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Summary. The optimum temperatures for growth and respiration of an obli- 
gately psychrophilic Pseudomonas spec. were 14~ and 23 ~ C, respectively. The 
maximum temperature for growth was between 19 and 20 ~ C. When cells were 
grown in a chemostat with lactate as the growth-limiting substrate at  a specific 
growth rate of 0.05 hr -1 over a temperature range of 5--19 ~ C, it was found that  
RNA concentration was lowest at 14 ~ C. At lower temperatures the cells compen- 
sated the decrease of reaction rates by increasing the concentration of RNA and of 
respiratory enzymes. A temperature raise above 14 ~ C also increased cellular RNA, 
which probably counteracted an impairment of protein synthesis. Above 18 ~ C the 
RNA increase ceased, resulting in a rapid decrease of protein synthesis, until be- 
tween 19 and 20 ~ C growth ceased entirely. Cells grown at 14 ~ C showed a linear 
increase of RNA content and Qo~ values with growth rate, when this was varied 
from 0.025 to the maximum value of 0.2 hr -1. 

Most  psychrophi l ic  microorganisms  i so la ted  thus  far  grow a t  t empera -  
tures  down to  0 ~ C or  even below, b u t  have  an  o p t i m u m  t e m p e r a t u r e  
for g rowth  above  20 ~ C. Bac te r i a  wi th  g rowth  op t ima  below t h a t  t empe-  
r a t u r e  were i so la ted  b y  E ~ j v ,  LL~r (HAc~N et al., 1964) and  MORITA 
and  HAIGH~ (1964). The  fact  t h a t  on ly  a l imi ted  n u m b e r  of  such obl iga te  
psychrophi les  has  been i so la ted  un t i l  r ecen t ly  is p r o b a b l y  no t  due  to  
the i r  r a r i ty ,  b u t  to  the i r  t h e r m a l  dea th  a t  t e m p e r a t u r e s  above  20 ~ C. 
One would  expec t  t h a t  organisms wi th  th is  p r o p e r t y  migh t  commonly  
occur  in  env i ronments  which p e r m a n e n t l y  have  a low t empera tu re .  I t  
is t hus  no t  surpr is ing  t h a t  Mo~rrA (1966) repor t s  t h a t  obl iga te  psychro-  
phi les  occur  commonly  in ocean waters ,  since 950/0 of  the  oceans (by 
volume)  is colder  t h a n  5 ~ C. 

HARDE~ and  VnLDKA~V~e (1966) s imi la r ly  found t h a t  ob l iga te ly  
psyehrophf l ie  bac te r i a  could easi ly  be  i so la ted  f rom N o r t h  Sea water ,  
when p recau t ions  were t a k e n  to  avo id  exposure  of  samples  to  t empera -  
tu res  above  20 ~ C. One of  these  isolates,  a Pseudomonas s t ra in ,  was 
grown in a chcmos ta t  which p e r m i t t e d  i ts  s t u d y  under  s t e a d y  s t a t e  
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c o n d i t i o n s  a n d  wh ich  offered m o r e o v e r  t h e  u n i q u e  poss ib i l i t y  o f  g r o w i n g  

t h e  o r g a n i s m  a t  a c o n s t a n t  g r o w t h  r a t e  o v e r  a r a n g e  o f  d i f fe ren t  t e m p e r a -  
tu res .  

Mate r ia l s  and  Methods  

Organism. The Pseudomonas strain was isolated from an aerobic enrichment 
culture inoculated with a plankton sample obtained from the North Sea. The 
medium is described below. During enrichment and isolation the temperature was 
kept at 1 ~ C. The optimum temperatures for growth and respiration were 14 ~ C and 
23 ~ C, respectively. The maximum temperature for growth was between 19 und 
20 ~ C. Details of isolation and characteristics of the organism will be reported 
elsewhere (H~a~D]~R and VELDKAMP, 1967). 

Growth Medium. The growth medium used in all experiments had the following 
percentage composition (w/v): NaC1 2.5, (NHt)2SO ~ 0.i ,  MgClu-6H20 0.1, 
MgSO 4. 7H~O 0.02, K~HPO~ 0.02, KC1 0.02, CaCl~ anh. 2 10 -3, tris(hydroxy- 
methyl)aminomethane 0.1, and Na-lactate 0.25. One In] of a trace element mixture 
(HA~D~ and VELDKA~P, 1967) and 0.3 ml of a solution containing 250 mg 
FeC13 �9 6H20/1 were added to 1 I of medium. The water used was deionized and the 
pH was adjusted to 8.0 before sterilizing the medium at 118 ~ C; lactate was sterilized 
separately. 

Synthetic Seawater. This term refers to the above medium when lacking Na- 
lactate and (NHa)~SO~. 

Growth Conditions in Chemostat. A three fermenter assembly was used (Model 
40--302, Virtis Company, Inc., Gardiner, New York, U.S.A.); the working volume 
was 2.5 ]. Agitation was fixed at 400 r.p.m, and aeration at 2.51 air/min. A constant 
pH of 8.0 was maintained by means of an automatic t i trator (TTT 1 ; Radiometer, 
Copenhagen, Denmark) using a heat sterflizable combined glass- and calomel 
electrode (Type 465-35; Ingo]d, Zfirich, Switzerland). Temperature fluctuations of 
the cultures did not  exceed 0.2 ~ C. Sterile medium was added with a D.C.L. Micro- 
pump (Series I I ;  Distillers Co. Ltd., Epsom, England), and the culture volume was 
maintained constant by an internally placed overflow tube which also served as 
air outlet. Silicone antifoam (Rhodorsil; Rhone-Poulenc, Paris, France; diluted 
1:40 in deionized water) was added at a constant rate of 1.5 ml/hr. 

Determination o] Qo~ 50 ml volumes were collected from the chemostat, centri- 
fuged (6000 g, 40 rain, 2 ~ C) and washed twice with 50 ml of precooled synthetic 
seawater. The washed cells were resuspended and the suspension was adjusted to a 
density of about 1 mg dry weight/ml. Qo~ values were determined by the con- 
ventional m~nometric technique at 14 ~ C. A correction was applied for endogenous 
respiration. The values thus obtained are referred to as Qo~ 14 ~ 

Determination o/Maximum Speci/ic Growth t~ates. Maximum specific growth 
rates (~ma~) at different temperatures in the above medium were determined in 
batch culture, using modified K h y v e r  flasks. The sulphite oxidation value (CooP~.R 
et al., 1944) for the aeration applied was 140 mM O2/1/hr. Growth was measured as 
increase of O.D. at 430 m~. 

Dry Weight Determination. 40 ml culture volumes were centrifuged (12500 g, 
20 rain, 0 ~ C) and cells were washed twice with ice-cold synthetic seawater. Pellets 
were washed into weighing flasks with 1--2 ml deionized water, and dried for 
3 hrs at 120 ~ C. A correction for salt in the adhering water was applied as follows. 
Samples containing equal numbers of cells were washed with synthetic seawater 
containing different NaC] concentrations. Extrapolation of the dry weight-salt 
concentration curve to zero salt concentration provided the correction factor. 
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Fractionation o/ Cell Components and Analytical Procedures. 200 ml volumes were 
collected from the chemostat, centrifuged (12500 g, 20 min, 0 ~ C), and sediments 
were washed with ice-cold synthetic seawater. The sediments were resuspended in 
100 ml synthetic seawater, dispensed in 8 ml quantities in 15 ml tubes, an centri- 
fuged (6000 g, 40 min, 2 ~ C). These sediments were extracted with 2.0 ml ice-cold 
0.2 N HCIO 4 at 0 ~ C for 20 rain and insoluble material was collected by centrifugation 
(6000 g, 20 rain, 2 ~ C). After decantation, 2.0 ml 1 N KOH was added to two tubes and 
protein was determined after incubation at 37 ~ C for 1 hr. In  sediments of three 
other tubes, RNA and DNA were separated by a modified Sehmidt-Thannhauser 
procedure (MuNRo and FLECK, 1966) and determined in the fractions obtained. 
Protein was determined by the biuret method (GOR~AnL et al., 1949) ; bovine serum 
albumin (Poviet Products, Amsterdam) was used as a standard. RNA was deter- 
mined by the orcinol method (M~RO and FL]SCK, 1966) ; yeast RNA prepared from 
baker's yeast (CRJ~STFIELD et al., 1955) was used as a standard. DNA was determined 
by the method of BU~TO~ (1956) with calf thymus DNA (Na-salt; the British 
Drughouses Ltd.) as a standard. Lactate was determined by the microdiffusion 
method of RYAN (1958). 

Results 
E//ect o/Temperature on Cells Grown at Constant Growth Rate. The orga- 

nism was grown a t  a d i lu t ion  r a t e  of  0.05 hr  -1 (doubl ing t ime  13.8 hr) 
over  t he  t e m p e r a t u r e  range  5 - - 1 9  ~ C; the  g rowth- l imi t ing  fac tor  was 
l ac ta te .  Resu l t s  are  shown in Fig.  1. 

The  difference be tween  the  ac tua l  g rowth  ra te  (~) in the  chemos ta t  
and  the  m a x i m a l  possible  growth  ra te  (~max) was ca lcu la ted  for different  
t empera tu res .  These figures p rov ided  the  ~-tAmax curve. 

Two Qo~ curves are  given,  one referr ing to  Qo~ 14~ and  the  o ther  to  
Qo~ values  a t  g rowth  t empera tu re .  The l a t t e r  values  were ca lcu la ted  
as follows. Qo~ values  a t  different  t empe ra tu r e s  were de t e rmined  of  cells 
grown a t  i4  ~ C in b a t c h  culture.  A n  Arrhen ius  p lo t  of  these  d a t a  p rov ided  
the  correct ion fac tors  wi th  which Qo~ i4~ values  of  chemos ta t  grown 
cells were mu l t i p l i ed  to  ob ta in  the  actual-Qo~ values.  A decrease  of  
t e m p e r a t u r e  be low 14 ~ C resu l ted  in a m a r k e d  increase of  Qo~ 14~ and  
cel lular  R N A  content .  Ra is ing  the  t e m p e r a t u r e  above  the  o p t i m u m  
also resu l ted  in an increase  of  cel lular  R N A ;  be tween  i8  ~ C and  19 ~ C, 
however ,  th is  increase sudden ly  ceased. A fu r the r  t e m p e r a t u r e  e leva t ion  
to  20~  rendered  p ro te in  synthes is  imposs ib le  and  the  cul ture  t hen  
was washed  out.  P re ] imiua ry  exper imen t s  ind ica t ed  t h a t  the  R N A  
increase  above  14 ~ C was m a i n l y  due to  r -RNA,  whereas  t h a t  observed  
below 14~ was due  to  bo th  r-RINTA and  s -RNA.  I n  con t r a s t  to  the  
changes in cel lular  R N A  content ,  t he  concen t ra t ion  of  D N A  va r i ed  
on ly  s l igh t ly ;  a smal l  increase  was no t iced  a t  t e m p e r a t u r e s  above  opt i -  
m u m  for growth.  The  p ro te in  con ten t  of  the  cells and  the  actual-Qo~ 
values  increased  towards  the  t e m p e r a t u r e  extremes,  whereas  the  mola r  
g rowth  yie lds  concomi t an t ly  decreased.  The  l ac t a t e  concen t ra t ion  in the  
chemos ta t  was less t h a n  10 ~g/ml  t h rougho u t  the  t e m p e r a t u r e  range  
5 - -19~  C. 
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Fig. 1. Effect of temperature on lactate-limited Pseudomonas spee., grown at a 

dilution rate of 0.05 hr -1 

E~ect o/Growth Rate on the Properties o] Cells Grown at Constant Tempe- 
rature. One would expec6 tha6 growth at constant temperature and in- 
creasing growth rates requires a cellular response similar to that  needed 
for growth at a constant rate and progressively decreasing temperatures. 
For this reason the experiment shown in Fig. 2 was carried out. 

According to the above expectation, Fig. 2 shows a marked increase 
of Qo~ 14 ~ and of RNA concentration with increasing growth rates. 
This was accompanied by a slight decrease of cellular DNA. 

The shapes of the curves representing bacterial- and lactate concen- 
tration are in agreement with theoretical prediction (HE~]~E~T et al., 
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Fig.2. Effect of growth rate on properties of Pseudomonas cells grown at 14 ~ C; 
X bacterial concentration; S lactate concentration in culture, expressed as lactic 

acid; De critical dilution rate 

1956). The critical dilution rate at 14 ~ C was 0.2 hr -z, a value similar to 
that  found in batch culture for ~max at that  temperature (0.208 hr=l; 
doubling time 3.3 hr). Since the bacterial concentration remained ap- 
proximately constant at  low dilution rates, the maintenance require- 
ment apparently was very low at 14 ~ C. 

Discussion 

The results shown in Fig. 1 indicate that  different phenomena domi- 
nate cellular activities below and above the optimum temperature. 
When the temperature is decreased in a culture growing under steady 
state conditions at 14 ~ C, the cells have to compensate the temperature- 
induced decrease of metabolic reaction rates. A decrease of temperature 
disturbs the steady state, in which growth rate (~) equals dilution rate 
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(D) ; ~ becomes smaller than D, and if this were a permanent change, the 
culture would be washed out. However, the cells appear to be able to 
offset the temperature effect by manufacturing RNA and enzymes 
involved in energy generation in greater quantity. The ]knit of this 
compensating mechanism is obviously set by  that  temperature at which 
the growth rate is no longer submaxima]. The increase in concentration 
of respiratory enzymes as found by  Qo~ determinations at 14 ~ C was, 
however, more than a mere compensation for slow-down of reaction 
rates. Fig. 1 shows that  the actual-Qo~ values increased towards the 
temperature extremes. The concomitant decrease in molar growth yields 
indicates that  the energy needed per unit weight per unit t ime to main- 
tain a certain growth rate increased with increasing deviagon of growth 
temperature from the optimum. 

Aerobacter aerogenes ceils, grown in the chemostat at a fixed dilution 
rate (0.2 hr -1) showed about 300/0 increase in ribosome content when 
the temperature was lowered from 35~ to 25 ~ C. The increase was 
independent of the nature of the growth-limiting substrate (T~MP~ST 
and HUleTEI~, 1965). These results are in accordance with those reported 
above, though it should be emphasized that  comparison of the macro- 
molecular composition of cells cultivated at temperatures below and 
above the optimum for growth should be considered with care. At temper- 
atures above the optimum, a response to thermal damage may be in- 
volved, as will be indicated below. The response to temperature de- 
crease below optimum showed the same tendency as that  observed at 
constant temperature when the growth rate was progressively increased 
(Fig. 2). The differences in cellular response in both types of experiments 
were of a quantitative nature; the temperature decrease caused an al- 
most logarithmic increase of RNA and Qo, 14 ~ whereas a linear in- 
crease was observed with increasing growth rate. The latter observation 
is in agreement with results obtained with A.  aerogenes, in which Qo~ 
(HER]~RT, 1958) and cellular RNA content (TwMr~ST et al., 1965) were 
also found to be a function of growth rate. 

As shown in Fig. 1, an increase of temperature above the optimum 
also resulted in an increase in RNA content of the cells. TbAs obviously 
must be a response to a phenomenon entirely different from that  observed 
on the other side of the temperature opthnum. I t  seems likely that  the 
RNA increase above 14 ~ C must be considered as an effort to compensate 
an impairment in protein synthesis; for as soon as thermal damage 
prevented a further increase in RNA concentration, the growth rate 
decreased dramatically with a small increase of temperature. Since the 
optimum temperature for respiration was 23 ~ C, it  was obviously not 
denaturation of respiratory enzymes which caused growth to cease at 
20 ~ C. At 18--19 ~ C, 260 m~ absorbing material leaked out of the cells; 
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the  amoun t s  were, however ,  so smal l  t h a t  increased  p e r m e a b i l i t y  to  th is  
mate r ia ]  does no t  offer an  exp lana t ion  for the  decrease in  p ro te in  syn- 
thesis  ei ther.  E n r i c h m e n t  of  the  g rowth  m e d i u m  wi th  complex  subs t ra tes  
as yeas t  ex t r ac t  or pep tone  (up to  concent ra t ions  of  0.50/0) d id  no t  al low 
growth  above  20~  in b a t c h  culture.  Cultures  which were exposed  to  
progress ive ly  increas ing  t e m p e r a t u r e s  above  m a x i m u m  for growth,  
showed a progress ive  increase  of  the  t he rma l  d e a t h  r a t e  (cf. HAI~D~ 
and  V~LDKA~,  1967). A 50 ml  suspension conta in ing  2 . 1 0 9  v iab le  
cells pe r  ml  of  syn the t i c  seawater  was comple te ly  k i l led  when exposed  
for 6 hrs  to  30 ~ C. 

I t  is no t  y e t  clear  wha t  a d v a n t a g e  i t  could be to  an  organism to be 
an  obl iga te  psychrophi le .  Ava i l ab le  evidence,  t hough  scant ,  ind ica tes  
t h a t  i t  is no t  the  slope of  the  Arrhen ius  curves (ln ~z--1/T), b u t  t he  
t e m p e r a t u r e  range  a t  which i t  is s t ra ight ,  which is different  for obl igate  
and  f acu l t a t ive  psychrophi l ic  bac t e r i a  (ItAIZD~R and  V~LDKAMr, i967).  
I f  i t  t u rns  ou t  t h a t  the  ob l iga te  psychrophi les  as a genera l  rule  grow 
fas ter  a t  t he  lower t e m p e r a t u r e  ext reme,  t hen  the  i n a b i l i t y  to  grow a t  
t empe ra tu r e s  above  20 ~ C migh t  be  the  pr ice t h e y  p a y  for the  a d v a n t a g e  
t h e y  have  in t he  ve ry  cold n a t u r a l  envi ronments .  

A c k n o w l e d g e m e n t .  We are indebted to Miss I. STAVE~-~N and Mr. 
D. v. D. MEI for valuable assistance. 
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