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ABSTRACT

LIGHT-LIMITED GROWTH AND CELLULAR COMPOSITION

OF DUNALIFELLA TERTIOLECTA CULTURED WITH AMMONIA AND NITRATE
by
Bruce Sharfstein

Adviser: Dr. Oswald A. Roels

The growth rates, and cellular concentrations of ATP,
particulate "carbon", particulate "nitrogen", chlorophyll a,
protein, carbohydrate and lipid, were measured for Dunaliella
tertiolecta ‘grown in light-limited continuous culture in
nitrate and ammonia medium.

Cells cultured in ammonia medium had consistently higher
hourly growth rates at all levels of light intensity, the
difference increasing from 22% at the highest intensity to
62% at the lowest intensity. Growth in ammonia medium was
shown to be dependent on Iabs/unit chlorophyll, the response
of cellular chlorophyll a to changing light intensity, and
the energy demands of division. At the highest intensity
studied, nitrate-grown cells showed a similar response to

light, while at lower intensities, light-limited growth was

ii



primarily mediated by the light-dependent component of ni-
trate assimilation. A theoretical model of light-limited
growth was developed based on these results.

Nitrate- and ammonia-grown cells showed similar levels
of intracellular chlorophyll a, lipid, and ATP. Nitrate-
grown cells showed a tendency to synthesize 40% more protein/
division than ammonia-grown cells. It was suggested that.it
is this additional synthesis, rather than the energy differ-
ences in uptake and assimilation of nitrate and ammonia,
which account for the observed differences in growth rate at
light intensities of 0.018 ly/min where the light-dependent
component of nitrate assimilatioﬁ is saturated. Further, it
was suggested that this additional protein synthesis might
be related to the synthetic machinery and enzymes involved
in the reduction of nitrate to ammonia by the cell.

A consideration of potential strategies for the opera-

tion of an effluent mariculture system was developed, based

on the experimental results.
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1 INTRODUCTION

1.1 Objectives

The two major objectives of this work are to establish
the effects of ammonia and nitrate as sole nitrogen source
on the growth rate and cellular composition of Dunaliella
tertioleeta in continuous culture under varying conditions
of light intensity and photoperiod, and to apply this
information to a consideration of potential strategies for

the operation of an effluent mariculture system.

1.2 Rationale

In June of 1970, work was started on the development
of a biological means of tertiary sewage treatment to remove
dissolved inorganic nitrogen and phosphate from secondarily
treated sewage effluent prior to its discharge into the New
York Estuary. Nutrients would be removed from secondarily
treated sewage by phytoplankton, which, in turn, would be
filtered from the effluent by shellfish. Shellfish excretory
products, and any remaining nutrients from the secondary
effluent would then be removed by racks of agar and carra-
geenan producing fixed algae. By reclaiming the inorganic
nitrogen and phosphate in the secondary effluent through a
managed system, a previously unexploited nitrogen source
might be converted to a usable food source, and the input of

nutrients to the estuary reduced, thereby eliminating a

2



potential cause of eutrophication.

In March 1972, the project was moved to the Tallman
Island Pollution Control.Plant, situated on the East River,
in Queens County, New York City, and an intensive study of
the nutrient composition of the secondary effluent and of
the nearby estuarine receiving waters was initiated. Results
of this study are summarized in table l-a. Ammonia is the
major inorganic nitrogen source in both the secondarily
treated sewage effluent and in the East River Water. Conse-
quently, ammonia concentrations in the mixture of secondary
sewage effluent and East River Water used as a substrate for
the growth of phytoplankton cultures in our effluent maricul-
ture project at the Tallman Island Pollution Control Plant
are considerably higher than the combined nitrate and nitrite
components of this medium (Sharfstein, Roels, Garside, Wil-
liams, Kostyk 1972). Further, since Sawyer and McCarty
(1967) report that in secondary sewage effluents with an inor-
ganic nitrbgen composition similar to that found at Tallman
Island, the non~refractory organic nitrogen fraction is
approximately 1/100 of the ammonia concentration, ammonia is
probably the major nitrogen source available at Tallman
Island.

New York City is currently experimenting with a second-
ary sewage treatment process that utilizes oxygen rather than
air to induce bacterial growth and sludge formation. The use
of ozone rather than chlorine, as the final step of treatment,

has also been considered. Both of these processes can accom-



TABLE 1-a

NUTRIENT CONCENTRATIONS IN TALLMAN ISLAND SECONDARILY TREATED
SEWAGE EFFLUENT AND IN THE NEARBY EAST RIVER

Secondary Effluent

pg-atoms/1l.

nutrient meanl range
nitrate 9 1-30
nitrite 2.0 1-15
ammonia 1,160 46-1670
orthophosphate 129 28-230
silicate 81 6-220

East River Water

ug-atoms/1.

nutrient meanl range2
nitrate 17 8-40
nitrite 4 1-15
ammonia 83 20-440
orthophosphate 26 21-70
silicate 27 2-75

lMean of nutrient values is the arithmetic average of all
values recorded for a nutrient over a particular sampling
period.

2Range of nutrient values represents the single highest, and
single lowest value recorded over a particular sampling period.



plish considerable nitrification (Wilde, Sawyer, and McCarty
1967), producing an effluent rich in nitrate and nitrite and
low in ammonia. Since these modifications of the secondary
sewage treatment process are under consideration, it is
advisable to determine whether or not such nitrification is
desirable from the point of view of effluent mariculture.

Lui and Roels (1972), Bongers (1956), Syrett (1956,
1962), and Eppley et al. (1971) have noted various changes in
¢ max and cellular composition when phytoplankton are grown
on ammonia as compared to nitrate. Since effluent maricul-
ture will probably be a light-liimited process, maximum
attainable growth rate will be a major determining factor in
the overall efficiency of the system, since phytoplankton
growth rate is probably the step which will govern the rate
at which biological tertiary treatment can proceed.

Preliminary investigations of shellfish nutrition by
Castell and Trider (1974) have shown that dietary composition
affects the growth rate and physiological state of (Crassosirea
virginica. Thus changes in phytoplankton cellular composition
induced by the nature of the available nitrogen source may
ultimately influence the growth of shellfish in an effluent
mariculture system.

Incident daily irradiance (400-500 and 600-700 nm) at
the Tallman Island Pollution Control Plant varies seasonally
over the range 131-71 ly/day.

Variations in light intensity and photoperiod have been

shown to affect nitrogen uptake (Eppley et al., 1971),



photosynthetic rates and chlorophyll a content (Harris and
Lott 1973), division rates (Hobson 1974), ATP concentratign
(Bornefeld and Simonis 1974), and lipid content (Constanto-
poulos and Block 1967) in a variety of phytbplankton species.
A study of the effects of changing light energy flux on
phytoplankton grown in ammonia and nitrate-rich medium is
essential since seasonal changes in phytoplankton growth
rate and efficiency of nitrogen uptake may have considerable
impact on the ability of an effluent mariculture system to
process secondary effluent during certain times of the year,
while changes in phytoplankton cellular composition will
influence shellfish growth and physiological state in the
system.

Although laboratory conditions can never adequately
mimic conditions in a natural system, if the trends in growth
rate and cellular composition shown by Dunaliella tertiolecta
in response to available nitrogen substrate, and changing
light energy can be quantified, théy may be used as inputs to
a model predictive of the problems and potentials of an

effluent mariculture system operating in New York City.

1.3 Scientific Background

The effects of ammonia or nitrate as nitrogen sources on
phytoplankton growth and cellular composition probably have
their basis in the energy requirements and specific biochem-
ical pathways involved in the assimilation of these two forms

of inorganic nitrogen.



Uptake of nitrate is followed by a series of enzyme
mediated reducing reactions. In the first of these, nitrate
is reduced to nitrite by nitrate reductase. Nitrite is fur-
ther reduced to another intermediate form of nitrogen by the
enzyme nitrite reductase (Eppley and Rogers 1970), and this
intermediate is ultimately reduced to ammonia through an
undetermined number of additional reducing reactions (Lui and
Roels 1972). The ammonia thus produced is then converted to
amino nitrogen by one of a number of amino acid dehydrogen-
ases (Batt and Brown 1974). These reductive pathways are
inactive in cells grown on ammonia medium (Morris and Syrett
1963) and uptake of ammonia is followed by direct amination.
Syrett (1962) has shown that the energy requirement for the
conversion of nitrate to ammonia is 74 Kcal/mole of NO4
reduced while the energy required for the subsequent amina-
tion step is 10 Kcal. Thus in terms of "nitrogen" assimila-
tion, growth on an ammonia substrate should provide the cell
with a net energy saving of 74 Kcal for each mole of ammonium
ion converted to amino nitrogen.

Possibly due to the toxicity of ammonia to algal chloro-
plasts (Winkenbach, Grant and Bidwell 1972), cells grown in
nitrate medium accumulate intracellular nitrate in the order
of 40 m moles/liter cell volume while ammonia grown cells
show little intracellular storage of inorganic nitrogen
(10 m moles/liter cell volume) (Eppley and Rogers 1970), al~
though Lui and Roels (1972) have noted an intracellular pool

of soluble amide nitrogen in the diatom Biddulphia aurita.



As a result, growth rate in N~limited nitrate culture is
related to internal nitrogen/unit population, while in
N-limited ammonia culture, growth rate is related to the
external "nitrogen" concentration (Caperon and Meyer 1972).

Assimilation of nitrate also shows a direct dependency
on light, for both the nitrate and nitrite reducing stages
of the process (Eppley and Coatsworth 1968), although in
fact there may be two independent mechanisms for nitrate
reduction, one located within and one outside of the chloro-
plast (Grant 1968). In Durnaliella tertiolecta, the light
dependent component of nitrate assimilation reaches satura-
tion at 1000 foot candles (0.018 ly/min), while carbon fixa-
tion does not become saturated until an intensity of 1800
foot candles is reached (Grant 1967); Interestingly,
despite the fact that light affects the nitrate and nitrite
reducing stages of nitrate assimilation, the rate limiting
step in the assimilation of nitrate in the light is the for-
mation of cellular nitrogen (amination) (Grant and Turner
1969). A possible explanation for this effect is offered
by the results of Batt and Brown (1974). They found lowered
amino acid dehydrogenase activity (GDH, AspDH and AlaDH) in
nitrate cultured cells of the blue-green alga 4nabaena cylin-
drica attributable to cofactor competition with the other
reductive processes involved in nitrate and nitrite assimi-
lation.

The sum of the biochemical differences noted between the

assimilation of nitrate and ammonia may be reflected by



differences in cellular composition or growth rate in cells
cultured in ammonia or nitrate medium. As already noted,
Lui and Roels (1972) and Syrett (1956, 1962) have shown that
ammonia-grown cells have a higher amide and amino nitrogen
contént than cells of the same species grown on nitrate.
Based on cell carbon data, Caperon and Meyer (1972) sug-
gested that when Dunaliella tertiolecta is grown on ammonia,
"Cell division takes place with successively smaller amounts
of non-essential carbohydrates and lipids as the supply rate
of ammonium ion increases." Eppley et al. (1971), working
with logarithmic phase batch cultures of natural phytoplank-
ton populations, found that cultures enriched with ammonia
had higher particulate carbon, particulate "nitrogen", ATP,
protein and lipid contents per cell than cultures enriched
with nitrate. Carbohydrate content per cell was slightly
lower for ammonia than for nitrate-enriched cultures;
chlorophyll a content per cell was also lower in the ammonia-
enriched cultures.

Bongers (1956) showed that algal growth under condi-
tions of light limitation was better with ammonia than with
nitrate, while when light was not limiting, algal growth was
the same with either nitrate or ammonia as the substrate.

Similarly, Paasche (1971) found that when cells of Duna-
liella tertiolecta were grown with short photoperiods of
bright light, the use of ammonia rather than nitrate as the
nitrogeh source led to a 30% reduction in the time required

to double cell matter, and a 10% reduction in the time
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necessary to complete a cycle of division.

On the other hand, under conditions of nitrogen limi-
tation, Caperon and Meyers (1972) found that maximum specific
growth rate in batch cultures was the same whether ammonia or
nitrate was the nutrient substrate, while Eppley et al. (1971)
found that in ammonia and nitrate eﬁriched natural phyto-
plankton populations grown at 20% of full sunlight, division
rates for eight species of diatoms were slightly lower in

ammonia than in nitrate cultures.

1.4 Experimental Design

Continuous culture was chosen as the best technique for
studying the relationship between light energy and growth on
ammonia or nitrate. "Steady state" continuous cultures are
not subject to the constant fluctuations in growth conditions
characteristic of batch cultures, and are most representative
of the type of phytoplankton culturing best suited to condi-
tions in an effluent mariculture system. Temperature, salin-
ity, and media composition were representative of mean condi-
tions in our greenhouse-enclosed phytoplankton cultures at
the Tallman Island Pollution Control Plant, Queens County,
New York.

It is difficult to simulate natural conditions of illu-
mination in the laboratory. In addition to characteristic
seasonal changes in incident intensity, the quantity and
spectral distribution of natural light changes during the

day in response to changes in solar altitude, and from day
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to day in response to changing sky conditions. Natural
incident light intensities are generally an order of magni;
tude higher than those obtainable by artificial illumination
with fluorescent lamps. Also, the natural photoperiod is
not fixed seasonally, but changes continuously throughout
the year. The experimental light intensities were therefore
set in three approximately equal steps starting with the
highest intensity obtainable in the culture chamber used.

Experimental photoperiods were chosen to correspond to
the summer maximum, the winter minimum, and the annual mean,
15, 9, and 12 hours, respectively.

Ammonia and nitrate continuous cultures were run simul-
taneously at each of the light intensity-photoperiod combina-
tions studied. The first phase of each run was the adjust-
ment of culture flow rates to match the maximum attainable
growth rate possible under the light and nutrient conditions
used. Two replicate runs at each light intensity-photoperiod
combination were done, primarily to confirm that steady state
at the maximum flow rate had been attained.

Although p max was established at all three light inten-
sity-photoperiod combinations, only the high light-long
photoperiocd, and medium light-medium photoperiod cultures
were sampled for cellular composition analyses, since maximum
flow rates in the low light-short photoperiod nitrate cul-
tures were so small (17.8%/day) that periodic removal of
samples of sufficient size for the required analytical work

would have seriously altered steady state conditions.



Following the establishment of maximum attainable flow
rate in the high light-long photoperiod, and medium light~
medium photoperiod, continuous cultures, cultures were
allowed to acclimatize to steady state conditions for 2-3
days. A 52-hour sampling period was then initiated.
Samples were taken every four hours during this period,
encompassing two complete light:dark cycles. Samples from
these continuous cultures were analyzed for intracellular
carbohydrate, protein, chlorophyll a and ATP; total parti-
culate carbon and nitrogen; and residual medium nitrate,
nitrite, ammonia and orthophosphates. Total cell-density,
numbers of dividing cells, and pH were also monitored.
Since each sampling run was replicated, data for a total of
four complete light:dark cycles are available for each
nitrogen substrate.

Subsequently, it was decided to measure intracellular
lipid to obtain a more complete picture of phytoplankton
cellular composition, and nutritional value for shellfish.
A separate set of high light-long photoperiod continuous
cultures, and a separate set of medium light-medium photo-
period continuous cultures were run to produce cells for
this purpose. In addition, intracellular carbohydrate anal-
yses were run on cells from these cultures to determine
whether they reproduced the cultures used for the analysis

of all other parameters.
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2 MATERIALS AND METHODS

2.1 Dunaliella tertiolecta

Dunaliella tertiolecta is a pear=-shaped, marine-flagel-
lated chlorophyte, 12-14u in length. It is a euryhaline
tide pool species, and has proved to be one of the most suc-
cessful species under culture in our effluent mariculture
system at the Tallman Island Pollution Control Plant, Queens
County, New York City. |

The cultures of Dunaliella tertiolecta used in these
experiments were originally obtained from Mrs. Helen Stanley
of the Woods Hole Oceanographic Institute.

Two axenic stock lines, one in nitrate medium, and one
in ammonia medium have been maintained in this laboratory

for the past two years.

2.2 Culture Conditions

All cultures were grown in a Sherer Controlled Environ-
ment Chamber. The temperature controller was set at 22°C
but regulation was poor and temperatures fluctuated from
20-24°C on the air input side of the chamber and 21-25°C on
the exhaust side of the chamber. ‘

Illumination was provided by General Electric, cool
white 40-watt fluorescent tubes. Two complete sets of fluo-

rescent tubes were used. These were alternated with each

13



14
replicate run to eliminate differences in light intensity
caused by deterioration of the bulbs with use.

Three light intensity, photoperiod combinations were
used (Table 2-a). The difference between high and medium
light intensities was .01l ly/min while the difference be-
tween medium and low light intensities was .0067 ly/min.
Uniformly spaced intervals of light intensity would have
been preferred but could not be attained since intensity
regulation could only be accomplished by turning on or off

various combinations of bulbs in sets of two.
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TABLE 2-a

LIGHT INTENSITY, PHOTOPERIOD COMBINATIONS

Photoperiod Light Intensity ly/min
15 hours 0.022
12 hours 0.011

09 hours 0.0043




2.3 Media Compositions and Preparation

Hudson Canyon Surface Sea Water was used for prepara-
tion of all stock and experimental media. Water was col-
lected aboard the R.V. ATLANTIC TWIN and the R.V. COMMON-
WEALTH in the following manner:

Beginning at a distance of 100 miles south-east of New
York City, surface water samples for phosphate determination
were taken at intervals of 10 miles. When the phosphate
concentration of the sea water was less than the lowest
standard distinguishable by eye (less than 1lu eq PO4/1),
water collection was started. Care was taken that no ship
effluents were discharged during collection, and that the
collecting hose was kept out of contact with the ship's hull.
Water was collected with an epoxy-headed pump and nylon hose.
Pump and hose were rinsed for 10 minutes before collection
was started. Water was pumped into 15-gallon polyethylene
drums which had been rinsed three times with tap water, and
three times with the sea water. Phosphate concentration was
checked at the beginning of pumping, midway through the pump-
ing, and at the end of collection. Upon return to the labor-
atory, water was transferred into pre-rinsed, 50-gallon poly-
ethylene drums and stored at 5°C. Water was analyzed at this
time for inorganic nitrate, nitrite, ammonia and phosphate
(Table 2-b).

For use in media, Hudson Canyon Surface Sea Water was
diluted to a salinity of 20°/00 with distilled water. This

salinity was chosen to correspond to the mean salinity of

16



COMPOSITION OF HUDSON CANYON SURFACE SEA WATER

TABLE 2-b

Nutrient ug-atoms/1.
nitrate 0.76
nitrite 0.09
ammonia 0.24
total inorganic nitrogen 1.09
phosphate 0.11

17
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the secondary sewage effluent and East River water mixture
used to culture phytoplankton at our Effluent Mériculture
Field Station in Queens County, New York. Similarly, the
nitrogen content of the media was adjusted to 180 ueq/l of
either nitrate or ammonia which corresponds to the mean
total inorganic nitrogen content of our sewage-based phyto-
plankton growth medium. Phosphate content of the medium

was adjusted to 22.5 ug-atoms P/l, giving a molar nitrogen to
phosphate ratio of 8:1 and establishing nitrogen as the
potentially limiting macronutrient. Trace metals plus fer-
ric chloride and EDTA, vitamin Bio and thiamine were added
in excess approximately corresponding to Guillard's F/3
medium (R.R. Guillard and Ryther 1962). The complete medium
composition is shown in table 2-c.

To avoid precipitation or complexing of nutrients during
autoclaving in sea water, the following media making tech-
nique was used. The Millipore filtered Hudson Canyon Surface
Sea Water: distilled water mix was autoclaved and cooled.
Nutrient stocks were made up aseptically in one-liter quanti-
ties and proportioned into parafilm-capped vials or screw-
capped culture tubes in quantities required to make either
one liter of medium (for generalvuse) or nine liters of medi-
um (for use in continuous culture media reservoirs). Pro-
portioned nutrient stocks were stored frozen. Prior to use,
they were thawed, autoclaved, and added to the presterilized
and cooled saline water.

Ammonia nutrient stocks were adjusted to a pH of 3.5



TABLE 2-c¢C

MEDIA COMPOSITION

Nutrient Quantity/liter of medium
nitrate 180u eq
or
ammonia 180u eq
phosphate 22.5u g=atoms

vitamin B12
thiamine

ferric chloride
EDTA
CuSO4’5H20
ZnS04° TH,0
CoCl,"6H,0

NazMoO4'2H20

0.330u g
62.5u g
9.4 mg
2.72 mg
6.12u g
13.75u g
6.25u g
112.5u g

3.94u g

19
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with concentrated HCl before autoclaving to insure the sta-

bility of the ammonium ion during sterilization.

2.4 The Continuous Qulture Apparatus

The continuous culture vesselslwere constructed from
four-liter glass bottles with clamp on glass lids. Lids
were equipped with a central 1l.5"-diameter collared port,
and three peripheral l1"-diameter collared ports.

Culture medium, stored in nine-liter pyrex solution
bottles, was introduced to the continuous cultures through
one of the peripheral ports via a Sage 375 A variable speed
metering pump. Level control and culture overflow was pro-
vided by a siphon and "U" tube. Air plus 1.5% technical
grade CO, supply for agitation and pH regulation, was metered
through two Gilmont flow meters, passed through a saturated
solution of ZnCl, to strié any gas-borne ammonia contamina-
tion (Caperon and Meyer 1972), and through a sterile cotton
filter to limit air-borne bacterial contamination. A "U"~
shaped vent tube and clamp allowed air escape when open, and
a positive pressure means of sampling through the overflow
siphon when closed (Figure 2.1).

The Continuous Culture Vessels were installed in a
Sherer Environmental chamber to provide regulation of tempera-
ture and light regime. Since it could not be verified that
light and temperature conditions were identical throughout
the chamber, the position of the nitrate and ammonia vessels

was alternated between replicate runs.



Figure 2.1 Continuous culture apparatus
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2.5 Inoculation of Continuous Culture and Establishment
of Steady State

Prior to inoculation, the culture vessels were dry,
sterilized and filled with 3,500 mls of sterile growth medium
under aseptic conditions. One-~half liter of inoculum, grown
in one-liter aspirator bottles, was introduced via a 1en§th
of sterile tubing through the air vent.

After inoculation, the cultures were incubated until

5 cells/ml. Continuous flow

cell densities neared 6-8 x 10
was then begun and cell densities were measured twice daily.
Flow rate was adjusted daily in response to the trend shown

by the three preceding cell counts. By initially increasing
or decreasing the flow rates in large increments and then
reducing the adjustment increments, steady state at the maxi-
mum attainable flow rate for the conditions of light intensity,
photoperiod, temperature and nutrient regime being used was
obtained (Figure 2.2).

Steady state was considered to have been attained when
"changes in cell concentration were relatively small (less
than 1 x 104 cells/ml) and without trend for three or four
days" (Caperon and Meyer 1972) and at this point, sampling was
initiated. It should be noted that I modified the above defi-
nition of steady state by limiting it to the cell density at
a given hour (usually 09:00) each day since under conditions
of alternating light:dark cycles there is a diurnal fluctua-

5

tion in cell density of approximately 2 x 10~ cells/ml. This

is probably related to the development of synchrony in cell



Figure 2.2

Steady state conditions

Cell density at 09:00 vs
time in days.
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division.
To check the stability of the "steady states" attained,

Williams (1971) Rx and rx indexes were used.

1) RX = mean of the first three cell counts
mean of the last three cell counts

1, culture conditions are stable

I

if: R
R > 1, parameter decreases with time
R < 1, parameter increases with time
2) r, = 100 - (100 - Rx . (T2/t)) Wﬂgre:_T% = doubling
ime interval studied
r. measures the average percent change/generation. Table 2-d
presents Rx and rx values for the experimental cultures, using
daily values of cell density at 06:00 hours.

As a standard of comparison for the Rx index, if flow
rate exceeds cﬁlture growth rate by 2%/day, Rx aftgr nine days
would equal 0.89. If flow rate is 2%/day less than culture
grcwth rate, Rx after nine days would equal 1.13. Thus all

the experimental cultures were in very stable steady state.

2.6 Sterility Checks

Since the behavior of individual cells of Dunaliella
tertiolecta was being studied by treating the entire cell pop-
ulation as a single organism, it was necessary to maintain
axenic cultures at all times. Sterile or aseptic technique
was used throughout. In addition, stock cultures were plated
out once a month to check for bacterial contamination, and

continuous cultures were plated out on a daily basis when an

27



TABLE 2-d4

ANALYSIS OF THE STABILITY OF STEADY STATES

Culture %/day 1

turnover 9 days - Rx rx
high light ammonia 1 83.5 1.00 0.0%
high light ammonia 2 83.5 1.00 0.0%
high light nitrate 1 69.8 1.00 0.0%"
high light nitrate 2 67.7 1.02 0.42%
medium light ammonia 1 67.1 1.00 0.0%
medium light ammonia 2 65.7 1.01 0.19%
medium light nitrate 1 49.2 0.99 0.29%
medium light nitrate 2 47.5 1.00 0.0%
low light ammonia 47.0 1.00 0.0%
low light nitrate 17.8 0.98 0.25%

1Nine days is the shortest time for which steady state was
maintained in any of the continuous cultures.



experiment was in progress.

To check for contamination by both marine and terres-
trial, autotrophic and heterotrophic bacteria, culture sam-
ples were streaked onto saline, and fresh water based 1%
peptone agar with added inorganic nitrate or ammonia and
phosphate, trace metals mix, B12 and thiamine. Rather than
mixing all components of the bacterial growth medium prior
to autoclaving, nutrient stocks, saline or fresh water, and
agar dissolved in a small volume of water were autoclaved
separately, and combined under aseptic éonditions. This
technique is reported to give better bacterial growth and _
to be suitable to a wider range of specieé (K. C. Haines
personal communication).

Inoculated petri dishes and blanks (inoculated with
sterile distilled water) were incubated for 72 hours at 22°C
and a light intensity and photoperiod corresponding to that
of the phytoplankton culture from which the sample was drawn.

| When contamination was detected in a continuous culture,
the culture was disposed of, and any data generated from the
culture was discarded. This occurred only once and was

traced to a contaminated stock tube.

2.7 Sampling Procedure

Samples for media composition, and cellular composition
analyses were collected from high light and medium light con-
tinuous cultures only, since maximum attainable flow rates in

the low-light nitrate cultures were so small (17.8%/day) that
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periodic removal of a sample large enough for the required
analytical work would have severely altered steady state
conditions.

Samples were collected from high light cultures and
medium light cultures once every four hours over a 52-hour
period. The actual hours of sampling are as follows: 06:00,
10:00, 14:00, 18:00, 22:00, 02:00. Two full light periods
were included in each sampling run. (Figure 2.3)

At each sampling time, 50 ml of culture was wasted to
the overflow collecting beakers to remove the stagnant cul-
ture that had been standing in the overflow siphon since the
preceding sampling. A sample from each culture was then
collected into a clean beaker by closing the air vent clamp
and forcing the sample out through the overflow siphon.
Generally, 350 ml of sample was collected from each culture.
In medium light-nitrate cultures, with maximum attainable
flow rates of from 47-48% daily turnover, every other sample
was reduced to 280 mls so as to maintain a continuous flow
through the culture vessel. Consequently, in these cultures,
pH was monitored only every eight hours.

Total cell density/ml, dividing cells/ml, and pH were
measured at each sampling period. Samples for chlorophyll a,
carbohydrate, protein, total particulate "carbon" and "nitro-
gen", and residual medium nitrate, nitrite, ammonia and phos-
phate were collected, prepared and stored for later analysis.
Since even short exposure to light can initiate rapid changes

in phytoplankton physiology (Arnon D. 1960), all dark period



Figure 2.3 Light:dark cycles and sampling times.
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samples were collected and prepared for storage under dimmed
room illumination. Collection and treatment of a full set
of samples from one sampling period required 2-2.5 hours.
To minimize the effects of this time lag between collection
and fixing of samples, a standard order of sample-splitting
and preparation was always followed. Thus, the aliquot to
be used for analysis of any given parameter always stood
outside the culture for approximately the same length of
time. In additiqn, before removing an aliquot from the whole
sample, the sample was sitrred vigorously to minimize the
effects of settling.

To eliminate the possibility of cross-contamination,
samples from ammonia and nitrate cultures were prepared using
completely separate sets of glassware. All sampling glass-

ware was rinsed three times with distilled water between uses.

2.8 Analytical Procedures

2.8.1 Chlorophyll a
Chlorophyll a was measured fluorometrically with
a Turner fluorometer according to technigues modified from
Strickland and Parsons (1968). Due to the relatively high
cell densities attained in the experimental cultures, and tpe
concentration of chlorophyll a in Dunaliella tertiolecta, it
was possible to eliminate the cell concentrating vacuum fil-
tration steps recommended by Strickland and Parsons (1968).
At each sampling time, 1 ml of culture was pipetted to

a centrifuge tube and immediately frozen in an acetone:dry ice
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bath. Analyses were always done immeditately at the end of
"a sampling run so that the maximum length of storage of any
chlorophyll a sample was approximately 52 hours. To verify
that storage for this length of time did not cause deteriora-
tion of chlorophyll a, twelve 1 ml-samples from an ammonia=-
grown batch culture of Dunaliella tertiolecta were collected
at the same time and frozen in an acetone:dry ice bath. Two
samples were thawed immediately and analyzed for chlorophyll a.
The remaining samples were.thawed and analyzed two at a time
at l12-hour intervals over a 60-hour period (Table 2-e). No
significant change in chlorophyll a concentration was noted.

Originally, 1 ml of culture was pipetted to a centrifuge
tube, and 9 mls of reagent grade acetone was added to make a
90% acetone mixture. The tube was then shaken briefly‘and
centrifuged at 14.7 g in a clinical centrifuge for 10 minutes.
The supernatant was pipetted into a cuvette and read in the
fluorometer.

Lineérity and reproducibility of this method was checked
by analyzing replicate samples of 0.5 ml of culture made to
1 ml with Hudson Canyon sea water:distilled water mix, 1 ml
of culture, and 2 mls of culture concentrated by centrifuga-
tion and resuspended in 1 ml of Hudson Canyon sea water:dis-
tilled water mix. Chlorophyll a concentrations were plotted,
and linear regression lines calculated (Figures 2.4 and 2.5).
Both reproducibility and fit were poor. Spread for ammonia
replicates was as high as 12.4% and mean percent deviation

from the regression line was 20.9%. Spread for nitrate repli-



TABLE 2-e

EFFECTS OF SHORT-TERM STORAGE ON
CHLOROPHYLL A CONCENTRATIONS

Hours stored

ug chl. a/ml

mean ug chl. a/ml

12

24

36

48

60

0.246
0.262

0.254

0.254

0.230
0.254

0.262
0.262

0.246

0.254

0.247

0.254

0.254

0.254

0.242

0.262

0.250

0.251
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Figures 2.4 and 2.5 Chlorophyll a methods
' Samples not ground before extraction

ug chlorophyll a vs mls culture
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cates was as highlas 12.5% and mean percent deviation from
the regression line was 4.14%. This was probably caused by
incomplete and inconsistent extraction of the chlorophyll a,
as evidenced by a green color in some of the extracted pre-
cipitates. To solve this problem, an effective means of
disrupting the cells was required. The culture was placed

in a tissue grinder with 2 mls of acetone and ground for six
strokes while immersed in an ice bath. The resultant acetone-
water mixture was gquantitatively transferred to a graduated
centrifuge tube and made up to 10 mls with acetone. The
centrifuge tube was then shaken briefly, and spun down in a
clinical centrifuge at 14.7 g for 10 minutes. The super-
natant was then pipetted into a cuvette and read in the £flu-
orometer. Although this modification did not substantially
change the concentration of chlorophyll a per ml, it did .
reduce the maximum percent spread of ammonia replicates to
4.2% and the mean percent deviation from the regression line
to 3.9%; maximum percent spread of nitrate replicates was
reduced to 0.9% and the mean percent deviation from the re-
gression line to 1.14% (Figures 2.6 and 2.7). This method of
grinding during extraction was adopted for use in all experi-

mental samples.

2.8.2 Carbohydrate
Total cell carbohydrate was measured by the sulfuric
acid~-indole technique of Dische and Popper as reported by

Colowick and Kaplan in Methods in Enzymology (1957). The




Figures 2.6 and 2.7 Chlorophyll a methods
Samples ground before extraction

ug chlorophyll a vs mls culture
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analysis consists of digestion of the sample with concen-
trated (37.5%) sulfuric acid, followed by color develop-
ment with an indole, absolute methanol solution at 100°C.
Samples were read at 480 nm in a 1 cm cell. The method
is sensitive for pentose, hexose and heptose sugars in
the range 5-25 ug/ml. Glucose was used as £he standard.
Reproducibility of standards and linearity were uniformly
good (Figure 2.8).

Unconcentrated 1 ml samples of Dunaliella tertiolecta
culture could be analyzed directly since the range of
total carbohydrate was usually within the sensitivity of
the method. 1In addition, the method is not subject to
salt error, and the sulfuric acid addition effectively
dissolves all particulate material.

Analyzing unconcentrated cell suspensions introduces
the possibility that extracellular dissolved carbohydrate
is being measured along with intracellular material. How-
ever, analysis of continuocus culture filtrates showed no
measurable color development and would seem to confirm
that primarily intracellular carbohydrates were being
measured.

Samples for carbohydrate analysis were pipetted vol-
umetrically into a capped culture tube, frozen in an
acetone:dry ice bath, and stored frozen at -20°C until

analysis.

41



Pigure 2.8 Carbohydrate standard curve

0.D. vs g glucose mi~!
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2.8.3 Protein

Total cell protein was measured by the Folin-Ciocal-
teu phenol reagent technique of Lowry (1951). The Folin-
Ciocalteu reagent was a pre-diluted commercial preparation
supplied by the Fisher Scientific Company. The method con-
sists of treating a whole cell sample with a solution of 2%
w/v Na,CO3, 0.01% w/v CuSO4'5H20 and 0.02% w/v sodium potas-
sium tartrate in 0.10N NaOH followed by color development
with the Folin-Ciocalteu phenol reagent. Samples were read
at 750 nm in a 1 cm cell. The only modification of the
original method was to centrifuge the sample, at 14.7 g in
a clinical centrifuge for 10 minutes, after color develop-
ment. This was necessary since a small amount of undis-
solved cell debris tended to remain in suspension and caused
falsely high absorbance readings. Linearity and reproducibi-
lity of standards (Figure 2.9), and of centrifuged samples,
was consistently good.

Culture was prepared for analysis in the following man-
ner. A 2 ml aliquot of cell suspension was centrifuged at
14.7 g in a clinical centrifuge for 10 minutes. All but
0.1 ml of the supernatant was drawn off with a syringe and
pasteur pipet mounted on a stand (Figure 2.10). The pellet
and remaining supernatant were brought to 2 mls with dis-
tilled water and thoroughly mixed on a vortex mixer. This
dilution was sufficient to prevent a salt-induced precipitate
from forming during analysis. A 0.4 ml sample of the diluted

cell suspension was transferred to an ungraduated centrifuge



Figure 2.9 Protein standard curve

0.D. vs ug protein ml”l

45



0.30

0.25

0.D.

0.20

‘015

0.10

0.05

0.00

!

L
15 - 20
pg Protein ml ™!

25

30

46



Figure 2.10 Apparatus for drawing off supernatants
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tube, capped with parafilm and quickly frozen in an acetone:
dry ice bath. Samples were stored frozen at -20°C, in the

dark, for analysis.

2.8.4 Cell Counting

Cell counts of continuous cultures were done at each
sampling period. Both total cells/ml and number of dividing
cells/ml were counted. Counting was done with a Spiers Levy
Eosinophil counting slide and a Wild Heerbrug phase contrast
microscope. Counts were done at 200x. At this magnifica-
tion, the field was large enough to view an entire square
(1 of 10 in each chamber of the slide) of the counting cham-
ber and still provided enough detail to resolve major cell
structures such as chloroplasts and flagella. Thus it was
possible when counting to check the morphological condition
of the cells.

Since Dunaliella tertiolecta is a highly mobile organ-
ism, cells had to be fixed before counting. Powdered merthi-
olate was used as the fixative. Two ml of culture was trans-
ferred to a 5 ml beaker. A pasteur pipet was dipped in
merthiolate and culture was drawn through the merthiolate
three times to provide adequate mixing. The cell suspension
was then immediately transferred to the Eosinophil counting
slide. Observations of freshly fixed samples showed that it
took approximately three minutes for all cells to stop moving,
and an addition five minutes for all cells to settle into the

plane of focus. After an additional 20-30 minutes, marked



cell elongation became apparent, and cells began to lyse.
Counts were therefore begun 10 minutes after fixation, and
when more than one sample was to be counted each sample was
fixed after the preceding sample had been counted.

For counts of total cells/ml, 150-200 cells in each of
the four chambers of the Spiers Levy slide were counted'giv-
ing a total count per sample of 600-800 cells, Counting
error was generally under 5%. When counting error exceeded
5%, a fresh sample was prepared and counted. For number of
dividing cells/ml, the same squares that had been used for
the total cell count were re-scanned. In counting the num-
ber of dividing cells/ml, a standard point of reference had
to be established. Although it was frequently possible to
observe equatorial plate formation in anaphase cells,'this
could not always be done with great certainty. The only
unmistakable division phase proved to be telophase. At
this time, Dunaliella terticolecta elongates and becomes
obviously "dQumbbell" shaped. This "dumbbell" appearance was
chosen as the criterion for a dividing cell. Nevertheless,

some telophase cells were probably missed since the "dumb-

bell" shape would not be observable in cells that had settled

‘with their anterio-posterior axis perpendicular to the count-

ing slide.

2.8.5 Total Particulate Carbon and Nitrogen

50

Total particulate "carbon" and "nitrogen" were measured

with a Hewlett Packard CHN analyzer. Samples were collected



on 0.3 ¢ mesh, 47 mm diameter glass fiber filters which were
heated at 450°C for one hour prior to use to burn off any
residual organics.

Fifty ml of continuous culture cell suspension was volu-
metrically pipetted to a millipore filter funnel, and fil-
tered through double glass fiber filters at a vaéuum of
3" Hg. Filters were then washed with three 10 ml aliquots
of a low "nitrogen" isotonic sodium sulfate solution to re-
move any residual dissolved "nitrogen" from the culture
medium without: lysing cells. PFilters were separated, trans-
ferred to plastic petri dishes, and stored upright in an
evacuated dessicator at -20°C.

Generally, only the upper of the two filters was ana-
lyzed. However, in several instances, flawed upper filters
allowed some cell material to pass to the lower filter as
evidenced by a spot of green coloration. These lower fil-
ters were analyzed and the values obtained were added to the
values obtained from the upper filter. 1In all cases where
this was done, combined values fit the trend established by

adjacent non-combined samples.

2.8.6 Residual Medium Inorganic "Nitrogen" and Orthophosphate
Residual medium nitrate, nitrite, ammonia and ortho-
phosphate were measured by automated techniques adapted from
the manual chemistries described by Strickland and Parsons
(1968). Nitrite is determined by treating the sample with a

solution of sulfanilamide and the diazonium ion is coupled
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with N=-(l-naphthyl)=-ethylenediamine to give a pink azo dye.
Nitrate is reduced to nitrite by passing the sample through
a column of copperized cadmium filings. Nitrite is deter-
mined as above. Ammonia is determined by treating the
sample in alkaline citrate with sodium hypochlorite and
phenol to produce a blue indophenol dye. Orthophosphate is
determined by reaction with ammonium molybdate followed by
appropriate reduction to form phosphomolybdenum blue. Par-
ticulate~free media for these analyses was prepared by
vacuum filtration at 3" Hg through 0.3 y mesh 47 mm diame-~
ter glass fiber filters. Three 10 ml aliquots of continuous
culture cell suspension were passed through the filter to
rinse the filter flask, and discarded. One hundred: mls of
cell suspension was filtered, and split into polyethylene
and glass sample bottles. Prior to filling, each bottle was
rinsed with three 5 ml aliquots of filtrate. Glass bottles
were refrigerated until analysis, polyethylene bottles were
stored frozen at 20°C. Water for nitrate and orthophosphate
analyses was taken from the glass bottles since nitrate is
stable under refrigeration and phosphate.is absorbed on
polyethylene. Water for nitrite and ammonia analyses was
taken from frozen samples since neither compound is stable

under refrigeration.
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2.8.7 Lipid

Particulate lipid was measured colorimetrically
according to a fechnique described by Strickland and farsons
(1968) . The particulate lipid contained in a whole-cell
phytoplankton sample is converted to soluble soap by reflux-
ing with alcoholic KOH. Fatty acids are then extracted and
a blue color developed by reaction with pinacyanol reagent
(Eastman Co.) and mono-bromo benzene. Samples are read at
620 nm against a stearic acid standard and alcoholic KOH
blank.

Strickland and Parsons (1968) recommend concentrating
cells for analysis by vacuum filtration onto a MgCO4 coated
millipore filter followed by resuspension of the MgCO3 -
cell mixture into 15 mls of filtered sea water. Further con-
centration is accomplished by centrifugation of the sample
and removal of all but 1 ml of the supernatant. When this
technique was tried with dense cultures of Dunaliella tertio-
leceta, it was found that complete resuspension of the MgCO53-
cell mixture could not be accomplished with a wash of only
15 mls. However, preliminary analytical runs on these incom-
pletely resuspended samples indicated that 25-50 mls of a
dense Dunaliella tertiolecta culture contained adequate lipid
to be within the range of sensitivity of the method. Since a
relatively small culture volume was suitable, sample concen-
tration could be done by centrifugation alone.

Forty ml of culture was transferred to an ungraduated

centrifuge tube marked at the 1 ml level. The culture was
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centrifuged at 5.8 g for 20 minutes, all but 1 ml of the
supernatant was drawn off with a pasteur pipet and syringe,
and the pellet was resuspended in the remaining supernatant.
Peilet and supernatant were transferred quantitatively to a
15 ml graduated centrifuge tube, and made up to 15 ml with
sterile, filtered 20 0/00 salinity water. The sample was
again centrifuged at 5.8 g for 20 minutes and all but 1 ml
of the supernatant was drawn off. The pellet was resuspended
in the remaining supernatant, alcoholic KOH was added, and
the refluxing was begun.

Linearity was good, and results were reproducible to
within #0.73 ug lipid/ml (Figure 2.11). Lipid per ml was

calculated by the following equation:

ug lipid/ml - (sample - blank) F
ml sample~1

F = 300
ES-Eb
Eg = extinction of a 300 ug/ml stearic acid
standard
Eb = extinction of an alcoholic KOCH blank

Since the analytical method is extremely sensitive, and
glass is not easily washed lipid free, a complete set of
glassware was reserved for lipid analysis. Initially, glass-
ware was washed in hot chromic-sulfuric acid, and rinsed three
times with glass-~distilled water and three times with reagent-
grade acetone. Subsequently, glassware was rinsed with re-

agent-grade acetone between uses.,



Figure 2.11 Lipid intermnal standard curve

0.D. at 620 nm vs mls culture-
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Due to the volume of culture required for lipid analy-
sis, samples could not be collected from the same COntihﬁous
cultures used to monitor other intracellular components.
Separate sets of high light-long photoperiod and medium
light-medium photoperiod cultures were run to produce cells
for lipid analysis. Intracellular carbohydrate was also
measured in the lipid continuous cultures to determine wheth-
er these cultures were comparable to the cultures used for
the analysis of all other parameters. Lipid analyses were

run immediately after sample collection.

2.8.8 ATP

Samples for ATP analysis were prepared and stored
according to the methods of O. Holm- Hansen (1966). Ten mls
of culture were filtered onto a 0.45 u millipore filter at
a vacuum of 3" Hg. The filter was then rolled and immersed
in 5 mls of sterile boiling Tris Buffer pH 7.34 in a screw
cap culture tube. The sample was boiled for seven minutes
and then quickly frozen in an acetone:dry ice bath. Frozen
samples were stored for analysis at -20°C.

ATP decays very rapidly following cell death unless ATP-
consuming enzyme systems are inactivated (0. Holm Hansen,
1966). Therefore, the speed with which filtration and immer-
sion in boiling Tris Buffer is accomplished is of great impor-
tance. Tubes of Tris Buffer were kept constantly at a boil
in a 100°C water bath, and by positioning all needed equip-

ment close at hand, the process of filtration and immersion



was kept to under two minutes. A second difficulty in pre-
paring samples for ATP analysis is that both cations and
anions interfere in the reaction. For samples in full
strength sea water, it is recommended that residual sea
water represent no more than 1/20 of the final Tris Buffer
sample ﬁolume (JRB photometer operating manual). Since the
experimental culture medium has a salinity that is approxi-
mately 60% of ﬁhat of full strength sea water, the maximum
permissable volume of media that could be carried over into
5 mls of Tris Buffer was 0.15 mls. To ascertain whether
this condition was being met, repeated 10 mls volumes of cul-
ture were filtered through millipore filters and the filtrate
was collected in a graduated centrifuge tube. All samples
gave a filtrate recovery of at least 9.8 mls.

ATP samples were analyzed with a JRB ATP photometer.
The method is based on measuring the amount of light emitted
when ATP is added to a crude preparation of luciferin and
luciferase derived from ground, lyophilized firefly lanterns
(Sigma FLE-50). Since the preparation contains some residual
ATP, the analysis consists of first measuring background
light emission over a six-second period, which is automati-
cally integrated to 60 seconds. The sample is then intro-
duced and the light emission is measured over a 60-second
period. Background emission is then subtracted from sample
emission. The effects of residual ATP are further‘minimized
by allowing the luciferin-luciferase preparation to stand for

several hours after hydration. Both Holm Hansen (1966) and
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the JRB_photometer operating manual recommended that the
enzyme preparation be allowed to stand 2.5-4 hours before
use. However, even after standing four hours, the enzyme
preparation gave initially high backgrounds. Time course
studies on background light emission were run and enzyme
background was found to stabilize at a low level five hours
after hydration.

Standard curves were run on the disodium salt of equine
ATP (Sigma) diluted with sterile Tris Buffer pH 7.34. The
standard curve covered the range 0.02-0.30 ug ATP/0.5 ml.
Despite the fact that the hydrated enzyme was kept on ice at
all times, its activity did decay measurably during the 3-4
hours required +to complete a run. To compensate for this, a
standard curve was run at the beginning and at fhe end of
the analysis and the regression line was calculated from
both sets of values (Figure 2.12). Quality of the enzyme
also varied considerably from batch to batch. Corrected
C.P.M. for 0.2 ug/0.5 ml ATP standards using fresh enzyme
preparations ranged from 31,500 cpm to 102,000 cpm. Although
it was considered that the quality of ATP primary standards
might be at fault, the reproducibility of the experimental
results ruled out this possibility. ATP activity was also
found to decay rapidly at room temperature. ATP samples were
therefore thawed in an ice bath, as were primary standards;
secondary standards were made up in Tris Buffer taken direct-

ly from the refrigerator.
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Figure 2.12 ATP standard curve
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counts minute x 10

-4

60



CPMx 104

N
T

A Begining
e End

o

0.05

0.10 Q.15 020 025 0.30
pa ATP/05mi -

61



62

2.8.9 Data Reduction

Values for intracellular chlorophyll a, carbohydrate,
protein, lipid, ATP, and totallpartiéulate carbon from the
experimental continuous cultures all showed a marked diurnal
periodicity. When data for replicate runs were pooled, the
periodic responses were still apparent, but scatterance was
high and it would have been meaningless to define the periodi-
city in terms of some non-linear function (Ross, personal
communication). Instead, each periodic response was reduced
by linear regression analysis to a set of intersecting
straight lines, one with positive slope relative to the left-
hand axis representing the increasing portion of the periodic
response, and one with positive slope relative to the right-
hand axis representing the decreasing portion of the periodic
response.

The resulting "sawtooths" each described by two linear
equations lend themselves to simple geometric or integral
calculations of baseline values, daily peak concentrations,
daily and part-day means, and apparent (and in some cases real)

rates of synthesis.



3 RESULTS

3.1 Residual Inorganic Nitrogen and Phosphate

Based on the nutrient content of Hudson Canyon Sea
Water, the dilution of this water with distilled water in
making the 20°/00 growth medium, and the nitrogen added to
enrich the growth medium, ammonia medium would have an ini-
tial inorganic nitrogen composition of 180 ueq/l of ammonia,
0.456 peq/l of nitrate, and 0.054 ueq/l of nitrite. Nitrate
medium would have an initial inorganic nitrogen composition
of 180 ueg/l of nitraﬁe, 0.144 yeq/l of ammonia, and 0.054
veq/l of nitrite. Thus the ammonia medium contained 0.28%
of inorganic nitrogen other than ammonia, and the nitrate
medium contained 0.11% of inorganic nitrogen other than
nitrate.

Mean residual inorganic nitrogen values for ammonia and
nitrate in the medium from steady state continuous cultures
under both light regimes ranged from 0.52-1.48 ﬁeq/l of ni-
trate, 0.194-0.308 pegq/l of nitrite, and 4.74-6.42 peq/l of
ammonia (Table 3-a). No pattern was discernable in the
"nitrogen" composition of the steady state medium. The
ammonia and nitrate media under both light regimes contained
similar amounts of nitrate, nitrite and ammonia. In all
cases, the contaminating nitrogen sources (nitrate and

nitrite for the ammonia medium, ammonia and nitrite for the
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TABLE 3-~a

MEAN COMPOSITION OF RESIDUAIL NITROGEN IN STEADY STATE CONTINUOUS CULTURES

chemostat ueqg NO./1 yeqg NO_/1 yeg NH_/1 ueq total N/1 mean % removal
~ A ™)

hi light 0.52 0.194 6.42 7.1 96.0

ammonia 1

hi light 0.95 0.306 5.88 7.1 96.0
ammonia 2 |

hi light 0.56 0.247 6.00 6.8 96.2
nitrate 1

hi light 0.89 0.279 5.70 6.9 96.2
nitrate 2

medium light 1.48 0.308 4.74 6.5 96.4
ammonia 1

medium light 0.96 0.213 4.92 6.1 96.6
ammonia 2

medium light 0.866 0.275 5.04 6.2 96.5

nitrate 1

medium light 0.96 0.281 5.0 6.2 96.5

nitrate 2

¥9
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nitrate medium) were higher in the used medium than in the
freshly made medium.

Mean total residual inorganic nitrogen values ranged
from 6.1-7.1 peq/l. Thus mean percent nitrogen removal
ranged from 96.0-96.6%.

Individual values for residual inorganic nitrate,
nitrite and ammonia for the continuous culture medium under
steady state growth conditions are presented in figures 3.1,
3.2, and 3.3. Although no periodicity in medium inorganic
"nitrogen" content was noted, there were frequent peaks in
the "nitrogen" values. These were most prevalent in the medi-
um light cultures. The peaks were most probably a result of
the technical limitations encountered in maintaining a con-
stant and continuous flow through the cultures. Although flow
rates were reproducible when measured on a 24-hour basis,
short term measurements of flow rates revealed a great deal of
variability. For example, at a turnover rate of 102%/day, two
consecutive 24-hour flow measurements differed by only 18 mls
or 0.43%. However, individual flow readings taken at 15-min-
ute intervals within the 24-hour periods varied by as much as
9 mls or 20.5%. In addition, when the cultures were being
sampled, the periodic removal of a large volume of culture
for analysis resulted in interruptions of outflow for periods
of time that ranged from 2.3-3.5 hours. This obviously
interrupted continuous flow and steady state. Nevertheless,
it is doubtful that these fluctuations masked any light depen-

dent periodicity in "nitrogen" uptake since maximum residual



Figure 3.1 Residual ammonia in steady state
continuous culture medium

weq NH, liter 1 vs time (hours)
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Figure 3.2 Residual nitrate in steady state
continuous culture medium
1

Heg NO, liter -~ vs time (hours)
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Figure 3.3 Residual nitrite in steady state
continuous culture medium

ueq NO liter ! vs time (hours)
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nitrate and ammonia values were of the order of 10 req/1

while it can be calculated that if uptake were to decrease
appreciably in the dark, given the concentration of input
"nitrogen", and the turnover rates used in this study, peak
residual nitrogen concentrations should be 4-5 times higher.

In fact, calculations of uptake rates for the experimental cul-
tures showed a maximum dark:light difference only 0.91% for
both nitrate- and ammonia-grown cells. Similarly, although
values for percent removal of "nitrogen" reflected the peaks in
culture "nitrogen" concentration, stripping never fell below
95%, suggesting that uptake of both substrates proceeded at a
rapid rate independent of light:dark periodicity. This has
been confirmed for Dunaliella tertiolecta by Grant (1967).

A poorly defined_diurnal periodicity in medium orthophos-
phate content was noted in the continuous cultures (Figure 3.4).
It is probable that the same flow rate aﬁd sampling limitations
which affected the medium "nitrogen" data obscured the clarity
of this periodicity.

Mean orthophosphate values, and mean residual N:P ratios,
are presented in table 3-b.

3.2 Maximum Attainable Growth Rate

Maximum attainable growth rates for ammonia and nitrate
continuous cultures under the three light regimes are pre-
sented in table 3-c. Growth rates, which are directly re-
lated to the maximum attainable percent turnover, were high-
est in high light cultures, and lowest in low light cultures
for each nutrient substrate. At all light intensity - photo-

period combinations, ammonia gave better growth (in terms of



Figure 3.4 Residual orthophosphate in steady
state continuous culture medium

ug-atoms PO, liter ! vs time (hours)
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TABLE 3-b

MEAN ORTHOPHOSPHATE AND MOLAR N:P RATIOS

mean mean
Hrg-atom ug-atom

Culture condition P04/l total N/1 N/P ratio
Hi Lt Ammonia 1 1.73 7.1 4.10

Hi Lt Ammonia 2 0.73 7.1 9.7

Hi Lt Nitrate 1 1.52 6.8 4.47

Hi Lt Nitrate 2 0.88 6.9 7.84
Med Lt Ammonia 1 0.72 6.5 9.02
Med Lt Ammonia 2 0.47 6.1 12.9

Med Lt Nitrate 1 0.52 6.2 11.9

Med Lt Nitrate 2 0.73 6.2 8.5



TABLE 3-c

MAXIMUM ATTAINABLE GROWTH RATES-NITRATE AND AMMONIA CULTURE
UNDER 3 LIGHT INTENSITY:PHOTOPERIOD COMBINATIONS

chemostat mean div/day div/day
continuous culture exponential growth
hi 1t ammonia 1 0.835 1.04
hi 1t ammonia 2 1.00
hi 1t nitrate 1 0.687 0.72
hi 1t nitrate 2 0.50
medium 1t ammonia 1 0.664 0.71
medium 1t ammonia 2 0.67
medium 1t nitrate 1 0.484 0.55
medium lt nitrate 2 0.52
low 1t amménia 1 0.470 0.52
low 1t ammonia 2
low 1t nitrate 1 0.178 0.24

low 1t nitrate 2
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number of divisions/day) than nitrate. The same effect was
noted during the exponential-growth, scale-up phase of the
continuous cultures. Division rates for this phase of growth
were calculated by the following formula (Hobson 1974):

= logzcz - logZCl
t2 - tl

where u is divisions per day and C, and C. are cells/ml at

1
times t; and t2 in days. Division rates during equnential
growth were relatively similar to the growth rates maximally
attainable in continuous culture at the same levels of total
daily irradiance, although there was a tendency for exponen-
tial growth rates to be slightly higher than continuous cul-
ture growth rates (Table 3-c). This is understandable in
view of the low cell densities and greater culture transpar-
ency characteristic of the early stages of exponential growth.

As a partial check on the validit& of the observed values
for maximum specific growth rate, the continuous cultures were
run at flow rates exceeding presumed y max by 5% for periods
of three days, to see whether a consistent trend in cell den-
sity could be established (Figure 3.5). In all cases, cell
densities decreased by greater than 50% over the three-day
period. While it has been suggested that the observed de-
creases were merely lag responses to the changes in flow rate,
the magnitude of the responses would seem to argue against
such an interpretation.

No conclusive evidence can be offered to establish that

the observed growth rates were indeed those maximally attain-



Figure 3.5

Effect of increasing continuous culture
flow rates by 5% after the establishment
of "steady state"

5

Total cells ml x 10 ° vs time (days)
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able under the experimental conditions. However, the close
correspondence between exponential and continuous culture
growth rates, and the behavior of the continuous cultures
when flow rate was increased by 5%, would indicate that the

observed growth rates were probably close to Hpay-

3.3 Number of Dividing Cells per ml

The effects of light intensity and photoperiod on con-
tinuous culture growth rates are reflected in the patterns
of cell division observed in the cultures (Figure 3.6).
Under high light growth conditions, both ammonia and nitrate
cultures showed some synchrony, with peak numbers of divid-
ing cells appearing in the 06:00 hours samples, immediately
after the beginning of the light phase. Under conditions of
medium light, medium photoperiod, both ammonia and nitrate
cultures still showed synchrony. However, the period of
peak cell division had shifted four hours into the light
phase and occurred at 10:00 hours.

One consistent difference in patterns of cell division
between ammonia and nitrate cultures was noted. Although
both ammonia and nitrate cultures showed synchrony of cell
division, synchrony was more pronounced in the nitrate cul-
tures. Under high light conditions, nitrate cultures showed

no dividing cellsl between the 06:00 hour periods of peak

1no dividing cells < 1x103 cells/ml. The minimum count-
able density with a Spiers Levy Eosinophil Slide. Dividing
Cells = Late anaphase or telophase cells. See Materials and
Methods.
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Figure 3.6

Synchrony in continuous culture
cell division

Telophase cells ml x 1074 vs time
(hours)
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cell division. Under conditions of medium light, nitrate

cultures showed no dividing cells for from four to twelve
hours during the dark phase; Ammonia cultures under condi-
tions of high light showed dividing cells in all samples.
Under conditions of medium light, ammonia cultures showed
dividing cells in all samples with the exception of the
02:00-hour sample. Thus the general trend is for ammonia
cultures to show one synchronous daily peak in cell division
and to continue dividing at low levels over the entire 24-
hour light:dark cycle. In contrast, nitrate cultures show
the same synchronous daily peak, but are restricted to a
shorter daily period of continuing low level division. Since
the magnitudes of the division peaks under each light regime
are the same for ammonia and nitrate cultures, the faster
rates of growth in ammonia cultures may be dependent on the
difference in the low level component of cell division.
Dividing cells/ml could not be quantitatively compared
to total culture growth rate or maximum attainable turnover
rate since some cells probably enteredllate anaphase, and

completed telophase between any two sampling periods.

3.4 Total Cells/ml

Cell densities in steady state continuous cultures under
high light, and medium light conditions in both nitrate and
ammonia medium showed a diurnal periodicity. The basic pat-
tern of this periodicity is a gradual increase in cell densi-
ties during the light phase, and a gradual decrease during

the dark phase (Figure 3.7). Under conditions of



Figure 3.7 Diurnal periodicity in continuous
culture cell density

Total cells ml x 10 ° vs time (hours)
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high light in both ammonia and nitrate medium, cell densi~-
ties began to increase at 02:00 hours in six out of eight
cases. In all cases, cell densitiés peaked, and began to
decline between 14:00 and 18:00 hours., Thus, cell densities
began to increase during the dark phase, and began to decline
four to eight hours before the onset of the dark phase. 1In
contrast, under conditions of medium light, in both ammonia
and nitrate medium, cell densities did not begin to increase
until 06:00 hours, after the onset of the light phase, and
four hours later than the onset of cell densify increase in
most high light cultures. Similarly, under medium light
conditions, all cultures did not peak and begin to decline
until 18:00 hours, four hours later than the onset of decline
in several of the high light cultures.

Average daily cell densities in the contihuous cultures
varied from approximately 7 x 105 to 9 x 103 cells/ml. Using
the equations presented on pages 153 and 154, it can be calcu-
lated tﬁat these differences in cell density resulted in a
maximum variation in light penetration in the experimental
culture vessels of only 4.7%, and therefore would have been

relatively insignificant in terms of overall culture kinetics.

3.5 Total Particulate "Nitrogen"

Individual values for total particulate "nitrogen" on a
per cell basis are presented in figure 3.8. Values for total
particulate "nitrogen" were characterized by non-periodic
fluctuations with a maximum amplitude of 0.175 pg total N/lO5

cells.
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Figure 3.8

Particulate "nitrogen" content of
Dunaliella tertiolecta

pg particulate "nitrogen" cells x 10~
vs time (hours)
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3.6 Total Particulate "Carbon"

Total particulate "carbon" showed diurnal periodicity
under both light regimes in ammonia and nitrate culture

(Figure 3.9).

3.7 Chlorophyll a and Lipid’

Intracellular chlorophyll a and lipid responded similarly
to light. Both showed a marked diurnal periodicity in re-
sponse to the light:dark cycle and a doubling in baséline con-
centration in response to a halving in incident light (Fig-
ures 3.10 and 3.11). Under both light regimes, there was
little quantitative difference in intracellular chlorophyll a
and lipid content between ammonia and nitrate cultured cells.

Mean values of chlorophyll a per cell for Dunaliella
tertiolecta in the steady state continuous cultures were of
the same order of magnitude as values reported for Phaeodac-
tylum tricornutum by Griffiths (1973), but aboﬁt one-half as
concentrated as the mixed phytoplankton cultures studied by
Eppley et al. (1971). Constantopoulos and Block (1967), work-
ing with photoauxotrophic cultures of Euglena gracilis found
that under constant illumination at varying light intensities,

the same relationship between chlorbphyll a and light existed.

3.8 ATP

Cellular ATP content in both ammonia and nitrate cultures
showed similar patterns of periodicity, depending on the light
regime used. Unlike the other intracellular parameters mea-

sured, the periodicity shown by cellular ATP was markedly out



Figure 3.9

Particulate "carbon" content of
Dunaliella tertiolecta

ug particulate carbon cells x 107>
vs time (hours)
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Figure 3.10

Chlorophyll a content of
Dunaliella tertiolecta

ug chlorophyll a cells x 10-5

vs time (hours)
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Figure 3.11 Lipid content of Dunaliella
tertiolecta

5

ug lipid cells x 10 > vs time

(hours)
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of phase with the light:dark cycle (Figure 3.12).

Under high light conditions in ammonia culture, cellu-~
lar ATP reached minimum values, and began the daily increase
at 14:00 hours, eight hours after the onset of the light
cycle. Peak ATP values, and the beginning of the daily de-
cline occurred at 02:00 hours, four hours after the_onset of
the dark phase. Under high light conditions in nitrate cul-
tures, a four-hour shift in maximum and minimum ATP values
was noted. Minimum ATP values occurred at 10:00 hours, four
hours after the onset of the light cycle. Maximum ATP values
occurred between 22:00 and 02:00 hours, 0-4 hours after the
onset of the dark phase. Under medium light conditions, in
both ammonia and nitrate medium, minimum ATP values and the
beginning of the daily increase occurred at 10:00 hours,
four hours after the onset of the light phase. Maximum ATP
values occurred between 18:00 and 22:00 hours, 0-4 hours

after the onset of the dark phase.

3.9 Carbohydrate and Protein

Intracellular carbohydrate and protein showed a marked
diurnal periodicity closely attuned to the light:dark cycle
under which the cells were cultured. Both carbohydrate and
protein content decreased in response to the decrease in
total daily irradiance. Under both light regimes, ammonia
grown cells had lower mean protein concentrations than nitrate
grown cells (Figures 3.13 and 3.14).

A summary of the patterns of diurnal periodicity shown by
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Figure 3.12 ATP content of Dunaliella tertiolecta

ug ATP cells x 107 vs time (hours)
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Figure 3.13 Carbohydrate content of
Dunaliella tertiolecta
ug carbohydrate cells x 1072
vs time (hours)
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Figure 3.14 Protein content of Dunaliella
tertiolecta

ug protein cells x 10" vs time
(hours)
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intracellular carbohydrate, protein, 1lipid, chlorophyl a,
ATP and particulate "carbon", and their responses to ammonia
and nitrate substrates and changing light regimes are pre-

sented in table 3-d.



TABLE 3-d
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4 DISCUSSION

4.1 Light and Growth

Most light attenuation equations assume unidirectional
illumination in a plane perpendicular to the depth gradient.
These equations are therefore not directly applicable to
the experimental culture vessels, which were cylindrical in
shape and illuminated from all sides,; For comparative pur-
poses, the depth of culture in the experimental vessel was
taken to be the depth occupied by 4130 ml (the volume of
the culture vessel) in a rectangular tank with a surface
area equal to the surface area of the experimental vessel
(Figure 4.1). Based on this, the depth of culture in the
experimental ﬁessels was 2.84 cm (less than the radius of
the culture).

The parameter of major importance in a study of the
effects of light on growth and cellular composifion is the
total quantity of light abéorbed by each cell in the culture.
The average light absorbed in a 1 om?® column of culture can

be obtained from the expression: (Jerlov 1968)

-KD
I. =1Ie 1andIO—I

= 2
Dy o = gm cal abs. under a cm

D area of depth Dy
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Figure 4.1 Conversion of culture vessel dimensions
to approximate conditions of unidirec-
tional illumination
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Where: I, = light incident on the culture surface {(cor-
rected for reflectance).
I, = light remaining at depth D.
Dl = depth in cm.
K = the attenuation (extinction) coefficient.

The attenuation coefficient K is composed of three addi-
tive parameters, absorbance by water, absorbance by cells,
and scatterance by the cells. In a dense celi suspension,
the effects of scatterance can be ignored since "scattering
within a cell suspension (which tends to > absorption/unit
pathlength) is approximately compensated for by the packaging
effect (which causes the absorption of a cell suspension to
be less than that of the dissolved pigments)." (Bannister
1974). Absorbance by water is a constant, equal to .004
(Riley 1956), and should be omitted from the total "K" if
absorbance by the cells alone is to be calculated. Absor-
bance by the cells is dependent on cell density, the chloro-
phyll content of the cells, and the coefficient of absorp- |
tion of light/unit plant pigment (generally taken to be per
unit chlorophyll a). Bannister (1974) expressed this rela-
tionship as KcC, where Kc is the coefficient of absorption/
unit chlorophyll a, and C is the chlorophyll concentration/
unit volume of culture. Adopting Bannister's notations, the

2

light energy absorbed by the cells in a cm® column of culture

of given depth is:

D
D e - (keC)Dy and IO - ID = gm_cal abs. under a
1 ° cm® area of depth Dy
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C is the product of: (ug chlorophyll 3/105 cells) ' x

scellg/ml r and since both these parameters were measured
10

in the experimental high and medium light cultures, C could
be calculated directly. Chlorophyll concentration in the
low light cultures was not measured, but since chlorophyll a
concentration shows an inverse hyperbolic response to chang-
ing light intensity, low light chlorophyll concentration
could be approximated from a modified Michaelis Menten type
curve constructed to fit the experimental data.

To calculate Kc, it was assumed that absorption/unit
chlorophyll is constant at any light intensity within the
maximum response portion of the chlorophyll:light curve
(Bannister 1974). The absorption spectrum of a medium light
adapted culture of Dunaliella (0.0589 ug chlorophyll 3/105
cells) of known cell density was measured over the range
400-700 nm. Kc was calculated as follows based on the mean
percent absorbance over this range:

Kec = (abs/cm culture) -~ (abs/cm medium)

: (cell density) (chl a/10° cls)
10°

Based on this, Kc for the experimental cultures was 0.33.
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Table 4-~a presents the resultant values per gm cal abs/min/cm2

of culture (2.84 cm deep) and gm cal abs/day.

From the values shown in this table, the energy absorbed/

cell/minute or per day can be calculated as follows (Table

4-b).



TABLE 4-a. LIGHT ABSORBED BY THE EXPERIMENTAL CULTURES PER cm2 CELLS

Light Regime gm cal abs/cm2x2.84/mﬁn gm cal abs/cm2x2.84/day

high light .0046 4.14
medium light .00453 3.26
low light .00380 2.052

TABLE 4~b. LIGHT ABSORBED BY THE EXPERIMENTAL CULTURES PER 105 CELLS

5 .
Light Regime gm cal abs/10 cells/min gm cal abs/loscells/day

high light 0.00021 0.189
medium light 0.00020 0.144
low light 0.00018 0.097

021
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gm cal abs/10° cells/min = (gm cal abs/2.84)
(cell density/10°)

gm cal abs/lo5 cells/day = (gm cal abs/lo5 cells/min) - (60) * (h)

In the maximal response portion of the chlorophyll:
light curve, a decrease in incident light results in a pro-
portional increase in chlorophyll a content, so that the
energy absorbed per cell remains relatively constant. vThus,
cells Of‘DunaZieZZa tertiolecta grown under high and medium
light fixvrelatively similér amounts of carbon/day, while
the carbon fixed:chlorophyll a ratio decreases by roughly one
half (Table 4-c). |

As a result, observed daily growth rates at these low
intensities might be expected to become primarily dependent
on the length of the photoperiod (i.e., total calories of irra-
diance/cmz/day). In fact, this is the case for ammonia grown
cells (Figure 4.2). When 24-hour growth rates for ammonia
grown cells are calculated on the basis of divisions hour illu-

mination 1

X 24, the resultant plot is a very shallow hyper-
bola, indicating that the increase in chlorophyll a content
(shade adaptation) is almost completely compensating for the
decrease in incident light. However, when this same calcula-
tion is applied to nitrate grown cells, the resultant plot is
a much steeper hyperbola, suggesting (in view of the essen-
tially similar chlorophyll a content of ammonia and nitrate
grown cells) that another light dependent mechanism is operat-

ing to limit growth in nitrate culture.

Grant (1968) reported that the light-dependent component



TABLE 4-c.

CARBON FIXATION AND CELLULAR CHLOROPHYLL A

) 5
ug C fixed/10

Light Regime cells/day ug C fixed:ug Chl a
high l1ight ammonia 10.42 388
high light nitrate 12,32 382
med light ammonia 9.48 165
med light nitrate 15.24 252

(AN



123

Figure 4.2 Division rates and incident light

Division day-'l vs gm cal/cmz/min
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of nitrate assimilation in Durnaliella tertiolecta becomes
saturated at intensities of approximately 340 foot candles
(0.018 ly/min)*. Thus it seems that for nitrate grown cells,
light limited growth at low intensities may be mediated by
nitrate assimilation ability rather than by carbon reducing
ability.

In developing a model for light limited growth of Duna-
liella tertiolecta, the relationship between light intensity,
chlorophyll a concentration, efficiency of light absorption,
and energy transfer into growth must be established. For
nitrate grown cells, a light limited growth model may also
have to include the effects of light on nitrate assimilation
at low ihtensities.

The response of Chlorophyll a to changing light inten-
sity is inversely hyperbolic and can be described by the fol-
lowing modification of the Michaelis Menten equation:

Vm - VmS = V where: Vm = maximum chlorophyll concentra-
“Ks + S tion ug chlorophyll a/10° cells
Ks = S where V = Vm/2
S = Light intensity
Such a curve was calculated for Dunaliella by a modification
of the linear transformation of the Michaelis Menten equa-
tion given in Eppley, Rogers and McCarthy (1969), figure 4.3.
Implicit in Bannister's (1974) Kc is the idea that a

constant proportion of I is absorbed/unit chlorophyll a, at

* By a conversion factor from Parsons and Takahashi (1974).
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Figure 4.3 Response of cellular chlorophyll a
to changing light intensity

1g chl 3/10‘5 cells vs gm cal/cmz/min
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Figures 4.4 and 4.5 Observed and calculated growth
rates for Dunaliella tertiolecta
in ammonia and nitrate medium

Divisions day--1 vs gm cal/cmz/min
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least within the maximum response portion of the chlorophyll:
light curve. This proportion was calculated to be 0.33 for
Dunaliella. ‘Therefore:

(0.33 x I) (ug chl g/losgcells)‘= gm cal abs/lo5 cells/min

where: 0.33 = proportion of I absorbed/ug chlorophyll a
equivalent to Kc.

and

5 5
(gm cal abs/10 cells/min) (60) (h) = gm cal abs/10
cells/day

where h = photoperiod hours.

Based on the experimental data, at an intensity of 0.02

5

ly/min 10~ ammonia grown cells of Dunaliella must absorb 0.2

3 nitrate grown

gm calories to accomplish a division, while 10
cells require 0.26 calories. Eppley and Sloan (1966) have
shown that growth rate is proportional to the product of
light intensity x time - over a wide range of intensities and

levels of total daily irradiance. Thus:

gm cal abs/lO5 cells/day

gm cal required/10° cells/division = divisions/day

where: gm cal req/lo5 cells/division = 0.20 .for ammonia
0.26 for nitrate

Figures 4.4 and 4.5 present a comparison of observed

growth rates, and growth rates calculated by the following

130

series for Dunaliella tertiolecta in nitrate and ammonia medium:

Ks + S where: C = ug chl/10" cells

2) (0.33 x I) (C) 60 x h = gm cal abs/10° cells/day
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3) gm cal abs 10° cells/day = divisions/day
calories req/lo5 cells/division

The close correspondence between the observed and calcu-
lated growth rates for Dunaliella in ammonia medium suggest
that the model is an adequate description of growth kinetics
at low light intensities in ammonia medium. However, the
calculated growth rates for Dunéliella in nitrate medium gave
values of 15% and 100% higher at 0.01 and 0.0043 ly/min, re-
spectively, than those actually observed, although éorrespon—
dence was good at 0.02 ly/min. Grant's (1967) data for the
light dependent component of nitrate assimilation in Dunali-
ella tertiolecta indicates that the N assimilatory mechanism
would be at 50% of saturation at 0.0043 ly/min, 80% of satura-
tion at 0.01 ly/min, and 100% of saturation at 0.02 ly/min.
These values agree well with the differences in calculated and
observed growth rates, and in view of the absence of light:
dark differences in nitrate uptake would seem to confi;m the
role of N assimilation kinetics in light limited growth at low
light intensities, in nitrate medium,

If the model is to be generalized for both the nitrate
and the ammonia medium, an additional term (N) must be included
for percent saturation of the nitrogen assimilating mechanism:
Thus, equation 3 becomes:

4) gm cal abs/10° cellg/min X 60 x h (N) = div/day
gm cal req/10° cells/div

where: N = a correction factor for percent saturation of the

NO3 assimilating mechanism. (N = 1 for ammonia grown

cells at all light intensities studied).



To test the predictive validity of the model at higher
liéht intensities, Eppley and Sloan's (1966) light, chloro-
phyll concentration, and growth rate data for Dunaliella |
tertiolecta were used. Eppley and Sloan's chlorophyll a
data were substituted directly into equation 2 of the model.
Figure 4.6 presents a comparison of Eppley's growth rate
data and a theoretical curve calculated from the model.
Correspohdence between the two curves is generally goéd,
although there ié a tendency for the theoretical curve to
overestimate growth at total daily irradiances higher than
274 gm cal/cmz. It seems probable that this is due to a
decrease in the coefficient of absorption/ug chlorophyll at
high intensities, possibly related to a contraction or mi-
gration of chloroplasts resulting in increased self shading,
similar to the behavior noted in Lauderia borealis by Kiefer
(1973).

Finally, attention should be called to the shapes of the

nitrate and ammonia, light limited growth curves generated by

the model. As predicted by Eppley and Sloan (1966) and Eppley

and Coatsworth (1968), the growth response of Dunaliella terti-

olecta in nitrate medium is essentially hyperbolic. However,
the response is hyperbolic not only because of the relation-
ship between light absorbed and growth rate, but probably be-
cause of the interaction of the light-dependent component of
nitrate assimilation at low intensities, and the relation-
ship between light and chlorophyll a at higher intensities.

In contrast, in ammonia medium, where growth rate is solely

132
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Figure 4.6 Comparison of calculated growth rates for
Dunaliella tertiolecta with those reported
by Eppley and Sloan (1966)
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dependent on the light:chlorophyll relationship, growth rate
shows a non-hyperbolic response to changing light due to a
secondary plateau occurring at 0.01-0.02 ly/min, and result-
ing from the nearly linear inverse response of chlorophyll a
to changing light in the maximal response portion of the

light vs. chlorophyll curve.

4.2 "Nitrogen" Uptake and Assimilation

When "nitrogen" uptake is calculated based on the mea-
sured depletion of inorganic N from the culture medium,
nitrate and ammonia grown cells of Dunaliella tertiolecta
show relatively similar wvalues, and a similar trend toward
the accumulation of more N/cell at lower turnover rates.

When the "expected" concentratiohs of intracellular
"nitrogen" based on uptake data are compared to the observed
concentrations of Particulate "Nitrogen" measured in the
cells, ammonia grown cultures show good correspondence, 100-
- 108% of the NH4 removed from the medium being accounted for
as Particulate "Nitrogen". However, when the same comparison
is made for nitrate grown cells, only 74-75% of the NO4
removed from the medium can be accounted for as intracellular
"N". The balance of the inorganic "N" removed from the

medium must be presumed either to have been excreted by the

cells in some organic form, or to have been part of the intra-

cellular inorganic nitrate pool which was lost during the
preparation of the cells for Particulate "Nitrogen" analysis.
When intracellular protein content measured by the Lowry

technique is compared with protein content calculated from

135



Particulate "Nitrogen" data by the factor 6.25, nitrate grown
cells show good correspondence between the two values. When
the same comparison is made for ammonia grown cells, only
62-74% of the measured Particulate "Nitrogen" content can be
accounted for as. protein. Ammonia grown cells of Dunaliella
thus appear to contain a large pool of non-protein organic
nitrogen similar to the intracellular pool of soluble amide
and amino nitrogen found in ammonia grown cells of thé dia-
tom Biddulphia aqurita (Lui and Roels 1972). Since high
concentrations of ammonia are toxic to the cell, it seems
probable that this intracellular amino and amide nitrogen pool
may represent an alternative method of storing cell nitrogen

against later utilization in protein synthesis (Tabel 4-d).
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TABLE 4-d

KINETICS OF NITROGEN METABOLISM IN DUNALIELLA TERTIOLECTA

Protein
neq N/lO5 cells ug/lo5 cells _
as N. de- N as % non
P.N. pletion cell N Lowry P.N. x % protein
Light regime ‘ 6.25 P.N. P.N.
Hi 1t. NH, 0.025 0.023 1083 1.63 2.21 74% 26%
Med 1t. NH4 0.026 0.026 100% 1.38 2.24 62% 38%
Hi 1t. NO3 0.0179 0.024 : 74.5% 1.65 1.56 105¢ 0%
Med 1t. NO 0.020 0.027 74% 1.62 1.77 92% 8%

3

LET
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4.3 Cellular Components

4.3.1 Chlorophyll a and Lipid

As noted previously, chlorophyll a content showed a
diurnal periodicity in response to length of photoperiod
and an inverse relationship between mean daily chlorophyll
content and light intensity, a characteristic "sun" and
"shade" adapting response (Jorgensen and Steeman-Nielsen
1965; Ryther and Menzel 1959; Steeman-Nielsen and Jorgensen
1968).

Based on the data presented in table 4-e, it seems that
the amplitude Qf the daily change in cell chlorophyll and
the overall response of cellular chlorophyll a content to
light are relatively independent of each other, and may be
under the control of separate aspects of daily irradiance.
The majority of the adaptive increases or decreases in chlo-
rophyll a content in response to changing intensity appears
in the daily minimum (baseline) values. Thus, cells of
Dunaliella, which had been exposed to the experimental light
intensities for up to two weeks before sampling was started,
had developed a specific chlorophyll content which was main-
tained throughout the daily light-dark cycle. In contrast,
the changes in cellular chlorophyll a content which result in
the observed daily amplitude are relatively constant, al-
though they represent different percentages of total cell
chlorophyll in the high light and medium light cells.

The observed daily amplitude of changes in cellular

chlorophyll a seems to be unrelated to the light regime.



TABLE 4-e

COMPONENTS OF THE PERIODIC RESPONSE OF CELLULAR
CHLOROPHYLL A

139

Amplitude
Light Regime Mean_Chl a Daily min. Chl day -1
ug/105 cells value (Daily max-daily min)
Hi 1t. NH3 .0268 .020 .011
Med lt;.NHé .0575 .0505 .014
Hi 1t. NO3 .0321 .0260 .013
Med 1t. NO .0603 .0510 .014

3
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The similarity between the behavior of intracellular
lipid and chlorophyll a in Dunaliella tertiolecta, coupled
with the fact that lipid is not a typical storagé prodﬁct of
the Chlorophyceae (Fritsch 1935), suggests that most of the
measured lipid may be associated with the lamellar glyco-
lipid fraction of chlorophyll. Like cellular chlorophyll a,
daily minimum (baseline) lipid concentrations doubled in
respﬁnse to a halving of the incident light intensity, while
the daily changes in cellular lipid which resulted in the
observed amplitude of the periodic response remained rela-
tively constant regardless of the light regime under which
the cells were cultured (Table 4-f).

However, when the lipid:chlorophyll a ratio is compared
for daily minimum values, and for the extent of the observed
daily increase (Table 4-g), a conétant.ratio of 45/1 is ob~-
tained for daily minimum values, while the daily A lipid:
daily A chlorophyll ratios vary from 100/1 to 64/1 and 80/1
to 69/1 in high light and medium light ammonia and nitrate
cultures, respectively. Perhaps the difference in the lipid:
chlorophyll ratios represents a portion of the daily lipid
synthesis which is put into short term storage and ultimately
oxidized as an energy source.

4.3.2 ATP

Since the half-life of a molecule of ATP is extremely
brief, the observed periodicity in cellular ATP represents a
nearly instantaneous measurement of the cell's metabolic acti-

vity at the time of sampling rather than a storage phenomenon.



TABLE 4-f

COMPONENTS OF THE PERIODIC RESPONSE OF CELLULAR LIPID

Mean_ug lipid/ Daily min. ug Daily A lipid
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Light Regime 10° cells 1ipid/10° cells daily max-daily
min.

Hi 1t. NH, 1.46 0.9 1.10

Med lt. NH, 2.86 2.45 0.90

i lt. NOg 1.57 1.075 1.03

Med lt. NO, 2.70 2.20 0.97

TABLE 4~g. LIPID:CHLOROPHYLL A RATIOS

Light Regime Daily min. lipid: Daily A lipid:
Chl a daily A Chl'a
Hi 1t. NH3 45 100
Hi 1t. NO4 42 80
Med 1t. NH, 48 64
69

Med 1t. NO5 43
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A consideration of table 4-h demonstrates that Dunaliella
tertiolecta roughly doubles its respiration rate over the
course of a day.

A similar eleﬁation in cellular ATP was noted by Borne-
feld and Simonis (1974) when the blue-green alga Anacycties
nidulans was exposed to light. By use of various inhibitors,
it was estéblished that this increase was attributable to
cyclical photosynthetic phosphorylation. While it is probable
that some portion of the observed daily increase in ATP acti-
vity in Dunqlielia is attributable to the same mechanism, the
overall magnitude of the response must be partially due to an
increase in mitochondrial activity as well since peak meta-
bolic activity always occurred two to four hours after the
onset of the dark phase, when the photosynthetic phosphory-
lating mechanism was no longer opérating. Some portion of
the overall periodicity shown by cellular ATP activity may
also be related to the observed synchrony in cell division.
In all but the high light ammonia cultures, minimum ATP con-
centrations occur synchronously with the observed peaks in
telophase configuration cells (10:00 hours), while maximum
ATP concentrations occur 8-12 hours prior to the observed
telophase cohfiguration peaks. The relationship between the
two cycles seems reasonable in view of the fact that :just':
prior to the onset of division, and in the earliest stages
of division, cellular activity is high while in the later

stages metabolic activity is minimal.



TABLE 4-h

CELLULAR ATP, DAILY MINIMUM AND DAILY

MAXIMUM VALUES

ug ATP/10° cells

Light Regime

Daily Minimum

Daily Maximum

Hi 1lt. NH3

Med 1t. NH3

Hi 1t. NO3

Med 1t. NO3

.035
.043
.0575
.038

.088
.076
.110
.076
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4.3.3 Carbohydrate and Protein

When daily maximum, minimum, and mean values of intra-
cellular carbohydrate and protein are expressed per dividing
cell, a number of nitrogen substrate specific, and light
specific trends become apparent.

Intracellular protein content shows a relatively con-
stant nitrate-substrate-specific level that seemingly must be
attained before division occurs, regardless of the light
regime. This level is 40-42% higher in nitrate-grown cells
than in ammonia-grown cells. In contrast, intracéllular
carbohydrate content shows a double trend, decreasing in
response to decreasing light, but always being approximately
40% higher in nitrate~grown cells. However, under each light
regime, the protein:carbohydrate ratio remains constant,
regardless of the nitrogen substrate used to culture the cells
(Table 4-1i).

The fact that nitrate-grown cells contain 40% more pro-
tein and carbohydrate than ammonia-grown cells at each light
regime suggests that nitrate-grown cells are 40% larger than
ammonia-grown cells or that they must synthesize 40% more
protein, and fix 40% more carbohydrate before division can
occur. Undoubledly, this difference in critical cell size
or critical cell synthesis contributes to the observed dif-
ferences in maximum specific growth rate between nitrate and

ammonia cultures.
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RELATIONSHIP BETWEEN CELLULAR PROTEIN,

TABLE 4-i

AND CELL DIVISION

. 5
ug Protein/10

Hg Carb./lo5

CARBOHYDRATE,

dividing cells dividing cells Protein:Carb. ratio
Light Regime Min. Max. Mean Min. Max. Mean Min. Max. Mean
Hi 1t. NH3 1.73 2.33 1.95 2.81 6.22 4.7¢ 1.62 2.66 2.44
Hi 1t. NO, 2.60 3.26 2.82 3.76 8.69 6.24 1.45 2.66 2.21
Med 1t. NH3 1.83 2.43 2.05 1.49 7.16 4.23 0.81 2.94 2.06
Med 1t. NO3 2.55 3.46 3.29 2.95 9.89 6.26 1.15 2.85 1.91

SV
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4.3.4 Cell Energetics
At 0.0043 and 0.010 gm cal/cmz/min the differences

noted in p, of nitrate-and ammonia-grown cells may not be
directly related to fundamental differences in the energy
requirement of growth on oxidized and reduced nitrogen sub-
strates, since, at these intensities, light-limited growth
in ammonia-grown cells is mediated through the chlorophyll-
light relationship while growth in nitrate medium is being
mediated by the light-nitrate assimilation relationship and
the chlorophyll-light relationship. However, at 0.02 gm
cal/cm2 min the observed nitrogen substrate specific differ-
ences in growth may be related to a fundamental difference in
energy requirements since at this intensity, the light
dependent nitrate assimilation mechanism, and the chlorophyll
concentration~light mechanism are at saturation, and growth
is coming under control of the carbon reducing and phosphory-
lating reactions of photosynthesis. Therefore, the energy
saved in growth on a reduced nitrogen substrate is equiva-
lent to the energy necessary to accomplish 0.23-0.24 division/
day, assuming that all of the energy saved is channeled into
growth. Table 4~j presents the ratio of calories absorbed/
division for NH; and NO4 cells grown under high and medium
light conditions.

Thus nitrate-grown cells require 30 and 38% more energy
to accomplish a division than ammonia-grown cells. Energy
in this case is simply input energy, and the differences

shown make no assumptions about the energy requirements of
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TABLE 4~

CALORIES ABSORBED/DIVISION FOR AMMONIA AND NITRATE
CULTURED CELLS OF DUNALIELLA TERTIOLECTA

Light Regime Cal Abs/Div % Difference

30%
Hi 1lt. NO3 0.26
IMe(i . lt - NH3 0 . 21
' 38%

‘Med. lt. HOj3 0.29
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the various cellular processes in NH5 and NO, grown cells,

3
nor about the way in which energy is partitioned into
respiration, division, and synthesis.

The primary sources of cellular energy are photosyn-
thetic phosphorylation, and mitochondrial synthesis of ATP
with energy supplied by the oxidation of photosynthetically
reduced carbon. Although the contribution of photosynthetic
phosphorylation to the total energy budget of the cell can
not be determined from the experimental data, an estimate of
the energy contribution from reduced carbon can be made if -
it is assumed that the daily decline in intracellular carbo-

hydrate represents respiration without any additional syn-

thesis. Respiration per division can then be obtained by the

expression,

respiration/div = ((daily decline + hrs darkness)24) [ 1
div/day

and can be expressed on a caloric basis by adopting L .QL_
div/day

er's (1961) value of 345 Kcal/mole of glucose convertelt to
ATP by mitochondriél synthesis (Table 4-k).

When the energy production (consumption) of carbohydrate/
division is compared with the light absorbed/division, an
overall photosynthetic efficiency of 12-13% is obtained.

This is in line with other published values (Rabinovitch and
Govindjee 1968) and lends support to the general validity of
this interpretation of the data.

Nitrate-grown cells are thus consuming at least 30% more
energy than ammonia-~grown cells to accomplish a division under

high light conditions. However, the most germane question is



TABLE 4-k

CALORIES OF MITOCHONDRIAL ATP EXPENDED/DIVISION

Calories Mitochondrial ATP
High Light expended/Division
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what this édditional energy is being utilized for. Syrett
(1958) showed a requirement for reducing energy Qf 10.4 Kcal/
mole of ammonia and 84 Kcal/mole of nitrate converted to
amino nitrogen. Superficially, this seems like a large dif-
ference. Hoﬁever, when total calories as mitochondrial ATP
expended/division is compared to the quantity of Particulate
"Nitrogen" assimilated/division for ammonia- and nitrate-
grown cells of Dunaliella, the resultant values are 800 Kcal/
mole of ammonia assimilated and 1,300 Kcal/mole of nitrate
assimilated. Thus, energy directed towards the reduction of
inorganic nitrogen represents only 1.25% and 6.4% of total
respiration for ammonia- and nitrate-—-grown cells, respectivef
ly. Reducing energy alone would seem to compose too small a
percentage of total cell energy to account for the observed
differences in growth and respiration in ammonia and nitrate
medium. There remains the 40% difference in protein syn-
thesized/division noted previously, and it seems likely that
the additional energy required by nitrate-grown cells to com-
plete a division is largely directed towards this protein
synthesis. What this additional protein synthesis represents
cannot.be determined from the experimental data, but since
the synthesis must in some way be related to the different

nitrogen substrates, a reasonable assumption might be that

this protein is involved with the synthetic machinery necessary

to the production of the various enzymes involved in the up-

take and assimilation of inorganic nitrate.
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4.4 Effluent Mariculture

4.4.1 Growth, Area, Depth and Volume Through-

put in an Effluent Mariculture System
Ahy consideration of a photosynthetically

powered effluent mariculture system must begin with

an evaluation of the light parameters that will be

of greatest significance for the phytoplankton

grown in the system. Of primary importance in such

an evaluation are the following three characteris-

tics of the phytoplankton phase of an effluent mari-

culture system:

1) Tanks or ponds will be relatively shallow.

2) Tanks or ponds will be thoroughly and
rapidly mixed.

3) Phytoplankton standing crops will be consid-
erably higher than those encountered in
natural waters, under bloom conditions.

As a result, cells will be moving rapidly through a-
comparatively steep light gradient, a situation
atypical of most natural plankton populations. How
cells respond to such a situation in terms of their
chlorophyll a concentration will ultimately deter-
mine the growth response of the culture since growth
is dependent on the enexrgy absorbed by the cells
which is in turn a function of cell chlorophyll con-

centration.
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Eppley and Dyer (1965) suggested that cell pig-
ment concentration was a function of the highest
intensity to which the cell was exposed, even if
the exposure was extremely brief. However, in view
of Kiefer (1973), Takahashi and Shimura (1971) and
Harris and Lott's (1973) studies on the time course
of photo-adaptive and photo-inhibitive responses,
cited below, such a response seems highly unlikely.
Harris and Lott (1973) found that natural phyto-
plankton populations required approximately two
hours for photo-adaptation to occur. Takahashi and
Shimura (1971) measured the time course of photo-
inhibition of photosynthesis in natural phytoplank-
ton populations at 70 Klux. They noted the first
measurable changes in photosynthetic rate after an
incubation of 30 minutes. Kiefer (1973) noted a
decay in fluorescence activity of chlorophyll asso-
ciated with chloroplast contraction and migration in
cells of Lauderia borealis exposed to inhibitory
light intensities. However, even this physical
change required two minutes for the contraction
response to occur.

Alternatively, in a rapidly mixed culture, cells
may be responding to the average intensity incident
on each cell as suggested by Rabe and Benoit (1962).

Average incident intensity can be calculated by an



integration of the light attenuation equation:

D o)
Thus: D, - (KD1)

Iav = Dl g Ioe

1
o

;o= fo o Lo TE

av KDl KDl e
where: IaV = average intensity incident on each

cell under a

cm2 area of depth Dl'

However, the above integration ignores the feedback
loop that exists between intensity, chlorophyll a

concehtration, and culture transparency. Therefore,
to obtain I yr the method of approach by successive
approximation must be used with the following three
equations to obtain the cellular chlorophyll concen-
tration and I.v for a given tank depth (cm), cell

density, and Io:
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2 S W £ W
av Kcle cle e

Kem = 0.004 + 0.0088c + 0.054c 2/3 = (Riley)

_ vmS _ cells/m
®mi = (Vm KS+S ( )

average light incident {(gm cal/min) under a cm?

where: I

area of depth Dl

Kem = attenuation co-efficient/cm increase in depth
Chl1 = M9 chlorophyll/ml
s = Iav
Vm = maximum chlorophyll concentration/lo5 cells
k, = SatwhichC=1/2V_
The resultant values of I__ and Cop * cells/ml can then be

10

substituted into the growth rate model presented previously.
Finally, the maximum total volume (m3) that can be treated

in a given area per unit time (days) is the product:

AXDZXuy, = total m3 throﬁéh/day
where: A = area m?
D = depth m
U, = growth rate division/day

If it is assumed that under the light-limited conditions
characteristic of effluent mariculture the total quantity of
nitrogen that can be assimilated by the system per unit time
is a function of the nitrogen content of the cells, the rate
of cell division, and the density of the standing crop, then

the portion of the total daily flow that can be composed of



secondary sewage effluent, if adequate nitrogen removal at

um is to be attained equals:

total volume through m3

( ueq N/liter 2° effluent )

(ueg N/cell) (cells/ml) (1000)

where: ueq N/cell = 2.3 x 10-'7 - NH3 culture

3.2 x 1077 - NO3; culture
Figure 4.7 presents a comparison of maximum volume throughput
for a 1 m2 area at I = 0.146 ly/min (the average summer value
measured at the Tallman Island Pollution Control Plant), 13
hours light, and a standing crop density of 8 x lO5 cells/ml
for nitrate and ammonia rich medium, and tank depths of 0.5
-~ 10.5 meters. Figure 4.8 presents a comparison of the por-
tion of this total daily flow that can be composed of second-
ary sewage effluent if adequate nitrogen removal at Uy is to
be attained at standing crops of 6 x 105, 8 x 105, and
1.2 x 10° cells/ml.

In terms of maximizing total volume throughput for a

given area, an ammonia rich effluent is definitely advanta-
geous. Although the advantage is relatively small in shallow

tanks where Ia is high, and both ammonia- and nitrate-grown

v
cells are in the minimum response portion of the chlorophyll:
light curve, at greater depth, where the growth response in

nitrate medium becomes limited by the light dependent compo-
nent of nitrate-assimilation and the growth response in ammo-

nia medium is being mediated by the maximum response portion

of the chlorophyll:light curve, the advantage of an ammonia
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Figure 4.7 Maximum volume throughput in a homogenous,
rapidly mixed, effluent mariculture system

m> day_l vs depth (meters)



m® day ™'

4 6
Depth, meters
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Figure 4.8

Volume secondary effluent treatable
day"1 in a homogenous, rapidly mixed,
effluent mariculture system

m3 secondary effluent day_l Vs
depth (meters)
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rich medium becomes increasingly more pronounced. At tank
depths of less than two to three meters, nitrate-grown cells
compare favorably with ammonia-grown cells in terms of nitro-
gen stripping ability, since their higher nitrogen content
compensates for their slower growth rate. However, at the

low levels of Ia characteristic of tanks of greater depth,

v
the advantages of an ammonia rich medium again become increas-
ingly apparent. In addition, it should be noted that due to
the compensatory nature of the chlorophyll:light response in
ammonia~grown cells, an increase in standing crop density
results in a proportional increase in "N" stripping ability,
since the resultant decreases in culture transparency and I_,
do not have a marked effect on .

Since one of the major constraints on effluent maricul-
ture will be the availability of space for the phytoplankton
culturing phase of the system, the following would seem to be
important strategies to consider in the development of such
a system:

1) Avoidance of secondary sewage treatment processes that

result in the production of highly nitrified effluents.

2) Use of phytoplankton tanks or pools that are as deep

as possible within the limits of engineering con-
straints.

3) Development of the highest standing crops possible

under the culture conditions used.
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4.4.2 Cellular Composition and Shellfish Growth
Despite the limited range of light intensities and

photoperiods over which the cellular composition of Duna-
liella tertioleecta was studied, a number of general infer-
ences can be made about the potential impact of the observed
changes in intracellular carbohydrate, protein, and lipid
for the shellfish phase of an effluent mariculture system.

Assuming that a deep—-tank approach is adopted, the low
I.v characteristic of such a system will result in the pro-
duction of relatively lipid rich cells. In addition, if the
response of intracellular lipid to changing light intensity
does indeed parallel the response of intracellﬁlar chloro-

phyll a, small changes in Ia will results in large changes

v
in intracellular lipid content and in the carbohydrate:lipid
ratio. For example, over the range 0.01-0.02 ly/min, the car-
bohydrate:lipid ratio decreases from 2.73:1 to 0.99:1. 1In
terms of total daily phytoplankton calories produced/day,

the high lipid content of low Iav grown cells may represent

an additional advantage of a deep-tank apprbach,since-on an
equal weight basis the caloric yield of lipid is twice that

of carbohydrate or protein (Albanese 1970). However, recent
work by Castell and Trider (1974) and DeZwann and Zandee (1971)
suggest that the marked changes in intracellular lipid in re-
sponse to changing light intensity may have a major physiolo-
gical effect on shellfish, in an effluent mariculture system,

and possibly in the estuarine environment as well.
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Castell and Trider (1974) found that in Crassostrea

virginiea an increase in the carbohydrate component of the
diet resulted in shellfish glycogen production, while an
increase in the lipid component of the diet induced the
development of gonadial tissue. Thus, it would appear that
the seasonal éycle of shellfish glycogen production and spawn-
ing activity are at least partially dependent on the nutri-
tional composition of the phytoplankton food source.

DeZwann and Zandee (1971) report that the annual glyco-
gen cycle of Mytilus edulis consists of a rapid increase in
spring and summer followed by a decline in autumn and early
winter as gonad formation begins. - Thus, Mytilus accumulates
glycogen during a period of the year when it is feeding on
phytoplankton grown at high light intensities (low lipid con-
tent), while gonéd fqrmation and the related decrease in
stored glycogen occurs when the animals are feeding on phyto-
plankton grown at loﬁ light intensities (high lipid content).

The strong diurnal periodicity in cellular carbohydrate,
protein, and lipid content shown by Dunaliella tertiolecta
cultured under alternating light:dark cycles (Figure 4.9) sug-
gests that shellfish growth might be enhanced if the daily
production of phytoplankton was to be retained and fed during
a restricted period of the day, bracketing the time of maximum
intracellular content. Figure 4.10 presents the average ca-
loric content of cells fed in a continuous fashion, and in
discontinuous intervals of 16, 8, and 4 hours equally bracket-

ing the time of peak cell caloric content. The average daily



Figure 4.9

Figure 4.10

Diurnal periodicity in the total
caloric content of Dunaliella
tertiolecta

5
mg calories/10 cells vs time (days) -

Continuous vs discontinuous feeding

Averaging calories/lo5 cells vs
length of feeding interval
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caloric content, when cells are fed continuously is 37 mg
cal/lO5 cells, while when the feeding interval is restricted
to two hours on either side of the time of peak cell caloric
value, the average daily caloric content increases to 46-47 mg
calories/lo5 cells.

Ultimately, the advantage of a discontinuous feeding
regime rests on the kinetids of the continuous inflow=-discon-
tinuous outflow method of phytoplankton culturing required to
implement such an approach, and on the effects of introducing
a period of passive (non-feeding) shellfish metabolism into
the system. Unfortunately, there are no inputs available on
the effects of the former constraint. However, it seems
probable that the introduction of a non-feeding interval
should have no detrimental effects, since the passive meta-
bolic rate of Mytilus edulis is less than 1% of the active
metabolic rate (Thompson and Bayne 1972) while the caloric
value of the phytoplankton food source might be increased by

as much as 26% through such an approach.



5 CONCLUSIONS

The maximum growth rates attainable by Dunaliella ter-
tioleeta grown in light-limited continuous cultures at three
levels of total daily irradiance in nitrate and ammonia me-
dium were measured. Daily changes in ceilular ATP, Particu-
late "Carbon", Particulate "Nitrogen", Chlorophyll a, pro-
tein, carbohydrate and lipid were monitored at four-~hour
intervals at the two highest levels of total daily irradiance.

Cells cultured in ammonia medium had consistently higher
hourly growth rates at all levels of light intensity, the
difference increasing from 22% at the highest intensity to
62% at the lowest intensity due to a rapid decrease in growth
in nitrate medium at the lowest intensity and a much smaller
decrease in ammonia medium. Growth in ammonia medium was
shown to be dependent on I abs/unit chlorophyll, the response
of cellular chlorophyll a to changing light intensity and the
energy demands of division. At the highest intensity studied,
nitrate~grown cells showed a similar response to light, while
at lower intensities, light-limited growth was primarily me-
diated by the light dependent component of nitrate assimila-
tion. As a result, nitrate-grown cells show a hyperbolic
response to changing light, while ammonia-grown cells show a
non-hyperbolic response caused by a secondary plateau in

growth rate at low intensities where the chlorophyll:1light
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curve is in its maximal response portion. A theoretical
model of light-limited growth was developed based on these
results.

Nitrate~ and ammonia-grown cells showed similar levels
of intracellular ATP, chlorophyll a and lipid, suggesting
that the cellular concentration of these components is a
function of illumination rather than of the nature of the
available "nitrogen" substrate;

Cellular ATP showed a diurnal periodicity which was out
of phase with the light:dark cycle. This periodicity was
probably a result of the combined effects of photosynthetic
phosphorylation, and the partial synchrony in cell division
observed in the experimental cultures.

Celiular chlorophyll a and cellular lipid showed a rapid
increase in response to decreasing light intensity, related
to the shade adapting chlorophyll:light response. These
changes appear in the minimum daily (baseline) values for both
parameters. Both parameters, but especially chlorophyll a,
showed a relatively constant daily increase in concentration
regardless of the baseline values, and a possible mechanism
of light absorption dependent decay and replacement of chloro-
phyll a was suggested to explain this constancy.

Nitrate-grown cells showed a tendency to synthesize 40%
more protein/division than ammonia-grown cells. It was sug-
gested that it is this additional synthesis, rather than the
energy differences in uptake and assimilation of nitrate and

ammonia, which account for the observed differences in growth
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rate at light intensities of 0.018 ly/min, where the light
dependent component of nitrate assimilation is saturated.
Further, it was suggested that this addiﬁional protein syn-
thesis might be related to the synthetic machinery and en-
zymes involved in the reduction of nitrate to ammonia by
the cell.

A consideration of potential strategies for the opera-
tion of an effluent mariculture system was developed based
on the experimental results, and the following three conclu-
sions were generated:

1) The use of a homogeneous, rapidly mixed, approach to-

maximize volume treatable in a‘given area.

2) The advantage of using non-~nitrified secondary
effluents as the primary nutrient source in effluent
mariculture.

3) The potential advantages to shellfish growth of using
a discontinuous feeding pattern which takes advantage
of the‘observed diurnal changes in cellular carbohy-

drate, protein, and lipid content.
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