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A B S T R A C T
We analyzed phylogenetic reconstructions of  charophytes (streptophyte) algae 
and assessed the importance of  new phylogenetic hypotheses on some aspects 
of  the evolution of  plants. We give attention to the progress made in modern 
molecular biology study, and the occurrence of  biological features and life cycles 
of  organisms and multicellular gravitropism based on the results of  molecular 
physiology and genome evolution. We analyzed generalized information on the 
sig­ni­fi­cance and place of  Сharophyta in the development of  plants, how these 
plants were settled on land and their further development. We represent ideas 
about the modern interpretation of  ancestral forms and consanguinity of  this 
group of  algae with other taxa of  plants. We used a phylogenetic approach in 
analysis of  formation and methods of  cell division, with a deeper concept of  
complexity of  the process of  plant organization (the transition from unicellular 
to multicellular). We assessed evolutionary significance of  the gravitropism phe­
nomenon and some features of  molecular and physiological changes in plant 
or­ga­nisms during the change of  environments and their outlet to the earth. Sum­
marized and analyzed the changes in the modern paradigm in respect of  group 
of  streptophytes algae which can be assessed as a basis of  other plants and close 
re­la­ted to Zygnematales-line group of  algae on the phylogenetic tree.
K e y w o r d s : Сharophytes, phylogenies, evolution, origin, phylogenetic relationships

Р Е З Ю М Е
Паламарь-Мордвинцева Г.М., Царенко П.М., Баринова С.С. Филоге-
нез, происхождение и родственные связи харофитовых водорослей. 
Представлены материалы анализа филогенетических реконструкций харо­
фи­товых водорослей, а также освещена значимость новых филогенети­чес­ких 
гипотез о некоторых аспектах эволюции растений, с учетом современ­ного 
прогресса в их молекулярно-биологическом изу­че­нии, раскрытии осо­бен­
ностей биологии жизненных циклов и развития ор­га­низмов, воз­ник­но­ве­нии 
многоклеточности и гравитропизма, с учетом ре­зуль­татов молекулярной фи­
зио­ло­гии и эволюции генома. Обобщены дан­ные о формировании пред­
став­лений о значимости харофитов в ста­нов­лении мира растений, за­се­ле­нии 
ими суши и дальнейшего их развития. Обсуждается современная трак­тов­ка 
анцестральных форм и родственных связях этой группы водорослей с дру­
гими таксонами рас­ти­тельного мира. С использованием филогенетическо­
го подхода показаны особенности формирования и деления клетки, а так­же 
особенности про­цесса усложнения растительной организации (переход от 
од­но­кле­точ­ности к многоклеточности) и молекулярно-физиологичес­ких из­
ме­нений растительных организмов в период смены среды обитания и выхода 
их на сушу. Обобщены и проанализированы материалы относительно сме­
ны или модификации современной парадигмы о близкородст­вен­ной группе 
стрептофитовых водорослей к базису других растений и род­ственной се­
стринской линии Zygnematales на филогенетическом древе.
К л ю ч е в ы е  с л о в а : харофиты, филогенез, эволюция, родственные связи
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Phylogenesis, Origin and Kinship of the 
Charophytic Algae

Charophyte algae is a monophyletic group of  strep­to­
phyte lines in the evolution of  plants (Viridiplantae), which 
dissociated itself  from chlorophyte lines more than 450 mil­
lion years ago. This taxonomic group now unites unicellular 
and multicellular organisms (monoсytes and coenocytes) 
with different morphological structure of  thalluses, are cha­
racterized by many morphological and cytological features 
similar to other representatives of  Streptophyta, growing in 
diverse environment such as water and soil.

Classic morphological and taxonomic ideas of  direct fa­­
mi­ly con­nec­tions of  charophytes algae (Charales) with cryp­
togams or the consideration of  the group as direct ancestors 
of  "higher plants" have not been confirmed by molecular 
biological research. Also, there is no consensus about how 
these related groups of  plants are phylogenetically related to 
other plants. In particular, if  Mesostigma viride Lauterborn is 
the ancestral form of  Viridiplantae (Bhattacharia & Medlin 
1998, Lemieux et al. 2000, 2007, Rodriguez-Ezpeleta et 
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al. 2007) on the base of  genomic and chloroplast-nuclear 
mitochondrial composition, or considered as complex of  
species M.  viride and Chlorokybus atmophyticus Geitler (Le­
mieux et al. 2007), then the sisterly phylogenetic lines in this 
case is deduced from different taxonomic groups of  the 
Charophytes – Zygnematales /Zygnematophyceae (Turmel 
et al. 2006, Gont­cha­rov 2008, 2009, Wodniok et al. 2011, 
Timme et al. 2012, Zong et al. 2013, Ruhfel et al. 2014, 
Wic­kett et al. 2014), Coleochaetales (Turmel, Gagnon et al. 
2009, Turmel et al. 2009) or Coleochaetales with Zyg­ne­ma­
ta­les (Finet et al. 2010, Laurin-Lemay et al. 2012). 

The aim of  this work is to analyze and generalize in­for­
mation about the modern progress of  the Charophyte algae 
phylogenetic reconstructions, coverage of  the signi­fi­cance 
of  new phylogenetic hypotheses on some key as­pects of  
the evolution of  plants with special attention to molecular 
biological research, the disclosure of  life cycle features, the 
causes of  the emergence of  multicellularity and gravitropism, 
as well as to analyze the results and ideas of  molecular 
physiology in evolution of  the charophytes genomes. The 
tasks are associated with the preparation of  Charophyte 
algal flora of  Ukraine and analyses of  va­ri­ous aspects that 
affect this group of  aquatic plants. Location and value of  the 
Charophyte algae in the organic world have been discussed 
earlier (Palamar-Mordvintseva & Tsarenko 2009).

Phylogenesis  of  the Сharophytes
Reconstruction of  the phylogeny of  organisms was the 

main aim of  biology after the publication of  Darwin’s the­o­
ry of  the evolution of  organisms (Darwin 1859). The emer­
gence of  land plants (Embryophyte) was one of  the grea­
test events in the history of  living things, which caused an 
irreversible evolutionary process in the formation of  life on 
Earth. Setting cladistics principles (Henning 1966) and scien­
tific achievements of  1960–1970 years (Pickett-Heaps 1967, 
1975, Picket-Heaps & Marchant 1972, Marchant & Pic­kett-
Heaps 1973), which outlined precise conceptual frame­works 
for the disclosure of  relationships between organisms and 
formal separation of  charophytic algae in the modern sense 
of  the group’s volume and its diagnostic features (Mattox & 
Stewart 1984), based on information about the features of  cell 
division and the ultrastructure of  the flagellated apparatus, 
made a significant contribution to ta­xo­no­my, arguing first 
clear phylogenetic frame for many groups of  organisms. 
Significant improvement in phy­lo­ge­ne­tic research was the 
reason for historical study of  the mechanisms and processes 
in most major evolutionary events using the formulation of  
hypotheses in the evolutionary patterns of  organisms, which 
led to the creation of  a new System Evolution Theory (SET) 
by Va­len­tin Krassilov (2014).

While early morphological cladistics studies made a 
great contribution in taxonomy, erroneous interpretations 
of  features and the underestimation of  homoplasy led 
to the for­mu­la­tion of  some false hypotheses. In the ear­
ly stage of  molecular studies single genes were used, often 
with­out ex­ten­sive taxa, resulting in questionable phy­lo­ge­
netic hypotheses. However, false speculation ended after 
attracting automatic processing technology sequences of  
RNA and DNA, which has enabled a more systematic use 

of  genes, often from one to several cellular structures, or 
multiple groups of  organisms. As a result, the significant 
evidences, which support phylogenetic developments, were 
ob­tained (Delsue et al. 2003, Qiu 2008, Becker & Marin 
2009, Gontcharov 2009, Finet et al. 2010, Zong et al. 
2013). In addition, the use of  modern, highly developed 
se­quen­cing technology and increasing the number of  inves­
tigated taxa have improved our understanding in problem 
solving of  phylogenetic studies and enriched the base for 
the complicated phylogenetic reconstructions (Brinkmann 
& Phillipe 2008). In the traditional taxonomy we can use 
all sources of  newest phylogenetic data that give us much 
more information and coverage of  diverse approaches to 
decrypt historical models of  evolution.

It has clearly been established that ‘green plants’, Vi­ri­
di­plan­tae (Levis & McCourt 2004, Qiu 2008, Becker & Ma­
rin 2009, Gontcharov 2008, 2009, Finet et al. 2010), unite 
all the ‘green’ algae with land plants (Embryophyte). They 
are the monophyletic group of  organisms with an ex­t­ra­
or­dinary variety of  morphology, cell structure, life his­to­
ry, reproduction, and biochemistry. ‘Green plants’ has been 
divided early enough into two evolutionary phyla (lines): 
green algae (Chlorophyta) and charophytic algae (Cha­ro­
phyta) with embryophyte (Streptophyta). This separation 
happened about 725–1,200 million years ago (Hed­ges et al. 
2004, Yoon et al. 2004, Zimmer et al. 2007). In com­pa­ri­
son with the chlorophyte line of  evolution, which ac­com­
modates most types of  traditional division Chlorophyta 
(100 ge­ne­ra and more then 10000 species), the Cha­ro­phyte 
(Streptophyte) line contains relatively few existing green 
cha­ro­phy­tic algae (about 65 genera and several thousand 
species), which, together with almost half  a million species 
of  land plants (Embryophyte) compose the Streptophyta 
di­vi­sion (sensu Bremer et al. 1987), or the Cha­ro­phyta (sen­
su Levis & McCourt 2004).

The descendants of  the Charophyte algae occupied land 
ha­bi­tats about 450–470 million years ago that became an ex­
traordinary event in the evolution of  life on Earth (Graham 
1993, Kenrick & Crane 1997, Bateman et al. 1998).

Within the Charophyte algae six distinct morphological 
groups were allocated: 1) flagella (Mesostigmatales), 2)  sar­
ci­noid (Chlorokybales), 3) filamentous (unbranched) (Kleb­
sor­mi­diales), 4) conjugates (Zygnematales – sexual re­pro­duc­
tion in the form of  conjugation, the total absence of  motile 
cells) and two morphologically complex groups: Co­le­o­chae­
tales and Charales, which are characterized by multicellular 
(with plasmodesms) or parenchyma-shaped tis­sue thalluses, 
with patulous branches, apical growth and oogamic sexual 
reproduction. Also, it was established that Mesostigma viride 
sets one clade along with Chlorokybus atmophytiсus, forming an 
early divergent ancestral line of  charophytic (Streptophyte) 
algae (Lemieux et al. 2007, Rod­ri­guez-Ezpeleta et al. 2007, 
Qiu 2008, Becker & Marin 2009). However, there are still 
important issues related to the group of  the Charophyte 
algae that act as a sister to Embryophyte.

In most illustrated constructions of  the evolution of  
the Charophyte algae and land plants Charophytes often act 
as sis­ter group of  land plants (Qiu 2008, Becker & Marin 
2009). Previously, through a unique and relatively complex 
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thal­lome and peculiarities of  the reproductive organs, cha­
rophytic algae were considered as a potential group of  algae 
tight­ly linked to land plants (Boldt & Wynne 1985). This 
hypothesis was supported by ultrastructure (McCourt et al. 
1996) and molecular phylogenetic data (Fig. 1) (Karol et al. 
2001, McCourt et al. 2004). 

The phylogenetic tree of  the Streptophyte, constructed 
ba­sed on a joint analysis of  4 gene from 3 genomes (nuclear 
18S rDNA, chloroplast atpB and rbcL, and mitochondrial 
nadS), clearly demonstrated that the Charophytes are the sis­
ter group of  land plants, and their ratio had high bootstrap 
support. The close relationship of  the Charophytes and land 
plants coincides well with the traditional hypothesis about the 
direction of  evolution of  morphological, ultrastructural, and 
biochemical traits in algae that led to the release of  plants on 
land and to a successful adaptation (McCourt et al. 2004).

However, in some modern phylogenetic studies, Co­leo­
chaetales and Zygnematales are also characterized as sister 
groups of  land plants. Ultrastructural studies revealed cell di­
vision due to a type of  phragmoplast in Zygnematales that 
brought them together with charophytic (Charales) and Co­
leochaetes (Coleochaetales) algae, as well as with terrestrial 
plants (Mattox & Stewart 1974, Pickett-Heaps 1975). The 
following biochemical and molecular studies have found 
that Zygnematophyceae is one of  the advanced groups of  
Strep­to­phyte algae, although no one of  the obtained to­po­
lo­gies has been supported statistically. Nevertheless, phy­

Figure 1 Generalized data on phylogenetic relationships among the main lines of  green algae established by analyzing 
nucleotide sequences of  DNA. Branches of  a tree (dotted line) show relationships weakly supported by molecular data. Dotted 
lines inside charophytic algae (dashed line) indicate an insufficiently elucidated site based on the data according to Karol et al. 
(2001). Arrow at the tree base indicates possible place of  Mesostigma (Lemieux et al. 2000, Turmel et al. 2000). Squares at the end 
of  branches show lines containing some soil taxa (dark squares) or taxa which occurred from them (light squares). The absence 
of  squares means that all taxa in the group are aquatic organisms (according to Lewis & McCourt 2004)

lo­ge­ne­tic analysis of  nucleotide sequences of  nuclear ri­bo­
somal 18S rDNA and chloroplast protein-coding genes rbcL 
questioned the sisterhood of  the Charophytes and terrestrial 
plants (Turmel et al. 2002). Analyses of  76 chlo­ro­plast genes 
unexpectedly showed that the conjugates are the nursing 
group of  terrestrial plants (Gontcharov 2008, 2009; Fig. 2). 

Zygnematophyceae location on the phylogenetic tree 
was solidly confirmed by high bootstrap values and genes 
order in the chloroplast genome and its genetic and intronic 
com­po­sition as well as synapomorphic indels in coding re­
gions (Turmel et al. 2005, 2007, Adam et al. 2007). In the 
opinion of  some researchers (Goncharov 2009), this result 
is difficult to explane from position of  traditional views 
on the course of  the Streptophytes’ evolution. Coleochaete 
and Chara have more complex structures of  the thallome 
than the conjugate. Their mechanism of  cell division and 
other phenotypic features are common with land plants 
(McCourt et al. 2004). They also tried to re­solve issue 
of  the origin and early family relationships of  terrestrial 
plants using the principle multigene phylogenetic analysis 
according to a large set of  individual genomes and mor­
pho­logical characteristics, confirming the deep phy­lo­ge­ny 
of  plants (Finet et al. 2010). A larger number of  avai­lable 
special sequences (ESTs) and samples of  different genes 
from a large number of  taxa (77 nuclear genes from 77 dif­
fe­rent taxa) were selected and new transcript data of  py­ro­
se­quen­cing in 5 selected charophytic species of  algae, which 



Botanica Pacifica. A journal of plant science and conservation. 2015. 4(2): 59–70

Palamar-Mordvintseva et al.

62

are the main representatives in the decision of  origin of  the 
terrestrial plants. Phylogenetic analysis of  these multigene 
data supported Coleochaetales as close relatives of  ter­rest­
rial plants with bootstrap support 91 (BP=91). The authors 
used a site-heterogeneous model of  evolution (CAT), which 
showed the best results (likelyhood=96.39) for the first time. 
The phylogenetic clade of  Coleochaete as a closely related 
group to land plants appeared to be extremely expressed 
in these assays, and finally became a "model and taxonomic 
model" of  plants. The authors emphasize that the species 
of  Coleochaete and terrestrial plants have many similarities. 
The morphological features such as complexity of  three-
di­men­sio­nal organization of  the body with parenchyma-
shaped tissue are major properties that are common for 
both phylogenetic clades members.

An ultrastructural study showed that mitosis and cy­to­kinesis 
cells in Coleochaete takes place by type of  phrag­mo­plast that is 
very similar to cytokinesis of  terrestrial plants. In addition, the 
Coleochaete cells contain peroxisomes, which are inherent terrestrial 
plants. The sister relationship of  Coleochaete also is possibly based 
on the results of  paleontological researches. For instance, the 
fossil representatives from Parka genus from late Silurian – Early 
Devonian were compared with modern Coleochaete based on two 
structures of  generative organs and ecology and reaffirmed 
that they can be the parent group of  the charophytes (Taylor 
2009). Int­rons of  mito­chon­d­rial genes of  nad5, discovered in 
Coleochaete orbicularis Pringsh., Sphagnum, and Marchantia, were not 
found in other Charophytes and in some Embryophyte that can 
be results of  secondary loss du­ring evolution. Two orders, Me­
so­stig­matales and Chlorokybales, do not re­pre­sent majority in 
the upper clade as has been mentioned by above authors and 
this is different from the modern phylogeny which is based on 
the structure of  the chloroplast genome. The authors of  this 
paper consider that Me­so­stigmatales location as out-groups to 
the other Charophytes are supported by the presence of  their 

autonomic mobile stage, but in future assays the 
position of  these two groups should be clarified 
(compare with Wickett et al. 2014). Topology of  
these studies demonstrated that Mesostigmatales, 
Chlorokybales, and Kle­b­sor­mi­dia­les participated in 
early divergence from the Charophyte lines. They 
found congruence with the nuclear localization of  
gene tutA in late-di­ver­gent Charophyte lines and 
terrestrial plants. Unexpected in these studies was 
the grouping of  Zygnematales along with Chaeto­
sphaeridium, which was formally approximated to 
Co­leo­chae­ta­les. Confirmation of  these data will 
be of  great significance for charophytes taxonomy 
(Finet et al. 2010). 

Recently, a team of  researchers from va­ri­
ous institutions in New Zealand and Italy tried 
to determine the value of  the potential effect 
of  "long-branch attraction" for buil­ding phy­
lo­genetic reconstructions. The chloroplast ge­
nome was done for this analysis, including three 
new chlo­ro­plast genomes of  Streptophyte algae: 
Coleochaete orbicularis Pringsheim, Nitella hookeri 
A.  Braun, Spirogyra communis (Hassall) Kütz. 
Thus, site-  and time-heterogeneous model of  

order differences Streptophyte and terrestrial plants were 
used. These analyses supported the hypothesis, based on 
data from nuclear sequent or just about Zygnematales, or 
clade Coleochaetales plus Zygnematales, as firmly united 
groups of  terrestrial plants (Zong et al. 2013).

These examples of  phylogenetic studies of  kinship ties 
of  Charophyte algae along with terrestrial plants suggested 
that the question of  who is the sister group of  the terrestrial 
plants is not yet completely resolved, but obviously will be 
decided in the following phylogenetic studies.

Evolut ion of  the charophytes
Recent developments in the evolutionary study in the 

end of  twentieth century that were based on morphological 
features of  plants lets to formulate a obvious idea of  the 
main phylogenetic lines of  photosynthetic eukaryotes  
(Mish­ler & Churchil 1985, Bremer 1985, Graham et al. 
1991, Ken­rick & Crane 1997). Morphological studies of  cla­
dists are significantly outstripped the traditional taxo­no­my, 
streng­thened and clarified the criteria for identifying cha­
rac­te­ristics of  homology clearly outlining certain mo­no­phy­
letic groups, but often provided erroneous interpretation of  
some features in evaluations and presented a doubtful value 
of  homoplasy in plant evolution (Qui 2008). In contrast, 
molecular phylogenetic studies were based on the structural 
changes of  genomes contributed to the deepening know­
ledge and accuracy of  analysis and interpretation of  the re­
sults (Qiu et al. 1998, 2000, 2007, 2008, Bowe et al. 2000, 
Chaw et al. 2000, Graham & Olmstead 2000, Karol et al. 
2001, Hilu et al. 2003, Kelch et al. 2004). These molecular 
stu­dies contributed adjustments or clarified controversial 
conclusions of  cladistic investigations by a combination 
of  morphological and molecular data and led to the rapid 
growth of  knowledge on the evolution and the relations 
between organisms.

Figure 2 Actual cladogram of  the Streptophyta. It probably now stands as valid that 
a Charales-line broke away before both lines of  Coleochaetales and Zygnematales 
(according to Gontcharov 2008) related to Charophytes (dashed line).
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The evolution of  life cycles
The type and nature of  the life cycle of  the organism 

is considered the leading feature of  its identity and help 
reveal a better understanding of  its evolution. Changes in 
the life cycles of  different lines of  Streptophyte organisms 
are considered one of  the most interesting and important 
as­pects of  plant evolution. Phy­lo­genetic analysis of  reсent 
Cha­ro­phyte algae and the specificity of  life cycles in their 
fossil representatives demonstrate a trend of  expansion of  
di­plo­id sporophyte ge­ne­ra­tion (Manhart & Palmer 1990, 
Mel­co­nian et al. 1995, Chap­man et al. 1998, Karol et al. 
2001, Lemieux et al. 2007, Tur­mel et al. 2007, Qui 2008). 

The phylogenetic relationship between charophytic algae 
and early terrestrial plants, which were confirmed by mor­
phological and molecular data, has shed light on two major 
events in the history of  plant life: output of  plants to land and 
changes from vegetative haploid with zygotic meiosis, typical 
for charophytes, to diploid sporophytes as the dominant 
generation in the life cycle of  terrestrial plants (Fig. 3).

Charophytic algae are usually referred to as a vegetative 
ha­p­loid of  meiosis in the zygote. However, evidence to de­
fend this interpretation is very scarce, despite its broad sup­
port in scientific references. General knowledge some­times 
becomes collective misinformation when numerically small, 
poorly evidenced ideas are based on alleged ambiguous as­
sumptions. They acquire the status of  generally accepted 
ideas, which is typical for some preceding cytological ob­ser­
va­tions (Farley 1982). A generally accepted legend is correct 
when it concerns the chromosome reduction in zygotes, 
but con­clu­ding that vegetative cells of  algae are always hap­
lo­id are based on assumptions refuted by a number of  pub­
li­shed studies that do not coincide with the accepted life-
cycle assessments to charophytes (Haig 2010). 

Our knowledge on life cycles of  charophyte algae is in­
complete (Haig 2010). For instance, sexual reproduction has 
never been described in such important taxa as Mesostigma 
viride and Chlorokybus atmophyticus, and syngamy, which was 
described for Chaetosphaeridium and Klebsormidium (Tompson 
1969, Wille 1912) but did not include information on the 
number of  chromosomes in different phases of  the life 
cycle of  algae. Recently, Haig (2010) made a detailed re­
view of  published studies on the life cycles of  many algae, 
in­clu­ding Charophytes, focusing on the "uncommonly ac­
cep­ted" life cycle described in the terminology for ter­res­t­
rial plants. The author suggested that each life cycle of  the 
algae passes differently because of  increased sensitivity to 
pos­sible changes in the environment. He con­duc­ted the mo­
le­cu­lar phylogenetic study of  a number of  Cha­ro­phyte al­
gae and showed the various options of  life-cycle pro­ces­ses 
that do not coincide with the commonly asserted opinion 
(Haig 2010: 861). These examples de­mon­st­rate that life-cycle 
processes of  the Charophyte algae requires further thorough 
studies, especially in view of  the widespread phenomenon of  
cytological polymorphism in numerous Charophytes, such as 
desmids algae (Palamar-Mor­dvintseva 1980, 1982).

According to the results of  molecular phylogenetic stu­
dies of  the last decade, it has been shown that the em­b­ryo­
phytes emerged from Charophyte algae (Karol et al. 2001, 
Qiu et al. 2007, Qiu 2008, Becker & Marin 2009). At the 

same time, Charophyte algae (Charales) are characterized 
by development of  its life cycle with the vegetative haploid 
cells and diploid zygotes. Such a cycle of  development is 
the most accepted by researchers as algal ancestor of  em­
bryophytes and regarded as one of  the criteria to support 
the theory of  the origin of  sporophytes (Qiu 2008, Haig 
2008, 2010, Becker & Marin 2009). However, phylogenetic 
analyses regarding Charales or alternative Coleochaetales 
and Zygnematales, which are also indicated as a sister group 
of  terrestrial plants, depending on the quantity and quality 
of  samples of  studied genes, and taxa have not received 
strong statistical support. 

In our own experience of  molecular studies of  the Cha­
rophytes, we revealed that the species of  the genus Chara in 
Israelian populations, for example, are well separated from 
one another according to Amplified Fragment Length Po­ly­
mor­phism (AFLP) analysis (Yehuda et al. 2013). This allows 
us to assume that the most general, systemic approach in 
molecular studies of  the Charophyte algae is adequate for 
mor­pho-ecological species taxa definition.

Although analyses of  chloroplast genes demonstrated 
statistical support for Zygnematalean algae (based on order 
of  gene placement in chloroplast genome and its gene and 
intron composition and synapomorphic indels (insertions 
and deletions) in coding regions), or clade showing that 
Zyg­ne­matales and Coleochaete are sister groups of  em­bry­
o­phytes (Turmel et al. 2005, 2007, Adam et al. 2007, Ro­d­
ri­guez-Ezpeleta et al. 2007, Gontcharov 2009). Further stu­
dies of  larger series of  taxons and genes (Becker & Ma­rin 
2009) demonstrated Charales as the sister group of  ter­rest­
rial plants, emphasizing the progressive evolution of  cel­lu­
lar complexity in the Charophytic algae (phragmoplast, plas­
mo­desm, six-time cell synthesis, structure of  flagella cells, 
oogamy, sexual reproduction with the zygote meiosis) and 
phy­sio­lo­gical specificity. Along with this, the current stu­dies 
of  plastid genes confirm (Ruhfel et al. 2014) that Zyg­ne­ma­
to­phyceae is a sister clade of  a higher terrestrial plants clade: 
Coleochaetophyceae – to Zygnematophyceae plus Emb­ry­o­
phy­ta; Charophyceae – to Coleochaetophyceae plus (Zyg­ne­
ma­to­phyceae plus Embryophyta); and clade Me­so­stig­ma­to­
phy­ceae plus Chlorokybophyceae – for all other Streptophyta 
(with bootstrap-support about 86 %) (Fig. 4).

These results once again highlight the disparity in re­pre­sen­
tations of  phylogenetic relationships of  different Streptophyta 
representatives based on molecular-genetic data with classical 
morphological and cytological characteristics and ambiguity in 
the determination of  relationships among this group of  plants 
as well as the need to involve the analysis of  other genes.

Multicellularity 
One of  the important events in the evo­lu­tion of  cha­ro­

phytic algae was the transition from unicellular organisms 
to a multicellular state existence that occurred before the 
plant emerged on the land. Contemporary phylogeny sug­
gests that the emergence of  plants on land occurred by a 
common ancestor for all Streptophytes, and these ancestors 
were probably algae with a sarcinoid organization of  cells, 
such as in Chlorokybus atmophyticus, representing a set of  cells 
connected by plasmodesms, and forming an appropriate 
state of  multicellularity (Qiu 2008, Becker & Marin 2009).
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Formation and improvement of  multicellularity depended 
on two main processes at the cellular level: the combination 
of  cell formation and cellular information exchange (Alberts 
et al. 1989, Grosberg & Strathmann 2007). Nowadays, it is 
difficult to establish the real path of  the cells’ combination 
process in the earliest charophytes, but information on in­

dividual physiological and biochemical features 
is available.

Particularly, there is information about a plas­
modesm cytoplasmic bridge, which connects cells 
and allows the exchange of  hormones, RNA, 
carbohydrates, proteins, and other components 
between cells (Lucas & Lee 2004). The evolution 
of  this method of  communication between cells 
in the early charophytes undoubtedly contributed 
to the successful formation of  a large multicellular 
organism’s complex in them. Among all, modern 
charophytic Mesostigma viride is perhaps one of  the 
ancestors of  unicellular plants. Along with this, 
Chlorokybus atmophyticus, a sar­ci­noid, is the re­pre­
sentative of  occurrence in the primitive type of  
multicellularity in the Cha­ro­phytes. Mo­dern stu­
dies of  charophytes phylogeny and terrestrial 
plants predict that plasmodesm occurred in the 
common ancestor for Coleochaetales, Charales, 
and terrestrial plants (Qiu 2008). 

Equally important, but rather essential for 
the evolution of  Charophyte multicellularity 
and the for­ma­tion of  three-dimensional body 
of  plants generally, was the phragmoplast, 
which is a special adaptation in the form of  
ve­sicles and mic­ro­tu­bules formed during cyto­
ki­nesis (Pickett-Heaps 1975). This process of  
inte­rac­tion bet­ween cells was found in Zyg­ne­
ma­ta­les, Coleochaetales, Charales, and ter­rest­
rial plants (Marchant & Pickett-Heaps 1973). It 
is assumed that the emergence of  phragmoplast 
con­tributed to the formation of  two- or three-
di­men­sional organisms’ aggregates of  cells du­
ring their division, with further development 
of  the integrated plant’s thallome (Hageman 
1999, Pickett-Heaps et al. 1999). 

The development and establishment of  
these structures were held, apparently, in­de­
pendently of  one another, and had a leading 
role in the formation of  charophytes mul­ti­cel­
lu­la­rity. Iden­ti­fi­cation of  code genes’ various 
components of  both structures has greatly 
increased the understanding in how the step-
by-step multicellularity of  photosynthetic euka­
ryotes promoted the transition from aquatic to 
land ha­bi­tats. The accumulation of  knowledge 
about the biology of  cells over the past years 
of  the 20th century and the first years of  
the 21st century laid the foundation for un­
derstanding the transition from unicellular 
to mul­ti­cel­lular or­ga­nisms (Phickett-Heaps 
et al. 1999, Lucas & Lee 2004, Qiu 2008). It 
should be emphasized that the transition from 

unicellularity to multicellularity actually happened twice 
during the evolution of  the Streptophytes: once on the ga­
metophyte level of  organisms during the early evolution of  
Charophytes, and the second time on the sporophyte level 
during the evolution of  terrestrial plants (Qiu 2008). With 
time, the life cycle of  diploid sporophytes became dominant 

Figure 3 Evolutionary trends of  size and nutritional mode of  the diploid and ha­plo­
id phases and sporocyte (meiocyte) number per sporangium in streptophytes (land 
plants) (according to Qiu et al. 2008). The phylogeny is based on information re­
view­ed in Qiu (2008), Charophytes are marked by dashed line

Figure 4 Phylogenetic trees using the site-heterogeneous model (i.e. the CAT-GTR 
mo­del) in PhyloBayes and time-heterogeneous model in nhPhyML based on the full 
(45,879 aligned sites) and OV-sorted (36,879 aligned sites) matrices. Numbers on the 
tree indicate the Bayesian PP from PhyloBayes and the ML BP from nhPhyML, and 
nodes with 100 BP or 1.0 PP are not marked (according to Zong et al. 2013).Charo­
phytes are marked by dashed line
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in the life of  terrestrial plants (McManus & Qiu 2008), and 
the emergence of  lignin promoted the formation of  the 
multicellular body of  plants. 

Gravitropism, as a process of  response in organism to 
gra­vity, has played a decisive role in the formation and evo­
lution of  the plant body with a vertical axis of  the stem 
and pho­to­synthetic organs (leaves) in the air and by streng­
the­ning absorptive rhizoids or roots, a period when Cha­
ro­phytes (Streptophytes) moved from free-floating plank­
tonic forms (e.g. Mesostigma viride, or representatives of  
Zygnematales) to aquatic Charophyte rhizophytous algae 
and other terrestrial Streptophyta (Raven & Edward 2001). 
Gra­vi­tro­pism origin and evolution explanations for Strep­
to­phytes allow us to understand its role in defining the ge­
ne­ral evolution of  life on the planet (Qiu 2008). 

Charophyte algae and terrestrial plant phylogeny in 
mo­­dern reconstructions (Qiu 2008) suggests that Strep­to­
phytes’ gravitropism evolved from a common ancestor for 
Charophytes and terrestrial plants, as both these groups are 
Rhisophytes (Raven & Edwards 2001), while others are free­
ly floating Charophytes, planktonic organisms, or epi­phytes 
in aquatic or terrestrial habitats (Van den Hoek et al. 1995). 
Some early phylogenetic studies of  the Charophyte algae, 
using data from nuclear 18S rDNA, reveal that the Cha­ra­ceae 
familyappear as the first line of  divergence among Cha­ro­
phytes (Kranz et al. 1995, Friedl 1997). Such a sce­na­rio was 
not the only one to be accepted because Rhisophytes had 
been identified, and among Chlorophyta (Ra­ven & Edwards 
2001), and gravitropism, apparently, did not evolve once in 
all eukaryotes. However, there is strong sup­port in the two 
multigene studies confirming the Cha­ra­ceae position as the 
sister group for terrestrial plants (Ka­rol et al. 2001, Qiu et al. 
2007). These hypotheses suggest that gra­vi­tropism evolved 
only from one of  the Streptophyte algae representatives 
but confirm the Charophytes position as a sister group for 
terrestrial plants (Qiu 2008, Becker & Ma­rin 2009, Haig 2010). 
Gravitropism of  Charophytes was studied in great detail at 
the cellular level (Braun & Lim­bach 2006). As a result, si­mi­lar 
signs of  gravity and polarization cell growth in this system 
were discovered. Ac­to­myo­sin played a key role in the per­
cep­tion of  gravity in the first co­or­di­na­tion position of  the 
statolith, which was a blister fil­led with crystals. When chan­
ging the orientation of  cells relative to the gravity direction 
towards the statolith deposition, the spe­ci­fic location of  
the membrane plasma makes contact with the boundary 
membranes as a result of  gravity-sensor mo­le­cu­lar call (Qui 
2008). Some researchers have found an auxin role in the 
regulation of  rhizoid growth and expression of  gravitropism 
in Chara species (Klambt et al. 1992, Cooke et al. 2002). 

Detailed studies of  genetics and cell biology gravitropism 
in Characeae and Arabidopsis thaliana (Galweiler et al. 1998, 
Friml et al. 2002, Paponov et al. 2005, Palme et al. 2006) 
con­tri­buted large-scale studies of  this phenomenon of  
evolution. According to current data, the hypothesis that 
Characeae gravitropism is also represented in all terrestrial 
plants controlled by the same genetic mechanisms as in 
other Streptophyta, is supported.

Total sequence evolution of  auxin metabolism evo­lu­
tion and its presence in Charophytes and other plants also 

indicate support of  this hypothesis, and the presence of  
si­mi­lar morphological organs (rhizoid or roots) – the pre­
sence of  positive gravitropism (Cooke et al. 2002, Qiu 
2008). Gravitropism phenomenon, which emerged in algae 
before they came onto the land, helped them to evolve and 
adjust to complexities of  another environment (drying, 
insufficient nutrition, etc.) under terrestrial existence.

The gravitropism of  the charophytes is often in­ves­ti­ga­
ted when the thalluses developed well in the optimal en­vi­
ronmental variables and therefore formed massive grows 
(Fig. 5). On the other hand, an attempt to emerge on land 
was associated with the impact of  ultraviolet radiation, 
which is not so strong in temperate climatic zones but is 
increased in arid areas, such as the desert belt of  Eurasia. 
Therefore, our investigation on charophytes expands to 
deserted populations, such as the Dead Sea area, the lo­
wermost Charophytes locality in the world, and shows that 
it is not only under high insolation but also under de­crea­
sing sunlight during the sandstorms that periodically come 
from the Sahara Desert, from the Arabian Desert across the 
Negev Desert (Krasnov et al. 2014). Massive dust trans­por­
tation not only covers large deserted areas (Faiman 1998), 
such as in the Arava Valley, but also decreases in sunlight 
intensity during the day. It is especially important in the 
lowermost area near the Dead Sea in which light intensity 
decreased 25 % (Boykiw 2011) as a result of  the dust layer 
thickness, which is more than 250 m. Therefore, here we 
can see the largest amplitude of  sunlight intensity in the 
natural environment in which the cha­ro­phytes de­mon­
strated its mechanism of  resistance.

As a protected mechanism, algal cells formed special 
com­pounds (Karsten & Garcia-Pichel 1996) as a response to 
the UV-radiation impact (Klish et al. 2002), on the one hand, 
and negatively reacted to sunlight inhibition on the other 
hand. Increasing UV-radiation effects include inhibition of  
photosynthesis, inhibition of  growth, and DNA damage. 
As a result, algae have developed a mechanism of  avoidance 
as well as adaptation to light intensity fluctuation during its 
evolutionary process. It especially relates to the charophyte 
species definition and ecological preferences. 

For example, it is well known that Chara vulgaris L. and 
C.  contraria A. Braun ex Kütz. are two cosmopolite species 
that are sometimes difficult to distinguish one from the other 
(Grant & Proctor 1972). Moreover, these species often oc­
cu­pied the same habitat, as we revealed in the Negev De­
sert stream Ein Avdat (Barinova et al. 2010, Yehuda et al. 
2013). Because each charophyte species evolved in the pre­
sence of  UV radiation, a multitude of  adaptive strategies had 
been developed, which allowed them to exist under sunlight 
exposure (C. vulgaris) or in less exposed places (C. contraria) 
(Krause 1997) and the repair of  DNA damage as a result of  
developing a major mechanism of  UV adaptation (Klish et al. 
2002). As was found in our research for the Avdat stream with 
AFLP analysis, the charophyte populations were divided into 
clusters corresponding to the levels of  light intensity over the 
shadow gradient in this deep canyon in the Central Negev. 
Therefore, we can assume that environmental preferences of  
both morphologically similar species of  Chara are entrenched 
in the process of  evolution as a result of  repairing injured 
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fossils was particularly actualized in the second half  of  the 
20th century because it was found that the gyrogonites 
managed to trace a complex history of  the evolution of  
these plants. Separated from the other groups in green algae 
in the first period of  the Paleozoic era (about 725–1200 
million years ago), charophytic algae overcame difficulties in 
its evolution in different conditions of  the environment and 
have been preserved up-to-date (Maslov 1963, Saidakovsky 
& Shaikin 1976, Shaikin 1987, Yoon et al. 2004, Zimmer 
et al. 2007). They are found in the geological strata of  the 
Paleozoic era ranging from the upper Silurian Paleozoic to 
Ant­hro­pogene in about 420–450 million years ago. Their 
de­ve­lop­ment is characterized by active stages of  flowering 
(De­vo­ni­an, the early Triassic, late-Jurassic, Cretaceous and 
Eocene periods) and a calmer development in subsequent 
pe­riods (Kyansen-Romashkina 1981).

The most ancient representatives of  Charophyte orders, 
such as Sycidiales and Trochiliscales from the upper Si­lu­
rian (age about 420 million years), had already built quite a 
difficult female reproductive organ, indicating the ear­lier, yet 
unknown to science stage in the evolution of  Cha­ro­phytes. 
In the Devonian period, wide de­ve­lop­ment of  high-ranking 
Charophytes was found: se­ven families with small numbers of  
genera. Instead of  the above-mentioned orders, Charophytes 
with curled left partecalcines, namely Charales, have appeared. 
Their development is characterized by a progressive decrease 
in the number of  par­te­calcines with 8–13 in the Devonian 

DNA by ultraviolet radiation and subsequent consolidation 
of  other features. As a result, we are seeing the shade-tolerant 
C. contraria in the Arava Valley inhabiting the lowest place in 
the world that is affected by the shading of  the dust layer 
more than 500 meters thick. We compare these species 
geographic ranges and ecological characteristics in the Negev 
Desert and found out that C. vulgaris inhabits northern moun­
tains (Ba­ri­no­va & Romanov 2014ab) as well as the southern 
up­lands (Ba­ri­nova & Romanov 2015a), but always in well-
lighted habitats, whereas C. contraria prefers shadowed ha­bi­
tats, such as Ein Avdat canyon or Neot Ha Kikar pool (Ba­ri­
no­va & Romanov 2015b) in the lowermost Arava Valley sites, 
and therefore have the mechanism of  avoiding ultraviolet 
damage. More of  them, if  in the future there will be a global 
warming change, C. vulgaris can be a winner in the adaptation 
process (Joye & Rey-Boissezon 2015) more than C. contraria.

Phylogenesis and evolution of  Charales
Studying con­tem­porary Charophyte algae was associa­

ted with in­crea­sing knowledge of  evolution in the geo­lo­gi­
cal past. Charophytic algae are an ancient group of  plants, 
which held a special independent path of  evolution, as evi­
denced in their fossils.

The first single fossil remains of  charophytes, such as 
gy­ro­gonites, are known from Silurian sediments of  the Pa­
leo­zoic era, and their remains are well-preserved as a large 
number were already in the Devonian. Studying charophytic 

Figure 5 Positive gravitropism of  the Charophyte algae (a – Chara vulgaris L. in the Oren River pool), surviving in the terrestrial habitat 
occupation (b – Chara grovesii B.P. Pal, the Ga’aton River), positive phototropism (c – Chara gymnophylla A.Braun in the Nevoria pool, 
Northern Israel), negative phototropism (d – Chara vulgaris in the Neot Zmadar pool, Southern Negev Desert)
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Zocharas, to the 6th coal paleocharas and its stabilization 
for 5th of  all four Me­so-Cenozoic families. The Mesozoic 
age was marked by the development of  the Porocharaceae 
family, which gave rise to new phylogenetic lines in the 
Jurassic period. In Meso-Cenozoic sediments, forms over 
230 million years, four families of  Charophytes and more 
than 90 genera were es­tab­li­shed. Although the origin of  the 
Porocharaceae family was indicated in the Paleozoic, about 
9 genera appeared in the early Mesozoic Era in continental 
waters and favorable conditions.

In the Jurassic period the pace of  development of  the fa­
mily diminished, but new phylogenetic lines that gave rise to 
Clavatoraceae, Raskyellaceae and Characeae families ap­pea­
red. Fifteen families, 7 genera of  which existed 5.7 million 
years ago, while others existed 20–30 million years ago 
appeared in the late Jurassic period in the early Cretaceous 
period. The Characeae family slowly evolved relatively in 
the Jurassic period: two fa­mi­lies appeared at the beginning 
of  the period (180 mil­li­on years ago), and 2 – at the end of  
the period. In the late Cretaceous period rapid development 
of  this family oc­cur­red – 20 new genera appeared, which 
apparently were connected with favorable paleogeographic 
conditions existing at the time. The Characeae family replaced 
two families previously endangered in the habitats. They were 
ex­tinct in the Eocene, which lasted 220 and 100 million years, 
res­pec­ti­vely. Charophyceae family ranked a dominant place 
among Charophytes, but the pace of  its development be­
gan to gradually decline and families became extinct over the 
appearance of  new ones. In the late Neogene family com­po­
sition dramatically decreased and approached that of  today. 
Four ancient families continued to exist and lived up until 
the present time with an approximate continuation of  exis­
tence: Lamprothamnium – 80, Nitellopsis – 65, Chara – 55, and 
Lychnothamnus 25 million years. 

The maximum development and diversity of  Charophytes 
were observed in the Devonian period. At the end of  the 
Paleozoic extinction representatives of  Charophytes were 
re­presented by two orders, and further evolution in the Me­
sozoic and Cenozoic were mainly characterized by species 
of  the family Characeae development. The most intensive 
genus development of  Charophytes and their revival oc­cur­
red in Late-Jurassic and Cretaceous periods. The dominant 
de­ve­lopment of  the Characeae family marked the turn of  
Me­so­zoic and Cenozoic periods (Saidakovsky & Shaikin 
1976). 

After separation from the ancient marine Chlorophytes 
(Chlorophyta), the Charophyte algae lived in freshwater 
habitats in the world and were the only environments for 
euka­ryotes before the Cambrian period. They coexisted 
alongside their embryophyte descendants that appeared 
per­haps ear­lier than the first water Embryophytes (Martin-
Closas 2003), and also earlier than its marine Chlorophyte 
sisters. The extinction of  Charales with an antisentinel 
oogo­nium took place was the Permian and Triassic periods. 
Ap­pro­xi­mately 65 million years ago, a time known as the 
end of  the Mesozoic dinosaurs, the Clavatoraceae family of  
Charophytes became progressive extinction and reduction 
sur­vived Charophytes (Martin-Closas 2003, 2008) and ob­
vious­ly many ancient mass extinct Charophyte algae, mic­

ro­sco­pic re­sidues of  which were not found in fossil sub­
soils. As a result, studying fossils from various countries 
de­scriptions of  3 orders, 12 families, more than 115 genera 
and over 600 fossil Charophyte algae species were made 
(Saydakovsky 1993). Contemporary Charophytes are 
presented by 1 order, 1 (3) families, 6 genera and 300 (440) 
species. Therefore, according to paleontological researches 
it can be argued that modern Charophyte algae are remnants 
of  the former diverse group of  flower plants

Conclusions
Charophyte algae and terrestrial plants form one (Strep­

to­phytes) from phyla of  eukaryote evolution and embrace 
the diversity of  single-celled algae to advanced angiosperms. 
Classic morphological and taxonomic ideas of  direct family 
relations of  Charophyte algae (Charales) with higher spore 
plants or consideration of  the group as direct ancestors of  
"higher plants" were not confirmed by molecular bio­lo­
gical researches and data from these investigations are not 
consistent with traditional morphological and cytological 
ideas. Currently, there is no common opinion on a specific 
sisterly group of  Charophyte, which was phylogenetically 
connected with other plants. In addition to the traditional 
line of  Characeae – land plants are enough of  a reason 
(on molecular genetic level) for consideration of  sisterly 
phylogenetic lines from different taxonomic Charophyte 
groups – Zygnematales/Zygnematophyceae, Coleo­chae­
tales or Coleochaetales plus Zygnematales. Studying the 
interactions of  organisms and the ways and mechanisms 
of  evolutionary processes outlined in a huge variety of  or­
ganisms of  Streptophyta in general, and in particular with 
in­ves­ti­gations involving the additional set of  genes and mo­
dern approaches of  their analysis, are some of  the main 
tasks at the current level of  understanding the evolution of  
life on Earth: processes of  organisms in general adaptation 
to the current environment and in establishing relationships.
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Galina Palamar-Mordvintseva, Petro Tsarenko, Sophia Barinova:
His numerous works, Valentin Abramovich is known botanist, evolutionist, paleontologist, paleoecologist, 
has had an undeniable influence on the formation of  not only general evolution representations of  
the development of  the organic world and terrestrial plants, in particular, but also on the outstanding 
issues (for a time) the theory of  evolution. The role of  algae in the development of  terrestrial plants is 
generally recognized, and update and search for ancestral forms of  this evolutionary line is still relevant. 
The charophytes are the key element in the issue of  the origin and early evolution of  flowering plants, 
the lighting of  which Valentin Krassilov and presented in some of  his monographs (Krassilov 1989, 
Krassilov, Rasnitsyn, 2008). His new, systemic approach to the evolution of  the life helps us to reveal some 
properties of  the charophytes diversity and distribution that cannot be seeing in the traditional approach. 
This article is an analysis of  existing views on the process of  evolution and phylogeny of  the charophytes 
and their relationship to terrestrial plants in terms of  addressing issues of  contemporary evolution of  
plants dedicated to the memory of  Valentin Abramovich.


