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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 research activities in this 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, where I completed my PhD in Botany in 2008. I 

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:  

 

¶ What is the real species diversity within traditionally defined taxa of subaerial 

green algae?  

¶ How do the green subaerial algae evolve, speciate and morphologically 

diversify?  

¶ Could the morphologically unrecognisable, cryptic species be defined by their 

different ecological traits?  

¶ 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 state of knowledge 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 the above-mentioned 

questions. A majority 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 several new lineages 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 subaerial green algae and particular investigations aimed at assessing potential 

ecological differentiation of the hidden, morphologically uniform taxa.  

Finally, the outputs of the above-mentioned investigations are used in the fifthlast 

introductory chapter of the thesis to discuss the species concept of green algae, or more 

generally, protist organisms. 

 

 

 

 

Prague, October 7th, 2013 
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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·pez-Garcia & Moreira 2008, Zhao et al. 2012).  

The significant underestimation 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 species-level diversity 

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. 2007, Evans 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 undiscovered species 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 cultures. 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, 

Lecroq 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 species (Fig. 1). 

In this habilitation thesis, I 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. 2008, Leliaert 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 shown that 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, Leliaert et 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 century (K¿tzing 1847). Other examples include the 

endophytic marine green alga Blastophysa rhizopus, the marine quadriflagellate 

Oltmannsiellopsis viridis, the subaerial, coccoid Ignatius tetrasporus and the epizoic, 

filamentous Trichophilus welckeri, which have been recovered as distinct lineages of 

Ulvophyceae (Nakayama et al. 1996, Friedl & OôKelly 2002, Watanabe & Nakayama 2007, 
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Cocquyt et al. 2010, Suutari et al. 2010). In other cases, molecular data have resulted in 

unexpected taxonomic transfers. For example, the invertebrate pathogen Helicosporidium, 

considered 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 genus Pedinomonas, traditionally affiliated with either Prasinophyceae 

(Moestrup 1991) or Ulvophyceae (Melkonian 1990), has been recovered as a distinct clade, 

sister to the core chlorophytes (Marin 2012). 

 

 
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 clone library 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 genera of green algae. In Trebouxiophyceae, a 

substantial number of cryptic species was discovered in genera Chlorella (Bock et al. 2011), 

Dictyosphaerium (Krienitz et al. 2010), Micractinium (Luo et al. 2010) or Trebouxia (Kroken 

& Taylor 2000). Within the class Chlorophyceae, a high level of cryptic diversity was 

determined in genera Desmodesmus (Vanormelingen et al. 2007, Fawley et al. 2011), 

Scenedesmus (Lewis & Flechtner 2004), Mychonastes (Krienitz et al. 2011), Pseudomuriella 

(Fuļ²kov§ et al. 2011) and Bracteacoccus (Fuļ²kov§ et al. 2013). Cryptic species were also 

detected within the protist genera of Ulvophyceae (Rindi et al. 2009) and in Prasinophyceae 

(Ġlapeta et al. 2006). In protist streptophytes, the highest levels of cryptic diversity were 

recognised in Klebsormidium (Rindi et al. 2008, 2011) and desmids (Denboh et al. 2003, 

Neustupa et al. 2010, Nemjov§ et al. 2011, ĠŠastnĨ et al. 2013). 
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Characteristics of green subaerial algae 

 

Green algae form an important part of aerophytic and terrestrial microbial communities. 

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 green algae 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 surface-to-volume ratios (Hoffmann 1989). Consequently, 

morphological identiýcation of subaerial green algae requires considerable effort in 

distinguishing minute differences in structure and variation of form in populations that would 

be completely unidentiýable or even undetectable in the ýeld material.  

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 has been published by Ettl & Gªrtner (1995), who listed 

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 desmids and 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 

substantially revisited (Lop®z-Bautista et al. 2007).  

 

 
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 (e.g. Chlorella, Stichococcus, Trebouxia and Asterochloris). The 

three remaining classes of Chlorophyta mostly include freshwater algae, though they 

comprise several important lineages of subaerial algae (the genera Bracteacoccus, 

Chlorococcum and Tetracystis within the Chlorophyceae; and the order Trentepohliales 

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 nearly every 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 (Evans & 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, 1964) 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 extensively 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 physico-chemical factors on 

the species composition of subaerial algal assemblages, including green algae. For example, 

Heden¬s et al. (2007) illustrated that abundance of several corticolous algal genera increases 

with the forest stand age. In addition, climatic factors were found to represent a major factor 

affecting the species composition of subaerial algae. For example, B¿del et al. (2009) reported 

a significant impact of frequency of precipitation on the development of subaerial algal 

communities in southern Africa. Similarly, climatic factors probably control the species 

composition of aerophytic algal communities growing on urban walls (Prasiolales-dominated 

assemblages in Atlantic parts of Europe vs. Klebsormidium-dominated growths in continental 

and Mediterranean cities; Rindi & Guiry 2004, 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 these poorly known microbial 

communities. In PAPER [1] (Ġkaloud 2009), I investigated the influence of various physico-

chemical factors on the subaerial algal flora of the top parts of the Boreļ Hill, known for the 

presence of unique winter warm air exhalations, so-called ventaroles. Statistical analyses 

resolved pH, temperature and humidity to be the major factors influencing species 

composition of subaerial algae. In PAPERS [2] and [3] (Neustupa & Ġkaloud 2008, 2010), we 

investigated the diversity patterns of aerophytic algae in tropical habitats, to evaluate the role 

of habitat conditions in the structuring of these poorly known microbial communities. First, 

we illustrated higher diversity of corticolous algae in open-space tropical mountainous 

habitats in comparison with the shaded closed forest undergrowth (Neustupa & Ġkaloud 

2008). In addition, we reported significant changes between microalgal samples from bark 

and bare wood of trees in the lowland tropical forest (Neustupa & Ġkaloud 2010). 
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Hidden diversity at the level of higher taxa 

 

Since the 1990s, the application 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, 

Huss et al. 1999, Krienitz et al. 2001, Prºschold et al. 2001). This is especially the case for the 

coccoid green algae, mainly because of their simple morphology, which presumably evolved 

multiple times during the diversification of the green tree of life. The significant re-

establishment of the traditional generic concept of coccoid green algae could be well 

demonstrated on the genus Chlorella, representing one of the most famous microalgal genera 

worldwide. Due to its high growth rate and easy cultivation, Chlorella 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 of Chlorella is one of the worst among the green algae, 

and the majority of commercially exploited Chlorella strains most likely belong to different or 

even yet undescribed lineages. According to the recent molecular phylogenetic investigations, 

species having typical Chlorella morphology (i.e. unicellular green algal species with globular 

to oval cells reproducing entirely by autospores) were found to be polyphyletic, comprising 

several unrelated phylogenetic lineages dispersed over two classes of chlorophytes, the 

Chlorophyceae and the Trebouxiophyceae (Huss et al. 1999). According to the present 

knowledge, the traditionally conceived genus Chlorella forms at least 10 particular lineages 

corresponding to different genera (Auxenochlorella, Chlorella, Chloroidium, Chromochloris, 

Desmodesmus, Heterochlorella, Mychonastes, Parachlorella, Pseudochloris and 

Scenedesmus; An et al. 1999, Huss et al. 1999, Krienitz et al. 2004, Darienko et al. 2010, 

Neustupa et al. 2009, Fuļ²kov§ & Lewis 2012, Somogyi et al 2014). In addition, several 

organisms possessing characteristic Chlorella morphotypes have been recently described as 

new, phylogenetically distinct genera, such as Heveochlorella (Zhang et al. 2008), 

Marinichlorella (Aslam et al. 2007), Meyerella (Fawley et al. 2005), Parachlorella (Krienitz 

et al. 2004) and Planktochlorella (Ġkaloud et al. 2014). Finally, the traditional morphological 

features used to delimit the genus Chlorella were found to be artificial, not applicable to all 

recently included species (Bock et al. 2011).  

During the last five years, we investigated the diversity of subaerial, Chlorella-like 

green algae in tropical and subtropical environments to obtain better insight into the real 

diversity of those morphologically simple organisms. As a result, we discovered a number of 

novel green algal lineages, which we described as new genera. Within the Chlorophyceae, we 

uncovered two new lineages: In PAPER [4] (Eli§ġ et al. 2010), we described a novel genus 

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 

Scenedesmaceae (Sphaeropleales, Chlorophyceae), related to the genus Desmodesmus, 

despite lacking the defining phenotypic features of Desmodesmus of a cell wall with four 

sporopolleninic layers ornamented with peculiar submicroscopic structures. In PAPER [5] 

(NŊmcov§ et al. 2011), we analysed in detail the newly established cultures of a 
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morphologically distinct Chlorella-like organism, which we had frequently observed during 

our ecological studies on aerophytic algae in tropical habitats (PAPERS [2] and [3]; Neustupa 

& Ġkaloud 2008, 2010). Molecular phylogenetic analyses clearly demonstrated that we 

discovered a novel, deeply branching lineage in an unresolved position within the 

chlorophycean CS clade (Chlamydomonadales + Sphaeropleales). Accordingly, we described 

this lineage as the new genus, Jenufa. Investigation of several strains isolated from algal 

bioýlms growing on tree bark in a Southeast Asian tropical rainforest resulted in the 

description of two species, J. perforata and J. minuta. Interestingly, our tropical 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 newly isolated Chlorella-like organisms led 

to the description of three new genus-level lineages. In PAPER [6] (Neustupa et al. 2009), we 

characterised the morphology, ultrastructure and phylogenetic position of a strain isolated 

from a bamboo stem in Singapore. The phylogenetic reconstructions clearly indicated that it 

represents a new lineage of the trebouxiophycean Watanabea clade, which we described as a 

novel genus Kalinella. In addition, we proposed a new generic name Heterochlorella to 

accommodate a species previously referred to as óChlorellaô luteoviridis, forming another 

distinct lineage within the Watanabea clade. In PAPER [7] (Neustupa et al. 2013a), 

phylogenetic analyses of a strain isolated from the microbial biofilm growing bark in Slovenia 

resulted in the description of a new genus, Leptochlorella. Both the 18S rDNA and rbcL 

sequence data consistently resolved Leptochlorella as a distinct clade in an unresolved 

position within the Trebouxiophyceae. Interestingly, molecular diversity studies based on the 

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 differences in autecology of these 

organisms suggest that all these organisms almost certainly belong to different species of the 

genus Leptochlorella. Finally, in PAPER [8] (Neustupa et al. 2013b), we described another 

new genus within the trebouxiophycean Watanabea lineage, the Parachloroidium, 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 genera were shown to share a unique single amino acid 

insertion of lysine in the rbcL gene. As far as we know, this insertion was never detected in 

the organisms belonging to the kingdom Viridiplantae, so far. 

Apart from the Chlorella-like organisms, we also investigated several morphologically 

distinct genera. In PAPER [9] (Neustupa et al. 2011), we investigated the phylogenetic 

position, morphology and ultrastructure of a subaerial green alga, characterized by having 

elongated cells possessing a single band-shaped 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 organism represents an 

independent trebouxiophycean lineage without an obvious sister group, which we described 

as a genus Xylochloris. In PAPER [10] (Gaysina et al. 2013), we focused on morphologically 

distinct coccoid subaerial green alga, isolated from a soil sample in a forestȤsteppe in the 

South Urals in Russia. This alga was characterised by the formation of spherical or pyriform 
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cells often grouped in irregular masses or colonies. The cells harboured a morphologically 

complex, pyrenoidȤlacking parietal chloroplast with the undulated margin. Molecular 

phylogenetic investigations revealed this alga as a new trebouxiophycean lineage related to 

the genus Leptosira, which we described as a novel genus Chloropyrula.  

As mentioned in the first introductory chapter, a number of newly 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 distinct, yet molecularly uncharacterised genera could 

improve our understanding of green algal evolution. One such green algal genus has been 

investigated in PAPER [11] (Ġkaloud et al. 2013). In this study, we investigated the 

morphology and phylogenetic position of 11 strains determined as members of the genus 

Scotinosphaera. In fact, the study was initiated by the isolation of a morphologically 

remarkable Scotinosphaera strain during the investigation of subaerial green algae in Boreļ 

Hill ventaroles (PAPER [1], Ġkaloud 2009). To infer the phylogenetic position of the genus 

Scotinosphaera properly, 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 a 10-gene alignment of 32 selected taxa. All phylogenetic reconstructions 

inferred Scotinosphaera as 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 

organisms have played an important role in the early diversiýcation of the Ulvophyceae. 

 

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 Finlay & Clarke (1999). Speciýcally, it has been postulated that 

global protist species diversity is much lower than for macroscopic animals and plants 

because most small-sized protist species have global dispersal (Fenchel & Finlay 2004, 

Fenchel 2005). According 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 

deýned taxa (see Protist diversity chapter), which is in obvious contrast to the low presumed 

protist diversity hypothesis. Accordingly, Fenchel & Finlay (2006) postulated that the use of 

genetic data brought confusion into the estimations of real diversity in protists. They proposed 

that the variation in molecular markers reþects the accumulation of neutral mutations over 

historical times rather than the existence of morphologically indiscernible, cryptic species. 

Finally, they emphasised the usefulness of the phenotype as the only proper feature to deýne 

real species of protists (Fenchel & Finlay 2006). 
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In this habilitation thesis, I 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 a high number of 

cryptic species. I focused on two model taxa, the subaerial algal genera Klebsormidium and 

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 cryptic species 

in a protist morphospecies.  

Klebsormidium represents a ýlamentous green algal genus broadly distributed in 

terrestrial and freshwater habitats worldwide. Although Klebsormidium is one of the most 

widespread microchlorophytes in the world, the delineation of species boundaries is very 

problematic, particularly because of the lack of relevant discriminating morphological 

features. In PAPER [12] (Ġkaloud 2006), I aimed to evaluate the usefulness of the current 

discriminating features (cell dimensions and reproductive 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, I reported a large overlap in 

morphology between traditionally circumscribed Klebsormidium species. In addition, some 

features considered taxonomically important were demonstrated to show some variation 

depending on the age and the physiological conditions of the specimens examined. In PAPER 

[13] (Ġkaloud & Rindi 2013), we compared the variety of morphological features with the 

molecular phylogenetic data, based on the analysis of a single, genetically highly variable 

Klebsormidium lineage. The results of inferred character evolution indicated the existence of 

phylogenetic signal in only two phenotypic characters (production of hydro-repellent 

ýlaments and morphology of zoosporangia). More importantly, the lineages recovered 

exhibited strong ecological preferences to one of the three habitat types: i) natural subaerial 

substrata, ii) artiýcial subaerial substrata and iii) aquatic habitats. Therefore, the results clearly 

point to the existence of a high number of cryptic species within the single morphospecies.  

The genus Asterochloris represents one of the most common lichen symbionts, 

predominantly occurring in thalli of lichens classified into the suborder Cladoniineae of 

Lecanorales. Rarely, Asterochloris has been reported outside the lichen thallus as free-living 

populations (Ahmadjian 1987). Determination of particular Asterochloris species 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 this genus. First, in PAPER [14] (Ġkaloud & Peksa 2008) 

we used laser scanning confocal microscopy to investigate the chloroplast morphology and 

ontogeny in five selected Asterochloris strains. The examination revealed the existence of 

interspecific differences in the chloroplast ontogeny of Asterochloris, based upon the specific 

chloroplast structures observed in a single species. Next, in PAPER [15] (Ġkaloud & Peksa 

2010), we formally circumscribed the genus Asterochloris and presented the extensive 

investigation 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 been assigned to any 

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 heavy metals on the composition of 

lichen photobionts (PAPER [16], Baļkor et al. 2010), we recovered a number of new 

Asterochloris lineages, which were not discovered in our previous study. Interestingly, we 

found that the photobiont inventory is rather rich even in the 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 differentiated by probably complementary ecophysiological responses 

(Casano et al. 2011). Finally, in PAPER [17] (Peksa & Ġkaloud 2011), we investigated the 

putative environmental requirements of particular Asterochloris lineages in Lepraria and 

Stereocaulon lichens. Phylogenetic analysis based on the concatenated set of ITS rDNA and 

actin type I intron sequences revealed 13 lineages, which significantly differ by their 

ecological preferences. The rain and sun exposure were the most significant environmental 

factors, clearly distinguishing the particular 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 their substrate 

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 the ecological niches available to lichens 

and lead to the existence of specific lichen guilds. 

Along with the long-term investigation of model taxa Klebsormidium and Asterochloris, 

we investigated the cryptic diversity in some other subaerial taxa. In PAPER [18] (Ġkaloud 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 all described species. 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 in Dictyochloropsis, which was indeed made obvious by 

following preliminary molecular analyses (Ġkaloud 2008). In PAPER [19] (Eli§ġ et al. 2008), 

we investigated a subaerial corticolous strain, tentatively determined as Elliptochloris 

bilobata. Detailed morphological, morphometrical and molecular analyses clearly recognised 

a newly isolated strain from the authentic strain of E. bilobata, suggesting the existence of 

two distinct hidden species. However, to fully satisfy a particular reviewer during the 

manuscript revision, the newly recognised hidden species has been finally described as a 

variety of E. bilobata, var. corticola. 

Finally, we have reported a so-far rare case of taxonomic inflation in coccoid subaerial 

algae (PAPER [20], Eli§ġ et al. 2013), that is, the presence of a taxonomic redundancy 

associated with the traditional taxonomic schemes. Instead of resolving several cryptic species 

within a single morphospecies, we realised that a series of algal strains, identified as 

Nephrodiella spp., Ellipsoidion parvum and Neocystis spp., in fact represent just two 

morphologically similar trebouxiophycean genotypes. In addition, the morphological and 

molecular investigations revealed that the degree of morphological variability is higher among 

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 as Neocystis brevis and Neocystis mucosa. 
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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 biodiversity 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 identify 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 concept) has been given by Prºschold & Leliaert (2007), and I will 

not discuss them in this habilitation thesis. Instead, I 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 compensatory base changes (CBCs) in the ITS-2 

rDNA molecule, ii) the barcoding of the ITS-2 rDNA molecule and iii) the algorithmic 

species delimitation using the General Mixed Yule-Coalescent model. The application of 

these concepts to the diversity data on genera Klebsormidium and Asterochloris will 

subsequently illustrate their potential power and pitfalls in species delimitation. 

The ITS-2 CBC-based species concept was introduced by Coleman (2000), who 

reported the coincidence between the mating ability of Gonium pectorale clones and the 

presence of so-called 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 helices II and III of ITS-2 rRNA should discriminate 

among the different biological species.  

 

 
 

Figure 3. The compensatory base change (CBC) represents a double-sided base change of a nucleotide 

pair in a helix, retaining its secondary structure. In addition to the usual WatsonïCrick base pairs, less 

stable GïU pairs (sometimes called ówobble pairsô) are often seen in RNAs, allowing single base 

substitutions leading to the development of CBCs (after Gorodkin et al. 2010). 
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The concept has been slightly modified by M¿ller et al. (2007), who analysed the 

presence of CBCs in all ITS-2 rRNA helices, including the variable regions. Large-scale 

testing on more than 1300 species revealed a high probability (93%) of the correlation 

between the classification of two organisms into separate species and the presence of CBCs in 

their ITS-2 molecules. Finally, it was demonstrated that in the case of intragenomic 

variability, the particular ITS-2 variants do not generally differ by CBCs (Wolf et al. 2013). 

Although the ITS-2 CBC-based 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, 

Hegewald et al. 2010, Krienitz et al. 2011), it was subjected to mounting criticism (Caisov§ et 

al. 2011, 2013, Assun­«o et al. 2012). In particular, it was demonstrated that the CBCs are not 

diagnostic at the species level and that even genera, families and orders of green algae could 

lack CBCs in such regions (Caisov§ et al. 2011). Our investigations on the genera 

Asterochloris and Klebsormidium corroborate the above-mentioned criticism, as the particular 

hidden species were mostly not discriminated by CBCs. In Asterochloris, the majority of 

species pairs lack CBC differentiation, though the presence of CBCs was analysed in both 

ITS-1 and ITS-2 rRNA molecules (PAPER [15]; Ġkaloud & Peksa 2010). In addition, some 

species (e.g. A. glomerata and A. irregularis) did not differ by a single CBC with any other 

Asterochloris species. In Klebsormidium, none of the recognised, ecologically defined 

Klebsormidium clades was differentiated by a single CBC (PAPER [13]; Ġkaloud & Rindi 

2013). Therefore, the ITS-2 CBC-based species concept is obviously not generally applicable 

to differentiate the species of green algae, in particular those forming the hidden species 

complexes. 

Quite recently, Demchenko et al. (2012) introduced the newly developed ITS-2 DNA 

barcode species concept, based on the molecular signatures (DNA barcodes) gained from the 

conserved regions of the ITS-2 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 number (i.e. AïU = 1; 

UïA = 2, GïC = 3, CïG = 4, GïU = 5, UïG = 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 ITS-2 DNA barcode (Fig. 4). 

 

 
 

Figure 4. ITS-2 DNA barcode species concept. Particular Microglena species are characterised by a 

unique series of 80 numbers (barcodes A, B, C). The barcodes are generated by translation of a base 

pair alignment, using a number coding for each base pair (after Demchenko 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 genera Chlorella, Coccomyxa and 

Chlamydomonas (Prºschold et al. 2013). When compared with the CBC species concept, the 

ITS-2 DNA barcode concept could recognise a higher number of taxa when analysing 

identical ITS-2 rRNA sequence data. In fact, the presence of any mismatched, deleted or 

unpaired nucleotide in the conserved regions of ITS-2 is interpreted as a hallmark of the 

presence of two separate species. 

Using the procedure described in Demchenko et al. (2012), I have identified the ITS-2 

DNA barcodes for all investigated strains in genera Asterochloris and Klebsormidium. 

However, similarly to the CBC-based 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. glomerata and 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 clades A2 and A11). 

In Klebsormidium, I identified only four barcodes, each differing by a single base pair 

modification (Fig. 6). Most of the hidden species shared the single, identical barcode óAô. On 

the other hand, two of the four recognised barcodes split the phylogenetically and genetically 

circumscribed species into two groups (clades 2, 5). 

 

 
 

Figure 5. ITS-2 DNA barcoding of the genus Asterochloris. For each sequence, a series of 68 

numbers was generated using the base pairs coding (AïU = 1; UïA = 2, GïC = 3, CïG = 4, GïU = 5, 

UïG = 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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Figure 6. ITS-2 DNA barcoding of the genus Klebsormidium. 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 Yule-coalescent model (GMYC) has been 

recently used to delimit independently evolving species of many organisms (Pons et al. 2006, 

Fontaneto et al. 2007), including the green algal genus Boodlea (Leliaert et al. 2009b). The 

method detects species boundaries based on differences in branching rates at the level of 

species and populations. The branching rate is analysed on an ultrametric tree, using a 

lineage-through-time plot. Specifically, a combined maximum likelihood (ML) model that 

separately describes population (a neutral coalescent model) and speciation (a stochastic birth-

only or Yule model) processes, that is, a general mixed Yule-coalescent (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 coalescent branches, 

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 

Fujisawa & Barraclough 2013). 
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 Using the method described by Hoef-Emden (2012) and Barraclough (2013), I have 

applied a GMYC approach to delimit putative species in the Klebsormidium dataset. The 

analysis identified 39 clusters (i.e. separate species; p = 0.03), with, however, a broad 

confidence interval (3ï45 clusters). The number of 39 putative 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 the simulation 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. 

 

 
 

Figure 8. Ultrametric tree of the genus Klebsormidium. The graph below represents the corresponding 

lineage-through-time plot. The red vertical line indicates the threshold between the interspecific and 

intraspecific variability, as estimated by a general mixed Yule-coalescent (GMYC) model. The 

vertical red and blue lines indicate clusters of species identified by the GMYC model (red) and the 

ecological data (blue; PAPER [13]; Ġkaloud & Rindi 2013). 
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Interestingly, this artefact of identical sequences has been recently reported by Hoef-

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 sampling could 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 subaerial algae, as 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 concepts. In Klebsormidium, 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 postulated to represent 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 the ITS-2 

molecule should be selected first. However, various authors select the conserved regions in 

different ways (e.g. Coleman 2000, M¿ller et al. 2007, R®blov§ et al. 2013). Similarly, the 

selection of conserved regions strongly affects the total number of inferred ITS-2 barcodes 

(i.e. the total number of 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, gradually 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 likely to be differentiated 

by CBCs and genetic barcodes. If we assume a punctual speciation event for the origin of two 

hypothetical species, these will definitely possess the identical ITS-2 molecules.  

There are a number of evolutionary processes that make the delimitation of species taxa 

from each other very difficult. The most important is so-called mosaic evolution, resulting in 

discord between the messages provided by various characters (Mayr 1996, De Queiroz 2007). 

As a consequence, drawing the species line between 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 criteria represents 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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