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Crrptomonas ~ Skuja. '. Il , 

ABSTRACT 

Cryptomonas ~ Skuja (Cryptophyceae). a member of a cornrnon but . 
little studied group of fr~hwater phytoflagellates, ~s grown under '\ 

various light/temperàt~~e and dark regimes in batch cul~re and under 

> phosphorus limitation ,in chemostat culture. ~atch ~ellS grew maximally" .... 
o 

at moderately high light intensities and ternperature, whereas at ~ch 

lower temperatures severe photic stress limited cell div;sion, resulting 

in both excretion and storage of excess photosynthate. Phosphàte uptake 

as measured with 3jp revealed that in chemostat culture a low Ks 

• (0.14 ~M P) allowed the species to survive ai low substrate concentrations. 
, . 

The photosynthetic response of E.. ~ grown under suboptimal conditi9ns 
. , 

of low light/low temperature or extreme P.deficiency was characterized by . . 

red1l;ced ,rates of dark enzyme function, as measured by Pmax' and'.by 

'saturation aQd inhibition at low light intensities. Survival of a lengthy. 

dark period was dependent not on heterotrophy:or phagotrophy, but rathe~ 

on t~e slow respi;ati~n of sto~ed ~arbohydrate at l~w temperatures. 
~ ~ 

Re~ults obtained.on the physioîogical ecology of~. erosa are related to 

"the natural abundance and distribution of cryptomonads and other 

phytoflagellates. 
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Etudes sur l' aut,oécologie de 1 algue flagell~e c;j.ulcisole 
Cryp~omonas érosà Skuja. 

. ABSTRAIT 
" . 

Biologie 

Cryptomonas erosa Skuja (Cryptophyceae)J appartenant a un groupe 

commun ~is peu étudi~ de phytoflagellés d'eau douce J fut cultivé sous 

d~verses conditions de ~umi~re/température et à l'obscurité dans des 

cultures cie type "batch" et sous' des conditions limitantes en phosphore 
1 • 

dans des .cultures de type "chemostat"!k Les cellules cultivées en '-!.l?atch" 
( 

réalisèrent une croissance maximale à des intensités lumineuses 

(0.043 ly • min-l) et d~s témperatures (23.S 0 C) modérément élevées tandis 
! 

qu'à des':températures beaucoup plus bassesJ1}e stréss phatique li~ita la _ 
/ 

divisimicellulaireJ résultant à la fois en une excrétion et un storage 
, 

de l'exc~s de mati~re photosynthétisée. Les expériences re1at~ves à 

l'assimilation du phosphate (32p) ont montré que,dans lés èulture~ de 
<:. ' " 

,tyj>e "chemostat" ~ une ~aible valeur du Ks '(0.14 llM P) permet à l'espèce 

de survivre à une concentration de substrat très' faible. La ~éponse 

ppotosynthétique de C. erosa cultivée en conditions sous-optimales 'de -.. ~... . 
lumière et de températ~re ou ~en concij.tions de déficience ext:r;:ême en ~. 

1 

phosphore fut caractérisée par une réduétion des ~onctions enzyrnatiq~es . 
, ~ 

de la phase sombre (telle que mesuree par P ) et par me saturation . max 

et une inhibition à de faib~es intensités lumineuses. 
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1 ~ 
une période d'9bs~urité prolongée fut dépendante non as deS~hé' ~~es 

1 1 • 

d 'hétérotrophi~ dt; de phagotrophie, mais plut6t d'une respir' ion 1e~te' 
1 J : 

des Carbohydra~e~ emmaga'sinés à de basses température Les résultats 

obtenus sur l,J1ologie physiologique de ~. ~ sont reliés à J'abondance 

et à l~ distribbtion naturelle des cryptomonades et tres flagellés. \f 
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PREFACE 

C' 

The thesis is presented as a series of four interëonnected papers 

in publication format as permitted under the regulations of the Graduate 

Faculty of McGil~ University. These regulations also require the 

following statement as to elements of the thes!s that are considered to .. 
\ . 

be "contributions to original knowledge". 

Al thou~h' an important component of the plankton communi ty in many 

lakes, cryptomonads have received little attention in cu~ture work, and 

their e~o;o~ is poorly known.' ~ pre.en~ed here on Cryptomonas 

erasa Skuja- represent, to the author' s knowledge, the most comprehensive 

treatment of crypt~monad autecology. The data include information on the 

i~teracti'~ of light and ~emperature on cell division and photosynthesis, 
l , 

the·effect of light, temperature, and phosphate deficiency on the P , max 1 

. Ik and II bf S: .. erosa, the nutri~t physiology of an oligotroph in .. . , 

chemostat culture, including the K for phosphate'uptake, and the role s -" 

of ~arbon storage in algal dark surviva1. These are contributions to 

original knowledge. 
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GENERAL INTRODUCTION 

In a natural ecosystem the growth of an algai popul~tion is 

controlled by physical, chemical and biological factors such as light 

intens~ty, temperature, nutrient availabilitY, sedimentation and 

grazing. In addition, each of these factors is conti~ually changing while 

interacting with the others resultiJlg in a complex and variable response 

in algal growth. Aithough field studies of algal ecology have the , 
advantage of dealing with "real" events, they must contend with this 

inherent complexity of the natural system, making an elucidation of the 

interaction virtually impossible. In order to circumvent t~ese proplems 
~l 

and to allow only a single parameter to change at any one time, laboratory 

microcosms have been successfully used. Yet, because of their simplicity 

and artificiality, the ecoIogicaI relevance of laboratory studies is often 

questioned. 'It is true that the study of aigai ecology in the laboratory 
, 

requires certain compromises between recreating the natural environment 
~ 

and making the system work. A major compromise is that algal isolates 
\ 

will not grow in naturai Iake water, but must be supplïed with a synthetic 

medium containing the essential elements at concentrations ~ch higher 

than those found in natul;'e. Other "tmnatural" condit,ions of laboratory 
, 't 

cultures include light quality differènces, turbùlence differences, and 

the artificiality of ~i-algal or axenic cultures. These conditions in' 

turn might reasonably be expected to modify the morphological, physiological 

and reproductive characteristics of isolates. The modifications can be 

genetic and/or physiological. 
i 

Genetic variation, through the selection 
li 
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of mutants favoured by the growth conditions imposed, is probably not 

important wit~ recent isolates. However, populations maintained in 

culture for many years may bear little resemblance ta the original 
, • 1 

isalate and their use in ecological studies of phytoplankton dynamics is 
1 

questionable. Sinee algae are physiological~y plastic, physiologieal 

variations induced by the growth environment are certain. In the rich 

milieu ot batch 'cultures, algae grown under optimal light and temperature 

conditions attain their maximal intrinsic growth rates (~ )0" Since max 

such rapid rates rarely occur in nature both the batch environment and . 
the physiology of the organism differ greatly from that in nature. 

Howevei, under suboptimal growth conditions in culture, the morphological 

and physiologica~ changes in the cells may weIl resemble more closely 

the suboptimal growth conditions normally encountered in nature. For 

example, phosphorus limited cells in culture do exhibit the lowered 
• ! 

pigment content, high C:P and N:P ~tomic ratios and increased phosphatase 

activity also manifest by phosphorus-limited cells in nature. This at 

least suggests that the artifieial environment of laboratory cultures 

doe~ not alter the basic p~ysiology of the cells, and that the ~max 

achieved ip ~ptimum bat ch cultures is only the extreme of a continuum of 
"-

physiolo~ical change. ' However, numerous studies in which the tem~ature, 
light or nutrient response of an organism in culture is at variance with 

its known ecology indicates that this is not ~lways the case. The 

interaction of pH, light 1md temperature and total~salts concentrations 

are known to shift the tolerance limits of algae, while more subtle 

factors such as ionic ratios, chelation and trace metai concentrations 
! 
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• 1 

may effect a change in the physiology of cultured cells. To the extent 

that laboratory cultures are changed in ecologically significant ways, 

caution must be exercised in applying 1aboratory data to natura1 populations. 

In autecological studies the investigator should continually compare his 

data with field observations and, where possible, test laboratory findings 

with natural populations. 

Although high nutrient concentrations in batch cultures do not 

preclude meaningful light-temperature studies, the low concentrations of 

nutrients in most lakes necessitate that nutrient studies employ ecologically 

relevant concentrations. The measurement of algal growth and transformation 

at low natural concentrations has only been made truly possible with the 

use of continuous-flow cultures. Two basic types of continuous-flow systems 

aré the turbidostat and the chemostat. An essential feature of both is the 

provision for the continuous remaval of a culture at a rate equal to the 

addition of fresh nutrient. However, as growth in a turbidostat is limtted . 

not by any element, but only by the prevailing light and temperature, this 

system i~ not amenable to nutrient studies. In contrast, in a chémostat 

an essential nutrient is supplied at a low limiting rate, and steady state 

growth rates less than maximal are easilr achieved. With chemostats it is 

possible to measure the kinetic constants of nutrient transport and relate 

change in the physiology of the cellS to the degree of nutrient limitation. 
" 

Since abundant information indicates that most temperate zone lakes are 

limited by phosphorus, P-1imited chemostats are especially valuable in 

providing insight into the_growth!of algal species in freshwater systems, 

and the role of nutrient kinetics in~lgal succession. 
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The objective of the present study was to obtain a measure of the 
f 

physiological ecology of the freshwater algal flagellate Cryptomonas ~ 

Skuja that would help explain the abundance and distribution of cryptompnads 

in nature. Cryptomonads are members of a nanoplanktonic and largely motile 

group of algae that includes many chrysophytes and dinoflagellates, which at 

aIl times dominates the plankton of oligotrophic temperate zone' lakes, and 

oft~n forros anJimportant par~ of the algal community in eutrophie lakes. 

However, the study of freshwater phytoflagellates in laboratorY cultures 

has been largely ignored and their light, temperature and nutritional 

requirements are poorly known. 
l 

The first problem investigated was the effect of light on the cell 

division and photosynthesis of C. erosa at different temperatures in batch 
-- ,l 

cultu~e and the resu~ts compared with the light-temperature distribution of 

cryptomonads in nature [Rart 1). 

To achieve growth under low natural phosphate concentrations, steady 
\ 

state populations of ç. ~ros~ were subsequently examined in phosphorus­

limited chemostat culture (Part II). The nutrient transport kinetics of 

the a1ga was determined and change in cell physiology related to th~ degree 

of nutrient deficiency. 

The thitd manuscript examines'4ata only briefly considered in Parts 1 

and lIon the photosynthesis-light response of f. ~ cultured under a 

\ variety of light-temperature conditions in batch culture and various 

degrees of phosphate deficiency in chemostat culture. In particu1ar this 

paper examines variation in the photosynthetic capacity of the alga in 
" 

! . 

relation to the 1ight, temperature and nutrient regimes imposed, and discusses 

/ 
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...... 
the po?sibl~ mechanisms involved (P~rt III). 

. -
,} '. J 

_, 1 
1 .. 

- 1 

Final1y, becau;;e cryptomonads and other phytoflagellates fbrm 
"J · . : 
si~rficant ~inter populatio~s in snowand ice-covered lakes,.the la~t 

, 1 , , 

manuscript examines the'physiological mechanis~s available to C. ~r~sa 

1 

for survival during Ipng pe:r:i'bds of da,rkness (Part IV). 
~ 

The appe~ices contain data not suita~e for inclusion in the 

prec'ding manuscripts but ~levant to the thesis. 

'" S,ince this dissertation is presented as four manuscri-pts to be 

sûbmitted for s~parate~ublication; a certain amount of redundancy is 

unavoidable, for which the author asks'the reader's forbearance. 
""" 
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Part l 

The influence of ligh~' intensity 

on growth. 
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'ABSTRACT 

In order to contribute to an understanding of the dynarnics of 

freshwater phytoflagellates, the flagellate Cryptomonas ~ Skuja 

(Cryptophyceae) was ~own under controlled laboratory conditions at 

different cornbinations of light intensity and temperature (23.5. 15, 4 

Measurements included cell division, photosynthetic carbon , 

,assimilation vs irradiance, chlorophyll a content, cell volume and cell 
l ' 

carbon. Maximum growth (~,= 1.23 div. day-l) occurred at 2~.5° and 

0.043 ly min-le At much lower temperatures growth showed a "stress" 

res~onse with increasing light intensity. Because cell division was 

- more adverse1y affected by 1ight than ca~bon uptake, the resulting 

,excess production of photosynthate was either stored or excreted. The 

alga has an Wlusual ability to expand in volume to acconnnodate storage 

carbohydrate. The stress respon5e~ C. erasa in the laboratory 
'T"'" ---; 

contrasts with its much superior growth in cold oligotrophic lakes. 

Evidence i5 presented which suggests that cryptornonadsand other 

nanoplan~ton grow maximally in the 

but fail to achieve a high biomass 

from zoop1ankton grazing. 

summer ~atels of eutrophic'lakes, 
\. ,l-J' -

due to a high c 10ss resulting 
~ ~"~ 

}' ~ 
\ 

.( 

& 1 ./' 
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INTRODUCTION 

The presence or absence of algal species in lakes and their seasonal 

cycles are controlled in a complex manner by the interaction of light, 

temperature and nutrients. This comple~ity, on ~hich in nature is ~uperimposed 

the significant controlling effects of grazing and-sedimentation, obstructs 

ready attempts to define a relationship between phytoplankton growth and the 
1 

natural environment. Such light, tempe rature and nutrient relationships 

are, however, more easily defined under controlled laboratory conditions 

and culture studies thus usefully supplement field investigations. In 

culture phytoplankton growth is customarily measured either in terms of 

photosynthesis or cell division, but only a few studies (e.g. McAllister 

et al. 1964; Eppley and SlOarl, 1965) have considered both processes. 

However, cell division need not respond to change in the same manner as 

photosynthesis (Droop, 1954; Sorokin and Krauss. 1962). It is reasonable 

to assume that if the two prqcesses proceed at different, rates and the 

cell Becomes stressed by the production of tao little or too much photosynthate, 

it will atte~t to bring the two processes in balance. We examine, in 

the present report, the affect of various combinations of light and 

-temperature on carbon uptake and cell divi,sion of the cOllDllOn freshwater 

flagellate Cryptomonas ~ Skuja (Cryptophyceae). 

The Cryptophyceae are biflagellated motile unicell~ comprising both 

pigmented and apochlorotic forms. They are usually oval in shape with a 

tendency ta dorsal-ventral flattening and swim in a characteristic 

spiral motion. They possess a gullet lined with tricho~ysts (Shuster, 

1968), a flexible periplast rather than a cell wall (Faust, 1974) and ... 

• 
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• pigmented forms contain both,ch1orophy1ls a and c and the biloprotein 
1 

phycoerythrin (Haxo and Fork, 1959). Cryptophyceae reproduce by Ipngitudinal 

cel1 division either in the motile stage or in cysts, surrounded by a 

mucous sheath (Pringsheim, 1944). Cryptomonas erosa Skuja is a typical 

pigmented f0r,m (Fig. 1), larger than most cryptomonads, with a reported 

size range of 13-45 ~m long and 6-26 ~m wide (Huber-Pesta10zzi, 1950). 

Thè Cryptophyceae are members of a nanop1anktonic and largely 

motile group of algae which includes many chrysophytes and dinoflagellates 

that at aIl times dominate the plankton of oligotrophic lakes (Nauwerck 6 

1968; Pech1aner. 1971; Kalff et !! .. 1975).1 They a1so contribute a significant 

percentage of the phytoplankton production in many eutrophie lakes 
1 

(Gelin, 1971; Ka1ff, 1972; Granberg, 1973). However, with their generally 

sma11 size.,poor preservation with forma1in and,difficu1t taxonomy. 

cryptomonads and other flagella tes are aIl too often over100ked in 
1 

lakes. In addition culture studies of freshwater a1gae have to date 
1 

dea1t a1mast exc1usive1y either with Chlore11a - 1ike species which irt many 
1 
1 

ways are atypical of the general p1ankto~, or with di~~om and b1ue-gre~n 

species so common in eutrophic lakes. Although a'numb~r of<culture 
l " 1 

studirS have examined the unique morphology and pigmen ~ion of cryptomonads 

(Allen et ~'J ~959; O'hEocha and Raftery, 1959; Hibber et al' 6 1971; 

Gantt, 1971), onlya few have considered aspects 
, 1 

(Pringsheim, 1968). The eco10gy of other phytof1age11at r fs a1so, 

poor1y known, yet without such information it is impossib~e to understand 
o;l 1 • :-:: 

the phytop1ankton dynamics of lakes or the range of adaptive~echanisms 

in aigae. 

1 
1 

f 

" 

,1 

J 
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Fig. 1. Cryptomonas erosa Skuja. 
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The present report on the response of f. erasa to 1ight and temperature 

in batch culture is part of a larger study which has aiso examined the 

growth of the alga in phosphorus - limited chemostats (Part II), its 

photosynthetic response in relation to the growth environment (Part 

III), and its survival on incubation in the dark (Part IV). The purpose 
1\"" 

of this~'study was to obta'in a measure of the physiological ecology of f: 

~ in laboratory cultures that would yield in~ight in 'explaining the 

abundance and distribution of cryptomonads in nature. 

METHODS 

Cryptomonas ~ Skuja was isolated into axenic culture from a 

small naturally eutrophie lake near Montreal, Quebec. The cells were 

grown in a relatively dilute (conductivity = 240 ~mhos at 25°) mineraI 

salts medium, pH buffered with 100 mg 1- 1 NaHC0 3 and chelated with NaEDTA \.'"'--
. , 

(Table 1). Biotin, thiamine and vitamin B12 were added to provide for a 

probable vit~in requirement (Provasoli and Pinter, 1953; Pringsheim, 

1968). Other'organics are apparently not needed. The cultures were 
.. 

maintained in 300-400 mIs of medium in 500 ml pyrex reagent bottles, and 

without shaking or aeration~ were incubated in constant tempefaturè 

.growth chambers'under continuous cool-white fluorescent light. Thé 

light intensity was measured at the base of the cultures with a photocell, 

which was calibrated against a quantum radiometer (Lambda Instruments). 

Light units are expressed in Iy min- 1 (cal cm- 2 min-I) of photosynthetically 

.available radiation (PAR) where .01 ly min- 1 PAR ~ 230 ft.c. CW illumination 

~ 32 microEinsteins m- 2 sec- 1 (Appendix A). Stock cultures were maintained in 

exponential growth at 8.6 x 10-' Iy rnin- 1 and 15°. 
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, 
Bacterial contamination of stocks and experimental cultures \'/'as 

routinely checked on nutrient agar. by phrase contrast microscopy 

and occasionally by erythrosin staining on membrane'filters (Kuznetsov, 1959). 

~e stock cultures remained bacteria-free during the course of the study, 

and bacterial biomass in the experimental cultures was always < 1% of the 

alga~ biomass. 

For the light-temperature experiments sufficient stock cells were' 

inoculated into 3 or 4 replicate bott1es to yield an initial population 

of 50-200 cells ml- l • The experimental cultures were incubated under a 

range of light intensities at 23.5, 15, 4 and 1°. At the three lower 
1 

temperatu\es the algae were first grown at a relatively high light level 

(.0194~ .0086, and .0086 ly min-l. respectively) and fo110wing analysis 

. of the population, the cells, while still in exponential growthi were 

inoculated into fresh medium and incubated at a lower light level. 

This ;Process was repeated several" times, until finalIy the ceUs were 

grown at. or close tO, compensatory light levels. At the highest"temperature 

(23.~). the experimental procedure was changed 50 that the cells were 
\. . 

incubated aIl at once under a range of light levels achieved in a Iight-
1 

- • gradient box covered with different layers of wire mesh screen. The 

celis were preconditioned for at least one week under each set of conditions. 

At each light-temperature regime log-growth populations were analyzed 

as foltt;~s: ~ 

Celi Div~sion Rate. Cell numbers were counted at frequent 

... " intervals by microscopy in a Palmer-Howard 'cbunting ch.amber,' At least 

400 celis were counted in each replicate to give ± 10% counting accuracy 

'e (Lund et al., ~958). - The 'celI division rate was calculated from the 
1 

, 
1 
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equat~on k = ln (Nt (Nt2 ,) • [l/Ct In2] where k = cell div. day-l and Nt 
" 

and Nt_l are the cell densities at times t and t-l. 

Cell Volume. The mean cell volume ·of the population l'laS 

determined from measurements on at least 200 cells. The ce!l volume was 

calculated by treatlng the cell as a prolate spheroid. 

Carbon Uptake. The photosynthetic rate of the cells was 
1 

measured three times during log growth by adding NaHl~C03 at 0.125 

0.25 ~Ci ml- 1 to two 5 or 10 ml subsamples from two replicate cultures 

and incubating them under the growth conditions' for 1 to 6 hours. The 

ceÙs were Ifiltered live on 0.45 ~ membrane filters at low vacuum (SO 

mm Hg) and washed with 1-2 mIs of medium prior to assay in a geiger 

system of known efficiency. Dark uptake was subtracted and the 6% 

isotope correction was app1ied (Steemann Nielson, 1952). The total 

inorg~nic carbon available for photosynthesis was calculated from the 

total alka1inity, pH and water temperature following Bachmann (S~unders 

et al., 1962). Carbqn uptake is expressed as picograms (10- 12 gms) carbon 

fixed per cell per day. In addition, at a few light-temperature conditions, 

the photosynthetic rate was measured by the acidirication-bubbling technique 

(Schindler et al., 1972), whereby samples incubated with 14C were acidified 

to p~ 3-4, bubbled 30 min, and O.S or 3.0 ml aliquots counted in Aquasol~ 

(New England Nuclear, aoston) in a liquid scintillation system. 

To examine the photosynthetic response of C. erosa in more detail, 
1- --

ceIIs grown under light~saturated and light-limited conditions at each 

temperature (except 1°) were placed in a light-gradient box, and l~C_ uptake' 

was measured over a range of light intensities. The ce1ls were fi1tered, 
1 
1 

fi1ter activity assayèd in the GM system, and the, results graphed in 

the form of photosynthesis-1ight curves. Regression lines have been fitted 

/ 
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(p ~ 0.05) ta the points ta describe-each curve at subsaturating and 

inhibitory light levels, while carbon uptake values along the saturation 

plateau were averaged ta give a mean maximum photosynthetic rate (P ) . . max, 

The lines have been extended to intersect at Ik and Ii' the light intensities 

at onset of saturation and inhibition, respectively. (See also Part III). 

ChlorophyU a.. The pigment content of the ceUs was measured by in .. -,. 
vivo fluorescence on a Turner model III fluorometer equipped with ~ red 

1 

sensitive R136 photomultiplier (Lorenzen, 1966). A correction for 

phaeophytin was applied by me~suring the amount of fluorescence before 

and,after acidification with di lute HCl (5trickland and Parsons, 1968)~ 

The fluorometer was.calibrated against the amqunt of chlorophyll in 

filtered~ acetone-extracted samples as measured by ~jtectrOPhotometry, 
~ . ~ 

using the trichromatic equation of Strickland and Pârsons (1968). The 

equation to relate chlorophyll a concentration to fluorescence was chl-a 

(Vgl-1) = (2.0) x P x (~- Ra) where P'is a conversion factor equal to, 

0.367 for door 30 on the fluorometer, and ~ and Ra ,are the fluorescence 

readings before and after acidification (Appendix B). 

Celi Carbon. Part~culate carbon was analyzed at only sorne light-

temperature conditions. the samples were filtered on pre-ignited 

Whatman GPC filters, which were combusted in an infrared furnace, with 

chromat.Jf~à~aration of the gases in a C~rlo-Erba model 1102 CHN 

analyzer (Stainton et''.a1., 1974). 

RESULTS 

The mean cell division rates, carbon uptake, cell volume and chlorophyll a 

content of ~. erosa at different combinations of light and temperature are 

shown in Pigs. 12 and 5 (see also Appendix Cl. 

( 

J 



1 

, 

" 
-', 

o 

- 16 -

Celi division. ' C. erosa was able to grow over a temperature range 

of 1 to 2~.5°. but no attempt was made to ascertain growth at higher 

temperatures. The maximum measured growth 

occurre~ at 23,5° and .042 Iy min-l, while 

rate of 1.23 divisions day-l ~ 
the maxima at 15. 4 and 1° were ~ 

0.7, 0.21 and 0.025 divisions day-l. respectively. Thus the maximum growth 

rate decreased sharply with temperature, 50 that at 10growth of the 

alga was severely limited. The cell division rate at 15 and 23.5° increa~ed 

hyperbolically with increasing light at subsaturating intensities, but 

linearly at 4 0 (Fig. 2). At light saturatiqn celi division at the highest 

temperatur~ (23.5°) was maximal over a broad range of light intensities, 
1 

with on1y slight inhibition at the highest light level examined (.065 Iy 

min-Il. However, with decreasing ternperature the optimum light intensity 

for growth was lowered, and at higher intensities there was marked inhibition 

of c;.ell division. At 1'0 growth was :r::estricted to very low light Ievels~ 

and attempts to grow~. ~ at only .0086 Iy min- 1 were unsuccessfui (Appendix D) . 
.. 

Extrapolation of the lig~t intensity-celi division curves to the 

abscissa yields compensation light levels for growth of 8.0, 4.1 and 1.3 

x 10-~ ly min- 1 at 23.5, 15 and 4°, respectively. At 1° a 1ight level of 
1 

0.43 x lO-~ ly min- 1 (= ,1 ft.c) was just below compensation, with the 

population slowIy disappearing ?ver a ~month period (Appendix D). Thus 

" the minimum light intensity for growth decreased with decreasing temperature. 

Photosynthesis. Carbon uptake in relation to light intensity at 

~ each temperature conforms ta the typical pattern of a 1inear increase in 

the ~~te at subsaturating levels, followed by light saturation, and at 
1 

yet higher intensities, by inhibition (Fig.-2). In a pattern simi1ar ta 
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The influence of light intensity on the'celI division 
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'rate, carbon uptake rate and cell volume of C. erosa 
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• the light intensity - cell .diViSion curves. the max~ me~:tred carbon' 

fixation rate decreased ~ith temperature, as did the light intensity at 

which carbon uptake was saturated and inhibited. At-low subsaturating Iight 

o 

.. 
intensities the rate of carbon uptake differed litt1e with temp~rature, 

except at near compen~ation light intensities, when the rate declined to 

very low levels at higher temperatures. 
1 , 

The photosynthetic response of C. erosa to various light-temperature 
\ -

cambinatians is also\desCribed by the photosynthesis-light curves (Fig. 

3; see a1so Part III) \ The results again show that t~}nitial 510 ~ of 

uptake versus 1ight iS\ relatively independ co itions, 

wher~as the maximum photosynthetic rate the saturati plateau 

carbqn 

(P ) decreases with temperature, max 0 

average temperature 
l "'" ~ 

coefficient (QIO) of 1.82. In addition, at each temp~~re cells grown 

under Iight-limited conditions have a 10wer (X 25%) Pm than cells grown '- ax " 

at -light-saturation. Since the initial slope of the curves changes very 
, 

little. the light intensity at anset of saturation (lk) also decreases 
, 

with decreasing light and temperature. Furthermore, the light intensity 

at onset of inhibition (1.) declines in a similar fashion, sa that at 
. J. 

the lowest light/temperature examined the Ik and Ii are virtually the 

same and the saturation plateauldisappears (Fig. 3). 

Cell volume and carbon content. The celI volume of C. erasa is 
J 

strongly affected by the growth conditions. A minimum celI size of 300-

400~3 (celi dimensions ~ 6 X 14 ~) was observed for celis ircubated in the dark, 

--------whiIe'huge cells of over 9000~3 (~ 22 X 36 ~m) occurred under certain low 

temperature-high light conditions. At each temperature the Mean celi volume 

decreased with decreasing Iight, and at the higher temperatures had a minimum 

J 

( 
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Fig. 3.' The photosynthesis-light response of f. ~ grown 

, r 

"" 
under various light/temperature conditions 

(ly min- 1 x 10-3/oC). 1. 21.5123.5°. 2. 2.0/23.5°, 

3. 8.6/15°. 4. 1.0/15°. 5. 5.6/4°. 6. 1.0/4°. 
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() value of approximately 600~3 at near compensatory light levels (Fig. 2). 
, 

Low temperature (4 and 1°) célls were 50-400% larger than high temperature 

(15 and 23.5°) cells l being large~t at those light levels that inhibited 

cell division. 

Measures of suspended carbon in some batch cultures and in 

phasphorus-limited chemostat-cultur~s permit the dete~ination of carbon 

content fram cell volume (Fig. 4). The results show that 15° batch 

cells contained approximately'16% carbon (wet weight), whereas 4 and 1° 

cells and c1emostat cells '(15°) had a higher carbon content'~1(20%). An 

increase in cell volume therefore directly reflects an increased carbon 

content, but the slope of the relationship is significantly c~anged by the, 

growth conditions. Based on the cell carbon-cell volume regressions low 

temperature cells contain up ta 4 times more carbon than high temperature 

cells (Table 2). Furthermore. if the relationship also ho1ds for the 

smallest and largest cells observed, the carbon content of C. erosa 

ranged from 4S to, 1800 pgm C cell- l . Cell carbon content calculated 

from the re~ession on ~ell volume can be compared with the estimate 

obtained from the expression' 

C uptake cel1- 1day-l 
Carbon celCl= -----, -----

~ cell ~iv. day-l 
\ 

The results show (Table 2) that the two measures agree reasonably weII~ 

except onder high light and temperature (23.5°) conditions and at near 
) 

compensation 1ight leveIs. 
< 

Chlorophyll a. Phaeophytin was detectable only in those cultures 

where cell division was i~hibited by light (Appendix B). Because 

"\ 
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Fig. '4. The linear 'regression of cel! carbon on cell volume'" 

for ISo batch cells" 0 , CC = O.ISV + 9.5) and 4 and 
,1,1'( 

'l0 batch cells, • , and chemostat cells, 0 
'CC'= O.20V + 3.5~. 
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Table 2. Ce11 carbon content of C. eTosa estimated from cell volume and 
T 

from the ratio of carbon uptake to ce11 division /' 

~ Carbon content (pgm C ceU- l ) Growth 

conditions Cell volume Carbon uptake:cel1 division \ 
l 

1 
23.5° l 

1 
- 64.6 x 10- 3 ly min - 1 273 161 

43.1 235 182 

21.5 229 181 

8.61 170 194 

5.60 165 182 

2.02 151 156 

0.99 106 190 

15° 

19.4 x 10- 3 1y min- 1 249 217 
:'1 12.9 198 174 1 ' , 
\ J, > 8.6 174 179 1 
f ~ '. 

5.6 136 120 

3.0 130 122 

2.0 ! 132 116 

0.$9 124 89 

0.47 105 147 
: . 

4° 

8.6 x 10- 3' ly min - 1 452 357 

" 5.6 755 699 

2.0 330 155 ? '. 
0.99 205 153 

0.47 189 197 

~ 0.19 2i3 680 

~~ . i (.. 

• 
C 
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Fig. 5. The relàtionship between chlorophyll a content 

per cell and light intensity at different 

temperatures. 
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photodestruction of chlorophyll a is unlikely _at these still relatively 

low light levels, the presence of,phaeophytin-like pigments suggests that cell 

death occurred in the cultures and that cell counts underestimated the 

actual cell division rate. 

Chlorophyll a cell- 1 (phaeophytin-corrected) was lowes~ at photoinhibitory 
, , 

l , 

light levels, and at aIl temperatures increased to 4-6 pgm cell- 1 

(0.4-0.7% wet weight) at lower light intensities (Fig. 5). Only at higher 

temperatures did the pigment content increase still further at the 

lowest light levels •. The very large increase in pigment'content at 15° 

may in part reflect increased concentrations of chloroph~ll c or . ' 
1 phycoerythrin. which also absorb blue"light and fluo~esce red (Holm-

Hansen et al.. 1965). 

DISCUSSION 

Algal growth is ~ubject to stress imposed by the complex interaction 

of light, temperature and nutrients. with stress defined as an inbllance in 

cell function. Our results show that with aIl nutrients in excess, 
f ' 

growth of Q. ~ in batch culture is'strongly affected by an interaction r 
between light and i;mperature. This is best described by consider~ng 

the different high and low light and temperature combinations respectively, 

and relating these to the natural distribution and abundance of cryptomonads. 
>$ 

High Light - High Temperature 

The maximum observed growth of C. ~ <?f 1.23 div. day-l at 23.5° 

and .045 ly min- 1 ,is similar to that of C. ovata of,1.09 div. day-l at 25° 
'. ---

, 1 

and 1000 ft. c. (Brown and Richardson, 1968) and shows that' in culture these 

,.-'\ L 

~~~'~'If,~ 
• >1:,:. 



(' crYPtomona~~ grow best at moderately high light levels and temperatures. 

The results are in contrast ,ta the reported very low light intensities 

{~quired for growth of cryptomonads on agar or complex liquid media (Allen 

et ~., 1959; Haxo and Fork, 1959), suggesting that very high concentrations 

of inorganics and/or organic~ result in increased light stress. The 

optimum light intensity for growth of f. erosa (23.5°) is nevertheless lower 

than that of most diatoms and dinoflagellates in culture (Eppley and 

Strickland, 1968) and is rnuch less than the Iight fluxes at which many .. 
greens grow maximally (Sorokin and Krauss. 1958; 1965). Brown and 

• 1 

Richardson (1968) showed that algal groups with greater amounts of 
l ' 

accessory pigments have lower optimal light intensities for growth~ 

attributabl~ to the increased range in effective light absorption 
, ' 

provided by these pigments. Thus typical high-light species like 

Chlorella contain chlorophyll a unaccompanied by any major amount of 

accessory pigments, while the more light-sensitive cryptomonads contain 

significant amounts of chlorophyll c and phycoerythrin.-

At the highest temperature (23.5°), both cel1 division and carbon 

uptake wére maximal at the same relatively h~gh light leveis (Fig. 2). 

. d \. h . Because the two processes lncrease at approxlmately t e same rate wlth 

increasing light. cell ,carbon calculated from the cell division to carbon 
Il 

uptake ratio is relatively constant over a broad range of light intensities 

(Table 2). The not realized increase in carbon content. as determined 

from cell volume (Fig. 4), is probably the result rif increased vacuolization 

of the cells at high light levels, as shown for Cryptomonas ovata (Brown 

and Richardson, 1968). In contrast, a real increase in carbon content 

1 

1 1 



o 

- 26 

1 
l 

f, 

\ 

was observed at 15°, with high-light cells having twice the carbon 
Il . 

content of cells at near compensation light levèls. The increase in 

cell carbon is the result of a greater relative increase in carbon 

uptake than in celI division at subinhibÙory light intens'ities, and a 
J . ' 

greater relative-decrease in cell division than carbon uptake at 

inhibitory light levels (Fig. 2). 

_High 10ss rates resulting from grazing, sinking and cell ly?is, 

together with only weekly or monthly measures of algal biomass yield 
\ -

aberrantly low values «0.5 div. day-l) for maximal grawth of cryptomonads 

in nature (Willén. 1961; pavani, 1963; Holmgren, 1968; Ilmavirta and .... 
y~ . 

Kotimaa, 1974). At the same time the activi ty coefficients (carbon 

assimilation:c~rbon content) computed by Finderiegg (1971) provide 

questianably high values of 1.88 to 4.29 div. day-l for ~. ~ in a 

mountain lake, probably the result of an underestimatian af~he cell 

carbon content. More reàsonable estimates of maximum growth of cTYP,tomonads 

were obtained during a diurnal study of cell numbers in a Finnish lakJ 

(Ilmavirta, 1974), yielding rates of 0.94 div. day-l at 14° and 1.76 

div. day-l at 21°. Similar rates (~ 1.0 div. day-l at 13°} were abtained in 
. 

nature by means of autoradiography (Knoechel, pers. co~.). These results 
~~ , 

indicate that in nature cryptomonads are also capable of excellent growth 

at relatively high temperatures. Mareover these maximal rates are similar 
\ 

to thos~ recorded for many blue-greens, diatoms. and with the exception 

of the Chlorococalles, many greens in culture (Hoogenhout and Amesz, 
1 

1965), and do not support ,the results of Moss (1973) that typical 

oligotrophic species have intrinsic growth rates Iower than those of 

eutrophie species. 

" \ 
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High Light"- Low Temperature 

With decreasing temperature, cell division and carbon uptake of f. 

~ were much reduc~d, and the cells were saturated and inhibited at 

very low light intensities. The maximum growth rates observed (0.21 and 

0.025 div. day-l at 4 and 1°, respectively) are weIl below the maxima of 

0.65 - 1.32 div. day-l at 0_50 for two obligate psychrophilic diatoms 

(Bunt~ 1968; Durbin, 1974), obtained at light intensities considerably 

above those !ound inhibitory for ~.~. In an arctic lake, too, much 

superior growth (0.25 div. day-l) was reported for a cryptomonad at 0°, 

'while several chrysophytes and dinoflagel1ates had maximum growth rates 

of 0.12 ~ 0.52 div. day-l (Kalff et ~ .• 197~). The poor growth of f. 

erosa at low temperatures in bat ch culture thus contrasts with that 

recorded for cryptomonads in nature. There are two factors in our 

cultures which may account for the severe inhibitory effect of 1ight at 
, 

low temperature. Firstly, f. ~ was grown under continuous illumination. 

Several studies have shawn that a~ optimal temperatures for growth an 

increase in daylength generally r~sults in increased cell division 

'(Tamiya ~!!., 1955; Hobson, 1974), yet at the temperature extremes of 

an alga, long daylength or continuous illumination inhibit cell division 

(Jitts et al., 1964; Durbin, 1974). Secondly, although the ~rowth 

medium was relatively di lute compa~ed to mast other batch cultures, a 
, 

possible nutrient imposed stress cannot be totally precluded. An 

increased total salt concentration (McCombie. 1960), increased 

.' 
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salinity (Smayda, .1969) and chemical pOÏ'soning (Jitts et !!,.:. 1964) 

caused shifts in the lower temperature limit for growth ta higher 

temperatures, and did increase the susceptibility of algae to light 
.1 

stress. Thus 1he greater the stress imposed by one factor, the less the 

cell can cope with others. The high total salts concentration of batch 

media or the high concentration of one or more of their constituents ~ay 

weIl be the principal factor why C. erosa and other algae grow 50 poorly - ---
in culture at the ~ame low temperatures at which they thrive in nature. 

Although the batch environment at low temperatures is unnaturally 

extreme, the observed physiologica1 response of C. erosa under the stress 

imposed must, to a degree, also occur in natural populations. The 

photosynthetic response of ceIIs at low temperatures is characterized by 

a lowered rate of carbon uptake at light-saturation and by lower 

saturating light intensities (Fig. 2). The results of the photosynthetic­

light experiments (Fig. 3), only bri~fly consider~d here (see Part III), 

,show that with decreasing temperature, carb~n uptake is limited nqt by a 
\ 

reduction in the rate per calorie at li,ght-limiting intensities, but by , 

a lowered maximum photosynthetic capacity (P max) . The P max is a measure 

of the maximum rate ,of the dark'reactions of photosynthesis as determined 

by the environmental temperature-and the cellular concentration of dark 

enzymes (Steernann Nie1sen and J~rgensen, 1968). Although a 1055 of dark 

enzymes cannot be precluded, the lowered P is most reasonably explained _ max 

as ~ temperature-dependent reduction in the rate constant of the enzymatic 
o 

reactions. A direct result of this lowered capacity is that even very 

Il 
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low light intensities saturate the dark reactions~ as shown by a shift 

in the Ik -to ~ower 'alues (Fig. 3). In addition carbon uptake of low 

temperature. cells is inhibited at low quantum flux (low 1.). The 
1. 

association of low I. with low P suggests that the condition of 
1. max 

\ 

photoinhibition is- a high rate of light reactions cou.P1ed \'1ith a low 

rate df'dark reactions (Steèman~ Niel~on .and J~rgensen. 1968). 

CeH division of C. erosa i~ ev en more adversely affected by low 

temperature than is carpon uptake. For example, at 4° and growth inhibitory 
"-

1 light levels of .0056 and .0086 ly min- 1 , carbon uptàke is respectively 

1.6 and 5.0 fold less than rates measured at 23.5°, whereas cell division 

is 6 and 10 times smaller (Fig. 2). At an 'even lower temperature (1°) 

cell division is completely inhibited at these fluxes. Thus at low 

temPeratures celi division is more inhibited by light than is carbon 

uptake, and assumes the principal role in limiting the overall 

growth process, 'something also observed in several other studies (Sorokin 
~ . 

and Krauss, 1962; Wilson and James, ,1966). Our results support the 

"Master Reactibn" theory of Sorokin (1960) which postulates that cell . 
division and carbon accumulation are semi-independent processes responding 

different1y to light and temperature. The photoinhibitory effect of 

1ight on cell division has been shown to resu1t from lowered DN~ synthesis 

(Sokawa and Hase. 1968; Soeder and Stenge1, in Stewart, 1974), whi1e 
1 

Cook (1968) proposed the photodestruction of sorne unit central to celi 

metabolism, such as the cytochrome system. 

Because carbon uptake proceeds at a faster rate than cell division 

at low temperatures, the cell must either increase its mass or excrete 

. 1 
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tIl surplus organic carbon. The marked increase in cell volume and 

". 

o .... 

• 

associated cell carbo~ at 4 and 10 (Fig. 2; ,Tabie 2) demonstrates that 

when cell division of f. erosa is inhibited, excess photosynthate is 

primarily retained as storage material. Other freshwater and marine 

algae also commonly show an increase in carbon content when grown at low 

temperatures (Eppley, 1972). In cryptomonads carbon is stored as starch 

in e11ipsoidal or spheroidal granules enclosed within a double membrane 

around the pyrenoid (Lucas, 1970). In f. erosa at low temperatures these 

granules accumulated in such quantity as to obscure all,other ce11 organelles. 

The unusual abi1ity of cryptomonads to expand in size and retain ~torage 

carbon likely results from their possession of an elastic, flexible 

periplast rather than a_cell wall (Faust, 1974). Under extreme photoinhibitory 

conditions ~t 1° (.0086 1y min- 1
), cell division was completely inhibit~d,. 

so that with continued carbon uptake the mean cell volume increased 

to over 4000 ~3, with'some giant cells reaching 9000 ~3 (1800 pgm C). 
1 

However, shortly thereafter the cells slowly disappeared from culture, 

suggesting that bec~se synthesis and expansion of the cell membrane 

could not continue to keep paç~r'with carbon accumulation~ :the cells 

literal1y,exploded (Appendix U). A wide range in cell volume - and 
~ ,..~ \ .... 

presumably carbon content - is also reported for C. erasa and other 

cryptamonads in nature CHuber-Pestalozzi, 1950; Kling and Holmgren, 1972). 

When applied to-nature our results predict a maximum cell size in the surface 

waters of lakes when the water temperature is low and the light flux high. 

A second mechanism by which C. erosa copes with excess 
~ -

photosynthate is evident by comparing carbon uptake as measured by the 

ln. 
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acidification-bubbling technique, which measures net plus excreted 

carbon (Schindler et al.) 1972) with that obtained by standard membrane 

filtration, whifh appears to measure only the production of particulate 

carbon (Table 2; also Antia et al., 1963; Eppley and Sloan, 1965). The 

difference in the rates thus represents carbon excretion. The results 

show (Table 3) that at subsaturating light levels Il - 24% (xI8%) of the 

total carbon fixed is excreted, whereas at two growth inhibitory 1igbt 

levels associated with low temperature, 35 and 50% of the carbon1s 
" 

immediately lost from the cell. Although the greatest quantity of 

carbon is excreted from rapidly growing cells at 23.5°, the highest 

percentage of carbon is excreted under conditions that cause a greater 

relative decrease in cell division than in carbon uptake. Thus increased 

excre~ion rates occur when the ceIIs fix more carbon than the rest of 

the plant enzyme systems can incorporate into growth and storage products. 

The nature of the excretory products of C. erosa was not examined, but 

the .production of a copious mucilage under inhibitory light conditions 

suggests that the pr!ncipal excretion products are polysacch~rides. 

According to Hel1ebust (in Stewart, 1974) the amounts of polysaccharides 

released can represent a considerab1e 12-90% fraction of the photoassimilated 

carbon of so~e algae. 

High excretion rates have a1so been measured in natural populations 

(Fogg ~ al., 1965; Watt, 1966), but it has not been recognized that a 

~. ~ 
possible mechanism is th~_\nteraction of high light with,some other 

environmental factor which inhibits cell division more than photosynthesis. 

Thus the buildup of organic products during mid-summer stratification 

~! 
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Table 3. A comparis of carbon uptake by C. e~os~ as measured by the techniques of standard membrane /. 

~ 

fil at,ion versus acidification-bubbling. 
h 

Limits are one standard deviation. r , 
" 

/ G~h conditions 
Carbon uptake , 

(pgm C ce11- 1 day-Il 
7 

Li~ht intensi tî Acidification- Carbon excreted Carbon excreted 
Temp· 

% /(OC) (ly min- l . x 10- ) Filtered bubb1 in-g (pgm C ce11- 1 day-l) carbon uptake (A-B) 

(1) 23.5 21.5 . '., 209.6 ± 21.1 253.0 ± 18.8 43.4 17.1 
(2) 23.5 2.0 31.1 ±' 4.7 38.9 ± 3.6 7.8 20.-0 
(3) 15 . 8.6 EXPT #1 98.7 ± 10.3 ll8.0 ± 8.3 19.3 16.4 

t EXFT #2 109.3 ± 12.7 137.7 ± 10 .. 9 28.4 ~0.6 
C.r'I 
N (4) l 15 1."0 EXPT #1 16.2 ± 2.1 19.7 ± 2.1 3.5 17.8 

EXPT 1#2 18.3 ± 1.4 20.4 ± 1.1 2.1 11.4 
(5) , 4 

~ 
5.6t 

45.7 ± 6.1 70.1 ± 4.7 24.4 34.8 
,.:S (6) -4 1.0 12.9 ± 2.7 16.9 ± 0.9 4.0 23.7 

1.0t El 

56.9 
(7) l- 4.7 ± 0.6 10.9 ± 1.2 6.2 

t Extreme ph9toinhibition of celI division • 
• 

/ 

// 

/ 
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(Round, 1971) and the relatively greater proportion of extracellular 

relea~e in oligotrophic than in eutt'ophic waters (Anderson and Zeutschel, 
! 

1970; Saunders, 197~), may result respectively from the adverse affects of 

nutrieQt limitation and Iow nutrient/low tempe rature conditions on cell 

division. Although t~e,~xcretion rates of f. ~ measured at the 

growth conditions (Table 3) cannot be stric~y applied ta the short-term 
1 

photosynthesis-light experiments (Fig. 3), they do indicate that the 

photoinhibition function of the curves must aiso largely result from 
1 

increased carbon excretion with increas~ng light intensity. In nature too 

the excretion of organics, combined with the movement of light-sensitive 

flagellates, su ch as f. erosa, away from brightly-lit surface waters 

must be responsible, at least partly, for the commonly recorded surface 

depression of the depth/photosynthesis profile. 

Law bight 

Under extreme light limitation, a pl~ cell is stressed not by 
" ' 

an excess of photosynthate, but rather by too little carbon to satisfy 

temperature-dependent rates of respiration and cell division. Although 

no direct measures of C. erosa respiration were made, dark incubation 
o --

yielded rates of carbon 1,055 of approximat~ly 54, '36, 14 
1 

and 3 pgm C cell- 1 day-l at 23, 15) 4 and 1°, respectivel~ (Part IV), 

indicating a marked increase in respiratio~ with inctéasing temperature. 

The increased respirationl rate elevates the compensation light flux at which, 
y , 

the alga cao balance a potentially destructive' decrease in cell mass. 
, , 

With decreasing light at 15 and 23.5° the mean cell volume approached a 

l' 
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e minimum of 500-600 ]..l3(Fig. 2). The same"lower limit was obtained 

independently from celis incubated in the dark (Part IV). This val4ê 

therefore appears to represent a genetically f~xed minimUm for a viable 

C. erosa. 

The principal adaptive mechanism of ~lgae ta light limitati9n is to 

maximize light capture through the increased synthesis of cell pigment . 

(Halldal.1970). The absence of such an increase,in f. ~ at low 

temperatures (Fig. 5) can be interpreted as resulting from a 

temperàture-dependent decrease in the amount of carbon required for cell 

division and cell respiration, whereas at high temperatures the sharp 

increase in pigment at the lowest light levels is a physiological response 

to an increased carbon demand. The ability of f. ~ to grow at low 

light 'levels may also depend on its possession of chiorophy11 c and 

phycoerythrin, which increase the range of 1ight wave1engths effective 

-for light absorption (H~o and Fork, 1959). \ Although no data were 
, 

obtained here on the accessory pigments, several~udies (see Hallda1, 
'1 

1970) have shown that algae contain maximal concentrations of chlorophyll c 

and phy~oerythrin under low light conditions. In addition phycoerythri~ 

abso~bs maximally at those wavelengths (540-570 pm ) that penetrate 
~\ '. 

deepest in naturai waters, th~s tavouring'growth of cryptomonads in deep 1 , 
! 

waters of clear oligotrophic 1akes (Nauwerck, 1966, 1968). 

Aspects of the Ètology of cryptompnads 

Cryptomonads are members of a nanoplan~tonic and largely motile 

flora which includes many chrysophytes.and dinofiagellatés and sorne sma11 

> 1 
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diatom and green speeies, whieh at aIl times dominate th~ plankton of 

oligotrophic, north temp~rate zone la~es (Pechlaner, 1971; Kling and 

Hol~gTen, 1972: Kalff et ~., 1975). They are also present throughout 

the year in eutrophie lakes, but i~ Most· eontribute a less significant 

'percentage of the summer biomass with the appearance of netplanktonie 

diatoms and blue-greens, even though the nanoplankton biomass' may be greater 

than in the spring (Pavoni, 1963). Cryptomonad species, although 

traditionally a~soeiated with cold waters, are also reported in large 

numbers in warm tropical (Lewis, 1914) and desert lakes (Biswas, 1969) 

and the group i5 thus ubiquitous, able to thrive under a wide range of 
\ 

, light/temperature conditions. 

1 
The adaptive features of cryptomonads and other algae for survival 

in oligotrophic north tempera te zone lakes include motility. small 

5ize, and the ability to grow under low tempe rature and/or low nutrient 
'\) 

.' 
conditions. Motility allows the algae to remain suspended in a stable 

., 1 

water column during long periods of ice c~r~ and to control ta sorne 

extent, the light flux received. Due to the scarcity of light under the ,. 
winter and early ~pring snow and ice cover, the algae concentrate in 

surface wat~rs (e.g. Wright, ,1964). As shown here for f .. ~, the 

adaptation ta low light can be considerable, and in one study i~ an arctic 

lake, an increase in algal biomas~ was recorded d~ring late winter at a 

light flux of only 0.18 ly day-l (~ 3 ft.c) (Kalff, unpubl. data). 

In spri~g, with the disappearance of snow ~d a resulting s~dden 

increase in light clima~e, the algae~ppear to ~uffè~ eon~iderable light 

stress, such that in many lakes motile species activel~migrate downwards and 
o 

form a biomass maximum in deep waters {Nauwerck, 1968; Pechlaner, 
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1971). In comparison to other alga1 groups, the,Cryptophyeeae appear to 

be especia11y light sensitive, often forming the deepest living 

p,opulations in clear oligotrophic lakes (Nauwerek, 1966, 1968). Indeed 

a sharp deerease in cryptomonad biomass at the summer turnover in an 

arctic lake (Kalff, unpubl. data) suggests photodestruction of the cells, 

such as observed for'C. erosa at 1° in culture. - ....----

Pechl~er (1971) and Findenegg (1967) attribute the depth maximum 

of phxt0plankton in high mountain lakes ta a better balance between 

light and nutrients in meta-'and hypalimnetic waters. 'Kaiff and Welch 

(1974) similarly explain change in the photosynthetic respanse of arctie 

algal cammunities in terms of nutrient availability. Grawth af.f. -erasa in 

phasphate-limited chemostats confirm this s~spected photoinhibitory 

effect of high light under nutrient deficiency (Parts II and III). In 

addition, our batch culture data suggest that the low temperatures 

common1y found in arctic and mountain lakes also have a specifie detrimenta1 

effect on adaptation to high lig~t.or, at the very least, synefgistical~y 

compound a largely nutrient-dependent light stress. 

Although cryptomonads and otÀer flagellates daminate the winter 

plankton of north temperate zone eutrophie lakes, they are typically replaced 

du~ing'the summer, at least in terms of biomass, by large diatoms and 

-, blue-greens. To conclude that flagellates are supplanted becau~e 

of slowed ~wth under adverse high light/temperature,canditions fails, 

however, to explain the summer maxima of eryptomonads ih sorne eutrophie 
r 

lakes (Nauwerek, 1963; Ilmavirta et al., 1974) or their reported -- ~ 

abundance under intense illumination at.27-30° in tropical and desert 

\ 
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lakes (Biswas, 1969; Lewis, 1974). Direct evidence for 1ight saturation 

of cryptomonads at high light intensities was obtained for natural 

populations in a light incubator Cat 20°)' CJavornicky, 1970) ând by iJl 

situ autoradiography in a eutrophic lake Cat 13°) (Knoechel, pers comm.). 

Thus as shown for f. erosa in culture, higher ternperatures and 

increased nutrient availability increase the optimal 1ight intensity 

for growth of cryptomonads in nature. The further observation by 

Knoechel of doubling times of Rhodomonas minuta CCryptophyceae) of 

approximate1y one per dfy, at a time when the population did not increase, 

suggests that flagellates only fail to attain high numbers because of 

a high 19s5 of cells. Since sedimentation of flage1lates must bé small, the 

1055 can be'attributed largely to zooplankton grazing, which limits thè 

,abundance of aIl nanoplan,kton in eutrophie waters. It is highly probable 

that the very intermit'tent flourishing~ and disappearance of cryptomonad 

populations in lakes (Nauwerck, 1963; Happey, ~968) is closely coupled to the 
1 

w~x and wane of zooplankton populations rather ~han to physiological mechanisms. 
k 

In bâtch culture C. erosa grows over a wide range of temperature, 
\-

1 

but severe photic stress limits 'cell division a~ low temperatures, forcing 

the celis to bot~ store and.excrete excess carbon. The much superior 
" 

growth of cryptomonads in arctic and hi~h mountain lakes and their abi]ity 

to survive throughout the year the multiple shock of changing light, 

temperat~re an~ nutrient conditions attest ~o a greater physiological plasticity 
o l' "" ~ 

in natura1 populations than in culture. In nutrient-sufficient batch c~ltures, 
T 'J 
adaptation to high light was contingent on ?igher temperatures, wher~as in e' 

1. 

o 
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. 
chemostat culture the effect of ph05phorus limitation wa5 of overriding 

" im~ortance. In natfire, tao, adap,tation ta light i5 1arge1y nutrient 

dependent (see Ka1ff and We1ch, 1974, Figs. 3 and 5)1 even though 

temperature must a1so play a ~ignificant raIe at very high and low 

temperatures. Thus the growth of f. ~ ii, as in aIl a1gae, dependent 
, 

on the 1ight, temperature and nutrient supp1y. In addition, th~ ability 
, \ 

of moti1e species ~o at least partial1y se1f-regu1ate their growth 

environment is an important strategy to reduee stress and promote speciès 
, 

success. The actua1 biomass of C. erosa and other phytof1age11ates 
- -- 1 

rea1ized is control1ed in a comp1ex fashion by the aboya factors, upon 

which in nature is superimposed the significant controlling effect of 

zooplankton grazing. 
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ABSTRACT 

Cryptomonas ~ Skuja (Cryptophyceae), a member of a common but 

little studied group of freshwater ppytof1age11ates, was grown in 

phosphorus-limited chemostat culture. Under increasing P-deficiency, 

the cells showed increases in cell volume and carbon content, whereas 

cell N and chlorophyll a content were little affected. The C:P and N:P 

atomic ratios also ref1ect the avai1abi1ity of phosphorus. Photosynthet~c 

carbon assimilation and celi division were differently affected by the 

rate of P supp1y. Photosynthesis was lim~ted by P at slow growt~ rates, 

but by light inte~ity at higher growth rates, whereas celi division was 
, 

P-limited at aIl gro~h rates examined. The lowered rate of carbon uptake 

of severely P-deficient cel1s was shown the result of a 1055 in 

phot~synthetic capacity, with the cells light saturated and inhibited at 

low 1ight intensities. 

The cellular phosphotlls content decreased only at the slowest rates 
1 

of P supply. Phosphate (32 p) uptake experiments,showed this to be the 

resuit of a low maximum uptake capacity (V), limiting the accumulation max 
of P in an internaI reservoir. Radiobiological assay showed that growth 

rate Iimiting concentrations of phosphate in the chemostats were 

~O.IO ~g pt-l, substantially lower than chemical measdre; of soluble 
,./ 

reactive PhO~PhOruS. The kinetic .results rre discussed in relation to "( 

the growth ?f cryptomonads in both olfgotrophic an~ eutrophie lakes. 
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l NfRODUGrION 

The role of phosphorus as a limiting nutrient in the control of 

phytop1ankton growth and 1ake eutrophication has received extensive 

study (for review see Fogg, 1973). Laboratory cultures of a1gae have 

been used to examine the relationship of phytoplankton growth rates and 

biomass yield tQ phosphorus concentration (Thomas and Dodson, 1968; 
, " 

MÜller, 1971), the kinetics of phosp~orus uptake (Kuenz1er and Ketchum, 
C 

1963; Rhee, 1973), and morphologica1 and physiological characteristics 

of cells which may serve as indices of P limitation in natural systems 
/ 

Cfitzgerald and Nelson, 1966; Healey, 1973~. ,Since available phosphate 

as determined by radiobiological assay is in < 1 ~g P 1- 1 concentrations 

in most lakes (Rig1er, 1966) and because maximum growth of planktonic 

algae is achieved at low concentrations (Mackereth, 1953; Fuhs et al., 

1972), it is important that culture work employ eco1ogical1y meaningfu1 

nutrient levels. Although batch cultures have been successful1y used to 

relate growth rate t'a substrate concentration (Thomas and Dodson, 1968; 

Eppleyand Thomas, 1969), more often the effect of supplying a low 

concentration of nutrient has been ta short en the' duration of the exponentià1. 

phase rather than reduce the growth rate (Fogg, 1965). However JI the use 

of continuous-flaw chemostat cultures readily achieve the long term 
-~ 

steady'state conditions that allow the m\asurement of _algal growth and 

transformation at natural substrate concentrations. Moreover, the 
~ 

adaptation of algae to change in nutrient supply can best be analyzed 

with continuous cultures. The studies to date on P-limited growth af freshwater 
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.. -
algae in chemostats have dealt almost exelusively·with diatom, green and 

blue-green species 50 common in eutrophie waters, while information is 

lack±ng, from either batch or eontinuous flow culture, on ~he nutrient 

physiology of species of algal flagellates 50 characteristic of lakes. 

Dugdale (1967) pointed out the need for study of the nutrient kinetics 

of phytoplankton of different productivity regimes, in order to provide 

information on the range of adaptive mechanisms of algae to their 

environment, and their role in phytoplankton succession and competition. 

/~rient physiology of an a1ga will at least partially détermine its 

presence and its abundance in 1akes of different trophy. Here we report 

on the ecology of the common algal flagellate Cryptomonas ~ Skuja (Class 

Cryptophyceae) in a phosphorus-limited chemostat. 
, 

The Cryptophyceae are members of a nanoplanktonic motile 

group of algae which includes rnany chrysophyt~s and dinoflageilates, whieh 

at aIl times dominate the plankton of oligotrophic 1akes (Nauwerck, 

1968; Pechlaner, 1971; Kalff et !!l., 1975). They ~lso cont:lîibute a 
, 

significant pereentage of the phytoplankton production in Many eutrophie 

lakes (Gelin, 1971; Ka1ff, 1972; Granberg, 1973). However, except for a 

qumber of culture studies that have examined the unique morphology and 

pigmentation of eryptomonads (Haxo and Fork, 1~59; Shuster, 1968; Faust, 

1974), only a few have eonsidered aspects of their eco1ogy (P~ingsheimJ . 

1968). To our knowledge no°cryptomo~ads have been previously grown in 

continuous culture. 

The present report on the growth of C. erosa in a P-limited 

··chemostat is part of a larger study which has also examineduthe response 
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of the alga to a ,range of light/temperature conditions in batch culture 

(Pa~t ,1), its photosynthetic response in relation to the growth environment 

(Part III), and its survival in the dark tPart IV). The purpose of this 

study was to ob tain a measure of the physio1ogical eCJ10gy of f. ~ 
o • 

in laborato~ cultures that would help explain the abundance and distribution 
'.' 

of cryptomonads in nature. 

METHODS 

. 
The organism and growth medium." Cryptomonas ~ Skuja (Fig. '1) 

was isolated into axenic culture from a small naturally eutrophie lake 

near Montreal" Quebec, Canada. The algae were grown in a relatively 

dilute mireraI salts medium (conductivity = 240 ~mhos at 25°) buffered 

with NaHCO a to pH 8.0 and chelated with NaEpTA (Part I). Thiamine,' 

vitamin Bu and biotin were added as othe'r cryptomonads have requirel 

vitamins for growth (Pringsheim, 1968). Stock cultures were maintained 

at 15° and .0086 iy min-lof continuous cool-white illumination. 
u 

For the chemos~at work, phosphorus was added at a concentration of~ 

éither 100 ~g or 25 ~g Pl-la Despite the addition of the KH2P04 after 
/ 

autoclaving a precipitate of i'ron and phosphorus formed to r.educe the 

phosphà:tc conccnttation in the medium to approximate~y 80 6lnd 14 llg PI-l. 

The resuÙing atomic ratios of N:P -were 221:1 an,d 1279:1, resp~ctiveIy, 

with aU' other nutrients i~ 'cxcess. "" 

Equipment. The chemostat set-up is shown schematically in Fig. 2 

(sec. aiso F~gs. 3 and· 4). The growtli vessel is ap 2 1 round-bottom f1ask 

equipped with an overflow tube to main tain a constknt ~re volume~ 
and a sampl~ng port at mid-culture level. In early work C. ~ 
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Fig. 1. Cryptomonas erosa Skuja. 
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Photograph of two chemosta'J: uni.:s,~wing 

growth vessels, stirrers, air fiifers \nd 
( -

fluorescent lights. 
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• Fig., 4. Photograph of growth vessel, showing 

"sweep-stirrer" . 
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readily attached ~n thick layers to the walls of the chemostat by 

excreting a copious mucilage, whereas those cells, in suspension retained 

their motility. Sufficient vigorous agitation by aeration and stirring 
1 

with a spin bar to remaye the wall growth was lethal to the cells. Sucb 

mechanicai injury possibly explains why cryptomonads rapidly disappeared 

in chemostat ~ultures of natural phytoplankton assemblages (Barlow ~ 

~., 1973). The problem of wall growth was minimized by designing a 

"sweep-stirrer" of glass (Fig. 2), fitted to the inside curvature 

of the vessel \'/all and driven by a lo~ speed-high torque motor. 

S~erility of the" cu1tures was maintained by passing th~ shaft of the 
" - 1 

stirrer through a cup fille~ with heaVY,silicone oil, which was 

covered with a bell mounted on the shaft. Although the alga still 
1 

attached to the stirrer. the walls were kept sufficiently clean at a 

speed of only one revolution sec- l • The difference between phosphate 
1 

mea~red in the reservoirs and total P rneasured in the outflow indicated 

that about 10% of the p'was lost to the walls and stirrer in the chemostats 

receiving 80 ]..1g' Pl- I in the Ïeed., and 10-20\ in t~ose vessels receiving 14 

]..1gPI- l • Additional mixing in ~he ,growth vesseis was provided by bubbling 

charcoal and glass-wool filtered air through the culture at 50~mIs 

min- l • Gassing with CO2 -enriched air was not required as the, pH of the 

cultures rernained < 8.6. Th~ growth medium was supplied ,from 10 liter 

glass carboys, and rnetered witb,a Harvard model 1102 peristaltic pump, 

which yielded a flow rate precision of ±l%. 

The chemosta~s were opera~ed in a constant ternperature incubator at 
. 1 • 

150 under continuous cool-whitejllumination located at the rear of the 
~ 

\ 
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vesseis. Ligh~ intensity was measured with a photocell, which was 

calibrated against a-quantum radiometer so that light units are given in 

ly min- I (cal cm- 2 min-Il of photosynthetically available radiation (PAR), 

where .01 ly min- 1 PAR = 230 ft.c. CW illumination ~ 32 microEinsteins m- 2 sec- 1 

1 

(Appendix A). As the light was kept unidirectional by blackening the 
1 -

sidewalls of the supporting cabinets, the light intensity at the chemostat 

centers w,as calcul~ted from the extinction coefficient of light through the 

vessel and, depending on cell density, ranged from 9.3 to II.3 x 10- 3 ly min- 1 

(Appendix E). Earlier work in batch cultures at 15° had shown that 8.6 

X 10- 3 ly min- 1 was optimal for growth of f. erosa, whereas 12.9 x 10- 3 

11 min- 1 w~s somewhat inhibitory (Part I). Bacterial contamination in 

the'chemostats was examined in a high-power phase contr~st microscope 

·and by plating on nutrient agar. Although the cultures,were not strickly 

axenic, bacterial biomàss was estimated to be <1% of the algal biomass l 

except,at the end of the chemostat experiments, when the substrate 

concentration in the reservoir was increased from 14 to 80 ~g P 1- 1 , and 

the chemostats became heavily contaminated with bacteria. 

General desi~ of experiments. With either 80 or 14 ~g P 1- 1 in 

the reservoir, the algae were grown at ~arious growth rates by varying 

the flow rate of medium into the vessels. By the ,use of silicone ~ubing 
, Q 

of different internaI diameter, a different growth rate was achieved in 

three 'chemostats at one ti~e. The experiments were started with 80 pg P 1- 1 

" 
in the reservoir, and two growth rates were examined in each vessel (6 in aIl). 
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The phosphate concentration was then decreased to 14 ~g P 1- 1 and one gro~th 

, rate was examined ~n each vessel. When the phosphate concentrat}on was 

subsequently returned to 80 ~g Pl- l
, the chemostats became contaminated 

with bacteria. AlI experiments were run corttinuously without reinoculation 

from stock cultures. 

Small samples were withdrawn~every few days ta 'determine cell 

numbers and cell volume. The amount of sample withdrawn for other 

enalysesl did not exceèd one-tenth of the volume of the chemostat. 
1 

However. at the slowest growth rates this represented up to 100% of the 

volume of culture displaced per day. and thus several days were allowed 

between samp\ings., The establishment of a steady ~tate was judged from 

cel1 counts. 

Analyses. The'following determinations were made on samples 
. 

removed from the chemostats. 
" 

(1) Cell counts and cell volume measurements were made by microscopy in 

a Palmer-~oward counti~chamber. Sufficient replicate samples were taken 

to give ±IO% samplin~ error. The cell volume was determined by treating 
o 

the ~ell as a prolate spherdid. ~ 

(2) Su~pertded nitrogen and carbon was determined by infrared combustion 

of GEC filtered ~terial. with chromatographie separation of the gases 
. 

in a Carlo-Erba model 1102 CHN analyzer (Stainton et al., 1974). 
, --

(3) S~lu~le react~ve p~osphorus.w~s analyzed by the mol*b~~te-blue 

tec~ique (Murphy and Riley. 1962) and total P and total soluble P as 

~bove after persulphate diiestion (Johnson, 1971). Parti~ulate P 

was-determined by difference. 

" 1 
j 

l 
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(4) Chlorophyll a was measured by in vivo fluorescence in a Tu~er mod~1 

II 1 fluorometer (Loren~~n, 1966) with correction for phaeopigments after 1-2 

min acidification (Ho lm-Hansen et al, 1965). The fluorometer was 

calibra~ed with samples filtered on GF/A filters, extracted in acetone, 

and analyzed for chlorophyll a by spectrophptometry~ using the trichromatic 

equation of Strickland and Parsons (1968) (Appendix B). 
.. 

(5) Carbon uptake was measured by adding NaHl~C03 at .125-.25 ~Ci ml- 1 to 

'10 or 20 ml subsamples which were incubated 1-2 hrs (15 0
) at the same 

light in~ensity as in the center of the chemostats. Depending on the 
, " 

ceU density, 10.5 or 5.0 ml aliquots were filtered' at~SOmrn Hg vacuum 

through 0.45 ~ membrane filters, and filter aètivity assayed in a 

windowe~ GM syst~m of known.efficiency. The remainder of the sample 

was a~idified to pH 3-4, bubb1ed 30 min (Schindler et al., 1972) and 0.5 
• " u--

or 3.0 ml aliq~ots' èounted in Aquaso1~ (New England N~plear, Boston) in a 

liquid scin~il1ation system. , 1 

o 

Ta examine tHe photosynthetic response of ~.' ,,~ in more detail. 

ceUs removed from the chemos~ats were placed in il light,-gradient box, 

and l~C uptake measured at sevér~l 1ight Intensities up to 2 ta 3 times, , 
the light, I l vel ,at the'chernostat centers. In a paral~el se~ of éxperiments, 

, . 
the photosy,nthesis-1ight relationship ~as deterrnined after ~ 24 hr 

enrichme~t with 50 l1g P 1":1 added phospltate . The ce1Is wére fi1tered on 
} 

0.45 ~ membrane filters 
•• 1 , , • 

th~ resu1ts were graphed 

and filter .activity,'\.sS~yed in the GM system. 

in the forrn of phatosynthesis-light curves. 
, 

Re~réssian lines (P~ .~p) have been fitted ta the point~ to .describe 

each curve at subsaturating ana inhibitory ,1ight levels, while ca~b~ 

• 

l 
J, 
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uptake values a10ng the saturation plateau were .averaged ta give a mean 
,\ 

maximum photosynthetic rate CP ). The 1i~es were extended to intersect max 

at Ik and Ii,' the light intensities at onset of saturation and inhibition, 

respective1y (see also Part III). 
~ 

. (6) Phosphorus uptake kinetics: .02-.04 ~Ci 32p m1- 1 as H3P04 (New 
\ 

Eng1and Nuclear, Boston) and sufficient KH2P04 were added ta a series of 

erlenmeyer flasks to yield g-50 or 100 ~g P 1- 1 • Without any pretreatment, 
~ , --

10-2n ml subsamples from the chemostats were added ta each f1ask and 

incubated at 15° at mid-culture light levels, with frequent swirling in the 

first 30 min of incubation, but only occasionally thereafter. After 10 

min, 30 min, 1.-2 hrs., 5-8 hrs. and,' in ,some experiments, 20-24 hrs. of 

incubation, 'i-s mIs were filtered live at low' vacuum t5~~ Hg) through 

,0.45 ~m membrane filters, rinsed with an equal volume of phosphorus-

free medium, ,and the filter activity determined .in the geig~r system. 

Miçhaelis-Meriten'kinetic~ were evaluated by the linear t~ansformation 

S/v vs S, where S is the substrate concentration added (~g P 1- 1) and v is 

the uptake velocity (~g P 1- 1 time- 1). An unweighted Ieast\ s~ares 'line 

was fitted to the points (Riggs, 1963}", and' the maximum uptake velocity 

(V ) determined from the siope, and K +,8
0 

from the x-intercept, 
max /, S 

where Ks is the h~lf-s:t~rati~n constant for uptake and 50 is the 

concen~ration of residual phosphate in the growth vesseis. The residuai 

phosphate concentration was estimated by measu1"ing the 1055 of ,32p 

from solution using a radiobiological procedure described by Rigler 
Q • 

(1966). In this method the uptake rate of phosphate i~~calculated ,at 

each concentration fro~ the ~um of the original P added p~us various 
" " ,." 

estimates for'So' 
1 

.. ~ '.' .... 

As,the a$sumed concentration of S i~ decreased, the a 

. ~" ,..Y' .j 

,':.'e, ~~ . 

o 
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'relationship between uptake and conc~nttation more closely approximates 

the e~pected hyperbola, until at sorne concentration of 50 the curve 

bends smoothly to the x-y intercept (Appendix F). 

RESUI,TS 

Steady State Populations and Associated P 

CelI densities of ~.: ~ resu1ting from changes in the diluÙon 

rate ~d the-concentration of phosph~rus in the reservoir are presented 
. , 

for one growth vessel in a continuous run lasting aPout 10 months (Fig. 
>, 

5 and Appendix.G). After each decrease in the dilu~ion rate the cell 

density increased sharply and then decreased to the final steady state 

value. With a change in P concentration in the reservoir\at high growth 

rates it took 20 days to re-establish a new stèady state, whereas at very , 

slow growth rates the transi fion stage lasted up t~ 60 days (Appendix 

Gr. Populations of P-l~mited .f,. ~ thus 'adapted only sl,owly to 

changes in P supply, but once a steady state was established it was 

maintained for up to 3 months., Preliminary work demonstrated that 

incteasing the dilution rate to 0.50 day-l resulted in a slow washout of 

c~lls from the chemostats and, , ' 

the maximum growth rate of the 

from the rate of decli~e in cell density. 
\ 

alga was estimated as 0.70 div. day-l 
, , 

(Appendix H). Following the ~emporary greater avail~bility of P after 

an increase in the 'concentration of P in the reservoir, the populat~on 

increased at a similar ratè of 0.65 div. day-l (Fig. 5). These rates 

·are similar to those measured in nutrient-rich batch cultures at 15°C, 
III 
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Ce!! density of f. erosa in one growth vesse! with changes 
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in growth rate (div. day-l; ~ ) 
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and phosphate concentration 
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where maximal growth increased linearly with temp'erature between 4 and 

23.5 0 (Part 1). 

Steady state cell densities and associated phosphorus concentratiops 
1 

at each growth rate in the three vessels are summarized in Table 1. The 

variation in cell density of 7-10% and 20% of the Mean in the 80 ~g op 1- 1 

(high P) and 14 ~g p-l (low P) chemo~tats, respectively, is due ta sampiing 
" 

,error as weIl as to variable 1055 of P asOa precipitate in the reservoir 

and to wall growth. Since wall growth was not apprec.iab11 different between 

the vessels in the high P chemostats, changes in steady state density reflect 

growth rate differences. The results show (Table 1) that at growth rates 

> 0.22 div. day-l celi numbers do not change significantly, but increase 

20 and 40% respectively at the two lowe'st growth! rates,; In the low P 
! 

chemostats a greater variation in wall growth'and precipitation of P in the 
-, 

reservoir obscu~e any ~elationship between growth rate and ce~l density. 

Dissolved organic P (DOP) formed a signif~cant 20-40% fraction ·of 
/ 

l , 

total P (TP). P content per cell (q), calculdted from the difference 
, / 

be~ween TP and. ~OP, did not differ Significan~IY b~tween the high and 
/ , ~ 

low F chemos~ats at similar' dilution rates (Table 1).1 Cellular P 

çontent was thus independent of the con~entration of P in the resêrvoir. 
1 

The relationsh~~ b~tween growt~ rate and P cell- 1 (Fig. 6) shows that cell 

division is independent of cellular P at growth ratés >0.22 div. day-l, 

but declines with P cell- 1 at slower rates of P supply. An'extrapolation 
• 0 

, 
1 • 

of the line to the abscissa gives. the critically minimum P content 

needed for growth as 0.30 pgm P cell-~ •. 

Residual phosphate in the chemostats 
: -r 

as mea~ureà by chemicall~ 

. ' 

.. 
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Table 1. Steady state ce1I densities and associated TP, DOP and P ce11- 1

, and residua1 phosphorus 
<> 

as measured by SRP and radiobiologiea1 32p assay. Limits are one ~tandard deviation. 

CeU' 
Phosphorus division CeU 
in reservoir rate density TP' 

(llg P 1'.-1) (div. day-l). (ceUs ml- 1 ) (l1g P rl)', 

/ 
80 0.58 51369 * 3934 72.7 ± 4.8 

0.39 56934 ± 4154 76.7 ± 3.3 

0.32 57872 ± 7891 67.1 ± 2.5 

0.-23 54960 ± 3621 73.1 ± 4.2 

0.15 67311 ± 6414 71.0 ± 3.3 

c·O •. lt 71580 ± 4088 72.6 ',± 5.1 

14 0."55 6534 ± U72 ' 12.1 ± 1.9 
~ .~, 

0.29 6414 ±' r578 9.9 ± 1.2 
- .. 

0.14 7097 ± 1029 '9.7±2.4 

* Undetectab1e = <0.50 pg P ~-1. 

... 
- -- ----~ 

, 

,D 

DOP 
(llg P 1'.-1) 

14.2 ± 3.3 

20.S"± 1,:9 

15.0 ± 2.9 

21.9 ± 4.2 
' .. 

21.7 ± 5.3 

22.8 ± 3.1 

3.8 ± 0.3 

2.3 ± 0.5 

3.9 ± 0.2 

P celr 1 

(picograms) 

1.13 ± 0.13 

0.99 ± 0.07 

0~90 ± 0.08 

1..01 ± O.U 

0.74 ± 0.03 

0.67 ± 0.04 

1.26 ± O~,l'l 

1. ~6 ± 0.24 

0.81 ± 0.13 

_ ,J 

Residual phos~horus­
(l1g P r ) 

SRP 32p assay 

1.63 ± 0,60 
. 

0.94 ± 0.44 <0.10 

1.17 ± 0.40 

' 1.22 ± 0.27 <a.10 

0.82 ± 0.37 

1. 88 ± 0.61 <0.10 

* undetectable 
;;'1. 34 

undetectable 
-0.74 <0.10 

undetectable 
-1.12 

/ 

0-
~ 
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, . 
substantial1y' less Ehosphorus available for algal growth. In the 

example shawn (Fig. 7) the rate-concentration c~rve was first calculated 

by equ~ting SRP to orthophosphate, 'and was then recalculated at 

• • progressively lower concentrations of assumed residual phosphate. In 

the absence of sufficient data at <l ~g P 1- 1 additions during the first 

few minutes of uPtake, our estimates lack great precision, but they do 

indicate that the maxlmal amoWlt of residual phosphate was les.s than. 

0.10 ~g P 1-~ at aIl growth r~tes (Tab~e 1 and AppendiJ F). The chemioally 

determined reactive P therefore overest~mates by up to 20 ~imes the \ 

concentration of orthophosphate in the chemostats. 

Carbon Fixation 

The carbon uptake rate (at mid-culture light inte~sities) is 

independent of the cel} ~ivision rate"~t lJ> O.22'div: day-l, but 

declines sharp1y at slower ~owth rates (Fig. ,8) . In the low P chemostats, 
\ 

higher light inte~ities resulting from the decrease in cell density lead 
.' 

to greater carbon uptake than that measured for the high P chemostats. 

In both sets of chemostats, the amount of carbon fixed as measured by 

the acidification-bubbling technique is consistently greater (~22%) 

than that measured on membrane filters (Fig. 8). FinallY'Qwhen the 

filtered results are plotted against P cell- 1 JFig. 9), it is evident 
. ; ~ 
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~ig. 7. Ca1culation of the residua1 phosphate concentrat~on in the , 
chemostats by 32p assay: typ~cal resu1ts'. The curves are ,/ r 

, 

the product of the rate constant of uptake and the sum of . ' 

P added p1us,various assumed values for residual phosphate. 
, / ' 

The curve bend~ sharply upwards at a residual phosphate 

concentration set equal t~ SRP (1.22 ~g P t~l) and first, 

bends towards the x-y i~tercept at an assumed residual P 
o 

co~c~~tration 'of 0.10 ~g P t-~ 
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that carb?~ fixation decreases only when the P content is less than an 
\ 

apparently critical 0.B-0.9 pgm P cell- l , 

The effect of various degrees of P limitation on the photosynthetic 
\' 

response of f. ~ is best described by a series of photosynthesis-

Ijght curves (Fig. 10) (also Part III). The results show that: (1) In 

aIL experiments but one, the slope of the p-t éurve at subsaturating 

light levels was not significantly affected by the nutrient status of 
1 

the cells, either before or after enrichment with P, (2) that cells 

grown at higher rates of P supply had a maximum photosynthetic capacity 

(P ) greater than cells under severe P limitation, (3) that more P 
max ~ 

sufficient cells ~aturated at higher light intensities (I k ) than 

deficient populations. Moreover when the Ik's were compared ta the mid­

chemo~tat 1ight flux (~ 10- 2 ly min-l) it was evident that carbon uptake 

- 1 was light-saturated only at growth rates < 0.22 div. clay , (4) 

that at higher rates' of P supply the onset of photoinhibition (1.) 
1 

usually occurred at higher light intensities than under greater P 

deficiency, and CS) that a 24 hr enrichment with P had a negligible 

effect on the photosynthetic response of cells at higher growth rates 

(>0.22 div. day-l), but increased the P and Ik of severely P-limited max 

cells (Fig. II and Appendix 1). 

Morphology and Cellular Composition of C. erosa 

# 
PLlimitation affects not only cellular P content, but also cell 

'morphology and the relative abundance of other cell components. 

CeU volume and carbon !i!ontent. The mean celI volume of C. erosa 
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Fig. 10. The photosynthesis-1ight response of f. ~ grown under 

variou~ degrees of P-limitation in continuous culture. 

Steady state growth rate (div. 'day-l); 1 - 0.55; 2 - 0.39; 

3 - 0.23; 4 - 0.14; 5 - 0.11. 
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Fig. Il. The photosynthesis-light response of ~. erosa before (()) 

and after (41) a 24 hr enrichment with phosphate. The 

cells were grown at 0.11 ~iv. day-l in the chemostats. 
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, 
in the low P chemostats increases to a maximu~ at the slowest'growth 

. 
rnte, but ln the nigh P chemostats is maximal at an intermediate growth 

rate (Table 2). Cells in the low P chemostats are also 50-100% larger. 

J 
Measures of suspended ea~bon in sorne batch cultures and in the chemostats 

) 

show that carbon is a fairly constant 20% of the wet weight s~ that an 

increase in cell volume directIy reflects an increase in cell ca~ 

(Fig. 12). Cel1 carbon content is therefore also maximal at intermediate 

and slow rates of P supply (Table 2). Direct measures of cell carbon 

can be compared with estimates obtained from the expression 

;: net C uptake cell- 1 day-l carbon cell- l 

The results show (Table 2) that at most growth rates the measures are 

in reasonab1e agreement, indicating that the uptake of l~C on filters 

measured the production of particu1ate carbo~ . 
~ , , 

Cel! nitrogen. N cell- 1 did 'nat change apprecïably with growth 
, 

rate (Table 2) and no relationship was observed between cell nitrogen 

and ec1l volume. 

strangly affected by the P supply. In nutrient-rich batch cultur~s the' 

P content of the ce1ls was 2.5-5 foid greater than in the ehemostats, 

presumâbly the result of polyphosphate,storage (Rhee. 1973). The atomic 

ratio of N~ ~as 14-16, while C:P was <200, except under certain high light/low 
"-

temperature c~diti~ns' when the cells stared vast quantities of carbohtrate. 
\ 

In contrast, in the chemos~at cultures the ratios were much higher at Il 

growth rates examined. N:P increased from 54 ta 114 while,C:P rose to 
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Tablie 2. Steady sta~opu1ation characteristidS and comparison of ce11 carbon measured in three 

"" 

P concentration 
in. reservoir 
(~g p ~- 1), 

80 

,(' j 

~ '-~ ."'­c' 

14 

differen~ ways. Limits are one standard deviation. 

CeU Cell carbon (picogr~ms) 
division Cell 

rate volume Particu1ate Cell C fixed 
(div. day-1) (~3) carbon volume Cell div. 

0.58 --- _____..1047 ± 92 197 ± 12.2 218 159 . 
'0.39 1381 ± 100~37 286 245 

~2 
1240 ± 43 251 ± 29 258 302 

O. 3 , 1580 ± 114 327 327 396 

,~ 1375 ± 58 271 ± 30 285 293 

1337 ± 43 304 277 191 

O.~S 1616 ± 1172 289 ± 46 . '-335- 227 

0.29 2132 ± 149 488 ± 50 440 409 

0.14 2657 ± 145 470 ± 79 548' 369 

.' 

"' / 
J_ ... ..-..-__ .(,..~,... .. ..-/lj';I\,~ _'W.'.oo!~~'" ~ 

Cell Cel! 
ni trogen chlorophyll 

(picograrns) (p~cograms) 

26.3 ± 5.3 5.0 ± 0.42 

28.6 5.57 ± 0.34 

29.2 ± 4.3 5.82 ± 0.74 

33.0±1.7 6.55 ± 0.31 

27.0 ± 8.4 5.89 ± 0.45 

35.7 5.26 ± 0.03 

4.52 ± 0.26 

5.30 ± 0.40 

5.0S ± 0.79 

-..J 
~ 



Fig. 12:- The linear regression of cell carbon on cel! volume for 

4 and 1° batch cells (e) and chemostat cells (,6) 

(C ; D.ZDV + 3.5). 
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Fig. 13. C:P and N:P atomlC ratios and chl-a:P 

(w/w) in P-limited C. erosa. 
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over 1000 with increas~g P deficiency (Fig. 13). 

Chlorophyll a. The pigment content per cell- l \;'as not affected by the rate 

of P supply (Table 2). Sorne e~feft had been anticipated because the 

cultures appeared quite pale at the slowest growth rates, apparently the 

result of increased light scattering caused by increased cell size and 
1 

carbon content (Fuhs et al., 1972). The low P chemostat cells had a 

consisten~ lower pigment content, a-possible response to their higher 

light r~e. The\ ratio of chl-a:P (\~/w) increased with a decline in P 

supply to a maximum of 7.9 (Fig. 13). 

Phosphorus Uptake Kinetics 

Phosphorus uptake by f. erosa and possibly aIl other algae, as -- '. 

measured by 32 p on membrane filters, is subject ta t\W errors in the 

filtration process. Flrstly 32 p added to killed samples is also retained 

by the filters. The nature of this retention was not explo~eB, but may 

represent 32 p adsorbed to colloids and detritus or a small volume of 

liquid held by the filter matrix. Although blank counts are only 0.3 to 

0.5% of the total radioactivity added, they introduce significant error 

in those samples where high 31p additions result in <1% removal of 32 p 

by the ceUs. If blank corrections are not made V is overestimated. max 

A s~cond error is that the amount of 32 p in the filtrate increases with 
'jh 

• 

filtration pressure, presumably from cell breakage and leakage. Even 

filtration at only theaSDmm Hg used routinely here, results in an àpproximately 

10% los$ of cellular 32 p, when compared ta the radioactivity of cells 

concentrated by low speed centrifugation (Appendix J). However, in the 

; , 
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absence of sufficient data the uncorrected fi 1 tered results were used. 

In addition, other work in our laboratory shows that termination of 32p 

uptake with Lugol's iodine also leads ta a significant 10ss (up to 30%) 

of 32p incorporated by both f. ~ and a planktonic dia tom (Brighten, 

pers. comm.). Such loss of cellular P was avoided in the present study 

by live filtration of the cells. 

Phosphorus uptake by~. erosa follows ~Iichaelis-Menten kinetics 

with rate saturation at low 50-100 ~g 1- 1 concentrations of P (Fig. 14 

and Appendix K). The maximum uptake rate (V ) calculated at each max' 

sampling time, decreased within even the first 30 min of uptake. 

However, by extrapolation of the V at 10 and 30 min ta the ordinate, 
max 

it was possible ta estimate the uptake rate at zero time. The V max 

(zero-time) was low « 3 pgm P cell- 1 day-l) in aIl experiments, and 

was not relatable to the steady state growth rate in the chernostats 

(Table 3 and Appendix K). Although phosphorus uptake was non-linear, 

the K + S determined at each sampling time was consistently low, with 
s 0 

an average value of 4.25 ± 1.19 pg P 1- 1 for aIl uptake experiments 

(Table 3). Since our maximal estimates of S by radiobiological assay 
o 

«0.10 ~g P 1- 1 ) are «K + S , the half-saturation constant for phosphorus s 0 

-1 uptake by ~. ~ is approximately 4. 3 ~g P 1 or 0.14 )..lM P. 

MIen the concentration of P in the rese1'(pir was increa!;'ed from 14 

to 80 ~g P 1- 1 , t~e three growth vessels became heavily contaminated with 
l 

bacteria. Although the reason for this is unclear~ the new steady state 

ceU density,of f. ~ was reduced (Fig: 5 and Appendix G) and the SRP 

concentration increased by as much. as 10 fold. The presumed increase in available 

~~~.,.rvr,, __ F------------------~----~--~~~--------------------------------~----__ ... ~~~~ 
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Fig. 14. Short term (10 min) uptake of phosphate (C). left ordinate) 

and the linear transformation according to the Woolfe plot 

ce. right ordinate). Cells were grown in chemostat culture 

, 
at ~ = 0.39 div. day-l . 
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SR 

llg P 1- 1 

80 

14 

Specifie 
growth rate 
. (day-l) 

0.27 

0.16 

0.074 

0.38 

0.20 

0.095 

Table 3. 

P content 
ceU- 1 (q) 

(pgm) 

0.99 

1. 01 

0.67 

1.26 

10. 36 

0.81 

Charaeterization of P uptake kineties of C. erosa 

fi max 
zero-time K + S 

S 0 

(pgm P eell- 1 day-l) CWg P 1- 1
) 

1.7 4.0 

1.8 5.6 

1.2 3.1 

1.5 2.7 

2.8 5.4 

2.4 4.7 

Specific uptake* 
rate 

(pgm P cell- 1 day-l) 

0.27 

0.16 

.. 0.05 

0.48 -

0.27 

0.08 

* Specifie uptake rate from equation V = llq. 

t, Predicted uptake rate from Michaelis-Menten equation at Sa = .10 Wg ~ ri. , 

û 
~ 

.. 

.. 

-

Predicted uptaket 
rate 

(pgm P cell- 1 day-l) 

0.04 

0.03 

0.04 

0.06 

0.05 

0.05 

~ 

(X) 

a 

c'" 
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Table 4. P uptake kinetics in chemostats fol1owing contamination witQ bacteria. 

Data are given in % 32p removed from solution. 

, 

Added 10 min 30 min 60 min 
p ;1 

Bacteriat (llg P t- 1) Algae* A1gae Bacteria Algae Bacteria Algae 

0 15.0% 2.8 22.3 5.7 24.7 8.9 39.1 

.5 15.6 2.6 23.8 3.8 27.0 6.1 38.1 

1 15.8 2.0 22.0 3.4 27.7 4.6 38.1 
~ 

5 
. 

17.7 1.9 29.2 2.8 34.5 4.0 41. 8 

10 18.9 1.6 34.7 2.0 39.6 3.6 39.1 

50 14.6 1.4 44.1 2.1 60.6 3.3 60.0 

* Activity retained on 8 llm filter. 

t Activity retained on 0.45 llm fil ter follo~ing 8 ~ prefiltration . 
.1' 

~ 

8 hr 

Bacteria 

12.2 

8.9 

8.2 

6.6 

6.1 

5.0 

....... 

co ..... 
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phosphate coincided with a P uptake no longer consistent with ~ichaelis-

Menten kinetics because the % 32p removed from solution increased with 

increasing substrate additions (Table 4). The~same results were obtained 

in 8 other such experimen~s at several growth rates. DifferentiaI filtration 

of algae and bacteria through 8 and 0.45 ~m filters 'showed that this new 

type of uptake was associated only with C. erosa and could not be attriouted 

to bacterial' uptake or filter retention of colloidal or detrital-bound 

3 2p. The results, therefore, show a major change in the transport 

system of the alga resulting from higher P concentrations. 

DISCUSSION 

Phosphorus Limitation of Cell Division Versus Carbon Uptake 

, 1 In the chemostat experiments with f. erosa there is conflicting 

evidence as ta whether phosphorus or light intensity is the limiting 

factor for growth. It was shown that at higher growth rates (> 0.22 div. 

day-l) ~he rate of· carbon uptake was independent of the supply rate of P 

(Fig. 8). Moreover, from the photosynthesis-light curves, carbon uptake 

of such cells w~s saturated only at light intensities greater 
• 

than those present in the growth vessels (Fi? 10). 'However, carbon 

uptake was sharply lowered at slower rates of P supply and, from the P-I 

experiments, was light-saturated in the chemostats. The results thus 

suggest that growtn is regulated by P only at the lowest dilution rates, 

0, and br light at higher rates. However J other evidence attests to P as 

the limiting factor at aIl growth rates. This evidence includes the 

reduction of residual phosphate to nanogram levels in aIl growth 

................ _. -----_.-._- ---~_.---~---;-----. -,-~----_....:.._--------------:-_ .. _~~ 
-_ _: :"l.~;,~;,:/llfii~t;~{~,~,,;.:, ,'t '_ ", •• -:~. "" 1 
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f 

vess~ls, the demonstration that the cellular P content was independent 

of the concentration of P in the reservoir, and that the celI density of . , 

, ~steady state populations. responded to even small changes in reservoir 

P. Moreover, when the substrate concentratiolL in the inflow was 

increased from 14 ta 80 llg P 1- 1 , the 'temporary greater availability of 
\1', ( 

sUDstrate caused the population to increase at the maximum 'cell division . ' 

rate (0.65 - 0.70 div. day-l) (Fig. 5). The apparent discrepanc~ in the 

results can be reso1ved by considering cell division and carbon uptake 

to be differently affected by P limitation. That is, at higher rates of P 

supply the amount of chlorophy11 and photosynthetic enzymes present 

permit carbon uptake to proceed at a rate limited on1y by light, while P 
( 

specifically affects components required for cell division. On1y at lower 

rates of supply are both carbon uptake and cell division control1ed by P 

alone. Batch culture studies have shown that low tempera~ure also severely 

retards cell division of the species, while carbon fixation i9' less impaired 

(~art 1). Similar results have been reported for other algae grown 

at low temperatures (Sorokin and J(rauss, 1962; Wilson and James, 1966) or 

under N and P deficiency (Droop, 1954; Schindler, 1971). Such results support 

the . .'!Master Reaction" theory of Sorokin (1960) which postulates ceU 
1 

accumulation and cell division to be semi-independent processes that 

can respond differently to the environment. Whereas batch cultures 

enriched weIl beyond natural substrate l~vels readily manifest the 

effect of light and temperature on a1gal growth, chemostat cultures 

'illustrate the overriding importance of nutrients at lower and more 

natural concentrations. However, in nature it is virtually impossible to 
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~ 

measure the effect of nutriëht limitation on cell division because the 

phytoplankto? biomass is aiso significant1y affected simu1taneous1y by 

grazing and sedimentation. 

As the resu1ts of the P-I curves are discussed in detail elsewhére 

(Part III), a possible mechan~sm.of P control of carbon uptake is only 

briefly considered here. The P-I curves show that the initial slope of 

carbon fixatlon versus light at low intensities is relatively unaffected 

by the nutrient sta,tus of the cells in comparison with the maximum 

photosynth~tic rate (P ), which is markedly 10wered under severe P limitation , max 

(Fig. 10). The P ~ is a measure of the maximum rate at which the dark 
MaA 

reactions of photosynthesis can use~~ from the primary photochemical 

reactions (Steemann Nielsen and J~rgens,en, 1968). Since the maximum rate is 

dependent on the environmental temperature and the concentration of dark 

, ~nzymes, we interpret the decrease of the P in our constant temperature max 

chemo'stats the result of an inability of the celI to maintain a sufficiently 

high concentration of dark enzymes. Yentsch and Lee (1966) and Griffiths 

(1973) have similarly explained a lowered P in low light and dark max 

cells, whi1e Hellebust and Terborgh (1967) and Morris and Farrell (1971) 

have related change in the photosynthetic capacity to the concentration 

of the dark enzyme RuDP carboxylase. With fewer enzyme molecules present, 

severely P-limited cells are saturated at low light intensities, as shown 

by a shift in the Ik to lower values (Fig. 10). Thus, in contrast ta more 

P-sufficient cells, the lowered photosynthetic maximum is reached at lower 

1ight intensities. 

A 24 hr phosphate enrichment had a neg1igib1e effect on the photosynthetic 

" , 1, 
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respanse supply, but increased 

the P and Ik of rely P-limited celis (Fig. Il and Appendix 1), max 

indicating that p sphorus accumulated by the cells is channelled inta 

metabolic pathways which restore the level of the dark enzymes. However, 

restoration of the photosynthetic rate was only 40-60% of the ma~imum 

rate of cells grown at higher rates of P supply. Since P deficient C. 

~ are rich in carbohydrate even this degree of recovery had not been 

expected untii the previously stored carbon had been utilized in renewed 

growth (Healey, 1973~. However, within 24 hrs of enrichment many cells 

had divided (Appendix 1) and it was probably only these smaller celis 

with theit now lower carbon content that were photosynthesizing at the 

maximum rate, while cells which had not yet divided were MUch less 

active. The failure of ce1Is grown at higher rates of P supply to 

respond photosynthetically to added P, daspite the observed P-limitation 

of cell division, may weIl partly account for the variable response in 

photosynthesis of naturai communities in short-term nutrient bioassays. 

The results suggest that despite species changes, long-term measures of 

chiorophyli a concentra~ion and cell numbers better assess nutrient 

limitation in lakes than short-term bioassays. 

Since C. erosa in the chemostats maintains a high rate of carbon 

uptake despite a reduction in cel1 division, the celi must either 

increase its mass or excrete excess organic carbon. It appears from the 

difference in carb~n uptake as measured by the acidification-bubbling and 

the stand,ard membrane fil t/ration techniques (Fig. 8) that the celI 

~~~ __ ~ ____________________ ~ __ """"" ______ " __ """ ____________ ~ ___ ~~~~~~A~ 
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cxcretes approximately 20% of the tota.l carbon fixed, yet the proportion 

remains constant regardless of the degree of inbalance between carbon 

uptake and cell dlvislon. Because cclI volume and carbon content are 

both maximal at the point of grea~est ilnbalance (Table 2), it is evident 

that excess photosynthate'is principally retained within the cell as 

storage carbon. However, a much more extreme inbalance in batch cu~tures 

at low temperatures (1 and 4°) and inhibitory light levels (Part I) 

resulted in a virtual cessation of cell division and excretion of up to 

50% of the total carbon fixed. Because the carbon uptake rate decreases 

with decreasing rates of cell division (Fig. 8), similar rates of 

excretion do not occur in the chemo~tats. The proportion of carbon 

retained or excreted is thus dependent on the degree of inbalance 

between carbon uptake and cell division. 

A general response of algae to nutrient limitation is the accumulation 

of carbon storage compounds (Healey, 1973~). In the Cryptophyceae carbon 

is stored as starch in spheroidal or ellipsoidal starch granules in a 

sheath around the pyrenoid (LuCas~970), which in the chemostat cells 

were,normally deposited in such abundance as to obscure the remainder of 

the cell contents. Carbohydrate storage has been reported for several N 

deficient algae (Allen and Smith, 1969; Guérin-Dumartrait ~~., 1970) 

and P deficient algae (Fuhs et ~.t 1972; Healey, 1973~, while yet other 

algae accumulate lipids (van Baalen and MarIer, 1963). 

Although the nature of the excretory products of C. erosa was not 

examined, its mucilaginous growth on fhe chemostat walls'suggests that 

the 20% carbon excreted is ~a~gely composed O~polysaccharides. 
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According to Hellebust (in Stewart, 1974), the amounts of polysaccharides 

released may represent a considerable 15-90% fraction of the photoassimilated 

carbon in sorne species. That~. ~ does not excrete a higher percentage 

is the result of its ability to store large amounts of carbon. In general 

a combination of high light and low nutrients and/or low temperature, 

inhibiting cell division but not photosynthesis, will result in the 

excretion of a higher proportion of photosynthate. The hlgher rates of 
. 

carbon ~xcretion obse~ed in oligotrophic than in eutrophie waters 

(Anderson and Zeutschel, 1970; Saunders, 1972) may weIl be caused by 
/ 

the differential affect of low nutrients and frequently low temperatures 

on cell division. 

Phosphorus Content of C. erosa 

Although the phospho~s content of the celis (q) decreased at the 

slower growth rates, P cell- 1 was' constant at higher growth rates (Fig. 

6). Thus cell division cannot be related ta cellular P content by a 
1 

rectangular hyperbola of the form 

lJ = U (q - k) m 
q 

used by Droop (1968) to describe alga1 growth on vitamin B12, where k is 

equivalent to thè minimum substrate content of the cells (qo) in our 

study. Similar expressions have described phytoplankton growth·on iron 

(Davies, 1970), nitrate (Caperon and Meyer. 1972!~ and phosphate (Fuhs, 

1969). Nutrient-limited growth of algae generally fits the above model 

because of variation in the size of the nutrient reservoir of a species. 

which is nearly empty under severe limitation but fi1ls under higher 

, 1 , 
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rates of nutrient supply. It is ~he size of this reservoir that controls 

.. 
the growth rate of the celI (Caperon, 1967; Oroop, 1968). We can interpret 

the lack of fit of our data to this hyperbola t.o result from either, a 

decrease in the amount of incorporated P (protoplasmic P) and an increase 

in reservoir P, resulting in a constant~level of P cell-l, or from the 

lack of filling of the reservoir at higher rates of P supply (Caperon 

and Meyer, 1972~). Although the present data do not permit a clear 

choice bétween these alternatives, the P uptake kinetics of C. erosa 

(Table 3) suggest that the alga has a low uptake capacity (low Vmax)' 

llm\ting the accumulation of large amounts of P in the reservoir (Eppley 

and Thomas, 1969). Thus at higher rates of P supply the nutrient uptake 

rate of the cells does not exceed the rate of incorporation into protoplasm, 

and the additional P is channelled into more biomass. 

By extrapolating to q at zero growth the minimum P content of C. 

erosa (q ) is 0.30 pgm P cell- l (Fig. 6) and, according to Soeder et al. 
o " 

(1971), such values are species specifie. They 1ist the minimum P 

content of several smal1 green and diatom species as ranging from 0.05-0.14 

pgm cell-l, while a diatom similar in size to C. erosa had a q of 0.39 pgm 
o 

P (Fubs et al., 1972), suggesting that minimal P of algae may be more a 
-~ If 

function of ce~l volume than of species. ~Thus one might predict th~ 

the maximal biomass to develop in a P-deficient lake would be largely 

independent of species composition •. However, as small cells are more 

susceptible to predation than large cells, th~ maximum standing crop in 

a lake'dominated by nanoplankton would be less than that in a lake 

dominated by n~-grazed netplanktonic blue-greens and diatoms. 

\ 
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Cell Compo~~t~on as a Measure of P Deflciency 

CclI composition when expresse~s ratios has been used to assess 

the nutrient status of phytop1ankton (Fuhs et ~., 1972; Perr~ 1976). 

Under condltions of ba1anced growth Redfie1d et ~ (1963) and Ketchum 

(1969) cite atomic ratios of C:N:P of 100:15:1 or 106:16:1, whereas C:P 

and N:P ratios greater than 200 and 20-22, respectively, indicate a P 

deficiency (Healey, 1975). The high ratios observed in chemostat grown 

f. eros,a (Fig. 13) are thus clear1y indicative of P-limitation and, 

except for certain unusual growth conditions (see rresu1ts), provide a 

clear separation between P-rich batch cel1s an~~deficient chemostat 

cells. They are a150 distinctly different from rhose recorded for other 

) 

cultured specles déficient in nitrogen (Sakshaug et ~., 1973; Perry, 1976). 

However, such ratios are of less use in field assessments of deficiency 

because of contamination from detritus and heterotrophic organisms 

(Peterson et ~., 1974; Perry, 1976). Moreover, the low phosphate 

'" concentrations in natural waters prec1ude the extensive uptake of surplus, 

P that is possible in enriched laboratory cultures and, with the resulting 

10wer P ce11- 1
, the ratios less clearly de1ineate N from P deficiency. 

P limitation in 1akes is thus best assessed by supp1ementing information 

obtainéd on atomic ratios with measures of kinetic parameters. such as 

nutrient debt and a1ka1ine phosphatase act~vity (Healey, 1975) • 
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Steady State Phosphate Concentration 

We estimate, using radiobiological 32p assay, that the maximum 

amount of residual phosphate in the chemo>tats was 0.10 ~g P 1- 1 • The 
. 

up to 20 fold discrepancy observed in our data between chemically 

determined SRP and available orthophosphate is consistent with similar 

measureme~s in batch cultures (Kuenzler and Ketchum, 1962) and in 

natu:ral waters (Rigler, 1966, 1968). Rigler (1973) suggests ,that the 

~trong acidic conditions Qf the molybdate-blue technique will hydrolyze 

free phosphate esters and release P04-P from fulvic acid-metal phosphates 

or colloidal-iron phosphate. In addition, the filtration loss of 32p 

from ~. erosa (Appendix J) and other algae (King, 1970) further introduces 

error when attempts are made ta measure P chemically. . 
\"'-' 

Since our m~asures of steady state residual P are maximal estimates, 

whether a threshold concentration of phosphate exists in the chemostats is 

unclear. In other chemostat studies (Button et ~ .• 1973; Perry. J976) the 

addition of radioactive tracer to the reservoir suggests a low residual 

concentration of P, while Caperan and Meyer (1972a) also postulate a 

threshold concentration of nÏtrate for several marine algal species. In 

nature one might:predict a high threshold concentration ta oêcur only in 

communities dominated by high K species, which less effectively remove s 

nutrients at law con~tTations. However, bioassay measures of phosphate 

at low .001 ~g P 1-( concentrations in lake waters ({evine, 1975) most 
,-" . 

~robably characterize the efficiency at which microbial communities normally 
~ 

(~cavenge phosphorus an4 other nutrients. 
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Kinetics of P Uptake 

Since at steady state the amount of phosphate taken up by~. erosa 

in the chemostats must equal the amount used to pro duce new cells, 

(1) 

where V is the specifie uptake rate day-l (pgm P cell- l day-l), ~ is the 

specifie growth rate day-l, and q is the amount of phosphorus per cell 

(pgm P cell- l ). The uptake kineties of the population can also be 

expressed by the familiar Monod equation 

V = 
V max s 

K + S s 

(2) 

Taking the V (zero-time) and the mean K determined for each uptake max s 

experiment (Table 3) it is possible to calculat~ (equation 2) the uptake 

rate that would oceur in the chemostats at the maximum estimated 

concentration of available phosphate (0.10 ~g P 1- 1). The calculations 

show these predieted uptake rates to be 1.3 - 8.0 (x 4.7) times less than 

the specifie uptake rate (equation 1) and the discrepancy increases to 

the extent that S is lower than our maximal estimates (Table 3). 
p 

There are "two possible reasons why the in vitro measurements of P 

uptake might underestimate the uptake rate based on growth in the 

chemostats: (1) The samples for in vitro P uptake were frequently 

swirled, but the continuous stirring and aeration of the ehernostats was 

not maintained. If the decreased circulation created a local depletion 

of phosphate at the active surface of the cell, P transport into the 

cell would be lowered and V accordingly underestimated. ~k and max 

Riley (1952) and Pasciak and Gavis (1974) have demonstrated the importance 
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of medium flow on nutrient uptake. In situ incubation of phytoplankton 

in battles may. for the same reason, underestimate production in the open 

waters of 1akes, (2) "'" Any change in the environment of ce1Is removed from 

the chemostats that inhibited growth wou1d aiso reduce P transport and 

the V max Light intensity, temperature and pH were kept cons.tant, but the 

ce1Is were subject ta other stress, such as the possible inhibitory effect 
o 

of a sudden'uR ta 1000 faid increase in' phosphate concentration. Nitrate 

uptake of a marine a1ga was 1inear anly if the cells were pre-incubated with 

a Iow concentration of nitrate (Eppley and Thomas, 1969), suggesting that sorne 

transport systems require "prepping" in arder to respond to high leveis of 

substrate. Similar pe~turbation of the growth conditions must aiso occur in 

nutrient bioassays of natural communities and may weIl account for the frequently 

reported failure of algae ta respond to short-term nutrient additions 

(Sakamoto, 1971; Kalff and We1ch. 1974). 

Although it appears that in vitro rneasurements of phosphate uptake 

underestimate the actuai V of C. erosa in the chemostats, estimates of 
max - ---

K were not changed during incubation ~'appear ta be independent of the 
s 1 

maximum uptake velocity. Our estimated K of approximate1y 0.14 J.!M P 
s 

therefore seems meaningfui and we conclude that such a low K allows 
s 1 

the species to survive at low concentrations of phosphate. Half-saturation 

constants have been used to assess the relative abilities of phytoplankton 

te compete for nutrients (Dugdale";' 1967) . Data collected on K for P s 

uptake of freshwater aigae (Hea1ey.- 1973a) reveal significant interspecific 
" -

differences in K and therefore in nutrient uptake capabilities. The K ' s s 

for nitrate uptake by marine algae also show species differences (Eppley 

et al., 1969; Carpenter and Gui11ard, 1971). In compaT~n ta the Ks of 
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green, blue-green and diatom species studied to date (0.58-16 ~M P), ~. erosa 

is characterized by a transport system of unusually high affinity 

for phosphate. Whether other nanoplankton cha~acteristic of oligotrophic 

freshwaters also have low K , and thus a highly developed ability to s 

acquire phosphate from dilute solutions, remains unknown. Although most 

studies'show K not to vary as a function of nutrient limitation, Puhs 
s 

et al. (1972) report a decreased affini ty of algae to P under nutrient 

sufficient conditions, while Healey (1973b) found K to vary with the - s 

concentration -of Mg ions. In addition Hagen et !!. (1957) and Müller (1972) 

found evidence of biphasic (double K ) P uptake in higher plant roots and in 
s 

a diatom, respectively, although the break between the first and second 

absorption isotherms ~n the diatom was at phosphate concentrations considerably 

above those found in nature. The P uptake kinetics of C. ~, following 

an increase in phosphate in the chemostats (Table 4), was not analyzable 

by Michaelis-Menten kinetics. However, the greatly increased capacity 

at this time for P uptake is probably attributable to the operation, 

at <50 ~g P 1- 1 concentrations, of a second higher Ks system. The âbility 

of algae in nature to respond to different nutrient environments with 

Ks variability is likely more common than recognized today. [ 

Culture studies show that rather than through K variation algae more s 

characteristically respond to change in nutrient conditions by varying their' 

uptake capacity (V ) (Caperon and Meyer, 1972b; Eppley and Renger. 1974). max -

The V is commonly maximal under conditions of severe nutrient depletion max 

and, acc~rding to Caperon and Meyer, reflects an increased concentration 

of transport enzymes (permeases) at the cell surface. The apparent 

disadvantage of a species with a low affinity (high K ) system for 
1 s 
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1 
growtn at low substrate concentrations can thus be offset by'increasing 

the number of uptake sites. 
'\ 

In culture high K species normally do have 
5 

high V and grow as weIl as low K species at low nutrient concentrations mu 5 

(Fuhs et ~., 1972; Button ~ al., 1973). However, the maintenance of turbulent 

flow in laboràtory cultures probably overestimates significantly the V . max 

attainable in nature (Fuhs et al., 1972). Furthermore, the synthesis of 

various transport enzymes are potentially in competition with one 

another for energy and materials. In rich culture media defieient in 

but one element, a cell can readily maximize production of enzyme specifie 

for that limiting substrate. However, in nature the simultaneously low 

~ concentration of many essential nutrients probably limits the energy and 

materials available for the production of any one permease, 50 that the high 

V measured in the laboratory are-not realized by natural populations. max 

In addition, the overestimation of P0 4-P br current chemical methods 

will further result in a significant overestimation of the uptake rates 

possible in nature. 

Aspects of the Eé'ology of Cryptomonads 

Cryptemonads are members of a nanoplanktonic and largelr ~tile 
, 

flora which includes many chrysophyte.s and dinoflagellates that at 

aIl times dominate the plankton of oligotrophie lakes (Nauwerek, 1968; 

Peeh1aner, 1971; Kalff et al, 1975). They also charaeterize the 

winter and early spring plankton of meso- and eutrophie lakes, but 

typieally form a less signifieant percentage of the biomass during 

the summer and fal1 with the appearance of netplanktonic diatoms, 

1 
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~ greens and blue-greens (Pavoni, 1963; Gelin, 1971), even though the total 

flagellate biomass may be no lower than during the spring. Indeed, in . 
sorne eutrophic and even polluted lakes phytoflagellatés form a high 

percentage of the sommer biomass (Tuunainen et ~., 1972; Ilma~ta et 

al., 197A). They thus thrive in lakes of aU trophy and are a cosmopolitan, 

apparently physiologically plastic group . . 
The particular attributes which allow flagellates to survive in 

high mountain and polar lakes include motility and/or small size and the 

ability to grow under low temperature and low nutrient conditions. 

~1otility allows the algae to remain within a stable water 'column during 

long periods of ice coyer and to control, to some 'extent~ the light flux 

received. Motility also continuously renews the nutrient supply at the 

active surface of the cell which is advantageous for growth at low 
. 

nutrient concentrations (Pasciak ~d Gavis, 197~). 

Our study shows that growth of the typical freshwater oIigotroph. 

C. erosa, at low phosphate concentrations is fa~cilitated by a high 

affinity transport system. Studies of marine algae'in cu~ture have 

" similarly shown that species characteristic of oligotrophic oceanic 

regions have IdWer K for nitrate and silicate uptake than phytoplankton 
s • 

of eutrophic coastal waters (Eppley et al., 1969; Guillard et al., 

1973). 
, 

Because austere environments apparently select for low K s 

species, the energetic cost of maintaining, an inefficie~t high enzyme . , 

system (high V ) maybe prohibitive in continuously nutrient poor max 

envir~ 'However, smaller species that thrive in oligotrophic 

lakes need not have as Iowa Ks as relatively large C. ~" since 
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small cells ean offset a higher K with a more 'favourable surface to s 

volume ratio, lower absolute P requ~rement. and a higher V per unit 
~ max 

surface area (Fuhs et al., 1972). Nevertheless, the range of K of 
s 

1 

characteristically oligotrophic species is most'probab1y lower than that 

of more eutrophie forms, even though ~erry (1976) reported that two 

oceanic clones of a marine diatom had K values for phosphate no lower s 

than that for a neritic clone. Further work op the ro1e of the K and 
s 

V in al gal succession is presently in pro~ess in our laboratory. max 

The most obvious reason why f1agellates and small non-motile cells 

dominate both the flora of oligotrophic lakes and the winter plankt6n of 

eutrophie lakes is the ability to remain in suspension under ice cover. 

Much less apparent are the factors whieh cause nanoplankton to be 

replaced by net plankton during the summer. Evidence obtained by 

selective filtration of the algal community through membrane filters and 

screens of different porosity shows that ev en wh en net plankton comprise 

a larger percent age of the biomass, small forms are more efficient 

primary producers and are responsible for the largest,fraetion of the 

photosynthate produced QMalone, 1971; Kalff, 1972). Direct eV1denee for 

the high renewa1 rates of nanop1ankton in a natura1ly eutrophie lake was 

recently obtained through,autoradiography by Knoeehel (pers. eomm.) who 

observed doubling times of Rhodomonas minuta (Crytophyeeae) of approximately 

one per day, at a time when the population did ~ot increase. His results 

suggest that nanoplankton are growing rapid1y in eutrophie lakes, but 

fat1 to attain large numbers beeause of a high 1055 of cells, almast 
..... 

certainly attributablé"to a high suseeptibility to gr~zing by zooplankton, 

1 
j 
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. 
\'ihereas the biomass of netplankton is more subject to sedimentation 

(Knoechel, 1976). 
J 

In oligotrophic lakes phytoplankton renewal rates are 

normally far in excess of zooplankton grazing rates. whereas in 

eutrophie lakes the two rates are comparable (Haney, 1973). The 

greater grazing pressure in eutrophie lakes probably results not only 

from higher zooplankton numbers, but also from a shift in dominance with 

increasing trophy from predaciou~ copepods to filter-fe~ding cladocerans 

(Patalas. 1972). We therefore-suggest that the absolute abundance of 

small algae in the summer waters of eutrophie lakes is significant1y 

limited by the numbers and kinds of zooplankton present. 

Considering the highly favourable surface/volume ratio of small 

forms and their low absolute P reqUirem~s, it is apparent that with 

'" similar values of K , nanoplankton will outcompete netp1ankton at low 
s 

naturally occurring concentrations of P. In relatively large ~. ~ 

the disadvantage of a low maximum uptake rate per unit surface ·area is 

offset by a high affinity K system, such that the species can compete 
5 

successfully for P in both oligotrophic'and eutrophie lakes. Although 

the availability of kinetic constants will provide insight into the 

relationship between algal growth and nu~rient concentrations, models of 

phytoplankton succession in nature will be of low predictive power without 

an equal consideration of sedimentation and zooplankton grazing. 
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Part III 

The effect of growth environment on the photosynthetic 

response of labora~ory cultures. 
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ABSTRACT 

The relationship of photosynthesis ta light intensity is examined 

in the freshwater algal.f1agellate Cryptomonas ~ Skuja (Uryptophyceae) 

grawn under different light/temperature regimes in batch culture and 

under phosphate deficiency in chemostat culture. Batch cells grqwn at 

law light and temperature have lowere? rates of maxin!a1 carbon uptake 
1 • 

CP ) and are saturated and inhibited at low light intensities (low Ik max 

and II)' Similar results were obtained for chemostat-grown f. ~ 
severely deficient in phosphorus. The observed variation in photosynthetic 

capacity occurred without any accompanying major change in the ratel 

intensity chara~teristic at Iow light leveis or in the celi content of 

chiorophyli a. Thus under a suboptimal environment, the principal stage 

of photosynthesis affected is the rate of the dark enzyme reactions. 

It is suggesteà that at low temperatures the P is reduced because of 
max . 

a decrease in the rate constant of the dark reactions, whereas ~t Iow 

Iight or under P-deficiency, dark enzymes are selectively lost from the 

cell. The data are discussed in relation to light adaptation of algae 

in nature, and in particular, to the photosynthetic response of 

cryptomonads ,and other motile species in cold oligotrophic and in 

eutrophie lakes. 
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INTRODUCTION 

The photosynthetic response of algae is controlled in a complex .. 
manner by 1ight intensity, temperature and nutrients .. This complexity 1 

on which, in nature', is superimposed a dynamic flux, obstructs ready 

attempts to establish the relationship between the environment and rates 

of primary production. Such relationships are, however, more easily 

defined ~der controlled laboratory conditions, and culture studies 
1 

usefully supplement investigations of primary production in natural 
1 

waters. The present study ~xamines the photosynthetic response of the 

, common freshwater flagellate Cryptomonas ~ Skuja (Cryptophyceae) 

which is a member of a motile, largely nanoplanktonic group of algae 

which, besiaes other cryptomonads, includes many chrysophytes and ' 

dinoflagel1ates. Although these algae dominate the plankton at aIl 

times ,in oligotrophic lakes (Pavoni, 1963; Pechlaner, 1971) and contribute 
r-

a significant percentage of the production in many eutrophie lakes 

(Kalff, 1972; Granberg, 197.3), they have received little attention in 

culture studies and their physiological ecology is poorly known. Yet 

such info~ation ~s needed for an understanding of the range of adaptive 

mechanisms of algae, which in turn i5 neede'd for an improved Wlderstanding 

of the'phytoplankton d~amics of lakes. 

The p.hot~synthetic reaction can be separated into two components: 

the photochemical processes governed by the 1ight aQsorbing'mechani5m, and 

the enz~tic proce~ses governed by th~ activity of the'Ph01osyntbetic 

enzymes (Steemann Nielsen and J~rgensen, 1968). Since tbe5~ two components 

\ 
are semi-independent, their rates provide clues to the respo~se of the 
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photosynthetlc system ta environmental factors. The examination of 

photosynthesis-light curves (P v~ l curves) provides a means of~obtaining 

the relative rates of the two processes. Such curves consist of a 

light-limited region, the slope of which is a measure of the rate of the 

primary photochemical reactions, and a light-saturated (plateau) region 

which i5 the'maximum,rate-of photosynthesis CP ) and is limited by the max 

~rate of the dark reactions. A third, the photoinhibition region, i5 

also observed in Many studies. 

We have examined the photo5ynthesis-light curves of f. ~ 

cultured under a variety of light and temperature conditions in nutrient-

sufficient batch cultures and under various degrees of phosphate 

deficiency in chemostat cultures. In particular we want to examine 
. , 

variation in the photosynthetic capacity of the alga in relation ~t 

the light, temperature and nutrient regimes imposed and to discuss 

the possible mechanisms involved. 
1 

METHODS 

Cryptomonas erosa Skuja W3S isolated into axenic culture from a 

naturally eutrophie lake near Montreal, Quebec, Canada. The algae were 

grown in batch culture in 500 ml reagent bottles, eontaining 300 ml of a 

relatively dilute mineraI salts medium (conductivity = 240 ~mhos at 25°), 
1 

with the addition of 3 vitamins (Part I). The cultures were \Ubject to 

a regime of continuous cool-white fluorescertt illumination over a range 

'of light intensities at,,23.5, 15, 4 and ID, Light intensity at the base 

of the culture bottles w~s measured with a photocell calibrated against 
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a quantum radiometep (Lamda Inst~ents) sa that light units are 

presented in Iy min- 1 (cal cm- 2 min-l) of photosynthetically available 

radiation (PAR), where .01 ly min- 1 PAR ~ 230 ft. c. CW illumination ~ 32 

microEinsteins m- 2 sec- 1 (Appendix A). 

The chemostat units ha~e been described previously (Part II) and 

consist essential1y of 2 1 round bottom flasks with a sampling port and 

an overflow tube to maintain a constant culture volume. The units were equipped 

with a "sweep-stirrer" fitted to the inside curvature of the vessel wall 

ta remove wall growth. The ~edium w~s fed through a peristaltic pump. 

and contained either 80 or 14 J.Ig P l-~_.' The cultures were maintained at 

15° and were continuously illuminated by cool-white fluorescent lamps 

located at the rear of the growth vessels. The light intensity at the 

chemostat centers was calculated from the extinction coefficient of light 
,-

through the cultures and, depending on cell density, ranged between 9.0 

and 11.2.x 10- 3 ly min-l. By varying the dilution rate in the g;owth 

vessels, the algae ~ere grown under various degrees of phosphorus 

limitation at growth rates of 0.11 to 0.58 cell div. day-l. 
1 

At a number of growth conditions in both batch and chemostat 

cultures, the photosynthetic response of the algae was examined ovex a 

range of 1ight intensities. For this purpose sarnples of log-growth cells 

were rem~ved from culture and NaHl~C03 added at .125-.25 J.ICi ml- l • 5-10 ml 

aliquots were then placed in erlenmeyer flasks and intubated at various light 

intensities in a blackened light-gradient box. After 1-6 hours of 

incubation, the samples'were filt~red live at~50rnm Hg on 0.45 J.Im 

membrane filters. washed with a small volume of stetile medium 
1 

• 
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• 
1 

and fil ter activity assayed in a windowed GM counter of known efficiency. 

Dark counts were subtracted and the 6% isotope factor applied. At the 

time of fncubation, cell density was determined by microscope counts 

in a Palmer-Howard counting cell. In addition, chlorophyll a concentration 

was measured by in vivo fluorescence on a Turner model III 

fluorom~ter (Lorenzen, 1966), which was calibrated by spectrophotometry, 
f 

~Sing acatone-extracted material and the trichromatic 

S~ickland and Parsons (1968) (Appendix B). 

" 

equation of 

( The carbon uptake data are expressed on a per cell basis in the 

form of photosynthesis-light curves. Regression lines have been fitted 

(p~ 0.05) to the points to de scribe each curve at subsaturating and 

inhibitory light levels, while carbon uptake values along the saturation 

plateau were averaged ta give.a Mean maximum photosynthetic rate (P J. max 

The lines have been extended to intersect at Ik and Ii' the light 

intensities at onset of saturation and inhibition. respectively. 

RE SU LTS 

The photosynthësr~:ii.ght intensity curves of the 'batch and chemostat 
, 

cultures are shawn in Figs. 1 and 2, respectively, and the results summarized 

in Table 1. The P-I curves conform to the typical pattern of a linear increase 

in carb0!l,.~pf.a~e with increasing light at subsaturating intensi ties. 

followed by light saturation and ultimately. at st1Ù higher ilntÊmsities, 

by photoiTA1ibi{ion. The P-I relationship in the batch and chemostat 

cultures are strikingly similar. The mast characteristic feature of the 

curves is that in aIl experiments but one, the initial slapes are little 
.' 

............. ~,Pu..t • __ ._. __ ............... -~- v 

.. .. 1 \ • 

~~"~~~·).1-:f:~~;,.:' ~. 
,- . 

--II ,- ... "-" ... ---'!:'.'I .... ~:'" '~ 



" 
~. 

/ f' 

l 
\ 

f 
;; 
r 

l 

?~ 

t 

... ·t 

~1 

.J/JtI' 

Fig. 1. The photosynthesis-light response of ~. ~rosa grown under 

various temperature/light conditions (OC/ly min- 1 x 10- 3) in 

batch culture. 1. 23.5°/21.5. 2. 23.5°/2.0. 3. 15°/8.6. 
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Fig. 2. 

. ' 

The photosynthesis-light response of _Co erosa grown under 
;r 

various degrees of P-limitation in che~ostat culture. 

Steady state growth rate (div. day-l): l - 0.55; 2 - 0.39; 

3 - 0.23; 4 - 0.14; 5 - 0.11. 
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~ • Table 1. Summary of photosynthesis-light curves in batch and chemostat cultures 
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Table 2. Chlorophyll a content and P per unit chlorophyl1 in max 
batch and chernostat cultures 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

"Growth conditions 

·A. - BATCH CULTURE 

Temp. Light intensity 
_ (oC) (ly min - 1 X 10- 3) 

23.5 21.5 

23.5 2.0 

, 15 8.6 

15 1.0 

4 5.6 

4 1.0 

B. - CHEMOSTAT CULnJRE 

Cell division rate 
(div. day-Il 

(1) 0.55 

(2) 

(3) 

(4) 

(5) 

, . 

" 

0.39 

0.23 

0.14 
t 

o.n 

Ch1-a 
(pgm cel1- l ) 

4.1 

4.0 

5.5 

5.4 

2.8 

5.3 

4.5 

5.6 

6.6 

5.1 

5.3, 

p 
rnax/chl-a 

pgm C hr- 1 

(pgm chI-a) 

2.16 

1.64 

0.91 

0.65 

0.87 

0.37 

1.53 

1'.01 

0.64 

0.48 

0.19, 

i 
~ 
l 
~ 

!' 'f 
.j 

~. 

'1 
1 
" 

, 
') 
1 
.! 
~t 
7 



.,./ 1 
f 
~, .. 
~ 
j:l 1 

t 
~. 

r 
t 
" 

i 
il 
~' 
" 
J 
T~ 

\ 

o 

- 118 -

different, varying over only a 1.6 fold range, with no consistent pattern 
'Q 

apparent. The one exception is a lowered ini tia1 slope for the chemostat 

population grown under the greatest P deficiency (~ = 0.11 cell div. day-I), 

and even here the decrease is < 50% of the mean for aIl other slopes. 

Thus the rate of the photochemical reactions is largely independent of 

the temperature, light intensity or nutrient conditions under which the 

cells were- groWfl. 

In contrast, the maximum photosynthetic capacity CP ) and the max 

values of Ik and Ii vary markedly with different growth conditions 

(Table 1; Figs. 4 and 2). In nutrient-rich batch cultures there is a 

" consistent de~rease in~~ax with decreasing temperature, characterized 

by an average temperature coefficient (QIO) of 1.82. In addition, at each 
1 

temperature, cells gr~ under light-limiting conditions have i lower 

(x25%) P than cells grown at light-saturation. At a constant temperature max 

(15°) and light intensities which vary only 1. 2 fold, the P of, max 

chemostat populations d~creased with increasing phosphate deficiency. Thus 

at higher rates of P supply, the Pmax ~as at least as great as that for 

nutrient-rich batch cells grown at similar light intensities and temperature, 

while under severe P deficiency the P was lowered 2.5-4.8 fold. max 

Therefore, the dark reactions of photosynthesis as measured by Pi max 

are, in contrast to t?e ~hotoche~ical reactions, strongly affectedJby the 

growth environment. 

Since the initial slopes of the y-I curves change very little, the 

light intensity at onset of saturati~n (I k) is determined primarily by 

variation in thê maximum photosynthetic rate at light saturation. Nhen 
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P decreases with decreasing light and temperature the value of' Ik in max 

the batch cultures aiso decreases. In a s~milar fashion, Ik decreases 

with increasing P deficiency in the chemostat cultures. Thus bath low 

lightflow ternperature cells and P-starved cells are saturated at much 

reduced light intensities (3.7-5.3 x 10- 3 ly min-Il (Table 1). 

The da~a also show that at high light and temperature (23.5°) in 

batch culture, màximal carbon uptake is maintained over a broad range of light 

intensities, with on1y slight photainhibition (0.80 P ) at the highest, max 

light level examined. At a somewhat lower temperature (ISO) in the 

chemostats, carbon uptake of cells at higher rates of P supply is also 

inhibited only at relatively high light levels, approximately the same 

as those observed in P-rich batch cultures at 15°. However, with a 

further decrease in light and temperature in batch cultures, the light 

intensityat onset of photoinhibition (1.) decreases, with I. approaching 
1 1 

, 

Ik' This approach is nearly complete at the lowest lirht and tempe rature 

when J. ,is apprDximately equal to I
k

, and little or no saturation 
l ' 

~ 1 

" •. ' 'pla,teau remains (Fig. 1; Table 1). The P-I curve is then pyramid-

shaped, described simply by a light limitation and li~ht inhibition slope. 

Light intensities ~ater than J. re~ult în-severe photoinhibition with 
~-

-~ . 
carbon uptake r~du~~-tr.4-0.5 Pmax at li~ht, i~tensities of only ~.02 

In chemostat cultures a low 1. was also observed in two of 
~ 

three severely P deficient populations with a'distinct pyramid-?haped 
: 

cu~ve_in one (Table 1; ~ig. 2). The reason for the high value of Ii in 

, the one experiment remains unclear. Thus in most experiments the 

photosynthetic response of ~. ~ grown at suboptimal conditions is 

• 
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characterized by reduced rates of maximal carbon uptake and by saturation 

and phot~inhibition at low light intensities. 
'" 

The chlorophyl1 a content of the cells is shown in Table 2. 

Although cell pigment increased in batch cultures grown at near 

compensatory light intensities and decreased under inhibitory 1ight 

levels (Part I), chJ9rophy11 cel1- l in those populations examined by P-I 

curves varied, with one exception, only between 4.0 and 5.5 pgm cell- l • 

Similarly the pigment content of chemostat çe1ls was unaffected by the 
. , 

degree of phosphate deficiency (Part II). Thus the photosynthetic rate 

expressed per unit chlorophyll a varies widely between 0.19 and 2.1,6 pgm 

C pgm chl-a- 1 hr- 1 (Table 2), and the P is therefore not proportional max 

to the chlorophyll a content af the cells. Only at low subsaturating 

light intensities was carbon uptake roughly proportional to the product 

of light intensity bnd pigment. 

DISCUSSION 

The photosynthesis-light curves sbow that the light-saturated rate 

of carbon uptake (P ) in C. _erosa varies considerab1y under different . max -

growth conditions, whereas the photosynthetic rate at low subsaturating 

1ight levels is little affected. AlI these changes in photosynthetic 

capacity occur without any açcompanying change in the chlorophyll a 

content of the cells. Because the rate/intensity cbaracteristic at low 

light leveis 1S little changed~ the possibility of some form'of 

"chlorophyll inactivation" (Steemann Nielsen and J~rgensen, 1968) can be 

ruled out and, instead, the results indicate that chang~'in photosynthètic 
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capacity is largely controlled by the dark reactions of photosynthesis. 

Although in SOrne studies the light reactions are significantly affected 

by the growth conditions (Steemann Nielson and J~rgensen, 1968; J~rgensen, 

1970). our resuIts are consistent with previous' findings that the 

dark reactions are usually affected to à greater ~egree in algae grown , 

at suboptimal ternperatures (Tamiya et al., 1953; Aruga. 1965; Talling, 

1966), low light or dark conditions (J~rgensen, 1964; Yentsch and Lee, 

1966) or under nutrien~ deficiency (Rabinovitc~95l; Knoechel, 1976). 

'The maximum r~te of the dark reactions is controlled by the 

environmental ternperature and the cellular concentration of dark enzymes 

(Steemann Nielson and J~rgensen, 1968), which in tum is a function of 

the growth environment. We interpret the observed decrease in P 
'. m~ 

with decreasing temperature (Fig. 1') as a reduction in the rate constant 

of the enzymatic reactions, because a srnaller fraction of the enzyme 

n J' \ rnoleculef have the necessary activation energy to react. In contrast, 

~" _~~e~~ered P of light-lirnited ce1ls or of extremely P-deficient f ,~ max 

l celis can be interpreted as-an inability of the algae to maintain a 
1 • 

~ 
sufficiently high concentration of dark enzymes. Yentsch and Lee (1966) ~ . 

and Griffiths (1973) have previously explained, in tpis way. a lowered 

Pmax of low light and dark cells. respectively,'while Hellebust and 
1 

Terborgh (1967) and Morris and Farrell (1971) have related changes in the 

phoiosynthetic capacity to the concentration of the dark enzyme ribu10se 

diphosphate carboxylase. Our results also show that f. ~ grown at 

low tempera;tures or,under extreme P defici'ency not only have a lower 
1 

• Pmax. but are saturated at lower light intensities ,(low Ik) (Table 1) • ... 
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1 
This was expected, since with the postulated decrease in the rate 

constant of'the enzyme reactions or with the presence of fewer enzyme 

molecules, even very,low 1ight intensities saturate the dark reactions 

and shif~ the Ik to lower ,values. 

Low ~emperatUre and P-deficient cells 

light inten~itiesj but 
~.!-\ 

in most cases, also 

1 

are not;only saturated 

suffer ~hotoinhibition 
at low 

at low 
\ 

quant~ flux (!ow Ii)' In two experiment~ the algte became saturated 

and inhibited at virtually the same 1ight intensitf. and the plateau of 
1 Ir 

the P-I curve disappeared, as ~as also been observéd in nature (Knoechel, 

1976). The naturd of photoinhibition in _Co erosa ~as explored in other 
, -,-\ 

experimen~s where carbon uptake of batch ce1ls was ,compared by the 

techniques of standard membrane filtration and âcidification and bubbling 
,- , 

(Schindler et al., 1972)'to yield, by difference, a measure of carbon 

excre~ion. It ~as found that the,propor'tion of photoassimilated carbon 

released from the cells was greatëst under photoinki~it9JY light levels 
\. ",~, 

associated with low temperature (Part I). These results indicate that 

inhibition of photosynthesis in the P-I curves largely results from , . 
inéreased carbon excretion at high 1ight intensities. Other cu1t~re 

" , ' 

studies have shown that under conditions of high l1ght intensity and low 

CO2 'concentr~tion. glycollic aeid is ~ften thé major extrace1lular 

product as part of the phenomenon of photorespirationJ(To1ber 

Stewart, 1974). , However, the 10w light leve1s at which ~ . .e---yr,--_ 

inhibited and. in particular, the assoc'ation of l6w-I~~ 10w P 
~ max 

(Table 1) are inconsistent with the hig light intensities and high 

rates of photosynthesis required for th induction of photorespiration 
1 

(Brown and Weis, 1959;' Kn~echel, 1976) .. ~lthOUgh photorespiration 

cannot be tota11y prec1uded in our experi ents, the produ~tion , 
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of a copious mucilage by C. erosa grown undeli' inhibi tory light conditions 

(Part 1) suggests that the photoirihibition fun~tion is primarily the 

resu1t of increased excretion of polysaccharides. The arnounts of 

polysaccharides 50 released can represent up to 90% of the photoass-iŒllated 

carbon in sorne algae (Hellebust, in Stewart, 1974). 

Because the dark reactions of photosynthesis are located in the 

ch1oroplast 1 arnel lae, 'one might assume that change in the photosynthetic 
'"' 

capacity would be closely tied to the chlorophyll content of the cell. 
1 

Su ch a relationship has been found in several studies even when photosynthesis 
, 

is reduced by nutrient deficiencies (McAllister et ~., 1964; Eppley and 

Renger, 1974). Moreover, Epp1ey and Sloan (1966) obtained a goo~ 
J! 

correlation between growth and light absorption of chlorophy~l in 

several species of marine algae. However, it is apparent that in p-

4eficient C~ erosa the photosynthetic capacity can be reduced to very 

low levels, without a corresponding decrease in chlorophyll _a (Table 2), 

similar to re~ults obtained by Griffiths (1973) for a marine dinoflagellate 

incubated at high temperatures in the dark. Similarly Thomas and Dodson 
1 , , , 

(1968) and J;rgensen (1970) fôun~ wide variation in the assimilation 
, 1 ! 

numbers pf N and P deficient cultures, respectively, while Yentsch and 
, 1 

Lee (1966) reported a 20 f~ld range in P Junit ~hlorophyll of natural 
'. , max 

land laboratory populations. , The results indicate that in C. erosa, as 
~ . 
weIl as in other algae, dark enzymes are selectively lost ft9m the chloroplast ' 

larnellae and that chlorôphyll ~s theierore not a good indicator of, the -

activity of the dark enzymes. The apparent species differences in this 
-n> 

• 
relationship make hazardous predictions of algal growth based on assimilation 
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numbers a1one. 

Sorne algae can adapt extensive1y to different light regimes by 

varying their pigment content (Steemann Nie1sen and J~rgensen, 1962; 

J~rgensen, 1964), "whi1e other species ,offset a temperature-dependent 

decrease in dark enzyme function by the synthesis of more enzymes 
1 

(Morris and Farrell, 1971). 
" 

These studies show that changes in Ik and 

P characterize cells that are better adapted physiologically to their max 

environment. Our data show that low Ik and Pare found in cells max 

grown under. low ~ight/temperature and nutrient def~cient conditions 

(Fig. 3) and therefore characterize a photosynthetic response ta a 

physiologically inferior environment. Thus in contrast to sorne algae, 

c. erosa, at least in culture, is una?le to extensive1y adjust its 

photosyrtthetic respons~o stressed c~nditions. eur results support the 

conclusion of Yentsch knd Leé (1966), based on data collected for 

cultured and natural:populations, that 10w Ik and Pare normally max 
/' 

indi~ative not of physiologica1 adapt~tion but of physiologica1 stress. 

In nutrient-rich batch cult~res of c. erosa, light and ternperature 

determine the photosynthetic response of the ce1ls, whereas in continuous-

f10w cultures the effect of P limitation is readi1y manifest (Figs. 1 
1 

and 2). In nature, too; a chronic shartage of essential nutrients for 
q 

growth must be of overriding impo~tance. However, evidence available in 

the 1iteratu~e is conflicting. Data co11ected by Yentsch and Lee (1966) 
<-

and the observations of Talling (1966) and Gelin (1975) show that temperature 
(1 

and/or Iight significant1y affect the P and Ik of natural populations. max .. 

( 



.. 

Fig. 3. The relationship between Ik and.the maximum rate of photosynthesis 

per unit ch1orophy11. The dashed 1ine is fitted bY,eye. 

, 

Legend: batch populations (OC/1y min- 1 x 10- 3): 1 - 23.5°/21.5; 

2 - 25.5~/2.0; 3 - 15°/8.6; 4 - 15°/1.0; 5 - 4°/5.6; 6 - 4°/1.0. 

chemostat populations (ce11 div. day-l): 7,8 - 0.55; 

9 - 0.39; 1D,lI - 0.29; 12 - 0.23; 13,14 - 0.14; 15 - 0.11 . 
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Simi1ar1y Ichimura et al. (1968) found that in a Japanese lake a diatom 

population at 2 m and 22.6° was saturated at a light flux twice that of 

a cryptomonad population at 6 m and 12.8°. On the other hand, LeWis 

(l91A) found that under intense illumination in a t~pieal lake. highest 

P occurred only at times of increased nutrient avail ab i lit y .", A max 

recent autoradiographieal study of specfes specific carbon uptake in 

freshwater diatoms (Knoechel, 1976) also reports little change in Ik and 

P over a 6_25° temperature range. Pm~v ~as, however. relatab1e ta max Q.A 

the surmised input of nutrients following rain events. In north-temperate 

zone lakes the June-August period is one of maximal light and temperature 

and, based on the'high P recorded in batch cultures under such max 

conditions, one might expect that algal populations would wax prolifica1ly. 

Yet there are many exarnples of decreased production during mid-summer 

stratification (Round, 1971). In contrast, despite generally lower 

light/temperature conditions, increased production occurs when nutrients 

are returned to the open waters at the spring and fall ~rnovers, which 

together with the abundant data DOW linking eutrophication with high 

phytoplankton production, indicate that the photosynthetic response of 

naturai populations is largely nutrient-dependent. 

The basic 1ight response parameters are the Iight-limitation and 

inhibition slopes and the Pmax~ In f. ~ the light-1imited slope 1S 

little affected by the growth environment. and carbon uptake at higher 
. 

light intensities is'essentially dependent on the magnitude of the P max 

and the slope of the inhibition function, as has been found for some 

0, ~ d~atom population,s in nature (Knoechel, 1976). Batch cells grown under , 

optimal conditions can main tain a high P at high Iight intensities, 
max , ' 

while P-deficient cel1s are markedly inhibited. In ~ature a cbronic p-

.r 
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limitation in most lakes must also result in severe inhibition of carbon 

uptake in brightly-lit su:r:.face \'iaters. The commonly reported rnovement 

of flagellates away from the surface is thus an important adaptive 

mechanism to bring the algae into a zone of more optimal light which 

permits increased carbon uptake. Moreover those flagellates passing 

into more nutrient-rich·deeper waters have, because of a now increasad 

P , a grO~h advantage over non~motile species. max ' 

Due to the scarcity of light under the winter snow and ice cover of 

temperate and arctic lakes, cryptomonads and other flagellates fotm a 

surfaèe biomass maximum (e.g. Wright, 1964). At the spring melt, there 

is considerable evidence that this extreme1y shade-adapted community is 

severely stressee by the sudden increase in 1ight CPechlaner, 1971; 
, 

Kalff and Welch, 1974). One can postulate that at this time the photosynthetic 

response of the algae is pyramidal in shape, with the P at a sharply max 

defined optimal 1ight intensity. Support for this premise is provided 

-by Kalff and Welch who found that under rising 1ight levels in spring in 

an arctic lake. the depth of maximum photosynthesis (nP ) gradually 
max 

moved from the surface to deep waters and thus remained associated wYth 

,a particülar optimum 1ight intensity. In other cold oligotrophic lakes 

there is evidence that motile species react to 1ight stress by a genera1 

downward migratien (e.g. Pechlaner, 1971). which ,in combination ,with 

diel movements (Tilzer. 1974; Kalff and Welch, 1974) maintains the celis 

in a zone of optimal light and. presumably, maximal carbon uptake. 
,.-

During the summer a general physiolog~al adaptation to higher light 

occurs that has been ascribed to the presence of higher nutrient levels 

in deep waters or ta the increa~ed nutrient availabilit~ concomitant 

l, ... 
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with the mid-summer turnover (Findenegg, l~; Pechlaner, 1971; Kalff 

and Welch, 1974). Our chemostat studies 01 C. erosa,confirm this 

nutrient-dependent adaptation ta higher light intensities and further 

indicate that such adaptation is largely dependent on an increased 

synthesis of dark enzymes. 

Some species such as Chlorella are able ta adapt extensively to 

different light intensities by mainly varying the pigment content p~r 

cell (Steemann Nielson and J~rgensen, 1968). ûther species such as 

certain diatrnns (J;rgensen, 1964) and, ~n the present study, f. ~, 

are able to adapt less extensively and do 50 primarily by change in the 

cellular content of dark enzymes. Bath adaptive mechanisms involve a 

matching of the maximum rate of the enzymatic processes ta the rates of 

the photochemica1 processes and both promote algal survival over a range 

of growth conditions. Motility adds a further dimension to 1.ight' 

adaptation and re1ieves, at least partly, the necessity of extensive 

physiological change. Motility thus promotes maximal population success 

and, in conjunction with physiological changes in enzyme and pigment 

content, accounts for the cosmopolitan distribution of C. erasa and other 

phytoflagellates. 
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ABSTRACT 

Changes in cell number and carbon cpntent of the freshwater algal 

-'}1agella~e Cryptomonas ero~a Skuja (Cryptophyc1eae) were followed in 

complete darkness. CeIIs incubated in the dark at high temperatures 

rapidly disappeared from cuJture, whereas those at low tempe~atures 
L 

survived up to 80 days of darkness. Radioactive tracer experiments 

with organic substrates and grawth of the algae in association with 

bacteria showed that heterotrophic metabolism by f. ~ was negligible. 

A lengthy dark survival was instead dependent on the slow respiration of' 

s~ored carbohydrate. The respiration of carbon reserves is suggested as , '1. ~, 
f 

the primary mode for survival of cryptamonads during the long win ter 

dapkness in polar lakes. 
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INTRODUCTION 

A number of recent ~tudies have documented the importance of the 

nanoplankton both in terms of phytoplankton standing crop and primary 

production in marine (Ma1one, J971; Watt, 1971; McCarthy et ~., 1974)" 

and'freshwaters (Rodhe'et al., 1958; Pâvoni, 1963; Kalff, 1972). 

However, culture studies of fre~hwater algae have dealt almost exclusively 

wi~h either Chlorel1a-type algae which, in many respects, are atypica1 of 

the J}atural p1ankton, or with net planktonic diatoms, green and blue-
, , 

greens sO,e~mmon in eutrophie lakes. The present study investigate: the 

physiologiea1 ecology of the common freshwater flagellate Cryptomonas 

erosa Skuja (Class Cryptophyceae) which is a member of a nanop~anktonic 

and Iargely motile flora that ineludes, besides other cryptomonads, many 

ehrysomonads ~d dinoflagellates, as weIl as a few small diatoms'and 

green species. These algae dominate the plankton. 9f oligotrophic 

lakes (Nauwerck, 1968,; Pechlaner, 1971; Kalff et ~., 1975), and also 

contribute a significant percentage of the prim~ production in many 
, ' 

eutrophie lakes (Gelin, 1971; Kalff, 1972; Granberg, 1973). However, 

the culture of 'these algae has been largely ignored, and their ecology 

is poorly known. Yet, without sueh 'information, it is impossible to fully 

1 understand the phytoplankton dynamics of 1akes. and the range of adaptive 

mechanisms in algae • 

The physiologic~1 eeology of f. erosa has been studied under a 

variety of light':tenwerat~re regimes in' batch culture (Part I)} -

under various degrees of phosphorus limitation in chemostat ' 
, ; 

"li .... ''';' __ ..... " ~ • 

J • 
-~ 

i.' " 

1 

Wti§iff! et 



1 

() 

v 

\' , 

- 136 -

culture (Part II), and its photosynthetié response related to change in 

the growth environment (Part III). In the present report we examine the 
; ~ .4j 

response of the algéf.' to incubation in the dark. ,. 
Cryptomonads a~e 'present in the water column throughout the year in 

many 'arctic, high mountain and north temperatè lake~. In winter large 
( 

nJn~motile diatoms Bl'!c!J~_!J!~:::.gr.eens rapidly sediment under ice caver and' 
-~--~-- . 

over-winter as resting spores or cysts. Ho~ever, cryptomonads, together 
1 

with other flagellates and small non-motile species, remain within the 

water column and over-winter in the vegetative state. Under the snow 

and ice cover in temperate and mountain lakes, algae in surface 
\. , ,,' 

waters still receive,at lea~t at in~ervals, s~~tradiation for a 

measurable amount of primary production (Wright~ 196~; Pechlaner, 1971). 

, r 

However, in arctic and sub-arctic lakes light is absent for up to 3 G '1 
months during the polar night (Kalff and Welch, 1974) and win,ter survival 

of algae must be by sorne non-photosynthetic means. Ne therefore examined 

the physiological mechanisms availablè to f.. ~ for ~urvival durin.g 

long periods of darkness. Some preliminary results were,reported in . ~ \ 

Morgan and Kalff (1975). 

METHODS 

Cryptomonas ~rosa Skuja was ,isolated into~enic: cultu~e, from,~ small 
- ____ ----- 0 

naturaliy eutrophic lake near Montreal, Queb~c, Canada.. The al-ga was 

grown in batch culture in a relatively dilute mineraI salt~ medium 

(conductivity'= 240 ~os at 25°). ~e only organics'added w~re trace , - ' '\ 
amounts of vitamins and the metal ch~later NaEDTA (Part 1). , / 
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cultures were maintained in 500 ml pyrex reagent. bottles without shaking 

or aeration and incubated in constant 'temperature (±0.5°) chambers under 

continuous" cool-white illumination. The alga was g'rown tmder a variety 

of light-temp~rature con~i~ions, and while still in exponential growth, 

sufficient cells were \noculated inta 2 or 3 bottles of fresh medium to 
, 1 

give an initial dark,population of'between 500 and 2000 cells ml- l . The 

bottles were wrapped in foi!. and cells--gi-own at 23.5 and ISo were 

incubated at their respective growth temperature~,in the d~r\. while 

cells grown at 4° were incubated in the dark at 4 and la. Changes in 

, " cell numbers and mean cell volume were followed in the dark cultures 

until the population disappeared. Cell numbers were counted in a 
1 

Palmer-Howard counting chamber and cell volume was determined br treating 

the cell as a prolate spheroid. At one or more times during the dark 

incubation, the viability of dark cells was determined by returning the 

cells ta both the pre-dark light intensity and ta a low light level of 

~e possible role of heterotrophy and phagotrophy in the survival of 

C. erosa at low limit~nJ iight levels ~nd in the dark wàs examirled in 
) '... 

two ways: (1) In a series of cultures (15 '8nd 4°) f. erasa was grown 
\ . 

in association with a mixed bacterial flor'a isol'ated from the same lake 

as the alga. No attempt Was ~ade at taxonomic identification of the 
T ' . .~ f 

. bactEfria, nor were, ba'cterial numbers cQntrolled or routinely measured in 
" 

the cultu~es. The bacterial count~at)were made were o~ nutrient ag~r 

~r'by direct microscope examination of filters stained with 
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erythrosin B (Kuznetsov, 1959). Carbon uptake, cell division and cell 

volume of C. erosa were compared at s:veFal light levels in algal­

bacterial versus aJCenic cultures. The algai-bacterial cultures were 

incubated in the dark with and without transfer to fresh medium to 

examine if the resulting difference in bacterial numbers and concentrations 

of organics would significantly affect the dark survival of C. erosa. 

Changes in cell numbers and ceU volume iR the dark were followed as 

described previously. (2) Heterotrophy by~. erosa was also examined 

through the uptake of labelled organics under low light and dark conditions. 

Following procedures of Wright and Hobbie (1965), l~C-glucose or acetate 

of high specifie activity (Amersham-Searle) was added at 1-50 ~gl-l 
, 

concentrations and, following an approximately one day incubation, 

samples were filtered ante O.45f4m membrine filters and filter activity 

assayed in a windowed GM system. Heterotrophy was also investigated 

wjth a mix of labelled organics that was isolated by sonification and 

filtration from an algal-bacterial cultu~e grown with NaHl~C03 in our laboratory~ 

RESULTS 

C. erosa retained its motility in the dark and no true resting 
1 

stage was observed. In a few cultures some cells did become enmeshed in 

a mucilaginous envelope, Iyet under the microscope, probing the cells 

with a needle caused th m to swim free. No growth was obtained in the 
! • 

dark in axenic or alg -bacterial cultures, and aIl populations disappeared 
'1-

~ within 80 days. Cul ures gro~ at 2.0 x 10- 3 ly rnin-1 (= 50 ft.c) at 23.5, 15 

and 40
, and incube. ed in the dark both ,'at these temperatur.es and 10

, 
, i 

illustrate the typical pattern of decline-in cell numbers in relation to 
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Fig. 1. The decline in cell numbers ( , left ordinate) and / 

(- - - - , right ordinate) of C. erosa at various temperatures 

in the clark. 
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Table 1. Viability of dark ce1ls on return to the light (+ = growth; - = nO.growth) 

Growth conditiQns 
. Temp. , 

(oC) (Iy min- 1 x 10- 3) 

15 

lS 

15 

15 

4 

4 

4 

4 

4 

, 
~ 

1 

8.6 <0 

5.6 

2.0 

1.0 

5.6 

2.0 

1.0 

2.0 

1.0 

,. 1.0 

Dark 
temperature 

CC) 

lS 

15 

lS 

15 

4 
J 

4 

4 

1 

" 

1 

1 

Time to 
complete 

disappearance 
in dark 
(weeks) 

2 

2 

1.3 

0.6 

9-10 

"t, 

4-5 

3.5 

7 

5.5 

10-12 

Time when 
returned 
to light 

(weeks) 

l 
1.5 

1 
2 

0.6 
1.1 

0.3 

2 
4 
8 

" 1 

2 

2.5 
3.7 
6 

2 
4 
5.3 

2.5 
6 
9 

<. , 

Viability at 
1O- 31y min- 1 

+ 

+ 

+ 

+ 

+ 
+ 
+ 

+ 

+ 

+ 
+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 

: 

• 
.... - .. l:.""t ... .,l"."~N .... _.~~>I>.~ ........ ;k..,,~ ....... ~~ ," ' ~ 

,-. 

Viability at 
pre-dark 1ight 

intensity 
\ 

>. 

+ 

N.A. 

+ 

+ 

N.A. 

+ 
+ 
+ 

N.A. 

N.A. 

.~ 

...... 
~ 
0 

- 1 
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temperature (Fig. 1). The resu1ts show that at high temperatu~es (23.5 

and 15°) cell numbers decline aimost immediate1y upon transfer to the 

dark, with a 100% 10ss of cells within 4 to 20 days. In contrast, at 4 and 
1 

1° cell numbers do not decrease for approximately one and three weeks, 

respectively, followed by fairly rapid cell death ta extinction within 

20 to 80 days (Appendix L). Incubation of c. erasa at a light intensity 
'-

just below compensation at 1° (.062 ly day-l) further retarded cell 

death and ce11s were still present after three months (Appendix 0). 

Cells present in the dark would generally resume normal growth upon 

transfer to the light (Tabl'e 1). C. erosa atO 19 were .still viable after 

7-9 weeks of d~rkness. However, in sorne cultures, especially at high 

temperatures (15°), very small dark cells were not viable in the light. 

In addition transfer of anY cells to relatively hi~h light intensities ... 
almost always resulted in cell destruction aven though gro\j-th \~as possible 

• at a lower light level (10- 3 ly min -1). 
, 

During the 

observed in the 

initial 'period of dark incubation when no cell death was 
) 

'\ 
Iow temperature cultures, the mean cell-volume of the 

population. nevertheless, declined rapidly in the first l 1 to 2 days. but 
• 

,more slowly thereafter. with a 40% decrease in volume in about 1 week at 
.. 

4° and ~ 50% decrease in 2-j weeks at 1° (Fig. 1). The 40-50% 1055 in-
~ ~ 

cell mass was coincident with the onset of celi death. In contrast. at 

higher temperatures (15 and 23.5°) the decrease in celi volume was a more 
'-

rapid 25-30% 10S5 within ,two darsoof darkness (Fig. 1). In ~ost 
• \ / Q , /~ . 

cultures the mean cell voIumé of the population decreased even further 

to a minimum of approximately 60'0 \.13 (Fig. 1) which remained constant 

, , 

( 

, -
! 

•• 1 

. , 
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with tirne bécauslf! the smallest ceUs died and disappeared; while larger . '-

cells becarne smaller and aPP!oached the minimum cell size. However, 

after 1~ngth1 incubation in the dark at lo~ temperat~res, sorne populations 

disappeared ~ven though the mean cell volume was significantly greater 
1 , 

than the rnïjimum. 

From ~alYSeS of particul~te carbon ~n sorne batch cultures in the 

light and~n phosphorus-1imited chemostat cultûres, cell volume was 
f 

,rou~d t?trovide a D1easu~e of the carbon content of the alga. (Part ~). 

The' reTionShiP~wa~ de~cribed by two linear equatio~s: , , " r 

Wh.Li~ :::. ::1:V::::"i: .::~::: : : ::: ::S2d 1°) 
"'" Thûs ceUs .at .low temperature's contain a higher percentage of carbon per 

J ' 
~it~ell vol~e than cells at 1~~. 'çn the assumption'that the equatio~s ~ 

J9 aiso app1y to aark ceIls, the ,rate of carbon 10ss per cell in the dark 
l ,,' f was calcu1ated front the decrease in the"rnean cep ,volume of, the population, 

1 J ' 

/ 

during the time in which l~tle O! no cell death ~as observed. At low 

tè~exaturesrt~ rat~ of carbon loss was' calculated during,the period of ' 

more slowly de"clining cell 'volume (Fig. 1), w~ereas ait high temperatures , 

the rapid d~cline in cell numpers necessitated that c~rbon loss be 

, :' da:lc'flate,d in t~e first 1-2 days ~''''incubation,.~ The results show that 

the Mean rate of' carbon 10ss, (pgm C cell- 1 day-l) decreased: sharplY with , 

~, ,'decreasing ~emperatpre. such that' the loss' ;ate 
, ~ . 

-than that at 23.5° (Fig. Z. and Appendix M). 
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Fig. ~ .. The r,lationship"between carbon 1055 pei ce11 (pgm è day-I) 
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in the dark and temperature. 
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Growth of C. ~ under'a v~riety of light-ternperature regimes 

resulted in celis with a wide range in cell volume (400-9000 ~3) and 

c~rbon content (60-1800 pgm C cell- 1) (Part 1). The amount of carbon per 
, 

cell at high ternperattlres decreased with decreasing light to a minimum 
" , 

at near cQrnpensatory light levels. Under growth inhibitory t'evels at 

low temperatures, cell division was more adversely affected than 
t 

carbon uptake and the resulting excess production of photosynthate was . 

principally retained as stored carbon. The carbon content of light-

inhibited cells at low temperatures was th~s 3 to 8 times that of light-

limited cells at ~igher temperatures (Part 1). The relationship between 

quan~ity of carbon stored in the light and subse~uent dark survival is 

h . F' 1 3 s own Iln 19. . Dark survival is expressed in units of time only, 

because the percent age of cells dying per day i~ independent of the 

ini tial cell density of th,e dark population. The resul t5 show J firstly, 

. that cells incubated in the dark at low temperatures survive the longest, 

and secondly, that at each temperature, dark survival increases with 

increased' quantity of stored c~rbon. Thus at low temperatutes, cell~ 

with over 500 pgm C cell- l survive 2 to 3 times longer than cells with 
1 

less than 200 pgm C celCl. Small cells grOlm at near' compensatory 

light levels at higher te~eratUl'es posse,s5 a critically low carbon 

content prior ,to dark incubation and die in as little as 4 days.' 

, Although the dark survival of C. el'osa appears to be primarÙY 
- -- 1 . \ 

/ " . 
dependent on it5 internaI carbon supply, the heterotropnic uptake of organics 

~xcreted by the celis or ~eleased from lyzed cel15'cannot be precluded. 

IJ The possible imp'or't:anc~ of he~erotrophy (and phagot~ophy) was d~terminéd 

" ' 
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Fig. 3.' The relationship'bétween quantity of carboh stor~d in the li~ht and the ;ime to complete disapp.aranc. in ~e dark 
at various temperatures. 
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'TaO 2.~ : Growth o~ 'Co erosa in axenic versus a~gal-bac~,eria1 cultures, and time to complete disappea-r.:-::e 

in the, dark. A = axeniç; B = ,a1ga1':-'t!acterial~ Transfer = dark 'incubation in "fresh" medium;, 
, 

Non-transfer = dark incubation in "-Q1d" medium. Limit's are pne standard deviation. 

Time to complete 
disappearance in dark 

Cel 1 Mean Dark (weeks) 
Light intensity division C uptake . ce11 volume 'temperature 

Cly min- 1 x 10- 3 ) (d.!v. day-I) (pgm C cell-1'day-l) (jl3) (°6) transfer 1 
11on-transfer 
l' 

~mpe~a tU!E': 15-° \ 
1 '. --(1) 2.0 A 0.30 ± .03. 34.8 ± 8.2 820 ± 79 15 1.3 

/ B 0.25' ± .03 ' 26.9 ± 4.9' 964 ± '89 2.5 3.5 

, (2) 1.0 ~A 0.18 ± .04 16.0 ± 3.8 771 ± 110 15 0.6 
B 0.14 ± .01 14.7 ± 2.9 1000 ± 104 3 3 

~. 62- ~ .:. 
(3) A 0.022 ± .013', 3~2 ± 1.4 640 ± 60 .0.6 15 

A.. 

TelllE"r.l~; . 4 • 

B O. III 7 ~ .007 4.4 ± ;1.8 818 ± 94 2.5 3 

(1) 2to A 0.21 ± .01 33.3 ± 4.1 1591" ± -l75 4 4-5 
1 7 

B 0.19 ± .01 29.3 ± 10.6 1614 ± 124 4 5-6 

, '~ 
1 8-9 

" 1 

(2) 1.0 'A 0.072 ± .004 ,\11.-0 ± 2.2" . 982 ± 9S 4 3-4 3-4 
1 5-6 4-6 

B 0:086 ± .01 114.7 ± 3.0 917 ± 70 4 3 4 • 1 
1 5-7 7-8 

J 
" 

A (3) 0.62 0.03 ± .004 5.9 ± 1.9 905 ± 121 4, 3 
j 

1 5 , 
117i ± 83 B 0.027 ± .• 01 9-.9 ± 4.4 4 5-6 6 

l ' ~ 1 7-10 7-10 
\ 

(4)" 0.24 A 0.OQ38 ± .0032 \3.7 ± 1.9 1266 ± 110 4 3-4 
. 1 

.... B 0.0030. ± .002 3.9 ± 2.1 1508 ± 184 4 5-6~ 7-8 
1 

_J_,_,.=,...::.<l..~. __ ,~ ... ,~.>-Jl.:'.' ,-~"",""._,-"", """' .... ____ .... "'4 ...... - r r '11.", -"-_"",;,'o't:tt """"_'". ' .. _............;.,~~ .~ .. ". __ ,-' _, __ '-
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Table 3.() Heterotrophy in ~. erosa: typica1 resu1ts. 

Pretreatment was 1 week in the dark at 4°. Results 

obtained fo1lowing a further 24 h~ incubation with 

'. .l4C-g1ucose and 14C-acetate in the 1ight and dark. 

1 
(l1gr 1) Substrate concentration 

GLUCOSE 

~ Incubated ~ dark 

Incubated a~ ~0~31y min~l 

* KiUed control· 

ACETATE . . , , 
""'~ ... ' , 

Incubated in dar,k 

Incubated at 1O- 31y min- 1 .. 

* Kifled control 

1 

100 

127 

114 

78 

&7 
~(I 

60 

11 Killed with Lugoii s iodine •. 

., 

• , . 

o 
.' 
i 

~ 

'2 5 10 

CPMS/5 mIs at 24 hrs 

159 230 . 276 

113 239 257 

141 210 264 

CPMS/5 mIs at 24 hrs 

93 

' 96 

79 

l, 
182, 249 

.198 230 

ib7r'~ 

l, 

. . " 

, 

l , 

20 

310 

299 

282 

247 

257 

2~0 ' 

50 

il 
.il 396 . 

406 

370 

310 

349 

312 

\ 

,. , ~ 

• 
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by growing the algae in association with bacteria at low light levels Cat 4 

and ISO), and comparing the dark 5urvival ofaxenic versus algal -

bact~rial cultures. The resul ts show 1 (Table 2) that neither carpon 

uptake or cerI division of f.- er~sa was signific~ly affected by the 
~ 

presence of bacteria. Yet, at aIl light levels at 15° and at the- t~o 

lowest light levels at 4°, the mean cell volume of the algae was greater 
; 

in bacter~al cultures, due to the occurrence of ,sorne especially large 

carbon-laden cells embedded in mucilage. When incubated in the dark, 

algal populations grown in assoc~ation with baçteria showed dramatically 

improved dark survival at 15° and, to a lesser deiree. at low temperatures 

(Table 2)) almost surely the result of improved su~ival of the large 
() 

ceps. However, no difference was Cibserved in the dark sUrVival of . , ~ -

~lgal-baçterial cultures transferred ta fresh medium versus thbse not 

transferred,'despite the higher concentràtions of bacteri~ and org~ics 
" 

in the latter cultures (Appendix N). Other experiments (15 in aU) with 

labelled substl'ates also s~owed f. ~ unable to assimilate 1-5-~]Jg li! 

concentrations of glucose and acetate, or a mix of organics, in e~ther 

__ ~_--~ ,the light or dark (~able 3). 

DISCUSSION 

. 
C. erosa 'can survive a lengthy dark period (up to 80 days) at 1°, 

but ~t much higher ,temperat~Tes (151 and 23.5°) the'aiga TaF~dly disapp~ars_ 
,r 

fr~m cultpre. Two marine flageil~tes were similaTly shawn to rapidly 
, - /,.-.' 

10se theïr .vi ab il it y a.t high temperatures (Yents~,n:r'an~ Reichert, 1763; 

Hel1ebust'and Terborgh,' 1967), while severai ~arine species,were (ound to 

., 

C· ---~-~. ~----"- - " ~ -~ 
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jsurvive three months darkness at _1.8 0 (Bunt and Lee, 1972). In contrast 

j 
to the~e,results, Antia and Cheng (1970) observed ~hat certain marine 

algae were viable for at least 6 months in the clark at 20°, yet it is 

most improbable that the cells remained vegetatively active, but rat~er 

survived in a resting stage. 

In the absence of ehcystmen~ or sporulation dark survival depends 

upon maintenance of the respiratQry system. Exhaustion of end9ge~ous 

substrate results in failure of that system and celi death. Respiration 

'of, stored carbon by f.. erosa: was manifestéd "'by a decrease in ce 11 volume 

and, by relating cell volume to c~rbon cont~nt, it was possible to 

estimate the mean daiIy carbon loss per cell. The calculation showed 
j 

that th~ 1055 decreased marked1ywith ternperature (Fig. 2). Th~s at 

high temperatures, reserve carbo~ is quickly exhaus'ted, followed by 

rapid cell death, w,hereas at low, temperature's the alga survives 

a lengthy dark period because of slowed --respiratioJ'l--O.t'-s--ro-ragê materials. 
• C J , 

When,supplied with a low sub-compensatory 1ight intensity, sufficient 

" photosyJÎthe~;is ~cc,urred' to further retard carbon 10:;s and pralong 

survival of the population. Bmt et -al. (1966) have previ?usly shown 

that respiration in marine diatoms was substantial1y depressed at'f~' 
• " "l 

temperatures and proposed'that this response wou1d corttribute to successful 
, 1 

B 

survival in the dark. In cryptomonads carbon is st~red as starch in 

spheroidal or ellipsoidal granules, (tucas, 1971), which in f. ~ gro~ . \ 

at low tempe ratures and inhibitory lighf levels accumulated in su~Jt 4! 
, ~ , l , li • , • 

quantity as to obscure the remainder of the celi contents. -,The unusual 
, ,~ 

ability oficryp~~monads to exp and in size to accommodate larg~ carbon 

ua 2 ~ al. 

, 
, 

__ f' 

l' 
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reserves may depend on their possession of:an elastic ~êriplast rather 

than a more rigid celi wall (Faust. 1974). This capacity to store 

carbohydrate is, as shawn in ~. ~, (Fig. 3) an additiona1 impo~ant 

mechanism for survival during Iengthy dark periods. , 
, 

The amount of celi carbon a~ailable for respiration is limited, 

and in most dark populations the mean cell volu,me decreased to 

a minimum of approximately 600 ~3. Celis much smal1er than 600 ~3 

t ' 
quickly expired, presumably from failure of the respiratory system. 

This value therefore appeats to represent the genetically fixed minimum 
" \ ' 

necessary for a viable C. erosa. Cell viability on retum to the light 
- ---- 1 

i.S alsd dependent on maintenance' of a func.tional photosynt~etic system. 

Although no measurès were made'here on the photosynthetic capa~ity of 

dark cells; other studies of mar~ne flagellates show that, at hig~ 

temperatures, photosyntnetic enzYmes are rapidly 10st in the dark 

{Yentsch and Reichert, 1963; Hel1ebu~t and Terborgh, 1967). qark 

incubation of C. erosa at low temperatures must â1so retard 10ss of - --r-- j 

photosynthetic capacity. Our results further indic~te that dark cetis 

exposed to a relatively high light intensity are destroyed (Table 1), 
\ 

suggesting that in lakes resumption of a1gal growth following the polar 
~ 

night or the snow caver ~e1t is dependent on slow1y-increasing 1igh~ 1evels~ 
, , 

Laboratory studies hqve shown that so~e aJgae. including 
, 

cyptomonads (Wright 7 1964), are able to grow in the 'da-rk on milligram to 

gram c~ncen~r~tian~ of arganics (Lewin, 1953;'Danworth, 1962; Ly1is and 

Trai~or~ 1973). whi1e Shuster (1968) and Wawrik (1971) ,report, respectively, 

_.-:.---------'\r 
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that certain cryptomonad species can ingest hacteria and even other 

cryptomonads. In our cultures. however, '~. erosa was unable to assimilate 
, 

organics added at more natura1 microgram concentrations. nor did heterotrophy 

or phagotrophy appear to play a significant role in dark survival. The 

presence of bacteria apparently did cause sorne al gal ce1ls to secrete a 

muciliganous envelqpe, wherein slowed cell division May have resulted in 

an ÎIlcreased carbo~ontent which resul ted in' pro,longed dark survi val. The 

nature of the a1gal-bacterial interaction remains unclear as does the 
\ . 

reason why the phenomenon occurred in only sorne ce1Is. Although our 
, 1" \' .f , 

resu1ts do not exc1udeosome heterotrophy. f. ~ is apparently an 
__ ~ ~ __ 'r 

obli&ate phototroph. as w~s also f~fin~;-other cr~~omonadS (Che~g and 
. 

Antia, 1970; !Faust and Gantt. 1973). Whether C. erosa cou1d assimilate 

'significant amounts of organics at much higher concentrations was not 

examined since such experiments wer,e considerbd to have litt1e ecologicai 

re1evance. , 
In high arctic lakes cryptomonads,'oth~r flage1lates, and sorne 

\ 

small green and diatom species survive complete darknes~ at 0_1 0 dur~g 

-the three month polar rtight (Ka1ff and WeIch, 1974), similar to the 

'. maxi surviva1 of C. erosa in culture (Fig. 3). In the absence of 
o - ---

he erotrophy.has been postu1ated as·a rnechanism for the , . 

dark surviva1 of arctic a1gae (Wi1ce. 1966). However, in comparison with 

norma1ly organically"rich batch cultures, much lowér conée~trations,' 

of avai1able organics (Schi~dier et al.,- 1974) and bacteria1 numbers 

A (Tilzer. 1972; Morgan and Ka1ff, 1972) are found in,oligotrophic mountain 
. 

an~ arctic 1akes. Moreovër, Wright and Hobbie (1966) have'shawn that 
- • ' 1 
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algae compete inefficient1y with aquatic bacteria for organic substrates 

at low natural concentrations. Ah autoradiographie investigation of 

a1ga1 populations in arctic sea ice a1so found that heterotrophic 

metabolism by the algae was neg1igibl~ (Homer and Alexander, 1972). Thus 

as previously suggested by others (Rodhe et al., 1966; Nduwerck, 1966; 

Pechlaner, 197~), it is most un1ikely that eitner phagotrophy or 

heterotrophy provides a significant source of carbon for the winter dark 
a \. 

surviva1 of f. ~ and probab1y all other p1anktortic algae in natura1 

waters. 

during 

" 
Ou~ study, instead, indicates that .long term dar~ 

the polar night depends, upon the slow r~spirati~af 
( 

stored carbon. 

The carbon content {)f a1gae is dependent on the relativ.e rates of 

net carbon uptake and celI division. In batch and chemostat cultures" 

the carbon content of f. ~ varied 2p to 30 fo1d, being maximàl tmger 

é'ond~ tï~ of high light and low temperature or nutri~nt limitation flhen 

'cel! 'division is more adversely affected than carbon uptake (Parts l and II). 
1 

ln nature, the wide range in ceU volume reported for ,co erosa and other 

cryptomonads (Huber-PestaIozzi, 1950; K1ing and Holmgren, 1972), which 

appears ta lac~ much taxonomie significance, must simi1arly ref1ect 

~xtreme variation in ce11 carbon. Since the dark survival of C. ~ 

incr~~sed Wi~ the quant~ty of stored ~arbOnu(~ig. 3), cell car~on 
content' must be important _in the" win ter da"rk survival of algae. Our 

resu1ts suggest, that highJsummer 1ight fluxés in cold and nutrien~ 

deficient arctic ~akes would result ~n decreased cell division and 

increased carbo~ cpntent. 'Those cells that contained the 1argest carbon 

.' -
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reserve would be most 1ike1y to survive the long winter darkness and 

serve as the seed population when the light return~ 
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Appendix A 
" 

Calibration of Photoce11 Against Quantum Radiometer 

The photocell (G.M.Co.) was calibrated in microEinsteins m- 2 sec-~ with q 

a quantum radiometer, (Lambda Instruments). The light sourc~ was coo1-whit~ 

. fluorescent. The calibration'~,is 'tabled below and graphed i~ Fig. 1. The 
t 

relationship was ~inear. described by the regression Y = O.139X - 0.31 

(p<O.OS) where X ,= ft.c. and Y = ~E m~2 sec-le Light units are presented 

in .Iy min- l where 1 J.lE m- 2 sec- l = .0003105 Iy min- l PAR. 

Photocel'l 

(foot-candIes) 

582 

494 

429 

336 

229 

200 

15l 

91 ' 

, . 38 

16 

3.1 

Table 1 

, Quantum raQiomfter 

(microEinsteins m- 2 sec~l) 

81 

66 

61 

46 

30 

25 

'21 

13.5 

5.6 

1. 7S 

0.33 

\ 
Light uni ts in 

1y min- 1 x 10- 3 PAR 
\ 

25.31 

20.62 

19.06 

14.37 

9.37' 

7.81 

'6.56 
Il. 

i 
4.15 

1 1. 7S 

0.55 

O.~O 

), j,. 

1 
1 

, .. 

1 

r 1 
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Calibration of photocell against quantum radiorneter. 
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Appendix B \' 

Calibration of Fluorometer Against Spectrophotome~~r 
\. 

Instruments 

f 

and 

(1) Turner, model III Fluorometer with primary f!'lt'er Corning CS 5-60 
~ , 

secondary filter Corninj CS 2-64, modified fdr ~ vivo chlorophyl~ 

measurements as follows: " 

(a) red sensitive (RI36) photomultiplier which exte~ds the 

respoAse of the instrument to 750'm~ 

(b) blue fluorescent lamp (F4TS) 

(c) high sensitivity door 

(2) BauscH and Lomb Spectronic 88 

Samples 
[ , 

(1) Fluorometer: Seria! dilutions of stock C. ~populations 

with growth medium, aS,well as sorne experimental populations from batch 
\ 

and chemostat cùltures, measured in ~; 
" \ 

, (2) Spectrophotometer: Samples. Qf the above populations, fil tered 

on glass-fibre filters, and ground and ~xt~açted in 90% acetone, with 
\, . , ' 

chlorophyl1 a càlculated fro~\the trichromatic\equation of Strickland 

and Parsons (1968). 

Analysis of phaeopigments. 2-4'Dr .. Ops of IN HCI added to both 
'. . 1 . 

fluorometer and spectrophotometer salJlPles and emj.'ssiQn and absorbance. 

·resp~tively. read after 2-5 min. 
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The Calibration. Fluorescence measurements can be, carried out only 

, ,on very dl1ute solutions because of quenching and self-absorPtion. Ir" 
either of these factors is signifiéant, a non-1inear relatio~ship between 

chlorophyll concentration and f,luorescen,ce will result. This would' be 

most readily seen at higher chlorophyll concentrations on the lower 
, , 

sensitivity, scales of the ·fluoro~eter. To avoid this probÙm, samples 

with a' high chl~rOPhYll co~tent .(some ~lOOstat samp;es on1y) were , 

diluted witb the growth medium, so that aIl samv1es were read on the 

two most sensitive scales (door 30 and 10). Over this range a linear 

relationship betweeri chlorophyl1 and fluorescence was observed (Fig. 1). 
1 

The relationship is described by,the equation 

where ~ is fluorescence befo~ acidification and kx is the calibration' 

constant equal to 0.367. 
... 

!t.should be noted that k is a function of the x . 

combination of photomultiplier, excitation lamp, high sens~tivity door 

and fil ters used. 

Phaeophytin. Phaeophytin normally is not found in living phytopl~kton 

cells (Patte;son and Parson.s, 1963).~ but is apparently produced as ~ 

resu1t of zooplankton grazing (Currie, 1962) and cell death. Phaeophytin 

waS,not presen~ in Most cultures of,_C. erosa, but low acid ratios were 
T --! 

~bserved. in cultures where cell division was inh'ibited by iight (Fig. 2'). 1 

\' \ 
We inte~ret this result as a degradation of chlorophyll a to phaeo~hytin-

l~~e products in ~ead and dying cells. It, was observed, ~at fluorometric 

,acid ratios )2 were always associated witli little or 'no phaeophytin as 

1 
1 
i 
1 
i 
l 
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! . 
~ 



.' 

(' 

/ 

) 

Fig. 1. Calibration of f1uorometer against spectrophotometer. 
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Fig. 2. The relationship between fluorometer acid ratio (~/Ra) 

and light intensity in bat ch cultures of C. erosa at 
1 

1 
different temperatures. 
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Fig. 3. The relationship between fluorometer acid ratio and 

spectrophotometer acid ratio. 
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.determined by spectrophotometry (Fig. 3). Therefore in those few samp1es 

with acid ratios <2, chlorophyll was corrected for phaeophytin by the equation 

Ch1-a (llgl - 1) = (2.0) (k) (~-R) (dilution) 
x -b a factor 

where ~ and Ra are the fluorescence before and after acidification, 

respectively. 
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Appendix C 

.. 
\e-; 

Cell Division, Carbon Uptake, Mean Cel1 Volume and Ch1orophyll,a 

of f. ~ Under Various Combinat ions of Light and " 
Temperature in Batch Culture 

~ Il 

1 
f Carbon uptalce Mean cell 
1 Light intensity Cell di vision (pgm C cell- 1 volume Ch1orophyll a 

(ly min- 1 x 10- 3) (div. "day-I) day-I) 
t 

(l! 3) (pgm cell- I) 

Tem:eerature: 23.5° 
) ~ 

64.6 1. 07 ± 0.16 172.5 ± 33.7 1762 ± 235 2.31 ± 0.47 
(3.11)*' 

1 
43.1 1. 23 ± 0.13 218.3 ± 27.9 1507 ± 262 -3.04 ± 0.31 

(3.27)* 

21. 5 J .16 ± 0.19 209.6 ± 30.1 1464 ± 212 4.06 ± 0.62 
\ 

8.6 0.86 ± 0.07 166.6 ± 23.6 1069 ±, ,160 3.89 ± 0.27 , 
5.6 0.51 ± 0.10 92.7 ± 17.2 1038 ± 110 4.40 ± 0.44 

2.0 0.20 ± 0.06 31.1 ± 13.6 946 ± 73 ' 3.96 ± 0.51 

1.0 0.03,± 0.01 5.7 ± 2.4 674 ± 60 6.06 ± 0.62 1 

\ 

'-1 
,;, \ 

Temperature: 15° .'1 
1 

";\ 
19.4 0.38 ± 0.12 82.4 ± 13.4 1608 ± 170/ 2.38 ± 0.37 

, ., 

(2.68)'" 

12.9 0.47 ± 0.11 81.6 ± 14.0 1265 ± 180 2.98 ± 0.48 

! (3.89)* 

8.6 0.69 ± 0.10 123.8 ± 11.0 1108 ± 205 5.49 ± Q.35 

5.6 0.57±0.13 68.4 ± 19.6 851 ± 96 5.23 ± 0.4' 

3.0 0.41 ± 0.04 5;.0 ± 16.4 810 ± 104 4.8f ±,0.31 

" ' . 

0 2.0 0.30 ± 0.03 ,34.8 ± 8.2 820 ± 79 4.65 ± 0.14 

1.0 0.18 ± 0.04 16.0 ± 3.8 771 ± l10 5.35 ± 0'.44 

" 
0.5 0.022 ± 0.013 3.24 ± 1.4 640 ± 60 16.26 ± 2.92 " 

" 

• .', .' .,',',,' i,.,)c:::.r'\~:"")f;:,,:";.'(,~.~;W;Z; ... ,,,.J~J .. t i •.. _J ,.t 
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Carbon uptake Mean cell 
Light inteftisity Cell division (pgm C ceU- 1 volume Chlorophyll a 

(ly min- I x 10- 3) (div. day-Il day-Il (\13) (pgm celI- l ) 
ut 

TelllPerature: 4° 

8.6 0.086 ± 0.023 30.,5 ± 6.0 2187 ± 260 0.85 ± 0.27 
~ (3.3S)* 

5.6 0.084 ± 0.048 58.7 ± 7.5 3666 ± 407 2.7S ± 1.10 
(4.60)* 

2.0 0.21 ± O.OlO 33.1 ± 4.1 1591 ± 175 6.18 ± 0.61 
\ 

\ 

1.0 0.072 ± 0.004 11.0 ± 2.2 982 ± 95 5.34 ±'0.42 

0.5 0.030 ± 0.004 " 5.9 ± 1.9 905 ± -121 '5.16 ± 0.17 
" 

0.2 0.0055 ± 0.0046 3.7±1.9 1266 ± 110 5.73 ± 0.50 

Tem2erature: 1° ! 

r'7 8.6 ceU death >4000 

1.0 0.025 ± 0.005 6.8 ± 1.3 2961 ± 480 1.41 ± 0.29 , 
(2.99)* 

0.04 negative 
« compensation pt) 

Values are means for log-growt~ populations in 2-4 replicate bottles. Limits are 
one standard deviation. 

.. ( ) ~ pigment~e11-1 before phaeophytin-correction. 
" 
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Appendix 0 

Growth of C. erosa at 1° 

r Table 1. Decline in celi numbers and cel1 vOlÙMe of 

C. erosa incubated at a subcompensatory ligh~intensity -- , 

Time after 
inoculation 

(days) 

o 

39 

87 

127 

of 0.043 x 10- 3 ly min- 1 (~l ft.c.) at 1° 

Ce1i" 
Flask numbers Mean ceU 

# (ml- l ) j volume (ll3) 

1 650 

2 790 

~ 880 , 3091 ± 1203 

4 "1090 

1 680 

2 730 

3 760 2058 ± 703 

4 810 

--
1 290 

2 390 

3 320 

4 420 '\ 

~, 
'. 

1 30 

2 50 
\ 

3 70 1014 ± 361 

4 50 

\ .. 
\ , 

1 . 

, 

" , 

, \ 

Il 
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Table 2. Cell numbers and celi volume of C. ~ grown at 

an inhibitory light level of 8;6 x 10- 3 Iy min- 1 at 1°.' 

Population inoculated at 1100 cells ml-'l, with mean ceU 

volume of 1520 ± '369 1J3 

Time after 
inoculation 

(days) 

7 

40 

'. ' 

l"" 

lt\, 
," 

'l, _~ 

1 (~" 

'} 

Flask 
#t 

1 
[ 

2 

1 

2 

. 1 

2 

1 

2 

. , 

CeU 
numbers 
(ml- 1) 

, 
lJ /,1 

870 

940 

730 

810 

210 

62 

20 
" '-, 

Mean celI 
volt.une (1J 3) 

2086'± 430 

2193 ± 510 

4169 ± 893 

4031 ± 982 
" 

3812 ± 642 

4310 ± 500 

/ 

'/ 

\ 1 

• , 
• 1 

i' 

\ ' 
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Appendix E 

. . 
Light Intensity in the Chemostats 

j 
The chemostats were illuminated from the-rear'by cool-white . ~~ 

, fluorescent lamps which were spaced 50 as to provide uniform lighting. 
1 

In addition the 1ight was kept unidirectional by blackening the side-

, 

walls of the supporting cabinets. The light intensity at the chemostat 

centers could thus be ca1cu1ated from the extinction coefficient of 

1ight through the culture: The equation used was 

1 " 
Extinction coefficient (E ) = -----Z Z ( ln1 1 v 2- l 

j, 

( 

where Zl and Z2 are the distances of the front and rear surfaces of the 

gr~wth vessel from the light sourc~~ whi1e 11 and 12 are the 1ight flux 

measured at the se surfaces. The Ev determined was then substituted in 
.1 

the equation to ca1culate the light flux at the chemostat centers. 

, 

Li~ht intensity was routinely monitored 1 once a week and typica1 results 

are given in Table 1. Samples removed from the chemostats for measurement 

of l~C uptake were illuminated at these sarne 1ight intensities. \ 
\ 
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Table 1- Light intensity at chemostat centers. Data are 
, 

. , méasures obtained over three consecutive weeks~ 

Vessel 

If 

1 

1 

1 

2 

2 

2 

3 

~ .' 
1 

1 

1 i 

2 

2 

2 

3 

3 

1 3 

: , 
l-rear !-front 

, , 

. (ly min- 1 x 10- 3) E 
V .. 

S :: 
R 

80 

16.3 5.9 .064 

16.3 5.9 .064 
1 

16.8 S.S v 

.069 

16.3 5.9 .064 

16.8 5.8 .066 
, 

16.3 

~ 
.066 

16.3 .070 

16.3 5.4 . .. 069 

15.9 5.2 .069 

S :: 
R 

14 

16.3 '7.3 .050 
1 

16.8 7.5 .050 

16.1 6.9 • 053 

17.0 7.5 .'051 

16.3 7.3 .050 

16.8 7.4 .pSI 
16.8 7.5 l' .050 

16.8 7.6 .049 

16.3 7.2 .051 

l-center 
1 

(ly min- 1 x 10- 3) 

9.8 

9.8 

9.6 

9.8 

'9.9 

9.6 

9.3 
. 9.4 

9.0 

10.9 

11.2 

10.6 l' 
11.2 

10.9 

11.1 

11.2 

11.3 

10.8 

1 
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/ 

calcUlaiion~idual Phosphate Concentration 

in the Chemostats 

1 

~hosphate concentration in the chemostats'(So) was 

esti ted by a ~adiobiological'procedure described by Rrgler '(1966). 

an algal ~ample in which t~e cycling'of P is dominated 

by the e~change of PO~-p between solution and the cells, the 1055 of 

32p from solution is described by ~he equation 

~ , J ' .. 

, , 

-kt y -)[ = (Y - y 'le t 00' 0 ml 

If 

(1) 

where Yo is the % 32p in solution a't t=O (Le. 100%), Yt is the % 32p in 

solution at any time Ct) after addition, and Yoo',is the % 32p remaining in 
, 1 

soluti~ when equilibrium distribution of tracer has heen attained. Thus , . 
the difference between % 32 p in solution and the asymptote Y is decreasing 

\ 00 • 

exponentially. A plot of ln(Yt- - YJ, against time will yield a straight 

line, the slope of which (k) is the rate constant of 32p 1055 from 

solution (Riggs; 1963; Rigler, 1973). In the present experiments the 1055 
\ \ .. , 

of 32p from solution was measured in both chemostat samples receiving no , 

added 31p and in several' samPles receiving up to '10 }Jg P R,-l"çoncentrations 

of added 'P. In no sample receiving 31p was'an equilibrium di~tribution of 

32p at'tained, even after 24 hrs of incubation (Appendix K) .. Therefore, 

the asymptote was calculated as that value of Y
oo 

which when subtr~cted 
\ 

from Yt gave ~he best fit to the regression of ln(Yt-Yoo? against time. 

1 
t 
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1 
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1 
1 
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In the tables be10w are presented results o~ 32p 1055 from ~olution 

in two expe~iments, which are representative of data obtained at aIl growth 

rates in the chemostats. lhe resul ts are shown on1y for the asymptote Y (X) 

\ ' 

which gave the best fit to the Tegressio~. Since an equllibrium distribution 

of tracer was attained in the sample receiving no 31p, a comp~ison of its 

rate constant with those of samples receiving 31p must necessarily be made 
• 1 . 

saon after phosphate additîon. Thus in each sample, the rate constant of 
1 

32p 1055 from solutio~ was deterrnined for the first 0.5 hrs of uptake (see 

table~ below). The ~ptake ratJ in each sample was then determ1n~d by,the 

equation 

(2) 

where 5 15 the c9ncentration of 31p added and 50 is the residûal phosphate 

concentration. By assuming various values for S a family of rate-o 

concentration curves was described (Part II, Fig. 7). At very high assumed 
1 

concentrations of S (e.g. 1 Vg P ~~1). the rate-concentration curves bend o 

sharply upwards. away from the x-y intercept. As S is set equal to lower o 

values, the re1ationship between up,take and concentration more closeÎy 

approximates the expected hyperbola. until at sorne concentration of S the 
. 0 

curve bends towarqs the x-y intercept. Unfortunate1y our measures of 1 

1 

residua1 phosphate in the chemostat~ lack great precision sinee 32p 1055 
1 1 

was not measured at sufficiently low P additions «1 Vg P ~-l) during the 

firsi few minutes of uptake. However, the result5 do show (Part Il, 

Fig. 7; tables be1ow) that the curves bend towards the x-y intercept on1y 

at assumed S concentrations, 0.10 ~g P t- 1
• This' resuit was obt~ined 

\ 0 , 
1 

consistently in replicate~xperiments at aIl growth rates in the chemostats •. 

1 
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1 
• 1 

( 1 Table A. S = 80 II = 0.23 div. day-l 
t R 

~ 
l 

1 

1. Calculation of rate constant 

Addition Rate 
of 32p Time Yt-Y ln constant , 

f 
(llg rI) Chrs) Yt (%) y ct) (%)00 y -y Regression (0-0.5 hrs) 

0) t 00 , 
(1) 0.0 0 100 90.7 4.507 , 

t .17 42.8 33.5 3.512 
y= 

\' 

.50 16.9 9.3 7.6 2.028 -1. 0281X 4.895 

2.0 9.6 0.3 -1. 204 +3.091 

6.0 9.4 0.1 -2.303 r=.874 

(2) 1.0 
~ 

0 100 80 4.382 

.17 90.3 70.3 4.253 
y= 

.50 80.9 20 60.9 4.10~ 
-.4043X 0.531 

2.0 53.8 ' 33.8 3.520 +4.337 

6.0 ~6.8 6.8 1.917 r=.99 

(3) 2.0 0 100 70 4.248 
\. 

.1'7 y= 
94 64 4.159 

'.50· 87.3 30 57.3 4.048 -.2063X 0.391 

2.0 74.3 44.3 3.791 +4.20 

6.0 49.4 19.4 2.965 r=.99 

/ 100 -~ 
~i~' ~ 

(4) 5.0 0 30 3.401 
'~~)« 

y= '-.. i , .17 97.2 2~.2 - 3.303 '10' 
, < 

> ' -.3178X 
~~~"-

.50 93.9 70 23;-9 3.174 0.445 . ~'-

2.0 85.8 15.8 2.760 +3.37 .-

6.0 74.3 4.3 1.--459 r=.99 

ft; 
(5) 10.0 0 100 30 3.401 

.17 98 28 3.332 \ 
y= 

.50 96.1 70 26.1 3.261 O.1487X 
0.271 .1!"lI 

+3.362 1" 

2.0 91.1 21.i 3.049 

81.9 
. 

2.477 r=.99 
6.0 11.9 . 

'q 
~ <Ii" ,,\ "i 

" 
• 1 

~...,~~: " 

~~,).1 "1' 1 

;;~~.~~ 1 

1 



o 
1\ 

*SRP'concentration = 1.22 ~g P ~-l. 

t s concentration at which curve first bends towards the x-y intercepte 
o 
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Table B. S = 14 
R 

\.1 = 0.29 div. day-l 

( J ~ 

1. Ca1cu1ation of rate constant 

Addition Rate , 
of .31p Time ~t-Y ln 

1 
~constant 

()!g 't- 1) (hrs) ~\ (%) y (%) (%) <Xl Y -y Regression (O-O.~ hrs) 

1 
(X) t "'00 

t (1) 0.0 O. 100 80 "1 •• 2 
1 .17 . y= -87.6 67.6 4.214 , 

#1 

:50 76.1 20 56.1 4:621 -.6008X 
0.710 

1. 38 59.9 37.9 3.~86· 
+4.38 

f .. 6.21 21.8 1.8 0.588 r=0.98 
l; -\ 
: 

(2) .1. 0 0 100 70 4.248 
" 'y= , .17 97.6 67.6 4.214 . 

f 
.50 95 .. 8 30 65.8, 4.187 -.0501X 0.122 

1.38 93.1 63~ 4.145 +4.223 

6.27 79.3 49.3 3.898 r=00) f 
21.18 53.7 23.7 3.165 

J 
1 

\ 
: 

(3) 2.0 0 100 & 40.0 1 3.689 

.17 98.5 38.5 3.651 
y= 

.50 97.4 60 37.4 3.622 -.0680X 0.128 

1. 38 96.0 36.0 3.584 +3~674 
0' 

6.27 86.2 26.2 3.266 r=.99 
~ 

21.18 69.3 9.3 2.230 
'> 

(4) 5.0 0 100 40.0 3.689 .-
."" 

y= , 
. 17 99.2 39.2 3.668" .. 

.50 98.8 60 38.8 3.658 -.0329X 0.058 
.... ' - 1fo

1
3.676 1. 38 97.6 37.6 3.627 

6.27 91.9 3.1.9 3.463 r=.99 
, 

21.18 79.7 19.7 2.981 

(5) 10.0 0 100 20.0 2.996, 

;17 99.5 19.5' 2.970 
y= 

/ 'il 

'.50 98.9 18.9 2.939 - .Ü'534X 
. 

0 +2.986 

0 1.38 98.8 80 18.8 2.934 0.111 

6:27 94.1 14.1 2 • .646 r=.99 

21.18 86.4 '6.4 1.856 
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( 2. Calcu1ation of S 0 

Assumed concentration of S (\-Ig P rI) 
0 

Substrate Rate 1.0 0.74* 0.5 0.25 0.10 0.05 

added constant 
().lg P R,-l) (hr- 1) Uptake ve10city ().lg P R,- 1 hr- 1) 

1~~ 0 0.710 0.71 0.53 0.36 0.18 0.071 t 0.036 

1 0.122 0.24 0.21 0.18 0.15 0.13 0.13 

2 0.128 0.38 0.35 0.32 0.29 0.27 0.26 

5 0.058 0.35 0.33 0.32 0.30 0.29 0.29 
IV 

10 0.111 1. 24 1. 21 1.19 1.15 1.14 1.14 

*SRP concentration. = 0.74 ).lg P 1,-1. 

t s 
. 

concrntration at which curve bends towards the x-y intercept. 
0 
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"-", 



( 

; 
1 

/ 

• ] 1 

• 

- 178 -

References 

Riggs, D. S. 1963. The Mathematical Approach to Biological 

1 Problems, Williams and Wilkens, Baltimore, Maryland, 445 pp. 

Rigler, F. 1966. Radiobi~logical analysis of inorganic phosphorus 

in 'lake water. ·Verh. int. Ver. Limnol. 16: 465-70. 

Rigler, F. 1973: Adynamie view of the phosphorus cycle in lakes. 

In Griffith, E. J., Beeton, A., Spencer, J. M. and Mitchell, 

D. T. [Eds.]. Environmental Phosphorus Handbook. John Wiley 

& Sons, pp. 539-72. 

l ~ • '1 

! 
- 1 

1 

'-.. 
• 1 



1 

" 

, 
i 
t 

l 

1 C· 

() 

- 179 -

Appendix G 

Cell Densities of C. erosa in Chemostat Culture 
\;) 

Celi densities of f. ~ are presented ~or the two growth vessels 

receiving intermediate (Fig. 1) and Iow (Fig. 2) rates of P supply (see 
, . 

Part II, Fig. 5 for data on the growth vessel receiving the highest rates 

of P supply). The figures show change in cell numbers resulting fram , 
, 

changes in the dilution rate and the concentration of phosphorus in the 

reserJbir. After each decrease in the dil~ti9D rate the cell density 

increased sharply and thÉm decreased to the final steady state v~lue. At 

very slow growth rates (Fig. 2) a decrease in the P concentration in the 

reservoir resulted in a transition stage that lasted up to 60 days. , 
1 

Altho~gh the existence of sucb transient phenomena render the use of 

chemostats a tedious enterprise, they lend support to Fhe doubts about 

the value of batch culture work at low nutrient leveis. ~ 

'\ 

~', \ 
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Fig. 1. 

{ ,/1' 

/ 

J 
Cell density of ~. erosa in growth vessel receiving intermediate 

rates of P supply. SR = con~entration of phosphate in reservoir 
• 

(llg p rI); (+) = steady state growth rate (cel! div. day-I). 
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Fig. 2. CeU density of f. ~ in growth vessel receiving low 

rates of P supply. SR = concentration of phosphate in 

reservoir (llg P r IJ; (t) = steady state growth rate 

(celI div. day-l). ' 
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Appendix H 

, 
Maximum Cell Division Rate of C. erosa in Chemostat Culture 

Max~mal growth was determined by increasing the dilution rate to 

effect washout of c~lls. A dilution rate of 0.50 day-l resulted in a 

slow decliné in cell density (Table 1). The cell division rata during 

this period was calculated from the equation 

X
2 

= XIe (~-D)(t2-tl) 

d d .. (-~)' ff. d d d D where Xl an X2 are cell ens1t1es ml at t1mes t 1 an t 2 , an ~ an 
\ 

are the specifie growth rate and dilution rate, re~pectively. The maximum 

growth rate was approximately 0.10 cell div. day-l, similar to the 

maximum rate measured in batch culture at ISO. 
1 r 

Table 1. Decline in cell density over time at D = 0.50 day-l 

"'-.. Day Mean ceU density (m1- 1 ) 

0 50,237 

5 4.3,927 

7 41,610 

10 38,986 

12 36,930 

14 35,327 

18 31,881 

21 29,612 

24 27,593 

. ~ , 
" 

, 
" ., 
j ~ 
l ' 
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Appendix 1 

Photosynthesis-Light Response of f .. erosa in Control 

Versus Phosphate Enriehed Chemostat Populations 

The relationship between photosynthetic carbon assimilation and light 

was determined/for C. erosa grown under various degrees of P-deficiency in 

chemostat culture. Samples removed from the chemostats were divided into 
\ . 

control samples, fo~ WhiC~ a P-I curve was determined immediately, and into 

enriched samples, which w~e first incubated 24 hrs with 50 ~g 1- 1 added P. 

To each set of samp1es was\added 0.125-0.25 ]JCi m1-,1 NaHlI+C0 3 > and replicate 

(2) aliquots were placed in a light-gradient box at 1ight intensities up ta 

2-3 times those present at the ~hemostat centers (Appendix,E). Fo1lowing 
, ~ 

a 1-2 hr incubation, the ce1ls were filtered on 0.45 ~m membrane filters 

and filter activity assayed in a geiger system. In addition the cell 

density was determined before and after the 24 hr phosphate enrichment. 

The results show (Table below; also Part II, Fig. Il) that phosphate 
1 

1 
enrichment had 1ittle effect on the photosynthetic response of f. erasa' 

grown at higher rates of P supply (]J>0.22 div. day-l), but significant1y 

increased the P max' Ik~ and. in most experiments, the Ii of seVïere1y 

P-deficient cel1s. The initial slope of the curves was, however, 
\ 

l' 

unaffected by P enrichment. The ce11 division rate of enriched cel1s was 

almost aiways greater than the steady state growth rate in the chemostats, 

with the largest increase again occurring in extreme1y P-deficient celis 

(Table below). The celf numbers dia not, however, increase at the maximum 



\ 1 

( ) 

\ 

,t 

o 

.1 

\ 

• 

- 184 -

grow~h rate ( 0.70 div. day-I). -
Two p~ssible reasons for the submaximal .. 

growth rate are that (l)'the synthetic pr~cessès involved in celi division 

were not fully activated within 24 hr of enrichrnent, and (2) that the 

enrichments operated as in vitro batch experiments~ depressing growth. 

1 \ 

L 

.. 

/ Il 
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l, 



1"" WI;] tt% lia. iU 44J,PitW24iQi2 Jtt4JUS 1I1!1<JAZ2IZZ;; JI. J ;4iliP!!i<,~'iIl!IMit>;.;:;;;:;:;:Z" 3 USiCM!i "'1q:;:;:iI!'~ il11ftlf!*.liIo!!I ... ~ """'" ' . ;~. - ---- .... - .. ~ .. "'r ... 't""''''''''-'''~'CI>-f~_' '--<""'!!I~-,-~_s",,~ ~ ~ _..- ... ~_~ __ 

~ Cowth rate 
..-.. 

p 
Growth rate in " CeUs m1- l in enriched max Ik I. 

chemostats samp1es Initial' slope (pgm C l. 
Inhibitory slo~e 

(div.day-l) to t21t (div. day-l) (rate/1y min- 1 ) ceU- l day-l) (ly min- l . x 10~ 3) Jrate/1y min- ) 

~:.1 S = 80 ;: R 
~, . 
c ---

'''1 
(1) 0.39 C 54290 11204X - 4.5 136 12.7 16.6 -3295X + 191 ~?~; 

.~ . 
E 54290/' 70361 0.38 10780X - 2:6 130 11',8 NO INHIBITION ':;\-t ~ 

~: ~: 

'_'.w' 

(2) 0.23 C 51942 9457X - 2.2 101 11.0 13,9 -1804X + 1~0 
? 

E 51942 63980 0.30 12863X - 3.7 135 9.8 14.5 -2928X + 177 

-----(3) 0.11 C 73443 5827X + 2.3 25 3.8 12.5 -860X + 35 

E 73443 88917 0.28 682lX + 2.6 60 8.4 10.2 -1245X + 74 

S = 14 R 

(1) 0.55 C 6235 13865X - 9.4 165 12.6 21.9/ -2951X + 233 

E 6235 9250 ' 0.57 13H5X - 4.5 157 12.2 NO INHIBITION ... 
,-.. . 

(2) 0.55 C 5899 14147X + 0.3 148 10.4 NO INHIBITION 

Il 5899 9439 0.68 12010X + 3.0 158 12.9 16.7 -4081X + 227 

(3) 0.29 C 4333 14003X - 7.9 125, 9.5 14.1 -3341X + 173 

E 4333 6013 0.48 10355X - 4.0 165 16.4 21.5 -4265X + 257 . 
(4) 0.29 C 6506 10051X + 5.2 143 13.6 16.8 -5219X + 231 

E 6506 9327 0.52 12084X + 3.6 140 11.3 , 16.6 -5098X + 225 

(5) O~ 14 C 6942 10581X - 0.5 59 5.3 6.0 -1715X + 70 

E 6942 8940 0.37 8917X + 1.6 106 11.9 14.7 -3348X + 155 

(6) 0.14 C 6580 1Ï652X + 2.2 60 5.0 10.2 -2208X + 88 

E 6580 9011 0.46 11418X + 1.0 93 a.l 16.3 -2906X +'140 

C = control. E = enriched. Regressions of initial and inhibitory slopes are significant at p , 0.05. 
"No inhibitionlt indicates 1ack of signifitance at p , 0.0'5. 
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Appendix J 

, 
Cell Loss of 32p on Filtration 

In preliminary work 32p uptake by f. ~ was investigated\with 

cells filtered at both high and low vacuums, and concentrated by low 
, ";'00-'50 \ 

s~eed centrifugation. Low vacuum filtration w~s at ~ mm Hg with the 
1 

vacuum broken just a~, the filter sucked dry, whereas high vacuum 
7SO~/&~ , 

filtration was at ~~ mm Hg, with the fil ter sucked dry for approxima~ely 

5 seconds. The procedure for centrifugation was as follows: (1) ~ 5 ml 

subsample at each 31p addition was centrifuged for 2 min at 5300 rpm, 

whic~ spun down >95% of the cells and ~ssentially terminated 32 p uptake 

in th,e top 2-3 ml of liquid. (2) The upper 2 ml were innnediately 

removed and recentrifuged for 10 min at 5300 rpm. which removed aIl cells 

from suspension. (39 0.5 ml surface aliquots were placed in 10 ml of 

AquasolR and the activity was determined in a liquid scintillation system. 

Filtered and c~trifuged results are given as % 32p incorporated 

into the cells. Typical results (Table 1) show that in comparison to 

centrifuged ceUs .. those filtered at low and high vacuum containe1d, 
1 

respectively. approximately 10 and 20% less activity. Thus filtration, 

especially at high vacuums, results in P loss f~he cel~s, presumably -
\ ~ 

from' cell breakage and leakage. Although cèntrifugation yields the 

potentially best estimate of P uptake, the technique is subject to , 
1 

considerable error at high P additio~s when the % p3temaining in 

solution is on1y fractionally less than the total amount added. In 

, 
1 
i. 

1 

'" 
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~(.l addition centrifugation is a more lengthy procedure than filtration and 

-. 

\ " 

1 

is thus not amenable to routine analysis, nor can short term (e.g. <15 min) 

32p uptake be accurately.measured unless uptake js terminated by kil1ing 

th-e cells. Other work in our laboratory indicatesl that Killing both 

f .. ~ and a planktonic diatom with Lugol' s iodine resuIts in~ an up to 

30% 105S of incorporated P. Wé conclude that filtration is the best 

procedure for routine analysis, but that care must be taken to main tain 

low.vacuum pressures. 
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l" 

l' 
, 

" . 



( 

\ \ 

" 

188 

1 

Table 1. 32p Uptake compared by low and high vacuum 

filtration and by centrifugation. Data are expressed 

in % removal of 32p by the cells 

() 

% Loss 
31p Added Filtration at high 
llg p R,-l 

-ÛiD-IOi0 ;1~-J51) 
B-20mm 4-S mm Centrifugation vacuum 

I. SR = 80 llg P R,-1; k = 0.39 div. day-l; 0.5 hr incubation 

0 78.7 84.9 93.2 15.6 

1 11.7 12.9 13.7 14.6 
~--/~ 

2 7.6 8.3 9.1 16.5 

5 3.7 4.1 4.2 11.9 

10 2.1 2.4 2.7 22.2 

50 0.54 0.61 0.72 25.0 

II. SR = 14 llg P R,-l; k = 0.55 div. day-l; 1.0 hr incubation 

o 26.3 28.9 32.7 '19.6 

1 3.9 4.2 4.3 9.3 

2 2.4 2.8 2.8 14.3 

5 1.0 1.2 1.4 28.6 

10 0.70 0.73 0.83 15.6 

50 , 0.16 0.2 0.2 20.0 

o , 

,1 

% Loss 

at low 

vacuum 

7.8 

5.9 

8.8 ,.-

2.4 

11.1 

15.3 

11.6 

2.3' 

0.0 

14.3 

12.1 

0.0 

~ 

i 
,j 
, 
l 
\ 

~----------------------_.- ."'. 
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/' 
Appendix K 

Phosphorus' Uptake Kinetics in C. erosa 

Phosphorus uptake kinetic5 in ~. erosa ~as examined two or three 

times at each steady 5tate growth rate in the chemostat5 (14 experiments 

in aIl). Michaelis-Menten kinetics were evaluated using a Woolf plot, in 

which S/v is graphed against S, where S is the p~osphate concentration 

added (~g P ~-l) and v is th~ uptake rate (~g P ~-] hr- 1)3 at each 

'" c~ncentration. An unweighted least squares regression was fitted to the 

'points. The inverse of the slope proVldes a measure of the maximum 

~ uptake rate CV), and the x-intercept a measure of K + S , where K is max sos 

the half-saturation constant for uptake and S is the concentration of P 
a \ 

in the sample prior to substrate addition (i.e. the residual phosphate 

concentration in the chemostat). If, as in the present study, S i5 much o 

less than K , then the x-intercept is ~ adequate measure of K '. The 
5 . 5 

kinetic parameters V and K were calculated for each sampling time max s 

(0.17, 0.5, 1.0-2.0, ~6.0 and ~24 hr). Since the uptake of phosphorus 

was non 1 inear, with V decreasing over ti~, the uptake rates at 0.17 max 
~ 

and 0.5 hr were graphically extrapolated (in semi-log plots) ta zero·~ime. 

The V (zero-time) was 'expressed in terms of pgm P cell- 1 day-le 
max 

Esttmates of K + S did not similarly change with time, permitting the s 0 

calculation of an average Ks + 50 for each uptake exp~riment. The data 

and calculations for a single P uptake experimen~t each growth rate 
1 

are presented below. For each sampling time are 'given the % 32p removed 

{ 

/. 
'", 
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from solution,. the uptake velocity~ v (lJg P R,-l hr- l ) and the calculation 

S/~ (hr- l
). AlI regressions of S/v vs Sare significant at p ~ o. OS. 

,i 

'­,'. 

'. 

',1 
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t ., 
(Il SR ... 80 / II = 0.39 div. day-l Celi numbers ... 50520 m1- 1 

"' 
Incubation time (hr) 

Phosphate 0.17 . 0.50 2.0 6.0 
added 

Cîfg p t~ 1) % v S/v % v S/,V % v o S/v % v S/v 

0 60.7 80.7 90.4 90.6 -~ 

, 1 10.8 .65 1.54 20.6 .41 2.43 ,39.3 .20 5.09 60.8 .10 9.87 
-

2 6.9 .83 2.42 13.9 .56 3.60 28.6 .29 ~ 6.99 40.7 .14 14--.74 

5 \ 4.0 1.20 4.16 8.0 .67 6.25 17.2 .43 1h6 23.8 .20 25.2 
c 

10 2.8 1.68 5.95, 4.9 .98 10.20 10.1 .51 19.8 15.2 .25 39.S 

20 1.9 2.28 10.41 2.9 1.16 17.20 8.4 .84 23.8 10.8 .36 55.6 ..... 
\0 -' 

.::; ..... .' 100 0.35 2.14 47.6 0,.7 1.40 71.4 J....7 .85 117.6 2.4 .40 250 

.;' ~ Regression Y = .473X + 1.59 0.77X + 2.10 1.I2X + 4.99 2.39X + 10.81 
~~-* 

/ Vrnax 2.11 1.30 0.89 0.42 

K + S s . 0 
3.36 2.73 4.45 4.52 

/ Cf 

X Ks + S 
0 

Il 3.77 ± 0.87 

V (zero time) = 3.10 ug P t- 1 hr- 1 
max ' 

Vrnax (zero time) ceil- 1 • 1.33 pgm P cell- 1 day-~ ~ 

1.--
>~ 

'~ 
.- ~ 

.' 
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o ,'" --(2) SR = 80 '\J' = O. ,?3 .. ,div. day-l. Cel1 numbers = 52,245 ml- 1 

Incubation time (hr) 
Phosphate 0.17 0.50 2.0 6.0 added 
('\Jg P R,-I) % v S/v % v S/v % v S/v % v S/v 

/ ç-x 
0 57.2, 83.1 83.7 90.1 
1 9.7 .58 1.72 19.1 .38 2.62 46.2 .23 • 4.33 73.2 .12 8.19 

/ 2 6.0 .72 2.78 12.7 .sr 3.94 25.7 .26 . 7.79 50.6 .17 11.86 
, 

23.34 'fi 
5 2.8 .84 5.95 6.1 .61 8.20 14,2 .36 14.08 25.7 .21 

10 2.0 1.20 8.33 3.9 .78 12.82 8.9 .45 22.47 18.1 .30 33.10 
~ Il. 08 20 1.5 1.80 11.11 2.7 18.51 . 5.2 .52 38.46 9.8, .33 61.2 ..... 

\0 
N 100 0.35 ,2.10 47:61 ~.6 1.20 55.56 1.2 .60 166.7 2.0 .33 300.0 1 -

, ------Regression cy=) .451X + 2.53 .803X + 2.75 1.62X + 5. 05 '2.94X + S.29 
Vmax 2.21 1.24 0.62 0.34 
K + S 

S 0 5.61 3.42 3.12 1.80 

X'K + S = 3.49 ± 1.58 5 0-

V (zero time) D 2.70 ~g P 1- 1 hr- 1 max 
. / 

V (~ero time) cell- 1 = 1.24 pgrn P cell- 1 day-l max, 

'l;, , 
\ - -

.... __ t:.; 

" 
/ 
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(3) S = 80 R 
~ = 0.11 div. day-l Ce11 numbers = 74~318 m1- 1 

Incubation_time (hr) 

Pho~phate 0.17 0.50 2.0 . 
added 

(~g P ri) % v S/v % v S/v ' % v S/v 

0 60.7 86.4 89.8 
,~ 

1 12.1 .73 1.38 20.7 .41 2.42 47.2 .24 4.23 

13:8 
~ 

2 1.4 .89 2.25 .55 3.62 29.3 .29 6.83 

5 5-} 1.29 3.21 7.1 .71· 7.04 13.7 .34 14.66' 

10 3.4 1.62 4.90 5.0 - . 1. 00 10.0 ' . 8.2 .41 24.39 

20 2.4 2.88 6.94 3.4 /1.36 14.7 5.9 .59 33.95' 

1,00 0.4 2.40 41. 7 0.45 1.40 71.4 1.4 ;10 143.0 

Regression (y=) .407X + O. 71 -~ ~ O.69X + 2.35 1.37X + 6.27 

;,/ ~~ 

,~~~ ;:;.~ 

'.":'l'; _ ..... ,,\ 

~~, 

'. 

~max 
K + S 

5 0 

X. K + S = 3.13 ± 1.19 
. S 0 

2.46 

1. 74 

V (zero time) = 3.20 pg P t- 1 hr- 1 
max 

V (zero time) cel1- 1 • 1.03 pgm P cel1- 1 day-l max ~ 

... 

---

1.45 III 0.73 

3.41 1 4.58 

. , ' 

• 
6.0 

~~ 

% v S/v 
~ 

91.0 '; 

70.'4 .1L 8.52 

51.9 .17 11.6 ~ 

26.9 .22 22.3 

20.1 .34 29.9 / 

11. 2 .37 53.6 ..... 
\0 
VI 

2.4 - .40 250.0 
/ 

2.43X + 6.79 

0.41 

2.80 

"2 J, PC n. . ... ,. ZW? .'''7'2 mFS 1 115'7, .' ( . "1 MU W"zrdqg,' lS'81'U-W rmm',., i ..... ,,' - ---~ .... ,---~-_.",-. ~ .~ 

. :!:~ ~,: '}, .' , :';.. è' :::~~ : ; .• ; ,<.i /.;:); . ~ 
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[1 (4) SR = 14 ~ = 0.55 d~~. day~l Cell Numbers = 61'85 ml- 1 

~: 
~ 

fJ Incubation time·(hr) 

~ ~Phosphate 0.17 0.50 1.0 6.0 24.0 .,. 
~ 

~~ added 
c~ (llg P rl) % v S/v % v S/v % v S/v % v S/v % v S/v 
.. .; e: 

~l ~_ 0 9.2 18.9 35.2 6S.9 73.1 ..; 

.5 S.l .09 5.4 4.8 .05 10.5 8.3 .04 12.0 ;1.5 .017 29.3 51.7 .011 46.4 
/ 

1 1.8 .11 ( 9.1 3.0 .06 16.6 5.2 .05 19.2 13.4 .022 44.8 37.8 .016 6S.'S 

2 - 1.2 .14 13.9 2.4 .10 20.8 3.4 .07 29.4 8.7 -.029 69.0 25.2 .021 95.2 
;!.! 

5 0.6 .18 27.8 1.3 .13 38.5 1.6 
-lw 

.08 62.5 3.9 .033 154 12.7 .026 '189 

10 0.4 .24 41. 7 LOST 1.0 .10 100 3.2 .053 188 8.2 .034 293 
'""' 10 
~ 

50 0.1 .30 167 0.2 .20 250 0.3 .14 370 0.9 .075 667 3.1 .065 774 
~ 

r 

Regression (Y=) 3.20X + 7.57 4.78X + 11.37 7.10X + 17. 78 " 12.S0X + 49.67 14.16X + 81.80 
, r 

~ 
,,-

V _ p.31 0.21 0.14 0.08 0.07 max 

K + S 2.36 's 0 
2.37 2.50 3.98 5.78 

~1 ,. 

~t X K + S = 3.40 ± 1.50 
~ - S 0 
, -

V (zero time) = 0.38 ~g P t- 1 hr- 1 
max . 

Vmax (zero time) cell- l = ! 47 pgm P ~ell-1 day-l 

" 

:: ... - ~ t!:~- ,~ ~ 
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0 Al!' .. • \ 
(5r'S~I4-i.t ="0.29 div. day-l Ce11 Numbers = 4030 m1- 1 

Incubation time (hr) 
Phosphate 0.17 0.50 1.38 6.27 21.18 added 
(llg P rI) % v' S/v % v S;v % v S/v % v 5/v % v S/v 

a 12.4 23.9 40.1 78.2 74.8 

~~6.9 • 1 4.2 .084 11.9 6.9 .050 19.9 20.7 .033 30:3 46.3 .1022 45.8 
1 2 1.5 .18 11.4 2.6 .104 19.2 4.0 .058 34.4 13.8 .044 45.4 30.7 .029 /59.0 ~ 

5 ' 0.81 .24 30.6 1.2 .12 41.7 2.4 .086 58.5 8.1 .065 77.4 20.3 .048 104 
10 0.53 .32 31.4 1.1 .22 45.4 1.2 .087 115 5.9 .0~4 106 13.6 .064 156 
50 0.13 .39 128 0.36 .36 139 0.5 .181 276 1.4 .112. 448 3.2 .076 662 .... 

1.0 
CIl 

Regression (Y=)" 2.43X + 6.83 2.44X + 18.2 4.97X + 33.1 8.42X + 27.0 12.48X + 37.24 
Vmax 0.41' 0.41 0.20 0~12 0.08 
K + S 2.81 7.45 6.66 3.21 2.99 ~ /0 

~ 

XK s + S 
0 

= 4.02 ± 2.24 

V (zero'time) = 0.41 llg P t- 1 hr- 1 
max 

V (zero time) ce11- I = 2.44 pgm P cal1- I day-l max 

, l,:' . " 

\ 

// 
, r 

_.; ':;~-.. ./i.. •. :f/ . ./~-· 
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0 
(6) S = 14 

R 
~ = 0.14 div. day-l 

.... 

Phosphate 0.17 
adçled 

(-pg P rI) % v S/v 

0 8.42 

1 1.39 .083 12.0 

2 0.85 .102 19.6 

5 0.57 .171 29.2 

10 0.43 .26 38.8 

50 0.16 .48 104 

Regressio~ (Y=~.77X + 16.65 

Ymax 

K + S 
5 ,,0 

X K + S = 5.50 ± 2.32 
5 0 

0.56 

9.39 

" 
V (zero time) = 0.77 ~g P ~-l hr- 1 

max 
./ 

Cell Numbers = 7480'm1- 1 

0.50 

% v S/v 

23.1 -\ 
4.7. .094 10.6 

2.6 .104 19.2, 

1.2 .12 41.7 

0.95 .19 52.6 

0.28 .28 1-79 

3-:-29X + 15.87 

0.30 

4.82 

/ 

Incubation tim~ (hr) 

1.37 

, % - -v S/v 

38.7 

8.2 .06Q 16.7 

5.1 ------;-e74 26.9 

3.1 .113 44.2 

2.4 .175 57.1 

0.7 .256 196 

/ 3.53X + 20.1 

0.28 

5.69 

Ymax (zero time) ce11- 1 = 2.47 pgm ~ell-l day-l 

'5.47 
-7 

% v S/v 

80.7 

18.7 .031 29.3 

11.2 .041 53.6 

4.6 .043 13'0 

3.8 .069 158 

0.9 .08~_ 608 

11. 41X + 40. 7 

0.09 

3.57 

'''~~~'', . ~~ .. ">- ~ 

~ ;.,~ 

• 
_ 20; 10 

%-4 'S/v 

86.4 

39.2 .020 51.3 

24.~ .024 83.1 

16.1 .04a 125 

12.4 .062 161 . 

3.0 .075 670 

12.39X +.49.80 

0.08 

4.02 

"1 fut 'l .. 7 , SFt! -r pnsAn.a.· .na ) W"'lt':'!L'*-""- .. ,- .------~--. 

-CD 
0\ 
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Appendix L 

,1 • 

The Decline in'Cell Numbers (m~-l) and Cel1 VolUme (~3) of C. erosa in the Dark - ~ditional(ReSultS 
Pre-dark conditions 

Dark 
/ Temp. (oC) Light (ly min- 1 x 10- 3) Temp. (oC) Replicate # 

" (1) 15 8.6 

Cell numbers 

Mean cell vo1umet 

(2) 15 2.0 

Ce11 numbers 

Mean ce11-vo1um~t 

(3) ... 15 1.0 

Cell numbers 

Mean ce1l vo1umet 

(4) , , 4 5.6 

CeU numbers 

Mean ce11 volume 

15 

1S 

15 

4 

" 

1 

2 

1 

2 

1 

2 

1 

2 

3 

1 

2 

-3 

Days 

o 1 7 

2000* 2830 420 

2000* 2550 293 

1035 770 

o 2 4 

Results 

10 

27 

30 

6 

1800* 515 250 135 
/ 

1800* 790 380· 80 

818 710 646 

0 

2000· 

2000* 

186 

0 

2 

175 

170 

624 

4 

4. 

15 

o 

13 20 

15 

10 

10 

8 

30 

o 

30 

/ 

10 

o 

44 

5330 

4250 

5280 

5800 

4550 

5570 

4590 3070 700 90 

3580 2390 410 ISO 
4340 2440 830 110 

3995 

3450 

3554 

----
2925 

2451 

2201 

1864\ 1538 1352 

1713 1655 1422 
? 

1889 1524 1455 

1182 

1293 

1210 

54 

30 

60 

60 

962 

1080 

) 

61 

10 

20 

30 

-

.... 
c.o 
-..J 

'1 liS Film ;;; S' srrn. 2 r Il 1 Ir / ,'.;' . d, " :;cpa pm ?S'f .as N'I.aitl. PM rit. n_ --.u .".- - ..., 

. " " '-,,' ;'~>'f.~t .. , r 
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0 • 
Pre-dark conditions Results 

Dark 
Tempo (OC) Light (Iy min- 1 x 10- 3) Temp. (OC) Replicate # Days in the dark 

. 
(5) 4 ";:.2.0 4 0 2 8 16 25 30 -0 36 -- ---- -

CeU numbers 1 2000* 2120 1989 830 ." 60 20 a 
2 -2000* 1890 i900 950 90 40 10 

Mean cell volumet 1443 1184 934 571 549 

(6) 4 1.0 ~ 4 0 l lS 25 29 

CelI numbers 1 2000* 2120 360 10 0 

2 2000* 1865 400 20 0 

Mean cell volumet 1128 793 612 

(7) 4 -., 2.0 1 O' 4 11 ~~- 34 41 /so 
CeU numbers 1 2000* 188Ô 1770 1920 1080 310 . 75 0 1-' 

ID 
00 

2 2000* 1630 1870 1750 890 200 90 0 

Mean cell volumet 1443 1092 734 634 624 

(8) 4 1.0 1 0 -1 14 29 37 46 
1 ~ . 

~ .. CeU numbers 1 2000* 1770 1440 160 10 0 

~ .. 
1-

2 -200(}* . 1985 1445 90 20 0 

Mean cell volumet , 
1128 935 765 685 

\ 
") J 

---- , 

.. ) 

, 
~ .. wr; werm ttn?tttéttM'Sè" tH_ tiN ttr ft en [~srr 5 '7' lt a 1'7 !WW' b ' . -" r nt',,'!, &7f! 7. '( 6 PS ,. pr 'Mt m 1 =,,, ",-.,,~~ .. _ .... .....,._ ... - ,,_ ......... --
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o 
Pre-dark conditions 

- Temp. (OC) Light (IY min- 1 X-I0- s) 

\ (9), 

\ 

-: 

l 1.0 

CeU numbers 

Mean cell volume 

*Estimated density of inoculant. 

Dark 
Temp. (oC) -' Replicate lt 

1 

1 

2 

3 

1 

2 

3 

t Mean ce11 volume of ce1Is from both replica~e,. 

.. 

---

-..-____ ._ ........ ~!J'~::u $ ):.1 .~_~ ., 1"_ ~_ .. ___ 

~l 
'1",-

Results 

,Days in the dark 

D 17 44 65 75 85 

650 730 410 100 TO 0 

-----790 ------- 860 230 80 0 0 

880 930 360 190 40 10 

3059 2496 1701 1492 

2640 2399 1794 1362 --
------3141 1987 1630 . 1294 /" 

~--

..... 
1.0 
1.0 

• 1'1 1 7 ,» t :t5 m'ms sr 'S ) ; M • • 1 '. ,'~ .--: ' Il .$ au nt., m'5t Zt7_" 1 $ ~~ .. ....... nt <sx'"'. Wb """ 
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Appendix M ,. 
1 

/ 
Carbon Loss per Cell in the Dark at Various Temperatures 

Carbon loss in the dark was calculated!from the decline in celi volume, 

using the regressions of celi carbon versus cel1 volume (~art I, Fig. 4). 

The lo~s was determined during the time in which little or no cell death 

occurred. At low1temperatures cell volume decreased more rapidly in the 
\ 

first few days of incubation and therefore carbon loss was calculated only 

for the period o~ ,slo~er decline which follo~ed. The initial rapid 10ss 

may represent excrétion of carbon, whereas the subsequent slower 10ss is 

'interpreted to result primarily from the endogenous respiratIon of stored 

carbohydra~e. A much more rapid decline ~n cell numbers at higher 
, 

temperatures,necessitated that carbon 1055 be calculated,within the first 

few days of incubation. These estimates may include an-excrétion component 
\ 1 

and thus overestimate the respiration rate of stored carbon. Nevertheless , 

the data indicate a marked increase in respiration with increasing ~ 

temperature, which leads ta rapid cell death at high temperatures. The 

calculations are presented below. 
, \ . 

'-
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Growth conditions Mean 
Dark Days Ce11 ce11 Ce11 

Temp. Light . tbmp. in Rep1icate numbers volume carbon Carbon 1055 
(OC) (ly lÎÏin- 1 x 10- 3 ) (OC) dark # (ml- 1 ) C1l 3) (pgm eell- 1 ) (pgm C ce11- 1 day-l) 

(1) 23.5 21.5 23.5 0 1 964 (1332 (209 
2 1040 ( ( 

3 - 984 - (1680 (261 
, ~ 4 947 ( ( 

1 1 843- 1080 157 52 
2 793' 988 149 60 
3 874 1163 184 37 
4 1039 1221 192 71 

2 significant decline in cell numbers w: 

- ' • P 
(-2) 23.5' f·O 23.5 0 1 - 687 (950 (152 

2 704 ( ( 

3' , 747 (1050 (167 ~ 
4 730 (" ( ..... 

1 - 1 517 730, 119 33 
'" 2 604 657 108 44 
~ 3 555 689 113 54 

4 611 700 114 53 

2 significant dec1inejfn ce11 numbers _ 
X at 23.5° = 55.5 ± 14.1 

D / 
/ 

(3) 15 8.6 15 0 1 2030 1605 250 
~ 2 1864 1632 254 

3 2189 1539 240 
4 1793 1465 229 

.,- 5 1923 1519 237 

3 1 1816 786 '127 41 
2 1670 734 119 45 
3 1798 699- 114 42 
4 1650 764 124 35 
5 1749 657 108 43 

----
ml'ttIr_#:.tn i05 r • tUf' ..... 71 .e'. '1n' te' s=r= ~,,","~f ............. "W,.. ~_.~ 

?' .. ' ":.-' 
l' ..,..~ 
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0 If • Growth conditions Mean 
Dark Days Cell cell Cell 
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) (pgm cell- 1) (pgm C ce11- 1 day-Il 
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0 • Growth conditions Mean 

.. 'Light 
Dark Days Ce11 ce1f Ce Il 

Temp. tempo _ in Replicate numbers volume carbon Carbon loss 
(oC) (ly min- 1 x 10- 3) CC) dark # (ml- l ) (11 3 ) (pgm ceU- 1) (pgm C ceU- 1 day-l) 

(11) , 4 1.0 1 0 1 est~2000 ~1128 234 2 

1 1 1770 ' (935 195 
2 1985 ( 

14 1 1440 (765 160 2.69 [tl -
2 1455 ( tilt] 
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2 1750 ( 

14 1 1340 (669 141 :5.38 [t 1 -
2 1555 ( t 14] 

JI' 1 N 
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186 ~ 
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2 460 ( tilt] 
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• 
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X at 1° = 3.24 ± 1.9 
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Appendix N ~ 

Bacterial Numbers in the'Algal-Bacterial Cultures 

Using sterile procedures, samples,from the open waters of a nearby 

lake were centrifuged- ,at speeds sufficiently low ta efFect a separation 

of bacteria and algae. Subsamples of the supernatant containing bacteria 

were inoculated into axenic cultures of ~. erasa, and stock algal-bacterial 

populations were maintained at 15°. Although no attempt was made at 
li 

taxonomie identification, the bacterial flora which developed was dominated 

by Vibrio-like rods, approximately 0.3 ~ wide by 2 ~ long. Expe~imental 

cultüres of f. erasa grown at various low light levels at 15 and 4° were 
\ 

inoculated from the stocks ta yield an initial bacterial density of 

approximately 10 3 cells ml- l • The number of bacteria which, develop~ in 

the cultures was not controlled. ~otal microscope counts of erythrosin-

stained material showed the largest populations of bacteria in cultures 

at the lowest light leveIs, where very slow growth of f. ~ resulted 

in a long (up to 6 months) association~of bacteria and algae (see Table). 
\ " 

The maximum biomass of bacteria was estimatecl as 30-40% of the algal 
1 

biomass. It was in these cultures that sorne f. ~ became enmelshed in 

a mucilaginous envelope, whereln a slowed cell division rate may have 
l 

accounted for their increased celi volume and carbon content. Such large, 

carbon-laden celis almost surely resulted in the enhanced dark suryival 

of the algal populations (Part IV, ~able 2). However, the clark survival 

of C. ~ in algal-bacteHalcultures inc\lbated directly in the dark was 
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no greater than its surviv~l_in cultures where·bacterial numbers were 

f~rst diluted 5-10 times ~~th fresh medium. Although this result does 
1 

not preclude sorne ingestion of ba~teria, phagotrophy is not a significant 
\ 

source of carbon, even at the high bacterial numbers in our cultures. At 

much lower concentrations of bacteria in the open waters of oligotrophic 

lakes, phagotrothic nutrition of planktonic algae must be of minor importance. 
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Table 1. Bacteria1 numbers in a1ga1-bacteria1 cultures 

at"the time of dark incubation. Data are direct 

microsc?pe counts of fi1ters stained'with erythrosin B 

Growth conditions ' " 

{,Temp. Light CeU -counts 
(OC) (ly min- 1 x 10- 3 ) (X10 5 ml-l) 

15 ' 2.0 1.8 ± 1.1 1 

15 1.0 4.9 ± 2.1 

15 0.62 8.7 ± 3.6 

4 2.0 0.7±1.1 

4 1.0 2.0 ± 0.9 -

4 0.62 3.7 ± 2.4 / 

4 0.24 6.3 ± 3.1 
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GENERAL CONCLUSION~ 

Growth of the freshwater phyt~flagellate Cryptomonas ~ Skuja in 

nutrient sufficient batch culture was maximal at moderately high light 

and temperatures (.045 ly min-li 23.5°). whereas at low temperatures 

growth was rnuch reduced. and the cells saturatêd and inhibited at very' 

iow light intensitie~. The irnposed stress of cont1inuous illumination, or 

more likely. a high total salts concentration rnay weIl be responsible for 

the poor growth in culture at the same low temperatures at which it thrives 

in nature. In addition the possession of,significant quantities of 

phycoerythrin increases its susceptibili!y to light stress and may. in 

part. account "for the depth distribution' of cryptomonads in nature. Since, 
\ 

l 

in culture, low temperatures more adversely affected celi divis~on than 
, - / 

carbon uptake. the resulting excess production of photosynthate was either 

retainëd as storage carbohydrate or excreted. The wide range in cell 

volume of f. erQsa (300-9000 p3) 'makes questionable the significance of 

celi size in cryptomonad taxonomy. Although cryptomonads and 'other 

nanoplankton normally grow faster than diatom and blue-green species. 
1 

~their absolute abundanee in eutrophie lakes is probably signifieantlY 

lirnited by zooplankton grazing. 

In chemostat culture carbon uptake and cell division of f. ~ 

were aiso differently affected by the rate of phosphorus supply. 

Pnotosynthesis was limited by' light at high dilution rates. but by 

phosphorus at slow dilution rates, whereas cell division \\'as P-limited 

at aIl growth rates examined. Phosphorus-limi~ed cells show increases 
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Cr in mean celI volume, carbon content and refractility, 'whereas c~lorophyll 

() 

1 and nitrogen content are lîttle affected. The C:P and N:P atomic ratios 
\ 

/ 

, 
reflect the availability of PhÇPhorus, but such ~atios are less useful in 

field assessments of deficienc because of-contamination from detritus and 
. =-> 

heterotrop~~c organisms. Growth of C. ~ at the low phosphate 

concentrations present in the chemostats ('0.10 ~g P t- 1 ) was facilitated 

not by a large capacity to transport and store phosphate, but rather by a 

high affinity, low K system (K = 0.14~ MP). Since the production of s s 

transport enzymes are potentially in competition with one an~ther, the 

simultaneously low concentrations of many essential nutrient~'in nature 

may limit the energy and materials available for the production of 

any one permease. Thus, the high v 50 often measured in laboratory , max 

cultures may not be realized in oligotrophic environments, and selection 

instead favours growth of C. erosa and other low K species. , - -- s 

The photosynthe,tlc response 'of f. ~ grown under low light and 

temperatures and phosphate deficiency was characterized by a lowered 

photosynthetic capacity (P ) and by saturation and inhibition at low m,ax 

Ùght levels -(low < Ik and !I)' The reduction in photosynthetic capacity 

occurred without any accompanying major change in the rate/intensity 

characteristic at low light levels or in the chlorophyll content of the 

cells. Thus in suboptimal environmen~s, the principal stage of 
, ~ 

photosynthesis affected is the rate of the dark enzyme reactions. It is 

suggested that at low temperatures. P is lowered through a decrease in max 

the rate constant of the dark ~eactions, whereas urider low light or --\ 

P-deficiency. dark enzymes are selectively lost from the cell. In 
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nutrient-rich batch cultures, 1ight and temperature determined the 

photosynthetic response of the ce1Is, whereas in chemostat cultures the 

effect of phosphorus limitation was readily manifest. In nature, too, the 

abundant data 1inking eutrophication with high phytop1ankton productivity 

indicates that the photosynthetic response of natural populations i5 

1argely nutrient dependent. Whi1e some species are able to adapt extensively 
- Il 

ta different 1ight intensities through variation in pigment content~ lig~t 

adaptation in f. ~ was primari1y effected through change in clark enzyme 

function. In addition, the ability of moti1e species to main tain themse1ves 

in a zone of optimal 1ight intensity and thus maximal carbon uptake, is an 

important strategy for species success, which facilitates 
1 

'distribution of ~. ~ and other phytoflage11ates. 

the cosmopo1itan 

Incubation of C. erosa in the dark resulted in a decline in celi 
, 

numbers and cell vOlume/celI carbon. At high temperatures reserve carbon 

wa5 quick1y exhau5ted. fo11owed by rapid cell death. whereas at low 

temperatures the alga survived a Iengthy dar~ period (up to 80 days) 

because of slowed respiration of storage carbohydrate. The ability of 

the a1ga to expand in size ta accommodate large carbon reserves is thus 

" an important mechanism for dark survival. In culture, heterotrophic 

metabolism of C. erosa was negligible. Similarly, the low concentrations 

of avail,able organics in the open waters of lakes and the inability of 
1 

most planktonic algae to compete efficiently with aquatic bacteria for 

organ~c substrates must also preclude heterotrophy as a significant carbon 

source for n'atural populations. Whereas algae in snow and ice-covered 

temperate lakes may frequently receive sufficient radiation to at least 

1 
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" 

Ci compensate- re'spiration, the survival of cryptomona4~ through the three 
, 

month polar night appears dependent on the respiration of stor~d carbon. 
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