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Within the past century microalgae have gained importance both as
model organisms in cell cycle research and as a biotechnological platform
for the production of a variety of economically important compounds. This
thesis examines the coordination of growth and cell cycle progression in
green algae and attempts to explore the biotechnological relevance of
some of the findings. Furthermore, the applicability of confocal Raman
microscopy for both quantitative and qualitative analysis of storage
biomolecules during the course of the cell cycle of Desmodesmus

quadricauda is also investigated.

Temperature and light shift experiments showed that there is no direct
correlation between growth and cell cycle progression in D. quadricauda.
Further analysis revealed that supraoptimal temperature has a profound
effect on the cell cycle of Chlamydomonas reinhardtii causing a block in cell
division, increase of cell size and over accumulation of starch. Starch
production through supraoptimal temperature was successfully
demonstrated in pilot scale experiments, however it was estimated that
light availability within the culture poses a major limiting factor. Confocal
Raman microscopy was successfully applied for the quantitative and
qualitative analysis of storage biomolecules including starch, lipids,

polyphosphates and guanine.
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Foreword

Foreword

Dear reader,

| still remember the first time | saw microalgae being cultivated in a
photobioreactor. The bright green colour of the Scenedesmus sp. culture
that was cradled in the bottle, the uniform melody of the air pump and the
dance of the air bubbles as they rose to the surface — it all seemed so
beautiful to me. It was a simple system, it was teaming with life and in my
eyes it held the potential to change the world. As a young (and maybe
naive) student | immediately knew that this was what | wanted to do for
the rest of my life. This is how my love story with microalgae began.

| soon realised that it took a multidisciplinary approach, if you wanted
to study and understand the full potential of microalgae. You had to be in
the same time a plant physiologist and a mechanical engineer. You had to
have some knowledge of molecular biology and simultaneously grasp the
fundamentals of economics. You had to be able to spend long hours
meticulously analysing rows of samples in the lab and you also shouldn’t
shy away from dirty work in the hot sun.

While | consider it far from perfect, this thesis was comprised through
the same multidisciplinary approach — it encompasses work in the lab,
some hours under the hot sun and a considerable amount of time spent in
front of the computer screen. An inherent property of such
multidisciplinary approach is that the text at times feels uneven, leaping
from one major topic to another. | did my best to smooth it all out;
however | cannot help but feel that this sense of roughness is still lingering
through some of the pages.

In the introductory chapter | attempt to provide the reader with a
comprehensive theoretical overview of the concepts that are later to be
examined. However, because of the large number and sometimes the
complexity of topics, this overview is in the form of a concise summary.
Because sometimes this lack of detail might feel like an oversimplification

and in order to encourage further reading, whenever possible, | refer to
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the works of other authors that treat the topic more thoroughly. In chapter
Il | summarize the goals of the experimental work in the form of four
individual hypotheses that are tested in the research section of the thesis.
In the course of my doctoral studies it was felt that the results of this thesis
hold enough merit to be made available to the scientific community. Thus
far, one theoretical and two of the experimental research papers have
been published in peer reviewed journals and are presented in the form of
article excerpts. The other two experimental chapters are in the form of
article manuscripts that are yet to be submitted for publication. In the final
chapter | make an effort to summarize the results of the individual
experimental chapters and comment on the outcome of the hypotheses
set in chapter II.

While | can take responsibility for a major share of the text hereafter, |
cannot claim complete credit for all sections. This is especially true for
work which originated through collaborations with both national and
international partners. To help the reader with my involvement in a certain
body of work and to pay rightfully deserved tribute to my colleagues and
mentors, | have provided a complete list of co-authors in the beginning of
each chapter. Furthermore, | need to recognize the invaluable input of my
supervisor, Dr. Katerina BiSova, who supported my efforts throughout the
numerous revisions of this text and John D. Brooker who assisted with the

language corrections and proof reading of the final draft.

Ivan N. lvanov

Ceské Budéjovice, 13.07.2020
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1.1 Landmarks in eukaryotic cell cycle research

The cell cycle can be commonly defined as a regular sequence of cell
growth and cell division events that dividing cells pass through (Curtis
1983). This, at first glance, simple notion is rooted within a set of concepts
that can be dated as far back as the early days of cell theory. It should be
pointed out that, as often stated, discoveries are not made in isolation and
our current understanding of the eukaryotic cell cycle is based upon the
foundations laid by countless pioneering individuals. However, the
discoverer who is remembered by history is the one who presents his
contribution in such a way that the discovery becomes accepted by the
scientific world. Hence, the purpose of this section is to illustrate the
pivotal moments of cell cycle research and some of the important names
associated with them rather than to provide an extensive review of the
literature on the topic. Other authors have produced more detailed works
documenting different aspects of the history of the eukaryotic cell cycle
research (Cvrckova 2018; Hajdu 2002; Hartwell 1991; Hunt et al. 2011,
Nurse 2000).

The origins of modern cell cycle research can be traced back to the
beginning of 19" century when cell theory was first established by M.
Schleiden and T. Schwann stipulating that all living organisms are
constituted by structural units called cells (Hajdu 2002). Several decades
later R. Virchow building upon the works of others was the first to
elucidate and publish the theory that every cell originated from another
pre-existing cell (Cvrckova 2018). This was opposed to, the until then,
prevailing notion of de novo generation according to which organisms
arose from non-living matter (Paweletz 2001). At those early stages the
first observations of cell division were made in plants, algae and mosses
which is attributed to the fact that plant cell boundaries are easier to
observe than in animal tissues (Cvrckova 2018).

In spite of the fact that plant cell nuclei were observed to disappear and
reappear prior to cell division, a detailed description of mitosis was only

possible with the advancements in microscopy techniques. During the
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second half of the 19" century A. Schneider and W. Flemming were the
first to describe in detail and publish their observations on the duplication
of chromosomes and their distribution to daughter cell nuclei (Cvrckova
2018; Paweletz 2001).

Nuclear and cellular division, however, represents only a fraction of the
lifetime of the cell. Cells spend the larger proportion of it accumulating
macromolecules and cellular components, which ultimately leads to an
increase in cytoplasm and results in growth of the cell as a whole
(Harashima et al. 2013; Sablowski and Dornelas 2014; Pringle and Hartwell
1981). Further explanations about the processes that lead to cell division
were therefore needed.

The next major landmark in the history of the cell cycle came shortly
after World War Il with the discovery of the structure of DNA by J. Watson
and F. Crick (Watson and Crick 1953). During that time A. Howard and S.
Pelc (Howard and Pelc 1953) used radioactive isotopes to label DNA in
order to find out the exact time point during the lifetime of the cell when
replication of genetic material took place. Their results showed that
synthesis of DNA occurred well before mitosis and was both preceded and
succeeded by periods of growth in which replication of the genetic
material did not occur. This discovery led to the development of the now
widely accepted model of the binary fission cell cycle (also known as the
Howard and Pelc cell cycle model), which describes one of the most
common ways of proliferating living cells in nature (Howard and Pelc
1953).

In the period between 1970 and 1971 L. Hartwell discovered a number
of mutations in the genes of Saccharomyces. cerevisiae, commonly known
as budding yeast, which were responsible for control of the cell cycle. He
pinpointed more than one hundred such genes and named them ,cell
division control” genes or “cdc” genes for short. In the course of his work
he identified the cdc28, or ,start” gene in S. cerevisiae that controls a
crucial point at which cell cycle progression is regulated by extra- and intra-
cellular signals. L. Hartwell also described checkpoints, i. e. control points

that ensure the order of cell cycle events (Hartwell and Weinert 1989). One
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such checkpoint ensures dependence of mitosis on DNA replication so that
arrest of DNA synthesis by inhibitors or DNA damage will prevent mitosis
(Bruce 2001; Hartwell and Weinert 1989). A mutation in rad9 gene
abolished this checkpoint and the cells continue through mitosis
independent on DNA synthesis (Bruce 2001; Hartwell and Weinert 1989;
Johnston and Singer 1978).

Inspired by L. Hartwell’s discovery of the cdc genes in S. cerevisiae, Paul
Nurse ran similar genetic screens in the fission yeast Schizosaccharomyces
pombe. He identified a number of cell cycle control genes including the
cdc2 gene (Nurse 1975; Nurse and Thuriaux 1980), which later proved to
be a homolog of cdc28 in S. cerevisiae (Beach et al. 1982). He and V.
Simanis characterized the product of cdc2 and demonstrated that it
belonged to a family of protein kinases (Simanis and Nurse 1986). Soon
after, Nurse and his collaborators identified human gene with the same
function and thus uncovered the amazing functional conservation of cell
cycle control elements within the eukaryotic domain (Lee and Nurse 1987
Norbury and Nurse 1989; Elledge 1992; Ferreira et al. 1991).

The last piece of the puzzle of cell cycle regulation was uncovered by R.
T. Hunt who identified a protein being periodically destroyed during the
cell cycle which he called ,cyclin” (Evans et al. 1983; Poon et al. 1993).
Later on, he recognized that the protein kinases discovered by Nurse were
activated through binding to that very regulatory protein (Meijer et al.
1989). Thus, the name ,Cyclin Dependent Kinase” or ,CDK” was born
(Norbury and Nurse 1991). Together Hartwell, Nurse and Hunt were able
to show that the progression of the eukaryotic cell cycle is controlled by a
combination of constant CDK units and fluctuating levels of varying cyclins.
Moreover, disruptions in this precisely equilibrated machinery can lead to
the development of certain types of tumors. For their contributions to our
understanding of the regulation of the eukaryotic cell cycle and the arising
implications for cancer research Hartwell, Nurse and Hunt were awarded
the Nobel Prize in Physiology or Medicine in 2001 (Bruce 2001).

As demonstrated above, in the past two centuries of scientific research

we have made unprecedented progress in uncovering the basic principles

Coordination of growth and cell cycle progression in green algae



Chapter |

that govern the life of the cell. In the following sections, we will explore in
detail, some of those key concepts of our modern view of the eukaryotic

cell cycle.

1.2 Cells can have different cell cycle patterns

In order to multiply and proliferate, both prokaryotic and eukaryotic
cells have to go through a series of precisely controlled events that are
commonly described as the cell cycle. While recent advances in prokaryotic
genome sequencing have revealed some surprising similarities with
eukaryotes in terms of cell cycle mechanics, prokaryotes have cell cycle
patterns that are fundamentally different from those in eukaryotes
(Bramhill 1997; Samson and Bell 2011). Since elaborating on the diversity
of all prokaryotic cell cycles will deprive the current work of detail, in this
text we exclusively focus on the cell cycle patterns in eukaryotic organisms.
Moreover, unless specified otherwise, all statements made here refer to
eukaryotes in general. For a comprehensive description of the cell cycle
and its control mechanisms in prokaryotes the reader is advised to refer to
the works of (Abner et al. 2014; Lutkenhaus 2010; Samson and Bell 2011).

In the general eukaryotic binary fission cell cycle model, as described by
Howard and Pelc, one mother cell gives rise to two identical daughter cells.
In its classical organization, the process can be organized as a sequence of
events that are separated into four distinct phases (Figure 1-1). During the
Gap 1 (G1) phase, cells grow. They accumulate energy reserves and
synthesize proteins required for DNA replication, which will then allow
them to enter the next phase (Harashima et al. 2013). In late G1 phase is
determined whether cell cycle completed by cell division will occur. This
event is described as ,Start” in S. cerevisiae, ,restriction point” in
mammalian cells and ,commitment point” (CP) in algal cells (BiSova and
Zachleder 2014; Harashima et al. 2013; Zachleder and van den Ende 1992 ).
Throughout the rest of the text this decision point will be referred to as
»commitment point” or ,,CP” for short. At this stage cells make the decision

to either process through the CP or to enter a dormant phase called GO.
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This decision can be influenced by extracellular signals that cells receive or
depend on the soundness of the intracellular signaling pathways that
detect these signals (Barbash and Diehl 2008). Once a cell has passed the
CP it enters preparation for the Synthesis (S) phase during which DNA
replication takes place. After that, the cell enters a second phase of growth
called Gap 2 (G2). The last stage of the binary fission cell cycle is Mitosis
(M), where chromosomes condense, the mitotic spindle is formed and
sister chromatids are separated. In most cases the M-phase is followed by
cell division which ends with newly formed daughter cells (Forsburg and
Nurse 1991; Harashima et al. 2013).

S phase
cP P

™~ o

G1 phase

G2 phase

M phase

Figure 1-1: The binary fission cell cycle model. During the G1 phase the cell grows
and increases mRNA and protein production. During the S phase DNA synthesis
takes place. By entering the G2 phase the cell continues to grow and prepares for

cell division. Following is the M phase where mitosis takes place.

Unlike most cells some green algae can divide through a division
pattern in which one mother cell can give rise to more than two daughter
cells (BiSova and Zachleder 2014; Umen 2018). In this so called , multiple
fission division pattern”, the mother cell will divide into 2" daughter cells,
where the factor n can generally vary between 1 and 15 (Figure 1-2). In this

context binary fission can be seen as a specific case of the multiple fission
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cell cycle where cells divide into 2! daughter cells. Both cell cycle patterns
can be interchangeable in some species and depend entirely on growth
rate. Cells grown under unfavorable environmental conditions (light and/or
temperature) will divide only into two, while cells grown under favorable
conditions will divide into 4, 8, 16 and so on daughter cells (BiSova and
Zachleder 2014).

Daughter cell

growth

Release of daughter cells / @
g
© @

2" growth

n rapid mitotic divisions
Protoplasts Mother cell

\< )/

Figure 1-2: Schematic representation of the multiple fission cell cycle in the green
Chlamydomonas reinhardtii. Under non-limiting conditions, a daughter cell grows
and accumulates energy reserves. After reaching a commitment point, the cell
keeps on growing, provided that the conditions continue to be favorable. After
that the mother cell enters a sequence of rapid mitotic divisions yielding 2"
number of daughter protoplasts which are enclosed in the mother cell wall. In the
final stage of the cell cycle the newly formed daughter cells dissolve the mother

cell wall enclosure and release from it.

Synchronous algal cultures have been a popular tool in cell cycle studies
for more than six decades. Coincidentally, the first such experiments were
carried out by Tamiya and colleagues in Japan, almost at the same time
when Howard and Pelc postulated their four stages of the binary fission

cell cycle model (Tamiya et al. 1953). Although chlorococcal algae from the
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genus Chlorella were the first to be cultivated in synchronous cultures,
other species like Desmodesmus (formerly Scenedesmus) quadricauda and
Chlamydomonas sp. soon also gained popularity and became prominent
cell cycle models in their own right (Lorenzen 1968; Pirson and Lorenzen
1966; Setlik et al. 1972; Lien and Knutsen 1979).

A notable part of early cell cycle research, utilizing Desmodesmus
quadricauda as a model organism, was pioneered by Ivan Setlik and his
colleagues at the Department of Photoautotrophic Microorganisms in
Tiebori in Czechoslovakia (currently the Czech Republic) (Setlik et al. 1972;
Setlik et al. 1970; Zachleder and Setlik 1968). During these early times, the
green alga Desmodesmus quadricauda proved to be especially convenient
because daughter cells arising from a single mother cell remain connected
together in a structure called ,coenobium”. This physiological feature of
Desmodesmus sp. offered a fast and straightforward method for the
estimation of commitment points acquired during the cell cycle (Zachleder
and Setlik 1968).

One of the main reasons for the use of algae as a cell cycle model was
the fact that a high level of synchronization could be easily achieved by
exposing the algal cells to alternating periods of light and dark. Such a
synchronization procedure was considered to be natural and in many cases
yielded populations where 90 to 95 % of the cells were in the same
physiological state. However, this high synchronization can be attained
only by chlorococcal and volvocal algae that divide by multiple fission
(Tamiya 1959).

Another advantage of algae dividing by multiple fission is the flexibility
of their cell cycle, which makes it easy to obtain differing cell cycle patterns
simply by varying growth conditions or by applying inhibitors (BiSova et al.
2000). However, due to the overlapping phases of the cell cycle, the
multiple fission cell cycle model is much more complex than the classical
model and is known to be governed by complex regulatory mechanisms
(Zachleder and Setlik 1990).
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1.3 The cell cycle regulatory apparatus

The eukaryotic cell cycle consists of a number of precisely controlled
events that direct cell growth and differentiation. The first insight into
regulation of the eukaryotic cell cycle was gained by the discovery of a
group of CDKs that promote transitions through its different phases. These
early works established that alternating the activity of CDKs was a key to
proper cell cycle progression (Malumbres and Barbacid 2009; Morgan
1997). It was found that CDK activity was up regulated by the expression of
proteins called cyclins that formed a complex with CDKs and was down
regulated by binding to CDK inhibitory units. It was also discovered that the
activity of CDKs could be regulated through phosphorylation as well as by
interaction with CDK inhibitors (Harashima et al. 2013; Harashima et al.
2007).

1.3.1 CDKs

The first experiments that uncovered the regulatory mechanisms that
govern the cell cycle were done in budding yeast. However, with the later
establishment of fission yeast as a model organism for studying the cell
cycle, researchers gained the advantage of having two complementary, but
evolutionary very distinct genetic systems (Culotti and Hartwell 1971;
Forsburg 2001; Hartwell et al. 1970; Nurse 1975; Nurse and Thuriaux
1977). The first experiments established the existence of two genes, CDC28
in the budding yeast S. cerevisiae and cdc2 in the fission yeast S. pombe.
Both genes were responsible for the encoding of protein kinases in the two
yeast species (Hindley and Phear 1984; Reed et al. 1985). Initially, CDC28
was thought to be solely responsible for the regulation of the ,start”
control point (Hartwell et al. 1974). However, later experiments with cdc28
mutants led to the conclusion that the product of this gene also initiates a
sequence of dependent events that drive the mitotic cell cycle forward in
S. cerevisiae (Surana et al. 1991). It also became evident that CDC28 was

required for the initiation of two independent pathways during G1:
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cytokinesis and DNA replication. In contrast to CDC28, the cdc2 seemed to
be crucial for mitosis and was found to affect cell size during G2 (Nurse and
Thuriaux 1980). Although at the time of their discovery it appeared that
the two genes differed in terms of function and timing of activity during
the cell cycle, ensuing studies demonstrated that they are in fact homologs
(Beach et al. 1982; Hindley and Phear 1984; Nurse 1985). Later it was
established that the product of these two genes, which today is commonly
referred to as Cyclin Dependent Kinase 1 or CDK1, is responsible for
controlling the whole cell cycle in both yeast species (Morgan 1997).
Furthermore, it was shown that homologs of these two genes encoding
protein kinases have been preserved during the evolutionary process and
have the same function throughout most of the eukaryotic kingdom (John
et al. 1989; Lee and Nurse 1987; Riabowol et al. 1989)

In contrast to the two yeast species, which have a single CDK, regulation
of the cell cycle in other organisms, such as animals and plants, is directed
by small families of multiple CDKs, each with distinct functions. In
mammals, CDK1 is responsible for the control of mitosis, while CDK2
controls entry into the S phase. Additionally, mammals also have CDK4 and
CDK®6, which are responsible for the initiation of the cell cycle in response
to mitogenic stimuli, but have different cyclin binding signatures and are
only distantly related to CDC28 and cdc2 (Harashima et al. 2013;
Malumbres et al. 2004). It was found that mammalian cells lacking CDK2
(Steinberg 2003), CDK4 and CDK6 (Malumbres et al. 2004) can survive and
proliferate, and CDK1 alone is sufficient to drive the cell cycle (Santamaria
et al. 2007). Thus, it appears that although, in the course of evolution,
mammals have evolved a variety of different CDKs, CDK1 still remains as
the major driver of the cell cycle.

Similarly to yeasts and mammals, plants also contain a Cdc28/Cdc2
related protein kinase called CDKA1, belonging to a group of so called A-
type of kinases (Gutierrez 2005). Plants also contain a plant-specific subset
of kinases, B-type CDKs that do not complement the functions of CDC28
and cdc2 in yeast (Inagaki and Umeda 2011). The B-type kinases
themselves are further divided into two subfamilies - CDKB1 and CDKB2
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and are characterized by different cyclin binding signatures (Harashima et
al. 2013) and by different gene expression patterns during the cell cycle.
CDKB1 is expressed from late S phase until M phase and CDKB2 only from
G2 to M phase (Inagaki and Umeda 2011). In contrast to yeasts and
mammals, CDKA1 in plants appears not to be essential for cell cycle
progression, indicating divergent functional differentiation of the
Cdc28/Cdc2 protein kinases in the course of the eukaryote evolution
(Nowack et al. 2012). The function of CDKB is less-well characterized.
CDKB1 controls G2/M transition (Porceddu et al. 2001), endoreduplication
(Boudolf et al. 2004) and homologous recombination (Weimer et al. 2016)
while CDKB2 is required for the meristematic function (Andersen et al.
2008).

Regulation of the cell cycle in algae has mostly been studied in the
taxon Chlorophyta, where it is similar to that in plants. In fact, green algae
were the first organisms of the plant lineage in which a homolog of CDK in
yeast was identified (John et al. 1989). CDK activity assays conducted in
Chlamydomonas reinhardtii revealed a correlation between maximum
kinase activities with commitment points and nuclear division, suggesting
the existence of different CDK complexes with separate activities
(Zachleder et al. 1997). In recent years, the complete sequencing of the
genome of C. reinhardtii helped to reveal the existence of homologs of all
major CDKs present in higher plants. This includes not only A and B-type
CDKs, but also CDKs specific only to C. reinhardtii (BiSova et al. 2005;
Merchant et al. 2007). Importantly, in contrast to higher plants, most of
the cell cycle regulators are present as single copy genes, which simplifies
functional studies. Isolation of mutants in both CDKA and CDKB homologs
in C. reinhardtii established their function in the complex multiple fission
cell cycle (Atkins and Cross 2018; Cross and Umen 2015; Tulin and Cross
2014; Tulin and Cross 2015). By doing mutational screening of C. reinhardtii
temperature sensitive mutants F. Cross and his colleagues discovered that
although CDKA was not essential for mitosis it was required for appropriate
timing of entry into the cell cycle (Atkins and Cross 2018; Tulin and Cross

2014). At the same time CDKA is required for cytokinesis initiation (Tulin
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and Cross 2014). In contrast to CDKA, CDKB was found to be required for
entry into mitosis (Atkins and Cross 2018; Tulin and Cross 2014). There
exists a negative feedback loop where CDKA initiates cell division and
activates the transcription of CDKB. The functional CDKB-cyclin B complex
is then required for the mitotic spindle formation and for the repression of
the activity of CDKA (Atkins and Cross 2018).

In contrast to green algae, with well-established model organisms such
as C. reinhardtii, relatively little is known about regulation of the cell cycle
in other groups of algae. However, with recent advances in genomic
sequencing techniques, more genomes from different algal groups have
become available. Studies of the emerging model red alga Cyanidioschyzon
merolae suggest that its cell cycle regulators are similar to those in land
plants and green algae. So far, both CDKA as well as the plant specific CDKB
have been identified. In C. merolae CDKA and CDKB play similar roles to
their counterparts in plants and green algae: CDKA controls entry into DNA
replication, while CDKB is responsible for the regulation of mitosis
(Kobayashi et al. 2009; Sumiya et al. 2016). The fact that C. merolae’s
genome encodes for a complete set of cell cycle genes as well as CDKB
genes suggests that the B-type CDKs were already present in the last

common ancestor of red and green algae.

1.3.2 Cyclins

Cyclins, a diverse family of proteins, interact directly with the CDKs and
together they form CDK-cyclin complex, where CDK is the active and cyclin
the regulatory subunit. The CDK-cyclin complexes controls progression
through the cell cycle of eukaryotic cells by phosphorylating a large
number of target substrates (Errico et al. 2010; Koivomagi and Loog 2011;
Swaffer et al. 2016).

The cyclins are expressed in specific phases of the cell cycle and can pair
with different CDKs, thus regulating different stages of the cell cycle
(Fuerst et al. 1996). CDKs can also pair with different cyclins meaning that
different CDK-cyclin pairs can be formed. Moreover, the cyclins are

specifically degraded at certain points of the cell cycle, particularly at the

Coordination of growth and cell cycle progression in green algae



Chapter |

mitotic anaphase (Jaspersen et al. 1998; Murray et al. 1989), which
introduces another level of regulation and allows re-setting of the cell cycle
(Novak et al. 1998; Novak et al. 2010).

Similarly to CDKs, cyclins within the eukaryotic kingdom also show
remarkable levels of conservation. However, there are also some distinct
examples of divergence, especially when it comes to plants and algae. In
mammals, there are four major groups of cyclins, consisting of proteins
that are produced during S phase (A-type cyclins), M phase (B-type cyclins)
and G1 phase (D and E-type cyclins) (Meyerson and Harlow 1994; Murray
2004; Spoerri and Gabrielli 2013). Phylogenetic analysis has shown that
similarly to animals plants have conserved the A and B types of cyclins
(Wang et al. 2004). Plants also contain D-type cyclins, however their
functionality appears to have been diversified when compared to animal D-
type cyclins which fulfill their function strictly during the G1 phase
(Harashima et al. 2013).

In Arabidopsis thaliana there are around 50 genes that encode cyclin
related proteins, from which 32 are likely to be involved in regulating the
cell cycle. Of those genes, 10 encode A-type, 11 encode B-type, 10 encode
D-type and 1 encodes a H-type cyclin involved in activation of other CDK-
cyclin complexes (Menges et al. 2005). In comparison, C. reinhardtii
contains only 7 known cell cycle related cyclins: 1 A-type cyclin 1 B-type
cyclin, 4 D-dype cyclins and a novel cyclin designated CYCAB1. This
Chlamydomonas specific cyclin has close homologs from the cyclin A and
cyclin B groups, but cannot be placed definitely in neither of them (BiSova
et al. 2005; Cross and Umen 2015). According to gene expression analysis
of C. reinhardtii cyclins, the A and B types appear to act as mitotic cyclins
while the hybrid CYCAB1 likely acts as an early activator of cell division
and/or S phase. Similarly to plants, each of the D-type cyclins has its own
distinct expression profile likely pointing toward separate functions in

different stages of the cell cycle (Zones et al. 2015).
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1.4 The role of macromolecules

As we have already seen, the cell cycle of eukaryotic organisms consists
of a number of accurately controlled events governed by conserved
regulators. Since at each division one mother cell gives rise to at least two
daughter cells, clearly the mother cells needs to grow prior to division
ensuring that the cell size after division will not drop below the limit
required for survival. This suggests that there are mechanisms coordinating
growth and reproductive (cell cycle) sequences, although the two could in
principle operate independently. This led to the proposition of a
conceptually simple cell-size checkpoint hypothesis. The hypothesis
suggests that eukaryotic cells must possess a mechanism for determining
cell size and the existence of a checkpoint that establishes a minimum cell
size for progression through the cell cycle. This means that cells that are
small can catch up to larger cells by growing and delaying cell cycle
progression until they reach the minimum cell size required for satisfying
the cell size checkpoint. In contrast, large cells will reach the checkpoint
earlier and will progress through the cell cycle more rapidly (Umen 2005).
This will ensure that the cells size in a population of cells will not drop
below the minimum required for survival. In spite of the conceptual
simplicity of the cell-size checkpoint hypothesis, the molecular machinery
that must undoubtedly exist in order to facilitate such behavior has been
difficult to unravel. Throughout the years, there have been numerous
propositions for models that attempt to explain the link between cell
growth and progression of the cell cycle. They can be divided into three

main categories: geometric, protein concentration and metabolic models.

1.4.1 Geometric models

Geometric models attempt to explain the connection between cell size
and cell cycle progression in terms of cell length, diameter or surface to
volume ratio sensing mechanisms. Two studies conducted in fission yeast

and published in Nature in 2009 demonstrated that a gradient of a polarity
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factor protein appears to act as a sensing mechanism of cell length and can
determine the onset of Cdc2 activation and hence mitosis. This mechanism
involves changes in the spatial cellular distribution of two proteins, Pom1
and Cdr2, as the cell grows lengthwise. Pom1 inhibits Cdr2 while Cdr2 is
responsible for the promotion of the transition between G2 and M phases.
According to the model, in fission yeast, Cdr2 is localized in the mid cell
region, whereas the concentration of Pom1 is highest at the cell tips and
declines towards the middle of the cell. In short cells, Pom1 efficiently
inhibits Cdr2. However, as the cell grows, the Pom1 concentration in the
middle of the cell decreases such that Cdr2 becomes activated at a certain
critical cell size and triggers the onset of mitosis (Martin and Berthelot-
Grosjean 2009; Moseley et al. 2009; Vilela et al. 2010)

Although this gradient of polarity, in principle, can be used to explain
the relationship between attaining critical cell size and entry into mitosis in
fission yeast, it seems unlikely that this is the whole story. This was
illustrated in experiments with a CDK mutant bypassing the Pom1-Cdr2
regulatory system. In these cases cell size homeostasis was still
maintained, albeit with a broader size distribution. This indicates the
existence of other unknown mechanisms that are responsible for the
measurement of cell size and the integration of this information into the

cell cycle control apparatus (Coudreuse and Nurse 2010).

1.4.2 Protein concentration models

In general, growth of cells can be defined as the accumulation of
cytoplasmic mass that is caused by the accumulation of macromolecules.
In this regard, protein concentration models attempt to explain the
attainment of critical cell size through the existence of a so called ,sizer”,
which represents a specific compound that accumulates during growth of
the cell until a certain concentration is reached, which then leads to entry
into mitosis (Umen 2005). The nature of this putative sizer compound is yet
to be identified, although some candidate genes are known.

One such sizer protein was identified in C. reinhardtii thanks to

isolation of a mutation in MAT3 gene, which encodes a homolog of the
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retinoblastoma protein. The mat3-4 mutant produces tiny daughter cells.
Furthermore, it shows defects in two size-dependent cell cycle controls, 1)
the critical cell size for attaining CP is smaller, 2) the mother cell size is mis-
interpreted leading to super-numerous mitotic division (Umen and
Goodenough 2001). Further genetic screen placed MAT3 downstream of
another gene, CDKG1, a novel type of cyclin-dependent kinase that directly
phosphorylates Mat3 protein (Li et al. 2016). The CDKG1 protein seems to
be a bona fide sizer with cell size dependent accumulation in nucleus and
progressive dilution and degradation with each round of nuclear/cell
division. In line with its proposed sizer role, the cdkg1-2 mutant has slightly
bigger daughter cells while the over-expressing line has smaller daughter
cells. Similar, even though less pronounced was also the difference in
critical cell size at attaining CP (Li et al. 2016). It would be interesting to
identify other members of this size sensing pathway and possibly to see if
and how it might interact with the cell growth beyond the cell size

dependent accumulation of CDKG1.

1.4.3 Metabolic models

Historically, there have also been attempts to link critical cell size with
an increase in general metabolic activity and the bulk accumulation of
different macromolecules such as total RNA and protein, since both of
them are a manifestation of growth. In green algae, the concentrations of
both macromolecules appears to increase during the light periods of the
cell cycle and usually stabilizes during the dark period (BiSova and
Zachleder 2014) but similar behaviors are also true in other organisms
(Cipollina et al. 2007; Di Talia et al. 2007; Turner et al. 2012). However,
each of the metabolites varies under some conditions, implying that none
of them is the sole critical size determinant (John 1984). Therefore, it
seems feasible that there is not a single determinant, but rather a
combination of different metabolic signals.

The processes of DNA replication, nuclear and cellular division are
extremely energy demanding, thus sufficient storage for energy must be

available to the cell before it enters cell division (Siddiqui and Stillman
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2007). In plant and algal cells, that energy is usually stored in the form of
starch, lipids and polyphosphates (Bental et al. 1991; Sulpice et al. 2009).
The first two of the compounds serve as a carbon (and energy) supply, the
last are mostly an energy store. Combined, they make the cells
independent of external supplies of both energy and carbon.

Starch is the primary energy storage macromolecule in plant and algal
cells, and as such, is the main source of energy for growth during periods
of low light and at night (Izumi et al. 2013). Moreover, microalgal species
like Desmodesmus sp., Dunaliella sp., Chlamydomonas sp. and Chlorella sp.
are known to accumulate levels of starch exceeding 50 % of their dry
matter (Miranda et al. 2012). Such over-accumulation of starch or lipids in
algae is often connected to nutrient limitations, which lead to a block in
cell division (Ballin et al. 1988; Branyikova et al. 2011; Li et al. 2013; Setlik
et al. 1988; Zachleder et al. 1988). Similarly to plants, starch in algae
accumulates in the form of starch granules contained within the
chloroplast (Figure 1-3) (Kobayashi et al. 1974). The starch content in
Chlamydomonas sp. has a diurnal oscillation and is highest during the night
(Ral et al. 2006). Starch accumulation is light/photosynthesis dependent
and its degradation is cell cycle dependent being very rapid during
nuclear/cell division (Spudich and Sager 1980; Vitova et al. 2011; Wanka
1968; Wanka 1975), even in the presence of light.

Figure 1-3: Schematic representation of a Chlamydomonas reinhardetii cell. Chl:
chloroplast, Nuc: nucleus, Pyr: pyrenoid, Fla: flagella, Sta: starch granules, Lip: lipid

bodies, Pol: polyphosphate grains.
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In algae, polyphosphates are contained within single membrane-bound
compartments, which are considered to be counterparts of the seed
vacuoles in plants (Yagisawa et al. 2009). They increase during cell growth
and some of them are specifically used for DNA synthesis in dark (Miyachi
et al. 1964). The connection between energy requirements and
progression of the cell cycle are not specific to algae. In budding yeast,
catabolism of two major energy reserves, lipids and carbohydrates, are
connected to the cell cycle through regulation of key metabolic enzymes by
CDKs (Ewald et al. 2016; Futcher 2009; Jennifer et al. 2016; Kurat et al.
2009; Zhao et al. 2016).

In the following sections we will depart from the fundamental nature of
the cell cycle regulation and we will examine in closer detail some of the
applied aspects of the above mentioned energy storage compounds as well

as other economically important microalgae derived metabolites.

1.5 Microalgal biotechnology

The cell cycle progression in algae depends largely on growth and the
accumulation of energy storage compounds such as starch, lipids, and
polyphosphates. These and other high-value secondary metabolites have
recently become the focal point of the growing field of microalgal
biotechnology.

The first steps of microalgal biotechnology were made in the first half
of the last century when microalgae started to be viewed as a solution to
the problem with malnourishment in some regions of the world. The main
reason for that was their high efficiency of utilization of sunlight and their
ability to accumulate biomass much faster than terrestrial plants (Spoehr
1953). In addition to that, many microalgal species have much higher
protein content, and thus higher nutritional value, than most agricultural
plants (Spoehr 1953). Although microalgae are no longer viewed as the
main food source of the future, microalgal biotechnology has seen an
immense development in the past several decades, with a number of algae

derived products being produced on commercial scale (Figure 1-4).
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Although comparatively small, the market share of microalgae derived
products is growing and in 2004 the global market for microalgal biomass
was estimated to be 5000 tons of dry weight with an yearly turnover of
1250 million USD (Milledge, 2011; Pulz and Gross, 2004).

{ Water + CO, + Light + Nutrients }

<—{ Microalgal biomass ’—»

‘ Polysaccharides

compounds

‘ Pigments ‘ Biologically active ’ Fibers

Figure 1-4: Overview of some of the current and prospective substances, which

can be produced through microalgal biotechnology.

The first chemical compound synthesized by microalgae on commercial
scale was the red-orange pigment B-carotene, which was first extracted
from Dunaliella salina in 1986 (Spolaore et al. 2006). Currently, B-carotene
from microalgae is used mainly as food coloring agent but it also has a
number of other applications including animal feed, cosmetics and is also
used in health food products as an antioxidant (Del Campo et al. 2007).
Astaxhanthin derived mostly from Haematococcus pluvialis is another type
of carotenoid, which is being produced on industrial scale (Guerin et al.
2003). It is a major natural pigmentation source in aquaculture and is
responsible for the coloration in economically important fish species like
trout, salmon and red sea brim. Moreover, astaxanthin finds application in
the nutraceutical, cosmetic and human health industries. The price of

astaxanthin on the world market as of 2004 was 2500 USD per kilogram,
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and it had an annual world market share of 200 million USD (Del Campo et
al. 2007).

Algae are also able to produce secondary metabolites, which have
different biological functions. The discovery of externally excreted
compounds in Chlorella vulgaris, which inhibit bacterial growth was done
as early as 1940 by Pratt and Fong (Pratt and Fong 1940). In more recent
years however, algae have also gained attention as producers of antiviral
and anticancer substances. One prominent example here is the red alga
Porphyridium sp. which produces a polysaccharide that can slow down or
completely inhibit infections of mammalian cells with Varicella zoster and
Herpes simplex viruses (Huleihel et al. 2001).

Synthesis of lipids is another major area of interest in modern algal
biotechnology. Poly unsaturated fatty acids (PUFAs) are an important
dietary supplement not only for fish species in aquaculture, but also for
human and mammalian health and nutrition (Piepho et al. 2011).
Commercial production of essential PUFAs in microalgae is currently done
by the Dutch company Royal DSM through fermentation of heterotrophic
microalgae (Blackburn and Lee-Chang 2018). While there is still no
photosynthetic large-scale production of essential PUFAs, future advances
in microalgal cultivation technology are likely to make their economical
production feasible in the near future.

In recent years, microalgae have gained significant attention as
prospective source of polysaccharides like glycogen and starch for the
biofuels industry. Both of these polysacharides have high energy content
and serve as energy storage for the cell during unfavorable environmental
conditions. Glycogen is found mainly in cyanobacteria while starch is
accumulated in eukaryotic algae (Ral et al. 2004). Production of glycogen in
laboratory-scale has been demonstrated in the cyanobacterium
Arthrospira sp. (Aikawa et al. 2012; De Philippis et al. 1992). As previously
mentioned, microalgal species like Scenedesmus sp., Dunaliella sp.,
Chlamydomonas sp. and Chlorella sp. are known to be able to produce high
amounts of starch and have therefore attracted a lot of attention as a

potential feedstock for bioethanol production (Miranda et al. 2012).
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Microalgae based bioethanol production has recently become a popular
business model that has been adopted by a large number of start-up
companies. However, currently none of these companies have been able
to profitably produce microalgal bioethanol on industrial scale. As an
example of the austerities in the microalgae based biofuels industry here
can be given the case of the promising US based start-up Algenol Biotech
LLC (Algenol). The company planned to start commercial production of
ethanol from microalgae by 2015. In a press release Algenol claimed to be
able to reach a yearly production of 34 000 liters of bioethanol per acre at
price of around 0.20 EUR per litter (Lane 2013). If achieved this would have
provided Algenol with fair amount of competitive advantage when
compared to conventional ethanol that at times can reach prices as low as
0.25 EUR per litter (Irwin 2019). However, by October 2015 Algenol did not
meet its bioethanol production goals and the employees of the company
had to see their founder and CEO announce his sudden resignation and
surprising shift of the company’s focus away from biofuels (Lane 2015).

Despite the versatility and variety of products that can be produced by
microalgae, currently only high value microalgal compounds such as
carotenoids and essential PUFAs are manufactured commercially. The main
reasons for that are technical challenges of microalgae cultivation
technology, which result in high costs of biomass production as well as low
product yields. Productivity enhancement of microalgal strains, combined
with the development of added value chains is therefore required for
improving the commercial potential of microalgae (Wijffels and Barbosa,
2010).

1.6 Production of energy storage compounds in microalgae

In recent years interest in renewable biofuels has provoked an intensive
global research effort directed at increasing the production of energy
storage compounds in microalgae. Within the scope of this thesis the term
“production of energy storage compounds” can be defined as the

deliberate diversion of the photosynthetic carbon flow towards the
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synthesis of high energy storage compounds in order to produce algal
biomass with enhanced starch and/or lipid content. In general, there are
two principal approaches for increased production of energy storage
compounds in microalgae: through manipulation of environmental factors

and through genetic manipulations.

1.6.1 Manipulation of environmental factors

Exposure to environmental stresses such as nutrients, salinity and
physical stress factors (i. e. light, pH and temperature) can affect
biosynthetic pathways in microalgae and can be used to promote the
synthesis of carbohydrates and lipids. However, stressful conditions can
also have a detrimental effect on microalgal growth and ultimately reduce
the yield of the target molecules. Hence, a more complex approach that
explores the stress tolerance mechanisms in microalgae and includes
process optimization and strain development is needed in order to achieve
efficient bioproduction. For more detailed reviews see (Aratboni et al.
2019; Chen et al. 2017).

From a historical perspective, Spoehr and Milner, 1949 were the first to
recognize that environmental conditions influence the chemical
composition of microalgae. In their work, they investigated the influence of
multiple environmental factors that included temperature, light intensity,
CO, supply and medium composition on the biomass accumulation and
chemical composition of Chlorella sp. As a result, they were able to
determine that concentrations of fixed nitrogen in the growth medium
have direct influence on the lipid accumulation within the algal cells. Their
experiments showed that lipid synthesis in Chlorella sp. can be triggered
through a combination of nutrient stress and high light intensity.

More recent works have successfully demonstrated that nutrient
depletion combined with high light intensity can be successfully applied for
the production of both lipids and starch in microalgae (Li et al. 2013;
Fernandes et al. 2013; Takeshita et. al. 2018; Chen et al. 2017; Mathiot et
al. 2019). It has also been established that the synthesis of storage lipids in
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microalgae is coupled together with the starch metabolism and hindering
the synthesis of starch as energy storage compound could improve lipid
synthesis (Mizuno et al. 2013; Siaut et al. 2011). According to the results of
Fernandes et al., (Fernandes et al. 2013) when exposed to nutrient stress
(10 or 5-fold diluted medium) Parachlorella kessleri accumulates starch (as
primary energy storage) in the start of cultivation while nutrients are still
present in the medium. However, as nutrient concentrations are depleted
the energy storage is shifted to the accumulation of neutral lipids (as
secondary energy storage) in the form of cytoplasmic lipid bodies (Li et al.
2013). Although nutrient depletion has proven to be an effective method
for enhancing the production of energy storage compounds in microalgae
this is usually achieved in relatively long time periods and at relatively low
biomass concentrations. These factors limit the overall productivity of the
nutrient depletion method. Hence, an alternative approach is needed that
will allow for the fast accumulation of energy storage compounds at high
cell densities.

Although less studied, the exposure to temperature stress has also
been demonstrated to affect the accumulation of energy storage
compounds. In some microalgal species low temperatures can promote the
synthesis of certain types of lipids as a way for acclimation to low
temperature (An et al. 2013; Jiang and Gao 2004). On the other hand,
treatments with high temperature seem to have a higher potential for
biotechnological applications. Similarly to the nutrient depletion approach,
exposure of microalgae to high enough temperature (also known as
restrictive or supra optimal temperature) may induce the accumulation of
energy storage compounds. Also similarly to the nutrient depletion
approach, high temperature exposure was shown to affect the
reproductive processes of the cells leading to inhibition of cell division.
However, the supra optimal temperature does not seem to affect the
synthetic processes of the cells allowing for the accumulation of very large
quantities of starch or lipids in short periods of time (Semenenko et al.
1967; Semenenko and Zvereva 1972; Setlik et al. 1975). The fact that such

temperature treatment approach leads to the rapid synthesis of energy
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storage compounds may contribute to increased productivity in a potential

biotechnological application.

1.6.2 Genetic manipulation

Usually, different microalgae species or strains are used for different
biotechnological applications. For instance, fast growing species such as C.
vulgaris are often used for bulk production of microalgal biomass, whereas
others such as H. pluvialis, albeit having slower growth rates, are used for
directed synthesis of specific high-value compounds. However, in order to
increase the overall productivity and hence the economic viability of a
production process high growth rates should be combined with
accelerated accumulation of the compound of interest. For detailed
reviews see (Hlavova et al. 2015; Radakovits et al. 2010).

Induction of random mutations by mutagens is a well known approach
for increasing genetic variability in plants and has also been recently
applied to microalgae (Ramazanov and Ramazanov 2006; Tripathi et al.
2001). Chemical and physical mutagens are widely used, mostly because
they are easily applied in different doses and their mutagenic properties
are well known. Chemical mutagens such as ethyl methane sulfonate
(EMS) and methylnitronitrosoguanidine (MNNG) were used in the first
mutagenic screenings aimed at improving microalgae for biotechnology
applications (Chaturvedi and Fujita 2006; Ong et al. 2010). Physical
mutagenesis has also been used to improve productivity of economically
important land crops and more recently in microalgae (Hayashi et al. 2007
Kazama et al. 2008; Ota et al. 2013; Takeshita et al. 2018). Approaches
here can range from simple exposure to UV radiation which induces point
mutations and deletions in the genome to elaborate bombardment of cells
with heavy ion beams that may result in chromosome breaks and
exchanges. Random mutagenesis has been successfully applied for the
creation of a number of biotechnologically relevant strains including
starchless mutants of C. reinhardtii and Scenedesmus obliquus. In those

mutants inactivation of the metabolic pathways responsible for starch
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synthesis led to the diverting of the carbon influx toward the synthesis of
neutral lipids that can be used to produce biodiesel (de Jaeger et al. 2014;
Li et al. 2010).

Instead of induction of random mutations by chemical of physical
agents a random insertion of foreign DNA fragment into the genome can
be performed. In the plant field the most widely used insertional
mutagenesis is based on a transfer DNA (T-DNA) fragment of the bacterium
Agrobacterium tumefaciens. The T-DNA is inserted randomly into the
genome and can be used to knock out the function of any non-essential
genes producing in such manner knock out mutants. Since the DNA
fragment can be readily tagged with a selective marker the affected genes
can be easily located. This makes insertional mutagenesis especially
suitable for the study of specific genes. However, performing such studies
requires an established protocol of DNA transformation in a specific
organism. So far this technique has been applied to only a handful of
microalgae species the most prominent of which is C. reinhardtii (Hlavova
et al. 2015).

Instead of inducing mutations in random genes and then screening for
mutants with desired phenotype an alternative approach can be taken.
Modern reverse genetics aims at altering the levels of expression of
specific genes of interest that might lead to a desired phenotype. However,
this approach, in contrast to the mutagenesis methods, can be applied only
to organisms for which at least basic molecular tools are available.
Currently there is only a limited amount of algal species that can benefit
from the reverse genetics approach. Most prominent of which are C.
reinhardtii, C. merolae, Osterococcus tauri, and Nannochloropsis sp.
(Derelle et al. 2006; Harris 2001; Matsuzaki et al. 2004; Vieler et al. 2012).

The approach of genetic manipulations offers a whole plethora of
possibilities for improving algae for biotechnology applications, however
there are also some major limitations. While the generation of large
numbers of mutants can be a relatively straight forward process, one of
the major bottlenecks of the mutagenesis method lies within the selection

of the appropriate mutants which have the preferred traits. The selection
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process can be time consuming and it often involves the screening of
thousands of mutants. Furthermore, the obtained mutant strains should be
handled with caution since they are often prone to reversion to the wild
type which results in loss of the preferred phenotype. This is especially true
for mutants with point mutations but is also possible in mutants obtained
through insertional mutagenesis or reverse genetics (Hlavova et al. 2015).
Furthermore, reverse genetic approaches as well as, in some cases,
mutagenesis can be applied to only a handful of species. In addition to
that, performing genetic manipulations in general is an expensive
undertaking that requires highly skilled labor force. In this regard, simply
manipulating the growth conditions is a far simpler and cheaper approach

to optimizing microalgae for biotechnology applications.

1.7 Raman spectroscopy

The ability to distinguish and analytically quantify macromolecules such
as nucleic acids, energy storage compounds and proteins is of immense
importance to both fundamental cell cycle and applied biotechnology
research. Until recently conventional light and fluorescence microscopy
combined with various staining techniques such as Lugol’s solution staining
for starch or Nile red staining for neutral lipids were used for the
visualization of such macromolecules (Figure 1-5). Similarly, conventional
biochemical and chromatographic methods for quantitative analysis of
macromolecules have remained popular mainly because of their easy
accessibility and relative cost effectiveness. Those methods however, also
have a number of disadvantages. The effectiveness of traditional staining
techniques often varies with different cell types and frequently involves
different sample pre-treatment procedures (Gomes et al. 2013).
Furthermore, major drawbacks of traditional quantification methods is
that they often require large sample volume, involve labor intensive
sample preparation and usually cannot be performed in applications which
require in situ analysis of living cells (Viles and Silverman 1949; Zachleder
1984).
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Figure 1-5: Microphotographs of energy storage compounds in the green

microalga Parachlorella kessleri. A: Light microscopy image of starch granules
(Lugol’s solution staining) found within the chloroplasts. B: Fluorescence
microscopy image of neutral lipids (Nile red staining) found within cytoplasmic

lipid bodies. Size of the scale bar: 2um.

The employment of advanced Raman spectroscopy for both qualitative
and quantitative analysis of intracellular macromolecules could provide a
solution to the above listed drawbacks of conventional methods. First
discovered in 1928 the principle of Raman spectroscopy is based on
inelastic scattering of photons by matter (Krishnan and Raman 1928). In its
general form, Raman spectroscopy involves the illumination of a sample
with monochromatic light which is usually emitted by a laser. The laser
light then interacts with molecular vibrations of the molecules within the
sample, resulting in a change of the reflected energy of the laser. This shift
in energy results from the different vibrational modes within the system
and varies with the molecular composition of the sample. In this way, a
unique map of the sample is achieved where different macromolecules are
represented by their respective Raman spectral signatures. In the same
time this also allows for quantitative analysis of the sample which can be
achieved by measuring the intensity of the scattered radiation (Bumbrah
and Sharma, 2016). Modern advanced Raman spectroscopy is
characterized by extreme sensitivity and is able to analyze samples in the
picograms size range. Moreover, this techniques is non invasive and can be

used to analyze live tissues or isolated living cells (Smith et al. 2016).
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Combined with confocal microscopy, Raman spectroscopy can provide
detailed two or even three-dimensional images through measurement of
several subsequent sample layers. In this way, this non-disruptive method
can allow for the creation of 3D biochemical maps of the macromolecule
composition of single cells (Majzner et al. 2012). In microalgae, Raman
spectroscopy has already been applied as a tool for rapid in situ qualitative
and quantitative analysis of lipids. Not only that, but it can be also used as
high throughput screening method in mutagenic assays (Sharma et al.
2015). Another example of the versatility of Raman spectroscopy is the
identification of microalgal species by utilizing the Raman spectral
signatures of certain biomolecules. This approach can be especially useful
when it comes to differentiating between toxic and non-toxic strains (Wu
et al. 1998). The above described applications of Raman spectroscopy
indicate that it can be an extremely powerful and versatile tool in areas

which require non-destructive handling of samples on the single cell level.
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The question of the coordination between growth and cell cycle
progression is fundamental to our understanding of the living world and is
one of the last standing enigmas in biology. Not only that, but since growth
(i.e. accumulation of metabolites) and cell cycle progression are closely
connected, a deeper understanding of their mutual link can have
significant implications for algal biotechnology. In order to address our
present lack of understanding in those areas the current doctoral thesis

adopted the following research objectives:

Goal 1: To identify how growth processes affect the cell cycle
progression and particularly the attainment of commitment point in green

algae.

Goal 2: To gain deeper understanding of the function of the cell cycle in
green algae and to investigate the influence of the combination of

environmental factors and metabolic signals on its progression.

Goal 3: To establish whether our thus far acquired knowledge of the
intrinsic workings of the cell cycle in green algae can be translated into an
approach for the industrial production of economically important

metabolites such as starch.

Goal 4: To develop and establish a reliable method, based on Raman
spectroscopy, for the observation and the quantification of intracellular

macromolecules.

When it comes to the language of the scientific method, the
aforementioned goals can be rendered in a specific, verifiable combination
of a working hypothesis and a null hypothesis. Because of the large scope
and rather high complexity of the goals at hand not one but rather several
different combinations of a working and a null hypothesis ought to be
formulated. In the hereafter described combinations the working

hypothesis represents a semantic statement that we presume is true based
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on our current state of knowledge on the topic and/or previously obtained
empirical data that supports the hypothesis in question. In contrast, the
null hypothesis represents the default position, namely that there are no
grounds of believing that the working hypothesis is true. These

combinations of working and null hypothesis can be formulated as follow:

Working hypothesis 1: Cell cycle progression in D. quadricauda is in

direct correlation with cell growth and the attainment of critical cell size
(Chapter 4).

Null hypothesis 1: Cell cycle progression in D. quadricauda is not in

direct correlation with cell growth and the attainment of critical cell size
(Chapter 4).

Working hypothesis 2: Supraoptimal temperature inhibits the cell cycle

in C. reinhardtii causing cell cycle arrest and over accumulation of starch
(Chapters 5 and 6).

Null hypothesis 2: Supraoptimal temperature does not inhibit the cell

cycle in C. reinhardtii and does not cause cell cycle arrest or over

accumulation of starch (Chapters 5 and 6).

Working hypothesis 3: Production of starch through supraoptimal

temperature in C. reinhardetii is possible in pilot scale (Chapter 6).

Null hypothesis 3: Production of starch through supraoptimal

temperature in C. reinhardtii is not possible in pilot scale (Chapter 6).

Working hypothesis 4: Starch and other macromolecules in D.

quadricauda can be successfully observed and quantified using confocal

Raman microscopy (Chapter 7)
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Null hypothesis 4: Confocal Raman microscopy cannot be used for the

observation and quantification of starch and other macromolecules in D.

quadricauda (Chapter 7).

In order to achieve the previously listed goals, in the next chapter we
examine the current knowledge of the coordination between growth and
cell cycle progression in green algae and other model organisms in greater
detail. Furthermore, chapters 4 to 7 are the focal point of the experimental
work of this thesis. There we take upon the task of investigating whether
the working or the null hypothesis is in accordance with the experimental

evidence.
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Abstract

Most cells divide into two daughter cells; however, some green algae can have different division patterns in which a single mother
cell can sometimes give rise to up to thousands of daughter cells. Although such cell cycle patterns can be very complex, they are
governed by the same general concepts as the most common binary fission. Moreover, cell cycle progression appears to be
connected with size, since cells need to ensure that their size after division will not drop below the limit required for survival.
Although the exact mechanism that lets cells measure cell size remains largely unknown, there have been several prominent

hypotheses that try to explain it.

Cell cycle organization

The life of a cell is demarcated by two cell divisions. In one
division, the cell is born and in the second division, it divides
into daughter cells and de facto disappears. This is referred to
as a cell cycle and has fascinated cell biologist for more than a
century. The nuclear division, mitosis, was observed early and
led to the division of the cell cycle into two periods, nuclear
and cellular divisions, and the interphase between the two
divisions. This simple view was elaborated on in the experi-
ments of Alma Howard and Stephen Pelc (Howard and Pelc
1953) leading to the current view of cell cycle organization.
Howard and Pelc’s experiments provided evidence of timely
separation of DNA synthesis and mitosis leading to a cell
cycle model composed of four phases: G1, S, G2, and M.
G1 is generally considered a major growth phase. G1 phase
is then followed by DNA synthesis, S phase, where DNA
replication takes place. After DNA replication is completed,
the cell enters the G2 phase during which it prepares for nu-
clear division and also grows, although this growth phase is
usually not so pronounced. Finally, the cell enters M phase,
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splitting the chromosomes duplicated during S phase, then
dividing the cell nuclei and whole cells. The cell enters G1
phase again and the cycle is repeated. Although this cell cycle
organization appears quite simple, it should be kept in mind
that the distinction described above is mostly semantic and as
such does not necessarily reflect the reality within the cells
where many processes tend to overlap from one phase to the
next. Moreover, the most critical parts of the cell cycle are
those when seemingly “nothing” happens but in fact the most
critical decision processes are in play. Finally, any division, as
part of the cell cycle, is clearly dependent on preceding growth
that duplicates the structure to be divided. Thus, each cell
cycle is closely intertwined with cell growth, although, as of
yet, no clear connecting mechanism has been described. All of
these questions are discussed below with an emphasis on the
cell cycle and growth in green algae dividing by multiple
fission, but in places, we also discuss interesting examples
of other model systems. We refer the reader to original articles
and to recent reviews that provide a comprehensive view of
the topic.

Green algae dividing by multiple fission

Unlike most cells in nature, some green algae can divide
through a division pattern in which one mother cell can give
rise to more than two daughter cells, denoted as multiple fis-
sion; for review, see BiSova and Zachleder (2014) and
Zachleder et al. (2016). Such green algae, including species
from genera sensu lato Scenedesmus, Chlorella, and
Chlamydomonas, have been favourite model systems,
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particularly for their fast growth and ease of cultivation. For
more than six decades, some of them have been used for
analysis of the cell cycle, starting with the first synchroniza-
tion of Chlorella cultures by the group of Tamiya (Tamiya
et al. 1953). Later on, other species such as Desmodesmus
(formerly Scenedesmus) quadricauda, Chlamydomonas sp.
gained popularity and became prominent cell cycle models
in their own right (Lien and Knutsen 1972, 1979; Lorenzen
1968; Pirson and Lorenzen 1966; Setlik et al. 1972).

A notable part of early cell cycle research utilizing
Desmodesmus quadricauda as a model organism was
pioncered by Ivan Setlik and his colleagues at the
Department of Photoautotrophic Microorganisms in Tieboil
in Czechoslovakia (now the Czech Republic) (Setlik et al.
1972, 1975; Zachleder et al. 1975). During these early times,
the green alga D. quadricauda proved to be especially conve-
nient because daughter cells arising from a single mother cell
remain connected in a structure called a coenobium. This
physiological feature of D. quadricauda offered a fast and
straightforward method for the reverse analysis of cell cycle
processes experienced by the cell (Setlik et al. 1972) (for more
details sce below).

One of the main advantages of algae as a cell cycle model
organism stems from the ease of reaching a high level of syn-
chronization. The synchronization procedure is based on the
naturally present feature of green algae that grow autotrophical-
ly during the day and undergo DNA replication/s and nuclear
and cellular divisions during the night. Thus, alternating periods
of light/dark provide a natural means for synchronization of
algal cultures. Such a synchronization procedure is not only
natural but also very fast, reliable, and yields populations where
90 to 95% of the cells were in the same physiological state
(BiSova and Zachleder 2014). Another advantage of algae di-
viding by multiple fission is the flexibility of their cell cycle,
which makes it easy to obtain differing patterns of the cell cycle
simply by varying growth conditions or by applying inhibitors
(BiSova et al. 2000). However, the multiple fission cell cycle
model is much more complex than the classical model of binary
fission (for details see below) and is governed by complex
regulatory mechanisms (Zachleder and Setlik 1990).

Cell multiplication is composed of growth
and structure reproduction steps

Cell division is the final part of the cell cycle but clearly in
order to divide without sacrificing its viability the cell had to
grow previously, so there are materials and structures to be
divided. The life of a cell from its birth up to its division into
daughter cells could be thus modelled as comprising growth,
in the simplest case scenario equal to G1 phase, and the re-
productive sequence consisting of DNA replication, nuclear
and cellular divisions (Mitchison 1971). From now on, we
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will use the terms growth sequence and reproductive sequence
to refer to these two processes and to avoid confusion. The
processes of growth and cell reproduction are fundamentally
different and could in principle run independently without any
functional interconnection. It is important to understand and
keep in mind the distinction, as in reality, growth and repro-
ductive sequences overlap extensively. In addition, it is useful
to understand the cell cycle not as a cycle but rather as a
sequence of events, the growth sequence and the reproductive
sequence (Cooper 1979, 1984; Setlik and Zachleder 1984).
The sequences could be performed over more than one cycle
between two cell divisions. This helped our understanding of
the regulation of the bacterial cell cycle but, to a certain extent,
it is also true for eukaryotes, particularly green algae dividing
by multiple fission (see below).

In green algae dividing by multiple fission, the growth
sequence is (during autotrophic growth) dependent on light
while the reproductive sequence is light-independent. This is
not only useful for culture synchronization, as discussed
above, but also has striking consequences for studies of the
cell cycle, since it allows the separation of growth and repro-
ductive sequences by inserting a period of dark. This unique
property is absent from other unicellular models used to study
cell cycle regulation or growth and cell cycle coordination,
such as budding and fission yeast. This property was also an
elegant tool used to analyse how growth and reproductive
sequences overlap. In budding yeast, a pioneering genetic
screen of Hartwell, Pringle, and their co-workers (Pringle
and Hartwell 1981) lead to the definition of Start as the earliest
gene-controlled event in G1 and, more importantly, as the
point when cells become committed to the mitotic cell cycle
(Nurse 1985). By analogy, a similar regulatory point was ge-
netically identified in fission yeast (Nurse and Bissett 1981).
In algae, cultures sequentially transferred in the dark or treated
with photosynthesis inhibitors would, with time spent on light,
suddenly become committed to nuclear and cell divisions and
divide even in the dark, i.e. in the absence of further energy.
This was referred to by different authors as a ‘point-of-no-
return’ (Moberg et al. 1968), ‘induction of division’ (Setlik
et al. 1972), ‘transition point’ (Spudich and Sager 1980), or
‘commitment point’ (John 1984, 1987) and it is a functional
equivalent of Start in yeast (John 1984). Throughout the man-
uscript, we refer to this decision point as CP.

As the experiment with light-dark treatment suggested, a
certain degree of growth was required prior to attaining CP.
Indeed, critical cell size is a prerequisite for reaching a com-
mitment to divide, not only in algae (John 1984, 1987), but
also in fission yeast (Fantes and Nurse 1977; Fantes and Nurse
1978; Nurse 1975). Growth has several attributes including
but not limited to an increase in RNA, protein, energy re-
serves, and an increase in cell size (cell volume and surface)
but it remains unclear which of them or their combinations are
decisive in attaining CP.

Coordination of growth and cell cycle progression in green algae
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Growth and reproductive sequences are
regulated differently

The CP has fascinated algal cell biologists for decades, yet it
remains enigmatic and its regulation is not fully understood.
The intersection of growth and reproductive sequences at at-
tainment of CP has such pronounced effects on cell physiolo-
gy that similarly to division of the cell cycle into mitosis and
interphase, the cell cycle of algae can be divided into pre-CP
and post-CP periods. This is because the cell, when committed
to division, is fundamentally different from the incompetent
un-committed cell prior to CP. The pre-CP period consists
solely of the growth sequence. In contrast, the post-CP period
may, in the dark, consist of only the reproductive sequence
but, generally, consists of one to several reproductive
sequence/s as well as one to several growth sequence/s. The
post-CP period on light is roughly equivalent to the post-Start
period in fission or budding yeast, where both growth and
reproductive sequences run concurrently. In contrast, the
post-CP period in the dark is unique to green algae and it is
a powerful tool for assessing the regulation of the two periods,
as well as coordination between growth and reproductive se-
quences in general.

The growth and cell cycle progression in green algae di-
viding by multiple fission is controlled by two key factors,
light and temperature (BiSova and Zachleder 2014). Light
functions as both a source of energy for cell growth and as a
signal molecule affecting its behaviour. Here, we will limit
ourselves to the effect of different light intensities as the
best-established topic. Temperature affects general metabo-
lism of the cell so that it is roughly accelerated twofold with
each 10 °C increase in temperature, within the physiological
range of the species (John 1984; Vitova et al. 2011a). The
cffect of both treatments on synchronized cultures of algac
was studied, for the first time, by Morimura on Chlorella
ellipsoidea as early as 1959 (Morimura 1959). Morimura used
two different set-ups. In each of them, he set one of the factors,
light or temperature, to optimal and non-limiting values so as
not to affect cell cycle progression. The other factor varied. A
variation in light intensity from very low to high (but not
stressing) levels led to improved growth, bigger mother cells,
and more daughter cells released, suggesting a trophic effect
of light. Morimura’s experiments were later repeated on other
algal species such as D. quadricauda (Setlik et al. 1988;
Zachleder 1995), Chlamydomonas eugametos, and
Chlamydomonas reinhardtii (John 1984; Vitova et al. 2011a,
b; Zachleder and Setlik 1990; Zachleder and van den Ende
1992) with very similar outcomes. This lead to the conclusion
that light intensity is a key component affecting growth rate
under constant temperature, and with increasing light intensi-
ty, the growth rate is increased. Importantly, the CP was al-
ways attained at the same, critical cell size. Furthermore, the
length of the pre-CP period was proportional to light intensity

(and growth rate). The lower the light intensity, the longer the
pre-CP period, supporting involvement of a sizer. In contrast,
the post-CP period, switched on by attainment of the CP,
remained mostly unaffected by light intensity and appeared
to be determined by a timer. The length of the post-CP period
is determined mostly by the reproductive sequence, which
must be completed prior to cell division. Thus, we believe it
is not necessary to postulate a timer since the duration of the
reproductive sequence, i.e. DNA replication and nuclear and
cellular divisions, is already constant at a given temperature.
This suggests that pre-CP and post-CP periods are regulated
differently. The pre-CP period is set by growth rate and regu-
lated by a sizer, while the post-CP period appears to be timer-
regulated. Such a combination of timer and sizer on regulation
of the cell cycle was described both in algae and in other
organisms (Donnan and John 1983; Fantes and Nurse 1977,
John 1984; Masui and Wang 1998; Spudich and Sager 1980;
Sveiczer et al. 1996; Setlik et al. 1972; Wang et al. 2000;
Zachleder et al. 2002; Zachleder and Setlik 1990).
Interestingly, although ubiquitously present, the combination
of sizer and timer for governing pre-CP and post-CP periods
also seems to be important for the multiple fission cell cycle.

Experiments on the effects of different temperatures on
growth and cell cycle progression were less often carried
out, probably due to the more complicated experimental de-
sign. In Morimura’s temperature experiments, increasing tem-
perature increased growth rates due to a general effect of tem-
perature on the entire metabolism and it also affected the du-
ration of the cell cycle (Morimura 1959). The effect of tem-
perature on growth and cell cycle progression was distinct
from the effect of light intensity. Firstly, the critical cell size
differed at different temperatures and secondly, the duration of
the post-CP period varied due to changes of general metabolic
rates. This suggested that both the sizer and timer change at
different temperatures. From the two, the change in timer is to
be expected due to different metabolic rates, while the change
in critical cell size is rather surprising. The results of
Morimura were confirmed on other green algae with the same
outcomes (Donnan et al. 1985; Donnan and John 1983; John
1984; Vitova et al. 2011a, b; Zachleder et al. 2019).

Cells can divide in different cell cycle patterns

In order to multiply and proliferate, both prokaryotic and eu-
karyotic cells have to go through a series of precisely con-
trolled events that are commonly described as the cell cycle.
While recent advances in prokaryotic genome sequencing
have revealed some surprising similarities with eukaryotes in
terms of cell cycle mechanics, some prokaryotes, such as
many archaeal species, have cell cycle patterns that are fun-
damentally different from those in cukaryotes (Bramhill 1997,
Samson and Bell 2011). Intriguingly, they also share strikingly
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similar concepts with cell cycle organization of some green
algae (and other eukaryotes), as mentioned above, and is
discussed below in more detail. The focus of this review is
on cukaryotic green algae, but for a comprehensive descrip-
tion of the cell cycle and its control mechanisms in prokary-
otes, the reader is referred to Abner et al. (2014), Lutkenhaus
(2010), Robert (2015), Samson and Bell (2011), and Willis
and Huang (2017).

C1 cydle (binary division)

Above we described a classical cell cycle scheme as described
by Howard and Pelc, where one mother cell gives rise to two,
more or less identical, daughter cells. Such a cell cycle scheme
consists of a single growth sequence and a single reproductive
sequence, hence C1 (Fig. 1). A daughter cell will grow until it
reaches critical cell size whereupon it will attain CP. Attaining
of CP will allow for one round of DNA replication and nuclear

a Binary fission cell cycle model

and cellular divisions to occur. Such cell cycle organization is
common for the majority of organisms. It is well characterized
and described in detail elsewhere (Morgan 2006) so here we
will not go into a detailed description. Green algae dividing by
multiple fission also utilize this cell cycle organization, but
only at very slow growth rates (BiSova and Zachleder 2014;
Zachleder et al. 2016).

Cn cycle (multiple fission)

Division by multiple fission, here denoted as the Cn cycle, is
widely spread within chlorophycean algae, while it is missing
in their naked relatives (Floyd 1978; Kirk 1998). The binary
(C1) and multiple fission (Cn) patterns of the cell cycle can be
interchangeable in some species, depending on growth rate.
Cells grown under unfavourable environmental (light and/or
temperature) conditions will divide only into two, while cells
grown under favourable conditions will divide into 4, 8, 16,
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Fig. 1 Diagrams showing different types of cell cycle phases, including
the classical cell cycle model and those found in Desmodesmus and
Chlamydomonas, which divide into two daughter cells. a: Classical
type cell cycle after (Howard and Pelc 1953), b: Desmodesmus-type cell
cycle after Setlik and Zachleder (1984), and ¢: Chlamydomonas-type cell
cycle after Zachleder and van den Ende (1992). Individual bars show the
sequence of cell cycle phases and events during which, growth and re-
productive processes take place. Only one reproductive sequence leading
to the duplication of cell structures occurs during the cycle of cells divid-
ing into two daughter cells (panels a, b, ¢). Thus, all of the schemes
correspond to a C1 type of cell cycle (number of daughter cells is 2').
Schematic pictures of the cells indicate their size during the cell cycle and
the black circles inside illustrate the size and number of nuclei. Large
black spots indicate a doubling of DNA. The lines at the terminal cells
of Desmodesmus coenobia represent spines typical for the species
D. quadricauda. The lines at the top of the Chlamydomonas cells repre-
sent flagella, which are retracted by the cells before DNA replication
begins. G1: the phase during which the threshold size of the cell is
attained. It can be called a pre-commitment period because it is termi-
nated when the commitment point is reached. CP: the stage in the cell
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cycle at which the cell becomes committed to triggering and terminating
the sequence of processes leading to the duplication of reproductive struc-
tures (post-commitment period), which consists of pS: the pre-
replication phase between the commitment point and the beginning of
DNA replication. The processes required for the initiation of DNA repli-
cation are assumed to happen during this phase. S: the phase during which
DNA replication takes place. G2: the phase between the termination of
DNA replication and the start of mitosis. Processes leading to the initia-
tion of mitosis are assumed to take place during this phase. M: the phase
during which nuclear division occurs. G3: the phase between nuclear
division and cell division. The processes leading to cellular division are
assumed to take place during this phase. C: the phase during which cell
cleavage and daughter cell formation occurs. In Chlamydomonas, appar-
ent G2 and G3 phases are missing; it can, however, be assumed that all the
required processes happen during the prolonged gap phase, which is thus
denoted pS+G2+G3 (adapted by permission from Springer: “The cell
cycle of microalgac™ by Zachleder et al. (2016), In: Borowitzka MA,
Beardell J, Raven JA, eds. The physiology of microalgae. Cham:
Springer International Publishing Switzerland, 3-46, Copyright 2016)
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and so on daughter cells (BiSova and Zachleder 2014;
Zachleder et al. 2016). This is dictated by the dependence of
growth sequence, as a sizer-regulated process, on reaching
critical cell size at a pace dictated by growth rate. In contrast,
the reproductive sequence depends on the completion of all
required processes, being timer-controlled. This is further ac-
centuated by the growth sequence being light-dependent,
while the reproductive sequence is light-independent. The
combination of the two properties allows the cells to maxi-
mize their exploitation of light energy for photosynthesis
without interruption from cell division. It also permits higher
growth rates to be achieved compared with species dividing
by binary fission (Rading ct al. 2011).

The Cn cycle starts off the same as the C1 cell cycle by
entering a growth sequence. Once the critical cell size is
reached, the cells will attain CP and start the reproductive

Fig. 2 Diagrams showing
different types of cell cycle phases

sequence, which would eventually lead to division into two
daughter cells. Here, begins the distinction from the C1 cycle.
If the cell is still in the light and is able to grow, it will,
immediately after attaining CP, start another growth phase,
which could eventually lead to attaining another CP and
starting a new reproductive sequence, thus producing four
daughter cells from a single mother cell. At a sufficiently high
growth rate (high light intensity), this could repeat itself one or
several more times (Fig. 2). The number of reproductive se-
quences, 7, that could be initiated, is given by species-specific
limitations as well as growth rates; e.g., D. quadricauda can
only start three reproductive sequences that would be complet-
ed by cell division into eight daughter cells (2") (Setlik and
Zachleder 1984). In contrast, Chlamydomonas reinhardtii can
start up to four reproductive sequences under optimal condi-
tions, leading to division into 16 daughter cells (Lien and
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Knutsen 1972, 1979; Vitova et al. 2011b) and mutant cells can
start even more overlapping sequences (Umen and
Goodenough 2001). Thus, within the multiple fission (Cn) cell
cycle, there are several consecutive growth sequences and
several overlapping reproductive sequences. In this way, the
cells exploit maximum available energy at high light intensity
by producing a maximum number of daughter cells. At the
same time, the constant duration of the post-CP period ensures
that at slow growth rates, the reproductive sequence is always
completed on time and does not further depend on reaching a
critical cell size for the next reproductive sequence. For more
details on execution and types of Cn cycle, please sec BiSova
and Zachleder (2014).

A consequence of this type of cycle is that cells can grow
beyond critical cell size for one reproductive sequence but are
unable to reach critical cell size for attaining a further CP and
starting the next reproductive sequence. Such cells will be
bigger at birth and would require less growth to reach critical
cell size and attain CP in the next cell cycle. This property is
not unique to multiple fission cell cycles. In fact, it is a com-
mon part of binary fission (C1 cycle) in cells grown at high
growth rates. The only difference is that in multiple fission cell
cycles, such an overlap between cell cycles can be more pro-
nounced. This is nicely demonstrated in fast-growing
D. quadricauda cells, especially when illuminated during cell
division (Zachleder et al. 2002). Such cells will continue to
increase their size until they can reach critical cell size for
attaining the fourth CP for division into 16 daughter cells.
This will start the reproductive sequence. However, this will
not lead to division into 16 daughter cells and it will not affect
the timing of the already running reproductive sequences.
There are two possible causes: either the reproductive se-
quence was started too late to be connected with the previous
ones or it is simply because this species is unable to divide into
more than 8 daughter cells. Instead, this will lead to DNA
replication and possibly nuclear division immediately in the
newborn daughter cells, even in the dark. Thus, there is an
overlap between two successive cell cycles. The ubiquitous
presence of such events in the multiple fission cell cycle leads
us to accept the concept of a reproductive sequence as was
proposed by Cooper (Cooper 1979, 1984) instead of a cell
cycle. Such an overlap between successive cell cycles is quite
common among bacteria but was thought not to exist in cu-
karyotes (BiSova and Zachleder 2014). Clearly, there is no
barrier preventing the overlap of cell cycles even in eukary-
otes, under specific conditions.

In the discussion above, we implied that reaching a critical
cell size will lead to attainment of CP and to the start of the
reproductive sequence. However, results with
D. quadricauda, as discussed above, suggest that to perceive
CP as a single point in algae would be an oversimplification.
This is not surprising since in yeast, Start is not a single point
within a cell cycle but rather a period regulated by several
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genes (Forsburg and Nurse 1991; Nurse 1985; Pringle and
Hartwell 1981). This could be further demonstrated on a dif-
ferent example. During growth in light, the cell increases its
cell size but it also synthetises RNA and protein. Such syn-
thesis runs in steps where the steps of RNA accumulation
precede the steps of protein accumulation. Interestingly, it
seems that reaching the RNA step is a prerequisite for DNA
replication but not for nuclear division. Reaching the step of
protein accumulation is related to completion of nuclear divi-
sion (Zachleder and Setlik 1988). Thus, CP is a sequence of
processes rather than a single point within the cell cycle and
reaching different critical values will lead to switching on of
different components of the reproductive sequence.

Cell size—how is it measured?

As we have already seen, the eukaryotic organisms seem to
retain a mechanism able to coordinate growth and reproduc-
tive sequences although the two could in principle run inde-
pendently. This is particularly true for a critical cell size re-
quired for attaining CP and starting reproductive sequence,
which ensures that the cell size after division will not drop
below the limit required for survival. This led to the proposi-
tion of a conceptually simple cell size checkpoint hypothesis.
The hypothesis suggests that cukaryotic cells possess a mech-
anism for determining cell size and the existence of a check-
point that establishes a minimum cell size for progression
through the cell cycle. This means that cells that are small
can catch up to larger cells by growing and delaying cell cycle
progression until they reach the minimum cell size required
for satisfying the cell size checkpoint. In contrast, large cells
will reach the checkpoint earlier and will progress through the
cell cycle more rapidly (Umen 2005). This will ensure that the
cell size in a population of cells will not drop below the min-
imum required for survival. In spite of the conceptual simplic-
ity of the cell size checkpoint hypothesis, the molecular ma-
chinery that must undoubtedly exist in order to facilitate such
behaviour has been surprisingly difficult to unravel.
Throughout the years, there have been numerous propositions
for models that attempt to explain the link between cell growth
and progression of the cell cycle (for a short overview on the
known types of sizer, please see Haupt and Minc (2018)).
Generally, the models can be divided into three main catego-
ries: geometric, protein concentration, and metabolic models.

Geometric models

Geometric models attempt to explain the connection between
cell size and cell cycle progression in terms of cell length,
diameter, or surface to volume ratio-sensing mechanisms.
Two studies conducted in fission yeast and published in
Nature in 2009 demonstrated that a gradient of a polarity
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factor protein appears to act as a sensing mechanism of cell
length and can determine the onset of activation key cell cycle
regulator, cyclin-dependence kinase, and CDK, leading to mi-
tosis. This mechanism involves changes in the spatial cellular
distribution of two proteins, Pom1 and Cdr2, as the cell grows
lengthwise. Pom1 inhibits Cdr2, while Cdr2 is responsible for
the promotion of the transition between G2 and M phases.
According to the model, in fission yeast, Cdr2 is localized in
the mid cell region, whereas the concentration of Pom1 is
highest at the cell tips and declines towards the middle of
the cell. In short cells, Pom1 efficiently inhibits Cdr2.
However, as the cell grows, the Pom1 concentration in the
middle of the cell decreases such that Cdr2 becomes activated
at a certain critical cell size and triggers the onset of mitosis
(Martin and Berthelot-Grosjean 2009; Moseley et al. 2009;
Vilela et al. 2010)

Although this gradient of polarity, in principle, can be used
to explain the relationship between attaining critical cell size
and entry into mitosis in fission yeast, it seems unlikely that
this is the whole story. This was illustrated in experiments with
a CDK mutant bypassing the Pom1-Cdr2 regulatory system.
In these cases, cell size homeostasis was still maintained, al-
beit with a broader size distribution. This indicates the exis-
tence of other unknown mechanisms that are responsible for
the measurement of cell size and the integration of this infor-
mation into the cell cycle control (Coudreuse and Nurse
2010). A feasible explanation is also an alternative model
where a cell measures its surface area by reviewing the
amount of membrane-bound Cdr2 (Deng et al. 2014; Pan
ctal. 2014).

Protein concentration models

In general, growth of cells can be defined as the accumulation
of cytoplasmic mass that is caused by the accumulation of
macromolecules. Protein concentration models attempt to ex-
plain the attainment of critical cell size through the existence
of a sizer, which is a compound that accumulates during
growth of the cell until a certain concentration is reached,
which then Ieads to entry into mitosis (Umen 2005). One such
sizer protein was identified in C. reinhardtii thanks to isolation
of'a mutation in MAT3 gene, which encodes a homologue of
retinoblastoma protein. The mat3-4 mutant produces tiny
daughter cells. Furthermore, it shows defects in two size-
dependent cell cycle controls: (1) the critical cell size for
attaining CP is smaller and (2) the mother cell size is
misinterpreted leading to super-numerous mitotic division
(Umen and Goodenough 2001). Further, genetic screen placed
MAT3 downstream of another gene, CDKG1, a novel type of
cyclin-dependent kinase that directly phosphorylates Mat3
protein (Li et al. 2016). CDKG1 protein seems to be a bona
fide sizer with cell size-dependent accumulation in nucleus
and progressive dilution and degradation with each round of

nuclear/cell division. In line with its proposed sizer role,
cdkgl-2 mutant has slightly bigger daughter cells, while the
over-expressing line has smaller daughter cells. Similar, even
though less pronounced was also the difference in critical cell
size at attaining CP (Li et al. 2016). It would be interesting to
identify other members of this size sensing pathway and pos-
sibly to see if and how it might interact with the cell growth
beyond the cell size-dependent accumulation of CDKG1.

Metabolic models

The most basic manifestation of growth is the accumulation of
macromolecules, which leads to an increase in cell volume
and size. Historically, there have been attempts to link critical
cell size with an increase in metabolic activity and the accu-
mulation of different macromolecules such as total RNA and
protein, since both of them are a manifestation of growth. In
green algae, the concentrations of both macromolecules ap-
pear to increase during the light periods of the cell cycle and
usually stabilize during the dark period (absence of growth)
(for more details on RNA and protein accumulation in relation
to cell cycle see Zachleder et al. (2016)). Similar behaviours
are also true in other organisms (Cipollina et al. 2007; Di Talia
et al. 2007; Turner et al. 2012). However, each of the metab-
olites varies under some conditions, implying that none of
them is the sole critical size determinant (John 1984).
Therefore it seems feasible that there is not a single determi-
nant, but rather a combination of different metabolic signals.

Furthermore, the processes of DNA replication and nuclear
and cellular divisions are extremely energy demanding; thus,
sufficient storage for energy must be available to the cell be-
fore it enters cell division (Siddiqui and Stillman 2007). In
plant and algal cells, that energy is usually stored in the form
of starch, lipids, and polyphosphates (Bental et al. 1991;
Sulpice et al. 2009). Two of the compounds serve as a carbon
supply, the last are both phosphate and energy store.
Combined, they make the cells independent of external sup-
plies of both energy and carbon.

Starch is the primary energy storage macromolecule in
plant and algal cells, and as such, is the main source of energy
for growth during periods of low light and at night (Izumi et al.
2013). Moreover, microalgal species like Desmodesmus sp.,
Dunaliella sp., Chlamydomonas sp., and Chlorella sp. are
known to accumulate levels of starch exceeding 50% of their
dry weight (Miranda et al. 2012). Such over-accumulation of
starch or lipids in algae is often connected to nutrient limita-
tions, which lead to a block in cell division (Ballin et al. 1988;
Branyikova et al. 2011; Li et al. 2013; Setlik et al. 1988;
Zachleder et al. 1988). Similarly to plants, starch in algae
accumulates in the form of starch granules contained within
the chloroplast (Kobayashi et al. 1974). The starch content in
Chlamydomonas sp. has a diurnal oscillation and is highest
during the night (Ral et al. 2006). Starch accumulation is light/
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photosynthesis-dependent and its degradation is cell cycle—
dependent being very rapid during nuclear/cell division
(Spudich and Sager 1980; Vitova ct al. 2011b; Wanka 1968,
1975; Zachleder et al. 2019), even in the presence of light.
Polyphosphates are in algae contained within single
membrane-bound compartments, which are considered to be
counterparts of the seed vacuoles in plants (Yagisawa et al.
2009). They increase during cell growth and some of them are
specifically used for DNA synthesis in the dark (Miyachi et al.
1964). The connection between energy requirements and pro-
gression of the cell cycle is not specific to algae. In budding
yeast, catabolism of two major energy reserves, lipids and
carbohydrates, is connected to the cell cycle through regula-
tion of key metabolic enzymes by the cell cycle regulators,
cyclin-dependent kinases (Ewald et al. 2016; Futcher 2009;
Kurat et al. 2009; Zhao et al. 2016).

All the results discussed above indicate a direct connection
between cell size and the cell cycle although the mechanism is
not entirely known. The hypothesis of cell size (or any of its other
determinants) being the sole factor determining progression of
the cell cycle has been questioned by the recent experiments of
Zachleder and co-workers (Zachleder et al. 2019) where cells of
the green alga D. quadricauda were cultivated either at 20 °C or
30 °C. The results revealed that temperature profoundly influ-
enced cell size and cell cycle duration, with the cells grown at
20 °C having a larger cell size and taking almost twice as long to
complete their cell cycle compared with cells at 30 °C, which
were much smaller and had a shorter cell cycle. The most in-
triguing were the results of shift experiments, where cells grown
at cither 20 °C or 30 °C were transferred to darkness to prevent
further growth, and then cultivated at the same or the other tem-
perature. Cells transferred to the lower temperature produced
fewer nuclei and daughter cells, and some of them were unable
to complete division. Correspondingly, cells placed in the dark at
the higher temperature divided faster into more daughter cells
than the controls. These differences correlated with shifts in the
preceding CDK activity but they did not correlate with cell size.
This is in clear contradiction of the sizer hypothesis, which pos-
tulates that cell size determines the extent of cell cycle progres-
sion and suggests that in D. quadricauda, progression of the cell
cycle is not cell size-dependent. Instead, the growth and repro-
ductive sequence run independently and only appear to coordi-
nate, particularly under stable temperature.

Concluding remarks

Eukaryotic organisms can proliferate through a variety of di-
vision patterns; the most common of which is division through
binary fission. Some chlorococcal and volvocal algae, how-
ever, divide through a pattern called multiple fission, in which
some of the phases of the cell cycle overlap. This type of cell
division has probably evolved in algac characterized by fast
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growth rates and was a response to alternating periods of light
and dark. Dividing to more than two daughter cells means that
amother cell can increase its volume more than twice during a
favourable period of abundant light (BiSova and Zachleder
2014; Zachleder et al. 2016).

Cell cycle progression in algae depends largely on growth and
the accumulation of storage compounds such as starch, lipids,
and polyphosphates. It also appears that passing of the commit-
ment point and entry into mitotic division depends on the accu-
mulation of the so-called sizer compounds; the nature of which
currently remains largely unknown. However, the strict depen-
dence of cell cycle progression on cell size or accumulation of
any metabolite has been challenged by recent experiments in the
green alga D. quadricauda (Zachleder et al. 2019).

There have been tremendous advances in cell cycle re-
search over the past 60 years; the most significant of which
was probably discovering the regulation of the cell cycle by
complexes of cyclin-dependent kinases with cyclins, which
led to the Nobel Prize award to L. Hartwell, T. Hunt, and P.
Nurse in 2001. Although these discoveries have brought a
much needed insight into the internal organization of cell cy-
cle control, there is still much to be discovered about the
interaction between growth and cell division.
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Abstract

The progression of the cell cycle in green algae dividing by multiple fission is, under otherwise unlimited conditions,
affected by the growth rate, set by a combination of light intensity and temperature. In this study, we compared the
cell cycle characteristics of Desmodesmus quadricauda at 20 °C or 30 °C and upon shifts between these two tem-
peratures. The duration of the cell cycle in cells grown under continuous illumination at 20 °C was more than double
that at 30 °C, suggesting that it was set directly by the growth rate. Similarly, the amounts of DNA, RNA, and bulk pro-
tein content per cell at 20 °C were approximately double those of cells grown at the higher temperature. For the shift
experiments, cells grown at either 20 °C or 30 °C were transferred to darkness to prevent further growth, and then cul-
tivated at the same or the other temperature. Upon transfer to the lower temperature, fewer nuclei and daughter cells
were produced, and not all cells were able to finish the cell cycle by division, remaining multinuclear. Correspondingly,
cells placed in the dark at the higher temperature divided faster into more daughter cells than the control cells. These
differences correlated with shifts in the preceding cyclin-dependent kinase activity, suggesting that cell cycle pro-
gression was not related to growth rate or cell biomass but correlated with cyclin-dependent kinase activity.

Keywords: Cyclin-dependent kinase activity, Desmodesmus quadricauda, DNA replication, light/dark intervals, nuclear and
cellular division, protein, RNA, starch accumulation, temperature.

Introduction

Growth and cell cycle progression are interconnected: progres-
sion of the cell cycle occurs only once the initial growth phase
is complete and the cell has increased in size and accumulated
sufficient key macromolecules, such as RNA and protein, and/
or energy reserves. It is not clear which of these or other factors
are sensed by the cell as determinants of reaching the growth
threshold, although reaching the threshold before cell division is

essential for cell survival, otherwise cell size would decrease with
each division, leading to cell death.This understanding led to the
proposal of the existence of a sizer mechanism interconnecting
growth and cell cycle progression, allowing progression into the
cell cycle only when the growth threshold has been met.

Some chlorococcal and volvocal algae divide by multiple
fission, that is, 2" daughter cells are released at the end of the

Abbreviations: CDK, cyclin dependent kinase; CP, commitment point; pt, growth rate in terms of number of doublings per hour.
© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Experimental Biology.
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cell cycle, where n is the number of doublings. This is caused
by the occurrence of one or more (n) overlapping sequences
of reproductive events, such as DNA replication (S phase),
G2 phase, nuclear division (M phase), G3 phase, and cytoki-
nesis (C), within one cell cycle. Each of these reproductive
sequences is preceded by a growth phase leading mostly to
an approximate doubling of cell mass, bulk RNA, and bulk
protein per cell (for a review, see BiSova and Zachleder, 2014;
Zachleder et al., 2016). The dependence of the cell cycle on
growth correlates with the attainment of a cell cycle commit-
ment point (CP), which is functionally equivalent to START
in yeasts (Reed, 1980) and the restriction point in mammalian
cells (Pardee, 1974). Attainment of a CP marks the beginning of
each reproductive sequence and separates it from the preced-
ing growth phase. The cell cycle of the green alga Desnodesmus
quadricauda (formerly Scenedesmus quadricauda) consists of 1, 2,
or 3 reproductive sequences, according to the growth con-
ditions (Zachleder and Setlik, 1990), each starting at CP and
leading to the duplication of DNA, mitosis, and cytokinesis
(Fig. 1). Individual reproductive sequences during the multiple
fission cell cycle overlap and are terminated by a common cell
division.

In algae that divide by multiple fission, the number of
reproductive sequences and the extent to which they overlap
increases with the growth rate. For autotrophically grown cul-
tures, the main factors affecting growth rate are light intensity

Chapter IV

(John, 1984; Zachleder and Setlik, 1990; Vitova ef al., 2011b)
and temperature (getlik et al., 1975; Donnan et al., 1985;Vitova
et al.,2011a). Increasing light intensity will speed up photosyn-
thesis, growth processes, and the accumulation of bulk RNA
and protein (Vitova and Zachleder, 2005), leading to the attain-
ment of more CPs and an increase in the number of reproduc-
tive sequences occurring within one cell cycle. The cell size
at CP—the critical cell size for division—remains the same,
independent of the light intensity (John, 1984; Zachleder and
Setlik, 1990). Increasing temperature within the normal physi-
ological range will have a similar effect, leading to increased
growth and faster attainment of CP (Zachleder and van den
Ende, 1992;Vitova et al., 2011a). However, there is one crucial
difference between the two factors. Changes in temperature
will affect not just growth and the number of CPs attained but
also the duration of the sequences of reproductive events, an
effect that is independent of light intensity.

Cell cycle progression is governed by the activity of cyclin-
dependent kinases (CDKs) in all eukaryotes, including green
algae. CDK activity promotes the attainment of CP and mitosis
(John et al., 1989; Zachleder et al., 1997; Bisova et al., 2000,
2005). In the plant kingdom, cell cycle progression is regu-
lated by two related CDKs, CDKA and plant-specific CDKB.
CDKA is responsible for regulating the transitions from G1 to
S phase and from G2 to M phase. CDKB is responsible spe-
cifically for regulating S phase and M phase (Francis, 2007). In

Multiple fission Desmodesmus cell cycle model

ﬂ@é@%@
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Fig. 1. Diagrams showing the multiple-fission cell cycle in the green alga Desmodesmus quadricauda. Two or three partially overlapping sequences of

growth and reproductive events occur within a single cycle in cells dividing into four daughter cells (A) or eight daughter cells (B). Individual bars show the
sequence of cell cycle phases. Schematic pictures of the cells represent their size during the cell cycle, and the black circles inside them illustrate the size
and number of nuclei. Large black circles indicate a doubling of DNA. The diagonal lines extending from the terminal cells of D. quadricauda coenobia
represent spines, typical for this species. G1, the phase during which the threshold size of the cell is attained. It can be termed a pre-commitment period
because it is terminated when the commitment point is reached. CP, the commitment point. This is the stage in the cell cycle at which the cell becomes
committed to triggering and terminating the sequence of reproductive events (e.g. DNA replication, nuclear and cellular divisions). pS, the pre-replication
phase between the CP and the beginning of DNA replication. The processes required for the initiation of DNA replication are assumed to happen during
this phase. S, the phase during which DNA replication takes place. G2, the phase between the termination of DNA replication and the start of mitosis.
Processes leading to the initiation of mitosis are assumed to take place during this phase. M, the phase during which nuclear division occurs. G3, the
phase between nuclear division and cell division. The processes leading to cell division are assumed to take place during this phase. C, the phase during
which cell cleavage and formation of daughter cells occurs. (Modified after Zachleder et al., 1997, Growth-controlled oscillation in activity of histone H1
kinase during the cell cycle of Chlamydomonas reinhardtii (Chlorophyta). Journal of Phycology 33, 673-681, with permission; and adapted by permission
from Springer: The cell cycle of microalgae by Zachleder et al., 2016, In: Borowitzka MA, Beardell J, Raven JA, eds. The physiology of microalgae. Cham:
Springer International Publishing Switzerland, 3-46, Copyright 2016).

Coordination of growth and cell cycle progression in green algae


Ivan
Rectangle

Ivan
Typewriter
63

Ivan
Typewriter
Chapter IV

Ivan
Typewriter
Coordination of growth and cell cycle progression in green algae

Ivan
Rectangle


Temperature-dependent CDK activity and the algal cell cycle | 847

Chlamydomonas reinhardtii, another green alga that divides by
multiple fission, CDKA promotes entry into the cell cycle, the
attainment of CP, and initiation of the first DNA replication.
CDKB is an essential CDK responsible for spindle formation
and nuclear division, and subsequent rounds of DNA replica-
tion (Tulin and Cross, 2014; Atkins and Cross, 2018).

The role of light (light intensity, the illumination regimen,
and light composition) in regulating the algal cell cycle is well
established. The effect of temperature has been less studied
because of the more complicated experimental design that is
required, and investigations into the effect of changing tem-
perature on cell cycle progression are lacking. Here, we studied
the effect of temperature shifts on cell cycle progression in
D. quadricauda.To separate the effects of temperature on growth
processes and the cell cycle, we prevented further growth upon
a shift in temperature by applying a dark treatment, which did
not affect the cell cycle events that were already committed.
This setup allowed us to independently compare the effects
of temperature on growth (the synthesis of RNA, protein,
and starch) and the cell cycle (DNA replication and nuclear
and cellular divisions). We sought to determine whether rela-
tionships set up at one temperature would be retained after a
temperature change, for example, whether there is a direct cor-
relation between growth and cell cycle progression, as implied
by the sizer hypothesis.

Materials and methods

Organism and culture methods

The chlorococcal alga Desmodesmus quadricauda (Turp.) Bréb., strain
Greifswald/15, was obtained from the Culture Collection of Autotrophic
Microorganisms kept at the Institute of Botany, Tfebori, Czech Republic.
The cultures were maintained on mineral % SS medium as described
elsewhere (Hlavova et al., 2016).

Synchronization procedure and cultivation conditions

To obtain synchronous populations of daughter cells, optimal growth
conditions were used: incident light intensity 420 pmol photons m 25!
of photosynthetically active radiation (400—720 nm), temperature 30 °C,
and aeration with 2% added CO, (v/v).The use of a low concentration
of cells (1 X 10° cells ml™") prevented a substantial decrease in the mean
light intensity (264 pmol photons m ™2 s™') due to a shadowing effect
from growing cells. Synchronization was carried out by using 15/9 h
alternating light/dark periods (Hlavova ef al., 2016).

Suspensions of synchronous cells were cultivated in rectangular plate-
parallel vessels (44 X 24.5 X 2.3 cm, volume 2200 ml) or glass cylinders
(inner diameter 3 cm, volume 300 ml) illuminated from one side by a
panel of dimmable incandescent lamps (OSRAM DULUX L55W/950
Daylight) with incident irradiance at the surface of the culture vessel
~420 pmol photons m? s™!. Culture vessels were immersed in water
baths kept at a constant temperature of either 20 °C or 30 °C.The cul-
tures were aerated with a mixture of air and carbon dioxide (2% v/v) at
a flow rate of 151 h™" (for the tubes) or 60 1 h™' (for the plate-parallel
vessels). Cells were counted using a Biirker counting chamber.

For the experiments, only cultures with at least 98% of eight-celled
coenobia were used. Each experiment was repeated at least five times.
Individual processes of the cell cycle were performed in the same time
window, with the midpoints varying by a maximum of 1 h in the control
cultures. In the samples placed in darkness, the progression of nuclear and
cellular division depended on the actual state of the particular culture.
Each of the experiments represented a time series of culture behavior

in the light and dark, so the processes could be readily followed even if
they were slightly delayed or advanced in the actual culture. The general
rules governing culture behavior were the same and did not affect the
experimental outcome.

Assessment of commitment, nuclear division, and cell division

To determine whether and how many cells attained CP and the num-
ber of CPs, cells were sampled at hourly intervals and incubated in the
dark at the defined experimental temperature. Cells that had passed their
CP for cell division formed daughter coenobia; the number of daughter
cells per coenobium indicated the number of CPs passed by the mother
cell (Vitova and Zachleder, 2005). The proportion of mother cells that
formed four- and/or eight-celled daughter coenobia was determined
by examination with a light microscope. The number of nuclei per cell
was calculated after staining with 4,6’-diamidino-2-phenylindol (DAPI)
according to Zachleder and Cepak (1987). Commitment, nuclear divi-
sion, and cell division curves were obtained by plotting the cumulative
percentages as a function of sampling time.

Temperature coefficient

The optimal temperature for D. quadricauda is 30 °C (Setlik ef al., 1972)
and 20 °C is within the physiological range for the alga. The temperature
coefficient (Q,) was calculated as the ratio of the growth rate in terms
of number of doublings per hour (1) or as the ratio of the duration of
cell cycles or their phases (in h) for a given 10 °C change in temperature.

Microscopy

Observations by transmitted light and fluorescence microscopy were
made using an Olympus BX51 microscope equipped with a charge-cou-
pled device camera (F-Viewll). A U-MWIBA2 filter block (excitation/
emission: 460—490/510-550 nm) was used for DAPI fluorescence.

Determination of total DNA, RNA, and protein

Total nucleic acids were extracted according to Lukavsky et al. (1973).
The DNA assay was carried out as described by Zachleder (1984). The
sediment remaining after nucleic acid extraction was quantified for pro-
tein according to the procedure described by Lowry et al. (1951).

Determination of starch

A modification of the method of McCready ef al. (1950) was used, as
described previously (Branyikova et al., 2011).

Inhibition of cyclin-dependent kinase activity

Roscovitine, a specific inhibitor of CDK (Planchais et al., 1997), was
added to synchronized cultures transferred into darkness at 30 °C after
8 hours of growth at 30 °C in light. Roscovitine was prepared from a
20 mM stock solution dissolved in DMSO to a final concentration of 50,
100, 200, or 400 pM.

Kinase assay

For each assay, the same number of cells from the same volume of culture
was used; the cultures were not diluted during experiments. Cell pellets
containing 2 X 107 cells were harvested during the cell cycle, washed
with SCE buffer [100 mM sodium citrate, 2.7 mM sodium EDTA,
adjusted to pH 7 with citric acid], snap frozen in liquid nitrogen, and
stored at =70 °C. Protein lysates were prepared as described by Bisova
et al. (2005). The cleared lysates were directly used for the assay or were
affinity purified with CrCKS1 beads as described by Bisova ef al. (2005),
with the modification of a 2 h incubation at 4 °C as described by Hlavova
et al. (2011). Histone H1 kinase activity was assayed as described by
Langan ef al. (1989) in a final volume of 10 ul with either 7 ul of cleared
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whole-cell lysate or the CrCKS1 bead-purified fraction, corresponding
to 20 pl of whole-cell lysate. The reactions were started by adding the
master mix to a final composition of 20 mM HEPES, pH 7.5, 15 mM
MgCl,, 5 mM EGTA, 1 mM DTT, 0.1 mM ATP, 0.2% (w/v) histone
(Sigma H5505), and 0.370 MBq [y **P] ATP. For the kinase inhibitor
experiments, roscovitine was added directly to the master mix from a
20 mM stock in DMSO to a final concentration of 200 pM (Bisova et al.,
2005). All reactions were incubated for 30 min at room temperature and
then stopped by adding 5 ul of 5XSDS sample buffer [250 mM Tris—
HCI, pH 6.8,50% (v/v) glycerol, 10% (w/v) SDS, 100 mM DTT, 0.5%
(w/v) bromophenol blue], incubated for 2 min at 98 °C, and immediately
cooled. Proteins were separated by SDS-PAGE in 15% gels (Laemmli,
1970). Phosphorylated histone bands were visualized by autoradiography
and analyzed using a phosphoimager (Storm 860, Molecular Dynamics).
The extent of phosphorylation was quantified using Image Studio Lite
software (LI-COR' Biosciences). To compare between samples and
experiments, the sum of pixel intensity within the same area was normal-
ized to the background pixel intensity to yield pixel intensity values of
the signal. These were further normalized to the pixel intensity of histone
bands in the gels stained with Coomassie Brilliant Blue. Resulting values
are presented as the sum of pixel intensity and are comparable across
experiments. Each experiment was repeated at least three times and rep-
resentative experimental results are shown.

Results

In continuous light, growth is slower at 20 °C but cell
cycle progression is similar at 20 °C and 30 °C

Before the experiment, cultures were grown for three consec-
utive cell cycles at 30 °C or 20 °C under a light/dark illumina-
tion regime and then left to grow in continuous light. At both
temperatures, three consecutive CPs were attained by all cells
(Fig. 2). Once committed, cells consecutively performed three
nuclear divisions, becoming progressively binuclear, tetranu-
clear, and finally octanuclear (Fig. 2). Their cell cycle was ter-
minated by the formation of eight-celled (octuplet) daughter
coenobia (Fig. 2).

All pre-commitment and post-commitment phases, as well
as the whole cell cycle (as measured at midpoints of corre-
sponding curves; Fig. 2), were markedly longer at the lower
temperature(Fig. 2B). The temperature coefficients (Q), cal-
culated as the ratios of (i) growth rates (), (ii) the duration of

Chapter IV

pre- and post-commitment phases, and (iii) the duration of the
whole cell cycle at the two temperatures, ranged from 1.5 to
4 (Table 1).

The Q values of the growth-related processes (RNA and
protein accumulation) fluctuated around 2, suggesting that
these processes were temperature controlled (Table 2). The Qo
of DNA replication varied from 1.56 to 2 (Table 2).

Daughter cells from cultures grown for several cell cycles
at 20 °C (Fig. 3) contained two-fold higher levels of RNA,
protein, and DNA at the beginning of the cell cycle than those
grown at 30 °C (Fig. 3A, B, D, Table 2). Consequently, the
relative content of these macromolecules at the end of the cell
cycle was higher than in cells grown at 30 °C, and resulted in
the release of larger daughter cells, although the number of
daughter cells remained at eight. Cells grown at 20 °C con-
tained two-fold higher amounts of DNA per nucleus (compare
Figs 2B and 3D) and thus entered the cell cycle with dupli-
cated genomic DNA.

The proportion of cells progressing through the cycle
decreases upon a shift to a lower temperature

Cultures grown at 30 °C in the light were transferred after
4, 6, 8, and 14 hours to darkness and kept at the same tem-
perature (Fig. 4A-D) or at 20 °C (Fig. 4E-H). Prolongation
of light exposure at 30 °C caused a gradual increase in the
fraction of the population that attained the first, second, and
third CPs. In the dark at 30 °C, each attainment of CP was, in
the corresponding fraction of the population, followed by the
first, second, and third nuclear divisions (Fig. 4A-D) and then
the release of the corresponding proportion of four- or eight-
celled daughter coenobia.

Cells of the same culture transferred to the dark at 20 °C
showed nuclear division later and in a lower proportion of
cells than those committed in the light at 30 °C (compare
Fig. 4A-D and E-H).The most remarkable effect of the trans-
fer to a lower temperature in the dark was that tetranuclear
cells were unable to finish their cell cycles by cellular division.
Consequently, no four-celled daughter coenobia were formed

100 100 F
N B
5
o]
o
2 50 50 ———F—
S
b=
8_ 0,
s 20°C
o
0 O 1l 1l |
0 6 12 18 24 30 36 42 48
Time, h

Fig. 2. Synchronized cultures of the green alga Desmodesmus quadricauda grown under continuous light. The synchronized cultures were grown at
the same mean light intensity of 420 pmol photons m™ s~ and at 30 °C (A) or 20 °C (B). Blue lines: percentage of cells that attained the commitment
point for the first (open circles), second (open squares), and third (open triangles) sequence of reproductive events. Red lines: percentage of cells that
passed the first (closed circles), second (closed squares), and third (closed triangles) nuclear divisions. Green lines: percentage of cells that released eight

daughter cells.
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Table 1. Growth rate, duration of the cell cycle and its phases, number of daughter cells, and temperature coefficients in synchronized
populations of the alga Desmodesmus quadricauda grown at temperatures of 30 °C and 20 °C

H Pre-CP1 Pre-CP2 Pre-CP3 Post-CP1 Post-CP2 Post-CP3 cC DC
20°C 0.064 8 11 8 12 12 15 47 8
30°C 0.166 2 4 3 6 8 8 18 8
Qo 26 4 238 2.7 2 15 1.8 26

1, Growth rate in term of doublings per hour; CC, duration (h) of the cell cycle; pre-CP1, pre-CP2, pre-CP3, post-CP1, post-CP2, post-CP3, phases of
the cell cycle (duration in h); DC, number of daughter cells; Qy,, temperature coefficient.

Table 2. DNA, RNA, and protein content, and temperature
coefficients at the start and end of the cell cycle and at the
commitment points in synchronized populations of the alga
Desmodesmus quadricauda grown at 20 °C and 30 °C

Start End CP1 CP2 CP3
RNA (pg cell™)
20°C 8 55 15 30 45
30°C 4 22 8 15 23
Q0 2 25 1.88 2 1.96
Protein (pg cell™)
20°C 50 400 70 150 300
30°C 25 175 30 60 140
Qo 2 2.28 2.33 25 214
DNA (pg cell ™)
20°C 0.4 3.5 0.8 1.5 25
30°C 0.2 1.6 0.4 0.8 1.6
Q0 2 1.56 2 1.88 1.56

CP1, CP2, CPS, First, second, and third commitment points (at midpoints
of commitment curves; Qy,, temperature coefficient for a given 10 °C
change in temperature as the ratio of compound content in pg cell™" for
the two temperatures.

in the dark, and only cells whose nuclei divided into eight
completed their cell cycle by division into eight-celled daugh-
ter coenobia (Fig. 4E—G; see also Fig. 5B).

The proportion of cells progressing through the cycle
increases upon a shift to a higher temperature

Cultures grown at 20 °C in the light were transferred after
15,21, 27, or 39 h of growth to darkness and kept at the same
temperature (Fig. 5A-D) or at 30 °C (Fig. 5E-H). Growth
processes at 20 °C were slower than at 30 °C (Table 2), which
led to a slower and more temporally spread attainment of CPs
(compare the time distances between the curves of attaining
individual CPs and their steepness in Figs 4 and 5). Similarly,
the rate of nuclear division was slower both in the light and
dark, due to the cells’ slower metabolism at the lower tem-
perature (compare the time distances between the curves of
individual nuclear divisions in Figs 4 and 5).

After transfer to the dark at 21 h, similar to the situation
for transfers from 30 °C to 20 °C, only some of the cells that
underwent nuclear division into four nuclei also divided into
four-celled daughter cell coenobia (Fig. 5B).

For cultures grown in light for 27 and 39 h (Fig. 5C, D),
the number of cells able to undergo nuclear division increased,
reaching 100% of the cell population (Fig. 5D). In contrast to
the cultures transferred to darkness after shorter light intervals,

all cells that were committed to division of their nuclei into
four or eight completed their cell cycles, dividing into four- or
eight-celled daughter coenobia (Fig. 5C, D).

When the cells grown in light at 20 °C were transferred to
darkness at 30 °C, there was a significant increase in the rate and
proportion of nuclear and cellular divisions within the popula-
tion relative to cultures transferred to darkness at 20 °C (com-
pare Fig. 5A—C and 5E-G).The cells underwent more nuclear
and cellular divisions than were committed to in the light at
20 °C, and this took place over a shorter time interval. All cells
that completed at least two nuclear divisions into four nuclei
completed their cell cycles by cell division (compare Fig. 5A-D
and 5E-H or Figs 7 and 8).The cells transferred into the dark at
30 °C after 39 h in the light showed nuclear division into eight
nuclei and released eight-celled daughter coenobia, similar to
cells transferred into the dark at 20 °C (Fig. 5H). However, 30%
of the newly born daughter cells underwent a nuclear divi-
sion, becoming binuclear (Fig. 5H). This nuclear division was
part of the next cell cycle. No such additional nuclear division
occurred in the cells kept in the dark at 20 °C (Fig. 5D).

Rates of macromolecular synthesis vary with
temperature

In separate experiments, the synthesis of macromolecules
related to cell growth (total RNA and protein), the accumula-
tion of energy reserves (starch), and cell reproduction (DNA
replication) were followed at 30 °C in cells grown in the light
and then transferred after 9 or 13 h to darkness, where they
were kept at 30 °C or 20 °C (Fig. 6A-D). In another set of
experiments, cultures grown at 20 °C were transferred to the
dark after 10 or 20 h and kept at 20 °C or 30 °C (Fig. 6E-H).

RNA and protein accumulated during the continuous light
period until values corresponding to the number of daughter
cells formed at the end of the cell cycle were attained (Table 2).
For cultures grown at 30 °C or 20 °C in the light, there was no
significant difference in the accumulation of RNA (Fig. 6A, E)
or protein (Fig. 6B, F), or the degradation of starch (Fig. 6C, G)
when transferred to either 20 °C or 30 °C in the dark. Starch
degradation started immediately after transfer to the dark
regardless of the temperature at which cells had been main-
tained in the light, but was slightly faster in cells transferred to
30 °C than 20 °C (Fig. 6C, G).

DNA replication was faster in the dark at 30 °C than 20 °C
(Fig. 6D, H).The final DNA content in cultures transferred to
the dark later in the cell cycle was comparable between the
two treatments (Fig 6D). In contrast, in cultures transferred to
the dark earlier in the cell cycle, the final DNA content per cell
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Fig. 3. Changes in the contents of RNA (A), protein (B), starch (C), and DNA (D) in synchronized populations of the alga Desmodesmus quadricauda
grown at different temperatures. The cultures were grown in continuous light with a mean light intensity of 420 pmol photons m2 s" at either 30 °C
(triangles) or 20 °C (diamonds). Arrows indicate the time midpoints of cellular division.

was about 1.5 times higher at 30 °C than at 20 °C (Fig 6D).
Faster and more pronounced DNA replication was a prerequi-
site and correlated with the faster and more numerous nuclear
divisions observed in cultures transferred to 30 °C in the dark
(Figs 4,5,7,8).

Cell cycle progression correlates with CDK activity

Differences in cell cycle progression upon transfer from one
temperature to the other could not be explained by changes
in any macromolecule measured, suggesting that the levels of
these macromolecules levels were not critical. We therefore
determined whether the onset of activity of the main cell
cycle regulator, CDK, was correlated with total RNA or bulk
proteins as determinants of critical cell biomass, or with cell
cycle processes being performed. We analyzed two types of
kinase activities present in whole-cell lysates, activity relating
to the attainment of CP and to nuclear division, and activ-
ity purified by affinity to CrCKS1 protein, relating to nuclear
division (Bisova et al., 2000). Comparison of the two activities
revealed that, in most cases, they overlapped, so that CKS1-
bound kinase activity was ‘hidden’ within the whole-cell
lysate activity, although it was about 10-fold lower (compare
Supplementary Fig. S1 at JXB online with Figs 7 and 8). The
only difference was a more prominent peak of CKS1-bound
activity preceding cellular division(s) (Supplementary Fig. S1),
which was very low or absent in the whole-cell lysates. In both
the whole-cell lysate and CKS1-bound fraction, kinase activi-
ties were inhibited by roscovitine (Supplementary Fig. S2), a
specific inhibitor of CDK (Planchais ef al., 1997), confirming
that they represent CDK-like activities.

The activities of whole-cell lysates were assayed in aliquots
of synchronized populations grown in light at 30 °C (Fig. 7)
or 20 °C (Fig. 8), and subsequently transferred to darkness at

either the same temperature or to the lower or higher tem-
perature (i.e. 20 °C or 30 °C, respectively). The activities of
CDK before and after transfer into darkness were compared
with changes in nuclear and cellular division(s). Individual syn-
chronized cultures differed slightly (see Materials and meth-
ods), which led to slight variations in the timing of CDK
activity between individual experiments, but the correlations
described below were maintained.

The rate of change and level of CDK activity decreases
upon a shift to darkness at a lower temperature

For cultures grown at 30 °C, subpopulations of synchronized
cultures were transferred into darkness at 30 °C or 20 °C after
4,6,8,10, or 14 h of illumination (Fig. 7).

As described above, with prolonged light exposure at 30 °C,
the number of committed cells as well as the number of attained
CPs increased, followed by an increase in the proportion of cells
undergoing nuclear division (Fig. 7A—E). In all experimental vari-
ants, nuclear divisions were tightly coupled with and related to
variations in CDK activity (Fig. 7; Supplementary Fig. S3). In the
dark at 30 °C, individual nuclear divisions followed each other
within a short time interval (Fig. 7B, C), concomitant with a sharp
peak of CDK activity. These peaks related to the start of individual
nuclear divisions and overlapped in time (Fig. 7B, C, D).

In the cultures grown in 30 °C and then transferred to dark-
ness at 20 °C, the numbers of cells undergoing nuclear division
into two, four, or eight nuclei during the dark period were lower
than those committed in the light at 30 °C and then undergo-
ing nuclear division in the dark at 30 °C (Fig. 7F-]). The level
of CDK activity after transfer from 30 °C in the light to 20 °C
in darkness (Fig. 8F—I) was lower, and the peaks were broader
than those measured in cells maintained in darkness at 30 °C.
This was in line with the slower rate and lower proportion of
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Fig. 4. Time courses of individual commitment points, nuclear divisions, and cellular divisions in synchronized populations of Desmodesmus quadricauda
grown in light at 30 °C and then placed into the dark after 4, 6, 8, or 14 h and kept at 30 °C (A-D) or 20 °C (E-H). Blue lines: percentage of cells that
attained the commitment point for the first (open circles), second (open squares), and third (open triangles) sequence of reproductive events. Red lines:
percentage of cells that passed the first (closed circles), second (closed squares), and third (closed triangles) nuclear divisions. Green lines: percentage

of cells that completed the second (closed squares) and third (closed triangles) cellular divisions and released four or eight daughter cells. Dotted black
lines: percentage of all cells that produced daughter cells (crosses). Periods of dark are marked with black bars at the top of each graph.

nuclear divisions in populations at 20 °C (compare Fig. 8A-D  divisions in the populations, even though there were significant
and 8F—J; see also Figs 4, 5, 7, 8). As at 30 °C, the peaks of differences between the cultures placed into darkness at the
CDK activity were concomitant with nuclear divisions. Thus, two temperatures. To visualize the correlation better, we used
at both 30 °C and 20 °C, the timing of the increase in CDK  cumulative time-course values of kinase activities and compared
activity correlated with the timing and proportion of nuclear them with the cumulative number of nuclei per cell over time
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Fig. 5. Time courses of individual commitment points, nuclear divisions, and cellular divisions in synchronized populations of Desmodesmus quadricauda
grown in light at 20 °C and then placed into the dark after 15, 21, 27, or 39 h and kept at 20 °C (A-D) or 30 °C (E-H). Blue lines: percentage of cells

that attained the commitment point for the first (open circles), second (open squares), and third (open triangles) sequence of reproductive events. Red
lines: percentage of cells that passed the first (closed circles), second (closed squares), and third (closed triangles) nuclear divisions; daughter cells that
underwent additional nuclear division are indicated with diamonds. Green lines: percentage of cells that completed the second (closed squares) and

third (closed triangles) cellular divisions and released four or eight daughter cells. Dotted black lines: percentage of all cells that produced daughter cells

(crosses). Periods of dark are marked with black bars at the top of each graph

(Supplementary Fig. S3). This type of plot clearly showed that
CDK activity preceded nuclear division, which was proportional
to the levels of CDK activity (Supplementary Fig. S3).

The rate of change and level of CDK activity increases
upon a shift to darkness at a higher temperature

Due to the slower cell metabolism at 20 °C, the cell cycle was
more than twice as long as at 30 °C (Fig. 2). Because of this, to

Coordination of growth and cell cycle progression

transfer cells grown at 20 °C in light to the dark at a similar cell
cycle time, the light period had to be prolonged. Cultures grown
at 20 °C were transferred into the dark (at 30 °C or 20 °C) after
15,21, 27, or 39 h (Fig. 8).The first division of nuclei occurred
later in the culture grown at 20 °C than at 30 °C (20 h versus
9 h) and the following nuclear divisions were further apart at
20 °C (12 h versus 4 h) (compare Figs 7E and 8E).

As for the cells grown at 30 °C, the activity of CDK increased
before nuclear division (Fig. 8; Supplementary Fig. S3), and
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Fig. 6. Changes in the content of RNA (A, E), protein (B, F), starch (C, G), and DNA (D, H) during the cell cycle in synchronized populations of
Desmodesmus quadricauda. The cultures were grown at 30 °C (A-D) or 20 °C (E-H). (A-D) Macromolecular synthesis in cells permanently illuminated at
30 °C (blue line, open triangles) or placed in darkness after 9 or 13 h (arrows) and kept at 30 °C (blue line, closed triangles) or 20 °C (green line, closed
diamonds). (E-H) Macromolecular synthesis in cells permanently illuminated at 20 °C (green line, open diamonds) or placed in darkness after 10 or 20 h
(arrows) and kept at 20 °C (green line, closed diamonds) or 30 °C (blue line, closed triangles).

the level and timing of CDK activity correlated with the num-
ber of cells undergoing nuclear division and the number of
nuclear divisions in individual cells (Fig. 8). In cells cultivated
in the light at 20 °C, CDK activity was delayed compared with
those at 30 °C, and its peaks were more separated in time, cor-
responding with individual nuclear divisions (Fig. 8A). With

prolongation of the light period to 21 h or more, the activi-
ties of CDK preceding the first and second nuclear divisions
started to overlap, resulting in a broader distribution of CDK
activity with two peaks (Fig. 8B—=E). In contrast to cultures
grown in the light at 30 °C, division into eight nuclei in cul-
tures grown at 20 °C was in all cases preceded by a peak of
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Fig. 7. Activity of CDK in whole-cell lysates and the courses of nuclear and cellular divisions in synchronized populations of Desmodesmus quadricauda
grown in light at 30 °C and then placed into darkness after 4, 6, 8, 10, or 14 h, and kept at 30 °C (A-E) or 20 °C (F-J). The specific inhibitor of CDK
activity roscovitine at different concentrations (50-400 pM) (K-N) or DMSO as a control (O) were applied to cultures transferred to darkness at 30 °C after
8 h of light. Periods of dark are marked with black bars at the top of each graph. Blue lines: activity of CDK. Red lines: percentage of cells that passed
the first (closed circles), second (closed squares), and third (closed triangles) nuclear divisions. Green lines: percentage of cells that completed the
second (closed squares) and third (closed triangles) cellular divisions and released four or eight daughter cells. Dotted black lines: percentage of all cells
that produced daughter cells (crosses).

CDK activity that was well separated in time from preceding  which were correlated with changes in CDK activity. As a rule,
peaks (compare Figs 7 and 8). nuclear divisions occurred shortly after transfer to 30 °C, at a

Transfer of cells grown at 20 °C into darkness at 30 °C  higher rate and in more cells than in cells kept 20 °C (com-
caused extensive changes in the timing of cell cycle processes, pare Fig. 8A-D and 8F-I). CDK activity reached a sharp peak
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Fig. 8. Activity of CDK in whole-cell lysates and the courses of nuclear and cellular division in synchronized populations of Desmodesmus quadricauda
grown in light at 20 °C and then placed into darkness after 15, 22, 27, or 39 h and kept at 20 °C (A-D) or 30 °C (F-I). One culture was grown at 20 °C
in continuous light (E). Blue lines: activity of CDK. Red lines: percentage of cells that passed the first (closed circles), second (closed squares), and third
(closed triangles) nuclear divisions. Green lines: percentage of cells that completed the second (closed squares) and third (closed triangles) cellular
divisions and released four or eight daughter cells. Dotted black lines: percentage of all cells that produced daughter cells (crosses). Periods of dark are
marked with black bars at the top of each graph.

within 1 or 2 h after transfer to darkness at 30 °C (Fig. 8G, division. The lower kinase activities at 20 °C correlated with
H) while such sharp peaks were absent in cultures transferred  the slower completion of nuclear and/or cell divisions and the
to darkness at 20 °C (compare Fig. 8B, C, G and H). Kinase lower proportion of cells in the population undergoing nuclear
activity maxima were higher at 30 °C than at 20 °C, and the and/or cell division. For another illustration of the correlation,
peaks were sharper, in line with faster completion of nuclear see Supplementary Fig. S3.
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To determine whether there were temperature-dependent
differences in total kinase activity, we compared the cumulative
CDK activity at the two temperatures with the accumulated
number of nuclei per cell (Supplementary Fig. S3). The results
clearly demonstrate that although the rates of change of CDK
activity were slower at 20 °C, total CDK activity correlated
only with the number of completed nuclear and/or cellular
divisions within the population, and not with temperature
(Supplementary Fig. S3). In all cases, CDK activity correlated
with nuclear divisions, confirming a tight connection between
CDK activity and cell cycle progression.

Inhibition of CDK activity by roscovitine simulates its
decrease through transfer to lower temperature

To assess whether the correlation between CDK activity and
changes in cell cycle progression was causative or not, we trans-
ferred subcultures of synchronized cultures grown in light at
30 °C for 8 h into darkness with increasing concentrations of
the CDK inhibitor roscovitine (Fig. 7K—0). In control cultures
without roscovitine, all the cells underwent nuclear division
into four nuclei and completed cell division into four-celled
coenobia (Fig. 70, compare also with Fig. 7C). Increasing
concentrations of roscovitine progressively inhibited nuclear
and cellular division as well as kinase activities in whole-cell
lysates (Fig. 7K—IN). With the highest concentration of rosco-
vitine (400 pM), CDK activity was completely blocked, which
was reflected by a complete block of nuclear division and cell
division (Fig. 7K). The effect of the inhibitor mimicked the
effect of shorter light exposure (compare Fig. 7M with 7B
and 7C). This proved a causal relationship between changes in
CDK activity at different temperatures and cell cycle progres-
sion, as was suggested by the correlations illustrated in Figs 7
and 8 and Supplementary Fig. S3.

Discussion

In green algae dividing by multiple fission, the critical cell
size at which the cells attain CP remains constant at different
growth rates set by different light intensities. The rate of attain-
ing the critical cell size and the number of CPs vary, but the
duration of the reproductive sequences is set by the metabolic
rate and remains constant (Vitova et al., 2011b). This is true not
only in algae but also in yeasts (Beach et al., 1982), mammalian
cells (Pardee, 1989), and plant cells (Jones ef al., 2017). In con-
trast, temperature affects both growth-related processes before
CP attainment and the duration of the sequence of reproduc-
tive events, even at the same light intensity (Fig. 2). This stems
from a temperature effect on general metabolism and fits with
established knowledge about temperature responses in other
algae (Zachleder et al., 2002;Vitova and Zachleder, 2005).
Results of experiments performed at 20 °C and 30 °C sug-
gested that threshold levels of the macromolecules assumed to
be involved in establishing a constant critical size (RNA, pro-
tein, and starch) were doubled at 20 °C compared with 30 °C.
The question was whether this threshold requirement for entry
into CP would be retained after transfer between two different
but physiological temperatures (either from 20 °C to 30 °C or

Chapter IV

from 30 °C to 20 °C) when the cells are placed into darkness
to block any direct involvement of light on growth. Should
there be a direct relationship between critical cell size (and/or
its determinants) and attainment of CP, we expected that pro-
gression of the cell cycle would continue after transfer, similar
to the control culture maintained at the original temperature,
although with different kinetics dictated by different metabolic
rates at the two temperatures. In contrast, if critical cell size and
CP attainment were not simply correlated, then upon transfer
the progression of the cell cycle should differ from that of the
control at the original temperature. The results of the transfer
experiments rather unexpectedly proved the second of these
options. The role of temperature in the timing of cell cycle
events thus goes beyond its effect on growth rate, in contrast to
changing the light intensity at a constant temperature, which
has a simple trophic effect (Zachleder and Setlik, 1990).

Upon transfer to the dark, at either 30 °C or 20 °C, the
accumulation of RNA and proteins ceased, and their lev-
els stayed constant (Fig. 6A, B, E, F). Starch was extensively
degraded in the dark at rates that were faster at 30 °C, but the
final levels of starch were similar at both temperatures (Fig. 6C,
G). In general, all growth processes that depend directly on
a carbon and energy supply stopped or substantially slowed
upon transfer to the dark. In contrast, processes essential for cell
survival and reproduction, particularly DNA replication and
nuclear division, are not directly dependent on energy from
photosynthesis; even in the light they depend on starch (and
other) reserves, and thus they can be performed in the dark
(Wanka, 1968, 1975). Although general protein synthesis slows
or ceases in the dark, this does not affect gene expression and
protein synthesis related to cell cycle events, which still run
in the dark. If protein synthesis is completely inhibited by the
addition of cycloheximide, DNA replication and nuclear divi-
sion are completely suppressed (Zachleder et al., 2002).

The accumulation of DNA was comparable for cultures
grown at 30 °C and then moved to the dark at either 30 °C
or 20 °C (Fig. 6D). In contrast, there was a striking difference
in DNA accumulation in cultures grown at 20 °C and then
placed into darkness at either 30 °C or 20 °C. In the cultures
placed into darkness at 30 °C, DNA accumulation started ear-
lier, was faster, and could have reached higher values (Fig. 6H).
This result suggested that there might be different effects of a
temperature shift on the progression of the cell cycle. Generally,
cell cycle progression was accelerated in cultures transferred
from the light at 20 °C to darkness at 30 °C.The cells behaved
as if they attained more CPs; they underwent more nuclear
divisions and completed more cell divisions. Some of these
cells completed cell divisions even under conditions where
no cell division was detectable in the control cultures kept at
20 °C (Figs 5,7, 8).The opposite behavior was observed in cul-
tures grown in the light at 30 °C and transferred to the dark at
20 °C. Cells in these cultures were unable to complete nuclear
or cell divisions committed at 30 °C (Fig. 4). The increased
rate of individual cell cycle processes at 30 °C and the slower
rate at 20 °C were expected and were most probably caused
simply by different metabolic rates at the two temperatures,
as reflected by the temperature coefficient, Q;, (Table 1). In
contrast, the fact that cells seemingly attained more or fewer
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CPs than implied by their critical cell biomass at the culture
temperature suggested that the cells are at different stages in
the cycle, independent of cell size. This also implies that neither
critical cell size (biomass) nor any other macromolecule we
analyzed is a determinant of CP.Thus, the two processes—that
is, growth up to critical cell biomass and attainment of CP—
are simply correlated under stable growth conditions but are
not causally related.

CDK activity changed distinctly with temperature shifts,
preceding both temporally (Figs 7, 8; Supplementary Fig. S3)
and functionally (Fig. 7K—O) nuclear and to some extent cel-
lular divisions in the cultures and determining the progression
of division. The completion of each nuclear division correlated
with cells reaching certain threshold total CDK activity levels,
which were similar at 30 °C and 20 °C (Figs 7,8;Supplementary
Fig. S3), although reaching the threshold activity was delayed
at 20 °C. Furthermore, the application of increasing concentra-
tions of roscovitine, a specific CDK inhibitor (Planchais ef al.,
1997), altered the extent of cell cycle progression, confirming
that alternating CDK activity levels control cell cycle progres-
sion. In some organisms, CDK activity seems to be related to
cell size. In plants, a model incorporating an increase in active
CDK with cell size fits the behavior of dividing cells in the
apical meristem (Jones ef al., 2017). In C. reinhardtii, the abun-
dance, and possibly the activity, of a specific CDK, CDKG1,
regulates the number of mother cell divisions and thus the
daughter cell size (Li ef al., 2016). In other organisms, alternat-
ing CDK activity can be a regulatory variable on its own. In
the simple system of fission yeast encoding a single cell cycle-
regulating CDXK, the progression of the cell cycle can be sim-
plified so that a single monomolecular module of CDK linked
with cyclin is able to drive the cell cycle in a manner similar to
wild-type cells (Coudreuse and Nurse, 2010). This is achieved
simply by alternating two CDK activity thresholds at entry to
the S and M phases, and functions even in the absence of most
forms of canonical regulation. It is not clear whether such a
simple model is operating in D. quadricauda, where, as in other
plants, cell cycle progression is regulated by two CDKs, CDKA
and CDKB, which have different roles in cell cycle regulation
(Tulin and Cross, 2014; Atkins and Cross, 2018). Although we
could detect a threshold CDK activity related to nuclear divi-
sion (Supplementary Fig. S3), it is not clear if this represents
CDKA and/or CDKB. Moreover, we were unable to detect
a threshold CDK level related to DNA replication. In plant
meristems, altering either CDKA or CDKB complex kinase
activity will affect the cell size and duration of the individual
cell cycle phases but not the total length of the cell cycle (Jones
et al., 2017). It would be interesting to see how this relates
to cell cycle progression in D. quadricauda that is not directly
connected to attaining a critical cell size. Unfortunately, given
the lack of genetic tools, we were unable to separate the
CDKA and CDKB kinase activities, as antibodies to CDKA
and CDKB recognized and immunoprecipitated both proteins
(Hlavova et al., 2011). Moreover, CDK activity in whole-cell
lysates generally overlapped with the kinase activity specifically
bound to CKS1 beads (Supplementary Fig. S1), suggesting that

the CKS1-bound protein fraction also contains both CDKA
and CDKB. In some cases, CKS1-bound kinase activity dif-
fered from that in whole-cell lysates (Supplementary Fig. S1),
hinting at the possibility that one of the complexes is preferen-
tially affinity purified. This was true particularly for the CKS1-
bound activity peak at cellular division (compare Figs 7, 8, and
Supplementary Fig. S1). In C. reinhardtii, CDKB is an essential
CDK responsible for spindle formation and nuclear division
and subsequent DNA replication, once CDKA-dependent
initiation has occurred (Tulin and Cross, 2014; Atkins and
Cross, 2018). We assume that cell division-related kinase activ-
ity might be the action of CDKB. Clearly, mutants in CDKA
and/or CDKB would be very useful in analyzing the roles of
the two kinases in regulating cell cycle progression in D. quad-
ricauda, the relationship to temperature shifts, and the nature of
threshold CDK activities.

In the temperature shift experiments, the critical cell size
(and/or the amount of different macromolecules), or the state
of the cell more generally, seems to be ‘reinterpreted’ based on
the current cultivation temperature. This reinterpretation was
manifested as changes in CDK activity followed by changes in
the number of nuclear divisions (and other cell cycle-related
processes) per cell, and/or their proportion within the popula-
tion. The activity of the CDK complex is regulated on mul-
tiple levels: (i) transcription of CDK or the cyclin subunit, (ii)
post-translational modification, (iii) protein—protein interac-
tion, and (iv) subunit degradation (Francis, 2007; Inagaki and
Umeda, 2011;Van Leene et al., 2011). Changes in kinase activ-
ity occurred within 1-2 h of a temperature shift (Fig. 8G,
H), suggesting that they might have occurred at the level of
changes in post-translational modification and/or protein—
protein interactions of existing CDK complexes. Alternatively,
they could be caused simply by temperature sensitivity of the
CDK complexes themselves. The protein levels of both CDKA
and CDKB are quite steady during the cell cycle of D. quad-
ricauda (Hlavova et al., 2011). Similarly, the level of the CDK
inhibitor Weel kinase was steady. Moreover, the levels of Weel
kinase do not seem to interfere with CDK activity (Hlavova
et al., 2011). Thus, it is feasible that the activity of CDK is
affected by changes in protein—protein interactions. Candidates
for such regulators are CDK inhibitors that have not so far
been identified in green algae owing to their high sequence
divergence (Bisova ef al., 2005).

Supplementary data

Supplementary data are available at JXB online.

Fig. S1.The activity of CDK in the CKS1-bound fraction
and the courses of nuclear and cellular division in synchro-
nized populations of Desmodesmus quadricauda.

Fig. S2. Inhibition of CDK activity by roscovitine in whole-
cell lysate and in the CKS1-bound fraction.

Fig. S3. Cumulative time-course values of kinase activities in
whole-cell lysates, camulated number of nuclei, and completed
cell divisions in synchronized populations of Desmodesmuis
quadricanda.
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Abstract: Temperature is one of the key factors affecting growth and division of algal cells. High
temperature inhibits the cell cycle in Chlamydomonas reinhardtii. At39 °C, nuclear and cellular divisions
in synchronized cultures were blocked completely, while DNA replication was partly affected. In
contrast, growth (cell volume, dry matter, total protein, and RNA) remained unaffected, and starch
accumulated at very high levels. The cell cycle arrest could be removed by transfer to 30 °C, but
a full recovery occurred only in cultures cultivated up to 14 h at 39 °C. Thereafter, individual cell
cycle processes began to be affected in sequence; daughter cell release, cell division, and DNA
replication. Cell cycle arrest was accompanied by high mitotic cyclin-dependent kinase activity that
decreased after completion of nuclear and cellular division following transfer to 30 °C. Cell cycle
arrest was, therefore, not caused by a lack of cyclin-dependent kinase activity but rather a blockage in
downstream processes.

Keywords: cell cycle arrest; cell size; Chlamydomonas reinhardtii; cyclin-dependent kinase; DNA
replication; synchronized cultures; supraoptimal temperature; starch accumulation

1. Introduction

Light and temperature are two key factors that affect growth and development of plants, including
green algae. For each organism, there are three temperature ranges with distinct effects on cell
physiology. Firstly, the optimum growth temperature is where growth rate reaches a maximum.
Secondly, the range below and above the optimum is where growth and cell division are possible,
yet at lower rates. The final range is temperatures too low or too high to allow for cell division, cell
growth, or cell survival. Within the physiological range surrounding the optimum, a 10 °C increase in
temperature will increase metabolic rate two-fold. Increasing temperature will thus speed up growth
as well as shorten individual phases of the cell cycle and its total duration, as shown in different
algae such as Chlorella ellipsoidea [1], Chlamydomonas reinhardtii [2], Chlamydomonas eugametos [3], and
Desmodesmus quadricauda [4]. Individual metabolic processes are differentially sensitive to temperature,
which contributes to distinct cell responses within a temperature range. Cell division and duration of
the cell cycle seem to be more sensitive to temperature than growth. Cultures of C. reinhardtii grown at
increasing temperatures will, at first, increase growth rates and shorten the cell cycle, as predicted
by the two-fold increase in metabolic rate [2]. With a further temperature increase between 28 and
37 °C, duration of the cell cycle will be prolonged, while the growth rates will remain comparable.
Since a temperature increase of 10 °C should double the growth rate, maintaining similar growth
rates between the two temperatures implies that the growth rate effectively decreases in contrast to
predictions. Thus, although the cells are not yet visibly stressed, such temperatures are physiologically
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supraoptimal. Would a further increase in temperature lead to cell division arrest? When optimizing
growth conditions for synchronized cultures of C. reinhardtii, Lien and Knutsen noted that at 1 °C
above the optimal growth temperature, some cells started to exhibit inhibited cell division [5]. But
such effects might be so subtle that they can only be detected in synchronized cultures when the entire
culture is of a similar age. In distantly related alga, Chlorella vulgaris, an increase in temperature of
6-7 °C above the growth optima arrested nuclear and cellular divisions, but not DNA replication, and
the effect on growth was negligible [6]. Cell cycle arrest thus seems to be one of the first physiological
processes affected by even small increases in temperature above the optimum, but the nature of the
arrest remains unknown. It is unclear if the arrest is caused by an effect on cell cycle regulatory protein
activities (such as cyclin-dependent kinases) or by an effect on downstream cell cycle events.

C. reinhardtii is a model species that divides by multiple fission. Its cell cycle can be modeled as a
series of overlapping reproductive sequences, each of them consisting of cell cycle entry at commitment
point (CP) that switches on DNA replication (S phase), nuclear division (M phase), and cell division
(C) (Figure 1) [5,7-10]. During growth in G1 phase, cells attain their first CP, which would lead to
completion of a single reproductive sequence (i.e., division into two daughter cells). At sufficiently
fast growth rates, they may also attain consecutive CPs (1), each of which will eventually lead to
completion of one reproductive sequence [11,12], independent of further energy supply (i.e., even in
the dark). The mother cell can, therefore, divide into 2, 4, 8, or 16 (2") cells [5].

CP,

- B
ST 10 o 0 Gl

Figure 1. Schematic diagram of growth and the cell cycle in a single cell of Chlamydomonas reinhardtii.

The schematic pictures reflect increasing cell size. The red full circles inside the cells illustrate the
size and number of nuclei. Larger red circles indicate a doubling of DNA. Green ellipsoids and lines
represent protoplast division. Diagram shows a model of cell cycle progression in C. reinhardtii dividing
by multiple fission into 8 daughter cells. Three bars indicate three overlapping growth and reproductive
sequences terminated by division into 2, 4, and 8 daughter cells, respectively. Precommitment period
(G1): the period until threshold critical cell size for commitment to divide (CP) is reached and CP is
attained. Postcommitment period consists of pS—the prereplication phase between the CP attainment
and the beginning of DNA replication. The processes required for initiation of DNA replication are
assumed to happen during this phase. S: DNA replication takes place. G2: the phase between the
termination of DNA replication and the start of mitosis (M). Processes leading to the initiation of
mitosis are assumed to take place during this phase. G3: the phase separating mitosis from cellular
division, which is clearly visible in some algae dividing by multiple fission. The processes leading to
cellular division are assumed to take place during this phase. C: the phase during which cell cleavage
(protoplast fission) and daughter cell formation occurs. For C. reinhardtii, it is typical that all “gap”
phases are combined into one prolonged phase. The distances between individual cell cycle phases
correspond to the cell cycle progression in a real culture (Figure 2). Modified after Zachleder et al. [13],
BiSova and Zachleder [14], and Zachleder et al. [15].
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Figure 2. Graphical representation of the cell cycle progression in synchronized cultures of the
Chlamydomonas reinhardtii grown at 30 °C at an incident light intensity of 500 pmol m™2 s™!. Time
courses of individual commitment point/s, nuclear division/s, protoplast fission/s, and daughter cell
release in synchronized cultures of C. reinhardtii. Blue curves (CP indices): cumulative percentage
of cells, in a given population (100%), that attained the commitment point (CP) for the first (circles),
second (squares), and third (triangles) reproductive sequence. Red curves (mitotic indices): cumulative
percentage of cells, in a given population (100%), that divided their nuclei into 2 (circles), 4 (squares),
and 8 (triangles). Green curves (division/protoplast fission indices): cumulative percentage of cells, in a
given population (100%), that divided their protoplasts into 2 (circles), 4 (squares), and 8 (triangles).
Black curve, crosses: cumulative percentage of cells that released daughter cells. Black dashed line at
50% depicts midpoint of each event in a population of cells.

In single algal cells (and in synchronized cultures that mimic them), growth is manifested by
an increase in cell size, RNA, protein, and starch (and other energy components) per cell, which
leads to the accumulation of dry matter and an increase in absorbance (Aysg) of the culture. Growth
is a prerequisite for cell division, as the attainment of each CP depends on reaching a critical cell
size [10,16], which involves a doubling of cell size, cell mass, RNA, and protein per cell [2,11,12,15,17].
Growth is, therefore, tightly connected with the cell cycle so the number of reproductive sequences
and released daughter cells are dictated by cell size [10,16]. Moreover, although there might be growth
in the absence of cell division, division in the absence of growth leads to decreasing cell size and is,
thus, limited to specific cases. Temperature affects growth as well as the entire cellular metabolism.
Thus, it affects the duration of the growth phase prior to attainment of CP, the precommitment period,
as well as the postcommitment period, where, under most conditions, growth runs concurrently with
reproductive sequences [2—4]. This is in contrast to light that only affects growth and the duration of
the precommitment period, but the postcommitment period remains constant [3,17]. Thus, the effect of
temperature on the cell cycle is quite complex, even within the physiological range.

In plants, including algae, the cell cycle is regulated by two types of cyclin-dependent kinases
(CDKs), CDKA and plant-specific CDKB. C. reinhardtii CDKA [18] and CDKB homologues are encoded
by single genes [19] and have nonoverlapping functions [20]. CDKA promotes entry into cell division
at CP and is also required to initiate the first DNA replication [20]. CDKB is the specific mitotic kinase
that is required for spindle formation, nuclear division, and subsequent rounds of S phase, but not for
cytokinesis [20]. Only CDKB is essential, whilst the null mutant of CDKA prolongs growth and delays
cell division [21].

In the present paper, we describe the effect of supraoptimal temperature on cell cycle arrest
and recovery in synchronized cultures of C. reinhardtii. We show that a supraoptimal temperature
inhibited cell reproduction and the expenditure of starch, while normal growth continued, leading to
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the formation of giant cells with elevated levels of starch. Cell cycle arrest comprised a block in nuclear
and cellular division, while DNA replication was less affected. Arrest was accompanied by high mitotic
kinase activities that declined following nuclear and cellular division/s. Cell cycle arrest was, therefore,
not caused by a lack of cyclin-dependent kinase activity but rather a blockage in downstream processes.

2. Materials and Methods

2.1. Organism and Culture

The unicellular alga Chlamydomonas reinhardtii wild-type 21gr (CC-1690) was obtained from the
Chlamydomonas Resource Center at the University of Minnesota (St. Paul, MN, USA). The cultures
were grown on high salt medium (HS) as described by Sueoka [22] with a doubled concentration of
Ca”* ions and a tenfold increase in Mg?* ions. Trace elements (1 mL per 1 L of medium) as described
by Zachleder and Setlik [23] were used instead of Hutner’s trace elements. For routine subculturing,
the cultures were streaked every three weeks onto modified high salt medium solidified by agar and
grown at an incident light intensity of 100 pmol m~2 s™! of photosynthetically active radiation.

2.2. Synchronization Procedure

For synchronization, 300 mL of liquid HS medium was inoculated directly from plates, and the
cultures were placed in glass cylinders (inner diameter 30 mm, height 500 mm) at 30 °C and “aerated”
with a mixture of air and CO, (2%, v/v) at a flow rate of 15 L h™1. The cylinders were illuminated from
one side by a panel of dimmable fluorescent lamps (OSRAM DULUX L55W/950 Daylight, Milano, Italy)
with light intensity adjusted to an incident light intensity of 500 pmol m~2 s~! of photosynthetically
active radiation at the surface of the cylinders. Synchronization was carried out by 13/11 h alternating
light/dark (L/D) periods, as was described previously [24].

Suspensions of synchronous cells were diluted to a maximum concentration between 1.5 x 10°
and 2 X 10° cells mL~! and cultivated in rectangular plate-parallel vessels (440 X 245 X 23 mm, volume
2200 mL) at the same incident light conditions as used for synchronization. The flow rate of the aeration
mix was 60 L h™!. Culture vessels were immersed in water baths kept at constant temperatures of either
30 or 39 °C. Each experiment was carried out in triplicate. Individual processes of the cell cycle were
performed at the same time with midpoints varying by a maximum of one hour. Assessments of CP
attainment, cell division, cell size, and cell number were carried out as described by Hlavova et al. [24].
Dry matter was determined according to Branyikova et al. [25].

2.3. Determination of Total DNA, RNA, Protein, and Starch

Total nucleic acid was extracted and analyzed according to Wanka [26], as modified by
Lukavsky et al. [27]. For DNA content, the light-activated reaction of diphenylamine with hydrolyzed
DNA was used, as described by Decallonne and Weyns [28] with modifications of Zachleder [29].
The sediment remaining after nucleic acid extraction was used for protein determination after
Lowry et al. [30]. Starch content was determined by the anthrone method [31] as modified by
Branyikova et al. [25]. Two technical replicates were used for each analysis. Variations between
duplicates did not exceed 5% of the mean.

2.4. Activity of Cyclin-Dependent Kinases

Protein lysates were prepared as described by Hlavova et al. [32]. They were directly assayed or
affinity-purified by CrCKS1 beads as described by Bisova et al. [19] with modifications as described
by Hlavova et al. [32]. Histone H1 kinase activity was assayed as previously described [33] in a final
volume of 10 uL with either 7 uL of clear whole cell lysate or the CrCKS1 beads fraction corresponding to
20 uL of whole cell lysate. The reactions were initiated by adding the master mix to a final composition
of 20 mM HEPES, pH 7.5, 15 mM MgCl,, 5 mM EGTA, 1 mM DTT, 0.1 mM ATP, 0.2% (w/v) histone
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(Sigma H5505) and 0.370 MBq [y 32p] ATP. All the chemicals were purchased from Sigma-Aldrich
(Prague, Czech Republic).

Proteins were separated on 15% SDS-PAGE gels [34]. Phosphorylated histone bands were
visualized by autoradiography, analyzed using a Phosphoimager (Storm 860, Molecular Dynamics,
GE Healthcare, Prague, Czech Republic), and quantified using Image Studio Lite software (LI-COR
Biosciences, v. 5.2, Lincoln, NE, USA) as described by Zachleder et al. [4].

3. Results

3.1. Cell Cycle Progression Differs between 30 °C and 39 °C, but Growth Remains Unaffected

When a synchronized culture was grown at 30 °C, it sequentially attained three CPs, with
midpoints at approximately 3, 6, and 12 h after the onset of light (Figure 2, blue circles, squares and
triangles, respectively). Each of the CPs switched on one reproductive sequence, leading to three
rounds of nuclear division (Figure 2, red circles, squares and triangles, respectively) in a clustered
pattern with midpoints within a short time interval of three hours between 13 and 16 h. Each of the
nuclear divisions was immediately followed by protoplast fission (Figure 2, green circles, squares and
triangles respectively), so no multinuclear intermediates occurred in the cells. The divided protoplasts
remained attached within the mother cell wall until the freely moving flagellated daughter cells were
formed and released with a midpoint at 17 h (for a schematic illustration, see Figure 1).

Entry into the cell cycle was preceded by growth to a critical cell size. Microscopically, cells grown
at 30 °C started as flagellated daughter cells (Figure 3A) that increased in size (Figure 3B) until they
underwent cell division and gave rise to the next generation of daughter cells (Figure 3C), which could
then undergo a similar sequence, provided that the growth conditions did not change. To study the
effect of temperature on the cell cycle, we determined the lowest supraoptimal temperature that caused
cell cycle arrest but did not affect growth. The heat stress temperature (42 °C) was not appropriate
because this not only caused cell cycle arrest but also affected growth and cellular metabolism [35].
For Chlamydomonas, the optimal growth temperature was 35 °C, and at temperatures above 36 °C,
protoplast fission and daughter cell release were inhibited [5]. Temperatures between 36 and 42 °C
were, therefore, tested for their potential to cause cell cycle arrest. The lowest effective temperature
was 39 °C, when protoplast division and daughter cell release were inhibited in 95%-100% of the
population. In contrast, at 39 °C, comparing cell size and RNA (Figures 3 and 4), cells grew similarly to
controls. This was true until cells at 30 °C started to divide. Thereafter, the cells at 39 °C continued
to grow for at least another 10 h, to more than double the size (1409.7 + 50.7) of cells grown at 30 °C
(640.3 + 43.7) (Figure 3). These large cells then became pale due to decreased chlorophyll content
and ceased growth (Figure 3EG), but they retained a high content of starch (Figure 3G,H). The cells
grown at 39 °C did not divide for the entire duration of the experiment (Figure 3G), corresponding to a
duration of almost two control cell cycles.
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Figure 3. Photomicrographs of cells in synchronized cultures of Chlamydomonas reinhardtii grown in
incident light 500 pmol m~2 s at 30 °C (A-C) or 39 °C (D-H). The cultivation temperature and the
cell age in hours are indicated in the pictures. The control cells, grown at 30 °C, divided at 18 h and
thereafter entered a new cell cycle sequence similar to the one depicted in panels A-C. In contrast, the
cells grown at 39 °C did not divide even after prolonged cultivation. They attained a maximum size
after about 29 h of growth and started to lose chlorophyll (F). After 33 h, the majority of the cells lost
chlorophyll and accumulated enormous amounts of starch in the form of grains (G), which can be
visualized by staining with Lugol solution (H). Cultures at both 30 and 39 °C started from the same
initial culture, so the cells depicted in panel A for 30 °C reflect also the cells present at 0 h at 39 °C.
Bar = 10 um.

The total RNA content (Figure 4A) doubled several times in cells grown at 30 °C, reached a
maximum just before cellular division, and then decreased once the cells had divided (Figure 4A).
DNA replication, as the first reproductive event, started by the 9th to 10th hour of the cell cycle and
was completed by the 14th hour. During this time, DNA multiplied about 8-fold, corresponding to the
production of 8 daughters per mother cell, and decreased again with cell division (Figure 4B). Cells
grown at 39 °C accumulated RNA with similar kinetics to those of the control culture at 30 °C. They
continued to grow and increased total RNA even at the time corresponding to division in the control
cells, reaching about a 1.6-fold higher content of RNA compared to the maximum attained at 30 °C
(Figure 4A). No division occurred at 39 °C. DNA replication at 39 °C started with about a 6 h delay, but
it only increased about 3- to 4-fold compared to initial values and was, thus, more than 2-fold lower
than the maximum seen in control cultures grown at 30 °C (Figure 4B).
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Figure 4. The course of RNA synthesis (A), DNA replications (B), changes in the number of cells and
concentration of dry matter (C), and total starch (D) in the synchronized culture of Chlamydomonas
reinhardtii grown under continuous illumination of incident light intensity 500 wmol m~2 s~! at 30 °C
(blue lines and symbols) or 39 °C (red lines and symbols).

3.2. Starch Reserves Accumulate and are Not Consumed at 39 °C

Growth at 30 and 39 °C was comparable with changes in total RNA content (Figure 4A) as well
as for increases in dry matter (Figure 4C). The two cultures had virtually the same kinetics of dry
matter increase up to the time when cellular divisions started in the control cultures (Figure 4C). In the
control cultures, cell division led to a drop in dry matter per cell (Figure 4C), whilst the culture at 39 °C
continued to increase dry matter for at least two more hours.

Microscopic analysis indicated that cells grown at 39 °C accumulated starch (Figure 3G,H). In
C. reinhardtii, starch is used as a primary storage molecule and serves as the energy supply for cell
reproduction as well as dark metabolism. In the culture grown at 30 °C, starch steadily increased
up to about 10-times the initial value. About the time when the cells divided, the starch content
plateaued and then decreased, probably because it was used as a source of energy and carbon for cell
reproduction (Figure 4D, blue circles). The culture grown at 39 °C accumulated starch much faster than
at 30 °C (Figure 4D, red circles). The final total starch content per cell at 39 °C was more than 2-fold
higher than that of the maximum reached at 30 °C (Figure 4D). The rate of accumulation of starch at
39 °C (Figure 4D) was much higher than that of other growth processes (total RNA, dry matter) at the
same temperature (Figure 4A,C).
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3.3. Cells Transferred from 39 °C to 30 °C Recover from Cell Cycle Arrest

The effects of the supraoptimal temperature, 39 °C, seemed to be at least two-fold. Firstly, it
induced cell cycle arrest, and secondly, in the absence of cell division, it caused a rapid accumulation
of starch at rates exceeding synthesis of other metabolites. However, is the effect reversible? Cultures
grown at 39 °C were transferred to the dark at 30 °C, where growth was inhibited due to the absence of
an energy source, but the cell cycle continued. Control cultures grown at 30 °C attained 3 consecutive
CPs, leading to initiation of the reproductive sequence for division into 2, 4, and 8 daughter cells
(Figure 5A, blue lines), and thereafter divided into 8 daughter cells with a midpoint at the 17th hour
(Figure 2).

Synchronized cells cultivated at 39 °C grew similarly to their 30 °C controls (Figures 3 and 4), but
nuclear division and protoplast fission were inhibited, and daughter cells were not formed (Figure 3)
even when put into darkness at 39 °C. This demonstrated that cell cycle arrest was dependent solely
on temperature and not on a combination of light and temperature stress. Because of the absence
of cell division in dark at 39 °C, to assess attaining of CP, cells growing at 39 °C were transferred to
darkness at 30 °C (Figure 5A, red curves). At this temperature, the cells completed nuclear and cellular
divisions and produced daughter cells, suggesting that during the relatively undisturbed growth at
39 °C, CPs were, indeed, attained, but the corresponding reproductive processes were blocked. The
attainment of CPs at 39 °C was similar to that at 30 °C, with the first CP being delayed by about two
hours at 39 °C, and the proportion of the population attaining the third CP for division into eight
daughter cells was about 25% lower than controls (Figure 5A). After 16 or more hours of cultivation
at 39 °C, the cells were no longer capable of complete recovery from the effect of high temperature,
and the number of committed cells started to decrease (Figure 5A). The relationship between growth
and CP attainment was maintained, as the proportion of dividing daughter cells produced in the
dark increased with the prolongation of growth at 39 °C. Consequently, the number of daughter cells
formed in the population that was transferred to darkness at 30 °C increased (Figure 5B-G) until the
inhibitory effect of prolonged cultivation at 39 °C was manifested from the 16th hour (Figure 5H).
Daughter cell release occurred at about the same time in cultures darkened at the 6th, 8th, 10th, and
12th hours (Figure 5C-F). It was slightly delayed in transfers after the 4th and 14th hours (Figure 5B,G)
and delayed most in cultures transferred after the 16th hour. The delay in daughter cell release in
cultures transferred at the 14th and 16th hour was most probably dictated by the fact that the entire
reproductive sequence, including mitosis, protoplast fission, and daughter cell release, could have
proceeded only after transfer to 30 °C.

A more detailed analysis of the dark 30 °C recovery from growth at 39 °C confirmed that growth
ceased once the cells were put into darkness. This is clear from changes in total RNA and protein as
well as the amount of dry matter that remained constant after the dark transfer or was slightly reduced,
probably due to using some reserves for dark metabolism (Figure 6A-C). Based on changes in mean
cell volume, cells transferred to darkness at 30 °C, after 4 and 8 h at 39 °C, started to release daughter
cells with a slight delay compared to control cells grown at 30 °C (Figure 6D); this was also confirmed
by the increase in cell number (Figure 6F). Daughter cell release was delayed by 4-6 h in cultures
transferred at 12 and 14 h (Figure 6D,F). Cells transferred after 16 h were not only slightly delayed
in daughter cell release, as shown by changes in mean cell volume (Figure 6D), but the number of
daughter cells released (2.6-fold increase) was lower than the number expected from direct counting of
cell divisions (3.8-fold increase; compare Figures 5H and 6F). This was caused by some of the divided
daughter cells not hatching and staying connected in clumps.
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Figure 5. Time courses of individual CPs and cellular divisions in synchronized populations of
Chlamydomonas reinhardtii. Panel A, the cells were grown in light at 30 °C (blue lines) or 39 °C (red
lines); panels B-H, the cells were grown at 39 °C and then placed in the dark after 4, 6, 8, 10, 12, 14, and
16 h, respectively, and kept at 30 °C. No cell divisions occurred at 39 °C (A). Blue lines (CP indices):
cumulative percentage of cells in a given population (100%) grown at 30 °C that attained commitment
points (CPs) for the first (circles), second (squares), and third (triangles) reproductive sequences. Red
lines (CP indices): the cells were grown at 39 °C and transferred bihourly to the dark at 30 °C. The
cumulative percentage of 2, 4, and 8 daughter cells released in the dark in a given population (100%) is
plotted as the attainment of the commitment points for the first (circles), second (squares), and third
(triangles) reproductive sequences. Black dashed lines (division indices): cumulative percentage of cells
that completed the first (full circles), second (full squares), and third (full triangles) cellular divisions
and released 2, 4, or 8 daughter cells in a given population (100%). Black full lines, crosses: cumulative
percentage of all cells in a given population (100%) that released daughter cells at 30 °C in dark. Times
of transfer into darkness at 30 °C are indicated by vertical lines and by dark boxes above the graphs.
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Figure 6. Changes in total RNA (A), total protein (B), dry matter (C), mean cell volume (D), DNA (E),
and number of cells (F) in synchronized populations of Chlamydomonas reinhardtii grown at 30 °C (blue
open circles), 39 °C (red open circles), and transferred from 39 °C into the dark at 30 °C at the 4th hour
(green solid circles), 8th hour (green solid triangles), 12th hour (blue solid converted triangles), 14th
hour (yellow solid squares), and 16th hour (blue solid circles), respectively.

DNA replication increased with the length of incubation in light at 39 °C, from 4 to 14 h (Figure 6F),
but started to decrease from 16 h (Figure 6F). The timing of DNA replication reflected the timing of cell
division (compare Figures 5 and 6E), as is typical for C. reinhardtii. DNA replication was delayed by
about 2 h in cultures transferred after 8 and 12 h (Figure 6E). The delay increased to 6 h for cultures
transferred after 14 h, and to 8 h for cultures transferred after 16 h (Figure 6E). The delay suggests that
DNA replication was inhibited by the supraoptimal temperature treatment and could fully recover
only after transfer to 30 °C. The number of daughter cells released also increased with the length of
incubation in light at 39 °C, from 4 to 12 h (Figure 6F), and decreased thereafter (Figure 6F). These data
(Figure 6E,F) confirmed results from direct microscopy counts of the number of daughter cells per
mother cell (Figure 5) and further strengthened the idea of an inhibitory effect of prolonged incubation
at supraoptimal temperatures. The extent of the effect was manifested in descending order, from
daughter cell release, number of daughter cells formed per mother cell, and extent of DNA replication,
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so that DNA replication was the last affected, and daughter cell release was the first to be altered by
the supraoptimal temperature.

3.4. CDK Activity Changes Upon a Shift to Darkness at 30 °C

A supraoptimal temperature was shown to block the cell cycle, particularly nuclear and cellular
divisions, while DNA replication proceeded, albeit later and to a lesser extent. Some of the cell cycle
regulatory machinery must, therefore, be active to switch on DNA replication. However, it is not clear
whether the limiting factor blocking the cell cycle is related to the activity of key cell cycle regulators,
cyclin-dependent kinases (CDKs), or whether activity was not affected and the cell cycle was blocked
further downstream. In C. reinhardtii there are two cell cycle regulatory CDKs, CDKA and CDKB [19,20].
Temperature-sensitive mutants of both were isolated [20], and their cell cycle regulatory functions were
analyzed in detail [21,36]. Unfortunately, because of the temperature-sensitivity of the mutants, they
could not be used in our experiments. Instead, we adopted a more general analysis of CDK activity in
two types of protein mixtures containing different proportions of CDK complexes. Firstly, we analyzed
CDK activity in whole cell lysates. Such unpurified extracts contained all the CDK complexes present
at the same time in the cells; activity was related to attaining CP as well as to the completion of nuclear
and cellular divisions [37]. Specific mitotic CDK complexes were purified through their affinity to
bind to CrCKS1 protein. Activity bound to CrCKS1 protein beads corresponded almost exclusively to
the completion of nuclear and cellular divisions [19] and encompassed activities of both CDKA and
CDKB complexes [20]. Thus, although both types of protein extracts contained CDKA as well as CDKB
complexes, the proportions of the two complexes in the mixture, as well as their activities, might differ
because of the isolation procedure.

Activities in whole cell lysates were followed in aliquots of synchronized populations grown in
light at 30 or 39 °C, and subsequently transferred from 39 °C to darkness at 30 °C (Figure 7). At 30 °C,
CDK activity peaked at two distinct time points (Figure 7A). A smaller, less pronounced peak correlated
with the attainment of CPs (Figure 5A), and the larger, more pronounced peak correlated with the
onset of DNA replication and preceded nuclear and cellular divisions (Figure 7A). Similar peaks were
also observed at 39 °C. Their occurrence and duration were affected by temperature. The CP-related
peak started at the same time as the control, but its duration was prolonged, in agreement with a
slower attainment of CP at 39 °C (Figure 7B). The second, more pronounced peak was delayed at 39 °C;
it preceded the onset of DNA replication and decreased thereafter (Figure 7B). Since no nuclear and
cellular divisions occurred at 39 °C, the peak of whole cell lysate CDK activity seemed to be specifically
related to DNA replication. Interestingly, the maxima of the two peaks were comparable at both
30 and 39 °C, although the extent of DNA replication differed between the two cultures (Figure 7A,B).

Transfer from light at 39 °C to darkness at 30 °C did not affect the timing of the CP-related peak,
but in most cases, it resulted in a shift of timing and extent of CDK activity of the second peaks related
to DNA replication, and possibly nuclear and cellular division. For transfer after cultivation for 4 h
in light at 39 °C, the second peak occurred at a comparable time point as at 39 °C and preceded the
onset of DNA replication. This was comparable to the peak in 39 °C grown cells with similar levels
of DNA replication (Figure 7C). For cultures transferred to darkness at 30 °C after 8 h at 39 °C, the
second peak of CDK activity occurred 3 h earlier (Figure 7D) and again preceded the onset of DNA
replication, followed by nuclear and cellular divisions. The peak was more pronounced either because
more DNA was replicated or because of the simultaneous occurrence of nuclear and cellular divisions.
After transfer at 12 h, the increase in CDK activity started similarly to the 39 °C control, but reached
the peak five hours later, and the CDK activity was double that of the peak at 39 °C (Figure 7E). The
increase corresponded with the onset of DNA replication as well as nuclear and cellular divisions that
occurred between 12 and 18 h. Once cell division was complete, CDK activity decreased. Transfer after
16 h at 39 °C occurred after the DNA replication-related peak was attained at 39 °C, and following the
transfer, CDK activity increased again and attained another peak 2-3 h later. This peak corresponded
to the completion of further DNA replication as well as nuclear and cellular divisions.
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Figure 7. Activity of cyclin-dependent kinase (CDK) in whole-cell lysates prepared from synchronized
cultures of Chlamydomonas reinhardtii cultivated under different light and temperature conditions.
Panels A, B, the cells were grown in continuous light at 30 °C (A) or 39 °C (B); panels C-F, the cells
were grown at 39 °C and then placed into the dark after 4, 8, 12, and 16 h and kept at 30 °C. Solid
blue lines, full circles, kinase activity in cultures grown in continuous light at 30 °C; solid red lines,
full circles, kinase activity in cultures grown in continuous light at 39 °C; solid blue lines, diamonds,
kinase activity in cultures transferred from light at 39 °C to darkness at 30 °C. Solid blue lines, empty
circles, DNA content in cells grown at 30 °C; solid red lines, empty circles, DNA content in cells grown
at 39 °C; dashed blue lines, full circles, DNA content in cells transferred from 39 to 30 °C. Times of
transfer into darkness are indicted by vertical lines and by dark boxes above the graphs.

To complement the analyses of whole cell lysate kinase activities, CDK activity bound to CrCKS1
beads was also assessed in the same set of experiments (Figure 8). At 30 °C, the CrCKS1 bead-bound
CDK activity increased at the 10th hour and stayed elevated until the 18th hour, when it then decreased
(Figure 8A). This peak corresponded with the onset of DNA replication (Figure 4B. blue curve), was
maintained over three rounds of DNA replication and nuclear and cell divisions (Figure 2), and fell
after they were completed. At 39 °C, the increase in CDK activity started about two hours earlier,
reached similar levels as at 30 °C, and never decreased (Figure 8B), possibly because of the absence
of nuclear and cellular divisions. In the culture transferred from 39 °C to darkness at 30 °C after 4 h
in light, the increase in kinase activity occurred earlier compared to its mother culture at 39 °C, but
the final activities were comparable. The increase in CDK activity preceded, by about 5 h, the onset
of cell division in a small proportion of culture, and the activity started to decrease slightly once cell
division was complete (Figure 8C). For cultures transferred to darkness at 30 °C after 8 or 10 h at 39 °C,
CDK activity exceeded that of the original culture at 39 °C within 3 h of transfer, reached a peak at the
completion of cell division, and decreased thereafter (Figure 8D,E). The culture grown at 30 °C for 14 or
more hours completed cell divisions and released daughter cells (Figures 2, 5A and 8A). Nuclear and
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cell divisions were blocked at 39 °C, but when cultures grown at 39 °C were transferred into darkness
at 30 °C, divisions occurred almost immediately. Within one hour of transfer, fifty percent or more of
cells completed the first nuclear and cellular divisions (Figure 8F,G). Nuclear and cellular divisions
were accompanied by decreased kinase activities (Figure 8EG).
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Figure 8. Activity of CDK in CrCKSl-bound fractions prepared from synchronized cultures of
Chlamydomonas reinhardtii cultivated under different conditions of light and temperature. Panels A, B,
the cells were grown in continuous light at 30 °C (A) or 39 °C (B); panels C-G, the cells were grown at
39 °C and then placed into darkness after 4, 8, 10, 14, and 16 h and kept at 30 °C. Blue lines, circles,
kinase activity in cultures grown in continuous light at 30 °C; red lines, circles, kinase activity in cultures
grown in continuous light at 39 °C; blue lines, diamonds, kinase activity in cultures transferred from
light at 39 °C into darkness at 30 °C. Blue solid line, crosses, daughter division number—number of
daughter cells released per mother cell at 30 °C; red solid line, crosses, daughter division number at
39 °C; blue dashed line, crosses, daughter division number after transfer from 39 °C to 30 °C. Times of
transfer into dark are indicated by vertical lines and by dark boxes above the graphs.
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4. Discussion

Cultivation temperature affects the entire metabolism of cells, including their ability to complete
the cell cycle. The sensitivities of different metabolic processes are not the same, as shown by the
temperature optima for growth and photosynthesis, which can differ by as much as 10 °C [38]. Similarly,
the upper temperature limits for growth, photosynthesis, and respiration can differ [38]. The ability of
cells to divide seems to be the most temperature-sensitive process, as cell division is blocked even when
growth is barely affected. Indeed, cell division of C. reinhardtii was blocked by cultivation at 39 °C, but
growth was comparable between 30 and 39 °C (Figures 3-6). Cells cultivated at 39 °C exhibited two
main effects: (1) cell cycle arrest (Figures 3, 5 and 6) and (2) accumulation of starch (Figure 4); these are
probably interconnected. Within the physiological range, a temperature increase of 10 °C generally
leads to a speeding up of metabolism by about two-fold. This is also true for the duration of the cell
cycle in C. reinhardtii [2] or in C. eugametos [3]. The fact that growth was not enhanced in the present
experiments, as would have been expected within the physiological temperature range, suggested
that the higher temperature had some inhibitory effects that lessened the growth rate, which was only
slightly higher than at 30 °C (i.e., to about half of the predicted one). A similar decrease in growth rate,
accompanied by successive prolongation of the cell cycle, as well as its individual steps, was shown in
cultures of C. reinhardtii [2] and C. eugametos [3] cultivated at temperatures above the optimum. It is,
thus, to be expected that a further increase in temperature up to 39 °C, as used in recent experiments,
would cause a complete arrest of nuclear and cellular division. It has been established that yet another
increase in temperature to a heat shock temperature of 42 °C has numerous effects on C. reinhardtii; it not
only arrested the cell cycle but also caused significant inhibition of growth processes. There was only
about a 1.6-fold increase in total protein within 24 h of heat shock treatment at 42 °C [35], compared to
about a 10-fold increase in total protein within the same period at 39 °C (Figure 6B). In contrast, 39 °C
treatment had only a limited specific effect; it negatively affected the cell cycle and positively affected
starch accumulation. Cell growth at 39 °C was not affected for about 18 h and continued during the
period of DNA replication and nuclear and cellular divisions in cultures grown at 30 °C. This led to
the accumulation of giant nondividing cells rich in starch. Among the growth parameters, starch was
outstanding as the only one showing a striking difference between cultures grown at 30 and 39 °C
(Figure 4). In the control cultures, cells increased their starch content more than 10-fold (up to 80 pg
cell™!, Figure 4), but a majority of this was used during cell division, even though the cells were grown
in continuous light (Figure 4). This confirms that cell reproduction is an extreme energy-demanding
process, in which large amounts of energy are required for DNA replication and nuclear and cellular
divisions, as was previously shown [17,39]. Correspondingly, the blockage of cell division at 39 °C
and prevention of starch expenditure led to the accumulation of high levels of starch. At 39 °C, this
was further accentuated by faster starch production at high temperatures and high light (Figure 4).
Over-accumulation of starch by a block in cell division has been a recurring theme, as it has been shown
for Chlorella vulgaris starved of nitrogen, sulfur, and phosphate [25]; nitrogen- or phosphorus-starved
Desmodesmus quadricauda [40,41]; as well as in nitrogen- and sulfur-starved C. reinhardtii [42,43]. Starch
accumulation was also induced when nuclear DNA replication was inhibited [44] as well as by high
temperature [45]. In contrast, the heat shock treatment of C. reinhardtii led to only a 46% increase in
starch content over the 24 h period, and energy reserves were mostly accumulated in the form of
lipids [35]. In algae capable of producing both starch and lipids, starch overproduction is the first
response to stress, and with prolongation, it is replaced with lipid production [46,47] possibly to store
more energy in a more compact form for stress recovery [48].

The cell cycle arrest at 39 °C was maintained even in darkness but was removed once the cells
were shifted to 30 °C (Figure 5). With prolonged incubation at 39 °C, the ability of cells to fully recover
from the block was decreased. The first affected process was daughter cell splitting; the second, the
extent of cell division and the number of daughter cells formed; and the third, the extent of DNA
replication (Figures 5 and 6). A similar order of sensitivity, with cell division being the most sensitive
process, was also shown for cell cycle arrest following exposure to different concentrations of cadmium
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in Desmodesmus quadricauda, a green alga that does not split daughter cells [49]. Likewise, the formation
of palmelloids (i.e., unsplit daughter cells) was characteristic for the salt stress response [50]. Thus, the
response to high temperature seems to follow general rules or mechanisms involved in stress responses.
The incomplete recovery from cultivation at 39 °C is in conflict with the presumably complete recovery
from heat shock at 42 °C [35,51]. This might seem surprising because the heat shock conditions of
42 °C were more severe than cultivation at 39 °C. However, the heat shock experiments were carried
out with asynchronous cultures, where only about 20% of the cells in the population were dividing at
25 °C, which is the cultivation temperature used in the experiments [35]. Subtle changes seen in the
synchronized cultures grown at 39 °C would therefore be impossible to detect.

The cell cycle arrest at 39 °C was the most striking effect of supraoptimal temperature. Its
occurrence under heat shock conditions of 42 °C was hypothesized to be caused by reduced CDK
activity [35], but it has never been tested; thus, the mechanism has remained enigmatic. In principle,
there are two possible mechanisms: (1) cell cycle arrest due to low CDK activity and/or (2) a cell cycle
block downstream of CDK activity. Of all the reproductive processes, DNA replication was the least
sensitive to high-temperature treatment (Figures 4 and 6). Similarly, DNA replication was not affected
by high-temperature treatment of Chlorella vulgaris, and, instead, the block was just prior to nuclear
division [6]. In fact, in Chlorella vulgaris, several rounds of DNA replication were performed, as the final
DNA content was 16-fold higher than initial values [6]. In C. reinhardtii, DNA replication increased
between two- and four-fold (Figures 4 and 6), so DNA replication was not only delayed in timing but
occurred to a lesser extent even at a supraoptimal temperature. Kinase activity in whole-cell extracts
preceded DNA replication, decreased once DNA replication ceased, and, thus, apart from timing, did
not differ between 30 and 39 °C (Figure 7). In a simplified system of fission yeast, it was shown that low
levels of CDK activity allows DNA replication to occur, whilst higher levels are required for nuclear
division [52]. This would fit the hypothesis of reduced CDK activity, allowing DNA replication to
occur but being unable to switch on nuclear division. Notwithstanding the fact that the C. reinhardtii
cell cycle is regulated by a more complex network of two CDKSs, this hypothesis does not fit the data
on mitotic kinase activities (Figure 8). Instead, mitotic kinase activities were comparable between 30
and 39 °C. The main difference between the two treatments was stabilization of a high mitotic CDK
activity that only decreased after nuclear and cellular divisions (Figure 8). This supports the idea that
the cell cycle block occurred downstream of CDK. The mitotic CDK behavior seems to phenocopy
that of CDKA kinase in the anaphase-promoting complex (APC) mutant, cdc27-6, with persistent
slightly higher kinase activity compared with control cells [21]. This implies involvement of APC in
the supraoptimal temperature-induced cell cycle arrest. APC, the main E3 ubiquitin ligase to control
mitotic progression and exit in all eukaryotes [53], has been shown to inhibit both CDKA and CDKB in
C. reinhardtii [21]. In opisthokonts, APC is activated by mitotic kinases but kept inactive by spindle
assembly checkpoint until all chromosomes are properly assembled [54]. Tubulin polymerization
is known to be temperature sensitive [55]. Thus, it could be assumed that microtubule and, hence,
spindle stability would be affected by supraoptimal temperature, leading to activation of the spindle
assembly checkpoint, inhibition of APC, and maintenance of mitotic kinase activity. In the present
experiments, the completion of cell division lagged behind the increase in mitotic kinase activity. The
delay was successively shortened with the time the culture spent at 39 °C (Figure 8, compare A and D
to E, F, G). This suggests that many of the processes required for completion of mitotic and cellular
division may run even at 39 °C, and the cell cycle arrest is located very shortly before the onset of
CDK inactivation. This further supports the idea of microtubule stability and possibility of the spindle
checkpoint being involved in the arrest.
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Abstract

Increase in temperature can have profound effects on the cell cycle and
cell division in green algae while growth and synthesis of energy storage
compound are less influenced. In Chlamydomonas reinhardtii laboratory
experiments have shown that exposure to supraoptimal temperature (39
°C) causes a complete block of nuclear and cellular division accompanied
by increased accumulation of starch. In this work we explore the potential
of supraoptimal temperature as a method for starch production in C
reinhardtii in pilot-scale photobioreactors. The method was successfully
applied and resulted in a considerable, near 3-fold, enhancement of starch
content in C. reinhardtii at low biomass densities. Moreover, maximum
starch content at the supraoptimal temperature was reached within 1-2
days and within 5 days in the control culture at optimal temperature.
Therefore supraoptimal temperature treatment provides rapid starch
accumulation and it poses a viable alternative to other starch inducing
methods such as nutrient depletion. However, technical challenges such as
bioreactor design and improvements in light availability within the culture

still need to be dealt with.

4.1 Introduction

Together with light and nutrient availability temperature is one of the
major abiotic factors affecting growth in microalgae (Fernandes et al. 2013;
Vitova et al. 2011a; Vitova et al. 2011b). Temperature has been found to
affect individual metabolic processes in various ways. Cell division and the
duration of the cell cycle are particularly susceptible to changes in
temperature while other parts of the cell metabolism such as growth and
other related synthetic processes appear to be less influenced by such
differences (Zachleder et al. 2018; Zachleder et al. 2019).

In green algae dividing by multiple fission a gradual increase of
temperature results in a physiological response according to which at first

cells increase their growth rate and shorten their cell cycle. Upon further
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increase in temperature, an optimal point is reached at which growth rate
is at its maximum and cell cycle duration is at its minimum. However, after
exceeding this optimal temperature the duration of the cell cycle is
gradually prolonged while growth rates remain unaffected (Vitova et al.
2011a). Eventually, after reaching a certain temperature (hereafter
referred to as supraoptimal) the cell cycle is completely blocked while
growth metabolism remains seemingly further unaffected (Vitova et al.
2011a; Zachleder et al. 2019). This effect of supraoptimal temperature was
first observed in the 60 and 70 years of the last century during small-scale
laboratory experiments conducted with Chlorella sp. (Semenenko et al.
1969; Semenenko et al. 1967; Setlik et al. 1975; Zachleder et al. 2019). It
was determined that the specific supraoptimal temperature that causes
cell cycle arrest varies between species of microalgae and must be
controlled within a very narrow range. Otherwise the cells won’t achieve
cell cycle arrest (temperature lower than supraoptimal) or will have their
metabolism strongly affected which might lead to a cell death
(temperature higher than supraoptimal) (Zachleder et al. 2019).

An inherent property of cell division is that it is an energy demanding
process consuming majority of the cell energy reserves. A simple block of
cell division leads to accumulation of starch and/or lipids in microalgal
cultures grown in nitrogen (and other nutrient) starvation or limitation
conditions (Branyikova et al. 2011; Lacour et al. 2012). A combination of
cell cycle arrest and unaltered growth metabolism, as is the case of
supraoptimal temperature treatment, leads to the build-up of surplus
energy reserves (Setlik et al. 1975; Zachleder et al. 2019). For starch
producing green algae, the accumulation of starch under supraoptimal
temperature can be extensive and it can reach levels considerably higher
than those in cells cultivated under optimal growth temperature and hence
it can be utilized as a method for increased starch productivity.

Chlamydomonas reinhardtii has served as a well-established model
organism for a number of years (Ferrante et al. 2008; Merchant et al. 2007,
Vicek et al. 2008). This green alga benefits from a wide array of readily

available molecular tools for genetic engineering and strain optimisation
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(Griesbeck et al. 2006; Scaife et al. 2015). However, in spite of these
benefits the adoption of C. reinhardtii as biotechnology platform has been
mostly limited. Only recently, attempts were made at increasing the starch
content of C. reinhardtii by utilising techniques such as nutrient deprivation
and temperature stress (Mathiot et al. 2019; Zachleder et al. 2019).
Although nutrient deprivation is an effective technique which can increase
the starch content of C. reinhardtii to almost 49% (w/w) the build-up is
rather slow and it can take weeks until the maximum concentration is
reached which slows down overall productivity (Mathiot et al. 2019). In
contrast, temperature stress, and more notably supraoptimal temperature
treatment, can provide a rapid method for starch accumulation within
short periods of time. Such fast accumulation of starch was observed in
laboratory-scale experiments where synchronized cultures of C. reinhardtii
were cultivated both at an optimal growth temperature (30 °C) and at the
supraoptimal temperature (39 °C). The results revealed that initially the
cells at 30 °C accumulated starch as they grew in size. However, their
starch content decreased with the onset of cell division. The cells at 39 °C
grew in size similarly to those at 30 °C, but contrary to them they didn’t
divide. Instead, they continued to grow and after 24 hours the final total
starch content of the cells at 39°C was more than twice higher than the
highest reached at 30°C. Such observations indicate that supraoptimal
temperature treatment of C. reinhardtii cultures can lead to rapid build-
ups of starch (Zachleder et al. 2019). Although promising, these results
were obtained only in controlled laboratory conditions which utilized
synchronized cultures with relatively low biomass densities that were
exposed to abundant light intensities. Hence, the applicability of the
supraoptimal temperature method for industrial production of starch is
still largely unknown.

In the present study we examine the potential for starch production
through supraoptimal temperature in C. reinhardtii, a method which has
already been proven to provide a rapid 2-fold increase in starch yields
under laboratory conditions (Zachleder et al. 2019) and we attempt to

adapt it to pilot-scale. In doing so we investigate whether and how biomass
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density affects starch productivity, the possibility of culture recovery and
reuse after the supraoptimal temperature treatment as well as the
potential practical challenges and limitations of the method. To our
knowledge the here described experiments are the first attempt to outline
the deployment of supraoptimal temperature technology for the

production of starch in microalgae on pilot-scale.

4.2 Materials and methods

4.2.1 Microorganism and culturing conditions

The algal strain used in experiments, the unicellular alga
Chlamydomonas reinhardtii wild type 21gr (CC-1690) was obtained from
the Chlamydomonas Resource Center at University of Minnesota (St. Paul,
MN, USA). For routine subculturing, the strains were streaked onto culture
plates containing standard high salt (HS) medium (Sueoka 1960) solidified
by agar every three weeks.

For the purpose of the experiments a starting culture was cultivated in
a bench-top flat-panel airlift photobioreactor (Algaemist, Technical
Development Studio, Wageningen University, the Netherlands) in the
following manner: 400 mL of liquid HS medium was inoculated directly
from the culture plates and was cultivated at 30 °C and under constant
incident light intensity 500 pmol photons m? s PhAR provided by LED
lamps (BXRA W1200, Bridgelux, USA). The cultures were aerated with a
mixture of air and CO, (2%, v/v) at a flow rate of 15 L h™* in order to provide

a carbon source and mixing of the cell suspension.
4.2.2 Culture medium for the pilot-scale cultivation

All of the here described experiments were performed under
photoautotrophic conditions. The culture medium used for the pilot-scale

experiments was based on the HS medium, but was modified in order to

facilitate high biomass yields with the NH,Cl concentration being increased
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5 fold. This resulted in a growth medium with the following final
composition: 250 g/L NH,CI, 2 CaCl,-2H,0, 20 g/L MgS0,-7H,0, 1.84 g/L
CioHoFeN;NaOg, 0.05 g/L Na,Mo0,2H,0, 3.09 g/L H3BO;, 1.18 g/L
MnSO,-7H,0, 1.40 g/L CoSO,7H,0, 1.24 g/L CuSO,5H,0, 1.43 g/L
ZnS0O,-7H,0, 72 g/L KH,PO,, 134 g/L K,HPO,. For preparation of the
medium 100x concentrated stock solutions of macroelements and
microelements were used. All components excluding phosphates were
diluted in distilled H,O and autoclaved for 20 min at 121 °C. After cooling,
the sterile phosphates were added. The medium used for cultivation in the
pilot-scale flat-panel photobioreactor was not sterilized and tap water was
used for the dilution of the stock solutions. In the course of the
experiments, pH was monitored daily and was maintained at 7.0 + 0.1 by
the addition of 2M NaOH. Foam formation in the reactor vessels was
controlled with the help of 10x diluted antifoam silicone Snapsil RE 20
containing 30% active compound (Product code: 84538.290, VWR
International, LLC, USA).

4.2.3 Pilot-scale flat-panel photobioreactor

A flat-panel Algae-Germ photobioreactor with two cultivation vessels
each with a total volume of 25 L (20 L of culture volume) (Figure 4-1) was
used in all of the here described experiments. The photobioreactor was
situated at 51°59'45.6"N, 5°39'25.7"E in Wageningen, the Netherlands and
was placed within a green-house with the panels facing 240° SW. Each of
the cultivation vessels had the following dimensions: length: 70 cm, height:
72 cm, width (optical path: 5 cm). Cooling and heating of the microalgal
culture suspension was provided by two refrigerating/heating circulators
(Julabo GmbH, Germany) that circulated water through temperature
control coils which were submerged in the culture suspension. A simple
aeration system helped with the constant introduction of a mixture of air
and CO, (2%, v/v) and provided mixing of the culture suspension. Both
cultivation vessels were constantly illuminated by a panel of luminescent
lamps (Master TL-D 58W/840, PHILIPS, Netherlands) which delivered 50
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pmol photons m? s of PhAR (measured at the vessel surface). However,
the majority of PhAR delivered to the cultures was through exposure to

natural sunlight.
4.2.4 Experimental approach

All of the experiments were performed in the time-span between July
17" and September 17" 2018 (Table 4-1). Each experiment consisted of
two phases. During the biomass accumulation phase one cultivation vessel
was filled with 20 L of HS medium and was inoculated with 0.8 L of starting
inoculum with cell concentration of approximately 3.5 x 10’ cells/mL™. The
resulting culture with initial cell concentration of approximately 1.4 x 10°
cells/mL™ was then cultivated at 30 °C for 4 to 6 days. The supraoptimal
temperature phase started upon reaching a biomass concentration
exceeding 1.0 g L. At this point the culture was diluted with HS medium
and was separated into two cultivation vessels which were then
transferred to 30 °C or 39 °C.

Table 4-1: Overview of the experiments performed including date and duration.
Temperature and initial biomass concentration after the dilution of the culture
from the biomass accumulation phase are shown. All experiments were performed

in the summer of 2018.

Experiment date  Total duration Temperature Dry matter at the
[days] treatment [°C] beginning of

experiment [g L]
17.07-31.07 14 39 0.2
39 0.8
13.08-23.08 10 39 0.1
39 0.2
23.08-03.09 11 39 0.1
39 0.8
03.09-17.09 12 30 0.1
39 0.1
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4.2.,5 Light Measurements

The photon flux density (Iph, pmol photons m™s ) was measured with
a LI-COR 190-SA 2mt PhAR (400-700 nm) quantum sensor (LiCor, USA).
Continuous light data logging was made with a sensor from the same
model and manufacturer mounted outdoors and facing the sky parallel to
the ground.

To obtain a measure of light energy absorbed by the cell suspension
grown at different concentrations of cells the mean light intensity (/) was
calculated according to the law of Lambert-Beer: I=(I-I))/In(l/I)) where [, is
the incident light intensity at the surface of the culture vessel and I, is the
transmitted light intensity measured at the rear side of the culture vessel.
The mean light (umol cell’) was calculated by dividing the mean light
intensity during 24 hours (obtained by means of continuous light data

logging) by the number of cells for that period.
4.2.6 Cellsize and cell number measurements

1 mL culture suspension aliquots were taken, fixed with 10 plL of Lugol
solution (1 g I, 5 g KI, 100 mL H,0) and stored at 4 °C. Cell diameter was
measured on microphotographs taken with an Olympus Camedia C-5050
Zoom digital camera. The microphotographs were then analyzed using
Imagel) image processing and analysis software (U. S. National Institute of
Health, USA). The cell diameter was re-calculated to volume by a basic
formula assuming spherical cell shape. Cell number was determined by

means of a Blrker counting chamber (Meopta, Czech Republic).
4.2.7 Dry matter measurements

Aliquots of 50 mL culture suspension were taken and centrifuged
(1580R, Labogene Co., Ltd., South Korea) for 10 minutes at 4000 rpm. The

supernatant was then removed and the remaining pellet was transferred in
a 2 mL test tube that was pre-weighted and dried for 24 hours at 105 °C.
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The test tube with the pellet was then placed for 24 hours at 105 °C. After
cooling down for 2 hours the test tube with the pellet was weighted on an
analytical scale (CP224S-OCE, Sartorius AG, Germany) and the weight of
the pellet was determined by subtracting the weight of the previously

measured empty test tube.
4.2.8 Starch Analysis

A starch specific enzymatic method was used to accurately estimate
biomass starch content. Aliquots of 10 mL of culture suspension were
harvested and centrifuged (1580R, Labogene Co., Ltd., South Korea) for 10
minutes at 4000 rpm. The supernatant was then discarded and the
resulting pellets were stored at -20 °C. After thawing, the cells in the
pellets were disintegrated by adding 300 pL of glass beads (0.7 mm in
diameter) and vigorously vortexing (MS3, IKA - Werke GmbH & Co. KG,
Germany) for 15 min. Depigmentation of the samples was done by adding
1 mL of 80% (v/v) ethanol to the pellet and incubation in a water bath for
15 min at 68 °C after which the samples were centrifuged (1580R,
Labogene Co., Ltd., South Korea) for 2 min at 14000 rpm and the
supernatant was removed. The depigmentation procedure was repeated 3
to 4 times (or until the pellet was completely discolored). After that 1 mL
of a-amylase from porcine pancreas (Sigma-Aldrich, USA) solution (0.5 g-L*
w/v in 0.1 M sodium phosphate buffer (pH 6.9) were added to the samples
and were incubated for 1 hour at 37°C. The samples were centrifuged
(1580R, Labogene Co., Ltd., South Korea) for 2 min at 14 000 rpm after
which the supernatant was used for the quantification of reducing sugars
through the DNSA color reaction as described in (Miller 1959). In short, 500
puL of supernatant were mixed with 500 uL dinitrosalicylic acid (DNSA)
solution (1% (w/v) DNSA, 30% (w/v) potassium sodium tartrate
tetrahydrate, 20% (v/v) 2M sodium hydroxide) and incubated for 5 minutes
at 105 °C on a heat block. Following a cooling down period of 10 minutes at
room temperature the mixture was diluted five-fold with distilled water

after which the absorbance of the samples was measured at 570 nm. The
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concentration of starch was estimated through a calibration curve of

potato starch (Lach-Ner, Czech Republic) digested with a-amylase.
4.2.9 Microscopic observations and starch staining

Microscopic observations during the course of the experiments were
done daily on a Leica Laborlux S microscope. Staining of starch was done
using the same iodine solution that was used for the fixation of the cell
counting samples in a 1:10 ratio of staining solution volume to sample

volume.

4.3 Results

As previously shown, starch accumulation in C. reinhardtii can be
induced by nutrient depletion (Ball et al. 1990; Mathiot et al. 2019). In
order to exclude this possibility we included a biomass accumulation phase
at optimal temperature prior to the supraoptimal temperature phase. The
purpose of the biomass accumulation phase was to demonstrate that the
cultures were not limited by nutrients and to estimate the typical starch
content in C. reinhardtii cultures during the exponential growth phase
under optimal growth temperature. The reader is advised to refer to Table
4-1 for an overview of the time span of the experiments as well as

combinations of biomass densities and temperature treatments applied.
4.3.1 The effects of supraoptimal temperature

To assess the effects of supraoptimal temperature on cell growth and
division as well as starch accumulation we used a comparison of parallel
treatments of 30 °C (control) and 39 °C. At first a C. reinhardtii culture was
cultivated at 30 °C for 6 days. After reaching a biomass concentration of
1.0 g L™ the culture was diluted with HS medium to 0.1 g L™ and split into
two cultures which were then cultivated at 30 °C and 39 °C respectively
(Figure 4-1).
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Figure 4-1: Changes of optical densities of C. reinhardtii cultures starting at the
same optical density (day 6, left photobioreactors) and grown at the same light
intensity (left phobioreactors) grown for 5 days at temperature 30 °C and 39 °C
(day 11, right photobioractors). For description of the photobioreactors see
materials and Methods 4.2.3.

The control culture cultivated at 30 °C had a similar biomass
accumulation pattern to the one before the dilution and returned to the
pre-dilution biomass concentration within 6 days (reaching a maximum of
nearly 1 g L") (Figure 4-2A). In contrast, the biomass accumulation of the
culture at 39 °C stopped after 2 days and reached a maximum of only 0.4 g
L™. Starch accumulation in terms of percentage of dry matter (DM) was
much more prominent in the culture cultivated at 39 °C reaching 18% of
DM as opposed to 8% of DM at 30 °C (Figure 4-2C). In terms of starch in mg
mL™? starch accumulation was faster in the supraoptimal temperature
culture reaching a maximum of 0.07 g L in only two days as opposed to 5
days and 0.06 g L in the culture cultivated at 30 °C (Figure 4-2D).
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Figure 4-2: Effect of supraoptimal temperature on dry matter accumulation (A),
average cell volume (solid line, triangles) and cell number (dashed line, diamonds)
(B), % of starch in the microalgal biomass (C) and starch concentration in the
culture (D). The straight vertical line at day 6 represents the shift from biomass
accumulation phase to supraoptimal temperature phase. Blue lines represent
cultivation at 30°C while red lines represent cultivation at 39 °C. During the
biomass accumulation phase a single C. reinhardetii culture was cultivated at 30 °C.
After 6 days the culture was diluted to a biomass concentration of 0.1 g L* and
divided into two separated cultures. One of the cultures was cultivated at 39 °C
(supraoptimal temperature treatment) while the other one was cultivated at 30 °C
(control). Panel B represents cell volume as the median cell volume of the cells
while cell number is represented as an estimation of the mean amount of cells

within a defined volume of culture suspension.

Microscopic observations of the culture cultivated at 30 °C did not
reveal any change in the cell division pattern with cells having a median
cell volume of 422 pum?® and cell division occurring as expected during the
course of the experiment with mother cells dividing predominantly into 8

daughter cells (Figure 4-2B and Figure 4-3). In contrast, the cells
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transferred to 39 °C largely stopped dividing and the few dividing cells
formed mostly 2 or 4 daughter cells. The inhibition of cell division was also
reflected in the median cell volume which increased eight fold at 39 °C
reaching 3479 um>.

30 °C

39 °C

Figure 4-3: Effect of supraoptimal temperature on the cell division pattern and cell
size in C. reinhardtii. The algal culture was cultivated for 6 days at 30 °C after which
it was split, transferred to 30 °C (A-C) and 39 °C (D-F) and monitored for another 5
days. Day 7 corresponds to the first day after the split. Size of bar: 50 um.

4.3.2 Optimal biomass density for a supraoptimal temperaturetreatment

Light availability within the culture suspension itself is regarded as a
function of biomass density. To study the effect of light availability on
starch accumulation under supraoptimal temperature two parallel cultures
of different biomass concentrations were compared. In doing so a C
reinhardtii culture was cultivated at 30 °C for 6 days. After reaching a
biomass concentration of 1.5 g L™ the culture was diluted with complete
HS medium to avoid nutrient limitation and split into two cultures with
initial biomass concentration of 0.2 g L™ and 0.8 g L respectively (Figure 4-
4A). Immediately after the dilution both cultures were transferred to 39 °C.
Within the first three days of the transfer both cultures increased in

biomass and reached a maximum of 0.6 g L and 1.0 g L™ respectively.
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After this the biomass concentration in the less dense culture remained
constant while the biomass in the denser culture started to decline rapidly.
The difference in biomass concentration was also reflected in the mean
light availability in the cultures, with the cells in the less dense culture
being exposed to notably more light than the ones in the denser culture
(Figure 4-4B). The relative starch accumulation was remarkably fast and
much more prominent in the less dense culture reaching a maximum of
13.2 % of DM within the first day of the transfer to 39 °C (Figure 4-4C). This
rapid 3-fold increase from the initial culture represents a striking contrast
to the starch values within the denser culture which did not experience any
noteworthy rise when compared to the pre-treatment phase. When
accounted for the differences in biomass concentrations in both cultures,
the absolute starch concentration in the culture cultivated at 39 °C was
about 20% higher than the one cultivated at 30 °C. However, the maximum
starch concentration reached 39 °C was still similar to the one reached

during the biomass accumulation phase (Figure 4-4D).
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Figure 4-4: Effect of different biomass concentrations at supraoptimal
temperature on the course of dry matter (A), mean light availability (B), % of
starch in the biomass (C), and starch concentration (D) in the culture. The vertical
line at day 6 represents the shift between biomass accumulation phase and
supraoptimal temperature phase. Blue lines and markers indicate cultivation at 30
°C and red lines and markers indicate cultivation at 39 °C. During the biomass
accumulation phase a single C. reinhardetii culture was cultivated at 30 °C. After 6
days the culture was split into two, transferred to 39 °C and was diluted to 0.2 g L*

(dashed red line) and 0.8 g L* (solid red line) respectively.
4.3.3 Transfer back to optimal temperature

As previously demonstrated the supraoptimal temperature treatment
allows fast accumulation of starch during which the maximum relative
content is reached rapidly within 1 to 2 days. However, due to the nature
of the temperature block of cell division, a biomass accumulation phase is
required before the treatment can be applied. Thus a possible starch

production process on industrial scale will involve a fed-batch culture
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which is treated with consecutive alterations of temperature between 30
and 39°C. To investigate whether the cells are viable and their cell cycle
block can recover after the supraoptimal temperature phase, we cultivated
the C. reinhardtii culture at 30 °C for 4 days. After reaching a biomass
concentration of 1.2 g L™ the culture was diluted with fresh HS medium
and split into two cultures with initial biomass concentration of 0.1 g L*
and 0.8 g L™ respectively (Figure4-5A). Immediately after the dilution, both
cultures were transferred to 39 °C for a period of three days. During the
transfer to supraoptimal temperature biomass accumulation in both
cultures decreased with the decrease being much more pronounced in the
0.8 g L' culture. When the culture was moved back to 30 °C biomass
accumulation resumed in the 0.1 g L™ culture while in the 0.8 g L™ culture
biomass concentrations declined gradually. The difference in initial
biomass concentration after the dilution was also reflected in the mean
light availability in the cultures, with the cells in the less dense culture
being exposed to notably more light than the ones in the dense culture
(Figure 4-5B). Starch synthesis was much more pronounced in the 0.1 g L™
culture with relative starch content increasing 4-fold and reaching nearly
20% of DM within the first day of transfer to supraoptimal temperature
(compared to only 8% of DM in the 0.8 g L™ culture)(Figure 4-5C). Although
starch concentrations in terms of % of DM were higher in the 0.1 g L™
culture when compared the starch concentration in both cultures was
nearly identical resulting again by the difference in biomass concentration

within the two cultures (Figure 4-5D).
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Figure 4-5: Effect of the combination of temperature shifts and different biomass
concentrations on the course of dry matter (A), mean light availability (B), % of
starch in the biomass (C), and starch concentration in the culture (D). A single C.
reinhardtii culture was cultivated at 30 °C. After 4 days the culture was split into
two, transferred to 39 °C and diluted to 0.1 mg mL* (dashed red lines) and 0.8 mg
mL™" (solid red lines) respectively. On day 7 the 0.1 mg mL" culture (dashed blue
lines) and the 0.8 mg mL" culture (solid blue line) were transferred back to 30 °C.
Vertical lines at days 4 and 7 indicate those shifts in temperature (from 30 °C to 39
°C at day 4 and back from 39 °C to 30 °C at day 7).

Microscopic observations and analysis of the cell cycle revealed that C.
reinhardtii cells were dividing as expected during the biomass
accumulation phase at 30 °C (Figure 4-6A) and transfer to supraoptimal
temperature resulted in block of cell division (Figure 4-6B, C, E, F). The cells
in the 0.1 g L™ culture were larger and rounder as opposed to the cells in
the 0.8 g L™ culture which were smaller (Figure 4-6B and E). Staining with
iodine revealed the presence of large amounts of starch granules in the

chloroplasts of the cells in both cultures 1 day after the transfer (Figure 4-
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6C and F). Upon transfer back to 30 °C the cell cycle progression was
restored in the 0.1 g L™* culture within 1 day (Figure 4-6D) as opposed to
the cells in the 0.8 g L' which did not recover (Figure 4-6G).

Day 1, 30 °C

Day 5, 39 °C Day 5, 39 °C ® Day 8, 30 °C

C

Figure 4-6: Microscopic observations. A: Cells during day one of the biomass
accumulation phase at 30 °C. B and E: Cells one day after transfer to 39 °C and
dilution to 0.1 g L™ and 0.8 g L* respectively. C and F: magnification and iodine
staining of starch granules in the cells from panels B and E respectively. D and G:
one day after transfer back to 30 °C of the cellsinthe 0.1 g L and 0.8 g L™ culture.
Size of bar on panels A, B, D, E, G: 50 um, panels Cand F: 10 um.

4.4 Discussion

4.4.1 The effects of supraoptimal temperature on starch accumulation
in C. reinhardtii at the pilot-scale

The transfer of the cultures from optimal to supraoptimal temperature
proved to have a notable effect on both the cell cycle progression and the
accumulation of energy reserves in the form of starch within the cells of C.
reinhardtii. Cell division was inhibited and the relative starch accumulation
was enhanced more than 2-fold (Figures 4-2C, 4-4C and 4-5C, and Table 4-
2). As a result of the lack of cell division and the increased internal starch
storage the mean cell volume was also larger in the cells cultivated at the
supraoptimal temperature when compared to those in the control at 30 °C.
These observations are in agreement with results from supraoptimal
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temperature experiments conducted with synchronized cultures of C.
reinhardtii in laboratory-scale (Zachleder et al. 2019) and resemble the
effect of supraoptimal temperature on Chlorella sp. (Semenenko et al.
1967).

The increase in starch as energy storage molecule during a period of
inhibited cell division supports the inverse relationship between chemical
energy storage and energy expenditure which is needed for the normal
operation of the cell cycle at optimal growth conditions. Increased starch
accumulation in green algae is generally linked to a block of the cell cycle
and was observed not only as an effect of supraoptimal temperature
treatment but also as a response to other types of stress such as nutrient
deprivation (Fernandes et al. 2013; Mathiot et al. 2019; Siaut et al. 2011).

Starch synthesis as response to nitrogen depletion in laboratory-scale
experiments with C. reinhardtii cultures has been reported to increase
starch content to up to 70 pg 10° cells (i.e. 70 pg/cell). However, this type
of treatment required 7 days of nitrogen starvation until the maximum
starch content was reached (Siaut et al. 2011). In another set of laboratory-
scale experiments this time using sulphur depletion as inducer of starch
accumulation starch levels reached up to 49% of DM after 20 days
(Mathiot et al. 2019). Such results, however, are produced in stable
laboratory conditions and their direct extrapolation to industrial-scale
yields is often unrealistic. This is mainly due to the associated unstable
production and environmental conditions which are difficult to control
during a large-scale cultivations and result in decreased productivity. When
compared the figures from laboratory experiments, our pilot-scale
cultivation of C. reinhardtii achieved more modest starch figures of 21% of
DM or 16 pg/cell but these were achieved in significantly shorter time
periods (only 1 to 2 days). Such a significant decrease in cultivation time
might prove of notable importance for the economic viability of industrial

scale production of microalgae based starch.
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4.4.2 The importance of light availability

A modern biotechnological process requires high productivity and cost
efficiency. This can only be achieved through rapid accumulation times and
high concentrations of the desired product. In order for microalgal starch
production to be economically viable starch yields per volume of culture
have to be high. This is only possible through increased starch content per
cell at high biomass concentrations. Our experiments indicated that in the
case of cultivation in flat-panel photobioreactors an increase in biomass
density led to a decrease in mean light availability within the culture
(Figures 4-4B and 4-5B). This led to reduction in the starch content and
ultimately limited the effectiveness of the supraoptimal temperature
treatment (Table 4-2). As a result, although the supraoptimal treatment led
to a faster accumulation times, the maximum starch concentration
reached during the cultivations at 39 °C did not show any notable increase
over the maximum starch concentrations reached at 30 °C.

Furthermore, in our cultivation systems, the combination of high cell
density (leading to low light availability) and supraoptimal temperature
seems to have a negative effect on C. reinhardtii cultures after a certain
time period. In both cultivations at starting biomass density of 0.8 mg mL™
biomass decline was observed after 3 days of exposure to supraoptimal
temperature and the cultures did not recover when transferred back to
optimal growth temperature. Not only that, but light penetration in the
high biomass cultures was further hindered by excessive biofilm formation
(Appendix, Figure 4-8).

When synthesis of a substance such as starch is linked to the
photosynthetic capacity of the cell and consequently to light availability,
the production on a large-scale makes an efficient utilization of light
necessary. In this regard, an effective reactor design that ensures proper
light distribution within a high biomass density culture is essential. Tubular
photo-bioreactors are one such option. They have been shown to offer
enhanced light distribution within the culture suspension and C. reinhardtii

has been successfully cultivated in them to relatively high biomass
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densities combined with enhanced starch productivity (Mathiot et al.
2019).

Table 4-2: Comparison of the effect of supraoptimal temperature in combination
with various initial biomass concentrations on the maximum relative starch
content in dry algal biomass and the time when the maximum starch

concentration was attained.

Initial Max. starch  Max. starch Max. starch
Temperature . concentration

DW °c] content concentration accurnulation time
-1 o -1

[gL] [% of DM] [gL7] (days]

0.1 39 21 0.067 1.3°

0.2 39 14" 0.069 " y

0.8 39 7" 0.060" y

0.1 30 8 0.057 5

Shown value is an average of three cultivations
*k
Shown value is an average of two cultivations

4.4.3 Perspectives

As indicated by the results starch accumulation under supraoptimal
temperature is rather fast (Table 4-2) and in our opinion this provides the
method with a major advantage over other starch induction strategies
such as nutrient depletion. In the context of large scale cultivation of
microalgae fast turnaround times are important not only because they
allow for higher productivity, but also because they reduce the risk of
biological contaminates such as competitive microalgal species or grazers.
This makes the supraoptimal temperature method a viable option for
increasing starch productivity in microalgae.

Based on recent results it can be assumed that a tentative industrial
scale production of starch based on the here outlined supraoptimal
temperature method can employ both batch and semi-batch mode of
operation. This is made possible by the fact that the culture can be

recovered and reused as inoculum after the temperature treatment
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(Figures 4-5A and 4-6). The production flow can consist of alternating
biomass accumulation (6-7 days) and temperature treatment (1-2 days)
phases. Moreover, large and heavy cells that are filled with starch should
enable better downstream processing of the biomass. However the
economic viability of the process depends highly on improving bioreactor
the design and reducing the associated energy and labour costs. Provided
that these hurdles have been overcome and assuming year round
cultivation, a culture volume of 50 L, biomass concentration of 2 g L*and a
relative starch content of 50 % of DM in such manner starch productivity

per m” can reach up to 2.4 kg of starch per annum.

4.5 Conclusions

The method of supraoptimal temperature treatment was successfully
applied in pilot-scale and resulted in a considerable, near 3-fold,
enhancement of starch content in C. reinhardtii at low biomass densities.
Moreover, starch synthesis was faster with the maximum being reached
within only 1-2 days when compared to 5 days at optimal temperature.
The supraoptimal temperature treatment provides a viable alternative to
other starch inducing methods such as nutrient depletion. This is especially
true when times required for starch accumulation are taken under
account. However, technical challenges such as bioreactor design and

improved light availability per cell still need to be dealt with.
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Figure 4-7.: Effect of the combination of supraoptimal temperature and different
biomass concentrations (A) on % of starch in the microalgal biomass (B), mean

light availability (C) and starch concentration in the culture (D).

Figure 4-8: Cultivation vesselsww.l;ere C. reinhardtii cultures treated with sup-
optimal temperature and with different stating densities have been cultured. The
photograph was taken moments after the culture suspension from both panels
was discarded. Left panel: culture with stating biomass density of 0.1 g L™ Right
panel: excessive bio film formation on the back wall where culture with stating

biomass 0.8 g L™ was cultivated.
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Abstract

Photosynthetic energy conversion and the resulting photoautotrophic
growth of green algae can only occur in daylight, but DNA replication,
nuclear and cellular divisions occur often during night. In such a light/dark
regime the algal culture becomes synchronized. In this study, synchronized
cultures of a green alga Desmodesmus quadricauda were studied for the
dynamics of starch, lipid, polyphosphates, and guanine pools during the
cell cycle by two independent methodologies: by the conventional
biochemical analyzes of cell suspension and by Raman microscopy of single
algal cells. Raman microscopy reports not only on the mean concentrations
but also on the distribution of pools within cells. Raman microscopy was
more sensitive in detecting lipids than the biochemical analysis; both of the
methods, as well as the conventional fluorescence microscopy, were
comparable in detecting polyphosphates. Discrepancies in detection of
starch by Raman microscopy are discussed. The power of Raman
microscopy was proved particularly strong in detection of guanine, which
was traceable by its unique vibrational signature. Guanine microcrystals
occurred specifically at around the time of DNA replication and prior to
nuclear division. Interestingly, guanine crystals co-localized with

polyphosphates in the vicinity of nuclei around the time of nuclear division.

5.1 Introduction

Green algae dividing by multiple fission such as Chlorella sp.,
Chlamydomonas sp. and chlorococcal alga Desmodesmus quadricauda
chosen here as the model experimental organism grow very fast and
multiply their cells rapidly making them ideal model organisms for algal
biotechnology as well as cell biology(Zachleder et al. 2016). During the day
time, their cells grow fast without interruption from cell division, which
occurs at night. This feature leads to natural synchronization of such algae
by diurnally alternating day light. The same light/dark regime can be used

in laboratory, yielding highly synchronized cultures composed of uniformly
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aged and sized cells at the same life and cell cycle phase. The culture
synchronization allows studying suspensions of algal cells that are all in
well-defined phase of their life and cell cycles.

The cell cycle, i. e. period between two cell divisions, consist of two
parts: growth and reproductive sequence. Each reproductive sequence is
composed of DNA replication, nuclear division and cell division. Cells of
most organisms divide into two daughter cells and their cell cycle consist of
a single growth and reproductive sequence. The cell cycle of D.
quadricauda, and of some other chlorococcal and volvocal algae, may
consist of one or several pairs of growth and reproductive sequences, thus
leading to so called multiple fission. Depending on the number of growth
and reproductive sequences, single mother cell of D. quadricauda can
produce two, four or eight daughter cells. The daughter cells originating
from one mother cells remain connected by a shared cell wall in a
structure called coenobium. The obligate coenobial growth of this species
provides convenient means of monitoring, by simple counting cells in
particular coenobia, its twofold, fourfold or higher multiple fission pattern.
Furthermore, the coenobia of D. quadricauda are particularly suitable for
long-term microscopic studies, including Raman microscopy, since they can
be easily immobilized between the microscope slide and the coverslip with
their two largest dimensions parallel to the slide surface, and,
consequently, cellular structures of all cells of each coenobium can be
found in the same focal plane.

In green algae dividing by multiple fission, the photosynthetic
assimilation of carbon dioxide supports growth of most of cell structures
during the light phase as well as accumulation of energy and other reserves
that are required for and spent or distributed by the cell division in the
dark phase. Thus, increasing cell volume, accumulation of bulk RNA and
protein content or increasing energy and carbon stores can all serve to
qguantify growth. In multiple fission, the cell growth is composed of several
growth sequences. Each of them is completed by reaching a critical size, in
which the cells reach approximately double of their original mass, and

double their original RNA, protein, starch and lipid contents. Upon this, the
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cells enter into reproductive sequence by attaining commitment point
(Setlik and Zachleder 1984; Zachleder and van den Ende 1992) thus
connecting the completion of growth sequence to reproductive one
(Donnan and John 1983). Once committed, the reproductive sequence can
be completed in darkness without external energy and carbon supply. At
the same time, the cells can, depending on growth conditions, enter
another growth sequence that would once completed allow for another
reproductive sequence to occur before new coenobium is formed. In this
way, individual growth sequences consecutively follow each other whilst
reproductive sequences run concurrently and overlap within one cell cycle.
Under the favorable conditions, the cells of D. quadricauda can
consecutively replicate DNA in as many as three separate rounds and
divide nuclei, becoming bi-, tetra- and octonuclear (Figure 5-1) (Setlik et al.
1972; Zachleder et al. 1975; Setlik and Zachleder 1984; Zachleder et al.
2002; Vitova and Zachleder 2005). The number of reproductive sequence/s
as well as the extent of their overlap within a single cell cycle, is
determined by growth rate, which is governed by environmental
conditions so that at higher growth rates more reproductive sequences are
started (Setlik et al. 1972; Setlik and Zachleder 1984; Zachleder and Setlik
1988; Zachleder and Setlik 1990; Zachleder and van den Ende 1992; Tukaj,
et al. 1996; Zachleder 1997).

To better understand the dependence of the reproductive sequence
entry in the commitment point and its progression on the reserves of
energy, carbon and other major biogenic elements and essential
biomolecules, it is necessary to quantify those reserves in different cell
cycle phases, preferably in their mutual relationship, spatial context and
temporal evolution. At the macroscopic level of the cell culture suspension,
conventional analytical methods to study the algal biomass can be used
(Zachleder and Setlik 1988; Zachleder et al. 2016). To analyze spatial and
temporal distribution of different macromolecules at the level of individual
cells, the biomolecules can be stained or fluorescently labeled and
visualized by means of optical and fluorescence microscopy (Vitova et al.

2005; Terashima et al. 2014; Xie et al. 2014). However, when applying
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standard approaches, each biomolecular compound is usually labeled and
monitored individually. Consequently, the information about spatial and
temporal relationships between the different substances at the level of
individual cells is averaged and lost.

Raman microscopy is a label-free method that combines the advantages
of molecular specificity of Raman spectroscopy with a high spatial
resolution of optical confocal microscopy (Dieing et al. 2011). Raman
microscopy has been widely used in biology in the recent years (Butler et
al. 2016), because it is relatively simple to use, with no need to introduce
artificial staining or labelling to the sample, and it is able to detect several
chemical components of the sample simultaneously, largely non-
destructively and with a sub-cellular resolution. In microalgae, an extensive
use of Raman microscopy have been long hampered by a strong
autofluorescence of their photosynthetic apparatus that reaches
intensities by several orders of magnitude higher than the wanted Raman
signal. This narrowed the applicability of Raman microscopy for studies of
carotenoids that exhibit resonantly enhanced Raman signal (Jehlicka et al.
2014; Koch et al. 2017; Li et al. 2017), or to algal cells with high content of
neutral lipids (Samek et al. 2010; Wu et al. 2011; Meksiarun et al. 2015).

To observe conventional Stokes Raman signal of other biomolecules,
such as starch, proteins and polyphosphates (polyP), a high power in-focus
photobleaching has been commonly used to remove the fluorescence
background (Huang et al. 2010; Chiu et al. 2017). However, in-focus
photobleaching strongly slows down the acquisition of Raman maps and
often results in thermal decomposition and burning of the inspected cells.
We have recently demonstrated that a wide-area, low-intensity
photobleaching of a whole algal cell (or even multiple cells at once) by a
defocused laser beam shortens the time needed for photobleaching to
several seconds per cell, and enables one to reliably observe and identify
starch, lipid and polyP granules within individual microalgal cells with a
sub-cellular spatial resolution (Moudfikova et al. 2016). The analytical

strength of Raman microscopy has been further demonstrated by
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identifying hitherto unknown guanine microcrystals in two species of
microalgae (Moudfikova et al. 2017).

In the present paper, we analyzed the dynamics of starch, lipid, polyP
and guanine pools during the cell cycle of D. quadricauda simultaneously
by biochemical analyses of the synchronized algal suspension, and by
conventional fluorescent microscopy and Raman microspectroscopy of
individual algal cells from synchronized algal culture. The power of Raman
imaging was demonstrated by identifying guanine microcrystals occurring

close to dividing nuclei of D. quadricauda cells in synchrony to polyP grains.

5.2 Materials and methods

5.2.1 Experimental organism

The chlorococcal alga Desmodesmus quadricauda was obtained from
the Culture Collection of Autotrophic Organisms, Institute of Botany
(CCALA, Czech Academy of Sciences, Trebon, Czech Republic). The culture
collection also describes the earlier taxonomic classification as
Scenedesmus quadricauda (Turpin) Brébisson, (strain Greifswald 15), under
which the organism was identified in numerous publications. The genus
Desmodesmus (Chlorophyta, Chlorococcales, Scenedesmus) was later
separated from genus Scenedesmus (An et al. 1999). A phylogenetic
analysis based on plastid genomics has further distinguished D.
quadricauda from the closely related Desmodesmus communis (Buchheim
et al. 2012).

5.2.2 Algae cultivation and synchronization of cultures

To prepare synchronized cultures, the microalgae were inoculated
either from agar plate or from a liquid culture and cultivated in a glass tube
(3 cm diameter) placed in a temperature-controlled water bath at 30 °C
(30-32 °C for Raman experiments). Cultivation medium according to
Zachleder and Setlik (Zachleder and Setlik 1982) was used; this medium is
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based on algal composition and provides nutrients for up to 6 g dry matter
(DM) of algae per liter. The culture was aerated with air enriched to 2 %
CO, (flow rate 350 mL-min’"). The glass tubes were exposed to 500 pmol

! from panel of fluorescent tubes for biochemical

(photons)-m™-s”
experiments and to 150 pmol (photons)-m™-s™ from a panel of warm-
white light-emitting diodes for Raman experiments.

For synchronization, the cultures were observed by light microscopy for
two or three cycles to set the correct length of both the light and dark
periods under given conditions so that the cells divided mostly into eight
daughter cells (connected in eight-celled coenobia). The lengths of light
and dark periods were chosen according to the growth parameters of the
cells. The time for darkening the cells was when about 10 % of cells started
their first protoplast fission. The length of the dark period was chosen to
allow all cells of the population to release their daughter cells and then the
duration of the light and dark periods was kept constant (15/9 h light/dark
cycle), for details on synchronization procedure see (Hlavova et al. 2016).
At the day of the experiments, the synchronized daughter cells were
diluted to 1-1.5x10° cellss-mL™ to avoid light-limitation and used as
inoculums for experimental cultures. For biochemical experiments, the
cultures were cultivated in glass plan parallel cultivation cuvettes with light
path 2.5 cm and inner volume 2 liters, illuminated by incident light
intensity 500 umol (photons)-m™-s™ of photosynthetically active radiation
provided by a panel of fluorescent tubes. For Raman experiments, the
cultures were grown in glass tubes of 3-cm diameter, illuminated by
incident light intensity 150 umol (photons)-m™s™ from a panel of warm-
white light-emitting diodes. Due to the differences in the -culture
cultivation, the experimental cultures for biochemical experiments
contained exclusively 8-celled coenobia while the cultures for Raman
experiments contained both eight- and four-celled coenobia. Only the two
innermost cells of eight-celled coenobia were used for Raman mapping.
The cultures were sampled hourly for biochemical experiments and as
permitted by the analysis for the Raman experiments (for details see

below).
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5.2.3 4',6-diamidine-2'-phenylindole dihydrochloride (DAPI) staining

Nuclei were stained with fluorochrome 4',6-diamidine-2'-phenylindole
dihydrochloride (DAPI) and observed through a fluorescent microscope
using the method described by (Zachleder and Cepdk 1987) and (Hlavova
et al. 2016). Twenty microliters of DAPI solution (5 pg/ml in 0.25 % (w/v)
sucrose, 1 mM EDTA, 0.6 mM spermidine, 0.05 % (v/v) mercaptoethanol,
10 mM Tris—HCl, pH 7.6) were added to the frozen cell pellet, vortexed and
kept for 20-30 minutes in dark at room temperature. The stained cells
were observed using Olympus microscope with 360—370 nm excitation and
420-460 emission filters.

5.2.4 Cell size and number

The cell suspension for Coulter counter measurement was stored frozen
(-20 °C). Prior to the measurement, it was let to thaw in room temperature
and vortexed thoroughly for several minutes. According to the cell cycle
stage, 0.4 or 0.8 mL of cell culture was diluted appropriately with ISOTON II
solution to total volume of 10 mL. Two mL of the sample (approximately
10°-10° cells per mL in the final solution, in accordance to the Coulter
counter instructions) were measured using Multisizer 3 (Beckman Coulter,
USA), aperture size was 100 um. Cell number was also determined in the

Birker counting chamber (Meopta, Czech Republic).
5.2.5 Assessment of commitment points and cell division curves

To determine whether and how many commitment points were passed,
the cells were sampled at appropriate time intervals and incubated at 30°C
in darkness. At the end of the cell cycle, the percentages of binuclear
daughter cells, four- and eight-celled daughter coenobia, and undivided
mother cells were estimated by light and/or fluorescence microscopy

(Hlavova et al. 2016). The values obtained by the assay of samples were
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plotted against the times of sampling. The curves are termed commitment
curves. The proportion of mother cells, sporangia and daughter cells were
determined by light microscopy in cells fixed in Lugol solution (1 g I, 5 g K,
100 mL H,0) at a final concentration of 10 pL of Lugol solution per 1 mL of
cell suspension. Cell division and daughter cell release curves were
obtained by plotting the cumulative percentages as a function of sampling

time.

5.2.6 Polyphosphate visualization

For polyP visualization, the samples were taken at designated time
points during the cell cycle. In each sample, 1 mL of cell suspension was
spun down for 2 min at 5000x g, the supernatant was removed and the
sample was stored at -20°C until staining. For staining, the method of Ota

et al. 2016 was used.

5.2.7 Biochemical analyses

a. Estimation of bulk RNA, DNA and protein

The procedure of Wanka 1962 as modified by Lukavsky et al. 1973 was
used for the extraction of the total nucleic acids. The samples were
centrifuged in 10 mL centrifuge tubes, which also served for storage of the
samples. The pellet of algal cells was stored under 1 mL of ethanol at 20°C.
The algae were extracted 5 times with 0.2 M perchloric acid in 50 %
ethanol for 50 min at 20°C and 3 times with an ethanol-ether mixture (3:1)
at 70°C for 10 min. Such pre-extracted samples were stored in ethanol.
Total nucleic acids were extracted and hydrolyzed by 0.5 M perchloric acid
at 60°C for 5 h. After hydrolysis, concentrated perchloric acid was added to
achieve a final concentration of 1 M perchloric acid in the sample.
Absorbance of total nucleic acids in the supernatant was read at 260 nm.

The light activated reaction of diphenylamine with hydrolyzed DNA, as

described by Decallonne and Weyns 1976 was used with the following
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modification (Zachleder 1984). The diphenylamine reagent (4 %
diphenylamine in glacial acetic acid, w/v) was mixed with the samples of
the total nucleic acid extracts in ratio 1:1 and the mixture in the test tubes
was illuminated from two sides with fluorescent lamps (Tesla Z, 40 W). The
incident radiation from each side was 20 W-m™. After 6 h of illumination at
40 °C, the difference between the absorbance at 600 nm and at 700 nm
was estimated. The RNA content was calculated as a difference between
the total nucleic acid and DNA content.

The sediment remaining after the nucleic acid extraction was used for
protein determination. It was hydrolyzed by 1N NaOH for 1 hour at 70°C.
The protein concentration in the supernatant after the centrifugation of
the hydrolysate (15 minutes, 5300x g, room temperature) was estimated
by BCA assay (Thermo Fisher) according to manufacturer’s instructions.
The same procedure was carried out with calibration curve set by different

concentrations of bovine serum albumin.
b. Starch assay

Cell pellets containing approximately 2x10° cells-mL™ were harvested
during the cell cycle, washed with SCE buffer (100 mM sodium citrate, 2.7
mM EDTA-Na,, pH 7 (citric acid)), snap frozen in liquid nitrogen and stored
at -20°C. After thawing the cells in the pellets were disintegrated by adding
200 uL of distilled water and 300 pL of zirconium beads (0.7 mm in
diameter) followed by vigorous vortexing for 15 min at room temperature.
Depigmentation of the samples was done by adding 1 mL of 80 % (v/v)
ethanol to the pellet and incubating in a water bath for 15 min at 68 °C
after which the samples were centrifuged for 2 min at 14 000 x g and the
supernatant was removed. The depigmentation procedure was repeated 3
to 4 times (or until the pellet was completely discolored). After that, 1 mL
of a-amylase from porcine pancreas (Sigma-Aldrich, USA) solution (0.5
mg-mL™" w/v in 0.1 M sodium phosphate buffer (pH 6.9)) were added to the
samples and they were incubated for 1 hour at 37°C. The samples were

centrifuged for 2 min at 14 000 x g and the supernatant was used for the
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guantification of reducing sugars through the DNSA color reaction as
described in (Miller 1959). In short, 500 uL of supernatant were mixed with
500 uL dinitrosalicylic acid (DNSA) solution (1 % (w/v) 3,5- DNSA, 30 %
(w/v) potassium sodium tartrate tetrahydrate, 20 % (v/v) 2M sodium
hydroxide) and incubated for 5 minutes at 105°C on a heat block. Following
a cooling down period of 10 minutes at room temperature, the mixture
was diluted five-fold with distilled water, after which the absorbance of the
samples was measured at 570 nm. The concentration of starch was
estimated through a calibration curve of potato starch (Lach-Ner, Czech

Republic) digested with a-amylase.
c. Total phosphate assay

Cell pellets, containing at least 4 x 10’ cells, were harvested at
designated time points during the cell cycle, washed with distilled water
and stored at -20°C. After thawing, 1 mL of distilled water was added to
the pellets in addition to 300 pL of zirconium beads (0.7 mm in diameter).
The cells were disrupted by vigorous vortexing for 15 min at 4°C. The
samples were centrifuged for 2 min at 14 000 x g, after which the
supernatant was discarded. The pellets were washed three times with a 5
% (w/v) solution of sodium hypochlorite in order to remove any pigments
that might interfere with the spectrophotometric measurements. After the
last wash, 200 pL of 0.67 % (w/v) potassium persulfate were added to the
pellet. The samples were finally autoclaved at 121 °C for 20 min. After
cooling down, 200 pL of sample were pipetted on a 96 micro well plate
together with 8 pL of an ammonium molybdate tetrahydrate solution
(1.2% (w/v) ammonium molybdate tetrahydrate, 4.8 % (w/v) potassium
antimonyl tartarate sequihydrate and 16 % (v/v) sulfuric acid) and 2 L of
7.2 % (w/v) L-ascorbic acid. The plate was incubated for 20 min in darkness
at room temperature, after which the absorbance of the samples was
measured at 880 nm in a plate reader (Infinite F200, Tecan Trading AG,

Switzerland). For the quantification of total phosphate and polyP, a
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calibration curve was constructed using a phosphate standard for ion

chromatography (Sigma-Aldrich, Prague, Czech Republic).

d. Polyphosphate assays

The samples for the estimation of polyP were collected, stored,
disintegrated and depigmented similarly to the samples for total
phosphates. After the depigmentation with 5 % (w/v) solution of sodium
hypochlorite, 100 pL of distilled water were added to the pellet. Following
an incubation time of 5 minutes, the samples were centrifuged for 2
minutes at 14 000 x g and the resulting supernatant was collected. The
elution with distilled water was repeated twice in order to ensure the
optimal extraction of polyP from the pellet. Precipitation of polyP was
done by addition of 1.8 mL of 100 % ethanol to the collected supernatant.
The samples were centrifuged for 10 min. at 14 000 x g after which the
supernatant was removed. The resulting pellet was then re-suspended in
500 uL of distilled water. The hydrolysis of polyP to orthophosphates was
achieved by adding of 100 uL of 0.67 % (w/v) potassium persulfate after
which the samples were autoclaved for 20 min at 121 °C. After cooling, the
samples were treated and analyzed as described in the quantification of
total phosphates (Ota et al. 2016).

5.2.8 Raman analyses

a. Sample preparation

To study the content and intracellular distribution of storage
biomolecules during the cell cycle by Raman microscopy, fresh living cells
have been needed because of problematic photobleaching of
autofluorescence of chemically fixed or frozen cells. Samples from the
synchronized culture of D. quadricauda were taken every 30-60 minutes,
as permitted by the duration of the Raman scanning, from the start of the

light phase (T = 0:00 h), considered as the beginning of the cell cycle, up to
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the end of the cycle (T = 24:00 h); the first sample was taken 15 min after
the start of the light phase.

For Raman measurement, 0.5 mL of the cell suspension was centrifuged
(2000x g for ca. 15 s), the supernatant was discarded and a part of the
pellet was mixed with ca. 20 plL of low-gelling agarose (Sigma Aldrich, 2 %
solution, T = 39 °C). A few pL of the agar mixture were placed between a
quartz slide and a quartz coverslip, these were sealed with Covergrip
sealant (Biotium, USA). The sample preparation took about 13 minutes

from taking the sample to the start of Raman measurement.
b. Raman measurement

Raman maps were acquired with a confocal Raman microscope WITec
alpha300 RSA (WITec, Germany) equipped with an oil-immersion objective
UPlanFLN 100x, NA 1.30 (Olympus, Japan). The spectra were excited with
a 532 nm laser (excitation power of ca. 20 mW at the sample). The lateral
and axial resolutions of the Raman microscope (according to standard test
of Raman confocality by means of silicon wafer (Everall 2009; Moudfikova
et al. 2016) were ca. 250 and 900 nm, respectively. Scanning step of 125
nm in both x and y direction (thus below the Rayleigh diffraction limit of
the experimental setup) was used, with a 0.1 s acquisition time per pixel.
The spectra were measured in the range of 220-3850 cm™ at once. This
range covers characteristic (< 1800 cm™) as well as stretching (> 2800 cm™)
vibrations of biomolecules and water. Prior to Raman mapping, a wide-
area photobleaching of the entire algal coenobium by a defocused 532-nm
laser beam was applied as described previously to get rid of the strong
autofluorescence of chlorophyll (Moudfikova et al. 2016). At each sampling
point, a two-dimensional Raman map of the two innermost cells of a

randomly selected eight-celled coenobium was acquired.
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¢. Data treatment

Raman maps were treated with Project Four Plus (WITec, Germany) and
our own scripts for GNU Octave (Eaton et al. 2015) and Matlab
(MathWorks, USA) (Palacky et al. 2011). Firstly, signals of cosmic rays were
removed using automated and manual functions of Project Four Plus. Next,
to compensate eventual variations of laser power and efficiency of signal
collection, Raman maps of different cells have been normalized to the
common intensity scale as follows: the pixels of the map obviously
belonging to the surrounding medium have been identified automatically
according to the missing band of carbon-hydrogen stretching vibrations.
For each Raman map, the average spectrum of the surrounding medium
was calculated and the integral intensity of the oxygen-hydrogen
stretching band of water (background corrected) was used as the standard
intensity for uniform normalization of Raman maps. Next, spectral regions
with characteristic Raman bands of respective biomolecules were selected
for starch (457-507 cm™, band maximum at 479 cm™), lipids (2836—2869
cm™, band maximum at 2854 cm™), polyphosphate (1143-1190 cm™ band
maximum at 1159 cm™), guanine (613684 cm™, band maximum at 651
cm™) and the region of carbon-hydrogen stretching vibrations of all
biomolecules containing C-H bonds (2795-3060 cm™, band maximum at
around 2935 cm™). The non-Raman background was subtracted as a
bisector connecting mean intensities at the last 4-10 spectral points
delimiting the upper and lower ends of the regions. Spectra with high
content of the respective biomolecules and the appropriate wavenumber
regions are shown in supplementary Figure 5-S1.

For visualization of distributions of the biomolecules under study in D.
quadricauda cells, the intensity of the band (after background correction)
was calculated by integrating the band’s area. The integral intensities in
Raman maps are expressed in color scale, for a given biomolecule the same
scale was used in all maps. Darkest color shade corresponds to the mean

intensity found in the surrounding medium and the lightest one to the
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maximum value. The only exception is the intensity of carbon-hydrogen
stretching vibrations, where the darkest shade corresponds to zero.

To estimate the content of the respective biomolecules in the cells, the
pixels corresponding to both of the two cells on each Raman map were
identified using manual functions of Project Four Plus. The signal from
every 2x2 pixels was merged together to reduce the noise, and the
background-corrected bands of biomolecules were integrated. For each
Raman map i, mean value m; and standard error s; of the integral intensity
in the merged pixels of the surrounding medium were calculated. For each
pair of cells, the integral intensities were summed for pixels where the
signal was greater than m; + 7s;. Remaining pixels displaying signal below

this threshold were excluded from the summation.

5.3 Results

5.3.1 Cell cycle characteristics

Cultures of D. quadricauda were synchronized by diurnal, alternating
light/dark regime. During the cultivation, the cell cycle progression was
analyzed hourly, as well as changes in bulk RNA, protein, DNA, starch,
polyP, total phosphates and lipid contents. These standard physiological
and biochemical experiments set up a baseline to which the results from
Raman microscopy were correlated. At a given light intensity, half of the
population attained the first commitment point shortly after being put in
light. By the sixth and tenth hour, more than 50 % of the population
attained the second and third commitment points, respectively.
Attainment of each of the commitment points was followed by DNA
replication, nuclear division and cell division. Within the population, the
attainments of the second and third commitment points were closely
followed by completing nuclear division into two and four nuclei,
respectively. The third nuclear division together with the first protoplast

division occurred shortly before darkening the cells at 15th hour of the cell
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cycle. The cell cycle was concluded after about 22 hours when all mother

coenobia released daughter coenobia (Figure 5-1).

100

Number of cells, %
o
o
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9 GG B 6 6

Figure 5-1: Dynamics of growth and the cell cycle in synchronized cultures of
D. quadricauda.

Upper part: Time courses of individual commitment points, nuclear division,
protoplast fission and daughter cell release. Blue lines: cumulative
percentage of the cells, which attained the commitment point for the first
(circles), second (squares) and third (triangles) reproductive sequence,
respectively; red lines: cumulative percentage of the cells, in which the first
(circles), second (squares), and third (triangles) nuclear division was
terminated; green lines: cumulative percentage of cells, in which the first
(circles), second (squares ) and third (triangles) cell division was terminated,
respectively; black line, empty diamonds: percentage of the cells, which
released daughter coenobia. Light (15 hours) and dark periods (9 hours) are
marked by stripes above panels and separated by vertical line. The lines
represent the means of at least three independent experiments. The raw
values are plotted as dots, the line connects the mean values of the
experiments. All values calculated per parental cell even after their division
(17:00 to 22:00 h).
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Bottom part: Schematic representation of the cells at the time-points
(denoted by red asterisks) corresponding to the set samples analyzed by
Raman microscopy in Figure 5-4 (full set of Raman measurements is available
in Supplementary Figure 5-1S). Schematic pictures of the cells indicate
changes in their size. The full circles inside illustrate the ploidy and number of
nuclei during the cell cycle. Larger circles indicate a doubling of DNA. For
more details see text. Modified after Zachleder et al. 1997, Bisova and
Zachleder 2014, and Zachleder et al. 2016.

5.3.2 Bulk analysis of cell composition

Biochemical analysis showed that accumulation of RNA (Figure 5-2A)
progressed rapidly in the early light period, followed by a lower rate of
RNA synthesis in the late light period and in dark. The total protein content
increased with a small delay after the RNA accumulation in light and, in the
dark period, the protein accumulation stopped and, later in night, the
protein amount even slightly decreased (Figure 5-2B). A significant increase
in the DNA content was observed only after the seventh hour of the cell
cycle, which coincides with the midpoint of the first round of nuclear
division. The increase of DNA synthesis then continued until the end of the
cell cycle (Figure 5-2C). Starch started to be synthesized immediately after
the cultures were exposed to light and continued steadily throughout the
light period (Figure 5-2D). The rate of starch accumulation was faster until
the tenth hour when the cells attained the third commitment point. It
slowed down from then on as the cells underwent the second and third
nuclear divisions. In dark, the starch reserves were catabolized to support
nuclear and cellular divisions that were taking place in absence of

photosynthetic energy conversion.
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Figure 5-2: Time courses of accumulation of RNA (A), protein (B), DNA (C), starch
(D), polyphosphates (polyP) (E) and total phosphates (F) in synchronized cultures of
D. quadricauda. Light (15 h) and dark periods (7 h) are marked by stripes above
panels and separated by vertical line. Values from five different experiments are
showed as dots, the smoothed line of the mean of the five experiments is shown as
a read line in each panel. Values were calculated per parental cell even if divided
(17:00 to 22:00 h).

Total phosphate and polyphosphate (polyP) content increased soon

after transfer into light (Figure 5-2E, F). The increase continued until about

seventh hour when DNA replication started and the first round of nuclear
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division was completed in half of the population. Thereafter, both total and
polyP levels plateaued.

PolyP granules can be also detected using conventional fluorescence
microscopy after staining with high concentrations of DAPI (Ota et al.
2016). PolyP granules were visible as groups of yellow spots on both sides
of the bluish nuclei in the longitudinal direction (Figure 5-3). They were
present already in the first hour of the cell cycle. They seemed to multiply
both in number and in extent of fluorescence in the next two hours and
their localization was, conspicuously, at the outer side of two newly
formed nuclei. With time, both their fluorescence and number decreased.
By seventh hour of the cell cycle, they were represented by groups of tiny
yellow spots close to the outer cell edge in the vicinity of nuclei. From the
ninth hour, the spots became even smaller and in most cells they
disappeared by the tenth hour. In about ten percent of cells, the polyP
granules persisted for one more hour and were localized both to the peri-
nuclear area and to the outer cell edge. Even in these cells, the granules

disappeared by the eleventh hour of the cell cycle.
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Figure 5-3: Fluorescence micrographs of coenobia stained by high concentration of
4',6-diamidino-2-phenylindole (DAPI) at different time points during the cell cycle.
Polyphosphates are visible as yellow spots; the bluish spots are nuclei. Bar is 10

um.

5.3.3 Raman estimates of cell volume and chemical composition

The biochemical analysis and the Raman experiments were not done on
samples from the same cultures and from the same cultivations because of
principal difference in sampling. The Raman microscopy was done
immediately using living algal cells from aliquots taken during the cell cycle
whereas the biochemical analysis was done on samples, which were
accumulated and stored during the cycle. A practical reason for doing
separate rather than simultaneous analysis was that the biochemical
methods and Raman microscopy were done in different laboratories

equipped in with different types of instrumentation.
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The cultivation set-ups were the same for the two experimental
methods, with the exception of light intensity, which was about three-fold
lower for the Raman measurements. This lead to changes in proportion of
4-celled and 8-celled coenobia within the population. The cultures used for
biochemical experiments were composed exclusively of 8-celled coenobia,
while the culture for Raman measurements contained both 4-celled and 8-
celled coenobia. To overcome this limitation, the innermost two cells of
randomly selected 8-celled coenobia were chosen for all the
measurements. These cells are usually the largest ones within the
coenobium and the most advanced in the cell cycle progression. This way
we ensured that the two analyses were done on as similar cells as possible.
Raman microscopy mapping was performed 35-times during the 24-hour
cell cycle. All acquired Raman maps are presented in Figure 5-S1 in the
Supplement. A subset of the maps is shown in Figure 4C, the age of the
cells is schematically depicted in the figure is indicated in Figure 5-1 as well
as in Figure5- 4A, B.

To verify the synchrony of the population used for Raman microscopy,
number of coenobia per mL of the cell suspension (Figure 5-4A) and
median volumes of the cells (Figure 5-4B) were obtained by Coulter
counter measurement. To relate the bulk population analysis with the
Raman microscopy results, cell volumes provided by the Coulter counter
measurement were compared with Raman estimates of the volume of the
two innermost cells of the mapped coenobium. These estimates were
calculated as follows: the number of pixels belonging to the cells, identified
according to carbon-hydrogen stretching band as described in Material and
methods, was raised to the power of 1.5 and renormalized to fit the
Coulter counter values in a least square sense. The number of pixels is
directly proportional to the area of the cells’ cross-section. As can be
confirmed by Figure 5-4B, the Raman estimates of the volume, though of
only two innermost cells of a randomly selected coenobium, fit well to the
median volume determined for hundreds of thousands of cells by Coulter
counter, indicating a good synchrony of the culture and justifying the

simplifications.
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Figure 5-4: Time course of a number of coenobia in the cell culture of D.

quadricauda as determined by Coulter counter (A). Time course of volumes of the
coenobia determined by Coulter counter (black, median volume) and Raman
microscopy (red) (B). For the time-point T = 18:05 h coinciding with the cell division
of a majority of the cells, the Coulter counter volume of daughter cells is shown.
The Raman microscopy volumes were estimated as a number of pixels belonging to
both cells in coenobium (identified by the carbon-hydrogen stretching band) raised
to the power of 1.5 and renormalized to fit the Coulter counter curve. The cells that
are shown in panel (C) are indicated by filled circles. Raman maps showing the
distribution of carbon-hydrogen (C-H) groups, starch, lipids, and polyphosphates in

two innermost cells of eight-celled coenobia during the cell cycle (C). Time from
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start of the cycle is indicated in the top row. For a given biomolecule, the color
scale is the same for all Raman maps. The white bars correspond to 2 um. The red
crosses on the time axis in panels A, B indicate times at which the cells shown in
panel C were taken from the culture. The grey area in panels A, B indicates the dark

period of the cycle.

For all 35 samples taken during the 24 hour cycle for the Raman
measurement, the distribution of starch, lipids and polyphosphate in the
Raman maps were obtained by integrating the intensity of a Raman band
characteristic for the given biomolecular species in each pixel spectrum, as
described in section 5.2.8 from Materials and methods (supplementary
Figure 5-S1). Additionally, the band of carbon-hydrogen (C-H) stretching
vibrations was used to visualize the concentration of the total organic
matter (proteins, carbohydrates, lipids, RNA, DNA) in the cells.

The distributions of carbon-hydrogen stretching vibrations, starch,
lipids, and polyP are shown in Figure 5-4C for selected time-points where
the cells exhibited some characteristic features. Those particular time-
points are indicated in Figure 5-4A, B by red crosses on the horizontal axes
and their cell volumes are indicated by filled circles in Figure 5-4B. For all
the 35 samples measured here, the biomolecular distributions are shown
in the supplementary Figure 5-S1.

As can be seen from Figure 5-4C and supplementary Figure 5-S1, the
cells already contained some starch reserves and a few lipid and polyP
bodies just after the dark phase of the previous cycle. The starch content
was growing from the beginning of the light phase, reaching its first
maximum at around T = 2:15 h after the light onset (supplementary Figure
5-S1), and then declining again. Lipid bodies, localized to the periphery of
the cells, grew in number and lipid content with about 45 min delay behind
the starch content. At last, the polyP content peaked at T = 6:00 h, when
the cells contained multiple polyP bodies but exhibited nearly no starch
nor lipids identifiable by Raman microscopy.

After T = 6:00 h, the polyP bodies slowly dissolved and nearly no starch
and lipids were visible in the cells. The carbon-hydrogen vibrations visible

in interiors of the cells thus come predominantly from proteins (Figure 5-4
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and supplementary Figure 5-S2). At around T = 10:30 h, the cells started to
accumulate starch again. The starch content and cell volume grew until the
end of the light period at T = 15:00 h, when some of the cells were already
dividing. Some lipid bodies can be seen in the cells even during the cell
division (supplementary Figure 5-S2). The released daughter cells
contained some starch and a few polyP bodies till the end of the cycle at T
= 24:00 h. In some daughter cells, a few lipid bodies can be identified

(supplementary Figure 5-S2).

Time (h) 4:45 5:15 6:00 6:30

cell wall

polyP

guanine
+ polyP

Figure 5-5: Raman maps showing the distribution of cell wall, guanine and
polyphosphates (polyP). in two innermost cells of eight-celled coenobia during
the early phase of cell cycle Time from start of the cycle is indicated in the top
row. For a given biomolecule, the color scale is the same for all Raman maps. The
white bars correspond to 2 um at Time = 5:15 h or 3 um at other timepoints. The
bottom panel shows an overlay of localization of guanine (red) and
polyphosphates (green).

A more detailed sampling at the early phase of the cell cycle, prior to
onset of DNA replication (between T = 4:45 h and T = 6:30 h) showed
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guanine bodies coinciding and possibly co-localizing with the polyP
granules (Figure 5-5), the cells exhibited between. Small guanine bodies of
a lower signal intensity were observed also at T = 7:45 h, 9:45 h and 16:00
h (suplementary Figure 5-S2) but not in the daughter cells (Figure 5-S2).
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To show dynamics of the storage compounds (described qualitatively
above) in a semi-quantitative way, Raman estimates of the starch, lipids
and polyP content per single cell of the coenobium have been calculated by
averaging contributions of both of the measured cells (for details see

Material and methods) and are shown in Figure 5-6. Outlying values have
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been excluded for the purpose of this figure and the data points were

connected with splines to guide the eye.

5.3.4 Comparison of Raman and bulk biochemical analyses

Above, we present the results of cell content estimates by bulk
biochemical methods and Raman mapping of individual cells in the
synchronous cultures. The two methods differ in the biomolecules they are
able to detect and quantify. The bulk biochemical methods can easily
separate RNA, DNA and proteins (Figure 5-2) due to their different
chemical properties. In contrast, Raman estimates of these three
macromolecules are limited by a lack of intensive and specific spectral
signatures as well as by their low concentration in the mapping voxels. On
the other hand, Raman microscopy is very sensitive in detecting lipid
droplets (Figure 5-4). The same size of lipid droplets is not detectable by
conventional fluorescence microscopy with neutral lipids stained by a
specific dye Nile Red (data not shown). Furthermore, we have tried to
measure the lipid content by using a fluorescent plate reader and cells
stained with Nile Red. This way, more cells are measured at the same time,
thus multiplying the signal. Even then, we were unable to reliably detect
any changes in lipid content. The changes detected were within few
percents of the total lipid content, and not statistically significant (data not
shown). Furthermore, Raman spectroscopy was able to detect guanine
granules, for which there are no alternatives of in situ detection.

Both bulk methods and Raman estimates were able to detect starch
and polyP. The bulk biochemical analysis identified a steady increase in
starch amount from the beginning of the cell cycle till the cell darkening
and start of cell division when starch started to be consumed. In contrast,
Raman analyses detected increase in starch amount in the first three hours
of the cell cycle followed by complete disappearance of starch. A new
increase in synthesis was observed by about twelfth hour of the cell cycle,
and it was followed by decrease of starch amount at the time of cell

division and later on. Both Raman estimates and conventional fluorescence
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microscopy revealed similar patterns of polyP localization in both space
and time. Both of the methods detected two major groups of polyP
granules on each side of a single nucleus or later on the outer side of the
two newly formed nuclei. PolyP granules gradually disappeared by the time
the cells completed divided their nuclei into four. The bulk biochemical
analyses detected a rapid increase in both total and polyP content from
the beginning of light period to about fifth hour of the cells cycle.

Thereafter both total and polyP levels remained unchanged.

Time (h) 1:15 3:00 6:00 9:00 12:15 13:00 16:00 19:45
Nuclei 1 1 1 cell division 1

1 2 4
Lipid
Starch
PolyP

Figure 5-7: Raman maps showing the distribution of lipid droplets (red), starch

bodies (green) and polyP granules (blue) in the same two innermost cells of eight-
celled coenobia as presented in Figure 5-1C. The time counted from the
beginning of the cell cycle and number of nuclei determined by DAPI staining of
the culture is indicated in the top row. For a given biomolecule, the color scale is

the same for all the maps. The white bars correspond to 2 um.

5.4 Discussion

Synchronized cultures are a traditional tool for studies of cell cycle
progression in different organisms. The cell cycle progression,
encompassing growth and cell duplication and division events, has been
routinely described by biochemical analyzes of macromolecules (RNA,
protein, DNA, starch) composition. Such analyzes are rather time
consuming, complicated and mostly require a large quantity of initial
sample. Here, we have compared the bulk biochemical analyses of
biomolecules with Raman microscopy results. Raman microscopy visualizes

distributions of the prevalent groups of biomolecules simultaneously,
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without the need of artificial pre-processing of the sample and with a
spatial resolution of a confocal microscope. As Raman microscopy shows
intrinsic chemical content of the sample, even biochemical species not
expected in the sample can be disclosed, provided they are present in a
sufficient concentration and that their Raman spectra are correctly
interpreted. This can be demonstrated on the example of guanine
microcrystals that have been recently observed in two microalgal species
(Moudfikova et al. 2017) without previous knowledge of their existence. In
the present study, the guanine microcrystals occurred regularly between
approximately 5" and 7™ hours of the cell cycle, i. e., at the time of
attainment of the second commitment point and completion of the first
nuclear division, and then sporadically also during other cell cycle phases.
The appearance of guanine microcrystals during a natural cell cycle of
unstressed cells supports the tentative biological relevance of guanine
microcrystals as effective depots of purines (Moudfikova et al. 2017). Such
biological functions can be related to their localization in the cells. Guanine
crystals localized together with polyP granules, either in the vicinity of the
newly formed nuclei, or in the place where nuclei are formed. The two
possibilities are impossible to separate based on Raman microscopy, as the
nuclei localization could not be detected in the algal cells. Both of the
localizations would suggest guanine crystals can serve as purine deposits
used (and spent) for nuclei formation.

Apart from identifying novel and/or otherwise undetectable
biochemical species, Raman microscopy might be also more sensitive to
low amount of biochemical species that can be detected and analyzed by
fluorescence microscopy and/or bulk analytical techniques. This is
demonstrated by the observed presence of lipid bodies at the periphery of
some cells during the cell cycle (Figure 5-4 and suplementary Figure 5-S2).
These lipid bodies could not be observed neither by fluorescence
microscopy nor by bulk fluorescent measurements, as they do not increase
the cellular lipid content enough to be detected separately.

Raman microscopy and fluorescent microscopy of polyphosphate

bodies were in agreement (compare Figs 4 and 5). They visualized polyP
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granules both in the places where new nuclei will be formed and near
them, once they divided. This was particularly true for the first nuclear
division. The localization of polyP granules (together with guanine crystals)
close to nuclei could suggest they function as energy and phosphate store
for nucleic acid synthesis. This localization is thus in an agreement with
classical observation in green alga Chlorella, where polyP are preferentially
used for the synthesis of DNA (and phosphoproteins), but not RNA
(Miyachi and Tamiya 1961; Miyachi and Tamiya 1961; Miyachi et al. 1964).
Both microscopy methods show a decrease in polyP granules after 8" hour
of the cell cycle, i.e. at the time when exponential increase of DNA
synthesis starts, further supporting a notion that polyP granules serve as a
source for DNA synthesis. Interestingly, at the same time, the total
phosphorus and polyP amounts, as determined by bulk biochemical
analyses, plateau. The biochemical method that we used for total
phosphorus and polyP was non-specific, and precipitated polyP granules
together with DNA and RNA. This could explain the differences between
the microscopy and biochemical method. Thus, from 8™ hour, DNA is
possibly newly made at the expense of polyP granules, and it gradually
forms a larger portion of the biochemically detected polyP fraction.

The most striking difference was observed between the bulk
biochemical and Raman analyses of starch. The bulk biochemical analysis
showed a steady increase in starch, as has been established in the field
(BiSova and Zachleder 2014; Zachleder et al. 2016; Juppner et al. 2018),
whilst Raman microscopy showed a bimodal pattern with an initial
increase in starch prior to attainment of the first CP followed by starch
disappearance and another increase of starch amount by the time the cells
reached third CP and completed the second nuclear division (Figures 5-1
and 5-6). This was really an intriguing observation, and we suspected it
could be caused by combination of two factors, i.e. the difference in light
intensities used for cultivation for the biochemical and Raman experiments
and/or three dimensional structure of the cell. The light intensity is known
to affect accumulation of starch, so that it increases with increasing light

intensity (Vitova et al. 2011). At lower light intensity, less starch would be
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synthetized, it would be continuously spent for general metabolism and no
net starch granules will be visible by Raman microscopy. Despite its high
sensitivity described above, Raman microscopy has, as any other method,
a threshold detection limit depending on the experimental setup and
Raman cross-section of the given biochemical species. Raman signal of a
lower concentration than the limit might be covered by noise and/or signal
of other content of the respective voxel. The other explanation stems from
the fact that we acquired only two-dimensional maps of the cell cross-
sections, since quantitative volumetric Raman imaging (Kallepitis et al.
2017) would be, under the current experimental setup using conventional
Raman scattering, extremely time consuming. Thus, any cellular content
that is situated on the bottom or top of the cells could escapes detection.
This would be especially true as the cell size increases, if the starch
granules would be located near to the cell surface, while the Raman
analysis would be performed in the cell center. To exclude such effects, we
grew synchronized cells at higher light intensities corresponding to the
biochemical experiments. In each of the cells, several stacks covering their
entire volume were analyzed to avoid missing any starch granules located
away from cell center. Even under such conditions, we were not able to
detect any starch granules in the cells between fifth and tenth hour of the
cell cycle (data not shown). This suggests that the starch present in the
cells in this time period as detected by biochemical methods by us and
others (Wanka 1975; Vitova et al. 2011; Juppner et al. 2018) is not in the
form of localized granules but rather in some more soluble form readily
available to the general metabolism but below the detection limit of
Raman microscopy.

The graphical description of the time evolution of starch, lipid and
polyphosphate content during cell cycle in Figure 5-4 should be treated as
a semi-quantitative proxy. Although recent studies have shown that two-
dimensional mapping can be used to quantitatively describe the amount of
starch (Ji et al. 2014; Chiu et al. 2017), lipids (Hosokawa et al. 2014; Chiu et
al. 2017) and polyphosphates (Moudfikova et al. 2017) in microalgal

cultures, these studies have averaged the results from Raman maps of
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several to dozens of cells to obtain an accurate quantification when
compared to bulk methods. On the other hand, as the cells in the present
study were synchronous, the variability among the cellular culture should
be much narrower than in a common non-synchronous culture.
Furthermore, Raman signal is, by the nature of conventional Raman
scattering, linearly proportional to the compound concentration in a given
voxel.

The data presented here proved that Raman microscopy is capable of
detecting relatively low concentrations of storage biomolecules present in
a non-stressed D. quadricauda cells during a normal cell cycle. This is an
improvement compared to current quantification studies such as
(Hosokawa et al. 2014, Ji et al. 2014; Chiu et al. 2017), which worked with
cells accumulating large amounts of the storage biomolecules. Although
the merits of Raman microscopy have been shown here, it still possesses
similar limitations as conventional fluorescence microscopy and bulk
biochemical analyses. It is relatively low throughput and the parallelization
is problematic, unless one possesses several Raman microscopes. To keep
a sampling time of 30-45 minutes and a high spatial resolution of Raman
mapping, it was not possible to measure more than two cells of D.
quadricauda coenobium at a given time-point. Statistically more sound set
of cells could be acquired only by compromising one or both of these
requirements. However, lower spatial resolution would impair imaging and
quantification of small biomolecular inclusions in Raman maps. On the
other hand, increasing intervals between the samplings might lead to
missing important phases in the cell cycle. Otherwise, there exists
possibility to repeat the same experiment in multiplicates. However, the
cell culture, although synchronous, is never exactly the same. Apart from
the results presented here, we have performed the Raman mapping
experiment during one another whole cell cycle with a lower spatial
resolution. Additionally, we have performed Raman mapping of the first 8-
9 hours of the cycle in three consecutive cell cycles with a slightly lower
spatial resolution for the whole eight-celled coenobia of D. quadricauda

(data not shown), with qualitatively the same results as presented here. As
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microalgae possess photosynthetic apparatus that have to be
photobleached prior to the Raman measurement, it was impossible to
perform such a cell cycle study on exactly the same coenobium, as would
be desirable. On the other hand, the photobleaching itself does not
disqualify the results, as the consequent decay processes take longer time

than needed for the Raman mapping (Moudfikova et al. 2016).

5.5 Conclusions

We have compared the detection of energy-rich compounds (starch,
lipid and polyphosphates) during the cell cycle of Desmodesmus
quadricauda by two independent methodologies, conventional bulk
biochemical analyzes and confocal Raman microscopy. The two methods
were comparable in detection of polyphosphates. Fluorescence and Raman
microscopies detected specific localization of polyphosphate granules near
the nuclei until bi-nuclear stage. The two methods differed in detection of
starch, possibly suggesting differences in starch localization and/or its
solubility during the cell cycle. Raman microscopy was more sensitive in
detecting lipids. It also detected guanine crystals; these were localized near
polyphosphate granules and nuclei, suggesting their possible role in
processes related to nuclear division. Confocal Raman microscopy is
capable of detecting even low amounts of macromolecules naturally
present in the cells during their vegetative development. It is especially
suited for the detection of polyphosphates, lipids and guanine crystals
within the cells. The differences in starch detection will require further

experiments.
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Appendix

Figure 5-S1: Comparison of light microscopy and Raman maps showing
distribution of water, guanine, polyP, lipids, starch, cell wall and chloroplasts in the
same two innermost cells of eight-celled coenobia of D. quadrica at different time

points of the cell cycle. Time shown is since the beginning of the cell cycle.
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Figure 5-S2 (Continued from the previous page): Raman maps showing the

distribution of carbon-hydrogen (C-H) groups, starch, lipids, and polyphosphates in
two innermost cells of eight-celled coenobia during the cell cycle (C). Time from
start of the cycle is indicated in the top row. For a given biomolecule, the color

scale is the same for all Raman maps. The white bars correspond to 2 um.
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Chapter VIII

6.1 Goals and hypothesis

As we already discussed in chapters | and Ill the prevailing notion in the
field of cell cycle research is that there is a supposed direct connection
between growth and cell cycle progression. An immediate consequence of
this hypothesis is the proposition of the existence of a mechanism for
determination of a minimum cell size before the progression of the cell
cycle can take place. This concept led to the development of a variety of
models attempting to explain this putative connection between growth
and cell cycle progression. However, the hypothesis of cell size (or any of
its other determinants) being directly involved in controlling the
progression of the cell cycle was rather unexpectedly called into question
by our results in chapter IV. Our experiments with D. quadricauda revealed
that temperature profoundly influenced cell size and cell cycle duration,
with the cells grown at 20 °C having twice larger cell size and taking almost
twice as long to complete their cell cycle compared to the cells at 30 °C,
which were smaller and had a shorter cell cycle. The most intriguing were
the results of the shift experiments, where cells grown in light at either 20
°C or 30 °C were transferred to darkness to prevent further growth, and
then cultivated at the same or different temperature. If there was to be
any direct connection between critical cell size and attainment of CP the
cell cycle was expected to continue after the transfer, similarly to the
control culture at the original temperature, albeit with different kinetics
imposed by the difference in temperature. In contrast, if the opposite was
true, namely that there is no direct connection between critical cell size
and attainment of CP, then after the change of temperature the
progression of the cell cycle should differ from that of the control culture.
To our surprise the results confirmed the second hypothesis. Cells
transferred from 30 °C in light to 20 °C in dark produced fewer nuclei and
daughter cells, and some of them were unable to undergo cell division.
Correspondingly, cells transferred from 20 °C in light to 30 °C in dark
divided faster and into more daughter cells than the controls. These

differences correlated with shifts in the CDK activity but they did not
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correlate with cell size. This is in clear contradiction with the sizer
hypothesis, which postulates that cell size determines the extent of cell
cycle progression and suggests that in D. quadricauda, progression of the
cell cycle is not cell size dependent. This suggests that in contrast to light,
the role of temperature in timing of the cell cycle events goes beyond its
effect on growth rate and metabolism.

To further investigate the effect of temperature on cell cycle events we
conducted experiments with supraoptimal temperature - this time in the
other model alga C. reinhardtii. The results presented in chapter V provide
evidence that supraoptimal temperature causes the formation of
abnormally large cells which have increased starch content. The
supraoptimal temperature affected the ability of cells to divide in
particular, but it did not seem to affect their synthetic processes. This was
best illustrated by the complete lack of cell division at the supraoptimal
temperature while in the same time growth appeared to be unaffected
and was comparable to that at the optimal growth temperature.
Furthermore, synthesis of nucleic acids and peaks in CDK activity were
shifted in time, but they were still clearly present. This indicates that
temperature does affect the cell cycle steps leading to DNA replication to
an extent that causes their delay, however this cannot explain the
complete absence of nuclear and cellular division observed at the
supraoptimal temperature. In fact, our results point out that it is very likely
that the cell cycle event which is inhibited by the supraoptimal
temperature is related to the process of nuclear division. Be as it may, at
this point we cannot provide further experimental evidence as to pinpoint
the precise location of this supraoptimal temperature switch, thus a
further inquiry in this direction is needed.

Another important feature of the cells treated with supraoptimal
temperature was the accumulation of starch as a superfluous energy
reserve due to the inhibition of cell division. This stems directly from the
fact that both growth and carbon metabolism remained unaffected by the
exposure to supraoptimal temperature facilitating the formation of

formidable starch reserves when compared to the cultures grown at the

Coordination of growth and cell cycle progression in green algae



Chapter VIII

optimal temperature. An important observation here was the fact that the
supraoptimal temperature effect could be negated by a subsequent
transfer back to optimal growth temperature proving that up to a certain
point temperature influence did not cause any permanent disruption of
the cell cycle machinery or the growth related metabolism. However, both
starch accumulation and growth rates were delayed after 18 hours at
supraoptimal temperature hinting that prolonged exposure can have a
detrimental impact on the cell. These intrinsic observations of the effect of
supraoptimal temperature on the cell cycle and growth related processes
in C. reinhardtii reaches beyond the field of fundamental research and can
potentially have profound implications for applied research and in
particular for microalgae derived biofuels.

In order to build upon these results, we next explored the implications
of our thus far fundamental knowledge about the influence of temperature
on the cell cycle from a biotechnological point of view. In chapter VI we
investigated the potential of turning C. reinhardtii into a platform for
commercial starch production. We made this attempt by exploiting the
presumed connection between the inhibition of cell division by
supraoptimal temperature and the over accumulation of starch. We
demonstrated that this approach for starch synthesis can be successfully
applied to large volumes of algal culture in conditions that are similar to a
putative industrial production process. In doing so, we investigated the
influence of culture density and hence light availability within the culture
and we explored the possibility for recovery of the culture after the supra
optimal temperature treatment. The results of our experiments indicated
that the major bottleneck in such a production process lies within the
ability to provide enough light per cell that can be converted into starch.
This indicates that restrictions for the production process are not of
physiological but rather of technical nature. Hence, engineering solutions
directed at improving bioreactor design and light penetration within the
algal culture are of vital importance for the economic viability of the
process. Our experiments also demonstrated the prospect of culture

recovery after the supraoptimal temperature treatment. Such an option

Coordination of growth and cell cycle progression in green algae



Chapter VIII

combined with the rapid starch accumulation can render our starch
synthesis process with a competitive advantage over conventional starch
producing provided that the previously mentioned technical challenges are
met.

Much of the data in this thesis describing growth related processes was
obtained by conventional biochemical analysis of macromolecules.
However, such analysis is often time consuming, labour intensive and
requires large sample volumes. In chapter VIl we, in collaboration with our
partners from the Institute of Physics of Charles University in Prague,
investigated the use of confocal Raman microscopy as an alternative to
conventional biochemical analysis. One of the big advantages of this
technique is that it allows for the analysis of several compounds at the
same time on a single cell level. Moreover, confocal Raman microscopy
enables the study of compounds, such as guanine, that are otherwise
impossible to detect by other means. With such tools the relation of
molecule formation to cellular compartments can be determined and
observed. Hence, confocal Raman microscopy can provide valuable
information about the spatial localization of different molecules and their
formation or degradation in the course of time. Another major advantage
of confocal Raman microscopy is its high sensitivity for certain compounds
when compared to biochemical analysis or fluorescence microscopy. This
was illustrated during our experiments by the detection of lipid bodies at
concentrations that otherwise could not be observed with conventional

fluorescence microscopy.

6.2 Conclusions

In order to summarise the crucial messages of this work we will turn
back to the combinations of working and null hypothesises that we
formulated at the end of chapter Il. In doing so we can state that:

According to our data we must accept null hypothesis 1. That is to say

the cell cycle progression in D. quadricauda does not appear to be in direct
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correlation with the cell growth processes and the attainment of critical

cell size.

Extensive research in both laboratory and pilot scale experiments

indicate that working hypothesis 2 is to be accepted. Supraoptimal

temperature does inhibit the cell cycle in C. reinhardtii causing cell cycle

arrest leading to over accumulation of starch.

As demonstrated by our pilot scale experiments working hypothesis 3

is correct. Production of starch through supraoptimal temperature in C.
reinhardtii is possible in pilot scale. However, it must be stated that the
economic viability of such a process can be vulnerable to technical

challenges.

Our work of comparing confocal Raman microscopy with biochemical

analyses reveals that working hypothesis 4 is to be considered as true.

Polyphosphates and a variety of other macromolecules in D. quadricauda
can be successfully observed and quantified using confocal Raman
microscopy. Not only that but the Raman technique provides a wealth of

data that is unparalleled by any approach of biochemical analysis.

6.3 Looking forward

The current thesis presents studies on the mechanisms of mutual
coordination between growth and cell cycle progression in green algae. It
furthermore explores the practical application of some of the results and
explores the use of confocal Raman microscopy as a novel technique for
analysis of macromolecules in microalgae.

Future work may include efforts directed at unravelling the molecular
mechanisms of coordination between growth processes, attainment of CP
and cell cycle progression in D. quadricauda. Such work will be facilitated
by the fact that the genome of D. quadricauda has already been fully
sequenced and annotated (Nag Dasgupta et al. 2018). This will enable the
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reconstruction of metabolic pathways associated with growth and cell
cycle progression in this particular organism. Not only that, but having the
complete genome sequence of D. quadricauda may allow for the location
and study of cell cycle associated genes responsible for the attainment of
CP and will enable the establishment of their regulatory pathways.

Another fascinating future research project will be to repeat the
temperature shift experiments in another phylogenetically distant group of
algae such as the phyla Rhodophyta. Although, as we have already
established, the principles of cell cycle regulation have been conserved
throughout much of the eukaryotic kingdom, some evolutionary
conditioned differences can still occur. It will be extremely interesting to
see whether our findings about the lack of direct connection between cell
cycle progression and cell growth in D. quadricauda can be confirmed in
another, evolutionary distant organism. A possible candidate for such
experiments can be C. merolae. This single cellular red alga has a cell cycle
that has been well studied and can be easily cultivated in synchronous
cultures making it a suitable complement to D. quadricauda for future
experiments (Fujiwara 2017; Suzuki et al. 1994).

For biotechnological applications, it might be interesting to study how
supraoptimal temperature affects the accumulation and overall
productivity of starch in other biotechnologically relevant microalgae such
as Chlorella sp.. Although starch synthesis as a result of supraoptimal
temperature treatment has been already described in Chlorella vulgaris no
large scale cultivation attempts utilizing this method have been made so
far (Setlik et al. 1975). Furthermore, it might be also of interest to
investigate the effect of supraoptimal temperature on the synthesis of
other economically important compounds such as lipids as well as the use
of more efficient cultivation models that can increase productivity and
reduce production costs.

Overall, it may be said that the question of elucidating the mechanism
for coordination between growth and cell cycle progression is so significant
for our understanding of the natural world that in all probability research

interests in this field will remain strong for the foreseeable future.
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