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ABSTRACT

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 Charophyta 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.
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PE3IOME

ITasamaps-Mopasunnesa I'M., ITapenxo IT.M., Bapunosa C.C. ®uaore-
He3, IPOUCX0XKACHUE U POACTBEHHBIEC CBA3H XapO(MUTOBBIX BOAOPOCAEIA.
ITpeAcTaBACHBI MATEPHAABI AHAAH3A (PUAOTEHETHICCKUX PEKOHCTPYKIIHIA Xapo-
pUTOBBIX BOAOPOCAEI, 4 TAKIKE OCBEIIICHA 3HAYUMOCTD HOBBIX (DHAOTCHETHIECKIX
THIIOTE3 O HEKOTOPBIX ACIIEKTAX SBOAIOIIHH PACTCHHI, C yIETOM COBPEMEHHOTO
ITPOrpecca B UX MOAECKYAAPHO-OMOAOIMYECKOM H3YYIEHHN, PACKPBITHH OCOOCH-
HOCTEH OHOAOTHH KU3HCHHBIX IINKAOB H PA3BHTHA OPTAHN3MOB, BOSHHKHOBCHIN
MHOTOKACTOYHOCTH U IPABUTPOIIN3MA, C YICTOM PE3YABTATOB MOACKYAAPHON (-
3MOAOTHH H 3BOAFOINH reHoMa. OOOOINEHB AAHHBIE O (DOPMHPOBAHIH TIPEA-
CTABACHHMI O 3HAYMMOCTH XapO(DHUTOB B CTAHOBACHII MUPA PACTCHHI, 34CCACHIE
HMI CYIIH U AAABHEHIIero ux paspurua. OOCyKAACTCA COBPEMEHHAA TPAKTOBKA
AHIIECTPAABHBIX (DOPM 1 POACTBEHHBIX CBA3AX 9TOH IPYIIITEI BOAOPOCAEH C APY-
TUMH TAKCOHAMH PacTUTEABHOrO Mupa. C HCIIOAB30BAHHEM (DHAOTCHETHYECKO-
IO ITOAXOAQA ITOKA3aHBI OCOOCHHOCTH (DOPMHUPOBAHIA I ACACHHUA KACTKH, 4 TAKIKE
OCOOEHHOCTH TIPOIIECCA YCAOKHEHHUA PACTUTEABHON OpraHn3arnu (IIEPEXOA OT
OAHOKACTOYHOCTH K MHOTOKACTOYHOCTH) I MOACKYASPHO-(PU3HOAOTHYECKUX H3-
MEHCHHH PACTUTEABHBIX OPIAHU3MOB B TICPHOA CMEHBI CPEABI OOMTAHHSA 1 BEIXOAA
nx Ha cyrry. OBOOIIEHE! U IIPOAHAANZIPOBAHBI MATEPHUAABI OTHOCHTEABHO CME-
HBI HAH MOANDHKAIIIH COBPEMEHHOM ITAPAAUIMEL O OAH3KOPOACTBEHHOM IPYIIIIE
CTpenTOHUTOBBIX BOAOPOCACH K OA3HCy APYIMX PACTCHHI M POACTBEHHOMN ce-
CTPUHCKOW AMHHK Zygnematales Ha (PUAOTEHETIIECKOM APEBE.

KaroueBmnre cAo0Ba:xapodutsl, PUAOreHEs, SBOAIOIHSA, POACTBEHHEIC CBA3H

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 (monocytes 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.
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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
Chatrophytes — 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 vatious aspects that
affect this group of aquatic plants. Location and value of the
Charophyte algae in the organic world have been discussed
catlier (Palamar-Mordvintseva & Tsarenko 2009).

Phylogenesis of the Charophytes

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) sat-
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 atmophyticus, forming an
catly 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 @B and rbd., 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-
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logenetic analysis of nucleotide sequences of nuclear ribo-
somal 185 rDNA and chloroplast protein-coding genes 7bcL.
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

“sssavenens

B Some terrestrial taxa

O Some thalli emergent

“«

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)
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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).

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 patrenchyma-
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
Coleochaere 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 compated with modern Coleochaete based on two
structures of generative organs and ecology and reaffirmed
that they can be the patent 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

62

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) Kitz.
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.

Evolution 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 cukaryotes
(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 cleatly 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.
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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 recent
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 eatly 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 scatce, despite its broad sup-
port in scientific references. General knowledge sometimes
becomes collective misinformation when numerically small,
pootly 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 Chaetosphaeridinm and Klebsormidinm (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

Phylogenesis, origin and kinship of the charophytic algae

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 dispatity 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, tepresenting a set of cells
connected by plasmodesms, and forming an appropriate
state of multicellularity (Qiu 2008, Becker & Marin 2009).
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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
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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 matked by dashed line

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 eartliest 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 pethaps 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 eatly 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
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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 eatly phylogenetic studies of the Charophyte algae,
using data from nuclear 18S tDNA, 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

Phylogenesis, origin and kinship of the charophytic algae

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 transpot-
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 19906) 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 1. and
C. contraria A. Braun ex Kiitz. 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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Figure 5 Positive gravitropism of the Charophyte algae (a — Chara vulgaris 1. in the Oren River pool), surviving in the terrestrial habitat
occupation (b — Chara grovesii B.P. Pal, the Ga’aton River), positive phototropism (¢ — Chara gymnophylla A.Braun in the Nevoria pool,
Northern Israel), negative phototropism (d — Chara vulgaris in the Neot Zmadar pool, Southern Negev Desert)

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. pu/garis inhabits northern moun-
tains (Batinova & 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. vu/garis 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

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 eatlier, 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
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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 eatly 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: Lamprothammninm — 80, Nitellopsis — 65, Chara — 55, and
Lychnothamnus 25 million years.

Themaximumdevelopmentanddiversityof 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-
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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 Coleochactales 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 eatly 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.
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