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Cytokinin Response of the
Streptophyte Alga Coleochaete
scutata provides a clue to the
evolution of cytokinin signaling
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Introduction: Cytokinins, a group of adenine derivatives, are phytohormones
that regulate many aspects of the plant's reaction to changes in the abiotic and
biotic environment and ensure the correct execution of developmental
programs. While the signaling pathway and its effects are very well established
for Angiospermes, its origin, and evolution are less well understood.

Methods: The first step in the analysis of the cytokinin signaling pathway is to test
if the organism can react to the hormone. Thus, an assay was established, that
uses differences in the growth pattern of the Streptophyte alga, Coleochaete
Scutata, to determine if this algal species reacts to different cytokinins.

Results: Surprisingly not only classical cytokinins, such as trans-zeatin and
kinetin, led to a change in the pattern of growth, but also adenine, which is
usually used as a negative control.

Discussion: This raises questions about the origin and the functioning of the
cytokinin signaling in C. scutata and also in algae in general.
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Introduction

The conquest of land by plants is one of the most consequential events in the evolution
of life. While there are few fossils of those early land plants, recent analyses place this event
around 550 mya ago (Morris et al., 2018; Fiirst-Jansen et al., 2020). However, even the first
land plants were not alone in this new habitat. The mycorrhizal landing hypothesis predicts
that bacteria and fungi were already present in this environment (Delaux et al., 2015). Tt is
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believed that the ability to form symbiotic relationships with some
of those organisms already present was a prerequisite for the
successful establishment of plant life on land (de Vries and
Rensing, 2020). The presence of regulatory systems controlled by
phytohormones is often considered another requirement for the
landfall by plants (Wang et al., 2015; Fiirst-Jansen et al., 2020).
Phytohormones are small compounds that regulate various aspects
of plant life, such as the interaction with abiotic and biotic
environments and the control of developmental processes.
Phytohormone biology can be roughly divided into three sections:
(i) the metabolism, (ii) the transport, and (iii) the signal perception
and transduction. (Eklund et al., 2018; Sun et al., 2019; Blazquez
et al,, 2020; Yang et al., 2020). One of the nine classical groups of
plant hormones is cytokinin (Guillory and Bonhomme, 2021).
Cytokinins are N°-substituted adenine derivatives, which were
originally identified for their role in promoting plant cell growth
(Kieber and Schaller, 2010). As nucleic acid derivatives, cytokinins
are found in virtually every organism investigated. However, only in
cyanobacteria, amoebae, streptophyte algae, and land plants are the
amount and type of cytokinin regulated (Gajdosova et al., 2011;
Zizkova et al., 2017; Aoki et al., 2019).

Cytokinin metabolism

Cytokinin metabolism has been characterized as the balance
between synthesis, interconversion, formation of conjugates, and
degradation (Heyl et al., 2007). In the synthesis of cytokinins, the
rate-limiting step is catalyzed by isopentenyl transferases (IPTs)
which either uses tRNA (tRNA pathway) or ATP/ADP/AMP
(adenylate pathway) as a substrate (Lindner et al., 2014;
Frébortova and Frebort, 2021). Of these two pathways the tRNA
pathway is considered to be evolutionary older (Frebort et al., 2011;
Frebortova et al., 2015), due to the evolutionary history of its class of
IPT genes (Wang et al., 2020; Hluska et al., 2021). Also, cis-zeatin
and its derivatives, which are mainly produced by the tRNA
pathway, are the predominant form of cytokinins in algae (Stirk
etal,, 2003). While interconversion and the formation of conjugates
are regulated by many different types of enzymes, the irreversible
degradation of cytokinins in the land plant is mediated by cytokinin
oxidases/dehydrogenases (CKX) (Heyl et al, 2006; Frébort
et al., 2011).

Cytokinin transport

While each plant cell should be capable of producing cytokinins,
local differences in cytokinin concentration and experimental evidence
for long-distance transport highlight the presence of facilitation
proteins (Hirose et al.,, 2007; Matsumoto-Kitano et al., 2008; Ziircher
et al, 2016; Osugi et al., 2017). In the last decades, several cytokinin
transporters have been identified, mainly belonging to five different
protein families: (i) ATP-BINDING CASSETTE TRANSPORTER
SUBFAMILY G (ABCQG), (ii) PURINE PERMEASE (PUP),(iii)
AZA-GUANINE RESISTANT (AGZ), (iv)EQUILIBRATIVE
NUCLEOSIDE TRANSPORTER (ENT), and (vV)ABC subfamily I
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(ABCI) (Hu and Shani, 2023). However, more research is needed to
better understand the specific functions of many of these transporters
in cytokinin biology.

Cytokinin signaling

Cytokinin signaling is mediated by a multi-step His-to-Asp
phosphorelay system, based on the bacterial two-component system
(Hwang and Sheen, 2001; West et al., 2001). This system is best
characterized in Arabidopsis thaliana. Here, the cytokinin
interaction with the receptor leads to its autophosphorylation
(Inoue et al, 2001). After an intramolecular phosphorelay, the
signal is transferred to a histidine phosphotransfer protein (HPt),
which continuously shuttles between the cytoplasm and the nucleus
(Hutchison et al., 2006; Punwani et al., 2010). In the nucleus, the
HPts activate type-B response regulators (RRB). RRBs are
transcription factors that activate the transcription of their target
genes upon phosphorylation. One group of the target genes is the
type A response regulation (RRA). RRAs act as negative regulators
of the cytokinin signaling pathway (Hwang and Sheen, 2001; Mason
et al., 2004; To et al., 2004; Heyl et al., 2008; Ishida et al., 2008).

Origin and evolution of cytokinin

The increasing number of available genomic and transcriptomic
data at the beginning of the century allowed for deeper phylogenetic,
studies and one of the first in-depth studies in the field looked at the
origin and evolution of cytokinin (Pils and Heyl, 2009). Work on other
hormones quickly followed (De Smet et al,, 2011; Wang et al,, 2015). A
detailed analysis including more than 50 Streptophytes revealed
different evolutionary patterns for each of the four protein families of
cytokinin signaling (Kaltenegger et al,, 2018). It was generally assumed
that if the respective genes are present in the respective genome, they
would work in the same way as in Arabidopsis and rice. However, for
several phytohormones, it has been shown that although the members
of the signaling pathway are present, they function in different ways
(Yasumura et al.,, 2007; Fiirst-Jansen et al., 2020; Feng et al., 2023). This
strongly highlights the need for experimental evidence to understand
the evolution of a given pathway. Thus, streptophyte algae are gaining
more attention as organisms for hormonal research (de Vries and
Archibald, 2018; De Vries et al., 2018; de Vries and Rensing, 2020; Feng
et al., 2023).

Coleochaete scutata

Coleochaete scutata, a member of the Coleochaetales, has been
used as a model for apical growth, quantitative analysis of body
plant formation and multicellular morphogenesis, and the
functional and structural changes during desiccation (Graham
et al,, 20125 Leliaert et al., 2012). Coleochaetales belong to the so-
called advanced streptophyte algae as they form - just like land
plants — phragmoplasts during cell division (McCourt et al., 2023).
It also belongs to the group of Streptophyte algae that can rotate the
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plane of cell division, like what is seen in land plants (Buschmann,
2020). Due to these properties, Coleochaete has been proposed as an
emerging model organism (Domozych et al, 2016). We were
interested in investigating if C. scutata is utilizing the cytokinin
signaling system to regulate growth. Toward this goal, a novel
cytokinin response assay was used to test different cytokinins in
their ability to change the growth pattern of C. scutata.

Materials and methods

Coleochaete scutata culture, treatment,
and analysis

C. scutata stock culture LB 2784 (UTEX Culture Collection of
Algae at the University of Texas at Austin, Austin Texas USA) was
cultured using Bold 3N media (UTEX). at a constant 20°C in a 16h/8h
light/dark cycle. For treatment, 1 ml of three-week-old culture was
transferred on a sterile microscope slide and placed in a sterile glass
petri dish. The sample was distributed evenly across the slide. The
dishes were incubated for four hours at 20°C for adherence of the algae
to the slide. After four hours, 11 mL of Bold 3N media were slowly
pipetted into the side of the dish to form a complete layer over the
entire dish. The chemicals used for treatment were dissolved in 1 uM
KOH and were added to the petri dish. The dishes were placed on the
same shelf, equidistant from the light source during incubation, and
were incubated for one week at 20°C in a 16/8h light/dark cycle. After
incubation, the algal growth of each slide was analyzed under 200x
magnification using a microscope (Zeiss, Infinity 3 Lumenera,
Germany). The first 50 living cells seen were classified by both the
growth pattern and the number of cell rows. Cells were characterized in
three categories: only 2D or only unstructured growth or a
combination of both — here referred to as “mixed”.

The data were analyzed using a generalized linear mixed model.
In short, each cell structure was treated as an observation and
accounted for the dependence structure in the data by including the
microscope slide as a random factor, nested within an experimental
trial, in addition to our focal predictor, treatment. First, it was
examined whether the random factor explained any variation in the
response. If this was not the case, the microscope slide was removed
from the model and a generalized linear model was run, which was
further simplified by removing the variable trial if it was not
significant. A binomial error distribution was specified to test the
dichotomous response “dimension” (2D or mixed) and a Poisson
error distribution to analyze the number of cell rows. Model
diagnostics followed the recommendation by (Zuur and Ieno,
2016). All analyses were carried out using R version 4.3.1 (R Core
Team, 2023) and RStudio version 2023.06.1 (Posit team, 2023).

Measurements of endogenous cytokinins

For the quantification of cytokinin content, the axenic culture of
C. scutata (Central Collection of Algal Cultures (CCAC) 0493) was
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used. The culture conditions were the same as described before,
only the Wees-H media was used instead of Bold N3 (McFadden
and Melkonian, 1986). Quantification of cytokinin metabolites was
performed according to the method described by Novak et al.
(Novak et al, 2008). 50 mg fresh weight or 1 ml media were
extracted in 1 ml and 9 ml of modified Bieleski buffer (60% MeOH,
10% HCOOH, and 30% H,O0), respectively, together with a cocktail
of stable isotope-labeled internal standards (0.5 pmol of CK bases,
ribosides, N-glucosides, and 1.0 pmol of CK O-glucosides,
nucleotides per sample added). The extracts were applied onto an
Oasis MCX column (30 mg/1 ml, Waters) conditioned with 1 ml
each of 100% MeOH and H,0, equilibrated sequentially with 1ml of
50% (v/v) nitric acid, 1 ml of H,O, and 1 ml of 1M HCOOH, and
washed with 1 ml of IM HCOOH and 1 ml 100% MeOH. Analytes
were then eluted by two-step elution using 1 ml of 0.35M NH,OH
aqueous solution and 2 ml of 0.35M NH,OH in 60% (v/v) MeOH
solution. The eluates were then evaporated to dryness in a vacuum
and stored at -20°C. Cytokinin levels were determined by an ultra-
high performance liquid chromatography-electrospray tandem
mass spectrometry (UHPLC-MS/MS) using stable isotope-labeled
internal standards as a reference (Rittenberg and Foster, 1940).
Separation was performed on an Acquity UPLC® i-Class System
(Waters, Milford, MA, USA) equipped with an Acquity UPLC BEH
Shield RP18 column (150x2.1 mm, 1.7 um; Waters), and the
effluent was introduced into the electrospray ion source of a triple
quadrupole mass spectrometer Xevo " TQ-S MS (Waters, Milford,
MA, USA). Five independent biological replicates were performed,
including two technical replicates of each.

Phylogenetic analysis

Members of the cytokinin signaling pathway from
Physcomitrum patens were identified using phytozome (CHK,
Pp3cl6_7610 (CRE2), HPt, Pp3cl7_11720, RRB, Pp3c23_7400,
RRA, Pp3c8_11160) (Goodstein et al., 2012). These sequences
were used as queries to identify components of the cytokinin
signaling pathway using BLASTP against C. scutata sequences of
the OneKP database (Leebens-Mack et al., 2019). Resulting
sequences with an e-value above 5.0e-08 were checked for the
presence of the canonical protein domains using PFAM (Mistry
etal, 2021), and sequences missing domains were eliminated. RRAs
only contain a response regulator domain, a domain also found in
RRBs and CHKs. To make sure that identified RRAs are not
truncated RRBs or CHKs it is necessary to run a phylogenetic
analysis (Heyl et al, 2013). Thus, the CHK, RRB, and RRA
sequences were used to generate a phylogenetic tree of the
response regulators domains using the Phylogeny program
(Dereeper et al., 2008). In short, sequences were aligned using
MAFFT, curated using GBLOCKS, and a tree was calculated using
the PhyML algorithm (Guindon and Gascuel, 2003; Talavera and
Castresana, 2007; Katoh et al., 2018). The branching pattern of the
resulting tree was confirmed by using the Bayesian Interference
method instead for the calculation of the tree (Ronquist et al., 2012).
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Results

C. scutata regulates cytokinin content
differently in tissue and in culture media

Any organism that uses a chemical as a signaling molecule must be
able to regulate the quantity and quality of that component. For aquatic
organisms, this includes not only the body itself but also the immediate
surrounding environment — in cultured specimens, the media. Thus,
the cytokinin content of C. scutata tissue and the media it was grown in,
was measured (Table 1). Four different types of cytokinin and their
ribosides were tested — trans-Zeatin (tZ), cis-Zeatin (cZ), Isopentenyl
adenine (IP), and Dihydrozeatin (DHZ) and their respective
derivatives. Interestingly, many of the types of cytokinin derivatives,
which are common in Angiosperms, were not found in C. scutata tissue
or its medium (Table 1). While ribosides and O-glycosylates were
detected for most of the four types of cytokinin, 7-, and 9-glucosides
were not found for any cytokinin variety tested. When comparing the
concentration of the detected cytokinins in the tissue with those

TABLE 1 Cytokinin content of C. scutata tissue and its medium (in pmol/g).

Cytokinin type Algal tissue Algal medium

tZ 0.019 + 0.004 2.345 + 0.48
tZOG 0.022 + 0.007 1.04 +0.17
tZR 0.003 + 0.001 0.63 £ 010
tZROG < LOD <LOD
tZ27G <LOD <LOD
tZ29G <LOD <LOD
tZR5’MP <LOD <LOD

cZ 0.029 + 0.007 2.34 + 048
cZ0G 0.007 + 0.000 1.04 +0.17
cZR 0.532 + 0.010 0.63 +0.10
cZROG 0.093 + 0.021 <LOD
cZ9G <LOD <LOD
tZR5’MP 0.104 + 0.025 <LOD

iP 0.149 + 0.021 43.64 + 13.82
iPR 0.066 + 0.023 2341 +£227
iP7G <LOD <LOD

iP9G <LOD <LOD
iPR5’MP 0.116 + 0.035 <LOD

DHZ 0.025 + 0.006 <LOD
DHZOG 0.023 + 0.006 <LOD
DHZR 0.0148 + 0.01 <LOD
DHRZROG <LOD <LOD
DHZ7G <LOD <LOD
DHZZ9G <LOD <LOD

10.3389/fphgy.2023.1275205

detected in the media, the types of cytokinin found were very similar.
However, there was a 10- to 100-fold difference in the quantity.
Generally, the cytokinin concentration in the tissue was much lower
than those detected in the media. Exceptions to this trend were
iPRYMP and ¢ZR5’MP, which were both found in trace amounts in
the algal tissue but below the limit of detection in the media (Table 1).

Most members of the canonical cytokinin
signaling pathway are present in C. scutata

In land plants cytokinin is perceived and the signal is transduced
by members of four protein families. Sequences from the cytokinin
signaling pathway of Physcomitrium patens were chosen as in this
species different aspects of cytokinin biology are very well
characterized and it is evolutionary more closely related to C.
scutata than other cytokinin model species, such as Arabidopsis or
rice (von Schwartzenberg et al., 2007; Lindner et al., 2014; Gruhn
et al, 2015; Von Schwartzenberg et al., 2016; Guillory and
Bonhomme, 2021). BLASTP searches against the C. scutata
sequences of the OneKP database (Carpenter et al., 2019) revealed
the presence of putatively one CHK, one HPt, two RRB, and several
RRA sequences (Table 2). As the RRA sequence could also represent
truncated RRBs, CHKSs, or other histidine kinases, a phylogenetic tree
was generated using only the response regulator domain
(Supplementary Figure 1). This analysis revealed that all putative
RRAs from C.scutata cladded with the CHKs, thus are more likely
part of a truncated histidine kinase than bone fide RRAs.

Classification of the growth pattern
of C. scutata

The signaling molecules, cytokinins, were identified and their
content was shown to be regulated (Table 1). Canonical cytokinin
receptors and most of the signaling proteins are present (Table 2).

TABLE 2 Coleochaete scutata sequences with complete domain
structure for members of the cytokinin signaling pathway.

Protein family Query (from C. scutata Sequences

P. patens)

CHASE domain-
containing Histidine
Kinase

Histidine

Phosphotransfer protein

Type-B Response
Regulator

Type-A Response
Regulator

Pp3cl6_7610
(CRE2)

Pp3cl7_11720

Pp3c23_7400

Pp3c8_11160

>gnl|onekp|
VQB]J_scaffold_2004565
Coleochaete_scutata

>gnl|onekp|
VQBJ_scaffold_2044491
Coleochaete_scutata

>gnl|onekp|
VQB]J_scaffold_2007823
Coleochaete_scutata

>gnl|onekp|
VQBJ_scaffold_2008671
Coleochaete_scutata

None*

LOD, Limit of Detection.
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* = determined by phylogenetic analysis (Supplementary Figure 1).
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This raised the question if C. scutata is able to respond to cytokinin
treatment. To answer this question, we first looked at the types of
growth patterns found in this Streptophyte algae species. Three
distinct growth patterns were detected: (i) a monolayered, discoid
body (referred to as 2D), (ii) an unstructured, callus-like body, and
(iii) a mixture of the two, with a discoid body with some additional
unstructured growth (referred to as “mixed”) (Figure 1).

The cytokinin iP, but also adenine affects
the growth pattern of C. scutata

The effect of cytokinin treatment on the occurrence of those
patterns was tested by treating C. scutata, with isopentenyl adenine
(iP) at different concentrations. Adenine was used as a negative control
as it does not trigger a significant cytokinin response in plants (Skoog
et al, 1967; Brandstatter and Kieber, 1998). In the KOH solvent
control, most of the C.scutata scored showed unstructured growth.
Only a few algae showed the 2D or the mixed phenotype (Figure 2).
When compared to the KOH control, iP triggered a significant increase
in the size of discoid growth with increasing concentrations of iP
causing more growth in the size (number of cell rows) of the discoid
structures in both 2D and mixed (Figure 2). Surprisingly, adenine also
triggered a change in the growth pattern, which was comparable, but
significantly weaker than that of iP for the higher concentrations
(100nM, 1uM) (Supplemental Files). Algae treated with the solvent
control, KOH, showed only unstructured growth (Figure 2).

10.3389/fphgy.2023.1275205

Different cytokinins lead to more
structured growth in C. scutata

In the next step, different types of cytokinins (Kinetin, 6-benzyl-
adenine (BA), and trans-eatin were tested in different
concentrations. A similar picture as in the iP treatment emerged.
The control treatment with KOH led to mainly unstructured
growth. The treatment of the algae with adenine led to a
significant increase in the number of algae growing in discoid
structures as before (Figure 3). Among the different tested
cytokinins, tZ had the strongest effect, as seen by the size of the
discoid growth it triggered - significantly larger than that observed
with adenine. The size of the algae treated with either BA or kinetin
was very similar to those treated with adenine, except for adenine-
treated cultures with a concentration of 100nM, which resulted in
more cell rows than those treated with BA or kinetin (Figure 3;
Supplementary Files). See the Supplementary Materials for detailed
statistical analysis.

Both purines, adenine, and guanine, have
an effect on algal growth

With Adenine treatment leading to a change in growth pattern
similar or even stronger than that observed with traditional
cytokinins, the question arose, if this effect is adenine specific or
if other purines would have the same effects. Thus, also guanine,

FIGURE 1

The different types of growth patterns of C scutata observed in this study. Cultures of C scutata were grown on glass slides and analyzed after one
week. (A) Represents a disk-type growth (2D) with 1 cell row. (B) Represents a disk-type growth with an unstructured part (mixed) with 5 cell rows.
(C) Represent algae with unstructured growth. (D) Represents a mixed growth type with 5 cell rows. (E) Represent a disk growth (2D) with 4 cell
rows. (F) Represents a mixed growth type with 4 cell rows. The scale bar represents 200 pm.
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Cell row and dimensional growth after treatment with iP or adenine. C. scutata cells were grown in liquid culture supplemented with 50 nM, 100 nM,
or 1 uM adenine or iP, respectively. KOH treatment served as solvent control. After one week, the growth pattern of the first 50 algae was scored for
the structure of growth - either disc-like (2D), unstructured, or mixed. In addition, the number of cell rows was counted. The experiment was
repeated three times and the average of the three experiments is shown here. The standard deviation is shown as a percentage. * = represents a
significant difference (P<0.05) between adenine and iP at the respective concentration.
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Cell row and dimensional growth after treatment with different cytokinins. C. scutata cells were grown in liquid culture supplement with 100nM
adenine, kinetin, BA, or trans-Zeatin, respectively. KOH treatment served as a solvent control. After one week, the growth pattern of the first 50
algae was scored for the structure of growth - either disc-like (2D), unstructured, or mixed. In addition, the number of cell rows was counted. The
experiment was repeated three times and the average of the three experiments is shown here. The standard deviation is shown as a percentage.

* = represents a significant difference (P<0.05) between adenine and the other chemicals used at the respective concentrations.
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the other purine of nucleic acids, was tested for its effect on the
growth of C. scutata. Again, a significant difference was detected
between the KOH control on one side and guanine and adenine on
the other. The effect of guanine on the growth of C. scutata was
statistically indistinguishable from that of adenine (Figure 4;
Supplementary Files).

Discussion

The types of cytokinins found in C. scutata
are comparable to those of other algae

A signaling system consists of a signaling molecule, a receptor,
and a signal transduction pathway, which connects the binding of
the ligand to a cellular response. Thus, the first analysis was to look
at the presence of the signaling molecule. The analysis of the
cytokinin content of the algae themselves as well as of the media,
showed marked differences, implying that the cytokinins are
regulated, both in quantity and quality. Interestingly, when a
cytokinin type is present in both, the media usually contains
more than 10-fold more of the chemical. This might indicate that
C. scutata regulates its cellular cytokinin content by transporting it
out of the cell. However, in the aqueous, natural environment the
cytokinins would most likely quickly diffuse away and not build up
as they do in the artificial situation of a liquid culture.

When compared to the cytokinin content of various macro- and
microalgae, Marchantia polymorpha and Physcomitrium patens, the

10.3389/fphgy.2023.1275205

cytokinin content of C. scutata was lower or in the same range (Stirk
et al., 2003; Ordbg et al., 2004; Stirk et al., 2013; Lindner et al., 2014;
Ald et al, 2019a). One of the most interesting aspects of this
comparison was the trans-zeatin content. This cytokinin is the
most effective cytokinin in experiments in land plants, yet its
contents differ wildly from not detectable to being equal to other
unmodified cytokinins (Aki et al., 2019a; Gajdosova et al., 2011;
Lindner et al., 2014). More research in different species is necessary
to understand the relationship between cytokinin content and
cytokinin effect.

The cytokinin signaling pathway of
C. scutata is similar to other
streptophyte algae

The first comprehensive analysis of the members of the
cytokinin signaling pathway across the plant kingdom showed
that all species investigated had HPts and RRBs genes in their
genomes (Pils and Heyl, 2009). During the course of evolution, the
classical cytokinin receptors (CHKs) and then the RRAs evolved
(Aki et al.,, 2019b; Gruhn et al., 2015; Wang et al., 2015; Bowman
et al.,, 2017; Kaltenegger et al., 2018; Powell and Heyl, 2023). The
sequences obtained from the transcriptome database OneKP seem
to fit this model, as only one CHK, one HPt, and two RRBs, but no
RRAs were detected (Table 2). However, while these data fit with
the current model for the evolution of cytokinin signaling, one
should keep in mind that due to a lack of genomic data, this analysis
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FIGURE 4

Cell row and dimensional growth after treatment with adenine and guanine. C. scutata cells were grown in liquid culture supplemented with 100
nM, or 1 uM adenine or guanine, respectively. KOH treatment served as a solvent control. After one week, the growth pattern of the first 50 algae
was scored for the structure of growth - either disc-like (2D), unstructured, or mixed. In addition, the number of cell rows was counted. The
experiment was repeated three times and the average of the three experiments is shown here. The standard deviation is shown as a percentage.
* = represents a significant difference (P<0.05) between adenine and guanine at the respective concentration.
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was based on the mRNA sequence approach of the OneKP
consortium (Leebens-Mack et al, 2019). As RRA are usually
transcribed only after the perception of a cytokinin signal,
members of this protein family might be present in the genome,
but not transcribed at the time of mRNA collection for the analysis.
Thus, only the sequencing of the nuclear genome will ultimately
determine, if RRAs are present in C. scutata.

Cytokinins and purines change algal
growth patterns

For any signaling system to be functional, its activity must lead to
a response of the organism on the cellular, the organ, and/or the
organismal level. For cytokinins, as for many other hormones, several
bioassays have long been established for land plants (Inoue et al,
2001; Mason et al., 2004; To et al., 2004; Hutchison et al., 2006; Von
Schwartzenberg et al,, 2016). While for algae no such set of
established assays is available, many researchers have investigated
the effects of phytohormone on algal growth (Renuka et al., 2017;
Piotrowska-Niczyporuk et al., 2018; Guldhe et al., 2019; Piotrowska-
Niczyporuk et al., 2020; Singh et al., 2020; Aratjo et al., 2021). In this
study, the effect of different cytokinins and purines on the growth
pattern of C. scutata was investigated. It is well known that cytokinins
promote cell division in modern land plants and the molecular
mechanism for this apical growth has recently been established for
Arabidopsis (Schaller et al., 2015; Yang et al,, 2021). As C. scutata has
long been proposed to serve as a model organism for apical cell
growth (Domozych et al,, 2016; Buschmann, 2020), we established a
growth here that is easily scorable and showed a clear difference
between the solvent control and the cytokinin treatment. It is based
on previous work looking at the effect of terrestrial habitats on the
growth of C. orbicularis and C. scutata (Graham et al., 2012). In an
aqueous mineral media, Coleochaetes grows mainly in a discoid
shape. As the cytokinins used in this experiment are dissolved in
KOH, this was also used as a control. Interestingly, for unknown
reasons, the addition of KOH seems to alter the growth habit of C.
scutata into a more unstructured growth. However, considering the
results of previous experiments with cytokinin on the algae, it was not
surprising that a change in growth pattern was observed upon
cytokinin treatment (see above). However, the results for adenine
were very surprising. As adenine has been established early on in
cytokinin research as not biologically active (Skoog et al., 1967), it is
mainly used as a negative control in cytokinin experiments
(Brandstatter and Kieber, 1998; Dow et al., 2022). The results of
the current study show that adenine is as functional as a growth
regulator as classical cytokinins - at least in C. scutata. However, this
might be true also for other algae or even early diverging land plants.
Only experiments can show. Even more surprising was that guanine
was as effective as adenine or cytokinins in changing the way that C.
scutata grew. This raises several possible scenarios about cytokinin
signaling in C. scutata, which might apply to Streptophyte algae in
general:

1.) No cytokinin signaling pathway.
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Algae might not respond to cytokinin and related chemicals as a
specific signal but rather just use them as additional building blocks.
This would explain why all tested cytokinins and purines triggered a
similar response. However, it is clear from the cytokinin content
measurements that C. scutata is regulating the cytokinin content in
its cell as compared to the surrounding media. Furthermore, the low
concentrations of cytokinins and purines used in the experiment
make it unlikely that they are used just as building blocks for
growth. Future experiments replacing the purines adenine and
guanine with the pyrimidines cytosine and thymine could
determine if the added nitrogenous bases - even in such low
concentration — could be used as a building block and cause a
change in growth pattern.

2.) The canonical cytokinin signaling pathway is present, but
still rather unspecific.

A second possibility is that cytokinin biology in general and
cytokinin signaling in particular functions in C. scutata as it does in
land plants. The only difference would be in the ligand-binding
properties of the receptor. This would fit with a model recently
proposed by Lomin and colleagues (Lomin et al., 2021), where
cytokinin receptors have been rather unspecific in their binding
properties in the beginning of plant evolution. However, in that
study, only land plants were investigated. It would be interesting to
test the binding properties of the putative cytokinin receptors
detected in our analysis (Table 2) or other studies (Wang et al.,
2015; De Vries et al., 2018; Nishiyama et al., 2018; Feng et al., 2023).

3.) An alternative pathway of cytokinin signaling.

One could also think of an alternative that has been proposed
for phytohormone signaling pathways in general and cytokinin in
particular (reviewed by Powell and Heyl, 2023). In this model, the
signaling molecule and downstream signaling components existed
before the presence of a dedicated receptor. Thus, the hormone
might have been perceived by an alternative pathway. Once the
complexity of the organism or its environment (e.g., after landfall)
demanded a more efficient signaling system a receptor was
connected to the existing pathway. During evolution, such a
pathway became more specific, and it signals more complex to
accommodate the increasing number of programs and processes
regulated, Evidence for such a model of phytohormone evolution
has been found in different organisms (Kaltenegger et al., 2018
Yasumura et al., 2007; Fiirst-Jansen et al., 2020; Hu et al., 2023).

One can imagine that adenine and guanine are picked up by the
cells and then converted into cytokinins. However, to our
knowledge, no pathway is known that can convert guanine into a
type of cytokinin, so this represents a highly unlikely scenario.

In summary, this study starts to shed light on the cytokinin
biology of the streptophyte algae C. scutata. It led to surprising
results concerning adenine and guanine, which are usually used as
negative controls, but show the same effect as classical cytokinins.
However, more experimental evidence is needed to understand
their role in plant growth regulation in general and the molecular
base of the effect of cytokinin on cell division in this streptophyte
alga in particular.
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