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INTRODUCTION

An understanding of the selective absorption of mineral
nutrients by plants 1s one of the challenging problems of
plant nutrition., Investigators have employed many approaches
in an attempt to solve this problem.

It was inevitable with lncreasing knowledge of 1ionic
exchange, and with the prominence of exchange phenomena in
soil studies, that attempts be made to relate the exchange
reaction of plant roots to selective absorption. Many in-
vestigators have been aware of the fact that exchange reac-
tions might be important in nutrient absorption by plant
roots. However, there was no way to test the hypothesis
until some means of evaluating the exchange capaclty of
plent roots was developed. Mattson et a2l (29) were the
first to develop a method for quantitatively evaluating the
relative exchange capacities of plant roots. Drake (10}
and Graham (16} both have developed modified methods for
use with fresh tissue,

The purpose of this investigation was to determine the
relative exchange capacity of the roots of some floricul ture
crops and try to relate this information to their selective
cation absorption. A relationship between the relative ex-
change capaclty and selectlve cation absorption could aid

in predicting the fertillizer needs of floriculture crops



“under varying soll conditions. Information about the
actual nutrient requirements of floricul ture crops together
with information about the feeding power of roots of these
crops for different nutrient elements could ald in a better

understanding of the nutritional problems of commercial

growers,



REVIEW OF LITERATURE

Theories of Ion Absorption

One of the most widely studied theories of 1on absorp-
tion in plants is the anion respiration or salt respiration
theory of Lundegardh (7, 27). Lundegardh found in whesat
that anion intake was related to aerobic respiration. A
neutral salt such as potassium chloride, increased the res-
piration rate in the cells of plant roots with an accompany-
Ing increase in salt absorption. The fractlion of the respir-
ation of root cells which was stimulated by the added salt,
was very sensitive to cyanide. Cyanlde inhibited both this
fraction of the cell respiration and salt accumulation in
the root cells. Lundegardh concluded this was probably the
ecytochrome-cytochrome oxidase system which was involved,
He postulated that at the cytochrome stage, hydrogen ions,
and electrons derived from hydrogen atoms of respiratory
substrates, were separated. The cytochrome could pass
electrons in one directlion and anions in the opposite direc-
tion thru the cytoplasm of the cell due to the valence
change of the iron atom in the cytochrome. The liberated
hydrogen ions could pass out of the cell in exchange for
cations,

If this hypothesis 1is valid, the quotient (equivalent

absorbed anions/ molecules of oxygen consumed) should have

3



a constant value. Since twenty-four steps of electron
transfer are concerned in the complete oxidation of glucose,
Q(an/OZ) should have & value of l;. This theoretical value
was approached in experiments with storage tissue of carrot
roots by Robertson and Wilkens (41). Lundegardh found much
lower values for the q(an/OZ) with wheat roots, He attribu-
ted possible sources of error to loss of anions by bleeding
of the excised roots, possible internal transport of mineral
and organic anions, and different types of anion respiration
in different zones of the root system.

Overstreet and Jacobson (3) have reviewed different
theories of ion absorption by plant roots and have proposed
g theory which they feel best explains known observations.
According to Overstreet and Jacobson, the first step in ion
absorption by roots i1s an ionic exchange reaction between
plant tissues and the substrate, Cation and anlon exchange
are somewhat independent of each other, but of a similar
mechanism., Hydrogen 1lons of the plant roots are exchanged
for cations of the substrate. The exchange reaction involved
in anion exchange 1s not understood. The cell vacuole 1is
connected to the cul ture medium by a system which fails to
allow the passage of mineral ions except in connection with
an organic carrier, Minersl cations and anions are bound
to organic carriers and pass thru the connecting link into
the cell vacuole where they are again released. The 1ion

transport across the connecting link and release on the



Innerside into the cell vacuole is accomplished by certain
resplratory reactions., Ions which are transported by the
same organic compounds interfere with the absorption of each
other,

Schuffelen (43) also proposed ion exchange between the
plant roots and the substrate as the first step 1n ion ab-
sorption., Ion absorption 1s the result of the physical-
chemical activity of the lons on the periphery of the root
and the ions of the substrate, A difference in lon activity
causes a flow of ions to move in the directlon of the root
and the flow 1s maintained by transport and inactivation of
ions taken into the plant. A complication of the process
in question arises from exchange reactions between the cell
wall of the root and the substrate which Schuffelen refers
to as the surface function. The surface functlon or surface
reaection is of a non-living nature and is regulated by the
composition of the plasma of the root wall. The composition
of the plasma of the root cell walls is highly important in
connectlion with a study of the significance of the ion ratio
of the substrate 1n relation to plant growth,

The transport of lons into the plant is related to the
metabolism of the plant and affects the overall ion intake
by the plant.

Epstein and Hagen (13) have derived a theory, similar
in many respects to that of Jacobson and Overstrest (3L4),

from observations of the velocity of the absorption reactlon



of excised barley roots for alkall cations. They visuslize
fixed sites on the root cell which bind specific cations.
Cations which compete for the same sites interfere with the
absorption of each other,

Cooper (8) arranged the soil elements in the order of
decreasing standard electrode potentisls, He observed that
the Intensity of removal of ions from so0il colloids and plant
tissue by electrodialysis was in the seme order as their
standard electrode potentials., He observed that the average
percent composition of a great many species of plants also
tends to follow the same general order of decreesing standard
electrode potentials,

He attempted to relate nutrient absorption to what he
terms capacity and intensity of the lons in the soil. Capa=-
cilty would be the amount available in the soil related to
the solubility of soill minerals. Intensity would be the
activity of the specific ions related to the standard elec-
trode potentials,

Breazeale et al (6) have proposed that ion absorption
in plants is an electrical phenomena. Tons mlgrate toward
plant roots 1n response to an electrical impulse generated
by the plant. Using the plant as one electrode, they were
able to show that all ions possess a hslf wave potentlsl,
which is about half thelr standard electrode potentlal, and

at which electromotive force thelr conductance and migration

velocity reach a maximum.



Theories of Ion Exchange

Kunin and Meyers (25) describe several theories of ion
exchange in regasrd to exchange resins. The crystal lattice
theory applies to ion exchange between 1lonic solids and the
surrounding solution. The ion at the surface of the crystal
has less internal attractive forces holding it in the lattice
than internal ions, Polar molecules, such as water, exert an
attractive force on these surface ions which may be suffi-
cient to dislodge them from the crystal structure so that
another ion from the solution can enter the crystal lattice.

The double layer theory of lon exchange, originslly
proposed by Helmholtz and modified by Gouy (30), visuslizes
a colloldal particle as surrounded by an ionic atmosphere
of electrostatically attracted ions. This ionic atmosphere
along wlith the attracted waters of hydration moves with the
particle thru the solution. Ions from the fres solution
are continually exchanging with ions of the ionic atmosphsre.
While the crystal lattlce theory assumes a fixed number of
exchange sites on the collecidal particle which must be satis-
fied, the extent of the ionlc atmosphere of the double layer
is dependent both upon the concentration and pH of the sur-
rounding solution.

A third theory of ion exchange applies the Theory of
Donnan distribution to colloidal systems (30)}). The colloidal

particle is considered the non-diffusible ion. Transfer of



lons must occur between the colloidal micelle and the solu-
tion until the concentrations of sll diffusible ions, express-
ed as activities, are the same in both phases, The ratio

of different ions within the colloidal micelle is then pov-
orned by the attraction of the cecllecidsl particle for the

specific ion and the laws of Donnsn distribution.

Plant Rcots and Ionic Exchange

Deveux (9), a French chemist, was able to show in 1916
that plant roots exhibit cation exchange properties, Pectins
in the roots were thought to be the seat of the exchange
sites,

Mattson et al (28) were the first to develop a method
for determining the exchange capacity of plant roots. The
roots were electrodislized, dried and ground. A weighed
amount of dried roots was then placed in normal potassium
chloride solution and titrated with potassium hydroxide.
Pea, rye, and barley roots were found to have exchange capa-
cities in the order of 71, 29,5, and 25.3 milliequivalents
per 100 grams of dry weight, It was suggested that the
acidoid content of the plant roots was due to the occurence
of pectin in the surface layers of the roots.

Mattson (28, 29), and Elgebaly and Wiklander (12) have
shown that absorption of cations 1n low concentration is =
function of the cation-exchange capacity of the collold and
the valence of the cation. High exchange colloids show a

greater attraction for divalent than monovalent lons.



Mattson et al (28) observed that in dilute solutions,
the addition of calecium chloride increased the absorpticn of
phosphorous rmore with pea and barley roots than did the addi-
tion of potassium chloride. They attributed this to Donnen
distribution of cations in the micelles of the root colloids.
The presence of the cations allows a greater concentration
of the aniocns from the external solution in the region of
the aclidoid of the root surfece. While these considerations
would apply to the cytoplasm of the cell, Mattson suggests
1t would be more important in regard to the pectins in the
coell walls,

Jenny and Overstreet (23) have pointed out that laws
governing the interactions between collecids must be applic-
able to soil plant systems. Jenny (2};) has visuslized each
adsorbed ion on a collold as oscillating about 1ts attraction
point within a space called the osclllation cell, The volume
of the osclllation cell 18 & constant for a particuler ion
adsorbed on a specific colloid. Ions from the external solu-
tion with the smaller oscillation volumes tend to displace
ions adsorbed on the colloid wlith larger oscillation volumes
by slipping between the latter and the colloid during oscil=-
lations. When two colloidsl systems as soll and plant are
in close contact so that the oscillation volumes of the two
systems overlap, ion exchange will occur so that the oscilla-

tion volumes of the individual ions tend to become & minimum,
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Direct contact exchange may occur between the ions adsorbed
on soil colloids and those adsorbed on plant roots by this
process without the exchanged ions passing thru the soil
solution.

Williams and Coleman (51} were able to show that plant
root surfaces possess exchangeable hydrogen. They interpreted
the lower pH of the plant roots in comperison with the super-
natent liquid to be evidence of an lonic double layer sur-
rounding the root surface., By replacement of the hydrogen
on the plant root surfaces with different cations, they were
able to show that entry of cations inteo the root double
layer follows the same type of lyotropic series as many ex-
change materials. Employlng radioactive cesium and using
corn and bean roots, they showed the first two millimeter
segment includling the root tip had a higher cation exchange
capacity than more mature regions of the root. They stated
that the nature of the cell walls 1n regions of cell division
and enlargement were in all probaebllity not the same as in
mature cells, and that differences 1n the root epidermis
probably accounted for differences in surface exchange pro-
perties,

Drake et al (10) determined the exchange capscity of =
number of economlic and weed crops by electrodializing the
plant roots and titrating the exchangeable hydrogen when the
dialized roots were placed in normal potassium chloride solu-

tion. Drake found that monocotyledonous plants had conslderably
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lower cation exchange capacities than dicotyledonous plants,
and that legumes, as a group, possessed high exchange capa-
cities among the dicotyledonous plants., Drake has postulated,
after the ideas of Mattson (29) and Elgabaly (12), that the
exchange cépacity of the root coclloids determines the ratio
of abscrption of monc- and divalent cetions at low levels
of soil fertility. Plants with low root exchange capacities
such as the grasses ars favored 1in absorption of potassium
over plants with high root exchange capacitlies such as the
legumes which are charscterized by a hligh content of calclum.
Graham and Baker (16) electrodialized plant roots for
three hours at 100 velts and 0.3 amperes with the roots
attached to the plant tops. They found little difference
in the exchange capecity of oats, barley, rye, and whesat,
The exchange capacity of soybean increased with age of plants
(between four and twelve days), an increase in growing temper-
sture and an increase in concentration of nutrient sclution,
They also measured the percent hydrogen saturation of the
root surfaces and found it varied with nutrient treatments,

age of plants, plant species, and growing temperature.



EXPERIMENTAL METHODS

Plant Material

The relative cation exchange capacities of roots of a
number of floricul ture plants were determined by the method
outlined by Drake (10). Plants were selscted for a catlon
absorption study whose roots had a range of cstion exchange
.capacities and which as far as possible were of economic
Iimportsnce to the floriculture industry. The following plants
were used: snapdragon varlety Spartan Rose, chrysanthemum
variety White Mefo, stock variety Shasta, (a branching typse),
variety H. Lavender, (a column type), and larkspur varilety
Light Blue. To include a monocotyledonous plant, sweet corn
variety Golden Cross Bantem was used.

Ordinary cultural practices were followed in propaga-
tion and hendling of the seed propagated specles before they
were placed in the nutrient solutions. The seeds were sown
in 2 mixture of screened sand and soil. When seedlings were
one to two inches tall, uniform plants were selected, thor-
cughly washed under tap water to remove soll from the roots,
and placed in the different nutrient solutions of the exper-
iment. An extra plant wss placed in each jJjar and removed
as soon as the plants became established, leaving the three
most uniform plants. Corn and sweet pess were germinated

in sand and seedlings transferred directly to the nutrient

12
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solution cultures. Chrysanthemum was propagsted by terminal
sof twood cuttings from stock plents grown under continuous

light. The cuttings were rooted in sand and selected plants
transferred directly from the cutting bench to the nutrient

solutions of the experiment.

Solution Culture

Because the determinstion of root exchange capacity re-
quired plant root systems free from all soil material, nutri-
ent solution culture was employed. A table was constructed to
hold thirty-four wide-mouth gallon jars, (Figure I.). The
Jars were fitted into a cover over the table so that the
nutrient solutlons were in a light-tight compartment to pre-
vent the growth of algse, Each jar was calibreted to hold
3.6 1liters of nutrient solution. Plants were supported by
non-absorbent cotton packed around the stems inside of one
inch diameter rubber tubing which was fitted into holes
drilled into the jar lids. Aeration of the solutlons was

1and by sections

accomplished by aquarium serating stones
of plastic tubing perforated on the end with a dissecting

needle, The air 1line into each Jar wes regulated by a screw
clamp and a continuous flow of alr was bubbled thru all solu-

tions at all times. Solutions were malntained at constent

volume by frequent additions of distilled water,

lpurchased from Wards Biological Establishment of
Rochester, New York.



ib

Figure X

The nutrient solution culture equipment showing the table
with the gallon jars containing the nutrient solutions enclosed
in a light-tight compartment.
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Solution Composition

The nutrient solution developed for tomatoes by Hoagland
(21) was used as a standard sclution and ratics of ealcium and
potassium varied from this with al11 other ions as near con-
stent as possible. Wilide varlations In the calcium-potassium
ratios were used in the different treatments.

Once plants were placed in the different treatments,
solutions were neither renewed nor additionel nutrient added.
If was realized that composition and pH of the solutions
would change as the plants grew, however, it was desireable
to have limited amounts of calcium and potassium available
to the plants which would not have been possible 1f the
solutions were renewed. In this manner, both the ratio of
absorption and the ratio within the plant at which growth
was reduced could be ascertalned.

In order to malntaln the same concentration of nitrogen
as was present in the standard solution, ammonium nitrate
was added to the solution containing the lowest ccncentration
of calcium and potassium. With the first series of plants
grown, i1t was observed that the low calcium and low potassium
solution with the added ammonium nitrate developed a pH be-
tween 3 and |} which was very detrimental to some speciles,

In order to distinguish between the effects of low
calcium and low potassium, and low pH, a seventh solutlon
was then added to the series of treatments which had cal-

cium and potassium at the same concentration as the standard
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Hoaglend solution, but one-fourth of the nitrogen supplied
by ammonium ions,

All of the nutrient solutions used in the experiment
had the same micronutrient composition as recommended by
Hoagland (21) except for iron. Iron was supplied by ferric
potassium ethylene diamine tetra-acetate according to the
recommendations of Jacobson (22). Each 1liter of nutrient
solution contained approximately 5 parts per million of
metallic iron., The composition of solutions employed in the

experiment is given in Table 1.

Experimental Design

The design of the experiment was a random block. Each
block consisted of one jar of three plants for each treat-
ment, and blocks were replicated three times,

The dry weight and chemical analyses of the plants
woere determined for each replicate of each treatment.
Analysis of variance was used to determine significant
differences between trestment means at the 1 per cent and

5 per cent levels.,
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TABLE 1

THE MOLAR COMPOSITION OF THE DIFFERENT
NUTRIENT SOLUTIONS EMPLOYED IN THE EXPERIMENT

Salts Expressed as Moles/Liter x 10-3

1l
Treatment ’ KN03 Ca(N03)2 KHZPOh MgSou Kgsou NH)_LNO3

~Low Ca:Low K L I 8 26
Low Ca:High K 119 I h 8
1 Hoagland 20 20 L 8
High Ca:Low K 30 I 8
High Ca:High K 30 in 8 12
3 Hoagland 60 60 12 2l
1 Hoagland NHH 20 i 8 10 10

lMicronutrients supplied by Hoagland microsolution A (21).

2Iron supplied by ferric potassium ethylene diamine
tetra-acetate .0l grams/liter,
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Growth Measurements and Harvesting Methods

Dry weight of plant tops was used to evaluste growth,
Plants were harvested and tops sepsrated from roots. Plants
were harvested when root growth was sufficient to furnish
75-100 grams of roots for the determination of the root ex-
change capacity., Tops were placed in perforated paper bags
and immediately put into a drying oven at 70° C. for forty-
oight hours., Dry welghts were determined on a Torsion balance
to the nearest hundredth of a gram.

It was realized that the nutrient composition of plants
changes with age (448), however, a comparison between different
plant species was desired and it was felt that differences
between different species would be of such magnitude that
slight variations in physlological age at time of harvest
could be neglected.

All crops were in the vepetative condition when harvested

except snapdragon which had visible flower buds.

Analytical Methods
Calcium, potassium, and magnesium content of plant tissue
was determined by flame spectrophotometry. Dried plant ma-
terial was ground in a Wiley M1ll to pass thru a 20 mesh
screen. The ground tissue was placed in a drying oven at
70° ¢. overnight, cooled in a dissicator and one gram samples
weighed in porcelain crucibles. The weighed samples were

ashed in a muffle furnace at 550° C. for ten hours. The dry
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ash was dlssolved in a slight excess of perchloric acid.
Perchloric acid was used because Hlnsvark et al (20) found
the least amount of interference from perchlorate ions in
spectrophotometric determinations. The material was then
filtered thru a Whatman #2 filter paper into 100 milliliter
volumetric flasks and made to volume.

Calcium and potassium were determined with a Beckman
Model B spectrophotometer using acetylene as fuel. Magnesium
was determined on the Beckman Model D. U. spectrophotometer
using hydrogen as fuel,

Standard curves were made from known concentrations of
the ion to be determined using carbonate salts neutralized
with a slight excess of perchloric acid. Maximum range was
selected by trial and comparison with the different plant
samples to provide a standard curve which could be used to
give reaedings within the middle two thirds for the plant
samples., This portion of the curve was a straight l1ine for
calcium and magnesium and followed a smooth curve for potas-
sium. Samples were analyzed until duplicate readings agreed
within one transmisslon unit,

The only interference which was of sufficlent magnitude
to warrant correction was the increass in magnesium trens-
mission due to potassium. A standard curve for potassium
interference in the magnesium determinations was established

from known amounts of potassium and magnesium and corrections

made accordingly.
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Determination of the Exchange Capacity of Plant Roots

The relative cation exchange capacity of the plant roots

was determined by the method developed by Drake (10) with

slight modifications. The determination was carried out

gs follows:

1,

The lower two-thirds of the plant root system was
washed in tap water and the coarsest roots removed.,
The roots were blotted dry with a paper towel and

S0 grems rolled loosely in cheese cloth and secured
with elastic bands at each end of the roll.

The roots were then plsced in the center compartment
of a Mattson diallzing cell and the cell filled with
distilled water, The Mattson cell was connected to
155 volt source of direct current, The center and
cathode compartments were flushed frequently at the
beginning of the dialysis so that the amperage did
not exceed 2 amperes and the temperature did not ex-
ceed AOOC. The anode compartment was not flushed
until near the end of the dialysis. The dialysis
was continued until the amperage falled to exceed

.l ampere within a five minute period. The complete
dialysis required about 50 minutes.

The roots were then centrifuged for five minutes

at 2000 revolutions per minute to remove eXcess

.molsture and so that they would have a uniform

moisture content.
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A five gram sample (within .l prem) was taken from
the roots that were centrifuged and placed in a ;00
milliliter heaker with 200 milliliters of normal
potassium chloride. The roots and the potassium
chloride solution was then titrated to a pH of 7

using a ,02 normal sodium hydroxide. Since the end

point of the titration changed with time, five minutes

was used for convenience,

The roots were then placed in a Gooch crucible which
was attached to a suctlon flask. A mat of larger
roots was flrst placed in the bottom of the crucible
to retaln any small broken pieces. The roots were
then returned to the beaker, covered with distilled
water with a few drops of 1:3 hydrochloric acid

and left overnight., They were then placed in a
weighed Gooch crucible, washed with distilled water
and oven-dried at 7OOC. for twenty-four hours,

The dried roots were then removed from the oven and
placed in a dissicator to cool. Dry welghts were
obtained by the use of an analytlcal balance.

The exchange capacity was calculated from the dry
welght of the roots, the milliequivalents of base
used in the titration snd expressed ss milliequiva-

lents/100 grams of dry roots,
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Modifications of Drake's procedure were lergely a matter
of convenlence. Checse cloth was easier to handle than the
visking bags. The dlslysis time was shortened by not flush-
ing the anode compartment after each run. Employing Gooch
crucibles eliminated the necesslty of accurately pipetting
the potassium chloride solution, evesporating the potassium
chloride solution to dryness snd subtrsascting 1ts welght from
that of the roots. It also was felt that by using small
Cooch crucibles in place of the large 00 milliliter beakers,
the dry roots could be weighed more accurately.

Titration curves were obtained, plotting milliliters
of base versus time while keeping the pH at 7 (See Figure II),
It was found that there was a large amount of inltial acidi-
ty which could be titrated as fast as sodium hydroxide could
be added., Further acidity seemed to be derived from equl-
1librium shifts from the roots and was very smsll in compari-
son with the originsl volume. Five minutes proved to be a
convenient time in which to titrate the acidity of the super-
natent liquid and the readily available acidity of the root

surface,
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Figure II

A curve showing the amount of base necessary to
maintain a pH of 7 in a solution containing 200 ml.
of N KC1 and 5 gms. fresh welght of dialized sweet
pea roots,
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Effect of Diaslysis on Plant Roots

The plant roots were dialized in order to remove all
exchangeable bases and leave the exchange complex saturated
with hydrogen ions.

Shrinkage of the roots in the dielysis process indicated
that the cell sap of the vacuole was removed along with
absorbed cations. Microscopic examination of sections of
dialized roots showed a disarrangement of the cells in the
outer layers of the cortex.

A comparison of the titration curves of diaslized and
undialized sweet pea roots lends further evidence to the
fact that the cell sap of the vacuole and possible other
cell constiuents were removed in the dialysis (See Figure III).
Five grams of both dialized and undialized sweet pea roots
were immersed in 200 milliliters of normal potassium chloride
solution, stirred for 30 seconds and then the supernatent
liquid flltered off and titreted. The roots were then placed
in a second volume of potassium chloride and left for 18 hours,
again filtered end the supernatent liquid titrated.

The dialized roots show titration curves characteristie
of strong aclds, This would be expected 1In a simple exchange
of potassium ions for hydrogen ions on the surface of the
root colloids, The larger volume of sacid displaced by the
first 30 seconds immersion of the dislized roots compared
to the second 18 hour immersion in the potassiun chloride

solutions indicated the rapidity of the exchange reaction.
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This rapid exchange would be possible only 1if the permeability
of the plant cells had been destroyed in the dislysis
treatment. The fact that the pH of the potassium chloride
solution failed to change with time prior to titration,
indicated that the potassium snd hydrogen ions were in
equilibrium in the root-potassium chloride system. Neutral-
ization of the displaced hydrogen ions caused an equilibrium
shift and allowed more hydrogen to be displaced from the
root colloids. As the displaced hydrogen ions were neutral-
ized, however, the remaining hydrogen ions on the root colloid
were progressively harder to displace. This assumption
would account for the shape of the curve which was used to
select an end point in the titratlon of the plant roots in
the determination of the root exchange capacity (See

Figure II), Milliliters of sodium hydroxide added were
plotted against time. Enough base was added at one minute
intervals to keep the pH of the solution at 7. The curve
rises sharply at first as the easily displaced hydrogen ions
are neutralized, but then levels off to a very gradual slope
as the hydrogen ions become more difficult to displace from
the root colloidé. This makes it possible to obtaln repro-
duceable results in measuring the relatlive exchange capacity
of plant roots by selecting a definite time interval in

which to conduct the titration,
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Figure III

Titration curves of the acids displaced from dializ-
ed and undislized sweet pea roots immersed for 30 second
and 18 hour periods in N KCl. x - dilalized roots placed
in N KC1 for 30 seconds, X, - same samples placed in N
KC1 for 18 hours. y - undislized roots placed in N KC1
for 30 seconds. Yy, - same samples placed in N KCl for
18 hours. HC1 - hydrochloric acid.,
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The second titration curve,(See Figure III), obtained
when the dialized roots were reimmersed in the potassium
chloride solution for 18 hours, was again a strong acid type
curve, Thls would indicate that organic acids of the cell
sap were not involved 1n the titration.

The titration curves for the undialized roots were en-
tirely different for the 30 seconds as compared to the 18
hour immersion in the potassium chloride solution, The 30
second immersion is a strong acid type titration curve.

This was interpreted by Williams and Coleman (51) as evidence
of exchangeable hydrogen on the external root surface. The
titration curve for the 18 hour immersion in the potassium
chloride 1s a buffered type curve. This is the type curve
that would be expected if the cell sap acidity was entering
into the reaction.,

Nelly (33) studied the effect of electrodialysis on
pea seeds at 80-150 volts, .l amperes, and 2&00. The most
obvious result of electrodialysis of the seeds was a reduc-
tion in germinatlon. Nelly concluded the effect on germina-
tion was csused by something other than the removal of
electrolytes from the seeds. Loss of the power of germina-
tion waes markedly reduced before any great amount of calcium,
potassium or magnesium was removed, Nelly observed a rreater
quantity of bases than acids removed from the seeds during
dialysis, and postulated that the catlions were either ad-
sorbed on the surface of the protoplasm or were in combina-

tion with anions which could not pass thru the cell nembranes.
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Seifriz (LL) studied the effect of passing en electric
current thru fruit and vegetable tissue. He observed a
breakdown of the tissue ot the cathode to a dark brown to
black mass with a uniform pH of 12,2, No such reaction
occurred when the tissue was placed at the anode. He attri-
btuted the cause of degeneratibn to breakdown of the protein
by enzymes rendered active by the reducing conditions of the

cathode,

Factors Affecting the Exchange Capacity of Plant Roots

The effects of freezing, boiling and of potassium
chloride solution, were observed on the total tiltratable
acidlty of sweet pea roots. The roots were washed in dis-
tilled water, blo tted dry, and five gram samples welghed
out into 00 milliliter beakers and covered with 200 milili-
liters of normal potassium chloride or distilled water and
frozen or boiled according to the treatment (See Table 2).
Ten milliliters of .02 ncrmal sodiun hydroxide was then
pipetted into each beaker and allowed to stand overnlght
and then the pH of each solutlon was recorded.

The lowest pH was recorded for the roots frozen in the
potassium chloride solution. This might be explained by an
increase in permeability of the roots due to a disorganization
of the cytoplasm in the freezing and thawlng process. The
increase in acidity over the roots frozen in water would be
due to the displacement of adsorbed hydrogen of the roots by

the potassium from the solution., The efficiency of potassium
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in displacing the hydrogen from the root colloids can be
seen from the high pH of the roots which were washed with
potassium chloride after being frozen and thawed in the
potassium chloride solution.

Bolling the roots reduced the amocunt of acidity in the
supernatent solution when compared to frozen and unfrozen
roots. Thils might be due to the effect of boiling on the
permeabllity of the cells, upon coagulation of the proteins,
or on the chemical composition of the root colloids. Boiling
could also reduce the measured acidity by driving off volatile
compounds such as carbonic acid.

Roots of sweet peas were dialized and oven-dried at
7000. and then immersed in normal potassium chloride solu-
tion. After 48 hours, the roots failed to show any measure-
able exchange capacity. This would indicate the permeability
of the root colloids had been destroyed in drying. Mattson
(29) was able to determine the exchange capacity of dried
roots by finely grinding the tissue and employlng serial

titrations.

Sources of Error in Determination of the Exchange Capacity

Differences in physiological maturity of the roots
cause varistions in the measured exchange capacities,
Williams and Coleman (51) were able to show the highest rate
of exchange for the tip portions of bean and corn roots,

This would be the region in which the epidermis was least
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TABLE 2

FACTORS AFFECTING THE LEXCHANGEABLE ACIDITY
OF SWEET PEA RCOTS AS MEASURED BY THE pH OF THE SOLUTION
21 HOURS AFTER 10 MILLILITERS OF ,02 N NaOH WAS ADDED

————— = — e

Treatment® Sugigﬁigent pH

l. Untreated roots N KCl1 Te33

2. Frozen N XcC1 6.66

3. Frozen and washed N KCl 9,56
with the KC1l

s Frozen H50 7.u8

5e Boiled N KCl 9.32

6. Bolled and washed N KCl 9.70

with the KC1

*A11 samples were 5 grams fresh weight and in
200 milliliters of supernatent liquid.,
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developed and the intra-cellular spaces were most accessible
for entrance of ions from the external solution,

Sweet pea roots were harvested from nutrient solution
cultures after one month and cut into three portions consist=-
ing of the lower, middle, and upper regicns of the root
gsystem. The exchange capaclity was determined for the three
reglons for both the dislized and undialized roots. The
exchange capacity of the dialized roots was determined by
the method described previously. The undlalized roots were
washed, placed in normal potassium chloride, and an excess
of sodium hydroxide added. The solution was back titrated

after 2t hours, Results are shown in Table 3.

TABLE 3

THE EXCHANGE CAPACITY OF DIFFERENT PORTIONS OF THE ROOT
SYSTEM OF SWEET PEA WHICH DIFFERED IN PHYSICLOGICAL MATURITY

Distance From

Root Tip in Inches Dialized™ Undialized™
0-3 39.86 1260
3k 338 367.0
> 28.95 268.0

*Expressed as milliequivalents / 100 grems of dry welght.
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Al though both dialized and undialized roots showed the
same trend for an increase in the exchange capacity for the
reglon nearest the growing tip, the difference was accentuated
more by the undialized roots. This might be taken as further
evidence that dlalysis increases the permeability of the roots
by disrupting the cytoplasm of the cells of the cortex which
resulted in loasas of the cell sap., The decrease in the ax-
chenge capacity of the more mature regions might then be
due to the difference in the content of exchange material per
unit of dry welght between mature and immature cells., The
more mature regions of the root system could be expected to
have a greater dry weight per unit of fresh weight which
would tend to decrease the measured exchange csapacity of the
more mature reglons of the root compared to the regions
nearer the growing tip.

Another source of error encountered was a breakdown of
the root tissue during dialysis similar to that reported by
Seifriz (L4L4). The roots became brown and discolored and
caused a basic pH reading when placed in the potassium
chloride solutiocn. No answer has been found as to why this
only occurred in some dialyses. Two separate crops of stock
variety Shasta gave alkaline pH readings from all treatments.
In other crops certain runs occurred in which part of the

roots nearest to the cathode were discolored end basic 1n

reaction.
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The Exchange Cepacity of Frozen Roots

Roots of sweet peas were frozen and stored for one
vear. The exchange capacity was determined along with fresh-
1y harvested sweet pea roots. A value of }2,0 milliequiva-
lents per 100 grams was obtained for the frozen roots, end
37.41 milliequivalents per 100 grams for freshly harvested
roots,

An attempt was made to displace the adsorbed cations
of the plant root colloids by the mass action of hydrogen
ions instead of the ususl dialysis., The roots were frozen,
then thawed in 200 milliliters of distilled weter to which
5 milliliters of normal hydrochloric acid was added and
allowed to stand with occasional stirring thirty minutes.
The roots were then washed in distilled water, centrifuged,
and placed in normal potassium chloride solution. Exchange
capacities of 51.3, 50.2, and 28.3 millieguivalents per
100 grams were obtalned for stock, sweet peas, and snap-

dragon respectively.



RESULTS

The Catlion Exchange Capacity of Plant Roots

The relative cation exchange capacities of the roots
of a number of floricul ture crops were determined at the
University of Massachusetts, Additional values were deter-
mined at Michigan Stete College (See Table l).

The exchange capacities of different plant species
ranged from a high of 101.87 milliequivalents per 100 grams
of dry tissue for the roots of annuel larkspur to a low of
19.30 milliequivalents for snapdragon variety Sunray.

Not enough species were represented in the group to
make generalizations about the exchange capacity of different
plant famillies, However, the results obtained indicated
that plants closely related botanlcaelly have similar exchange
capacities., Different varietlies of the same specles showed
similar exchange capaclities and members of the same plant
family had exchange capscities in the same range.

It was found that the substrate in which the plants
were grown did not alter the relatlive exchange capaclties
of the plant roots as long &8s the physiological maturity
of the root samples was comparasble, When plants were grown
in soil, gravel culture, water culture, and a mixture of
sand and exchange resin, similar values for the exchange

capacity of the roots were obtained for the ssme specles.

34
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RELATIVE CATION EXCHANGE CAPACITY
OF PLANT ROOTS OF DIFFERENT PLANT SPECI®S

Cation
Plant Varlety Culture Exchange
Capacitvl
Delphinium ajacis Blue resin 101.87.
Blue soil 95.358
Blue water 865 .05
Mathiola incana annua Lilec Lavender soil 3.08°
Lavender water Eh.”l
Chrysanthemum hortorum Indianapolis Pink water L5.22
Mefo water 13,20
Courtier gravel  10.73°
Callistephus chinensls Queen of Mkt.,Azure water .23
Limonium sinu atum Market Growers Blue soil hu.632
Lathyrus odoratus Cuthbertson Mix,. gravel L2. 62
Cuthbertson Mix. water 39,86
Cuthbertson Mix. resin 35 .16
Lupinus polyphyllus Russel Hybrid sand u0.512
Gladiolus hybrida Capeheart gravel  38.90%
Nercissus tazetta Paper White gravel 3?.052
Papser White soil 27.),82
Rosa hybrida Better Times water 3L .89
Lilium longiflorum Croft gravel  30.5L°
Croft water 29.61
Pelargonium domestlcum soil 32.602
Pelargonium hortorum Wallingford gravel 29.23
Dianthus‘garyophyllus King Cardinal water- 31.3&2
Northland gravel 2L .29
Zes mays Golden Cross Bantam water 28.79
Antirrhinum majus Skyscraper Alaska gravel 26.69%
Sunray gravel  19.30
Spartan Rose water 10.02
Spartan Rose water 25.24
Spartan Rose resin 26.13

IExchange capacities are expressed as milliequivalents
per 100 grams of dry tissue and all values are aver-
ages of two or more determinations,

ata from experiments conducted at the University of
Massachusetts,



Water culture had the advantage that older roots, end a
greater portion of the root system could be utilized in the
determination of the exchange capacity thsn in the other

me thods of cul ture,

It was shown (See Table 3) that younger portions of the
root system nearest the growing tip had e higher cation ex-
change capecity than portions farther back from the growing
tip whose cells were more mature, This may have been due
to a difference in permeability of the root cells of dif-
ferent regions of the root or it may have been due to d4if-
erences In dry welght of the cell walls per unit of exchange
material assoclated with the cells., Where values for the
exchange capaclty of the roots from various methods of cul~
ture were not in agreement, it was felt that the difference
could be explained by visible differences in the maturity
of the root samples,

One discrepancy for which no explanation is offered was
the difference in the exchange capacity obtained for the
snapdragon varlety Spartan Rose grown In water culture with
two crops,

An sttempt was made to determine the effect of various
ion ratios and salt concentrations in the nutrient solution
on the relative exchange cspacity of the plant roots. The
results proved variable (See Table 5). The different nutrl-
ent solutions employed had various effects on the growth

of the plant roots of the different crops.

‘
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Two soclutions in particular had an adverse effeect on the
growth of several plant species. One of these was the low
calcium: low potassium solution in which the pH decreased to be-
tween 3 and L as the plants grew. The roots of many species
grown in this solution developed 2 coarse texture not found
in the roots of plants in the other solutions (See Figure IV),
The coarseness was caused in part by the development of short,
s tubby, branch roots which seemed to be accompanied by =
breakdown of the root tip.

The other solution which had an adverse effect on the
root growth of many species weas the high calcium: low potas-
sium solution. Most plants made noticeably less root growth
in this solution comparsd to the other solutions. Low ex-
change capacities were obtained from roots in this treat-
ment for some plants (See Table 5). It was noted that when
thls was the case, the pH of the supernatent liquid was
higher than for roots from the other treatments when the
dialized roots were placed in the potassium chloride solu-
tione. This might indicate that the cations were not easily
removed from the roots in the dialysis process when the
roots had a high percentage saturation of adsorbed calcium
ions. This hypothesis might be strengthened by the fact
that stock, a crop which showed a high calcium a»sorption,
cave the most difficulty in determining root exchange capa-

city. However, it i1s not felt that from these loung term



Figure IV

Differences in the growth and texture of corn roots in
nutrient solutions with different pH and calcium concentrations.
Left to right: low Callow K, pH 3.$2; standard Hoagland, pH 7.02
standard Hoagland with NH , pH 3*29.
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experiments 1t is possible to differentiste between the
effects of the organic composition of the roots and the
nature of the sadsorbed cations in regard to their effect
upon the cation exchange capacity of the roots.

The Effect of the Different Nutrient Solutions on the
Plant Growth and Chemlcal Composition of the Plant Tops

Corn variety Golden Cross Bantam. The results of chem-

1cal enalyses of tops of corn plants grown in various nutri-
ent solutions showed that in comparison with the other plents
used in the experiment, young corn plants contained high
percentages of potassium but low percentages of calcium
(See Table 6). The calcium and potassium content of the
tops of corn plants was related to the concentrations of the
respective ions in the nutrient solution. However, high
concentrations of potassium in the nutrient solution lowered
the calcium content in the plant tops, while high concentra-
tions of calcium in the nutrient solution had little effect
on the potassium content of the tops (3}, Of Interest was
the increase in the potassium content of corn plasnts which
were sprayed weekly with 1000 parts per million of indole-
acetic aclid over those which were unsprayed when both were
grown in stoandard Hoagland solution.

In contrast to potassium and cslcium, the magnesium
concentration was constant in all solutions except the one-

third and 3 X Hoagland solutions, Differences in magnesium
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TABLE 6

THE GROWTH AS MEASURED BY DRY WEIGHT AND THE
PERCENTAGE COMPOSITION OF CALCIUM, POTASSIUM, AND MAGNESIUM
IN THE TOPS OF CORN VARIETY GOLDEN CROSS BANTAM
GROWN IN VARIOUS NUTRIENT SOLUTIONS

(4. Into solution:February 1, 1954 ;harvested:March 23, 195))

Expressed as % Dry Weight

Treatment Dry Weightst 7K %Ca EMg
Low Ca:Low K Lh.72 3.53 W22 20
Low Ca:High K 5.20 6491 .23 .27
1 Hoagland 3.59 5.29 « 3l «33
High Ca:Low K 2.56 3.96 .63 «33
High Ca:High K 5.12 6.73 «33 27
3 Hoagland 4435 5.68 A6 .31
1 Hoagland NHh Iy .16 73 .21 .23
L:3p. Lot 205 RS LR

(B. Into solution:August 6, 1953; harvested:August 20, 1953)
“Expressed as % Dry Weight

Treatment Dry Weight% ZK 4Ca Mg
1/3 Hoagland heli3 5.20 .36 .36
1 Hoggland 3.96 6,98 29 .25
3 Hoagland 3.20 5.53 29 «29
High Ca:Low K 2.90 1.69 .38 .36
Low Ca:High K 3.90 3449 27 +39
1 Hoagland TI.A.A. L .01 8.63 27 .26
L3 108 o Iy %

#Average dry weight of three plants in grams,
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content of plant tops in the different treatments can be
ascribed to the different potassium:calcium concentrations
in the nutrient solutions. Increased concentrations of
potassium in the nutrient solutions decreased the magnesium
content of the tops of corn plants, The concentration of
calclum in the nutrient solution had 1little effect on the
absorption of magnesium by corn,

Corn plants grown in different nutrient solutions with
different concentrations of potassium, produced more growth
as measured by the dry weight of the tops in the solutions
with the higher potassium concentrations. This was especisally
noticeables in the crop grown in the winter and indicates a

high potassium requirement for corn.

Snapdragon variety Spartasn Rose. The results of chemical

analyses of tops of snapdragon plants grown in various nutri-
ent solutions indicated that the content of potassium and
calcium in the plant tissue in the different treatments was
remarkably constant (See Table 7). This would indicate that
the maximum potasslium and calcium content for snapdragon was
approached by plants grown in the standard Hoagland solution.
High concentrations of potassium in the nutrient solu-
tion lowered the calcium content of snapdragon. The calcium
concentration in the nutrient solution had 1ittle effect on

the potassium content of the plant tissue.
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TABLE 7

THE GROWTH AS MEASURED BY DRY WEIGHT AND THE
PERCENTAGE COMPOSITION OF CALCIUM, POTASSTUM, AND MAGNESIUM
IN THE TOPS OF SNAPDRAGON VARIETY SPARTAN ROSE
GROWN IN VARIQUS NUTRIENT SOLUTIONS

(A. Into solution:September 18, 1953;harvested:0ctober 29,1653)

Treatment Dry Weight® Exp%;ssad a;cffﬁry W;ight
Low Ca:Low K 3.85 1.49 .33 L0
Low Ca:High K 5.69 5.55 41 57
1 Hoagland 5.35 4.89 1.10 .66
High Ca:Low K 5.2k 2.47 1.63 .72
High Ca:High K 5.33 5.69 .76 L0
2 Hosgland 3.69 4.99 1.13 .66
LS00 lo 1:88 108 AL o8

(B. Into solution:Februsry 18, 1954 ;harvested:April 10, 1954)

Treatment Dry Weight* EXPQESSQd E%Cf Dry W%hght
Low Ca:Low K 3,09 1.93 NI L7
Low Ca:High K L} .00 L83 N7 .52
1 Hoagland 7453 3.50 .90 53
High Ca:Low K 6.13 2.10 1.56 .55
High Ca:High K 8.62 .33 51 il
2 Hoagland 8.34 3.75 1.02 L3
1 Hoagland NH) 4.63 2.77 .28 L7
LS5 lon s i

#tAverage dry weight of three plaents in grams,
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The growth of snapdragon as measured by dry weight of
the tops showed relatively 1little difference with wilde cal-
cium and potassium ratios in the nutrient solutions. This
also indicated that the potassium and calcium contents deter-
mined in the plent tissue were near the maximum values, and
the requirement of snapdragon for potassium and calecium was
relatively low,.

The tlssue in the tops of snapdragon plants had the
highest magnesium content of any of the plant species studied.
The content of magnesium in the plent tops showed a2 signifi-
cant decrease when the concentration of potassium ions in
the nutrient solution was increased. The concentration of
calcium lons in the nutrient solution had little effect
on the magnesium content of the plant tops.

Of all the plant species studied, the growth of snap-
dragon plants was most seriously affected by a decrease in
the solution pH., The critical pH of the nutrient solutlon
for snapdragon plants was near L. When the pH of the solu-
tion fell below lj, the plants wilted and a breakdown of the

root tissue occurred,

Chrysanthemum variety White Mefo. The results of chem-

ical anslyses of tops of chrysanthemum plants grown in nu-
trient solutions indicated that chrysanthemums absorb large
amounts of Potassium and moderate amounts of calcium when

compared with the other plants studied (See Table 8).



TABLE 8

THE GROWTH AS MEASURED BY DRY WEIGHT AND THE
PERCENTAGE COMPOSITION OF CALCIUN., POTASSIUM, AND MAGNESIUM
IN THE TOPS OF CHRYSANTHEMUM VARIETY WHITE MEFO
CROWN IN VARIOUS NUTRIENT SOLUTICNS

(Into solution:December 18, 1953; harvested:Jeanuary 25, 1954)

Treatment Dry Weight® EXP%;ss°d a%C§ Dry W%éght
Low Ca:Low K 10.63 3.33 54 119
Low Cs:High X 10.99 7.66 Al 10
1 Hoagland 13.89 547 oL A3
High Ca:Low K 10.61 3,04 1,31 L
High Ca:High K 12.11 7.13 .93 .37
3 Hoagland 10.04 573 .81 .34
1 Hoagland NHu 13,90 .93 e 96 «39
LS. ool 2 e e oo

s#tAversge dry weight of three plants in grams.



L6

Increased concentrations of potassium ions in the nutrient
solutions decreased the calcium content in the tops of
chrysanthemum plants., The concentration of calecium in the
nutrient solution had 1ittle effect on the potassium content
of chrysanthemum tops,

The growth of chrysanthemum plants in the different
nutrient solutlons as measured by dry weight of tops indica-
ted that chrysanthemums had a high requirement for both
potassium and calecium (2).

The magnesium content in the tops of chrysanthemum
showed a reverse relationship with the concentration of
potasgium and celcium ions in the nutrient solution. In-
creasing concentrations of potassium and calcium ions in
the nutrient solution caused a decrease in the magnesium
content of the plant tops. The concentration of potassium
in the nutrient solutlon had a greater depressive effect
on magnesium ebsorption by the roots of chrysanthemum plants
than did the concentration of calcium.

Chrysanthemum was one of the more tolerant species in
regard to the effect of pH of the nutrient solution on
growth and cation absorption. A slight, al thoush not sig-
nificant decrease of potassium and magnesium content in the

plant tops could be attributed to a decrease in the solution

pH.
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Stock varieties Shasta snd Lavender. The results of

chemical analyses of the tops of stock plants grown in nutri-
ent solutions iIndicated that the plant tissue contained high
percentages of both calcium and potassium and especially
when the concentrations of these ions were high in the nutri-
ent solutions (37). Compared to the other plant species
studled, stock contained a high'percentage of calcium in

the plant tissue (See Table 9).

A high concentration of potassium ions in the nutrient
soluwlion decreased the calcium content of the tops of stock
slightly, compared to plents grown at a lower potassium
level. However, the potassium concentration in the nutrient
solution had less effect on the calcium content of stock
plants than 1t did with the other plant species analyzed,
With the variety Shasta, an increase in concentratlion of
calecium in the nutrient solution increased the potassium
content of tﬁe plant tops. With the variety Lavender,
an increase in the calcium concentration in the nutrient
solution caused a decrease in the potassium concentration
of the tops. Not enough different concentrations of potas-
sium snd calecium were available in the nutrient solutions
to observe the full trend of the effect of concentration
of calcium in the nutrient solution on potsssium absorption.
However, it appeared that at low concentratiocns of calcium

in the nutrient solution an increase in calclium concentration
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TABLE 9

THE GROWTH AS MEASURED BY DRY WEIGHT AND THE
PERCENTAGE COMPCSITION OF CALCIUM, POTASSIUM, AND MAGNESIUM
IN THE TOPS OF STOCK VARIETIES SHASTA AND LAVENDER
GRCWN IN VARIOUS NUTRIENT SQLUTIONS

(A, Variety Shasta)
(Into solution:December 18, 1953;hervested:January 29, 195L)

Treatment Dry Weight™ EXpéissed a%cf oy W%ﬁght
Low Ca:Low K L.73 2.39 .48 «33
Low Ca:High K Ly .51 5.56 71 U3
1 Hoagland 3.90 L, .86 1.90 .32
High Ca:Low X 4 .85 2.36 2.08 .28
High Ca:High K 3.76 6.70  1.89 .27
3 Hoagland 3.42 7.48  2.17 .31
IS 1285 25 ¢y 68

(B, Veriety Lavender)
(Into solution:November 1L, 1953;harvested:December 31, 1953)

Expressed as % Dry Weight

Treatment . Dry Weight% K %o i
Low Ca:Low K 5.05 2.6h .68 .35
Low Ca:High K 5.19 732 .86 .49
1 Hoagland L .88 5.32 2.01 <3l
High Ca:Low K L.l 2.96 2.35 .30
High Ca:High K 5.1 6.10 1.98 .29
3 Hoagland 3.28 6.16 2.35 .36
£:S10 103 117 3 s o

#Average dry welight of three plants in grams,
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might stimulate potassium absorption, while at very high
concentrations a further increase might cause a decrease in
the potassium sbsorption by stock plants (33).

The content of magnesium in the tissue of stock plants
was affected more by the concentration of calcium in the
nutrient solution thazn by the concentration of potassium.
High levels of calcium in the nutrient solution decreased
the absorptlon of magnesium by stock plants. In solutions
where the conceﬁtration of calcium was low gznd the concen-
tration of potassium high, the magnesium content of the tops
was increased,

The growth of stock plants as measured by dry welght
of the plant tops in nutrient scolution with different calcium
and potassium concentrations was quite constant., This indi-
cates that although stock plants contain high percentages of
calcium and potessium, the actual requirement for these

elements 1s not as great as in chrysanthemum.

Lerkspur varlety Light Blue. The results of chemical

analyses of the tops of annual larkspur plants showed that
larkspur contained a high percentage of potassium compared
to calecium (See Table 10), In this respect the composition
of larkspur was much more like chrysanthemum than it was
like stock., The greatest amount of dry weight was produced
when plants were grown in the standard Hoagland solution,
and the high calcium:high potassium solutions where there

was a balance between calcium and potassium ions in the sub-

strate,
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TABLE 10

THE GROWTH AS MEASURED BY DRY WEIGHT AND THE
PERCENTAGE COMPOSITION OF CALCIUM, POTASSIUM AND MAGNESIUM
IN THE TOPS OF LARKSPUR VARIETY LIGHT BLUE
GROWN IN VARIQUS NUTRIENT SOLUTICNS

(Into solution: January 6, 1954; harvested: March 9, 195))

Treatment Dry Weight™ Expressed as % Dry Welight

%K %Ca Mg
Low Ca:Low K 6.86 2.82 .56 .3k
Low Ca:High K hoh7 6.86 L5 «32
1 Hoagland 7.55 5.16 .71 «30
High Ca:Low K 5.72 3.37  1.19 .29
High Ca:High K 8.25 5.53 .56 .23
2 Hoagland L .66 6.26 .86 «29
1 Hoagland NH) 5 .66 I .66 82 .28
TS s 37 The o

#Average dry weight of three plants in grams.
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With incressing concentrations of pctassium ions in the
nutrient solutions, the percentage composition of caleium
in the plsnt tops tended to decrease, This indiceted that
increasing concentrations of potassium ions in the substrate
tended to interfere with the absorption of calcium . An
increase in the concentration of calcium ions in the nutri-
ent solution failed to decrease the potassium content of the
tops of larkspur plants. In fact, the plants grown in the
high caglcium:low potassium had a8 higher potassium content
that the plants grown in the low calcium:low potassiﬁm
solution. Since the low calciumilow potassium solution had
ammonium ions present, and the high calcium:low potassium
solution did not, the difference in potassium content in

the plant tops might be attributed to an interference of
ammonium and hydrogen ions wlth sbsorption of potassium

ions from the nutrient solution by larkspur roots.

The magnesium content of the tops of larkspur plants
was affected by the concentration of both calcium and potas-
gsium ions in the nutrient solution. High levels of potassium
and calcium in the nutrient solution decreased the content
of megnesium in the tops of larkspur. The concentration of
calcium ions in the solution had a slightly greater, although
not significant effect on magnesium content of larkspur than

did the concentration of potassium lons.



DISCUSSION
The Relationship Between Relative Cation Exchange Capacity
of Plant Roots and Potassium Absorption

In order to show the relationship between cation exchange
capacity of the root system and potassium absorption, the
crops studied are lilisted in the order of increasing root
exchange capaclties and the treatments in the order of in-
creasing potassium concentrations (See Tsble 11). The nutrl-
ent solutlion containing the hlghest concentration of calcium
and the lowest concentration of potassium employed in the
experiment was selected as a reference nutrient solutioh.
The content of potassium in the plant tops grown in all other
solutions was compared with the content of potassium in plants
grown in the high calcium:low potassium solution, and the
difference was expressed as milliequlvalents of potassium
lost or gained,

The maximum amount of potassium that a plant species
may contain is a characteristic of the particular plant
species (36). The percent of the maximum potassium content
that & plant does contain 1s 8 measure of the plant's abili-
ty to absorb potassium under the environment in which the
plant was grown.

Although plants with the lower root exchange capaclities

such as corn may have contained larger asmounts of potassium

52
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than plants wlth higher root exchange capacities accumulated
at lower potassium concentrations; at higher concentrations
of potassium in the nutrient solutlon, the plants with higher
root exchange cepacities may take up as much or more potas-
sium than plants with lower exchange capacities., This means
that in terms of maxlmum potassium content, the plants with
roots with s low cation exchange capacity were able to accu-
mulate a grester percentage of their maximum potassium con-
tent at low concentrations of potassium in the nutrient solu-
tion.than plants with a high cation exchange capacity. Plants
with a high root exchenge capacity, such as stock and chry-
santhemum, which were able to accumulate relatively less
potassium from low concentrations of potassium in the nutri-
ent solution compared to plants with a low root exchange
capacity, increased the most in potassium content when the
concentration of potassium ions in the nutrient solution
increased.

As 8 possible explanation for the observed potassium
absorption by the different plant species, it is necessary
to consider the activity of calcium and potassium ions in
solution. In very dilute solutions the effective concentra-
tion, as calculated from ion activities, of equal molar
concentrations of potassium and calcium salts are nearly
equal (17). According to the theory of interionic attraction

of Debye-Hickel (17), in dilute solutions an increase in
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molar concentration affects a greater reduction in the actti-
vity coefficient of divalent than monovalent ions. This
would apply to the range of concentrations which were employed
In the nutrient solutions of the experimént. Thus, as the
molar concentrations of potassium and caleium lncreass in

the nutrient solution, the disparity between the effective
concentrations of potassium and calcium ions increases in
favor of potassium,

From this 1t appears that the absorptlion of potassium
by plants 1s related to the cation exchange capaclty of the
plant roots and the effective concentration of potassium
ions in relation to other ions in the nutrient solution.
Plants with higher root exchange capacities show greater
increases in potassium content than plants with lower root
exchange capacities as the effective concentration of potas-
sium ions increases in respect to other ions in the nutrient

solution.
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TABLE 11
THE POTASSIUNI: CONTEJT OF THE TOP3 OF 30U
i . v CONTR ITHE . " SCNE PLANT SPECIES
WITH PIFFERENP\HOOT CATTON EXCHANGE CAPACITLES GROngIﬁ
NUTRIENT SOLUTIONS WITH INCREASING POTAS3IUW CDNCHNTRATIbNS

(A, Crops grown in fell and winter)

3 _ 1 Solutions 2
Cro L K [L ; Hieh ¥
P ow owK 1 Hoag- High X 3 Hoag- High X
High Cell.ow Ca land High Ca land Low Ca
Corn 1015 -110  +3h1 + 711 +4h1 4 766
Snapdragon 633 -251 621 4+826 +6L6 + 790
Snapdragon 538 -69  +359 4572 L2 4700
Chrysanthemum| 779 +75 624 41049 +690 41185
Stock, Shastal 605 +8 4641 41113 41313 4821
Stock, Lav, 589 +88  +775 4975 +998 41288
Larkspur 86l -141 4459 4554 +741 #3895
(B. Crops grown in spring and summer)
1/3 Solutions 2
Crop>3 Hoag-! [ 1 Hosg- 2 Hoag- _ High K
1 land land land Low Ca
Corn 1333 +457 +85 -1;38
Snapdragon 9,9 0 +13 +243
China Aster {1090 +195 + 359 +428
Stock, Shastal 767 +L64 +769 $+1310

1Milliequivalents of potassium/1000 grams dry weight.

2Milliequivalents of potassium/1000 grams dry weight
lost or gained compared to the high Ca:iLow K solution.

3plant species are arranged in the order of increasing
root cation exchange capacities,
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The Relationship DBetween Relegtive Cation Exchange Czpacilty
of Plant Roots and Calcium Absorption

The relationship between cation eXxchange capacity of
plant roots and calcium absorption by different crops is
less apparent than with potassium or marnesium ebsorption.
Greatest increases in calcium content with increasing cal-
cium concentrations in the nutrient solution were registered
by stock, snapdragon, chrysanthemumn, larkspuf, and corn in
that order (See Table 12). This does not follow the order
of root exchange capacities but rather the order of decreass-
ing calcium content.

If equilibrium between the calcium ions within the
plant and those in the external solution were a limiting
factor in ion accumulation (1), then plants which tended to
remove the most calcium from the internal solution. would
also tend to absorb the most calcium from the external
nutrient solution, Plants such as corn, chrysanthemum,
and larkspur, which contain relatively less calcium than
stock and snapdragon, would reach equilibrium with the
external solution at 2 lower calcium content and would
show less gain in calclum content with ean increase in the
celcium concentration of the nutrient solution. This in
no way contradicts the hypothesis that root exchange capa-
city is a factor in cation absorption, but rather that in
long term experlments with nutrient solutions such as were
employed, the effect of root exchange capaclty on calcium
absorption is overshadowed by the utilization of calcium

within the plant.



TABLE 12

a1l
~]

THE CALCIUM CONTENT OF THE TOPS OF SO
5 ' ME PLANT SPECIES
WITH DIFFERENT ROOT CATION EXCHAWNGE CAPACITIES GROWN IN
NUTRIENT SOLUTIONS WITH INCREASING CALCIUM CONCENTRATIONS

(A, Crops grown fall and winter)

3 1 Solutions 2
Crop Low CalLow Ca 1 Hoag- High Ca 3 Hoag- High Cs
High K| Low K land High K land Low X
Corn 115 -5 455 +50 $115 +100
Snapdragon 205 -},0 +345 +17% +360 4610
Snapdragon 235 -15 +215 +170 +275 +545
Chrysanthemum| 220 +50 +250 +245 +185 +445
Stock, Shasta| 355 [-115 4595 4590 4730 4685
Stock, Lav. 1130 -90 4575 +560 +745 +7L5
Larkspur 225 +55 +130 +155 +205 +370
(B. Crops grown in spring and summer)
‘ 1/2 Solutions 2
Crop3 Low Ca |Hoag- 1 Hoag- 2 Hoag- High Ca
High K |land land land Low K
Corn 135 +h5 +10 +10 +55
Snapdragon 130 +230 +280 +#300 4580
China Aster 85 4230 4205 $235 4565
Stock 215 +200 +615 +710 41090

1y1111equivelents of calcium/1000 grams of dry welght,
2Mi11iequivalents of calcium/1000 grams of dry weight

lost or gained compared to the low Caihigh

K solution.

3Plant species are arranged in the order of 1increasing
root cation exchange capacities.
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The results obtezined in nutrient solutions with calcium
are not necessarily the same as thoze wiich would he obtained
In soil. It is possible to maintain much higher concentra-
tions of soluble calcium in nutrient solutions than is pos-
sible in soil, and this would affect calcivm absorption by
plants. Also as Wadleigh and Bower (50) have pointed out,
calcium is held more strongly by the clay colloids in the
soil than are monovalent ions and this introduces the dif-
ference between calcium absorption by plants from soil as
compared to water cul ture.

The Relationship Between Relative Ceation Exchange Capacity
of Plant Roots and Magnesium Absorption

The same concentration of magnesium ions was employed
"in all nutrient solutions. Thus, the difference in absorp-
tion of magnesium by the different plants can be attributed
to the effects of varying calcium and potassium concentra-
tions in the nutrient solutions. The plants studied are
listed in the order of increasing cation exchange capacities
of fhe roots and the gain or loss in milliequivalents of
magnesium in the plant tops compared to plants grown in
stendard Hoagland solution is given in Table 13.

At low levels of both calecium and potassium in the
nutrient solution, the tops of plants whose roots had high
‘relative cation exchange capacities tended to contain
more magnesium than when the plants were grown in standard

Hoagland solution. This would be in agreement with the hypothesis



that plants with high root exchange capacity tend to show
the greatest increase in absorpfion of the ion which is
present 1n the highest effective concentration in the nutri-
ent solution. Plants with low root exchange cspacities
showed a decrease in magnesium content of the tops when the
concentration of both calcium and potassium was lower than
in the standard Hoagland solution. Since the pH of this
solution was low, this could have been a factor in magnesium
‘absorption with snapdragon and corn.

Corn, Snapdragon, and chrysanthemum plants decreased
in the percentage of magnesium in the plant tops when the
concentration of potassium was increased and the concentra-
tion of calcium decreased in the solution compared to the
plants grown in the standard Hoagland solution. In contrast,
the tops of stock and larkspur increased in magnesium con-
tent under the same conditions compared to plants grown in
standard Hoagland solution. The content of magnesium in
the plant tops for the same specles appeared to be affected
just opposite when the calcium concentration was increased
and the potassium concentration decreased in the nutrient
solution. Stock and larkspur decreased in magnesium con-
tent, while corn, snapdragon, and chrysenthemum were less
affected when compared to plants grown in the standard

Hoagland solution.
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TABLE 13

THE MAGNESIUM CONTENT OF THE TOPS OF SOME PLANT SPECIES
WITH DIFFERENT ROOT CATION EXCHANGE CAPACITIES GROWN IN
NUTRIENT SOLUTIONS WITH DIFFERENT
CONCENTRATICNS OF CALCIUM AND POTASSIUM

Solutions
Crop3 1 Hoag-~ Low Ca High K High Ca

land Low K Low Ca Low K
Corn 275 -108 -50 0
Snapdragon 550 -216 -75 450
Snapdragon 458 -66 -25 ~16
Chrysanthemum 358 +50 -25 +8
Stock, Shasta 266 +8 +91 -33
Stock, Lav, 283 +8 +125 -8
Larkspur 250 +33 +16 -8

1yMilliequivalents of magnesium/1000 grams of dry weight.

2Mi11iequivalents of magnesium/1000 grams of dry weight
lost or gained compared to the 1 Hoagland solution.,

3Plant species are arranged in the order of increasing
root cation exchange capacities,
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It appears that for plants studied, the cslcium ions
depress the absorption of muagnesium ions in plants with
high root exchange capacitles, especially those that con-
tain large amounts of cslcium in the tops. Potassium ions
depressed the absorption of magnesium ions in plants with
low root exchange capacities and in those plants which con-
tained large amounts of potassium in the plsnt tops. This
would suggest that the content of magnesium in the plant
specles studied was influenced by the cation baslance in the
plants (4)}. Excessive absorption of either cslcium or potas-
sium caused a decrease in magnesium content,

Determination of the Relative Cation
Exchange Capacities of Plant Roots

Two theoretical considerations are involved in regard
to the determination of the relative cation exchange cepaci-
ties of plant roots. What is actually being measured in the
determination? Why are there differences in the exchange
capacities of the roots of different plent species?

Roberts et al (39) found that in apple lesaves pectin-
aceous compounds form a contlnuous pathway reaching from the
outside of the leaf and extending to the walls of the vein
extensions. Similar pathways probably are present in plant
roots. Broyer (5) concluded that ions moved along contin-
uous protpplasmic paths to the xylem, especlally when the

concentration of salts in the external solution was high.
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Frey-Wyssling (15) observed that cellulosic cell wsalls are
permeable to all plasmolytic agents and therefore to nutri-
ent ions. Thus both cellulose compounds in the cell walls
and pectinaceous compounds in the cell walls and intra-
cellular spaces may enter into the measured cation exchange
capacity of the plant roots. The comparison of the exchange
capacities and titration curves of dialized and undialized
roots (See Figure III) indiceted that the permeability of
cytoplasm in the cells had been increased by electrodialysis,
There 1s also a possibillity that the cytoplasm of the plant
cells enters into the measured exchange reaction. Mattson
(28), however, feels that the cell wall is more important
in this respect than the cytoplasm.

It is felt that with plasmolysls of cells and disorgan-
ization of cytoplasm brought about by dialysis, the resulting
increase in permeability of the root tissues allows all of
the corticsl cells to enter 1lnto the measured exchange re-
action (19, 38). The fact that as a rule coarser rooted
species tend to have hlgher exchange capaclties than fine-
rooted species, would be explained by this assumption.

This does not mean that the chemical composition of the
exchange materials in different plant specles does not
influence the measured exchange capacity. To account for
the differences in the exchange capacities of the roots of

different plant species, it 1s assumed that there are
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differences in the amounts and chemical composition of
colloldal material in the cell walls, in the intracellular
spaces, and in cytoplasm of the corticsel cells of the plant
roots. However, the ratio of different tissues in the root
should be kept in mind in evaluating the relative measured
exchange capacity of different plants., From the texture of
the roots, corn should behave as 1f the root exchange capsa-
clty were lower than that actuslly measured when compared
with finer rooted crops. Comparing snapdragon and stock
with coarser rooted species, they should beheve as if their
exchange capaclities were higher than those actuaslly measured,
It is felt that the nutrient composition of these crops
tends to show that they do behave in this way.

Hayward (18) has shown that composition of the nutrient
solution can affect the ratio of the quantities of the dif-
ferent tissues in plant roots. This may account in part
for differences in the root exchange capacities which were
obtained in the different nutrient treatments.

Other factors besldes those mentioned can also affect
the interpretation of root exchsange capacity data. McLean
and Baker (31) point out theat exéhange cavacity is no mea-
sure of bonding energy for a particular cation. Plant
colloids with the same exchange capacity may have different
bonding energies for specific cations and this will alter

ion absorption ratios.
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Practlcal Applications

The interpretation of relative root exchange capacity
values in terms of practical applications for predicting the
cation needs of plants in soll is diffieult. Other factors
besides root exchange capacity determine the amount of a
particular fertilizer element needed in the soil (32). The
extent of the root system and the texture of the roots, in-
fluence the ability of a plant to absorb mineral cations
from the soil as well as the root exchange capaclty. The
actual requirement for a particular cation in the metabolic
processes ofa plant species does not appear to be related
to the root exchange capaclity of the plant., Additionsl
Iinformation 1is therefore necessary about the nutrient re-
quirements of the plant in all of the different physlo-
logicai stages of development and under different seasonal
conditions of light, moisture, and temperatﬁre before a
fertilizer program for a crop can be derived, After plant
nutrient requirements are known, along with the amount
already avallable in the soil, the abllity of the plant to
absorb specific cations can be considered (11, 12, 26, 36).
A fertilizer progrem can then be adopted which attempts to
alter the existing ratios of the different cations in the
soil for best plant prowth (45, L8).

Although the data obtained in the experiment conducted,

tends to show the effect of root exchange capacity on ion
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absorption, some interpretations can be made from growth
responses in the different solutions in regerd to require-
ments of the crops studied for the cations determined,

Some general observations were also made of the tex-
ture and extent of the root systems of the different plant
specles grown in nutrient solutions. On the basis of these
observations, interpretations of nutrient requirements , and

literature reviewed (2, 3, 11, 12, 1L, 26, 32, 36, 37, L6,
48), an attempt was made to predict the relatlive potassium
levels needed in soil for the plants studied (See Table 1l).
Fach species was given a numerical rating between one and
three on the baslis of 1ts potassium need for the item con-
sidered. For example, corn has a relatively low root ex-
change capacity so that 1t tends to absorb potassium easily
from‘low concentrations of potasslum, Tt was given a rela-
tive value of one for potassium need on the basis of exchange
capacity. Larkspur with a high exchange capacity was given

a relative value of three for the same item. Considering

all of the plant characteristics listed as of equal value

in determining the potassium need of the plant in the soil,
the plant species are 1listed in the order of their decreas-
ing need for available potassium in the soil: chrysanthemum,
stoek, corn, larkspur, and snapdragon (See Table 1L). This

does not mean that chrysenthemum would remove more potassium

from the soil than corn, but rather that in orderto obtain
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the potassium necessary for the best growth, chrysanthemum
needs & higher level of readily available potassium in the

soil than corn.,
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TABLE 1l

THE AVAILABLE POTAS3IUM

NEEDED IN SOIL BY THE PLANT SPECIES STUDIED
ON THE BASTS OF SPECIES CHARACTERISTICS

Species
Characteristics

Plant Species

Corn Snap-

Chrysan- Stock Larkspur

B dragon themum

Cation exchange

capaclty 1 1 2 2 3
Potassium

requirement 3 1 3 2 1
Extent of root

system 1 2 2 3 2
Texture of roots 3 2 3 1 2
Salt tolerance 2 1 3 3 1

To tal® 10 7 13 11 9

*Tme higher the number the higher the level of avall-
able potassium needed.



SUMMARY

The relative cation exchange capacities were determined
for the roots of a number of floriculture crops. The major-
1ty of the specles studied had relative root cation exchange
capacltles between 25 and 45 milliequivaslents of catlons per
100 grams dry weight of roots. ~Annueal larkspur, however,
had an exchange capacity of 94 milliequivalents per 100
grams of dry weight., The catlion sxchange capacity of the
roots of plants which were closely related botanically
tended to be similar. BEvidence was presented to show
that the exchange capaclty was possibly associated with
cells of the cortex of the root. It was not determined
whether the site of the measured exchange capacity was in
the cell wall or the cytoplasm,

In addition to the root exchange capacity, the calcium,
magnesium, and potassium content of the top portions of annual
larkspur, stock, chrysanthemum, snapdragon, and corn grown
in different nutrient solutions waes determined on a flame
spectrophotometer. The content of potassium in the plant
tops was found to be related to the concentration of potus-
sium ifons in the nutrient solution and the particular plant
specles, When plants were grown in s tandard Hoagland solu-
tion during the winter, all species contained near 1200

milliequivalents per 1000 grams of dry tissue. The different

68
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species pgrown in spring and summer in standard Hoagland
solution showed more varlation in potassium content (see
Table 11). The growth of plants in the different nutrient
solutions indicated s higher potassium requirement in winter
than in spring and summer, Corn and chrysanthemum had the
highest potassium requirements of the crops grown. The
concentration of calcium in the nutrient solution had little
effect on the concentration of potassium in the plant tops.

The content of calcium in the plant tops was affected
by the concentration of calcium ions in the nutrient solu-
tlon and the particular plant species involved. However,
in addition, the concentration of potassium ions in the
nutrient solution had an effect upon the calcium content
of the plant tops. An increase in the concentration of
potassium ions in the nutrient solution tended to decrease
the calcium content in the tops of all plants. Potassium
ions had less effect upon calcium absorption by stock,
however, than with other crops. Stock also had the highest
caleium content of the species studied (See Table 12).

The different plant species studied had varying amounts
of magnesium in the plant tops when grown in standard Hoag-
land solution. Snapdragon contained the most magnesium
(550 milliequivalents per 1000 grams of dry tissue), and
larkspur contained the least (250 milliequivalents per

1000 grams of dry tissue).
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The absorption of magnesium as measured by the concen-
tration in the plant tops was affected by both the concen-
tration of potaésium and calcium ions in the nutrient solu-
tion. The magnesium content in the tops of corn, snapdragon,
and chrysasnthemum tended to be decreased most by increasing
potassium concentrations in the nutrient solution, while
the magnesium content of stock tended to be decreased most
by increasing calcium concentrations in the nutrient solu-
tion. Larkspur showed little difference in the effect of
either potassium or calcium concentration in the nutrient

solution upon the magnesium content of the plant tops.
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