just 5 species were found outside
the ventaroles. The list of species is given in
Table 1. The species were investigated using
morphological criteria only, without any molecular
investigation. Even if purely morphological data
are sufficient for standard ecological studies
(where comparison of individual morphotypes
illustrates influences of investigated factors),
accurate description of the algal flora is essential
for potential future comparisons. Since the recent
molecular studies have shown a high hidden
diversity of aero-terrestrial algae with little
morphological differentiation (Huss et al. 1999,
KrEwrrz et al. 2004, Srunvaw et al. 2008), [ place
emphasis on a detailed morphological description
of the investigated species. Hence, the majority of
the investigated species are illustrated (Figs 4-8).
Moreover, numerous micrographs of the detected
cyanobacteria and algae have been published on
the Web (Sgarcu 2008).

The difficulties of current determination
of green aerophytic algae could be well
demonstrated by the strain Eutetramorus sp. This
alga morphologically resembles species of genera

6.0

5.54

-
=

1 2 3 4

sampling site

3.5

Fig. 3. Variability in the soil pH determined from five
measurements in 2002 and 2003.
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Radiococcus SCHMIDLE or Eutetramiorts WALTON
(ErrL & Garrner 1995, Kostikov et al. 2002).
However, whereas Radiococeus was determined
to be a member of Chlorophyceae (Worr et al.
2003), molecular investigation of isolated strains
revealed that it belonged to Trebouxiophyceae
{(data not shown). On the other hand, Furetramoriis
differs ecologically, as it has been so far recorded
only from aquatic environments (Guiry & GUIRY
2008). Taxonomic designation is thus wvery
difficult or even impossible for many algae and
cyanobacteria included in this study. Therefore,
the occurrences of particular morphospecies could
be well used for demonstrating the algal diversity
of studied sites. However, comparisons with other
morphologically based studies on aero-terrestrial
algae should be made very carefully, keeping in
mind high cryptic diversity and low taxonomic
significance of many morphological features
defining these organisms.

Eecological analyses

On the PCA ordination plot, the samples from both
the ventaroles form separate clusters, whereas the
two adjacent localities are clustered together (Fig.
9). While the first ordination axis separates the
ventaroles from the other two sampling sites, the
second ordination axis clearly discriminates the
ventaroles from one another. The first ordination
axis obviously correlates with the species richness
of particular samples. The samples with the
greatest species richness were obtained from the
moss samples in the ventarole 1 during winter
exhalations (two rightmost samples in Fig. 9). The
unique conditions inside the ventaroles thus seem
to cause distinct increase in algal diversity.

To test the effect of the ventarole regime
on the species composition and total diversity,
RDA analysis was performed to determine if
the localitics are inhabited by different algae.
The species composition of the ventaroles and
adjacent localities was significantly different
(p-value 0.0002). Similarly to PCA, the RDA
analysis revealed the difference between both
the ventaroles, in contrast to almost similar algal
composition of the adjacent sampling sites (Fig.
10). Two species groups can be distinguished on
the RDA ordination plot: { Species preferentially
occurring in the ventarole 1 (e.g. Orthoseira
CRAFWORD species, Kenfrosphaera gibberosa and
Fuastrum brevisimiosum). Il Specics that were
observed in both the ventaroles (e.g. Scenedesrmis
oocystiformis, Luticola mutica and Cosmarium

Skavoun: Algae of Bore& Hill ventaroles

obliquagn var. trigonum). Whereas the group
II encompasses species that can be indicated as
ventarole-specific, the group J should comprehend
species with affinity to some other environmental
factors. 'The main difference between the
ventaroles 1s their size and water regime. In
contrast to the ventarole 2, the ventarole 1 is much
larger, enabling water condensation in moss plants
during winter exhalations. The effect of water
condensation on the species composition was thus
tested by another RDA analysis (Fig. 11). The
result was highly significant (p-value 0.0004),
demonstrating a different algal composition
mmside wet mosses during the winter exhalations.
Even if the effect of condensed water was tested
against all the remaining samples (including rock
and soil samples in the ventarole 1 during the
exhalations), the first and second ordination axes
well corresponded with the species groups [ and
11 (Fig. 10), respectively. Thus, the larger specics
diversity in the ventarcle 1 can be interpreted
by scasonal formation of specific conditions,
enabling short-term occurrence of several algal
species preferring aquatic environments.

Due to high hidden cryptic diversity
of several acro-terrestrial algal groups (c.g
cyancbacteria and coccal green algae), a precise
comparison of their occurrences with respect
to literary data is impossible. However, several
algal species (in particular desmids and diatoms)
can be used in this way owing to their good
morphological circumscription and  known
ecological preferences. The diatom flora of the
ventaroles resembles well the specics composition
found in the caves (Garbacki et al. 1999). The most
frequently occurred diatom genera, Diadesmis
Kurzing, Hantzschia Grunow, Luticola Mann
and Orthoseira, have been repeatedly noted
from various caves worldwide (CarTer 1971, St.
Crar & RusarortH 1976, PouLickovA & HASLER
2007, SELvi & ArTuner 2007), including specific
ice caves (Laurion et al. 2006). Moreover,
specifically aquatic diatoms, FEunotia exigua,
Navicula cryptocephala, and morphologically
similar species of genera Frustulic RABENHORST
and Synedra EnrenserG, were reported from the
crack cave in Ohio, the USA (Davner & JOHANSEN
1991).

Contrary to diatoms, the desmid flora
of the wventaroles is rather similar to algal
communitics found in  ephemeral water bodics
like temporary peat bog pools, wet or dripping
rocks, ete. (Ruzicka 1964, ETTL & GARTNER 1995,
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Fig. 4. (a) Fischerelia thermalis; (b) Hassallia byssoidea; (€) Leptolyngbya joveolarum; (d) Leptolyngbya tenuis; (e) Mostoc
calcicola; (f) Mostoc of. edaphicum; (8) Nostoc sp.; (h) Oscillatoria of. curviceps; (i) Phormidium cf. ambiguuim; () Phormidium
cf. animale; (K) Phormidium autumnale, (1) Phormidium sp. 1; (m) Phormidium sp. 2; (n) Phormidium sp. 3; (0) Phormidium sp.
4; (p) Phormidium sp. 5; (q) Pseudanabaena cf. catenata; () Eunotia bilunaris; (s) Eunotia implicata; (t) Frustulia saxonica;
(u) Surirelia cf. minuta. Scale bars 10 um (Figs a—b, f~m); 5 pm (Figs c—d, n—u).
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Fig. 5. (a) Synedra wina; (b) Tubellaria flocculosa; (¢) Heterococcus of. crassulus; (d) Tribonema vuigare; (e) Xanthonema
montanum; (£) Xanthonema solidum; (g) Xanthonema sp.; (h) Eustigmatos polyphem; (1) Bracteacoccus cf. grandis; ()
Bracteacoccus minor; (K) Bracteacoccus pseudominor, () Bracteacoccus sp.; (m) Carteria cf. kiebsii; (n) Chlamydomonas
callunae; (0) Chlamydomonas pseudintermedia; (p) Chlamydomonas cf. sestinensis; (q) Chlamydomonas sp.; (t) Chiorococcum
inflisionum; (8) Chioromonas rosae; (t) Coelastrella oocystiformis. Scale bars 10 pm (Figs a, ¢, i); 5 pm (Figs b, d-h, j—{).
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Fig. 6. (a) Coelastrella vacuolata; (b) Coleochiamys sp.; (€) Dictyochioris pulchra, (d) Diplosphaera chodatii; (e)
Fasciculochioris boidii; (f) Keratococcus bicaudatus; (8) Mychonastes homosphaera; (h) Phacomyxa sp.; (i) Podohedra
bicaudata; () Radiosphaera minuta; (K) Scenedemsus soli, (1) Auxenochiorella protothecoides, (m) ‘Chlorella’ of. luteoviridis;
(n) ‘Chiorelia’ mirabilis; (0) Chiorella vuigaris; (p) Dictyochioropsis reticulate; (q) Dictyochloropsis splendida. Scale bar 5

pm.
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Fig. 7. (a) Dilabifihum printzii; (b) Dilabifiium sp.; (¢) Eutetramorus sp.; (d) Geminella interrupta; (€) Lobosphaeropsis
lobophora; (f) Murielia terrestris; () Myrimecia bisecta; (h) Pseudococcomyxa of. simplex; (i) Rhexinema paucicellularis; ()
Schizochlamydeila minutissima; (K) Schizochiamydelia sp., (1) Stichococcus minor; (m) Stichococcus undulatus; (n) Trebouxia
arboricola; (0) Trebouxia pottert; (p) Trebouxia sp. Scale bar 5 pm.
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Fig. 8. (a) Kentrosphaera gibberosa; (b) Chiorokybus atmophyticus; (€) ‘Geminella’terricola; (d) Klebsormidium flaccidum;
(e) Klebsormidium mucosum; () Klebsormidium nitens; (8) Actinotaenium cucurbita; (h) Cosmarium decedens; (i) Cosmarium
obliquum var. trigonum; () Cosmarium undulatum; (K) Cylindrocystis brebissonii; (1) Euastrum brevisinuosum; (m) Mesotaenium
cf. endlicherianum; (n) Penium cf. spinospermum; (0) Spirotaenia endospira. Scale bar 5 pm.
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Fig. 11. The RDA ordination plot displaying preferences of the 37 best-fitted speciesto the moss samples saturated by condensed
water during winter exhalations in the ventaroles. For the species acronyms see Table 1.

il

Fig. 9. The PCA ordination plot of the samples (grey — ventarole 1; black — ventarole 2; white — sampling site 3; chessboard —
sampling site 4). Symbol sizes correspond with the species richness of the particul ar sample.

Fig. 10. The RDA ordination plot displaying preferences of the 41 best-fitted species to four sampling sites: (1,2) ventaroles;
(3.4) adjacent sampling sites. I species preferentially occurring only in the large ventarole (zampling site 1), IT species occurring
in both the ventaroles. For the species acronyms see Table 1.

Table 1. List of species with “total occurrence” values (sums of species occurrences for the set of samples) in localities (1-4),
microbiotopes [(m) moss; (1) rock; (s) soil) ] and in relation to warm, moist winter exhalations (+ present, - absent; occurrences
counted for the ventaroles only).

Localifies Lfﬂcroblotopes Exhalat ons

Acronym Figure 1 2 3 4 m r s + -
Cyanohacteria
Figcherella thermalis ScCHWABE ex GOMONT FisThe 4a 7 - - -2 6 3 4 2
Hassallia byssoidea Hassall exX BORNET ef FLanAULT HuasBys 4b g8 3 1 - 7 7 3 7
Leptolyngbya foveolarum (RABENHORST eX (GOMONT) Lep Fol 4c 9 3 -1 8 6 5 5
ANaCGNOSTIDIS ef KOMAREK
Leptolyngbya teniis (GOMONT) ANAZNOSTIDIS ef Lep®n 4d 7 6 2 3 6 9 9 8 4
KOMAREK
Mostoc calcicola BREBISsON eX BORNET ef FLaHAULT MosCal de 5 - - - 4 2 5 3 2
Nostoc of. edaphicum KoONDRATEVA NosEdi 41 6 - - - 1 - 5 3 2
Mostoc sp. MosSp. 4g 5 - - - 3 4 - 3 1
Crcillatoria of. curviceps AGARDH eX GOMONT - 4h 1 - - - - - 1 - 1
Fhormidium cf. ambiguum GoMmonT - 4 1 - - - - - 1 1 -
FPhormidium of. animale (AGARDH eX GOMONT) PhoAmi 4 4 5 - -7 3 - 5
AnacnosTIDIS ef KoMAREK
Fhormidium auiumnale AGARDH eX GOMONT Fhodut 4k g 10 1 - 15 8 5 8 6
Fhormidium sp. 1 FhaoSp i 41 5 - - - 1 - 4
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Localities Microbiotopes Exhalations
Acronym Figure 1 2 3 4 m r s + -
Phormidium sp. 2 PhoSp2 4m 8 3 - 2 5 5 6 3 5
Phormidium sp. 3 - 4n -2 - - - - 2 - -
Phormidium sp. 4 PhoSp4 4o 7T 02 - - 6 2 5 3 3
Phormidium sp. 5 PhoSp5 Ip 6 1 - - 5 3 2 4 2
Pseudanabaena cf. catenata L.AUTERBORN - 4q -1 - - - 1 - - 1
Bacillariophyceae
Aulacoseira gramulata (EHRENBFRG) SIMONSEN - - 1 1 - - 2 - - 1 1
Cocconeis placenfula EERENBERG - - 1 - - - 1 - - 1 -
Diadesmis contenta (GRUNOW €X VAN HEURCK) Mann  DiaCon - 9 9 3 3 18 12 1o 8 6
Eunoiia bilunaris (EARENBERG) MILLS - Ir -1 - - - - 1 1 -
Eunotia implicata NORPEL, LANGE-BERTALOT et ATLES - 43 1 - - - 1 - - 1 -
Frustulia saxonica RABENHORST - 4t - - - 21 1 - - -
Gomphonema parvidum (KoTzng) Van HEurcr GomPar - 2 1 I - 1 3 1 -
Hantzsehia amphioxys (EHRENBERG) GRUNOW HanAmp - 10 10 5 3 18 15 13 8 8
Kobayasiella sp. - - 3 2 - - 1 - 4 2 2
Luticola mutica (KUTZING) ManN LutMut - 710 1 1 13 8 13 8 6
Mayamaea recondita (HUSTEDT) L ANGE-BERTALOT MayRec - 4 3 5 7 7 4 13 5 1
Navicula oligotraphenta LANGE-BERTALOT et - - 1 - - - 1 - - 1 -
Hornann
Neidium alpimen HUSTEDT Neidlp - 5 - - - - - 5 2 3
Nitzschia palea (Kitzme) W. SMITH NitPal - 9 2 1 - 7 5 8 4 3
Orthoseira dendroteres (EHRENBERG) CRAWFORD, OrtDen - 9 - - 3 10 9 2 4 3
Haw. et KELLY
Orthoseira roeseana (RABENHORST) O MEARA OrtRoe - o 1 - -9 8 1 5 4
Pimmdaria borealis EHRENBERG PinBor - 0 10 7 8 26 16 25 8 8
Pinnularia schoenfelderi Kravver PinSch - 4 5 - 2 4 4 7 5 4
Pinnularia sudetica (Hosg) Huse - - 1 - - - - - 1 - 1
Stavroneis sp. StaSp. - 5 2 -2 4 2 3 3 2
Surirelia cf. minuta BREBISSON - Ju 1 - - - - - 1 - 1
Synedra ulna (NiTzscH) EHRENBERG - Sa 1 - - - 1 - - -
Tabellaria floccudosa (Roma) Kutzme - 5b 2 - 2 - 12 - 2 2 -
Chrysophyceae
Paraphysomonas vestifa (STOKES) DE SADELFER - - 1 - - - 1 - - 1 -
Spiniferomonas sp. - - 1 - - - 1 - - 1 -
Synurophyceae
Synura multidentate (BaLoNov et KuzviN) PETERH et - - 1 - - - - 1 - - -
Momeu
Xanthophyceae
Heterococcus cf. crassulus ViscHER - 5¢ 1 - - - - - l 1 -
Tribonema vulgare PascHER - 5d 3 1 - - - l 3 3 1
Xanthonema montanum (VISCHER) SILvA XanMon Se 4 7 2 5 10 7 13 5 5
Xanthonema solidum (V1sCHER) Smva XanSol 5f - 8 4 - 7 5 7 3 3
Xanthonema sp. - 5g 1 - - - - - 1 1 -
Fustigmatophyceae
Eustigmatos polyphem (PITSCHMANN) HIBEERD EusPol 5h 0 - - - 3 2 5 4 1
Chlorophyceae
Bracteacoccus cf. grandis BiscHOFF et BoLD - 5i 1 2 2 - 2 1 3 2 1
Bracteacoccus minor (CHODAT) PETROVA - 5] 3 - - - - 1 2 3 -
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Acronym Figwe 1 2 3 4 m r s + -
Bracteacoecus pseudominor BiscHOFF et Borp - Sk - - 1 - - - 1 - -
Bracteacoecus sp. - 51 23 - - 3 1 2 4 1
Carteria cf. klebsii (DANGEARD) FRANCE - Sm 3 - - - 3 - 1 3 -
Chlamydomonas callunae ETTL - 5n -2 - - 1 - 1 2 -
Chlamydomonas pseudintermedia BEHRE et SCHWABE - 50 -1 - - 1 - - 1 -
Chlamydomonas cf. sestinensis GERLOFF - 5p 2 - - - 2 - - 2 -
Chlamydomonas sp. - 5q - - 2 1 - - 3 - -
Chiorococcum infusionum (SCHRANK) MENEGHDNI Cholnf 5r 6 9 1 1 ¢ 711 5 6
Chloromonas rosae (ETTL) ETTL - 55 I - - - 1 - - 1 -
Coelastrella oocystiformis (LUND) HEGEWALD et CoeQoc 5t 9 9 - 11 13 10 7 7
Hanacata
Coelastrella vacuolate (SHmEmA et Kravuss) Coelac 6a 45 - - 6 5 5 6 3
HeGEwarD et HanaGata
Coleochlamys sp. ColSp. 6b 6 - - - 5 5 - 3 3
Dietyochioris pulchra DEASON et HERNDON - 6¢ 2 - - - 1 1 - 1 1
Diplosphaera chodatii BIALOSURNIA - 6d 2 - -1 2 1 - 2 -
Fasciculochloris boldii McLEAN et TRAINOR - 6e -1 - - - - 1 1 -
Keratococeus bicaudatus (Braun) 1. B. PETERSEN - of 4 - - - 3 - 1 2 1
Mychonastes homosphaera (Skuia) Karma et - 6g I - 1 - - 1 1 1 -
PuncCocHAROVA
Phacomyxa sp. - 6h -1 - - - - 1 1 -
Podohedra bicaudata GFITIER PodBic 61 34 - - 6 - 2 4 2
Radiosphaera minuta HERNDON - 6] I - - - - 1 - - -
Scenedemsus soli HORTOBAGYT - 6k I - - - - 1 - - -
Trebouxiophyceae
Auxenochlorella protothecoides (Krtgrr) Karma et - 6l 2 - - - 1 2 1 1 1
PuncocHAROVA
,Chiovella® cf. luteoviridis CHODAT - om 3 - -2 3 1 1 1
,Chiorella* mimutissima ForT et NovAKOvA - - 2 3 - - 2 - 3 4 1
,Chiorella* mirabilis ANDREEVA - on 201 1 - 3 - 1 - 2
Chlorella vidgaris BETERINCK ChiVul 60 1 3 - - 3 - 2 3 -
Choricystis minor (Skuia) Fort - - -3 - - 1 2 - 2 1
Dietyochioropsis reticudata (TSCHERMAK-WOESS) - 6p -1 11 2 - 1 - 1
TscHERMAK-WOESS
Dictvochioropsis splendida (GEITLER) T SCHFRMAK- - 6q -1 2 1 2 3 1 1 -
‘WoEss
Dilabifilum printzii (VISCHER) T SCHFRMAR-W OESS DilPri Ta 4 - - - 3 3 1 3 1
Dilabifilum sp. - b 2 - - - 1 2 - 2 -
Eutetramorus sp. - 7o 2 1 - - - - 3 3 -
Geminella interrupia (TURPIN) L AGERHEIM Gemlint 7d 5 - - -2 5 1 4 -
Lobosphaeropsis lobophora (ANDREEVA) ETTL et - Te 11 -1 1 - 2 - -
(GARTNER
Mupriella terrestris ].B. PETERSEN MurTer 7t 6 - 2 - 3 4 4 4 2
Myrmecia bisecta REISIGL - 7g 1 6 5 1 3 5 5 2
Pseudococcomyxa cf. simplex (Mamx) Forr PscSim 7h 35 6 4 15 13 13 5 3
Rhexinema paucicellularis (VISCHFR) GEITLER - Ti -1 - - - 1 - 1 -
Sehizochlamydella minutissima BroaDyY - 7 1 2 - - 1 1 2 3 -
Schizochlamydelia sp. - 7k 2 - - -2 - - 2 -
Stichococcus minor NAGELL Stildir 71 6 5 5 6 17 13 8 6 4
Stichococcus mimifus GRINTZESCO et PETERFT Stilis - - - -5 2 4 2 - -
Stichococcus undulatis VINATZER - 7m 1 - - - 1 1 - 1 -
Trebouxia arboricola DE Puymary - n - -2 - - 2 1 - -
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Acronym Figure 1 2 3 4 m r s + -
Trebouxia pofteri ABMADIIAN eX GARINER - To -2 - -2 - - 2 -
Trebouxia sp. - Tp 1 - - - 1 - - 1 -
Ulvophyceae
Kentrosphaera gibberosa VopEiéarov et BENDERLIEY KenGib 8a w - 2 2 7 8 8 4 4
Chlorokyhophyceae
Chlorolybus atmophyticus GEITLER Chledtm 8b 1 5 - - 3 3 - 3 1
Klebsormidiophyceae
\Geminella® terricola 1. B. PETERSEN GemTer 8¢ 4 - 5 4 8 9 8 2 2
Klebsormidium flaccidum (KUTzING) Smva, MaTTox KleFla 8d 8 8 9 8 25 23 22 8 5
et BLackwELL
Klebsormidium mucosum (] B. PETERSEN) LOKHORST - 8e 1 3 2 - 4 3 - 1 3
Klebsormidium niterns (MENEGHINI) LOKHORST KleNit 8f 9 1 8 5 18 19 14 8
Zygnematophyceae
Actinotaenium cucurbita (BrREBISsoN) THLING - 8g 2 - - - 2 - - 2 -
Cosmarium decedens (REINSCH) RACIBORSKT - 8h 1 - - - 1 - - 1 -
Cosmarium obligquim NoRDSTEDT var. trigonum W. CosObl 81 w 9 - - 15 11 2 8 7
WEST
Cosmarium undulatim CorDa ex Rarrs - 8 1 - - - - - -
Cylindrocystis brebissonii (MENEGHINT ex Rarrs) de CylBre 8k 4 1 - - 4 3 - 4 1
Bary
Euastrum brevisinuosum (NOrRDSTEDT) KOUWETS EuaBre 8l 9 - - - 7 5 - 4 3
Mesotaenium cf. endlicherignim NAGELL - 8m 3 - - - 3 - - 3 -
Penium cf. spinospermum JOSHUA PenSpi 8n 5 - - - 4 4 - 4 -
Spirotaenia endospira (BREBISSON) ARCHER SpiEnd 80 31 - -4 2 - 4 -

WiLLIAMSON 2000, STASTNY 2008). Actinotaenium
cucurbita, Cylindrocystis brebissonii, Cosmarium
undularum  and Mesotaenium NAGELT species
are commonly mentioned from aero-terrestrial
substrata, having strong resistance to long-term
desiccation (ErtL & GARTNER 1995, WILLIAMSON
2000). None of the observed desmid taxa could
be indicated as an entirely aquatic species, though
some of them are occasionally reported from
aquatic environments (&.g. Penim spinospermum
from acid boggy water bodies; Krieger 1937).
Interestingly, even if several investigated taxa
can be designated as extremely rare species (e.g.
Cosmarium obliquaan, var. trigonum, Huastrum
brevisinuosum, Spirotaenia endospira), they were
repeatedly found in high abundances during the
winter exhalations. For example, mucilaginous
algal mats of Cosmarium obliguum, var. trigonum
were macroscopically visible in winter season
inside the ventarole 1.

To summarize, the Bore¢ Hill ventaroles
represent a unique type of biotope, with a specific

algal flora adapted to the periodical periods of
warim, moist air exhalations of several months®
duration. As a whole, the algal composition could
not be assigned to any known acro-terresirial
biotope. Rather, they can be considered as a
specific type of transitional biotope between
acro-terrestrial and freshwater environments.
Moreover, the ventaroles are demonstrably
inhabited by several very rare species. Thus, the
Bore¢ Hill ventaroles definitely represent one of
the most valuable aero-terrestrial localities in the
region.
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Diversity of subaerial algae and cyanobacteria on tree bark
in tropical mountain habitats®

Jit{ NeusTuPa & Pavel SKALOUD

Department of Botany, Faculty of Seience, Charles University of Prague, Bendtskd 2, CZ-12801 Praha 2, Czech Eepublic;
e-mail: neustupa@natur. cuni.cz

Abstract: We report the species composition of subaerial epixylic algae and cyanobacteria from a South-East Asian
mountain rainforest locality in Cibodas, West Java. Green algae { Trebouziophyceae, Chlorophyceae, Trentepohliales) were
dominant and Cyarobacteria were the second most frequent group. We specifically concentrated on the comparison of species
composition of closed primary forest and open antropogenic spaces. Trentepohitales and Cyanobacteria dominated in open
spaces with higher light intensities, whereas closed forest localities were dominated by trebouxiophycean coccal green algae.
There was a significantly higher algal diversity in open spaces than in closed forest samples indicating the limiting effect
of light on subaerial algal communities of closed tropical forests. A number of isolated strains and morphotypes probably

represent undescribed taxa.

Key words: subaerial algae; Trebouxiophyceae; Chlorophyceae; Trentepohliales; Cyanobacteria; diversity

Abbreviations: ANOSIM, analysis of similarities; NMDS, non-metric multidimensional scaling

Introduction

Since the 19th century the diversity of tropical sub-
aerial algae growing on tree bark and leaves has been
investigated in different localities and habitats (Harlot
1889; de Wildemann 1890, 1897; Printz 1939). In addi-
tion, there are several more recent detailed taxonomic
and floristic studies dealing with tropical subaerial al-
gae. However, these works are almost exclusively con-
centrated on Trentepohliales — a physiognomically most
prominent algal group forming the subaerial growths
on tropical trees (Thompson & Wujek 1997; Salleh &
Milow 1999; Neustupa 2003, 2005; Rindi et al. 2003).
Information on the distribution of other algae and
cyanobacteria in these habitats is extremely scarce —
and mostly concentrates on descriptions of new species
rather than on the diversity and dynamics of species
composition (Neustupa & Sejnohova 2003; Neustupa
2004; Rindi et al. 2006a; Neustupa et al. 2007). Thus,
we still do not know which algal groups (apart from
Trentepohliales) actually constitute the growths on tree
bark in tropical ecosystems and, at the same time, we
do not have a real idea on the micrealgal diversity of
these tropical habitats.

In this study, we concentrated on the analysis of
differences in species composition of epixylic algae and
cyanobacteria in samples from mountainous habitats
of Cibodas area (West Java, Indonesia). Using cultiva-

tion methods we especially attempted to characterize
the diversity of unicellular green algae that had heen
overlooked in previous studies. Qur samples comprised
epixylic growths from 10 tree specimens of a closed
primary mountainous rainforest and adjacent anthro-
pogenic open spaces of a mountainous garden. Primar-
ily, we aimed at the identification of differences between
closed forest and open spaces localities. We also inves-
tigated the possible differences in algal species compo-
sition that could be ascribed to the species identity of
the host tree, to bark roughness and to the types of
cultivation media. Using microscopic methods, we were
not able to identify many taxa of coccal green algae and
cyanobacteria. Rather than trying to assign all of our
isolates to traditional species names, we concentrated
on the characterization of individual morphotypes in
order to compare the composition and diversity of sam-
ples in ecologically different habitats. Thus, this study
deals primarily with the ecology of algal diversity in
subaerial epixylic habitats of a mountainous tropical
forest. The taxonomic identifications in individual taxa
were left to detailed studies involving molecular analy-
ses and other methods (see e.g. Neustupa et al. 2007,
Eli4% et al. this volume).

Material and methods

The samples were collected in Cibodas Botanical Garden

* Presented at the International Symposium Biology and Tazoromy of Green Algae V, Smolenice, June 26-29, 2007,

Slovakia.

(€)2008 Institute of Botany, Slovak Academy of Sciences

@ Springer
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Table 1. List of investigated samples.

807

Sample no. Tree species Habitat Bark roughness Proportion of open sky (%)
1 Ehretia javanica Bl. forest 2 15
2 Ehretia javanica Bl. forest 1 10
2 Manglietia giauca Bl forest 1 15
4 Cleistocalyx operculata (Roxb.YMerr. & Perry forest 1 20
5 Schima wallichis (DC.) Korth. forest 2 10
6 Agathis dammara (Lamb.) Rich. & A. Rich. garden 1 20
7 Altingia excelsa Nororia (Rasamala) garden 2 45
8 Schima wallichis (DC.) Korth. garden 3 50
9 Livistona decipiens Becc. garden 2 20

10 Altingia excelsa Norona (Rasamala) garden 2 40

Table 2. A list of species from investigated localities. Different cultivation media are indicated as A — BBM and B — DY IV,

1

2 3 4 5 6 7 8 9 10

ABABABABABABABABABAEB

Cyanobacteria

Leptolyngbya sp. 1

Leptolynabya sp. 2

Nostoc sp. 1

Nostoc sp. 2

Nostoc cf. entophytum Bornet & Flahault

Nostoc of. punctiforme (Kitz.) Hariot

Seytonema ocellatum Lyngbye ex Bornet & Flahanlt
Seytonema sp.

Chlorophyceae

Bracteacoccus sp.

Coelastrella sp.

Mychonastes homosphaera (Skuja) Kalina & Pundochafova
Scotiellopsis rubescens Vinatzer
Trebouxiophyceae

Chlorella sp. 1

Chlorella sp. 2

Chlorella sp. 3

Chiorella sp. 4

Dictyochioropsis sp.

Elliptochloris ap.

Pseudococcomyza simplez (Mainx) Fott
Pseudococcomyza sp.

Stichococeus bacillaris Nag,

Watanabea sp.

Ulvophyceae

Printzing bosset (De Wildeman) Thompson & Wujek
Printzina effuse (Krempelhiiber) Thompson & Wujek
Printzinag cf. lagenifers (Hildebrand) Thompson & Wujek
Trentepohiio aurea (L.) Martius

Trentepohlia monilio De Wildemann

Trentepohlia sp.

[

[l

2 1 2 2
1
1
1
11 1 2 2 2 1
1 2 2 2 1 1
1 2
1
2 2
1
1 2 11
1 2
1
1 1
1
1
2 1 1 2 21 1
1 1 2
22 2 212 2 211 1 2 2 2 2 2
1
1 1
2
2 2 2
11 2 21 1
1 1 2
2 2 2 2
1
1

{(geographical coordinates 6°45/30"S and 107°00'10"E) of
the Indonesian Institute of Science (L.I.P.1.) at an altitude
of 1290-1350 m a.s.l. in a climatically homogenous area of
approximately 4 km® (Table 1). The bark of 10 trees with
a trunk diameter of more than 30 cm was sampled for sur-
face microbial growths at a height of 120-40 cm above the
soil level, evenly around the trunk perimeter (collected in
February 2001). Bark roughness was estimated into three
categories (smooth, undulated, strongly wrinkled). The pro-
portion of an open sky was used as an estimate of illumina-
tion in individual microlocalities (Niinemets 1998; Nifinluri
et al. 1999). The homogenized samples were placed in Petri
dishes within 72 h after the collection. They were cultivated
on BBM (Bischoff & Bold 1963) and DY IV (Sandgren et

al. 1996) agar media at a temperature of 25°C and an il-

lumination of 40 pmol m ™2 s~ ' provided by 18W cool flu-
orescent tubes (Philips TLD 18W/33). Microphotographs
were taken with Olympus BX51 light microscope and Olym-
pus 45060 digital equipment using Nomarski differential in-
terference contrast optics. Quantities of individual species
were estimated as two categories (rare species — one to three
colonies on Petri dishes, more frequent species — higher num-
ber of colonies). For identification we used relevant tax-
onomic and identification monographs and papers (Printz
1929; Komarek & Fott 1983; Sarma 1986; Ettl & Géartner
1995; Komarek & Anagnostidis 2005; Rindi et al. 2005).
Statistical analyses involved the non-metric multidi-
mensional scaling (NMDS) of species composition data. us-
ing the Manhattan distance measure in PAST, ver. 1.67.
software (Hammer et al. 2001). NMDS ordination was used
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Figs 1-16. 1 — Leptolyngbya sp. 1; 2 — Leptolyngbya sp. 2; 3, 4 — Nostoc cf. entophytum; 5, 6 — N. cf. punctiforme; 7 — Nostoc sp. 1; 8
— Nostoc sp. 2; 9, 10 — Scytonema ocellatum; 11 — Scytonema sp.; 12 — Bracteacoccus sp.; 13, 14 — Coelastrella sp.; 15 — Mychonastes

homosphaera; 16 — Scotiellopsis rubescens; scale bar 10 pm.

for the visualization of similarities in species composition of
samples with a scatter plot of the first two axes (stress factor
0.1775). The significance of differences in algal composition
between forest and open spaces samples and between both
types of cultivation media was assessed using Manhattan
distances by non-parametric two-group ANOSIM permuta-
tion tests with 10,000 permutations (Clarke 1993; Hammer
et al. 2001; Carballo et al. 2002; Rico & Gappa 2006). The
differences in species diversity between closed forest and
open spaces samples were evaluated using permutation test
on Shannon diversity index of data sets pooled from both
habitat types. Two-matrices and partial Mantel tests of ma-
trix correlations were used for evaluation of effects of culti-
vation medium type, host tree species, bark roughness and
illumination on algal composition indicated with Manhat-
tan distance in pairs of samples (Mantel 1967; Cayuela et
al. 2006). Significance was assessed by 10,000 permutations

of original matrices. Mantel tests were conducted in PAST
ver. 1.67. and 2t ver. 1.0. software (Bonnet & Van der Peer
2002).

Results

In the investigated samples, we identified 28 taxa of
algae and cyanobacteria (Table 2, Figs 1-40). The av-
erage species number was 4.8 in closed forest and 7.8
in open spaces. The permutation test on Shannon in-
dex between these two habitat types revealed signif-
icant differences (p = 0.006) indicating a higher al-
gal diversity in open spaces samples. The NMDS or-
dination diagram (Fig. 41) illustrated the similarity in
species composition of forest samples, whereas there
was higher variation in composition of open spaces
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Figs 17-32. 17, 18 — Chiorella sp. 2; 19 — Chlorella sp. 3; 20 — Chlorella sp. 4; 21-23 — Dictyochloropsis sp.; 24, 25 — Elliptochloris sp.;
26 — Pseudococcomyza sp. 2; 27 — Watanabea sp.; 28-30 — Printzina bosses; 31, 32 — P. effusa; scale bar 10 pm.

samples. The ordination diagram suggested close sim-
ilarity in algal composition obtained from samples by
cultivation on different media. This relation was con-
firmed by the Mantel test of the species composition
distance matrix (Manhattan distances) vs. matrix of
sample identity (r = 0.7816, p = 0.0004). Thus, the
cultivation on different media types did not impose a
significant change on the species composition identi-
fied from individual samples. Two-group ANOSIM re-
vealed a clear difference in species composition of for-
est vs. open spaces samples (mean rank within groups
87.38, mean rank between groups 102.8, »r = 0.1623,
p = 0.0027). Not surprisingly, the forest/open space
affiliation closely correlated with the proportion of
open sky as an indirect measure of irradiation (r =
—0.8946, p = 0.0001) and the Mantel test of species

composition matrix vs. proportion of open sky dif-
ference matrix revealed a significant correlation (r =
0.3484, p = 0.0284). There were some clear group
preferences in the occurrence of individual major al-
gal and cyanobacterial groups in the two habitat types.
The distribution of Trentepohliales and cyanobacteria
correlated positively with the proportion of open sky
(r = 0.5334, p = 0.0155 in Trentepohliales; r = 0.6818,
p = 0.0009 in cyanobacteria). On the other hand,
the distribution of green microalgae, taken as a single
physiognomic group, did not correlate with this mea-
sure (r = 0.1953, p = 0.4092). There were several
species occurring in at least two samples only in open
space habitat, e.g. Nostoc cf. punctiforme (Fig. 4), Scy-
tonema ocellatum (Fig. 10), Mychonastes homosphaera
(Fig. 15), Stichococcus bacillaris, Printzina bossei (Figs
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