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Introduction

Abstract

Endosymbiosis between symbiotic Chlorella and alga-free Paramecium bursaria
cells can be induced by mixing them. To establish the endosymbiosis, algae
must acquire temporary resistance to the host lysosomal enzymes in the diges-
tive vacuoles (DVs). When symbiotic algae isolated from the alga-bearing para-
mecia are kept under a constant dark conditions for 24 h before mixing with
the alga-free paramecia, almost all algae are digested in the host DVs. To
examine the cause of algal acquisition to the host lysosomal enzymes, the iso-
lated algae were kept under a constant light conditions with or without a pho-
tosynthesis inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea for 24 h, and
were mixed with alga-free paramecia. Unexpectedly, most of the algae were not
digested in the DVs irrespective of the presence of the inhibitor. Addition of
1 mM maltose, a main photosynthetic product of the symbiotic algae or of a
supernatant of the isolated algae kept for 24 h under a constant light condi-
tions, did not rescue the algal digestion in the DVs. These observations reveal
that unknown factors induced by light are a prerequisite for algal resistance to
the host lysosomal enzymes.

Fujishima, 2010). For instance, the host can supply algal
cells with nitrogen components and CO, (Reisser,
1976a, b, 1980; Albers et al., 1982; Albers & Wiessner,

Endosymbiosis is a major driving force behind eukaryotic
cell evolution leading to acquisition of new intracellular
components and cell diversity (Fujishima, 2009). Many
aquatic multicellular organisms live in symbiosis with
photosynthetic algae: corals, clams, Hydra, and spotted
salamander (Muscatine et al., 1975; Nowack & Melko-
nian, 2010; Kerney et al., 2011). Algal symbioses are par-
ticularly  beneficial for photic and oligotrophic
environments (Nowack & Melkonian, 2010). However,
for initiation of the establishment of endosymbioses, how
the alga is recognized as a symbiont but not a prey by
the host is not well known.

Among Paramecium species, Paramecium bursaria can
maintain several hundred endosymbiotic Chlorella spp.
in the cytoplasm. The association of P. bursaria with
the symbiotic algae is a mutual symbiosis (Kodama &
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1985). Furthermore, the host Paramecium protects the
symbiotic algae from infection by the Chlorella virus
(Kawakami & Kawakami, 1978; Reisser et al., 1988; Van
Etten et al., 1991; Yamada et al., 2006). Algal carbon fix-
ation is enhanced in the host cell (Kamako & Imamura,
2006; Kato & Imamura 2009). The algae can supply the
host with a photosynthetic product, mainly maltose
(Brown & Nielsen, 1974; Reisser, 1976a, b, 1986). The
algae in the host show a higher rate of photosynthetic
oxygen production than in their isolated state, thereby
guaranteeing an oxygen supply for the host (Reisser,
1980). Alga-bearing P. bursaria can grow better than alga-
free cells (Karakashian, 1963, 1975; Gortz, 1982). The alga
plays a photo-protective role for the host (Hortnagl &
Sommaruga, 2007; Summerer et al., 2009). Irrespective of
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Algal resistance to host lysosomal enzymes

mutually beneficial relations between P. bursaria and
symbiotic algae as described above, the alga-free cells and
the symbiotic algae still can grow without a partner. Fur-
thermore, endosymbiosis between the alga-free P. bursaria
cells and the symbiotic algae isolated from the alga-bear-
ing P. bursaria cells is easily re-established by mixing
them together (Siegel & Karakashian, 1959; Karakashian
1975; Kodama & Fujishima, 2005). For these reasons, the
symbiotic associations between the Chlorella and P. bursa-
ria cells are excellent models for studying cell-to-cell
interaction and the evolution of eukaryotic cells through
secondary endosymbiosis.

Recently, details of the algal infection process were
elucidated by pulse-labeling by addition of symbiotic
Chlorella cells isolated from the alga-bearing P. bursaria
to the alga-free P. bursaria for 1.5 min; then chasing
for various periods of time (Kodama & Fujishima,
2005, 2007, 2009a, b, 2010, 2011, 2012a, b; Kodama
et al., 2007, 2011; Kodama, 2013). During the infection
process, the first hurdle for the algae is acquisition of
resistance to the host’s lysosomal enzymes in the diges-
tive vacuole (DV) (Kodama & Fujishima, 2005). In the
DVs, some algae survive, even in the presence of others
that are being digested. This differential fate of algae in
the same DV is not an inherent property of the algae
because this phenomenon occurs even with clonal sym-
biotic algae. Furthermore, this algal fate is independent
of the cell cycle stage of the algae and location of the
algae in the DV. Moreover, this resistance to digestion
does not require algal protein synthesis (Kodama et al,
2007). To date, the cause of different fates of algae in
the same DV remains unclear. Gu et al. (2002) showed
that degeneration of the symbiotic Chlorella under con-
stant dark (DD) conditions is induced by the host lyso-
somal fusion to perialgal vacuole (PV) membranes
enclosing the symbiotic algae (Gu et al, 2002). This fact
suggests that the photosynthetic activity and/or related
cellular processes of the algae play important functions
in protection from the lysosome fusion to the PV
membrane. In the early infection process, the symbiotic
algae are engulfed into the host DVs. The DV mem-
brane allows fusion with host lysosomes (Kodama &
Fujishima, 2005). However, some of the algae are not
digested in DVs that had been fused with the host lyso-
somes. A difference in the experimental conditions used
by Gu et al. (2002) and Kodama & Fujishima (2005)
was the presence or absence of light: DD conditions
(4 weeks) were used by Gu et al. (2002) and LL condi-
tions by Kodama & Fujishima (2005). Therefore, in this
study, we examined the effect of exposure to different
illumination programs on algal persistence in alga-free
paramecia.
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Materials and methods

Strains and cultures

An alga-free P. bursaria strain, Yadlw, was produced
from Chlorella sp.-bearing P. bursaria strain Yadlg cells
as described in our previous reports (Kodama & Fujishi-
ma, 2009a, b, 2011). An alga-bearing strain of YadlgIN
(syngen 3, mating type I) cells was used for isolation of
their symbiotic algae. The strain YadlgIN cell was pro-
duced by infection of cloned symbiotic Chlorella variabilis
(formerly Chlorella vulgaris) strain 1N cells to the Yadlw
cell. The culture medium used was red pea (Pisum sati-
yum) extract culture medium (Tsukii ef al, 1995) in
modified Dryl’s solution (MDS; Dryl, 1959) (KH,PO,
was used instead of NaH,PO,-2H,0) inoculated with a
non-pathogenic strain 6081 of Klebsiella pneumoniae
1 day before use (Fujishima et al., 1990) for alga-bearing
and alga-free P. bursaria. In ordinary cultures, several
hundred cells were inoculated into 2 mL culture medium.
Then 2 mL of fresh culture medium was added on each
of the next 12 days. One day after the final feeding, the
cultures were in the early stationary phase of growth. All
cells used for this study were of this phase. Cultivation of
alga-bearing P. bursaria  strains was conducted at
25 £ 1 °C under fluorescent lighting (20-30 pmol pho-
ton m~?) using an incandescent lamp. In some experi-
ments, alga-bearing P. bursaria cells were cultivated under
DD conditions for 24 h or 8 days at 25 & 1 °C. Parame-
cium strains used for this study were provided by the
Symbiosis Laboratory, Yamaguchi University, with sup-
port in part by the National Bio-Resource Project of the
Ministry of Education, Culture, Sports, Science and Tech-
nology, Japan.

Isolation of symbiotic C. variabilis cells from
alga-bearing P. bursaria cells and the algal
incubation under various conditions

Symbiotic C. variabilis strain 1N cells were isolated from
alga-bearing P. bursaria strain YadlgIN cultivated under
LL or DD conditions (Kodama et al., 2007). The cell
numerical density was ascertained using a blood-counting
chamber. Then, the isolated algae were treated as shown
by Table 1 before mixing them with alga-free P. bursaria
cells. Stock solutions of 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU) (10> M in 100% ethanol) (Wako
Pure Chemical Ind., Ltd, Japan) and maltose (1 mM in
distilled water) were stored at —20 °C and room temper-
ature, respectively, until use. The stock solutions of
DCMU and maltose were diluted with MDS to give the
final concentration.
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Table 1. Incubation protocols for experiments

Corresponding result Algal treatment conditions

Y. Kodama & M. Fujishima

Algal mixing light condition Corresponding bar

Fig. 3a LL for 24 h LL Left
DD for 24 h DD Right
Fig. 3b LL for 24 h LL Left
DD for 24 h DD Middle
DD for 24 h + supernatant of LL-incubated algae for 24 h DD Right
Fig. 3¢ LL for 24 h LL Left
DD for 24 h DD Middle
DD for 24 h + 1 mM maltose DD Right
Fig. 3d LL for 24 h LL First
LL for 24 h + 107> M DCMU LL Second
LL for 24 h + 1% EtOH LL Third
DD for 24 h DD Fourth
Fig. 3e LL for 48 h LL Left
DD for 24 h, LL for 24 h LL Middle
DD for 48 h DD Right

LL, denotes constant light at 25 &+ 1 °C; DD, denotes constant dark at 25 + 1 °C.

Fig. 1. Photomicrographs of alga-free Paramecium bursaria cells 6 h after mixing with LL- (a) or DD- (b) incubated algae for 24 h at 25 + 1 °C.
Both cells were mixed and kept under LL or DD conditions. As shown in (a), many LL-incubated algae showed resistance to the host lysosomal
enzymes, and the undigested green algae localized beneath the host cell cortex (a, arrowheads). However, most of the DD-incubated algae were
digested, and the algal color changed from green to brown (b, arrows). Few algae were able to avoid digestion and establish endosymbiosis (b,
arrowheads). These results show that the algal incubation under LL conditions before ingestion by the alga-free P. bursaria cells is necessary to
prevent algal digestion. Arrowhead, undigested single green alga localized beneath the cortex; arrow, digested brown alga; Ma, macronucleus.

The reproducibility of this result was confirmed more than five times.

Fluorescence microscopy of LL- and DD-
incubated algae stained with LysoSensor
Yellow/Blue DND-160

Pellets of the LL-incubated and DD-incubated algae were
stained respectively with LysoSensor Yellow/Blue DND-
160 (Molecular Probes Inc.) as described in our previous
study (Kodama & Fujishima, 2013). At 6 h after the stain-
ing, the cells were observed under a fluorescence micro-
scope (BX51; Olympus Corp.). Their images were
captured digitally using an Olympus DP73 camera system
(Olympus Corp.).

Pulse label and chase of alga-free P. bursaria
with symbiotic C. variabilis

In a centrifuge tube (volume, 10 mL), the treated algae
(5 x 107 algae mL™1) as shown in Table 1 were mixed
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with the alga-free P. bursaria cells (5000 parame-
cia mL™") for 1.5 min. After the mixing, the ciliate-algae
mixture was transferred to a centrifuge tube equipped
with a 15-um-pore-size nylon mesh and filtered. By pour-
ing 50 mL of fresh MDS per 1 mL ciliate-algae mixture
into this tube, the paramecia were washed and algal cells
outside the paramecia were simultaneously removed
through the mesh. The paramecia retained in the mesh
were transferred to a centrifuge tube (volume, 10 mL)
and resuspended in MDS. The mixture was incubated
under LL or DD conditions. Subsequently, using a differ-
ential-interference-contrast (DIC) and fluorescence
microscopy, they were observed with or without fixation
at various times after algal mixing. Fixation was con-
ducted by mixing an equal volume of 8% (w/v) parafor-
maldehyde dissolved in phosphate-buffered saline (PBS;
137 mM NaCl, 2.68 mM KCI, 8.1 mM NaHPO,-12H,0,
1.47 mM KH,PO,, pH 7.2) with the cell suspension.
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Results and discussion

Effects of various treatments of isolated
symbiotic C. variabilis before mixing with
alga-free P. bursaria

Most of the isolated symbiotic C. variabilis incubated
under constant light conditions for 24 h were able to
resist digestion in the host DV. The undigested algae then
started to translocate from the DVs as a result of budding
of the membrane into the cytoplasm. The algae localized
beneath the host cell cortex to establish endosymbiosis
with alga-free P. bursaria cells (Fig. la, arrowheads)
(Kodama & Fujishima, 2005, 2012a, b). However, by

(b)

L 4
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incubation of isolated symbiotic algae under constant
dark conditions for 24 h before mixing with the host
cells, most of the algae lost the capability of resistance to
the host lysosomal enzymes in the DV. Only a few algae
are able to avoid digestion and could be localized beneath
the host cell cortex after escaping from the DVs (Fig. 1b,
arrowheads). As demonstrated in our previous study, not
only undigested algae but also digested algae can bud
from the DVs (Fig. 1b, arrows).

Previously, some algae were reported as involving
unknown, small, brown vesicles stained with Gomori’s
solution (Gomori, 1952) in the cytoplasm irrespective of
presence or absence of the substrate for the acid phospha-
tase (AcPase) (Kodama & Fujishima, 2009a, b). The

Fig. 2. DIC photomicrographs of LL-incubated (c), LL-incubated with 107> M DCMU (e), and DD-incubated (a and g) algae, and fluorescence
photomicrographs of LysoSensor Yellow/Blue DND-160-treated LL-incubated (d), LL-incubated with 10~°> M DCMU (f), and DD-incubated (b) and
(h) algae. LysoSensor accumulates in acidic vacuoles, and shows yellow fluorescence (b). Many vacuoles were observed in the DD-incubated algae
(h), more than those incubated under LL conditions with (f) or without (d) DCMU. The red color shows chlorophyll autofluorescence in the

chloroplast. Scale bars: 5 um.
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Fig. 3. Percentage of the cells with the green algae 6 h after mixing
with alga-free Paramecium bursaria cells. The Paramecium cells were
classified into four groups depending on the numbers of the
undigested green algae per cell. The x-axis shows each treatment of
isolated symbiotic algae isolated from alga-bearing P. bursaria cells
before mixing with alga-free P. bursaria cells as shown in Table 1. (a)
Effects of light conditions (LL or DD for 24 h). (b) Effects of culture
supernatant from LL-incubated algae to DD-incubated algae. (c)
Effects of maltose on DD-incubated algae. (d) Effects of
photosynthesis inhibitor DCMU. (e) Effects of incubating light
conditions: DD-LL. The y-axis shows the percentage of cells with each
group. DD-incubated algae were digested more easily than the
LL-incubated algae (a—c) even if the culture supernatant from LL-
incubated algae (b) or maltose (c) was added to the DD-incubated
algae. Resistance to the host lysosomal enzymes of LL-incubated
algae was not inhibited by the addition of DCMU (d). It is noteworthy
that the resistance to the host lysosomal enzymes of DD-incubated
algae for 24 h is recovered after LL-incubation for 24 h (e). In each
experiment, 150-200 cells were observed. The reproducibility of this
result was confirmed more than twice.

results showed that algae with these vesicles were digested
selectively in the host DVs in the early infection process
(Kodama & Fujishima, 2009a, b). These vesicles exhibited
similar shape and volume to those observed in C. vulgaris
cells stained with neutral red or chloroquine, which are
known as basic reagents specifically accumulated in acidic
vacuoles by Kuchitsu et al. (1987). This observation raises
the possibility that this small vesicle is an acidic vacuole
and that an increased number are digested preferentially
by the host lysosomal enzymes in early infection. To
assess this possibility, we looked for morphological differ-
ences of the vacuole in LL-incubated, LL-incubated with
photosynthesis inhibitor DCMU, and DD-incubated algae
by staining with LysoSensor Yellow/Blue DND-160 (Lyso-
Sensor) (Fig. 2). In live cells, LysoSensor accumulates in
acidic vacuoles of plant cells (Swanson et al., 1998), and
exhibits predominantly yellow fluorescence. As presented
in Fig. 2b, several small spherical vacuoles with yellow
fluorescence were observed in the algae. No differences in
the algal color, shape or volume in LL-incubated
(Fig. 2¢), LL-incubated with 10> M DCMU (Fig. 2e), or
DD-incubated (Fig. 2g) algae were observed using DIC
microscopy. However, fluorescent microscopy clearly
revealed that the number of vacuoles in the DD-incu-
bated algae (Fig. 2h) increased more than those in algae
incubated under LL conditions with (Fig. 2f) or without
(Fig. 2d) DCMU. As a possible explanation for why the
Chlorella with acidic vacuoles is readily digested in the
host DVs, as presented in Fig. 2h, it is expected that
the algal cell wall near the vacuoles might be thin and be
easily digested by the host lysosome enzymes. However,
to date, no relationship has been observed in the cell wall
thickness of algae with or without the presence of the
vacuoles (Karakashian et al., 1968; Atkinson et al., 1974).
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Kuchitsu et al. (1987) reported that the number of the
vacuoles increases in the algal cells at the stationary phase
of growth compared with the cells in the log phase of
growth. Furthermore, it has been shown that the vacuole
volume becomes extremely large after a long period of
sugar starvation in the plant cell (Yu, 1999). Taken
together, algal starvation induced by the inhibition of
photosynthesis under the DD conditions might be a cause
of the vacuole development. Although the reason why the
alga with the vacuole is digested preferentially in the host
DV remains unknown, our results suggest that whether
the algae are digested or not in the host DVs can de
determined by staining the algae with LysoSensor.

Figure 3 presents a percentage of the cells with green
algae 6 h after mixing with alga-free P. bursaria cells. The
Paramecium cells were classified into four groups depend-
ing on the quantities of green algae per Paramecium cell,
that is, 0 (white bar), 1-5 (light gray bar), 6-20 (dark
gray bar), and more than 20 (black bar). At 6 h after
mixing with alga-free P. bursaria, many algae incubated
under LL conditions were able to establish endosymbiosis
(Fig. 3a, left bar). However, most of the algae incubated
under DD conditions were digested and were excreted
from the Paramecium cytoproct. About 30% of the
observed cells had no algae in their cytoplasm (Fig. 3a,
white region of the right bar). The intracellular algae
begin to undergo cell division about 24 h after mixing
with alga-free P. bursaria (Kodama & Fujishima, 2005).
Therefore, the algae remaining in the Paramecium 24 h
after mixing can be regarded as undigested algae or
already divided algae. These results suggest that the algal
photosynthetic product might be correlated with resis-
tance to the host lysosomal enzymes in the DVs fused
with lysosomes. There was no difference in the shape or
size of the LL-incubated and DD-incubated algae (Fig. 2).

To examine the function of the photosynthetic prod-
uct, culture supernatant from LL-incubated algae was
added to the DD-incubated algae. Effects on the algal
digestion were examined by mixing with alga-free para-
mecia (Fig. 3b). After 24 h under an LL or DD condi-
tions, the pH of the culture supernatant from
LL-incubated algae became higher (pH 7.0-7.4, n = 2)
than that from DD-incubated algae (pH 6.2, n=2).
Therefore, the isolated symbiotic algae cultivated under
LL conditions photosynthesized actively because photo-
synthesis by aquatic plants under LL conditions removes
carbon dioxide (CO;) from the medium. The pH can be
expected to increase (Araoye, 2009). Most of the LL-incu-
bated algae were able to resist the host lysosomal
enzymes, as explained above (Fig. 3b, left bar). As shown
by the right bar in Fig. 3b, DD-incubated algae were
digested more than LL-incubated algae, even if the cul-
ture supernatant from LL-incubated algae was added. No
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difference was observed in the number of undigested
green algae between DD-incubated algae (Fig. 3b, middle
bar) and DD-incubated algae with culture supernatant
from LL-incubated algae (Fig. 3b, right bar).

Symbiotic Chlorella of P. bursaria releases photosyn-
thetic products, mainly maltose and oxygen, contributing
to host energy (see Introduction). Therefore, we exam-
ined the effects as shown of the addition of 10 mM malt-
ose on DD-incubated algae in accordance with previous
reports (Tanaka & Miwa, 1996, 2000). As shown in the
right bar of Fig. 3¢, the addition of maltose to the
DD-incubated algae had no effect on the algal digestion.
Most of the ingested algae were digested. No significant
difference was found in the number of undigested green
algae between DD-incubated algae (Fig. 3¢, middle bar)
and DD-incubated algae with maltose (Fig. 3¢, right bar).
It is reported that addition of maltose to the alga-free
P. bursaria cells can induce some physiological changes
such as a rescue of a circadian rhythm of mating reactiv-
ity of arrhythmic mutant alga-free P. bursaria cells or an
acquisition of various stress resistances (Miwa, 2009). In
contrast, our result shows that addition of maltose does
not affect the inhibition of algal digestion.

DCMU is a blocker of electron flow in photosystem II
(Kleinig & Sitte, 1986). We added 10> M DCMU to the
isolated symbiotic algae and incubated under LL condi-
tions for 24 h. As a control experiment, 1% (v/v) ethanol,

100 1

0] —
80 1
70 1
60
50 1
40
30 1
20 A
10 A

Percent of cells

LL24 h DD 24 h LLad DD 8d
Incubation time

Fig. 4. Percentage of the cells with the green algae 6 h after mixing
with alga-free Paramecium bursaria cells. The Paramecium cells were
classified into four groups depending on the quantities of green algae
per cell as in Fig. 3. The x-axis shows incubation time of alga-bearing
P. bursaria cells under LL or DD conditions. The y-axis shows
percentage of the cells with each group. Isolated symbiotic algae
from DD-incubated alga-bearing P. bursaria cells for 24 h were
digested more easily (second bar) than that from LL-incubated
Paramecium (first bar). A longer incubation period of alga-bearing
P. bursaria cells under DD conditions produced easier digestion of the
algae (fourth bar). In each experiment, 150-200 cells were observed.
The reproducibility of this result was confirmed twice.
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used as a solvent of DCMU, was added to the algae.
Although this concentration of DCMU was described as
inhibiting photosynthesis of the symbiotic Chlorella spp.
in previous reports (Tanaka & Miwa, 1996; Kodama &
Fujishima, 2008), it did not affect the acquisition of resis-
tance to the host’s lysosomal enzymes of LL-incubated
algae (Fig. 3d, first to third bars). At that time, most of

Y. Kodama & M. Fujishima

These results show that some unknown physiological pro-
cesses under LL conditions that are not inhibited by
DCMU might be necessary for algal resistance to the host
lysosomal enzymes.

How long an LL-period is necessary for the acquisition
of the resistance to the host a time of the lysosomal
enzymes? To examine this question, the algae isolated

the DD-incubated algae were digested (Fig. 3d, right bar).  under LL conditions were incubated under DD condi-
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(1)for24 h
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Fig. 5. Schematic representation of the algal digestion patterns in the DVs. Under LL conditions (a), the isolated symbiotic algae from
LL-incubated alga-bearing Paramecium bursaria cells were incubated for 24 h (1), for 24 h with 107> M DCMU (2), for 24 h with 1% EtOH (3),
for 48 h (4), and for 8 days (5) after (1-4) and before (5) isolation from alga-bearing P. bursaria cells. After mixing with alga-free P. bursaria cells
(a: 1), some algae were passed through the host cytopharynx and enclosed in the DVs (a: Il). After the lysosomal fusion with the DVs, few algae
were digested (brown alga in a: ll), but most of the algae showed resistance to the host lysosomal enzymes and were undigested (green alga in
a: ). Finally, most of the algae ingested in the DVs were able to establish endosymbiosis with alga-free P. bursaria cells (a: IV). Under DD
conditions (b), the isolated symbiotic algae from LL-incubated alga-bearing P. bursaria cells were incubated for 24 h (6), for 24 h with
supernatant of LL-incubated algae (7), for 24 h with 1 mM maltose (8), for 48 h (9) and for 8 days (10) after (6-9) and before (10) isolation
from alga-bearing P. bursaria cells. After mixing with alga-free P. bursaria cells (b: 1), some algae were enclosed in the DVs as with the LL-
incubated algae (b: Il). After the lysosomal fusion, most of the algae were digested (brown alga in b: lll) and a few algae showed resistance to
the host lysosomal enzymes and undigested (green alga in b: Ill). Finally, most of the algae ingested in the DVs were digested. A few of the
algae were able to establish endosymbiosis with alga-free P. bursaria cells (b: IV).
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tions for 24 h and then incubated under LL conditions
for an additional 24 h before mixing with the alga-free
P. bursaria cells. At 24 h after mixing, results showed that
the algae acquired a lysosomal enzyme-resistant nature
(Fig. 3e, middle bar), but algae incubated under DD con-
ditions for 48 h were digested (Fig. 3e, right bar). This
result demonstrates that 24 h exposure to LL is sufficient
to renew algal resistance to the host lysosomal enzymes.

The reproducibility of these results was confirmed three
times.

Effects of cultivation of alga-bearing
P. bursaria under LL and DD conditions

Incubation of isolated symbiotic algae under DD condi-
tions for 24 h preceding mixing with the alga-free P. bur-
saria cells induces algal digestion in the host DVs, as
shown in Figs 1 and 3. To assess the effects of the cultiva-
tion of the alga-bearing P. bursaria under LL or DD con-
ditions on the algal digestion, symbiotic algae were
isolated from the LL- or DD-cultivated paramecia, and
were mixed with alga-free P. bursaria cells. As portrayed
in Fig. 4, the isolated symbiotic algae from alga-bearing
P. bursaria cells cultivated under DD conditions for 24 h
(Fig. 4, second bar) tended to be digested more easily
than those from LL-cultivated alga-bearing P. bursaria
cells for 24 h (Fig. 4, first bar). When the alga-bearing
P. bursaria cells were kept under DD conditions for
8 days, most of the isolated symbiotic algae from the host
cells were digested by mixing with alga-free P. bursaria
cells and were unable to establish endosymbiosis (Fig. 4,
fourth bar). After long-term DD cultivation of the
alga-bearing cells, most of the symbiotic algae became
pale green. Some became brown because of digestion
by the host lysosomal fusion with the PV membrane
(data not shown). These results demonstrate that the
symbiotic algal resistance to the host lysosmal enzymes
is highly influenced by light conditions, even in the
host cells.

It is reported that the endosymbiotic Chlorella sp. of
P. bursaria can excrete maltose both in the light and in
the dark (Ziesenisz et al., 1981). Experiments on photo-
synthetic "*CO, fixation and '*CO, pulse-chase experi-
ments showed that maltose is synthesized in the light
directly from compounds of the Calvin cycle, whereas in
the dark it is synthesized from starch degradation. Their
results suggest that maltose continues to synthesize until
the starch depletion even under DD conditions. The
results presented in this paper demonstrate that external
addition of maltose to the DD-incubated algae was
unable to inhibit algal digestion. No effects were observed
for acquisition of resistance to the host lysosomal
enzymes (Fig. 3c). Consequently, addition of maltose
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might not directly prevent algal digestion in the host
DVs. Figure 5 shows the results in this study.

Lower levels were reported not only of chlorophyll a/b
content but also of cell quantity, RNA content, and pro-
tein content in algal cells grown in complete darkness
compared with those grown under light (Piotrowska &
Czerpak, 2009). Furthermore, it was demonstrated that
low-light intensities and darkness reduced expression in
light-dependent genes, and that darkness stimulated
RNase activity and RNA degeneration (Thomas et al.,
1997; Jayabaskaran, 1998). Regarding the algal resistance
to the host lysosomal enzymes, a previous study reported
that live algae can delay the digestion of dead algae when
both algae have been ingested in the same DV (Karakash-
ian & Karakashian, 1973). They assumed that this inter-
ference of live algae might be affected by their secretion
of an inhibitor of the digestive enzymes, or that the algae
might induce a change in the DV membrane so that it
can no longer fuse with host lysosomes. Our previous
studies showed that host lysosomal fusion to the DVs is
not inhibited during early algal reinfection process, and
that some algae can resist the host lysosomal enzymes in
lysosome-fused DVs (Kodama & Fujishima, 2005,
2009a, b). Therefore, the latter hypothesis of Karakashian
& Karakashian (1973) is not supported. Regarding the
former hypothetical inhibitor of the digestive enzymes,
comparison of gene expressions by transcriptome analysis
and proteome analysis between isolated symbiotic algae
under LL and DD conditions might be useful for identify-
ing the hypothetical inhibitor. Our results provide some
keys to ascertaining a mechanism for recognition as a
symbiont by aquatic host organisms with photosynthetic
algae.
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