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Limnol. Oceamgr., 36(5), 1991,922-935 
0 1991, by the American Society of Limnolagy and Oceanography, Inc. 

Growth kinetics of the omnivorous oligotrich ciliate 
Strombidium sp. 

Mark D. Ohman and Richard A. Snyder’ 
Scripps Institution of Oceanography, UCSD, La Jolla, California 92093-0227 

Abstract 

The marine ciliate Strombidium sp. can bc raised through multiple generations on a monoxenic 
diet of the bacterium Vibrio natriegens, but Strombidium specific growth rates and yields are 3-4 
times higher when a heterotrophic microllagellate is included as prey. In contrast to earlier studies 
we found that Strombidium grew inefficiently when feeding as a bacterivore, with gross growth 
efficiencies (K,) of 1 l-20% (determined on a nitrogen-, carbon-, and protein-specific basis). On the 
same bacterial diet K, of the scuticociliate Uronema sp. was 49-70%. Bacterivorous Uronema 
attained a 9-fold higher specific growth rate and 30-fold higher cell yield than Strombidium. Thus, 
the species composition of a ciliate assemblage can markedly influence the fate of microbial loop 
production. 

Cell volume of live Strombidium sp. varied > 3-fold during a growth cycle. Cell organic com- 
position also varied: the C: N (mass) ratio decreased from 7.7 in stationary phase cells to 4.5 in 
exponentially growing cells, reflecting the ingestion of N-rich prey. In addition to these natural 
variations in cell volume, preservatives can shrink cells to half of their live volume, resulting in 
spurious values of ciliate growth efficiency if computed on a volume-specific basis. 

A profusion of interest in microbial loop 
processes (Azam et al. 1983) has focused 
attention on the significance of protists in 
planktonic food webs. Among protist taxa, 
the ciliate protozoa are of particular interest 
to the rnacrozooplankton ecologist. Ciliates 
have high specific growth rates (Banse 1982) 
a spectrum of prey ranging from bacteria to 
metazoans (Fenchel 1987), and can be prey 
for various larger zooplankton (Jonsson and 
Tiselius 1990). Thus, ciliates are potential 
food-web intermediaries that repackage pi- 
coplankton production in a form available 
to copepods and other large suspension 
feeders. 

Our interest in the ciliate-macrozoo- 
plankton link has led us to develop an im- 
munochemical method to investigate this 
prey-predator interaction in situ. Here we 
address aspects of ciliate diet, growth rate, 
and growth efficiency in work preparatory 
to the development of that method. We fo- 
cus on nonloricate ciliates because they are 
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usually more abundant and comprise great- 
er biomass than the loricate tintinnids (Beers 
and Stewart 1969; Gifford 1985; Sherr et al. 
1989). 

A central issue in food-web studies is the 
efficiency with which ingested food is con- 
verted into consumer biomass. A common 
measure of this quantity is gross growth ef- 
ficiency, or K,, defined as biomass of pred- 
ator produced divided by biomass of prey 
consumed ( x 100°/o). In evaluating the sig- 
nificance of planktonic ciliates in food webs, 
K, takes on considerable importance. It sets 
an upper limit on secondary production by 
ciliates and thus bounds their maximum 
impact both as predators and as prey. 

K, for planktonic ciliates is often assumed 
to be in the range of 30-50% (Fenchel 19 8 7; 
Bernard and Rassoulzadegan 1990). Param- 
eter values in. this range, or higher, are fre- 
quently used in food-web models, resulting 
in considerable potential for ciliate produc- 
tion. However, reported values of K, for 
planktonic oligotrich ciliates actually range 
between 8 and 76% (Caron et al. 1990, ex- 
tracted from table 2). Because inferences 
about food-web structure are highly sensi- 
tive to this coefficient, it bears further ex- 
perimental attention. 

K, for planktonic ciliates has often been 
estimated in terms of cell biovolume, partly 
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because of the lack of information on the 
organic composition of ciliates and their 
prey. Given the natural variability of ciliate 
biovolume (Hamilton and Preslan 1969; 
Fenchel and Jonsson 1988) and that of some 
prey items of ciliates (Ammerman et al. 
1984; Caron et al. 1985), biovolume can be 
an uncertain currency for such calculations. 
In addition to natural variations in cell size, 
fixatives and preservatives can cause 
shrinkage of ciliates (Choi and Stoecker 
1989), microflagellates (Klein Breteler 
1985), and bacteria, further calling into 
question volume-specific estimates of K,. 

Together with growth experiments, we re- 
port what appears to be the first complete 
analysis of the protein, nitrogen, and carbon 
content of an oligotrich ciliate (Strombi- 
dium sp.), a scuticociliate (Uronema sp.), 
and a prey bacterium (Vibrio natriegens). 
These data permit us to compute K, in terms 
of the organic composition of cells. K, com- 
puted by these measures is substantially 
lower than that computed from biovolume- 
specific calculations, suggesting overesti- 
mation of the growth efficiency of bac- 
terivorous oligotrich ciliates in the past. 
Strombidium sp. grows more effectively on 
microflagellates than on bacteria alone, in 
accord with the growth experiments of Fen- 
chel and Jonsson (1988) and the ingestion 
experiments of Bernard and Rassoulzade- 
gan (1990). We also report that the scuti- 
cociliate Uronema is markedly more effi- 
cient as a bacterivore than the oligotrich 
Strombidium. Thus the composition of a 
ciliate assemblage can alter the pathway and 
efficiency of incorporation of picoplankton 
production. 

Methods 
Ciliate isolation - Ciliates were isolated 

from southern California coastal waters. 
Clonal isolates were established by trans- 
ferring individual cells through five succes- 
sive washes in sterile seawater. The result- 
ing progeny cells were cloned at least twice 
more before experimental work began. All 
experiments were conducted at 15”C, in the 
dark, on a monoxenic diet of V. natriegens, 
unless otherwise noted. 

Ciliates were identified by protargol stain- 
ing (Lee et al. 1985). Stationary phase cells 

of our strain of Strombidium (class Spiro- 
trichea; subclass Choreotrichia; order Oli- 
gotrichida; Small and Lynn 198 5) in Bouin’s 
fixiative conform in nearly all respects to the 
description of Strombidium sulcatum Cla- 
par&de & Lachmann of FaurC-Fremiet and 
Ga.nier (1970), including the presence of an 
apical protuberance or “rostrum” which has 
been cited as a distinguishing feature of the 
species (Montagnes et al. 1990). However, 
the: size of the apical protuberance was vari- 
able, and the taxonomic implications of this 
and other variability with culture state will 
be presented elsewhere. Also, the number 
of oral polykinetids was usually 16, rather 
tha.n 12 as reported for S. sulcatum (Mon- 
tagnes et al. 1990). Thus, we refer to this 
species as Strombidium sp. (clone AH) to 
express our caution until this taxonmic mat- 
ter is resolved. Our other experimental cil- 
iate, designated Uronema sp. (clone 0) (class 
Oligohymenophorea; subclass Hymenosto- 
matia; order Scuticociliatida), seems to be 
undescribed. 

Ciliate growth -The principal prey item 
was the marine bacterium V. natriegens 
(ATCC No. 14048). V. natriegens was 
maintained on agar plates, then grown in 
suspension in aerobic liquid medium prior 
to :feeding experiments. The medium was 
sterile, glass-fiber (Whatman GF/F) filtered 
seawater (33-34?&) supplemented with pro- 
teose peptone (0.5%, wt/vol) and yeast ex- 
tract (0.2%, wt/vol). V. natriegens was grown 
at 15°C in the dark in polycarbonate Fern- 
bath flasks, then harvested after 15-l 8 h (at 
the onset of stationary phase growth) by 
centrifugation at 10,040 X g for 10 min at 
4°C. The pelleted cells were washed by re- 
suspension in filtered, autoclaved seawater, 
then centrifuged and washed again. This 
process was repeated a third time, resulting 
in a suspension of stationary phase bacteria 
in sterile seawater. Bacterial concentration 
was determined from absorbance at 480 nm, 
following calibration of A,,, against epiflu- 
orescent counts of a&dine orange-stained 
cells (Hobbie et al. 1977; r2 = 0.979, N = 
22). 

In some experiments a heterotrophic mi- 
croflagellate designated Hflag A was used as 
ciliate prey. Hflag A is a kinetoplastid -4 
tirn long. It lacks chlorophyll autofluores- 
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cence (F.M.H. Reid pers. comm.). HAag A 
was maintained on a diet of V. natriegens. 
Initial densities of Hflag A in Strombidium 
growth experiments ranged between 200 and 
700 flagellates ml-‘, determined by the 
UtermShl method. 

Natural assemblages of bacteria (and oth- 
er picoplankton; Cynar et al. 1985) were 
obtained by screening a seawater sample 
collected from the Scripps pier through a 
0.6-hum polycarbonate filter. The filtrate was 
enriched with peptone and yeast extract 
(0.001 and 0.0004% wt/vol) and then al- 
lowed to incubate for l-3 d at 15°C before 
ciliate growth experiments. 

Specific growth rate and yield of ciliates 
were measured at 15” or 20°f0.5’-‘C, in the 
dark. Experiments were usually done in 
triplicate in 400 ml of seawater in glass jars, 
but occasionally in 2,000 ml of seawater in 
polycarbonate Fernbach flasks. There was 
no effect of container type or container vol- 
ume on either growth rate or yield. All con- 
tainers were washed with 10% HCl before 
use. After inoculation with bacteria and cil- 
iates, containers were not disturbed, except 
to gently homogenize the contents before 
subsampling at 12-24-h intervals. Contin- 
uous mixing of containers, even with a gen- 
tle plankton wheel rotating at 1 r-pm, re- 
sulted in loss of Strombidium cells. 
Subsamples were fixed in 2% acid Lugol’s 
solution, then enumerated with either a 
Sedgwick-Rafter or a Palmer-Maloney 
chamber. 

Specific growth rate was determined from 

ln(N,/Nd 
P= t 

solved over the linear region of a growth 
curve plotted on a log-linear scale. Doubling 
time (TD) was obtained from 0.693 CL-‘. Net 
yield was the difference between the initial 
cell concentration and the final cell concen- 
tration attained after the onset of stationary 
growth (3-4 d with Uronema sp., 5-8 d with 
Strombidium sp.). 

Cell size-Ciliate cell volumes were de- 
termined with a Nuclear Data size distri- 
bution analyzer interfaced to a model ZBI 
Coulter counter. The particle counter was 
carefully calibrated with three sizes of latex 

spheres (10.2, 20.0, and 40.1 pm). The ap- 
erture tube (100 pm) was cleaned and the 
calibration checked daily. Size distributions 
were partitioned into 256 channels, cor- 
rected for particles in filtered seawater 
blanks, then adjacent channels pooled where 
necessary for comparability with micro- 
scopic measurements. The accuracy of par- 
ticle-counter-determined volumes for 
planktonic cells is attested to by the good 
agreement found by Runge and Ohman 
(1982) for microscopic and electronic mea- 
surements, when the geometry of the cells 
was simple enough to make reliable com- 
parisons. 

Linear measurements were made with a 
light microscope, oil immersion objective, 
on cells preserved for at least 2 d in 2% acid 
Lugol’s solution. Cell length (L) was the 
maximum linear dimension of the cell, ex- 
cluding the adoral membranelles. Mid- 
height (H) was the vertical distance from 
the posterior tip to the widest region of the 
cell. Cell width (w) was the widest cell di- 
mension for Strombidium sp. and width 
midway along the long axis of the cell for 
Uronema sp. For computation of cell vol- 
ume (v) from linear measurements, Strom- 
bidium was approximated as a hemisphere 
atop a conic section (the “ice cream cone” 
approximation). Therefore 

v = 27r(L - IQ3 + T( W/2)‘H - 
3 3 * 

Bacterial cell volumes were determined 
by computer-assisted image analysis of cells 
stained with 5-([4, 6-dichlorotriazin-2-YL] 
amino) fluorescein (DTAF), after Babiuk 
and Paul (1970). We used DTAF (Sherr et 
al. 1987) instead of fluorescein isothiocyan- 
ate. Bacteria were stained, pelleted, and 
rinsed in microfuge tubes to avoid back- 
ground staining of the 0.2-pm Nuclepore 
filters. Fluorescent images produced on a 
Zeiss photomicroscope III were transmitted 
to a Kontron IBAS 2000 image analysis sys- 
tem via a Bosch silicon intensification target 
video camera. The procedure of Bjornsen 
(1986) was followed for estimating cell vol- 
ume from two-dimensional digitized im- 
ages. Cell volume was obtained from 

v/= g 5~=cp-2 



Strombidium growth kinetics 925 

where A is cell area and CP is convex cell 
perimeter. Green fluorescent latex spheres 
(0.23-, 0.63-, and 1.09~pm diam) were used 
as volume standards. 

N, C, protein content-ciliate suspensions 
were carefully prepared in particle-free me- 
dium. Glass-fiber-filtered (GF/F) seawater 
was autoclaved, cooled, and then sterile fil- 
tered through 0.2~pm polycarbonate filters 
to remove inorganic precipitates. Washed 
V. natriegens was prepared as above (but 
washed 4x instead of 3X), then filtered 
through a 5.0-pm polycarbonate filter to 
break up bacterial clumps before inocula- 
tion with ciliates. Ciliates and V. natriegens 
were inoculated in 4-15 liters of particle- 
free seawater, then incubated until they at- 
tained maximum cell density and entered 
stationary phase growth. This stationary 
harvest occurred on day 5 for Uronema and 
day 7 for Strombidium. For Strombidium, 
a second carboy was then boosted with ad- 
ditional bacteria; after 20 h, when most 
Strombidium were again growing exponen- 
tially, ciliates from this carboy were har- 
vested (late exponential harvest). 

Ciliates were concentrated by differential 
centrifugation, leaving residual bacteria in 
the supernatant. Ciliates were gently pellet- 
ed by centrifuging at low speed (270 x g for 
15 min for Strombidium, 1,000 x g for 20 
min for Uronema, both at 4°C). Microscopic 
analysis confirmed that V. natriegens re- 
mained suspended under these conditions. 
The supernatant was aspirated off and cen- 
sused for any suspended ciliates. The con- 
centration of ciliates harvested was deter- 
mined from the cell density before 
centrifuging and corrected for the small 
number of cells remaining in the superna- 
tant. Six to eight extractions were done for 
each ciliate growth stage. The ciliate pellet 
was resuspended in a small volume of phos- 
phate-buffered saline (PBS, pH 7.4). To en- 
sure complete cell lysis, we sonicated ciliate 
suspensions for two 20-s intervals at 0°C. 
Aliquots were then pipetted for protein, N, 
and C analyses. 

Vibrio natriegens was harvested for anal- 
ysis of organic composition at three stages 
of a growth cycle. Bacteria were inoculated 
in sterile, 0.2-pm filtered peptone/yeast ex- 
tract medium, then harvested at 8 h during 

exponential phase growth; at 16 h in sta- 
tionary phase growth; and after resuspen- 
sion for 4.5 d in autoclaved, filtered sea- 
watler in the absence of organic medium. For 
each extraction (N = 8 per time point), bac- 
.teria were centrifuged and washed 4 x ; the 
pellet was then resuspended in a small vol- 
ume of PBS. Aliquots were then pipetted as 
with ciliate extracts. Bacterial densities were 
determined by acridine orange direct counts 
(Hobbie et al. 1977). Protein content was 
determined by the BCA method (bicin- 
cho:ninic acid, Pierce laboratories) with bo- 
vine serum albumin as a standard. 

Ciliate extracts for N and C analysis were 
pipetted into tin boats, dried overnight at 
6O”C, then combusted in a Perk&Elmer 
model 2400 elemental analyzer. Samples 
were corrected for the small blanks from 
an equal volume of PBS dried in tin boats. 
The instrument was calibrated with acet- 
anilide. The recovery efficiency of dissolved 
N and C that was pipetted, dried, and com- 
busted in this manner was checked by anal- 
ysis of standard solutions of two organic 
comlpounds (EDTA and Tris-base). Recov- 
ery efficiency averaged 95 + 1% for N and 
96?:1% for C (X + 95%, N= 13). 

Ciliate preservation experiments - Exper- 
iments evaluated the effects of several pre- 
servatives on the cell volume of Strombi- 
dium sp. Cell volumes were first measured 
on a suspension of live Strombidium by 
electronic particle counter (above). Concen- 
trated preservative was added to several 
replicate vials and then 20-ml of Strombi- 
dium culture was added to each. Cell vol- 
umes were measured at intervals after ad- 
dition of preservative, using a previously 
undisturbed vial. Vials were stored in the 
dark. at room temperature. 

Nleutral Lugol’s solution was prepared by 
adding 10 g of KI and 5 g of I to 1 liter of 
distilled water. The pH of a 2% neutral Lu- 
gol’s solution in seawater was 7.6. Acid Lu- 
gal’s solution was prepared with the further 
addition of 100 ml of glacial acetic acid per 
liter (pH of a 2% solution was 3.4). The 
other preservatives were 1% unbuffered 
formlaldehyde, 1% buffered formaldehyde 
prepared by adding sodium borate to For- 
malin, 1% glutaraldehyde, and 2% ethanol. 

In separate experiments, a 2-way ANO- 



926 Ohman and Snyder 

S frombidiim s p 
(Proportion of cells 1 

Fig. 1. Strombidium sp. cell volume distributions through time during a growth cycle. Below-cell concen- 
tration (X + SE, N = 3) as a function of time after inoculation with Vibrio natriegens at time 0. The fitted curve 
represents a LOWESS fit (Cleveland 1979). Above-corresponding changes in volume frequency distribution 
of live cells, measured by electronic size distribution analyzer, at the time (in h) indicated at the bottom of each 
panel. About 1,000 cells measured for each distribution. 

VA design evaluated the effects of concen- 
tration of acid Lugol’s solution (1, 2, 4, 8, 
and 16%, vol/vol) and interval of preser- 
vation (2 h, 24 h, 1 month) on the abun- 
dance of Strumbidium sp. We preserved sta- 
tionary phase Strombidium in 2% acid 
Lugol’s solution, and then at each time point 
opened one vial from each concentration 
and removed four replicate aliquots for enu- 
meration in a l.O-ml Sedgwick-Rafter 
chamber. Cell counts were corrected for di- 
lution by the preservative. Vials were stored 
in the dark at 15°C. 

Results 
Growth characteristics-Stationary phase 

Strumbidium sp. underwent rapid increases 
in cell volume when inoculated with V. na- 
triegens. Within 12 h the median cell vol- 

ume nearly doubled (Fig. 1, upper panel), 
prior to a change in cell numbers (Fig. 1, 
lower panel). Thus, cell growth initially pro- 
ceeded in the absence of cell division. By 
hour 20 the exponentially growing cells be- 
gan to divide (Fig. 1, upper panel) and the 
volume distribution became bimodal. One 
mode of large cells appeared at -33,000 
pm3 and a smaller mode of daughter cells 
at 17,000 pm3. By hour 44, the volume of 
the ciliates, which became food limited, be- 
gan to shrink. Cell division then proceeded 
in the absence of growth. Upon reattaining 
stationary phase at 140 h (Fig. 1, lower pan- 
el), cells returned to their initial volume (Fig. 
1, upper panel). When the microflagellate 
Hflag A was included as prey, a similar cycle 
in cell volume was observed, but both the 
initial increase and subsequent decline in 
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NET YIELD 

INITIAL Vibrionofriegens (x 106cells ml-‘) INITlALV~br~bnafriegens~x106cellsmI~’~ 

Fig. 2. A. Specific growth rate (p; x + SE, N = 3) of Strombidium sp. as a function of initial concentration 
of V. natriegens. The three treatments were 15°C with V. natriegens only, 15°C with V. natriegens + Hflag A, 
and 20°C with K natriegens + Hflag A. Parameters for the fitted curves can be found in Table 1. B. Net yield 
(x k SE, N usually = 3) of Strombidium sp. as a function of initial concentration of I/. natriegens. Upper line 
for V. natriegens + Hflag A at both temperatures; lower line ifor V. natriegem only. Symbols as in panel A. 

Strombidium volume occurred more rap- 
idly than when bacteria alone were avail- 
able. 

ied with prey concentration and with prey 

The specific growth rate (p) of Strombi- 
dium sp., computed from growth curves like 
those in Fig. 1, varied with initial concen- 
tration of V: natriegens (Fig. 2A). At 15°C 
inclusion of the Hflag A as prey, along with 
bacteria, increased the maximum specific 
growth rate 2.8 times over the maximum 
attainable by Strombidium on bacteria 
alone. The p of Strombidium sp. was strong- 
ly temperature-dependent, reflected in the 
twofold increase in p,,, at 20°C compared 
with that at 15°C (Table 1). Note that the 
equations reported in Table 1 are merely 
empirical descriptors and no theoretical re- 
lation is implied. Also note the broad, over- 
lapping confidence limits associated with the 
parameter (Y. 

The net yield of Strombidium sp. also var- 

type but,-unlike p, did not vary with tem- 
peralture (Fig. 2B). The lower line describes 
experimental determinations at 15°C with 
only K natriegens as prey and the upper 
line describes determinations at both 15°C 
and 20°C with both I/ natriegens and Hflag 
A as prey. The slopes of the two lines differ 
(ANCOVA, P < 0.01; Bartlett’s test, P > 
O.Ol), as do the intercepts (P < 0.001). The 
lower line is described by Y’ = 1 .O 10 (Vn’) 
- 4.970 (r2 = 0.828, N = 22) and the upper 
line by Y’ = 0.724 (Vn’) - 2.405 (r2 = 0.940, 
N = 32), where Y’ is log(net yield) and I/n’ 
is log(initia1 V. natriegens concn). The ratio 
of the two yield relations varied from -7 
at the low end of bacteria concentrations to 
2 at the upper end, with a 3.6-fold difference 
at the midpoint. In an experiment where 
the initial concentration of V. natriegens was 
5.2 :< 1 OS cells ml-‘, the specific growth rate 

c 
Table 1. Maximum growth rate and half-saturation constant ofStrombidium sp. feeding on Vibrio natriegens 

with or without microflagellates available (from Fig. 2A). Equations are of the form y = wcmaxB (a: + B)-’ where 
p is the specific growth rate (d-l), p,,,,, the maximum w, B the initial concentration of bacteria (cells ml-‘), and 
01 the half-saturation constant (cells ml I). 

Treatment 

15”C, V. natriegens 
15OC, V. natriegens + flagellate 
2O”C, V. natriegens + flagellate 

II * 95% 
N Pm*. zt95% (X IO’) 

24 0.49 kO.10 0.18 k 0.13 
18 1.38 50.24 0.52 + 0.36 
18 2.71 k0.42 0.18 k 0.15 
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Fig. 3. Comparative growth of Strombidium sp. and 
Uronema sp. when offered picoplankton from an en- 
riched filtrate of 0.6~pm-filtered natural seawater. K + 
SE. Growth parameters are reported in Table 2. 

of Strombidium sp. was 0.0 in all three rep- 
licates, which eventually led to a net decline 
averaging -7 ciliates ml-’ (not depicted in 
Fig. 2 because of the log scale). Thus, when 
V0 natriegens alone was available as prey, 
Strombidium required a threshold concen- 
tration between 0.5 and 1.0 x lo6 bacteria 
ml-’ for net growth. 

Comparative growth experiments with 
Uronema sp. revealed marked differences 
from Strombidium sp. when exposed to the 
same prey. When fed enriched natural sea- 
water assemblages of picoplankton (0.6~pm 
filtrate), Uronema sp. grew faster, reached 
stationary phase growth earlier, and at- 
tained a markedly higher cell density than 
Strombidium sp. (Fig. 3, Table 2). When 
both ciliates were fed a monoculture of 
V. natriegens, the scuticociliate attained a 
9-fold higher specific growth rate and a 30- 
fold higher cell yield than the oligotrich 
(Table 2). 

Organic composition-The organic com- 
position of Strombidium sp. varied with 
growth phase. Table 3 compares stationary 
phase Strombidium with late exponential 
Strombidium. [We use the designation “late 
exponential” to distinguish these cells from 
the somewhat larger, early exponential cells 
(Fig. l).] Cell volume for the two groups 
differed by a factor of 1.9, protein by 2.4, 
and C by ‘2.2. Thus protein and C per unit 
cell volume changed relatively little. N, 
however, was enriched relative to other con- 
stituents: late exponential phase cells had 
3.8 times the N content of stationary phase 
cells. This enrichment, reflected in the de- 
crease in C : N ratio from stationary (7.7) to 
late exponential cells (4.5, Table 3), is pri- 
marily due to the ingestion of N-rich bac- 
teria (Table 4). 

Uronema sp. was analyzed only in sta- 
tionary phase. This species has a markedly 
higher organic content per unit cell volume 
than stationary Strombidium sp. (Table 3). 
These starved, stationary phase Uronema 
had few food vacuoles present. Thus in- 
gested bacteria should contribute little to 
the measured cell biomass. 

The composition of V. natriegens was 
compared at three stages of its growth cycle: 
in exponential growth (8 h from inocula- 
tion), near the onset of stationary phase (I 6 
h), and after stationary phase cells had been 
resuspended in sterile, filtered seawater for 
4.5 d. Exponentially growing cells had about 
twice the protein, C, and N content of early 
stationary cells (Table 4). After resuspen- 
sion in sterile seawater for 4.5 d, the bacteria 
decreased in volume. Apparently they pref- 

Table 2. Comparative growth characteristics of the ciliates Strombidium sp. and Uronema sp. on enriched 
seawater picoplankton and a monoxenic culture of Vibrio natriegens. Enriched natural prey were obtained by 
adding peptone and yeast extract (0.001% and 0.0004%, wt/vol) to a 0.6~wrn seawater filtrate. In separate 
experiments V. natriegens was added at an initial concentration of 3.5 x 10’ cells ml-l. K + SD for net yield, 
specific growth rate (JL), and doubling time (TJ. 

___-- ----- 
Net yield U-J 

N (cells ml ‘) (d”) Cd) 
- - 

Enriched seawater 
Strombidium sp. 3 260 + 59 1.11 + 0.18 0.64 3.~ 0.11 
Uronema sp. 3 9,219 + 2,577 2.91 k 0.26 0.24 f 0.02 

V. natriegens 
Strombidium sp. 2 330 +- 39 0.48 k 0.03 1.46 * 0.08 
Uronema sp. 3 9,729 31 591 4.34 2 0.33 0.16 rt 0.01 -- - - 
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Table 3. Size and organic composition of Strombidium sp. in stationary (S) and late exponential (LE) growth 
phases, and Uronema sp. in stationary growth phase. Cell length and width were measured on specimens preserved 
in 2% acid Lugol’s solution. Cell volumes were determined on hve cells by means ofan electronic size-distribution 
analyzer. 

Strombidium sp. 
growth phase 

Cell property s LE 

Width* (preserved), pm 24.5(48) 34.1(141) 
(22.1-28.1) (24.0-41.3) 

Length* (preserved), pm 30.4(48) 41.2(141) 
(26.2-33.4) ,(34.2-50.6) 

Volume* (live), pm3 12,528(979) 24,017(2,064) 
(7,684-20,300) (1 I ,289-42,377) 

Protein cell-It, ng 1.43 f 0.24 3.36 -+ 0.34 
C cell-It, ng 1.58 + 0.16 3.55 k 0.36 
N cell-It, ng 0.21 I!z 0.03 0.79 + 0.08 
c:Nt$ 7.66 zk 0.96 4.48 + 0.08 
pg protein pm-’ 0.114 0.140 
pg C w-3 0.126 0.148 
pg N w-’ 0.017 0.033 

* Median (A’); (min - max). 
? X k 95%: N = 8 for Slrombidium; N = 6 for Lironema. 
$ Ratio by mass. 

uronema sp. 
Strombidium gmwth phase 

SP. 
LE:S S 

1.4 8.8(101) 
(7.2-l 1.1) 

1.4 21.1(101) 
(16.9-25.0) 

1.9 710(10,480) 
(169-2,102) 

2.4 0.31 * 0.04 
2.2 0.23 f 0.02 
3.8 0.061 IL 0.004 
0.6 3.77 k 0.05 

0.434 
0.323 
0.086 

erentially metabolized N-rich substrates, 
because the C: N ratio increased from 3.8 
to 4.3 during this interval of starvation. 

Growth e@ciency--K,, or ciliate gross 
growth efficiency, is the ciliate biomass pro- 
duced divided by the biomass of bacteria 
consumed. We computed ciliate production 
from the product of the net yield and the 
organic composition (cellular protein, C, or 
N content) of stationary phase cells. We used 
the cell composition at stationary phase be- 
cause most of the increase in Strombidium 
numbers occurs after cell size has shrunk 
well below the size of the large exponential 
cells (Fig. 1). Bacterial biomass consumed 

was obtained from the product of the or- 
ganic composition of stationary phase V. 
natriegens (R108) and the difference be- 
tween the initial bacterial concentration and 
the fmal, background concentration of bac- 
terial (w 1 O6 cells ml-r). By using the organic 
composition of V. natriegens after 4.5 d in 
filtered seawater (R 108, Table 4), we obtain 
a slight underestimate of the organic content 
of bacteria ingested by the average ciliate 
during the course of an incubation. This, in 
turn, gives an approximate upper bound to 
ciliate growth efficiency. 

Accordingly, Strombidium sp. cultured 
exclusively on a diet of K natriegens had 

Table 4. Organic composition of Vibrio natriegens in different stages of a growth cycle. Cell volumes were 
determined by image analysis. 

cell progeny 
Exponential 

(S-IO h) 
Stationary 

(16 h) 
Resuspended stationary 

(R108 h) 

Volume*, pm3 

Protein cell-It, pg 
C cell-It, pg 
N cell-It, pg 
c:Nj-# 
pg protein pm-’ 
pg C w-3 
P& N m-’ 

0.84(210) 
(0.15-2.91) 

0.352 f 0.043 
0.407 + 0.018 
0.117 jl 0.008 

3.50 t 0.20 
0.419 
0.485 
0.139 

0.49(205) 
(0.1 l-2.00) 

0.181 X!I 0.033 
0.206 xk 0.018 
0.054 k 0.004 

3.80 f 0.14 
0.369 
0.420 
0.110 

0.26(245) 
(0.05-1.74) 

0.129 * 0.012 
0.139 + 0.009 
0.033 +- 0.003 

4.29 + 0.29 
0.496 
0.535 
0.127 

* Median (N); (min - max). 
t R f 9546; N = 8 independent extractions. 
$ Ratio by mass. 
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Table 5. Gross growth efficiency (K,; ciliate pro- 
duction/bacteria consumed) ofStrombidium sp. (n = 9) 
and Uronema SP. (n = 3) raised on Vibrio natriegens 
(X k 95%). 

Gross growth efficiency (%) 

Constituent Strombidium sp. Uronema sp. 

Protein 19 + 8 70* 11 
C 20 + 8 49 k 7 
N 11 f4 54 i 8 

a gross growth efficiency between 11 and 
20%, depending on the cell constituent con- 
sidered (Table 5). The mean value for N is 
lower than that for C or protein, but not 
significantly so (P > 0.05). Uronema sp. had 
markedly higher gross growth efficiencies 
when raised on the same bacterium, ranging 
from 49% for C to 70% for protein (Table 
5). 

Preservation -Strombidium sp. was par- 
ticularly fragile immediately upon fixation, 
when mixing and subsampling procedures 
resulted in loss of as many as half of the 
cells (pers. obs.). Cells become more resil- 
ient after preservation for a few hours, but 
still must be handled carefully. Acid Lugol’s 
solution is preferable to neutral Lugol’s so- 
lution, ethanol, formaldehyde, paraformal- 
dehyde, or glutaraldehyde for preserving 
Strombidium sp. on the basis of the follow- 
ing results. 

Cells disintegrated rapidly in ethanol. Af- 
ter 8 weeks in four other preservatives, the 
cell concentration was significantly greater 
in 2% acid Lugol’s solution (45 + 6 cells ml--‘) 
and 1% formaldehyde (48 + 6) than in 1% 
glutaraldehyde (3 1 -t- 5) or 3% paraformal- 
dehyde (22-C4; R -t95%; N = 9-11). For 
these cells, preserved in stationary growth 
phase, no difference was found between acid 
Lugol’s solution and formaldehyde treat- 
ments. However, using exponential phase 
Strombidium sp., we found a difference be- 
tween these two preservatives. Most expo- 
nential phase cells preserved in formalde- 
hyde showed partial lysis near the per&tome, 
while those in acid Lugol’s solution re- 
mained intact. In another trial with expo- 
nential phase cells, significantly fewer 
Strombidium sp. survived preservation in 
neutral Lugol’s solution as compared with 
acid Lugol’s solution (abundance in neutral 
Lugol’s solution averaged 81% of that in 

Table 6. Shrinkage of Strombidium sp. in different 
preservatives. Values are the median cell volume after 
2 d of preservation as a percentage of the median vol- 
ume OF live cells. N = 973-1,035 cells measured bv 
electronic particle counter for each distribution. Me- 
dian live cell volumes ranged from 21.539 to 23.792 
pm3. C.L. for median from Zar (1984): 

Median 
Preservative Fw 95% C.L. 

1% acid Lugol’s solution 69 67-70 
2% acid Lugol’s solution 64 62-66 
2% neutral Lugol’s solution 90 86-92 
1% glutaraldehyde 87 84-89 
II formaldehyde 90 86-92 
1% buffered formaldehyde 87 84-90 

acid Lugol’s solution; P = 0.01, Wilcoxon 
matched pairs test). Hence, to ensure ade- 
quate preservation of cells in different growth 
stages, we believe that acid Lugol’s solution 
is the best choice for Strombidium sp. 

The optimal concentration of acid Lu- 
gol’s solution (1, 2, 4, 8, 16%, vol/vol) was 
evaluated in a time-course experiment. Sta- 
tionary phase Strombidum sp. preserved at 
each concentration were enumerated 2 h, 
24 h, and 1 month after preservation. No 
effect of time of preservation, or interaction 
of time x concentration of Lugol’s solution 
was observed (P > 0.05). A slight effect of 
concentration of Lugol’s solution (F4,Q5 = 
3.10, P < 0.05) was detected, with a sig- 
nificant difference between 2 and 16% (Tu- 
key’s test, P < 0.05). However, there was 
no systematic trend with concentration of 
the preservative. Cell densities with increas- 
ing concentration of preservative were 
119 +- 6 (1% acid Lugol’s solution), 113 + 6 
(2%), 12 1 & 8 (4O), 117 f 7 (8%), and 127 f 6 
(16%; R +95%, N = 12). 

The effect of preservation on cell volume 
is indicated in Table 6. Although acid Lu- 
gol’s solution is the best preservative for cell 
numbers, it results iv the greatest shrinkage 
of cell volume. Cells preserved in acid Lu- 
gol’s solution first swelled, then 2 h later 
shrunk considerably (Fig. 4). The initial 
swelling phase was not observed with neu- 
tral Lugol’s solution, suggesting that the 
acidic environment alters the structure and 
permeability of the cell membrane. The 
shrinkage began to stabilize after 24 h and 
relatively small changes occurred after this 
time. Therefore all microscopic measure- 
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Fin. 4. Volume frequency distribution of Strombidium sp. when alive and at 2 min, 2 h, 24 h, and 
pres&ation in 2% acih Lugol’s solution. 
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ments of fixed cells should be made after at 
least 24 h in the preservative, at which time 
cell dimensions will have stabilized. 

Stationary phase cells shrunk somewhat 
more than exponential phase cells. Station- 
ary phase Strombidium sp. shrunk to 5 1 Ic 1% 
and exponential cells to 6 1 + 4% of live cell 
volume, following 2-3 d of preservation in 
2% acid Lugol’s solution (X &SD, N = 3 for 
both treatments). Representative volume 
distributions for live and preserved cells in 
both growth phases are shown by the solid 
lines in Fig. 5. 

Uronema sp. also swelled immediately 
upon preservation in 2% acid Lugol’s so- 
lution. Two minutes after preservation, the 
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median volume of stationary phase cells in- 
creased to 144% of the live volume. Unlike 
Strombidium, however, the volume of Uro- 
nema preserved for 2 d was very close to 
the live volume (106%). 

The question arises how best to approx- 
imate the geometric shape of a preserved 
ciliate and to estimate cellular volume from 
microscope measurements when electronic 
means are not available. Linear measure- 
ments made with a microscope (Fig. 6) were 
converted to cell volumes based on the ice 
creaLm cone approximation after consider- 
ing iseveral alternatives. These volumes were 
then compared with cell volumes deter- 
mined by electronic particle counter. Figure 

EXPONENTIAL 

C’ 0 
0 10000 20000 30000 40000 

Cell Volume (pm31 

Fig. 5. Change in volume frequency distribution of stationary phase and late exponential phase Strombidium 
sp. after live cells were preserved for 2-3 d in 2% acid Lugol’s solution. Overlain on the distributions determined 
by electronic size-distribution analyzer (solid lines) are the cell volumes inferred from microscope measurements 
of preserved cells (shaded histograms). Microscope measurements were converted to cell volumes assuming a 
hemisphere atop a cone (stationary phase celk.) or assuming 70% of a hemisphere atop a cone (late exponential 
phase cells). 
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Fig. 6. Cell length and cell width for stationary phase 
Strombidium sp. (Cl) and late exponential phase Strom- 
bidium sp. (+) preserved in 2% acid Lugol’s solution. 

5A illustrates that the ice cream cone ap- 
proximation is quite suitable for stationary 
phase cells. The volumes computed from 
microsope measurements (shaded histo- 
gram) agree well with particle counter vol- 
umes (solid line, “preserved”). However, the 
ice cream cone approximation overesti- 
mates the volume of exponential phase cells. 
To match microscopic with particle counter 
volumes, we added only 70% of the volume 
of a hemisphere to the volume of a cone 
(Fig. SB, shaded histogram). The cell an- 
terior to the equatorial girdle swells out of 
proportion to the posterior region of the cell 
during growth (see also Jonsson 1986; Fen- 
chel and Jonsson 1988). Yet much of this 
region appears to be the deep oral cleft and 
not cell protoplasm. Hence, the assumption 
that cells maintain constant geometry 
throughout a growth cycle will result in bi- 
ased estimates of cell biovolume. 

Discussion 
The new perspective offered from the 

present results is the low growth efficiency 
of Strombidium sp. feeding on bacteria. The 
gross growth efficiency (K,) that we deter- 
mined (1 l-20%) contrasts with the value of 
50% inferred by Fenchel and Jonsson (1988) 
for another species of Strombidium, re- 
cently redescribed and designated Strom- 
bidium inclinatum (Montagnes et al. 1990). 
It is also lower than the average growth ef- 
ficiencies quoted by Fenchel (1987; 30- 
50%). We present evidence below that the 
data upon which our efficiencies are based 

are accurate, unbiased measures. Our low 
growth efficiencies are consistent with the 
low specific growth rates and yields that we 
observed when Strombidium ingests bac- 
teria alone. They are also in accord with 
previous ingestion (Sherr et al. 1989; Ber- 
nard and Rassoulzadegan 1990) and growth 
(Fenchel and Jonsson 1988) experiments 
that lead to the conclusion that, in nature, 
these and perhaps other related oligotrich 
ciliates are more likely to utilize microfla- 
gellates than bacteria as their principal prey 
source. 

The primary difference between calcula- 
tions of K1 in this study and many previous 
investigations is our determination of K, on 
the basis of organic composition (protein, 
N, C), rather than biovolume, of prey and 
predator. We reiterate that volume-specific 
estimates of ciliate gross growth efficiency 
are uncertain for several reasons. First, cell 
volume varies considerably through a 
growth cycle, for both ciliates and bacteria. 
Second, preservatives result in a shrinkage 
of cells, and the extent of shrinkage varies 
with both the preservative used and the 
growth phase of the cells. Third, cell volume 
estimates from microscope measurements 
are quite sensitive to assumptions about cil- 
iate geometry; shape as well as size can vary 
during a growth cycle. Nilsson (1990) ig- 
nored the departure of ciliates from simple, 
symmetrical geometric shapes and failed to 
take account of shape variations during a 
ciliate growth cycle. Accordingly, Nilsson’s 
microscopic measurements appear to sig- 
nificantly overestimate cell biovolume (see 
Ricketts and Rappitt 1974). 

If KI had been calculated on a volume- 
specific basis in the present study, markedly 
different values would result. For example, 
consider the live biovolume of 12,520 pm3 
for stationary phase Strumbidium sp., 7 10 
pm3 for Uronema sp., and 0.26 pm3 for sta- 
tionary V. natriegens (median, N = 245, 
R108 h). From these data we obtain an av- 
erage K, of 82% for Strombidium sp. and 
80% for Uronema sp. For Strombidium this 
value is 4-8 times that from cell biomass 
determinations and clearly spurious. For 
Uranema it is also biased, though propor- 
tionately less so. 

Contrasting with the inefficient bacteri- 
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vory of the oligotrich Strombidium are the 
high growth rates, yields, and (biomass-spe- 
cific) K, values of the scuticociliate Uro- 
nema when fed bacteria alone. The feeding 
apparatus of these scuticociliates in the cil- 
iate subclass Hymenostomatia differs mark- 
edly from that of the oligotrichs in the sub- 
class Choreotrichia (Small and Lynn 1985). 
Ciliates of the genus Uronema have histor- 
ically been considered strict bacterivores, 
and experimental evidence of growth on 
pure diets of bacteria support this inference 
(Fenchell968; Hamilton and Preslan 1969; 
Parker 1976; this study). Furthermore, Uro- 
nema marinum has low ingestion rates when 
fed flagellates and diatoms (Rubin and Lee 
1976). Conversely, Jonsson (1986), Fenchel 
and Jonsson (1988), and Bernard and Ras- 
soulzadegan (1990) have all found de- 
pressed clearance rates of Strombidium spe- 
cies when fed bacteria-sized particles, and 
higher clearance rates on particles > 2-3 pm 
in diameter. Sherr et al. (1988) observed 
that Uronema digested bacteria consider- 
ably faster than did either Strombidium or 
a mixture of spirotrich ciliates. 

The significance of low growth efficiencies 
of bacterivorous Strombidium ‘is suggested 
by Sorokin’s (198 1) assertion that this genus 
commonly constitutes 70-95% of the ciliate 
biomass in the ocean. If the genus is truly 
as dominant in oceanic areas as Sorokin 
suggests, and if most species of pelagic 
Strombidium are equally inefficient bacteri- 
vores, then most bacterial production likely 
passes through microflagellates before being 
ingested by these ciliates. Inclusion of an 
intermediate trophic step markedly reduces 
the ciliate production that can be sustained 
by a given level of bacterial production. 
Autotrophic microflagellates may also be a 
significant nutritional source for planktonic 
oligotrichs (Bernard and Rassoulzadegan 
1990), but this is a different pathway that 
does not depend directly upon bacteria. 

The maximum specific growth rate that 
we measured for Strombidium sp., 3.0 d-l, 
compares with the maxima reported by Ri- 
vier et al. (1985, 3.5 d-l) and Fenchel and 
Jonsson (1988, 2.9 d-r), though in both 
studies Strombidium was reportedly fed only 
bacteria. Rivier et al. (1985) used a 0.4-pm 
filtrate of natural seawater as a prey sus- 

pension, assuming that it contained only 
bacteria. However, Cynar et al. (1985) il- 
lustrated that naturally occurring microfla- 
gellates pass through a 0.4-pm Nuclepore 
filter. In retrospect, the prey suspension used 
by Rivier et al. (1985) may therefore have 
included larger prey, including microflagel- 
lat,es, and their growth rates should not be 
interpreted as reflecting bacterivory alone. 

The suitability of V. natriegens as a prey 
ite:m for ciliates is attested to by three lines 
of evidence. First, Uronema sp. grew rap- 
idly, with high growth efficiency, solely on 
this prey. Second, in Snyder’s (1989) ex- 
periments, Pseudocohnilembus marinus also 
grew at high rates through multiple gener- 
ations on this bacterium. Third, these cul- 
tured bacteria are relatively large, organic- 
rich prey; they are an order of magnitude 
larger than many marine bacteria in situ. 
They should be ingested at nearly maximal 
rates, based on demonstrated preferences of 
ciliates for larger bacteria within a bacterial 
assemblage (Gonzalez et al. 1990). 

The results presented here appear to be 
the first complete report of planktonic cil- 
iate protein, N, and C content. Finlay and 
Uhlig (1981) reported C: N ratios of 3.5- 
4.1 for three nonloricate ciliate species, but 
did not express the C or N content per cell. 
Putt and Stoecker (1989) found ciliate C : N 
values between 3 and 8 (apart from a ratio 
of 13 for chloroplast-harboring Laboea stro- 
bila grown under high n-radiance). Unlike 
our finding (Table 3), Putt and Stoecker did 
not detect a variation in ciliate N with 
changes in cell volume. This difference may 
be a consequence of the relatively small mass 
of N analyzed on their filters, making it dif- 
ficult to detect treatment effects. Reported 
C : N ratios for the loricate tintinnids in- 
cludle 5.7 (Heinbokel 1978) and 3.9-4.7 
(Verity and Langdon 1984). Our measure- 
ments of Strombidium organic composi- 
tion, when expressed per unit live cell vol- 
ume!, range from 0.11 to 0.14 pg protein 
tirne3, 0.13 to 0.15 pg C pm-3, and 0.017 to 
0.033 pg N pm-3. If results are expressed 
per unit preserved cell volume, assuming, 
conservatively, shrinkage to 65% of live 
volu.me for cells preserved in acid Lugol’s 
solution (above), these now become 0.18 to 
0.22 pg protein prne3, 0.19 to 0.23 pg C 
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m--3, and 0.026 to 0.051 pg N pm-‘. The 
mean of our C values for ciliates preserved 
in acid Lugol’s solution is 0.21 pg C pm-3, 
compared with 0.19 pg C pm-3 from Putt 
and Stoecker (1989). 

It is noteworthy that the organic content 
of the small Uronema, per unit cell volume, 
is so much higher than that of Strombidium. 
This pattern is in accord with the trend for 
higher organic content per unit cell volume 
with decreasing size of marine bacteria 
(Simon and Azam 1989), though it may also 
reflect differences between ciliate taxa. Cau- 
tion is warranted in attempting to apply a 
single conversion factor from biovolume to 
biomass for ciliates of widely different bio- 
volumes. 

As in our preservation experiments, Choi 
and Stoecker (1989) and Putt and Stoecker 
(1989) found more shrinkage of ciliates in 
acid Lugol’s solution than in formaldehyde. 
Klein Breteler (1985) observed an initial 
swelling, then shrinking, of three flagellate 
species in Lugol’s preservative, which is 
similar to our results with Strombidium. He 
did not report whether acid or neutral Lu- 
gol’s solution was used, and subsequent 
losses of the cells he observed may be at- 
tributed to the very low concentration 
(0.05O) of Lugol’s solution that he used. 
Combining the results of shrinkage with cell 
loss experiments, we conclude that acid Lu- 
gol’s solution is preferred for ecological 
studies, despite the distortion of cell vol- 
umes. Acid Lugol’s solution is more likely 
than other preservatives to minimize lysis 
and destruction of nonloricate ciliate cells. 

Although our experiments were done with 
batch cultures, where balanced growth is 
clearly not attained, these pulsed prey ex- 
periments may be better mimics of the nat- 
ural prey environment encountered by cil- 
iates than continuous culture experiments. 
Pelagic ciliates encounter locally enriched 
patches of prey in the ocean, often in the 
form of marine snow (Silver et al. 1984). 
The ability of oligotrichs to locate prey 
patches through chemokinesis (Fenchel and 
Jonsson 1988) and to rapidly synthesize food 
vacuoles and increase cell volume when ex- 
posed to abundant prey appears to be an 
adaptation to exploit transient, enriched 
microenvironments rather than a continu- 
ous steady state prey supply. 

The results presented here illustrate a pro- 
nounced difference between an oligotrich 
ciliate and a scuticociliate in efficiency of 
use of bacterial production. The two taxa 
represent two of the more abundant ciliate 
groups in the ocean, suggesting important 
effects of ciliate species composition on the 
structure of planktonic food webs. How- 
ever, predicting the conditions for compet- 
itive dominance by different ciliate taxa re- 
quires analysis of more than differential diets 
and growth responses. Sources, and rates, 
of mortality must also be understood to pre- 
dict the abundance of different ciliate groups 
in the sea. 
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