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ORGANIC FORMS OF PHOSPHORUS IN THE PHOSPHORUS 

NUTRITION OF PLANTS 

INTRODUCTION 

At Rothamsted nearly a century ago, experiments were 

started to study the use of various inorganic fertilizers 

as a means of maintaining soil fertility. Dmportant among 

these was the study of phosphate fertilizationJ and early 

contributions were made to our knowledge of this subject. 

HoweverJ the problem of supplying available phosphorus ade

quate for plant growth still exists in varying degrees in 

different soils. Some soils possess a marked capacity to 

fix the soluble phosphorus in a form which plants cannot 

use. 

Research of the past two decades contributed many 

theories as to how the phosphorus is fixed. Even when the 

probable causes of fixation appear to be quite well under

stoodJ the problem of making the applied phosphorus avail

able to the plants in a soil medium still remains unsolved. 

This problem was well recognized as early as 1902 when 

the results of 50 years' of experimentation at Rothamsted 

were reported by Dyer. He had discovered that after 50 

years' annual application of superphosphate to the soilJ 

amounting to nearly ten ton per acre that only 15 per cent 

of the phosphorus had actually been used by the erops and 

the remaining 85 per cent remained in the soil apparently 



2 as unavailable as the native soil phosphorus. ]n other. 

words, the phosphorus actually used for plant growth cost 

approximately seven times the regular unit price of the 

fertilizer. On the other hand, 50 yearsr application of' 

manure at the annual rate of 14 tons per acre showed by 

analysis that approximately 43 per cent or nearly three 

times as much of the phosphorus had been used by the 

crops and the remainder was considered to be in a readil7 

available form. 

Spencer and Stewart (1934} and Stewart (1936) sug

gested that organic forms of phosphorus fertilizer may 

be effective in avoiding fixation. Possibly also the or

ganic forms of phosphorus may be especially suitable f~ 

supplying phosphorus to plants. Crop responses often 

observed where barnyard manures, green manures, or crop 

residues were applied to the soil likewise led to spec

ulation that organic forms of fertilizer were highly suc

cessful for supplying phosphorus to plants. 

To verify these observations, controlled conditions 
' 

where comparisons could be made between organic and in

organic forms of phosphorus were necessary. To prove 

conclusively that organic forms of phosphorus are assim

ilated as such plants must be grown in the absence of 

micro-organisms, thus forcing the plants to obtain their 

phosphorus from the organic. The final test for superi

ority of the organic phosphorus is the actual use of the 



organic forms in pot tests on soils notoriously low 1n 

available phosphorus and with a high phosphorus fixing 

power. These courses of approach were chosen in this 

study to determine the value of organic forms of phosphorus 

in plant nutrition. 

In the pursuit of ~ch studies chemical analyses are 

necessary along with the observations on growth responses. 

A suitable standard method for the phosphorus analysis of 

the soil, plant materials, and nutrient solutions was de

sirable. The Den1ges colorimetric method improved by 

Truog and Myer (1929) was selected with certain modifica

tions which were deemed necessary after a careful study 

using a photoelectric colorimeter for readings. The method 

as used was devised after an extensive review of the lit

erature supplemented by the author's experimental data. 
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HISTORICAL REVIEW 

INORGANIC PHOSPHORUS FIXATION IN THE SOIL 

The abundance of literature an phosphorus fixation 

in the soil is evidence of the interest the problem has 

held for soil scientists. Teakle (1928}, approaching the 

problem from the standpoint of precipitation phenomena, 

concluded that the low solubility products of the phos

phorus compounds resulting from the addition of soluble 

phosphates to the soil could account for the greater part 

of the fixation. He considered that below pH 3 the supply 

of ferric iron would be adequate to precipitate the phos

phoric acid; between pH 3 and 6 manganese would tie up the 

phosphoric acid; and between pH 6 and ? aluminum would be 

sufficiently active to precipitate the phosphorus. On the 

alkaline side, calcium would be the precipitating agent. 

McGeorge and Breazeale (1931) and McGeorge (1932) conducted 

experiments in calcareous soils and concluded that phos

phorus solubility was governed by the common-ion calcium 

and the solid-phase calcium carbonate, or by carbonic acid 

and its accompanying hydrogen ions. Their conclusions were 

in agreement with the theories presented by Teakle. 

However, the question of phosphorus fixation in acid 

and neutral soils still remains a controversial matter. 

Truog (1914) found - contrary to the general belief in the 
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relative availability of the phosphates of iron or aluminum 

to plants • that 9 out of 10 selected crop plants made 

better growth on aluminum phosphate than on the calcium 

phosphate compounds and 6 of the 10 made better growth on 

iron phosphate than on the calcium salt. This seemed to 

indicate that such precipitated phosphates were available 

to the plant. Davis (1935) in studying Hawaiian soils 

found that for any given equilibrium concentration of the 

phosphate ion, the amounts fixed were proportional to the 

ratio of soil to solution employed in the experiments. In 

view of this tact he considered that the process could 

hardly be one of double decomposition and precipitation. He 

proved further that pronounced fixation occurred in the soil 

even after the replaceable bases were exchanged for alkali 

metals. He reached the conclusion that phosphate fixation 

in soils artificially depleted of replaceable bases which 

were capable of precipitating the phosphate must be due to 

the physical absorption of the phosphate by the soil miner

als and the formation of equilibrium complexes. Murphy 

(1939) stated that phosphorus fixation by precipitation 

with tree iron and aluminum was unlikely because the concen

tration of these constituents in most soils was far too low 

to be effective. However, he acknowledged that adsorption 

by the hydrous oxides of iron and aluminum was probable. 

Ford (1933) studied the fixation of phosphorus by goethite 

and by partially dehydrated bauxite and found by X-ray anal



6 
ysis that the fixation products were crystalline. Marshall 

(1935) concluded from his studies that the amounts of phos

phorus present were altogether too great to be accounted 

for by the physical adsorption theory. He also reasoned 

that if the hydrated phosphates of iron or aluminum were 

present as a result of precipitation phenomena, they should 

be identified by some difference in optical properties from 

the clay. This difference was not found in the Putnam clay 

fractions o.s micron in diameter or less. He considered 

the possibility of the phosphorus becoming a part of the 

clay lattice. From optical studies it seemed probable that 

the phosphorus fit into the spatial arrangement of the clay 

lattice. This conclusion was not in contradiction to the 

chemical analysis. It was concluded possible that the phos

phorus was built into the clay lattice. The phosphorus may 

have attached itself to the lattice in conjunction with the 

ionized aluminum, producing a neutral phosphorus aluminum 

extension to the lattice framework. 

Murphy, and Burd and Murphy (1939) noted the similarity 

of phosphorus fixation by the severely weathered and mature 

Aiken soil and fixation by kaolinite. X-ray studies re

ported by Murphy (1939) indicated that the clay of the Aiken 

soil was kaolinic in character. The effects of reaction, 

·of heating, of grinding, and of time upon phosphorus fixa

tion were similar in both the soil and kaolinite. This was 

in agreement with Marshall (1935). Burd and Murphy eon



7 
eluded that the mass-action effects which were worked 

out by Teakle (1928} and Buehrer (1932} may be different 

in a soil which is supporting vegetation because indi

vidual root hairs may bring about solution from individ

ual soil particles. In this manner the plant may remove 

dissolved nutrients before there is opportunity to react 

in such a way as to cause fixation. This reasoning in

volved a contact-feeding theory as first suggested by 

Comber (1922} and later developed by Tru0g (1928) and 

Jenney and OVerstreet (1939). They concluded that studies 

of the soil solution may not represent the reactions in 

the zones of intimate contact between root hair and soil 

particle. Parker and Tidmore (1926) suggested the possi

bility that the concentration of phosphorus at the surface 

of the soil particle was greater than that in the dis

placed soil solution. Hibbard (1935) warned against taking 

the results from fixation studies too literally. He 

pointed out that fixation in a 100:1 soil suspension would 

likely be much greater than in the soil at the natural 

moisture content for two reasons, namely; {1) with a low 

water content the avidity of the soil for phosphorus is 

less beeause less surface energy is involved, and {2} with 

the low dilutions of natural soil moisture the phosphorus 

concentration probably would be higher. 

Scarseth {1932), and Scarseth and Tidmore (1934), as 
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well as Weiser (1933), Murphy (1939) and many others 

have found that the phosphorus fixing power of the soil 

varies inversely as its silica-sesquioxide ratio. This 

conclusion indicated that the fixation process may be 

closely allied with the degree of weathering, or the pro

ducts of weathering, of the soil. The conclusion, however, 

did not give proof to any one of the theories of phosphorus 

fixation. 
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ORGANIC FORMS OF PHOSPHORUS 

Nature and Occurrence 

The stud7 of the causes of inorganic phosphorus 

fixation thus far has offered no means of avoiding this 

phenomenon in the soil. There has been an increasing 

interest in the use of organic phosphorus to alleviate 

this problem. According to Shorey (1913}, Schmoeger (1893) 

was probabl7 the first to recognize the possibility of 

the occurrence in soils of organic phosphorus compounds 

found 1n plants and animals. Aso (1904} claimed to have 

isolated lecithin from a soil. Shorey (1913} found nu

cleic acid in a soil and described a method for its isola

tion. Stewart (1910) investigated 25 soils and found an 

average of approx1matel7 37 per cent of their phosphorus 

in an organic form. / 

Shorey classified the organic phosphorus compounds 

which were likely to be found in the soil on the basis of 

their occurrence in the plant or animal residues. These 

were, namel7; (1) phosphorus in combination with or as 

part of the protein molecule; {2} the phosphatides - com

plex compounds analogous to the glycerides; and (3) phytin 

inosite phosphoric acid. He pointed out that these three 

organic forms of phosphorus occur in plants in varying 

quantities. Hence, with every addition of plant residue to 
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the soil a fresh increment of these components is supplied. 

Inasmuch as they are rather resistant to decomposition and 

also form a part of the bodies of micro-organisms, their 

occurrence 1n the soil is a logical conclusion. 

Gortner and Shaw (1917) considered it probable that 

the greater part of the phosphate present in the humus ash 

was inorganic in nature, being adsorbed on the soil organic 

matter. However, Schollenberger (1918) proved that humus 

did not absorb phosphorus and that phosphorus existed in 

the soil in organic form. Ravikovitch (1934) concluded 

that the organic exchange complexes of peat, when saturated 

with either hydrogen or calcium, possessed practically no 

adsorptive power for phosphates. Doughty (1935} found that 

the soil organic matter as such had only a minor role, if 

any, in the fixation of soluble phosphates in difficultly 

available forms when fertilizers were used. Brown and 

Dahlberg (1937) reached the same conclusion. 

Auten (1922) in examining Iowa soils found that a 

rather large amount of the soil phosphorus was in organic 

form. In fact, he estimated that a third of the soil phos

phorus may be in organic combinations, which amounted to 

as much as 600 pounds of phosphorus per acre in some cases. 

He pointed out that a high percentage of phosphorus in 

organic form does not necessarily mean a high state of 

fertility in a given soil. He was of the opinion that soil 

organic phosphorus represented a residual form difficult 
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to decompose. 

Auten (1923) made further observations on the 

occurrence of organic phosphorus. He found that small 

additions of nucleic acid, phytin, and lecithin to quartz 

sand were decomposed by three months incubation to the ex

tent of 85, 67, and 66 per cent, respectively. Although 

Shorey (1913) had isolated nucleic acid from the soil and 

Aso (1904) claimed to have isolated lecithin, Auten con

cluded that in view of the hydrolytic reactions of nucleic 

acid and lecithin it was hardly probable that these com

pounds make up an appreciable amount of the organic phos

phorus in the soil. It should be borne in mind, however, 

that this conclusion was drawn from observations made with 

quartz sand as a medium and thus under conditions hardly 

approximating those of a soil. Auten pointed outthe im

probability that the organic phosphorus was wholly tied up 

in the bodies of micro-organisms as suggested by Gortner 

and Shaw (1917). From calculations based upon the greatest 

population of living soil micro-organisms and their approx

imate phosphorus content of 1.3 per cent, their share of 

the organic phosphorus would be less than a tenth of a 

pound per acre. Or, calculating the volume of the soil 

which would be occupied by living micro-organisms in order 

to account for 300 pounds or organic phosphorus in an acre

furrow-slice, Auten found that a solid layer of living 
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organisms more than two and a half inches in thickness 

over t h e area would be required. Hi s final conclusion 

was that organic phos phorus of plant and animal residues 

is pr obabl y decomposed in t he soil . The phosphorus is 

then combined as inorganic phos ph orus w:i. th some metallic 

cation into an organic amphoter i c compl ex. 

Pierre a nd Parker (1927) in studying t he phosphorus 

content of displaced soil so 1 utions found that t he orp:anic 

phos phorus content avera~ed about 84 per cent of t he total 

phosphorus in t h e solutions of the t went y soils studied . 

However, a nalysis of 1:5 water extracts of the soils g ave 

very different res ults ; t l:e extr acts contained nearly twi ce 

as much inorgani c as organic phos phorus . This se emed to 

indicate t h at t re organic phos phorus h ad a lower solubility 

t h an inorganic phos rhate j_n water . 

Odelien (1932) found that 15 to 50 per cent of the 

total phosph orus in soils may be present in an organic 

form . Vi ncent (1938) claimed t h at organic phosphorus may 

constitute as much as 80 per cent of the total phosphorus 

i n acid soil s r i ch in organic mat ter. 

Wrenshall and McKi bben (1 938) b egan an extensive study. 

of t he natur e of the organic pho sphorus in soils and f ound 

t hat up to 65 pe r cent of the arparent organic phosph orus 

of a r- odso l under investigation was in nucleic acid. 

The se parat • on of nucleotide rhosphorus from a wa te r extract 

of podsol raw humus indi cated t rat n·: cleot i des were normal 



constituents of the soil solution. Yoshida (1940) was 13 

successful in isolating inositol from three Hawaiian 

agricultural soils and establishing its occurrence as a 

constituent of soils. Dyer, Wrenshall, and Smith (1940) 

arrived at the same conclusion regarding the occurrence 

of phytin in soils of Canada. They drew a sharp dis

tinction between the common term nucleic acid as gener

ally used and soil "nucleic acid." Dyer and Wrenshall 

(1941) and Wrenshall and Dyer (1941) made further studies 

on the nature of organic phosphorus in the soil and found 

that the nucleotides of the soil were very different in 

their chemical nature from those commonly isolated from 

plant material. The soil nucleotides released purines 

by acid hydrolysis only very slowly. Th~concluded that 

phytic acid was a common constituent of soils and in 

acid soils probably existed as a phytic acid salt of 

iron and aluminum. 

Recent studies have been made upon the decomposition 

of various organic phosphorus compounds and the synthe

sis of organic phosphorus compounds from inorganic phos

phorus by micro-organisms. Sauerlandt (1935) studying 

the decomposition of phytin and of the sodium and calcium 

salts of glycerophosphoric acid in sand cultures, found 

that where the phytin decomposed only 6 per cent in 6 

days the latter decomposed as much as 60 per cent. Men
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tioned previously, Auten (1923) found that nucleic acid 

was apparently more resistant to decomposition in sand 

than either lecithin or phytin. 

Weissflog and Mengdehl (1933) studied the rate of 

hydrolysis of various organic compounds under sterile and 

non-sterile conditions 1n water solutions. Glycerophos

phoric acid was steadily hydrolyzed whether in sterile or 

infected distilled water. In infected distilled water 

approximately two thirds of the glycerophosphoric acid was 

hydrolyzed in 40 days whereas in sterile distilled water 

60 days' time was required for the same degree of hydrol

ysis. Although pb7tinic and nucleic acids behaved sim

ilarly, the rate of hydrolysis was much slower than for 

glycerophosphoric acid. Mnich (1931) concluded that the 

resistance of phytin to decomposition could be accounted 

for by its combination at certain pH values with various 

proteins to form an insoluble complex. 

Lockett (1938) studied the nitrogen and phosphorus 

changes in the decomposition of rye and clover at different 

stages of growth. He discovered that during the process 

of decomposition of organic materials, inorganic phosphorus 

was converted into organic phosphorus through assimilation 

and elaboration into organic cell substance by micro-organ

isms. On further decomposition of the organic materials 

the phosphorus was again liberated to the inorganic state. 

This last phase was associated with the disintegration of 
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the microbial cells. 

Ch~ (1939) obtained results similar to those of 

Lockett. He was able to predict from his experiments 

what would happen when organic materials with different 

relative amounts of organic phosphorus were added to the 

compost. Mature plant materials lower in phosphorus 

content caused more inorganic phosphorus to be changed to 

organic form than when young plant materials of higher 

phosphorus content were added. Furthermore, he found na· 

evidence of mineralization of phosphorus in straw unless 

the material was treated with large amounts of phosphates. 

The rate of decomposition and of carbon dioxide evolution 

was directly related to the amount of inorganic phosphorus 

present. Additions of inorganic phosphorus increased the 

final content of organic phosphorus. Chang concluded 

that phosphates are assimilated and transformed into or

ganic compounds which tend to accumulate as long as energy 

material and the inorganic phosphorus do not become ex

hausted. 

Chang ( 1940) carried the experiment further in study

ing the assimilation of phosphorus by a mixed soil popu

lation and pure cultures of soil fungi in composts. The 

results showed that phosphorus is essential for microbial 

devel~pment. Although the species of fungi varied in 

their requirement of inorganic phosphorus for maximum de
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composition of energy material and synthesis of organic 

phosphorus, nevertheless the transformation seemed to de

pend largely upon the supply of energy-yielding material 

and available inorganic phosphorus. When the supply of 

energy-yielding material was exhausted, a gradual libera

tion or phosphorus from the organic compounds took place. 

From these contributions, the role af micro-organisms in 

the conservation of phosphorus and in supplying available 

phosphorus was shown to be of major importance 1n soil 

fertility studies, especially where organic manure is used. 

Konig (1928) studied the decomposition of farmyard 

manure 1n the soil and its utilization by plants. He 

found that approximately 75 per cent or the carbon of dung 

was oxidized during the first year following its applica

tion to the soil. The phosphoric acid soluble in a one 

per cent citric acid solution changed but little in the 

absence of plants. He estimated that the portion of the 

nutrient constituents of dung which was utilized by plants 

during the first two years following its application was 

as follows: 30 per cent of the nitrogen, 25 per cent of 

the phosphorus, and 55 per cent of the potash. 

Wrenshall and McKibbin (1938) found that the phos

phorus obtained by plants was in all cases considerably 

more than could be attributed to the decrease 1n the amount 

of readily soluble phosphates in the soil. They concluded 

that the unaccountable phosphorus must have been obtained 
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by the plants through the decomposition of nucleotides 

which were known to exist tn this soil. The decomposition 

of the nucleotides would result in the release of phos

phates and thus provide a constant source of phosphorus 

for plant nutrition. 

Organic Phosphorus as a Direct Source of 
Phosphorus to Plants 

The use of nucleic acid as a direct source of phos

phorus to plants was studied by Schreiner and Skinner 

(1912) although they were chiefly interested at that time 

in the source of nitrogen and failed to stress its import 

as a carrier of phosphorus. However, Schreiner (1923) 

emphasized the fact that nucleic acid was an efficient 

form of phosphorus fertilizer as suggested by the yiel~ 

data of Schreiner and Skinner. Schreiner and Skinner ('1912) 

did not attempt to grow the test plants under sterile con

ditions but instead changed the nutrient solution every 

three days and made che'mieal analysis on the "spent" solu

tions to determine the extent to which decomposition of 

the organics had occurred. They tested for the common 

end-products of decomposition and where no great increase 

in concentration was noted they assumed that the organic 

exerted its effect on the plant 1n the original form. From 

their experiments they concluded that the organic forms 

were absorbed directly by the roots of plants and upon en
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tering the cells produced effects which differed accord

ing to the nature of the compound absorbed. They were 

able to demonstrate characteristic symptoms which were 

apparently the direct result of the absorption of the or

ganic compounds. It should be borne in mind that the nu

eleie acid used in these experiments was not equivalent 

to the nucleic acid fraction isolated from the soil by 

Dyer, Wrenshall, and Smith (1940). The latter, according 

to these workers was much more resistant to decomposition 

and would more likely behave 1n accordance with the find

ings of Pierre and Parker (1927) 1n their studies o~ the 

assimilation of soil organic phosphorus by plants. 

Among the valuable contributions of Schreiner and 

Skinner (1912) to plant physiology was their proposed 

theory that these organic compounds were probably building 

stones 1n plant metabolism and would require a lower ex

penditure of energy for assimilation than where metabolism 

must start with the simple inorganics. They reasoned that 

the efficiency of the plant would thereby be increased and 

growth would be augmented. If this were the ease, a source 

of organic nutrients for the plants would be a matter of 

considerable importance from the standpoint of soil fertil

ity and plant nutrition. 

Conclusive direct proof of the assimilation of an or

ganic form of phosphorus would require the growing of 
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plants in sterile cultures where the compounds in question 

was the only source or phosphorus. Even then, proof would 

be lacking ir it were discovered that the compound under

goes appreciable hydrolysis in sterile condition either 

directly or as the result of some phosphatase enzyme se

creted by the roots of the plant. 

Schulow (1912) was the first to attempt an experiment 

under the conditions outlined above. Using a special 

technique for sterile cultures (1911} he made studie.s with 

both corn and peas using phytin and lecithdn as sources 

of phosphorus. He found that lecithin was not a source o~ 

phosphorus for nutrition of plants under sterile condi

tions. By his experiments with pea~ he found that ph:ytin 

could be utilized as a source of phosphorus under sterile 

conditions. 

Weissflog and Mengdehl (1933) conducted extensive 

studies concerning the absorption and utilization of organ

ic phosphorus compounds by plants. Their work with steri~ ' 

cultures has thus far apparently escaped the attention of 

English-speaking writers. Only re~ently the first brief 

mention of their work was made by Dyer and Wrenshall 

(1941) and their remarks were apparently drawn from an 

abstract of the original publication. Weissflog and Meng

dehl conducted sterile culture experiments using the 

following organic compounds as sources of phosphorus for 
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corn plants: 

1. sodium and potassium salts of glycerophos
phoric acid 

2. calcium salt of hexose diphosphorie acid 
3. calcium salt of hexose monophosphoric acid 
4. calcium salt of saccharose phosphoric acid 
5. sodium and potassium salts of phytic acid 
6. sodium salt of nucleic acid 

They grew the plants under sterile and non-sterile condi

tions, and made analysis of the plants and nutrient solu

tions at the time of harvesting the plants. Their anal

yses classified the phosphorus of plants as (1) inorganic, 

as (2) soluble organic, and as (3) organic insoluble in 

trichloroacetic acid. Weissflog and Mengdehl also made 

studies on the rate of hydrolysis of the organic compounds 

in nutrient solutions under sterile and non-sterile con

ditions. It was indeed noteworthy that with low pH of the 

solutions containing phosphorus in an organic combination 

the plants grew much superior to those in the inorganic 

solutions whether or not contamination was present. In 

fact, several eases of nearly a hundred per cent increase 

in weight of the plants were observed. The possibility 

that these increases were due to the energy material of the 

organic nutrient solutions was obviated by repeating the 

experiment under similar conditions except that the prod

ucts of hydrolysis, namely the phosphoric acid and the or

ganic constituent, were added individually. Under these 

conditions, with the energy material present, but with 

the phosphoric acid in an inorganic form, the gr~at in



•• 

21 
creases in yield did not occur. According to their con

clusions: "Es geht daraus hervor, dass die ursache fur 

die Mehrertrage gegenuber Orthophosphate dei Darbietung 

von Phosphorsaureestern nicht in der Kohlenstoffgabe 

gesucht warden darf oder wenigstens nicht in lhr allein. " 

Where the pH of the solutions was near neutrality, the 

superiority of the organic over the inorganic form of 

phosphorus was not found. 

Weissflog and Mengdehl surveyed the possible explan~ 

ations which might account for the marked responses of 

plants in the cultures of low pH. The possibility that 

the organic bound phosphorus was used to better advantage 

by the plant than the inorganic was considered. Their 

analysis showed that the total phosphorus content of the 

plants grovm in organic culture solutions was much less 

than that or plants grown ~n inorganic culture solutions. 

In view of this fact, it might be assumed that the lower 

apparent_requirement for phosphorus was due to the fact 

that plants growing in organic phosphorus solutions ab

sorbed the phosphorus as an organic complex and that part t 

of the work of assimilation had already been completed 

because of the organic combination. This assumption 

seemed plausible since nucleic acid, and glycerophosphar

ic acid are common constituents of plants. These re

sults further supported the theory of Schreiner and 

Skinner (1912). 
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However, a consideration of other organic forms 

of phosphorus as possible building stones left some 

doubt as to the soundness of the theory. The ways and 

means by which phosphoric acid is bound in the phos

phoproteins is little understood. The form of combin

ation may account for the responses obtained with the 

supposedly foreign substance, saccharose phosphate. 

There was no other explanation to account for the su

perior yields fro.m organic phosphates over orthophos

phate. There was found to be an abundance of phosphates 

in the plants thus indicating a possible splitting of 

the ester in the plant. These facts seemed to make less 

plausible the proposed hypothesis that the increased 

yields were due to the direct use of the esters as syn

thetic or intermediate products in the assimilation and 

metabolic processes of the plant. Weissflog and Meng

dehl's final conclusion was that the marked responses of 

the plants.grown on organic forms of phosphorus in acid 

solutions as compared to orthophosphates was probably 

because in the employed nutrient solution the phosphoric 

acid esters provided a better balance, physically and 

chemically, than did the orthophosphoric acid. 

For the most part, they found only traces of ortho

phosphoric acid in the sterile organic nutrient solutions 

over long periods of time. Exceptions were with the 

hexose mono- and diphosphoric acid esters 1n which 
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amounts of orthophosphoric acid sufficiently great for 

determination were found. This and the somewhat greater 

amounts of organic phosphorus in the roots of plants 

grown on phytin, nucleic acid, and glycerophosphoric 

acid seemed to give adequate proof of the actual en

trance of these organics into the roots of the plants. 

However, failure to find a similar increase of organic 

over inorganic phosphorus in the stems and leaves tended 

to discount· the economy of energy theory and indicated 

that the organic compounds were probably hydrolyzed in 

the roots and that assimilation then followed the same 

course as with inorganic phosphorus nutrition. 

By means of a micro-method Klein (1926) found that 

without an external supply of phosphorus in corn seed

lings there was an unbroken change from the organic

bound phosphorus of the seed reserve to the inorganic 

form and then again to the organic form. These obser

vations discounted the economy theory. Furthermore, they 

coincided with the observations of Weissflog and Meng

dehl (1933) that the organic phosphorus upon entrance 

into the root cells of the plant was hydrolyzed to yield 

inorganic phosphorus. 

Use of Organic Phosphorus Fertilizers 

That a high content of organic phosphorus in the 

soil is not a criterion of soil fertility has often been 
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emphasized. Auten (1922) was one of the first to point. 

out the lack of correlation between organic phosphorus 

content and fertility of the soil. Pierre and Parker 

(1927) by the use of a collodian bag and diffusion tech

nique found that the organic phosphorus content of the 

solution remained constant whereas the inorganic phos

phorus decreased in proportion to the growth rate of the 

plant. They concluded that the organic phosphorus of 

the soil was not directly utilized by the plants as such. 

Vincent (1938) likewise concluded that soils may re

quire immediate additions of inorganic phosphorus even 

though the organic phosphorus may represent 80 per cent 

of the total phosphorus in soils rich in organic matter. 

The conclusions of these workers do not necessarily 

contradict the views of those who have attempted to 

supply phosphorus in organic forms to the plant under 

either sterile or non-sterile conditions. The presence 

of organic phosphorus eo.mpounds in the soil is good ev

idence of their rather marked resistance to decomposition. 

Neither does it seem probable that there has been rapid 

assimilation of these native organic phosphorus compounds 

by higher plants. The phosphorus fertilizing value of 

such organic compounds may be compared to the nitrogen 

fertilizing value of soil humus. Both nitrogen and phos

phorus are bound in complexes that are resistant to de
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composition, and may be related. Dyer and Wrenshall 

{1941), in an attempt to extract and separate the or

ganic phosphorus concluded that the alpha-humus frac

tion of the soil contained approximately 40 per cent 

of the organic phosphorus. 

Whiting and Heck {1926) compared the growth of 

oats supplied with phytin and with inorganic phosphorus 

in sand cultures.
\ 

The plants grown on phytin were super

ior to those grown on inorganic phosphorus. Heavy appli

cations of phytin were ~eleterious to the growing plant. 

However, increases in rates of application of phytin to 

the optimum limit for growth resulted in increases in the 

phosphorus content of both the grain and straw. The in

creases were similar to those obtained where inorganic 

phosphorus was added. Heck and Whiting {1927) studied 

the assimilation of phosphorus as phytin by red clover. 

They found as in the case of oats that the clover made 

excellent growth when phytin was the source of phosphorus. 

Since these studies were not conducted with soil as the 

medium for growth, nor were they under sterile conditions, 

conclusive proof of the assimilation of phytin as such 

was lacking. 

Neubauer {19:33) found that rye seedlings growing on 

a medium of cork dust and sand were able to obtain their 

phosphorus as readily from organic as from inorganic 
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sources. Casein was rapidly decomposed in the soil. 

The phosphorus of nucleic acid was taken up ta the ex

tent of 70 per cent by rye seedlings grown in sand or 

mixed sand and soil cultures. Phytin phosphorus was 

not taken up from soil and sand culture although it was 

well utilized in pure sand cultures. As pointed out by 

Dyer and Wrenshall (1941} this observation suggested 

that some constituent of the soil influences the util

ization of phytin probably by inhibiting its decomposi

tion. As mentioned previously, Mnich (1931) found that 

at certain pH values phytin combines with protein to 

form an insoluble complex. Dyer and Wrenshall pointed 

out that phytin forms a highly insoluble ferric salt. 

In fact the insolubility of the combination of ferric 

iron and phytin was used by Rather (1917) as a basis for 

the quantitative determination of phytin in plant prod

ucts. This fact may account for the peculiar fixation 

of the phytin in soil cultures whereas in sand cultures . 
it was a suitable source of phosphorus for plant nutri

tion. 

Spencer and Stewart (1934} reasoned that if a hydro• 

carbon made water soluble by the substitution of an OH 

group could be combined with a phosphate anion the re

sulting organic compound might have many advantages as 

a phosphorus fertilizer. Ionization would be prevented 
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due to its organic nature and the phosphorus might be 

protected from fixation in the soil. ·They observed that 

phosphorus availability was limited not only by chem

ical phenomena but if the applied phosphorus penetrated 

no further than the surface crust of the soil then it 

represented also positional unavailability to the plant. 

Percolation experiments with various organic phosphates 

convinced them that the phosphorus was not fixed by cal

careous soils whereas the inorganic phosphorus was com

pletely fixed in the soil. 

The complete success o~ the organics in escaping 

fixation was questioned by Hilbert, et al (1938}. They 

found that even under sterile conditions sodium glycero

phosphate was fixed almost completely 1n a lateritic 

Cecil soil. In all of these studies the term "fixed" 

referred to a water insoluble condition and would not 

necessarily indicate unavailability to the plant. The 

fixation was much less in a Norfolk soil. However, fix

ation 1n the sterile Cecil soil seemed to exclude the 

possibility of bacterial action and suggested instead 

direct combination with the colloidal matter in the soil. 

Conrad (1939) observed 1n Aiken soil a similar 

fixation of triethyl phosphate, an ester without ionic 

properties. · He concluded that unless exceedingly rapid 

hydrolysis took place during percolation, probably the 
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ester was adsorbed in molecular form by the solid phase 

of the soil. 

The theory ot organic phosphorus penetration pro

vides a contradictory angle of approach to that involved 

in the row or furrow placement of the fertilizer or the 

use of pellets where the processes of fixation are at 

least partially decreased by reducing the area of the 

fertilizer exposed to the soil. However, where surface 

applications or top dressings must be made, surely the 

organic form as a means of penetration should receive 

careful consideration. 

The efficacy Gf the organic phosphorus fertilizers 

was reported by Spencer ( 1940) • He studied both phos

phorus penetration and chemical availability in the soil. 

Five soils were treated in columns and then broken up 

into 1.5 inch sections for study. The surface · SO~ls gave 

similar responses whether the fertilizer was organic or 

inorganic phosphorus. But in the lower sections which 

were dependent on percolation of the phosphorus only 2 of 

the 15 studied gave a response in plant growth where the 

fertilizer was inorganic whereas with the organic fer

tilizer the response in plant growth was noted in 13 out 

of the 15 cases. Growth increases for the five soils 

ranged from 36 to 255 per cent where the organic was used 

and compared to the inorganic phosphorus. 

The conclusions 0f all the above workers were in 
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agreement on one point, the behavior of organic phos

phates on the calcareous soils as compared to their 

behavior on extremely weathered lateritic soils. In 

every case a notable advantage of the organic phosphates 

on the calcareous soils was reported while on the 

lateritic soils the question of fixation appeared still 

unexplained. Even the organic phosphates seem to be 

effectively 'fixed in these soils. 

Values of Manures 

Hibbard ( 1919) studied the changes 1n composition 

of the soil and of the water extract of the soil follow• 

ing the addition of manure. He mixed fresh manure with 

soil in proportions of 1, 2 and 5 per cent (or 10, 2Q) 

and 50 tons per acre-furrow-slice} and studied the 

changes that occurred under optimum conditions of incu

bation. He found that increases 1n water-soluble mineral 

matter following the addition of manure were largely de

rived from the manure itself. Likewise, Rhoades (1939) 

concluded from studies of alkaline soils that the in

creases 1n soluble phosphorus observed with the applica

tion ot crop residues and manure were largely due to ·the 

phosphorus released from the organic materials and not 

to an increased solubility of the native soil phosphorus. 

Stephenson and Chapman (1931) studied phosphorus 

penetration in field soils. They found that only where 
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the phosphorus was applied in the form of manure was 

there a penetration of the phosphorus into the third 

foot. With inorganic fertilizers the penetration of 

the phosphorus could rarely be detected below the first 

foot except on very light textured soils. On the other 

band, in nearly every experiment where manure was 

applied whether alone or with other phosphate fertil

izer there was positive evidence or the penetration of 

phosphorus below the first foot. 

Hibbard (1935) concluded that the best method of 

avoiding phosphorus fixation probably was by the use 

of an organic phosphorus combination that could be 

washed into the soil by percolation water before fixa

tion occurred. He suggested that the phosphorus thus 

distributed through the soil might be more available 

to the plant than when highly localized in the surface. 

He attributed the advantage to the greater effectiveness 

of the roots or the plant 1n feeding upon the dispersed 

phosphorus. 

Kr\igel, Dreyspring, and Gorbing (1935) found that 

the reserves of inorganic phosphorus in the soil were 

rendered more soluble by turning under rape as a green 

manure. Solubilization of the phosphorus occurred to 

a significant extent only in the soil zone containing 

the green manure. Applications of green manure caused 

less pronounced fixation and a more satisfactory util
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ization of phosphorus applied in fertilizer. 

Heck (1935) found that in the presence of avail

able energy material, biological activity in Hawaiian 

laterites was greatly stimulated by available phosphorus 

as measured by the assimilation of nitrates by micro

organisms. He pointed out that phosphorus 1n the com

bination with energy material helps prevent leaching of 

nitrates and also builds up a better biological balance 

in the soil thereby increasing the amount of phosphorus 

and nitrogen held in the organic form and increasing 

the phosphorus availability. 

Fleig {1935) studied the influence of humates on 

the mobility of phosphoric acid in the soil. He found 

that in the presence of humate, the phosphorus of raw 

rock phosphate percolated readily through the soil. He 

pointed out that similar behavior may account in part 

for the value of liquid manure through the solution and 

mobilization of insoluble soil phosphates by colloidal 

organic matter. 

Metzger {1939) reported that phosphorus penetration 

was aided by the presence of manure and that the phos

phorus of manure was largely utilized by plants. Twenty

seven years of annual top dressing with manure at the 

Kansas Experiment Station on alfalfa resulted 1n some 

increase 1n easily soluble phosphorus in the surface four 
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inches. Penetration of the phosphorus extended to 

depths of two to three feet. Penetration was especially 

marked on plots receiving an application of rook phos

phate and manure. In general, Metzger found that phos

phorus supplied in manure was largely utilized by the 

plants Whereas less than 30 per cent of the phosphorus 

applied as super phosphate bad been utilized. Rahn {1940) 

stated that phosphorus applied to asparagus on Hagerstown 

silt loam was of little value unless there was penetra

tion into the soil of at least four to eight inches. He 

found that increasing the organic matter in the soil by 

the addition of manure or the use of green manure aided 

in phosphorus penetration. 

Stephenson {1938) summarized the effect of organic 

materials and fertilizer treatments on the soluble nu

trients in the soils. He pointed out the true distinction 

between residual soil organic matter and freshly applied 

easily decomposed organic material. He stated: "Rate of 

humus renewal, rather than the humus level, probably 

needs more emphasis in the management of soils. A few 

thousand pounds of fresh material, rich in nitrogen and 

minerals may have a far greater significance in libera

tion of plant nutrients and the production of crops than 

many tons of old inert humus of leached and depleted soils. 

Legumes, residues, and green materials of any sort serve 

admirably for these functions." 
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EXPERIMENTAL 

METHODS 

Colorimetric Determination of Phosphorus
i 

Since Truog and Myer (1929} presented their mod~

fication of the Denige's ceruleomolybdate method for the 

colorimetric determination of phosphorus, the method has 

become the most popular of phosphorus colorimetric meth

ods used by soil scientists. Truog and Myer made careful 

studies on factors affecting the accuracy of the method 

and outlined many of the limitations of variables which 

were permissible. They pointed out that low acidity in 

the test solution resulted in too much color. The in

tensity was apparently due t~ the influence ef the ammon

ium molybdate. On the other hand, if the test solution 

were too high in acidity the resulting color was weak, 

which apparently was due to the incomplete formation of 

ammonium phosphomolybdate. The test is equally useful 

for the determination of arsenate and therefore arsenic 

must be excluded as a contaminant. Truog and Myer also 

pointed out that concentrations of ferric iron as low as 

4 p.p.m. decreased the intensity of the color and pro

duced troublesome greenish tints. No undesirable effect 

resulted from the presence of ferrous iron. A prelim

inary treatment o~ the test solution in a Jones reductor 
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in eases where rerrie iron interrered obviated the 

trouble provided the test was made immediately arter 

the treatment. 

Numerous subsequent studies that have been de

voted to defining the limitations af the method attest 

to its wide usage and general acceptance. Parker and 

Fudge (1927) made the rirst comparison of the Deni~es 

method with the Fiske and Subbarow method. This com

parison is notewurthy because the general behavior of 

the Deniges method is very similar to that o.f Truog and 

Myer. Parker and Fudge concluded that the Deniges method 

was rive times more sensitive than the Fiske and Subbarow. 

They found that the Deniges method was more desirable 

ror soils work because it could be used to determine 

phosphorus concentrations of less than 0.1 p.p.m. Where 

the phosphorus concentration exceeded 1.0 p.p.m. the 

Fiske and Subbarow method was equally satisfactory. 

Chapman (1932) made careful studies on the Truog 

and Myer method. He determined the effect of other 

anions and cations an the development of the blue color. 

He found that a concentration of more than 140 p.p.m. 

as nitrogen in the rorm of nitric acid brought about a 

gradual diminution of the blue color developed by the 

phosphate ion. On the other hand, nitrogen present as 

nitrate salts of sodium, potassium, or ammonium caused no 
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immediate influence upon the color development. The 

calcium salt resulted in no effect on the color ex

cept through the formation of calcium sulfate precip

itate. He further stressed the importance of maintain• 

ing the concentrations of acid, of molybdate, and of 

stannous chloride as outlined by Truog and Myer. His 

conclusion was that when used in accordance with the 

precautions already mentioned, the test combines 

simplicity, speed, and accuracy and can be adapted to 

the determination of phosphorus under a wide range of 

conditiona. 

Bere~blum and Chain (1938) presented a modifica

tion of the Truog and Myer method. In connection with 

the new method, they made detailed studies on the role 

of the phosphate ion in the ceruleo.molybdate reaction 

and also compared the desirability of the various re

ducing agents :commonly used. They pointed out that the 

reduction of molybdic acid took place even in the ab

sence of the phosphate ion at certain pH values and this 

reaction accounted for the precautions necessary to the 

proper pH. Furthermore, the role of the phosphate ion 

was studied and found to be that of a unique catalyst 

that speeded the reaction, but was apparently inactiv

ated by the endproducts of the reaction. This last fact 

was chiefly responsible for the quantitative nature of 



36 
the test. Berenblum and Chain concluded that stannous 

chloride was the most powerful reducing agent and gave 

the most sensitive test. 

Dyer and Wrenshall (1938) concluded from a review 

of the sensitivities of several methods that the Truog 

and Myer method was capable of the highest sensitivity. 

In subsequent studies where a photoelectric colori

meter was used, they found that the above method pro

duced appreciable color in the presence of 0.02 p.p.m. 

of phosphor~ in the form of orthophosphate. By the use 

of the photoelectric colorimeter more careful and exact 

studies were possible which led to more careful restric

tions upon the common source of error. Dyer and Wren

shall found that the ·intensity o~ color that developed 

with increase in phosphorus content conformed to Beer's 

law. They were able to ahow a straight line relation 

between the logarithm of the percentage light trans

mission and the phosphorus concentration of pure solutions 

of phosphor~ ranging in concentration up to 0.4 p.p.m. 

Their greatest contribution, however, was the application 

of the method to the determination of phosphorus in 

highly colored solutions, such as soil extracts, where 

the presence of organic matter may result in turbid or 

highly colored solutions. They proved the reliability 

of the values obtained under such conditions by making 
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additions ~ definite amounts of phosphorus to the 

colored solutions and obtaining the corresponding in

crease 1n phosphorus by analysis. Their recovery 

ranged from 99 to 101 per cent which was well within 

the range of experimental error. Dyer and Wrenshall 

found farther that the dissolved soil organic matter 

did not affect the conformity of the test to Beer's law. 

Where tests were conducted on solutions high in organ

ic matter it was found desirable to add the stannous 

chloride and make the test immediately follow~ng the 

addition of the acid molybdate reagent in order to avoid 

a cloudiness which sometimes developed on long standing. 

In the absence of organic matter and iron, the addition 

of the stannous chloride could be delayed two hours 

without a measurable effect upon the intensity of color. 

The color due to organic matter in the solutions 

is easily obviated in the phosphorus test where readings 

are made on a photoelectric colorimeter. The color due 

to the arganie matter is either read as a light value 

and deducted from the test reading or the instrument is 

"zeroed" with the colored solut~on in the machine. The 

color is developed in the solution, and at the proper 

time interval the test reading is made. The latter was 

the method followed by Dyer and Wrenshall (1938) be

cause it was more adaptable to their type of instrument. 
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Smith, Dyer, Wrenshall and DeLong (1939) made 

farther observations on the determination of phos

phorus by photoelectric colorimetry. They pointed out 

certain errors in the work ot Dyer and Wrenshall (1938) 

due to the use of a poor grade of stannous chloride. 

In view of the mistake a considerable study was made of 

this particular reagent. Storing the stannous chloride 

solution under hydrogen was recommended. Furthermore, 

the solution should be made from stannous chloride of the 

highest purity. In using a fresh lot they were success

ful in obtaining a purity of stannous tin of about 94 

per cent Whereas with the old chemicals the purity was 

only 32 per cent. The concentration of the stannous 

chloride in the test solution was of great importance. 

With approximately 94 per cent purity of stannous tin 

the color developed more slowly, but became more intense 

and more stable than with the poor grade solution. The 

difference was attributed to the greater concentration 

of stannic tin in the old solution rather than to the 

higher percentage of stannous tin 1n the fresh solution. 

Since stannous chloride is oxidized both in solid form 

and in solution, they concluded that there were probably 

no two samples of stannous chloride reagent which would 

give identical results, and, therefore, it was necessary 

to make a new calibration curve when a new reagent was 



39 
used. Furthermore, they found that where the stannous 

chloride was stored under oil as recommended by Truog 

and Myer (1929) there was a 10 per cent oxidation of 

the stannous tin in two weeks t time. On the other hand, 

an identical solution stored under hydrogen remained 

constant after a month's storage. 

A study was made ~f the effect of the chloride ion 

on the development of the blue color. It was found that 

700 p.p.m. of the chloride ion reduced the color about 

2 per cent. At a temperature of 2l°C. they showed in 

graphic .form that 3500 p.p.m. of the chloride ion did 

not cause an early fading. They pointed out the necess

ity of the standard containing an equal concentration of 

the salts that are present in the unknown. This applied. 

whether the standard was to be used for direct colori

metric comparisons, for determining a factor, or for 

establishing a curve of values for known concentrations. 

The above authors made a careful study of the effect 

of temperature. An increase in temperature resulted in 

an increase in the maximum color development and a de

creased stability or the color. It became obvious that 

calibration data were strictly valid only for the tem

perature at which they were obtained. 

Smith, et al attempted to solve the problem or in

terference of iron in the test solutions. They found by 
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p.p.m. of phosphorus the effect of one p.p.m. ferric 

iron was negligible but higher concentrations of iron 

caused appreciable error. They concluded that the 

best way to avoid trouble was to dilute the extracts as 

much as the phosphorus content would permit or until 

the concentration of ferric iron was less than 1 p.p.m. 

For most circumstances this procedure was feasible. If 

the iron content were too great in proportion to the 

phosphorus, which was a rare occasion, they suggested 

the use of more stannous chloride in making the test. 

This suggestion was criticized by Dickman and Bray {1940) 

on the ground that an inherent and variable error would 

thus be introduced and the final results would still re

main only approximate. Dickman and Bray suggested the 

use of a Jones reductor, as previously recommended by 

Truog and Myer (1929). 

Experimental Tests 

Using the stannous chloride solution as suggested 

by Smith, et al (1939) and the other reagents used by 

them, the author attempted to establish a standard curve 

and to study some of the various factors affecting the 

phosphorus determination on a Klett photoelectric color
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!meter.* The best results were obtained with a stand

ard No. 66 filter which allowed the maximum trans

mission of light with wave lengths in the range of 660 

millimicrons. This was the same type of filter used by 

Smith. et al (1939). From a study of the effects of 

temperature shown graphically by Smith. et al. it was 

decided that a temperature of 20° to 24•c. would be most 

satisfactory and easiest to maintain under the circum

stances. The studies of the standard solutions were 

made at a temperature of 21° to 23°C. Inasmuch as the 

test was designed in part for its use in the study of 

organic and inorganic phosphorus as outlined by Dickman 

and De Turk (1938). definite amounts of ammonium sul

fate were used in the known solutions so the ealibra

tion curves could serve for phosphorus tests in the sul

furic acid extractions. The studies were made with 

standard solutions to which were added 4, a, and 16 drops 

ot 1:1 ammonium hydroxide solution per 100 ml. as these 

were the amounts most frequently used in neutralizing 

the acid in the aliquots from the acid extraction solu

tion. One-ml. aliquots usually required 2 drops of the 

ammonia solution. 5-ml. aliquots approximately 4 drops, 

and 10-ml. aliquots approximately 8 drops in a volume 

* The author wishes to acknowledge here his gratitude to 
the staff of the Agricultural Chemistry Department for 
their kindness and cooperation that made possible the use 
of this instrument in these studies. 
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of 50 ml. 

The color was developed according to Smith, et al 

(1939) and readings of duplicate tests were taken at 

5-minute intervals. Table I shows the effect of concen

tration of (NH4) 2so4 and of time upon the· photoelectric 

values of the ceruleomolybdate test. The average devi

ation for the mean of 15-and 20-minute readings with the 

three different concentrations of (NH4) 2so4 showed that 

no appreciable differences existed in any case. The mean 

of the average deviations for concentrations of 0.25 p.p.m. 

of phosphorus and less was 1.34 per cent. The mean of 

the average deviations for all concentrations studied 

above 0.25 p.p.m. of phosphorus was 0.73 per cent. Upon 

the assumption that the salt had no different effects 

as a result of the different concentrations used, the 

average deviation was calculated for each concentration 

of phosphorus using all the readings from 15- to 45 min

utes inclusive and with all three concentrations of ammon

ium salt. As in the case of the 15-and 20-minute readings, 

the greatest values for the average deviation were in the 

range of 0.25 p.p.m. ot phosphorus or less. The mean of 

average deviations in this range was 2.9 per cent. The 

mean of average deviat~ons in the range of 0.50 p.p.m. to 

2.00 p.p.m. of phosphorus was 1.0 per cent. At concen

trations of phosphorus of 1.00 p.p.m. or greater the av



TABLE I 

UP~~T~~~~TgiL~g~~~gT~!£~~ g~ ~~4b~~E~Li~!TE 
TEST 

Cone. Readings1 of 15 and 20 Minutes at All Readings of 15 to 
P Different Concentrationga (NH4) 2so4 45 Minutes 

ppm 1600 3200 6460 Ave. Ave. {%) Ave. Ave. (%) 
ppm ppm ppm Value Deviation Value Deviation 

0.05 26.6 2'7.0 2'7.1 26.9 0.'75 25.9 3.'7 
0.10 45.5 44.3 46.6 45.5 1.68 45.'7 2.4 
0.25 103.8 10'7.4 10'7 .a 106.3 1.60 103.~ 2.5 
0.50 200.8 199.8 201.3 200.6 0.28 19'7.0 1.3 
o. '70 2'72 2'74 26'7 2'71 0.99 268. 1.4 
1.00 384 391 385 38'7 0.'78 386 0.9 
1.25 484 493 485 48'7 0.'75 486 0.8 
1.50 595 583 588 589 0.'74 588 0.6 
1.'75 680 690 680 683 0.63 683 1.0: 
2.00 800 819 815 811 0.95 811 o-.•9 

Readings here represent the average of duplicate readings obtained at 1 and 
minutes for each concentration or {NH4) 2so4 following the addition of SnC12• 

gj The concentrations of (NH4) 2so4 represent neutralization of 4, a, and 16 
drops of 1:·1 NH40H per 100 mi. of test solution. 

3/' Readings represent the average of duplicates of all concentrations and of all 
1rive-minute periods of 15 to 45 minutes after the addition of the stannous 
chloride. 



44 
e~age deviation in no case exceeded 1.0 per cent. The 

greater deviations found at the lower concentrations of 

phosphorus, and the lower dial readings on the ·instru

ment, were to be expected. Even slight variations in the 

tubes used for making the tests likely resulted in apprec

iable errors. Furthermore, a lack of sensitivity on the 

part of the instrument or slight errors in setting the 

dial and making the readings would be reflected in greater 

variations of results at low values. 

The data indicate that no effect upon the rate of 

development or the color, its ultimate intensity, or its 

stability could be attributed to the variations in con

centration of ammonia salt. The early fading found by 

Truog and Myer (1929) was not evidenced by these data. ln 

fact, the full intensity of color was not reached in con

centrations of 0.25 p.p.m. or less until approximately 20 

minutes after the stannous chloride was added. At con

centrations of o.so to 1.00 p.p.m. of phosphorus, the 

maximum color intensity was reached in about 10 minutes 

and fading took place rather slowly for the next 50 min

utes. The color intensity for concentrations greater than 

1.00 p.p.m. seemed to reach its maximum in 5 to 10 minutes 

and remained almost constant for the duration of an hour. 

Although the values round at any time ·during the 

hour were satisfactory for comparative tests which were 
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treated in exactly the same manner, it seemed that the 

most desirable periodwas the 15 to 20-minute interval. 

This time interval gave the highest values for low con

centrations and seemed to be characterized by only 

gradual changes at the higher concentrations up to 1.00 

p.p.m. above which the values became constant. An 

additional consideration was that this peri~ of de

velopment provi~ed about the right amount of time to 

handle a dozen or more tests in succession. By the 

ttme the stannous chloride is added to the whole series 

and the solutions are transferred to the standard test 

tubes for reading, the first test is ready to read and 

so on until the Whole series has been completed. It 

should not be inferred, however, that the 15 to 20-min

ute interval was markedly different from a 15 to 30

minute interval, as the change of readings with time in 

this range was ncdi great. 

Fig. 1 is a graphical representation of the average 

values for the 15-and 20-minute readings taken from 

Table I. Because there was no consistent difference be

tween the three concentrations of salt, it seemed de

sirable to plot the mean value of the three, thus elim

inating to some extent the irregularities due to exper

imental error. The straight line curve which holds for 

concentrations of 0.05 p.p.m. to 1.?5 p.p.m. proved 
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Figure I. Photoelectric Values for Various 
Concentrations of Phosphorous 

2.00 

1.75 

1.50 

1/) 

:::J 
0 
~ 

0 1.25 
..c:. 
a. 
1/) 

0 
..c:. 
ll.. 1.00 

-0 

c 
0 0.75 

.70 
~ 
~ 

Q) 

a. 
0.50 

1/) 

~ -
0 
ll.. 

0.25 

.10 

.05 
0.00 

/
I 

I 
I 

I 
/ 

I 
I 

v 
0 100 200 300 400 500 600 700 800 900 

Dial Photoelectric Values 



47 
the conformity of the test within this range to Beer's 

law. The calculated slope of the curve and the factor

for calculating the concentration of' phosphorus from 

the readings for the above range of concentrations was 

found to be (26.1 x 10-4) - o.o2. The range over which 

the values conformed to Beer's law was a great deal 

wider than that found by Smith, et al, (1939)• The 

chief deviation from their method was the addition of 

the ammonium salt and a slightly smaller addition of 

stannous ch1oride than they used. The latter was due 

to a misinterpretation of their statements. Instead off 

making the solution exactly one per cent of stannous 

chloride by calculation from the titration it was di

luted to one per cent according to the original amount 

of supposedly 100 per cent stannous eh1oride. This 

error resulted in a concentration of stannous tin about. 

8 per cent less than they used. This difference should 

not be serious. Because the test was planned to in

elude the addition of some ammonium salt for establish

ing the desired pH, no studies were made to ascertain 

whether the better conformity to Beer's law in this ease 

was due to the increased concentration of ammonium salt 

or not. The only other variables were the type of in

strument used and the time period allowed for the de

velopment of eolor before making the readings. 
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With some modification of procedures previously 

used, a method was devised which proved quite satis

factory for a great variety of phosphorus analysis in

cluding acid extracts af plants, of soils, and of ash 

residues from ignition of various organic materials. 

The great latitude provided in pH adjustment by the use 

of an ammonium salt gave the method special flexibil

ity. The pH was determined on 30 test solutions after 

the color had been develope~. The test solutions were 

prepared with only the precaution of routine work, as 

the pH test was not anticipated. The object of de

termining the pH was to find how consistent the adjust

ment of pH was and if it might be responsible for mino~ 

variations in results. The mean value for the pH of 

the test solutions was o.as and the average deviation 

was 0.95 per cent. This small deviation was obviously 

negligible in its effect on results. 

Method 

Pipette an aliquot of the phosphorus solution int~ 

a 50 ml. volumetric flask. The aliquot should be ad

justed by dilution to contain 0.002 to 0.075 mg. of phos

phorus as orthophosphate. Add 1 or 2 drops of a 0.5 

per cent solution of para-nitrophenol in water to the 

aliquot. The flask is then filled at least half full 
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with distilled water. At least 2 drops of 1:1 ammon

ium hydroxide solution are added from a burette6 or as 

much more as is needed to produce a yellow color. (At 

least 8 drops can be added without a measurable differ

ence in color intensity resulting.) The solution is 

then back-titrated dropwise with 2 normal sulfuri~ acid 

until the yellow color just disappears. Add 2 ml. of 

the ammonium molybdate-sulfuric acid solution and make 

up to volume with distilled water. Thoroughly mix and 

transfer to a 125 ml. Erlenmeyer flask. The stannous 

chloride solution is measured in drops and an amount 

equivalent to 0.23 ml. is added and mixed thoroughly 

when the test is made. Although, practically, this in

crease 1n volume is negligible, quantitatively, it is 

accounted for by treating the standard solutions in the 

same manner. 

Where the test solutions are colored, the difficulty 

can be overcome by making a blank reading on the test 

solution prior to the addition of the stannous chloride. 

This reading is then deducted from the reading obtained 

after the color is developed. This procedure was proved 

satisfactory by the work of Dyer and Wrenshall (1938), 

Wrenshall and Dyer (1939), and by the author. 
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Reagents 

The preparation and storage of the reagents for 

the most part were according to recommendations of a 

number of workers. 

Ammonium molybdate-sulfuric acid solution. 

D~ssolve 25 gm. of ammonium molybdate in 200 ml. of 

water heated to 60°c. Dilute 275 ml. concentrated sul

furic acid to 800 ml. Both solutions are cooled and 

the molybdate solution is slowly added with constant 

stirring to the sulfuric acid. After cooling, the mix

ture is diluted to exactly 1000 ml. with water (T.ruog 

and Myer, 1929). This is a 10 normal sulfuric acid so

lution containing 2.5 gm. of ammonium molybdate per 

100 ml. This reagent should be stored in a resistant 

glass bottle and protected from the light. According 

to Holman and Pollard (1937) under these conditions the 

solution will remain unchanged indefinitely. 

Standard phosphate solution. Dissolve 2.1965 gm. 

of dry potassium dihydrogen phosphate (A. R. Grade or 

recrystallized) in distilled water. Add 5 ml. of 50 

per cent by volume sulfuric acid and dilute to 1 liter. 

This solution contains 500 p.p.m. of phosphorus as 

orthophosphate. According to Holman and Pollard (1937) 

a solution of this concentration, or slightly less, when 

placed 1n a tightly stoppered reagent bottle will keep 
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indefinitely. They suggest that standards of 5 p.p.m. 

or phosphorus made by diluting portions of the above 

solution 100 times should be prepared daily as needed. 

Daily preparation is necessary because the diluted so

lution does not keep, neither is it effectively pre

served by toluene. 

Para-nitrophenol indicator solution. Dissolve 

o.5 gm. of solid para-nitrophenol in 100 ml. of dis

tilled water. Store in an indicator bottle with a 

dropper~· 

Stannous chloride solution as recommended by Smith, 

(1939). Dissolve 10 gm. of stannous chloride crystals 

in 100 ml. of redistilled 6 N HCl and dilute to 500 ml.

with recently boiled distilled water. Titrate aliquots 

by the iodometric method to determine the percentage or 

stannous chloride in the solution. (If the purity is 

less than 90 per cent, a fresh stock o€ stannous chloride 

crystals should be obtained.) Dilute the solution with 

1.2 N HC~ to contain one per cent stannous chloride arum 

store under hydrogen. 

Storage of the stannous chloride. The hydrogen 

generator used by Smith, et al, (1939)~ was suggested by 

Sutton (1935). A simplified and compact apparatus was 

~provised by the author to fit into a box with a base 

area of 3 inches by 7 inches. (Fig. 2) The hydrogen 
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Figure n. f'pparatus for Storage of Sn Cl2 
~ Under Hydrogen 
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generator consisted of a small wide-mouthed bottle 

fitted with a two-hole stopper, one hole large enough 

to hold a test tube, the other only large enough to 

contain a small glass tube to serve as an air vent. 

A test tube with a 3 mm. opening in the bottom was in

serted through the hole in the stopper far enough to 

reach almost to the bottom of the bottle. The test 

tube was filled about a third of its length with glass 

beads on top of which was inserted a zinc rod. The 

test tube was then connected by a stopper and tubing to· 

the stopper in the "storage-bottle. 11 The "generator

bottle" and the "storage-bottle" are hereafter referred 

to as bottle A and B, respectively. Another long piece 

of glass tubing was inserted through a hole in the 

second stopper and extended to near the bottom of bottle 

B. The external opening of the glass tube was fitted 

with a rubber tube and a dropper regulated by a pinch 

clamp. This served as the siphon from the bottle B 

which was filled to the brim with the stannous chloride 

solution. Upon filling bottle A nearly three-fourths 

full with 1:1 HC1 and securing the stopper in its mouth, 

hydrogen was generated and passed over to bottle B. 

After a minute or two of hydrogen evolution with the 

stopper on bottle B resting lightly on the lip of the 

bottle, the air was quite well excluded, the connecting 

http:storage-bottle.11
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tube between the two bottles was pinched shut momen

tarily and the system was sealed. At the same time 

a small supply of stannous chloride was forced out of 

the open siphon thus allowing the stopper to be presse~ 

firmly into place. To insure the proper working of the 

generator, enough SnC12 solution was withdrawn to, start 

the generator and test its proper functioning. Then 

the siphon was closed with the pinch clamp. it was found 

by experience that unless the rubber tubing was of heavy 

side walls 0../1611 
) and every precaution was taken to ex

clude air, the stannous chloride would deteriorate. To 

insure a perfect seal, all tubing and the connections 

were painted with a quick drying varnish. With the above 

precautions, the solution at this writing had remained 

two months with n~ evidence of deterioration detectable 

by analysis of the stannous chloride. As further pre

caution against using inferior stannous chloride, a 

portion of the solution in the siphon should always be 

discarded to exhaust the supply in the dropper before 

using for the phosphorus tests. The supply in the dropper 

is exposed to the air and thus is likely to be inferior 

in quality after standing for more than a few hours. 

The p roper selection of a dropper is highly im

portant. The size of the drops is affected by the di

ameter of the tubing and the thickness of its side walls. 
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Thererore, a dropper should be selected that produces 

, 
drops sufficiently small for the desired accuracy. Drops 

of such a size that either one or two per 10 ml. give 

the proper concentration are especially desirable. An 

easy method for determining the size of drops is to count 

the number required to fill a dry 10 ml. graduate. If 

the size of drops used in establishing a curve of known 

values is determined, then the curve is not jeopardized. 

by breaking the dropper as another can be calibrated to 

take its place. 

A brief study was made of the rate of decomposi

tion of the stannous chloride which had been stored 

under various conditions. At the time of storing the 

supply of the reagent, the excess of solution was allowed 

to stand over night exposed to the air. The next morn

ing the percentage decomposition of the stannous chloride 

was determined. A determination was made also upon 

the first solution stored under hydrogen where the added 

precautions of a good seal were not taken. The per

centage deterioration of another sample of stannous 

chloride stored for six months under oil as recommended 

by Truog and Myer (1929) was analyzed three times to 

determine its rate of decomposition. 

The data of Table II shows that the above described 

method is satisfactory provided the seal is perfect. 
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Under such conditions a product is obtained that is 

highly satisfactory for routine analysis where a high 

degree of accuracy is required. It is indeed a labor

and time-saver. However, the rapid deterioration which 

occurred where the seal was apparently imperfect em

phasizes the dangers experienced unless the necessary 

precautions are observed. Inasmuch as a standard iodine 

solution may be easily preserved, it is suggested that 

occasional tests be made to determine the condition of 

the stannous chloride. The determination using starCh 

as an indicator is simple and rapid. Once the stability 

of the stannous chloride solution has been established, 

lesa frequent tests are necessary, or perhaps may be 

abandoned. 

TABLE II 

THE EFFECTIVENESS OF VARIOUS :.METHODS 

FOR PRESERVATION OF STANNOUS 

CHLORIDB 

Storage of SnC12 Storage Period Oxidized 
Mo. per cent 

Under H~ogen with poor seals 2 21 
t1 " " perfect " 2 none 

oil 1.5 13" n " 3.5 17 
n n 6 70 

Exposed to air 16 brs. 20 
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Where a product of lower quality may serve as 

well, for instance, where colorimetric comparisons are 

made with visual comparators, the old method of storage 

recommended by Truog and Myer (1929) is adequate. On 

the other hand, the rapid deterioration of the stannous 

chloride when exposed to the atmosphere indicated that 

the use of freshly prepared solutions as has been rec

ommended must be followed to the letter where highly 

accurate results are required. 

Soil Phosphorus Determination 

The method recommended by Dickman and DeTurk (1938) 

was used, with slight alteration, in the determination 

of total organic and inorganic phosphorus of the soil. 

The method for the so-called total phosphorus in the soil 

depends upon the oxidation of the organic matter with 

concentrated hydrogen peroxide and the extraction of the 

phosphorus with a sUlfuric acid solution with a pH of 

approximately 1. The inorganic phosphorus was extracted 

with the acid solution. From the work of Pltmmer (1913) 

they concluded that the soil organic phosphorus is quite 

stable in acid solutions at ordinary temperatures. 

Dushechkin (1929) definitely proved that repeated ex

tractions of the soil with o.o5 N Hal did not extract any 

of the organic phosphorus. Mengdehl (1933) used boiling 
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1 N HCl for extraction of inorganic phosphorus from 

fresh plant material and found that the decomposition 

of the organic phosphorus compounds was not appreciable. 

Therefore, the conclusion regarding the stability of 

soil organic phosphorus seeme~ justified in view of its 

greater stability as pointed out by Wrenshall and Dyer 

(1941). WrenShall and Dyer (1939) tested the stabil

ity of the soil organic phosphorus in the presence of 

the 1 N HC1 for a period of 10 days and found that no 

change 1n the phosphorus distribution between organic 

and inorganic took place. 

Criticism of the Dickman and De 'Turk method by 

Wrenshall and Dyer (1939) hardly seemed justified in 

view of the latter's method of acid extraction for the 

determination of inorganic phosphorus. According to 

the fixation capacity theory of Murphy and Burd (1939) 

it is doubtful if the extraction of only the inorganic 

phosphorus with acid is more accurate in the case of a 

soil with a high fixing capacity than the extraction of 

all the phosphorus as far as quantity is concerned. A 

review of the literature indicates that it is question

able whether hydrogen peroxide exerts a greater de

structive effect upon the soil than the concentrated acid 

and alkali solutions employed by Wrenshall and Dyer. 

Robinson (192~) studied the possibility of u.ing 
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hydrogen peroxide far the determination of the organic 

matter in soils. He concluded that the method was not 

applicable to soils high in calcium carbonate, manganese 

dioxide, or chromium sesquioxide. He decided that the 

carbonaceous matter remaining in the residue from the 

peroxide treatment was inert and oxidized only with great 

difficulty by biological processes. He concluded that 

this unattacked carbonaceous matter probably was not 

very important in soil fertility. Although the hydrogen 

peroxide method gave low results it was considered 

about as accurate as the combustion method and in special 

cases may be considerably more accurate. 

The mechanism of the oxidation of soil organic 

matter by hydrogen peroxide was briefly discussed by 

Shorey (1930). He stated that in the absence of met·:;allic 

catalysts, hydrogen peroxide had little or no action on 

pure organic compounds; and when the organic matter of 

soils was separated from the mineral constituents, the 

action of hydrogen peroxide on the organic matter was 

negligible. However, he pointed out that active cat

alysts are found in nearly all soils 1n sufficient quan

tity to bring about vigorous liberation of oxygen from 

the hydrogen peroxide causing oxidation of the organic 

matter. 

Dickman and De Turk (1938) did not claim 100 per 
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cent destruction ot the soil organic matter. It was 

admitted that only about 90 per cent of the total 

organic phosphorus may be liberated by the above treat

ment. Low yield of organic phosphorus as suggested 

by the articles mentioned above, may be due to unde

composed organic matter of an extremely resistant nature. 

On the other hand, failure to extract the total phos

phorus of the soil as suggested by Wrenshall and Dyer 

(1939) may be accounted for by the residual inorgania 

phosphorus in the soil which is contained in undecom

posed mineral fragments. In view of these complexities 

the total phosphorus content of the soil may be of 

questionable importance. If total phosphorus is or 

minor importance, then a rapid, convenient method for 

organic phosphorus, such as suggested by Dickman and 

De Turk, is of special merit for obtaining relative 

values and for determining the rate of organic phos

phorus changes in soils. 

The Slightly Modified Dickman and De .Turk Meth~. 

The method suggested by Diekman and De Turk with 

slight modifications was used for studying soil organic 

phosphorus in this researcha Weigh in quadruplicate 1-gm • 

samples of 35-mesh soil into 500 ml. Erlenmeyer flasks. • 
Each set of two is a duplicate determination. Add 15 ml. 

of phosphorus-free 20 to 30 per cent hydrogen peroxide to 
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each of two of the flasks. Then add water until the 

total volume in each of the four flasks is 30 ml. Shake 

the flasks thoroughly so that the soil is well mixed and 

wetted by the solutions. Place the flasks on a steam 

bath and allow the steam to flow freely around the bottoms 

of the flasks. Shake the samples again after 15 minutes 

on the bath. After an additional 15 minutes~ remove the 

flasks from the steam bath and add 100 ml. of water~ then 

add 20 ml. of 2 N sulfuric acid. Stopper the flasks~ 

place 1n a mechanical shaker and shake for an hour. 

Following the shaking~ immediately make the contents of 

each flask to a volume of 200 ml. in a graduate cylinder 

and return the contents to the respective flasks. Filter 

a part of the solutions through No. 30 Whatman filter 

papers. (If the funnels or receptacles are wet, discard 

the first 20 ml. of filtrate after rinsing the receptacle 

thoroughly with it.) Stopper and label the receiving 

flasks for future use. 

Pipette aliquots af the filtrates into properly 

labeled 250-ml. beakers. (For use 1n the previously de

scribed photoelectric method, the aliquot should contain 

0.002 to 0.075 mg of' phosphorus as orthophosphate. To 

estimate the size of aliquot~ make a rapid visual estim

ation of the concentration by preparing a few tests of the 

inorganic extract in a 50-ml. graduate. The oxidized 
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samples will probably contain about twice as much phos

phorus.) Place the beakers on the steam bath and evap

orate the filtrates to a film of sulfuric acid residue. 

This is necessary for the removal of the hydrogen per- · 

oxide remaining in the filtrates of the oxidized samples. 

Even small amounts of hydrogen peroxide counteract the 
I 

reducing power of the stannous chloride and may result in 

no color development. Following this treatment 10 to 20 

ml. of distilled water may be added to each. In due time, 

each is then quantitatively transferred to the 50-ml. 

volumetric flask and the phosphorus test is made accord

ing to the modified Truog and Myer method. 

Reagents 

All of the reagents used in this test except the 

hydrogen peroxide were described previously with the mod

ified Truog and Myer method. The hydrogen peroxide was 

at first purified by distillation under reduced pressure 

as suggested by Diclanan and De Turk. Later, the method 

suggested by Diekman and Bray €1940) was used. The latter 

method left the peroxide little reduced in activity from 

that of the original. Tests were made to determine the 

amount of phosphorus which remained after purification. 

The concentration of phosphorus tn the peroxide solution 

purified by precipitation was found to agree with the 
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value stated by the authors of 0.2 p.p.m. 

Their method of purification wa~ briefly, as follows: 

Place 100 ml. of cold 30 per cent hydrogen peroxide in a
• 

250-ml. cold beaker. Add 10 ml. of a 2 per cent FeC13 so

lution and stir the solution for 30 seconds. Then add 

about 5 gm. of aaco3• Stir rapidly for another half min

ute, and ~ediately filter by suction through a Buchner 

funnel previously prepared with a No. 30 Whatman filter 

paper. The suction flask Which receives the purified hy

drogen peroxide should be cooled by placing it in a pan of 

cold tap water prior to and during the filtering process. 

Keeping the peroxide as cool as possible during the puri

fication reduces its decomposition to the minimum. The 

filtrate should be clear and almost colorless. The puri

fied peroxide is stabilized with 0.5 ml. of concentrated 

Hal and stored in a black bottle. Only a week's supply 

should be prepared at a time. 

Phosphorus Analyses of Plant Material 

Total Phosphorus 

Although satisfactory official method3 for the deter

mination of phosphorus 1n plant material are available, 

they are, for the most part, too long and complicated to 

serve where a great number of comparative tests are desired. 

The methods provide for either volumetric or gravimetric 
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determinations. For the former, 2 to 4 gm. of material 

are required; for the latter 6 to 10 gm. of plant mater

ial is necessary. Frequently, only 1 or 2 gm. of plant 

material are available. These facts were pointed out by 

Greenhill and Pollard (1935) as reasons for using a 

colorimetric method in phosphorus analysis of plant mater

ial. 

A most valuable contribution in determining the con

ditions under which plant material can be ashed without 

loss of phosphorus was the work reported by Ashton (1936). 

In the past, ashing of plant material bas been considered 

inferior to the wet combustion methods and has therefore 

been little used. The chief criticisms were (1) that the 

phosphorus may be lost at high temperatures, and (2) the 

phosphorus at high temperatures may form meta- and pyro

phosphates that cannot be extracted from the ash. The 

general assumption was that the losses were correlated with 

the temperature of ashing and did not occur when low tem• 

peratures were employed and sufficient base was provided 

to combine with the liberated phosphorus. Ashton exper

imented to determine the effect of temperature and the 

additions of Mg(N03) 2 upon the recovery of phosphorus from 

grass by ashing. The results were compared with those 

obtained on identical material by the wet digestion method. 

He found that ashing at 400°C. and 600°C. without the 
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addition of Mg(N03) 2 gave results comparable with those 

obtained by the wet digestion method. Where Mg(N03) 2 
was added at the rate of 2 m.e. per gm. of dry plant 

material the results by ashing still were comparable with 

those obtained by wet combustion. However, some loss of 

phosphorus was observed even in the presence of base when 

the ignition was at l,000°C. Losses were even greater 

when platinum crucibles were used instead of the porcelain 

dishes indicating that the loss was not due to a fusion 

of the phosphorus with the porcelain dishes. Ashton 

found that placing the material in a muffle that was al

ready hot made no difference in the results. 

Ashton's results furnish adequate proof of the 

effectiveness of dry combustion as compared with wet com

bustion. However, he extracted the phosphorus from the 

ash with concentrated nitric acid and made the final de

termination gravimetrically. The high concentration of 

nitric acid which he used. is prohibitive in colorimetric 

determinations. Mengdehl (1933) furnished reliable data 

on the conversion of pyro- and metaphosphates to ortho

phosphate. He show~d by experiment that PYrOphosphate 

was 98 per cent converted to orthophosphate after boiling 

for 7 minutes in normal Hal. He also Showed that only 

10 minutes of similar treatment was necessary for a 98 

per cent conversion of metaphosphate to orthophosphate. 
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Covell (1935) devised a colorimetric method for the 

determination of total phosphorus in plant material. He 

employed dry combustion to liberate the phosphorus from 

organic combination. The material was first treated with 

glacial acetic acid and then with concentrated ammonia on 

a steam bath before ashing. The ash was extracted with 

aqua regia. The evaporation of these strong reagents was 

a source of contamination to the laboratory atmosphere 

and interfered with other analysis in the laboratory, such 

as the determination of potash. Because of the undesir

ability of these reagents as sources of contamination and 

for other reasons specific to the particular laboratory 

the method had to be abandoned. 

A somewhat modified method was devised for the de

termination of total phosphorus in plant material. The 

method was compared with the colorimetric method devised 

by Covell (1935). In nearly every case agreement was very 

close. The agreement of results on four samples of ashed 

sunflowers determined in triplicate by both methods is 

shown below. 

Sample Number Average of Triplicate Values 
Covell Method Modified Method 
p.p.m. of P p.p.m. of P 

l 933 915 
2 woo 1053 
3 867 857 
4 823 849 
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Method: Weigh duplicate samples of finely ground 

well mixed plant material which has been dried at 60°C. 

for 48 hours. (The size of sample will be determined 

largely by the uniformity and amount of the material at 

hand. For the determinations conducted by the author, 

0.5 gm. was satisfactory where the material had been 

ground to pass a 40-mesh screen and thoroughly mixed. 

Place the plant material in porcelain evaporating dishes 

of approximately 50 to 75 ml. capacity. If the sample 

taken is 0.5 gm., add 5 ml. of 0.5 N Mg(N03) 2 and 10 to 

15 ml. of distilled water. Evaporate to dryness on a 

steam bath. Remove and allow the dish to dry before plac

ing in a muffle at 600°c. Ignite at 600°C. until the 

residue is uniformly gray in color. (Usually, 30 minutes 

is sufficient time.) Remove from the muffle, cover with 

a watch glass and allow to cool until liquid can be added 

without spattering. Add 5 m. of 2 N H2S04• Revolve the 

dish so that the acid comes in contact with all of the 

ash. Add 15 to 20 ml. or distilled water. Cover the dish 

again with the watch glass and place on the steam bath 

for at least 15 minutes. Then remove the dish and allow 

the contents to cool. Wash the lower side of the watch 

glass with a fine stream of water from the wash bottle 

and catch the washings in the evaporating dish. Triturate 

the walls of the dish with a rubber policeman and transfer 

the contents quantitatively to a volumetric flask of 100 
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or 250 ml. capacity. Wash, and repeat the triturations 

several times. Make the solution to volume. Mix well 

and transfer to a stoppered Erlenmeyer flask. The pres

ence of small amounts of charcoal, other colored mater

ial, or dehydrated silica in the solution is not likely 

to cause trouble because it settles to the bottom on 

standing, and with care is not drawn up in taking ali

quota. Thus there is little need for filtering the solu

tion. The aliquots may then be treated according to the 

modified Truog and Myer method previously outlined. 

Inorganic Phosphorus 

Emmert (1930) developed a method for the determina

tion of orthophosphate in fresh plant tissues. He ground 

the plant material in a mortar with 5 gm. of decolorizing 

carbon and 50 ml. of a one per cent by volume sulfuric 

acid solution. After standing ror 5 minutes, the solution 

was filtered and the phosphorus determined colorime

trically by the Fiske and Subbarow method (1925). Meng

dehl (1933), as previously mentioned, proved quite def

initely that plant material is not hydrolyzed appreciably 

by boiling with 1 N HCl for 15 minutes. Emmert's method 

therefore probably measured only the inorganic phosphorus 

and would be quite desirable for this determination. 

Weissflog and Mengdehl (1933) worked out and tested 

three methods the purpose of which was to separate the 



69 
phosphorus or fresh plant material into three fractions: 

(1) Soluble orthophosphate phosphorus
(2) Soluble (organic) non-orthophosphate phosphorus
(3) Insoluble phosphorus (organic precipitated

by trichloroacetic acid) 

The authors' critical tests of the methods proved their 

accuracy. To extract the inorganic phosphorus they froze 

3 to 10 gm. of fresh plant material in a porcelain mor

tar with liquid nitrogen and then ground the mass to a 

dust-like fineness. The inorganic phosphorus was extracted 

;by a trichloroacetic acid solution which was also used 

for precipitation of the "insoluble phosphorus.n The 

solutions were clarified with decolorizing charcoal. 

The methods mentioned above were applied only to 

fresh plant material. Because facilities for preserving 

plant material may often be limited, it was desirable to 

devise a method which could be used on dried plant mater

ial. The problem of preserving the plant material in its 

original condition and or obtaining a representative 

sample for the phosphorus and moisture content must be 

considered. Variations in any of these would necessitate 

the acceptance of greater limits of error in the results. 

Because of these limitations an attempt was made to de

vise a method suitable for use on dried plant material. 

Attempts were made to use the Emmert method. The 

difficulty of wetting the plant material was finally over

come by the use of a preliminary wetting agent. It was 
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found that the addition of 1 ml. of n butyl alcohol 

to 0.5 gm. of dry plant material was ample for thorough 

wetting. The material was then easily triturated to 

an amorphous condition. This appeared to solve the 

chief difficulty in adapting the method to use on dried 

plant material. Indeed, the wetted material which had 

been previously ground was probably converted with ~ess 

effort to a uniform and amorphous mass than the fresh 

material. The wetted and triturated material was then 

easily mixed with the extracting solution. 

The effect of time on the extraction of the inor

ganic orthophosphate was investigated on tomato plant 

material. As much phosphorus was extracted in 5 minutes 

as in 16 hours. This indicated not only that the 5 

minutes period was adequate, but that the organic com

pounds were not appreciably hydrolyzed in 16 hours by 

the approximately 0.36 N sulfuric acid. 

Weissflog and Mengdehl (1933) and Emmert (1930) 

tested the accuracy of their methods by making known 

additions of phosphorus and noting the recovery after the 

routine treatment including the use of decolorizing char

coal. The author made a similar experiment except that 

the photoelectric colorimeter was employed for elimina

tion of turbidity error. In all these tests the relia

bility of the method and the failure of the organic mater
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ial to fix, adsorb, or otherwise interfere with, the 

phosphorus test was substantiated. 

Method: Weigh out, in duplicate, 0.5-gm. samples of 

finely ground and well mixed plant material which has 

been dried at 60°0. for 48 hours. Place the weighed 

samples in glass mortars which have previously been 

cleaned with cleaning solution. Add by means of a cal

ibrated pipette 1 ~. or n butyl alcohol to· each sample. 

Triturate well with an acid-cleaned pestle until the 

material becomes an amorphous mass. By means of a cali

brated pipette add 50 ml. of a l per cent by volume solu

tion of sulfuric acid. Again triturate with the pestle 

thoroughly mixing the plant material with the extracting 

solution. Let stand 5 to 10 minutes and filter through 

a No. 30 Whatman filter paper and store the filtrate in a 

stoppered Erlenmeyer. Aliquots of the filtrate may be 

prepared and the phosphorus determined according to the 

modified Truog and Myer method. The presence of color in 

the extract necessitates reading the test solution before 

the addition of stannous chloride and subtracting this 

from the phosphorus test reading. The original dilution 

was 101.7, but for most purposes it may be considered as 

102. 
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Sterile Culture Methods 

Sterile culture methods of growing plants have not 

been popular for several reasons. In the first place, the 

task is an exceedingly difficult one requiring training 

in bacteriological tec~ique as well as in plant physi

ology. A great deal of special equipment is necessary, 

including autoclaves for sterilization of containers and 

apparatus. Much time a~d effort are required. Because of 

these handicaps only a few pioneer works in this fiel~. 

have been reported. For the most part, these works are 

of interest here from the standpoint of developing satis

factory methods of growing plants in sterile culture. 

Knudson (1916) developed a method for growing plants in 

tall test tubes (63 x 10 em.) with huge cotton plugs 6 in

ches thick. By this method he grew corn and vetch under 

sterile conditions for more than a month. Brannon (1921) 

grew flax, alfalfa, corn, and peas in large, cotton-plugge~. 

Erlenmeyer flasks. 

]n both or the above methods no attempt was made to 

aerate, or make additions to, the solutions. To carry ou~ 

experiments over prolonged periods and to provide for aer

ation and replenishing nutrient solutions, the author with 

the help of Dr. w. B. Bollen attempted to improve upon 

these methods. Dr. Bollen had previously developed a more 

desirable cover for the tall test tubes used in sterile 
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culture experiments. He used a skeletal framework of 

metal to which was attached a small test tube with the 

bottom cut off. A sheet of cotton properly covered with 

gauze was used as a bandage over the framework and was 

held on the test tube by tying securely with string. The 

glass tube projected out at the top of the bandage 

through a slit in the cover. . The small test tube was 

plugged with cotton and could serve as an entrance for 

seeds and solutions. This arrangement is comparable to· 

sterile test tubes which are plugged with cotton and 

handled similarly. As a result of several experiments a 

modification of Bollen's method was developed. 

Sterile Cultures Inclosed in Glass Vessel' 

An inlet tube was fashioned of glass tubing which fit 

closely along the outside wall of the large tubes and was 

covered by the above described bandage. The tube was 

bent into a sharp inverted U and extended to the bottom of 

the flask. Air forced through this tube served t~ aerate 

the culture solution contained in 300 g. of acid-washed 

quartz sand in the bottom of the large test tubes. The ailt 

compressor for supplying the air was made according to 

suggestions by Riker and Riker (1936). ~t is simply an 

apparatus for the separation of the air and water from a 

water-operated vacuum pump, in a large demijohn. The air 
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is forced through an outlet tube in the top or the con

tainer and by allowing only a part of the air to escape 

a pressure is created. This pressure forces the water 

through an outlet tube extending to near the bottom. Thus 

the compressor will function indefinitely. Et was 

reasoned that such a compressor would have an additional 

advantage at probably rendering the compressed air rela

tively sterile by washing. The air stream from the 

compressor was further sterilized by bubbling through a 

bath of concentrated sulfuric acid, then through a cotton 

filter, and finally washing it again in water. From the 

water bath the air was conducted by rubber tubing to the 

specially bent glass tubes which carried it to the nutrient 

solutions. 

The nutrient solution was supplied through the same 

tube that carried the air. Large Ernlenmeyer flasks of 

3 liter capacity were used in the last experiments as 

reservoirs for nutrient solution. These were connected in 

the line for aeration with two connections. One connec

tion was coupled with a long tube that reached to the 

bottom of the reservoir. When the regular channel for the 

air was closed between the above connection and the other 

which also led into the reservoir a pressure was developed 

and the solution was forced into the aeration line and 

delivered to the sterile culture. The reopening of the 
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original channel allowed an equalization of pressure 

and the flow from the reservoir was stopped. The 

scheme of the apparatus is shown in Fig. 3. 

To provide a means of sampling the nutrient solu

tion for pH, sterility, and other tests another tube 

similar to the aeration tube was installed in the later 

experiments. The outlet below the sand and nutrient 

culture was covered with cotton to prevent the sand from 

entering. To the exterior opening was attached a short 

piece of rubber tubing 6 inches long. To the other end 

of the rubber tubing was attached a tapering piece of 

glass tubing that fit loosely into a rubber-stoppered 

vial. Samples could be taken asepticly by sterilizing 

the connection between the glass tube and the rubber

stoppered vial with alcohol, removing the rubber-stoppered 

vial and inserting the glass tube into one hole of a two

hole stopper fitted into an Erlenmeyer flask. In the 

other hole was fastened a cotton filter and tube for blow

ing in or sucking out. By sucking on the tube, the nu

trient solution was siphoned over into the sterilized 

Erlenmeyer and could then be used for tests. T.he tapered 

glass tube could again be inserted asepticly into the 

sterile rubber-stoppered vial which during the process 

had been covered with a sterile glass cover. 
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_I 

Fig. 3. First sterile culture ex
periment with plants inclosed. 
I & II are complete nutrient. 
III contained 1 gm. of CaC2HsP04• 
rv is nP-minus" solution. 
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Sterile Cultures with Aerial Parts Exposed 

Schulow (1911) was the first to develop a method for 

sterile cultures in which the aerial parts Gf the plants 

were allowed to develop in the free atmosphere. He used 

7 liter flasks with cotton-covered wood tops which were 

fastened with clamps. A hole was provided for a long tube 

which reached nearly to the bottom of the culture vessel. 

To this was coupled a piece of rubber tubing containing a 

glass T. The T served as a means of making additions to 

the nutrient solution. The purpose of the long tube 

reaching into the culture vessel was primarily for aera

tion. In the tapering holes in the wood cover were placed 

glass cylinders which tapered at the bottom. In these 

cylinders the seeds were placed. The schematic treatment 

of the seeds 1n these containers, which ultimately re

sulted 1n the liberation of aerial parts and the closing 

off of the nutrient solution from atmospheric contamination 

is shown on the following page, Abbildung 3. 

The inner glass tube with the rubber tubing and pinch 

clamp at the top fit around the seed. Several bands of 

sterile cotton were packed around the inner glass tube. 

In the upper band of cotton was fitted three glass rods 

to be used in pressing the lower bands of sterile cotton 

around the germinating seedling as the inner tube was grad

ually raised. Finally, the ·inner tube was entirely re
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moved when the seedling was tall enough to seal off the 

roots from the atmosphere with the cotton. Then the 

upper band of cotton and the glass rods were likewise re

moved. 

The above described method was sufficiently success

ful that Schulow (1912) was able to report several series 

of experiments in which j terility of the cultures ranged 

from 75 to 100 per cent throughout the experiment. The 

only contaminants he encquntered 1n most cases were molds. 

The yields obtained with corn plants under different 

treatments varied from 9 to 30 gm. of dry substance per 

container. 

Knudson and Smith ( j 919) developed a method of growing 

plants with the aerial p~ts exposed. They germinated 

the seeds on agar 1n short test tubes with an opening in 

the bottom. When the rodts of the seedling reached the 

bottom of the test tube, they removed the seedling with 

its agar and small test l ube and placed it in a special 

receptacle 1n the top of a large container of sterile so

lution. The agar was kept protected from contamination 

by a wad of cotton. 

Dauvergne and Weil (1923) developed a method very 

similar to Schulow's• The chief difference was that they 

covered the Whole top of the container with paper or a 

glass cover. When the seedling was sufficiently large to 
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seal off the nutrient solution from the atmosphere, 

the cover was quickly removed and sterile cotton was 

asepticly packed around the seedling. 

Weissflog (1933) developed the most elaborate tech

nique and apparatus that has been recorded in the lit

erature for growing plants under sterile conditions with 

the tops exposed. He grew corn, peas, wheat, and sorghum 

in sterile cultures. On the following page is a photo

static copy of the apparatus used. Abbe 1 shows a special 

apparatus used for sterilization of the seeds. The seeds 

were placed in flasks~ and~'· The disinfecting solu

tion was introduced through the tubing at ! after closing 

valves~ and~·· After shaking the flasks containing the 

seeds and disinfecting solution for a few minutes, the 

solution was drained out again. Then by manipulating the 

valves and by means of the rubber bladder ~ water was 

forced from flask k into the flasks a and a~. The seeds 

were rinsed several times. The rinse water was withdrawn 

through f. The disinfected seeds were then removed with 

aseptic technique and placed on the screen ~ shown in 

Abbe 3. Above the screen ~ was a sleeve which was welded 

onto the lip of the flask. . The glass rod 1 served for 

puncturing the seeds other than the one s•lected as the 

test plant and placing them on the shoulder s where they 

were removed with the hood. When the selected seedling 
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Abb.l. 
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grew to the top of the glass hood a series of layers of 

sterile covering material was poured in through the open

ing ~ by removing the cotton plug. First was added a 

layer of large glass beads~ then a layer of 2 mm. quartz 

sand. On top of this was added a layer of pulverized 

silica. This last layer completely isolated the nutrient 

solution in the flask ! from the atmosphere. . The glass 

hood was removed and the plant was allowed to develop 

free in the atmosphere. All joints were wrapped with 

cotton originally to insure sterile conditions until the 

nutrient solution was sealed off. The small flask! 

serv~d as a means of introducing nutrient salts and main

taining the proper water level in flask !• Aeration was 

afforded through tube ~· 

Weissflog concluded that this covering had several 

advantages over covering materials used by Bobko (1924) 

and Klein and Kisser (1925} -who used apparatus in other 

details somewhat similar to his. Weissflog pointed out 

that the great absorptive capacity of the powdered silica 

for water vapor enabled it to prevent the upward pene

tration of water vapor from the nutrient solution thus 

discouraging the growth of organisms which might even

tually penetrate the covering and contaminate the culture. 

Compared with animal charcoal as a covering~ the silica 

was less likely to crack when the lower portion became 
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damp. A further advantage in favor of silica was its 

cleanliness for handling. 

Gerretsen (1935) found that where disinfected seeds 

were placed in a sterile nutrient medium and covered 

with a "Katadyn-sand" preparation, plants germinated; 

the plumule penetrated the preparation and left the nu

trient medium sealed from contamination. The "Karadyn

sand" preparation consisted first of a layer of sand on 

the seed and the support holding the seed, and on top 

of this was a layer of infusorial earth. Both coverings 

had been previously treated to coat the particles with 

silver. This disinfectant although toxic to plants when 

in contact with the nutrient solution, permitted pene

tration of the plumule and prevented the penetration 

either of bacteria, molds, or adventious roots. He 

claimed success in bringing plants to maturity without 

contamination in flasks or pots protected in t his way. 

Because several of these most desirable methods 

were not described in English literature they were una

vailable until a more extensive review of the literature 

was made. This required t he tedious work of translation. 

However, the many advantages apparent in these methods 

where the a erial parts were allowed to develop in the 

free atmosphere made it seem desirable to attempt a 

development of such a method and to record the results 
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in English. 

Although the apparatus and methods of Weissflog 

(1933) seemed especially desirable , the cost and avail

ability of the equipment prevented its adoption at this 

particular time. The apparatus used by Schulow was rel

atively inexpensive, yet his success demonstrated its 

efficiency. A method was developed which was in all 

essentials similar to his. Fig. 4 shows the experimental 

setup and demonstrates its success for growing plants 

under the conditions imposed by the method. 

Five-pound reagent bottles for dry chemicals with 

the bakelite screwlids were easily converted into de

sirable culture vessels. Two layers of 1/411 tempered 

hardboard (a synthetic wood product) were cut into cir

cles and nailed together to form a plug that fit easily 

into the mouth of the bottle. To the top of this plug 

was nailed another disk of the tempered hardboard not 

more than 1/811 thick. This was of a diameter that just 

fit inside the screwcap. Thus, was manufactured a plug 

with a shoulder that nicely closed the top of the bottle. 

By means of a coping saw, the center of the screwcap 

was cut out to within 1/411 of the edge. When the screw

cap was screwed on over the plug, the bottle was quite 

effectively closed and the plug was held firmly in place. 

Three holes were then bored in the plug. Two were 3/1611 

in diameter and were for the insertion of glass tubing. 
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The third hole was bored tapering to fit snugly about 

the tapering glass cylinders shown in the Abbildung 3 

by Schulow. The plug was not affected by autoclaving 

nor by moisture, as wood might have been. The cylinders 

were made from the necks of discarded 800 ml. Kjeldahl 

flasks. They were tapered beginning at a distance of 

3.5" from the lip. At 5" from the lip, the inside diam

eter had been reduced to 9/16". The necks were cut off 

at this point and a cross of thin glass rod was welded 

to the bottom to hold the seed above the nutrient solu

tion and to support the inner glass tube which fit rather 

closely inside the tapered tube at the bottom. It was 

found desirable to use glass with thin walls for the inner 

cylinder to provide more space for the germinating seed

ling. The tapered holes were of a size that allowed 

the end of the tapered cylinders to extend about 1/2" 

below the plug. The cylinder was held firmly in the 

plug by thick-walled rubber tubing which was forced over 

the lower end of the cylinder and up against the under 

side of the plug. The rubber tubing was cut even with 

the end of the tapered cylinder. The glass tubes for 

aeration and for addition of nutrients were held in a 

static position by means of small sections of rubber 

tubing forced over the glass tubing and fitted snugly 

against the plug on both the upper and lower sides. 

When the plug was secured in proper position by means of 
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the screwcap the unit was complete. As shown in Fig. 4, 

the shoulder of the flask, the screwcap, and the plug 

with its appendages were wrapped with bands of cotton 

and tied securely with strong cord. An ample supply of 

cotton was placed inside the cotton bands and around 

the appendages of the plug so that the escaping air from 

aeration would not cause sufficient moistening of the 

cotton to permit the ingress of contaminants. The whole 

top covered with cotton was then wrapped with several 

layers of gauze and again tied with strong cord. 

The tapered glass cylinder was fitted with cotton 

bands between its inner wall and the inner glass cylinder 

as shown in Abbildung 3 by Schulow. The inner glass 

tube was not closed in the manner shown by Schulow but 

instead a cotton plug was inserted. 

The whole apparatus was covered loosely with wrap

ping paper and tied with cord. It was then placed in the 

autoclave and the steam turned on very slightly with the 

door of the autoclave left partly open. Followrlng an 

hour or two of this tempering, the door was closed and 

the steam pressure adjusted at 15 pounds for 20 minutes. 

in this manner sterilization of the apparatus was pos

sible without involving much danger of breaking the soft 

glass bottles. 

The nutrient solution was sterilized in pyrex flasks 

of large capacity. The flasks were fitted with a siphon 
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Fig. 4. Sterile culture corn plant 
six weeks old growing in the modi
fied Schulow apparatus on calcium 
ethyl phosphate solution. 
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tube . Another tube for creating air pressure in the 

flask to start the siphon and to permit a constant flow 

of sterile air i nto t h e flask was also fitted into the 

stopper prjor to autoclaving . The openings of these 

tubes were loosely wrapped with cotton and the siphon 

tube was pinched shut to prevent loss of liquid in 

autoclaving . These attachments and t he stopper were 

covered with wrapp ing paper before sterili7,at i on . 

The properly sterilized seeds, culture flasks , and 

nutrient sqlutions were taken to a steamed- down room where 

the seeds were transferred individually by aseptic tech

nique to the glass cros spieces at t h e bottom of the inner 

tube s and the cotton plugs were ag a i n inserted j n the 

i nner tubes . The nutri ent solution s iphon tube was con

nected asepticly to the a erati on tube of the culture 

flask . A sterjle cotton-filled t ube was t h en attached to 

the other inlet to t h e nutrient solution f l ask . By 

blowi ng into t he cotton- filled t ube , su f f icient air pres 

sure was developed in t he nutrient sol ution fl. ask to 

start t he siphon . The cotton- filled tube t h en served as an 

efficient bacterial f i lter of t he air entering the flask . 

When t h e c'- 1 ture ves s el was fi lled to within a half inch 

of t he seed , t he siphon was broken by allowing air to 

enter t hro ugh t h e cott on - covered opening at t h e T joint . 

Thi s was ac c om:rlished by rais :t ng t he T to t he highest 

point on t~e line and t h en openins t he p inch clamp at 
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:lts QUtlet. 

The culture vessels were placed in a room at a tem

perature of approximately 3ooc. for the germination of 

the seeds. ~· the sprouts became visible through the 

space purposely left vacant of cotton, the inner tube 

was lifted far enough to permit packing a band of cot

ton around the growing sprout. The cotton was packed 

as firmly as possible without endangering the tender 

plant. As the sprout elongated in the light, more bands 

of cotton were pressed down firmly until the seal appeared 

perfect. Because of the later works of Weissrlog (1933) 

and of Gerretsen (1935) a modification of Schulow's tech

nique was made at this stage. The culture flasks were 

again taken to the steamed-down room, the glass rods and 

upper cotton band were removed after flaming slightly. 

A layer of powdered silica sterilized by dry heat was 

added on top or the cotton seal. This was poured between 

the two glass walls from an Erlenmeyer flask fitted with 

a stopper and large glass tube. The silica was tamped in 

near the plant by means of a sterile glass rod at the 

time lifting the inner glass tube sufficiently to allow 

the silica to fall against the plant. ]n this way the 

plant leaves were protected from the application and from 

possible injury. Following the addition of a layer or the 

silica at least 1/411 in thickness, a small addition of 

Semesan powder was made. This disinfecting powder was 
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carefully mixed with the surface layer of silica powder 

as an added protection against infection. Another 1/4" 

layer of silica was then applied. These additions were 

mixed and compacted with the glass rod, and finally the 

inner glass tube was removed. The silica layer was at 

least 1/2" thick. The seal was doubly secure against 

infection. 
Disinfection of the See~ 

The seed was disinfected with a solution of Semesan*• 

The seeds were soaked in a solution of specified c~cen

tration far a time perio~ rec0mmended by the company 

which produces the disinfectant. For corn, this period 

of immersion was 2 hours in a ~.25 per cent solution. 

Prior to the treatment, the seeds were thoroughly 

washed in soap and rinsed several times in distilled 

water. The seeds were then immersed in the disinfection 

solution in an Erlenmeyer flask. Suction was applied to 

remove the air film tenaciously held by minute hairs on 

some types of seeds and by irre·gular surfaces on others. 

After the evacuation had been in effect for 15 minutes, 

atmospheric pressure was restored for the duration .of the 

treatment. Following this, the seeds were rinsed several 

* Semesan is a commercial disinfectant of the Bayer
Semesan Company of Wilmington, Delaware. It is an 
organic mercury compound. 
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times in sterile water and placed in a sterile petri 

dish. In the case of corn, the seeds were transferred 

aseptioly to other sterile petri dishes and to each dish 

was added melted 1 per cent nutrient agar at 45 - oaoc. 
until there was a depth of approximately 3 ram. in the 

dish. By swirling the dish carefully, each seed was 

lightly coated with a thin layer of agar. After the 

agar had hardened, the dishes were placed in an incu

bator at 30°c·. In 24 to 36 hours, any contamination 

which was likely to develop was evidenced on the agar. 

Numerous trials seldom showed any contamination. At 

this stage, the healthy and vigorously germinating seed

lings could be selected and used in sterile cultures. 

Experiments demonstrated that at this stage of growth, 

germinating corn seedlings could be arrested in their 

development for a period of 2 or 3 weeks without apparently 

impairing their vigor when favorable growing conditions 

were again provided. This was brought about by storing 

the seedlings in a refrigerator at a few degrees above 

freezing. This induced dormacy made it possible to have 

seedlings of exactly the desired stage of growth for 

transference when the apparatus was in readiness. 

Beeause tomatoes gave especial promise in other tests 

as excellent indicators of phosphorus deficiency, it was 

decided to develop a method for growing them in sterile 
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cultures. Considerable difficulty was encountered. The 

small size of the seed which made the plant particularly 

desirable from the standpoint of reducing the supply of 

a nutrient contained therein, likewise complicated the 

processes or disinfection and germination. It was found 

by experiment that ~ 0.25 per cent solution of Semesan 

was injurious to the seed. Likewise attempts to coat the 

seeds lightly with agar resulted in no germination. This 

was apparently because of insufficient aeration. The 

method of disinfection and germination which was finally 

adopted is described below. 

The seeds were washed in soap and rinsed with dis

tilled water five times. They were then placed in an 

Erlenmeyer flask with 75 ml.of water and evacuated for 10 

minutes. After soaking for at least an hour; they were 

transferred to a 0.1 per cent solution of Semesan for 15 

minutes. Then the seeds were washed several times with 

sterile water and transferred to a petri dish. From this 

petri dish they were transferred asepticly to hardened 

plates of 1 per cent agar which were at least 5 mm. in 

thickness. It was assumed that the small seeds were 

sufficiently covered with a film of water so that germin

ating contaminants would reach the agar and become man

ifest in due time. The plates were then incubated at 

29°c. in a saturated atmosphere. In about a week there 

was sufficient growth so they could be transferred to · 
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sterile cultures. Plants subjected to the foregoing 

treatments were grown on sand in Erlenmeyer flasks 

plugged with cotton. They are shown in Fig. 5. It was 

as sumed that their successful gro\vth on the sand culture 

indicated their adaptability to sterile culture studies 

much like corn only requiring a longer period for estab

lishment. The small supply of nutrients carried in the 

seed, the phosphorus deficiency symptoms so clearly man

ifest, and the high yield of dry matter together with the 

characteristic of indeterminate growth seemed to make 

the tomato an especially desirable plant for these studies. 

Sterilization of the Solutions 

The sterilization of the inorganic solutions has 

already been mentioned. With tall test tubes which con

tained a sand substrate, the culture solutions of the in

organic constituents were added prior to autoclaving. 

The nutrient solutions of inorganic salts for the Schulow 

technique were also sterilized by autoclaving. 

Lecithin dissolved in methyl alcohal was added to 

the nutrient solution prior to autoclaving without re

sulting in an apparent increase in organic phosphorus. 

Because of the very low solubility in water, the lecithin 

exerted little effect upon the pH of the nutrient solu

tion. Solution of the calcium ethyl phosphate in the nu
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Fig. 5. Tomato plants from 
disinfected seed gr·owing in 
sterile sand culture. 
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trient solution prior to autoclaving did not result in 

serious hydrolysis. The calcium ethyl phosphate was 

neutralized to the desired pH with 0.1 N HCl before auto

claving. Sterilization had little effect on the pH or 

upon the amount of hydrolysis that took place. 

Sterilization of the nucleic acid and phytin pre

sented a more difficult problem. Autoclaving these in 

solution resulted in the liberation of appreciable amounts 

of phosphorus. The chemical nature and properties of 

nucleic acid were discussed by Levene and Bass (1931). 

From this source fi1lf' information, it was found that nucleic 

acid was quite soluble in alkalies. By experiment it 

was discovered that by treating the nucleic acid with 

sufficient 0.1 N NaOH to raise the pH to the range of 5.5 

to 7, the nucleic acid dissolved. 

The nucleic acid possessed enormous buffering 

capacity. This simplified the problem considerably. A 

definite concentration of nucleic acid was prepared and 

adjusted for pH• . The solution was filtered through a 

sintered glass bacterial filter into a sterile container. 

The amount crf the solution required to furnish the 

proper concentration of organic phosphorus was measured 

and transferred by aseptic means to the 11 P-minus" nutri

ent solution which had previously been sterilized by auto

claving. The dilution of the rather concentrated nucleic 
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acid solution in the nutrient solution had little 

e~fect upon its pH. This procedure worked very 

success~ully. Tests made a week a~ter such manipu

lations proved that the solutions were sterile. The 

sterility tests in every case were made by placing a 

sterile loop-full o~ the solution on nutrient agar slants 

by aseptic tecbnique. Failure o~ bacterial or fungal 

growths to develop ~ollowing incubation was considered 

adequate proof of sterility. 

The calcium magnesium salt o~ inositol hexaphos

phoric acid was only slightly soluble in water. This 

phytin salt was soluble in strong acids. The ~inal pro

cedure adopted was to add 1 gm. o~ phytin to 50 ml. o~ 

1 N H2so4 and shake for several hours. The undissolved 

part was collected in a tared Gooch filter and determined 

gravimetrically. About o.s gm. was soluble in 50 ml. by 

this procedure, and remained in solution when neutrali

zation with base was attempted up to a pH of approxi

mately 4 above which turbidity began to appear. After 

neutralizing as much as possible in this manner the solu

tion was filtered through a bacterial filter in the same 

manner as the nucleic acid. The calculated amount of 

this sterile solution was added to the sterile "P-minus" 

nutrient solution and the calculated amount of NaOH to 

adjust the pH was added from a steam sterilized solution 
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by aseptic technique. Because of the lack of buffer 

capacity in the phytin solution, the adjustment of pH 

was extremely difficult and usually required several 

samplings of the sterile solution and mare careful ad

justment by a trial and error method. However, even this 

technique was proved successful by the tested sterility 

of the solution after a week of incubation. 

Soil Pot Tests 

Numerous contributions to the literature dealing 

with pot tests for soil fertility have been made in the 

past two decades. Among these are reports concerning 

the relative sensitivity of various plants for certain 

tests. In this research those plants especially sensitive 

to phosphorus deficiencies were of particular interest. 

Not only was sensitivity to phosphorus deficiency desired 

but a plant which manifested the phosphorus deficiency 

by very marked and easily identified symptoms was needed. 

MacGillivray (1927) studied the effect of phosphorus 

on the composition of tomato plants. He studied both 

internal conditions of the plant and external character

istics as symptoms of phosphorus deficiency. Among the 

common external characteristics of both nitrogen and 

phosphorus deficiencies in tomatoes he outlined the follow

ing: (1) stiffening of the stem, (2) a decrease in 

chlorophyl shown by yellow leaves, and (3) appearance on 
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the under side of the leaves of anthocyanin pigments. 

He noted that the season of the year and the length of 

time of an experiment had an almost negligible effect 

on the phosphorus content of the plants. This was an 

especially valuable characteristic in a plant selected 

for greenhouse studies throughout the year. This char

acteristic was attributed to the indeterminate growth 

habit of the tomato. 

Meyer (1929) used the tomato plant as a rapid and 

sensitive indicator of phosphorus deficiency in soils. 

He stated that tomato plants grown under phosphorus de

ficient conditions showed typical symptoms within 8 to 

10 days after germination. 

McDonald (1933) developed a sensitive pot test for 

studying the phosphorus deficiency of soils. He stated 

that tomato pl~ts grown in soils deficient in available 

phosphorus show definite leaf symptoms. The most char

acteristic at these is the dark green color on the dorsal 

side of the leaves and a violet-red color on the ventral 

side of the leaves and on the young stems. He quite def

initely established these as symptoms of phosphorus de

ficiency by adding superphosphate to the soils on which 

plants showed the symptoms. The symptoms at once disap

peared. 

Pohlman and Pierre (1933) used the phosphorus concan
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tration of the exuded sap of corn as a measure of the 

available phosphorus in the soil. With corn grown in 

the greenhouse , a good correlation was found between the 

phosphorus content of the exuded sap and the plan t re

sponse to phosphorus fertilizer. 

Murphy (1939) used pot tests of sand cultures with 

tomatoes to demonstrate the power of kaolinite and Aiken 
J 

colloid to fix phosphorus in a form unavailable to plants. 

Weiser (1933) pointed out that tomatoes were very sen

sitive to a lack of phosphorus and that they failed on an 

Aiken soil with only low applications of phosphorus. He 

found that buckwheat was able to survive phosphorus de

ficiency much more successfully than tomatoes or barley. 

He stated that this finding with pot experiments was in 

accord with field observations. 

Fisher (1935), in studying responses of the tomato 

in solution culture, found. that tomato plants lacking in 

phosphorus appeared purplish in color and the stems were 

covered with small deep blue spots. The roots were long 

and brown with but few lateral branches. 

Schuster and Stephenson (1940) and Stephenson and 

Schuster (1941) developed a pot technique for the study 

of various nutritional deficiencies in plants. The prin

ciple of their method was to grow plants in a series of 

experiments using cans each containing 400 g. of soil and 
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several plants. Under such conditions deficiencies were 

quickly developed because of the heavy demands made on 

the soil for the deficient nutrient. They supplied all 

the necessary plant nutrients except the one under study 

in solutions added to the soil to replace the moisture 

loss. In this way, the relative deficiency in different 

soils could be determined and the effectiveness of various 

treatments would be rated by the extent to which each 

prevented the occurrence of the deficiencies in plants. 

They used su.nflowers and tomatoes. 

In this research, pot tests were conducted using the 

method described by Stephenson and Schuster. Both sun

flowers and tomatoes were used as indicator plants. 
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RESULTS 

Sterile Cultures With Entire Plants Inclosed 

Preliminary Experiment With Sunflowers 

A preliminary attempt to grow sunflowers 1n sterile 

sand cultures with the plants enclosed in large test tubes 

was made 1n the spring or '39. Because little was known 

concerning the reaction or plants to the organic compounds 

under these conditions, 1-gm. portions in 300 gm. or sand 

were used as sources or phosphorus. The culture vessels 

were autoclaved rollowing the addition or the organic com

pound and nutrient solution to the acid-washed sand media. 

Nucleic acid, lecithin, and calcium ethyl phosphate were 

used as sources or phosphorus in the "P-minus" nutrient 

solution. The test was made in duplicate ror each of the 

above named organics, plus 4 cultures with complete nu

trient solution and 2 cultures without any phosphorus, 

rererred to as "P-minus." 

A modified Crone's solution was used in the first two 

sterile culture experiments. Dry weights of the salts are 

given: 

KN03 a.o gm. 
Ca(N03) 2.4 H20 2.9 gm. 
Caso4.2 H 0 2.5 gm.2
MgS04.7 H20 2.5 gm. 
Ferric tartrate 0.25 gm.
Ca3 (P04 )2 2.5 gm. 
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These were finely ground and thoroughly mixed. For 

complete nutrient solutions, 1.397 gm. of the mixture 

was added per liter of solution. For the "P-minus" 

solutions, the ca3 (P04) 2 was omitted in the dry prepa

ration and only 1.2 gm. or the mixture per liter was used. 

Sprouting seeds of vetch and sunflower disinfected 

as previously mentioned, were planted in the sterile cul

tures June 10, 1940. The apparatus was connected in the 

greenhouse and aeration applied. Observation indicated 

that the aeration was too vigorous, causing the sand to 

cover the seeds and apparently discouraging growth. None 

of the seeds germinated successfully. A reseeding was 

attempted by removing the cotton plugs and asepticly add

ing 3 disinfected sunflower seeds to each. Part of these 

germinated successfully. The organic compounds also con

tributed to the failure of. the experiment because only 

one plant grew in the high concentrations or organic phos

phorus. This is shown in test No. III of Fig. 3. The 

plants No. I and II growing on complete nutrient solution 

showed a slight superiority 1n vigor and cross-section 

of stem compared to the check plant on "P-minus" solution, 

No. IV. 

The plants were forced to grow on the nutrient 

afforded by the 85 ml. of original solution. Distilled 

water was provided through the air-line from the reservoir 
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shown in the lower right hand corner ot the picture. 

The pH of the solutions did not change greatly. 

The pH at the beginning of the experiment was adjusted 

to s.a. The data of Table III indicate that the pH was 

not changed greatly by the growing plants for a period 

of about six weeks. 

No great differences in height or in dry weight 

were found between the plants grown on the complete 

nutrient solution and those grown on the 11 P-minus11 solu

tion. The diminutive size and chlorotic appearance of 

the only plant that succeeded in growing on the calcium 

ethyl phosphate* solution were obviously the result of 

the toxicity. Because the sunflower plant seemed capable 

of great elongation even in the absence of a supply of 

phosphorus in the nutrient solution~ it was regarded as 

an unsuitable indicator plant for such experiments. 

First Sterile Cultures With Corn 

Prior to the sterile culture experiment with corn~ 

much of the details of procedure previously described 

under methods had been worked out. Amounts of the or

ganic compo'l.mds required to supply phosphorus equivalent 

to the 3.14 mg. of phosphorus contained in the complete 

~to The calcium ethyl phosphate was furnished the author 
by Professor V. E. Speno.er of the Nevada Experiment
Station. 

http:Speno.er


----- ----
----- ----- --------- ----

TABLE I ·IJL 

GROWTH OF SUNFLOWER PLANTS WITH STERILE CULTURES* USING ONE GRAM 
OF ORGANIC COMPOUND PER FLASK 

Cul- No. of Average Dry wt. Average :pH 
Treatment ture Plants Height of Plants Dry wt. of 

No. Per Tube of Plants Eer Tube Eer Plant Sol'ns 
inches gm. gm. 

Complete 1 3 21 0.523 0.174 6.25 
nutrient 2 3 22 0.558 0.186 5.65 

II 3 1 16 o·.2o9 0.209 
II 4 a· ----- ----

Nucleic 1 0 ----
acid 2 0 ------ ----- ---

Lecithin 1 0.. 2 0 ---~-

__ ..__
CaC2H5P04 1 ()" 

n ----- ---2 1 7 0.104 0.104 7.10 

"P-minusn 1 0 ----- ........ --~--11 2 2 18 0.315 0.158 6.1T 

~~- All cultures were :found contaminated at the end of the experiment. 

b 
~ 
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nutrient solutions were calculated. These weights and 

the respective concentrations in the solution are given 

below: 

Compound Phosphorus 
Weight to 

contain 3,14 
Mg, p 

Concentration 
of compo'I.Uld 
in sol'n 

per cent gm. p.p.m. 

Ca3 {P04)2 2Cll 0.0151 187.5 
CaC2H5Po4 
Lecithin 

15.9 
3~85 

0.0200 
0.0828 

235.6 
973.0 

Nucleic acid 9.5 0.0336 394.4 
Nucleic aeAd* 9.5 0.0084 100.0 

The so-called concentration of lecithin was not realized 

because the lecithin was insoluble in water and therefore 

had no effect on the plant as a result of true solution 

concentration. The concentration of nucleic acid was con

siderably greater than used by other research workers and 

therefore one pair of test cultures was prepared with one

fourth as much or approximately 100 p.p.m. and provisions 

were made to replenish this solution from reservoirs of 

100 p.p.m. of nucleic acid nutrient solution instead of 

the regular 11 P-minus 11 solution used to replenish the others. 

The nspentn solution was withdrawn through the extra in

verted U tubes~ placed in the culture flasks~ by the appli

cation of suction. 

The uncontaminated seedlings were placed in the ster

ile culture flasks October 6~ 1940. The level of the cul

* Nucleic acid used in 2 culture flasks was only one
fourth the concentration in the others. 
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ture solution was placed at no more t~~n 5 mm. above the 

sand. The cultures were undisturbed for a week and the 

seedlings were well established at that time. The few 

that failed to grow were replaced with new seedlings. 

Growth was rapid in the cultures as shown by Fig. 6. 

The two-week-old seedlings were approximately 12 inches 

high. No marked differences could be detected as a re

sult of the treatments except those with lecithin which 

were somewhat inferior. The seedlings grown on either 

nucleic acid or calcium ethyl phosphate made a more vig

orous growth but the differences were not conclusive 

evidence of their superiority. 

Fig. 7 shows the growth of the plants at the end of 

a month. Plants growing in the nucleic acid or calcium 

ethyl phosphate were somewhat more healthy in appearance, 

yet the differences were not measurable. The plants in 

uP-minus" solutions were growing as well as plants in 

the complete nutrient.* 

The plants were harvested when two months old. No 

marked changes in development had occurred in the last 

month of the experiment. At the time of harvesting, the 

plants had taken on an unhealthy appearance. The average 

height of the plants, their dry weight and phosphorus 

* The complete nutrient solution was the modified Crone 
solution described on the first experiment with sun
flowers. The "P-minusn was the same solution minus the 
salts containing phosphorus. 
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Fig. 6. Corn seedlings in first 
sterile culture experiment with 
corn, two weeks after germin
ation. 

Legend: I 
II 

Complete nutrient 
"P-minus" 

III CaC2H5Po4
IV Lecithin 
V Nucleic acid 

VI 
( 400 p. p.m.) 

Nucleic acid 
(100 p.p.m.)

(III to VI also received 
11 P-minus 11 for supply of 
other nutrients) 

Fig. 7. Corn seedlings in first 
sterile culture experiment with 
corn, a month after germination. 
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content were determined. Phosphorus analyses of samples 

of f~nely ground seeds from the same source as those 

used for the cultures showed that the phosphorus content 

of the seeds was 0.3467 per cent. From the average 

weight of 50 seeds of 0.379 gm. per seed the amount of 

phosphorus supplied in the seed was 1.11 mg. From this 

data the calculated amount of phosphorus assimilated from 

the nutrient solution was found, under the assumption 

that all the phosphorus in the seed was used by the plant. 

Whether this assumption was justified is not known, but 

theerror would be similar for each case. The summary of 

these data is presented in Table IV. 

The data show that the plants of greatest height were 

those grown in the dilute solution of nucleic acid. How

ever, this greater elongation may have been due to the 

renewal of the other nutrients with the nucleic acid 

rather than to the more favorable concentrations of nu

cleic acid. The dry weight of plants in the "P-minus" 

cultures whether taken from the average per plant or 

total yield per culture compared favorably with that of 

the other cultures where phosphorus was available. The 

high content of assimilated phosphcnrus in the "P-minus 11 

culture No. 1 could not be explained. Whether there was 

an unusually high content of phosphorus in the seeds, or 

phosphorus was supplied from seeds which failed to grow 



TABLE IV 

YIELDS OF CORN PLANTS GROWN IN STERILE CULTURES* IN CLOSED FLASKS 
TRIAL NO. 1 WITH CORN 

Cul- No. of Average Total Dry Average Plant Assimilated 
Treatment ture Plants Height wt. Dry wt. Total R- from Sol. 

No. of Plant of Plant :12er Plant P· bz Plants 
inches gm. gm. mg. mg. 

nP-minus" 1 2 17 1.144 0.572 3.91 1.69 
" 2 2 2Q) 1.130 0.565 2.68 0.46 

Complete 1 1 16 0.693 0.693 2.87 1.76 
nutrient 2 3 18 1.403 0.468 4.70 1.3'7 

Lecithin 1 2 14 0.769 0.385 3.34 1.12.. 2 2 17 0.677 0.339 2.71 0.49 

CaC2H5P04 1 3 18 1.272 0.424 5.14 1.81 
11 2 3 17 1.335 0.445 5.30 1.97 

Nucleic acid 1 2 16 1.272 0.636 5.36 3.14 
( 40 0 p • p. m. )'; 2 2 17 1.172 0.586 5.00 2.78 

Nucleic acid 1 3 21 1.186 0.395 3.68 0.35 
( 100 p. p.m. ) 2 2 21 1.298 0'.649 4.74 2.52 

i!- All cultures became contaminated. 

b 
co 
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could not be ascertained. Likewise the extremely low 

amount or assimilated phosphorus found in the plants 

of the nucleic acid (100 p.p.m.) culture No. 1 could 

not be explained. Since the greatest assimilation of 

phosphorus was from the other three similar cultures 

this seemed to indicate that the low reading was due to 

experimental error. Only few tests could be made, due 

to the limited amount of equipment. This prevents 

placing much emphasis on any of the individual results. 

The results on the spent nutrient cultures are reported 

in Table v. The tests for sterility on nutrient agar 

slants showed bacterial contamination in every flask but 

no molds. Dr. F. H. Rudert of the Bacteriology Depart

ment attempted an identification of what appeared to be 

only one species of organism. He found upon investiga

tion that several organisms were present. He isolated 

the most common one and found it to be Aerobacter aer

ogenes, a Gram-negative rod which commonly occurs in 

soils and on grains. It is easily killed by disin

fectants and therefore, he concluded that contamination 

was not likely due to improper disinfection of the seeds. 

The pH of the solutions was not sufficiently vari

able to exert injurious effects upon the plants. For 

the most part, the pH values fit into a range considered 

optimum for the growth of plants. 



TABLE V, 

PHOSPHORUS CONTENT OF NUTRIENT CULTURES OF THE STERILE 
CULTURE EXPERIMENT 

CUl- Sterility p_H Total* Inorganic Difference 
Treatment ture of of p p (Organic)

No. Solutions Sol 1ns p 
p • .P••m• p;. p).m. .:p.• p.m. 

11 1'-minus11 1 No 6.80 6.12 0.47 5.65 
11 2 No 6.20 1.74 0.24 1.50 

C'omplete 1 No 7.00 18.70 4.98 13.72 
nutrient 2 No 5.98 2.04 0.3<Il> 1.74 

Lecithin 1 No 5.45 16.60' 2.88 13.72 
2 No 71.03 11.20 3.08 8.12" 

caa2~5F{)4 1 No 5.47 4.48 o.oa 4.40 
2 No 5.45 2.10 a ·.o9 2.0:>1 

Nucleic acid 1 No 5.49 4.46 2.40 2.06 
( 400 ~.p.m.)' 2 No 4.98 4.92 0.30 4.62 

Nucleic acid 1 No '7.45 6.49' (i)). 90 5.59 
(100 p.p.m.) 2 No '7.45 3.36 0'.71 2.65 

* The original concentration of' total phosphorus was 37.5 p.p.m. 

1-' 
1-' 
1-' 
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The solutions were analyzed for phosphorus, both for 

content and for classification as to organic and inorganic. 

The original solutions were calculated in all cases ex

cept the 11 P-minus 11 to contain 37.5 p.p.m. of phosphorus. 

The tests on the original "lt-minus" solution showed only 

a trace of phosphorus which indicated that the purity of 

the chemicals from the standpoint of freedom from phos

phorus was satisfact_ory. 

The total phosphorus of the "P-minus" culture solu

tion No. 1 was 6.12 p.p.m. compared to 1.74 p.p.m. for 

No. 2 which was in agreement with the comparative dif

ference in assimilated phosphorus from the solution. 

This indicates that the seeds which failed to germinate 

contributed a small supply of phosphorus. Inasmuch as 

the phosphorus content of the seed is largely organic 

and the relative difference is largely in organic form 

in the culture, this assumption seems reasonable. 

Although not much significance can be attached to 

the single cases, the comparison of phosphorus content 

in the complete nutrient cultures is of interest. In 

culture No. l with a single plant considerable phos

phorus was unaasimilated. Much of the phosphorus was 

converted to an organic form supposedly by the organisms 

obtaining energy material from the plant possibly through 

sloughing off of root epidermis tissue. Or, the organic 

phosphorus may have come from the seeds which failed to 



113 
germinate. On the other hand, where three plants grew 

in No. 2, the whole supply of phosphorus was well ex

hausted. 

In the lecithin cultures almost a third of the orig

inal phosphorus remained in organic form even though the 

cultures were contaminated. The nucleic acid solutions 

were somewhat more decomposed by the organisms. In the 

calcium ethyl phosphate cultures, the amount of inorganic 

phosphorus remaining in the solutions was hardly more 

than a trace. The similar appearance of the plants grown 

in the 400 p.p.m. and 100 p.p.m. of nucleic acid indicat·ed 

that under these conditions the greater concentration 

was not harmful. 

The absence of response to the various phosphorus 

sources or a negative response in the case of the 11 P-minus" 

solution is difficult to explain. Two possibilities ex

1st; either insufficient phosphorus was added to supply 

the needs of the plants, or under the eircmnstances 

forced upon the plants the phosphorus supply in no case 

was a limiting factor. That is; the supply of phosphorus 

in the seed may have been sufficient for the growth which 

took place. 

Second Sterile Culture Study 
With Corn 

Prior to the second and last of these experiments 

with corn, all of the technique and equipnent described 
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for this type of sterile culture under "Methods" had 

been developed. Because the analyses of the "spent" 

solutions of the first experiment with corn showed less 

than 1 p.p.m. of inorganic phosphorus remaining in nearly 

all cases, it was decided to use large reservoirs con

taining the same kind of culture solution as that con

tained in the test tubes and to renew the solution once 

a week. It was hoped that the tests could be maintained 

sterile. However , in the event that contamination occur

red, the tests for sterility would indicate when the con

tamination occurred and whether it happened simultaneously 

in all the cultures. The '1 spent" solutions withdrawn 

under aseptic conditions could be analyzed for sterility, 

for pH, and for changes in the ratio of organic to inor

ganic phosphorus as well as for total concentration. 

A nutrient solution of different composi t .ion, was 

used instead of the modified Crone's solution. The con

centrations of phosphate salts had to be reduced to a 

low level in order to keep the organics below the toxi~ 

concentration. To compensate for the corresponding de

crease in potassium, KCl was added. The formula of this 

modified nutrient solution was as follows: 

monopotassium phosphate 0.001 M 
dipotassium phosphate 0.0004 M 
calcium nitrate 0.007 M 
magnesium sulfate 0.007 M 
potassium chloride 0.0018 M 

vrnere the phosphate salts were omitted the potassium 
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chloride concentration was increased to 0.0036 M. The 

organic sources of phosphorus studied in this experiment 

were the same as previously used plus phytin. Iron was 

added in the form of a freshly prepared saturated ferric 

tartrate solution at the rate of 1 ml. per liter of cul

ture solution. 

The experiment was started January 31, 1941, using 

only two corn seedlings per flask. Every precaution was 

taken against infection by wrapping cotton around all 

joints and connections and exercising every precaution of 

aseptic technique. After a week's time for establishment 

of the seedlings, the equipment was transferred to the 

greenhouse and connected with the air compressor. 

Studies were made upon the initial solutions at the 

time the experiment was started. The solutions were 

tested for sterility, pH, and for phosphorus content, 

both organic and inorganic. The solutions were changed 

at weekly intervals but only the solutions used by the 

plants in the second and fourth week were analyzed for 

phosphorus. Each week the withdrawn solutions were test

ed for sterility and pH. 

The tests of the initial solutions showed that all 

were sterile. This proved that the methods used in 

sterilizing the various solutions were satisfactory. The 

sterility test of the culture solutions growing plants 

showed that 10 of the 12 cultures remained sterile during 
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the first week. One of the "P-minus 11 and a phytin culture 

were contandnated. This test further verified the orig

inal test of sterility and indicated that contamination 

had been eliminated from the whole system at the start 

of the experiment. Tests of the solutions used the sec

ond week showed hardly 50 per cent sterility. Three 

cultures remained sterile and three were questionable. 

The contaminants on the slants of the latter three were 

scattered as though possibly planted from the air in the 

presumably aseptic transference. Tests of the culture 

solutions used the third and fourth weeks showed contam

ination in every flask. Molds as well as bacteria were 

present. This indica ted that contamination may have re

sulted from the atmosphere in making the extractions of 

the 11 spent" solutions. In several cases molds were found 

on agar slants where the samples placed on the slants 

were sterile, indicating contamination from the atmos

phere. It is questionable whether these operations can 

be conducted in an ordinary greenhouse without contam

ination. It is impossible to control the dust and air 

currents. 

These sterility tests proved that contamination was 

not a simultaneous incident in all of the flasks. Once 

contamination had entered the system ln any flask, the 

gradual contamination of all the flasks was to be expected. 
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It was learned too late that the contraction of the air in 

the nutrient culture reservoirs on cold nights was suf

ficient to draw back small amounts of the nutrient solu

tion into the air and nutrient tubes. In this manner 

contamination may have been hastened. This vector of 

contamination could have been held in check by using 

pinch-clamps on the lines when the aeration process was 

not in action. A further precaution would have been to 

place all the reservoirs and air baths on a higher level 

above the other flasks. That something of the above 

nature happened was indicated by the fact that at the 

conclusion of the experiment all the nutrient culture 

reservoirs were contaminated. 

Because the reaction of culture media is important 

to plant growth, studies were made to determine the pH 

changes of the newly devised nutrient solution. The 

initial pH ranged around 6. The pH of the culture solu

tions used by the plants during the second and third weeks 

indicated slight alkalinity ranging from pH 7.2 to 7.6. 

The higher values were found where the phosphorus was in 

organic form. The pH of the culture solutions during the 

fourth, and last, week was near neutrality. 

The experimental apparatus and the condition of the 

plants at the end of the month are shown in Fig. a. The 

yield data and phosphorus assimilation by the plants is 
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Fig. 8. Corn seedlings in second 
sterile culture experiment with 
corn. Plants were two months old. 
Note plants are less vigorous than 
those four weeks old in Fig. 7. 
Note storage reservoirs and air 
purifying apparatus in foreground. 
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summarized in Table VI. The greatest yield of dry weight 

was obtained in the cultures of calcium ethyl phosphate. 

However, the yields in the cultures of 11 P-minus" and 

complete nutrient were almost as great which seems to 

nullify the significance of the kind or amount of phos

phorus available to the plants during the experiment. The 

analyses for phosphorus indicated that the nP-minus" cu1

ture plants may have obtained their entire supply of 

phosphorus from the seed. 

In Table VII is summarized the changes in the organic, 

inorganic, and total phosphorus of the solutions. Par

ticularly in the case of lecithin and to a considerable 

extent in the case of phytin the total phosphorus and 

likewise the organic phosphorus values are of little use 

because of the heterogeneity of the solution. Even though 

the lecithin was first dissolved in methanol a poor ernul

sion resulted upon the addition of this solution to the 

nutrient culture and the lecithin soon separated. Sampling 

such heterogeneous mixtures could hardly furnish data of 

a reliable nature. However, the inorganic phosphorus 

values should be reliable. 

Table VII furnishes ample evidence of the relative 

absence of phosphorus in the 11 P-minus11 cultures. On the 

other hand, it shows that the complete nutrient cultures 

furnished an adequate supply of phosphorus to the plants 

because of the large amounts remaining in the 11 spent" 
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CORN PLANTS GROWN IN STERILE CULTURES I N CLOSED FLASKS 
TRIAL NO. 2 WITH CORN 

Cul- No. of Average Total Average Total Assimilated* 
Treatment ture Plants Height Dry Dry Wt. Plant P 1? from 

No. wt. Per Plant 12er Flask Solutions 
inches gm. gm. mg. mg. 

"P-minus" 1 2 20.5 0.843 0.422 2.40 0).18 
It 2 2 18 0.704 0.352 2.00 none 

Complete 1 2 17.5 0.742 0:.371 6.54 4.32 
nutrient 2 2 20 o.8ao 0.440 7.75 5.53 

Lecithin 1 1 (dead}' a 0.306 0.306 1.47 0.36 
It 2 J: 16 0.489 0.489 2.35 1.24 

CaC2H5P04 1 2 19 0.922 0.461 6.98 4.76 
II 2 2 20 0.921 0.461 6.98 4.76 

Nucleic acid 1 2 16 0.648 0.324 3.54 1.32 
II 2 2 18 0.663 0.332 3.63 1.41 

Phytin 1 1 18 0.503 0.503 1.83 0.72 
It 2 2 16.5 0.769 0.385 2.81 0.59 

*· Obtained by deducting from the uTotal Plant P per Flask" 1.11 mg. p for each 
germinated seed. 1-' 

tv 
0 



TABLE VIJL 

PHOSPHORUS CHANGES IN THE CULTURE SOLUTIONS GROWING.CORN 

Culture p h 0 s 
:linitial Sol 1ns 

12 h or us 
2nd Wk. 

Chan B
Sol'ns 

e s 
4th Wk. Sol'ns 

Constituent Total Per Cent Total Per Cent Total Per Cent 
Inorganic Inorganic Inorganic 

p p p R P' p 

11 P-minustt 

Complete 
nutrient 

Lecithin 

Calcium ethyl 
phosphate 

Nucleic acid 

Phytin 

p.p.m. per cent p.p.m. per cent . p.p.m• per cen'ti

0.5 2.0 0.9 5.6 0.'75 ·6. '7 

44.0 95.5 22.1 94.6 ' 30.5 96.8 

5.5 19.1 12.2 51.7 29.8 66.2 

35.5 10.9 3'7.1 55.6 34.3 24.8 

82.5 0.42 1'7.'7 83.'7 13.5 57.1 

128 2.9 1.9 19.5 18.3 41.0 
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solutions. Although the solutions contained varying 

amounts of both organic and inorganic phosphorus in all 

cases except for phytin in the second week there was an 

ample supply of both the inorganic and the organic forms. 

A study was made of the stability of the organic 

compounds lli~der sterile and non-sterile conditions. Un

fortunately, lecithin became contaminated and had to be 

omitted. The sterile solutions were placed in the green

house for the duration of the sterile culture experiment 

and under identical conditions of temperature and light. 

Inoculation of the other solutions was effected by adding 

a drop of 1:10 soil suspension to each. The results are 

summarized in Table VIII. Under sterile conditions, the 

change in any of the three is small. The manifest sta

bility indicates that these compounds are suitable for 

this type of experiment. To what extent phosphatase from 

the plant growing in these solutions may cause hydrolysis 

is not known. Where the solutions were inoculated, cal

cium ethyl phosphate and phytin were approximately twa

thirds hydrolyzed while the nucleic acid was hydrolyzed 

only 13 per cent. 

Sterile Cultures with Aerial 
P-arts Exposed 

An attempt was made to study the plant responses to 

organic phosphorus using the slightly modified Schulow 



TABLE VIII 

PHOSPHORUS C~TGES I N STERILE AND NONwSTERILE SOLUTIONS IN THE 
ABSENCE OF PLANTS FOR ONE MONTH 

Culture ph 0 s E h o r u s c h an s e s 
Initial Sol'ns 4 Wks. Ster!!e 4 iNks. Inoculated 

Constituent Total Per Cent Per Cent Per Cent 
p Inorg. Inorg. Inorg. 

p p p 
p.p.m. per cent per cent per cent 

CaC2H5P04 35.5 10.9 12.0 67.8 

Nucleic acid 82.5 0.4 1.1 13.3 

Phytin 128 2.9 3.3 68.7 
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technique. If lack of response to phosphorus in the pre

vious culture tests with inclosed plants was due to phys

ical limitations upon growth and development, the advan

tages of the Schulow technique are obvious. In view of 

these strong probabilities in favor of growing the plants 

with the tops exposed, the modified Schulow method as 

described under "Methods" was worked out. The equipment 

was prepared and one test with each kind of organic phos

phorus except lecithin was started. A nP-minus11 and a 

complete nutrient were also started. However, due to the 

author's inexperience in handling germinating seedlings 

under these conditions, only one plant advanced past the 

seedling stage. Attempts to replant seeds in the four 

that failed were made with some success, but the plants 

were so much later in development that a comparison with 

an earlier one was of little value. One plant @~ew sue

cessfully from the first on the calcium ethyl phosphate 

solution. 

Fig. 5 shows the six-weeks-old plant growing in the 

calcium ethyl phosphate solution. The reservoir of re

serve solution and the connections with the culture vessel 

as well as the attachments to it are sho,vn. The fact that 

the plant developed so successfully proved the feasibility 

of the method. The striking difference between this plant 

and the dwarfed plants of the glass-enclosed cultures 

proves the superiority of this method. Fig. 9 shows the 
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Fig. 9. Comparison of corn plants 
nine weeks after planting. The plant 
on the left is growing in the modified 
Schulow sterile culture apparatus on 
calcium ethyl phosphate nutrient sol
ution. The large bottle on the inverted 
crock contains a reserve supply of ster
i .le nutrient solution, fed by siphon 
into the culture vessel as needed. The 
potted plants are growing on sandy loam 
soil. 



126 
nine-weeks-old plant growing in the calcium ethyl phos

phate solution and two plants of the same age growing on 

an untreated sandy loam soil in the same greenhouse. The 

health, vigor, and development of the plant in the culture 

vessel was far superior to that of the plants grm~1 in the 

soil. 

Soil Pot Tests 

With Sunflowers as Indicators 

On July 16, 1940, a series of pot tests were started 

using the plan of experiment suggested by Stephenson and 

Schuster (1941). Two surface soils were chosen. One 

was an Aiken clay loam taken from an orchard near Salem, 

Oregon. The other was a Sifton gravelly silt loam from 

near Tillamook, Oregon. The latter soil was particularly 

characterized by its high content of organic matter 

whereas the former was low in organic matter and a member 

of a soil series known for its high phosphorus-fixing 

power. A series of four pots received only distilled 

water, another series of four received a "P-minus" nutri

ent solution calculated to supply adequate nutrients 

except phosphorus for the growth of the plants. To 

another series of four was added as needed a complete 

nutrient solution to furnish an adequate supply of all 

nutrients including phosphorus for the growth of the 
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plants. All of the other pots were treated with the 

"P-minus" nutrient solution in. addition to the various 

organic carriers of phosphorus. Each fertilizer was 

compared with adequate checks ~ controls. Applications 

of the different forms of phosphorus were equivalent to 

1, 2, 4, and 8 thousand pounds of superphosphate per 

acre. 

The phosphorus fertilizers were added to the dry 

soil in powder form, with the exception of lecithin, and 

thoroughly mixed with the soil before planting. Leci

thin was dissolved in absolute methanol and added in so

lution to the dry soil prior to mixing. Each pot con

tained 400 gm. of air-dry soil. Eight to 10 sunflower 

seeds were planted in each. The plants were thinned to 

the best 5 per pot after two weeks. Height ··measurements 

were made at weekly intervals during the latter part of 

the growth period. The experiment was terminated after 

about 7 weeks. The plants were harvested August 5, 

1940, and the oven-dry weights af tops were determined 

for the whole series done in quadruplicate. 

Table IX summarizes the treatments, the yields, and 

the heights and gives the "index of growth" for the 

plants on the Aiken soil. The ''index of growth" as 

suggested by Spulnik, et al (1940) represents the mean 

of the average height of the group of plants and their 
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TABLE IX 

YIELD DATA OF POT EXPERIMENT NO. 1 
WITH AIKEN SURFACE SOIL 

GROWING SUNFLOWERS 

Fertilizer 
Treatment 

Rate Equiv. 
to Lb. Super 

Average 
Dry Wt. 

Average 
Height 

Index 
of 

:12er Acre :12er Pot Growth 
lb. gm. em. 

Water only*.. none 3.46 68.9 82.8 

Lecithin 1,000 4.46 66.5 90.7 
2,000 3.63 67.3 83.2 
4,000 4.36 69.8 92.2 
8,000 3.81 65.9 84.6 

Nucleic acid 1,000 3.43 63.6 78.5 
2,000 3.44 70.0 83.2 
4,000 4.90 65.5 94.0 
8,ooo 3.42 60.9 76.8 

Calcium ethyl 
phosphate 

1,000 
2,000 
4,000 

3.29 
3.92 
4.71 

65.4 
69.2 
68.1 

78.6 
87.4 
94.3 

8,ooo 4.61 62.0 89.0 

Treble super-
phosphate 

1,000 
2,000 
4,000 
8,000 

4.. 29' 
4.08 
4.69 
5.l'Z 

63.7 
66.2 
65.8 
60.0 

86.9 
86.7 
92.3 
92.9 

uP-omit'' only none 3.78 59.5 79.0 

* All except "water only" received "P-omit" solution as 
needed. 
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total weight expressed in per cent as compared with 

the maximum of each of these values found in the test 

placed at 100 per cent. Table X summarizes the data 

in a similar manner for the Sifton soil. 

Although the data in every case represents the re

sults obtained from 20 plants in four pots, the vari

ations though small are quite inconsistent. Particu

larly in the case of the Aiken soil, no superiority of 

any of the treatments can be noted and observations 

made upon the plants gave no added information. The 

high value for the check may be due to the greater 

light received. The check was on the sunny side of the 

series and due to lack of space there was crowding ~~d 

competition for light. The data from the Sifton soil 

are also variable, but the yields obtained with the 

maximum treatment of calcium ethyl phosphate, treble 

super phosphate, and lecithin are considerably greater 

than for the others. 

Because of the lack of response to the various 

treatments on the above soils as indicated by the growth 

of sun£lowers, chemical analyses were made upon the 

treated soil and plants to determine the destiny of the 

applied phosphorus. The organic and inorganic phos

phorus of the soils used in the pot tests were deter

mined by the Dickman and De Turk method {1938). The 
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TABLE X 

YIELD DATA OF POT EXPERIMENT NO. 1 
WITH SIFTON 

GROWING 

Fertilizer Rate Equiv. 
Treatment to Lb. Super:. 

per Acre 

Water only* 

Lecithin 

Nucleic acid 

Calcium ethyl 
phosphate 

Treble super-
phosphate 

11 P-omit11 only 

lb. 

none 

1,000 
2,000 
4,000 
8,000 

1,000 
2,000 
4,000
8,ooo 

1,000 
2,000 
4,000
8,ooo 

1,000 
2,000 
4,000
8,ooo 

none 

~~ All except 11 Water only11 

needed. 

SL~FACE SOIL 
SliT~FLOWERS 

Average 
Dry Wt. 
per Pot 

gm. 

3.12 

3.28 
2.13 
3.35 
3.64 

2.54 
2.18 
2.95 
2.90 

2.35 
3.63 
3.37 
4.45 

2.78 
3.26 
3.78 
4.50 

2.92 

Average 
Height 

em. 

56.7 

56.7 
55.8 
61.1 
64.2 

56.3 
52.8 
57.7 
56.5 

56.1 
63.0 
63.3 
62.9 

58.1 
61.4 
65.6 
65.6 

57.0 

Index 
of 

Growth 

77.9 

79.7 
61.2 
83.9 
89.3 

71.2 
64.5 
76.8 
75.8 

70.0 
88.3 
85.8 
97.4 

79.1 
83.0 
92.0 

100.0 

80.0 

received 11 P-omit" solution as 
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"total'' phosphorus of the plants grown on the soils 

with the maximum treatments was determined by the pre

viously described method. Tables XI and XII. 

The "total" soil phosphorus results are exceedingly 

variable. Because these determinations were made prior 

to using the photoelectric colorimeter, not as much con

sideration is given to their reliability as to the re

sults of the more accurate method. However, in view of 

the agreement of checks, the variations cannot be at

tributed to error. It is noteworthy that in the case of 

both soils, the maximum applications of treble super

phosphate increased the inorganic phosphorus of the soil. 

The maximum treatments with the organics failed to show 

consistent increase in the organic or "total" soil phos

phorus. Only with the maximum treatment of nucleic acid 

on the Sifton soil is there a marked increase in 11 total" 

and organic phosphorus which indicates that a substan

tial portion of the fertilizer may have remained in an 

organic form as a part of the soil phosphorus. 

Recovery of the phosphorus applied to the soils as 

fertilizer was not very successful. For instance, in the 

case of the 8,000-pound treatments on the Aiken soil, 

0.112 gm. of phosphorus was applied. If the plant yield 

was 4 gm. with a phosphorus content of 0.2 per cent, 

o.ooa gm. or only about 7 per cent of the added phos
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TABLE XI 

PHOSPHORUS ANALYSES OF THE TREATED 
AIKEN SOIL AND OF THE SUNFLOWERS 

Fertilizer Rate Equiv. Soil Analyses Plant 
Treatment to Lb. Super. Total* Per Gent Analyses 

per Acre P Org. p · Total P 
lb. p.p.m. per cent per cent 

Water only none 601 62.7 0.1130 

Lecithin 1,000 4713 57.7. 
2,000' 544 77.0 
4,000 519 56.0 
8,000 529 14.9 0.1518 

Nucleic acid 1,000 450 60.2 
2,000 405 57.3 ----..
4,000 42'W 58.4. -----...8,ooo 437 53.3 0.1755 

_..........Calcium ethyl 1,000 344 47.2 
phosphate 2,000 337 49.3 ----...

4,000 397 57.0 -----8,000 432 46.8 0~.1853 

Treble super 1,000 335 54.0 -----..
phosphate 2,000 297 55.0 ----.-

4,000 432 53.4
8,ooo 479 27.4 0.2120 

11 P-omit11 only none 36([: 57.5 0.096.3 

* Total means "total" by the Dickman and De Turk method. 
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TABLE XII 

PHOSPHORUS ANALYSES OF THE TREATED 
SIFTON SOIL AND OF THE SUNFLOWERS 

Fertilizer Rate Equiv. Soil Analyses Plant 
Treatment to Lb. Super. Total·)} Per Cent Analyses 

per Acre P Org. P Total RJ 

Water only 

Lecithin 

Nucleic acid 

Calcium ethyl 
phosphate 

Treble super-
phosphate 

"P-omit" on ly 

* Total means 

lb. 

none 

1,000 
2,000 
4,000 
8,000 

1,000 
2,000 
4,000 
8,000 

1,000 
2,000 
4,000 
8,000 

1,000 
2,000 
4,000 
8,000 

none 

p.p.m. 

2660 

2875 
2690 
2530 
2610 

2765 
2575 
2505 
3611 

2160 
2560 
2805 
271.0 

2315 
2450 
2990 
2995 

2775 

per cent 

33.1 

35.2 
33.7 
35.1 
55.8 

62 . 8 
38 . 0 
34. 3 
73. 3 

59.0 
53.8 
62.0 
57.5 

50.7 
54.8 
33.7 
27.5 

29.4 

per cent 

0.0915 

0.1082 

0.0862 

_____.. 
0.1039 

-----.... 

0.1125 

0.0836 

·"totaln by the Diclanan and De Turk method. 
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phorus was necessary to satisfy the whole plant re

quirement. If 350 gm. of water-free soil were used 

in each can (which was approximately the amount 

actually used) the remaining fertilizer should have 

increased the phosphorus content above the untreated 

soil by nearly 300 p.p.m. The check for the Aiken soil 

is perhaps too high due to some unaccountable reason. 

Even so, the differences between the 1,000-pound and 

8,000-pound treatments show no relative increase in 

total phosphorus corresponding to the phosphorus 

applied and left unused by the plant. The same lack of 

evidence regarding organic phosphorus residues in the 

Sifton soil existed, but the added phosphorus represented 

a much smaller fraction in this soil and was more likely 

to be obscured by error. 

The total phosphorus content of the sunflowers in

dicates an increased availability of phosphorus to the 

plants with the maximum treatments. Availability in 

the heavy Aiken soil was considerably higher than in 

the light textured and peaty Sitton soil, even though 

the soil analysis shows less than a fourth as much "totalu 

phosphorus in the Aiken as in the Sifton soil. The av

erage of all the experimental values of phosphorus con

tent for the former plants is 1,490 p.p.m. against 948 

p.p.m. for the latter. The high content of "totaln and 
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organic phosphorus in the Sifton soil are associated 

with the lowest content of phosphorus in the plant. 

The most important result from the plant analysis is 

the superiority of the treble superphosphate in furnish

ing phosphorus to the plant. The plants grown on both 

soils fertilized with treble superphosphate are markedly 

higher in phosphorus than those fertilized with any 

other treatment. 

First Test with Tomatoes as Indicators 

Lack of definite response in the proceding pot tests 

led to two possible conclusions: either the soils were 

unsuited for phosphorus fertilizer studies or the plants 

were poor indicators. In an attempt to avoid either of 

these possibilities, a soil notoriously low in fertil

ity and a different indicator plant were obtained for 

further study. 

A Melbourne clay loam in two depths (0-611 and 12"

2411) from near Corvallis, Oregon, was taken for study, 

and the tomato was chosen as the indicator plant. The 

same treatments as in the first two series were carried 

out. In addition, a complete nutrient solution was used 

for one set of four pots to serve as a measure of the 

maximum growth possible where all the nutrients including 

phosphorus were added in solution in amounts sufficient 
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to accommodate the needs of the plants. Another or

ganic carrier of phosphorus, phytin, was tested with 

those previously studied. A blanket treatment of boron 

was applied to all the pots. This experiment was started 

October 28, 1940, and terminated January 21, 1941. 

Observations as the seeds germinated were of par

ticular interest on the soils fertilized with lecithin. 

Before the tomatoes germinated, the Whole surface of 

the soils fertilized with lecithin was covered with a 

mass of mold mycelia. This indicates the particular 

adaptation of molds to the decomposition of lecithin. 

Such activity was not noted with any of the other treat

ments. 

Very noticeable differences in the appearance of 

the tomato plants grown on the various treatments began 

to appear within two weeks after the plants germinated. 

The symptoms of phosphorus deficiency which have been 

described by previous workers were very apparent. The 

most readily noticed symptoms were: (l) the apparent 

stiffening of the stem, (2) the very dark green ~olor 

on the dorsal side of the leaves with many purplish 

specks on the very. young leaves, at the base of the ep

idermal hairs, and (3) the very reddish purple color on 

the ventral side of the leaves and the stems. The stems 

were also characterized by the dark purplish specks. As 
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the plants became more mature, the evidence of slight 

phosphorus deficiency was manifest in reddish purple 

spots of less intensity on the ventral side of the 

leaves and in the veins of the leaf. When the defic

iency was slight, the indications were manifest by 

only the reddish purple coloring in the veins. In the 

determination of inorganic phosphorus of the dry plant 

material, the acid extracting solution reflected by its 

color the state of the phosphorus nutrition of the 

plants. ~~en phosphorus deficiency symptoms had been 

very marked the extracts were of a light reddish purple 

color. The extracts from the properly nourished plants 

were greenish in color. The solubility of this defi

ciency coloring of the phosphorus deficient plants in 

acid extracts identifies the color as an anthocyanin 

pigment according to the description of this pigment by 

Onslow (1920). 

The plants were harvested when about three months 

o~d. Table XIII is a summary of the yields of the plants 

grown on the Melbourne clay loam surface soil (0-6"). 

A comparison of dry weight yields shows the very definite 

response of the tomato on this soil to phosphorus fer

tilization except for phytin. Nucleic acid and calcium 

ethyl phosphate treatments resulted in increased yields 

in direct proportion to the amount of fertilizer added. 



138 

TABLE XIII 

YIELD DATA OF POT EXPERIMENT NO. 2 WITH 
MELBOURNE SURFACE SOIL (0-6"l

GROWING TOMATOES 

Fertilizer Rate Equiv. Average Average Index 
Treatment to Lb. Super. Dry wt . Height of 

:2er Acre :eer Pot Growth 
lb. gm. em. 

Water only none 0'.53 14.4 21.3 

Lecithin 1,000 2.23 25.6 44.4 
2,000 3.70 30.4 57.a 
4,000 4.38 31.3 62.3 
8,ooo 3.55 21.2 45.1 

Nucleic acid 1,000 1.39 18.5 31.0 
2,000 2.26 22.8 40.9 
4,000 3.23 26.1 49.9 
8,GGO 5.79 27.3 63.9 

Calcium ethyl 1,000 1.25 19.7 31.9 
phosphate 2,000 3.11 25.3 48.3 

4,000 4.44 29.4 60.1 
8,ooo 5.43 25.3 59.6 

Treble super- 1,000 2.18 19.2 35.a. 
phosphate 2,000 2.84 26.3 48.2 

. 4,000 5.68 31.4 68.7 
8,ooo 5.66 32.2 69.6 

"P-omit" only none 0'.95 14.1 23.1 

Complete Nut. ----- 10.25 38.3 loo·,.o; 

Phytin 1,000 1.15 18.1 29.2 
2,000 o,.65 14.3 21.9 
4,000 0.83 13.7i 22.0 
8,ooo 1.41 1'7.6 24.9 
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With lecithin the response was greatest with the 4,000

pound treatment, indicating a possible toxicity with 

8,000 pounds. The 4,000-pound treatment of treble super

phosphate was equally as effective as the 8,000-pound 

indicating that the 4,000-pound treatment was equivalent 

to the 81 000-pound treatments with the organics. Phytin 

showed no true response and extreme phosphorus deficiency 

symptoms were evident with every treatment. With all the 

other fertilizer treatments the deficiency s,ymptoms were 

evident in a lesser degree and only at the lower rates 

of application. 

It was of interest that the yields with the various 

single applications of phosphorus in no case exceeded 

60 per cent of the yield obtained where daily additions 

of phosphorus were applied in the nutrient solution. 

This latter method· of application apparently avoided the 

complications of phosphorus fixation in this soil. 

The average height of the test plants agreed quite 

well with the responses shown in weight. The average 

height in every case where fatalties did not occur rep

resents a mean height of 20 plants. However, the re

sponses are not as great when height is used as when the 

dry weight is used for the basis of comparison. Where 

height is used as the criterion of growth complications 

may result unless precautions are taken to avoid crowding 
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and shading. Lack of uniformity in these conditions 

results fn height values which do not necessarily in

dicate the true fertility levels. The values are 

summarized by the indices of growth which are inter

preted as plant responses. 

The chemical analyses of the plant materials 

summarized in Table XIV present some interesting rela

tionships. TUe phosphorus content of the dwarfed plants 

receiving only water is comparatively high. With the 

addition of all the other nutrients in the uP-minus" 

solution the phosphorus content is less than half of the 

above value. Even \rlth the light applications of fer

tilizer, scarcely more than half as much phosphorus was 

found as in the dwarfed plants receiving only water. 

With increasing increments of fertilizer the phosphorus 

content increases accordingly. Only with the 8,000-pound 

treatments of nucleic acid and calcium ethyl phosphate 

is the phosphorus concentration of the plants increased 

to as much or more than in the dwarfed plants grown on 

the soil receiving only distilled water. Growth without 

fertilizer was apparently too sparse to exhaust the 

available phosphorus of the soil. The 8,000-pound treat

ment with lecithin failed to bring the concentration of 

phosphorus as high as for the other organics. On the 

other hand, the maximum treatment of phytin gave no in

crease in phosphorus over plants grown on the "P-minus" 
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TABLE XIV 

P-HOSPHORUS ANALYSES OF PLANTS FROM 
POT EXPERIMENT NO. 2 WITH MELBOURNE 

SURFACE SOIL GROWING TOMATOES 

Fertilizer 
Treatment 

Rate Equiv. 
to Lb. Super. 
£er Acre 

Inorganic 

p 

Total 

F 

Organic P 
of Total 

p· 
lb. p.p.m. p.p.m. per cent 

Water onl:w none 1,090 1,860 41.4 

Lecithin 1,000 502 943 46.7 
2,000 590 963 38.8 
4,000 573 1,016 43.7 
8:,000 851 1,571 45.8 

Nucleic acid 1,000 496 838 40'.8 
2,000 450 833 46.0 
4,000 628 1,119 43.9 

' 8,000' 1,152 1,977 41.7 

Calcium ethyl 1,000 402 843 52.3 
phosphate 2,000 413 1,039 60.3 

4,000 549 1,129 51.3 
8,000 1,205 2,108 42.8 

Treble super- 1,000 440 925 52.2 
phosphate 2,000 478 980 41.1 

4,000 1,030 1,978 48.0 
8,000 1,350 2,371 43.1 

nP-omit11 only none 405 924 56.2 

Complete Nut. ----- 5,180' 6,710 22.8 

Phytin 1,000 459 1,103 58.4 
2,000 354 762 53.6 
4,000 341 917 62.8 
8,000 501 930 46.2 



142 

treated soils. The 4,000-pound treatment of treble 

superphospnate compares favorably with the best a,ooo

pound treatments of organic fertilizers; namely, nucleic 

acid and calcium ethyl phosphate. The maximum concen

tration of phosphorus in the plants fertilized with the 

various fertilizers is found with the a,ooo-pound treat

ment of treble superphosphate which excells its closest 

competitor, calcium ethyl phosphate, by more than 250 

p.p.m. of phosphorus. On the other hand, plants grown 

on the soil receiving the complete nutrient solution con

tain phosphorus in a concentration nearly three times 

that of plants grown on the soil wi.th the 8 1 000-pound 

treble superphosphate treatment. Only a fifth of the 

phosphorus in the former is organic compared with two

fifths organic in plants grown on the treble superphos

phate treatment. This indicates that the ratio of organic 

to inorganic is not in any sense definite in the plant. 

There is no indication from the percentages of organic 

phosphorus in the plants that the organic fertilizers con

sistently increased the proportion of organic to inorganic 

by any of the treatments. This seems to indicate further 

that the phosphorus metabolism either starts directly with 

inorganics or the organics hydrolyze to inorganics before 

assimilation occurs. It is quite likely that the organic 

phosphorus was hydrolyzed in the soil. The studies on 
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hydrolysis in nutrient solutions indicates that the 

organic compounds under the influence of soil organisms 

were hydrolyzed sufficiently to furnish an ample supply 

of phosphorus to the plants in inorganic form. Never

theless, the presence of organics available for plant 

absorption cannot be denied as a possibility. 

Table XV is a summary of the yield data from the 

pot experiments with Melbourne soil 1211 -2411 depth. As 

in the studies with the surface soil, a relatively close 

agreement is found between yield in dry weight and aver

age plant height as indications of response to the var

ious treatments, These are likewise summarized in the 

indices of growth. The calcium ethyl phosphate gives a 

slightly higher dry weight and index of growth with the 

8,000-pound treatment than the treble superphosphate; 

but with the lower treatments, the treble is superior. 

Nucleic acid again is sho~~ to be an effective phosphorus 

fertilizer only slightly inferior to the two mentioned 

above. Phytin is shovm to be totally ineffective except 

in the case of the 8,000-pound treatment where a slight 

gain over the 11 P-minus11 solution alone is observed. 

Most striking is the comparison of the responses to 

lecithin in the surface soil and subsoil. The responses 

in the surface are quite satisfactory - especially for the 

1, 2, and 4,000-pound treatments. On the other hand, the 
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TABLE XV 

YIELD DATA OF POT EXPERDiiENT NO. 2 WITH 
MELBOURNE SUBSOIL (12 11 - 2411 

) 

GROWING TOMATOES 

Rate Equiv. Average Average Index 
Fertilizer to Lb. Super. Dry Wt. Height of 

Treatment 12er Acre :12er Pot Growth 
lb. gm. om. 

Water only none 0.11 6.2 9.0 

Lecithin 1,000 0.65 9.6 17.2 
2,000 13.4 
4,000 2.53 15.6 37.4 
8,000 2.34 15.8 36.5 

Nucleic acid 1,000 0.63 11.4 19.4 
2,000 0.68 15.6 25.3 
4,000 3.22 25.8 55.6 
8,000 4.66 35.8 78.4 

Calcium ethyl 1,000 1.11 13.1 24.8 
phosphate 2,000 1.68 17.5 34.8 

4,000 2.90 23.4 50.3 
8,000 6.79 34,.0 89.9 

Treble super- 1,000 0.68 16.8 27.0 
phosphate 2,000 2.57 24. 7:· 49.8 

4,000 3.57 29.3 62.6 
8,000 6.52 34.6 88.9 

11 P-omit11 only none 0.43 11.6 18.3 

_.....-..Complete Nut. 7.65 37.4 10®.0 

Phytin 1,000 0.29 9.2 14.2 
2,000 0.39 9.5 15.3 
4,000 0.33 9.8 15.3 
8,000 0.67 12.7 21.4 
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lecithin treatments in the subsoil resulted in much 

less plant response. The comparison of these is 

shown in Figs. 10 and 11. The most logical explan

ation is that the surface soil contained a richer 

flora of micro-organisms more effective in the de

composition of this resistant organic phosphorus than 

was the flora of the subsoil. \~ether the difference 

in response was due to the actual numbers or kinds of 

organisms present, or to more favorable conditions of 

decomposition was not established. 

From the comparison of the relative effectiveness 

of the various fertilizers in the above studies on 

Melbourne soil the fertilizers are grouped in series of 

decreasing order of effectiveness: treble superphos

phate =calcium ethyl phosphate ) nucleic acid ) leci

thin ) phytin. 

The various responses discussed above and summar

ized in Tables XIII and XV are shown by graphical photo

graphs in Figs. 10 to 19. The black lines on the back

ground delineate the heights of the plants at 6 inches 

and 12 inches above the pots. In every case, the re

sponses are greater in the surface soil and marked in

creases in height are noted with the lighter applica

tions out of proportion to the responses found at the 

higher rates of treatment. On the other hand, the re

sponses on the subsoil are directly proportional to the 
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GRAPHIC COMPARISON OF 

SOIL POT TESTS ON THE EFFICIENCY OF 
ORGANIC AND I NORGANIC FERTILIZERS 

MELBOURNE CLAY LOAM 

Lecithin 

' ' 

l 
Fig. 10* 

1 

Fig. 11 

* The phosphorus fertilizer used is stated on the treat
ment with the 1,000-lb. equivalent. The depth of soil 
used is also stated on the card. The increasing incre
ments of fertilizer are designated by 2, 4, and 8 re
ferring to the equivalent of thousand pounds of super
phosphate per acre. Checks received water only. 
P-omit received 11 P-omit 11 solution as did t hose receiv
ing the special phosphorus fertilizer. Complete re
ceived a complete nutrient solution as needed. The 
black lines are 6 and 12 inches above the top of the 
pots. 
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Nucleic Acid 

Fig. 12 

Fig. 13 
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Calcium Ethyl Phosphate 
{Org-phos) 

Fig. 14 

Fig. 15 
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Treble Superphosphate 
(Treble) 

Fig. 16 

Fig. 17 



150 

Phytin 

Fig. 18 

Fig. 19 
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amount of phosphorus fertilizer added. 

Second Test with Tomatoes as Indicators 

The marked responses obtained with the tomato as 

indicator plant suggest the probability that failure 

to obtain responses in the rirst pot tests with sun

flowers. was due to the choice of indicator plant. It 

was decided to repeat the first experiment with the 

Aiken and Sifton soils using the tomato as indicator 

plant. The experiment included the phytin treatment 

as with the Melbourne soils. Another treatment, an 

application of 50 gm. of a rich composted n soil" per 

pot to a series of four was included. Only the max

imum treatments, the composted nsoil", and the controls 

were studied with the Sifton soil whereas the complete 

series of treatments were tested on the Aiken soil. 

The experiment was started January 23, 1941. 

At the time of this writing, the plants have not 

yet been .harvested. However, careful observations and 

measurements were made weekly. Tables XVI and XVII 

summarize the growth .data on the basis or the height 

of plants at 9 weeks after planting. The index of 

growth in these cases refer only to the relative heights. 

The previous tests on Melbourne showed that height was 

a good indicator where the plants were properly spaced 
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TABLE XVI" . 

GROWTH OF TOMATO ~LANTS ON ·AIKEN SOIL WITH 
VARIOUS FERTILIZER TREATMENTS 

(AT NINE WEEKS) 

Fertilizer Rate Equiv. Average Index* of Index1 of 
Treatment to Lb. Height Growth of Growth of 

Super. Tomatoes Sunflowers 
per Acre Exp. 1 

Water only 

Lecithin 

Nucleic acid 

Calcium ethyl 
phosphate 

· Treble super
phosphate 

11 P-omit 11 only 

Complete Nut. 

Phytin 

Compost 11 soil" 

lb. 

none 

1,000 
2,000 
4,000 
8,000 

1,000 
2,000 
4,000 
8,000 

1,000 
2,000 
4,000 
8,000 

1,000 
2,000 
4,000 
8,000 

none 

1,000 
2,000 
4,000 
8,000 

22,500 

*The nindex of Growth" 
height values. 

em. 

6.1 

12.0 
13.1 
21.3 
27.8 

16.0 
24.6 
31.9 
32.9 

13.7 
21.7 
36.6 
35.3 

1'7 .1 
32.0 
36.2 
35.0 

8.1 

34.2 

8.'7 
8.6 
8.6 

14.6 

28.6 

32.8 
35.8 
58.2 
'76.0 

43.'7 
6'7.2 
8'7.2 
89.9 

3'7.5 
59.2 

100.0 
96.5 

46.'7 
8'7.5 
99.0 
95.'7 

22.1 

93.5 

23.8 
23.5 
23.5 
39.9 

'78.2 

98.5 

95.0 
96.2 
99.8 
95.5 

90.8 
100.0 
93.5 
8'7.0 

93.5 
99.0 
9'7.4 
88.'7 

91.0 
94.5 
94.0 
85.8 

85.0 

refers here only to average 

1/ This column was made up of average height values only 
of sunflowers grown on Aiken soil with similar treatments. 
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Tl$LE XVII 

GROWTH OF TOMATO PLANTS ON SIFTON SOIL WITH 
VARIOUS FERTILIZER TREATMENTS 

{AT NINE \lVEEKS) 

Fertilizer Rate Equiv. Average Index* of Index1 of 
Treatment to Lb. Height Growth of Growth of 

Super. Tomatoes Sllllflowers 
per Acre Exp. 1 

Water only 

Lecithin 

Nucleic acid 

Calcium ethyl 
phosphate 

Treble super
phosphate 

11 P-omit" only 

Complete Nut. 

Phytin 

Compost "soil" 

none 

8,000 

8,000 

8,ooo 

8,000 

none 

8,000 

22,500 

* The 11 Index of Growth11 

height values. 

em. 

2.9 86.4 

5.1 97.6 . 

8.1 25.8 87.2 

14.9 4'7.6 95.8 

10.2 32.6 100.0 

5.7 •18.2 8'7.0 

2'7.2 86.8 

4.9 15.6 

100.0 

refers here only to average 

,!/This column was made up of average height values only 
of sunflowers grown on Sifton soil with similar treat
ments. 
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although it did not accentuate the responses to the 

extent that dry weight did. The average height rep

resents the mean of twenty plants. Great care was 

taken to insure proper spacing of these plants for 

normal growth. 

The indices of growth on the Aiken soil indicate 

that the maximum response was obtained with the 41 000

pound treatments of calcium ethyl phosphate and treble 

superphosphate. These values greatly exceed those for 

similar treatments with nucleic acid and lecithin and 

also the complete nutrient solution treatment. The 

values for the 81 000-pound treatments of the calcium 

ethyl phosphate and treble superphosphate are not ap

preciably lower than for the 4,000-pound treatments. 

No appreciable gain in yield over the 11 P-omit" solution 

alone was obtained with any except the 81 000-pound 

treatment of phytin and the response here was not es

pecially marked. Plants grown on the compost treatment 

were about three-fourths as tall as those fertilized 

with the 41 000-pound treatments of calcium ethyl phos

phate or treble superphosphate, even though the added 

phosphorus was nearly six times that represented in the 

above treatments. The efficiency of the fertilizers on 

this soil starting with the maximum are: calcium ethyl 

phosphate) treble superphosphate) nucleic acid) leci

thin ) phytin. 
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flowers and tomatoes in the form of indices of growth 

shows the marked sensitivity of the tomato. Lack of 

sensitivity of the sunflower as an indicator for this 

particular study is demonstrated. 

The responses of the tomatoes on the Sifton soil 

were much different from those observed on the Aiken. 

Table XVII .· shows that the maximum height was obtained 

with the compost and next was the complete nutrient 

solution. Only these treatments resulted in plants 

without symptoms of phosphorus deficiency and comparable 

in growth to the plants grown on the Aiken soil. Of 

the fertilizers applied, calcium ethyl phosphate re

sulted in the maximum response followed by treble super

phosphate with only two-thirds as great an average 

height. Nucleic acid was lower in efficiency and no 

marked response could be attributed to the treatments 

of lecithin or phytin. Compared to the average height 

of the tomatoes grown on Aiken, the growths were much 

inferior to the latter. However, the relative effic

iencies of the fertilizers were in the same order with 

calcium ethyl phosphate showing some superiority over 

treble superphosphate. 

Pictures of the plants were taken April 21, 1941, 

when the plants were three months old. Figs. 20 and 

21 show plants growing on the ~aximum treatments of the 
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various fertilizers and the compost treatment plus 

the checks and controls for the Aiken and Sifton soils, 

respectively. Figs. 22 to 26 show the responses to 

the increasing increments of the various fertilizers 

on Aiken. These figures portray in graphic form the 

measured responses summarized in Tables XVI and XVII. 

The pictures, however, were taken three weeks later 

than the height measurements used in the tables. 

Observations were made on the tomatoes the fourth 

week after planting. Records were kept of the obser

vations at two-week intervals. Tables XVIII and XIX 

constitute a summary of these observations. The lack 

of agreement between responses on one soil compared to 

the other with similar treatments is quite apparent. 

The chief conclusion to be drawn from these observations 

is that as the plants develop, the deficiency symptoms 

become less apparent. Whether this was due to changes 

in soil conditions, to greater liberation of inorganic 

phosphorus by micro-organisms, to an increased ability 

of the plants to extract the phosphorus from the soil 

by means of a more effective root system, or a combina

tion of these, was not established. In either case, 

the disappearance of the deficiency symptoms indicates 

an increased availability of phosphorus to the plants 

as they developed. 
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AIKEN CLAY LOAM AND SIFTON GRAVELLY 
SILT LOAM 

Comparison of Tomato Responses on 
Aiken and Sifton Soils with the Maximum 

Treatments of Fertilizers 

Fig. 20* 

Fig. 21 

* For explanation of the legend see Fig. 10. 
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Tomato Responses on Aiken Clay Loam 
With Various Phosphorus Fertilizers 

Fig. 22 

l-~-
Fig. 23 
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Fig. 24 

AII([M ' 

Fig. 25 

Fig. 26 



160 

TABLE XVIII 

PHOSPHORUS DEFICIENCY SYMPTOMS OF TOMATOES 
AT DIFFERENT GROWTH STAGES ON AIKEN SOIL 

WITH VARIOUS TREATMENTS 

Fertilizer Rate Equiv. At At At At 
Treatment to Lb. Super. Four Six Eight Ten 

12er Acre Weeks Weeks Weeks Weeks 
lb. 

Water only none 1*- 1 1 2 
I 

Lecithin 1,000 1 1 1 4 
2,000 1 2 5 5 
4,000 1 3 3 5 
a,ooo 2 5 5 5 

Nucleic acid 1,000 2 3 3 4 
2,000 2 3 5 5 
4,000 2 5 5 5 
a,ooo 5 5 5 5 

Calcium ethyl 1,000 1 2 2 5 
phosphate 2,000 2 2 2: 5 

4,000 2 5 5 5 
a,ooo 5 5 5 5 

Treble super- 1,000 2 2 3 5 
phosphate 2,000 2 3 5 5 

4,000 2 5 5 5 
a,ooo 5 5 5 ·5 

'' P-_omi t 11 only none 1 1 2 4 

Complete Nut. ----- 3 5 5 5 

Phytin 1,000 1 1 1 1 
2,000 1 1 1 1 
4,000 1 1 1 1 
a,ooo 2 2 2 3 

Compost 11 soil" 22,500 2 3 5 5 

*Legend: 1,2,3,4, and 5 are decreasing relative values 
of phosphorus deficiency symptoms. (For detail see 
Table XIX) 
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TABLE XIX 

PHOSPHORUS DEFICIENCY SYMPTOMS OF TOMATOES AT 
DIFFERENT GROWTH STAGES ON SIFTON 

SOIL WITH VARIOUS TREATMENTS 

Fertilizer Rate Equiv. At At At At 
Treatment to Lb. Super. Four Six Eight Ten 

:eer Acre Weeks Weeks Weeks Weeks 
lb. 

Water only none 1.,'} 1 1 1 

Lecithin 8,000 1 1 1 2 

Nucleic acid 8,000 1 1 1 3 

Calcium ethyl 
phosphate 8,000 2 2 2 3 

Treble super-
phosphate s,ooo 2 2 2 3 

11 P-omi t 11 only none 2 2 1 1 
___ .,._

Complete Nut. 5 5 5 5 

Phytin B:,OOO 1 1 1 2 

Compost " ·so1111 22,500 5 5 5 5 

~t- Legend: 1,2,3,4, and 5 are decreasing relative values 
of phosphorus deficiency symptoms: 

1: The plants are extremely dwarfed with purplish stems 
and ventral sides of leaves.. The dorsal side of the 
leaves is very dark green. The base of the epidermal 
hairs appear as dark purple specks. 

2: The plants show slightly less coloring than the 
above and better growth. 

3: The plants have a more healthy appearance with only 
light purple tints on the ventral sides of the leaves. 
The color in general is light green. 

4: The purple color is absent except in veins of leaves. 

5: No symptoms of phosphorus deficiency are present 
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Organic Phosphorus of Oregon Soils 

In connection with the foregoing studies, informa

tion on the inorganic and organic phosphorus of same 

Oregon soils was desired. Only a few soils could be 

studied. Representative soils. which have been used as 

experimental fertility plots by the Soils Department 

far a number of years were chosen. The studies were 

conducted only on the check plots. The soils were 

dried and ground to pass a 0.5 mm. sieve. Prior to the 

analysis the soils were again dried at 110°0. to re

move hygroscopic moisture. The soils were analyzed by 

the Dickman and De Turk method {1938). 

Table XX is a summary of this brief survey of Oregon 

soils. The western Oregon soils are grouped according 

to parent material and topographic location. The "total" 

phosphorus as obtained by oxidation of the organic 

matter is not in the strictest sense total as previously 

pointed out. Since some fixation may occur these 

values are less truly representative of total on soils 

with high fixing power. Because studies on recovery of 

added phosphorus give correction values vmich are only 

approximate, this precaution was not exercised. Such 

a precaution would hardly give a sufficient increase in 

accuracy to warrant its application in view of Burd and 

Murphy's {1939) theory that fixation is directly re
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TABLE XX 

ORGANIC PHOSPHORUS OF SOME OREGON SOILS 

Soil Type F h o s J2horus C o n t e n t 
In- Organic 11 Total" Organic 

or&anic Fraction 
p.p.m. p.p.m. p.p.m. per cent 

Western Oregon: 

Hill soils: 
Olympic c. L. 238 430 668J 64.4 
Aiken C. L. 140 215 355 60.6 
Melbourne c. L.: 

0 - 6" 96 192 288 66.8 
1211 -2411 33 84 117 71.8 

Old valley filling soils: 
Sifton Gr. Si. L. 1,945 775 2,720 28.5 
Powell Si. L. 1,166 278 1,444 19.3 
Willamette Si. L. 604 274 878 31.2 
Amity c. L. 536 336 872 38.5 

Recent valley soils: 
Chehalis Si. · L. 862 201 1,063 18.9 
Newberg s. L~ 652 210 862 24~4 
Sauvie Si. L. 410. 206 616 33.5 

Miscellaneous: 
Labish Peat 112 262 372 7t0. 5 
Compos ted 11 soil'' 8,150 650 8,805 7.4 

Central Oreson (near Sisters 2 Ore.l : 
Unclass if. s. soil 143 127 270 47.1 
(Irrigated) 
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lated to the saturation or the absorption complex. 

When the phosphorus is added for recovery studies, the 

absorption complex would be largely satisfied already 

in view of the presence of the extracted phosphorus in 

solution. The recovery values would not be representa

tive of the amount of native phosphorus actually re

tained by the complex. 

The group of hill soils is much lower in 11 total 11 

phosphorus and contains a much higher percentage of 

organic phosphorus than the two groups of valley soils. 

The mature valley soils contain the greatest amount of 

11 total 11 phosphorus of the tbree groups. The percentage 

of organic phosphorus in these soils is only half as 

great as in the hill soils but exceeds the percentage 

of organic phosphorus in the immature soils which are 

especially productive. This indicates that organic 

phosphorus in large amounts is not necessarily assoc

iated with soil fertility. In fact, in this survey of 

Oregon soils, there is an inverse relation of soil fer

tility to organic phosphorus. This was in agreement 

with the conclusion of Dyer and Wrenshall (19411). The 

high fixing power commonly associated with weathered 

bill soils apparently overshadows whatever significance 

the organic matter may have as a phosphorus carrier. 

On the other hand, organic matter of the weathered soils 

may be much more resistant to decomposition and less 
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active in the role of soil fertility than the or

ganic matter of immature soils. 

Because the Labish Peat is so high in organic 

matter, only 0.5-gm. samples were taken for analysis 

and variable amounts of peroxide were used to deter

mine whether oxidation was complete. It was found 

that the 25 ml. of H2o2 resulted in a ntotal" phosphor

us value in perfect agreement with the value obtained 

where 35 ml. of HZ02 were used. The low content of 

"total" phosphorus in the Peat was of interest. The 

high percentage of organic phosphorus was expected. 

The composted greenhouse nsoil11 of high organic 

content was extremely high in phosphorus. The low 

percentage of organic phosphorus was of particular in

terest. It seems that the response of plants on this 

soil from the standpoint of phosphorus nutrition is 

quite well confined to the realm of inorganic phos

phorus. 

The central Oregon soil, taken from the George 

Cyrus place where irrigation has been practiced for 

many years, is the lowest of the whole group in "total11 

phosphorus. However, nearly half the phosphorus is 

classified as organic. 
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DISCUSSION 

CHEMICAL METHODS 

The modified Truog and Myer method proved entirely 

satisfactory for the various phosphorus tests conducted 

in this study. The 15- to 20- minute time interval for 

color development was considered much more adaptable to 

routine analysis than the 5-minute period recommended 

by Dyer and Wrenshall (1938). From a study of their 

curves of changes in color fntensity with time, it was 

evident that the values were most constant at 20 to 30 

minutes. The most rapid change in values was around 

the 5-minute reading; which indicates that unless the 

readings are made exactly to the minute, far greater 

errors are likely to be involved than at the longer 

periods of color development where changes are much more 

gradual. The studies of color values with concentra

tions greater than 0.5 p.p.m. conducted in this research 

are the first reported on the ceruleomolybdate method 

for phosphorus where the agreement to Beer's law is 

found to hold at concentrations as high as 1.75 p.p.m. 

The extent to which the ammonium sulfate concen

tration of the test solution was increased by the addi

tions of ammonium hydroxide and subsequent neutrali

zation with sulfuric acid was calculated. In the orig

inal Truog and Myer test solution the concentration of 
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ammonium sulfate was approximately 680 p.p.m. The 

addition of 4 drops of the ammonium hydroxide per 100 

ml. results in a concentration of about 2,300 p.p.m. 

of the salt or an increase of three-fold. With 8 or 16 

drops of ammonium hydroxide the increases are 6- and 10

fold respectively. From the experimental data these 

increases were found to have no effect upon the develop

ment of color. To what extent these increases in con

centration could be carried is not known. The above 

range of concentrations show the flexibility of this 

method for use on solutions of varying acidity. The pro

visions for the stabilization of the stannous chloride 

make it possible to conduct a great number of tests with 

the same stock solution and therefore the results are 

consistently reliable. The methods of preparation and 

storage of the other reagents which have been established 

by other workers and compiled in this research insure 

the stability of these reagents for a long period of 

time. The insured stability of the reagents adds to tbe 

speed and convenience with which accurate phosphorus 

analyses may be made. 

The methods devised for the phosphorus analysis of 

plant material were found to be entirely satisfactory 

for the needs of this research. The difference between 

the total phosphorus and the inorganic fraction is 

called the organic phosphorus fraction. The method is 
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especially valuable in the determination of the phos

phorus of plants used in availability tests. It gives 

a quick and accurate measure of the relative availa

bility of phosphorus. The criterion of availability 

for any soil and treatment is judged from the relative 

amount of phosphorus absorbed by the plant. Where 

comparative tests were used, the concentration of phos

phorus in the plant material served as the indicator of 

availability. 

STERILE CULTURES 

The fact that the last test of sterile cultures 

with corn plants enclosed in flasks was not sterile for 

the whole duration of the experiment proved that such 

methods of sampling and exchange are exceedingly diffi

cult, and probably impossible to conduct under ordinary 

greenhouse conditions. The attempted sterility for the 

whole growth period was admittedly a failure. However, 

the method of conducting sterile culture studies with 

the plants enclosed in test tubes was definitely shown 

to be impractical. Growth of corn plants on the 11 P

minus11 solutions was equally as good as on the complete 

nutrient solution. If no responses could be demonstrated 

on these, then certainly no response could be expected 

with any type of phosphorus nutrition. The high humidity, 

the impediment to COz diffusion, and the rapid changes 
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organic phosphorus assimilation can be obtained only 

with sterile cultures. This is necessary as a first 

precautionary measure against hydrolysis of the organic 

compounds to yield inorganic phosphorus. Further studies 

must be made to measure the rate of hydrolysis of the 

compounds in sterile nutrient solutions. If it is 

possible, the presence of a phosphatase enzyme should be 

ascertained. If phosphatase is present as a root se

cretion of the plant, the effect upon the rate of hy

drolysis should be measured. Thus, organic compounds 

whose rate of hydrolysis is too low to furnish an ap

preciable supply of inorganic phosphorus for plants 

must be chosen. According to the reports by TeaKe (1929) 

and Tidmore (1930), the minimum constant concentration 

of inorganic phosphorus on which plants show normal 

vigorous growth in nutrient solutions is about 0.07 to 

0 •. 16 p.p.m. of phosphorus. Below this range, growth 

is proportional to concentration of phosphorus until 

the concentration is maintained at 0.02 to 0.03 p.p.m. 

This further demonstrates the lack of proof of organic 

phosphorus assimilation where tests have been made with

out sterile cultures. It also shows how low the in

organic phosphorus concentration must be maintained to 

prove actual assimilation of organic phosphorus even 

under sterile conditions. Obviously, the concentration 

of organic phosphorus and its hydrolysis constant must 
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be low enough to keep the concentration of inorganic 

phosphorus below 0.03 p.p.m., if possible, and cer

tainly well below the limit where phosphorus is no 

longer the limiting factor i~ growth. Under these cir

cumstances and with the use of a method of sterile 

culture similar to the modified Schulow method, it 

should be possible to obtain definite information. 

Careful analysis of the nutrient solutions and of the 

roots, stems; and leaves of the plants to trace the fate 

of the organic phosphorus should then contribute more 

information to the complex questions of plant physiology 

involved in phosphorus nutrition and assimilation as 

suggested by Weissflog and Mengdehl (1933). 

POT TESTS 

Pot tests proved the superiority of the tomato over 

the sunflower as an indicator plant for phosphorus de

ficiency. The very marked sensitivity of the tomato to 

phosphorus deficiency as indicated by deficiency symp

toms of stature and anthocyanin coloring make the tomato 

an ideal plant for such studies. Plants that are sen

sitive to phosphorus deficiency may not indicate directly 

the amount of phosphorus fertilizer required to grow a 

crop which is less sensitive, yet for studies of rela

tive values the sensitive plant is very useful. As a 

general indicator of phosphorus deficiency for research 
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work the tomato probably is unexcelled. To the 

author's knowledge, no other plant used as indicator 

has sho\vn such marked phosphorus de~iciency symptoms. 

The theory that organic ~arms o~ phosphorus 

might be more e~~ective than inorganic in acid soils 

because the organic is non-ionized ~ailed to be 

supported by the results of these pot experiments. 

At best, calcium ethyl phosphate could only be con

sidered on a par with treble superphosphate ~rom the 

standpoint o~ immediate yields. On the basis o~ phos

phorus content o~ the plants, the treble superphosphate 

gave a higher value than the ~ormer. The other or

ganics varied in degrees o~ i~eriority to treble 

superphosphate. The relative ef~iciency of the or

ganics as phosphorus ~ertilizers is apparently 

correlated with their ease of decomposition. Calcium 

ethyl phosphate in tests o~ hydrolysis was ~ound to 

be the most easily hydrolyzed. Nucleic acid was next 

followed by lecithin. Their effectiveness varied in 

the same order. The phytin probably was precipitated 

by iron or ~ormed some other insoluble combination in 

the soil because no marked response was ~ound in any 

case Where phytin was the source of phosphorus. All 

treatments with phytin were associated with extreme 

symptoms o~ phosphorus de~iciency in the tomato plants 

at the earlier stages of growth. As the plants de
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veloped, those receiving the maximum treatment of 

phytin showed slight advantages over the others and 

appeared to overcome some of the extreme phosphorus 

deficiency. 

The results of a single crop after the heavy fer

tilizations may not be a complete test of the relative 

efficiencies of the various fertilizers. It would be 

desirable to grow several successive crops following 

such treatments in order to measure the relative dur~ 

ation of the various fertilizers' effectiveness. If 

the organic phosphorus were fixed by the soil, it 

would be an unstable fixation; and the slow decompo

sition of the organic to inorganic would thus provide 

another source of phosphorus to the plants. The fact 

that the organics effectiyely nourished the plants 

immediately following their application proved they 

were almost as good as the treble superphosphate for 

obtaining quick results. The studies were of insuf

ficient duration to test the residual effects of the 

organics as compared to the inorganic phosphorus fer

tilizers. Perhaps more exact phosphorus analyses 

using the photoelectric colorimeter and tracing the 

rate of decomposition of the organics in the soil would 

forecast the residual effect which organic forms may 

manifest due to resistance to decomposition. The visual 

colorimetric method used in such a study on the Aiken 
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and Sifton soils indicated little or no increase in 

organic phosphorus in the soils as a result of the 

treatments. In fact no consistent increase in total 

phosphorus with the greater increments of fertilizer 

could be detected. 

From the classification of inorganic and organic 

plant phosphorus there is no indication that the or

ganic fertilizers effected an increase in the per

centage of organic phosphorus in the plant. However, 

no increase was expected as Weissflog and Mengdehl 

(1933), even where they obtained great increases in 

growth with the organic phosphorus in sterile cultures, 

found a slight increase in organic phosphorus only 

in the roots· and then only with phytin, nucleic acid, 

and glycerophosphoric acid. With the more easily de

composed organics, no proof of increased organic phos

phorus was found in any part of the plant. 

The fact that treble superphosphate was the most 

effective in building up the concentration of phos

phorus in the plant, and therefore conveying the phos

phorus to the plant from the soil indicates that on 

these acid soils inorganic fertilization is the most 

practical as far as the immediate crop is concerned. 

If organic phosphorus were absorbed to advantage, it 

was apparently also absorbed from soils treated with 

treble superphosphate. The complex changes in the soil 
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and the long range factor of time require further 

study to draw sharp conclusions on the role of or

ganic phosphorus in phosphorus nutrition to plants, 

especially where organic material is added to the soil. 

SURVEY OF OREGON SOILS 

The brief survey of the organic phosphorus con

tent of Oregon soils presents some interesting facts. 

The low 11 totalu phosphorus content of the weathered 

hill soils of western Oregon and the high percentage 

of organic phosphorus in comparison to the valley 

soils indicates that these conditions with respect to 

soil phosphorus are associated with matured and 

weathered soils rather than with a high degree of fer

tility. The more fertile and less acid valley soils 

are high in inorganic phosphorus and comparatively low 

in organic phosphorus. Native soil organic phosphorus 

represents a highly resistant and slowly decomposable 

organic complex. On the other hand, the easy decom

position of organic materials added to the soil as 

fertilizers is apparently the chief factor in their 

importance as phosphorus fertilizers. At least for 

the crop following the treatments, this was indicated 

by the pot tests. It was further demonstrated by an 

analysis of a greenhouse composted 11 soil. 11 It is 

generally known that such soils are especially desirable 
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for greenhouse work because of their good physical 

properties and high fertility. The analysis showed 

a concentration of total phosphorus at least three 

times greater than that of any soil studied in the 

survey of Oregon soils and only seven per cent was 

in organic combination. 

According to the foregoing study of phosphorus 

responses on acid soils, the phosphorus nutrition of 

the plants under normal conditions of growth seems to 

be chiefly in the inorganic realm. The organics are 

valuable insofar as they furnish inorganic phosphorus, 

and some of those studied did so quite satisfactorily. 

To have phosphorus fixed in the soil in organic com

bination instead of in inorganic combination with the 

mineral complex would seem quite desirable from the 

standpoint of plant nutrition. 
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SUMMARY 

1. A modified colorimetric method for the de

termination of orthophosphate phosphorus was devised 

which showed agreement to Beer's law from 0.05 to 
. 

1.75 p.p.m. of phosphorus. 

2. An apparatus for the storage of stannous 

chloride under hydrogen was described and illustrated. 

This preservation of the stannous chloride plus the 

noted precautions for preservation of the other re

agents gives reliable tests requiring only an occa

sional check for constancy of values in photoelectric 

colorimetry. 

3. A rapid and accurate method for the deter

mination of inorganic and total phosphorus of plant 

material was devised. The difference between these 

values was taken as the organic fraction of the phos

phorus. 

4. A method for growing plants in sterile cul

tures with the plants inclosed in flasks was devised. 

It was proved that such a method is unsatisfactory 

for studies of phosphorus nutrition especially in the 

case of corn. It was demonstrated that corn plants 

grew equally well in the phosphorus-free cultures as 

in those supplying an abundance of phosphorus under 

these conditions. 
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5. A modified 'method was devised to grow plants 

in sterile cultures with the aerial parts exposed. It 

provided for all the details of aeration, sampling, and 

replenishing the nutrient solution. Its feasibility 

as a method for study of organic assimilation of phos

phorus and other nutrients was demonstrated. 

6. Soil pot tests were conducted to compare the 

relative efficiency of various organic and inorganic 

phosphorus fertilizers on several acid soils. 

7. The efficiency of the various organic phos

phorus fertilizers on acid soils in supplying the immed

iate needs of a crop compared with treble superphosphate 

was in the following order: treble superphosphate = 
calcium ethyl phosphate ) nucleic acid ) lecithin) 

phytin. The ease of decomposition of the organics was 

apparently in the same order with the exception of 

phytin which was probably precipitated in the soil. 

a. The sunflower and tomato were compared as in

dicators of phosphorus deficiency. The sunflower was 

quite indifferent while the tomato was very sensitive 

to phosphorus deficiency. The sensitivity was reflected 

not only in growth but also in very marked anthocyanin 

color symptoms of the leaves and stem. It was recommended 

as an ideal plant for phosphorus studies and may be 

especially useful in sterile cultures. 
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9. A brief survey of the organic and of in

organic phosphorus was made on Oregon soils. The 

"total" phosphorus content of the western Oregon 

soils according to groups was: mature valley soils ) 

recent stream-bottom soils ) old residual hill soils. 

The percentage organic of the "total" phosphorus in 

these soils was: old residual hill soils ) mature 

valley soils ) recent stream-bottom soils. 
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