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CHAPTER I

INTRODUCTION
§ 1. SCOPE OFTHE PRESENT INVESTIGATION

Hexanitrodiphenylamine ordipicrylamine (abbreviated asD)is aweak acid,
which hasalowsolubility inwater (0.1mg/1.). Salts ofdipicrylamine areeasily
solubleinwater withtheexception ofthe potassium salt.Thesolutions havean
intensely redcolour,while sodium andammonium salts have beenwidely used
asdyesforleather andsilk andforlight filters forphotographic purposes under
the name „Aurantia". Onaccount ofthe selective insolubility ofthe potassium
salt, dipicrylamine canbe used asa reagent for potassium in spot tests (FEIGL
[15]). Industrial application ofDhas started with the separation ofpotassium
out ofseawater (Kielland, Norwegian patents).Inconnection with research by
the N.V.Mekog, the author has made experiments onthe influence of D on
some physiological processes, especially photosynthesis, inrelation topossible
consequences ofpollution ofpotassium fertilizers by D.
Only few indications oftoxic action ofD were available from literature.It
has been shown that Dinwaste waters istoxic for fishes already at extremely
low concentrations (59). GAVAUDAN etal. (24)reported a strong distortion of
cell division byD,even atlower concentrations than isfound for colchicine.
The work reported here considers especially theeffects ofD onphotosynthesis, respiration and growth in Chlorella,which wasused asa simple test plant.
Our experiments were performed withthecalcium salt ofdipicrylamine, CaÜ2,
since this salt isreadily soluble and
NO2
NO2
couldbemaintainedinsolutionseven
for along time without an appreciaNO. <
>
N
<
> NO,
ble decrease in concentration.The
NO2 i NO.
experiments are mainly concerned
NO2 | NO„
with inhibition ofvarious metabolic
processes byD under different conNO s <
>
N
<
} NO,
ditions of temperature, light intenNO2
NO„
sity, pH,etc.Moreover, experiments
were made in which the effects of
CaDa were compared with those ofother, well-known inhibitors (ChaptersIII
and IV).
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Other plant species have also been tested as to their reactions upon D in
orderto find outiftheir 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, seealso [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 givenin section 2of 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 sensitivity ofvarious parts of theplants. 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-dinitrophenoxyacetic acid,for instance,hasbeen shown onphotosynthesis (FREELAND [19]),
water relations (BROWN [11]),stomatal behaviour (BRADBURRY and ENNIS [8])
and ion absorption and accumulation (NANCE [40]), SMITH etcl. [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 areeasily obtained in simple nutrient solutions.
In representing the percentage inhibition against the logarithm of the dosis,
an approximately linear relationship is obtained in several cases (AUDUS [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 theformula:
Gn
H = r\n i /-^n ( n a n d ® a r e constants representing the orderof inhibitory
reaction and the concentration causing 50% inhibition respectively). However,
deviations from this formula still occur, which may be ascribed to differences
inbehaviour oftheindividual cells,ormaydepend onthenatureoftheinhibitor.
Comparisons between compounds only based on a single dose check may give
misleading results,since,asstated above,for alargenumber ofbiological effects
the relationship between the effect and the dose is represented by a sigmoid
curve. The concentration giving 50% inhibition or mortality established by
applying a range of concentrations, therefore, gives the most reliable information in spite of the fact that threshold and complete inhibition are sometimes
more important data for practical purposes. BLACKMAN (7), TAMIYA (68) and
many others,expressthe relation intermsofequieffective doses.
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Photosynthesis is 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 ofphotosynthesis affects theoxygenliberating 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
slopeof thephotosynthesisversuslight intensity curve. However, the distinction
between these two types is not always clear. WELLER and FRANCK (80), e.g.,
observed a decreasewithhydroxyl amineunder light limitation, while GAFFRON
(23)clearly showed a specific enzymeinhibition with thispoison in experiments
on photoreduction in Scenedesmus.
If the initial slope in a light intensity versusphotosynthesiscurveischanged
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 Chlorellaby 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 intensitycurve.In addition to this some flashing light experiments weremade,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. Comparing the results ofcyanide 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 determiningfor the overallphotosynthetic processatlower 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 onitscellsand 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 POTTERand GILHAM(48) and
by TAMMES(66) on animals pointto 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) thesecompounds are metabolized in animal tissues according to:
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R . N 0 2 - ^ R.NO^ - - R.NH.OH <-— R.NH2
in whichtoxicitymay
. .,
+ + +
beindicated as
°
+
In this case some of the intermediate products, especially the hydroxy!
amine type,aretoxic.
CHAPTER II

MATERIAL AND METHODS
§ 1. METHOD OF CULTIVATION OFTHEALGAE
Chlorella, strainA,wasusedthroughout theassimilationand respiration experiments.
The algae were kept as sterile stockcultures in tubes with 1.5% agar and a medium which
per litre contained:
b. glucose
15 g.
a. FeS0 4
0.03 g.
MgS04
2.46g.
Na-citrate
1.00g.
KN0 3
1.26g.
KH2PO„
1.22g.
Solutions a. and b. were sterilized separately and mixed afterwards. The tubeswerein a light
cabinet after VAN NIEL, in which a continuous illumination was obtained by a vertical rowof
incandescent lamps.Ventilation of thecabinet resulted ina temperature of about 20°C,being
the most favourable temperature for growth of Chlorella.
The cultures for the experiments wereprepared as follows:The algae wereinoculated with
a platinumwire into 100ccflaskscontaining 50ccliquid mediumof thesamecomposition as
the agar medium. These cultures were alsoincubated in the light cabinet for several days. In
thisway, bythestimulatingeffect ofglucose,arapidgrowthwasobtained.Fromthesecultures,
5cc inoculum were transferred to a one litre erlenmeyer containing 500cc of WARBURG
culture medium. This medium per litre contained:
a. Ca(NOs)2
KNO,
NaCl

1.00 g.
0.25 g.
0.15g.

b. KH 2 P0 4

0.25 g.

c. MgS04

0.50 g.

d. FeS0 4

0.006g.

In addition 2cc of an A4 and B7 solution of traceelements according to ARNON (1) were
supplied.Concentrated stock solutions ofthesaltsmentioned above,weresterilized separately
(b, c,and d),orinamixtureofsuitablematched 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 thecells
and to ensure a homogeneous illumination. The suspension wasflushedwith a stream of air
containing 5% C0 2 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 inhibition of photosynthesis and growth in various other plant
types are presented in Chapter V. The preparation of the cultures for these
experiments isdiscussed inthat chapter.
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§ 2. DESCRIPTION OF THE WARBURG APPARATUS
Photosynthesis and respiration measurements weremadein a WARBURG apparatus.
The apparatus wasof the usual type (figure 1),and had a thermostat bath of 100 xC 30cm,
which could bekept at temperatures between 15and 35°Cwith an accuracy of 0.05 Cby an
electric heater controlled by a thermo relay and a cooling system consisting of a continuous
flowof 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
twosmall(25W)fans.Ashakingframe onwhich 12manometerscouldbeplaced,wasmounted
infront of thethermostat. Thisframe ismovedviaanexcentricata rate of 150 revolutionsper
min. with an amplitude of about 5 mm. The stirring of the waterbath was achieved by a
horizontal stirrer with 6blades. Theconical 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 obtained by filters, placed in metal holders fixed onto the
vessels.Thelightintensitiesweremeasuredbya photocellwhichwascalibrated against alarge
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
lightintensity obtainable in thearrangement wasabout 60,000ergs/cm2sec.
§ 3. MEASUREMENT OF THE GASEXCHANGE
Measurements with the WARBURG apparatus are based on themanometricprinciple,which
implies that only those reactions can be observed, in which gases are formed or disappear.
From the overall equation of photosynthesis:
C0 2 + HaO- > CH 2 0 + 0 2
it follows, however, that for each C0 2 molecule consumed, one molecule of 0 2 is released
which implies that no net gas exchange at all would beapparent. This difficulty can be overcome 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 COiiskeptataconstant tension byabuffermixture.
It is readily understood that the change in manometric reading (h) is due
solelytooxygenevolution oruptakeifthepartialpressureofcarbondioxidein
the gas space of the reaction vessel is maintained constant. Mixtures of carbonatesand bicarbonates have beenintroduced by WARBURG (72)for keeping
constant the partial pressure of CO2. 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
wereused or shorttimeexperimentswereperformed ifsuchadecreasecouldbe
predicted. Usually mixture no.9,consisting of 0.015mol.carbonate and0.085
mol.bicarbonate(pH9.08),wasusedinexperimentsonphotosynthesis.
Buffer no. 9isin equilibrium with a carbon dioxide concentration of 9.1X
10"5Mat25°C.Thisconcentration isnot alimitingfactor inphotosynthesisof
Chlorella as was already observed by WARBURG (72)„who reported a strong
decrease in rate of photosynthesis only at CO2concentrations lowerthan 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 aswell.
Figure 2 represents the rate of photosynthesis at different light intensities
measuredinmixturesno.9andno.2(pH 10.3,1.0 X 10 6 MC0 2 at25°C).It
shows that the lower rate of photosynthesis in buffer no. 2, with the lower
carbon dioxidepressure,alsooccursunderlightlimitation,whichwouldnotbe
expected theoretically. Thispoints to somedisturbing effect of highpH, apart
from apossiblelimitation ofphotosynthesis bythelowcarbon dioxideconcentration.
In order to retain the advantage of aconstant CO2pressure provided bythe
WARBURG buffer, whilst reducing the troublesome pH-effect, Chlorella was
suspended in distilled water while 0.2 ml. buffer was placed in the sidearms.
The slowdiffusion rate of CO2from the buffer to the suspension in the main
part of the vessel, however, made it impossible to use normal suspension
hour
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FIG. 2. Rate of photosynthesis of Chlorella in WARBURG buffer no. 2 (H
(o—o),at different light intensities, at 25 °C(one out of 3experiments).

v) and no. 9
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densities.No limitation bythelow rate ofcarbon dioxidediffusion was observed
when not more than 1-2 mm3 of cells were used per flask. Now, under conditionsof light limitation, the same rate of photosynthesis isfound in buffers no.9
and no. 2, as is shown in figure 3. Though thisstatement depends on one point
only, the consistency of the results of 3different experimentsjustify this deduction. Thus, thelower rate of photosynthesis observed at light limitation may be
attributed toanunfavourable effect ofthehighpHofbuffer no.2,incaseChlorella
is suspended directly in the buffer.
mm 0 2 / hour
30 i -

20

10

10

2.0

3.0

4.0

5.0

6.0

x 104 e r g s / cm2 sec.

FIG. 3. Rate of photosynthesis of Chlorella in tap water at different light intensities with
WARBURG buffer no. 2 (H
h) 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 bicarbonate 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 (Vc)
x = h x Vc
273
V g X y + Vfa
while Vc
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 a the absorption coefficient for C0 2 at
temperature T.
Usually,2ccofalgalsuspensionwereusedinexperimentsonrespirationand 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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II. Simultaneous measurements of CO2and O2weremade by usingthe two vessel
method.
Identical samples of algae suspended either in 2 or in 5cc of thesamesuspension liquid
under identical conditions of light intensity and temperature, may be assumed to have equal
gasexchange.This,however, willcauseunequal pressurechangesinboth manometers, owing
tothedifferent solubilitiesof C0 2 and 0 2 inthe suspension
liquid.From thepressure changes
of the twomanometers, the gasexchange (mm3)can becomputed by the formula
hko, - HKO,
hkco s - HK.co,
*co.
kcoj
Kco 2
ko,
Ko 2
ko. Ko 2
kco22 Kco 2
kco
in which
histhemanometric reading of the2ccvesselin mm,
H isthe manometric reading of the 5ccvessel in mm,
kco 2andKco 2arethevesselconstantsforC0 2 (p.8)forthe2ccand5ccvessel respectively,
ko2and Ko2arethevesselconstants for 0 2 for the2ccand 5 ccvesselrespectively.
In order to provide sufficient amounts of C0 2 for photosynthesis, the suspension and the gas
phase were saturated with a mixture of 95% air and 5% C0 2 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 gasphase and liquid. The suspension had been
aeratedpreviously withairand 5% C0 2 duringaquarter ofan hour.

HI. Measurements with the one vessel method if the photosynthetic quotient
P = -O2/CO2 is known.
Thisisin fact an experimental simplification of the foregoing method. The gasexchange is
determined according to the formula
hko2 x kco 2
= h x Vc
*co2
pkco 2 - ko2
Infigure4,Vchas been computed for 2,4 and 6ccfluid/flask at different assumed photosyntheticquotients for aflaskwith a totalvolume of 20ccat 25°C.From this it isclear, that
an erroneous value of p has a smaller influence with 6cc liquid than with 4or2cc. In our
experiments,when using this method, 5ccwas 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 wasverysmall.
Vc

FIG. 4. Theinfluence of the photosynthetic
quotient pat25 °Conthechange inVc for
2cc (o—o),4cc (•—•) and 6cc (H +)
fluid per vessel (total volume of thevessel
20cc).
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Measurements with the one and the two vesselmethod havebeen made in tap water and in
phosphatebuffers. Phosphate buffers mayshowcarbondioxidefixationorretention according
to: Na 2 HP0 4 + C0 2 + H 2 0 ~ZNaH 2 P0 4 + NaHCOs,whichretention appears abovepH 5,
andincreasesexponentiallywithincreasingpH.Thismayresultinlargeerrorsof thecomputed
gas exchange. These errors can be eliminated by direct determination of the retention. For
thispurpose an amount of a strong acid isadded from theside bulbat the start of theexperiment and in another vessel at the end of theexperiment, which acid willreleasethe carbon
dioxidefrom the buffer.
JOHNSON (31) has suggested a method of correcting C0 2 retention, without the addition of
acid. Since at high pH values HC07 as well as C0 2 is retained in the solution, the effective
valueofa (whichwillbedesignated asa^ willbelarger than thetheoretical value.If thevessel
constant iscalculatedbytheuseofa1;insteadofa, retention ofCOaiscorrected automatically.
Asa,, increases rapidly withincreasing pH, the retentioncorrectionbecomes verylargeat pH
valuesabove 7,and theaccuracy of the C0 2 measurements suffers accordingly. The extent of
thecorrection iscomputed accordingtotheformula:
^- = antilog (pH - 6.382) + 1
a
Figure 5represents the decrease in Vc(corrected with iXj)with increase in pH of the buffer,
computed for onevessel.Itisclear,thatlargeerrorsoccurifnocorrectionfora isapplied.

10

-

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

Tocheckthevalidityoftheseconsiderationsfor ourexperimentalconditions,
experimentsweremadeatpH7.2,6.5,and 5.9.Thegasexchangewascomputed
without correction, byadding acid, and alsoby usingtheabove equation. The
resultsare summarized in table 1,averaging three experiments.
Thistable showsthat without applying the suggested correction large errors
in the computation of the gas exchange occur, especially at high pH values.
Comparingtheacidadditionmethodwiththemethod oftheoreticalcorrection,
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
whichwere made at theend of the experiments only. For afully criticalcheck
measurements to within0.1pH unit should bemadeduring theexperiments.
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II

TABLE I. The rate of photosynthesis in Chlorella(mm3 02/hr.) in phosphate buffers at
different pH values,as an average of 3experiments, at 25 °C, under light saturation (5-6x 104ergs/cm2 sec).
pH

Without correction

7.2
6.5
5.9

1210
835
540

Applying JOHNSON'S

formula
375
455
450

Measured by
addition of acid
435
415
390

§ 4. MEASUREMENT OF THEINHIBITION

Standard solutions of the inhibitors weremade;0.05 to 0.2 ml.of which were
pipetted into the sidearm of a manometervessel,ultimatelyascertaining various
inhibition percentages. Usually, one or two control vessels received 0.2 ml. of
the solvent only.
The-procedureofeach 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 5% variation were used
for inhibition experiments. After half an hour different concentrations of the
inhibitor weretipped into themain spaceof the vessels. After 10minutes, 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 inhibition 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)isdue to a production of a growth inhibiting
factor, which should act like a catalist poison rather than like a narcotic
(PRATT [49], WASSINK and KATZ [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
PRATT. It is clear from figure 6b that the inhibition percentage depends on the
ageof theculture,especiallyathigherconcentrations oftheinhibitor. 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 6 M CaÖ2 are presented as a
function of different densities of suspension. The rate of photosynthesis is
linear up to 20mm 3 cells/flask and there is no significant influence of densityof
the suspension upon the degree of inhibition.
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FIG. 6a. The effect of age on the rate
of photosynthesis of Chlorella at 25 °C, under light
saturation (5.0- 6.0 x 104ergs/cm2 sec.)in WARBURG buffer no.9.
FIG. 6b. Theeffect of age ontheinhibitionofphotosynthesis
byCaD 2 (o— o = 1.0 x 10~6M,
+ — + = 5.2 x 10"M, x—x = 2 . 8 x 10"6M, and n —D = 10 x 10~6M
CaD2).
TABLE II. The inhibition of photosynthesis in Chlorella,at different concentrations of
CaD2, with different suspension densities, as an average of 4 experiments, at
25 °C,underlightsaturation (5-6x 104 ergs/cm2sec.),inWARBURGbuffer no.9.
mm 3 Cells/

Rate of photosynthesis of the
(mm 3 O z /hr.)

2.5
5
10
15
20

41
81
163
243
315

'er cent inhibition at different
concentrations of C a D , (10~"M)
1.0
14 ±
7±
11 ±
13 ±
8±

5
2
2
2
2

2.83

5.2

50 + 5
38 ± 4
41 ± 1
36 ± 1
37+4

70 ± 3
58 ± 3
57 ± 4
58 ± 4
52 ± 4

10.0
78
71
73
74
72

± 3
± 3
±4
± 2
+ 4
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CHAPTER HI

INHIBITION OF PHOTOSYNTHESIS WITH CaD 2 AS COMPARED
WITH OTHER INHIBITORS IN CHLORELLA
§ 1. INTRODUCTION

As has been setforward in Chapter I, various authors have studied inhibition
of photosynthesis in Chlorella and other small algae. Different opinions have
been expressed regarding themode ofaction ofpoisons,and theresults obtained
with any special poison do not always agree.Especially, thedistinction 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, alsoin 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 CaD2 with that of other inhibitors. This also
may seem the most reliable method to find out whether the action is specific,
owingtoaffinities tocertainenzymesofthephotosynthetic apparatus,or whether
it isa result of surface activity only.
§ 2. INFLUENCE OF INHIBITOR CONCENTRATION, AT LIGHT SATURATION

2.1. Calcium dipicrylamine
The inhibition of photosynthesis by calcium dipicrylamine (CaD2), is shown
in figure 7a. The inhibition isrepresented as a percentage of the corresponding
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Fig. 7a. For explanation, see p. 14.
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F G. 7. The inhibition
of photosynthesis of Chlorella under light saturation (5.0- 6.0 x 104
ergs/cm2 sec.)in WARBURGbuffer no.9with:
a. CaD2 at25°, 17.5°and 12.5°C,
d. hydroxylamineat25°C,
b. ethylurethaneat25°C,
e. 2,4-dinitrophenolat 25°C,
c. phenylurethaneat 25°C,
f. sodium azideat 25°C.
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control against the molar concentration of CaÖ2 on a logarithmic scale, as
an average of 5experiments. The measurements have been made in the carbonate bicarbonate buffer no. 9 at light saturation (48,000-55,000 ergs/cm2 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
isplotted 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 2hours especially at the higher concentrations. This fact willbe discussed
in greater detail in section 3of 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 10 5 M CaÖ2, as may be seen from the figure.
In higher CaD2 concentrations, negative readings were observed, exceeding
those of the control in the dark. Consequently, the release of O2 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 Zerstörung".
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 WASSINK et al. (78) pointed to the same
inhibition under light limitation as well asunder light saturation.
In figure 7b, the inhibition of photosynthesis with ethyl urethane
(C2H5NHCOOC2H5) is given in per cent of the corresponding control. The
inhibition occurs in the same range as was reported by WARBURG (71) and by
2
WASSINK et al. (78) with a threshold at 2.0 X 10 M and complete inhibition
at 5.0 X 10"1 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
0.1 to 0.3 M.
2.3. Phenyl urethane
Phenyl urethane (C6H5NHCOOC2H5) is not soluble in water in concentrations at which inhibition occurs. The use of 0.2% ethanol as a solventwas
sufficient to dissolvephenylurethanein such concentrations as to obtain 100%
inhibition of photosynthesis. No effect of 0.2% ethanol on photosynthesis
was observed as may be seen from table III.
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TABLEIII. The inhibition of photosynthesis in Chlorella with ethanol as an average of 3

experiments, at 25 °C, under light saturation (5-6 x 104 ergs/cm2 sec.) in WARBURGbuffer no. 9.

Concentration of ethanol
in per cent

Rate of photosynthesis
inmm30 2 /hr.

0
0.095
0.18
0.95
1.8

225
228
220
206
191

Per cent inhibition

-1
2
8
15

The inhibition withphenyl urethane isrepresented 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 5 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 photosynthesis aswasshown for the first time by SHIBATAand YAKUSHII(60). Similar
results were obtained by NAKAMURA (39), GAFFRON (23), WELLER and FRANCK
(80), and TAMIYA (68). In his experiments with hydrogen adapted algae,
GAFFRON (23) observed a much smaller sensitivity of photoreduction. He concluded 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. Inthiscase thestraight relationship betweenlog concentration
and percentage of inhibition is only evident between 20 and 80per cent inhibition. Beyond these values the curve approaches assymptotically 0 and 100 per
cent inhibition. A constant inhibition was observed after 30to 60minutes. The
range at which inhibition of photosynthesis (in our experiments 50% at
1.1 X 10"4M)wasmanifest, was similar to that reported by TAMIYA(68).
2.5. 2,4-Dinitrophenol
Dinitrophenol ((N02)2CeH30H) 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 lesscorresponds to
that of CaD 2 .
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
CaÜ2 and hydroxyl amine.It is,therefore, more difficult to indicate the concentrations 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 1CHM.

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, CaÜ2 and hydroxyl amine. Threshold and 100 per cent
inhibition are observed at 1 x 10 4 M and 5 X 10 a 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 timein the rate ofphotosynthesis also in the blank, after addition
of CaD2 this rate dropped much more clearly with time, especially at higher
concentrations. Figure 8givesanother example of this phenomenon. The lower
concentrations showed a tendency to remain constant around 1.55 X 10~6M
CaD2; below that concentration a slight decrease in inhibition with time was
manifest.
<V i n h i b i t i o n
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FIG. 8. The inhibition of photosynthesis of Chlorella versus time after addition
of different
CaD2 concentrations at25°C,underlight saturation (5.0- 6.0 x 104ergs/cm2 sec.)in
WARBURG buffer no. 9, and the effect of washing on the inhibition (f addition of
CaDjj, |
\ time of washing).
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FIG. 9. Theabsorption spectrum of calcium dipicrylamineinrelativeunits.

At least two different explanations of the increase in the inhibition versus
timeafter addition of CaÜ2 might be suggested, one of which could bealong
thelineofaphotodynamicaction.Anabsorption spectrumofCaÜ2,therefore,
wasmeasuredwithadoublemonochromator (fig. 9).Thedata for theemission
of the sodium lamp were taken from ORANJE (43) and are represented in
tableIV.
TABLE IV. The emission of a sodium tube in different spectral areas in relative units (data
from ORANJE [43]). Theline drawn between 5149/54 and 5683/88 represents the
cutoffbytheOG2filter.Thewavelengthsabovethislinearecompletely absorbed
bythe filter.
Wavelength (Â)
4391/94
4494/4500
4543/46
4665/69
4748/52
4979/83
5149/54
5683/88
5890/96
6154/64

Relative units
0.2
0.7 '
0.2
1.15
0.5
2.76
1.6

n ^ i

WVJZ

6.33
100
4.1

Except for the yellow lines at 5893-96 Â, the emission from the sodium
lamp is fairly strong in theinfra-red and veryweak in the blue-green spectral
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region (table IV). CaÜ2 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 thecells,owing to absorption by CaD2.
Some experiments have been made in which the inhibition upon 9.9 x 10~6M
CaÜ2was measured at the same time in different flasks. In some of these flasks
the blue-green radiation was filtered out by means of an OG2 filter which
absorbs the blue-green rayscompletely, asrepresented in table IV. The average
inhibition during the first hour after addition of CaÖ2 in five different experiments with 9.9 X 10 6 M CaD 2 was:
with OG2
56% ±2
without filter 58% ± 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 isthat after addition ofCaD2no immediate equilibrium is established between the outside concentration and that in the cell, but
that there is a continuous uptake of CaD2. 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. Halfthenumberofflaskswerethencentrifuged and thealgaewashed 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 10~6,
5.2 X 10-6and 1.0 X 10 5 M) of CaD 2 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 CaD2.
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 CaD 2 (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 2 is continuously
reduced, only in light, to a product inhibiting photosynthesis, while CaD2
uptake can proceed only as long as this reduction takes place.
Thisconsideration wastested, takingaconcentration ofCaD 2 givingcomplete
inhibition after a long time (fig. 8, 5.2 X 10 6 M CaD2).Thisconcentration was
tipped at the same timeinto the suspension in different WARBURG vessels. Hereafter, the inhibition of photosynthesis under light saturation was measured,
whereas somevesselsremained 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 _ 6 M
CaD 2 at 25 °C, under light saturation (5.0 - 6.0 x 104 ergs/cm 2 sec.) in WARBURG
buffer no. 9 (o — o = 3 hours in the light, H
1-= one hour in the dark followed
by 2 hours in the light, • — • = two hours in the dark followed by one hour in the
light).

Theinhibition increases with time, aswasalready mentioned. It is clear that,
after three hours, the inhibition of photosynthesis was larger, when the time
of illumination waslonger.Approximately, concurrent curves were obtained in
this way. Thisfact strongly supports a continuous uptake of CaD2inlight only.
Theseresultswillbediscussed with those on theinhibition of glucose-stimulated
respiration in Chapter VI.

§ 4 . EFFECT OF TEMPERATURE, AT LIGHT SATURATION

In some incidental experiments we found that the inhibition of photosynthesis with CaD2 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 adecreasewithhydroxyl amineatlower temperatures.Therefore, ourresults
with CaD2 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 bestpossible comparability, the observations
at different temperatures were made, if possible, with the same culture in one

22

57(7)

day, sothat differences inageofthealgaecould beneglected. The temperature
coefficient, Qioin our experiments was 1.8in therangefrom 12.5°Cto25°C.
The inhibition of photosynthesis with CaD2, ethyl urethane, phenyl urethane
andhydroxylamine is represented in tableVasanaverageof4-6experiments.
Theresultswith CaÖ2(tableV) have alsobeenplotted infigure7a.
Though there is a considerable increase in inhibition with CaD2 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 CaÖ2 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 11. The concentration producing 50% inhibition
isrepresented on a logarithmic scale.In this wayapproximately a straight line
relationisobtained betweentemperatureand concentration.
°C
30 r

20

10

_L
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10"s

10°
M CaD 2

FIG. 11. The CaD 2concentration causing 50% inhibition ofphotosynthesis versus temperature.

With hydroxyl amine, phenyl urethane and ethyl urethane on the other
hand, neither a significant increase nor decrease of theinhibition with temperaturewereobserved.
§ 5. INFLUENCE OF LIGHT INTENSITY

In previousyearsacomprehensivestudy(52,53)hasbeen made on the influence 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) therate ofassimilation ofcarbon dioxide doesnot
increase with anincrease inlight intensity. In thisrange,however, theincrease
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 experimentsalwaysthesamedensitywasused.
In figure 12a the rateofphotosynthesis againstlightintensity isrepresented
at 25°Cand 17.5°C. Saturation occurs at about 38,000 ergs/cm2 sec. at 25°C,
and at 25,000ergs/cm2 sec.at 17.5°C. Thefigureis very similar to those obtained byother investigators.
Sofar, wehave studied the inhibition of photosynthesis by poisons only at
light saturation. It seemsimportant to know, therefore, whether the inhibition
under light limitation isthe same as that under light saturation, or whether it
is smaller. The latter situation would be likely to arise in case of specific
interactionsofthepoisonwithdefinitecatalists.
In figure 12b,which represents one out of 5experiments, the inhibition is
given at different light intensities, in threeconcentrations of CaD2, viz., 1.2X
lu 5 ; 5.2X10"6;3.0 X106M at25°C. The corresponding figure 12cshowsthe
inhibition at17.5°Cwith 3.0 X 10 6 and 1.18 X 10"6M.It is clear, that at both
temperaturesroughlythesameinhibition occurs at light limitation and at light
saturation.However, the inhibition is much more pronouncedat 17.5°Cthan
at25°C,sothatlowerconcentrationsofCaD2hadtobeusedtoobtainthesame
percentage of inhibition. This confirms the observation reported in thepreceding section.
IntableVIaand b,theinhibitionpercentage,obtained intheseexperiments,
iscalculated for light limitation and light saturation. The percentages ofinhibition inthelight limitingrange and inthelight saturation range are the same
within the experimental error.

x10 ergs/cm

sec.

FIG. 12a. The rate of photosynthesis of Chlorella in WARBURG buffer no. 9 versus light intensity, at 25 °C ( • —• ) and 17.5 °C (H
h); one out of 5 experiments.
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x10 e r g s / c m 2 sec.
FIG. 12b. The rate of photosynthesis of Chlorella in WARBURG buffer no. 9 during the first
hour after addition of CaD2, versus light intensity, at 25°C (• —• = control,
o—o = 3.0 x 10~6M, + — + = 5.2xlO- 6 M, a n d a —D = 1.2 x 10-5MCaD2).
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FIG. 12C. The rate of photosynthesis of Chlorella in WARBURG buffer no. 9 during the first
hour after addition of CaD2( versus light intensity, at 17.5°C (•—• = control,
+ — + = 1.18 x 10-6M, and o—o = 3.0 x 10"6M CaD2.
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TABLE Via. The inhibition of photosynthesis in Chlorella during thefirsthour after addition of the inhibitor atlightintensitiesof 20,000 and 55,000 ergs/cm2 sec, at
4 concentrations of CaD2, at 25°C,asan average of 5experiments.
Concentration of
CaD 2 (10- 6 M)

0
2.96
5.2
10.0
12.1

20,000 ergs/cm 2 sec.
Rate of photoInhibition
synthesis in
in per cent.
mm 3 /hr.
225
162
132
96.0
67.0

27 ± 1
41 ± 2
57 ± 1
70 ± 2

55,000 ergs/cm 2 sec.
Rate of photoInhibition
synthesis in
in per cent.
mm 3 /hr.
425
305
245
174
131

28 ± 1
42 ± 3
59 ± 3
69+2

TABLEVIb. TheinhibitionofphotosynthesisinChlorelladuringthefirsthour after addition
of the inhibitor at light intensities of 10,000 and 55,000 ergs/cm2 sec, at 5
concentrations of CaD2, at 17.5°C.
Concentration of
CaD 2 (10-"M)

0
0.81
1.18
1.97
3.0
5.2

10,000 ergs/cm 2 sec.
Rate of photpInhibition
synthesis in
in per cent.
3
mm /hr.
125
78.5
68.5
50.0
38.7
28.7

37
45
60
69
77

55,000 ergs/cm 2 sec.
Rate of photoInhibition
synthesis in
in per cent.
3
mm /hr.
300
207
147
122
84.0
54.0

31
51
59
72
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 CaÜ2
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 CaÜ2 (10~6 to 10 5 M) in which inhibition occurs, islikely to
bedueto specific interactions withdefinite catalists rather than toan indifferent
mechanism of surface blocking. In addition, the irreversible inhibition of
photosynthesis with CaÜ2 (fig. 8) seems to contradict the assumption of a
narcotic poisoning. The conclusion seems to lay at hand that CaD2 interferes
with a type of enzyme present in low concentrations. It is possible, however,
that in our experiments the exposure to CaÜ2wastoo longand thepH too high,
which may have led to irreversible injury.
GAFFRON (23) found photoreduction in hydrogen adapted algae less sensitive towards hydroxyl aminethanphotosynthesis. He concluded that hydroxyl
amine only participates in the oxygen liberating reaction of photosynthesis,
in which it acts as an enzyme inhibitor. WELLER and FRANCK (80), however,
found that the inhibition ofphotosynthesis by hydroxyl aminewas independent
oflightintensity.It isevident that inour experiments CaD2yieldscurves 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 nontoxic 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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FIG. 13. The inhibition of photosynthesis of Chlorellawith hydroxyl amine versus light
intensity, at 25°C, in WARBURG buffer no. 9 (• — • = control, +—+ = 0.95 x
10-*M, x — x = 1.16 x 10-4M, p — g = 1.4 x 10-4M NH4OH.HCl).

inhibition of photosynthesis with CaÜ2 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 measuretheinhibition of photorediiction with CaÜ2 (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 FRANCK (80). Though in our experiments
lowçr concentrations of hydroxyl amine (0.95, 1.16 and 1.4 X 10 4 M) have
been used than those applied by WELLER and FRANCK (2.5 X 10 4 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 concentration for various inhibitors (on a logarithmic scale) was observed between
20-30% 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 lessasymptotically.Insomecases,therefore, onlythe concentration causing 50% inhibition was given. With ethyl urethane (fig. 7b),
however, a bend in the curveoccurred at 0.1-0.2 M, which was ascribed to a
desiccating effect by the osmotic value of the inhibitor at these high concentrations (p. 16).
A relationship between the inhibition and the concentration of the inhibitor
was derived by TAMIYA (68)and rendered intheformula:
H

Gn
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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.
6 = a constant, corresponding to the concentration causing 50%
inhibition,
n = a constant, representing the order of inhibitory action.
A simpler formula can be derived from that given above, viz. log G =
Vn log —— + log0 . Byrepresenting logG versuslog ——straight curves will
1—H
1—H
result from which the slope n and the intercept0 , 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
asa rule remainsconstantunderdifferent conditions,e.g.,withCaÖ2at different
temperatures. The value 0 (50% inhibition) may vary, e.g., with temperature,
pH (Chapter IV) and light intensity. The results represented here confirm those
obtained by TAMIYA (68). However, with hydroxyl aminenodefinite 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 0 (concentration in
M giving 5 0 % inhibition) for various inhibitors with respect to photosynthesis
in Chlorella.
I
Inhibitor
CaD 2
ethyl urethane
phenyl urethane
hydroxyl amine
2,4-dinitrophenol
sodium azide

n

II
0

2 4.2 x 10~6
1-2 1.95 x i n - 1
1 3.05 X 10~4
3 1.15 X 10 4
2

3.75 X 10-;4

1

3.8 X 10" 3

I = our experiments

n

0

2
1
2

1.6 x 1 0 1
6.3 x 10" 4
1.0 x 10" 4

III
n

IV
0

n

0

1

2.2 x 10" 1
5.0 x 10" 4

(2.0 x 10~6 (6cc)
13.7 x 10"6 (3cc)
2 6.5 x 10~6

2
2

II = TAMIYA (68)

1.6 x 10" 4

III = WINTERMANS (83)

IV = WARBURG (71)

In table VII computed values for n and 0 are represented for various
inhibitors, also from experiments carried out by other authors (TAMIYA [68],
WARBURG [71], WINTERMANS [83]). There is a general agreement by these
authors in the value of 0 (50% inhibition) with the same inhibitor, as may be
seen from the table.It is again clear that an exceptionally low concentration of
CaD2 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 CaD2. In addition to this, HÖLZER (30)
demonstrated a far smaller inhibition (104-10"3M being required) with 2,4dinitrophenol (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 0 with hydroxyl amine agrees
with that obtained by TAMIYA (68),a different order of the inhibitory reaction
was observed. It is not yet understood, whyin our case an order of 3was
found. This hardly can have a real significance, so that, probably,the validity
of theformula under discussion, isnot sufficiently general to be applied toall
sorts ofinhibitors.Inconnection herewith, also thedifferent behaviour in inhibition of photosynthesis at light limitation in ourexperiments andin those of
WELLER and FRANCK (80)isnot clear. Possibly, the formula applied by TAMIYA

(68)isnotapplicable toallinhibitors, whilst preparation ofthecultures certainly affects the results, as was already mentioned in the introduction of this
Chapter.
A large increase ininhibition ofphotosynthesis with decrease of temperature
was found only with CaD 2 . To obtain the same inhibition percentage, lower
concentrations hadtobeused atlower temperatures, which amounted roughly
to a Q10 (cone. [T+ 10]°C/conc.T° for 50per cent inhibition) of 5(fig.11).
It isnotyetunderstood, whysuch a high Q10 occurs. This fact ispossibly not
due to higher uptake of CaD2, since at alltemperatures aconstant inhibition
was attained after the same time interval elapsed since the addition of the
inhibitor.

CHAPTER IV

INHIBITION OF PHOTOSYNTHESIS WITH CaD 2 AS COMPARED
WITH THE INHIBITION OF OTHER METABOLIC PROCESSES IN
CHLORELLA
§ 1. INTRODUCTION

In the preceding chapter we have compared the influence of CaD 2 on
Chlorella photosynthesis with that of other inhibitors. Under complete inhibition of photosynthesis by CaD 2 we have often observed negative manometer
readings which even excelled those ofthe dark respiration ofthe non-inhibited
control (Ch.III).In connection herewith we have studied respiration inthe
presence andabsence of glucose with different concentrations of CaD 2 . These
experiments will bediscussed inthis chapter.
Moreover, the inhibition of photosynthesis with CaD 2 was investigated at
different pH of the medium and in flashing light. In addition fluorescence
measurements were made.
Finally, experiments regarding the inhibition by CaD 2 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. Chlorellawas
suspended indistilled water, and0.2cc 1N KOH was pipetted into oneof the
side arms of the vessel, which was sufficient to absorb all carbon dioxide
produced in respiration. Consequently, the negative change inthe manometric
reading is dueto oxygen uptake. Sometimes, when very small readings could
be expected, the suspension was made up to a total quantity of 30 mm 3 of
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cellsper vessel. For reasons ofcomparison these results have been converted to
20 mm 3 , the amount normally used. In the experiments with the glucosestimulated respiration the cells were washed and suspended in distilled water
with 0.5% glucose. This quantity of glucose was sufficient to obtain a constant
rate of respiration for at least 4 hours.
Experiments onendogenousrespiration
Measurements were made in a range from 0to 1 x 10 3 MCaD2,for2hours
after addition of the inhibitor. The influence of CSLD^ on respiration is shown
in figure 14 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 thecontrol 15mm 3 02/hour). In our experiments,
however, the respiration of the control never exceeded that of cells with CaÖ2.
On the contrary, there is a stimulation of respiration which increases with
increase of the CaÜ2 concentration up to about 2.2 X 10~4M. This high rate
ofrespirationwasmaintainedevenat 1 x 10 3 M CaD2.Theultimate stimulation
at this concentration ranged from 35 to 100% and remains at that level for
at least three hours. The reversibility of this stimulation has not been tested
by washing experiments.
Experiments onglucose-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 CaD2. By adding 0.5% glucose to the Chlorella suspension, 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 adaptation from endogenous to glucose respiration, which takes place during the
first hour. After that, a constant rate wasobserved for at least 4hours.
The inhibition of glucose-stimulated respiration is shown in figure 15 as
an average of 17experiments at 25°C. The inhibition increases steadily with the
increase of the CaD2concentration, but the oxygen uptake stillwas 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 beentested,since1 x 10 3 M CaD2wasthehighest 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 CaD2, Chlorellawas centrifuged, washed three times and
measured again after being suspended in 0.5% glucose. It is clear that the
inhibiting effect on respiration is at least partly reversible, as may be seen
from figure 15.
This reversibilitycontradicts theresults obtained on photosynthesis. Another
difference is that, unlike in photosynthesis, the inhibition in the glucose respiration remains constant at anyconcentration. 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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°/o i n h i b i t i o n
100 i -

M CaD 2

FIG. 15. The inhibition of the glucose-stimulated respiration at different concentrations of
CaD2(• —•) andtheeffect ofwashing on the inhibition(-1 h)at25°C{Chlorella
suspended in 0.5% glucose solution with 0.2cc 1N KOH in the side arm of the
WARBURG vessel).

°/0 i n h i b i t i o n
100

-

80

-

60

40

20

hours

a f t e r a d d i t i o n of CaD2

FIG. 16. The inhibition of the glucose-stimulated respiration of Chlorella versus
time after
addition ofthe inhibitor at 3concentrations of CaD2 (• —• — 5.2 x 10_4M, H h
4
5
= 2.65 x 10- M,o —o = 7.6 X 10- M CaD2).
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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, consequently the inhibition of CaÜ2 has always been measured as a change inO2
(MethodI).In ordertofindoutwhethertheuptakeofCO2wasinhibited tothe
same degree, the photosynthetic quotient p = -O2/CO2was calculated by
measuring the inhibition at pH 5.8 and pH 7.2, using the two vesselmethod.
From the two manometric readings, the uptake of CO2and the release ofO2
can becomputed asalreadydescribed (p.9, Method II).Thesamequantityof
cellswas suspended in 2and 5ccphosphate buffer respectively.Themeasurementsweremadeatlightsaturation,at25°C.
ThephotosyntheticquotientwasdeterminedwithoutCaÜ2andwith 1.56X
10"6MCaÜ2.TheresultsareshownintableVIII.
TABLE VIII. The photosynthetic quotient of Chlorella at pH 5.8 and pH 7.2 (sodium phosphate buffer) with and without addition of CaD2. Each quotient representing
theaverageof 5experimentsat25°C.
1.56 x 10-6M CaD2

Control
PH

5.8
7.2

Average

Extreme values

Average

Extremevalues

1.03 ± 0.02
1.07 ± 0.01

(0.97-1.09)
(1.00-1.15)

1.05 ± 0.02
1.07 ± 0.01

(1.00-1.10)
(1.04-1.10)

Within the limits of error, no differences in the photosynthetic quotient
occur between thecontrol and thesuspensioncontaining 1.56 X 106M CaD2,
neitheratpH5.8noratpH7.2.Thephotosyntheticquotientsinthecontroland
in thepresence of CaD2 at pH 7.2 are in general somewhathigher than those
atpH 5.8.Thedifferences, however,arenot significant.
As there was no effect at all on the photosynthetic quotient (p), the inhibition of photosynthesis at different pH values has been measured in phosphate buffers using the one vessel
method (Method III) in order to enable a wider variety of treatments. The computations in
Chapter II showthat theinfluence oferroneousp-valuesbecomessmallerwithlarger volumes
offluid(lowerVcvalues).Alsotheresultingmanometricreadingsarehigher,whichisanother
advantage of usingasmuchfluidaspossible.In ourmeasurements,therefore,weused5cc,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.

Theinfluence ofpH on theinhibition ofphotosynthesisbyCaÖ2isgivenin
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
casethecalculationsproceedaccordingtoMethodI(ChapterII).
It was mentioned in Chapter II that considerable errors in the computed
rate ofgasexchangeoccur ifnocorrection for CO2retention is applied.Since
thisonlyaffects theoverallvesselconstant,ithasnoinfluenceiftheinhibition
is represented as a percentage of the control (see columns 3 and 5). No pH
effectwasobservedinthephosphatebuffers(columns3and7).In thecarbonate
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 CaÜ2 yielding 50% inhibition were not entirely the same
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FIG. 17. The extinction of CaD 2 measured in relative units versus pH (buffers of different pH,
measurements with 5.8 X 10~6 M CaD 2 ).

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 oftheinhibitory reactionwas2inallcases,calculated asindicated on
p. 28.
If only undissociated molecules penetrate into the cell, a decrease in pH will
increase theformation ofHD molecules.AsonlytheD-ion isintensely coloured,
thevariationin extinction of a solution ofCaD2withpH mayfurnish a measure
of the dissociation. In figure 17, the extinction, on a logarithmic scale, is
plotted against pH for 5.8 X 10-6M CaÖ2, giving about 75% inhibition of
photosynthesis atpH 9.2.From thisfigureitisclear that a decrease in extinction
only occurs at pH values lower than 4.0.It isprobable, 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, isto a high degreeindependent ofthe 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 potential energy to another molecule during collision. Only asmall fraction of the
absorbed quanta is dissipated as fluorescence. However, the intensity of fluorescence 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), KAUTSKY and SPOHN (33), and
lateronby FRANCK etal.(17)with Chlorella, and byWASSiNK etal. (75, 76, 77)
with Chlorella, Diatoms and Chromatium.
Fluorescence measurements weremade in smallrectangular vessels(3 x 2 x
1cm).A high pressure mercury vapour lamp wasused asa light sourcein 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 theincident light intensity, the mercury lamp was fed via an a.c.
stabilizer. Weused 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 lightintensities 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 CaÜ2 concentrations. There is a linear relation
up to a light intensity of 2.0 - 3.0 X 104 ergs/cm2 sec. after which the slope
increases. The transition range agrees closely with the reach of light saturation
inphotosynthesis (fig. 12a).With 1.0 x 10 6 M givingnearlycomplete inhibition
of photosynthesis, the fluorescence is smaller, both at high and low light
intensities.At stillhigher CaD2concentrations (2.6 X 10 5 M) a further decrease
in fluorescence was observed, especially at high light intensities, resulting in
straightening thecurve.Atlowerconcentrations ofCaÜ2,giving50% inhibition
of photosynthesis, a decrease in fluorescence was also observed.
rel u n i t s
40 r-

30

-

X 1 0 e r g s / c m a sec.

FIG. 18. The effect of CaD2 on fluorescence of Chlorella versus
light intensity at different
concentrations (• 5—• = control, x— x = 5.2 x 10~6M, o—o = 1 X 10~5M,
+ — + = 2.6 x 10- M CaD2).
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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 is decreased. It is known that nitrophenols
generally accept energy quite easily,withwhichour resultsarein accordance.
§ 5. INHIBITION OF PHOTOSYNTHESIS WITH CaD2 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 60% inhibition in continuous light, the yield of photosynthesis per flash increases with increasing dark period and was the same as
the control if the dark period was sufficiently long. The inhibition of photosynthesis 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 Chlorellasuspended in 0.2 M
WARBURG buffer no. 10(pH 8.7). CaÖ2wasadded 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
becombined withthe sameflash time(0.032sec). With theaid ofthis apparatus
light intensity curves could be made in continuous light as wellas in flash light.
Intheintervalsbetweentheflashlightpartsoftheexperiment,dark periodswere
intercalated in which respiration has been measured. In these experiments an
increased respiration up to 60% was observed inthe dark withincreasing CaD2
concentrations. The high respiration rate may giveriseto 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 12c) 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 Cal>2. It is clear that neither at
6.9 x 10-6M CaD 2 nor at 4.7 X 10 6 M CaD 2 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 experiments (13).
§ 6. INHIBITION OF AUTOTROPHIC AND HETEROTROPHIC GROWTH
The growth experimentswere performed in 300cc erlenmeyer flasks containing 150cc of
WARBURG
culture medium. The flasks were inoculated with the same amount of cells i.e.
15mm3 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. Percent inhibition ofphotosynthesis ofChlorella, incontinuous and inflashinglight
versus length of dark period at different CaD2 concentrations (H
h= 4.7 x
10-6M,ando—o= 6.9 x 10-"MCaD2).
Growth hasbeen measured by centrifuging a fixed volume in a TROMMSDORFF tube for 11
minutes ata speed of2250 revolutions perminute. The height ofthe column inthecapillary
of the TROMMSDORFFtube hasbeen taken asameasure ofthe densityoftheculture.
The uptake ofCaD2inthe growing culture was determined bymeasuring thetransmission
of thesupernatant in the TROMMSDORFF tube at 480jx in a photo-electric colorimeter.The
concentration ofCaD2 could beread from acalibration graph. It sometimes happened that
theculturesbecameturbid, andthesupernatant did not become clear even after centrifuging
for alongperiod oftime.ThistendstosuggestahigherconcentrationofCaD2than is actually
present. Theturbidity is probably dueto calcium compounds in collodial suspension.Assuming that theturbidity occursinthesame way inaculturewithout CaD2,onecantakethe
supernatant ofthe control instead ofdistilled waterforcomparison, ashasbeen done inthe
firstexperiments. However, asgrowth inthese controls is strongerthanincultureswithCaD2,
higher turbidities often occur inthecontrols, resulting in too low estimationsof theCaD2
concentration. Better results were obtained bydiluting thesupernatant with distilled water
and shaking it with a small volumeofmethyl-isobutyl ketone. The ketone phase collectsat
the topandcontains allCaD2, whereas most ofthe turbidity remains inthe water phase.
Autotrophic growth
Each growth experiment consisted of a range of 8 erlenmeyer flasks with
CaD2 concentrations from 0to 6.6 X 10 6 M. The concentrations of CaD2 were
measured directly after inoculation. After 5 days, the growth of Chlorella and
the concentration of CaD2 were measured. In table X, the number of cells is
given after 5days asan average of 6experiments (column 2).The concentration
of CaD2 after inoculation, the inhibition of growth and the concentration of
CaD2attheend oftheexperiments areshownincolumns 1,3,and 4respectively.
The inhibition of growth increases with the increase in the concentration of
CaÜ2 (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 CaE>2tends to increase with the concentration (column 5);
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TABLEX. Theinhibition ofautotrophicgrowth in Chlorellawithdifferent concentrationsof
CaD2 asan averageof 6experiments.
1.
Concentration of
CaD2 (10-6M)
directly after
inoculation

0.66
1.54
2.4
3.4
4.5
5.5
6.5

2.
Q u a n t i t y of cells
in m m 3 / 1 0 cc
after 5 days*)

0
± 0.06
± 0.06
± 0.06
± 0.06
± 0.06
± 0.06
± 0.06

3.
R e l . growth rate 2 )
N u m e r . value 2 )

40.0 ± 2
44.4 ± 4
31.2 ± 6
30.0 ± 9
12.0 ± 2
10.0 ± 5
5.2 ± 2
2.8 ± 1

0.320
0.329
0.299
0.295
0.216
0.200
0.143
0.089

Per cent
inhibition

-3
7
8
33
38
55
72

4.
Concentration
of GaD 2 (10-«M)
in supernatant
after 5 days

0.11 ±
0.82 ±
1.2 ±
2.42 +
3.2 ±
4.05 ±
4.95 ±

5.
Absorption of
CaD, (lO-'M)
suspension by
the cellsin 5 days

0.55
0.72
1.2
1.08
1.2
1.45
1.55

0.06
0.06
0.06
0.06
0.06
0.06
0.06

*)Initial density 1mm3 cells in 10cc.
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 thiscould not be
the explanation was demonstrated by the observations that no decrease in
concentration occurred at 8.8 X 10 6 M CaÖ2in erlenmeyer flasks with water or
a WARBURG medium without algae, neither in dark nor in light, after 5days.
Heterotrophic growth
Each experiment consisted of a range of concentrations from 0 to 1.73 x
10 5 M 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 wereperformed in the light (3500-4500lux),in the same way
as those on autotrophic growth, 15 gr. glucose/1, having been added to the
medium. The results are represented in table XI.
TABLE XI. Theinhibition ofheterotrophic growthin Chlorellawithdifferent concentrations
of CaD2 as an average of 5experiments.
Concentration of
CaDjj (10 6 M) directly after inoculation

1.53
3.5
5.25
7.1
8.2
8.9
13.5
17.3

0
± 0.06
± 0.06
± 0.06
± 0.06
± 0.06
± 0.06
± 0.06
± 0.06

Quantity of cells
in mm 3 /10cc
after 5 days*)
100 ±
120 ±
100 ±
120 ±
100 ±
70 ±
40 ±
6±
3±

Rel. growth rate 2 )
Numerical 2 )
value

10
20
10
10
10
25
30
6
3

') Initial density 1mm3cells in 10cc.
) Relative growth rate = log. increase of cell density per day.

2

0.400
0.416
0.400
0.416
0.400
0.369
0.320
0.156
0.095

Per cent
inhibition

-4
0
-4
0
8
20
61
76
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No definite measurements of CaD2could be made at the end of these experiments, 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 CaD2 was
higher than in the autotrophic series owing to the higher CaÖ2 concentrations,
and the higher density of the suspension, which was 40.0 and 100.0 mm 3 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
growthissmaller.Theconcentration atwhichcompleteinhibition 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 inhibited. Inhibition of respiration wasobserved at higher concentrations (BEEVERS,
[4], KELLY and AVERY [34]).In our experiments an increase of respiration from
30 to 100% was observed with increasing CaD 2 concentrations up to 10 3 M
in the dark. Inhibition may well occur at still higher concentrations, but this
could not be tested since 10~3M CaÜ2 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. Aninhibition up to 60% of the glucosestimulated respiration was observed at 10 3 M. Yet the rate still was nearly 2
times that of the stimulated endogenous respiration at the same CaÜ2 concentration. It may be seen from figure 15 that the inhibition of glucose respiration
tends to increase more slowly in the region of 10 3 M. The data contain no
indication that the rate of respiration at still higher concentrations of CaD2
should be below that of the CaD2 stimulated endogenous respiration.
Heterotrophic growth was found to be less sensitive to CaD2 than autotrophic growth. It may be seen from table X and figure 7a that in autrotrophic 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 wasmeasured for 3hours after addition of CaD2. 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 samecharacteristics. As threshold and complete inhibition of heterotrophic growth aremuch higher, itisprobable that theinhibition 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 concentrations. It is known that D is an even stronger inhibitor for cell division
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thancolchicine(GAVAUDANet al. [24]).Nevertheless, this process, still maybe
less sensitive thanphotosynthesis.
The observations onfluorescenceandflashinglight emphasize the evidence
already obtained in Chapter III, that CaDzinhibits equally the energy transferringpartand someof the darkchemicalpartsof the photosyntheticprocess.
For,ifa poisoninhibitsphotosynthesisinthelightlimitingrange, adecreaseor
anincreaseoffluorescencemaybeexpected,dependentonwhetherthepoison
has a higher or a lower energy accepting capacity than the energy acceptor
involvedinphotosynthesis.
In our case a decrease influorescencewas observed with CaD2in the light
limiting as well as in the light saturation range.This indicates that CaD2has
a highenergy acceptingcapacity.Sinceit acts,asfound, inlowmolarconcentrations thisfact may suggest somechemical similarity to the normal primary
energy acceptor inphotosynthesis.
If apoison inhibitsphotosynthesisin thelight limitingrangeno decreasein
inhibitionpercentagewillbe observedinflashinglight,contrarytowhatis found
for apoisonpreferably inhibitoryinthe light saturationrange(13).WithCaD2
we foundnodecreaseofinhibitioninflashinglightas comparedwithcontinuous
light.Though theseresultsrepresenta strongevidencefor anarcotic actionof
CaD2, the low concentration at which inhibition already occurs and the nonreversibilitypointto aspecific bond toanenzymerather than toa non-specific
narcoticaction.
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 CaD2 IN
VARIOUS PLANT TYPES AS COMPARED WITH CHLORELLA
§ 1. INTRODUCTION

Sofar wehavestudied theeffect of CaD2 onvariousmetabolic processesin
Chlorella only. It could beexpected that the range of concentrations atwhich
growth and photosynthesis are affected by CaD2 differs in various plant
species. The inhibition in other respectsas, e.g., regardingchlorophyllcontent,
dryweight,root length,maydiffer aswell.
Strains of Lemna minor,Lemna gibba, Lemna arrhiza, Scenedesmus, Chromatium spec,
Nostocspecies, Rhodospirillum rubrum, Oscillatoriaspec, and Chlamydomonasarekept in this
laboratory in sterile stock cultures on agar or in solution, the latter especially for Lemnaand
' Oscillatoria. The organisms were transferred repeatedly to fresh agar slants, or fresh culture
solutions at short intervals in order to activate the cultures. Hereafter, they were inoculated
into 300 cc erlenmeyerflaskscontaining 100-150cc of a nutrient solution. During cultivation
thenutrient solution wasflushedwitha stream of air,enriched with 5% C0 2 . Theerlenmeyer
flasks wereplacedbetweenfluorescenttubes(„daylight"type)atalightintensityof3000-5000
lux,and incubated ata temperature of 20° ± 2°C.
Growth was measured by centrifugation in TROMMSDORFFtubes for various algae and purple
bacteria, by counting fronds {Lemna) or by visual estimation of growth {Oscillatoria). Photosynthesisandrespiration weremeasured inthe WARBURGapparatus.For specific details about
culturemethodsandmeasurementswe refertothesectionsdealingwitheachspecies separately.
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§ 2. INHIBITIONINLemna 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 SEIDEL (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 ofculturing are asfollows:
The solution wasbased onthat ofGORHAM(26), containing 5 x 10~3 mol.Ca (N0 3 ) 2 ,4H 2 0;
2 x 10-3mol.MgS0 4 , 7H 2 0; 5 x 10"3 mol. KN0 3 ; 1x 10"3mol.KH 2 P0 4 and0.005 gr.
ferritartrate per litrewiththefollowing additionofmicro elements:2.86mg.H 3 B0 3;1.82 mg.
MnCl2, 4 H 2 0; 0.22mg.ZnS0 4 , 7 H 2 0; 0.07mg. Mo0 3 ; 0.08 mg.CaS04> 5H 2 0. Unless
indicated otherwise, 5-10 fronds were inoculated per erlenmeyer. Flushing of the cultures
with airenriched with 5% C0 2 for three 2-hours periods perdaywassufficient to obtain
exponential growth. Growth wasmeasured daily,bycounting thenumbersoffronds. Inorder
to minimize theeffect of different stages of development in Lemna minorandLemnagibba,
a youngfrond wasrated asJ,amedium oneasJ,anolder oneasJ,and a mature frond as 1.
Frond area wasmeasured from photographic contact prints ofthefronds bymeans ofa
planimeter. Dry weight wasmeasured by ovendrying (at 105°C) 100-200 fronds in small
weighing bottles during 2 days. Chlorophyll determinations were made by extracting the
fronds with 90% ethanol. The extraction was repeated three timesinawaterbath (50-60°C)
which wassufficient for total extraction. Thechlorophyll concentration wasmeasured ina
BLEEKER colorimeter at 6650Â. Photosynthesis wasmeasured in the WARBURG apparatus
with 10to25fronds in 5cctapwater perflask(pH5.5)inthe case ofLemnaminorandwith
100-150fronds inthat ofLemna arrhiza.
Theincreaseinfrond number ofLemna minor,Lemna gibbaandLemna arrhiza
is represented in figure 20, in which the frond number is plotted on a logarithmic 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

10 -

days after inoculation

FIG. 20. The increase in frond number
(on a logarithmic scale) versus time(in
days after inoculation) Lemna minor
(H
h), Lemna gibba (• —•), and
Lemna arrhiza(
).
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Experiments with Lemna minor and Lemna arrhiza were made at different
concentrations of CaD2. The results are represented in table Xlla and b as
an average of 4 experiments.
TABLEXlla. The effect of different concentrations of CaD2 on the rate of growth, on dry
weight, on frond area, on chlorophyll content and onroot lengthinLemna
minor, as an average of 4 experiments.
Concentration
of C a D j (10-*M)

0
1.97
4.70
8.50

R e l . growth
rate *)

Dry weight
per 100 fronds

Numerical
value1)

Per cent
inhibition

0.169
0.150
0.112
0.073

li
34
57

mg

12.0
8.9
8.6
7.6

Per cent
decrease

26
28
37

Chlorophyll 2 )
content per
15 fronds
NumeriPer cent
Per cent
cal
decrease value 2 ) decrease

Frond area
mma

2.34
3.05
2.17
1.83

-30
7
22

0.119
0.120
0.090
0.059

-l
24
53

Root length
Per cent
decrease

cm

2
0.4
0
0

80
100
100

*)Rel. growth rate = log. increase in frond number per day.
E -E
) measured as log. —~—

2

TABLE Xllb. The effect of different concentrations of CaDa on the rate of growth and on
dryweightinLemnaarrhiza, asan averageof4experiments.
Relative growth r a t e x )
Concentration
of C a D , (10-«M)

0
0.55
1.45
1.80
1.97
4.7
8.5

Numericall)
value

0.119
0.111
0.100
0.086
0.065
0
0

Dry weight per 100 fronds
Per cent
decrease

per cent
inhibition

7
16
28
45
100
100

3.10
2.50
1.81
1.84
1.84

-

19
41
40
40

-

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

The inhibition of growth isrepresented asapercentage of thecontrol.The table
includes also the influence of CaD2 on dry weight, leaf area, chlorophyll
content and root length,theinhibition expressed aspercentages ofthe respective
controls.Lemna arrhizaisthemore sensitiveone.Complete inhibition of growth
occurs already with 4.7 X 10 6 M, whereas in Lemna minor at the same concentration the growth rate still is 66% of that of the control. Complete inhibition
of Lemna minor only occurs at concentrations above 8.5 X 10~6M. 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 CaD2 and decreases only in concentrations above
4.7 X 10"6M CaÖ2. The number and the length of the roots were reduced
enormously, with 1.97 X 10 6 M already to about 20% of the control, and with
4.7 X 10 6 M no roots at all were observed. These effects are shown in figure
21which isa 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-«M CaD 2 ).
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r
FIG. 21. The effect of CaD2 on root formation of Lemna minor(1
10-6M,3 = 4.7 x 10"6M,and4 = 8.5 x 10"6M CaD2).

control, 2 = 1.97 x

Theinhibition ofphotosynthesisinLemnaminorisrepresented aspercentof
the control, in figure 22, in short time experiments (0-2 hours after addition
of CaD2) and in long term experiments (after 24 hours). The inhibition in
growth and photosynthesis inLemna minor ascompared with that in Chlorella
indicates a slower uptake of CaD2in Lemna minor.
°/0i n h i b i t i o n
100 r-

10

10
M Ca D 2

FIG. 22. The inhibition of photosynthesis of Lemna minor,with CaD2, at 25 °C, under light
saturation (5.0- 6.0 x 104ergs/cm2sec), in tapwater; 0-2 hoursafter additionofthe
inhibitor (• —•) and 24hourslater (H
v).
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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 caseinwhich respiration was suppressed bycyanide without injury to photosynthesis. It therefore seemed important to measure respiration also in connection with CaD2.
The rate ofrespiration wasmeasured inthe dark inaconcentration rangeup
to 1x 10 3 M CaÖ2. Noinhibition atallwas observed atanyofthese concentrations. Onthecontrary, a stimulation of respiration occurs, which increases
with increasing CaD2 concentrations up to about 60% at 2.67 X 10 4 M
CaD2. This high rate ofrespiration was maintained even at 1 X 10 3 M. These
results areinagreement with those obtained with Chlorella.
Growth experiments were made with Scenedesmus in a WARBURG medium
(seeChapter II).The experimentswererepeated 3timeswith 5different concentrations ofCaD 2 (0,0.55,1.09,2.19,3.28 X 10 6 M CaD 2 ). Inhibition of growth
occurred already at 0.55 X 10-6M (thegrowth rate being 75% of that ofthe
control), andcomplete inhibition wasobserved at 2.19 x 10 6 M CaD2. Inhibition of growth, therefore, occurs at somewhat lower concentrations than in
Chlorella.
%

inhibition

100 r-

80

-

60

-

40

-

20
f < i* i~T
10

• l
,-5

10

M CaD 2

FIG. 23. Theinhibition of photosynthesis
of Scenedesmus, with CaDa at 25°C, under light
saturation (5.0- 6.0 x 104ergs/cm2 sec.),in WARBURG buffer no. 9; 1(•—•)and
3hours (
)after additionofthe inhibitor.

In addition hereto some measurements on photosynthesis were made at
different concentrations (0, 2.63, 5.2, 7.65 X 10 6 M, 1.0, 1.84, 2.7 X 10"5M
CaÜ2). In this concentration range no inhibition occurs inthe first hour after
addition (figure 23).Inhibition thenbecame noticeable andincreased gradually
until after 3hours amarked inhibition wasmanifest, which furtheron remained
rather constant. These results show a marked difference with the strong inhibition 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 Chlorellain 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. 9atpH 9.2.Therefore, simultaneous measurements of photosynthesis in WARBURG buffer and in tap water have been made,
with the addition of 1.84 x 10 5 M CaÜ2.The inhibition inthe WARBURG buffer
was found to be smaller than that in the phosphate buffer (table XIII). These
results show that theobserved discrepancy between theinhibition 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 inhibition were observed at different pH values.
TABLE XIII. The inhibition of photosynthesis in Scenedesmus at 25 °C, upon addition of
1.84 x 10~5M CaD 2 in a carbonate bicarbonate buffer, and in tap water.
Carb.bicarb, buffer
T i m e after addition

1 hour
2 hours
3 hours

R a t e ofphotosynthesis
(mm 3 /hr.)
No C a D ,

CaDa

173
169
161

159
140
129

T a p water

Per cent inhibition by
CaDj

R a t e ofphotosynthesis
(mm 3 /hr.)
No C a D s

CaD2

142
139
138

30
-9.5
-9.2

8
16
20

Per cent inhibition by
CaDj

70
100
100

The smaller inhibition of photosynthesis in the WARBURG buffer may be due to a more
difficult uptake of CaD 2 into the cell from this buffer. Besides, it is known that Scenedesmus
is more tolerant towards a high p H 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 ÖSTERLIND (44),
who reported utilisation of HCOä 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 100cc glass-stoppered
bottles with a small jar over the stopper of the bottle in order to prevent contamination
(EYMERS and WASSINK [14]).

As this species is anaerobic, all media had to be boiled and cooled before use. The culture
medium wasbased on that of ROELOFSEN (54), as modified by EYMERS and WASSINK (14) containing: 2 % NaCl, 0.1% (NH 4 ) 2 S0 4 , 0.05% K 2 H P 0 4 , 0.02 % M g S 0 4 in tap water. It proved
to be desirable to use the 2% NaCl partly in pure, partly in crude form; 1% of each was used.
The p H was brought to 7.4 by addition of 1N N a O H or 1N HCl, before filtration and sterilization. Hereafter, 0.25cc of a 10% Na 2 S solution, l.Occof a 10% N a 2 C 0 3 solution, one
drop of a 10 % H 3 P 0 4 solution, 3.75 cc of a 10 % sodium malate solution, and 2.5cc of a 10 %
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 3
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% NaCl (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
15hours in order to use allthe malate left in thecells.Thevesselswere attached
to the manometers, one of the side tubes was provided with an outlet during
the filling of the vessels ( ± 3/4 hour). The gas mixture (N 2 , 30% H2 and 5%
CO2) was passed through an electrically heated reduction oven in order to
remove all oxygen left in the mixture.The rate ofphotoreduction was computed
by Method III. According to the formula C 0 2 + 2 H 2 ^ C H 2 0 + H 2 0 , an
uptake ratio H 2 /C0 2 = 2 was used, which has been experimentally verified by
WASSINK (74).

Growth experiments were made with CaD 2 at different concentrations
(0,2.19,4.38,6.55,8.73 x HHM, 1.09,1.31,1.96,2.73 X 10 5 M) of CaD 2 . The
bottles were placed inthelight cabinet at a light intensity of about 500 lux at
29°C. Growth was measured after 1or 2 days by centrifuging 5cc suspension
in TROMMSDORFFtubes.The actualactivity ofthebacteriaafter this treatmentwas
determined bymeasuringtherate ofphotoreduction inthe WARBURG apparatus.
In thiscase,measurements were made directly, also in the blanks, without using
the procedure of malate starvation. The results are summarized in table XIV
asan average of4replicates.
TABLE XIV. The effect of CaD 2 on the rate of growth and the rate of photoreduction in
Chromatium, as an average of 4 experiments.
Concentration
ofC a D , (10-"M)

0
2.19
4.38
6.55
8.73
10.9
13.1
19.6
27.3

Q u a n t i t y of cells
in mm 3 /10 cc
after 2 days 1 )

69.0
47.8
31.5
39.7
12.0
3.15
3.15
0.34
0.12

R e l . growth rate a )
Numerical
value 2 )

1.57
1.49
1.40
1.45
1.19
0.90
0.90
0.42
0.19

Per cent
inhibition

5
11
7
24
43
43
73

R a t e of photoreduction
mm3/hr.

25.9
25.9
25.6
24.9
25.6
22.7
23.0
23.5

Per cent
inhibition

0
1
4
1
12
11
9

1

) Initial density 0.05 mm 3 cells in 10cc.
) Relative growth rate = log. increase of cell density per day.

2

It is clear, that the inhibition of growth, expressed as percentage of the
control, increases with increasing CaD 2 concentrations up to 88% inhibition
at 2.73 X 10"5M CaD 2 . 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
hardlyinhibited atconcentrationsatwhichthegrowth rateisstrongly decreased.
These measurements were made by suspending the cells grown at the various
CaD 2 concentrations in fresh phosphate buffer without CaD 2 .
Thesefindings wereconfirmed bymeasuring theinhibition of photoreduction
in short time experiments upon addition of CaD 2 of Chromatium cellscultivated
without CaD 2 . The rate of photoreduction was measured during half an hour,
after which different concentrations of CaD 2 were tipped into the suspension
whilethemeasurement wascontinued until2-3 hours after addition (tableXV).
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TABLEXV. The inhibition of photoreduction of Chromatium upon addition of CaD2 in
phosphate buffer (pH 7.6), at 5-6 x 104ergs/cm2 sec., at 29 °C, as an average
of 3experiments.
Concentration in 10~5 M CaD 2

0
2.08
4.04
6.23
8.42
10.0
12.9

Rate of photoreduction
3

mm /hr.

Per cent inhibition

26.0
27.5
25.8
25.0
20.8
9.9
4.7

-6
3
4
20
62
82

It is clear that the range from the threshold of inhibition to complete inhibition extends from 4.04 X 10"5to 1.29 X 10- 4 MCaD 2 . Contrary to the results
with Chlorella, inhibition in Chromatium was found to be constant within
20 minutes, and it remained constant for at least 3hours. The concentration at
which inhibition of photoreduction occurs is much higher than that for inhibition 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 1 % peptone, 0.5% NaCl, the latter partly in pure, partly
incrudeform, 0.25% ofeach beingused. Growth was measured by centrifuging
5 cc suspension in TROMMSDORFF tubes.
No growth at all was observed at CaÜ2 concentrations above 4.38 X 10 6 M
CaD2. At lower concentrations growth increases with decreasing CaD2 concentrations and threshold was found somewhere between0.55 X 10 6 and 1.09 X
10-6M CaÜ2. Some observations with a microscope revealed that decrease in
growth was correlated with decrease in motility of the cells. No motility at
allwasobserved in concentrations higher than 4.38 x 10_6M CaD2.
Oscillatoria
scutuiunu species
species
Growth experiments with Oscillatoria were performed in a nutrie
a nutrient solution
containing
»ntaining 0 . 1 % Ca(N0 3 ) 2 , 0.02% K 2 HP0 4 , 0.02% MgS0 4 ""
, 6 " X io- 4 %
;S0 4 .
FeS0
Theinoculum wasintroduced bymeans of a platinum wireand usually sank to the bottom
oftheerlenmeyerflask.Growthoccurredaslongfilamentsatthesurface oftheculturemedium,
rapidly covering the whole area. It may be mentioned here that some calcium containing
precipitate alwaysoccurred intheerlenmeyerflasks,inthecontrol aswellasin theflaskswith
different CaD2 concentrations. Only after this precipitate has been dissolved by the growing
culture,avigorous growth atthesurface wasobserved.

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 CaD2, viz. 0, 0.55, 1.09, 2.19, 3.28,
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4.38 x 10-6M CaÖ2. 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_6M and was complete
at 3.28 X 10 6 M CaÜ2. Oscillatoria was reddish brown to red with deformed
cells in 3.28 and 4.38 X 10 6 M CaD 2 .
Nostoc species
The same nutrient solution was used as for Oscillatoria species, except that
0.05% Ca(N0 3 ) 2 was applied instead of 0.1% Ca(N0 3 ) 2 . Inhibition of growth
again occurred between 1.09 and 3.28 X 10-6M CaD 2 .
Chlamydomonas
In these experiments a WARBURG medium was used as nutrient solution, the
composition of which has been described in Chapter II. Inhibition occurred
also here between 1.09 and 3.28 X 10 6 M CaD 2 .
§ 6. DISCUSSION

A survey of inhibition of growth, respiration and photosynthesis by CaD 2 in
various plant types as compared with Chlorella is represented in table XVI.
It isclear that the inhibition of photosynthesis and that of growthshow similar
features. However, usually a somewhat stronger inhibition of growth was
observed, which may be due to the long time of exposure to CaD 2 (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"6and10" 5 M(~ l-10mg.CaD2/l.)forallthespecies.Lemnaminor,Chromatium
and Chlorella in heterotrophic growth, are somewhat less sensitive. Photoreduction is far less inhibited than photosynthesis, while no inhibition at all
was observed for endogenous respiration. The latter was stimulated up to 60 %
even at 10"3M CaD 2 .
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 2
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.
Afew remarks may be made on the inhibition of other aspects of the metabolism 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 CaD2. The inhibition
by CaD2 therefore is neitherduetopotassium removalnor actsinthesameway
as potassium deficiency. Also the low CaD 2 concentration at which inhibition
already occursdoes not support theidea of potassium removal. Another argumentin this direction is given by thefact, that thethreshold of KD solubility is
roughly at 10-3M, which is far higher than the concentrations at which inhibition 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 thefirstsymptoms ofinhibition intheroot system,
and in barley reported a lack of formation of new side roots, a stunted appearance and a clavate swelling. SCHRIJFSMA (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 CaD2. The discolouring comes up to or just beyond the endodermis,
therefore the enclosed centralcylinder seemstobe protected against penetration
of CaD 2 .

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 5 M CaD2. This shows
clearly that CaD2 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). Thebetterknowninhibitorsofphotosynthesis,both enzyme poisons
and narcotics, are far less inhibitory (figures 7b,7c,7d,7e,7f). With 2,4-dinitrophenol WINTERMANS (83) observed an increase in inhibition of photosynthesis at lower pH values of the medium (coming finally into the same
range as CaD2). 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% inhibition (table VII) which are the most accurately determined ones,
are in agreement with those obtained by other authors (68, 71, 83). The inhibitory effects of hydrogen sulfide (NEGELEIN [41]) and of copper sulphate
(GREENFIELD [27]) appear to be in the same range as that of CaD 2 . We have,
so far, not studied these inhibitors.
Aside of Chlorella (Chapter III and IV), eight other plant species from
various classes have been tested for their behaviour with regard to CaD2
(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 5 M). 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 photosynthesis 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 allplant 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 sugarbeets in water-cultures, of SCHRIJFSMA (56, 57) with maize and
tomatoes and of VERHAGEN (70) with barley in sand-water cultures, may be
mentioned. They all indicate more or lessthe same range of inhibiting concentrations, though complete inhibition occurred only at higher concentrations. In
these experiments a strong distortion of the roots was observed (58, 70), which
isin agreement with our results with Lemna minor, in which the length and the
number of theroots were considerably more reduced than growth in general.
It is of some interest to mention here a few field studies regarding effects
of CaD2 on crop plants (6,64,81). An important aspectinthis case is the high
adsorption of CaÜ2 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 CaD2 concentrations of the order of
10 4 M in 14species (SCHOL-SCHWARZ [55]), except in one species which could
stand only 10 6 M CaD2. In 8 species even 6 hours exposures at 10 2 M 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
CaD2, 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 CaD2 is 2.85, whereas that of 2,4-dinitrophenol is 4.0 (WINTERMANS [83]). A decrease in extinction of a solution containing 5.8 X 10 6 M
CaÜ2, which gives about 75% 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 5cc
suspension liquid, contrary to the results by WINTERMANS in which in 6 ce 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
ÖSTERLIND (44). The latter reported utilisation of HCO 3 in Scenedesmus
photosynthesis, whereasthisdid not occurin Chlorella.It seemslikely,therefore,
that Scenedesmus is more adapted to high pH than Chlorella.
The inhibition of photosynthesis with CaD2 is the same in the light limited
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and in the light saturated region, the point of transition remaining the same
asinthenon-inhibited suspensions and occurring roughly at 3.8 X 104ergs/cm2
sec. and 2.5 X 104 ergs/cm2 sec, at 25°C and 17.5°C respectively. This fact
might point to a narcotic action of CaÜ2 on photosynthesis. Narcotic poisoning 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 byit. However, the very low concentration of CaÖ2 (10~6 to
10 5 M) in which inhibition occurs points to specific interactions with definite
catalists rather than to an indiscriminate surface blocking mechanism. Photoreduction 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 CaD2 was too long or at too high pH
values,which may well lead toirreversibleinjury. Besides thisCaD2 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 CaD2 in the light saturated as
wellasin the light limiting range, while no decrease of the CaD2 inhibition was
observed with an increase of thedark 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 III), 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 2showssimilar features, and it may be suggested that CaD2
acts in the same way as hydroxyl amine. Thisview might even seem supported
by LIPSCHITZ' suggestion (37) that aromatic nitro-compounds in general are
reducedviathehydroxylamineleveltolesspoisonoussubstances.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 reduction of CaD2 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 TAMIYA (68), and WELLER and FRANCK (80), see discussion Ch.
Ill, §6, p. 29.
We have observed that a considerable time elapsed before inhibition of
photosynthesis by CaÜ2 reaches a constant level (fig. 8). After washing no
decrease in inhibition occurred. From these experiments we concluded to a
continuous uptake of CaD2, while, moreover, the inhibition was irreversible.
Onthecontrary theinhibition oftheglucose-stimulated respiration wasconstant
within 20 minutes, and remained so hereafter, while the inhibition was at
least partly reversible by washing. As CaD2 is strongly absorbed (67, 81),
washing may not remove the inhibitor completely, especially 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, phenyl urethane, hydroxyl
amine) with regard to photosynthesis. From experiments on administration of
CaD2 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 bya continued uptake of CaD2 occursinlight 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 CaD2 uptake under different experimental conditions
have to be made. Since inhibition appears already at extremely low concentrations, and the determination of CaD2 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 CaÜ2 compared with other inhibitors
on photosynthesis and respiration, may induce us to a further investigation
withthis inhibitor.
§ 2 . SUMMARY

Experiments are described in which the inhibitory effects of calcium dipicrylamine (CaD2) and other inhibitors have been investigated in Chlorella and
several other plant species belonging to different classes. The rates of photosynthesis,photoreduction and respiration havebeenmeasured with a WARBURG
apparatus, and growth has been determined by means of centrifuging cell
suspensions in TROMMSDORFF tubes,counting fronds inthecase of Lemna, or by
visual estimation in Oscillatoria and some other algae.
CaD2 proved to be a much more effective inhibitor of photosynthesis in
Chlorella, than ethyl urethane, phenyl urethane, hydroxyl amine, sodium
azide,or2,4-dinitrophenol. Therange ofinhibition from threshold to complete
inhibition is roughly between 10 6 and 10 5 M CaÜ2 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 assimilates. Contrary to the high sensitivity of growth and photosynthesis, no inhibition, but a stimulation up to 60% was found even at 10_2M CaD2 in respiration. Glucose-stimulated respiration was50% 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 nitrocompounds probably explains the decrease observed in yield of fluorescence
upon addition of CaÜ2.
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A strong increase in the inhibition of photosynthesis was observed with
CaD2 at lower temperatures, which did neither occur with ethyl- and phenyl
urethanenor with hydroxyl amine. For an explanation one could think of a
decrease in the dark deactivation of the CaD 2 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.
The inhibition of growth of Lemna arrhiza, Scenedesmus, Nostoe spec,
Rhodospirillum rubrum, Oscillatoria spec., and Chlamydomonas by CaÜ2
occurred roughly in the same range of concentrations as that of autotrophic
growth in Chlorella. Chromatium and Lemna minorare somewhat less sensitive.
The roots of the latter, however, are a very sensitive indicator of CaÜ2.
Though CaD2 has a marked influence on growth and photosynthesis of
species in water cultures, CaD2 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 kaliumhoudende meststoffen.
De remming van verschillende stofwisselingsprocessen doorcalcium dipicrylamine (CaÜ2) en andere remstoffen werd nagegaan bij Chlorella, Lemna
minor, Lemna gibba, Lemna arrhiza, Chromatium, Scenedesmus, Nostoc spec,
Rhodospirillum rubrum, Oscillatoria spec, en Chlamydomonas. De photosynthèse snelheid, de photoreductie en de ademhaling werden gemeten in een
WARBURG apparaat, de groeisnelheid door centrifugeren van cel suspensies in
TROMMSDORFF buisjes, door telling van hetaantal schijven {Lemna), of door een
schatting van detoename {Oscillatoria, Nostoc).
CaÜ2 remt de photosynthèse reeds in zeer lage concentraties (10 6 -10 5 M,
fig.7a). Ethyl urethaan (fig. 7b), phenyl urethaan (fig. 7c), hydroxyl amine
(fig. 7d), 2,4-dinitrophenol (fig. 7e) 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 Chlamydomonaswordt min of meer
bij dezelfde CaÜ2 concentraties geremd als de photosynthèse, tabel XVI geeft
hiervan een overzicht. Overeenkomstige resultaten werden verkregen met bieten
inwater-cultures (81),mais,tomaten engerst(57,70)inzand-cultures.Vooralde
wortelgroei was sterk geremd (58,70). In Lemna minor werd de wortelgroei
volledig geremd bij CaÜ2 concentraties, waarin andere processen nog nagenoeg 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 ademhaling waargenomen, welke zelfs bij 10 2 M CaÜ2 nog 60% bedroeg.
Bij de glucose-ademhaling werd bij deze concentratie een remming van 50%
waargenomen, welke in tegenstelling tot die van de photosynthèse gedeeltelijk
reversibelisna uitwassen. Overhet algemeen werd, metuitzondering van CaD2,
reeds 20 minuten na toevoeging van de remstof een constante remming van de
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photosynthèse waargenomen. Afhankelijk van deconcentratie nam de photosynthèseremmingmetCaÜ2indetijd toe.Dezetoename werdverklaard door
eencontinueopnamevan CaD2, welkealleeninhetlichtplaatstvindt(fig.10).
Deresultaten van deglucoseademhaling, waarin ook na ongeveer 20minuten
een constante waarde van de remming werd bereikt, zijn hiermee in overeenstemming.
Zowelbij lichtlimiteringalsbijlichtverzadigingvandephotosynthèsewerden
overeenkomstige remmingspercentages waargenomen. Hoewel deze waarnemingeenaanwijzing isvoor een narcotischewerkingvandezeremstof,isaan te
nemen, dat Cat>2een specifiek enzym vergif is, dat behalve bepaalde donkerreacties ook de energieoverdracht bij de photosynthèse aangrijpt, de voorlopigechlorophylfluorescentie enflitslichtproeven wijzen ook indezerichting.
Bij de laatste werd geen vermindering van de remming waargenomen bij een
langere donkerperiode, terwijl defluorescentiezowel bij lichtverzadiging als
bij lichtlimitering verlaagd werd.
Bij lagere temperaturen werd eensterke toename vandephotosynthèseremming met CaÜ2 in Chlorella waargenomen. Dit effect van de temperatuur
werdnietbijphenyl- en ethyl urethaan enbijhydroxyl aminegeconstateerden
isvooralsnog niet geheelteverklaren.
Hoewel, zoals reeds eerder vermeld, de groei en de photosynthèse reeds bij
zeer lage concentraties geremd worden is een opbrengstvermindering in het
veld bij kalibemesting met deze stof als verontreiniging voorshands niet te
verwachtendoor enerzijds de hogeadsorptievan CaÜ2indegrond,speciaalaan
humus,enanderzijds degeringeverontreiniging van het geheleveld.
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ERRATA
p. 27
p. 46
p. 54
p. 55

Legend tofigure13,for: NH4OH.HCl, read: NH2OH.HCl
In table XIII, last column, for:70,read:80
14th line from below, for: 10-2M CaD2, read: lO^M CaD2
5eregelvan onder, 10_2M CaD2, moet zijn: ÏO^M CaD2
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