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Abstract. Experimental  studies of  a microbial food chain involving organic 
carbon substrates, Enterobacter aerogenes, and ciliate protozoans Para- 
mecium primaurelia and Didinium nasutum were conducted in stirred, 
aerated batch cultures. Quant i ta t ive measurements  were made  o f  organic 
carbon levels and o f  cell numbers ,  mean  cell volumes,  and total b iovolumes  
for all three microbial  populations.  A mathemat ical  model  based on Mo n o d  
kinetics was developed to describe this four- t rophic  level predator-prey 
system. The  model  was formulated in terms o f  biovolume,  which is the 
product  of  cell numbers  and mean cell size, and includes terms for bio- 
vo lume decay. Batch culture data were used to derive parameter  values, 
and model  simulations were compared  to experimental  results. Despite the 
significance o f  Paramecium-Didinium studies in ecological literature, the 
entire food chain has not  been previously studied or modeled.  

Introduction 

With the deve lopment  o f  cont inuous culture devices for long-term growth of  
microorganisms under  constant  condit ions and the mathemat ical  equat ions to 
describe microbial  growth dynamics,  a number  o f  investigators have studied 
predator-prey systems involving heterotrophic  pro tozoa  and various prey 
organisms [12]. These studies have in c o m m o n  the measurement  o f  all t rophic 
levels, which requires use o f  electronic counting techniques for assaying micro-  
bial populations,  and the use o f  mathemat ical  models  based on Monod  kinetics, 
which explicitly define growth o f  one microorganism in terms of  its food resource. 
One o f  the earliest such studies o f  heterotrophic  pro tozoan  and bacterial pop- 
ulations in cont inuous culture was that  o f  Drake et al. [ 10] who studied predator-  
prey interactions between the myxamoeba  Dictyostelium discoideum and the 
bacter ium Escherichia coli B/r. Oscillations in predator,  prey, and substrate 
were observed [33]. Other  cont inuous culture studies have examined ciliate 
protozoa as bacterial predators  [6, 9, 15]. In the most  complex cont inuous  
culture study to date, Jost et al. [19] and Tsuchiya et al. [34] examined the 
effect of  predat ion by Tetrahymena pyriformis on compet i t ion between E. coli 
and Azotobacter vinelandii for glucose substrate. Bader et al. [2] reported on 
predator-prey interactions between the ciliate Colpoda steini and blue-green 
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alga Anacystis nidulans. All o f  these studies involve  only three t rophic  levels. 
Studies involving interact ions between pro tozoa  have  not  yet been  repor ted  
[121. 

Interact ions between he tero t rophic  protozoa,  however ,  have  been a favori te  
subject o f  s tudy a m o n g  exper imenta l  and  theoretical  ecologists because they 
exhibit  a range o f  popula t ion  interact ions s imilar  to me tazoans  and  can there- 
fore serve as models  o f  general biological sys tems [ 13, 17, 20, 23-25].  Because 
heterot rophic  p ro tozoa  reach large popula t ion  sizes in small  vo lumes  and pos- 
sess rapid  growth rates, they are convenien t  for testing ma themat i ca l  models  
o f  popula t ion  phenomena ,  such as compet i t ion  and predat ion.  Gause  [13] was 
one of  the first exper imenta l  ecologists to use he tero t rophic  p ro tozoa  as general 
biological sys tems to test ma thema t i ca l  mode ls  o f  var ious  popula t ion  p h e n o m -  
ena. In one series o f  classical exper iments ,  Gause  selected a microbia l  predator -  
prey system, which consisted o f  the bacterial  grazer Paramecium caudatum 
and its p reda tor  Didinium nasutum, and tried to de te rmine  what  factors led 
to coexistence or ext inct ion in p reda tor -prey  systems.  On the basis o f  these 
experiments ,  Gause  concluded that  in a homogeneous  e n v i r o n m e n t  the pred-  
a tor -prey  relat ion was unstable and  led to self-annihilation. More  recently, 
Luckinbil l  [21, 22] showed that  the ou tcome  o f  the Paramecium-Didin ium 
interact ion in a homogeneous  sys tem could be altered by varying the level o f  
dissolved organic ca rbon  p rov ided  to the bacteria.  Exper imenta l  ecologists, 
however ,  have  not  quantif ied the levels o f  dissolved organic carbon or bacter ia  
[13, 21 ,22,  25]. When  ma themat i ca l  models  have  been appl ied by  exper imenta l  
ecologists to p ro tozoan  systems,  the models  have  been of  the logistic and Lotka-  
Volterra  type ra ther  than  a M o n o d - t y p e  model .  Salt [30] poin ted  out  that  
Gause ' s  work has had  a very  strong influence on ecological concepts  about  
predat ion.  Clearly, a m o r e  dynamic  approach  to the Paramecium-Didin ium 
sys tem in which all t rophic  levels are measured  and  mode led  would be appro-  
priate. 

In the present  paper ,  the growth and  interact ions in a four- t rophic  level 
sys tem consisting o f  organic carbon substrates,  the bac te r ium Enterobacter 
aerogenes, grazing ciliate Paramecium primaurelia and predatory  ciliate Didini- 
um nasutum are studied in batch cultures. Electronic counting and  sizing tech- 
niques are examined  for all three microbia l  popula t ions  in mixed  cultures. A 
ma themat i ca l  mode l  based on M o n o d  kinetics is developed,  op t ima l  constants  
are der ived f rom batch culture exper iments ,  and the model  is used to s imulate  
the system. These results are an essential  first step toward  s tudy o f  the entire 
system in cont inuous  culture and  testing o f  theories on predat ion phenomena .  

Materials and Methods  

Microorganisms 

Enterobacter aerogenes (ATCC 13048) was selected as a suitable food organism and was maintained 
aerobically on trypticase soy agar plates. Paramecium primaurelia (stock 540) was obtained in 
axenic culture from the laboratory of Dr. S. L. Allen, Division of Biological Sciences, University 
of Michigan. Stock cultures of P. primaurelia were grown on E. aerogenes in 5 ml of culture 
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medium. Didinium nasutum (ATCC 30399) was maintained in cultures of P. primaurelia and 
transferred to fresh cultures every other day. The general procedures used for sterilization of 
Didinium have been described previously [1]. 

Cul ture  M e d i u m  a n d  M e t h o d s  

The culture medium contained in g/liter: NazHPO4'7H20, 1.34; KHzPO4, 0.68; NaOH, 0.08; KCI, 
0.037; NaC1, 0.117; MgSO4 - 7H20, 0.123; CaCI2 "2H20, 0.014; MnClz. 4HzO, 0.002; NH4CI, 0.191; 
Cerophyl, a brand name for dehydrated cereal grass (Cerophyl Corp., Kansas City, Missouri), 2.50. 
The pH of the medium was about 7.2. Before autoclaving, the medium was mixed, boiled for five 
min, and filtered through 18.5 cm rapid filter paper (Scientific Products) and twice through pre- 
washed Type A-E 47 mm glass fiber filters (Gelman Corp.) to remove particles likely to interfere 
with electronic counting of bacterial cells. A few sprays of antifoam A (Dow Coming) were added 
to reduce foaming. Sterile culture medium would not support growth ofaxenic P. primaurelia. 

Batch culture experiments were conducted at 20 ~ +__ I~ in a constant temperature chamber. The 
batch culture vessels were assembled from two-liter flat-bottomed pyrex boiling flasks equipped 
with ports for inoculation, sample removal, aeration with humidified sterile air, and air exhaust. 
The working volume in all batch culture experiments was 1.5 L. Air flow was maintained at 1 
L/rain. A magnetic stir bar provided continuous mixing. Culture samples were removed with sterile 
25 ml syringes and checked for contaminating microorganisms by streaking and incubating tryp- 
ticase soy agar plates for two days at 37"C. 

Ana l y t i ca l  Techn iques  

Organic Carbon Analysis. Samples for carbon analysis (9-10 ml) were filtered through prewashed 
0.45 #m filters into sterile test tubes containing two drops of  1:4H2SO, and stored at 2-3~ until 
analyzed on a Beckman Model 915 total organic carbon analyzer. At least four replicates were run 
for each sample and carbon standard analyzed. Growth of E. aerogenes in the culture medium left 
about 54% refractory organic carbon in solution; this refractory carbon was subtracted from total 
carbon to give an estimate of  utilizable organic carbon present during experiments. 

Bacterial Population Analysis. Electronic estimates of cell concentration, mean cell volume, and 
biovolume ofE.  aerogenes were obtained with a Coulter Model ZB equipped with a 30 #m aperture 
tube and connected to a Model P-64 size distribution analyzer, which was calibrated with 1.305 
um polystyrene spheres (Coulter Electronics). Preliminary experiments indicated that an amplifi- 
cation switch setting of  one-half and aperture current of  one-quarter were optimal. Culture samples 
were diluted with 0.45 um filtered 0.9% NaCI to give cell counts from 5,000 to 50,000/0.05 ml. 
For each sample, six to eight replicate counts and three size distributions were obtained. Electronic 
counts were compared with viable counts on trypticase soy agar plates. Matched weight filters (47 
ram, 0.45 um filters which are matched to +_0.1 rag, Millipore Corp.) were used to determine 
bacterial dry weights (biomasses) for comparison with electronic biovolume estimates. 

Paramecium Population Analysis. Electronic estimates of cell concentration, mean cell volume, 
and biovolume of P. primaurelia were obtained with a Coulter Model B equipped with a 560 t~m 
aperture tube and connected to a Model P-64 size distribution analyzer and X-Y recorder. Cali- 
bration for P. primaurelia volume analysis required 40 ~m and 50 tam polystyrene spheres (Duke 
Standards). An amplification switch setting of two and aperture current of two or one were optimal 
for P. prirnaurelia. Culture samples of 25 ml or 50 ml were diluted in 0.225% NaCI to a total 
volume of 225 ml, which gave cell counts of 10-600/2 ml. In 0.9% NaCI, P. primaurelia became 



220 J . M .  G r a h a m  and  R. P. Canale  

swollen, caus ing size d is t r ibut ions  to shift, a n d  eventual ly  burst .  In  the  empir ical ly  der ived  0.225% 
NaCl,  however ,  the  pro tozoa  r ema i ned  active, size d is t r ibut ions  were stable, and  the  protozoa grew 
when  prov ided  with bacteria.  For  each sample ,  five replicate p ro tozoan  coun t s  and  two size 
d is t r ibut ions  were measured .  A c o m p u t e r  p rogram was used to integrate the  graphs  o f  cell size 
d is t r ibut ion to der ive  va lues  for m e a n  cell size and  b iovo lume.  Electronic es t imates  o f  cell n u m b e r s  
were compared  with optical counts ,  which  were obta ined  by count ing  all P. primaurelia in five 
replicate 1 ml  subsamp le s  as they  were d rawn into a micropipet te .  To  obta in  optical m e a s u r e m e n t s  
o f  cell v o l u m e  for compa r i son  with electronic es t imates ,  50 or more  P. primaurelia were t ransferred 
to a drop o f  5% NiSO4 on  a microscope  slide. The  length and  width  o f  the  first 25 ceils were then  
measu red  at 200 •  and  their  v o l u m e s  c o m p u t e d  based  on  the  fo rmula  for an  ellipsoid. 

Didinium Population Analysis. Electronic es t imates  o f  D. nasutum number s ,  m e a n  cell sizes, and  
b iovo lumes  were m a d e  on  the  s ame  Coul ter  counte r  e q u i p m e n t  as P. primaurelia. Calibrat ion for 
D. nasutum v o l u m e  analysis  required 80 u m  polystyrene spheres  (Duke Standards).  For  D. nasu- 
turn, an amplif icat ion switch sett ing o f  four  and  aper ture  cur rent  o f  four  or  two were used.  The  
predators  were counted  at  the  s ame  di lut ion in 0.225% NaC1 as were their  prey. W h e n  bo th  protozoa 
were present  in culture samples ,  the  sample  v o l u m e  permi t ted  only five D. nasutum cell coun t s  
and  one size dis t r ibut ion to be recorded after coun t s  and  size d is t r ibut ions  o f  P. primaurelia had  
been collected. After  P. primaurelia became  extinct,  however ,  two size d is t r ibut ions  o f  Didinium 
were made .  At  Coul ter  set t ings o f  ampli f icat ion four  and  aper ture  cur rent  four  or  two, only  
Didinium were counted,  bu t  at  sett ings used  for P. primaurelia, bo th  protozoa were counted.  The  
n u m b e r  o f  P. primaurelia was de te rmined  by subtract ing the  count  o f  Didinium f rom the total  
count .  Didinium were, however ,  too large to be inc luded in Paramecium cell size dis t r ibut ions.  A 
compu te r  p rogram was also used to integrate cell  size d is t r ibut ions .  Optical  coun t s  o f  D. nasutum 
were m a d e  by micropipe t te  as with P. primaurelia. Optical  m e a s u r e m e n t s  o f  predator  cell v o l u m e  
were m a d e  by expell ing 40 to 50 D. nasutum in to  a drop o f  Bou in ' s  solut ion.  The  length and  width  
o f  the  first 25 D. nasutum were m e a s u r e d  and  v o l u m e s  c o m p u t e d  wi th  the  fo rmula  for an  ellipsoid. 

Mathematical Model 

The  ma thema t i ca l  mode l  presented  in this  sect ion is based  on s imple  mater ia l  balance and  sa tu-  
rat ion kinetics to describe growth as a funct ion  o f  resource util ization. M o n o d  [27, 28] developed  
a series o f  equa t ions  to describe sa tura t ion  o f  a bacterial popula t ion  specifically in t e rms  o f  utili- 
zat ion o f  s o m e  essential  substrate .  A detai led theoretical  d e v e l o p m e n t  and  exper imenta l  testing o f  
M o n o d ' s  equa t ions  has  been presented  by Herber t  et al. [ 16], and  therefore only a br ief  s u m m a r y  
o f  M o n o d ' s  equa t ions  is presented  here. W h e n  all essential  subs t ra tes  are present  in excess, bacterial 
growth in ba tch  cul ture can  be described by the  famil iar  exponent ia l  equa t ion  

1 d B  - -  / z  ( 1 )  
B dt 

where  B is concent ra t ion  o f  bacter ia  at t ime  t in mg/L ,  dB/d t  is the  rate o f  change o f  the  popula t ion,  
and  ~t, the  rate o f  increase per  un i t  o rgan i sm concent ra t ion ,  is the  specific growth rate in h-L M o n o d  
[27] first showed  tha t  the  re la t ionship  between the specific growth rate and  the  substrate  concen-  
t rat ion could be descr ibed by 

s (2) 
K s +  S 

where S is subst ra te  concent ra t ion  in mg/L,  ~t~.~ the  m a x i m u m  growth rate cons tan t  in h -~, and  
Ks thc  sa tura t ion  cons tan t  in mg/L,  which  is tha t  subst ra te  concent ra t ion  at wh ich  ~ = I/2 ~ . . . .  The  
form o f  equa t ion  2 is hyperbol ic  with kt being proport ional  to S at low concent ra t ions  but  approach-  
ing a l imi t  o f  #m~ at h igh  concentra t ions .  Hyperbol ic  func t ions  occur  c o m m o n l y  in predator-prey 
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models [26]. Finally, Monod [28] also showed that bacterial growth rate was a constant fraction 
of the substrate utilization rate 

dB _ _ y d S  (3) 
dt dt 

where Y is a dimensionless yield constant which relates substrate utilization t6 bacterial growth. 
Equations one to three can be combined to give a quantitative description of bacterial growth and 
substrate utilization in batch culture and, with minor changes, in continuous culture. 

Mathematical equations similar to those in equations one to three were subsequently used to 
describe growth of ciliate protozoa on bacterial prey in both batch and continuous culture. Proper 
and Garver [29] first showed that the specific growth rate of the ciliate Colpoda steini on Escherichia 
coli could be described by an expression identical to equation two. At low bacterial concentrations, 
protozoan growth is limited by frequency of encountering bacteria but at high bacterial concen- 
tration growth can be limited by rate of ingestion or digestion. The mathematical model for changes 
in substrate, bacteria, and protozoa in batch and continuous culture has been described previously 
[6, 9, 10] and subjected to detailed analysis of the behavior of its solutions [5, 18, 33]. In exper- 
imental studies, this model has been used extensively to describe three trophic level systems 
involving the ciliate Tetrahymena pyriformis feeding on bacteria [6, 9, 19], the myxamoeba Dicty- 
ostelium discoideum on E. coli [10, 33], and the ciliate Colpoda steini on the blue-green alga 
Anacystis nidulans [2]. 

The mathematical model for a four trophic level system involving Paramecium and Didinium 
was obtained by adding an equation for the second predator to the previously described three 
trophic level model. As in equation two, the specific growth rate of Didinium was described as a 
hyperbolic function of Paramecium concentration. Experiments by Salt [30] and Hewett [17] 
support such a formulation for Didinium. The equations for the four trophic level predator-prey 
system in batch culture are 

d S  _ _~max S B (4) 
dt Y Ks + S 

dB S T~max B - / X m a x - - B  - duB - - G  (5) 
dt K s + S W Kb + B 

dG _ ~qma~bB -G - dgG ~max G p (6) 
dt + B Z Kg + G 

dP G 
- - P  - d~P (7) - -  = O'ma x -  

dt Kg + G 

S is the concentration of utilizable organic carbon substrates in the culture vessel in mg/L. B, H, 
and P are the concentrations of  E. aerogenes, P. primaurelia, and D. nasutum, respectively, in 
um3/mL, and tz . . . .  T/ . . . .  and #max are the corresponding maximum specific growth rates in h -~. Y, 
W, and Z are yield constants and I~, Kb, and I~ saturation constants. Y is expressed in tzmVmg, 
and W and Z are dimensionless. K~ is in mr/L, and Kb and K, are expressed in ~mVmL. The terms 
db, d v and dp are biovolume decay constants expressed in h -~. 

Monod [27] originally considered dry weight to be the appropriate measure of bacterial concen- 
tration, but with the exception of  Canale et al. [6] and Canale and Cheng [7], who used biovolume 
as the concentration unit of the ciliate predator, most batch and continuous culture studies have 
used cell numbers. It is not appropriate to use cell numbers as a measure of concentration in 
equations 4-7 because cell numbers may represent different biomasses if cell sizes are variable. 
Therefore, the four trophic level model was formulated in terms ofbiovolume, which is the product 
of cell numbers and mean cell size. Because biovolume declines due to both cell lysis and reduction 
in cell volume when food resources are depleted, first-order biovolume decay terms were included 
in the model [6, 7]. Incorporation of  these decay terms is equivalent to assuming a maintenance 
metabolism for the organisms. When food resources are depleted, metabolism proceeds at the 
expense of accumulated biovolume. 
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Fig. 1. Linear relationship between bacterial biovotume estimates and the corresponding deter- 
minations of bacterial biomass (dry weight). 
Fig. 2. Changes in cell numbers, mean cell volume, and biovolume during batch culture growth 
of Enterobacter aerogenes. (0) cell numbers, (O) mean cell volume, (m) biovolume. 

Results 

The growth and  decline of  each microbia l  popula t ion  was examined  in ba tch  
cultures to de te rmine  pat terns  of  changes in cell numbers ,  m e a n  cell vo lumes ,  
and  b iovo lumes  and  to correlate measu remen t s  o f  these paramete rs  made  by 
electronic particle counters  and  size dis tr ibut ion analyzers with measu remen t s  
m a d e  by  more  convent ional  methods .  Total  electronic counts  o f  E. aerogenes 
exceeded plate counts  dur ing lag and  s ta t ionary phases  when  intact  but  non-  
viable  bacterial  cells were present.  During exponent ia l  phase, the correspon-  
dence was quite close. The  total  n u m b e r  o f  particles is p robab ly  a bet ter  indi-  
cat ion o f  avai lable  p ro tozoan  food than viable cells alone. C o m p a r i s o n  between 
electronic counts  and  plate counts  o f  bacterial  cell numbe r s  indicated that  the 
presence o f  the pro toza  did not  adversely  affect the accuracy o f  the electronic 
es t imates  (Tables 1 and  2). In Table  1, 1". primaurelia reduced its prey to an 
average concentra t ion  o f  3.2 • l0  s viable cells/ml. The  data  in Table  2 were 
obta ined  during the exper iments  shown in Fig. 9, bu t  the data  in Table  1 were 
f rom an exper iment  separate  f rom those in Fig. 8. The  linear regression for 
electronically de te rmined  bacterial  b i o v o l u m e  vs b iomass ,  de te rmined  by mea-  
surement  o f  dry  weight (Fig. 1), was highly significant (P < 0.001). Changes in 
cell numbers ,  m e a n  cell sizes, and  b iovo lumes  o f  E. aerogenes during batch 
culture growth are shown in Figure 2. Bacterial number s  remained  constant  
during lag phase, but  average cell size increased rapidly and  reached a m a x i m u m  
shortly after the culture entered exponent ia l  phase. Mean  cell size declined 
during exponent ia l  phase  and  reached a constant  m i n i m u m  size o f  0.42 ~tm 3 
in s ta t ionary phase. M a x i m u m  b i o v o l u m e  did not  cor respond  to m a x i m u m  
cell numbe r s  but  occurred at abou t  15 h when m e a n  cell vo lume  was still greater  
than  m i n i m u m  cell size. 

Electronic and optical  es t imates  o f  cell number s  and mean  cell vo lumes  of  
the grazing ciliate P. primaurelia each closely corresponded,  and consequent ly  
b i o v o l u m e  es t imates  were highly correlated (Fig. 3). The  pat tern  of  changes in 
cell numbers ,  mean  cell volumes ,  and  b iovo lumes  o f  P. primaurelia during 
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Table  1. C o m p a r i s o n  between electronic coun t s  and  
plate counts  o f  Enterobacter aerogenes in a stirred, 
aerated ba tch  reactor  wi th  Paramecium primaurelia. 

Coul ter  Plate 
coun t s  . • 100 counts  b X 10 6 

T i m e  (h) cel ls /ml cel ls /ml 

49.67 706.18 600 
73.14 642.25 437 
97.08 491.00 380 

122.47 119.70 70.7 
145.67 3.013 0.190 
169.92 0.850 0.156 
193.25 1.170 0.297 
218.67 0.387 0.223 
239.17 0.346 0.226 
263.58 0.119 0.264 
288.58 0.326 0.345 
311.95 0.488 0.527 
336.41 0.600 0.660 

Based on  6 -8  replicate counts  
Based on  3 replicate plat ings 

Table 2. C o m p a r i s o n  between electronic coun t s  and  
plate coun t s  o f  Enterobacter aerogenes in a stirred, 
aerated ba tch  reactor with Paramecium primaurelia 
and  Didinium nasutum. 

Coul ter  Plate 
coun t s  ~ • l06 counts  b • 106 

T i m e  (h) cel ls /ml cel ls/ml 

48.10 693.05 520 
69.30 455.67 340 
91.92 4.23 0.6 

140.77 28.60 24.5 
168.77 33.99 23.0 
187.21 29.04 16.0 

Based on 6 -8  replicate coun t s  
t, Based on 3 replicate plat ings 

batch culture growth is shown in Figure 4. Again mean cell volume initially 
increased and reached a maximum as the population entered exponential phase. 
Mean cell size then declined rapidly during exponential phase and continued 
to decline slowly during the remainder of  the experiment. Cell numbers also 
showed a slow decline from the maximum level. Maximum Paramec ium bio- 
volume occurred about 70 h after inoculation of  the batch culture with protozoa, 
but cell numbers did not reach the maximum level until more than 90 h had 
elapsed (Fig. 4). Biovolume decline was the product of  declining cell numbers 
and mean cell volume. 

The correspondence between electronic and optical measurements of  cell 
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Fig. 5. Linear relation between electronic biovolume estimates and optically measured biovol- 
umes of Didinium nasuturn. 
Fig. 6. Changes in cell numbers, mean cell volume, and biovolume of Didinium nasutum during 
batch culture growth. (e) cell numbers, (O) mean cell volume, (1) biovolume. 

n u m b e r s  and m e a n  cel l  v o l u m e s  o f  the  predatory  c i l iate  D i d i n i u m  n a s u t u m  
also  p r o v e d  quite  sat is factory,  a l though  init ial  c o u n t s  were  s o m e w h a t  scat tered 
because  they  were  based  on  very  s m a l l  n u m b e r s  o f  ceils .  T h e  result ing b i o v o l -  
u m e  e s t i m a t e s  were  h ighly  corre la ted  (Fig. 5). Changes  in cel l  n u m b e r s ,  m e a n  
eel l  v o l u m e s ,  and b i o v o l u m e s  o f  D. n a s u t u m  during growth  in batch  culture  
are s h o w n  in Figure 6. T h e  init ial  increase  in m e a n  cel l  v o l u m e  w a s  sl ight,  
p r e s u m a b l y  because  the predators  were  near  their  m a x i m u m  cel l  s i ze  in the  
i n o c u l u m .  M e a n  cel l  s i ze  d e c l i n e d  rapidly  as the  predators  grew exponent ia l l y ,  
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and cell numbers  also dropped sharply after 80 h. M a x i m u m  Didinium biov- 
olume occurred at about  35 h when the number  o f  predators (347/ml) was 
below the m a x i m u m  number  (450/ml) reached at 50 h. The predators therefore 
continued to divide at the expense o f  their mean cell volume. 

After the electronic techniques for counting and sizing the microbial  popu- 
lations were verified, a series o f  replicated batch culture experiments were 
conducted.  The interaction between dissolved organic carbon substrates and 
Enterobacter was first examined,  then grazing on bacteria by P. primaurelia, 
and finally predat ion on Paramecium by Didinium nasutum. From these rep- 
licated batch experiments the values o f  growth constants, expressed in terms 
of  biovolume,  were derived for use in the mathematical  model  represented by 
equations 4-7.  Batch culture interactions were simulated by the model  and 
compared  to the observed data. 

Three replicate stirred, aerated batch cultures were run simultaneously start- 
ing with the same initial organic carbon substrate concentrat ion and inoculum 
o f  Enterobacter aerogenes. The standard bacterial inoculum used in all batch 
culture experiments was 25 ml o f  24-h old loop-inoculated medium.  The initial 
bacterial cell concentrat ion averaged about  2.4 • 10 6 cells/ml, and the initial 
mean cell size was about  0.6 #m 3. Organic carbon and bacterial b iovolume 
were followed for more  than 300 h. The results were so similar that the data 
were pooled for graphing and analysis. During the first 12 hours o f  the exper- 
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Table 3. Optimized growth parameters  for Monod 
model with biovolume decay constants. 

Organic carbon-- Enterbacter aerogenes 

~ . t m a  x = 0.621 h -I (14.9 da -t) 
Y = 2.66 • 106ttm3/ml//mg/L 
Ks = 24.3 mg/L 
dh = 0.001 h -t (0.024 da -I) 

Tb (doubling time) = In 2/#m~ = 1.12 h 

Enterobacter aerogenes-Paramecium primaurelia 

nmax = 0.132 h -l (3.17 da -I) 
W = 0.968 #m3/ml/ /#m3/ml 
Kb = 90.4 X 106 t, mVml  
d~ = 0.0090 h i (0.212 da -1) 

Tg (doubling time) = In 2/nmax = 5.25 h 

Paramecium primaurelia-Didinium nasutum 

amax = 0.160 h I (3.84 da t) 
Z = 0.608 ttm3/ml///zm3/ml 

K,  = 29.67 • 106/am3/ml 
dp = 0.0234 h -j (0.56 da -I) 

Tp (doubling time) = In 2/am~x = 4.33 h 

J. M. Gr a ha m and R. P. Canale 

iment,  organic carbon was depleted and the m a x i m u m  bacterial b iovo lume 
was produced (Fig. 7). During the remainder  of  the experiment ,  bacteral biovol-  
ume  declined slowly due to cell lysis. Opt imal  values o f  growth constants were 
de termined  by a compute r  program which min imized  the sum of  squared 
deviat ions between observed data and model  predictions (Table 3). The curves 
in Figure 7 were produced by numerical  integration o f  equat ions 4 and 5, 
wi thout  the term for Paramecium grazing. 

Three  replicate batch cultures were then moni tored  for 225 hours  for organic 
carbon, bacteria, and P. primaurelia. Each batch culture received 15 ml o f  72- 
h old P. primaurelia culture 27 h after inoculat ion with bacteria. The  initial 
concentrat ion o f  P. primaurelia averaged about  16 cells/ml with a mean  cell 
size o f  about  146,000 # m  3. The  resulting data were again grouped for analysis 
(Fig. 8). After 100 h, the bacterial popula t ion remained at 0.1-1.6 X 106/,m3/ 
ml as b iovo lume  o f  Paramecium steadily declined due to the combined  effects 
of  declining cell numbers  and mean cell size. Opt imal  parameter  values were 
calculated by compute r  program (Table 3), and the smooth  curves in Figure 8 
were obtained by numerical  integration o f  equat ions 4, 5, and 6, without  the 
term for Didinium predation.  

A final three replicate batch cultures were followed for 195 h, and changes 
in all four t rophic levels were measured.  Each batch culture received 20 ml of  
48-h old Paramecium culture 24 h after bacterial inoculation.  The Paramecium 
inoculum resulted in an initial concentrat ion o f  about  14 cclls/ml with a mean  
cell size o f  about  159,000 # m  3. After Paramecium reached m a x i m u m  biovol-  
ume, 20 ml of  48-h old cultures of  Didinium nasutum were added to each 
batch culture at 92.5 hours. The  initial concentra t ion o f  Didinium was about  
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7 cells/ml with a mean cell size of 607,000 #m 3. The resulting data were again 
pooled for analysis (Fig. 9). Up to 90 h, the pattern of changes in Enterobacter 
and Paramecium were virtually identical to that in Figure 8. After inoculation, 
Didinium rapidly consumed all their prey and then declined. A secondary 
regrowth of bacteria occurred after Paramecium were eliminated. Didinium 
did not appear to eat bacteria, since in these cultures the number of bacteria 
increased in the presence of Didinium after Paramecium were eliminated. 
Apparently, as Didinium removed Paramecium, a certain amount of  organic 
carbon substrate was released for bacterial growth. The amount of recycled 
organic carbon could be estimated at 6.4 mg/L, about 6% of initial levels, because 
the coefficient for conversion of organic carbon to bacterial biovolume and the 
level of secondary bacterial biovolume produced (17.0 • 10 6 /~m3/ml) were 
known. Plate counts indicated that this regrowth represented viable bacteria 
and not just a buildup of debris (Table 2). Optimal parameters for Didinium 
growth were determined by computer program (Table 3), and the fitted curves 
in Figure 9 were obtained by numerical integration of equations 4-7. 

Discussion 

The microbial predator-prey system represented by Paramecium and Didinium 
has long been a favorite subject for study by many investigators [13, 17, 21- 
23, 25], and it has had a major influence on general theories of predation [12, 
30]. Despite this interest in the system, no one previously has attempted to 
measure or to model all four trophic levels involved simultaneously. Before 
the development of electronic techniques for counting and sizing mixed cultures 
of microorganisms, the labor involved in measuring organic carbon substrate 
levels and cell numbers, mean cell sizes, and biovolumes of three microbial 
populations simultaneously would have made any quantitative investigation 
of the entire Paranzecium-Didinium system exceedingly difficult. In the present 
report, electronic estimates of bacterial biovolume were found to be highly 
correlated with bacterial biomass (Fig. 1). A number of authors have shown 
similar high correlations between biovolume and biomass for the algae Euglena 
[8], Selenastrum and Chlorella [37], and protozoa Tetrahymena [4, 32] and 
Colpidium [31 ]. Drake and Tsuchiya [11 ] established the accuracy of electronic 
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techniques for counting mixed populat ions o f  microorganisms and applied their  
procedures to differential counting o f  mixed cultures o f  bacteria and protozoa,  
bacteria and yeast, and large and small bacteria. In the present  report ,  it was 
found possible to count  and size two distinct populat ions o f  pro tozoa  in mixed 
culture. Electronic estimates o f  pro tozoan b iovolumes  were highly correlated 
with optical measurements  o f  b iovo lume (Figs. 3 and 5). Differential counting 
and sizing were possible because the cell size distributions o f  Paramecium and 
Didinium did not  overlap appreciably. When batch cultures were inoculated 
with Didinium, the mean  cell size o f  P. primaurelia was about  60,000 #m 3 or 
less, but  the mean  cell size o f  Didinium ranged f rom 440,000 to 830,000 #m 3. 
Thus,  the predators were 6-13 t imes larger than their  prey when experiments  
began. The  nearly spherical Didinium were also found to have a narrow, sym- 
metrical cell size distr ibution which was more  uni form than some commercia l  
calibration spheres. Didinium cells became as small as the largest Paramecium 
only long after all prey had been eaten. Optical methods  were preferable only 
when Didinium numbers  were very low at the beginning o f  batch culture growth. 

Biovolume was selected as the unit  o f  popula t ion measurement  because cell 
numbers  may  represent different biomasses when cell sizes are variable. Mean 
cell volumes varied f rom 0.4 #m 3 to about  2 #m 3 for Enterobacter aerogenes, 
f rom 38,000 #m3-210,000 # m  3 for Paramecium primaurelia and f rom 110,000 
#m3-580,000 #m  3 for Didinium nasutum (Figs. 2, 4, and 6). Mean cell size 
was therefore quite variable in aI1 three microbial  populations.  The use o f  
b iovolume as a measurement  o f  microorganism concentrat ion incorporated this 
variation into the mathematical  model.  Max imu m  biovolume o f  the resource- 
utilizing organisms occurred just  as that  resource was depleted in all three 
t rophic interactions (Figs. 2, 4, and 6). This close coupling between resource 
consumpt ion  and b iovo lume  product ion  did not  occur  between resource con- 
sumpt ion and cell numbers .  During lag phase o f  batch culture growth, cell 
numbers  did not  change but  mean  cell volumes  increased (Figs. 2, 4, and 6). 
M a x i m u m  cell numbers  occurred after m a x i m u m  b iovo lume had been reached 
and resources were depleted. Thus,  the microorganisms cont inued to divide at 
the expense o f  accumulated biovolume,  a process Gause [13] described for 
Didinium as producing an increase in the effective "seizing surface." The  use 
o f b i o v o l u m e  in the mathemat ica l  model  avoided  the complicat ions this behav-  
ior would entail. 

The  opt imal  values o f  all the growth constants in the mathemat ical  model  
are given in Table  3. The  m a x i m u m  specific growth rate o f  Didinium (amax) is 
somewhat  larger than that  of Paramecium (~max), a finding consistent with other  
reports [13, 21]. The  yield coefficients represent gross yields ra ther  than net 
yields because b iovo lume decay is included in the model.  Because the half- 
saturation constant  for Paramecium grazing on bacteria (Kb) was larger than 
that for Didinium capturing its prey (Kg), Paramecium were evidently less 
effective at picking up prey at low concentrat ions than were Didinium. At least 
in part, this difference in effectiveness may  be due to the great difference in the 
sizes o f  prey. Enterobacter cells average a round 0.4 #m 3 at stat ionary phase 
while Paramecium cells range from 38,000 ~tm3-over 200,000 ~tm 3. The biovol-  
ume decay coefficient for bacteria (db) was only about  2% per day compared  
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with 21% per day for P. primaurelia and 56% per day for D. nasutum. Didinium 
perhaps expends considerably more energy in pursuit of prey than does Par- 
amecium. 

The mathematical model presented in this paper shows a reasonable fit to 
the measured results at high population concentrations. The addition of  biovol- 
ume decay terms to the basic Monod formulation was essential, particularly 
for the protozoans which have high rates of  biovolume loss. The decline in 
biovolume after the maximum level was reached was due to the combined 
effects of fewer cells and smaller average cell sizes. The importance of these 
biovolume decay terms in the equations for Paramecium and Didinium growth 
is evident in Figures 8 and 9. Without a decay term to represent maintenance 
metabolism, the predicted Paramecium and Didinium biovolumes would remain 
at a constant maximum level. 

The Monod model predicts that Paramecium biovolume should decline 
continuously to levels below that which would indicate even one cell in the 
entire batch culture. P. primaurelia is actually eliminated entirely, reflecting 
the fact that protozoan biovolume comes in large discrete units. The Monod 
model also predicts that Paramecium should reduce the population of its bac- 
terial prey to very low densities. Bacterial population levels actually remain 
steady at 0.2-1.5 • 10 6 cells/ml in batch cultures with Paramecium only. Plate 
counts indicate that these persistent high counts represent considerable num- 
bers of  viable bacteria rather than just debris accumulation (Tables I and 2). 
There appears to be a slight increase in viable bacteria in batch cultures con- 
taining Paramecium after the population of  grazing ciliates has declined (Table 
1). This regrowth of  bacteria may be due to release of  carbon substrates by the 
lysing of  protozoan cells combined with a reduction in grazing pressure. In the 
batch cultures containing the entire food chain, carbon recycling evidently led 
to a significant regrowth of bacteria after Paramecium were eliminated (Fig. 9 
and Table 2). 

The occurrence of  persistent high levels of  bacteria in cultures subject to 
intense grazing by ciliate predators has drawn considerable attention [14, 19, 
34-36] and has led to new mathematical formulations to account for it [3, 18]. 
Habte and Alexander [ 14] showed that Tetrahymena pyriformis failed to con- 
sume all bacteria in liquid culture and ceased to take up bacteria when levels 
fell to 10s-I 07 viable cells/ml. Watson et al. [36] confirmed these observations 
on Tetrahymena and noted that when the feeding rate fell to immeasurably 
low values, the ciliates tended to swim faster than actively feeding ciliates. 
These "nonfeeding" ciliates remained viable after 55 h. Two basic proposals 
have been suggested to account for the persistent levels of  bacteria in cultures 
subject to ciliate grazing, van den Ende [35] proposed that bacteria growing on 
the vessel wails, where they were presumably free of  predation, could produce 
a slough of bacterial cells that would maintain levels in the medium. Bonomi 
and Fredrickson [3] examined a mathematical formulation that would add the 
effects of wall growth to a basic Monod model. Jost et al. [18], however, 
proposed a generalized Monod model, which he called a multiple saturation 
model, to include changes in ciliate grazing at low prey density. This multiple 
saturation model changes equations 5 and 6 to the form 
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Table 4. Optimized growth parameters for Multiple 
Saturation model with biovolume decay constants. 

Enterobacter aerogenes-Paramecium primaurelia 

~m,~ = 0.0986 h -l (2.37 da -1) 
W = 0.965 #m3/ml//~zmVml 
Ki = 1.108 5< 106 #mVml 

K i i  = 0.344 • 106 #mVml 
dg = 0.0089 h l (0.214 da i) 

Tg (doubling time) = In 2 / r / m a ~  = 7.03 h 

J. M. Graham and R. P. Canale 

dB /'/'max S B dbB "0max B 2 - - -  - G ( 8 )  

dt K ~ +  S W ( K i +  B ) ( K i i +  B) 

dG B 2 G 
- -  " 0 m a x  (Ki + B)(Ki~ + B) G - dgG o-max G p  (9) 

dt Z Kg + 

The  mult iple  sa turat ion mode l  contains two saturat ion cons t an t s - -Ki  and Kii; 
together  these give a rough measure  o f  threshold prey  density.  The  multiple 
saturat ion mode l  replaces the hyperbol ic  growth response (equation 2) with a 
s igmoidal  response.  The  mult iple  sa turat ion mode l  fit data  f rom a Tetrahy- 
mena-Azotobacter system bet ter  than  the M o n o d  mode l  [18]. 

Because grazing ciliates appear  to change their  feeding behav io r  [ 14, 36], the 
mult iple  saturat ion mode l  was examined  with the data  for the Paramecium- 
Enterobacter system. Opt ima l  pa rame te r  values were de te rmined  by  a nonl inear  
regression p rogram (Table 4). Values o f  the m a x i m u m  specific growth rate 
(~max), yield constant  (W) and  b iovo lume  decay constant  (dg), are essentially as 
in Table  3. The  two saturat ion constants,  however ,  are substantial ly smaller 
than  Kb. The  M o n o d  mode l  predicted levels o f  bacter ia  less than 10 -4/~m3/ml, 
but the mul t ip le  saturat ion mode l  indicates a level o f  about  1.7 • 102 #m3/ml.  
Al though this predicted level is still less than  the observed  level o f  about  1 X 
105 gma/ml ,  the mult iple  saturat ion model  is much  closer than the M o n o d  
model .  

In the present  study, the M o n o d  mode l  with b i o v o l u m e  decay constants  
appears  to be appropr ia te  for the organic carbon substra tes-bacter ia  sys tem 
and the Paramecium-Didinium system, part icularly since Didinium can el im- 
inate all o f  its prey. The  mult iple  saturat ion model  [18] appears  to be more  
appropr ia te  for the Enterobacter-Pararnecium system, especially since it can 
part ial ly account  for persistent  levels o f  bacteria in ba tch  cultures. Possibly 
bo th  bacterial  wall growth and changes in ciliate grazing behav io r  are invo lved  
in de termining  the final steady levels o f  bacter ia  in ba tch  culture. Cont inuous  
culture studies would help decide which mode l  is appropr ia te  for each t rophic  
level. The  techniques deve loped  in this s tudy and  the ma themat i ca l  models  
can be appl ied to the testing o f theor / e s  on preda tor -prey  systems in cont inuous  
culture and  suggest the possibil i ty of  studying more  complex  systems involving 
compet i t ion  as well as predat ion.  

Acknowledgments. This work, part of a Ph.D. thesis by James Graham, was supported by the 
Department of Civil Engineering of the University of Michigan. Funds were provided by the United 



Microbial Predator-Prey Model 231 

States Department  of  the Interior, Office of  Water Resources and Technology, under grant number  
B-047-MICH, and the National Science Foundation under project number  DEB 77-25570. The 
authors express their appreciation to Caroline Rushford for her help with the experimental phases 
of this paper. 

References 

1. Allen SL, Nerad TA. (1978) Method for the simultaneous establishment of many axenic 
cultures of Paramecium. J Protozooi 25:134-139 

2. Bader FG, Tsuchiya HM, Fredrickson AG (1976) Grazing of ciliates on blue-green algae: Effect 
of  ciliate encystment and related phenomena. Biotech Bioeng 18:311-332 

3. Bonomi A, Fredrickson AG (1976) Protozoan feeding and bacterial wall growth. Biotech Bioeng 
18:239-252 

4. Bruns PJ (1973) Cell density as a selective parameter in Tetrahymena. Exptl Cell Res 79: 
120-126 

5. Canale RP (1970) An analysis of models describing predator-prey interaction. Biotech Bioeng 
12:353-378 

6. Canale RP, Lustig TD, Kehrberger PM, Salo JE (1973) Experimental and mathematical mod- 
eling studies of  protozoan predation on bacteria. Biotech Bioeng 15:707-728 

7. Canale RP, Cheng FY (1974) Oxygen utilization in bacterial-protozoan community. J Envir  
Eng Div ASCE 100:171-185 

8. Cook JR (1961) Euglena gracitis in synchronous division. 1. Dry mass and volume charac- 
teristics. Plant and Cell Physiol 2:199-202 

9. Curds CR, Cockburn A (1971) Continuous monoxenic culture of Tetrahymena pyriformis. J 
Gen Microbiol 66:95-108 

10. Drake JF, Jost JL, Fredrickson AG, Tsuchiya HM (1968) The food chain. In: Saunders JF 
(ed) Bioregenerative systems. NASA Sp-165, Washington, D.C., pp 87-95 

I I. Drake JF, Tsuchiya HM (1973) Differential counting in mixed cultures with Coulter counters. 
Appl Microbiol 26:9-13 

12. Fredrickson AG (1977) Behavior of mixed cultures of microorganisms. Ann Rev Microbiol 
31:63-87 

13. Gause GF (1971) The struggle for existence. The Williams and Wilkins Co. Dover Edition, 
New York 

14. Habte M, Alexander M (1978) Protozoan density and the coexistence of protozoan predators 
and bacterial prey. Ecology 59:140-146 

15. Hamilton RD, Preslan JE (1970) Observations on the continuous culture of a planktonic 
phagotrophic protozoan. J Exp Marine Biol and Ecol 5:94-104 

16. Herbert D, Elsworth R, Telling RC (1956) The continuous culture of bacteria: A theoretical 
and experimental study. J Gen Microbiol 14:601-622 

17. Hewett SW (1980) The effect of  prey size on the functional and numerical responses of a 
protozoan predator to its prey. Ecology 61:1075-1081 

18. Jost JL, Drake JF, Tsuchiya HM, Fredriekson AG (1973) Microbial food chains and food 
webs. J Theor Biol 41:461-484 

19. Jost JL, Drake JF, Fredrickson AG, Tsuchiya HM (1973) Interactions of Tetrahymena pyri- 
formis, Escherichia coli, Azotobacter vinelandii, and glucose in a minimal medium. J Bacteriol 
113:834-840 

20. Kent EB (1981) Life history responses to resource variation in a sessile predator, the ciliate 
protozoan Tokophrya lemnarum Stein. Ecology 62:296-302 

21. Luckinbill LS (1973) Coexistence in laboratory populations of Paramecium aurelia and its 
predator Didinium nasutum. Ecology 54:1320-1328 

22. Luckinbill LS (1974) The effects of space and enrichment on a predator-prey system. Ecology 
55:1142-1147 

23. Luckinbill LS (1979) Regulation, stability, and diversity in a model experimental microcosm. 
Ecology 60:1098-1102 



232 J . M .  Graham and R. P. Canale 

24. Luckinbill LS (1979) Selection and the r /K continuum in experimental populations ofprotozoa. 
Amer  Nat  119:427-437 

25. Maly EJ (1978) Stability of interaction between Didinium and Paramecium: Effects of dispersal 
and predator time lag. Ecology 59:733-741 

26. May RM (1973) Stability and complexity in model ecosystems. Monographs in Population 
Biology 6. Princeton University Press, Princeton 

27. Monod J (1942) Recherches sur la croissance des cultures bacteriennes. Herman & Cie, Paris 
28. Monod J (1949) The growth of bacterial cultures. Ann Rev Microbiol 3:371-394 
29. Proper G, Garver  JC (1966) Mass culture of the protozoan Colpoda steini. Biotech Bioeng 8: 

287-296 
30. Salt GW (1974) Predator and prey densities as controls of  the rate of capture by the predator 

Didinium nasutum. Ecology 55:434-439 
3 I. Taylor WD, Berger J (1976) Growth of Colpidium campylum in monoenie batch culture. Can 

Jour Zool 54:392-398 
32. Taylor WD, Gates MA, Berger J (1976) Morphological changes during the growth cycle of  

axenie and monoxenie Tetrahymena pyriformis. Can Jour Zool 54:2011-2018 
33. Tsuchiya HM, Drake JF, Jost JL, Fredrickson AG (1972) Predator-prey interactions of Dicty- 

ostelium discoideum and Escherichia coli in continuous culture. J Bacteriol 110:1147-1153 
34. Tsuchiya HM, Jost JL, Fredrickson AG (1972) lntermierobial symbiosis. Proc IV IFS: Ferment 

Tech Today 43-49 
35. van den Ende P (1973) Predator-prey interactions in continuous culture. Science 181:562-564 
36. Watson P J, Ohtaguchi K, Fredrickson AG (1981 ) Kinetics of growth of the ciliate Tetrahymena 

pyriformis on Escherichia coli. J Gen Microbiol 122:323-333 
37. Williams, FM (1971) Dynamics of microbial populations. In: Patten BC (ed) Systems analysis 

and simulation in ecology, vol. 1, Academic Press, New York, pp 198-267 


