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Fig. 1 Photomicrographs of algae-bearing P. bursaria
strain OS1gIN (A), algae-free P. bursaria strain Yadlw
(B), Chlorella vulgaris isolated from OS1gIN cells (C),
strain Yadlw cells during the early infection process (4 h
after mixing with isolated algae) (D). Ma, Macronucleus.
Arrow, single green Chlorella (SGC) which could estab-
lish endosymbiosis.
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Fig. 2 Transmission electron micrograph of symbiotic
alga near the host cell surface. Chl, symbiotic C. vul-
garis. CW, cell wall. PV, perialgal vacuole membrane.
Mt, mitochondrion. Tc, trichocyst. (Kodama and
Inouye, unpub. data)

TE M OBLET N EE A AR D, AR LR R O FE M
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Fig. 3 Schematic representation of DV differentiation of
P. bursaria. When isolated living Chlorella sp. and algae-
free paramecia were mixed, one or several algac were
ingested by the host cytopharynx into a DV-1. pH inside
DV-I is 6.4-7.0. Acidified and condensed DV-II appeared
at 0.5-1.0 min after mixing. pH inside DV-II is 2.4-3.0.
Fusion of lysosomes occurred at 2.0-3.0 min, leading to
swollen DV-Illa to DV-IlIc. The color of the algae faded
by digestion in DV-IIIb and DV-Illc. pH inside DV-III is
6.4-7.0. Condensed DV-IVa to DV-IVc appeared at 20—
30 min. pH inside DV-IV is 6.4-7.0. The color of the
algae becomes brown by digestion in DV-IVb and DV-
IVc. Green circle means intact algae. Yellow circle means
digested yellow algae. Brown circle means digested
brown algae. See color figure in on-line publication.
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AT b5, LT, 2045 BAGR IS IR s A3 i o
I L 72 DV-IVIZ 43t %, DV-IV & DV-III & [Al £k
2. BIENOETO Y a LI RNEEEODV-IVa, M1k
MNEBITHERERDN NS LS KOS otz n LT &
Mo Za LT LRHFET HDV-IVL, BlANO2T
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6.4-7.01C L H/-4 2% Z & 2472 (Kodama and Fu-
jishima, 2005), Gomori® 444 (Gomori, 1952) TRHIEN
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L2, DV-IIITY VY — ADORERRZ 52 En
43735 7= (Kodama and Fujishima, 2009),
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T ZES L TR e LT 2 BREL, Fx
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Time after mixing with Chiorella sp. (h)

Fig. 4 Fates of living and boiled Chlorella sp. during the infection process. Isolated living (A) or boiled (B) Chlorella
sp. and algae-free paramecia were mixed, washed, chased, and fixed at 0.05, 0.5, 1, 1.5, 2, 3, 6, 9, 24, 48, and 72 h
after mixing. The percentages of cells with SGC, single digested Chlorella (SDC), DV-IIla, DV-IIIb, DV-IVa, and DV-
IVb were determined. Note that all SGCs that appeared before 0.5 h after mixing were digested by 0.5 h. A, cells with
DV-Illa or DV-IIIb; e, DV-IVa or DV-IVb; o, SGC; m, SDC. For each fixing time interval, 100 to 300 cells were ob-
served. Bar, 90% confidence limit. (From Kodama and Fujishima, 2005.)
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729, 0.5KF% DOSGCHE FF>MaDEIA1X, 0%I272
B, L2>LOSHEMLAKE X, SGCE Fr ol &4 A
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DBHBETHDLZENRNHONE otz &7 v LT
DIHHFFD AcPase IEVEICT T HHBFIHEN I TR E 5
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Fig. 5 Source of SGCs that can establish endosymbiosis. Chlorella sp.-free cells were mixed with isolated algae,
washed, chased, and fixed at 0.5, 1,
were classified into five types according to the stages of their DVs: (a) a cell with no algae, (b) a cell with digested
algae, (c) a cell with DV-IVa, (d) a cell with DV-IVDb, (e) a cell with SGC. When a cell had several types of DVs, i.e.,
types b—e are seen together, the cell was classified in the order b<c<d<e. For example, when a cell has DVs with
SDC and SGC, the cell was classified as type e. (B) Summary of DV types found during the infection process. At each
fixing time interval, 100 to 230 cells were observed. Bar, 95% confidence limit. (From Kodama and Fujishima, 2005.)
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N7z a7 B"HAFET 25 DV-IVb S HBL L= Z LA
B 5 22272 > 72 (Kodama and Fujishima, 2005),

Fig. 61£7 1 L T OREYLEFEIZ 31T 2DV-I (Figs. 6A
and B). DV-II (Figs. 6C and D), DV-IlIb (Figs. 6E and
F). DV-IVb (Figs. 6G and H) &, &ML BHF O
7 v L7 (Figs. 61 and J), 15 EMIfRREICHEE L1z
2 L7 (Figs 6K and L) D YL BEMEIS (Figs. 6A, C, E,
G,1,andK) &, & DFEOGomorietaf4 (Figs. 6B, D, F,
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Fig. 6 Differential-interference-contrast (DIC) micrographs of infection process of symbiotic C. vulgaris cells to algae-
free P. bursaria cells. Chlorella-free paramecia were mixed with isolated algae and fixed at 0.5 min (A and B), 1 min (C
and D), 10 min (E and F), 30 min (G and H), and 3 h (I-L) after mixing. Cells non-treated with Gomori’s solution ; A, C,
E, G, I, K. Cells treated with Gomori’s solution; B, D, F, H, J, L. Experiments were repeated more than 10 times and the
results were reproducible. DV-I; A and B. DV-II; C and D. DV-IIIb; E and F. DV-IVb; G and H. I and J; an alga is just
escaping by budding of the DV-IVb membrane (a red arrowhead). Insets of I and J; enlarged photomicrographs of the
escaping alga. K and L; algae attached just beneath the host cell surface (black arrows). Note that DV-I (B) and DV-II
(D) are AcPase-negative, and DV-IIIb (F) and DV-IVb (H and J) are AcPase-positive. SGCs that escaped from the host
DVs and translocated just beneath the host cell surface are AcPase-negative (L, black arrows). Bars, 10 pm (L) and 2 um
(inset in J). Updated from Kodama and Fujishima 2009. See color figure in on-line publication.
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Hoto, HIEERLT, BELLAETOMBIZED
515 LM F B LI-SGCER oM nE & T
HD, ZOMEIF, 7L T LRALTHHEI05HED
AcPaseif VEFEME D& K DKI4% DRI & O HEBLD
T 5 Z E 3k, oF D HilNIEEE K
SEED 7 v LT T AcPaseiFEMEGME O & S H
L2 ERRLTWS, ZRHOREIT. TN
HAZRILIEDZIFELETOZeLTEF, TV
V—AE Y VY — AREEH%ODV-IVb b HELT 5
LW #ER (Kodama and Fujishima, 2005) %, %/t
FHIRFTIETH, R 5B D L7257 (Kodama and
Fujishima, 2009),
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Fig. 7. A, Three kinds of DVs classified according to the localization of their AcPase-activity. AcPase-negative DV (a);
DV with partially AcPase-positive area near DV membrane (b); entirely AcPase-positive black DV (left DV in c). Bar,
10 um. B, Timing of appearance of Gomori’s staining-positive DVs. White bars mean AcPase-negative DV. Gray bars
mean DV with partially AcPase-positive area near DV membrane. Black bars mean entirely AcPase-positive black DV.
Algae-free P. bursaria strain, Yadlw cells, were mixed with symbiotic C. vulgaris strain, 1N cells, for 1.5 min at 5,000
paramecia/ml and 5x10 algae/ml, washed, chased and fixed at 3 and 30 min after mixing. The cells were stained by
Gomori’s staining to detect AcPase activity in DVs ingesting the algae. Results obtained from three separate experiments
were summarized as mean % + SD. For each time point, 472-512 DVs from 233-236 paramecia were observed. At 3
min, only 6.3% of the DVs were entirely AcPase-positive. On the other hand, at 30 min, ratios of such DVs were in-
creased to 95.6%. Thus, it shows that the majority of the DVs become AcPase-positive until 30 min. Updated Kodama

and Fujishima, 2009. See color figure in on-line publication.

MEFESN DI, B—ICEEMBOY Y Y — A
F%SR OB % [Bl3hE L 72 (T VL2 D 7e vy, ZHUITiE,
ListeriaJ & Holospora @Mt > & 9 12 £ ik 4 H L
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EEIET 2623 54TV 5 (Iwatani et al., 2005;
A & A, 2006), 2 DOWFIETIE, HEHIZHIKE
NHAIZEST A7 L T1d, BRI VY — AR
BET 2RNCDV-IA L MIREICHINT 2 L B2 bh
T 72 (Meier and Wiesssner, 1989)72%, F 4 Ot R
ZTNNHEENTH D Z L AR LT, BEHITHEN
AR TE 7L TF, TV RY—LET Y
V= ADREE LI2 BN T—RIIC Y ¥ Y — LB
MHPERE &2 845 U, ICERaBo 12 Calaliic o &
WTHIBE TR L, ZoBERY VY — A@ABLIE
RN EF T HPVIRICHE LT, i EHIaREIc s
L CHIEZ PGS 5 2 E 3 500272 5 72 (Kodama
and Fujishima, 2005, 2009, Flil ), £ n L iz Xk
L3BEMORBEY VY —LEENS DT A — T
H(—IRA7R Y Y Y — KEERTIERE OB, Ao

OB, PVIE~DL) 1%, 2 FE Tl SNz
EOHFEERCIHAEMNAY & LR D HHR CHEMi e
Al —TFETH D (Fig. 8),
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IRV Y DY AVERARER v LT EIAER
FIREZR 7 v L T &g ERMICER Y IA $ 72 Ky o Ay
DENWEFRD720, OISO ARAEER I/ LT
(C. vulgaris strain C-27, C. sorokiniana strains C-212 and
C-43, Parachlorella kessleri strains C-208 and C-531, C.
ellipsoidea strains C-87 and C-542, C. saccharophila
strains C-183 and C-169, C. fusca var.vacuolata strains C-
104 and C-28, C. zofingiensis strain C-111, C. protothe-
coides strains C-150 and C-206, 4 A A > DIAERTH
%Chlorella sp., strain C-201) %7 1 L 7 ErEMAiIC—
ELRMET/ OVAIICE 2, BIENICERYAENTY
0L 7 oEMEBR L, ZOME IRV YUY
LA RE B HAETE 7 = 7 OC. vulgaris, C.
sorokiniana, P. kessleriid, T FEBMICIVAEND
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Fig. 8 Schematic representation of timing of PV membrane differentiation from DV membrane in early infection process
of symbiotic C. vulgaris to algae-free P. bursaria cells. (A) Spherical DV-I vacuole containing green algae. (B) Differen-
tiation of condensed DV-II vacuole by fusion of acidosomes and acidification. (C) Differentiation of swollen DV-III
vacuole by fusion of primary lysosomes. AcPase-activity positive area by Gomori’s staining are shown by a gray area in
the DV. In the DV-III vacuole, some of the algae exhibit resistance to the lysosomal enzymes and can maintain green
color and original morphology. Remaining algae are partially digested and show yellow colors in the same DV. Internal
pH of the DV-III vacuole increased. DV-III is further classified into three substages: DV-Illa contains green algae only;
DV-IIIb contains both discolored by partial digestion and green algae; and DV-IIIc contains exclusively discolored algae.
(D) Differentiation of condensed DV-IV vacuole. DV-1V is classified into three substages: DV-IVa contains green algae
only; DV-IVDb contains both green and digested brown algae; DV-IVc contains digested brown algae only. (E) Appear-
ance of a SGC and a SDC through DV-IVb vacuole membrane budding. This phenomenon occurs notwithstanding the
fact that alga is intact or partially digested. Note that alga in the buds were still covered by a gray thin layer by Gomori’s
staining. (F) Translocation of the SGCs just beneath the host cell surface, anchor there at about 10 um interval and initia-
tion of algal cell division to establish endosymbiosis. Note that algae attached beneath the cell surface has no AcPase
activity, suggesting that the vacuole membrane wrapping the algae differentiate to PV membrane (red circle) immedi-
ately after budding from the DV membrane. Afterward, the distance between each alga is shorter. SGCs of infection-
incapable and SDCs of infection-capable Chlorella species cannot translocate beneath the host cell surface and eventu-
ally failed to establish endosymbiosis. Green circle means intact algae. Yellow circle means digested yellow algae.
Brown circle means digested brown algae. Updated from Kodama and Fujishima, 2009. See color figure in on-line publi-
cation.
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AHEZR3FED 7 v L T O TORRMPIEAE L LG L
TV 5 (Takeda et al., 1998), Zh B DfEHRIZ, 7 a L
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Fig. 9. Photomicrographs of P. bursaria OS1w cells pulse
-labeled with symbiotic Chlorella sp. cells isolated from
P. bursaria OSlg cells (A) and with C. saccharophila
strain C-169 cells (B). Paramecia were observed 3 h after
mixing. Note that the symbiotic Chlorella sp. cells are
localized close to the host cell surface (arrows), whereas
C. saccharophila C-169 cells are not. Ma, Macronucleus.
From Kodama and Fujishima, 2007. See color figure in
on-line publication.

=AM TH D & HE S LTV (Takeda et al,
1988), =2 T, T VIRIRAE Z{To =& FE 0 1
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B0, PVIRIZIZR By, 5 BIRECIEEEDY
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PEDSHH S22 (Reisser, 1992), 72 EPVIENY v
V= AEEHIETE S, EOX HIZPVEEEED
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Table. 1 Lectin-binding activity of the NaOH-treated and untreated cell walls of Chlorella species and their infec-
tivity for algae-free P. bursaria

Lectin labeling of:*

. Infectivity
. Strain Non-treated cells NaOH-treared cells
Species
(alternative name)
T316w OSlw WGA GS-I ConA WGA GS-II Con A
C. vulgaris C-27° _ _ _ _ + + +
C. sorokiniana C-212
+ + + - - + + +
(211-8k)°
C-43° - + - - + + +
Parachlorella kessleri C-208
+ - - - - - + -
(formerly (Ealled as (21 1-1 1g)°
C. kessleri)
C-531
+ + - - - - + -
(211-11h)°
C. ellipsoidea C-87
- - - - + - + +
(211-1a)°
C-542
- - - - + - + +
(211-1a)°
C. saccharophila C-183° _ _ + + _ + +
C-169° - - - i - - n
C. fusca var. vacuolata C-104
. - - - + - - +
(211-8b)
C-28° - - - + _ _ _
C. zofingiensis C-111
b - - - + - - +
(211-14)
C. protothecoides C-150
, - - - + - - +
(211-11a)
C-206" - - - + - - +
Symbiotic Chlorellasp.  ¢.201° _ _ _ + _ + +
oslg’ + - - - + + +
Ddlg’ + - - - + + +
KM2g® + - - - + +
Bwk-16
i + + - + + + +
)
IN° + - - - + + +

* Algal cells were labeled with Alexa Fluor 488-conjugated Con A, WGA or GS-II. +, 100% of cells with FITC fluo-
rescence; +, less than 100 %; -, 0%. For each experiment, more than 100 algal cells were observed.

®Strain used only in this study.

¢Strain used in this study and by Takeda et al. (1998).
Updated from Kodama and Fujishima, 2007.



128

AT MRS 5418 525 2008 4F

Fig. 10. Photomicrographs of algae-bearing OS1gIN cells suspended in fresh culture medium containing 10 pg/ml of
cycloheximide at 5X 10® paramecia/ml at 25 + 1°C under the LL condition: (A) before treatment; (B) 1 day after mixing
with cycloheximide. All PVs containing green algae swelled synchronously. Furthermore, digested algae appeared in the
cytoplasm (arrow). (C) 2 days after mixing with cycloheximide, the green algae were numerically reduced. (D) 3 days
after mixing. (E) 5 days after mixing. (F) 7 days after mixing. All algal cells disappeared from the host cytoplasm. The
paramecium cells became small. Ma, macronucleus. Bar = 10 um. From Kodama and Fujishima, 2008. See color figure
in on-line publication.

2 LB OPVIRIZINAET 5 (Fig. 10C), Dk, A
7 v L7 Ok IZEA L (Figs. 10D and E), ¥
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E L. mEos o7 EERIFME LRV (Ayala
and Weis, 1987) Z &6, S RUY DU AV GIE
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(Weis, 1984), L7 L, YO X7 L InBpES
NDHMIZOWVWTITFHARN G TW R hoTlz, 7 m~
%I NIZ X 5HSPVSIE, SchiiBler and Schnepf (1992)
WG L2 R v X DPVIEIZE O BLS: & R
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FHEINL, S5/ L IORELFLEI N

VM (Fig. 11) (Kodama and Fujsihima, 2008), Z D%
L. BERIEHEFIE T CRIRIZER S NS 7 LT
DFERTEN, ET v LT EELPVIE~OEE
Uy —ARABIERE S LR B o TV 5 ATHENE
& oRIB LT 5, Reisser (1992) (7 v L Z flifiakE &
PVIEREAE L TWVWAD Z ERXMEOHREIMEZET &
B, ORRELTY Y Y — LA %L L TWA AR
PEZRBLTVWDEN, TR TV 7 a~Fy
I N THE SN L D ZSPVSICH EHi< ML OFFE
X 2o foZ bt PVEEE 7 o LT A kER
DOERBENR U Y — LG BRIEGE ) OJFIR Tl v 2
LR LN o T, S HITH % X Gomorieth %
WT, TEREETTOY 7 a~F oI FAFIZ L -
THbENTZZ 0 LI ITBEDY VY — A0 EE
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Fig. 11. Effects of cycloheximide on the mean number of
green algae per host cell under LL and DD conditions.
Paramecium cells were suspended in culture media with
(open circle) or without (closed circle) 10 pg/ml of cyclo-
heximide at 5X10° cells/ml at 25 + 1 °C, under an LL
(A) and a DD (B) conditions. The vertical bars represent
standard errors of the mean quantities of green algal cells
per host cell. At each time, 20-30 Paramecium cells were
observed. The vertical bars, respectively, represent stan-
dard errors of the mean for three samples. Updated from
Kodama and Fujishima, 2008.

L. ER S TR0 A a5 # O DCMUAFE FCTD
v ua~ v I NLUEETIIPVIRIZY VY — AN TG
LWz & Z 78 L7- (Fig. 12) (Kodama and Fu-
jishima, 2008), TEHISGMFETIZBITH V7 v ~F I
FIZ & 2SPVS L {HILDFFEEIZ SV T, Fig. 13D K5
7o AREN % 37 C 72 (Kodama and Fujishima, 2008), fEH]
G T OHTSPVSAFHE I N LA, PVIEE 7 1
LT MiiaEE DM 2 7c L TV D8 EIZ OV T AR
THDHN, ZIE THERPATE > I2PVIEOME I
DWTH IR MRS O, A%IT. KA RIGEE
FET CRIFICAREND 7 0 LT DX LRI ED
it E MR AR L7 6B 2 T D,

6. TLHESHRORRA

Fx OWFZEIE,. ZnE TOMBRILAIZET 5%
< OWFZE L 1T B B OO —Y BEED
DOTIERL, ZREEDORSICHE L SNHEHS
Do THEEZH OMNCT D2 EEZHNIZL TV D,
ZOWFEREDIT, B OMIAOME o TN
WAEZ2 NAMICHEE L CHAZRMIEZ > W HHd

Fig. 12. AcPase activity around the symbiotic algae of
Paramecium bursaria cells, strain OSlg, treated with 10
pg/ml cycloheximide for 24 h at 5X10° cells/ml at 25 +
1°C, under the LL condition (A), DD condition (B), and
LL condition in the presence of 107 M of DCMU. Only
under the LL condition, many symbiotic algae were di-
gested (some are labeled by white arrowheads) and
showed AcPase activity around them. In contrast, under
the DD condition (B) or the LL condition in the presence
of DCMU (C), algal digestion and AcPase activity in the
PVs were not induced. AcPase activities appearing in B
and C are those in DVs containing food bacteria. An aster-
isk denotes DV containing many digested algae; Ma, mac-
ronucleus. Bar, 10 um. From Kodama and Fujishima,
2008. See color figure in on-line publication.
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Fig. 13. Schematic drawing illustrating some hypotheses related to the induction of SPVS and digestion of symbiotic
alga after treatment of alga-bearing Paramecium bursaria cells with 10 mg/ml cycloheximide under LL or DD condi-
tions. As molecules responsible for functions of the PV membrane, two proteins that are synthesized by the algae, ex-
creted outside the algae and localized on the PV membrane, are postulated. One is a hypothetical maltose transporter-
related protein (squares on PV membrane) (Willenbrink, 1987), which is synthesized by the alga during photosynthesis
and transports maltose from inside the PV membrane to the outside. Loss of this protein in the LL condition induces
accumulation of photosynthesized carbohydrates, mainly maltose. Another one is a hypothetical lysosomal fusion block-
ing protein (circles on PV membrane) that is synthesized by the algae and which has abilities to block lysosomal fusion
to the PV membrane and also to attach to unknown structures immediately beneath the host surface, so that loss of this
protein induces detachment of the PV from the host cell surface and induces fusion with the host lysosomes. The maltose
transporter-related protein disappears rapidly from the PV membrane when the algal protein synthesis is inhibited by
cycloheximide. On the other hand, the lysosomal fusion blocking protein has a longer turnover time than that of the for-
mer; for this reason, this protein remains for some time on the PV membrane when the algal protein synthesis is inhibited
by cycloheximide. Under the LL condition (A), the symbiotic alga synthesizes mainly maltose by photosynthesis in the
host cell (Muscatine et al., 1967) and excretes it into a lumen between the cell wall of the algae and the PV membrane.
The maltose is then transferred outside of the PV membrane through the maltose transporter-related protein on the PV
membrane. The maltose transporter-related proteins disappear from the PV membrane (B-2) when the algal protein syn-
thesis is inhibited by treatment with cycloheximide under the LL condition (B). Ayala and Weis (1987) reported that, by
treatment with 100 mg/ml cycloheximide, the rate of carbohydrate secretion by symbiotic algae under LL showed no
significant difference between the treated and untreated groups. Consequently, the concentration of the carbohydrates
including maltose increases inside the PV membrane, and outside water flows into the PV and induces the SPVS (B-3).
Later, the lysosomal fusion blocking protein disappears from the swollen PV membrane (B-4). Therefore, the vacuole
containing an alga detaches from the host surface; then the host acidosomes fuse to the swollen vacuole and the vacuole
contracts by membrane replacement between the acidosomal membrane and the swollen vacuole (Fok and Allen, 1988;
Kodama and Fujishima, 2005). Thereafter, lysosomal fusion occurs to the contracted vacuole and the alga is digested (B-
5). As shown in Fig. 10C, the PVs that are able to avoid the lysosomal fusion in the presence of cycloheximide recon-
tracted PV. Such vacuoles might be produced by evasion of lysosomal fusion after acidosomal fusion. Under the DD
condition (C-1), cycloheximide treatment induces loss of the maltose transporter-related protein from the PV membrane
(C-2), but no morphological change is induced. Later, the lysosomal fusion blocking protein disappears from the PV
membrane (C-3). The vacuole detaches from the host cell surface and fuses with acidosomes and lysosomes; then the
algae are digested (C-4). Under the DD condition, the fate of the PV is the same as that of C, irrespective of the presence
or the absence of cycloheximide. CH, cycloheximide. From Kodama and Fujishima, 2008. See color figure in on-line
publication.
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