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STELLINGEN

I

Hoewel calcium dipicrylamine ook het maximale lichtrendement van de
photosynthese verlaagt, is aan te nemen dat deze remstof geen narcoticum
maar een specifiek enzym vergif is.

Dit proefschrift.

II

Ofschoon calcium dipicrylamine in zeer lage concentraties remmend werkt op
de plantengroei, is een opbrengstverlaging in het veld niet te verwachten bij
gebruik van kalt meststoffen, waarin deze stof als verontreiniging aanwezig is.

11

De conclusie van VEIHMEYER en HENDRICKSON uit verdampingsproeven met
bonen, dat de verdamping bij een stijging van de vochtspanning in de grond
niet vermindert, is niet van toepassing onder normale cultuuromstandigheden.

VEIHMEYER, F. J., A. H. HENDRICKSON, Trans. Am. Geoph.
Union 36, p. 425-449 (1955).

IV

Een afdoend bewijs voor het optreden van ,,kritische perioden’ ten aanzien
van de waterbehoefte bij cultuurgewassen is uit veldberegeningsproeven zonder
meer niet af te leiden.

Vv

Het verdient aanbeveling de toepasbaarheid van de ,,Anwelkmethode™ als
methodiek van onderzoek ook in Nederland voor de landbouw nader te be-

studeren.

ARLAND, A., Sitzungsber. Deutsch. Akad. Landwirtsch.
Berl. 5 (6), p. 1-56 (1956).

VI

De huidige wijze van aardappelverkoop biedt de huisvrouw weinig waarborg
voor de kwaliteit. Het verdient aanbeveling in de aardappelhandel over te gaan
tot klein-verpakking en classificatie van de waar naar gebruiksdoel en kwaliteit.

VII

Gezien ons klimaat en de gebrekkige kennis omtrent de aard van de droogte-
resistentie, zullen de nederlandse kweekbedrijven de veredeling op droogte-
resistentie van gewassen, waarvan zaaizaad of pootgoed wordt geéxporteerd,
voorshands nog in aride gebieden moeten uitvoeren.

VIII

Bij de bepaling van de dagelijkse waterbehoefte van landbouwgewassen voor
irrigatiedoeleinden moet uit praktisch oogpunt geen onderscheid gemaakt wor-
den tussen transpiratie en evaporatie.

ACHTNICH, W,, Wass. u. Bod. 8, p. 398401 (1956).

Proefschrift J. F. Bierhuizen
Wageningen 1957
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CHAPTER 1
INTRODUCTION

§ 1. SCOPE OF THE PRESENT INVESTIGATION

Hexanitrodiphenylamine or dipicrylamine (abbreviated as D) is a weak acid,
which has a low solubility in water (0.1 mg/l.). Salts of dipicrylamine are easily
soluble in water with the exception of the potassium salt. The solutions have an
intensely red colour, while sodium and ammonium salts have been widely used
as dyes for leather and silk and for light filters for photographic purposes under
the name ,,Aurantia’’. On account of the selective insolubility of the potassium
salt, dipicrylamine can be used as a reagent for potassium in spot tests (FEIGL
[15]). Industrial application of D has started with the separation of potassium
out of secawater (Kielland, Norwegian patents). In connection with research by
the N.V. Mekog, the author has made experiments on the influence of D on
some physiological processes, especially photosynthesis, in relation to possible
consequences of pollution of potassium fertilizers by D

Only few indications of toxic action of D were available from literature. It
has been shown that D in waste waters is toxic for fishes already at extremely
low concentrations (59). GAVAUDAN et al. (24) reported a strong distortion of
cell division by D, even at lower concentrations than is found for colchicine.

The work reported here considers especially the effects of D on photosynthe-
sis, respiration and growth in Chlorella, which was used as a simple test plant.
Our experiments were performed with the calcium salt of dipicrylamine, CaDsy,

since this salt is readily soluble and

NO, could be maintained in solutions even
xO. <—> N <—> NO for along time without an a.pprecia-
: ble decrease in concentration. The
NO, experiments are mainly concerned
NO, NO, with inhibition of various metabolic
T T processes by D under different con-

— N — NO, s : 3
<___> i > ditions of temperature, light inten-
NO; sity, pH, etc. Moreover, experiments

were made in which the effects of
CaD; were-compared with those of other, well-known inhibitors (Chapters I1I
and IV).
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Other plant species have also been tested as to their reactions upon D in
order to find out if their responses are similar (Chapter V).

Since D will always be applied together with potassium, the potassium
metabolism of the plant may be important in this respect. However, the low
concentration of D at which inhibition of growth and photosynthesis already
was observed, and the different effects of potassium starvation and D inhibition
observed in Lemna (Chapter V, see also [5]) decrease the possibility of a direct
connection between D-effects and potassium metabolism. The latter, therefore,
has not been studied in greater detail.

A brief review of some literature on inhibition of metabolism in plants will
be given in section 2 of this chapter.

§ 2. SOME REMARKS ON LITERATURE ON INHIBITION, WITH SPECIAL REFERENCE TO
PHOTOSYNTHESIS

Inhibitors affect many processes in plants; the nature of the response does
not only depend on the concentration applied, but also on the different sensi-
tivity of various parts of the plants. It must be born in mind that on application
of a poison to intact plants or isolated tissues, an overall effect is measured
involving the movement and partition of the substance between the point of
application and various sites of toxic action. The response to 2,4-dinitrophen-
oxyacetic acid, for instance, has been shown on photosynthesis (FREELAND [19]),
water relations (BROWN [11]), stomatal behaviour (BRADBURRY and ENNIS [8])
and ion absorption and accumulation (NANCE [40]), SMITH et cl. [63]). It was,
therefore, felt as important to use a simple test plant like Chlorella which is
easier for inhibition treatments because of little differentiation, while mass
cultures are easily obtained in simple nutrient solutions.

In representing the percentage inhibition against the logarithm of the dosis,
an approximately linear relationship 1s obtained in several cases (AubDus [3],
BrowN and WEINTRAUB [12], WARBURG [71]) which is in accordance with the
adsorption theory of FREUNDLICH (20). In many cases deviations from this
relationship occur at threshold and near complete inhibition so that a more or
less sigmoid curve results. TAMIYA (68), studying inhibition phenomena in
photosynthesis under different conditions, derived a functional relationship
between the degree of inhibition (H) and the concentration of the inhibitor
(G), according to the formula: |

Gn
On 4 Gn
reagtiqn and the concentration causing 50 %, inhibition respectively). However,
deviations from this formula still occur, which may be ascribed to differences
in behav.lour of the individual cells, or may depend on the nature of the inhibitor.
Comparisons between compounds only based on a single dose check may give
misleading results, since, as stated above, for a large number of biological effects
the relationship between the effect and the dose is represented by a sigmoid’
curve. The concentration giving 50 9, inhibition or mortality established by
applying a range of concentrations, therefore, gives the most reliable informa-
tion in spite of the fact that threshold and comgplete inhibition are sometimes

more important data for practical purposes. BLACKMAN (7), TamiyA (68) and
many others, express the relation in terms of equieffective doses. |

H =

(n and O are constants representing the order of inhibitory
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Photosynthesis 1s generally more affected by inhibitors than respiration, the
latter usually being reduced only at higher concentrations. GAFFRON (21),
however, reported the reverse in Scenedesmus strain D, which probably is the
only case hitherto known. The same author (23) compared the inhibition of
photosynthesis with that of photoreduction in order to find out whether an
inhibitor of photosynthesis affects the oxygen liberating system only.

WARBURG (71) already distinguished two types of inhibitors, viz., specific
enzyme poisons and narcotics. Enzyme poisons act only on certain specific
enzyme surfaces, while narcotics indiscriminately block all enzyme surfaces.
Several specific poisons have been found which only affect the light saturation
level of photosynthesis while narcotics decrease both this level and the initial
slope of the photosynthesis versus light intensity curve. However, the distinction
between these two types is not always clear. WELLER and FRANCK (80), e.g.,
observed a decrease with hydroxyl amine under light limitation, while GAFFRON
(23) clearly showed a specific enzyme inhibition with this poison in experiments
on photoreduction in Scenedesmus.

If the initial slope in a light intensity versus photosynthesis curve 1s changed
upon addition of an inhibitor, a change in the initial slope of fluorescence,
either increasing or decreasing, may be expected since interference with energy
transfer may then be assumed to occur. A decrease in fluorescence yield will
be observed when the inhibitor itself has a high degree of energy acceptance.
Considerations along these lines have been brought about in extensive studies
with Chlorella by FRANCK et al. (16,17, 18) and with Chlorella, Chromatium and
diatoms by WASSINK et al. (75, 76, 77).

‘The effect of D on fluorescence, therefore, has been studied at different light
intensities in order to find out whether the inhibition with D observed at light
limitation, also changes the initial slope of the fluorescence versus light intensi-
ty curve. In addition to this some ﬂashing light experiments were made, in order
to sustain the information obtained in continuous light.

TAmiYA (68), using various inhibitors, has observed an increase as well as a
decrease in inhibition of photosynthesis with a decrease in temperature. Com-
paring the results of cyanide inhibition on photosynthesis and catalase activity,
he noticed, however, that the temperature effect observed in the last mentioned
inhibition does not always appear in photosynthesis. He explained this by
assuming that the reaction step which is suppressed by cyanide, becomes less
rate determining for the overall photosynthetic process at lower temparatures.

A temperature effect on applying sprays to insects has been reviewed by
BROWN (9), who ascribed this phenomenon to:

1. the rate at which, and the extent to which the poison is absorbed by an
organism and reacts on its cells and tissues.

2. the rate at which, and the extent to which the poison is eliminated by
decomposition or detoxication, excretion or washing out.

With rapidly acting poisons killing may be faster at higher temperatures, with

less rapidly acting poisons the reverse may occur; a recovery in general will

be slower at lower temperatures. Experiments by POTTER and GILHAM (48) and

by TAMMES (66) on animals point to such relationships.

In connection hereto the attention should be drawn to the surveys of
LipscHiTz (37) and HEUBNER (28) on decomposition of aromatic nitro- and
amino compounds. According to LipscHiTz (37) these compounds are metabo-
lized in animal tissues according to:
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H, H,
R.NOz ——> R.NOZ—_Z R.NH.OH <—— R.NH2
in which toxicity may O 0

be indicated as 0 + +++ 0

In this case some of the intermediate products, especially the hydroxyl
amine type, are toxic.

CHAPTER 1l

MATERIAL AND METHODS

§ 1. METHOD OF CULTIVATION OF THE ALGAE

Chlorella, strain A, was used throughout the assimilation and respiration experiments.
The algae were kept as sterile stockcultures in tubes with 1.5%, agar and a medium which
per litre contzined:

a, FeSO, 0.03 g. * b, glucose 15¢g.
MgSO, 2.46¢.
Na-citrate 1.00 g.
KNO, 1.26 g.
KH,PO, 1.22 g.

Solutions a. and b. were sterilized separately and mixed afterwards. The tubes were in a light
cabinet after vaN NIEL, in which a continuous illumination was obtained by a vertical row of
incandescent lamps. Ventilation of the cabinet resulted in a temperature of about 20 °C, being
the most favourable temperature for growth of Chlorella.

The cultures for the experiments were prepared as follows: The algae were inoculated with
a platinum wire into 100 cc flasks containing 50 cc liquid medium of the same composition as
the agar medium. These cultures were also incubated in the light cabinet for several days. In
this way, by the stimulating effect of glucose, a rapid growth was obtained. From these cultures,
5 cc inoculum were transferred to a one litre erlenmeyer containing 500 cc of WARBURG
culture medium. This medium per litre contained:

a. Ca(NO;), 1.00 g. b. KH.PO, 0.25 g.
KNO, 0.25 g.
NacCl 0.15 g. ,

c. MgSO, 0.50 g. d. FeSO, 0.006 g.

In addition 2 cc of an A 4 and B 7 solution of trace elements according to ARNON (1) were
supplied. Concentrated stock solutions of the salts mentioned above, were sterilized separately
(b, c, and d), or in a mixture of suitable matched quantities (a).

The erlenmeyer flasks were placed on a shaking device and illuminated from below by
4 daylight fluorescent tubes at light intensities from 3500-4500 lux on the bottom of the
erlenmeyers placed on the machine. The agitation served to prevent precipitation of the cells
and to ensure a homogeneous illumination. The suspension was flushed with a stream of air
containing 5% CO, through a capillary tube closed by a cotton plug. The average room
temperature was 23 °C, the temperature of the suspension, however, was 2-3 degrees higher
dependent on duration and intensity of illumination.

Studies on inhibiti.on of photosynthesis and growth in various other plant
types are presented in Chapter V. The preparation of the cultures for these
experiments is discussed in that chapter.
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§ 2. DESCRIPTION OF THE WARBURG APPARATUS

Photosynthesis and respiration measurements were made in a WARBURG apparatus.

The apparatus was of the usual type (figure 1), and had a thermostat bath of 100 x 30 cm,
which could be kept at temperatures between 15 and 35 °C with an accuracy of 0.05 °C by an
electric heater controlled by a thermo relay and a cooling system consisting of a continuous
flow of tap water through a copper spiral. Two ,,Philora SO 1000"’ sodium lamps under the
glass bottom of the thermostat were mounted in a white reflector; the lamps were cooled by
two small (25W) fans. A shaking frame on which 12 manometers could be placed, was mounted
in front of the thermostat. This frame is moved via an excentric at a rate of 150 revolutions per
min. with an amplitude of about 5 mm. The stirring of the waterbath was achieved by a
horizontal stirrer with 6 blades. The conical vessels with flat bottoms had a volume of about
20 cc, including two side arms of about 3-4 cc.

FiG. 1. Front view of the WARBURG apparatus.

Different light intensities were cbtained by filters, placed in metal holders fixed onto the
vessels. The light intensities were measured by a photocell which was calibrated against a large
surface thermopile (Kipp en Zn., Delft). The position of the photocell was such that its
sensitive surface could be placed at the same level as the bottom of each vessel. The highest
light intensity obtainable in the arrangement was about 60,000 ergs/cm? sec.

- § 3. MEASUREMENT OF THE GAS EXCHANGE

Measurements with the WARBURG apparatus are based on the manometric principle, which
implies that only those reactions can be observed, in which gases are formed or disappear.
From the overall equation of photosynthesis:

CO, + H,0 — CH.O + O,

it follows, however, that for each CO, molecule consumed, one maolecule of O, is released
which implies that no net gas exchange at all would be apparent. This difficulty can be over-
come by various methods, which all have their advantages and disadvantages. This will be
discussed in some detail below.
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I. Measurements in which COz is kept at a constant tension by a buffer mixture.

It is readily understood that the change in manometric reading (h) is due
solely to oxygen evolution or uptake if the partial pressure of carbon dioxide in
-the gas space of the reaction vessel is maintained constant. Mixtures of car-
bonates and bicarbonates have been introduced by WARBURG (72) for keeping
constant the partial pressure of COs. A large uptake of carbon dioxide from
these mixtures, however, decreases the carbon dioxide pressure, especially if
only small amounts of bicarbonate are present. Lower suspension densities
were used or short time experiments were performed if such a decrease could be
predicted. Usually mixture no. 9, consisting of 0.015 mol. carbonate and 0.085
mol. bicarbonate (pH 9.08), was used in experiments on photosynthesis.

Buffer no. 9 is in equilibrium with a carbon dioxide concentration of 9.1 X
10-5 M at 25°C. This concentration is not a limiting factor in photosynthesis of
Chlorella as was already observed by WARBURG (72), who reported a strong
decrease in rate of photosynthesis only at CO2 concentrations lower than one
tenth of that maintained by mixture no. 9. However, the pH and the cation
concentration of the buffer may have an effect on photosynthesis as well.

Figure 2 represents the rate of photosynthesis at different light intensities
measured in mixtures no. 9 and no. 2 (pH 10.3, 1.0 X 10¢ M CO; at 25°C). It
shows that the lower rate of photosynthesis in buffer nc. 2, with the lower
carbon dioxide pressure, also occurs under light limitation, which would not be
expected theoretically. This points to some disturbing effect of high pH, apart
from a possible limitation of photosynthesis by the low carbon dioxide concen-
tration.

In order to retain the advantage of a constant CO» pressure provided by the
WARBURG buffer, whilst reducing the troublesome pH-effect, Chlorella was
suspended in distilled water while 0.2 ml. buffer was placed in the side arms.
The slow diffusion rate of CO: from the buffer to the suspension in the main
part of the vessel, however, made it impossible to use normal suspension

mm? Oz/hour

300

200

100

| 1 { | | |
1.0 2.0 3.0 40 50 60
x 10* ergs/cm? sec.

FiG. 2. Rate of photosynthesis of Chlorella in WaARrRBURG buffer no. 2 (-~ — +) and no. 9
(0—o), at different light intensities, at 25 “C (one out of 3 experiments).
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densities. No limitation by the low rate of carbon dioxide diffusion was observed
when not more than 1-2 mm?® of cells were used per flask. Now, under condi-
tions of light limitation, the same rate of photosynthesis is found in buffers no. 9
and no. 2, as is shown in figure 3. Though this statement depends on one point
only, the consistency of the results of 3 different experiments justify this deduc-
tion. Thus, the lower rate of photosynthesis observed at light limitation may be
attributed to an unfavourable effect of the high pH of buffer no. 2, in case Chlorella
1s suspended directly in the buffer.

mm 0,/ hour
30 —

| ]
10 2.0 3.0 4.0 50 6.0
x 10" ergs/ cm® sec.

FiG. 3. Rate of photosynthesis of Chlorella in tap water at different light intensities with
WARBURG buffer no. 2 (+ — +) and no. 9 (o —o) in the side arms (one out of 3
experiments).

PRATT (51) observed that sodium carbonate bicarbonate mixtures had a
depressive effect on photosynthesis in long term experiments, while potassium
mixtures had an accelerating effect. In a solution in which the molar ratio
of sodium to potassium was 65/35, the increasing and decreasing actions
of the potassium and sodium salts respectively were balanced, and according
to PRATT the initial rate of photosynthesis was virtually constant for fifteen
hours. In our experiments, we have only used sodium carbonate and bicar-
bonate mixtures in order to avoid a possible precipitation of D by potassium.

The gas exchange (x) was calculated in the well-known way by multiplying the measured
pressure change (h) by the vessel constant (V¢)

x = h X V¢
Vg X 21?— + Vfa
while Vc = T
10,000

Herein Vg represents the volume of the gas space in the vessel, the capillary tube and the
manometer, Vf the volume of the liquid phase and « the absorption coefficient for CQO, at
temperature T.

Usually, 2 cc of algal suspension were used in experiments on respiration and photosynthesis.
As the total content of the vessels was about 20 ml., the vessel constant for oxygen was
near 1.65 at 25 °C. One or two of the manometer vessels were provided with suspension
liquid only, and served as thermo-barometers.
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11. Simultaneous measurements of COz and Os were made by using the two vessel
method.

Identical samples of algae suspended either in 2 or in 5 cc of the same suspension liguid
under identical conditions of light intensity and temperature, may be assumed to have equal
gas exchange. This, however, will cause unequal pressure changes in both manometers, owing
to the different solubilities of CO, and O, in the suspension liquid. From the pressure changes
of the two manometers, the gas exchange (mm?®) can be computed by the formula

. — hkco, - HKco, < . hko, - HKO,
%~ "keo, _ Kco, €~ %o, _ Ko,
ko, Ko, kco, Kco, in which

h is the manometric reading of the 2 cc vessel in mm,

H is the manometric reading of the 5 cc vessel in mm,

kco,and Kco, are the vessel constants for CO, (p. 8) for the 2 ccand 5 cc vessel respectively,
ko, and Ko, are the vessel constants for O, for the 2 cc and 5 cc vessel respectively.

In order to provide sufficient amounts of CO, for photosynthesis, the suspension and the gas
phase were saturated with a mixture of 959% air and 5% CO, by flushing the WARBURG
vessels with the mixture in the dark for half an hour. During this period, the vessels were
shaken in order to attain equilibrium between gas phase and liquid. The suspension had been
aerated previously with air and 5 °, CO, during a quarter of an hour.

1. Measurements with the one vessel method if the photosynthetic quotient
P = -02/COs is known.

This is in fact an experimental simplification of the foregoing method. The gas exchange is
determined according to the formula

hko, X kco,
pkco, - ko,

XCO2 = h X VC ==

In figure 4, Vc has been computed for 2, 4 and 6 cc fluid/flask at different assumed photo-
synthetic quotients for a flask with a total volume of 20 cc at 25 °C. From this it is clear, that
an erroneous value of p has a smaller influence with 6 cc liquid than with 4 or 2cc. In our
experiments, when using this method, 5 cc was taken as the most suitable quantity, since the
danger of disturbing effects due to mixing of the fluid in the main flask and that in the side
arm then still was very small.

Ve
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FI1G. 4. The influence of the photosynthetic ¢ |~
quotient p at 25 °C on the change in Vc for SN R ST TN (RN TN S SN T
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fluid per vessel (total volume of the vessel
20 cc). P
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Measurements with the one and the two vessel method have been made in tap water and in
phosphate buffers. Phosphate buffers may show carbon dioxide fixation or retention according
to: Na,HPO,; + CO, + H,O Z NaH,PO, + NaHCQ,, which retention appears above pH 35,
and increases exponentially with increasing pH. This may result in large errors of the computed
gas exchange. These errors can be eliminated by direct determination of the retention. For
this purpose an amount of a strong acid is added frcm the side bulb at the start of the experi-
ment and in another vessel at the end of the experiment, which acid will release the carbon
dioxide from the buffer.

JounsoN (31) has suggested a method of correcting CO, retention, without the addition of
acid. Since at high pH values HCOj; as well as CO, is retained in the solution, the effective
value of « (which will be designated as «,) will be larger than the theoretical value. If the vessel
constant is calculated by the use of «,, instead of %, retention of CO, is corrected automatically.
As a,, increases rapidly with increasing pH, the retention correction becomes very large at pH
values above 7, and the accuracy of the CO, measurements suffers accordingly. The extent of
the correction is computed according to the formula:

"ZL = antilog (pH - 6.382) + 1

Figure 5 represents the decrease in V¢ (corrected with «,) with increase in pH of thc.: buffer,
computed for one vessel. It is clear, that large errors occur if no correction for « is applied.

V¢

pH

Fi1G. 5. The computed decrease in Vc versus increasing pH of phosphate buffers for 2cc
fluid/vessel (p = 1.06, total volume = 20cgc, at 25 “C).

To check the validity of these considerations for our experimental conditions,
experiments were made at pH 7.2, 6.5, and 5.9. The gas exchange was computed
without correction, by adding acid, and also by using the above equation. The
results are summarized in table 1, averaging three experiments.

This table shows that without applying the suggested correction large errors
in the computation of the gas exchange occur, especially at high pH values.
Comparing the acid addition method with the method of theoretical correction,
the last method yielded lower values at pH 7.2 and higher ones at pH 6.5 and
5.9. These differences may be due to uncertainties in the pH measurements
which were made at the end of the experiments only. For a fully critical check
measurements to within 0.1 pH unit should be made during the experiments.
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TABLE 1. The rate of photosynthesis in Chlorella (mm® Q,/hr.) in phosphate buffers at
different pH values, as an average of 3 experiments, at 25 “C, under light satura-
tion (5-6 X 10* ergs/cm?® sec.).

: : Applying JOHNSON's Measured by
pH Without correction formula addition of acid
7.2 1210 375 435
6.5 835 455 415
5.9 540 450 390

§ 4. MEASUREMENT OF THE INHIBITION

Standard solutions of the inhibitors were made, 0.05 to 0.2 ml. of which were
pipetted into the side arm of a manometer vessel, ultimately ascertaining various
inhibition percentages. Usually, one or two control vessels received 0.2 ml. of
the solvent only.

The procedure of each experiment included measurement of the non-inhibited
photosynthesis in all flasks during half an hour. Only series from which the
computed gas exchange in all vessels showed less than 59 variation were used
for inhibition experiments. After half an hour different concentrations of the
inhibitor were tipped into the main space of the vessels. After 10 minutes, when
temperature equilibrium was re-established, the measurements were continued
for one or more hours.

Dependent on the rate of pressure change, manometer readings were taken
at intervals of 10 or more minutes. The inhibition is expressed by indicating
the decrease in rate as a percentage of the control. Usually, for the sake of
simplicity, the standard errors have only been indicated at the calculated inhi-
bition percentages, while the absolute values have been reported without
reference to the standard deviation.

A comment has to be made on the ageing effect, which occurs in cultures of
unicellular algae (VAN HILLE [29], WAsSINK and KaTz [75], PRATT [50]) and
which according to PRATT (49, 50) is due to a production of a growth inhibiting
factor, which should act like a catalist poison rather than like a narcotic
(PRATT [49], WassINK and KATzZ [75)).

Figure 6a represents the decline of photosynthesis in Chlorella with age,
under light saturation, each point representing an average of 5 experiments.
The results are in general agreement with those of Wassink and KAtz and of
PrRATT. It is clear from figure 6b that the inhibition percentage depends on the
age of the culture, especially at higher concentrations of the inhibitor. Therefore,
throughout the experiments described furtheron in this paper, only cultures of
3 and 4 days old were used in photosynthesis experiments, unless indicated
otherwise.

In table II, the rate of photosynthesis and the inhibition percentage at
concentrations of 1.0, 2.83, 5.2, and 10.0 X 10 M CaD3: are presented as a
function of different densities of suspension. The rate of photosynthesis is
linear up to 20 mm3 cells/flask and there is no significant influence of density of
the suspension upon the degree of inhibition.
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FI1G. 6a. The effect of age on the rate of photosynthesis of Chlorella at 25 °C, under light
saturation (5.0 - 6.0 x 10% ergs/cm? sec.) in WARBURG buffer no. 9

FiG. 6b. The effect of age on the inhibition of photosynthesis by CaD, (o0 —
+—+ =52 X 107¢M, x—x = 2.8 x 107¢M, and O — _r_]
CaDg).

- 1.0 X 1073M,
1.0 X 107¢M

h ||

TABLE 1. The inhibition of photosynthesis in Chlorella, at different concentrations cof
CaD,, with different suspension densities, as an average of 4 experiments, at
25 °C, under light saturation (5-6 X 10* ergs/cm? sec.), in WARBURG buffer no. 9.

Rate of photo- Per cent inhibition at different
mm? Cells/ | synthesis of the concentrations of CaD; (10-*M)
vessel control
(mm?3 Q,/hr.) 1.0 2.83 5.2 10.0
2.5 41 14 £ 5 50 &5 70 £+ 3 78 + 3
5 81 7 £2 38 1+ 4 58 &3 71 + 3
10 163 11 +2 41 + 1 57 & 4 73 + 4
15 243 13 +2 36 + 1 58 4+ 4 74 + 2
20 315 8 £+ 2 37 4- 4 52 + 4 72 + 4
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CHAPTER III

INHIBITION OF PHOTOSYNTHESIS WITH CaD: AS COMPARED
WITH OTHER INHIBITORS IN CHLORELLA

§ 1. INTRODUCTION

As has been set forward in Chapter 1, various authors have studied inhibition
of photosynthesis in Chlorella and other small algae. Different opinions have
been expressed regarding the mode of action of poisons, and the resul{s obtained
with any special poison do not always agree. Especially, the distinction between
the type of action of ,,narcotics” and ,,specific poisons” is not always clear.
Moreover, differences in sensitivity towards the same inhibitor have been
frequently observed, also in experiments with the same species.

The cultivation of the algae may play an important part in the observed
differences in inhibition. The age of the culture also influences inhibition
(29, 50, 75; fig. 6b). It may be assumed that the method of cultivation either
increases or decreases the amount of certain catalists, or causes a change in
the structure of the photosynthetic apparatus or in the permeability of the
protoplast. All such changes will affect the inhibition of photosynthesis upon
administration of a certain poison.

The possible influence of cultivation induced us to compare the inhibition of
photosynthesis in Chlorella with CaD» with that of other inhibitors. This also
may seem the most reliable method to find out whether the action is specific,
owing to affinities to certain enzymes of the photosynthetic apparatus, or whether

it is a result of surface activity only.
§ 2. INFLUENCE OF INHIBITOR CONCENTRATION, AT LIGHT SATURATION

2.1. Calcium dipicrylamine

The inhibition of photosynthesis by calcium dipicrylamine (CaDs3), is shown
in figure 7a. The inhibition 1s represented as a percentage of the corresponding

% inhibition
100 - ,125°%C  175% e25°C

=

80 -
60 |-

40 -

20 |-

0 1 1 e 11 el 1 1 S R R I !
10°° 10°
Fig. 7a. For explanation, see p. 14. e M CaD,
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F G. 7. The inhibition of photosynthesis of Chlorella under light saturation (5.0 - 6.0 x 10¢
ergs/cm? sec.) in WARBURG buffer no. 9 with:
a. CaD, at 25° 17.5°and 12.5 °C, d. hydroxyl amine at 25 °C,
b. ethyl urethane at 25 °C, e. 2,4-dinitrophenol at 25 °C,
c. phenyl urethane at 25 C, f. sodium azide at 25 °C.
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control against the molar concentration of CaD» on a logarithmic scale, as
an average of 5 experiments. The measurements have been made in the carbo-
nate bicarbonate buffer no. 9 at light saturation (48,000-55,000 ergs/cm? sec.),
and at 25°C. Further details of experimental conditions have already been
described in Chapter II. The inhibition increases regularly with an increase in
concentration. The results are in accordance with the adsorption theory of
FREUNDLICH (20) since nearly straight curves were obtained if the concentration
is plotted on a logarithmic scale. The threshold of inhibition is at about 10-6 M.
Complete inhibition shifts to lower concentrations with increasing duration of
exposure to the inhibitor. A stationary state of inhibition was hardly observed
after 2 hours especially at the higher concentrations. This fact will be discussed
in greater detail in section 3 of this chapter. The results represented in figure 7a
are those in which approximately a stationary state was achieved. Complete
inhibition occurred at about 2 X 105 M CaD», as may be seen from the figure.

In higher CaD: concentrations, negative readings were observed, exceeding
those of the control in the dark. Consequently, the release of O» was reversed
in an uptake in the light. It seems likely that this is due to a photooxidation.
Anyhow, according to WARBURG this phenomenon may be taken as ,,ein
sicheres Zeichen der definitiven Zerstdrung™.

2.2. Ethyl urethane

The urethanes have been introduced as inhibitors by WARBURG (71), who
reported an increase in inhibition with the increase in length of the C-chain
according to TRAUBE's rule. TRAUBE (69) observed a complete correlation
between the last mentioned increase and the increase in capillary activity.
Experiments by WARBURG (71) and by WassSINK et al. (78) pointed to the same
inhibition under light limitation as well as under light saturation.

In figure 7b, the inhibition of photosynthesis with ethyl urethane
(CgHsNHCOOC2H5) is given in per cent of the corresponding control. The
inhibition occurs in the same range as was reported by WARBURG (71) and by
WASSINK et al. (78) with a threshold at 2.0 X 102 M and complete inhibition
at 5.0 X 101 M. The inhibition becomes stationary within 20 minutes and
remains so for at least 2 hours after addition of the inhibitor. There is a direct
relationship between log concentration and percentage of inhibition, the curve,
however, shows a peculiar bend between 0.1 and 0.2 M. It is possible that in
this range shrinking of the protoplasm owing to a desiccating effect by the
osmotic value of the solution at these high concentrations also plays a role in
the inhibition. This is supported by GREENFIELD's observation (27) that the rate

of photosynthesis in strong light is inhibited by sucrose at concentrations of
0.1t0 0.3 M.

2.3. Phenyl urethane

Phenyl urethane (C¢HsNHCOOCoH5) is not soluble in water in concen-
trations at which inhibition occurs. The use of 0.2 9, ethanol as a solvent was
sufficient to dissolve phenyl urethane in such concentrations as to obtain 100 %,

inhibition of photosynthesis. No effect of 0.29, ethanol on photosynthesis
was observed as may be seen from table I1I.
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TABLE III. The inhibition of photosynthesis in Chlorella with ethanol as an average of 3
experiments, at 25 °C, under light saturation (5-6 X 10* ergs/cm? sec.) in WAR-
BURG buffer no. 9.

Concentration of ethanol Rate of photosynthesis e geges
in per cent in mm® O, hr. Per cent inhibition
0 225 -
0.095 228 -1
0.18 220 2
0.95 205 8
1.8 191 15

The inhibition with phenyl urethane is represented by figure 7c as an average
of 4 experiments. The inhibition becomes constant within 20 minutes while
threshold and complete inhibition are at 4 X 10-° and 3 X 10-3 M respectively.
These results are in agreement with those of WARBURG (71) and WASSINK
et al. (78).

2.4. Hydroxyl amine

Hydroxyl amine (NH2OH.HCI) is an inhibitor strongly affecting photo-
synthesis as was shown for the first time by SHIBATA and YAKUsHII (60). Similar
results were obtained by NAKAMURA (39), GAFFRON (23), WELLER and FRANCK
(80), and TAamiyA (68). In his experiments with hydrogen adapted algae,
GAFFRON (23) observed a much smaller sensitivity of photoreduction. He con-
cluded from this observation that the mode of action of hydroxyl amine was as
an enzyme poison rather than as a narcotic. Since phenyl urethane and ethyl
urethane are known to behave like narcotics (WARBURG [71], WASSINK et al.
[78]), hydroxyl amine therefore was also tested.

The inhibition is represented by figure 7d as an average of 4 experiments.
It is clear that the curve is steeper than that obtained with ethyl urethane and
phenyl urethane. In this case the straight relationship between log concentration
and percentage of inhibition is only evident between 20 and 80 per cent inhibi-
tion. Beyond these values the curve approaches assymptotically 0 and 100 per
cent inhibition. A constant inhibition was observed after 30 to 60 minutes. The
range at which inhibition of photosynthesis (in our experiments 509, at
1.1 X 10-*M) was manifest, was similar to that reported by Tamiva (68).

2.5. 2,4-Dinitrophenol

~ Dinitrophenol ((NO»)2CgH3OH) is of interest in the present investigation,

because more is known of this inhibitor in relation to photosynthesis (GAFFRON
[23], WINTERMANS [83]), and because its structure more or less corresponds to
that of CaD..

As this inhibitor is more soluble in alkaline solutions, standard solutions
were made using WARBURG’s carbonate bicarbonate buffer no. 9 (pH 9.2) as a
solvent instead of water. According to WINTERMANS (83) the inhibition is less
pronounced in alkaline solutions, due to the fact that its activity is ascribed to
the undissociated molecules, because only those are able to penetrate into the
cells.

The inhibition with 2,4-dinitrophenol in WARBURG buffer. no. 9 (pH 9.2) is
represented in figure 7e, as an average of 4 experiments. The curve is steeper
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than that for phenyl urethane and ethyl urethane, and resembles more that for
CaDg and hydroxyl amine. It is, therefore, more difficult to indicate the concen-
trations which represent threshold and complete inhibition. As may be seen
from the figure, the concentration at which 50 per cent inhibition occurs is
3.8 X 10*M.

2.6. Sodium azide

The inhibition of photosynthesis with sodium azide (NaN3) is represented by
figure 7f, as an average of 4 experiments. The curve is less steep than that for
2 4-dinitrophenol, CaDs and hydroxyl amine. Threshold and 100 per cent
inhibition are observed at 1 X 10* M and 5 X 10-2 M respectively.

§ 3. INFLUENCE OF TIME AFTER ADDITION OF THE INHIBITOR, AT LIGHT SATURATION

From the preceding experiments it is clear that, though there was a slight
decrease with time in the rate of photosynthesis also in the blank, after addition
of CaDg this rate dropped much more clearly with time, especially at higher
concentrations. Figure 8 gives another example of this phenomenon. The lower
concentrations showed a tendency to remain constant around 1.55 %X 10-6M
CaDg; below that concentration a slight decrease in inhibition with time was
manifest.

%, inhibition
100 —~ ~ — X X 5.0x10°M y — 1x10° M
i X/ /+/
x/ +
80 |- ~ /
y ! s
- +/ ------ — + 52x10 M
60 |-
- ~
40
~8
i b x—*T X— 3.0x10° M
x— T X T~
20 x/ X
-6
I s o! ~O- O o—1.55x10 M
-+ +
+ — pe — -
! L T — 1.0x10°M :
b oo 1 2 3

hours after addition

Fi1G. 8. The inhibition of photosynthesis of Chlorella versus time after addition of different
CaD, concentrations at 25 °C, under light saturation (5.0 - 6.0 X 10% ergs/cm? sec.) in
WaRBURG buffer no. 9, and the effect of washing on the inhibition (4 addition of
CaD,, | ----| time of washing).
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FiG. 9. The absorption spectrum of calcium dipicrylamine in relative units.

At least two different explanations of the increase in the inhibition versus
time after addition of CaD2 might be suggested, one of which could be along
the line of a photodynamic action. An absorption spectrum of CaDyg, therefore,
was measured with a double monochromator (fig. 9). The data for the emission

of the sodium lamp were taken from ORANIE (43) and are represented in
table IV.

TABLE IV. The emission of a sodium tube in different spectral areas in relative units (data
from ORANJE [43]). The line drawn between 5149/54 and 5683/88 represents the
cut off by the OG2filter. The wavelengths above this line are completely absorbed

by the filter.

Wavelength (&) Relative units
4391/94 0.2
4494/4500 0.7
4543/46 0.2
4665/69 1.15
4748/52 0.5
4979/83 2.76
5149/54 1.6

0G2
5683/88 6.33
5890/96 100
6154/64 4.1

Except for the yellow lines at 5893-96 A, the emission from the sodium
lamp is fairly strong in the infra-red and very weak in the blue-green spectral
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region (table 1V). CaD» shows no absorption at all in the yellow and infra-red,
but a high absorption in the blue-green spectral area (fig. 9). There is a slight
possibility, therefore, that the weak blue-green emission from the sodium lamp
had a photodynamic effect on the cells, owing to absorption by CaDs.

Some experiments have been made in which the inhibition upon 9.9 x 10-6M
CaD2 was measured at the same time in different flasks. In some of these flasks
the blue-green radiation was filtered out by means of an OG?2 filter which
absorbs the blue-green rays completely, as represented in table IV, The average
inhibition during the first hour after addition of CaD: in five different experi-
ments with 9.9 X 10-6M CaD»> was:

with OG?2 56% + 2
without filter 589 + 2

The inhibition was nearly the same in both cases. Moreover, the inhibition
increased in the same way with and without the OG2 filter. We may conclude,
therefore, that no photodynamic action can be responsible for the observed
time effect.

The second supposition is that after addition of CaD» no immediate equilibri-
um is established between the outside concentration and that in the cell, but
that there is a continuous uptake of CaD.. However, the independence of the
inhibition of the glucose-stimulated respiration from time (Chapter IV, p. 32,
figure 16) indicates that this supposition is probably not true.

Washing experiments were made with three different concentrations in order
to obtain more data on this phenomenon. These experiments consisted in
measuring the inhibition in several flasks with the same concentration for one
hour. Half the number of flasks were then centrifuged and the algae washed twice
with the suspension liquid (WARBURG buffer no. 9) and then measured again in
the WARBURG apparatus. It appears (fig. 8) that after washing no further
increase of inhibition occurred while such increase was observed in the flasks
in which the CaD2 solution had not been removed by washing. The inhibition
in the washed algae, however, did not decrease. Comparable results were
obtained in other experiments in which different concentrations (3.0 X 105,
5.2 X 106and 1.0 X 10-°M) of CaD2 were used.

Two important conclusions may be drawn from these washing experiments:

a) The increase in inhibition with time is due to a continuous uptake of CaDs.
b) The inhibition is not reversible.

It is remarkable that the first conclusion is not supported by the observation
that the inhibition of the glucose-stimulated respiration remains unchanged
with time (Chapter IV). In the latter case a constant degree of inhibition was
reached within 20 minutes after addition of CaDy (fig. 16), which time was
more or less the same as that observed in inhibition of photosynthesis with
the urethanes and hydroxyl amine. It is possible that CaD» is continuously
reduced, only in light, to a product inhibiting photosynthesis, while CaD>
uptake can proceed only as long as this reduction takes place.

This consideration was tested, taking a concentration of CaDs giving complete
inhibition after a long time (fig. 8, 5.2 X 10-6M CaD3). This concentration was
tipped at the same time into the suspension in different WARBURG vessels. Here-
after, the inhibition of photosynthesis under light saturation was measured,
whereas some vessels remained in the dark and were illuminated one and two
hours later (figure 10).
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FiG. 10. Inhibition of photosynthesis of Chlorella versus time after addition of 5.2 x 10~¢M
CaD, at 25 °C, under light saturation (5.0 - 6.0 X 10¢ ergs/cm? sec.) in WARBURG
buffer no. 9 (o — o == 3 hours in the light, + — + = one hour in the dark followed
by 2 hours in the light, @ — @ = two hours in the dark followed by one hour in the
light).

The inhibition increases with time, as was already mentioned. It is clear that,
after three hours, the inhibition of photosynthesis was larger, when the time
of illumination was longer. Approximately, concurrent curves were obtained in
this way. This fact strongly supports a continuous uptake of CaDz in light only.
These results will be discussed with those on the inhibition of glucose-stimulated
respiration in Chapter VL

§ 4. EFFECT OF TEMPERATURE, AT LIGHT SATURATION

In some incidental experiments we found that the inhibition of photo-
synthesis with CaDs increases at lower temperatures. Consequently, lower
concentrations had to be used to obtain the same range of inhibitions. TAMIYA
(68) reported an increase in the inhibition of photosynthesis with sodium azide
and a decrease with hydroxyl amine at lower temperatures. Therefore, our results
with CaD; obtained at 25°C were extended to other temperatures. The effect
of temperature was investigated with other inhibitors also.

In order to obtain results of the best possible comparability, the observations
at different temperatures were made, if possible, with the same culture in one
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day, so that differences in age of the algae could be neglected. The temperature
coeflicient, Qg in our experiments was 1.8 in the range from 12.5°C to 25°C.
The inhibition of photosynthesis with CaDsg, ethyl urethane, phenyl urethane
and hydroxyl amine is represented in table V as an average of 4-6 experiments.
The results with CaD» (table V) have also been plotted in figure 7a.

Though there is a considerable increase in inhibition with CaDsy at lower
temperatures, the slope of the inhibition curve against log concentration
remains the same (figure 7a). The observed increase in inhibition is probably
not effected by a higher uptake of CaDgz at lower temperatures, as these
figures were obtained at equilibrium. Besides, the time to attain equilibrium
was nearly the same at all temperatures. The influence of temperature on the
inhibition is given in figure [ 1. The concentration producing 50 9 inhibition
is represented on a logarithmic scale. In this way approximately a straight line
relation is obtained between temperature and concentration.

°C
30 r

| -

20

10

{ L ' AT t 1 ' I
1077 10 ° 10°°
M CaDz

FiG. 11. The CaD,concentration causing 50 % inhibition of photosynthesis versus temperature.

With hydroxyl amine, phenyl urethane and ethyl urethane on the other
hand, neither a significant increase nor decrease of the inhibition with temper-
ature were observed.

§ 5. INFLUENCE OF LIGHT INTENSITY

In previous years a comprehensive study (52, 53) has been made on the influ-
ence of light intensity and temperature on photosynthesis. Generally, a linear
relation between light intensity and photosynthesis was observed at low light
intensities, which relationship is independent of temperature. At high light
intensities (light saturation) the rate of assimilation of carbon dioxide does not
increase with an increase in light intensity. In this range, however, the increase
is dependent on temperature. The transition from light limitation to light
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saturation depends on the density of the suspension. Therefore, in our experi-
ments always the same density was used.

In figure 12a the rate of photosynthesis against light intensity is represented
at 25°C and 17.5°C. Saturation occurs at about 38,000 ergs/cm? sec. at 25°C,
and at 25,000 ergs/cm? sec. at 17.5°C. The figure is very similar to those ob-
tained by other investigators.

So far, we have studied the inhibition of photosynthesis by poisons only at
light saturation. It seems important to know, therefore, whether the inhibition
under light limitation is the same as that under light saturation, or whether it
is smaller. The latter situation would be likely to arise in case of specific
interactions of the poison with definite catalists.

In figure 12b, which represents one out of 5 experiments, the inhibition is
given at different light intensities, in three concentrations of CaDa, viz., 1.2 X
105; 5.2 X 106, 3.0 X 108M at 25°C. The corresponding figure 12c shows the
inhibition at [7.5°C with 3.0 X 106 and 1.18 x 10-6M. It is clear, that at both
temperatures roughly the same inhibition occurs at light limitation and at light
saturation. However, the inhibition is much more pronounced at 17.5°C than
at 25°C, so that lower concentrations of CaDs had to be used to obtain the same
percentage of inhibition. This confirms the observation reported in the pre-
ceding section.

In table VI a and b, the inhibition percentage, obtained in these experiments,
is calculated for light limitation and light saturation. The percentages of inhi-
bition in the light limiting range and in the light saturation range are the same
within the experimental error.

mm> 02/ hour

. l_1 o
400 |-
300 - o + t
+

200 |-
100 - oF

| ! | | | |

10 2.0 30 4.0 5.0 60

x10* ergs/cm’  sec.

F1G. 12a. The rate of photosynthesis of Chlorella in WARBURG buffer no. 9 versus light inten-
sity, at 25 °C (e —e) and 17.5 °C (+ — +); one out of 5 experiments.
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FiG. 12b. The rate of photosynthesis of Chlorella in WARBURG buffer no. 9 during the first
hour after addition of CaD,, versus light intensity, at 25 ‘C (e — @ = control,
o—o =30 X 107*M, + — + = 5.2x10-¢*M, and O0— = 1.2 X 107*M CaD,).

mm° 02/ hour

400 ™
e A
300 — / ®
® .
200
+ — +
100 0 o
| | |
3.0 4.0 5.0

x10* ergs/c m? sec.

FiG. 12¢. The rate of photosynthesis of Chlorella in WARBURG buffer no. 9 during the first
hour after addition of CaD,, versus light intensity, at 17.5 ‘C (e — e = control,
+— 4+ = 1.18 X 107%M, and o —o0 = 3.0 X 10~*M CaD,.
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TABLE VIa. The inhibition of photosynthesis in Chlorella during the first hour after addi-
tion of the inhibitor at light intensities of 20,000 and 55,000 ergs/cm? sec., at
4 concentrations of CaD,, at 25 °C, as an average of 5 experiments.

20,000 ergs/cm? sec. 55,000 ergs/cm? sec,
Concentration of | "Rate of photo- e Rate of photo- s
CaD, (10t M) synth egis in .Inhlbmon synthe?is i Inhibition
mm?/hr. in per cent. mm®/hr. in per cent,
0 225 - 425 -
2.96 162 27 + 1 305 28 + 1
5.2 132 41 + 2 245 42 + 3
10.0 96.0 57 + 1 174 59 &+ 3
12.1 67.0 70 + 2 131 69 + 2

TABLE VIb. The inhibition of photosynthesis in Chlorella during the first hour after addition
of the inhibitor at light intensities of 10,000 and 55,000 ergs/cm? sec., at 5
concentrations of CaD,, at 17.5 °C.

10,000 ergs/cm? scc. 55,000 ergs/cm? sec.
Concentration of | " Rate of photo- - Ratc of photo- —
C3D2 (10—G M) Synthesis in - Iﬂhlbltl?ﬂ synthesis in .Inhlbltlon
mm?/hr. In per cent. mm?/hr. in per cent.
0 125 - 300 -
0.81 78.5 37 207 31
1.18 68.5 45 147 51
1.97 50.0 60 122 59
3.0 38.7 69 84.0 72
5.2 28.7 77 54.0 82

The fact that the inhibition is the same at light saturation and under light
limitation may lead to the supposition that there is a narcotic action of CaDs
on photosynthesis. Narcotic poisoning is generally less specific than enzymatic
poisoning, both with regard to the molecular structure of the poison and to
the constitution of the catalytic systems affected by it. However, the very low
concentration of CaDs (106 to 10-3M) in which inhibition occurs, is likely to
be due to specific interactions with definite catalists rather than to an indifferent
mechanism of surface blocking. In addition, the irreversible inhibition of
photosynthesis with CaDgy (fig. 8) seems to contradict the assumption of a
narcotic poisoning. The conclusion seems to lay at hand that CaD3 interferes
with a type of enzyme present in low concentrations. It is possible, however,
that in our experiments the exposure to CaD2 was too long and the pH too high,
which may have led to irreversible injury.

GAFFRON (23) found photoreduction in hydrogen adapted algae less sensi-
tive towards hydroxyl amine than photosynthesis. He concluded that hydroxyl
amine only participates in the oxygen liberating reaction of photosynthesis,
in which it acts as an enzyme inhibitor. WELLER and FrRANCK (80), however,
found that the inhibition of photosynthesis by hydroxyl amine was independent
of light intensi ty. It is evident that in our experiments CaD; yields curves similar
to those WELLER and FRANCK (80) obtained with hydroxyl amine. In this
connection it may be remarked that LipscHiTz (37) observed that aromatic
nitro compounds in blood are reduced to hydroxyl amines, and then to non-
toxic products. The first reduction, however, proceeds faster than the second,
so that accumulation of hydroxyl amine may occur. It is possible that the
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mm? 0, /hour
300 —

200 p—

100 —

| ] ] ] ] |

1.0 2.0 3.0 40 5.0 6.0

x 104 ergs/cm2 sec.

FiG. 13. The inhibition of photosynthesis of Chlorella with hydroxyl amine versus light
intensity, at 25 °C, in WARBURG buffer no. 9 (e — @ = control, + — + = 0.95 X
107*M, x —x = 1.16 X 10*M, O0— = 1.4 x 10*M NH,OH.HQCI).

inhibition of photosynthesis with CaDs proceeds through a reduction to a
hydroxyl amine like compound.

It seemed important, therefore, to repeat the experiments of WELLER and
FraNck (80) with hydroxyl amine and also to measure the inhibition of photo-
reduction with CaDg (for the latter see Chapter V). In figure 13 the inhibition
of photosynthesis with hydroxyl amine at different light intensities at 25°C is
represented in one out of 7 experiments with similar results. We thus cannot
confirm the results of WELLER and FrRANCK (80). Though in our experiments
lower concentrations of hydroxyl amine (0.95, 1.16 and 1.4 X 10*M) have
been used than those applied by WELLER and FrRANCK (2.5 X 10*M), our
results suggest that even in higher concentrations, inhibition is much stronger
in the light saturation range than in the light limiting range.

§ 6. DISCUSSION

A linear relationship between the percentage of inhibition and the concen-
tration for various inhibitors (on a logarithmic scale) was observed between
20-80 9%, inhibition at light saturation (figs. 7a, 7c,.7d, 7e, 7f). Beyond the
mentioned degrees of Inhibition the curves approach threshold and complete
inhibition more or less asymptotlcally In some cases, therefore, only the concen-
tration causing 50% inhibition was given. With ethyl urethane (fig. 7b),
however, a bend in the curve occurred at 0.1-0.2 M, which was ascribed to a
desiccating effect by the osmotic value of the inhibitor at these high concen-
trations (p. 16).

A relationship between the inhibition and the concentration of the inhibitor
was derived by Tamiya (68) and rendered in the formula:

Gn
(n + Gn

H —
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in which H = degree of inhibition (per cent inhibition in our experiments,
divided by 100).
G = the concentration of the inhibitor.
(® = a constant, corresponding to the concentration causing 50 9,
inhibition.
n = a constant, representing the order of inhibitory action.
A simpler formula can be derived from that given above, viz. log G =

. H : :
1/n log 1—}-{}—[ + log ©. By representing log G versus log T straight curves will

result from which the slope n and the intercept ©, can be calculated. From these
constants inhibition curves were calculated and drawn in the figs. 7a, 7b, 7c,
7d, 7e, 7f. The calculated curves fit the observed values well, which emphasizes
the validity of the formula. The value n is characteristic for each inhibitor, and
as a rule remains constant under different conditions, e.g., with CaD2 at different
temperatures. The value ® (50 9, inhibition) may vary, e.g., with temperature,
pH (Chapter IV) and light intensity. The results represented here confirm those
obtained by TamivA (68). However, with hydroxyl amine no definite decrease in
" inhibition was observed at lower temperatures (table V). His experiments,
however, were carried out at 25° and 4°C, and at a lower pH of the medium.

TABLE VII. Computed values of n (order of inhibitory reaction) and © (concentration in
M giving 509, inhibition) for various inhibitors with respect to photosynthesis

in Chlorella.

Inhibit I I [ v

Aibrer n e n C) n e n e
CaD, 2142 x 1078
ethyl urethane [1-2| 1.95 x 1071 2 | 1.6 X 1071 2.2 x 107!
phenyl urethane | 1 { 3.05 X 10~*{ 1 | 6.3 X 10~* 150x10
hydroxyl amine | 3 | 1.15 x 107*; 2 | 1.0 x 10°¢
2,4-dinitro-
phenol 2| 375 x 1074 2 2.0 x 1078 (6¢e)

{3.7 X 107 (3cc)

sodium azide 1138 X103 2116 x10°*|{2]|6S5x10¢

I = our experiments Il = TaMiva (68) IIT = WINTERMANS (83)
IV = WARBURG (71)

In table VII computed values for n and © are represented for various
inhibitors, also from experiments carried out by other authors (TamivA [68],
WARBURG [71], WINTERMANS [83]). There is a general agreement by these
authors in the value of @ (50 9, inhibition) with the same inhibitor, as may be
seen from the table. It is again clear that an exceptionally low concentration of
CaD- already inhibits photosynthesis. Only the observations of WINTERMANS
(83), concerning inhibition with 2,4-dinitrophenol (at pH 4 to 5) are in the
same concentration range as those with CaDas. In addition to this, HoLzERr (30)
demonstrated a far smaller inhibition (10-4~10-3M being required) with 2,4-
dinitrophenol (at pH 8 to 9), which agrees with our results (at pH 9.2). This
increase in inhibition with a decrease in the pH, which also may occur with
sodium azide, has been discussed by WINTERMANS (83) and by SimoN and
BEEVERS (61,62). The computed order of the inhibitory reaction n was the same
in these cases.
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Though in our experiments the value for & with hydroxyl amine agrees
with that obtained by TAMiYA (68), a different order of the inhibitory reaction
was observed. It is not yet understood, why in our case an order of 3 was
found. This hardly can have a real significance, so that, probably, the validity
of the formula under discussion, is not sufficiently general to be applied to all
sorts of inhibiters. In connection herewith, also the different behaviour in inhi-
bition of photosynthesis at light limitation in our experiments and in those of
WELLER and FRANCK (80) is not clear. Possibly, the formula applied by TaMiyA
(68) is not applicable to all inhibitors, whilst preparation of the cultures certain-
ly affects the results, as was already mentioned in the introduction of this
Chapter.

A large increase in inhibition of photosynthesis with decrease of temperature
was found only with CaDs. To obtain the same inhibition percentage, lower
concentrations had to be used at lower temperatures, which amounted roughly
to a Q,, (conc. [T 4 10] °C/conc. T® for 50 per cent inhibition) of 5 (fig. 11).
It is not yet understood, why such a high Q,, occurs. This fact is possibly not
due to higher uptake of CaDyg, since at all temperatures a constant inhibition
was attained after the same time interval elapsed since the addition of the
inhibitor.

CHAPTER 1V

INHIBITION OF PHOTOSYNTHESIS WITH CaD: AS COMPARED
WITH THE INHIBITION OF OTHER METABOLIC PROCESSES IN
CHLORELLA

§ 1. INTRODUCTION

In the preceding chapter we have compared the influence of CaD: on
Chlorella photosynthesis with that of other inhibitors. Under complete inhibi-
tion of photosynthesis by CaDs we have often observed negative manometer
readings which even excelled those of the dark respiration of the non-inhibited
control (Ch. III). In connection herewith we have studied respiration in the
presence and absence of glucose with different concentrations of CaDs. These
experiments will be discussed in this chapter.

Moreover, the inhibition of photosynthesis with CaDs was investigated at
different pH of the medium and in flashing light. In addition fluorescence
measurements were made,

Finally, experiments regarding the inhibition by CaDs of autotrophic and
heterotrophic growth of Chlorella in long term experiments will be presented.

§ 2. INHIBITION OF ENDOGENOUS AND GLUCOSE-STIMULATED RESPIRATION

Respiration was also measured in the WARBURG apparatus. Chlorella was
suspended in distilled water, and 0.2 cc I N KOH was pipetted into one of the
side arms of the vessel, which was sufficient to absorb all carbon dioxide
produced in respiration. Consequently, the negative change in the manometric
reading is due to oxygen uptake. Sometimes, when very small readings could
be expected, the suspension was made up to a total quantity of 30 mm3 of
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cells per vessel. For reasons of comparison these results have been converted to
20 mm3, the amount normally used. In the experiments with the glucose-
stimulated respiration the cells were washed and suspended in distilled water
with 0.5 9, glucose. This quantity of glucose was sufficient to obtain a constant
rate of respiration for at least 4 hours.

Experiments on endogenous respiration

Measurements were made in a range from 0to 1 X 103 M CaDsy, for 2 hours
after addition of the inhibitor. The influence of CaD2 on respiration is shown
in figure [4 as an average of eight experiments at 25°C. The relatively high
mean error in these experiments results from the small readings, the rate of
respiration being low (rate of the control 15 mm3 Og/hour). In our experiments,
however, the respiration of the control never exceeded that of cells with CaDs..
On the contrary, there is a stimulation of respiration which increases with
increase of the CaDg concentration up to about 2.2 X 10-*M. This high rate
of respiration was maintained even at 1 X 10-3M CaDs. The ultimate stimulation
at this concentration ranged from 35 to 1009, and remains at that level for
at least three hours. The reversibility of this stimulation has not been tested

by washing experiments.

Experiments on glucose-stimulated respiration

Because of the low rate of respiration, it may be assumed that not all active
places on the enzyme systems are occupied, which probably explains the
relative insensitivity to CaDs. By adding 0.5 9 glucose to the Chlorella suspen-
sion, the rate of respiration is increased about 4-8 fold.

The same range of concentrations and the same procedure of measurement
have been used as for endogenous respiration. Usually, glucose was added one
hour before the experiments started in order to avoid interference of the adap-
tation from endogenous to glucose respiration, which takes place during the
first hour. After that, a constant rate was observed for at least 4 hours.

The inhibition of glucose-stimulated respiration is shown in figure 15 as
an average of 17 experiments at 25°C. The inhibition increases steadily with the
increase of the CaDgz concentration, but the oxygen uptake still was 45 %, of the
control at the highest concentration. From the course of the curve a further
increase in inhibition may not be expected at higher concentrations. This,
however, hasnot been tested, since 1 X 10-3M CaD2 was the highest concentration
available. At this concentration, the rate of glucose respiration was still higher
than the stimulated endogenous respiration at the same concentration of the
poison (see previous section).

Washing experiments were performed at 5 concentration levels. After a 2
hours treatment with CaDsg, Chlorella was centrifuged, washed three times and
measured again after being suspended in 0.59% glucose. It is clear that the
inhibiting effect on respiration is at least partly reversible, as may be seen
from figure 15.

This reversibility contradicts the results obtained on photosynthesis. Another
difference is that, unlike in photosynthesis, the inhibition in the glucose respi-
ration remains constant at any concentration. The inhibition reaches a constant
value within 20 minutes, as may be seen from figure 16. This fact will be

discussed lateron in this paper (Chapter VI).
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%, inhibition

100 —

80 I~

60 —~

40 i~

FiG. 15.

0 1 1+F"T/;111| | { BRI EEE

10-5 10—4 | 10-3 .
MCaD,

The inhibition of the glucose-stimulated respiration at different concentrations of
CaD, (e — o) and the effect of washing on the inhibition (+ — +) at 25 °C (Chlorella
suspended in 0.59% glucose solution with 0.2cc 1 N KOH in the side arm of the
WARBURG vessel).

°/ inhibition

100 ¢
80 —
60
¥ . e —e
20 . _0 O
—O —O— -
| i [ | |
0 1 2 3

hours after addition of CaDp

FiG. 16. The inhibition of the glucose-stimulated respiration of Chlorella versus time after

addition of the inhibitor at 3 concentrations of CaD, (e — @ == 5.2 x 107M, +— +
= 265 X 107M, 0 —o0 = 7.6 X 10°M CaD,).
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§ 3. INHIBITION OF PHOTOSYNTHESIS AT DIFFERENT pH VALUES OF THE MEDIUM

So far, measurements have been made in WARBURG buffer no. 9, conse-
quently the inhibition of CaDg has always been measured as a change in Og
(Method I). In order to find out whether the uptake of CO3z was inhibited to the
same degree, the photosynthetic quotient p = —-02/COz was calculated by
measuring the inhibition at pH 5.8 and pH 7.2, using the two vessel method.
From the two manometric readings, the uptake of CO2 and the rclease of Oz
can be computed as already described (p. 9, Method II). The same quantity of
cells was suspended in 2 and 5 cc phosphate buffer respectively. The measure-
ments were made at light saturation, at 25 °C.

The photosynthetic quotient was determined without CaD3z and with 1.56 X
10-6M CaDs. The results are shown in table VIII.

TABLE VIII. The photosynthetic quotient of Chlorella at pH 5.8 and pH 7.2 (sodium phos-
phate buffer) with and without addition of CaD,. Each quotient representing
the average of 5 experiments at 25 °C.

Control 1.56 x 107*M CaD,
pH
Average Extreme values Average Extreme values
5.8 1.03 4+ 0.02 (0.97-1.09) 1.05 = 0.02 (1.00-1.10)
7.2 1.07 4+ 0.01 (1.00-1.15) 1.07 £+ 0.01 (1.04-1.10)

Within the limits of error, no differences in the photosynthetic quotient
occur between the control and the suspension containing 1.56 X 10-6M CaDy,
neither at pH 5.8 nor at pH 7.2. The photosynthetic quotients in the control and
in the presence of CaDg at pH 7.2 are in general somewhat higher than those
at pH 5.8. The differences, however, are not significant.

As there was no effect at all on the photosynthetic quotient (p), the inhibition of photo-
synthesis at different pH values has been measured in phosphate buffers using the one vessel
method (Method I1I) in order to enable a wider variety of treatments. The computations in
Chapter II show that the influence of erroneous p-values becomes smaller with larger volumes
of fluid (lower V¢ values). Also the resulting manometric readings are higher, which is another
advantage of using as much fluid as possible. In our measurements, therefore, we used 5 cc, in
which disturbing effects due to mixing of the fluid in the main part of the vessel and in the
side arm do not yet occur.

The influence of pH on the inhibition of photosynthesis by CaDs is given in
table IX. The measurements have been made in phosphate buffers (pH 5.9
and 7.2) or in carbonate bicarbonate buffers (pH 9.2 and 10.4). In the latter
case the calculations proceed according to Method I (Chapter II).

It was mentioned in Chapter II that considerable errors in the computed
rate of gas exchange occur if no correction for COz retention is applied. Since
this only affects the overall vessel constant, it has no influence if the inhibition
is represented as a percentage of the control (see columns 3 and 5). No pH
effect was observed in the phosphate buffers (columns 3 and 7). In the carbonate
bicarbonate buffers the inhibition at pH 9.2 was less than at pH 10.4. It is
possible, however, that in the latter case an unfavourable effect of the high
pH occurs, which was also found in control experiments (Chapter II). The
concentrations of CaD2 yielding 509, inhibition were not entirely the same
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FiG. 17. The extinction of CaD, measured in relative units versus pH (buffers of different pH,
measurements with 5.8 x 10-¢ M CaD,).

in phosphate buffers and in carbonate buffers. However, the experiments were
made on different data, which may, at least in part, account for this difference.
The order of the inhibitory reaction was 2 in all cases, calculated as indicated on
p. 28.

If only undissociated molecules penetrate into the cell, a decrease in pH will
increase the formation of HD molecules. As only the D-1on is intensely coloured,
the variation in extinction of a solution of CaD» with pH may furnish a measure
of the dissociation. In figure 17, the extinction, on a logarithmic scale, is
plotted against pH for 5.8 X 108M CaDs, giving about 759, inhibition of
photosynthesis at pH 9.2. From this figure it is clear that a decrease in extinction
only occurs at pH values lower than 4.0. It is probable, therefore, that stronger
inhibition of photosynthesis is only perceptible below this value. However,
measurements of the rate of photosynthesis at pH values below pH 4.0 are
unreliable under these non-physiological conditions. The internal pH of the
cell, on the other hand, is to a high degree independent of the pH of the outside
medium.

§ 4. THE INHIBITION OF PHOTOSYNTHESIS IN CONNECTION WITH CHLOROPHYLL
FLUORESCENCE

Excited chlorophyll may dissipate energy into fluorescence, heat or as po-
tential energy to another molecule during collision. Only a small fraction of the
absorbed quanta is dissipated as fluorescence. However, the intensity of fluo-
rescence is a direct measure of the number of excited chlorophyll molecules
present. Inhibitors changing the initial slope in photosynthesis will usually
affect fluorescence, whereas those only influencing the saturation level will
have no effect on fluorescence or affect it only indirectly. Measurements have
. been reported by KAUTSKY and HirscH (32), KAuTtsky and SpouN (33), and
lateron by FRANCK et al. (17) with Chlorella, and by WassINK et al. (75, 76, 77)
with Chlorella, Diatoms and Chromatium.

Fluorescence measurements were made in small rectangular vessels (3 X 2 X
1 cm). A high pressure mercury vapour lamp was used as a light source in these
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experiments, because the relatively small amount of red light could easily be
removed with a 6 cm half saturated copper sulphate solution removing all the
infra-red, red and orange components of the light. Since fluorescence directly
depends on the incident light intensity, the mercury lamp was fed via an a.c.
stabilizer. We used the same equipment as SPRUIT and WASSINK (65), measuring
the fluorescence light with a caesium photo-electric cell connected with an
a.c. amplifier. The experiments were performed at room temperature (about
19°C). Different light intensities were obtained by using copper wire screens of
different mess width.

In figure 18, the fluorescence is represented in relative units at different
light intensities and at different CaD2 concentrations. There is a linear relation
up to a light intensity of 2.0 — 3.0 X 10* ergs/cm? sec. after which the slope
increases. The transition range agrees closely with the reach of light saturation
in photosynthesis (fig. 12a). With 1.0 X 10-6M giving nearly complete inhibition
of photosynthesis, the fluorescence is smaller, both at high and low light
intensities. At still higher CaDy concentrations (2.6 X 10-°M) a further decrease
in fluorescence was observed, especially at high light intensities, resulting in
straightening the curve. At lower concentrations of CaDy, giving 50 9, inhibition
of photosynthesis, a decrease in fluorescence was also observed.

rel. units

40 -

30

20

10

' | ) ] y - ]

10 20 30
x 10" ergs/cmz sec.

F1G. 18. The effect of CaD, on fluorescence of Chlorella versus light intensity at different
concentrations (# — @ = control, x —x =52 X 107°M, o—o =1 X 1075M,
+ — + = 2.6 X 107*M CaD,).
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The results indicate that CaD2 accepts the energy transferred from the
excited chlorophyll and does so even with a higher probability than the normal
energy acceptor, since fluorescence 1s decreased. It is known that nitrophenols
generally accept energy quite easily, with which our results are in accordance.

§ 5. INHIBITION OF PHOTOSYNTHESIS WITH CaD32 IN FLASHING LIGHT

Intermittent light was already applied in the study of photosynthesis by
BrowN and EscoMBE (10), and later by WARBURG (71). In the classical studies
of EMERSON and ARNOLD (13}, improved methods for the study of flash light
were used. By variation of the dark period, they found that, after the addition
of cyanide, causing 609, inhibition in continuous light, the yield of photo-
synthesis per flash increases with increasing dark period and was the same as
the control if the dark period was sufficiently long. The inhibition of photo-
synthesis with phenyl urethane, on the other hand, was not counterbalanced by
a longer dark period. Lateron, inhibition experiments of photosynthesis in
connection with flash light were made by WELLER and FRANCK (80) and TAMIYA
(68).

Our experiments were performed at 30°C, with Chlorella suspended in 0.2 M
WARBURG buffer no. 10 (pH 8.7). CaD2 was added to the suspension before the
latter was pipetted into the reaction vessel. The yield of photosynthesis was
measured with a recording volumeter, the design of which has been described
in full detail by Kok (35). Different light intensities were obtained by using
copper screens of different mess width. By varying the width of the slit in the
rotating disc and the rotation speed, different dark periods (0.05-0.8 sec.) could
be combined with the same flash time (0.032 sec.). With the aid of this apparatus
light intensity curves could be made in continuous light as well as in flash light.
In the intervals between the flash light parts of the experiment, dark periods were
intercalated in which respiration has been measured. In these experiments an
increased respiration up to 60 %, was observed in the dark with increasing CaD»
concentrations. The high respiration rate may give rise to sources of error in the
computation of the yield of photosynthesis especially in case of large dark
intervals between the separate flashes. Especially so, because the possibility of
an influence of the flashes upon the respiration in the dark intervals cannot be
excluded a priori.

The results obtained in continuous light confirm those obtained with the
WARBURG apparatus (figs. 12b and 12¢) and are not recorded here again. In
figure 19, the per cent inhibition at saturation is plotted against the length of
the dark period at different concentrations of CaDs. It is clear that neither at
6.9 X 106M CaDsg nor at 4.7 X 106M CaDs3 a decrease in the inhibition of
photosynthesis is observed even with dark periods of 0.8 sec. These results are
very similar to those obtained with phenyl urethane in flashing light experi-
ments (13).

§ 6. INHIBITION OF AUTOTROPHIC AND HETEROTROPHIC GROWTH

The growth experiments were performed in 300 cc erlenmeyer flasks containing 150 cc of
WARBURG culture medium. The flasks were inoculated with the same amount of cells i.e.
15 mm?3 cells/flask and then placed on the shaking device. By interchanging the places of the
erlenmeyers every day, differences in light intensity on the shaking device were eliminated.
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FiG. 19. Per cent inhibition of photosynthesis of Chlorella, in continuous and in flashing light
versus length of dark period at different CaD, concentrations (+ — + = 4.7 ¥
10-M,and o — o0 = 6.9 X 10~¢M CaD,).

Growth has been measured by centrifuging a fixed volume in a TROMMSDOREF tube for 1
minutes at a speed of 2250 revolutions per minute. The height of the column in the capillary
of the TROMMSDORFF tube has been taken as a measure of the density of the culture.

The uptake of CaD, in the growing culture was determined by measuring the transmission
of the supernatant in the TROMMSDORFF tube at 480w in a photo-electric colorimeter. The
concentration of CaD, could be read from a calibration graph. It sometimes happened that
the cultures became turbid, and the supernatant did not become clear even after centrifuging
for a long period of time. This tends to suggest a higher concentration of CaD, than is actually
present, The turbidity is probably due to calcium compounds in collodial suspension. As-
suming that the turbidity occurs in the same way in a culture without CaD,, one can take the
supernatant of the control instead of distilled water for comparison, as has been done in the
first experiments. However, as growth in these controls is stronger than in cultures with CaD,,
higher turbidities often occur in the controls, resulting in too low estimations of the CaD,
concentration, Better results were obtained by diluting the supernatant with distilled water
and shaking it with a small volume of methyl-isobutyl ketone. The ketone phase collects at
the top and contains all CaD,, whereas most of the turbidity remains in the water phase.

Autotrophic growth

Each growth experiment consisted of a range of 8 erlenmeyer flasks with
CaDs concentrations from 0 to 6.6 X 10-6M. The concentrations of CaDs were
measured directly after inoculation. After 5 days, the growth of Chlorella and
the concentration of CaDs were measured. In table X, the number of cells is
given after 5 days as an average of 6 experiments (column 2). The concentration
of CaDg after inoculation, the inhibition of growth and the concentration of
CaDg at the end of the experiments are shown in columns 1,3, and 4 respectively.

The inhibition of growth increases with the increase in the concentration of
CaD3z (column 3). Comparing these results with those on photosynthesis
(figure 7a,25°C) it may be seen that the range of inhibition is about the same.
The absorption of CaD» tends to increase with the concentration (column J5);
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TABLE X. The inhibition of autotrophic growth in Chlorella with different concentrations of
CaD, as an average of 6 experiments.

L 2. 3 2 y + Absor?)-tion of
Coneeniration of | Quantity of cells Rel. growth rate’) aneentration | Gab, (10-M)
d.irectly after :&:ru; ({:l‘gs(‘lc; . Per cent in supernatant stfsr[?:;sligrlc %}.
inoculation Numer. value ?) inhibition after 5 days the cellsin 5 days
0 400 4 2 0.320 - - -
0.66 4 0.06 444 + 4 0.329 -3 0.11 = 0.06 0.55
1.54 + 0.06 31.2 - 6 0.299 7 0.82 = 0.06 0.72
24 -+ 0.06 30.0 4 9 0.295 3 1.2 £ 0.06 1.2
34 4+ 0.06 120 4 2 0.216 33 2.42 + 0.06 1.08
4.5 4+ 0.06 100 4 5 0.200 38 3.2 4 0.06 1.2
5.5 - 0.06 52 42 0.143 55 4.05 - 0.06 1.45
6.5 4 0.06 2.8 + 1 0.089 72 4.95 -+ 0.06 1.55

1) Initial density 1 mm?3 cells in 10 cc.
2) Relative growth rate: log. increase of cell density per day.

this is even more so per cell, because of the stronger inhibition of growth. We
have investigated whether the decrease in concentration of CaD2 might be
merely due to the presence of potassium in the medium. That this could not be
the explanation was demonstrated by the observations that no decrease in
concentration occurred at 8.8 X 10°6M CaD:»- in erlenmeyer flasks with water or
a WARBURG medium without algae, neither in dark nor in light, after 5 days.

Heterotrophic growth

Each experiment consisted of a range of concentrations from 0 to 1.73 X
10-3M CaD2. The inoculation and the measurements have been made in the
same way as already described above in the section on autotrophic growth.
These experiments were performed in the light (3500-4500 lux), in the same way
as those on autotrophic growth, 15 gr. glucose/l. having been added to the
medium. The results are represented in table XI.

TABLE XI. The inhibition of heterotrophic growth in Chlorella with different concentrations
of CaD, as an average of 5 experiments. _

Concentration of Quantity of cells Rel. growth rate?)
CaD, (107¢M) direct- in mm?3/10cc Numerical?) Por cent
ly after inoculation after 5 days?) value inhibition
0 100 = 10 0.400 —~
1.53 + 0.06 120 + 20 0.416 -4
3.5 +=0.06 100 + 10 0.400 0
5.25 + 0.06 120 =+ 10 0.416 —4
7.1 = 0.06 100 = 10 0.400 0
8.2 =+ 0.06 70 = 25 0.369 8
89 4+ 0.05 40 = 30 0.320 20
13.5 £ 0.06 6 =6 0.156 61
17.3 + 0.06 3 =3 0.095 76

1) Initial density 1 mm? cells in 10 cc. _
2) Relative growth rate = log. increase of cell density per day.
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No definite measurements of CaD2 could be made at the end of these experi-
ments, because of the high turbidity of the glucose cultures. The extraction
method of D with methyl-isobutyl ketone was not followed, since it was not
yet known to us during these experiments. Visually, the uptake of CaDs was
higher than in the autotrophic series owing to the higher CaD3 concentrations,
and the higher density of the suspension, which was 40.0 and 100.0 mm3 in
the control of the autotrophic and heterotrophic growth series respectively.
It may be seen from tables X and XI that the inhibition of heterotrophic
growth is smaller. The concentration at which complete inhibition of autotrophic
growth occurs hardly reaches the threshold for inhibition of heterotrophic
growth.

§ 7. DISCUSSION

Generally, inhibition of respiration is found at higher concentrations of the
inhibitor than that of photosynthesis. Up to the present the reverse has only
been reported for cyanide inhibition in Scenedesmus (GAFFRON [21]). Aromatic
nitro-compounds usually increase the rate of respiration to a high extent in
concentrations in which synthetic processes are decreased or completely inhi-
bited. Inhibition of respiration was observed at higher concentrations (BEEVERS,
[4], KELLY and AVERY [34]). In our experiments an increase of respiration from
30 to 1009, was observed with increasing CaD, concentrations up to 10-3M
in the dark. Inhibition may well occur at still higher concentrations, but this
could not be tested since 10-3M CaD» was the highest concentration available.
The absence of a clear inhibition of respiration may well be due to its low rate.
Addition of glucose results in an increase of respiration up to 6-8 times the
value of the endogenous respiration. An inhibition up to 609, of the glucose-
stimulated respiration was observed at 10-3M. Yet the rate still was nearly 2
times that of the stimulated endogenous respiration at the same CaD3 concen-
tration. It may be seen from figure 15 that the inhibition of glucose respiration
tends to increase more slowly in the region of 10-3M. The data contain no
indication that the rate of respiration at still higher concentrations of CaDs
should be below that of the CaD2 stimulated endogenous respiration.

Heterotrophic growth was found to be less sensitive to CaDs2 than auto-
trophic growth. It may be seen from table X and figure 7a that in autro-
trophic growth and photosynthesis the threshold concentrations of CaD2 for
inhibition are almost the same. However, the concentration at which complete
inhibition occurs is higher in photosynthesis. It must be mentioned that the
growth experiments covered a period of 5 days, whereas the inhibition of
photosynthesis was measured for 3 hours after addition of CaDs. A progressive
increase in inhibition of photosynthesis was observed (figure 8). It may be
concluded that inhibition of photosynthesis and autotrophic growth present
nearly the same characteristics. As threshold and complete inhibition of hetero-
trophic growth are much higher, it is probable that the inhibition of autotrophic
growth is due to the inhibition of photosynthesis, resulting in a shortage of
assimilates, which becomes even worse by the increase in respiration. The
observations of SEeL (58), that nitro-compounds in lower concentrations are
sometimes more toxic than in higher concentrations, may also be due to a
shortage of assimilates since respiration increased especially at lower concen-
trations. It is known that D is an even stronger inhibitor for cell division
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than colchicine (GAVAUDAN et al. [24]). Nevertheless, this process, still may be
less sensitive than photosynthesis.

The observations on fluorescence and flashing light emphasize the evidence
already obtained in Chapter III, that CaDs inhibits equally the energy trans-
ferring part and some of the dark chemical parts of the photosynthetic process.
For, if a poison inhibits photosynthesis in the light limiting range, a decrease or
an increase of fluorescence may be expected, dependent on whether the poison
has a higher or a lower energy accepting capacity than the energy acceptor
involved in photosynthesis.

In our case a decrease in fluorescence was observed with CaDs in the light
limiting as well as in the light saturation range. This indicates that CaD3 has
a high energy accepting capacity. Since it acts, as found, in low molar cencen-
trations this fact may suggest some chemical similarity to the normal primary
energy acceptor in photosynthesis.

If a poison inhibits photosynthesis in the light limiting range no decrease in
inhibition percentage will be observed in flashing light, contrary to what is found
for a poison preferably inhibitory in the light saturation range (13). With CaD.
we found no decrease of inhibition in flashing light as compared with continuous
light. Though these results represent a strong evidence for a narcotic action of
CaD3, the low concentration at which inhibition already occurs and the non-
reversibility point to a specific bond to an enzyme rather than to a non-specific
narcotic action.

The results obtained at different pH will be discussed with those in
Scenedesmus lateron in this paper.

CHAPTER V

INHIBITION OF PHOTOSYNTHESIS AND GROWTH BY CaD: IN
VARIOUS PLANT TYPES AS COMPARED WITH CHLORELLA

§ 1. INTRODUCTION

So far we have studied the effect of CaD3 on various metabolic processes in
Chlorella only. It could be expected that the range of concentrations at which
growth and photosynthesis are affected by CaD; differs in various plant
species. The inhibition in other respects as, e.g., regarding chlorophyll content,
dry weight, root length, may differ as well.

Strains of Lemna minor, Lemna gibba, Lemna arrhiza, Scenedesmus, Chromatium spec.,
Nostoc species, Rhodospirillum rubrum, Oscillatoria spec., and Chlamvdomonas are kept in this
laboratory in sterile stock cultures on agar or in solution, the latter especially for Lemna and
Oscillatoria. The organisms were transferred repeatedly to fresh agar slants, or fresh culture
solutions at shert intervals in order to activate the cultures. Hereafter, they were inoculated
into 300 cc erlenmeyer flasks containing 100-150 cc of a nutrient solution. During cultivation
the nutrient solution was flushed with a stream of air, enriched with 52, CO,. The erlenmeyer
flasks were placed between fluorescent tubes (,,day light™ type) at a light intensity of 3000-5000
lux, and incubated at a temperature of 20° £ 2 °C.

Growth was measured by centrifugation in TROMMSDORFF tubes for various algae and purple
bacteria, by counting fronds (Lemna) or by visual estimation of growth (Oscillatoria). Photo-
synthesis and respiration were measured in the WARBURG apparatus. For specific details about
culture methods and measurements we refer to the sections dealing with each species separately.
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§ 2. INHIBITION IN Lemna minor, Lemna gibba AND Lemna arrhiza

Cation deficiencies in Lemna have been studied frequently, e.g., by AsHBY and
OXLEY (2), WHITE (82), PirsoN and SeDEL (46), BIERHUIZEN (5); phosphate
deficiency was studied by PIRSON et al. (47) and LINDEMAN (36). To the author’s
knowledge, however, few experiments were made on the effect of inhibitors on
growth and photosynthesis.

Details of culturing are as follows:

The solution was based on that of GorHAM (26), containing 5 X 1072 mol. Ca (NQO,),, 4 H,0;
2 x 103 mol. Mg SQO,, 7H,0;5 x 107* mol. KNO,; 1 x 10~ mol. KH.PO; and 0.005 gr.
ferritartrate per litre with the following addition of micro elements:2.86 mg. H;BO,; 1.82 mg.
MnCl,, 4 H,0; 0.22 mg. ZnSO,, 7 H,0; 0.07 mg. Mo00,; 0.08 mg. CaSO,, 5 H,0. Unless
indicated otherwise, 5-10 fronds were inoculated per erlenmeyer. Flushing of the cultures
with air enriched with 59, CO, for three 2-hours periods per day was sufficient to obtain
exponential growth. Growth was measured daily, by counting the numbers of fronds. In order
to minimize the effect of different stages of development in Lemna minor and Lemna gibba,
a young frond was rated as 1, a medium one as 4, an older one as {, and a mature frond as 1.

Frond area was measured from photographic contact prints of the fronds by means of a
planimeter. Dry weight was measured by ovendrying (at 105 °C) 100-200 fronds in small
weighing bottles during 2 days. Chlorophyll determinations were made by extracting the
fronds with 909, ethanol. The extraction was rcpeated three times in a waterbath (50-60 <C)
which was sufficient for total extraction. The chlorophyll concentration was measured in a
BLEekER colorimeter at 6650A. Photosynthesis was measured in the WARBURG apparatus
with 10 to 25 fronds in 5 cc tap water per flask (pH 5.5) in the case of Lemna minor and with
100-150 fronds in that of Lemna arrhiza.

The increase in frond number of Lemna minor, Lemna gibba and Lemna arrhiza
is represented in figure 20, in which the frond number is plotted on a logarith-
mic scale. The straight lines indicate a constant growth rate throughout the
experiment, with the highest rate in Lemna minor and the lowest in Lemna
arrhiza.

frond number

FiG. 20. The increase in frond number
(on a logarithmic scale) versus time (in
days after inoculation) Lemna minor
(+ — +), Lemna gibba (e —e), and
days after inoculation Lemna arrhiza (- — -).
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Experiments with Lemna minor and Lemna arrhiza were made at different
concentrations of CaD». The results are represented in table XIla and b as
an average of 4 experiments.

TABLE Xlla. The effect of different concentrations of CaD, on the rate of growth, on dry
weight, on frond area, on chlorophyll content and on root length in Lemna
minor, as an average of 4 experiments.

' e | Chlorophyli ?)
Rd'_ Rtl'():; th , lzr?o‘d ({‘-l_'g‘htd Frond area content per Root length
Concentration rate be ronas 15 fronds
A ] . - < -
of Cab: (10=A) | ‘Nume- [ Per cent Per cent Per cent Numeri- Per cent Per cent
rical inhibi- mg mm® cal cm
_ s . decrease decrease | . s\ {decrease decrease
value ') tion value®)
0 0.169 - 12.0 - 2.34 - 0.119 - 2 -
1.97 0.150 11 8.9 26 3.05 | =30 0.120| -1 0.4 80
4.70 0.112 1 34 8.6 28 2.17 7 0.050 | 24 0 100
8.50 0.073 57 7.6 37 1.83 22 0.059 | 53 0 100

1) Rel. growth rate == log. increase in frond number per day.
E -E

2

?) measured as log,

TABLE XIIb. The effect of different concentrations of CaD, on the rate of growth and on
dry weight in Lemna arrhiza, as an average of 4 experiments.

Relative growth rate!) Dry weight per 100 fronds
Concentration

of CaD), (10-*M\) Numerical!) per cent Per cent
value inhibition me decrease

0 0.119 - 3.10 -

0.55 0.111 7 2.50 19

1.45 0.100 16 1.81 41

1.80 0.086 28 1.84 40

1.97 0.065 45 1.84 40

4.7 0 100 - -

8.5 0 100 - -

1) Relative growth rate = log. increase in frond number per day.

The inhibition of growth is represented as a percentage of the control. The table
includes also the influence of CaD2 on dry weight, leaf area, chlorophyll
content and root length, the inhibition expressed as percentages of the respective
controls. Lemna arrhiza is the more sensitive one. Complete inhibition of growth
occurs already with 4.7 X 10-6M, whereas in Lemna minor at the same concen-
tration the growth rate still 1s 66 9% of that of the control. Complete inhibition
of Lemna minor only occurs at concentrations above 8.5 X 106M. The same
relation was observed in dry weight/frond. The chlorophyll content in Lemna
minor decreases to about the same extent as the rate of growth; leaf area is
less affected by addition of CaD: and decreases only in concentrations above
4.7 X 10-6M CaD2. The number and the length of the roots were reduced
enormously, with 1.97 X 10-6M already to about 20 9, of the control, and with
4.7 ¥ 10M no roots at all were observed. These effects are shown in figure
21 which is a contact print of some fronds grown at the different concentrations
(1 is the control, 2 represents 1.97, 3 represents 4.7, and 4 represents 8.5 X

10-6M CaDg).
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Fi1G. 21. The eftect of CaD, on root formation of Lemna minor (1
107°M, 3 = 4.7 X 107¢M, and 4 = 8.5 X 10~*M CaD,).

control, 2 = 1.97 X

The inhibition of photosynthesis in Lemna minor is represented as per cent of
the control, in figure 22, in short time experiments (0-2 hours after addition
of CaDg2) and in long term experiments (after 24 hours). The inhibition in
growth and photosynthesis in Lemna minor as compared with that in Chlorella
indicates a slower uptake of CaDs in Lemna minor. |

o/ inhibition
+

- +
80 |-
60 —

40 |-

20 I~ ~

0 ] 11 || 1 |
10 ° 105
M Ca 02

FiG. 22. The inhibition of photosynthesis of Lemna minor, with CaD,, at 25 °C, under light
saturation (5.0 - 6.0 X 10% ergs/cm?sec.), in tapwater; 0-2 hours after addition of the
inhibitor (e — e) and 24 hours later (+ — +).
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§ 3. INHIBITION IN Scenedesmus

Extensive inhibition experiments with Scenedesmus have been made by
GAFFRON (23) and NAKAMURA (38). GAFFRON (23) reported for the first time
a case in which respiration was suppressed by cyanide without injury to photo-
synthesis. It therefore seemed important to measure respiration also in con-
nection with CaDo.

The rate of respiration was measured in the dark in a concentration range up
to 1 X 10-3M CaD2. No inhibition at all was observed at any of these concen-
trations. On the contrary, a stimulation of respiration occurs, which increases
with increasing CaDs concentrations up to about 609, at 2.67 X 10*M
CaD3s. This high rate of respiration was maintained even at 1 X 10-3M. These
results are in agreement with those obtained with Chlorella.

Growth cxperiments were made with Scenedesmus in a WARBURG medium
(see Chapter IT). The experiments were repeated 3 times with 5 different concen-
trations of CaDg (0,0.55,1.09,2.19,3.28 X 10-6M CaD3). Inhibition of growth
occurred already at 0.55 X 10-6M (the growth rate being 75 9%, of that of the
control), and complete inhibition was observed at 2.19 X 10-6M CaDa. Inhi-

bition of growth, therefore, occurs at somewhat lower concentrations than in
Chlorella.

°( inhibition

100 —

-

80 i~
60
40 |- Z
20 |- : =

0 lﬁjﬁllﬁl1 1 ® 3

10°°
M Ca D,

Fi1G. 23. The inhibition of photosynthesis of Scenedesmus, with CaD, at 25 °C, under light
saturation (5.0 — 6.0 X 10% ergs/em?® sec.), in WARBURG buffer no. 9; 1 (¢ — @) and
3 hours (- — -) after addition of the inhibitor.

In addition hereto some measurements on photosynthesis were made at
different concentrations (0, 2.63, 5.2, 7.65 x 10-6M, 1.0, 1.84, 2.7 X 103M
CaD3). In this concentration range no inhibition occurs in the first hour after
addition (figure 23). Inhibition then became noticeable and increased gradually
until after 3 hours a marked inhibition was manifest, which furtheron remained
rather constant. These results show a marked difference with the strong inhi-
bition of growth reported above, the more so since the inhibition of photo-
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synthesis was less than that in Chlorella. This indicates, that growth is not
inhibited solely by a shortage of photosynthates, as could be concluded to in
the case of Clilorella in Chapter IV. The growth experiments were performed in
a nutrient solution at pH 5.0 to 7.0 while the rate of photosynthesis was
measured in WARBURG buffer no. 9 at pH 9.2. Therefore, simultaneous measure-
ments of photosynthesis in WARBURG buffer and in tap water have been made,
with the addition of 1.84 X 10-°M CaD». The inhibition in the WARBURG buffer
was found to be smaller than that in the phosphate buffer (table X1II). These
results show that the observed discrepancy between the inhibition of growth and
that of photosynthesis is at least in part due to a decrease in inhibition of the
latter at high pH values. In Chlorella, on the contrary, no differences in inhi-
bition were observed at different pH values.

TABLE XIII. The inhibition of photosynthesis in Scenedesmus at 25 °C, upon addition of
1.84 x 1075M CaD, in a carbonate bicarbonate buffer, and in tap water.

Carb.bicarb. buffer Tap water
Time after addition Rate o(fnrq)l::;;ﬁ?l')nlhesm Per cent in- Ratc((:gl{:]};/ol:?s)}'nt}ws:s Per cent in-
hibition by ) hibition by
No CaD, CaD, CaDy | no caD, CaD, Cab,
lLhour . . . . . .. 173 159 8 142 30 70
2hours. . . . . .. 169 140 16 139 -9.5 100
Jhours. . . . . . . 161 129 20 138 -9.2 100

The smaller inhibition of photosynthesis in the WARBURG buffer may be due to a more
difficult uptake of CaD, into the cell from this buffer. Besides, it is known that Scenedesmus
is more tolerant towards a high pH than Chlorella. This fact might explain the slight, but
continuous decrease in the rate of photosynthesis observed in Chlorella, confirming PRATT'S
(51) results. Such a decrease is not observed with Scenedesmus, confirming OSTERLIND (44),
who reported utilisation of HCOj as substrate in Scenedesmus quadricauda, whereas this did

not occur in Chlorella pyrenoidosa.

§ 4. INHIBITION IN Chromatium

Earlier experiments with purple sulphur bacteria have been carried out by

GAFFRON (22), VAN NIEL (42), WASSINK et al. (76) and others. Our experiments
were made with a pure culture of Chromatium indicated as ,,strain D* by

ROELOFSEN (54).

The organism was maintained in a malate thiosulphate medium in 100 cc glass-stoppered
bottles with a small jar over the stopper of the bottle in order to prevent contamination

(EYMERS and WASsSINK [14]).
As this species is anaerobic, all media had to be boiled and cooled before use. The culture

medium was based on that of ROELOFSEN (54), as modified by EyMerRs and WassINK (14) con-
taining: 29, NaCl, 0.19% (NH,), SO,, 0.05% K,HPO,, 0.02 9%, MgSQO, in tap water. It proved
to be desirable to use the 29, NaCl partly in pure, partly in crude form; 19, of each was used.
The pH was brought to 7.4 by addition of 1 N NaOH or 1 N HCI, before filtration and ste-
rilization. Hereafter, 0.25 cc of a 109, Na.S solution, 1.0cc of a 109, Na,CO; solution, one
drop of a 109, H,PO, solution, 3.75 cc of a 109, sodium malate solution, and 2.5cc of a 109,
thiosulphate solution were added to 162.5cc of the solution. The species was repeatedly
transferred to fresh cultures in short intervals, in order to activate the cells. Hereafter, 0.5 mm?

of cells was pipetted into each of the glass-stoppered bottles.

The rate of photoreduction was measured in the WARBURG apparatus at
29°C in a 1/15 M phosphate buffer with 0.6 %, NaCi (pH 7.6). Before use, one
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day old cultures were centrifuged, resuspended in the same medium, without
the addition of sodium malate, and shaken in the dark for a period of about
15 hours in order to use all the malate left in the cells. The vessels were attached
to the manometers, one of the side tubes was provided with an outlet during
the filling of the vessels (4 3/4 hour). The gas mixture (Ne, 309, Hs and 59,
CO:) was passed through an electrically heated reduction oven in order to
remove all oxygen left in the mixture. The rate of photoreduction was computed
by Method III. According to the formula COs -+ 2Hs— CH20 + H-20, an
uptake ratio Ho/CO2 = 2 was used, which has been experimentally verified by
WASSINK (74).

Growth experiments were made with CaD» at different concentrations
(0,2.19,4.38, 6.55, 8.73 x 106M, 1.09, 1.31, 1.96,2.73 X 10-5M) of CaDs. The
bottles were placed in the light cabinet at a light intensity of about 500 lux at
29°C. Growth was measured after 1 or 2 days by centrifuging 5 cc suspension
in TROMMSDOREFF tubes. The actual activity of the bacteria after this trcatment was
determined by measuring the rate of photoreduction in the WARBURG apparatus.
In this case, measurements were made directly, also in the blanks, without using
the procedure of malate starvation. The results are summarized in table XIV
as an average of 4 replicates.

TABLE XIV. The effect of CaD, on the rate of growth and the rate of photoreduction in
Chromatium, as an average of 4 experiments.

Conccmmti‘on Qi‘:)a:;:;%’/?{g?:ls Rel. growth rate ?) Rate of photoreduction
AR AT aterzansh | Nepeipl | Jemeel | metnso | ORI,
0 69.0 1.57 - 25.9 -
2.19 47.8 1.49 5 : 25.9 0
4.38 31.5 1.40 11 25.6 1
6.55 39.7 1.45 7 249 4
8.73 12.0 1.19 24 25.6 ]
10.9 3.15 0.50 43 22,7 12
13.1 3.15 0.90 43 23.0 11
19.6 0.34 0.42 73 23.5 9
27. 0.12 0.19 88 - -

1) Initial density 0.05 mm?® cells in 10 cc.
?) Relative growth rate = log. increase of cell density per day.

It is clear, that the inhibition of growth, expressed as percentage of the
control, increases with increasing CaDs concentrations up to 88 9, inhibition
at 2.73 X 10-*M CaDs. Theinhibition of growth in Chromatium is smaller than
that observed In other species, the sensitivity of which species is similar to that
of Chlorella in heterotrophic growth. A comparison of the results of columns
4 and 6 in table XIV indicates that photoreduction is still less sensitive and is
hardly inhibited at concentrations at which the growth rate is strongly decreased.
These measurements were made by suspending the cells grown at the various
CaDs concentrations in fresh phosphate buffer without CaDs.

These findings were confirmed by measuring the inhibition of photoreduction
in short time experiments upon addition of CaDa of Chromatium cells cultivated
without CaDs. The rate of photoreduction was measured during half an hour,
after which different concentrations of CaD> were tipped into the suspension
while the measurement was continued until 2-3 hours after addition (table XV).
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TABLE XV. The inhibition of photoreduction of Chromatium upon addition of CaD, in
phosphate buffer (pH 7.6), at 5-6 X 10! ergs/cm? sec., at 29 °C, as an average
of 3 cxperiments.

.. Rate of photoreduction
. Concentration in 1073 M CaD, —————
mm?/hr. Per cent inhibition
0 26.0 -
2.08 27.5 -6
4.04 25.8 3
6.23 25.0 4
8.42 20.8 20
10.0 9.9 62
12.9 { 4.7 82

It is clear that the range from the threshold of inhibition to complete inhi-
bition extends from 4.04 X 109 to 1.29 X 10-*M CaDs. Contrary to the results
with Chlorella, inhibition in Chromatium was found to be constant within
20 minutes, and it remained constant for at least 3 hours. The concentration at
which inhibition of photoreduction occurs is much higher than that for inhi-
bition of photosynthesis in Chlorella.

§ 5. EXPERIMENTS WITH Rhodospirillum rubrum, Oscillatoria species, Nostoc
species, Chlamydomonas

Rhodospirillum rubrum

Growth experiments with this species were performed in a NaCl-peptone
medium, containing 19, peptone, 0.5 9, NaCl, the latter partly in pure, partly
in crude form, 0.25 9} of each being used. Growth was measured by centrifuging
5 cc suspension in TROMMSDORFF tubes.

No growth at all was observed at CaD3 concentrations above 4.38 X 10-6M
CaDgq. At lower concentrations growth increases with decreasing CaD2 concen-
trations and threshold was found somewhere between 0.55 X 106 and 1.09 X
10-6M CaD2. Some observations with a microscope revealed that decrease in
growth was correlated with decrease in motility of the cells. No motility at
all was observed in concentrations higher than 4.38 X 10-6M CaDs.

Oscillatoria species

Growth experiments with Oscillatoria were performed in a nutrient solution
containing 0.19%, Ca(NOs)2, 0.029, KesHPOy4, 0.029%, MgS04, 6 X 1049,
FeSO4.

The inoculum was introduced by means of a platinum wire and usually sank to the bottom
of the erlenmeyer flask. Growth occurred as long filaments at the surface of the culture medium,
rapidly covering the whole area. It may be mentioned here that some calcium containing
precipitate always occurred in the erlenmeyer flasks, in the control as well as in the flasks with
different CaD, concentrations. Only after this precipitate has been dissolved by the growing
culture, a vigorous growth at the surface was observed.

Growth was estimated in four degrees, viz. the same rate as the control,
moderate growth, slow growth and total inhibition of growth. Experiments
were performed with 6 concentrations of CaDg, viz. 0, 0.55, 1.09, 2.19, 3.28,
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4.38 X 10°M CaD.. From these estimations the threshold of inhibition, 50 °;
inhibition, and complete inhibition could be determined with a reasonable
accuracy. Inhibition began to be noticeable at 1.09 X 10-5M and was complete
at 3.28 X 10-6M CaDes. Oscillatoria was reddish brown to red with deformed
cells in 3.28 and 4.38 X 10-6M CaD:..

Nostoc species

The same nutrient solution was used as for Oscillatoria species, except that
0.05 9, Ca(NO3)> was applied instead of 0.1 95 Ca(NO3)2. Inhibition of growth
again occurred between 1.09 and 3.28 X 10-M CaD..

Chlamydomonas

In these experiments a WARBURG medium was used as nutrient solution, the
composition of which has been described in Chapter Il. Inhibition occurred
also here between 1.09 and 3.28 X 10-6M CaD..

§ 6. DISCUSSION

A survey of inhibition of growth, respiration and photosynthesis by CaDs in
various plant types as compared with Chlorella is represented in table XVI.
It is clear that the inhibition of photosynthesis and that of growth show similar
features. However, usually a somewhat stronger inhibition of growth was
observed, which may be due to the long time of exposure to CaDs> (4-8 days).
Photosynthesis was usually measured in short time experiments, within one
day (1-3 hours after addition). The inhibition range extends roughly between
10-6and 10-SM (~ 1-10mg. CaDy/1.) for all the species. Lemna minor, Chromatium
and Chlorella in heterotrophic growth, are somewhat less sensitive. Photo-
reduction is far less inhibited than photosynthesis, while no inhibition at all
was observed for endogenous respiration. The latter was stimulated up to 60 9%,
even at 10-3M CaD..

Growth experiments in sand-water cultures with maize and tomatoes by
ScHRIJFSMA (56) and with barley by VERHAGEN (70) revealed that the threshold
of inhibition and especially complete inhibition occur at higher concentrations
than in Chlorella. According to TAMMES (67) and WEZENBERG (81) CaD:
adheres strongly to soil particles. The latter reported increasing adsorption in
the order: clay soil, sandy soil and peat moss, which increase was almost
proportional to the percentage of organic material of the soil. These high
adsorption values and the fact that inhibition in higher plants is more or less
restricted to the root zone probably explains the smaller inhibition of growth
in higher plants.

A few remarks may be made on the inhibition of other aspects of the metabo-
lism of Lemna minor. Experiments in potassium deficient cultures (5) revealed
that potassium deficiency yields an increase in dry weight/frond. A decrease in
dry weight/frond, however, is observed upon addition of CaDs. The inhibition
by CaD; therefore 1s neither due to potassium removal nor acts in the same way
as potassium deficiency. Also the low CaDs concentration at which inhibition
already occurs does not support the idea of potassium removal. Another argu-
ment in this direction 1s given by the fact, that the threshold of KD solubility is
roughly at 10-3M, which is far higher than the concentrations at which inhi-
bition occurs.
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The most striking feature in Lemna minor is the strong inhibition of growth
and root formation (fig. 21). In connection herewith it may be mentioned that
VERHAGEN (70) also observed the first symptoms of inhibition in the root system,
and in barley reported a lack of formation of new side roots, a stunted appear-
ance and a clavate swelling. SCHRUUFSMA (57) observed a swelling also, and a
ramification of small maize roots, remaining short. She observed an abnormal
anatomy in root slides and a yellow discolouring of cell wall and protoplast
with CaDs. The discolouring comes up to or just beyond the endodermis,
therefore the enclosed central cylinder seems to be protected against penetration
of CaDs.

CHAPTER VI
DISCUSSION AND SUMMARY

§ 1. GENERAL DISCUSSION

This investigation is concerned with the effects of calcium dipicrylamine
(CaD2) on metabolic processes in various plant types as compared with the
action of other inhibitors.

The threshold of the toxic action on growth and photosynthesis was roughly
10-6M while complete inhibition was reached at 10°5M CaD». This shows
clearly that CaDq is a very powerful inhibitor, as could be expected, since
aromatic nitro-compounds, including D, have been used as insecticides for a
long time. Lower temperatures still increase considerably the inhibitory effect
on photosynthesis in Chlorella, so that a certain inhibition was produced at
12.5°C by roughly ten times lower concentrations than those required at 25°C
(figure 7a). The better known inhibitors of photosynthesis, both enzyme poisons
and narcotics, are far less inhibitory (figures 7b, 7c, 7d, 7e, 7f). With 2,4-dini-
trophenol WINTERMANS (83) observed an increase in inhibition of photo-
synthesis at lower pH values of the medium (coming finally into the same
range as CaDy). A similar effect was observed with sodium azide, which has
been ascribed to the increase in the concentration of undissociated molecules
(SiMON and BEEVERS [61, 62], WINTERMANS [83]). Our experiments were made
in a carbonate bicarbonate buffer (pH 9.2). Under these conditions the values
for 50 9%, inhibition (table VII) which are the most accurately determined ones,
are in agreement with those obtained by other authors (68, 71, 83). The inhi-
bitory effects of hydrogen sulfide (NEGELEIN [41]) and of copper sulphate
(GREENFIELD [27]) appear to be in the same range as that of CaDs. We have,
so far, not studied these inhibitors.

Aside of Chlorella (Chapter III and IV), eight other plant species from
various classess have been tested for their behaviour with regard to CaDs
(Chapter V). The range of inhibition of growth in these species and that of
autotrophic growth and photosynthesis in Chlorella are roughly the same
(10-6 to 10-5M). Heterotrophic growth of Chlorella, growth of Chromatium and
of Lemna minor show a smaller sensitivity. Moreover, glucose respiration in
Chlorella (figure 15), photoreduction in Chromatium (table XV) and photo-
synthesis in Lemna minor (figure 22) are less inhibited. These facts indicate
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that growth generally is somewhat less sensitive than photosynthesis. It may
be assumed therefore, that growth of all plant types is inhibited in more or less
the same range, though exceptions may be possible under more unfavourable
conditions shifting the inhibition to either higher or lower concentrations. In
connection with the preceding considerations, the observation of WEZENBERG
(81) with sugarbeects in water-cultures, of SCHRIFSMA (56, 57) with maize and
tomatoes and of VERHAGEN (70) with barley in sand-water cultures, may be
mentioned. They all indicate more or less the same range of inhibiting concen-
trations, though complete inhibition occurred only at higher concentrations. In
these experiments a strong distortion of the roots was observed (58, 70), which
is in agreement with our results with Lemna minor, in which the length and the
number of the roots were considerably more reduced than growth in general.

It is of some interest to mention here a few field studies regarding effects
of CaDg on crop plants (6, 64, 81). An important aspect in this case is the high
adsorption of CaDs in the soil (TAMMES [67], WEZENBERG [81]) which largely
depends on the percentage of humus actually present. This fact makes a direct
comparability with the results obtained in water-cultures rather difficult. A
rough calculation may indicate, that the effects observed in crop yields in the
field would occur to much the same extent in water-cultures.

According to TAMMES (66), the total amount of poison required to kill a
fish is considerable, though fishes die in waste water contaminated with D
already in 10-100 times lower concentrations than Chlorella. TAMMES (66)
explained this extreme sensitivity by a strong absorption of D even from very
low concentrations, which absorption according to this author takes place
mainly through the gills. Moulds, on the other hand, are far less sensitive, and
no fungistatic effects were observed at CaDg concentrations of the order of
10-*M in 14 species (SCHOL-SCHWARZ [55]), except in one species which could
stand only 10-6M CaD.. In 8 species even 6 hours exposures at 10-2M were
survived.

The inhibition with 2,4-dinitrophenol, as already mentioned, depends
largely on the pH of the medium. Though the same effect was expected with
CaDs, no significant differences in inhibition of photosynthesis on Chlorella
were observed at different pH in a range from pH 10.4 to 5.9. However, the
pK value for CaDs is 2.85, whereas that of 2,4-dinitrophenol is 4.0 (WINTER-
MANS [83]). A decrease in extinction of a solution containing 5.8 X 10-6M
CaD3, which gives about 75 9%, inhibition of photosynthesis occurs only below
pH 4.0. Another difference with 2,4-dinitrophenol is, that in our experiments
with CaD2 no deviations were observed in the inhibition, using 2 and 5 cc
suspension liquid, contrary to the results by WINTERMANS in which in 6 cc a
stronger inhibition than in 3 cc was observed. It is probable, therefore, that a
still stronger inhibition of photosynthesis with CaD2 will only occur below
pH 4.0. It is not clear at the moment, why a marked difference in inhibition
was observed in Scenedesmus in WARBURG buffer as compared with tap water.
In Chlorella a slight but continuous decrease of photosynthesis was observed
in the control in WARBURG buffer, confirming PRATT’s results, whereas no
such decrease occurred in Scenedesmus under the same conditions, confirming
OsTERLIND (44). The latter reported utilisation of HCO-y in Scenedesmus
photosynthesis, whereas this did not occur in Chlorella. 1t seems likely, therefore,
that Scenedesmus is more adapted to high pH than Chlorella.

The inhibition of photosynthesis with CaDs is the same in the light limited
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and in the light saturated region, the point of transition remaining the same
as in the non-inhibited suspensions and occurring roughly at 3.8 X 10*ergs/cm?
sec. and 2.5 X 10%* ergs/cm? sec., at 25°C and 17.5°C respectively. This fact
might point to a narcotic action of CaD2 on photosynthesis. Narcotic poi-
soning is generally less specific than enzymatic poisoning both with regard to
the molecular structure of the poison and the constitution of the catalytic
systems affected by it. However, the very low concentration of CaDs (106 to
10-M) in which inhibition occurs points to specific interactions with definite
catalists rather than to an indiscriminate surface blocking mechanism. Photo-
reduction in Chromatium, moreover, is far less inhibited than photosynthesis.
Another feature against the assumption of narcotic type of poisoning is the
irreversible inhibition of photosynthesis by CaD2. However, it is possible that
in these experiments the exposure to CaDs was too long or at too high pH
values, which may well lead to irreversible injury. Besides this CaDsz can hardly
be removed (efficiently only with methyl-isobutyl ketone). True narcotization
is characterized by reversibility. All together, the above considerations may
well rule out narcotic poisoning.

A decrease in fluorescence was observed with CaDy in the light saturated as
well as in the light limiting range, while no decrease of the CaD: inhibition was
observed with an increase of the dark period in flashing light. These preliminary
data suggest that the inhibition takes place primarily in the photochemical
part of photosynthesis. The inhibition of photosynthesis at light saturation,
however, implies that a dark system involved in photosynthesis is also affected
in roughly the same percentage as that in the photochemical part. It has been
mentioned already (Chapter II1), that according to WELLER and FRANCK, the
inhibition of photosynthesis with hydroxyl amine is the same at different light
intensities, while GAFFRON’s experiments with hydrogen adapted algae made
it clear that hydroxyl amine is an enzyme poison rather than a narcotic. The
inhibition with CaD, shows similar features, and it may be suggested that CaD»
acts in the same way as hydroxyl amine. This view might even seem supported
by LipscHITZ’ suggestion (37) that aromatic nitro-compounds in general are
reduced via the hydroxyl amine level to less poisonous substances. The reduction
itself takes place through a sequence of steps. The decrease in inhibition of
photosynthesis with increase in temperature might point to an increased re-
duction of CaDsy to non-poisonous substances. With hydroxyl amine itself,
however, a similar temperature effect was not found (table V). Regarding the
differences in results, obtained with hydroxyl amine in this study, and those
described by TAmivA (68), and WELLER and FrANcCK (80), see discussion Ch.
I1I, § 6, p. 29.

We have observed that a considerable time elapsed before inhibition of
photosynthesis by CaDs reaches a constant level (fig. 8). After washing no
decrease in inhibition occurred. From these experiments we concluded to a
continuous uptake of CaD., while, moreover, the inhibition was irreversible.
On the contrary the inhibition of the glucose-stimulated respiration was constant
within 20 minutes, and remained so hereafter, while the inhibition was at
least partly reversible by washing. As CaDs is strongly absorbed (67, 81),
washing may not remove the inhibitor completely, éspecially at the high
concentrations which are required for inhibition of the glucose-stimulated
respiration. It may be assumed, therefore, that the respiration inhibition, in
principle is reversible. The observed time of 20 minutes, moreover, was nearly
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the same as that for other inhibitors (ethyl urethane, pheny! urethane, hydroxyl
amine) with regard to photosynthesis. From experiments on administration of
CaDs in different flasks at the same time, but starting illumination at different
moments thereafter (fig. 10), it was concluded that the increase in inhibition
of photosynthesis by a continued uptake of CaD2 occurs in light only. This may
indicate the inhibition of an enzyme which is activated by light only. The
increase in inhibition at lower temperatures may be ascribed to a decrease in
the dark deactivation. Before more can be said definitely about this suggestion,
exact measurements on CaDs uptake under different experimental conditions
have to be made. Since inhibition appears already at extremely low concen-
trations, and the determination of CaDgz by extraction with methyl-isobutyl
ketone was available only later on in the course of this investigation, this fact
has not yet been studied in greater detail.

The different aspects observed with CaDs compared with other inhibitors
on photosynthesis and respiration, may induce us to a further investigation
with this inhibitor.

§ 2. SUMMARY

Experiments are described in which the inhibitory effects of calcium dipicryl-
amine (CaD2) and other inhibitors have been investigated in Chlorella and
several other plant species belonging to different classes. The rates of photo-
synthesis, photoreduction and respiration have been measured with a WARBURG
apparatus, and growth has been determined by means of centrifuging cell
suspensions in TROMMSDOREFF tubes, counting fronds in the case of Lemna, or by
visual estimation in Oscillatoria and some other algae.

CaDg proved to be a much more effective inhibitor of photosynthesis in
Chlorella, than ethyl urethane, phenyl urethane, hydroxyl amine, sodium
azide, or 2, 4-dinitrophenol. The range of inhibition from threshold to complete
inhibition is roughly between 106 and 10-> M CaD: and, therefore, is more
comparable to that reported for hydrogen sulphide and copper sulphate in
literature. Inhibition of autotrophic growth in Chlorella was comparable to
that of photosynthesis, while heterotrophic growth in Chlorella, and growth,
and especially photoreduction in Chromatium are less inhibited. This probably
means that autotrophic growth in Chlorella is limited by a shortage of assimi-
lates. Contrary to the high sensitivity of growth and photosynthesis, no inhi-
bition, but a stimulation up to 60 %, was found even at 10-2M CaDz in respi-
ration. Glucose-stimulated respiration was 509, inhibited at this concentration.
This inhibition was at least partly reversible.

The same inhibition percentage was observed in Chlorella photosynthesis
under conditions of light saturation as well as under those of light limitation,
the inhibition was found to be non-reversible by washing. Photoreduction in
Chromatium was considerably less sensitive than Chlorella photosynthesis.
These facts do not support a purely narcotic action of this poison, but rather
point to a specific type of inhibition. Some flash light experiments revealed that
inhibition was scarcely influenced by longer dark periods. Fluorescence
measurements clearly showed the change in yield at low as well as at high
light intensities. The generally high acceptance of energy by aromatic nitro-
compounds probably explains the decrease observed in yield of fluorescence
upon addition of CaDs.
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A strong increase in the inhibition of photosynthesis was observed with
CaD: at lower temperatures, which did neither occur with ethyl- and phenyl
urethane nor with hydroxyl amine. For an explanation one could think of a
decrease in the dark deactivation of the CaD, sensitive enzyme. Though the
time required to obtain equilibrium was considerable, especially in carbonate
bicarbonate buffer (1-2 hours), no definite differences in time required for
reaching the equilibrium were observed at various temperatures. L

The inhibition of growth of Lemna arrhiza, Scenedesmus, Nostoc spec.,
Rhodospirillum rubrum, Oscillatoria spec., and Chlamydomonas by CaDo
occurred roughly in the same range of concentrations as that of autotrophic
growth in Chlorella. Chromatium and Lemna minor are somewhat less sensitive.
The roots of the latter, however, are a very sensitive indicator of CaDs.

Though CaDs has a marked influence on growth and photosynthesis of
species in water cultures, CaDs is much less harmful under field conditions
owing to the high adsorption capacity of the soil. This has been confirmed in
field experiments. Only at very high artificial increase of the contamination a
decrease in yield was observed.

§ 3. SAMENVATTING

De werking van calcium dipicrylamine op planten is van belang in verband
met de mogelijkheid van toepassing van deze stof bij bereiding van kalium-
houdende meststoffen.

De remming van verschillende stofwisselingsprocessen door calcium dipicryl-
amine (CaD32) en andere remstoffen werd nagegaan bij Chlorella, Lemna
minor, Lemna gibba, Lemna arrhiza, Chromatium, Scenedesmus, Nostoc spec.,
Rhodospirillum rubrum, Oscillatoria spec., en Chlamydomonas. De photosyn-
these snelheid, de photoreductiec en de ademhaling werden gemeten in een
WARBURG apparaat, de groeisnelheid door centrifugeren van cel suspensies in
TROMMSDORFF buisjes, door telling van het aantal schijven (Lemna), of door een
schatting van de toename (Oscillatoria, Nostoc).

CaDs remt de photosynthese reeds in zeer lage concentraties (10-6-10-5M,
fig. 7a). Ethyl urethaan (fig. 7b), phenyl urethaan (fig. 7c), hydroxyl amine
(fig. 7d), 2,4-dinitrophenol (fig. 7¢) en natrium azide (fig. 7f) daarentegen zijn
pas in hogere concentraties werkzaam.

De autotrophe groei van Chlorella, Lemna arrhiza, Scenedesmus, Nostoc
spec., Rhodospirillum rubr., Oscillatoria en Chlamydomonas wordt min of meer
bij dezelfde CaDs concentraties geremd als de photosynthese, tabel XVI geeft
hiervan een overzicht. Overeenkomstige resultaten werden verkregen met bieten
in water-cultures (81), mais, tomaten en gerst (57, 70) in zand-cultures. Vooral de
wortelgroel was sterk geremd (58,70). In Lemna minor werd de wortelgroei
volledig geremd bij CaDs concentraties, waarin andere processen nog nage-
noeg geen vergiftigingssymptomen te zien gaven. De heterotrophe groei van
Chlorella en Chromatium, maar vooral de photoreductie van Chromatium zijn
minder gevoelig. In tegenstelling hiermee werd een stimulatie van de ademha-
ling waargenomen, welke zelfs bij 10-2M CaD2 nog 60 9, bedroeg.

Bij de glucose-ademhaling werd bij deze concentratie een remming van 50 %
waargenomen, welke in tegenstelling tot die van de photosynthese gedeeltelijk
reversibel is na uitwassen. Over het algemeen werd, met uitzondering van CaDa,
reeds 20 minuten na toevoeging van de remstof een constante remming van de
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photosynthese waargenomen. Afhankelijk van de concentratie nam de photo-
synthese remming met CaDs2 in de tijd toe. Deze toename werd verklaard door
een continue opname van CaDsy, welke alleen in het licht plaatst vindt (fig. 10).
De resultaten van de glucose ademhaling, waarin ook na ongeveer 20 minuten
een constante waarde van de remming werd bereikt, zijn hiermee in overeen-
stemming.

Zowel bij lichtlimitering als bij lichtverzadiging van de photosynthese werden
overeenkomstige remmingspercentages waargenomen. Hoewel deze waarne-
ming een aanwijzing is voor een narcotische werking van deze remstof, is aan te
nemen, dat CaDs een specifiek enzym vergif is, dat behalve bepaalde donker-
reacties ook de energicoverdracht bij de photosynthese aangrijpt, de voor-
lopige chlorophylfluorescentie en flitslicht proeven wijzen ook in deze richting.
Bij de laatste werd geen vermindering van de remming waargenomen bij een
langere donkerperiode, terwijl de fluorescentie zowel bij lichtverzadiging als
bij lichtlimitering verlaagd werd.

Bij lagere temperaturen werd een sterke toename van de photosynthese rem-
ming met CaDsz in Chlorella waargenomen. Dit effect van de temperatuur
werd niet bij phenyl- en ethyl urethaan en bij hydroxyl amine geconstateerd en
is vooralsnog niet geheel te verklaren.

Hoewel, zoals reeds eerder vermeld, de groei en de photosynthese reeds bij
zeer lage concentraties geremd worden is een opbrengstvermindering in het
veld bij kalibemesting met deze stof als verontreiniging voorshands niet te
verwachten door enerzijds de hoge adsorptie van CaD2 in de grond, speciaal aan
humus, en anderzijds de geringe verontreiniging van het gehele veld.
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