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ABSTRACT

DEVELOPMENTAL PHYSIOLOGY OF THE ZOOSPORE OF BLASTOCLADIELLA EMERSONII

By

Keller Francls Suberkropp

The zoospore of Blastocladiella emersonii represents a stage in

the life cycle which does not grow or carry on syntheslis of cellular
components, but does respire actively for the energy necessary for move-
ment and maintenance., A study of the physiology of these zoospores was
begun both to provide a reference point for the changes which take place
when these cells encyst and to obtaln a better understanding of a cell
which apparently only carries on catabolic metabolism to provide the
energy it requires to survive until it can begin the growth phase.

In order to study physiological changes associated with zoospores,
existing liquid culture methods were modified and refined to allow
production of large quantities of zoospores synchronously. In the final
system PYG-P was used as the liquid medium and the plants were made to
differentiate into sporangia by induction with a dilute inorganic salt
solution,

Methods for keeping zoospores from encysting or making them encyst
synchronously were also developed. In two of the incubation solutions
with a short chill perlod, there was an increasing self-inhibition of
encystment with increasing population densities. In one (MOPS-calcium),
however, this effect was reversed, and the presence of calcium in an

uncomplexed form was thought to be responsible,
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The rate of oxygen uptake increased more than twofold during
encystment (from a Qoz (cell) of 8-9 in nonencysted spores to 19-21
in encysted cells). Concomitant with this increase was a sharp decrease
in the polysaccharide content (90% in 20 minutes).

Zoospores could be prevented from encysting by incubating them
without a chill period in an inorganic salt solution containing calcium,
The polysaccharide, lipid and protein content of these cells decreased
with endogenous respiration while the nucleic acid and cell counts
remained relatively constant. The rate of protein loss was about three
times the rate of disappearance of the other two substances and was
further documented by the accumulation of NHB-N in the medium in an
amount corresponding to the protein-N lost. An R.Q. of 0.91 also sup-
ported these results. Fine structure changes of zoospores incubated
under endogenous nutrient conditions shower fewer lipid particles and
a thinning of another organelle, the sb matrix, with increasing spore
age. This was considered indirect evidence for localization of the
1lipid and protein reserves in these organelles, respectively.

The rate at which the exogenous substrates, glucose and glutamate
were taken up by zoospores was dependent on the concentration of these
subgtances., Below 1 mM, the uptake rate was very low, but above 1 mM
it increased sharply three to tenfold. The rate of disappearance of
the internal polysaccharide content also varied with the amount present
in the cell; the rate doubled when the level of this constituent exceeded
2.0 picograms/spore.

The relative energy consumption required for flagellar movement

was estimated from the rate of oxygen consumption of deflagellated versus
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flagellated zoospores. A drop of 15% in the Qoz indicated that a
minimum of 158 of the energy production of the cell was required for
flagellar activity. Other energy requirements of the cell are also

discussed.
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INTRODUCTION

The aquatic Phycomycete, Blastocladiella emersonii, has been used

as a vehicle for the investigation of differentiation at a biochemical
level since it was isolated from nature and brought into the laboratory
in 1949 (Cantino and Hyatt, 1953). Much work has been done on the
physiological and enzymological bases which cause plants of this fungus
to develop along either of two basic pathways., One of these leads to
the formation of thin walled, ordinary colorless (OC) sporangia (see
Figure 1) which differentiate and release zoospores immediately after
the growth phase is completed. The other leads to the formation of
thick walled, brown, resistant sporangia (RS) which can undergo a period
of dormancy before they differentiate and release zoospores. For reviews
on the nature and cause of these developmental shifts, see Cantino and
Lovett, (1964) and Cantino, (1966).

Recently a number of studies have dealt with encystment and sub-
sequent germination of the zoospore of B. emersonii, the first develop-
mental changes common to both pathways. These studies have examined:
(1) morphological changes at both the electron and light microscope
levels (Truesdell and Cantino, 1971; Soll et al., 1969); (11) the
ionic requirements for encystment (Truesdell and Cantino, 1971; Soll
ot al., 1969); and (iii) initiation of synthesis of protein and ribo-
nucleic acid (Lovett, 1968; Soll and Sonneborn, 1971)., There have also
been a number of publications on the fine structure of the zoospore

1



Figure 1. The OC Life Cycle of Blastocladiella emersonii., Stages
are not drawn to scale but as to their relative importance in this
thesis; therefore, A 1s on a larger scale than B and C, which are on
a larger scale than D and E. As zoospore showing gamma particle (G),
1ipid particle (L), backing membrane (BM), sb matrix (SB), banded
rootlet (R), flagellum (F), kinetosome (K), mitochondrion (M), nuclear
cap (NC), nucleus (N), and nucleolus (NU)., Bi encysted cell.

C: germinating cell. D: papllla formation in OC plant, E: discharge
in OC plant.




Figure 1. The OC Life Cycle of Blastocladiella emersonii.




b
itself (see Truesdell and Cantino, 1971, and references therein).

In order to introduce this thesis, a brief description of those
aspects of zoospore structure and changes during encystment and germin-
ation which are of primary concern to this work follows.,

The zoospore of B. emersonii (Figure 1A) has a single posterior
whiplash flagellum, It possesses no cell wall and is therefore separated
from the environment only by a plasma membrane., The organelles inside
the cell are highly ordered and consist of: (i) the nuclear apparatus
with its nucleus, nucleolus and nuclear cap (which contains most of the
ribosomes in an inactive state); (ii) the gamma particles, small DNA
containing organelles in the cytoplasm; (iii) the side body, consisting
of a single mitochondrion, lipid particles next to it, sb matrix (the
function and composition of which is unknown) in which the lipid is
embedded, and the backing membrane which surrounds the side body (Cantino
and Truesdell, 1970); and (iv) the banded rootlet, positioned in chan-
nels of the mitochondrion and next to the kinetosome, at the base of
the nuclear apparatus.,

Encystment of zoospores occurs when they become spherical, rotate
the nuclear apparatus, withdraw the flagellum and lay down a cell wall
very rapidly., Intracellular changes which follow include breakdown of
the gamma particles, dispersion of both the ribosomes of the nuclear
cap and the lipid particles of the side body into the cytoplasm, dis-
appearance of the axoneme inside the cell, and the extension and fur-
rowing of the mitochondrion (Figure 1B).

Germination has been arbitrarily defined as the time when the germ
tube is formed and the cell enters the growth phase and begins synthe-

sizing protein and nucleic acid (Figure 1C).
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The work reported here began as a general study of the physio-
logical changes that take place during encystment, In order to study
this, however, it was felt that a reference point had to be established,
i.e. the physiological changes which occur in the nonencysted zoospores
first had to be thoroughly examined. As will be seen, the latter
turned out to be the primary goal reached during the course of this
study, Except for the data in Results, I, B, on oxygen uptake and
endogenous polysaccharide utilization during encystment, this work
deals mainly with the physiology of nonencysted zoospores of B.
emersonii.

Although the zoospores of B. emersonil, and quite likely those of
most other water molds, are very different structurally and, in some
aspects, physiologically, from the spores of other fungi, they are
similar in some ways. They serve as propagules and do not grow, They
represent a stage in the 1life cycle in which biosynthetic activity has
been shut off and are, therefore, dormant in this sense (Sussman, 1965;
Truesdell and Cantino, 1971). Their dissimilarities in structure with
other fungus spores probably also account for some of the physiological
differences. The lack of a cell wall requires that the cell expend
energy to maintain osmotic balance with the medium, and the motile
nature of the cell also requires energy output. Therefore, the cell
must resplire at a relatively high rate and metabolize nutrients to main-
tain these energy levels, In this respect, a study of the physiology
of nonencysted zoospores offers more than just the needed reference
point for future studies on the physlological changes which occur during
encystment, It offers the chance to study a cell which is unique in

several of its activities, a cell which, using either endogenous
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reserves or exogenous nutrients, seemingly carries on only catabolic
metabolism to provide the energy for maintenance and motility without

the complications of biosynthesls and growth,






MATERIALS AND METHODS

I. Manipulations of the Organism,

A.) Agar Cultures. Zoospores produced for some experimental

work and as inocula for liquid cultures were routinely derived from
OC plants grown at 22 C on Difco Cantino PYG Agar in the dark in

10 em plastic Petri plates at densities of 1-3 x 10° plants/plate.
Under these conditions, the first generation OC plants discharged at
22 to 26 hours.,

Because continuous subculturing of OC plants can cause variation
in some characteristics (Shaw and Cantino, 1969), RS from stock cul-
tures were germinated every 1 to 3 months to provide a fresh OC line.
(see Lovett, 1967, for a description of procedures).

B.) Liquid Cultures. Two liquid media were used for growth of

synchronous single generation OC plants: (1) PYG-P; 1.25 g Peptone,
1.25 g Yeast Extract, 1.5 g Glucose, and 2.5 mmoles each of KH,PO) and
KoHPO), per liter water (Goldstein and Cantino, 1962); (ii) PYG-PC;
1.25 g Peptone, 1,25 g Yeast Extract, 3.0 g glucose, 11l mmoles Na
phosphate, pH 6.7, and 3 mmoles citric acid per liter water (Cantino
and Goldstein, 1962), For preparation of inocula, PYG plates of OC
plants were flooded after discharge had begun with ca, 5 ml water and
the resulting spore suspension passed through Whatman no. 4 filter
paper into a flask in ice, The spore suspension was chilled (generally
15 to 20 minutes) until the zoospore density had been determined with
a Coulter Counter and an appropriate amount pipetted into the liquid

medium,



8

The liquid cultures were prepared with either 1.2 liters of
medium in a 2.0 liter cotton plugged Erlenmeyer flask with 2 aeration
tubes (aeration rate = 6 liters air/minute) and a sampling tube, or
4,5 liters of medium in a 6.0 liter Florence flask with 3 aeration
tubes (aeration rate = 10 liters air/minute) and a sampling tube.
Dow Antifoam A was sprayed on the aeration tubes before autoclaving.
The culture flasks and media were always preincubated in the constant
temperature bath and aerated for 1-2 hours before inoculation. Cul-
tures, grown in light, were illuminated with 350-450 foot candles.

For production of zoospores from these cultures induction was
necessary. Inducing media were: (1) Calcium-citrate solution;
3 mM N!3 citrate, 1 mM CaClZ, 7 mM NaCl and enough HC1l to lower the
pH to 6.8; (ii) Modified % DS; 0.025 mM each of MgS0,, and Caclz, and
0.25 mM each of KHpPO, and K,HPOy; (iii) MOPS-calcium solution; 0.5
mM MOPS, pH 6.8, and 0.1 mM CaCly. The induction procedure was similar
to that described previously (Murphy and Lovett, 1966) but with modifi-
cation. Aeration was stopped and the plants allowed to settle. The
spent medium was removed by suction (4,3 liter from the 4.5 liter
cultures and 1.0 liter from the 1.2 liter cultures)., Inducing medium
was added to the plants (3.5 liter and 1.0 liter respectively), aeration
resumed for 5 minutes, then aeration stopped and the medium removed as
before. Finally a second batch of inducing medium was added (1.0 liter
and 0.5 liter respectively) and aeration resumed until the end of the
generation time, i.e. until maximum discharge and harvest. In this
manner 97-98% of the spent PYG was removed and the plants were placed
in a medium very low in nutrients.

After induction, samples of the plants were examined microscopicallye
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Two characteristics (papilla formation and discharge) used by Murphy
and Lovett, (1966) were followed quantitatively to determine the degree
of differentiation and its synchrony; at intervals, 100-200 plants
were scored for each of these characteristics,

C.) Harvesting, When the populations in liquid cultures had
reached their maximum discharge percentage (generally 90-100%), the
suspension of spores and plants was passed through Sargeant #500 filter
paper to remove plant walls, undischarged plants and any encysted spores
that might be present. The spores were then counted with the Coulter
Counter and washed and concentrated by centrifugation. Since the
volume of spore suspension was large (0.7-1.2 liter), washing consisted
of successive centrifugation of four x 35 ml aliquots at 1000 x g for
3 minutes., After centrifugation, the pellets were immediately resus-
pended in small volumes of incubation solution and pooled to help pre-
vent damage., The second centrifugation, also 1000 x g for 3 minutes,
was done on the combined spores since the total volume had been reduced
to ca., 100 ml, Thus each spore only received two - 1000 x g centri-
fugations of 3 minutes each. The entire procedure was done at 22-24 C
to prevent encystment and took 1-13 hours., Microscopic examination of
zoospores after this treatment showed that damage was minimal; approx-
imately 5-15% of the spores were deflagellated (for a summary of pro-
cedures used in harvesting spores from plates see Table 1 in Results, I).

D.) Zoospore Incubations. Zoospore suspensions produced on plates

or in liquid cultures were incubated in several systems; (1) for deter-
mination of percent nonencystment (#NE) only, 3 ml were incubated in
25 ml Erlenmyer flasks in an Eberbach water bath reciprocating shaker

(stroke, 2.5 cm; 70 cycles/minute); (ii) for determination of oxygen
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uptake with an oxygen electrode and the corresponding #NE, 5 ml
were incubated in 15 ml vials over a magnetic stirrer and immersed
in fluid from a constant temperature circulator; (iii) for manometric
determination of oxygen uptake, 2-3 ml were incubated in a Warburg
apparatus; and (iv) for determination of other physiological changes
and corresponding #NE, 25-800 ml were incubated in jacketed Bellco
Spinner Flasks of appropriate size with temperature controlled by
a circulator. Suspensions were agitated by both magnetic stirring
and aeration (0.6 liters air/minute for 25 to 50 ml and 2 liters
air/minute for 800 ml).

E.) Spore Counts. For determination of #NE, 0.5 ml of spore

suspension were removed from the incubation mixture, fixed with ice-
cold 0.5 ml 4% glutaraldehyde (J. T. Baker Chemical Company) in 5 mM
MOPS, pH 6.8, and kept cold until scored in an Improved Neubauer Levy
Ultraplane Counting Chamber on a Wild phase microscope for nonencysted
cells ml, These counts were compared with values obtained similarly
for zero time to calculate %NE.

Live cell counts for determination of inocula sizes, yields of
zoospores, and population densities were made with a model B Coulter
Counter, The electrolyte solution for dilution of cells contained
10 mM KC1 and 10 mM NaCl. The size of the aperature was 100 p with
gettings of 20 and off scale for lower and upper thresholds respectively.
Reciprocals of aperature current and amplification were 0,707 and 2,

respectively,
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II. Oxygen Uptake.

A.) Oxygen Electrode. Oxygen uptake was measured with a Clark
type oxygen electrode. Both the Beckman Polarographic 0, sensor
(#39065) and the YSI N7 sensor (Model 5331) were used. Current changes
across the electrode were followed with a Heath Servo Recorder (EUW-20A).
Procedures for calibration and use of 0, electrode were taken from
Estabrook, (1967); Davies, (1962); and Severinghaus, (1968). QOZ was
expressed here as a value based on 107 cells instead of mg dry weight.
Therefore, Q02 (cell) = ul 0y hrl (107 cells)'l. Additions of sub-
stances to 0, electrode chambers were made through a port down the
side of the chamber with a Teflon needle attached to a 1 ml syringe.
Generally, 0,05 ml of concentrated solution were added to 5 ml of spore
suspension,

B,) Warburg. A Precision 7 unit Warburg Apparatus was also used
for oxygen uptake measurements, Methods were taken from Umbreit et al.,
(1964) including use of the Pardee C0, buffer and indirect determination

of CO, for R.Q. determinations.
III. Microscopy.

A.) Electron Microscopy. Zoospores were fixed with glutaraldehyde
and osmium tetroxide ("Fixation I"), dehydrated, embedded, and sectioned
according to Truesdell and Cantino, (1970). Pictures were taken on a
Phillips 100 Electron Microscope.

B.) Light Microscopy. Light microscopic observations were made
with a Wild M20 phase microscope using a Bausch and Lomb ribbon filament
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light source fitted with an infrared filter to reduce the heat trans-
mitted to the speciment. The microscope was fitted with a Kodak Pony II,
35 mm camera back and photomicrographs were taken with Kodak High Contrast
Copy Panchromatic film at exposure of 0.1 second for 20x objective and

0.5 second for 40x objective.

IV, Other Analytical Procedures.

A.) Dry Weight, Spore suspensions were removed from the incubation
mixture and dried to constant weight at 90 C in a vacuum oven, along
with fresh incubation medium as the blank,

B.) Nucleic Acid, Nucleic acids were precipitated from spore

homogenates with ice-cold 10% TCA, washed twice by centrifugation
with cold 5% TCA, then separated from protein by heating with 5% TCA
at 90-95 C for 20 minutes, Nucleic acld was estimated with the orcinol
reagent (Schneider, 1957), purified yeast nucleic acid (Calbiochem),
being used as the standard.

C.) Protein. Protein was precipitated with ice-cold 10% TCA,
washed twice by centrifugation with cold 5% TCA, and dissolved in
1 ml 1N NaOH at 90-100 C for 10 minutes. Protein was estimated with
the Folin-Ciocalteu method of Lowry et al., (1951), using similarly
treated bovine serum albumin (Nutritional Biochem, Fraction V) as
the standard.

D.) Nitrogen. Free NH3-N was determined by direct Nesslerization
with commercial (Harleco dry pack) Folin and Wu (1919) reagent.
Total N was estimated by wet digestion with H,S0y and H,0, (Umbreit

et al., 1957) followed by Nesslerization.
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E.) Blastocladiella Polysaccharide (BP). BP was extracted
according to Cantino and Goldstein, (1961) with cold 10% TCA and the
precipitate washed twice with cold 5% TCA. It was precipitated from
the combined extracts with 95% ethanol (final concentration, 55-65%)
at -18 C overnight, generally reprecipitated once, and hydrolyzed 2
hours in a steam beath in 0.6 N HCl., After removing excess HCl, the
glucose liberated was estimated with the modified Glucostat (Worthington
Biochemicals) method of Washko and Rice, (1961).

F.) Lactic Acid. Analyses for lactic acid were made with the
microdiffusion method of Ryan, (1958).

G.) Lipid., Lipid was extracted from zoospores by the Folch
et al., (1957) procedure, including modifications (Radin, 1969).
Pellets of zoospores were sonicated on a Branson Sonicator for 30
seconds at setting 5 with the macrotip. Chloroform-methanol (1:1)
was added, the suspension sonicated again, centrifuged, washed once
(ca. 1000 x g, 5 minutes), and then brought to a chloroform-methanol
ratio of 211, One fifth volume of 0,04% CnClZ was added, the sus-
pension shaken thoroughly, centrifuged to separate phases, and the
lower phase kept as the total lipid fraction. The surface of the lower
phase was washed twice, evaporated to dryness at 60 C under Ny, the
residue dissolved in chloroform, and used as the lipid extract.

Total lipid was estimated by drying to constant weight at 80 C
in a vacuum oven, or by the dichromate method (Bragdon, 1951) for
total organic material with palmitic acid (Sigma) as a standard.
Neutral lipid and phospholipid fractions were separated by adding
eight-tenths of the extract to 1 g of silicic acid (Mallinckrodt,

suitable for chromatography) and extracting three times with chloroform
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for neutral lipids. Phospholipids were removed by washing three times
with methanol (Dittmer and Wells, 1969; see also for general reference).
Acyl ester groups in all fractions were determined by the method of
Rapport and Alonzo, (1955) using a tripalmitin (Sigma) standard. Total
phosphorus was determined after a wet digestion with H,50, and Hy0, by
the Fiske and Subbarow Method for P (Leloir and Cardini, 1957).

H.) Glutamate., Glutamate was determined with the Copper Salt
micromethod for amino acids (Spies, 1957) with glutamate (Nutritional

Biochemicals) as a standard,

V. Sources of Other Chemicals Used.

All inorganic chemicals used in this work were of reagent or
comparable grade,

Peptone, yeast extract, Cantino PYG agar, and Casamino Acids
(vitamin-free) were obtained from Difco Laboratories; Orcinol, EGTA,
ADP, NADH, and D-mannitol from Sigma Chemical Company; Sucrose and
Biebrich Scarlet from Matheson, Coleman and Bell; D-glucose from
Eastman Organic Chemicals; EDTA from Fischer Scientific Company; Tris
from General Biochemicals; o(~ketoglutarate from Nutritional Biochemicals

Corporation.






RESULTS

I. Encystment and Oxygen Uptake Studies

Because one of the objectives of this work was to study the
physiology of zoospores of Blastocladiella emersonii before and
during encystment, it was necessary to develop systems in which
populations of these cells could either be maintained in the motile
nonencysted state or be induced to encyst synchronously. Several
systems have already been described by others, (Truesdell and Cantino,
1971; Soll et al., 1969), some after this work had been started.

In much of the preliminary work reported in this section, encyst-
ment and oxygen consumption were measured on the same system simul-
taneously. Therefore, the results are presented together here to
facilitate understanding what happens to both these activities under
various conditions, and to avoid repeating data from the same exper-
iments in different sections.

The experimental procedure was similar to that developed by
Cantino et al.,(1968; 1969). A summary of the manipulations and
abbreviations is given in Table 1.

Three major S systems evolved from this work: (i) a sodium
phosphate-calcium chloride system which was the first one used;

(11) modifications of the above to give high and low encystment values;
and (1ii) a MOPS-calcium chloride system which was finally used to
maintain nonencysted populations.

A.) Sodium Phosphate-Calcium Chloride Salt Solution., In this
system, S = 0.5 mM Na phosphate, pH 7.8, + 5 mM CaCl,, W =1, and
T' = 0.5. In the following results, all of the other parameters

15



TABLE 1.

a.)

b, )

C.)

d.)

e.)

f.)

g.)

h.)

16

Sequence for Preparation of Zoospores,

OC plants ggown on Petri plates of PYG agar at a density
of 1-3 x 107 cells/plate.

A salt solution (S) used to flood plates and obtain a
suspension of zoospores after discharge of plants.

Spores suspension in S filtered through Whatman #4 or
Sargeant #500 paper.

Spores either not washed (W=0) or washed (W=1) by two
centrifugations at 1000 x g for 3 minutes. Spores
resuspended in S,

Spore suspension chilled for a time (T, in hours).

Population density (P, in spores/ml) of spore suspension
determined with the Coulter counter and adjusted with S.

Spore suspension put in appropriate vessel for incubation
at a defined temperature (C) for a time (T', in hours).

Percent nonencystment ($NE) determined after T'.
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(T, C, P, and 4NE) were variables and are given for each experiment.
1.) Effect of Variable Incubation Temperaturs (C). Using
a 0.5 hour chill period in this system, the amount of encystment
depended on population density (Figure 2). This relationship was

6 and 1.5 x 107 spores/ml and did

roughly logarithmic between 2 x 10
not seem to be dependent on incubation temperature, since the points
for 10 and 18 C fell in line with those for 22 C,

The oxygen consumption of these populations, consisting of both
encysted and nonencysted spores is gliven in Table 2 under T = 0.5.
As the #NE increased, (i.e. % encystment decreased) the Qo2 (cell)
decreased, These results, though not definitive, do indicate that
a higher QOg (cell) is assoclated with encystment., Factors which
can cause variance in this system are mentioned in Results I, B.

The rate of oxygen consumption by these types of populations
varied directly with temperature between 4 and 22 C (Figure 3) in
populations with 60-90NE. Although it was difficult to find the
point at which oxygen uptake fell to zero, there was no detectable
response at 4 C by the oxygen electrode for 30 minutes, while one
was obtained in this time at 6 C.

2.) Effect of Variable Chill Period (T). The length of
time a spore suspension is chilled before incubation affects percent
encystment (Cantino et al., 1968; Truesdell and Cantino, 1971). This
effect was also evident in Table 2, With no chill (T = 0), the
populations consistently showed little encystment (high #NE) and a
correspondingly low Q02 (cell). When T = 0.5 (Section 1, above) %NE
was logarithmically related to P and was related also to a corres-

pondingly variable (cell)., With T = 1, however, #NE was uniforml
> y
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The Effect of Chill Period and Population Density on

TABLE 2,

Oxygen Uptake and Nonencystment.
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Figure 3. The Relationship Between Temperature and Oxygen Uptake.
Points are averages of two determinations, except at 22 C, where
the average is 8.
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low, at least until P exceeded 107 spores/ml. The Qoz (cell) values
here were not as high as for corresponding values of #NE when T = 0.5.
The reason for this is not known, but low temperatures do affect
mitochondrial shape (Cantino et al., 1969), and different salt solutions
provide differing degrees of protection to the cell (Truesdell and
Cantino, 1971). Therefore a one hour chill period in this system
might be damaging to the respiratory activity of the cell,

3.) Effect of CO, on Oxygen Consumption. In order to
determine the comparative effect of CO, on oxygen uptake in manometric
and oxygen electrode runs, experiments with the Warburg were set up
so that one set of spores respired in the absence of CO, (KOH in the
center well), the other in the presence of Co, (Pardee's CO, buffer
in the center well providing a constant level of CO, between 2-4% in
the air phase, Umbreit et al., 1964). The spore suspensions, with
T =0.5and C = 22, were monitored for oxygen uptake for two hours,
and then checked for $NE. The results of four determinations with
similar P (1.2 x 107 - 1.4 x 107 spores/ml) and #NE (70-90) are given
in Table 3. Spores incubated in the presence of CO, had a slightly

lower Qoz (cell) (7.8) than those in the absence of CO, (9.2).

TABLE 3, The Effect of CO, on Oxygen Uptake,

CO, in gas phase 002 (cell) Average

present 8.0 8.3 6.7 8.4 7.8
absent 9.2 8.9 11.1 7.7 9.2
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B.) Modifications of S to Induce or Prevent Encystment. In this

section, the salt solution (S) and the length of the chill period (T)
were varied in attempts to promote a large percentage of the population
to encyst synchronously or to prevent the population from encysting.

1.) Biebrich Scarlet Induced Encystment. It had been shown
(Truesdell and Cantino, 1971) that this sulfonated agzo dye causes
synchronous encystment of a large proportion of a chilled suspension
of zoospores., A system with S = 5 mM Na phosphate, pH 6.8, W = 1, and
T = 0.5 - 1.0 was used. Ten minutes before the end of the chill period,
Biebrich Scarlet was added (final concentration, 0.1 mM). The spore
suspension was then added to an oxygen electrode chamber at 22 C and
oxygen uptake and encystment followed simultaneously. The Qo2 (cell)
rose in close correlation with the disappearance of nonencysted cells
from the medium (Figure 4). The 002 (cell) reached a maximum (21.8)
at 14-16 minutes, as the #NE approached a minirmum (2-58), then decreased
slightly. In almost all of these experiments and in experiments with
other procedures, thls slight decrease was noticed. Thié nay have
reflected a rapid depletion of some internal reserve at encystment
. (see Discussion) for respiration here was completely endogenous.,

To further document the change in rate of oxygen uptake at encyst-
ment, experiments were done in which two batches of spores from the
same population were used. One was not chilled, but was washed and
suspended in 5 mM Na phosphate, pH 6.8, (B, in Figure 5). These spores
did not encyst (4NE = 95) and showed a constant rate of oxygen consump-
tion (Qo2 (cell) = 8,0) for 30 minutes. The other batch was chilled
for 1 hour in 5 mM Na phosphate, pH 6.8, Biebrich Scarlet added (final

concentration was 0,1 mM), and incubated at 22 C (A, in Figure 5).
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Figure 4. Kinetics of Encystment and Oxygen Uptake after Biebrich
Scarlet Treatment. (#NE = 100-%E).
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The encystment kinetics of this population were similar to that of
Figure 4 with only 3-64NE after 15 minutes. In contrast to the
constant rate of oxygen uptake in Curve B, Curve A showed an increasing
slope after the first four minutes which reached its maximum at ca. 15
minutes and then decreased slightly. The maximum Qoz (cell) reached
was 19.4,

2.) Effect of Chill Period and Different Salts. The systems
used in these experiments were essentially modifications of the system
in Section I, A. The first was used to maintain a high #NE; in it,

S = 0,5 mM Na phosphate, pH 7.0, + 1 mM CaCl, + 5 mM NaCl, T =0, W =1,
and C = 22. The results obtained (Table 4) were very similar to the
results obtained with the original salt solution (Section I, A) with
no chill period (see Table 2 for comparison). Here, however, the #NE
seems to be related to P, although not enough data were collected for
the lower population densities to fully uncover this relationship.
Once again, there was an inverse relationship between 002 and NE; at

95%NE the %, (cell) was 8.2,

TABLE 4, The Effect of Chill Period, Salts, and Population

Densities on Nonencystment and Oxygen Uptake.

S T P (x 10~0) Qo, (cell) ENE

0.5 mM Na phosphate, 0 7.0 16.1 60
1.0 mM CaCl,, 8.9 12,3 70
5.0 mM NaCl, 12.8 14,6 80
pE 7.0 13.7 10.3 90
14.6 8.2 95

0.5 mM Na phosphate, 1 6.7 23.4 10
5.0 mM MgCl,, 7.9 19.7 17
1.0 mM KC1, 9.3 20.9 5
pH 7.0 10.9 18.6 5
12.4 16.5 W
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Since Mg and K help induce encystment better than Ca and Na,
(Cantino et al., 1968) the second modification made in an attempt
to induce high levels of encystment involved a system consisting of
S = 0.5 mM Na phosphate, pH 7.0, + 5 mM MgCl, + 1 mM KC1, T = 1,

W=1, and C = 22, The results of these experiments also given in
Table 4, who that there was little relationship between P and %N'E

with such a long chill period (compare with Table 2, T = 1). This
modification of S increased the percent encystment obtained with a

1 hour chill period and also gave higher QOZ values for the encysted
population (19-21 for 5%NE) than the system in Results I, A, indicating
that it perhaps provided more protection from the cold shock while
still allowing encystment,

In a representative kinetic study using the Mg-K system, (Figure 6),
the results were similar to corresponding experiments with Biebrich
Scarlet (Figure 4), i.e. maximum Qp, and approaching a minimum FNE at
ca., 15 minutes followed by a slight decrease in QOZ.

Other physiological activities also followed during the course
of the type of experiment depicted in Figure 6, were levels of lactic
acid in the medium and polysaccharide in the cell. No detectable
lactate was found in the medium for two hours after encystment began,
and the pH did not shift significantly. The internal content of a
glycogen-like polysaccharide (BP) (Cantino and Goldstein, 1961) decreased
dramatically more than 90% after 20 minutes. The kinetics of this loss
and the corresponding 4NE values are given in Figure 7. After a short
lag, the content of polysaccharide decreased sharply, closely paral-

leling the encystment curve. Experiments with spores from plates and

liquid cultures gave essentially the same results.
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C. MOPS-Calcium Chloride Salt Solutlion, Since most of the above

salt solutions had such a low concentration of phosphate buffer to pre-
vent complexing and precipitation of calcium, and calcium had been shown
to help prevent encystment, a new synthetic buffer, (see Good et al.,
1966, for general reference) morpholino propane sulfonic acid (MOPS)
was used, This buffer had the advantages of not combining with other
ions in the medium, and had a pK, of 7.2 (Good, personal communication)
which is close to the pH values at which these studlies were done.

1,) Effect of MOPS and Chill Period. To test the effect of
this buffer on zoospores of B. emersonii, studies of encystment were
done with S = 5 mM MOPS, T = 0.5, W=1, C = 22, and T' = 0.5. Three
pH values were used: 6,7, 7.2, and 7.8, The results (Figure 8) show
that at all three pH values, ¥NE was a logarithmic function of P, in
the same manner as in Figure 2, The intercept increased slightly with
pH, but the slope remained constant.

2,) Effect of Calcium and Chill Period. With the addition
of 1 mM or 10 mM CaCl, to the MOPS system, the relationship between
P and NE was markedly altered (Figure 9) with the 0.5 hour chill peried,
¢NE is high (80-100) and constant at population densities up to ca.

61:106

spore/ml. Above this, however, more cells encyst with increasing
P, Just as the reverse of the effect obtained in this system without
CaCly, and in the sodium phosphate-calcium chloride system of Results I, A.
Perhaps this indicates calclum-phosphate complexes were being formed in
the first system,

3.) Effect of Growth Temperature of OC Plants on Encystment.
Three growth temperature ranges were used: 18, 23-24, and 27-29 C.

With S = 5 mM MOPS, pH 6.8, + 10 mM CaCl,, W=1, T = 0,5, C = 22, and



P (x|0°®)

0 | 100
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Figure 8, The Relationship Between Encystment and Population Density
in the MOPS System. pH symbols: 6.8, @ 3 7.2, 0 ; 7.8, V¥
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T' = 0.5, the lower the temperature the more cells remained nonencysted

(Figure 10). The chill period was important (see Discussion) since
without it zoospores did not encyst (see following section).

4,) Effect of No Chill Period., With T = 0, and S = 5 mM MOPS,
5 mM MOPS + 1 mM CaCl,, or 5 mM MOPS + 10 mM CaCl,, ¢NE is consistantly
high (90-100) at all population densities (Table 5). Because of the
lack of encystment in these systems, this type of system was used for
all further physiological experiments on zoospores. Data for oxygen

consumption and other physiological changes are presented in Results III.

TABLE 5, The Effect of the Absence of a Chill Period on

Nonencystment in MOPS and MOPS-calcium Systems.

5 mM MOPS,  pH 6.8 5uM MOPS, pH 6.8 5 mM MOPS, pH 6.8
1 mM CaCl, 10 mM CaCl,

P(x 107°) £NE P( x 1076)  4NE P(x 10-6)  4NE
14,3 96 15.0 98 12,2 98
11.8 98 14,9 ol 7.6 100

9.6 98 10.6 ol Yok 98
7.9 93 9.3 98 1.6 98
6.8 9% 7.4 88
L,7 93 5.0 91
2.0 92 2.3 ol
1.6 ol 1.3 96

5.) Effect of Deflagellation on Oxygen Consumption. The
oxygen consumption of zoospores incubated in MOPS-calcium solutions
with T = 0 were either used directly without treatment or deflagellated
by either of two methods: (1) spun on a vortex mixer for 20 seconds
(Soll1 and Sonneborn, 1969), or (4ii) aerated vigorously for three
minutes (Cantino et al., 1968). The degree of deflagellation and #NE

was later determined on fixed samples of the respective spore suspensions






33

20
@
N
o - \A
10- . <
_ \\
- \.
~ ’ ® ]
o B
o . C O\, |
>
®
4 P l
|
I o
| |
O 100
% NE

Figure 10, Effect of Growth Temperature of Parent OC Plants on
Encystment, Curve A: 18 C, Curve B: 23-24 C, Curve C: 27-29 C.
The dashed curve is for 22 C and is from Figure 9.
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and the results are given in Table 6 along with the results for oxygen
consumption. Although the difference between the flagellated and
deflagellated with vortex mixer should be considered a minimum value
since only the outer portion of the flagellum was removed and the
values for flagellation were not 100% and 0%, there was a drop of

15$'in‘the Qoz of the spores without flagella (see Discussion).

TABLE 6. The Effect of Deflagellation on Oxygen Uptake.*

Condition of Spores 0, (cell) % flagellated $NE
flagellated 9.0 90 93
deflagellated 8
with aeration 3 18 82
deflagellated
with vortex mixer 7.7 7 96

* Each value 1s the average of three determinations.
S = 1 mM MOPS, pH 6.8, +1 mM CaCl,, T=0, W=1, and C = 22,

II. Liquid Cultures.

To obtain enough zoospores for physiological studles, various
modifications of liquid culture methods were examined to determine
which ones gave maximum ylelds of zoospores with a high degree of
synchrony. Liquid cultures were preferred over plate cultures because:
(1) they provided a homogenous environment for growth; (ii) they were
easier to monitor for the stages of development of the population; and
(111) they required fewer manipulations in inoculation and harvesting
for the ylelds obtained.

Several modifications of the basal PYG liquid medium have been

described (See Lovett, 1967, for review). In this work, PYG-P and






35

PYG-PC were used (see Materials and Methods). Other variables tested
were either no induction or induction with one of three solutions (see
Materials and Methods), and the effect of light. Because B. emersonii
grows more rapidly in the light (Cantino, 1965), and because light plays
a role in nuclear divisions, different light regimes were used in an
attempt to improve synchrony and yield,

A.) Noninduced Cultures. Good growth of the plants was observed

in cultures allowed to grow and develop without induction, whether in
PYG-P, PYG-PC, or modifications of these (Table 7), but there was very
little spontaneous differentiation into zoosporangia as occurs in
Blastocladiella grown on plates of the same media, It mattered very
little whether these cultures were grown in total darkness or in
continuous light. Many of the plants were allowed to grow for up to
42 hours and upon examination gave the impression of developing along
the RS pathway. The plants had continued to grow, formed a septum,
and superficially looked like the 30-36 hour RS plants of Lovett and
Cantino (1960). These plants were not allowed to mature, hence it was
not established whether or not they were true resistant sporangial
plants; they may have been the “pseudo RS™ types described by Domnas
(1968).

B.) Induced Cultures. Using the induction procedure described in

Materials and Methods, plants grown in both media were made to differ-
entiate and discharge. Table 8 shows results with cultures induced
after 17-18 hours of growth with each of the three induction solutions.
The results are tabulated in terms of yield, i.e. total zoospores
recovered from 1,2 liters of culture media, fold increase, i.e. number

of zoospores produced divided by the number in the inoculum, and per cent
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discharge/hour, i.e. average rate of discharge from that portion of
the curve where the rate was fairly constant (see Figures 11-14). The
light regime for cultures 1-4 was, successively, 6 hours light, 9 hours
dark, and 9 hours light; for cultures 5-6, it was 11 hours light, 43
hours dark, and 8% hours light. The kinetics of papilla formation and
discharge (the two morphological markers followed) are plotted in
Figures 11-14,

Plants grown in PYG-PC developed fairly synchronously through
papilla formation, but the discharge rate was low indicating that the
culture had become less synchronous after papilla formation (Cultures 1-2,
Table 8 and Figures 11-12), Culture 1 induced with calcium-citrate, had
a lower discharge rate than culture 2 which was induced with modified
4 DS (compare Figure 11 and 12).

Plants grown in PYG-P (cultures 3-6 and Figure 13-14) and induced
with modified 3 DS and MOPS-calcium were more synchronous in both
papilla formation and discharge than those grown in PYG-PC. The MOPS-
calcium solution gave the higher rate of discharge and hence better
synchrony (compare Figure 13 and 14)., However, a tenfold increase in
MOPS-calcium (culture 4, Table 8) gave only about 50% papilla formation
and very few discharging plants, Those papillae which did form were
long and misshapen and looked abnormal. Since the standard MOPS-calcium
system gave slightly better synchrony and maximum ylelds and since it
had already been selected as the incubation medium for physiological
studies of nonencysted spores, it was used in subsequent work., The
resulte; plotted in Figure 14 (culture 6, Table 8) are therefore repre-
sentative of many cultures from which the spores were used in later

experiments, The system finally perfected produced ca. 100% discharge
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Figure 11. Synchrony in PYG-PC with Calcium-Citrate Induction.
Curve At % papilla formation. Curve Bs % discharge. See
Table 8, Number 1, for further details.
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Figure 12, Synchrony in PYG-PC with 3 DS Induction. Curve At % papilla
formation, Curve Bi % discharge. See Table 8, Number 2, for further
details,
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Figure 13, Synchrony in PYG-P with 3 DS Induction. Curve A: # papilla

formation., Curve B: % discharge. See Table 8, Number 3, for further

details.
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Figure 14, Synchrony in PYG-P with MOPS-Calcium Induction.
Curve At #% papilla formation. Curve Bi % discharge. See
Table 8, Number 6, for further details.
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in the final 1.5 hours of a 24 hour generation time. Typical stages

of development of the plants after the cultures had been induced are
shown in Figure 15. The plants were rather uniform in size, had gen-
erally one papilla and usually produced ca. 250 spores/plant.

Since all previously induced cultures had been exposed to light-
dark-light regimes of about the same proportions, the effect of con-
tinuous light and continuous darkness was determined with cultures
induced with the MOPS-calcium solution. There was essentially no
difference in synchrony between the two (Figure 16) and the synchrony
was approximately the same as for a light-dark-light regime with the

same inducing solution (Figure 14).

III. Endogenous Physiology.

Using the liquid culture system finally developed in the preceding
section to produce large numbers of zoospores synchronously, and the
MOPS-calcium incubation system to keep them from encysting, endogenous
physiological and biochemical activities were followed in zoospores.
Table 9 provides zero time reference values, both in absolute terms
and as percentages of dry weight, for the major chemical constituents
of the cell. Protein made up the largest component of the cell,
followed by nucleic acid, lipid and glycogen-like polysaccharide. These
constituents accounted for over 75% of the dry weight, and all were
followed during incubations of swimming zoospores to determine which
were utilized during endogenous metabolism to provide the energy require-
ments for these cells.

A.) Per cent Nonencystment. In all experiments, samples were

removed at intervals, fixed with glutaraldehyde and later counted in a
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Figure 15. Papilla Formation and Discharge of OC Plants in Liquid
Cultures. A. Early papilla formation. B. Late papilla formation
(spores being cleaved). C. Beginning of discharge. D. Late dis-
charge (sporangia almost empty). Plants are ca. 60 x 80 P
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Figure 16, Effect of Light and Darkness on Synchrony in PYG-P.
Cultures were 1.2 liters and induced at 18 hours with MOPS-Calcium,

Curve A1 % papilla formation.

Curve B: % discharge. Open points

represent cultures in continuous light; solid points, continuous

darkness.
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TABLE 9. Composition of the Zoospore of B. emersonii.

Component pg/spore € of Dry Weight
Dry weight 47,0 100
Nucleic acid 7.6-10.8 16-23
Protein 25,2-26.8 S4-57
Total N 542=5.5 11-12
Total lipid 3.5-4.1 7-9
Phospholipid 3.2 7
Polysaccharide 1.4-2,3 3-5

TABLE 10, Encystment and Nonencystment in Endogenous

Physiology Experiments.*

Time (hrs.) $NE $E
0 100 1.4
1 98 2.0
2 100 2.4
3 101 1.8
4 98 2.5
5 100 2,2

* §NE values are averages of 4 determinations; %E of 3,

haemocytometer to monitor the population for nonencysted spores and, in

some cases, encysted spores,

period. The #NE remained close to 100% throughout,

Table 10 shows the averages for the 5 hour

The data for encysted

cells ($E) also support this, these values increased less than one per-

centage unit during this time,

It is thought that the 1.4% encysted
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cells at zero time represented the few cells which were disturbed
enough during centrifugation to cause encystment., It should be noted
that with the conditions of endogenous metabolism used, these cells
were not viable, i.e., became dark under phase contrast after 1-2 hours
and, therefore, probably contributed little to the changes observed
for the total population.

B.) Oxygen Consumption. For studies using the oxygen electrode

samples were removed at 0, 2 and 4 hours, put in the electrode chamber,
and the constant rate of uptake over a 30 minute period determined.
For measurements with the respirometer, samples were taken at zero time
and 0, consumption followed at 20 minute intervals for 5 hours., Uptake
was linear over the entire 5 hour period. The uptake data are presented
in Table 11. The average Qoz of zoospores, as measured with the oxygen
electrode, decreased slightly during the 4.5 hour incubation from 9.4
to 7.8. This initial value is in good agreement with that in other
systems (see Results, I, B), and also corresponds closely with the
average Q02 of 9.8 determined manometrically for spores from the same
culture. The slight difference (9.4 versus 9.8) could be related to
the CO, levels (see Results I, A and Discussion), since Warburg vessels
had KOH in the center wells and, therefore, contained very little CO,.,
The Respiratory Quotient (R.Q.) was also determined in the course
of the Warburg incubations. Duplicate flasks with and without KOH in
the center wells were used, HCl was tipped into the spore suspension
incubated without KOH at the end of the run (Umbreit et al., 1964), and
the production of CO, over the 5 hour period was determined. The average

R.Q. was calculated to be 0,92,
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TABLE 11. Oxygen Uptake in Endogenous Physiology Experiments,*

Method of determination Time (hrs.) 0027(c011)
Oxygen electrode 0 9.4
2 8.1
4 7.8
Manometric 0-2 9.8
2-4 9.9

* Oxygen electrode values are averages of 4 determinations each;
manometric of 8,

C.) Dry Weight. The dry weight of zoospores at O and 5 hours
was determined. The average of three determinations with two replicas
each, was 47.0 pg/spore for zero, and 45.5 pg/spore for 5 hours, and
the average loss was 1.5 pg/spore. Since the zoospores are so fragile
and could not be collected and washed by filtration, the medium was
also dried to constant weight and the values corrected for the MOPS-
calcium solution (see Material and Methods IV, A), Therefore, this
loss in dry weight should be considered a minimum value, because any
nonvolatile metabolite released into the medium would still be con-
sidered part of the cell with this procedure.

D.) DNucleic Acid, The nucleic acid content of the zoospores
remained constant over the incubation period (Figure 17). It has
been impossible to demonstrate synthesis of RNA by zoospores before
or even up to 30-40 minutes after encystment (Lovett, 1968). This
fraction remained constant indicating that it was not broken down
and utilized during endogenous metabolism, These data, along with

the cell counts, also served to verify the maintenance of a constant
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Figure 17. Level of Nucleic Acid During Endogenous Metabolism.
Points are averages of 5 experiments.
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cell number in the population. If there were cell breakage, this
component would also have decreased.

E.) Protein., TCA precipitable protein decreased with time
(Figure 18), It appears that protein did not disappear at a constant
rate, but almost leveled off between 2 and 3 hours and then decreased
at a lower rate, The hourly loss for the first two hours was 0.9
pg/spore, that for the last two was 0.5 pg/spore. The overall loss
of protein in 5 hours was ca. 3.0 pg/spore or 11.5% of the protein.

The initial zero hour protein content did not vary much from
experiment to experiment, i.e. from 25,2 to 26.8 pg/spore with an
average value of 25.9 pg/spore. In all experiments, the average
hourly losses were similar (0.6 pg/spore), no matter what the initial
value was, This contrasts sharply with the data for polysaccharide
and uptake of exogenous substrates (see Results III, G and IV),

Other indications that protein was being broken down by the cell
come from data on total cell N and the accumulation of ammonium ions
in the medium, Total N at O and 5 hours was measured in two experi-
ments; it decreased from 5.4 to 5.0 pg/spore, i.e. with a loss of
0.4 pg N/spore in 5 hours. Correspondingly (Figure 19), NH4-N accu-
mulated in the medium with increasing rate. The last measurement made
yielded a value of 0.38 pg NH3-N/spore, almost identical to the amount
of N lost. Along with this, a rise in pH of the medium was also
observed (Figure 19). Assuming 16% N in protein, the loss of 0.4
pg N/spore and the corresponding gain of NHB-N in the medium is equiv-
alent to a calculated loss of 2.4 pg protein/spore, which is very close

to the Lowry value of 3.0 pg protein/spore determined experimentally.
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Figure 18, Protein Content During Endogenous Metabolism., Points are
averages of 5 experiments.






50

] o
X 70: ././
—
a —‘/. B
6-5— ] ] ] | |
~ _
L 0.5
a
(2 N o
S -
z - o
)P ./
% ] /./ A
O—F | | | | |
O TIME (HRS) S

Figure 19, Chamges in pH and NHB-N in the Medium During Endogenous
Metabolism., Points are averages”of 2 experiments,
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F.) Lipld. Lipid also decreased during endogenous metabolism
(Figure 20), Using the dichromate method, the total loss was 0.95
pg/spore in 5 hours, approximately twice as much being lost in the
first period as in the last. Using dry weight determinations, the
total loss was 0,94 pg/spore, although the absolute values were higher
(4.86 pg/spore for initial dry weight value vs. 3.87 pg/spore for
initial dichromate value),

The total lipid was also separated into neutral lipid and phospho-
1lipid fractions with silicic acid (see Materials and Methods IV, G)
and all three analysed for fatty acyl esters and phosphorus (Table 12),
The silicic acid separation was very good for phospholipid, as deter-
mined from the data for P contents of the total extract and phospholipid
fraction which were almost identical. The quantity of fatty acyl ester
groups in the phospholipid fractlion decreased proportionately with
phosphorus content, as seen in the relative constancy of the ratio
neq acyl ester/umoles P (1.6 out of a theoretical maximum of 2, Table
12). Also given in Table 12 are meq acyl ester of the neutral fraction
of the extract, calculated by taking the difference between peq of acyl
ester of the total extract and phospholipid fractions.

Absolute quantities of both phospholipid and triglyceride were
approximated using conversion factors. To obtain ug phospholipid, the
value for ng P was multiplied by 25 (see Lees, 1957). To obtain ng
triglyceride, the value for neq was multiplied by 288 (one third the
average molecular weight, 863, of a triglyceride composed of three
of the most common fatty acids, palmitic, stearic and oleic). Although
these approximations are subject to some error, they should be repre-

sentative enough for considerations here; they are plotted in Figure 21,
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Figure 20, Total Lipid Content During Endogenous Metabolism. Points
are averages of 3 experiments,
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Figure 20, Total Lipid Content During Endogenous Metabolism, Points
are averages of 3 experiments,






53

8 —

c 27 o A

N i \

(L) o

) S§

a -~

= - e B

._.| n \
_ [

O| [ | T I !

O 5

TIME (HRS)

Figure 21, Neutral- and Phospho- Lipid Content During Endogenous
Metabolism, Curve A: loss of phospholipid, estimated from phosphorus
content, Curve B: 1loss of neutral 1lipid, estimated from acyl ester
content of total- minus phospho- lipid fractions. Points are averages
of 3 experiments,
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The loss in phospholipid paralleled the total lipid loss in its greater
initial decrease and subsequent leveling off, while the triglyceride
fraction showed a more linear but smaller loss during the entire
incubation. While the phospholipid was more than 6 times the tri-
glycerides, its loss was only a little more than twice as much in the
5 hour incubation.

Although other lipid components were not measured, the possibility
that they would significantly change the conclusions is not very likely.
The difference between the total 1ipid and the sum of the phospholipid
and triglyceride fractions remained fairly constant at 0.15 pg/spore
and, therefore, these components could only account for ca. 4% of the

total 1lipid.

TABLE 12. Quantities of Phosphorus and Acyl Ester in Lipid.*

Time (hrs.) 0 2% 5
pam P/spore (x 109) 4,2 3.6 3.3
in total extract
m P/spore (x 109) 4,2 3.4 3.3
in p-lipid fraction
neq acyl ester/spore (x 109) 6.6 5.8 5.2
in p-lipid fraction
neq acyl ester/um P ratio 1.58 1.65 1.57
peq acyl ester/spore (x 109) 1.8 1.4 0.8

in neutral fraction

* Values are averages of 3 experiments.

G.) Polysaccharide. Another endogenous reserve followed in these

incubations was the glycogen-like polysaccharide (BP) first isolated

from plants of B, emersonil and characterized by Cantino and Goldstein
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(1961). This constituent also decreased with time (Figure 22). The
averages for this particular component are somewhat misleading. The
initial polysaccharide content varied considerably, depending on con-
ditions under which plants were grown and 'slight variations in the
amount of time from harvest to incubation. For spores grown in liquid
cultures, initial values varied from 1.4 to 2.3 pg/spore; for spores
from PYG plates, they were almost four times higher, 5.1 pg/spore
(see next section). By plotting the data as the averages of cumulative
losses from experiments which had similar starting values, the results
appear as in Figure 23, The three curves here represent experiments
with: (i) starting values of 1.5 pg/spore, the hourly rate of disap-
pearance remaining constant at 0,10 pg/spore, (ii) starting values
greater than 2,0 pg/spore, the hourly rate of disappearance being more
than twice as much at 0,21 pg/spore, and (1iii) starting value of
1.9 pg/spore, the initial hourly rate being 0.20 pg/spore, but the
level of BP reaching 1.5 pg/spore at two hours and the hourly rate of
disappearance changing sharply to 0.10 pg/spore. This decreased rate
of disappearance when a certain threshold is reached has been repeatedly
observed (see Results IV and Discussion).

H.) Physiology of Plate Produced Spores. Populations of zoospores,

produced from OC plants grown on PYG agar and allowed to discharge spon-
taneously, i.e. without induction, were used to follow some of the
endogenous physiological changes which had been monitored in zoospores
from liquid cultures to determine if there were any differences in
activities. The higher polysaccharide content (preceding section) was
the only significant difference, and even with this high initial value

its rate of disappearance was close to that in spores from liquid
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Figure 22, Polysaccharide Content During Endogenous Metabolism., Points
are averages of 4 experiments,
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Figure 23, Effect of the Initial Amount of Polysaccharide on its Rate
of Loss During Endogenous Metabolism, Curve A: 1initial value 1.5
pg/spore; 2 experiments., Curve Bi initial value 2.0 pg/spore; 3
experiments, Curve C: initial value = 1.9 pg/spore; at 2 hours it
dropped to 1.5 pg/spore; 1 experiment.
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cultures which had an initial value greater than 1.5 pg/spore. The

other constituents measured, protein, total N, dry weight and oxygen
uptake, were not significantly different in starting values or rate
of utilization from those of spores produced in liquid cultures

(see Table 13),

TABLE 13. Physiological Measurements on Plate Grown Spores.

Substance measured Initial value Hourly rate
(pg/spore) (pg/spore or Qo)

Dry weight b5.5
Protein 24,3 0.5
Total N 4,6 0.2
Polysaccharide 5.1 0.2
Oxygen 9.4 at 0 hrs,

8-9 at 2% hrs,

I.) Electron Microscopy. At 0, 5 and 10 hours, spores produced

from liquid cultures and incubated in the MOPS~calcium solution were
sampled and examined by electron microscopy. Representative longi-
tudinal median sections are shown in Figures 24, 25 and 26 for the

three time periods, The only distinctive structural change seen as

the time of incubation increased was the decrease in size and number

of the lipid granules in the side body. This was strengthened by the
fact that it became increasingly difficult to find 1ipid particles in
median sections with increasing incubation time., A less definitive
change was in the sb matrix, which seemed to get thinner with time.

Since it is not known of what type of material the sb matrix is composed,

this structural change cannot be positively correlated with any of the
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Figure 24, Sections through Zero Time Zoospores.

In this and the
next two figures, note especially the lipid particles (L) and the

sb matrix (SB) and the changes in them, Magnification of 16, 150 x
in both sections.
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Figure 25. Sections through Zoospores After Five Hours of Endogenous
Respiration, Magnification of 16, 150 x in upper; 27,500 x in lower.
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Figure 26, Sections through Zoospores after Ten Hours of Endogenous
Respiration, Magnification of 16,150 x in upper; 27,500 x in lower.
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chemical determinations, but it could indicate that the sb matrix

is the site of the protein reserve (see Discussion).

IV. Exogenous Physlology

All previous work described in this thesis has been concerned
with physiological changes in zoospores of B. emersonii which were
metabolizing endogenously, i.e. no utilizable substrates were added
to the media. The results of experiments in which nutrients were
added will be reported here. These types of experiments are some-
what difficult to interpret for zoospores, because the addition of
various chemicals can cause a proportion of the population to encyst
and thus change the composition of the system. It is, therefore,
difficult to determine if the effect of the added substance is on
the activity measured in the nonencysted zoospore or if the substance
causes the zoospore to encyst and thus change the activity measured.
In most of the following experiments the #NE was 90-100, but in some
cases it fell lower, especially when peptone or yeast extract was
added., Nonetheless, even with these reservations in mind, the results
are considered interesting and are presented here.

A.) Effect of Exogenous Substrates on QOZ' To test the effect

of added nutrients on oxygen consumption, spores were produced from
OC plants on PYG plates with S =1 mM MOPS + 1 mM CaClz, pH 6.8, T = 0,
and W = 1, The washed spore suspensions were placed in an oxygen elec-
trode chamber and equilibrated until a constant rate of oxygen consump-
tion was established. An appropriate amount of nutrient solution (gen-
erally 1% of the volume of the suspension) was added to the solution

ard, after the new rate of oxygen consumption was established, samples
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for determination of #NE were taken, Peptone and yeast extract gave
the largest increases in Qoz (cell), Casamino Acids (vitamin free) a
smaller increase (Table 14)., Glucose and glutamate did not increase
it; in fact, glutamate inhibited it somewhat. For peptone and yeast
extract, the #NE dropped to about 70, while for glucose and glutamate
it remained close to 100, As mentioned previously, this drop in #NE
could be the reason for the increased 002 with the addition of these
substances. Furthermore, these experiments were of very short duration
(cas 30 minutes) so that a long lag or change in metabolism might not
be detected.

TABLE 14, The Effect of Added Nutrients on Oxygen Uptake.

Addition Qo, before add. Qo, after add. %NE
0.1% peptone +
0.1% yeast ext. 8.3 12,6 65
0.1% peptone 8.5 9.8 72
0.01% yeast ext. 8.9 9.8 78
0.1% casamino acids 8.3 9.0
1 mM glutamate 8.8 8.4 97
10 mM glutamate 9.5 9.1 86
1 mM glucose 8.0 8.0 95

B.) Uptake of Glucose. Spores were harvested from liquid cultures

and an incubation system where S was 1 mM MOPS + 1 mM CaCl,, pH 6.8, with
W=1, T = 0. Different concentrations of glucose (0.23 mM to 4 mM) were
added to the spore suspensions. At time intervals, samples were removed,

the spores centrifuged out of the medium, and the residual glucose
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determined (Figure 27). The loss of glucose and glutamate from the
nmedium is called uptake in this thesis, although it was not shown
that these substances actually entered the cell. At concentrations
above 1 mM glucose, the uptake per cell is almost three times higher
(see Table 15) than at lower concentrations. The Table shows the #NE
for each concentration used along with an average slope for each
experiment,

In all experiments except No. 5, the #NE was close to 90. The
spores in experiment 5 were given a one hour chill period to induce
more encystment and thereby determine the effect of encysted spores
on the uptake glucose, Since the average rate of uptake was actually
lower with ca. 50% encystment, it was thought that the effect of the
104 encystment in the other experiments was insignificant and that this
uptake was indeed that of the nonencysted members of the population.
There always remains the possibility, however, that cold induced
encysted cells behaved differently in this respect than a normal, non

chill-induced population.

TABLE 15. Glucose removed from the Medium,

Experiment Initial Ave. hourly ENE
number conc., (mM) rate (pg/spore)

1 0.23 0.22 90
2 0.45 0.22 87
3 0.79 0.18 90
L 0.86 0.14 98
5 0.84 0.0 54
6 1.84 0.58 90
7 4,05 0.61 8l
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Figure 27, Effect of Glucose Concentration in the Medium on Uptake.
Curve A1 0,2-0.8 mM glucose; points are averages of 4 experiments,
Curve Bt 1,4-4.,1 mM glucose; points are averages of 2 experiments,
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C.) Uptake of Glutamate. The disappearance of added glutamate

in the incubation medium followed a pattern similar to that obtained
for glucose (Figure 28), At concentrations of ca. 1 mM, glutamate
disappeared 5 - 10 times faster than at concentrations below 1 mM,

In fact a sharp change in uptake rate occurred between 1,0 mM and

1.1 mM glutamate. The curve for 1,21 mM in Figure 28 (Experiment 5

in Table 16) shows this quite well, It decreased at<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>