e s

e d

>

Ca

N ) ; _
' i
| c 1
[ s
AUTECOLJGY OF THE ALGAL FLAGELLATE
or
ERYPTOMONAS EROSA SKUJA .
3
i '
0 f
i
2 ‘ﬁ \i
o
¢ . .




o

J—

T
S ARl
“
N

-
[ N WP SNV PR

L4
/ i
STUDIES ON THE AUTECOLOGY OF THE FRESHWATERV
’ ALGALH FLAGELLATE CRYPTOMONAS EROSA SKUJA
. \ ’
‘ I
by
Keith Morgan
i
A thesis submitted to the Faculty of Graduate
Studies and Research in partial fulfilment of
the requirement of Doctor of Philosophy. R ‘ <
' Department of Biology " ~. November, 1976
B McGill University K "
O ) Montreal, Canada
1‘{{}{ ~
. ";2"’1, | K 4 é' f:%/ ' —
‘ © jf(ei th Morgan 1978

L 4, \




e vttt e B ——— o

Ph.D. l o . Biology -

Keith Morgan ) ’ & ' .

Studies on the autecology of the fre;hwatef’algal flageliaté
Cryptomonas erosa Skuja. ’ Al

ABSTRACT

] Cryptomonés erosa Skuja (Cryptophyceae), a member of a common but _

little studied group of freshwater phytoflagellates, wds grown under
various light/tempéréthe and dark regimes in batch culture and under

phosphorus limitation in chemostat culture. éatch cells grew maximally®
—~ .

-
v

2

at moderately high light intensities and'tempe;;ture, whereas at 4mch
iower temperatures severe photic stress limited cell division, resulting
in both excretion and storage of excess photosynthate. Phosphdte uptake
as measured with i%P revealed that in chemostat culture a low Ks

(0.14 yM P) allowed the species to survive at low substrate concentrations.

T L

The photosynthetic responsé of C. erosa grown under suboptimal conditions

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

»

}edu;ed‘rates of dark enzyme fumction, as measured by Pmax’ and by

saturation and inhibition at low light intensities. Survival of a lengthy,

dark period was dependent not on heterotrophy. or phagotropﬁy, but rafher

on the slow respiration of stored carbohydrate at low temperatures.

Results obtained .on the physiological ecology of C. erosa are related to

- the natural abundance and distribution of cryptomonads and other

phytoflagellates.

.
- h TN, Wil ey,




-

D.Ph. | Biologie
- Keith Morgan & '
Etudes sur 1'autoécologie de 1'algue flagellée dulclcole
Cryptomonas érosa Skuja. ‘ ) /
f . .
’ABSTRAIT ¢ |

\ N,

CryptOmonas erosa Skuja (Cryptophyceae), appartenant a un groupe

commun mais peu Studié de phytoflagellés d'eau douce fut cultivé sous
d;verses conditions de 1um1ére/température et a2 1'obscurité dans des
cultures de type ?batch" et sous des conditions limitantes en phosphore

dans des .cultures de type "chemostat"ﬁ; Les cellules cultivées en‘hpaFch"
réalis@rent une croissance maximale 3 des intensités lumineuses

(0.043 1y ; min~1) et des témperatures (23.Sfé) ﬁodérément élevées tandis
qu'a des{temégratures beaucoup plus bassesﬂé}e stréss photique limita la
divisiorll cellulaire, résultant 3 la fois en une excrétion et un storage
de 1'exces de matiére photos&nthé;isée. Les gxﬁériences relatives 2

1'assimilation du phosphate (32P) ont montré que dans lés éulture% de

. < - a
type "chemostat", une faible valeur du Ks (0.14 uM P) permet 4 1'espéce

de survivre a une concentration de substrat tres faible. La réponse -

L 3 ;

photosynthétique de C. erosa cultivée en conditions sous-optimales de
lumiére et de température ou‘en conditions de déficience extréme en °

1 ]
phosphore fut caractérisée par une reduction des fonctions enzymatiques -

de la phase sombre (telle que mesurée par Pmax) et par une saturation :

#

Sy sy s N . . . - -
et une inhibition a de faibles intensités lumineuses. La survivance a

! !
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une période d'qbst/:unte prolongee fut dépendante non pas des phe mef{es

respir ion fler;te

d'hetérotrophle J@ de phagotroph1e, mais plutét d'me

des carbohydrat,e,é emmagasmes a de basses temperatures. Les résultats :

1
obtenus sur 1'écologie physiologique de C. erosa sont|reliés 3 1'abondance \
N

tres flagel lés.(‘}
}

i

et 3 1a distriﬁﬁtion naturelle des cryptomonades et




6 . 1 PREFACE

© \

The thesis is presented as a series of four interconnected papers

D in publication format as permitted under the regulations of the Graduate

/

Faculty of McGill University. These regulations also require the

JRPUUURE S -

following statement as to elements of the thesis that are considered to

13

A . '
be "contributions to original knowledge'.

Although'an important component of the plankton commmity in many |

{
¢
i
H

lakes, cryptomonads have received little attention in culture work, ahd ﬂ
P

their ecology is poorly known.. N ata presenéed here on Cryptomonas

;
g_ligia_ Skuja represent, to the author's knowledge, the most comprehensive
treatment of cryptomonad autecology. T}‘:e data include information on the .
interaction of light and temperature on cell div\ision and phofosynthesis,

1 ,
the "effect of light, temperature, and phosphate deficiency on the pmax’

and I. of C. erosa, the nutrient physiology of an oligotroph in oo

-1
k el .

chemostat culture, including the Ks for phosphate uptake, and »t'he role

of carbon storage in algal dark survival. These are contributions to

original knowledge.

i
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GENERAL INTRODUCTION

In a natural ecosystem the growth of an algal popul:&tion is
controlled by physical, chemical and biological factors such as light
intensity, temperature, nutrient availability, sedimentation and
grazing. In addition, each of these factors is continually changing while
interacting with the others resultin‘g in a complex and variable response
in algal growth. Although field studies of algal ecology have the
advantage of dealing with "real" events, they fnust contend with this
inherent complexity of the natural system, making an elucidation of the
interaction virtually impossible. In order to circumv;nt these problems
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 artifi’ciality, the ecological relevance of laboratory studies is‘often
questioned. ‘It is true that the study of algal ecology in the laboratory
requires certain compromises between recreating the natural environment

a .
and making the system work. A major compromise is that algal isolates‘
will not grow in natural lake water, but must be supplied with a synthetic
medium éontaining the essential elements at concentrations much higher
than those found in nature. Other "unnatural' conditions qf laboratory
cultures include light quality differénces, turbulence differen::es, and
the artificiality of uni-algal or axenic cﬁltures. 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. Genetic variation, through the selection /
. f

\
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of mutants favoured by the growth conditions imposed, is probably not
imporf;nt with recent isolates. However, populations maintained in
culture for many years may bear little resemblance to the original
isolate and their use in ecologicél studies of phytoﬁlaékton dynamics is

questionable. Since algae are physiologically plistic, physiological

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

— M

milieu of batch cultures, algae grown under optimal light and temperature
conditions attain their maximal intrinsic growth rates (umax).“ Since
such rapid rates rarely occur in nature both the batch environment and -
the physiology of the organism differ greatly from that in nature. -
Howeverﬁ under suboptimal growth conditions in culture, the morphological
and physiological/ changes‘in the cells may well resemble more closely
the suboptimhl 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 atomic ratios and increased phosphatase

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

least suggests that the artificial environment of laboratory cultures

1

does not alter the basic physiology of the cells, and that the Hoax
achieveg in 6ptimum batch cultures is 6n1y the extreme of a continuum of
physioloéical change. ' However, numerous studies in which the teméﬁfature,
light or hutrient response of an organism in culture is at variance with
its known ecology indicates that this is not always the case. The
interaction of pH, light 4nd temperature and total®salts concgntrations
are known to shift the tolerance limits of algae, while more subtle

factors such aslionic ratios, chelation and trace metal concentrations .

\
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, nutrients in most lakes necessitate that nutrient studies employ ecologically

et A e e e

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 laboratory data to natural 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

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

are the turbidostat and the chemostat. An essential feature of both is the
provision for the continuous removal of a culture at a rate equal to the

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

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

system is not amenable to nutrieny studies. In contrast, in a chemostat

an essential nutrient is supplied at a low limiting rate, and steady state v
growth rates less than maximal are easily achieved. With chemostats it is ’
possible to measure Fhe kinetic constants of nutrient transport and relate

change in the physiology gf the cells to the degree of nutrient limitation.

Since abundant information indicates that most ‘temperate zoﬂe lakes are

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

providing insight into the growth'of algal species in freshwater systems,

and the role of nutrient kinetics in ,algal succession.

o
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... The objective of the present study was to obtain a measure of the

!

physiological ecology of the freshwater algal flagellaie Cryptomonas erosa

Skﬁja that would help explain the abundance and distribution of cryptompnads
in pature. Cryptomonads are members of a nanoplanktonic and largely motile
group of algae that includes many chrysophytes and dinoflagellates, which at

v

all times dominates the plankton of oligotrophic temperate zone’ lakes, and

often forms an important part of the algal community in eutrophic lakes.

~

However, the study of freshwater phytoflégellates in laboratory cultures

has been largely ignored and their light, temperature and nutritional 3

requirements are poorly known. ’ )
¥

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

o i s 3L,

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

culture and the results compared with the light-temperature distribution of

-

cryptomonads in nature [Rart I).

To ach}eve growth under low natural phosphate concentrations, steady

state populations of C. erosa were subsequently examined in phosphorus-
limited chemostat culture (Part II). The nutrient transport kinetics of
the alga was determined and change in cell physiology related to the degree

of nutrient deficiency.

’

The thifd manuscript examines-data only briefly considered in Parts I
and II on the photosynthesis-light response of C. erosa cultured under a
* variety of light-temperature conditions in batch culture and various /.
degrees of phosphate deficiency in chemostat culture. In particular this
paper examines variation in the gﬁotosynthetic capacity of the alga in

[} -

" relation to the light, temperature and nutrient regimes imposed, and discusses
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the pogsible mechanisms involved (Pgrt I11). ?%’VJ

Finally, 'becau,se cryptomonads and -other phytoflagellates férm i‘\' w7

1 '

sigﬂ’ficant yinter populations in snow and ice-covered lakes, .the last

manuscript examines thé‘physiological mechanisms available to C. grosa b
rd , ‘l‘
for survival during leng peritdds of darkness (Part IV). -

G )
. . A . ..
The appeflices contain data not suitable for inclusion in the

precg&ing manuscripts but gelevant to the thesis. ‘
~
Since this dissertation is presented as four manuscripts to be

sﬁbmitte_d for separate%ublication; a certain amount of redundancy is

unavoidable, for which the author asks the Treader's forbealgnce.
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The influence of lighf‘intensity

on growth.
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‘ABSTRACT

i In order to contribute to an understanding of the dynamics of

e g o o

freshwater phytoflagellates, the flagellate Cryptomonas erosa Skuja

(Cryptophyceae) was grown under controlled laboratory conditions at

Y

different combinations of light intensity and temperature (23.5, 15, 4
and 1°). Measurements included cell division, photosynthetic carbon
Bassimilation]vs irradiance, chlorophyll a content, cell volume and cell

carbon. Maxidum growth (u.= 1.23 div. day~!) occurred at 23.5° and

:

:

f

i

4
z,
3
.
l
3

0.043 1y min~!. At much lower temperatures growth showed a "stress'
response with increasing light intensity. Because cell division was
more adversely affected by light than carbon uptake, the resulting

excess production of‘ﬁhotosynthate was either stored or excreted. The

N\

alga has an unusual ability to expand in volume to accommodate storage

carbohydrate. The stress response of C. erosa in the laboratory
o 22032

N [

contrasts with its much superior growtﬁ in cold oligotrophic lakes.

Evidence is presented which suggests that cryptomonads and other

nanoplankton grow maximally in the summer wateys of eutrophic lakes,
but fail to achieve a high biomass due to a high ¢

S

t

from zooplankton grazing.

e e
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INTRODUCTION

'

The presence or absence of algal spéciég in lakes and their seasonal
~
cycles are controlled in a complex manner by the interaction of light,
temperature and nutrients. This complexity, on which in nature is superimposed
the significant controlling effects of grazing and sedimentation, obstructs
ready attempts to define a relationship between phytoplankton growth and the

| o
natural environment. Such light, temperature and nutrient relationships

are, ho#eve;, more easily d;fined 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
ét al. 1964; Eppley and Sloan, 1965) have considered both processeg.
However, cell division need not respond to change in the same manner as
photosynthesis (Droop, 1954; Sérokin and Krauss, 1962). It is reasonable

‘

to assume that if the two processes proceed at different rates and the

cell becomes stressed by the production of toé.little or too much photosynthate,
it will attempt to bfing 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 division of the common freshwater

flagellate Cryptomonas erosa Skuja (Cryptophyceae).

The'Cryptophyceae are biflagellated motile unicells comprising both
pigmented atid apochlorotic forms. They are usually oval in shape with a
tendency to dorsal-ventral flattening and swim in a characteristic

spiral motion. They possess a gullet lined with trichocysts (Shuster,
\

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

T A s A lh Koo et P e _
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pigmented forms contain both{chlorophyll% a and c and the biloprotein

|
phycoerythrin (Haxo and Fork, 1959). Cryptophyceae reproduce by longitudinal
cell division either in the motile stage or in cysts, surrounded by a

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

pigmented fogm (Fig. 1), lérger than most cryptomonads, with a reported
size range of 13-45 pym long and 6-26 ym wide (Huber-Pestélozzi, 1950).

The Cryptophyceae are members of a nanoplanktonic and largely
motile group of algae which includes many chrysoph&tes and dinoflagellates
that at all times dominate the plankton of oligotrophic lakes (Nauwerck,
1968; Pechlaner, 1971; Kalff et al., 1975)./ They also contribute a significant
percentage of the phytoplankton production in many eutrophic lakes ,
(Gelin, 1971; Kglff, 1972; Granberg, 1973). However, with their generally
small size, poor preservation with formalin and/diff@cult taxonomy,
cryptomonads and other flagellates are all too of;enipverlooked in
lakes. In addition culture studies of freshwater algae have to date

, 1
dealt almost exclusively either with Chlorella - 1like species which in many

1

I
i

\
ways are atypical of the general plankton, or with diﬁ@om and blue-green

species so common in eutrophic lakes. Although a/numbgr of culture
Yo

studifs have examined the unique morphology and pigmentation of cryptomonads

(Allen et al., 1959; O'hEocha and Raftery, 1959; Hibberd et al., 1971; -

Gantt, 1971), only a few have considered aspects of theif ecology
‘ [

(Pringsheim, 1968). The ecology of other phytoflagellates Is also

{
poorly known, yet without such information it is impossibie to understand
the phytoplankton dynamics of lakes or the range of adaptive mechanisms

in algae.
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Fig. 1. Cryptomonas erosa Skuja. ‘
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The present report on the response of C. erdsa to light and temperature
in batch culture is part of a larger study which has also examired the
growth of the alga in phosphorus - limited chemostats (Part II), its

photosynthetic response in relation to the growth environment (Part

) IIT1), and its survival on incubation in the dark (Part IV). The purpose

of thi§“5tudy was to obtain a measure of the physiological ecology of C.
erosa in laboratory cultures that would yield insight in explaining the

abundance and distribution of cryptomonads in nature.

METHODS

Cryptomonas erosa Skuja was isolated into axenic culture from a

small naturally eutrophic lake near Montreal, Quebec. The cells wefe

grown in a relatively dilute (conductivity = 240 uﬁhos at 25°) mineral

salts medium, pH buffered with 100 mg 1 ! NaHCO; and chelated with NaEDTA -
-(Table 1). Biotin, thiamine and vitamin B;, were added to provide for a
probable vitamin requirement (Provasoli and Pinter, 1953; Pgingsheim,

19681, ‘Other"organiés are appargntly not needed. The cultures were
maintained in 300-400 mls of medium in 500 ml p;rex reagent bottles, and
without shaking or aeration, were incubated in constant tempegature

.growth chambers under continuous cool-white fluorescent laght. Thé

light intensity was measured at the base of the cultures wigh a photocell,
which was calibrated against a quantum radiometer (Lambda Ingtruments).
Light units are expressed in ly min~! (cal cm 2 min~') of photosynthetically
. available radiation (PAR) where .01 ly min~! PAR = 230 ft.c. CW illumination

~ 32 microEinsteins m™2 sec”! (Appendix A). Stock cultures were maintained in

exponential growth at 8.6 x 1073 1y min~' and 15°.

Lo
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' Table 1. Composition of the medium :
Concentration
o
Macronutrients mg/1 )
Ca(NO,4),-4H,0. . 67.4
- Ca 11.4
N 8.0 .
K,HPO, 5.6 '
p :. 0
K g°°
MgS0, - 7H,0 28.2 ]
Mg 2.8 ;
S 3.7 4
[ ]
NaHCO, 100.0
HCO,~ 72.6 §
NaSi0,+9H,0 46.0 ?
‘ Si 4.9
; r Micronutrients pg/l i
Na EDTA 2080 {
FeCl, 2400
’ Fe 500
- CuSQ, «5H,0 24.0°
Cu 6.4
Trace
InCl ‘ 24 .
Metal Zn 12
Mix H3B0, ‘ 488
' B ® ; 78.4
MnClz'4H20 312

CoCl,-6H,0 | .

I { Na,MoO,+2H,0

\ . Mo
) .
Thiamine Y
Vitamins B;,

Biotin

\

200

“pH 8.0
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’ L]
Ed . Bacterial contamination of stocks and experimental cultures was .

routinely checked on nutrient agar, by phrase contrast microscopy

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

“AI‘

¥

?: . The stock cultures remained bacteria-free during the course of the study,
A k

én and bacterial biomass in the experimental cultures was always < 1% of the
7'% ’

¥ algal biomass.

b . For the light-temperature experiments sufficient stock cells were’

inoculated into 3 or 4 replicate bottles to yield an initial population
\ of 50-200 cells ml1™ !, The expefimental cultures were incubated under a
,; _range of light intensities af 23.5, 15, 4 and 1°. At the three lower
‘ temperatJ%es the algae were first grown at a relatively high light level

.

(.0194, .0086, and .0086 ly min !, respectivély) and following analysis

_of the population, the cells, while still in exponential growth, were

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

'
This ;process was repeated several times, until finally the cells were

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

(23.5€)a the experimental procedure was changed so that the cells were
incubated all at once under a range of light levels achieved in a light- .

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

cells were preconditioned for at least one week under each set of conditions. ;
At each light-temperature reéime log-growth populations were analyzed
as fol¥bws:

Cell Division Rate. Cell numbers were counted at frequent

intervals by microscopy in a Palmer-Howard coumting chamber. At least
400 cells were counted in each replicate to give + 10% counting accuracy

- (Lund et al., 1958)." The cell division rate was calculated from the
’ - |

(¥
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equaFipn k = In (Nt{Ntz’) « [1/(t 1n2] where k = cell div. day ! and Nt
and ﬁt_l are the cell densities at times t and t-1.

Cell Volume. The mean cell volume .of the population was .
determined from measurements on at least 200 cells. The cell volume was

i}

calculated by treating the cell as a prolate spheroid.

Carbon Uptake. The photosynthetic rate of the cells wa?
measured thrge times during log growth by adding NaH!*CO; at 0.125 -~
0.25 uCi m1™! to two 5 or 10 ml subsamples from two replicate cultures
and incubating them under the growth conditions for 1 to 6 hours. The
cells were filtered live on 0.45 ym membrane filters at low vacuum ?SO
mm Hg) and washed with 1-2 mls of medium prior to assay in a geigér
system of known efficiency. Dark uptake was subtracted and the 6%
isotope correction was applied (Steemann Nielson, 1952). The total
inorganic carbon available for photosynthesis was calculated from the
total alkalinity, pH and water temperature following Bachmann (Saunders
et al., 1962). Carbqn\uptake is expressed as picograms (10°'2 gms) carbon
fixed per cell per day. In addition, at a few light-temperature conditionms,
the photosynthetic rate was measured by the acidification-bﬁbbling technique
(Schindler et al., 1972), whereby samples incubated with '*C were acidified
to pH 3-4, bubbled 30 min, and 0.5 or 3.0 ml aliquots counted in Aquasol®
(New England Nuclear, Boston) in a liquid scintil%ation system.

To examine the photésynthetic response of C. erosa in more detail,

| ‘
cells grown under light-saturated and light-limited conditions at each

temperature (except 1°) were placed in a light-gradient box, and '“C- uptake-

was measured over a range of light inte?sities. The cells were filtered,

!
filter activity assay&d in the GM system, and the results graphed in

the form of photosynthesis-light curves, Regression lines have been fitted

)
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(p € 0.05) to the points to describe -each curve at subsaturating and

\
L B T

inhibitory light levels, while carbon uptake values along the saturation

).

plateau were averaged to give a mean maximum photosynthetic rate (Pmax ‘

>

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).

Chloropﬁyll a. Tﬁe pigmenf content of tﬂe cells was measured by in
vivo fluorescence on a Turner hodel III fluorometer equipped with a red
sensitive R136 photomultiplier (Lorenzen, 1966).I A correction for
phaeopﬁytin was applied by medsuring the amount of fluorescence before
and after acidification with dilute HC1 (Strickland and Parsons, 1968)*

The fluorometer was_calibrated against the amount of chlorophyll in

filtered, acetone-extracted samples as measured by sy%ctrophotometry,

-~ R

using the trichromatic equation of Strickland and Parsons (1968). The
equation to relate chlorophyll a concentration to fluorescence was chl-a
(ugl 1) = (2.0) x F x (Rb - R ) where F is a conversion factor equal to §

0.367 for door 30 on the fluorometer, and Rb and R .are the fluorescence

readings before and after acidification (Appendix B).

Cell Carbon. Particulate carbon was analyzed at only some light-
temperature conditions. The samples were filtered on pre-ignited
Whatman GFC filters, which were combusted in an infrared furmace, with{

chromatQjmf@%EIation of the gases in a Carlo-Erba model 1102 CHN

analyzer (Stainton EE?E&:: 1974).
RESULTS

The mean cell division rates, carbon uptake, cell volume and chlorophyll a
content of C. erosa at different combinations of light and temperature are

shown in Figs.]2 and 5 (see also Appendix C).
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Cell division. ' C. erosa was able to grow over a temperature range

of 1 to 23.5°, but no attempt was made to ascertain growth at higher
temperatures. The maximum measured growth rate of 1.23 diviéﬁons day!
occurred at 23,5° and .042 1y min"!, while the maxima at 15, 4 and 1° were
0.7, 0.21 and 0.025 divisions day !, respectively. Thus the maxim&h growth
rate decreased sharply with temperature, so that at 1° growth of the

alga was severely limited. The cell division rate at 15 and 23.5° increased
hyperbolically with increasing light at subsaturating intensities, but
linearly at 4° (Fig. 2).‘ At light saturation cell division at the highest
temperature (23.5°) was maximal over a broad range of light intensities,

! -
with only slight inhibition at the highest light level examined (.065 1ly

min~!). However, with decreasiné temperature the optimum light intensity

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

of cell division. At 1° growth was restricted to very low light levels,

and attempts to grow C. erosa at only .0086 ly min~ ! were unsuccessful (Appendix b).
Extrapolazion of the ligbx intensity-cell division curves to the

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

; 107* 1y min™! at 23.5, 15 and 4°, respectively. At 1° a light level of

0,43 x 10" 1y min™? (=\& ét.c) was just below compensation; with the

population slowly disappearing over a 4 month period (Appendix D). Thus
E

the minimum light intensity for growth decreased with decreasing temperature.

Photosynthesis. Carbon uptake in relation to light intensity at

each temperature conforms to the typical pattern of a linear increase in
the rate at subsaturating levels, followed by light saturation, and at

yet h{gher intensities, by inhibition (Fig.-2). In a pattern similar to
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Fig. 2. The influence of light intensity on the cell division

-

‘rate, carbon uptake rate and cell volume of C. erosa

at different temperatures.
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the light intensity ; cell division curves, the maximum measured carbon -
fixation rate decreased ﬂi%h temperature, as did the lightl§htensity at
which carbon uptake was saturated and inhibited; At-low subsaturating light
intensities the rate of carbon uptake differed little with temperature,
;xcept'at near cémpensation light intensities, when the rate declined to
very low lgvels at‘higher temperatures.

The photosyntheric response of C. erosa to various light-temperature

combinations is also\described by the photosynthesis-light curves (Fig.

whereas the maximum photosynthetic rate along the saturation plateau

(P

max) decreases with tqﬁperature, characterized by.

average temperature
coefficient (Q;,) of 1.82. In addition, at é;ch témpggafhre cells grown
under light-limited conditions have a lower (X 25%) Pmax then cells grown
at ‘light-saturation. Since the initial slope of the curves changes very
little, the light intensity at onset of saturation (Ik) also decreases
with debreasing light andrtemperature. Furthermore, the light intensity
at onset of inhibition (Ii) declines in a similar fashion, so that ak

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

same énd the saturation plateauldisappears (Fig. 3).

1

Cell volume and carbon content. The cell volume of C. erosa is

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

400u® (cell dimensions = 6 X 14 um) was observed for cells %ncubated in the dark,

_ .
while huge cells of over 9000p3 (= 22 X 36 ym) occurred under certain low

temperature-high light conditions. At each temperature the mean cell volume

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

‘
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Fig. 3.’ The photosznthesis-light response of C. erosa grown
under various light/temperature conditions
(ly min~! x 107%/°C). 1. 21.5/23.5°. 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 600y at near compensatory light levels (Fig. 2).
Low temperature (4 and 1°) cells were 50-400% larger thaﬁ high temperature
(1S and 23.5°) cells, being laréeip at those light leveIQ that inhibited
cell division.

Measures of suspended carbon in some batch cultures and in

phosphorus-limited chemostat-cultures permit the determination of carbon

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

5

cells contained approximately ‘16% carbon (wet weight), whereas 4 and 1°
cells and cnemostat cells (15°) had a higher carbon contentAFZO%). An
increase in cell volume therefore directly reflgcts an increased éarbon
content, but ;he slope of th; relationship is significantly changed by thg
groﬁth conditions. Based on the cell carbon-cell volume regressions low
temperature cells contain up to 4 times more carbon than high temperature
cells (Table 2). Furthermore, if the relationship also holds for the
smallest and largest cells observed, the carbon content of C. erosa
ranged from 45 to 1800 pgm C cell™ !, (Cell carbon content calculated
from the regression on cell volume can be compared with the estimate
obtaiﬁed from the expression- )

C uptake cell day ! ‘ :

Carbon cell = - \
® cell div. day™!

X . S
The results show (Table 2) that the two measures agree reasonably well,

1

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

compensation light levels.

§

Chlorophyll a. Phaeophytin was detectable only in those cultures ‘}

where cell division was inhibited by light (Appendix B). Because

N
\
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Fig. 4.

L
The linear 'regression of cell carbon on cell volume' "

for 15° batch cells, O , (C = 0.15V + 9.5) and 4-ania

1° batch cells, @ , and chemostat cells, Q

1

*(C'= 0.20V + 3.5).
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‘
{ Table 2. Cell carbon content of C. grosa estimated from cell volume and ? '
. from the ratio of ;;rbon uptake to cell division - g
Th— Growth Carbon content (pgm C cell-?) (?
conditions Cell volume Carbon uptake:cell division %
23.5° ]
" 64.6 x 1072 1y min™! 273 161
43.1 235 182 ;
21.5 229 181 b
8.61 170 194 ;
s 5.60 165 182
2.02° ¥ 151 156
0.99 106 190
15° |
19.4 x 10~% 1y min~!? 249 217 '
i 12.9 198 174
8.6 174 179
5.6 136 120
3.0 130 122
2.0 / 132 116
0.99 124 89
. 0.47 105 147
4° .
8.6 x 10°® 1y min~! 452 357
5.6 755 699
' 2.0 \ 330 155 2 '
0.99 205 153
0.47 - 189 197
0.19 680
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The relationship 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 ! (phaeophytin-corrected) was lowest at photoinhibitory
liéht levels, and at all temperatures increased to 4-6 pgm cell !
(0.4l0.7% 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 increésed cogcentrations of chlorophyll c or .
phycoerythrin, which also absorb bluehliéﬁt and fluoresce 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 inbilance in

cell function. Our results show that with all nutrients in excess,

\ t '
growth of C. erosa in batch culture isfstrongly affected by an interaction (A\ v

between light and temperature. This is best described by considering

the different high and low light and temperature combinations respectively,
and relating these to the natural distribution and abundance of cryptomonads.

a .

High Light - Hiéh Temperature /

The maximum observed growth of C. erosa of 1.23 div. day ! at 23.5°

and .045 ly min~! is similar to that of C. ovata of 1.09 div. day ! at 25°

{

2
’

and 1000 ft. c. (Brown and Richardson, 1968) and shows that in culture the!e

J N

Feln a0
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cryptomona&gjgrow best at moderately high light levels and temperatures.

The results are in contrast to the reported very low light intensities
;?quired for growth of cryptomonads on agar or complex liquid media (Allen
et al., 1959; Haxg and Fork, 1959), suggesting that very high concentrations
of inorganics and/or organics result in increased light streés. The
optimum light intensity for growth of C. erosa (23.5°) is nevertheless lower
than that of most diatoms and dinoflagellates in culture (Eppley and
Strickland, 1968) and is much less than the light fluxes at which many |
greens grow maximally‘(Sorokin and Krauss, 1958; 1965). Brown and
Richardson (1968) showed that algdl groups with greate} amountg of
accessory pigménts have loﬁer optimal light intensities for growth,
attributable to the increased range in effeetive 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 ¢ and phycoerythrin.-

.At the highest temperature (23.5°), both cell division and carbon
uptake were maximal at the same relatively hjgh light levels (Fig. 2).
Because the two processes increased at approLimately the same rate with
increasing light, cell carbon calculated from the cell division to carbon
uptake ratio is relatively constant 0vel a broad range of light intensities
(Table 2). The not realized increase inucarbon content, as determined
from cell volume (Fig. 4), is probably the result of 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

N

e 3+

!
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was observed at 15°, with high-light\cells having twice the carbon -
contentﬂof cells at near compensation light levels. The increase in
cell carbon is the result of a greater relative increase in carbon
uptake than in cell division at subinhibifory light intensities, and a
greater relative decrease in cell division than carbon uﬁtake at
" inhibitory light levels (Fig. 2).

_High loss rates resulting from grazing, sinking and cell lysis,
together with only weekly or monthly measures of algal bilomass yield

y

aberrantly low values (<0.5 div. day !) for maximal growth of cryptomonads

. in nature (Willén, 1961; Pavoni, 1963; ﬁolmgren, 1968; Ilmavirta and -

< o

Kotimaa, 1974). At the same ti;; the activity coefficients (carbon
assimilation:cdrbon content) computed by Findenegg (1971) provide
questionably high values of 1.88 to 4.29 div. day ! for C. erosa in a
mountain lake, probably the result of an underestimation ofAtﬁe cell

carbon content., More reasonable estimates of maximum growth of cryptomonads
were obtained during a diurnal study of cell numbers in a Finmish lake
(Ilmavirta, 1974), yielding rates of 0.94 div. day ! at 14° and 1.76

div. day ! at 21°. Similar rates (= 1.0 div. day ! at 13°) were obtained in
nature by means of autoradiography (Knoechel, pers. comg.]. These results
indicate that in nature cryptomonads are also capable of excellent érowth

at relatively high temperatures. Moreover these maximal rates are similar
to thosg recorded éor many blue-greens, diatoms, and with the exception

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

1965), and do not sdpportvtﬁe results of Moss (1973} that typical
oligotrophic species have intrinsic growth rates lower than those of

eutrophic species. .

-
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erosa were much reduced, and the cells were saturated and inhibited at

‘while several chrysophytes and dinoflagellates had maximum growth rates
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High Light -~ Low Temperature

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

véry low light intensities. The maximum growth rates observed (0.21 and
0.025 div. da)r;1 at 4 and 1°, respectively) are well below the maxima of
0.65 - 1.32 div. day ! at 0-5° for two obligate psychrophilic diatoms ‘
(Bunt, 1968; Durbin, 1974), obtained at light intensities considerably
above those foﬁnd inhibitory for C. erosa. In an arctic lake, too, much

\ *

superiér growth (0.25 div. day ') was reported for a cryptomonad at 0°,

of 0.12 - 0.52 div. day™! (Kalff et al., 1975). The poor growth of C.
EEQéE at low temperatures in batch 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 light at

~

low temperature. Firstly, C. erosa was grown under continuous illumination.

Several studies have shown that at optimal temperatures for growth an

increase in daylength generally results in increased cell division

(Tamiya et al., 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 growth
medium was relatively di{ute comp;ted to most other batch cultures, a
pessible nutrient imp?sed stress cannot be totally precluded. An

©

increased total salt concentration (McCombie, 1960), increased

~ 1
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. show that with decreasing temperature, carbon uptake is limited nat by a
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%
salinity (Smayda, .1969) and chemical poisoning (Jitts gg_glﬁ; 1964) {
caused shifts in the lower temperature limit for growth to higher f
temperatures, and did increase the susceptibility of algae to light

Pl

o
stress. Thus the greater the stress imposed by one factor, the less the

H

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

media or the high concentration of one or more of their constituents ﬁay\\

well be the principal factor why C. §£g§§_an& other algae grow so poorly

in culture at the same low temperatures at which they thrive in nature.
Although the batch environment at low temperatures is unnaturally

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

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

photosynthetic response of cells 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 briéfly considefed here (see Part III),

N

reduc?ion in tﬂe rate per calorie at light—limiting intensities, but by
a lowered maximum photosynthetic capacity (Pmax). The Pmax is a measure
of the maxiﬁum rate of the dark reactions of photosynthesis as determined
by the environmental temperature and the cellular concentration of dark
enzyme§ (Steemann Nielsen and Jﬁrgensén, 1968). Although a loss of dark
enzymes cgnnot be precluded, the lowered Pmax is most reasonably explained'

as a temperature-dependent reduction in the rate constant of the enzymatic
’ a

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

Eey

h
s T




,
C e M

%

.and Krauss, 1962; Wilson and James, 1966). Our results support the
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low light‘jniensitieé saturate the dark reactions, as shown by a shift
in the Ik to lower ‘alues (Fig. 3). In addition carbon uptake of low
temperature cells is inhibited at low quantum flux (low Ii)' The
association of low Ii\with low Pm;x suggests that the”conditioﬂ of
photoinhibition is-a high rate of 1igh£ reactions couﬁled with a low
rate df'dark reactionsr(Steéman‘ Nielson’and Jgrgensen, 1968).

Cell division of C. erosa il even more adversely affected by low

temperature than is carbon uptake. For example, at 4° and growth inhibitory

: ~
light levels of .0056 and .0086 ly min !, carbon uptake 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°)
éell division is compleiely inhibited at these fluxes. Thus at low
temﬁeratures cell division is ﬁore inhibited by light than is carbon
uptake, and assumes the princiﬁal role in limiting the overall

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

""Master Reaction" theory of Sorokin (1960) which postulates that cell

-
division and carbon accumulation are semi-independent processes responding
N\

differently to light and temperature. The photoinhibitory effect of o i
light on cell division has been shown to result from lowered DNA synthesis
(Sokawa and Hase, 1968; Soeder and Stengel, in Stewart, 1974), while

! .
Cook (1968) proposed the photodestruction of some unit central to cell

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
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‘ surplus organic carbon. The marked increase in cell volume and

P PR PN VX S

associated cell carbon at 4 and 1° (Fig. 2; Table 2) deﬁonstrates that
when cell division of C. erosa is inhibited, excess photosynthate is

primarily retained as storage material. Other freshwater and marine ) )

CTAEN

algae also commonly show an increase %n carbon content when grown at low
temperafures (Eppley, 1972). 1In crypéomonads carbon is stored as starch
in ellipsoidal or épheroidal granules enclosed within a double membrane
around the pyrehoid (Lucas, 1970). In C. gzgég at low temﬁeratures these
granules accumulated in such quantity as to obscure all.other cell’organelles.

. The unusual ability of cryptomonads to expand in size and retain storage
carbon likely results from their possession of an elastic, flexible
periplast rather than a cell wall (Faust, 1974). Under ext;eme photoinhibitory
conditions at 1° (.0086 1y min~!), cell division was completely inhibited,

so that with continued carbon uptake the mean cell volume increased

to over 4000 u?, with‘some giant cells reaching 9000 u® (1800 pgm C).

-

However, shortly thereafter the cells slowly disappeared from culture,

suggesting that becduse synthesis and expansion of the cell membrane

could not continue to keep pace/with carbon accumulation, the cells

literally .exploded (Appen?ix ﬁp. A wide fﬁnge in cell volume - and
presumably carbon content -‘is also reported for C. erosa and other
;ryptomonads in nature (Huber-Pestalozzi, 1950; Kling and Holmgren, 1972).
When applied to-natufé our results predict a maximum cell size in the surface
wayers of lakes when the water temperature is low and the light flux high.

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

photosynthate is evident by comparing carbon uptake as measured by the

0 ; - &
. B ‘ *
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Xacidification-bubbling technique, which measures net plus excreted

\

b e s

carbon (Schindler et al., 1972) with that obtained by standard membrane
filtration, which 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 11 - 24% (x18%) of the
total carboﬂ fixed is excreted, whereas at two growth inhibitory light
levels associated with low témperature,‘ss and 50% of the cargon'is

immediately lost from the cell. Klthough the greatest quantity of

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

ﬁercentage of carbon is excreted under conditions that cause a greater

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

excretion rates occur when the cells 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 principal excretion products are polysaccharides.
According.to Hellebust (ih Stewart, 1974) the amounts of polysaccharides
released can represent a considerable 15-90% fraction of the photoassimilated
carbon of some a{gae.

High excretion rates have also been measured in natural populations
(Fogg et al., 1965; Watt, 1966), but it has not been recognized that a
possible mechanism is thzxanteraction og 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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filtration versus acidification-bubbling.

—

Limits are one standard deviation.

of carbon uptake by C. erosa as measured by the techniques of standard membrane

= Carbon uptake
“ Growth conditions (pgm C cell~! day-1)

Temp. Light intensitg
)

Acidification-
bubbling

Carbon excreted
(pgm C cell-! day-1)

Carbon excreted

carbon uptake (A-B)

/("C) (1y'min™? x 10- Filtered
(1) 23.5 21.5 = 209.6 +
2) 23.5 2.0 31.1 &
L3y 15 8.6 EXPT #1 98.7 + 10.3

. “ EXPT #2 109.3 %

(4)1 15 R EXPT #1 16.2 #
EXPT #2 18.3

5) 4, 5.67 45.7 +
(6) -4 1.0 12.9 =
(7 1 1,07 ' 4.7

+ +

I+

43.4

7.8

19.3

28.4

3.5
2.1

24.4
4,0

6.2

17.1
20.0

16.4

20.6

T 17.8

11.4

34.38

23.7

56.9

]

i

* Extreme photoinhibition of cell division.
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(~: (Round, 1971) and the relatively greater proportion of extracellular
re}eas; in oligotrophic than in eutf%phic waters (Anderson and Zeutschel,
1970; Saunders, 197::{'), may result respectively from the adverse affects of
nutrient limitation and low nutrient/low temperature conditions on cell
division. Although tﬂ‘e\e\xcretion rates of C. erosa measured at the
growth conditions (Table 3)‘ ‘cannot be strickly applied to the short-term
photosynthesis-1light e;cperiments (Fig. 3), they do indicate that the !
photoinhibition function of thle curves must also largely result from
increased carbon excretion with increl:asiz-lg light intensity.' In nature too
\ the excretion of organjés, combined with the movement of light-sensitive

' flagellates, such as C. erosa, away from brightly-lit surface waters

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

l depression of the depth/photosynthesis profile. .

Low Light

.

Under extreme light limitation, a plapt 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. g_rgs_a'_ respiration were made, dark incubation
yielded rates of éarbon loss of approximatt‘%ly 54, 36, 14 )

and 3 pgm C cell™! day™! at 23, 15, 4 and 1°, respectively, (Part 1V),
indicating a marked increase in respiration with incz%asing temperature.
-. The increased respiratiom' rate elevates the compensation light flux at which,

¥ .
i the alga can balance a potentially destructive decrease in cell mass.

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

)

\

.
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minimum of 500-600 p3(Fig. 2). The same lower limit was obtained
. independently from cells incubated in the dark (Part IV). This valuaé

therefore appears to represent a genetically fixed minimum for a viable

C. erosa.

S 53

The principal adaptive mechanism of algae to light limitatioh is to ~ i
maximize light capture through the increased synthesis of cell pigment
(Halldal, 1970). The a£sence of such an increase,in C. erpsa at low
temperatures (Fig. 5) can be inte}preted as resulting from a

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

T

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 C. erosa to grow at low
light 1evels may also depend on its possession of chlorophyll c and
phycoerythrin, which increase the range of light wavelengths effective
-for light absorption (Haxo and Fork, 1959). Although no data were i

obtained here on the accessory pigments, severalﬂitudies (see Halldal,

1970) have shown that alg;e contain maximal concentrations of chloerophyll c

and phycoerythrin under low light conditions. In addition phycoerythrin

absorbs maximally at those wavelengths (540-570 ym ) tha% penetrate
e A

deepest in natural waters, thdf favouring ‘growth of cryptomonads in deep

/ ,
waters of clear oligotrophic dakes (Nauwerck, 1966, 1968).

Aspects of the Exology of Cryptomonads

0 Cryptomonads are members of a nanoplanktonic and largely motile

flora which includes many chrysophytes.and dinoflagellates and somé small
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diatom and green species, which at all times dominate thQ plankton of
- oligotrophic, north temperate zone lakes (Pechlaner, 1971; Kling and
Holmgren, 1972: Kalff et al,, 1975). They are also present throughout
It the year in eutrophic lakes, bpt ip most- contribute a less significant
‘percentage of the summer biomasg with the appearance of netplanktonic
diatoms and blue-greens, even though the nanoplankton biomass may be greater
than in the spring (Pavoni, 1963). Cryptomonad species, although
traditionally associated with cold waters, are also reported iﬁ large
numbers in warm tropical (Lewis, 1974) and desert lakes (Biswas, 1969)
and the group is thus ubiquitous, abie to thrive under a wide range of
' 1ight/temperature conditions.
The adaptive features of cryptomonads and other ilgae for survival
in oligotrophic north temperate zone lakes include motility, small
size; and the ability to grow un@er low temperature and/or low nutrient
Fonditions. Motility allows thelglgae to femain suspended in a stable
//// water column during long periods of ice cower, and to control to some
extent, the light flux received. Due to the scarcity of light unq?r the
winter and early $pring snow and ice cover, the algae concentrate in
surface waters (e.g. Wright, ,1964). As shown here for C. é£g§§3 the
adapt;tion to low light can be considerable, and in one study in an arctic
| lake, an increase in algal biomasg was reco;hed during late winter at a
light flux of only 0.18 ly day ! (= 3 ft.c) (Kalff,'unpubl. data).
. In spring, with the disappearance of snow and a resulting sudden
increase in light clima@e,-the algae -appear to §uffei considerable light 1

stress, such that in many lakes motile species actively, migrate downwards and

1t form a biomass maximum in deep waters (Nauwerck, 1968; Pechlaner,

. A e -
.
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1971). In comparison to other algal groups, the Cryptophyceae appear to
be especiélly light sensitive, often forming the deepest living
populations in clear oligotrophic lakes (Nauwerck, 1966, 1968). Indeed
a sharp decrease 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.
Pechlaner (1971) and Findenegg (1967) attribute the depth maximum
of phyxoblankton in high mountain lakes to a better balance between
light and nutrients in meta-'and hypolimmetic waters. -Kalff and Welch
(1974) similarly explain change in the photosynthetic response of arctic
algal communities in terms of nutrient availability. Growth of.C. .erosa in
phosphate-limited chemostats confirm this séspected photoinhibitory
effect of high light under nutrient deficiency (Parts II and III). In
addition, our batch culture data sugges§ tﬁét the low temperatures
commonly found in arctic and mountain lakes also have a specific detrimental
effect on adaptation to high light:or, at the very least, syneggi;tically
compound a largely nutrient-dependent light stress.
Although cryptomonads and otker flagellates dominate the winterl
plankton of north temperate zone eutrophic lakes; they are typically replaced
dufing'the summer, at least in terms of biomass, by large diatoms and
blue-greens. To conclude that flaéellates are supplanted because
of slowed gfywth under ;ﬂverse high light/temperature.coﬁditions fails, ,

A

however, to explain the summer maxima of cryptomonads ih some eutrophic
i

lakes (Nauwerck, 1963; Ilmavirta et al., 1974) or their reported

abundance under intense illumination at.27-30° in tropital and desert
v N #;W;“
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lakes (Biswas, 1969; Lewis, 1974). Direct evidence for light saturation

of cryptomonads at high light intensities was obtained for natural
populations in a light incubator‘(at 20°j (Javornicky, 1970) and by ié
situ autor;diography in a eutrophic lake (at 13°) (Knoechel, pers comm.).
Thus as shown for C. erosa in culture, higher temperatures and

increased nutrient availability increase the optimal light intensity

for growth of éryptomonads in nature. The further observation by

4.3
Knoechel of doubling times of Rhodomonas minuta (Cryptophyceae) of

approximately one per day, at a time when the population did not increase,

suggests that flagellates only fail to attain high numbers because of

a high loss of cells. Since sedimentation of flagellates rmust be small, the

loss can be attributed largely to zooplankton grazing, which limits the

abundance of all nanopiankton in eutfophic waters. It is highly probable

that the very intermittent flourishing® and disappearance of cryptomonad

populations in lakes (Nauwerck, 1963; Happey, 1968) is closely coupled to the

wax and wane of zooplankton bopulations ratﬁer than to physiological mechanisms.
In batch culture C. g£9§§_grows over a wide range of temperature,

but severe photic stress limits ‘cell division at low temperatures, forcing

the cells to both store and. excrete excess carbon. The much superior

growth of cryptomonads in arctic and high mountain lakes and their ability

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

temperafhre and, nutrient con?itiona attest to a greater physiological plasticity

in natural populations than iF culture. In nutrient-sufficient batch cultures,

adaptation to high light was contingent on higher temperatures, whereas in

{ )
.
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chemostat culture the effect of phosphorus limitation was of overriding
importance. In natu¥e, too, adaptation to light is largely nutrient
dependent (see Kalff and Welch, 1974, Figs. 3 and 5), even though
temperature must also’play a isignificant role at very high and low
temperatures. Thus the growth of C. erosa is, as in all algae, dependent
on the light, £emperat?re an& nutrient supply. fn addition, the ability
of motile species to at least partially self-regulate their growth
environment i; an important strategy to reduee stress and promote species
success. The aEtual biomass of C. erosa and other phyﬁoflagellates
realized is controlled in a complex faﬁhion by the above factors, upon
which in nature is superimposed the significant controlling effect of

zooplankton grazing.

4 N / .
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ABSTRACT

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

1itt1e studied group of freshwater ;hytoflagellates, 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 reflect the availability of phosphorus. Photosynthet%c
carbon assimilation and cell division were differently affected by the
rate of P supply. Photosynthesis was limited by P at slow growth rates,
but by light intengity at higher growth rates, whereas cell division was
P-limited at all growth rates examined. The 1odered rate of carbon uptake
of severely P-deficient cells was shown the result of a loss in
photosynthetic capacity, with the cells light saturated and inhibited at
low light intensities. '

The cellular phosphotus content decreased only at the slowest rates
of P supply. Phosphate (3?P) ﬁptake experiments. showed this to be the
result of a low maximum uptake capacity (Umax)’ limiting the accumulation
of P in an internal reservoir. Radiobiological assay showed that growth
rate li;;ting concentrations of phosphate in the cheméstats were
£0.10 pg P 27!, substantially lower than chemical measiires of soluble

4

reactive phosphorus. The kinetic results ?re discussed in relation to

the growth 9% cryptomonads in both oligotrophic and eutrophic lakes.

<
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{ ‘ INTRODUCTTON ‘
The role of phosphorus as a limiting nutrient in the control of

- ‘ phytoplankton growth and lake eutrophicat;on has received extensive

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

been used to examine the relationship of phytoplankton growth rates and

biomass yield to phosphorus concentration (Thomas and Dodson, 1968;

-
N

»~ f
Muller, 1971), the kinetics of phosphorus uptake (Kuenzler and Ketchum,

L

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

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

(Fitzgerald and Nelson, 1966; Healey, 1973a). Since available phosphate

as determined by radiobiological assay is in < 1 pyg P 1! concentrations
in most lakes (Rigler, 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 ecologically meaningful

. nutrient levels. Although batch cultures have been successfully used to

relate growth rate to substrate conqentration (Thomas and Dodson, 1968;

Eppley and Thomas, 1969}, more often the effect of supplying a low

concentration of nutrient has been to shorten the’é;ration of the exponentidl
x phase rather than reduce the growth rate (Fogg, 1965). Héweyer” the use
of continuous-flow chemostat cultures readily achieve the long term
steady'st;te conditions that allowwzg;\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 of freshwater

.
/
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(‘ ' algae in chemostats have dealt almost exclusively -with diatom, green and

«

blue-green species so common in eutrophic waters, while information is

lacking, from either batch or continuous flow culture, on the nutrient ) ,

P I

physiology of species of algal flagellates so characteristic of lakes.
- !

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

~e ey v

of phytoplankton of different productivirty regimes, in order to provide

information on the range of adaptive mechanisms of aulgae to their

environment, and their role in phytoplankton succession and competit'ion.
s -~Fhe autfrient physiology of an alga will at least partially determine its
presence and its abundance in lakes of different trophy. Here we report

on the ecology of the common algal flagellate Cryptomonas erosa Skuja (Class
\

Cryptophyceae) in a phosphorus-~limited chemostat.

The Cryptophyceae are members of a nanoplanktonic motile
n |

group of algae which includes many chrysophytes and dinoflageilates, which

at all times dominate the plankton of oligotrophic lakes (Nauwerck,

1968; Pechlaner, 1971; Kalff et al., 1975). They also contribute a

significa;lt percentage of the phytoplankton pioﬂuction in many eutrophic

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

number of culture studies that have examined the unique morphology and
3 pigmentation of cryptomonads (Haxo and Fo1rk, 1§~:59; Shuster, 1968; Faust,
19’;4), only a few have considered aspects c;f their ecology (Pringsheim:'

) 1968). To our knowledge no ‘cryptomonads 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 examined the res;)onse
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(} of the alga to a.range of light/temperature conditions in batch culture

-

(Part I), its photosynthetic response in relation to the growth environment

(Part I1I), and its survival in the dark (Part IV). The purpose of this

study was to obtain a measure of the physiological ecology of C. erosa

° e

in laboratory cultures that would help explain the abundance and distribution

L

of cryptomonads in nature. . / |

’ METHODS

The organism and growth medium. Cryptomonas erosa Skuja (Fig. 1)

g
£
!
i
4

was isolated into axenic culture from a small naturally eutrophic lake

A k]

near Montreal, Quebec, Canada. The algae were grown in a relatively
dilute mineral salts medium (conductivity = 240 umhos 91: 259) buffered
with NaH(;03 to pH 8.0 and chelated with NaEDT:l\ (Part I). '['hikamine,’
vitaminl By, and biotin were added as other cryptomonads have requiredb\
vitamins for growth (Pringsheim, 1968). Stock cultures were maintained

at 15° and .0086 1y min~! of continuous cool-white illumination.
. .-
For the chemostat work, phosphorus was added at a concentration of -,
1

¢ither 100 ug or 25 ug P17!. Despite the addition of the KH,PO, after
autoclaviné a precipitate of iron and phosphorus formed to reduce the
phosphate concentration in the medium to approximately 80 and 14 pg P17},

The resulting atomic ratios of N:P were 221:1Aanvd 1279:1, respectively,

with all other nutrients in-excess. N

Equipment. The chemostatvset-up is shown schematically in Fig. 2
(see also Figs. 3 and- 4). The growth vessel is a.2 1 round-bottom flask

equipped with an overflow tube to maintain a const/a.nt g;?ture volume,

A °

and a sampling port at mid-culture level. In early work C. erosa [

. g2 l

.
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Diagram of chemostat.

Fig. 2.
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1 (.} readily attached in thick layers to the walls 6f the chemostat by . : ;

excreting a copious mucilage, whereas those cells in suspension retained
. i
their motility. Sufficient vigorous agitation by aeration and stirring

with a spin bar to remove the wall growth was lethal to the cells. Such

¢

mechanical injury possibly explains why cryptomonads rapidly disappeared

. in chemostat cultures of natural phytoplankton assemblages (Barlow et J

al., 1973). The problem of wall growth was minimized Ey designing a j

;
! ]

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

of the vessel wall and driven by a low speed-high torque motor. i
Sierility of the cultures was maintained by passing the shaft‘of the a ‘

stirrer through a cup filled with heavy silicone oil, which was «

covFred with a bell mounted on the shaft. Although the alga still
attached to the stirrer, the walls were kept sufficiently clean at a
speed of only one revolution sec”!. The difference between phosphate
meagured in the reservoirs and total P measured in the outflow indicated

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

receiving 80 ué P17 ! in the feed, and 10-20% in those vessels receiving 14
ugPl:‘. Additional mixing in the growth vessels was provided by bubbling
charcoal and glass-wool filtered air through the culture at 500 mls

min !. Gassing with CO,-enriched air was not required as the pH of the
cultures remained < 8.6, The grdhth medium wés suppliedpfrom 10 liter
glass carboys, and metered with.a Harvard model 1102 peristaléic pump,

which yielded a flow rate precision of +1%. ‘ .

it
-

The chemostats were operated in a constant temperature incubator at

15° under continuous cool—whifg/;llumlnat1on located at the rear of the
4

A
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vessels. Light intensity was measured with a photocell, which was

L
Ve “~ M

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

ly min~ ! (cal cm ? min~!) of photosynthetically available radiation (PAR),

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

R RO

3 . | » . - .
h (Appendix A). As{the light was kept unidirectional by blackening the

R

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

centers was calculated from the extinction coefficient of light through the

1

vessel and, depending on cell density, ranged from 9.3 to 11.3 x 10 % 1y min~} %

(Appendix E). Earlier work in batch cultures at 15° had shown that 8.6 3

R s L% TRV WL

x 107% 1y min"! was optimal for groch of C. erosa, whereas 12.9 x }0-3 i
1y min ! was somewhat inhibitory (Part I). Bacterial contamination in
the chemostats was examined in a high-power phase contrast microscope
-and by plating on nutrient agar. Although the cultures, were not strickly . i

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

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

concentration in the reservoir was increased from 14 to 80 ug P 17!, and

the chemostats became heavily contaminated with bacteria.

4

General design of experiments. With either 80 or 14 ug P 1! in

the reservoir, the algae were grown at various growth rates by varying

the flow rate of medium iqto the vessels. By the use of silicone tubing

of different internal diameter, a different growth rate was achieved in
three 'chemostats at one time. The experiments were started with 80 ug P 17}

in the reservoir, and two growth rates were examined in each vessel (6 in all).

o <

e
4 L] -
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The phosphate concentration was then decreased to 14 pg P 17! and one growth
rate was examined %n each vessel. When the phosphate concentration was
subsequently returned to 80 pg P 1-!, the chemostats became contaminated
with bacteria. All experiments were run continuously without reinoculation ‘
from stock cultures.

Small samples were withdrawn every few days to determine cell
numbers and cell volume. The amount of sample withdrawn for other \
@nalfgég‘did not exceed one-tenth of the volume of the chemostat.

]

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 2

between samplings. The establishment of a steady state was judged from ;

cell counts. ) p

B v aman ¢

Analyses. The following determinations were made on samples

removed from the chemostats. - ,

(;) Cell counts and cell volume measurements were made by microscopy in
a Palmer-Howard countingbchamber. Sufficient replicate Samples were taken
to give 110% sampling error. The cell volume was determined by t%eating
the cell as a prolate spheraié: »

(2) Suspended nitrogen and carboﬁ was determined by infrared combustion
of GEC filtered material, with chromatographic separation of the gases

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

(3) Soluble réactave onsphorus'was analyzed by the molxb@Qte-blue
technique (Murphy and Riley, 1962) and total P and total soluble P as
above after persulphéte digestion (Johnsén, 1971). Particulate P

“ [
was-determined by difference.

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

0.45 pm membrane filters and filter-éctivityggfséyed in the GM s&stem.

-t
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(4) Chlorophyll a was measured by in vivo fluorescence in a Tu%ner model
IT1 fluorometer (Lorenzgn, 1966) with correction for phaeopigments after 1-2
min acidification (Holm-Hansen Eﬁ.él’ 1965). The fluorometer was

calibrated with samples filtered on GF/A filters, extracted in acetone,
' .

and analyzed for chlorophyll a by spectrophotometry, using the trichromatic
equation of Strickland and Parsons (1968) (Appendix B).

(5) “Carbon uptake was measured by adding NaH!“CO; at .125-.25 pCi ml™! to

9

light intensity as in the center of the chemostats. Depending on the

cell density, 0.5 or 5.0 ml aliquots were filtered‘a£25°mm Hg vacuum

o+ [

through 0.45 ym membrane filters, and filter attivity assayed in a
Al

windowed GM system of known. efficiency. The remainder of the sample
was acidifieéd to pH 3-4, bubbled 30 min (Schindler et al., 1972) and 0.5

or 3.0 ml aliﬁﬁots'CQunted in Aquasol‘a(New England Nuclear, Boston) in a

-
L

liquid scin;illatioh system, o .

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

Y

cells removed from the chemostats were placed in a light-gradient box,

and '*C uptake measured at severbl light intensities up to 2 to 3 times
v ‘

the light lgvel at the chemostat centers. 1In a parallel set of éxperiments,

Al

the photosyntﬁesis-ligﬁt relationship was determined after g 24 hr

enrichment with 50 yg P 17! added phospate. The cells were filtered on

.

1 o 2

The results were graphed in the form of photosynthes1s 11ght curves.

Regre551on lines (P< .05) have been fltted to the points to describe

" each curve at subsaturating and inhlbltory light levels, while carbop

g
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. uptake v§1ues along the satu;t'ation plateau were .averaged to give a mean
maximum photosynthetic rate (Pmax). The lihes were extended to intersect
at Ik and Ii’ the light intensities at onset of saturation and inhibition,
respect%;ely (see also Part III).
_(6) Phosphorus uptake kinetics: .02-.04 uCi 32p 171 as HyPO, (New
England Nuclear, Boston) ;nd sufficient KHZPGQ were added to a series of

erlenmeyer flasks to y1eld 9-50 or 100 pug P 1 1. Without any pretreatment,

10 20. ml subsamples from the chemostats were added to each flask 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

o

incubation, 1-5 mls were filtered live at low- vacuum ?Somﬁ Hg) through

-0.45 pym membrane filters, rinsed with an equal volume of phosphorus-
free medium, and the filter activity determined in the geiger system.

Michaelis-Meﬁten'kinetiég were evaluated by the linear transformation

S/v vs S, where S is the substrate concentration added (ug P 1 !) and v is .
the ugtake velocity (ug P 17! time™!). An unweighted least; squares line
was fitted to the éoints (Riggs, 1963), and the maximum uptake velocity
(Vyay) determined ffoy the slope, and K +.§0 from tﬂe x-intercept,
where Ky is the hqlf—siFPratién constant for uptake and S is thé N
concentration of residual phosphate in the growth vessels. IThe residual
phosphate concentration was estimated by measuping the loss of 3éP
from‘sélutjon using a radiobiological procedure described by Riglerol

(1966). In this method the uptake rate of phosphate isﬁcalculatéd.at

. ﬁ each cancentration from the sum of the original P added plus various

s ‘ . » - .

estimates for'So. Asithe assumed concentration of So is decreased, the T T
\ { -

,
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(-’ ‘relationship between uptake and concentration more closely approximates

s rariaad

RSN

the expected hyperbola, until at some concentration of S0 the curve

N R ATy gy e n

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

b A o

RESULTS . ’

R

Steady State Populations and Associated p

, Cell densities of C. erosa resulting from changes in the dilution 4
rate and the-concentration of phosphorus in the reservoir are presented

for one growth vessel in a continuous run lasting about 10 months (Fig. %

t
i
H
i
£
4
‘

5 and Aﬁpendiva). After each decrease in the dilution rate the cell 0

)

y

density increased sharply and then decreased to the final steady state ..

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

rates it téok 20 days to re-establish a new stpady sFate, whereas at very - ?

slow growth rates the transiFion stage lasted up t? 60 days (Appendix
. G). ‘Popula;iOns of P-limited C. gngé_thus adapted only slowly to

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

»

maintained for up to 3 months. Preliminary work demonstrated that
increasing the dilution rate to 0,50 day ' resulted in a slow washout of
c&lls from the chemostats and, from the rate of declipe in cell density,

: \
the maximum growth rate of the alga was estimated as 0.70 div. day !

(Appendix H). Following the‘temborary greater availability of P after
an increase in the concentration of P in the reservoir, the population

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

-are similar to those measured 1n nutrient-rich batch cultures at 15°C,
N ’ ) A
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where maximal growth increased linearly with temperatur; between 4 and
23.5° (Part I). -

| Steady state cell densities and associated pho§pho;us concentrations
at each growéh 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 ung 17!

(high P) and 14 ug P! (low P) chemostats, respectively, is due to sampling

.error as well as to variable loss of P as°a precipitate in the reservoir

!

and to wall growth. Since wall growth was not appreciably 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 ! cell numbers do not change significantly, but increase

20 and 40% respectively at the two lowest growth;rateér In the low P

- . /

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

v

reservoir obscure any relationship between growth rate and cell density.
Dissolved organic P (DOP) formed a significant 20-40% f%action"qf
/ , ’
total P (TP). P content per cell (q), calculated from the difference

between TP and,?OP, did not differ significanély between the high and
/ f — )
low P chemostats at similar dilution rates (Table 1).I Cellular P

content was thus independent of the concentration of P in the reservoir.

The relationshﬁp between growth rate and P cell™! (Fig. 6) shows that cell

!

division is independent of cellular P at growth rates >0.22 div. day’!,

but declines witﬁ‘P cell™? at slower rates of P supply. An extrapolation

i

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 as measured by chemicallj;’——J/)

2
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,, ‘ Table 1. Steady state cell densities and associated TP, DOP and P cell™!, and residual phosphorus
N ] as measured by SRP and radiobiological 32P assay. Limits are one standard deviation.
i : Cell" Residual phosg)horus'
Phosphorus division Cell . . ’ (ug P £7°)
in reservoir rate density TP ~ DOP- - P cell”!
(ug P 2-Y) (div. day-1) (cells ml1-1) (ug P 271 (ugP 2 YH (picograms) SRP 32p assay
7 \ - -
80 - 0.58 51369 * 3934 72.7 + 4.8 14,2 £+ 3.3 1.13 £ 0.13 1.63 + 0,60 -
0.39 56934 + 4154  76.7 + 3.3  20.8°t 1.9  0.99 + 0.07  0.94 % 0.44 <0.10
0.32 57872 + 7891 67.1 + 2.5 15.0 £ 2.9 0.90 *+ 0.08 1,17 + 0.40 -
/ - 023 54960 = 3621 73.1 i 4.2 21.9 + 4.2 1,01 £+ 0.11 -.1.22 + 0.27 <0.10
%
0.15 67311 + 6414 71.0 % 3.3«~ 21,7 £ 5.3 0.74 + 0.03 0.82 * 0.37 -
1
- - =0.14 © . 71580 + 4088 72.6 % 5.1 22.8 £ 3.1 0.67 + 0.04 1.88 £ 0.61 <0.10 g\
! ' N —— Y ’ ]
. ' g * )
14 0.55 . 6534 *+ 1172 12.1 £ 1.9 3.8 £ 0.3 1.26 + 0. 11 undetectable
T ' - £1.34 —
] - 0.29 6414 £1578 9.9 % 1.2 2.3+ 0.5 1.36 * 0.24 ndetectable )
% \ ) < ! -0.74 <0.10
&l - B 0.14 7097 * 1029 9,7 % 2,4 3.9 £0.2 0.81 = 0.13 undetectable
et . -1.12 J
Py , S
- - - - -
% * Undetectable = <0,50 pg P &71!,
;&"‘: = '
*r A . .
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determined soluble reactive phosphorus (SRP) wds undetectable (<0.50 Hg P

) o )
171) in some growth vessels jand between 0.7 and 1.9 ug P17! in others

(Table 1). However, radiobiological 3?P assay consistently indicated

. »
substantially less phosphorus available for algal growth. In the

example shown (Fig. 7) the rate-concentration curve was first calculated
by equating SRP to orthophosphate, 'and was then recalculated at
proéressiﬁély lower concentrations of assumed residual phosphate. In

the absence of sufficient data at <] ué P 17! additions during the first
few minutes of u#t;ke, our estimates lack great precision, but they do
indicate that the maximal amount of residual phoéphate was less than

0.10 ug P l"t at all growth rates (Table 1 and Append;; F). The chemlqally

determined reactive P therefore overestimates by up to 20 times the

concentration of orthophosphate in the chemostats.

Carbon Fixation

The ca&bon uptake rate (at mid-culture light inteqsitiesi i;
independent of the cell ﬁivision ratehéf > 0.22"div. day™ !, but
declines sharply At slower growth rates (Fig. .8). In the low\P chemostats,
higher light intensities resulting from the decreage in cell density lead
to greatér carbon uptake tha; that measured for the high P chemostats.
In both sets of chemostats, the améunt of carbon fixed as measured by

the acidification-bubbling technique is consistently greater (X 22%)

"than that measured on membrane filters (Fig. 8). Finally, when the

filtered results are plotted against P cell™? (Fig. 9), it is evident
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Fig. 7. Calculation of the residual phosphate concentration in the

o chemostats by 32P assay: typical results, The curves are

the product of the rate constant of uptake and the sum of

N4

p agded plus, various assumed values for residual phosphate, |

‘ The curve bends sharply upwgrds at a residual pﬂosphate P
concentration set equal to SRP (1.22 ug P 2f1) and first
bends towards the x-y iﬁtercept at an assumed residual P.

. TR concéntrationuof 0.10 ug P [t ]
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that carboqgfixation decreases only when the P content is less than an

apparently critical 0.8-0.9 pgm P cell™!, . )
{he effect of various degrees of P limitation on the photosynthetic
response of C. erosa is best described by a series of photosynthesis-

liéht curves (Fig. 10) (also Part III). The results show that: (1) In

all experiments but one, the slope of the p-{ turve at subsaturating

[EE QU

light levels was not significantly ?ffected by the nutrient status of
the cells, either before or after enrichment with P, (2) that cells - ' .
grown at higher rates of P supply had a maximum photogynthetic capacity i
(Pmax) greater than cells under severe P limitation, (3) g&at more P
sufficient cells saturated at higher light intensities (Ik) than 4
Aeficient populations. Moreover when the Ik's were compared to the mid-
chemostat light flux (= 1072 1y min™!) it was evident that"carbon uptake
was light-saturated only at growth rates < 0.22 div. day-l, (4)

that at higher rates of P supply the onset of photoinhibition (Ii)
usually occurred at higher light intensities than under greater P
kdeficiency, and (5) that a 24 hr enrichment with P had a negligible
effect on the photosynthetic response of cells at higher growtﬁ Tates
(>0.22 div. daynl], but increased the pmax and Ik of severely P-limited

cells (Fig. 11 and Appendix I).

Morphology and Cellular Composition of C. erosa

) ﬁ;limitation affects not only cellular P content, but also cell
‘morphology and the relative abundance of other cell components.

Cell volume and carbon content. The mean cell volume of C. erosa
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Fig. 10. The photosynthesis-light response of C. erosa grown under
various degrees of P-limitation in continuous culture.
Stéady state growth rate (div. day !): 1 - 0.55; 2 - 0.39; .

3 -0.23; 4 -0.14; 5 - 0.11.
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Fig. 11. The photosynthesis-light response of €. erosa before ()
and after (@) a 24 hr enrichment with phosphate. The

cells were grown at 0.11 div. day~! in the chemostats.
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in the low P chemostats increases to a maximunf at the slowegt;growth
rate, but in the high P chemostats is maximal at an intermediate growth
rate (Tabie 2). Cells in the low P che;ostats are also 50-100% larger.
Measures of suspended carbon in some batch cultures and in the chémostats
show that carbon is a fairly constant 20% of the wet weight s% that an
increase in cell volume directly reflects an increase in cell Ca{EEB,////
(Fig. 12). Cell 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

carbon cell”! = Met C uptake cell™ ! day™! .

cell div. day!
The results show {Table 2) that at most growth rates the measures are
in reasonable agreement, indicating that the uptake of '“C on filters
me%sureq thg production 6f particulate carbon.

Cell nitrogen. N cell ! did not change appreciably with growth

rate (Table 2) and no relationship was observed between cell nitrogen

i
and cell volume.

Atomic ratios. The relative abundance of C, N and P in C. erosa is
Ay

strongly affected by the P supply. In nutrient-rich batch cultures the
P content of the cells was 2.5-5 fold greater than in the chemostats,

presumably the result of polyphosphate storage (Rhee, 1973). The atomic

ratio of N?E\das 14-16, while C:P was <200, except under certain high light/low
. -

\ .
In contrast, in the chemostat cultures the ratios were much higher at

temperature cangitionS'when the cells stored vast quantities of carbohgfrate.
1

1

s

growth rates examined. N:P increased from 54 to 114 while C:P rose to

RN

R R S
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Tgbke 2. Steady stat&-population characteristi®s and comparison of cell carbon measured in three

different ways. Limits are one standard deviation.

Cell " Cell carbon (picograms)
P concentration division Cell Cell
in reservoir rate volume Particulate Cell C fixed chlorophyll
(ug P 2~ 1) _ (div. day-!) - ) carbon _ volume Cell div. (picograms) (pi1cograms)
80 0.58 —.1047 + 92 197 + 12,2 218 159 .0 % 0.42
*0.39 1381 + 100237 } 286 245 .57 * 0.34
1240 + 43 251 * 29 258 302 .82 + 0.74
e 1580 + 114 327 327 396 .55 + 0.31
1375 * 58 271 + 30 285 293 .89 * 0.45
1337 + 43 304 277 191 .26 + 0.03
14 0.55 1616 + 1172 289 + 46 - 335 227 .52 £ 0.26
0.29 2152 + 149 488 50 440 409 .30 + 0.40
0.14 2657 + 145 470 + 79 548- 369 .05 £ 0.79
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Fig. 12> The linear regression of cell carbon on cell volume for

4 and 1° batch cells (@) amd chemostat cells (/\)

(C = 0.20V + 3.5).
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C:P and N:P atomic ratios and chl-a:P

(w/w) in P-limited C. erosa.
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over 1000 with increasing P deficiency (Fig. 13).

Chlorophyll a. The p%gment content per cell ' was not affected by'the rate
of P supply (Table 2). Some effect had been anticipated because the
cultures appeared quite pale at the slowest growth rates, apparently the
;esult of increaspd light scattering caused by increased cell size and
carbon content (Fuhs et al., 1972). The low P chemostat cells had a
consist:;;}y lower pigment content, a-possible response to their higher ’ :
( .

light r ime. The' ratio of chl-a:P (v/w) increased with a decline in P

supply to a maximum of 7.9 (Fig. 13).

7
i
o

Phosphorus Uptake Kinetics '

Phosphorus uptake by C. g{ggg_ang possibly all other algae, as
measured by *2P on membrane filters, is subject to two errors in the
filtration process. Firstly ¥?p added to killed samples is also retained
by the filters. The nature of this retention was not explored, but may
represent 2P adsorbed to colloids and detritus or a small volume of
liquid held by the filter matrix. Although blank counts are only 0.3 to
Q.S% of the total radioactivity added, they introduce significant error .
in those samples where high ¥'P additions result in <1% removal of 32p
by the cells. If blank corrections are not made vmax is overestimated.
A second error is that the amount of 32p jn the filtrate increases with
filtration pressure, presumably from cell breakage and leakage. Even
filtration at only the?50mm Hg used routinely here, results in an approximately
10% loss of cellular 2P, when compared to the radioactivity of cells

concentrated by low speed centrifugation (Appendix J). However, in the
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absence of sufficient data the uncorrected filtered results were used.
In addition, other work in our laboratofy shows that termination of 32P
uptake with Lugol's iodine also leads to a significant loss (up to 30%)
of 32P incorporated by both C. erosa and a planktonic diatom (Brighten,
pefs. comm.). Such loss of cellular P was avoided in the present study
by live filtfation of the cells.

Phosphorus‘uptake by“C. erosa follows Michéélis-Menten kinetics
with rate saturation at low 50-100 pg 1 ! concentrations of P (ﬁig. 14
and Appendix K). The maximum uptake rate (vmax)’ calculated at each
sampling time, decreased within even the first 30 min of upfake.
However, by extrapolation of the Vmax at 10 and 30 min to the ordinate,
it was possible to estimate the uptake rate at zero time. The Vma

b
(zero-time) was low (< 3 pgm P cell ! day !) in all experiments, and
was not relatable to the st;ady state growth rate in the chemostats
(Table 3 and Appendix K). Although phosphorus uptake was non-linear,
the KS + So determined at each sampling time was consistently low, with
an average value of 4.25 + 1.19 yg P 1! for all uptake experiments
(Table 3). Siﬁce our maximal estimates of So by radiobiological assay
(<0.10 pg P 17!) are << KS + So’ the half-saturation constant for phosphorus
uptake by C. erosa is approximately 4.3 ug P 1! or 0.14 pM P.

When the concentration of P in the reserypir was increased from 14
to 80 ug P 17!, the three growth vessels became heavily contaminated with
bacteria. Althodgh the reason for this is unclear, the new steady state

cell density of C. erosa was reduced (Figl 5 and Appendix G) and the SRP

concentration increased by as much. as 10 fold. The presumed increase in available
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: Fig., 14. Short term (10 min) uptake of phosphate (O, left ordinate)
and the linear transformation according to the Woolfe plot
(@, right ordinate). Cells were grown in chemostat culture .

\ at g = 0.39 div. day~’'.
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. k Table 3. Characterization of P uptake kinetics of C. erosa
. S Specific P content vmax K + 8 Specific uptake* Predicted uptake+
R growth rate cell-! (9) zero-time s o] rate c rate
. ug P 2! . (day™Y) (pgm) (pgm P cell™! day™!) (ug P &7') (pgm P cell™! day™!) (pgm P cell™! day~!)
AN N
b ‘ ) ‘
B 80 0.27 0.9 1.7 4.0 0.27 0.04
%%L . 0.16 1.01 1.8 5.6 0.16 0.03
e "0.074 0.67 1.2 3.1 - 0.05 0.04
14 0.38 1.26 1.5 2.7 0.48 - ‘ 0.06
0.20 1.36 2.8 5.4 0.27 0.05 |
0.095 0.81 2.4 4.7 0.08 0.05 3

* Specific uptake rate from equation V = uq.

+»Predicted uptake rate from Michaelis-Menten equation at So = .10 ug ¢ 71,

N v,

WL ps
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Table 4. P uptake kinetics in chemostats following contamination with bacteria.

Data are given in % 32P removed from solution.

Added 10 min 30 min 60 min 8 hr
p o . .
(ug P 2~ Algae* Bacteria+ Algae Bacteria Algae Bacteria Algae Bacteria
’0 15.0% 2.8 22.3 5.7 . 24.7 8.9 39.1 12,2
.5 ‘ 15.6 2.6 23.8 3.8 27.0 6.1 38.1 8.9
1 15.8 2.0 22.0 3.4 27.7 4.6 38.1 8.2
5 : 17.7 1.9 29.2 2.8 34.5 4.0 41.8 ‘ 6.6
10 18.9 . 1.6 34.7 2.0 39.6 3.6 39.1 6.1
50 14,6 1.4 o 44.1 2.1 60.6 3.3 60.0 5.0

2

-~

* Activity retained on 8 um filter.

L+ Activity retained on 0.45 um filter following 8 um prefiltration.

~
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e

phosphate coincided with a P uptake no longer consistent with Michaelis-

2 »

0

Menten kinetics because the % 32P removed from solution increased with
increasing substrate additions (Table 4). The¥same results were obtainedl

in 8 other such experiments at several growth rates. Differential filtration
of algae and bacteria through 8 and 0.45 pym filters 'showed that this new

type of uptake was associated only with C. gzgié_and could not be attributed
to bacteriaf uptake or filter retention of colléidal or detrital-bound

32p,  The results, therefore, show a major change in the transport

system of the alga resulting from higher P concentrations.

DISCUSSION N

Phosphorus Limitation of Cell Division Versus Carbon Uptake

In the chemostat experiments with C. erosa there is conflicting
evidence as to whether phosphorus or light intensity is the limiting
factor for growth. It was shown that at higher growth rates (> 0.22 div.
day !) ¢the rate of carbon uptake was independent of the supply rate of P
(Fig. 8). Moreover, from the photosynthesis-light curves, carbon uptake

4

of such cells was saturated only at light intensities greater

than those present in the growth vessels (Fig. ib). ’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 growth is regulated by P only at the lowest dilution rates,
and by light at higher rates. However, other evidence attests to P as

the limiting factor at all growth rates. This evidence includes the

reduction of residual phosphate to nanogram levels in all growth

p] .
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- f
{ vessels, the demonstration that the cellular P content was independent

of the concentration of P in the reservoir, and that the cell &epsity of

'*steady state pobulationswresponded to even small changes in reservoir .
P. Moreover, when the substrate concentratiqggin the inflow was '
increased from 14 to 80 ug P 1!, the ‘temporary greater availability of
substrate caused the population to increase at the maximum\EBil division
rate (0.65 - 0.70 div. day !) (Fig. 5). The apparent discrepancy in the
results can be resolved by considering cell division and carbon uptake

to be differently affected by P limitation. That is, at higher rates of P

Alrarurli SO A 2SS A LA

supply the amount of chlorophyll and photosynthetic enzymes present

. a

o,

permit carbon uptake to proc$ed at a rate limited only by light, while P

specifically affects components required for cell division. Only at lower
]

rates of supply are both carbon uptake and cell division controlled by P

alone. Batch culture studies have shown that low temperature also severely

.ﬁa.s':‘k' sl

retards cell division of the species, while carbon fixation iy less impaired

(Rart 1). Similar results have been reported for other algae grown

at low temperatures (Sorokin and Krauss, 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 cell
W | ’
accumulation and cell division to be semi-independent processes that

e ‘i' & “ P pa T TR

can respond differently to the environment. Whereas batch cultures

Lt
-

enriched well beyond natural substrate levels readily manifest the

effect of light and temperature on algal growtﬁ, chemostat cultures

£
3

‘t1lustrate the overriding importance of nutrients at lower and more

natural concentrations. However, in nature it is virtually impossible to

.

L
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"measure the effect of nutrieht limitation on cell division because the
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3
phytoplankton biomass is also significantly affected simultaneously by
grazing and sedimentation.

» As the results of the P-I curves are discussed in detail elsewhere
(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 fixation versus light at low intensities i§ relatively unaffected
by the nutrient status of the cells in comparison with the maximum
photosynthetic rate(Pmax), which is markedly lowered under severe P limitation

(Fig. 10). The pma is a measure of the maximum rate at which the dark

X
reactions of photosynthesis can usé\pqgggfﬁs from the primary photochemical
reactions (Steemann Nielsen and Jérgensen, 1968). Since the maximum rate is

dependent on the environmental temperature and the concentration of dark

' enzymes, we interpret the decrease of the P in our constant temperature
% max

chemostats the result of an inability of the cell to maintain a sufficiently
high concentration of dark enzymes. Yentsch and Lee (1966) and Griffiths
(1973) have similarly explained a lowered Pmax in low light and dark
cells, while 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 I to lower values (Fig. 10). Thus, in contrast to more

k
p-sufficient cells, the lowered photosynthetic maximum is reached at lower
light intensities.

! » |
A 24 hr phosphate enrichment had a negligible effect on the photosynthetic

&

e R Ty

o N
13 Wi 0

BARES

e 3 e G

=
4

<

iy




H
»

PR e
-

)

%j
4
|

- 85 - '

response of C. erosa grown at higher rates of P supply, but increased
the pmax and Ik of seyerely P-limited cells (Fig. 11 and Appendix I),
indicating that phoSphorus accumulated by the cells is channelled into
metabolic pathways which restore the level of the dark enzymes. However,
restoration of the photosynthetic rate was only 40-60% of the maximum
rate of cells grown at higLe£ rates of P supply. Since P deficient C.
erosa are rich in carbohydrate even this degree of recovery had not been
expected until the previously stored carbon had been utilized in renewed
growth (Healey, 1973a). However, within 24 hrs of enrichment many cells
had divided (Appendii 1) and it was probably only these smaller cells
with their now lower carbon content that were photosynthesizing at the
maximum rate, while cells which had not yet divided were ruch less
active, The failure of cells grown at higher rates of P supply to
respond photosynthetically to added P, despite the observed P-limitation
of cell division, may well partly account for the variable response in
photosynthesis of natural c;mmunities in short-term nutrient bioassays.
The results suggest that despite species changes, long-term measures of
chlorophyll a concentration and cell numbers better assess nutrient
limitation in lakes than short-term bioassays.

Since C. erosa in the chemostats mai;lains a high rate of carbon
uptake despite a reduction in cell division, the cell mus; either
increase its mass or excrete excess organic carbon. It appea?s from the

difference in carbon uptake as measured by the acidification-bubbling and

the standard membrane filtration techniques (Fig. 8) that the cell
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. excretes approximately 20% of the total carbon fixed, yet the proportion
remains constant regardless of the degree ofainbalance between carbon
uptake and cell division. Because cell volume and carbon content are
both maximal at the point of greatest imbalance (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 cultures

at low temperatures (1 and 4°) and inhibitory light levels (Part I)

P

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 chemostats. The proportion of carbon
retained or excreted is thusidependent 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, 1973a). In the Cryptophyceae carbon
is stored as starch in spheroidal or ellipsoidal starch granules in a
sheath around the pyrenoid (Lucas>\1970), 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 A

deficient algae (Allen and Smith, 1969; Guérin-Dumartrait et al., 1970) i

i% and P deficient algae (Fuhs et al., 1972; Healey, 1973b), while yet other

- - PR PR
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algae accumulate lipids (van Baalen and Marler, 1963). C
Although the nature of the excretory products of C. erosa was not
examined, its mucilaginous growth on the chemostat walls-suggests that

£ -
the 20% carbon excreted is largely composed of polysaccharides.
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According to Hellebust (in Stewart, 1974), the amounts of polysaccharides

o released may represent a considerable 15-90% fraction of the photoassimilated
carbon in some species. That C. erosa 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 higher rates of
carbon gxcretion observed in oligotrophic than in eutrophic waters
(Anderson and Zeutschel, 1970; Sa%pders, 1972} may well be caused by
the differe;tial affect of low nutrients and frequently low temperatures

on cell divisiocn.

Phosphorus Content of C. erosa

Although the phosphorus content of the cells (q) decreased at the
slower growth rates, P cell ! was constant at higher growth rates (Fig.
6). Thus cell division cannot be related to cellular P content by a

i
rectangular hyperbola of the form

u =y (q-k
q

used by Droop (1968) to describe algal growth on vitamin B;,, where k is
equivalent to thé minimum substrate content of the cells (qo) in our

g study. Similar expressions have described phytoplankton growth-on iron

e Lady
* N\ r"‘lx.‘im;“um‘ﬁﬁw

; (Davies, 1970), nitrate (Caperon and Meyer, 1972356and phosphate (Fuhs,

f 1969). Nutrient-limited growth of algae generally fits the above model |

Ex ) "
i because of variation in the size of the nutrient reservoir of a species, %

; (;' which is nearly empty under severe limitation but fills under higher

1
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{ rates of nutrient supply. It is ‘the size of this reservoir that controls
the growth rate of the cell (Caperon, 1967; Droop, 1958).’ We can interpret
the lack of fit of our data to this hyperbola to result from either a
decrease in the amount of incorporated P (protoplasmic P) and an increase
i; reservolr P, resulting in a constantﬁlevel of P cell !, or from the
lack of filling of the reservoir at higher rates of P supply (Caperon

and Meyer, 1972a). 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]’

Iimiting 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 excee& the rate of incorporation into protoplasm,

and the additional P is chan;elled into more biomass. ) i
( By extrapolating to q at zero growth the minimum P content of C.

erosa (q,) is 0.30 pgm P cell™!

(Fig. 6) and, according to Soeder et al.
(1971), such values are species specific. They list the minimum P

content of several small green and diatom'species as ranging from 0.05-0.14
pgm cell™!, while a diatom similar in size to C. erosa had a q, of 0.39 pgm
P (Fuhs et al., 197}), suggesting that minimal P of algae may be more a

function of ce;f volume than of species. -Thus one might predict that

the maximal biomass to develop in a P-deficient lake would be largely

1

g
2
E
k!
i
!

independent of species composition.. However, as small cells are more -
susceptible to predation than large cells, the maximum standing crop in
a lake -dominated by nanoplankton would be less than that in a lake

dominated by non-grazed netplanktonic bluelgreens and diatoms.
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Cell Composition as a Measure of P Deficiency st

Cell composition when expresseq.'s ratios has been used to assess
the nutrient status of phytoplankton (Fuhs et al., 1972; Perry® 1976).
Under conditions of balanced growth ﬁedfield et al (1963) and Ketchum

v

(1969) cite atomic ratios of C:N:P of 100:15:1 or 106:16:1, whereas C:P
and N:P ratios greate} than 200 and 20-22, respectively, indicate a P
deficiency (Healey, 1975). The high ratios osgerved in chemostat grown
C. erosa (Fig. 13) are thus clearly indicative of P-limitation and,
except for certain unusual growth conditions (see |results), provide a
clear separation between P-rich batch cells and/P!deficient chemostat
cells. They are also distinctly different from those recorded for other
cultured species déficient in nitrogen (Sakshaug et al., 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 gi., i974; Perry, 1976). Moreover, the low phosphate
concentrations in natural watersr}reclude the extensive uptake of surplus
P that is possible in enriched laboratory cultures and, with the resulting

! the ratios less clearly delineate N from P deficiency.

lower P cell”
P limitation in lakes is thus best assessed by supplementing information
obtained on atomic ratios with measures of kinetic parameters, such as

nutrient debt and alkaline phosphatase activity (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 yg P 1 '. The
up to 20 fold discrepancy observed in our data between chemically ’ g
determineé SRP and available orthophosphate is consistent with similar
measurements in batch cultures (Kuenzler and Ketchum, 1962) and in

natural waters (Rigler, 1966, 1968). Rigler (1973) suggests that the

BRIV L T o LR A Y

strong acidic conditions af the molybdate-blue technique will hydrolyze
free phosphate esters and release P0O,-P from fulvic acid-metal phosphates
or colloidal-iron phosphate. In addition, the filtration loss of 3?P

from C. erosa (Appendix J) and other algae (King, 1970) further introduces

error when attempts are made to measure P chemically.
\
AN

~

Since our measures of steady state residual P are maximal estimates,

ST sl R NE L, T e S et

i
2

whether a threshold concentration of phosphate exists in the chemostats is
unclear. In other chemostat studies (Button et al., 1973; Perry, }976) the
addition of radioactive tracer to the reservoir suggests a low Tesidual
concentration of P, while Caperon and Meyer (1972a) also postulate a
threshold concentration of nitrate for several marine algal species. In
nature one might predict a high threshoid concentr;tion to obcur only in
communities dominated by high Ks species, which less effectively remove
nutrients at low conceptrations. However, bioassay measures of phosphate
at low .001 pg P 11g;concentrations in lake waters (iévine, 1975) most

“ .

ﬁr&ﬁably’§haracterize the efficiency at which microbial communities normally

( scavenge phosphorus and other nutrients.
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Kinetics of P Uptake

Since at steady state the amount of phosphate taken up by C. erosa
in the chemostats must equal the amount used to produce new cells,
‘ V=q (1)
where V is the specific ;ptake rate day ! (pgm P cell ! day 1), u is the
»
specific growth rate day !, arid q is the amount of phosphorus per cell

(pgm P cell !). The uptake kinetics of the population can also be

expressed by the familiar Monod equation

v Taxo ()

) s
Taking the vmax (zero-time) and the mean KS determined for each uptake
experiment (Table 3) it is possible to calculate (equation 2) the uptake
rate that would occur in the chemostats at th; maximum estimated
concentration of available phosphate (0.10 yg P 17!). The calculations
show these predicted uptake rates to be 1.3 - 8.0 (x 4.7) times less than
the specific uptake rate (equation 1) and the discrepancy increases to
the extent that S is %Pwer than our maximal estimates {Table 3).

There are "two possible reasons why the in vitro measurements of P
uptake might unaerestimatg 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 chemostats 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 Vmax accordingly underestimated. Munk and

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 bottles may, for the same reason, underestimate production in the open

A
waters of lakes, (2) Any change in the environment of cells removed from

the chemostats that inhibited growth would also reduce P transport and

the Vmax' Light intensity, temperature and pH were kept constant, but the
cells were subject to other stress, such as the possible inhibitorx effect
of a sudden up to 1000 fold increase in-phosphate concentration. Nitrate
uptake of a marine alga was linear only if the cells were pre-incubated with

3 a low concentration of nitrate (Eppley and Thomas, 1969), suggesting that some

transport systems require "preppingﬁ in order to respond to high levels of

substrate. Similar perturbation of the growth conditions must also occur in

A s .

nutrient bioassays of natural commumities and may well account for the frequently

S st e . . .-

reported failure of algae to respond to short-term nutrient additions

RS

%)

(Sakamoto, 1971; Kalff and Welch, 1974). i

Although it appears that in vitro measurements of phosphate uptake ;
underestimate the actual Vmax of C. erosa in the chemostats, estimates of
KS were not changed during incubation and?appear to be independent of the

/

f

maximum uptake velocity. Our estimated KS of approximately 0.14 uM P

TR I TR R T Ay
2

therefore seems meaningful and we conclude that such a low KS allows
i
the species to survive at low concentrations of phosphate. Half-saturation J

constants have been used to assess the relative abilities of phytoplankton

. . to compete for nutrients (Dugdale% 1967). Data collected on Ks for P
ouptake of freshwater algae (Healey, 1973a) reveal significant interspecific
differences in Ks and therefore in nutrient uptake capabilities. The Ks'
for nitrate uptake by marine algae also show species differences (Eppley

et al., 1969; Carpenter and Guillard, 1971). In comparigon to the Ks of
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green, blue-green and diatom species studied to date (0.58-16 yM P), C. erosa
is characterized by a tr;nsport system of unusually high affinity

for phosphate. Whether other nanoplankton characteristic of oligotrophic
freshwaters also have low Ks, and thus a highly developed ability to

acquire phosphate from dilute solutions, remains unknown. Although most
studies show Ks not to vary as a function of nutrient limitation, Fuhs

gg}gl; (1972) report a decreased affinity of algae to P under nutrient
sufficient conditions, while Healey (1973b) found KS to vary with the
concentration-of Mg ions. In addition Hagen et al (1957) and Miller (1972)
found evidence of biphasic (double KS) P upéake in higher plant roots and in
a diatom, respectively, although the break between the first and second
absorption isotherms in the diatom was at phosphate concentrations considerably
above those found in nature. The P uptake kinetics of C. erosa, 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 ug P 17! concentrations, of a second higher K, system. The ability

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 KS variation algae more
characteristically respond to change in nutrient conditions by varying their '
uptake capacity (vmax) (Caperon and Meyer, 1972b; Eppley and Renger, 1974).
The Vmax is commonly maximal under conditions of severe nutrient depletion
and, according 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 KS) system for

A Ve G e
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. growth at low substratle concentrations can thus be offset by 'iﬁcreasing .
the number of uptake sites. In culture high Ks species normally do have
_ high vﬁax and grow as well as low Ks species at low nutrient concentrations
2 Q(Fuhs et al., 1972; Button et al., 1973). However, the maintenance of turbulent
i» flow in laboratory cultures probably overestimates significantly the Vmax '
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 deficient in
but one element, a cell can readily maximize production of enzyme specific
for that limiting substrate. However, in nature the simultaneously low
R concentration of many essential nutrients probably limits the energy and

materials available for the production of any one permease, so that the high

Vmax measured in the laboratory are-not realized by natural populatioms.

MR AP it | R b Y & SRR ETT it © — b ot ¥ n

In addition, the overestimation of PO,-P by current chemical methods

will further result in a significant overestimation of the uptake rates

.
i
¥
i

possible in nature. .

Aspects of the Ecology of Cryptomonads

Cryptemonads are members of a nanoplanktonic and largely motile
flora which includes many chrysophytes and dinoflagellates that a€
all times dominate the plankton of oligotrophic lakes (Nauwerck, 1968;
Pechlaner, 1971; Kalff et al, 1975). They also characterize the
winter and early spring plankton of meso- ;nd eutrophic lakes, but
typically form a less significant percentage of the biomass during

the summer and fall with the appearance of netplanktonic diatoms,
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. . greens and blue-greens (Pavoni, 1963; Gelin,

L]

flagellate biomass may be no lower than during the spring.

1971), even though the total
Indeed, in
o some eutrophic and even polluted lakes phytoflagellates form a high
percentage of the summer biomass (Tuunainen et al., 1972; Ilmawgrta et
él., 1974). They thus thrive in lakes of all trophy and are a cosmopolitan,
apparegtly 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.
Motility allows the algae to remain within a stable water .column during
long periods of ice cover 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 advantageoﬁs for growth at low
nutrient concentrations (Pasciak and Gavis, 197Af.
Our study shows that growth of’the typical freshwater oligotroph,
C. erosa, at low phosphate concentrationg is fajfcilitated by a high

r

affinity transport system. Studies of marine algae in culture have
similarly shown that sﬁecies characteristic of oligotrophic oceanic
regions have lower Ks for.nitrate and silicate uptake than phytoplankton
of eutrophic coastal waters (Eppley et al., 1969; Guillard et al.,
1973). Because austere én&ironments app;rently select for low K
spec1es, the energetic cost of maintaining.an 1neff1c1ent hlgh enzyme
system (hlgh V ) maybe prohibitive in cont1nuously nutrlent poor
environme However, smaller species that thrive in oligotrophic

lakés need not have as low a KS as relatively large C. erosa, since

N ‘e“;"x v i%tﬁ- ug
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[

( small cells can offset a higher Ks Qith a more ‘favourable surface to
volume ratio, lower absoluge P requjrement, and a higher Vmax per unit
surface area (Fuhs et al., 1972). Nevertheless, the range of Ks of
characteristically oligotrophic species is most~probab1yllowér than that
of more eutrophic forms, even though Perry (1976) reported that two

oceanic clones of a marine diatom had Ks values for phosphate no lower

than that for a neritic clone. Further work on the role of the KS and

£ o R Lo ek £ R v

Vmax in algal succession is presently in progress in our laboratory.

The most obvious reason why flagellates and small non-motile cells

I T WL

dominate both the flora of oligotrophic lakes and the winter planktén of
eutrophic lakes is the ability to remain in suspension under ice cover.

Much less apparent are the factors which cause nanoplankton to be

TRl wmoa gl n,

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 even when net plankton comprise .
a larger percentage of the biomass, small forms are more efficient '
primary producers and are responsible for the largest fraction of the
photosynthate produced (Malone, 1971; Kalff, 1972). Direct evidence for

the high renewal rates of nanoplankton in a naturally eutrophic lake was

TR NS s e A T S T e JP AR o
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recently obtained through,autoradiograpﬁy by Knoechel (pers. comm.) who

observed doubling times of Rhodomonas minuta (Crytophyceae) of approximately

one per day, at a time when the population did not increase. His results
suggest that nanoplankton are growing rapidly in eutrophic lékes, but

fail to attain large numbers because of a high loss of cells, almost

.

certainly attributable -to a high susceptibility to grazing by zooplankton,
e
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* similar values of Ks’ nanoplankton will outcompete netplankton at low -
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A

whereas the biomass of netplankton is more subject to sedimentation
(Knoechel, 1976). In oligotrophic lakes phytoﬁlankton renewal rates are
normally far in excess of zooplankton grazing rates, whereas in

eutrophic lakes the two rates are comparable (Haney, 1973). The

greater grazing pressure in eutrophic lakes probéﬁiy results not only
from higher zooplankton numbers, but also from a shift in dominance with .
increasing trophy from predacious copepods to filter-feeding cladocerans
(Patalas, 1972). We therefore 'suggest that the absoclute abundance of
small algae in the summer waters of eutrophic lakes is significantly
limited by the numbers and kinds of zooplankton present.

Considering the highly favourable surface/volume ratio of small
forms and their low absolute P requiremed{;, it is apparent that with
naturally occurring concentrations of P. 1In relatively large C. EEEE;
the disadvantage of a low maximum uptake rate per umit surface -area is
offset by a high affinity Ks system, such that the species can compete
successfully for P in both oligotrophic’and eutrophic lakes. Although
the availability of kinetic constants will provide insight into the
relationship between algal growth and nutrient concentrations, models of
phytoplankton succession in nature will be of low prediétive 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 laboratory cultures.
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, ABSTRACT

The relationship of photosynthesis to 1light intensity is examined

in the freshwater algal flagellate Cryptomonas erosa Skuja (Gryptophyceae)

grown under different light/temperature regimes in batch culture and
under phosphate deficiency in chegostat culture. Batch cells grown at
1low light and temperature have lowered rates of maximal carbon uptake
(Pmax) and are saturated and inhibited at low light int;nsities (loﬁ Ik
and I;). Similar results were obtained for chemostat-grown C. erosa
" severely deficien£ in phosphorus. The observed variation in photosynthetic
capacity occurred without any accompanying major change in the rate/
intensity characteristic at low light levels or in the cell content of
chlorophyll a. Thus under a suboptimal environment, the principal stage
' ' of photosynthesis affected is the rate of the dark enzyme reactionms.
It is suggested that at low temperatures the pmax is reduced because of
a decrease in the rate constant of the dark reactions, whereas at low
light 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

eutrophic lakes.
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INTRODUCTION

The photosynthetic response of algae is controlled in a complex N

manner by light intensity, temperature and nutrients.. This complexity

on which, in naéure; is superimposed a dynamic flux, obstructs ready
attémpts to estéblish the relationship between the environment and rates
of priﬁary production. Such relationships are, however, more easily
defined under controlled laboratory conditions, and culture studies

usefully supplement investigations of primary production in natural

i
waters. The present study examines the photosynthetic response of the

/éommon freshwater flagellate Cryptomonas erosa Skuja (Cryptophyceae)

i

which is a member of a motile, largely nanoplanktonic group of algae
which, besides other cryptomonads, includes many chrysophytes and
dinoflageliates. Although these algae dominate the plankton at all
times in oligotrophic lakes (Pavoni, 1963; Pechlaner, 1971) an%}contribute
a significant percentage of the production in many eutrophic lakes
(Kalff, 1972; Granberg, 1973), they have received little attention in
culture studies and their physiological ecology is poorly known. Yetr
such information is needed for an understanding of the range of adaptive
mechanisms of algae, which in turn is needed for an improved unaerstanding
of the phytoplankton dynamics of lakes. [ )
The photasynthetic reaction can be separated into two components:
the photochemical p?ocesses governed by the light ahsorbing mechanism, and
the enzymatic processes governed by the activity of thefpho*osynthetic

enzymes [éteemann Nielsen and Jgrgensen, 1968). Since thesé\two components

s . !
are semi-independent, their rates provide clues to the response of the

\
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> photosynthetic system to environmental factors. The examination of
photosynthesis-light curves (P vs I curves) provides a means of'obtaining
the relative rates of the two processes. Such curves consi;t of a
light-limited region, the slope of which is a measure of the ratelof the
primary photochemz:.cal reactions, and a light-saturated (plateau) region :
which is the maximum rate-of photaosynthesis (pmax) and is limited by the
“Nrrate of the dark reactions. A third, the photoinhibition region, is |
also observed in many studies. P
We have examined the photosynthesis-light curves of C. erosa

cultured under a variety of light and temperature conditions in nutrient-

" sufficient batch cultures and under various degrees of phosphate

L e T T TP SO

deficiency in chemostat cultures. In particular we want to examine

/

. -

. #
variation in the photosynthetic capacity of the alga in relation F/g
the liéht, temperature and nutrient regimes imposed and to discuss .

the possible mechanisms involved.
[

B e e b

METHODS
\

*

e e e

Cryptomonas erosa Skuja was isolated into axemic culture from a

s

naturally eutrophic lake near Montreal, Quebec, Canada. The algae were

grown in batch culture in 500 ml reagent bottles, containing 300 ml of a

R
%

relatively dilute mineral salts medium (conductivity = 240 umhos at 25°),
/
with the addition of 3 vitamins (Part I). The cultures were Eubject to

a regime of continuous cool-white fluorescent illumination over a range
‘'of light intensities at 23,5, 15, 4 and 1°. Light intensity at the base

C} of the culture bottles was measured with a photocell calibrated against

h
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o

( a qua?tum radiometer (Lamda Instruments) so that light units are
presented in ly min ! (cal cm 2 min~!) of photosynthetically available
radiation (PAR), where .01 ly min ! PAR = 230 ft. c. CW illumination = 32
microEinsteins m™ 2 sec ! (Appendix A). .
The chemostat units have been described previously (Part II) and

consist essentially of 2 1 round bottom flasks with a sampling port and )

an overflow tube to maintain a constant culture volume. The units were equipped 4
with a '"sweep-stirrer'" fitted to the inside curvature of the vessel wall

to remove wall growth. The medium was fed through a peristaltic ﬁﬁmp,

and contained either 80 or 14 pyg P 17'." The cultures were maintained at

15° and were continuously illuminated by cool-white fluorescent lamps

LT SR

= Mieee . .

located at the rear of the growth vessels. The light intensity at the

N

chemostat centers was calculated from the extinction coefficient of 1light

by

incubation, the samples were filtered live atsomn Hg on 0.45 pm

%: through the cultures and, depending on cell density: ranged between 9.0
/ % and 11.2 x 10"3 1y min"!. By varying the dilution rate in the growth -
£ vessels, the algae were grown under varioﬁs degrees of phosphorus
§ limitation at growth rates of 0.11 to 0.58 cell div. day !.
g‘ : At a number of growth conditions in both batch and chemo;tat
% Y cultures, the photosynthetic resfonse of the algae was examined over a
¥
% range of light intensities. For this purpose samples of log-growth cells
% were removed from culture and NaH'*CO; added at .125-.25 pCi m1™'. 5-10 ml
g aliquots were then placed in erlenmeyer flasks and incubated at various light
g intensities in a blackened light-gradient box. After 1-6 hours of
i .

membrane filteﬁs, washed with a small volume of sterile medium

3
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4
and filter activity assayed in a windo;ed GM counter of known efficiency.
Dark counts were subtracted and the 6% isotope factor applied. At the
time of incubation, 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

.

fluorometer (Lorenzen, 1966), which was calibrated by spectrophotometry,
sing acet;;e—extracted material and the trichromatic equation of
Stirickland and Parsons (1968) (Appendix B). '

J’The carbon uptake\data are expressed on a per cell basis in the
form of photosynthesis-light curves. Regression lines have been fitted
(pg 0.05) to the points to describe each curve at subsaturating and
inhibitory light levels, while carbon uptake values along the saturation

).

plateau were averaged to give.a mean maximum photosynthetic rate (Pmax
The lines have been extended to intersect at Ik and Ii’ the light

intensities at onset of saturation and inhibition, respectively.

RESULTS

¢

The photosyntﬁgg}grfight intensity curves of the’batch and chemostat
cultures are showq in Figs. 1 and 2, respectively, and the results suﬁmarized
in Table 1. The b—I curves conform to the typical pattern of a linear increase
in carbqugpéake with increasing light at subsaturating intensities,
followed by light saturation and ultimately, at still higher Lnténsities,
by pho;oiﬁﬁibié&on. The P-1I relationship in the batch and chemostat

{

cultures are strikingly similar. The most characteristic feature of the

curves is that in all experiments but one, the initial slopés are little
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Fig. 1.

2

The photosynthesis-light response of C. erosa grown under
various temperature/light conditions (°C/ly min~! x 10°%) in
batch culture. 1. 23.5°/21.5. 2. 23.5°/2.0. 3. 15°/8.6.

4, 15°/1.0. 5. 4°/5.6. 6. 4°/1.0.
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Fig. 2.

The photosynthesis-1light response of C. erosa grown under
pe = =28se

various degrees of P-limitation in chepostat culture.

Steady state growth rate (div. day™'): 1 - 0.55; 2 - 0.39;

3-0.23;4-0.14; 5 - 0.11.
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‘Es , Tablé 1. Summ;ry of photosyn%hesis-light curves in batch and chemo5tat cultures
i ) ) " p I I. Inhibitory
- Initial slope max k i slope
Growth conditions (rate/ty min~!) (pgm C cell™! day~™!) (ly min~! x 1073) (y min™! x 1073) (rate/ly.min"!)
A.\- BATCH CULTURE
Temp. Light intensity
(°C) . (ly min™! x 1073) .
(1) 23.5 21.515 13766X - 5.7 212 16.2 46.5 -1178X + 267
@) 23.5 2.0 14031X - 4.0 157 11.6 36.3 972X + 191
(3) 15° 8.6 13116X - 4.2 121 9.5 16.2 -2166X + 153
(4) 15 : 1.0 15058X - 3.4 85 5.8 8.4 T .2275X + 104
5) 4. . 5.6 10673X + 1.0 59 4.7 9.0 -2459X + 82 |
(§;/ 4 - 2 1.0 - 13976X + 2.9 47 3.7 4.0 1799% + 54 5
B. - CHEMOSTAT CULTURE : -
Cell &ivi;ion rate
(div. day-1!)
e (1) 0.55 T 13865X - 9.4 165 12.6 21.9 -2951X + 233
(2) 0.39 ' 11204X - 4.5 .~ 136 12.7 16.6 -3295X + 191
(3) 0.23 9457X - 2.2 101 11.0 13.9 -1804X + 120
(4) 0.14 10581X - 0.5 . 59 5.3 6.0 -1715X + 70
(5) 0.11 .i 5827X + 2.3 25 "~ 3.8 12.5 ~860X + 35

-~ » ‘ h f‘

&

Regressions for initial and inhibitory slopes are significant at P < .05.
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(‘ . Table 2. Chlorophyll a content and pmax per unit chlorophyll in
batch and chemostat cultures

Pmax/chl—a

Chl-a 2 C hx-‘) ;

§ Growth conditions (pgm cell™?) pgm chl-a ;

P j

' A

‘A. - BATCH CULTURE %
Teﬁp. “ Light intensity i »

- (°C) (ly min~! x 107%) t

; i

(1) 23.5 21.5 4.1 2.16 !

; (2)  23.5 2.0 4.0 1.64 :

(3) -15 8.6 : 5.5 0.91 !

b . ‘ 3
(4) 15 1.0 5.4 0.65 i

el

‘ (5) 4 5.6 2.8 0.87 i

. (6) 4 1.0 5.3 0.37 ‘

B. -~ CHEMOSTAT CULTURE ’ -

Cell division rate
(div. day")

Y enNETTLSTL FRC LRI O 1,

(1) 0.55 . 4.5 1.53
. (2) 0.39 5.6 1.01 Y
; (3) 0.23 " 6.6 0.64
4) 0.14 5.1 0.48

(5) 0.11 ' 5.3. 0.19.
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{ different, varying over only a 1.6 fold range, with no consistent pattern
v w -
apparent. The one exception is a lowered initial slope for the chemostat
population grown under the greatest P deficiency (u = 0.11 cell div. day 1),

and even here the decrease is < 50% of the mean for all other slopes.

Thus the rate of the photochemical reactions is largely independent of

LR

the temperature, light intensity or nutrient conditions ymder which the

P

cells were grown.
In contrast, the maximum pﬁotosynthetic capacity (Pmax) and the

values of Ik and Ii vary markedly with different growth conditions

(Table 1; Figs. # and 2). In nutrient-rich batch cultures there is a

consistent decrease in_}zmax with decreasing temperature, characterized

by an average temperature coefficient (Qlo) of 1.82 . 1In addition, at each

R0 Tyt o e 1 74 i

; .
temperature, cells IO under light-limiting conditions have a lower

(x25%) pmax than cells grown at light-saturation. At a constant temperature s

15°) and 1light intensities which vary only 1.2 fold, the P of -«
max

chemostat populations decreased with increasing phosphate deficiency. Thus

AR s W o ¥

at higher rates of P supply, the Pmax was at least as great as that for
nutrient-rich batch cells grown at similar light intensities and temperatute,
while under severe P deficiency the Pmax was lowered 2.5-4.8 fold.

Therefore, the dark reactions of photosynthesis as measured by Pmax

’ 4

are, in contrast to tpe photoche&ical reactions, strongly affected by the
growth environment. r
Since the initial slopes of the P-I curves change very little, the

light intensity at on3et of saturation (Ik) is determined primarily by

variation in the maximum photosynthetic rate at light saturation. When

) .
C | Vs

[y

T P B "

}.

.

R
"y

;-
é’iﬁngu;, ,
% peAS
WAL .

»



T S S e, L

7 RS

kK
¥
’g‘
b3
by
¢
!
5
&
&
g

4

- 119 -

’

Pmax decreases with decreasing light and temperature the value of’Ik in
the batch cultures also decreases. In a s;milar fashion, Ik decreases
with increasing P deficiency in the chemostat cultures. Thus both low
light/low temperature cells and P-starved cells are saturated at much

reduced light intensities (3.7-5.3 x 10" ° 1y min™}) (Table 1).

fhe data also show that at high light and temperature (23.5°) in

batch culture, mdximal carbon uptake is maintained over a broad range of light

intensities, with only slight photoinhibition (0.80 pmax) at the highest.
light level examined. At a somewhat lower temperature (1§°) in the
chemostats, carbon uptake of cells at highe; rates of P supply is also
inhibited only at relatively high light levels, appréximately 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
intensity at onset of photoinhibition (Ii) decreases, with Ii approaching

I This approach is nearly complete at the lowest light and temperature

K
when Ii,is approximately equal to Ik’ and little or no saturation

. -plateau remains (Fig. 1; Table 1). The P-I cur&e is then pyramid-

shaped, described simply by a light limitation and light inhibition slope.

Light intensities greater than Ei/;esult‘iﬁ/sévere photoinhibition with
carbon uptake rg@gggd/%o"0f416:5 P oy at light intensities of only 0.02
ly min"'. In chemostat cultures a low I. was also observed in two of
three severely P deficient populations with a’'distinct pyramid-shaped

cu:ye,iﬂ one (Table 1; Fig. 2). The reason for the high value of I, in

. the one experiment remains unclear. Thus in most experiments the

photosynthetic response of C. erosa 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 chlorophyll 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 light

‘ levels (Part I), chlorophyll cell™! in those populations examined by P-I
curves varied, with one exception, only between 4.0 and 5.5 pgm cell !.
Similarly the pigment content of chemostat ¢ells was unaffected by the
degree of phosphéte deficienc} (Part II). Thus the photosynthetic rate
expressed per unit chlorophyll a varies widely between 0.19 and 2.16 pgm
C pgm chl-a"! hr™! (Table 2), and the P ax 15 therefore not pr;portional .
to the chlorophyll a content of the cells. Only at low subsaturating

light intensities was carbon uptaké roughly proportional to the product

of light intensity 4nd pigment.
DISCUSSION

The photos}nthesis—light curves show that the light-saturated rate
of carbon uptake‘(Pmax) in C. erosa varies considerably under different
growth conditions, whereas the photosynthetic rate at low subsaturating
light levels is little affected. All these chahges in photosynthetic
capacity occur without any accompanying change in the chlorophyll a
content of the cells., Because the rate/intensity characteristic at low
light levels is little changed, the possibility of some form of
"chlorophyll inactivation' (Steemann Nielsen and Jg¢rgensen, 1968) can be

ruled out and, insiead, the results indicate that change' in photosynthetic
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( capacity is largely controlled by the dark reactions of photosynthesis.
Although in some studies the light reactions are significantly affected
bf the growth conditions (Steemann Nielson and Jprgensen, 1§68; Jérgensen,

1970), our results are consistent with previous findings that the

:
i Aoy e =T

dark reactions are usually affected to a greater degree in algae grown

C

.

at suboptimal temperatures (Tamiya et al., 1953; Aruga, 1965; Talling,

1966), low light or dark conditions (Jdrgensen, 1964; Yentsch and Lee,

AT

1966) or under nutrient deficiency (Rabinovitch, 1951; Knoechel, 1976).
‘The maximum rate of the dark reactions is controlled by the =~ =

environmental temperature and the cellular concentration of dark enzymes

A o .

% {Steemann Nielson and Jgrgensen, 1968), which in turn is a function of

g the growth environment. We interpret the observed decrease in Poax $4§““”
g with decreasing temperature (Fig. 1) as a reduction’in the rate comstant §

é’ of the enzymatic reactions, because a smaller fraction of the enzyme é ]
« t { s
%ig | molecules have the necess;ry activation eﬁergy to react. In contrast, . E

3 '

"~ ' /‘ 2 _13m3 _deafi et
ﬁ\mwffg%,ﬁﬂtﬁe'iowered Pmax of light-limited cells or of extremely P-deficient

cells can be interpreted as.an inability of the algae to maintain a

sufficiently high concentration of dark enzymes. Yentsch and Lee (1966) - \
and Griffiths (1973) have previously explained, in this way, a lowered |
- - {

|

TR 15,5 7o
.

g Pmax of low light and dark cells, respectively, while Hellebust and f

Terborgh (196?) and Morris and Farrell (1971) have related changes in the ;

photosynthetic capacity to the concentration of the dark enzyme ribulose
diphoiphate carboxylase. Our results also show that C. erosa grown at
low temperatures or under extreme P deficiency not only have a lower

) |
. P___, but are saturated at lower light intensities (low Ik) (Table 1).

¢ ™ -

|
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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 light intensities saturate the dark reactlons

and shift the Ik to lower values. |

Low temperature and P-deficient cells are not;only saturated at low
light intensities, but in most cases, also suffer photoinhibition at low /
.r‘\
Al ,
quantum flux (low Ii)’ In two experiment% the alg?e became saturated

and inhibited at virtually the same light intensit* and the plateau of
’ i 4

1
the P-I curve disappeared, as has also been observed in nature (Knoechel,
1976). The nature’ of photoinhibition in C. erosa was explored in other

experiments where carbon uptake of batch cells has.compared by the
. ]

techniques of standard membrane filtration and acidification and bubbling

(Schindler et al., 1955)'to yield, by difference, a meagure of carbon
excretion. It was found that the,p}oporfion of photoassimilated carbon

released from the cells was greatést under phot01nb1b1p9;y 11ght levels

\

associated with low temperature (Part I) These results indicate that

inhjbition of photosynthesis in the P-I curves largely results from
inéreaseg carbon excretion at high light intensities. Pther cﬁltq;e ,
stud;es have shown that under conditions of high light intensity and low
COz “ concentration, glycollic acid is often the major extracellular

-

product as part of the phenomenon of photorespiration/(Tolber

Stewart, 1974).  However, the low light levels at which C. erpsa is

v TN
inhibited and, in particular, the assoclation of low Ii‘witﬁflow Pmax

(Table 1) are inconsistent with the high light intensities and high

rates of photoSynthesis required for the induction of photorespiration
. i
(Brown and Weis, 1959; Knoechel, 1976). |Although photorespiration

' . I .
cannot be totally precluded in our experipments, the production

5
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of a copious mucilage by C. erosa grown undep'inhibitory light conditions
(Part I) suggests that the photoinhibition fun%tioh is primarily the

result of increased excretion of'polysaccharides. The amoﬁnts of
polysaccharides so released can reéresent up to 90% of the photoass&ﬁilated
carbon iq some algae (Hellebust, in Stewart, 1974).

Because the dark reactions of photosynthesis are located in the
chloroplast lamellae,'one‘Pight assum; that chanée in the photosynthetic
capacity would be c}osely tied to the chlorophyll content of the cell.

Such a relationship has been found in several studies even when photosynthesis
iélreduced by nutrient deficiencies (McAllister et al., 1564; Eppley and -
Ren%fr, 1974). Moreover, Eppley and Sloan (1966) obtained a good

correlation between growth and light absPrption of chlorophyll in

several species of marine algae. However, it is apparent that in P-

deficient C. erosa the photosynthetic capacity can be reduced to very

low levels, without a corresponding decrease in chlorophyll a (Table 2),
similér to re§u1ts obtained by Griffiths (1973) for a marine dinoflagellate
incubated at high temperatures in the dark. Similarly Thomas and Dodson

(1968) and J¢rgéhseq F1970) found wide variation in fhe %ssimilation

numbers of N and P deficient cultures, respectively, while Yentsch and

Lee (1966) ;eported a 20 fplg range in Pmax/unit <chlorophyll of natural
,and laboratory populations. . The results indicate that in C. erosa, as

‘;ell as in other‘algae, dark enzymes are selectively lost from the chloroplast -
lamellae and that chlorophyll is therefore not a good indicator.of'the -

activiéy of the dark enzymes. The apparent species differences in this )
s . 1

relationship make hazardous predictions of algal growth based 6n assimilation

vy
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numbers alone.

Some algae can adapt extensively to different light regimes by
varying their pigment content (Steemann Nielsen and Jdrgensen, 1962 ;
J¢¥gensen, 1964), while other species.offset a temperature-dependent
decrease in dark enzyme function by the‘synthesis of more enzymes
(Morris and Fgrrell, 1971). These studies show that changes in Ik and
Pmax éharaiterize cells that are better adapted physiologically to their‘
enviromment. Our data show that low Ik and pmax are found in cells
grown under low light/temperature and nutrient deficient conditions
(Fig. 3) and therefore characterize a photosynthetic response to a
physiologically inferior environment. Thus in contrast to some algae,
C. erosa, at least in culture, is unable to extensively adjust its
photosynthgfic response-to stressed c&nditions. Our results support the
conclusion of Yentsch and Le€ (1966), based on data collected for
cultured and naturalpopulations, that low Ik and pmax are normally
indicative nog of physiological adaptation but of physiological stress.

. - ' 3

In nutrient-rich batch cultyres of C. erosa, light and temperature
determine the photosynthetic response of the cells, whereas in continuous-
flow cultures the effeét of P limitation is readily manifest (Figs. 1

|

and 2). In nature, too, a chronic shortage of essential nutrients for '
. g . .

growth must be of overriding importance. However, evidence available in

the literature is conflicting. Data collected by Yentsch and Lee (1966)
: <
and the observations of Talling (1966) and Gelin (1975) show that temperature
|
and/or light significantly affect the pmax and Ik_9f natural populations.
. /

°
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Fig. 3.
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The relationship between Ik and .the maximum rate of photosynthesis

per unit chlorophyll. The dashed line is fitted by eye.

Legend: batch populations (°é/1y min~! x 107%): 1 - 23.5°/21.5;

2 - 23.5%/2.0; 3 - 15°/8.6; 4 - 15°/1.0; 5 - 4°/5.6; 6 - 4°/1.0.
chemostat populations (cell div. day~!): 7,8 - 0.55;

9 - 0.39; 10,11 - 0.29; 12 - 0.23; 13,14 - 0.14; 15 - 0.11.
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Similarly 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 e

0

a cryptomonad population at 6 m and 12.8°. On the other hand, LeWis

(1974) found that under intense illumination in a trgpical lake, highest

e

3

Pmax occurred only at times of increased nutrient avaiiabilityu. A

recent autoradiographical study of specfes specific carbon uptake in ’
freshwater diatoms (Knoechel, 1976) also reports little change in Ik and
Pmax over a 6-25° temperature range. Plnax was, however, relatable to

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 Pmax recorded\in batch cultures under such
conditions, one might expect that algal populations would wax prolifically.
Yet there are many examples 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 turnovers, which
together with the abundant data now linking eutrophication with high
phyfoplankton production, indicate that the photosynthetic response of
natu£a1 populations is largely nutrient-dependent.

The basic light response parameters are the light-limitation and
inhibition slopes and the P . . In C. erosa the light-limited slope is
little affected by the growth environment, and carbon uptake'at higher
light intensities is'essentiallf‘dependent on the magnitude of the Pmax

’

and the slope of the inhibition function, as has been found for some

‘:}, ’ﬂx\\diatom populations in nature (Knoechel, 1976). Batch cells grown under ,

optimal conditions can maintain a high Pmax at high light intensities,

while P-deficient cells are markedly inhibited. In nature a chronic P-
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limitation in most lakes must also result in severe inhibition of carbon
uptake in brightly-1lit surface waters. The commonly reported movement
of flagellates ;way 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 wé;ers have, because of a now increased
Pmax’ a grodih advantage over non-motile species.

Due to the scarcity of light under the winter snow and ice cover of

temperate and arctic lakes, cryptomonads and other flagellates form a

- surface biomass maximum (e.g. Wright, 1964). At the spring melt, there

is considerable evidence that this extremely shade-adapted community is
severely stressed by the sudden inérease in light (Pechlaner, 1971;

Kalff and Welch, 1974). One can postuléte that at this time the photosynthetic
response of the algae is pyramidal in shape, with the Pmax at a sharply
defined optimal light intensity. Support for this premise is provided

"by Kalff and Welch who found that under rising light levels in spring in

an arctic lake, the depth of maximué photosynthesis (anax) gradually

moved from the surface to deep waters and thus remained associated wjth

,a particular optimum light intensity. In other cold oligotrophic lakes

. there is evidence that motile species react to light stress by a general

downward migrqtion (e.g. Pechlaner, 1971), which 'in combination with
diel movements (Tilzer, 19f4; Kalff and Welch, 1974) maintains the cells
in a zone of optimal light and, presumably, maximal carbon uptake.
During the summer a general physiolog;éal adaptation to higher light
occurs that has been ascribed to the pfésence of higher nutrient levels

in deep waters or to the increased nutrient availability concomitant

-
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with the mid-summer turnover (Findenegg, 15¥7; Pechlaner, 1971; Kalff
and Welch, 1974). Our chemostat studies OZFZ: erosa.confirm this
nutrient-dependent adaptation to higher light inten;ities and further
indicate that such adaptation is largely depenéent on an increased
synthesis of dark enzymes. \
Some species such as Chlorella are able to adapt extensively to
different light intensities by mainly varying the pigment content per
cell (Steemann Nielson and Jdrgensen, 1968). Other species such as
certain diatoms (Jérgensen, 1964) and, in the present study, C. erosa,
are able to adapt less extensively and do so primarily by change in the
cellular content of dark eﬁzymes. Both adaptive mechanisms involve a
mdtching of tﬁe maximum rate of the enzymatic processes to the rates of
the photochemical processes and both promote algal survival over a range
>
of growth conditiéns. Motility adds a further dimension to light

adaptation and relieves, 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. erosa and other

i

phytoflagellates.
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- ( /, , ABSTRACT |

Changes in cell number and carbon content of the freshwater algal

"\yflagella;e Cryptomonas erosa Skuja (Cryptophyc/eae) were followed in :

complete darkness. Cells incubated in the dark at high temperatures

R T

wlbirest Wy

rapidly disappeared from cu}ture, whereas those at low temperatures

&

survived up to 80 days of darkness. Radioactive tracer experiments
with organic substrates and growth of the algae in association with 3
bacteria showed that heterotrophic metabolism by C. erosa was negligible.
A lengthy dark survival was instead dependent on the slow respiration of

: stored carbohydrate. The respiration gf carbon reserves is suggested as 3

the primary mode for survival of cryptomonads during the long winter }

darkness in polar lakes.
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INTRODUCTION

o

A number of recent studies have documented the importance of the
nanoplankton both in terms of phytoplankton standing crop and primary

production in marine (Malone, 1971; Watt, 1971; McCarthy et al., 1974y

T

and"’freshwaters (Rodhe et al., 1958; Pavoni, 1963; Kalff, 1972).

However, culture studies of freShwater algae have dealt almost exclusively
with either Chlorella-type algae which, in many respects, are atypical of
the natural plankton, or with net planktonic diatoms, green and blue-

greens so common in eutrophic lakes. The present study investigates the

physiological ecology of the common freshwater flagellate Cm'k tomonas

Mt S A B R 0,
-

erosa Skuja (Class Cryptophyceae) which is a member of a nanoplanktonic

and largely motile flora that includes, besides other cryptomonads, many

chrysomonads and dinoflagellates, as well as a few small diatoms and

1
3
¥
H
3
i
H
{
i
¢
t
3

green species. These algae dominate the plankton of oligotrophic.
lakes (Nauwerck, 1968; Pechlaner, 1971; Kalff et al., 1975), and also l
contribute a sig'nificaflt percentage of the primagy production in many
eutrophic lakes (Gelin, 1971; Kalff, 1972; Granberg, 1973). However,
the culture of ‘th?se algae has been largely igﬁored, and their ecology
is poorly knovm.- Yet, without such information, it is impossible to'fully
understand the phytéplankton dynamics of lakes, and the range of adaptive
mechanisms in algae. ‘ .

The physiological ecology of Q_: _e_i'o_)s_a; has been studied under a
variety of l‘ight-ftempe'ratl‘ire regimes in batch culture (Part I), -

under various degrees of phosphorus limitation in chemostat

;
7
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. culture (Part II), and its ?hotosynthetid response related to change in K
":’; the growth environment (Part III). In the present report we examine the %
:%! reiponse of the alga‘?izo‘incubation in t};e dark. 0 . :
ét Cryptomonads are present in the water column throzfghout the year in .
k” many ‘arctic, high mountain and nor{th temperate lakes. In winter large ¢ y

ncgn-motile diatoms and blue-greens rapidly sediment under ice cover and

p——-—
PSS

over-winter as resting spores or cysts. However, cryptomonads, together

with other flagellates and small non-motile species, remain within the

;\-
H

water column and over-winter in the vegetative state. Under the snow

and ice cover ir{ temperate and mountain lakes, algae in surface ¢

\

waters still receive,at least at intervals, su\ﬁf?‘.»e' ent radiation for a

measurable amount of primary production (Wright, 1964 ;\Pechlaner, 1971).

However, in arctic and sub-arctic lakes light is absent for up to 3 °® \}
months during the polar night (Kalff and Welch, 1974) and winter survival

of algae must be by some non-photosynthetic means. We therefore examined

-~
K24 S AL, 030, S, i i

the physiological mechanisms available to C. erosa for survival during

long periods of darkness. Some prel'iminarylresults were: reported in

Morgan and Kalff (1975).

METHODS . o -
/ ) :

Cryptomonas erosa Skuja was isolated into axenic culture. from a small

naturally eutrophic lake near Montreal, Quebec, Canada. The atga was 2 .

~

grown in batch culture in a relatively dilute mineral salts m‘edium.
fconductivity = 240 umhos at 25°). ?’he only organics'addéd were trace
- g

amounts of vitamins and the metal chelater NaEDTA (Part I). The ‘

\
\ -
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cultures were maintained in 500 ml pyrex reaéent.bottles without shaking
or aeration and incubated in constant “temperature (+0.5°) chambers under
continuous” cool-white ;llumination. The alga was grown‘under a variety
of light-tempgrature con@igioﬁs, and while still in exponential growth,
sufficient cells were 8noculated into 2 or 3 bottles of fresh medium to
give an inétial d#rkLpopulation of-between 500 and 2000 cells ml"l. The
bottles were wrapped—in-foil;—and-cetls grown at 23.5 and 15° were
incubated at their respective growth temperatures in the dark, whilé -
cells grown at 4° were incubated in the dark at 4 and 1°. Changes in
cell ﬁué%efs and mean cell volume were followed in the dark cultures D
until the population;disappeared. Cell numbers were counted in a
Palmer-Howard counting chamber and cell volume was determined by 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 to both the pre-dark light intensity and to a low light level of

10 %1y min~! PAR (= 20 fr.c).

The possible role of heterotrophy and phagotrophy in the survival of
C. erosa at low limitinéiiight levels and in the dark was examired in
two ways: (1) In é series of cultures (15 %ﬂd 46) E} gggég_was grown

in associatibn with a mixed bacterial flora isolated from the same lake

.

as the alga. No attempt was made at taxonomic idenEification of the
- " - h .

+bactéria, nor were-bacterial numbers controlled or routinely measured in

the cultures. The bacterial count?dzgatjwere made were on nutrient agar

/

or by direct microscope examination of filters stained with

7 !
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with a needle caused them to swim free. No growth was obtained in the
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:

erythrosin B (Kuznetsov, 1959). Carbon uptake, cell division and cell
volume of C. erosa were compared at several light levels in algal-

bacterial versus axenic cultures. The algal-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 cell volume in the dark were followed as

described previously. (2) Heterotrophy by C. erosa was also examined

G TomituA IR b AR it T SO 4 i

through the uptake of labelled organics under low light and dark conditions.

iy

Following procedures of Wright and Hobbie (1965), '“C-glucose or acetate

i .

of high specific activity (Amersham-Searle) was added at 1-50 pgl~?
. . ! 3
concentrations and, following an approximately one day incubation,

-

I4

samples were filtered onto 0.45um membréne filters and filter activity
a§sayed in a windowed GM system. Heterotrophy was also investigated
with a mix of labelled organics that was isolated by sonification and

filtration from an algal-bacterial culture grown with NaH!*CO; in our laboratory.
? RESULTS

C. erosa retained its motility in the dark and no true resting
i — /
stage was observed. In a few cultures some cells did become enmeshed in

a mucilaginous envelope,/&et under the microscope, probing the cells
! - /

! .
-bacterial cultures, and all populations disappeared

! /

-

dark in axenic or alg

A t - -
within 80 days. Culfures grown at 2.0 x 10"® 1y min™® (= 50 ft.c) at 23.5, 15
and 4°, and incubated in the dark both at these temperatures and 1°, {

. . @ . s
illustrate the typical pattern of decline in cell numbers in relation to

;
; . ! /
! . r . .

‘
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Table 1. Viability of dark cells on return to the light (+ = growth; - = no _growth)

O s Time to )
I complete Time when ‘ T
. ’ Growth conditions ) Dark disappearance returned Viability at
L - Temp. ~ , temperature in dark to light Viability at pre-dark light
: (°C) (1y min™! x 10™%) °C) (weeks) (weeks) 107 %1y min~! intensity
15 8.6 15 2 1 i -
1.5 - - -
5 - 5.6 15 2 1 + -
2 - -
15 2.0 15 1.3 0.6 " .
1.1 -
e ’ ) ‘
15 1.0 15 0.6 0.3 + N.A. ,
.4 N 4 9-10 2 . + s
. i 3
- ) R 4 + - L
. 8 + -
4 2.0 ‘ 4 4-5 1 + .
. 4 1.0 4 3.5 2 + N.A
: 4 2.0 1 7 2.5 + +
“ 3.7 + +
i:»’ . 6 + +
e ———————
4 1.0 1 5.5 2 +
-4 + N.A
N 5.3 +
1 ‘1.0 : 1 10-12 2.5 +
v 6 + N.A,
. . o N
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A

temperature (Fig. 1). The results show that at high temperata?es (23.5
and 15°) cell numbers decline almost immediately upon transfer to the
dark, with a 100% losg of cells within 4 to 20 days. In contrast, at 4 and
1° cell numbers do not decre4§e for approximately one and three weeks,
respectively, followed by fairly rapid cell death to extinction within
20 to 80 days (Appendix L). Incubation of C. erosa at a light intensity
just below compensation at 1° (.062 ly‘day"l) further retarded cell
death and cells were still pr;sent after three months (Appendix D).

Cells present in the dark would generally resume normal growth upon

<

transfer to the light (Table 1). C. erosa at 1° were still viable after

7-9 weeks of darkness. However, in some cultures, especially at high I

temperatures (159, very small dark cells were not viable in the light.
In addition transfer of any ¢ells to relatively high light intensities

RS
almost always resulted in cell destruction even though growth was possible

at a lower light level (10 % 1y min !).
During the initi%} beriod of dark incubation when no cell death was

n
observed in the low temperature cultures, the mean cell-volume of the

pobulatibn, nevertheless, declined rapidly in the first'l to 2 days, but

more slowly thereafter, with a 40% decrease in volume in about 1 week at

4° and a 50% decrease in 2-3 weeks at 1° (Fig. 13. The 40-50% loss in-
cell mass was coincident with the onset of cell death. In contrast, at

higher temperatures (15 and 23.5°) the decrease in cell volume was a more
2

rapid 25-30% loss within tio days of darkness (Fig. 1). In most
. h )

cultures the mean cell volune of the populdtion decreased even further

to a minimum of approximately 600 p3 (Fig. 1) which remained constant

v o
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&

with time quausae the smallest cel}s died and disappeared, ‘while larger
cells became smaller a;ld approached the mir;i;num cell size. However,
after length)f incubation in the dark at low temperatures, some populations
disappeared /{éven thoug]? the mean cell volume was sigr{ificantly greater
than.the miéimum.

From 3nalyses of particulate carbon in some batch cultm;es in the
light and {in phosphorus-limited chemostat cultures, cell volume was

‘ o
“found to jprovide a measure of the carbon content of the alga (Part 1).

r ;

The re7‘tionship ‘was described by two linear equationos:'
(1) pgmC cell™ = 0.1498 V + 9.5 sy

°

‘ . ‘ . *
' Y (2) pgm C cell™ = 0.2049 V + 3.5 (4 and 1°)
P ’

wheye %i-s the cell volume uin ni.

"

> fad
Thas cells at Jow temperatures contain a higher pexcentage of carbon per
/ o ‘

fnit sGell volume than cells at 15°. "On the assumption that the equations
/ also apply to Hark c€lls, the rate of carbon loss per cell in the dark

was calculated from the decrease in themean cell volume of the population.
§

, during the time in which 1¥ttle or no cell death was observed. At low

SN ) ‘ .
temperatures,the rate of carbon loss was calculated during-the period of

[N

more slowly declining cell wolume (Fig. 1), whereas at high temperatures

the rapid decline in cell numhers necessitated that carbon loss be

LN

édlcwflate‘d in the first 1-2 days o¥“incubation. The results show that

the mean rate of carbon loss- (pgm C cell™! day ') decreased, sharply with

’ ¢ ]

- decreasing ‘temperat\ure,&such that the loss rate at 1°.was 17 fold less

1

‘than that at 23.5° (Fig. 2 and Appendix M). ’
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’ 1
/ (', Growth of C. erosa under a variety of light-temperature regimes _ ;

resulted in cells with a wide range in cell volume (400-9000 p?®) and

carbon content (60-1800 pgm C cell !) (Part I). The amount of carbon per

c

cell at high temperatures decreased with decreasing light to a minimum

v e e

Dnbokyabire a4 S

o ) ,

‘at near compensatory light levels. Under growth inhibitory levels at
low temperatures, cell division was more adversely affected than .
' . . 14 ;

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 thus 3 to 8 times that of light-

limited cells at higher temperatures (Part I). The relationship between

G

quantity of carbon stored in the light and subsedﬁent darﬁ survivgl is
shown in Fig{ 3. Dark survival is expressed in units of time only, ——
because the percentage of cells dying per day ;§ independent of the

_ initial cell densify of the dark population. The results §how, firstly,

, i ‘ . that cells iﬁcubated in the dark at low temperatures survive the longest;

»

' and secondly, that at each temperature, dark survival increases with

increased'quantity of stored carbon. Thus at low temperatures, cells
with over 500 pgm C c'ell_1 survive 2 to 3 times longer than cells with

less than 200 pgm C cell™!. Small cells grown at near compensatory

s o R T, W BT R R PO
h >

light levels at higher temperatures pbssess a critically low carbon
content prior.to dark incubation and die in as little as 4 days. ‘ .

" Although the dark survival of C. erosa appears tp be primariiy

7/ . .
dependent on its internal carbon supply, the heterotrophic uptake of organics

+

excreted by the cells or released from lyzed cells 'cannot be precluded.

\
!

‘ The possible importance of heyerotrophy (and phagotrophy)} was detérmined
: ‘ ' ' /

- Y
R .
' a .
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Fig. 3.. The relationship bétween quantity of carboh stored in the

li%ht and the time to complete disappearance in ghe dark

' at various temperatures. e
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‘Taﬁ:j 2. -Growth ofig, erosa in axenic versus algal-bacterial cultures, and time to complete disappeaﬁ e
in the dark. A = axenic; B =.a1ga1:bacteria1i Transfer = dark incubation in "fresh" medium;

- ) " Non-transfer = dark incubation in "old" medium.

-~

Limits are one standard deviation.

Time to complete
disappearance in dark

Ky
~ . ~ —

Ceill - .

S SIS 5 AT el o RIS A Ko UL %00

ettt s B B W e sk

rn 1 Aara AT Bri

: o . Mean Dark (weeks)
. “Light intensity division C uptake cell volume -temperature {
e (ly min~1 x 10°9%) (div. day~?') - (pgm C cell™l day~1) W) °c) transfer non-transfer
, o . - _ :
Temperature: 15° i E i
S 2.0 ~ 0.30 £ .03. 34.8 + 8.2 820 + 79 " 1.3 L -
_ . B 0.25-% .03 26.9 + 4.9 964 + 89 2.5 | 3.5
L (2) 1.0 A 0.18 + .04 16.0 + 3.8 . 771 % 110 Is 0.6 { -
B 0.14 £ .01 14.7 + 2.9 1000 + 104 3 l3
(3) J.62*~ A 0.022 + .013% 3.2 + 1.4 640 + 60 15 0.6 -
< B 0.617 £ .007 4.4 £1.8 818 £ 94 2.5 3 !
- S
" =)
Temperature: 4° '
(1) 2\0 A 0.21 £ .01 . 33.3 + 4.1 1591- % 175 4 4-5 -
1 7 -
. B 0.19 £ .01 29.3 + 10.6 1614 * 124 4 5-6 5-7
| : 1 8-9 7-
“\ . ol .
(2) 1.0 ‘A 0.072 t .004 11.0 * 2.2 . 982 £ 95 4 3-4 3-4
i » . 1 a 5‘6 4-6
B 0.086 * .01 14.7 % 3.0 917 + 70 4 3 4
- ’ % 1 5-7 7-8
- - - ‘ ! .
(3) 0.62 A 0.03 + .004 1 5.9 £ 1.9 905 + 121 4 3 -
. 1 S -
B 0.027 % .01 '9.9 % 4.4 1171 * 83 4 5-6 6
N - {~ i 1 7-10 7-10
(4" 0.24 A 0.0038 + ,0032 13,7 £ 1.9 1266 + 110 4 3-4 -
. . - . ‘ 1 - o
~ B 0.0030 % .002 3.9 % 2.1 1508 + 184 4 5-6___ 7-8
- 1 - -
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Table 3.3 Heterotrophy in C. erosa: typical results.
Pretreatment was 1 wee!}c\ in the dark at 4°, Results
obtained following a further 24 hr incubation with

% %c_glucose and !“C-acetate in the light and dark.

/ -
| Substrate concentration (ugf )

% -
1 ) 5 10 20 50
" GLUCOSE CPMS/5 mls at 24 hrs -
Incubated ja dark - 100 159 ' 230 276 310 396 .
Incubated at 107°ly min™! 127 113 239 257 299 406
Killed control- 114 141 210 264 282 370
d . . /

. ACETATE . ’ . CPMS/5 mls at 24 hrs

= , /. ' )
Incubated in dark 78 93 182 249 ‘ 247 310
Incubated at 107%ly min™!. =~ 87 96 198 230 257 349

* - - ' f

Killed control ; 60 79 207 E 260" 312

. * Killed with Lugol's iodine. . ‘
5 ,

i ‘ w’ . ’
t / i
‘ 4
B )
u\ B ‘ N ' .
- | or) i A}
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(‘- by growing the algae in association with bacteria at low light levels (at 4
and 15°), and comparing the dark survival of axenic versus algal - . .
bacterial cultures. The results show’(Table 2) that neither carbon

uptake or cell division of Q; erosa was significdﬁ%ly affected by the

~

. presence of bacteria. Yet, at all light levels at 15° and at the-t@p -
» lowest light levels at 4°, the mean cell volume of the algae was greater

in bacterial cultures, due to the occurrence of some especially large .
. ) ‘ ‘
carbon-laden cells embedded in mucilage. When incubated in the dark, , 1
[ oo . 3
algal populations grown in association with bacteria showed dramatically \

improved dark survival at 15° and, to a lesser degfee, at low temperatures 1 ‘
1P mp

(Table 2), almost surely the result of improved survival of the large |

°

& v o
cells. However, no difference was observed in the dag& survival of
- \ -

e

algal-bagterial cultures transferred to fresh medium versus those not
transferred, despite the higher concentridtions of bacteria and organics
in the latter cultures (Appeﬁdix N). Other experiments (15 in all) with

" labelled substrates also showed C. erosa unable to assimilate 1-50 pg 17! ;
. e ~ £rosa :

concentrations of glucose and acetate, or a mix of organics, in either

_the light or dark (Table 3).

. ‘ 3 DISCUSSION

4

g; erosa ‘can survive a lengthy dark period (up to 80 days) at 1°, '

4

but at much higher -temperatures (15land 23.5°) the ‘alga rapidly disappéars
from culture, Two marine flagellates were similarly shoanFo rapidly
lose.their_viability at high'temperatures (Yentsch and Reichert, 1?63;

Hellebust -and Terborgh, 1957), while several marine species were ﬁBund to

. . '
a
! .3 . '

,
'v

N F L I v m P
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jsurvive three months darkness at -1.8° (Bunt and Lee, 1972). In contrast

/

]
/’to these,results, Antia and Cheng (1970) observed ghat certain marine

algae were viable for at least 6 months in the dark at 20°, yet it is
most improbable that the cells remained vegetatively active, but rather
survived in a resting stage.

In the absence of encystment or sporulation dark survival' depends
u;x‘)n maintenance of the respiratory system. Exhaustion of endogerfous
substrate results in failure of that system and cell death. Respiration

'of, stored carbon by C. erosa was manifestéd °by a decrease in cell volume
and, by relating cell volume to carbon content, i.t was possible to
estimate the mean daily carbon loss per cell. The calculation shoﬁed ‘
that tine[ l;ss decreased markedly with temperature (Fig. 2). Thus at
.high temperatures, reserve ca}rborg is quickly exhausted, followed by
rapid cell death, whereas at low' temperatures the alga survives
a %engthy dgrk period because of slowed iespiration—of—s%aragé materials.
When supplied with a low sub-compensatory light intensi;:y, sufficient
» photosynthesis occurred'to further retard carbaon loss and prolong
;urvival'of the population. Bunt et »31_1_‘. (1§66) have previpu’sly shown

that respiration in mafine diatoms was substantially depressed at- lowl

-~

temperatures and proposed-that this response would corntribute to successful
! /

]
survival in the dark. In cryptomonads carbon is stored as starch in

spheroidal or ellipsoidal granules (Lucas, 1971), which in C. erosa gro'tlm

v \
at low temperatures anc} inhibitory light levels accumulated in such o A

quantity as to obscure the remainder of the cell contents. -The unusual ' :

ability off cryptomohads to expand in size to accommodate large’ carbon

LY
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reserves may depend on theif possession of :an elastic periplast rather
than a more rigid cell wall (Faust, 1974). This capacity to store
carbohydrate is, as Showﬁ in C. erosa, (Fig. 3) an additional important
m;:chanism for surviw;al during lené_thy flark periods.

The amount of cell carbon ayailabie for respiration is limited,
and in most’dark populations the mean cell volume decreased to
a minimum of approximately 600 1. Cells much smakler than 6Q0 }13

quickly expired, in‘ésumably from failure of the respiratory system.

This value therefore appeaité to represent the genetically fixed minimum

ne”cessary for a viable C. erosa. Cell viability on return to the light

is alscii dependent on maintenance of a functional photosynthetic system. K
Although no measurés were made here on the photosynthetic capac:.ity of

dark cells, other studies of marine flagellates show that, at high
temperatures, photOSynthetic enzymes are rapidly lost in the dark ‘
{Yentsch and Reichert, 1963; Hellebust and Terborgh, 1967). Dark ‘

incubation of C. erosa at low temperatures must also retard }oss of
. - T

photosynthetic capacity. Our results further indicate that dark cells

¢ / . .

exposed to a relatively high light intensity are destroyed .(Table 1),

suggesting that in lakes resumption of alga)l growth following ‘the pol\ar

night o; the snow cover melt is dependent on slov:ly‘increasing‘lighfc levels.
Laboratory studies h;'a,ve shown that some aﬁlfgae, including

- -

cyptomonads (Wright, 1964) are able to grow in the" dark on milligram to

L3

gram concentratlons of organics (Lewin, 1953;° Danworth 1962 Lylis and

Tra.l'nor‘, 1973), while Shuster (1968) and Wawrlk (1971) }report, respectlvely,,

$ - -

s

PRV
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.
’

( that certain cryptomonad species can ingest bacteria and even other .

cryptomonads. In our cultures, however, C. erosa was unable to assimilate

. ) - i. -
’ . organics added at more natural microgram concentrations, nor did heterotrophy

or phagotrophy appear to play a significant role in dark survival. The v l

presence of bacteria apparently did cause some algal cells to secrete a 1
muciliganou% envelope, wherein slowed cell division may have resulted in -

an increased carboggcontent which resulted in'prqlonged dark survival. The i‘

) - - ' L] > ?
nature of the algal-bacterial interaction remains unclear as does the i
) :

reason why the phenomenon occurred in only some cells. Although our §

results do not exclude .some heterotrophy, C. erosa is apparently an

™

. == T SRR ;
3

obligate phototroph, as was also foﬁha'for other cryﬁtomonads (Cheng and
] ’ ’
Antia, 1970; /Faust and Gantt, 1973). Whether C. erosa could assimilate

*significant amounts of organics at much higher concentrations was not ’ 1
A

——

examined since such experiments were considered to have little ecological N
? H
relevance. o . N ‘ é

.

In high arctic lakes cryptomonads,'othpr flagellates, and some

v

small green and diatom species survive complete darkness at 0-1° during v

, -the three month polar night (Kalff and Welch, 1974), similar to the .
b . )

survival of C. erosa in culture (Fig. 3). In the absence of - .
. — ; .

hegerotrophy -has been postulated as-a mechanism for the

dark survival of arctic algae (Wilce, 1966). Hoﬁeve;, in comparison with
N i A

I e P T AP A S R IHETTEAOM, mtrmnny <

normally organically<rich batch cultures, much lower conceptrations.-

i /

’ of available organics (Schindier Eﬁ.él:,'1974) and bacterial numbers
pe (Tilier, 1972; Morgan and Kalff, 1972) are found inndligotrophic mountain

- and arctic lakes. Moreover, Wright'and Hobbie (1966) have shown that

f %




L3
° L}

al'gae compete ifnefficiently with aquatic bacteria “For organic substrates .
at low natural concentrations. An autoradiographic investigation of

algal populations in arctic sea ice also found that heterotrophic

metabolism by the algae was negligible (Horner and Alexander, 1972). Thus
as previously suggested by others (Roddhe et al., 1966; Nauwerck, 1966; ¢
Pechlaner, 1971), it is most unlikely that either phagotrophy oz
heterotrophy provides a significant source of carbon for the wint;er dark

\
survival of C. erosa and probably all other planktornic algae in natural

waters. Our stixdy, instead, indicates thatz long term dark survival
during the polar night depends upon the slow respiratigaf of
stored carbon.

The carbon content of algae is dependent on the relative rate; of
net carbon uptake and cell division. In balcch and chemostat cultures,,
fhe carbon content of C. erosa varied 20 to 30 fold, being maximaf'l under

c‘onditi‘w of high light and low temperature or nutrient limitation when

‘cell division is more adversely affected than carbon uptake (Parts I and II).

\
In nature, the wide range in cell volume reported for C. erosa and other
cry_ptofnonads (Huber-Pestalozzi, 1950; Kling and Holmgren, 1972), wh/ich
appears to lack much taxonomic significance, must similarly reflect

extreme variation in cell carbon. Since the dark survival of C. erosa
. . , . . LT
increased wit}h the quantity of stored carbon (Fig. 3), c¢ell carbon

content must be important .in the winter dark survival of algae. Our

results suggest that high’summer light fluxes in cold and nutrienﬁ_ )

deficient arctic “’r/akes would Tresult in decreased cell division and

increased carbon content. Those cells that contained the largest carbon

il

— 1 . '
< , - x
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reserve would be most likely to survive the long winter darkness and

serve as the seed population when the light returns,

'
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( ' ( ‘ ‘ ‘ Kppendix A o
v , 1
Calibration of Photocell Against Quantum Radiometer ’ o
The photocell (G.M.Co.) was calibrated in microBinsteins m~2 sec™® with - - ¢
a quantum radiometer (Lambda Instruments). The light source was cool-white \
V L , i %
fluorescent. The calibration‘is tabled below and graphed in Fig. 1. The
’ , ,
N . : 4
- relationship was linear, described by the regression Y = 0.139X - 0.31
i ‘ X Lo
i (p<0.05) where X = ft.c. and Y = pE m*2 sec™?. Light units are presented -
in Jdy min~?! where 1 uE m~2 sec™' = .0003105 ly min~! PAR. :
Table 1
Photocell - Quantum ra@iom?ter _Light units in . .
(foot-candles) (microEinsteins m™2 sec™}) ly min™! x 1073 PAR .-
582 o 81 25.31 :
494 66 . 20.62 g
429 61 19.06 )
336 : . 46 | 14.37 - -
229 , 30 . 9.37
200 25 7.81
\ 153 : 21 6,56
\ a.
91. . ‘ 13,3 . 415 :
.. 38 5.6 4 1.75 ’
16 . 1.75 ) 0.55

3.1 0.33 0.10
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r{ l\ ' Calibration of Fluorometer Against Spectrophotometer

\
. " 1 Instruments o I ) ‘

1

| (1) Turner model 111 Fluorometer with primary filt‘er Corning CS 5-60
. ‘

' and secondary filter Cor;\ing CS 2-64, modified for in vivo chlorophyll -

; measurements as follows: . \ A
(a)' red sensitive (R136) photomultiplier which extends the
‘ response of the instrument tc; 750" my | “
(b) blue f{uorescent lamp (F4TS)
(c) high sensitivi'.ty déor o j
. i
(2) Bausch and Lomb Spectronic 88 ’
Samples
(1) Fluorometer: Sq?ial diluti[ons' of stock C. erosa populations
with growth medium, as well as some experimer{tai populations fror? batch
and chemostat cultures, rEeasu;'ed in ﬁ\LO_ : ‘ v
‘ z(2) Spectrophotometer: Saﬁples of i:he‘ above popula\tions, filtered
on gl\aﬁss-ﬁbre filters, and ground and extracted in 90% acetone, with
chlorophyll a calculated from the trlchromat:bc equation of Strickland -

~

e

and Parsons (1968). l

Ana1y51s of phaeopigments. 2-4"Drops of 1N HC1 added to both

fluorometer and spectrophotometer samples and emission and absorbance,

respectively, read after 2-5 min.

N A

R
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The Calibration. Fluorescence measurements can be carried out only

. on very dilute solutions because of quenching and self-absorption. I?_ '

either of these factors is significant, a non-Iinear relationship between

chlorophyll concentration and fluorescence will result. This would be

1

most readily seen at higher chlorophyll concentrations on the lower
[

sensitivity scales of the-fluoiongeter. To avoid this problem, samples

’

with a hJ‘.‘gh chlorophyll content (some %;ostat samples only) were

diluted with the growth medium, so that all sarﬁyles were read on the

‘two most sensitive scales {door 30 and 10). Over this range a linear

Y

re'laticmship between chlorophyll and fluorescence was observec\l (Fig. 1).

The relationship is described by  the equation

) dilutio
| Chi-a (ugl™') = R} (k) ( :’ac't;rn)
i - 4 ,‘ ‘

where Rb is fluorescence beft;r;e acidification and kx is the calibra\tioﬂ
con§tant equal to 0.367. It»shoulci beqnoted that kx is a function of the
combination of ‘photomultiplier, excitation lamp, high sen;si.tivity door
and filters used.

Phaeoph)?tin. Phaeophytin normally is not found in 1living phytoplankton
cells (Pattexson and Parsons, 1963)\; but is apparently produced as a
re;ult of zoopldnkton grazing’ (Cdrrie, i962) and cell death. Phaeophytin
was mnot present in most cultures of C. erosa, but low acid z;atios were
'obser\‘redﬁ in cultures whgre cell division was inh‘ibited by Yight (Fig. 2'). ‘Q,

! )

We inte?ret this result as a degradation of chlorophyll a to phaeophytin-

like products in dead and dying cells. It. was observed 17hat fluorometric

Y

acid ratios 32 were always associated with little or mo phaeophytin as

\ » - i
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.determined by spectrophotometry (Fig. 3). Therefore in those few samples

with acid ratios <2, chlorophyll was corrected for phaeéphytin by the equation

dilution

Chl-a (ugl'l) = (2.0) (kx) (Rb‘Ra) ( factor

)

where Rb and Ra are the fluorescence before and after acidification,

respectively.
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Appendix C

»

Cell Division, Carbon Uptake, Mean Cell Volume and Chlorophyll a

of C. erosa Under Various Combinations of Light and

Temperature in Batch Culture
r

Carbon ubtake Mean cell
Light intensity Cell division (pgm C cell™! volume Chlorophyll a
(ly min~1! x 107%) (div.>day™ 1) day'l)k (¥ " (pgm cell™ )

{ Temperature: 23,5°
T

64.6 1.07 £ 0.16  172.5  33.7 1762 + 235  2.31 & 0.47
(3.11)* r
43.1 1.23 £ 0.13 2183 £27.9 1507 £ 262 ~3.04 £ 0.31
(3.27)*
21.5 . 116 + 0.19  200.6 + 30.1 1464 £ 212 4.06 + 0.62
8.6 0.8 £ 0.07  166.6 £ 25.6 1069 £160  3.89 £ 0.27
5.6 0.51 + 0.10 02.7 £ 17.2 1058 £ 110 4.40 £ 0.44
2.0 0.20 + 0.06 3.1 413.6 046 £ 73  3.96 £ 0.51
1.0 0.03 ¢ 0.01 5.7 2.4 674+ 60  6.06 £ 0.62
Temperature: 15° \ N
19.4 0.38 + 0.12 82.4 + 13.4 1608 + 170'  2.38 + 0.37
| (2.68)* |
TN 0.47 £ 0.11 8.6 ¢ 14.0 1265 £ 180 2.98 % 0.48
) (3.89)*
8.6 | 0.69 + 0.10  123.8 + 11.0 1108 + 205  5.49  0.35
5.6 ©0.57£0.13  68.4£10.6  851%96  5.23 & 0.48
3.0 0,41 + 0.04 sy.o £16.4 810104 486+ 0.3]
h 2.0 0.30 £ 0.03  .34.8 £ 8.2 820479 4.65%0.04
1.0 0.18 + 0.04 16.0 + 3.8 | 771 & 110  5.35 + 0.44
0.5 0.022 £ 0.013  5.20% 1.4 640 £60  16.26 & 2.62 \
SRR R AT 2 i
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. o \ Carbon uptake Mean cell
Light inteﬂsigy Cell division (pgm C cell™! volume Chlorophyll a
(ly min™! x 107%)  (div. clr:t)"‘)J day™') ®*) (pgm cell™})

J Temperature: 4°

8.6 0.086 £ 0,023 30.5 £ 6.0 2187 + 260  0.85 + 0.27
. 4 (3.35)*
¢ 5.6 0.084 + 0.048 58.7 £ 7.5 3666 + 407 2.75 £ 1.10
(4.60)*
i \ ‘
) 2.0 ©0.21 + 0.010 33.1 £ 4.1 1591 + 175 6.18 * 0.61
. A ‘ -
1.0 0.072 £ 0.004 11.0 + 2.2 982 * 95 5.34 £°0.42
4 0.5 0.030 £ 0.004 - 5.9 +1.9 905 £J21  '5.16 £ 0.17
; 0.2 0.0055 i\0.0046 3.7+1.9 1266 * 110 5.73 * 0.50
Temperature: 1° /
v 8,6 qell death - >4000 -
1.0 0.025 *+ 0.005 6.8 £1.3 2961 + 480 1.41 £0.29 .
(2.99)*
OV. 04 negative - - -
(< compensation pt) ‘

Values are means for log-growth populations in 2-4 replicate bottles. Limits are
one standard deviation. .

E

* () = pigment cell™! before phaeophytin-correction.

\ ' ) ’
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Appendix D

Growth of C. erosa at 1°
. Table 1. Decline in cell numbers and cell volume of
C. erosa incubated at a subcompensatory light\ intensity
of 0.043 x 10~? 1y min~! (=1 ft.c.) at 1°

Time after ; ' Cell
inoculation Flask numbers Mean cell
(days) # [ml‘l) % volume (u%)

v

0 650
790
880 .

~1090

3091 + 1203

a0 N e
\

39 680 .
730
760

810 MY

i+

2058 * 703

E-N 7 I S

290

390

320 Lo

420 >

87

SN e

AN
O

127 30
50
70

50

1014 * 361

2o N
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(' Table 2. Cell numbers and cell volume of C. erosa grown at )
an inhibitory light level of 8:6 x 10~% 1y min~! at 1°.'
Population inoculated at 1100 cells ml~?, with mean cell
, volume of 1520 *"369 p®
-
. Time after ) C Cell
b inoculation Flask numbers Mean cell
(days) # (m1~ 1) volume (u?) .
b , 7 — 1 870 2086 £ 430
2 . I
2 ;940 2193 + 510
N y
1 730 4169 * 893
o2 810 T 4031 £ 982
"1 210 3812 % 642 !
2 140 4310 % 500 N ~
. \ , :
1 62 . - - v L
2 . 20 -
| U 3
!": : -
1 J i
- 1 ‘51 h !
R, ", | .
'\f 3 ’l;‘ﬁ o
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Appendix E |

. ’ ! N

'Lighi Intensity in the Chemostats

The chemostats were illumina;ig)from the rear by cool-white

’

. fluorescent lamps which were spaced so as to provide uniform lighting.

¢

\\
In addition the light was kept unidirectional by blackening the side-

walls of the supporting cabinets. The light intensity at the chemostat

"

. centers could thus be calculated from the extinction coefficient of

©

light through the culture. The equation used was

/1 .
. . . 17
Extinction coefflClent (Ev) ol e (In, - Int,)

s
where Z; and Z, are the distances of the front and rear surfaces of the

growth vessel from the light source, while 1; and 1, are the light flux
measgred at these surfaces. The Ev determinﬂd was then substituted jn
the equation to calculate the light flux at the chemo§tat centers.
Light intensity was routinely monitoredlonce a week and typical results
are given in Table 1.

of '*C uptake were illuminated at these same light intensities.
\

\ ‘ '

’

W

Samples removed from the chemostats for measurement
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. “ . .
Table 1. Light intensity at chemostat centers. Data are

méasures obtained over three consecutive weeks!

'
¢
i

3

1-center

Vessel 1-rear -front / 1

# "(1y min~! x 107%) E, (1y min™! x 107%)
Sg = 80
1 16.3 5.9 .064 9.8
1 16.3 5.9 .064 9.8
1 16.8 5.5 , ° 069 9.6
2 16.3 5.9 .064 9.8
2 16.8 5.8 .066 '9.9
2 16.3 s».s\q/ 066 9.6
3 : 16.3 5.2 .070 9.3
3 16.3 5.4 ..069 9.4
3 15.9 5.2 .069 9.0
. v
Sp = 14

1 16.3 7.3 .050 10.9
1 16.8 7.5 .050 11.2

1 ; 16.1 6.9 .053 10.6
2 17.0 7.5 .051 11.2
2 16.3 7.3 .050 10.9
2 16.8 7.4 .051 . 11.1
3 16.8 7.5 r .050 11.2
3 16.8 7.6 .049 11.3
3 / 16.3 7.2 .051 10.8
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. Calculafion;é;/;;:idual Phosphate Concentration

in the Chemostats

it

\ L]

* 32p js added to an algal éample in which the cycling of P is dominated

3

!
¥
L
£
¥
§
}
i
t
I

by the exchange of POL-P between solution and the cells, the loss of

32p from solution is described by the equation

#

-kt ‘
Y, - Y= (Y, - Yoe (1)

where Y is the % 32P in solution at t=0 (i.e. 100%), Y, is the % 2P in
solution at any time (t) after addition, and Y _-is the % 3?P remain%ng in
solution when equilibrium distribution of tracer has been attained. Thus

&

the difference between % 2P in solution and the asymptote Y_is decreasing
exponentially., A plot of ln(Yt_- Ymg against time will yield a straight
line, the slope of which (k) is the rate constant of 32p 1oss from |
solution (Riggs, 196§;~Rig1er, 1973). 1In the present\experiments the loss N
of %2P from solution was measured in both chemostathsamples re?éiving no
added 3P and in several'samfles receiving up to 10 ug P 2”!.concentrations
of added P. In no sample receiving 3'P was an equilibrium diStribution of
32p attained, even after 24 hrs of incubation (Appendix K). ' Therefore,

the asymptote was calculated as that value of Ym which when éubtracted

from Yt gave the best fit to the regressioﬁ of 1n(Yt-Ym) against time.
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In the tables below are presented results of 32P loss from solution

in two experiments, which are representative of data obtained at all growth

rates in the chemostats. Xhe results are shown only for the asymptote Y
\

which gave the best fit to the regression. Since an equflibrium distribution

a

P e L
°

of tracer was attained in the sample receiving no *!P, a comparison of its

i\
0
rate constant with those of samples receiving °!P must necessarily belmade
. »
soon after phosphate addition. Thus in each sample, the rate constant of
32p loss from solution was determined for the first 0.5 hrs of uptake (see

\
tables below). The uptake rate/in each sample was then determined by . the
equation

‘ \

V= (S +8) (2)

where S is the concentration of ?!P added and So is the residial phosphate

I

concentration. By assuming various values for So a family of rate- \

4

N b

. L3 . 3 l

concentration curves was described (Part II, Fig. 7). At very high assumed ‘
- 3

R i
concentrations of So (e.g. 1 yg P 2°1), the rate-concentration curves bend

sgarply upwards, away from the x-y intercept. As S0 is set equal to lower
val&es, the relationship between uptake and concentration more closefy |
approximates the ex;ected hyperbola, until at some concentration of S0 the |
curve bends towards the x-x}intercept. Unfortunately our measures of |

residual phPsphate in the chemostats lack great precision since 2P loss 1
wa§ ngt measured at sufficiently low P additions (<1 pg P 27!) during the }
firsﬁ/few minutes of uptake. However, the results do show (Part II, l

Fig. 7; tables below) that the curves bend towards the x-y intercept only

at\assumed So concentrations < 0.10 pg P 2~'. This resu{t was obtained

consistently in replicate “experiments at all growth rates in the chemostats.
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PO Table A. S, =80 = 0.23 div. day’?
!
1. Calculation of rate constant
Addition Rate
of 32p Time 0 Ye-Y In constant
(g &1 (hrs) Y (%) Y (%) %"~ Y.-Y_ Regression (0-0.5 hrs)
j (1) 0.0 0 100 90.7  4.507 , . |
E. 17 . 42.8 335 3512 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 T84
2 1.0 . 0 100 80 4.382
.17 90.3 70.3 . 4.253 Y=
.50 80.9 20 60.9  4.109 ~-4043X 0.531
2.0 53.8 .35.8 3520 437
6.0 26.8 . 6.8  1.917 % i
(3) 2.0 0 100 70 4.248
i 17 94 64 4.159 Y=
50" 87.3 30 57.3  4.048 7-2063% 0.391
2.0 74.3 . 443 3791 420
‘6.0 49.4 19.4  2.965 *9°
4) 5.0 0 / 100 30 3.401 . _éi;
.17 97.2 T 27,2 ¢ 3.303 = h
.50 | 93.9 70 23,9 3.174 37 0.445
2.0 85.8 15.8 | 2.760 337
6.0 74.3 4.3 . 1as T
(5) 10.0 0 100 - 30 3.401 S
' 17 98 - 28 3382 YT
.50 96.1 70 26.1  3.261 O-1487X 0.271
2.0 9.1 21,1 3.049 *3-362
6.0 8.9 - 1.9 2.477 =%
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-~
Assumed concentration of s, (g P 2°1)
Substrate Rate bo1,22% 1.0 0.5 0.25 0.10 0.05
added constant )

(ug P 1) (hr~1) Uptake velocity (ug P £°! hr™!)

0 4,895 5.97 4,90 2.45 1.22 0.49+ 0.24

1 0.531 1.18 1.06 0.80 40.66 0.58 0.56

2 0.391 1.26 1.17 . 0.98 0.88 0.82 0.80

a 5 0.445 0 2.77 21§7 2.44 2.34 2.27 2.25

10 0.271 3.04 2.98 2,85 2.74 2.73

2.78

f

X

*SRP “concentration = 1.22 ug P £-1,

+S° concentration at which curve first bends towards the x-y intercept.

et dmon
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) Table B. S § = 0.29 div. day™!
.
1. Calculation of rate constant
Addition ’ Rate
of 31p Time In constant
(rg 2™ Y (hrs) _ Y, (%) Y -Y Regression %0-0.5, hrs)
(1) 0.0 0. 100 80 u.‘z '
17" 87.6 67.6  4.214 Y= -
150 76.1 20 56.1 42027 ~-6008X 0.710
1.38 59.9 37.9  3.686 438
“ 6.27 21.8 1.8 o058 T0-98 \
(2) 1.0 0 100 70 4.248
/ .17 97.6 67.6  4.214 Y=
.50 95.8 30 65.8. 4,187 050K 0.122
138 93,1 63 4.145 422
6.27 79.3 49.3  3.898 T1°0-99
21.18  53.7 237 3.165 ///J
(3) 2.0 0 100 ’ 0.0  3.689 .7
AT 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  +t5:674
- . 6.27 86.2 2.2 3.266 T 99
21.18 69.3 9.3  2.230
(4) 5.0 0 100 40.0 3.689
17 99.2 39.2  3.668." I~
| .50 98.8 60 38.8  3.658 032K 0.058
1.38 97.6 37.6  3.627" ~*3-676
6.27 919 ‘319 3.463 99
21.18 79.7 19.7  2.981 Q
(5) 10.0 0 100 20,0 2.996.
;a7 99.5 19.5°  2.970 Y=
50 98.9 18,9 2.q39 053K
1.38 98.8 ° 80 18.8  2.934  *2.986 0.111
6.27 94.1 4.1 2.646 99
1.

s
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2. Calculation of So
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Assumed concentration of SO (g P 271

*
Substrate Rate 1.0 0.74 0.5 0.25 0.10 0.05
added constant .
(ug P 271 (hr™YH) Uptake velocity (ug P 27! hr™ 1)
0 0.710 0.71 0.53  0.36 0.18 0.0717  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
10 0.111 1.24 1.21 1.19 1.15 1.14 1.14

*SRP concentration. = 0.74 ug P 71,

TSO concentration at which curve bends towards the x-y intercept.
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(—‘ Appendix G -

)

g Cell Densities of C. erosa in ChemostatApulture ] 4
W

\

: . Cell densities of C. erosa are presented for the two growth vessels

’

receiving intermediate (Fig. 1) and low (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 from
changes in the dilution rate and the concentration of phosphorus in the -

reservbir. After each decrease in the dilution rate the cell density

increased/sharply and then decreased to the final steady state value. 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.
Although the existence of such transient phenomenalrender the use of
chemostats a tedious enterprise, they lend suéport to the doubts about

the value of batch culture work at low nutrient levels. *

-~
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. rates of P supply. SR = concentration of phosphate in reservoir
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Cell density of C. erosa in growth vessel receiving low

SR = concentration of phosphate in

reservoir (ug P £°1); (¢) = steady state growth rate

rates of P supply.
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Appendix H

Maximum Cell Division Rate of C. erosa in Chemostat Culture

Maximal growth was determined by increasing the dilution rate to

effect washout of cells. A dilution rate of 0.50 day ! resulted in a
\

\

slow decling in cell density (Table 1). The cell division rate during

this period was calculated from the equation \

\ X, = Xje (u-D) (t2-t,)

v

where X; and X, are cell densities (ml™!) at times t; and t,, and u and D
\
are the specific growth rate and dilution rate, respectively. The maximum

growth rate was approximately 0.70 cell div. day™!, similar to the

maximum rate measured in batch culture at 15°.

/

Table 1. Decline in cell density over time at D = 0.50 day™!

L)

it e b e et s et s o

\

> Day Mean cell density (ml™!)
0 ’ 50,237 \ .
43,927 [ jﬁ
41,610 ,
10 . 38,986 )
12 . © 36,930
14 35,327 ;
18 ' 31,881
21 29,612 A

24 27,593
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Appendix I

Photosynthesis-Light Response of C. erosa in Control

Versus Phosphate Enrithed Chemostat Populations

\

The relationship between photosynthetic carbon assimilation and light
was determined ,for C. erosa grown undér various degrees of P-deficiency in
chemostat culture. Samp%es removed from the chémosta;s were divided into
control samples, for which a P-I curve was determined immediately, and into
enriched samples, which weire first incubated 24 hrs with 50 pg 27! added P.
To ;ach set of samples was|added 0.125-0.25 pCi m1™! NaH!“CO,, and replicate
(2) aliquots were placed in a light-gradient box at light intensities up to
2-3 times those present at the chemostat centers (Appendix E). Following
a 1-2 hr incubation, tﬁe cells were filtered on 0.45 um membr;ne filters
and filtexr éﬁtivity assayed in a geiger system. In addition the ceil
density was determined before and after the 24 hr phosphate enrichment.

The results show (Table below; a}so Part II, Fig. 11) that phosphate
enrichment had little éffect on the photgsynthetic response of C. erosa
grown at higher rates of P supply (u>0.22 div. day !), but significantly
increased the Pmax’ Iﬂfand, in most experiments, the Ii of severely

P-deficient cells. The initial slope of the curves was, however,
\

~

\d
unaffected by P enrichment. The cell division rate of enriched cells was .
almost always greater than the steady state growth rate in the chemostats,
with the largest increase again occurring in extremely P-deficient cells

(Table below). The cell numbers did not, however, increase at the maximum
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() growth rate ( 0.70 div. day™'). Two possible reasons for the submaximal

growth rate are that (i)’the synthetic processes involved in cell division

were not fully activated within 24 hr of enrichment, and (2) that the

k ,

enrichments operated as in vitro batch experiments, depressing growth.




i L o

533 Gg;wth rate /.T

Growth rate in _ Cells ml1~? in enriched P ax I I,
; chemostats samples Initial slope (pgm C Inhibitory §1oge
iy (div.day™ 1) to tay (div.day™1) (rate/ly min~?!) cell™! day™}) (1y min™! x 10~3) (rate/ly min~ 1)
4 {
.| sy = 80 ) ‘
(1) 0.39 C 54290 - - 11204X - 4.5 136 12.7 16.6 -3295X + 191
E 54290, 70361 0.38 10780X - 236 130 ©11:8 NO INHIBITION
" (2) 0.23 C 51942 - - 9457X - 2.2 101 11.0 13.9 -1804X + 120
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 6821X + 2.6 - 60 ‘ 8.4 10.2 -1245X + 74
Sg = 14 : 4 :
(1) 0.55 C 6235 - . 13865X - 9.4 165 12.6 21.9, -2951X + 233
]
E 6235 9250 ' 0.57 13175X - 4.5 157 12.2 - NO INHIBITION -
, A co
. ) o T @
(2) 0.55 c 5899 - - - 14147X + 0.3 148 10.4 NO INHIBITION .
E 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 -5210X + 231
E 6506 9327 0.52 12084X + 3.6 140 11.3 . 16.6 -5098X + 225
(5) 0.14  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 - - 11652X + 2.2 60 " 5.0 10.2 -2208X + 88 -
: E 6580 9011 0.46 11418X + 1.0 93 8.1 16.3 -2906X + 140

C = control. E = enriched. Regressions gf initial and inhibitory slopes are significant at p < 0.05.
"No inhibition' indicates lack of significance at p < 0.05.
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‘Appendix J

] - ~

v )
' Cell Loss of 32P on Filtration .

In preliminary work 3?P uptake by C. erosa was investigated with
cells filtered at both high and low vacuums, and concentrated by low
. J00- 250
speed centrifugation. Low vacuum filtration was at 4«5 mm Hg with the
J )

’

vacuum broken just as the filter sucked dry, whereas high vacuum ‘

750 .. 4000 ! .
filtration was at 15236 mn Hg, with the filter sucked dry for approximately

\
5 seconds. The procedure for centrifugation was as follows: (1) A 5 ml \
subsample at each 3!P addition was centrifuged for 2 min at 5300 rpm,
which spun down >95% of the cells and éssentially terminated 32p uptake

in the top 2-3 ml of liquid. (2) The upper 2 ml were immediately

removed and recentrifuged for 10 min at 5300 rpm, which removed all cells

from suspension. (3) 0.5 ml surface aliquots were placed in 10 ml of

R

Aquasol™ and the activity was determined in a liquid scintillation system.

Filtered and centrifuged results are given as % 3?P incorporated

into the celis. Typical results (Table 1) show that in compgrison to
centrifuged cells, those filtered at low and high vacuum contained, :
respectively, approximately 10 and 20% less activity. Tﬂﬁslfiltration,
especiglly at high vacuuns, results in P loss f?ﬁﬁq;he cells,.?reéumably -
from cell breakage and leakage. Although cEntrifugation yields the
poféﬁtially best estimate of P uptake, the technique is subject to

considerable error at high P additions when the % P3femaining in

solution is only fractionally less than the total amount added. In
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1

.

,(_1 addition centrifugation is a more lengthy procedure than filtration and
is thus not amenable to routine analysis, nor can short term (e.g. <15 min)

32p uptake be accurately-measured unless uptake is terminated by killing

the cells. Other work in our laboratory indicates/ that killing both
C. erosa and a planktonic diatom with Lugol's iodine results in-an up to

é 30% loss of incorporated P. We conclude that filtration is the best

procedure for routine analysis, but that care must be taken to maintain

low. vacuum pressures.

¥oe o
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Table 1. 3%p Uptake compared by low and high vacuum
filtration and by centrifugation. Data are expressed

in % removal of 3?P by the cells

e i

-

)

% Loss % Loss
31p Added Filtration at high  at low
ug p 7! 71'5-—'20 mn af:ssomm Centrifugation vacuum vacuum

I. S, =80 ugP 271 k = 0.39 div. day~!'; 0.5 hr incubation

0o 78.7 84.9 93.2 15.6 7.8

1 11.7 12.9 13.7 14.6 5.9

e

2 7.6 8.3 9.1 16.5 8.8
5 3.7 4.‘1 4.2 11.9 2.4
10 2.1 2.4 2.7 22.2 11.1
50 0.54 0.61 0.72 25.0 15.3 -

II. Sp =14 1g P 271 k = 0.55 div. day™!; 1.0 hr incubation

0 26.3 28.9 32.7 ‘19.6 11.6

1 3.9 ' 4.2 . 4.3 9.3 2.3

i , 2 2.4 2.8 2.8 14.3 0.0

s 1.0 L2 1.4 , 28.6 14.3
10 \ 0.70 0.73 0.83 15.6 12.1
50 . 0.16 0.2 0.2 20.0 0.0 ‘
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Appendix K

Phosphorus’ Uptake Kinetics in C. erosa

Phosphorus uptake kinetics in C. g£2§g_has examined two or three
times at each steady state growth rate in the chemostats (14 experiments
in‘alli. Michaelis-Menten kinetics were evaluated using a Woolf plot, in
which S/v is graphed against S, where S is the phosphate concentration
added (ug P 2°!) and v is the uptiike rate (ug P 27! hr 1), at each
concentration. An unweighted least squares regression was fitted to the

ipoints. The inverse of the slope provides a measure of the maximum

7~ uptake rate (Vmax)’ and the x-intercept a measure of KS + So, where‘Ks is
the half-saturation constant for uptake and S0 is the concentration of P
in the sample prior to substrate addition (i.e. the residual phosphate
concentration in the chemostat). If, as in the present study, So is much
less than Ks’ then the x-intercept is an adequate measure of K§' The
kinetic parameters Vmax and Ks were calculated for each sampling‘time
(0.17, 0.5, 1.0-2.0, =6,0 and ~24 hr). Since the uptake of phosphorus
was nonlinear, with Vmax decreasing over time, the uptake rates at O.If
and 0.5 hr wefe é}aphically extrapolated (in semi-log plots) to zero-time.
The V___ (zero-;ime) was expressed in terms of pgm P cell™l day~l.

n
Estimates of KS + S0 did not similarly change with time, permitting the
calculation of an average Ks + So for each uptake experiment. The data
and calculations for a single P uptake experimen€aSt each growth rate

1

are presented below. For each sampling time are given the % P removed

P

Ertad e =
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( from solution,. the uptake velocity, v (ug P &} hr™}!) and the calculation

S/\{ (hr~'). All regressions of S/v vs S are significant at p < 0.0S.
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(1) S, =8 -y-= 0.39 div. day™!  Cell numbers = 50520 ml1-!
, ) “ Incubation time (hr)
Phosphate . 0.17 . 0.50 ) 2.0 6.0
added ;
\ (ng P 2°1) ‘ % v S/v % v S/v % v =S/v 5 v S/v
0 60.7 - = 80.7 - - 90.4 - - %06 - -
T 10.8 .65  1.54 20.6 .41 2.43 .39.3 .20 - 5.09 60.8 .10 9.87
2 69 {.85’ 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 T11h6 23.8 .20 25.2
. 10 Z.é 1.68 5,95, 4.9 .98 10.20 10.1 .51 19.8 ﬁ 15.2 .25 39.5
20 1.9 - 2f28 10.41 2.9 1.16 17.20 8.4 .84  23.8 10.8 .36  55.6
100 0.35 2.14 47.6 0.7 1.40 71.4 1.7 .85  117.6 2.4 .40 250
. Regression ¥ = 473X + 1.59 0.77X + 2.10 1.12X + 4.99 2.39X + 10.81
o Ve | ‘ 2.11 1.30 ' © o.89 - 0.42
Kg + S, . - 3.36 ' 2.73 4.45 4.52
= v _ -
X Ks + So = 3,77 + 0.87 )
Vpax (zeT0 time) = 3.10 ug P 27! hr™! i
Vpax (zero time) cell™! = 1,33 pgm P cell~! day™? . ‘

\




¥ = 0.23.div. day~ !

Cell numbers

= 52,245 m1-!

Incubation time (hr)

L

()

Phosphate 0.17 ) 0.50 2.0 6.0
added
(ug P 2~ % v s/v . % v S/v % v S/v % v S/v
. / &—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 .51 3.94 25.7 .26 -7.79 50.6 .17 11.86
5 2.8 .84 5,95 61 .61 8.20 14,2 .36  14.08 25.7 .21  23.34%
10 2.0 ’ 1.20 8.33 3.9 .78 12.82 8.9 .45 22.47 18.1 .30 33.10
20 1.5 1.80 11.11 2.7 J1.08 18.51 5.2 .52 38.46 9.8, .33  61.2
i00 0.35 -2.10 47.61 1%8‘6 1.20 55.56 1.2 .60 166.7 Z.Q .33 300.0
‘ .
Regression (Y=) .451X + 2.53 .803X + 2,75 1.62X + 5.05 '2.94X + 5.29
vﬁax 2.21 1,24 0.62 0.34
Ks + So 5.61 ?.42 3.12 1.80
XK, +S =3.49 % 1,58
vV

m

Vﬁa&

k3 T
‘. e et ~ -
foo el

ax (28T0 time) = 2,70 ug P £7! hr~?

(zero time) cell™' = 1.24 pgm P cell™! day~! .- -

Se o L
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o
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Phosphate

p = 0.11 div. day~!?

T
k<

%,

=

Cell numbers = 74,318 m1~?

Incubation time (hr)

.

-

Voax (zeTo time) cell™! = 1.03 pgm P cell™! day™!

—aacanry  aw

0.17 0.50 2.0 " 6.0
added - =
(ug P 271 % v S/v % v S/v % v S/v % v S/v .
0 60.7 - - 86. 4 - - 89.8 - - 91.0 - - S
1 12.1 .73 "1.38 20.; .41 2.42 47.2 .24 4.23 704 1. 8.52
) - . k
2 7.4 .89 2.25 13.8 .55 3.62 29.3 .29 6.83 51.9 .17 11.6 +
5 5./2 1.29 3.21 7.1 71 7.04 13.7 .34 14.66; 26.9 .22 22.3
10 3.4 1.62 4.90 5.0 - "1.00 10.0 ‘" 8.2 .41 24,39 20.1 .34 29.9 /
20 2.4 2.88 6.94 - 3.4 “1.36 14.7 5.9 .59 33.95% 11.2 .37 53.6 ,'_,
b h = {
- N . (¥2] 3
100 0.4 2.40 41.7 0.45 1.40 71.4 1.4 ;70 143.0 , 2.4 - .40 250.0 | N
Regression (Y=) 407X + 0.71 — - 0.69X + 2.35 1.37X + 6.27 2.43X + 6.79 .
Ymax 2.46 1.45 % ) 0.73 . 0.41 '
Ks + So 1.74 3.41 P 4,58 2.80
XK, +8§ =3.13%1.19 ' |
; = -1 pyp} :
Vmax (zero time) = 3.20 ug P &' hr

PR
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(4) Sy =14 = 0.55 diy. day"! Cell Numbers = 6185 m1™!
Incubation time . (hr) .
"Phosphate 0.17 0.50 1.0 6.0 24.0
added -
(ug P 2~1) % v S/v % v S/v % v S/v % v S/v % v S/v
.0 9.2 - - 18.9 - - 35.2 - - 68.9 - - 73.1 - g
.5 3.1 .09 5.4 4.8 .05 10.5 8.3 .04 12.0 20,5 .017 29.3  S1.7 .01l 46.4
1 1.8 .11 291 30 .06 16.6 5.2 .05 192 154 .022 44.8 378 .016 63.3
2 - 1.2 .14 13.9 2.4 .10 20.8 3.4 .07 29.4 8.7 029 69. 25.2 .021 95.2
5 0.6 .18 27.8 1.3 .13 38.5 _1.6 .08 62.5 3.0 .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 é
50 0.1 .30 167 0.2 .20 250 0.3 .14 370 0.9 .075 667 3.1 .065 774 T
Regression (Y=) 3.20X + 7.57 4.78X + 11.37 7.10X + 17,78 . 12.50X + 49.67 14,16X + 81.80
Voax 1 0.31 0.21 ~ o.14 C 0.08 0.07 ]
K, + S, 2.36 2,37 2.50 3.98 5.78 o
Kg + S, = 3.40 £ 1,50 - g g

X
Vmax (zero tlmg)
v

max

(zero time)

= 0,38 ug P &~! hr-!

cell™ = 1 47 pgm P ¢ell™! day™!?

~
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(SJ“’SRfE‘IE“ M= 0.29 div, day”} Cell Numbers = 4030 ml1~! .
Incubation time (hr)
Phosphate T 0.17 0.50 1.38 6.27 21.18
added
(ug P 2~ % v-  S§/v % v S/v % v S/v % v S/v 4 v S/v
‘0 T 12.4 - - 23.9 - - 40.1 - - 78.2 - - 74.8 - -
1 2.4 1% 6.9 4.2 ,084 11.9 6.9 .050 19.9 20.7 .033 30°3 46.3 1022 45.8
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 .094 106 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 o
\ - - a
4 H
Regression (Y=) 2.43X + 6.83 2.44X + 18.2 4.97X + 33.1 8.42X + 27.0 12,48X + 37.24
Voax 0.41° 0.41 0.20 0.12 . 0.08
K +8 2.81 7.45 6.66 3.21 2.99
S e - * '

XK + S, = 4.02 £ 2,24
\'s

(zero time) = 0,41 ug P 2-! hr-t?

ax

Viax (2€ro time) cell™! = 2.44 pgm P c8117! day™!
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(6) Sp =14 = 0.14 div. day™? Cell Numbers = 7480 -ml1~!
-y
- Incubation time (hr)
x Phosphate 0.17 0.50 1.37 'S.47 . 20.10
‘ added — — -
, (ug P £71) % v S/v % v S/ivV. % v S/v % v S/v $ ¥  S/v
| * -
0 _ 8.42 - - 23.1 - - 38.7 - - 80.7 - -7 - 86.4 - -
.1 . 1.39 .083 12.0 4.7 .094 10.6 8.2 .060 16.7 18.7 .031 29.3 39.2 .020 S1.3
2 0.85 .102 19.6 2.6 - .104 19.2 5.1 —074 26.9 11.2 .041 53.6 24.2 .024 83.1
'5 0.57 .171 29.2 1.2 .12 41.7 3.1 .113 44.2 . 4.6 .043 130 ° 16.1 .040 125
10 0.43 .26 38.8 0.95 .19 52.6 2.4 .175 57.1 3.8 .069 158 12.4 .062 167
50 0.16 .48 104 0.28 .28 179 0.7 .256 196 0.9 .082_ 608 3.0 .075 670 L,
- x
Regression (Y=1ﬂ,1;a.77x + 16.65 3.29X + 15.87 / 3.53X + 20.1 11.41X + 40.7 12.39X +.49.80 '
Viax - 0.56 0.30 - 0.28 0.09 0.08
K¢ + .S, 9.39 4.82 - 5.69 . 3.57 4.02
X = + 7 T -
X K, +S_ =5.50 2.32 . , ' ~
2 . = -1 -1
vma.x {zero time) 0.77 ug P & hr ]
V ., (zero time) cell™! = 2.47 pgm Peell™! day™!

. W skt ne e




Appendix L

The Decline in Cell Numbers tml") and Cell Volume (u®) of C. erosa in the Dark - AdditionaljResults

. L/

Pre-dark conditions - Rgsult;
Dark -
. Temp. (°C) Light (ly min~! x 1073) Temp. (°C) Replicate # Days in the dar)f
- T
(1) 15 8.6 15 0 1 7 10 15
Cell numbers ) 1 2000* 2830 420 27 10 -
2000* 2550 293 30 10
Mean cell volume' - 1035 - 770 - -
) (2) 15 - 2.0 15 ' 0 2 4 6 8 10
Cell numbers 1 1800* 515 250 135 30 0 /
oo _ - 2 1800* 790 380 - 80 0 -
Mean cell-volumel - 818 - 710 646 - - .
(3. 15 1.0 . 15 , 0 2 4
Cell numbers 1 2000* 175 15 i
‘ 2 2000* 170 0 J
Mean cell volume+ 786 624 - "
4 - 4 5.6 4 0 4 13 20 30 44 54 61
i Cell mumbers 1 -~ 5330 5800 4590 3070 700 90 30 10
2 4250 4550 3580 2390 410 150 60 20
— - o 3 5280 5570 4340 2440 830 110 60 30
Mean cell volume , ‘ 1 3995 2925 1864, 1538 1352 1182 962 -
B ’ 2 3450 2451 1713 1655 1422 1293 1080 -
p : ‘ - 3 3554 2201 1889 1524 1455 1210 - -

A°
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Pre-dark conditions Results
Dark .
Temp. (°C) Light (1y min™! x 107%) Temp. (°C) Replicate # Days in the dark
(5) 4 %.2.0 4 3 0 2 8 16 25 30- 36
Cell numbers 2000* 2120 1989 830 60 20 0
- 2 —2000% 1890 1900 950 90 40 10
Mean cell volume' 1443 1184 934 571 549 - -
(6) 4 1.0 — 4 0 1 15 25 29
B Cell numbers 2000* 2120 360 10 _
2 2000* 1865 400 20 )
Mean cell volume' 1128 793 612 - - _
(n . 4 2.0 1 0" 4 11 18 B26 34 _41 - 50
Cell numbers 2000* 1880 1770 1920 1080 310 - 75 0
. 2 2000+ 1630 1870 1750 890 200 90 0
Mean cell volume' 1443 1092 - 734 634 624 - -
(8) 4 1.0 1 - 0 1 14 29 37 46
Cell numbers 1 2000 1770 1440 160 10 “
- 2 -2000% . 1985 1445 90 20 /‘*J )
Mean cell volume® 1128 935 765 685 - - N
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Pre-dark conditions . Results
- . - Dark 2
.~ Temp. (°C) Light (1y min~! x-107%) Temp. (°C) - Replicate # Days in the dark
\ (9), 1 ) ‘1.0 1 0 17 44 65 75 85
v Cell numbers o - -1 650 730 410 100 10
. 790 —- 860 230 80 0 0
, 3 880 930 360 190 40 10
) Mean cell volume 1 3059 2496 1701 1492 - -
p 2 2640 2399 1794 1362 - -
3 3141 1987 1630. 1294 - =

N *Estimated density of inoculant.

TMean cell volume of cells from both replicates.

-
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Appendix M /

/

Carbon Loss per Cell in the Dark at Various Temperatures

5
#

™ Carbon loss in the dark was calculated/from the decline in cell volume,

Y G g AN, T AU

using the regressions of cell carbon versus cell volume (Part I, Fig. 4).
The loss was determined during the time in which little or no cell death

. occurred. At low[temperatures cell volume decreased more rapidly in the

; / first few days of incubation and theréfore carbon loss was calculated only
for the period of slower decline which followed. The initial rapid loss
may represent excretion of‘carbpn, whereas the subsequent slower loss is
~interpreted to result primarily from the endogenous respiratign of stored

AN

cafbohydra;e. A much more rapid decline in cell numbers at higher

-~

temperatures necessitated that carbon loss be calculated within the first

few days of incubation. These estimates may include an excrétion component

and thus overestimate the respiration rate of stored carbon. Nevertheless,

the data indicate a marked increase in respiration with increasing

temperature, which leads to rapid cell death at high temperatures. The

k . calcu%ations are presented below. g \
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Growth conditioné Mean
- Dark Days Cell cell Cell
Temp. _Light . Temp. in Replicate numbers volume carbon Carbon loss
(°C)  (ly min™! x 10~3%) (°C) dark # (m1-1) L (pgm cell™!)  (pgm C cell™! day~!)
(1) 23.5 21.5 23.5 0 1 964 ¢ (
1 2 1040 - (1332 (209 -
3 " 984 . ( ( -
. 4 947 (1680 (261
1 1 843- 1080 157 52
2 793 ' 988 149 60
\ 3 874 1163 184 77
- T 4 1039 1221 192 71
2 significant decline in cell numbers i
~J‘ - —_— P ‘
(2) 23.5° 2.0 23.5 0 1 - 687 ( (
) ) 2 704 (950 (152 -
i i 3" 747 ( ( -
, 4 730 (1050,v (167 -
1 1 517 730 . 119 33
’ 2 604 657 108 44
3 555 689 113 54
’ i . 4 611 700 114 53
2 significant declinq/fﬁ cell numbers _
- ! X at 23.5° = 55,5 + 14.1
j&1 //
(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
R 2 1670 734 119 45
3 1798 ., 699 114 42
4 1650 764 124 35
- 5 1749 657 108 43
ALY :Iﬂﬂ' i‘ﬁ i I ‘i i " I_I .

w!‘
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Growth conditions Mean
Dark Days Cell cell Cell
Temp. Light - temp. in Replicate numbers volume carbon Carbon loss
(°C) (Qy min™! x 107%) (°C) dark # (mi™hH () (pgm cell™!) (pgm C cell™! day~!)
-(4) 15 1.0 15 w O 1/f/A\\ 1592 j 1028 . 163 -
— 2 TN 1730 1184 187 -
3 1618 1051 167 -
A 2 1 1310 710 116 24 -
2 - 1465 780 126- 31
3 1301 671 110 29
) X at 15° = 36.2 = 7.7
(5) 4 5.6 4 0 1 5330 3995 822 -
2 4250 3450 710 -
- 3 5280 3554 732 -
4 1 5800 2925 603 -
2 4550 2451 506 -
3 5570 2201 454 - $
13 1 4590 1864 385 24 o S
2 3580 1713 354 17 . ) )
3 4340 1889 391 7 13
() 4 2.0 - 4 0 1 ( ( ( -
200 1443 2 ‘ -
:\ 2 est( 0 ( 4 ( 99 _
P2 1 1880 ( (
2 1630 (1092 (246 5 -
8 1 1770 ( ( [ty -
2 1870 2(834 (174 12.0 te]
(7) 4 T 2.0 4 0 1 ( (
(Algal-Bacterial) 2 est 2000 (1595 330 -
. 2 1 2120 ( .
- 5 2820 (1360 282 -
“ 8 1 . 2155 Cana
B > 5290 (904 189 -
_ g 16 1 1755 ( . L, [tz -
5 - 1540 (595 125 11.2 t16]




" - e T - 5, T s P on
BTN TG, (R T T AT e

- -—

-~ ; @

~Growth conditions Mean )
——— Dark Days _ Cell cell Cell ;
Temp. Light . temp. in Replicate numbers volume - - carbon_ Carbon 1loss
(°C) (1y min~! x 1073) (°c) dark # (mi-1) (u?) (pgm cell™)  (pgm C cell™?! day™!)
(8) . 4 1.0 - 4 0 1 6830 1167 243 . -
: 2 11750 1162 242 -
, - 3. « 9190 1165 242 -
i - 5 1 8100 1030 215 - -
2 13950 1009 210 -
. 3 9710 959 200 -
7 1 . 5540 841 176 .-
2 13050 855 179 -
3 10930 903 188 T
. g 1 6680 819 171 11.0 oo
2 11380 729 152 14.5 tS]
. 3 9170 850 178 5.5 3
S , &
) ‘. - X at 4° = 12.8 + 5.8
(o]
(=]
®) .4 2.0 o1 0 : estEZOOO %1443 299 - &
1
4 1 1880 ( N
) 1630 (1092 227 - :
- - 18 | 1920 ( [ty -
; 1750 (734 154 5.21 ths]
_(10) 4 2.0 1 0 1 ( ( i
(Algal-Bacterial) 2 est ;2000 (1595 330 -
) : - -3 1 1870 ( , .
] 2 2190 (1193 248 T-
18 1 1895 ( [ts -
/ A ) 2200 (821 172 5.07 tre]
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i Growth conditions Mean
1 - Dark Days. Cell cell Cell
| Temp. & Light temp. _in Replicate numbers volume carbon Carbon loss .
(°C) (y min~! x 10™%) °c) dark # (m1-1) 1) (pgm cell™!)  (pgm C cell™! day™})
(1) 4 1.0 1 0 ! est%ZOOO E1128 234 -
1 1 1770 ° (
. . 2 1985 (935 195 ‘ - |
14 1 1440 N [ty -
2 1455 (765\ 160 2.69 t14]
(12) 4 . 1.0 1 0 1 { ( 1 _
(Agijl-aaéterial) c ) 2 est(2000 [1041 217
: 1 i 1800 ¢
2 1750 (886 185 -
- 14 1 1340 ( [ty -
. , 1555 (669 141 3.38 £14]
F 4 -
(13 4 o4 1 0 ; est%575 _E891 - 186 -
i 14 1 510 ( ) [to -
. ; 2 450 (889 186 0.0 t14]
(13) 4 0.41 1 0 1 ( ( ; ]
: (Algal-Bacterial) 2 est 575 . (1563 324
) 4 1 720 (
. 5 710 (1335 277 -
oL 26 1 540 ( [ty -
- 2 600 (1005 209 3.09 “tre]

| \ . Xat 1° = 3,24 £ 1.9

4
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Appendix N \ .

N

Bacterial Numbers in the Algal-Bacterial Cultures

N »
.

Using sterile procedures, samples from the open waters of a nearby
{ i
lake were centrifuged at speeds sufficiently low to effect a separation

i

of bacteria and algae. Subsamples of the sﬁpernatant containing bacteria

were inoculated into axenic cultures of C. erosa, and stock algal-bacterial

[

populations were maintained at 15°. Although no attempt was made at
taxonomic identification, the bacteria; flora which developed was dominated

by Vibrio-like rods, approximately 0.3 ym wide by 2 ym long. Experimental \
cultures of C. ggggg_g}own at va;ious low light levels at 15 and 4° were
inoculated from the stocks to yield an initial bacterial density of .
approximately 10? cells m1~!. The number of bacteria which.developig in
the culéures was not controlled. Toéal microscope counts of erythrosin-

stained material showed the largest populations of bacteria in cultures

at the lowest light levels, where very slow growth of C. erosa resulted e

in a long (up to 6 months) association of bacteria and algae (see Table).

$
¥ <

The maximum biomass of bacterialwas estimated as 30-40% of the algal

LT

|
biomass. It was in these cultures that some C. erosa became enmqshed in

\

a mucilaginous envelope, wherelin a slowed csll division rate may have
accountedlfor their increased cell volume and carbon content. Such large,
carbon-laden cells almost surely resulted in the enhanced dark suryvival -
of the algal populations (Part IV, Table 2). However, the dark §ufviva1

of C. erosa in algal-bacteiial/bultures incubated directly in the dark was

®
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no greater than its survival in cultures where-bacterial numbers were
) first diluted 5-10 times vL)ith fresh medium. Although this result does ’
' ) S \
¢
not preclude some ingestion of bacteria, 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

ix . .
lakes, phagotrophic nutrition of planktonic algae must be of minor importance.

' , 'l\ ' - l
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Table‘ 1. Bacterial numbers in algal-bacterial cultures
) \
af the time of dark incubation. Data are direct
microscope counts of filters stained with erythrosin B |
Growth conditions : o [
~Temp . Light ' Cell counts
(°C) (1y min~?! x 10™3) \ (x10° m1~Y)
(1) 15 . 2.0 1.8 %11 \
(2) 15 1.0 T 4.9 + 2.1
(3) 15 ‘ 0.62 ! | 8.7Tt3.6 '
49 4 2.0 ‘ 0.7 £ 1.1
(5) 4 1.0 , 2.0 £ 0.9 -
\ . \
(6) 4 0.62 : 3.7 £ 2.4
(7) 4 0.24 6.3 £ 3.1 :
{ » \ ‘
1 ' -
" .
L} '/

Lt
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GENERAL CONCLUSIONS ‘ : ‘

Growth of the freshwater phytoflagellate Cryptomonas erosa Skuja in

nutrient sufficient batch culture was maximal at moderately high light
and temperatures (.045 ly min~!; 23.5°), whereas at iow temperatures

. \ f
growth was much redufed, and the cells saturated and inhibited at very
{;W light intensities. The imposed stress of con{inuous illuﬁination, or
more likely, a high total salts concentration may well be responsible for .
the poor growth in culture at the same low temperatures at which it thrivés
in nature. In addition the possession of significant quantities of '
phycoerythrin increases its susceptibiliyy to light stress and may, in

part, account.for tbe depth distribution- of cryptomonads in nature. Since,

in culture, low temperatures more adversely affected cell division than

;
Il s . , !

carbon uptake, the resulting excess production of photosynthate was either
retained as storage carbohydrate or excreted. The wide range in cell
volume of C. ergsa (300-9000 1%) makes questionable the significance of
cell size in cryptomonad taxonomy. Although cryptomonads and ‘other

nanoplankFon normally grow faster than diatom and blue-green species,

“their absolute abundance in eutrophic lakes is probably significantl&

limited by zooplankton grazing.
In chemostat culture carbon uptake and cell division of C. erosa
were also differently affected by the rate of phosphorus supply.
Photosynthesis was limited by light at high dilution rates, but by ’ , |

phosphorus at slow dilution rates, whereas cell division was P-limited )

at all growth rates examined. Phosphorus-limited cells show increases N

i
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in mean cell volume, carbon content and refractility, whereas chlorophyll
/ and nitrogqn content are little affected. The C:P and N:P atomic ratios
reflect the availability of ph sphorué, but such ratios are less useful in
field assessments of deficienc) because of\contamination from detritus and
heterotroph}c organisms. Growth ofﬁél erosa at the low phosphate
concentrations present in the chemostats (£0.10 pg P £°!) was facilitated
/

. not by a large capacity to transport and store phosphate, but rather by a °
high affinity, low KS system (KS = 0.14u MP). Since the production of
transport enzymes are potentially in competition with one another, the
simultaneously low concentrations of many essential nutrient;\in nature
may limit the energy and materials available for the production of
any one permease. Tﬁus,'the high Voax SO often measured in laboratory
cultures may not be realized in oligotrophic environments, and selection

? instead ;avours growth of C. erosa and other low KS species.

The photosynthetic response of C. erosa grown under low light and
temperatures and phosphate deficiency was characterized by a lowered
photosynthetic capacity (Pmax) and by saturation and inhibition at low

/ light levels‘(lowLIk and FI). 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 environments, the principal stage of

bh%tosynthesis affected is the rate of the dark enzyme reactions. It is

suggested that at low temperatures, Pmax is lowered through a decrease in

. ) ' '
the rate constant of the dark Leactlons, whereas under low light orx

(,} P-deficiency, dark enzymes are selectively lost from the cell. In

1
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’ 1t
nutrient-rich batch cultures, light and temperature determined the
photosynthetic responsé of the cells, whereas in chemostat cultures the

effect of phosphorus limitation was readily manifest. In nature, too, the

s
PPN

S,

abundant data linking eutrophication with high phytoplankton productivity

e

indicates that the photosynthetic response of natural populations is

I

-
largely nutrient dependent. While some species are able to adapt extensively j
to different light intensities through variation in pigment content, light

2

adaptation in C. erosa was primarily effected through change in dark enzyme
function. In addition, the ability of motile species to maintain themselves
in a zone of optimal light intensity and thus maximal carbon uptake, is an
important strategy for species success, which facilitates the cosmopolitan

|
‘distribution of C. erosa and other phytoflagellates.

e PR i
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Incubation of C. erosa in the dark resulted in a decline in cell
numbers and cell volume/cell carbon. At high temperatures reserve carbon

was quickly exhausted, followed by rapid cell death, whereas at low |

temperatures the alga survived a lengfhy dark period (up to 80 days)
because of slowed respiration of storage carbohydrate. The ability of
the alga to expand in size to accommodate lafge carbon reserves is thus

an im;ortant mechanism for dark survival, In culture, heterotrophic
metabolism of C. erosa was negligible. Similarly, the low concentrations
of avaigable organics in the open waters of lakes and the inability of
most planktonic algae to compete efficiently with aquatic bacteria for
organic substrates must also preclude heterotrophy as a significant carbon

source for natural populations. Whereas algae in snow and ice-covered

i

temperate lakes may frequently receive sufficient radiation to at least




f

+

(f compensate- respiration, the survival of cryptomonads through the three

. month i)olar night appears dependent on the 'resp:iration of stored carbon. 1
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