EXCHANGE STUDIES OF P52 AND P31 IN PLANTS

DISSERTATICN

Presented in Partisl Fulfillwment of the Requirements
for the Degree Doctor or Philosophy in the

Graduate School of The Chio State
University

By
TZU-LIANG YUAN, B. SCs, Me Sc.

ek ge ko

The Ohio State University
1966

Approved by
7 ye
4
%/NJMK/
Adviser

Department of Agronomy



ii

ACKNOWLEDGMENTS

The euthor wishes to record his sincere thanks to Dr. G. We Volk,
chairman of the Agronomy Department, for his constant adviecse and
encouragenent, and for arranging the Pellowship which made this
work posgsible.

At all stages in this work, the author has greatly appreciated
the guidesnce, suggestions and advice of Dr. Je. De Sayre of the Ue Se
Department of Agriculture, to whom the author wishes to express his
gratitude., He feels much indebted to Dre. C. Ae Swanson of the
Department of Botany, Ohio State University, for his constructive
Criticism of the manuseript,

Thanks are also due to Mre Ds Je Hoff, Ph. D. candidate of Chio

State University, for aid in correcting and improving the mmnusoript.



iii

TABLE OF CONTENTS

Introduction weesemcecccmmecn e ce e et . o
Methods of Experimentation =-==sescccuracccs - e S 2 e e o
Culturel Methodeermecomeccnaecnccnc e e mmn e e ————
Desoription of the Experiments =~--=-ww-=e-- e o 0 e o e
Preparation of Semples and Methods of Analyses ~=~--ewec—c-=
Results and Discussion ===-e=-=e- o 7 e 0 o e o g e
Experiment I: Corn (1963) =w=rmmeceercccececcerccceans ——————
P32,;p31 Ratio in the Culture Solutions ee~=--ccceew- -
P32 ;P31 Ratio in Various Corn Tissues ==-=eec=ceescac—as

P32 ,;p3]l Ratio of the Isotope Mixture Accumuleted in
Various Corn Tissues During the Treatment Period =~--~-
Summary of Experiment I =---= e ——————— e —————
Experiment II: Corn (1964) ===-==-- ———————————————————————

P32, P31l Ratio in Various Corn Tissues =--—=—e-ececcceccaa
Effect of Different P32 ;P31 Ratios in the Minersl
Nutrient Solutions on the Ratios in Corn Tissues =-=-
Effect of Same P32,p3l Retio But Different Concentrations
of P2 gnd P31 in the Mineresl Nutrient Solutions
on the Ratios in Corn Tissues ~=er—=crcccmcccecccce-ces

Summary of Experiment JI w==~=wme-cec-cccsm-e - o oo e

Experiment III: Corn (1954) =-=--=~m-eccrecomacaconccncaan
P32 ;p3l Ratio in Various Corn Tisgues ==-=—-=—o-=e ——————
P32,.p3l Ratio of the Isotope Mixture Accumulated in

Various Corn Tissues During the Treatment Period =---
Summary of Experiment II] ===—==w-ese-cememacooeonon o

Experiment IV: Tomato (1954) =-==w-- o —————— —————ao
P32,p31 Ratio in Various Tometo Tissues ==eee-=--- —————
P32,P31 Ratio of the Isotope Mixture Accumulsted in

Various Tomasto Tissues During the Trestment Period --
Summary of Experiment IV =---v-ro-=-- e —————— -

Experiment V: Soybean (1964) -===ee-ee-smccecco—mmocccnan=
pP32,p3l Ratio in Various Soybean Tissues =e==ee=—-arew--
P32 ,p31 Ratio of the Isotope Mixture Accumulated in

Various Soybeen Tissues During the Treatment Period =
Summary of Experiment V e=-cemccccoccamccmccrcacacrcanca

13

13
13
17

20
21

24
24

26

31
33

35
35

37
42

43
43

45
47

48
48

50
2



iv

TABIE OF CONTENTS

(continued)
General Discussion «=-=-- - ———em———em e e - ceeemn——— 53
Conclurion and SUMMArY =—=-—~sem-rescoe-cmecccssmcesms s ne oo 65
Appendioces we--sew—=ccocmec.n - e 8 o e e e e 68
Litereture Cited =w--==-- rm— - ———— - e e e e —om- 83
------------------------ et b S L LD e Dt D R 1]

Autobiography



Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Teble

I.

II.

IiI.

Iv.

Ve

vi.

VIil.

VIli.

I1X.

X.

XI.

XII.

XIII.

XIv.

LIST OF TABILES

composition of the Mineral Nutrient Solutions Used
in the Experiments =«--sweec-- e DL DL L cm————

Concentrations of P32 and P31l and Their Retio in
the Mineral Nutrient Solution =e~cesccwe- ————

pP32,p3l Ratio in Various Corn Tissues in
Experiment I =e-=s=-ecee-- S

Average Contents of P32 and P31l in Various
corn Tissues in Experiment I «=--==w-—- e m———— -

P32 content of the (orn Plants in Treatments

B and C O . - v €8 e s B S D e D D (g 0 G s o W e W e BN D D W S e

Average Amounts and the Ratio of P32 and P31
Accumulated in the Repliceted Corn Tissues During

the Treatment Period in Experiment I w~c-esccacce. -

P32,P31 Raetio in Various Corn Tissues in
Experiment IJ =e=<-cesmeccncnccncrccnrcanrercn e ———

P32 ;P31 Ratio in Various Corn Tissues in
Experiment JJ] we—-=ecmsscmcecmmeccceeccnece—— -

Increase of P31 in Corn Tissues During the
Treatment Period in Experiment JI] ==-=we==eccscc-a

Average Ratio of P32:;P3l of the Isotope Mixture
Accumulated in Various Corn Tissues During the
Treatment Period in Experiment JI] =-==wececcceccwe-

P32 ;P31 Ratio in Various Tomato Tissues in
EXperiment IV =ese=—m-=cesmeas oo —eeen cee———————

Increese of P31l in Tamato Tisswes During the
Treatment Period in Experiment IV =-===s-cm~em~—o=-

Average Ratio of PS2;p3l of the Isotope Mixture
Accumuleted in Various Tometo Tissues During the
Treatment Period in Experiment IV =e——c~wr=nseasa~-

P32;P3l Ratio in Various Soybean Tissues in
Experiment V ====-cmec-wormoneccscac soaems e m e e e

14

18

18

18

22

25

46

49



Table XV,

Table XVI.

vi

LIST OF TABIES

(continued)

Average Amounts and the Ratio of P32 and pSl
Accumulated in the Replicated Soybean Tissues
During the Treatment Period in Experiment V =-~=-=--

Influence of the P31 Concentration on the p32;p3l
Ratio in the Mineral Nutrient Solution at the
Beginning of the Treatment Period in Experiments

II, III, IV and V ~===~o=e=~= o e

51

61



Figurs

Figure

Figure

Figure

Figure

Figure

1.

e

4,

5.

6.

vii

LIST OF ILLUSTRATIONS

Effect of Different Ratios of P32:;P3l in the
Mineral Nutrient Solutions on the P32 ;P31 Ratio
in the Corn Tissues in Treatments A, B and ¢ =====--

Effect of Different Ratios of P32;P31l in the
Mineral Nutrient Solutions on the P32,p3l Ratio
in the Corn Tissues in Treatments B and D =w==c-=m—ne-

Effect of Diffsrent Ratios of P32;P3l in the
Minerel Nutrient Solutions on the P32 ;P31 Ratio
in the Corn Tissues in Treatments C and E e==—w~—~=e=

Effect of Seme Ratio of P32,;p3l But Different
Concentrations of P32 and P31l in the Mineral
Nutrient Solutions on the P32 ;P31 Ratio in the

Corn Tissues in Treatments A, D and E ==-~--~ e

Relation Between the P32 ;P31 Ratios in the Corn
Tisgues and in the Mineral Nutrient Solution =~~we=-

Relation Between the Increase of P31l gna the
P52 ,p3l Ratio of the Isotope Mixture Accumulated
in the Corn Tissuss During the Treatment Pericd =---

28

29

30

32

38

41



EXCHANGE STUDIES OF P32 AND P31 IN PLANTS

INTRODUCTION

The dilution of a radioactive isotope with a stable isotope of
the same element is one of the fundamental techniques used in various
phases of worke This technique is based on the assumption that all
properties of different isotopes of an element are the same except
the mass and the radioactivity, so that the different isotopes
become distributed homogeneously in the solution with the ordinary
isotope acting as a carrier. Plants absorb them in the seme propor-
tion as in the culture medium, however, it has been reported that
some exchange reaction between the different isotopes may take plece.
Hevesy (5) has demonstrated that radiolead was rapidly taken up by
the roots ot the horse bean plant (Vicia faba). When the roots were
subseguently immersed in a solution containing a high concentration
of normal lead, most of the radiolead diffused into the external
solution. This phenomenon may be expleined as a result of the exchenge
reaction between radiolead and normel lead. At equilibrium, the radio-
leed previously accumulated in the roots has been exchanged with the
normal lead in the solution. Overstreet and his associates (2, 8, 14),
working with radioactive potassium, have observed a similar exchange
phenomenon between the roots of barley and the culture medium.
Mcaulliffe et al (12), by using radiophosphorus P32, were able to study

the exchange between phosphate on the surfaces of soil minerals with
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phosphate in the solution. They concluded that a rapid exchange
between phosphate in the solution and phosphate on the surface takes
place. Olsen (13), teking the adventage of this exchange property
of the isotopes has measured the amount of phosphate on the surfaces
of hydroxylapatite and phesphate rock with radioactive phosphorus
P32, Whether the seme exchange reaction occurs within the plant and
its possible significance in plant studies using radioisotopes as
tracers have not been reported. It is for these purposes that the
present investigation was conducted. The isotopes used wers radio-

active phosphorus, P32 and the steble form p3l,



METHODS OF EXPERIMENTATION
Cultural Method

All experiments in this study were carried out in the green=
huose at the (Chio Agricultural Experiment Station during 1953 and
1954, The plants used were corn, tomato and soybean, The corn plants
were grown in gravel cultures consisting of a 3-gallon sloping botom
pot with a 5-gallon bottle serving as a reservoir for the mineral
nutrient solutione The tometo plants were grown in 3-gallon glazed,
flat bottom pots in which the lower part was fiilled with quartsz
gravel and the upper half with sande The use of sand kept the smell,
light seeds of tomato in place when they were being irrigated, The
soybean plants were grown in pure sand cultures. Fourteen liters of
the mineral nutrient sclution were kept in the reservoir for tomsto
and soybean plants, and fifteen and two tenth liters for corn. The
cultures were irrigated seven times a day, once every two hours from
8 ae me until 6 pe me. with the sewventh irrigation being made at mid-
nighte The time for irrigations was controlled automatically by a
tine clocke The irrigation system was so arranged that, when, irri-
gating, the mineral nutrient solution in the reservoirs was forced
up into the pots by low air pressure from a small Crowell=type air
pumpe. When the pump stopped, the solution drained back into the
reservoir by allowing the air in the solution bottle to be forced
back through the pump and the by-pass valves.

Rain water was used instead of the mineral nutrient solution
in the reservoir at first and then replaced by the latter one weak

3
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to ten days after the seedlings appeared. The composition of the
mineral nutrient solutions for the different species of plents is
given in Table I. The solutions for corn and soybean were those
which have been in use at the Ohio Agricultural Exper iment Station,
while for tomato, Arnon and Hoagland's solution was used (1). These
mineral nutrient solutions were found very satisfactory in the pre-
sent studies., Beside the major nutrient elements, the miocrometabolic
elaments were also used in the solution, They were boron, manganese,
zine, copper, molybdenum, vanadium, chromium, nickel, cobalt and
tungsten., A concentration of 0,25 ppm was used in the nutrient solu-~
tions for boron and manganese, 0,025 ppm for zine, 0,01 pmm for
copper and 0,005 ppm for all otherse. Iron was added in the form of
finely ground magnetite dirsectly to the grevel cultures for Experi-
ments I and III, and for Experiments II, IV and V, an iron-containing
chelating compound "Sequestrene NaFe" at a concentration of 3 ppm
of iron was used, This is a technical compound of sodium ferric
ethylenediamine tetra-acetate monohydrate, a product of the Alrose
Chemical Company. The mineral nutrient solution was first introduced
at half unit strength in all experiments except Experiment II, and
thereafter renewed every other wesk with full unit strength until
the plants reached the stage of growth at which the ditferent treat-
ments were madee In Experiment II, a full unit strength solution was
used at the beginning and a half unit phosphorus-free solution was

added to the original one two weeks later. The solution remained
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Table Io Composition of the Mineral Nutrient Solutioms
Used in the Experiments

Y

Experiment
Element Chemical I II III Iv v
form (Corn) (Corn) (Corn) (Tomato) (Soybean)

prem ppm ppm ppm ppm
Sodium Sulfate g_‘.i 29 29 o o
Potassium Chloride 38 38 38 o 68
Nitrate 69 69 69 390 o
Phosphate 13 26 13 0 58
Total 120 133 120 390 116
Calcium Chloride 0 0 0 0 51
Nitrate 100 100 100 120 129
Total 100 100 100 120 180
Magnesium Sulfate 20 20 <0 48 56
Nitrogen Sulfate & 5 5 0 10
(NH4-¥)  Phosphate 0 0 0 28 0
Totul 5 5 5 28 10
Nitrogen Ca=-salt 70 70 70 84 90
(NOz-N)  K-salt 25 25 25 141 0
Total 95 95 95 2295 90
Phosphorus NH4-salt 0 0 0 62 0
(PO4=P) K=-cslt 10 20 10 0 45
Totel 10 20 10 62 45
Sulfur NH4=salt 6 6 6 o 12
(s04=s) Mg=-selt 26 26 26 64 75
Na-galt 20 20 20 0 o
Total 52 52 52 64 87
Chlorine Ca=-calt 0 0 0 0 90
(C1=C1l) E=-salt 35 35 35 0 53
Total 35 36 35 9 143

* The figures underlined indicate the total concentrastion
of the element in the minerel nutrient solution. Those
from the salts of the micrometelnlic elements are not
included.
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unchanged until the plants were harvested.

Description Of The Experiments
In this study, a total of five greenhouse experiments were
conducted, three for corn and one each for tomato and soybean.
Since the dates of planting and harvesting as well as the amounts
of P52 and p3l used were not the same, it 1s necessary to describe
each experiment separatelye

BExperiment I This experiment was oonduoted in the summer of

1953+ Four sesds of W64, an Chio double eross corn hybrid, were
planted in each pot on April 24. The seedlings emerged on April 30,
They were thinned on May 11 to two per pot and the mineral nutrient
solution was introduced. (m June 5, the plants in each pot were thin-
ned to one and on July 7, when the corn entered the tesseling stage,
the tassel was cut off and a new mineral nutrient solution containing
a8ll elements but phosphorus was introduced in each culture. Different
levels of P32 and P31l were added to the solution to give the difterent
treatments, Each treatment was replicated three times, The emount of
P32 added, the concentration of P31l in the solution and their unit

ratio are tebulated as shown on the following page.



7

Total P32 Conce of P31  ynit* ratio of

Treatment added in solutien pS2 4 pil
/ mox ppm
A 0 10 0:1
B l ) l;¢0
C 1 10 11
D 1 200 1,20

*+ Assayed on July 2, 1963 at the Qak Ridge Iaboratory
and the quantity of P32 was not converted to that
at the time the isotope was used.

+ One mc. of P32 in 15.2-liter solution and a concen-
tration of 10 ppm of P51l are considered as one unit
of P52 and P31 respectivelye.

Ten days after the treatments were made, the plants were har=-
vested and dissected into upper and lower leaves, stem, ear and
rootse All samples were oven=-dried at 70 OC for three dayse

Experiment II  Four corn seeds of W64 were planted in each

culture on July 28, 1954 right after the first irrigation of the
washed gravel. The seedlings appeared on August le. On August 17,
they were thinned to two in each pote The mineral nutrient solution
was introduced on August 18, Previous to this, the cultures were
irrigated with rain water, Since this experiment was designed to
serve as a reference for exchange studies between P31 and P32, the
different treatments were made in the very beginning before any
accumulation of P31 in the tissues could occur, Initially a whole
unit of the mineral nutrient solution containing P31 was introduced
with additional P31 and different amounts of P32 for various treate=
ments. Two weeks after this, a half unit strength solution excluding
phosphorus was added to the original solution in order to meet the

nutrient requirement of rapidly growing plants. The amounts of P32
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and P31 added to the solution for different treatments wereg

rotal P32  (Conce of P31  Unit+ retio of

Treatment added in solution P32 ; Pl
me* ppm
A 0.156 20 l1:1
B 0.156 40 1:2
c 0,156 100 l1;:5
D 0,312 40 2 ;12
E 0,780 100 543465

* Assayed on August 16, 15564 et the Oak Ridge laboratory
and the quantity of P52 was not converted to that at
the time the isotope was used.

+ 0,156 me. of P32 in 15.,2-liter solution and a concen~
tration of 20 ppm of P31l are considered as omne unit
of P92 and PS1 respectively.

On September 15, four wesks after the introduction of different
treatments, the plants were harvested and dissected into leaves,
stoms and roots. The tissues from the two piants in each pot were
combined for analysise

Experiment III This experiment was a repetition of the one

conducted in 1953. The plants were seeded on April 26, 1954 with
four ocorn seeds of W64 in each pot. Five days later, the seedlings
appeared and on May 7, & one half unit strength of the mineral
nutrient solution was introduced, A week later, the plants were
thinned to two and on May 17, to one in each pots On June 10, the

treatments es shown on next page were given.



Total P32 (Conce. of PPl  Unit* ratio of

Treatment added in solution p32 ,p 31
mos ppm

A 0.27 0 1:0
B 0627 10 l1:1
¢ 0,27 50 l:5
D 0,27 100 1:10
E 0.54 20 2 32
P 1,35 80 5 3 6

* Assaysd on June 7, 1954 at the QOak Ridge Laboratory.
The gquantity of P52 was not converted to that at
the time the isotope was used.

+ 0627 mo. of P32 in 15.2=liter solution and a concen-
tration of 10 pmm of P51 are considered as one unit
of P32 and P31 respectively.

The tessels appeared on June 15. However, no pollen had been
formed when the plants were harvested on June 21, The plants were
dissected into tassel, upper and lower leaves, stems and rootse
Ears had started to form but were combined with sheath and stem for
analysis,

Expsriment IV Tomato plants were used in this experiment.

Fifteen to twenty tomato seeds of Rutgers variety were planted in
each pot on May 20, 19564, The seedlings were visible in five days.
The plants were thinned to five on June 15, and to two in each pot
on June 21, These two plents were allowed to grow until mature but
only one of them was used for analysise. The plants grew vigorously
throughout the experiment, Flowers appeared on July 15 and one

week later, fruits started to form. On August 5, the following

treatments were made;
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Total P32  Conce of POl Unwratiolof

Treatmont added in solution 3
mo? pp

A 0e256 0 1;0
B 0,256 62 11
c 0,256 124 12
D 0,256 248 l:4
E 0,512 124 2 32
F 1,024 248 4 ; &

* Asgayed on July 22, 1954 at the (Oak Ridge Laboratory.
The quantity of was not converted to that at the

time the isotope was used,

+ 0,256 mc. of P32 in 14-liter solution and a concen-
tration of 62 ppm of PS5l are considered as onme unit
of P32 and P31 respectively.

The plants were harvested on August 20, 1964 and dissected
into leaf blades, stem (including branch) and fruits. Roots were

not analyzed.

Experiment V Eight soybean seeds of Lincoln variety were

planted in each pot on June 16. The plants were thinned to five in
each pot on June 27. The plants grew vigorously and started flowering
on July 21 and by August 5, poeds had formed. Various treatments were
made on August 18 as follows;

Total P32  (onc. of P31l  Unit*Ratioc of
pde 4 pdl

Treatment added in solution )
me* ppn
A 0.156 0 1:0
B 0.166 45 1:1
c 04156 90 1 ;2
D 0,156 226 1356
E 0.312 90 2 3 2
F 0,780 2286 535

* Assayed on August 16, 1954 at the Oalc Ridge Iaboratory.
+ 00156 mece of P52 in l4-litor solution and & concentra-
tion of 45 ppm of P31l are considered as one unit ot

P32 and P31 respectively.
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The plants were harvested on August 30, lhey were then dissected

into blades, stems and pods (with seeds)e. Roots were not samplede.

Preparation Of Semples And Methods Of Analysis

After the plents were harvested and dissected, the samples
were kept in a 70 OC oven for three days, them ground and passed
through a 30-mesh screen in a laboratory Wiley mill. Each sample
weae thoroughly mixed before being analyzed.

One gram of plant tissue was weighed out in 100= or 150-ml.
tall form beakers and digested with 3:1 nitric-perchloric acid mix~
ture. After complete digestion, the solution was cooled and diluted
to 100 ml., with distilled water. One ml. aliquot was pipetted out
into the planchet for the measurement of the rediocactivity of P52
end one or more milliliters for P31l depending upon the phosphorus
ocontent of the tissue. In most cases, one ml, was suitable for the
determination. Duplicate samples were used for analysise

For the measurement of the radioactivity of P32, the solution
in the planchet was first eveporated on a steam plate to dryness.
The planchet was then put on the second shelf under the Geiger tube
of a counter menufactured by Potter Instrument Compsny. The redio-
activity was meesured and recorded a&s counts per minute. This was
corrected for background counts, coincidence and tube sensitivity
factors. Since the radioactivity of all samples from different
tissues could not be measured at the same time, the counts were all

corrected to a reference date, the date of harvest, by using the
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decay factor of P32 which has a half=-life of fourteen and three
tenth days. Since no absolute value in quantity of P32 was needed
in this study, the yield factor was not usede

The determination of P31 was carried out by placing 1 ml. of
the solution from the digest of the plant tissue into a 50-ml,
volumetric flaske. A volume of about 40 ml. of distilled water,
2 mle of 2,5 % ammonium molybdate in 8.5 N H2S04 and 1 ml, of 1=
amino=2-naphthol=4-sgulfonic acid solution were added and then
diluted to 50 ml, with distilled water. After mixing, the blue color
developed and the contents were allowed to stand for fifteen minutes.
The percentage of transmission was measured by using a red filter
of 650 mp in a Fisher electrophotometer. The emount of P31l in the
plant tissue was calculated from a standard curve prepared by using
various known emounts of P51, The l-amino-2-naphthol=4-sulfonic
acid solution was prepared every three weeks by dissolving 0.5 gram
of the acid in 250 ml, distilled water containing 5 grams of sodium
metasulfite,

The ratio of F32;p3l in plent tissues was obtained by dividing
the number of counts per minute of P52 by the emount of P31 in

micrograms (abbrevieted as r) in e given amount of the plant sample,



RESULTS AND DISCUSSION

EXPERIMENT Is CORN (1953)

P32;p31 Ratio in the Culture Solution

In order to determine if the absorption of the mixture of
different isotopes of the same atomic number by the plent follows
the assumption that they are absorbed in the seame proportions, the
actual concentraetion of P52 and P31l in each of the mineral nutrient
solutions supplied to each treatment was determined. The samples
were taken from each bottle efter the P32 end P51 were thoroughly
mixed with the mineral nutrient solution before irrigation. For
comparison, samples of the solution at the end of the experiment
were also collecteds The results are given in Table I1.

When the ratios of P323P3l in the soluticns at the beginning
and at the end of the treatment are compared, it is found that
the ratios at the end of the treatment were lower than at the begin-
ninge The difierence is more significant in Treatment C thar De In
the former, the ratios at the end of the treatment were asbout twenty-
five percent lower then at the beginning, while in the latter, there
was no significant differences Since the radiocsctivity of both sam=
ples had been converted into that at the time the plants were har-
vested, theoretically the ratios of P352;p3l should be the same, The
faect that they were not the same indicates that some preferential
absorption or adsorption of different isotopes may have occurred.
However, it has been one of the fundemental assumptions in tracer
work that plants exhibit no preferential selection between the

13



Teble II. Concentrations of P52 and P51 and Their Ratio in
the Miperal Nutrient Sclutioms

Treet- Unit* Replie Soiution at beginning* Solution at end P2 . p3l
ment ratio ocate p32  pSl p32,p3l p32. P31 p32,p31 on gravel
P32,p31 pot no. 102ct/m/nl ppm 102ct/m/r> 102ct/m/Mml ppm 102ct/m/r  10Rct/m/r

A 0:1 1l evmee  J030 =r=== memre 1,15 =ecew

9 ———m— JU,30 wme=- mmmen 1,70 =—e-- ———e-

19 wemes 11430 eow=- mmmmn 1,96 =wcea —————

B 1 H 0 3 84.28 soase oesoe® 3.85 0018 21.39 Oo‘.‘l

11 84.15 - o e o oo 2.99 0.]4 21.36 0024

21 86405 wwece oomea 1.88 0422 8.556 0.46

c 131 5 116442 10430 11,30 10677 1e50 6496 Oed4

13 119,40 1U,30 11,89 16,16 1,70 9.51 0.44

23 122,29 10440 11,76 15.13 1,56 9.76 0.38

D l:20 7 120,44 21700 0,56 79.09 154,00 0.51 0.17

17 116408 217400 0453 87.13 164,00 0,563 O.19

25 115621 209400 0455 81,57 159,00 0,51 Oelb

* 1 unit of P32 = ) mo, (assayed on July 2, 19638).

1 unit or P81 = 10 ppm.
4+ For comperison, the radiocactivity ot the gsolution samples at the beginning

of the treatment was converted to that at the time the plants were

harvested.

7+ r = microgram.

48
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redioactive end stable igotopes and the results of this investi-
gation,which will be shown later, verify this assumptione It might
be a possibility that grevel would adsorb P32 and P31l in a higher
ratio than in the solution. But the data in the last column of
Table II showed the opposite effect. The extremely low ratiocs of
P32 3p31 in the gravel are believed & result of the considerable
high content of P31 which had been fixed by magnetite in gravel
and other mechanisms of phosphorus fixation previous to the treat=
ment, and was brought into the hydrochloric acid extract when
anslyzed, Therefore it is impossible to conclude that the differen-
tial adsorption ot P32 and P31l had ocourred on the gravel surface,
Since the plants had been growing in the optimum mineral nutrient
solution before the P52 and the different levels of PS5l were mpplied,
gravel may have retained some phosphorus in the solution areund the
surface. After the treatments were made, the irrigatiocn might result
in a dilution of the P32 ;P31 retioc by the phosphorus which had
remained in the gravel. This is more likely the cause, however, it
is still doubtful whether the quantity of phosphorus thus reteined
was large enough to exert much intluence on the P32 ;P31 ratio in
16542 liters of the mineral nutrient solution. According to the results
obtained by Dre Je De Seyre and the author* in a study of daily

absorption of phosphorus, potassium and sodium by the corn plant in

¥ [npublished data.
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gravel cultures with an optimum minerel nutriemt solution ot the
same composition as used here, it was found that corn plants absorbed
most of the phosphorus present in the solution in the first three
or four days after the solution was renewed, Therefore, it is pro-
bable that a few deys after the different treatments were made,
the concentretion of total phosphorus in the solution was greatly
reducede This may have caused an increese in the amount of P32
adsorption on the walls of the container as happened in Treatment B
where the amount of P52 introduced was the same as those introduced
to the mineral nutrient solutions in Treatments C and De But in
the solution samples taken right after mixing, it weas found that
the radioactivity of P32 in the solutions of Treatment B was only
72 % as much as in Treatments C and D (see Table II), As a result
of such inoreased adsorption of P32, the ratio of P32;P31l in the
solution was thus lowered, In the case of Treatment D, & large
amount of P9l still remained in the solution at the hervest time
and therefore prevented P52 from the increased adsorption on the
wall of the reservoir, the connecting tubes in the irrigation sys-
tem end perhaps also on the surface of gravel particles., This may
be illustrated by the data shown in Table II. The difference of
P% ;P31 rgtio of the mineral nutrient solutions at the beginning
and the end of the treatment in C wes very great while in Treatment
D, the difference was negligible. This phenomenon is also shown in
other experiments of this studye It is believed that the reduced

P32 ;P3]l ratio at the end of the treatment was probably due tc the
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inoreased adsorption of P32, The further discussion will be made

later P

P32 ;P31 Ratio in Various Corn Tissues

Table III shows the pPS2;p3l ratios in different tigsues of the
corn plant. It is apparent that the ratio was much higher in the
leaves than in any of the other tissues. Also, the ratio in the
upper leaves was higher than in the lower leaves, although there
was not much difference in the P51 content of both tissues (Table
IV)s The ratios of P32;P3l were nearly the same in the other parts
of the plant except for the roots which had a higher ratio than
either stem or ear. It seems that, the tissues with the lower meta~
bolic activitiss had lower ratios which tended to reach a somewhat
constant velue, It is also noticed that the ratios of P32 ;P31 were
higher in Treatment B then in Treatment C, especially in the upper
leaves and the roots. However, as shown in Table V, both the total
radioactivity and the redioactivity per unit dry weight of the plent
tigsues grown in Treatment B were even lower than in Treatment C.
The higher ratios in Treatment B might be explained by the fact
that the plants of both treatments absorbed radicactive P3¢ in some-
what quantity the seme as they were in the solution. Since there was
only P32 in the mineral nutrient solution of Treatment B, therefore,
plants in this treatment hed a lower P31 in the tissues. As a result,
the P32 :p3l retios were naturally higher than in the plant tissues

of Treatment C. The higher ratios of P32:P3l in the upper leaves



Treat= Unit* Repli- Upper Lower Stem Ear Roots Plant as Solu. at

ment ratio ocate leaves leaves a whole beginning
B 1 3 (o] # 3 5025 5069 2469 2.21 4.*9 2.81 - now@®
11 4,74 3426 1.96 2,04 5406 2,61 —————
21 4445 2.84 2.52 2423 4.82 2.91 ————-
o 1:1 5 4.11 3.50 1.01 24,26 2.42 2457 11,30
13 390 2497 2,01 2617 2473 2449 11,59
23 4042 2,89 2,57 2,568 2.28 2476 11.76
D 1:20 7 0.47 0,41 0.26 0.21 0.38 0.32 04,66
17 0.48 0637 0424 0,23 O.41 0.34 0.53
26 0,556 0.40 0.32 0.34 0.56 0.43 0.656

* All retios axcept the unit ratio are in 1C2 ¢/m/r.
4+ 1 unit of P32 = 1 mc.; 1 unit of P31 = 10 pmm in the mineral nutrient solution.

Table IV. Average Contents or P32 and P31 in Various
Corn Tissues in Experiment I

Treatment
: i‘nt A B c D
a8ue
P2 pol P pol P2 pol P2 pol

102¢/n/em re/gn  12c/ufgn r/em  102c/m/em  r/em 10%c/u/em r/em

1eaves, Upper === 2840 9765 2000 13104 3170 4765 9550
lower === 2690 6772 2070 9799 3130 3959 9970

Stem ceeee 1100 1449 650 2462 1120 667 2480
Ear cewe= 2590 4514 2090 6136 26560 921 3560
Roots cewe= 1310 3889 810 3942 1610 2741 6280

* r = microgram; the weight of corn tissues is on oven-dry basis.

8T



Table Ve P92 Content of the Corn Plents in Treatments B and C

~ Radioactivity of P32 252 e %1
Trestment Replicate Dry wt.* T3 whole per gm. per ml. 2 S
of plant tissue tissue solu. /ml solu.
Fot noe gn 104c /n 104¢ /o 102¢ /m

B 3 142,3 b87¢6 41.29 84.28 48,99
11 160,32 6639 41,42 84,15 49,22
21 126,41 4961 39,34 86,05 45,72
Aversage 142.9 5825 40,76 84,83 48,05
C 5 122.7 665656 54424 116442 46,58
13 12845 6686 52,03 119.40 43,58
23 117,.,7 6620 56,24 122,29 45,99
Average 123.0 6654 54.17 119,37 45,38
B/C Average c——- ———- 0475 0.71 1,06

*# (On oven-dry basis (at 70°C),

61
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and roots may be assumed to be related to the mechanism of the
exchange reaction between these two isotopes in plants. The pro-
posed mechanism wilil be discussed under the heading "Genersl
Discussion®,

As for Treatment D, the ratios of P32 ;P31 in the corn tissues
were much lower then those in the tissues of the other treatmentse
Since the supply of phosphorus was in great excess in the solution,
only a small part was absorbed by the plant. The total upteke of
P32 was therefore greatly reduced because of the large dilution of
P32 by P31, As & result, the ratios of P3 ;P31 in the plant tissues
were lowered. When the velues of P92 ;P31 ratios in the tissues of
Trestments C and D are compared, it is found that, as shown in
Teble III, the ratios in the latter were about one eighth of those
in the former instead of one twentieth. This can be easily under-
stood since the mixture of P32 and P31 absorbed were diluted differ-
ently by the P31 accumulated before the treatments were made in
the tissues of different treatments. The P31l previously accumulated
is considered a part of the total P31 on which the calculation of
the ratio of P32;p3l ig besed,

P32 :p3l Ratio of the Isotope Mixturs Accumulated in
Various Corn Tissues During the Treatment Period

If the average percentage of P31l in various tissues of the
corn plants in Treatment B is used as the percentage of P31l accu-
mulated in these tissues before the treatments, we are able to cal-

culate the amount of steble PS5l absorbed during the treatment
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period. The results are shown in Table VI. It is found that during
the ten~day treatment period, the increases of P31 content in the
plants of Treatment C and Treatment D were approximately 80 and 351
milligrams; while the amounts of P32 absorbed in terms of radio-
activity were 6654 x 10% and 1825 x 10% counts per minute respectively.
The ratio of P32;P3l in 102 counts per minute per microgram was 8.23
in the former and 052 in the latter, These values are very close
to those in the nutrient solutions at the end of the experiment.
It appears, therefore, that plants do absorb the mixture of different
isotopes in the same proportion that they are present in culture
medium. However, it is revealed in Table VI thet although the P32;p3l
ratio of the isotope mixture absorbed was the same as that in the
culture solution, the retios of the concentrations of P32 and p31
translocated to or accumulated in various tissues were apparently
different. They were much higher in leaves and ear than in the stem

and roots.

Summary of Experiment I

Several interesting facts have been observed from the data
obtained in this experiment. They are summarized as follows;

1. The mineral nutrient solutions had a lower P32;p3l ratio
at the end than at the beginning of the treatment; this was proba-
bly due to the inpreased adsorption of P32 as P31 concentration
decreased.

2, The proportion of P32 to P31l absorbed by the plant during



Table VI. Average Amounts and the Ratio of P32 and P31 pcoumulated in the
Replicated Corn Tissues During the Treatment Period in Experiment I
4—- palt Total POl
rissus Preat- POl at bg?i:e igcrgased acgumg%gted Total poe p32 53l
t harvest urin ur s
men treatment treatmgnt treatmént accumilated
% 4 % r? ].Bzc/ﬁ ]:(_)fc/m/r
Ieaves,
Upper c 0,317 0,200 0.117 10647 117858 11,907
D 0,956 0,200 0.755 59645 37290 063
c/b ————— - = ————- ———— eow- 17.57
lLower c 0.313 0.207 0.106 9328 87740 9.41
D 0,997 0,207 0,790 71890 36548 0.51
cA) - = s o -ama - - e - @ —an [ Y 18.45
Stem c 0.112 0.064 0,048 18480 98829 5.35
D 0e248 0,064 0,184 57224 20427 0,36
c/b -m——— ——— ————— - —me—— 14,86
Ear c 0.2656 0209 0.056 25256 275918 10,92
D 0,355 0,209 0,146 59422 369868 0,62
C/b L Sl - ————— D et 17.61
Roots c 0.161 0,081 0.080 17120 85554 5,00
D 0,528 0,081 0,547 102836 51264 0650
c/b -owss - we - arves - un o - s 10'00
Wholse plant ¢ 0.208 0.147 0,061 80831T 665377 23
D 0,472 0.147 04325 3510177 182487 0,52
c/b e ————- ————— ————— —-——- 15.83
Solution at ¢ e ————— coane ———— ———— 8.74
end D ———we - - — e ————— 0.52
Aga ———- ———— - - e 16.81

| ]
rs

T
ca

Average percentage of the triplicate tissues in Treatment B.
Dirferences between the average percentgges of the plant tissues in Treatment

B and Treatment C or D.
Sum of average P31l content of all plant tissues in Treatment C or D.
r = mierogram.

22
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the treatment period was the same as that in the minergl nutrient
solution. But in different plant tissues, the amounts of P32 and
P31 accumulated during thet period did uot give the same proportion.

3. Plant tissues which had accumulated a higher concentration
of P31, aocumulated more P32 and this resulted in a higher ratio
of P32,p3l in the isotope mixture scoumulated during the treatment
period.

4, In this particular experiment, leaves and roots had a

much higher final ratio of P32;p3le
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EXPERIMENT II: CORN (1964)

In order to clarify the relationship between P32 and P31 in
the plant, several additional experiments were designed in 1954.
The first stage of the growth of corn was considered in this experi-
ment. It seems that the previous accumulation of PSl in different
tissues had an effect on the ratio of P32;p3l, In this experiment,
this factor was eliminated by introducing P32 at the very beginning
with different levels of POl so that the results may serve as a

reference for other experiments.

P32;p3l Ratio in Various Corn Tissues

The results of the experiment are shown in Table VII. It is
apparent that, despite the different contents of P51, the ratios
of P32,;p3l in different tissues were the same except the roots in
which the ratios were a little lower although not much. This fact
indicates that if there is no previous accumulation of P31l in the
plant, the propertion of P32 to P31l in the mixture translocated to
different tissues will be the same no matter how much the concen=-
tration of P31 varies in different tissues., In other words, ths
previously acoumulated P31 will have something to do with the
final P32 ;P31 ratios, 1.0. there is a certain reaction between the
previously accumulated P51 and the prevailing P32 in the P31l and
P32 mixture. This re lationship will be disoussed later. Qf course,
in the practical conditions of any experiment, at least some phos~-

phorus from the seed enters in the plant. The amount is so small



————

Teble VII., P32,p%1 Ratio in Various Corn Tissues in Experimenmt II.

g

e

——

—

—

——————

Treat- Units ratio . Whole
ment of P32,p31 Replicate ]eaves Stem Roots plant Solution¢
Pot noe 10c/m/r? 10c/m/r 10c/mA  10c/m/r  1l0c/m/r
A 1:1 1 2487 3.02 2,66 2.89 3470
6 3.10 2487 2453 2,94 3.58
11 3409 2.95 2070 2,97 3435
B 1:2 2 1.78 1.72 1.64 1.74 1.92
7 1.64 1.69 1.66 1.67 l.84
2 1.69 1.73 1.61 1.70 1.72
c l1:5 3 0.81 0.76 0.76 0.78 0.80
8 0.72 0.80 0.71 0.75 0.75
13 0.71 0,75 0.71 0.72 0.75
D 22 4 3.42 3435 3.07 3083 3.75
9 3437 3.32 3407 3430 3.66
14 3.36 3.36 3417 3,33 3.62
E 5§:5 5 370 5.85 3.66 3.76 5.96
10 3.70 3.68 3.87 3.62 3.81
15 3.88 3.67 3445 3.69 377

* 1 unit of P52 = 0,156 me. (assayed on August 16, 1954).

1 unit of P31 ¢ 20 ppm in the minerel nutrient solution.
+ at the beginning of the treatment.

# r = microgram,

52
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when compared with the amount absorbed by the plant during its
growth in the mineral nutrient solution that it may be neglected.

It is important to point out that the leaves and roots did not
contain P32 and P31 in as high a ratio as found in Experiment I.
The similar results were found in other experiments also.

Effect of Difterent P52;P3l Ratios in the
Mineral Nutrient Solutions on the
Ratios in Corn Tissues

Among the five treatments of this experiment, Treatment A, B
and C had different PPl concentrations but the same amount of P32,
In Treatments B and D, and also Treatments ¢ and E, the reverse
was true, Before we enter into the discussion, we should point out
that, according to the results obtained from Experiwent I, the
P32,p31 ratio in the mineral nutrient solution a% the beginning of
the treatment did not serve well as an index of the P32;p3l ratio
in the plant, especially in the solutions with a low P31 oconcen-
tration, It was the P52;p3l ratio at the end of the treatment, which
corresponded more closely to the ratio of the isotopes accumulated
in the plant as a whole during the treatment period. In this and
the following experiments, no solution samples were collected at
the end of the treatment period because of the wide variations of
the extremely low PPl concentrations in the triplicate solutions,
For the following discussion, the P32;P31 ratio in the plant as a
whole is selected to represent the actual ratio in the nutrient

solution rather than the ratio in the solution at the beginning of
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the treatmente It is reasonable end quite safe to do this becsause
in this experiment, no previous accumulation of P31 occurred in
the plant.

If the P32 ;P3l ratios in each plant tissue end in the mineral
nutrient solution represented by that in the whole plant in Treat-
ment C are used as the index of 100%, end the relative percenteges
of PS2,;p3l ratios in the plant tissues of Treatments A and B are
calculated and plotted against that in the minerel nutrient sclution,
Figure 1 is obtained. It is evident that although the concentration
of PPl in the nutrient solutions varied widely, the ratios of P32 .p5l
in various plant tissues were directly proportional to the actual
ratio in the nutrient solutione The slight deviation of the relative
percentages in the figure probably resulted trom the experimental
error, The relations between the retios in plant tissues and in the
mineral nutrient solution of Treatments B and D, and Treatments C
and E are shown in Figures 2 and 3 regpectively. These two figures
also show cleerly that the P32;p3l retio in the plant tissues folluws
the ratio directly in the culture medium,

The relative percentages of the P32;p3l ratios in the mineral
nutrient solutions at the beginning of the treatment are also plotted
in the figures. In Figure 1, The solution in Treatment A had a much
higher relative percentage than it should have, while in Figures 2
end 3, no such phenomenon is obserwed in the solutions of Treatments

Band D, and also in those of Treatments C and E, where the solutions
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Figure 1. Effect of Ditferent Ratios of P32;PSl in the Mineral
Nutrient Solutions on the P32;P31l Ratio in the
Corn Tissues in Treatments A, B and C
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Figure 2, Effeot of Different Ratios of PS2;p3l in the Mineral
Nutrient Solutions on the P32 ;p3l Ratio in the
Cern Tissues in Treatments B and D
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Figure 3. Effect of Different Ratios of P32,;pSl in the Mineral
Nutrient Solutions on the P32;P3l Ratio in the
corn Tissues in Treatments C and E
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had the seme concentrations of P3l. The reduced retio of P32:pSl in
the minerel nutrient solution at the end of the treatment, repre-
sented by the retio in the plant as a whole here, can not be consi-
dered as a result of the expsrimental error but a result of the
sdsorption of the relative larger proportion of P32 in relation to
Pl when the concentretion of the latter becomes very low. The
relation between the adsorption of P32 and the concentration of p3l
in the solution is not necessary inversely proportional although no
attempt was made to clarify this point. The adsorption of a larger
proportion of P32 under low P31l concentration wiil be discussed in
detail lastere
Effect of Seme P32 ;P31 Retio But Different Concentrations
of P52 and P31 in the Mineral Nutrient Solution
on the Retio in Corn Tissues

By using the similar procedure as described in the previous
soction, the relationship of Treatments A, D and E is shown in
Figure 4, It shows that the ratics of P32 ;P51 in both leaf and stem
tissues seem to be directly proportional to that of the whole plant
or of the mineral nutrient solution at the end of the experiment.
Since these treatments had the same P32;p3l retio but different
concentrations of both P32 and P31 in the minerel nutrient solution,
the much higher relative percentages of the P3¢ ;P31 ratio in the
solution at the beginning of the experiment in Treastments D and A
mean that the lowering of P32 ;p3l ratio at the end of the experiment

is probably due to the adsorption of a larger portion ot P32 in
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relation to P31l when the P31l ooncentretion decreases as a result of
plant absorption.

It is also noted that the relative percentages of P32;P3l ratio
of Treatments E, D and A do not heve a linear relationship in the
figure, In Treatment A where there was a lowest P31l concentration,
the relative percentage of the ratio in the solution at the beginning
of the treatment is much higher. In other words, the lowering of
P32;P31 ratio at the end of the treatment was much greater than that
in Treatment D when that ot Treatment E is used as an index. This
might be used as an illustration to show the possibility that a
larger portion of P32 would adsorb on the wall of the container and
in the irrigation system when the P31l concentration is lowered.

There is a marked lowering ot the relative percentage of' P32;pSl
ratios in root tissues in Figure 4, However, it is found that this
lowering has a lineer relationship to the ratio of the mineral nutrie-
ent solution at the end ot the treatment, Therefore, from the rela-
tions observed, it mey be concluded that little effect on P32:pSl
ratio in the plant tissues is caused by the different concentrations
of P32 and P31 in the mineral nutrient solution if their ratio is

kept constant,

Summary of Experiment II
No previous acoumilation of P31l ocourred in the plants in this
experiment except a small amount whioh was originally present in

the seed, A8 soon as the corn seedlings emerged from the gravel,
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different levels of P32 and P31 were introduced to the mineral
nutrient solutionse. The results are summarized as follows;

le All ocorn tissues in the same treatment had almost the same
ratio ot p32,p3l, although the ratio was a little lower in the root
tissues,

2. The P32;P8l retios in corn tissues were affected proportion-
ally by the ratios in the mineral putrient solutions,

3. In the treatments where the ratios of P32:;P3l were the same,
the concentrations of P32 and P31l in the mineral nutrient solutione
had little or no effect or the ratio of P32:p3l in the plant tissues.

4. When the conoentrations of P31l were different in the minaml
nutrient solutions , the lower the concentration of P31l remained in
the solution, the more was the loss of P32 probably due to the adsor-
ption and thus resulted a lower P32:P3l ratio. No difference in loss
of P32 in term of the P32;P3l ratio was observed in tha solutions

with a same concentration of P31l but different amounts of P32,
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EXPERIMENT III: CORN (1954)

P32,;p31 Ratio in Various Corn Tissues

This experiment was similar to the one conducted in the summer
of 1963. The corn plants were grown to the same stage but the
number of treatments and the levels ot both P32 and P31 were ditferent.
The data in Table VIII show that the root tissues had the highest
ratio ot P52;p3l while the lower leaves had the lowest. There was
not much difference among the other tissues. Although there were
ditferences in the P92;p3l ratio in difterent plant tissues, they
were not very great.

In Treatments A and B, the same amount of P3¢ was introduced
to the minerml nutrient solution. The only dii'ference was that in
the former no P31l was applied while the latter had a concentration
of 10 ppm of P31l in the nutrient solution. The final ratios of P32 :p3l
in the plant tisaues were higher in Treatment A than Treatment B.
This phenomenon has been observed and discussed in Experiment I, how-
ever, in this experiment, the diffserence was much greater,

As in Experiment II, the treatments are also used to study the
effect of the different P32;p3l ratios and that of the same ratio
but with ditferent concentrations ot P32 and PS1l in the solutions
on the ratios in the plant tissues, As a result of the dilution of
the ratio by P31l previously accumulated in this experiment, the
P32 ;P31 ratios in various corn tissues were not the same as in the

mineral nutrient solutions of wvarious treatments. However, the data



Table VIII. PS2:P31 Ratio in Various Corn Tissues in Experiment III
Tnitx» 1i 1
Treat= L.+io ROPli- Upper Lower Tassel Stem Roots Whole SOIuFiog at
leaves leaves plant beginning

ment Psz . PS 1 cate

Pot no.1020 /m/A+102¢ /m/r 1020 /m/r 102¢c/m/r 102¢/m/r 102¢/m/r 102¢ fu/r

10
16

E 2 :+ 2 5
11
17

F 5 ¢ 5 6
12
18

0483
0.91

0.83

0457
0,58
0.61

0,31
0,27
0.32

0e%4
0.87
0.86

1.29
1,34
1.47

0463
0,74

0.71

0455
0.51
0453

0.29
0427
0.26

0.13
0.4
0.12

0480
0.77
0.76

1.29
1.24
1.18

0.92
0,99

0.82

0.52
0.63
0.62

0.28
0.26
0.27

0.14
0.14
0.13

0.89
0,76
0.80

1.16
1.16
1.37

0.86
099

0.82

0,57
0,68
0.63

0.34
Oe31
0.33

O.16
0.16
0,20

0e95
0.87
0.86

l.41

1.38
1.4

0490

0,92

0,92

0.69
0469
0.68

0,35
0.40
0.40

0.23
0.21
0.25

1.03
1,03
1,01

1.84
1,78
1.61

0,85
0,92

C.84

0,58
0464
0.62

0,33
0.31
0.353

0.18
0.18
0,19

0. 94
0.87
0.86

1l.44
1,41
1.47

2079
2,72
2469

0.64
0.63
0.63

0,32
0.31
0,30

2496
3407
287

S.16
24,80
3.10

* 1 unit of P32

1 unit of P31

+ = microgram,

0.27 mc. (assayed on Jume 7, 1954).
10 ppn.

9¢
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show some close re iationships. Figure 5 illustrates a linear rela-
tionship occurred between the PS32;P31 ratios in the tissues and in
the solutions of Treatments B, C and D where the sams amount of pi2
but different concentration of P3L were first introduced.
P32,pP3l Ratio of the Isotope Mixture Accumulated in
Various Corn Tissues During the Treatment Period

Since the plants in Treatment A did not receive any P31 during
the treatment period, the P31l content of various corn tissues may
be regarded as the content before the different treatments were
introduced. The incregse of P31 during the treatment period in
various plant tissues may, therefore, be calculated by subtracting
the percentage content ot P31l of the plant tissues in ditferent
treatments by that of the corresponding tissues in Treatment A.
The results are presented in Table IX. The data do not show a uni-
form inorease in different tissues. Generally speaking, roots and
stem seemed to acoumulate more phosphorus during the treatment perioed
than the other tissues. The upper leaves accumuiated much less than
the lower ones, In dif'terent treatments, these ditferemnces did aot
have a proportional relationship. If we divide the amount of P32 by
the amount of P31l acoumulated during the treatment period, we obtain
the results shown in Teble X. The ratios of P32:p3l accumulated in
various tissues were quite diftersnt. However, in terms of the plant
as a whole, the pP32;P3) ratio appeared to be the same as that in the
minergl nutrient solution. This again cont'irms the sssumption that

plante shsorb the isotopes in a same ratio as in the oculture medium,



p32 ;P31 Ratio (102 c¢/m/r) in Corn Tissues

Figure 5. Relation Between the P32:P3l Ratios in the Corn
Tissues and in the Minersl Rutrient Solution
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Table IX. Increaseﬂof P31l in Corn Tissues During the
Treatment Period in Experiment III

e e e e T

= —

Treat~  Unitsratio Upper Lower Plant as

ment ot P32 ,p3l leaves leaves Tagsél Stem Roots a whols
% % % % % %
A 1 s 0 e s avrows - w - - —n e s - s ap we W 20 -
B 1:1 0,027 0,040 0.041 0,103 0,080 0,073
c l:5 04157 0,215 0,130 04335 0.288 04266
D l, 10 0.122 0,184 0.091 0,203 0.546 04239
E 2 :2 0,087 0093 0.074 0,178 0,111 0.127
P 5: 5 0,120 0,172 0.106 0.252 0.236 0,200

& Expressed as percentage of the dry weight of plant tissus or the difference
between the percentage contents of P31l in tissues in various treatments and
Treatment A.

* 1 unit of P32 = 0,27 me. (assayed on June 7, 1954); 1 unit of P31 = 10 ppm.

Table X, Average Ratio of P32;pP3l of the Isotope Mixture Accumulated in
Various Corn Tissues During the Treatment Period in Experiment ITII

————

Treat= Unit= Upper—p Lower Plant as Solution at
ment ratio leaves leaves Ta8sel  Stem  Roots g ynale  beginning
P32,P31  102c/m/t* 102¢ /m/r 102¢ /n/r 102c/m/r 102c fm/r 102c/mfr 1020 /fu/fr

A 1 s O - wwen - - - - - T - - omamon -ona

B 1.1 7602 370 5488 1.55 2430 2440 2473

C l1:5 0.8¢ 0.59 1.06 0.49 063 0.b9 0.63

D 1:10 0.56 0.30 0,71 032 0,31 0.34 De31

E 2 ;2 4.80 2.77 4,96 1.75 2,71 2.41 2,97

F b6 4,74 295 5453 2438 3.13 3400 3.02

* See Table IX. + r = microgram.

6¢
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If we examine the data presented in Tables IX and X closely,
it is evident that some relationship exists between the increase
of P31 and the P32;P3l ratio of the isotope mixture accumulated in
various tissues during the treatment period as shown in PFigure 6.
The less the increase of P31, the higher will be the P32,;p3l ratio
in the absorbsd isotope mixture acoumulated there. The relationship
is not linear and this is apparently due to the effect of the PS5l
previously sccumulated,

It has been stated that the isotope mixture of P32 and P31l
accumulates in different tissues with different P32:P3l ratios
which are influenced by the amounts of P31 previously eccumulated.
The higher the concentration of P31l previously accumulated, the
higher will be the ratio of P32:P3l in the isotope mixture which
will accumulate in that plant tissue. Eventrally, the P32;P31 ratio
in all plant tissues assumes a more or less constant value. However,
according to the results shown in Tables IX and X and Figure 6, ano-
ther statement may be made, The lower the concentration of P31
ascumulated during the treatment period in e certain tissus, the
larger will be the smount of P92 which will accumulate in that tis-
sue. It is known that the capacities of wvarious tissues for phos=-
phorus accumulation are different and limited, therefore, plant
tissves with the same emounts of previously accumulated P31 but
with different capacities will not necesserily accumulate the same

amounts of P32 and P31l mixture during the treatment period. The
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Figure 6. Relation Between the Increase of P31 and the p32,p3l
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amount of the isotope mixture accumulated may depend on the different
degrees of deficiency with respect to the capacity for P31l accumula-
tion. Therefore, the more the isotope mixture or the higher the con-
centration of P31l accumulated during the treatment period in & cer=
tain plant tissue, the less will be the extra amount of P32 which
is required by the previously accumulated P31l for the exchange in
that tissue in order for a relatively constant P32 ;P31 ratio to
result throughout the plant. However, the amount of P31 previously
sccumulated also influences the amounts of P31 accumulated during
the treatment periode In other words, the amount of P31l accurmlated
before the treatment and the amount of P31 during the treatmont are
both factors which determine the ratio of P32 ;P31 of the isotope

nixture accumilated in different tissues,

Sunmmary of Experiment IIT

The results of this experiment may be summarized as follows;

le No extremely high P32;P31 ratio was found in the leaves
es in Experiment I.

2. There were some differences in the ratio of P32;P31 among
various corn tissues, but the ditferences were not great.

3+ The final ratios of P32;P3l in plant tissues formed a linear
relationship with that in the mineral nutrient solution,

4, When there is previous accumulation of P31 in the plant
tissues, the ratio of P32,;p3l of the isotope mixture accumulated
during the treatment period varles depending on both the amounts of

P31l previously accumulated and accumulated during the treatment.,
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EXPERIMENT IV: TOMATO (1954)

P324P31 Ratio in Various Tomato Tissues

Tomato plants were used in this experiment, The ratios of
P32 ,p31 in various tomato tissues excluding roots are shown in
Table XI. There was some ditference in the ratios among those
tissues., However, the difference was even smaller than the variations
among the replicates in the same treatment. The wvariations may be
very wide as seen in Treatment A, in which the plant tissues from
Pot no. 1 had P32;pP3l ratios about fifty percent higher than thoge
in Pot no. 7o I2 Pot noe 3, the ratios of P32;P31l in the tissues were
twenty to thirty percent lower than those in Pot noe. S. In other
treatments, considerable variations were also observed although the
percentage differences were not as great. Since the ratio of the
isotopes after introduction to the mineral nutrient solutions in the
seme treatment did not vary much at first, the large wariations must
have ocourred later on. Perhaps different amounts of P32 adsorption
took place in the nutrient solutions of the same treatment, especial-~
ly the treatments with low phosphorus concentrations. The different
amounts of P31l absorption by the different plants in the same treat-
ment could also produce the same effect in the replicate solutions,
These might have resulted the increase or decrease of the p32;p3l
ratios in the mineral nutrient solutions., The increasse or decrease

of p324P3l ratio, in turn, affects the smounts and the ratio of p32

end P31 in the isotope mixture absorbed by the plant. The P32 :p31



Teble XI., PS52;p3l Ratio in Various Tometo Tissues in Experiment IV

v

e — e ey e

T ——

Treat= TUnit*ratio Top a8 a
ment ot P3§:P31 Replicate 1Ipaves Stem Fruit Shola Solution

Pot noe  10c/m/r*+ 10c/m/fr  10c/a/r  10c/mfi  10c/m/r

A 1:0 1 1.36 1.42 1.47 le41 o on
7 0.97 0,79 V.98 0.88 -

13 1.15 0082 1.24 1.02 e aman

B 1;:1 2 0.86 0.73 0.80 0.79 2,23
8 0.86 0.68 1.09 0,79 2,04

14 0.89 0.8% 0,91 0487 1.98

c 1,2 3 0.44 0043 0.44 0643 1,17
9 0.60 0.50 0.60 0456 1.15

15 0,54 0.48 0047 0.51 1,18

D l;:4 4 0429 0.26 0.29 0627 0,68
10 0,28 0.24 0.24 0.29 0,63

16 0.26 0.20 0.30 0,27 0.54

E 2 32 5 0,97 0.81 1.09 0.89 2,21
11 1,13 0,88 0.96 0699 2429

17 0.94 0,76 0.89 0.83 2,09

F 4 : 4 6 1.35 1.03 1,07 1.16 2,16
12 1.07 1,05 1.09 1.06 2,21

18 1.10 0,81 0,95 0496 2.09

* 1 unit of P32 = 0,266 mc. (asseyed on July 22, 19564).

+

1 unit ot P31 = @& concentration of 62 ppme

r = microgram,

14 4
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ratios in various plant tissues are therefore influenced,

Since the ditference of P32 ;P3l retios in various tissues were
much less wvariable than those among the replicates, it seems, eoccor-
ding to the results obtained (Teable XI), that all plant tissues had
a tendency to reach a somewhat equal value of P32,;p3l ratio as has
been shown in Experiments II and IIle. However, when we examine the
deta, the ratio in the stem was a little lower than that in the
leaves and frults. It may still be true as assumed in Experiment I,
that the tissues with high metabolic activities may have & highsr
P32 ,p31 ratic.

P32 ,p3l Ratio of the Isotope Wixture Accumuleted in
Various Tometo Tissues During the Treatment Period

The increase of P31l concentration and the average ratio of
P32 ;P31 in the isotope mixture accumulated in different tomato tissues
during the treatment periocd have also been calculated. The results
are shown in Tebles XII and XIII. leaves accumuleted more P51 than
any other tissues. The fruits only had an increase of one third as
much as the stem., When we examine the deste presented in Table XIII,
it is very interesting to note that in each treatment, the P32,p3l
ratio in the isotope mixture eccumuleted in the fruits during the
treatment period was three times that ir the stem. The ratio in the
isctops mixture accumulated in stem tissues was also higher than
that in leaves where the P3l inorease was greater, It confirms that,

as discussed in Experimemt III, wheon there is previous accumulation
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Teble XITo Increase¥ot P31l in Tomato Tissues During the
Treatment Period in Experiment IV

. —————— ]

Preat- Unitsratio Top &8
ment of Pp32,p31 Ieaves Stem Fruits a whole
% % % %
A 1 ] 0 - s o an - aven acen - ooun o - oo o
B 1:1 04277 04235 0,083 06231
c 1:2 06312 0,273 0.083 0.258
D l1:4 04298 Ue287 . 0.093 0.248
E 2 ;2 04292 0,210 0,083 0.222

# Expressed as percentage of the dry weight of plant tissue
or the difference between the percentage contents of P31
in tissues in various treatments and in Treatment A.

* 1 anit of P32 = 0,256 mc. (assayed on July 22, 1954).

1 unit of P31 = & concentration of 62 ppm.

Table XIII. Average Ratic of P32;P3l of the Isotope Mixture
Accumulsated in Various Tomato Tissues During the
Trestment Period in Experiment IV

e

e et S APt e e et A

Treet= TUnitsratio . Top as Solution at
ment of p32,p3l Ileaves Stem  Fruits g4 whole beginning

10c/m/r* 10c/m/r 10c/mfr We/mf  10c/m/fr

A 1:0 - -—-- - ——— ————
B 1:1 2430 2437 758 2.57 2.08
c l;:2 1.30 1.33 4.07 1445 l.16
D 134 0.87 0469 2404 0.84 0.58
E 2 s 2 2.59 2.74 7098 2.92 2.20
F 4 ;: 4 2,53 2.67 9,81 2.88 2415

* 1 unit of P¥ = 0,256 mc. (asseyed on July 22, 1954).
1 unit of P31 ¢ a concentration of 62 ppm.
* r = microgram.
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of P31, the less the P31l concentration incressed in the plant tissue
during the treatment period, the higher wiil be the P32;p3l ratio

in the isotope mixture that will accumulate in that tissue.

Summery of Experiment IV

The results of this experiment may be summarized as follows:

le A wide variation of P32;p3l ratios in the plant tissues of
the replicates of the seme treatment may occure It may be due to
the increase or decrease of P32;P3l ratio in the mineral nutrient
solutions, affected by the amounts of P31l absorption and P32 ad-
sorption.

2. Stem tissues had a lower P32 ;P31 ratio than leaves and fruits,
It seems that the tissues with a high metabolic activities will have
a higher ratio., However, all tissues have & tendency to reach a more
or less equal valus,

3. During the treatmsnt period, the less the amount of P31l
increased in a tissue, the higher the P32 ;P31 ratio was found in
the isotope mixture which acoumulated in that tissue during the

treatment period.
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EXPERIMENT V: SOYBEAN (1954)

P32 ;P31 Ratio in Various Soybean Tissues

Soybean plaﬁts in sand cultures were used in this experiment.
The results are shown in Teble XIV. It is noticed that, like Experi-
mont IV, there were wide variations in P32 ;P31 ratios among the plesnts
in the replicate pots especially in Treatment A. The veriation in
P32,p3l ratio in all tissues of the plant was about the same when
compared with the corresponding tissues from the plants in other
pots of the seme trestment. This result may serve as an evidence
for what has been discussed in Experiment IV that the difference
in p32 ;P31 ratio emong the plants in the replicete pots was a result
of the change of the P32;P3l ratio in the corresponding mineral
nutrient soluticne This change may very to a different degree when
affected by the difterent rates of PS5l absorption and P32 adsorption.

There wes a great difference in P32;P3l ratics between various
plant tissues in Treatments A and B, in which none end a concentra-
tion of 45 pm of P31 were added to the phosphorus~-free mineral
nutrient solutions respectively. The explanation for the ditterence
has been suggested. In this experiment, however, the ratios of
P%2,p31 in Treatment A were much lower then in Treatment B, & faot
Jjust opposite to that found in other experiments. This can be ex-
pleined by the fact that the concentration of P32 in the solutions
of Treatment A was much lower than that of Treatment B (see Appendi-

ces). This ditference is undoubtedly due to the adsorpeion of P32



Teble XIV. P32;p3l Ratio in Various Soybean Tissues in Experiment V

e et
et g =g

- [ Pyepr
T;:::: E;r;ﬁ;?';?i»; Replicate Leaves Stem Pods zosh:;e Solution

Pot noc. 10c /m/r*  10c/m/r 10c/m/r  1l0c/m/r  10c/mir

A 1:0 1l 0,31 0425 044 0.3 s
7 0.54 0.37 0054 0.41 - e

13 Ce52 0.79 0.80 0.69 -

B l:1 2 0.79 0.71 0.4 0.81 377
8 0474 0.74 1.02 0.82 3,73

14 0,72 0.77 1.04 0.84 3481

c l1:2 3 0.61 0.62 0.76 0.656 1,93
9 0,4¢ 0.46 0.556 0.49 1.980

15 0,€3 0.656 0,75 0.67 1.87

D 1:5 4 0.29 0,26 0631 0,29 0.78
10 o34 0.37 0.28 0436 0,78

18 0,22 0.32 0.40 0.24 0.83

11 1.17 1.03 1,41 1,19 367

17 l.36 1,43 1.61 l1.44 3496

F 535 ] 1.56 1,66 1.62 1,87 4,05
12 1,76 1,71 1.84 1,76 4,10

18 1.85 1.29 2e15 1.88 4,06

#*# 1 unit of P52 = 0,156 mc. (assayed on August 16, 1954).

1 unit of P2l = a concentration of 45 ppme

r = microgreme

6%



in Treatment A.

Among the verious tissues, the pods had a higher ratio of
P32:p31 than leaves and stem, while the latter two had about the
same ratio. This also indicetes that a higher retio of P32;p3l may
exist in the tissues with high metabolic activities.

P32 ;P31 Ratio of the Isotope Mixture Acoumulsated in
various Soybean Tissues During the Treatment Periocd

During the trestwent period, the emounts of P32 and P31 absorbed
by the plants, snd their amounts and retio accumuleted in different
tissues excluding the rookts are shown in Teble XVe It is apparent
that the leaf tissue accumulated much more P31 than any other tissues
in the above ground porticn of the soybeen plantse. The stem accumu-
leted much less than the leaves end the pods the least. In the case
of P32, ebout the seme amount of the isotope was found in pods as
in the stem, however, the smount was far less than that sccumuleted
in the leaves., As fer as the ratio of P32;p3l is concerned, the lea-
ves, despite having the largest emounts of both P32 and P31 sccumu-
lation, had the lowest P32:;p3l ratic, while the pods had the highest.
From the data of Table XV, it is clearly shown that the ratio of
P32 ;P31 of the isotope mixture smccumuleted in each plant tissue of
the seme treatment is inversely relsted to the increase in the P31
concentration. This has been discussed both ip Experiments III and

Ve



Table XV. Average Amounts and the Retio of P32 and P51 pcoumulated in the
Replicated Soybean Tissues During the Treatment Period in Experiment V

it

—— S —————

Treete TUnitsratio . Top as

ment of P32,p31 Isotope leaves Stem Pods a whole Solution
A 1;:;0 pﬁi 3380 3160 3773 344 87.5
B 11 Po2 10190 6023 6930 7527 161.4
pSl 5220 1730 650 2250 42,8

po2,p31 1.95 3.48 10,66 3,35 3.77

c 12 p32 10440 5233 5140 6660 169.3
1 9530 2600 1150 4020 89.2

po2 ,,pil 1.10 2,01 4,32 1.66 1,90

D 1:5 P32 8270 3347 3157 4653 1660
pol 17550 4070 2320 7160 207.7

pi2 ,p3l 0447 0.82 136 0.66 0.80

E 242 po2 23940 12623 11650 13860 343,7
pil 10120 4070 1690 4990 87.8

P2 ;pS1 2,57 3,10 6489 2.78 3,91

F 536 p32 50940 17530 16633 26540 842,45
p3l 21080 3730 2650 8200 20743

p%2 ,p31 2.42 4.70 6.28 3.24 4,07

18

* 1 unit of PS¢ = 0,166 mo.; 1 unit of PS = 45 ppm.
+ P% in 10 counts per minute per gram oven=dry plent tissue or in 10 ocounts
r milliliter solution.
in microgram (r) per grem plant tissue or in microgram per milliliter
solution,
P32;p31 in 10 counts per minute per microgram.
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Summary of Experiment V¥

From the date of this experiment, similer results as found
in Experiments III and IV have been obteined. They ere briefly
stated as toliows:

l. A higher ratio of P32,p31 was observed in the pods. The
leaf and stem tissues had nearly the same P32;P3l ratio although
their P31 contents were different.

2. During the treatment period, the ratios of P32;pP3l of
the igotope mixture accumulated in different plent tissues were
different, There was en inverse re letionship between the P32 ;p3l

ratio and the emount of P31l accumuleted.



GENERAL DISCUSSION

The most interesting result of this study is that no matter how
different the percentage of P31 accumuleted in different plant tissues
before or after treatment, the ultimate ratios of P32;p51 were almost
the same, This indicate s that some close relationship existed between
the isotopes P52 and P31l in plant tissues. Phosphorus, as is known,
is absorbed by the plent and incorporated into verious organic compounds
which form the basic constituents of the plant cells, Whenever the
supply of phosphorus is abundant, a luxury consumption may result.
Under the experimental conditions of this study, the phosphorus supply
was emply sufticient, and a part of the phosphorus absorbed may have
oexisted in the plants in the unassimilated or inorganic form, and most
probably in en ionic state, The resulte of this investigation show
that when the plants with the previous sccumulation of P31 were treated
with P32 or e mixture of P52 and P31, P32 and the ratioc of P32;p3l of
the mixture ebsorbed by the plants was not only diluted by this inor-~
ganic form P31, but also diluted by the P31l which had been assimilated
into the tissues as various orgenic compounds. These types of dilution
especially the latter probably can only be accomplished by direct ex-
change reaction between P52 and P31, It seems that the P31l fixed in
the plant tissues can exchange commtinuously and freely with P32 newly
absorbed until an equilibrium is reeched between them,

That an exchange reaction occurs among the atoms or ions of the

63
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same element is knowne Even an insoluble inorganic compound, when
put into water, will have at least a small number of molecules
whioh come into the solution in the form of ionse An equilibrium
between these few ions and the undissolved moleculea is then esta-
blishede The equilibrium is believed to be dynamic in nsature.
Although the concentration of the ions in the solution remains
constant, the ions in the solution may again become a pert of the
insoluble compound while an equel number of ions comes out to the
solution at the ssme time, Such phenomenon may be considered as an
exchange among the semz kind of ionse. But whether this is only a
surface reaction or whether the exchange reaction may take place
among all molecules of the insoluble compound is not known., Further-
more, whether such exchange can only occur in the inorganic electro-
lytes or whether it may also take place in the very complex orgenic
compounde is also a question. With some intormetion now availeble,
the author tries to discuss them in the following paragraphs.

Since an exchange reaction exists among the atoms of the same
elements, it naturally must exist among the different isotopes with
the same atomic number, for all properties of different isotopes of
ah element are assumed to be the same except the mass and, for
unstable isotopes, the radistion. Such éxchange has been demonstrated
by many investigators in verious phases of their work. However, the
exchenge is subject to some limitetions. Douglas et al (3) found
that no exchange greater than the experimental error occurred between

carbon disulfide and hydrogen sulfide conteaining radioactive 835 in
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benzene solution after ninety-five hours at 120°; but Tudge and
Thode (17) cleimed that the exchange might take place in carbon
disulfide solution through e reaction by the formation of the
intermediate compound, H2CSz. Hevesy (6) reviewed the work done
by various investigators and indicated that no exchange interaction
occurred between the sulfur atoms of sulfide or sulfite and sulfate;
and between the phosphorus atoms of different forms of inorganic
phosphetes., From these results, we may conclude that the exchange
between the isotopes may be affected and inhibited to some extent
by several factors, such as the chemical form of the isotopes, the
solvent or medium they are in, and even the temperature as in the
examples given by Hevesy in his book (6)e This may help us to explain
the P32,p31 retic in the hydrochloric aocid extract of the gravel in
Experiment I, Its extremely low ratio may be due to the failure of
P52 in the mineral nutrient solution to exchange with the P31 pre-
viously fixed in the gravel in certain non-exchangeable inorgenic
t'orms through various mechanisms.

Exchange between the isotopes in organic compounds does not
seem to teke place. Lukovnikov et al (10) heated the dioxane
solutions of equivalent amounts of (CH3CgHy)zPO, &nd HzP3204,
(C4Hg)3POs and NepHP320,, (iso=C4Hg)zPO, end Ne,HPS2PO,, (CgHyz)sPO4
and NeoHP320,, and (CpHg)zPOs and NegHP3204 in sealed tubes for
twenty to thirty hours at 100-300 ©C, and concluded that no exchange
occurred, Gourley (4) in his study, mixed the acid soluble phosphate

esters with tri-sodium phosphate and P32, apfter being adjusted to
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PH 8, the mixtures were shaken for three hours on a Werburg appa-
ratus at a rate of about 70 oscilletions per minute with the tem=-
pereture meintained at 37.0 * 0,02 ©C, He concluded that there wes
no simple exchange between inorgenic phosphate and the phosphate
groups of either glucose-l-phosphate, adenylic acid, 2,3-diphospho=
glyceric acid or adenosine triphosphate ocourred, Hevesy (6) has
pointed out the similar results ohtained by other workers with res-
pect to the exchange of the labeled phosphate with the solution of
hexose monophosphate, glycerophosphate, lecithin, casein, or nucleic
acide He also discussed the formation of lebeled phosphatides in
the organism and attributed their formation to the enzymic process
which is coupled with an energh=-producing system. The results obtained
by Cheikoff et al were also discussed which showed the exchange was
not due to the coliision or any simple "physical" exchange between
the labeled phosphate and non-labeled phosphatide molecules, and
moreover, not due to the reversibility of their degradation. The
above information leads one to the conclusion that exchange between
the isotopes 1is not likely to occur in the organic forms. However,
the results of this study clearly show that an exchange reaction
between P32 absorbed and Pl in various organic forms in the plant
must heve taken place. The P32:P31 ratios in different tissues which
had had different P51 contents were so uniform that we can not expect
their ultimate equal ratios resulted from the degradetion and re-syn-
thesis of all complex phosphorus-eontaining organic compounds in the

plent during the two week treatment periode If our reasoning is right,
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the almost equal retios of P52 ,p3l in various plant tissues mey be

a result of the exchange between P32 in inorgenic form and P31l both
in inorganic and in various complex organic forms. The exchange
reaction is very likely an intermoleculasr and interionic one. The
extent of such exchange depends solely on the total P32 and P31
present in the plant not on the emount of P31 in inorganic or orgenic
forme.

If it is the isotopic exchange which resulted in the seme ratio
of P32,p3l in various plant tissues of thie study, then the exchenge
process mey be postulated as follows; As soon as the roots absorbed
the mixture of P and p3l from the mineral nutrient solution, two
processes took place simultanuously. One was the accumulation of a
portion of the isotope mixture in the roots end the other was the
exchenge of P32 in the mixture with P31 previously acoumulated.
Therefore, as far as the ratio of P32 and P31l which accumulated in
root tissues at that moment is concerrned, the roots had a higher
retio of P% ;P31 than originally present in the solution. The isotope
mixture with & relatively low ratio of P32;P3l was carried upward
by the transpiration stream or other mechanisms to the dif'ferent parts
of the plant. In other words, the P32,p3l ratio in the transpiration
stream already differed from that present in the culture solution.

As the translocation of phosphorus continued, a portion of the iso~
tope mixture accumulated and a portion of the P32in the isotope
mixture being translocated continued to exchange with the p3l

already present in the different tissues. Therefore the ratio of
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P32 ;P31 in the mixture which was being translocated wes gradually
lowered, At thet time, the P32;P3l ratios in various plant tissues
mey not be the same. Since phosphorus is an easily redistributed
element in the plant, the isotope mixture moved in and moved out of
the tissues continuouslye. The direction of its movemsnt was not
only from the roots to merial organs but also from the serial orgens
to the roots; and then, the isotope mixture was trenslocated upward
againe The continuous accumulation of the isotope mixture and exch-
ange between P32 and PS5l during the process of translocation resulted
in a constantly chenging equilibrium between the P32:P3l ratios in
the plant tissues and the isotope mixture being trenslocated. When
the ratio of P52;p3l in e certain tissue was lower than that in the
circulated mixture, an extre portion of P32 was received by that
tissuee. When it was higher, an extras portion of P32 was given toc
the isotope mixture in circulations Finally when the ratics in all
tissues were in equilibrium with the P32;P3l ratio in the mixture
translocated, an equal value was attained. Since the plant absorbs
the minerel elements continuously as long as they are present in the
culture medium, & slight difference of the P32;P3l ratios in various
plant tissues might always exist. The time required for equilibrium
to be reached among the ratios of P52;P3l in difterent plant tissues
is short, Ir this study, the plants were harvested one to two hours
after the last irrigation, It indicates a new balance of P32 and P31
through exchange in the plant can be accomplished within one to two

hours, However, if the time is too short, a complete balance may not
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be reached, Then, the different ratios of P32:P3l in different plant
tisgues may be observed. Unfortunately, how long after the last
irrigation the plant samples were taken in Experiment I was not
recordeds Otherwise, some information might be available to explain
the much higher results of P32;P3l ratios in leaves and roots.

The decrease of P32;p3l ratio in the mineral nutrient solution
at the end of the treatment as compared with that at the beginning
is probably due to the increasing adsorption of P32 on the walls of
the conteiner and the connections in the cultural system and some
other causes, especially when the concentration of the carrier
becomes lower and lower, The adsorptionof P32 on the well of the
container has been noticed and studied by Ishibashi et al (7) and
Martin et al (11), but no information is available on the amount of
such adsorption in the presence of different levels of PSl, According
to the basic assumptions in the use of radioisotopes in tracer work,
the adsorption of phosphorus on the wall of the container involves
both P32 and P31, Since the properties of them are assumed to be
exactly the same except mass and radiation, their ratio in the mix-
ture adsorbed must be also the same under any condition. In other
words, there should not be any ditf'ferential adsorption, However, we
have carefully calculated the data and observed that the plant did
not have the preferential absorption between the two. The ratio of
P32,p31 in the isotope mixture absorbed by the plant tollowed closely
the ratio in the mineral nutrient solution at the end of the treat-

ment. Since the radioactivity of P32 in the solution at the beginning
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has been converted to that at the end of the tresatment, the much
lower P32:P31 ratio in the solution at the end of the treatment and
in the plant as well must be due to the loss of P32 in the low p3l
solution during the treatment period. It was noticed thet in all
experimwnts conducted in 1964, the different treatments with the
same ratio of P32;p3l but different amounts of P32 and P31 had
different P32;P3l ratios in the solution even at the beginning of
the treatment period befors irrigation (see Table XVI). Since the
solution samples were taken right after the P32 and P51 were added
to and mixed with the solution, the possibility of the difterential
adsorption of P32 and P31 is great. Teble XVI shows that the p32;p3l
ratio increased with the increase of P31l concentration in the solution.
In the solutions with lower concentrations of P3l, the loss of pd2
in proportion to P31 is larger. Therefore, the reduced ratio of
P32 ;P31 at the end of the treatment period may be a result ot the
differential adsorption of P32 and P31, when the concentration of
the latter became very low as a result of plant absorption.

The proposed mechanism for the reduced P323;P31 ratio at the end
of the treatment period does not seem to be in agreement with what
we generally believe., However, it has been found that isotope frac-
tionation can occur, Thode et al (16) tound thet in nature, sulfates
whether present as gypsum deposits or in solution were enriched in
the heavier isotopes, while the.hydrogen sulfide of suifuretted well
waters was usually low in these isotopes even though present in the

same solution with the sulfates. Szabo et al (15) claimed that in
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in Experiments II, III, IVeand ¥V

Influence of the P31l Concentration on the
P32 ,p3) Ratio in the Mineral Nutrient Solution
at the Beginning of the Treatment Period

Concentration T
Experi- Treat- Unit*ratio in solution P32 4p3l
ment ment of p32;p3l p32+ p31 obgerved
(pe/1) (ppm)
11 A 1 1 9487 20 273
D 2 2 19.74 40 2,93
E 5 5 49.34 100 3402
111 B 11 15422 10 2,08
E 2 32 30,43 20 2.20
F 5 31 5 76,32 80 2.15
Iv B 1;:1 9.28 62 3677
E 2 1 2 18.56 124 3691
F 4 ; 4 37.12 248 4,07
v B 1:1 10,71 45 354
E 2 32 21,43 90 3e64
F 53 6 53457 225 3,856
* See Tables VII, VIII, XI and XIV..
+ tThe amount has been converted to the date when the
troatments were msde,
T fthe ratio is in 10¢/n/r except in Experiment III where

the ratio is in 10%c

Vi
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the conversion of sulfate to hydrogen sulfide, perhaps by action
of sulfur bacteria, the isotopes of sulfur will be fractionated,
favoring $34 and $36 in the sulfate ion and $32 in the sulfide ion.
The explanation for the marked different isotopic abundances of
sulfur in sulfate and hydrogen sulfide present together in the ground
water samples were suggested by Thode et al (16) as the result of
the differences in chemical properties of the sulfur isotopes and
the chemical and physical processes that occur in neture or in the
laboratory. Tudge and Thode (17) pointed out that the isotopes of
other light elements do differ in their chemical properties and theat
the energy, entropy and free energy of isotopic substances depend
on the vibretional frequencies of the molecules, which in turn depend
on the masses of the atoms in the molecules so that there is a theo-
retical basis for the differences in the properties ot the isotopic
substances. Lindsay et al (9) made a study on the relative rate of
decarboxylation of two isotopic species of malonic acid, one con-
taining only (12 carbon atoms and the other containing a C13 carbon
atom in a carboxyl position, They found a 3.3% faster rate of reac-
tion for the molecule containing only Cl2 carbon atoms and a 2%
greater probability of rupture of a €12=¢l2 bond than a ¢12-C13 bond
in the molecule containing a C13 carbon. The results of the above-
mentioned investigations reveal a fact that there are greater dif-
ferences in the physical and chemical properties among the isotopes

of the same element than we have hitherto realized. It is therefore,
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probable that a differential adsorption of P32 and P31 may occur
under the condition of low P31l concentrations. Of course, the sur-
face exchange of P32 with P31l fixed as insoluble phosphorus compounds
in the gravel or sand before the treatments may also contribute to
the reduced ratio of P32;P31 in the solution at the end of the treat~
ment period,

If the reduced ratio of P32;P3l in the nutrient solution at
the end of the treatment period is due to the increasing adsorption
of P32 when the P31l concentration becomes lower, the results of this
study may have some prectical importance. The use of radioactive
isotopes in soil fertility and plant studies must be practised with
some prooceutions, because the radioisotopes, P32 as an example, may
adsorb to a greater extent on the surface of soil particles when
the amount of the carrier is gradually decreased as a result of plant
absorption. In this case, the ratio of P32:P3l found in the plant
does not represent the retio originally present in the labslled
fertilizer so that the quantitative estimation from P32 will give
en inaccurate result. However, if an excess or a large amount of
carrier is applied, since enough quantity is left to prevent the
radioactive isotope from becoming increasingly adsorbed, the errors
mey become very small, The latter case has been shown in the treate
ments with high P31 concentration in this study. In these treatments,
little difference between the ratios ot P32;p3l at the beginning

and at the end of the treatment was found. However, the probable
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effect of isotoplo exchange in the soil betwsen the radioelement
added and the ordinary isotope originally present in the soil may
also be very important in these studies. The ratio of the radio-
isotope to the carrier and to various forms of thse ordinary isotope
in the soil, both at the beginning and at the end of the experiment,
should also be taken into consideration.

Some other information from the results of this study may also
be helpful in tracer work. This is the observed exchange phenomenon
of different isotopes in the plant, If there is previous accumulation
of the ordinary isotope, the analytical results of the radioactive
isotope from a certain single plant tissue fails to indicate how
much ordinary isotope is absorbed after the rsdiolsotope is intro-
duced. However, when the whole plant is analyzed or if there is no
previous accumulation of the carrier, the data of the radioactivity

of the unstable isotope oan then be satisfactorily used,



CONCLUSION AND SUMMARY

The exchange phenomenon of P3¢ and P9l in the plant was studied
with five experiments including three crops of corn and one crop
each of tomato and soybean which were grown in gravel, gravel=-sand
and sand cultures respectively, The results are concluded and
summarized as follows;

l. An isotopic exchangé between P52 and P31 was found in the
plant tissues of all experiments in this investigation, The P32;p3l
ratios in wvarious plant tissues were approximately the same no
matter how different the P31l contents in different tissues were and
whether or not there was previous accumulation of P3l. P32 not only
exchanged with P31 in inorgenic or unassimilated form but also in
various complex organic forms. It is suggested that the isotopic ex-~
change of P32 and P3l in plants is intermolecular and interionic in
nature,

2. Although there was exchange between P32 and P31l in the plant,
the total P32 and P31 absorbed during the treatment period were in
the same ratio as the P32 and P31 in the mineral nutrient solution.
In other words, the amount of the stable phosphorus P31 previously
accumulated in the plant may have an effsct on the amounts of P32
and P31l absorption but has no effect on their rutio.

3. When there was previous accumulation of P31l in the plant,

the portions of the isotope mixture absorbed during the treatment

65
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period acoumulated in different tissues in widely different ratios,
depending upon both the amounts of P31l previously accumulated and
P31l accumulated during that period. A positive relationship was
observed with the former and with the latter thers was a negative
relationshipe

4. It is proposed that when there is previous accumulation of
P31, the final almost same ratios of P92 ;P31 in different tissues
are brought about by the continuous exchange between P31l previously
accumulated and P52 in the isotope mixture being translocated upward
and downward during the treatment period.

5. The ratio of P32:P3l in the mineral nutrient solution at
the end of the treatment period was found to bse lower than at the
beginning. The ratio in overall plent tissues was thus affected.

It is suggested that the lowering of P32:P3l ratio was mainly due
to the adsorption of a larger portion of P32 in relation to P31 on
the wall of the containers and connections in the cultural system,
especially when the concentration of P31 in the solution became
very low as a result of plant sbsorptiones When there was P31l fixed
in the gravel or in the sand previous to the P32-p3l treetment, at
least the surface exchange of P3¢ with P3! fixed in insoluble form
may also contribute to the reduced PS2;P3l retio in the solution.

6« Since the exchange between P32 and P31l occurs, several
fectors, such as the isotopic exchange in the culture medium, the
concentration of the carrier, previous accumulation of the carrier

in the plant, and possibly others, must be taken into consideraticn
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in evalusting quantitatively the absorption of phosphorus in soil
fertility and plant nutritional studiss. The measurement of P32
in eny single plant tissue cannot be relied on as a true indiocation
of P31l gbsorption when there has been previous accumuletion of P31

in the plant.



APPENDICES

Appendix Table I. Dry Weight*® of Various Cora Tissues in Experiment I
Treat= ynit¥ Eggli- Upper Lower
ment ratio cate leaves lenves Stem Ear Roots Total
P32;P31  pot no. gm g gn gn o g
A 0:1 1l 10,6 942 3Be1% 68.4 23.1 149,7
9 T3 845 2648 6346 14,5 120,7
18 70 10,3 3246 50,8 2342 ®3.9
B 1:0 3 8.4 FeT 3645 69.9 17,7 142.3
11 9.9 13.1 4045 7243 24.5 16043
21 10.0 10.4 3845 39.5 277 126.1
c 1:1 5 Tel 965 32 o4 56,6 17,2 122 47
13 949 8.9 370 46,7 2640 128,56
23 10.4 8.1 46,0 32.0 2162 117.7
D 1 20 7 943 .8 34 .4 49,7 17.4 120,6
17 Tel Te9 29456 3543 2146 101.6
25 7 o2 947 2943 3740 17.3 100,56
* (n dry basis (oven-dry at 70 ©°C).
+ 1 unit of P2 = 1 me, (assayed on July 2, 1953 but not converted to that

at the time the isotope was used) in 15.2-1liter mineral nutrient solution.

1 unit of p31

a conecentretion of 10 ppm.
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Appendix Teble II. Radioactivity*of P32 in the Treatment Solution and
Various Corn Tissues in Experiment I

——_ -
Treat= Unit+ Repli-  Upper Lower Whole Treatment
ment ratio cate  leaves leaves  Stem Ear Roots  plant  solution
P32 P31 Pot no. 102¢/m/g 102c/m/g 102¢c/m/fgp 102c/Mm/g 102¢/m/g 102c/m/fe o /m/ml
B 1:0 3 11447 76856 780 4600 3774 4129 8428
11 9853 7093 1902 4114 4039 4142 8415
21 7694 5537 1665 4828 3853 3934 8605
C 1:1 b 14918 11715 1412 6224 2958 5424 11642
13 12104 8921 2679 5864 3707 5203 11940
23 12290 8761 3296 6319 5160 5624 12229
D 1 20 7 4222 3440 651 790 2805 1521 12044
17 4411 3278 651 790 2613 1587 11608
25 5673 5159 670 1182 2805 2018 11521

* All radioactivity was converted to that when the plants were harvested.
+ Ses Appendix Table I.
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Appendix Table III. Percentage Content of P31l in the Treatment Solution and

Various Corn Tissues in Experiment I
-

Treat- Unit* Repli- TUpper Lower Whole Treatment
ment ratio cate leaves 1leaves Stem Ear Roots plaent solution
P323p31 Pot no. % % % % % % ppm
A 0:1 1 0,290 0.265 0,068 0.248 0.126 0,187 10,30
9 0,313 0.268 0.138 278 0,132 0.230 10,30
19 0.248 04243 0,123 0.254 0,136 0.156 11,30
B 1:0 3 0.218 0,208 0,029 0,208 0.084 0,147 0.00
11 0,208 0,218 0,097 0.202 0,080 0,159 0.00
0.173 0,195 0.066 0.216 0,080 0.135 0,00
C 1.1 5 0,363 0,335 0.074 0.276 0,122 0.211 10,30
13 0.310 04300 04133 0,270 0,136 0.209 10,30
23 0.278 0,303 0.128 0.250 0.226 0.204 10,40
D l: 20 7 0,906 0,830 0.263 0,375 0,735 0,472 217.00
17 U,9256 O.880 Uee TV 04340 0,640 0,468 217,00
25 1.03% 142 &0 0.210 0,350 0,608 0.,475 209,00

* See pppendix Teble I.
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Appendix Teble IV. Dry Weight* of Verious Corn Tissues in Experiment II

Treatment Unitt ratic  Replicate Ieaves Stem Roots Total
pd2,.p3l Pot noe gn gm gm
A l:1 1l 17.3 10,6 643 34.2
6 2360 14.8 6¢5 44,3
11 217 1666 Ted 45,
B l } 4 2 2 2102 12.8 6.2 4002
7 2047 15.1 6.5 42,2
1z 1663 11.2 4,6 32l
c 1;:56 3 19.3 10.6 Tel 372
8 18,0 11,6 642 35,
13 16.8 10.9 6.0 3367
D 2 4 2 4 2008 16.0 707 4405
2044 13.6 6.4 40,4
14 2047 14,6 6el 41,4
E 5:56 5 13,6 70 4.4 25
10 16.8 12,8 6ol 34
15 17.2 11.6 5.4 34

1l

* (n oven=-dry basis.
+ 1 unit of P32 = 0,156 mc.(assayed on August 16, 1954 but not converted

to that at the time the isotope was used) in 15.2-liter mineral nutrient
solution.
1 unit ot P31 = & concentration of 20 ppm.



Apperndix Table V.

Various Corr Tissues in Experiment II

Radioactivity* of P32 in the Treatment Solution sand

Whole Treatment
Treetment Unit*retio Replicate Ipaves Stem Roots plant solution
P32:p81  Pot mo.  102¢/mfy  10%¢/mf 102c/mfg 102c/nfg  c/m/ml
A 1:1 1 1146 1646 997 1274 739
6 1101 1220 811 1098 663
11 973 1182 1062 1081 670
B 1:2 2 1119 1342 1009 1173 728
7 838 1207 988 993 688
12 979 1479 997 1156 653
c 1:56 3 287 503 634 469 714
8 415 613 677 525 686
13 317 49 659 434 683
D 2 32 4 1573 1957 1567 1710 1405
9 1363 1509 1506 1569 1371
14 1781 2671 1899 2112 1318
E 5: & 5 1667 3000 3649 25356 3634
10 1811 2433 3967 2428 3466
15 2271 3342 4537 2994 3407
* All radiocactivity was converted to that when the plants were harvested.

+ See

Appendix Table IV.
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Appendix Table VI. Percentage Content of P31 in the Treatment Solution end

Various Corn Tissues in Experiment II

e

—

. . Whole Treatment
Treatment Unit'ratio Replicate leaves Stem Roots plant solztion
P32 .31 Pot no. % % % % ppn
3 04355 0.425 0,320 0.373 13.5
11 0.315 0.390 06,390 0,354 20,0
7 0,510 0.715 0.595 0.586 37«5
12 0,580 0.855 0.620 0.882 8.0
c l:5 3 0,480 0,665 0.835 0,502 89.0
8 0,880 0,755 0.960 0,705 91.0
13 0.445 0,655 0,930 0,599 91.0
D 2 :+ 2 4 04450 0,585 04510 0.514 375
9 044056 0,575 0,490 0476 37«5
14 0.530 0.795 0,600 0.634 3745
B 5 : 5 5 0,525 0,780 0.970 0.675 829.5
10 0e4a80 0,680 1,110 0.572 91.0
15 0,585 0,910 1.315 0.811 9045

+ See Appendix Table IV,
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Appendix Table VII. Dry We ight*of Various Corn Tissues in Experiment III
" e — e

Treet- Unit+ Repli- Upper lower Tassel Sgg;th Roots Total
ment ratic cate leaves leaves & Stem

P32:pP31  Pot no. gn gm gn gn gm gm

iy 1:0 1 2368 13,9 63 50.6 20,8 1156.5
7 17.8 12,0 8.0 3945 1644 94,7

B 1.1 2 17.2 12,8 TeC 45,6 18,1 100.7
2642 11,8 10.4 68.7 25,6 132.7

14 17.9 14,2 Tel 41 .4 16,4 96,9

C l:65 3 1446 11,0 10.8 52,1 19.5 108,.C

9 1€.5 10,5 10.5 38.8 17.2 93.6

18 19.2 S48 9.4 5145 13,8 103.7

D 1. 1C 4 24.8 1543 842 63.8 26.6 138,7
10 19,5 18,0 9.8 47,7 20.5 115.2

16 15.2 14,8 7.6 42.9 16,4 95.8

E 2 .2 5 1€49 14,0 8.0 38.0 2043 97.2
11 16,5 15.2 5.5 40,1 15.0 92,3

17 16.5 13.1 6.2 3343 15,0 84,2

F 5: 5 6 16,8 15,6 6.8 44,0 1€.4 101.6
12 12,9 13.0 5.8 32,63 15.1 79.1

18 2243 12,4 9.4 49,2 1843 112,.6

* (n oven-dry basis.
+ 1 unit of P32 = 0.27 mc. (assayed on June 7, 1954 but not converted to that

at the time the isotope was used) in 15.,2-liter minerel nutrient solution,
1 unit of P31 = & concentration of 10 ppm.
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Appendix Table VIII. Radioactivity* of P32 in the Treatment Solution and
Various Corn Tissues in Experiment IIT

——

—

Treat- Unit* Repli=  Upper Lower Tassol Stem Roots Whole Treatment

ment ratio oate leaves leaves plant solution
P32 ;P31 Pot no. 102c/m/p 102¢/m/g 102¢/mfg 102¢ mfg 1020/m/fg 10%c /g c/m/ml
A 1:0 1 2353 1478 3072 1411 1952 1802 2564
7 2782 1738 3598 1581 1813 2062 2411
13 2433 1762 3263 1535 1422 1880 2051
B 11 2 1884 1463 2094 1602 1757 1717 2848
8 1712 1174 2445 1546 1785 1682 2718
14 2090 1622 2694 1964 1980 1994 2720
G 1:5 3 1311 1189 1438 1648 1794 1561 2765
9 1380 1369 1422 1625 1899 1599 2740
15 13245 1217 1274 1681 1683 1538 2681
D 110 4 676 585 623 598 1590 802 2803
10 733 470 631 5653 1525 750 2769
16 607 619 6756 801 1971 920 2658
B 2 ;2 5 3116 2555 3821 3182 3179 3132 5449
11 3003 2393 3154 2708 3012 2785 5406
17 3520 2771 3823 3442 2835 3273 5279
r 5386 6 5004 4562 4€39 4661 7474 5226 14044
12 5582 4979 5627 5766 7084 5848 14008
18 6492 5558 7318 7672 7502 7103 13642

SL

# 511 radiocactivity was converted to that when the plants were harvested,
+ See Appendix Table VII.



Appendix Table IX.

Percentage Content of P31 in the Treatment Solution and
Various Corn Tissues in Experiment III

Treat- Unit* Repli-  Upper Lowsr Tassel Sten Roots Whole Treatment
nent ratio cate leaves leaves plant solution
p32.:p31 pot noe % % % % % % ppm
A 1:60 1 «285 06235 0,335 0.165 00190 0212 040
T 0.307 04235 0,365 0,160 0.197 0,223 0.1
13 0,292 04247 0,400 0.187 0,177 0.223 0.1
B l1:1 2 0,332 0.297 06400 04282 0,265 0.296 10.2
8 0,295 0.232 0,390 06227 0.257 0.259 10.0
14 06340 0,307 0,435 0.312 0.292 0.322 10.1
c 1:5 3 0425 04410 0,510 0.490 0,507 0,478 43.4
2] 0,505 0.500 0,540 0.520 0.497 0,513 4304
15 0,427 0,462 0+440 0.507 0.425 0.471 42 45
D l.: 110 4 04437 0,442 0.430 0,367 0.692 0.454 89.0
10 06392 0.330 0.440 0.347 0,720 0.426 8940
15 0,422 04,457 0.505 0.407 0.790 0,493 88.0
E 2 : 2 ) 0,330 0,320 04430 0335 0,310 03356 1844
11 0.346 04,310 0.415 0.310 0.292 0,320 17.5
17 0.412 0,367 0,480 0,402 0,280 0.383 1844
P £ ¢ 5 6 ©.387 0.362 0,400 0.330 0,407 0.363 44,5
12 0.417 0,402 0.485 0.417 0,397 C.416 50,0
18 04,442 0,470 04535 0.522 0,465 0,485 44,0

+ See Appendix Table VII.
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Appendix Table X. Dry Weight* of Various Tometo Tissues in Experiment Iv

Treatment Unit*ratio Replicate 1eaves Stem Fruit Top total

p32,;p51 Pot no. em gn n gn

7 40,2 5742 14,0 111.4

13 43,0 5946 25.6 128,131

B 11 2 54,8 8248 190.€ 157.2
8 3748 50,5 8.9 9742

14 44.1 6542 11,2 120.7

C 1:2 3 49,8 6744 1644 133.6
a 47.1 7349 24,0 145.0

15 44 04 5742 17,2 118.8

D 1:4 4 T BUWS 6844 10,7 129,6
10 6l.¢ 8647 31,9 180.6

16 47,6 65.2 11.8 124.6

E 2 ¢+ 2 5 5544 81l.0 7.9 144,3
11 7844 9947 2849 207,0

17 4844 712 16.7 136.3

F 4 3 4 6 49.8 6842 Bel 126,2
12 46,9 70.8 24,0 141.7

18 3646 51,0 26,6 113.2

* (m oven=dry basis.
+ 1 unit of P3¢ = 0,256 me. (assayed on July 22, 1954 but not converted to that

at the time the isotope was used) in l4~-liter mineral nutrient solution.
1 unit of P31 = a concentration of 62 ppm.
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Appendix Table XI. Radioactivity* of P32 in the Treetment Solution and
Various Tomeato Tissues in Experiment IV

Treatment Unittretic Replicate leaves Stem Fruit Whole top Treestment
solution

p32.p31 Pot no. 102 /m/g  102c/m/fg 102¢/m/fz  102¢/mfz  c/fu/ml

A 1:0 1 616 753 940 728 1008
7 404 349 550 384 1156

13 562 436 722 535 1266

B 1;:1 2 578 496 543 520 1391
8 660 513 728 550 1243

14 671 660 616 660 1290

C 1:2 3 316 338 306 326 1290
S 480 366 377 . 404 1253

15 425 387 331 394 1320

D 1;:4 4 207 196 162 200 1323
10 338 169 159 225 1431

16 235 164 219 166 1317

E 2 :2 5 682 695 775 638 2509
11 8956 584 616 706 2610

17 693 545 596 604 2513

F 4 : 4 6 1047 81¢& 735 903 4860
12 938 856 709 858 5008

1€ 9656 605 616 721 49565

84

All redioactivity was converted to that when the plants were harvested.
SEE Appendix Table X



Aprendix Table XII.

Verious Tomato Tissues in Experiment IV

Percentage Content of P31l in the Treatment Solution and

Whol t
Treatment Unit*ratio Replicate  leaves Stem Fruits on solarien

p32,p31 Pot noe % % % % ppm

A 1:0 1 04455 04550 0.640 04518 0.2
7 04415 04440 0,560 0,446 0.3

13 0.490 0,530 0,580 04527 0.5

B 1:1 2 04675 04575 0,680 04676 62.5
8 04765 04755 04670 0.751 61,9

14 0,750 04775 0.680 0.757 6540

c 12 3 0,715 0.795 04700 0,764  110.5
9 04800 0,725 0.625 0.735  108.5

15 0,780 04800 0705 0,779 115.0

D 1,4 4 0,715 04750 04655 0,729 230.0
10 0,890 0,715 0.665 0.766  227,5

16 0,650 0,805 0,740 0,740  245.0

E 2 s 2 5 0,700 04735 04710 0.720  113.5
11 0,795 0.665 0,650 0,712 114.0

17 04740 0,730 0,570 0,726 120.5

F 4:4 6 04775 0.795 04590 0,780  225,0
12 0,880 0.815 0650 0,809 2270

18 0.865 04745 0,650 C.762  237.5

+

See pppendix Table X.
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Appendix Table XIII. Dry Weight* of Various Soybean Tissues in Experiment V

Treatment Unit*ratic Replicate leaves Stem Pods Top total

p32,p31 Pot no. gm gn gm gm

A 1 4 0 l 52.3 63.6 62.4’ 178.2
7 47 46 6045 613 169.4

13 45,8 54.2 64,0 164.C

B 1;:1 2 50,8 59.¢ 60,9 171.6
8 54.2 67 .5 7040 191,7

14 36.1 40,6 63.5 140,2

c 1,2 3 4148 49,9 49.2 14C.6
9 51,3 65,2 60,7 177.2

15 3842 42,3 6343 143,.8

D 1:5 4 40,3 47,8 44,0 132,.1
10 46.8 62,5 56.€ 165.9

16 39.2 44,1 67 .4 160,7

E 2 : 2 5 42 .8 48,8 50,9 142,85
11 48,0 55,7 62,0 165.7

17 37.38 35.0 49,7 122.0

F 535 6 47,3 b6.0 50.4 153.7
12 49.2 61l.U 64,7 174.9

18 49,8 6148 8l.2 192,86

* Total oven~dry weight of five plants in each pot.

+ 1 unit of P32 = 0,156 mc. (essayed on pugust 16, 1954 but not converted
to that at the time the isotope was used) in 14-liter minersal nutrient
solution.

1 unit of P31 = a concentration of 45 ppm.
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Appendix Table XIVe. Radiomctivity* of P32 in the Treatment Solution and
Various Soybeen Tissues in Experiment V

t
Treatment Unittratio Replicate leaves Stem Pods Whole top gzzsziz:

po2 . p3l Pot noe 102c /My 10%c/m/fg  10%c/mfg  10%c /g c/fm/ml

A 1;:0 1l 203 165 269 209 -
7 302 245 340 295 836

135 509 538 533 528 91§

B l1.:1 2 991 571 641 720 1566
8 991 557 712 726 1697

14 1075 679 726 802 1581

C 1:2 3 1156 637 608 780 1649
9 764 358 382 484 1693

15 1212 575 552 734 1738

D 1.5 4 578 278 245 358 1623
10 967 382 358 539 1642

16 939 344 344 499 171€

E 2 ¢ 2 5 2267 108 1094 1451 3563
11 2071 995 1113 1351 3137

17 2844 1684 1288 13563 3620

F 6§ ;5 6 4155 1712 1509 2397 8463
12 5245 1792 1666 271% 8659

18 5882 1755 1825 2852 8252

18

* All redioactivity was converted to that when the plants were harvested.
+ See Appendix Table XIII.



Appendix Table XV. Percentage Contsnt of P31 in the Treatment Solution and
Various Soybean Tissues in Experiment v

. 1d . . Whole Treatment
Treatment Unit ratio Replicets Isaves Stem Pods top solution
P32 ,p3l Pot no. % % % 3 FPY
A 1:0 1 0.655 04570 04,585 0.600 0
7 0.885 0.660 0,530 0,712 0
13 0,985 0680 06670 0.761 o}
B l1:1 2 1,255 0.800 0,680 0,892 41.5
8 14335 0,750 0,700 0.897 45,5
14 1,500 0.880 0700 0,958 41,5
¢ 12 3 1,890 1,030 0800 1.200 8545
9 1575 0780 0.700 0,383 82,0
15 1,920 0.880 04740 1,098 9340
D 1:6 4 2,000 1,950 0.780 1,250 20740
10 24850 1,020 0,230 1,506 210.0
E 2 :2 5 1705 0.980 0.800 1,133 8645
11 1,770 0,970 0.790 1,134 8545
17 2,085 1.180 0.800 1,302 91.5
F 6§ : 56 6 24670 1,100 04930 1.527 2090
12 3000 1.080 0,900 1,543 209.0
18 34180 0.880 06350 l.462 204,40

+ See pppendix Table XIII.
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