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AUTHOR’S PREFACE

A new period in the investigation of plant respiration began
with the opening of the tweh{l¥ff century. The discovery of
cell free alcoholic fermentation, a process not accomplished by
purely chemical means, suggested that material transformations
which underlie normal plant respiration could possibly be
detached from the living substance. Soon after in fact, W.
Palladin and his coworkers as well as the author of this book
succeeded in proving for killed plants an enzymatic metabolism
completely analogous to oxygen respiration.! This condition
meant, inasmuch as it was later established beyond doubt, that
the respiratory metabolism is not to be conceived as a resultant
of heterogenous reactions which take place in the protoplasm,
but as a chemical process which actually consists of inter-
mediate steps and which is always uniform. It is only in this
light that a chemical investigation of the material transforma-
tions which take place in respiration appears possible and
practical. For example, how could one raise even the first
basic questions of the respiratory material if respiration were
not an independent process?

Even before the discovery of ‘cell free respiration” the
author of this book developed a new theory of the genetic
connection of oxygen respiration with alcoholic fermentation, a
theory which is in accord with modern conceptions and which
could serve as a working hypothesis in investigations of the
chemical nature of plant respiration.

The above mentioned favorable instances have ushered in
a comprehensive biochemical study of plant respiration.
Previously the chief consideration had been only the biological
side of respiration and the influence of external factors. This
came about only because, as was previously noted, no proof

*The first publication on the cell free oxygen respiration of aerobic plants was:
Kostytschew, S. Uber Atmungsenzyme der Schimmelpilze. Ber. d. bot. Ges. 22¢ 207.
1004; also Matithow, N. Ibid., p. 325.
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vi AUTHOR’S PREFACE

had been produced of the uniform chemical nature of respiration.
Neither were methods sufficiently developed, and on that
account the biochemical study of plant respiration was rendered
extremely difficult. However, as soon as the way was made
fairly smooth, most investigators devoted their attention
particularly to the chemical nature of the respiratory processes,
and during the past two decades there appeared numerous
accounts of research in this field, in which experimental work
on the biologigal side of respiration and on the influence of
external factors was left in the background. This is thoroughly
comprehensible. The aim of physiology consists in reducing
all living phenomena to physical and chemical processes and,
whenever possible, in explaining them by the_ laws of these two
basic sciences.

This book seeks to do what has not yet been done, so far as
my knowledge of the literature goes, namely, to portray the
modern, outstanding featuses of the science of plant respiration,
and to consider carefully the whole biochemical side of the
problem from a uniform standpoint. Inaddition I haveendeav-
ored to describe the methods in such a way that this book may
serve as a guide to experimental studies of plant respiration.
This appears to me to be fundamentally desirable because the
competent treatment by Palladin and Kostychev in Abder-
halden’s ‘“Handbuch der biochemischen Arbeitsmethoden”
appeared 14 years ago and so is not wholly up-to-date on some
points.

S. KOSTYCHEV.

Peterhof, U.S.S. R.

July, 1924.



EDITOR’S NOTE

There is no student of plant respiration better qualified to
write on this subject than the Russian physiologist, Kostychev.
Trained in part by Palladin and long an active worker in the
field of chemical problems associated with fermentation and
respiration, he is in a position to present a balanced, authorita-
tive discussion of all phases of the subject in which Russian
workers have long been interested. It was with this in mind
that an English edition of his monograph in German was
undertaken.

Although there are many English-speaking physiologists
who would easily read this work in German they are far out-
numbered by the less experienced students and biologists in
general. These readers would be compelled to spend hours to
obtain the same information as could be grasped in minutes
from an English text. In many cases they would feel it neces-
sary to use a less dependable source in their own language.

In order to preserve the spirit and the fine distinctions in
the author’s statements, the general attempt has been made to
present a close translation of the German text. Many sen-
tences have been shortened and minor changes made in phrases
which would otherwise be awkward but no extensive alterations
or additions have been made except those given as editorial
notes or in brackets. The greater part of these notes involve
experimental results reported after the preparation of the Ger-
man edition.

Kostychev’s treatment of the methods of measuring normal
respiration may be found more or less unsatisfactory by many
readers. Only a few methods are described fully and it has
seemed best to add but brief references to other and newer
methods at the end of that section. There are so many methods
which are or have been used that the consideration of them all
would require a book of itself. Figure 10, showing Osterhout’s

vil



viii EDITOR’S NOTE

apparatus, has been added as representative of the important
new methods. Still it is well for the student to review the
older methods, particularly the description of the use of the
Pettenkoffer tubes which are by no means antiquated.

The emphasis which the author has placed on his “theory of
connection” is apparently justified by the central position occu-
pied by the problem of chemical relationships between the two
phases of respiration. It is in this field of the chemical aspects
of the subject that Kostychev is particularly well qualified to
write, and that the most work needs to be done.

A difficult problem in all translation of material involving
the Russian workers is the matter of transliteration of proper
names. It has seemed best in this case to take the spelling as
given in the German text, except for the name of the author of
this book wherever it occurs in the text, the form Kostytschew
being kept in the citations. This decision is based largely on
the difficulty of determiningrthe exact form of all the Russian
names as used in the original works, while for citations it is
customary to copy the author of papers in French or German as
given in such papers. The pronunciation can usually be
determined from the form of the word used in the German text,
the greatest difficulty being with the letter w which is equivalent
to v in English.

Theformofcitation is acondensation of that used by the author.
It uses a Roman numeral in parentheses (followed by a-period)
for a series number, a bold-face Arabic numeral (followed by a
colon) for the volume number, an Arabic numeral in ordinary
type (followed by a period) for the first page of the article
cited, and an ordinary Arabic numeral for the year of publica-
tion. When an article or series of articles occurs at several
points in the same volume, the first-page numbers are separated
by commas. In the case of the editorial notes and matter in
brackets, both the first and last page of the citation are usually
given, separated by a dash. This might have been done for
most of the author’s citations but it was felt that the additional

information was not important enough to warrant the extra
effort and space.



EDITOR’S NOTE ix

The authors’ names are given in bold-face type in the cita-
tions in order to facilitate reference to original papers. Idem
denotes a repetition of the author’s name while Ib:d. indicates
a repetition of the name of the serial next preceding. Most of
the abbreviations of serial names are those in general use.
Biochem. Z. is used for Biochem. Zeitschr. for the sake of
brevity, in view of the large number of citations from this
journal. In the case of the names of monographs in Russian,
the titles are left in the German version, followed by the word
“Russian.”

The index has been enlarged over the original by the insertion
of more detailed subject entries and by the compilation of an
index to the authors which is merged with the subject index.
Authors’ names are placed in bold-face type as are the pages on
which such names appear in a complete citation.

Dr. Kostychev took advantage of the opportunity to correct
certain errors in the German edition and these changes have
been incorporated without comment. A few new paragraphs
have been inserted by him, notably those dealing with War-
burg’s theory of respiration (pages 113—-116). This edition is
therefore brought up-to-date by the editorial notes and by all
changes and additions made in the author’s private copy which
was kindly loaned to me for the purpose.

The entire manuscript has been carefully read by my col-
league, Mr. George M. Robertson, who has contributed valu-
able advice and criticism, for which I am grateful. I also
tender my thanks to Prof. C. E. Bolser and Prof. R. W. Jones,
of Dartmouth College, and to others who have assisted in the
determination of certain troublesome points. I gladly acknowl-
edge the material assistance rendered me by the Sigma Xi
society which advanced the cost of the translation rights through
its Committee on Award of Sigma Xi Aid to Research.

CHARLES J. Lyon.
DarrmouTH COLLEGE,
August, 1927.
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PLANT RESPIRATION

I. OXYGEN RESPIRATION
1. THE GENERAL CONCEPTION OF OXYGEN RESPIRATION

The most important vital processes are bound up with an
expenditure of energy. Thus most syntheses of organic sub-
stances, such as the synthesis of proteins, represent endothermic
reactions. In the same way the various types of architectural
processes of tissue diffefentiation require a supply of energy.
Accordingly there are found in all organisms specific material
transformations, the sole aim of which is to develop free energy.
Certain chemical reactions which are attended by the formation
of heat serve as energy-producing processes. Such of these
processes as proceed in the absence of oxygen are called fermen-
tations. They are peculiar to a limited group of microsrgan-
isms. Vital oxidation processes are more widely distributed,
result in a considerable development of energy, and are generally
designated as oxygen respiration¢ or simply respiration.

Lavoisier has already pointed out that the respiration of
animals is to be interpreted as a slow combustion, in which oxy-
gen is consumed and carbon dioxide is liberated. The classic
investigations of Th. de Saussure® showed that plant respiration
is essentially identical with the respiration of animals, since the
absorption of oxygen and the formation of CO, are likewise

tde Saussure, Th. Ann. de chim. 24: 135, 227. 1707; Recherches chimiques sur la
végétation. P. 8 and 60. 1804.

o Kostychev’s use of the term “Sauerstoffatmung’ rather than ‘“aerobe
Atmung” is quite in line with the present tendency to avoid the implications
involved in the use of the contrasting terms—aerobic and anaerobic respiration.
The best criticism of the older usage is to be found in an article by W. M. Clark
(Jour. Wash. Acad. Science 14:123-138. 1924). The term “oxygen respiration”
may seem strange but it has the merit of emphasizing the oxidative features of
this phase of respiration. There seems to be no way of avoiding a literal trans-
lation of the phrase “anaerobe Atmung” as “anaerobic respiration.”’—

I



2 PLANT RESPIRATION

found in plant respiration. Saussure also considered the for-
mation of water in plant respiration and explained in an excel-
lent manner the vital significance of the entire process. This
investigator is really to be regarded as the founder of the science
of plant respiration.

Respiration continues without interruption during the life of
the plant and accordingly involves a considerable consumption
of the organic working materials . (Betriebsmaterials). Full
grown green plants make up this loss by the process of photo-
synthesis, while thé chlorophyll-free lower plants replace this
material by means of nutrients absorbed from their environ-
ment. However, in germinating seeds, which respire at the
expense of the reserve food materials, there is a considerable
material loss through respiration. Thus Boussingault! proved
that ungerminated seeds always have a greater dry weight than
seedling plants grown from them, the seedlings not having
developed a photosynthetic activity. For example:

Material Dry wt. Dry v«.rt. Wt. !ost in

of seeds of seedlings germination
46 wheat seeds . 1.665 g. o.712 ¢ I 0953 8 =57%
1 kernel of corn “géant” .. o 5292 g. 0.290 g. "0 23928. = 45%
10 pea seeds 2.2378 I 076 g. 1 161 g = 352%

The analyses carried out by Boussingault established without
doubt that the loss in weight applies only to the carbon, hydro-
gen and oxygen. It is now known that certain sugars form the
normal respiratory material. The entire respiratory process
can then be expressed by the equation:

CeHmOs + 602 = 6C02 + 6H20 + 674 Cal.b

Therefore oxygen respiration is a process antagonistic to the
photosynthetic building of carbohydrate. The production
of sugar by chloroplasts in the presence of light is expressed
by the equation:

6C02 + 6H,0 + 674 Cal. = CeHmOs + 602.
1 Boussingault, J. B. Agronomie, chimie agricole et physiologie 4: 245. 1868,
b This is 674 kg.-calories or 674,000 gram-calories. For the data in the case

of starch ¢f. Palladin’s Plant Physiology (trans. by Livingston), 3rd ed., p. 223.
—Ed.



OXYGEN RESPIRATION 3

Hence it is apparent that through respiration green plants
release again, in the form of chemical energy and heat, and use
for various vital requirements the radiant energy which was
stored up by the sunlight. Plants without chlorophyll are
likewise nourished by substances formed in green plants at the
expense of solar energy. Thus in this case also the solar energy
stored up by the chloroplasts is released.

The above equation of oxygen respiration is of course only
important as a general scheme indicative of a complete vital
combustion of sugar to carbon dioxide and water. If we regard,
with Lavoisier, respiration as a slow combustion, it must be
borne in mind that respiration is not analogous to a pile of wood
burning in the middle of a field but is more like a combustion
of fuel in a steam engine. In the latter case alone is the heat
of combustion not completely dispersed but, by means of
ingeniously designed apparatus, transformed to a large extent
into mechanical energy. Vital combustion in a plant cell also
effects various transformations of energy and causes the mys-
terious apparatus of the living protoplasm to function.: We
therefore regard respiration as a characteristic criterion of life.
Respiration becomes more energetic with increased activity.
On the contrary if the spark of life burns feebly, the respiratory
metabolism gradually fades out.

2. THE GAS EXCHANGE OF RESPIRATION

Although the respiratory energy amounts to but a small
fraction of the amount of photosynthetic energy of the green
plants,! it is a matter of importance that the respiratory gas
exchange continues day and night. On this account the con-
sumption of respiratory material, calculated per ‘unit of living
substance, is very important. The respiratory energy is
largely dependent upon the stage of development and the
amount of living substance. In plant organs which are growing
rapidly and which are rich in protoplasm, the respiratory metab-

olism is scarcely less than that of animal organisms.

1 Cf. e.g. Willstiitter, R. und A. Stoll. Untersuchungen uber Assimilation der Kohlensaure,
1018; Kostytschew, S. Ber. d. bot. Ges. 39: 319. 1921,

¢ It is quite certain that the solar energy acts directly no further than the
synthesis of a hexose sugar (possibly as far as sucrose). All other energy avail-
able for the life and growth of the cell must come from respiration.—Ed.
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The amount of CO, given off from a unit of living substance
per unit of time serves as a measure of the respiratory energy.
Ordinarily one is content with a calculation of the CO,-produc-
tion per gram of dry weight. Still it is evident that no great
accuracy is possible with this kind of calculation. The per-
centage of protoplasm is not uniform in the various plants and
parts of plants, the respiratory gas exchange of which depends
entirely upon the activity of the living substance. Only the
cells of embryonic tissues are filled with protoplasm while in the
cells of differentiated tissues the plasma at the most forms
merely an inner lining of the wall. There are some tissues such
as wood and cork, consisting for the most part of dead cells,
which do not respire at all. On this account some investigators
have attempted to develop more exact methods for the deter-
mination of the respiratory energy. .

Palladin? attempted to explain the dependence of respiration
on the amount of living substance through the determination,
for the research materials, of the amount of N in the proteins
which are undigested by. gastric juice. He regarded this nitro-
gen as the nitrogen of nuclein which forms the chief part of the
protoplasmic structure. The quantity CO,/N. i.e. the amount
of CO, given off from the research material divided by the
nitrogen of the undigested protein, is, according to Palladin, the
correct measure of respiratory energy, z.e. of the CO, produced
by the unit weight of protoplasm.

Nevertheless this kind of calculation is also linked with una-
voidable sources of error. Gastric juice leaves undigested not’
only nucleins but also some reserve proteins such as prolamine.
But in every case Palladin’s method, in spite of objections on
the part of various investigators, is more exact than the simple
calculation of the carbon dioxide per unit of fresh or dry weight
of the research material.

A still more accurate calculation might be possible, to be sure.
For this purpose one should refer the respiratory carbon dioxide
to the phosphorus of nuclein or to the purine nitrogen; but such

determinations would never be carried out. They are so tech-

1 Palladin, W. Rev. gén. de bot. 8: 225. 1806; r1: 81. 18900; 13: 18. 1901; Hett-
linger, A. Ibid.13:248. 1901;Burlakoff. Arb. d. Naturf.-Ges.1n Charkow Vol. 31. 1897;
and others.
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nically bothersome that they do not well merit consideration
for numerous quantitative experiments. On the other hand,
the simple calculation by total weight is permissible in cases in
which one deals with materials which contain no considerable
number of dead cells and exhibit no very great cellulose content.
Useful comparative material yields such results in the case of
investigation of lower organisms or embryonic organs of
seed-plants. The respiratory energy of various plants and
plant parts is illustrated by the following table, compiled from
the experimental results of several investigators. The quantity
of the carbon dioxide liberated or of the oxygen absorbed is
computed throughout for 1 gram dry weight.

RESPIRATORY ENERGY

PLANT MATERIAL TEMP. IN 24 Hours
Entire young wheat rootst . ..., 15-18° 67 9 cc. Q2 absorbed
Older wheat roots!........ . . . 15-18° 82 8 cc. Oy absorbed
Entire young rice roots! R 14-17° 44 4 cc. Opabsorbed
Older rice roots! ........ .. 14-17° 55.1 cc. Oz absorbed
Roots of Lamiam album!. . 18-19° 62.5 cc. O; absorbed
Roots of Mentha aq iatica® . . 18-19° 37.2 cc. Opabsorbed
Roots of Caltha palustris®. .. . . 18-19° 19.1 cc. Op absorbed
Leaves of Phleum pratense .o 20-21° 27 2 cc. O; absorbed
Leaves of Lolium italicum!.. . 19-20° 24 8 cc. Oz absorbed
Leaves of Phragmites communis! 19-20° 12 8 cc. Op absorbed
Leaves of Veronica Beccabunga 16-17° 24 8 cc. O; absorbed
Leaf buds of Syringa vlgaris? .. 15 35. cc. COqliberated
Leaf buds of Ribes nigrum? 15°  48. cc. CO, liberated
Leaf buds of Tilia europea? .. 66. cc. CO; liberated
Sphagnum cuspidatum (moss)? . 32 g cc. COq liberated
Hypnum cupressiforme (moss)? .. 17 2 cc. CO. liberated
Germ. seeds of Sinapis nigra? 16°  58.0 cc. CO. liberated
Germ. seeds of Lactuca sativa® . . . 16° 82 5cc. CO; liberated
Germ. seeds of Papaver somniferum 16° 122 o cc. CO; liberated
Azotobacter chroococcum®...... .... . 709 5 cc. CO. liberated
Aspergillus niger 4 day cultures on quinic acid® 276 1 cc. COq liberated
Aspergillus niger 3 day cultures on quinic acid® 682.0 cc. CO, liberated
Aspergillus niger 2 day cultures on quinic acid® 1751 cc. CO liberated
Aspergillus niger 2 day cultures on quinic acid® 1800. cc. CO; liberated
Aspergillus niger 2 day cultures on quinic acid® 1874. cc. CO, liberated
Bacillus mesentericus wulgatus®. ............... . 1164.3 cc. Oz absorbed

1 Freyberg. Landwirtschaftl. Versuchs-Stationen 23: 463. 1879,

2 Garreau. Ann. des sci. nat, (III) 185:1. 1851,

3 J¥nsson, B. Compt. rend. 119: 440. 1804.

4 Stoklasa, J. Ber. d. bot. Ges. 34: 22. 1906; Zentralbl. f. Bakt., Parasitenk. u. Infek-
tionskrankh. (II) ax: 484. 1908.

s Kostytschew, S. Jahrb. f. wiss. Bot. 40: 563. 1004.

¢ Vignol, M. Contribution a I'étude des Bactériacées. 1889.
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From this table it is apparent that in some cases the energy
of plant respiration is not less than that of animal respiration.
The respiration of microérganisms is particularly intensive dur-
ing the period of a rapid development. The mold A4spergillus
niger is noted for its fabulous speed of growth. In 2 to 3 days
rank, matted layers of mold develop on suitable nutrient solu-
tions. The rate of respiration of A spergillus niger is correspond-
ingly extraordinary among the lower organisms.

In the case of seed-plants the rate of respiration is also
dependent to a marked degree upon the rate of growth.¢ To
be sure, resting §eeds show a decline in weight which is traceable
in part to loss of water and in part to respiration, yet it is
evident from the direct quantitative determinations of Kolk-
witz,! that the respiration of resting seeds is utterly unimpor-
tant. The respiratory energy of 1 kg. of seeds is 1 cc. of CO,
[for 24 hours] with a water content of 10-11%. It is worthy of
note that an increase of the water content of seeds to 33%
increases the CO.-formation to 1200 cc. per kilogram. Of
course it remains undecided whether this process is to be
regarded as true respiration or merely as a spontaneous autoxi-
dation of various labile substances contained in the seed coats.?
Completely soaked seeds liberate very considerable amounts
of CO,.

In the course of the germination of the seed the rate of growth
increases during the first days, then gradually becomes smaller.
The graphic representation of the process gives the so-called
grand curve of growth. If one follows the course of respiration
during the grand period of growth, one obtains the so-called

grand curve of respiration of germinating seeds.® It is similar

! Koltkwitz, R. Ber. d. bot. Ges. 19: 285. 1901 see also Muntz. Compt. rend. 92: 97,
137. 1881

? Becquerel, R. Compt. rend. 138: 1347. 1904; 143: 974, X177. 1906; Ann. sci. nat.
Bot. (IX) s: 103. 1907.

3 Mayer, A. Landwirtschaftl. Versuchs-Stationen 18: 245-270. 1875; Rischawi. Ibid.
X9: 321~-340. 1876. The first determination of respiration of germinating seeds we owe
to de Saussure. Mém. soc. phys. de Genéve 6: 557. 1833.

4 The respiration of plants older than seedlings has been followed by Kidd,
West and Briggs (Proc. Roy. Soc. London. B. 92: 368. 1921) in the case of
Helianthus annuus. Their respiratory index declines steadily with increasing
age of the plant. Hover and Gustafson (J. Gen. Physiol. 10: 33-39. 1926-27)
observed a decrease followed by a gradual increase after middle age, using leaves

of cereal plants.—Ed.
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throughout to that of the grand period of growth.e During
the first days of germination the respiratory energy gradually
increases, finally reaches a maximum and then decreases again
at the end of germination. This connection between the curves
is easily understood. The mechanical energy required for the
formative processes of growth is developed in the respiratory
processes. An increase of energy consumption requires a cor-
responding increase of energy production. Careful experi-
ments showed that embryonic, growing organs respire more
vigorously than endosperm.!

In the ripening of seeds the energy of their respiration grad-
ually becomes weaker and reaches a minimum value at the
time of the complete dessication of the mature seeds.2

There is an intensive respiration in flowers which in general
develop quickly and last but a short time.? According to the
data of de Saussure,* sexual organs respire more vigorously
than involucral leaves. After pollination the respiration of the
fruiting growth becomes very vigorous, a condition which is
obviously connected with the formative processes in the organi-
zation of the embryo.

The analyses of de Saussure show that the respiratory energy
of flowers reaches a value of 2—414 times that of foliage
leaves.® According to the most recent data, leaves which are
rich in anthocyanins exhibit especially vigorous respiration.
With these the oxygen absorption is said to be very great.®
The chlorophyll free, parasitic phanerogams respire fairly

intensively according to the older researches of various writers.

1 Burlakoff. Arb. d. Naturf.-Ges. Charkow. Suppl. 1 to vol. 31. 1897.

2 Appleman and Arthur. Amer. Jour. Bot. §: 207. 1918; Jour. Agr. Res. Vol. 17, no. 4.
1919,

3de Saussure. Rech. chim. sur la végétation. 1804; Ann. de chim. et de physique.
(II) 21: 279. 1822

tde Saussure. loc. cit.; Cahours. Compt. rend. S1: 496. 1864; Maige, A. Ibidl. 143:
104. 1006; Rev. gén. de bot. 19: 9. 1907; Maige, G. Ibid. 21: 32. 1909.

s de Saussure. loc. cil.

¢ Nicolas, G. Compt. rend. 165: 130. 1918,

¢ This is the well-known sigmoid curve of autocatalysis. It is only recently,
however, that the conception of growth as an autocatalytic process has been
correctly applied in deriving the exact equation for a given growth curve. Cro-~
zier (J. Gen. Physiol. 10: 53-73. 1926-27) has shown how precisely the growth
of an animal (the rat) and a plant (sunflower) follows the correct equation for
autocatalysis. The grand curves of both plant respiration and plant growth

should be further tested by the same method.—Ed.
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The, ratio of the expelled carbon dioxide to the absorbed
oxygen is called the respiratory quotient and is written %22

CO, . . . . .
The value of -():2 is subject to various fluctuations which can

not be traced to the antagonistic incidents of the CO,-assimila-
tion of photosynthesis in green leaves. The equation of aerobic
respiration

C3H1205 + 602 = 6C02 + 6H20

states, of courses on the basis of the law of Avogadro that the
volumes of CO; and O, in the gas exchange should be equal.
This holds in many cases, but various kinds of deviations from
this regularity are possible. This can come from the following
reasons.

I. Simultaneously with the oxygen respiration there also
takes place an independent absorption of oxygen for other
purposes. ‘The extra oxygen is used in the formation of organic
carboxylic acids and othertompounds rich in oxygen. In all

CO, ., .
such cases -0—2 is less than 1. As a common example of this
2

type there are those respiratory processes which occur in seed
germination® just as in general in vigorous growth and vege-
tative development.? Also the storage of organic acids in
ripening fleshy fruits and in succulents effects a depression of

the value of C02
0.

II. In other cases, on the contrary, a surplus of CO, is formed
by processes which proceed without an absorption of oxygen.
Very common is the case in which oxygen respiration and
alcoholic fermentation take place simultaneously. With this

.. CO; ,
condition —6? is greater than 1. In the early stages of ger-
2
mination of some seeds whose compact seed coat is scarcely
permeable to oxygen, alcoholic fermentation stands out as the
normal process of germination, so long as the seed coat is not
1 Bonnier, G. et Mangin. Ann. des. sci. nat. (VI) 18: 364. 1886.

2 Palladin, W. Ber. d. bot. Ges. 4: 322. 1886, Constamm. Rev. gén. de bot. Vol. 28
as far as p. 539. 1014.
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pierced by the radicle.! Analogous phenomena are to be found
in the respiration of yeast? and some of the Mucoraceae.?
Here there is oxygen respiration as well as alcoholic fermenta-

. CO. ,
tion and 0, is greater than 1.

. .. CO . .
III. Various fluctuations in the value of ~=— can originate

O,
as a result of the given respiratory material having a percentage
composition different from that of sugar. This is the most

. . CO.
common basis of ‘“‘abnormal” size of —O—-—.f For example,
2

after the complete consumption of the sugars and by way of a
satisfactory substitution, the plants begin to burn the protein
material of their protoplasmic framework, and in consequence
CO. . . .

0y falls to 0.70-0.80: that is to say, protein is poorer in
oxygen than sugar and so uses up, for complete combustion
to CO,, H:0 and N, a greater quantity of atmospheric oxygen
per unit weight. In other cases thcre is consumed the ethyl
alcohol which is split off under unfavorable conditions of
aeration (see above). The total combustion of alcohol involves

a lower value of QQg:
0.
CHs‘CHzOH + 302 = 2C02 + 3H20
COz 2
0, = 3 = 0.66.

This process stands out as the normal phenomenon in the
germination of pea seeds up to the time that the compact seed
coats burst. The alcohol which is split off in the first stages of

germination (see above) is burned with a considerable oxygen

! Polowzow, V. Untersuch. uber Pflanzenatmung. 190r [Russian]; Kostytachew, S.
Biochem. Z. 1§5: 164. 1908; Physiol.-Chem. Untersuch. uber Pflanzenatmung. 1910.
[Russian.]

2 Buchrer, E., H. Buchner und M. Hahn. Die Zymasegarung. P. 350. 1903; Kosty-
tschew, S. und P. Eliasberg. Z. {. physiol. Chem. 111: 141. 1920. [Meyerhof, O. Bio-
chem. Z. 168: 43. 1925.]

3 Kostytschew, S. Zentralbl. f. Bakt., Parasitenk. u, Infektionskrankh (II), 13: 490.
1904.

/ Another cause for marked fluctuations is the amount of water contained in
the tissues, according to Mayer, A. et L. Plantefol. Compt. rend. 181: 131~
132. 1925. In general the respiratory quotient varies inversely with the total
amount of water imbibed.—Ed.
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consumption.! In this case the respiratory quotient is very
small.
In other cases, however, materials rich in oxygen, such as

organic acids, might proceed to a complete combustion, which
0,

would bring about an appreciable increase in the value of 902--
For example, the respiratory quotient for the complete oxida-
tion of oxalic acid is theoretically 4:
2COOH—COOH + O, = 4CO; + 2H,0.
CO: _ 4 _
4 0, 1
In the case of this oxidation the heat production is really

insignificant. In the oxidation of tartaric acid - o 2 equals 1.6:
2

2COOH—CHOH—CHOH- COOH + 50, = 8CO; + 6H,0.
CO, 8
‘6; = 5 = 1.6.

Further on the evidence will be brought out that all reserve,
nitrogen free substances &nsumed by respiratory processes
are burned by way of the intermediate stage of sugar. By this
means the theoretical value of the respiratory quotients of the
above materials will naturally not be influenced. It is enlight-
ening that in the case of the transformation of a non-carbo-
hydrate into sugar exactly the same amount of oxygen is
separated or consumed which, with a direct combustion, brings
about the ‘‘abnormal” value of the respiratory quotient.

Hence in the respiration of oily seeds, low values of 07—3 would
2

be observed,? a condition which is connected with the fact that
fats change over into sugars.® If fatty seeds are nourished with

2 .
prepared sugar, 0. reaches the normal value, 1, since under
2

these conditions a direct ¢ombustion of sugar ensues and the
respiration of fat is discontinued.* In the case of the ripening

of oily seeds, on the contrary, the quotient is greater than 1

1 Kostytschew, S. Physiol.-chem. Untersuch. uber Pflanzenatmung. 1910. Russian.

2 Godlewski, E. Jahrb. f. wiss. Bot. 13: 491. 1882,

s Liaskowski, N. Chemusche Untersuch. uber die Keimung von Kurbissamen. 1874.
Russian.

¢ Polowzow, V. Untersuch. uber die Pflanzenatmung. 190r. Russian.
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because carbohydrate is changed into fat, whereat a certain
amount of oxygen is set free. Accordingly the absorption of
atmospheric oxygen for respiration must decrease, since a part
of the carbon compounds are oxidised to CO. by the oxygen
left from the fat formation.?

For experimental studies of %0—2’ the rapidly growing and
2

energetically respiring molds are very suitable. Studies carried
out with them have proven that the respiratory quotient is not
exactly the same for various sources of carbon.? With the
very abundant respiration of Aspergillus niger, the expected

. 2 . . .
theoretical values of 0 ‘for various organic nutrients can be
2

established analytically.?
On the basis of this evidence we may conclude that the heat
production of respiration may not always be traced to a direct

. 2.
combustinir of sugar. This is permissible only when —=—is
2

., CO . .
equal to 1. wkile 0 ® > 1 indicates a lower heating effect. As
2

to what a value less than 1 indicates, no definite conclusion is
possible since the low value of the respiratory quotient can
depend upon various conditions. If complete combustion of an
oxygen poor respiratory material (such as fat) takes place the
heating effect is, of course, very great but if only an oxygen-
tying action, which does not result in complete combustion,
is involved, the heating effect in such cases remains small.
Unfortunately the formation of water in plant respiration
has been insufficiently studied. This is all the more to be
regretted since the amount of water formation in many cases
can serve as a criterion of a complete combustion of respiratory
material. Direct analytical determinations of the water
formed in respiratory processes are to be found in the older work
of N. Liaskowski,* yet the question of water formation in

1 Godlewski, E. loc. cst.

2 Diakonow, N. Ber. d. bot, Ges. §: 115. 1887; Puriewitsch, K. Jahrb. f. wiss. Bot
35:573. 1900. .

3 Kostytschew, S. Jahrb. f. wiss. Bot. 40: 563. 1904.

¢ Liaskowski, N. loc. cit.; ¢f. also Landwirtschaft. Versuchs-Stationen 17: 219. 1874.
[For a brief description of the experiments of Liaskowsk: see Paltadin’s Plant Physiology
(trans, by Livingston) 3rd ed., p. 220~-221.]
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respiration is not settled by them since the continual hydrolytic
processes evoke appreciable but unexplored fluctuations of
water formation.? Experimental studies of water formation are
rendered difficult by reason of the complicated methods and
manifold sources of error; in spite of this there is an urgent need
to remedy such a serious omission.

3. PRODUCTION OF RADIANT ENERGY IN PLANT
RESPIRATION

Plant respirati9n, like all slow combustions, involves a pro-
duction of heat. The amount of heat depends upon the given
respiratory material. Since in plant respiration carbohydrate
serves for the most part as direct material for combustion, we
may select as the point of departure for theoretical considera-
tions the heat of combustion of 1 molecule of grape sugar. This
amounts to 674 Calories.! It was pointed out above that we

. . CO, .
may assume a direct oxidation of sugar only when 0 s

exactly 1 as shown by the g'zs analysis.

Plants provide no thermo-regulatory contrivances. For
that reason the temperature of the plant body is for the most
part hardly different from that of the surrounding medium.
Thus, at first sight, it appears that plant respiration produces
no heat. In some cases in which moderately large plant organs
evince a considerable respiratory process, a direct increase in
temperature is at once perceptible.? Thus a direct measure-
ment of temperature shows that in the Cereus flowers between
the filaments there is a temperature rise of 1.2°.® In the flowers
of Victoria regia a temperature increase of 12.5° was observed,*
in flower spadices of Arum italicum—a rise of 36°. The tem-

1 Stohmann, F. Jour. f. prakt. Chem. 19: 115. 1879, 31: 273. 1885; Zeitschr. f Biol.
13:364. 1804. [See also the editorial note on page 2.]

2de Saussure. Ann. sci. nat. 21r: 285. 1822; Ann. de chim. et de physique (II) 2x:
279. 1822; Dutrochet. Compt. rend. 8: 741. 1830; 9: 613. 1839, Ann. sc1. nat (II)
13: 1. 1840; and others.

3 Leick, E. Ber. d. bot. Ges. 33: 518. 101I5; 34: 14. 1916,

¢Knoch, E. Untersuch. uber die Morphologie und Biol. der Blute von Victoria regra.
P. 38. 1807.

¢ A strong proof of the existence of such hydrolytic processes resulted from
Bonnier’s studies of heat production during seed germination (Bonnier, G.

Ann. sci. nat. de Bot. (VII) 18: 1-35. 1893).—Ed.
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perature of the spadices then reaches 51° in an air temperature
of 15°.! The heat production of Arum can be further increased
by wounding.? Also in the blossoms of Cerafozamia and some
palms a considerable amount of heat is freed.® Indeed it is
easy to demonstrate a considerable production of heat by many
other kinds of plants if the measurement of temperature is
carried out in a Dewar flask or a similar method used to prevent
dispersion of the heat. In this way it is possible, for example,
to obtain a temperature of 50° with foliage leaves.* Similar
temperatures have been shown by the respiration of seeds of
various cereals. The heating of hay, which reaches a very
high point, is evoked by various bacteria which produce an
enormous amount of heat.® In the case of some plants respira-
tion is accompanied by the formation of not only heat but also
light. The great British physicist Boyle has already noted
that rotting wood does not glow in an air free medium. Phos-
phorescence of plants is actually a result of oxygen respiration.
Included amoeong the phosphorescent plants are some fungi
such as certain species of Agaricus, Polyporus, Auricularia and
others,® not to mention some algae and specific bacteria (Photo-
bacterium and others).” The phosphorescent bacteria soon
perish on the usual nutrient media; the phosphorescence revives
in cultures on fish bouillon. Not until recently was this phos-
phorescence observed on artificial substrates of known com-
position.® It takes place only within fixed temperature limits.
It is worthy of note that phosphorescent bacteria often belong

1 Kraus, G. Abh. d. Naturf.-Ges. Halle. Vol. 16. 1882, Ann. Jard. bot. Buitenzorg.
13: 217. 1896,

2 Sanders, C. B. Report Brit. Assoc. York. P. 730. 19006. [Experiments with the
so-called wound stimulus are of little value because they provide such radical changesin the
inter-relations of the several parts and components of the tissue affected. The increase in
the exposed surface and the interference with the normal conditions of permeability are but
two of the changed factors which could only be expected to increase the respiratory
processes.]

4 Kraus, G. loc. cil.

4 Molisch, H. Bot. Zeitg. 66: 211. 1908; Zeitschr. f. Bot. 6: 305. 1914.

s Literature references of Miehe, H. Die Selbsterhitzung des Heues. 1907; ¢f. alsn
Gorini, C. Atti d. Reale. Accad dei Lince:, rendiconto (V) Vol. 23, pt. 1, p. 984. 1914;
Burri, R. Landwirtschaftl. Jahrb. 33: 23. 1919; and others.

¢ Smith, W. G. Gardeners’ Chronicle 7: 83. 1877; Crié, L. Compt. rend. 93: 853
1884; Kutscher, F. Z. f. physiol. Chem. 23: 109. 1897; Atkinson. Bot. Gaz. 14: 19.
1889; and others.

7 Beijerinck. Medd. Akad. Amsterdam. 1890. No. II. p. 7; Molisch, H. Leuchtende
Pflanzen. 2nd ed. 1912,

8 Chodat, R. et de Coulon. Arch. sc1. phys. et nat. Genéve (IV) 41: 237, 1916.
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to the group of decay fungi which grow well on proteins alone
(i.e. in the absence of carbohydrates). The intensity of the
bacterial light is sufficient to evoke the formation of chlorophyll
in etiolated plants.!

The nature of the phosphorescence consists in this—that in
the respiration of the phosphorescent plants there.are formed
certain materials which glow after death and are designated as
luciferins. Their chemical nature is not yet established but it is
very probable that they are to be classed in the group of pro-
tein compounds? and are formed under the influence of specific
enzymes.? Moregver, it is well-known that a few organic
compounds glow with slow oxidation.

Various workers have endeavored to determine quantitatively
the respiratory energy used up by plants. It is enlightening
that the fraction of the total energy of respirgtion which is
not dispersed in the form of radiant energy but is used in the
protoplasm for various vital needs, may, under some conditions,
be moderately small. We know how insignificant is the eco-
nomic quotient [efficiency] of our steam engines and other
heat apparatus. The first calorimetric determinations were
carried out with resting organs;* no wonder that in this case
the radiant energy produced by the respiration was practically
equal to the total heat of combustion of sugar. The following
table of Rodewald shows what quantity of heat corresponds to
the production of 1 cc. of CO, or the absorption of 1 cc. of
oxygen.

CO, 0, CO: | Heat produced |[Heat in Cal.| Heat in Cal.
given off| absorbed | "O," in Calories per cc. CO, per cc. Oy
6.175 5 842 1.06 30.3 4.91 5.19
4.883 4 354 | 1.12 19.7 4 03 4.53
4.625 4.507 1.03 19.6 4.24 4.35

1 Isatschenko, B. Abh. d. bot. Gartens in St. Petersburg 11: 31, 44. I191I.

2 Dubois, R. Compt. rend. 111: 363. 1800; 123: 653. 1806; 183: 690. 101I; 168:
33. 1917; 166: 578, 1018; Compt. rend. des séances de la soc. de biol. 8xr: 317. 1018;
82: 840. 1910,

? Dubois, R. loc. cit.,; Harvey, E. N. Amer. Jour. Physiol. 44: 449. 1916; 45: 318, 342,
349. 1917; J. Gen. Physiol. §: 275. 1922-23.

¢ Rodewald. Jahrb. f. wiss. Bot. 18: 263. 1887; 19: 221. 1888; 20: 261. 1880,
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The determinations of Bonnier! showed an even greater
heat production as it corresponds to the total oxidation of
sugar (respiration is, as we know, not the only source of energy
of living cells). The more recent exact studies of L. C. Doyer?
yielded still other results. It was shown that, during the
periods in which intense growth and formative processes are
taking place, as is the case for example during the early days of
seed germination, the greater part of the respiratory energy is
used for vital needs and only a little energy vanishes in the
form of heat. E.g.,

WHEAT SEEDLINGS

Respiratory energy per | Energy directly measure-
Day of o
ermination kg. at 25° (accord. to able as heat per kg. at
g COgs-production) in Cal. 23° in Calories.
2 2135 363
3 3802 540
4 6277 2938
5 6886 3216
6 8837 4341

It is evident that on the second day of germination only 129,
of the total energy is released as heat. The greater part of the
chemical energy is used in the formative processes. Even on the
sixth day only half of the total energy could be measured as heat.

According to the latest determinations, molds liberate the
greater part of the respiratory energy as heat.? In this case
old fungus mats were employed for the experiments. Probably
young, vigorously growing fungus mats would yield entirely
different results.

4. THE INFLUENCE OF VARIOUS EXTERNAL FACTORS ON
OXYGEN RESPIRATION

It was mentioned above that respiration as a constant feature
of life is a criterion of the living condition of the cells. The
modification of the respiratory process under the influence of

external factors might often serve as a direct measure of the

1 Bonnier, G. Ann, sci. nat. (VII) 18: 1. 1893.

2 Doyer, L. C. Medd. Akad. Wet, Amsterdam x7: 62. 1914; Recul des trav. bot.
néerland x3: 372. 1015.

3 Molliard, M. Compt. rend. des séances de la soc. de biol. 87: a19. 1922.
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reaction of the living protoplasm to various stimuli. Hence
various kinds of studies of the action of external stimuli on
respiration have been carried out by many investigators.
We shall consider them briefly. The chief aim of modern
investigation is the solution of the problem of the real nature
of respiration; these questions are treated under the following
topics.?

The Influence of Temperature on Respiration.—Many
plants still respire at temperatures which are far below 0°.!
Thus the respiration of the leaves of conifers and Viscum
continues at —2p°,? although at a very slow rate. An increase
in temperature always effects an increase of the respiratory
energy in connection with which for the most part‘ the law of
van’t Hoff? prevails, that the temperature coefficient? js 2 — 3

! Kreusler, U. Landwirtschaftl. Jahrb 17: 161. 1888.

¢ Maximow, N. Bot. Jour. d. Naturf.-Ges. 1n Petersburg. 1908. P. 23.

3van’t Hoff. Vorlesungen. Vol. 1, p. 229, Arrhenius, S. Z. f. physikal. Chem. 4: 226.
1889; Matthaei, G. L. C. Phil. trans. roy. soc. B. 197: 47. 1904; Blackman, F. F. and
Matthaei. Proc. Roy. Soc. London. B. 76: 402. 1905; Smith, A. M. Proc. Camb. Phil.
Soc. 14: 206. 1907; and others.

b A direct relationship betweefi tiit rate of respiration and the percentage con-
tent of water in the moss, Hypnum triquetrum, has been reported by Mayer et
Plantefol. Ann. Physiol. et Physicochim. Biol. 1: 239-280. 1925.—Ed.

+The agreement is closer for temperatures below 25°C ; ¢f. also Kuijper.
Extr. Trav. Bot. Néerland, 7: 130. 1910.—Ed.

1 The term ‘‘temperature characteristic”” has been proposed by Crozier (J.
Gen. Physiol. 7: 123. 1924-25 and other papers) as a name for the quantity
u, or E, in the Arrhenius-Marcelin-J. Rice equation for velocity of a chemical
reaction as controlled by temperature, this being of greater theoretical signifi-
cance than the Qo ratio. From the results of numerous experimental studies and
the analyses of existing records, Crozier has calculated u (the critical thermal
increment) of the Arrhenius equation

1 I

K _ (5 1)

K,
for a number of vital processes including respiration. It appears that there are
two, probably three, well-defined temperature characteristics’ for respiration,
11,500, 16,200, and 8,000 (Crozier, W. J. J. Gen. PhysioI. 72 189—216.
1924-25). Each of these may be understood as a measure of the heat of activa-
tion for one molecule of the substance used in the respiratory process, or of the
respiratory catalyst. There is reason to think that the value 11,500 indicates
the existence of hydroxyl ion catalysis as the ‘“slow reaction’ in such a catenary
series as A — B — C, while 16,200 marks a slower aerobic respiration (possibly
catalysed by Fe). Hence the precise study of the influence of temperature on
respiration may lead to a more detailed knowledge of the chemical reactions
involved.—Ed.
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as for all reactions of organic materials. Contrary to the
opinion of various older workers, at present it can be con-
sidered as proven that for plant respiration there is no opti-
mum temperature. The amount of the carbon dioxide given
off increases regularly with the gradual increase in temperature,
finally reaches a maximum value and remains at the same
level until the death of the plant from the high temperature!
(at about 50°). Marked temperature fluctuations effect an
increase in the respiratory energy.? It can hardly be doubted
that we have to do here with a complicated irritation effect
(Reizwirkung). The same explanation also holds for the
influence of warm baths on respiration.? The warm bath is a
strong irritation effect which in horticultural practice is used
to shorten the latent period of winter.

If a complete combustion of respiratory material takes place

. o CO; . .
In respiration. "0, Temains perfectly constant for various
4 2

temperatures.* It does not remain so in the case of succulents,
which with lower temperatures effect an incomplete oxidation
of sugar and take in a surplus of oxygen which serves for the
formation of organic acids. With higher temperatures the
sugar is burned without a residue and the respiratory quotient
is equal to 1.?

The Influence of Light on Respiration.—The stimulatory
effect of light on the respiration of plant parts containing
chlorophyll® is undoubtedly due to the fact that particularly
in the light there are formed carbohydrates which then serve as
respiratory material. The respiration of chlorophyll free plants
and plant parts is practically unaffected by light” or is some-
what retarded.® It must be noticed, however, that all inves-

! Bonnier, G. et Mangin. Ann. sci. nat. Bot (VI) 17: 210. 1884; 19: 217. 1884.

2 Palladin, W. Rev. gén. de bot. 11: 241. 1899.

3Iraklionoff. Jahrb. f wiss. Bot. §1: 515. 19012; Arb, d. Petersb. Naturf.-Ges. 42: 241.
1911,

¢« Punewitsch, K. Ann. sci. nat. bot. (VIII) 12 1. 1905.

5 Aubert, E. Rev. gén. de bot. 4: 203. 1892.

¢ Borodin, J. Physiol. Untersuch. uber die Atmung der Laubsprosse. 1876. Russian.

7 Maximow, N. Zentralbl. f. Bakt., Parasitenk. u. Infektions-krankh. (II) 9: 193. 1902,

8 Bonnier et Mangin. Compt. rend. 96: 1075. 1883; 99: 160. 1884; 102: 123. 1886;
Ann, sci.. nat. bot. (VI) 17: 210. 1884; 18: 203. 1884; 19: 217. 1884; Elfving. Studien
uber die Einwirkung des Lichtes auf die Pflanze. 1890; Léwschin, A. Beih. z. bot. Cen-
tralbl. 23: 54. 1907.

2
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tigations of the influence of light on plant respiration have been
carried out in the absence of materials sensitive to light. It
would be most interesting to perform experiments with inten-
sive illumination, on the action of catalysts sensitive to light
on the respiratory changes. Likewise in the study of the effect
of light, the influence of the heating of the material by the rays
of light has not always been taken into consideration.* A.
Mayer and Deleano!® noted a daily periodicity in the intensity
of respiration under natural conditions. Spoehr? has made the
interesting assumption that during the day the respiration of
plants is increasgd by reason of the fact that under the influence
of the sun’s rays an ionization of the atmospheric oxygen takes
place and in consequence thereof autoxidation is instigated in
the protoplasm.

The Influence of the Concentration of Oxygen on Respira-
tion.—Saussure® has already pointed out that a reduction of
oxygen content in the surrounding atmosphere to half the
normal concentration has no effect on plant respiration. Wil-
son* subsequently proved shat plants respire normally in an
artificial mixture of o.2 parts atmospheric air and 0.8 parts
hydrogen, and indeed exhibited the same rate of respiration as
in ordinary air. Even with an oxygen content of 1%, no check-

0,
0,
grew larger only with a very low content of oxygen (1-2%).?

ing of plant respiration could be noted. Likewise the ratio -

1 Mayer, A. und Deleano. Zeitschr. f. Bot. 3: 657. 19IT1.

2 Spoehr, H. A. Bot. Gaz. 89: 366. 1015 [This hypothesis has been tested recently
by students of Blackman who have increased the iomzation of air by exposure to polo-
nium. Middleton (Ann. of Bot. 41:343-356. 1927) used barley seedlings and Whimster
(Ibsd. 41: 357-374. 1927) worked with leaves of Pelargonsum zonale. Under carefuly con-
trolled conditions, both workers found that the rate of COs-production 1s appreciably
increased by the presence of a high concentration of ions 1n the air, the effect being
greater with the green leaves.}

3 de Saussure, Th. Mém. de la soc. phys. de Genéve 6: 552. 1833.

4 Wilson. Untersuch. aus d. bot. Inst. Tubingen 1: 685, 1885,

§ Johannsen, W. Untersuch. aus d. bot. Inst. Tubingen x: 716. 188s; Stich, C.

Flora. 74: 1. 1891.
* k Neither has the strength of the illumination been properly measured. As
illustrations of the results obtained by the use of the katharometer in studying
both respiration and photosynthesis, Waller (New Phyt. 25: 109-118. 1926)
gives a few measurements which do recognize the several factors that must be
measured.—Ed.
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In pure oxygen plants respire more vigorously but are soon
killed by it.?

The question has also been raised whether a deficiency of
oxygen does not exist naturally in the interior of large plant
parts because of the insufficient aeration. Older workers?
expressed their opinion that the systematic arrangement of
plant organs precludes a deficiency, yet it subsequently appeared
that this question is complicated. It was shown that living
wood parenchyma cells,® roots,* and germinating seeds with
compact, swollen coats® have an oxygen deficiency under
natural conditions. In large fruits the composition of the gas
mixture in the internal hollow spaces is not the same as that of
the atmospheric air. An analysis of the gas contained in the
hollow of a large pumpkin gave the following result: CO, =
2.52%, Os = 18.29%.% 1In this case of course there can be no
question of an oxygen deficiency.” The assumption is not
precluded thut some plants store quite large amounts of loosely-
bound oxygen. This oxygen is set free in an active condition
when needed and is used in the oxidation of the respiratory
material.

The Influence of CO,-concentration on Respiration.—Green
plants can tolerate high concentrations of CO, in the light
without injury. However, according to de Saussure, a 4%
content of carbon dioxide injures plants. With a high content
of CO. seed germination is entirely checked,® but is again
started upon restoration of the normal composition of the sur-

1Borodin, J. Bot. Zeitg. 39: 127. 1881; Déhérain et Landrin. Compt. rend. 78:
1488. 1874.

* Pfeffer, W. Abh. Math-physik. Klasse Sachs. Ges. d. Wiss. 15: 449. 1889; Celakow-
ski. Flora. 76: 194. 1892,

3 Devaux. Compt. rend. 138: 1346. 1809; Mém. de la soc. sciences phys. et natur.
Bordeaux. June 15, 1899.

4 Stoklasa, J. und A. Ernest. Jahrb. f. wiss. Bot. 46: §55. 1900,

 Kostytschew, S. Biochem. Z. 15: 164. 1908, Physiol.-chem. Untersuch. uber die
Pflanzenatmung. 1910. Russian.

¢ Devaux, H. Ann. sci. nat. bot. (VII) 14: 297. 1891; Rev. gén. de bot. 3:49. 180r.
[Langdon and Gailey (Langdon. Jour. Amer. Chem. Soc. 39: 149. 1917; Langdon and
Gailey. Bot. Gaz. 70: 230. 1920) report carbon monoxide as a respiratory product in the
hollow pneumatocysts of Nereocystis Luetkeana. The bladders contain nitrogen, oxygen
(15 to 25%), carbon monoxide (1 to 12%) and no carbon dioxide.]

7 Gerber. (Ann. sci. nat. bot. (VIII) 4: 1. 1896) attempted to prove that a considerable
oxygen deficiency often prevails in the interior of fleshy fruits on account of which alcoholic
fermentation is introduced as a normal process 1n fruits.

8 Bernard, Cl. Lecons sur les effets des subst. toxiques. 1883. P. 200.
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rounding atmosphere.! Protoplasmic streaming is also stopped
by CO,.? It is worthy of note that the respiratory quotient
is not altered in the presence of 40%, CO,.?

The Influence of Nutrient Materials on Respiration.—Boro-
din* first showed that carbohydrates, which are formed in the
light in green parts of plants, increase the rate of respiration.
Subsequently the important significance of the sugars for
respiration was established beyond doubt by several investi-
gators. Particularly instructive in this connection are the
experiments of Palladin® who nourished green and etiolated
young leaves of various plants with solutions of sugars and
other organic nutrient materials and then measured the respira-
tory intensity of the plants. Itappeared thatleaves which con-
tain a very small supply of carbohydratesin general respire feebly.
The application of sugar to such leaves always effected a very
appreciable increase in the rate of respiration. The fluctuations
of the respiratory quotient as influenced by the percentage
composition of the organic nutrients were described above.

The Influence of Concéntrations of Various Solutions on
Respiration.—For molds and other lower plants growing on
solutions of various organic materials the concentration of
the solution is of salient importance. On concentrated sugar
solutions the respiration is generally weaker than on dilute
solutions.® The same rule was confirmed for young leaves of
seed-plants when they are artificially nourished with sugar.”
The checking action of high concentrations of sugar is apparently
due to osmotic action. Solutions of mineral salts also produce
the same effect.® In other respects the action of mineral sub-
stances on oxygen respiration of plants is quite a complicated
process.® Antagonism of the metallic ions [cations] plays an

1Kidd, F. Proc. Roy. Soc. London. B. 87: 609. 1914; 89: 136, 612. 1915,

2 Lopriore. Jahrb. f. wiss. Bot. 28: 571, 1805,

3 Déhérain et Maquenne. Ann. de la science agronom., frang. et étrangere. Vol. 12, 1886.

4 Borodin, J. Physiol. Untersuch, iiber die Atmung der Laubsprosse. 1876. Russian.

§ Palladin, W. Rev. gén. de bot. 5: 449. 1803; 6: 201. 1804; 13: 18, 190I; Maige, A.
et G. Nicolas. Compt. rend. 147: 139. 1908; Rev. gén. de bot. 22: 409. 1910.

¢ Kosinski. Jahrb. f. wiss. Bot. 34: 137. 1902,

7 Paltadin, W. et Komleff. Rev. gén. de bot. 14: 497. 1902.

8 Inman, O. L. J. Gen. Physiol. 3: 533. 1920-2I.

¢ Krzemueniewski, S. Bull. acad. Cracovie 1902; Zaleski, W. und Reinhard. Biochem.
Z.!za: 103. 1909. [For a thorough study of the effect of various concentrations of salts of
the heavy metals see Cook, S. F. J. Gen. Physiol. 8: 575-601. 1925-26.]
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important réle. Protoplasmic poisoning by unbalanced solu-
tions is at once revealed by a reduction in the rate of respiration.
Balanced solutions, on the contrary, produce no injurious effect
and the rate of respiration remains normal.!

The Influence of Chemical and Mechanical Stimulating
Effects on Respiration.—It is known that the reaction of living
protoplasm to various stimulating effects is subject to definite
laws.» Weak stimulations effect an increased protoplasmic
activity which often exceeds that of untreated protoplasm. A
somewhat stronger stimulation evokes the same effect. After
a certain time, however, there follows a condition of proto-
plasmic fatigue and the activity then follows that of the normal
state. Very strong stimulations result at once in an appre-
ciable decrease in activity.»

The results of stimulation of the living cell may be due to the
alterations of the respiratory process. For example, wounding
evokes an iticreased protoplasmic activity for the purpose of
healing the wound. In this case there is a considerable
increase in the rate of respiration? and in the heat liberated.
Since in this case vigorous growth and formative process take

O,

place, the value of ¢ 0, is lowered.

! Gustafson, F. G. J. Gen. Physiol. 2: 17. 1919-20; Brooks, M. M. Ibid. 3: 337,
1920-21,

2Bthm. Bot. Zeitg. 45: 671. 1887; Stich, C. Flora. 74: 1. 1891; Smirnoff. Rev.
gén. de bot. 15: 26. 1903; Tscherniaeff. Ber. d. bot. Ges. 23: 207. 1905; Richards.
Ann of Bot. 10: 531. 1896; 11: 29. 1897; Zaleski, W. Ber d. bot Ges. 19: 331. 1901;
Dorofeieff. Ibid. 20: 396. 1902; Krasnoselsky, T. Ibid. 24: 134. 1006; and others,

" Another law than that referred to here appeared in the work of Lyon (The
réle of phosphate in plant respiration. Thesis. Harvard. 1926; J. Gen. Physiol.
10: 590-615. 1926-27) when solutions of orthophosphate were applied to
Elodea canadensis. The resulting increase in production of COs was found to be
related to the concentration of PO,”’ ion according to the equation

(COx-62.475)(pPO—2.13) = 114 43.
CO; was stated in per cent and pPO, indicated the concentration of PO/ ion
in the same way that pH is used to denote the concentration of hydrogen ions.—
Ed.

 These rules for chemical stimulation are illustrated by the action of ether or
chloroform on respiration as measured by the production of CO,. Representa-
tive studies of this type are those of Brooks, M. M. 7J. Gen. Physiol. 1: 193~
201. 1918-19; Thomas, H. S. Ibid. 1:203-207. 1918-19; Ray, G. B.
Ibid. 5: 469-477. 1922-23; Gustafson,F.G. Ibid.x:181~191. 1918-19.—Ed.

°Both the conclusion and this teleological form of statement are open to
question, See also note 2 on page 13.—Ed.
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Chemical stimulation is best evoked by weak poisoning.
The strength of the stimulant in this case can be altered as
desired by the administration of various amounts of the poison.
The effects of toxic substances on the oxygen respiration of
plants have not yielded the same results in the experiments
of various investigators.! In fairly weak narcosis the rate of
respiration increases and remains a long time in the stimulated
condition, after which it finally returns to the normal condition.?
With stronger poisoning the increase in respiration is accom-
panied by a subsequent decrease.® Strong poisons applied in
sufficiently large quantities effect an immediate marked
decrease in respiration.* Under the influence of hydrogen
cyanide the output of CO, in some cases is entirely suspended
without death ensuing. The absorption of oxygen continues
to a small extent and after some time returns to normal if the
poison is removed.® After a prolonged stay in an oxygen free
medium, the mold A spergillus niger is so badly poisoned by the
products of anaerobic rqgtabohsm that the gas exchange
becomes nil although the fungus is not yet killed.®

The following table, taken from the extensive monograph
by Morkowin,” illustrates the strongest increases in respiratory
energy induced by toxic substances.

NOT STIMULATED STIMULATED

PLANT MATERIAL CO2 1N MG. CO: IN MG, STIMULANT
Etiol. leaves of Lupinus .. .. 124.9 242.6 Paraldehyde
Etiol. leaves of Vicie Faba .. . . 160.4 296.3 Ether
Etiol. leaves of Vicia Faba . . 189 9 229.5 Pyridine
Etiol. leaves of Vicia Faba..... ... . 82.3 178.2 Cocaine
Etiol. leaves of Vicia Faba .... . .. 49.3 89.3 Morphine
Etiol. leaves of Vicia Faba. . . 39.7 105 6 Quinine
Etiol. leaves of Vicia Faba .. . .. . 45.6 97.8 Solanin

1 EMving. Ofvers. af Finska Vet. Soc. Vol. 28. 1886; Johannsen. Bot. Zentralbl. 68:
337. 1806; Morkowin, N. Der Einfluss von anasthetischen und giftigen Stoffen auf die
Pflanzenatmung, 1901. Russian; Jacobi, B. Flora. 86: 289, 1899.

2Irving, A. Ann. of Bot. 38: 1077. 1911; Thoday, D. Ibid. 27: 697. 1913; Haas, A.
R. C. Bot. Gaz. 67: 377. 1919,

8 Zaleski, W. Zur Frage der Einwirkung von Reizstoffen auf die Pflanzenatmung. 1907.
Russian. [This behavior 18 also reported in the papers mentioned in the editorial note on
the preceding page.]

4 Warburg, O. Z. f. physiol. Chem. 79: 421. 1912,

s Schroeder, H. Jahrb. f. wiss. Bot. 44: 409. 1907.

¢ Kostytschew, S. Untersuch. iber die »be At g der Pfl 1907. Russian,

7 Morkowin, N. Der Einfluss von anéisthetischen und giftigen Stoffen auf die Pflanzenat-
mung. 1901, Russian.
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Of the usual explanations of toxic action the following are
worthy of note.

Palladin' assumed that under the influence of poisons there
was a large production of respiratory enzymes within the poi-
soned cells. According to Palladin this is a common effect
from weak poisoning. It is established that enzymatic oxida-
tion and fermentation processes cannot be increased by alka-
loids and other stimulants outside of cells. At present the
formation of an enzyme outside of living protoplasm is also
unknown.

Warburg has expressed his belief? that boundary suiface
phenomena play an important réle in the respiratory process.
Many poisons are strongly surface active and for that reason
interfere violently in the respiratory process. Both theories
are really valuable as working hypotheses.

It will be demonstrated later on that most of the processes
which take' place in respiration also persist outside of living
cells, if the protoplasm is killed in such a way that most of its
enzymes of fermentation and oxidation are not destroyed.
It happens that many poisons which act injuriously on the
living protoplasm (toluol, ether and others), only slightly
influence the activity of the enzymes. Such substances are
called protoplasmic poisons.® Other poisons are about as
toxic to the protoplasm as to the enzymes isolated therefrom.
These are the so-called enzyme poisons. They include corro-
sive sublimate, sodium fluoride and similar poisons. Above
all it is certainly very important to clarify the mechanism of
enzyme poisons.?

Chemically indifferent substances can also produce noticeable
stimulating effects under certain conditions. Thus Zaleski*
has shown that the respiratory intensity of bulbs of Gladiolus

1 Palladin, W. Jahrb. f. wiss. Bot. 47: 431. 10710,

3 Warburg, O. Zeitschr. f. Elektrochem. 38: 70. 1922. [Idem. Science 61: 575-582,
1925; Biochem. Z. 119: 134. 1921.}

% Palladin, W. loc. cit.; Euler, H. v. und af Ugglas. Z. f. physiol. Chem. 70: 279. 19114

¢ Zaleski, W. Zur Frage der Exnwirkung von Reizstoffen auf die Pflanzenatmung. 1907.
Russian.

? From discussions which follow it will be evident that the toxic effect of KCN*
is probably due to its relation to the iron content of both enzymes and living

cells.—Ed.
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increases considerably after a short stay in pure water.¢ Possi-
bly the temporary withdrawal of oxygen is here to be considered
as the cause. Later, attention will be called to the striking
increase in respiration after temporary anaerobiosis, the
explanation of which agrees with the modern theories of
respiration. According to the data of Kostychev, a slightly
alkaline reaction of the surrounding solution has a stimulating
influence on the respiratory process.! This agrees with the
consideration that the enzymatic, biochemical, oxidation proc-
esses require a slightly alkaline reaction.”

The Influence of Yeast Extracts and of Sugar Solutions
Fermented by Yeast, on the Respiration of Plants.—According
to the statements of Kostychev and his coworkers? the oxygen
respiration of plants is very strikingly increased by yeast
extracts and particularly by sugar solutions fermented by yeast.
This condition will engage our attention later in connection
with the discussion of the chemical nature of normal plant
respiration. Since alcoholic fermentation may be regarded as
one of the first steps in the physiological oxidation of sugar, a
violent oxidation of the oxidisable intermediate products of
sugar respiration, formed by yeast, could occur in the above

cases.® On the other hand, it is also plausible that the vitamines

1 Kostytschew, S. und A. Scheloumow. Jahrb. f. wiss. Bot. §0: 157. 1011, ¢f. also
Loeb, J. und H. Wasteneys. Biochem Z. 37: 410. 1911, Jour Biol Chem 14: 335, 4590,
469, 517. 1913, 21: 153. 1915. [For the influence of hydrogen ion concentration on
respiration see Gustafson, F. G. J. Gen. Physiol. 2: 617-626. 1919~20, and Bode, H. R.
Jahrb. f. wiss. Bot. 65: 352—387. 1026. The latter deals only with Sprrogyra and chiefly
on the acid side of neutrality.}

2 Kostytschew, S. Biochem. Z. 15: 164. 1008; 23: 137. 1009; Physiol.-chem. Unter-
such. uber Pflanzenatmung 1910 Russian; Kostytschew, S. und Scheloumow. loc.
cit., Ber, d. bot. Ges. 31: 422. 1913; Kostytschew, S., Brilliant, W. und A. Scheloumow.
Ibid. 31: 432. 1013.

3 Yeast effects a vigorous alcoholic fermentation but an insignmificant oxidation. With
restricted access to oxygen 1t 1s also unable to oxidise alone all the fermentation products
which are formed.

7 Water can hardly be termed “chemically indifferent” for it is very generally
accepted that its presence is essential for all, or nearly all, chemical (and hence
physiological) reactions.—Ed.

" rItis difficult to reconcile this suggestion with the increasing evidence that the
reaction of those parts of the protoplasm which may be tested is found to be on
the acid rather than the alkaline side of neutrality (c¢f. Crozier, W. J. Proc. Soc.
Exptl. Biol. Med. 21: 58, 1923). On the other hand the influence of an alka-
line reaction may be regarded as more favorable to the catalytic action of iron
(Warburg, O. Science 61: 575-582. 1925; Meyerhof und Matsuoka. Biochem.
Z. 150: 1-11. 1924) or to the third ionization of phosphates which are reported

to increase the rate of respiration (see editorial note , page 126).—Ed.
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and similar stimulating substances in the yeast extracts induce
a powerful stimulation of respiration.

In any case it is important that the increase in rate of respira-
tion under the influence of fermented sugar solutions is entirely
unique. Such an increase is not even approximately reached
by the provision of nutrients or even by the action of poisons.
The above table of Morkowin shows that the rate of respiration
of plants stimulated by poisons reaches at the most 266%, of
the normal rate (the quinine effect). From fermented solu-
tions there results CO,-productions which exceed 400-600%,
of the normal rate for the material used In examining the
following table it is to be taken into consideration that the
respiratory intensity of control portions (in 5%, sugar solution)
amounts to 150%, of the normal of the wheat embryos (without
sugar). The table is an extract taken from S. Kostychev and
A. Scheloumow.

C0s-PrODUCTION OF SOAKED WHEAT EMBRYOS IN MG,

A. In 5% | B. In yeast extracts plus C. In a fermented
sugar sol. 5% sugar sol. 5% sugar solution
37 4 120 8 138 4
63 o 132.0 143.8
22 2 80.6 92.4
26 4 80.2 96.4

This table shows that fermented sugar solutions always effect
a larger increase of respiratory energy than sugar-containing
yeast extracts. From the following data® it is apparent that
the addition of sugar alone increases the CO,-production of
wheat embryos.

COg-production of Soaked Wheat Embryos.
A. In water. B. In a 5% sugar solution.
86.4 mg. 133.9 mg.

5. ANALYTICAL METHODS FOR THE DETERMINATION OF
OXYGEN RESPIRATION

If one wishes to make sure that plants liberate CO; the mate-
rial to be studied is placed in a special container (see below)

and CO,-free air is passed through it. The current of air is
1 Kostytschew, S. Biochem. Z. 15: 164. 1908.
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then directed into a container with clear baryta water. The
separation of barium carbonate, if necessary with subsequent
analysis of the precipitate, serves to identify the carbon dioxide.
Still, only quantitative determinations of plant respiration have
real physiological significance. These quantitative determina-
tions either measure the amount of the carbon dioxide liberated

(determination of the respiratory intensity) or give the value of
%C:E (determination of the respiratory quotient).

For the determination of the carbon dioxide formed by
plants, various ‘types of apparatus are used. The research
material is enclosed in a container with an entry and an exit
tube (Zu- und Ableitungsrokr) and left for a time in a stream of
air free from CQO;. The carbon dioxide which is formed is
intercepted in a special absorption apparatus.®

In order to free completely the incoming air of atmospheric
CO,, the current of air is first passed through a drying tower
filled with soda lime.! The containers for the research mate-
rial are of various forms and sizes according to the nature of
the object of study. One must make sure that the container
is nearly filled with plants, for the use of large ones and small
quantities of plants will introduce experimental errors. For
considerable amounts of research material, glass bell jars are
used. The upper openings of the jars are closed with close
fitting rubber stoppers, each with an entry and an exit tube.
The former must extend nearer to the bottom. The bell jars
are sealed to ground glass plates by means of vacuum stop cock
grease (of course the lower rim of the bell jar must be evenly
ground or an air-tight seal is impossible).

For experiments with smaller quantities of plants, U-tubes
or thick-walled flasks may be used to advantage.® For his
studies of the respiration of molds, Puriewitsch? arranged
' 1Soda lime must be renewed frequently and contains so much water that the heating of a
small quantity in a test tube frees some water vapor which condenses on the walls of the

upper part of the tube. The use of too dry soda lime prevents a complete absorption of CO.
2 Puriewitsch, K. Ber. d. bot. Ges. 16: 290. 1898; Jahrb. f. wiss. Bot. 382 573. 1000.

* The study of the respiration of bacteria is a special problem. While it may
be followed as regards its CO;-production by means of certain indicator methods,
the complete study requires such apparatus and technique as that described by
Novy, Roehm and Soule (Jour. Infect. Diseases. 36:109-167. 1925).—Ed.
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Erlenmeyer flasks as follows (Fig. 1). Through the tube ¢
a certain quantity of nutrient solution inoculated with fungus
spores would be run in until a height of only 1-1.5 cm. was
left between the surface of the solution (e-¢) and the bottom
of the flask. The fungus mat then developed at the surface of
the liquid. By opening the pinch cock d the nutrient solution
can be let out whenever necessary and be replaced By another
nutrient solution after rinsing off the lower surface of the fungus
mat. When the liquid runs out no change occurs in the position
of the compact fungus mat. Its center merely sags somewhat.
For the determination of the carbon dioxide formed by large
amounts of the expressed juice of Psalliota
campestris [= Agaricus campestris], Kostychev
made use of large, and like-wise inverted, cylin-
drical-conical flasks (Fig. 2). For work with

e
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Fi1G. 1.—Flask for experi- FiG. 2.—Flask for study- FiGg. 3.—Chudia-
ments with molds. ing COx-formation by plant kow's vessel.

juices,

small volumes of liquids, the use of Chudiakow’s apparatus
(Fig. 3) is to be recommended. The arrow indicates the direc-
tion of the current of gas.

For his studies of the respiration of the lower plants, Palladin!
set up roll cultures on gelatine. A narrow-mouthed glass bot-
tle was very well suited to this purpose, the mouth being fitted
with a two-hole rubber stopper and an entry and an exit tube
inserted in the holes. Palladin used large cylinders of 350650
cc. capacity or test tubes of about 6oo cc. capacity. The walls
of the sterilized cylinder were coated with a thin layer of hot,

! Palladin, W. Zentralbl, f. Bakt., Parasitenk. u, Infektions krankh. (II) 11: 146.
1903.
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sterilized, nutrient solution plus 129, gelatine. After the
substrate had set, a pure culture was poured in and by rotation
[of the cylinder] distributed evenly over the walls of the vessel
(Fig. 4).

The above examples suffice to show how varied the containers
can be. In all types the inner openings of the entry and the
exit tubes are as far removed from one another as possible.
This is always a necessary precaution to prevent
an accumulation of CO; in the container.

As for the absorption apparatus, it can likewise
be varied. If a more common type of absorption
vessel is not required, but the amount of CO,
“ developed considerable, the Geissler potash tubes
or soda lime tubes may be used to advantage.
The bulbs of the potash tubes®are about two-
=\ thirds filled with 40—459% caustic potash. The
Fic. 4—Roll yse of concentrated potash solution is not to be

culture.

recommend(;d,”for a stoppage of the tubes often
results from the precipitation of crystalline potassium hydrox-
ide.t The calcium chloride tube of the Geissler apparatus is
filled with solid calcium hydrate, or still better, with asbestos
soaked in concentrated sulphuric acid, to prevent a loss of
water. Both ends of the tube are plugged with glass wool.

The potash apparatus thus prepared provides for a complete
absorption of CO, even if a rapid stream of pure carbon dioxide
is passed through it. In this case one can easily make sure that
the stream of gas passes through the second bulb only in single
small bubbles but that it does not pass the third bulb. The gas
which passes the potash apparatus must be entirely dry how-
ever. To provide for this a wash bottle filled with concentrated
sulphuric acid is interposed before the apparatus. This pre-
caution is entirely sufficient while the use of calcium chloride
introduces experimental errors, since potassium hydrate absorbs
water vapor as does calcium chloride. The difference is really
unimportant with short exposures but can be quite marked in
experiments of an hour’s duration.

o

¢ There is nothing to prevent the use of sodium hydroxide in place of the
potash solution.—Ed.
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A light wash bottle filled with concentrated sulphuric acid
must be inserted behind the potash apparatus if the gas stream
passes through sulphuric acid in front of the potash apparatus.
Only thus is it possible to preserve a constant weight of water
in the absorption apparatus. A second potash apparatus filled
with concentrated sulphuric acid will serve as a weighable wash
bottle. It is still simpler to place some asbestos soaked in conc.
sulphuric acid in the calcium chloride tube of the potash
apparatus. In this case the calcium chloride tube must be
freshly filled for évery experiment. Behind all the above
absorption vessels there must be inserted a wash bottle with
sulphuric acid in order to avoid a direct connection between the
moist air of the air pump and the absorption vessels.

The results of CO.-determinations in the Geissler potash
apparatus filled in this manner are very accurate. With care
it is possible to determine fractions of a milligram with a fair
degree of ‘certainty. Weighed soda lime tubes are no less
reliable and zre perhaps still simpler to use. Small U-tubes
with ground glass stoppers are the best to use and are prepared
with not too dry soda lime (see previous note). Two U-tubes
are inserted one after another. The second tube must show no,
or only a very small, increase in weight. To dry thegasstream,
conc. sulphuric acid is used here also. As to the general han-
dling and weighing of the potash apparatus and soda lime tubes,
handbooks of analytical chemistry must be consulted. During
cach experiment all apparatus and wash bottles are connected
by rubber tubing. Before and behind the potash apparatus or
soda lime tube a screw pinchcock is applied. The current of
gas is regulated by means of the pinchcock opening behind the
potash apparatus. The other pinchcock is left open except to
interchange the potash apparatus when both are closed, the
potash apparatus removed and replaced by another which is
prepared with fresh KOH and weighed.

If one is to follow the progress of respiration more accurately
by means of rapid, successive CO,-determinations, and eventu-
ally to plot them, a continual interchange and weighing of
potash apparatus or soda lime tubes proves to consume con-
siderable time. For such experiments one uses for the most
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part the so-called Pettenkoffer tubes,! which are made in vari-
ous forms. In the laboratory of plant physiology at the
University of St. Petersburg the thick-walled tubes, bent
once at an angle of 130°, are used. The shorter arm is 1o cm.
long and the longer one is 120 cm. The diameter of the
tubesis 14 mm. The second bend with a spherical enlargement
first described by Pfeffer? is unnecessary. If the tubes are
long enough no baryta water flows out of the tube with as
rapid a gas current as desired. The singly-bent tube is much
more easily cleaned. To clean the tubes there is needed a
thin wooden rod‘the end of which is wrapped in Joseph paper
or cotton. The fore end of the Pettenkoffer tube is connected
with the plant container by means of a 1-hole rubber stopper
and entry tube. The end of the entry tube must be drawn out
in order that the gas may pass through the Pettenkoffer tube
in the form of the smallest possible bubbles. The Pettenkoffer
tubes are mounted on a wooden frame which consists of two
vertical strips of unequal height. fastened together. Both
strips are provided with’ gi%oves which are lined with cloth.
The tubes are laid in these grooves and fastened with wooden
screw clamps. The rear end of each Pettenkofter tube is con-
nected with one of the sidetubes of a wide collecting tube,
which itself communicates with an ordinary aspirator. Each
Pettenkoffer tube is provided with 100 cc. of baryta water.
First, the fore end of the Pettenkoffer tube is closed with the
rubber stopper and entry tube. The latter is furnished with a
rubber tube which remains hermetically closed by a screw
pinchcock. The tube is now filled with baryta water and closed
at once with a second rubber stopper with an exit tube. The
Pettenkoffer tube is now ready for use.

The baryta water is all prepared at once in large quantities
in vessels of 1o—15 liters capacity. Usually 7 g. of cryst. barium
hydroxide are dissolved in each liter of distilled water. For
determinations of exceptionally large amounts of CO; two or
three times this concentration of barium hydroxide is used.

1 Pettenkoffer, M. Abdh. math.-physik. Klasse. Bayr. Akad. d. Wiss. (II) 9 231. 1863.
[See also the several types of more recently devised apparatus described at the end of this

section.]
2 Pfeffer, W. Untersuch. aus d. bot. Inst. Tubingen 1: 636." 1881-1885.
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To every liter is added 1 gram of barium chloride.! The large
vessel of baryta water is closed with a stopper fitted with a
soda lime tube, so that no carbon dioxide from the air can enter
the vessel. Through another hole in the stopper the vessel
is provided with an accurate burette. After any possible
precipitate has settled the baryta water always remains clear.
The titration of the baryta water is best done with hydrochloric
acid for the standardization of which pure cryst. oxalic acid is
used to advantage.»

With the tubes filled with baryta water and fastened to the
frame, one tube is connected with the plant container and

F1G6. 5.—Pettenkoffer tubes.

the experiment starts as follows. One starts the air pump,
completely opens the pinchcock at the rear end of the tube
which is connected with the plant container, and then gradually
unscrews the pinchcock at the fore end. With the aid of this
pinchcock the stream of gas is admitted at the desired rate.
The gas bubbles must rise in the Pettenkoffer tube at a uniform
rate and must not fuse but pass singly through the whole tube.
After the lapse of a certain time, that tube is cut out and the
plant container at once joined to another fresh Pettenkoffer
tube. In cutting out the tube, first the rear and then the fore
pinchcock is closed and the rubber tubing communicating with
the plant container is removed from the entry tube. In this

1 Clausen, H. Landwirtschaftl. Jahrb. 19: 898. 1890.

% As an alternative to the use of baryta water, Nishi (Jour. Biochem. Tokyy
4:473-480. 1925) describes the use of N/50 NaOH which is titrated inthé
presence of the NaHCO;. Since thymolphthalein becomes blue at the pH of a
dilute solution of NaHCOj its use permits the titration of the NaOH to completion
without a bicarbonate error.—Ed.



32 PLANT RESPIRATION

manner one can easily work, by continual interchange of
tubes, as long as one pleases without interruption. Fig. 5
represents a complete Pettenkoffer apparatus in action. The
Pettenkoffer tubes which have been cut out are emptied by
shaking into dry 150 cc. glass bottles with ground and greased
glass stoppers. The bottles are allowed to stand quietly until
the next day in order that the precipitate may settle completely.
Then 25 cc. of clear baryta solution are measured out with a
pipette from each bottle, for titration.

Ordinary aspi'rators are used for the production of the air
current. It is very practical not to join the aspirator directly
to the water supply but to a vessel of large capacity placed as
high as possible, filled from the tap and fitted with a siphon.
The latter arrangement prevents an overflow of the vessel. In
this way there is always a weak but constant water pressure.
A considerable pressure is unnecessary to draw the air through
the absorption vessels. The possible uncertainty of the water
pressure in the water supply could also be entirely avoided by
using Palladin’s mercury regulator. This simple device should
be used for all work in which a continual current of gas is desired
and a constant supervision is not always possible. The regu-
lator is set up in the following manner. A layer of mercury
about 2 cm. deep is poured into a triple-necked bottle and on
it poured a layer of water of the same depth. The entry tube
is fitted into one opening and the open end immersed 1 cm. in
the water. The exit tube passes out through the other opening
but in the middle one is an upright glass tube whose lower
end dips in the mercury by 1 cm. (Fig. 5). The regulator
is inserted in the air current between the absorption vessels and
the air pump. By the use of .this regulator the rarefaction of
the air in the apparatus can reach at the most 1 cm. of mercury
pressure, since the air breaks in to the pump through the
.middle tube of the regulator in case the passage of gas is
obstructed or entirely blocked. In this way the interchange of
absorption apparatus may be accomplished without stopping
the action of the air pump.

The series of various vessels for the passage of air is then as
follows: 1. Vessel with soda lime to absorb the atmospheric
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carbon dioxide; 2. Wash bottle with water, or with moist scraps
of paper, which serves to moisten the air which was dried by
the soda lime (this is necessary to prevent the drying up of
the research material); 3. Container with plant material; 4.
Absorption vessel which is either (a) wash bottle of sulphuric
acid, (b) potash apparatus, (c) small weighed wash bottle of
sulphuric acid, and (d) control bottle of sulphuric acid, or (a)
Pettenkoffer tubes and (b) collecting tube; 5. Mercury
regulator; 6. Air pump.

By the methods just described, the respiratory intensity
can be measured for various conditions. A control experiment
is also made possible by using two or more lots of plant material
and two or more series of absorption apparatus simultaneously
for each experiment. However, if it is also necessary to measure
the absorption of oxygen, wholly different apparatus is required.
It must be pointed out at once that a determination of the
oxygen absorption without a simultaneous measurement of
the quantity of carbon dioxide given out, in the case of experi-
ments in plant respiration, may lead to incorrect results since
the oxygen is not uncommonly used for incomplete oxidation
processes which are not attended by the formation of CO..
This assimilation of oxygen, which is often connected with an
unimportant release of heat, must not be confused with true
respiration.

From this it is apparent that the determination of the absorp-
tion of oxygen must always take place simultaneously with the
determination of the liberated CO, and so serves to measure
the value of %?2 These determinations are best carried out
by gas analysis. The plant material is inclosed in a suitable
container with pure air. After the passage of a given interval
of time,” samples of gas are removed from the container and

* The dynamics of any physiological process are best studied by observations
of the time required to do a certain amount of work, rather than by measurements
of work done in equal times (¢f. Osterhout, W. J. V. Science. 48:172-174.
1918). This is an inherent fault in methods which require a titration or a meas-
urement of absolute changes in gaseous content. It has been avoided in some
of the new methods, notably in the colorimetric methods as used in the Osterhout
apparatus described at the end of the section.—Ed,

3
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analyzed by the usual methods which need not be fully described
here. For the general technique of manipulation of gases and
the description of long-established, accurate methods of gas
analysis, consult the complete manuals.! Only two pieces of
apparatus, which have proven to be particularly suitable for
plant physiology experiments and which are not described in
manuals of gas analysis, will be mentioned here.?

For exact work in biochemical gas analysis, the Polowzow-
Richter apparatus?® is particularly worthy of recommendation,
for it yields veny accurate results and can be used for very small
quantities of gas. The most important part of the apparatus
(Fig. 6) is the measuring tube AA’A”A’’. The part of the
tube which is furnished and calibrated with millimeter divisions
is contained in a glass cylinder B filled with water, the outer
end A’”, in the cylindrical mercury bath C. The ends of the
glass pipettes D and E are also placed in the same bath. The
left end A of the measuring tube is connected with the glass
bulbs H by means of a #hick-walled rubber tube P, which is
filled with purest mercury. By the aid of this pear-shaped
bulb and the glass stopcock @, the level of the mercury in the
measuring tube can be set at any height. The steel screw e
which is set in mercury in a side tube is used for delicate adjust-
ments of the level of mercury. The left side of the measuring
tube marked in millimeters is a thick-walled capillary tube of

about 2 mm. bore. From the line o on, the hollow of the tube

1B , R. G tric Methoden, 1877, Hempei. Gasanalytische Methoden.
1013; Berthelot, M. Traité pratique de l'analyse des gas. 1906; The method of Doyére
(Ann. de chim. et de physique. (IIT) 28: 5. 1850) 1s very commendable. [Reliable man-
uals in English include: Haldane, J. S. Methods of Air Analysis. London. 1912; Hempel,
W. Methods of Gas Analysis. Trans., by L. M. Denmis. London. 1892.]

% Barcroft’s method, which is much used in animal physiology, together with its later
modifications (: rement of changes 1n pressure of the gas in small experimenta] flasks
with the aid of sensitive manometers), has recently been used by some plant physiologists.
It will not be described here, however, since 1t 18 not very switable for plant material and is
less reliable than the following gasometric method. The change in pressure of the oxygen
plays an important réle in the Barcroft method. Various plants absorb considerable
amounts of oxygen not for combustion of the respiratory material but for other purposes
(formation of acids, amino acids, etc.). Likewise the marked variations in pH which occur
in the case of many plants and especially with microdrganisms, might give rise to
considerable errors, since the solubility of COs and other gases is thereby altered. Such
sudden fluctuations in pH are made impossible in the blood of animals and are not taken into
consideration by Barcroft's method which was designed especially for blood experiments.

Hence in studies of plant respiration, only chemical methods of gas analysis are absolutely
rehiable [for absolute measurements].

! Polowzow, V. Untersuch. Uber Pflanzenatmung. 1901. Russian; Richter, A. Arb.
d. Naturf.-Ges. in Petersburg. 33: 311. 1902.
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is considerably narrower. The line O is cut only on the right
side of the measuring tube and level with the line Im on the
mercury bath C.

The mercury bath C and the two gas pipettes D and E are
joined, by thick-walled rubber tubes and a T-tube, with the
large pear-shaped bulb G, the volume of which is approxi-
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F16. 6.—The Polowzow-Richter apparatus.

mately the same as that of the bath. If the two glass stop-
cocks # and p are closed, it is possible either to empty or to fill
the bath C with mercury by means of the opened pinchcock
M, according to the position of the pear-shaped bulb. With the
pinchcock M closed, one is able, by means of the bulb G and
the two 51ass stopcocks # and p, to cause mercury to flow
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through each pipette in any desired direction (according to the
position of the bulb). The steel screw f, which is entirely anal-
ogous to the screw e, serves the pipette D for delicate adjust-
ments of the mercury column in the tube above. The pipette
D is an absorption pipette but the pipette E is an explosion
pipette. In the upper part of the bulb are fused platinum
wires, the ends of which are 1—2 mm. apart. Outside the bulb
the platinum wires are joined to the poles of a Rumkorf spark
coil. The latter is itself joined to a zinc-carbon element. The
element is filled with a chromic acid solution which is prepared
from 92 grams of potassium dichromate, 93.5 cc. of conc. sul-
phuric acid, and goo cc. of water. For taking readings on the
measuring tube there is used a horizontal reading microscope
which is placed on set screws and moved by,a slide and gearing
at a height of 40-50 cm.! The exact fixation on the object is
done with a rack and pinion. The instrument is so focused that
each millimeter division of the measuring tube is divided into
20 parts by the ocular micrometer of the microscope. Small
analysis tubes, closed above and with fused supports (R), are
needed in addition to carry out the analyses. The length of
each tube is about 6—7 cm. (without supports).

The measuring tube, the two gas pipettes D and E, and the
bath C are filled with pure, dry mercury by the use of the two
bulbs G and H. After filling the gas pipettes and the bath,
only 2—3 cc. of mercury should rémain in the pear-shaped bulb
G. The glass cylinder B is filled with distilled water and
covered with a glass plate to protect the water from dust. From
time to time water which has become somewhat turbid is
replaced by fresh. The bulb of the pipette D is filled to a third
with about 309, potash [or NaOH]. To accomplish this an
analysis tube is prepared with 3—4 cc. of potashand thelyesealed
off with mercury. The analysis tube is carried to the mercury
bath C with the aid of an iron ladle (¢f. manuals of gas analysis
methods) and placed under the mercury on the upper tube of
the absorption pipette so far that the end of the pipette dips
into the potash. The bulb G is now lowered, the stopcock #

1 Model of Leitz. Since the side of the measuring tube that 1s divided into milhimeters 1s
only about 20 cm. long, the adjustable cathetometer, which can be set to read lower, could
also be used.



OXYGEN RESPIRATION 37

opened, and in this way a suitable quantity of potash is sucked
into the pipette, after which the end of the pipette is let into
the mercury by raising the analysis tube, and mercury is drawn
into the pipette for a time in order to remove the lye that
adheres to the walls of the capillary tube. After filling the
pipette, the potash solution contained within the bulb is thus
sealed by the mercury in the capillary tube above it.

The determination of oxygen in the apparatus of Polowzow-
Richter is done by combustion with hydrogen. Hence, hydro-
gen and oxy-hydrogen gas are required for the analysis. These
gases are prepared by electrolysis according to the detailed
directions of Bunsen!' and stored in thick-walled test tubes
which are sealed with mercury.

The apparatus must be carefully calibrated before use. The
accuracy of the analysis depends above all on the accuracy of
the calibration. The absolute volume of the bore of the
measuriné tube is unknown and for measuring the percentage
composition o' the gases to be analysed is unimportant. But
it is very important to rectify by suitable corrections the
inequality of the volumes contained between millimeter mark-
ings, due to the inaccurately cylindrical form of the measuring
tube. This is done as follows. One incloses with mercury in
an analysis tube a couple of cubic centimeters of air, transfers the
analysis tube to the bath C, places it under mercury on the end
of the measuring tube, lowers the pear-shaped bulb H and sucks
into the measuring tube, by opening the stopcock a, first some
air, then a small quantity of mercury, and finally some more air.
This procedure is analogous to filling the absorption pipette with
potash solution as described above. The volume of the
mercury introduced must be scarcely larger thanorat best exactly
as large as the space between O and o. If too much mercury
has been drawn in the surplus is removed with the aid of the
screw e. The introduced mercury column is so suspended that
the top of the meniscus in the right side coincides with the line
0, and by the use of the reading microscope the position of the
highest point of the other meniscus in the left-hand, wide side
of the tube is then noted. The column of mercury is next

1 Bungen, R. Gasomethrischen Methoden. 2nd. ed. Pp. 76 and 80. 1877.
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shifted so that the rear meniscus takes the exact position of the
forward one and the new position of the forward meniscus is
noted. By continuing in thi§ manner the whole measuring tube
is measured with the same column of mercury. Since the
volume of the mercury does not change (care must be taken that
the temperature of the water in the cylinder B remains constant)
the apparent inequality of the lengths of the column in various
parts of the tube is due to the unequal widths of the inner space
of the measuring tube. Thus a table of corrections can be
drawn up, which are to be taken into consideration for each
analysis. The calculations of the corrections are carried out
according to the exact directions of Bunsen.! To all data
obtained there is to be added the number ascertained for the
space between O and o which is not divided into millimeters,
since this space is to be included in the similar analysis of gas.

The gas analysis is carried out in the following manner.
The gas to be analyzed must be sealed in an analysis tube with
mercury (see below). ‘The analysis tube is transferred to the
bath C, placed under mercury on the end of the measuring
tube, a suitable amount of gas drawn into the measuring tube
by lowering the pear-shaped bulb H and opening the stopcock
a, and sealed with mercury by raising the analysis tube. The
analysis tube with the surplus of gas is then removed from the
bath and replaced by another full of pure, dry mercury. This
analysis tube is allowed to float in the bath with the lower end
dipped in mercury while the glass support rests against the
hook 4. The level of mercury in the bath C is now adjusted
exactly to the line /m. The mercury meniscus in the right-
hand, narrow side of the measuring tube is set at the line O
with the aid of the screw ¢ and a microscope; then the position
of the mercury meniscus in the left.side of the measuring tube
is noted with the aid of the reading microscope and the relative,
corrected volume of gas is calculated according to the table of
corrections.? It is recommended that the accurate setting on
the line O be done twice in succession with subsequent readings

1 Bunsen, R. Gasomettfischen Methoden. 3nd.ed. Pp. 34~35. 1877.

3 If one wishes to know the absolute volume of the measuring tube, the column of mercury

used for the calibration of the measuring tube must be carefully weighed. Cf. Bunsen.
loc. cit. This can be done only in cases of exceptional importance.
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at the microscope, and that the volume be recorded only if the
two readings coincide, since accidental adherence of the mercury
to the walls of the tube will lead to fluctuations in the volume
of the gas. This is an indication of the insufficient purity or
dryness of the tube or the mercury.

The gas is now passed from the measuring tube into the
analysis tube filled with mercury, by raising the pear-shaped
bulb H and opening the stopcock @, which tube has been placed
so far under mercury on the end of the measuring tube that the
end of the measuring tube touches the bend of the analysis
tube. The latter, with the gas contained within it, is ther con-
veyed under mercury to the end of the absorption pipette D
and the gas is drawn into the pipette by lowering the bulb G
and opening the stopcock #. The gas is left about 10 minutes
in contact with the potash. During this time the bulb
G is left lowcred and the stopcock # opened so wide that mer-
cury drops continuously out of the bath into the pipette. After
the lapse of ¥> minutes the gas is forced back out of the pipette
into the analysis tube as follows: without changing the position
of the stopcock, the bulb G is raised and the greater part of
the gas is thereby quickly crowded out of the pipette into the
analysis tube. Then the stopcock is closed and the rest of the
gas is removed with the aid of the screw f, after which the level
of mercury in the bath C has been so lowered that the orifice
of the pipette with the analysis tube resting on it is visible.
In forcing gas out of the absorption pipette, care must be taken
that no trace of potash enters the analysis tube. If it does the
gas is replaced in the pipette and the analysis tube with the
impurities is replaced by another tube filled with pure, dry
mercury. If this precaution is not observed the lye might
easily enter the measuring tube and produce serious errors in
subsequent analyses. In order to prevent a gushing of the
KOH from the end of the pipette into the analysis tube, the
analysis tube must not be lifted before the last trace of gas is
forced from the pipette. In addition, the level of mercury in
the bath must be so adjusted that the capillary tube of the
absorption pipette juts out only about 14 cm. after the displace-
ment of the gas.
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After the absorption of the CO, the gas is passed into the
measuring tube and again measured. The difference between
the two readings gives the volume of carbon dioxide. After
this measurement the gas is forced back into the analysis tube.
An analysis tube filled with pure hydrogen is transferred to the
bath, placed on the end of the measuring tube and the neces-
sary amount of hydrogen drawn into the measuring tube, the
amount of hydrogen being computed approximately according
to the probable oxygen content of the gas to be analysed. If
the quantity of carbon dioxide be less than 8%, the amount of
hydrogen used for analysis must amount to about 24 of the
original volume of the gas to be analysed. The exact volume
of hydrogen is measured with the aid of the reading microscope
and the hydrogen is mixed in the analysis tube.with the gas to
be analysed. The contents oi the analysis tube is now trans-
ferred to the explosion pipette. The explosion is fired off by
setting the zinc-carbon element for a spark. With this the
bulb G is lowered as far & possible and the stopcock p is
opened at the same time, whereby a stream of mercury is pro-
duced from the bath C into the explosion pipette. After the
explosion the gas is at once forced back into the analysis tube
by raising the bulb G. Then the analysis tube is transferred to
the end of the measuring tube, the gas drawn into the measuring
tube and its volume accurately measured. If ¢ were the volume
of the gas after the absorption of CQOs,, b, the volume of hydrogen,
and ¢, the volume of the gas mixture after the explosion, the
volume of the oxygen is 9~+—3b—_——6- If the data obtained for
CO. and oxygen is then expressed in percentages, the nitrogen
is computed according to the difference. If the oxygen content
of the gas to be analyzed is very small, it can easily happen that
no explosion takes place when the spark is passed. In this
case some illuminating gas is added and the explosion repeated.
The volume of the illuminating gas must be about 14 that of the
gas to be analysed. With the use of an excess of illuminating
gas, part of the nitrogen may be oxidised as a result of too
violent an explosion. Of course this introduces a considerable
error in the analysis.



OXYGEN RESPIRATION 41

An analysis of a gas mixture of carbon dioxide, oxygen and
nitrogen has just been described. Determinations of hydrogen,
carbon monoxide, methane, ethylene and other gases could also
be carried out in the apparatus of Polowzow-Richter. The
analysis of a gas mixture of carbon dioxide, oxygen, hydrogen
and nitrogen is performed as follows. First the carbon dioxide
is measured, then the gas is conveyed to the explosion pipette
where it is exploded with the addition of illuminating gas. Ifa
decrease in total volume has taken place after the explosion, a
quantity of CO,-free air, accurately measured in the measuring
tube, is added to the gas and again exploded with illuminating
gas. If the total volume remains unchanged after the second
explosion or if all the oxygen introduced with the air is not used
up by the explosion, the volume of hydrogen is computed as
follows: if @ were the volume of the gas to be analysed, after the
CO;-absorption, and b, after the explosion, the volume of the
hydrogen equals 24(¢ — b), in case no change in volume
occurred after tne second explosion.! If the gas which was com-
bustible with oxygen were pure hydrogen, no trace of CO,
would be produced by the explosion. This is tested by treat-
ment of the gas mixture with caustic potash after the explosion.
It is best to use another sample of gas for the determination of
oxygen, and in the admission of hydrogen the amount of
hydrogen already in the gas mixture to be analysed is taken into
account. Consideration of the procedure of analysis of carbon
monoxide, methane and ethylene must be referred to the man-
uals of gas analysis, particularly to Bunsen’s ‘“Gasometrische
Methoden. ” 2

It must also be taken into consideration that the apparatus
can be made to fit various other types of analyses as required.
It is quite possible to use a larger mercury bath on the apparatus
and to use more absorption pipettes filled with various solutions.

The accuracy of gas analysis in the apparatus of Polowzow-
Richter is scarcely less than that of the approved methods of
Bunsen and Doyére. With care the determinations of CO.

reach an accuracy of 0.15%, the oxygen determinations down

1If further decrease in volume took place after the second explosion, 34 of the second
decrease in volume is still to be added to the above number.
3 Bunsen, R. loc. cit, Pp. 24, 127 and 130.
.t
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t00.1%.! The following points are important for the reliability
of analysis: I. Exact calibration of the measuring tube and II.
Absolute cleanliness of the measuring tube and of the mercury.?
The column of mercury must move freely in the measuring tube
and not adhere to the walls of the tube. As soon as it is noticed
that the movement of mercury in the measuring tube is not
uniform, steps must be taken at once to clean the tube. For
this purpose an analysis tube filled with 15% nitric acid is placed
under the mercury on the end of the measuring tube and the
liquid drawn into the measuring tube. After repeated to-and-
fro movement, the acid is forced back into the analysis tube and
the measuring tube is rinsed with distilled water several times
by means of the procedure just described. Then the measuring
tube, the rubber tubing P and the pear-shaped bulb H are
emptied and dried by blasts of hot air.?

In carrying out the analyses, the adjustment of the column
of mercury at the line O in the measuring tube must always be
made by a movement in thé&%direction of the arrow (Fig. 6 near
0O). Readings on the measuring tube are also to be carried out
at a constant temperature. The fluctuations in temperature
which may possibly take place in the course of each analysis
are controlled with the aid of a thermometer dipped in the water
in the cylinder B and at once equalized by the addition of warm
or cold water. Any appreciable change in barometric pressure
can hardly take place with the short duration of the analysis.
In regard to the CO,-determination in particular, its accuracy
can be increased by placing the gas for a short time in the
explosion pipette before its measurement after the absorption
of the CO,. The gas is deprived of a part of its water vapor
by the 309, potash and is again moistened* in the explosion
pipette, for the latter always contains some water from the
previous determinations of oxygen.®

3 The analysis figures of S. Kostytschew in Ber. d. bot. Ges. 39: 319. 1921 illustrate the
accuracy which may be reached with this apparatus.

3 Por the purification of mercury see Hempel. Gasanalytische Methoden, 4th ed. P.
79. 1913 [or other standard texts).

3 The use of alcohol and ether to dry the tube is expressly to be avoided.

¢ A gas taken from the plant container is always moist.

% If drops of water visible to the naked eye have gathered in the absorption [ = explosion]
pipette, they are driven out with mercury.
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Some experiences show that it is possible to carry out a series
of exact analyses in a short time in the apparatus of Polowzow-
Richter, since each analysis requires but 20-30 minutes and the
apparatus can at once be used again after completing an analy-
sis.! For the physiologist it is of great importance that the
apparatus makes possible the analysis of very small amounts of
gas. Other merits of the apparatus are: simplicity of construc-
tion, inexpensiveness, and the small quantity of mercury
required for the analyses.

In the original model of Polowzow, oxygen was determined
by absorption with an alkaline solution of pyrogallol. The
essential modification introduced by Richter consisted in
the determination of oxygen by explosion with hydrogen. The
use of the explosion pipette makes possible a more rapid and, at
the same time, a more accurate determination of oxygen.
Moreover, the modified apparatus is useful for determinations
of hydrogen, carbon monoxide and other gases.

The manipulation of the apparatus of Bonnier and Mangin?
is simpler. However, it yields less accurate results. In this
apparatus the determinations of CO, are reliable up to 0.3%,
the oxygen determinations, to 0.5%. This accuracy is entirely
satisfactory in many cases; moreover the apparatus is so con-
structed that it is conveniently portable and can thus be used
on trips and excursions. Fig. 7 represents the small model of
the apparatus, which is mounted on a wooden base, and, packed
in a specially fitted wooden box, is particularly suitable for
carrying about.

The horizontal portion of the measuring tube R is divided
into millimeters. The twice-bent end of the measuring tube
is immersed in mercury in the bath W. The piston S with
handle, moved by means of a screw thread in a metal shell filled
with mercury, serves for the introduction and expulsion of gases
and reagents.

The analyses of gas are carried out in this apparatus as
follows. The analysis tube with gas contained therein is placed

1 After closing a series of analyses the mercury bath C must be emptied at once and the
level of mercury somewhat lowered in the capillary tube of the absorption pipette.

2 Aubert. Rev. gén. de bot. 3: 97. 1891. [Thoday (Ann. of Bot. 27: 565-573. 1913)
gives the detailed procedure, and mentions important precautions to be observed, when
using this apparatus.]
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on the end of the measuring tube under mercury, the gas drawn
into the measuring tube by unscrewing the piston S, and sealed
with mercury by raising the analysis tube. Now the analysis
tube is removed from the bath and the length of the gas column
in the calibrated part of the tube is measured by the use of a
microscope. The condition is somewhat troublesome that the
tube, as will be seen from subsequent statements, always
remains moist from previous analyses. Drying the tube after
each analysis is not only time-consuming but directly disturbing,
since the next readings must be carried out in the wet tube and
the measurements obtained are thus not comparable with an
original length of the gas column as read in the dry tube.

F1G. 7.—The apparatus of Bonnier and Mangin.

After reading the original relative volume of gas, the gas is
treated with caustic potash solution. To do this an analysis
‘tube filled with a concentrated solution of caustic potash is set
on the end of the measuring tube under mercury and the potash
is introduced into the measuring tube by the suitable turning of
the piston S. The gas collects in the spherical distension of the
tube (above the socket joint). The potash is at once driven
back into the analysis tube. The gas column thereby occupies
its original position in the measuring tube and CO, is absorbed
by the potash which adheres to the walls of the tube. The
Iength of the gas column is now read. The difference in the
two readings shows the relative quantity of carbon dioxide.
In exactly the same manner the amount of oxygen is determined
by the introduction of an alkaline solution of pyrogallol which
absorbs the oxygen. The observed data are expressed in per-
centages. After each analysis the measuring tube is rinsed with
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dilute nitric acid and then three times with distilled water. If
a still smaller degree of accuracy is needed for the purpose of the
study, one may desist from the use of the various apparatus for
gas analysis and make use of simpler devices. There is, for
example, the respiratory apparatus of Godlewski! which is
constructed as follows: a thick-walled, calibrated flask provided
with a manometer tube serves as a container. A small vessel
containing a measured amount of concentrated caustic potash
is suspended within the flask, which is tightly sealed. As soon
as the plants begin to take up oxygen and to give off CO,, the
latter is absorbed by the potash. Consequently the air pres-
sure in the apparatus is diminished and the mercury begins to
rise in the manometer tube. The lowering of the pressure at
the same time yields, by simple calculation, the volume of
oxygen absorbed. The carbon dioxide which is given off is
determined at the close of the experiment. The solution of
potash is diluted with a large volume of water and the CO,
determined in the form of BaCO;. For the various corrections
which are essential with this method the original communication
of Godlewski must be consulted.

In the simultaneous determination of the absorbed oxygen
and the carbon dioxide given off, of course there must be used
containers into which plants can be sealed air-tight and which
provide for the removal of test portions for analysis. Kosty-
chev used to advantage conical flasks which are also useful
for cultures of lower organisms on liquid or solid media (Fig. 8).
The capacity of each flask is 200-500 cc. and each is closed by a
two-hole rubber stopper fitted with an entrance and an exit
tube.? The distension C in the neck of the flask above the
stopper is filled with mercury and a completely air-tight seal is
thereby obtained. The outer, vertical side of the exit tube b is
calibrated and serves as a manometer. The flask containing
the plant material is closed as above, the manometer tube
inserted in mercury and the entrance tube a connected by means
of a thick-walled rubber tube with the gas pipette (see below)

! Godlewski, E. Jarhb. f. wiss. Bot. 13: 401. 1882,

2 For cultures of lower or 1t 1s practical to place close to the bottom of the flask a
side tube closed by rubber tubing and a pinchcock. A change of nutrient solution can
easily be effected through 1t, as is often necessary. i
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designed to remove test portions of gas. A pinchcock is fitted to
the rubber tubing. To withdraw a suitable amount of gas the
level of mercury in the manometer tube is adjusted at any level
and the outer, vertical side of the entrance tube is then filled
with mercury. If the pinchcock is now closed the internal
atmosphere of the flask is left entirely separated from the
external air by glass and mercury, as is shown in Fig. 8. The
stopper is also faultlessly air-tight. The gas pipette of Kosty-
chev (Fig. g) serves to draw the test
portions of gas from the container. By
the aid of the three-way stopcock 7,
the bulb / can be connected with either ) A
the tube g or the tube k. The single

m

P
f
Fic. 9.—Kostychev's gas
pipette.

stopcock f connects the bulb ! with the pear-shaped bulb .
The pipette is screwed to a stable wooden frame.

With the aid of the pear-shaped bulb m, the bulb / and both
tubes g and % are filled with mercury. For this purpose the
pear-shaped bulb is elevated, the bulb / connected with the tube
g and the stopcock f opened. As soon as the bulb and the whole
tube are filled to the further aperture with mercury and a drop
of mercury projects out, the stopcock 7 is so turned as to con-
hect the tube % with the bulb and to fill this tube with mercury,
after which the single stopcock f is closed. The curved end of
the tube g is then dipped in a thick-walled vessel of mercury and
the tube % is connected with the rubber tubing d of the Kosty-
chev flask just fitted out for the experiment. A certain amount
of mercury is drawn through it by lowering the pear-shaped
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bulb 7 and opening the glass stopcock f. As a result the mer-
cury in the manometer tube b of the flask rises to a certain level.
The stopcock f is now closed, the bulb 7 is connected with the
tube g by a suitable turn of the three-way stopcock 7, the pear-
shaped bulb m is elevated, the stopcock f is opened, and the
last trace of gas is driven out of the bulb and the tube. After
closing the stopcock f, the bulb / is again connected with the
tube % and this tube and the attached vertical arm a of the
flask tube are filled with mercury. The necessary manipula-
tions are intelligible from the explanation above: the pear-shaped
bulb m is raised and the stopcock fis opened. Theexperimental
flask is now perfectly sealed as shown in the figure. The
barometer reading and the level of mercury in the manometer
tube are noted and the experiment begins therewith. This
sealing of the flask is really very simple. After a little practice
it is easily and safely performed in less time than when it is
necessary to follow the above explanation.

The experiment proper consists in withdrawing, from time
to time, test portions of gas from the experimental flask as
described above, and in passing them through the tube g into
the analysis tubes completely filled with mercury. This pro-
cedure is entirely analogous to the original closing of the flask
except that in the latter case the gas sample is not kept for
analysis. )

The gas analysis yields the percentage content but not the
absolute amounts of the single components of the gas mixture
which is being studied. These are needed, however, for the

determination of the magnitude of Cé)*z' The calculation of
2

Co(zz is based on the fact that in respiration there is neither
an absorption nor a liberation of nitrogen. We assume that
a is the percentage of CO,, b is the percentage of oxygen,
and ¢ is that of nitrogen and other inert gases in the gas mixture
just analyzed. Let it be further known that at the beginning
of the experiment the air inclosed in the container had a normal
composition (O; = 20.9%; N2 = 79.1%). If ¢ is not exactly
79.1 the total volume of the gas mixture (reduced to normal
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pressure) has changed. If ¢ is less than 7g.1 there has been an
increase in the total volume. If ¢ is greater than 79.1 the total
volume at the end of the experiment is less than at the start.
The increase in total volume signifies that there has taken place
a production of CO, without the corresponding absorption of
oxygen. In the opposite case one is justified in supposing that
there has been an excess absorption of oxygen. In both cases
the value obtained for the oxygen absorbed requires a correction
in order that it be directly comparable with the percentage of
CO; found. The original content of oxygen corresponding to

the nitrogen content ¢ would be equal to 20.9 - ;‘; < Accord-

ingly the amount of oxygen absorbed is equal to‘%—;wc - b
and C0s = ¢ » or if we represent 29 by g, the following
O, 209 _, 79.1
79.1
equation results: i
€O _ & |
O, ¢q—0

The oxygen content of the surrounding air, which varies
between 20.809, and 20.969%, is determined by a series of
analyses and value of ¢ is calculated accordingly.

In some experiments one may not be content with the deter-

- CO;
mination of 0, * but must also know the absolute amounts of
2

the oxygen absorbed and the CO, liberated. For this purpose
it is necéssary to determine the total volume of the gas mixture
in the container as well as the percentages of thesingle constit-
uents. Since a direct calibration of the research vessel together
with the experimental material contained therein is in most
.cases not feasible, the volume of the inclosed space is determined
as follows. Before the experiment is started a gas sample v,
measured at atmospheric pressure H in a calibrated eudiometer,
is drawn from the flask. The lowering of the pressure in the
flask which results from the removal of the test portion of gas
is then noted with the aid of the manometer tube. Let % be
the gas pressure in the flask before, and 4’ the pressure after
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the removal of the portion ». The desired total volume x of
gas in the flask is calculated from these data on the basis of
the law of Boyle-Mariotte:
_VH
TR W
Then xh = xh + vH.

If the'volumes of the oxygen absorbed and the carbon dioxide
liberated are known, the amounts by weight of both gases are
obtained by simple calculation.

If very large amounts of plants are being used for investiga-
tion, or if it is impossible to introduce the research material
into the neck of the flask without damaging it, the flask is
replaced by a bell jar, the upper opening of which is closed with
a two-hole rubber stopper. Into the holes of the stopper are
introduced tlie same tubes as were referred to in the preceding
description of the Kostychev flasks. The lower rim of the bell
jar must be fitted to a ground glass plate by means of vacuum
grease. For accurate experiments the bell jar together with
the glass plate is placed in a crystallising dish of mercury in
order to obtain an entirely faultless seal. The rubber stopper
at the upper opening of the bell jar is also immersed in mercury.
In this way the manipulation of the bell jar is entirely analogous
to that of the flask. The research material is placed in a dish
on the glass plate and then covered with the bell jar.

Ordinary eudiometer tubes may be used to advantage for
very small amounts of research material. The material is
introduced into the upper part of the eudiometer and held in
position with glass wool. The lower end of the eudiometer is
then immersed in mercury and the operation proceeds according
to the general principles of gas analysis methods.»

* The reader must realize that many of the most important methods for the
study of respiration have not been mentioned by Kostychev. The present
tendency appears to be toward the use of physical rather than chemical methods
of following the changes in concentrations of the oxygen, carbon dioxide ox
both. The following are representative and most easily adapted to a variety of
material and the various types of problems which arise.

B. D. Bolas has recently presented the details and results of a comparative
study of three ‘“method