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INTKODUC$IDN

Factors that influence salt absorption by plants hair® long 
boon a subject of study* Only recently however* haw the effects of 
certain metabolic processes in the plant been recognized as intimate­
ly connected with the process of salt absorption*

This investigation has been concerned with the cationariioh 
balance in several plants with special reference to the role of ether 
soluble organic acids* A study has boon sake of the ©elective cap­
acity of various plants with respect to inorganic ions; of the quant­
ity and kinds of organic acids in a number of different crop plants 
grown in a uniform culture medium; of the correlation between inor­
ganic cations and ether soluble organic acids in the different plants 
as a group* arid of the preferential absorption of cations as influenced 
by specific organic acids* the relative importance of phosphate and 
organic acids as contributors to the titratable acidity of plant sap 
has also been considered*
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KEVIEb OF UTEMTUKE

Prior to the work of Pucher, Vickery, and Wakeman (16),
(17), (18), on the quantitative deteiraination of organic acids in 
plant material, lack of accurate methods led to a dearth of sign­
ificant data in this field. Since that time papers have begun to 
appear and their number will undoubtedly continue to grow.

Piddle (£0) made an extensive survey of the literature and 
found that it contains practically no analytical data on the organic 
acids and inorganic cations occurring in the sense plants. From pure­
ly theoretical considerations, he predicts that when such data becomes 
available it will be shown that the quantity occurrence of the inorgan­
ic cations within the various plants depends to a large extent on the 
kind and quantity of the various organic acids within each plant* lie 
assumes that the organic acids orient themselves at membrane interfaces 
in root hairs in a partially dissociated form. There they are ready 
to receive incoming cations* if one organic acid dissociates more 
than another there will be a correspondingly greater number of its 
anions at the interface, causing; a greater cation absorption. Since 
oxalic acid has a greater dissociation constant than any of the other 
commonly occurring plant acids, plants containing: oxalic acid should 
have a larger amount of cations* In conjunction with this theory he 
also assumes a 'salt phase* or layer of salt along the interface. If 
this interface 'salt phase* is temporarily saturated with a salt as 
calcium oxalate then no more calcium will combine with the oxalic acid, 
and if no other acid anion is available then the absorption of calcium 
is inhibited. This does not prevent the absorption of some other cation 
whose oxalate is more soluble than calcium, oxalate. However if some
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otter acid, such as propionic, is present at the interface, calcium can 
combine with it, and since the solubility of calcium propionate is much 
greater than calcium oxalate, calcium absorption will be enhanced* On 
the other hand propionic acid is much less dissociated than oxalic acid, 
and so less of its anions will be available • The result therefore, will 
be a decrease in calcium absorption# In conclusion, he lists three factors 
which contribute, in a high decree, to the selective assimilation of cat­
ions by plants! (1) the quantity and kind of organic acids specific to the 
plant, (&) dissociation constants of such organic acids, and (3) solubility 
of the organic salts formed at the interface by combination with the avail­
able incoming; cations*

11gin (10) has analyzed several species of plants from all 
types of habitats for calcium and organic acids* lie found that spec­
ies vary considerably in their ability to regulate calcium intake*
Those species naturally adapted, to calcarious soils have a lower cal­
cium content and stew some sort of regulatory ability. Other plants 
not adapted to limestone soils but found growing there may absorb as 
much as five times the amount of calcium they would ordinarily absorb 
if grown on their native soil* Plants having a regulatory action to­
ward calcium uptake are lower in total calcium and in total organic 
acids than those plants with no re ulatory ability* However he found 
several species of plants which contained no oxalic acid end very small 
amounts of other organic acids but still had a vigorous precipitating 
capacity for calcium* He found that citric acid increased markedly 
with increase in calcium uptake and was correlated to a considerable 
extent with the soluble calcium in the plant# Sfellc acid increased 
in the same manner but to a lesser degree than citric acid* In 
plants containing large quantities of oxalic acid nearly the entire
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amount of calcium in the plant is precipitated, while other plants 
with little or no oxalic acid have a large proportion of their cal­
cium in a sap soluble state*

Piatnitsky (15) studied the effect of mineral salts on the 
storage of citric acid by excised leaves of tobacco. Half leaves of 
Young overgrown seedlings were used. One half of the leaf was dip­
ped in the salt solution and the other half was used m  the control*
A wide range of K, Hg, and ha, salts were tested. Mona of the salts 
used seemed to have a definite predominance over the others as re­
gards its influence on the storage of citric acid by the leaves. 
However in the case of leaves from adult plants MgO XZ did increase 
citric acid very considerably. When the tobacco leaves were kept in
0.25 M MgClg for 24 hours they decreased considerably in protein, car­
bohydrate®, and especially malic acid but increased greatly in citric 
acid. The increase in citric acid was practically equivalent to the 
decrease in malic acid.

Pucher, Vickery, and tfakwnsn (19) found in tobacco a large 
excess of positive ions over inorganic anions and this excess of 
positive ion® was positively correlated with the ether soluble or­
ganic acids. From this they concluded that in the case of tobacco 
organic acids occupy a dominating position with respect to the bal­
ance of positive and negative ions, and that these acids are close­
ly concerned in the phenomena of inorganic nutrition.

Working with barley roots Hoagland and Broyer (8) found 
evidence from buffer curves that organic acids were in some way re­
lated to the absorption of cations. 'Ulrich (24) extended this work 
and determined the total organic acidity of barley roots exposed to 
different salt solutions, he found that whenever cations were so—
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sorbed in excess of anions tb® root cells tended to condensate for the 
potential increase in alkalinity through the formation of organic acids* 
«hen anions were absorbed in excess of cations a tendency toward a de­
crease in organic acids was indicated* The formation of organic acids 
took place readily as long as sufficient sugars were available* When 
these sugars were depleted* the ammonia or unstable amides increased 
until finally the source of energy reflected in these end-products wap 
exhausted to a level at which it could no longer be used for metabolism. 
Thereafter the organic acids decomposed to supply energy* then more cat­
ions than anions were absorbed* a decrease in the respiratory quotient 
occurred, indicating the formation of organic acids* When more anions 
than cations were absorbed, the respiratory quotient became greater than 
one, m  eating the utilization of organic acids in respiration* These 
observations indicated a close relationship between the acid—base bal­
ance in the root cells and their organic acids*

Chandler (3) working with the leaves of several forest trees 
found in general that the total oxalates were correlated with the total 
calcium content* More significantly, h© found that in all but two spec­
ies examined the total oxalatea were just equivalent to the acetic acid 
insoluble calcium# from this he concluded that all of the oxalates were 
present as insoluble calcium oxalate* In none of the species studied did 
the total oxates exceed the total calcium content* Dunne (6) working 
with buckwheat inferred that the oxalic acid could be precipitated by pot­
assium a© well as calcium, the insoluble potassium salt 'being in the form 
of potassium, acid oxalate* In contrast to the material used by Chandler 
(3), buckweat contains oxalic acid in excess of the total calcium*

from a compilation of data on the analyses of a wide variety of 
plants, Parker and Truog (12) found a, close correlation between calcium



and nitro or content# Potassium, magnesium, and. phosphorus did not 
bear this close relationship to the nitrogen content* The authors 
considered that the larger the amount of nitrogen the more protein 
was formed and hence more organic acids* as oxalic, acetic, succinic 
and foraic, were formed* Larger amounts of calcium were then necess­
ary to neutralise these acids* This of course is based on the assump­
tion that proteins are the major source of organic acids in plants#
II j in (10) observed that in several species of plants calcium content 
seemed to vary directly with the amount of nonalbuminous nitrogen*
Chandler (S) found no relationship between the nitrogen and oxalate 
content of the foliage of trees# It appeared that the production of 
oxalic acid in the forest trees considered was- dependent upon more 
factors than simply nitrogen content*

Viadleigh and Shiv© (26) found in corn that plant© grown with 
a mixture of soaonla and nitrate nitrogen contained less organic acids 
and had a lower base content than plants grown with nitrate as the sole 
source of nitro £ en# Clark (4) working with tomato found essentially the 
same thing to be true# Vickery and Pucher (25) claim that it is probably 
a general phenomenon that nitrogen applied as nitrate causes a higher or­
ganic acid and inorganic base content than nitrogen applied as ammonium 
salts. They also state that not only the total asount of organic acids, 
but the relative proportions of the different acids present are profound­
ly affected by the form in which the nitrogen is administered to the plant.



MATERIALS M B  METHODS

Culture Methods

Twelve species of* plants were chosen for this experimenti 
spinach, variety Sumner Savoy $ beets, variety arly Superb* wheat, 
variety Xaopl&ndj Kentucky blue grass* alfalfa* lima beans* peas, 
variety Alaska* soy beans, variety Biloxi* buckwheat* lettuce, var­
iety Grand Itapids* cantaloupe, variety v.hite Seeded Fink Meat* and 
tomatoes, variety Break of Bay*

The seeds of the various species were planted in sand and 
when the plants had attained sufficient height they were thinned to 
a few uniform plants per pot* Six pots were allotted to each species 
of plant*

The 1940 erop was planted the latter part of September and 
all plaits had been harvested by the end of November*

An effort was made to keep the night temperature of the green­
house between (55* and 70* F*

The following nutrient solution, table 1, was applied to all 
plants at the rate of approximately 1 liter per crock, per 24 hours*
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TABLE I
Composition Of Nutrient : olution

•ajor Elements Minor Elements

Melt

Ga ( KOg ) g • 4HgO

KK2P04
MgS04.7HgQ

ols per Liter of 
Nutrient Solution

.0OS

.0025

.0025

Salt

■:inO lg.4HgO 
ZnS04.7%0

Grams per liter of 
stock Solution

.58?

.097

* 309
.055

1 cc of stock 
solution per 
liter of nutrient 
solution.

Iron: 10 cc of a 0.5^ ferric tartrate solution per 18 liters of nutrient 
solution.

■Juo 04 . ShgQ

In 1941 the experiment was repeated, 'his crop was plant*** 
ed the latter part of January and all plants had been harvested by 
the middle of April, with the exception of cantaloupe. The canta­
loupe was not planted ntil April so as to benefit by the Ion er days 
and greater light intensity.

The planting and treatment of the 1941 crop was the same m  
that for the 1940 crop.

These experiments were concerned only with the vegetative 
phase of growth. All plants were harvested before they blossomed or 
In cases where blossoms appeared before sufficient vegetative growth 
had been attained the blossoms were pinched off.



k bonified Capillary trip Method • For Use In Solution Culture dork

fiumeroue methods have been suggested in the literature to 
accurately control the amounts of solution supplied to culture vessels#
In devising- such a method certain factors oust be kept in mind* The 
apparatus must be accurate within reasonable limits, simple, easily 
constructed, and should not require undue labor to keep it functioning. 
The capillary drip method as originally described by Shive (23) is ac­
curate, but requires a large expenditure of time to keep it functioning. 
It requires frequent refilling of the individual reservoirs and adjust­
ment of the capillaries after each filling*

The system used In the present experiment retains th© capillar­
ies but is so constructed that after the initial adjustment litvie time 
is required to keep it working. The apparatus consists of a series of 
small reservoirs connected by siphons* The culture solution is main­
tained at a constant level in these reservoirs hj an 18 liter bottle 
filled with solution and inverted into a small eup. The cup is con­
nected to the first reservoir by a siphon. olution flows from the 
bottle to the first reservoir and from there it siphons into the next 
reservior in the series or through the capillaries directly into the 
culture crocks. The small reservoirs are white enamel basins, bach 
basin is covered with a round lid mad© from Gelotex* These lids are 
painted with black asphalt to prevent water absorption. The tops of 
the lids may be painted white to reflect light and thus keep the temp­
erature of the culture solution down* The lids are notched on the un­
der side to facilitate the introduction of the capillary and siphon 
■tubes* Each basin supplies several crocks, usually /our.
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Hi© culture crocks are arranged In parallel rows on a suit­
able table and the basins are set on a shelf about 2-5 inches higher 
than the tops of the crocks* The capillary and siphon tubes are in­
serted in the notches in the lid and allowed to dip into the solution 
in the basins# The capillary tubes are supported by an adjustable 
support fastened to the shelf at the base of the reservoirs# The cap- 
il.1 ary tubes, acting as siphons, are then adjusted by the metal support 
to deliver the required amount of solution to each culture vessel#
Figure 1 shows the complete set up.

After the initial adjustment of the capillaries, which can be 
done -with the aid of a stop watch, the only thing required is to keep 
the 18 liter reservoir full# The capillaries may occasionally become 
clogged but they can be cleaned by applying; suction# if this does not 
suffice it is a relatively simple matter to have another set of capill­
aries which may be used to replace the clogged ones.

The shapes and dimensions of the apparatus are shown in figures
2 and 5•

Hi© adjustable support, figure 2, is made from scraps of tin 
that may be obtained at any plumber*s shop# It is made in two pieces 
and the size governed by the requirements of the set-up# The larger 
piece A is cut from a strip of tin and email holes drilled near each 
end# It Is then given a half twist so that it can be fastened to the 
shelf with a screw* Piece li is also cut from a piece of tin and a hole 
drilled near the center. On© end of B is notched and the two flaps 
twisted to form a Y to support the capillary tube* Piece A and B are 
then bolted together with a small stove bolt and lock washer to form G.
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Fig* 1* Complete set-̂ up of solution culture apparatus*
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The holt acts as © pivot facilitating the raising and lowering of the 
raising and lowering of the capillary.

Hi© siphon tubes, figure 5, connecting the reservoirs are 
made from. 8 mm (inside diameter) glass tubing* ‘These tubes are first 
painted black and then a coat of white over the black. This complete­
ly eliminates tee growth of algae in these tubes.

The capillary tubes, figure 5, are made from 1 mm. capillary 
tubing. Smaller bore (O.G ism.) facilitates more accurate adjustment of 
flow but clogs more easily.

The modified capillary drip method used in the solution 
culture work has the following advantages 5

1. Simple and easily constructed from, readily obtainable 
materials.

2. Accurate for all ordinary work.
S. Labor saving. Inquires only the filling of one

..reservoir and an initial regulation of capillaries.
4. A constant head of pressure is maintained insuring con­

stant flow of the solution at all times.

Analytical Methods

All samples were taken between 3 *00 A. M. and 11:00 A. it.
Each set of plants was divided into two equal lots and the fresh ‘weight 
obtained immediately, there possible both lots were divided into stems 
end leaves, petioles being included with the stems. The leaves and sterns
of one lot were placed in separate quart fruit Jars, the lid put on tight­
ly and the jars placed in a refrigerator at -15a C. The leaves and stems
of the other lot were placed in separate wire baskets, dried in a hot air
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IT,(° - - °)
A

H O 1
ZD—

B

rlg. 2. Diagram of capillary support.

n

.*ig* 5. Diagram of siphon and capillary tube.
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oven at 70* C*, ground to pass a 60 mesh solve, then stored in aluminum
boxes until ready lor analysis* The methods of the Association of Offi­
cial Agricultural Ghemists (1) were used for the final determination of 
calcium, magnesium, potassium, sulphur end nitric acid*

extraction and Analysis of Juice

The samples put tip for juice analysis were frozen at -15° C# 
for at least 12 hours* After this time they were allowed to stand at 
room temperature until completely thawed* This usually required S to 
4 hours* the material was then placed in a stout muslin cloth and sub­
jected to 10,000 pounds pressure in a G stiver hydraulic press. The juice 
was collected in a beaker*

i'he determination of sap soluble constituents in the extracted 
juice ±© based on the work of Sayre and Morris (21), (22)*
Specific gravity*— Duplicate 2 ml* samples of the juice were pipetted in­
to tared, glass stoppered, weighing bottles. These were immediately 
weighed and the specific gravity calculated*
Total solids♦— The samples used for specific gravity were dried in a hot 
air oven at 70® 0* then placed in a vacuum oven at 65® G* and 2 - 5  cm* 
pressure until drying was complete.
Titratable acidity and pH.--Duplicate 5 ml* samples of the juice were 
pipetted into SO ml* beakers and titrated to a pK of 8.5, using 1/10 
normal sodium hydroxide* The end point was determined with a Beckman 
pH Meter employing a glass electrode* The pH value of the sap was deter­
mined on the samples used for titretable acidity*
Oxalic acid♦— Alb.-,uots of 5 to 10 ml* of juice, depending upon the oxalic 
acid content, were pipetted into 25 ml. volumetric flasks and made to vol­
ume* Duplicate 10 ml* aliquots of the diluted juice were measured into
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100 ml# beakers and 0*8 K HOI added until slightly acid to congo red#
This was alleged to stand overnight and any material that flocculated 
was .filtered off on an asbestos mat# The coagulum was washed £ or 5 
times with em.-ill amounts of water slightly acidified with HC1* Two 
drops of methyl red indicator were added to the filtrate ammonia dil­
uted 1-4 ad--led until faintly alkaline, then 2—5 ml# of glacial acetic 
acid followed by 5 ml# of 10 per cent calcium chloride# This was al­
io wed to stand at least 4 hours, when the precipitated calcium oxalate 
was filtered off in n Cooch crucible and washed with a. little very di­
lute assmonia (1-50)# The; crucible and contents were transferred to the 
100 ral. •• eaker, 5 si# of 50 per cent sulphuric acid and 50-40 .ml# of 
water added# The solution was heated to 90* C# and titrated with #02 X 
potassium permanganate*

Tiiis method is essentially the one employed by Pucher, Vickery, 
and Takenian (16) in determining the oxalic acid in the ether extract of 
dried tissue#
Calcium*- — duplicate 10 ml# samples of the luice were measured into small 
porcelain crucibles and dried in a hot air oven at 70* C# The material 
was moistened with a few drops of sulphuric acid (1-10) and heated gent­
ly over a low flame until thoroughly charred# The crucibles wore then 
placed in a muffle furnace and ashed for 4 hours at 600* 0. The addition 
of sulphuric acid was necessary to eliminate explosion of the material dur­
ing ashing#

The ash was dissolved in dilute HOI, taken to dryness to de­
hydrate any silica, redissolved in dilute h01 and made to a volume of 
£5 ml# Calcium was determined on 10 ml# aliquots of this solution by
the micro method (l)•



Analysis for Total Constituents

Moisture ♦^Immediately after cutting the plants, duplicate 15-20 gran 
samples of leaves and stems were snipped into hared aluminum boxes*
The samples were dried to constant weight in a vacuum oven at 65* 0# 
and 2—5 cm* pressure*
Agh* Duplicate 3/4 gram samples of the dried, finely ground materiel 
were weighed into tared platinum cruchles* The material was moistened 
with 25 drops of sulphuric acid (1-10), dried in an oven at 95° 
then placed in a muffle furnace and ashed • 4 hours at 600® C* Hi© sol-* 
phuric acid was necessary to avoid explosion of the material while ashl­
ing*
Calcium* fhe residue from the ash determination was used for the deter­
mination of calcium* The method used was identical with that employed 
for the analysis of calcium in the Juice, except that the volume of the 
ash solution was 50 ml*
Magnesium* The filtrate and washings from the calcium determination did 
not contain sufficient magnesium to perm.it an accurate determination of 
this constituent* A larger aliquot, 20 ml*, was used* This was treated 
in she same way as the calcium determination and magnesium determined on
the filtrate and washings*
Potassium* Duplicate 10 ml* aliquots of the ash solution wore used for 
the determination of potassium. The rapid method was used (1)* 
Phosphorus * A separate ashing was necessary for the determination of 
phosphorus and sulphur* Duplicate 1*0 gram, samples were weighed into 
large porcelain crucibles and ashed by the magnesium nitrate method (1)* 
'The ash was diluted to 250 ml* and 5 ml. aliquots of this solution used
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for the determination of phosphor?,is by the method of Fiske and Subbarow 
(?)• An Amimeo photometer was used for the comparisons* A standard­
isation curve was constructed, using varying: concentrations of pure 
KBgFO^# It was thus possible to read the unknown in the colorimeter 
and find its coneentration directly from the standardization curve* 
Sulphur* Duplicate 200 ml* aliquots of the ash solution were used,for 
the sulphur determination (1)*
Total organic acids» The method used was that of Pucher, Vickery, and 
■Wakemsn (16)*

Duplicate 2*0 gram samples of the dry, finely ground, tissue 
were acidified with 4 M sulphuric acid and extracted in a Soxhlet with 
ether. The extract was washed with dilute sodium hydroxide and the ether 
carefully distilled. The residue was then made to a volume of 100 ml* 
with carbon dioxide free water, duplicate 10 ml. aliquots were titrated 
electrometrically to determine the total organic acidity*
Oxalic and citric acids. The method used was that of Puoher, Vickery, anci 
Vv akeraan (16 ) , {1?).
Malic acid. The uranium acetate method of Dunbar and Bacon (5), modified 
by Vickery and Puoher (16) was used. Admitedly this method is not m  
good as the one developed later by Paeher, Vickery, and TVakeBian (18) but 
the time saved seemed to .justify its use*

Duplicate 20 ml aliquot® of the organic acid solution were 
measured into 26 ml. volumetric flasks, a drop of phenolphthalein was 
added, followed by 2.6 N sodium hydroxide until the reaction was just 
alkaline* It was then acidified with 0*5 ml. of glacial acetic acid*
Three grams of powdered uranium acetate and a little liorite were added 
and the flask shaken on a mechanical shaker for 1 hour. The solution



was made to volume with saturated uranium acetate solution, thoroughly 
mixed and filtered into a Z decimeter polarimeter tube# The rotation 
was observed in a Haensch and Schmidt saccharimeter# Twenty separate 
readings were taken and the average used# The grams of malic acid in 
ZS ml. of solution secured from, the aliquot of original solution taken 
is equal to *—

0.056
V* x ---  — ----     .

4
Hitrie acid. The method used for the extraction of the organic acids 
also extracted the nitric acid quantitatively. A suitable aliquot, 
usually Z ml., of the organic acid extract was placed in a 300 ml. 
Kjeldahl flask, the nitrate reduced with sulphuric acid and reduced 
iron powder, the ammonia distilled and hosslerlsed (l). Readings 
were taken in an irninco photometer and the quantity of nitrogen read 
from a standardisation curve. Varying concentrations of a standard 
ammonium sulphate solution were used to construct the standardisation 
curve*
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At the time of harvest the heights of the plants and fresh 
weights were recorded. Where possible the number of plants per sample 
was also obtained. These data as well as the age of the plants at 
time of harvest are recorded in tables II and III.

TABLE II 
Growth data (1940 crop)

Plant Plant . Harvest Age o•o55 Total Average Av. vrfc
date date plants Fresh height per pi

,
Wt» #

days grams inches gramsSpinach Oct•5• Lee * 6 65 18 458 ' 6 24.5Beets Oct *2 Nov. SO 58 16 450 14 26.9Wheat Oct *2 Nov. 2 50 100 406 14 5.8Blue grass Sept.28 Nov. 12 54 ■«— - 190 6 m(W.̂
Alf&l* Oct. 2 Dec. 11 89 568 12Lima beans Oct. 2 Bov* 11 59 12 405 55 54.Peas Sept.26 Kov. 2 54 50 172 27 5.7Soy beans Sept.28 Oct. 51 52 50 4SS 15 15.2'Wckwheat Sept.20 Oct. 51 52 56 581 19 10.6Lettuce Oct.S Nov. 22 49 25 227 7 9.8Cantaloupe Oct.2 ov. 20 4:8 18 478 — - 26.6Tomato Oct. 5 • ov • 28 55 15 1447 16 96.5
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TABIM  111

Plant Plant•

growth data (1941 crop) 

Harvest Age ho. of Total Av. Av. .nrl
date date Plants Fresh wt. height per p]

Spinao-h Jen* SI Apr* 5
days
65 50

rams
769

inches
7*

grams
25.6

:!'eets Jan* SI Mar. 27 54 24 780 141 32.5
(tops)

Wheat Jan* 51 Mar. 5 52 108 502 11+ 2.8
flue Jan • SI Mar. 21 48 - — 182 7+ —

grass
Alfalfa Jan* SI Apr. 8 66 limiir nn 424 151
lima
beans Feb. zs Apr. 11 44 18 679 22+ 58
Peas Jan. SI Mar. 10 s? 62 368 Z 7 + 5*9
So y 
beans Feb* 25 Apr. Z 5? SO 475 151 15.8
I’uck—
wheat Jan* 51 Mar* 10 57 ©0 44:8 15+ 7.5
lettuce Jan. 51 Mar* 21 48 48 268 ©1 5.6
Canta­
loupes Apr. 6 May 14 37 10 934 ■  1 mu MWi 51.9
Tomatoes Jan. SI Apr. 6 64 12 1203 16+ 100.2

It can be seen from the average fresh weight per plant that the 
two crops are fairly comparable with the exception of cantaloupe* The 
1940 crop of cantaloupe was grown in the late fall when light intensity 
was low and const qiienily there was less growth than in the 1941 crop 
which was grown in April and May when light intensity was increasing# 
Regardless of this great difference in the amount of growth of the two 
crops, analyses based on dry weight showed them to be quite comparable#

In the case of alfalfa and blue grass the great number of plants 
made it inadvisable to attempt a count aa the plants would lose large
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quantities of moisture during- the process# this would lead to serious 
error in latter determination.

Inorganic Cations and Anions 
fable IV gives the inorganic cations in milliequivalents per 100 

grams of dry tissue in the different plants for the 1940 crop and table V 
the inorganic cations and anions for the 1941 crop# The inorganic anions 
were .not determined in the 1940 crop# It can be seen that the inorganic 
ion content is quite comparable in the two crops# The data on the cations 
of the 1941 crop are shown more clearly in figure 4# Figure 5 shows graph­
ically the distribution of calcium* Since the 1940 crop was similar it is 
not included#

TABLE 17 •
Inorganic cations 

(1940 crop)
!

Plant Piiliequivalents per 100 grass of dry tissue
i

Total Total Total c Soluble Soluble calcium
magnesium potassium calcium calcium as percent of total

lima beans leaves 74*0 111.2 117.2 80.S 68.7
stems 64*6 167.3 81.7 57.5 70.5

Peas leaves 52.6 78.9 128.0 —

stems 54.5 115.1 59.0 «— — -

Alfalfa leaves 56.7 80.6 132.6 69.6 52.5
stems 42.8 92.7 45.6 16.5 35.8

Soy beans leaves 93.5 88*5 112.3 55.8 49.7
stems 85.5 146.1 80.3 58.8 48.3

Beets leaves 240.6 176.6 99.0 2.5 2.4
petioles 92.9 348.5 27.15 4.7 17.2

Spinach leaves 165.3 186.5 127.6 1.5 1.0
petioles 103.0 333.7 74.5 2.0 2.8

Buckwheat leaves 188.5 61.9 146.6 4.8 3.3
stems no. a 243.0 105.6 13.6 12.9

Blue grass leaves 52.8 155.1 24.6 £0.3 82.6
v/heat leaves 52.1 191. 5 22.6 17.0 75.S
Tomatoes leaves 114.5 102.0 183.0 91.0 49.8

steins 129.4 228.0 104.3 33.8 32.4
Lettuce leaves 59.2 216.9 01.6 48.7 59.6
Cantaloupe leaves 125.0 96.3 251.3 45.7 15.7

stems 93.2 216.9 79.6 46.0 57.8



Inorganic anions and cations 

1941 Crop

Plant

Lima
beans

leaves
stems

i
total|-r“’ 5
2C.4
82.5

total
S04
18.5
9.5

■iiUiequivalents
Total
% p04
13.1
15.2

per 100 grams of dry tissue 
i Total Total 

magnesium Potassium
69.6 98.9 
48.5 125*7

Total !
Ĉ cium

118.3 
75.0

Soinole
calcium

90.8 
81c 3

Soluble
calcium
m  % of 
total
76.8
42.1

Peas leaves
stems

19.5
48.7

2S.9
12.8

23.9
15.3

47.8
55.7

77.8
114.4

105.5
66.0

86.5
43.1

82.1
65.3

Alfalfa leaves
stems

24. C 
29.6

04.4
15.1

19.4
21.8

41.4
55.4

83.4
125.6

109.0
49.7

53.9
18.4

49.4
37.3

So y 
bears

leaves
stems

15.0
52.1

25.0
23.5

24.9
25.6

71.0
58.1

76.6
104.2

128.7
81.0

71.6
36.0

55.7
44.4

Beets leaves
reticles

fifi.O
157.5

50.0
12.4

24.9
15.2

201. C
65.3

151.7
261.0

112.0
42.3

1.5
2.7

1*8
8.9

Spinach Leaves
Petioles

40.4
100.5

£•0 .-») 
22.2

59.7
57.9

157.3
85.2

186.7 
248 a 1

133.7
51.3

1.1
2.6

0.9
5.2

DttCk-
wheat

leaves
stems

17.7
162.5

21.0
12.2

27.1
22.1

174.9
92.1

57. C 
18c .7

157.0
106.0

 ̂rh#V ♦ Cj*
13.5

1.8
12. 7

Hue grass Leaves 74.5 26.7 25.4 47.7. 142.2 23.0 17.0 75.7
'■heat Leaves 76.9 80.0 55.7 41.7 175.1 22.7 15.0 66.7

Tomatoes leaves
stems

20.4
106.4

91.8
15.2

50.0
29.7

105.3
119.3

8214
181.4

191.7
112.0

116.8
39.7

60.9
55.3

Lettuce leaves 54.5 24.8 26.5 50.5 195.2 CO. 7 47.5 78.5
Cantaloupe Leaves

stems
44.5
120.7

72.4
27.4

26.9
26.1

148.6
01.1

72.6
14G.0

336.7
91.7

51.0
59.8

15.2
65.5
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It is clearly shown that when different species of plants are 
all grown under the same conditions of nutrient supply they take up in­
organic ions 1b varying proportions according to inherent characterist­
ics of the plant* It should be noted that even plants in the sane fam­
ilies as the legumes - soy beans, lima beans, alfalfa, and peas; the 
Chenopodiacae— beets and spinach; the grasses - blue grass and wheat, 
all tend to accumulate cations in the same relative proportions • These 
results corroborate those of Newton (11)#

Calcium and magnesium tend to accumulate in greater quantities 
in the leaf blade tissue than in the stems and petioles. The reverse is 
true of potassium* Much larger quantities of this element accumulates in 
the stems and petioles than in the leaf blades. The exceedingly high a- 
mount of calcium present in cantaloupe leaves is of special interest and 
will be considered later.

The soluble calcium as per cent of total calcium ranges from 70 
- 80 percent in some plants down to 1 percent in others.

Tables VI and VII .give the percentage composition of the var­
ious inorganic constituents for the two crops 1940 and 1941. The per­
centages of ash appear very high. This is due to the necessity of treat­
ing- the dry tissue with sulphuric acid before ashing. The quantities of 
ash are therefore reported as sulfated ash. All samples were treated the 
seme so comparison of relative amounts are valid with this experiment.

Organic acids
Tables VIII and IX give the various organic acids in milliequi- 

valents per 100 grams of dry tissue in the two crops 1940 and 1941. Tables 
X and XI give the same data calculated as percentage of wet and dry weight. 
A word of warning is necessary when comparing the data in this experiment



TABLE VI

Percentage Composition of inorganic constituents
(1940 crop)

Plant Ash Calcium Magnesium Potassium
(sulfatecl)

Bet wt. _ try ist. V et wt. Dry wt. Let wt* Dry nt. : Let wt. Dry wt.
Lima Leaves 2 ♦TO ■20.71 0.806 2.34 0.117 0.900 0.567 4.55
beans stems £•91 22.03 0.171 1.63 0.082 0*786 0.686 6.54
Peas Leaves 2.95 15.12 0.417 2.56 0.104 0.640 0.505 5.09

stems 2.09 15.48 0.159 1.18 0.057 0.420 0.608 4.50
Alfalfa Leaves 5.00 18.07 0.417 2.65 0.109 0.690 0.496 5.15

stems 2.42 13.09 0.169 0.913 0.096 0.520 0.671 3.65
Soy “Deans Leaves 1 . 6 6 18.29 0.527 2.25 0.166 1.14 0.504 5.46

sterns 2.14 20.43 0.168 1.61 0.109 1.04 0.599 5.71
Beets Leaves 3.06 52.75 0.185 1.98 0.273 2.95 0.645 6.91

petioles 2.28 35.76 0.055 0.547 0.072 1.15 0.869 15.63
Spinach leaves 5.80 53.16 0.293 2.55 0.251 2.01 0.857 7.29

petioles 9 OOO • 59.31 0.125 1.49 0.105 1.25 1.09 13.05
Buck­ Leaves S.56 25.9? 0.411 2.93 0.321 2.29 0.339 2.42wheat stems 1.69 32.95 0.108 2.11 0.069 1 RC JU . *J w 0.486 9.50
Blue leaves 2.93 17.20 0.084 0.495 0.108 0.640 1.028 6.0?
grass

Lheat Leaves 2.05 19.58 0.047 0.4S3 0.066 0*653 0.776 7.49
Tomatoes leaves 2.69 25.91 0.381 3.66 0.145 1.59 0.415 5.99stems 1.76 32.52 0.113 2.09 0.085 1.57 0.481 8.91
Lettuce leaves 1.42 28.56 0.081 1.653. 0.056 0.720 0.422 8.48
Cantaloupe leaves 3.77 54.43 0.637 5.85 0.166 1.52 0.412 5.77

stems 1.58 28.83 0.087 1.59 0.062 1.15 0.465 8.48



TAP-IK Vll

Percentage composition of inorganic constituents 
(1941 crop)

I

Plant Ash
(sulfated)

Oslciim’ Pa, :nesium Potassium titrate
nitroger1A

Bulphur Phosphorus

V»V. i
et
fft.

bet
wt.

I'ry
vt.
}t>

Bet
wt.

Lry
Vfts •
p

\i L*. 
"P

Pxy
wt.
P

Pot i

Tr
P

yt.
p

' et 
wt.
P

Pry
Vi t.

et
wt.
P

Pry
wt*c;P

lima
beans

leaves
stems

20.28
16-72

2.70
2.17

o'.sis
0.195

2.56
1.50

: .115 
O..076

0.896
0.590

0.515
0.63G

,3.67 / cnOr •

0.053
”? f"\ i r ’i#  V,\., g.

0.397
0.452

0.039
0,020

0.296
-.153

0.054
0.061

0.405
0.470

Peas leaves
s'terns

Aij * 0'-
14 •  O <D

2.40
1.84

0.550
0.170

2.11
1.52

0.081
0.062

0.581
0.410

0.47'"
0.575

3.04
4.47

0.045
0.080

0.273 0.065 
0.682 0.026

0.414
0.205

0.116
0.061

0.740
0.475

Alfalfa leaves
stems

16.55
16 #04

2.68
2.47

0.558
0.153

2.18
0.995

0.082
0.062

0.50S
0.406

0.599
0.745

5.85 
4.83

0.056
0.064

0.545
0.412

0.090
0.037

0.550
0.242

H AQPw  •  >- ’ *S\J
0.104

0.800 
0. 75

Bov
beans

leaves
sterns

1: .*64 1 c  orJ L l g  #  *7 vi

5.05
2*05

0.4.22
0.196

2.57
1.62

0.141
0.085

0.865
0.706

0.489
0.492

2.966
4.073

0.034
0.05*;

0.210 0.060 
0.450 0.045

0.369
0.374

0.126
0.0-8

0.770
0.730

Peets leaves
petioles

31.44
52.19

3*40
2.17

0.242
0*053

2.24
0.046

0.265
0.048

2.45n *-7ov‘w  ♦  * o u

0.642 5.95 
0.659 10.21

0.34
0.138

0.513
2.21

0.052
0.012

0,481
0,198

0.083
0.029

0,770
0.470

Spinach leaves
petioles

52.68
£9*85

5.54
2.29

0.275
0.079

2.67
1.03

0.170
0.079

1.67
1.04

0.746
0.727

7.30
9.47

0.058
C.106

nr nr• t w v  <..*

1.40
0.050
0.027

0.488
0.355

0.126
0.090

1.23
1.18

Puck-
wheat

leaves
stems

25*59
29*63

9 0 P%./ 0 * w U

1.77
0.406
0.127

3.14
2.12

6.275 
C .06?

2.13
1.12

0.292
0.456

2.26
7.30

A Â,9
vP • Xoo

0.247
2.26

0.043
0,011

0,338
0.195

0.109
0.041

0.840
0.685

blue 
grass 
I: teat

leaves

leaves

17.16

18.99

2.62

2.19

0.070

0.052

0.400

0.4/3

0.088

0.058

-.580

0.506

0*847

0.780

5.56 

S .  7 7

0.158

0.124

1.04

1.08

0.065

0.055

0,427

0.480

0.110

0.127

0,725

1.11
Tomatoes leaves

stems
25.64
28.52

2.65
1.75

0.427
0.133

5.83 
2 .24

0.142
0.086

1.28
1.45

0.558
0.420

5.22
7.09

0.032
0.088

0.285 0.164 
1.49 0.014

1.47
0.243

0.104
0.054

0.930
0.920

Lettuce leaves 25.57 1.67 0.079 1.21 0.040 0.613 0.498 7.63 0.04S 0.760 0.259 0.398 0.126 0.770
Cantar-
loupe

leaves
stems

56.65
tuO  *  5o

4 s * 5 4

1.49
0.7S8
0.116

0.75
1.85

•0.214
0.062

1.81
0.966

0.S57
0.367

2.84
5.70

0.073
0.011

0.620
1.69

0.137
0.028

1.16
0.459

0.099
0.051

0.83S
0.810
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Ft?;. 5. illative amounts of soluble and insoluble calcium in leaves 
and steins of the plants tested (1941 crop)
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Vith data from plants grown antler different conditions. As Clark (4) 
and Wadleigfa and Shive (£6) have shorn and as Vickery and Richer (25) 
have stated the kinds and amounts of organic acids occurring in plants 
are profoundly influenced by the for® in which nitrogen i® supplied 
to the plant.

It is evident, that in many cases it is possible to account 
for only a small amount of the total organic acidity as oxalic, malic 
and citric acids. In wheat and blue grass the unknown organic acids 
make up 70 — 80 percent of the total. In beets, spinach, and buckwheat 
70 — 85 percent of the total acids can be accounted for. Data of this 
nature clearly shew that there is still much to be dona in the way of 
developing methods for the determination of the acids of the unknown 
group.

Cation—Anion Balance
Richer, Vickery, and Wakeman (19) have shown in tobacco grown 

under controlled fertiliser conditions, a larger excess of positive ions 
over inorganic anions and this excess is positively correlated with the 
ether soluble organic acids* An attempt has bean made in the present 
investigation to determine If this Is a common phenomenon among plants 
in general.

In the analyses no attempt was made to fractionate organic 
and inorganic sulphur and phosphorus. In the calculations of milli— 
equivalents of in.organic anions all sulphur was considered as sulfate 
and all phosphorus as phosphate. This is not strictly true as phos­
phorus and sulphur are known to enter into many organic compounds as 
proteins, phosphatides, hexose phosphates, etc. However it seems safe 
to assume that the major portions of these elements are in the In­
organic form. in. the plant. All phosphorus was calculated as the mono-



TABIE nil 
Organic acids# (1940 crop)

!Plant Milliequivalenta per 100 grans of dry tissue ; Onknown as
Total acids Oxalic

Idma beans leaves £37*2 30.2
stems £59 #3 £9.5

Peas leaves 255.7 17.0
stems £19.6 6.0

iilf alf s leaves 199.5 30.0
stems 166.8 9.8

Soy beans leaves £46.1 17.4
stems 255.5 £1.8

Beets leaves B05.9 298.0
petioles 201.6 86.6

Spinach leaves 562.1 280.4
petioles £36.5 150.9

Buckwheat leaves 353.6 £53.8
stems £07.2 109.2

Blue grass leaves 142.7 0.0
Bheat leaves 153.5 0.0

Tomatoes leaves £39.7 69.3
stems 220.5 82.1

Lettuce leaves 107.2 |T) TVfc.O
Cantaloupe leaves 85.6 0.0

stems 129.7 0.0

percent of
Malic Citric Unknown acids total.
£4.9 38.5 143.6 60.5
30.2 52.2 167.3 64*5
56.1 86.0 96.8 57.8
47.0 56*0 110.6 50.4
24.9 22.9 121.7 61.0
18.8 10.9 129.3 77.5
1.5 58.0 169.4 68.8
26.2 £0.8 166.3 70.9

£1.2 £0.8 66*1 16.3
40.0 22.4 52.8 £6.2
€.5 3*7 71.5 19.7
16.8 4.9 65.3 27.6
15.8 28.4 57.8 16.5
16.8 13.4 67.8 52.7
7.7 28.3 108.7 76.2
16.4 o.b 110.6 82.8
30.9 58.8 85.7 35.7
52.7 10.7 75.0 54.0
72.1 18.6 104.2 52.8
22.2 54.0 29.4 54.5
53.7 10.7 85.8 50.5



lAnXJji A.a

Organic acids. (1941 crop)
i

Plant ISUlieQuivaleiits per 100 grams of dry tissue 1 Unknown as
percent of

J
Total acids Oxalic Malic Citric Unknown acids total.

Lima beans ileaves 249.7 16.9 65.8 48.6 118.4 47.4
stems 171.1 51.1 24.5 53.1 82.4 48.2

Peas leaves 212.9 15.1 42.6 80,8 74.4 34.9
stems iei.o 7.3 46.5 34*5 92.7 51.2

Alfalfa leaves 185.7 14.1 21.8 14.5 155.5 72.9
stems 140.7 4.9 50.9 0.4 96.5 68.8

Soy beans leaves 248*7 15.9 10.6 104,6 117,6 47,3
stems 177.0 18.9 10.9 28.8 120,4 68.0

Beets leaves 427.5 322.9 18.4 32.0 59.2 13.8
petioles 205.1 97.8 28.9 24*8 51,6 25.4

Spinach leaves 580.4 809.0 0.9 10,5 52.0 15.7
petioles 226.2 110.2 60.1 9.6 46.5 20.5

Buckwheat leaves 560.1 265.7 14.1 13.8 66.5 17*5
stems 205.6 110.4 34.1 6.6 54.5 26.5

Blue grass leaves 108.5 0.0 9.1 27.8 71.6 66.0
Cheat leaves 122.1 0.0 18.3 9.6 94.2 77.2
Tomatoes leaves 269.8 45.2 61.1 74.4 89.1 33.0

stems 251.6 81.3 89.5 12.3 40.7 21.0
Lettuce leaves 280.8 1.4 109.0 32.2 76*2 35.4
Cantaloupe leaves 99.2 0.0 26.2 19.4 53.6 54.0

stems 119.4 0.0 54.4 5.9 59.1 49.5



w m  i

Percentage composition of organic acids.
(1940 crop)

j
Plant Oxalic acid Malic acid Citric acid

h©t wt. Dry wt. 1 wet wt. Dry wt. let wt. i Dry wt,
% ■ /C % % q ■ %

lima beans leaves 0.18 1.56 0.22 1.67 0.32 2.4?
stems 0.14 1.55 0.21 2*05 0.22 2.08

Peas leaves 0.15 0.77 0.61 5.76 0.90 5.51
stems 0.04 0.27 0.45 5.15 0.49 3.59

Alfalfa leaves 0.21 1.S5 0.26 1.67 0.25 1.4?
stems 0.08 0.44 0.21 1.13 0.15 0.70

Soy beans leaves 0.11 0.78 0.01 0.09 0.56 5.81
stems 0.10 0.98 0.18 1.78 0.14 1.32

ieets leaves 1.25 15.41 0.15 1.42 0.12 1.32
petioles 0.25 5.90 0.17 2 . Do 0.09 1.44

Spinach leaves 1.4S 12.82 0.05 0.44 0.03 0.24
petioles 0.S7 6*79 0.09 1.15 0.05 0.31

Buckwheat leaves 1.60 11.42 0.15 1.06 0.24 1.69stems 0.25 4.91 0.06 1.15 0,04 0.86
isLm grass leaves o « o 0.0 0.09 0.52 0.29 1.68
Wheat leaves 0.0 0.0 0.11 1.10 0.04 0.43
Tomatoes leaves 0.52 5.12 0.22 2.07 0.36 3,44

stems 0.20 5.70 0.19 5.55 0.04 0.69
Lettuce leaves 0.005 0.10 0.24 4.83 0.06 1.19
Cantaloupe leaves 0.0 0.0 0.16 1.49 0.24 2.18stems 0.0 0.0 0.20 3.60 0.04 0.69



TABLS II

Percentage composition of organic acids 
(1941 crop)

Plant Oxalic acid Malic acid Citric ■acid

i Wet wt*
%

Dry wt*at Wet wt.rJ Dry wt* 
%

Wet wt*
p

. Dry wt
lima beans j leaves 0*10 0.76 0*59 4.41 0,42 5.11

! stems 0*18 1*40 0*21 1*64 0*27 2.12
Peas leaves 0*11 0,68 0,45 2,86 0.81 5*1?

stems 0.04 0.55 0.40 3*12 0*28 2*21
Alfalfa leaves 0.10 0*64 0*24 1,46 0.15 0.95

stems 0.05 0,22 0.52 2.07 0.08 0,54
Soy beans leaves 0*12 0.71 0*12 0.71 1.10 6*70

stems 0*11 0,87 0,09 0,73 0.21 1,71
Oeets leaves 1*57 14.55 0*10 0*90 0.22 2.05

petioles 0.28 4*40 0.12 1.94 0.10 1.59
Spinach leaves 1.42 15*91 0,06 0,06 0.0? 0.67

petioles 0*58 4.96 0*51 4.03 0.05 0.62
Buckwheat leaves 1.55 11.96 0.12 0.95 0.11 0.89

stems 0.50 4.97 0.14 2.29 0.03 0.43
Slue grass leaves 0.0 0*0 0.09 0.81 0.27 1.78
Wheat leaves 0.0 0.0 0.14 1*25 0.07 0.62
tomatoes leaves 0.25 2.05 0.46 4*10 0.54 4.76

stems 0*22 5*66 0,35 5.99 0.05 0.78
lettuce leaves 0.004 0,06 0.48 7*50 0.13 2.06
Jantaloupe leaves 0.0 0.0 0.21 1.76 0.15 1.24stems 0*0 0*0 0.25 5.65 0.02 0.38
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phosphate ion as this is practically the only form in which it can exist 
at the pH characteristic of the sap of the plants tested#

fable XII present the relationship between the excess inorganic 
cations and ether soluble organic acids in the leaves and stems of the 1941 
crop# Figure 6 presents the data of table XII in graphic fom* In the case 
of the leaf tissue the two components -of the graph are nearly superimposable•

TABLE XII
Correlation between excess inorganic cations and total organic acids#

(1941 crop)
I

Plant ; "tl.lliequival@nts per 100 grams of dry tissue ■
Leave© Stems and Petioles

Total Total Excess Total Total Total in- Excess Total
Ga, Mg, inorganic Cations or; .anic Ca, Mg, organic Cations Organic
K anion© ** acids K anion© acicb

lima
beans
Peas

BBS #8 
BSl.B

59.9
69.2

226.9
162.0

249.7
212.9

249.2
214.1

57.0-
76.9

192.2
137.2

171.1
181.0

Alfalfa 245.8 76.4 16-6.4 IBS.7 2C5.7 . -V f~O O •  D 139.2 140.7
Soy
beans 276.2 62.9 215.5 248.7 245.5 79.0 164.5 177.0
Beets 465.5 77.2 588.5 427.5 568.5 185. 0 185.5 205.1
Spinach 457.7 110.5 547.2 580.4 578.7 160.4 218.3 226.2
Buck­
wheat
Blue
grass

589.7

212.9

65.8

124.5

525.9

88.6

360.1

108.5

384.8 196.8 188 .0 205.6

Wheat 257.0 142.6 94.7 122.1
Tomatoes 5!7 9# 2 142.1 257.1 269.0 412.7 151.5 261.4 251.6
'Lettuce 506.5 105.4 200.9 220.8

* NOg, sojr Kgp01 Total cations minus inorganic anions
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Fig* 6* Correlation between excess cations 2nd total organic acids in 
leaves and stems of the plants tested* (1941 crop)*
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As far as the author is aware these are the first data to show 
that inorganic cations and ether soluble organic acids are positively 
correlated in a series of different species of plants* The correlation 
in the leaf blade tissue is exceedingly high (+*99f), that in the stem 
and petiole tissue not as high C+.798). These data indicate strongly
that excess positive ions in many plant® and particularly in leaf tis­
sue are closely concerned with balancing the organic acids*

It will be noted that cantaloupe is not included* This plant
has the highest cation content but'the lowest or; anie acid content, of 
any of the plants tested* It is obvious that or anic acids do not play 
an important role in balancin cations in this plant* It Is entirely 
possible however, that cations and or anic acids are positively correlat­
ed, but at a much lower level In this plant then in the other plants test­
ed* The exceedingly high amount of calcium present in the leaves of canta­
loupe is rather unusual* Approximately 85 percent of it is insoluble but 
it Is not obvious in what combination it exists* There Is no oxalic acid 
in cantaloupe so the possibility of insoluble calcium, oxalate in the plant 
is excluded* The pH of the expressed sap is unusually high, 7*4 - 7.8*
This immediately suggests the possibility that pert of the cations are 
tied up as bicarbonate* Preliminary experiments however do not indicate 
a very large amount of COg in the sap* under more careful conditions 
this may not prove to be the case* work is new in progress to determine 
what substances other than phosphate, sulfate, nitrate, and organic acids 
are foindin the lar e -quantities of cations In this plant*

ll.lin (10) and Riddle (20) have considered the possibility that 
the selective absorption of cations by plants is tied up with occurrence 
of various organic acids that exert an influence on the absorption of a
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particular cation over other cations.
lljin (10) found in general, that soluble calcium in plants 

was positively correlated 'with malic and citric acid content*
i'fgures 7 and 8 compare graphically the amounts of detemined 

organic acids as well as the unknown group with the amounts of cations 
found in the various plants of the 1941 crop* to striking relation­
ships are evident* Malic and citric acids are found to be somewhat 
correlated with soluble calcium, particularly in the leaf tissue*
Citric acid and those acids of the unknown group show a small negative 
correlation with total magnesium content in the stems and petioles* 

fiddle postulated that when data are available it will be 
found that cation absorption is correlated with the occurrence of spe­
cific organic acids in ths plants* His hypothesis is based on the dis­
sociation constants of the acids and the solubilities of the salts form­
ed* Since in many plants it was possible to determine only 25 - 50 per­
cent of the organic acids, it is not possible to put Kiddle*s hypothesis
to a test* However in spinach, beets, and buckwheat where the major* por­
tion of the organic acids can be accounted for, some support for Middle* s
hypothesis is evident*

As presented earlier Riddle postulated that plants rich in acid 
such as oxalic would show a depressed calcium uptake with the consequent 
effect that some other cation, the oxalate of which is more soluble than 
calcium oxalate, would he taken up in large quantities • In buckwheat, 
spinach, and beets a large portion of the total organic acidity is made 
up of oxalic acid* Figure ? shows that in the leaves of these plant© 
total calcium decreases as total oxalic acid increases* Total magnesium 
content is considerably higher in these plants than in the others, in­
dicating enhanced magnesium absorption* Magnesium oxalate is more sol—
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uble than calcium oxalate and too It tends to form rather stable super** 
saturated solutions. According to Kiddlefs hypothesis the decreased 
calcium uptake is due to the cell sap becoming quickly saturated with 
the difficultly soluble calcium oxalate and hence calcium absorption is 
temporarily stopped. Since magnesium is available and it forms a more 
soluble salt with oxalic acid, the absorption of magnesium is enhanced.

I&ddle1s hypothesis is certainly interesting and when it is 
possible to obtain a more complete picture of the kinds and amounts of 
organic acids in various plants, further evidence substantiating his views 
many be found.

Results of the present experiment indicate that those plants 
which produce oxalic acid have very small quantities of insoluble calcium, 
figures 7 and 9. .The major portion of the calcium is in a sap soluble 
state. There are exceptions to this such as cantaloupe. In the plants 
that produce some oxalic acid cut no large quantity all of the oxalic 
acid is precipitated, presumably as calcium oxalate. However the major 
portion of the calcium is still in a sap soluble state. Those plants as 
beets, spinach, and buckwheat which produce large quantities of oxalic 
acid have practically all of the calcium in an insoluble state, only 
traces of sap soluble calcium occurring# In addition these plants have 
considerable quantities of oxalates dissolved in the cell sap. According 
to this the picture ranges from those plants with no oxalic acid and a 
relatively large proportion of sap soluble calcium to those plants with 
large quantities of oxalic acid and little or no soluble calcium#

Table XIII shows the high positive correlation between insol­
uble calcium and insoluble oxalates in both the 1940 and 1941 crops.
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Figure 9 presents the same data in ::,raph±e f o m  for the 1941 crop. It
will be noted that in "he three plants producing the largest quantities
of oxalic acid, insoluble oxalates exceed the amount of jjasoluble calcium* 
Obviousl’* some other cation besides calcium ' ust exist in the form of an 
insoluble oxalate in the plant. Whenever juice of beets, spinach, or 
buckwheat is allowed to stand for a few hours a white crystalline precipe 
itste appears# This has been i dor tilled as pure magnesium oxalate* 
Previous evidence has been obtained by- the author (14) that magnesium is 
precipitated bp oxalic acid. Magnesium oxalate is known to form a super­
saturated solution rather easily and it appears that this is wliat happens 
in the plant. However with an increased uptake of magnesium the limits 
of supersaturation are bound to be exceeded and some of the magnesium 
oxalate will be precipitated* In connect!un with this it should be men­
tioned that Bunn© (6) has presented evidence indicating that in buckwheat
oxalic acid can be precipitated as potassium oxalate.

Titratable Acidity and Free Acid Plus Free Phosphate.

Considerable work has been done in trying to identify plant buf­
fers by duplicating buffer curves of plant sap* This duplication is ac­
complished by mixing substances as KHgPCg, various organic acid salts, 
airi.no acids, and sugars which are known to occur in plants and which show 
buffering action at various hydrogen—ion concentrations*

Hurd—Karrer (9) has succeeded in duplicating the buffer curve of 
the expressed juice of wheat over a wi.de range of hydrogen—ion concentra­
tion* She concluded that for wheat the principal buffers between pH 5*8, 
•0 and 0.0 were phosphate and a small amount of organic acids. Pucher, 

Vickery, and bakeraan (19) in criticizing the technique of using titratable
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TABLE .XIII
Correlation between insoluble oxalic acid and insoluble calcium

194.0 Crop
Plant L&lliequlval©n ta per 100 grains of dry •tissue

Leaves Stems and Petioles
Insoluble Insoluble Insoluble Insoluble
Oxalic acid calcium Oxalic acid calcium

Tima beans 50.2 56.7 29.6 24.2
Peas * — — — —

Alfalfa 50.0 6S.0 9.8 29.3
Soy beans 17.4 58.5 21.8 41.5
Beets 209.8 98.7 57.9 25.1
Spinach ; 155.0 126.5 84.5 72.3
Buckwheat 242.9 141.8 109.2 92.0
Blue grass 0 .0 4.3
Wheat 0.0 5.6
Tomatoes 89.5 92.0 82.1 70.5
lettuce 2.5 52.9

Corr• coef. * 4*886 Corr* coef. *® *.929

1941 Crop

Idas beans 16.9 27.5 51.1 45.5
Peas 51.1 19.0 7.3 22.9
Alfalfa 14.1 55.1 4 • 9 31.3
Soy be ms 15.9 57.1 18.9 45.0
Beets 161.0 110.7 66.1 39.6
Spinach 167.4 132.6 49.4 48.7
Buckwheat 259.8 154.2 100.6 92.5
Blue grass 0.0.0 6.0
Wheat 0.0 7.7
Tomatoes 45.2 74.9 81.3 72.5
Lettuce 1.4 15.2

Corr Coef. * + .646 Cor**, coef* * 4*864
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.■millI N S O L U B L E -

Fig . 9. relationship hetmen insoluble calcium and insoluble oxalates
in leaves and stems of plants tasted. (1941 crop).
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acidity a® a measure of the change in organic acidity state that such 
a detersuination is merely a measure of the water soluble acids that re­
main unnoutralized at the pH of the cell sap.

In the present experiment an attempt has been made to determine 
the main buffers In the plant sap that titrate between the PH of the ex­
tracted juice and pH 8.5. this was accomplished by calculating the amount 
of HgFOj free at the pli of the sap and adding it to the amount of organic 
acids free at the same pH. This confined value was then compared with the 
titratablo acidity.

The pH of the sap of the plants tested shows that phosphate can 
exist only as the HgPCj and BPOJ*” ions. Between the pH limits chosen the 
entire amount of %P0*4 hut none of the BPOJ* is titrated# Therefore the 
amount of IlgPOj ion present at the pfl of the sap was used as the amount 
contributed by phosphate to the titratable acidity. The total phosphorus 
content of the plant tissue was used in this calculation rather than just 
that present in the sap. ihren so the data indicate that no ; rest error re­
sulted. In calculating the amount of organic acids free at the pil of the 
sap the same method was used as for phosphorus, Benoet-Clark (2). Citric 
and malic acids were considered as entirely soluble while only the sol­
uble portion of the oxalic acid If any was considered. How to calculate 
the unknown group of acids presented a problem. It was finally decided to 
consider them all as four carbon acids similar to malic acid arid so the 
dissociation constants of malic acid «~.®re used In the calculations• By 

graphing the amounts of the different ions of the acids existing at var­
ious pil values it was possible to read directly the percent of an acid 
present in any form at a given pH. It was found that all of the common­
ly occurrin; organic acids are completely titrated at pH 8*5.
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Table XIV shows the high degree of correlation between titrat- 
able acidity and free acid pins free phosphate ■ for the 1941 crop. Con­
sidering the estimations that it was necessary to make* the equivalence 
between the two values in many cases is remarkable. It can be seen from 
figure 10 that the free acid is not correlated with titratable acidity 
but when free phosphate is added to free acid the correlation is very 
pronounced. Any large discrepancies as in tomato leaves and buckwheat 
stems are probably due to the necessity of calculating the unknown acids 
on the basis of malic acid and using total phosphorus rather than soluble 
phosphorus in the calculations.
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babls xxv

iielstionship :wtmen titratable acidity arid free acid plus free phosphate* 
(1941 crop)

Plant
pH of 
plant 
sap

Leaves
•ixlliequivalents per 100 grains of dry tissue

Total free Total free Free acid Titratable
acid KgPOJ plus free acidity

% ^ 4
lima beans 5*95 16.5 11.0 27.8 26.4
Peas 5*90 16.8 20 .8 57.6 55.7
Alfalfa 6.05 9.2 16.1 25.5 22.0
Soy beans 6.17 11.5 19.2 SO.7 25.5
Beets 6.27 5.0 17.9 22. S 18.7
Spinach 6. SO S.5 28.2 51.5 28.1
Buckwheat 5.94 6.8 25.5 50.1 26.8
Blue 'V&8S 6.46 5.0 14.5 17.5 20.1
Wheat 5.90 9.0 31.4 40.4 58.6
Tomatoes 5.71 28.1 27.5 55.4 42.0
Lettuce 6.14 10.4 

Corr. coef
25.1 

. +.919
55.5 31.0

Stems
lima beans 5*68 19.8
Peas 6.01 10*4
Alfalfa 5.85 11.8
Soy beans 5.78 16.5
Beets 5.88 9.2
Spinach 5.95 8.6
"Buckwheat 4*69 56.5
Tomato© s 5.55 22.8

and Petioles
14.0 55.8 51.2
12*8 25.2 26.5
19.4 51.2 24.5
21.2 57.5 40.1
15.4 22.6 21.4
52.7 41.5 54.9
21.9 58.2 44.4
27.8 50.6 51.2

Corr. coef. *902
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STEMS AND PET| OLES

TITRATABLE 
AC I D IT Y

FREE AC J D

Fi..* 10• ? Relationship between titratable acidity and free acid plus
free phosphate in leaves and stems of plants tested*

(1341 crop)
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Fig# XI. lima beans (1941)
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v ,Flg. 12. Peas (1941) ' ,
■ . . is-:' ’ * - -.tf. _. a-.-..*.; .i ia^ >; • . *
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Soy beans (1941)
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Pig* 16* « Spinach <1941)



ss

Fig. IV. Buckwheat (1941)
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PPP

Fig* 18. Blua grass (1941)
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Fiu o 19 •Whaat (1941)
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Ftg. 20. Tcmatofce (1941) |



•UARTERS FOR POW ER  
I. | ,0 2, ,61 8 I , L I 9! I



(im) edtioroa»3. *23



SWm&TiY AID COKCLOSIOI-IS

'IXmlve different species of plants were grown in the greenhouse 
under conditions of controlled solution culture and all plants received 
the same nutrient supply* Chemical analyses were made with the idea of 
studying the cation—anion balance in the different species of plants* 

Inorganic ions were found to be taken up in varying propor­
tions according to inherent characteristics of the plant* Plants in the 
same family tended to accumulate ions in relatively the same proportion* 

Data were obtained on Due kinds and amounts of organic acids 
occurring in a variety of plants* In some plants the unknown fraction 
of organic acids made up 70 -SO percent of the total while in others the 
unknown fraction amounted 'to only 15 - 25 percent*

In all plants a large excess of inorganic cations over Inorganic 
anions was found and when all plants, with the exception o f cantaloupe* 
were considered together this excess was found to be highly correlated 
with total ether soluble organic acids* Cantaloupe was an outstanding 
exception* It contained the largest amounts of cations but the small­
est amounts' of organic acids of any of the plants tested# Obviously 
organic acids do not play an important role in balancing cations in this 
plant*

Mo outstanding example of any one organic acid causing select­
ive absorption of a specific cation was found* In the leaves malic and 
citric acids showed a rather low positive correlation with soluble cal­
cium* Citric acid and those acids of the unknown group showed a rather 
small negative correlation with total magnesium content in the stems and 
petioles*
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Insoluble oxalates and insoluble calcium, were found to be high­
ly correlated when the plants were considered as a group*. In three cases 
insoluble oxalic acid exceeded the amount of insoluble calcium* Evidence 
was cited that the additional insoluble oxalic acid was present as mag­
nesium oxalate* Magnesium content increased with increased oxalic acid 
content.

Those plants with little or no oxalic acid had a large proportion 
of the calcium in a sap soluble state while those plants high in oxalic 
acid had but traces of sap soluble calcium.

A comparison of titratable acidity with free phosphate plus free 
organic acid© showed a high degree of positive correlation, in many cases 
a remarkable equivalence• Free organic acid alone was not correlated with 
titratable acidity.

Department of Botany
University of Maryland
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