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ABSTRACT: Cysts of an  oligotrich ciliate were isolated from sediment samples collected in Onagawa 
Bay on the northeastern Pacific coast of Japan and incubated under laboratory culture conditions. Suc- 
cessful excystment occurred regularly and the excysted cells Tvere identified as  Strombidium conicum. 
The cyst of S. conicum has a papuliferes form and is enveloped by a double-layered wall, rigid inner 
and membranous outer layers. The excysted cells showed a distinctive conical shape with well- 
developed trichltes and a ventral kinety restricted to the posterior end .  The effects on excystment of 
temperature, light intensity, oxygen concentration, bacteria, and  storage in the dark and at  cold tem- 
peratures a r e  reported. Among these variables, temperature is likely to be  the principal factor control- 
ling excystment. 
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INTRODUCTION 

Cyst formation by free-living protozoa, including 
planktonic forms, is well known as a common strategy 
in thelr life cycle (Corliss & Esser 1974). Especially in 
the case of neritic temperate and boreal plankton, a 
resting stage is the primary strategy for survival in a 
seasonally variable environment (Smayda 1958). The 
resting stages of neritic plankton such as diatoms, 
dinoflagellates, cladocerans and copepods (cf. Fryxell 
1983, Steidinger & Walker 1984) have often been de- 
scribed. On the other hand, descriptions of the resting 
stages of planktonic ciliates, which are a major compo- 
nent in marine microbial food webs, are very rare. 

Encystment of tintinnid ciliates, which occurs in the 
lorica, is now recognized as a regular event in the life 
cycle of nentic forms (Biernacka 1952, Reid & John 
1978, Paranjape 1980, Kamiyama & Aizawa 1990, 
1992). This suggests that this is also the case for the 
closely related non-loricate planktonic oligotrich cili- 
ates. However, there is little direct evidence (cf. Reid & 
John 1983). The taxonomic affinity of tintinnid cysts is 
clear as they are present in the lorica, however cysts of 
non-loricate oligotrichs cannot be convincingly classi- 
fied unless the cells excyst. 

Faure-Fremiet (1948) reported that the ciliate Strorn- 
bidium oculatum, which inhabits intertidal pools, 

swims freely in the water at low tide but sinks to the 
bottom and encysts at  high tide. A recent study by Jon- 
sson (1994) gave more detailed interpretation of the 
survlval strategy of S. oculatum. He suggested that the 
encystment and excystment cycle of S. oculatum is 
synchronized with the tidal cycle and that this syn- 
chronization is a mechanism evolved by natural selec- 
tion for increased residence time in tide pools. Reid 
(1987) reported mass encystment of another oligotrich, 
which was identified provisionally as Strornbidjum 
crassulum; his results were indirect as the increasing 
cyst density followed a decrease in motile forms of S. 
crassulum. 

In this study we assessed excystment in the plank- 
tonic oligotnch ciliate Strombidiurn conicum by labora- 
tory incubation of naturally occurring cysts in neritic 
sediment. The effects of different environmental para- 
meters such as temperature, light intensity, dissolved 
oxygen, bacteria, and storage in the dark and at  cold 
temperatures on the induction of excystment were also 
tested. 

MATERIALS AND METHODS 

Sampling of cysts. From May 1992 to July 1993, sed- 
iment san~ples were collected almost monthly using a 
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Smith-McIntyre grab sampler at a station (depth 22 m) 
in the innermost part of Onagawa Bay (38" 26.30' N, 
141" 27.70' E),  on the northeastern Pacific coast of 
Japan. 

Isolation of cysts. The upper 1 cm of 3 cores, 
which were subsampled from the sediment collected 
by a Smith-McIntyre sampler, was taken into a 
screw-capped plastic vessel and stored at 5°C in the 
dark. Sorting of the cysts was mainly done by follow- 
ing the method for dinoflagellate cysts (Matsuoka et  
al. 1989): 1 g (wet weight) of sediment was trans- 
ferred to ca 100 m1 of filtered sea water and soni- 
cated for 30 S. The suspension was serially sieved 
through 125 and 20 pm meshes. Residue on the 
20 pm sieve was resuspended in 10 m1 of filtered sea 
water to separate it from sand grains by panning on 
a watch glass. One m1 of the supernatant containing 
the cysts was placed on a Sedgwick-Rafter chamber 
and cysts were sorted by micropipetting using a cap- 
illary pipette (50 to 150 pm diam.) under an inverted 
microscope. The whole procedure used cooled (5 to 
8°C) filtered sea water to prevent maturation or 
excystment of the cysts before experimental treat- 
ment. 

Culture of cysts. The sorted cysts were quickly 
washed twice in sterile filtered sea water and then 
inoculated one by one into wells of several sterile 
tissue culture plates (Corning Cell Wells No. 25860), 
which were filled with the same filtered water and 
placed on a coolant bag to prevent excystment during 
the sorting. After inoculation the plates were treated in 
one of the following ways: (1) to determine the effects 
of temperature and light, the plates were incubated at  
10, 15 and 20°C in the dark or in light of approximately 
14 pE m-' S-' cool-white illumination with a 12 h light, 
12 h dark photocycle; (2) the effect of lowered dis- 
solved oxygen concentration was checked by exposing 
the plates in a plastic bag filled with nitrogen gas for 
24 h and then sealing the plates tightly with a lid, 
which lowered and kept the oxygen concentration 
below ca 2 to 4 m1 1-' during the second series of incu- 
bat ion~;  (3) to determine the effect of bacteria, cysts 
were pretreated for 24 h in an antibiotic penicillin- 
streptomycin mixture (0.02 m1 antibiotic mixture in 
1 m1 filtered sea water) (Hoshaw & Rosowski 1973) or 
an extract of Escherichia coli, which was prepared by a 
freeze-thawing-sonication method (Hughes et al. 
1971); (4) the effect of winter condition was checked by 
storing the cysts in the dark and cold (4°C) conditions 
for 1 to 8 mo. All of the cysts previously treated by (2), 
(3) & (4) were then transferred to and incubated under 
warm and light conditions of 20°C and light of 14 pE 
m-' S-' During the following 2 or 3 wk, excystment of 
individual cysts was recorded daily under an inverted 
microscope. The condition of the cysts that did not 

excyst within 3 wk was checked at longer (ca 5 d) 
intervals. 

To sort and wash a sufficient number of cysts for 
treatment is time-consuming, especially when cysts 
are not abundant in the sediment samples. We sorted 
10 cysts h-' on average. A serious problem is the effect 
of the long sorting time on excystment. After observing 
a change in excystment due to the extended sorting 
time, we subsequently completed sorting within 1 d 
except in June, when preparation of 6 plates took a 
total of 3 d. Therefore, we were not able to prepare 
enough plates to perform each experiment in replicate, 
and our conclusions may be weakened by the lack of 
replication. All 90 wells of a plate were never filled: the 
number of cysts inoculated for each treatment is given 
in Figs. 14 to 17. 

Identification of cysts. Every excysted cell was 
micropipetted daily with a plastic capillary, fixed indi- 
vidually with Bouin's fluid 5% and then identified by 
the protargol staining method (quantitative protargol 
stain, QPS; Montagnes & Lynn 1987). The identifica- 
tion and photomicrography of the stained specimens 
were performed under an Olympus BH-2 microscope. 

Morphology of the cysts was also examined in detail 
after fixation with 5% buffered formalin. The fixed 
cysts were thoroughly rinsed in distilled water. Some 
of them were mounted in glycerin jelly for light micro- 
scopic (LM) examinations and the others were treated 
by an  alcohol dehydration, critical point drying, and 
coating with gold for scanning electron microscopic 
(SEM) examination (Hitachi S-700). 

RESULTS 

Morphological features 

Characteristic morphology of the cysts 

The cysts were characterized by a distinctive ellipti- 
cal shape with a protrusion (Fig. 1) at one end mark- 
ing the site of an excystment aperture (Figs. 2 & 3), 
which was closed by a hvaline plug or papulla. The 
cysts wlth this shape have been termed 'papuliferes', 
a grouping of flask-shaped cysts (Reid & John 1978). 
The papulifere cyst of Strombidium conicum was 
enveloped by 2 layers (Figs. 5 & 6); a thin outer layer 
was set off some distance from a thicker inner layer. 
The inner layer (endocyst) appeared to be a single 
rigid wall but the outer layer (ectocyst) was a fragile 
membranous coat with mucus. Sometimes foreign 
particles were heavily attached on the outer layer. 
When the cyst was treated in 1 N HCI, the inner rigid 
wall showed strong resistance, but the outer mem- 
branous layer was dissolved. In the raw sediment 
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Figs. 1 to 7. Strombidium conicum. Characteristic features of cysts. m Cyst with a closed papulla (arrow). Fig. Excysted cyst 
with a opened papulla. Fig. Opened papulla showing a ruptured hyaline plug. Surface of the inner wall showing a net- 
work of fine fibers. Figs. 5 & 6. Natural and excysted cysts covered by 2 layers, i.e. endocyst and extocyst. Emergence by 
cytoplasmic streaming (arrow] during the excystment. Figs. 1 to 4 were microphotographed by SEM, Figs. 5 to 7 by LM. Scale 

bars = 10 pm, except Fig. 4 (1 pm) 

sample, cysts without an outer layer were frequently Cyst development during excystment 
observed. 

Using SEM, the outer surface of the inner wall, A thick inner wall enclosed the dense granular 
which appears to be smooth under the light micro- cytoplasm (Fig. 5). The cytoplasm became gradually 
scope, revealed a network of fine fibers (Fig. 4). Unfor- transparent and coarser during the course of excyst- 
tunately, the outer membranous layer was easily lost ment, and then an active cyclosis of the cytoplasm 
during the preparation process for SEM observations. appeared just before the excystment. To penetrate 
By observing excysted cysts, it was assumed that the the hyaline plug an intensive attack by ciliary beat- 
aperture is formed by rupturing of the hyaline plug ing was observed on the antero-internal end of the 
(Fig. 3). cyst. When the plug was opened a bud-like soft body 

The sizes of 50 cysts (mean + SD) were determined; emerged from the aperture (Fig. 7). The entire 
the inner wall was 56 + 4 .2  pm in length and 42 i 2.4 excystment process from cytoplasmic cyclosis within 
pm in width, and the outer layer was 63 i 4.4 I.lm in the cyst to the birth of a vegetative cell took about 
length and 52 i 3.8 pm in width. 24 h. 
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Figs. 8 to 13. Strornbidium conicurn. Characteristic features of an excysted ceU. Conical body in living state: 65 to 75 pm in 
length and 30 to 35 pm in width. Fig. 9. Detail of anterior part showing polykinetids (APk). Fig. 10. Detail of trichites (TR). 
Fig. 11. Detail of posterior part showing girdle (G) and macronucleus (MN). Fig. 12. Irregular shape of a single macronucleus which 
seems to be dlvlded into 2 parts. Fig. 13. Detall of ventral kinety (VK)  in dorsal view (seen through the cell). Scale bars = 10 pm 

Description of excysted cell of monokinetids with short stubby cilia, completely 
surrounded the cell. The ventral kinety of ca 15 ciliated 
monokinetids was restricted to the posterior end. 
Numerous trichites are inserted anterior to the girdle 
and extend postero-internally into the cell. The 
macronucleus was single and of a highly variable 
shape, being constricted into 2 or 3 parts as  described 
by Montagnes et al. (1988). 

Referring to the taxonomic description by Mon- 
tagnes et al. (1988), we identified the excysted cell as 
Strornbidium conicum (Figs. 8 to 13). The conical body 
length and width were 60 to 63 pm and 30 to 32 pm for 
QPS cells (n = 3), and 65 to 75 pm and 30 to 35 pm for 
living but inactive cells (n = 5). This indicates that 
shrink of cells due to QPS is about 10 to 20% of live 
volume. The anterior polykinetid zone (APZ) consisted 
of 16 polykinetids, although the ventral polykinetid 
zone (VPZ) could not be clearly observed due to the 
bursting of the anterior region of the fixed cells in 
Bouin's solution. The girdle (G),  a supraequatorial ring 

Effects of cultural conditions on excystment 

While the culture experiments were done without 
replication, the data obtained suggest the following 
gross trends of excystment of Strombidium conicum. 
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Temperature and light 

Excystment of the cysts sampled in win- 
ter (December 1992) was examined at 10, 
15 and 20°C in both light and dark. The 
rate of excystment at 15°C in light was 
higher for 4 d than at 10 and 20°C in light. 
The rate appeared much higher in light 
than in dark at every experimental tem- 
perature (Fig. 14a). The lowest rate of 
excystment was observed at 10°C in the 
dark. Similarly, cysts taken in spring (June 
1992) also showed the highest rate at 15OC 
in light (Fig. 14b). 

Dissolved oxygen 

100 

The effect of lowered oxygen concentra- 
tion on excystment was examined for the 
cysts sampled in January 1993 (Fig. 15a). 
The excystment was slightly inhibited in 
low oxygen water (ca 4 m1 O2 1-l). Com- 
pared to the excystment rate in controls 
(ca 10 m1 O2 1-l), the rate was slightly 
lower in the low oxygen condition. The 
cysts sampled in February 1993 also 
revealed a much lower excystment rate in 
reduced oxygen conditions (ca 2 m1 O2 1 - l )  

90- 

E 80- 

(Fig. 15b). Recovery of excystment ability Days 

-E+ Light, 10°C x Light, 15'C -Light, 20°C 
x Dark, 1o0C t Dark, 15°C -m- Dark, 20°C 

a 

after re-transference from low oxygen to 
Fig. 14.  Strornbldiurn conicum. Effects of temperatures and light on the 

Oxygen conditions was exam- excystment. (a)  Cysts sampled ~n December 1992; light (n = 47) and dark 
ined in this work. (n = 47) at 10°C; llqht (n = 41)  and dark (n = 33) at 15OC; liqht (n = 55) and 

dark (n = 51) a t  20%. (b) Cysts sampled in June  1992; light a t  10°C (n = 30), 
15°C (n = 31) and 20°C (n = 30) 

Antibiotics and bacteria 

To investigate the effect of bacteria on excystment 
the cysts were pretreated in antibiotic mixture. The 
pretreatment appeared to inhibit the excystment of 
Strombidium conicum, i.e. the rate of excystment 
tended to decrease after antibiotic treatment (Fig. 15a, 
b). In additional experiments, the effect of a bacterial 
extract on the excystment rate was examined (Fig. 16). 
The treatment with the extract of Escherichia col1 
added showed a higher excystment rate than the 
control. 

ment than the control, which was tested within 1 wk 
after sampling (Fig. 17a). The rate was higher for those 
cysts stored for 8 mo than for those stored for 4 mo. 
Conversely the fall cysts showed a delay of excystment 
after being stored in simulated winter conditions 
(Fig. 17b). Most cysts in the control and after 1 mo stor- 
age were excysted within 3 or 4 d but storage for more 
than 2 mo reduced and delayed excystment. After 6 mo 
storage only a few cysts were excysted. 

DISCUSSION 

Treatment in low temperature Cysts of heterotrich, tintinnid, and oligotrich ciliates 
have been described as papuliferes or flask-shaped 

We have examined the effect of dark and cold condi- cysts, which suggests their phylogenetic origin is dif- 
tions on the excystment of spring (June) and fall (Octo- ferent from hypotrich ciliates that produce simple 
ber) cysts. After storage for 4 and 8 mo in the dark at spherical cysts (Reid & John 1983). We have found 
4"C, the spring cysts showed a higher rate of excyst- papuliferes belonging to Strornbidium conicum and 
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some other oligotrich and tintinnid species 
in Onagatva Bay. Along with the papu- 
liferes, stomatocysts (often called stato- 
spores) of Chrysophyceae were also found. 
Since the latter have a similar shape to the 
papuliferes (a single exit pore closed by a 
pectic plug; Sandgren 1983, 1989), it is dif- 
ficult to distinguish these by outer morpho- 
logical features. However, chrysophyte 
statospores have a siliceous wall and are 
much smaller (<20 pm) than most oligo- 
trich cysts, so that both can be practically 
separated by sieving the mixed samples 
with a 20 pm mesh screen. 
Strombidium conicum is well known as a 

mixotrophic oligotrich that retains func- 
tional chloroplasts (Stoecker et al. 1988/ 
1989). The plastidic oligotrichs usually 
show red autofluorescence in epifluores- 
cence microscopy (Laval-Peuto & Ras- 
soulzadegan 1988). While the red auto- 
fluorescence was observed in vegetative S. 
conicum cells in natural Onagawa Bay 
water, their cysts in sediment were 
observed free of chloroplasts. Vegetative 
cells excysted from these cysts in labora- 
tory did not appear red fluorescent. As the 
present experiment was carried out in a 
medium without food algae, the excysted 
cells could not obtain chloroplasts. 

There are 2 problems in identifying the 
species of excysted cells. Since the ex- 
cysted cells in the laboratory are more 
fragile than naturally occurring cells of the 
same species, it is difficult to fix them with- 

100 

90 
+ Control -F+- Low oxygen --rc Antibiotics 

Days 

Fig. 15 Strombidium conicum. Effects of oxygen and antibiotics. (a) Cysts 
sampled in January 1993, cultured at 20°C in light; control (n = 48) ,  oxygen 
conc. 9.7 l m1 I-', without antibiotics; low oxygen concentration (3.90 m1 I-') 
(n = 48), with antibiotics (n = 44). (b) Cysts sampled in February 1993, cultured 
at 20°C in light; control (n = 42), oxygen conc. 9.74 m1 I-', without antibiotics; 

low oxygen concentration (1.87 m1 I-') (n = 50), with antibiotics (n = 41) 

out morphological damage. The anterior 
polykinetids are always ruptured by 
Bouin's fixation, done prior to the protar- 
go1 staining, although the posterior coni- 
cal body appears to be relatively intact. 
Another problem is in the timing of 
observation. The excysted cells cannot 
survive more than 1 d without feeding; 
starved cells lose their swimming activity 
and finally burst. We must, therefore, 
note that the present identification may 
be uncertain due to these difficulties. 

Excysted cells are smaller than Strom- 
bidium conicum described by Mon- 
tagnes et al. (1988) (71 to 106 pm in 
length and 36 to 61 pm in width). 
Younger cells just excysted from the 
bottom sediment are smaller and may 

gO-I - Control 
A 

-s E. coli extract 

c a, 70 

Days 
Fig. 16. Strombidium conicum. Effect of bacterial extract. Cysts sampled in 
June 1993; cultured at 20°C in light; control (n = 47), with extract of Escher- 

lchla coli ( n  = 93) 
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become larger during vegetative life in the 
water column. Vegetative cells of S. con- 
icum collected in this study area were 
actually larger than the just excysted cells: 
62 to 80 pm in length and 30 to 42 pm in 
width based on QPS cells (n = 10). This 
may be a reason that the degree of shrink- 
age of the excysted cells by QPS (ca 10 to 
20%) observed in this study was small 
compared to the reported values (30 to 
65 %) (Jerome et al. 1993). 

The excystment of Strombidium con- 
icum is influenced by temperature as are 
tintinnid and dinoflagellate cysts (Ander- 
son 1980, Endo & Nagata 1984, Kamiyama 
& Aizawa 1992). S. conicum usually ex- 
cysted under warmer conditions, at or 
above 15"C, suggesting that increasing 
temperature triggers the resting cysts to 
develop into vegetative cells. Light condi- 
tion was also observed to positively influ- 
ence excystment, though as a supplemen- 
tary factor, accelerating excystment in the 
optimal temperature range. 

The excystment rate was observed to be 
regulated by a prolonged period of storage 
in a cold and dark place. The spring and 
fall cysts showed different responses to 
this treatment. This suggests that the 
effect of winter depends on the seasonality 
of cysts, i.e. the excystment of spring cysts 
is promoted but that of fall cysts is inhib- 
ited. Seasonality in response of naturally 
occurring cysts to variable environmental 
conditions will be discussed in detail else- 
where when a series of similar experi- 

100 
+ Control 

901 

++ 4 m0 storage 
80 +a- 8 mo storage 

Days 

Fig. 17. Strombidium conicum. Effect of treatment in the dark and at low 
temperatures. (a) Cysts sampled in June 1992, cultured at 20°C in light; con- 
trol (n = 30) without treatment, after 4 mo storage (n = 48), after 8 mo stor- 
age (n = 47). (b) Cysts sampled in October 1992 at 20°C in light; control 
(n = 51), after 1 mo storage (n  = 441, after 2 mo storage (n = 39), after 5 mo 

storage (n = 95), after 6 mo storage (n = 91) 

ments is completed. 
Debris and bacteria always attach on the outer sur- 

face of cysts naturally occurring in the sediment. 
Therefore, it is almost impossible to culture the cysts 
under completely sterile conditions. On the other hand, 
earlier studies have reported that cysts of some ciliates 
respond positively to addition of organic substances 
(such as bacteria and/or bacterial extracts) to the cul- 
ture medium (Butzel & Horwitz 1965, Beers 1966). 
Some amino acids and riboflavin have been shown to 
induce excystment of Schizopyrenus russelli, a soil 
amoeba (Rastogi et al. 1973). The extract of Esch- 
erichia cob, which was found in this study to induce 
excystment of Strombidium conicurn cysts washed 
twice in sterile sea water, is known to contain various 
amino acids (cf. Luria 1960). Therefore, it is possible 
that the amino acids in E. coli extracts stimulate S. con- 
icum to excyst. On the other hand, antibiotics inhibited 
the excystment, though whether directly or indirectly 

is unknown. The antibiotics could inhibit excystment 
itself and/or inhibit bacterial growth, which in turn 
would reduce the stimulus to excyst. 

Oxygen concentration is another factor affecting 
recovery rate from resting stages, such as dormant 
copepod eggs (Uye & Fleminger 1976, Uye et al. 1979, 
Lutz et al. 1992) and dinoflagellate cysts (Endo & 

Nagata 1984, Anderson & Keafer 1985). This was also 
observed in Strombidium conicum: lowered oxygen 
concentration inhibits excystment, though slightly 
(Fig. 15a). The water column in Onagawa Bay is verti- 
cally stratified in summer and then the oxygen concen- 
tration in the bottom layer is lowered (ca 3 m1 I-'). 
Therefore, the excystment of oligotrich ciliates on the 
bottom is likely to be regulated by low oxygen in sum- 
mer in Onagawa Bay. 

In summary, the excystment of Strombidium con- 
icum can be positively controlled by all these environ- 
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menta l  factors such  a s  t empera ture  (preferably 15 to 
20°C), l ight intensity, oxygen concentration, a n d  cer-  
ta in o rgan ic  substances.  Among these ,  t empera ture  
h a s  b e e n  recognized to b e  most important .  Further  
work is n e e d e d  to understand how t h e  different envi- 
ronmenta l  factors de te rmine  t h e  dynamics of encyst- 
m e n t  a n d  excystment  i n  t h e  natural  populations of 
planktonic aloricate ciliates. 
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