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INTRODUCTION 

It is a well known fact tha. t applications of sulphur to 

sulphur-deficient soils will very substantially increase the 

growth of legumes. However, applications of sulphur on the 

same ooils do not necessarily increase the grain production of 

o areal or ops. 

Previous workers have suggested that the marked effects of 

sulphates on leguminous plants can result either from a fertilizer 

action on tbe host plant, or through their influence on the growth 

of nodule bacteria. 

Ona of the major objectives in this study was to establim

which, if either, of these two factors was providing the main 

stimulus to the legume c:rop. To achieve this objective inoculated 

and uninoculated legumes -were grown with and without sulphur and 

with and without nitrogen fertilizer. At a suitable stage of 

growth yield data, and total nitrogen content of the plants and 

of the medium in which they were gr~vn, were determined. 

LITERATURE REVTh-w 

Scope of Literature Review 

This tYl>S of study involves a large number of factors. Con

sequently, although the major concern is the effect of sulphur on 

the symbiotic fixation of nitrogen by nodule bacteria ' it is 

necessary to appreciate other aspects of the problem, such as: 
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(1) The mechanism involved in the symbiosis of Rhizobium 

bacteria with legumes. 

(2) The conditions which centro 1 nitrogen fixation and 

excretion. 

{3) The nutrient requirements of roth the plant and the 

nodule bacteria. 

All of the sa factors are considered in the :fb llowing review 

of literature. In addition, some attention is given to the use 

of nutrient ro lutions in pot cultures, as in the latter :parts 

of this study tests were conducted in vermiculite plus nutrient 

solution. 

Discovery and Classification of Nodule Bacteria 

Russell (56) in his text makes reference to several of the 

earlier workers associated with the discovery of the nodule 

bacteria and their ability to fix atmospheric nitrogen. Thus, 

J. Lachman in 18.58 found tba. t bacteria were present in the nodules 

of legumes. lv!oreover, he reported t.ha t the nodules were connected 

with the nutrition of the plant. H. Hellriegel and H. Wilfartb. 

in 1886, came to the conclusion that tlle bacteria in the nodules 

assimilated gaseous nitrogen, and then banded on some of the 

resulting nitrogen compounds to the plant. The organism associated 

with the nodules was isolated by M. w. Beijerinck in 1888, and it 

was given the name Bacillus radicicola. Since the time of 

Beijerinck the nodule bacteria have been reclassified into the 

genus Rhizobium.. 
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There are a nllllb er of strains or nodule bacteria. It has 

been thought tba t, each legume species is specific to its parti

cular strain, although, the same strain of bacteria may infect 

and fix nitrogen in several different species af legume. As a 

result, Fred et ~. ( 28) have classified the nodule bacteria into 

cross inoculation groups. For instance, the nodule bacteria 

which can infect and fi:x: nitrogen in alfalfa, sweet clover, bur 

clover and fenugreek, are known collectively as Rhizobium 

meliloti. 

In recent years various workers have shown that the classifi

cation into cross-inoculation groups is not too satisfactory. 

Wilson (76) decided that there was far too much overlap between 

cross-inoculation groups. He found nany strains that will infect 

legumes from several cross-inoculation groups. Aughtry (11) 

tested different strains of g. meliloti on different strains of 

alfalfa. Three strains reacted the same to certain alfalfa 

plants and differently to others. Aughtry concludes that because 

a given ~edica&Q. plant symbioses with a given strain of g. meliloti, 

this is not sufficient basis for a3suming tba t other plants of 

this genus will symbiose -with the same strain. Similarly, Wilson 

~ al. {80) have demonstrated that two strains of Rhizobium may 

be Of comparable efficiency on one variety of a leguminous plant, 

but may differ greatly in their efficiency on another variety of 

the same species at leguminous plant. Sears (.58) reports that 

for each species or variety or strain of host plant, there is an 

effective strain of bacteria, 'Which is also ineffective on other 
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species, varieties or strains. 

Symbiosis Between Rhizobium spp. and Legumes 

Infection of the root 

Nodule bacteria can exist in a number of different 

forms including rods, cocci and so-called bacteriods, which 

are highly vacuolated cells. Thornton and Gangulee (66) 

found that the rod forms, which are motile, could move about 

an inch in the soil every 24 hours. However, there is a 

lag before this rate is attained. 

Buchanan and Buchanan (18) give a diagrammatic 

representation of the life cycle of nodule bacteria. In 

this cycle the bacteria form coccoid cells after entering 

the root hair. They then become motile and elongate and 

then frequently assume unusual shapes. Before these peculiar 

shaped bodies were positively identified as bacteria they 

were termed "Bacteroids" because of their resemblance to 

bacteria. 

As explained by Lockhead {47) the bacteria only multiply 

in the soil when they come into contact with the roots of the 

legume. Thornton (64) found that nodules appear as soon as the 

true leaves develop. Infection took place through the tip of 

the root hair and a curling of the root hair tip was seen to occur 

at time of infection. Once inside the root hairs the bacteria 

form infection threads which pass into the cortex. Zoogloeal 
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masses then develop and within them are produced masses of bacteria, 

which are released into ihe cytoplasm. Then infected host cells 

swell and nodules are formed. 

Only a snall fraction of the root hairs become infected am 

relatively few infected root hairs produce a nodule. For example, 

Russell (.56) refers to a study ma·de by E. :McCoy in which the Ja ttar 

found that alfalfa plants when six weeks old had only .5 per cent 

of their root hairs infected; and under 2 per cent at those infected 

led to the formation of a nodule. 

Fixation of nitrogen 

Greaves and Jones (34) say that legumes feed on available 

nitrogen in the soil and turn to atmospheric nitrcgen only if the 

soil nitrogen is reduced to a level where it cannot meet the 

ne ads of the growing plant • 

Virtanen (?1} reports that as soon as nodules are fonmed, 

nitrogen fixation can be detected. 

Erdman {24) points out tba. t the average fixation of nitrogen 

for alfalfa is 100 lb. per acre per year. This figure is based 

on results obtained from many pot experiments and a few field 

tests. Legumes in general may fix .50 - 100 lb. or more of nitrogen 

pe.r acre per year, depending on the plant, the soil and the climate. 

Lockhead (47) presents some information on the amount of 

nitrogen fixed by nodule bacteria. He states that under average 

conditions, approximately two-thirds of the nitrogen in a legUllB 

crop comes from the air. Comparisons -were made between inoculated 
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and uninoculated alfalfa crops at Kapuska sing, Ontario, and 

Beaverlodge, Alberta. Kapuskasing shoN ed definite but moderate 

incr·eases in total nitrogen obtained, vvith inoculation. On the 

other hand, at Beaver lodge the increase in total nitrogen was 

very striking and amounted to ap:proxinR tely 200 :r:er cent. In 

conclusion, Lockhead suggests that complete removal of a legume 

crop may leave the soil little or no richer in nitrogen, but 

even so this is better than grovving a non-legume. 

Baldwin {12) points out that a good crop of legumes \!Vill 

return 50 - ?5 lb. of nitrogen to the soil per acre per year, 

if the crop is returned to tre soil. 

There are several reports indicating that legume seed should 

be inoculated, even though it is to be seeded on soil kno~n to 

contain the necessary strain of nodule bacteria. Erdman and 

Burton (25) found tha. t inoculation with effective cultures was 

necessary for peas, even though the soil was well supplied with 

natural nea bacteria. Thornton ( 6.5) reports that nodule bacteria 

can surv iva at least 11 years in soil without the legume, provided 

the soil is well rupplied with lime. Even so, inoculation 

at Rothamstead greatly increased infection and yield even when 

"wild tt strains of bacteria were present. In an earlier paper 

'11hornton (63) summarizes the results obtained from 39 different 

centres. Increased yields of forage were obtained with inoculation 

at several points. Ivioreov er, he states that inoculation may 

increase the nitrogen content of the forage, v~i thout an increase 

in yield, although in most cases there is an increase in 

both. Arny and Thatcher (9) found considerably more protein 
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in the dry matter from inoculated versus uninooulated plots. 

The ratio of roots to tops changed from 2.20:1 for inoculated 

legumes to 1 • .56:1 far uninoculated legumes. Hofer (38) did 

a survey of various fitids of canning peas in Ne-w York state and 

totmd tb3. t 40 per cent of the fields gave increased yield vvhen 

inoculated. The increases in yield ranged from. 10 - .5.5 per cent. 

Jones and Tisdale (44) tested the effects of various soil 

temperatures on the development af' certain legwnes. Peas were 

dwarfed at 30 ° c. and red clover dev,eloped poorly at 36° c. 
Alfalfa and soy beans still grew well at 36 ° c. However, alfalfa 

tended to produce most nodules at intermediate temperatures 

( 1.5 - 30 ° c.) with a sharp drop at 10 - 12° C. and 3.5 - 40° c. 
Virtanen and von Hausen (72) have dane a considerable 

amount of work on the effectiveness of different strains of nodule 

bacteria. Thus, yields of peas obtained from inoculation with the 

best strain were about 10 times greater than that given by the 

weakest strain. In addition, the best crop bad a much higher 

percentage of nitrogen than that found in the poorest crop. In 

a more recent paper Virtanen ( 7.5) describes how the first nodules 

formed on the roots of peas by an ineffective strain prevent later 

infection by an effective strain, at least until an advanced 

stage of growth. By inoculating some pea cultures -with an ef

fective strain and others Viith an ineffective strain, he was able 

to ascertain the amount of nitrogen fixed by the bacteria and 

the amunt of combined nitrogen taken up rrom the soil. 

In yet anotb;er paper Virtanen and von Hausen {73} show that 
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although an ample formation of nodules takes place in the roots 

of peas grown in sterile nutrient solution, the activity of the 

nodules is strongly suppressed, obviously due to a lack of air 

in the liquid. However, the nodules had not lost their powers 

of fixing nitrogen, as evidenced by the fact that a powerful 

fixation set in when the roots were exposed to air through 

partial removal of the liquid. The authors concluded that it 

is highly probable that a higher or lower air content of the 

soil will have a decisive influence on the activities of the 

nodule. 

In a publication put out by the Canada Department of 

Agriculture {8) reference is made to the fact that the presence 

of nodules on the roots of a legume is no guarantee that 

fixation is occurring at a satisfactory rate. Large nodules 

near the top of the root system are indicative of more efficient 

nitrogen fixation than smaller nodules over the whole root system. 

Virtanen's discovery that the efficiency of nitrogen 

fixation can be detected by chemical means is described by Garrard 

aad Jordan (31). The test is based upon the detection of the 

presence or comparative absence of haemoglobin pigment, termed 

leghaemoglobin, found within the nodules of leguminous plants. 

The concentration of this pigment within the nodules bears a 

distinct relationship to the amount of atmospheric nitrogen fixed~ 

Wilson (78) has shown that the carbohydrate - nitrogen 

balance within the legume plant has a direct bearing on the effi

ciency of the nitrogen fixation process. He lists 5 different 

sets of conditions as follows:-
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( 1) Low carbohydrate -- lCM nitrogen. 

Under these ai.rownrtanoes invasion by nodule bacteria, 

development of nodules and nitrogen fixation are 

decidedly restricted 

( 2} Medium carbohydrate -- low nitrogen 

This favours the factors mentioned in (1) above. 

(3) High carbohydrate -- lCM nitrogen 

This favours bacterial invasion, but is unf' avourable 

to the developm9nt of nodules and the nitrogen fixation. 

{4) Low carbohydrate -- hign nitrogen. 

This inhibits the fact~s in (1) above. 

(5) High carbohydrate --high nitrogen 

This favours the development of nodules and the fixation 

of nitrogen. 

Excretion of nitrogen 

Virtanen and von Hausen (74) conducted experiments using 

mixed cultures of peas and oats grown in nitrogen-free sand. 

Where the pea seeds ware inoculated with the nodule bacteria, 

the oats received sufficient nitrogen manuring from the root 

nodules of the peas, provided tbat only 1 or 2 oat plants were 

grown with eaoh pea plant. It the relative amount of oats was 

increased, their growth was weakened. In a similar test using 

red clover and meadow foxtail it was found that:-

(a) In the first summer each clover plant could supply 
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sufficient nitrogen manure to support but 1 foxtail plant. 

(b) In the second slliDIIer, each clovet plant could supply 

1 or 2 foxtail plants with nitrogen. 

Virtanen and von Hausen concluded that the nodule bacteria 

could satisfy not only the nitrogen demand of leguminous plants, 

but also that of the grasses growing with them. 

In a later paper Virtanen and von Hausen (73) conceded that 

the tests described above were not proof for the excretion or 

nitrogen compounds by nodules, since the action of free living 

nitrogen fixers was not eliminated. As a result they set up 

tests using sterile cultures of peas, and suction flasks con

taining quartz sand as culture vessels. Nitrogen was found to 

be excreted by the pea plants into the sand. In none of 1he 

cultures could decomposition of the 10ots or nodules be observed 

microscopically, even at the end of the growth period. Thus, 

the excretion of nitrpgen appeared to be not a result of the 

decay of nodules or of the roots of maturing plants. To demon

strate whether or not the powerful excretion of nitrogen compounds 

in sand cultures might be attributed to wounding of the root 

surfaces by the sharp edged sand particles, comparative tests 

with agar cultures were made. It was found that when access 

of air to the agar was facilitated, a distinct excretion of 

nitrogen compounds took place. 

Wilson {79) found it very difficult to demonstrate that 

legume plants excreted nitrogen wnen he conducted tests at 

Wisconsin. However, when he went to Finland and conducted tests 
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in Virtanen's surroundings, he found definite evidence of excre

tion. A few years later iNyss and ~vilson ( 82) reported that in 

many cases, a oompanion crop failed to benefit -when grm1n in 

association ~r.AJith a legume at Vvisconsin. :t,1oreover, they conclu¢ied 

that environmental factors influence excretion. In ~ later 

study 1Jlfilson and Burton (81) shovved tba t nitrogen excretion occurs 

only under certain conditions. On long hot SUlRmer days, they 

could only get excretion by shading the legumes to reduce the 

rate of carbohydrate synthesis. Iviost excretion occurred when 

legumes were .grovvn at a fairly cool t emye ratur e, under light 

of low intensity but rather long duration. 

Prevention of Chance Inoculation 

Miller (.50) grevv red clover in unsterilized sand in open 

containers. Soil extract was boiled and then added to the sand 

as a nutrient sotl.l'ce. The nlants were not inoculated viith nodule 

bacteria and no nodules develo~ed on any of the roots. 

Virtanen ( 70) tested the efficiency of different strains of 

red clover nodule bacteria. Earthenware j3.rs of two and a half 

gallons capacity were filled v'liith nitrogen-free qm rtz sand, the 

pH of which was adjusted to 6.5. 111~Venty seeds of red clover were 

sov;n in each jar. Ten different strains of bacteria were tested. 

Seed in the control ,jars was not inoculated. All ~rs were watered 

daily vvith nutrient solution. As tile nutrient oolution was nitrogen

free, the gro'W th of :plants de];)ended entirely on the f ix.ation of 

atmospheric nitrogen, by the nodule bacteria. This could easily 
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be seen from the control jars, wherein growth ceased as soon as 

the supply of nitrogen in the seed was exhausted. 

In the two tests nantioned above, only very limited precautions 

were taken to prevent introduction of foreign strains of nodule 

bacteria into the pots. Nevertheless, both Miller and Virtanen 

were sa;aocessful in their attempts to produce uninoculated legume 

plants. 

Miller (51) sterilized soil in pots at 120° c. dry heat for 

six hours. The pots were then planted with red clover and some 

pots were inoculated with a suspension of nodule bacteria in 

water, while other pots were left uninocula ted. All plants in 

this test develo~d nodules. 

Hopkins ~ al. (41) refer to the problem of legune plants 

becoming contaminated with foreign strains of nodule bacteria. 

They say that even plants grown in flasks plugged with cotton 

wool can get contaminated -when left in the greenhouse far two 

months. 

Wilson ~ al. (80) found that they could prevent contamina

tion by foreign strains of nodule bacteria by using special 

chambers. These were n:ade by covering a light wooden fran:ework 

with pliofilm. Uninooulated controls were kept free of nodules 

by cultivating them in these chambers, although similar uncovered 

controls almost invariably became inoculated with stray organisms 

from the air. 

Roberts and Olsen {56) tested the relative efficiency of 

strains of ~izobium trifolii. They say that several plants not 
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receiving inoculum became contaminated in spite of the fact that 

the seed was surface sterilized and the soil was steam sterilized. 

Hofer (39) made tests f'or efficiency on a number af' cultures 

of root nodUle bacteria. He states that unless care is used to 

prevent contamination of the control plants during the long growth 

period necessary to bring about the rnaximum differences, differemes 

will not be great. He refers to studies carried out at the 

Geneva station, ~hich show that a system of moisture control in 

the medium in vvhich the plants are grown prevents contamination. 

Erdman and Burton (25} tested strain variation and host 

specificity of Shizob~ leguminosarum on various pea varieties. 

They grew pea plants in one-half gallon earthenware glazed jars. 

A layer of coarse gravel was placed in the bottom of the jars 

and a watering tube was placed dovvn the side of the jar v• ith its 

lower end resting on top ar the gravel layer. The jars were 

filled with washed nitrogen-poor pit sand. Each jar received 

600 ml. of Bryan's modification of Crone's nutrient solution. 

They were sterilized at 15 lb. pressure far six hours. Pea 

seeds were disinfected, germinated, inoculated and planted. Then, 

a thin layer of fine sterilized gravel -was added to the suEface 

of each jar to form a mulch and prevent aerial contamination. 

The plants vvere watered with sterile distilled water and every 

2 ~eeks sterile nutrient solution vfas added. All liquids were 

added through the V¥ atering tube. The ·wa taring tubes were kept 

plugged with non-absorbent cotton~.~ ool. Of 24 control jars, 

only one oontamina. ted. 
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Burton and Br iggeman ( 19 ) used a similar procedure to tba t 

outlined above. However, instead of sand they used vermiculite 

because of its greater capacity to hold air and water. In addition, 

they applied trace elements in their nutrient solution. 

As early as 1917 Truesdell (69) appreciated that legume 

seed itself was a source of contam.im tion for nodule bacteria. 

He sterilized alfalfa seed with a dilute solution of mercuric 

chloride before planting. However, it has not been until fairly 

recent years tha. t research workers have realized that even after 

legume seed is treated vd th a sterilizirg agent such as mercuric 

chloride, it is still likely to carry live bacteria. Ash and 

Alle.n (10) compared various methods for the surface sterilization 

of leguminous seed. They say tbat bacteria can get into the small 

craeks and crevices on the seed coat where they my be protected 

from the sterilizing agent. Thus, they found it necessary 1D 

incubate treated seed on agar in Petri plates. Contaminated seed

lings could usually be detected by hand lens at the end of 24 

hours incubation. However, the maximwn number of contaminated 

seedlings could not be detected until after 72 hours incubation. 

It was foWld that even after treating wi tb. a 1 :;oo solution of 

HgC12 for one hour under vacuum, 18 per cent of the seed still 

carried live nodule bacteria. They concluded that treatment of 

legume seed with a solution of 9.5 per cent ethyl alcohol, followed 

by 1:.500 HgC12 solution, was one of the more effective methods 

of sterilizing the surface or seed. Hcmever, even after being 

treated in this manner, it would still be ne oessary to incubate 
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the seed on agar to ensure that only bacteria-free seedlings 

were selected for planting. 

The Response of Legumes to Sulphur 

A nutrient element sli~ted in agricultural research 

As early as 1848, Johnston (43) stated that there was no 

question that sulphates were really useful to vegetation. MOre-

over, he reported that gypsum was especially adapted to the pea, 

bean, and clover crops. Nevertheless, since these statements 

were made, the role of sulphur as a plant nutrient has been given 

only limited attention. As late as 1940, Alway (3) described 

sulphur as a nutrient element slighted in agricultural research. 

In 1902 Fraps (27) pointed out that much sulphur was lost 

from plant rraterial when subjected to the ash analysis method 

of determination used in the nineteenth century. Thus, by better 

methods of analysis it could be shown tm t plants required far 

more sulphur than had been appreciated previously. 

In 190.5 Dymond et al. (22) reported on the influence of 

sulphates upon the yield and feeding value of various crops. 

The authors lamented the fact that, at the time, any useful 

effect produced by gypsum was often ascribed to indirect action, 

such as the liberation of other constituents from insoluble 

soil compounds. Moreover, they pointed out that sulphur is an 

essential element for plants, and in the quantitative composition 

of plant material takes as important a position as phosphorous. 
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Mehring and Bennett (48) in 1950 showed that the ratios of 

sulphur as SO:;, to }!Otassium as K20, phosphorus as P205, and 

Nitrogen as N, are respectively o.:; to 0.6, 0.4 and 1.0, in all 

crops harvested in the u.s.A. They say, in spite of this, sulphur 

is usually classified as a secondary element. 

Effect on yield 

There are several references indicatir~ that applications 

of sulphur compounds made to sulphur-deficient soils.give marked 

increases in legum yields. For instance, Powers (53) in 1923 

reported that clover and grain yields in Oregon were increased 

from 25 :per cent to 50 per cent by applying sulphur. Up to tm 

time of this v; ork there had been a tendency to consider tb.a t 

sulphur from the air , plus the sulphur in fertilizers as an 

impurity, was sufficient for all plant grow tb., and that further 

applications were superfluous. Crocker (20) reported that yields 

of alfalfa in Oregon were increased be~~een 500 per cent and 

1000 :r:er cent by a p:plications of sulphur. Hrn ever, increases 

in yields of grain cro:ps were not always evident when sulphur 

was ap:9lied to these soils. Schalin (58) found tba t ap:9lications 

of sulphur to White Fox sandy loam in Saskatchewan increased 

the yield Of alfalfa hay by 300 per cent. 

The marked increases in yield mentioned abov·e are not always 

evident when sulphur is applied to legumes. lv1iller {.50) founi 

that applications of CaS04, Na2S04, and elemental sulphur to 

unsterilized 1\U:edford loam in pot cultures, all gave substantial 
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increases in the yield of red clover. In a later study, Miller 

(.51) again used Medford loam in pot cultures. However, in this 

case the Medford loam was sterilized at 120 ° c. dry heat for 6 

hours. Under these conditions, applications of Cat)04 and Na2so4 

failed to increase the production of red clover. Miller con

cluded tba t as the soil .ba. d been heated there was perh~ps oone 

change in degree of solubility of soil minerals and in the 

biological flora. 

Bardsley (13) also reports that manipulation of soil to be 

used for pot cultures has an effect on the availability of sulphur. 

He says that with intensive cropping, surface soil in the green

house apparently bad exhausted its sulphur supply. However, after 

a period of drying followed by screening and rewetting, the soils 

sulphur supplying power was restored. Barrow (14) in a recent 

piper points out that the pots themselves may be a source of error 

in conducting experiments with sulphur. He used glazed pots of 

one kilqgram capacity and noted considerabl~ variation in plant 

growth within treatments receiving no sulphur. Subsequent 

examination showed tba t several badly glazed pots c.ontained 

sufficient quantities of sulphur to support good plant growth. 

When two badly glazed pots were pulverised and subjected to 

sulphur analysis, one which was unused contained no sulphur, 

but one used recently for a sulphur treatment contained about 

40 mgm. of sulphate sulphur. Eaton {23) experienced considerable 

difficulty in getting sulphur deficiencies to appear on soybeans 

when grown in quartz sand and nutrient solution in two-gallon 
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glazed crocks. He found that it took four weeks before any 

sulphur deficiencies appeared on soybeans. Gaw and Soong (32) 

got increases in the yield of peas with the use of Caso4 and 

FeS04, but no yield increase with Na 2so4 and ZnSo4 • lf10reover, 

they found that K2so4 depressed the yield of peas. Swanson and 

Miller (60) refer to investigations made in Kansas where K2S04 

did not increase the yield of alfalfa on other crops. 

Effect on nodulation and nitrogen content of legumes 

Wilson (??) tested some twenty-one sulphates on soybeans and 

found tbat in relatively weak concentrations they generally 

depressed nodule production. Duley (21) reports that elemental 

sulphur used alone gave snall increases in nodulation and dry 

weight of roots. However, lime plus N P K and sulphur gave very 

substantial increases in nodulation and root development. 

:Miller (.50) suggests the sulpba.tes stimulate the action 

of legume bacteria and that this explains why legumes produced 

under a plentiful supply of sulphur have a higher nitrogen oontent 

than those grown in soils lacking sulphur. He found that applica

tions of sulphur increased the per cent nitrogen content of legumes. 

Neller (.52) and Powers (54) also report that there is an 

increase in per cent nitrogen content of legumes due to the use 

of sulphur. Furthermore, Neller claims that sulpha tes have an 

indirect effect on legumes through their direct action upon the 

nitrogen fixing organisms. Gaw and Soong (32) say that CaS04 and 

FeS04 improved noaulation in peas, but other sulphates, inc~uding 
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K2so4, decreased nodulation. They conclude that the effect 

of sulphates on leguminous plants may be explained on the 

basis of two factors:-

(a) They act as fertilizers supplying the sulphur 

needed for plant growth. 

(b) They act on nodule bacteria influencing nit~ogen 

fixation. 

Of these two factors, Gaw and Soong felt that the(Z~~NlV£ ~~" 

'-
Rs; , 

second was more important. l£3~ ry~ 
~~-1. 4 F? y 

Thomas et al.(61) applied high and low levels of ~,s~~lc· M 
tiEWAr·i 

nitrogen, and high and low levels of sulphur, to alfalfa in 

nutrient solution. In pots with low nitrogen and high sulphur, 

more nitrogen was found in the vegetation than was taken from 

the nutrient solution; the roots of these plants were well 

nodulated. With low nitrogen and inadequate sulphur, net 

losses of nitrogen were about 12 per cent. High nitrogen 

plants were nearly free of nodules. High nitrogen - low 

sulphur plants had an appreciably higher nitrogen concentration 

than all other plants. With a high level of nitrogen in the 

nutrient solution, 15 - 34 per cent more nitrogen disappeared 

from the solution than was found in the crop. The authors 

presumed this loss was as elemental nitrogen. The sulphur

levels had no significant effect on nitrogen loss. 

Anderson, and Spencer (5) found that sulphur deficient 

legumes treated with nitrates showed typical symptoms of nitrogen 

deficiency, but frequently contained a higher per cent total 

nitrogen than did corresponding sulphate treated plants. More-

over, sulphur deficient legumes treated with nitrates had a 
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higher percentage of non-protein nitrogen and a low percentage 

of protein nitrogen. Sulphur dericiency, like added combined 

nitrogen, decreased the number and size of nodules. Anderson 

and Spencer concluded that sulphur does not exert an influence 

on the actual process of symbiotic fixation. It appears to 

increase symbiotic nitrogen fixation ~imarily through its 

effect on nitrogen metabolism within the plant. 

In another paper, Anderson and Spencer (6) state that subter

ranean clover deficient in sulphur showed symptoms of nitrogen 

deficiency with a low per cent total nitrogen. In addition, 

clover deficient in sulphur had rewer nodules than the treated 

plants. 

Bledsloe and Bla. ser ( 15) noted that there was an increase 

in per cent nitrogen content of various legumes when sulphur 

was applied. 

Effect on plant composition 

Rendig (55) reports that the total amount of sulphur in 

alfalfa usually falls in the range 0. 20 - 0.40 per cant of the 

dry weight. HOViever, alfalfa grown in nutrient solution lacking 

sulphur have values of 0.10 :per cent or less. 

Miller (50) found that red clover plants grown in sulphur 

deficient soil conta:ined only .037 per cent sulphur. v'lhen the 

same soil was treated with Caso4 or elemantal sulphur the red 

clover contained in excess of 0.2 per cent sulphur. 
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Anderson and S:;encer (6) shovv that s ul:phur deficient subter

ranean clover contained only .0.58 per cent 8, V'lhereas plants 

provided v~i th Mnso4 and K2so4 oontaine d respectively 0.319 per 

cent and 0.244 per cent sulphur • These increases -were obtained 

from applications of 0.0.58 gm. of sulphur ys r pot. 

Gilbert (33) states tm t sulphur occurs in nlants chiefly 

in :proteins, volatile compounds and sulphates. '11he sulphur of 

proteins is centred in the amino acids, cystine and methionine, 

found in all plants. The sulphur bearing vitamins, thiamine and 

biotin, are also essentia 1 to plant metabolism. In the inorganic 

form, sulphur occurs principally as sulphates. As much as 6.5 

per cent of the sulnhur found in certain plants is in this form. 

Kingsley (46) refers to a survey he did, in which he found 

that the standard varieties of alfalfa are deficient in the sulphur-

containing amino acids, methionine and cystine. He found that 

the other nutritionally important aminm acids were present at 

levels that are presurra bly sa tis factory for good aninal nutrition. 

Moreover, he notes that methionine and cystine sulphur rrake up 

approxima. tely 20 p:; r cent Of' the total sulphur in a 1f alf a. 

Thomas et al. (62) renort tba t sulphur deficiency symptoms 
.._..... --- ....... 

could be expected to occur only if nutrient solution contained 

less than 1.5 to 2.0 p.::_:>.m. of sulphate sulphur; and J)rovided 

the nutrient rolution was the only source of sulphur. With less 

than 1.0 p.p.m. of sulphate sulphur in nutrient solution, there 

was very definite evidence of sulphur deficiency in their plants. 
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Effect of atmospheric sulphur 

Alway et ~· (4) found tbat the annual fall of sulphur in 

dust, rain and snow in Minnesota varied from a maximum of 100 

lb. per acre in industrial regions, to less than ; lb. per acre 

in rural districts. Furthermore, they state that at the most, 

only a very small part of an alfalfa crops needs can be obtained 

through the leaves. Thus, not more than 0.75 lb. of sulphur per 

acre should be ex~cted by direct absorption of so2 • If it is 

assumed that the average concentration of SD2 in the air is 0.05 

p.p.m. by volume, this can be considered high even in the vicinity 

of towns, and 31.5 p.p.m. of co2 , there would be only one part by 

weight of sulphur to 2,362 pirts of carbon. From this the 

authors reason that even under comparatively high concentrations 

of so2, its absorption by the leaves might be expected to supply 

not more than one sixteenth of the alfalfa's total requirements 

for sulphur. 

Thomas ll &• (62) checked the efficiency of 802 as a source 

of sulphUt' nutrition for alfalfa. They fumigated the plants with 

S02 at a concentration of 0.1 p.p.m. for six to seven hours per 

day; six days per week, ihroughout the growth period. They caiiB 

to the decision that S02 applied to leaves is not as efficient 

as sulphur applied to the roots. After absorption of the S02 

by the leaves and oxidation to the sulphate, the latter tended 

to remain in the leaves and was only slovwly translocated to other 

:r:arts of iile plant. 
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Fried (30) checked the absorption of so2 by plants using 

radioactive sulphur. It -was demonstrated that alfalfa plants 

can take in S02 through the leaves and corwert it into organic 

sulphur compounds. Fried concluded that atmospheric so 2 is a 

source of sulphur in the nutrition of plants. 

The Influence of Other Plant li!lements on the Symbiotic Fixation 

of Nitrogen 

Nitrogen 

Allison and Ludvvig (2) state that nodulation decreased 

when legurcte s were supplied v•i th liberal amounts of combined 

nitrogen. They felt tba t this decrease in nodule formation was 

brought about by inadequate carbohydrates in the roots. Thus, 

where nitrogen was abundant, the carbohydrate synthesized \~~Jas 

used for top growth and little was available for the growth of 

roots or nodules. Alliron and Ludvvig concluded th9 t nodules 

grow only v.he re enough carbohydrate is present to allow at least 

a moderate root growth. 

NoduJa tion v•as decreased by high nitrate, short day, and 

shading ace or ding to a report by Hopkins (40). Shaded nlants 

were generally lower in carbohydrate than the unshaded ones, 

and hi$er in all farms of nitrogen. NodulAtion was not favoured 

by treatments v~hich resulted in the accumulation of soluble 

nitrogen; but conditions v~hich produced .hig,h carbohydrates in 

the plant favoured nodule development. 
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Thornton (66) reports that living nodule bacteria and their 

sterile secretions not only cause deformed grov;th of root hairs, 

but also stimulate an increase in the number and growth of root 

hairs. Initial concentrations of 0.1 to 1.0 per cant NaN03 and 

(N!4} 2S04 at 0.1 per cent checked the deformation of' root hairs 

which is necessary to infection. NIDreover, NaN03 checked the 

increase in growth and n'UIIiber o:r root hairs. The effects of' 

NaN03 were mitigated by adding dextrose along with the nitrate. 

This suggests that nitrates interfere with the carbohydrate 

supply to the pilif'erous layer of the root. 

Thornton and Nicol (68) found that high concentrations 

of nitrates were not toxic to the nodule bacteria themselves. 

They state that nitrates must act through the agency of the host 

plant. In addition, NaN03 had a greater effect on ,the volume 

of bacterial tissue than upon nodule numbers; one gram of NaN03 

per pot was VY ithout effect on nodule numbers, but halved the 

bacterial tis sue. 

Andrew et al, (7) concluded that ammonium ions did not have 

as detrimental effect on nodulation as nitrate ions when applied 

to species of £haseolus. 

Other elements 

In the early stages of legume growth Truesdell (69) found 

that additions of phosphorvs, gave marked increases in production. 

Fertilization with phosphoru'S" resulted in a much more rapid 
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growth of alf'alfa in the young seedling stage, and increased 

nodule for rra tion, dry weight and total nitrogen content. 

!Joreover, -when Rhizobiu.rn cultures v•ere treated v:. ith :phos-

phorlJS~, there were large increases in the number of organisms. 

Truesdell concludes that there is a greater efficiency in 

fixing and staring nitrogen as a result of treating alfalfa 

with phosphorus .• 

Thornton and Gangulee (6?) found that addition of mono-

calcium phosphate to nodule bacteria inoculum with a milk base 

resulted in greater multiplication and spreading of the bacteria 

in the soil. The addition of phosphorus.'· compounds considerably 

increased the number of nodules on plants, as compared to milk 

alone. The authors suggest that the additional nodule formation 

was due to the known effect of the phosphate in increasing the 

s~eading of the bacteria. In a later paper Thornton (65) also 

found that calcium ions stimulated nodule formation. 

Hunter et al.(42) got an abrupt drop in yield \W.en the 

calcium content of alfalfa became greater than 2 per cent, when 

the :potash content fell belov~; 1 per cent or ~hen the calcium-

potash ratio exceeded 4:1. These,they observe,are critical 

limits. Their studies indicated that alfalfa can adjust to 

wide variations in soil calcium-potash ratios, making normal 

gro1.rvth at ratios betv~een 1:1 and 100:1. For a long term period 

a 4:1 calciu.m-potash ratio was optimum. 

Fred ~ al, (29) report that calcium and magnesium carbona.tes 

were very benefj_cial to multiplication of nodule bacteria and 
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that it -was not necessary to neutralize all the acid in the soil 

in order to produce a profitable crop of al:ralfa, although smller 

additions of lime were beneficial to growth and nitrogen content. 

hderson and S:r:encer {.5) found that nitrate accumulation due 

to ineffective nitrate utilization may occur in clovers in 

cases of molybdenum deficiency, and though hig~ in per cent nitrogen 

content, affected plants show symptoms of nitrogen deficiency. 

Thus, in many respects molybdenum deficient clcner plants 

responded much the same as clover suffering from sulphur deficiency

However, they concluded that molybdenum was needed in the actual 

process of ~mbiotic fixation, but not in the utilization of 

nitrate nitrogen. They got good responses to applications of 

nitrate nitrogen to clover, even when molybdenum was deficient. 

In sumn.ary, Anderson and Spencer say tba t molybdenum. has a dual 

role in the plant:-

{a) Very minute quanti ties are needed to permit nitrate 

utilization. 

{b) Appreciably larger quantities are needed by legumes 

in the s,rmbiotic fixation process. 

Brenchley and Thornton (16) found that boron was an important 

factor in nitrogen metabolism, and tba t it aided the development 

of nodules and nodule bacteria. 

The Use of Nutrient Solutions 

In his text on plant physiology, Miller {49) presents a 

comprehensive section on the use of nutrient solutions for plant 
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culture. In this section he lists the more important nutrient 

solutions oritsim ted by the earlier 1J10rkers such as Sachs, 

Knop, Pfeffer and Crone. Of these solutions, Crone's which 

was first publi.s·hed in 1902, was the most recent. It was 

formulated as follows:-

IG:i03 1.00 gm. 

ca3(P04) 2 0.2.5 " 
MgS04 0.25 t1 

CaS04 0 .2.5 tt 

FeP04 0. 2.5 n 

H20 1,000 oc.

He lz e t ~ .. ( 3.5 ) got excellent growth of peas in sand 

culture. They treated vmite quartz sand vv ith HCl until all 

the nitrates "Were leached out and then washed it with distilled 

water. To 2500 gm. of this washed sand in each pot was added 

10 @n. nitrate-free kaolin, 1 gm. caco3 and 27.5 ml. distilled 

water. After autoclaving and plantiTl...g, distilled water was 

added daily. Nutrient solution v~as added once every tvio VJeeks. 

The solution used vvas a modification of Bryan's and was formu-

lated as follows:-

KCl 10.0 gm. 

caso4 2 • .5 n 

:MgS04 2.5 n 

ca
3 

(P04 )2 2.5 u 

JPePO 4 2.5 n 

K
3
Po4 2.5 t1 
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The salts were ground in a mortar and used at the rate of 

1.5 gm. per litre of distilled water. After shaking and allowing 

to stand for 24 hours, the clear solution was decanted and 

sterilized before application to the pots. 

Burton and Briggeman {19) also used Bryan's modification 

of Crone's solution for testing re~onse of Trifolium spp. to various 

strains of Rhizobium trifolii. However, they used vermiculite 

instead of sand because of its greater capacity to hold air and 

water. Moreover, they also added a trace element solution such 

as recommended by Hoagland and Arnon (37). 

A recent publication by Hewitt (36) contains a considerable 

amount of information on the formulation and utilization of nutrient 

solutions. Particular reference is giv'en to the concentrations 

of trace elements that should be employed in nutrient solutions. 

lv!ETHODS AND MATERIALS 

General Remarks 

It was decided at the outset that the simplest means of 

dealing Vii th this project would be as follows:-

(1) To grow a legu:n:e crop in a sulphur-def ici ant soil such as 

is found in the White Fox area of Northeastern Saskatchewan, 

taking precautions to avoid contamination from foreign strains 

of nodule bacteria. 

(2} To produce the legume vii th and without inoculation and with 
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and without applications of sulphur and nitrogen fertilizer. 

(~) To use a pure strain of an effective nodule bacteria where 

inoculation was required. 

(4) To apply elements essential for plant growth, other than 

nitrogen and sulphur, in optimum amounts so that either nitrogen 

or sulphur, or both, would be the only limiting factors in any 

of the treatments. 

(5) To compare the results obtained from the various treatments 

with one another, with particular reference to plant yields and 

total nitrogen in the plants and the soil. 

Production of ~. meliloti Inoculum and 1fuintenance of Stock Cultures 

Workers in the Bacteriolugy Department of the Universit.y 

of Wisconsin have followed the long established procedure of 

carrying their strains of nodule bacteria on yeast extract 

.rranni tol agar, better known as lledi wn 79. ]!Ioverover, they have 

found that strains have not changed after 15 years successive 

transferring on this medium.* 

On the basis of these findings, it was decided to use 

Medium 79 for maintaining the strain of nodule bacteria used 

in this project, as well as for the preparation of the inoculum. 

The preparation of Medium 79 is discussed quite fully by Allen (1). 

Strain 141, one of the most effective strains of R. ~loti 

in the Rhizobia culture collection of the University of Wisconsin, 

was used throughout this study. Aseptic methods were observed 

*Allen, O.N. Professor, Bacteriology Department, Univ. of 

'Nisc., :Madison. Private Communication, October, 1957. 
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in the preparation of all fresh cultures of strain 141, including 

those to be used for inoculum as well as those to be used for 

stock. 

Inoculum was prerared by culturing the organism on slants 

of l~dium 79. First, the slants were heavily inoculated with 

bacteria and then they were incubated for three days at a temper

ature of 85 - 90° F. Then to each slant was added 6 ml. of sterile 

distilled water, and by means of a sterile inoculating loop the 

nodule bacteria were well mixed with the water. After thorough 

mixing, the bacteria and the water formed an opaque solution. 

Legume seedlings that required inoculation were treated with 

three drops of this solution per seedling, the drops being applied 

with a sterile 1 ml. pipette about an hour or so after the seed

lings were planted. 

Two slants containing stock cultures of strain 141 were 

used to maintain the organism between plantings. Transfers to 

fresh slants of Medium 79 were made at monthly intervals. 

Once a suitable amount of growth developed on the newly inoculated 

slants, they were kept for stock in a refrigerator operated at 

a temperature of 5° C. 

Production of Sterile Legume Seedlings 

To ensure that no nodule bacteria were introduced in the 

pots at time of planting, procedures similar to those outlined 

by Ash and Allen (10) for obtaining sterile legume seedlings 

were used in this project. 
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The first lot of sterile seedlings was obtained by the 

following method: About 10 grn. of Grimm alfalfa seed, from 

foundation stock, ~as placed in a .500 ml. suction flask. The 

seed ~as then subjected to 9.5 per cent ethyl alcohol under 

vacuum for .5 minutes. After pouring off the alcohol the seed 

~ ·was treated v11ith 1:1000 solution of mercuric chloride under 

vacuum for 5 minutes. As much as nossible of the mercuric 

chloride solution vAJas :poured off and t..he seed was washed fotll' 

or five times with sterile distilled water. After draining off 

the fina 1 wash water, the seed was placed in sterile l?etr i dishes 

and left to dry in a room heated to about 80° F. The plates 

were shaken at frequent intervals as it was found that the 

agitation of the seed speeded up the drying process. After 

drying, the seeds were individu~lly transferred by means of 

sterile forceps tn sterile Petri dishes containing 1\[edium 79• 

About 17 seeds were evenly distributed on the surface of the 

medium in each plate. The forceps were kept sterile by flaming 

them with 9.5 per cent ethyl alcohol after each plate was completed, 

and before a new plate was started. After incubating the seeded 

plates for at least 48 hours at room temperature, it was possible 

to detect infected seedlings by the bacterial and fungal growths 

that developed around them. Seedlings that sh 0\"Jed any signs of 

infection were not used. Uninfected seedlings were carefully 

*The marcuric chloride solution -was prepared as follows:- first 

a stock solution consisting of 1 :rert HgC12 to 2 • .5 parts commercial 

HCl -was prepared. To make up a 1:1000 sol uti on, 2 • .5 ml. of sto ok 

solution -was diluted to 1000 m1. v~i th distilled water. 
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picked from the Petri dishes with the forceps and planted. 

It was noted that about 20 per cent of the seed was still carrying 

some form of infection, and the bacterial growth around many 

of the infected seedlings was typical of that produced by nodule 

bacteria. 

The results obtained when the first batch of sterile seedlings 

was produced were some\~hat disappointing. The main difficulty 

was due to the fact that only about. 40 per cent of the plated 

seed germ.ina ted. In an effort to overcome this dif'ficulty, 

some improvements in the procedure outlined above were introduced 

with successive plantings. These impovements can be summarized 

as follows:-

(1) Before proceeding with any other treat.ment it was found 

helpful to subject the sample of legume seed to a strong air 

blast on a Dakota seed cleaner. In this way all light immature 

seeds were removed, leaving behind the heavier, more mature seeds 

for seedling production. By discarding the light immature seeds, 

the percentage germination of the remaining sample was greatly 

improved and :tlewer Petri dishes of IVledium 79 'Were required to 

produce the necessary number of sterile seedlings. 

{ 2) lviore ra:p id drying of the seeds after the final washing with 

sterile distilled -water was found tD be beneficial. This was 

accomplished by restricting the number of seeds per Petri dish 

to about 1.50; by drying in an incubation cabinet operated at 

95° F; and by agitating the seeds once every hour. Under these 

conditions the seeds dried in less than 4 hours. In comparison, 

seeds t.ba t were 1 eft in a room at a temperature of 75 - 80 ° F. 
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took at least 12 hours to dry. In the course of such a long 

drying p:; riod, many of the seeds went through the follo-wing 

stage of development: first they absorbed some of the excess 

water lying in the Petri dish at the start of the drying period, 

and became sv~ollen; then in the latter stages of the drying :period 

these swollen seeds became desiccated and shrunken. It was found 

that seed that had swollen and shrunken in this manner only 

germinated half as well as seed that did not swell and shrink. 

This fact was established by chec:Y...ing the germination of both 

types of seed on agar. 

(3) It was found simpler to sterilize the seed in sma 11 ca:pp3 d 

vials rather than in a suction flask. Thus, seed in a number of 

vials was agitated vigorously for 5 minutes in ethyl alcohol 

and for 5 minutes in mercuric chloride solution; then repeatedly 

washed with sterile distilled water. The vials were found to 

have the following advantages in comparison to the suction flask:

(a} The seed could be extracted from the vials more easily 

than from the flask. 

(b} l'Yiost of the excess solution could be poured from a 

vial without much loss of seed. HCMever, if attempts 

were made to drain most of the excess solution from 

the sue tion f'la sk, seed losses were high. As a result, 

seeds treated in vials could be transferred to the 

drying plates with less excess moistur a, thus speeding 

up the drying process. 
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Investigations Using Soil and Alfalfa 

Test 1; in glazed earthenware crooks 

In test 1, {a) Gr~ alfalfa alone, and (b) Grimm alfalfa 

in association with oats, were grown in sulphur-deficient soil. 

Both (a) and (b) were rubj ectad to the follovving fertilizer 

treatments:-

(1) PK no inoculation with nodule bacteria 
(2) PKS " u u " u 
(3) NPK .. " tt tt tt 
(4) NPKS " " " " .. 

~·~ ~ PK inoculated with nodule bacteria 
PKS tt It u rt 

'( ) NPK tt " " '' (~) N'PKS tt " .. tt 

The plants were grown in one-gallon earthenware pots, with 

treatments replicated 5 times. Thus, 40 pots were needed for 

alfalfa to be grov.n without oats, and 40 were needed to grCM. 

alfalfa in association with oats. In addition, 5 pots supplied 

with the P K treatment, were left free of plants. These ~ots 

were designed to serve as checks on the amount of nitrogen 

contributed to the soil by free nitrogen-fixing organisms ruoh 

as Azotobacter spp. which might have contaminated the pots. 

In all, a total of 85 pots were required for the test. 

A 1500 lb. sample of White Fox sandy loam was obtained from 

a cultivated field just outside White If'ox, Saskatchewan. The 

field in question was known to give marked responses to applications 

of sulphur. In taking the sample it was decided not to go beyond 
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plow depth, and as a result only the top six inches ot soil 

were included in the sample. 

The freshly dug soil was air dried, screened and thoroughly 

mixed. A quantitative test for available sulphur indicated that 

the soil contained only 10 p.p.m. of sulphur in the form of 

sulphate, an extremely low level. Total nitrogen was found to 

be 0.11 per cent; also a relatively low content. In comparison, 

a good black soil would likely contain in excess of 0 • .5 per 

cent nitrogen • 

The one-gallon pots chosen as containers were well washed 

and only those with superior glazing and no cracks were included 

in the test. The pots were tared to a knovvn weight with pluinbers 

lead. All drainage holes were tightly plugged with cork stoppers. 

Into each one-gallon pot was placed .5100 gm. of air-dried 

soil, with ample room left at the top of the pot for watering. 

The pots of soil were autoclaved far 12 hours in a large steam 

sterilizer operated at a temperature of 2.50° F. On removal fran. 

the autoclave, the tops of the pots were covered with sheets of' 

olean brown pater, 'Which were left in place until planting time. 

Prior to autoolaving, it was found that 5100 gm. of air

dried soil required 1382 gm. of water to bring it up to field 

capacity. However, it was thought that better aeration would 

be maintained in the pots if the soil was watered to 85 per 

cent of its field capacity. As a consequence, it was decided 

to maintain the water content of each pot at 117.5 gm. On this 

basis, each pot contained 627.5 gm. of soil and water, with a 

capacity of 0.1.544 cu. ft. It followed then that an acre of 
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this soil to a depth of' 6 inches would weigh:-

X 43560 
0.1.5.54 

X 1 
2 

-- 1,939,000 1bs. 
(a:pprox.) 

The next step was to determine what rate of fertilizer 

per pot was equivalent to 100 lb. of' fertilizer per acre. This 

was calcul.a ted as follows:-

X 100 X 4_53 • .59 

or 0.3236 gm. of fertilizer per plot. 

-- 627,500 
1,939,000 

The fertilizer treatments were formulated from high grade 

reagent-type chemicals as follows:-

{1) p K• 
' 

KH2Po4 at a rate of 100 lb. per acre, or 0.3236 gm. 

per pot; plus KCl at a ra~e of 69.76 lb. per acre, or 0.22.57 gm. 

per pot. 

(2} P K S; XH2P04at a rate of' 100 lb. per acre, 0.3236 gm. per 

pot; plus K2S04 at a rate equivalent to 81 • .53 lb. per acre, or 

0.2638 gm. per pot. This is the rate of X2S04 required to 

supply 1.5 lb. of sulphur per acre. 

(3) N P K; this was made up of (1) above, plus NH4No3 at a 

100 lb. per acre rate. 

(4) N P K S; this was formulated from {2) above plus NH4No3 
at a rate of' 100 lb. per acre. 

It was necessary to add KCl; to (1) and (3) above to com-
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pensate for the potassium supplied to (2) and {4) by the K2so4 • 

Four one-litre solutions were IrRde up; one to represent 

each of the trea,tments listed above. The solutions were formulated 

in such a way that a 20 ml. application supplied one pot with 

its complete fertilizer treatment. These solutions were prepared 

from newly obtained batches of chemical reagents, which were 

weighed as accurately as possible into sterile bottles on an 

analytical balance. Then the solutions were applied to the pots 

of sterilized soil with sterile pipettes, after wnich distilled 

water was added until the roil had reached 8.5 per cent by weight 

of its field capacity. 

Eighty Petri dishes of treated alfalfa seeds were prep:1red 

as described previously. All pots of soil were transferred 

to the greenhouse. Eight sterile seedlings were planted in 

each pot with the exception of the five blank pots. Where inocu

lation was required, three drops of inoculurn, prepared from 

Wisconsin's strain 141 of ~· meliloti were applied per seedling. 

The date of planting was December 1, 19.57. Immediately after 

planting, and on all succeeding days, the pots were weighed, and 

distilled water was added to bring the soil to 8.5 per cent of 

its field capacity. 

Inoculated pots were raniomized on one bench and uninocuJ.a ted 

pots were randomized on another bench. This precaution was 

taken to prevent nodule bacteria being splashed from inoculated 

pots into uninoculated pots at watering time. 

About 10 days after planting, the number of alfalfa seed

lings was reduced to five per pot. Care was taken to leave only 
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the best plants in each pot. 

Exeter oats were seeded in 40 of the 80 pots already contain

ing alfalfa seedlings. Five oats Viera seeded in each pot. Iviore

over, the oats, which had been germinated on filter papers 

sterilized in Petri dishes, were seeded in the pots exactly 2 

weeks after the alfalfa had been planted. 

The al:falfa and the oats were harvested on January 26, 19.58. 

By this time all the oats had headed, the alfalfa plants which 

had been terti lized v~ith nitrogen fertilizer were at the 1/10 

to 1/4-bloom stage, and the remaining alfalfa plants were at 

the green-bud stage. The plants were severed at soil level 

and the top growth from each pot was placed in papar bags, 

keeping the alfalfa and oat plants separate, and left in the 

greenhouse for 2 weeks to air dry. The air-dry weight of the 

alfalfa top growth and the oat top grCMth from each pot were obtain

ed on a small torsion balance accurate to .01 gm. The root 

material -was carefully removed from each pot immediately after 

the top grow~h was harvested, and examined for nodulation. It 

was found that all alfalfa plants, including those that v~ere 

not inoculated, had develOped nodules. 

Test 2; in glazed earthenware crocks 

It was obvious that the techniques used in Test 1 were 

quite inadequate if uninoculated legume plants were to be pro

duced. As a result, another test -was conducted. In .many ways 

Test 2 was similar to the first test, but far greater precautions 
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were taken to prevent the uninoculated alfalfa plants from be

comi11..g contaminated v~ ith nodule bacteria. 

Before Test 2 was started, oat seeds ·were germinated on 

yeast mannitol agar in Petri dishes. A great many of the seeds 

~ere found to produce bacterial growth typical of that produced 

by Rhizobium SDP• Several attempts were made to sterilize oat 

seed, using various concentrations of ethyl alcohol and/or 

mercuric chloride. 1~1ercuric chloride at concentrations up to and 

including the 1:1000 dilution seriously retarded germination 

of the oat seed, although good control of bacterial and fungal 

contamination was obtained. On the other hand, ethyl alcohol 

alone, even at a cone entration of 9 5 per cent, gave little if 

any control of the microorganisms carried on the cat seed. 

Attempts to sterilize flax instead of oats -were most unsuccessful, 

as after treatment the flax seed -was extremely sticky and tended 

to adhere strongly to the Petri dishes in the course of drying, 

:Moreover~ it wa.s very difficult to transfer the treated flax 

seed to the dishes of yeast ma.r:tni to 1 agar, as the seed tended 

to stick to the for caps. 

As seed of a companion crop such as oats or flax were found 

to be so difficult to sterilize successfully, it was decided not 

to grow alfalfa with a crunpanion crop in Test 2. This eliminated 

the possibility that seed of the companion crop was infecting 

the alfalfa :plants ·with stray forms of nodule bacteria. More

over, by eliminating the treatments involving alfalfa grown in 

association with oats, it vvas possible to reduce the nrunber of 
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pots of sterilized soil required in the test by forty. In 

addition, it was decided to include 10 pots of unautoclaved 

soil, so that the plant growth produced on sterilized soil could 

be compared with that produced on unsterilized soil. 

Fifty five one-gallon earthenware pots used in the previous 

test were v~ell scrubbed in tap water, and new corks were inserted 

in the drain holes. After drying, the pots were tared with washed 

plumbers lead and then 4000 gm. of air-dried VV'hi te Fox sandy 

loam was weighed into each. Four thousand grams of soil were 

used per pot, instead Of 5100 gm., the amount used in Test 1, 

because t.be supply Of White Fox sandy loam left on band was 

limited. 

An allovvance bad to be rr.ade for the fact that each pot in 

this second test only contained 4000 gm. of soil, and fertilizer 

applications were adjusted accordingly. Thus, iNhere the applica

tion of nitrqgen fertilizer was called for, 0.25 38 gm. of 

NH4No3 were applied per pot. All pots received 0.2538 gm. of 

KH2P04. In addition, where sulphur was required, 0.2609 gm. of 

K2S04 was applied per pot; where no sulphur was required 0.1770 

~m. of KCl was ap~lied per pot. 

As before, the fertilizer materials were applied in solution 

with distilled water. However, this time a solution v'\fas made 

up to represent each fertilizer material, instead of each 

fertilizer treatmen.t. These solutions were formulated so that 

a 20 ml. application supplied one pot Vii th the correct amount 

of one fertilizer rnaterial. IPor instance, -where the P and K 

treatment was called for, 20 ml. of KH2P04 solution, plus 20 m.l. 
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of KCl solution was applied. All the pots -were watered~ ith 

distilled water until the soil bad reached 8.5 per cent of its 

field capacity, and then the tops of the pots were covered with 

a sheet of brown paper which was tied down with string. The 10 

pots of soil which were not to be autoclaved were given the P 

and K treatment and set aside. The remainder -were autoclaved 

for 5 hours at a temperature of 250°F. 

A small isolated compartment of anotner greenhouse was used 

for this second test. The floor, sills, benches and miscellaneous 

fiXtures in this compartment were disinfected thoroughly with a 

1:1000 solution of mercuric chloride. After the pots of soil 

were autoclaved they were allowed to cool and then immediately 

moved into the disinfected greenhouse section. At the same 

time the 10 pots of unautoclaved soil were moved into the 

greenhouse. The brown par:er covers that were used to seal the 

pots during autoclaving were removed from each pot as it was 

planted and then re~laced. Six sterile Grimm alfalfa seedlings 

were set out in each pot. Plants which required inoculation 

were treated with R. meliloti strain 141. The brown paper 

covers were removed the following morning. All pots were 

planted on March 6, 19.58. 

The applications of NH4No3 required in the N l? K and 

N P K s, treatments were rraie the day after planting. The fol

lowing precautions were taken to avoid bacterial contamination 

in the preparation of the NH4N03 solution:-

(1) A new bottle of NH4No3 reagent was used. Before opening, 

the lid was flamed with alcohol. 
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{ 2) Aseptic pr eoautions -were observed in lheighing out the 

NH4No3• All weighings were done as accurately as possible on 

an analytical balance. 

C~) The l'UI4No3 was added to known volumes of sterile distilled 

water in Florence flasks and plugged with non-absorbent cotton 

wool. 

After preparation, the NE4N03 solution was applied with 

sterile pipettes. 

In the course of the growing period the pots vvere watered 

daily with sterile distilled water. The distilled water vvas 

sterilized in 2000 ml. Florence flasks; about 1500 ml. of water 

was placed in each flask. Sterilization was accomplished by 

autoclaving the flasks for 40 minutes or more at a temperature 

af 250° F. The water was allCMed to cool and was then applied 

to the pots by means of sterile watering tubes made up of glass 

tubing, stoppered with a rubber cork which fit ted snugly in the 

neck of the :E'lorence flasks. The floor of the greenhouse was 

wetted down two or three tines daily in an effort to ke e:p dust 

to a minimum and thus limit the possibility of aerial forms of 

bacterial contamination. 

Ten days after planting, the alfalfa seedlings were thinned 

to 4 healthy plants per pot. Three weeks after planting the pots 

were all arranged in a completely random design. 

On May 5, one complete replicate of pots was removed from 

the greenhouse and the roots of the plants in each pot were 

checked for nodulation. All plants, including those which were 
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not treated with inoculum, were found to have nodules. The top 

growth from all plants in the .remaining 4 .replicates was harvested 

on :May 6 and air dried in paper bags in the greenhouse. A:fter 

removal of the top growth, the soil and roots were turned out 

of each pot and the nodules on the roots of each plant were 

examined. 

At time of harvest, the alfalfa plants which had received 

NH4N03 were just coming into bloom. All remaining plants were 

still in the green-bud stage. 

Trials Using VV'hite Fox Sandy Loam in Erleruneyers and Beakers; 

and Vermiculite in Glazed Earthenware Crocks. 

Immediately after Test 2 had been started, an effort was 

made to grow uninooulated alfalfa plants in:-

{1) \Jfhite Fox sandy loam in miscellaneous glassware containers. 

{2) Vermiculite plus nutrient solution in glazed earthenware 

crocks. 

Various sizes of beakers and erlenmeyers, varying in capacity 

from 2.50 ml. up to 1000 ml. were pg.rtially filled with VV'hite 

Fox sandy loam. The various containers, plus soil, were treated 

in much the same way as the pots of soil in Test 2, except that 

sterilization was accomplished by autoclaving for 2 hours in a 

laboratory type autoclave operated at 2.50 ° F. After planting 

with sterile alfalfa seedlings, the erlenmeyers were kept plugged 

with non-absorbent cot ton wool, while the beakers were covered 

with various sizes of sterilized glass funnels. 
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Three -weeks after planting, the a Jf alfa in the erlenmeyer a 

and beakers, up to and including those of 500 ml. capacity, 

had grown to such an extent that the cotton plugs and funnels 

had to be removed, leaving the soil surface in each container 

fully exposed to the atmosphere. By one month after planting, 

the same action had to be taken with the 1000 ml. containers. 

The roots of the alfalfa plants were examined 2 months 

after planting. All roots, irrespective of whether they were 

produced in erlenmeyers or beakers, were found to have nodules. 

Three pots of vermiculite were treated with complete nutrient 

solution and sterilized at the same time as the beakers and erlen

rneyers of soil. The nutrient solution was similar to one used 

by Bryan (17), with the addition of trace elements. After 

sterilization, each !>Ot was planted v•ith 5 sterile alfalfa seed

lings. Throughout the growth period, lliaited amounts of sterile 

distilled water were added as required. 

Even after a 2 month period, the alfalfa seedlings in vermi

culite were only about an inch in height. One seedling was 

removed from each pot but no nodules could be detected on any 

of the roots. The remaining plants were left in the pots and 

each plant was treated with 2 - 3 ml. of a 5 per cent solution 

of 1\TH4No
3

• Before application of the 1'-i'H4No3 the seedlings were 

very chlorotic in appearance. Three days after the nitrogen 

fertilizer was applied the seedlings appeared green in colour, 

and in the course of the next two or three weeks the-y grew 

rapidly to a height of about seven inches. 
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lv.Tajor Investigations Using Vermiculite, Nutrient Solution and 

Sweet Clover 

Test 3; in glazed earthenware crocks 

It was decided to set up the third test using vermiculite 

and nutrient solution instead of White Fox sandy loam. The 

major reason for this change was that the results obtained from 

Tests 1 and 2, indicated that sterilized soil was not a satis

factory medium for this t~pe of project. 

The improved techniques adopted in Test 2 were put to use 

in Test 3 as follows:-

(1) The pots were capped with brown paper before they were 

sterilized. 

(2) The plants \"iere grO'wn in an isolated section of the green

house, which was thoroughly disinfected before introduction 

of the pots. 

{3) Only sterilized distilled water was added to the pots. 

(4) The greenhouse floor was wetted down two or three times 

daily. 

The major differences between Test 2 and Test 3 are sum-

marized below:-

(1) In Test 2 the gallon sized earthenware pots were only washed 

in tap water. For Test 3 the pots were washed first in tap water 

and then they were thoroughly rinsed in distilled water. The 

final rinse in distilled water was designed to remove traces of 
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sulphlll' compounds that may have been left on the jars by the 

tap water, -which was knov•n to contain relatively large amounts 

of sulpha tes. 

( 2) The plumbers 1 ead, which was used for taring, was placed 

inside the pots in Test 2. This was a possible source of sulphate

contamination, so in Test 3 the lead was tied to the outside 

o:f' the pots. 

(3} For Test 2, 4000 gm. of White Fox sandy loam was placed in 

each pot. This vuas replaced in Test 3 by 38.5 gm. of horticultural 

grade vermiculite; this amount of vermiculite took up about 

the same volume as the 4000 gm. of soil. 

(4) In Test 2, the soil was watered prior to sterilization. 

In Test 3, nutrient rolution was applied to each pot before auto

claving. 

(.5) All the fertilizer materials used in Test 2 were applied 

by the first day after planting. For Test 3, the applications 

of NR4No3 and ~2so4 were split over a seven-week period; one

seventh of the total requirements of each was applied weekly. 

The applications of NH4No
3 

were split in this way to avoid having 

a great excess of nitrogen in the nutrient solutions in the early 

stages of plant grooth. 

(6) Only 2 levels of ~~4No3 were considered in Test 2 and they 

were equivalent to 0 and 100 lb. per acre. In the case of Test 

3, .5 different levels of 1~4No3 were studied, starting at zero 

pounds per acre. 

{?) Only 11 treatments were included in Test 2 and each treat-
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ment was replicated five times. Twenty treatments were included 

in Test 3 and due to this it was found necessary to limit the 

number of replications to three. 

(8) The Grimm alfalfa grown in Test 2 did not ap:raar to be fixing 

much nitrogen \~hen inoculated with R. m.eliloti, strain 141. 

Consequently, Arctic sweet clover produced from Registered seed, 

was tried in Test 3 instead of Grimm alfalfa. 

The treatrrents, and the method of formulating the nutrient 

solution, and various fertilizer solutions used in Test 3 are 

discussed more fully below. For the sake of convenience, the 

20 treatments can be divided into 4 sections, each section 

consisting of 5 treatrrent s as follows.:-

(a) NH4No
3 

at levels equivalent to 0, 100, 200, 300 and 400 lb. 

:per acre, without inoculation or sulphur. 

(b) The same 5 levels of t\H4N03 as in (a) without inoculation, 

but with sulphur. 

(c) NH4No3 as in (a) with inoculation with B. meliloti, strain 

141, but no sulphur. 

(d) NH4No3 as in (a} with inoculation with R. meliloti, strain 

141, and sulphur. 

In Test 2, it was estimated that 0.2538 gm. of fertilizer 

per pot was equivalent to a 100 lb. per acre rate for 4000 gm. 

of. soil. In Test 3, 385 gm. of vermiculite was placed in each 

pot. In view of the fact that this weight of vermiculite 

represented approximately the same volume as the 4000 gm. of' 

soil in Test 2, it was assumed that the same amount of fertilizer 
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per pot would be satisfactory. 

The 60 pots of vermiculite, plus nutrient solution, were 

sterilized and planted with 8 sterile seedlings of Arctic sweet 

clover per pot on June 1.5. The plants were thinned somewhat 

later in this test than in the previous tests. The reason for 

this was tba. t som of the seedlings had difficulty in anchoring 

their roots in the vermiculite in the early stages of develop

ment. Thus, a young seedling that was apparently quite healthy 

one day was liaule to grow l'if')lt out of the vermiculite, and 

become dessicated by the next day. Consequently, the thinning 

to 4 healthy seedlings was potponed until the fourteenth day 

after planting, to ensure that the plants had definitely become 

established. 

The I'ffi4No 3 oolutions used in Test 3 were prepared in much 

the san1e way as those used in Test 2. In :rarticular, every effort 

was made to keep tbe solutions as ster:ii.le as possible. 

Four solutions of NH4No3 of different concentrations -were 

prepared in one-litre size Florence flasks, as shown in Table 1: 

Table 1: Preparation of NH4N03 Solutions -- Test :; 

Flask No. H20 NH4No..2 Rate of NH4N'3 per acre 
;a:- gm. lb. 

-----~---~------· 

1 32.5 1.1784 100 
2 32.5 2.3.568 200 
3 325 3-.53.52 300 
4 32.5 4.7134 400 

------
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A 70 ml. application per pot of one of the above solutions 

provided the required rate of NH
4

No
3 

per acre. 

The first applications of the l'f.ti4No3 solutions were made on 

June 16, the day after planting. Where 100 lb. per acre of 

~~4N03 was called for, the pots each received 10 ml. of solution 

from Flask No. 1. 1Nhere the 200, 300 and 400 lb. rates v~ere 

required, 10 ml. amounts were applied from Flask No. 2, 3 and 4 

respectively. This procedure was followed at weekly intervals 

until the total requirements of 1~4No3 had bean applied to the 

appropriate pots. 

A method similar to the one used for applying NH4liG3 was 

used to supply (a) K2so4 to the :pots which were_ to be treated 

with sulphur, and (b) KCl to the pots which were not to be treat

ed \~i th sulphur. 

The K2so4 solution was mde up by dissolving 3.1.529 gm. 

K2so4 reagent in 800 ml. of distilled water and autoclaving for 

30 minutes at a temperature of 2.50 °F. A 10 ml. application 

of this solution was made to all pots requiring sulphur. A new 

solution was nade up each week and the K2so4 was applied on the 

same day as the N"d4 N03 • A tot a 1 of 0 • 2 7.5 9 gm. of K2so 4 was 

applied to each pot containing a positive sulphur treatment. 

In Tests 1 and 2, the K2S04 solutions were designed to supply 

the equivalent of 1.5 lb. of sulphur per acre. A higher rate of 

application was used in Test 3, one that was estimated to proYide 

the equivalent of 20 lb. of sulphur per acre; or .51 mgm. of 

sulphur per pot. 
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The KCl solution was prepared by dissolving 2.6915 gm.

of KCl reagent in 800 ml. of distilled water and then 

autoolaving for 30 minutes. 

It should be noted that all the NH4N03, K2S04, and KCl 

solutions used in Test 3 were allowed to cool after autoelaving

and then, where necessary, sterile distilled water was added 

to make up far the loss of water in autoclaving. 

In reviewing the literature, the au•hor was unable to 

find a reference to a nutrient solution that was suited to 

this project. The nutrient solutions that are generally 

publicized are those that contain either nitrogen or sulphur 

compounds, or both. To conduct this project it was necessary 

to use a solution that was completely devoid of both nitrogen 

and sulphur. As no reference to a satisfactory solution was 

located, it was decided to take one similar to that used by 

Helz et al.(35), and modify it to a certain extent to exclude 

sulphur. The various chemicals used by Helz ~ !l• and the 

modified forms used in Test 3, are shown in Table 2. 

Table 2: Nutrient Solution Used by Helz ~ al,. and Modified 

Form Used in Test ~ 

Chemicals used by Helz et al. 
KCl 10.0 gm. 
CaS04 2.5 
MgS04 2.5 
Ca3(P04)2 2.5 
FeP04 2.5 
K3P04 2.5 

1.5 gm. of above mixture per 
1000 ml. of water 

Modification for 
KCl 
CaCl2 
MgC12 
Ca(:f!2P04)2 
FeCl2 
K2HP04 

Test 3 
5. 0 gm. 
2.5 
2.5 
2.5 
2.5 
5.0 

1.5 gm. of above mixture 
per 1000 ml. of water 
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The chemicals used by Helz et !!• were modified in 

the following way for use in Test 3: 

(a) Chloride salts were substituted for sulphate 

salts. 

(b) Chemicals such as Ca3(P04)2, FeP04 and K3P04 1 

invariably contain fair amounts of sulphur as 

a contaminant. For this reason, they were 

respectively. 

(c) The amount of KCl was reduced from 10.0 gm. to 

5.0 gm. This precaution was taken to limit the 

possibility of chloride ion toxicity. 

The sulphur-free mixture of salts listed in the right 

hand column above were ground in a mortar and used at the rate 

of 1.5 gm. per litre of distilled water. As high grade reagent 

type chemicals were used in formulating the nutrient solution, 

it was necessary to include trace elements at the following 

concentrations:-

Boron 
Manganese 
Zinc 
Molybdenum. 
Copper 

0.5 p.p.m. 
0.5 
0.05 
0.01 
0.01 

A stock solution of minor elements was prepared by 

dissolving the following amounts of chemicals in a litre of 

distilled water:-

.440'7 gm • 
• 1802 
.0104 
.0025 
.0027 
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Ten ml. of this stock solution applied to a litre of 

nutrient solution, provided the desired amounts of the various 

trace elements. 

At the start of Test 3, it was found that 385 gm. of 

vermiculite reached 75 - 80 per cent of its saturation point 

when treated with one litre of water. This was thought to 

be a desirable moisture level for optimum plant growth. 

Consequently, a litre of sulphur-free nutrient solution with 

added trace elements was applied to each pot before it was 

autoolaved, and the weight of the pots was recorded. Additional 

applications of nutrient solution were weighed into the pots 

as follows: three weeks after planting, each pot was given 

approximately 35 gm. of complete nutrient solution; there

after, approximately 50 gm. of complete nutrient solution 

were applied per pot once every two weeks. Before the 15 and 

50 gm. applications of nutrient solution were made, the pots 

were all brought to the same weight by adding sterile distilled 

water. 

On all days throughout the growth period, with the 

exception of those on which nutrient solution was added, sufficient 

sterile distilled water was added to the pots to bring them 

back to their original weight, which was taken as their weight 

prior to autoolaving. 

The top growth from all the sweet clover plants was 

harvested on August 18, 1958, 6~ days after planting. The 

top growth from each pot was placed in a paper bag and left 

in the greenhouse for two weeks to air-dry. Air-dry weights or 

the sweet clover tops were obtained on an analytical balance. 
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The vermiculite plus root material were removed from each 

pot irrunedia tely after the top growth had been harvested. The 

roots of all the sweet clover plants in the test, including 

those that had not been inocula ted with R. maliloti, strain 141, 

were found to be nodulated. After the roots had been examined 

for nodulation, the vermiculite and root material were returned 

to the pot from which they vvere taken, and later dried for 6 

hours at a temperature of 100 ° c. in a Unitherm-ty~ forage crop 

drier. 

Test 4; in glass jars 

On the completion of Test 3, a further review of the literature 

was made with particular reference to methods of preventing con-

tamination of pots by nodule bacteria. Of the methods reported 

by a number of workers, most were not too well suited to this 

project for one reason or another. H~ever, a method used by 

Erdman and Burton (25) appeared satisfactory. A cross section of 

one of their pots, as it WO'J.ld have appeared after :planting, is 

illustrated below: 

Non-absorbent cotton 
wwr:~--------------~wool plug. 

------------~-- Watering tube. 
~~ .... ~ .. --- Thin layer of fine - gravel. 

Half-gallon capacity earth
- enware pot • 

....., __ Sand plus nutrient 
solution. 
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This method vvas adopted for Test 4 with the follovv'ing 

modifications:-

(1) Glass jars, 128 fluid oz. capacity, were used instead of 

earthenware crocks. 

(2) Broken glass was placed in the bottom of the jars instead 

of coarse gravel, because it was much easier to obtain sulphur

free glass than it was to obtain sulphur-free gravel. 

(3) Vermiculite was used instead of sand because: 

(a) The results from Test 3 proved that vermiculite could 

be used successfully for the production of sulphur-deficient 

plants. On the other hand, even the purest forms of white 

sand sold on the market at present are liable to be contamin

ated with relatively large amounts of sulphate-sulphur. 

(b) Vermiculite has a greater capacity to hold air and water 

than sand. 

(4) A dry layer of vermiculite was maintained on the top of each 

jar instead of fine gravel. 

In addition, a one-inch layer of white sand was placed 

immediately below the surface layer of dry vermiculite. The 

sand was included to provide the sweet clover seedlings with 

something in which to anchor their roots in the early stages 

of their development. Before the sand was placed in the pots, 

it was washed in a 2 per cent solution of aqueous hydrochloric 

acid, then given si:x: or seven different washings in distilled 

water, after which it was dried in an oven operated at 105 ° C. 

After drying, the pH of the sand was checked and found to be 
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4.0. To bring the pH up to 6.5, it ~as necessary to add 0.15 

gm. of CaC03 reagent to every 450 gm. of sand. 

The outside of each jar was covered, firstly with a layer 

of brown paper, and secondly vvith a layer of aluminum foil. The 

purpose of the brOii n pa:r;:er covering was to exclude light; "While 

the naih purpose of the aluminum foil was to reflect the sun's 

rays and thus prevent the jars and their contents from overheating. 

Prior to au toclav ing the jars were capped with a layer of heavy 

gauge aluminum foil, which was held in place by an elastic band. 

A cross section of one of the pots at time of autoclaving would 

have appeared as follows:-

-----Aluminum foil cap 

--------+------ Cotton wool plug 

1--___::::;:::~r-- White sand 
~~-228 fl. oz. glass jar. 

~--~~--~---w'atering Tube 
Brovm :r;:aper cover 

--+i..luminum foil cover 

Broken glass 
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Just prior to autoclaving, the total weight of the jars 

was recorded. At this time, each jar contained, in addition 

to the broken glass and the watering tuba; 

315 gm. of horticultural grade vermiculite 
850 gm. of nutrient solution 
450 gm. of white sand 
100 gm. of distilled water, ~hich was applied to the 

sand to ensure that it would be moist enough 
for planting the seedlings. 

The jars were planted with sterile seedlings Of Arctic sweet 

clover on August 14. Inunedia tely after planting, 20 gm. o:r dry 

s;terilized vermiculite was added to the surface of each jar. 

Four days later another 20 gm. of dry sterilized vermiculite was 

spread on the surface of each jar. Thus, a total of 40 gm. of 

additional vermiculite was applied per jar. This had to be taken 

into consideration in the daily application of sterile distilled 

water. After planting, all additions of water and nutrient 

solution to the jars were made via the watering tubes. 

About 6 weeks after planting, it was noted that one or two 

leaves on a few plants had developed a silvery-type mottling. 

This was identified as thri:p damage. To restrict the activity 

of the ·thrips as much as possible, a solution of malathion was 

applied twice weekly with a strip of paper to affected leaf 

surfaces. 

With the exception of the changes mentioned above, Test 4 

'Was handled in exactly the same way as Test 3· 

The plant material from Test 4 was harvested 69 days after 

the date of planting. 
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Temperatures and Additional Light Supplied the Various Tests 

In all 4 tests the temperature was maintained as close as 

possible to 75°F. HC»4ever, as noted previously, Test 1 and 2 

were conducted in the -winter and spring months, while Tests 3 

and 4 were conducted in the summer months. Consequently, Tests 

3 and 4 were subjected to greater extremes in temperature than 

Tests 1 and 2, as the temperatures in the greenhouse were more 

difficult to control in the summer ttan in the winter months. 

The amount of additional ligb. t supplied the plants varied 

from one test to another. In all tests the main concern was to 

try to maintain optimum growing conditions. With this in vievv, 

it was decided to supply the plants with at least 12 hours of 

total light per day. Thus, .on days when there was less than 12 

hours of daylight, the plants were supplied with artificia 1 

light. 

Yield Data Determinations 

In Tests 1 and 2, the yield data were based on air-dried 

weignts, but in Tests 3 and 4, both air-dried and absolute-

dry weights were determined. The d.ry matter determinations were 

made as follows:-

After the top growth had been air dried, it was weighed 

on an analytical balance, and then ground sufficiently fine, 

in a small Wiley mill, to pass through a 40-mesh screen. The 
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ground m.terial from each pot was placed in an envelope and 

sealed, then well agitated inside the envelope to make certain 

that it was thoroughly mixed. Two samples, each appra:x:imately 

0 .; gm., were weighed out accurately into small glass weighing 

bottles on an analytical balance. The samples were then dried 

for .5 hours in an oven operated at 10.5 ° c. cooled in a dessicatar, 

and re"-veighed. The average per cent dry matter content of the 

2 samples was determined. The total weight of dry matter occurring 

in the top growth in each pot was calculated accordingly. 

Nitrogen Determinations 

On tops 

Total nitrogen determinations were made on top growth from 

(a) the pots inoculated ~ith g. meliloti, strain 141, in Test 3; 

and (b) all jars in Test 4. The duplicate samples used to deter

mine the dry matter content of the top growth from each pot or 

jar, were retained for the nitrogen analysis. In all oases the 

nitrogen determinations were made with a micro-kjeldahl unit, 

* using the fallowing procedure:-

Each sample was carefully removed fra:11 thew sighing bottle 

and wrapped in a nitrogen-free filter paper. The filter paper 

plus sample was placed in a 100 ml. digestion flask, with 1.5 ml. 

of concentrated H2so4 containing o.; gm. of salicylic acid. 

After allowing to stand for one hour or longer, with frequent 

shaking, 2 gm. of sodium thiosulphate were added. Then the 

*Procedure used by Forage Crops Section of Canada Department 

of Agriculture, Saskatoon. 
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flask was heated for 5 minutes and cooled. After cooling, 

7 gm. K2so4, 1.0 ml. 10 per cent Cuso4 , 10 drops of n-octyl 

alcohol and 1 Hangar crystal were added. Tne flask was then 

heated until the contents were completely digested. After 

cooling, diluting with distilled water, and cooling again, the 

contents of the flask were made up to exactly 250 ml. and 5 ml. 

aliquots v.ere distilled after being made alkaline with concentrated 

NaOH. About 6 - 8 ml. of distillate were collected in a vial 

containing 2 ml. of 4 per cent boric acid solution plus brom 

cresol green and methyl red indicators. The contents of the 

vial were titrated to the proper end-point -with .02856 N H2S04; 

every 1 ml. of this acid used in the titration was equivalent 

to .0004 gm. of nitrogen. Blank determinations were conducted 

at frequent intervals to correct for the nitrogen content of tm 

reagents. 

On roots plus vermiculite 

4~ter removal of the top growth, the contents of the pots 

that had been inoculated with R. m~iloti, strain 141, in Test 3, 

were analyzed for total nitrogen content. However, before the 

analysis was conducted, the total contents of each inoculated pot 

were oven-dried and then weighed on a scale with a sensitivity 

of 1 gm. Arter drying, the contents of each pot Viera ground in 

a large ·wiley mill until fine enough to pass through a 40-mesh 

screen. The ground material was thoroughly mixed after being 

placed in a brown paper bag. 
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An effort was made to do total nitrogen analyses on the ground

up vermiculite and root rna terial obtained from 12 dif:ferent pots. 

The pots chosen for analysis represented all the different ferti

lizer treatments in the test, including some without rm4No3, and 

some with the equivalent of 400 lb. of NH4ND_; per acre. Samples, 

which were Vliithin 2 or 3 mgm. of 0.5 gm. were taken from each 

pot, weighed out accurately on an analytical balance, and subjected 

to the same analysis for total nitrogen as was used far the tops. 

These analyses were not successful, because the micro-kjeldahl 

procedure is not sufficiently sensitive to detect differences 

in tbe relatively small amounts of nitrogen that were present 

in the 0.5 gm. samples. As a result the analyses were repeated, 

using 10 gm. samples digested with 40 ml. of cone. H2S04, instead 

of 0.5 gm. samples with 15 ml. of acid. 

In Test 4, the vermiculite and sand from each pot were air 

dried, after the top growth had been removed. Air-dry weights 

were recorded, then the sand was removed by screening. The 

vermiculite and roots were then ground in a Wiley mill. This 

material was analyzed by the same procedure used in Test 3, 

after digesting 10 gm. samples with 40 ml. of cone. H2S04. 

Fresentation of Data and Statistical Analysis 

Data involving yields, total and per cent nitrogen determina

tions, have been presented in one of two ways in the section 

on Experimental Results. Firstly, soma of the data have been 

presented in table form; this procedure was used when a table 
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involved only a limited amount of information. Secondly, a 

considerable portion of the data have been reported in the form 

of graphs; this method of presentation was used vmen the data 

was too complex far them to be easily visualized in a table. 

In either case, Duncan's multiple range test, as described by 

Federer ( 26) , has been used ·wherever statistical analysis -was 

conducted. 

E:x::PERDviENTAL RESULTS 

Observations on Plant Growth 

Investigations using oo il and alfalfa in glazed earthenware 

crocks; tests 1 and 2 

Relatively good grovvth of alf alta was obtained throughout 

Test 1. All of tbe alfalfa plants appeared healthy and none 

showed any signs of chlorosis. Little if any response to 

inoculation or application of sulphur was visible at any time. 

However, applications of nitrogen fertilizer produced a notice

able increase in the growth of the legume. 

Oats treated with P K in Test 1 were taller and sturdier 

when grown in a sso cia tion with inocula ted alfalfa than when 

grown with uninocula ted alfalfa. No other visual differences 

could be detected among the oat plants. 

In Test 2, the response of the alfalfa to nitrogen fertilizer 

was even more not i cea~ble than in Test 1, but again little if 

any response to applied sulphur oo uld be detected visually. 
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A form of leaf chlorosis appeared on all alfalfa plants grown 

in sterilized soil in Test 2. Even plants grown in pots fertil

ized with the N P K S treatrmnt showed signs of this chlorosis. 

Investigations using sweet clover, vermiculite and nutrient 

solution 

Test 3; in glazed earthenware crocks 

No differences could be seen in the growth of the svueet 

clover plants until three weeks after planting, when, some of 

the plants began to respond to the nitrogen fertilizer, parti

cularly at the higher rates of application. At this stage of 

growth, the response to nitrogen fertilization was evident, 

whether of not sulphur had been applied. 

At four weeks the plants began to show a slight response 

to applied sulphur, with plants receiving sulphur, being a sone

what darker green in colour than the untreated plants. As time 

progressed, the differences between the two groups of plants 

became more pronounced. By harvest time, the sulphur-deficient 

plants showed the following symptoms:-

(1) Growth - stunted 

(2) Colour - Ilile green, lower leaves yellow; 

(3) Some leaf drop. Little if any response to inoculation or 

~Tff4No3 , and a tendency for higher rates of NH4No3 to depress 

the growth. 
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Of the fifteen :90t s of rr.e di um v«hich were not treated with 

sulphur in Test ,;, five or six produced relatively good growth 

of sweet clover. None of the plants in these five or six pots 

shcmed symptom.s of the sulphur deficiency described above. 

There is good reason to believe t.ta t the five or six pots in 

question were contaminated with sufficient sulphur to support 

the growth of the legume. 

In the presence of sulphur, the sweet clover responded well 

to applications of ~TH4No3 at all rates. Very g>od growth was 

obtained from inoculated plants grown with sulphur, but without 

NH4No3• 

Plants that were inoculated by chance, reacted similarly 

in most respects to those that were inoculated intentionally. 

The average heights of plants from inoculated pots at time of 

harvest are presented in Table 3. 

Table 3: Average Heights of Sweet Clover Plants at Time of 

~vesting Test 3; All Plants Treated With Inoculum 

0 
100 
200 
300 
400 
Aver. 

Average he~t, inches. 
"Without sulphur ith sulphur 

16 .o 
1.5. 3 
16.2 
15.2 
14.5 -1.5.4 
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Test 4; in glass jars

The inoculated sweet clover plants in Test 4 responded to 

the various fertilizer treatments in much the same way as the 

plants in Test 3· In Test 4 all plants VJi thout applied sulphur 

developed 1mrked sulphur deficiency symptoms. 

The average height of :plants obtained from the various 

treatments in Test 4, along with an average rating on tle amount 

of leaf chlorosis, are presented in Table 4. 

Table 4: Average Hei~t, and Ratings on Amount of Leaf Chlorosis 

from Uninocula.ted and Inoculated Sweet Clover, Test 4. 

Average hei~t 2 in. Leaf chlorosis 
Fertilizer treatment Uninoc. oc. rati~* 

Uninoc.noc. 
1 - 10 1 - 10 

-~~ 

No NH4N03; no S 1 • .5 11.0 10.0 4.3 
100 lb/ac " tt 10.7 11.8 6.0 4.8 
200 u u 10.; 11.2 4.2 4.8 
300 " tl 12 .o 12.2 4.4 6.,5 
400 t1 tt 11.7 12.0 4.6 5.8 
Aver. 9·3 11.6 5.8 5.2 
-~---------------~--~~--~--~----~---------~~-~------------~-----~---
No NH4Ii03; -with s 1.5 16.,5 10.0 1.0 
100 lb/ac 1t " 10.0 17.0 ?.0 1.3 
200 n tt 14.0 18.0 6.3 1.2 
300 tf tt 1.5.5 20.0 6.2 1.2 
400 n 11 16.3 19.2 2.8 1.0 
Aver. 11.5 18.1 6.5 1.1 

* --- Leaf chlorosis was rated on a 1 - 10 scale with 1 indicating 

no chlorosis and 10 indicating severe chlorosis. 
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The development of the sweet clover nlants in Test 4 can 

be sununarized as follows:-

(1) The response of inoculated plants to NH4No3 was influenced 

very markedly by the presence or absence of applied sulphur; 

with sulphur growth increased with increasing rates of nitrogen 

application; without sulphur nitrogen had little if any effect 

on the growth of the sWeet clover (Figure 1). 

(2) Inoculated plants in the :presence of applied sulphur but 

no I\ff:I4N03 produced at least as much growth as uninoculated 

plants receiving sulphur plus_ NH4no3 at a 300 lb. per acre rate 

{Figure 2). 

{3) Plants which were uninoculated but treated with I'lli4No3 and 

sulphur were not as healthy in appearance as inoculated plants 

supplied with similar fertilizer treatments. In :r:articular, 

uninoculated plants supplied with sulphur and fertilized at the 

100 lb. per acre rate of NH4No3, developed a severe chlorosis and 

appeared to be suffering from an acute nitrogen deficiency 

(figure 3). With increasing rates of NH4No3, the chlorosis became 

less severe, i.mtil at the 400 lb. :per acre rate, only a ana 11 

amount could be detected. (Figure 4). 

(4) Vvithout applied sulphur, the inoculated plants developed 

sulphur deficiency symptoms identical to those described under 

Test 3 (Figure_?). 

(5) Uninoculated sweet clover that was treated with NH4No
3 

but 

no sulphur also developed sulphur deficiency symptoms similar to 

those described under Test 3, with the following major differences:-



Ficure 1. Without sulphur, nitrogen had 
little, if any, effect on the ~rowth of sweet 
clover. 

Figure 2. Inoculated plants with applied 
sulphur but no NH4N03 produced at least as much 
growth as uninoculated plants receiving sulphur 
plus NH4N03 at 300 lb. per acre. 



_/ 

Figure 3. Uninoculated plants at the 100 lb. 
per acre rate of NH4N03 plus sulphur were not as 
healthy as inoculated plants supplied with the same 
fertilizer materials. 

Figure 4. With sulphur plus NH4N03 at 
400 lb. per acre, uninoculated plants were still 
slightly chlorotic in comparison to inoculated 
plants. 



F~gure 5. Without applied sulphur, inoculated 
plants developed sulphur deficiency symptoms. 

Figure 6. Without NH4N03, uninoculated 
plants ceased ~rowth qy 2 - 3 weeks after planting. 
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firstly, uninooulated plants lacking sulphur were noted tD be a 

lighter green in colour than plants treated with sulphur, by the 

third week after planting; secondly, the highest rates of l~4No3 
did not appear to have a depressing effect on uninocula. ted plants 

grown wi 1h out applied sulphur. 

(6) Without l~4NO;, the uninoaulated plants ceased growth by 

2 - 3 weeks after planting. At this stage of growth, these plants 

had developed a first trifoliate leaf, but they were less than 2 

inches in height. Nevertheless, they were still viable at the 

conclusion of the test, although by then they had lost most of 

their green colour. The addition of sulphur to these plants had 

no effect whatsoever on their development (Figure 6). 

At time of harvest it -was noted that the stems of most of the 

uninoculated plants had developed a red pigment. This pigment 

varied in intensity and was more pronounced in some treatments 

t.ba n others, as shown in Table .5. 

Ta17fle .5: Ratings on .A.mount of Red Pigment in the Stems of Uninocu

lated Sweet Clover Plants at Time of Harvesting Test 4. 

100 
200 
;oo 
400 
Aver. 

Red pigment rating* 
_ Without sulphur With sulphur 

8.7 
6.0 
1 • .5 
2.0 
4.6 

*---The amount of red pigment was scored on a 1 - 10 scale, with 

1 indicating no pigment and 10 indicating a great deal of pigmentationa 
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Uninocula ted plants generally had more red pigment in 

their stems When supr)lied with sulphur, than when sul]?hu.r was 

lacking. This difference in :9igmentation between the two groups 

of plants was most rrarked when Nrl4No3 vvas supplied at the 300 lb. 

per acre rate. Thus, vvi thout sulphur but -with NH4No3 at the 300 

lb. per acre rate, stems were almost completely lacking in red 

pigment. At the same rate of :rr.t-I41T03 in the presence of applied 

sulphur, stems were hieJlly pigmented. 

rrhere \'VaS a tendency for the stems af inoculated plants 

to develop red pigrrent, but on checking it vv as apparent that 

no inocula ted plant rated at more than .5 on the seale used in 

Table 5. An average rating fbr inoculated plants was estimated 

to be about three. 

The development of the red pigment am its significance, 

is dealt with more fully in the section on "Discussion". 

Development of Nodules 

Investigations using soil 

All attempts to grow alfalfa plants free of nodules in 

White Fox san~ loam were unsuccessful. In Tests 1 and 2, 

inoculation by stray legume bacteria produced nodules that vvere 

as plentiful and as Jarge as those produced by inoculation 

with the Wisconsin strain of R. meliloti. In both Tests 1 and 

2 there was a tendency f'or nitrogen fertilizer to depress 

nodulation. In neither test did the application of sulphur 
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appear to have stimulated nodule development. 

Relatively poor gro¥Jth V~Jas obtained vvhen alfalfa -was produced 

in soil contained in miscellaneotm erlenmeyers and beakers, but 

all plants gro~n in these containers produced nodules. No effort 

was rmde to prevent light from penetrating the sides of the arlen

meyers and. beakers. As a result, it was possible to see plart 

roots intermingled with the soil, immediately adjacent to the 

sides and bottoms of the glass vessels. No nodules were produced 

on any portion Of the root which was in contact -with light, 

although portions of root which were growing in soil excluded 

from the light were found to be fairly well nodulated. 

Investigations using vermiculite and nutrient solution 

The nodules produced by the sweet clover plants that were 

inoculated intentionally in Tests 3 and 4 were rated as shown in 

Table 6. 
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Table 6: Average Ratings on Nodulation of Sweet Clover Plants 

Inoculated with R. •e1iloti, Tests 3 and 4. 

NH4 No3 per acre Nodule rati!!S; ~ 
lb. Test 3 Test 4 

Without S With s Without ~ \Vith ~ ----
0 9.0 10.0 5.7 10.0 
100 8.3 7.1 3.5 9.0 
200 7·7 6.0 2.0 6.5 
300 4.7 5·3 1.7 6.8 
400 4.0 5 .) 1.7 7.0 
Aver. 6.7 6.8 2.9 7·9 

*--- Ratings based on a scale of 1 - 10, with 1 indicating no 

nodules and 10 indicating an abundance of large, well :pignanted 

nodules. 

As seen in Table 6, there was a progressive decrease in 

nodulation with increased applications of 1\TH4ND3 in the absence 

of sulphur. It is also shown that this depressing effect of 

NH4No3 on nodulation tended to be offset by the application of 

sulphur in Test 4. 

Only three of the thirty uninocula ted jars in Test 4 produced 

plants that showed any signs of being nodulated. The nodules 

associated with the plants in these three tlllinoculated jars were 

entirely lacking in leghaemoglobin, were few in number, and were 

located on seconda~y roots close tD the base of the watering 

tube. The significance of these nodules is taken into considera-

tion in the section on "Discussiontt. 
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Yield Data 

Investigations using soil 

Test 1; in glazed earthenware crooks 

The air dry weights of alfalfa tops produced in Test 

1, without oats, are summarized in Table 7. A similar summary 

of the weights of air dry oats and alfalfa grown in association 

with one another is given in Table s. 

Table 7: Average Air Dry Weights of Alfalfa Tops from Pots 

Without Oats; Test l 

Fertilizer 
treatment 

PK 
PKS 
NPK 
NPKS 
Av. 

Alfalfa, gm. per pot 
Inoculated Inoculated 
by chance intentionally 

2.5 
3.1 
4.2 
4.1 
3.5 

3.1 
2.8 
3.9 
4.3' 
3.5 

Table 8: Average Air Dry Weights of Alfalfa and Oats Grown 

in Association; Test 1 

Fertilizer TO;ES I sm. :Eer ~ot 
treatment Inoculated bz chance Inoculated !ntentional!z 

AI?a!l'a C5ats A!?a!?a Oats 

PK 2.2 2.2 2.1 3.4 
PKS 2.3· 3.0 2.0 3.2 
NPK 3.4 2.5 3.4 2.6 
"NPKS 3.1 2.9 2.9 2.9 
Av. 2.8 2.6 2.6 2.8 
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As shown in Tables 7 and 8, alfalfa plants responded to 

nitrogen fertilizer, but did not respond to applications of 

sulphur. The yields of oats obtained in combination with 

alfalfa were somewhat erratic, as seen in Table and it is 

not possible to draw any definite conclusions. 

Test 2; in glazed earthenware crocks 

The mean weights of air dry alfalfa tops harvested 

from Test 2 are presented in Table 9. 

Table 9: Average Air-Dry Weights of Alfalfa Tops Harvested from 

Test 2 

Treatment1 Gm. per pot. 

PK Chance inoculation 
PK Strain 141 
PKS Chance inoculation 
PKS Strain 141 
PK Unsterilized soil plus Strain 141 
NPK Strain 141 
PK Unsterilized soil plus chance inoculation 
NPK Chance inoculation 
NPKS Chance inoculation 
NPKS Strain 141 

C oeff. of Var. 

3.8 l 4.0 
4.1 
4.6 ] 

;:;] 
5.8 
5.9 
6.1 
7.1 

12.68% 

lun1ess' specified otherwise treatments were applied to 

sterilized soil. 

*--- Level of significance taken at P = .05. 
Means which are connected by an unbroken line do not 
differ significantly. 

* 
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Alfalfa that was fertilized VJith ~S gave a significant 

increase in yield provided it was inoculated intentionally with 

~. meliloti, strain 141, instead of being inoculated by chance. 

This is the only case in Test 2 where intentional inoculation 

significantly outyielded chance inoculation, when the comparison 

is made within a particular fertilizer treatment. 

Similarly, alfalfa fertilized with NPKS and inoculated with 

strain 141, significantly outyielded intentionally inoculated 

plants fertilized with NP~. This is the only case where the ap

plication of sulphur gave a significant increase in yield in 

this experiment • 

The application of PK to unsterilized soil gave significantly 

higher yields of alfalfa than at least tbr ee of the treatraen ts 

which were applied to sterilized soil. 

Investigations using vermicuiliite and nutrient solution 

Test 3; in glazed earthenware crocks 

Air dry weights were obtained for all sweet clover tops 

in Test 3· On examining these results, it was apparent that they 

were similar to those obtained from Test 1 and 2, in the resp3ct 

that chance inoculated fertilizer treatments generally gave 

similar yields to intentionally inoculated treatments. As a 

result, it was decided to discard the plant naterial from the 

chance inoculated pots, and concentrate on the material obtained 
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from pots inoculated -with strain 141. The absolute dry weights 

were determined on the top growth from these pots and the data 

are summarized in Table 10. 

Table 10: Average Yields of Dry Matter from S~eet Clover Tops 

after Intentional Inoculation in Test 3 

Fertilizer treatment 

400 lb. NH4N03/ac; 
100 " t1 
300 tt ft 

200 n 11 

0 ft " 

200 lb. l~N03/ac; 
0 " " 100 tl ll 

300 tt tt 
400 tt u 

'O'oeff. of Var. 

No S 
It 

n 
n 
ft 

V~ith S 
tt 

n 
tt 

tt 

Gra. per pot 

3.42 l 3.92 
4.12 
4. 23 
4. 70 ] 
6.36 .·] 6 .}9 
7.96 ] 8.80 
9 • .51 

1.5 ·33~ 

'--- Level :of sign if ican ce taken at P = .05. Means which are 

connected by an unbroken line do not differ significantly. 

Table 10 shows that all treatments containing sulphur 

significantly outyielded tffi no sulphur treatments with one 

exception; ammonium nitrate applied at the 200 lb. per acre 

rate vvith sulphur did not give a significantly better yield 

than the unfertilized treatment. There -were no significant 

dif:ferenc es between the yields of treatments which lacked sulphur. 

If anything, increasing rates of :NII4No3 in the absence of sulphur, 

tended to depress yields. In the pre sene e of sulphur, the t-wo 

highest rates of l\TH4No3 gave the higm st yields of sweet clover. 
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Test 4; in glass jars 

Absolute dry weights "Were determined on the ~eet clover 

tops obtained from all jars included in Test 4. These results 

are summarized in Figure 7. 

As shown in Figure 7, uninoculated sweet clover plants given 

}lli4N03 at the 400 lb. per acre rate and sulphur did not signifi

cantly outyield inocula ted :plants treated -with sulphur but no 

NH4N03• 

Under the no NH4N03 no sulphur treatment, the uninoculated 

plants produced less .~Gban 0.10 gm., while the inoculated plants 

gave 1.82 gm. of dry matter per jar. The addition of sulphur 

to the uninoculated plants .had little or no effect on production 

-while the same addition to the inoculated plants increased uro-

duction to 5.59 gm. ~er jar, a three fold increase. 

Inoculated plants supplied with NH4no
3 

and sulphur gave 

significantly better yields than the treatments that lacked 

sul~hur. In the presence of sulphur, increased rates of rrd4No3 
generally resulted in increased dry matter production. This 

-was :particularly trw in the case of uninoculated :r;>lant s. 

Inoculated plants lacking in sulphur failed to give a 

significant yield increase, even when a 400 lb. per acre rate 

of NH4N03 was a'l}plied. Uninoculated plants that lacked sulphur 

did give a fair response "'Jijhen the rate of J:JH4N03 was raised 

from 0 lb. up to 100 lb. per acre, but further increases in 

rate of application of NI--I4No3 to uninoculated plants deficient 
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in sulphur, failed to give significant increases in yield. 

The best growth was obtained from plants that were inocu

lated and supplied with both nitrogen and sulphur. Thua, the 

300 and 400 lb. per acre rates of :r:m4No3 applied with sulphur 

and inoculation gave significantly better yields than any of the 

other treatments. 

Nitrogen Determine. tiona from Sweet Clover Grown in Vermiculite 

and Nutrient Solution 

Test 3; in glazed earthenware crocks 

Total nitrogen in tops 

Total nitrogen determinations -were ma.de on the top growth 

obtained from the intentionally inoculated sweet clover plants 

and the results are summarized in Figure 8. As shown in this 

figure, sweet clover plants grown in nutrient solution -with 

added sulphur, contained s :ignifi can tly higher amounts of total 

nitrogen in their top growth, than plants grown in sulphur defi

cient medium. The 100, 300 and 400 lb. per acre rates of NH4No3 

applied with sulphur gave signifi oantly higher yields of total 

nitrogen than the 0 and 200 lb. per acre rates. However, the 

rate ar NH4N03 had no significant effect on the total nitrogen 

content of tops obtained from sulphur deficient plants. 
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Per cent nitrogen in tops 

The per cent nitrogen contents of the top growth from the 

inoculated sweet clover plants are summarized in Figure 9. The 

top growth obtained from fertilizer treatments ·with added sulphur 

was significantly higher in per cent nitrogen content than that 

produced by treatments lacking sulphur, with one exception; with 

applied sulphur, NH4N03 at 400 lb. per acre did not produce a 

significantly higher per cent nitrogen content, tmn l~n:4no3 at 

100 lb. :per acre without rulphur. 

Test 4; in glass jars 

Total nitrogen in tops 

The total nitrogen content of top growth obtained from the 

various treatments included in Test 4 are summarized in Figure 

10. In the presence or absence of applied sulphut', I'fH4l\f03 at 

the 300 lb. per acre rate, without inoculation, produced top 

grCJRth with a total nitrogen content of 0.116 gm. Treatments 

which supplied inoculation and sulphur produced growth contain

ing significantly higher amoun~s of total nitro~n than practi

cally a 11 other treatments. The 300 and 400 lb. per acre rates 

of l'frl4No 3 applied -with sulphur ani inoculation, gave particularly 

high total nitrogen yields. At the other extreme, the 0 lb. 

and 100 lb. per acre rates of 1l114No3 applied without inoculation, 

but with or without sulphur, gave the lowest production of total 

nitrogen in the sweet clover tops. 
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'vii thout Wd4No3, but vvi th sulphur and inoculation, the top 

growth gave the third highest production of total nitrogen, amount

if\g to 0.248 gm. This was s jgnificantly higher than the total 

nitrogen content of tops obtained from a large number of treatments, 

including the following:-

(1) Inoculated pots without Nif4No3 or sulphur, which. produced 

to:p growth containing only 0.064 gm. of nitrogen; 

( 2) Uninocula ted pots, treated vvi th 400 lb. per acre of l~H4N·o3 , 

with or without applied sulphur; 

(3) Inoculated pots \~ithout sulphur, but with l\fH4Ho
3 

at a rate 

of 400 lh. p9r acre. 

Per cent nitrogen in tops 

The per cent nitrogen content of' the top growth obtained 

from Test 4 treatments are presented in Figure 11. Inoculated 

and uninoculated sweet clover plants treated with N1I4N03 at the 

400 lb. :r>er acre rate in the absence of applied sulphur, produced 

top growth containing in excess of .5 per cent nitrogen. As seen 

in Fj_.csu:re 11, this w~s a significantly higher level than obtained 

from most other treatments. At the other extreme, several treat-

ments produced top growth containin< less than 2 per cent nitrogen. 

This v~as the case -when uninoculated plants were given the follow

ing fertilizer treatments:-

( 1) Sulphur plus 200 lb. per acre or less of J:f.d4H03; 

{2) No sulphur plus 100 lb. per acre or less of NH4No3 • 



Total nitrogen in vermiculite and roots 

The amounts of nitrogen applied per jar by fertilizing v~i th 

the various rates of l\iH4No3, along "With the total nitrogen 

contents af the vermiculite and root material from the various 

treatments in Test 4, have been s~marized in Table 11. A 

q_ualita tiv e analysis Of the :t1H4No3 used in Test 4 showed that 

it contained exactly 35.0 per cent nitrogen. 

Table 11: Nitrogen Applied as NH4No3, and Average Total Nitrogen 

Content of Vermiculite and Root Iviaterial; Test 4 

Fertilizer Nitrogen; gm. per jar 
treatment AJ2J2lied as In vermiculite and roots 

lliMNf23- Uniiloculated !noculated 

0 lb ./ac. NH4~ro3 ; no S Nil Nil .021 
100 " u " .089 .039 .oe4 
200 ~ tt " .128 .068 .096 
300 tt " " .2 7 .116 .136 
400 " n " ·3.56 .16.5 .183 

0 " tt with S Nil Nil .116 
100 " " " .089 .04.5 .139 
200 tt tf II .128 .081 .123 
300 '' tt " .2 7 .119 .1?0 

. 400 n " tt ·356 .130 .188 

VVithout inoculation and NH4N03, no nitrogen couJd be detected 

in the vermiculite no matter whether or not sulphur was applied, 

as shown in Table 11. Inoculated plants grown without NH4N03, 

gave vermiculite and roots containing an average of .021 gm. of 

nitrogen per jar vvhen sulphur was l.a·ck!ng.; and .116 gm. per jar 

when sulphur was applie q;. 
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Inoculation had a marked effect on the nitrogen content 

of the vermiculite and l' oat materials. Comparisons made within 

a given fertilizer treatment, show that the vermiculite and root 

n:aterial obtained fran jars containing inoculated plants was 

higher in nitrogen content than that obtained from uninoculated 

jars. 

Vlfith inoculation and applied sulphur, there was a marked 

increase in the nitrogen content of the vermiculite and root 

material. The only n:aj or exception to this was at the 400 lb. 

~r acre rate of l\f.H4No3 , when vermiculite and roots wi tb. applied 

sulphur contained only .005 gm.. more nitrogen than the vermiculite 

and roots lackit¥S a:p:p:}.ied sulphur. 

The vermiculite and root samples obtained from jars in 

which uninoculated plants -were produced, all contained less 

nitrogen than had been added by fertilization -with Wrl4No3• 

Three fertilizer treatments in conjunction with inoculated 

plants gave vermiculite and root samples vvith an excess of nitrogen 

over and above that supplied by l'ffi4NO:;• The three fertilizer 

treatments in question were:-

(1) 

(3) 

( 2) No 1i'I4NO:;; with sulphur 

~funy of the points discussed above are graphically illustrated 

in Figure 12. 
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Nitrogen balance sheet 

Table 12 contains the follov~ing information: (1) the average 

amounts of total nitrogen recovered from the various treatments; 

these averages were calculated after the total nitrogen content 

of the sweet clover tops and the vermiculite-root material for 

each treatment had been added together; (2) the nitrogen supplied 

per jar by addition of the N"fi4N03; (3) the amount of nitrogEn 

fixed by the nodule bacteria; this -was obtained by deducting 

item (2) from (1). 

Table 12: Nitrogen Balance Sheet; Test 4 

NH~l)3 
lb ./ac. 

0 
100 
200 
300 
400 
0 
100 
200 
300 
400 

400 
300 
200 
100 
0 
400 
200 
300 
100 
0 

Treatment 

Sul:Qhur_ 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

Inoculation 

.f. 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

Nitrogen, gm. per jar 

Total 

Nil 
.072 
.152 
.233 
·300 
Nil 
.082 
.1.59 
.23.5 
.314 

.31.5 
.243 
.188 
.166 
.08.5 
·.529 
·3.54 
.493 
·376 
·364 

Annlied 

Nil 
.089 
.178 
.267 
·3.56 
Nil 
.089 
.178 
.267 
·3.56 

• 3.56 
.26~ 
.17 
.089 
Nil 
·3.56 
.178 
.267 
.089 
NIL 

Fixed 

no fixationl 
t1 " 
u n 

ft " 
u n 
It " 

" tt 
It u 
n n 

" " 
n n 
n " 

Coe-ff. of Var. -------· - --~ -40 :b2"/o 
1 __ Treatments reported as having "no fixation" have not been included 

in the statistical analysis. 

~-~ Level of significance taken at P•.0.5. Means which are connected 
by an unbroken line are not significant. 
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An examination of ·the data for uninoculated plants in Table 

12 shows that not all the nitrogen a:9plied in the lfrl4Ho3 was 

recovered in the Kjeldahl analysis. The greatest deficit between 

the amount of applied nitrogen and the amount recovered by analysis, 

occurred in treatments receiving the highest rates of NH4N'03 with

out applied sulphur. For example, in the treatment involving the 

400 lb. per acre rate of :r:m4No3 without sulphur, or inoculation, 

only .300 gm. of nitrogen could be accounted for, in ~ite of the 

fact that .356 gm. -was applied to each jar. 

Inoculated sweet clC1J' er fixed significantly more nitrogen 

when grovvn in the presence of applied sulphur plus l\IH4No3 at the 

0, 100 or 300 lb. rer acre rates, than it did when grov~n with 

any of the treatments from which sulphur was lacking. 

The amount of nitrogen t':ixed by inoculated plants vvas 

affected by the level of application of NH4Ho3• No fixation 

of nitrogen could be demonstrated when NH4no3 at the 300 and 

400 lb. per acre rates was ap:9lied without sulphur. However, 

~ith ~tr4No3 applied at 200 lb. per acre ~ithout sulphur, a trace 

of nitrogen amounting to .010 gm. p3r jar was fix.ed by the 

legume bacteria. At the 0 lb. and 100 lb. per acre rates of 

N.H4N03, with no applied sulphur, .085 and .077 gm. of nitrogen 

were fixed respectively. 

Similarly, in tbe :presence of applied sulphur, nitrogEn 

fixation vvas affected by the rate of application of lf"ri4N03• 

With sulphur , but no NH4N03, inocula ted plants fixed .}64 gm. 

of nitrogen p3r jar; this vvas significantly more nitrogen than 
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fixed by plants subjected to NH4No3 at a rate of 200 lb. or more per acre. 

The effects of the different levels of NH4No3 and sulphur on nitrogen 

fixation, which have been discussed above, are illustrated in Figure 13. 

DISCUSSION 

Two significant facts with respect to the production of legumes without 

nodules are illustrated by the results of this study. Firstly, it is vir

t~ impossible to exclude nodule bacteria from open pots. Secondly, before 

uninoculated legumes can be produced, precautions must be taken to prevent 

air-borne Rhizobium bacteria reaching the roots of the plants. 

In Test 1, very few precautions were taken to keep stray bacteria out of 

the pots. In fact, Test 1 was conducted in a greenhouse containing other 

alfalfa plants, and there is no doubt that the air in the greenhouse was con

taminated with foreign strains of ~ JRelilotf. In Tests 2 and 3, the legumes 

were grown in an isolated section of a greenhouse. Considerable effort was 

made to keep the section as free as possible of stray nodule bacteria. In 

spite of these efforts, nodules developed on all the uninoculated plants. 

In Test 4, measures were taken to prevent the sweet clover from becoming 

inoculated by air-borne bacteria. Applications of liquids made via a glass tube 

allowed a dry' surface layer of vermiculite to be maintained at all times. 

This method was highly successful, as only three of thirty uninoculated jars 

showed signs of nodules. 

Undoubtedly, Test 4 jars were just as subject to contamination from air

borne nodule bacteria as the pots in Tests 2 and 3. However, nodule bacteria 

must have moisture if they are to become motile. The dry layer of armiculi te 

on the surface of Test 4 jars served as a barrier, preventing the bacteria 
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from penetrating to the roots of the sweet clover. In the other tests, 

liquids were applied to the media from the surface 1 which was kept in a moist 

state. Under these conditions the stray bacteria had little difficulty in 

reaching and inoculating the legume roots. 

The nodules that developed in the three uninoculated jars in Test 4 

were located on secondary roots close to the base of the watering tubes. 

It is likely that one or two air-borne nodule bacteria fell into the tubes 

of the three jars when water was being added. In any event it is very 

doubtful that these nodules were able to fix any nitrogen, as they were 

extremely small and completely lacking in leghaemoglobin. The fact that 

such nodules can fix little if aqy nitrogen has been discussed at some length 

in the "Literature Review0 • 

It is difficult to explain why the first trial with :v:ermiculite was 

successful in producing legumes without nodules. In this trial, alfalfa 

seedlings were set out in three pots of vermiculite. Water and nutrient 

solutions were applied from the surface. The lack of inoculation by stray 

bacteria may be related to the fact that the trial was conducted in the 

winter months. Loss of moisture due to evaporation was limited as tem.per

atures were moderate. Consequently, ver.y little water had to be added to 

these pots, and a dry surface layer of vermiculite was maintained on the 

surface of the pots most of the time. This dry layer must have acted as 

a barrier to bacterial penetration, as it did in Test 4. 

As noted in the 1tLi terature Reviewn, several workers have found it 

difficult to produce sulphur deficient plants in pots of sulphur deficient 

soil. After drying, screening and rewetting soil, its sulphur supplying powers 

are reported to be restoDed. Claims are also made that sterilization will 
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increase the amount of available sulphur in a soil. Any of these factors 

could account for the lack of sulphur deficient alfalfa plants in Tests 

l and 2. 

The pots themselves are liable to be a source of sulphur contamination, 

as shown by ~rrow (14). This definitelY' proved to be the case in Test 3, 

when about six pots of medium which were not treated with sulphur produced 

normal growth of sweet clover. All pots in this test were well scrubbed in 

distilled water before being used. However, the half-dozen pots in question 

likely had flaws in the glazing, with the result that the earthenware sides 

of the pots were impregnated with sulphur in previous use. Under these cir

cumstances, scrubbing in distilled water would not dispose of the sulphur, 

and plants grown in the pots wou+d obtain sufficient amounts of the element 

for satisfactory growth. No difficulty was e:xperienced in getting sulphur 

deficiency symptoms to appear in Test 4, when sweet clover plants were 

grown in glass jars. 

Other problems associated with the earlier tests in this study involved 

the detrimental effects of sterilization on the physical structure of the 

soil. After soil in an air dried state was subjected to sterilization in 

Test 1, it became impervious to water. Only after a prolonged soaking, 

assisted by some mixing, did the soil eventually take up water. This 

difficulty was overcome in Test 2 by wetting the soil before it was sterilized. 

Even so, alfalfa in Test 2 was healthier and more vigorous in appearance when 

grown in unsterilized soil than when grown in sterilized soil. 

At the start of this project it was hoped that information would be 

obtained on the weight of root material produced per pot, as well as the 

weight of tops. However, the results obtained from Tests 1 and 2 did not 

warrant the separation of root material. from the soU. In the case of Tests 
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3 and 4, no root weight data was taken because it was found too difficult to 

separate the roots from the vermiculite-root co.mplex. 

Unless stated otherwise, the remaining conclusions are based on the 

Experimental Results from Test 4. This test alone nerits full discussion, 

as it was the only one that provided complete inf erma tion on inoculated and 

uninoculated plants. 

Without addition of NH4N03, uninoculated sweet clover plants fai.led to 

grow after the nitrogen carried by the seed was e:xbausted. Plants which were 

supplied with nitrogen but no sulphur fared better, as they produced growth 

equivalent to 2-3 grams of dry matter per jar. No doubt this growth can be 

credited to small amounts of sulphur occurring as a contaminant in the no 

sulphur treatments. Even the glass in the jars probably- contributed sufficient 

sulphur to stimulate a slight amount of growth. 

Anderson and Spencer ( 6) came 1x> the conclusion that sulphur was not 

 stimulant in tlB nitrogen fixation process, but an essential element 

for the growth of tre plant. A similar conclusion is warranted by the follow

ing findings obtained in this study: 

(1) Sulphur deficient plants without inoculation failed to give significant 

increases in growth when the rate of NH4N03 was increased from 100 lb. up to 

400 lb. per acre. If it were true that the major role of sulphur in legumes 

was to stimulate the nitrogen fixation process, then uninocula ted sulphur 

deficient plants would respond to applications of NH4N03• 

( 2) With increasing availability of NH4NO 3, there were significant increases 

in the per cent nitrogen content of uninocul.ated, sulphur deficient sweet 

clover. This indicates that the poor grcrwth associated with sulphur deficim t 

legwnes is not due to the plants inability to obtain nitrogen. It is more 

likely that the poor growth is directly due to a lack of sulphur in the plants 
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nutrition, with the result that the plant cannot mnufacture sulphur

containing amino-acids such as methionine and cystine. These amino-acids 

contain about 20 per cent of the total sulphur in alfalfa (46). 

(3) Inoculated sweet clover, without NH4N03 and applied sulphur, fixed 

.o65 gm. of total nitrogen, as seen in Table 12; and produced top growth 

containing 3.51 per oent nitrogen as seen in Figure 11. This is good 

proof that inoculated, sulphur deficient legumes are capable of fixi.ng an 

appreciable amount of nitrogen, especially when interpreted on the follow

ing basis: 

(a) Of the twenty treatments included in Test 4, on:;Ly five produced 

tops with per cent nitrogen contents which were significantly higher than 

13.51 per cent. 

(b) The .085 €Jfl• of nitrogen is eqt1ivalent to the amount of nitrogen 

supplied per jar by fertilizing with NH4No3 at the 100 lb. per acre rate. 

The results obtained in this study indicate that the activity of nodule 

bacteria is closely related to (1) the nitrogen requirement of the legume 

plant, and (2) the amount of applied nitrogen available to the plant. 

The nodule bacteria were not very active when the nitrogen requirement 

of the sweet clover plants was low. This was the case when the growth of 

the plants was restricted by a lack of sulphur. Sulphur deficient plants 1 

in the absence of NH4N031 had o~ a fair amount of nodulation, but there 

is little doubt that the nodule bacteria were able to supply' all the nitrogen 

that could be utilized by these plants. As the rate of NH4N03 was increased, 

the sulphur deficient plants rapidly reached the stage where they were 

independent of the nodule bacteria for their limited nitrogen requirements. 

At this stage, nodules were almost absent, and no fixation of nitrogen 

occurred. 
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Sweet clover with high nitrogen requirements, but no applied nitrogen, 

was entirely dependent on the nodule bacteria for its nitrogen suppzy. 

These conditions arose when inoculated plants received sulphur but no 

NH4N03• Under this type of treatment the nodule bacteria were very active, 

and the degree of nodulation and the amount of fixation were at a ma.:x:im:um. 

With sulphur plus NH4No3, the plants were less dependent on the nodule 

bacteria for their nitrogen supply. Consequently, there was a tendency for 

the nodule bacteria to be less active, and nodulation and nitrogen fixation 

was depressed, particularly when the NH4NO 3 was applied at a ra.te of 200 lb. 

or more per acre. 

These findings nth respect to the effect of nitrogen level on nodulation 

are in agreement 'Wi 1h the v.i..ews of Thornton and Nicol (68). They concluded 

that high nitrate concentrations depress nodulation by acting through the host 

plant, and not because the nitrate was toxic to the nodule bacteria. 

The development of red pigment in the stems of the uninoculated sweet 

clover plants was likely a reflection of the nitrogen status of the plant. 

In the presence of applied sulphur, nitrogen became the limiting factor. 

Uninoculated plants supplied ld.th NH4No
3 

at the 100 lb. per acre rate showed 

very acute symptoms of nitrogen deficiency. These plants had the greatest 

concentration of red pigment in their stems. As the rate of NH4N03 increased, 

there was a decrease in this pigmentation. In the absence of applied sulphur, 

the deficiency of nitrogen in the plant became less acute and applications 

of NH4N03 were much more effective in dispelling the red pigment. 

!=_ meliloti, strain 141, was quite effective on sweet clover. This is 

verified by the fact that with applied sulphur but no NH4N031 inoculated 

plants performed as follows: 
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(1) They fixed .364 gm. of nitrogen per jar. This is approx:ilnately 

equivalent to the amount of nitrogen applied per jar by the 400 lb. per 

acre rate of NH4N03; or 140 lb. of nitrogen per acre. 

( 2) They produced about the same yield of dry matter as uninoculated plants 

treated with sulphur, plus NH4No3 at the 400 lb. per acre rate. 

No doubt, the precautions taken to exclude foreign strains of nodule 

bacteria from the Test 4 jars, also excluded nitrifying bacteria. Without 

these bacteria, ammoniacal nitrogen cannot be converted to nitrate, the 

form of nitrogen which is most readily taken up by the plant. As a result, 

there is some possibility that not all the ammoniacal nitrogen in the NH4N03 

was utilized by the sweet clover. Nevertheless, the following facts do 

indicate that the majority, if not all, of the ammoniacal nitrogen was 

utilized: 

(a) With sulphur plus NH4No3 at the 400 lb. per acre rate, or .356 ~· 

of nitrogen per jar, uninoculated sweet clover produced 5. 73 gm. 

of dry matter. 

(b) In comparison, inoculated sweet clover supplied with sulphur but 

no NH4N03, produced 5.59 gm. of dry matter, with a total of .364 

gm. of nitrogen being fixed per jar. 

It seems likely that the plants in (a) must have used all of the applied 

nitrogen, including that in the ammoniacal form, for them to have yielded 

slightly better than the plants in (b). 

The data obtained from intentionally inoculated plants in Tests 3 and 4 

were similar in most respects. In both tests, sulphur deficient plants gave 

a very limited response to inoculation or NH4No3• Inoculated plants without 

exception produced tops with more total nitrogen when they were supplied with 

sulphur, than they did when they were sulphur deficient. 
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A comparison of the per cent nitrogen content of the top growth obtained 

fran inoculated plants in the two tests, shows somewhat different results. 

In Test 3, sulphur deficient plants all contained less per cent nitrogen 

than sulphur treated plants. In Test 4, per cent nitrogen content was 

dependent not only on the level of sulphur applied to the plant, but also 

on the level of nitrogen they received. In fact, one of the highest per 

cent nitrogen contents in Test 4 was obtained from sulphur deficient plants 

which were treated with the 400 lb. per acre rate of NH4No3• 

SUMMARY 

The following conclusions can be made from the results obtained in Test 

4. Firstly, the poor growth associated with sulphur deficient sweet clover 

is not due to a lack of nitrogen in the medium. Evidence of this was 

obtained when sulphur deficient plants wi. thout inoculation, failed to give 

significant increases in growth even though the rate of NH4N03 was increased 

from 100 lb. up to 400 lb. per acre. Secondly, sulphur deficient plants do 

not remain stunted because they are unable to take up nitrogen. This fact 

was verified when increases in the rate of NH4N03 gave significant increases 

in the per cent nitrogen content of uninoculated, sulphur deficient sweet 

clover. Thirdly, nodule bacteria are capable of fixing appreciable amounts 

of nitrogen under conditions of sulphur deficiency, as inoculated sweet 

clover without NH4N03 and applied sulphur, fixed .085 gm. of total nitrogen. 

These results are a good indication that legume plants have· a direct 

requirement for sulphur, and do not merely require this element to stimulate 

nodule bacteria. 
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Before the study could be conducted to a successful conclusion several 

difficulties had "00 be overcome. One of the major problems was to produce 

legume plants free of nodules. All efforts to produce uninoculated plants 

were unsuccessful, until measures were taken to prevent air-borne nodule 

bacteria from reaching the roots of the plants. In the preliminary eJq>eri

ments several problems arose when soil was being used as the medium. In 

particular, it was found impossible to produce sulphur deficient legumes in 

pots of sterilized soil, even though the soil was known to give very good 

response to applications of sulphur in the field. It seems likely that the 

available sulphur content of the s:>il was increased after the soil was sub

jected to air-drying and sterilization. 
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