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CHAPTER I.

Introduction.

This formulation can be represented by the well known

graph, to be found in all textbooks (fig. 1). I might call it

the ideal Blac kmancurpe. The ascending line AB repre-

The velocity, with which a green plant assimilates C0
2,

depends primarily on three environmental factors, to wit:

the concentration of the C0
2,

the intensity of the light and

the temperature.

Fig. 1.

F. F. Blackman (1905) formulated this relationship

as follows:

“When a process is conditioned as to its rapidity by a

number of separate factors, the rate of the process is limited

by the pace of the “slowest" factor".
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sents the increasing assimilation velocity caused by the

increase of factor a; at B further increase is impossible, be-

cause a second factor b now becomes limiting. The curve

from this point runs parallel to the abscissa (BC). If a

larger amount of factor b had been present, the assimilation

velocity would have increased up to D, before the factor b

became the limiting one.

Thepoint, at which there is a transition from the limitation

by one factor to the limitation by another factor, I will call

the transition point. It may be defined as the point at which

two factors exert an equal influence on the assimilation velocity.

Concerning the validity of Blackman’s formula opinions

are still divergent. I do not want to discuss this question

here, but for the present I will merely assume Blackman’s

formula to be a true description of the facts. The conse-

quences to which this leads may now be pointed out.

The first consequence is that the assimilation process

shows alternatively three different combinations of proper-

ties, dependent on which of the three different factors:

viz. C0
2 concentration, light intensity or temperature is

limiting factor.

The assimilation velocity may be:

1. Directly proportional to the C0
2

concentration, independent of light

intensity,

independent of temperature (Qi0=l).

2. Directly proportional to light inten-

sity,

independent of C0
2 concentration,

independent of temperature (Qi 0
= 1).

3. Exponentially increasing with tem-

perature (Q10
= ± 2),

independent of light intensity,

independent of CO
a

concentration.

CO
a

"limiting”

light intensity

"limiting”

temperature

"limiting”
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When temperature is the limiting factor, the so called

time factor introduces a new complication. At higher tempe-

ratures the assimilation rate is no longer constant but

decreases gradually. The higher the temperature the more

rapid the decrease. This time factor, however, will not be

considered here, since it does not occur at moderate tempe-

ratures.

Comparing the assimilation process with a simple chemical

process in vitro, for instance the reaction:

A+ B AB,

we observe immediately an important difference. This

process too is governed by three different factors, viz. the

concentration of A, the concentration of B and the tempe-

rature. But these factors determine the reaction velocity not

alternatively, but simultaneously.

The reaction velocity will be;

Directly proportional to the concentra-

tion of A,

Directly proportional to the concentra-

tion of B,

exponentially increasing with the tempe-

rature (Q 10
= 2—3).

The reaction retains this combination of properties under

any condition.

One may look in vain for a simple chemical process, which

changes its properties in such a fundamental way, when

altering the factors governing its velocity. So we can not

hope for an explanation from this direction.

Things become different, if the assimilation is compared

to a chain reaction, a process consisting of several subsequent

reactions. Catenary processes are subject to the general rule,

that the velocity with which the final product is formed is

determined only by the rate of the slowest reaction of the

chain.

For instance, it may be assumed that a substance A is
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transformed into a substance B, this substance again into

a substance C and this again into a substance D. Then in

the catenary reaction

A —>■ B —>- C —� D.

each subsequent reaction will have as starting material the

final product of the foregoing reaction and can not proceed

any faster than the rate at which this material is supplied.
So a subsequent reaction never can have a greater velocity
than the foregoing one.

But also a foregoing reaction can be hampered by the

following reaction, as many reactions are retarded by the

accumulation of their reaction products.
So it is quite comprehensible that in a reaction chain the

slowest process determines the velocity of the whole. Physical

processes, such as solution and diffusion, also follow this

rule. Should it be possible to reduce the assimilation to a

catenary process, this process would have to consist of at

least three different reactions to which the three different

combinations of properties previously enumerated would

have to be applicable.

The three prosses to be considered are:

1. a diffusion process by which the C0
2

travels from the

external medium into the chloroplast;

2. a photochemical process by which the radiant energy is

converted into chemical energy with the aid of the chloro-

phyll;

3. a chemical process in which light does not take part.

The first process might be the slowest if C0
2

were limit-

ing, the second if this were the case with light and the third

with temperature.

In accepting the above assumptions as a working hypo-
thesis I will be obliged to show that the three combinations

of properties, as found by Blackman, actually apply to

these three processes. That this is possible may be argued

as follows.
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1. The diffusion process.

When a substance is traveling by means of diffusion over

a certain path, the diffusion velocity is ceteris paribus

directly proportional to the difference of concentrations of

this substance at the beginning and the and of the path.

When the concentration at the end is 0, the velocity is

therefore directly proportional to the concentration at the

beginning. So when the partial pressure of C02 within the

plastid is 0 (i.e. when all C0
2

is used immediately upon

arrival there), the direct proportionality to the C0
2 concen-

tration of the external medium is explained.

Light, of course, does not affect the velocity of a diffusion

process. Temperature, on the contrary, has a decided in-

fluence on diffusion processes, much less, however, than

on chemical processes. A Q 10
= 1.2 to 1.3 is generally

mentioned. This is therefore higher than a Q 10
= 1, which

should be expected according to Blackman's scheme.

I will show in Chapter VI that in certain cases this apparent

controversy is easily explained.

Besides I want to mention the difficulties of experiments

with higher plants with C0
2 as the limiting factor, as the

transverse section of the diffusion path is very inconstant

because of the capricious behaviour of the stomata.

2. The photochemical process.

According to the laws of photochemistry the velocity of

a photochemical reaction is directly proportional to the

amount of radiant energy absorbed (Law of Grotthus—

van 't Hoff, see Plotnikow 1920). Notwithstanding the

fact that the distribution of light intensity in the leaf is very

complicated, the absorption coefficient may be considered

a constant (Ursprung, 1918 b). So in all parts of the leaf

the light intensity will be directly proportional to the inten-

sity of incident light. As long as the photochemical process

is the “slowest” in all parts of the leaf, the total assimilation
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velocity will vary in direct proportion to the intensity of the

incident light.

According to Blackman's scheme the concentration of

CO, does not affect the velocity of the photochemical reaction

after a certain limit of C0
2

concentration has been passed.

Granted, that C0
2

takes part in this reaction, the explanation

of this fact is not quite self-evident. One is inclined to

believe that on the spot, where the photochemical process

takes place, the concentration of C0
2

has then reached its

maximum and can not be increased any further by increasing

the C0
2

concentration of the medium. So the assimilating

agent, probably the chlorophyll, seems to have a high

affinity for C0
2, being able to completely saturate itself

even at very low C0
2

concentrations.

Supposing, as Willstatter (1918) does, that the carbon

dioxide combines with chlorophyll to form a dissociable

compound;

carbon dioxide-)-chlorophyll carbon dioxide-chloro-

phyll and that the photochemical reaction proceeds in this

carbon dioxide-chlorophyll molecule, we may say that, at

a certain light intensity, the reaction velocity will be deter-

mined by the amount of carbon dioxide-chloropyll present.

When practically all chlorophyll is combined with carbon

dioxide, it is obvious that the reaction velocity has reached

its maximum at a given intensity of light. If there exists a

very high affinity of chlorophyll towards carbon dioxide,

this will occur at a very low carbon dioxide concentration.

A further increase of this concentration will no longer result

in an increase of the photochemical reaction velocity.

It is not surprising that temperature does not influence

this process, as a large category of photochemical reactions

show a Q 10
of ± 1 (Plotnikow 1920, p. 62). So, if the

photochemical phase of carbon dioxide assimilation belongs

to this category, it is no exeption to the rule.
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3e. The dark chemical process.

In my assumption this process succeeds the photochemical

one and uses up its reaction products. So the C0
2 probably

does not take part in it; nor does light, as the process is a

non-photochemical one.

Like every dark chemical reaction this process has a high

Q 10. Indeed the majority of chemical reactions have accord-

ing to Van 't Hoff’s rule a Q10 varying between 2 and 3,

In what has been said above I have put forward a working

hypothesis reducing the photosynthesis to a catenary process,

based exclusively on Blackman's principle of limiting
factors. A quantitative accordance with Blackman’s for-

mula was arrived at, except that a slight influence of tempe-

rature is to be expected when C0
2

is the limiting factor.

I do not mean to say that such a hypothesis has not already
been put forward by others. On the contrary, all ideas given
here have already been expressed by other authors.

Nevertheless, I wanted to give first of all this line of

thought without citing further literature and to take Black-

man’s "limiting factors" as the only point of departure,
first because it has served as a working hypothesis for my

experiments, second to arrive at as sharply defineda circum-

scription of the problem as possible.
Now I may try, with the aid of the literature to arrive

at an answer to the following questions:

1. Is my point of departure a reliable one?

2. Are there other arguments to be found, confirming

the conception that carbon dioxide assimilation is a catenary

process ?
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CHAPTER II.

DISCUSSION OF THE LITERATURE.

The Validity of Blackman’s formula.

After the principle of limiting factors in carbon assimil-

ation had been put forward by Blackman in 1905and after

it had been propagated by him and his co-workers 1) it

found a ready acceptance and gained a great influence in

botany and elsewhere.

Its special aim was to contradict the conception, common

in those days, that almost every physiological process could

be represented by an optimum curve.

It is often called a theory but incorrectly so. Only Black-

man’s explanation of the temperature optimum by means

of the combination of an ascending and a descending curve

may be called a theory. For the rest, I only consider it as a

circumlocution of the facts, which circumlocution may or

may not be correct.

Is it correct? Several authors say it is not. A severe

attack was made by Brown and Heise (1917 a and b,

Brown 1918). They made the error of considering the

assimilation process to be a simple photochemical process.

They tried to prove the consequences, drawn from this

conception, with the aid of data available in the literature.

For instance, they say that at high light intensities the Q10

must be the same as at low intensities: "A photochemical

reaction, with such intensities of light, would still be photo-

chemical and show photochemical coefficients”.

They suppose Blackman and his co-workers to have

been guided in their experiments by a prejudicial idea. They

insist that several factors must in reality have a simultaneous

influence; also that the process may be represented by an

optimum curve.

') See: Blackman and Matthaei (1905), Matthaci

(1904), Blackman and Smith (1911 a and b).
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Smith (1919) in replying to these statements in Black-

man's defense rightly remarks that the Brown-Heise

conception of photosynthesis is far too simple. He alludes

to the possibility, that photosynthesis consists of a chain of

processes, in which dark, non-photochemical reactions also

enter into play. He does not, however, go any further than

alluding to this possibility.

In one respect, however, Smith has toagree with Brown

and Heise, namely that at the transition point the assimil-

ation curve has no sharp break, but is rounded. Near this

point "the one (factor) not limiting may have some appre-

ciable effect”. Here he admits that Blackman’s formula

does not entirely fit the facts.

Boysen Jensen (1919) puts forward this same objection,

based upon his own researches. For, with increasing light

intensities, he finds a gradually bending assimilation curve.

He is in favour of a modification of Blackman's principle

in the same sense as in agricultural science Liebig's law

of the minimum has been modified by Mitscherlich.

Mitscherlich says namely that the crop production in-

creases with an increase in one certain nutritive substance,

but not directly proportionally with it; the amount of

increase diminishes as the point, where the factor mentioned

is no longer limiting, is approached.
Benecke (1921), drawing conclusions from his experi-

ments on starch formation in Elodea, comes to the same

result. He accepts the nomenclature of Mitscherlich;

a factor may be in absolute minimum (= 0) or in relative

minimum (= more limiting than any other factor). Never is

only one factor limiting (except when it is in absolute

minimum), always other factors exerta certain influencealso.

Harder (1921) draws the same conclusions from his

experiments on evolution of oxygen by assimilating water

plants. His curves deviate even more from Blackman’s

scheme than do those of the above mentioned authors.
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Lundegardh also finds similar deviations from this

scheme. He does not consider it, however, as a modification,

but as an entirely new principle, called by him “Das Rela-

tivitatsgesetz der Assimilationsfactoren” (1924 a). In short

it runs as follows: “Die relative Wirkung eines Factors

nimmt mit seiner absoluten Intensitat und zwar vielfach

nach einer logarithmischen Kurve ab” (1927).

Moreover, in his later publications (1926, 1927) he re-

cords a very remarkable influence of temperature, differing

so much from what is published by all other authors, that

it seems worth while to discuss it briefly.

He finds namely, besides the above mentioned general

shape of the assimilation curve, several definite optima and

minima, which are superimposed upon it. Some of his co-

workers obtain similar results using the same methods

(Walther 1929, Stocker 1927). Should Lundegardh’s

view be correct, the prevailing conceptions would have to

be entirely altered. However, in Lundegardh’s methods

there is much which may render the results doubtful.

The following objections may be raised.

1. All experiments lasted a very short time, often only

a few minutes and were started immediately after the

beginning of illumination. As a leaf is able to contain a con-

siderable amount of C0
2

(Willstatter and Stoll 1918),

first the C0
2 present in the leaf will be used before intake

from the air occurs. No doubt the intake of C0
2

will not

be constant in those first minutes.

2. At the higher C0
2

concentrations the assimilation was

determined volumetrically by means of a gas analysis appa-

ratus. In this apparatus, according to the description, no

constant water vapour tension of the air sample has been

procured, whereas in other such instruments (like those

of Haldane and Krogh) great care is taken in this

respect. When for instance a sample of air, saturated with

water vapour is taken into the apparatus at 20° C. and
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comes afterwards in contact with a 30 per cent. KOH solu-

tion, the water vapour tension may decrease from 17 mm.

to 12 mm. mercury. This would mean a decrease in volume

of ± 0.6 per cent. Nevertheless Lundegârdh claims that

with this apparatus the mean error is only 0.003 per cent.

3. In some of the experiments (1924 b) the C0
2 containing

air to be analysed was expelled from the assimilation vessel

by means of water. In this water C0
2 may dissolve to a

considerable extent.

Also to collect the air above glycerine (1927) would not

appear to be a reliable method.

4. Each time a new leaf was used for the determinations.

The assimilation was computed in terms of surface units.

It would seem that individual differences between the leaves

may not be excluded.

It seems to me that the above objections may give cause

for some doubt regarding the fundamental value of the

optima and minima, as found by Lundegârdh.

Warburg (1919), in his experiments with the unicellular

alga Chlorella finds also an almost logarithmic curve for

the assimilation as related to C0
2

concentration or light

intensity.

Romell (1926) attacks on purely hypothetical consider-

ations the principle of limiting factors. In the last Chapter
I will return to this point.

Summarising, Blackman’s rule seems to hold only

approximately, but not perfectly. Near the transition point

there seem to be great deviations causing a considerably

rounding of the curve.

All authors except Warburg experimented with leaves

or even with entire water plants. Now a leaf in itself is al-

ready a very complicated system. The individual plastids

in it are submitted to very different conditions. When il-

luminating a leaf from above, the plastids at the upper

surface receive many times the light received by those at
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the lower surface. Increase in the light intensity will create

a condition, at which the light intensity is no longer a limit-

ing factor for the plastids near the upper surface; so here

the assimilation velocity will increase no further. Increasing

the light intensity still further, this “transition point” will

also be reached for the deeper layers and finally for the

plastids at the lower surface of the leaf. We may therefore

conclude that, even if Blackman’s formulation would hold

good for each individual plastid, one would still expect for

the entire leaf a gradual transition from limitation by light

to limitation by temperature or carbon dioxide. The more

different the conditions of the plastids inter se, the more

gradual this transition will be and themore roundedthe curve.

This may explain to a great extent the deviations from

Blackman's scheme. The carbon dioxide supply also needs

not to be the same for all chloroplasts, this being probably

a second source of deviations. These two circumstances are

pointed out clearly by Schroeder (1924).

Is carbon dioxide assimilation a catenary pro-

cess?

This idea is not new, as already pointed out. Theories,

like those of Willstatter and Stoll, Warburg and

Briggs, are based on this hypothesis. There are a number

of arguments which favour it. For the sake of clearness I

will divide them into four groups.

1. Blackman's principle of limiting factors.

2. Phenomena of assimilatory inhibition and “Ermii-

dung”.

3. Disproportionality of chlorophyll content and assimil-

ation power.

4. Effect of chemical substances on assimilation.

ad. 1. In the introduction I made an effort to deduce in

a logical manner from Blackman’s formula the hypothesis
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that assimilation is a catenary process. Arguments of the

same sort are brought forward by Willstätter and Stoll

and Briggs, who differentiate between a photochemical
and a dark chemical process. A more detailed, though more

hypothetical elaboration is made by Warburg. This

author is also of the opinion that the assimilation velocity

in the leaf is determined by a diffusion process, when the

C0
2

is the limiting factor.

What I wrote on pag 150 about simple chemical reactions

in vitro has been expressed almost in the same way by

Thoday (1922). He says:

“Clearly the principle of limiting factors is not applicable

to simple direct reactions of this type, between substances

in solution. That it does hold for assimilation is in itself a

demonstration of the complexity of the process. It is at

least probable that to each of the external limiting factors

corresponds a distinct stageof theprocess which is dependent

upon it. The rate of the process as a whole is in reality
determined by the rate of the slowest contributory stage,

as pointed out by Briggs”.

Spoehr (1926) also remarks: “The principle of limiting
factors has its analogon in the step-reactions of chemistry”

(l.c. p. 97). Like me, he considers Blackman's principle

as a formulation: “This theory and its modifications, how-

ever, tell us little of the kinetics of the photosynthetic

process; they are the first attempt at an accurate expression
of the relation of this process to the various factors which

influence it”, (l.c. p. 139).

Ad. 2. The best known instances of assimilatory inhibition

and “Ermüdung
”

phenomena are the researches of Ewart

and Pantanelli.

Ewart (1896, 1897, 1898 a and b) exposed green parts

of plants to various deleterious agents, such as: high tem-

perature (under humid and dry conditions), cold, dessic-
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cation, partial asphyxiation, narcotics, acids, alkalies, accu-

mulation of carbohydrates in the plant, strong plasmolytics,

strong sunlight, long absence of carbon dioxide.

In nearly all these cases he found, by means of Engel-
mann’s bacteria method a reversible checking of the assi-

milatory process. When the plants were returned to normal

conditions, the power of assimilation gradually returned.

Generally no change was observed in the green colour.

This phenomenon was called by Ewart: "assimilatory

inhibition”. He concluded that, though chlorophyll is in-

dispensable to assimilation, "equally important factors of

probably plasmatic origin also enter into play” (1896

pag. 457).

Pantanelli (1904), like Ewart working in Pfeffer’s

laboratory, studied the assimilation of water plants by means

of the air bubble method. At high light intensities (1 —64

times the intensity of direct sunlight) he observed a decrease

in assimilatory power, which recovered to a considerable

extent at lower light intensities. This phenomenon he called

"Ermiidung”. He considered it not to be explained by

decomposition of the chlorophyll, as this substance will

not show as rapid a recovery: "In der That sind die Er-

miidungserscheinungen gewiss auf protoplasmatische Re-

actionen zuriickzufuhren” (l.c. pag. 188).
The experiments of Engelmann (1882—1884), Timi-

riaseff (1903), Ursprung (1917, 1918a) and others have

demonstrated that only the light, which is absorbed by the

chlorophyll, takes part in the assimilation process, that is

to say, in the photochemical process, since there is a close

relationship between absorption and assimilation at the

different parts of the spectrum. So the chlorophyll may be

considered to govern the photochemical reaction, to be the

photochemical agent. When it is possible, according to

Ewart and Pantanelli, to cause a decrease of the assimil-

ation power without affecting the chlorophyll, this decrease
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appears to concern another agent, governing a non-photo-
chemical process.

Blackman's so-called time factor is obviously nothing

more than a special case of inhibition: at high temperatures

the velocity of the dark chemical process decreases. Black-

man assumes it to be a decomposition of an enzyme by the

high temperature. So this enzyme is to be considered as

the dark chemical agent.

The phemomenon called “Solarisation" by Ursprung

is perhaps the same thing. The starch production in leaves

first increases with increasing light intensities, but is stopped

partly or totally at high intensities, while the discharge of

starch seems to go on. This phenomenon is also reversible.

But, on the other hand, starch formation is not to be

identified with the absorption of C0
2 or the evolution of 0

2.

Moreover Schroeder and Horn (1922, Trude Horn

1923) suppose “Solarisation” to be an inversion of the

starch caused by dessiccation.

Ad 3. Concerning the ratio of the chlorophyll content and

the assimilation power Ewart (1896) already made some

experiments. He stated that the green colour is first developed

and only afterwards the assimilation power (Wills tat ter

expresses some doubt as to the validity of his observations).

Miss Irving (1910) started work on this problem anew.

According to her experiments when illuminating etiolated

seedlings of barley and bean the greencolor is first developed.

Only when the leaves are grass-green does the assimilation

power begin to develop, which thereafter increases rapidly.

She concludes: “It must be some other component part

of the photosynthetic machinery, which controls the be-

ginning of complete functional activity”.

Willstatter, with his extraordinary knowledge about

chlorophyll, was able to devise a colorimetric method to

determine chlorophyll quantitatively.
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Using this method he and Stoll (1918) investigated the

connection between chlorophyll content and assimilation

power in leaves of many different plants. The experimental
conditions generally were such, that the temperature was

the limiting factor, viz, 25° C., a very high light intensity

(48000 Lux) and a great excess of C0
2 (± 5 per cent).

The amount of C0
2

in grams assimilated per hour, divided

by the chlorophyll content in grams was called by them the

assimilation number (Assimilationszahl). This number re-

presents a measure of the ratio of the content of dark

chemical agent to the content of photochemical agent

(chlorophyll). For in their experiments the dark chemical

process governed the assimilation rate.

Great differences in assimilation numbers were found by
them. On the whole those numbers varied only from 5 tot 8

in ordinary leaves, being somewhat higher in leaves with

a strongly developed assimilation power (for Helianthus

14.0-16.7). But yellow varieties, poor in chlorophyll, ex-

hibited very much higher assimilation numbers (50 —120)

up to 20 times higher than the green forms of the same

species.
This led them to conclude that there must exist a chemical

agent, not identical with chlorophyll, but something apart.

They called it "enzymic factor”.

The theory of assimilation, put forward by them, is briefly

as follows:

The carbonic acid, not as C0
2

but in the form of H
2
C0

3

enters into combination with the Mg atom of the chlorophyll
molecule. In fact, Willstätter and Stoll were able to

demonstrate the combination of carbonic acid with chloro-

phyll in a colloidal chlorophyll solution.

Now the photochemical process consists of the absorption
of radiant energy by the carbonic acid-chlorophyll com-

pound, whereby it changes into a form with higher energy

content, viz. formaldehyde peroxide.
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The chemical process is the splitting off of oxygen by a

catalase-like enzyme, causing the formationof formaldehyde.

As they found always an assimilation quotient 1, they drew

the conclusion that the reduction-level of formaldehyde is

reached immediately and that no intermedient reaction

product is accumulated.

The formaldehyde formed is subsequently split off from

the chlorophyll and is polymerised to sugars.

After this little digression on Willstätter’s theory, a

few words are to be said about the assimilation numbers

which he finds in etiolated leaves.

As contrasted with Miss Irving’s results Willstätter

finds at the first appearance of the chlorophyll very high

assimilation numbers. This would prove the “enzymic

factor” to be already present before the appearance of the

chlorophyll, while Miss Irving finds exactly the reverse.

This contradiction is explained afterwards in a satisfactory

way by Briggs (1920). He used Blackman’s palladium

black method, by which it is possible to keep a constant

chlorophyll content during the experiments. Het stated

that in seedlings of Phaseolus vulgaris there exists a factor

controlling the assimilation rate, this factor not being chloro-

phyll. It appears the 8th day after germination, independent

of the chlorophyll content and reaches its maximum within

a few days. It was called by Briggs the internal factor.

If the seedlings are etiolated during more that 8 days,

the “internal factor” is already abundant and high assimil-

ation numbers are found. If they are etiolated during a

shorter period only, the “internal factor” is not developed

as yet, resulting in an absence of assimilation power.

Willstätter seems to have etiolated his plants longer
than Miss Irving did. This explains the contradiction.

Briggs also considers the assimilation to be a chain of

consecutive processes. His former opinion that the “internal

facor” must belong to a photochemical stage, being some-
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thing quite other than Willstatter's enzymic factor, is

afterwards retracted by him (1923 a). He now also believes

the “internal factor” to belong to a dark chemical stage,

It appeared to him that two types may be distinguished

among seedlings (1923 b). In the first type the assimilation

power is present as soon as the chlorophyll appears (Helian-

thus type); in the second type this in not the case (Phaseolus

type).

Ad 4. The greater part of the researches concerning the

influence of chemical substances on assimilation need not be

mentioned here. A summary may be found in Stiles

monograph (1925, p. 119).

In this connection, however, Warburg’s publications

are of great interest (1919, 1920). Warburg made his ex-

periments with suspensions of the unicellular green alga

Chlorella. One of the advantages of this material is its

small dimensions, resulting in an easy penetration of C0
2

and other substances into the chloroplast.

Warburg, too, considers the assimilation to be a catenary

process; in his opinion it is possible to study the photo-

chemical and dark chemical stage separately, by causing

light or temperature respectively to be the limiting factor.

He made experiments on the influence of different che-

mical compounds, viz', urethanes and hydrocyanic acid, on

the velocity of the two above named processes.

Urethanes are surface-active substances, having the pro-

perty of decreasing the surface tension of water when

dissolved in it. This surface action is accompanied by an

accumulation of the substance in the surface boundary,

which may displace more or less the normal constituents

of this surface.

Now many biochemical reactions, if not all, are hetero-

geneous reactions; the substances are reacting in a surface.

A surface-active substance is able to displace them by block-
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ing the surface, as it were, causing a decrease of the reaction

velocity. So urethanes are to be considered as a “test” for

surface reactions.

Warburg remarks that hydrocyanic acid has a great

affinity for heavy metals. A reaction, which is catalytically

accelerated by a heavy metal, will be checked by hydro-

cyanic acid, since the catalyser is blocked by it. Therefore

hydrocyanic acid is considered by Warburg to be a test

for heavy metal catalysis.

Warburg found that the assimilation velocity is materially

decreased by urethanes in very low concentrations, both

when light or when carbon dioxide are limiting factors.

In the series of homologues of the urethanes he found an

increased effect with increasing molecular weight, which is

coincident with increasing surface-activity.

Hydrocyanic acid, on the contrary, has an effect only

when temperature is limiting, not when light is limiting.

The different behaviour in this respect is a new indication

of the existence of two different processes, controlling the

assimilation velocity in these two cases.

Before 1924 Warburg's idea concerning the state of

affairs was somewhat as follows:

1. By the intake of light energy the chlorophyll is changed

into a substance with a higher energy content; it becomes

the “photochemical primary product.” This is the real

photochemical process.

2. By a dark chemical process the C0
2

is changed into a

substance which is able to take from the “photochemical

primary product” the chemical energy contained in it. So

the C0
2

has become an “acceptor” of this energy. The

reaction by which this “acceptor” is formed he calls Black-

man reaction. This reaction determines the assimilation rate

when temperature is the limiting factor. It takes place in a

surface boundary, is catalysed by a heavy metal (probably
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iron) and therefore is checked by urethanes as well by

hydrocyanic acid.

3. The acceptor enters into a reaction with the “photo-

chemical primary product” and undergoes a reduction. This

reduction of the acceptor determines the assimilation velo-

city when light is the limiting factor. It takes place in a

surface boundary and is checked by urethanes but not by

hydrocyanic acid. When treated with surface-acting sub-

stances the cells absorb the light energy in a normal way;

however, a smaller part of it is transferred to the acceptor,

as this substance is partly displaced from the surface.

For the arguments I refer to Warburg’s original public-

ations (1919, 1920, 1921). I mention this theory in connec-

tion with Willstätter’s, only to call attention to the fact

that we have here two well-considered theories, based on

physiological facts, which differ in the following respect:

In Willstätter’s theory the carbon dioxide undergoes

first a photochemical and afterwards a dark chemical reaction.

In Warburg’s theory it is just the reverse; the carbon dioxide

itself does not take part in the photochemical reaction, until

it has previously been changed by the dark chemical process.

In 1924 Warburg gave up his acceptor theory without

a struggle and accepted Willstätter's theory as being the

most probable one. In his experiments with Chlorella it

appeared to him that the influence of hydrocyanic acid and

uretanes on the "Blackman reaction” is almost the same as

on the decomposition of H
2
0

2
(oxidase- or catalase-activity)

by the same organism (Warburg and Uyesugi 1924).
Also the dependence upon temperature was the same for

both reactions (Yabusoe 1924). Warburg drew the con-

clusion that both reactions are caused by the same agent.

So the "Blackman reaction” should be an oxidase-reaction,

which wholly conforms with Willstätter's theory.

Although this conception seems to be probable, it seems

to me that it is by no means established that carbon dioxide
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takes part in the photochemical reaction. The proof is still

to be furnished.

Theabove discussion of the literature is not at all complete.

In the last years two excellent surveys, covering the whole

field of photosynthesis, have been published by Stiles

(1925) and by Spoehr (1926), to which I might refer. An

account of the literature, much more complete than I intend

to give here, may be found in these two books.

I mentioned only as much as was necessary to confirm

or criticise my initial conception. We may conclude that,

without doubt, there exists besides the photochemical

reaction a dark chemical reaction. The names: temperature

factor (Blackman), enzymic factor (Willstätter), Black-

man reaction (Warburg) and internal factor (Briggs) are

all concerned with this reaction or the agent, to whose

activity it is to be ascribed. The names inhibition (Ewart),
“Ermüdung

”

(Pantanelli), time factor (Blackman) and

perhaps solarisation (Ursprung) refer to a decrease in

activity of this process.

The great independence of this reaction in regard to the

photochemical one makes the supposition of a dark chemical

agent in addition to the photochemical agent — the chloro-

phyll — to be a very probable hypothesis. It is likely to be

of an enzymic nature as temperatures above 30° C. affect

it very much (Blackman's time factor and theory of the

temperature optimum, 1905).

I am not convinced that this process, about which we are

arguing is in itself a simple reaction. The considerable

inconstancy of the temperature coefficient, which decreases

with increasing temperature, as Warburg stated for the

"Blackman reaction” may indicate a complex nature of this

process. The data necessary, however, to a further analysis

are lacking at present. So in my opinion it is permissible

to consider all the above enumerated phenomena as referring

to one and the same dark chemical process.
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Of course the true assimilation process is preceded by a

transport of CO
a

from the external medium into the chloro-

plast. It is generally accepted that a partial closure of the

stomata may decrease the assimilation velocity. Therefore

in certain circumstances the transport of CO
a may determine

the assimilation rate. This justifies the hypothesis that at

low concentrationsof C0
2

a diffusion process is the “slowest”

process of the chain reaction.

In the first part of this Chapter I tried to explain that

the scheme of limiting factors did not hold in every respect

for leaves, but that it might possibly hold for the single

chloroplast.

Warburg made the only experiments on this subject.

As said before, he used the unicellular alga Chlorella, the cells

of which are, as it were, to be considered as a single chloro-

plast with a cell wall. As the C0
2

has to be transported

over a very minute distance only, this process would in no

case hamper theassimilation velocity, according to theauthor's

opinion. So the total process would be simplified here by

one degree as the diffusion process would be eliminated

as a possible “slowest” reaction, Warburg believed that

the pressure of C0
2

inside and outside the cell might be

considered to be equal and, by varying it, its influence on

the real assimilation process inside the cell might be studied.

Thevariations in carbon dioxide concentration he obtained

by suspending his algae in buffersolutions of carbonate

and bicarbonate. By altering the ratio of these two salts

he was able to vary the carbon dioxide concentration within

very wide limits. The assimilation he determined by a

manometer device, making use of the different solubilities

of 0
2

and C0
2

in these solutions.

Warburg's method is very ingenious and refined. It

seems to me, however, that it is not altogether without

objections. In the first place, the ideal condition of a uniform

environment for all cells is not quite reached by him in



171

the case of light intensity. He took the precaution, it is true,

to use very dilute cell suspensions which absorbed only
10 to 20 per cent of the incident light, in cases when the light

was the limiting factor. If the maximum difference of light

intensity amounted to only 10 to 20 per cent for all cells,

this would be no serious objection. But it is highly probable
that a relatively small percentage of the cells is materially
shaded by other cells and that these may obtain only 50 %
or even less of the required light intensity. In this case the

error would become much greater, even though the total

absorption of the light be only 10 to 20 per cent.

For, if the greater part of the cells have reached the

“transition point” at a certain light intensity, twice the

amount of light or even more will be required for the shaded

cells to reach the same point.
A second objection to the method of Warburg, which

is on the whole brilliant, is the use of buffer mixtures to

vary the C0
2

concentration. The cells have to be exposed

to various acidities, which may not be entirely harmless

and which introduces a new complication.

A method has been elaborated by me, in which these two

objections are avoided. By means of this method it has been

my purpose to find an answer to the following two questions:
1. What is the relation in the individual plastid between

assimilation velocity on the one hand and C0
2 concentration,

light intensity and temperature on the other hand?

2. What is the nature of the individual reactions of the

catenary process, which determine the assimilation velocity?

CHAPTER III.

MATERIAL USED IN THE EXPERIMENTS.

A suitable object was foundamong the unicellular terrestrial

algae, which are to be seen everywhere on trees and walls.
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Cultures of this material were started in the laboratory

and kept on various nutrient media, with the purpose of

finding a species which could be cultivated in a single cell

layer.
I did not consider it very probable that I would be able

to keep cultures entirely free of bacteria during the experi-

ments. So I looked for an organism, which would propagate

in purely inorganic media, to secure a minimum development

of bacteria. An article of E. G. Pringsheim (1926) was

my guide in this work.

Various solid substrata were used: agar, silica-gel and

gypsum.

The water applied in making the nutrient media was

always distilled in glass apparatus without metallic parts,

to avoid traces of copper and other heavy metals, which

are highly toxic to algae (oligodynamic action). The use of

Jena glass apparatus and receptacles hardly appeared

necessary.

The agar was washed before use to eliminate diffusible

organic substances. It was put for two days in running tap

water and afterwards allowed to stand one day in distilled

water.

A medium was made, having the following composition,

as recommended by Beyerinck (1898):

It was sterilised and put into Petri dishes. Silica-gel plates

were made according to Pringsheim: water-glass is diluted

to a specific gravity of 1.08 by means of an areometer.

Each time 10 cc of this fluid is put into a glass beaker

containing 7 cc of 1 N hydrochloric acid and quickly mixed

Agar. 2 per cent.

nh
4
no

3
0.05

99 99

KH
2
P0

4
0.02 99 99

MgS0
4

0.02
99 99

CaCl
2

0.01
99 99

FeS0
4

0.0001
99 99



173

with it. Then it is immediately poured into Petri dishes

where it gelatinizes within a few minutes. (Pringsheim

takes a slightly different ratio, viz. equal volumina of

water-glass spec. gr. 1.08 and hydrochloric acid spec. gr. 1.1

diluted to 1/10, giving a normality of ± 0.55).
These plates are put in running tap water for one day to wash

out the remaining hydrochloric acid and are subsequently

covered with a nutrient solution. The nutrient salts are

allowed to penetrate into the silica-gel for some hours, after

which time the solution is decanted.

It appeared to me that in the long run, the silica-gel was

more suitable to my purpose than agar substrata. For, if

the cultures are not pure, there is always some development

of fungi and bacteria in the agar plates, in spite of the fact

that the agar is thoroughly washed. On silica-gel substrata,

however, hardly any development of fungi or bacteria was

observed.

For gypsum substrata small flat gypsum discs are cast,

put into Petri dishes and surrounded with 10 cc of a nu-

trient solution.

From several walls and trees a small quantity of the green

substance was scratched off and shaken with water in a

test-tube. This suspension was diluted several times and

finally poured out over the nutrient substratum. After a

moment the water was carefully poured off.

After a few weeks a great number of little green spots

appeared in the culture dishes, being colonies of various

algae belonging to the genera Protococcus, Chlorella, Hor-

midium, Stichococcus and others. With a pointed knife

such a colony may be lifted from the substratum, shaken

with distilled water to form a suspension and poured over

a fresh substratum. In such a way it was not difficult to

obtain cultures containing only a single species.

In the beginning it was my idea that certain Protococca-

ceae should be suitable to my purpose. But by chance I
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detected a much better object. After some five weeks I

observed some green wisps on the nutrient solution, sur-

rounding one of the gypsum discs in the Petri dishes which

increased, came together and so in the end covered the

fluid entirely with a thin green layer.
It proved to be a filmentous alga, Hormidium spec.

x )
It has the property of developing on the surface of a liquid

medium, forming shiny pellicles. The filaments are doubled

back upon themselves when growing, forming finally a

continuous pellicle, which is kept almost entirely floating

upon the surface by capillary action. Thepellicle is composed

of only a single cell layer. In transmitted light it has a very

peculiar appearance; at different places the bundles of fil-

aments are oriented in different directions, causing alter-

nating light and dark spots, due to diffraction of light.
Afterwards I found that this property of Hormidium was

already known many years ago, described by Chodat in

1913 and even used by Pascher (1914) in his Flora as a

species character. Because of this property Hormidium

was an ideal object for my investigations. By means of

silica plates cultures, containing Hormidium only, were

obtained in the manner described above, it was then cul-

tivated further on liquid cultura media.

Since Willstatter (1918, note pag. 168) and Benecke

(1921) had mentioned a specific retarding influence of

ammonium salts on assimilation, I preferred to use nutrient

solutions without ammonium. Therefore I altered Prings-
heim’s (1921) solution and after a number of preliminary

experiments I found one on which the algae developed

very well.

A number of single salt solutions were made and kept

*) Mr. J, Heimans, Amsterdam, was kind enough to determine

the alga for me. Probably it is a form of Hormococcus flaccidus

(Kiitz) Chodat = Ulothrix flaccidus Kiitz = Hormidium flaccidum

Kl. = Stichococcus flaccidus (Nag.) Gay.
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in store, viz. KN0
3

5 per cent, CaS0
4

saturated solution

= 0,2 per cent, MgS04
1 per cent, KH

2
P0

4, per cent and

FeS0
4 0,1 per cent. This last solution had to be prepared

fresh before use, since the ferrous salt is rapidly oxidized,

forming a precipitate of insoluble ferric salt.

The above solutions were added to about 400 cc distilled

water in the following quantities and succession (the last

column giving the final composition of the solution):

I believe to have noticed that the order of the addition

of the salts is not without influence on the nutritive value

of the solution.

The solution was not sterilised. The algae were cultivated

in flasks of 100 cc. capacity, containing ± 15 cc. of the

solution. The flasks were stoppered with cotton wool.

Transfers were made by means of a nickel chrome needle,

the eye of which had a diameter of from 5 tot 10 mm. This

eye, when put in the fluid below the algae and lifted, bears

a film of the culture solution which is covered on either

side with a tiny layer of algae. When it is brought into

contact with the surface of the solution in a new culture

flask, the algae immediately spread over its surface and may

multiply again here.

I put the culture flasks into a glass basin, covered by a

glass plate. The basin was kept before a window. Direct

sunlight was screened off by means of transparant paper.

In the beginning I considered it necessary to introduce

some gaseous carbon dioxide into the glass basin every

day. After some time the carbon dioxide of the air in the

FeS0
4

0.1 per cent 5 cc.
. ..

0.001 per cent

MgS0 4
1

„ „
5 cc.

. ..
0.01

ft tt

CaS0
4

satur. sol. 10 cc.
. .. 0.004 ff tt

KNO
s

5 per cent 10 cc.
. ..

0.1
ft tt

KH
2
P0

4
2

„ „
5 cc.

. ..
0.02

tt tt

distilled water up to 500 cc.
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room appeared to be sufficient to supply the algae by dif-

fusion through the cotton wool stoppers.

After two or three weeks the total surface of the fluid

is covered with the algae. Thereafter growth does not proceed

any further. Apparently the nutrient solution is exhausted

or decomposition products of the metabolism are checking

further development.

In a culture, which is in bad conditions for this reason.

or because of high temperature or excessive illumination,

the filaments begin to sink. After some time almost the entire

quantity of algae is suspended in the fuid like a flaky green

precipitate.

Algae to be used in experiments were transferred two or

three days previously on the surface of a culture solution,

contained in a special receptacle (see fig. 2).
This receptacle is 24 cm. long and 4 cm. broad. It consists

of a glass plate 1, used as a bottom and an ebonite ring 4,

Fig. 2.
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12

which serves as a wall. A rubber gasket 3, cut from the

inner tube of a bicycle tire, is clasped between them by

means of the clasps 5, 6, 7 and 8, thus serving as a water

tight seal between bottom and wall. The clasps 5 and 6

consist of an U-shaped, white lacquered piece of copper;

a copper rod 9, plated with nickel is connected to it in a

movable manner. Two small bars 11 are fastened to this

rod, keeping it suspended by means of lithe spiral springs.

By turning the screws 10 the rod may be pressed down

and the ebonite ring and the glass plate clamped together.
Rubber strips 12 and cork disks 13 protect the glass from

the metal; otherwise it is soon broken.

This receptacle is put in a horizontal position and filled

half full with a nutrient solution. A suitable quantity of

algae is transferred into it.

When an experiment is to be made, the solution is siphoned

off from beneath the algae by means of a small siphon. This

is done also when the solution is to be renewed. It has to

be done very carefully, for the layer of algae remains in its

place only as long as the opening of the little siphon is below

the surface of the solution. But when the receptacle is

nearly empty, air bubbles are siphoned off also. At this

moment the algae on the surface are drawn towards the

siphon and run off with the fluid, causing a considerable

loss of material. This can be prevented by means of a small

loop of a paraffined thread, which is placed floating upon

the surface of the solution around the opening of the siphon.

In this way the surface film around the siphon is separated

from that of the remainder of the vessel and the latter no

longer reacts when air bubbles are sucked through.

It is also possible to push the algae towards the middle

of the receptacle with two paraffined pieces of paper, before

siphoning off the solution. In the greater part of the expe-

riments this procedure was used.

When the fluid is sucked off, the algae remain lying on a
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thin film of solution on the surface of the plate 1. This plate
is the one which is to serve as the bottom of the assimilation

vessel (see next chapter).

CHAPTER IV.

APPARATUS.

Themethods have been briefly described elsewhere (1928).
A more detailed account will be given here. The technical

requirements are the following.
In the assimilation vessel we must be able to vary or to

keep constant the C0
2

concentration as well as the light

intensity and temperature individually and at will. The

C0
2

concentration has to be the same throughout the assi-

milation vessel and has to be determined with an accuracy

of 0.001 per cent.

When considering that in the atmospheric air, the normal

medium of the algae, the C0
2

concentration amounts to only
about 0.03 per cent, it is clear that such a degree of accuracy

is necessary.

Intake and evolution of C0
2 (assimilation and respiration)

have to be determined accurately.
The C0

2
concentration was determined by gas analysis.

The frequently used apparatus of Haldane is accurate only
till 0.01 per cent. Krogh (1920), however, has constructed

an apparatus, with which it is possible to analyse the C0
2

and 0
2

content of an air sample of 50 cc. with an accuracy

of 0.001 volume per cent.

My gas analysis apparatus was copied from Krogh’s

apparatus with slight modifications, consisting mainly in the

size of the air sample, which was 10 cc. instead of 50 cc..

A brief description may follow here. For a detailed dis-

cussion of the construction I refer to Krogh’s article.
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The Gas Analysis Apparatus.

The principle is quite simple. By lowering the mercury

within a calibrated burette 1 (fig. 3) a sample of air is taken

up and its volume is measured.

Then it is brought into contact with a 10 per cent solution

of KOH in pipette 4 where the C0
2

is absorbed, after which

Fig. 3.
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the volume is measured again. The decrease in volume

corresponds to the CO
a content of the air sample.

In the same manner the 0
2

is determined. It is absorbed

in pipette 5 by a solution of pyrogallic acid in caustic potash.

The volume occupied by a certain quantity of air, how-

ever, depends on water vapor tension, temperature and

pressure. In the apparatus these three sources of error are

eliminated.

In burette 1, a small amount of water slightly acidulated

with H
2
S0

4
is placed on top of the mercury, assuring a

saturated water vapour pressure within the burette.

All burettes are standing in a glass water bath. The water

is stirred from time to time by means of a stirrer 24. A

compensation vessel 10 stands in the same water. It contains

± 10 cc, of air and also a small amount of acidulated water.

When the stopcocks 11, 12, 13, 14, 15, 16 and 17 are in the

position shown in fig. 3 (drawn in transverse section), a

connection is established between the vessels 1 and 10,

the air in these two vessels being separated only by a drop

of petrol, which is contained in the manometer tube 23.

When this drop is stationary, the pressure is equal on both

sides. If the temperature of the water in the bath varies

slightly, the air pressure in the vessels 1 and 10 increases

or decreases correspondingly; so the petrol drop remains

in its place. As it is an entirely closed system, variations

in barometric pressure have no influence.

At the next measurement of the volume the drop of petrol

must stand in its original position.

In most of the apparatus the error of analysis is at least

0.01 per cent. According to Krogh this is caused by the

presence of a varying amount of detritus in the gas burette,

mainly arising from the contact between mercury and a

moving rubber tube, and also by the inconstancy of the

volume of water, contained in the gas burette. For at each

analysis a small part of this water is distilled over into the
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absorption fluids, which have a lower water vapour tension

than pure water.

The following two improvements have been applied

by Krogh.

The mercury is not moved up and down by means of a

leveling bulb with a connecting flexible rubber tube, but by

variations of air pressure. By means of the water vacuum

pump 32 and the vacuum flask 33 the air pressure above

the mercury in 6 is lowered through stop-cock 21. As at its

lower end vessel 6 is connected with burette 1, the mercury

is sucked out of the burette. By turning stopcock 21 the air

in 6 may be connected with the atmospheric air and the

mercury may be run back into burette 1. At the required

moment the mercury flow, may be stopped by closing

tap 18.

In such a way the mercury may easily be moved up and

down and it is not in contact with moving rubber tubes.

The second, still more important improvement is the

application of three different gas burettes. The first (1)

serves to move the air to and from the absorption pipettes
and to saturate it with water vapour. The second (2) serves

to measure the volume before and after the absorption of

C0
2
; the third (3) to measure the volume after the 0

2

has been absorbed.

Theburettes 2 and 3 also contain a small quantity of slight-

ly acidulated water (± 2 cmm), just sufficient to secure

a saturated water vapour tension of the air sample and so

small that the water is to be seen as a small line along the

mercury meniscus as it stands in the bulb.

When the mercury is lowered the water remains entirely

in the bulb, adhering to its wall. If the quantity of water

is too large some of it goes down into the narrow, calibrated

lower end and hinders accurate reading of the position of

the mercury meniscus.

The capacities of burettes 1 and 2 are upwards of 10 cc.
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The capacity of the narrow lower part of burette 2 is only

0.4 cc or 4 per cent, of the total capacity. This part has been

calibrated into units of 1 cmm. It is possible by estimation

to measure the volume to within 0.1 cmm.

When the C0
2

of the air sample has been absorbed, it is

again possible to determine its volume in burette 2, since

the CO
a

content of the air sample seldom amounts to more

than 1 per cent. When 0
2

has been absorbed however the

volume is decreased by ± 21 per cent, and can no longer be

determined in burette 2. This is therefore done in burette 3,

which has a capacity of about 8 cc.

In my apparatus the lower part of this burette is calibrated

in parts of 5 cmm. making it possible to read the volume

to within 0.5 cmm. or 0.005 per cent.

The upward and downward movement of the mercury

in 2 and 3 is accomplished in the manner already mentioned

by means of vessel 7 and stopcock 22.

This is sufficient to obtain an approximate adjustment of

the mercury meniscus. For accurate adjustment the following
device is used.

Above the stopcocks 18, 19 and 20 side tubes have been

attached. These are provided with short pieces of vacuum

rubber tubes, closed by glass stoppers.

By tightening or loosening the screw cocks 29,30 or 31 the

mercury content of the burettes may be altered and a very

accurate adjustment may be attained. These screw cocks

are fastened on a little frame in order to keep the rubber

tubes in a fixed position and to assure a steady position of

the meniscus in the burette.

The 10 per cent. KOH solution in the absorption pipette

4 and the communicating vessel 8 has been previously satura-

ted by shaking with atmospheric air at room temperature.

The alkaline pyrogallic acid solution in pipette 5 and

vessel 9 is, following Haldane's procedure, a solution of

10 gm pure pyrogallic acid in 100 cc. satured KOH solution
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(sp. gr. 1.55). I used for this purpose „Pyral” of Hauff and

Co. The solution must have been saturated with nitrogen

(air free of C0
2

and 0
2). To accomplish this it is vigourously

shaken with air in a small bottle for about twenty minutes.

The C0
2

and 0
2

are readily absorbed; by slightly opening
the stopper of the bottle at intervals the nitrogen is kept

at atmospheric pressure. Care has to be taken not to warm

the bottle with the hand while shaking.
The absorption pipettes may be emptied, cleaned and

refilled through the tubes 34 and 35. The upperends of these

tubes are bent backward and closed with a piece of rubber

tube and glass stopper. In this manner the water in the bath

never comes in contact with the alkaline absorption fluids.

Vessel 8 communicates with the outer air through a capil-

lary tube, allowing only a very slight diffusion of atmos-

pheric carbon dioxide towards the KOH solution, which

may be kept a long time.

The absorption fluid in vessel 9 is separated from the outer

air by a KOH solution in the communicating vessels 36 and

37, as may be seen in the figure.

The Construction of the Apparatus.

The gas analysis apparatus and the other instruments

were made by Mr. P. A. de Bouter, mechanic of the

Botanical Laboratory in Utrecht. Many technical difficulties

were solved in consultation with him. I wish here to express

my thanks for his valuable assistance.

For constructing the gas burettes three glass tubes, each

having a nearly uniform bore throughout its length, were

selected from among a large number.

They were provided with the bulbs I, 2 and 3 and their

capacity was determined by filling with mercury, which

was afterwards weighed. By narrowing or widening the

glass bulbs over a flame the desired capacity was finally

attained.
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Subsequently the burettes had to be calibrated. In this

purpose a glass stopcock, the discharge opening of which

had been drawn out to a fine point, was fused to the lower

end of each burette. The burette was filled with purified

mercury; a quantity of it, contained between two little lines

above and below the bulb, was run off and its volume was

determined by means of weighing.
The little marks were applied with a glass hair and a

mixture of black lacquer and turpentine, dried to a sticky

consistency.

During the testing procedure the mercury must be kept

at a constant, known temperature. For this purpose a glass

cylinder, filled with water, was applied around the bulb,

and the stopcock at the lower end was protected by cotton

wool from the warmth of the hand.

The capacity of the lower part was determined in the same

way and the space between two lines provided with gradu-

ations.

Burette I was divided from 6.4 to 10.3 cc. into graduations

of 10 cmm, burette 2 from 9.57 to 10.03 into graduations

of 1 cmm. and burette 3 from7.0 tot 8.3 ccm. into graduations

of 5 cmm.

The accuracy of the calibration was controlled in the

manner already described. It is unnecessary to surround the

slender tubes with a water bath. A reading of the room

temperature is sufficient. To adjust the slight errors found

in the calibration a correction table was made for each

burette.

The entire gas analysis apparatus mainly consists of three

units. The first unit is composed of the burettes 1, 2 and 3

with the stopcock 11, 12 and 13 and is fastened to the edge
of the bath by means of a copper frame. The burettes pass

through holes in the bottom of the bath. A water-tight

connection is made by means of soft rubber tubes, exerting no

pressure on the glass tubes, as shown for burette 1 in fig. 3.
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The second unit is formed by the absorption pipettes 4

and 5 with the vessels 8 and 9 and the stopcocks 14, 15 and

16. It is fastened to a separate frame and can be removed

separately.

The third unit is formed by the compensating vessel 10,

the stopcock 17 and the manometer tube 23.

These three pieces are connected together with vacuum

tubes in such a way as that the glass tubes are in end to

end contact with each other.

It may be useful to subsequent experimenters to mention

some errors in construction, which I made in the beginning.

In the first place there appeared to be very slight leakages

in the stopcocks. The greater part of the stopcocks on the

market are not adapted to this purpose. By carefully grinding

with emory powder this defect could be partly removed;

stopcocks 16 and 17 were replaced by others, especially

ordered for this purpose. Since stopcock 11 closed well,

leakage to or from the outer air was excluded. As it was

always possible in presence of considerable pressure differ-

ences to separate the absorption pipettes by two stopcocks
from the vessel in which the high or low pressure was

applied, the undesirable sucking up of the absorption fluids

into the stopcocks could be avoided.

A second fault was the relatively large air volume contained

in the capillary tubes outside the water, in comparison to

the volume of the burettes (± 14 per cent.). This caused

errors due to changes in room temperature. Therefore the

volume of these tubes was made equal on both sides of the

manometer tube by enlarging tube 17. After this correction

the room temperature had only a very slight influence on

the position of the petrol drop. Furthermore the tubes were

wrapped for the most part in cotton-wool, as a protection

against the warmth of the hands, when the stopcocks had

to be handled.

A third error was made in the calibration of the tubes.
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I overlooked the fact that the calibration must correspond

to the real volume of the burette, to which is added the

inner volume of stopcock 11.

For, when an air sample is to be taken in, the stopcock 11

is put into position | and some of the air to be analysed

is driven through 26, 11 and 25, to displace the air present

in it with the air to be analysed. When 11 is put back into

its original position, its content of air for analysis is already

brought into the apparatus, before any air has been taken

up by lowering the mercury.

To eliminate this little error, a small enlargement was

made above the O-line in burette 1, and above it a second

line, the volume between the lines being equal to the inner

volume of stopcock 11. Before each analysis the meniscus

of the water above the mercury was adjusted at the lower

line; at each following volume measurement (in burette

2 or 3) the level was adjusted at the upper line.

The air samples were brought to the analysis apparatus

in a gas container 38, the mercury in which may be moved

up or down by means of a leveling vessel 39.

In nearly all my experiments I confined myself to C0
2

determinations; generally the 0
2

was not considered.

Since I did not know in advance, however, whether C0
2

determinations would be sufficient, I preferred to be able

to make 0
2

determinations also.

After the precautions and corrections mentioned, CO
a

determinations accurate to ± 0.001 per cent, were finally

attained (see the duplicate determinations in the tables,

which seldom deviate more than 0.002 per cent.).

The reading of the mercury level in the burettes was made

with the aid of a magnifying-glass.

Parallax errors were eliminated in the following manner.

A white piece of paper provided with a slit was attached

to the front of the magnifying glass. When looking through

it at the mercury in the burette, keeping the slit in a hori-
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zontal position, the image of the slit is seen as a dark spot

on the mercury columm. When a reading is taken this spot

has to be just below the mercury meniscus. Following this

procedure the eye of the observer is always in the same

position with reference to the meniscus.

Procedure in making a C
O2

determination.

We assume the apparatus to contain only C0
2
-free air,

all menisci to be at their O-position (in burette 1 at the

lower line) and the stopcocks to be in the position as in-

dicated in fig. 3. The position of the petrol drop in deter-

mined and stopcocks 16 and 17 are put into position X-

Stopcock 11 is now put into position |; the gas reservoir is

connected to tube 26 (contact between the glass) and the

niveau vessel is lifted a few cm. upward to cause a some-

what higher pressure within the gas reservoir. Stopcock 40

is then opened for several short moments to wash out the

space between 40 and 11, now stopcock 11 is put into

position |, the vacuum pump 32 is started, stopcock 41

is put into position —| and 21 into position | . Stopcock

40 of the gas reservoir is again opened. By opening stop-

cock 18 an air sample of ± 10 cc. is sucked in, and 18

is closed again. The mercury in the gas reservoir and the

niveau vessel is put exactly at the same level by moving

vessel 39 upward or downward. Stopcock 40 is closed and

11 is turned to position | .
Now stopcock 12 is turned to

position —|, 14 tot position X> 21 and 22 to position |.
Stopcocks 18 and 19 are cautiously opened and the air

sample is transferred from burette 1 to burette 2. The water

meniscus in 1 is adjusted at the upper line.

The rough adjustment of the air pressure in 2 is done by

means of the KOH-meniscus in pipette 4; to accomplish

this stopcock 12 is put into position | and 14 into position

-4 Usually the KOH-meniscus then moves on and is

brought back to its former position by adjusting screwcock
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30. Stopcock 14 is put back into position J_ and 16 and 17

are cautiously opened alternately. Screwcock 30 is turned

until no displacement of the petrol drop is observed; then

16 and 17 are put both into position —| and by turning 30

the petrol drop is returned exactly to its former position.

In the mean time stirrer 24 is moved by an electric motor,

to secure an even temperature throughout the water.

The menisci in 1 and 4 are examined and the position

of the mercury in 2 is read off. Usually after 2 or 3 minutes

the volume of the air sample has become constant.

Stopcocks 16 and 17 are put into position 14 into posi-

tion —|, 12 into position |— and 22 into position | . Stop-

cock 19 is now opened and the air sample is driven from

burette 2 into pipette 4, after which stopcock 12 is put into

position | . By moving the mercury in burette 1 up and

down about ten times, the space between the stopcocks

is washed out and every trace of C0
2 present is absorbed.

When determining very high CO
a

concentrations the space

between stopcock 12 and the meniscus in burette 2 is washed

out also, but in general this is superfluous. The air sample
is now brought back into burette 1 and then again in burette

2, its pressure is adjusted in the manner already described

and its volume is measured. The decrease of volume corre-

sponds to the C0
2

content. When necessary corrections

are applied to compensate for the calibration errors in the

burette and the C0
2

content is calculated in terms of volume

per cent.

Through stopcock 16 the sample is now driven out of the

apparatus and the meniscus in burette 1 is returned to the

lower line, after which procedure the apparatus is ready

for a new analysis.
If the C0

2
content as well as the 0

2 content has to be deter-

mined, this is done in an analogous manner, the only differ-

ence being that the apparatus must contain nothing but

nitrogen before the analysis is started. The washing out of
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the space between the taps takes a longer time when the 0
2

is absorbed; I moved the mercury up and down in burette

1 from 30 tot 40 times. Krogh, in his own apparatus, does

it 6 times only, probably because the dead space in his in-

strument is comparatively much smaller.

Several analyses of atmospheric air (taken on the roof of

the laboratory) are given here.

Krogh, when analysing air samples of a Copenhagen

street, found a C0
2 content varying from ± 0.030 per cent,

to 0.039 per cent, and a N
2 content, varying from ± 79.040

to 79.055 per cent. Though my 0
2

determinations were not

as accurate as I desired, the above analyses show a good

agreement with Krogh’s determinations, indicating that

my apparatus was properly calibrated.

When theburettes are to be cleaned, the mercury is lowered

to just below the above mentioned side tubes. The pieces

of rubber tubes are removed and with another rubber tube

the side tubes are connected to a rectangularly bent glass

tube, through which a solution of potassium bichromate in

dilute sulfuric acid is run into the burettes. Then the rubber

tube is closed by a screw cock. After remaining for one day

in the burette, the potassium bichromate solution is run

off and the burette is carefully washed with distilled water.

This water must run off cleanly from the wall of the burette

TABLE 1.

co
2

o
2

n
2

0.028 20.951 79.021

0.030 20.934 79.036

0.030 20.926 79.064

0.033 20.885 79.082

0.027 20.921 79.051

Mean
......

0.030 20.923 79.051
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and may not adhere to it in the form of drops, which is the

case when the burette has not been thoroughly cleaned.

Finally the burette is dried by a current of air, filtered through

cotton wool.

In order to place the acidulatedwater on top of the mercury

in the burettes, the stopcock at the upper side is removed

and the mercury is raised to the upper end of the tube.

With a very small pipette, the point of which is bent at a

right angle, the acquired amount of water is put on top of

the mercury, which is then lowered slowly by means of

the screw cock.

To lubricate the stopcocks I used a mixture consisting

of 1 part unvulcanised rubber, dissolved in 5 parts of vase-

line at a temperature of 100° C.

The experimental Equipment.

The experimental equipment is shown in semi-diagram-
matic drawing (fig. 4) and will be described here. It had to

answer the requirements already mentioned in the beginning
of this chapter.

Thealgae are placed in the assimilation vessel 15. Through
this vessel an air current passes, which has previously been

drawn through a C0
2 generator 1, in which it has beensupplied

with a constant, known amount of C0
2.

The air leaving the

assimilation vessel is collected above mercury in the aspi-

rator 29. This mercury is discharged from the aspirator

at a constant velocity. Air samples are taken from this

aspirator and analysed.
If the above mentioned air current should enter the assi-

milation vessel at 14 and should leave it at 16, a considerable

gradient in C0
2

concentration from 14 to 16 would exist;

the concentration would not be the same in different parts

of the vessel. For this reason circulation has been applied,
the air being throughly mixed by means of a circulation

current of much greater velocity than the supply current.



Fig.

4.
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In this manner a minimum gradient of CO, concentration

is obtained in the assimilation vessel.

The supply current as well as the discharge current are

indicated in fig. 4 by solid arrows, the circulation current

is indicated by dotted arrows.

As it proved impossible to install a circulation apparatus

within the assimilation vessel, it has been mountedoutside

the vessel in the form of a small suction-pressure pump 11,

which immediately carries along in a swift current all C0
2

containing air, which enters the system at 10.

After having entered, the C0
2

is partly used by the algae

in 15, the remainder is carried off at 26. The air which leaves

the system at 26 has the same C0
2

concentration as the air

in the assimilation vessel; the assimilation in cmm. C0
2 pei;

hour is computed from the difference in concentration of

introduced and discharged air.

The velocity of the supply and discharge current is deter-

mined by the velocity, with which the mercury is run out

of aspirator 29. This velocity is regulated and kept constant

by means of an automatic, electric device.

The entire system of tubes is kept in free communication

with the outside air by means of the tube 2.

The rate at which the air enters the vessel 29 is the same

as the rate at which it is sucked into the generator at 2,

enters the circulation apparatus at 10 and leaves it at 26.

After some time an equilibrium between supply, use and

discharge of C0
2

is established. The discharged air may now

be used for analysis and for this purpose the air is diverted

to a second aspirator 49 without interrupting the continuity

of this current.

A description of the construction and action of the separate

instruments
may be given here.

The CO
2 generator.

The regulation of the C0
2

concentration is based, as in



193

13

Warburg's method, on the use of buffer mixtures of car-

bonate and bicarbonate.

The generator is represented in fig. 5. It consists of a

long glass tube 1, which is 40 cm long and 1% cm in dia-

meter. It is filled with glass beads of 2 mm. diameter. An

aqueous solution of Na
2
C0

3
and NaHC0

3
in definite pro-

portion, together amounting to 0.5 grammol p. L., drips
from vessel 3 into the generator. Vessel 3 is closed by a

cork, but not air-tight.

The solution is discharged into vessel 4, which may be

emptied from time to time by siphoning through tube 5.

This complex is placed into a water bath (fig. 4, 6) in which

the water is kept very accurately at 30° C by means of a

microburner and a toluene regulator (variations of tem-

perature ± 0.02° C.).

The dotted line 7 in fig. 5 indicates the level of the water

in the water bath.

The air enters the generator by tube 2 and passes unham-

pered through the openings between the beads, through
which the solution drips down (principle of countercurrent).

The air is in equilibrium with the solution when it leaves

the generator. Air, in equilibrium with such a buffer mix-

ture of Na
2
C0

3
and NaHCO

s, has at a certain temperature

a definite C0
2

concentration, which becomes higher as

the concentration of the NaHCO
a

is increased and that of

the Na
2
C0

3
decreased.

Tube 6 is lined with paraffine to prevent the ascending
of the solution within by capillary action, as it would other-

wise rise beyond the reach of the water bath.

It appeared to be impossible to regulate the rate of dripping

by means of a stopcock. Therefore, after adding the buffer

mixture in 3, a little cotton wool stopper is applied at 8

with a pair of forceps and pressed tightly into the tube, in

such a way that one drop falls every 4 or 5 seconds. This

may be controlled at 9. In the S-shaped tube 10 it is warmed
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to the desired, cons-

tant temperature, be-

fore entering tube 1.

Several times it hap-

pened that I omitted

to siphon off in time

the fluid in vessel 4.

Then instead of air

the buffer solution is

sucked up through
the generator into the

circulation systemand

even into the aspi-

rator. Cleaning the

apparatus after such

an accident involved

a great deal of work.

To avoid such mis-

haps, a safety tube 11

was applied, contai-

ning a small amount

of water. As soon as

buffer solution is suc-

ked up from vessel 4,

the air pressure in 1

is decreased, causing

the outer air to bub-

ble through tube 11

into the enlargement

12.

To tube 6 a tube

is connected, which

conducts the air mix-

ture towards the cir-

culation system. This

conducting tube (fig.

4, 7) is provided withFig. 5.
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an enlargement 8, which contains a few drops of acidul-

ated 25 % NaCl solution in order to lower the water

vapour tension of the air. In this way the formation of

condensation water at other points in the system was

prevented.
When determining the respiration I used for the most

part C0
2

free air. For that purpose tube 9 (fig. 4) was con-

nected with tube 55 of generator 56. Through this generator

a 2 per cent. KOH solution drips slowly down from vessel

57 through a column of small glass beads.

The air, passing between the beads in opposite direction

is freed of C0
2.

The circulation system.

By this term I mean the assimilation vessel, together with

the air circulation apparatus, as represented separately in

fig. 6. It is mounted on a copper frame, carefully plated with

nickel and may be lifted as a unit out of the waterbath

(fig. 4, 25).

The assimilation vessel (see fig. 6 and 7) consists of two

glass plates 1 and 2 (bottom and cover). As mentioned in

Chapter III the glass plate 1 has served as a bottom to the

receptacle, in which the algae are cultivated. These algae

now rest on a thin film of solution on this plate.

The same rubber ring which was used as a water tight

connection (fig. 2, 3) now serves as the side wall of the assi-

milation vessel. This ring is ± 5 mm. broad and 8 mm.

thick; so the height of the assimilation vessel is about8 mm.

The ring is thinly coated with vaseline and clasped between

bottom and cover by means of two clasps 5 and 6, made

of copper well plated with nickel. In this way an air-tight

connection is obtained and an assimilation vessel is formed,

which is 24 cm. long, 4 cm. broad and 0.8 mm. high.

At both end of the cover holes are bored to receive the

ends of supply and discharge tubes. The manner in which
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an air-tight connection is established with these tubes may

be seen in fig. 7. In this figure the different parts are indi-

cated with the same numbers as in the figures 2 and 6.

The supply tube 14 is surrounded by a cone-shaped

rubber stopper 15, which is pressed tightly agains both the

Fig. 6.
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cover and the tube by a fitting of nickeled copper 16, which

has the form of a hollow cone and is screwed to the cover

by means of the machine screws 17. The discharge tube is

fitted in the same manner.

The rubber ring 3 is running just outside of the opening
of tube 14, but inside of the screws 17.

The assimilation vessel may be made dark within a light-

tight copper box, well plated with nickel (drawn with dotted

lines in fig. 6). The box as a whole is formed by two parts.

The first part consists of a front-wall 18 (fig. 7) and two

side-walls and is fastened to the frame. The two side-walls

are provided with projecting parts to support the assimil-

ation vessel. This is made in such a way that the second

part 19, which constitutes the upper, lower and back side

of the box, may be easily slid over the assimilation vessel.

The circulation-pump is represented in fig. 6 and in cross

section in fig. 8. Originally I devised for this purpose a little

apparatus consisting of two rubber membranes which were

alternately moved up and down like pistons. But it appeared

to me, that a rubber membrane in unilateral contact with

the atmospheric air or with water allows a considerable

diffusion of C0
2,

which may cause a loss of this gas by

Fig. 7.
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leakage. This is correlated with the fact that C0
2

is "soluble”

in rubber.

In order to form an idea about this "solublity” I made the

following experiment. A piece of rubber was put into a

glass tube which was sealed at one side and filled with

gaseous C0
2.

The open end was connected to a capillary

tube which contained a

small drop of petrol and

the glass tube was put

into a water bath at 20° C.

The rate of absorption of

CO
a by the rubber could

be observed by the dis-

placement of the petrol

drop in the capillary tube

from minute to minute.

In the same way it was

possible to demonstrate

the evolution of C02 by
the rubber, when theC0

2

in the tube had been

displaced by air.

A comparative experi-

ment was made with a

sheet of rubber, cut from

a bicycle inner tube and

a thick piece of vacuum

tubing, in order to decide

whether the C0
2
dissolves

only in the outermost layer or penetrates into the rubber. The

results are given in table 2. In this table it may be seen that

the rate of absorption decreases quickly in the case of the

thin rubber; whereas in the case of the thick rubber it

decreases slowly. Apparently the piece of bicycle tire, which

is only 1 mm. thick, is saturated throughout in a short

Fig. 8.
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time. In the case of the thick rubber tube this requires a

much longer time. It is evident that the C0
2 penetrates

with a considerable speed into the rubber.

Besides it may be noticed that after an hour the piece of

bicycle tire had taken up an amount of C0
2, equal to % of

its own volume.

So rubber is not an ideal material with which to make

C0
2-tight connections. A better material, however, is

difficult to find. Coating with vaseline has very little effect.

Several other substances, such as celloidine and even solid

paraffine, appeared to absorb C0
2

to a considerable extent.

In the case of my circulation pump this difficulty was

solved by keeping the membrane, which acts as a piston,

separated from the water of the water bath (see fig. 8). The

power transmission, required to raise and lower membrane

20, is accomplished by means of an electric helix 21. This

helix is moved up and down and carries with it a piece of

soft iron 22, contained in glass tube 23 which is sealed at

its upper end. This piece of iron is connected by a little

rod to the centre of the membrane.

This membrane 20 is clamped between two small cylinders

24 and 25, each provided by an inlet and outlet tube 26 an

27, which bear the check valves 30 and 31.

The air-tight connection between the glass tube 23 and

the upper cylinder 24 is again accomplished by the use of

a cone-shaped fitting like the one previously described. It

is' tightly pressed down by turning the nuts 29, by which

means also the rubber membrane is clamped between the

two cylinders.

The membrane must not be streched too much. The piece

of soft iron must be freely movable within its glass cover,

so that it rattles when tapped.
The electric helix is protected from the water in the bath

by a cover, consisting of two parts 32 and 33, connected

together by a rubber tube 34. By means of the wires 35 and
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a lamp-resistence unit, the helix is connected to the city-

current.

With the aid of an electric motor, which also moves the

stirrers of both water baths, the cordate-shaped disc 36

(fig. 6) is rotated and the pump driven. The pump makes

± 88 strokes per minute and creates a circulation current

of 5 L. per hour.

The check valves must have a very small resistance. The

manner in which this is accomplished is illustrated in fig. 9.

The end of a glass capillary tube 1 is ground in such a way,

that the central opening 2 projects to a slight extent. The

end is then held in the flame for some moments to glaze its

surface. Subsequently a slit of extremely thin rubber 3 is

fastened over the opening by means of a mixture of melted

wax and resin at both ends of the slit, so as to barely close

the opening. A pressure difference of a few cm. water in

one direction must be sufficient to drive air through it.

The same pressure in the other direction must cause the

opening 2 to be entirely closed.

The capillary tube 1 is wrapped with a piece of thread

4 so that it fits snugly in tube 5.

With the melted wax and resin mixture, which is poured

into the thread packing, the two tubes are fastened to each

other as may be seen at B.

Fig. 9.
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A small gas washing bottle 37 (fig. 6) containing a small

quantity of distilled water, is included in the circulation

system. The rate of circulation may be observed from the

rate at which the air bubbles through it. It assures a satur-'

ated water vapourpressure of the circulating air and prevents

the algae from being dessiccated.

The different parts of the circulation system are connected

to each other by pieces of vacuum tubes ip such a way as to

secure a contact between the glass, because of the above

mentioned high permeability of rubber to C0
2.

The rubber

gasket, forming the side walls of the assimilation vessel,

was the principal source of danger of C02 leakage. This

leakage, however, appeared to be very slight and could be

taken in consideration by the application of small corrections.

The water bath (fig. 4, 25), in which the circulation system

can be placed, consists of a basin with walls of plate-glass

and is provided with a stirrer.

The basin is filled with tap water, which must be renewed

frequently as bacterial development soon makes it turbid.

Even distilled water did not remain clear for a very long time.

The temperature of this water bath could be altered

arbitrarily by adding warm or cold water and could be made

constant to less that O.T C. within 15 minutes, by means

of a microburner and an adjustable toluene regulator. For

the regulation of temperatures at or below the room tempe-

rature, the water bath was provided with a lead tube, bent

several times. Through this tube cold tap water was circul-

ated when necessary.

The illumination.

The illumination takes place by means of from one to

six 50 candle-power lamps (Philips % Watt 6—8 Volts auto-

mobile-lights), which are connected with a storage battery.
The voltage may be regulated by means of a variable resist-

ance. In this way the light intensity is kept constant to about
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1 per cent. For higher light intensities I used a Philips

projection lamp (± 1650 candlepower), the intensity of which

is obviously much more variable as it was connected with

the fluctuating city-current.

The light is projected perpendicularly from below upon

the algae by means of a mirror. Other light is screened off

by black paper.

I preferred this manner of illumination to illumination

from both sides. The great difference in diffraction index

of the air and the cylindrical filaments of the algae would

probably have given rise to a lens-action, causing greatly

different light intensities in the different parts of the cell.

The aspirator.

Theaspirator regulates the rate of the air current by means

of mercury, which is run out of a vessel at a constant,

adjustable rate.

The manner, in which this was arrived at, is schematically

represented in fig. 4. Out of the vessel 29 the mercury flows

through a rubber tube 30, a three-way tap 31 and subse-

quently through a capillary glass tube with a constriction 32.

In this part the mercury current meets a strong resistance.

Finally the mercury drips at 33 into the vessel 34 in which

it is collected.

The rapidity of this mercury current is determined 1. by
the height of the mercury column above the opening 33,

2. by the constant resistance in 32.

When the mercury level in 29 goes down, the rapidity
of the current will diminish, unless the opening 33 descends

at the same rate. This is attained by the following automatic

device.

At the three-way tap 31 a capillary tube 35 is attached,

which forms communicating vessels with 29. Therefore

the mercury menisci in 29 and 35 are at the same level.

Capillary tube 35, tap 31, resistance tube 32 and receptacle
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34 are mounted together on a block of wood 36, which is

movable along a bar 37. This block is attached to a chain

38 suspended over a cogwheel 39, which cogwheel may be

fixed with a screw to the shaft 40. By turning this shaft,

the propeller 42 is given a swift rotating movement by means

of a number of cogwheels 41 (only two of them are shown

in the figure). This propeller, and also the shaft 40 connected

with it, are stopped when the lever 43 is pulled down. This

occurs, when a weak electric current passes through the

electromagnet 44. In this manner shaft 40, cogwheel 39

and block 36 are also stopped. •

In the capillary tube 35 an iron wire 45 provided with a

tiny platinum needle 46 is inserted from above. If this

needle comes into contact with the mercury, a current from

the storage battery 47 passes through the electromagnet 44,

causing the propeller 42 and the shaft 40 to stop. If subse-

quently the mercury level in 29 (and therefore also in 35)

goes down, the contact with the platinum needle is broken,

the propeller is released and the block 36 begins to move

slowly downward, causing a swift rotation of the propeller.
As soon as the platinum needle again reaches the mercury

meniscus, the movement is stopped at once.

In this way the mercury level is kept at a constant height

above the opening 33. This height is dermined by the posi-

tion of the platinum needle in the tube 35, which position

may be read off on a scale 48. Each position corresponds to

a definite height of the mercury column and thus to a

definite rate of flow. For a number of positions through-

out the scale the corresponding rate of mercury flow has

previously been tested. So the velocity of the current can be

regulated at will from 0 to 160 cc. per hour with an accuracy

for the mean velocities of 0.5 per cent.

At the beginning of an experiment the C0
2

content of the

air which enters the aspirator 29 has not yet become con-

stant. Only after a certain volume of air has been passed
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through the circulation system is an equilibrium attained

between supply, consumption and discharge of C0
2

and a

constant C0
2

content of the discharged air attained. This

air may now be analysed and is for this purpose conducted

to a second aspirator 49, provided with the same arrange-

ment as the former one and adjusted at the same velocity

of mercury flow. To this end the following preparations are

made. The cogwheel 39 is fastened to the frame with a screw

(not shown in the figure), so that it can no longer rotate and

is released from the shaft 40. The corresponding cogwheel

on the right side is now fixed to the shaft. The stopcock

above 49 is opened towards tube 27 and the switch 51 is

moved to the right.

By opening stopcock 54 and closing stopcock 31 simul-

taneously the air current may now be diverted from 29 to

49 without its flow being interrupted.

The air in vessel 29 may now be discharged. To accom-

plish this the mercury, collected in the receptacle 34, is

drawn from tap 50 and poured into the vessel 52, subse-

quently stopcock 28 is turned to the left and by opening

stopcock 53 the mercury runs back into aspirator 29 and

displaces the air.

Since the right part of tube 27 has not yet been washed

out with the air under investigation, it is desirable to divert

the air current back again to 29 before collecting the air

sample, which has to be analysed.
The collected air is transported to the gas reservoir 38

(fig. 3) by means of a short rubber tube.

Care is again taken to wash out the intervening space.

For the sake of simplicity several details have been omitted

in fig. 4. For instance tube 27 is not fused together with the

vessels 29 and 49, but is attached to it with rubber tubes

in such a way, that the glass tubes are in end to end con-

tact with each other. The tube 30 in reality consists of

four glass tubes with connections of thick rubber tubing.
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A continuous rubber tube, even if it is a vacuum tube,

has not a sufficiently constant volume, if it is subjected to

different pressures of mercury.

At the lower end of the capillary tube 35 a construction

has been made, so that the mercury can flow into or out of

this tube only very slowly. This prevents undesirable fluc-

tuations of the mercury meniscus in this tube at every shock

or vibration.

The mercury current resistance tubes 32 are connected

also to the stopcocks 31 and 54 by rubber tubes. They may

be detached for cleaning. Originally these resistance tubes

were made by fusing in a flame a small part of a capillary

tube until only an extremely small bore remained. After

several trials the desired resistance was attained. In such

an abrupt constriction, however, a slight film of extraneous

material will soon be adhering, even if the mercury has been

carefully purified. With a magnifying glass tiny air bubbles

then may be observed in this region, which may cause a

considerable decrease in velocity of the flow of the mercury.

Therefore these resistance tubes were replaced by others,

a 15 cm. portion of which is formed by a tube of ± 0.3 mm.

bore. It is preferable to avoid curves in this narrow part.

These tubes need not be cleaned very often. The cleaning

is done by sucking through the tube a solution of potassium

bichromate in dilute sulfuric acid, afterwards washing

carefully with distilled water and drying by means of a current

of air. No trace of fluid may remain in the tube.

The resistance of the tube was tested at different heights

of the mercury column by measuring in a burette the quan-

tity of mercury, flowing during a given period of time. For

each resistance tube a curve was constructed, representing

these data graphically. If the velocity of the current is taken

as the abscissa and the height of the mercury column as the

ordinate, the curve runs somewhat convex to the abscissa.

A slight accelerating influence of increasing temperature
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was found (± 0.08 per cent per 1° C.). If this influence is

taken into consideration, an accuracy of 0.1 per cent may be

attained. I have contented myself, however, with an accuracy

of 0.5 per cent for the mean velocities (± 100 cc. per hour).

The velocity may be checked during the experiments by

counting the number of mercury drops per minute.

The aspirator always must be exactly level.

The experimental equipment, described in this chapter,

answers the requirements mentioned at the beginning of the

chapter. In the assimilation vessel the supply of C0
2 may be

varied first by altering the composition of the buffer solution

in the generator, or second by altering the velocity of the air

current by means of the aspirator. The difference in C0
2

content of introduced and discharged air may be considerable,

so it is possible to determine the C0
2

consumption accurately

within several per cent. Nevertheless the gradient of C0
2

concentration within the assimilation vessel is at a minimum

because of the swift circulation current, this concentration

being almost equal to the concentration of the discharged

air to be analysed.
The acidity of the solution, on the surface of which the

algae are lying, is altered only to a very slight extent by the

different C0
2

concentrations.

By the presence of KH
2
P0

4
the reaction of this solution

is already slightly acid, even in the absence of C0
2.

On

addition of a very small quantity of the weak carbonic acid

the hydrogen ion concentration will be augmented but very

slightly.

In order to vary the temperature in the assimilation vessel

the bath, in which it is placed, is brought to a higher or lower

temperature, in the manner already described.

Variations in light intensity are accomplished by using

a greater or smaller number of lamps or by means of the

powerful projection lamp. The manner in which the diffe-
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rent light intensities are calculated is described in the next

chapter.

CHAPTER V.

PRELIMINARY EXPERIMENTS, SOURCES OF ERROR, CALCULATIONS

AND CORRECTIONS.

The buffer solutions.

In 4 L. of tap water a solution is made of NaHC0
3

and

Na
2
C0

3
in different proportions, in total amounting always

to 0.5 grammol p. L,

Special precautions as to the purity of the salts are hardly

necessary in this case, since the carbon dioxide value of

each new solution is determined by taking the average of

at least five duplicate determinations.

These solutions are kept in 4 L. bottles, stoppered with

parafined corks and provided with a siphon. Although the

CO
a

concentration of the air, in equilibrium with these

solutions at 30° C., was always determined experimentally,

I nevertheless approximated these in advance by calculation

using the two dissociation constants of the carbonic acid

(kj andk
2) and the absorption coefficient of C0

2
in water (a).

From the equations

[H+] .
[HCO,]

, J
[H+] . [CO.—]

,

[coj
= k

- and
-[Hcorr

= k
»

in which the expressions within the brackets indicate the

number of grammolecules p. L., the value for the C0
2

concentration in the aqueous solution may be determined:

CO. =

“■
.

[HC°311
!

t. [CO.—]

and in the air with which it is in equilibrium:

■ k [Hcorr
-

. k, [CO,--]
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If one assumes, according to Kolthoff (1923), that k
x

= 3 X 10“' and k
2
= 6 X 10“11 (for 30° C. probably

too low), and a = 0.66 and if one further assumes the

concentrations of HC0
3

~

and C0
3

to be the same

as those of NaHC0
3

and Na
2
C0

3,
one may approximate

the C0
2

concentration in the air in grammolecules p. L.,

which value may be converted into volume-units.

These calculations were next checked experimentally by

gasanalysis for solutions with different proportions of the

two salts (total concentration 0.5 grammol p. L.). For this

purpose the C0
2 generator was connected directly to the

aspirator, the intervening space washed out with a part

of the air, which was to be investigated and a sample of air

subsequently collected was analysed.
The speed of the air current used in the experiments

was about 100 cc. per hour and the buffer solution was

introduced at a rate of about one drop per 5 seconds. The

C0
2

concentration of the air, which was passed through,

proved to be independent of the above velocities.

In table 3 are assembled the C0
2 analyses of four such

solutions. In this table, as in all of the others, the C0
2

concentrations are given in units of 0.001 volume per cent.

One sees in this table that a very constant C0
2

content

of the air may be attained. Furthermore the duplicate deter-

minations indicate the accuracy of the C0
2 analyses.

The solutions may be kept for months without change
in their C0

2
values.

TheC
O2
concentration in the assimilationvessel.

When the circulation system contains C0
2

free air and one

begins to introduce air, containing a definite amount of C0
2,

the C0
2

concentration increases at first rapidly and then

more slowly, finally approaching the asymptote, which has

the C0
2

value of the incoming air.

It is possible to determine, both by calculation and by
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experiment, how much air must be passed through the circu-

lation system, before an approximately constant C0
2

con-

centration is attained and the deviations become so small,

that they may be neglected.

Calculation.

The entire circulation system may be represented

diagrammatically by the vessel A (fig. 10). The C0
2 con-

taining air enters at B and is immediately mixed with the

air in the system. It is assumed that the mixing takes

place instantaneously.
The mixed air leaves

the system at C. In the

beginning the C0
2 con-

centration of the vessel

is O. We may now let:

x = volume of the

air passed through the system,

c = C0
2

concentration of the introduced air,

a = volume of the system,

y = C0
2

concentration within the system.

The C0
2

concentration y is increased by the introduction

of C0
2

at B and at the same time decreased by the with-

drawal of C0
2

at C.

If dx air is introduced, it will contain cdx C0
2,

which

is distributed throughout the volume A. The increase in

the C0
2

concentration is therefore

c

dy =
- dx.
a

The discharged air has a concentration y; ydx C0
2

is

withdrawn. The resulting decrease in the concentration

is therefore

dy = — —

dx
*

a

Fig. 10.
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The total increase is thus:

dy =
— dx —

- dx = dx.
a a a

From this it follows that:

dx -a
-jjL

= -a

d <c -y).
c — y c — y

By integration:

x —
— a In (c — y) + k.

In order to determine the value of the integration

constant k, one may keep in mind that in the beginning

x and y were both = 0:

k = a In c

x = — a In (c — y) + a In c = a In ( —-— )•
\c — y/

One may now transpose y:

1-1-X
c e

xa

In order to determine how much air it is necessary to

pass through the system, in order that the concentration

within the system has increased to 98 per cent of the

introduced air, one may substitute:

— = and one finds: — = 3.91.
c 100 a

This tells us that 3.91 times the volume a must be passed

through the system.

A constant consumption of C0
2

within the system does

not alter the principle. It may be considered to decrease

the amount of introduced C0
2 by a constant fraction b.

The increase in concentration then becomes

(l-b)
.

c i dx,
a

the y approaches asymptotically the final value c (1 —b)
instead of c, as before.
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Therefore one may simply substitute c (1 — b) for c

in the formula.

We may now collect the discharged air in portions, each

having a volume of 2a. What will be the concentration

of C0
2

in the first, second etc. portions?
To arrive at the answer the amount of C0

2
introduced

into and withdrawn from the system is calculated.

Introduced cx,

consumed bcx,

present in the system ay,

therefore the amount withdrawn from the system

cx — bcx —

ay.

For the first portion x = 2a. Remembering that

y = c (i — b). (i —

the first portion must contain:

ac(l-b) (2-1+ -).

When x = 4a the total amount of C0
2 discharged

will be:

ac(l-b) (4-1+ -).
e*

The second portion then will contain the above amount

less the amount present in the first portion:

ac (1 -b) (2- -+-).

Similarly the third portion will contain the following

amount of C0
2
:

ac,,— b)(2 _
L+l).

The volume of each portion is 2a. One may determine

the C0
2

concentrations by dividing the above amounts

by the volume 2a:
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2 - 1 +-

1st portion: c (1 —b) —— = c (1 —b). 0.568.

2nd portion: c (1 —b) —
= c (1 — b). 0*941.

2

2-4+ i

3rd portion: c (1 —b) — — = c (1 — b). 0.992.
2

The deviations from the final value c (1 — b) are in the

first portion 43,2 per cent, in the second portion 5,9 per cent

and in the third only 0,8 per cent.

According to this calculation the discharged air may be

safely collected for analysis after 4 X the volume of the

system has been passed through.

It is thus obvious that the smaller the volume of the

circulation system, the better. For this reason every effort

was made to keep the volume of the assimilation vessel

and the circulation pump at a minimum.

The calculations were now checked by experiments.

For this purpose it was necessary to know the volume of

the circulation system.

This was measured by closing the intake tube and by

increasing the air pressure in the system through the

discharge tube by means of a water column. The height

of the water column, together with the decrease in the

volume of the air resulting from the pressure, were

measured and from these values the volume of the circu-

lation system was calculated. It was found to amount to

± 17 cc.

In the control experiments portions of air of 35 cc each

were collected and analysed for their C0
2

content. In the

following table the results and the deviations from the

theoretical final C0
2

value are given.
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It is evident that the results agree fairly well with the

calculations. If one continues the experiment long enough,

one may expect that the C0
2

concentration of the dis-

charged air will in time equal that of the introduced air.

This will, however, not be the case because of the minute

C0
2

leakage in the circulation system, primarily through the

rubber gasket with which the assimilation vessel is sealed.

At a C0
2

concentration of 450 X 0.001 per cent (I shall

henceforth
express C0

2
concentrations in terms of 0.001

per cent.) I found an average leakage of 10 cmm. per hour.

Assuming that the leakage is directly proportional to the

C0
2

concentration in the circulation system, it may be

calculated for any given concentration. For instance, at the

concentration 200 the leakage calculated was 4.4 cmm. per

hour and that determined experimentally 5 cmm. per hour.

Calculation of C
O2

assimilation.

By C0
2

assimilation is meant the C0
2

consumption under

illumination plus the C0
2
evolution in the dark (respiration).

C0
2 consumption and evolution are calculated from the

TABLE 4.

per

cent deviation per

cent deviation calculated
per

cent deviation

C02 in introduced air, in

units of 0.001 per cent
.

203 460

Same in 1st 35 cc. dis-

charged air ........... 120 41 246 47 43

Same in 2nd 35 cc. dis-

charged air 188 7 409 11 6

Same in 3rd 35 cc. dis-

charged air 199 2 446 3 1
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difference between the quantities of C0
2,

introduced into

and discharged from theassimilation vessel and are expressed

in cmm. per hour.

In the tables the columns C0
2
i and C0

2
d indicate the

C0
2

concentration of the introduced and discharged air

respectively in terms of 0.001 volume per cent, that is to

say, the number of cmm. C0
2 per 100 cc. When the velocity

of the air current amounts exactly to 100 cc. per hour, those

columns indicate therefore also the number of cmm. CO
a

which are introduced and discharged per hour.

When the velocity of the air current is greater or less, the

introduction and discharge of C0
2

is proportionately greater

or less; for instance when the velocity amounts to 0.6 X 100

cc. = 60 cc. per hour, the introduction and discharge of

C0
2

are computed by multiplication of the data in columns

C0
2
i and C0

2
d by 0.6.

If a balance-sheet is made out for the C0
2

in the assi-

milation vessel, the following equation may be obtained:

Assimilation = introduction •+ respiration — leakage
— discharge.

Usually a dark experiment with C0
2

free air was made

previous to each set of experiments, in order to determine

the respiration rate. In some cases, however, I introduced

air, having the same C0
2 content as was used in the subse-

quent experiments. In these cases therefore I determined

experimentally:

introduction + respiration — leakage.

Corrections.

1. Corrections for leakage of CO2 .

As stated on page 213 each per cent C0
2 present within

the assimilation vessel causes a loss of 22 cmm. C0
2 by

leakage. This quantity must be added to the quantity of

C0
2 discharged, to obtain the true amount of C0

2,
which

has left the assimilation vessel.
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In experiments in which this C0
2

concentration amounted

to no more than 100 X 0.001 per cent, this correction was

neglected, as being within experimental errors.

2. Corrections for growth.

The algae are growing during the experiments, but only

very slowly. However, since the duration of one series of

experiments is often considerable (12 hours and more), it

was considered desirable not to neglect this source of error.

As it was impossible to measure or to weigh the filaments

at the beginning and the end of the experiment, the rapidity
of growth was determined in the following way. Before

and after each series of experiments the assimilation was

determined under exactly the same conditions, viz. the same

temperature and light intensity and an excess of C0
2.

The

increase dueto growth could be ascertained from the increase

of C0
2

assimilation during this time and the growth per hour

was computed therefrom.

Since many of the experiments covered a very long period

the growth was not determinedfor each series of experiments,

but only in certain instances. The rapidity of growth found

on these occasions was used as a correction in other experi-

ments. It is assumed that the increase due to growth is a

rectilinear one.

The time at which the first determinationof assimilation

was made is taken as the zero point of time. The subsequent

determinations were reduced to this point by substracting

the calculated percentage due to growth.
The determinations of the increase due to growth are

assembled in table 5. At 20° C. the average increase amounted

to 1.04 per cent per hour and at 12° amounted to 0.42 per

cent per hour. The results from the different experiments

show considerable deviations from each other. Apparently
I did not control this factor entirely. But since only very

small corrections are involved, this fact is of little importance.
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In the experiments in which the growth was not deter-

mined, I applied the following growth corrections.

For 12° C.: 0.4 per cent per hour.

,,
16 C.: 0.7

,, ,, ,, ,,

,,
20 C.t 1.0

,, ,, ,, ,,

„
24° C.: 1.3

„ „ „ „

3. Corrections for the gradient of CO2
in the assimilation

vessel.

These corrections do not consider the assimilation itself,

but the C0
2

concentration at which it takes place.

Although the velocity, with which the air is circulating

through the assimilation vessel (± 5 L. per hour), is very

great in comparison with the velocity of the supply and

discharge current (40—60 cc. per hour) there must be

nevertheless a small gradient of CO
a

within the assimilation

vessel, when C0
2

is being consumed. This gradient is

calculated as follows.

Five liters of air are passed through the assimilation

vessel in one hour. In this houra cmm. of C0
2 are consumed.

The air, after being passed through the assimilation vessel,

a

contains therefore a cmm. C0
2 per 5 L. or — X 0.001 per

cent C0
2

less than before.

The air is collected for analysis as it leaves the assimilation

vessel. The difference between the CO
a

concentrations in

this air and the mean C0
2

concentration in the assimilation

vessel is half of the above mentioned amount, that is

— X 0.001 per cent.
1).

100

*) It is assumed that there is a rectilinear decrease of C0
2

within

the assimilation vessel. Although this will not be the case under all

conditions, the errors, caused by this circumstance, are well within

the experimental errors.
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This correction was applied only in experiments concern-

ing the influence of the C0
2

concentration.

The unit quantity of algae.

In order to obtain comparable results from different expe-

riments, the resulting data have to be expressed in terms

of a definite unit of cell material. Ordinarily 1 gm. dry

weight is taken as a unit.

The quantities used in my experiments, however, were

far too small to be weighed with the necessary accuracy.

Therefore I have chosen another unit, to wit: the quantity,
which assimilates 100 cmm. C0

2 per hour under certain,

well defined conditions.

These conditions are: excess of C0
2,

illumination with

6 lamps (light intensity 6—18) and temperature 20° C. The

temperature is a limiting factor under these conditions.

In the graphs, therefore, all curves coincide in the point

indicating the above conditions (see fig. 12).
The unit of cell material, as defined above, contains 40

to 50 M. of filaments and has a weight of ± 1 mgm. when

air dry.

After the different corrections have been made, the ob-

served assimilation rates were converted to this unit by

multiplying by a factor, which was different in each expe-

riment. I have called this factor the conversion factor. The

values converted in this manner are given in the last column

of each table. The values, which have served to calculate

the conversion factor are printed in italics in this column.

Calculation of light intensity.

I did not care to know the absolute light intensity of the

different lamps, but only their relative intensities.

Measurement of the candlepower values by means of a

visual method was not suitable to my purpose. For two

intensities, which appear equal to the eye, may have different
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assimilation values, because of differences in distribution

of the light intensities over the spectrum.

Bolometer measurements of the total radiant energy are

not suitable for the same reason. The only correct method

is to use the algae themselves as a photometer. At the low

intensity of one lamp, light is the limiting factor and the

assimilation velocity is directly proportional to the light inten-

sity (the validity of this assumption is proved in the next

chapter). The intensity of one of the lamps (viz. lamp A)

was arbitrarily taken as a unit and the intensity of the other

lamps and also of the projection lamp are expressed in terms

of this unit.

The distance from the filaments of the small lamps to the

glass wall of the water bath remained the same in all experi-

ments, viz. 3 cm. In all experiments in which light was the

limiting factor, the algae were confined to the middle third

of the assimilation vessel. Although the distance from the

algae was not quite the same for the different lamps, this

distance remained the same for each individual lamp in all

experiments.
The distance from the filament of the projection lamp to

the glass wall of the water bath was 75 cm. in the experiment

mentioned above, and 12 cm. in the other experiments.
The relation between this distance and the light intensity
in the assimilation vessel is shown by the following calcul-

ation. (see fig. 11).

When the glass wall of the water bath is situated at B and

the assimilation vessel at C, the light of a lamp, which is

placed at A
x,

travels through air over the distance a
t

and

through water over the distance b. The thickness of the

two glass walls may here be neglected. A ray of light pro-

jected from the lamp at an angle a, attains a diameter cx 4- d

in the assimilation vessel.

If the lamp is now moved to A
2,

the same ray of light

will now have a diameter in the assimilation vessel of
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c
2 + d. The intensities of light in the vessel in these two

cases (q and i
2 ) are inversely proportional to the sqares

of these diameters:

ii
__

(c 2
+ d)2

h (ci + d)2

Taking cx
= a 1 tg« and c

2
= a

2 tga

d = b tgp
It follows from this, that:

..
(>*£•)'

tg(3
At small angles of incidence — is approximately equal to

tga

-—or the inverse value of the refraction constant n of
sin a

water (n - 1.33)

(a2
+ - b)2

= 1).
12

(a. + - b)2

n

Fig. 11.
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If at Aj and A
2

there are lamps with different intensities

I
x

and I
2,

one obtains;

Ii (a 2 + ~ b)2

1
1 = 2).

12
I

2 (3l + — b)2

n

The distance b in all of the experiments was 18.5 cm.

If now 7~
is determined by means of an assimilation

experiment, one may calculate the relation between the light

intensities of the two lamps

The results of the series of experiments, in which the

light intensity of each lamp was measured separately, are

given in table 6. From the values obtained I calculated the

light intensity of the projection lamp to be 31.0 times that

of lamp A.

In the following experiments the distance a for the pro-

jection lamp was 12 cm, from which an intensity of 13.2

in the assimilation vessel was calculated following formula 1.

Further sources of error.

The partial drying of the algae remains still to be men-

tioned as a source of error. Although a gas washing bottle

was inserted in the circulation system, it sometimes happened

that the film of solution, on which the algae were resting,

was partially evaporated. I observed in such cases a consider-

able decline in assimilating power; the experiments were

thus rendered worthless.

A small number of bacteria were present in the cultures;

this number was probably not always the same. To this

circumstance I ascribe the fact, that the relation of respir-
ation to assimilation was not always identical.

However, since the respiration value was always deter-
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mined previously, I am of the opinion that the presence

of bacteria did not constitute a source of error.

CHAPTER VI.

EXPERIMENTS AND RESULTS.

In the following experiments the relation was determined

successively between the light intensity, temperature and

CO
a

concentration on one hand and the assimilation velocity

on the other hand. In this way a number of corresponding

curves was obtained.

The influence of the light intensity.

The light intensity was varied by illuminating with 1, 2,

3, 4 or 6 lamps or with the projection lamp. In these experi-

ments the temperature was 20° C. The C0
2

was kept in

excess, that is to say in such a concentration, that it exerted

no influence upon the assimilation rate. It was found from

several preliminary experiments, that this was the case at

C0
2

concentrations above 40 X 0.001 per cent.

The results are graphically represented in fig. 12, in which

Fig. 12.
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the light intensity is taken as the abscissa and the assimil-

ation velocity as the ordinate.

The signs +, A and X represent three series of experi-

ments with algae, which were cultivated upon fresh culture

media (see tables 7, 8 and 9 respectively). The sign O re-

presents a series of experiments made with algae upon an

old, exhausted nutrient solution. As the results differ in

these two cases, it is evident, that the algae must be cultivated

under constant conditions in order to obtain comparable
results. As a precaution in this direction algae on fresh

culture media were always used.

The figure shows that the maximum assimilation velocity

at 20° C. is almost reached at the light intensity of 6.18, as

doubling this intensity results in an increase of only 5 per

cent. In effect, therefore, the temperature is the limiting

factor in this case.

The figure shows also that in normal cases the assimil-

ation velocity is directly proportional to the light intensity

up to an intensity of 1.99; for up to this point the curve

is a straight line. Therefore at an intensity of 1.99 the light

is still the only limiting factor.

The striking accordance between the three series of ex-

periments indicate a great uniformity in the material. It

is a corroboration of my view that assimilation may be taken

as a measure for the quantity of material.

The influence of the temperature.

The assimilation was determined at a high light intensity

(viz. 6.18) at 12°, 16°, 20° and 24° C. consecutively.

The results of the experiments (given in the tables 11

and 12) are represented in fig. 13 by the signs O and A*

Between 12° and 20° C. an almost constant Q 10
= 1.87

is evidenced by these determinations.

Not to much reliance may be placed upon the determin-

ations at 24° C. The S shaped bending of the curve possibly
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may be explained by the assumption that at this high

assimilation rate the light intensity exerts a certain depressing

influence.

Also the “time factor” may enter into play. This part of

the curve is therefore represented only by a dotted line.

At a low light intensity (vi%. 1.00) the assimilation velocity

was also determined at different temperatures, namely at

12° and 20° C. (see the tables 13 and 14 and fig. 13, signs

+ and □).

In order to convert the assimilation rates, found in these

experiments, to the unit quantity of material previously

mentioned, I made use of the results given in the previous

paragraph (see fig. 12).

Fig. 13.
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Those experiments showed, namely, that the unit quantity

in question assimilates 29 cmm C0
2 per hour at 20° C.

and light intensity 1.00.

The assimilation velocities under these conditions are

therefore taken as 29 in tables 13 and 14 (printed in italics)

and the remaining values are calculated accordingly.

Since light was limiting factor in the last two series, one

would expect a Q 10
= 1. From the experiments a Q 10

=0.90

was computed, this being in fair agreement with expectation.

The C0
2 was, of course, kept in excess in theseexperiments

also.

The Influence of the C
O 2

Concentration.

These experiments were started with an excess of C0
2;

thereupon the C0
2

concentration was decreased till it

became the limiting factor, in order to establish its influence

on the assimilation rate. This was done under three different

conditions, namely

1. at 20° C., light intensity 6.18;

2. „
12° C.,

, ,, 6.18;

3.
„

20° C.,
„ „

1.99.

The results of these three sets of experiments are given

in the tables 15—17, 18—19 and 20—23 and are represented

in fig. 14 by the signs O, + and A respectively.

In order to convert the assimilation values to the unit

quantity of cell-material, use was again made of the data

of preceding experiments. As may be seen in fig. 13, the

unit quantity assimilates on an average 61 cmm. C0
2

at

12° C. and a light intensity 6.18. In fig. 12 it is shown that

the same unit quantity assimilates 57 cmm. C0
2 at 20° C.

and a light intensity 1.99.

The assimilation velocities, observed under these conditions

and at the highest C0
2

concentration found in the series,

were therefore taken as 61 and 57 respectively (printed in

italics).
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15

In this manner the effects of light and temperature were

studied in that part of the curve, in which C0
2

is the limiting

factor. As may be seen in fig. 14, this part is a straight line

almost to the “transition point”; in this part of the curve

temperature and light intensity are apparently without any

influence on the assimilation velocity (as far as the accuracy

of the experiments permit a conclusion). For here (on the

line AF) the curves for high and low light intensity as

well as for high and low temperature coincide exactly.

Discussion of the results.

When the results are examined in connection with the

discussions in Chapter I and II, it is evident that Black-

man’s formula gives a fairly good description of the assi-

Fig. 14.
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milation behaviour of the single cell. In figures 12 and 14

the “ideal Blackman curves” are represented by dotted

lines. The greatest deviations are found in fig. 12, where

they amount to 30 and 25 per cent respectively at the tran-

sition points B and C. I might ascribe these to the fact, that

even in a single chloroplast much light is absorbed and the

different parts of the plastid are submitted to different light

intensities. Especially the red light, which is the most

valuable for the assimilation, is absorbed to a considerable

extent. If this assumption holds, light would not become the

limiting factor at the same instant throughout the plastid.
The same objection, which is valid for leaves to such a

great degree, seems not to be entirely eliminated even in

a single cell layer. However, this curve agrees much better

with Blackman's scheme than the curve obtained by

Warburg (1919, fig. 11) with Chlorella. I assume, there-

fore, that in Warburg’s experiments a certain number of

the algae were still shaded by others (see pag. ,171).
The curves in fig. 14 show a nearly ideal Blackman

scheme. The deviations in the transition points B, D and F

amount to from 10 to 15 per cent. Probably these deviations

are partly due to a difference in carbon dioxide supply for

the different parts of the plastids, causing an earlier limit-

ation by C0
2

in one part than in another part.

What is the nature of the processes of the assimilation

chain which may alternately control the rate of assimilation?

When temperature is the limiting factor, the properties of

the assimilation process are such as would be expected in

a dark chemical process, although the Q 10
= 1.87 is rather

low (see pag. 153).

Similarly, when light intensity is the limiting factor, the

properties of the assimilation process are to be considered

as agreeing with the properties of a photochemical process

(see pag. 153).
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But what is the situation when the C0
2

concentration is

the limiting factor?

Evidence will here be presented that notwithstanding the

small dimensions of the object, the assimilation velocity under

these conditions is governed by a diffusion process.

It was maintained on page 153 that, ifail CO
a entering the

chloroplast is immediately consumed and the partial C0
2

pressure in the plastid is practically zero, there must exist

a rectilinear relation between the CO
a

concentration in the

medium and the assimilation rate.

Such a rectilinear relationship appears in fact in the line

A F D B in fig. 14.

In this part of the curve the light has no influence, as is

to be expected in a diffusion process.

However, one would be inclined to expect an influence

of the temperature as a Q 10
of from 1.2 to 1.3 is generally

stated for diffussion processes.

On second thought this consideration is not correct. We

may consider the cell wall and the protoplasm, through which

the C0
2

has to diffuse, as a water-like medium. Before pene-

trating into the cell the C0
2

has to dissolve in the outermost

layer of the cell wall.

It may be taken for granted, that in this outermost layer

the C0
2

concentration is in equilibrium with that of the

adjacent air x).

Now the solubility of C0
2
in water decreases with increas-

ing temperature. The so called absorption coefficient is

1 ) Romell (1926 b) does not agree with this conception and is

of opinion that the surface boundary constitutes a resistance against

diffusion. He applies (although with reservations) the so called

“invasion coefficients”, experimentally determined by Bohr. Since

Krogh (1919) has proved, however, that the apparent “invasion

coefficient”, as determinedin experiments, is in reality caused by the

resistance in diffusion through a very thin film of liquid, it may be

considered superfluous to take Romell’s conception into further

consideration.
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± 1.1. at 12° C. and ± 0.9 at 20° C. Therefore, with this

temperature increase of 8° C the concentration in the outer-

most layer will be reduced to 9/11, causing also the same

decrease in the concentration gradient. The diffusion velocity
is increased by a factor 1.3 at each temperature increase of

10° C., at an increase of 8° C. therefore by a factor (1.3)S,M

When taking these two factors together it is clear that the

total diffusion process will be increased by a factor (1.3)
s,1°

X 9/11 = ± 1. This explains the Q
10

= 1, as found in the

experiments.

The diffusion resistance.

Is the process in question really one of diffusion?

Assuming that it is a diffusion process, the diffusion

resistance is known from the data of the experiments. When

the thickness of a water film, which would have the same

diffusion resistance, is calculated, this thickness ought to be

of the same order of magnitude as the length of the diffusion

path in the cell.

In order to calculate this, it was necessary to know the

total surface of the cells, available for the penetration by C0
2.

This was determined approximately in the following way.

The total quantity of algae used in an assimilation expe-

riment, is washed into a small flask containing a hot 10 per

cent gelatine solution. This solution is made up to 100 gm.

Subsequently it is thoroughly stirred, so that a very equal
distribution of the filaments in the solution is accomplished.

The filaments usually break into small pieces.

Several cc. of this hot solution are poured into a glass

dish and allowed to congeal. A very small cube is cut from

this mass and carefully weighed on a glass microscope slide

to an accuracy of 0.1 mgm. Subsequently a cover glass is

placed over it and the mount is warmed carefully over a

small flame, so that the gelatine spreads as a thin film under

the cover glass.
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Under the microscope this film is systematically examined

with the aid of a mechanical stage. By means of a camera

lucida each filament is drawn in its relative size on a sheet

of paper. The enlargement obtained in this way is determined

by means of an objective-micrometer.

The total length of the lines drawn on thepaper is measured

by means of a curvimeter and the total length of the fila-

ments present in the small block of gelatine calculated there-

from. If it is assumed, that the distribution is equal through-

out the gelatine, the number of meters of filament, used

in the experiment, may be computed.
Since it is important to know the total length of the fila-

ments, contained in the unit quantity of algae, the calculated

total length is multiplied by the „conversion factor” derived

from the last determination of each series of experiments

under consideration. In this manner the number of meters

of filaments contained in a quantity of algae, which assimil-

ate 100 cmm. C0
2 at a light intensity of 6.18, a temperature

of 20° C. and an excess of C0
2,

is found.

The results of two duplicate determinations are given in

table 24.

Assuming that the cylindrical filaments are projecting

half-way above the film of solution on which they rest.

TABLE 24.

No. Assimilation experiment from

table Gelatine

weighed

Length

measured

Total

length

Conver-

sion

factor

Lengthof the

unit quantity

of algae

la 19 18.8 m.gtn. 21.2 mm. 112.9 m. 61 41.7 m.

b 15.5
„

14.6
„

92.5
„

165 34.2
„

2a 14 26.6
„

45.2
„

170.4
„

29 59.4 „

b 28.6
„

39.1
„

136.6
„

83 47.6
„

Mean 45.7 m.
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the surface available for penetration by C0
2 may be calculated

to be 6 qcm.

In the formula for the diffusion velocity:

s = ~(Q-C2 )

all required values are now known.

For the sake of simplicity I perform the calculation for

a temperature of 15° C., since the absorption coefficient of

C0
2

in water happens to be 1 at this temperature and the

outermost surface film of the water has therefore the same

C0
2

concentration (Q) as the adjacent air.

S indicates the quantity of C0
2

which diffuses during one

day, expressed in arbitrary units (I shall use as a unit 1 cmm.).

(C x
—C

2 ) is the difference in concentration between the

beginning and the end of the diffusion path, expressed in

the same units per cc. According to our assumption C
2
= O.

1 indicates the length of the diffusion path in cm.

The values S and C
x are to be found in fig. 14, for the

line AB is valid for all temperatures and, therefore, also

for 15° C. It is shown that at a concentration of 10 X

0.001 per cent. (C
x
= 0.1) the diffusion velocity amounts

to 40 cmm. per hour or 960 cmm. per day (S = 960).

When we substitute values for the diffusion constant of

C0
2

in water at 15° C. (k = 1.4 qcm/day) and for the cross

section of the diffusion path (q = 6 qcm.) the thickness 1

of the water film may be calculated to be 8 p.

As has been said previously the cells have a diameter of

about 8 p.
The diameter of the chloroplasts amounts to as

much as 4 p at some places. As it is very probable that the

diffusion of C02
in the cell wall and the protoplasm proceeds

slower than in water, the agreement in order of magnitude

may be considered satisfactory.

The hypothesis, that a diffusion process is concerned

here, I consider to be proved, as it has fulfilledfour different
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criteria, namely the influence of CO
a concentration, light

intensity, temperature and the order of magnitude of diffu-

sion resistance.

Warburg's opinion, that diffusion resistance might be

neglected in Chlorella cells, I believe to be incorrect, especial-

ly so, since in Warburg's experiments C0
2

became limiting

at about the same concentration as in mine.

When C0
2

is the limiting factor Warburg finds, it is

true, an extremely high temperature coefficient (Q10
= 5);

however, he records only one determination of this coeffi-

cient in his paper (1919, table IV No. 1). A possible injurious

influence of the rather alkaline buffer mixture might have

had something to do with this phenomenon.

According to my previous discussion, the diffusion velo-

city is directly proportional to the C0
2

concentration

outside the cell, as long as this concentration remains zero

inside the cell. Assuming that the process in question is one

of diffusion, it may conversely be said that, as long as a

rectilinear relationship exists, the C0
2

concentration inside

the chloroplast remains practically zero and as soon as the

rectilinear relationship ceases, the concentration within the

chloroplast is increased to above zero.

Now it may be seen in fig. 14 that the deviations from the

straight line A B occur only when the maximum assimilation

rate is nearly reached. At a C0
2 pressure within the chloro-

plast, in equilibrium with a concentration of 0.001 per cent,

in the air, the assimilition process is already working almost

at full speed.

We are forced to the conclusion, that at the spot, at which

the reaction subsequent to the diffusion process takes place,

almost an equal amount C0
2

is present at this pressure as

at much higher C0
2 pressures.

The assimilating agent (either chlorophyll or an enzyme)

possesses an enormous affinity for C0
2,

so that it is able

to saturate itself almost entirely with C0
2

at a pressure
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corresponding to a concentration of 0.001 per cent. C0
2

in the air or
„

atm.

100.000

In the last chapter I shall return to this subject.

CHAPTER VII.

THE TRANSITION POINT AND THE ASSIMILATION NUMBER.

THE ASSIMILATION QUOTIENT.

The Significance of the transition point.

I have defined the transition point as the point, at which

two factors exert the same influence on the assimilation

process. It is the point, at which two processes would have

the same velocity if they were allowed to proceed unham-

pered.

The transition point indicates the proportion of the

capacities of two processes and likewise the proportion of

the factors present in the plant, which govern those processes.

The transition point from C0
2

limitation to temperature

limitation, for instance, defines not only a diffusion velocity

as compared with a reaction velocity, but may also be con-

sidered to be a measure of the proportion of a structural

factor (diffusion resistance) to a chemical agent (Will-

statter’s ,,enzymic factor”).
In a leaf, for instance, the C0

2
will penetrate with much

more difficulty than in an Hormidium cell, due to differences

in structure. In the presence of equal amounts of „enzymic

factor” the transition point will be found at a much higher

C0
2

concentration in the case of the leaf than in the case

of the Hormidium cell. That is to say, the line A B in fig. 14

will make a much wider angle with the ordinate.

Likewise the transition point from limitation by light to

limitation by temperature indicates not only the proportion
between the velocities of a photochemical and a dark
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chemical reaction, but also the proportion between the

quantities of a photochemical and a dark chemical agent.

I might therefore attribute to the transition point a fun-

damental significance. This significance, however, exists

only when the external factors influencing the processes in

question are completely and quantitatively defined.

Such a definition is applicable in the case of the diffusion

process and the dark chemical reaction, since the rates of

these two processes are entirely fixed by the concentration

of the C0
2

and by the temperature respectively.
With the photochemical process this is not the case, since

it is determined by the light intensity. To define the velo-

city of this process in terms of intensities of light, one ought

to know:

1. the intensity of the light in absolute units;

2. the energy distribution over the spectrum;

3. the distribution of light intensity within the cell.

It is obvious that such a definitionis completely impossible.

However, it is possible to determine the proportion between

the velocity of the dark chemical reaction and the quantity
of the photochemical agent (chlorophyll) present in the

plant, although it is thus a comparison between two values

having quite different natures. This proportion is repre-

sented by Willstätter's assimilation number (1918) the

definition of which is expressed as follows:

Assimilation of C0
2

in grams per hour

chlorophyll content in grams.

Of course this number must be determined under condi-

tions, in which temperature is the limiting factor. This

involves the tacid assumption, that the chlorophyll has the

same activity in all plants. Since Willstatter has stated

the indentity of chlorophyll in all plants, the correctness

of this assumption may be considered probable.
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Determination of the assimilation number.

In order to determine the chlorophyll content Willstatter

made use of a colorimetric method. The standard solution

required for that purpose has to be freshly prepared each

time by saponification of a definite quantity of pure chloro-

phyll.

Now pure chlorophyll is not available to most investi-

gators and the preparation of the pure substance is by no

means easy. A second great disadvantage is the instability

of the standard solution 1).

Weigert (1916), however, has elaborated a spectrophoto-
metrical method, by means of which chlorophyll concen-

trations can be determined without the use of a standard

solution.

The principle of this method may be briefly pointed out.

When in a certain narrow region of wave length X + dX

the law of Lambert-Beeris applicable (for instance when

dilution does not alter by dissocation the color of the

diluted substance) the absorption of light by the colored

substance may be expressed by the following formula, as

given by Bunsen:

f
a

= ( !°g y).= K c d.

In this formula s-A
indicates the so called extinction, I

0

the intensity of the incident light, I the intensity of the light

transmitted by the colored substance (the absorption by the

solvent not included), c the concentration in gm. per cc,

d the thickness of the absorbing layer in cm. and kx a con-

stant, specific for each different substance and each different

wave length.

After e has been determined for a number of wave lengths

*) Shortly before the conclusion of my experiments Guthrie

(1928) published an article in which a stable, inorganic standard

solution is described.
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in the visible spectrum for a solution with a concentration,

c, an extinction curve may be constructed by plotting the

different wave lengths on the abscissa and the corresponding

extinctions on the ordinate. Then a curve is obtained which

shows one or more maxima, corresponding to the absorption

bands of the substance.

When similar extinction curves are constructed for the

concentrations 2 c and 4 c, it may be seen at once from the

formula that at each X the ordinates increase in height by

2 times and 4 times respectively; the curves take on a different

shape with the maxima extended in the direction of the

ordinate.

If, however, instead of s the logarithm of e is plotted, mul-

tiplications are converted to additions and one obtains the

curves for 2 c and 4 c by a displacement of the entire curve

parallel to the ordinate by the amounts log 2 and log 4

respectively.

Such a curve, the shape of which is independent of con-

centration, characterises completely a given colored sub-

stance and is therefore called by Weigert a “typische
Farbkurve”.

If this curve is known for the unitof concentrationand one

afterward determines the curve for an unknown concen-

tration, the latter may be calculated by determining the

distance by which it must be displaced, in order to make

it coincide with the curve of the known concentration.

Weigert determined the “typische Farbkurve’' for a

mixture of the chlorophylls a and b in their natural propor-

tions, which he obtained from Willstatter. This curve is

shown at A in fig. 15. It is computed for a layer 1 cm. in

thickness at a concentration of 1 gm. per cc.

The curve B, drawn at an arbitrary distance below the

first, was obtained by Weigert for an extract of spinach

leaves in 85 per cent acetone. If the one is superimposed

upon the other (this is facilitated by the use of transparent
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paper) it may be seen that the curves coincide at wave lengths

above 550 (xpc.

Below this wave length the carotin and xanthophyll

present in the leaf extract begin to show considerable ab-

Fig. 15.
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sorption, with the result, that the curve for the leaf extract

is much higher in the blue region of the spectrum.

Even though the chlorophyll has not been separated from

its accompanying yellow materials, it is possible to deter-

mine its concentration.

In this way I proceeded to determine the chlorophyll

content of my algae. I first tried to do this with an apparatus

consisting of a van Cittert monochromator and Moll

thermopile. It appeared, however, that the wave length

range of the light to be measured could not be reduced to a

sufficient extent, without considerable changes in the ar-

rangement and I was compelled to use another instrument.

I must not neglect to acknowledge my indebtedness to Prof.

Dr. L. S. Ornstein and Dr. P. H. van Cittert for

the pains which they took to familiarise me with the tech-

nique of spectrophotometry.
The instrument, with which the chlorophyll determina-

tions were finally made, was a “Color Analyser”of Keuffel

and Esser Co.

I wish at this point to thank Prof. Dr. N. Schoorl for

his kind permission to use this excellent instrument. I also

wish to thank Prof. Dr. T. M. Kolthoff for his help.

As for the construction of the apparatus the reader is

referred to a short description by van Tusschenbroek

(1927). I will mention here only a few particulars. Two

identical beams of light pass through two tubes 10 cm. long,

one of which contains the solution, the other the pure

solvent. Subsequently the light passes through a photometer

in which are two rapidly rotating sector discs, which inter-

mittantly allow the light to pass through. This light, however,

appears to the eye to be continuous. The percentage, which

is permitted to pass through, may be altered by varying

the angles of the sectors. The proportions of light in the

two beams may thus be changed at will by means of a

graduated drum.
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The beams of light subsequently pass through a spectro-

meter, which may be adjusted for any desired wave length.
The two halfs of the optical field in the spectrometer

may be adjusted to an equal brightness by turning the

above mentioned drum. The amount of light transmitted

by the dissolved material may be read directly in per cent.

Thus one reads; — X 100.

*0

In this manner I determined the “typische Farbkurve"

for several solutions of chlorophyll in 85 per cent acetone.

The value — X 100 was obtained by averaging at least

•^o

five duplicate determinations. These curves are plotted in

fig. 15 at arbitrary distances below each other.

Figure 15, C represents a curve for a mixture of chloro-

phylls a and b, prepared from Selaginella according to

Willstatters instructions and kindly placed at my disposal

by Miss J. Koning. It is evident that this curve agrees

closely in its shape with curve A, except in the blue region,
where the first curve is considerably higher. This may be

ascribed to the carotinoids still present. It thus appears

that such a curve is a good check on the purity of the pre-

paration.

The two lower curves represent the absorption of two

chlorophyll extracts, the first from Tilia leaves and the

second from a quantity of Hormidum. For this purpose

the fresh material was extracted with 85 per cent acetone.

This was accomplished by grinding it in a mortar with

emory powder or infusorial earth with the addition of a

little calcium carbonate to neutralise the organic acids. The

solution was subsequently filtered.

The two last mentioned curves show much greater de-

viations in the blue region from Weigert's chlorophyll

curve then the former curve C, as was to be expected.
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In order to determine the concentrations, it seemed to

me to be desirable to measure the absorption in the maximal

region of the red absorption band (663—665 [xp.), which

lies so high that one need have no fear of error due to ab-

sorption by other materials.

The maxima in all my curves proved to be somewhat

lower than in Weigert’s curve for pure chlorophyll. This

is the case also in Weigert's spinach extract curve. These

deviations, which seem to be very slight in a log e curve,

prove upon calculation to represent concentration differen-

ces of from 10 to 20 per cent.

As to the cause of these deviations I am unable to decide.

I think it likely that the relative proportion of chlorophyll

a to chlorophyll b has an influence, for the maximum deter-

mined is that of chlorophyll a. It is not impossible, however,
that Weigert's curves are more correct than mine.

From curve A is derived the absorption constant which

was used as a standard for my concentration deter-

mination:

log kx = 4.78 (X = 664 — 655

To establish the reliablity of my determination I made

several preliminary experiments. For this purpose I made

from a given leaf extract two dilutions, the concentrations

C,
of which had to each other a definite proportion —. I then

C
2

determined the absorption in an arbitrary region of the

spectrum. The results are given in tables 25, 26 and 27.

c
The average error of the determinations of — arrived at

C
2

in this way were 2% and 4 per cent respectively. The

amounts of transmitted light in these experiments were

quite large, in many cases more than 50 per cent. Now

according to Weigert the determinations are most accurate

when ± 10 per cent of the light is transmitted. Indeed it
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may be seen that the results in table 27 are much more

accurate, having an error of only 0.2 per cent. This error

will, however, be below the average.

Subsequently I proceeded to make determinations of the

assimilation number. The assimilation rate was first deter-

mined in the usual manner, the algae were then air dried,

scraped from the glass and ground in a small mortar with

1 gm. of infusorial earth, a little calcium carbonate and with

enough 85 per cent acetone to form a thin paste.

On the perforated bottom of a small Buchner funnel

a filterpaper was placed and covered with a thin layer of

infusorial earth. A quantity of 85 per cent acetone was

sucked through it until the percolating fluid was quite clear.

Then the chlorophyll extract was filtered and collected in

a suction tube. Additional amounts of the pure solvent

were added several times, until the percolating fluid was

colorless. In a volumetric flask enough of the pure solvent

was added to bring the volume to 25 cc. and subsequently
the chlorophyll concentration was determined spectro-

photometrically. From this concentration was calculated

the amount present in 25 cc. of the solution, in other words

the total chlorophyll content of the algae used in the expe-

riment. The results of these determinations and also the

calculated assimilation numbers are given in table 28.

As an average I found an assimilation number of 6.75.

This agrees with the determinations of Willstatter, who

finds for normal leaves at 25° C. assimilation numbers

between 5 and 12.

As may be seen from the table, the deviations of the

separate determinations from each other are rather small.

While the amounts of carbon dioxide (cmm. per hour) and

chlorophyll (thousandths m.grams and less) are extremely

small, the average deviation from the mean value is only

± 3.6 per cent of this value. In view of this fact I regret

especially, that I had no opportunity to test the value of the



absorption coefficient, which I derived from Weigert 's

curve.

The chlorophyll content of the unit quantity of cell ma-

terial I calculated to be 27.1 X 10'
6

ëm
-

Determination of the assimilation quotient.

At the conclusion of my experiments I made a few deter-

0
2

minations of the assimilation quotient: —r-.

OO2

In order to determine this value for assimilation only, as

distinct from respiration, I made first a dark experiment,

in which C0
2

containing air was passed through the assi-

milation vessel. The C0
2

and 0
2

content of the discharged

air were determined. Thereafter the same procedure was

followed under illumination. From the increase in 0
2

and

the decrease in C0
2

in the discharged air the assimilation

quotient was computed.

The results are represented in the tables 29 and 30, in

which the concentrations of C0
2

and likewise those of 0
2

are given in terms of 0.001 per cent. As will be seen, I found

the values of 1.09 and 1.13 for the assimilation quotient.

This is in contradition to the results of Maquenne and

Demoussy (1913) and of Willstatter and Stoll (1918),

who have always found the proportion to be 1 for

the true assimilation process.

Now Hormidium is an organism the first visible assimi-

lation product of which is oil. If in the course of the assi-

milation process no sugars are first formed but a direct

synthesis of oil takes place, a greater value than 1 might

be expected.

I ascribe, however, no conclusive value to may own deter-

minations. They should have to be repeated with the care-

ful elimination of all possible sources of error. The reason

241
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for mentioning these results is mainly to demonstrate that

my method is also applicable to investigations of this pro-

blem. Moreover, the above results may draw the further

attention of other investigators to this subject, which is

certainly in need of more complete investigation.

CHAPTER VIII.

THEORETICAL CONSIDERATIONS.

The Rule of Chain Processes.

We have considered the peculiarities of the assimilation

process as a special case of the general rule, which applies

to consecutive reactions: the slowest reaction in the chain

determines the rate, at which the end-product is formed.

The above statement is a bit paradoxical, although the

intended meaning is clear. If there is no accumulation of

intermediate products, all reactions in the chain are pro-

ceeding at an equal rate. One may therefore, define the

„slowest” reaction as the one which would proceed at the

slowest rate if all were free to progress unhindered.

It seems to me that this rule for chain reactions is itself

a special case of a much more general rule, which one meets

very frequently.
I would formulate this rule as follows: When a current,

whatever its nature, encounters successively a number of

resistances, the speed of the current is determined by the

greatest of these resistances. This principle is found to be

applicable regardless of whether it has to deal with a current

of electricity or of matter; or whether the movement takes

place by means of convection or diffusion, or whether it

is intermolecular in nature, as in chemical reactions.

In all of these cases the rule applies only approximately

and holds only when one resistance is considerably larger
than the others. If two or more resistances are of the same
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order of magnitude the deviations from this rule may be

quite large. In such cases a quantitative expression of the

intensity or speed of the current may become very compli-

cated. I shall, however, discuss here some simple cases.

When under influence of an electromotive force E an

electric current flows through two conductors, having resist-

ances R
x

and R
2 respectively, which are connected in series,

the intensity of the current I is, according to Ohm's law:

1

r,

E

R!
<3)

-

If one assigns to E and to R
2

a constant value, for example

1 Volt and 1 Ohm respectively, while R
x

is varied from

iS) to 0, one may then calculate the intensity of the current

I (in Amperes).

The varying values of I are graphically represented in

fig. 16. The intensity of the current I is taken as the ordinate

and the reciprocal of the resistance of the first conductor

(i.e. conductivity) — as the abscissa. If this conductivity
Ri

is increased, the intensity of the current increases, but in

decreasing proportions as — becomes larger (A B C).
Ri

If instead of an electric current we now consider a stream

Fig. 16.
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of water, which flows successively through two tubes of

equal diameter, the same calculation applies. One merely

substitutes for the number of Amperes the number of cc.

per unit of time, for the electromotive force the hydrostatic

pressure gradient and for the resistances R
x

and R
2

the

lengths of the two tubes l
r

and 1
2, multiplied by a certain

constant. If the length l
x

is now varied while 1
2

remains

constant we may calculate the speed of the current (assuming

the applicability of Poiseuille’s law) and we obtain a

curve of exactly the same shape.

A third instance in which this rule applies is the case

of two successive diffusion processes. Here we may substi-

tute for E the difference in concentrations at the beginning
and at the end of the diffusion path (C

x
—C

2 ). The diffusion

resistance in the first passage (R
x
) may again be varied,

while that in the second passage (R 2 ) is kept constant.

It seems to me that the diffusion of C0
2

into a leaf is an

example of such a case. The stomata constitute the variable

resistance. When they are entirely closed no C0
2

is able

to diffuse into the leaf. When they are entirely open the rate

of diffusion is determined in the opinion of several investi-

gators (Schroeder 1924, Romell 1926b and others) by

the constant resistance in the intercellular spaces, the cell

walls and the protoplasm.

In all these examples, as illustrated in fig. 16, the above

rule for the intensity or speed of the current applies. In

the region A B it is determined primarily by the resistance

R
x

and in the region B C primarily by the resistance R
2.

Were Blackman's formula applicable to this case, the

rate of flow would be determined exclusively by the greater

resistance, the smaller would have no influence whatsoever,

in which event the velocity of the current would be repre-

sented by the curve A D E.

As may be seen in the figure the calculated curve deviates

at the transition point B by exactly 50 per cent from the

ideal Blackman-curve.
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If the assimilation process is analagous to this simple

example, one would have to expect here also deviations of

50 per cent at the transition point.

Romell's criticism of Blackman’s formulation is based

on entirely similar considerations. He uses the same formula

(3) in a somewhat different form (l.c. pag. 752). He has

devised a model, which represents visually the interaction

of the different factors. It consists of a series of connected

batteries, generating an electric current, which drives a

motor. The battery jars may be filled to a greater or lesser

height, which in turn influences the energy production of

the motor. Therefore, in this model also several consecutive

resistances are involved, which together determine the

current intensity.

In principle RomeII is certainly right in assuming that

all factors are always simultaneously exerting an influence

upon the assimilation process and that from a theoretical

standpoint the ideal Blackman curve is untenable.

From what has been said it is obvious that it is easy enough

to explain deviations from the ideal Blackman-curve. It

is not so easy to explain why in the experiments the observed

deviations are so slight, the more so, since they may still

be ascribed inpart to the fact, that the light and C0
2

supply

is not entirely uniform in all parts of the chloroplasts. Had

this not been the case the observed deviations would

probably have been still smaller.

I will try to point out by means of an example the direction

in which the explanation may be sought.

I shall take as an example a diffusion process, in which

CO
a

diffuses into the plant, followed by a union of C0
2

with chlorophyll and the photochemical transformation of

the compound thus formed.

In regard to this union, I assume, as already remarked

on page 153, that a dissociation equilibrium exists between

carbonic acid and chlorophyll.
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C0
2

+ CO.Chl.
1
)

I shall now apply to this equilibrium the law of mass

action. I am aware that I am not quite justified in doing so.

The law of mass action does not apply exactly to reactions

in a surface boundary (heterogeneous reactions), like those

which are being considered here; the quantitative relation-

ships are somewhat different in such cases. It seems to me

that Freundlich’s formula for the absorption isotherm

is more nearly applicable. The following is therefore to be

regarded as a semi-quantitative expression.

The above equilibrium may be expressed as follows:

[C02 ] [Chi]
_

'

[C02
Chl]

in which k represents the dissociation constant. If we now

represent the total quantity of chlorophyll present as 1, then:

[C02] [1 - C0
2Chl]

[C02Chl]

The quantity of chlorophyll united with C0
2

is therefore:

rro rtiii ==

[C02 ]
[ 2 ]

[k + C0
2]

In fig. 17 the abscissa represents the C0
2

concentration,

the ordinate the concentration of carbonic acid-chlorophyll.

To the dissociation constant k the values 1, 0.1 and 0.01

respectively are assigned. One thus obtains the dissociation

curves a, b and c which have the form of an hyperbola.

Now if it is assumed that the dissociation equilibrium

establishes itself instantaneously, the quantity of the C0
2

-

Chlorophyll is always determined by the C02
concentration

in the chloroplast. At a definite constant light intensity we

may assume that the speed of the photochemical process

is directly proportional to the quantity of C0
2
-chlorophyll.

l ) The question whether C0
2 or H

2
C0

3
is combined with the chlo-

rophyll may be omitted from this discussion.
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The ordinate in the diagram, therefore, represents not only

the concentration of C0
2

- chlorophyll, but also the reaction

rate of the photochemical process, as related to the C0
2

concentration in the chloroplast (represented by the abscissa).

Although it is not possible to determine directly the

amounts of CCX-chorophyll, one may arrive at them by
using as a measure the reaction velocities. It should be possible
in this way to discover the dissociation curve.

Fig. 17.

Fig. 18.



248

What has just been said applies to the C0
2

concentration

within the chloroplast. However, this is not determined;

we determine only the C0
2

concentration outside the cell,

which is always higher. As we have already seen, the diffusion

velocity (= reaction velocity) is directly proportional to the

difference in concentration; conversely each diffusion and

reaction velocity is associated with a definite concentration

difference.

This rectilinear relationship results in fig. 18 in the line

A B, from which the concentration difference for any given
reaction velocity may be seen at once.

In order now to determine how the velocities of the

photochemical reaction are related to the C0
2

concentrations

outside the cell, one may simply add to the different concen-

trations in fig. 17 the corresponding concentration differen-

ces; in other words one now constructs the curves with A B

in fig. 18 as the ordinate. One obtains thus the curves alt

bj and Cx in fig. 18.

It is evident from this diagram that the smaller the value

of k, that is to say the greater the affinity of chlorophyll or

C0
2,

the more nearly does the reaction velocity curve ap-

proach the ideal Blackman curve. A very great affinity
of the assimilating agent for C0

2
is thus able to explain the

existence of an almost ideal Blackman curve, such as was

found in my experiments.

In the foregoing the curves in fig. 18 were derived from

those in fig. 17. One may, however, proceed in the reverse

order. Had one of the curves in fig. 18 been determined by

experiment, it would be possible to derive from it the actual

dissociation curve, the intervening diffusion resistance

notwithstanding.

Before I began my experiments I had hoped to be able to

determine the dissociation curve of C0
2-chlorophyll, but I

did not succeed in doing so. It is certain, however, that the

point at which the assimilatory agent is only half saturated

with C0
2

is below 10 - 5
atm. C0

2 pressure.
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Were the ascending portion of the dissociation curve

situated within the region of measurable C0
2 pressure, it

would be possible to determine whether the carbonic acid

actually combined with the chlorophyll, as Willstatter

believes, thus actually participating in the photochemical

process, or whether the relationship is otherwise.

In order to visualise this, one may imagine a condition,

in which there is no resistance to diffusion — the condition

represented in fig. 17. As has been mentioned the ordinate

here represents not only the quantity of C0
2
-chlorophyll,

but also the reaction velocity of the photochemical process.

A decrease in the C0
2

concentration would thus retard

the photochemical process and would therefore have an

effect only when light is the limiting factor.

On the other hand, if C0
2

undergoes first a dark chemical

transformation (as was assumed in Warburg’s acceptor-

theory), we may imagine that a dissociable compound is

formed with an enzyme, in the manner outlined above for

chlorophyll. In such an event a decrease in the C0
2 concen-

tration would retard the dark chemical process, thus having

an effect only when temperature is the limiting factor.

Now these phenomena occur at such low C0
2 concen-

trations, that I was not able to detect which of the two

possibilities is the correct one. Whether it is chlorophyll or

an „enzyme”, which has such an enormous affinity for C0
2,

has not yet been established.

I believed at first, however, to have found an indication

which points in the direction of the first possibility. If one

scrutinizes fig. 14 carefully, it may be seen that the deviations

from the ideal Blackman-curve are somewhat greater in

the curve A F G (transition from C0
2

to light as the limiting

factor) than in the curves A D E and ABC (transition from

C0
2

to temperature as the limiting factor). This fact would

argue for the correctness of Willstatter’s theory.
Another explanation, however, is more probable, namely,
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the unequal distribution of light intensity in the chloroplast.

As was the case in fig. 12, this circumstance may here again

be the cause of a greater deviation from the ideal Blackman

curve.

Therefore it is here impossible to arrive at a definite

conclusion. Indeed I doubt whether it is possible to deter-

mine C0
2

with sufficient accuracy to solve the problem
in this way, especially since there is always the difficulty

of diffusion resistance.

Since it is evident that the dissociation curve could not be

determined directly, one should like to be able to displace

the curve artificially in the direction of higher C0
2 concen-

trations. It seems to me that this should be possible with

the aid of surface-active substances (narcotics) having the

property of accumulating in the surface boundary and

expelling from it the substances there present.

Indeed this principle was made use of in Warburg's

experiments with urethanes, from which it appeared, that

the reaction takes place in a surface and that the reacting

substances (thus probably the C0
2) might be partly or

entirely displaced from the surface.

In other words the dissociation curve is lowered. The

question now arises as to how this takes place.
If the curve a in fig. 19 represents the dissociation curve

under normal circumstances, assuming k = 0.1, a certain

quantity of urethane should be able, for example, to lower

the curve to half its level throughout its length (curve b).

This would indicate that carbon dioxide had been excluded

from half of the chlorophyll molecules present, that these

had therefore been rendered inactive, while the other half

continued to be available.

The curve might, however, be displaced to the right in-

stead of downward (curve c). This would indicate that all

of the chlorophyll remained available, but that, by the

addition of urethane, the dissociation constant k had in-
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creased considerably (the curve has been constructed for

k = 10).

In the latter case the ascending portion of the curve should

come to lie within the region of measurable C0
2 concen-

trations and it would then be possible to demonstrate ex-

perimentally whether or not the C0
2 participates in the

photochemical process.

Warburg presents data which give some indication that

this mode of attack is feasible. He states that at the very

lowest C0
2

concentrations under which condition C0
2

is limiting factor, small amounts of urethane have a pro-

nounced inhibiting effect (1920 table 8).

This effect might be explained by means of curve c, but

not by curve b.

Lack of time prevented the undertaking of experiments

in this direction.

Possibilities of the method.

The method which I have used may be characterised as

follows. One by one the separate reactions of the chain

process are made the „slowest” by varying the external

Fig. 19.
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conditions and the properties of each separate reaction

may then be studied. As has already been shown, it is thus

possible to investigate different phases of the process, each

sharply separated from the others, without disturbing the

organism.

It is self-evident, that only reactions which proceed slowly

may be studied in this manner. Spontaneous reactions, as

for example ionization, escape this mode of investigation.
If two reactions are to be distinguished from each other,

they must have different properties, that is to say that they

must be related in different ways to one or more of the

external factors. Two reactions having exactly the same

properties in this respect obviously cannot be distinguished
from each other by means of this method.

It is possible only in special cases to obtain information

as to the sequence of the different processes. It is evident

that the first phase of assimilation is diffusion, but I was

unable to discover the sequence of the photochemical and

darkchemical reactions.

Assimilation is very probably composed of more thanthree

phases. I am therefore convinced that the analysis might be

carried out still further in this direction. In the first place

the dark chemical process will have to be separated into its

component parts.

An indication is seen in the results of Warburg, who

found a very great change in Q 10
with increasing tempera-

tures, which points toward the complex nature of the

reaction. It seems to me that, when the temperature-curve

for assimilation has been determined exactly (for instance

from 0° to 25° C.) it might be possible to detect abrupt

changes in the temperature coefficient, as Crozier (1924)

believes to be the case with many types of life-processes.

Such an abrupt change would indicate the existence of two

chemical reactions, each with its own Q 10.

The environmental factors, the effects of which may be



253

made use of in such studies, are not confined to C0
2 con-

centration, light intensity and temperature. Hydrocyanic
acid and urethanes as used by Warburg belong to the same

category, but only if their effect is reversible and produces

no permanent change in the organism.

As other possible tools I should like to mention ammonium

salts, to which Beneeke ascribes a specific effect upon the

assimilation process, and the altering of water vapour

pressure, which I believe to have observed as exerting a

marked effect upon the assimilation rate. Changing the

water vapour pressure seems to me to be well suited to this

purpose because it may be regarded as a „natural” influence.

An organism like Hormidium is able to withstand drought

without harm and complications, such as the closure of the

stomata in leaves, are avoided in this case. The reader is

referred to Stiles (1925) for a survey of the researches on

this subject.

Finally it would be possible to try to alter the constitution

of the cell by growing the organism under different condi-

tions, as for example by withholding one or more of the

chemical nutrients. An attempt in this direction was made

by Briggs (1923). I refer also to Stiles (l.c. pag. 115).
In one or more of these ways it may be possible to gain

more knowledge concerning the nature of the separate

processes, which constitute assimilation and the agents, by

which each of them is controlled.

SUMMARY.

The carbon dioxide assimilation is a chain reaction, con-

sisting of at least three consecutive processes viz. a diffusion

process, a photochemical process and a dark chemical

process. This may be derived from Blackman’s principle

of limiting factors and from a number of other phenomena.

Each of the processes in question may individually deter-

mine the velocity of the assimilation.
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According to several investigators considerable deviations

from Blackman’s scheme are to be observed. This must

be ascribed almost entirely to the fact, that the different

chloroplasts in a leaf or a plant are subject to different con-

ditions in regard to light and carbon dioxide.

A method was elaborated, in which this objection was

evaded. A single cell layer of the filamentous terrestrial

alga Hormidium was used as the subject in these studies.

The carbon dioxide concentration of the air introduced

into the assimilation vessel was regulated by means of a

buffer solution of carbonate and bicarbonate. The consump-

tion of C0
2 was determined by gas analysis.

In a number of experiments the influence of light inten-

sity, temperature and C0
2

concentration was studied.

The results agree fairly well with Blackman's formulation.

The deviations from the „ideal Blackman curve” are

very slight.
At temperatures between 12° C. and 20° C. a Q

10
= 1.87

was found under conditions, in which temperature was the

limiting factor, while a Q 10
= ± 1 was found when light

was the limiting factor.

When the concentration of carbon dioxide is the limiting

factor, the assimilation velocity, even in very small, uni-

cellular organisms, is always determined by the diffusion

process.

The process, subsequent to the diffusion process, is

caused by an agent (probably chlorophyll), which has an

extremely high affinity for carbon dioxide. Even at a carbon

dioxide pressure of ——■—— atm. it is already almost en-
K

100.000
3

tirely saturated.

....
gm C0

2 Per hour
The assimilation number —— -

was deter-

gm chlorophyll

mined for Hormidium. For this purpose the chlorophyll
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content of the algae was measured spectrophotometrically.
The assimilation number at 20° C. proved to be 6.75.

O,
The assimilation quotient —— in Hormidium is pro-

L/O2

bably greater than 1, which may be related to the fact, that

the first visible assimilation product in this organism is

an oil.

The investigations here reported were carried out in the

Botanical Laboratory at Utrecht. I wish to express my

sincere thanks to Prof. Dr. F. A. F. C. Went, not only
for his aid and helpful criticism, but also for his encourage-

ment throughout the course of these studies.



TABLES.

TABLE 2. 13—2—'27.

Determination of the rate with which C0
2

is absorbed

and emanated by rubber, in cc. per hour. Temp. 20° C.

A. 10 gm. section bicycle inner tubing, thickness 1 mm.,

surface area 2 X 86,5 cm
2
.

B. 19 gm. vacuum tube, thickness of wall 4 mm., total

surface area 62 cm
2

.

1. Absorption in 100 per cent. C0
2.

2. Emanation in 0 per cent. CO
a.

Number of minutes

after beginning of

experiment

A B

1 2 1 2

5 280 185 33 45

10 190 100 30 30

15 130 85 30 24

20 105 60 30 17

25 85 45 31 16

30 60 36 30 14

35 50 30 32 —

40 40 24 31 —

45 30 20 30 —

50 20 16 29
—

55 15 13 28 —

60 9 9 27 —

65 7 7 26 —

70 5 6 26 —

75 4 4 25 —

80 — 24 —

100 — — 19 —

120 — — 16 —



TABLE 3.

C0
2

content of air in 0,001 per cent in equilibrium with

solutions of Na
2
C0

3
and NaHC0

3
at 30° C.

Na
2
C0

3
in grammol

per L.

NaHC0
3
in grammol

per L.

0.325

0.175

0.259

0.241

0.182

0.318

0.126

0.374

Date Analyses Date Analyses Date Analyses Date Analyses

29-8-’27 90 ) 23-l-*28 203 } 23-1-'28 498 ) 5-l-*28 1005 )

92 S 202 S 497 1 1006 )

30-8-’27 92 ) 205 \ 499 ) 1005 )

93 ) 203 ) 496 i 1004 S

l-12-’27 86 ) 211 ) 496 } 1011 }
yu >

90 )
208 ) 497 i 1010 i

15-12*27 85 1 10-2-*28 206 ) 500 ) 1007 )

89 ) 209 \ 496 \ 1006 S

92 } 202 } 496 ) 1004 )

92 S 200 i 495 j 1001 S

5-l-*28 92 ) 196 ) v

92 i 196 i

88 } 204 )

86 S 205 i

92 } 203 }

90 \ 201 i

Average 90 204 497 1006

Calculated ± ......
71 169 419 856

257

17
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TABLE 5.

Data concerning rate of growth, assembled from

different tables.

Date From table Temperature
Light-

intensity

Per cent,

growth

per hour

Average

21-1-28 16 20° C 6.18 1.38

15-l-’28 20 20° C 1.99 1.32

17-2-’28 22 20° C 1.99 0.60 1.04

21-2-'28 23 20° C 1.99 0.68

1 l-l-'28 6 20° C 1.00 1.22

8-2-’28 18 12° C 6.18 0.50
0.42

11-2-’28 19 12° C 6.18 0.34 i



259

TABLE 6. 11—1—’28.

Measurement of the light intensity of the lamps by means

of assimilation rates. Temp. 20° C. Growth corrections

calculated from Nos. 2 and 8 (1.22 per cent per hour).

6
«H

3 Lamp.
<-*

a
6
u -

CO d
Ö
o •

’<-*

Growth
corr.

per

cent
CO

<U <u

>

• n •»h

z
O

SC
3 2

H

'I

d
u Ana-

lyses

Ave-

rage

‘co

g

1 1.00 None. 100 204 220

220
220 — — —

2 2.20 A 100 204 144

141
142 78 0 1.00

3 3.35 B 100 204 133

133
133 87 1.5 1.10

4 5.10 C 100 204 139

136

138
138 82 3.5 1.02

5 6.40 D 100 204 140

138
139 81 5.5 0.99

6 10.25 E 100 204 127

127
127 93 10.0 1.09

7 11.35 F 100 204 134

136
135 85 11.5 0.98

8 12.45 A 100 204 132

133
132 88 13.0 1.00

9 2.05 Proj.lamp
disc.

75 cm.

100 204 120

120
120 100 14.5 1.12
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TABLE 7. (Fig. 12). 20—12—’27.

Influence of the light intensity. Temp. 20° C.

„ - r

ioo

Conversion factor -—.

273

--J

0\

Ul

tt>.

U>

to

>—

No.

2.00

3.45

5.15

9.00

10.55

12.30

2.15

Hour

0

1.00

1.99

3.08

4.18

6.18

13.2

Light

‘

H-»

�—
*

H-
*

8

8

8

8

8

8

8

Air

current rate

460

460

460

460

460

460

460

n

O
to

H*

476

479

401

404

326

328

264

264

222

221

187

185

171

172

M

■

1

O

»—
*

*—
*

to

to

00

K)

<5»

tO

O

"4

H-

0\

to

00

3

£

!

o.

1

UI

ON

VO

O

Leakage
corr.

1

76

154

218

261

298

314

Assimilation

0

1.5

5

7

9

10.5

Growth
corr.

per

cent

28

56

76

89

100

104

Corrected assim.
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TABLE 8. (fig. 12). 23—12—'27.

Influence of the light intensity. Temp. 20° C.

„

100
Conversion factor

——.

142

-o

Os

Ul

4^

w

to

H-
4

No.

*>■ it-o

3.15

1.55

H-
*

toboi

5.35

1

4.20

2.50

Hour

H-
4

U)

ps t—
4

�—
4

u>Ö

t—
4

VO

»—
4

b

o

Light

to

00

00

00

VO

o

»—
4

�—
*

»—
*

t—
4

�—
4

H-
4

�—
4

Air

current

to

to

to

to

to

to

to

o

o

o

o

o

o

o

to

to

to

to

to

to

to

r*r\
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1—
1
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(—
4
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>—
4

t—
4

2

1

o

o

o

o

o

o

o
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4
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4
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4
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4
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4
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>
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o

o
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H-
4

to

o

to

VO

4*

Os

t—
4

VO

to

4*

OV

VO

O

in

I

o

t—
4

t—
»

H-
4

�—
4

to

00

VO

o

O)

Ol

00

to

to

t—
4

Ul

o

u>

o

o

7

1—»

�—
4

H-
4

-

to

to

Leakage
corr.

os

»—
*

Ol

H-*

t—
4

H-
4

oo

4:.

1

Assimilation

00

-o

o

o

�—
4

>—
4

1

h-*

t—
»

VO

00

H-
4

o

.

Growth
corr.

to

H-*

Ln

per

cent

�—
*

Corrected

o

o>

VO

Ln

to

1

Os

o

1—*

�—
*

VO

(tddilll
•



262

TABLE 9. (fig. 12). 13—1—’28.

Influence of the light intensity. Temp. 20° C.

•
r

100
Conversion factor

——.

227

>£■

W

to

1—

No.

12.00

3.00

4.30

6.10

Hour

81*9

66*1

00*1

0

Light

4

t—
»

t—
*

I—*

8

8

8

8

Air

current rate

460

460

460

460

CO2

i

482

481

480

411

413

349

343

347

251

252

252

Ana-

lyses

n0
to

O-

tO

w

U1

—■

oc

to

oo

to

»—
*

Ave-

rage

»—»

t—
*

On

00

O

h-

Leakage
corr.

70

136

234

Assimilation

0

1.5

3

Growth
corr.

per

cent

31

59

100

Corrected assim.



TABLE 10. (fig. 12). 21—12—’27.

Influence of the light intensity. Temp. 20° C.

Exhausted culture medium.
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TABLE 11. (fig. 13). 24—1—’28.

Influence of the temperature. Light intensity 6.18.
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TABLE 12 (fig. 13). 9—2—'28.

Influence of the temperature. Light intensity 6.18.
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TABLE 13. (fig. 13). 27—1—’28.

Influence of the temperature. Light intensity 1.00.
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TABLE 14. (fig. 13). 14—2—'28.

Influence of the temperature. Light intensity 1.00.
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TABLE 15. (fig. 14). 18—1—28.

Influence of the C0
2

concentration. Temp. 20° C.

Light intensity 6.18.
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TABLE 16. (fig. 14). 21—1—’28.

Influence of the C0
2

concentration. Temp. 20° C,

Light intensity 6.18.
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Conversion factor —.
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Growth correction calculated from Nos. 3 and 6

(1.38 per cent per hour).
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TABLE 17. (fig. 14). 2—3—’28.

Influence of the C0
2

concentration. Temp. 20° C.

Light intensity 6,18.
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TABLE 18. (fig. 14). 8—2—'28.

Influence of the C0
2

concentration. Temp. 12° C.

Light intensity 6.18.
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TABLE 19. (fig. 14). 11—2—’'28.

Influence of the C0
2

concentration. Temp. 12° C.

Light intensity 6.18.

Conversion factor
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Growth correction calculated from Nos. 2 and 7

(0.34 per cent per hour).
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TABLE 20. (fig. 14). 15—1—'28.

Influence of the C0
2

concentration. Temp. 20° C.

Light intensity 1.99.

Conversion factor
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Growth correction calculated from Nos. 2 and 7

(1.32 per cent per hour).

o\

en

OJ

to

*->

No.

LOO

2.50

4.05

6.00

8.30

10.50

12.40

Hour

0

1.99

1.99

1.99

1.99

1.99

1.99

Light

V—
i

1—.

t—
»

t—
*

to

U1

ON

00

O

to

O

O

O

O

O

O

O

O

Air

current rate

0

204

204

204

204

204

204

N

O
U

00

00

»—

*�—
‘

VO

�—
11

»—*

t—
1

‘OOO'O^J'O^ON

CO

Ana-

lyses

00

t—
‘

�-*

VO

OO

h-

o

�—

o

o

oo

Ln

a
d

Ave-

rage

1

t—
>

1—* 1—It—
It—.

00

Oi

U1

On

On

On

OJ

to

t—
4

On

no

tO

Assimilation

5

oo

r

°

Growth
corr.

per

cent

1—
■

oo

i—
*

>—•

o

o

W

H-

W

K>

K)

O

Corrected
C0

2

cone.

57

59

56

49

42

57

Corrected assim.



274

TABLE 21. (fig. 14). 20—1—’28.

Influence of the C0
2

concentration. Temp. 20° C.

Light intensity 1.99.
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TABLE 22. (fig. 14). 17—2—''28.

Influence of the C0
2

concentration. Temp. 20° C.

Light intensity 1.99.
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(0.60 per cent per hour).
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TABLE 23. (fig. 14). 21—2—'28.

Influence of the C0
2

concentration. Temp. 20° C.

Light intensity 1.99,

„
.

r

57
Conversion factor —.

95

Growth correction calculated from Nos. 2 and 7

(0.68 per cent per hour).
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TABLE 25. 5—3—’28.

Spectrophotometric determination of concentrations of leaf

extracts in solutions 1 and 2, proportion of

concentrations = 2.
C

2

\ in fjLfji.
Solution

No. cTI- X h—
1

g £ = log
Ci
n

calculated
'■'Î

645 1 15.0 0.824
2.00

2 38.8 0.411

640 1 22.8 0.642
2.03

2 48.2 0.317

635 1 28.6 0.544
2.10

2 55.0 0.260

630 1 30.8 0.510
2.03

2 56.0 0.252

625 1 29.8 0.526
2.04

2 55.2 0.258

620 1 27.8 0.556
2.03

2 53.2 0.274

615 1 26.5 0.577
2.03

2 52.0 0.284

610 1 27.3 0.564
2.04

2 53.0 0.276

605 1 29.8 0.526
2.10

2 56.2 0.250

600 1 35.5 0.450
2.07

2 62.0 0.218

Average 2.05

Deviation + 2.5 p. cent.
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TABLE 26. 8—3—’28.

Spectrophotometric determination of concentrations of leaf

extracts in solutions 3 and 4, proportion of

C3

concentrations —
= 2.

C*

X in
fjLjj.

Solution

No.
OoX

*“•

Ihh s = log J

C
3

çt
calculated

650 3 11.3 0.949
2.02

4 34.0 0.469

645 3 17.7 0.753
2.04

4 42.8 0.369

640 3 23.6 0.627
2.13

4 50.8 0.294

635 3 30.8 0.511
2.10

4 57.2 0.243

630 3 34.8 0.458
2.09

4 60.4 0,219

625 3 34.7 0.460
2.07

4 59.8 0.223

620 3 33.8 0.470
2.08

4 59.4 0.226

Average 2.08

Deviation + 4 p. cent.
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TABLE 27. 24—9—’’27.

Spectrophotometric determination of concentrations of leaf

extracts in solutions 5 and 6, proportion of

concentrations = 1.5.
C

6

TABLE 28.

Determination of the assimilation number.

Temp. 20° C. Light intensity 6.18.

Chlorophyll dissolved in 25 cc. of 85 per cent acetone.

Thickness of layer d = 10 cm.

>. in fJLfx
Solution

No.

-
x 100

A
o

,
.

Io
f = log. Y

calculated
'-'O

666 5 4.95 1.314
1 A£iC\

6 13.00 0.895

664 5 4.25 1.380

6 12.20 0.922
/

662 5 4.55 1.350
1 CO/1

6 13.25 0.886
1

<
Jib*!

Average 1.497

Deviation — 0.2 p. cent.
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TABLE 29. 5—3—'28.

Determination of the assimilation quotient. Temp. 20° C.

TABLE 30. 8—3—'28.

Determination of the assimilation quotient. Temp. 20° C.

ö

Z Light
Air

current rate o

u

CO. d 0
2

d

Analyses Average Analyses Average

0 100 1006 1031 20560

1033 1028 20540 20549

1021 20547

2 6.18 100 1006 553 21068
549 21072

545 21077

co
2

= 479 o
2

= 523

o
2

C0
2

= 1.09

à
z Light

Air

current rate
• H

«

o

u

CO
.

d O 2 d

Analyses Average Analyses Average

1 0 100 1006 1037 20579

1034 1035 20560 20568

1035 20565

2 6.18 100 1006 564 21100

555 559 21120 21105

558 21096

co
2

= 476 o
2

= 537

0
2

= 1.13
co

2
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