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ABSTRACT 

Spcczfzc glozuth late of Crjptomonas o ~ a t a  va? .  
pilustiis Prznplieim an \  tncnsul ed zn batch c l r l l ~ l ~ r  
ot I 4  lzgh[-tcr~lpc?at~rre cort~br~zcitlons. Botli the  mnx -  
znilrnz g)oiutl/  rntc (p,,,) a11d 0ptin71rtn lzglrt fntcr1,zt) 
(I, , , , ,)  flt ( ( T I  clj7p1) iral flr?lction thnt i?7~1 r m r ~  expo-  
n m t i ~ l / y  701th t ~ n ~ P e ~ ( l l l r ? e  11p to  an  op t zmum (7.,,,+), 
flrerr d u l z ~ l e s  lopidly as temperature rwcrrds 'l',,,t. Zn- 
rol j f~orotion of these f~lnctzons i n to  Sterle's pozutl /  
cqlrcrt~on ~ Z W J  (I good estimate of sperzffc g~ozu th  
)crtc oucl tr zuzdr lnngc of t c m p c r n t u ~ e  c r ~ d  lzght i~7-  
trnrltg. Rates of phocplznte, nnzvzonizrm and nitrate 
lrptake i m e  nzcarzc)ed scpnratcly at  16 cornbinatzons 
of 1 1  ~ndzcinrr ~ n d  f e m f ~ e r n t u ) r  and  folLo7ui?7g a S + ~ C  

nddztion of all ~tilrijcd cells ~nl t f ( r l ly  took u f ,  n l r t~ i en t  
(rt N l t l p ~ d  rntc. l'lzis fwnsitor)l surse was follorued 
by (1 pcrzod of rteady, s7rbsttate-snt1~7citc~d uptcrke that 
p(vsist~c1 ~ t n t l l  exte?nnl  n z r t l~ rn t  concentration fell. 
Slrbstrate-scitlr7ated NO,--zrptcrke proceeded at uely 
S I O ~ U  lutes in  the dnrk N H ~  7ua~  cizmzllnted by both 
~ n r ) r n s e d  t e ~ n p r ~ n t ~ r ~ c  rrnd iirtrdinncc; NH++-trPtakc 
crfipnrrntly plocecdrd at cr bawl  rote clt 8 ond I l C 
tlnd ZLWS ul\o \ t rml~la ird  by znc~rnsed i c rnpc )o t~r ) c  
clnd i~~crdznnrc .  Rates of 1 Y f f - - u p f n k e  I L ~ C  1n1rrI1 
Irzglle~ t h n t ~  SO,- -uptake  (it all 1lgl1t-trniprrnt~r~c 
rn)n b inat?ow~.  Belozo 20 C, PO I-j-zrptcike ruai morc  
jnpid in rlmk t l ~ a n  In lzglit, bzrt 7 ~ ~ s  Izght rnhanted  (it 
26 C .  

I h e  c~jptornonads are an important group of m i -  
cellular algae \those p h ~ s i o l o g ~  has largely been 
ignored. This study was initiated to provide basic in- 
formation about the response of one member, Cryp- 
t o m o w s  o-rintcl var. ~crlzrst~zs Pringsheim, to changes 
in light intensity and temperature. Of particular 
interest were the effects of irradiance and tempern- 
ture on groxvth rate antl nutrient uptake rate5 \ince 
these kinetics were required as input into a simula- 
tion model ot C. oucctcl poplilation djnamits in 
Kootenay Lake, British Columbia (7). 

1 he gro~vth response of nutrient-satiated algal 
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cells is a complex function of temperature, light in- 
tensity antl an interaction between the t~vo. I11 gem 
cral,  growth rate increases cxpor~e~ltially with teln- 
perature up to ,in optimiml temperature (T,,,), then 
declines rap id)  '1s cemperatule exceeds this opti- 
mum (11,29,34,38). Growth rate also increases with 
incre'ising irratliance up to 'in optimum or saturating 
light intensit\ A5 irladiance exceeds this opti- 
mum, giowth rate either plateaus or drops off (21, 
2 i ) ,  depending upon the proximity of temperature 
to T,,,. At low temperatures, algal growth is in- 
hibited by high light intensities (34,36,38), but as 
te~nperdtule increases, higher light intensity is re- 
quired tor optimum growth rate (34,36). 

Steele (40) proposed an empirical relation between 
growth rate and ii-radiance: 

where p, is obser~ed  growth rate at light intensity I ;  
li,,, is maximum growth rate; I,,, is the light intensit) 
at w11itl1 p - I,,,. Assuming that the two parameters 
,u,,~ and I,,, both var) with tempelature, Steele's 
equation describes the complex response to ir- 
~adiance and temperature outlined. Since this ap- 
proach acknowledges the abilit) of algal cells ;o 
change their light requirements in response to tem- 
perature, i t  will give a more accurate prediction of 
growth rate than the multiplic,ition of indeper~dent 
light and ternperatwe func<ions often used in phyto- 
plankton population/productivity models (e.g. 5,9, 
211). '1 he temperature-dependence of pm and I,,, 
were delined for C. orinttr in laboratory experiments 
tlcw-ibecl he1 e. 

Although the mechanisms of nutrient uptake b j  
algal cells are not clearly understood, observed ki- 
netics of nutrient uptake are generally consistent 
with the hlichaelis-Menten function (15,32): 

where p is the uptake xelocity seen at external 
nutrient concentration S; p,, is maximunl- uptake . 
\ elocit), K ,  is the nutrient concentration where p -. 
' 2  p,,. '1 he kinetic parameters p,, and K, .were origi- 
n d l j  I eg<irtled as specles-specific consta%$sr; A o w e ~  el, 
recent eTitlence (4,8,13,32) suggests th&t 'one s r  both 
parameters ma) Tar) with nutritional state and 
growlh I'ite. Nutrient-uptake lelocit) also karies 
\$it11 tempernture and light intensit). I h e  rate of 
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F I ~ .  1. Population growth curves of Cryptomonas ovata (successive ploti rvcre shifted 10 days for clarity). 

nitrate uptake generally increases with increasing ir- 
radiance (1,12,28); the same is generally true for 
ammonium (10,14). Phosphate-uptake rate has been 
seen to increase with increasing temperature (2,20). 
Since uptake velocity responds to environmental 
changes, a question of immediate concern is whether 
the half-saturation constant (K,) or the maximurn 
uptake \elocity (p,) or both parameters are func- 
tional variables of light and temperature. T.abora- 
tory experiments based upon the designs of Caperon 
and hIeyer (4) and Conway et al. (8) were used to 
answer this question for ammonium, nitrate antl 
phosphate uptake b) C)ypton~orras avcrtcc. 

MATFRIALS AND ME'I'HODS 

Growth kinetics. T h e  experimental organism was Cryp- 
tomonas ovnfa var. pal.ustris, obtained from the University of 
Texas Culture Collection of Algae (UTEX 58). Axenic cultures 
were grown on a 15:9 LD cycle, in 1 1 flasks containing 500 
ml M3 medium (31) and were bubbled with air that passed 
through saturated sodium bicarbonate solution. Each of 14 
cultures was grown in a distinct combination of light intensity 
and temperature. Those grown at  8 and 14 C received ir- 
radiance of either 0.39, 0.68 or 1.41 ly/h. A higher light 
intensity (2.85 ly/h) was included to allow for optimum 

growth at  20 and 26 C. Light was provided with 8 W cool- 
white fluorescent bulbs and irradiance was measured with a 
Kip radiometer. 

Population grou-lh was measured by periodically taking 10 
ml samples to cstimak both cell density and chl n concentra- 
tion. Cell density was estimated by reading absorbance in a 
spectrophotorneter at  678 nm (37), antl computing density from 
a regression cquation previously determined by cell count 
(hemac~tomcter) vs. absorbance at 678 nm: 

cell no/ml= (5.69 t 168 . A )  X lo4. (3) 

Chl a was extracted in 90% acetone and estimated with the 
trichromatic method of Strickland and Parsons (42). 

Chl a was the more reliable estimate of population size, so 
specific glowth late (day1) between any two succcssi\e mea- 
sules of population density was computed as: 

where C, is chl n concentration on day t,. The  maximum spe- 
cific growth rate for each culture was taken as the optimum 
growth rate associated with its light-temperature combination. 
Simultaneous estimates of cell number and chl a provided con- 
tinuous measures of cellular chl a quota as growth progressed 
in each culture. 

Szitrient uptake kinetics. Uptake kinetics were measured 
with batch culture pcrturbation experiments (4,s) in which 
the time course of nutrient uptake was followed after a spike 
addition of nutrient to deficient cultures. Uptake of phos- 
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FIG. 2. hIaximum growth rates of C. onota observed at  each 
experimental light-temperaturc combination: growth rates at 
each temperature fit to Stecle's furrction of light intensitv. 

phate, ammonium ant1 nitrate was followed sepalatcly at 16 
light-temperature combinations (\ec Fig  6, 7).  

Pl~ospliote uptoke. Forty ml aliquots taken from log phase 
stock cultures (20 C; 0.68 ly/h) were ccntrifugetl, washed in 
sterile phosphate-free medium (h19-P), resuspended in GO ml 
M3-P, and placed in distinct light ant1 temperature combina- 
tions (dark treatments were given irradiance of 0.35 ly/h). 
After 2 days, chl a and cell density rvcrc estimated from a 
10 in1 aliquot, then each flask received 0.50 or 0.75 ml 100 @I 

NaH,PO, solution containing 4 pCi/ml carrier-free H,"PPO,, 
giving initial phosphate concentrations of 1.0 or 1.3 p ~ .  
A 2 1111 sample Tvas collected immediately and filtered onto a 
25 mnl HA Millipore filter; similar samples were collected over 
a 12 11 period. Filters were placed in vials with 10 ml liquid 
scintillation mix (3) and counted in a Packard Tri-Carb 2002. 
T o  correct for P-adsorpt io~~ onto cells and filters, total cpnl 
from the initial sample was subtracted from all successive 
samples. Correction was also made for quenching and decay. 

S i tmte  and arr~~rzoniz~nz up toke .  N-deficient cultures wcre 
prepared as before, preconditioned at  the same 16 light-tem- 
perature combinations for 48 11, and they then recei~ed either 
NH,C:I or KNO, such that initial nitrogen concentrations were 
ti p ~ r .  'l 'werity-fi~e 1111 aliquots were taken imtnediately from 
each culture and filtered through TVhatman GF/C filters. 
Sampling continued for 90 min during the anlmonium uptake 
experiments and for 8-12 h during the nitrate uptake experi- 
ments. Filtrates were analyzed for nitrate concentration with 
a 'lcclinicon Auto-Anal!zer I1 antl for amtnonium with the 
method of Solbrrano (35j. 

RESULTS 

G1 m u t h  kinrtirs. Population growth cur\ es lor the 
14 light-temperature treatments are presented in Fig. 

TEMPERATURE ( C )  

FIG. 3. Estimated maximum growth rates and optimum 
light intensities at each experimental temperature: also shown 
are fitted functions +,,,(T) antl I,,,(T) given by Equations 6, 7. 

1. Associatecl with each curie was a maximum 
g ~ o ~ b t h  rate, and within each temperature treatment 
these rates were fit to Equation 1 b) least squares, 
g i ~ i n g  the c u r ~ e s  shown in Fig. 2. Each curie is 
clefinetl by a specific p,, and I,,,, both of which 
~ n r i e d  with temperature: p,,, antl I,1,, increased ex- 
ponentiall) with temperatwe between 8 and 20 C, 
and both were depressed , ~ t  26 C (Fig. 3). This is 
conii5tent with the general temperature response of 
biological antl biochemical rates, antl is described by 
a number of functions, including th'tt deiivetl b) 
Logall el al. (2G): 

where tlelines the rate 7 at some b a d  temperature; 
/3 describes the rate of exponential increase up  to 
some optimum temperature; T,,, is an upper lethal 
temperature; AT defines the rate of decline as tem- 
perature (T) exceeds I',),,. 1 he four measured 
~ a l u e s  01 I,,,, and p,,, were f i t  to Equation 5 with a 
non-line'ti least squ'tles routine (30), giving: 
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OBSERVED GROWTH R A T t  (day- ' )  

FIG. 4. Predicted specific growth rates ~ r .  obser~etl  growth 
rates at  cxpcrimental light-tempelature cornbinationq: --- 
ieprcsentr a n  idral one-to one correspondence between the two. 

Expected growth rates lor each experimental combi- 
ndtion of light and temperature were computed 
from Equations 1, 6, 7,  and pretlictecI values were 
plotted against their corresponding observed growth 
rates to demonstrate goodness-of-fit (Fig. 4). 

Mean thl  (1 quotas of cells grown in each light-tem- 
per atui e treatment are sunlmariretl in Table 1 

l \T~r t )~~t l t  1 1 p t a h ~  k ine t~rc .  1 he general patterns of 
nitr,~te, ammonium and phosphate uptake were simi- 
lar antl are repiesentetl b) a time couise of phos- 
phate uptake (kig. 5) An initial, transient surge of 
lapid uptake (Phdse I) w'is followed b) a mole 
stable, constant uptake rate (Phase 11) that persisted 
ior se~era l  hours and then slowed (Phase 111) as 
e ~ t e r n a l  nutrient concentration fell. Conway et al. 
(8) saw the same uptake patteln5 with Skeletonema 
t ottc~tztm C l e ~  e, and they intei pi etetl the stable up- 
take phase as an apparent substrate-saturated rate 
that slows onl) alter external contentrations ap- 
pi oach k ,. Substi ate-satui atetl i ate5 of nitrate, am- 
monium mt l  p h o s p l ~ t e  uptake, emmated b) fitting 
a linear equation to points cornpr~sing Phase 11, 
demonstrate effects of light intensity ant1 tempera- 
ture on uptake (Figs. 6-8). 0111) se! era1 time courses 
l i l t  lutled more than t ~ o  points that clearly Lell 
uithin the thiid (substrate-limited) uptake phase, 
antl this precluded memingful estim,~tion of half- 
satur'lt ion con~1'1nts. 

0 2 4 6 8 10 

TIME ( t i )  

F I ~ .  5. Representative time course of phosphatr 
I = initial, rapid rurgc; I1 = apparent substrate-salur 
take; I 1 1  = substl.atr-limited uptake. 

G r o w t h  kinetics. ' I  he response of Crypt  
071~to growth to iiiadiance is described T 

Steele's function at 8 and 26 C vvhele light 
tion w ~ s  obserletl However, C.  ouata is m 
eiant of (antl m i \  require) higher light inten( 
the 14-20 C imge,  and resulting fits to Equ 
ale not C I S  good at the two intermediate tempe 
In order to estimate better pvlZ and I,,, at 14 an 
it ~voultl h a ~ e  been necessar) to utili7e high 
intensities However, the proposed model tlc 
reasondbl) accurnte cstimates of growth rate 
wide rmge oL temperatuie and irradiance (F 

Note that both p,,, antl I,,, were depre3secl : 
suggesting a tempelature inhibition. The  01 
growth teinpei,~ture is between 20 and 26 C 
is consistent u i th  findings lor othel he<  
algae (19). t he  range of optimum light int 

T A B L ~  1. nfean  chi a quota ( p g / l O ~ e ~ k )  of C I J &  
olnta g~ orc 71 nt dzffeterzt l~g l~ t - t empe7atu le  combznntlc 
r o n f ~ d e n c e  1nte17~nls; sample sizes zncluded in palent 
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FIG. 6 .  Phase I1 nitrate-uptake velocities. 

(0.4-5.6 lj /h) is lower than reported for most phyto- 
plankton species (e.g. 24,33), but is generally con- 
sistent with the expected range of 1.8-6.0 ly/h re- 
ported b) Epple) and Strickland (17). The  observed 
\ ariation of I,,,, with temperature has also been seen 
in natural tunclra ponds (39) whose phjtoplankton 
Tvas dominnted b) c~jptornonads and chrysophytes. 
The  maximurn obsened specific growth rate of 
Clyptomonas ouata (0.5 dai-l) is low compared to 
rates for most unicellular algae (e.g. 11,22), and this 
ma! partl) explain the re la t i~  ely small population 
densities oi C. ountn observed in Kootenay Take, 
British Columbia (6). , ,  

Although chl (1 quotas were fairly constant during 
exponential growth in a given treatment, significant 
diiferences were found in mean chl n content among 
light-temperature treatments ('1 able 1). Chl n quota 
increasetl with temperature (note exception at 26 C )  
a r d  generally decreased with increasing irracliance. 
Both trends have been observed in other species 
(16,41). 

Nutr ien t  ufitakc kinetics. Time courses of nitrate, 
animonium and phosphate uptake by starved cells 
were consistent with t&e courses of amnlonium and 
silicate uptake by marine diatoms (8). Detailed 
kinetic studies have begun to elucidate the xery com- 
plicated nature of nutrient uptake by algal cells, antl 
Eesults uresented here are cdnsistent with the three 
uptake mechanisms proposed by Conway et al. (8). 
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FIG. 7. Phase I1 ammonium-uplahe ~clocit ies .  

Since each uptake experiment was terminated before 
:I sufficient number of substrate-limited uptake rates 
xcere measured, the question of light-temperature 
effects on K,  remains unanswered. However, anal- 
ysis of covariance tlcmonstratetl existence of signifi- 
cant (P < 0.05) light-temperature effects on substrate- 
saturated (p,,,) rates of uptake. I t  is clear that nitrate 
uptake is light-stimulated, but there is no obvious 
correlation between yelocity arid light intensity 
(Fig. 6). hTitrate uptake proceeds slowly in the 
tlark (except at 26 C). Presumably the energy re- 
quirements for uptake (18) and reduction (12) are 
closely linked with photosynthesis, so this response to 
light is expected and consistent with that of other 
algae (10,28). The  rate of nitrate uptake also varies 
~ v i ~ h  temperature--in the three light treatments, up- 
take ~elocities measured at 26 C were at least three 
times greater than those at 8 C. Aleasurecl rates of 
amnioniuln uptake also varied with light ant1 tem- 
perature. I t  appears that uptake proceeds at a con- 
stant basal rate at lower temperatures when light has 
no effect. However, as temperature increases above 
14 C, uptake velocity exceeds this basal rate in re- 
sponse to both increased temperature antl light in- 
tensity. At the two lowest temperatures, phosphate 
uptake was faster in tlark than in light, but at 26 C 
uptake was stimulated by increased light intensity. 
'l'hese results suggest that perhaps separate light antl 
dark mechanisms are responsible for phosphate up- 
take. 
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FK. 8. Phase I1 phosphate-uptake \elocities. 

interpretation of results presented in Figs. 6-8 
must be clone with care since no single experiment 
was replicated. Also, since nutrient-uptake velocity 
is strongly dependent upon physiological condition 
and nutritional status (4,8,32), it is conceivable that 
observed differences in uptake rates resulted from 
a different nutritional state at the start of each ex- 
periment. 

Extmpola t ion  to  lake conditions. Figures 6-8 
tlenlonstrate the range of nutrient-saturated uptake 
rates C. ouatu might exhibit in a natural system like 
Kootenay Lake. Ammonium uptake was faster than 
nitrate uptake at all experimental combinations of 
light and temperature, and particularly in the dark 
trealnients. This suggests that C. ountu can utilize 
ammonium to satisfy its inorganic nitrogen needs at 
c le~ths below the photic zone and perhaps at night, 
whereas nitrate uptake may be light-limited at 
depths ant1 proceeds slowl) at night. I t  has also been 
obser\etl that when 6 ,UM ammonium is present, K -  
starved cells do not begin assimilating nitrate until 
ammonium is clepletecl. 'I'hese observations strongly 
suggest that ammonium is the primary source of 
inorganic nitrogen for Cryptornonus ouata in Koote- 
nay Lake arid other systems where both nitrale and 
ammonium are present. C. ountn takes up phosphate 
over a wide range ol' light-temperature conditions, 
and its ability to obtain inorganic phosphorus is 
probably not limited by light or temperature in 

Kootenay and other temperate lakes. Its rate of 
phosphate uptake is lower than reported rates for 
other algae (23,25,32), which suggests that Cryp- 
tomonas ouatu may be a poor competitor in natural 
systems where pl~ospl~orus is scarce. 
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