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Abstract: Along with algae as producers in ecosystems and industrial applications, some microalgae
existing in special ecological niches through endosymbiosis with other organisms represent
fascinating examples of biological evolution. Although reproducing endosymbiosis experimentally is
difficult in many situations, endosymbiosis of several ongoing types is possible. Endosymbiosis in
Paramecium bursaria is a particularly excellent model. Although many studies of P. bursaria have
specifically examined infection processes such as the host recognition of symbionts, coordination
of host-symbiont division, which has been explored for eukaryotic organelles, is worth pursuing.
Evaluating the cell (life) cycle of algae is crucially important for algal applications. Flow cytometry
(FCM) has been used to study cell cycles of several eukaryotic cells including microalgae. Microscopy,
however, has been used mainly to study endosymbiosis, as with P. bursaria, because of their larger size
than suitable cells for FCM with hydrodynamic focusing. Vast amounts of time have been expended
for microscopic analysis. This review presents an approach using capillary FCM to elucidate the
endosymbiosis of P. bursaria. Results reveal that endosymbiotic algae of P. bursaria finely adjust their
cell cycle schedule with their comfortable host and show that a coincident endosymbiont-host life
cycle is virtually assured in their endosymbiosis.

Keywords: endosymbiosis; microalgae; Chlorella; chlorophyll fluorescence; cell cycle; fluorescence
microscopy; evolution

1. Introduction

Phytoplankton such as microalgae support and underpin aquatic ecosystems, contributing as
ecosystem producers to the yields of both fish and shellfish. In addition to elucidating their role
in aqueous ecosystems, evaluation of algae and other phytoplankton is necessary for industrial
applications such as biofuel production [1-4], and for environmental surveys such as those of algal
blooms [5,6]. Ascertaining the cell (life) cycle of algae is crucially important for every algal application
because the rate of progression at the cell cycle of algae strongly affects algal health and integrity.
Although several approaches have been used to examine the cell cycle in the life science field, FCM
presents a standard and important technique to evaluate the cell (life) cycle of algae. It has been
proposed as a quick and reliable tool for studying cell status and the cell cycle [6]. The algae life cycle
is also a fascinating research topic because unicellular algae are convenient objects for flow cytometric
characterization [6].

It is particularly interesting that some microalgae have occupied special ecological niches by
establishing specific and symbiotic relations with other organisms, thereby offering fascinating
examples of biological evolution. In fact, the functions descended from symbionts to the host organisms
have been instrumental in advancing cell evolution [7]. For instance, photosynthesis occurs in nearly
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every algae and plants. However, red and green algae, as is true in land plants, are truly products of
evolutionary results derived from primary endosymbiosis between a cyanobacterium (a photosynthetic
prokaryote) and a colorless eukaryotic cell [8-11]. In addition to the clues related to aspects of
biological evolution, production of artificial endosymbiosis such as photosynthetic animal cells might
provide useful hints that can elucidate cell development. Nevertheless, reproducing endosymbiosis
experimentally is difficult because almost all endosymbionts, including organelle-like symbionts, can
no longer survive outside of a host cell.

Several endosymbioses aside from those completed endosymbioses described above are presently
under examination, including those between freshwater eukaryotic hosts and eukaryotic algal symbionts
in a protozoan Paramecium bursaria [12-16] and green hydra Hydra viridissima [12,17,18] as generally
known as H. viridis, and between marine eukaryotic hosts and unicellular algal symbionts in an
anthozoan coral [12], marine sponges [19-23], a upside-down jellyfish Cassiopea xamachana [12],
an ascidian Didemnum molle [12] and a type of sea slug Melibe engeli [24]. Several studies using
microscopy have revealed that the ciliate protozoan P. bursaria harbors several hundreds of Chlorella-like
algae in its cytoplasm [7,25,26] (Figure 1A). Exposure of P. bursaria to specific chemicals such as
a herbicidal paraquat [27] and the human neurotoxin acrylamide [28,29] or incubation of P. bursaria
in complete darkness [30] can turn the symbiotic association topsy-turvy. Such treatments eventually
produce algae-free paramecia (Figure 1B). Here, herbicidal action of paraquat and acrylamide [29]
against endosymbiotic algae and the ciliate hosts is related to production of reactive oxygen species.
Unlike the sexual reproduction of H. viridis [18], sexual reproductive capability by conjugation of
algae-free Paramecium is uninfluenced by the removal of endosymbionts [7] (Figure 1C,D). Growth of
P. bursaria certainly produces advantages such as photosynthetic products from endosymbiotic algae,
leading to their greater proliferation than that of algae-free Paramecium (Figure 1E). Their endosymbiotic
algae are apparently unnecessary for the survival of their ciliate hosts, testifying that the algae-free
strain of P. bursaria can increase uneventfully in culture media containing bait bacteria for P. bursaria,
independently of the compatible algal partners for the ciliate hosts (Figure 1E). Several studies
have described that exosymbiotic algae experimentally isolated from the ciliate hosts can increase
independently from the hosts [5,25]. The expression “exosymbiotic alga” in this study denotes an
experimentally cloned alga isolated from P. bursaria. Unlike organelles such as mitochondria derived
from a eubacterium and chloroplasts from a cyanobacterium, exosymbiotic algae isolated from P. bursaria
can self-manage their cell cycle pace. When the algae-free Paramecium is blended with exosymbiotic
algae, the algae-free Paramecium takes algae and restores the symbiotic relation between endosymbionts
and ciliate hosts to a natural and healthy state [25,30,31]. From these features, the endosymbiosis in
P. bursaria is referenced as an excellent model for use in experimental endosymbiosis. These symbioses
observed in P. bursaria are established by the following multistage processes [7]: (1) Intake or infection of
symbionts into a host cell; (2) Appropriate recognition of ingesta or invaders as a symbiotic partner by
the host cell; (3) Acceptance of them by the host, but not forced eviction of them by host phagocytosis;
and (4) Stable establishment of endosymbiosis. Particularly, the establishment of endosymbiosis is
related with the stability of the endosymbiotic algae cell cycle, which is controlled by each host cell.
In fact, a single-cell analysis of P. bursaria using microscopy revealed that endosymbiont numbers
double immediately before the host enters the division phase [15,30]. Consequently, endosymbionts
must arrange their cell cycle schedule if changes in the culture conditions delay the generation time
of P. bursaria. Although many symbiotic studies involving symbiosis in P. bursaria have specifically
examined infection processes such as the recognition of appropriate symbionts by the host [25,30], much
less attention has been devoted to long-term stability in the endosymbiotic relation between the host
and endosymbiotic algae. The coordination of host-symbiont division, like that done by eukaryotic
organelles that have endosymbiotic evolutionary origin, is worth investigation [7,32,33].

Microscopy has served as a common tool for analyses of P. bursaria endosymbiosis. A vast
amount of time for obtaining data, however, has been expended for studies based on microscopic
techniques. This review presents an approach for studying the endosymbiosis of P. bursaria using
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capillary FCM [34] and life cycle behavior between endosymbionts and the host [7]. With the addition
of a more time-saving method using FCM than methods using microscopic techniques, this analysis
demonstrates that endosymbiotic algae fine-adjust their cell cycle schedule with their comfortable host
and indicates that a coincident life cycle between the endosymbiotic algae and the host is virtually
assured in the endosymbiosis of P. bursaria [7].
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Figure 1. P. bursaria in a natural state and several experimental states. Photographs show P. bursaria
with endosymbiotic algae in a natural state (A) and algae-free Paramecium (B) produced by treatment
of P. bursaria with paraquat herbicide. Photographs ((C) a bright field image and (D) the corresponding
fluorescence image) show sexual conjugation of native P. bursaria with an algae-free strain of P. bursaria
produced by exposure of a human neurotoxin acrylamide to P. bursaria. Red and blue fluorescence
in the panel D respectively derive from endogenous chlorophyll of endosymbiotic algae and from
DAPI-staining Paramecium nuclei. Here, panels A-D were referred from the literature [7]. (E) The graph
depicts growth kinetics of algae-bearing P. bursaria cultured under an LD cycle (12 h light/12 h dark)
(white circle), that under DD (constant dark) (black circle), algae-free P. bursaria under a LD cycle (white
square), and alga-free cells under DD (black square) in media containing bait bacteria. The numbers of
paramecia (average + S.D.) are shown over time.
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2. Life Cycle of Endosymbionts in P. bursaria Host Cell Analyzed Using Microscopic Analysis

Several ongoing plastid-acquisition types of endosymbiosis are observed in sacoglossan sea slugs
such as Elysia chlorotica and E. timida [11,35-37], and in the marine ciliate Mesodinium rubrum [38—-41].
However, they are defective in their ability to maintain permanent endosymbiosis. Their plastids
derived from endosymbiosis, for instance, are not transmitted vertically. They do not undergo division
in the sea slugs [11]. In contrast to the transient endosymbioses described above, the endosymbiosis in
P. bursaria is apparently a coordinated endosymbiosis, with the result that endosymbiotic algae undergo
cell division in P. bursaria host cells. They are subsequently transmitted to daughter cells. To maintain
endosymbiosis permanently in P. bursaria, it is a crucially important task for the P. bursaria host cell to
distribute endosymbionts equally to daughter cells during cytokinesis of P. bursaria. The prominent
cellular motion of P. bursaria, rotational cytoplasmic streaming, changes through their cell cycle [15].
The microtubule-based cytoplasmic streaming [42] at their interphase circulates cytoplasmic granules
and endosymbionts of P. bursaria in a constant direction [15,42], although the streaming is arrested
at the division phase of P. bursaria [15]. The surcease at the division phase of P. bursaria might be
related to allotment of cytoplasmic microtubules for microtubule-based nuclear division (Figure 2).
In fact, cytoplasmic streaming is at least arrested during macronuclear division. It is noteworthy
that their endosymbiotic algae proliferate only during the arrest of cytoplasmic streaming (Figure 3),
even if artificial arrest of the streaming in paramecia occurs at the interphase by pressure or as the
effect of a microtubule drug [15]. The endosymbionts do not more than double in number even if
under conditions of arrested cytoplasmic streaming (Figure 3A) [15]. In fact, endosymbiotic algae in P.
bursaria at the stationary phase and cytokinesis seldom divide, although algae undergoing cell division
and autospores have been observed frequently during macronuclear division of P. bursaria (Figure 3B).
Consequently, P. bursaria have mechanisms to maintain endosymbiosis for regulating the number of
endosymbionts through the cell cycle.

Bright Fluorescent images Bright Fluorescent images
image Chlorophyll DNA (DAPI) Merged image image Chlorophyll DNA (DAPI) Merged image
L4 F | Fq Fn F”s

Figure 2. Morphological changes of P. bursaria through the host cell cycle. Photographs show P. bursaria
from interphase (A) to late cytokinesis (J). In addition to bright field images at each stage, corresponding
fluorescence images for chlorophyll of endosymbiotic algae and DAPI-staining Paramecium nuclei
are shown. Here, parts (panels I and I"’) of the photographs were referred from the literature [15].
Others present unpublished data from a study of the literature [15].
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Figure 3. Cytoplasmic streaming of P. bursaria and the number of endosymbiotic algae in each host cell
through the host cell cycle. (A) The bar graph shows the numbers of endosymbiotic algae in respective
host cells (average + S.D.) at respective phases of the host cell cycle (stages 1-4). The endosymbionts
are classified into a unicellular cell (purple), 2 (green), and 4 autospores (white) in this panel. The table
presents whether cytoplasmic streaming of P. bursaria occurs (+) or not (—), and the total number of
endosymbiotic algae in P. bursaria. Here, * and ** respectively denote significant differences with ¢-test,
*p <0.005 and ** p < 0.001 vs. the number of endosymbionts in a host cell at the interphase. Panel A
was referred from the literature [15]. (B) Microphotographs at each phase of host cell cycle: arrowheads
indicate endosymbiotic algae at 2 and 4 autospores. Scale bar, 20 um. The panel presents unpublished
data from a study of the literature [15].

Perceiving each life cycle of individual alga from several hundred endosymbionts in P. bursaria
using microscopic operation alone is difficult work. To elucidate endosymbiosis between the P. bursaria
host cell and endosymbiotic algae, developing some method to monitor the life cycle of endosymbionts
in P. bursaria effectively and sensitively is crucially important.

3. Analysis for Studying Endosymbiosis of P. bursaria Using Capillary FCM

3.1. Capillary Type Flow Cytometry, Not Hydrodynamic Focusing with Sheath Fluid, to Detect Intact
Paramecium Cells

Over the last several decades, FCM has served as a powerful and valuable tool for studies in
areas such as cell biology, microbiology, protein engineering, and healthcare [2]. FCM has functions to
conduct several procedures such as cell counting, biomarker detection, cell cycle analysis, and cell sorting.
On studying algae, FCM in analogy with spectrofluorometry can pick up chlorophyll fluorescence of
algae, and can evaluate several properties of individual alga [6]. Many commercially available flow
cytometers use hydrodynamic focusing with sheath flow to analyze particulate analytes such as floating
cells. Hydrodynamic focusing with sheath fluid enables standard flow cytometers to select single
cell one-by-one from samples containing cells of different types (panel 1 in Figure 4A). These flow
cytometers with flow cell tips having common diameters of 50-72 um [43] are optimized for suspended
cells with 1-30 um diameter [7,44]. Therefore, the use of a typical nozzle in commercial FCM imposes
important limitations and challenges for the sorting and analysis of larger cells [45]. For that reason,
few FCM techniques using hydrodynamic focusing have been used to study complex systems between
eukaryotic host cells and small eukaryotic endosymbionts such as microalgae [7], which has cell width
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and length of ca. 50 pum and 120-150 pm more than cells for standard FCM. In fact, a few reports of the
literature describe FCM analysis of intact P. bursaria host cells using an instrument nozzle of a special size:
200 um diameter [46]. In terms of morphological usability of microalgae for FCM, more exosymbiotic
algae isolated from P. bursaria than the host cells have been studied and analyzed using FCM [5,6,47].
Many data obtained only from their algae, however, are entirely inadequate to clarify the mechanisms
underlying endosymbiosis or the life cycle of endosymbionts remaining in P. bursaria because these
exosymbiotic algae have already been disengaged from control by the host [7,34]. To evaluate and
understand the cell (life) cycle dynamics of endosymbiotic algae in P. bursaria but not exosymbiotic algae,
one must detect and evaluate intact P. bursaria host cells using FCM.
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Figure 4. Analytical overview of P. bursaria using capillary FCM. (A) Diagrammatic view of a
flow cell to pick up single cells one-by-one for flow cytometers. Panels (1) and (2) respectively
present a conventional flow cytometer with hydrodynamic focusing and a capillary flow cytometer.
(B) Overview of the system using a capillary FCM. Cells that had gotten through a rectangular capillary
are measured using a capillary FCM. This system can detect forward scatter signals, chlorophyll
fluorescence in the red fluorescence channel (680/30 nm BP filter), and fluorescence in the yellow
channel (576/28 nm BP filter) simultaneously. (C) Example of FCM measurements of P. bursaria fixed
with 5% (v/v) formalin using capillary FCM: the scatter plot shows the detection of intact P. bursaria
host cells (R1) and endosymbiotic algae (R2) disengaged from P. bursaria. (D) This microscopic image
shows samples collected from the waste bottle of the capillary flow cytometer. Panels (B-D) were
referred from the literature [34], but were modified.

To characterize P. bursaria using FCM, recent studies have demonstrated that microcapillary FCM
(panel 2 in Figure 4A), not hydrodynamic focusing, can detect intact P. bursaria [7,34]. For instance,
the Muse™ Cell Analyzer (Merck Millipore Corp., Hayward, CA, USA), which has a photodiode for
detection of forward scatter signals and a 680/30 nm band pass (BP) filter suitable for chlorophyll
fluorescence [34] (Figure 4B), can detect not only endosymbiotic algae but also intact P. bursaria
host cells through a rectangular capillary with a 100-um round bore (Figure 4C). As shown in
Figure 4C, two distinct populations (designated as R1 and R2) from P. bursaria cells are detected using
capillary FCM. Scattered signals in the R1 region (Figure 1C) signify intact P. bursaria cells possessing
endosymbiotic algae. In contrast to signals in the R1 region, the remarkably large number of smaller
signals in the R2 (Figure 1C) shows endosymbionts released from some broken P. bursaria host cells [34].
For comparison, pure-cultured exosymbiotic algae isolated from P. bursaria, but not algae disengaged
from P. bursaria, were also detected only in R2 (data not shown) [34]. When cells that passed through
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the capillary were collected from the waste liquid bottle of an instrument and were observed, they
were found to include several morphologically intact P. bursaria (Figure 4D) [34]. According to a report
of an earlier study [34], the rate of passage of intact P. bursaria cells through the capillary was 79 & 9.9%.
P. bursaria has several hundred endosymbiotic algae (ca. 400-500 endosymbionts/ Paramecium) in the
cytoplasm [15,27]. Therefore, it is noteworthy that major signals as the overall signals in R1 plus R2 are
apparently from endosymbiotic algae disengaged from host cells, even if a few host cells are broken
(Figure 4C). These results demonstrated that at least several intact P. bursaria cells can pass through
the measurement point irradiated by an excitation laser. Consequently, this system is expected to be
a high-potency tool for studies of endosymbioses such as that shown in P. bursaria [7,34].

3.2. Detection of Difference in Cell Cycle of P. bursaria Host Cells Using Capillary FCM

As presented in Figure 2, P. bursaria apparently changes its shape through the cell cycle. Figure 5A
depicts P. bursaria at the interphase. Figure 5B,C present P. bursaria cells at the nuclear division
phase. Figure 5D portrays Paramecium at cytokinesis [7]. Unlike microscopic analysis, FCM is
a population analysis. Data analyzing the P. bursaria population includes details about both host cells at
the interphase and division phase. Before evaluation of the life cycle dynamics of endosymbiotic algae
in P. bursaria, it is important to ascertain whether a capillary FCM can detect differences in the cell cycle
of P. bursaria host cells and whether data from a capillary FCM enables us to characterize the cell cycle
of host cells. Almost all available test cells, including mammalian, protozoa, and bacteria, proliferate
through the processes of a logarithmic growth phase (an exponential growth phase), stationary phase,
and finally result in death phase because of nutrient depletion and the accumulation of metabolic
waste in culture media. Consequently, P. bursaria host cells at the division phase (Figure 5B-D) must
be observed more frequently in the Paramecium culture at the logarithmic phase than in cultures at
other phases. The growth of P. bursaria host cells was first tracked (black circle in Figure 5E) [7]. Later,
the generation time (white squares in Figure 5E) was calculated from the total number of host cells
using the following Equations (1)—(3) [7]:

N =Np x 2(t/8) (1)
log N =1log (Ng x 2/8)) )
g =(t x log2)/log (N/Ny) 3)

Here, t and g respectively represent the incubation time (h) and the generation time (h). Moreover,
N and N respectively denote the numbers of paramecia (cells/mL) after incubation and the initial
cell density of paramecia (cells/mL) before incubation. Consequently, t/g stands for the cell division
frequency. From this graph (Figure 5E), the culture time from 1 day to 4 days of incubation was regarded
as the logarithmic phase of host cells, whereas the culture time at 7-day of incubation was regarded
as the early stationary phase. In response to an entry to stationary phase of P. bursaria, the generation
time was extended gradually from ca. 16 h to more than 24 h simultaneously with the reduction of the
number of P. bursaria division times [7]. To detect the cell cycle-dependent cell morphology of host cells
using capillary FCM, P. bursaria at each phase was subjected to capillary FCM (Figure 5F). Based on the
gating strategy portrayed in Figure 4C, signals of host cells alone were extracted from data obtained
using capillary FCM. The reconstructed result (Figure 5F) revealed three distinguishable populations
detected from forward scatter signals [7]. Each is related to the cell size. The populations of small cells
of P. bursaria are host ciliates shortly after Paramecium cell division (dotted line, Ap in Figure 5F), cells at
cytoplasmic fission (cytokinesis) as shown in Figure 5D (Bp in Figure 5F), and intermediary cell sizes at
the interphase or karyokinesis (Int in Figure 5F). Results show that capillary FCM can detect cell-cycle
dependent changes and other subtle changes of P. bursaria at the microscopic level. Moreover, unlike
conventional FCM with hydrodynamic focusing, capillary FCM need not have any particular size of
nozzle to pick up large cells such as P. bursaria host cells. Capillary FCM might contribute to many
time-saving and sensitive procedures to advance the study of symbiosis.
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Figure 5. Growth dynamics of P. bursaria host cells and its detection using capillary FCM.
(A-D) Micrographs of P. bursaria at interphase and division phase are shown. (E) Chronologic
population dynamics of P. bursaria host cells (black circle) were tracked over time. The generation time
(white circle) estimated from the number of P. bursaria is also shown. (F) Data obtained with P. bursaria
are shown as forward scatter signals (FSS) vs. count (% of total signals for intact P. bursaria cells).
As described in the literature [7], dotted lines in panel F display each discernible peak size of P. bursaria.
Each dotted line respectively shows the group of small Paramecium cells shortly after Paramecium
cell division (Ap), that of cells in the process of cytokinesis (Bp), and those of the intermediary cell
sizes at both the interphase and in the process of karyokinesis (Int). Panels (A-F) were referred from
the literature [7].

3.3. Cooperative Population Dynamics of Endosymbiotic Algae in P. bursaria Host Cells in Response to the Cell
Cycle of Host Cells

It remains poorly understood how endosymbionts act in accordance with the
culture-condition-dependent behaviors of P. bursaria host cells, as presented in Figure 5E.
Technical advantages of capillary FCM over other conventional techniques include the concurrent
evaluation of both endosymbionts and their P. bursaria host cells [7]. To evaluate the optical
characteristics of endosymbiotic algae throughout the population dynamics of P. bursaria as presented in
Figure 5E, P. bursaria at different phases (Figure 5F) was subjected to capillary FCM. Based on the gating
strategy portrayed in Figure 4C, signals of endosymbionts were extracted from data obtained using
capillary FCM. The results are expressed as scatter plots for the size (forward scatter) vs. chlorophyll
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contents (red fluorescence intensity) (Figure 6A) [7]. Results obtained from capillary FCM exhibit that
the variation of endosymbiotic algae changed with the culture duration of P. bursaria. Gerashchenko et
al. demonstrated that the cell size and chlorophyll contents of microalgae such as Chiorella sp. and
exosymbiotic algae are closely correlated with the algal cell cycle [5,6]. Considering the algal cell
cycle, the distribution of endosymbionts depicted in Figure 6A was categorized into three populations:
a population of algae with both small size and high chlorophyll contents (designated as region I) for
a growing alga, a population of both large size and high chlorophyll contents (region II) for those
including autospores, and a population of low chlorophyll contents (region III) for those of a unicellular
alga immediately after division (Figure 6B) [7]. Using categorization of endosymbiotic algae, the algal
ratio in each region (regions I-III) was estimated and compared for each culture duration (0-7 days)
(Figure 6C). These analyses revealed that both ratios of regions I and II increased incrementally with
incubation time, whereas the ratio of region III decreased.
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Figure 6. Demographic dynamics of endosymbiotic algae in P. bursaria using capillary FCM. (A) Scatter
plots for forward scatter signals (FSS) vs. red fluorescence intensity are shown using data obtained
from P. bursaria at different growth phases. It is noteworthy that the displayed signals include only
data from endosymbiotic algae, but not from intact P. bursaria host cells. (B) A result of comparison
among distributional patterns of endosymbionts is portrayed culture term by culture term. Based on
algal optical properties related to the algal cell cycle, the distributional patterns of endosymbionts are
classified into three populations (regions I-III). Here, labels denote the St. 1, “growth” stage; St. 2,
“ripening” stage; and St. 3, “division and autospore liberation” stages. (C) Chronological changes of
algal distribution patterns are estimated as the composite bar chart at each incubation time of P. bursaria.
These panels (A—C) were referred from the literature [7].
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The ratio of each cell cycle phase at some instant (Figure 6C) is related closely to the actual duration of
each cell cycle phase in analogy with culture-condition-dependent prolongation of the generation time in
P. bursaria (Figure 5E). The present study compared the chronological population changes of endosymbiotic
algae in P. bursaria with the host generation time (Figure 7). When P. bursaria host cells were at the
exponential growth phase, the data (Figure 7) [7] show that endosymbiotic algae of regions I and II divide
instantly and show that a smooth flow of endosymbiotic algae occurred from both algae at the growth
phase (regions I) and the division phase (regions II) to algae at the autospore liberation phase (region
III) (upper panels in Figure 8). In contrast, data obtained from P. bursaria at the early stationary phase
show that endosymbiotic algae of regions I and II divide at a crawl: a slow flow of endosymbiotic algae
occurs from algae at the division phase (regions II) to algae at the autospore liberation phase (region III)
(lower panels in Figure 8). Endosymbiotic algae in P. bursaria apparently behave similarly to chloroplasts
as photosynthetic apparatus because they contribute to the nutritional benefits of host cells (Figure 1E).
Regarded in terms of features, the relation between the Paramecium host cells and the endosymbionts
is similar to that between a phototrophic eukaryote and chloroplast(s). Many plastid division genes
and proteins have been relocated evolutionarily to the eukaryotic host nucleus through endosymbiotic
gene transfer (EGT) events [7,32,33,48-50]. The synchronous division between chloroplasts and each
eukaryotic host cell is achieved in most algal species such as red and green algae, and in land plants in the
following manner: each host cell dominantly regulates expression of the nucleus-encoded plastid division
genes and proteins. Although organelles such as chloroplasts cannot become self-sustaining outside of an
eukaryotic cell, exosymbiotic algae isolated from P. bursaria can proliferate independently from the host
ciliate [5,25,47]. Endosymbiotic algae of P. bursaria, unlike organelles such as chloroplasts, are expected
to be able to self-manage their cell cycle pace even if they remain in the host Paramecium. From several
single-cell analyses of P. bursaria, these studies using microscopy have clarified that a host cell of P. bursaria
strictly modulates the number of endosymbiotic algae [15,51] (Figure 3). This study using capillary FCM
also captures the feature of the cell-cycle cooperative dynamics between the host Paramecium and the
endosymbiotic algae (Figures 7 and 8). In spite of the self-organized potential of endosymbiotic algae,
they realize the necessity of hastening or slowing their cell cycle schedule with their host cell cycle in one
way or another. These cooperative cell cycle dynamics between the host and endosymbiotic algae might
support the synchronization of chronological behaviors between endosymbionts and their Paramecium
host cell even if such a change delays the host cell generation time.
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Figure 7. Entrainment of chronological behaviors between endosymbionts and their host paramecia.
Host generation times (Figure 5E) and the chronological group dynamics of endosymbiotic algae in
P. bursaria (Figure 6C) were compared. Yellow and white areas in the graph respectively represent the
duration for the exponential growth phase and the initial stationary phase of P. bursaria. The figure was
referred from the literature [7].
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Host paramecium | Symbiotic algae in each host cell

High proliferation activitj:?

in early log phase of P. bursaria

St. 3

Fastand continuous cell cycle

Red Fluorescence Intensity

stationary phase of P bursaria

Low proliferation activity:

Late cell cycle in late log phase and

Late or arrest of algal life cycle at stages 2 and 3

Figure 8. Cooperative dynamics of cell cycle between endosymbiotic algae and their host Paramecium.
When the host cells are at the logarithmic growth phase and have high proliferation activity,
endosymbiotic algae divide instantly. Then the smooth transition of endosymbionts occurs from
algae at the growth and division phases to daughter algae (upper panels) (designated solid arrows).
In contrast, endosymbiotic algae divide at a crawl when the host cells are at the early stationary phase
and have low proliferation activity. Subsequently, a slow transition of endosymbionts occurs from
algae at the division phase to daughter algae (lower panels) (indicated by dotted arrows).

4. Conclusions

Complex symbiosis models such as P. bursaria and H. viridissima, which are representative
symbiosis models, are sufficiently larger than suitable cells for conventional FCM with hydrodynamic
focusing. For just that reason, examination of symbiosis models such as those described above is
difficult when done directly using conventional FCM. Unlike conventional FCM with hydrodynamic
focusing, capillary FCM not only detects intact P. bursaria (Figure 4) but also discriminates a subtle shape
change of the host cells (Figure 5). Moreover, the technique using capillary FCM can evaluate the life
cycle dynamics of endosymbionts in the host cells simultaneously (Figure 6). Eventually, this technique
can capture features by which the endosymbionts act in concert with culture-condition-dependent
behaviors of the host cells by arranging their cell cycle schedule accordingly (Figures 5-8). Moreover,
this technique reveals that a coincident life cycle between the endosymbiotic algae and the Paramecium
host cell is virtually assured in the P. bursaria symbiosis system. In addition to detecting endogenous
fluorescence of their endosymbiotic algae, the combination of fluoresceinated antibodies to cell-cycle
regulatory proteins and the capillary FCM might provide invaluable insights to support symbiosis
studies. Taken together, the evidence shows that this technique might elucidate why and how the
number of endosymbionts in P. bursaria before the host division is approximately equal to their number
after division.
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FCM flow cytometry
LD light/dark cycle
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DAPI 4/ 6-diamidino-2-phenylindole

S.D. standard deviation

BP band pass
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