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ABSTRACT 
The primary endosymbiosis of cyanobacteria with primitive eukaryotes is assumed to have 
occurred in ancient times, leading to the formation of plants with chloroplasts. However, 
since this possibility has remained experimentally unproven, we tried to convert hetero-
trophic eukaryotes like protozoa to autotrophs with chloroplasts. For this, when eukaryotic 
and heterotrophic Dictyostelium cells were forcibly cultivated with two kinds of photosyn-
thetic bacteria (the purple non-sulfur bacterium Rhodobacter and then the cyanobacterium 
Synechocystis) as food sources, unique autotrophic organisms consisting of multinucleate 
plasmodia and their derived amoeboid cells, which had very strange morphology and beha-
viors, were formed by endosymbiosis of the bacteria. In this case, long-term pre-cultivation 
with Rdodobacter seemed to be prerequisites for the formation of the autotrophic organisms. 
The resulting, green-colored plasmodium contained a number of Synechocystis-derived bo-
dies in the cytoplasm. The measurement of chlorophyll fluorescence indicates that the Syn-
echocystis-derived bodies are like chloroplasts giving the ability of photosynthesis. Only, 
since the fine structural characteristics and genetic background of the autotrophic multi-
nucleate plasmodia and their derived-amoeboid cells are extremely strange, we discuss the 
possibility of thinking about those reasons. 

 

1. INTRODUCTION 
The primary symbiosis of cyanobacteria with primitive eukaryotes is assumed to have occurred one 
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billion or more years ago, leading to the formation of chloroplasts. However, this possibility has remained 
experimentally unproven. Autotrophy is a form of nutrition involving the synthesis of organic substances 
via CO2 fixation, using reducing power obtained from inorganic substances that are found in plants, algae, 
and certain anaerobic bacteria. This is in complete contrast to the process of heterotrophy, which is a 
mode of respiration by which biopolymers are synthesized by consuming and decomposing organic matter 
to use as a carbon source as part of the food chain [1-3]. On the ancient earth, primitive heterotrophic eu-
karyotes containing mitochondria probably took in photosynthetic bacteria, such as cyanobacteria, as food 
via phagocytosis, and some of the captured bacteria were retained in the host cells without being digested 
in the cytoplasm. These chance events eventually resulted in a primary endosymbiosis and the develop-
ment of photosynthetic organelles, such as chloroplasts that are present in plant cells. Although chlorop-
lasts have long thought to have originated by endosymbiosis of a cyanobacterium, their subsequent evolu-
tionary history has been considered to be somewhat complicated [4]. Intracellular symbioses between eu-
karyotic cells are known to occur in Paramecium bursaria and Hydra viridis etc., in which green unicellu-
lar algae, such as Chlorella, are coordinated by the secondary endosymbiosis [2, 5]. Ohkawa et al. (2011) 
[6] tried to reproduce experimentally the conditions mimicking the first contact and development of sym-
biosis between unicellular ciliate, such as Paramecium bursaria, and photosynthetic bacteria, such as Syn-
echocystis spp. PCC 6803, as a model for studying the very early evolutional processes for the emergence 
of photosynthetic eukaryotes. They succeeded in producing chimeric Paramecium with Synechocystis 
taken in by phagocytosis [6]. However, it remains to be elucidated whether the chimeric organism ob-
tained can grow and proliferate in an autotrophic manner. 

The cellular slime mold Dictyostelium is a social amoeba widely distributed in soil, which multiplies 
by mitosis for as long as external foods, e.g., bacteria, are available. Upon food deprivation, however, 
starving cells initiate a developmental program that includes cell aggregation [7, 8]. The cell aggregate un-
dergoes a series of morphogenetic changes to form a migrating pseudoplasmodium (slug) that eventually 
develops into a fruiting body, consisting of a mass of spores and a supporting stalk. The various develop-
mental capabilities of Dictyostelium show that the organism has developed several solutions for life in the 
severe and variable soil environment. Dictyostelium amoebae have three choices (spore, microcyst, or ma-
crocyst formation) open to them when faced with starvation. At least some species can form microcysts, in 
which each cell creates a thin cellulosic coat and undergoes other changes to prepare it for a short dor-
mancy [9]. Whereas, macrocyst formation is recognized as part of the sexual cycle [10-12]. Incidentally, 
there is no report of microcyst formation under the culture conditions used, so far, for Dictyostelium 
purpureum (Dp), which was used as the host cell in the present study [9].  

In this study, we used the model organism Rhodobacter sphaeroides as one of the photosynthetic 
bacteria supplied for ingestion by Dp-cells. This purple nonsulfur bacterium is widely distributed in soil 
and water and undertakes many processes, including assimilation, decarboxylation, nitrogen fixation, etc., 
depending on the environmental conditions. R. sphaeroides performs anoxygenic photosynthesis and, 
usually, nitrogen fixation and proton release using light energy from the sun. Because these bacteria are 
also able to extensively metabolize organic acids, amino acids, carbohydrates, etc., to obtain reducing 
power, the best growth conditions are anaerobic phototrophy (photoheterotrophic and photoautotrophic) 
in the presence of light and aerobic chemoheterotrophy in the absence of light [13]. 

For the second photosynthetic bacterial food source, we chose the unicellular Synechocystis spp. PCC 
6803 that is systematically the cyanobacterium, as it has a globular shape (ca. 2 μm in diameter) but does 
not form a pair of long beads. The total length of the genome is 3,573,470 bp [14], and after our prelimi-
nary experiment its morphogenetic characteristics allow it to be phagocytosed by Dp-cells, although they 
are somewhat too large for their effective capture, resulting in a considerably slower host Dp-cell growth 
rate. The current oxygen concentration in the earth’s atmosphere is thought to largely result from photo-
synthesis as performed by plants and algae, initially evolved more than a billion years ago from ancestral 
cyanobacteria, which acquired photosystem I and II as light capture devices capable of performing oxy-
genic photosynthesis [15]. Thus, cyanobacteria contain chlorophyll a and phycobilin as auxiliary photo-
synthetic pigments, both of which provide a blue coloration [16]. It has been hypothesized that cyanobac-
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teria may have achieved symbiosis with mitochondria-containing eukaryotes, followed by their eventual 
transformation into the plant organelles known as chloroplasts [17-19]. 

The purpose of this research was to experimentally induce autotrophic organisms from heterotrophic 
Dp-cells in the laboratory by force-feeding them with the two types of photosynthetic bacteria, in order to 
illustrate the processes that probably occurred in ancient times. We report here other interesting findings 
obtained during the course of this work and discuss their evolutionary significance, with special emphasis 
on a possible mode of heterotrophy to autotrophy conversion that may have played out in the primordial 
era. 

2. MATERIALS AND METHODS 
2.1. Cell Strains and Growth Conditions 

Dictyostelium purpureum 4-NI-20 (wild-type) was used as a heterotrophic host cell and grown with 
Klebsiella aerogenes on 3LP (0.3% lactose, 0.3% Bacto-peptone in 1.5% Bacto-agar). To create autotrophic 
cells from host Dp cells, a small number of Dp spores (5 μl in 20 mM phosphate buffer, pH 7.0) were 
placed at the center of inorganic agar on which Rhodobacter sphaeroides had been uniformly spread. The 
red photosynthetic bacterial suspension of R. sphaeroides was purchased from the EM Laboratory (Shizu-
oka, Japan). The green photosynthetic bacterium, Synechocystis spp. PCC 6803, was kindly supplied in a 
culture solution by Dr. E. Suzuki (Akita Prefectural University). A cell suspension (10 ml) of R. sphae-
roides was centrifuged for 8 min at 8000 g and 4˚C to precipitate, and the resulting pellet was suspended in 
ca. 250 μl of sterilized water. A cell suspension (10 ml) of Synechocystis was centrifuged for 5 min at 5000 
g and 4˚C to precipitate, and the resulting pellet was processed as for R. sphaeroides. This was followed by 
uniform plating of the dense cell suspensions on 1.5% inorganic agar (Bacto-agar dissolved in distilled 
water, BG-11 medium [GIBCO], or 20 mM Na/K-phosphate buffer, pH 7.0) in plastic Petri dishes (9 cm in 
diameter) and semi-drying by evaporation. Subsequently, an aliquot (5 μl) of Dp-cell suspension was 
placed at the center of the agar plate and incubated at 22˚C under about 12-h light (ca. 1450 lux on the 
agar surface) and about 12-h dark conditions, unless otherwise noted. During culture, the Dp cells en-
gulfed the surrounding bacteria by phagocytosis and grew by spreading outward while expanding the fo-
refront of growth. Photographs of cell morphology were taken under a stereo-, phase-contrast-, confocal 
or fluorescence microscopes. 

2.2. Calcofluor White Stain 

In order to detect the existence of cell walls, cells were washed twice suspended in 20 mM phosphate 
buffer (pH 7.0), and placed on a clean glass slide. Subsequently, one drop (100 µL) of Calcofluor White 
Staining Solution was added to the sample. After 20 min of incubation in a moisture chamber at room 
temperature, the slide was covered with a clean coverslip, and observed under a fluorescence microscope 
using UV light. 

2.3. Electron Microscopic Procedures  

Various types of cells and cell masses were fixed in 1% solution of OsO4 dissolved in the standard salt 
solution (BSS) for 20 min at room temperature, as described before [20]. In another fixation, cells and cell 
masses were first fixed in 2% solution of glutaraldehyde dissolved in 20 mM PIPES buffer (pH 7.0) for one 
hr at room temperature and post-fixed in 1% solution of OsO4 as described above after careful washing in 
20 mM PIPES buffer (pH 7.0). After dehydration of the fixed samples in a series of ethanol, specimens 
were embedded in Epoxy resin. Ultrathin sections (60 - 80 nm thick) were cut with a Reichert Ultracut S. 
The sections were stained with lead citrate and were observed with a Hitachi H-500.  

2.4. DAPI- and MitoTracker-Green-Stains of Cells 

Cell masses grown on 1.5% non-nutrient agar were scraped off from the agar surface by a bacterial 
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spreader, and suspended in 1 ml of 20 mM Na/K-phosphate buffer, pH 7.0, at a density of ca. 1 × 106 
cells/ml. Then, 5 µl of 1 µM Mitotracker stock solution in DMSO was added to 100 μl of the cell suspen-
sion, and vortexed vigorously. The cell suspension was placed on a cover-slip. After incubation of 30 min 
in a wet-chamber at 22˚C, the sample was washed three times with 20 mM Na/K-phosphate buffer, pH 7.0, 
dipped in ice-cold absolute methanol, and fixed for 10 min. Subsequently, 100 µl of DAPI staining solution 
(10 µg/ml DAPI in 20 mM Na/K-phosphate buffer, pH 7.0) was added, and incubated for further 3 hrs at 
22˚C. The cover-slip was washed three times with the Na/K-phosphate buffer, pH 7.0, and observed under 
a fluorescent microscope (Zeiss, Switzerland, Model Axioscope A1). 

2.5. Detection of Chlorophyll Fluorescence  

Living Dp-green cell masses and host D. purpureum cells (as control cells) were separately placed on 
glass base dishes (Iwaki) and observed under a confocal microscope (Fluoview FV 1000, Olympus, using 
an excitation wavelength (440 nm) and an emission wavelength (620 nm) to detect chlorophyll fluores-
cence. Differential interference contrast (DIC) images of the respective cells were photographed under a 
DIC microscope. 

2.6. Genetic Analysis of Partial 5.8S rRNA Gene  

Vegetative cells of Dp and D. discoideum Ax-2 were harvested, placed into 20 mM Na/K-phosphate 
buffer, pH 7.0, and washed by three centrifugations. The Dp-green cell masses incubated on 1.5% inor-
ganic agar were also collected and washed in the buffer. Genomic DNA was isolated from the washed cells 
with the DNeasy Tissue Kit (Qiagen, Germany). PCR was performed by following either the protocol used 
for the amplification of partial sequences of 5.8S rRNA of Dictyostelids [20] or that of the Dd-MRP4 gene 
whole sequence in D. discoideum [21]. The DNA sequences of primers used for Dictyostelium discoideum 
mitochondrial protein S4 (Dd-mrp4; MtS4) and 5.8S rRNA (Dic_5.8S_rRNA) are as follows: 

Dic_5.8S_rRNA_F: GAGGAAGGAGAAGTCGTAACAAGGTATC 
Dic_5.8S_rRNA_R: GCTTACTGATATGCTTAAGTTCAGCGGG 
MtS4_FH3: TAGGATCCATGAGACAACGAAAAAATGTGACAAAATTT 
MtS4_RB1: CGAAGCTTTTATCTTAGTCTTTTATATTTCTTTAATAAAG 
PCR cycle conditions are as follows: denaturing step at 94˚C for 5 min, followed by 30 cycles of 94˚C 

for 1 min, 55˚C for 1 min and 68˚C for 1 min. 

2.7. Genome Wide Analysis of Dp-Green Cell Masses 

Dp-green cells were grown on 1.5% 1/5 SM agar plates, feeding with K. aerogenes. About 1 × 107 cells 
were collected and washed in 20 mM Na/K-phosphate buffer, pH 7.0. Genomic DNA was isolated from 
washed cells with DNeasy Tissue Kit (Qiagen, Germany). Isolated genomic DNA was analyzed by MiSeq 
Microbiological Genome Draft Analysis Service provided by FASMAC, Japan. Retrieved genomic scaffold 
data were analyzed with Mole-Blast (NCBI, NIH, USA). 

3. RESULTS  
3.1. Formation of Microcysts from D. purpureum Cells by Forced Feeding of  

Photosynthetic Bacteria  

When wild-type Dp amoeboid cells were incubated with K. aerogenes as a food source on 
semi-nutrient (3LP) agar plates, they proliferated rapidly and phagocytosed the bacteria (Figure 1(A)). 
Upon exhaustion of the bacteria, the starving cells differentiated to acquire aggregation-competence and 
constructed multicellular structures. The cell mass migrated to form a cellular stalk at the tip (Figure 
1(B)) and, finally, differentiated into a fruiting body with a mass of spores at the top. 

As the first step to create autotrophic cells from host Dp cells, a small number of Dp spores were in-
cubated with R. sphaeroides (see Materials and Methods section for detail). Henceforth, the first inoculated  
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Figure 1. Differences in morphology during growth and subsequent morphogenesis of Dictyostelium 
purpureum depending on the type of food provided during the vegetative phase. (A) Phase-contrast 
microscope image of vegetative D. purpureum cells growing after feeding on Klebsiella aerogenes. 
Bar, 50 µm. (B) Morphogenesis of D. purpureum cells after consuming food. Starved cells aggregated 
and migrated (arrow) as pseudoplasmodia to eventually form fruiting bodies consisting of spores 
and a supporting stalk. Bar, 1 mm. (C) Sheet-like clusters of microcysts formed by forced feeding 
with Rhodobacter sphaeroides, instead of K. aerogenes, and subsequent starvation. The sample was 
collected Bar, 50 µm. (D) Fluorescence microscope image of the cell cluster. The outer-most surface 
of each round cell is stained with calcofluor, showing the presence of cellulose and/or chitin in the 
wall. Bar, 50 µm. 
 
cells are referred to as the 1st transferred cells (1st Dp cells) for convenience. During incubation, the 1st 
Dp spores germinated, actively engulfed as amoeboid cells the surrounding bacteria by phagocytosis and 
multiplied and spread outward while expanding the forefront of growth, which reached the outermost re-
gion of the agar plate (diameter, 9 cm) within 5 days of incubation at 22˚C. Starving cells located at and 
near the inoculation spot exhibited normal morphogenesis to form fruiting bodies. However, the cells lo-
cated further away failed to aggregate and formed sheet-like cell clusters, as shown in Figure 1(C), con-
sisting of somewhat rounded cells.  

The surface of each rounded cell was stained with calcofluor (Figure 1(D)), which that binds to cel-
lulose and/or chitin in the cell wall, and was considered a microcyst, which has not been reported before in 
D. purpureum. After 7 days of incubation, the outermost cells were transferred in droplets to the center of 
inorganic agar on which red photosynthetic R. sphaeroides had been uniformly spread, and incubated for 
another 7 days as 2nd Dp cells. The cells at the outermost region should have been those that had divided 
the most during the course of the incubation, while phagocytosing the bacteria. As was expected, the 2nd 
Dp cells grew and divided while actively phagocytosing the bacteria, and most did not exert normal mor-

https://doi.org/10.4236/ns.2022.149033


 

 

https://doi.org/10.4236/ns.2022.149033 369 Natural Science 
 

phogenesis after starvation but formed clusters of microcysts instead of autotrophic cells. The 3rd Dp cells 
were found to lose their morphogenetic ability after starvation, although their vegetative growth and pro-
liferation in the presence of bacteria were almost normal. Despite this situation, we tried to obtain auto-
trophic cells by repeated transfer of the Dp cells. Unfortunately, however, no signs of autotrophy were 
recognized, even in the 21st Dp cells incubated for ca. 5 months. 

3.2. Creation of a Unique Autotrophic Organism with a Dark Brown Color  

In the second attempt, we forced the 21st Dp cells to ingest another species of photosynthetic bacte-
ria, the cyanobacterium Synechocystis spp. PCC 6803. When the 21st Dp cells were transferred to the cen-
ter of inorganic agar (1.5% agar containing BG-11 medium or 20 mM Na/K-phosphate buffer, pH 7.0) on 
which Synechocystis had been uniformly spread, they grew slowly while feeding on the bacteria, and the 
forefront of growth reached the outermost region of the 9-cm agar plate after 7 - 8 days of incubation at 
22˚C. The outermost cells were again spot-inoculated onto Synechocystis-spread agar, as in the case of R. 
sphaeroides, and incubated for 7 days. Although autotrophic cells did not appear in the 2nd transferred 
population, notable results were obtained by chance when the 3rd transferred cells were incubated and 
abandoned for 53 days: a considerable number of dark-brown cell masses formed near or at the center of 
the agar plate, as shown in Figure 2(A). From their morphological and behavioral characteristics (Figure 
2(B)), they seemed to be formed by autotrophic growth, and this was proven in the next stage of the study.  
 

 
Figure 2. Dark-brown-cell masses formed by forced feeding with Rhodobacter shaeroides and, sub-
sequently, Synechocystis, and their autotrophic growth without a food source. (A) Dark-brown-cell 
masses formed in the central area of 1.5% agar plates after about 6 months of forced feeding with R. 
sphaeroides and subsequent feeding with Synechocystis. Bar, 3 cm. (B) Enlarged image of the 
dark-brown-cell masses. Bar, 1 mm. (C) Distribution pattern of brown-cell masses formed after 14 
days of autotrophic growth without a food source. In addition to the periodic light-brown distribu-
tion pattern (left side), a considerable number of globular brown-cell masses formed remote islands 
(right side). Bar, 5 mm. (D). Phase-contrast microscope image of a dark-brown cell mass and sur-
rounding amoeboid cells. 50 µm. 
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Green-colored autotrophic cell masses had not been obtained by the repeated culture of host Dp cells 
with Synechocystis alone for about 8 months. Instead, Dp cells cultured with Synechocystis rapidly lost 
their morphogenetic ability to form fruiting bodies after starvation and became microcysts, as in the case 
of the culture with R. sphaeroides.  

3.3. Developmental Characteristics of Unique Autotrophic Organisms 

To confirm that the formation of the dark-brown cell masses described above was due to autotrophic 
growth through photosynthesis, a part of the mass was aseptically transferred to inorganic agar (typically, 
1.5% agar dissolved in BG-11 medium or 10 mM Na/K-phosphate buffer, pH 7.0), using a sterilized tooth-
pick or platinum loop and were incubated without a food source like bacteria. This replanting of cells was 
performed aseptically under a stereomicroscope on a clean bench. As a result, a considerable number of 
dark-brown regions with a unique distribution pattern were formed within 10 days of incubation (Figure 
2(C)). That is, in addition to a stripe pattern with an underlining pattern of small dots (Figure 2(C), left 
side), a number of globular dark-brown regions formed as small islands (Figure 2(C), right side). At the 
earliest developmental stage, many amoeboid cells were produced around the spherical dark-brown mass, 
as shown in Figure 2(D). Free-living amoeboid cells, some of which were in the process of cell division, 
were observed on the exterior of the cell masses. When observed in detail, the central dark-brown mass 
and the surrounding dark-brown islands were found to be connected to each other by a thin multinucleate 
plasmodium that spread widely and radially as a very thin layer from the center. The multinucleate plas-
modium was found to be critical for autotrophic growth, as described later. Importantly, a significant 
number of amoeboid cells were constructed in a budding-manner from the thin multinucleate plasmo-
dium. Incidentally, we found that the first dark-brown cell masses could live for a long time, as they re-
tained the ability to form the autotrophic organism, even when left unattended for at least 3 years at 22˚C.  

During successive planting of the dark-brown cell masses without a food source, some of the cell 
masses spontaneously transformed into green-colored masses (referred to as Dp-green cell masses for 
convenience), as shown in Figure 3(A). Many amoeboid cells were produced from the masses (Figure 
3(B)). The Dp-green cell mass also formed a multinucleate plasmodium that spread radially outward from 
the center of the Dp-green mass, as the case in the dark-brown cell mass. A significant number of amoe-
boid cells were constructed from the tip (Figure 3(C), Figure 3(D), Figure S2(B)) or the intermediate 
region of a green multinucleate plasmodium (Figure 3(B), Figure S1), possibly via the self-organization of 
Dp-derived nuclei, mitochondria, red pigments (probably derived from Rhodobacter), and green pigments 
(possibly derived from Synechocystis) that were present as granular or lamella structures (Figure S1). A 
thin reticulated multinucleate plasmodium formed at the outermost peripheral region, and apparently 
cell-like protrusions sometimes formed in a process similar to budding (Figure 3(C), Figure S2(B)). As a 
result, many amoeboid cells were produced and migrated over the substratum from the outermost area of 
the plasmodium (Figure 3(D), Figure S2(B)). Importantly, we found that the outermost region of the 
green plasmodium, apparently without amoeboid cells, had the ability to generate Dp-green cell masses 
when transferred to a new inorganic agar plate and cultivated without a food source. In the nuclear regions 
of Dp-green cells, red and green pigments derived from Rhodobacter and Synechocystis, respectively, were 
often observed, as shown in Figure S1.  

Cells that could not become green cell masses gradually become light-brown cell masses in which 
most of Synechocystis-derived green granules were missing. At the earliest developmental stage, the glo-
bular cell mass formed a cluster of protrusions with the appearance of small plant roots. Subsequently, a 
thin multinucleate plasmodium was formed, and some amoeboid cells were produced and released from 
the plasmodium, as shown in Figure S2. Interestingly, formation of the light-brown cell masses was 
formed even in the dark, and its property was stably retained in the process of further subculture. The 
highest growth rate of the green plasmodium was about three times higher than that of light-brown plas-
modium: the rate of radial horizontal spread of the green plasmodium on agar was ca.15 μm/hr, while that 
of the light-brown plasmodium was ca. 5 μm/hr. 
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Figure 3. Morphology and behavior of Dp-green cell masses formed spontaneously from Dp-dark- 
brown cell masses. (A) Gross morphology of a green-cell mass formed by autotrophic growth of 
Dp-brown cells during culture. Bar, 2 mm. (B) Amoeboid cells near the center of the cell masses. 
Bar, 60 µm. (C) A thin reticulated multinucleate plasmodium in the outermost region. Two 
cell-like protrusions (arrows) formed from the leading edge of the plasmodium. Bar, 50 µm. (D) 
Amoeboid cells (arrows) that migrated outward by amoeboid movement from the leading edges. 
Bar, 80 µm. 
 

When a small number of Dp-green or Dp-light-brown cell masses were transferred in droplets to the 
center of inorganic agar, on which R. sphaeroides or Synechocystis had been uniformly spread, and incu-
bated for another 7 days, both of the cells failed to ingest temporally the microbes by phagocytosis for 
about two days and exerted autotrophic growth during the lag period. This was followed by heterotrophic 
growth, phagocytosing actively the external bacteria. When agar plates were spread with Klebsiella aero-
genes, both the Dp-brown and Dp-green masses lost their ability to phagocytose for about 2 days of incu-
bation: they exhibited autotrophic growth during this period and then began to proliferate, engulfing the 
K. aerogenes. This seems to indicate that once autotrophic traits were acquired, the cells did not need to 
feed on bacteria for their growth temporally. Importantly, however, the Dp-green masses that had prolife-
rated in a heterotrophic pattern while engulfing Synechocystis after about 4 days of lag time eventually 
formed a sheet of microcyst-like cells after about 15 days of incubation. When a small number of the mi-
crocyst-like cells were transferred to a new inorganic medium and incubated without food, they grew au-
totrophically again. Incidentally, the lag-time of the first 4 days was temporally allowed only shortly after 
transfer from autotroph to heterotroph. Actually, the lag period time was no longer allowed when the he-
terotrophically grown Dp-green masses were transferred to a new plate on which K. aerogenes had been 
spread. Taken together, these results indicate that the Dp-green masses could grow heterotrophically, as 
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well as autotrophically, and so retained their basic genetic features required for autotrophic growth.  

3.4. Fine Structures of the Green Plasmodium, Its Derived Amoeboid Cells and Host  
Dp-Amoeboid Cells 

In the central region of a green multinucleate plasmodium, Synechocystis-derived bodies were pre-
dominantly present, and other structures such as Rhodobacter-derived bodies and Dp-derived mitochon-
dria were also observed (Figure S3 and Figure 4 shows fine structures of the middle region of a green 
multinucleate plasmodium, in which a variety of organelle-like structures, including Synechocystis-derived 
bodies, Rhodobacter-derived bodies, and a cluster of structurally modified mitochondria were mainly visi-
ble. Surprisingly, however, it was found that the cell membrane of the multinucleate plasmodium and 
amoeboid cells was not retained by double fixation with glutaraldehyde and OsO4 as well as by single fixa-
tion with OsO4. Probably, the membrane structures of the created autotrophic plasmodium and amoeboid 
cells derived from it might be very fragile, thus resulting in failure of preservation of cell membrane sys-
tems during fixation and subsequent dehydration. The absence of small ribosome-like granules might be 
because these structures might be leaked from the plasmodium and amoeboid cells after the cell mem-
brane was greatly damaged. Nevertheless, electron-dense membranes as observed in structurally modified 
Synechocystis, and structurally modified mitochondria were observed in the cytoplasm of the green plas-
modium and amoeboid cells (Figure 4, Figure S4. The cell membrane structure was also scarcely noticed 
in the light brown plasmodium and amoeboid cells derived from it. Instead, a cluster of unique mitochon-
dria was often observed in the light-brown plasmodium and amoeboid cells as well as in the green plas-
modium and amoeboid cells. Interestingly, most of the modified mitochondria were found to be covered  
 

 
Figure 4. The fine structure of a multinucleate plasmodium located the peri-
pheral site of a Dp-green cell mass. A variety of organelle-like structures, in-
cluding Synechocystis-derived body (S), Rhodobacter-derived body (R), and 
a cluster of unique mitochondria (M), are visible. A considerable number of 
unidentified electron-dense bodies (arrows) are also seen. Bar, 1 μm. 
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with electron-dense membranes (Figure S4). The mitochondria seemed to correspond to those of host D. 
purpureum cells. In the case of host Dp-amoeboid cells, at least two kinds of mitochondria with different 
electron densities were observed, as shown in Figure 5. Such heterogeneity is rarely found in the popula-
tion of D. discoideum-mitochondria [22]. In the cytoplasm of Dp-amoeboid cells shown in Figure 5, a 
considerable number of cavities without boundary membranes as observed in Golgi complexes and small 
vesicles were recognized. In addition, there is a limited part of cell membrane where the unit membrane 
structure is not so clear. These structural features are not found at least in D, discoideum cells [22]. Accor-
dingly, it is possible that such vulnerabilities of the membranes in host Dp-cells may be passed on to the 
green plasmodium and amoeboid cells derived from it. The red and/or green pigments, as shown by the 
phase-contrast micrograph of Figure S1, seemed to correspond to the unique inclusion bodies present in 
the nuclear region of the plasmodium-derived amoeboid cells (see the EM image of Figure S4).  

3.5. The Autotrophic Plasmodia and Their Derived Amoebae Contain a Considerable  
Number of Granules with Synechocystis- and/or Rhodobacter-Derived DNAs,  
in Addition to a Mass of Dp-Derived Mitochondria 

The green plasmodium-derived amoeboid cells were stained with a mitochondria-specific fluorescent 
marker, MitoTracker Green, and the DNA-specific dye, DAPI, to examine the distribution of mitochon-
dria and DNA-containing organelles, including cell nuclei, respectively. In a differential interference con-
trast micrograph of an amoeboid cell shown in Figure 6(A), an almost circular and non-granular area was  
 

 
Figure 5. Ultrastructure showing Dictyostelium purpureum (Dp) amoeboid 
cells at the vegetative growth phase. In the nucleus (N), two nucleoli (Nu) are 
observed in contact with the nuclear membrane. In the cytoplasm, at least 
two kinds of mitochondria with different electron densities were observed, 
Also, a considerable number of cavities (asterisks) without boundary mem-
branes as observed in Golgi complexes and vesicles are recognized. CM, cell 
membrane; M, mitochondria. Bar, 1 µm. 
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observed. From its shape, this area is regarded as the nuclear region. As expected from the electron micro-
scopic observations, however, the cell nuclear regions were not stained with DAPI (Figure 6(B)), possibly 
because of leakage of DNA from the nucleus during fixation. On the other hand, the number of stained 
mitochondria was found to be much higher than that in parental D. purpureum cells (Figure 6(C), Figure 
S6). Figure 6(D) shows the merged image of DAPI-staining and MitoTracker Green-staining. The original 
green-colored granular stains were artificially converted to red in Figure 6(C) in order to merge with the 
DAPI-staining in Figure 6(B). Numerous pink granules with mitochondria with DNA were observed, in 
addition to and a small number of blue granules containing probably Synechocystis- and/or Rhodobac-
ter-derived DNAs (Figure 6(D)). In (D), three distinct yellow granules were observed near the nuclear 
region, beside the pink and blue granules. Since yellow is a merged color of green and red, there are the 
possibility that a small number of green-colored granules will be present in the amoeboid cells. For com-
parison, the staining patterns of host D. purpureum cells with DAPI and MitoTracker-Green are shown in 
Figure S5. 
 

 
Figure 6. Staining of an amoeboid cell derived from the green plasmodium with DAPI and Mito-
Tracker-Green. (A) DIC (differential interference contrast) microscopic image. N, nuclear area. (B) 
DAPI-staining image of the interference contrast microscopic image. N, nuclear area. N, nuclear 
area. (B) DAPI-staining image of the same region with (A). M, cluster of mitochondria. (C) Mito-
Tracker-Green-stained cells of the same region as (A). M, cluster of mitochondria. (D) The merged 
image of DAPI-staining (B) and MitoTracker-Green-staining (C). The original green-colored gra-
nular stains with MitoTracker-Green were artificially converted to red in (C) in order to merge with 
the DAPI-staining in (B). Note numerous pink granules (mitochondria with DNA) and a significant 
number of blue granules containing probably Synechocystis-derived DNA. Beside the pink and blue 
granules, three distinct yellow granules are observed near the nuclear region. Bar, 10 µm. 
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3.6. The Green Plasmodium Has a Significant Number of Granules with  
Chlorophyll Fluorescence  

To know if the green plasmodium and its derived amoeboid cells have fluorescence with chlorophyll, 
they were observed under a confocal microscope, using excitation wavelength of 440 nm and emission 
wavelength of 620 nm (Figure 7(A), Figure 7(B)). As a result, it was found that the plasmodium contains 
a significant number of granules with chlorophyll fluorescence (Figure 7(B), Figure 7(C)), while that 
many of the amoeboid cells have no chlorophyll fluorescence-positive granules in the cytoplasm with an 
exception that a small number of cells have one or two red granules with chlorophyll fluorescence (Figure 
7(C), arrow). As expected, host Dp-amoeboid cells that had been heterotrophically grown, feeding on K. 
aerogenes, had no chlorophyll fluorescence-positive granules in the cytoplasm (Figure 7(D), Figure 7(E)). 
Figure 8 shows excitation wavelength dependency of chlorophyll fluorescence in the area of a green plas-
modium and amoeboid cells derived from it. From the fluorescence spectrum, it is evident that the maxi-
mum value (relative fluorescence emitted by 440 nm of wavelength) is around 680 nm (Figure 8), which is  
 

 
Figure 7. Microscopical detection of chlorophyll fluorescence in the green multinucleate plasmo-
dium and its derived amoeboid cells. An autotrophically growing green plasmodium and its derived 
amoeboid cells were observed under a confocal microscope using an excitation wavelength (440 nm) 
and an emission wavelength (620 nm) to detect chlorophyll fluorescence. (A) A DIC image of the 
green plasmodium and amoeboid cells. (B) A photograph of the same field of view with (A), taken 
under the confocal microscope. The structures with chlorophyll fluorescence are shown as red gra-
nules. (C) A merged image of (A) and (B). It is evident that the green plasmodium has a considerable 
number of red granules with chlorophyll fluorescence. Note that many of amoeboid cells are devoid 
of red granules, though a few cells contain one or two red granules in the cytoplasm (arrow). (D) A 
DIC image of host Dp-cells grown heterotrophically with Klebsiella aerogenes. (E) As expected, 
chlorophyll fluorescence is never observed, indicating the absence of photosynthetic organelles like 
chloroplasts. Bar, 50 µm. 
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Figure 8. Chlorophyll fluorescence spectrum depending on emission wavelength in a green plasmo-
dium and its derived amoeboid cells. Upper figures: Total 29 images of the same sample excited by 
light with a wavelength of 440 nm. The fluorescein emission at the wavelength indicated on the re-
spective figure was photographed. The photo on the far right of the third row is a DIC-image of the 
selected sample area. The photo on the bottom right is an image taken at 683 nm of emission wave-
length. Many bright and small particles (possibly Synechocystis-derived granules) are observed. On 
the lower left graph, the emission wavelength (horizontal axis)-dependency of relative fluorescence 
(vertical axis) is shown: the maximum fluorescence value emitted by 440 nm of wavelength being 
attained around 680 nm of emission wavelength. The measurement of fluorescence emission was 
done, focusing on a small circle shown in a lower right magnified panel. 
 
a typical spectrum of chlorophyll fluorescence. According to continuous observation of the green plasmo-
dium and amoeboid cells derived from it under a DIC-microscope, the amoeboid cells were found to be 
located on the underside of the plasmodium and perform an active amoeboid movement on the surface of 
the plasmodium. Here it is important to note that the amoeboid cells never take up the constituents of the 
green plasmodium by phagocytosis. Therefore, it is almost unlikely that the amoeboid cells may ingest the 
green plasmodium (a kind of biofilm) as a food source to support heterotrophic growth. 
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3.7. The Genetic Background of the Green Multinucleate Plasmodium and Its  
Derived Amoeboid Cells  

The genomic DNAs of parental D. purpureum cells, D. discoideum cells, and green multinucleate 
plasmodium containing amoeboid cells were isolated and amplified by PCR using 5.8S rRNA (ribosomal 
RNA (a non-coding RNA component of the large subunit of the eukaryotic ribosome) primers commonly 
used for phylogenetic studies of Dictyostelium. A single amplicon of a partial 5.8S rRNA sequence was 
amplified from the parental D. purpureum (Figure S6, Lane 5) and D. discoideum (Figure S6, Lane 4) 
genomic templates. However, several amplicons were observed with the genomic template of Dp-green cell 
masses (Figure S6, Lane 6). In addition, the DNA sequences similar to the D. purpureum genome were 
not found in the strongest band of the Lane 6. When the genomic template of parental D. purpureum cells 
was amplified with PCR using primers for Dd-MRP4 (mitochondrial ribosomal protein S4 of D. discoi-
deum), a single, weak band was visible (Figure S6, Lane 2), whereas the genomic template of parental D. 
discoideum cells produced a single, strong band (Figure S6, Lane 1). In contrast, when green plasmodia 
containing amoeboid cells were used for PCR with the Dd-MRP4 primers, no bands were observed 
(Figure S6, Lane 3), indicating that the sequences comparable to Dd-MRP4 were either lost or partially 
mutated in the green plasmodia containing amoeboid cells and also in host D. purpureum cells.  

For some of the amplifications, two amplicons were produced, each of which was identified as being 
DNA sequences derived from Rhodobacter and Synechocystis, suggesting that the two amplicons might be 
the result of the miss-priming of primers to the template (Figure S6. Lane 6). Parental D. purpureum 5.8S 
rRNA was not identified in these amplicons. Green plasmodium containing amoeboid cells were also ana-
lyzed with MiSeq genome wide sequencing. Curiously, assembled data were not identical with parental Dp 
cells’ genome, and seemed to contain many kinds of bacterial genome fragments. Although some of them 
were identified as Synechocystis- and Rhodobacter-genomes, most genome fragments were found to be 
similar to those of gram-negative aerobic bacteria such as Chitinophaga and Brevundimonas (data not 
shown). Unexpectedly, in the above MiSeq genome wide sequencing analysis some fragments were found 
that slightly resembled the gene sequence of free-living Acanthamoeba. Possible interpretation of these 
strange data will be discussed in the next section.  

4. DISCUSSION 
Here, we discuss the mechanisms underlining the conversion of heterotrophy to autotrophy. Some 

types of photosynthesis involve the generation of oxygen, such as in green plants, and others involve the 
oxidation of H2S and other substances, such as in purple bacteria. It is estimated that the majority of or-
ganic matter and atmospheric oxygen that currently exists were produced by photosynthesis. The emer-
gence of autotrophic eukaryotes was a crucial step, allowing a variety of organisms to thrive as they do to-
day; its establishment required two steps of intracellular symbiosis between two types of organelles: respi-
ratory mitochondria and photosynthetic apparatuses like chloroplasts. In this connection, although such 
groundbreaking endosymbiosis is believed to have been established by about 100 million years ago [23], 
there has been no way to reproduce or demonstrate the events that occurred during the establishment of 
primary endosymbiosis. The precise nature of the host cell that partnered with the endosymbiont con-
taining chloroplasts remains to be an open question. However, it is of interest to know how and how often 
plastids such as chloroplasts moved one eukaryote to another during algal diversification through the pri-
mary, secondary, and tertiary endosymbiosis [24]. Hence, in the present work, we tried to experimentally 
create autotrophic organisms from heterotrophic amoeboid cells lacking photosynthetic capacity. For this 
purpose, wild-type Dp cells were used as heterotrophic host cells, and two kinds of photosynthetic bacte-
ria, R. sphaeroides and Synechocystis spp. PCC, were used as food sources for the Dp-cells. 

Both the autotrophic Dp-light brown cell masses and the Dp-green cell masses were experimentally 
induced by two-step force-feeding with R. sphaeroides followed by Synechocystis spp. PCC 6803. In con-
nection with this, it is most likely that the forced feeding and endosymbiosis of the heterotrophic Dp-cells 
with R. sphaeroides seem to be prerequisites for the creation of the autotrophic organisms, as we have not 
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succeeded in producing autotrophic Dp-dark brown, Dp-green and Dp-light brown cell masses by 
force-feeding cells with Synechocystis only, despite many, long-term cultures. The key to autotroph for-
mation is considered to be the selection of the appropriate host cells (Dictyostelium) and the order of 
feeding with R. sphaeroides followed by Synechocystis. In other words, the findings presented here 
strongly suggest that endosymbiosis of the green pigment gene derived from Synechocystis may be re-
quired for the creation of photoautotrophic organisms from Dp-cells, coupled with the incorporation of 
the red pigment gene (derived from R. sphaeroides) into host Dp-cells. In other words, the endosymbiont 
R. sphaeroides was probably necessary to facilitate the establishment of the photoautotrophic Dp-green 
plasmodium. In the condition that Synechocystis-derived structures are retained in amoeboid Dp-cells 
without being digested, its photosynthesis is likely to cause significant damage to the amoebae using reac-
tive oxygen species. Therefore, it will be necessary to possess the structure of alleviating and inhibiting 
photosynthetic oxidative stress in order to make photosynthetic devices such as Synechocystis coexist 
stably in eukaryotic cells. In this connection, it is possible that Dp-cells pre-cultured with Rhodobacter 
may have effect of relieving photosynthetic oxidative stress by engulfed Synechocystis, thus resulting in its 
successful endosymbiosis. 

The difference between the Dp-light brown and Dp-green cell masses seems to be principally a result 
of the quantitative or qualitative differences in the red and green pigments contained in the two types of 
cell masses. Importantly, the Dp-light brown cell mass was produced in a light-independent manner, as 
they formed even under completely dark conditions. Actually, the Dp-light brown plasmodium as well as 
the amoeboid cells derived from it were mostly missing green granules derived from Synechocystis. This is 
in contrast to the Dp-green plasmodium that needs light to efficiently grow in an autotrophic fashion. 
Thus it is possible that the Dp-light brown plasmodium may carry out chemolithoautotrophic growth, and 
that Dp-green plasmodium may have used photolithoautotrophic growth in addition to chemolithoauto-
trophic growth. This may explain why the growth rate of Dp-green plasmodium was about three times 
higher than that of Dp-light brown plasmodium. 

The formation of a green multinucleate plasmodium is especially important, in that it is presumably 
responsible for photosynthesis via chlorophyll. The amoeboid cells formed from the plasmodium seem to 
be self-assembled through the appropriate allocation of essential organelles from an apparently chaotic 
state in a time- and space-adjusted manner. According to the chlorophyll fluorescence observation, it is 
almost unlikely that free-living Dp-amoeboid cells derived from the green plasmodium can perform auto-
trophic growth by means of photosynthesis via chlorophyll, because most of them are devoid of green 
granules with chlorophyll fluorescence (see Figure 8). However, since a few number of amoeboid cells 
contain one or two chlorophyll fluorescence-positive granules like chloroplasts in the cytoplasm, it may be 
still possible that they will evolve into autotrophic cells which are able to undergo photosynthesis via 
chlorophyll in the process of long-term subculture. 

The multinucleate plasmodium is behaviorally similar to that of a true slime mold such as Physarum 
polycephalum, except for the deficiency of chloroplasts [25]. When the multinucleate plasmodium of 
Physarum polycephalum is starved and light-irradiated, it moves to construction of fruiting bodies in 
which many spores are formed. Such a mode of spore formation seems somewhat similar to the creation of 
amoeboid cells from the autotrophic multinucleate plasmodia. In the case of autotrophic plasmodia, the 
red or green granular structures will probably function as organelles in coordination with the Dp-nucleus, 
as the morphological and behavioral characteristics of Dp-light brown and Dp-green plasmodia were 
stably retained during long-term successive cultures without a food source. Therefore, it is possible that 
the multinucleate plasmodium described above may be the most primitive structural form required for the 
initial conversion from heterotrophy to autotrophy. The optimum conditions for autotrophic cell growth 
are achieved when the growth rate of the host cell’s nuclei is completely synchronized with those of the 
organelles, such as mitochondria and chloroplasts. Therefore, investigations into the optimal conditions 
necessary for autotrophic cell growth, as well as for the development of multinucleate plasmodia, will be 
required in future studies, as the growth rates of the Dp-light brown and Dp-green plasmodia are not suf-
ficiently high at the present stage. 
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On electron microscopic observation, the central region of the Dp-green plasmodium was mainly com-
posed of numerous Synechocystis-like bodies, in addition to disassembled Rhodobacter and Dp-derived mi-
tochondria, as in the case of the middle and peripheral regions of multinucleate plasmodium. Because 
Dp-nuclei were not frequently observed in the multinucleate plasmodium, they may have been low in 
number or markedly damaged during the course of EM preparation. In Dp-green and Dp-light brown 
plasmodia, a large number of structurally modified mitochondria, each of which was surrounded by a 
layer of electron-dense membrane, were observed. A considerable number of studies have pursued the 
mechanisms behind the establishment of secondary endosymbiosis, mainly using unicellular red algae, 
such as Cyanidioschyzon merolae [26], green Hydra (Hydra viridissima) [27], green Paramecium (Para-
mecium bursaria) [28], photosynthetic sea slugs (Elysia timida) [29] etc.: C. merolae has the simplest eu-
karyotic cell system: a small haploid genome, one chloroplast, one mitochondrion, and other essential or-
ganelles in the fewest number of units necessary. In particular, numerous studies have been conducted on 
the genomic involvement and the precise mechanisms of cooperated organelle division [30, 31]. In green 
Hydra and green Paramecium, secondary endosymbiosis with eukaryotic Chlorella algae imparts various 
benefits to the host bodies through the supply of O2 and organic compounds by photosynthesis in the 
Chlorella cells, which are mostly undigested in the Hydra and Paramecium bodies. Furthermore, the host 
bodies supply CO2, NH2, etc., to the captured Chlorella cells. In the case of Elysia timida, it steals from the 
algae Acetabularia acetabulum to gain the photosynthetic light reactions of the chloroplasts [29]. However, 
the relationship between the captured Chlorella and Acetabularia cells and the host cells appears to be 
temporal coexistence. In the present work, we have successfully illustrated an original mode of cyanobac-
terial endosymbiosis, previously considered unproven in the field of evolutionary biology. The main rea-
sons for the successful creation of autotrophic cells seem to be the two-stage forced feeding of Dp-cells 
with photosynthetic bacteria, involving long-term culture with purple photosynthetic bacteria like Rho-
dobacter, and then feeding the green photosynthetic bacteria like Synechocystis, to promote endosymbi-
osis, as previously described. Incidentally, when Dp-amoebae, Rhodobacter, and Synechocystis were cul-
tured separately on 2% inorganic agar, they hardly proliferated during at least 7 days of culture at 22˚C. 
Thus it is evident that the multinucleate plasmodia reported here are able to grow in an autotrophic man-
ner, without taking in external nutrients such as bacteria. The utilization of Synechocystis as a food source 
was especially important because of its morphological nature: it is not too large (ca. 2 μm in diameter) and 
has a round shape; therefore, Synechocystis cells were relatively easily phagocytosed by the Dp-cells 
pre-cultured with Rhodobacter. Thus, we have finally succeeded in providing an experimental system to 
analyze the molecular and cellular mechanisms of autotrophic appearance in real-time using Dp-brown or 
Dp-green cell masses derived from heterotrophic soil wild-type Dp-amoebae. 

The fact that the light-brown plasmodium can grow slowly but autotrophically even in complete 
darkness is a surprise to us. This might be due to chemolithoautotrophic growth. Unlike conventional he-
terotrophic microorganisms that consume carbohydrates and amino acids, Prokaryotic chemolithoauto-
trophs have evolved the capacity to utilize reduced chemical compounds to fix CO2 and drive metabolic 
processes [32]. For instance, two species of Rhodobacter among the nonsulfur purple bacteria may exhibit 
aerobic chemolithoautotrophic growth with hydrogen as the electron donor [33].  

Some unusual results were obtained regarding to the genetic background of Dp-green cell masses, as 
shown by the PCR analysis and genome wide analysis. That is, the results are not supporting data showing 
that the autotrophic organisms obtained are derived from host D. purpureum cells. In other words, how-
ever, these data seem to indicate that the genomic DNA of host Dp cells and mitochondrial DNA may be 
drastically modified by probably horizontal gene transfer (HGT) during the course of heterotrophic to au-
totrophic conversion to the extent that the prototype is cannot be discerned. On the other hand, the ge-
nome wide analysis of the green cell masses gave a somewhat unexpected result: some fragments were 
found that slightly resembled the gene sequence of free-living Acanthamoeba. Although it is currently 
unknown how this happened, it may be possible the host cells accidentally replaced Dp-cells with Acan-
thamoeba by contamination during the long-term culture process. Alternatively, it is also possible that 
genome fragments of Acanthamoeba, many bacteria and organelles were inserted into host Dp genome, 
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presumably through HGT. Mitotracker-Green is known to stain with specific proteins present in mito-
chondria [34]. Considering from the fact that this reagent is able to stain strongly mitochondria in amoe-
boid cells derived from the green plasmodium as well as in host Dp-amoeboid cells (see Figure 6(C) and 
Figure S6), it is evident that the stainability is well retained despite structural changes in mitochondria 
during conversion from heterotrophic to autotrophic growth. In this study, we succeeded in creating au-
totrophs from heterotrophic host cells by forcing two kinds of photosynthetic bacteria to ingest. The auto-
trophs obtained in this study, however, showed quite strange properties and behavior. Since great care has 
been taken in cell transplantation and subculture, it is unlikely that the unique autotrophs reported here 
are caused by the contamination of other organisms like living Acanthamoeba, but at this time, it cannot 
be completely ruled out that the host cell of the obtained autotrophs is not Dictyostelium but Acantha-
moeba. In any case, the important points to be emphasized here is that the strange autotrophs obtained in 
the present work are different from any organism reported so far, and that they are created by changing 
nutrient sources. This will provide one useful experimental system in the field of synthetic biology.  

DATA AND MATERIALS AVAILABILITY 
All data needed to evaluate the findings are included in the paper and/or the Supplementary mate-

rials. Additional data related to this paper may be requested from the authors.  

LIMITATIONS OF THE STUDY 
The cell membrane structure in the created autotrophs is very fragile, thus resulting in failure of pre-

servation of cell membrane systems during ordinary fixation and subsequent dehydration for electron mi-
croscopy. Therefore, we will need to find other methods, e.g. rapid freezing without chemical fixation in 
the future. In addition, in the nature of this study it will take another 5 - 6 years to carry out some repro-
duction experiments. 
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SUPPLEMENTARY MATERIALS 
Supplementary figures for this article are available at the back of this manuscript. 
 

 
Figure S1. Free-living amoeboidcells and a green multinucleate plasmodium formed outside a 
Dp-green cell mass. Note that some cells (arrows) are dividing and, and each amoeboid cell contains 
both red and green pigments. In the GMN, numerous dark-blue granules, most of which are proba-
bly Synechotiscis-derived structures, are observed. Bar, 80 µm. 

 

 
Figure S2. The outermost regions of a multinucleate green plasmodium. (A) In the thin plasmodium, 
many granular structures. (B) Cells that continue to be made at the outermost region of the plas-
modium probably by the self-organization of the multinucleate body are visible. Bar, 80 µm. 
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Figure S3. The fine structure of a multinucleateplasmodium near the central region of a Dp-green 
cell mass. In this region, Synechocystis-derived bodies (S) are predominantly present, and other 
structures such as Rhodobacter-derived bodies (R) and Dp-derived mitochondria (M) are also visi-
ble. Bar, 1 μm. 
 

 
Figure S4. Ultrastructure of an amoeboid cell derived from the green plasmodium. (A) In the cy-
toplasm, there were numerous structures including unique mitochondria (M), Synechocys-
tis-derived structures (S), and Rhodobacter-derived structures (R), all of which were surrounded by 
electron-densemembranes. The feature marked with the symbol N is possibly a Dp-derived nuclear 
region, judging by its morphology. Bar, 2 µm. (B) High magnification image of the Dp-green cell. 
Note that the highly electron-dense membranes (arrows) are well developed on the surface of the 
Synechocystis-derived structure (S). M, unique mitochondria: R, Rhodobacter-derived structure. 
Bar, 1 µm. 
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Figure S5. Staining of host D. purpureum (Dp) amoeboid cells with DAPI and MitoTracker-Green. 
(A) DIC (differential interference contrast) microscopic image. Several amoeboid cells at the veget-
ative growth phase are visible. (B) DAPI-staining image of the same region with (A). In addition to 
cell nuclei (N), a considerable number of mitochondria are stained. (C) MitoTracker-Green-stained 
cells of the same region as (A). (D) The merged image of DAPI-staining (B) and MitoTrack-
er-Green-staining (C). The original green-colored granular stains with MitoTracker-Green were ar-
tificially converted to red in (C) in order to merge with the DAPI-staining in (B). Note pink granules 
with mitochondrial DNA and certain mitochondrial proteins. Some of the pink granules seem to be 
in close to the nucleus. Blue granules are probably undigested Klebsiella aerogenes present in pha-
gosomes. Bar, 10 µm. 
 

 
Figure S6. Genomic PCR of Dp-green cell masses and host Dictyostelium cells. Agarose gels loaded 
with amplicons from genomic PCR as described in Materials and Methods. PCRs were performed 
with Dd-MRP4 primers (Lane 1 to 3) and 5.8S rRNA primers (Lane 4 to 6). Genomic templates used 
were isolated from D. discoideum (Lane 1 and4), D. purpureum (Lane 2 and 5) and Dp-green cell 
masses (Lane 3 and 6). Lanes marked M are size markers. Arrows marked Rho and Syn indicate am-
plicons identified as partial sequences of Rhodobacter and Synechocystis, respectively. 
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