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ACIDITY AND GAS INTERCHANGE IN CACTI

By HerBERT M. RICHARDS.

HISTORICAL.

That the respiratory activity, or rather the phenomena connected with
the evolution of carbon dioxide, in cacti and in other succulents is peculiar
and that the acidity of the juices of these plants exhibits periodic rise and fall
have been known for a long time. These phenomena have been the subject
of a considerable number of researches, some of which have been elaborate and
thorough. :

Within the last 25 years there have been published the comprehensive
papers of Aubert® and of Astruc® dealing directly with the problems of the
physiology of the succulents, in which may be found a survey of the literature.
These accounts, with the excellent review of the subject that can be found in
Czapek’s® Biochemie der Pflanzen, as well as the short but well-digested treat-
ment given by Spoehr,? perhaps make it unnecessary to go into great detail,
nevertheless it will be well for the sake of convenience to summarize the
present state of knowledge concerning the points mentioned above. ,

The two principal phenomena with which we are concerned, namely, the
acidity with its periodicity and the carbon dioxide-oxygen quotient, are, as
is now known, intimately connected; but in the earlier literature they were
not associated.

It was that remarkably astute investigator, deSaussure, who first discovered
that in a certain cactus form (Opuntia sp.), with which he experimented, the
intake of oxygen might, under some circumstances, greatly exceed the output
of carbon dioxide. In consequence of this the so-called respiratory quotient,
instead of approaching unity, fell far below it. But at that time there was no
knowledge of the acidity of the plant juices, let alone its periodicity, so that
the significance of this peculiarity was not understood. As to the acidity of
succulent plants, we owe the first mention to a casual observation by Benja-
min Heyne/ in 1819, who contributed a note regarding the more acid taste of
the leaves of Bryophyllum (Cotyledon) calycinum in the morning than late in
the afternoon. This original note, with the further contribution by H. F.

@Aubert, E. Recherches physiologiques sur les plants grasses: Part 1, Acides organiques,
turgescence et transpiration des plantes grasses; part 2, Respiration et assimilation comparées
chez les plantes grasses et les végétaux ordinaires. [Thesis.] Paris, 1892. See also: Sur la
repartition des acides organiques chez les plantes grasses, Rev. Gen. Bot., vol. 2, p. 369, 1890;
Recherches sur la respiration et I’assimilation des plantes grasses, Rev. Gen. Bot., vol. 4, p.
203, 1892; Recherches sur la turgescence et la transpiration des plantes grasses, Ann. Sc. Nat.
Bot., series 7, vol. 16, p. 1, 1892.

dAstruc, A. Recherches sur 'acidité végétale. Ann. d. Sci. Nat. Bot., series 8, vol. 17, pp.
1-105, 1903.

¢Czapek, F. Einige Biochemische Verhaltnisse der Pflanzensiuren. Biochemie der Pflanzen,
vol. 2, pp. 446 et seq., 1905.

4Spoehr, H. A. Photochemische Vorginge bei der Entsiuerung der Succulenten. Biochem-
ische Zeitschrift, vol. 57, p. 95, 1913.

¢De Saussure, Theod. Recherches chimiques sur la vegetation, p. 64, 1804.

/Heyne, B. Trans. Linn. Soc., vol. 11, part 2, p. 213.



X ACIDITY AND GAS INTERCHANGE IN CACTI.

Link, is printed in Kraus’s® paper on the acidity of cell-sap. Link actually
tested with litmus paper the juice expressed from the same plant and also
other crassulaceous forms, in the morning and in the evening, and so by more
definite experimental means corroborated Heyne’s report.

It was not until 1875 and later that A. Mayer? published his series of papers
on his investigations of the organic acids found among the Crassulace and
established the fact that it is malic or isomalic acid that is present in these

lants.

3 We may regard the investigation of de Saussure and the observations of
Heyne and of Link as the starting-points from which have come the subsequent
researches into the acidity of the succulent plants and their respiratory activ-
ity. Indeed, the whole question of the relation of acidity to the evolution of
carbon dioxide had its first stimulus in these observations. Historically con-
sidered, Liebig’sc theories find place here. In connection with the disappear-
ance of organic acids in the ripening of fruit, he conceived the idea that these
acids were concerned in the upbuilding of carbohydrates by the plant, and
constituted a midpoint between carbon dioxide on the one hand and sugars
on the other. This point of view was not, indeed, accepted by all, even at the
time of its publication, and has since found but little favor, at least among
plant physiologists. For a further discussion and more detail concerning
the part which the investigations of A. Mayer played in regard to Liebig’s
theory, reference may be made to Warburg’s aceount? and to Spoehr, loc. cit., in
which papers the matter is more fully discussed. It is sufficient to say that
practically all of the later investigators have shown Liebig’s theory to be
untenable.

Kraus, in his paper on the acidity of cell-sap, in general very distinctly states
his opinion that the acid is in no way connected with the formation of food
substances and that it is a by-product of respiration. He determined that the
loss of acid during the day was due to the direct effect of light and had no
immediate connection with the true respiratory activity of the tissues. He
regarded the acid as a secondary product of proteid splitting.

De Vries,® in his work on the periodicity of acid formation in succulents,
determined that prolonged darkness also results in diminution of acidity and
further that exposure to high temperature produces the same effect. He con-
cluded that the splitting up of the acid and its upbuilding are coincident pro-
cesses, both of which are always taking place. At night the synthesis of the
acid is more rapid than its breaking down, and in the day the reverse is true.
He also held that no connection exists between the presence or absence of
acids and the formation of sugars by the plant.

In many respects Warburg’s paper, which followed shortly afterwards, is the
most scholarly treatment of the subject that we have. He discusses the his-

9Kraus, G. Ueberdie Wasservertheilungin der Pflanze. IV. Die Aciditatdes Zellsaftes. Abh.
der naturforsch. Ges., Halle, vol. 16, pp. 154-157, 1883.

®Mayer, Ad. Landw. Versuchstat., vol. 18, p. 428, 1875; vol. 21, p. 277, 1878; vol. 30, p. 217,
1884; vol. 34, p. 127, 1887.

‘Liebig. Chemie in ihrer Anwendung auf Agrikultur und Physiologie, 9th ed., p. 31, 1876.

Warburg, O. Ueber die Bedeutung der Organischen Sauren fir den Lebensprozess der
Pflanzen. Untersuch., aus dem Bot., Inst., Tubingen, vol. 2, p. 57, 1886.

“De Vries, H. Ueber die periodische Siurebildung der Fettpflanzen. Bot. Zeit., vol. 42, p. 337,
1884. Ibid., Ueber die Periodicitiat im Sduregehalt der Fettpflanzen. Verslagen en Medeed-~
lingen der Kononkl. Akad. van Wetenschapen. Afd. Naturkunde Reeks, Deil 1, 1884.
Abstract Just Bot. Jahrb., vol. 1, p. 65, 1884.
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torical side of the question of the acidity of succulents and its significance from
all points of view. As a result of his own experimental work he decided that
the acid formation and its periodicity was peculiarly characteristic of plants
which, by reason of their protection against high transpiration-rate, are not
favorably placed as to gas-interchange relations. He concluded that the
breaking up of the acid affords an important saving of carbon dioxide, since
this takes place in the daytime when the liberated carbon dioxide will be re-
absorbed in the photosynthetic processes. This is essentially the point of
view taken in Pfeffer’se digest of the matter, and is the opinion that holds
generally. The acid collects at night as a result of respiratory processes, and
this acid when it degenerates during the daytime affords a source of carbon
dioxide which is utilized in photosynthesis.

Aubert® has published several important papers. He thought that in the
cacti it is malic acid proper that is produced, but that in the Crassulaces
the substance is somewhat different and is to be regarded as isomalic acid.
He corroborated the general facts already known and accepted, and he ex-
tended knowledge of the questions involved by a careful investigation of the

%Zlquotient. The normal gas-ratio in succulents may be regarded as less

than unity. The more succulent a plant is, the more acid it contains, and
hence it will absorb in the dark an increasing amount of oxygen with a mini-
mum output of carbon dioxide, as a consequence of which its gas-interchange
ratio falls. The amount of carbon dioxide given off increases with rising
temperature, or with long-continued darkness, as well as with diminishing
succulence, hence under these conditions the ratio rises. He argued that suc-
culents produce malic acid at the cost of liberation of carbon dioxide, and when
with higher temperature or other causes the formation of malic acid is inhibited
more of this gas is given off in proportion to the oxygen absorbed, so that the
amounts of the two become more nearly equal. Not only do the succulent
plants present an unfavorable epidermal and stomatal provision for gas
interchange, but the succulence itself inhibits free passage of gases into and out
from the tissues and hence the peculiar phenomena of their gas-ratio is cor-
related with their anatomical structure, which in turn is a result of their
habitat.

A very comprehensive examination of the whole question of plant acidity
has been made by Purjewicz,c covering the problems of the formation and
destruction of organic acids in the higher plants in general. His results as to
the sourees of decrease in acidity confirm those of de Vries and other workers,
namely, that the causes are light, continued darkness, and high temperatures.
He regarded the breaking down of the acids as an oxidation process and
pointed out that in the absence of oxygen this process is greatly inhibited.
He adopted the already accepted conclusion that the carbon dioxide formed
by the degeneration of the malic acid in light furnishes material for photo-
synthesis, and that its relation to the latter process is only indirect. That
there is any increase in the carbeohydrates accompanying the decrease in

. 6Pfeffer, Wm. Physiology of plants (trans. by Ewart), vol. 1, p. 326, 1904.

dAubert, B. Sur la repartition des acides organiques chez les plantes grasses, Rev. Gen.,
Bot., vol. 2, p. 309, 1890. Recherches physiologiques sur les plantes grasses, Ann., Sci. Nat.
Bot., Series 7, vol. 16, p. 1, 1892; also as a dissertation in 1892.

‘An elaborate abstract in Botameches Centralblatt, vol. 58, pp. 368-374, Kiew, 1893 (Russmn)
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acidity he regarded as a priori improbable. Indeed, some of his experiments
showed an actual decrease of these substances in the tissues with diminishing
acidity. He, like Aubert and Astruc, whose papers will be discussed later,
agreed with Kraus in considering carbohydrates as the ultimate material from
which the acids are formed, and he did not entertain de Vries’s idea of a light
stimulus which is inhibitory to acid formation, which consequently results in
the diminished acidity characteristic of the day period. He also maintained
that a certain amount of oxygen is necessary for the formation of the acids,
but the quantity is much less than that required to break them down, oxygen

being, nevertheless, of greater significance in the former process than in the

latter. As to the —CO%’ quotient, he found it lowest at the periods of maxi-

mum acid formation and highest when it is being broken down. In general,
he considered the evidence to be all in the direction of supporting the usually
accepted conclusion that the organic acids in plants are products of incomplete
oxidation. The formation of the carbon dioxide is probably not direct, but
by gradual steps in which simpler and simpler compounds are produced as the
gas is given off. His conception of respiration, indeed, is that it is just such a
process of gradual disintegration, first of carbohydrates and then of the acids
formed from them.

Astruce also has contributed a lengthy paper covering the general field of
acidity in plants. Considerable attention is given, however, to the question
of the acidity of the Crassulacea in particular. The two forms chiefly em-
ployed for experimental purposes were Sempervivum and Echeveria. Unlike
Aubert, who found less acid in the young parts and most in the recently mature
tissue, Astruc reports that the acids are formed most of all in young organs
which show high cellular activity and a maximum of turgescence. According
to him the acids which are produced gradually tend to diminish in amount as
the tissues advance in age, either by entering into combination with alkaline
bases absorbed with the soil-water or by esterification, in consequence of which
the cell contents lose their acid properties. His conclusions are not so
different from those of Aubert as would appear at first sight, for the latter
admits that the average acidity finally diminishes after the period of early
maturity is passed. Probably the two writers did not have precisely the same
criteria for judging the relative age of the parts used. Astruc considers that
the formation of the acids is indirectly dependent in part upon previous photo-
synthetic activity, so that succulent plants form much less acid at night, when
they have been exposed during the previous day in an atmosphere devoid of
carbon dioxide. In this respect he differed from de Vries, but agreed with
Aubert in thinking that the formation of acid at night is dependent upon
assimilation in the day. These conclusions are obvious if, as is generally
accepted, it is from the partial breaking up of carbohydrates that the acid
arises. Corroborative of this position he found that etiolated tissue was much

lower in acidity than that which came from normally illuminated plants. The

relation of acidification to the CT(:’ ratio was shown by the lowering of the

la.ttt?r at night-time, when acid formation is taking place. Astruc agreed with
Purjewicz and Aubert in finding that any cause which tends to hasten the

%Astruc, A. Recherches sur I'acidité végétale. Ann. d. Sci. Nat. Botanique, Series VII, vol.
17, pp. 1-64, 1903.
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acidification of the plant tends also to increase the carbon dioxide output and
toraise the ratio. Oxygen is necessary for the production of acid, and so neces-
sary that in atmospheres with less than the normal oxygen-supply this process
is greatly impeded. Acidification is favored when the oxygen-supply is
increased above normal, and hence his general statement that acid is best
produced in an atmosphere rich in oxygen. On the other hand, a supply of
oxygen is necessary for the deacidification. It has been shown by other inves-
tigators, without question, that oxygen is needed for both processes; but
whether Astruc’s interpretation is wholly applicable to the conditions found
in succulents is perhaps doubtful. There is much more detail in this contribu-
tion of Astruc which might be given, but it is not necessary to do so here.
On the whole it is a corroboration of the results of Aubert.

Very recently Spoehr has published a paper which gives the first definite
account of the steps in the deacidification processes, following exposure of
malie acid to light. The photolytic action of light on malic acid results in the
formation of a number of degeneration products, as follows: formaldehyde,
acetaldehyde, formic acid, acetic acid, glycolic acid, oxalic acid, and carbon
dioxide. Step by step the malic acid breaks down to simpler derivatives
accompanied by a constant evolution of carbon dioxide. That the disruption
of the acid should be rapid at first, becoming gradually slower, is to be expected
from the greater stability of the simpler acids, especially formic acid. The
oxalic acid is apparently formed from the acetaldehyde, which is one of the
early products of the deacidification processes. Some of this oxalic acid is
removed from the sphere of photolytic action by reason of its precipitation as
a calcium salt, but the rest suffers a further splitting, since oxalic acid is highly
sensitive to light. A great deal of this work was done in »itro from ordinary
chemical preparations, but there are some interesting observations on the
plant-juices themselves. Among the most important is the account of an
attempt to determine whether deacidification is brought about through the
action of an enzyme. Very careful experiments gave a wholly negative result,
and it appears, therefore, that this process can not be due to any enzymatic
catalyst. Indeed, it is not wholly dependent upon the living protoplasm,
since the expressed juice when placed in the sunlight diminishes in acidity with
the formation of carbon dioxide. The product, after exposure to light,
evinces an increased power to reduce Fehling’s solution; but, as the author
points out, this should not be necessarily interpreted as indicating the forma-
tion of reducing sugars. Many of the substances formed by photolysis would
account for this response to the Fehling test. Attention is also called to the
interesting theory of Borowikow on the influence of acid media upon the hydra-
tation of colloids and the consequent effect on growth. The possible connec-
tion of this hydratation with the acidity question is suggested, to which fuller
reference will be made in the appropriate place. In this connection, it is inter-
esting to note that Aubert stated that less water is transpired by organs richest
in malic acid, a circumstance which appears in keeping with Borowikow’s
suggestions. However this may be, even if the acidification of the colloids
did not result in conditions which greatly affect growth, at least this increased
hydratative power might be a very important factor in maintaining a sufficient
water-balance to keep the cells alive and active.
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In the work of Maquenne and Demoussy,* which is very recent, we have one
of the most elaborate and exact investigations that has ever been attempted in
this field. New methods and new corrections in the evaluation of their experi-
ments are introduced. The bulk of the work does not touch immediately on
the subject in hand, but some passages are of interest in connection with succu-
lent plants. In general, the authors did not concern themselves, experiment-

ally at least, with the matter of acidity. They state, however, that the 90%’

ratio in young tissues is greater than in mature ones. The lower ratio found
at night, when the acidity is rising, they ascribe largely to the increased solu-
bility of carbon dioxide in the juices of the plant at the lower temperatures
which prevail at night. This would cause the apparent fall in the ratio by
cutting down the amount of carbon dioxide evolved from the plant. It seems,
however, dubious whether this increased solubility could possibly account
for enough of this gas to produce the considerable effect on the gas-ratio that
is to be observed.

Among the references to the importance of the acidity of the Crassulacex
and other succulents in connection with the general problem of respiration
that are to be found in the more general works, we have the discussion given
by Nathanson?, in his recent book on the nutrition of plants. He states his
opinion very emphatically that the formation of large amounts of acid is
due not merely to the diminished oxygen attendant on the morphological
structure of succulents, but to a regulatory process connected with the photo-
synthetic activities in this type of plant. His interpretation does not really
seem to be very different from that of Warburg, except that is is somewhat
more vague; and as a result of his discussion it is perhaps no easier to dis-
tinguish cause and effect than in the usual statements concerning the relation
of respiration and photosynthesis in succulents.

The present status of the question is about that which is expressed by
Pfeffer, which is based largely on the work of Kraus and Warburg, supported
in the main by Aubert and Purjewicz. The acids which are formed are the
result of oxidation of sugars, which is incomplete because of the compara-
tively restricted supply of oxygen consequent on the morphological structure
of the succulent type of plant. The disappearance of the acid, as is plainly
shown by Spoehr’s work, is due mainly to light, which has a photolytic action
on the malic acid and breaks it up into simpler substances. The acids do not
appear to stand in direct relation with the synthesis of the carbohydrates in the
photosynthetic processes, but the product of their disruption, which in its final
form is carbon dioxide, may be of importance in this regard. Even if Bayer’s
hypothesis as to the nature of the photosynthetic process were on a firmer
foundation than it is, the presence of formaldehyde as one of the degeneration
products of the acids, as established by Spoehr’s experiments, would weaken
it greatly. However, even if formaldehyde is not the primary substance
produced in photosynthesis, the possibility of this substance being worked up
by the plant into sugars is not precluded. Under such circumstances, it might
be suggested that any formaldehyde which is formed in the process of the

6Maquenne, L., et E. Demoussy. Nouvelles recherches sur les échanges gazeaux des plantes
vertes avec I'atmosphere. Paris, 1913. See also Compt. Rend., vol. 156, p. 28, 1913; ibid., vol.
166, p. 506, 1913; ibid, vol. 156, p. 278, 1913.

®Nathanson, A. Der Stoffswechsel der Pflanzen, pp. 376-394, 1910. Leipzig.
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degeneration of the acids might be utilized at once by the plant for constructive
purposes and would not necessarily be further broken down to its final constit-
uents of carbon dioxide and water. This, however, would not mean that the
deacidification of the tissues could be effected without the evolution of carbon
dioxide, for this gas is also formed in the splitting-off of some of the higher
acids.

How far these present studies may help to throw much more light upon these
vexed questions is perhaps doubtful. An attempt has been made, however, to
accumulate a larger body of reliable data than previously existed, with the hope
of being able more closely to analyze the various happenings connected with the
appearance and disappearance of the acids among cacti. This has been done
especially in relation to the interchange of gases which takes place during the
processes that have been commonly included under the general head of respira-
tion.

The work was largely carried on at the Desert Botanical Laboratory at
Tueson, Arizona, under the auspices and with the support of the Carnegie
Institution of Washington. To be able to work upon these desert plants in
their native habitat and with the facilities afforded by the laboratory was, as
the writer acknowledges with great pleasure, an unusual opportunity. It is
a further pleasure to acknowledge the interest of the director, Dr. D. T. Mac-
Dougal, whose suggestions have been helpful, and also of the other members of
the staff, particularly Dr. H. A. Spoehr. The gathering of so much experi-
mental data in connection with the gas-interchange problem would have been
almost impossible without the assistance of Miss M. E. Latham, who col-
laborated in the work on gas-interchange.



EXPERIMENTAL METHODS.

The methods employed in this investigation present nothing markedly new.
There were, in general, three lines along which the work was carried out. In
the first place, there was the determination of the acidity of the tissue both
as regards the pure juice and as regards the total amount of acid present.
Secondly, determinations of carbon dioxide evolution were made by the well-
known Pfeffer-Pettenkofer method, to fix not only the diurnal periodicity in
relation to the normal temperature changes, but also to determine the effect
of various external agencies upon the rate. The last and most important line
of investigation was that of the gas interchange in darkness between the
plant and the atmosphere. For this the methods familiar from the work
of Bonnier and Magnin and many others of their school were used, and their
micro-gas-analysis apparatus was employed in determining the amount of
carbon dioxide evolved and the amount of oxygen absorbed, and then the same
or parallel material was investigated to determine its acidity. This involved
the making of a very considerable number of gas-interchange experiments
simultaneously with the acidity measurements.

DETERMINATION OF ACIDITY.

At first attention was devoted wholly to the determination of acidity in
order to become familiar with the behavior of the plants in this regard, under
varying conditions. The acidity may be measured by the expressed juice,
and while the writer is very well aware that this juice does not necessarily
represent the sap of the cell contents, as it must include also any fluids which
are present in the intercellular spaces, it at least gives the amount of free acid
present in the tissues, and is the only index of a quantitative sort that we have
for such a study. In general, the acid material expressed from the tissue was
immediately titrated without further purification or decolorization. In many
of the cacti the juice darkens very rapidly on exposure to the air, due perhaps
to the formation of oxidases, but Opuntia versicolor presents less difficulty
than most in this regard. Only rarely did any marked discoloration of the
expressed liquids occur, even after they had stood in contact with the air for
as much as two hours. Nevertheless, even when no change of color ensues,
there is always danger that oxidation processes may set in and affect the
acidity unless titration is made at once. Various methods of extraction and
purification were tried, and the method to be described below was adopted,
since, in view of the scope of the work which the writer had in mind it was
essential to reduce the processes for the determination of acidity to the simp-
lest means consistent with reliable results.

For experimental purposes Opuntia versicolor presents a great advantage
over most of the cacti in that the amount of mucilaginous substance, which is
squeezed out in the process of pressing the tissue, is minimal. Indeed, there
1s commonly none whatever except from the very dry, flaccid joints. This is
true also of some other species that were tried, such as Mamillaria grahami,
Carnegiea gigantea, and Echinocactus wislizeni, but there is not such a wealth
of material of these forms within easy reach—not, at least, as far as concerns
the numbers of individuals. As for the bulk of tissue one giant cactus would,
indeed, afford enough for a whole investigation, but for obvious reasons it
would hardly be profitable to carry on a research with a single specimen which
would necessarily soon become affected with serious traumatic reactions.

10
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The usual method of acid extraction was this: A sufficiently large sample,
say of about 50 grams of tissue of healthy joints, was pressed in an ordinary
large-sized meat-press. From such a sample there were obtained usually at
least 10 c.c. of what is termed in the succeeding pages “pure juice.” The
writer expressly avoids the term “cell-sap,” which means little or nothing and
is apt to give a very erroneous impression. From young and very turgid
tissue the amount of juice so obtained was sometimes as much as 20 or even
25 c.c., and from old flaceid tissue as low as 5 c.c. With the latter material,
indeed, it was sometimes necessary to use a considerably larger sample in order
to obtain enough juice to give a satisfactory result, for in all but a very few
cases the titrations of pure juice represent at least 10 c.c. This juice as it
came from the plant was of course discolored with chlorophyll and finely
comminuted tissue and was strained or filtered before titration. When
diluted with several times its bulk of water it made a very acceptable solution
for titration purposes, and its slightly greenish color, as soon as the eye
became accustomed to discounting its presence, did not interfere seriously with
a satisfactorily sharp reading of the end point.

This sample of the tissue, already once pressed, was wetted and pressed
again and this process repeated a second and third time. Trial showed that
the amount of acid obtained from a fourth pressing was negligible. The tissue
that remained was washed into a flask and shaken vigorously with water.
All extracts obtained by the second and subsequent pressings and the water
in which the squeezed tissue had been shaken were mixed together and strained
and used later in determining what has here been called “total acidity.

In the actual titration as much of the pure juice was taken as could be
aceurately measured, and in almost all cases it was seen that this should be at
least 10 c.c. Phenolphthalein was then added and the alkali run in from the
burette until the end-point was satisfactorily determined. In doubtful cases it
was sometimes purposely over-run and titrated back with standard acid. The
solution most generally employed for titration was an N/10 KOH, though in
some instances, where little acid was expected, an N /20 solution was employed.
As given in the tables, all results have been reduced to the decinormal equiv-
alent. The acid used for titrating back was an appropriate strength of HCI.

Any remaining juice and the washings of all the apparatus which had con-
tained it were added to the secondary extractions, already spoken of, and the
whole made up to some definite quantity, usually 250 e¢.c. An aliquot portion
of this was titrated, as with the pure juice, at least two titrations being made
in every case. All of these processes can be carried on with considerable speed,
and while it is possible that this simple method for determining the acidity
may not be susceptible of as great accuracy as a more elaborate one, it has two
distinet advantages: It is possible to make many more observations in a
given time, and the juices are titrated in a practically unaltered condition.
No question of changes that might have taken place in the processes of extrac-
tion can come in. It is, indeed, true that not every plant, certainly very few of
the cacti, yield their acid so easily and in a form so little contaminated as does
Opuntia versicolor, and, as has previously been stated, it was for this reason that
this species was so largely employed. The only trouble that arose was the
occasional presence of the mucilaginous substances which are so charac-
teristic of the cacti, but these rarely occurred in considerable quantity. When
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they were present, care had to be taken not to make false reading of the end-
point because of the uneven coloration which ensued, owing to the lack of
homogeneity of the extract. It was found that by constant agitation the
mucilaginous substance could be made to color evenly with the more fluid
portions of the sample.

The actual total acidity, of course, will be the multiple of the aliquot portion
titrated, plus whatever acid has been estimated as pure juice. In the earlier
experiments the acidity of the pure juice was not determined, as water was
used in connection with the first pressing, but this method was soon abandoned.
The acidity of the pure juice is the quickest means of obtaining the relative
acidity of a number of specimens, and, as it varies closely in accordance with
the total acidity, it will serve at times for the necessary index of the condition
of the tissue. In some of the later work, where speed was a necessary factor,
the total acidity was not determined. In all of the tables in which acidity is
recorded it is indicated which of these three ways was used, <. e., total acidity
alone, acidity of juice alone, or the two together. It will be noted that the
total acidity in most cases has been calculated both as to amount per gram
fresh weight and per gram dry weight. The importance of the latter becomes
evident when we wish to compare the acidities of flaccid specimens with those
of turgid specimens. The former showing, as they do, so much higher per-
centages of dry weight, the acidity per gram solid substance becomes even less
than it appears when reckoned according to fresh weight.

In all cases the tables show the acidity in terms of cubic centimeters of
N/10 KOH, either per cubic centimeter of the pure juice of per gram fresh or
dry weight of the material used. For the sake of brevity it is commonly
stated that the acidity was such and such a figure per cubic centimeter or
per gram, meaning by this that that was its value in terms of cubic centimeters
of the decinormal alkali solution.

Occasional exceptions to the praxis as outlined were made where demanded.
In a few cases, where only very small samples of the cactus joints were of
necessity available for acidity determination, it was not possible to obtain as
much as 10 c.c. of the pure juice, so a smaller amount had to suffice. The use of
a smaller quantity is of course less satisfactory and was not resorted to when it
was avoidable, but, inasmuch as the results obtained were not discordant with
those from larger samples, it is fair to assume that they were sufficiently
trustworthy. Another departure from the usual practice was the occasional
determination of the acidity in the whole of the residual pressings without
making the liquid up to a known volume from which an aliquot part could
serve. While this method is not necessarily inaccurate, it is attended with a
certain risk of losing the whole titration. It may be said that this was only
done when, as in the other case, there was only a small quantity to work with.

In the work done in 1912 and subsequently, all of the solid matter from the
samples of tissue used was recovered as carefully as possible and was dried, to
be used later in determining the dry weight. At the time of making the acidity
determinations, it was found convenient merely to dry the material in the
sun—a process which takes place very rapidly in Tucson—and to leave the final
drying to be done at convenience in the winter. In weighing the samples of
the fresh material it was not usually the practice to carry them down closer
than 0.1 gram, but with the dried specimens the weight is given to 0.05 gram.
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Individual differences in the living shoot, due to a variation in the number of
spines and so forth, would amount to a variation larger than the limits thus
set. Since we have no idea what their function may be, it seemed unwise to
remove the spines, lest a wound stimulus might result; and to obtain, in any
case, a strictly quantitative estimate of the amount of tissue actually active in
a cactus joint would not be an easy matter. As a rule, it is better not to muti-
late tissues used in experimentation more than is absolutely necessary. It
will be seen in the later discussion that the possible traumatic reaction, result-
ant upon the necessary removal of the joints from the plant, was carefully
tested out.

In most of the work Merck’s reagent KOH was employed and as an indicator
phenolphthalein was found satisfactory. It takes a little practice to satisfy
oneself as to the end-point of the titration, but once familiarity is attained it
is entirely possible to get results that are consistent among themselves and
which also must closely approximate the absolute quantity of acid present.

Reference has already been made to the mucilaginous substances so fre-
quently found as a result of crushing and pressing tissues of cacti and to the
extraordinary freedom of Opuntia versicolor from this disadvantage. The
other common cylindrical opuntias (0. mammilata, O. fulgida, O. spinosior,
and especially O. leptocaulis) all gave copious amounts of this mucilag-
inous material which, showing as it does an acid reaction because of the pre-
sumably watery solutions held in it, must be included in the titration. As the
alkali penetrates the collodial mass relatively slowly, and as it is not possible
to ascertain what reactions may take place between it and the potassic
hydroxide, it is obvious that only an approximate determination of the acidity
can be made by the method employed. It is not impossible that one might
devise a method to obviate these difficulties, but that was not attempted in
this work, since the O. versicolor afforded a sufficient field for study. It should
be added that the two flat opuntias common around the laboratory at Tueson,
namely, O. discata and O. blakeana, are very mucilaginous.

DETERMINATION OF RESPIRATION BY THE PETTENKOFER METHOD.

For the ready and accurate determination of the evolution of carbon diox-
ide, there is no apparatus more satisfactory than the Pfeffer-Pettenkofer
or some of its modifications. The type employed here was that described by
Pfeffer® in his paper on intramolecular respiration, with certain modernization
in details. The apparatus is so well known that description of it would be
superfluous. All of the precautions which are necessary for accurate results
were rigidly adhered to. The air passing through the apparatus was carefully
washed and the regulation of its flow carefully guarded. In the experiments
carried on in New York, the suction used was that produced by an aspirator
attached to the faucet, where throughout the building there was maintained
by an automatic pump a constant pressure of 60 pounds. In Tucson the
exhaustion apparatus consisted of a small electric pump, the suction of which
was equalized by a water-column. In both cases an additional safeguard was
interpolated between the suction source and the Pettenkofer apparatus by
means of a simple mercury safety-valve that has been used by numerous exper-

aPfeffer, W. Ueber intramolekulare Athmung. Untersuchungen aus Tiibingen, vol. 1, p. 638,
1881-85.
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imenters. This valve was set so as to make the flow constant at the least
suction possible that would guarantee a steady stream of air through the
absorption tube. It is perhaps not necessary to say that, even with all these
precautions, the apparatus was constantly watched and in only a few instances
was there any trouble with the air-current. To obtain satisfactory results
with any suction apparatus of this sort it is essential that the flow of air or
gas should be as even as possible. For most of the work the flow was measured
by a gas-meter of the American Meter Company, which could be read to
0.005 cubic foot, and a rate of 5 liters per hour was used. In Tucson, in the
absence of the meter, the gas-volume was measured by displacement of water.
A by-pass was arranged in the suction apparatus so that without disturbing
the adjustment of the mercury valve a much faster stream could be allowed to
pass through the Pettenkofer apparatus when it was desired quickly to change
the atmosphere in the receiver. It should be added, however, that the pres-
sure was never allowed to become diminished by more than a few millimeters
of mercury, lest the relation of the internal gases in the tissues be disturbed.

The amount of rubber tubing with which the gases from the plant came in
contact was cut down to a minimum, and where its use was necessary the
inside of the tube was vaselined so as to prevent, as far as possible, any diffusion
of the carbon dioxide. These rubber connectors were frequently renewed, so
that any deleterious effect that the vaseline might have on the rubber need not
be considered.

Constancy of temperature was insured by immersing the receiver holding
the plants in a large container filled with water. Lacking automatic control,
this was kept at the desired temperature by constant watching. For raising
the temperature one of the familiar types of immersed electric heaters was used
and for lowering it cold water or, if necessary, ice. A paddle stirrer was kept
in agitation from time to time to insure even distribution of heat. "Where pure
hydrogen or nitrogen was used great care was taken to wash the gas and to
eliminate all traces of oxygen. A by-pass in the supply tubes made it possible
to sample the gas passing through the apparatus without disturbing its flow
for a measurable length of time. When hydrogen was used it was manufac-
tured in the usual way and purified twice before being run into the apparatus.
For the most part, however, nitrogen was preferred where an atmosphere with-
out oxygen was desired. The commercial product is delivered in high-pressure
cylinders and contains only a small percentage of oxygen and no poisonous
gases, as far as the writer is aware. Besides being led through the usual tubes
containing potassium permanganates, potassic hydroxide, ete., this was washed
of its oxygen by being passed through two extra long Emmerling towers and a
whole battery of Pettenkofer tubes filled with alkaline pyrogallol. Repeated
tests showed that no trace of oxygen was left after this treatment.

As an absorbent for the carbon dioxide, the writer preferred the usual barium
hydroxide, except in the few instances where the apparatus was left to run
a long time without change, when the heavy precipitate would clog the even
flow of the air-current. In such cases a solution of potassic hydroxide was
used. The amount of carbon dioxide given off was determined as usual by
the decrease in alkalinity of the barium-hydroxide solution in the Pettenkofer
tube. In conclusion it may be said that toluene vapor was introduced into
the gas flowing through the apparatus, to obviate the difficulties arising from
the respiratory activity of possible bacterial forms.
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METHODS IN GAS-INTERCHANGE DETERMINATIONS.

The preliminary experiments were made by the writer in the spring of 1912,
at which time, also, the scope of this phase of the investigation was planned.
During the summer at Tucson charge of these experiments was given to
Miss M. E. Latham, who later analyzed the samples and compared the results
with analyses carried out by the writer. The series of experiments undertaken
in the summer of 1913 were performed by the writer during a brief stay at
Tucson and were analyzed by the collaborators during the following winter,
With the new apparatus employed during the second summer it was possible to
carry through a large number of experiments in a short time and it was found
possible to keep the gas samples for an indefinite length of time in tightly stop-
pered, mercury-sealed vials. Inpracticethe tubeswere about half or two-thirds
filled with the gas over a mercury bath. Stoppers were then jammed in very
tightly and the tubes kept in an upright position. The only problem was the
safe transportation and this was solved by personally carrying the samples so
as to insure the integrity of the mercury seal. Two lots were thus brought
across the continent, and the writer is absolutely sure that nothing happened in
either journey to disturb the seals and thus invalidate the samples. Analyses
made both before and after the journey showed no difference; indeed, analyses
made in 1914 from samples collected in 1912 gave the same results as those
made in 1912. This method of procedure proved itself highly advantageous
in many ways. In the first place, it allowed of the collection of a large number
of samples during rather brief visits to Tucson, and secondly, the analyses of
the samples could be made at leisure under more favorable conditions than
possible at the high temperatures found in Arizona during the summer. The
making of micro-analyses is exacting work and requires a care in manipulation
that is not likely to be attained if the work is done under pressure of time.
There is, indeed, the admitted disadvantage that some of the results may be
found unsatisfactory after it is too late to repeat the experiments, but con-
sidering all circumstances this was by far the best course to adopt.

The manner first employed for obtaining the required gas samples was
somewhat primitive, although efficient. The material under investigation
was placed in wide-mouthed flasks (Grignard flasks) of from 600 to 800 c.c.
capacity, and the flasks were then rigidly fixed over dishes of mercury to seal
them. After a desired lapse of time samples of the atmosphere within the
flasks were obtained by means of a bent pipette filled with mercury and oper-
ated with a rubber bulb. In order to insure a mixing of the gases before
sampling, the mercury in the pipette was several times violently ejected into
the flask while it was still sealed. It is of course unnecessary to say that the
pipette was so constructed that it was not possible to eject all the mercury
on one compression of the bulb and thus contaminate the sample with the air
which the latter contained. The gas thus drawn off was transferred to the
tube in which it was to be stored without removing the pipette from the
mercury bath. The vials into which the samples were run had been filled with
mercury with such great care that no bubbles of air adhered to the sides of
the vial. No matter how clean the glass may be, and even if the mercury
itself is ordinarily pure, bubbles of some size frequently stick closely to the
walls. In the filling of these tubes, then, each was minutely inspected, and
the greatest care was taken to avoid this possible cause of serious contamina-
tion of the gas sample. When the vial full of mercury was in a satisfactory
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condition it was a simple matter to expel the gas in the pipette into the vial
until the latter was from half to two-thirds full of the sample. If the analysis
was not to be made at once a stopper was very tightly jammed into the mouth
of the vial and it was then placed in a case where it could not possibly fall on its
side. The gas, under some compression, had a seal of 8 to 10 mm. of mercury
below it, so that it could stand considerable rough handling without bringing
the gas in contact with the stopper itself. These samples that were brought
back to New York were kept carefully in an upright position during transit.

After the samples had been removed the capacity of the flask with the cactus
joints still in it was determined by direct measurement and the material itself
used for an acidity determination and later for the estimation of dry weight.

In the summer of 1913 an extended series of experiments was made under
various conditions. In these the samples were obtained and capacity of the
flasks were determined by an improved method. The apparatus used for this
was modeled after that devised by Aubert® with a few modifications. Follow-

i

E

F1g. 1.—Apparatus for obtaining gas samples.

a =receiver; about 750 c.c. capacity. f=Dbulb of sampling apparatus: 25 c.c.

b =delivery tube. capacity.

¢ =manometer. g =rubber tube connecting with mercury
d =thermometer. reservoir.

e =rubber connector; wired. h =delivery tube of sampling apparatus.

1+ =mercury bath.

The attachment for determining capacity of receiver was simply a large bulb of about 75 c.c.
capacity, attached to the delivery tube b in the same way as shown above.

dAubert, E. Recherches physiologiques sur les plantes grasses. 2d part, p. 11, 1892. See also
Abderhalden, Handbuch d. Biochem. Arbeitsmethoden, vol. 3, p. 501.
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ing the idea adopted by Pallidin and Kostytschew the receiving flasks for the
plant material were provided with extensions of the necks in the form of
collars about 25 mm. high, so that when the stopper was inserted the flasks
could be securely sealed by pouring on enough mercury to cover it (a, fig. 1).
The stopper was punctured with three holes. In one a thermometer (d, fig. 1)
was thrust, in another a U manometer (c, fig. 1), and in the third the delivery
tube (b, fig. 1), which ran well down into the flask and was closed on the out-
side with a glass stop-cock. Figure 1 shows the general appearance of the
receiver. These flasks proved exceedingly convenient, as they could be car-
ried easily from place to place without disturbing the seal, could be darkened
by covering with tinfoil and paper, and could be immersed in water if occasion
required, without any danger that the material inside would become wet.
They could also be set up with such rapidity that it was possible to have four
sets of experiments running simultaneously without taxing the manipulator.

The material was placed in these receivers, and, after being ieft the desired
length of time, samples were drawn off and the capacity was determined in the
manner to be described. When the sample was to be taken the outlet tube
was connected with what may be called the sampling apparatus, which was
designed after the form used by Aubert, but differing in that it was detachable
and so could be used for an indefinite number of receivers. There is not only
this advantage, but also that which comes from having the receiving flasks
readily transportable. This sampling apparatus consisted of a bulb of about
25 c.c. (f, fig. 1), capacity provided with three openings. The upper one, a
bent narrow-bore tube, was connected, when desired, with the outlet tube of
the receiving flask, by means of rubber tubing, properly wired, and each time
the connection was made it was also wired (e, fig. 1). The two tubes had
ground ends and came in very close contact when brought together. This seal
was repeatedly tested by exhaustion and could hold a mercury column of
50 or 60 mm. indefinitely. It may be mentioned that the ordinary cotton-
covered annunciator wire was found to be excellent for such wiring purposes,
as it had no tendency to cut the rubber tube when tightened around it. The
second outlet, which was really a branch of the first, led to the small-bored
delivery tube (h, fig. 1), so bent as to deliver the gas conveniently when the
free end was immersed in the mercury trough (¢, fig. 1). This delivery tube
was provided with a glass stop-cock. There was also an extension upwards of
the first outlet with a three-way cock attached, but this could have been dis-
pensed with as well as not. The third opening at the bottom of the bulb led
by means of a long rubber tube (g, fig. 1) to a mercury reservoir which could be
elevated or depressed, as required to fill or empty the bulb.

To withdraw any gas the whole system up to the stop-cock in the outlet
tube of the receiver was filled with mercury, great care being taken to see that
no air was caught in the bulb, tubes, or stop-cocks. Inasmuch as the stop-
cock on the receiver had a vent looking downwards, it was possible to run any
quantity of mercury through the apparatus. In a similar fashion the delivery
tube of the sampling contrivance was filled with mercury. Before proceeding,
the whole apparatus was once more inspected for air-bubbles, especially th(_)se
which are apt to stick in the bore of the stop-cocks, and to see that the joint
with the receiver was tight. The stop-cock on the receiver was now opened
simultaneously with the depression of the mercury reservoir so that some gas
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was drawn into the bulb from the flask. By raising and lowering the mercury
reservoir this was rapidly repeated several times, to stir up the air in the flask.
This mixing of the gas was commonly aided by shaking the flask gently before
attaching it to the sampler, and, when considered complete, some gas was
drawn into the bulb and the stop-cock on the receiver was closed. The mer-
cury reservoir was then raised and the stop-cock of the delivery tube opened, a
vial carefully filled with mercury being held to receive it. The amount of the
gas sample taken was usually about 2 c.c. The vial was stoppered and stored
away as previously deseribed. '

It is well to mention here a precaution that was observed in every case,
namely, that in withdrawing the sample only a very slight depression in pres-
sure, not more than 4 or 5 mm., was allowed at any time, so that the error that
might arise from internal gases withdrawn from the tissues could be neglected.
This is especially important in dealing with massive tissues like those of the
cactus joints, which must, without question, hold gases, especially carbon
dioxide, dissolved in their juices or held in the intercellular spaces. It is not
clear to the writer whether this precaution has always been observed by other
experimenters, but it is eertainly an important one. It is needless to add that
the mercury used was clean and dry as possible, as these samples were to be
kept for some time before analysis. The steps herein described are not as
complicated as they sound and in a very short time the operator can learn to
carry through the whole procedure in not more than 5 minutes. As a matter of
practice the writer often set up series of four experiments at 5-minute intervals
and when the time for sampling came there was no undue hurry.

For the purpose of determining the capacity of the receiver with its charge
of specimens, another much larger bulb, of the capacity of about 75 c.c., was
used. This was tightly wired to the outlet tube as before. The stop-cock on
the outlet tube was turned to allow mercury to flow out of the nipple and the
whole bulb and adjoining tube were filled with mercury, after which the stop-
cock was turned to connect with the receiver. Then the mercury was drawn
off to a-definite mark in the lower stem, to which the volume had been accu-
rately calibrated. Simultaneous reading of the depression of the manometer
and of the barometer was taken, giving the necessary data for determining the
capacity of the flask. Before making the calculations there were added to the
calibrated value of the bulb the capacity of the short end of the small-bored
outlet tube of the receiver which projected beyond the stop-cock and that of the
bore of the stop-cock itself, all of which formed a part of the system of the
exhaust bulb. Possibly this correction was not material, for the actual cubie
capacity of these parts was very small, but after it had once been determined
it was a simple matter to add this figure to the capacity of the bulb.

The general method of procedure is the one first used by Bonnier and
Magnin and one that has been successfully employed by many experimenters.
The gas samples were analyzed by means of the Bonnier and Magnin micro-
gas-analysis apparatus,® which is too well known to need description. While
it is by no means a perfect apparatus, it gives very consistent results when
used by a careful experimentalist. All of the samples were analyzed at least

%Aubert, E. Nouvel appareil pour l'analyse des gaz. Rev., Gen. Bot., vol. 3, p. 97, 1891.
Thoday, D. On the capillary eudometric apparatus of Bonnier and Magnin, etc. Annals of
Botany, vol. 27, p. 565, 1913.
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twice, so that there was an adequate check on any errors. A considerable
number of supplementary analyses were made by the writer and the surpris-
ingly close agreement gave evidence that individual manipulation does not
cut as large a figure in the use of the Bonnier apparatus as might be supposed,
and that the accuracy of the results was something more than merely relative.

By this method the amount of carbon dioxide is obtained by the diminution
in volume of the gas sample following exposure to a solution of potassium
hydroxide, and the oxygen is determined by the further absorption which fol-
lows the addition of pyrogallic acid. Whatever remains of the sample is
taken as nitrogen. If nitrogen has been neither absorbed nor given off from
the tissues, this remainder will amount to 79.1 per cent, 1. e., the quantity
present in normal air. If this is the case, the calculation of the percentage
composition of the gas sample may be readily made directly from the figures
obtained. If on the other hand the amount of nitrogen is mare or less than
79.1 per cent the following correction must be applied:*

Let the amounts of carbon dioxide, oxygen, and nitrogen found be respec-
tively a, b, and ¢. Further let the product of the normal percentage of nitrogen
in air into that of oxygen, <. e., gg—% be q. Then the actual amount of oxygen
absorbed is ¢g—b, and the 70: qutotient may be expressed as canb'

The question also arose as to whether a correction might not be necessary,
for the reason that the experiments were performed and the samples gathered
in Tucson, Arizona, at one temperature

i TaBLE 1.
and pressure, while the gas-analyses were
mostly made in New York at another Barometric pressure.
temperature and pressure. Investiga- g oD Btk | TRocad Al s
tion showed, however, that the correc-
tion due to the nonconformity of carbon °cC. mg. mg. myg.
dioxide to the gas law would affect results gi }'igo }:Zgg 1'2? g
less than 0.1 per cent, which is below the 26 1.434 | 1.456 | 1.585
limit of experimental error.? Conse- 28 1.408 | 1.429 | 1.558
b oh i o AN AN AL 30 1.382 | 1.402 | 1.529

quently this correction was disreg . 32 1355 | 1375 | 1.500

In comparing the results obtained by 34 1.328 | 1.348 | 1.472
this method with those from the Pet- 36 et I 8 WO

tenkofer apparatus, where the carbon

dioxide is estimated by weight, it is necessary to reduce them from cubic
centimeters to milligrams. As most of the experiments were carried on at
Tucson the barometric pressure of that locality must be taken into account.
The average fluctuation is from 690 to 700 mm. and the calculations were
made on that basis. Table 1 was compiled from figures obtained by extrapo-
lation of known datac and is the weight in milligrams of 1 c.c. of carbon
dioxide, saturated with water-vapor at the different temperatures and pres-
sures indicated.

@Aubert, M. Recherches physiologiques sur les plantes grasses. 2d part, p. 23, Paris, 1892.
Pallidin, W., and S. Kostytschew. Methoden z. Bestimmung d. Athmung d. Pflanzen. In
Abderhalden’s, Handbuch der biochemischen Arbeitsmethoden, vol. m, part 1, p. 50(_).

bAmagat. Ann., Chim. Phys., series 4, vol. 29, p. 246, 1873. F. Fuchs. Wiedermann’s
Annalen, vol. 38, p. 302, 1889.

cCastell-Evans, J. Physicochemical tables, vol. 1, pp. 354-357, table ux, J. London, 1902.
Calculated from the data of Regnault.
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GENERAL METHODS OF PROCEDURE AND PRECAUTIONS.

Most of the gas-interchange and respiration experiments were, of course,
carried on with the plants in darkness. Whatever method was used to exclude
light, care was taken that it was efficient. Owing to the peculiar behavior of
the cacti in the matter of evolution of carbon dioxide, a number of experiments
were, however, performed in diffuse light or direct sunlight. Those in diffuse
light were exposed, uncovered, on the laboratory table or were placed out of
doors in the shade. Where direct sunlight was used the receivers containing
the plants were immersed in water cooled with ice. This method of prevent-
ing excessively high temperature consequent on the inclosure of the speci-
mens in glass was efficient, though somewhat crude. Water, of course, may
absorb light to a limited extent, but not as much as does glass. Care was
taken to see that the water was clear and that the receivers were not immersed
any deeper than necessary.

In the laboratory at Tucson, where a medium constant temperature was
required, the subterranean dark-room proved very convenient. Over any
24-hour period the temperature change would rarely be more than a fraction
of a degree and not to be considered from the standpoint of a physiological
stimulus. For higher temperatures a fairly even rate was obtained by the
use of shrouded incandescent bulbs, which, even without regulation, gave a
temperature which varied only a degree or two if care was taken to prevent
radiation. For short periods of exposure to high temperatures the small
greenhouse attached to the laboratory gave, in clear summer weather, a
temperature that was often above 40° C., and would remain fairly constant for
several hours during the middle of the day. For low temperatures ice cooling
was employed, and if the body of ice were large enough surprisingly regular
temperatures were obtained by it. While arrangements of this kind may not
make claim to be constant in the proper sense of the term, they served for the
study of the larger effects of temperature change in a physiological sense.
In New York the laboratory temperature was fairly constant during the winter,
varying from 29° to 23° C.; for lower temperatures an ice-box was used and for
higher ones the usual type of bacteriological incubator served.

When the results of any series of determinations were to be compared among
themselves, every care was taken to have samples of material as similar as
possible. The acidity of different plants is not necessarily the same at the
same time of day; indeed, it varies over a considerable range among plants
which appear similar and are similarly placed. It was found, however, that
tissue of the same age from one plant was fairly constant. Therefore joints
from only one plant were used in any one series of observations. To deter-
mine the initial acidities it was, of course, impossible to use the actual material
that was to be employed in the gas-interchange experiment, but in such cases
joints as nearly similar as possible were chosen and have been termed par-
alle]” material. The writer is aware that even with these precautions errors
may have crept in. It is, for instance, possible that similar joints from the
same plant might occasionally be of widely different acidity, and confusion
might arise by correlating their respiratory activity with the wrong acidity
conditions. It may be said, however, that this would probably not happen
often. Experience taught that the acidity distribution in the tissues of a
healthy plant is fairly constant. A certain check on such errors was also
afforded by the final acidity, which was always determined from the identical



EXPERIMENTAL METHODS. 21

material from which the gas-interchange ratio was obtained. It may be added
that the consistency of the results among themselves was satisfactory evidence
of the sufficiency of this method.

For purposes of experiment three classes of joints were distinguished, as
follows: young, mature-turgid, and mature-flaccid. Young joints were those
just formed or forming, very turgid and possessed of leaves. Mature-turgid
joints were those just back of the young joints or the terminal ones before the
young joints were formed. They were presumably of the previous year’s
growth, highly turgid, and during the rainy season often showed the very
characteristic longitudinal fissures, lightly healed with periderm-like tissue.
Mature-flaccid joints were those of age similar to the last, but from plants that
had not recently had any water-supply, that is, in the condition that obtains
before the summer rains. Joints older than these were not used, partly
because they commonly become too large and partly because the amount of
woody tissue increases. For the sake of brevity, these two kinds of mature
joints hereafter will be designated simply turgid and flaccid, it being under-
stood that the young ones are necessarily turgid.

In choosing material for experimentation, it was necessary always to exam-
ine it for the grubs of insects that frequently burrow into the tissues. They
can usually be detected with ease from the outside, but as an additional pre-
caution the joints were inspected when they were split preparatory to juice
extraction, after they had served for gas-interchange or respiration observa-
tions. Needless to say, if any contaminations of this kind were found the
whole experiment was discarded, but as a matter of fact only once or twice was
it necessary to do this.

TABLE 2.—Acidittes of lissues of different ages.

1 year. 2 years. 3 years.

Total. | Juice. | Total. | Juice. | Total. | Juice.

.40 1.23 1.41 1.18 1.38
86 0.91 0.85 0.87 0.85

The young joints were generally more turgid and showed higher acidity and
greater oscillation thereof than did the old ones. As has been said, the mature
joints were presumably of the previous season’s growth, but it is not always
easy to determine the age of a joint from its external appearance. Commonly
a terminal joint is but one season old, but if the plant put forth no new
growth during the previous growing period the distal one may be at least two
years old. Since this is the case, tests were made to determine how greatly
age affects acidity. The results show that the difference in this regard is
very small as between the 1 year and 2-year-old shoots, but begins to show
in the third year. Even this applies only to total acidity, for the juice differs
in strength very little. It is no doubt owing largely to the increase in the
heavy mechanical and vascular tissue that the total acidity decreases with
age, for the actual amount of succulent parenchyma must be relatively §mallger
in a given weight of old joints than in younger ones. The averages given In
table 2, from the experiments set forth in table 22, show that no serious error
could have resulted if occasionally 2-year-old joints were used instead of those
but a year in age. It is safe to say that no material older than this was used.
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The dry weights of the material show that the manner of selection resulted
in a pretty constant type of tissue, as they did not vary in any class over a
great range, at least not in any one season. The turgid joints averaged
about 20 per cent dry substance, varying from 16 to 22 per cent in a series
taken at random. The flaccid joints showed, as would be expected, a much
greater percentage of dry weight, the average of all the determinations made
being 29 per eent. For the young joints, which are by far the most succulent
of all, the amount of dry substance is lowest, a little over 16.5 per cent.
However, in discussing these general averages, which include material taken
during the summers of 1912 and 1913, attention should be directed to the fact
that the amount of solid material in proportion to the fresh weight was not the
same both seasons as the table below shows. The winter of 1911-12 was a
normal one, both as regards precipitation and temperature; and the summer
rains, which began in July, while somewhat below the average, were fairly
copious. Not so in the following season, when the winter temperatures were
at times abnormally low and the rains of both the winter and the following
summer were very light. As a result of these econditions the flaccid-mature
joints in 1913 showed an increase of nearly 6 per cent in dry weight over those
used during the previous year. The young joints also contained a greater pro-
portion of drysubstance, but the gain was less, being only about 3 per cent. The

TaBLE 3.—Average per cent of dry weight of material in all gas-interchange
experiments in 1912-1913.

| 1912 I 1913
1912-13 | 1912 1913 T
‘ Max. Min. I Max. | Min.
Y OURE :oacponsior Hr R kg Lol 16.6 15.3 18.6 178 13.6 228 || 117¥3
Mature-turgid. ......... 19.5 19.8 219.2 23.7 Tt 24.0 16.1
Mature-flaceid. ......... 29.2 26.2 31.0 28.5 25.9 35.7 ‘ 25.7

1Excluding the one instance mentioned above, where it was 9.7 per cent.
?These were from irrigated plants.

old turgid joints were about the same, but they do not come into consideration
in this connection, as the turgidity in all cases in 1913 was attained by irri-
gation. In the one instance in 1913, where young joints were collected from
irrigated specimens, the percentage of dry substance was the lowest ever
observed, namely, 9.7 per cent.®

It was found that at the time of year when the flower-buds are forming,
the acidity of the joints on which they appear is higher than usual and fluc-
tuates irregularly, and consequently such joints were avoided. This applies
only to the experiments carried on in the spring of 1911, since all of the other
work was done in the summer long after the flowers had disappeared.

In the plants of Opuntia versicolor there is a considerable range of color,
from a clear, somewhat bluish green throughout to a decidedly reddish tint
on the upper exposed side, with a lower side green or brownish yellow. Gener-
ally the red color is characteristic of flaccid plants, but not always by any
means. Casual observation shows that many plants which are distinctly red
during the dry period lose a great part of that color when the rains come, but
some of the reddest plants have been found among those which are appar-

dExperiment 41, table 63.
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ently fully turgid. Repeated tests did not indicate any definite correlation
between color and acidity, as no distinct acidity difference appeared between
red and green shoots from any one plant. Inasmuch as the dry plants are
more often red than not and the turgid ones usually green, there may be some
connection which the writer failed to discover. It is not impossible that a
diminished water-supply may influence the formation of anthocyan in the
epidermis of this species. It would be an interesting question to determine,
but would take a closer study of this particular point than could be here
attempted. Record was consistently made on plant color, but no data were
assembled that could justify a more definite statement than the above.

Since it was obviously necessary to remove the joints from the plant for
purposes of experimentation, it became important to ascertain if the wounding
incident upon removal induced any traumatic reaction that affected either
respiration or acidity. Various experiments were made which showed that
so slight an injury as that occasioned by detaching the joints produced no
important effect. The averages of four serics made in March 1911, showing
both the total and pure-juice acidity, give a slightly higher result for the former
and practically an identical result for the latter, as is shown in table 4. Refer-
ence to the itemized record in table 7 shows, however, that while the acidity
was higher in the detached joints in two experiments, it was lower in the other
two. The variations are not more than are to be expected from individual
differences without reference to the question of wounding, and may be con-
sidered negligible.

TaBLE 4.—Average of four sertes showing acidity of attached and removed joints, March 1911.

|
Time since removal from plant.
3hrs. 30 min. | 7 hrs. | 23 hrs. | 26 hrs. | 21 hrs.

e oG L e o SR RALT S L e 12 30" p.m. { 4 p.m. | 8a.m. | 10a.m. | 4 p.m.
Removed, total acidity per gram fresh

weight in c.c. N/10 KOH.......... 0.60 0.35 0.76 0.44 0.36
Removed, acidity pure juice in c.c. N/10

R O I T 0.87 0.36 1.17 1.00 ;| 0.38
Attached, total acidity per gram fresh

weight in c.c. N/10 KOH.......... 0.61 0.37 0.71 0.60 0.7
Attached, acidity pure juicein c.c. N/10 |

PTG A ELER s e BRI A 0.91 0.36 1.09 0.94 | 0.41

The same results were obtained from a series of four experiments made in
July 1912, in which only the acidity of the juice was determined. The normal
rise and fall of acidity is given according to the time of day at which the
determination was made, as is shown in table 5.

TABLE 5.—Average of four series of juice acidity in attached and removed joints, July 1912.

f
i | . .
1 Time since removal from plant.

3hrs. | Ghrs. | 24 hrs. | 27 hrs. | 30 hrs.
|

|
]
l VRTEINQ OTL QAN ot 8 ke <t ool e oiolid o oo oo o l1pm. | 4pm. (10am.| 1 p.m. | 4 p.m.

Removed, acidity pure juice in c.c. {
NYROMK OB, .ot o v o W0 0.78 0.33 1.55 0.79 0.30

Attached, acidity pure juice in c.c.
INTRLIOF PO =Y, UL L 0.75 0.33 1.54 0.81 0.31
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In order to learn what effect upon the evolution of carbon dioxide the
detaching of the shoots might exert, joints which had been removed from the
plant for a week, and hence must have fully recovered from any possible wound
stimulus, were placed in the Pettenkofer apparatus and their respiration-rate
determined. The same joints were then cut at the base as they would be on
removing them from the plant and their respiratory-rate was again obtained.
No difference in carbon dioxide was observed over a period of hours, so that
here, as with the acidity, it is evident that the removal of the joints from the
plant causes no measurable wound reaction. The question of wound respira-
tion which follows considerable injury will be considered later. The point
under discussion is merely whether the necessary injury done in detaching the
joints from the plant need be taken into consideration. It is evident from our
experiments that any such effect is negligible. However, to avoid any possi-
bility of traumatic reaction by increased oxygenation of the tissues, and to
prevent any undue evaporation of water, the wounds caused by breaking the
joints apart were always painted with vaseline. Finally, it will be recalled
that the area of the articulation of one joint with another is not at all large in
Opuntia versicolor, nor, indeed, in any of the opuntias.

While it was sometimes convenient to have a considerable supply of material
already gathered, particularly when a series was to be run through the night,
as a rule the specimens were freshly collected, as after standing there is a
noticeable decrease in weight due to loss of water. Under the conditions in the
laboratory at Tucson in the spring of 1911, it was found that 1,014 grams of
fresh material of Opuntia versicolor lost, after 10 days’ exposure to the air
in diffuse light, 138 grams weight. Of course all the material sent from
Tucson to New York was subject to this drying process. After gathering
there must have been some loss of water, though after the material arrived
in New York, care was taken to prevent any further evaporation; indeed in
some cases there was a slight gain. In this connection it is interesting to note
that the material left unprotected in the laboratory in New York lost water and
shriveled far more rapidly than that lying on the tables in Tucson. Whether
this was wholly because of the aridity of a steam-heated building is perhaps a
question, but there can be no doubt that it was an important factor. The
material sent from Tueson to New York arrived, without exception, in excel-
lent condition, and while some was sent as late as November and some as
early as March, the weather conditions at the time of transit were such that
there could have been no danger of freezing. There was one thing noticeable,
however, namely, that under the relatively feeble illumination of a northern win-
ter the acidity showed much less distinct periodicity than it would have shown
in its natural habitat For this reason no extended series of acidity determina-
tions were attempted in New York, where the work was confined during the
winter chiefly to respiration determinations with the Pettenkofer apparatus
and later in the spring to the beginning of the gas-interchange experiments.
Many of the latter determinations have not been utilized in the final assem-
bling of data, as these experiments were more for the purpose of getting control
of methods than for final results.
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As will be seen, the bulk of determinations of acidity were made with
Opuntia versicolor for the reasons already given, but a few series were under-
taken with Mammillaria grahami, Carnegeia gigantea, Opuntia discata, and
O. blakeana. The first problem was to establish more definitely the course of
the well-known periodicity of acidity that is found in such succulent forms.
While many of the investigators who have worked on succulents have made
some researches into the behavior of cacti, the greatest number have been
interested in various crassulaceous forms, notably Sempervivum and Echeveria.
It seemed advisable, then, to obtain a complete record of the behavior of a
cactus type in this regard, to which end a number of series, embracing com-
plete 24-hour periods, were undertaken in order to plot the diurnal decrease
and nocturnal increase of the acid content of the tissues.

PERIODICITY IN ACIDITY.

Three complete sets, composed of two or more separate series, shown in
tables 8, 9, and 10, were carried through in March and April 1911, at Tucson.
The acidity in these experiments was taken at 2-hour intervals over somewhat
more than 24 hours. In addition, two partial sets, extending from early morn-
ing to late in the evening, over a period of 16 hours, asshown in tables11and 13,
were made late in June 1913. Of this pair the last (table 13) was with young
joints, the other with mature-turgid ones. The acidity was recorded hourly
except at the end, but for lack of time only the pure juice was determined.
All of these experiments tell the same story, namely, the marked diminution
of acidity during the daylight hours and the slow increase during the night
until the maximum is reached at about sunrise. These facts are in accord with
the general ones already well known. In addition, numerous other deter-
minations were made, all of which indicate a similar periodicity, which will
be discussed in their proper place.

It will be seen that in general the differences between maximum and mini-
mum are greatest in the summer time, as, indeed, would be expected. When
the plants are supplied with water they are most active during that season, and
as the sunlight is stronger and the temperature higher, any effect of these
factors on the acidity would be more marked. In the three series of March
and April 1911 (tables 8, 9, and 10) the maximum acidity per gram fresh weight
is somewhat more than twice that of the minimum, the actual ratios of the
three series being 1.48 to 0.67, 0.76 to 0.31, and 0.70 to 0.31, respectively.
These may be compared with the results shown in table 13 for mature-turgid
joints, where the maximum acidity is to the minimum as 3 to 1 (actually in the
average of the three series, 29 to 10). It will be observed, also, that in these
experiments the acidity was taken as late as 10* 30™ a. m., which was some
hours after the highest point had been reached. This increase in ratio is even
more prominent in the acidity of the pure juice, where in the spring the maxi-
mum is to the minimum as 3 to 1 (table 10), while in the summer the ratio is
more nearly 7 to 1 (tables 11 and 12). : X

From these experiments it- would also appear that in the summer there is a
greater difference between the total acidity per gram fresh weight and the

acidity of the pure juice per cubic centimeter than during the earlier months.
25
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In other words, while the actual amount of acid contained in the tissues is not
very different at the two seasons the juice itself is less concentrated during
the summer rainy season and consequently there must be more water held in
the plant.

One very interesting fact indicated in table 6 is that, with increasing acidity,
there is a very distinct tendency for the dry-weight acidity to increase more
rapidly than that of the juice. Table 6 gives the averages of the dry and
fresh weight total acidity and also the juice acidity, the basis of the arrange-
ment being the dry weight. The higher acidities, above 4 c.c. decinormal
alkali per gram dry substance, show a sharp increase of the total acid-content
over the concentration of the juice, so that the ratio of the former to the latter,
instead of being less than 3 to 1, is more than 4 to 1, a point that is most con-

TaBLE 6.—Average acidity of 103 determinations, arranged in groups according to

dry~weight acidity.
Acidity groups Acidity| Acidity] Ratio of Acidit Ratio of
1 e Vi ads ¥
according to |Deter-| per per | acidity dry per | acidity dry
Age of material. acidity per |mina-| gram | gram to ot to
s dry |tions.| dry | fresh {a:idity fresh. juice. | acidity juice.
weight. weight.| weight.
1.00 and below; 7 0.77 | 0.15 5.1 0.27 n0
1.01-2.00 7 1.64 | 0.29 5.7 0.78 2.4
i12.01-3.00 8 2.59 | 0.42 6.2 0.86 3.0
Woungl /L. LAY 3.01-4.00 7 3.52 | 0.55 6.4 1.19 3.0
4.01-5.00 6 4.78 | 0.73 6.5 1.36 3.5
5.01-6.00 4 5.43 | 0.84 6.5 1.30 4.2
6.01+ 4 6.45 | 1.05 6.1 1.50 4.3
[
1.00 and below| & 0.68 | 0.13 5.2 0.29 2.3
1.01-2.00 17 1.64 | 0.32 5.1 0.72 2.3
2.01-3.00 5 2.36 | 0.45 5.2 0.96 2.5
Mature-turgid.. .{3.01-4.00 8 3.55 | 0.75 4.7 1.82 | 2.7
4.01-5.00 4 4,98 0.92 5.4 1.24 4.0
||5.01-6.00 5 5.36 | 1.12 4.8 1.56 | 3.4
6.01+ 1 6.50 | 0.98 6.6 { 1.50 4.3
Maturoifincoid {1.00 and below| 26 0.67 | 0.21 | 3.2 0.39 1.7
e 11.01-2..00 4 1.53 | 0.44 | 3.5 0.78 .6

sistently shown in the averages of the acidity of young joints, though it is also
indicated in those of the mature-turgid ones. In the group which includes the
examples of highest acidity (over 6.00 per gram dry weight) with both the
young and mature-turgid joints the ratio is 4.3 to 1.

It is true that with the mature material the ratio of the next preceding group
falls considerably below that which is required, owing presumably to the fact
that 2 of the 5 examples averaged had an unusually high juice acidity. If
these are omitted the ratio is similar to that found with young joints of equal
acidity. The variations in the acidity of the flaccid joints are much less than
with the others, so that on this basis of classification into acidity groups the
determinations fall into only two divisions and the vast majority of the exam-
ples come in the group with the lowest acidity. Nevertheless, as far as the
ratio of dry weight to juice acidity is concerned, we find a difference between
the two groups similar to that already described. The same relation of acidi-
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ties shows in the averages of the determinations given in table 12. The ratios
of the dry-weight acidity to the concentration of the juice are as follows: for
the young joints, high acidities 4.2 to 1, low acidities 3.3. to 1; for the mature
joints, high acidities 3.4 to 1, low acidities 2.3 to 1.

The obvious explanation of this phenomenon would seem to be that with
high-acidity content there is an increased amount of water present in the
tissues, which would of course affect the concentration of the juice without
influencing the total acidity. This is also borne out by the relation of dry and
fresh weight acidity as it is seen in the young material. The increase of acidity
on the basis of fresh weight is not so great as on the basis of the dry weight, or,
in other words, the ratio of the acid-content of the latter to that of the former
rises as the acidity increases. It must be admitted, however, that in the
series with the old turgid material this increase in ratio does not show very
satisfactorily, except in the highest acidity determination. However, it is
probable that the explanation is that which is indicated above, namely, that as
the acidity rises the amount of water in the tissues increases, so that the
concentration of the juice itself, while higher, does not rise as rapidly as does
the total amount of acid present. This whole question is an interesting one
in connection with the idea promulgated by Borowikowe? and mentioned
by Spoehr and would be worthy of closer examination than is given here.
According to Borowikow, there should be an increase in proportional water-
content as the acidity rises because of the increased hydratation of the proto-
plasmie colloids. The same effect, however, could be equally well accounted
for by the older assumption of the relation of turgor pressure to the quantity
of water contained by a tissue. The increased acid indicates, of course, that
the osmotic coefficient of the cells must be higher, and consequently their
ability to take in water must be greater. It is not impossible that both may
play their parts. It would be highly profitable to make a more detailed study
of this point.

With due regard to the time of day at which the determinations were made,
it may be said in general that the young joints just forming show not only
a higher acidity than the older joints from the same plant, but also greater
oscillation. As an illustration of this, the lowest acidities obtained were in
young joints which had been exposed during the day. Mature-flaceid joints,
which are probably as nearly inactive as the plant ever becomes, show on the
average the lowest acidities and the least range of variation therein. All
things considered, the fully mature but still turgid joints may be taken to
represent the normal condition of the plant as a whole, since they form the
bulk of the active tissue even during the growing season, when the young
joints are fairly plentiful. After the young growth has attained its full
development during the first season it undoubtedly must lose its higher acidity
and greater respiratory activity, a circumstance which will be discussed later.
At what period the maturation of the tissue occurs would form an interesting
subject for investigation. The time probably comes during the dry after-
summer, perhaps very shortly after the cessation of the summer rains. The
writer has never been at Tucson at this period, and consequently has not con-
sidered this question.

aBorowikow, G. A. Ueber die Ursachen des Wachstums der Pflanzen. Biochem. Zeitschr.,
vol. xL1v, p. 230, 1913.
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Returning to the young joints, it is not remarkable that they should show a
higher average acidity than the mature tissue, for, as will be seen later, their
oxidation processes must be going on at a more rapid rate, as also is the photo-
synthesis, which must in the last analysis afford the material from which the
acid is formed. In the same way, the greater fall of acidity in young tissue
is also probably due to the more active oxidation. It is not at all impossible,
also, that the acid destruction may be favored by the more delicate nature of
the young epidermis, which would allow of greater penetration of the sun’s
rays and thus bring about more rapid deacidification. The elongation of the
young joints after the bud begins to develop is exceedingly rapid if the condi-
tions be suitable, but after the first season those of Opuntia versicolor at least
do not grow greatly in length.
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The ordinates read for either acidity or for temperature. Plants in the open, uncovered.
Average from experiments in table 9.

From the accompanying graphs (figs. 2 and 3), which have been made from
the experiments set forth in tables 8 and 9, it may be seen that the diurnal

course of acidity runs almost opposite to that of temperature, from which,
however, it should not be assumed that temperature is necessarily the only
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conditioning factor, since the increase of light is coincident with the increase
in heat. The temperatures given in these graphs are those of the normal out-
door conditions. One especially interesting series is that shown in table 9,
where, in addition to the air temperature, there is given that of the interior of
the cactus joint. The latter was taken by inserting into the joint a thermom-
eter of very small diamcter, which was allowed to rest before observations
were made, until any possible traumatic effect had become negligible. The
graph follows that of the air temperature in a general way, but differs in the
important fact that the range is greater. Its maximum is higher and its
minimum is lower than those of air temperature. In short, it crosses the graph
of the latter twice. This phenomenon concerning temperatures within cacti
was observed by Shreve® in the case of Carnegiea gigantea, and is perhaps
universal in these fleshy plants. What its significance may be is hard to say.
It is not difficult to understand why the maximum within the cactus joint
should rise above that of the outside air, because of heat absorption and pos-
sibly to a small extent increased metabolic activity, but it is not so easy to
explain why the minimum should fall below. It is perhaps possible that
this depression of temperature should be ascribed to transpiration, although
the activity of cacti in this respect is notably low. The reason could hardly
be found in endothermic chemical reactions. The accumulation of acid which
is taking place during this time is presumably due to oxidation processes,
which, while they may be only partial as compared with those that take
place in ordinary plants, are nevertheless exothermic in their nature. A closer
examination of this temperature relation would be of considerable interest.
As far as we are concerned at the moment, the point is to emphasize the differ-
ence between the acidity and the temperature curves.

These results which have just been discussed had for their object the presen-
tation of the complete diurnal curve of acidity under the natural conditions
which surround the plant, the complete course of which has not been plotted
in a detailed fashion for any succulent plant. The oscillations in acidity are
known to be affected most importantly by light and temperature, and a
number of experiments were made in which these two factors were isolated as
far as possible, as is set forth below.

EFFECT OF LIGHT ON ACIDITY.

The method for exposing the joints to sunlight without the attendant diffi-
culty of overheating has already been described in the account of experimental
methods. It suffices to say here that the plants were kept at temperatures low
enough to obviate effects on acidity due to heat and yet exposed to direct sun-
light as it filtered through the glass receiver. The temperatures used varied
from 5° to 20° C., which, as subsequent discussion will show, is below the point
where heat markedly affects the amount of acid present. Under such condi-
tions there is a decided drop in acid-content after exposure for several hours
in the bright sun. The average acidity of the juice in all of the experiments
made in this manner (table 14) was in the beginning 1.40 per cubic centimeter,
but fell at the end of the exposure to 0.74 for the same amount. There was thus
a drop of practically 50 per cent. This is not, indeed, as great a diminution

aShreve, F. The influence of low temperatures on the distribution of the giant cactus. Plant
‘World, vol. 14, p. 136, 1911.
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as shown in the control experiments which were not inclosed in glass, where,
at the end of a similar exposure, the acidity amounted to only 0.36 per cubic
centimeter juice, or not much more than 25 per cent of the original quantity.
It must be remembered that in the latter case the material was under the
action of light free from any screen whatsoever, and also under the influence of
the outside temperatures, which were higher in all cases than those within the
cooled glass chambers. It would be better, indeed, to expose the material in
quartz containers or under some form of glass which allowed all of the sunlight
to pass through, in which manner the full effect of the sunlight could be
obtained.

A more detailed analysis of the figures from these experiments shows that
the range of acidity was greater in the young shoots used than with the older
ones. In the young tissues an average shows the initial acidity to have been
1.70 per cubie centimeter pure juice, which fell to 0.71; while the mature joints,
which in the beginning stood at 1.27, dropped only to 0.76 per cubic centimeter
juice. There does not seem to have been any marked effect of the tempera-
ture, though there was a slightly less proportional drop at 5° to 6° C. than at
20°C. As has already been said, the temperatures were all below the critical
point where this factor markedly affects the disintegration of the acids.

EFFECT OF TEMPERATURE ON ACIDITY.

The series to test the effect of temperature alone were, of course, kept in the
dark. Here not only was the action of heat on the decrease of acidity studied,
but also upon its increase.

The results of experiments with mature joints that have a relatively high
acidity showed that at 20° to 30°C., after several hours’ exposure, there is only
a slight decline from the original amount of acid; but at 40° C., on the other
hand, the decrement is nearly half (table 15).

The actual averages of the various experiments are as follows: initial acidity,
1.32 per cubic centimeter juice; final acidity at 20°C., 119; at 30°C., 1.24;
at 40°C.,0.79. With young joints under similar conditions the same phenome-
non is noticed, with the exception that at 20° C. there is an increase. The
figures are as follows: initial acidity, 1.58 per cubic centimeter juice; final
acidity at 20°C., 1.67; at 30°C, 1.45; at 40°C., 0.81. As in the case with
mature joints, the decrease at 40° C. is nearly 50 per cent. The difference of
the response of the old and young tissue at 20°C. is interesting, the latter
showing a rise in acidity at that temperature, and even at 30° C. an increase
was noted in the young joints in one instance. The reason may be that the
young joints were probably not so near their highest possible acidity, while the
old joints were; consequently the equilibrium of the latter was more easily
disturbed, with the resultant natural tendency for the acidity to fall when it
has accumulated to its maximum. It is known from the results of de Vries and
others that continued darkness tends, other things being equal, to induce a
diminution of acidity; but from the experiments cited above it is evident that,
aside from any influence the protracted absence of light may have on tissue
of high acid-content, the decrease is hastened by rising temperature. When it
comes not to the deerement of acid in material of high acidity, but to the incre-
ment of it in plants where it is already low, that of the three temperature
ranges employed, the accumulation of acid in both young and old tissue is
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greatest at 30° C. and least at 40° C. (table 15). According to the figures
shown in the, table, mature joints with an average initial acidity of 0.24 per
cubic centimeter juice show accumulation of acid after 18} hours to the
following amounts: at 20° C., 1.15; at 30° C., 1.54; at 40° C., 0.62. Similarly
the younger parts, which had an average initial acidity of 0.24 per cubic centi-
meter juice, showed during the same period the following gain: at 20° C., 1.44;
at 30°C., 1.74; at 40°C., 0.75. As with the acidity decrease, the younger
tissues are more active than the older ones, but the difference is not very great.

The results of earlier determinations made in 1911 of the accumulation of
acid in mature joints, extending over much longer periods and at greater range
of temperature (table 16), are not directly comparablewith those just discussed,
for in these cases only total acidity and not juice acidity is given. The
greatest accumulation of acid took place at 7° C. where, after 96 hours, the
acidity was 1.38 per gram fresh weight, or somewhat more than double the
initial acidity of the sample. The shorter the period of exposure the higher
the temperature at which the maximum is found. After 18 to 24 hours it was
at 20° C.; at 31° C. the acidity remained nearly at its initial point, but on the
whole it falls the longer the exposure. At 47° C. there is a decrease for every
period, and after 96 hours at that temperature the acidity had sunk to half of
its original amount. In other words, at low temperatures, while the acid is
formed slowly, it is also broken down even more slowly and hence accumulates
to a greater degree; while at high temperatures it is formed less rapidly and is
broken down faster and hence diminishes instead of increasing. These experi-
ments also bear out what has been reported by previous investigators regarding
the effect of long-continued darkness. The series at 20° C. is a good illustra-
tion. After 69 and still more after 96 hours of darkness at that temperature
a decrease of acidity from the point that was attained at 18 hours is shown.

That the plants are affected by the normal meteorological changes was a
matter of common observation. After a cool night in summer, the acidity of
the tissues on the following morning was noticeably higher than when the
night had been warm. Similarly the effect of relatively low temperatures
during the day, not above 27° C., especially when accompanied with a dull,
overcast sky, was to maintain a higher degree of acidity than normal. On
July 17, 1912, when these conditions were realized, the average acidity of the
juice from six different plants at 1 p. m. was 1.23 per cubic centimeter; the
same plant a few days later, when the sky was clear and the temperature
much higher, gave an average acidity of only 0.65 at the same hour. Again
on July 24, when the day had been relatively cool and dull, three plants gave
an average acidity of 1.15 per cubic centimeter of juice at 4 o’clock in the
afternoon, the hour at which acidity is usually at its minimum; subsequently,
on a bright, warm day the acidity was only 0.32 at the same time. From these
data it appears that the acid-content of the plants is sensitive to the immediate
fluctuations in the external conditions and that induced after-effects of the
normal periodic changes are not to be anticipated. None of the experiments
exposed for long periods in the dark at constant temperatures shows any indi-
cation that there is a persistence of periodicity in acidity beyond the immediate
effect of the factors which caused it. Special experiments to reveal any
derived periodicity did not in any case indicate diurnal oscillations other than
those caused by illumination and temperature. Material of low acidity, when
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placed in the dark, shows an increase of acid up to a certain point, which is
followed by a slow decrease if the darkness is prolonged. Material of high
acidity under similar conditions commonly shows a slow decrease. Such
results are not surprising when it is understood that the most important part
of the process of deacidification is a photolytic one. Experimentally considered,
this close connection of acidity with weather conditions gives an exceedingly
small expectation of precisely similar results from day to day, even with
material from the same plant.

Owing to such causes difficulties in the comparison of different series tend
toincrease, and the necessity of making large numbers of observations in order
to obtain reliable averages is obvious. Even under apparently like conditions
the plants are not constant in acidity. No attempt was made to discover
to what causes fluctuations of this kind were due, and while some might be
more or less easily traced others are probably very obscure. It is possible
that there may be a correlation between degree of acidity and transpiration-
rate, and certainly the amount of water held at any one time in the tissues
would affect the acidity of the pure juice, even if it did not greatly influence the
total amount of acid. To establish points of this nature would require further
investigations with a large number of experiments designed to bring out such
relationships. In this work no especial effort was made to go further into the
matter than has been indicated.

EFFECT OF INCREASE AND DECREASE OF OXYGEN SUPPLY.

While deacidification has, for a long while, been considered an oxidation
process, it was not until the appearance of Spoehr’s work that we were in-
formed in what manner this process proceeded. His experiments, however,
were not with the living plant, so that the behavior of the acid in Opuntia
versicolor in atmosphere containing more or less oxygen than air is of especial
interest.

Various trials were made with joints in atmospheres practically devoid of
oxygen, in those in which the oxygen had been cut to a few per cent, and in
others containing 75 to 80 per cent of the gas. The first were with material
sent from Tucson to New York, and the reactions, while not as marked as those
carried on in the natural habitat of the plant, are worthy of record. This
series of determinations is shown in table 17, series I. The material was ex-
posed in an atmosphere of hydrogen, 97 per cent pure. The balance of 3
per cent was presumably air, which gives a concentration of oxygen of 0.6
per cent, which is almost negligible. Analyses of the atmosphere of the
receiver at the end of the experiment showed no trace of oxygen, which must
have disappeared almost at the outset. Under these conditions there is a
small but well-marked increase in the acidity of the juice of approximately 15
per cent. The increase in total acidity is not quite so great, amounting in the
average of the six experiments to 12 per cent. A similar series is shown in
table 17, series II, but with the addition of experiments in a 75 to 80 per cent
atmosphere of oxygen. In this set the gain of acidity in an atmosphere of
hydrogen is somewhat more marked than in series I.” In the atmosphere
enriched with oxygen there is a distinet fall in acidity, amounting to 27 per
cent. But in none of the experiments made in New York were the reactions
as well marked as in the experiments carried on at Tucson. It must be remem-
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bered that the New York temperatures were not as high as those at Tueson,
but still it is evident that in the study of these plants it is highly necessary
to check all results with those from work carried on in the natural habitat of
the plant.

In the Tucson experiments (table 18) exposure to 75 to 80 per cent oxygen
was followed by a more than 50 per cent decline in acidity, showing very
plainly that under fairly constant conditions of temperature and in the dark
the oxidation of the acids will proceed more rapidly when an excess of oxygen
is supplied. In ordinary air, under the same conditions, the diminution of
acidity was considerably less, though still well marked, but in pure hydrogen
it was maintained at almost its original point. As in these specimens the
initial acidity was high—probably near its maximum—it would hardly be
expected that actual rise of acid-content would be shown in the hydrogen
atmosphere, even if such a phenomenon commonly takes place. It may be
noted, however, that one experiment does show such a slight increase. The
actual figures averaged from this set of experiments are as follows: for mature
joints with an initial acidity of the juice of 1.32 per cubic centimeter, exposure
for from 22 to 30 hours in air at about 30°C. gave an acidity of 0.96; in oxygen
an acidity of 0.60, and in hydrogen one of 1.18. Young joints under prac-
tically the same conditions showed the following changes from the initial juice
acidity of 1.84 per cubic centimeter: to 1.17 in air, to 0.66 in excess oxygen,
and to 1.75 in pure hydrogen.

From the next group of experiments (table 19), made on material of low
initial acidity, it may be seen how the presence or absence of oxygen affects the
accumulation of acid in the tissues. The average acidity of the pure juice at
the beginning of the experiment was for the mature joints 0.23 per cubic centi-
meter and for the young ones 0.48 per cubic centimeter. This rose under the
conditions of the experiment to 0.93 and 1.65 respectively, when the material
was exposed to normal air. In hydrogen atmosphere the rise for the same
length of time is to 1.07 for old and 1.57 for young. In excess of oxygen
amounting to 75 to 80 per cent at the end of the experiment, the acidity of the
mature joints had risen slightly, being 0.37, but in the young material it was
practically the same as at the beginning, being 0.46. It is to be observed that
in one of the three experiments the acidity rose perceptibly, but in the other two
it fell. The average initial acidity indicated for the mature joints is exceed-
ingly low, and the apparent rise in the oxygen atmosphere is probably no more
than that represented by individual differences of the material used; at all
events, in neither the young nor the mature specimens is the change of acidity
of significant magnitude.

In an excess of oxygen, then, the acidity does not rise in material of low
initial acidity; it shows no decrease, however, presumably because the mini-
mum has already been attained. In hydrogen, on the other hand, there is an
accumulation of acid of essentially the same amount as in normal air. This
last result, as shown by this series of experiments, is not, indeed, in agreement
with what others, particularly Astruc, have found with different succulents.
It was, however, no surprise to have found such a marked increment i.n acidity
in the absence of oxygen. Of course, at the beginning of the experiment, as
has been explained in other cases, there remained a small percentage of oxygen,
but not enough to account for the appearance of so large a quantity of acid
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by oxidation from outside. It will be shown later that the so-called intra-
molecular respiration of this cactus form is remarkably high, and it must be
supposed that the acidity is maintained or increased by such activity, just as it
is by normal aerial respiration. That there is so considerable a fall of activity
in the presence of an excess of oxygen is no more than would be expected in
view of the probable manner of acid formation in these plants. There is
evidently no support in these experiments for the claim that Astruc makes
to the effect that with an enriched oxygen supply the formation of acid is
encouraged.

As the experiments described above were all carried on in the absence of
light, a supplementary series was made where, under the same conditions, the
plants were exposed to diffuse light. Here in the presence of excess oxygen
the acidity falls to a lower point than under normal conditions, while in the
absence of that gas it is maintained at somewhere near its initial amount,
although there is a slight decrease. This material was exposed to daylight
for the major portion of 2 days (table 20). With an initial acidity of 1.25
per cubic centimeter pure juice the mature joints, after exposure as indicated
above, gave 1n air an acidity of 0.60. In the absence of oxygen it dimin-
ished only to 0.96, while with greatly increased oxygen pressure it fell to
0.39. The young joints behaved in a similar fashion. With them the initial
acidity was higher, namely, 1.76; in ordinary air it fell to 0.46, while in
oxygen it was as low as 0.38. As in the dark, there was a much smaller dimi-
nution in atmospheres of hydrogen, the acidity amounting to 1.23 per cubic
centimeter. With the supply of oxygen less than in air, but still amounting to
as much as 10 per cent, there is no marked difference from the normal in the
acidity, but at a concentration of 5 per cent the effect of the lesser oxygen
supply begins to manifest itself.

Behavior of acid formation in light seems to accord with that found in con-
tinued darkness. The greater decline of acidity in absence of illumination is
entirely what might be expected when the effect of the light in deacidification
is recalled. Nor is it difficult to account for the greater decline in the speci-
mens exposed to hydrogen. In the light, of course, the photosynthetic
activity of the plant supplied oxygen for the splitting of the organic acids,
but that this supply was limited is shown by the comparatively partial deacidi-
fication, a fact that is somewhat significant, suggesting as it does how relatively
feeble the photosynthetic activity of plants of this type must be. In all but
one of the cases given, the degree of acidity after exposure to an increased
supply of oxygen was about that which experience teaches is the natural
minimum. In other words, the action of the oxygen was to earry the breaking-
down of the acids as far as it could be carried. In normal air no such limit
was reached, nor, indeed, could it be expected that the illumination afforded
by diffuse light would be sufficiently effective. The influence of the excess
oxygen is in the direction of hastening the deacidification, but not beyond a
certain minimum.

EFFECT OF INJURY ON ACIDITY.

Wounding, which has the effect of increasing the area directly exposed to the
air, has somewhat the same effect as does excess of oxygen. A number of
experiments were tried to show this point (table 21). A sharp decline in
acidity of more than 25 per cent was noticed 24 hours after injury and this



ACIDITY DETERMINATIONS. 35

decrease was maintained up to 60 hours, after which a slight rise was to be
noticed. This last-named circumstance may very well be due to the fact that
after 23 days the wound periderm had formed sufficiently to protect the cut
surfaces. The subsequent experiments with wound respiration bear out this
probability. The acidity of a parallel specimen, which had not been wounded,
shows the ordinary slight decrease in acidity which comes as a result of long-
continued darkness. It may be inferred that this diminution of acid is largely
the effect of the increased exposure to the oxygen of the air consequent on
the injury.

MISCELLANEOUS.

In tests made to determine the region of highest acidity it was found that
the cortex is usually more acid than the pith, while leaves are of about the same
acidity as the outer layers. Young fruits did not show the increased amount
of acid that might be expected, though they do perhaps contain somewhat
more acid than the ordinary tissues. It did not appear that the acidity varied
to any noticeable extent in different parts of any one joint. A long, young
joint showed at the base a similar acidity to that at the tip. Similarly, none
of the mature joints that were tested showed any indication of inequalities in
the longitudinal distribution of the acids.
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Fic. 4.—Graph showing acidity of Mamm:illaria grahami in comparison with diurnal temperature
curve. The acidity is given in terms of c.c. of decinormal alkali per gram fresh weight.
——————— =gcidity. -— =temperature.

Attention has already been called in the chapter on experimental methods to
the differences of acidity in shoots of unequal ages. The young growing joints
are distinctly more acid, on the average, than the mature ones, both as to the
total amount present and as to the concentration of the juice. Shoots of the
age of 1 or 2 years are hardly separable on the basis of their acidity, but at 3
years there is some decline in total acidity (table 22). This may very well be
due to the increase of woody tissue, which would greatly increase the dry
weight and hence diminish the total acidity per gram. The acidity of the
pure juice is practically identical at 1, 2, and 3 years, which would indicate
that the activity of the living tissue is of the same magnitude in all three years.
In the two instances where shoots bearing flower-buds were used the acidity
was found to be considerably higher, showing that in this condition the tissues
are probably more active. The investigation made to ascertain possible locali-
zation of acidity was not at all complete. The tests were more for the purpose
of deciding what precautions should be observed in the selection of material
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for experiment than for any other reason. No determinations at all were
made of the acidity of tissues more than 3 years old, though it is highly
probable that whatever differences they might show would be along the same
lines indicated in the 3-year-old shoots.

The periodicity of the acid content of cacti other than Opuntia versicolor was
touched on in a number of experiments which are set forth in tables 23, 24, and
25. In table 23 are given the results of three series with Mammillaria
graham? over a period of 26 hours with determinations at intervals usually of
2 hours. The graph which is shown in figure 4 is from an average of these
three series and is essentially the same as that determined for Opuntia versi-
color. Of necessity each determination was made with a separate plant, since
the individuals of this species are not large. Hence the curve does not, as
in the experiments with Opuntia versicolor, represent the activity of single
individuals and for that reason may show irregularities due to the varia-
tion of different specimens. Nevertheless, the decline and rise of the acidity
is plainly indicated. So far as the extraction of the juice is concerned, Mam-
millaria grahams is perhaps better than Opuntia versicolor, as there is an entire
absence of glutinous matter. It is, however, not sufficiently common to
allow of its extensive use in experiments.

A few determinations, made at three periods during the day, of Opuntia
leptocaulis, O. discata, and O. blakeana, are shown in table 24. The decline
that is to be expected during the course of the day shows clearly. In all of
these, however, the amount of glutinous substance is very large and the
acidity determinations are more relative than absolute. However, there is
plainly less acid at 4 p. m. than at 9 a. m. The actual averages of the experi-
ments shown are as follows: At 9 a. m. three determinations of O. leptocaulis
bad the fresh-weight total acidity per gram of 1.85; at noon it had sunk to
1.07, and still later, at 4 p. m., it was only 0.83, a marked decline, though not
so0 great as that found in O. versicolor. Similarly three sets of O. discata gave
an acidity at 9 a. m. of 0.98; at 12 noon of 0.69, and finally at 4 p. m. of 0.35.
The single series with O. blakeana is similar in rise and fall of acidity.

The series with Carnegiea gigantea are somewhat more fragmentary. Five
sets of determinations were made between April 5 and 26, 1911, in which,
however, both total and juice acidity were determined. At the 3 hours taken,
namely 9 a. m., 12 noon, and 4 p. m., the total acidity per gram was respectively
0.79, 0.59, and 0.43, while the juice acidity per cubic centimeter, taken simul-
taneously, was 0.91, 0.68, and 0.49. Thus here, as in the other cases, there
was the characteristic drop in acidity as the day advanced.

All of these miscellaneous experiments corroborate the more elaborate results
with Opuntia versicolor, and unquestionably the same reactions would be ob-
served in these cases as were found in the latter species.
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TaBLE 7.—Effect of removal from plant of acidity of joinis of Opuntia versicolor. Tucson,
March 1911 and July 1912.

Acidity of material direct from living plant compared with that from joints which had
been detached but exposed under otherwise similar conditions. The wound surfaces where
the joints had been separated were not in this case painted with vaseline. In the first series
the total acidity of a 50-gram sample and the acidity of the pure juice per cubic centimeter
are given; in the second series only the juice acidity is indicated. Acidity is given in terms
of cubic centimeters of N /10 KOH.

Series I. Marcr 20-21, 1911.

Time of determination and hours since
beginning of experiment.
h
1?) n{iOm 4 pm., |8 am,|10am. |4 p.n.,
3%' hx:é. 7 hrs. |23 hrs. | 25 hrs. | 31 hrs.
Mature-turgid; Initial acidity; total, 31.55 per 50
grams; juice, 0.98 per c.c.: experiment begun
at 9 aum.
Detached; total acidity.................... 28.80 | 17.40 | 36.20 | 32.70 | 19.10
Detached; acidity juice perec.c.............. 0.81 0.32 1.11 0.98| 0.36
Attached; total acidity..................... 28.30 | 17.30 | 30.80 | 29.30 | 18.90
Attached; acidity juice perec.c.... .......... 0.82| 0.30] 0.99| 0.91| 0.38
Mature-turgid; Initial acidity; total, 31.55 per 50
grams; juice, 1.08 per c.c.: experiment begun
at 9 a.m.
Detached; total acidity.................... 31.15 | 18.10 | 39.40 | 31.05 | 17.50
Detached; acidity juice perc.c.............. 0.94 | 0.41 1.23 1.02{ 0.40
Attached; total acidity . ................... 33.20 | 19.30 | 39.85 | 30.80 | 18.50
Attached; acidity juice perc.c.............. 1.01 | 0.42| 1.20| 0.98 | 0.44

Series 1I. Jury 15, 16, 1912. Acipity oF JuicE ONLY.

| Time of determination and hours since
beginning of experiment.

|1 p.m., |4 p.m.,|10a.m.,|1 p.m., |4 p.m.,,
| 3 hrs. | 6 hrs. |24 hrs. |27 hrs.|30 hrs.

Young joints; initial acidity per c.c. juice, 1.71.
Experiment begun 10 a. m.

Detached; acidity per c.c. juice.............. 0.92! 0.40| 1.70| 0.88 | 0.33
Attached; acidity per c.c. juice.............. 0.81 | 0.42 1.63] 0.92| 0.35

Young joints; initial acidity per c.c. juice, 2.04.
Experiment begun 10 a. m.

Detached; acidity per e.c. juice.............. 0.76 | 0.33| 2.15{ 0.81| 0.28
Attached; acidity per c.c. juice.............. 0.80 | 0.31 ] 2.10| 0.75| 0.30
0Old joints; initial acidity per c.c. juice, 1.26. Ex-
periment begun 10 a. m.
Detached; acidity per c.c. juice.............. 0.80 | 0.27 1.12{ 0.73 | 0.25
Attached; acidity per c.c. juice.............. 0.72 | 0.26 1.15] 0.78 | 0.34

Old joints; initial acidity per c.c. juice, 1.04. Ex-
periment begun 10 a. m.

Detached; acidity per c.c. juice.............. 0.64 | 0.34

Attached; acidity per c.c. juice.............. 0.66 | 0.33

—

.24 1 0.7
.20 0.8

—
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TaBLE 8.—Diurnal range of acidity of Opuntia versicolor.

The diurnal range of acidity of Opuniia versicolor, taken at 2-hour intervals over a period
of 26 hours, from 9 a. m., March 25, to 11 a. m., March 26, 1911, at Tueson, Arizona. The
day was an average one for the season, with temperature range of about 12° C., from 24.5°
at 4 p. m. on March 25 to 12.2° at 8 a. m. on March 26. Except for a slight shower and
some cloudiness until 11 a. m. March 25 the sky was clear.

Three simultaneous series were run, the material being freshly collected for each determi-
nation. The acidity is expressed in terms of cubic centimeters N /10 alkali for the total
acidity of a 50-gram sample. The acidity per gram fresh weight is also given.

' It II. III. Average.
Time. | Temp. | moiq) A‘“g‘:ity Total A";gity Total A’;‘)‘:ity Total Ac;‘:f_ty

acidity. e’ acidity. Lo acidity. Lol acidity. s A

NG

9am...| 15.5| 25.60| 0.51 | 48.65| 0.97 | 30.55| 0.61 | 34.95| 0.70
1lam...| 20.5| 22.95 .46 | 32.00 64 | 24.60 .49 | 26.50 .53
l1pm...| 21.1| 18.70 .37 | 31.10 62 | 22.45 .45 | 24.10 .48
3pm...] 21.7| 16.60 .33 | 29.50 .59 | 13.20 .26 | 19.75 .39
5pm...| 23.3| 16.60 .33 | 16.85 .33 12.35 .25 | 15.30 .31
7pm... 21.7 | 20.60 .41 | 19.55 .39 | 17.50 .35 | 19.20 .38
9pm:...| 20.0| 19.80 .39 | 22.15 44 | 17.15 .34 | 19.70 .39
l1pm...| 18.9 | 23.50 .47 | 25.80 .52 | 21.20 .42 | 23.50 .47
lam...| 17.2| 21.10 .42 | 25.90 .52 | 24.10 .48 | 23.70 .47
3am...| 15.5| 26,90 .54 | 31.05 .62 | 24.10 .48 | 27.35 .56
5am...| 13.9| 30.65 61 | 35.10 .70 | 24.55 .49 | 30.10 .60
7am...| 12.8| 34.00 .68 | 35.20 .70 | 26.35 .53 | 31.85 .64
9am...| 15.5| 26.45 .53 | 38.25 .76 | 26.20 .52 | 30.30 .61
1lam...| 20.5| 23.20 .46 | 31.90 .64 | 25.05 .50 | 26.70 .53

TasLe 9.—Diurnal periodicity of acidity, tn comparison with temperature within the plant
and also external temperature, Opuntia versicolor.

On April 1 the external temperature was maximum at 1 p. m. 30.8° C. and minimum at
6 a. m. 14.4° C. The temperature within the cactus joint was maximum at 12 noon, 38.3°
C., and minimum at § a. m., 12.8° C. All of the determinations were made with material
fresh from the plant and were from mature turgid joints. The acidity is given in terms of
cubic centimeters of N /10 KOH for the whole sample of 50 grams fresh weight. and also
per gram.

| Acidity in cubic centimeter N /10 KOH.
| Temperature.
o Time. 1. | II. Average.
Air. V.Vl.thm Total. Per Total. Per Total. Per
I joint. gram. | gram. gram.
% March 31, 1911: SRCISeIC, [ |
1 | 102 30™ a.m....... i U R 21.85 | 0.44 | 32.15 | 0.64 | 27.00 | 0.54
2 y £ ST TR $1 20,600, 0. .ok 21.30 .43 | 28.70 .57 | 25.00 .50
£l 4ipmar 50,0 8. 0L, 32.2 | 32.8 ] 16.50 .33 | 21.20 .42 | 18.85 .38
4 l T S 31.1 25.5 | 16.50 .33 | 18.75 .38 | 17.60 .35
5 | 8302 pm...... 25.0 21.6 | 25.70 .51 | 29.10 .58 | 27.40 .55
6 | Tl-pawac-3. . §. .00 21.6 18.9 | 29.10 .58 | 33.00 .66 | 31.05 .62
April 1, 1911: !
7 | 28.m. ... ... ... 20.0 15.8 | 32.60 .65 | 35.30 .71 | 33.95 .68
8 | SRR . L) 17.2 12.8 | 37.45 .75 | 38.80 .78 ‘ 38.10 .76
9 Sam........... 20.0 ] 23.9 | 33.85 .68 | 35.20 70 | 34.50 .69
10 | Slomasiill . . e .. 27.8 31.1 | 22.15 .44 | 30.50 .61 | 26.30 .53
11 | T o A 30.8 | 35.0|18.10 | .36 |20.00 | .40 | 19.05| .38
12 | SADER . . et 28.0 27.8 | 17.40 .33 | 16.00 .32 | 16.70 .33
13 ! Rl .. ... 25.0 23.3 | 16.00 .32 | 14.90 .29 | 15.45 .31
14 ‘ SHme.......... L5 R P 19.20 .38 | 20.15 .40 | 19.70 .39
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TaBLE 10.—Diurnal range of acidity in turgid joinis of previous season’s growth,
Opuntia versicolor.

Acidity was taken at 2-hour intervals over a period of 26 hours. Two series were run, at
Tueson, April 11, 12, 1911, the material having all been collected at the same time and ex-
posed to the light and air. The day was clear and bright throughout, with a maximum of
28.5° C. at 3230 p. m. on April 11 and a minimum of 15.5° C. at 5 30 a. m. on April 12.
The acidity is given in terms of N /10 alkali per gram fresh weight and pure juice, per cubic
centimeter.

108 II. ! Average.
n Total 355 Total ... | Total o8
Date and time. Temp. acidity Alct)dzty acidity Almcd::ty, | acidity Alcxéi::ty 1
pergm.,| . . ' {pergm.} . . |pergm.,| . .
fresh. Juac. fresh. Juice; fresh. Jree:
April 11: Y ;
9am...... 18.5 1.65 2217 1.32 1.81 1.48 1.98
Ham., . s . 26 1.40 1.92 1.16 1.62 1.28 b P 4 |
T T S 28 1.05 1.45 0.95 1.23 1.00 1.34
P L A 29 0.67 0.95 0.58 0.90 0.62 0.93
S pam.. . L. 27.5| 0.58 0.68 0.37 0.55 0.48 0.62
S pim. . . 4. 24.51 0.79 1.10 0.54 0.92 0.67 1.01
¥ pm.. ... 22 1.02 1.25 0.71 0.96 0.87 1.10 |
Ap!'il 12: |
Taan . o 20 1.19 | 1.37 | 0.91 | 1.15 | 1.05 | 1.26 |
S s ... 18.5| 1.32 1.58 1.04 1.22 1.18 1.40
5 am . . ey - 16 1.48 1.75 1.19 1.28 1.34 1.52
7am...... 19 1.68 2.15 1.28 1.62 1.48 1.89
QLaim .. . . 22.5 1.51 1.86 1.16 1.31 1.34 1.59
1lam...... 25 1.39 1.81 1.02 1.28 1.20 1.55

TasLE 11.—Diurnal periodicity of turgid joints at least 1 year old from irrigated
plant of Opuntia versicolor.

The material had been collected 24 hours before use and had been placed in the dark con-
stant-temperature room at a temperature of 23° C., to accumulate as high an acidity as
possible. The acidity is expressed in terms of N /10 alkali per cubic centimeter of pure,
freshly extracted juice. After the first determination at 5% 30™ a. m. the joints were placed
in full sunlight under as natural conditions as possible. The three series were made from
different plants, at Tucson, July 27, 1913.

Acidity per cubic centimeter
Time Temp pure juice.
) 3 178 III. | Average.
NC.
58 RS 20.5 1.15 0.97 1.05 1.06
Siaimars et o - 20.8 1.09 .95 .98 1.01
AaaiEy., . 2. e 21.0 1.04 .89 .96 .96
S8am......... 2252 .99 .89 .93 .94
QPam.s .. - 25.5 .89 .84 .91 .88
b (016737 TR i P 28.6 S L .77 .89 .79
1\ A et e 31.1 .62 .62 .75 .66
12 noon.. . 32.2 .52 .49 B7(0) .57
1pm.... 33.9 .46 .43 .56 .48
2pml.. s 34.4 .40 .31 .48 .40
RI00R "1 My (S 5 33.9 .33 .20 .39 .31
4 1y 9.0 34.2 .26 .18 .28 .24
F 3 005 0 R L 33.9 .18 .14 .20 .17
6 Py 33.3 .14 .17 .20 1T
opimL.. . ..... 28.9 .31 .28 .34 .31
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All material was direct from the plant at time of determination.
the same plant was used. The morning determinations were taken between 9 and 10
o’clock; the afternoon determinations between 4 and 5 o’clock. Tucson, Arizona, July 29

TaBLE 12.—Diurnal periodicity of acidity of mature-turgid and mature-flaccid
and young joints with leaves of Opuntia versicolor.

In each group of three

Acidity in terms of cubic

centimeters N /10 KOH.
i Fresh Dry
Aget 'of m:i.tceinal and weigBUd - eiahet,

o goy. grams. | grams. | po. .. Per gram | Per gram
3 ic«; . fresh dry
see. weight. | weight.

Young:

Morning........ 50 7.80 1.50 0.72 4,62

Afternoon....... 50 7.50 0.48 0.15 1.00

Morning........ 50 8.15 - 1.35 0.66 4.10

Morning........ 50 7.60 0.90 0.55 3.62

Afternoon....... 50 8.00 0.38 0.17 1.03

Morning........ 20 2.95 0.70 0.49 3.32

Morning........ 50 8.10 1.05 0.63 3.89

Afternoon....... 50 7.80 0.28 0.13 0.83

Morning........ 50 8.25 0.90 0.60 3.63

Morning........ 50 7.70 1.25 0.78 5.03

Afternoon....... 50 7.95 0.45 0.21 1.16

Morning........ 50 7.45 1.35 0.70 4.70

Morning........ 50 8.00 1.20 0.82 4.97

Afternoon....... 100 15.95 0.38 0.18 1.15

Morning........ 35 5.55 1.12 0.75 4.71

Mature-turgid:

Morning........ 100 20.45 0.60 0.28 1.37

Afternoon....... 100 19.80 0.36 0.11 0.91

Morning........ 50 9.65 0.51 0.29 1.52

Morning........ 50 10.15 0.71 0.34 1.38

Afternoon....... 50 9.85 0.22 0.09 0.44

Morning........ 50 9.70 0.66 0.31 1.55

Morning........ 50 9.70 1.18 0.90 4.64

Afternoon....... 50 10.25 0.41 0.15 0.73

Morning........ 50 9.95 1.20 1.04 5.21

Morning........ 50 9.30 1.24 0.97 5.19

Afternoon....... 50 9.80 0.26 0.17 0.87

Morning........ 30 10.10 1.05 1.02 5.02

Morning........ 50 10.10 0.95 0.46 2.28

Afternoon....... 50 9.60 0.27 0.10 0.52

Morning........ 50 10.05 0.92 0.45 2.25

Mature-flaccid

Morning........ 50 14.10 1.15 0.27 0.96

Afternoon....... 50 13.80 0.21 0.16 0.52

Morning........ 50 13.60 0.98 0.29 1.06

Morning........ 50 13.50 0.96 0.22 0.82

Afternoon....... 50 14.05 0.18 0.08 0.28

Morning........ 50 14.15 0.98 0.20 0.2
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TaBLE 13.—Diurnal periodicity of acidity of young, turgid, newly formed joints
from irrigated plants of Opuntia versicolor.
The joints all showed some leaf development. The material was treated exactly as in
the scries shown in Table 11 with mature joints. The acidity is given also in the same
terms. At Tueson, July 29, 1913.

Acidity per cubic centimeter
Time. Temp. e
1. II. III. Average.
b5
52 30m a.m...... 20.7 1.52 1.45 1.30 1.42
6 30 am...... 20.9 1.40 1.37 1.23 1.37
7 30 am...... 21.0 1.24 1.03 1.09 1.12
8 30 am...... 24 .4 1.11 .96 .91 .99
9 30 am...... 27.8 .99 .85 .84 .89
10 30 am...... 29.4 .86 .80 .78 .81
11 30 am...... 31.1 .69 .53 .61 .61
12 30 pm..... 32.8 .57 .44 .54 .52
1 30 pm...... 33.9 .41 .38 .48 .42
2 30 p.m.. 34.4 .29 .31 .42 .34
3 30 pm..... 34.4 31 .27 .35 .24
4 30 pm..... 33.9 .16 .22 .29 .22
5 30 pm..... 33.3 .20 .22 .30 .24
9 30 p.m.. 27.8 .36 .40 .41 .39

TaBLE 14.—Effect of direct sunlight upon acidity. Opuntia versicolor.

The material used included both young and old turgid joints and was collected when the
acidity was relatively high. The experiments were set up at once on the collection of the
specimens. By immersion of the ventilated glass container under ice-water the temperature
was kept low and fairly constant. For comparison the acidity of control duplicate material
exposed in the open air until about 4 p. m. is also given. The acidity is expressed in terms
of centimeters N /10 alkali per cubic centimeter pure juice. The first set of observations,
taken between August 1 and 4, 1912, shows the effect of the increased intensity of the sun-
light at that period of the year. The days were brilliantly clear and in each case showed
a rise of about 10° C., from 32° at 10 a. m. to 42° at 4 p. m. The second set of observations
was taken in March and April 1911; days clear, temperature 26° at 10 a. m. to 32° at 4 p. m.
All the observations were made at Tucson.

. Tempera-| , . ..

. Final Acidity
Dura- | Age of |Original L ture at v
S WS tion. |material| acidity. | 209" | which |.control
. ity. exposed. in open.

Series I. l hrs. G2
Aug. 2,10 a.m...| Aug.2,4*302p.m.| 6} | Young. 1.21 | 0.71 | 14 to 16 0.18
10 o p o, T G oL AR S A 63 | Young. 1.21 |0.79 | 5to 6 0.18
Aug. 3,930 a.m.| Aug.3,4*152p.m. 63 | Young. 1.48 | 0.61 20 0.21
T mgge N A 6§ | Young.| 1.82[0.78| 20 0.21
Aug.3,9545mam.| Aug.4,4pm...... 6} | Young.| 1.78(0.64|18t020| 0.30
Aug.1,10a.m....| Aug.l,4pm......, 6 Oud.... 1.21 | 0.64 | 12to 16 0.20
Aug. 3,92 30ma.m.| Aug. 3,42 15 p.m. 63 OMd.... 1.12 | 0.53 20 0.18
10T . WY Sl D 3 8 . o L. 63 oud.... 1.04 | 0.62 20 0.20
Aug. 3,9* 30™ a.m.| Aug. 4,345 p.m. 6: [OM.... 1.15 | 0.48 | 18 to 20 0.22

Series II. 1

Mar. 30,10a.m...| Mar.30,4p.m....| 6 oud.... 1.54 | 0.82 | 15 to 20 0.53
Mar. 31,10a.m...| Mar.31,42302pm, 6} |Old....[ 1.04 0.91 | 15to0 20 0.45
Apr.19,10a.m...{ Apr.19,5pm..... == | Oould.... 1.78 1.22 | 19to 20 0.89
QY . 5o v & | Jr Aokt . & 8.5, .| 7 Old... .. 1.31 0.88 | 19to 20 0.89
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TaBLE 15.—Effect of increased temperatures on acidity. Opuntia versicolor.

The material used included both young and old turgid joints and in one case young fruit.
It was collected either in the morning, when the acidity was relatively high, or in the after-
noon, when it was low, to test the effect on both the decrease and the increase of acidity.
The experiments were set up at Tueson in July and August 1912 as soon as possible after
gathering the material and were carried on in darkness. The acidity is expressed in terms
of cubic centimeters N /10 per cubic centimeter pure juice.

% Acidity in °C.

Begun. Ended. Iziura- A%e 9f1 0;1:11

on. | material |, cidity. | 15-20° | 30-31° | 40-41°
Hrs.

July 29,10a.m. . ... July 29,4pm..... 6 Young..| 1.12 1.51 1.02 | 0.72
July 31,4pm...... Aug. 1,10 30 a.m.| 18} | Young..| 0.35| 1.85| 2.00| 0.79
Aug. 1, 10 am....  Aug. 1, 5 p.m.... 7 Young..] 1.92| 2.10| 2.30| 0.95
Aug.1l,4pm....... Aug.2,108302a.m.| 18} | Young..| 0.12| 1.03 | 1.48| 0.70
Aug. 2,100 15 a.m..| Aug.3,4*152p.m.| 30 Young..{ 1.44| 1.56| 1.00| 0.74
Do.. o8 k. s M R PRL SA 30 Young 1.85 1.60 1.46 0.81
July 29,10 a.m.. ... July 29,4p.m..... 6 oud..... 1.14 1.06 1.26 0.91
b~ BPOEIN L G - =61 9. .4 6 oJd..... 1.20 1.15 1.20 | 0.85
July31,4pm...... Aug.1,102830™am. 18} |OW..... 0.25) 1.30| 1.34| 0.80
Aug.1l,4pm....... Aug.2,10830ma.m.| 184 | OM..... 0.26{ 1.00| 0.98| 0.49
o v et S A SR U SR 18% Q.5 0.22 1.15 1.30 | 0.56
Aug. 2,108 152 a.m..| Aug. 3,42 15® p.m 30 od..... 1.36 1.04| 0.88 | 0.68
TN SRR BT GO A P ot 30 oud..... 1.56 1.50 1.62 | 0.71
July3l,4pm...... Aug. 1,108 30 a.m.| 18} Fruit...| 0.21 1.20 1.21 0.57

TABLE 16.—Accumulation of acid at various temperatures. Opuntia versicolor.

To show the effect of sustained exposure to various temperatures of material of relatively
low acidity. The figures given are in each case the averages of two parallel determinations.
The separate lots of material were kept in the dark at the temperatures given, which main-
tained a fair degree of constancy. The total acidity refers to that of a 50-gram sample and
is expressed in cubic centimeters of N /10 alkali.

SEriEs I.

[Material collected at 3® 30™ p.m., March 28, 1911. Series begun at 4 p.m. Acidity at beginning:
Total, 31.20; per gram, 0.60.)

Mar. 29, 1911, Mar. 29, 1911, Mar. 30, 1911, Mar. 31, 1911,
10 a.m., 18 hours. | 4 p.m., 24 hours. 3 p.m., 47 hours. 1 p.m., 69 hours.
Temp.
Total Acidity Total Acidity Total Acidity Total Acidity
acidity. | per gram.| acidity. | per gram.| acidity. | per gram.| acidity. | per gram.
2:@-

7 29.60 0.57 40.20 0.80 39.75 0.40 65.40 1.31
10 31.70 .63 33.00 .66 48.30 .97 62.05 1.24
18 41.50 .83 43.35 .86 51.95 1.04 55.85 1.12
20 58.00 1.16 47.65 .95 51.50 1.03 47.20 .94
31 38.00 .76 37.25 .74 44.95 .90 42.55 .85
46 25.55 .51 30.30 .61 17.70 .37 15.10 .30




[Material collected at 2t 30™ p.m., April 10, 1911.
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TaBLeE 16—Continued.
SerrEs II.

Total 30.50; per gram, 0.65.]

43

Series begun at 3 p.m. Acidity at beginning:

Apr. 1, 1911, | Apr. 2, 1911, | Apr. 3, 1911, | Apr. 4, 1911, Apr. 5, 1911,
9 am., 18 3 p.m., 24 3 p.m., 48 3 pm, 72 3 p.m., 96
hours. hours. hours. hours. hours.
Temp.
Total Ac;iirty Tot-‘al A:‘igity Total A;i;ity Total A;ig:ty Total Ac;gity
acidity. . acidity. Phoia, acidity. iy acidity. e acidity. s
Gda)]

7 30.10 0.60 | 39.20 0.78 | 43.40 0.87 | 68.25 1.32 69.20 1.38
10 33.00| 0.66 |37.15| 0.74 | 43.20 | 0.86 | 60.00 | 1.20 | 58.40 | 1.17
18 39.50 0.79 | 41.10 0.82 | 52.40 1.05 | 57.00 1.16 b8.25 1.16
21 51.10 | 1.22 |53.40| 1.07 | 54.60 | 1.09 |45.00 | 0.90| 41.00 | 0.82
31 40.70 0.81 | 42.00 0.84 | 41.80 0.84 | 36.70 0.73 | 33.90 0.68
47 22.10 0.44 | 29.30 0.59 | 18.25 0.36 | 16.30 0.33 16.15 0.31

!

TaBLE 17.—Effect of diminished and increased oxygen supply. Opuntia versicolor.

The experiments were carried on in New York with material sent from Tucson. The
joints were still turgid from the winter rains and had been kept where the water-loss was

minimized.

In Series I, both juice and total acidity are given; in Series II, only juice

acidity. Acidity is given in terms of cubic centimeters of N /10 KOH per cubic centimeter
of juice or per gram fresh weight.

Series I.
caer e . Acidity in Hy
LR about 97 p. ct.
Begun. Ended. lt)j‘;:a' Age. | Temp.
Pure | Total | Pure | Total
juice. | acidity. | juice. | acidity.
hrs. (e
Apr. 8,10am...| Apr.10,10am...| 48 Old. 20 | 0.54 0.22 0.87 0.28
Apr.11, 4pm...| Apr.12, 4p.m...| 24 Old. 20 0.89 0.45 0.91:| 0.48
Do .. ¥ - . . 5. do.......... 24 | OMd. 20 [0.72| 0.33 |0.52| 0.23
Apr.12, 3p.m Apr.13, 3p.m 24 Old. 20 0.96 0.48 0.98 0.54
Do.........J..... do....ovvnnn 24 old. 20 1.05 0.54 1.41 0.66
Apr.14, 4p.m Apr.15, 4p.m 24 old. 20 0.97 0.45 1.22 0.57
Series II.
Durss Initial Final | Final | Final
Begun. Ended. 3 Temp. 193 acidity | acidity | acidity
- e acidity. | 3 air. | in Hy. | in Oy
Hrs. Qs
Apr. 8 Qam...... Apr. 9,10am..| 25 20 0.95 0.92| 0.84 | 0.70
Apr. 8,11am...... Apr. 9,11am..| 24 20 0.90 1.05 1.31 0.81
Apr.10,122 302 p.m..| Apr.11,11am..| 223 [ 211023 | 0.89 0.86 | 0.89 | 0.63
Apr.10,10am...... Apr.12,10a.m..| 24 21 23 1.15] 0.86
100 B P O ERER D Apr.11, 6p.m..| 32 20 23 1.48 1.10 1.18 | 0.91
D70 R SNy Apr.12,10a.m../ 48 |21 23 1.29 0.57
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TaBLE 18.—Acidity in diminished and increased oxygen supply of old and young joints of
puntia versicolor.

Acidity is shown in terms of cubic centimeters of N /10 KOH per cubic centimeter juice.
Experiments kept in darkness. Tucson, Arizona, July 1912.

... |Acidity
Du- Initial | Acidity] 495 [Min O,
Begun. Ended. ra- | Age. Temp. acidit in air, 99+ ’t 75 to
tion. Y final. ﬁnp.c *80 p.ct.,
al, fin
al.
21
July 20,4 p.m.| July21,2pm....| 22 [Old'..|[30t032 | 1.10| 0.42| 0.94 0.27
Do £ 15 sy 3 ok kL e 22 (Od...|30 32| 1.22| 0.8 | 1.05 0.57
De.j . ... July 21,4P15®p.m.| 24} (Old... {30 32| 1.32{ 0.99| 1.21 0.65
De...... July23,4pm....[ 72 [0Old...| 30 32 1.15 0.80 0.84 0.66
July 23, 10a.m/ July 24,4p.m....| 30 [(Old%..| 25 32 1.61 1.33 1.25 0.66
. 'S8 .. 4 do!l. ... Nk 30 |0O1d...| 25 32 1.54 1. 22 1.46 0.81
Do . X35 45...1.4 o™ L e 30 [Young|25 32| 2.10| 1.98| 2.20 0.99
July 24, 10 a.m| July 24, noon..... 26 | Young! 29 31 1.85 1.18 1.57 0.72
Do. . ). 6. 11 4 Ao ¢ Lt 26 {Young{29 31 1.91| 1.20] 2.10 0.84
De.. 210 July 25,10a.m... 48 | Young| 30 31 1.66 | 1.12 1.62 0.42

1Material for this and three subsequent experiments were collected several days before using.
Kept in dark, relatively cool place.
2Material for this and all subsequent experiments were freshly collected.

TaBLE 19.—Acidity in diminished and increased oxygen supply in Opuniia versicolor, material
taken at time of low acidity.

Material was taken at time of low acidity to test the effect of the conditions upon possible
rise of acidity. The experiments were kept in darkness. The series was carried through
in July 1912 at Tucson. (For further details see table 18.)

Origi- | Acidity| AAdity | Acidity
Dura- : 5 g inHy; | in O
Begun. Ended. " Age. Temp. nal in air
tion. T 98+ 75 to
acidity.| at end.
p.ct. |80 p. ct.
hrs. = (05
July 25,4 p.m.| July 26,4pm.| 24 | Old..... 30 0.15] 0.63 | 1.06 0.40
DO %% o] e dor. g, .t 24 {OMd..... 30 0.28( 0.94 | 1.12 0.31
Doy, At - do.. 2.0 24 | OMd..... 30 0.25 | 1.22 ] 1.14 0.39
Aug.3,4p.m..| Aug.4,4p.m..! 24 | Young.. 30 0.64 1.41 1.32 0.49
1% ., 248 A o de....:.. 24 | Young. . 30 0.35| 1.66 | 1.71 0.55
.. v .l do\. . . L. 24 Young. . 30 0.44 1.89 1.68 0.34

TaBLE 20.—Acidity in diminished and increased oxygen supply, with material exposed to
diffuse light during daytime.

The material (Opuntia versicolor) exposed to diffuse light during daytime. The experi-
ments were made in July 1912 at Tucson. (For further particulars see preceding series.)

N A
Origi- | Acidity! Acidity | Acidity

Begun. Ended. D‘urs,- Age. | Temp. nal | inair | 2 H; | inOy
tion. el 98+ 75 to
1 ‘| p.et. |80p.ct.

hrs. RIC
July 23,10 a.m.| July24,4pm.| 30 |Old...| 25t032| 1.61| 0.99| 1.25 0.65
July 25, 2p.m.| July 26,4 p.m.| 26 Old...[23 30 1.00 0.46 0.67 0.33
DO 8 IS e de. 1. AW 26 OMd...[23 30 1.15 0.35 0.96 0.21
July 25,10a.m.} July26,4p.m.| 30 | Young|25 32| 1.91 0.44 1.42 0.38
DO e g F s oy AB. St 30 Young{ 26 32 1.91 0.44 1.30 0.41
July 25, 4pm.|..... . L0 . 24 | Young| 25 32| 1.33| 0.49 | 0.98 0.36
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TaBLE 21.—Effect of injury on acidity. Opuntia versicolor.

Shows the effect of injury on acidity in mature joints, turgid from winter rains and
injured by slicing into sections 5 to 10 mm. thick, at Tuecson, Arizona, March 1911.
The sections were kept in moist atmosphere, but with free access of air, and in diffuse light
at laboratory temperature 23° to 25° C. Acidity is expressed in terms of cubic centimeters
of N /10 KOH per gram fresh weight.

Num})er of ‘%;:g;:g 24 hours | 36 hours | 48 hours | 60 hours | 72 hours
experiment. | e < after. after. after. after. after.
s g s e 0.87 0.60 0.63 0.64 0.69 0.66
23 2 TS 0.58 0.40 0.39 0.43 0.42 0.44
3l VS TR 1.36 1.02 1.06 1.01 1.05 1.08
A v e 1.07 0.81 0.78 0.78 0.75 0.76
8. ians - diak- 0.71 0.52 0.50 0.49 0.59- 0.60
Average. .. 0.92 0.67 0.67 0.67 0.70 +0.71

TaBLE 22.—Acidity of tissues of different ages. Opuntia versicolor.

Acidity is expressed in terms of cubic centimeters of N /10 KOH per gram fresh weight.
The material was all mature and turgid from the winter rains. The temperature throughout
the experiment was 23° to 25° C. The experiments were conducted at Tucson, Arizona, in
March 1911.

Shoot, 3 or more Shoot, with
Shoot, 1 year old. | Shoot, 2 years old. A e,
No.
of |Time of day. )
expt. Total Alcxdxty Total Alcidity Total Acidity Total Acidity
Ao c.c. A c.c. o lc.c o e 1ec.c.
acidity. juice. acidity. < it acidity. b acidity. pogs
1 | Afternoon..| 0.40 0.34 0.40 0.32 0.39 0.38 0.78 0.80
2 | Afternoon../ 0.53 0.47 0.56 0.48 0.45 0L49% |1 00k L sl v
3 | Morning...| 0.99 1.10 0.93 1.08 0.94 1.06 .0 N A N e
4 | Morning...{ 1.40 1.26 1.42 1.19 1.26 1.22 1.68 1.62
5 | Morning...| 1.36 1.15 1.25 1.17 1.24 1.0 . e RS o= T
Average....| 0.94 0.86 0.91 0.85 0.86 0.85 1.23 1%2

TaBLE 23.—Diurnal periodicity of acidity in Mammillaria grahams.
Tucson, Arizona, March and April 1911. The acidity is given in cubic centimeters N /10
KOH per gram fresh weight. The plants being small, it was necessary to use a separate one
for each determination.

I. 11 III.
Time. Mar. 31 to | Mar. 31 to | Apr. 11-12, Average.
Apr. 1,1911. | Apr. 1, 1911. 1911.
9 oz, Y s 0.68 0.74 0.80 0.74
11 amr. ... 0.46 0.60 0.62 0.53
lpm...... 0.37 0.36 0.41 0.38
Acpoml, oty 0.17 0.19 0.22 0.19
(015 1 A 0.24 0.22 0.35 0.27
Spm. ..... 0.30 0.32 0.43 0.35
llpm...... 0.43 0.46 0.58 0.49
S5a.m. ... 0.80 0.89 0.76 0.82
8 am. . 0.81 0.94 0.85 0.87
T s m o U0 0.57 0.66 0.25 0.49
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TaBLE 24.—Acidily of Opuntia leptocaulis, O. discata, and O. blakeana at various
hours of the day.

The amount of acid is given in cubic centimeters of N /10 KOH per gram fresh weight.
Owing to the large amount of glutinous substance expressed from the tissues of these species
in extracting the juice, the determinations as made by the method employed can not be con-
sidered more than approximate; nevertheless they show the characteristic decrease in
acidity as the day advances. The experiments were conducted at Tucson, Arizona, in
March and April 1911.

| Species. 9 a.m. (12noon.| 4 p.m.

1.45 0.79 0.43
1.90 1.00 0.66

{ 1.60 1.05 0.65

2.20 1.42 0.81
Opuntia leptocaulis. . .

Opuntia discata. ..... 0.61 0.48 0.21

| 0.74 0.53 0.20
Opuntia blakeana.....| 1.45 0.95 0.53

l

TaBLE 25.—Diurnal decrease in actdily in Carnegiea giganiea (Sahuaro).

The acidity is given in cubic centimeters N /10 KOH per gram fresh weight and per cubic
centimeter pure juice. The material came from a single plant and was in every case from
the cortical tissue. Care was taken that the different samples came from somewhat sepa-
rated regions to avoid possible traumatic effects. This experiment was made at Tucson,
Arizona, in April 1911.

1
| 9 a.m. 12 noon. 4 p.m.
Date.
Per gram .{ Per gram Per gram
fresh P'er' c.c. fresh P.er‘ At fresh P‘er' S
weight. jwices weight. Yt weight. Juiee;
Apr. 3,1911..... 0.77 0.91 0.63 0.76 0.41 0.58
Apr. 5,1911..... 0.69 0.589 0.56 0.69 0.38 0.46
Apr. 5,1911..... 0.76 0.94 0.60 0.75 0.41 0.51
Apr. 25, 1911..... 0.62 0.81 0.54 0.70 0.39 0.49 -
o Apr. 26,1911 ....... 1.12 1.00 0.81 0.80 0.56 0.47
} Average. . ... 0.79 0.91 0.63 0.74 0.43 0.50
! .




EVOLUTION OF CARBON DIOXIDE AS DETERMINED BY THE
PETTENKOFER METHOD.

NORMAL RESPIRATION.

The rate of liberation of carbon dioxide in the cacti shows considerable
variation, which is to be expected if it is in any way connected with the acidity
and the fluctuations thereof. In the first place, there must be distinguished
here, as in the case of acidity, three classes of tissue. These are as follows:
that which is mature and turgid; that which is mature, but flaccid by reason of
desiccation; and that which is young. Table 28 shows the relative activity
of all three at 30° 35°, 40° and 45° C. These temperatures were chosen for
experimentation as representing the normal and the higher ranges to which
the plant may be subjected in its native habitat during the summer season.

It is evident that the young joints, either those which arise in the natural
course of events as a result of the summer rains or those the formation of
which is induced by irrigation, have a much higher rate of carbon dioxide evo-
lution than the mature ones. If the comparison is made on the basis of equal
weights of fresh tissue the amount given off is from 80 to 100 per cent higher in
the young material than in the old. The disparity is considerably greater if
the dry weight is taken as the standard since the young tissue contains pro-
portionally more water, the excess of carbon dioxide produced by the young
joints over that of the mature ones being from 118 per cent at the lowest
temperature, to almost 200 per cent at 40° C. Reference to table 26 will
show this. It will be remembered that the young tissue is also more acid
than the older parts, which indicates what the subsequent experiments show,
that acidity and evolution of carbon dioxide are closely connected.

In comparing the turgid and flaccid joints there does not appear to be as
great a difference in the rate at which the gas is given off as might be expected.
On the basis of fresh weights, the latter appear to be more active than the for-
mer, which is of course due to the considerably larger amount of dry substance
in the flaccid material over that in the turgid when equal weights of fresh tissue
are taken. The true comparison should be made on the basis of dry weights.
With this standard it will be seen that the flaccid material at 30° C. gives out
about 90 per cent as much carbon dioxide as does the turgid, diminishing
proportionally with rising temperature until at 45° C. it is not much over 80
per cent. The rate, however, is considerable even in the most desiccated and
shriveled plants found under normal conditions. It was, indeed, a matter of
some surprise to find such an active evolution of carbon dioxide with the
tissues in an apparently quiescent condition. It appears that the water-
balance maintained in the absence of external water-supply, while not suffi-
cient to keep the cells of the plant turgid or to afford the conditions necessary
for growth, was evidently enough to allow for a not very greatly diminished
metabolic activity. Thus it can hardly be said that the cacti enter into a
period of rest when they become desiccated during the dry season. This
probably applies to the constructive as well as to the destructive processes,
and, as will be seen for reasons given later, it seems not unlikely that the
actual accumulation of substance by this group of plants takes place not so
much during the hot and relatively moist period of the summer rains as
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during the cooler periods, when the external conditions are much drier. As
this point is brought out better in the discussion of the gas-interchange experi-
ments, further comment will be deferred until they are reached.

The various points referred to above are brought out in table 26, which
gives averages of the experiments, which are shown in full in table 28.

TaBLE 26.
Carbon dioxide per gram-hour, Carbon dioxide per gram-hour,
fresh weight. dry weight.
Temp.
Turgid. Flaccid. Young. Turgid. Flaccid. Young.
S mg. mg. mg. mg. my. mg.
30 0.12 0.16 0.22 0.62 0.55 1.35
35 0.17 0.22 0.29 0.84 0.74 1.84
40 0.24 0.30 0.48 1.22 1.03 3.05
45 0.35 0.41 0.61 1.78 1.44 3.85

The acidities of the juice were also determined in connection with this
series, using parallel material at the end of each temperature period. There
is, of course, a fall in acidity with the rising temperature, which is greatest in
the young joints where there is the largest evolution of carbon dioxide. It
is least in the flaccid specimens where the acidity is already low. It does not
appear, however, that there is an exact relation between this fall of acidity
and the respiration-rate, for the disparity between the loss of acid in the turgid
and flaccid material is much greater than the difference of the amount of
carbon dioxide evolved. Nor, indeed, is the difference in the rate of acidity
decrease at 40° and 45° in correspondence with the increase in respiration.
Other evidence will be given to show that the breaking down of the acid
undoubtedly influences the quantity of carbon dioxide produced, but it seems
that it is not the whole course of the formation of that waste product.

The averages of the acidity decrease may be compared with the rates of
carbon dioxide formation given above. These figures are in terms of cubic cen-
timeters of N /10 KOH per cubic centimeter of juice and are given in table 27.

TasLE 27.

Mature- | Mature-
Temp. turgid. flaceid. Young.
L 458
30 1.44 0.85 1.98
35 1.29 0.79 1.76
40 1.15 0.72 1.41
45 1.07 0.65 1.23

That there is, however, some relation between acidity and the rate at which
carbon dioxide is evolved is shown by a series of experiments at approximately
the same temperature, but at widely differing acidities (tables 29 and 30).
The relation is not entirely constant, but points only in one direction. Taking
the averages of the three series with turgid joints (table 29), the forenoon
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- acidity was relatively high, being 1.03 per cubic centimeter juice, and the
amount of carbon dioxide that was liberated was 0.72 mg. per gram-hour, dry
weight; while in the afternoon, when the acidity had sunk to 0.38 per cubic
centimeter, it was only 0.42 mg. per gram-hour. It is to be remembered that
in the first case the acidity was falling, though not very greatly, while in the
second case it was already low and was rising slightly. A similar state of
affairs is to be observed in the three series with young joints. The evolution
of carbon dioxide in the morning, which was 4.08 mg. per gram-hour, dry-
weight, was accompanied by an initial acidity equivalent of 1.49 per cubic
centimeter, while in the afternoon, when the acidity had fallen to 0.28 per
cubic centimeter, the amount of the gas given off was only 1.81 mg. for the
same unit. This was in the face of the fact that the temperature in the after-
noon was, if anything, slightly higher than in the morning.

The results of the temperature series already discussed might seem at first
sight to be antagonistic to that which has just been said, but a closer con-
sideration shows that there is no real contradiction. In all of the experiments
given in table 28 the acidity was fairly high and was falling, and so it is only
with the morning determinations that they should be compared. It is to be
regretted that we have no determinations of the effect of temperature upon
tissue with low acidity.

The general conclusions which seem justified from these data are that the
higher the initial acidity the higher also is the rate of respiration, and the lower
it is the lower also will the rate be. Plants of high acidity kept in the dark
at normal temperatures, while they do not show a very great decrease in acid-
content, do not ordinarily show an increase thereof. On the other hand,
plants of low acidity in the dark at temperatures not above 35° C. universally
show a gain in acid-content up to a certain point. Thus it would seem that the
formation of acid is acecompanied with a decreased carbon-dioxide formation,
which is to be expected. Again, fuller discussion must be deferred until the
consideration of the gas-interchange determinations which also bear upon this
question.

During the normal day in the warm seasons in their native habitat around
Tueson, the cacti must be subjected at times to temperatures as high as 50°C.,
when the fact is taken into consideration that within the tissue itself the tem-
perature rises several degrees above the air maximum. This phenomenon
has already been spoken of in connection with the course of acidity from
observations made in April 1911. A more extended series of observations
on this point were made during the summer of 1912. With an external
maximum of 45°C., the temperature within the joint was found to be
47.5° C. In order to determine how such high temperatures affect carbon
dioxide evolution, three series were made at temperatures from 35° to 65° C.,
at 5-degree intervals (table 31). In all cases it will be seen that the maximum
carbon-dioxide production is at 45° C., and it is almost twice that at 35° C.
At 50°C.in two cases there was a somewhat greater evolution of carbon
dioxide than at 40°C., but in one case slightly less. Even at 55°C. there is
still as much as at 40°C., while at 60°C. the amount of carbon dioxide formed
is about that found at 35°C., showing a diminution from the 55°C. rate.
At 65°C. there is still some carbon dioxide given off, though much below the
normal. It is hardly to be supposed that the tissues are still alive at tempera-
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tures like 60° or 65°C., and it is doubtful if they are at 55° C. The carbon
dioxide given off at these temperatures is probably either that which is held
dissolved in the cell-contents or that which is formed by the action of the high
temperatures in breaking up unstable organic compounds, entirely aside from
life processes, or perhaps both. Indeed, in dealing with such massive tissues,
results which seem to indicate a real respiratory curve must be accepted
with great caution. That there does appear here to be a definite maximum at
45°C., as indicated by the diminished activity at 50° C., where the tissues
must still be alive, is an interesting point and merits further investigation,
bearing in mind, however, the possible sources of confusion mentioned above.

That rise in temperature by itself affects acidity as well as the rate of respira-
tion has been shown, and this is further borne out by the behavior of the plant
under conditions necessitating intramolecular respiration. Data for the
production of carbon dioxide in air in comparison with that in hydrogen and
in nitrogen are given in tables 32, 33, and 34. At relatively low temperatures,
that is 20° to 21° C., the intramolecular respiration is less than two-thirds that
of ‘the normal, the actual ratio from averages of the experiments carried out
being 28 to 17; but it is noticeable that at a higher temperature, to wit, 35°C.,
there is a much closer approximation of the two. Under these conditions the
ratio becomes more nearly 6 to 5, or, in other words, intramolecular respiration
increases more rapidly with rising temperature than does the normal. Why
these cacti have such a high intramolecular respiration is puzzling. That the
evolution of carbon dioxide can be due (directly, at least) to the diminution of
acid in the tissues does not seem probable, for their breaking down is to a
large extent dependent upon an adequate supply of oxygen. Rather, it serves
as an additional reason for not considering deacidification as the only source
for the evolution of carbon dioxide by the plant. If, as for good reasons
is usually assumed, the massive tissues of such succulent plants are not easily
accessible to the oxygen of the air, one can see, in this phenomenon of intra-
molecular respiration as in acid formation, a correlation of function with
morphological structure. While, of course, the carbon dioxide formed during
respiration diffuses out from the tissues into the surrounding air, it would seem
probable that, at night at least, the gases held in the tissues must be very
poor in oxygen, and consequently the conditions approach those where intra-
molecular respiration comes into play. The point is one of considerable inter-
est and demands further investigation, particularly in regard to the nature of
the inclosed gases and the réle of intramolecular respiration in these plants.
It was interesting to note that the tissues in the core of those joints kept free
from oxygen and at a relatively high temperature for some time, were fre-
quently in a state of semi-liquefaction.

The deacidification processes are known to be associated with the evolution
of carbon dioxide; and, since sunlight is one of the most active agents in
breaking down the plant acids, it seemed well to make a number of experi-
ments to discover if an excess greater than the photosynthetic processes could
utilize might be formed under illumination. Even under these conditions a
considerable evolution of carbon dioxide was found, a circumstance already
noted by Auberte in the case of certain cacti and by Garreau® with plantsunder
feeble light. The results of these experiments are set forth in table 35.

SAubert. Recherches sur les plantes grasses. 2d part, p. 77, Thesis, Paris, 1892.
dGarreau. Annal. de sci. nat. Botanique, Series 3, vol. xv, p. 6, 1851, 1892.
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In the three controls in darkness, irrespective of temperature, there was an
average carbon-dioxide production of 0.43 mg. per gram-hour, fresh weight.
The same plants, under similar temperatures in the diffuse light from a north
window of the laboratory, gave out about half that quantity of the gas—
0.21 mg. per gram-hour—and, exposed to the most direct sunlight possible in
an inclosed apparatus, produced an amount of carbon dioxide per gram-hour
that was slightly more than one-third of that given out in darkness (i. e.,
0.147 mg. per gram-hour). In the two series with young material a similar
state of affairs obtained, except that while the rate in darkness and diffuse
light is considerably higher than in sunlight, it is not correspondingly so.
The amount of carbon dioxide given off per gram-hour is as follows: darkness,
0.96 mg.; diffuse light, 0.48 mg.; sunlight, 0.18 mg. The greater photo-
synthetic activity of the young tissue probably explains its dlfference in this
regard from the mature.

It is debatable whether we have in this case true respiratory activity, for
it seems probable that the evolution of the carbon dioxide, or at least a portion
of it, is due to some cause other than the action of the living protoplasm
itself. It is also probable that the actual source of the gas is from the mere
breaking down of the acids present by the effect of sunlight, largely irrespective
of the true respiratory functions. That the latter may be the case is indi-
cated not only by what we know of the action of light on certain organie acids
in vitro, apropos of which Spoehr’s recent work has already been referred to,
but also by the behavior of the plants at temperatures as high as 60° to 65°C.
As the previously desecribed results show, there is a considerable evolution of
carbon dioxide under high-temperature conditions where the protoplasm can
not possibly be living. In other words, then, it is possxble that there may be
apparent evidences of respu-atlon when that function is not really concerned.
However that may be, it is interesting to note that in some way more carbon
dioxide may be produced by the cacti in direct sunlight than can be utilized
by the photosynthetic machinery of the plant.

In these experiments every possible care was taken to insure that the evo-
lution of gas in sunlight and diffuse light was not due to any extraneous organ-
ism. In the first place, the joints used were inspected with more than usual
care, both before and after the experiments, to see if any insect grubs were
present in the tissues. In every case no indication of any animal parasite
was to be found. The joints used were exceptionally healthy in appearance.
Although the possibility of the presence of bacteria in quantity sufficient to
affect the respiration markedly was exceedingly improbable, these organisms
were guarded against. In the last four series the joints were washed in a dilute
solution of formalin and then rinsed in freshly boiled distilled water. The
fact that control tests as well as the first two of the series showed no essential
difference in the amount of carbon dioxide evolved showed not only that the
question of the presence of superficially growing bacteria need not be consid-
ered, but also that the method of treatment with formalin was harmless to
the matenal used. In addition to these precautions, toluol vapor was drawn
through the whole system of the apparatus with the air-current. It was
always the practice in the use of the Pettenkofer apparatus to test it from time
to time for possible accidental sources of carbon dioxide, and in these experl-
ments it was subjected to especially careful scrutiny. At the end of the series
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the apparatus was run without any plants in the receiver for 3 hours and there
was absolutely no indication of any precipitate in the barium-hydroxide
absorption tubes. It may be safely affirmed that whatever carbon dioxide
was found came from the plants themselves and that these plants were entirely
normal and healthy.

The sunlight to which the material was exposed was as direct and as un-
influenced by interposed screens as was possible with the apparatus at hand.
The method, previously referred to, of immersion in clear water cooled with
ice was resorted to in order to prevent undue rise in temperature. It is real-
ized that some of the intensity of the sunlight is lost in transmission through
the glass and the water and that the results do not give the entire possible
effect of exposure to the sun. For this latter purpose it would be necessary
to utilize quartz or special glass for the receiver and cool it by some device
which did not require the immersion in water. With such an apparatus one
might indeed obtain an even greater evolution of carbon dioxide. The figures
are under rather than over the possible ones.

F1a. 5.—Graph showing rate of evolution of carbon dioxide by Opuntia versicolor at different
temperatures. In milligrams of CO; per gram hour. The data are from table 31.

WOUND RESPIRATION.

That the small injury resulting from the removal of joints from the cactus
plants does not produce any measurable wound respiration has already been
shown in the description of experimental methods and precautions, and further
reference is unnecessary; but that a definite wound respiration follows a
considerable injury was established (tables 36, 37) and is of some interest,
especially in connection with the acidity relations. The sudden temporary rise
in the amount of carbon dioxide, which has been found with other massive
tissues immediately after wounding,® was not observed. This abrupt rise has
been shown to be due to gas held in the tissue which escapes because of the
mechanical effect of the injury. It it not to be supposed that it is absent in
the case of the cacti, but rather that, owing to the great quantity of water in
these succulent plants, it is probably held in solution. During the third hour

9Richards, H. M. The Respiration of Wounded Plants, Annals of Botany, pp. 531-582,
vol. 10, 1896.
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after injury there is a marked increase in the respiration which, with slight
oscillations, rises to its maximum in 26 hours. After that period there is a
slow decline in the amount of carbon dioxide evolved until by the beginning of
the fourth day it is normal again (fig. 5).

Two other partial series were made in connection with the variation in
acidity which is consequent upon wounding. It has been shown that acidity
is influenced by traumatic reaction and that the acidity is considerably lower
at the time of greatest respiration. The results of these two series (table 37)
are consistent both with the previously described respiration effect and with
the acidity determinations (table 21). Averaging the results in this case the
maximum is at 24 hours after injury, at which time the acidity is lowest.
As the healing processes set in and the carbon dioxide decreases in amount
there is evidence of a rise in acidity. Entirely aside from the question of
wound respiration in general, in this case the increase in carbon dioxide is
very likely due to the more rapid oxidation of the organic acids, which, by
reason of the exposure of a larger surface of tissue to the air, are more readily
broken down. In that respect, as in the case of carbon-dioxide evolution in
sunlight, the phenomenon may not be wholly a respiratory one in the strict
sense of the term. That we have to do here with an oxidation process is
brought out clearly by the experiment given in table 38, which shows the
wound respiration in relation to absence of oxygen. At both 20°C. and 35°C.
the evolution of carbon dioxide is greatly reduced in an atmosphere of pure
nitrogen; in the first case to less than one-third that in air and in the second
to less than half. The respiration in the absence of oxygen is about that
which would be expected in uninjured tissue.

DIURNAL PERIODICITY IN RELATION TO TEMPERATURE.

Three continuous series were carried through over periods of more than 24
hours under temperature conditions representing the diurnal change of an
average day at Tucson in late spring (tables 39, 40, and 41). The objects were
to plot the daily march of respiration and to determine how slow but con-
tinuous changes in temperature would affect the rate of carbon-dioxide pro-
duction. The series was, of course, made with the receiver darkened, as it
was not desired to complicate the question with photosynthetic action. In
order that the temperature changes as they affect the tissues themselves could
be noted, the thermometer in each case was thrust into one of the joints in the
receiver. This was effected by boring a small hole longitudinally through a
joint, which was then laid aside for a few days until the wound had healed.
The temperature within the cactus joint lagged behind the air temperature in
the receiver by about half an hour. In the tables it is the temperature within
the tissue that is given.

The most interesting point which developed was the lag in the reaction to
the temperature changes. In each case the minimum rate of carbon-dioxide
production was about an hour later than the minimum temperature within
the joint. Similarly the maximum respiratory activity was delayed. The
accompanying graphs (fig. 6) bring this out clearly. In comparing these
results with the diurnal acidity curve, it appears that the time of lowest
acidity, especially when the acidity has been falling rapidly, must also
be the time of the greatest evolution of carbon dioxide. But it must not
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be supposed for this reason that the alterations in acidity are dependent
simply upon temperature changes. It has been shown previously that while
high temperatures affect acidity to a certain extent, the decrease which is due
to this cause is not nearly so great as that caused by the photolytic action of
sunlight. The fact that the carbon-dioxide output is so markedly influenced
by temperature, falling as it does in the range of temperatures employed in
these experiments to only 25 per cent of the maximum, gives another indication
that decrease in acidity is probably not a respiratory phenomenon in the
strictest sense. Were it so, temperature would be expected to exert as great
an influence upon acidity as it does on the production of carbon dioxide,
which is not the case.
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F16. 6.—Graph showing evolution of carbon dioxide by Opuntia versicolor with progressively
changing temperature.
In milligrams of CO; per gram hour, fresh weight. The upper graph is of the CO.; the lower
one of the temperature. The graphs are composite ones from the data given in tables 31, 32,
and 33.

It is interesting to observe in these graphs how sharply the curve rises at
34°C. and drops correspondingly rapidly as the temperature falls. At temper-
atures below 39°C. this cactus is decidedly sluggish; but at 5° higher, which
may be considered as an average normal temperature in the sun, its production
of carbon dioxide is not inconsiderable. The common statement of the exceed-
ingly slow rate of respiratory activity in cacti is largely due, no doubt, to the
fact that most investigators used temperatures optimal for the ordinary
plant, but not so favorable for the cacti.

It is to be observed, in looking over the whole series of results, that there
is a very considerable variation in the rate of carbon-dioxide evolution, even
at similar temperatures. In general, the determinations made in New York
with material sent from Tueson are higher than those made at Tucson itself.
The material used in New York was all sent during the winter months and the
joints used were those of the previous season’s growth. They were fully
mature, but at the same time were younger than the youngest mature joints
used during the summer. This may very well account for their greater
activity over those used the following summer.



EXPERIMENTAL DATA OF DETERMINATIONS WITH PETTENKOFER
APPARATUS.

TABLE 28.—Respiration and acidity of young, mature-turgid, and mature-flaccid
joints of Opuntia versicolor at various temperatures.

The determinations were made in half-hour periods and the results are the averages of
these, estimated in terms of milligrams of CO. per hour. The number of periods from which
the averages were made is indicated in the fifth column. No determinations were made
until the material had been at least 1} hours at the temperatures named. The acidities
given were made from parallel material at the close of each temperature period, except the
acidities at 45° C., which were from the material used in the CO, determinations. The
experiments were made at Tucson, Arizona, in June and July 1912.

No. of | CO; per |CO: per | Acidity
Fresh Dry half- gram gram of juice
Date. weight. | weight. Temp. hour hour, hour, | N/10 KOH

periods. | fresh. dry. per c.c.

gm. gm. 2 €4 mg. mg. c.c.

Young 30 4 0.23 1.46 1.86
35 4 0.32 2.03 1.64

July 1-2......... 76 12 40 3 0.49 3.10 1.28
45 2 0.60 3.80 1.14

30 4 0.20 1.25 2.11

> 35 3 0.26 1.66 1.89

July 3-5......... 100 16 10 3 0.48 3.00 1.54
45 3 0.62 3.90 1.32

Mature-turgid: 30 4 0.11 0.57 1.38
35 4 0.17 0.84 1.14

July 10-11....... 150 30.2 40 4 0.20 0.99 1.03
45 4 0.32 1.59 0.95

30 4 0.13 0.60 1.40

35 3 0.15 0.72 1.23

July 18-19....... 150 31.4 40 1 0.21 1.00 1.11
| 45 2 0.33 | 1.56 1.03

30 4 0.13 0.68 1.38

35 4 0.18 0.94 1.18

July 22-23....... 100 19.2 40 3 0.50 1.30 1.05
45 3 0.78 2.03 0.96

35 3 0.17 0.86 1.61

July 29-30....... 150 29.5 40 3 0.32 1.60 1.40
45 3 0.38 1.93 1.35

Mature-flaccid: 30 4 0.15 0.53 g gg

35 4 0.24 0.85 .

July 89......... 150 42.1 40 4 0.30 1.07 0.72
45 3 0.42 1.50 0.61

30 4 0.18 0.55 0.78

35 4 0.20 0.69 | 0.73

July 12-13....... 150 43.2 40 3 0.27 0.97 ' 0.68
45 4 0.38 1.32 | 0.63

30 4 0.16 0.56 0.92

35 4 0.22 0.77 0.85

July 15-16....... 100 28.7 40 2 0.31 1.08 0.70
45 2 0.41 1.43 0.65

35 4 0.23 0.67 0.80

July 30-31....... | 161 44.8 { 15 3 0.42 1.51 0.72

|
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TABLE 29.—Respiration in relation to acidity. Opuntia versicolor.

Samples were taken during the morning and afternoon, directly from the plant in the open.
The respiration in darkness was determined by the Pettenkofer apparatus and at the same
time the acidity was recorded. The acidity is given in cubic centimeters of N /10 alkali and
the respiration rate in milligrams of CO; per hour. The material used was of the previous
season’s growth and turgid. The experiments were conducted at Tucson, Arizona, in

July 1912.
" Respiration, CO;
Acidity. per:hous

; Fresh | Dry |Dura- -

Date. | Time begun. Total | Total | wt. | wt. | tion. Temp.
2 Per | Per
Pure | per per Entire e o
juice. | gram, | gram, sample. gesh' g; v
fresh. | dry. - (|
hrs. ol mg. mg. | mg.
July 17 10b15®a.m.| 0.80 | 0.75 | 3.95 1650 | 31.0} 231 34 271 0.18 | 0.87
e L 4pm..... 0.36 | 0.36 | 1.80 153 | 33.4] 1% 35 17.0 0.11 | 0.51
July 18 10am..... 0.98 | 0.84 | 4.40 200 | 45.3| 2% 34 35.2 0.18 1 0.78
YIS\ 4pm..... 0.42 | 0.31 | 2.00 [ 205|445 13 | 36 |19.0 |0.09|0.43
July 19 o502 am..| 1.25 | 0.45 | 2.33 | 207 | 41.1| 3 33 [22.5 {0.11|0.55
S T N pmbe . 0.42 | 0.18 | 0.93 | 212 |42.0| 1} | 35 |15.4 |0.07|0.37
July 21 9h 30™ a.m 1.10 | 0.82 | 4.32{ 200 | 40.6| 4 34 [24.5 [0.12 ) 0.60
Wysl-13 30 pm..| 0.310.29 [1.55] 210 | 41.9| 2 35 |13.7 [0.07|0.32
A Morning...{ 1.03 | 0.74 | 3.76 }...........}...... 32.5 | 27.3 0.15 [ 0.70
VEr..-\Afternoon. .| 0.38 | 0.29 | 1.57 |......[.....[...... 35 |16.3 |0.08|0.41

TasrLe 30.—Respiration in relation to acidity. Opuntia versicolor.

Similar to the preceding series, except that the material used was young. The joints were
very turgid and had well-developed leaves. The work was done at Tueson, in July 1912.

Acidity. | Respiration, COq
per hour.
Time of col-
Dat lection and Fresh | Dry |Dura- T

ate. | beginning of Total | Total | wt. | wt. | tion. |- P Per | P
experiment. | Pure | per per Entire o ae;]
juice. | gram, | gram, | sample. %:esh' g:h_y -
fresh. | dry. | g .
gm. | gm. | hrs. S0 mg. mg. | mg.
July 29 10230ma.m.| 1.09 | 0.89 | 6.32 | 180 | 27.9! 2} 28 |104.5 [ 0.58 | 3.74
A AP 0.23 [0.19 | 1.40 | 141 [ 205, 1% | 29 | 40.7|0.29 | 1.98
July 30 10* 152 am.[ 1.82 | 1.20 | 7.10 150 | 22.9] 3 32 92.0 | 0.61 | 4.02
LT 4pm..... 0.31 0.221.34 150 | 23.6] 13 34 35.3 10.23 { 1.49
July 31 10 am..... 1.56 | 0.98 | 6.15 | 200 | 31.4| 3 33 | 141.0 [ 0.70 | 4.49
Y22\ 3 30m pm| 0.29 | 0.23 | 1.38 | 135 |20.1| 12 35 39.4 | 0.29 | 1.96
e MonEing., .| M40 oo . o L ossdil L. BECCEE 31 |112.5}0.63 | 4.08
'8 M ATGOEOE .. | 0. 28155 AL g hioge g8 o fo e 50 | ...... 33 38.5|0.27 | 1.81
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TaBLE 31.—Evolution of COy at higher temperatures. Opuntia versicolor.

All of these determinations were made in New York in 1912 from material sent from Tuc-
son. In all three series the material was treated in a similar way. Determinations were
made only after the specimens had been for at least 2 hours under the temperature under
investigation. The actual determinations were made in half-hour periods, but have been
calculated in terms of whole hours for the sake of comparison with the standard of milli-
grams CO; per hour, per gram fresh weight, which has been used throughout.

CO; per gram-hour, fresh weight.

At 35° | At 40° | At 45° | At 50° | At 55° | At 60°. | At 65°.
mg. mg. mg. mg. mg. my. mg.
0.57 0.86 0.97 0.75
I. Apr. 9-10,1912....... .59 .82 .89 .78 R 1 e
.83 .87 .79
0.27 .36 .58 .54 0.43 0.35 0.11
II. May 24-25,1912.. ... .31 .35 .62 .52 .40 .33 JOOT
.41 .69 .26
0.38 Y .68 .58 .42 .38 .20
III. Apr. 6-7,1912...... .32 .52 .75 .51 .44 .33 .18

TaBLE 32.—Intramolecular respiration.

The material used was 15 joints of the previous season’s growth of Opuniia versicolor
having a fresh weight of 336 grams. Respiration was observed in air and in pure hydrogen
at 20° to 21° and 34° to 36° C. The experiment was carried on at New York, April 1 to 3,
1912, with material sent from Tucson, Arizona.

CO; per
Time. Duration.| Temp. | Total CO,.| gram,
hour.
In air: hours. oy mg. mg.
115302 2. M. t0 1 Do D oo ieeeaean 13 21 111.00 0.22
In hydrogen; ran blank for 1 hour:
DA )3 ) L 11 S P A S e 1 21 42.50 .13
ERLOC BT 11936 0 0.0 0 0 00l0 06 0 0 o A8 b0 0B 6860 000008 I 21 45.50 .14
4105 Pe M. ot e 1 20 46.25 .14
S5t06 P .M. ... i 1 21 46.25 .14
In air; ran blank for 1} hours:
78302 t0 SE30T . M. ... 1 21 83.00 .25
830 to 9 30 p.m.......iiiiiiiiiiiiens 1 20.5 77.25 .23
9 30 t010 30 pP. M. iiiiiiiriiaaannn 1 20 74.00 .22
Ran in air-current over night:
0b 400 t0 10P40™ 8. M. evreeeeeenn e 1 20 84.75 .25
In hydrogen; ran blank from 10t 40™ a. m.:
1830 t0 22 300 Pem. .t te e il 20 48.50 .14
2.30 103 30 P M....cc.cooeracaconcaannn 1 20 46.25 .14
330 t04 30 pom....iiiiiiiiii e 1 20 48.25 .14
Raised temperature to 35° C.; ran blank in current
of hydrogen:
QORI DHER A IR N O AL 1 35 149.25 .44
In air; ran blank 1 hour:
125507 12 midmiRhte o ool orelo o el s elee olohe o o sogsieLole 1 35 140.25 .42
Ran blank over night; raised temperature to 35°
at 8k 30™ a. m.:
100302 t0 11B 30 8. M. .eeeee et 1 35 122.00 .36
11 30 0 1 16 pP.M.......c.cevverorennone 13 35 189.50 .32
In hydrogen; ran blank for 1 hour:
2b300t0 3P 150 p. M., .t 3 35 87.00 .35
3 15 to4 15 pP.M......cccveercaionccnnns | 3 35 85.75 .34
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TaBLE 33.—Intramolecular respiration.

The material used was 12 mature joints of Opuntia versicolor of the previous season’s
growth, having a fresh weight of 320 grams. Respiration was observed in air and in pure
nitrogen at 21° and 35° C. The experiment was carried on in New York with material sent
from Tucson.

CO; per
Time. Duration.| Temp. | Total CO,.| gram,
hour.
In air: hrs. o mg. mg.
2b20mt0 32200 p. M. ue it ieoaan 1 21 78.75 0.24
S F A EONRNBO. Dy BB o oo o opollomets + siois o o o o0 ] 21 40.00 .25
In nitrogen from 350 p. m.; gas from receiver
showed no oxygen: J
5300 R 100 - PARRUCTRRRIIR RS o SRR % D 1 21 53.50 17
(10N oA Th R - R, . SRR P 1} 21 72.50 .15
In nitrogen; temperature raised to 35° C. at 72 30™
p. m.:
9 to APR Dol otk oo o o e 2 35 71.00 .30
08 45m 4010 30 P.M..eeivieeerennnnannnnn 2 35 79.50 .33
In air from 10® 30™; temperature 35° C.:
12 to 19M46m- Sn'¥5, . . L. SRS LN L 3 35 90.75 .38
19595%5tor 4 30 vafml........ 8N L0 3 35 91.50 .38

TaBLE 34.—Intramolecular respiration.

Carried on in New York with material sent from Tucson, consisting of 9 mature joints of
Opuntia versicolor, of the previous season’s growth, with a fresh weight of 200 grams. Respi-
ration was observed in air and in pure nitrogen at 21° and 35° C.

CO; per
Time. Duration.| Temp. | Total CO..| gram-
hour.
In air: hrs. °C. mg. my.
ERTYC ¢ Y RO R | R TR 1 21 82.5 0.41
(R 0 DR U Y R, (R 3 21 42.00 .42
In nitrogen from 92 30™; gas from receiver showed
no oxygen:
112302 a. m.to 128302 p. m................. 1 21 52.00 .26
121307 o "I RSOMDTm N, L T el 1 21 56.50 .28
1 30, %0 2,80Pp- M. . ...t 1 21 52.00 .26
In nitrogen; temperature raised to 35° C. at 2b 30m
p. m.:
F Y T Y PO 1 35 160.25 .80
G A o AR - TSR Rt P 1 35 152.15 .76 .
70070 (ol oY 7 VAR S PPN £~ 4 0. 1 1 35 78.00 .78
In air from 7% 30® p. m.; temperature 35° C.:
D15 TN THL B it AR 1A SR L 1 35 184.00 .92
S r DR O ¥ 1 35 180.00 .90
11to12midnight.. ......................... 1 35 188.25 .94
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TaBLE 35.—Evolution of CO, in sunlight and tn diffuse light, compared with that tn darkness.

The experiment was made with Opuntia versicolor, at Tucson, July 23, 29, 30, 31, and
August 2 and 3, 1912. The joints exposed to sunlight were in a glass receiver immersed in
water cooled with ice; those in diffuse light were in the same receiver and were placed out
of doors in the shade. The apparatus was very carefully tested after the determinations,
to make sure that there could be no vitiation of the result from leakage. After running
blank for 3 hours without any plants in the receiver no trace of CO; was found.

EXPERIMENTAL DATA OF DETERMINATIONS.

In sunlight. In diffuse light. In darkness.
No.
. Fresh] Dry
of | Material. Temp. CO, CO. CO,q
exp. wt. | wt ll_);' Total | per P;' Total | per g‘f’ Total | per
tion CO:. |gram- tion CO;. |gram- tion. CO;. |gram-
) hour. v hour. hour.
gms. | gms. °C. |hrs.| mg. mg. |hrs.| mg. mg. |hrs.| mg. mg.
1 | Mature-
turgid...| 255 | 51.2 | 20-21 {....|........[...... 3| 16.5 {0.02| 3] 21.0]0.03
2 Do....| 250 | 50 35-37 | 4| 96.75|0.09 | 23 | 109.25 | 0.16 | 2 |220.0 | 0.44
3 Do.... 200 | 41.4 30| 3| 76.50 | 0.13 |1 35.7 10.18] 2| 94.8|0.27
4 Do....| 282 | 56 36-38 | 2|124.000.22 |2 |167.5 [0.30| 2{305.2|0.55
5| Young....| 195 31.4 {3536 (| 3| 72.00 | 0.22 |2 |216.750.56 | 2 |375.5|0.96
6 Do, ool T2 1027 25| 2| 44.75|0.13 |1 | 70.75 i 0.41] 1|165.0|0.96

TaBLE 36.—Wound respiration.

Series I consisted of 8 mature joints of Opuntia versicolor, with a fresh weight of 120
grams, and was begun April 10 at 8 a. m., and wounded at 10*30= a. m. Series IT consisted
of 7 joints of the same plant, with a fresh weight of 132 grams, and was begun at 2 p. m.
April 10 and wounded at 7k 30= p. m. The temperature throughout was 25° C. After
determination of normal respiration, wounding was effected by slicing the joints into sec-
tions 10 to 15 mm. thick. The experiments were made at New York, April 10 to 12, 1912.

I. II. Average.
CO; per Aic‘i;lci:y CO; per Aj(i:?é:y CO; per Ajc‘:;i‘:;y
i"’m' N /10 KOH i"‘“r“ N /10 KOH i’;’l’:‘ N /10 KOH
QM per c.c. o per c.c. g per c.c.
). 0.50 0.22
0.24 0 3
Normal......... { 0.22 } 0.94 0.23 } 0.94 { 0.22 } 0.94
Wounded:
Time since
wounding, hrs.
Poen o, ¥5 0.25 0.21 0.23
R tRy . 0.27 0.95 0.25 0.92 0.26 0.93
| e N 0.34 0.36 0.35
230 B e 0.52 0.49 0.50
o - T T 0.51 0.63 0.54 0.58 0.51 0.60
B8 e st 0.55 0.47 0.52
48, . o 0.34 0.36 { 0.35 } K
W 0.31 } ki { 0.36 } 0.74 1 0.33 .
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TaBLE 37.—Wound respiration.

The normal respiration was first determined, and the plant then wounded by slicing
joints into sections 10 to 15 mm. thick. The determinations were made in New York
with the Pettenkofer apparatus, the material being 8 joints of Opuntia versicolor having a
fresh weight of 170 gm., sent from Tucson, Arizona. The date of the experiment was
April 5 to 9, 1912.

9 2 CO; per
- Dura-| Time since | Total
Time. tion. | wounding. CO;. ir:‘;.;'
Normal: hrs. hrs. mg. mg.

10tolla.m........... 1 1 31.0 0.18

11tol2a.m........... 1 2 32.0 .19

12to 2230 p.m........ 2} 3 72.5 .17

‘Wounded:

“3to 4pm........... 1 1 34.0 .20
450, 6D M. i o ooke 1 2 39.0 .23
510 P M it T 1 3 73.0 .43
6to 8pm........... 2 4-5 143.0 .42
8,00, 9 P- M. it . 5 )| 6 72.5 .43
Q4010 DU . oo o voilon 1 i 142.0 .44

10tollp.m........... 1 8 77.5 .45

ILge, 1 M. ...... ¢ 2 9-10 142.0 .42
L-40g 4 aoms. . . .5 .o e 3 11-13 213.0 .43
40" T AN . g o .- .08 3 14-16 223.0 .44
T IoMGiamy S 7T 2 17-18 144.0 .42
9tol2noon........... 3 19-21 220.5 .43

12% 2p.m. v 2 22-23 157.5 .46
2 £or 4up. s i .. .8 2 24-25 175.0 .51
c 317000 ) T L s AP, 1 26 95.0 .56
S t0"Bp. IR, UL VN 1 27 84.0 .49
6'bo’ BAp:. ™ MWL 5L e 2 28-29 159.5 .47

1) 46 T2 HHOOM s s oo« ooe o' 2 44-15 138.0 .40

o g 0\l it 2 4647 130.0 .38
20te S pliay % A 2 4849 127.5 .37
4ntor@ipims . .. 2 50-51 129.0 .38
Ofte 11 & m. ... i 2 67-68 120.0 .32
240 4 DM K E e e 2 72-73 100.56 .30
460 Sp. A LL b e 1 74 41.0 .24
5to 7:30p. m....... 23 75-77% 82.5 .19
72302 to 82302 p. m....| 1 78} 34.0 .20
SHHO'IIA. I KA oo 1 90 32.0 .19
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TaBLE 38.—Iniramolecular respiration after wounding, May 6, 1912.

The experiment was carried on in New York with material sent from Tucson, consisting
of 15 joints of Opuntia versicolor, having a fresh weight of 320 grams. The normal respira-
tion as determined the day before the experiment was 0.28 grams per hour. The specimens
were wounded at 10 a. m. May 5 by slicing into sections 10 to 15 mm. thick. Wound
respiration was observed in air and in pure nitrogen at 20° and 35° C. The wound respira-
tion would be somewhere near its maximum when the determinations began.

A Dura- Total | CO: per
Time. tion, | Temp- CO,. | gram-
hour.
In air: hrs. “o mg. mg.
S840 Eugnid (BRI .. LR 4.7, - 1 20 [ 227.00| 0.70
940 10t BB 5. . . M B 1 20 230.25 | 0.72
In nitrogen from 10 a.m.; gas from receiver showed no
oxygen: .
112402 a.m. t0 12840 pm.........oiieein.... 1 20 60.00 0.19
121 405 00" 140l pimts. . ho e B i 20 66.00 0.21
In nitrogen, temperature, etc., raised to035°C. at 1*40® p.m.
S WP R e hd. a0 e B .. 1 35 140.50 0.44
5,60,6 DI, A o8 r B S F s - X T T - 1 35 | 151.00 ) 0.47
In air from 6 p.m.:
9h 350 t0 110350 pam. .o v v vt 1 35 |352.10| 1.10
11 135" pimiite 12235™ aim . . ..o S i, 1 35 [364.75| 1.14

TaBLE 39.—Respiration with continuously changing temperature.

This determination was made at New York, January 29 and 30, 1912, in the dark, under
temperature conditions simulating those of a normal spring day at Tucson. The material
was sent from Tucson and consisted of 11 mature joints of Opuntia versicolor, having a fresh
weight of 130 grams.

CO; per
. Dura- Total 2 D
Time. o Temp. COs. gram-
hour.
hrs. °C. mg. myg.
11845 a.m. to 32 30mp.m.| 33 33 260 0.53
330 to6 30 pm...| 3 30 204 .52
6 30 to8p.m....... 13 28 95.8 .50
8to 9p.m........... 1 27 63.3 .49
9:to'10p.m. . ... .M. 1 26 60.1 .46
10:t0/11 pom. : 5.0 1 24 56.1 .43
11 to 12 midnight....... 1 23 55.4 .43
1%to 1T a.m... ... H.. 1 21 52 .40
Pto 2. m'. ..... M. 1 19 46.7 .36
2t0 3am.......... 1 17 40.5 .31
3to 4a.m.......... 1 15 33.9 .26
4t0 5a.m.......... 1 14 28.6 .22
5to6t30™a. m....... 13 16 18 .14
6b30m to 72 30ma. m...| 1 18 25 .19
730 to%9a.m....... 11 20 35.5 .18
9to10a. m:......... 1 23 41.7 132
10tolla.m.......... 1 25 52.9 .41
1T to 12 poonr...... :.. 1 27 54 .42
12 te "1 pomas: o, . W%, . 1 28 56.2 .43
¥ito 2 prmd . 0. %L 1 30 58.5 .45
2ito, '3 paEa™ . .. N 1 32 62 .48
3to 4p.m.......... 1 35 71.3 .65
4ito Sp. Mm% A 1 34 82 .63
Sito 6p-M:..... .. 1 32 69 .53
6to, /8 p.m...... 2. 2 30 138 758
8to 9pm.......... 1 27 61 .47
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TaBLE 40.—Respiration with continuously changing temperature.
The temperature variation is about that of an April day in Tucson. Determinations made
in New York, March 22 and 23, 1912, the material being 15 mature joints of Opuntia versi-
color of the previous season’s growth, with a fresh weight of 180 grams, sent from Tucson.

i Dura- Tem Total COz per

R tion. P | CO,. %ram-
our.

hrs. °C. mg. mg.

0750 7 Do Mlie e o oo s et 1 30 117.5 | 0.65
7t0o 9p.m.......... 2 30 173.5 .48
St0ol0p. Mm..ti.00v.n 1 28 80.0 .45
10%0" Y p. M. ... o0ane 1 28 82 .46
11 to 12 midnight....... 1 25.5 79 .44
iR to 1a-m........0 1 23.5 62.5 .35
Batoh 2 aml . ... L0 1 20.5 54.5 .30
2t0 3a.m.. 1 20 40.5 .22
3to 4am.......... 1 18 36 .20
Aite, Slaimi. . ... pals 1 16 32.5 .18
Bito 1'6ral mar. ... .. .. ol 1 14 34.5 .19
6to730ma. m....... 13 16 39.5 .15
7230mto 9a.m...... 13 18 44 .16
9tol0a.m.......... 1 21 44.5 .25
10a.m. to 12215 p. m..| 2% 24 120 .30
12216™ tei2p. m. ...... 13 27 143.5 .46
2%03p.Mm..........4 1 31 116 .64
3to4dp.m........... 1 34 133 .74
4% S5Spm........... 1 33 191.5 1.06
Ste8p-m........... 1 31 127 0.71
6to7p.m........... 1 29 100 .55
7to830%p.m....... 13 27 148 .55
8302t0 10p. m...... 1} 25 78 .29

TaABLE 41.—Respiration with continuously changing temperature.

Made at New York, May 8 and 9, 1912, with material sent from Tucson. This material
consisted of 18 mature joints of Opuntia versicolor of the previous season’s growth, with a
fresh weight of 354 grams. Previous to determination the plant was subjected to a tem-
perature of 30° for several hours.

CO; per

Time. ]2;;:” Temp. ’I(‘:o(;zal gram-

v i hour.

hrs. °G: mg. mg.

8to 9p.m.......... 1 30 150 0.42
9to10p.m.......... 1 27 154 .43
10tollp.m.......... 1 25 133 .38
11 to 12 midnight....... 1 23 107.5 .30
Bite 1-a . my.....=... 1 21.5 101.5 .29
iito 2a. my.....00. 1 20 76 .21
@it Srasmmiy: ... .3 1 18 69 .20
Sito 4aimls. . ..00.. 1 17 52.5 .15
4to 5210®a.m...... 1% 16 52 .13
55 10 to 5h40™a. m.. 3} 12 17.5 .10
5p40m to 6 10 a.m.. 3 14 14 .08
6P10mto 7a.m...... 2 15 27.5 .09
7to830ma. m....... 13 16 84 .16
8302 to10a. m...... 13 20 116 .22
10tolla.m.......... 1 21 81 .23
11to12noon.......... 1 22.5 88.5 .25
240 1pime. ..., 1 24 133 .38
hto 2pmma. .. ... 1 27 161.5 .46
2to 3p.mgu. ... 1 30 183 .52
Bito 4 ptm%. .J.. .25, . 1 33 193.5 .58
4t04230"p.m....... i 34.5 132 .75
4230 to 5p.m....... 3 33 170 .96
5t05230"p.m....... 3 32 145 .82
5830"to 6p.m....... 3 31 111 .63
6. 10:8 DML Gl ah e ene o 2 29 314 .44
Sto9p.M........... 1 27 142 .40




GAS INTERCHANGE.*
GENERAL CONSIDERATIONS.
The problem presented in the study of the interchange of carbon dioxide and
oxygen and the %%’ quotient, particularly in relation to the acidity conditions,

Is a complex one and some preliminary considerations are necessary before any
detailed discussion is attempted.

Attention has been called to the fact that acidity and the rate of respiration
are very greatly influenced by the age and condition of the tissues. The
former is highest and the latter most rapid in the young joints, which are,
of course, highly turgid. Other things being equal, the acidity is lower and the
respiration somewhat less in amount in the mature joints that are turgid,
which is the condition ordinarily presented in the winter and summer rainy
seasons. In the mature joints which are flaccid, by reason of the loss of water
in the dry seasons, both the acidity and evolution of carbon dioxide are at
their minimum. The distinguishing of these three conditions of the plant,
the young, the mature-turgid, and the mature-flaccid, becomes of especial
mmportance. It is, of course, obvious that there can be no sharp line between
these stages so far as the life of any one individual is concerned; but in the
actual conditions presented by the plants at the time of year when most of
these experiments were carried on, the three classes of tissue were sharply
enough marked. A study of the transitional stages in the physiological
activity would, no doubt, be of considerable interest, although in this work no
definite attempt was made in this direction; but, as will be shown later, the
examination of the data revealed certain instances of intermediate conditions.
For example, in many of the experiments on the mature joints which were
carried on during the summer of 1913, except those which were made from
espeeially irrigated plants, it was found, when the dry weights of the specimens
were determined, that they were essentially in the flaceid class, despite the
fact that some of them were putting forth new growth. It was also found that
this new growth, though in many respects in the typical young condition, was
by no means as high in water-content as the joints obtained from plants more
liberally supplied with water.

The basis of separation for purposes of discussion and classification is made,
then, on three conditions of the tissue, determined in the main by the percent-
age of dry weight, although other characters occasionally have influenced the
decision into which group the material should be assigned. The young joints,
with the exeeption of those referred to above, averaged in these experiments
between 15 and 17 per cent of dry substance; the mature-turgid joints from
18 to 20 per cent, while those which were flaccid were all over 25 per cent,
running up in some eases to as much as 35 per cent of dry weight.

The young joints are undoubtedly the most active in respiration, and prob-
ably also the most active in photosynthesis, but they are not necessarily tl}e
most important part of the plant as far as nutrition is concerned. To begl.n
with, the actual amount of young growth in proportion to the mature is
relatively small, even in a plant which is growing rapidly, and it is not probable
that it keeps up its increased activity beyond the beginning of the dry after-

aThis portion of the work was done in collaboration with Miss M. E. Latham.
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summer, following the summer rainy season during which it was produced.
The really essential part of the active tissue must be comprised in the mature
joints when they are turgid, a condition realized during the rainy seasons,
which are characteristic of the region around Tuecson, and for a time subse-
quent to these periods. During the winter rains there will not be any of the
young joints in the case of Opuntia versicolor, since these are formed almost
exclusively in the summer. As will be seen later, the winter and spring
seasons must be a highly important period for this species of cactus, if not also
for others, for it seems that the bulk of the actual storing of potential energy
must take place during the bright days in the winter and the warmer but still
relatively cool days of the spring. The condition presented by the flaccid
joints does not, it seems, inhibit their activity, for while they are relatively
quiescent the gas interchange is by no means non-existent. Whether they
carry on much photosynthetic work is perhaps a question, for in appearance,
at least, the chlorophyll is certainly less in evidence than when the plants are
turgid. Not a small portion of the year, however, is spent in a desiccated
condition by the smaller cacti, which do not store the enormous quantities
of water found in the more bulky forms.

It has not been possible to trace the gradual transition from the turgid to
the flaceid condition, for neither of the writers has been in Tucson at the proper
time of year, which would be in May and June or from late August to October.
But the assumption of a turgid condition from the flaceid state is very easy of
accomplishment. In as short a period as 5 days, a plant which was copi-
ously irrigated in 1913 increased its water-content from about 66 per cent to
79 per cent, or, in other words, its dry weight fell from 33 to 21 per cent. By
further irrigation for about two weeks the dry weight fell to about 17 per.cent.
In the summer, after the rains have commenced, it is safe to say that within a
week the plants are practically fully turgid and active.

As a matter of practical experimentation it was easily possible in the summer
of 1912 to carry on simultaneous determinations with flaceid, turgid, and
young joints. Certain plants in the neighborhood of an irrigated area were
already in full activity and had put forth a quantity of young shoots by the
middle of June. At the same time the plants in their natural condition,
removed from any source of water, were wholly flaceid. Not one showed
signs of producing young joints.

The condition in 1913 was somewhat different. The winter had been
an exceptionally cold one, indeed almost a record for the region, and a great
deal of winter-killing had taken place; also, there had been a shortage of rain
during the winter months. Despite the latter circumstance and perhaps
because the actual mass of the plant had been so greatly diminished by the parts
lost by freezing, plants wholly removed from any source of irrigation had put
forth new shoots, although the mature joints were shriveled and dry. There
could be no mistake that these shoots were new growth, for they were all
provided with leaves. They showed a dry weight of about 20 per cent, which
is considerably greater than that usually found in young tissue, which it
will be remembered is about 15 per cent. Indeed, the dry weight of these
joints closely approximated that which had been determined in the previous
summer as the average for the mature-turgid joints. Nevertheless they
behaved essentially as young joints are wont to and were putting forth an
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abundance of leaves. Their acidity, it is true, was usually lower than that
of young material from more turgid plants, with the consequential effect

on their %(-:f’ ratio. In a measure they constituted a condition intermediate

between the young and the old stems.

Thus it will be seen that there must be expected a very considerable variation
in the condition and consequent behavior of cacti from season to season and,
indeed, as experience has shown between different plants in the same season.
It becomes imperative, therefore, to have a large number of experiments
in order to establish any kind of a reliable average, a fact that is additionally
true in the case of such physiological processes as those involved in gas inter-
change, which are also so greatly influenced by relatively small changes in
the external conditions. The attempt has been made to accumulate a con-
siderable body of data, which, while relatively large, would no doubt be more
satisfactory if doubled. .

Not every one of the experiments carried out has been incorporated in the
account given here. As has been said in the chapter on experimental methods,
all experiments were thrown out in which the analysis showed that more
than 5 per cent carbon dioxide was accumulated, with the exeeption of a few
selected ones, retained for special reasons and so indicated. For various
causes a number of other experiments were also neglected, especially in the
beginning, but none has been abandoned except for well-defined and cogent
reasons which rendered their results untrustworthy.

In connection with the conditions of dryness and turgidity, it is interesting
to note a possible relation of the color of the plant. In almost all cases record
was made of the color of the exterior of the joint, which varies from the typical
somewhat bluish green to a reddish tint that shades to a yellow brown in the
grooves and on the under side of the joint. When these notes were com-
pared with the results of the acidity determinations and the gas interchange it
did not develop that there was any very definite or marked relation to be found
between them. In a general way, the drier the plants are the more likely
is their color to be red, but except in so faras the dry condition affects both their
acidity and rate of gas interchange, which is lower in each case, there is no
close correlation. For instance, in those cases where the mature and also
turgid joints were red—which while not common is also not infrequent—there
appeared no regularity as to a greater or lesser quantity of acid or to an in-

creased or decreased 9(% quotient. The young joints also showed a reddish

tinge at times, notably those mentioned as having been used in the summer of
1913, but except for their somewhat lower activity there was no effect to be
correlated with color.

However, it is probable that redness of color is generally associated with
loss of water by the tissues. It would be interesting to investigate this point,
as the formation of anthocyan in chlorophyll-bearing tissue is usually held to
be correlated with low temperatures. Of course, one effect of cold is to deprive
the plant of water and the question may be asked whether desiccation due to
whatever circumstance is not a predisposing cause for the formation of antho-
cyan compounds. From observations made, which were necessarily incom-
plete, it seems improbable that the reddening of the Opuntia versicolor joints
is connected with the lower winter temperatures, for in March and April,
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according to the notes kept, the highly colored plants seem to have been much
less frequent than in late June and early July. A continuous series of obser-
vations during the seasonal changes would be of considerable interest in throw-
ing light on this question as well as for determining, what very well may be
the case, whether there is any individual predisposition on the part of certain
plants to form and to retain a reddish color more or less permanently. Thered
is not exclusively limited to the flaceid plants. It will be remembered in this
connection that the flowers of Opuntia versicolor exhibit a considerable range of
color, but no satisfactory evidence was forthcoming that any particular color
in the flower characterized plants with red color present or absent in the stem.

QUANTITIES IN GAS INTERCHANGE.

An inspection of the results set forth in table 42 indicates the same difference
in the activity of the plants, according to their age and condition, that was
seen in the results of the Pettenkofer experiments. They also show that there
is a great variation in the volumes of the gases which are given off and ab-
sorbed. This, as will be shown in the subsequent discussion, is to a large
extent dependent upon the temperature and increasing or decreasing acidity.

In the study of the complete gas interchange we have, of course, to con-
sider not only the carbon dioxide evolved, but also the oxygen absorbed.
The former does not vary alone, but with the latter, although not always in
the same degree. Consequently, under changing conditions there may be an

alteration in the %%3 quotient. We have here attempted to trace these

changes and to find how the gas-interchange ratio is related to both the
external and internal conditions.

Before discussing the details it is well to consider the general rate of gas
interchange in relation to the fundamental question of the age and state of
the tissues. Table 42 gives the general averages of the whole series of
gas-interchange experiments in which the external conditions, except
temperature, are relatively constant. All of these experiments were in
normal air and in the dark. No account has been taken of the individual

% ratios or acidities in these averages, but the results have been arranged

in three (in one case four) temperature groups. The average gas-interchange
ratio has been given for each group, but does not have great significance, save

to show in a very general way the gross average CTO: quotient. The amounts

of gases exhaled and absorbed are given in terms of both fresh and dry weights
of the plant substance.

Attention is again called to the fact that in this section of this paper all
quantities of carbon dioxide and oxygen are expressed in cubic centimeters
unless it is specifically stated otherwise. The acidities are given in terms of
cubic centimeters of decinormal alkali per cubic centimeter of juice or per
gram fresh or dry weight.

For the same amount of dry substance the young joints respire at a rate
about three times that of the flaccid ones and twice that of the turgid plants.
The relative quantities of carbon dioxide evolved and oxygen absorbed are
essentially the same in the young and the turgid material, at the temperatures

from 31 to 36° C., so that their %(—)f ratios are similar. In the 40° to 41° C.
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temperature group among the experiments on turgid joints the ratio rises
very greatly. With flaccid joints there is a general tendency to have a great
oxygen absorption, which shows also in the averages, so that the gas ratio is
necessarily lower. Attention should be called, however, to the fact that no
conclusions should be drawn from this table as to the relation of temperature

and the %z’- quotient, since neither the amount nor the course of the various

acidities have been taken into account in making these averages. It will de-
velop, from the more specific analysis of the results which is to follow, that these
considerations are of no small importance. The purpose of this table is to
indicate in a general way the difference in activity of the three classes of tissues.

TaBLE 42.—FEvolution of CO; and absorption of O, in relation to temperatures.

Evolution of CO; and absorption of O, in relation totemperature, arranged without regard

to the CO, ratios; averages of 104 gas-interchan, iment de during thi

0, . ge experiments, made during the summers
of 1912 and 1913.

No C02 02 ab- COz Oz ab-
of. [ evolved | sorbed | evolved | sorbed
CO: /Oy per gm.| per gm.| per gm.| per gm.
Lampueature. jaxpie. ratio. | per hr., | per hr., per hr., | per hr.,
aver-
diied fr.esh frgsh d}‘y d'ry
‘U " weight. | weight.| weight. | weight.

2 Ce

Below30.... 24 0.72 | 0.087 | 0.123 | 0.472 | 0.651

|

Mature-turgid; average per |31 to 33. .. ! 8 0.74 | 0.100 | 0.136 | 0.490 | 0.662
cent, dry weight, 20.8....||34 to 36""! 7 0.74 | 0.140 | 0.190 | 0.710 | 0.960
40 to 41....) 4 1.12 0.340 | 0.303 1.545 | 1.381

Mature-flaccid; average per |(Below 30....| 7 0.52 | 0.068 | 0.130 | 0.220 | 0.425
cent, dry weight, 30.7... .31 to 33....| 11 0.64 0.115 | 0.176 0.385 | 0.598
34 to 36....| 6 0.68 0.140 { 0.206 | 0.441 | 0.648

Young; average per cent, |(Below30....| 14 0.65( 0.131 | 0.200 l 0.739 | 1.124
dry weight, 16.4........ 31 to 33... - 18 0.74 0.230 | 0.310 1.444 | 1.946
34 to 36....| 5 0.70 | 0.226 | 0.324 | 1.303 | 1.854

The amount of carbon dioxide given off is not as much as that formed by
the typical plant, but the disparity is by no means as great as would be sup-
posed from the statements that are usually made. Indeed,in the young tissue
the evolution of carbon dioxide is decidedly rapid. In order better to make
comparisons it is well to estimate the results by weight rather than by volume.
Reducing those given in table 42, where the quantities of carbon dioxide are
expressed in cubic centimeters, by multiplying by the appropriate factor for
the weight of the gas at different temperatures and at the barometric
pressure for Tucson (see description of methods), we have (in table 43)
the amounts in terms of milligrams per gram tissue per hour. The amounts
are in as close agreement with the results indicated by the Pettenkofer
method as would be expected and as may be seen by reference to table 28,
on page 55. The young tissue at 31° to 36° C. loses in 24 hours approxi-
mately 0.8 per cent of its fresh weight or 4.5 per cent of its dry weight in
carbon dioxide. At the same temperatures, the old turgid joints show a loss
of about half that amount in their fresh weight, but less than a third when
reckoned for dry weight. At 40° to 41° C. their activity is somewhat greater
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TABLE 43.
COQ; per | Loss CO; | CO; per | Loss CO;

gram- per 24 gram- per 24

Age and condition. Temperature. hour, hours, hour, hours,
fresh fresh dry dry

weight. | weight. | weight. | weight.
rU. mg. p.ct mg. p.ct
Below 30... ... 0.13 0.3 0.71 1.7
31t033....... 0.14 0.3 0.68 1.6
Mature-turgid. . .... 34t036....... 0.19 0.5 0.96 28
40 to 41....... 0.42 1.0 0.93 4.6
Below 30...... 0.10 0.2 0.33 0.8
Mature-flaceid. . . . .. 31 $0,33... 9. . 0.16 0.4 0.53 1.3
34t036....... 0.19 0.5 0.60 1.4
Below 30...... 0.20 0.5 1.11 2.7
by oy U U o8 31to 33.. ... .. 0.32 0.8 2.00 4.8
34t036....... 0.31 0.7 1.77 4.2

than that of the young plant at 31° to 36° C. The flaccid joints at the latter
temperature lose about the same percentage of their fresh weight as do the
turgid ones, but their dry-weight loss is considerably less.

For comparison with these figures it is interesting similarly to ealculate a
few of the results given by Aubert both of cacti and of some other plants that
are more typical. In two cactus forms, Opuniia tomentosa and Mamillaria
newmanntana, he finds the loss is respectively 0.14 and 0.08 per cent in a
24-hour period. In plants which are not succulents the following figures for
the loss in weight by the evolution of earbon dioxide, for a similar period, may
be given: Ricinus, 0.08 per cent; Hedera, 0.9 per cent; Triticum, 1.1 per cent.
In this connection it may be well to ecall attention to a mistake which has
crept into the citations of the figures from which these calculations have been
made. Aubert’s own results are given in cubic millimeters per hour, but they
have been cited as cubic centimeters®. Comparison of Aubert’s results with
our own indicate that the Opuniia versicolor was far more active than either
of the two cacti mentioned above. The evolution of carbon dioxide at 31°
to 33° C. was equal to that of Ricinus at 20° C. and not so very much less
than that of Triticum at 13° C. Since from 31° to 36° C. may be taken as
the normal temperature for these cacti in the summertime in their native
habitat, it would appear that under their natural conditions and in their
normal state of activity cacti are by no means as torpid in regard to the
evolution of carbon dioxide as is commonly supposed.

TEMPERATURE EFFECT.

For the study of the effect of temperature alone upon the rate and especially
the ratio of gas interchange, it is most instructive to take a group of data in
which the acidity conditions are similar. Such a one is the series under
discussion. In these experiments which were carried on in New York under
the equable conditions of the laboratory, not only was the acidity of the samples

aPfeffer, W. Physiology of plants. (Translated by Ewart.) Vol. I, p. 525, 1904. The
citation in the original German edition is correct. See also Czapek, F., Biochemie der Pflanzen,
vol. 11, p. 382, 1905.
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closely similar, but the actual amount of acid present was less fluctuating
(table 53). Four series were carried on simultaneously and at three tempera-
tures, namely, 15°, 25°, 40° C. Expressed in cubic centimeters per gram-hour
fresh weight, the averages of the series are shown.

It will be seen that the ratio rises with the temperature or, in other words,
the production of carbon dioxide increases more rapidly than does the absorp-
tion of oxygen. This is in agreement with the results of Aubert.

It is interesting to note in this connection the acceleration of interchange
of gases in comparison with that of other chemical reactions. The doubling
of rate called for by the ordinarily accepted idea of van’t Hoff’s statement
regarding reaction velocities is not attained, but, as Barry* has said, many
circumstances may condition the speed of reactions in such complicated physi-
ological processes. At 25° the amount of carbon dioxide produced is 83 per
cent higher than at 15°, while at 40°, where an increase of the.original rate of
600 per cent would be predicted, there is an actual increase of 550 per cent.
On the other hand, there are individual experiments in which the difference

TABLE 44.
Temp. |CO:evolved. | O; absorbed. | Ratio CO, /02
Ly c.c. c.c.
15 0.076 0.164 0.46
25 0.139 0.216 0.64
40 0.420 0.523 0.80

between the rates at 15° C. and 25° C. is almost exactly 100 per cent. In
one case the evolution of carbon dioxide at 15° C. is 0.066 c.c. per gram-hour
and at 25° C. it is 0.134 c.c. for the same unit. In another case the figures at
15° C. and 40° C. are 0.075 c.c. and 0.45 c.c., respectively, which is an increase
of exactly 600 per cent.

It is obvious since the %Of ratio rises, that the reactions involved in the

absorption of oxygen from the air do not keep pace with those concerned in the
production of carbon dioxide. The amount of oxygen taken in at 25° C. is
only 32 per cent more than at 15° C., while at 40° C. it has risen only to 220
per cent. It would, however, be unsafe to say that the actual oxidation does
not proceed in something like geometrical ratio with rising temperature, for
at higher temperatures it is not impossible that some of the necessary oxygen
is supplied, as it is in intramolecular respiration.

In connection with the discussion of temperature effects, it is well to turn
back to an examination of the general mass of determinations from the stand-
point of increased carbon dioxide formation. In comparing the group of
experiments carried on at 23° to 24° C. with those which were madg at 33° to
34° C., approximately the same increase is noted as above descn.bed, irre-
spective of acidity or other consideration. However, as has been pointed out,

the %% ratio is greatly affected by the degree of the acidity, so that it is evi-

aBarry, F. The influence of temperature on chemical reaction in general. Amer. Journ. of
Bot., vol. 1, pp. 203-225, 1914. :
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dent that the absorption of oxygen, rather than the evolution of earbon diox-
ide, is influenced. The effect of temperature change on the activity of young
joints is brought out in experiments 39, 39 a, b, and ¢ (table 60). The first
two were carried on at 24° C., the others at 34° C. In this case the identical
material was used in all four experiments. The averages are given in table 45.

TaBLE 45.
Acidity per gram
COz per | Oz per | COz per | O: per dry 'vge?ght. i
y gram- gram- gram- gram I .
Experiment. | Temp. Bot Tour, hotF, hott, N /10 KOH
fresh. fresh. dry. dry. Initial. | Final,
e mg. mg. mg. - mg. c.c. c.c.
39,39..... 24 0.155 0.186 0.809 0.971 6.78 4.40
39b, 39¢c. ... 34 0.332 l 0.365 1.755 1.933 E 1

The %)2—’ quotient rose during the experiments from 0.83 to 0.90, but it is

not that point which is of present concern. There would normally be a rising
ratio with falling acidity, which is perhaps accentuated in this case by the rising
temperature as well. As for the amount of carbon dioxide given off, there is
an increase of over 100 per cent at the higher as compared with the lower
temperature.

While, as has been shown in the pages on acidity, increase of temperature
is accompanied by decrease in acid-content, it is not to be expected that the
averages taken from the whole mass of miscellaneous experiments, the material
for which was collected under varying circumstances and from plants of very
diverse acidity, would give any decisive evidence in this direction. A high
acidity which is falling will give a relatively high ratio between the oxygen and
carbon dioxide, irrespective of temperature, while the reverse is true with a low
acidity that is rising. Thus, while temperature influences the ratio it is not so
important a factor as is the acidity or the age or condition of the material.

By selecting a series with a fairly limited range of acidity the temperature

effect on the %(:’ ratio becomes apparent. Taking from the experiments with

mature-turgid joints the ratios in which the material showed an acidity value
ranging between 1.01 and 2.00 c.c. and also those between 3.01 and 4.00 c.c.,
N /10 KOH per gram dry weight, the results are as follows:

TABLE 46.

CO; [0,

Acidity value. Temp. i

Between 3.01 and 4.00 c.c......

Between 1.01 and 2.00 c.c...... {

'S
~N
OO O=HOOCO
0O OLWNDD
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The number of experiments is not large enough to select very complete
series, but they show agreement with the special temperature series already
considered.

This matter has been discussed at some length, since, in the tables which
follow, the experiments have been arranged on the basis of gas-interchange
ratios and only secondarily according to temperature, so that owing to indi-
vidual variation the real temperature effects are sometimes masked.

In summing up the effect of temperature on the respiratory gas interchange
it may be said that the amount of carbon dioxide given off rises measurably
in accord with the van’t Hoff generalization regarding reaction velocities,

while the increase of absorption of oxygen is somewhat less. As a consequence,

the 90%’ quotient tends to rise with ascending temperatures.

GAS INTERCHANGE RATIO AND ACIDITY.

When the whole mass of experiments made during the summers of 1912 and
1913 from material in its natural habitat is arranged according to the gas-
interchange ratio, quite irrespective of whether the material was young or old,
turgid or flaccid, and without regard to temperatures, we get the general
averages given in table 47.

TaBLE 47.—General average of 104 gas-interchange determinations with accompanying acidities
arranged withowt regard to temperaiure, but grouped under the CO,/0, ratios.

S Total
No. of Actual Acidity acidity acidit
expts C0; /O; ratio average of juice, N /10 KOH N/10 K%’)H
aver- 2RI CO; /0, per c.c. | per gram, byt et
aged. ratios. N/10 KOH { wferiegsl?t. o e 1
T
c.c. | c.c. c.c.

2 Below 0.40. . ..... 0.33 0.28 | 0.14 0.58
1177 0.41 to 0.50....... 0.46 0.47 i 0.23 Cc.97
14 0.51 to 0.60.. ... 0.56 0.64 ; 0.34 1.50
16 0.61 to 0.70 ..... 0.67 0.71 0.44 20522
) 0.71 to 0.80....... 0.75 0.88 0.50 2.75
22 0.81 t0 0.90....... 0.86 1.45 | 0.94 4.68
16 0.914........... 1.08 1.53 | 0.90 4.63

With rising ratio there is rising acidity until, when the acidity is highest,
the gas-interchange quotient is slightly more than unity. In other words, the
evolution of carbon dioxide is a little in excess of the absorption of oxygen.
At the other end of the scale, where the acidity is lowest, the average evolution
of the former was only one-third of the absorption of the latter. In indi-
vidual experiments there is, of course, considerable variation. Experiment
32 (table 60) showed an initial acidity of 2.32 for the pure juice, which was tl}e
highest obtained, and of 5.75 per gram dry weight, giving as its average ratio
almost exactly 1.00. The highest ratio obtained, however, was 1.32 (experi-
ment44a, table 60), from material the initial acidity of which was0.81 per cubic
centimeter pure juice and 2.05 per gram dry weight. On the other hand, the
highest total acidity per gram dry substance, namely, 7.85, had only a pure-
juice acidity of 1.57, and gave a gas ratio of no more thap 9.'88. Slmﬂ.ar.ly,
another group of experiments, 39 et seg., with the very high initial total acidity
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of 6.78 per gram dry weight and of 2.00 per cubic centimeter juice, gave at the
beginning only a ratio of 0.83, rising as the acidity diminished to 0.91. Thus
it may be seen that the question is by no means a simple one and that a proper
understanding of the problem demands a closer analysis than is given by
these general averages. Nevertheless, it is impressive that despite great
variations, which, as will be shown later, are dependent upon the course of the
acidity at the time the determination was carried on, the high acidities and
high ratios go together. Later the conditioning circumstances of these various
experiments will be considered.

It is the same with the low acidities and low ratios as with the higher ones.
Great individual variation is found in the various experiments, but here, as
in the other case, the age of the tissue and the course of the acidity are impor-
tant influences. In the lowest ratio group, that below 0.40, there were only
two experiments which agreed well. One was with some mature-flaccid joints
(experiment B’, table 56) and the other was with young material (experiment
12, table 58). This latter gave the lowest gas ratio that was found, as follows:
ratio 0.29, acidity juice 0.38 per cubic centimeter, total acidity 0.72 per gram
dry weight. The acidity was rising. The former with a considerably lower
acidity gave a somewhat higher ratio. There were, it is true, a few experi-
ments in which little or no carbon dioxide was produced and a considerable
amount of oxygen was absorbed, but these departed so very widely from the
rule that they may be regarded as somewhat anomalous. The lowest acidity,
as far as the juice itself was concerned, was found in a young specimen (experi-
ment DD?, table 55) and was but 0.16, though the total acidity was not pro-
portionally low. This specimen gave the low gas ratio of 0.53, which is, how-
ever, considerably higher than either of the two mentioned above. Other
cases of as low or even lower ratios were found, but with considerably greater
acidity as indicated below.

TABLE 48.
Total
CO: |Acidity, | acidity No. of
Age. 0. juice |pergram, - x e Table.
Ratio. |perc.c.| dry B
weight.
Young.......... 0.45 0.52 2.34 I 55
Woumg. . ...o..- 0.50 0.38 0.73 12 58
Old, turgid...... 0.50 0.40 1.53 F’ 54
0Old, turgid...... 0.47 0.88 1.69 34 59
Old, flaccid. . .... 0.51 0.55 0.68 4 57

The variation is considerable, but not more than might be anticipated. In
general, it is true that plants that have the lowest acidities give the lowest gas
ratios, especially where they are mature and flaccid. From a closer study of

the data, it becomes evident that the variation in the %3 ratio at any given

acidity is very largely dependent upon whether the acidity happens to be rising
or falling. Where the acid-content is high it is naturally usually falling, and
rising where it is low. Consequently, the largest variation of gas ratio is to
be expected in the middle ranges of acidity, since there would be less uniformity
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there in the course of the acidity. This is, indeed, the case, and in the subse-
quent analysis of the data from those experiments where the course of the acidity
was known, the relation of the rise or fall of acid-content to the proportional
evolution of earbon dioxide and absorption of oxygen will be discussed. The
greatest range was found, as might be expected, in the young joints, which are
far more active than the older joints, even when the latter are fully turgid.

GAS RATIO AND RATE OF GAS INTERCHANGE.

The actual rate of carbon-dioxide evolution and oxygen absorption shows a
tendency to increase as the ratio rises; or rather, the more rapid gas inter-
change usually results in a higher ratio. This, indeed, is what might be antici-
pated, for, as table 49 shows, the acidities also rise with the ratios and the
higher the acidity the greater the rapidity of gas interchange, since the break-
ing down of the acid is so intimately connected with these processes. There
is in addition, of course, the influence of temperature, concerning which there
has already been discussion. Nevertheless, in table 49, the averages now
under consideration, where the arrangement of the data has been according to
ratios, even the general averages of experiments at all temperatures show an
increase of gas interchange with the ratio. In the first group an average of
17 experiments with a gas ratio of 0.46 gave a per gram-hour evolution of car-
bon dioxide of 0.089 c.c. fresh weight or 0.404 dry weight. Set against this,
at the other end of the table, is the average of 14 experiments with a gas ratio
of nearly 1.00 and an amount of evolved carbon dioxide about double that
found in the previous case. It is more instructive, however, to take a single
temperature group in this table and to follow it through the various ratios.
Each temperature group shows a pretty constant increase in gas interchange,
with the exeeption of that at 28° to 30° C., where there is irregularity, par-
ticularly with the higher ratios. This temperature group is compiled from the
smallest number of experiments, and it happened, moreover, that the material
giving the high gas ratios was exceptionally inactive.

The experiments made at between 31° and 34° C. were the most numerous,
and that temperature is, indeed, nearly normal for these cacti. These show a
consistent rise in activity with the rise in ratio. At the ratio of 0.82 there is
nearly three times the amount of carbon dioxide given off as there is when the
ratio is 0.45; while at the still higher ratio of 0.93 the increase approximates
four times the amount of the original rate. All of the other temperature
groups are sufficiently consistent to warrant the general statement that the

greater the amount of gas interchange the more nearly the %%quotient

approaches unity. Indeed, it may surpass it. This of course means that
while the evolution of carbon dioxide increases, the absorption of oxygen also
increases, but not so rapidly.

It will be seen that along with the increasing ratios there is also increasing
acidity, both of the juice and of the total quantity in the tissues. The general
statement may be further supplemented by including this fact, and we may
say that high acidities, high ratios, and high rate of gas interchange are all
associated. When the acidity is high, there is, other things being equal,
a marked inclination for it to fall if the slightest stimulus which favors the
breaking down of the acids is present. Such conditions are realized in increase
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of illumination, prolonged darkness, or rise of temperature, and there may be
others concerning which we have no data. The splitting of the acid demands
a greater absorption of oxygen and results in still greater formation of carbon
dioxide, so that the ratio must also rise until it approaches unity or even, in
some cases, exceeds it. Where the ratio is increasing it must mean that some
carbon dioxide is being formed without the intervention of atmospheric

TaBLE 49.—General averages of 102 gas-interchange determinations made during the summers
of 1912 and 19183, arranged according to ratios and grouped according to temperatures.

Acidity T?t.al TOtal | Gas interchange per gram-hour.
acidity acxdlty |
No. of . . pure N/10 | N/10 Average|
expts {Groupso juice, | 1 '
aver- | C0,0; | Temp. | N/10 p};og}rln : pIe{rOng{n Vs /02| Fresh Tvexght Dry weight.
aged. | ratio. Ig)c}i fresh dry ratios. | CO; ‘ CO, 0s
PETC.C- | weight.| weight. | evol. . abs evol. abs.
c.c. c.c. c.c. c.c. | c.c. c.c. c.c.
2 23 to 24 0.92 0.32 1.71 0.49 0.077 0.154 | 0.409 | 0.820
6 0.41 28 to 30 0.50 0.23 1.17 | 0.43 .096 | .223 .452 | 1.004
4 to 31to34 | 0.45 0.25 1.12 0.45 .075 | .167 .330 .739
5 0.50 35 to 37 0.34 0.22 0.91 { 0.48 .093 | .195 .392 .817
Ty G N TR 23 to 37 0.47 0.23 0.97 i 0.46 .089 | .194 .404 .856
4 23 to 24 1.06 0.60 1.80 | 0.53| .075 | .144 .390 .720
3 0.51 28 to 30 0.31 0.22 0.98 | 0.55 .098 | .173 .450 .828
6 to 31 to 34 0.53 0.24 0.96 0.56 118 | .209 471 .832
1 0.60 35 to 37 0.50 0.22 0.65 | 0.59 .099 .169 .295 .502
1€ fos il it v 23 to 37 0.64 i 0.34 | 1.50 i 0.56 .100 .180 .433 774
4 23 to 24 1.00 0.55 | 2.35 0.68 .096 .141 .509 .739
5 0.61 28 to 30 0.54 0.32 ! 2.34 0.64 113 1 179 .504 .792
5 to 31 to 34 0.50 0.29 } 1.26 0.64 .155 .244 .657 | 1.029
2 0.70 35 to 37 0.78 0.68 3.68 0.66 .185 .280 | 1.035 | 1.560
16 of. . .ot 23 to 37 OCAL 0.44 | 2.22 ! 0.67 .110 .165 .583 .828
2 23t024 | 0.96| 0.52| 2.64| 0.79| .119| .150 | .632| .798
...... 0.71 _ LB K NP PRI, SPRCDS . TES SRS, SRR ERET SR R e LA
8 to 31 to 34 0.84 0.49 | 3.10 0.75 198 264 | 1.208 | 1.606
7 0.80 35 to 37 0.89 0.50 2.35 0.75 | .177 236 .850 { 1.113
T/ TSN 23t037 | 0.88| 0.50 | 2.75 | 0.75 | .180 | 239 | .986|1.315
9 23 to 24 1.54 0.98| 4.20 0.84 131 ‘ 156 664 792
3 0.81 28 to 30 1.24 0.79 | 4.83 0.86 .110 1 130 .687 820
7 to ‘ 31 to 34 1.28 0.87 4.78 0.82 .206 240 | 1.147 | 1.346
3 |] 0.90 |{35t037 | 1.26 | 0.83 i 3.98 | 0.90 | .237 | .263 |1.528 | 1.712
G L ...|28t087 | 1.45| 0.94 | 4.68| 0.86| .176 | .205 | .992 | 1.156
2 23 to 24 2.32 1.38 5.75 1.00 139 1 139 .720 725 |
5 ' 28 to 30 1.32 0.82 5.27 0.94 .173 | .184 .711 .'754 |
7 914431 to 34 1.38 0.87 2.72 0.93 277 | .299 | 1.500 | 1.620
...... Rl Bt R e SR B R e T
4! 40 to 41 1.20 0.60 2.60 1.42 .340 I .303 | 3.107 | 2.762
14 Sl e 23 to 34 1.53 0.90 4.63 0.95 i 162 l 172 914 961 |

IThese four results not included in average.
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oxygen. The greatest contrast will naturally be found between those experi-
ments where the temperature, acidity, and rate are low and those where all
three are high. For example, at 28° to 30° C. with a total acidity of 1.17
per gram dry weight, the gas ratio is 0.43 with the evolution of carbon dioxide
amounting to 0.452 c.c. per gram dry weight. At 40° to 41° C., with the total
acidity of 2.66 and evolution of carbon dioxide of 2.572 per gram dry weight,
the gas ratio is 1.20. If the material used in the high-temperature experi-
ments had chanced to have been of higher acidity, no doubt the contrast would
have been even greater, That these differences exist is not astonishing, for
the actual rate of gas interchange which accompanies the disruption processes
connected with the breaking down of the acids must naturally be greater when
the acidity is high thanwhen it is low. The acids are undoubtedly the source of
at least a considerable part of the ecarbon dioxide which is given off, so it is
evident that when there is less actual acid present in the tissue there could
not under any circumstances be so much carbon dioxide formed. *

Attention is called to the fact that in discussing the general averages set
forth in table 49 the four experiments at 40° to 41° C. have not been included,
since only one series of relatively high acidity was carried on at this temper-
ature. They are not, moreover, wholly comparable with the experiments
carried on at a similar temperature which have already been discussed in con-
nection with temperature effects. The experiments under consideration at
present were made from fresh material at Tucson, while those cited earlier
were carried out in New York from material collected in Tucson at another
season of the year and kept for some time in the laboratory. They are, how-
ever, instructive in contrast with the Tucson experiments, in which both the
ratio and the temperature were low.

ACIDITY AND RATE OF GAS INTERCHANGE.

Arranging the data from the Tucson experiments on still another basis, that
of acidity, whether it be the acidity of the expressed juice or the total acidity
per gram dry or per gram fresh weight, there is additional and corroborative
evidence of some of the facts brought out in the preceding discussion. With
the higher acidities there are, in general, a higher rate of gas interchange
and corresponding higher gas ratios. This is always excepting the 40° to
41° C. series, which is not comparable with the others. At the dry weight,
total acidity of 1.00 per gram, the ratio is about 0.50; at acidities from 1.01 to
3.00 per gram, the ratio averages 0.65; at from 3.01 to 5.00 per gram acidity, the
ratio has risen to about 0.80; and finally, in the last group including acidities
from 5.01 to 7.85 per gram (the highest found), the ratio is 0.88. To sum-
marize, the rate of evolution of carbon dioxide rises in the ratio of 4 to 9 from
the lowest acidity to the highest, but (as before) the number of instances aver-
aged was not always large enough to be free from the effect of special cases
which depart from the usual conditions.

The series grouped between the temperatures of 31° and 34° C. is again the
most consistent for the reason already mentioned, 7. e., that a larger number of
experiments are averaged. In the four acidity groups given in table 50,
the gas ratios at this temperature rise as follows: 0.55, 0.68, 0.80, 0.85. The
rate of carbon dioxide evolution rises as follows, 0.297, 1.001, 0.860, 1.475 c.c.
per gram dry weight. The irregularity is due to the presence in the second
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acidity group of some experiments with material of very high acidity, so that
the rate is higher than it should be. It is, of course, realized that in assembling
the averages of these experiments, which are necessarily diverse because of
the number of variables, there must be considerable irregularity in the results.
It must be remembered that data from material in all conditions are included,
both turgid and flaccid, mature joints and young ones. Notwithstanding
this, the general tendencies stand out pretty clearly to support the conclusions
already drawn regarding the association of high values in acidity, rate of gas
interchange, and ratios of carbon dioxide evolved with oxygen absorbed. But
this question has been discussed and requires no further treatment.

It is noticeable in table 50 that in the two lowest groups, which include
material with dry-weight acidity up to 3.00 per gram, the upper limit of acidity

TaBLE 50.—Averages of 99 gas-interchange experiments made during the summers of 1912
and 1913, arranged according to acidity per gram dry weight.

Averages of 99 gas-interchange experiments made during the summers of 1912 and
1913 are given in table 50, arranged according to acidity per gram dry weight expressed in
terms of cubic centimeters of N /10 KOH. The temperature groups correspond to the mean
temperatures at which the majority of the experiments were conducted. In every case the
acidities are expressed in terms of cubic centimeters of N /10 KXOH per gram dry weight,
and the amounts of CO; evolved and O, absorbed in cubic centimeters of gas per gram
per hour.

002 02 ab- C02 02 ab-
A oadity] AR e sorbed | evolved | sorbed
. ) oo Acidity e per per per
Acidity. Temp. | gram, | gram, |PF | per | BT2M | gram | gram COz./ 0,
dry Croah pure W per per per ratio.
J 2 juice. * | hour, hour, hour,
weight.| weight. dry d ik | dred
weight| 41 | fresh | fros
weight.| weight. | weight.
% c.c. €iC: c.c. GiL) c.c. ci0; c.c.
28t030{ 0.70 | 0.15| 0.24 | 0.490 | 1.003 | 0.166 | 0.335 | 0.49
1.00 and under.$31t034 { 0.75| 0.23 | 0.43 | 0.297 | 0.542 | 0.091 [ 0.165 | 0.55
35t037 ] 0.75| 0.20 | 0.44 { 0.382 (0.860 | 0.095 | 0.214 | 0.44
23to24 | 1.47} 0.31 | 0.53 (0.392 (0.600 | 0.074 | 0.114 | 0.65
28to30 | 1.64| 0.37| 0.75(0.293 | 0.551 | 0.070 | 0.132 | 0.53
1.01 t03.00....i31t0o34 | 2.00 | 0.35| 0.64 | 1.001 | 1.483 | 0.184 { 0.272 | 0.68
35t037 | 1.90| 0.35| 0.82{1.020|1.443 | 0.212{0.300 | 0.72
40to41 | 1.73{ 0.38 | 1.02 |2.740 | 2.163 | 0.442 | 0.352 | 1.12
23to24 | 3.65| 0.68 1.34 1 0.838 | 1.002 | 0.155 [ 0.186 ; 0.84
28t030 | 3.39] 0.69 | 1.40 | 0.672 | 0.767 | 0.120 { 0.140 | 0.85
3.01 t05.00....§31to34 | 4.01 | 0.73 | 1.12|0.860 | 1.152 | 0.152 { 0.191 | 0.80
35t037 | 4.14) 0.79 | 1.11 {1.210 | 1.442 | 0.197 [ 0.237 | 0.82
40to41 | 3.58) 0.92 | 1.36 |2.402 {2.013| 0.550 | 0.262 |.......
23to24 | 5.96| 1.281 2.11 | 0.557 | 0.642 | 0.120 | 0.136 | 0.88
5.01 t07.85....28t030 | 6.02 | 0.88} 1.39 { 0.812 | 0.909 | 0.128 | 0.142 | 0.90
31to34 ] 6.15| 1.05| 1.52 | 1.475|1.737 | 0.2720.322{ 0.85
1.00 and under. |[ General]| 0.73 | 0.19 | 0.37 | 0.390 | 0.812 | 0.121 | 0.238 | 0.51
1.01 t03.00..../{ averagey| 1.85| 0.36 | 0.74 | 0.771 | 1.159 | 0.155 | 0.233 | 0.66
3.01 t0 5.00....[127t0 37)] 3.85| 0.74 | 1.2110.914 (1.123 | 0.156 | 0.191 | 0.82
1.00 and under. Godatal 0.72| 0.19| 0.3310.393 |0.772 | 0.128 | 0.250 | 0.51
1.01t03.00.... e e 1.82 | 0.36 | 0.69 | 0.647 | 1.017 | 0.127 | 0.202 | 0.66
3.01t05.00.... 27 to §4 3.70| 0.71| 1.26 | 0.766 | 0.964 | 0.136 | 0.167 | 0.81
501t07.85.... 6.08| 0.96 | 1.40 | 1.124 |1.323 | 0.200 | 0.232 | 0.86
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is reached at the higher temperatures, whereas in the highest acidity group,
from 5.00 to 7.85 per gram, the reverse is the case, as the acidity is highest
at the lowest temperature, 23° to 24° C. This is in accord with what has
already been described in the previous chapter on acidity alone. When the
acidity is low, high temperatures do not so greatly affect it; and if conditions
are otherwise favorable for an increase, under such circumstances it will
commonly rise. On the other hand, when the acidity is high it will fall if the
temperature is raised, since the breaking down of the acid is considerably
hastened thereby. This accounts for the condition just described. Left to
itself without external stimulus, it may be supposed that the tissue establishes
a certain equilibrium of acid concentration within itself, which is higher than
that found in the lowest acidity group and lower than that of the highest
group. In the former case, rising temperature may serve as a stimulus to
acid formation, while in the latter case it acts in the opposite way. In this
connection attention should again be called to the fact that too much stress
should not be laid on the results of the series at 40° to 41° C. There were only a
few experiments at this temperature and in these it chanced that the acidity of
the juice was very high in proportion to the total acidity in the material used.

The relation between pure-juice acidity and dry-weight acidity must be
dependent on the actual amount of juice present in the tissue. A high acidity
of the expressed juice, with a low total acidity dry weight, must mean a
relatively desiccated tissue; and the opposite must also be true. There is a
considerable range of individual variation in this regard aside from the large
differences which are to be noticed between what can readily be distinguished
as turgid and flaceid joints. A study of loss or gain in acidity in relation to
water loss or gain in the tissues would throw light on this question and would
no doubt be of no little interest, but no such investigation was attempted.

In the matter of the relation of total acidity as calculated for dry and fresh
weight, the proportion of one to the other must depend directly on the per-
centage of dry substance present, and naturally there will be greater disparity
between the two with young and turgid joints than with old and flaccid ones.

PURE-JUICE ACIDITY AND RATE OF GAS INTERCHANGE.

It should be noted that the acidity of the undiluted juice as expressed from
the tissues really means the concentration in terms of acid of that juice. Con-
centration should influence at least the speed of the reactions which are taking
place and it is not without interest to examine the results considered on the
basis of this pure-juice acidity, as shown in table 51. The irregularity of the
gas interchange at different concentrations does not suggest that it plays a
very important part, and a comparison with the previous table (50) of aver-
ages, where the basis of separation was dry-weight acidity, makes it seem
that the actual quantity of acid present most greatly influences these phenom-
ena. From the averages given here, however, it does appear that the evolution
of carbon dioxide and absorption of oxygen are highest when the juice acidity is
from 0.71 to 0.80 per cubic centimeter. To establish any certainty in this
matter would require a very much larger number of experiments as well as the
observation of certain precautions that were not taken inasmuch as this idea

was an afterthought.
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TaBLE 51.—Average of 99 gas-inierchange experiments, arranged according to the
actdily of the pure juice.

Average of 99 gas-interchange experiments, arranged according to the acidity of the pure
juice, and grouped according to temperatures. The acidity is given in terms of cubic
centimeters N /10 KOH per cubic centimeter pure juice. The CO; and O: are given accord-
ing to cubic centimeters of gas per gram-hour, fresh weight.

Temperature.
Average.
23 t0 26 | 27 t0 30 | 31 to 34 | 35 to 38

Acidity below 0.50:

Aoy T . Lk do 0.45 0.20 0.40 0.40 0.30

Ratio COz/0:....... 0.50 0.45 0.55 0.60 0.50

CO: evolved. .. ..... 0.055 | 0.085 | 0.135 | 0.091 0.100

O: absorbed. . ...... 0.116 | 0.180 | 0.255 | 0.150 | 0.195
Acidity 0.51 to 0.60: |

TGNy 8. Lk [ 0.55 0.60 0.50 0.55 0.50

Ratio COz2/0:....... 0.50 0.65 0.70 0.75 0.60

COs evolved. . ...... 0.100 | 0.070 | 0.115 | 0.200 | 0.100

Oq absorbed. . ...... 0.190 | 0.115 0.185 | 0.260 | 0.168
Acidity 0.61 to 0.70:

PR Gidiby) .. T, 4 0.65 0.70 0881 [aliy | el 0.65

Ratio CO2/0:....... 0.95 1.00 0.1 0al kit 0.70

CO; evolved. . ...... 0.080 ‘| 0.070 | 0.140 | ..... 0.110

O; absorbed. . ...... 0.085 | 0.070 '] ‘0.200"% . 1 0.146
Acidity Q.71 to 0.80:

Aeidity CoanEs B D R 0.70 0.75 0.75

Ratio @OHO:: . i) oo 3 0.75 0.80 0.80

COslealvedil s 8k | 1o R B 0.230 | 0.273 | 0.250

O aDaUEONE. /Lo gl IS .5, .- 0.300 0.330 0.315
Acidity 0.81 to 0.90:

ARG S Er E Y 0.85 0.90 0.85 0.85 0.80

Ratio COz/O;.......| 0.70 0.95 0.80 0.85 0.90

COz evolved. ....... 0.080 | 0.075 | 0.200 | 0.160 | 0.180

O; absorbed. . . ..... 0.110 | 0.080 | 0.260 | 0.195 | 0.230
Acidity 0.91 to 1.00:

DN Tt R S 0.00 SRR T = s 0.90 0.90

Ratio CO,/0;....... 0.90" PR SIAN N 0.85 0.90

CO; evolved. . ...... 0. 1607 JEEMeE4 i 13 0.200 | 0.180

O; absorbed . . ... ... ! PRLET T N 0.230 | 0.205
Acidity above 1.01: |

Acidityr. it L oy 4 | 1.70 1.25 1.50 1.30 1.50

Ratio C0:/0;. ... ... 0.70 0.70 0.90 0.90 0.85

COz evolved. . ...... 0.125 | 0.130 | 0.230 | 0.250 | 0.185

O; absorbed. . ...... 0.180 | 0.185 | 0.250 | 0.276 | 0.215

CERTAIN ANOMALOUS CASES.

In four of the experiments carried out at Tucson during 1912 and 1913 there
was an entire or practically entire cessation of carbon dioxide evolution.
These must be regarded as anomalous, for they stand out sharply from all the
others. The lowest gas ratio cited, that of 0.29, where the amount of gas
produced was greatly diminished, is hardly comparable with the condition
of gas interchange found in these instances. The experiments in question are
K’ and DD’ (table 64), where the amount of carbon dioxide found was minimal
and Q/, 1, and 17 (table 64), where there was no evolution of earbon dioxide at
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all. InK’the ratio sank to 0.02 and in DD’ to 0.05, for, although the absorp-
tion of oxygen was about normal, the carbon dioxide given off was very slight.
The acidity conditions in K’, which was with mature-turgid material both as
to pure juice and total acidity, were not noteworthy, being neither very high
nor very low. In the second case, the material of which was young, the acidity
was high in the beginning, but fell off to a very great extent at the end. In
this experiment, which ran for only 1} hours, the acidity, both in juice and in
total amount present, fell to less than an eighth of its initial figure. This was
the greatest drop noted in so short a time. In the face of what all other experi-
ments with falling acidity show, this is hard to understand, for it is to be
expected that when the acid is diminished there would be a large evolution of
carbon dioxide.

In the three other experiments, in which no carbon dioxide at all was found,
the acidity varied. In Q' with young material it was relatively high, and rose
somewhat during the course of the experiment. In the other two instances,
where flaccid material was employed (experiments 1 and 17), the acidity was
low—in experiment 1 very low. As regards acidity, these results are conflict-
ing and no conclusion can be drawn from them. However, as there was no
adequate reason for excluding them, they were accepted, but have not been
used in the general averages that have been discussed. It is possible that some
unknown experimental condition affected the carbon-dioxide evolution. It
does not seem probable that the results have important significance, and no
further mention of them will be made.

RELATION OF GAS RATIO TO COURSE OF ACIDITY.

Of all the series of experiments, those carried on during the summer of 1913
are the most interesting. In these, as well as in a few conducted during the
previous summer, the acidity of the material was determined at the beginning
of the experiment (initial acidity) and also at the end (final acidity). Since
determining the acid-content necessitates the destruction of the tissue, it was
impossible to determine the initial acidity from thesame specimen that was used
for gas interchange. Consequently parallel material was employed which
came from the same plant at the same time and from as nearly as possible the
same region. The final acidity was always obtained from the specimens
actually employed in the gas-interchange experiment. By this means, the
important point as to whether the acidity was rising or falling could be deter-
mined with tolerable certainty. The acidity of different plants has been
found to be very different, but the acidity of neighboring parts of the same
plant, where the tissues are of the same age, is closely similar. Table 52 gives
the averages for these experiments. It brings out conspicuously that with low
acidities that are rising the gas ratio is usually low, while with high acidities
that are falling the ratio approximates unity. This fact has been hinted in
several places in this paper, but no detailed consideration of these important
points has as yet been made.

In the first group there is but one experiment which gave a %%’ quotient, of

0.29, with a total acidity that rose to nearly double the original amount during
the course of the experiment (experiment 12a, table 58). The material used
was a young joint in active growth; but, despite this, the acidity was low, the
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experiment having been begun at 4 p. m. It has already been cited as having
given the lowest gas-interchange ratio that was obtained in any case. In
this connection it is to be noted that the rise in acidity during the course of
the experiment was relatively very great, all of which is in keeping with the
statement just made regarding the relation of the course of the acidity and
the proportion of carbon dioxide evolved to oxygen absorbed. However
striking the result of this individual experiment may be, it would, of course,
not have important significance did it not show correlation with the others in
the series. All of the other ratio groups are averages of several experiments,
as indicated in table 52, and consequently carry more weight, especially since
they form a consistent series. This table of averages shows an acidity greater
at the end than at the beginning, up to the ratio group 0.71 to 0.80, where the
total dry-weight acidity is 2.13 at the beginning and 2.23 at the end. Above
that, in the two highest ratio groups, the acidity, which is also high, is falling.
TABLE 52.—General average of 61 gas-interchange determinations during summer of 1918,

arranged according to CO./O. ratios and showing average acidity at beginning and at end
of experiments.

Average of acid- | Average of total | Average of total
ity, pure juice, !acidity per gram, | acidity per gram,
Asidbae per c.c. fresh weight, dry weight,
No. of Ratio of 8¢ (c.c. N/10 KOH). | (c.c. N/10 KOH). | (c.c. N /10 KOH).
expts. ratios.
Begin- Begin- Begin-
rikhgs End. > .3 End. iz End.
1 Below 0.40........ 0.29 0.38 0.52 0.16 0.28 0.72 1.25
9 0.41400.50....... 0.45 0.65 0.66 0.26 0.27 1.19 1.22
11 [0.51t00.60....... 0.55 0.70 0.82 0.27 0.43 1.53 1.89
8 [0.61t00.70....... 0.67 0.80 0.89 0.43 0.48 1.79 2.00
4 |0.71%0.80....... 0.79 0.81 0.87 0.43 0.46 2.13 2128
10 0.81t00.90....... 0.84 1.52 1.44 0.87 0.83 4.26 4.06
8 0.90F . .eie o nee 1.05 1.64 1.53 0.97 0.84 4.33 3.97

If we take the gas ratio of 0.30 as the low point and 1.00 as the high, which
correspond very closely to the figures in table 52, the middle point for the
ratio would be 0.65. This will be found to correspond approximately to the
average middle point of the dry-weight acidity, which may be reckoned in a
similar way from the figures in the table. So estimated, the dry-weight total

acidity would be about 2.00. In table 52 the average —C(% ratio of 0.67 has

the average dry-weight acidity of 1.79 to 2.00, which is as close a correspond-
ence to the predicted value as could be expected.” The ratio, then, rises with
the acidity, and when the latter is at a point where it begins to fall the highest
ratios are realized.

The analysis of individual experiments further corroborates this generali-
zation. Experiments 3 and 4 (table 57) are comparable, the material being
from similar plants and being carried on simultaneously. In the former,
where a fall in acidity is indicated, the ratio is higher than in the latter where
the acidity is stationary. In experiments 7 and 8 in the same table, which
are also comparable, the acidity of the first rose slightly, while that of the
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second showed a considerable fall. The gas ratio of the latter was noticeably
higher. Similarly in series 33 (table 59) the ratio was higher in the first one
of the set, where the acidity was falling, than it was in 33b where an increase
in the acid-content was found. In the middle experiment, 33a, where a slight
rise in acidity is indicated, it is true that the ratio is nearly as high as in 33,
but an exact mathematical correspondence is hardly to be anticipated. Also
in series 34 (table 59), the rising acidity in 34 itself gave a lower ratio than 34a,
where the amount of acid diminished. The last one of this set, 34b, had an
acidity which remained stationary, the ratio again low, though somewhat
higher than in the first experiment. In all of these cases the acidity was
relatively low and the rise or fall was not very great. It was difficult, at least
under the conditions of experimentation, to obtain a very great rise in acidity
during the time of the experiments, which was usually not over 2 hours. In
general, acidity rises more slowly than it falls, certainly when the diminution
of the acid occurs in tissue where the initial accumulation is considerable.

In experiments 12 and 12a (table 58) we have a case, however, where the
acidity was at a very low point, yet showed a marked increase. These two
experiments are comparable, for the material came from different branches of
the same plant, and they were carried on at the same time. The acidity was
rising in both, but it reached a higher point in 12¢ than in 12, almost doubling
itself in the 2 hours during which the experiment was in progress. The ratio
of experiment 12a was very much lower than of experiment 12; indeed, it was,
as has already been pointed out, the lowest ratio obtained. In experiment 12
the rise in acidity amounted to 37 per cent and the ratio was 0.50; in 12a,
where the rise was 87.5 per cent, the ratio was 0.29. The initial acidity was
practically the same in both cases.

Hence it is evident that during the process of the accumulation of acid in
the tissue, much less carbon dioxide is given off in proportion to the amount
of oxygen absorbed, or vice versa. This statement is further supported by an
examination of those experiments in which the initial acidity was high and
falling (tables 60 and 61). In those where the gas interchange is going on at
the most rapid rate, which means that the evolution of carbon dioxide is at
its maximum, the ratio is of necessity higher. The group of experiments
numbered from 39 to 39¢ (table 60) makes this especially clear. The first two
in this series were carried on at the temperature of 24° C., and, while the fall
in acidity was considerable, it was much less than in the other two, where the
temperature was from 31° to 32° C. The ratio in the first case was 0.83 and
in the latter was 0.90. In every instance where the gas-interchange rate is
high, which means also a high acidity that is ready to fall under even a slight
stimulus, the ratio is also high. In other words, while more oxygen is absorbed
with falling acidity under these conditions, the absorption does not keep pace
with the increased evolution of carbon dioxide, so that the ratio naturally
approaches more nearly to unity, or even at times exceeds it.

If general averages are compared, the following results are obtained: In 27
experiments, all of which showed acidity that was diminishing, the average
ratio is 0.90, with a total dry-weight acidity at the beginning of 4.50 per gram
and of 3.16 per gram at the end. On the other hand, 21 experiments Wlf:h
material of low initial acidity that was on the increase gave an average ratio
of 0.59 and an initial acidity of 1.44 per gram rising to 1.85. Whether looked
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at individually or in the mass, it would appear, then, that there can be no
question as to the relation of the course of acidity and the %%’ ratio. Of

course individual experiments occasionally depart from the general rule; for
internal causes, concerning which we can have no information, may, no doubt,
influence either the exhalation of carbon dioxide or the absorption of oxygen or
both, and so affect the ratio in its relation to the acidity. However, the
results agree in the main and show unequivocally that the above generali-
zation is sound.

The very high ratio and exceedingly rapid gas interchange shown in 43a and
44qa (table 60) have no great significance. In both cases, despite the relatively
short period of the experiment, a very large amount of carbon dioxide accumu-
lated in the flask, amounting to more than 12 per cent. As has been shown,
the carbon dioxide-oxygen relation is disturbed when the former gas collects
so largely. The experiments are included simply to show the effect of a long-
continued application of a relatively high temperature.

EVOLUTION OF CARBON DIOXIDE IN DIFFUSE AND DIRECT SUNLIGHT.

Because of the highly interesting results obtained by the Pettenkofer method
to determine the formation of carbon dioxide in diffuse light and in direct
sunlight, a considerable number of experiments were made under these con-
ditions to ascertain the complete gas-interchange relations.

In the table giving the results of the experiments with diffuse light (table 62)
it will be seen that the amount of carbon dioxide given off is not very different
from that evolved in the dark. There is a tendency for the gas ratio, as it
shows in the analysis of the atmosphere surrounding the plant, to rise some-
what. This is probably due to the use of oxygen formed in the tissues by the
photosynthetic processes, for the higher ratio appears to be due rather to a
lesser absorption of external oxygen than to an increase in the formation of
carbon dioxide. In the two experiments 45a and 46a (table 62) there was
almost no oxygen absorbed, in consequence of which the ratio rose in one case
to 7.00 and in the other to 6.33.

It would be a point of the highest interest to determine whether this phe-
nomenon can be observed at all seasons of the year, or is, perhaps, only char-
acteristic of the period of the summer rains, when the temperature is high and
the fully turgid plants are rich in acid. It would also be important to ascer-
tain the effect of lower temperatures and whether under such conditions the
photosynthetic activity was less influenced than the processes which result in
the liberation of carbon dioxide. It is not at all impossible that under low
temperatures the amount of this gas evolved would be so reduced that it
would all be consumed by the active chlorophyll-bearing tissue. The low
temperature series (48 to 52, inclusive, table 62) was carried on with material
that was really in a flaceid condition, although it appeared nearly turgid to
the eye. The percentage of dry weight was in the neighborhood of 30. Also,
they were not carried on at Tucson, but at Carmel, California, from material
which had been shipped from Arizona some weeks previously. The light
conditions were not comparable with those in Tueson, but of much less inten-
sity, although described as the “bright diffuse light’’ of that seacoast region.
Consequently, these experiments are not directly parallel with the others
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shown in table 62. However, the results of the two controls carried on in the
dark show that the same general conditions prevail.

Evolution of carbon dioxide by plants in diffuse light has been noted before
by Garreau® and in cacti especially by Aubert, but in none of the cases cited
by these writers was there so considerable an amount of carbon dioxide formed.
It seems hardly possible that so large an evolution of this gas takes place at
all times of the year, for the actual loss of substance is not inconsiderable.
1t must be remembered, however, that under natural conditions the cacti are
not exposed to a subdued light and the relatively feeble photosynthetic action
of the limited amount of chlorophyll-bearing tissue is not enough to outweigh
the action of light in breaking down the organic acids present.

What is more surprising than the evolution of carbon dioxide in diffuse light
is the considerable amount that is given off when the plants are exposed to
thedirect rays of the sun (table 63). Ashasalready been described, the manner
of exposing the cactus joints in a closed vessel to the sun’s rays was to immerse
the container in ice-cooled water. It is realized that under such conditions
the full effect of the sunlight might not be obtained, but nevertheless, there
is a marked effect. The results corroborate those by the Pettenkofer method,
which have been given in detail. Unlike the action in diffuse light there is
no oxygen absorbed from the external air in normal active tissue either young
or old; instead, an increase in the oxygen content was observed. It may
reasonably be supposed that the photosynthetic processes afforded the oxygen
necessary for the breaking down of the acids, and that which escaped was the
surplus not used in these disintegration operations. The actual amount of
oxygen given off varied considerably; in one case it was minimal, but in three
other instances it averaged 0.45 c.c. per gram hour. The evolution of carbon
dioxide, while much less than that found in diffuse light, was by no means
negligible, but here also there is a great variation in amounts. In one case it
was 0.072 per gram-hour, dry weight, in another as high as 0.432. It is notice-
able that in experiments TT and UT (table 63), where there is more carbon
dioxide, there is less oxygen, and vice versa. In the one instance in which young
material was used, there was a very large amount of carbon dioxide formed,
nearly 0.84 c.c. per gram-hour, dry weight.

As would be anticipated, the acidity was falling rapidly in all these sunlight
experiments, and it is probable that the photochemical action of the sun’s rays
caused such a rapid splitting of the organic acids that the amount of carbon
dioxide produced was more than could be taken care of by the chlorophyll tissue.

In the two experiments tried with flaccid material, absorption of oxygen was
indicated even under exposure to sunlight. The gas ratio is rather more than
unity, and of about the same magnitude as that found in the dark (see table
56 for comparison). It seems questionable, then, if in the flaccid plants there
is more than a much reduced photosynthetic activity or perhaps none at all.
A mere external examination of an old, thoroughly flaceid joint suggests at once
that its photosynthetic activity is probably minimal, for the color is commonly
far from the normal green, and the chlorophyll appears not to be simply
masked, but really of a yellowish color. It is true that for the amount of
carbon dioxide produced, there is less external oxygen absorbed in these plants

aGarreau. Annal. de sci. nat. Botanique, series 3, vol. xv, p. 6, 1851.
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exposed to the sunlight,so that it is probable that some of the latter gas is
afforded the plant from that which is liberated by the feeble action of the
chlorophyll-bearing tissue.

Appended to table 63 are the results of four experiments (RR, WW, SS, ZZ)
carried on in sunlight, which are exceedingly perplexing. Since there was no
known reason for excluding them, they have perforce been incorporated with
the rest. Two of them were with young material and two with mature-turgid
joints. In all, there was a very small evolution of carbon dioxide and a very
large absorption of oxygen. In fact, the oxygen absorption exceeds that found
in any other series of experiments. What the cause may have been for this
extraordinary behavior there is no clue. It is possible that there was some
hidden experimental error, but the records of the experiments give no informa-
tion which will afford an explanation.

The question of the reaction of these cacti in the sunlight brings up many
interesting problems. It would seem that at the time of year when there is
large storage of acid and when the temperatures are relatively high there must
be an actual loss of weight as a result of the action of the light upon the stored
acids. It is not to be denied that during such periods—in the summer rainy
season—Opuntia versicolor makes its growth, and makes it seemingly at the
expense of its stored food supply. The photosynthetic activities do not keep
pace with the growth metabolism. It is suggested by these results that the
actual accumulation of energy for growth must take place during the cooler
periods of the year, but at a time when the tissues are turgid and consequently
active. This would be during the winter rains, and the relatively cooler
spring season which follows them. It is at that time, indeed, that many of the
other Opuntias make their growth and when the majority of them produce
their flowers. The subject is one of no little interest and demands investiga-
tion in an extensive manner. It is to be regretted that no determinations of
gas interchange in sunlight were made at lower temperatures, which might
have afforded the answer to this question. It is, of course, quite impossible
that this evolution of carbon dioxide is a constant phenomenon under all con-
ditions of illumination unless we were to imagine the preposterous possibility
that these cacti are nourished by the mycorrhizas which exist on their root
systems. There can not be any reason for doubting the experiments, and the
fact that another experimental method, that of the Pettenkofer apparatus,
vielded similar results, gives additional consideration for accepting them.
Care was taken to exclude the possibility of external non-chlorophyll-bearing
organisms influencing the results, and the material used was inspected with
especial care to make sure that no insect grubs were harbored in the tissues,
8o that possible contamination of the results by carbon dioxide from these
sources may be neglected.

EVOLUTION OF CARBON DIOXIDE IN THE ABSENCE OF OXYGEN.
In the experiments tried with an atmosphere of practically pure hydrogen,
there is naturally no question of a %: ? ratio (table 65). The small percentage

of oxygen which was present at the beginning of the experiment had disap-
peared at the time the gas sample was collected. The main point of interest
here is the relatively high rate of the carbon-dioxide production, despite the
absence of oxygen.
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The mature joints showed an evolution of carbon dioxide of 0.11 c.c. per
gram-hour fresh weight in the absence of oxygen and of 0.16 c.c. in normal air,
while with the young joints the amounts stand, respectively, 0.25 c.c. and
0.35 c.c. In comparing these figures with those of the Pettenkofer determina-
tions, it will be seen that they are in accord with the latter. With the Pet-
tenkofer experiments it will be remembered that at 21° C. about half as much
carbon dioxide was evolved in the absence of oxygen as was the case in normal
air, while at 30° C. the amounts were nearly equal. In those now under con-
sideration the difference in the behavior of the plants in an atmosphere of
hydrogen and in normal air is greater than that found at 30° C. and less than
that at 21° C.; but it will be noticed that the temperature is also intermediate,
being 27.5° C. The actual quantity of .carbon dioxide evolved is less in these
experiments, which were carried on at Tueson in 1912, than in the Pettenkofer
experiments which were madein New York. This difference has already been
discussed in connection with other determinations and nothing further need
be said. Reducing the volume of the gas to weight in milligrams, we have the
following figures: mature material in hydrogen, 0.16 mg. per gram-hour fresh
weight, in air 0.23 mg.; young material in hydrogen, 0.36 mg. per gram-hour,
in air 0.50 mg. These quantities are closely similar to those found in two of
the Pettenkofer series (tables 32 and 33), but considerably less than the
amounts shown in table 34.

For the sake of convenience, this evolution of carbon dioxide may be re-
ferred to as intramolecular respiration without making a definite statement as
to whether or not it is entirely comparable with intramolecular respiration as
ordinarily understood. As the hydrogen used in the containers was of a purity
of 99.5 per cent, only a very minimal quantity of the evolved gas can be ascribed
to the absorption of external oxygen. If the impurity was air, which may be
fairly assumed, then the actual percentage of oxygen present was no more than
0.1 per cent, an amount which, as has been said, must speedily be absorbed.
It has been shown that the acidity as determined by the method employed did
not diminish at the rate at which it does in the presence of oxygen, and that,
indeed, is what is to be expeeted. Consequently, the carbon dioxide which is
formed does not seem to have come from the breaking up of the acid to the
same extent as in the normal cases. It is possible that the preliminary steps
in the degeneration of the malic acid may take place, thereby releasing an
amount of carbon dioxide, but at the same time maintaining an acidity that
would be evident by the titration method. Whether this is the case could only
be determined by a more precise examination of the acid content of the tissue
than was attempted. The whole question of the so-called intramolecular
respiration in these forms is well worthy of closer study.

INCREASED OXYGEN SUPPLY AND GAS INTERCHANGE.

An increased supply of oxygen tends to raise rather than to lower the gas
ratio, as is shown by the experiments set forth in table 66. From the results
of the experiments on carbon dioxide evolution with the Pettenkofer apparatus
it has been seen that the rate of the production of this gas is greatly increased,
and this is borne out by the experiments now under discussion. The intake of
oxygen is also increased, but it does not keep pace with the larger output of
carbon dioxide. Consequently, the gas ratio must rise.



86 ACIDITY AND GAS INTERCHANGE IN CACTI.

In all of the three experiments, with a not especially high acidity, there is
a high ratio, which averages close to unity; while the corresponding control
experiments in ordinary air show a ratio that is nearer 0.75. The increase of
carbon dioxide is shown by these experiments to be from twice to three times
that which it is in air. In the acidity experiments already described, it has
been shown that there is a diminution of acidity with increased oxygen, so
that it seems probable that the effect of the additional supply is largely to
hasten the disintegration of the acids. High gas ratios can only mean an
increase in the breaking-down processes which liberate carbon dioxide, unless
they are caused by a diminution of the amount of oxygen absorbed, which is
not the case in this instance. The number of experiments with increased
oxygen-supply was limited and none was tried with material either of very
high or of low acidity. In the former case we may surmise that the only effect
would be that the amount of carbon dioxide produced would be still greater and
the ratio even higher. In the latter case the effect of the additional oxygen
would be to prevent the accumulation of acid, and as a consequence the ratio
also would be higher than under normal conditions.

GAS INTERCHANGE OVER LONG PERIODS.

During the first summer when the gas-interchange determinations were
made, a considerable number of experiments were carried out in which the
carbon dioxide was allowed to accumulate in the receiver for considerable
periods. As the amount of material used in these determinations was the
same as that employed where the time period was much shorter, the amount
of this gas which gathered was considerable, amounting usually to 12 and in
one case to as much as 18 per cent. These have not been included in the gen-
eral consideration of the results, since it is known that the presence of so much
carbon dioxide in the surrounding air affects the ratio of gas interchange.
A few of these results are given in table 67. The chief effect seems to be the
proportional diminution in the amount of oxygen absorbed, in consequence of
which the ratio is high, considering the acidity of the specimen. The amount
of carbon dioxide is also less than under more normal conditions, which per-
haps may be ascribed to the effect of the carbon dioxide which accumulated,
rather than to the lessened oxygen supply. The long-period experiments tried
in 1913, where the amount of material was adjusted to the duration of the
experiment and no great accumulation of carbon dioxide took place, gave
normal results (experiments 35, 36, 29, 25b, 26b, 27b, table 59). The occasion
for mentioning the experiments described above is chiefly to call attention to
the effect of increased carbon dioxide content of the surrounding air. They
have otherwise no particular significance.
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In all of these experiments the lettered series were made in 1912, those
with numbers in 1913. In any one series the same letter or figure indicates
that the same material was used, the individual members of the series being
shown by an index figure or letter.

TaBLE 53.—Temperature and gas-inferchange.

The material used was all mature and fairly turgid joints of Opuniia versicolor. It had
been sent from Tucson, Arizona, and kept for some weeks in the laboratory in New York at
a temperature of from 20° to 22° C. and under conditions which prevented any considerable
drying. The material was a mixed lot, and various determinations of the acidity showed
the value of 1 c.c. pure juice to be from 0.9 to 1.10 c.c. N /10 alkali. Under the conditions
at which it was kept the acidity remained fairly constant. During actual experimentation
it was not kept long enough at the extremes of temperature to greatly affect the acidity,
though there was the usual tendency for the amount of acid to increase at the lower tem-
perature and to decrease at the higher. The material was respectively cooled or warmed
for from 2 to 3 hours before the corresponding determination was made. At other times it
was at ordinary room temperature of 20° to 22° C. Determinations were made in New
York during April 1912,

Designa- i i
tion. of ex- 3 Date and time. ?i:;rf Temp. vs‘ggs}}:t.‘ rl(;(gil T(c;:.a
periment. i

hrs. °@, gm. | cc. c.c.
Temp. A! | Apr. 10, 9a. m.to 12 noon............. | 3 15 | 34.5| 8.13 | 18.47
Temp. A2| Apr. 11, 8230ma. m. to 12 noon........ | 3% 25 34.5 | 15.30 | 26.68
Temp. A*| Apr. 11, 4p.m.to5p.m.............. 1 40 34.5  11.22 | 12.05
Temp. B! | Apr. 10, 9" 15 a. m. to 122152 p.m....| 3 15 35.0  8.84 | 20.00
Temp. B2| Apr. 11, 8245™a. m. to 128152 p. m....| 3} 25 35.0  19.47 | 23.95
Temp. B*| Apr. 11, 42152 p. m. to 52302 p.m.... 1} 40 35.0 ‘ 19.47 | 19.17
Temp. C'| Apr. 19, 11a.m. to 2p. m.............. 3 15 28.0 ‘ 6.27 | 12.05
Temp. C?| Apr. 20, 9a. m.to 12noon..:.......... 3 25 28.0 | 11.47 | 18.70
Temp. C*| Apr. 20, 3%452p.m.to5p.m.......... 1} 40 28.0 } 15.93 | 22.65
Temp. D!{ Apr. 19, 11810 a. m. to 210" p.m....| 3 15 | 33.5, 6.65|15.15
Temp. D?| Apr. 20, 9% 05™ a. m. to 10" 05™a. m.... 3% 25 33.5 1 15.72 | 25.90
Temp. D?| Apr. 20, 3"30=p.m. to 445" p. m... ' 1} 40 33.5 | 19.00 | 27.90

. - CO: | 0O:

B ven g 1 k evolved | absorbed Ratio,
S Date and time. per gram | per gram | COy/Os.
Dgpmbat, | per hour. | per hour.

' c.c. c.c.
Temp. A!'| Apr. 10, 9a.m.to12noon.............. 0.072 0.178 0.44
Temp. A% | Apr. 11, 8*30™a. m.to12noon.......... 0.127 0.221 0.57
Temp. A3| Apr. 11, 4p. m. t05D. M. .eveennnnn-- 0.325 0.349 0.93
Temp. B! | Apr. 10, 9215 a. m. to 12815 p. m.....| 0.084 0.190 0.44
Temp. B?| Apr. 11, 8445 a. m. to 122152 p. m...... ' 0.159 0.195 - (1)(8)0
Temp. B} | Apr. 11, 415" p.m.to 5°30™p.m...... 0.445 0.438 .02

| .
Temp. C'| Apr. 19,11 a. m. t0 2. M. . .ouverennnnns [ 0.075 0.133 g.gg
Temp. C?| Apr. 20, 9a.m.to12noon.............. 0.136 0.225 4+
Temp. C3| Apr. 20, 345" p. m.toSp.m........... 0.455 0.647 )
Temp. D!| Apr. 19, 11810 a. m. to 2" 10" p. m...... 0.066 | 0.151 g'éé
Temp. D?| Apr. 20, 92 05™a. m. to 10P05™ a. m...... 0.134 | 0.222 P
Temp. D3| Apr. 20, 34302 p.m.to 4845mp.m. ....| 0.454 | 0.658 ;

2]
<3
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TABLE 65.—~Intramolecular respiration.

Opuntia versicolor. Young and mature-turgid material, in atmosphere of hydrogen, 99.5 per cent.
Only initial acidity given, in terms of c.c. N/10 KOH. For comparison with acidity determinations.
Experiments made at Tucson, Arizona, in July 1912.

. . Du- CO. |Acidit; ;
Experi- . Gas in Fresh| CO, 8 Yl Condi-
ment. Date and time. receiver. tf:n. Temp. weight evolved g:: ﬁg al‘:: jll)x‘il;:. tion.
hrs.| © C. | gms. c.c. c.C. c.c.

FF! July 23, 112 40® a.m. to 28 10@ p.m..| Hydrogen..| 2} | 27.5 | 62.3 | 17.20 | 0.11 1.31 |Mature
GG! July 23, 11* 50® a.m. to 20 202 p.m..| Air....... 21 127.5|66.6 | 27.45 0.16 1.31 Do.
HH! | July 23,11 40™ a.m. to 2210 p.m..| Hydrogen..| 23 | 27.5 | 63.6 | 40.29 | 0.25 1.09 | Young.
J July 23, 11 50® a.m. to 28 20® p.m. .| Air....... 21 127.5165.4| 58.10 0.35 1.09 Do.

Opuntia versicolor.

TaABLE 66.—Gas tnterchange and acidity with increased oxygen. supply.

Similar to other experiments except that a great excess of oxygen was supplied. For

comparison with acidity determinations in similar atmospheres. Acidity in terms of c¢.c. N /10 KOH. Experi-
ment A and A! were made in New York, the others in Tucson in 1912.

A cidity,
Du- COg Oz . >
. O, con-| Fresh| CO; | O, ab-| Ratio, | pure
BEpt- Date and time t{g; Temp. tent. |weightlevolved. sorbed.p:;ghI::‘?;ﬁ:'COz/Oz. juice
per c.c.
< hrs.| °C. | p. ct. | gms. c.c. c.C. (X c.C. c.c.
A Apr. 18,1045 a.m. to 5”452 p.m.| 7 | 24.0 | 72.8 | 61.6 | 106.8 | 95.1 0.25 0.22 1.12 1.02
A! | Apr.19,10am. to2pm......... 4124.0| Air. | 61.6 | 22.1|31.4{ 0.09| 0.13| 0.70| 1.02
YY | Aug. 3,112 55 a.m. to 3" 552 p.m.| 4 | 32.0 | 69.4 | 53.7 85.97| 85.97, 0.40 0.40 1.00 1.08
Juis*RY FYOWEIET . 8 T e ....1 31.5 | Air. | 28.8 25.74| 32.25 0.23 0.29 0.79 1.22
XX | Aug.3,12 noonto4p.m........ 4132.0(83.5}53.6|11.77|12.84 0.05| 0.06 | 0.87 | 0.72

Opuntia versicolor, young and mature-turgid joints.

TABLE 67.—Gas interchange and acidity, over long periods.

These experiments were run for a long period—18

hours. The CO:; collected in large quantities in the receiver and in all cases was found on analyses of the gas
samples to be over 10 per cent and often as high as 20 per cent.

sphere of increased CO. content.

In effect the plants were in an atmo-

In other respects these experiments are similar to those given in tables 54

and 55, for which reference may be made for further details. Experiments made at Tucson in June and

July 1912.
E D CO. 0.
‘3 drinieran d i A T Weight| CO: |O;ab-| evolved |absorbed| Ratio,
o SUCIbaNCAt AANL ey ra- | LMD fresh. levolved./sorbed.[per gramlper gram/COs/O;.
. faox, per hour./per hour.
Mature-turgid: hrs.| ©C. | gms. c.c. ¢.c. c.c. c.c.
N2 July 10-11,4p.m. to10am.......... 18 35 31.15] 65.93| 65.9 0.12 0.12 1.00
02 B R T LN N Y 18 35 29.25 64.39 67.4 0.12 0.13 0.95
P2 July 15-16, 4" 30 p.m. to 10® 30 a.m..| 18 32 34.8 31.36) 42.5 0.05 0.07 0.74
S2 Do, » VIV SF_PUEIOSs Sa M0 18 32 33.1 | 115.20[119.0 0.15 0.17 0.97
X2 July 17-18,5p.m. tollam.......... 18 32 26.6 37.47) 41.6 0.08 0.09 0.92
Young:
G2 July 8-9, 52 30@ p.m. to 112 30™ a.m....| 18 35 30.9 | 100.0 {116.9 0.18 0.21 0.86
J? o 50, SR GRUTR L gl 18 35 30.1 | 129.3 [147.1 0.24 0.27 0.88
R? July 15-16, 4® 30®p.m. to 10" 302 a.m. .| 18 32 31.75| 111.0 [114.6 | 0.19 0.20 0.96
U2 June 17-18,4p.m.to10am.......... 18 32 29.6 | 124.2 |127.8 | 0.23 0.24 0.96
w2 June17-18,5p.m. tollam.......... 18 32 19.8 | 109.4 [121.5 | 0.31 0.34 0.90




SUMMARY AND CONCLUSIONS.

It is obvious that where so many variables are concerned as are presented in
the problems of the acidity and respiration of the cacti it becomes a difficult
matter properly to evaluate the results obtained. It will be well to summarize
briefly the main points which have been brought out before attempting any
general discussion.

In all previous work upon the succulents, the cactus forms have not been
utilized as much as other types, which, indeed, is not remarkable considering
that no adequate supply of material could have been easily available. Had not
de Saussure’s original observations on the anomalous gas interchange of fleshy
plants been made upon an Opuntie they might not have been used at all.

Regarding these problems of acidity and gas interchange the following cate-
gorical statements may be made, some of which cover facts previously known.

1. With rising acidity the total amount of acid in the tissues increases more
rapidly than does the concentration of the juice. The carbon dioxide produc-
tion with rising acidity is relatively small, while the oxygen absorption is large;
hence the CO./0O; ratio is low.

2. Light is the most important factor in the diurnal decrease of acidity, but
isless effective at low temperatures than at high ones. At higher temperatures
carbon dioxide is given off from the plant even in direct sunlight, as also is
oxygen. In diffuse light, carbon dioxide is produced in larger quantities and
oxygen is still absorbed. Dry joints absorb oxygen even in sunlight.

3. Rising temperature, especially above 30° C., causes a decrease in acidity
when the latter is already high, but does not wholly inhibit the accumulation
of acid when near or at its minimum. With an increased evolution of carbon
dioxide due to rising temperature the CO,/O; ratio rises, since a corresponding
amount of oxygen is not absorbed. There is a lag in the response of carbon
dioxide evolution with both rising and falling temperatures.

4. Acidity declines when the oxygen-supply is much above the normal and
tends to rise to a certain extent when the plant is deprived of that gas, provided
that the temperature is not too high. In an excess of oxygen the CO,/O; ratio
rises; in its absence the ratio remains stationary or decreases.

5. Wounding causes a noticeable decrease in acidity, the amount being
proportional to the extent of the injury. Like other cases of decreasing
acidity, this implies an increased evolution of carbon dioxide and a consequent
raising of the gas-interchange ratio. The maximum evolution of carbon
dioxide is attained 24 hours after injury, slowly decreasing to the fourth day,
when it is again normal. The traumatic effect of the mere removal of a joint
from the plant is not sufficient to constitute an error for experimental purposes.

6. Except in very young tissue which has the maximum acidity, the acid-
content and concentration do not vary greatly with age. The slightly lower
total acidity in 3-year-old turgid joints is due probably to the increase in the
thick-walled prosencyhmatic tissues rather than to actual decline in the acid
content of the parenchymatic cortex, since the concentration of the juice is
practically the same in the 1-year old tissue. The flaceid joints have a
generally lower acidity. The actual rate of the production of carbon dioxide
is greatest in the youngest tissues, next in the old turgid joints, and least of all
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in the flaccid ones. The gas-interchange ratios vary according to the acidity
conditions rather than according to the age of the tissue.

7. In general, high acidities, high rate of evolution of carbon dioxide, and
high CO,/0; ratios are associated and the reverse of this statement is true.

8. No difference in acidity was found between the base and the tip of a
joint, but the major portion of the acid is held in the layers of soft, highly
turgid cells outside of the bundle ring.

The rise and fall of acidity, as far as external conditions are concerned,
seems to be influenced mainly by two factors: light, which is the most im-
portant, and temperature which, while it plays a secondary réle, is by no
means to be neglected. In the daytime, particularly during the brilliant and
hot days that are characteristic of the native climate of the cacti, both of these
factors are in an optimal condition for the processes of de-acidification. Con-
sequently, the diurnal acidity curve follows closely the diurnal temperature
curve, but lags behind it by about an hour and must also be fairly close to
that of diurnal light intensity. At night not only is light absent, but also the
temperature is lower, and in the arid regions inhabited by these plants the
difference between night and day temperatures is very marked with a con-
sequent accumulation of acid. This relation to light and temperature is so
intimate that changes in the intensity of either are quickly reflected in the
acidity of the tissues. After a cool night the acidity is measurably higher
than after a warm one, and a cloudy day greatly reduces the rate of de-acidi-
fication. Such being the case, the degree of acidity in any one plant varies
greatly from day to day. Photolytic action is unquestionably the most
powerful factor in the fall of acidity.

That the water-content of the tissues appears to increase somewhat more
rapidly than does the total acid present, in consequence of which the increase
in the concentration of the juice lags behind, is a point of some interest. It
has already been noted that there might be applied here the idea brought out
by Borovikow concerning the increased hydratative power of acidified colloids.
Under such conditions as he postulates, water which might otherwise be trans-
pired is held in the tissues. Also it may be remarked that the increase of
acids in the vacuoles might well increase the turgor pressure which in a measure
would act in the same way.

That acidity declines in an excess of oxygen does not seem surprising, not-
withstanding the statement of Astruc that an increased partial pressure of the
gas is favorable for acid formation. Both the accumulation and loss of acid
are undoubtedly oxidation phenomena, but under ordinary circumstances
oxygen is more essential to the latter than to the former process. That there
should be even a slight rise in acidity with a complete or partial absence of
oxygen is a matter of some surprise. Under such conditions the rise is, indeed,
slow and is not very great compared with that found in normal air, but it is
a definitely marked one. Since the acids are themselves the product of a
partial oxidation of substances in the cells, the question arises how can they
be formed when oxygen is absent. The explanation must be that acids are
also formed in the course of “intramolecular respiration.” This wou}d not,
indeed, be wholly in accord with some of the prevalent ideas regarding the
phenomenon, but at the same time it is hard to see why the auto-oxidations
of the protoplasm might not yield, in some measure at least, end-products
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besides carbon dioxide, which are similar to those formed by normal respira-
tion. Presumably, the acid found in the tissues exposed to atmospheres
devoid of oxygen is the same as under normal conditions, but of this we have
no proof. In connection with this question it should be determined if alcohol
is produced by the “intramolecular respiration” of cacti, as appears to be
the case in all other plants in the absence of oxygen, but since the normal
result of partial oxidation in the cacti seems to be malic acid, their behavior
under these conditions may be quite different from that of the ordinary plant.

According to Spoehr, in the paper already referred to, ethyl aleohol must be
the first degeneration product of malic acid when exposed to light in the
presence of oxygen. This then passes over by further oxidations to acids
which become successively simpler. Looked at from this standpoint, it would
seem as if the normal respiration of the cacti were of the nature of what is
commonly called intramolecular, except that the process is not carried far
enough to yield alcohol, but stops at malic acid. Aleohol is now commonly
recognized as an accompanying result of intramolecular respiration in forms
that have sugars at their disposal. Such an interpretation is in accord with
the idea already largely entertained, namely, that the respiratory activity
of succulents is influenced by the insufficient oxygen supply of the tissues.
It is plain, however, that in this connection an investigation should be made
into the nature of the gases held in the tissues of these plants. Such knowl-
edge might throw further light upon the question.

That the acids are formed by reason of the comparative lack of oxygen in
the massive tissues of the succulents has been the conclusion of many investi-
gators. This interpretation has much to recommend it and is supported both
by the behavior of the cacti in the absence of oxygen aswell as by their behavior
in the presence of an excess of that gas. That the acids are the only end prod-
uct of this respiration is not necessarily the case—nor indeed, probably so—
for some carbon dioxide is evolved even when the tissues are gaining in acid-
content. If we were informed of the exact nature of the substances consumed
in the first place, it might be possible to estimate how large a percentage of
the actual encrgy-releasing processes this oxidation to acid represents. It is
safe to say that it is the major part. It may be said, in this connection, that
in these experiments there were very few cases—only one or two—where
there was a complete absence of the evolution of carbon dioxide in the dark.
These cases, moreover, were anomalous in other respects. Whether the rela-
tively small residual output of carbon dioxide was from oxidations resulting
from contact with free oxygen or arose as did the carbon dioxide of intra-
molecular respiration would be difficult to determine. It would be necessary
to ascertain the exact amount of oxygen required to produce the malic acid
found from the materials at the disposal of the cells and then to see how it
compared in quantity with the actual amount of oxygen absorbed. In such
a way it could then be decided whether the carbon dioxide given off when the
acidity is rising is produced in an aerobic or an anaerobic fashion.

In the opinion of the writer the accumulated acid, together with whatever
carbon dioxide is evolved during the process of accumulation, represents the
end-products of the respiratory activity, if we exclude the metabolic water
which must also be formed. But the respiratory activity is by no means the
direct cause of all of the carbon-dioxide which may be given off. A consider-
able portion, and under some conditions by far the largest portion of this gas,
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is the result of the deacidification, which does not seem to be connected with
the actual vital processes. The breaking down of the acid by sunlight is an
unavoidable consequence of its accumulation in the tissues and does not seem
to be connected with the energy-releasing reactions which are of a true respi-
ratory nature.

Carbon-dioxide evolution as a whole, while not so great as in more typical
plants, is by no means as small in the cacti as is commonly supposed. Carbon-
dioxide evolution as representing true katabolic activity is probably much less.
In estimating its output it is of course impossible to say, except by inference,
how much of the gas is from the latter source and how much simply from the
splitting of the stored acids.

By both the methods which were used it was found that the newly formed
joints have a much higher rate of carbon-dioxide formation, which is probably
due as much to the increased amount of acid stored as to any other cause.
If activity is to be measured in terms of this sort, the mature-turgid joints are
much less active than the young tissue and the mature joints which are desic-
cated are still more quiescent, but not by any means in what could properly
be called a resting-state. The proportional relation of carbon-dioxide evolu-
tion in the three conditions of the tissues is represented by the ratio 6:3:2.
The relatively slight decrease in the rate in mature-flaccid joints, as compared
with the mature-turgid ones, when considered in connection with the faect
that their acidity is much lower than the more active tissues, again suggests
that the relation between respiration in the proper sense and de-acidification
is not as close as has been assumed.

Increased heat hastens the production of carbon dioxide 100 per cent or
more for every 10° increase, thus conforming measurably to the principle of
van’t Hoff regarding the acceleration of chemical reactions by rise in tempera-
ture. However, since the absorption of oxygen does not increase as rapidly,
the gas-exchange ratio with oxygen naturally rises under these conditions, which
only goes to support the idea that a considerable part of the increased evolu-
tion of carbon dioxide is not truly a result of the respiratory function.

The maximum carbon-dioxide formation is at 45° C. and from this point
there is a gradual decrease as the temperature rises. It is, however, question-
able if at the high temperatures of 60° to 65° C. the continuance of an evolution
of carbon dioxide may not be wholly due to destructive processes not properly
respiratory. High temperaturesin the presence of oxygen result in the decrease
of acid in the living plant, and it is possible that there may be some katalytic
agent present which initiates this action even in the absence of light. Were
it not for the evidence which Spoehr has brought forward the presence of some
enzyme might be suspected. Finally it may be added that some of the carbon
dioxide exhaled might be due to gas dissolved in the cell fluids which the high
temperature drives off.

“Intramolecular respiration’ is relatively high in these plants. If the
amount of carbon dioxide evolved under normal conditions be taken as 100,
then in the absence of oxygen the quantity at 23° C. is 66 and at 35° is 85.
That there is proportionally so large an amount of the gas produced does not
seem to be due to deacidification, for as we know acidity does not fall rapidly
in the absence of oxygen and it may rise. As has been pointed out, however,
it is not impossible that the preliminary stages of deacidification which involve
the formation of simpler acids than malic may be going on, so that when the
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acid is determined ¢n tofo by titration, no decrease in acidity would show.
To determine if this be true, it would be necessary to investigate the precise
nature of the acids present when the conditions are normal and to make a
comparison with those found in the absence of oxygen.

When the oxygen-supply is increased rather than diminished the question
arises what may be the relation of the interchange of oxygen and carbon
dioxide. The actual amount of both is measurably increased, but the latter
more than the former, so that the ratio naturally rises also. As we have seen,
increased oxygen supply hastens deacidification and it may very well be that
the major portion of the accelerated carbon dioxide production is due simply
to the splitting of the acid and is not a proper respiratory reaction. It has
been shown in other plants that increased oxygen supply is not accompanied
by a correspondingly large increase in carbon dioxide output, a fact which
supports the above opinion. Furthermore this interpretation is in keeping
with all the experiments recorded here, in which falling acidity is concerned,
where the CO,/0; ratio has been shown usually to be high.

That a high CO,/O. ratio is accompanied by a high acidity which is falling,
and that thereverseis true with low acidity thatis rising, are no more than would
be expected, since we know that the breaking down of malic and other related
acids is attended by the evolution of carbon dioxide without a corresponding
absorption of oxygen, whereas their formation is accompanied by the absorp-
tion of oxygen without the evolution of any gaseous waste product. There
is strong support for the interpretation that exhaled carbon dioxide may
arise from sources other than that of a true respiratory process in the case
of falling acidity, for even at normal temperatures the organic acids which are
concerned can be split to simpler forms with the evolution of this gas without
any activity of living protoplasm. In deacidification the initial acid-content
of the tissues bears a relation both to the amount of earbon dioxide produced
and to the gas interchange ratio. With the greatest amount of acid there is
also the greatest production of carbon dioxide, which, as it is not accompanied
by a similar increase in the absorption of oxygen, leads to the highest CO,/0,
ratio; and as the acidity diminishes there is commonly a corresponding
decrease in the evolution of gas and in the ratio.

If the amount of water contained in the tissues is large, the juice itself may
be relatively weak, although the total acid-content is great. Increase of juice
concentration, which is not always, though usually, accompanied by a pro-
portional increase in total acidity, is likewise correlated with high ratios,
though the effect is not so well marked. In other words, while deacidification
seems to take place rather more rapidly when the juice concentration is high
than when it is low, the actual amount of total acid present is more important
in determining the rate of earbon dioxide production and the gas ratio.

The phenomena connected with rising acidity are also in accord with what
has been said above. The oxygen which is absorbed is used largely in the
partial oxidations which lead to the formation of malic acid, though there is
also a residual carbon dioxide evolution that is always present. The major
portion, then, of the energy release which results from the aerobic respiration
would seem to be connected with the formation of this acid. The question
of the possible source of the residual carbon dioxide has already been discussed.
It seems gratuitous to maintain, as does Nathansohn, that the breaking-down
of the acids is simply a continuation of the ordinary respiration processes,
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begun when the original malic acid was formed. It is hard to see why in the
succulents the respiration should depend so largely upon the action of sunlight
when such is certainly not to be regarded as the case in the vast majority of
plants. It may be urged that we have acids in the tissues of practically all
plants and that in the presence of light these acids behave in a fashion similar
to that in the succulents, so that such processes are not peculiar to the fleshy
forms. However, in the ordinary plant the amount of carbon dioxide pro-
duction is large in proportion to the amount of acids found in the leaves, so
that in any case the latter could not cut much of a figure in respiration.

It is as if when malic acid is formed a certain, and in the succulents a very
large, portion of the available food material were side-tracked out of the line
of the usual katabolic processes. Their further oxidation not taking place
rapidly, they accumulate in the tissues during the night, only to be destroyed
during the day by the action of light. As has been said before, the malic or
other acids may reasonably be supposed to exist as such in the vacuole and
are not to be regarded as in any intimate connection with the active protein,
but rather to be removed from the immediate sphere of protoplasmic activity.
It is true that some deacidification occurs in the absence of light or under
high temperatures when the initial acidity is high, and consequently it may
be maintained that malic acid is utilized as a source of energy. That this
utilization of the malic acid should occur under such circumstances does not
seem to influence the general question. It may well be that in the prolonged
absence of light, when the more readily available substances have been disposed
of, the malic acid is attacked. Or in the case of high temperature, practically
the same thing happens, but more quickly, as the increased heat causes a more
rapid consumption of the food material. However, the katabolic disinte-
gration of malic acid is ordinarily not considerable and consequently it collects
at night, only to be broken down by the light during the daytime, but not in
connection with the protoplasm itself. According to the writer’s point of
view, it would be necessary for the malic acid to form some union with the
living protein, just as sugar probably does, before the energy released in its
breaking down could avail the plant.

The question of the evolution of carbon dioxide while under the illumination
of even direct sunlight, despite the photosynthetic processes which are going on
under such conditions, is a matter of particular interest. In the cases examined
there seems to be a greater production of this gas under these conditions than
has previously been reported. In diffuse light the rate of carbon dioxide evolu-
tion is considerable and some absorption of oxygen is still going on. It is
apparent, then, that in such relatively weak illumination the photosynthetic
activity must be feeble. In direct sunlight there is still some formation of car-
bon dioxide, but it is much diminished. The oxygen, however, ceases to be
absorbed in the young and in the mature-active tissue or may even be evolved,
though in the mature-flaccid plants the intake of the gas continues in even full
sunlight. In the last case it may be asked if photosynthesis is not practically
suspended, as indeed is indicated by the condition of the chlorophyll, which is
usually yellowish rather than green in color. Under any circumstances,
however, there must be an actual loss of weight even in the sunlight. Such a
phenomenon could not persist if the plant is to maintain itself for any length
of time, let alone to grow. It may be that the actual accumulation of ener-
gized substance on which the cactus lives and grows takes place during the
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summer only at the cooler part of the day, or it may take place mainly at the
cooler time of the year, when, by reason of the lower temperature and some-
what diminished intensity of the sunlight, the breaking-down of the acids is
less. At such times the photosynthetic activity of the plant is able to more
than utilize all the carbon dioxide which is evolved in the processes of deacidi-
fication. Such a relatively restricted period during which the cactus is actually
gaining in substance would mean a slow accumulation of stored energy and
might account for the relatively slow growth of the plant. The first expansion
of the young joints in Opuntia versicolor is, it is true, rapid, so rapid indeed
that it must be accomplished on the basis of material already accumulated,
but after the first growth the increment is very gradual. In this species the
formation of new joints takes place during the summer rains, a period of high
temperature and ample water-supply, and, if the above is true, on the basis
of the potentital energy stored during the previous spring. This whole ques-
tion is one of such interest that it would be well worth while to investigate
the matter closely, as it appears to represent a periodicity which is partially
inverted as compared with the ordinary type of plant, when the hottest time
of the year is time of greatest food accumulation. In this research, however,
no attempt was made to investigate the photosynthesis of these plants, so no
further explanation is at present possible.

It has been pointed out by various authors that the anatomieal structure of
the cactus stem must greatly interfere with the absorption of both carbon
dioxide and of oxygen. A conservation, therefore, of the carbon would, it
is maintained, become a matter of great moment to the plant. Hence it is
considered that the retention of the combined carbon in the form of acid is an
effective means of this conservation, for in the daytime, even if the acid may
not, be directly built up again by photosynthesis into plastic food material, it
may at least serve as an additional source for carbon dioxide when it is broken
down by the sunlight. This may well be the case in a large measure, but it is
evident from the results just discussed that photolysis of the acids and the
consequent production of carbon dioxide can take place more rapidly than the
photosynthesis can, so that under these conditions there must be an actual
loss of dry weight.

It has been said above, that in the estimation of the writer the carbon
dioxide arising from deacidification which is the result of the further oxidation
of the malic acid present is not to be considered as a consequence of a true
katabolic process and is not respiratory carbon dioxide. As this point of view
is not in agreement with the usual supposition further analysis of the matter
is necessary.

It has been stated that the partial oxidation processes which result in the
formation of acids, of which malic is undoubtedly the chief, constitute the
respiratory phenomena and may be conceived as taking place at all times,
although during the day the accumulation of the acid does not ensue because
of the effect of light and higher temperature. In the writer’s opinion, the
substance oxidized to form these acids is the complex of the living protoplasm
itself, which in turn no doubt draws upon the reserve food supply to make up
the loss. This reserve food supply may very well be in its last analysis the
accumulated carbohydrates. That the sugar is directly consumed as such,
and that the energy liberated directly from such consumption can be that
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which the plant utilizes he does not regard as a necessary assumption. It may
be true that in many cases the amount of carbon dioxide and water produced
can be shown to balance with the amount of sugars consumed, but that is no
satisfactory proof that the sugar as such is actually split up in the processes of
respiration. It is far more likely that it forms combinations with the molecule
of the living protoplasm itself and in such connection the actual oxidations and
release of energy take place. The union must be an unstable one and with
our present incomplete knowledge of the structure of the protein molecule we
can hardly postulate more than the probable occurrence of a linkage of the
sugar or some derivative of it with the living protoplasm. Its union with the
active protoplasm, no matter how tenuous it may be, would afford the means
by which the chemical energy released by the oxidation processes is brought
in relation with the living substance. Such a picture, crude as it is, can not
lead us so far astray from what actually happens as to consider.that the energy
release takes place simply in the sugars themselves and not in intimate con-
nection with the protoplasm.

To return to the question of the role of deacidification in this regard, it may
be pointed out that the malic acid present can be broken down in vitro in the
presence of light and free oxygen. The acid is presumably present in the cell
in the vacuole and when the plant is exposed to the sunlight the deacidification
processes very probably take place there, quite removed from the sphere of
action of the living protoplasm. The writer is aware that Nathansohn takes
a wholly different view and regards the deacidification processes as simply a
second step in the katabolic changes, but to the writer such seems improbable
in view of all the evidence. The chief reason for assuming that the splitting
of the acid is a respiratory process seems to be that such a use of it would be
economical from the standpoint of the cactus. It is obviously not necessary
to make such an assumption, for the accumulation of acid seems, by general
agreement, to be the result of imperfect oxidation which in turn is due to the
morphological structure of the cactus. Consequently, whatever of energy
there may be from the final oxidation of the acid outside the sphere of proto-
plasmic activity is simply the result of anatomical peculiarities of the plant,
the advantages of which may well outweigh this loss. Any cause which leads
to the splitting of the malic acid or its derivatives, whether it be light, high
temperature, or prolonged darkness, increases the total evolution of carbon
dioxide faster than it does the absorption of oxygen. Consequently, the
CO3/0; ratio rises and approaches or even exceeds unity. What is considered
the normal ratio of these gases in katabolism is thus established, but in reality
the approach to the typical gas-relation is not real, for it is supplied simply
by the breaking down of the acid. It is to be observed at times when the
acidity is high and is falling and is brought about by processes which have
no immediate relation with the energy-releasing reactions of the living proto-
plasm. The true respiratory quotient of the cacti is that which is attained
when the acidity is stationary or is rising. At such times there is always less
and sometimes very much less carbon dioxide evolved than oxygen absorbed
and in consequence the CO,/O; ratio is less than unity. This primal fact was
established in the original observations of de Saussure, and has been supported
by subsequent investigators, but the interpretation adopted here presents the
question in a somewhat new light.
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