
WHITTINGHAM-PHOTOSYNTHESIS IN CHLORELLA

in the development of the apparatus and was a con-
tinued source of advice and assistance.
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PHOSPHORUS NUTRITION OF SOYBEANS 1'2

ROBERT W. HOWELL
U. S. REGIONAL SOYBEAN LABORATORY, URBANA, ILLINOIS

New strains of crop species in variety develop-
inent programs are continuously being evaluated
with respect to one another and to established varie-
ties. In such a program it is very desirable to know
the effect of nutritional factors on the expression of
characters utilized for selection. Because of the
unique role of phosphorus compounds in metabolic
processes and the extensive use of this element in
fertilizers, studies of how plants respond to varying
levels of phosphorus are particularly interesting.
The objective of the present study is to determine
the response of several soybean varieties to different
phosphorus levels.

The general literature on phosphorus nutrition of
plants has been reviewed recently by Mulder (10)
and by Hewitt (6). Therefore only those papers
pertinent to the present study are reviewed here.

Stumpf (15) discussed at some length the litera-
ture pertaining to the accumulation, translocation,
and assimilation of phosphorus in plants. Biddulph
(3) and Rediske and Biddulph (13), discussed the
utilization of iron, and pointed out that iron, al-
though taken up, cannot be utilized by Red Kidney
bush beans if a moderately high level of phosphorus
is maintained. Weiss (17) found a similar relation-
ship between the iron and phosphorus nutrition of
certain varieties of soybeans.

Eaton (4) studied the effects of phosphorus de-
ficiency on the vegetative portions of soybeans of the
variety MIanchu 3 kept vegetative by an 18-hour
l)hotoperiod and harvested 35, 46, and 56 days after
planting. A gradual increase in chlorosis was ob-
served in the interveinal areas of the leaves of "minus
phosphorus" plants. Similar chlorosis, which will be

1 Received May 26, 1954.
2 Publication No. 259 of the U. S. Regional Soybean

Laboratory, Field Crops Research Branch, Agricultural
Research Service, U. S. Department of Agriculture.

described and illustrated later, was observed in the
work reported here and seems to be characteristic of
phosphorus deficiency in soybeans.

Mederski (9) studied the effects of high and low
levels of phosphorus supply on dry matter produc-
tion and on the partition of N and P during the de-
velopment of the soybean plant. He concluded that
if P is supplied at a high level during the first eight
weeks, it may be omitted thereafter with no effect
on yield.

MATERIALS AND METHODS
Plants of soybean varieties Lincoln, Chief, Adams,

and Illini were grown in nutrient culture apparatus
in the greenhouse. Adams was used only in the first
two experiments of the series; Illini only in the third.

Seeds were germinated in a sand germination
bench and allowed to grow there for about a week.
The seedlings were then transplanted to 2-gallon
glazed stone crocks. The crocks and the area around
them were filled with no. 9 quartz sand. Two plants
of a single variety were grown in each crock. The
root systems of plants in the different crocks were
thus isolated.

Six crocks comprised a unit which was supplied
from a common source of nutrient solution. Nutri-
ent solutions described below were supplied from the
time of transplanting, except that phosphorus was
omitted during the first 10 days. New solutions were
supplied at intervals of 10 or 11 days.

In the first two experiments, each variety was
grown under two sets of conditions: (1) "competi-
tive," i.e., plants of all varieties were supplied nutri-
ent solution from a single source; and (2) "non-
competitive," i.e., plants of only one variety were
supplied from a given source. No difference was
found between the performance of the varieties un-
der these two sets of conditions. Only the first of
these plans was used for the third experiment be-
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,cause it permitted a wider range of phosphorus con-
-centrations.

The nutrient solutions when prepared contained
the following salts in the concentrations indicated:

Ca(N08)2 .4 H20
(NH4)2S04
KCI
MgS04* 7 H20
Ferric tartrate
CuSO4 * 5 H20
ZnSO4 .7 H20
H18B08
MnCl2 H41120
Co(NO8)2 *6 H20

294.0 ppm
44.5 "
57.8 "

506.0 "
5.0 "
0.055 "
0.055 "
0.61 "
0.39 "
0.055 "

The various elements were present initially in the
concentrations shown below:

Element
Boron
Calcium
Cobalt
Copper
Iron
Magnesium
Manganese
Nitrogen
Potassium
Sulfur
Zinc

ppm
0.11

50.0
0.011
0.014
1.0

50.0
0.11

44.3
30.0
76.0
0.012

Phosphorus was supplied as phosphoric acid in
the first experimen't and as a solution of dibasic and
monobasic sodium phossphate in the second and third
experiments. The concentration of phosphorus was
2 or 10 ppm in the first two experiments and from
0.4 to 112 ppm in the third.

Additional ferric tartrate was supplied at the rate
of 5 ppm five days after the solutions were prepared.
There was no other addition to the solutions after
their preparation.

A photoperiod of 14 hours was maintained
throughout the experiments. Fluorescent lights were
used to extend the natural photoperiod and to sup-
plement natural illumination on cloudy days.

Observations were made on the following char-
acters: Agronomic-height; number of days to flow-
ering; number of nodes; number of pods; diameter
of third node and third internode; dry weight of
stems; dry weight of roots; dry weight of seeds.
Chemical-oil, protein, phosphorus and ash content
of the seeds; iodine number of the oil and phos-
phorus content of vegetative parts.

Oil and protein were determined by standard
methods (1, 2). Phosphorus in the oil was deter-
mined by the method of Stoloff ('14). Uptake of
phosphoruis by the plants was estimated from analy-
ses-using the method of Parks et al (12)-of the
nutrient solutions at the time they were discarded.

The agronomic data in experiments one and two
were analyzed statistically according to the follow-
ing plan:

Effect
Replications
Varieties
Nutrient Levels

df
R 3
V 2
L 1

RV
RL
VL
RVL

6
3
2
6

23
The chemical data for these two experiments were

analyzed according to the following statistical plan:
Effect

Replications
Varieties
Nutrient Levels
Competition

VL
VC
LC
VLC

Error

R
V
L
C

df
3
2
1
1
2
2
1
2

33

47

The main effect "competition" refers to whether
plants of only one or of more than one variety were
supplied from a single source of nutrient solu'tion.
An effect of competition on performance would be
indicated by a significant interaction of varieties and
competition, since this would show that the varieties
did not respond alike to the change in competitive
conditions. The chemical data were obtained from
analyses of composite samples of all beans from a
given treatment and could therefore be included in a
single analysis of variance.- The agronomic data of
the "competitive" and "non-competitive" groups
could not be conveniently combined for statistical
analysis since there were different numbers of plants
involved in the two groups. In a special statistical
analysis no significant differences were found in the
agronomic characters attributable to the condition of
competition so only data from the "non-competitive"
groups are presented.

Data pertaining to agronomic characters and to
oil and protein in the third experiment were analyzed
statistically as follows:

Effect
Replications
Treatments

TR (Error a)
Varieties

VT
Error b

R
T

V

df
3
7

21
2
14
48

95

RESULTS AND DISCUSSION
The difference in growth of soybeans in the early

stages on 2 and 10 ppm phosphorus is shown in fig-
ure 1. Even at this stage, plants with a restricted
phosphorus supply were shorter and had smaller
leaves than'those of the other group. The appear-
ance of leaves severely affected by phosphorus de-
ficiency is shown in figure 2. The interveinal areas
became necrotic very quickly after the first appear-
ance of discoloration on the leaves. Necrosis began
on either the primary or first trifoliate leaves and
spread rapidly upward if no phosphorus was sup-
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FIG. 1. Adams soybean plants, age 37 days, supplied
phosphorus at the rates of 2 ppm (left) and 10 ppm

(right).
FIG. 2. Lower leaves of Chief soybeans showing

necrotic areas due to phosphorus deficiency. The ne-

crosis developed after transplanting during the cycle
when no phosphorus was supplied.

plied. When phosphorus was supplied in subsequent
cycles, the appearance of necrosis on the younger
leaves was prevented, but the older leaves showed no

recovery,

The agronomic and chemical data from the first
two experiments are summarized in tables I and II.
There was a marked difference in response to the in-
crease in level of phosphorus, using almost any of
the agronomic or chemical characters as the measure.

The size and yield of plants receiving phosphorus at
the rate of 10 ppm were greater and the beans con-

tained more oil, with a lower percentage of protein.
The higher phosphorus level apparently favored

shoot over root growth. In five of six comparisons
involving the three varieties in the first two experi-
ments, the shoot/root ratio was higher in plants from
the 10 ppm cultures than in those from the 2 ppm.

Although there were significant differences be-
tween the varieties for most characters under ob-
servation, in the first experiment only the oil per-
centage and in the second only four of the agronomic
and none of the chemical characters showed a signifi-
cant interaction of variety and phosphorus level. It
will be shown below that such interactions might oc-
cur more frequently when a wider range of phos-
phorus levels is provided.

In the first experiment there was a swelling of
the lower nodes associated with the 2 ppm P level,
as is shown by the higher "swelling" index. The
swelling was not observed on plants receiving 2 ppm

P in the second experiment.
In order to obtain information regarding the re-

sponse of soybeans to a wider range of phosphorus
levels, plants were grown at levels from 0.4 ppm to
112 ppm. The resulting data are presented graphi-
cally in figures 3 to 8. Observations of other char-
acters included in tables I and II gave comparable
results and are omitted.

3LE I
EFFECTS OF Two LEVELS OF PHOSPHORUS ON AGRONOMIC CHARACTERS OF SOYBEANS

HEIGHT DAYS TO NUMBER SWELLING NUMBER STEM ROOT SEED
FLOWER OF NODES INDEXa OF PODS WEIGHT WEIGHT WEIGHT

MEAN VALUES PER PLANT

cm7 gm gm gm

Experiment 1
Lincoln 2 ppm P 65.1 .... 12.4 1.55 20.1 1.9 1.6 9.3
Linco'n 10 " " 99.5 .... 15.3 1.38 36.9 4.0 2.9 16.5
Chief 2 " " 74.8 .... 12.6 1.59 24.4 2.0 1.6 8.7
Chief 10 " " 122.7 .... 11.5 1.25 38.6 4.4 3.1 14.3
Adams 2 " " 54.0 .... 10.8 1.83 18.4 1.6 1.1 7.2
Adams 10 " " 69.7 .... 10.3 1.51 29.1 3.1 2.3 11.8
F values df

Varieties 2 6.18 ** .... 13.88 ** 5.61 * 10.38 ** 3.90 * 5.40 * 12.26 **
Levels of P 1 14.44** .... 56.57** 18.62** 98.70** 61.42** 61.17** 104.09**
VL inter-

action 2 n.s. .... n.s. n.s. n.s. n.s. n.s. n.s.

Experiment 2
Lincoln 2 ppm P 117.5 43.5 14.3 1.40 23.6 2.3 1.5 9.7
Lincoln 10 " " 133.7 42.6 15.8 1.45 33.5 3.3 1.9 13.5
Chief 2 " " 138.4 46.0 15.4 1.29 28.7 2.7 1.7 9.7
Chief 10 " " 200.4 47.0 18.5 1.30 38.3 4.4 1.9 13.6
Adams 2 " " 109.0 44.8 13.5 1.38 22.5 2.2 1.4 8.4
Adams 10 " " 156.7 44.3 16.3 1.44 31.7 4.5 2.0 12.7
F values df

Varieties 2 251.30 ** 97.33 ** 57.00 ** 11.77 ** 46.33 ** 73.75 ** n.s. 9.14 *
Levels of P 1 599.74** n.s. 212.30** n.s. 283.30** 1,017.50** 18.71** 281.11**
Vl, inter-

action 2 62.29 ** 8.83 * 8.31 * n.s. n.s. 46.75 ** n.s. n.s.

a Ratio of third node to third internode is used as an index of swelling of lower nodes.
* Significance at P = 0.05 level.

** Significance at P = 0.01 level.
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TABLE II
EFFECTS OF Two LEVELS OF PHOSPHORUS ON CHEMICAL COMPOSITION OF SOYBEAN SEED

IN PERCENT WIJs
IODINE

OIL PROTEIN ASH PHOSPHORUS NUMBER

Experiment 1
Lincoln 2 ppm P 19.9 38.9 4.69 .42 134
Lincoln 10 " " 22.4 32.9 6.03 .85 132
Chief 2 "t 19.6 38.9 4.96 .43 134
Chief 10 " " 21.5 33.5 5.96 .82 132
Adams 2 " 20.7 38.8 4.82 .43 133
Adams 10 " " 22.0 34.2 5.72 .78 131
F values df

Varieties 2 23.35** n.s. n.s. n.s. 4.01*
Levels of P 1 395.69** 451.86** 58.25** 255.14** 26.72**
VL interaction 2 14.91 ** n.s. n.s. n.s. ns.
Variety-competition

interaction 2 n.s. n.s. n.s. n.s. ns.

Experiment 2
Lincoln 2 ppm P 19.7 43.6 5.00 .52
Lincoln 10 " " 20.6 40.5 6.01 .90 ..

Chief 2 " " 19.1 43.3 5.04 .50 .....

Chief 10 " " 19.9 40.9 5.96 .88
Adams 2 " " 20.1 43.3 4.91 .55
Adams 10 " " 21.0 39.9 5.83 .88 .....

F values df
Varieties 2 21.29 ** ns. n.s. n.s.
Levels of P 1 47.97** 182.05** 273.00** 1,395.6**
VL interaction 2 n.s. n.s. n.s. n.s. .....

Variety-competition
interaction 2 n.s. n.s. n.s. n.s. .....

* Significance at P = 0.05 level.
** Significance at P = 0.01 level.

Two facts are clear from these data: (1) under
the conditions of these experiments, 2 and 10 ppm
phosphorus are both intermediate levels, at least for
the variety Chief; and (2) the varieties differ mark-
edly in their response to phosphorus. Growth of
Lincoln and Illini plants was drastically curtailed by
50 or 112 ppm phosphorus (figs 3, 4, 6). Chief
plants continued throughout the entire series of con-
centrations to show an increase in yield and number
of nodes but not in height. Furthermore, the oil
percentage in Chief beans increased over the entire
series.

Lincoln plants performed more efficiently at the
lower phosphorus concentrations. It will be seen
(fig 4) that a seed yield equal to that of Illini at 4.5
ppm P would be produced by Lincoln on about one-
third as much phosphorus. Chief was intermediate
between the other varieties at this and other low
phosphorus levels.

The 5-year average yields (1949-53) of these
varieties in experimental plots at Urbana are as fol-
lows: Lincoln, 36.5 bu/A; Chief, 32.2; Illini, 29.0.
It appears possible, therefore, that the relative pro-
ductivity of these varieties may be partially deter-
mined by their relative efficiency in utilizing phos-
phorus.

As was found in the first two experiments, the

phosphorus level affected the number of days to
flowering very little, the principal effect being a slight
retardation at the extremely low or extremely high
phosphorus levels.

Data on phosphorus uptake and recovery are
presented in figure 5. "Uptake" is the phosphorus
disappearing from the solution during the periods
between changes, including losses through precipita-
tion, as well as phosphorus taken up by the plants.
"Recovery" is the sum of the amounts of phosphorus
found in the beans and vegetative parts, excluding
the leaves. Recovery at levels up through 4.5 ppm
was better than 95 %. This shows that phosphorus
loss due to precipitation was not serious and that
substantially all phosphorus in the leaves was trans-
located (presumably to the seed) before the leaves
became senescent. At higher levels, recovery was
progressively poorer, probably indicating that in-
creasing amounts of phosphorus remained in the
leaves or were lost through precipitation in the
nutrient solution.

There were differences in the amounts of phos-
phorus recovered from the different varieties (table
III), Lincoln plants containing the most at lower to
moderate levels of supply. There appears to be an
interaction between varieties and phosphorus level,
but this could not be tested statistically since stem
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FiGs. 3 to 8. Performance of three varieties of soybeans grown on nutrient solutions and supplied phosphorus
at specified concentrations at beginning of each nutrient solution cycle of 10-11 days.

FIG. 3. Average height at maturity.
FIG. 4. Average weight of seed produced per plant.
FIG. 5. Utilization of phosphorus (average of all varieties)-"uptake" is the % available phosphorus disappear-

ing from solution as determined by analysis of solutions at end of cycle, "recovery" is the amount of phosphortus
found upon analysis of beans, pods, stems and roots as a percentage of "uptake."

FIG. 6. Average number of nodes at maturity.
FIG. 7. Average %l oil in beans.
FIG. 8. Average % protein in beans.

and root samples from all replications were com-
posited before chemical analysis.

The ratios of third node to third internode were
significantly greater in the lower concentrations in
the third experiment, agreeing with the data of the
first experiment but not the second in this regard.
Since the first and third of these experiments were
carried out in the spring when day length and the
intensity of natural illumination were increasing, it
may be that the absence of swelling on plants in the
second experiment was due to unrecognized light
effects. Tentatively, however, it is concluded that

such swelling may be an indication of phosphorus
deficiency.

The data presented above show clearly that the
increased vegetative growth on a more nearly ade-
quate phosphorus supply, as reported by Eaton (4),
results in increases of both yield (seed weight) and
the proportion of oil stored in the seed. The in-
creased synthesis of lipids may simply indicate a more
favorable environment at the higher phosphorus level,
since it has been found that the oil percentage will
also be increased by more favorable temperature (7)
and by irrigation under drought conditions (18).
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TABLE III
PHOSPHORUS RECOVERED EtROM SOYBEAN PLANTS GROWN IN NUTRIENT SOLUTIONS

OF DIFFERENT PHOSPHORUS CONCENTRATIONS

P CONCENTRATION IN NUTRIENT SOLUTION (PPM)
VARIETY

0.4 0.9 2.0 4.5 10.0 22.4 50.0 112.0

mg per plant
Lincoln 12.72* 30.98 71.44 167.71 241.58 314.42 23.35** 4.16**
Chief 12.60 29.31 60.94 137.09 230.99 323.07 441.59 553.49
Illini 10.61 ** 27.19 54.12 106.42 181.57 232.72 80.47 19.71 **

* Values are the sums of weight of phosphorus recovered from all plant parts except the leaves.
** These figures include estimates of amount of phosphorus in beans as the total yield was too small to permit

phosphorus determination.

There is also a possibility that the phosphorus
level, by modifying the supply of organic phosphorus
compounds, has a more specific effect on the oil
forming mechanism. For instance, Kornberg and
Pricer (8) have recently reported the enzymatic
esterification of L-a-glycerophosphate and two moles
of a 16- or 18-carbon fatty acid with accompanying
conversion of two moles of adenosine triphosphate
(ATP) to inorganic pyrophosphate and adenosine-5-
phosphate. Catalytic quantities of coenzyme A were
required. Van Baalen and Gurin (16) have shown
that the incorporation of acetate to form fatty acids
of longer chain length is dependent on the concentra-
tion of diphosphopyridine nucleotide and ATP as
well as coenzyme A. The evidence, therefore, impli-
cates phosphorus compounds in both (1) the forma-
tion of fatty acids, and (2) their esterification to
form oils.

The presence of a similar system in plants may be
inferred from the work of Newcomb and Stumpf (11)
who found that synthesis of fatty acids by peanut
cotyledons was inhibited by dinitrophenol, a com-
pound which has been reported by Green (5) to in-
hibit the esterification of phosphate.

SUMMARY
The effect of the level of phosphorus in the

nutrient solution on several agronomic and chemical
characteristics of soybeans was studied.

The relative growth of plants on 2 and 10 ppm P
and the characteristic appearance of leaves of plants
suffering from phosphorus deficiency are illustrated.

It was found that increase in the phosphorus level
from 2 to 10 ppm resulted in taller and heavier
plants, greater yield, and a higher oil content in the
beans of all of the varieties used.

A marked difference in varietal response was ob-
served when a wider range of phosphorus levels was
provided. The variety Chief continued to respond
favorably to phosphorus levels as high as 112 ppm,
whereas, the varieties Lincoln and Illini were ad-
versely affected by levels of 50 or 112 ppm.

There was little or no effect of the phosphorus
level on the number of days to blooming.

The author wishes to thank Mr. F. I1Collins, Mr.
0. A. Krober, and Mrs. Sharon Wilkins for making

most of the chemical analyses; Dr. H. W. Norton and
the Statistical Service Unit of the University of
Illinois for assistance with the statistical treatment;
Drs. J. B. Hanson, R. D. Osler, A. H. Probst, C. R.
Weber, -and Messrs. Collins and Krober for technical
criticism; MIr. R. J. Dandeneau for editorial criticism.

LITERATURE CITED
1. AMERICAN OIL CHEMISTS' SOCImY. Official and

Tentative Methods .... Revised. 1951.
2. ASSOCIATION OF OFFICIAL AGRICULTuRAL CHEIMISTS.

Official Methods of Analysis. 7th ed. 1950.
3. BIDDULPH, 0. The translocation of minerals in

plants. Pp. 261-275. In: Mineral Nutrition of
Plants. E. Truog, ed. Univ. of Wisconsin Press,
Madison, Wisconsin. 1951.

4. EATON, S. V. Effects of phosphorus deficiency on
growth and metabolism of soybean. Bot. Gaz.
111: 426-436. 1950.

5. GREEN, D. E. The citric acid cycle and the cyclo-
phorase system, Chap. X. In: Respiratory En-
zymes. H. A. Lardy, ed. Burgess Publ. Co.,
Minneapolis, Minnesota. 1949.

6. HEWITT, E. J. The role of the mineral elements in
plant nutrition. Ann. Rev. Plant Physiol. 2: 25-
52. 1951.

7. HOWELL, R. W. and CARTTER, J. L. Physiological
factors affecting composition of soybeans. I. Cor-
relation of temperatures during certain portions of
the pod filling stage with oil percentage in mature
beans. Agron. Jour. 45: 526-528. 1953.

8. KORNBERG, A. and PRICER, W. E. Enzymatic esteri-
fication of a-glycerophosphate by long chain fatty
acids. Jour. Biol. Chem. 204: 345-57. 1953.

9. MEDERSKI, H. J. Relation of varying phosphorus
supply to dry matter production, and to N and P
partition during the development of the soybean
plant. Ohio State Univ., Abstracts of Doctoral
Dissertations. Vol. 64. 1953.

10. MULDER, E. G. Mineral nutrition of plants. Ann.
Rev. Plant Physiol. 1: 1-24. 1950.

11. NEWCOMB, E. H. and STUMPF, P. K. Fat metabo-
lism in plants. I. In vitro biogenesis of higher
fatty acids by slices of peanut cotyledons. Jour.
Biol. Chem. 200: 233-239. 1953.

12. PARKS, R. Q., HOOD, S. L., HURWITZ, C., and ELLis,
G. H. Quantitative chemical microdetermination
of twelve elements in plant tissue. Ind. and Eng.
Chem., Anal. Ed. 15: 527-533. 1943.

482



HOWELL-PHOSPHORUS NUTRITION

13. REDISKE, J. H., and BIDDULPH, 0. The absorption
and translocation of iron. Plant Physiol. 28: 576-
593. 1953.

14. Sr'or,oFi, L. S. Colorimetric method for phosphates.
Ind. and Eng. Chem., Anal. Ed. 14: 636637. 1942.

15. STTTmpF, P. K. Phosphate assimilation in higher
plants. Phosphorus Metabolism. Vol. II. Pp.
29-67. The Johns Hopkins Press, Baltimore, Mary-
land. 1952.

16. VAN BAALEN, J. and GURIN, S. Cofactor require-
ments for lipogenesis. Jour. Biol. Chem. 205: 303-
308. 1953.

17. WEISS, M. G. Inheritance and physiology of effi-
ciency in iron utilization in soybeans. Genetics
28: 253-268. 1943.

18. WHIrT, D. M. Effects of supplemental water on
field crops. Missouri Agr. Exp. Sta. Bull. 616.
1954.

483


