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Endosymbiotic Chlorella variabilis
reduces mitochondrial number
in the ciliate Paramecium bursaria

Yuuki Kodama®™ & Masahiro Fujishima?

Extant symbioses illustrate endosymbiosis is a driving force for evolution and diversification. In

the ciliate Paramecium bursaria, the endosymbiotic alga Chlorella variabilis in perialgal vacuole
localizes beneath the host cell cortex by adhesion between the perialgal vacuole membrane and host
mitochondria. We investigated whether host mitochondria are also affected by algal endosymbiosis.
Transmission electron microscopy of host cells showed fewer mitochondria beneath the algae-
bearing host cell cortex than that of alga-free cells. To compare the density and distribution of

host mitochondria with or without symbiotic algae, we developed a monoclonal antibody against
Paramecium mitochondria. Immunofluorescence microscopy with the monoclonal antibody showed
that the mitochondrial density of the algae-bearing P. bursaria was significantly lower than that of the
alga-free cells. The total cell protein concentration of alga-free P. bursaria cells was approximately 1.8-
fold higher than that of algae-bearing cells, and the protein content of mitochondria was significantly
higher in alga-free cells than that in the algae-bearing cells. These results corresponded with those
obtained by transmission electron and immunofluorescence microscopies. This paper shows that
endosymbiotic algae affect reduced mitochondrial number in the host P. bursaria significantly.

Mitochondria and the photosynthetic plastids in eukaryotic cell were derived from once free-living prokaryotic
cells, which symbiotically acquired by some early cells’. This endosymbiosis process provided plants for animals
to eat and additional oxygen for their breathe and thus Earth has been changed drastically?. Endosymbionts
in protists help host cells with new biochemical processes, such as photosynthesis, nitrogen fixation, nitrogen
recycling, methanogenesis, and sulfide oxidation®. The ciliate Paramecium bursaria harbors approximately 700
symbiotic Chlorella spp. cells in its cytoplasm, and the ciliate is one example which shows symbioses as a mecha-
nism of evolutionary innovation®. These algae are enclosed in a symbiosome called the perialgal vacuole (PV)
membrane, derived from the host digestive vacuole (DV) membrane. The PV membrane protects the algae from
host lysosomal fusion®~’. Symbiotic algae supply the host with photosynthetic products, mainly maltose®-!!, while
the host provides the algae with nitrogenous compounds and CO,>'?"**, Uniquely, irrespective of the mutual rela-
tionship between P. bursaria and Chlorella spp., their relationship is not obligatory. Each can grow independently
under suitable conditions. In addition, alga-free P. bursaria can be reinfected with isolated symbiotic algae by
ingestion of the algae into host DV's. Based on these characteristics, P. bursaria and Chlorella spp. are considered
textbook examples of endosymbiosis in protists®.

In previous studies, by pulse-labeling alga-free P. bursaria for 1.5 min with symbiotic algae isolated from
algae-bearing paramecia and then chasing at specific times, we identified four important cytological events
necessary for the establishment of endosymbiosis, as well as the timings of each during the algal infection
process”!'>-%. These four cytological events are described below. (i) Three minutes after algal mixing, part of
the algae is resistant to the host’s lysosomal digestive enzymes in the DVs!'®!#_ (ii) Within 30 min of mixing,
algae in the DV begin budding from the DV membrane and enter the cytoplasm'®. (iii) Fifteen minutes after
budding, the DV membrane enclosing a single green Chlorella differentiates into a PV membrane, protecting
the alga from host lysosomal fusion'®!8. (iv) The alga surrounded by a PV membrane translocates beneath the
host cell cortex'®*>**, Furthermore, the PV appears to localize near the host mitochondria and trichocysts®.
Trichocysts are defensive organelles against predators embedded in the Paramecium cell cortex®. Indirect immu-
nofluorescence microscopy using a monoclonal antibody (mAb) against the trichocysts demonstrates that the
trichocysts change their localization to form algal attachment sites and decrease their number beneath the host
cell cortex through algal reinfection. Transmission electron microscopy (TEM) showed that some trichocysts
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near the host cell cortex were digested by host lysosomal fusion during algal reinfection. These results indicate
that symbiotic algae compete for their attachment sites with the pre-existing trichocysts and ensure attachment
beneath the host cell cortex?.

Many mitochondria are observed around the symbiotic Chlorella sp., similar to trichocysts in algae-bearing
P, bursaria, and the symbiotic algae adhere to host mitochondria®>. About host mitochondria in symbiotic state,
Reisser reported that symbiotic algae in P. bursaria show a higher rate of photosynthetic oxygen production than
those in the isolated state and thus guarantee an oxygen supply for the host'®. Furthermore, recently He et al.
also showed that the endosymbiotic algae may produce sufficient oxygen through their photosynthesis for the
host cells to maintain cellular respiration in mitochondria?’. Therefore, we had considered that the presence of
symbiotic algae wrapped in the PV membrane may affect the number and function of host mitochondria. Song
et al. reported that the PV membrane directly contacts the P. bursaria’s mitochondrial membrane®®. Similar
results were observed in Mayorella visiris?**, Toxoplasma gondii*', Plasmodium sporozoites®, and Encepha-
litozoon microsporidia®. Therefore, the association of host mitochondria with symbionts may be a universal
component in symbiotic relationships.

Here, we observed cell cortex of alga-free and -bearing P. bursaria cells using TEM to examine the relation-
ships between host mitochondria and symbiotic algae wrapped with the PV membrane. To examine whether
the host mitochondria were affected by the endosymbiotic algae, we developed a mAb against Paramecium
mitochondria. The relationships between the distribution of the symbiotic algae and the density of mitochondria
were analyzed by an indirect immunofluorescence microscopy using mAb. The immunofluorescence localization
was compared using the fluorescence of a mitochondria-specific dye, MitoTracker Green FM. Furthermore, the
total cell protein concentration and that of the four kinds of cell extracts, including the mitochondrial mem-
brane, was examined in the presence or absence of symbiotic algae. From the previous transcriptome data of host
P bursaria®, the expression levels of mitochondria-related genes were compared in the presence or absence of
symbiotic Chlorella variabilis.

Methods

Strains and cultures. The symbiotic Chlorella sp.-free (alga-free) P. bursaria strain Yadlw was produced
from the Chlorella sp.-bearing (algae-bearing) P. bursaria strain Yadlg as described previously'®. The algae-
bearing Yad1gIN strain was produced by infecting Yadlw cells with cloned symbiotic Chlorella sp. 1 N cells?>.
This strain was identified as C. variabilis by rbcL gene analysis (accession number PRJDB12213, https://ddbj.
nig.ac.jp/resource/bioproject/PRJDB12213 ). Both alga-free and algae-bearing P. bursaria cells were cultured in
red pea (Pisum sativum) extract culture medium?®® with a modified Dryl’s solution®*® (KH,PO, was used instead
of NaH,PO,-2H,0) and inoculated with Klebsiella aerogenes (strain ATCC 35028) 1 day before use. In all cul-
tures, several hundred P. bursaria cells were inoculated into 2 mL aliquots of culture medium in test tubes.
Subsequently, 2 mL aliquots of fresh culture medium were added every day and were cultivated for 12 days. The
next day, the cultures reached to the early stationary phase of growth. All the cells used in this study were at this
phase. Cultivation of the algae-bearing P. bursaria strain and all experiments were performed at 23 °C+1 °C
under fluorescent lighting at 20-30 umol photons m™ s! using an incandescent lamp. Alga-free P. bursaria were
cultivated under the same conditions, without lighting. All Paramecium strains used in this study were provided
by the NBRP Paramecium Laboratory, Yamaguchi University, with support, in part, by the NBRP of the Ministry
of Education, Culture, Sports, Science, and Technology (MEXT) (http://nbrpcms.nig.ac.jp/paramecium/?lang=
en).

TEM. Both algae-bearing and alga-free P. bursaria were pre-fixed with 2% glutaraldehyde and prepared for
TEM as described previously®’. The paramecia embedded in Spurr’s resin®® were sectioned (70 nm thickness)
using an ultramicrotome (Reichert Ultracut S; Leica Microsystems, Vienna, Austria) with a diamond knife,
mounted on nickel mesh grids, and stained with lead citrate®. The sections were observed using TEM (CM120;
Philips) at 80 kV.

Production of a mAb specific for Paramecium mitochondria. We produced a mitochondria-specific
mAb as described in our previous research article?>. The homogenate of algae-bearing P. bursaria was injected
into the peritoneal cavity of an 8-week-old BALB/c mouse. A hybridoma clone, mAb2B8A8HI1, was used in this
study. Hybridoma cell production was performed following the guidelines for the use of animals in research at
Yamaguchi University.

Indirect immunofluorescence microscopy. Indirect immunofluorescence microscopy was performed
as described previously*?. Aliquots of P. bursaria cells were air-dried on cover glasses (4.5x24 mm). The cells
were then fixed with 4% (w/v) paraformaldehyde in phosphate-buffered saline (PBS) (137 mM NaCl, 2.68 mM
KCl, 8.1 mM NaHPO,12H,0, 1.47 mM KH,PO,, pH 7.2) for 10 min at 4 °C. Then, the fixed cells were washed
with PBST (PBS containing 0.05% Tween 20) and PBS for 10 min at 4 °C. The cells were then treated with
mAb overnight at 4 °C. The cells were washed twice with PBS. Next, the cells were treated with Alexa Fluor
488 (AF488) goat anti-mouse IgG (Molecular Probes) diluted 1,000-fold with PBS for 2 h at 23 °C+1 °C and
washed twice with PBS for 10 min. The samples were observed under differential interference contrast (DIC)
and fluorescence microscopy (BX53; Olympus, Tokyo, Japan) equipped with Olympus fluorescence mirror units
U-FBNA (excitation 470-495 nm, emission 510-550 nm) for AF488 and U-FGW (excitation 530-550 nm, emis-
sion 575 nm) for algal autofluorescence. Images were acquired using an Olympus DP74 system and analyzed
using the Olympus cellSens Dimension software.
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Visualization of P. bursaria mitochondria with MitoTracker Green. MitoTracker Green was
obtained from Molecular Probes (Eugene, OR, USA) and stored at -20 °C until further use. To stain the mito-
chondria with this reagent, approximately 5,000 algae-bearing P. bursaria cells/ml in MDS were mixed with
MitoTracker Green at a concentration of 500 nM under constant dark conditions at 23 °C+1 °C, and the cells
were observed using DIC and fluorescence microscopy within 10 min after mixing.

Protein quantification of the host P. bursaria with or without symbiotic algae. Alga-free and
algae-bearing P, bursaria cells in the early stationary phase of growth were strained through two layers of Kim-
wipes to remove gross debris. The cells were transferred to a plastic beaker equipped with nylon mesh with a
pore size of 15 pm. The paramecia were harvested, and the cell pellet was washed by pouring 100 mL PBS into
the plastic beaker. The total cell extract was obtained as follows. Alga-free or algae-bearing P. bursaria at a den-
sity of 5x 10* cells were lysed using the EZRIPA Lysis kit (AT TO, Tokyo, Japan) according to the manufacturer’s
instructions. After centrifugation, the supernatant was stored at — 80 °C until analysis. Extracts of the cytoplasm,
including mitochondrial membrane, nucleus, and insoluble part (i.e., cytoskeleton) of P. bursaria cells were
obtained as follows. Washed and harvested alga-free or algae-bearing P. bursaria at a density of 5x 10* cells were
treated with EzSubcell Extract (ATTO), and each extract was prepared according to the manufacturer’s instruc-
tions. The extracts were stored at —80 °C until analysis. Protein concentrations of total cell lysates and four
types of cell extracts (cytoplasm, mitochondrial, nucleus, and insoluble part) were determined using the TaKaRa
BCA Protein Assay Kit (Takara Bio, Shiga, Japan). Calibration curves were generated using PiICOEXPLORER
(Yamato Scientific Co., Ltd., Japan, PAS-110-YU) with a color sensor R (wavelength range, 575-660 nm).

Quantification and statistical analysis. Statistical analyses were performed using Microsoft® Excel for
Mac (Ver. 16.51). Quantitative data were analyzed using the two-sided Fisher’s exact test. For immunofluores-
cence intensity (a.u.), the statistical significance was determined using two-sided Fisher’s exact test and the data
of 10-12 cells. This experiment was repeated more than 10 times, and similar statistical results were confirmed.
For the quantification of protein concentration, statistical significance was determined using two-sided Fisher’s
exact test and the data from four to five independent experiments.

Results

TEM of alga-free and -bearing P. bursaria. The cell cortex of the algae-bearing and alga-free P. bur-
saria were observed using TEM (Fig. 1). The host mitochondria surrounded the PV membrane wrapping the
symbiotic alga (Fig. la). The symbiotic alga appeared to push the trichocysts aside to become fixed near the
host cell cortex, as shown in our study’ (Fig. 1b). In some algae-bearing cells, both host trichocysts and mito-
chondria were very few around the symbiotic alga beneath the host cell cortex (Fig. 1¢c). As shown by the gray
arrowheads in Fig. 1b, we could observe mitochondria attached to the PV membrane, as observed in previous
studies®>?%. Meanwhile, in alga-free cells, many mitochondria and trichocysts were observed beneath the cell
cortex (Fig. 1d). Mitochondria filled the gap just below the host cell cortex (Fig. 1e).

mAb specific for P. bursaria mitochondria. We successfully obtained a mAb specific for Paramecium
mitochondria. Immunofluorescence was observed in the entire cell, particularly in the paramecium cell cortex
(Fig. 2b,d). In the case of algae-bearing cells, fluorescence was not observed in areas where symbiotic algae were
located (Fig. 2d). Immunofluorescence showed a higher number of mitochondria in the alga-free P. bursaria
cells (Fig. 2a,b’) than in the algae-bearing cells (Fig. 2¢,e’). A merged photomicrograph of red autofluorescence
of chlorophyll within the chloroplasts of the symbiotic algae and immunofluorescence clearly showed the locali-
zation of host mitochondria around symbiotic algae (Fig. 2e,¢’). These immunofluorescence observations are in
good agreement with the observations using TEM, as shown in Fig. 1. Images were obtained from a representa-
tive of more than ten independent experiments.

The immunofluorescence intensity of the alga-free P. bursaria cells (Fig. 3, gray bar graph), was greater than
that of the algae-bearing cells (Fig. 3, green bar graph). These quantitative data correspond well with the results
of indirect immunofluorescence microscopy, as shown in Fig. 2.

Visualization of mitochondria in P. bursaria with MitoTracker Green. MitoTracker Green FM pas-
sively diffuses across the cell membrane, accumulates in active mitochondria, and shows green fluorescence.
Figure 4a, b show a DIC image and a red autofluorescence of chlorophyll within chloroplasts of symbiotic algae
image, respectively. The host mitochondria were localized around symbiotic algae (Fig. 4c). The fluorescence
pattern of mitochondria of MitoTracker Green was consistent with that obtained using the mAb against mito-
chondria. After staining with MitoTracker Green, some DVs were formed, and nonspecific fluorescence was
observed in the DVs because Paramecium takes in anything other than food from its cytopharynx (Fig. 4c,
white arrowheads). This nonspecific fluorescence affects the fluorescence quantification, but this non-specific
fluorescence was not observed using the mAbs, indicating the utility of mAbs for mitochondrial visualization.

Protein quantification of the host P. bursaria with or without symbiotic algae. First, the total
cell protein concentrations of alga-free and algae-bearing P. bursaria were measured. Since the EzRIPA Lysis kit
is used for animal cells, it cannot dissolve Chlorella cells. In fact, we confirmed that the isolated symbiotic Chlo-
rella cells could not be dissolved using the EzZRIPA Lysis buffer, and no protein was extracted (data not shown).
The insoluble precipitates of alga-free and algae-bearing P. bursaria cells contained many intracellular crystals
and symbiotic algae, respectively. We found that the protein concentration of 1,000 cells of alga-free P. bursa-
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Figure 1. Transmission electron microscopic images of the cell cortex of algae-bearing (a)-(c) and alga-free (d)
and (e) P, bursaria cells. (a) Host mitochondria surround the PV membrane wrapping the symbiotic alga (s). (b)
Symbiotic alga between the trichocysts beneath the host cell cortex. (¢) Both host trichocysts and mitochondria
are very few around the symbiotic alga. Gray arrowheads in (b) indicate mitochondria attached to the PV
membrane. Note that many mitochondria and trichocysts can be observed beneath the cell cortex in alga-free
cells (d) and (e). t, trichocyst; m, mitochondrion; PVm, PV membrane; s, symbiotic alga. Bars=1 pum.

ria cells was approximately 1.8-fold higher than that of algae-bearing cells (Fig. 5a). To understand the reason
behind this significant difference in the concentrations, the protein concentrations of four extracts (cytosolic,
including mitochondrial membrane, nuclear, and insoluble) from the 50,000 cells were examined. Of the four
extracts, only the concentration of proteins of the mitochondrial extract was significantly different between alga-
free and algae-bearing P. bursaria cells. The protein concentration including mitochondrial membrane of alga-
free P, bursaria cells was significantly higher than that of algae-bearing cells (Fig. 5b). In the other three extracts,
the protein concentration of alga-free P. bursaria cells was higher than that of algae-bearing cells; however, the
difference was not significant. The protein concentration of the mitochondrial extract was in good agreement
with the TEM and indirect immunofluorescence microscopy observations, as shown in Figs. 1, 2 and 3.
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Figure 2. Indirect immunofluorescence micrographs of alga-free P. bursaria strain Yadlw cell (a)-(b’) and
algae-bearing P, bursaria strain Yad1g1N cell in (c)-(¢€’). (a) and (c): DIC micrographs. (b) and (d): Images of
immunofluorescence of goat anti-mouse IgG. (b’) Enlargement the host cell cortex in (b). (e) A merged image of
(d) and the autofluorescence of chlorophyll in algal chloroplasts. (¢’) The enlargement of some symbiotic algae
near the host cell cortex in (e). Note that the host mitochondria are localized around the symbiotic algae (¢’).
Immunofluorescence shows that the mitochondria of the cell cortex of the alga-free cells are more numerous (b’)
than those of algae-bearing cells (€’). Ma, macronucleus. Bar=20 yum (a, b, ¢, d, and e) and 5 pm (b’and ¢’).
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Figure 3. Immunofluorescence intensity of mitochondria of alga-free and algae-bearing P. bursaria cells. In
alga-free P. bursaria cells (gray bar graph), the immunofluorescence intensity is greater than that of algae-
bearing P. bursaria cells (green bar graph). Ten to twelve Paramecium cells were observed. Error bars show
standard deviation (SD). Asterisks indicate significant differences (two-sided Fisher’s exact test, ***P<0.001).

Differential expression of mitochondria-related genes between algae-bearing and alga-free P.
bursaria. Table 1 shows the transcripts encoding mitochondria-related proteins in P. bursaria from Kodama
et al*’. The negative values of log,fold change (log,FC) showed that mitochondrial genes were downregulated in
algae-bearing cells compared to alga-free cells. The data sets are available in the DDBJ Sequence Read Archive
(DRA) (accession number DRA000907, https://ddbj.nig.ac.jp/resource/sra-submission/DRA000907). These
results were consistent with the results obtained by TEM, indirect immunofluorescence microscopy, and quan-
tification of the mitochondrial protein.

Discussion

In our study, TEM and indirect immunofluorescence microscopy using a mAb against Paramecium mitochon-
dria revealed that host mitochondria are located in the proximity of symbiotic algae (Figs. 1 and 2). As shown
in “Introduction” Section, because the symbiosome membrane seems to contacts the host’s mitochondrial
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Figure 4. Photomicrographs of algae-bearing P. bursaria strain Yad1g1N cell with MitoTracker Green. (a)
DIC micrograph. (b) Autofluorescence micrograph of chlorophyll in algal chloroplasts. (c) Fluorescence of
MitoTracker Green. Host mitochondria appear to be surrounded symbiotic algae. Note that the fluorescence of
MitoTracker Green is also observed in the host DVs (¢, arrowhead). Ma, macronucleus. Bar =20 pym.
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Figure 5. (a) Total cell protein concentrations of alga-free (white bar graph) and algae-bearing (green bar
graph) P. bursaria cells. The protein concentration of alga-free P. bursaria cells was about 1.8 times higher than
that of algae-bearing cells. (b) Protein concentration of each cell extract of alga-free (white bar graph) and algae-
bearing (green bar graph) P. bursaria cells. The four extracts are cytosolic, including mitochondrial membrane,
nuclear, and insoluble. The protein concentration including mitochondrial membrane of alga-free P. bursaria
cells was significantly higher than that of algae-bearing cells. Error bars show the standard deviation (SD)
obtained from experiments 5 (a) and 4-6 (b). Asterisks indicate significant differences (two-sided Fisher’s exact
test, ***P<0.001, *P<0.05).

Trinity transcript name | Annotation from the SwissProt database logFC

comp37147_cl sp|P05489|COX1_PARTE|Cytochrome c oxidase subunit 1 OS = Paramecium tetraurelia -1.146

comp40817_c0 sP|Q§4MI7|ALAM7DICDI| Probable alanine aminotransferase, mitochondrial OS = Dictyostelium _3504
discoideum

comp38395_c0 sp|Q'8LCU7|MECR7ARATH |Probable trans-2-enoyl-CoA reductase, mitochondrial OS = Arabidopsis | 2757
thaliana

comp38551_c0 sp|Q54KB7|DHE3_DICDI|Glutamate dehydrogenase, mitochondrial OS = Dictyostelium discoideum | —4.319

comp44906_c0 sp|C399MR8|MCCA_MOUSE|Methylcrot0noyl—COA carboxylase subunit alpha, mitochondrial ~2286
OS = Mus musculus

comp21987_c0 sp|Q3ZCF5|OAT_BOVIN|Ornithine aminotransferase, mitochondrial OS = Bos taurus -3.272

comp45458_c0 sp|P53395|ODB27MOUSE[Lipoamidg acyltransferase component of branched-chain alpha-keto acid | _ 2053
dehydrogenase complex, mitochondrial OS = Mus musculus
sp|P40513|]MAM33_YEAST|Mitochondrial acidic protein MAM33 OS = Saccharomyces cerevisiae _

comp37156_c0 (strain ATCC 204,508 / S288¢) 2015

comp37891_c0 sp|Q8BH95|ECHM_MOUSE|Enoyl-CoA hydratase, mitochondrial OS = Mus musculus -1.554

comp39058_c0 sp|QIDCS3|MECR_MOUSE|Trans-2-enoyl-CoA reductase, mitochondrial OS = Mus musculus -1.775

comp45207_c0 sp|Q9FS87|IVD2_SOLTU|Isovaleryl-CoA dehydrogenase 2, mitochondrial (Fragment) OS = Sola- 1503
num tuberosum

comp40488_c0 sp|Q43298|CH62_MAIZE|Chaperonin CPN60-2, mitochondrial OS = Zea mays -3.360

Table 1. Transcripts encoding mitochondria related protein in P. bursaria (from Kodama et al. **).
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Figure 6. A schematic diagram of the algal attachment mechanism beneath the host cell cortex during the early
alga reinfection. Before mixing with the symbiotic algae, many mitochondria and trichocysts were observed
under the cell cortex of alga-free P. bursaria (i). After mixing with algae (ii), the algae are wrapped with the DV
membrane (iii). (iv) Then, the trichocysts under the cell cortex are digested, as shown in our previous study*.
Mitochondrial number may be decreased at the same timing. (v) The alga enclosed by the PV membrane moves
toward the host cell cortex for attachment to the trichocyst and mitochondria-less area after the DV-budding
related to dynamin®. (vi) Consequently, algal reinfection process was completed.

membrane directly?®-*, the localization of the endosymbionts can be regarded as the same as that of the host
mitochondria. The localization of the endosymbionts near the host cell cortex is a universal phenomenon because
it is also observed in other ciliate-algae or ciliate-cyanobacteria endosymbiosis, e.g., Mayorella viridis, Coleps
hirtus, Coleps spetai, Frontonia leucas, Malacophrys sphagni, Ophrydium versatile, Vorticella sp., Climacostomum
virens, Euplotes daidaleos, Halteria bifurcata, Stentor polymorphus, and Stentor niger'®. In general, most symbiotic
algae do not flow in the cytoplasmic stream of P. bursaria but instead attach beneath the cell cortex. It is known
that symbiotic algae fail to localize beneath the host cell cortex of mutant P. bursaria and form clusters in the
host cytoplasm. This mutant cell passes an unequal distribution of the algal clusters to the daughter cell*’. This
suggests that the algal localization beneath the host cell cortex guarantees an equal distribution of symbiotic algae
to daughter cells. Algal localization is an important phenomenon because the synchronization of host-symbiont
cell cycles and co-segregation is critical in the permanent fusion of the two partners*!. Hatena arenicola (Kata-
blepharidophycota) is a single-celled eukaryote that harbors Nephroselmis. Because H. arenicola is regarded as
an intermediate step organism in plastid acquisition, only one daughter cell inherits the symbiont during cell
division, resulting in a symbiont-bearing green cell and a symbiont-lacking colorless cell. Interestingly, the
symbiont-lacking cells have a feeding apparatus corresponding to the location of the eyespot in symbiont-bearing
cells, and they can feed on prey cells***. In P. bursaria-Chlorella endosymbiosis, the symbiotic algae fine-tune
their cell cycle pace with host Paramecium®**. The symbiotic algal attachment in P. bursaria may be related to
avoiding host lysosomal digestion or fusion because when the symbiotic algae are attached beneath the host cell
cortex, the digestion never occurs (Kodama and Fujishima, unpublished. data).

In some cases, the presence of symbiotic algae diminishes the mitochondrial activity in the host. Among
symbiotic algae-bearing Hydra viridissima downregulated genes, mitochondria-related genes were found to be
enriched using the Gene Ontology (GO) terms during differential gene expression analysis. Furthermore, most
of the genes involved in the respiratory chain were significantly downregulated in symbiotic algae-bearing H.
viridissima®. Transient suppression of mitochondrial metabolism and protein synthesis occurred when Acropora
digitifera planulae were exposed to a competent strain of symbiotic algae, Symbiodinium*®. The degradation
of host mitochondria was verified when the symbiotic sea anemone Aiptasia pulchella was cultivated under
hyperthermic stress conditions independent of symbiont cellular deterioration?”. Reactive oxygen species (ROS)
generated by symbionts and mitochondria have been shown to play a central role in damage to the host, such as
in coral bleaching®. Therefore, hosts with symbiotic algae are believed to have reduced mitochondrial activity
to suppress ROS production.

In a previous study, we showed that glutathione S-transferase (GST)-encoding genes were downregulated in
symbiont-bearing cells compared to symbiont-free cells using transcriptome analysis**. This enzyme protects cells
from oxidative stress*®*. Although it is conceivable that photo-oxidative stress in algae-bearing P. bursaria cells
is greater than that in alga-free cells*, our previous data showed opposite results. Although a similar result of us
was obtained by Hortnagl and Sommaruga®, the exact mechanism remains unknown. This is the first study to
report that algae-bearing P. bursaria cells have fewer mitochondria than alga-free cells do. Since algae-bearing P
bursaria receives photosynthetic products from symbiotic algae, a large number of mitochondria is not required.
Because algae-bearing P. bursaria has fewer mitochondria than those of alga-free cells, the amount of ROS in
algae-bearing cells may also be low. This might explain the suppression of GST in algae-bearing P. bursaria.

Figure 6 shows the schematic representation of the algal attachment mechanism beneath the host cell cortex
during the early algal reinfection process. This representation can be defined by our immunofluorescence micros-
copies using mAbs against both mitochondria and trichocysts. This is the first report that shows the change in the
distribution of both mitochondria and trichocysts associated with the endosymbiotic algal localization beneath
the host cell cortex. This can be explained in six points. (i) Before mixing with the symbiotic algae, P. bursaria
has many mitochondria and trichocysts under the cell cortex. (ii) After mixing with the algae, (iii) the algae are
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ingested and are wrapped with the DV membrane. Both mitochondria and trichocysts still show no remarkable
changes. (iv) Three hours after mixing with the algae, trichocysts under the Paramecium cell cortex are digested as
a result of the host lysosomal fusion as showed in our previous study*’. Mitochondrial number may be decreased
at the same timing, although the decreasing mechanism is still unknown. (v) After the DV-budding related to
dynamin®, the alga enclosed by the PV membrane moves toward the host cell cortex for attachment to the
trichocyst-less area”. (vi) Consequently, algal reinfection was completed and an algae-bearing cell is established.

All oxygenic photosynthetic organisms, including algae, have an evolved P700 oxidation system. In response
to high light and low CO, conditions, the primary electron donor in photosystem I (PSI), P700, is oxidized to sup-
press the production of ROS, which could oxidatively inactivate the function of PSI*>**. The symbiotic Chlorella
spp. in P. bursaria might also retain the P700 oxidation system, although this has not yet been established. Thus,
it is possible that symbiotic Chlorella spp. supply the inactivation of ROS because the algae also have an evolved
P700 oxidation system; however, our study provides the first evidence that by the decrease of number of host
mitochondria in the presence of a symbiont may cause the reduction of the amount of ROS in algae-bearing cells.

Algae-bearing P. bursaria are significantly larger than alga-free cells®. Interestingly, the quantification of
total protein extract of host P. bursaria with or without symbiotic algae showed that the protein concentration
of alga-free P. bursaria cells was significantly higher than that of algae-bearing cells (Fig. 5a). The reduced total
protein contents of the algae-bearing P. bursaria cells may be related to the reduction of the numbers of mem-
braned organelle of algae-bearing cells such as mitochondria as shown in Fig. 5b and trichocysts as shown in our
previous study®>. Furthermore, we have found that digestive activity of algae-bearing P. bursaria cells is highly
suppressed than that of the alga-free cells, and the algae-bearing cells cannot digest as many bacteria as the alga-
free cells (Kodama and Fujishima, in preparation). Furthermore, previous transcriptome analysis between host
P. bursaria with and without symbiotic C. variabilis showed the downregulation of ribosomal protein expres-
sion in symbiont-bearing P. bursaria cells, suggesting that algal proteins with functions equivalent to those of
the host Paramecium cells are transferred to the host through the PV membrane, which consequently reduces
the transcriptional activity of the host*. Our result of the quantification of total protein extract supports the
transcriptome analysis.

A phenomenon that might explain the reduction in the number of mitochondria in the host has been
observed. In Paramecium, a lot of mitochondria are found around organelles that require considerable energy
utilization, such as basal bodies of the cilia, food granules, DVs, and contractile vacuoles, as well as near the cell
cortex>. Alga-free P. bursaria swim longer distances compared to algae-bearing cells. The swimming distance
and velocity of alga-free and algae-bearing P. bursaria need to be analyzed in future studies.

The following question arose from the present study. How does the number of mitochondria in Paramecium
decrease during algal endosymbiosis? Bisharyan and Clark reported that the ciliates Tetrahymena thermophila
and Ichthyophthirius multifillis can discard intact mitochondria to the extracellular space by triggering clusters
of GPI-linked surface proteins or heat shock®. Their results suggest that the number of mitochondria in these
ciliates can easily change.

Overall, our study provides credible evidence that the symbiosis of C. variabilis in P. bursaria induces a
reduction in the number of host mitochondria. In the process which engulfed alga is acquired as plastids, there
are four stages that Inouye and Okamoto have summarized in detail””. In stage I, the alga engulfed by the host
cell is repeatedly taken up by the host cell as a temporal symbiont. In stage II, the symbiont and host cell divide
synchronously, and the nuclei and mitochondria of the symbionts are retained. In stage III, mitochondria of the
symbiont are erased one by one, but a vestigial symbiont nucleus is retained as a nucleomorph. In stage IV, the
symbiont nucleus is erased, and only algal plastids are retained. Here, since mitochondrial erase as have shown
in stage III also is occurring in algae-bearing P. bursaria cells, it is possible that the organellization of symbiotic
algae may be progressing in P. bursaria. Although the endosymbiosis between P. bursaria and Chlorella spp. is
not obligatory, the presence of symbiotic algae affects the number of host organelles. Since the number of mito-
chondria is higher in alga-free P. bursaria cells, reducing the host mitochondria is reversible. The mechanism
of reduction in the number of host mitochondria caused by algal endosymbiosis needs to be investigated in
future studies, which may help elucidate the mechanism by which symbionts become organelles in the process.

Data availability

The datasets used during the current study are available from the corresponding author on reasonable request.

Received: 8 April 2022; Accepted: 10 May 2022
Published online: 30 May 2022

References

. Sagan, L. On the origin of mitosing cells. J. Theor. Biol. 14, 225-274 (1967).

. Lake, J. Lynn Margulis (1938-2011). Nature 480, 458 (2011).

. Nowack, E. C. M. & Melkonian, M. Endosymbiotic associations within protists. Phil. Trans. R. Soc. B 365, 699-712 (2010).

. Margulis, L. Symbiosis in cell evolution: microbial communities in the Archean and Proterozoic eons. 2nd edn. (New York: W. H.

Freeman & Co. Ltd., 1993).

5. Gu, E, Chen, L., Ni, B. & Zhang, X. A comparative study on the electron microscopic enzymo-cytochemistry of Paramecium
bursaria from light and dark cultures. Eur. J. Protistol. 38, 267-278 (2002).

6. Karakashian, S. J. & Rudzinska, M. A. Inhibition of lysosomal fusion with symbiont-containing vacuoles in Paramecium bursaria.
Exp. Cell Res. 131, 387-393 (1981).

7. Kodama, Y. & Fujishima, M. Localization of perialgal vacuoles beneath the host cell surface is not a prerequisite phenomenon for
protection from the host’s lysosomal fusion in the ciliate Paramecium bursaria. Protist 160, 319-329 (2009).

8. Brown, J. A. & Nielsen, P. J. Transfer of photosynthetically produced carbohydrate from endosymbiotic Chlorellae to Paramecium
bursaria. J. Protozool. 21, 569-570 (1974).

=N

Scientific Reports |

(2022) 12:8216 | https://doi.org/10.1038/s41598-022-12496-8 nature portfolio



www.nature.com/scientificreports/

9. Reisser, W. The metabolic interactions between Paramecium bursaria Ehrbg. and Chlorella spec. in the Paramecium
bursaria—symbiosis. I. The nitrogen and the carbon metabolism. Arc. Microbiol. 107, 357-360 (1976).

10. Reisser, W. Endosymbiotic associations of freshwater protozoa and algae. In Progress in Protistology (eds Corliss, J. O. & Patterson,
D.J.) 195-214 (Biopress Ltd., 1986).

11. Reisser, W. The metabolic interactions between Paramecium bursaria Ehrbg. and Chlorella spec. in the Paramecium bursaria-
symbiosis. II. Symbiosis-specific properties of the physiology and the cytology of the symbiotic unit and their regulation (author’s
transl). Arc. Microbiol. 111, 161-170 (1976).

12. Albers, D. & Wiessner, W. Nitrogen nutrition of endosymbiotic Chlorella spec. Endocytobiol. Cell Res. 2, 55-64 (1985).

13. Albers, D., Reisser, W. & Wiessner, W. Studies of the nitrogen supply of endosymbiotic chlorellae in green Paramecium bursaria.
Plant Sci. Lett. 25, 85-90 (1982).

14. Reisser, W. The metabolic interactions between Paramecium bursaria Ehrbg. and Chlorella spec. in the Paramecium bursaria-
symbiosis. III. The influence of different CO,-concentrations and of glucose on the photosynthetic and respiratory capacity of the
symbiotic unit. Arc. Microbiol. 125,291-293 (1980).

15. Kodama, Y. Localization of attachment area of the symbiotic Chlorella variabilis of the ciliate Paramecium bursaria during the algal
removal and reinfection. Symbiosis 60, 25-36 (2013).

16. Kodama, Y. & Fujishima, M. Symbiotic Chlorella sp. of the ciliate Paramecium bursaria do not prevent acidification and lysosomal
fusion of host digestive vacuoles during infection. Protoplasma 225, 191-203 (2005).

17. Kodama, Y. & Fujishima, M. Infectivity of Chlorella species for the ciliate Paramecium bursaria is not based on sugar residues of
their cell wall components, but on their ability to localize beneath the host cell membrane after escaping from the host digestive
vacuole in the early infection process. Protoplasma 231, 55-63 (2007).

18. Kodama, Y. & Fujishima, M. Timing of perialgal vacuole membrane differentiation from digestive vacuole membrane in infection
of symbiotic algae Chlorella vulgaris of the ciliate Paramecium bursaria. Protist 160, 65-74 (2009).

19. Kodama, Y. & Fujishima, M. Cell division and density of symbiotic Chlorella variabilis of the ciliate Paramecium bursaria is con-
trolled by the host’s nutritional conditions during early infection process. Environ. Microbiol. 14, 2800-2811 (2012).

20. Kodama, Y. & Fujishima, M. Characteristics of the digestive vacuole membrane of the alga-bearing ciliate Paramecium bursaria.
Protist 163, 658-670 (2012).

21. Kodama, Y., Nakahara, M. & Fujishima, M. Symbiotic alga Chlorella vulgaris of the ciliate Paramecium bursaria shows temporary
resistance to host lysosomal enzymes during the early infection process. Protoplasma 230, 61-67 (2007).

22. Kodama, Y. & Fujishima, M. Endosymbiosis of Chlorella species to the ciliate Paramecium bursaria alters the distribution of the
host’s trichocysts beneath the host cell cortex. Protoplasma 248, 325-337 (2011).

23. Kodama, Y. & Fujishima, M. Secondary symbiosis between Paramecium and Chlorella cells. In International Review of Cell and
Molecular Biology (ed. Jeon, K. W.) 33-77 (Elsevier Inc., 2010).

24. Kodama, Y. & Fujishima, M. Synchronous induction of detachment and reattachment of symbiotic Chlorella spp. from the cell
cortex of the host Paramecium bursaria. Protist 164, 660-672 (2013).

25. Fujishima, M. & Kodama, Y. Endosymbionts in Paramecium. Eur. ]. Protistol. 48, 124-137 (2012).

26. Harumoto, T. & Miyake, A. Defensive function of trichocysts in Paramecium. J. Exp. Zool. 260, 84-92 (1991).

27. He, M. et al. Genetic basis for the establishment of endosymbiosis in Paramecium. ISME J. 13, 1360-1369 (2019).

28. Song, C., Murata, K. & Suzaki, T. Intracellular symbiosis of algae with possible involvement of mitochondrial dynamics. Sci. Rep.
7,1221 (2017).

29. Cann, J. P. An ultrastructural study of Mayorella viridis (Leidy) (Amoebida: Paramoebidae), a Rhizopod containing zoochlorellae.
Arch. Protistenk. 124, 353-360 (1981).

30. Kawai, S., Araki, S. & Kodama, Y. No mutual symbiosis following infection of algae-free Paramecium bursaria with symbiotic algae
from Mayorella viridis. Symbiosis 75, 51-59 (2018).

31. Sinai, A. P, Webster, P. & Joiner, K. A. Association of host cell endoplasmic reticulum and mitochondria with the Toxoplasma
gondii parasitophorous vacuole membrane: a high affinity interaction. J. Cell Sci. 110, 2117-2128 (1997).

32. Kudryashev, M. et al. Positioning of large organelles by a membrane-associated cytoskeleton in Plasmodium sporozoites. Cell.
Microbiol. 12, 362-371 (2010).

33. Scanlon, M., Leitch, G. J., Visvesvara, G. S. & Shaw, A. P. Relationship between the host cell mitochondria and the parasitophorous
vacuole in cells infected with Encephalitozoon microsporidia. J. Eukaryot. Microbiol. 51, 81-87 (2004).

34. Kodama, Y. et al. Comparison of gene expression of Paramecium bursaria with and without Chlorella variabilis symbionts. BMC
Genomics 15, 183 (2014).

35. Tsukii, Y., Harumoto, T. & Yazaki, K. Evidence for a viral macronuclear endosymbiont in Paramecium caudatum. J. Euk. Microbiol.
42,109-115 (1995).

36. Dryl, S. Antigenic transformation in Paramecium aurelia after homologous antiserum treatment during autogamy and conjugation.
J. Protozool. 6, 25 (1959).

37. Kodama, Y., Inouye, I. & Fujishima, M. Symbiotic Chlorella vulgaris of the ciliate Paramecium bursaria plays an important role in
maintaining perialgal vacuole membrane functions. Protist 162, 288-303 (2011).

38. Spurr, A. R. A low-viscosity epoxy resin embedding medium for electron microscopy. J. Ultra. Res. 26, 31-43 (1969).

39. Reynolds, E. S. The use of lead citrate at high pH as an electron-opaque stain in electron microscopy. J. Cell Biol. 17, 208-212
(1963).

40. Tonooka, Y. & Watanabe, T. A natural strain of Paramecium bursaria lacking symbiotic algae. Europ. J. Protistol. 38, 55-58 (2002).

41. Okamoto, N. & Inouye, I. A secondary symbiosis in progress? Science 310, 287 (2005).

42. Okamoto, N. & Inouye, I. Hatena arenicola gen. et sp. Nov., a katablepharid undergoing probable plastid acquisition. Protist 157,
401-419 (2006).

43. Yamaguchi, H., Nakayama, T., Hongoh, Y., Kawachi, M. & Inouye, I. Molecular diversity of endosymbiotic Nephroselmis
(Nephroselmidophyceae) in Hatena arenicola (Katablepharidophycota). J. Plant Res. 127, 241-247 (2014).

44. Takahashi, T. Simultaneous evaluation of life cycle dynamics between a host Paramecium and the endosymbionts of Paramecium
bursaria using capillary flow cytometry. Sci. Rep. 6, 31638 (2016).

45. Ishikawa, M. et al. Different endosymbiotic interactions in two Hydra species reflect the evolutionary history of endosymbiosis.
Genome Biol. Evol. 8,2155-2163 (2016).

46. Mohamed, A. R. et al. The transcriptomic response of the coral Acropora digitifera to a competent Symbiodinium strain: the sym-
biosome as an arrested early phagosome. Mol. Ecol. 25, 3127-3141 (2016).

47. Dunn, S. R, Pernice, M., Green, K., Hoegh-Guldberg, O. & Dove, S. G. Thermal stress promotes host mitochondrial degradation
in symbiotic cnidarians: are the batteries of the reef going to run out? PLoS One 7, 39024 (2012).

48. McCord, J. M. & Fridovich, I. Superoxide dismutase. An enzymic function for erythrocuprein (hemocuprein). J. Biol. Chem. 244,
6049-6055 (1969).

49. Veal, E. A., Toone, W. M., Jones, N. & Morgan, B. A. Distinct roles for glutathione S-transferases in the oxidative stress response
in Schizosaccharomyces pombe. J. Biol. Chem. 277, 35523-35531 (2002).

50. Kawano, T., Kadono, T., Kosaka, T. & Hosoya, H. Green paramecia as an evolutionary winner of oxidative symbiosis: a hypothesis
and supportive data. Z. Naturforsch. 59, 538-542 (2004).

Scientific Reports | (2022) 12:8216 | https://doi.org/10.1038/s41598-022-12496-8 nature portfolio



www.nature.com/scientificreports/

51. Hortnagl, P. H. & Sommaruga, R. Photo-oxidative stress in symbiotic and aposymbiotic strains of the ciliate Paramecium bursaria.
Photochem. Photobiol. Sci. 6, 842-847 (2007).

52. Shimakawa, G. & Miyake, C. Oxidation of P700 ensures robust photosynthesis. Front. Plant Sci. 9, 1617 (2018).

53. Furutani, R. et al. Intrinsic fluctuations in transpiration induce photorespiration to oxidize P700 in photosystem I. Plants 9,
1761 (2020).

54. Kodama, Y. & Miyazaki, S. Autolysis of Chlorella variabilis in starving Paramecium bursaria help the host cell survive against
starvation stress. Curr. Microbiol. 78, 558-565 (2021).

55. Wichterman, R. Morphology and cytology of Paramecium. In The biology of Paramecium (ed. Wichterman, R.) 63-141 (Springer
US, 1986).

56. Bisharyan, Y. & Clark, T. G. Calcium-dependent mitochondrial extrusion in ciliated protozoa. Mitochondrion 11, 909-918 (2011).

57. Inouye, I. & Okamoto, N. Changing concepts of a plant: current knowledge on plant diversity and evolution. Plant Biotech. 22,
505-514 (2005).

Acknowledgements

This work was supported by a Grant-in-Aid for Scientific Research (C) (Grant number 20K06768) from the
Japan Society for the Promotion of Science (JSPS) and the Institute for Fermentation (IFO; Osaka, Japan) to Y.K.
and Tokubetsukeihi from MEXT to M.E. The authors thank the faculty of Life and Environmental Sciences at
Shimane University for financial support in publishing this report and Editage (www.editage.com) for English
language editing.

Author contributions
Y.K. and M.F. conceived and designed the experiments. M.E. developed a monoclonal antibody. Y.K. performed
the experiments. Y.K. and M.E. wrote the manuscript text. Y.K. prepared the table and figures.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:8216 | https://doi.org/10.1038/s41598-022-12496-8 nature portfolio


http://www.editage.com
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Endosymbiotic Chlorella variabilis reduces mitochondrial number in the ciliate Paramecium bursaria
	Methods
	Strains and cultures. 
	TEM. 
	Production of a mAb specific for Paramecium mitochondria. 
	Indirect immunofluorescence microscopy. 
	Visualization of P. bursaria mitochondria with MitoTracker Green. 
	Protein quantification of the host P. bursaria with or without symbiotic algae. 
	Quantification and statistical analysis. 

	Results
	TEM of alga-free and -bearing P. bursaria. 
	mAb specific for P. bursaria mitochondria. 
	Visualization of mitochondria in P. bursaria with MitoTracker Green. 
	Protein quantification of the host P. bursaria with or without symbiotic algae. 
	Differential expression of mitochondria-related genes between algae-bearing and alga-free P. bursaria. 

	Discussion
	References
	Acknowledgements


